
ABSTRACT: Studies using both in vitro and in vivo techniques
have repeatedly shown that endothelium-dependent vasodilation
(EDV) is impaired in different forms of experimental as well as
human hypercholesterolemia. Clearly this impaired EDV can be
reversed by lowering cholesterol levels by diet or medical ther-
apy. Competitive blocking of L-arginine, changes in nitric oxide
synthase activity, increased release of endothelin-1, and inactiva-
tion of nitric oxide due to superoxide ions all contribute to the
impairment in EDV during dyslipidemia. The oxidation of low
density lipoprotein, with its compound lysophosphatidylcholine,
plays a critical role in these events. However, data on the role of
triglycerides and fat-rich meals regarding EDV are not so consis-
tent as data for cholesterol, although a view that the compositions
of individual fatty acids and antioxidants are of major importance
is emerging. Thus, this review shows that while impaired EDV is
a general feature of hypercholesterolemia, the mechanisms in-
volved and the therapeutic opportunities available still have to be
investigated. Furthermore, discrepancies regarding the role of
triglycerides and fat content in food may be explained by diver-
gent effects of different fatty acids on the endothelium.
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Hypercholesterolemia has long been regarded as a major car-
diovascular risk factor due to findings in epidemiological
studies (1). Since the introduction of the statins, lipid lower-
ing by these agents has had positive effects in recent years on
cardiovascular morbidity and mortality (2–4). 

Furchgott and Zawadski (5) discovered in 1980 that the en-
dothelium takes an active part in the regulation of blood flow.
That the endothelium also participates in the pathogenesis of
atherosclerosis was discovered later. Endothelial-derived fac-
tors contribute to maintaining a state favoring vessel patency,
blood fluidity, nonadherence of circulating blood cells, and in-
hibition of smooth muscle cell proliferation (6–8).

In 1986, Ludmer and co-workers (9) showed that acetyl-
choline produced vasoconstriction in atherosclerotic coronary
arteries, whereas a vasodilatory response was seen in normal
arteries in humans. In fact, vasodilation was impaired in ath-
erosclerotic-prone humans even before the development of
atherosclerotic lesions could be detected with coronary an-
giograms (10). It was therefore suggested that an impairment

in endothelium-dependent vasodilation (EDV) could be taken
as an early marker of atherosclerosis formation. Although
dyslipidemia also could cause impairment in other functions
of the endothelium (11), the present review will focus on the
role of cholesterol, triglycerides, fatty acids, and fat intake on
EDV.

Endothelium-Derived Vasoactive Factors

Nitric oxide (NO). Palmer et al. (12) discovered that the en-
dothelium-dependent relaxing factor, called EDRF, was iden-
tical to NO, being synthesized from the amino acid L-arginine
by NO synthase (NOS) (13). NO diffuses to the smooth mus-
cle cells in the vessels inducing formation of cGMP, which
promotes vasodilation (14,15). NO is rapidly converted to
metabolites, such as nitrite, nitrate, and radical forms of NO.
Several analogs of L-arginine, such as NG-monomethyl-L-
arginine, competitively inhibit NO production (14–16).

Endothelin. The main vasoconstrictive endothelin is en-
dothelin-1 (ET-1), produced from the propeptide big ET-1 by
endothelin-converting enzyme (17,18). The main vasoconstric-
tive endothelin receptor subtype is called ETA and is present
on VSMC (19), whereas ETB-receptors, located on endothelial
cells, induce vasodilation through release of NO (19–21).

Other endothelium-derived vasoactive factors. Apart from
NO, hyperpolarizing factors (EDHF) can contribute to part of
the acetylcholine-induced vasodilation (14,22,23) by opening
K+-channels (24,25). Recent studies suggest that EDHF could
be either a cytochrome p450-derived arachidonic acid me-
tabolite (26,27) or the potassium ion (28). Acetylcholine
could induce endothelial release of vasoconstricting factors
(EDCF), such as thromboxane A2 or prostaglandin H2
(29–33). The endothelium could also produce other vasoac-
tive compounds, such as the vasodilatory prostacyclin (PGI2).

Models to Investigate EDV

Experimental in vitro and in vivo studies. The most widely
used in vitro method to study EDV is to expose vessel rings
mounted on a wire myograph to vasodilators, such as acetyl-
choline (34–70). In vivo studies in animals most often use
acetylcholine in isolated organ preparations in vivo (71–78). 

Human studies of coronary circulation. Registration of the
change in vascular diameter in epicardial arteries during coro-
nary angiography subjected to local infusion of acetylcholine
is a common way to evaluate coronary EDV (79–82).

Human forearm model. Evaluation of the forearm blood
flow response to intra-arterial infusion of vasodilator agents
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by venous occlusion plethysmography is the most widely used
method to study EDV in resistance arteries in humans (83–89).

Human brachial artery ultrasound method. High-resolu-
tion ultrasound is used to measure changes in brachial artery
diameter during reactive hyperemia, flow-mediated vasodila-
tion (90–92). Apart from these methods, the in vitro method
has also been used for human subcutanous small arteries (93).

Animal Models of Hypercholesterolemia 
and Atherosclerosis

The most widely used model of hypercholesterolemia and
atherosclerosis is the cholesterol-fed New Zealand white rab-
bit (34–59). Other animals, such as the rat, monkey, pig, and

the Watanabe rabbit, have also been used (60–62). In recent
years, the use of knock-out mice for the apolipoprotein E or
the low density lipoprotein (LDL)-receptor gene have gained
in popularity (69,70). 

Effects of Hypercholesterolemia on EDV 
in Animal Models

Table 1 summarizes the studies in which acetylcholine has
been used to induce EDV in different animal models and dif-
ferent types of vessels in in vitro experimental studies. In the
vast majority of the studies evaluating the aorta, a negative
effect on EDV was seen in different animals (34–50, 60–64,
69). An impaired EDV was also seen in other vessels, includ-
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TABLE 1
Studies in Experimental Cholesterol-Fed (CF) Animals or Inheritable Forms of Atherosclerosis 
Using Acetylcholine to Evaluate Endothelium-Dependent Vasodilation (EDV)a

Model Vessel type Effect on EDV Reference

In vitro
CF rabbit Aorta Negative 34–50

CF rabbit Coronary Negative 41, 51–57
Pulmonary artery
Corpus cavernosus
Carotid artery
Subclavian artery

CF rabbit Femoral artery No effect 41, 58
Mesenteric artery
Cerebral artery
Basilar artery

CF rabbit Aorta No effect 59

Watanabe rabbit Aorta Negative 60–62
Coronary artery

Watanabe rabbit Renal artery No effect 61
Basilar artery

CF rat Aorta Negative 63, 64
Skeletal muscle artery

CF rat Aorta No effect 65

Yoshida rat Aorta Negative 66

Froxfield rabbit Subclavian artery Negative 56

CF chicken Pulmonary artery Negative 67

CF monkey Mesenteric artery Negative 68

ApoE knock-out Aorta Negative 69

ApoE + LDL rec knock-out Coronary Negative 70

In vivo
CF rabbit Hindlimb and mesenteric Negative 71–73

Watanabe Hindlimb No effect 74

CF rabbit Kidney No effect 75

CF pig Kidney Negative 76

CF monkey Femoral artery Negative 77

ApoE knock-out Skin Negative 78
aEffect on EDV denotes the influence of the animal model compared to control animals regarding EDV. LDL, low density
lipoprotein; ApoE, apolipoprotein E.



ing the coronary arteries, during hypercholesterolemia
(41,51–57,67,68,70). Also, in vivo studies using different per-
fused vascular beds have found that hypercholesterolemia im-
pairs EDV (71–73,76–78). However, studies using small
cerebral arteries or the renal vasculature generally have been
unable to show a deleterious effect of hypercholesterolemia
on EDV (41,58,61,75). 

Effects of Hypercholesterolemia on EDV in Humans

In humans, the effects of hypercholesterolemia on EDV have
been even more consistent than in the experimental studies.
In the 14 studies summarized in Table 2, all but one (92)
showed that hypercholesterolemic subjects have an impaired
EDV in different vascular beds (79–91,93). Additionally, sev-
eral studies have demonstrated an inverse relationship be-
tween serum cholesterol levels and EDV in apparently
healthy humans (94–98; see Fig. 1).

Thus, it can be concluded that hypercholesterolemia, both
in animal models and in humans, has a deleterious effect on
EDV in the majority of vascular beds studied. 

Effects of Different Types of Lipoproteins on EDV

Although native LDL reportedly induces an impairment in
EDV when added to aortic preparations in vitro (99–101) and
reduces NOS mRNA expression (102) and cGMP levels
(103), oxidized LDL is more potent than the native form
(104–106). A graded effect of the degree of oxidation of LDL
on EDV was seen (107), confirming that oxidation of the LDL
particle is essential for the endothelial effects (108–116). Also
in humans, the lag phase of LDL oxidation was related to the
degree of coronary EDV (117).

A major component in oxidized LDL is lysophosphatidyl-
choline (LPC). When aortic rings were exposed to pure LPC,
a reduction in EDV similar to that with oxidized LDL was
seen (109,118–123). The deleterious effect of LPC might be
acting through a protein kinase-C pathway (124) and by ele-
vated levels of phospholipase D (125). Plasma phopholipid
transfer protein could abolish this impairment in EDV caused
by LPC (126).

When aortic rings were exposed to high density lipoprotein
(HDL) only, an impairment in EDV, similar to that of LDL,
was found (100). However, when HDL was given together

with oxidized LDL, HDL could inhibit the reduction in EDV
induced by oxidized LDL (105,127) due to removal of LPC
from oxidized LDL (122). Also, synthetic large “empty” phos-
pholipid vesicles that accelerate reverse cholesterol transport
improved EDV (128). In humans, a positive correlation be-
tween HDL levels and EDV has been reported (129,130).

Lipoprotein(a), especially in its oxidized form, has been re-
ported to impair EDV (131). This effect can be reversed by
adding HDL (132). In humans, lp(a) levels have been inversely
related to coronary EDV and basal NO release (133–135).

Effects of Triglycerides and Fatty Acids on EDV

Under experimental conditions, very low density lipoproteins
and remnants of chylomicrons impair EDV (100,136,137).
When Intralipid plus heparin was infused in humans to in-
crease free fatty acids and triglycerides, a rapid reduction in
EDV was seen (138–142). This effect was most pronounced
in subjects with the BB-paraoxonase genotype (143). In the
laboratory, oleic acid induced an impairment in EDV in vitro
(144). However, later studies showed that the effect of fatty
acids was not a simple one, as palmitic acid, but not stearic
acid, reduced NO production in cultured cells (145). On the
contrary, the two polyunsaturated fatty acids, eicosapen-
taenoic acid and docosahexaenoic acid, but not arachidonic
acid, improved EDV (146) and NO production (147). The n-
3 fatty acid supplementation in humans also improved EDV
(148). We recently showed divergent effects of different fatty
acids in a population study (129).

In humans with isolated hypertriglyceridemia, both an im-
paired (149–152) and a normal EDV have been reported
(153,154). In our own population study, subjects with serum
triglycerides >1.7 mmol/L showed an impaired EDV (Fig. 2)
(97). As triglycerides are cleared from the circulation by
lipoprotein lipase (LPL), an LPL activator improves EDV in
rats (155).

REVIEWS 3

Lipids, Vol. 37, no. 1 (2002)

TABLE 2
Comparison of EDV in Human Subjects with Hypercholesterolemia
(HC) and Controls Using Different Methodsa

Methods Effect of HC on EDV Reference

Coronary Negative 79–82
Forearm Negative 83–89
FMD (femoral artery) Negative 90,91
FMD (brachial artery) No effect 92
In vitro Negative 93
aFMD, flow-mediated vasodilation evaluated by ultrasound. See Table 1 for
other abbreviation.

FIG. 1. Relationship between serum cholesterol levels and endothe-
lium-dependent vasodilation (EDV) in a sample of apparently healthy
subjects (for details, see Ref. 97).



Effects of a Fat-Rich Meal on EDV

Several studies (156–164), but not all (165–167), showed that
meals rich in fat reduce EDV. This was not seen on low-fat
diets. Antioxidant vitamins, folic acid, and red wine blunted
the deleterious effects of a high-fat meal on EDV (156,157,
161). Also, food prepared in used cooking fat impaired EDV
(168). A meal rich in olive oil impaired EDV only when an-
tioxidant vitamins were not given (169), whereas an improve-
ment was seen when hypercholesterolemic subjects were
given a Mediterranean diet (170). Statin, but not fibrate, pre-
treatment blunted the negative effect of a high-fat meal on
EDV (162).

Thus, compared to cholesterol, the effects of triglycerides
and fatty acids on EDV are more complex, probably due to
divergent effects of different fatty acids.

PATHOLOGICAL CONSIDERATIONS

Asymmetric Dimethylarginine (ADMA)

As a product of dimethylation of proteins, ADMA is formed
and acts as a competitive inhibitor of NOS. ADMA levels are
increased in subjects with both hypercholesterolemia (171)
and isolated hypertriglyceridemia (151), and by cholesterol
feeding in rabbits (172). This latter effect can be reversed by
addition of L-arginine (171). The L-arginine-to-ADMA ratio
is related to breakdown products of NO (NOx) (171), and cho-
lesterol feeding reduces the breakdown of ADMA (173,174). 

Oxygen Free Radicals

The superoxide ion (O2
−) rapidly inactivates NO to form per-

oxynitrite (ONOO−) (175). Cholesterol feeding in animals in-
creases the amount of O2

− in vessels (176–178) and the
metabolite of ONOO−, nitrotyrosine (175). Supplementation
with L-arginine, probucol, or a statin (177,179,180) reduces

this effect of cholesterol feeding on O2
−-production. A num-

ber of antioxidants improve EDV during conditions of high
cholesterol levels in humans and animal experiments (see Ta-
bles 3 and 4). However, all antioxidant interventions have not
been effective in this respect. In humans, serum levels of vit-
amin E are directly related to EDV, whereas a marker of lipid
peroxidation, plasma isoprostane 8-iso-PGF2α, is inversely
related to EDV (181,182).

Endothelin and Hypercholesterolemia

Elevated levels of ET-1 have been found in the circulation in
hypercholesterolemic humans (183), whereas statin treatment
has been shown to reduce ET-1 mRNA expression (184). Fur-
thermore, endothelin-receptor blockade reverses the impaired
EDV seen in experimental models (185,186). 

Effects of Hypercholesterolemia on NOS

Cholesterol feeding both increases caveolin binding to NOS
(187) and externalizes NOS from within the caveolae (188).
Dosing with tetrahydrobiopterin, a co-factor of NOS, of hy-
percholesterolemic subjects improved their impaired EDV
within a short period of time (Table 4). Furthermore, statins
may influence NOS activity directly (189,190) by an im-
proved caveolin–NOS interaction (191).

Endothelium-Derived Hyperpolarizing 
or Contracting Factors 

Inhibition of cyclooxygenase improved EDV in cholesterol-
fed rats, implying an importance of a prostanoid-derived
EDCF during hypercholesterolemia (192). NO-dependent va-
sodilation was impaired in cholesterol-fed rabbits, but vasodi-
lation mediated by EDHF was normal (193). 

Thus, several factors, such as an endogenous inhibitor of
NOS, effects on the enzyme itself, oxidative inactivation of
NO, or an altered activity of other endothelium-derived va-
soactive compounds, could be involved in the impaired EDV
seen in dyslipidemia. 

EFFECTS OF INTERVENTIONS 
IN HYPERCHOLESTEROLEMIA

Interventions in Animal Models

Treatment with statins in several models of hypercholes-
terolemia resulted in a positive effect on EDV in all
(194–201) but two studies (202, 203); even then, cholesterol
was not reduced (204) (Table 3). In addition, cholesterol low-
ering by dietary means or by cholestyramine improved EDV
(205). However, the duration of hypercholesterolemia was of
major importance for the effect of therapy. Once atheroscle-
rosis had reached a certain degree, a reduction in cholesterol
levels could not reverse the impairment in EDV in these mod-
els (206,207). 
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FIG. 2. Relationship between serum triglyceride levels and EDV in a
sample of apparently healthy subjects (for details, see Ref. 97). See Fig-
ure 1 for abbreviation.



Treatment with L-arginine has been shown to improve
EDV without any alterations in serum cholesterol levels
(202,208–214). Also, different antioxidants or free-radical

scavengers, such as probucol, superoxide dismutase, vitamin
E, tomato carotenoids, and β-carotene, have positive effects
on EDV in hypercholesterolemic animals (202,215–228). 
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TABLE 3
Effects of Different Interventions on EDV in Different Animal Modelsa

Intervention Model Type of vessel Effect on EDV Reference

Statins CF rabbit, mice, monkey Aorta Positive 194–201
Statins CF rabbit, Watanabe Aorta No effect 202,203
Statins Watanabe Langendorf heart Positive 203
Cholestyramin CF mice Aorta Positive 205
Dietary cholesterol-lowering CF rabbit Aorta Positive 206,207
L-Arginine CF rabbit Aorta, hindlimb, basilar artery Positive 202,208–214
Probucol CF rabbit Aorta Positive 177,215,216
SOD CF rabbit Aorta Positive and no effect 217,218
Vitamin E CF rabbit Aorta, carotid, Langendorf heart, Positive 208,219–226

perfused ear, pulse wave
Vitamin E CF rabbit Renal artery No effect 224
Vitamin E CF dog Coronaries in vivo Positive 227
β-Carotene CF rabbit Aorta Positive 226
Tomatoes CF rabbit Aorta Positive 228
NEP inhibition CF rabbit Aorta Positive 229
α-Blockade CF mice Aorta Positive 194
ACE-inhibition CF rabbit Aorta Positive 230–232
Calcium blockers CF rabbit Aorta Positive (and one no effect) 232–235
Endothelin antagonist CF rabbit Aorta Positive 211
Endothelin antagonist CF pig Coronaries in vivo Positive or no effect 236,237
Prostacyclin CF rabbit Langendorf heart Positive 238
Heparin Watanabe Aorta Positive 239
Cod liver oil CF pigs Coronaries Positive 240
Estrogen CF rabbit Aorta Positive and no effect 241,242
Estrogen CF swine Coronary Positive 243
aSOD, superoxide dismutase; NEP, neoroendopeptidase; ACE, angiotensin-converting enzyme; see Table 1 for other abbreviations.

TABLE 4
Effects of Different Interventions on EDV in Subjects with Hypercholesterolemiaa

Intervention Model Effect on EDV Duration of treatment Reference

Statins Forearm Positive 1–6 mon 246,247
Statins FMD Positive 6–12 wk 248–251
Statins Coronary Positive 5–6 mon 252,253
Statin + probucol Coronary Positive 12 mon 254
Statin + vitamin E FMD Positive 8 wk 255
Lipid-lowering drugs Coronary, forearm, and FMD Positive 12 mon and 12 wk 251,254,256
Cholestyramine Coronary Positive 6 mon 257
L-Arginine Coronary and FMD Positive Acute 260,261
L-Arginine Forearm Positive and no effect Acute 262,263
L-Arginine FMD Positive 4 wk 264
Vitamin E FMD Positive 4 wk 265
Vitamin E Forearm Positive and no effect 4 wk 266–268
Antioxidant vitamins Forearm No effect 4 wk 269
SOD Forearm No effect Acute 270
Vitamin C Forearm Positive Acute 271
Glutathione Femoral artery Positive Acute 272
Folic acid Forearm Positive Acute and 4 wk 273,274
Tetrahydrobiopterin Forearm Positive Acute 275
ASA Forearm Positive Acute 89
LDL-Apheresis Forearm Positive Acute 276
Nifedipine Forearm Positive 6 wk 277
Estrogen FMD Positive 6 wk 248
Fish oil FMD and in vitro Positive 6 wk to 4 mon 93,278,279
Exercise training Forearm No effect 4 wk 280
aASA, acetylic salisylic acid; LDL,  low density lipoprotein; see Tables 1, 2, and 3 for other abbreviations.



Commonly used antihypertensive therapies, such as an-
giotensin-converting enzyme inhibition, calcium and α-recep-
tor blockade, endothelin receptor blockade, and neuroendopeti-
dase inhibition, all have positive effects on EVD (194,211,
229–237); a number of other drugs, such as heparin and estro-
gens (see Table 3) (238–245) have also exhibited this effect.

Effects in Humans

Statins and other lipid-lowering drugs, such as cholestyra-
mine, improve EDV in hypercholesterolemic patients after
only 2 wk of treatment (246–258) in most studies (259)
(Table 4). In the CARE study, EDV measured after 5 yr of
treatment was related to reduction in serum cholesterol levels
during that period (258).

An improvement of EDV was seen during both acute
(260–263) and long-term treatment (4 wk) with L-arginine in
hypercholesterolemic patients (264). Although a mixture of
antioxidant vitamins or SOD produced no effects, vitamin C
and E supplementation reportedly induced a positive effect
on EVD (265–272) in most studies (259). A number of other
interventions, including estrogen and calcium antagonists,
have shown beneficial effects on EDV in hypercholester-
olemic subjects (89,93,273–279). Exercise training for 4 wk,
however, did not improve EDV (280).

FUTURE ISSUES

Clearly, hypercholesterolemia impairs EDV, and lowering of
cholesterol levels can reverse this condition. A publication
bias may exist whereby negative studies are less likely to be
published. However, several issues can be identified for fu-
ture research in the field of cholesterol and EDV. Further-
more, the role of triglycerides and fatty acids deserves further
investigation from the following starting points: 

(i) To identify which mechanism that impairs EDV (which
is associated with hypercholesterolemia and other lipids) is
the major one, or whether several mechanisms act in concert. 

(ii) To investigate whether supplementation with L-argi-
nine, alone or in combination with other lipid-lowering regi-
mens, also improves EDV during long-term treatment. 

(iii) To further investigate the effect of the statins, as some
statins induce vasodilation in vitro within minutes by a NO-
dependent mechanism (189). 

(iv) To identify the characteristics of the point of no return
of atheroma-lesion formation, after which no major improve-
ment in EDV can be obtained merely by lowering cholesterol
levels in some animal models. 

(v) To further characterize the production and metabolism
of ADMA (281–283) and how these events are related to the
impaired EDV seen in dyslipidemia. 

(vi) To explore the future of gene therapy; for example,
adenoviral gene transfer of NOS in cholesterol-fed animals
improved EDV (284–286).

(vii) To consider the possibility of angiogenesis therapy in
patients with coronary heart disease; the effects on EDV of

factors influencing angiogenesis should be explored. It was
recently shown that basic fibroblast growth factor improved
EDV in hypercholesterolemic rabbit aorta in vitro (287).

(viii) To investigate in more detail the action of different
fatty acids on EDV in order to establish the optimal composi-
tion of lipids in food.

(ix) To establish the relevance of studying arteries in the
upper limb not clinically affected by atherosclerosis as a
means of revealing that impairments in EDV measured by the
human forearm technique or by brachial artery ultrasound are
related to atherosclerosis and an impaired EDV in the coro-
nary circulation (288–290). 

(x) Last, but not least, to investigate the use of impaired
EDV as a predictor of cardiovascular events (291,292); it re-
mains to be established that a reversal of endothelial dysfunc-
tion translates into an improved risk for cardiovascular events
before EDV can be accepted as valid biomarker for athero-
sclerosis.
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ABSTRACT: The seed fatty acid (FA) compositions of Abietoids
(Abies, Cedrus, Hesperopeuce, Keteleeria, Pseudolarix, and
Tsuga) are reviewed in the present study in conclusion to our
survey of Pinaceae seed FA compositions. Many unpublished
data are given. Abietoids and Pinoids (Pinus, Larix, Picea, and
Pseudotsuga)—constituting the family Pinaceae—are united by
the presence of several ∆5-olefinic acids, taxoleic (5,9-18:2),
pinolenic (5,9,12-18:3), coniferonic (5,9,12,15-18:4), keteleeronic
(5,11-20:2), and sciadonic (5,11,14-20:3) acids, and of 14-
methyl hexadecanoic (anteiso-17:0) acid. These acids seldom
occur in angiosperm seeds. The proportions of individual ∆5-
olefinic acids, however, differ between Pinoids and Abietoids.
In the first group, pinolenic acid is much greater than taxoleic
acid, whereas in the second group, pinolenic acid is greater
than or equal to taxoleic acid. Moreover, taxoleic acid in Abie-
toids is much greater than taxoleic acid in Pinoids, an apparent
limit between the two subfamilies being about 4.5% of that acid
relative to total FA. Tsuga spp. appear to be a major exception,
as their seed FA compositions are much like those of species
from the Pinoid group. In this respect, Hesperopeuce merten-
siana, also known as Tsuga mertensiana, has little in common
with Abietoids and fits the general FA pattern of Pinoids well.
Tsuga spp. and H. mertensiana, from their seed FA composi-
tions, should perhaps be separated from the Abietoid group and
their taxonomic position revised. It is suggested that a “Tsug-
oid” subfamily be created, with seed FA in compliance with the
Pinoid pattern and other botanical and immunological criteria
of the Abietoid type. All Pinaceae genera, with the exception of
Pinus, are quite homogeneous when considering their overall
seed FA compositions, including ∆5-olefinic acids. In all cases
but one (Pinus), variations from one species to another inside a
given genus are of small amplitude. Pinus spp., on the other
hand, have highly variable levels of ∆5-olefinic acids in their
FA compositions, particularly when sections (e.g., Cembroides
vs. Pinus sections) or subsections (e.g., Flexiles and Cembrae
subsections from the section Strobus) are compared, although
they show qualitatively the same FA patterns characteristic of

Pinoids. Multicomponent analysis of Abietoid seed FA allowed
grouping of individual species into genera that coincide with the
same genera otherwise characterized by more classical botanical
criteria. Our studies exemplify how seed FA compositions, partic-
ularly owing to the presence of ∆5-olefinic acids, may be useful in
sustaining and adding some precision to existing taxonomy of the
major family of gymnosperms, Pinaceae.

Paper no. L8927 in Lipids 37, 17–26 (January 2002).

The family Pinaceae (Coniferophytina) contains a total of 12
genera: Abies, Cathaya, Cedrus, Keteleeria, Larix, Nothotsuga,
Picea, Pinus, Pseudolarix, Pseudotsuga, Tsuga, and Hesper-
opeuce (1). Among these genera, Pinus is the largest and most
heteromorphic genus, with Abies being ranked second and
Picea third. Other genera contain considerably fewer species,
some of them even being monospecific. The seed fatty acid
(FA) compositions available for the most common pine
species, totaling approximately one-half of extant species, were
recently reviewed (2). A review on the genera Picea, Larix, and
Pseudotsuga also appeared more recently (3). The usefulness
of seed FA compositions in the taxonomy of conifers at the
level of families as well as genera has been demonstrated (2–7).

The genera Larix and Picea are closely related to Pinus,
although their relationships remain unclear. Pinus, Larix, and
Picea are sometimes put together along with Cathaya and
Pseudotsuga into a “Pinoid” group (equivalent to a subfam-
ily), as opposed to an “Abietoid” group that embraces Abies,
Cedrus, Tsuga, Nothotsuga, Pseudolarix, and Keteleeria (8).
But other subfamily arrangements have been proposed, e.g.,
Pinoideae (Pinus), Laricoideae (Larix, Pseudolarix, Cedrus),
and Abietoideae (Abies, Cathaya, Keteleeria, Picea, Pseudo-
tsuga, Tsuga); Pinoideae (Pinus), Piceoideae (Picea), Lari-
coideae (Larix, Cathaya, Pseudotsuga), and Abietoideae (all
other genera) (9); or more recently (10), Pinoideae, encom-
passing three tribes [Pineae (Pinus), Abieteae (Cathaya,
Picea, Tsuga, Cedrus, Keteleeria, and Abies), and Lariceae
(Larix, Pseudotsuga)], and Pseudolariceae (Pseudolarix).
Clearly, there is a lack of general agreement regarding the in-
tergeneric relationships among Pinaceae. Here, we will re-
view the Abietoid group as retained and immunologically de-
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fined by Price et al. (8), thus including Abies, Tsuga, Hesper-
opeuce, Cedrus, Keteleeria, and Pseudolarix. Nothotsuga
was not available from our usual tree-seed sources.

In this study, a compilation of data available for Abies,
Tsuga, Hesperopeuce, Cedrus, Keteleeria, and Pseudolarix
seed FA compositions is made, including numerous unpub-
lished seed FA compositions, in particular, Keteleeria, for
which no data were previously available. Species examined
here represent approximately one-fourth of the species of the
Abietoid group. Except for the seed FA compositions from
Abies and Cedrus spp. that present some similarities, other
genera are quite distinct one from another, with Tsuga in par-
ticular being quite close to Pinoids. Principal component
analysis and discriminant analysis permit distinction among
all Abietoid genera. This allows conclusions to be drawn on
general features of the quantitative distribution of seed FA in
Abies, Tsuga, Hesperopeuce, Cedrus, Keteleeria, and
Pseudolarix, with emphasis on ∆5-unsaturated polymethyl-
ene-interrupted FA (∆5-UPIFA, or ∆5-olefinic acids).

∆5-UPIFA with chain lengths C18 and C20 are characteristic
of Pinaceae seed lipids but rarely occur in angiosperms. In this
series of particular FA, the ∆5-double bond is separated from
the next ethylenic bond by either two [5,9-18:2 (taxoleic),
5,9,12-18:3 (pinolenic), and 5,9,12,15-18:4 (coniferonic) acids]
or four [5,11-20:2, 5,11,14-20:3 (sciadonic), and 5,11,14,17-
20:4 (juniperonic) acids] methylene groups instead of only one,
as in linoleic or α-linolenic acids (of the methylene-interrupted
type). All ethylenic bonds are in the cis configuration. A sev-
enth ∆5-UPIFA, ephedrenic (5,11-18:2) acid, occurs in signifi-
cant amounts only in Ginkgo biloba and Ephedra spp. seed
lipids (11). Thus, ∆5-UPIFA are common constituents of seed
oils from all Coniferophyte families and also some Cycado-
phyte families (12). In addition to seeds, these FA also occur in
the leaf and wood lipids of Coniferophytes (13,14). A FA meta-
bolically related to pinolenic acid, dihomopinolenic
(7,11,14–20:3) acid, also is generally present in Pinaceae (15).

MATERIAL AND METHODS

Seeds, oil extraction, and fatty acid methyl ester (FAME)
preparation. The seeds analyzed here were purchased from
Lawyer Nursery, Inc. (Plains, MT), F.W. Schuhmacher Co.,
Inc. (Sandwich, MA), Sandeman Seeds (Pulborough, Great
Britain), Vilmorin S.A. (La Ménitré, France), Versepuy (Le
Puy-en-Velay, France), and the National Office of Forests
(ONF, Champagnole, France). Seeds were kept at 4°C until
use. Lipid extraction, always performed starting with 10-g
samples taken from 15 ± 5 g of powdered seeds, and FAME
preparation were performed as described in detail elsewhere
for other gymnosperm seeds (4,6). All FAME preparations
were made in duplicate and each solution was analyzed once
by gas–liquid chromatography (GLC). Generally, FAME
were prepared within 24 h after lipid extraction and immedi-
ately analyzed.

Analytical GLC. All FAME preparations were analyzed in
a Carlo Erba 4130 chromatograph (Carlo Erba, Milano, Italy)

equipped with a DB-Wax column (30 m × 0.32 mm i.d., 0.5
µm film; J&W Scientific, Folsom, CA). The oven tempera-
ture was 190°C and the inlet pressure of the carrier gas (he-
lium) was 140 kPa. Occasionally, to confirm some identifica-
tions, a CP-Sil 88 column (50 m × 0.25 mm i.d., 0.2 µm film;
Chrompack, Middelburg, The Netherlands) was operated
with temperature programming in a Carlo Erba HRGC chro-
matograph from 150 to 185°C at 4°C/min with H2 at 100 kPa.
The injector (split mode) and flame-ionization detector were
maintained at 250°C for both columns. SP 4290 integrators
(Spectra Physics, San Jose, CA) calculated quantitative data.
In some instances, particularly to detect potential late-eluting
components but also to confirm identifications, a Silar 5 CP
column (50 m × 0.25 mm i.d., 0.2 µm film; Chrompack), fit-
ted in a Hewlett-Packard HP 5890 gas chromatograph (Avon-
dale, PA), was used in the temperature program mode
(isothermal for 1 min at 165°C; from 165 to 205°C at a rate
of 1°C/min; isothermal at 205°C for 60 min). Nitrogen was
the carrier gas, and the injector and detector temperatures
were maintained at 230 and 260°C, respectively.

Identification of FAME peaks. The seed lipids from selected
conifer species (15,16) or Ranunculaceae species (17) were used
as sources of ∆5-olefinic acid methyl esters with known struc-
tures to identify FA from seed lipids by GLC, either by coinjec-
tion, comparison of the equivalent chain lengths (DB-Wax col-
umn), or retention times (CP-Sil 88 and Silar 5 CP).

Data analysis. Principal component analysis was performed
with the program STATBOX (Grimmer, Paris, France). The
classification of Abietoid spp. was performed with the program
XLSTAT (copyright T. Fahmy, Paris, France). To compare the
variability of interspecific seed FA compositions of Abietoid
spp. and Picea and Larix spp., ascending hierarchical classifica-
tions were computed using the Ward method. This method con-
sists of minimizing the loss of intraclass inertia at each step. The
results are presented as a dendrogram (discussed below) in
which the aggregation level can be interpreted as a dissimilarity
index between the objects.

RESULTS AND DISCUSSION

Abies seed FA compositions. Literature data on the seed FA
compositions of species studied here, except for those from
our Institutes (4,18), are particularly scarce. We are aware of
only two papers partially describing the C18 unsaturated acids
in fir (A. alba) seeds, indicating the presence of 5,9-18:2 and
5,9,12-18:3 acids characterized both by their GLC behavior
(19) and their 13C nuclear magnetic resonance spectra (20),
but no mention of C20 acids was made. Although Takagi and
Itabashi (21) did not analyze the seed FA of any of the genera
reviewed here in their major study on gymnosperm seed
lipids, Jamieson and Reid (14) reported on the leaf FA of sev-
eral Abies and Tsuga species. Qualitatively, these acids were
identical to those found in the leaves of other Pinaceae, i.e.,
Pinus, Picea, Larix, Cedrus, and Pseudotsuga (14).

Abies is the most important genus in the Abietoid group, with
approximately 80 species and infraspecific taxa (Table 1). The
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classification of the genus Abies was reviewed in 1989 by Far-
jon and Rushforth (22), who proposed a new classification
scheme, mostly based on morphological characters. Abies was
divided into 10 sections, some of which were further divided
into subsections. Debazac (23) adopted a geographical classifi-
cation. However, the differences in seed FA compositions be-
tween species were rather small, and we do not adopt either clas-
sification. Here we summarize data for 20 Abies spp. (Table 2).
Some supplementary species were also checked, but owing to
some overlap of resin components (terpenes?) in the C16–C17
region, they are not reported here. However, they did not differ

appreciably in FA from other species reported here. In Abies spp.
(Table 2), the level of total saturated acids is rather low, always
less than 8–9% of total FA. These acids occur in the usual de-
creasing order 16:0 > 18:0 > 20:0 > 22:0, also encountered in
Tsuga, Cedrus, and Keteleeria. In contrast to the genera re-
viewed earlier (Pinus, Picea, Larix, Pseudotsuga), anteiso-
17:0 is higher than 0.6% in Abies spp., whereas the corre-
sponding values in other genera are less than 0.4%, with the
exception of Pseudotsuga menziesii (1.2%) (3).

The most prominent unsaturated FA in Abies spp. is
linoleic acid, in the range of 37–46%, and values are usually
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TABLE 1 
List of Abies spp. That Have (or Have Not Yet) Been Examined for Their Seed Fatty Acid Compositions

Speciesa Trivial nameb Reference

1. A. alba European silver fir 18
2. A. amabilis Pacific silver fir, Cascade fir —
3. A. balsamea var. balsamea Balsam fir, Canada fir 4
4. A. balsamea var. phanerolepis Caanan fir —
5. A. beshanzuensis Baishan fir —
6. A. borisii-regis Boris fir, Macedonian fir This study
7. A. bracteata Bristlecone fir, Santa Lucia fir —
8. A. cephalonica Greek fir 4
9. A. chengii Cheng fir —

10. A. chensiensis ssp. chensiensis Shensi fir —
11. A. chensiensis ssp. salouenensis — —
12. A. chensiensis ssp. yulongxueshanensis — — 
13. A. cilicica ssp. cilicica Cilician fir —
14. A. cilicica ssp. isaurica — —
15. A. concolor White fir 18
16. A. concolor ssp. lowiana Sierra white fir, Pacific white fir 18
17. A. delavayi var. delavayi Delavay’s fir This study
18. A. delavayi var. motuoensis — —
19. A. delavayi var. nukiangensis — —
20. A. densa — —
21. A. durangensis var. coahuilensis — — 
22. A. durangensis var. durangensis — — 
23. A. fabri ssp. fabri Yunnan fir —
24. A. fabri ssp. minensis — —
25. A. fanjingshanensis Fanjingshan fir —
26. A. fansipanensis — —
27. A. fargesii var. fargesii Farges fir —
28. A. fargesii var. faxoniana — —
29. A. fargesii var. sutchuenensis — —
30. A. firma Japanese fir, Momi fir —
31. A. forrestii var. ferreana — —
32. A. forrestii var. forrestii Forrest fir —
33. A. forrestii var. georgei — —
34. A. forrestii var. smithii — —
35. A. fraseri Fraser fir 4
36. A. grandis Grand fir 4
37. A. guatemalensis var. guatemalensis Guatemalan fir —
38. A. guatemalensis var. jaliscana — —
39. A. hickelii var. hickelii Hickel fir —
40. A. hickelii var. oaxacana — —
41. A. hidalgensis — —
42. A. holophylla Needle fir, Manchurian fir —
43. A. homolepis var. homolepis Nikko fir This study 
44. A. homolepis var. umbellata — —
45. A. kawakamii Taiwan fir —
46. A. koreana Korean fir This study

Continued



lower than those determined in Pinus, Larix, and Picea. Oleic
acid is ranked second, varying between 20 and 35%. Here too,
similar values are frequently encountered in the genus Pinus.
The most discriminating feature is the amount of taxoleic
acid, almost always higher than 4.5% (A. procera is an excep-
tion, with only 3.5%) and sometimes as much as 8%. A value
of 4.5% is the highest encountered in Pinus, Picea, Larix, or
Pseudotsuga (2,3), whereas a value of 8% is close to that pre-
sented by Taxus baccata seeds (24). The percentage of
pinolenic acid lies within the limits of 9–17%, which on av-
erage is lower than in Pinus, Picea, Larix, and Pseudotsuga
spp. This may be interpreted in terms of ∆5-desaturase activi-
ties, which are higher for oleic acid than for linoleic acid in
Abies as compared to the preceding genera. With regard to the
C20 ∆5-UPIFA in Abies spp., 5,11-20:2 and sciadonic acid
levels are not quantitatively very distinct from those occur-
ring in Pinus spp. For the latter acid, the range is most often
1.7–2.7%, with only A. procera showing a lower value. The
sums of ∆5-UPIFA are rather homogenous within the genus,
between approximately 18 and 24% (except for A. procera,
16%).

Tsuga seed FA compositions. In addition to the species listed
in Table 3, some authors [e.g., Farjon (25)] include T. merten-
siana and its infraspecific taxa in the genus Tsuga, whereas
other authors (1) consider it a distinct genus, Hesperopeuce.
We have adopted the point of view that will be discussed next.
Among the Abietoid genera studied here, the genus Tsuga is
the closest to genera of the Pinoid group in its seed FA compo-
sition, with little in common with Abies, Cedrus, Keteleeria, or
Pseudolarix. In a previous multicomponent analysis of conifer
seed FA compositions (4), the two Tsuga species available at
that time (as well as P. menziesei) were slightly set over in a
bulky and stretched Pinus group, but were otherwise distinct
from Picea and Larix. Since then, Picea and Larix spp. have
been shown to constitute two clearly disjunct groups (3) with
regard to their seed FA composition. Tsuga spp. have higher
(ca. 50%) and lower (ca. 14%) average levels of linoleic and
oleic acids, respectively, than most Pinus, Larix, and Picea
species, but they are hardly distinguishable from Pinus spp. on
the basis of their C18 ∆5-UPIFA profiles. Within the genus,
variations between species are of small amplitude, as is the case
for Picea and Larix species.
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TABLE 1 
Continued

Speciesa Trivial nameb Reference

47. A. lasiocarpa var. arizonica Corkbark fir —
48. A. lasiocarpa var. lasiocarpa Alpine fir 4
49. A. magnifica var. magnifica California red fir, silvertip fir —
50. A. magnifica var. shastensis Shasta red fir —
51. A. mariesii Aomoritomatsu (Jap.) — 
52. A. nebrodensis Silician fir —
53. A. nephrolepis Manchurian fir, Khingan fir This study
54. A. nordmanniana ssp. equi-trojani (bornmuelleriana) — 4
55. A. nordmanniana ssp. nordmanniana Nordmann fir 4
56. A. numidica Algerian fir This study
57. A. pindrow var. brevifolia —
58. A. pindrow var. pindrow West Himalayan fir This study
59. A. pinsapo var. marocana Moroccan fir —
60. A. pinsapo var. pinsapo Spanish fir 4
61. A. pinsapo var. tazaotana — —
62. A. procera Noble fir This study
63. A. recurvata var. ernestii — —
64. A. recurvata var. recurvata Min fir —
65. A. religiosa Oyamel (Mex.), Sacred fir —
66. A. sachalinensis var. gracilis — —
67. A. sachalinensis var. mayriana — —
68. A. sachalinensis var. nemorensis — —
69. A. sachalinensis var. sachalinensis Sakhalin fir —
70. A. sibirica ssp. semenovii — —
71. A. sibirica ssp. sibirica Siberian fir —
72. A. spectabilis East Himalayan fir —
73. A. squamata Flaky fir —
74. A. veitchii var. sikokiana — —
75. A. veitchii var. veitchii Shirabe (Jap.), Veitch’s silver fir This study
76. A. vejarii ssp. mexicana — —
77. A. vejarii ssp. vejarii Vejar fir —
78. A. yuanbaoshanensis — —
79. A. ziyuanensis Ziyuan fir —
aList established according to Farjon’s World Checklist and Bibliography of Conifers (25).
bList mostly based on tree-seed sellers’ catalogs. The website http://www.geocities.com/RainForest/Canopy was also consulted. Abbreviations: Jap., Japan-
ese; Mex., Mexican.



Hesperopeuce seed FA composition. The taxonomic rank-
ing of H. mertensiana is rather controversial because it is
sometimes considered a Tsuga species or even a hybrid (26).
Some infrageneric taxa can be distinguished (not reported in

Table 4). A distinctive feature of H. mertensiana seed FA
(Table 4) is the absence of α-linolenic acid, which otherwise
represents 0.3–0.8% in Tsuga spp. Also, the proportions of
linoleic and oleic acids are distinct: linoleic acid, 43.9 vs.
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TABLE 2 
Fatty Acid Compositions (wt% of total fatty acids) of the Seed Lipids from Abies spp.

aiso- 9,12- 9,12,15- Xe

Speciesa,b 16:0 16:1c 17:0d 18:0 9-18:1 11-18:1 18:2 18:3 (19.10) 20:0 11-20:1

1. A. alba 4.12 0.05 0.81 1.66 25.82 0.32 42.7 10.52 0.08 0.39 0.59
3. A. balsamea var. balsamea 3.15 0.05 0.57 1.53 20.93 0.41 45.83 0.43 0.14 0.49 0.78 
6. A. borisii-regis 3.64 0.11 0.71 2.17 28.05 0.32 41.27 0.41 0.09 0.40 0.57 
8. A. cephalonica 3.35 0.11 0.76 1.79 27.63 0.44 40.28 0.39 0.14 0.51 0.61 

15. A. concolor 4.10 0.10 0.73 1.55 37.43 0.43 37.17 0.47 0.12 0.56 0.76
16. A. concolor ssp. lowiana 3.30 0.06 0.75 1.58 24.55 0.39 45.16 0.35 0.11 0.49 0.85
17. A. delavayi var. delavayi 4.47 0.16 0.90 2.33 28.23 0.57 42.02 0.57 0.13 0.67 0.73
35. A. fraseri 2.88 0.06 0.67 1.33 24.38 0.39 44.61 0.46 0.12 0.42 0.84
36. A. grandis 4.02 0.09 0.83 2.04 26.69 0.44 38.63 0.62 0.11 0.46 0.55
43. A. homolepis var. homolepis 3.24 0.06 0.76 1.86 25.07 0.35 44.68 0.34 0.08 0.72 0.98
46. A. koreana 3.54 0.08 0.75 1.91 24.88 0.45 44.54 0.48 0.14 0.44 0.53
48. A. lasiocarpa var. lasiocarpa 2.96 0.17 0.70 1.43 19.58 0.50 47.47 0.44 0.09 0.53 0.56
53. A. nephrolepis 3.14 0.06 0.60 1.55 24.13 0.33 44.78 0.35 0.10 0.57 0.84
54. A. nordmanniana ssp. equi-trojani 3.74 0.10 0.85 1.94 26.85 0.40 41.48 0.33 0.11 0.49 0.87
54. A. bornmuelleriana 3.60 0.08 0.71 1.91 29.07 0.40 39.95 0.34 0.10 0.40 0.57
55. A. nordmanniana ssp. nordmanniana 3.27 0.08 0.76 1.89 29.96 0.39 40.92 0.42 0.13 0.44 0.68
56. A. numidica 3.74 0.08 0.71 2.29 28.51 0.34 40.35 0.37 0.12 0.43 0.67
58. A. pindrow var. pindrow 3.27 0.10 0.69 1.54 30.12 0.44 40.74 0.42 0.13 0.55 0.93
60. A. pinsapo var. pinsapo 3.49 0.05 0.65 1.97 29.14 0.38 40.38 0.29 0.11 0.48 0.74
62. A. procera 3.51 0.09 0.87 1.99 35.14 0.55 39.63 0.56 0.08 0.60 0.51
75. A. veitchii var. veitchii 3.12 0.06 0.67 1.97 23.10 0.40 45.74 0.62 0.13 0.69 0.75

11,14- 5,9- 5,9,12- 5,9,12, 5,11- 5,11, 7,11,
Species 20:2 22:0 18:2 18:3 15-18:4 20:2 14-20:3 14-20:3 Σ∆5f Othersg Reference

1. A. alba 0.28 0.30 6.24 12.47 —h 0.24 0.24 0.10 21.09 1.22 18 
3. A. balsamea var. balsamea 0.50 0.28 5.93 14.94 — 0.24 2.73 0.14 23.98 0.93 4 
6. A. borisii-regis 0.26 0.37 6.65 12.25 — 0.28 1.94 0.06 21.18 0.45 This study
8. A. cephalonica 0.42 0.43 7.39 11.94 — 0.21 2.25 0.07 21.86 1.28 4 

15. A. concolor 0.26 0.34 5.56 8.78 — 0.24 1.12 0.09 15.79 0.19 18 
16. A. concolor ssp. lowiana 0.58 0.27 5.66 13.32 Tracei 0.20 1.87 0.07 21.12 0.44 18 
17. A. delavayi var. delavayi 0.27 0.10 4.96 10.88 Trace 0.25 1.70 Trace 17.79 1.06 This study 
35. A. fraseri 0.39 0.29 5.93 14.04 0.05 0.34 2.29 0.12 22.77 0.39 4 
36. A. grandis 0.37 1.37 7.70 11.15 — 0.23 2.38 Trace 21.46 2.32 4 
43. A. homolepis var. homolepis 0.61 0.13 5.39 12.20 — 0.18 2.38 0.11 20.26 0.86 This study 
46. A. koreana 0.53 0.20 6.05 13.29 — 0.18 1.88 Trace 21.40 0.19 This study
48. A. lasiocarpa var. lasiocarpa 0.37 0.39 4.45 17.11 Trace 0.14 1.67 0.09 23.46 1.35 4 
53. A. nephrolepis 0.50 0.23 6.55 14.21 Trace 0.24 1.75 Trace 22.75 0.07 This study 
54. A. nordmanniana ssp. equi-trojani 0.45 0.40 7.02 12.01 Trace 0.25 2.23 0.09 21.63 0.39 4 
54. A. bornmuelleriana 0.45 0.21 7.48 11.02 — 0.65 2.21 0.10 21.46 0.41 4 
55. A. nordmanniana ssp. nordmanniana 0.40 0.28 6.60 11.27 0.03 0.24 1.95 0.09 20.18 0.20 4 
56. A. numidica 0.49 0.26 6.98 11.48 0.05 0.27 2.58 0.10 21.39 0.18 This study 
58. A. pindrow var. pindrow 0.60 0.60 5.68 10.97 Trace 0.28 2.52 0.04 19.49 0.38 This study 
60. A. pinsapo var. pinsapo 0.37 0.32 8.20 10.39 — 0.40 2.29 0.08 21.36 0.27 4 
62. A. procera 0.21 0.35 3.53 11.15 0.06 0.16 0.90 0.14 15.94 0.03 This study 
75. A. veitchii var. veitchii 0.49 0.37 4.97 14.03 — 0.20 1.89 Trace 21.09 0.80 This study
aThe numbers refer to species listed in Table 1.
bSome earlier chromatograms from our laboratory have been revised to take into account aiso-17:0, 11-18:1, 7,11,14-20:3 acids, and component X. Initial
nomenclature (essentially that employed by tree-seed sellers) has been modified to fit recent recommendations by Farjon (25). Abies bornmuelleriana is re-
tained here, although it is considered a synonym of A. nordmanniana ssp. equi-trojani by this author.
cTwo isomers, 7- and 9-16:1 acids.
d14-Methylhexadecanoic acid, or anteiso-17:0.
eUnidentified component with an equivalent chain length of 19.10 on the DB-Wax column.
fSum of ∆5-olefinic acids, including the 7,11,14-20:3 acid.
gMinor and/or unidentified fatty acids.
hNot detected or not reported.
iTrace amounts.



49.7–50.8%, and oleic acid, 23.3 vs. 13.0–14.8%, in Hesper-
opeuce and Tsuga spp., respectively (27).

Cedrus seed FA compositions. The genus Cedrus encom-
passes four species (all of which are presented in this study)
that are closely allied (28) and a few varieties (Table 3). In
contrast to Abies spp., the principal unsaturated FA in Cedrus
spp. seeds is oleic acid (41–45%), with linoleic acid repre-
senting only 23–30% (Table 4). As in Abies, anteiso-17:0 acid
is relatively high, between 0.4 and 1%. Despite the consider-
able differences in the amounts of their precursors, oleic and
linoleic acids, taxoleic and pinolenic acids have a distribution
profile similar to that in Abies spp. (4.6–7.7 and 9.6–10.9%,
respectively). On the other hand, the C20 ∆5-UPIFA are less
abundant in Cedrus than in Abies seeds. In this regard, it is
worth noting the particular abundance of dihomopinolenic
(7,11,14–20:3) acid, the elongation metabolite of pinolenic
acid; there is about twice as much in Cedrus than in Abies spp.
Incidentally, the same ∆5-UPIFA were present in the pollen
grain lipids collected from C. atlantica (Wolff, R.L., unpub-
lished observations).

Keteleeria seed FA composition. The genus Keteleeria was
revised recently (29) and was shown to contain three species
only (Table 3). An interesting point is the pink color of the
washing upper phase during the Folch et al. (30) purification
of lipids. Among all other Pinaceae, this was observed only
for Abies seeds. However, no further studies of the pigment(s)
were made. The prominence of oleic acid over linoleic acid is
exacerbated in Keteleeria (Table 4), where the former acid
reaches 55% but the latter acid represents only 22% of total
FA. This apparently results in a higher level of taxoleic acid as
compared to pinolenic acid, although both acids, in particular
the latter one, are comparatively low. Also, oleic acid seems
to be particularly intensively elongated and further ∆5-desatu-
rated if one considers the exceptionally high levels of 11-20:1

(3.1%) and 5,11-20:2 (1.8%) that are reached in no other
Pinaceae species. As the latter acid has no trivial name, we
suggest naming it “keteleeronic” acid. The overall content of
∆5-UPIFA is the lowest (ca. 10%) inside the Abietoid group.

In brief, considering their seed FA compositions, Abies,
Cedrus, and Keteleeria, are justifiably grouped in the Abie-
toid subfamily, whereas Tsuga would fit the overall seed FA
pattern of the Pinoid group.

Pseudolarix seed FA composition. Pseudolarix is a mono-
specific genus with P. amabilis as a single species. The main
feature of its seed FA is the presence of high contents of α-
linolenic and coniferonic acids, 5.2 and 1.8%, respectively
(Table 4). No Pinaceae seeds analyzed thus far showed such
high quantities, although some Cupressaceae species might
present higher levels of coniferonic acid (4). Also, taxoleic
and pinolenic acids are present in approximately equal
amounts, about 7.5%, which is encountered in Pinaceae only
in C. libani (ca. 10% for both C18 ∆5-UPIFA).

Multicomponent analysis. A principal component analysis
was processed for species listed in Tables 2 and 4. Minor
components, such as 17:0 acid, were not included in that
study. In addition, the mean compositions of seed FA from
Larix and Picea spp. established in a previous study (3) were
included in the statistical analysis. Figure 1 shows the first
two component axes, which explain 32 and 19% of the total
inertia. On this plot, the different genera are quite well sepa-
rated. Abies spp. are scattered around the mean (gravity cen-
ter) at the center of the plot.

On axis 1 (horizontal), 9,12-18:2 and 5,9,12-18:3 acids can
be identified as representative of Tsuga, Hesperopeuce, Picea,
and Larix spp. Axis 2 (vertical) allows differentiation be-
tween these genera: 11,14-20:2 and 5,11,14-20:3 acids can
particularly be associated with Tsuga spp. In contrast, 11-18:1
is representative of Picea and Larix spp. Pseudolarix and
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TABLE 3 
List of Tsuga, Hesperopeuce, Cedrus, Keteleeria, and Pseudolarix spp. That Have (or Have Not Yet) Been Examined 
for Their Seed Fatty Acid Compositions

Speciesa Trivial nameb Reference

80. T. canadensis Eastern hemlock, Hemlock spruce 18
81. T. caroliniana Carolina hemlock This study
82. T. chinensis Taiwan hemlock This study
83. T. diversifolia Northern Japanese hemlock —
84. T. dumosa Himalayan hemlock —
85. T. heterophylla Western hemlock 12
86. T. sieboldii Southern Japanese hemlock —
87. H. mertensiana Mountain hemlock 27
88. C. atlantica Atlas cedar 18
89. C. atlantica var. glauca Atlas cedar 12
90. C. brevifolia Cyprus cedar This study
91. C. deodara Deodar, Himalayan cedar 12
92. C. libani Lebanese cedar, Cedar of Lebanon 12
93. K. davidiana — This study
94. K. evelyniana — This study
95. K. fortunei — —
96. P. amabilis Golden larch 27
aList established according to Farjon’s World Checklist and Bibliography of Conifers (25).
bList mostly based on tree-seed sellers’ catalogs. The website http: //www.geocities.com/RainForest/Canopy was also consulted.



Keteleeria spp. do not seem very different one from another.
Three FA are more particularly representative of these gen-
era: 5,11-20:2, 11-20:2, and 5,11,14-20:3 acids. Pseudolarix
is also characterized by 16:1 and 9,12,15-18:3 acids and
Keteleeria by 9-18:1 acid (in fact, this does not appear clearly
on the first two axes). As for Pseudolarix and Keteleeria spp.,
Cedrus spp. is located on the positive direction of axis 1. Dif-
ferences appear on axis 2: Cedrus spp. is associated with eight
FA, namely 16:1, 16:0, anteiso-17:0, 18:0, 11-18:1, 9-18:1,
5,9-18:2, and 20:0 acids, which are essentially saturated and
monoenoic FA.

The dendrogram in Figure 2 confirms the principal com-
ponent analysis results. In particular, the importance of inter-
specific variability is clearly demonstrated. It is worthwhile
to note the closeness between some genera. On the one hand,
Larix, Picea, and Hesperopeuce lie in close proximity,
whereas Tsuga spp. are only slightly dissimilar. On the other
hand, Keteleeria spp. and Pseudolarix lie close to one an-
other. The latter two genera are thus grouped together with

Cedrus. The intraspecific dissimilarities among Abies spp. are
of small amplitude, as observed above.

As a first observation, it can be inferred from our data that
all genera of the Pinaceae family are united by the same qual-
itative seed FA chromatographic profiles, including ∆5-
UPIFA. However, on a quantitative basis, many differences
allow distinctions between the different genera.

Pinus is the Pinaceae genus that presents the greatest num-
ber of species, and is also generally recognized as the most
heteromorphic genus when considering botanical criteria. This
also holds for Pinus spp. seed FA compositions, particularly
when considering ∆5-UPIFA. Their sum varies from less than
0.6% (P. monophylla, subsection Cembroides) to 30% (P.
sylvestris, subsection Sylvestres). Taxoleic acid always repre-
sents less than 4.5% of total FA in Pinus spp. seeds. In Abies
spp., as well as in Cedrus spp. and P. amabilis, the correspond-
ing value is practically systematically higher than 4.5%. Tsuga
spp. and Keteleeria spp., on the other hand, present values
similar to those found in Pinus spp. The highest values of tax-
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TABLE 4 
Fatty Acid Compositions (wt% of total fatty acids) of the Seed Lipids from Tsuga, Hesperopeuce, Cedrus, Keteleeria, and Pseudolarix spp.

aiso- 9,12- 9,12,15-
Speciesa,b 16:0 16:1c 17:0d 18:0 9-18:1 11-18:1 18:2 18:3 20:0 11-20:1

80. T. canadensis 3.46 0.06 0.52 1.73 14.72 0.31 49.96 0.34 0.42 0.77
81. T. caroliniana 4.80 0.08 0.25 2.07 14.08 0.38 50.74 0.46 0.38 0.56
82. T. chinensis 4.75 0.11 0.25 2.27 14.76 0.50 50.53 0.51 0.42 0.49
85. T. heterophylla 3.10 0.05 0.57 1.99 13.00 0.28 50.83 0.82 0.32 0.53
87. H. mertensiana 3.63 0.11 0.51 1.53 23.27 0.57 43.92 —e 0.35 0.45
88. C. atlantica 5.20 0.16 0.98 2.86 41.47 0.43 28.90 0.42 1.06 0.67
89. C. atlantica var. glauca 4.85 0.15 0.76 3.51 41.43 0.40 26.84 0.14 1.08 0.70
90. C. brevifolia 4.74 0.37 0.71 2.64 43.32 0.98 25.49 0.10 0.73 0.62
91. C. deodara 3.99 0.15 0.42 1.70 44.02 0.92 30.01 0.18 0.54 1.11
92. C. libani 4.31 0.13 0.51 2.21 45.41 0.77 23.36 0.11 0.69 0.68
93. K. davidiana 4.15 0.19 0.07 2.71 55.16 0.17 22.23 0.19 0.78 3.06
94. K. evelyniana 4.70 0.04 Tracef 2.30 55.20 0.21 24.08 0.20 0.54 2.57
96. P. amabilis 4.00 0.29 0.37 2.42 26.50 0.24 35.55 5.18 0.51 1.61

11.14- 5,9- 5,9,12- 5,9,12,15- 5,11- 5,11,14- 7,11,14-
Species 20:2 22:0 18:2 18:3 18:4 20:2 20:3 20:3 Σ∆5g Othersh

80. T. canadensis 0.94 0.25 2.62 19.53 —g 0.12 3.74 0.41 26.42 0.10
81. T. caroliniana 0.72 0.11 1.88 19.44 Traceh 0.69 2.65 0.27 24.93 0.44
82. T. chinensis 0.85 0.16 1.85 18.67 0.05 0.07 2.80 0.30 23.77 0.66
85. T. heterophylla 0.68 0.17 1.48 24.11 0.09 0.07 1.26 0.13 27.14 0.52
87. H. mertensiana 0.55 — 2.24 19.40 — 0.07 1.31 0.27 23.29 1.77
88. C. atlantica 0.36 0.38 5.57 10.49 — 0.14 0.69 0.24 17.13 —
89. C. atlantica var. glauca 0.33 0.31 7.32 9.94 — 0.13 0.48 0.20 18.07 1.43
90. C. brevifolia 0.31 Trace 7.73 10.93 — Trace 0.55 0.35 19.56 0.43
91. C. deodara 0.49 Trace 4.60 9.61 — 0.11 0.93 0.16 15.41 1.06
92. C. libani 0.24 0.25 9.45 10.50 — 0.17 0.60 0.15 20.87 0.46
93. K. davidiana 0.36 0.51 3.45 1.43 — 1.83 3.23 0.05 9.99 0.43
94. K. evelyniana 0.32 Trace 3.55 1.59 — 1.61 2.53 Trace 9.28 0.56
96. P. amabilis 0.52 — 7.75 7.35 1.78 1.19 3.57 0.12 21.76 0.94

aThe numbers refer to species listed in Table 3.
bSome earlier chromatograms from our laboratory have been revised to take into account aiso-17:0, 11-18:1, and 7,11,14-20:3 acids.
cTwo isomers, 7- and 9-16:1 acids.
d14-Methylhexadecanoic acid, or anteiso-17:0.
eNot detected or not reported.
fTrace amounts.
gSum of ∆5-olefinic acids, including the 7,11,14-20:3 acid.
hMinor and/or unidentified fatty acids.



oleic acid presented by Picea and Larix spp. seeds also are
lower than 4.6%. Thus, with regard to the percentage of tax-
oleic acid, Pinus, Larix, Picea spp., and Pseudotsuga men-
ziesii (Pinoids) are united by levels less than 4.6%, a situation
shared by Tsuga spp. and Keteleeria spp. (Abietoids).

If one considers pinolenic acid, Pinus spp. are heteroge-
neous and present seed FA containing a maximum of 25.3%
(P. strobus), with the bulk of species between 14 and 23%.
This is most often less than values determined for Larix and
Picea spp. but similar to those found in Tsuga spp.

As emphasized elsewhere (3), Picea and Larix spp. dis-
play seed FA compositions that vary little from one species to
another in a given genus. This apparently also holds for Tsuga
and Keteleeria spp. This adds to the general recognition that
all of these genera are natural groups. A particular point is
that the ratio of pinolenic/taxoleic acids in Pinoids (and in
Tsuga spp.) is always higher than that in Abietoids (results
not shown). This tendency culminates in C. libani and in P.
amabilis, where the ratio approaches 1.

Among botanical criteria distinguishing Pinoids from
Abietoids is the presence of resin vesicles in the coat of seeds
from species of the latter group but not the former one. Resin

components are extracted by the solvents used in our studies
and appear as a dense region of peaks preceding palmitic acid
methyl ester during GLC. This occurs when analyzing seed
FA methyl esters prepared from Abies, Cedrus, and Ketelee-
ria spp. seeds but not from Tsuga spp. seeds. Indeed, resin
vesicles in the seeds from the latter genus are reported to be
very small and to contain little resin.

Price et al. (8), Prager et al. (31), and Frankis (9) have con-
structed possible phylogenic sequences based either on im-
munological characteristics and distances (8,31) or on selected
botanical features (9) that are rather similar in that they both
distinguish two groups more or less corresponding to Pinoids
and Abietoids. However, they differ in some details. Our stud-
ies (2,3, present study) agree with such a division, with some
peculiarities of Tsuga spp. and H. mertensiana seed FA that
resemble Pinoids and share little in common with other Abie-
toids. There are two possibilities: (i) the similarity of Tsuga
spp. and H. mertensiana with Pinoids is due to evolutionary
convergence or (ii) H. mertensiana is derived through the in-
tergeneric hybridization of Tsuga × Picea (26). Regarding the
second hypothesis, Tsuga would in some manner be a relative
to Picea, which would indicate a relationship between Tsuga
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FIG. 1. First two components of the principal component analysis based on data for Abietoid seed fatty acids summarized in Tables 2 and 4. Also
plotted are the gravity centers of Picea and Larix spp. from a previous study (Ref. 3).



and Picea with Pinoids. To take this possibility into account,
we suggest a new group, Tsugoids, encompassing Tsuga spp.
and H. mertensiana, which would be between Pinoids and
Abietoids.
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ABSTRACT: Fourteen pairs of obese female monozygotic
twins were recruited for a study of genetic influences on serum
and adipose fatty acid (FA) composition. Following 1 wk of in-
patient stabilization, fasting serum and adipose tissue obtained
by surgical excision were analyzed by thin-layer and gas chro-
matography. Intrapair resemblances (IPR) for individual FA were
assessed by Spearman rank correlation and by analysis of vari-
ance and were found in serum cholesteryl esters (CE), triglyc-
erides (TG), and adipose TG. With two exceptions (CE linoleate
and adipose eicosapentaenoate), these IPR were limited to the
nonessential FA. Palmitate had significant IPR in four lipid frac-
tions; in serum CE and adipose TG palmitate was strongly cor-
related with multiple measures of adiposity. In contrast to other
lipid fractions, serum phosphatidylcholine (PC) FA had 12 IPR,
of which 6 were essential FA including arachidonate (r = 0.76,
P < 0.0005), eicosapentaenoate (r = 0.78, P < 0.0005), and do-
cosahexaenoate (r = 0.86, P < 0.0001). The PC IPR could not
be explained by analysis of preadmission 7-d food records. After
dividing the pairs into two groups differing and nondiffering ac-
cording to fat intake of individuals in the pair, there was no evi-
dence of a gene–environment interaction between fat intake
and FA composition. The IPR for nonessential FA indicate that
there is active genetic control of either food choices or postab-
sorptive metabolic processing. The high level of IPR in the PC
fraction in contrast to the other lipid fractions suggests strong
genetic influence over selection of specific FA for this mem-
brane fraction independent of diet.

Paper no. L8727 in Lipids 37, 27–32 (January 2002).

Beyond their function as energy substrates in the nonesterified
form and as energy reserves in triglycerides (TG), individual
fatty acid (FA) species possess a range of metabolically impor-
tant properties. Chain length and degree of unsaturation affect
the physical properties of membrane phospholipids and TG, and
some members of the essential n-6 and n-3 families provide
substrates for eicosanoids. In addition, enzymes involved in FA
metabolism have demonstrated selectivity for specific FA. An
example of this is hormone-sensitive lipase in rat adipocytes.
This enzyme has been shown in vitro (1) and in vivo (2) to be

selective for release of specific FA based on their chain length,
number of double bonds, and position of double bonds. This se-
lectivity has been demonstrated in obese humans undergoing
weight loss as indicated by a disproportionate decrease in α-
linolenate (18:3n-3) from adipose reserves (3–5). This selectiv-
ity allows specific tissue lipid fractions to maintain FA compo-
sitions that differ from those of the diet and from one another.
In addition to selective release, these tissue differences could
also result from selective uptake of individual fatty acids into
adipose tissue (6). This effect could be achieved at any one of
multiple steps in the digestion, absorption, hepatic processing,
and endothelial release where interindividual variation in the
processing of specific fatty acids could occur.

A number of important physiological functions are af-
fected by the FA composition of tissue lipids, particularly the
phospholipids in membranes. Odin et al. (7) reported varia-
tions in the rate of hepatocyte lipogenesis by varying the com-
position of the cell membranes in tissue culture, and Clarke
and Jump (8) subsequently demonstrated that dietary fat com-
position directly affects FA synthase gene expression. Pe-
likánová et al. (9) and Borkman et al. (10) noted that varia-
tions in insulin sensitivity correlate with serum and muscle
phospholipid arachidonate (20:4n-6). In addition, a relation-
ship was found between the FA composition of child’s muscle
and maternal serum insulin concentration (11). These influ-
ences of phospholipid FA composition on metabolic path-
ways of fuel trafficking raise the potential for FA such as
arachidonic acid to participate actively in the regulation of
energy balance.

Genetically obese animals have been reported to have dis-
tortions in hepatic phospholipid arachidonate distribution
relative to the lean genotype. The Zucker rat has reduced
phospholipid arachidonate but increased cholesteryl ester
compared to the lean genotype (12–14), and in the BSB
mouse arachidonate is maldistributed into cholesteryl esters
(15). While it is not clear if these alterations in 20:4n-6 distri-
bution are a direct result of single or multiple genes causing
their obesity, enhancing endogenous arachidonic acid produc-
tion in the obese Zucker rat reduces food intake and weight
gain (14,16). It remains to be determined specifically how in-
creasing arachidonate production affects appetite in the
Zucker rat or if altered arachidonate metabolism is either an
important pathogenic factor or mediator in human obesity.
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Studies of phenotypic variation within and between
monozygotic human twins provide a powerful tool to assess
genetically mediated traits (17–19). Previous human twin
studies involving FA analysis have revealed intra-pair simi-
larities in twins with schizophrenia (20) and in the branched-
chain FA content of ear cerumen (21), but there have been no
studies of twins selected for the phenotypic trait of obesity.
To determine if genetic variation is associated with alterations
in FA distribution in obese humans, we have undertaken a
study of adult monozygotic twins, examining serum lipid
fractions and adipose FA for variations due to diet, obesity,
and genetic factors.

MATERIALS AND METHODS

Subjects. Fourteen pairs of obese monozygotic pre-
menopausal females aged 39 + 1.7 yr (mean ± standard error,
range 23–50), mean body mass index 34.22 + 1.46 kg/m2

(range 24.84–59.47) were recruited for the study through the
media and gave their written informed consent to participate
in this study. The study was approved by the Charles Univer-
sity Medical Ethics Committee. 

The monozygosity of the twins was established on the
basis of their physical appearance, the loci of human leuko-
cyte antigen system, and DNA of the apo B gene. The initial
physician evaluation included medical history and physical
examination. None of the subjects had a history of recent ill-
ness or severe cardiovascular or metabolic disease. Two pairs
of twins were light smokers. None of the subjects had recently
been on a diet or involved in a weight reduction regimen, and
their body weight had been stable during the 6 mon prior to
recruitment. Each pair had been reared together; however,
with the exception of the youngest pair, they had been living
apart for at least 10 yr at the time of recruitment. The initial
12 pairs were enrolled over a 15-wk period, and 2 pairs were
enrolled in the following year. As part of a long-term study,
four sets of twins at a time were admitted for a 1-wk inpatient
baseline evaluation period in the Obesity Unit in the Fourth
Department of Medicine, Charles University in Prague.

Body composition and regional tissue distribution. Body
density was determined by the hydrostatic weighing tech-
nique, and percentage of body fat was estimated from body
density by the method described by Pařízková (22) using the
equation of Brozek (23). Pulmonary residual volume was de-
termined using the helium dilution method (24). Fat mass was
obtained by multiplying percentage of body fat by body
weight. Anthropometric estimation of body fat was per-
formed by measurement of 10 skinfolds according to
Pařízková (22) and of 4 skinfolds according to Durnin (25).
Waist and hip circumferences and sagittal abdominal diame-
ter at the level L4/5 were measured following the standard-
ized procedure recommended at the Airlie Conference (26). 

General test period. After recruitment for the study but
prior to the inpatient protocol, the subjects were instructed by
the dietitian to record their food consumption for 7 d. These
food records were evaluated by the Czech PC program

Výziva (KTS, Prague, Czech Republic), which includes more
than 2000 items and evaluates 14 nutrients, minerals, and vit-
amins. During the 1-wk inpatient evaluation, the patients ate
a diet prepared in the hospital kitchen providing daily energy
intake calculated to achieve weight stability for each individ-
ual. Fat amount and compositions of the diet did not change
in comparison with their previous diet. As a result, each sub-
ject’s weight remained stable during this inpatient phase, and
at the end of this week fasting blood was drawn for lipid frac-
tion FA analysis. The same day AT was obtained by making a
small surgical incision after lidocaine anesthesia on the ab-
domen about 20 mm to the left of the umbilicus, removing
300 mg of fat tissue. 

FA composition measurement. Methanol, chloroform,
dichlormethane, n-hexane, and n-heptane (analytical grade)
were purchased from Lachema (Neratovice, Czech Republic),
distilled before use, and checked by gas chromatography
(GC). Acetic acid, sodium sulfate, sodium carbonate, and sul-
furic acid were purchased from Lachema (Brno, Czech Re-
public). Standards of fatty acid methyl esters (FAME) were
purchased from Sigma (St. Louis, MO). As a source for dis-
tilled water, Valvert drinking water (Etalle, Belgium) was
used and checked as a blank sample by GC before use.

Sample preparation. Total lipid was extracted from 1 mL
of serum and approximately 5 mg of AT by the method of
Folch et al. (27) using dichlormethane instead of chloroform
(28). Individual lipid classes—CE, TG, and phosphatidyl-
choline (PC)—were separated by thin-layer chromatography
on silica gel with the mobile phase heptane/diethyl
ether/acetic acid (80:20:3, by vol) being used for the separa-
tion of CE and TG and chloroform/methanol/water (60:30:5,
by vol) for the separation of PC.

Separated CE (without isolation from the layer material)
were saponified 20 h at 30°C with 2 M potassium hydrox-
ide/methanol in darkness under nitrogen atmosphere. After
cooling, samples were acidified with 2 M sulfuric acid, and
lipid components (FA and sterols) were extracted twice with
2 mL of hexane and stepwise dried using a short column (20
× 8 mm) of freshly activated sodium sulfate (45 min at
120°C). Combined hexane fractions were evaporated under
nitrogen at 50°C. FA were separated by thin-layer chroma-
tography on silica gel with the mobile phase heptane/diethyl
ether/acetic acid (80:20:3, by vol).

Preparation of FAME. Isolated TG and PC were trans-
methylated without previous separation from the layer mater-
ial with 1 M sodium methoxide in methanol (60 min at labo-
ratory temperature in darkness under nitrogen). Reaction mix-
ture was neutralized by 0.5 N acetic acid. Methyl esters were
extracted twice into hexane, dried by anhydrous sodium sul-
fate, and evaporated under nitrogen at 40°C. Samples were
stored at −20°C before GC analysis. Separated FA from CE
were esterified with methanol/5% sulfuric acid without previ-
ous isolation from the layer material (60 min at laboratory
temperature in darkness under nitrogen). Reaction mixture
was neutralized by 10% solution of sodium carbonate. Methyl
esters were extracted twice into hexane, dried by anhydrous
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sodium sulfate, and evaporated under nitrogen at 40°C. Sam-
ples were stored at −20°C before GC analysis.

GC of FAME. GC was performed with a Model 9000 gas
chromatograph (Chrompack, Middelburg, The Netherlands)
equipped with a capillary split/splitless injector and flame-
ionization detector. The chromatograph was interfaced with
an IBMPS/2 Model 30 computer and Epson LQ 550 printer
(Seico Epson Corp., Japan). Chrompack integration software
was used for data acquisition and handling.

Determinations of FAME were performed on a fused-silica
capillary column (25 m × 0.25 mm i.d.) coated with chemically
bonded CP-WAX 52 CB stationary phase (Chrompack). The

oven temperature was programmed from 150 to 230°C at
2°C/min and then kept isothermal for 10 min. The injector and
detector temperatures were 250°C. The carrier gas (hydrogen)
was maintained at a head pressure of 80 kPa, with a splitting
ratio of 1:20.

Statistical methods. The data were analyzed by Spearman
rank correlation. For similarity within twin pairs analysis of
variance (ANOVA) was used. The intraclass correlation coef-
ficient was computed from the between-pairs and the within-
pairs least squares. Twin pairs concordant and discordant for
dietary fat content were compared for intrapair differences in
FA composition in individual lipid classes using ANOVA.
The analysis was performed with the Statgraphics package
(Manugistic Inc., Rockville, MD) on a PC microcomputer.

RESULTS

Table 1 presents the characteristics of the subjects. Preadmis-
sion-reported intakes of selected nutrients are shown in Table
2. Proteins represent 13.5%, fats 36.5% (linoleic acid 3.29%),
and carbohydrates 50% of daily energy intake. Significant in-
trapair resemblances (IPR) expressed as Spearman correlations
were found in energy content, carbohydrates, and linoleic acid
(Table 2).  

The composition of FA in serum PC, CE, and TG, and in
AT TG are presented in Table 3. Because linoleate is the pri-
mary substrate for the other n-6 essential FA, its correlations
between diet and these lipid fractions were calculated. No
correlations for the linoleic acid content in food (expressed in
g/d) with percentage of linoleic acid in serum lipids and AT
TG were found. To assess the contribution of varying
amounts of dietary fat to intrapair differences, the FA compo-
sition in individual lipid classes examined was compared in
the twins concordant and discordant in fat intake according to
the baseline food records. The groups did not differ with the
exception of two FA in AT TG. These were oleate (higher per-
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TABLE 1
Characteristics of the Group

Mean Standard error Range

Age (yr) 39.0 1.7 23–50
Body weight (kg) 93.9 4.0 66.4–159.95
BMI (kg/m2)a 34.22 1.46 24.84–59.47
Fat mass (kg) 44.28 3.07 21.8–96.41
aBMI, body mass index.

TABLE 2
Food Composition in Free Living Conditions

Mean rb

Energy (kJ) 8521 ± 590 0.64
Protein (g) 68.2 ± 5.0 0.47
Animal protein (g) 35.0 ± 2.6 −0.11
Plant protein (g) 33.2 ± 3.8 0.42
Fat (g) 80.9 ± 6.3 0.60*
Carbohydrates (g) 262.7 ± 18.7 0.60*
Linoleic acid (g) 7.29 ± 0.66 0.66*
Cholesterol (mg) 344 ± 20 0.07
Dietary fiber (g) 8.49 ± 1.30 0.24
C vitamin (mg) 43.33 ± 4.05 0.16
aValues are expressed as mean ± standard error. 
b*r, intra-pair Spearman correlation coefficient. *P < 0.05.

TABLE 3
Fatty Acid (FA) Composition in Serum and Adipose Tissue (AT) Lipids
in Obese Female Monozygotic Twinsa

FA Serum PC Serum CE Serum TG AT
TG (n = 28) (n = 22) (n = 28) (n = 24)

14:0 0.57 ± 0.04 1.15 ± 0.10 1.04 ± 0.09 2.03 ± 0.08
16:0 38.30 ± 1.31 20.33 ± 0.81 27.17 ± 0.38 21.9 ± 0.37
16:1n-7 1.34 ± 0.07 4.25 ± 0.19 4.93 ± 0.20 5.15 ± 0.18
18:0 18.96 ± 0.83 7.76 ± 0.92 3.35 ± 0.10 4.47 ± 0.17
18:1n-9 16.06 ± 0.77 23.81 ± 3.31 44.38 ± 0.57 49.6 ± 0.30
18:1n-7 3.24 ± 0.12 1.99 ± 0.06 4.15 ± 0.07 4.67 ± 0.09
18:2n-6 13.36 ± 0.94 34.80 ± 1.60 12.30 ± 0.59 10.4 ± 0.33
18:3n-6 0.13 ± 0.04 0.42 ± 0.04 0.20 ± 0.04 0.03 ± 0.008
18:3n-3 0.28 ± 0.08 0.48 ± 0.05 0.74 ± 0.10 0.86 ± 0.05
20:3n-6 1.51 ± 0.21 0.40 ± 0.03 0.15 ± 0.01 0.17 ± 0.01
20:4n-6 4.42 ± 0.72 3.78 ± 0.29 0.81 ± 0.07 0.38 ± 0.09
20:5n-3 0.42 ± 0.09 0.10 ± 0.04 0.12 ± 0.03 0.04 ± 0.01
22:5n-3 0.27 ± 0.05 0.08 ± 0.02 0.23 ± 0.02 0.15 ± 0.02
22:6n-3 1.05 ± 0.23 0.22 ± 0.03 0.43 ± 0.06 0.19 ± 0.04
aValues are expressed as mean ± standard error (in mol%). TG, triglycerides; PC, phosphatidyl-
choline; CE, cholesteryl esters.



centage in discordant than in concordant group, P < 0.05) and
docosahexaenoate (higher level in concordant group than in
discordant group, P < 0.05).

Table 4 shows IPR expressed as intra-class correlation co-
efficients for individual FA within the lipid fractions. In
serum PC, 12 of 14 FA examined were significantly similar
within pairs when compared to between pairs. In serum CE
and TG, and also in AT TG, significant IPR in numerous sat-
urated and monounsaturated FA were found. However, in the
serum CE and TG fractions, only two significant IPR were
found for polyunsaturates (CE, 18:2n-6, 18:3n-3, P < 0.05). 

Because of its consistent intra-pair correlations across lipid
fractions, Spearman correlation coefficients were assessed for
palmitoleic acid in serum CE and in AT TG vs. body weight,
fat content, and some anthropometric measures of body fat con-
tent and distribution (Table 5). There were no significant corre-
lations for palmitoleic acid in serum PC or TG against these
variables, nor for palmitic acid in serum and adipose TG. Sig-
nificant positive correlations also were found between myristic
acid (14:0) in serum CE and adipose TG and some body com-
position measures (data not shown). 

DISCUSSION

The primary observation of this study was the high degree of
IPR for FA in the serum PC fractions of monozygotic twins.
These included nonessential FA, the essential precursor
18:3n-3 (but not 18:2n-6), and multiple anabolic products of
both the n-3 and n-6 families of essential FA. 

Despite the highly significant IPR in the serum PC fraction,
these observations alone do not prove unequivocally that
there is genetically mediated interindividual variation in
membrane phospholipids in humans independent of diet. To
do so would require a precisely controlled diet composition
study lasting for 2 yr or longer—the duration necessary to
achieve AT equilibration with dietary fat composition (29).

These cautions notwithstanding, careful evaluation of our
data supports a role for genetic influence over PC FA compo-
sition. Although our analysis of the dietary intake antecedent
to study enrollment lacks detailed FA intake information, and

recall methods have been shown to have limitations, our
analysis of dietary variables revealed significant IPR for
18:2n-6 intake (Table 2). However, no significant correlations
were found between individually reported 18:2n-6 intakes
and the 18:2n-6 contents in serum and adipose FA (Table 4).
Furthermore, no significant differences in FA composition of
serum and AT lipids were found between pairs of twins dis-
cordant in and concordant in dietary fat intake. In this con-
text, the fact that a very high frequency of statistically signifi-
cant IPR for FA was observed in the PC fraction (Table 5),
but not including 18:2n-6, argues in favor of the FA composi-
tion of this particular fraction being under genetic control. In
AT TG, only oleate and docosahexeanoate were significantly
different in the comparison of twin pairs concordant in and
discordant in dietary fat intake, probably reflecting different
dietary fat intakes of these specific FA.

Another strong point in favor of the metabolic regulation
of PC FA composition being under genetic control is the fact
that strong IPR were observed for PC 20:3n-6 and 22:5n-3.
Both of these FA are metabolic intermediates in the pathways
between dietary essential substrates (18:2n-6 and 18:3n-3)
and their predominant respective pathway products (20:4n-6
and 22:6n-3; see Fig. 1). Although dietary intake of both the
precursors and products can affect their proportions in serum
and tissue (30,31), these intermediates are found in very low
levels in common human foods. Thus, the observed IPR are
attributable to metabolic similarities in FA anabolic activity
and selective partitioning within twin pairs rather than to sim-
ilarity in their dietary habits. 

An unanticipated observation in this study was the surpris-
ingly consistent high degree of correlation between the propor-
tions of 16:1n-7 in serum CE and adipose TG on the one hand
and multiple variables of body fatness on the other (Table 6).
These strong and consistent correlations between palmitoleic
acid in serum CE and adipose TG vs. body weight and an-
thropometric measures of body fat and AT distribution are
striking, particularly for serum CE 16:1n-7 and waist circum-
ference, which was previously validated as a measure of body
fat distribution (32–34). This observation, coupled with the
high degree of intra-pair resemblance in 16:1n-7 in multiple
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TABLE 4
The Intra-Pair Resemblance for the Relative Content of FA in Serum and AT Lipidsa

Serum PC Serum CE Serum TG AT TG

FA r P r P r P r P

14:0 0.63 <0.005 0.74 <0.005 0.66 <0.005 0.45 <0.06
16:0 0.70 <0.001 0.57 <0.05 0.39 <0.07 0.56 <0.05
16:1n-7 0.61 <0.01 0.59 <0.05 0.72 <0.001 0.48 <0.05
18:0 0.65 <0.005 0.68 <0.01 0.43 <0.05 0.52 <0.05
18:1n-9 0.89 <0.0001 0.00 NS 0.25 NS 0.00 NS 
18:1n-7 0.66 <0.005 0.11 NS 0.54 <0.05 0.41 <0.08
18:2n-6 0.42 <0.06 0.48 <0.05 0.10 NS 0.36 NS
18:3n-6 0.7 NS 0.39 NS 0.28 NS 0.33 NS
18:3n-3 0.82 <0.0001 0.50 <0.05 0.21 NS 0.18 NS
20:3n-6 0.74 <0.001 0.24 NS 0.13 NS 0.08 NS
20:4n-6 0.76 <0.0005 0.24 NS 0.05 NS 0.23 NS 
20:5n-3 0.78 <0.0005 0.01 NS 0.33 NS 0.66 <0.01
22:5n-3 0.91 <0.0001 0.00 NS 0.07 NS 0.17 NS
22:6n-3 0.86 <0.0001 0.00 NS 0.19 NS 0.31 NS
ar, intra-class correlation coefficient. For other abbreviations see Table 3.



serum and adipose TG fractions, presents a picture of 16:1n-7
as both a metabolic product under genetic control and one that
is also closely linked to adiposity.

The mechanism leading to these associations is not imme-
diately apparent. Selective release of 16:1n-7 by hormone-
sensitive lipase has been observed in both rodents (1,2) and
humans (3–5). However, this appears to be a relatively uni-
form process among individuals, and thus cannot readily ex-
plain the positive associations noted here.

A more likely process to explain the association of 16:1n-7
with adiposity is lipogenesis. Lands (35) noted that 16:1n-7 is
an expected product of lipogenesis and that its content in serum
CE will appropriately reflect the hepatic lipid pool. In this re-
gard, it is noteworthy that the obese Zucker rat, a profoundly
lipogenic animal, has dramatically increased proportions of
16:1n-7 in its liver TG and CE as well as in Serum CE fractions
compared to lean controls fed the same diet (13). Although

Hellerstein et al. (36) find little evidence for hepatic lipogene-
sis in humans, their isotomer technique is based on the quanti-
tation of 16:0 as the primary product of lipogenesis. It is also
worth noting that Aarsland et al. (37) published evidence for
appreciable whole-body lipogenesis with carbohydrate over-
feeding in humans, and they postulated that it occurs primarily
in AT rather than liver. These pieces of evidence thus mesh
nicely with our observed correlations between 16:1n-7 and adi-
posity, making 16:1n-7 in serum CE and adipose TG a candi-
date biomarker for processes leading to obesity.

The IPR in FA composition in obese adult identical twins
clearly transcend dietary similarities, making a strong case for
post-diet genetically mediated selectivity as a factor regulating
tissue FA composition in humans. This pattern of IPR was most
pronounced in the PC fraction, implying that the greatest effect
of this selectivity, differentiating an individual from her diet,
would be seen in membrane lipids. This in turn would magnify
the effects of selectivity on cellular function, particularly be-
cause the PC selectivity was most pronounced among the
highly unsaturated essential FA, which impart unique proper-
ties to membranes. Among the nonessential FA, there were
consistent IPR for 16:1n-7 across all lipid fractions, and 16:1n-7
in serum CE and adipose TG correlated strongly with indices
of adiposity. This pattern of correlations for palmitoleate sug-
gests that it is an important product of endogenous lipogenesis,
and that this shift of carbon into lipid storage pools participates
directly or indirectly in the pathogenesis of obesity.
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TABLE 5 
Correlation Coefficients Between Palmitoleic Acid (16:1) Content
in Serum CE and AT TG and Some Anthropometric Measures

CE AT

ra pb ra pb

Weight (kg) 0.60 <0.01 0.59 <0.005
BMI (kg/m2) 0.60 <0.01 0.56 <0.01
Fat (kg) 0.73 <0.001 0.70 <0.001
Sum of 10 skf (mm) 0.59 <0.01 0.59 <0.005
Sum of 4 skf (mm) 0.70 <0.005 0.51 <0.05
Waist (cm) 0.78 <0.0001 0.49 <0.05
SAD (cm) 0.67 <0.005 0.51 <0.05
ar, Spearman correlation coefficient; skf, skinfold, SAD, sagittal abdominal
diameter. For other abbreviations see Tables 1 and 3.

FIG. 1. Nomenclature and metabolic pathways of long-chain fatty acids.
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22. Pařízková, J. (1977) Body Fat and Physical Fitness, 1st edn., pp.
32–51. M. Nijhoff, Hague. 
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ABSTRACT: The ability of plant sterol esters (PSE) in salad dress-
ing to modify plasma lipids and carotenoids was determined in
26 men and 27 women fed controlled, weight-maintaining,
isocaloric diets. Diets contained typical American foods that pro-
vided 32% of energy from fat. Dressings contained 8 g (ranch) or
4 g (Italian) of fat per serving. PSE (3.6 g/d) were provided in two
servings/d of one of the dressings. Diets with ranch or Italian
dressing without and with PSE were fed for 3 wk/diet and crossed
over randomly within dressings. Diets were adjusted to similar fat
and fatty acid concentrations. Type of salad dressing did not af-
fect plasma lipids, lipoproteins, carotenoids, or fat-soluble vita-
mins (P > 0.05). Switching from a self-selected baseline diet to
the control diet resulted in reduction in low density lipoprotein
(LDL) cholesterol of 7.9%, a decrease in high density lipoprotein
(HDL) cholesterol of 3.1%, and a decrease in triglycerides (TG) of
9.3%. Consumption of 3.6 g of PSE resulted in further decreases
in LDL cholesterol (9.7%) and TG (7.3%) but no additional
change in HDL cholesterol. Total plasma carotenoids decreased
9.6% with PSE. An automated stepwise procedure was developed
to produce candidate mixed models relating plasma carotenoid
response to PSE. These models adjusted for preintervention
plasma carotenoid levels and effects of diets on blood lipids.
There were significant decreases in β-carotene, α-carotene, and
β-cryptoxanthin (females only) not associated with changes in
plasma lipids. Plasma carotenoids on all diets remained within
normal ranges. We conclude that low-fat foods, such as salad
dressings, are effective carriers for PSE.

Paper no. L8820 in Lipids 37, 33–42 (January 2002).

Although there is increased public health emphasis on mainte-
nance of body weight and modification of lifestyle factors to
reduce the risk of cardiovascular disease (CVD), elevated
blood cholesterol remains of great concern and the target of
both dietary recommendations (1) and drug treatments to re-

duce CVD risk. The blood cholesterol-reducing effect of plant
sterols is well documented (2). However, plant sterols in nat-
ural food sources are low, ranging from 0.1 to 0.5 g/d, and
therefore may not have substantial impact on cholesterol con-
centrations (3). Recent studies have demonstrated that plant
sterol-enriched margarines lower total and low density lipopro-
tein (LDL) cholesterol in normocholesterolemic and mildly
hypercholesterolemic subjects (4,5). Currently, such table
spreads, prepared from vegetable oil and relatively high in fat
(32–65%), are the major carriers for plant sterol esters (PSE)
available to the public on the open market. PSE is dissolved in
the fat phase of these products, termed in food technology as
“fat continuous” products; that is, they are “water-in-oil” prod-
ucts in which water is emulsified into a continuous fat phase. 

The efficacy of lower fat products as carriers of sterol esters
has not been demonstrated in carefully controlled studies of
blood lipids and lipoproteins. Examples of fat-based products
lower in fat are salad dressings that are similar to those fed in
the current study. These are “fat-in-water” products and employ
the “water continuous” concept in which the fat is emulsified
in a “water continuous” phase. The first objective of the pre-
sent study was to determine effects of PSE in products in which
fat is emulsified in a “water continuous” phase and in which
the food carriers’ fat contents are reduced compared with those
of margarines, the usual carriers of PSE. Indirectly, we planned
to compare the efficacy of these reduced- and low-fat carriers
of PSE with blood cholesterol and carotenoid effects reported
for higher-fat, “fat continuous” products such as margarines. 

Little is known about the effect of baseline blood lipid, fat-
soluble vitamin, and carotenoid concentrations on the lipid- and
carotenoid-modifying response to PSE consumption. Thus, a
second objective of the current study was to examine the rela-
tionship of pretrial plasma concentrations of blood lipids and
fat-soluble nutrients with the response to PSE consumption.
This was achieved by including the appropriate individual pre-
trial variables as covariates and determining if the slopes of the
control vs. PSE diets differed (i.e., if a covariate by treatment
interaction was present). 

SUBJECTS AND METHODS 

Study design. Two types of salad dressing were compared in
a parallel arm design. Within each dressing (arm), there was a
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randomized crossover between dressing with and without
added PSE. The study cohort was divided into two groups
balanced for gender, age, body mass index (BMI), and plasma
total cholesterol (TC), and the groups were randomly as-
signed to the salad dressings. Participants consumed each diet
for a period of 3 wk followed by blood sampling during the
fourth week. Following the final blood sample in the first di-
etary period, volunteers were switched to the second diet with
no washout between periods. There was no crossover be-
tween dressing types. The products were fed as part of a care-
fully controlled, moderately low fat, low saturated fat, weight
maintenance diet. Within each dressing, a double-blind pro-
tocol was followed. 

Subjects. The study protocol was approved by the Johns
Hopkins University, School of Hygiene and Public Health,
Committee on Human Research. Men and women with nor-
mal to slightly elevated blood cholesterol concentration were
recruited by advertisement in the area of the Beltsville Agri-
cultural Research Center, Beltsville, MD. Minimum eligibil-
ity criteria were based on general health, age (25–65 yr), and
BMI within 85–120% of gender-specific ideal BMI specified
by life insurance reference tables (6). Subjects selected for
the study were required to have fasting plasma high density
lipoprotein (HDL) cholesterol concentrations greater than 25
mg/dL for men and 35 mg/dL for women and fasting plasma
triglyceride (TG) concentrations less than 300 mg/dL. Volun-
teers who reported taking lipid-lowering drugs, blood pres-
sure medications, or dietary supplements or who had eating
habits inconsistent with the study protocol (e.g., those on veg-
etarian or low-fat diets) were excluded. Volunteers were eval-
uated by a physician and determined to be in good health with
no signs or symptoms of hypertension, hyperlipemia, dia-
betes, peripheral vascular disease, gout, liver or kidney dis-
ease, or endocrine disorders. 

Women taking hormones for birth control (n = 2) or post-
menopausal hormone replacements (n = 3) were included in
the study with the requirement that they continue the same
regimen (type of hormone, schedule, and dose) throughout
the dietary intervention. Although smokers and nonsmokers
were accepted for the study, only 5 of the 53 participants com-
pleting the study smoked. Exercise was not controlled, but
subjects were encouraged to maintain their normal exercise
patterns (type of exercise, duration, and frequency) through-
out the study and were required to record exercise on their
daily questionnaire. 

Basal diet and salad dressings. Ranch and Italian salad
dressings with PSE prepared from soybean oil were fed as
part of a mixed diet (basal diet) composed of foods commonly
eaten in the United States. Control ranch and Italian dressings
having no added sterols but which matched the fat and fatty
acid concentrations in the test dressings were fed for compar-
ison. The fat level of both the control (−PSE) and the sterol-
containing (+PSE) ranch dressing was 27%. The control and
sterol-containing Italian dressings had 17 and 13% fat, re-
spectively. The difference in fat content of the two Italian
dressings as well as that between the ranch and Italian dress-

ings was balanced in the total diet by adding appropriate
amounts of fat and fatty acids in other foods. Two servings,
30 g (2 tablespoons) per serving, of experimental salad dress-
ing were fed each day. Group 1 was fed the basal diet with
Italian dressing that provided 4 g of fat per serving while
group 2 was fed ranch dressing that provided 8 g of fat per
serving. PSE, prepared from soybean sterols, were added to
each dressing so that two servings of +PSE dressing provided
3.6 g of PSE, equivalent to 2.2 g/d of free sterol. Salad dress-
ings were prepared by Lipton (Englewood Cliffs, NJ). 

Dietary intervention. Monday through Friday, all subjects
consumed breakfast and dinner at the Beltsville Human Nu-
trition Research Center (BHNRC) human study facility under
the supervision of a dietitian. At breakfast, each subject was
provided with a carry-out lunch to be consumed that day.
Snack items were included in the daily menu, and subjects
were provided the option of consuming the snacks at dinner
or later in the evening. One serving of the salad dressing was
provided with lunch, and one serving with dinner. Meals for
the weekend were packaged for home consumption and pro-
vided to the subjects, with written instructions, after dinner
on Friday. Weekend menus contained the same type of foods
and balance of nutrients as the weekday menus. Unlimited
amounts of coffee, tea, and diet sodas were allowed, but all
additives (sugar and milk) for coffee and tea were provided
with the meals. Only foods provided by the Human Study Fa-
cility were allowed to be consumed during the study. 

Each weekday morning, subjects were weighed before
breakfast when they arrived at the facility. Energy intake was
adjusted in 200-kcal increments for women and 400-kcal in-
crements for men to maintain initial body weight. Subjects
were fed the same items and the same proportions of each
item relative to total dietary energy. Therefore, the relative
amounts of nutrients, other than those provided by the salad
dressing, were constant for all subjects. Each day, subjects
completed a questionnaire detailing beverage intake, factors
related to dietary compliance, exercise, medications, and ill-
nesses. The questionnaires were routinely reviewed by a
study investigator, and problems were discussed with the sub-
ject during the next meal.

Analysis of diets. Two composites of the 7-d menu cycle
were made at two energy levels. Thus, four weekly diet com-
posites were analyzed for dry matter, crude protein, crude fat,
total dietary fiber, and ash (Corning Hazleton, Inc., Madison,
WI). Fatty acid compositions of food composites were deter-
mined by gas chromatographic separation of fatty acid methyl
esters. Carotenoid content of the controlled diets was esti-
mated using data for carotenoids in foods which were com-
piled at BHNRC (7).

Blood sample collection and analysis. Baseline samples
were collected on 2 d during the week immediately before
initiation of the controlled feeding. Subsequently, samples
were collected on two different days during the fourth week
of the intervention. The subjects were randomly divided into
two groups. One group had samples drawn on Monday and
Wednesday and the other on Tuesday and Thursday. 
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Procedures for collection and processing of fasting blood
samples were those described in the protocol for the Lipid Re-
search Clinics Program (8). Plasma was harvested and stored
in cryogenic vials at −80°C. Before storage, the sample to be
used for HDL cholesterol determination was precipitated by
the sequential precipitation procedure of Gidez et al. (9). Su-
pernatants from the HDL precipitation were stored at −80°C
for later analysis of cholesterol. Analyses for TC, TG, HDL,
lipoprotein (a) [Lp(a)], and apolipoproteins were performed
after the final blood collection. All samples from one subject
were included in the same analytical run. 

Lipid and lipoprotein analyses (TC, TG, HDL cholesterol,
and apolipoproteins) were performed at the Lipid Research
Clinic Laboratory, The George Washington University Med-
ical Center, which maintains standardization with the Centers
for Disease Control and Prevention, U.S. Department of Health
and Human Services. Plasma TC, HDL cholesterol, and TG
were determined enzymatically with commercial kits (Sigma
Chemical Company, St. Louis, MO) on an Abbott VP analyzer
(Abbott Laboratories, Chicago, IL). LDL cholesterol was cal-
culated by the Friedewald equation (10). Plasma apolipopro-
teins A1 (Apo A1) and B (Apo B) concentrations were deter-
mined by rate nephelometry (Beckman ICS Immunochemical
Analyzer; Beckman Instruments, Fullerton, CA).

Carotenoids from 0.4 mL of plasma were extracted into or-
ganic solvents containing an internal standard (11), concen-
trated, and analyzed by high-performance liquid chromatogra-
phy (HPLC) with a Hewlett-Packard (Wilmington, DE) Series
1050 chromatograph with diode array detection. Carotenoids
were separated on a reversed-phase C18 analytical column (Mi-
crosorb-MV; Varian Analytical Instruments, Walnut Creek,
CA), 250 × 4.6 mm, protected by a 5-µm Brownlee C18 guard
cartridge, 30 × 4.6 mm, under isocratic conditions (12). The
precision and accuracy of the HPLC system were verified using
Standard Reference Material 968b (National Institute of Stan-
dards and Technology, Gaithersburg, MD). 

Statistical analysis. There were a large number of indepen-
dent variables, and potential interactions among them, that
we wanted to consider as predictors of response to PSE con-
sumption for each of the blood lipid, lipoprotein, and
carotenoid variables. Therefore, we developed an automated
stepwise model selection procedure (13), used for each of the
dependent variables. Our procedure selected a mixed analysis
of variance (ANOVA) model that minimized Schwartz’s
Bayesian information criteria (BIC) (14), where a smaller
BIC corresponds to a better “fitting” model, given all the can-
didate independent variables. The basic within-individual co-
variance structure remained unchanged (that of a crossover
design) while selecting the independent variables.

Models were tested in a standard stepwise approach (15).
All models included an intercept term. Selection started by
adding the single best independent variable or interaction
term to the model. With that variable in the model, the next
best variable was added. This process was repeated until no
other variables could be added. After five or more indepen-
dent variables were in the model, all variables currently in the

model were also tested to see if any could be removed. We
used the resulting “final” model as a basis for further model
development, usually by eliminating variables that changed
BIC only marginally, because the resulting simpler models
were easier to interpret and seemed to “fit” about as well,
based on BIC.

For all dependent variables, one important predictor was
the variable’s pretrial value, which we refer to as baseline.
This is because subjects with high posttreatment values were
likely to come into the experiment with high pretreatment val-
ues, just as those with low posttreatment values came in with
low pretreatment values. The baseline value of the dependent
variable adjusts posttreatment scores by the variable’s initial
value, resulting in a more sensitive test of the treatment ef-
fects because much of the “noise” due to initial intersubject
variation has been statistically removed. Since it was not ini-
tially evident to us that there would be a linear relationship
between pre- and posttreatment values, we allowed for non-
linearity by including a quadratic effect (the square of the
baseline concentration of the dependent variable) as a candi-
date independent variable. In general, the quadratic effect was
not included in the final model, that is, there was a linear re-
lationship between pre- and posttreatment values. 

Other candidate independent variables for both blood
lipids and carotenoids included characteristics of the individ-
ual (age, sex, and BMI), pretrial plasma concentration of the
dependent variable (baseline, baseline squared), design vari-
ables (period and sequence in which the diets were adminis-
tered and carryover effect), and the variables of most interest,
treatment and dressing. First-order interaction terms among
these variables were also candidate independent variables. In
addition, because carotenoids are carried by lipoproteins and
concentrations may be dependent on changes in blood lipids
(16), blood lipid variables were included as candidate covari-
ates in models for carotenoids (i.e., TG, TC, LDL cholesterol,
HDL cholesterol, and the sum of TG + TC). 

For the carotenoids, there were 57 candidate independent
variables (not including the intercept) for the routine to select
from. There were fewer, 49, candidate variables for the blood
lipids than for carotenoids, because  blood lipid variables,
other than the baseline level of the dependent variable, were
not allowed into the model. For example, LDL cholesterol
was not adjusted using HDL cholesterol, TC, or TG.

RESULTS

Subjects. Twenty-eight men and 28 women completed the
screening process and began the controlled feeding. One
woman and two men withdrew for personal reasons not related
to the study. Thus, 26 men and 27 women completed the feed-
ing phase of the study. Data were analyzed statistically only for
subjects who completed both feeding periods. Characteristics
of these participants at baseline are presented in Table 1. 

Diets and salad dressings. The background diets with
salad dressing added were planned to be prudent, healthful
diets having moderate levels of fat but lower levels of satu-
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rated fatty acids (SFA) and cholesterol, as well as higher lev-
els of dietary fiber than reported for the average U.S. diet
(17). Diets were calculated using data from the U.S. Depart-
ment of Agriculture (USDA) nutrient database (18) so that
total fat would be approximately 30% of energy and protein
16% of energy. Analyzed macronutrient and fatty acid com-
positions of the basal diet and diets with salad dressings are
presented in Table 2. Analyzed compositions of diets as fed

in the study showed 32.2–32.7% of energy from fat and
15.7–16.2% from protein. The values for dietary fat are
slightly lower than those reported for the U.S. diet (17). In
order to avoid confounding the effect of dietary fatty acid in-
take on blood lipids with those of PSE, considerable effort
was made to formulate diets that would vary little in the major
SFA (myristic, palmitic, and stearic acids), as well as in major
mono- and polyunsaturated fatty acids (oleic and linoleic
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TABLE 1
Characteristics of the Participants at Baselinea

Men Women All
(n = 26) (n = 27) (n = 53)

Age (yr) 45.8 ± 1.34 48.4 ± 1.68 47.1 ± 1.54
Body mass index (kg/m2) 26.7 ± 0.37 25.5 ± 0.73 26.3 ± 0.37
Plasma concentration (mg/dL)
Total cholesterol 214 ± 5.0 220 ± 5.6 218 ± 3.8
Low density lipoprotein (LDL) cholesterol 141 ± 4.4 139 ± 4.0 140 ± 2.9
High density lipoprotein (HDL) cholesterol 46.3 ± 2.98 56.4 ± 2.65 51.4 ± 2.09
Ratio of total to HDL cholesterol 5.0 ± 0.23 4.2 ± 0.20 4.5 ± 0.16
Triglycerides 135 ± 12.4 123 ± 11.7 129 ± 8.5
Apolipoprotein A1 197 ± 5.9 213 ± 5.2 205 ± 4.1
Apolipoprotein B 92 ± 2.6 97 ± 2.9 95 ± 2.0
Lipoprotein (a) 22 ± 4.3 23 ± 3.6 23 ± 2.8

aSample mean ± SEM.

TABLE 2
Composition of Diets Containing Ranch or Italian Dressings With and Without
Supplementation with Plant Sterol Esters (PSE) Prepared from Soybean Oil

Diets with: 

Ranch dressing Italian dressing

−PSE +PSE −PSE +PSE
(n = 12 men (n = 14 men
+ 14 women) + 13 women)

Added sterol esters (g/d) 0 3.6 0 3.6
Free sterol equivalents added (g/d) 0 2.2 0 2.2
Percent of energya from:
Proteinb 16.2 15.7 16.5 15.8
Fatb,c 32.7 32.2 32.5 32.7
From 2 servings of dressingd 5.5 5.5 2.8 2.8
From basal dietd 27.2 26.7 29.7 29.9

Saturated fatty acids (SFA)b,c 7.9 7.6 7.6 7.4
Myristic acid (14:0) 0.5 0.4 0.4 0.4
Palmitic acid (16:0) 4.5 4.3 4.2 4.5
Stearic acid (18:0) 2.4 2.3 2.3 2.2
Other SFA 0.5 0.6 0.7 0.3

Monounsaturated fatty acids (MUFA)b,c 11.2 10.9 11 11
Oleic acid (all 18:1 isomers) 10.7 10.4 10.5 10.7
Other MUFA 0.5 0.5 0.5 0.3

Polyunsaturated fatty acids (PUFA)b,c 10.3 9.9 10 9.8
Linoleic acid (18:2) 9.1 8.7 8.8 8.6
Other PUFA 1.2 1.2 1.2 1.2

Dietary cholesterol (g/d/1000 kcal) 88 97 94 92
Dietary fiber (g/d/1000 kcal) 13 12 11 13
aAverage energy intake for men was 2766 kcal/d; for women, 2163 kcal/d.
bDiet composites with salad dressing included were analyzed at 2200 and 3200 kcal. Values are the
average of the two composites.
cRatio of fatty acids, PUFA:MUFA:SFA = 1.3:1.4:1
dPercentages of energy (en%) from salad dressing fat calculated at 2200 and 3200 kcal were, for
ranch, 6.5 en% at 2200 kcal and 4.5 en% at 3200 kcal, and, for Italian, 3.3 en% at 2200 kcal and
2.2 en% at 3200 kcal.



acids). Ratios of polyunsaturated to monounsaturated to satu-
rated fatty acids averaged 1.3:1.4:1 and were very consistent
across diets. The diets averaged 12 g of dietary fiber per 1000
kcal. Mean total dietary fiber intake was 33 g/day for men and
26 g/day for women. These values are considerably higher
than the average intake reported for the U.S. diet, 17.4 g/d for
men and 13.7 g/d for women (17), but were constant across
all diets.

Blood lipids and lipoproteins. As expected from docu-
mented inherent gender differences, women had higher con-
centrations of HDL cholesterol (+10 mg/dL) and apo A1 (+16
mg/dL) than did men but were not different from men in con-
centrations of LDL cholesterol and apo B. The ratio of
total/HDL cholesterol was higher for men than for women,
4.96 ± 0.23 vs. 4.12 ± 0.20.

The effects of type of salad dressing, gender, and gender ×
dressing interaction were found to be nonsignificant (P >
0.05) in the mixed ANOVA model; thus, data for the type of
salad dressing and gender are combined. Blood lipid and
lipoprotein changes due to the addition of 3.6 g PSE/d to the
controlled diets are shown in Table 3. Inclusion of 3.6 g
PSE/d in the controlled diet resulted in highly significant re-
ductions (P < 0.005) in TC [6.8% (13.8 mg/dL)], LDL cho-
lesterol [9.8% (12.5 mg/dL)], apo B [3.3% (3.03 mg/dL], and
TG [7.3% (8.5 mg/dL)]. HDL cholesterol was unaffected by
including PSE in the controlled diet (P = 0.33). As with HDL
cholesterol, apo A1 was unaffected by PSE (P = 0.56).

The effect of PSE on the ratio of TC to HDL cholesterol
depended on the ratio prior to dietary intervention, that is,
there was a treatment by baseline interaction. Even so, PSE
consumption always resulted in lower ratios. At a baseline
ratio of 4.5, the average of the ratio at the start of the study
(Table 1), the ratio decreased by 0.36 (7.5%, P = 0.0001). At
the minimum and maximum baseline ratio, the decrease was
6.9 and 7.7%, respectively. There were no significant interac-
tions of gender or BMI with PSE effect on the ratio.

Carotenoids. There were no differences in the effect of
PSE consumption on plasma carotenoid concentrations be-
tween Italian and ranch dressings. There were no significant
interactions of gender with PSE consumption except for β-
cryptoxanthin, where there was a significant treatment effect
for females, but not for males (Table 4). 

All plasma carotenoids decreased to some degree with
consumption of PSE (Table 4). This general decrease in
carotenoids was reflected by a 9.6% decrease (P < 0.0022) in
the sum of those carotenoids determined in our analytical pro-
cedure, i.e., total carotenoids. Among the major plasma
carotenoids, β-carotene and α-carotene decreased by 12.7
(P = 0.0009) and 12.8% (P = 0.0226), respectively. Lycopene
decreased with consumption of PSE; however, the magnitude
of the decrease varied directly with BMI (i.e., there was a sig-
nificant treatment × BMI interaction (Table 4). Estimation of
the effect of BMI showed that the decrease in lycopene due
to PSE became statistically significant (P = 0.05) at BMI be-
tween 22 and 23 and ranged from 4.1 µg/dL at BMI 22 (P =
0.0843) to 10.9 µg/dL at BMI 30 (P = 0.0001). At the aver-
age BMI in this study (Table 1), the decrease in lycopene
would approximate 20% of the mean lycopene concentration
for the control (−PSE) treatment. Decreases in the lutein–zeax-
anthin carotenoid fraction, anhydrolutein, α-cryptoxanthin,
and β-cryptoxanthin (for males only) due to PSE consump-
tion were not statistically significance (P > 0.05). 

Fat-soluble vitamins. Modeling of α- and γ-tocopherol and
retinol by the same procedure and for the same covariates
used for carotenoids showed no significant effects of dressing
or treatment and no significant interactions of baseline con-
centration of the fat-soluble vitamin, gender, or BMI with
dressing or treatment. The estimated means and standard er-
rors of the estimated means (SEE) are shown in Table 4.

Relationships of baseline subject characteristics with
blood lipid and lipoprotein responses to PSE. In Table 5 we
present coefficients for independent variables entering into
the model with probability values of ≤0.05 for the lipid and
lipoprotein dependent variables. The coefficient for the inter-
cept is included for completeness. There were no significant
effects or interactions of type of dressing and treatment in the
final model, indicating that the response to PSE consumption
(treatment) was the same for both Italian and ranch dressings
(Table 5). As expected, baseline concentration was a signifi-
cant predictor of final concentration for all blood lipids and
lipoproteins. However, there was no significant interaction of
the baseline concentration with PSE (treatment effects), so
the magnitude of change in the plasma lipid was the same
over all baseline levels; that is, the effect of treatment on a
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TABLE 3
Plasma Lipid, Lipoprotein, and Apolipoprotein Concentrations of Men and Women Consuming 3.6 g PSE/da

Plasma (LSMean ± SEE)c t-test 
concentration (mg/dL)b Without added PSE With 3.6 g PSE/d Difference (P-value)

Total cholesterol 202 ± 1.7 187 ± 1.7 −13.8 ± 1.6 <0.0001
LDL cholesterol 129 ± 1.5 116 ± 1.5 −12.5 ± 1.5 <0.0001
HDL cholesterol 50 ± 0.6 50 ± 0.6 0.4 ± 0.44 0.3353
Triglycerides 117 ± 3.7 109 ± 3.7 −8.5 ± 2.9 0.0047
Apolipoprotein A1 199 ± 2 198 ± 2 −0.9 ± 1.6 0.5996
Apolipoprotein B 93 ± 0.8 90 ± 0.8 −3.0 ± 0.7 <0.0001
aSee Tables 1 and 2 for abbreviations.
bEstimated mean and standard error of the estimate from a mixed model analysis of variance that adjusted for baseline sub-
ject characteristics, type of dressing (ranch or Italian), period, and carryover; n = 53 (26 men, 27 women). 



blood lipid or lipoprotein was independent of the baseline
concentration. Because baseline was a significant indicator of
the final concentration, it was included in all models. The im-
portance of the relationship of baseline LDL cholesterol con-
centration to LDL cholesterol in both control and PSE diets is
depicted graphically in Figure 1 for men and women. 

There were no significant effects on blood lipids and
lipoproteins due to gender, age, or BMI. In addition, there
were no significant interactions of gender, age, or BMI with
dressing or treatment, indicating that responses to dressing
and PSE were also independent of these subject characteris-
tics. Note that these relationships of blood lipids and PSE to
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TABLE 4
Plasma Carotenoid and Fat-Soluble Vitamin Concentrations of Men and Women Consuming 3.6 g PSE/da

Plasma (LSMean ± SEE)b t-test 
concentration (µg/dL) Without added PSE With 3.6 g PSE/d Difference (P-value)

Total carotenoidsb 116 ± 2.7 105 ± 2.7 −11.2 ± 3.5 0.0022
β-Carotene 21 ± 0.7 18 ± 0.7 −2.7 ± 0.75 0.0009
α-Carotene 11 ± 0.4 9 ± 0.4 −1.4 ± 0.57 0.0226
Lutein + zeaxanthin 15 ± 0.4 15 ± 0.4 0 ± 0.4 0.9980
Anhydrolutein 11 ± 0.3 11 ± 0.3 0 ± 0.4 0.9054
α-Cryptoxanthin 7 ± 0.2 6 ± 0.3 −0.5 ± 0.3 0.0691
β-Cryptoxanthin, males 10 ± 0.5 10 ± 0.5 −0.2 ± 0.48 0.6509
β-Cryptoxanthin, females 11 ± 0.6 10 ± 0.6 −1.5 ± 0.65 0.0312
Phytofluene 6 ± 0.2 5 ± 0.2 −0.5 ± 0.19 0.0110
α-Tocopherol 1360 ± 55 1276 ± 55 −85 ± 46 0.0669
γ-Tocopherol 205 ± 11 204 ± 11 −1.4 ± 11 0.8947
Retinol 41 ± 2 39 ± 2 −2 ± 1.8 0.3358
aEstimated mean and standard error of the estimate from a mixed model analysis of variance that adjusted for baseline sub-
ject characteristics, type of dressing (ranch or Italian), period, and carryover and covariance with blood lipids and lipopro-
teins; n = 53 (26 men, 27 women).
bThere was a significant interaction of treatment (PSE) with body mass index (BMI) for lycopene; thus, LSMeans are uninfor-
mative. The decrease in lycopene due to PSE consumption was significant at BMI = 23 (−4.93 ± 2.01 µg/dL or −13.2%; P =
0.0181). At BMI = 30, lycopene decreased by 10.9 ± 2.10 µg/dL or 29% (P < 0.0001). For abbreviation see Table 2.

TABLE 5
Effect of Subject Characteristics Prior to Dietary Intervention on Plasma Lipid and Lipoprotein Changes due to Consumption 
of Plant Sterol Esters (PSE)

Dependent variable (Y) estimated by the modela

Total cholesterol Triglycerides LDL Apolipoprotein HDL Apolipoprotein 
(TC) (TG) cholesterol B cholesterol A1

Independent variablesb Mean of the coefficient for independent variable ± SEE (P-value)

Intercept 78 ± 12 20 ± 9 11 ± 8 42 ± 46 6 ± 2 366 ± 104
(NS)c (0.0224) (NS) (NS) (0.0048) (0.0011)

Baseline concentration of Y 0.82 ± 0.05 0.61 ± 0.06 0.74 ± 0.06 8.9 ± 0.5 0.85 ± 0.04 7.8 ± 0.5
(<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)

Dressing (NS) (NS) (NS) (NS) (NS) (NS)

Treatment −13.8 ± 1.62 −8.50 ± 2.88 −12.5 ± 1.48 −30.4 ± 7.1 −0.42 ± 0.44 −9.49 ± 16.2
(<0.0001) (0.0047) (<0.0001) (<0.0001) (NS) (NS)

Period (NS) (NS) (NS) (NS) (NS) 68.7 ± 21.5
(0.0024)

Interaction among independent variables
Dressing with period 5.36 ± 2.16 (NS) (NS) 30.6 ± 9.4 1.57 ± 0.60 (NS)

(0.0162) (0.0021) (0.0121)

Gender (male) with age (NS) 0.40 ± 0.14 (NS) (NS) (NS) (NS)
(0.0064)

Gender with period (NS) (NS) (NS) (NS) (NS) −64.7 ± 28.8
(0.0292)

aDependent variable (Y) estimated by: Y (mg/dL) = Intercept + b + b2 + Dressing + Treatment + Diet Sequence + Period + Age  + BMI + TC + TG + (TC + TG)
+ LDL cholesterol + HDL cholesterol + interactions among independent variables, where b = baseline concentration of dependent variable Y; Dressing =
ranch vs. Italian. BMI, body mass index; for other abbreviations, see Table 1.
bThere were no significant main effects of sequence of the diet administration, gender, age, or BMI of the participants (data omitted from the table).
cNS, not significant.



age and BMI cannot be extrapolated to a wider range than that
in this study because age and BMI were selection criteria.

There was no effect of controlled diets with or without
PSE on Lp(a) (data not shown). 

Relationships of baseline subject characteristics with
plasma carotenoid responses to PSE, after adjusting for
blood lipid changes. In modeling responses of carotenoids
to PSE, we were interested in determining if blood lipid con-
centrations were a determinant of carotenoid response. In
addition to the independent and design variables considered
for blood lipids and lipoproteins, TG, TC, LDL cholesterol,
HDL cholesterol, and total plasma lipids (estimated as the
sum of TG + TC) were included as candidate covariates in
modeling carotenoid responses. Baseline carotenoid concen-
tration was a significant predictor of final carotenoid con-
centration for all carotenoids (Table 6). As observed for
blood lipids, carotenoid responses were independent of
dressing at the P = 0.05 level of significance. There were no
significant interactions of baseline plasma carotenoid con-
centration with effects of dressing or treatment for any
carotenoid.

After adjusting for the blood lipid covariates, baseline con-
centration of the dependent carotenoid variable, subject char-
acteristics, and variables associated with study design (Table
6), there remained significant effects of PSE for total
carotenoids, β-carotene, and α-carotene. Thus, blood lipid re-
sponses to the diets do not completely determine the plasma
carotenoid responses to PSE consumption.

DISCUSSION

In this study, a large dietary trial showed that reduced-fat and
low-fat salad dressings are effective carriers of PSE prepared
from soybean oil. The dressings were compared within diets
that were balanced for fat, fatty acids, and other nutrients. The
reduction in CVD risk factors was not affected by the amount
of fat in the dressing that carried the PSE. When two servings
per day were fed as part of a mixed diet, the reduced-fat ranch
salad dressing (8 g of fat per serving) and the low-fat Italian
dressing (4 g of fat per serving), each supplemented with 1.1
g of free sterol equivalent per serving, resulted in approxi-
mately equal reductions in the major blood lipids. Each dress-
ing was compared to a control dressing of similar fat and fatty
acid composition but with no added PSE. 

The effectiveness of reduced- and low-fat foods as carriers
of PSE was demonstrated by highly significant reductions in
blood lipid risk factors for CVD. TC and LDL cholesterol, in-
dicators of increased risk, declined about 7% and 10%, re-
spectively, with consumption of 3.6 g PSE/d, while HDL cho-
lesterol, associated with reduced risk (19,20), remained un-
changed. Lower ratios of TC to HDL cholesterol have been
postulated to be strong, independent indicators of decreased
risk for CVD (21,22). As would be expected considering the
observation of major reductions in LDL cholesterol and spar-
ing of HDL cholesterol by PSE consumption in the current
study, the ratio of TC to HDL cholesterol was reduced by
6.9–7.7%, again indicating decreased risk for CVD with con-
sumption of PSE. Increased blood TG concentrations have
also been postulated as a risk factor for CVD (23). TG con-
centrations were reduced by 7% by PSE. 

Changes in the major apolipoproteins of LDL (Apo B) and
HDL (Apo A1) and changes in cholesterol associated with the
corresponding lipoprotein were directionally similar. Similar
changes in blood cholesterols and apolipoproteins have been
shown in other studies of PSE (4,5). We did not directly de-
termine lipoprotein particle composition. However, changes
in LDL cholesterol and Apo B were directionally similar but
not directly proportional. This may indicate a reduction in the
cholesterol content of the lipoprotein particle as well as a re-
duction in the number of particles. Lp(a), similar to LDL in
lipid composition and with Apo B as one major apolipopro-
tein but with a second major apolipoprotein referred to as Apo
(a), may be a risk factor for the development of CVD (24,25).
The particle has been reported to be more atherogenic than
LDL (26,27). In our studies, and in those of others, Lp(a) has
been altered by changes in dietary fatty acid intake. SFA tend
to lower Lp(a) (28–30), whereas trans monounsaturated fatty
acids raise Lp(a) (31,32). Although we did not expect that
PSE would affect Lp(a) because the reputed action site of PSE
lies ex-systemically at the level of the gastrointestinal tract
(33), nonetheless it is important to know whether this highly
atherogenic particle is affected by PSE in the diet before we
can evaluate the overall reduction in CVD risk associated
with PSE consumption. In the current study, Lp(a) was unaf-
fected by inclusion of PSE in the diet. 
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FIG. 1. Preintervention (baseline) plasma low density lipoprotein
(LDL) cholesterol concentration vs. change in LDL cholesterol in re-
sponse to diets supplemented with 3.6 g/d of plant sterol esters (PSE)
prepared from vegetable oil. For each participant, an arrow indicates
the direction and magnitude of change from the control diet (−PSE) to
the intervention diet (+PSE). Baseline concentrations for men and
women were distributed similarly, as were responses to the interven-
tion diet.



In the 1994 report of strategies for blood cholesterol re-
duction from the National Cholesterol Education Program
(NCEP) (34), it was estimated that for every 1% reduction in
cholesterol concentration, the risk of CVD decreased by an
average of 2%. Application of this prediction to TC reduction
observed in the present study would indicate an average re-
duction in risk for CVD of 28%. This is based on changes
from initial (baseline) plasma TC concentrations when a mod-
erately low-fat, low-SFA diet with 3.6 g PSE/d was con-
sumed. This may be partitioned as 14% reduction in risk due
to consumption of the reduced-SFA diet without PSE, with a
further reduction of 14% due to addition of PSE to the diet.
Thus PSE consumption results in a reduction in risk beyond
that resulting from reduced consumption of SFA. From this,
we postulate that inclusion of PSE in the diet may have bene-
fits unrelated to saturated fat intake and that even those peo-
ple unwilling to commit to changes in type or amount of fat
intake may benefit significantly from consumption of food
products containing PSE. 

When effects of PSE consumption (and type of dressing)
were modeled, baseline (preintervention) concentration of a

plasma constituent was always an important predictor of final
concentration. However, there was no interaction of baseline
concentrations with response to PSE for any plasma lipid or
lipoprotein. This indicates that people may benefit from a re-
duction in CVD risk with consumption of PSE regardless of
their starting blood cholesterol level. For individuals having a
normal cholesterol level, regular PSE consumption may help
prevent the development of elevated cholesterol often associ-
ated with aging and changes in lifestyle as we age. 

Unlike plasma lipids and lipoproteins, decreases in the
TC/HDL cholesterol ratio with PSE consumption was related
to the ratio at entrance of the subjects into the dietary inter-
vention. Thus, if the ratio is an independent indicator of CVD
risk (19,20), people with higher ratios, and thus at higher risk,
may benefit from a greater reduction in risk when they con-
sume PSE than do those who have lower ratios.

In this investigation, we found that plasma carotenoid con-
centrations decreased with addition of PSE to the diet. For ex-
ample, β- and α-carotene both decreased by about 13%, while
lycopene decreased by about 20%. Plasma concentrations of
fat-soluble nutrients such as carotenoids may be lowered by
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TABLE 6
Effect of Subject Characteristics Prior to Dietary Intervention on Plasma Carotenoid Changes due to Consumption of Plant Sterol Esters (PSE)

Dependent variable (Y) estimated by the modela

Total carotenoids β-Carotene α-Carotene Lycopene Lutein + zeaxanthin Anhydrolutein

Independent variablesb Mean of the coefficient for independent variable and SEE (P-value)

Intercept 3.8 ± 13 12 ± 2 5 ± 0.6 18 ± 3 −1.4 ± 2.4 −4 ± 2
(NS) (<0.0001) (<0.0001) (<0.0001) (NS) (0.0446)

Baseline 0.48 ± 0.06 0.33 ± 0.08 0.42 ± 0.04 0.28 ± 0.04 0.49 ± 0.05 0.48 ± 0.06
concentration of Y (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)

Dressing (NS)c (NS) (NS) (NS) (NS) (NS)

Treatmentd −11.2 ± 3.48 −2.65 ± 0.75 −1.35 ± 0.57 −14.7 ± 10.9 −0.0 ± 0.41 −0.05 ± 0.38
(0.0022) (0.0009) (0.0226) (NS) (NS) (NS)

Sequencee (NS) −7.71 ± 2.38 (NS) (NS) (NS) (NS)
(0.0022)

Period (NS) (NS) (NS) −4.45 ± 1.47 (NS) (NS)
(0.0039)

Total cholesterol (TC)f (NS) (NS) (NS) (NS) (NS) (NS)

Triglycerides (TG)f (NS) (NS) (NS) 0.07 ± 0.02 (NS) (NS)
(0.0006)

TC + TGf (NS) (NS) (NS) (NS) 0.02 ± 0.01 0.02 ± 0.01
(0.0009) (<0.0001)

LDL cholesterolf 0.32 ± 0.11 (NS) (NS) (NS) (NS) (NS)
(0.0055)

HDL cholesterolf (NS) (NS) (NS) (NS) (NS) (NS)

Interaction of treatment with other variables
Treatment with BMI (NS) (NS) (NS) −0.85 ± 0.41 (NS) (NS)

(0.0427)
aDependent variable (Y) estimated by: Y (mg/dL) = Intercept + b + b2 + Dressing + Treatment + Diet Sequence + Period + Age + BMI + TC + TG + (TC + TG)
+ LDL cholesterol + HDL cholesterol + Interactions among independent variables, where b = baseline concentration of dependent variable Y; Dressing =
ranch vs. Italian. BMI, body mass index; for other abbreviations see Table 1.
bThere were no significant main effects of gender, age, or BMI of the participants (data omitted from the table).
cNS, not significant.
dTreatment = +PSE vs. −PSE.
eDiet sequences: Baseline to −PSE to +PSE vs. Baseline to +PSE to −PSE.
fCovariates: TC, TG, LDL cholesterol, HDL cholesterol, and sum of TC and TG.



PSE either directly by reduced absorption or indirectly
through undefined mechanisms. Plasma concentrations of
some, if not all, carotenoids may be related to the concentra-
tion of the plasma lipoproteins on which they are carried (16)
and may decrease or increase as plasma lipoproteins change.
Thus, in experimental studies, fat-soluble carotenoids and vi-
tamins are commonly normalized to plasma lipid concentra-
tions. This may not be appropriate, however, when both the
carotenoid and the plasma lipid are dependent variables and
both are subject to change with treatment. 

We saw no evidence that PSE consumption affected fat-
soluble vitamin absorption. However, this investigation was
conducted over a relatively short time period, and results can-
not be extrapolated to what might occur over longer periods.
Concentrations of plasma carotenoids in this study remained
well within what may be considered normal levels. Again, as
for the fat-soluble vitamins, caution must be exercised in ex-
trapolating our results to long-term effects on carotenoids.
However, plasma carotenoids are strongly related to dietary
intake. On diets sufficiently rich in carotenoids, we expect
that plasma concentrations of carotenoids will reach a lower
plateau due to PSE consumption but will remain within nor-
mal ranges. The effects of PSE on plasma carotenoid concen-
trations when the diet is marginal or low in carotenoids may
be of more concern.

This study did not directly compare salad dressings with
vegetable oil spreads, which are the common form of com-
mercially available food carriers of PSE. However, the extent
of LDL cholesterol lowering by PSE delivered by dressings
in this study, averaging 17% compared with the subjects’ cho-
lesterol level at entry, and 9.7% compared with the control
diet, matched what can be extrapolated from clinical studies
in which PSE were delivered by spreads having a higher fat
content (4,5). In theory, there should not be any difference in
the in vivo digestion of the fat in a spread product and the fat
in a dressing product despite the differences in how they are
structured. Each type of product should deliver PSE to the di-
gestive milieu. Our data clearly support this supposition. 

Reduction in SFA intake remains the primary dietary goal
for individuals and for the population at large to lower LDL
cholesterol and reduce the risk of CVD. In the 2001 report from
the NCEP on the treatment of high blood cholesterol in adults,
Adult Treatment Panel III (ATP-III) (35), the recommended in-
take of saturated fat is less than 7% of energy with total fat in-
take of 25–35% of energy. Food carriers of PSE including both
vegetable oil-based spreads and reduced-fat salad dressings,
each having high levels of polyunsaturated fatty acids, can be
incorporated in NCEP ATP-III type diets. However, dressings
with lower total fat/serving may be more readily used to de-
liver PSE while replacing SFA. For example, two servings per
day of low-fat salad dressing, such as the Italian dressing fed in
this study, carrying 3.6 g of PSE, would provide about 8 g of
fat and 1 g of SFA per day but would deliver PSE in amounts
that significantly reduce blood cholesterol risk of CVD. For
women consuming 2163 kcal per day, the average intake in this
study, two servings per day of the Italian dressing added to a

diet having 30% of calories from fat would provide only 11%
of the daily fat intake and 5% of the SFA recommended as the
maximum SFA intake in an NCEP ATP-III type diet. Corre-
sponding amounts for men consuming 2766 kcal per day (the
average energy intake in this study) would be 9% of daily fat
intake and 4% of the SFA intake. These amounts of fat are read-
ily balanced by removal of dietary fat from other sources and
would be especially beneficial if the fat replaced is animal fat
or vegetable oil-containing products high in either SFA or trans
unsaturated fatty acids.

We conclude that low-fat foods, such as reduced- and low-
fat salad dressings, are effective carriers for PSE. Such re-
duced-fat foods can be readily included in diets low in SFA
as well as diets moderately low in total fat, i.e., prudent diets,
to lower blood cholesterol and reduce the risk of CVD. Fur-
thermore, the reductions in LDL cholesterol and in the ratio
of TC to HDL cholesterol are not conditioned by the plasma
lipid level of the person when consumption begins. Thus, PSE
addition to the diet, coupled with the primary goal of reduc-
ing saturated fat intake, may help to both prevent develop-
ment of high LDL cholesterol and reduce CVD risk. 
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ABSTRACT: The purpose of this work was to study whether
exercise training induces changes in the lipid profile of rat aorta
and nervous system and in the in vitro intrinsic responsiveness
of these tissues to endothelin-1 (ET-1) treatment. The exercise
program performed successfully produced the characteristic
metabolic alterations of the trained state. Exercise training in-
duced a large and significant increase in the levels of both aor-
tic ethanolamine plasmalogens (PlasEtn) and glucosylcer-
amides. In contrast, a decrease of aortic ceramide and choles-
terol levels was evoked by exercise training. ET-1 increased
PlasEtn content only in sedentary animals. An exercise-induced
increase in cerebellum levels of ceramides and ceramide mono-
hexosides was found. The cerebellum ceramide content was in-
creased by ET-1 more noticeably in sedentary rats than in
trained animals. In contrast, cerebral cortex was observed to be
largely insensitive to both exercise training and ET-1 treatment.
It was concluded that exercise training (i) induces changes in
both vascular and cerebellar lipid profiles, the former being
much more pronounced than the latter, and (ii) diminishes the
aortic and cerebellar sensitivity to ET-1 action.

Paper no. L8768 in Lipids 37, 43–52 (January 2002).

Sphingolipids and their breakdown products, ceramides, have
emerged as important components of signal transduction sys-
tems (1). Ceramides play a role as secondary messengers me-
diating agonist action in postmitotic neuronal (2) and vascu-
lar cells (3) and are also involved in cellular proliferation, dif-
ferentiation, and apoptosis phenomena (1). In addition, there
is increasing experimental evidence showing that a highly
complex network of interactions exists between glycerolipid
and sphingolipid metabolism. We recently reported that an in-
crease in the endogenous ceramide level elicited by sphin-
gomyelinase (SPHase) treatment can affect choline and
ethanolamine phosphoglycerides in the brain (4).

In previous studies focused on signal transduction systems,
we described that sphingolipids as well as glycerolipids have
a central role in the molecular mechanism of endothelin-1
(ET-1) action (5–9). ET-1 is a potent regulatory peptide gen-

erated by endothelial cells that was first isolated from cultured
porcine aorta endothelial cells (10). It is now clear that ET-1
has a wide range of biological actions in both vascular and
nonvascular tissues, including the nervous system (11,12).
Thus, the ET-1 behavior as vasoactive peptide and neuropep-
tide is widely known. Therefore, the distribution and charac-
teristics of ET-1 receptors and the signal transduction systems
involved in the ET-1 molecular mechanism are being exten-
sively studied. In this context, we reported that ET-1 is able
to modulate phosphoinositide turnover and protein kinase C
activity in the nervous system and in the blood-brain barrier
(6–9), as well as the brain sphingolipid signal transduction
system evoking ceramide production (5). 

It is well known that endurance exercise training has ben-
eficial effects on physiopathological states of the cardiovas-
cular and nervous systems, but the molecular mechanisms in-
volved are not completely understood. Endurance exercise
causes a redistribution of tissue blood flow (13,14) and alter-
ations in the levels of some neuropeptides (15), including
those of plasma ET-1, that are augmented by exercise (13).
Since aortic blood flow increases during treadmill training in
the rat (16), it is conceivable that chronic exercise induces
adaptive changes in the aorta, thereby contributing somehow
to the modification of aortic function, as has been widely re-
ported (17–19). In addition, there is evidence of exercise-in-
duced changes in the nervous system (20–23), and it has been
suggested that in the brain these changes might be mediated,
at least in part, through neuroregulatory feedback from arter-
ial baroreceptors to the brain (24). On the other hand, cardio-
vascular and neurodegenerative diseases are known to be as-
sociated with cellular apoptosis (2,3) and with oxidative
stress or the vulnerability to it (25). 

With this background and our interest in the molecular
mechanisms involved in ET-1 actions, we have hypothesized
that vascular and brain responses to ET-1 may be modified by
long-term endurance exercise training. The aim of the present
study was to investigate whether a long-term period of tread-
mill running induces alterations in the ET-1 regulatory actions
on: (i) lipid second messengers, such as ceramide and diacyl-
glycerols (DAG), considered, respectively, as being apoptotic
and survival signal transducers (2), (ii) their potential lipid
precursors, and (iii) ceramide monohexosides and cholesterol
(CH). The study of all these lipid molecules was carried out
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because they have a causal involvement in the physiological
actions of ET-1 (5) and may be involved in some beneficial
effects of exercise, i.e., prevention of diseases and delay of
aging, as suggested by previous evidence (25–28). In addi-
tion, differences found in the trained animals in the profile of
these lipids involved in the ET-1 signal transduction systems
are discussed in terms of adaptation to long-term training.

MATERIALS AND METHODS

Materials. Ceramides type III from bovine brain sphin-
gomyelin (SPH), containing primarily stearic and nervonic
acids; ceramides type IV from bovine brain galactocerebro-
sides, containing α-hydroxy fatty acids; ceramide monohexo-
side standards (bovine brain galactocerebrosides and human
spleen glucocerebrosides); ET-1, and other standard lipids
were purchased from Sigma Chemical Co. (St. Louis, MO).
[γ-32P]ATP (specific activity: 3000 Ci/mmol) was obtained
from Nuclear Ibérica, S.A., (Madrid, Spain) and Escherichia
coli DAG kinase was from Calbiochem (San Diego, CA).
High-performance thin-layer chromatography (TLC) plates
were obtained from Merck (Darmstadt, Germany). All other
reagents were of the highest analytical grade available.

Animals and exercise training program. Male Wistar rats
(initial body weight 150 ± 9 g) were obtained from Charles
River (Barcelona, Spain). They were housed in an animal
room at 22–24ºC and given free access to commercial rat
chow and tap water. The animals were adapted to an inverse
12:12 h light-dark cycle (dark period 0800 to 2000) before
the beginning of the exercise regimen. Rat care and handling
and all the experimental procedures employed were in accor-
dance with internationally accepted principles concerning the
care and use of laboratory animals.

Sixteen rats were randomly allotted to sedentary (n = 8)
and exercise-trained (n = 8) groups. The rats of the trained
group were exercised on a motor-driven rodent treadmill
(Columbus Instruments, Columbus, OH) and performed five
exercise sessions per week for 24 wk. Mild electrical stimula-
tion was used to encourage the rats to run (grid shock <1 mA).
During the first 4 wk, the speed and duration of the daily ex-
ercise sessions were progressively increased until the rats
were capable of running continuously for 45 min at 25
m·min−1. After 12 wk, the duration of the exercise sessions
was increased to 60 min, and these conditions were main-
tained until completion of the exercise program. The selected
treadmill speed corresponds to 60–70% of VO2 max according
to the data of Brooks and White (29). During the 24-wk train-
ing period, sedentary control rats performed a single weekly
exercise session for 5 min at 15 m·min−1 to familiarize them
with treadmill exercise and handling.

Treadmill endurance test. Two weeks before the end of the
training period, a treadmill endurance exercise test was ad-
ministered to all sedentary and trained rats the day before the
weekly animal rest. The exercise test started with a 5 min
warm-up at 20 m·min−1 with a 5% slope after which animals
ran at 25 m·min−1 with a 5% slope until exhaustion. Rats were

judged to be exhausted when they could no longer continue
at the required pace or maintain upright posture on the tread-
mill; at this point, they were usually unable to rapidly upright
themselves when placed on their backs. Total exercise dura-
tion was recorded.

Tissue preparation. At the conclusion of the training pro-
gram, 48 h after the final exercise training session, the rats
were anesthetized with diethyl ether and killed as previously
described (4), and the tissues were quickly dissected. The
soleus muscles were removed, trimmed of connective tissue,
weighed, fast-frozen in liquid nitrogen, and stored at −80ºC
until further use. Aortas were removed and placed under a
dissecting microscope in cold balanced salt solution (BSS)
with the following composition (in mM): 135 NaCl, 4.5 KCl,
1.5 CaCl2, 0.5 MgCl2, 5.6 glucose, 10 HEPES, pH 7.4. The
vessels were then cleaned of adherent fat and connective tis-
sue with a cotton swab moistened in BSS, and the cleaned
aortas were then cut into rings (4 mm long). Aortic strips were
incubated as described later. Brains were removed, pial ves-
sels and white matter were carefully discarded, and cerebral
cortex and cerebellum were obtained. Slices (dimensions: 350
× 350 µm) of both regions were prepared with a MacIlwain
tissue chopper. They were equilibrated in BSS with 95%
O2/5% CO2 for 1 h.

To study the ET-1 effect, aorta strips and cerebral cortex
and cerebellum slices from each animal were randomly di-
vided into two portions, transferred into glass tubes contain-
ing BSS, and incubated for 30 min without or with ET-1 (final
concentration 10−7 M). These conditions have been designed
to evoke physiological and biochemical alterations in aortic
(30) and brain (5) intact tissue preparations. The incubation
mixtures were continuously gassed with 95% O2/5% CO2.
Reactions were stopped by removing the medium and replac-
ing it with 0.38 mL of BSS containing 10 mM EDTA and 1
mL of chloroform/methanol/13 M HCl (100:100:1, by vol).

Determination of citrate synthase activity in muscle ho-
mogenate. Soleus muscle was homogenized twice for 30 s
with a Polytron PT-10 at the maximum speed setting in 6.5 vol
of 20 mM 3-(N-morpholino)propane sulfonic acid (MOPS),
pH 7.0 containing 0.25 M sucrose, 5 mg·mL−1 defatted BSA,
and protease inhibitors at the following concentrations: 0.23
mM phenylmethylsulfonyl fluoride, 100 µg·mL−1 benzami-
dine, and 0.5 µg·mL−1 each of aprotinin, leupeptin, and pep-
statin A. The resulting homogenate was diluted with 5 vol of
the same buffer, filtered through two layers of cheesecloth, and
used for analysis. The protein concentration of the ho-
mogenates was determined by the method of Lowry et al. (31).

Citrate synthase (EC 4.1.3.7) was measured in the muscle
homogenates at 37ºC as described previously (32). The assay
mixture contained in a total volume of 1 mL (in mM) was as
follows: 100 Tris-HCl, pH 8.1; 1 5,5′-dithiobis-(2-nitroben-
zoate); 0.3 acetyl-CoA; 0.5 oxalacetate; 0.2% (wt/vol) Triton
X-100, and a suitable amount of protein (60 µg). The reaction
was started by addition of oxalacetate, and the increase in ab-
sorbance was recorded at 412 nm (ε = 13.6 mM−1·cm−1) in a
thermostatically controlled UVIKON 930 spectrophotometer
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(Kontron Instruments, Milan, Italy). The enzymatic activity was
expressed in units per g of tissue wet weight (µmol·min−1·g tis-
sue wet weight−1).

Extraction of total lipids, separation of glycerolipids and
sphingolipids. Lipids were extracted by the method of Bligh and
Dyer (33). The organic phases were dried under an N2 atmos-
phere and the total lipids were weighed and dissolved in chloro-
form/methanol (2:1, vol/vol). Lipids were separated by TLC.

For the sphingolipid studies, one aliquot of total lipids was
subjected to alkaline hydrolysis in 0.1 M methanolic KOH at
37°C for 1 h to remove glycerolipids, as previously described
(5). SPH, ceramides, and ceramide monohexosides were re-
solved using chloroform/methanol/water (65:25:4, by vol).
Lipid standards were co-chromatographed with samples. Lipids
were visualized by iodine vapors, and the bands corresponding
to ceramide monohexosides and ceramides were scraped from
the plates and extracted with chloroform/methanol (60:40,
vol/vol) for their subsequent quantitation. SPH bands were
quantitated without extraction, as described next.

Radioenzymatic determination of ceramide and ceramide
monohexoside levels. Extracted ceramides and ceramide
monohexosides were phosphorylated in the presence of DAG
kinase, as described previously (34) with some modification
(4). Aliquots of the dried lipids were solubilized and emulsi-
fied in 40 µL of octyl-β-D-glucoside/cardiolipin solution and
sonicated in a bath sonicator (50–60 Hz) for 1 min. The reac-
tion mixture containing 5 µg of enzyme and the emulsified
lipid substrate was preincubated at room temperature for 10
min, and the reaction was started by adding 10 µL of 10 mM
[γ-32P]ATP in 20 mM imidazole buffer, pH 6.6. After incuba-
tion for 30 min at 25°C, phosphorylated derivatives of
ceramides and ceramide monohexosides were extracted,
fractionated by TLC, and quantitated by liquid scintillation
counting (4). Calibration curves were derived using known
amounts of ceramide and ceramide monohexoside.

Radioenzymatic determination of DAG mass. Aliquots of
total lipids were phosphorylated in the presence of DAG ki-
nase according to Preiss et al. (35). After DAG kinase assay,
samples were fractionated by TLC (6). Spots corresponding
to phosphatidic acid were visualized by autoradiography and
quantitated by liquid scintillation counting. Calibration
curves were derived using known quantities of 1-stearoyl,2-
arachidonoyl glycerol.

Quantitative determination of glycerophospholipids and
CH. Analysis of the subclasses of ethanolamine phospholipids.
Aliquots of total lipids were dissolved in chloroform/methanol
(2:1, vol/vol). For glycerophospholipid and CH studies, one
aliquot of total lipid was separated using sequential one-dimen-
sional TLC. The first system employed was chloroform/
methanol/acetic acid/water (25:15:4:1.5, by vol) and the sec-
ond was chloroform/methanol/acetic acid (65:2.5:4, by vol).
The first system reached 4 cm from the top plate, whereas the
second was developed through the plate. After development,
spots were visualized by iodine vapors.

In the experiments where 1-alkenyl-2-acyl-sn-glycero-3-
phosphoethanolamine (ethanolamine plasmalogens; PlasEtn)

were quantitated, total lipids were quantitatively split into two
portions and dried under N2. One portion was exposed to fumes
from 12 M HCl in a Pyrex tray for 13 min to cleave the ether
bond of the plasmalogen fraction while the 1-alkyl-2-acyl- and
1,2-diacyl-sn-glycero-3-phosphoethanolamine (phosphatidyl-
ethanolamine, PtdEtn) fractions remained intact. The small
alkylacyl fraction was not quantitated separately. After separa-
tion by sequential one-dimensional TLC, as described previ-
ously, spots corresponding to ethanolamine phosphoglycerides,
choline phosphoglycerides, and CH were scraped. Phosphorus
content of glycerophospholipids and SPH was quantitated as
described previously (36). In the case of ethanolamine phos-
phoglycerides, the untreated sample gave the total ethanol-
amine phosphoglyceride content, whereas the acid-resistant
one gave the PtdEtn fraction level. The PlasEtn content was
obtained by subtracting the latter from the former value. Iden-
tification was carried out by using respective standards. CH
mass was quantitated as described previously (36). 

Statistical analysis. All samples were individually processed
and assayed in duplicate. Means ± SD of eight independent
preparations are presented. To evaluate differences between the
sedentary and the exercised group, a Student’s t-test for unpaired
values was used. Measurements of lipid levels were analyzed
using two-way analysis of variance to test for the two main ef-
fects (exercise training and ET-1 treatment) and for the interac-
tion between them; a Scheffé post hoc analysis was performed
to establish specific differences. When appropiate, effects of
ET-1 in a single group were evaluated by paired t-testing. For all
statistical analysis, significance was established at P < 0.05.

RESULTS

Exercise training effectiveness. As a prerequisite of our study,
we confirmed that the exercise program employed produced
the characteristic effects of the endurance training. The exer-
cise program induced several changes indicative of a trained
state in male rats, as shown in Table 1. First, animal body
weight was lower in the trained group compared with the
sedentary group (19%, P < 0.05), a common finding for
trained male rats (37,38). Second, the results of the treadmill
endurance test showed that running time until fatigue was sig-
nificantly longer in trained than in control animals. Finally,
the citrate synthase activity measured in the homogenates of
soleus muscles of exercised rats was 60% over that of the
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TABLE 1
Effect of Exercise Training Program on Rat Body Weight, 
Exercise Endurance Capacity, and Skeletal Muscle 
Citrate Synthase Activity (CS)a

Body weight Endurance timeb CS activity
Group (g) (min) (µmol·min−1·g−1)

Sedentary 625 ± 36 13 ± 6 30 ± 6
Trained 508 ± 50c 162 ± 19c 48 ± 5c

aValues are means ± SD (n = 8).
bEndurance time is defined as the time during which the rat shows the abil-
ity to keep pace with the treadmill at 25 m·min−1 and 5% slope.
cSignificant difference between sedentary and trained groups (P < 0.05).



sedentary group, indicating that the exercise program induced
the well-characterized enhancement of skeletal muscle oxida-
tive capacity (37,38).

Aortic responses to ET-1 treatment and exercise training.
In the ceramide radioenzymatic assay, two different molecu-
lar species of phosphorylated ceramide that showed different
migration values (Rf values) in the TLC were found. The
major band had an Rf value of 0.14, whereas a value of 0.32
was observed for the minor band. These bands run in parallel
with the band corresponding to the phosphorylated ceramide
type IV standard, which is rich in hydroxy fatty acids. The
phosphorylated derivative of the ceramide type III standard
(without hydroxy acids) was found to overlap to some degree
with that of ceramide type IV. Therefore, it may only be con-
cluded that aorta ceramides exist both with or without hy-
droxy acids. In addition, differences in the length of the fatty
acid chain cannot be discarded, as it has been previously dis-
cussed (34). Figure 1 shows that ET-1 treatment did not
change the level of the major ceramide species. However, the
training induced a significant decrease (40%, P < 0.05). With
respect to the minor ceramide species [basal value: 0.78 ± 0.2
nmol/mg total lipids (TL)], we could only observe a training-
evoked slight, but not significant, decrease (30%) in their lev-
els (data not shown).

DAG levels (basal value: 9.1 ± 2.5 nmol/mg TL) remained
unchanged after both ET-1 treatment and exercise-training
(data not shown).

The variations exhibited by the potential phospholipid (PL)
precursors of these second messengers are shown in Table 2.
Neither ET-1 treatment nor exercise training produced any sig-
nificant change in the levels of SPH and choline phosphoglyc-
erides. Exercise training, but not ET-1, significantly decreased
the ethanolamine phosphoglyceride level. Further separation
of these PL into diacyl and alkenylacyl molecular forms gave
the results shown in Figure 2. In sedentary, but not in trained
animals, the basal levels of both diacyl (Fig. 2A) and plas-
malogen forms (Fig. 2B) were significantly (P < 0.05) modi-
fied by ET-1 treatment in a specific manner, since the peptide
evoked a significant decrease (37%) in the level of diacyl
forms and a large increase (145%) in the plasmalogen content.

In the sedentary control group the plasmalogen fraction (mean
value, 0.78 nmol/mg TL, Fig. 2B) made up 9% of the total
ethanolamine phosphoglycerides, whereas in the trained con-
trol group this percentage was 38% (mean value of plasmalo-
gens, 1.54 nmol/mg TL, Fig. 2B), which represents a fourfold
increase. Obviously, an exercise-elicited decrease was found
in the content of diacyl molecular forms, the difference being
much less noticeable (91% in the control of sedentary group
vs. 62% in the control of the trained group).

Figure 3 shows that ET-1 never altered the CH level and
the CH/total PL molar ratio. However, aortas from trained rats
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FIG. 1. Effects of exercise training and in vitro endothelin-1 (ET-1) treat-
ment on aortic ceramide levels. Data are represented as means ± SD 
(n = 8). aSignificantly different from the sedentary control group at the
level of P < 0.05. TL, total lipids.

TABLE 2
Distribution of Aortic Phospholipid Subclasses (nmol/mg total lipids)
in Sedentary and Trained Rats, Effect of in Vitro Endothelin-1 (ET-1)
Treatmenta

Choline Ethanolamine
Group Treatment phosphoglycerides phosphoglycerides SPH

Sedentary Control 11.5 ± 2.7 8.8 ± 1.1 1.7 ± 0.2
ET-1 9.5 ± 2.9 7.0 ± 2.1 1.7 ± 0.3

Trained Control 12.1 ± 1.0 4.1 ± 1.0b 1.8 ± 0.4
ET-1 10.2 ± 2.5 3.6 ± 1.1c 1.2 ± 0.3

aData are presented as means ± SD (n = 8).
bSignificantly different from the sedentary control group at the level of 
P < 0.05.
cSignificantly different from the ET-1-treated aortic strips from the sedentary
group (P < 0.05). SPH, sphingomyelin.

FIG. 2. Alterations induced by exercise training and in vitro ET-1 treat-
ment on aorta ethanolamine phosphoglycerides. (A) Levels of phos-
phatidylethanolamine (PtdEtn); (B) levels of ehtanolamine plasmalogen
(PlasEtn). Data are expressed as means ± SD (n = 8). aSignificantly dif-
ferent from the sedentary control group (P < 0.05). bSignificantly differ-
ent from the ET-1-treated aorta from sedentary group (P < 0.05). cSignif-
icant difference between control and ET-1-treated aorta of the seden-
tary group (P < 0.05). For other abbreviations see Figure 1.



showed a significant decrease (70% under the value observed
in their sedentary counterparts) in both the CH level and the
CH/total PL ratio.

Previous evidence of a potential role for ceramide monohex-
osides in the ET-1 molecular mechanism of action (5) and in the
vascular physiology (27) prompted us to evaluate potential al-
terations in their levels. The aortic ceramide monohexoside frac-
tion was found to co-migrate with the glucocerebroside stan-
dard, as previously described for aortic glycosphingolipids (39).
In sedentary animals, but not in trained ones, ET-1 treatment in-
duced a slight, but not significant, increase in the ceramide
monohexoside levels (Fig. 4). However, there were significantly
higher ceramide monohexoside levels in aortas from trained rats
compared with those of their sedentary counterparts.

Cerebral cortex and cerebellum response to ET-1 treat-
ment and exercise training. Two different molecular species
of ceramide were found in cerebral cortex and cerebellum as
we detected in aorta. Neither ET-1 treatment nor exercise
training modified ceramide levels in cerebral cortex (Table 3).
In contrast, in the cerebellum, ET-1 treatment increased (P <
0.05) the level of the ceramide species that runs more slowly
in the chromatography (Fig. 5A), which was more noticeable
in sedentary rats than in trained ones, i.e., 300 and 78% over
their respective control value. The other ceramide species
were not significantly altered by ET-1 treatment (Fig. 5B).
Exercise training was found to enhance the levels of both cer-
amide species, 400 and 87% over their sedentary counterparts
(Figs. 5 A and B, respectively).

DAG levels in cerebral cortex (Table 3) and cerebellum
(basal value: 90.5 ± 38 nmol/mg TL, data not shown) were not
significantly altered by ET-1 treatment or exercise training.

Tables 4 and 5 show that no significant changes were ob-
served in the levels of cerebral cortex and cerebellum PL in
response to either ET-1 treatment or exercise training except
for a decrease in the cerebral cortex SPH content of sedentary
animals following ET-1 treatment (53% under control value).

Table 6 shows that ET-1 evoked a decrease in the CH con-
tent (30% under control value) in cerebral cortex from trained
rats, whereas in sedentary animals the peptide produced no
effects. In cerebellum, the sensitivity to the ET-1 lowering ef-
fect of the CH levels was reversed, i.e., it was observed in
sedentary rats, but not in trained animals. Exercise training
did not give rise to any difference.

The ceramide monohexoside fraction from cerebral cortex
migrated as a doublet and co-migrated with glucocerebroside
standard, whereas that from cerebellum migrated slightly
more slowly and showed some degree of overlapping with the
galactocerebroside standard. Since cerebral cortex is not a
myelinated region and shows a poor synthesis of galactocere-
brosides, it is likely that this lipid fraction is mainly glucosyl-
ceramide. In contrast, in the fraction from cerebellum both
glucosyl and galactosylceramide are present. Figure 6 shows
that levels of ceramide monohexosides in cerebral cortex
(6A) and cerebellum (6B) were not modified by ET-1 treat-
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FIG. 3. Alterations induced by exercise training on aorta cholesterol
(CH) levels (A) and CH/total phospholipids (PL) molar ratio (B). Effect of
in vitro ET-1 treatment. Data are represented as means ± SD (n = 8).
aSignificantly different from the sedentary control group (P < 0.05). bSig-
nificantly different from the ET-1 treated aorta from sedentary group 
(P < 0.05). For other abbreviations see Figure 1.

FIG. 4. Exercise training-induced alterations in aorta ceramide mono-
hexoside levels. Effect of in vitro ET-1 treatment. Data are represented
as means ± SD (n = 8). aSignificantly different from the sedentary con-
trol group (P < 0.05). bSignificantly different from the ET-1 treated aor-
tas from the sedentary group (P < 0.05). For abbreviations see Figure 1.

TABLE 3
Lipid Fraction Levels (nmol/mg total lipids) in Cerebral Cortex 
of Sedentary and Trained Rats, Effect of in Vitro ET-1 Treatmenta

Group Treatment Ceramides DAG

Sedentary Control 103 ± 22 0.29 ± 0.13 31 ± 6
ET-1 68 ± 26 0.18 ± 0.09 35 ± 6

Trained Control 87 ± 12 0.21 ± 0.10 23 ± 11
ET-1 93 ± 23 0.21 ± 0.09 25 ± 5

aData are presented as means ± SD (n = 8). DAG, diacylglycerol; see 
Table 2 for other abbreviation.



ment but were significantly enhanced by exercise training.
The extent of the increase was greater in cerebellum (Fig. 6B,
156% over the value found in the sedentary counterpart) than
in cerebral cortex (Fig. 6A, 43% over the value found in the
sedentary counterpart).

DISCUSSION

We studied the ET-1-induced variations in aortic and nervous
system sphingolipid and glycerolipid profile and the potential
alteration of the sensitivity of these systems to the peptide in-

duced by exercise training. This physiological condition has
been described as producing beneficial adaptive changes in the
cardiovascular (17–19) and nervous systems (20–23) and alter-
ing the endogenous level of ET-1 (13). In experiments where
vascular tissue was studied, intact aortic strips were chosen,
and when nervous system was analyzed, slices of cerebral cor-
tex (the brain area influenced by afferent systems from work-
ing muscle and emotional processes) and cerebellum (the brain
area involved in the motor processes) were used.

The training program employed in this study can be re-
garded as a moderate stimulus for normal rodent standards.
The 6-mon training period caused a reduction in the body
weight of the rats and produced an increase in exercise toler-
ance associated with an enhanced oxidative capacity of skele-
tal muscle. We selected the present conditions of treadmill
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FIG. 5. Exercise training-induced alterations in ceramide levels of cere-
bellum. Effect of in vitro ET-1 treatment. (A) and (B): Levels of the major
and minor ceramide molecular species, respectively. Data are repre-
sented as means ± SD (n = 8). aSignificantly different from the sedentary
control group (P < 0.05). bSignificantly different from the ET-1-treated
slices from the sedentary group (P < 0.05). cSignificant difference be-
tween control and ET-1-treated slices of the same group (P < 0.05).

TABLE 4
Distribution of Cerebral Cortex Phospholipid Subclasses (nmol/mg total lipids) 
in Sedentary and Trained Rats, Effect of in Vitro ET-1 Treatmenta

Ethanolamine

Choline phosphoglyceridesc

Group Treatment phosphoglycerides PtdEtn PlasEtn SPH

Sedentary Control 244 ± 41 188 ± 20 90 ± 17 18.5 ± 6.5
ET-1 234 ± 61 180 ± 18 92 ± 27 9.9 ± 0.2b

Trained Control 250 ± 34 180 ± 13 75 ± 9 9.2 ± 1.8
ET-1 275 ± 41 191 ± 44 59 ± 27 9.6 ± 1.8

aData are presented as means ± SD (n = 8).
bSignificant difference between control and ET-1 treated slices from the sedentary group (P < 0.05).
cPtdEtn, phosphatidylethanolamine; PlasEtn, ethanolamine plasmalogens; for other abbreviations see
Table 2.

FIG. 6. Alterations induced by exercise training on ceramide monohex-
oside levels in cerebral cortex (A) and cerebellum (B). Effect of in vitro
ET-1 treatment. Data are represented as means ± SD (n = 8). aSignifi-
cantly different from the sedentary control group (P < 0.05).



training for the following reasons. First, we previously showed
that a steady-state or constant-speed protocol of the same in-
tensity as that used in this work is more effective in enhancing
exercise endurance capacity and skeletal muscle citrate syn-
thase activity than other programs consisting of either a con-
stant higher speed (30 m·min−1) or high-speed interval run-
ning (38). Second, it has been reported that a treadmill for rats
running at 21.4 m·min−1 results in a significant redistribution
of tissue blood flow whereby it is greatly increased in the
working muscles (40). Moreover, active muscle showed grad-
ual increases in blood flow that were linearly related to time
from 5 to 54 min of low-intensity treadmill exercise. Further-
more, ET-1 levels have been shown to increase in plasma of
rats immediately after 45 min of treadmill exercise at 25
m·min−1 (13). Therefore, we reasoned that chronic exposure
to sessions of treadmill exercise under the conditions selected
for this study (i.e., 25 m·min−1 exercise intensity and 45 or 60
min duration of the sessions), would be expected not only to
induce adaptations that enhance muscle perfusion, flow capac-
ity, and oxidative metabolism but also to modify tissue respon-
siveness to ET-1 because the exercise sessions should have
produced transient and repetitive increases in endogenous lev-
els of the peptide in our rats. Finally, we chose a prolonged
training period of 6 mon to allow for the possibility that some
adaptive events require longer periods than those necessary to
induce skeletal muscle adaptations (38,41).

To our knowledge, this is the first time that the aorta cer-
amide pattern has been described. ET-1 treatment did not
elicit any significant changes in the levels of both ceramide
fractions. However, we did detect a decrease in the overall
ceramide level due to exercise training without significant al-
teration in the SPH content. Since there are conflicting results
regarding the exact role of the cellular pools of SPH in

ceramide-mediated signaling (42), the possibility of the in-
volvement of a minor pool of SPH remains open. In addition,
the possibility of an accelerated glycosphingolipid biosynthe-
sis from ceramides (as discussed below) induced by training
cannot be discarded.

Evidence about the physiopathological role of vascular
ceramide is controversial. Ceramide has been described to
exert a vasodilatory action in in vitro systems (3,43). In con-
trast, several studies indicate that SPHase activity and ce-
ramide-mediated cell signaling are somehow involved in the
atherogenic process (3,27,28). If an increase of vascular ce-
ramide production is a risk factor for the induction of apopto-
sis, the exercise-induced decrease in aortic ceramide levels
reported here is consistent with the idea that exercise may
protect against cardiovascular diseases. In fact, the apparent
protective effect of adequate Mg2+ intake on vascular func-
tion may be related to a decrease of ceramide levels in aorta
smooth muscle cells (44).

The role of diacyl molecular forms of choline and ethanol-
amine phosphoglycerides as second messenger sources is well
established. In this regard the involvement of different phos-
pholipases in the transduction mechanism of ET-1 in aorta is
well known (45). In the present experimental conditions, only
ethanolamine phosphoglycerides were found to exhibit varia-
tions as a consequence of training. The alterations observed
might be the result of an enhancement of their hydrolysis by a
phospholipase A2, since DAG levels were unmodified.

In recent years the alkenyl-acyl molecular forms (plasmalo-
gens) have been described to have a potential role in signal
transduction systems (46,47). Thus, several plasmalogen-hy-
drolyzing phospholipases A2 from different sources have been
described to be regulated by several agonists (48,49). How-
ever, our data do not allow elucidation of the molecular mech-
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TABLE 5
Distribution of Cerebellum Phospholipid Subclasses (nmol/mg total lipids) 
in Sedentary and Trained Rats, Effect of in Vitro ET-1 Treatmenta

Choline Ethanolamine phosphoglycerides

Group Treatment phosphoglycerides PtdEtn PlasEtn SPH

Sedentary Control 214 ± 30 471 ± 36 196 ± 57 20 ± 6
ET-1 186 ± 23 417 ± 99 133 ± 51 24 ± 7

Trained Control 294 ± 35 405 ± 79 218 ± 94 19 ± 5
ET-1 293 ± 15 386 ± 88 355 ± 148 22 ± 4

aData are presented as means ± SD (n = 8). See Tables 2 and 4 for abbreviations.

TABLE 6
Effects of Exercise Training on Cholesterol Level (nmol/mg total lipids) and Cholesterol/Total Phospholipid 
Molar Ratio of Cerebral Cortex and Cerebellum, Effect of in Vitro ET-1 Treatmenta

Cholesterol Cholesterol/total phospholipid

Group Treatment Cerebral cortex Cerebellum Cerebral cortex Cerebellum

Sedentary Control 522 ± 70 378 ± 90 0.27 ± 0.05 0.21 ± 0.04
ET-1 524 ± 60 252 ± 50b 0.29 ± 0.03 0.23 ± 0.03

Trained Control 515 ± 10 400 ± 90 0.23 ± 0.05 0.24 ± 0.04
ET-1 362 ± 60b 392 ± 40 0.18 ± 0.03 0.26 ± 0.02

aData are represented as means ± SD (n = 8).
bSignificant difference between control and ET-1 treated slices from the same group (P < 0.05). For abbreviation see Table 2.



anism(s) responsible for the increase of aortic PlasEtn levels
induced by both ET-1 treatment and exercise training. It is in-
teresting to point out that plasmalogens are uniquely suscepti-
ble to oxidation and have a protective role against oxidative
damage within cellular membranes (25). In this respect, it has
been suggested that an increase in the overall vinyl ether link-
age per acyl chain in lipid extracts from cerebrovascular
smooth muscle may represent a possible compensatory mech-
anism against lipid oxidation (50). On the contrary, aging is
associated with a decline in the PlasEtn content of aortas that
is more pronounced in atherogenic than in normal vessels (25).
Thus, the increasing effect of exercise training on aorta
PlasEtn levels observed in this work may account, at least in
part, for the well-known beneficial effects of exercise on the
cardiovascular system. In support of this idea, exercise has
been shown to attenuate the increase in blood pressure and to
reduce the lipid peroxidation in aorta of fructose-fed rats (51).

CH on its own can alter arterial smooth muscle, as indicated
by observations demonstrating a correlation between CH en-
richment and augmented membrane calcium permeability as
well as with vasoconstrictory activity (52). Furthermore, arter-
ial smooth muscle had increased CH levels and a high CH/total
PL ratio during atherogenesis (26). In addition, antioxidant
treatment has been reported to reduce the aorta CH concentra-
tion in hypercholesterolemic rabbits (53). In the present study,
we did not observe any differences in the aorta CH content due
to ET-1 treatment. However, a noticeable and expected reduc-
tion of CH levels induced by exercise training was found. This
is another finding consistent with the hypothesis that exercise
training reduces the risk of cardiovascular diseases.

The biosynthesis of complex glycosphingolipid, one of the
metabolic fates of ceramides, begins with the sequential
transfer of a glucose residue forming glucosylceramide fol-
lowed by the addition of galactose, resulting in the synthesis
of lactosylceramide. This latter step is particularly relevant in
vascular metabolism. Thus, lactosylceramide has been re-
ported to be more prevalent in atherosclerotic aorta and to in-
duce proliferation of aortic smooth muscle cells through su-
peroxide generation (27). Furthermore, oxidized LDL stimu-
late endogenous synthesis of lactosylceramide from
glucosylceramide (27). In addition, a coordinated regulation
of lactosylceramide and CH synthesis by LDL has been pos-
tulated (27). In this study we found that exercise evokes a no-
table increase in glucosylceramide levels, suggesting a devia-
tion of ceramides toward glucosylceramide formation (see
previous discussion) and/or a reduced lactosylceramide for-
mation. This and the CH lowering effect of exercise demon-
strated here constitute further evidence of the protective ef-
fect of exercise against vascular disease. The fact that ET-1
seems to evoke a slight increase in glucosylceramide levels
in the sedentary group, but not in the exercised animals, sup-
ports the notion that exercise training reduces sensitivity to
ET-1 action. This observation is probably related to the down-
regulation and/or altered expression of ET-1 receptors sec-
ondary to the increased endogenous generation of ET-1 as it
occurs during exercise (13). Accordingly, the contractile re-

sponse of coronary arteries to ET-1 is attenuated in trained
animals (54,55), a fact that has been hypothesized to be the
result of an altered coupling between ET-1 receptors and sec-
ond messenger (phosphatidic acid) production (54). 

It is interesting to note that in sedentary animals, in vitro
ET-1 treatment elicited a small increase of aortic basal levels
of glucosylceramide and a marked enhancement of those of
PlasEtn, suggesting that the peptide may function as a vaso-
protective agent. This potential beneficial action of ET-1
might be consistent with previous observations of vasodila-
tory responses to the peptide (11) and reinforces the view of
the complex regulation of the vascular function by ET-1. Nev-
ertheless, cautions must be taken when data obtained in vitro
are extrapolated to physiopathological states. First, since the
aorta ring is not in its normal biochemical environment, the
response to ET-1 observed in vitro might somehow differ
from that occurring in physiological conditions. In fact,
changes in the vascular sensitivity to ET-1 are known to occur
when experimental conditions are altered (56). Second, the
concentration of ET-1 used (10−7 M) is higher than the physi-
ological one (13); nevertheless, it is difficult to know the
exact amount of the peptide that reaches discrete aorta regions
since it is released in an autocrine/paracrine fashion.

Comparative analysis of the present and previous results
(5) shows that the response to ET-1 within the nervous sys-
tem is tissue-specifically altered with age. Thus, in sedentary
adult rats, ET-1 scarcely modified the levels of sphingolipids
in the cerebral cortex. In contrast, in cerebral cortex from
young animals, ET-1 increased both SPHase activity and cer-
amide monohexoside synthesis (5). In cerebellum, ET-1
evoked an increase in the level of ceramide in adult as well as
in young rats. In addition, the cerebellum response to ET-1
observed in trained animals was less noticeable than that ob-
served in the cerebellum of their sedentary counterparts. The
biochemical significance of this finding in the context of cere-
bellum physiology is not yet known.

As observed in aorta, exercise training induces an increase
in the net levels of ceramide monohexosides in the nervous
system. It has been reported that glucosylceramide synthesis
is a means through which neuroepithelioma cells attempt to
escape from apoptosis (57). Therefore, it is likely that the in-
creased content of these sphingolipids (probably glucosylcer-
amide) in the nervous system has a beneficial significance, as
it occurs in the vascular tissue (27). It is clear that ceramide
monohexoside levels are somehow involved in the response
to exercise training. 

Information exists concerning the endurance exercise-in-
duced actions on the brain. Exercise training increases brain
resistance to the damage and neurodegeneration that occurs
with age (23), reduces lipid peroxidation by increasing brain
antioxidant capacity (20), and enhances the velocity of the
fast axonal transport of proteins and the quantity transported
(58). As stated above, there is good evidence that PlasEtn are
effective as ubiquitous endogenous antioxidants (25). In ad-
dition, PlasEtn are known to decline in neuronal tissues of pa-
tients with Alzheimer’s disease and with age (25). In fact,

50 E. LATORRE ET AL.

Lipids, Vol. 37, no. 1 (2002)



when the basal levels of PlasEtn in young animals (4) are
compared with those presently observed in adult animals, a
decrease of about 30% in the net content of cerebral PlasEtn
with age is noted. On the other hand, the enhanced vulnera-
bility to oxidative stress associated with aging is, at least in
part, the result of higher levels of CH in brain tissue (59).
However, our results demonstrate that neither PlasEtn nor CH
levels from the nervous system underwent changes in re-
sponse to exercise training, which is in contrast with that ob-
served in aorta. Thus, the tissue specificity of the putative an-
tioxidant role of the PlasEtn and CH systems appears to
emerge from the present study. 

Two major conclusions emerge from the present work: 
(i) exercise training induces tissue-specific changes in the
lipid profile, the vascular tissue being much more sensitive
than the nervous system is, and (ii) the sensitivity to ET-1
treatment is lower in tissues from trained animals in compari-
son with their sedentary counterparts. These responses likely
result in a greater resistance to oxidative stress, and they may
be related to adaptive mechanisms to the previously reported
increase in the endogenous level of ET-1 induced by exercise
(13). It must be remembered that these changes represent a
response induced by an endurance exercise training that is
very prolonged for the mean life span of rats, and it is not
known whether the same effects would be produced by
shorter training programs. In any case, our data may help to
elucidate the molecular basis of the beneficial effects elicited
by physical exercise in both vascular and nervous systems.
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ABSTRACT: Cholesteryl-3β-phosphoserine (CPHS) is a synthetic
steroid affecting intracellular cholesterol transport. To compare
CPHS with the well-known inhibitors progesterone and
U18666A, we examined cholesterol transport in three human
cell lines: the monocytic U-937, the endothelial ECV-304, and
the lymphoid Jurkat. Under low density lipoprotein (LDL) loading,
CPHS inhibited cholesterol esterification in U-937 and ECV-304
cells but not in Jurkat cells. In contrast, CPHS inhibited the mobi-
lization of plasma membrane cholesterol induced by 25-hydroxy-
cholesterol, brefeldin A, or sphingomyelinase in all cell lines. In
cells pulse-labeled with [3H]cholesterol, CPHS decreased incorpo-
ration of cholesterol and inhibited its esterification. In prelabeled
cells, CPHS promoted cholesterol efflux and enhanced the cy-
clodextrin-mediated removal of plasma membrane cholesterol.
CPHS did not affect endogenous cholesterol synthesis nor acyl-
coenzyme A:cholesterol acyltransferase activity. These data sug-
gest that, unlike progesterone and U18666A, CPHS inhibits intra-
cellular cholesterol transport by specifically affecting the move-
ments of cholesterol in the plasma membrane. Owing to this
restricted site of action, CPHS may help to clarify the role of the
plasma membrane in cholesterol trafficking. For example, the lack
of an effect of CPHS on the esterification of LDL-derived choles-
terol in Jurkat cells suggests that most of the LDL-derived choles-
terol in these cells is directly delivered to the endoplasmic reticu-
lum without cycling through the plasma membrane.

Paper no. L8829 in Lipids 37, 53–59 (January 2002). 

In eukaryotic cells, cholesterol is required for the proper func-
tioning of plasma membranes. Together with the barrier func-
tion, cholesterol regulates the activity of membrane-bound
transporters, ion channels, signaling molecules, and transport
vesicles (1–3). To fulfill this function, a continuous flow of
cholesterol to the plasma membrane is provided by endoge-
nous synthesis and lipoprotein uptake. Back transport to the
endoplasmic reticulum followed by esterification and an effi-
cient system of efflux maintain cholesterol homeostasis. Cer-
tain steroids are known to influence intracellular cholesterol
trafficking. For example, the role of progesterone and 3β-[2-
(diethylamino)ethoxy]androst-5-en-17-one (U18666A) in the
accumulation of low density lipoprotein (LDL)-derived cho-

lesterol in late endosomes and lysosomes, thus reproducing
the phenotype of Niemann–Pick disease (4–6), has been well
characterized. In addition, these steroids inhibit endogenous
cholesterol synthesis (7,8). We have recently shown that a
synthetic cholesteryl ester, cholesteryl-3β-phosphoserine
(CPHS), inhibits the transport of plasma membrane choles-
terol to the endoplasmic reticulum in the Jurkat lymphoid cell
line  (9). This observation prompted the present study aimed
at establishing whether the mechanism of action of CPHS is
different from that of progesterone and U18666A. Unlike the
neutral progesterone and the basic U18666A, which may
cross the plasma membrane, CPHS is acidic owing to the
presence of a phosphoserine polar group, negatively charged
at physiological pH. As has been known for many years (10),
negatively charged amphiphiles may become arrested in the
plasma membrane as they are repelled by the negatively
charged lipids of the cytoplasmic leaflet. In agreement with
this, by following the binding of fluorescent annexin V to the
phosphoserine group of CPHS, we have shown that this
steroid accumulates in the plasma membrane without pene-
trating inside the cells (9). This might indicate that the site of
action of CPHS is different from that of progesterone and
U18666A. Such a result would be interesting because the
availability of inhibitors acting in different ways is of help in
clarifying complex biological sequences such as intracellular
cholesterol transport. A controversial aspect of cholesterol
trafficking is the proportion of LDL-derived cholesterol that
can be transported from lysosomes to the endoplasmic reticu-
lum without cycling through the plasma membrane. This pro-
portion might differ in the various populations of mammalian
cells. To test the applicability of CPHS in the investigation of
this question, we followed the intracellular cholesterol trans-
port in three cell lines—the lymphoid Jurkat, the monocytic
U-937, and the endothelial ECV-304. We selected these cells
because they were previously shown to be CPHS-sensitive
(9). In addition, they might be of interest as models of the cell
populations involved in the formation of atherosclerotic
plaque (11). Cholesterol transport was tested by the addition
of LDL to cells previously incubated in the absence of
lipoproteins to increase the expression of LDL receptor. The
plasma membrane → endoplasmic reticulum segment of this
transport  was examined in the absence of lipoproteins by the
addition of cholesterol in the incubation medium (12) or by the
use of agents known to mobilize plasma membrane cholesterol.
In agreement with our hypothesis, the data show that CPHS af-
fects intracellular cholesterol trafficking only when the trans-

Copyright © 2002 by AOCS Press 53 Lipids, Vol. 37, no. 1 (2002)

*To whom correspondence should be addressed at Department of Pharma-
cology and Anesthesiology, University of Padova, Largo E. Meneghetti 2,
35131 Padova, Italy. E-mail: alessandro.bruni@unipd.it
Abbreviations: 25-OH, 25-hydroxycholesterol; ACAT, acyl-coenzyme A:cho-
lesterol acyltransferase; BSA, bovine serum albumin; CPHS, cholesterylphos-
phoserine; cyclodextrin, hydroxypropyl-β-cyclodextrin; LDL, low density
lipoprotein; U18666A, 3β-[2-(diethylamino)ethoxy]androst-5-en-17-one.

Selective Effect of Cholesterylphosphoserine on
Intracellular Cholesterol Transport

F. Cusinato and A. Bruni*
Department of Pharmacology and Anesthesiology, University of Padova, 35131 Padova, Italy



port pathway involves the plasma membrane. In contrast, the
role of progesterone and U18666A extends to inhibition of
the intracellular steps of cholesterol synthesis and transport. 

MATERIALS AND METHODS

Reagents. The sodium salt of cholesteryl-3β-phospho-L-
serine (a generous gift of Dr. G. Kirschner, Fidia Research
Laboratories, Abano Terme, Padova, Italy) was dispersed at 1
mg/mL in 50% ethanol containing 5 mM Tris-HCl, pH 7.8,
and briefly warmed at 50°C to obtain a clear solution which
could be stored at 4°C for a week. The final CPHS concentra-
tion was verified by phosphorus determination. Progesterone
and 25-hydroxycholesterol were obtained from Sigma (St.
Louis, MO), and U18666A was obtained from Biomol (Ply-
mouth Meeting, PA). These steroids were dissolved in
ethanol. The influence of equivalent concentrations of ethanol
in our tests was routinely checked. Low-density lipoproteins
were prepared from human plasma, supplemented with 1 mM
EDTA, by preparative ultracentrifugation (d 1.019–1.063
g/mL). 25-Hydroxycholesteryl linoleate and squalene epox-
ides were prepared as described in References 13 and 14, re-
spectively. Hydroxypropyl-β-cyclodextrin (cyclodextrin) and
other chemicals of reagent grade were from Sigma.

Cell cultures. The human cell lines used in this study were
obtained from the Istituto Zooprofilattico Sperimentale della
Lombardia e dell’Emilia, Brescia, Italy. The T cell line Jurkat
and a strain of the monocytic cell line U-937 with a normal
cholesterol metabolism (15) were used as cell suspensions
maintained in RPMI 1640 medium. Adherent cultures of
ECV-304 endothelial cells were maintained in M199 medium
and applied as a monolayer in six-well plates. At confluence,
each well contained 400 ± 55 µg of cell proteins, correspond-
ing to 7 × 105 cells. All media were supplemented with 10%
(vol/vol) fetal calf serum (Poiesys; PAA Laboratories GmbH,
Linz, Austria), 2 mM L-glutamine, and antibiotics. To ex-
clude the possibility of CPHS-induced cytotoxicity, the re-
lease of accumulated [3H]adenine was measured (16). The
spontaneous release was not changed by 10 µM CPHS,
whereas it was increased up to 7% by 20 µM CPHS. As a cau-
tionary limit, 10 µM was selected as the maximal concentra-
tion to be used.

Esterification of LDL-derived cholesterol. To enhance
LDL internalization, the cells were previously incubated in
serum-free media supplemented with 5 mg/mL of bovine
serum albumin (BSA) and 10 µg/mL of transferrin. The
preincubation was 48 h with the Jurkat cells and 24 h with the
other cells. Jurkat and U-937 cells (5 × 106) were suspended
in 1 mL of RPMI 1640 medium. Confluent monolayers of
ECV-304 were incubated in 3 mL of M199. All cell cultures,
supplemented with 5 mg/mL of BSA, were incubated for 4 h
at 37°C in the presence of 25–50 µg of LDL proteins. The in-
hibitory steroids and 5 µCi of [3H]oleate (prepared at pH 7.4
in Tris buffer free of divalent cations but containing 1 mg/mL
of BSA) were then added, and the incubation was continued
for an additional 2–3 h. 25-Hydroxycholesterol (2.5 µM) was

added together with the [3H]oleate to the cultures of U-937
and ECV-304 cells. After the incubation, the cells were
washed, and the lipids extracted as detailed below.

Esterification of plasma membrane cholesterol. Jurkat and
U-937 cells (5 × 106) suspended in 1 mL of RPMI 1640
medium or confluent monolayers of ECV-304 cells in 3 mL
of M199 were incubated for 2–3 h at 37°C with 5 mg/mL of
BSA and 5 µCi of [3H]oleate. To mobilize the plasma mem-
brane cholesterol, cells were preincubated for 30 min with 5
µM brefeldin A or 0.12 U of sphingomyelinase from Bacillus
cereus. Alternatively, 2.5 µM of 25-hydroxycholesterol was
added together with the [3H]oleate. The transport of plasma
membrane cholesterol to the endoplasmic reticulum was
specifically tested by measuring the incorporation and the es-
terification of [3H]cholesterol in Jurkat and U-937 cells (12).
Cells (5 × 106) resuspended in 1 mL of RPMI 1640 medium
containing 1 mg/mL of BSA were incubated for 45 min at
37°C in the presence of 2 µCi of [3H]cholesterol added in 5
µL of ethanol. Lipids were extracted from washed cells and
resolved by thin-layer chromatography.

Extraction of plasma membrane cholesterol with cyclodex-
trin (17). Suspensions of Jurkat cells (5 × 106/mL of RPMI
1640 medium containing 1 mg/mL of BSA) were incubated
for 15 min at room temperature with 2 µCi/mL of [3H]cho-
lesterol added in ethanol (5 µL/mL). After centrifugation, the
cells were washed twice in RPMI/BSA and resuspended in
the same medium in aliquots of 5 × 106 cells/mL. One aliquot
was supplemented with cyclodextrin (2% wt/vol) and incu-
bated for 10 min at 37°C with continuous shaking. After cen-
trifugation, the radioactivity was measured in the supernatant
and in the sediment. The other aliquots were incubated at
37°C with or without 10 µM CPHS for the times indicated in
Figure 4. After centrifugation, the supernatants were saved
for the determination of CPHS-induced cholesterol efflux,
and the sediments were extracted with cyclodextrin as described
above. The cholesterol remaining in the final sediment after the
action of cyclodextrin was extracted with chloroform/methanol
to quantify the esterified fraction.

Lipid extraction. At the end of the above incubations, Jurkat
and U-937 cells were washed, resuspended in 0.1 mL of 0.15
M NaCl, and extracted with 20 vol of chloroform/methanol
(2:1, vol/vol). The lipid extract, washed twice with 0.2 vol of 0.1
M HCl, was taken to dryness and resolved with the appropriate
standards in a monodimensional thin-layer chromatography sys-
tem using petroleum ether/diethylether/acetic acid (90:10:1, by
vol). In cases in which 25-hydroxycholesterol had been added
to the cell cultures, the thin-layer plates were developed in
hexane/ethyl acetate (85:15, vol/vol) to resolve the choles-
teryl esters and the esters of 25-hydroxycholesterol (18). Lipid
spots were visualized with iodine, scraped, and quantified by
scintillation counting. The adherent ECV-304 cells were
washed and detached with isopropyl alcohol (19). After trans-
fer to glass tubes, an equal volume of petroleum ether was
added to the cell suspension. The lipid extract was filtered,
taken to dryness, and applied to the thin-layer chromato-
graphic plates.
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Synthesis of cholesterol. Cells were depleted of lipopro-
teins by incubation for 24 h in serum-free medium containing
5 mg/mL of BSA and 10 µg/mL of transferrin. The cells were
then incubated for 3 h at 37°C in serum-free medium contain-
ing 5 mg/mL of BSA and 10 µCi of [3H]acetate. After wash-
ing, the cells were collected in 0.5 mL of 0.1 M NaOH and
incubated for 30 min at 37°C. A 0.5-mL volume of 1 M KOH
in methanol was then added, and the samples were saponified
for 1 h at 55°C. The nonsaponifiable lipids were extracted
with petroleum ether and resolved by thin-layer chromatogra-
phy in hexane/ethyl acetate (85:15, vol/vol). Standards of cho-
lesterol, lanosterol, squalene, and squalene epoxides demon-
strated a clear separation of these components. Desmosterol,
a major final product of sterol metabolism in nonhepatic cells
(20), comigrated with cholesterol.

Subcellular acyl-coenzyme A:cholesterol acyltransferase
(ACAT) activity. Jurkat cells (5 × 107) were lysed by freezing
and thawing, homogenized, and centrifuged for 10 min at 800
× g in the cold. Aliquots of the supernatant (100 µg of pro-
tein) were mixed with 1 µCi of [3H]cholesterol dissolved in
ethanol (1% final concentration). After 20 min at 37°C, 24
µM of oleoyl-coenzyme A was added, and the incubation was
continued for an additional 45 min at 37°C (18). 

RESULTS

After a preincubation in a lipoprotein-free medium, Jurkat cells
became very active in the uptake of LDL-cholesterol, as re-
vealed by its esterification (Fig. 1A). The LDL-induced stimu-
lation of cholesterol esterification was detected in all experi-
ments, although to a variable extent (mean value of 21 ± 14

times the unstimulated value in 20 experiments). The in-
hibitory effect of CPHS was marginal and not significant
(20.7 ± 16% in 11 experiments). In contrast, the inhibition by
U18666A and progesterone was reproducible and significant
(mean values of 76.8 ± 8.8% and 65.4 ± 7.2%, respectively). 

Unlike the Jurkat cells, U-937 and ECV-304 cells showed
LDL-stimulated cholesterol esterification only upon the addi-
tion of 25-hydroxycholesterol, a sterol inducing the mobiliza-
tion of plasma membrane cholesterol (Fig. 1, B and C). As
suggested for macrophages (21), this may reflect the large
proportion of LDL-cholesterol transported to the plasma
membrane in these cells and the high capacity of their plasma
membranes to accommodate the newly transported choles-
terol. Under this condition, LDL caused a similar stimulation
of cholesterol esterification in U-937 and ECV-304 cells (a
mean of 2.9 ± 0.9 times the value obtained with 25-hydroxy-
cholesterol alone in eight experiments). The LDL-induced
stimulation was abolished by CPHS. Separate experiments
showed that progesterone and U18666A were similarly ac-
tive (data not shown).

The transport of cholesterol from the plasma membrane to
the endoplasmic reticulum in the absence of LDL was stud-
ied by the addition of reagents inducing the mobilization of
plasma membrane cholesterol. To this end, cells were prein-
cubated with brefeldin A, sphingomyelinase, or 25-hydroxy-
cholesterol. As shown in Figure 2 for U-937 cells, brefeldin
A and sphingomyelinase stimulated the esterification of
plasma membrane cholesterol severalfold, and their effect
was inhibited by both CPHS and progesterone. U18666A was
not tested in these experiments. The best results with 25-
hydroxycholesterol were obtained in Jurkat cells, in which
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FIG. 1. Esterification of low density lipoprotein (LDL)-derived cholesterol.
Suspensions of Jurkat (A) and of U-937 cells (B) or monolayers of ECV-304
cells (C) were incubated for 4 h at 37°C with 25–50 µg of LDL proteins. In-
hibitory steroids and 5 µCi of [3H]oleate were then added, and the incuba-
tion was continued for an additional 2–3 h. 25-Hydroxycholesterol (2.5
µM) was added together with the [3H]oleate in U-937 and ECV-304 cells.
1, Without LDL; 2, LDL; 3, LDL, 10 µM cholesteryl-3β-phosphoserine
(CPHS); 4, LDL, 2.5 µM U18666A; 5, LDL, 10 µM progesterone. Data are
means ± SEM from 11 (A) and six experiments (B,C) . *P < 0.01.
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FIG. 2. Esterification of plasma membrane cholesterol, mobilized by
brefeldin A or sphingomyelinase. U-937 cells were incubated for 30
min at 37°C with 5 µM brefeldin A (A) or 0.12 U/mL of bacterial sphin-
gomyelinase (B). Inhibitory steroids and 5 µCi of [3H]oleate were then
added, and the incubation was continued for an additional 2 h. 1, Cells
not treated with brefeldin A or sphingomyelinase; 2, treated cells; 3,
treated cells, 10 µM CPHS; 4, treated cells, 10 µM progesterone. Data
are means ± SEM from four or five experiments. *P < 0.05. See Figure 1
for abbreviation.

[3 H
]C

ho
le

st
er

yl
 e

st
er

s
(c

pm
/1

06
ce

lls
 ×

10
–3

)



the stimulation of cholesterol esterification and the esterifica-
tion of 25-hydroxycholesterol could be simultaneously tested,
in accord with previous observations on hepatoma cells (18).
CPHS and progesterone produced a significant inhibition of
cholesterol esterification (Fig. 3A) and 25-hydroxycholesterol
esterification (Fig. 3B), whereas U18666A was essentially
without effect under these conditions. To confirm the action
of CPHS on the esterification of plasma membrane choles-
terol, we examined the esterification of [3H]cholesterol,
added as an ethanolic solution to the incubation medium in
Jurkat and U-937 cells. In these experiments, the concentra-
tion of ethanol (5 µL/mL of RPMI 1640 medium) was criti-
cal to obtain reproducible results. After the incorporation, the
added cholesterol mixed with the plasma membrane pool of
cholesterol, and then it was delivered to the endoplasmic
reticulum for esterification (12). In Jurkat cells, CPHS caused
a dose-dependent inhibition of both cholesterol incorporation
and esterification (Table 1). CPHS also decreased the percent-
age of incorporated cholesterol delivered for esterification,
indicating a wide influence on the movements of plasma
membrane cholesterol. The action of CPHS was dose-depen-
dent with an IC50 (concentration at which 50% inhibition oc-
curs) at 3 µM. Progesterone and U18666A inhibited the es-
terification of cholesterol but did not affect its incorporation.
Similar results were obtained in U-937 cells. The inhibition
of cholesterol incorporation by CPHS suggested that this
steroid might also affect its efflux. To investigate this possi-
bility, we tested the passive cholesterol desorption from the
cells, a component of cholesterol efflux (22). Jurkat cells
were incubated overnight with [3H]cholesterol (0.2 µCi/106

cells) in RPMI 1640 medium containing 5 mg/mL of BSA
and 10 µg/mL of transferrin. After this treatment, the cells
showed 33,900 ± 7,600 cpm/106 cells in six experiments. La-
beled cells (5 × 106/mL) were then incubated for 15 min at
37°C in RPMI 1640 medium containing 1 mg/mL of BSA.
During this time, the passive desorption of cholesterol was
2.5 ± 0.6% of total cpm (mean ± SD, n = 6). The addition of
10 µM CPHS during the 15 min of incubation increased this
value to 4.4 ± 1% (P < 0.01), whereas 10 µM progesterone or
2.5 µM U18666A was without effect. 

To confirm the action of CPHS on the movements of plasma
membrane cholesterol, we examined the combined effect of
CPHS and cyclodextrin, a reagent that extracts cholesterol from
the plasma membrane but not from intracellular sites (23,24).
Owing to this property, cyclodextrin has become the agent of
choice when it is necessary to monitor the arrival of intracellular
cholesterol to the plasma membrane (17,25). Since cyclodextrin
is more effective in cells grown in suspension and incubated
with continuous shaking (23), our experiments were performed
in Jurkat cells, which also yielded the most reproducible results
when labeled cholesterol was added to the incubation medium.
In Jurkat cells prelabeled with [3H]cholesterol, cyclodextrin (2%
wt/vol) extracted 67.8 ± 3.1% (n = 5) of the incorporated cho-
lesterol in 10 min (Fig. 4A). CPHS did not alter the effect of cy-
clodextrin. When 30 min of incubation preceded the addition of
cyclodextrin, the fraction of extracted cholesterol decreased, in-
dicating cholesterol migration to sites not accessible to cy-
clodextrin. This decrease in cyclodextrin efficiency was highly
reproducible (P < 0.001) and completely prevented by CPHS.
CPHS did not change the labeled cholesterol pool remaining in
the cell pellet when the preincubation was not performed but in-
hibited the significant increase (P < 0.001) occurring after 30
min of preincubation. The same results were obtained when cells
were preincubated for 60 and 120 min before the addition of cy-
clodextrin (not shown in Fig. 4A). We obtained evidence of cho-
lesterol transfer to sites inaccessible to cyclodextrin by measur-
ing cholesterol esterification inside the cells. In these tests, we
found that esterified cholesterol became detectable after 30 min
of preincubation, increasing thereafter (Fig. 4B). As expected,
CPHS inhibited cholesterol esterification. During cell incuba-
tion at 37°C in the absence of cyclodextrin, the activating effect
of CPHS on cholesterol efflux was confirmed (Fig. 4C). The ac-
tion of CPHS was more manifest in the first 30 min, suggesting
an induced desorption of cholesterol located in the external layer
of the plasma membrane.

Next, we studied the action of inhibitory steroids on endoge-
nous cholesterol synthesis and on ACAT activity. As reported in
Figure 5 for U-937 cells, 3 h of incubation with [3H]acetate re-
sulted in the labeling of cholesterol plus desmosterol (22.3 ±
6.2% of total cpm, n = 9). CPHS and progesterone did not cause
significant effects, whereas U18666A inhibited endogenous
cholesterol synthesis by 81.1 ± 7.6% (Fig. 5C). Progesterone
caused the accumulation of lanosterol (Fig. 5B), reducing the
cholesterol/lanosterol ratio from 7.4 ± 4.2 to 2.5 ± 1.2 (inhibi-
tion of 64.6 ± 10.2%, P < 0.05). U18666A caused the accumu-
lation of squalene epoxides (Fig. 5A) and inhibited the label-

56 F. CUSINATO AND A. BRUNI

Lipids, Vol. 37, no. 1 (2002)

FIG. 3. Esterification of plasma membrane cholesterol activated by 25-
hydroxycholesterol (25-OH). Jurkat cells were incubated for 2 h at 37°C
in RPMI 1640 medium with 5 mg/mL of bovine serum albumin (BSA),
2.5 µM 25-OH, and 5 µCi of [3H]oleate. Esters of cholesterol (A) or of
25-OH (B) were extracted and resolved by thin-layer chromatography.
1, Without 25-OH; 2, 25-OH; 3, 25-OH, 10 µM CPHS; 4, 25-OH, 10
µM progesterone; 5, 25-OH, 2.5 µM U18666A. Data are means ± SEM
from five experiments. *P < 0.01. See Figure 1 for abbreviation.
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ing of lanosterol by 74 ± 19% (Fig. 5B). CPHS did not alter the
labeling of cholesterol precursors. Similar results were obtained
with ECV-304 cells. In Jurkat cells, after 3 h of incubation with
[3H]acetate, the label was mainly distributed in lanosterol (65.6
± 8.1%, n = 3). Cholesterol/desmosterol took up 4.2 ± 2% of the
label. Slow conversion of lanosterol to cholesterol was also ob-
served in human lymphocytes (26). A clear precursor–product
relationship between lanosterol and cholesterol in these cells
was reached after 6 h of incubation. The high extent of labeling
of lanosterol in Jurkat cells was inhibited by U18666A (inhibi-
tion of 91.2 ± 1% in three experiments, P < 0.01). CPHS and
progesterone were without effect.

ACAT activity was tested in homogenates of Jurkat cells
labeled with [3H]cholesterol. After 30 min of incubation of 1
µCi of [3H]cholesterol and 100 µg of protein with 25 µM
oleoyl-coenzyme A, 1.15 ± 0.23% of cpm was recovered in
cholesteryl esters (n = 5). The presence of 10 µM of CPHS,
10 µM progesterone, or 2.5 µM U18666A did not cause a sig-
nificant change in this value.

DISCUSSION

The results of this study show a clear difference between the
newly introduced CPHS and the well-known progesterone
and U18666A in the inhibition of intracellular cholesterol
transport. As demonstrated by several previous studies in
other cells, we confirmed with the lymphoid Jurkat, the
monocytic U-937, and the endothelial ECV-304 that proges-
terone and U18666A inhibit the two main routes of the intra-
cellular transport of LDL-derived cholesterol, namely, the di-
rect route from lysosomes to the endoplasmic reticulum and
the indirect route in which cholesterol is first transported from
lysosomes to the plasma membrane and then from this site to
the endoplasmic reticulum (4,5,19,27). Other effects of prog-
esterone and U18666A confirmed in the present study include
their inhibition of endogenous cholesterol synthesis. Proges-
terone influences the terminal steps of cholesterol synthesis,
causing accumulation of lanosterol (7), whereas U18666A in-
hibits 2,3-oxidosqualene cyclase with subsequent accumula-
tion of oxidized products of squalene and inhibition of lanos-
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TABLE 1
Cholesterol Incorporation and Esterification in Jurkat Cellsa

cpm/106 cells × 10–3 CE × 100

Added steroid CE FC CE + FC

None 1.08 ± 0.10 56.1 ± 5.8 1.89 ± 0.05
2.5 µM CPHSb 0.63 ± 0.11 (40 ± 9%)c 44.9 ± 2.0 (15 ± 8%) 1.37 ± 0.21 (28 ± 6%)c

5 µM CPHS 0.41 ± 0.05 (59 ± 7%)d 37.8 ± 3.2 (27 ± 10%)c 1.05 ± 0.10 (45 ± 4%)d

10 µM CPHS 0.31 ± 0.04 (69 ± 6%)d 32.2 ± 3.2 (39 ± 10%)d 0.94 ± 0.06 (50 ± 2%)d

10 µM Progesterone 0.48 ± 0.06 (52 ± 9%)d 48.4 ± 2.8 (18 ± 10%) 0.96 ± 0.07 (49 ± 3%)d

2.5 µM U18666A 0.55 ± 0.09 (46 ± 10%)d 52.0 ± 3.9 (14 ± 8%) 1.03 ± 0.12 (46 ± 5%)d

aJurkat cells (5 × 106) were incubated for 45 min at 37°C in 1 mL of RPM 1640 medium containing 1 mg of bovine serum
albumin, 2 µCi of [3H]cholesterol (added in 5 µL of ethanol), and the added steroid indicated. After lipid extraction, choles-
teryl esters (CE) and free cholesterol (FC) were separated by thin-layer chromatography. Data are means ± SEM from 4–5
experiments (percent inhibition in parenthesis).
bCPHS, cholesteryl-3β-phosphoserine.
cP < 0.05.
dP < 0.01.

FIG. 4. Synergism between CPHS and cyclodextrin (CD). Aliquots of 5 × 106 Jurkat cells prelabeled with [3H]cholesterol (580 ± 110 cpm × 10–3)
were either extracted with 2% CD in the presence or absence of 10 µM CPHS or preincubated at 37°C with or without CPHS before the extraction
with CD. (A) Distribution of label in supernatants (1,2) and pellets (3,4) after the extraction with CD. 1 and 3, Without preincubation; 2 and 4,
after 30 min of preincubation. The shaded bars indicate the addition of CPHS. (B) Percentage of label found in the cholesteryl ester fraction of lipid
extract in cells preincubated and treated with CD. (●●), Preincubation without CPHS; (●), preincubation with CPHS. (C) Percent of the incorpo-
rated cholesterol released by the cells during the preincubation in the absence (●●) or in the presence of CPHS (●). Data are means ± SEM from
five experiments. *P < 0.01. See Figure 1 for abbreviation.
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terol and cholesterol synthesis (8). In addition, we found that
U18666A does not influence the mobilization of plasma
membrane cholesterol promoted by 25-hydroxycholesterol
nor does it inhibit the esterification of this oxysterol. The best
model to detect the U18666A-induced inhibition of the
plasma membrane → endoplasmic reticulum segment of cho-
lesterol transport has been the esterification of [3H]choles-
terol added to the incubation medium. These results are con-
sistent with a minor influence of this steroid on the transport
of cholesterol from the plasma membrane to the endoplasmic
reticulum (19,28).

In comparison to progesterone and U18666A, CPHS
shows a restricted area of influence. This steroid does not af-
fect endogenous cholesterol synthesis nor ACAT activity. In
addition, it shows little activity on the transport of LDL-
derived cholesterol to the intracellular sites of esterification
in Jurkat cells. The inhibitory activity of CPHS became ap-
parent when we tested the esterification of LDL-derived cho-
lesterol in U-937 and ECV-304 cells or when we specifically
monitored the plasma membrane → endoplasmic reticulum
segment of cholesterol transport. The inhibition of this route
has been observed in all cell lines, using several models of
cholesterol transport, including the esterification of labeled
cholesterol added to the incubation medium, the stimulation
of cholesterol esterification by brefeldin A or sphingomyelinase
in cells depleted of lipoproteins, and the 25-hydroxycholesterol-
induced mobilization of plasma membrane cholesterol. Taken
together, these data suggest that the plasma membrane → en-
doplasmic reticulum segment of cholesterol transport is the
main site of CPHS action and that this pathway is not obliga-

tory during the esterification of LDL cholesterol in Jurkat
cells. In an attempt to clarify whether the CPHS-sensitive site
is in the plasma membrane itself or in the postmembrane
steps, we examined the action of CPHS on the movements of
plasma membrane cholesterol. A first effect of CPHS ob-
served in cells pulse-labeled with [3H]cholesterol is the inhi-
bition of cholesterol incorporation into the plasma membrane.
In addition, CPHS activates cholesterol efflux in prelabeled
cells. This action of CPHS is rapid and more manifest in the
first minutes of cell incubation with the steroid. The simplest
explanation of these effects is that CPHS, inserting into the
plasma membrane, displaces the cholesterol contained in the
exofacial leaflet of the membrane bilayer, favoring its desorp-
tion. In the external leaflet of the plasma membrane, choles-
terol preferentially associates with the sphingolipids, forming
the microdomains known as lipid rafts (29). In accord with a
CPHS–lipid rafts interaction, our previous data demonstrate
that this steroid associates with sphingomyelin and choles-
terol, forming a detergent-insoluble complex (9). Alterna-
tively or in addition, the phosphoserine group of CPHS acti-
vates the ABCA1 permease (30), thus promoting cholesterol
efflux. This possibility is supported by confocal microscopy
images obtained with fluorescent annexin V in Jurkat cells
showing that CPHS distributes in the external cell surface,
exposing its phosphoserine group to the extracellular medium
(9). Additional support for the hypothesis that CPHS acts on
the plasma membrane has been obtained by examining its
combined effect with cyclodextrin, a cholesterol-depleting
agent also acting in the plasma membrane (23,24). Confirm-
ing previous data on suspensions of mouse fibroblasts (23),
we found that in Jurkat cells the addition of 2% cyclodextrin
depletes 67.8 ± 3.1% of cell cholesterol in 10 min. This high
efficiency decreases after a brief preincubation of labeled
cells at 37°C, indicating a rapid migration of cholesterol to
sites inaccessible to cyclodextrin, and cholesterol esterifica-
tion begins to be detected. The addition of CPHS inhibits cho-
lesterol migration, thus improving the extraction by cyclodex-
trin and decreasing the amount of cholesterol remaining in the
cells. 

Owing to its selective effect on plasma membranes, CPHS
may become a useful reagent for the study of the involvement
of the plasma membrane in cholesterol transport in different
mammalian cells. For example, we interpret the ineffective-
ness of CPHS in inhibiting the esterification of LDL-derived
cholesterol in Jurkat cells as indicating that in these cells most
of the LDL-derived cholesterol is directly delivered to the en-
doplasmic reticulum, without cycling through the plasma
membrane. In contrast, in U-937 and ECV-304 cells, a large
proportion of LDL-derived cholesterol follows the CPHS-
sensitive pathway. In accord with this, the high capacity of
these cells to store LDL-derived cholesterol in the plasma
membrane is indicated by the observation that the addition of
25-hydroxycholesterol is required to initiate the transfer of
cholesterol to the sites of esterification in the endoplasmic
reticulum. In contrast, the oxysterol is not required in Jurkat
cells. Variations in cholesterol synthesis, transport, and efflux
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FIG. 5. Inhibition of the endogenous synthesis of cholesterol. Lipoprotein-
depleted U-937 cells (5 × 106) were incubated for 3 h at 37°C in 1 mL of
RPMI 1640 medium containing 5 mg of BSA, 10 µCi of [3H]acetate, and
the inhibitory steroids. Nonsaponifiable lipids were extracted and resolved
by thin-layer chromatography. A, Squalene epoxides; B, lanosterol; C, cho-
lesterol plus desmosterol. 1, Untreated sample; 2, 10 µM CPHS; 3, 10 µM
progesterone; 4, 2.5 µM of U18666A. Data are means ± SEM from six ex-
periments. *P < 0.01. See Figures 1 and 3 for abbreviations.
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in mammalian cells are known (2). The application of in-
hibitors with a defined mechanism of action may prove to be
invaluable in clarifying these differences. 
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ABSTRACT: The fatty acid-binding proteins are hypothesized
to be involved in cellular fatty acid transport and trafficking. We
established CaCo-2 cells stably transfected with intestinal fatty
acid-binding protein (I-FABP) and examined how the expres-
sion of this protein may influence fatty acid metabolism. I-FABP
expression was detectable in I-FABP-transfected cells, whereas
parent CaCo-2 cells as well as mock-transfected cells failed to
express detectable levels of I-FABP mRNA or protein at any
stage of differentiation. For studies of lipid metabolism, cells
were incubated with [14C]oleic acid in taurocholate micelles
containing monoolein, and distribution of labeled fatty acid in
cellular and secreted lipids was examined. In one transfected
cell clone, expressing the highest level of I-FABP, labeled cellu-
lar triacylglycerol increased approximately twofold as com-
pared to control cells. The level of intracellular triacylglycerol
in two other I-FABP-transfected clones resembled that of con-
trol cells. However, secretion of triacylglycerol was markedly
reduced in all the I-FABP-expressing cell lines. Our data sug-
gest that increased expression of I-FABP leads to reduced tria-
cylglycerol secretion in intestinal cells.

Paper no. L8852 in Lipids 37, 61–68 (January 2002). 

Fatty acid-binding proteins (FABP) are small (14–15 kDa)
cytosolic proteins especially abundant in tissues with active
fatty acid metabolism (1–3). A role for intracellular FABP in
fatty acid transport has been hypothesized for several
decades, and several studies have supported this proposed
function (4). The small intestine contains two different types
of FABP: intestinal fatty acid-binding protein (I-FABP) (5),
exclusively expressed in intestinal epithelium (6,7), and liver
fatty acid-binding protein (L-FABP) (5), which is present in
the liver and the intestine (8,9). It has been postulated that I-
FABP, which is highly expressed in the tips of small intestine
villi (2), targets the delivery of fatty acids from the brush-bor-
der membrane to specific sites of lipid metabolism, whereas
L-FABP is important for the basic cellular economy of fatty

acids (10,11). The hypothesis that the two FABP in the intes-
tine have different roles in fatty acid uptake and metabolism
is supported by recent studies on lipid metabolism in mouse
L-cell fibroblasts. Transfected L-cells expressing L-FABP in-
creased fatty acid uptake and incorporated more fatty acids
into phospholipids, whereas fibroblasts transfected to express
I-FABP did not affect fatty acid uptake, but preferentially
stimulated fatty acid incorporation into triacylglycerol as
compared to control cells (11–13). 

The human cell line CaCo-2 is generally considered a suit-
able model for enterocyte differentiation and growth regula-
tion (14) and has been extensively used as an in vitro model
for the investigation of intestinal lipoprotein metabolism [re-
viewed in (15–17)]. These cells have previously been re-
ported to express only L-FABP (7,18–21), but the presence
of endogenous I-FABP has recently been described (22–24).
Furthermore, different patterns of expression and regulation
have been reported for I-FABP and L-FABP in these cells
(24). 

Previously, cell lines transfected with I-FABP cDNA and
cells that endogenously express I-FABP have provided in-
sight on intracellular functions of I-FABP (11,13,21,25–30).
With only a few exceptions (21,29), these studies have not ex-
amined the effect of I-FABP on secretion of lipids from an in-
tact cell system. The aim of the present study was to examine
synthesis and secretion of triacylglycerol in CaCo-2 cells sta-
bly transfected to express I-FABP. 

MATERIALS AND METHODS

Materials. [1-14C]oleic acid (58 Ci/mol) and [3-32P]dCTP
were obtained from Du Pont, NEN® Research Products
(Boston, MA). Bovine serum albumin (BSA) (essentially
fatty acid free), oleic acid, 2-monooleoylglycerol, and sodium
taurocholate were purchased from Sigma (St. Louis, MO).
Silica gel F 1500 thin-layer chromatography (TLC) plates
were purchased from Schleicher and Schuell (Dassel, Ger-
many). The recombinant plasmids pJG19 and pJG418 con-
taining cDNA encoding rat I-FABP (6) and rat L-FABP (8),
respectively, were generously provided by Dr. J.I. Gordon,
Washington University (St. Louis, MO). 

Cell culture. CaCo-2 cells obtained from American Type
Culture Collection (Manassas, VA) (passage 18) were grown in
Dulbecco’s modified Eagle’s (DME) medium (4.5 g/L glucose
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and 3.7 g/L sodium bicarbonate) (Bio-Whittaker, Walkersville,
MD) supplemented with 20% fetal calf serum (GIBCO BRL,
Paisley, United Kingdom), insulin (10 µg/mL) (Sigma), L-glut-
amine (2 mM), penicillin (50 IU/mL), streptomycin (50
µg/mL), and 1% nonessential amino acids (Bio-Whittaker) and
maintained as previously described (31). 

For experiments, cells were plated at 2 × 105 cells/cm2 on the
apical side of 24.5-mm diameter collagen-treated cell culture fil-
ter inserts with 3.0 µm pore size (Transwell™-COL, Costar,
Cambridge, MA) and grown to 14 d postconfluence (31). 

Plasmid construction. The recombinant plasmid pJG19 con-
taining a 564 bp cDNA encoding rat I-FABP (6) was digested
with DraI and used as template in a polymerase chain reaction
(PCR) amplification. The PCR was performed in a 50-µL reac-
tion solution containing PCR buffer (50 mM KCl, 10 mM Tris-
HCl pH 8.4, 1.5 mM MgCl2, and 0.001% gelatin), 25 pmol of
the upstream primer 5′-CCG AAT TCA CAG CTG ACA TCA
TGG CAT-3′, 25 pmol of the downstream primer 5′-CCT CTA
GAT CTG ACA AGG CTT GGA AGC A-3′, 200 µM de-
oxynucleoside triphosphate (dNTP) and 1 U Taq polymerase
(AmpliTaq; PerkinElmer Cetus, Norwalk, CT). The DNA was
denaturated at 94°C for 3 min, and the PCR mixture was sub-
jected to 35 cycles of PCR; each cycle consisted of 1 min at 94,
55, and 72°C. The PCR product was subcloned into the plasmid
vector pCR™II by means of the Original TA Cloning® Kit (In-
vitrogen, San Diego, CA) allowing direct insertion of a PCR
product. The cDNA encoding the rat I-FABP was thereafter ex-
cised using EcoRI (RE site in the upper primer) and XbaI (RE
site in the lower primer) and subcloned into the mammalian ex-
pression vector pcDNA3 (Invitrogen). Restriction enzyme
analysis and DNA sequencing were used to confirm a proper in-
sertion of the cDNA insert. 

Transfection and clone selection. The DNA-calcium phos-
phate co-precipitation method (32) was used for production
of stably transfected cell lines. CaCo-2 cells were plated at
3.8 × 105 cells/100-mm dishes 24 h prior to transfection with
20 µg DNA. Cells and DNA were coincubated for 14 h at
37°C in 5% CO2. After a 10% dimethylsulfoxide shock, cul-
tures were incubated in fresh medium for 72 h before the cells
were split 1:2 and 1:4 into G418 (Geneticin®) supplemented
media (0.8 mg/mL active drug) (GIBCO BRL). Medium was
changed two to three times/week. From 31 d postplating, in-
dependent G418-resistant cell colonies were isolated with
cloning cylinders, detached with trypsin-EDTA, and trans-
ferred to 96-well tissue culture plates. The cloned cell lines
were expanded and maintained in media containing G418
(0.4 mg/mL active drug). 

Several independent stably transfected cell lines express-
ing I-FABP were established. Mock-transfected cells, desig-
nated CaCo-2 neo, were cloned following transfection with
pcDNA3 without a cDNA insert. This cell line was used as a
control for the I-FABP-transfected cells to control for possi-
ble effects of G418 sulfate on the cells. The wild-type
parental cell line, CaCo-2, was also included for comparison. 

mRNA isolation and Northern blot analysis. For mRNA
analysis in undifferentiated cells, the cells were grown in plastic

tissue culture flasks and harvested at confluence. For mature
monolayers, cells were plated on polycarbonate filter mem-
branes (Transwell™; Costar) and grown to 14 d postconfluence.
Poly(A)+ mRNA was isolated from cells using the Dynabeads
mRNA Direct kit (Dynal®; Oslo, Norway). Approximately 2
µg mRNA was separated on 1% agarose gel containing 6.7%
formaldehyde and transferred to nylon membrane (Hybond-N;
Amersham, Buckinghamshire, United Kingdom). I-FABP and
L-FABP cDNA probes were recovered from digestion of pJG19
(6) and pJG418 (8), respectively. The probes for I-FABP, L-
FABP, and human β-actin (Clontech, Palo Alto, CA, USA) were
labeled with [32P]dCTP by random priming according to Sam-
brook et al. (33). Membranes were prehybridized, hybridized,
and washed at 65°C as described by Church and Gilbert (34).
Finally, the signals were analyzed by imaging using a Phospho-
imager II (Molecular Dynamics, Sunnyvale, CA) and calibrated
against β-actin as an internal standard using the software Im-
ageQuaNT (Molecular Dynamics). Before rehybridization, the
membranes were stripped in 0.1% sodium dodecyl sulfate
(SDS) at 95°C. The size of the mRNA was determined with ref-
erence to an RNA molecular weight marker (GIBCO BRL) that
was cut off the nylon membrane before hybridization and
stained with methylene blue.

Western blot analysis. Cells grown to 14 d postconfluence
on polycarbonate filter membranes (Transwell™, Costar)
were harvested by scraping into phosphate-buffered saline
(PBS), and the pelleted cells were resuspended in lysis buffer
[NaCl (0.1 M), Tris-HCl (20 mM, pH 7.4), ethylenediamine
tetracetic acid (10 mM), Triton X-100 (1%), aprotinin (10
µg/mL), and phenylmethylsulfonyl fluoride (1 mM)] for 30
min at 4°C. Lysed cells were centrifuged (12,000 × g, 10 min)
and the supernatants were collected. Total protein was mea-
sured using BSA as standard (35). Protein lysates (100 µg)
were separated on 14% precast gels (Novex, San Diego, CA)
by SDS-polyacrylamide gel electrophoresis (36) and trans-
ferred to PVDF membranes (NEN® Research Products) by
electroblotting. Blots were probed with rabbit anti-rat I-FABP
antisera and rabbit anti-rat L-FABP antisera (generously pro-
vided by Dr. J.I. Gordon), which cross-react with human I-
FABP and human L-FABP, respectively (19). Antigen-antibody
complexes were detected by the use of the VECTASTAIN®

ABC system according to the manufacturer’s instructions (Vec-
tor Laboratories, Burlingame, CA). Blots were developed by
tetramethylbenzidine substrate for horseradish peroxidase. To
determine the amounts of I-FABP in the various cell lysates,
the filters were scanned with a laser densitometer (Molecular
Dynamics). Purified recombinant rat I-FABP (Molecular
Probes Europe BV, Leiden, The Netherlands) was used as a
standard to estimate I-FABP protein concentrations. 

Measurement of cell-associated and secreted lipids. Api-
cal and basolateral media were removed and the cells were
rinsed once with serum-free DME medium; unattached and
damaged cells were thereby washed off. Cell monolayers
were incubated in serum-free DME medium containing [1-
14C]oleic acid (1 µCi/mL, 0.6 mM) and 2-monooleoylglyc-
erol (0.3 mM) in taurocholate micelles (12 mM sodium tau-
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rocholate) prepared as previously described (37). The mi-
celles were added to the upper chamber of the cell culture sys-
tem, whereas the lower chamber contained serum-free DME
medium only. After incubation, the media were collected
from the apical and basolateral compartments of the tissue
culture inserts, and the cells were scraped off the filter mem-
branes into PBS. Samples were taken for protein determina-
tion, using BSA as a reference protein (35). 

The homogenized cell fraction was mixed with 20 vol of
chloroform/methanol (2:1, vol/vol) (38). Four volumes of a
0.9% sodium chloride solution of pH 2 were added, and the mix-
ture was allowed to separate into two phases. The organic phase
was dried under a stream of nitrogen at 40°C. The residual lipid
extract was redissolved in 200 µL hexane and separated by TLC,
using hexane/diethyl ether/acetic acid (80:20:1, by vol) as de-
veloping solvent. The various lipid bands were visualized by io-
dine vapor and cut into 8 mL liquid scintillation fluid (InstaGel
II Plus, Packard Instrument, Downers Grove, IL); and the ra-
dioactivity was then quantified using a liquid scintillation
counter (TRI-CARB 1900 TR, Packard Instrument). 

Samples of basolateral media, devoid of cellular debris,
were added to 4 vol of chloroform/methanol (2:1, vol/vol) and
2% serum as unlabeled carrier for the lipids. The water phase
was reextracted once with 4 vol of chloroform/methanol (2:1,
vol/vol), and the combined organic phases were further
treated in the same way as for the cells. 

Statistical analysis. All values are reported as mean ± stan-
dard error of the mean. Comparison of different treatments was
evaluated by analysis of variance (ANOVA) (StatView® 5.0,
SAS Institute, Cary, NC). The analysis of variance results were
post-hoc tested by Fisher’s protected least significant difference.
Statistical significance was defined as P < 0.05. 

RESULTS

I-FABP and L-FABP expression. Transfection of CaCo-2 cells
resulted in several stably transfected cell lines expressing I-
FABP (Fig. 1). Northern and Western blot analyses of differenti-
ated cells did not show detectable levels of I-FABP mRNA or
protein in parent CaCo-2 cells or mock-transfected cells (CaCo-
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FIG. 1. Expression of intestinal fatty acid-binding protein (I-FABP) and liver fatty acid-binding protein (L-FABP)
mRNA in differentiated CaCo-2 cells. Poly(A)+ mRNA was isolated from transfected and nontransfected cells, and
Northern blot analyses were performed with cDNA probes for I-FABP and L-FABP. (A) Lane 1, CaCo-2; lane 2,
CaCo-2 neo; lanes 3–9, different clones of I-FABP transfected cells (IIB2, IIA6, IA12, IA11, IA10, IA6, IA3). The ex-
pression levels were related to β-actin in each sample and the relative mRNA levels are shown in (B). 



2 neo) (Figs. 1 and 2). The expression of L-FABP was already
present in undifferentiated cells (data not shown), and the ex-
pression increased with differentiation, as reported earlier by
several investigators (18–21,24). For the wild-type parental cell
line, the relative amounts of L-FABP mRNA in 14 d postconflu-
ent monolayers were 10 times those in undifferentiated cultures
(data not shown). However, I-FABP-expressing cells showed
lower levels of L-FABP mRNA than control cells (Fig. 1).

[14C]Oleic acid esterification and distribution. As shown
in Figure 1, the different transfected clones expressed various
levels of I-FABP mRNA. The effect of I-FABP on oleic acid
metabolism was examined in three clones expressing differ-
ent levels of I-FABP, namely, IA3, IA6, and IA12 (Fig. 3). 

To study fatty acid incorporation, esterification, and secre-
tion, cell lines were incubated up to 24 h with taurocholate
micelles containing [14C]oleic acid (0.6 mM) and 2-mono-
acylglycerol (0.3 mM). Incorporation of labeled oleic acid
into cellular triacylglycerol was significantly increased in
clone IA6 as compared to the other cell lines examined (Fig.
3A). After 5 h incubation, this clone incorporated 57 ± 3% of
[14C]oleic acid into triacylglycerol, whereas nontransfected
cells and mock-transfected cells incorporated 44 ± 4 and 39 ±
4%, respectively (P < 0.05). However, the other I-FABP-ex-
pressing cell lines did not show increased incorporation into
triacylglycerol (Fig. 3A). On the other hand, secretion of la-
beled triacylglycerol was markedly reduced in all I-FABP
transfectants when compared to control cells (Fig. 3B). 

The clone expressing the highest level of I-FABP, clone
IA6, was studied in more detail (Table 1). Incorporation of la-
beled fatty acid into cellular triacylglycerol as well as total
incorporation into cellular lipids was increased in this clone
when compared to parent CaCo-2 cells (Table 1). However,
total incorporation was not significantly different between
clone IA6 and mock-transfected cells. The increased incorpo-
ration into triacylglycerol, without affecting cellular phospho-
lipids, resulted in a twofold higher triacylglycerol/phospho-
lipid ratio for I-FABP-expressing cells (Table 1). The levels
of free [14C]oleic acid as well as the incorporation into dia-
cylglyerol were similar in all cell lines, whereas the incorpo-
ration into cholesteryl esters was reduced both in I-FABP-ex-
pressing and mock-transfected cells (Table 1). However, the
proportion of [14C]oleic acid in cholesteryl esters was less
than 1% of the total incorporation into cellular lipids. 

Time course experiments showed that the observed differ-
ences in cell-associated and secreted triacylglycerol between
the clone IA6 and control cells were evident also after 24 h of
incubation (Fig. 4). 
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FIG. 2. Detection of I-FABP and L-FABP protein in differentiated CaCo-2 cells. Western blot analyses of protein
lysates (100 µg) from transfected and nontransfected cells were performed using antiserum raised against rat 
I-FABP and rat L-FABP. Lane 1, 0.3 µg purified rat I-FABP; lane 2, CaCo-2; lane 3, CaCo-2 neo; lane 4, clone IA6.
Quantification of the I-FABP band revealed that the band from clone IA6 corresponded to approximately 0.5 µg/mg
protein. For abbreviations see Figure 1. 

FIG. 3. Incorporation of [14C]oleic acid into cell-associated (A) and se-
creted (B) triacylglycerol. Cell monolayers were incubated with
[14C]oleic acid (0.6 mM) and 2-monoolein (0.3 mM) for 5 h. Incorpora-
tion of [14C]oleic acid into cell-associated and secreted triacylglycerol
was measured as described in the Materials and Methods section. Data,
given as nmol/mg cell protein, represent mean ± standard error of the
mean of 6–14 filters from 2–5 independent experiments. *Significantly
different from all other cell lines. **Significantly different from controls
(P < 0.0001). 



DISCUSSION

In the present study, we established CaCo-2 cells stably trans-
fected with I-FABP, and examined how the expression of this
protein may influence fatty acid metabolism in intestinal
cells. Our main finding was that triacylglycerol secretion was
inhibited in I-FABP-transfected cells independent of the level
of I-FABP expression. 

Differentiated as well as undifferentiated CaCo-2 cells fail
to express I-FABP when grown on plastic supports (7,20,23).
However, differentiated cells grown on filter inserts have re-
cently been shown to express I-FABP endogenously (22–24),
suggesting that I-FABP expression in CaCo-2 cells may de-
pend on culture conditions as well as maturation. Darimont et
al. (24) reported that when collagen was present during cell
differentiation on filter inserts, the expression of endogenous
I-FABP, but not L-FABP, was strongly reduced. In the present
study, cells for Northern and Western blot hybridization stud-
ies were differentiated on uncoated polycarbonate filters,
which are not known to inhibit I-FABP expression (24). Nev-
ertheless, parent CaCo-2 cells as well as mock-transfected
cells did not show detectable levels of I-FABP mRNA or pro-
tein (Figs. 1 and 2). Also in previous studies, I-FABP protein
expression was not detectable in pre- or postconfluent cells
grown on filter inserts (18,19,21). The use of different anti-
bodies as well as various culture conditions may account for

the discrepancies observed between these studies and the re-
cent demonstrations of endogenous I-FABP expression in
these cells (22–24). 

Previously, cell lines transfected with I-FABP cDNA and
cells that endogenously express I-FABP have provided in-
sight on intracellular functions of I-FABP (11,13,21,25–30).
Only a few of these studies were performed with cells of in-
testinal origin (21,28,29). In our present study, fatty acid me-
tabolism was examined using CaCo-2 human intestinal cells
stably transfected with I-FABP. We found that incorporation
of [14C]oleic acid into cellular triacylglycerol was signifi-
cantly increased in clone IA6, expressing the highest level of
I-FABP (Table 1, Figs. 3A, 4A). However, other I-FABP
transfected cell lines with lower levels of I-FABP did not
show increased incorporation into cellular triacylglycerol
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FIG. 4. Time course for incorporation of [14C]oleic acid into cell-asso-
ciated (A) and secreted (B) triacylglycerol. Cell monolayers were incu-
bated with [14C]oleic acid (0.6 mM) and 2-monoolein (0.3 mM) for 2,
5, and 24 h. Incorporation of [14C]oleic acid into cell-associated and
secreted triacylglycerol was measured as described in the Materials and
Methods section. Data represent mean ± standard error of the mean
from several independent experiments. *Significant difference as com-
pared to the other two cell lines. 

TABLE 1 
Metabolism of [14C]Oleic Acid in Nontransfected and Transfected
CaCo-2 Cellsa

Incorporation of [14C]oleic acid
(nmol/mg cell protein)

CaCo-2 Clone
CaCo-2 neo IA6

Triacylglycerol
Cell-associated 216 ± 28 248 ± 44 384 ± 49b,c

Secreted 27 ± 5 29 ± 4 7 ± 1b,c

Phospholipids
Cell-associated 111 ± 6 124 ± 5 110 ± 8
Secreted 1.4 ± 0.3 2.8 ± 1.0 1.0 ± 0.2c

Diacylglycerol
Cell-associated 34 ± 4 53 ± 6 51 ± 7

Free fatty acids
Cell-associated 129 ± 19 169 ± 11 121 ± 19

Cholesteryl esters
Cell-associated 3.9 ± 0.3 2.5 ± 0.3 3.4 ± 0.5

Total cellular incorporation 494 ± 43 597 ± 61 669 ± 69b

TG/PL ratio, cellular lipids 2.1 ± 0.3 2.0 ± 0.3 3.6 ± 0.4b,c

TG/PL ratio, secreted lipids 19 ± 1 16 ± 3 10 ± 3b

TG secretion (% of 11 ± 2 13 ± 3 2 ± 1b,c

synthesized) 
aCell monolayers were incubated with [14C]oleic acid (0.6 mM) and 2-
monoolein (0.3 mM) for 5 h. Cells were harvested and lipids were extracted
and separated by thin-layer chromatography as described in the Materials
and Methods section. Incorporation of [14C]oleic acid into cellular and se-
creted lipids was measured. Data represent mean ± standard error of the
mean of 7–14 filters from 3–5 independent experiments. Abbreviations: TG,
triacylglycerols; PL, phospholipids.
bSignificantly different from CaCo-2. 
cSignificantly different from CaCo-2 neo.



(Fig. 3A). The reason for the lack of dose dependence be-
tween I-FABP level and cellular triacylglycerol is not known.
Because several proteins are involved in cytosolic binding of
fatty acids, binding to I-FABP will account for only a minor-
ity of fatty acid transport. It appears that other factors than the
level of I-FABP expression may be rate-limiting in the regu-
lation of triacylglycerol synthesis under the conditions of cell
culture. 

The data from clone IA6 support the hypothesis that I-FABP
may be involved in targeting long-chain fatty acids to triacyl-
glycerol synthesis. This is in accordance with Darimont et al.
(39), who showed that reduced incorporation of [14C]palmitic
acid into triacylglycerol was accompanied by a reduced level
of I-FABP in CaCo-2 cells. Our observations are also similar
to results from I-FABP transfected L-cell fibroblasts (11,13)
and rat intestinal epithelial cells (hBRIE 380i) (28) showing
that [3H]oleic acid incorporation into triacylglycerol was in-
creased in I-FABP-expressing cells. In hBRIE 380i cells,
however, the increase in fatty acid incorporation into triacyl-
glycerol was correlated to cellular differentiation in addition
to I-FABP expression, leading the authors to suggest that dif-
ferentiation-dependent factors other than I-FABP may play a
role in long-chain fatty acid targeting (28). This is supported
by studies in non-I-FABP/non-L-FABP-expressing mouse
embryonic stem cells demonstrating that differentiation in-
creased the quantity of cellular lipids, primarily triacylglyc-
erol, whereas expression of I-FABP further enhanced triacyl-
glycerol production (27). In our present study, experiments
examining oleic acid metabolism were conducted in differen-
tiated cells, grown to 14 d postconfluence on filter mem-
branes. We previously showed that this stage of differentia-
tion exhibits the most metabolically active cells, as evaluated
by the degree of triacylglycerol secretion (31). 

In accordance with the studies in L-cell fibroblasts (13)
and hBRIE 380i cells (28), no differences were detected be-
tween cell lines in the incorporation of [14C]oleic acid into
total phospholipids (Table 1). Furthermore, compared to
mock-transfectans, expression of I-FABP did not increase
total incorporation of labeled oleic acid into the cells
(Table 1). This also confirms observations in other I-FABP-
expressing cells (11,28). The suggestion that I-FABP has a
passive role with respect to fatty acid uptake has been demon-
strated in L-cells (11,13), in which transfection with I-FABP
stimulated fatty acid esterification into triacylglycerol with-
out increasing fatty acid uptake. 

With two exceptions (21,29) previous studies on the role
of I-FABP expression on fatty acid esterification have not ex-
amined secretion of lipids from an intact cell system. We
show here that secretion of labeled triacylglycerol was re-
duced in all I-FABP-expressing cell lines as compared to con-
trol cells (Fig. 3). A recent study showed that plasma concen-
tration of triacylglycerol was higher in Fabpi–/– mice, indicat-
ing that the rate of dietary fat transfer into the plasma
compartment was actually increased in the absence of I-FABP
(40). Furthermore, a nonsignificant reduction in lipid secre-
tion was shown in I-FABP-transfected CaCo-2 cells as com-

pared to mock-transfected cells (29). The expression of 
I-FABP in mock-transfected cells was similar to that pre-
viously reported by the same authors for wild type CaCo-2
cells (24). However, no data for parent CaCo-2 cells were
given in this study (29). Given the clonal variability evident
for these cells, it remains to be confirmed whether the meta-
bolic activity of these mock transfected cells resembled that
of wild-type cells. 

In CaCo-2 cells stably transfected with two naturally oc-
curring isoforms of I-FABP, the Thr54-isoforms (mutated
type) increased triacylglycerol secretion relative to the Ala54-
form (21). However, nontransfected cells secreted more tria-
cylglycerol than either of the I-FABP-transfected cell lines
(Baier, L.J., personal communication). In accordance with our
study (Fig. 1), the nontransfected cells contained higher lev-
els of L-FABP than the I-FABP expressing cells, leading the
authors to suggest a coregulation between the intestinal and
liver forms of this protein. However, the issue of clonal vari-
ability rather than a specific effect of I-FABP expression must
also be considered. Another study in CaCo-2 cells showed
different levels of L-FABP in two different cell clones trans-
fected with I-FABP (29). 

The physiological significance of the two forms of FABP
in intestinal cells is unknown. Different patterns of regulation
have been reported for I-FABP and L-FABP in CaCo-2 cells
(24,41). Furthermore, it was shown that the total amount of
FABP in these cells was not proportional to the amount of
lipid transport (21). Together, these observations support the
hypothesis that L-FABP and I-FABP may not affect fatty acid
transport in a simple combined fashion but that the proteins
may play separate roles in intracellular lipid metabolism. The
contribution of L-FABP to lipid transport in I-FABP-trans-
fected cells remains unclear. Nevertheless, the decrease in L-
FABP observed in the I-FABP transfected cells may provide
a mechanism for the decrease in triacylglycerol secretion ob-
served in our study. 

Consideration has been given to the possibility that newly
synthesized triacylglycerol is channeled to a cytosolic storage
pool and not transferred directly to lipoprotein assembly. It
can be speculated that these triacylglycerol molecules might
be used for secretion at a later time. It has been demonstrated
that the expression of L-FABP in transfected rat (McA-
RH7777) hepatoma cells inhibits the assembly and secretion
of apoB100VLDL without decreasing the biosynthesis of
apolipoprotein B100 (apoB100) or triacylglycerol (42). This
is explained by a diversion of fatty acids from the second step
in the very low density lipoprotein assembly process, thereby
promoting a “late” intracellular degradation of apoB100 (42).
In I-FABP-transfected CaCo-2 cells, however, preliminary
data indicate that the reduced triacylglycerol secretion ob-
served was not accompanied by decreased apoB secretion
(data not shown). It seems therefore that rather than an in-
creased degradation of apoB, dense lipid-poor particles are
secreted from the cells. Interestingly, it was recently sug-
gested that there is no coordinated regulation of FABP and
apoB-containing lipoproteins (41). 
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Fatty acid incorporation in secreted triacylglycerol was re-
duced in differentiated CaCo-2 cells stably transfected with I-
FABP, independent of the intracellular level of triacylglyc-
erol. These findings need further examinations to investigate
the role of I-FABP-expression on intestinal triacylglycerol se-
cretion. 
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ABSTRACT: In the starved state and during metabolic stress,
free fatty acids (FFA) are the principal hepatic energy supply,
undergoing β-oxidation. Accordingly, it appears paradoxical
that FFA have been reported to increase the liver’s esterification
capacity by translocating the rate-limiting enzyme phosphatidic
acid phosphohydrolase (PAP-1) from the cytosol to the endo-
plasmic reticulum. We have therefore investigated the regula-
tion of rat liver PAP-1. Oleic acid inhibited PAP activity in all
subcellular fractions, with PAP-1 activity in cytosol being the
most sensitive. Inhibition was also observed with oleoyl-CoA,
linoleate, and palmitate. Fatty acids and their derivatives show
detergent effects at high concentrations, and such effects can
lead to enzyme inhibition. Inhibition  by oleate, however, was
reversed by phosphatidic acid and albumin and exhibited sig-
moidal kinetics. These results demonstrate that PAP-1 is re-
versibly inhibited by FFA and their CoA esters, which may play
a role in directing hepatic FFA to β-oxidation during times of
increased energy demand.

Paper no. L8631 in Lipids 37, 69–73 (January 2002).  

Phosphatidic acid phosphohydrolase (PAP) catalyzes the hy-
drolysis of phosphatidic acid (PA) to generate sn-1,2-diacyl-
glycerol (DAG), a substrate for the synthesis of a number of
phospholipids, as well as a direct precursor of triacylglycerol
(TAG) (1,2). Regulation of PAP activity therefore plays a cru-
cial role in determining the rate and direction of glycerolipid
synthesis with, for example, elevated levels of PAP activity
being associated with alcoholic fatty liver (3). In mammalian
cells, two major forms of PAP activity have been identified
(4,5). PAP-1, stimulated by Mg2+ and inhibited by N-ethyl-
maleimide (NEM) in vitro, is distributed between the cytosol
and endoplasmic reticulum (ER) and is regarded as the meta-
bolic form involved in the regulation of glycerolipid synthesis.
PAP-2 [for which at least three isoforms exist (2,6)] is Mg2+-
independent and NEM-insensitive, is found mainly in the
plasma membrane and, in view of its location, is thought to be

involved principally in cell-signaling and is a member of the
lipid phosphate phosphohydrolase family (6–8).

The level of PAP-1 activity expressed  in vivo has long been
considered  to be regulated by the ability of the cytosolic form
to translocate to the ER, where its substrate, PA, is generated
via the acylation of glycerol-3-phosphate (reviewed in Ref. 9).
Largely indirect evidence suggests that, in vivo,  this  transloca-
tion is induced by the accumulation of fatty acids, acyl-CoA es-
ters, and PA on the ER membranes and results in the enhanced
synthesis of glycerolipid (10). Such evidence has come princi-
pally from experiments that have incubated cell-free tissue ho-
mogenates with lipids prior to the preparation of cyto-solic and
microsomal fractions by ultracentrifugation (5,11–15).    

In addition to their putative effect on the subcellular distribu-
tion of PAP-1, some studies have reported an effect of free fatty
acids (FFA) on total enzyme activity. PAP-1 activity in rat hepa-
tocytes is apparently increased by extracellular FFA concentra-
tions of ≥2 mM above (10,16), whereas in rat adipocytes, stim-
ulation of lipolysis by noradrenaline leads to a rapid decrease in
PAP-1 activity. This effect, which is antagonized by insulin and
a β-adrenergic antagonist, suggests either inhibition of PAP by
fatty acids or a direct hormonal effect on the enzyme, possibly
via reversible phosphorylation, although there is no direct evi-
dence for this covalent modification (17,18). In view of these
conflicting and somewhat paradoxical data, we have further in-
vestigated the effect of fatty acids on PAP-1 activity from rat
liver. We show in vitro that PAP-1 is directly and reversibly in-
hibited by both FFA and their acyl CoA esters. This regulation
of PAP-1 may be important in determining the balance between
β-oxidation and esterification in situations such as starvation
and metabolic stress in which there is an increased supply of
fatty acids to the liver.  

MATERIALS AND METHODS

Materials. Male Wistar rats (150–200 g) were obtained from
Newcastle University Comparative Biology Centre (United
Kingdom). They were allowed free access to food and water
prior to sacrifice by cervical dislocation, after which livers were
immediately removed and stored at –20°C until use. Phospha-
tidic acid, 1,2-dioleoyl-sn-glycerol, oleic acid, linoleic acid,
palmitic acid, oleoyl-CoA, bovine serum albumin (BSA) (fatty
acid-free), Triton X-100, and polyethylene glycol (MW 8,000)
were from Sigma Chemical (Poole, Dorset, United Kingdom). 

Copyright © 2002 by AOCS Press 69 Lipids, Vol. 37, no. 1 (2002)

*To whom correspondence should be addressed.
E-mail: s.j.yeaman@ncl.ac.uk.
1Current address: Faculte des Sciences et Techniques, University Cadi Ayyad,
Beni-Mellal, Morocco.
Abbreviations: BSA, bovine serum albumin; DAG, diacylglycerol; DDT,
dithiothreitol; ER, endoplasmic reticulum; FFA, free fatty acid; NEM, N-eth-
ylmaleimide; PA, phosphatidic acid; PAP, phosphatidic acid phosphohydro-
lase; TAG, triacylglycerol. 

Regulation of Phosphatidic Acid Phosphohydrolase 1
by Fatty Acids

Noureddine Elabbadia,1, Christopher P. Dayb, Richard Virdena,
and Stephen J. Yeamana,b,*

aSchool of Biochemistry and Genetics and bCentre for Liver Research, Medical School, University of Newcastle
upon Tyne, Newcastle upon Tyne NE2 4HH United Kingdom



Preparation of subcellular fractions from rat liver. Livers
were suspended at 4°C in 4–5 vol of 50 mM Tris-HCl (pH
7.4) containing 0.25 M sucrose and 0.2 M DTT (buffer A) and
minced with scissors before homogenization with a Teflon–glass
homogenizer. The crude homogenate was then centrifuged at
4°C for 20 min at 10,000 × g and the supernatant (ho-
mogenate) collected. The pellet was resuspended in buffer A
and stored at –20°C (low spin, “membrane” fraction). The ho-
mogenate was then centrifuged at 150,000 × g for 90 min at
4°C, the resulting supernatant being recentrifuged for a fur-
ther 60 min at 150,000 × g to produce a cytosolic fraction.
The pellets from both spins were collected and washed twice
by resuspension and further centrifugation at 150,000 × g and
finally resuspended in buffer A (microsomal fraction). Frac-
tions were stored at –20°C or used immediately. A mitochon-
drial fraction was prepared by centrifuging crude homogenate
at 2,000 × g for 15 min at 4°C. The resulting supernatant was
centrifuged again at 10,000 × g for 10 min at 4°C, and the re-
sulting pellet was resuspended in buffer A and used as crude
mitochondrial fraction. Previous work in this laboratory using
this methodology, coupled with marker enzymes, has shown
that the low-spin “membrane” fraction contains essentially
only PAP-2 and that over 80% of the PAP activity in  the cy-
tosol is due to PAP-1 (5).

For partial purification of PAP-1, cytosol was diluted in
buffer A to give a final protein concentration of 6–7 mg/mL,
and then solid polyethylene glycol (MW 8,000) was added (6
g per 100 mL of cytosol). The mixture was stirred for 1 h at
4˚C and then centrifuged at 5,000 × g for 15 min. The precip-
itate (in which PAP-1 is enriched approximately 5- to 10-fold)
was resuspended in buffer A. Contamination of this fraction
with PAP-2 was negligible, as judged by the complete sensi-
tivity of the activity to NEM.

Determination of PAP activity. Total PAP activity (i.e.
measured in the absence of NEM) was measured at 30°C by
the production of [32P]Pi from [32P]PA, essentially as in Ref-
erences 5 and 19, except that Triton X-100 was omitted and
the PA substrate was prepared by sonication. The standard in-
cubation mixture (0.1 mL) contained 50 mM Tris HCl pH 7.5,
1.5m M MgCl2, 0.1 mg/mL fatty acid-free BSA, 0.5 mM
EDTA, 0.5 mM EGTA, 0.5 mM DTT, 125 mM sucrose, and
0.5 mM PA (10,000 dpm/nmol). One unit of PAP activity is
defined as the release of 1 nmol of  Pi/min.

Inhibition of PAP activity by fatty acids and their acyl-CoA
esters. The PAP activity of aliquots of subcellular fractions
and partially purified PAP was assayed as described above ex-
cept that fatty acids or their acyl-CoA esters were present in
the basic assay system, and the concentration of [32P]PA was
reduced from 0.5 to 0.25 mM. In parallel, aliquots of the same
subcellular fractions or partially purified PAP were first pre-
incubated for 10 min at 37°C with fatty acids prior to assay-
ing PAP activity. Palmitate and linoleate were suspended sep-
arately in buffer A containing 0.1% Triton X-100 and used as
a stock solution, whereas oleate or oleoyl-CoA were directly
suspended in buffer A. In all cases, the final concentration of
Triton X-100 in the reaction mixture was less than 0.01%

(0.15 mM), at which levels Triton does not affect the ob-
served activity (5). In some experiments, after the 10 min
preincubation with oleate, various concentrations of BSA or
PA were added to the incubations 5 min prior to the initiation
of PAP assays. Kinetic data were fitted using nonlinear re-
gression with bi-square weighting (20).

RESULTS

Increasing concentrations of oleic acid progressively inhibited
PAP activity in both the homogenate (Fig. 1A) and microsomal
fractions of rat liver (Fig. 1B), which contain both PAP-1 and
PAP-2, with 50% inhibition observed at approximately 0.6 mM
of added fatty acid and more than 80% inhibition occurring at
concentrations higher than 1.2 mM. In these fractions there was
no significant increase in the inhibitory effect of oleic acid
when it was present 10 min prior to initiating the assay reac-
tion (Figs. 1A and B). PAP-1 activity in the cytosolic fraction
(Fig. 1C) [which is essentially all PAP-1 (5)], or partially puri-
fied PAP-1 activity (Fig. 1D), was more sensitive to the pres-
ence of oleic acid in the reaction mixture, with 50% inhibition
observed at approximately 0.4 mM and essentially 100% inhi-
bition occurring at 2 mM oleic acid or above. Preincubation
with oleic acid accentuated the inhibitory effect of oleic acid
on PAP-1 activity in cytosol or partially purified PAP-1 prepa-
rations, with essentially complete inhibition observed at 1.0
and 0.5 mM, respectively. These results  indicate that oleic acid
is a potent inhibitor of PAP-1.

Mitochondrial and membrane-bound PAP activity [which is
predominantly PAP-2 (5)] is less sensitive to the presence of
oleic acid. At 1 mM oleate, PAP activity was only slightly in-
hibited (25% inhibition) and even at concentrations of 2–3 mM,
the degree of inhibition was only 50–60% (Fig. 1E). These re-
sults suggest that PAP-1 and PAP-2 are affected to different ex-
tents by the presence of fatty acids. This is consistent with the
results from the homogenate and microsomal fractions (Fig. 1A
and B) in which a low level of PAP activity was maintained
even at a high concentration of oleate, corresponding to the con-
tribution of the PAP-2 isoform present in these fractions. The
effect of other fatty acids and oleoyl CoA  on partially purified
PAP-1 was also examined. Linoleic acid inhibited this activity
in a dose-dependent fashion, with increased inhibition observed
following preincubation in the absence of PA (Fig. 1F). 

Palmitic acid also inhibited PAP-1 activity, with 30% inhibi-
tion at 1 mM, increasing to 90% if the enzyme was preincu-
bated in the absence of PA. The inhibitory effect of  oleoyl
CoA was similar to that observed with oleic acid (results not
shown). The reversibility of oleate-induced inhibition of PAP-
1 was investigated by addition of 3 mg/mL BSA, following
preincubation of partially purified PAP-1 with 1 mM oleate
but prior to assaying PAP activity. The presence of 1 mM
oleate in the preincubation period reduced PAP-1 activity by
about 70%. BSA completely reversed this inhibitory effect of
oleate (results not shown). 

To further elucidate the possible mechanism(s) of fatty
acid-induced PAP-1 inhibition, we  investigated the kinetics
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of  partially purified PAP-1 activity in the absence or presence
of oleic acid. The results (Fig. 2) were suggestive of K-system
inhibition (21), in which the effective value of the allosteric
constant L increases and saturation curves become increas-
ingly sigmoidal as a function of the concentration of an al-
losteric inhibitor. The combined data fitted an allosteric
model better than the alternative of simple competitive inhi-
bition by a factor of 4.4 in residual variance. Because the de-
duced value of L was small (0.4 ± 0.2), the saturation func-
tion in the absence of oleic acid was indistinguishable from
the hyperbolic function of Michaelis–Menten kinetics. The

value of S0.5 (0.13 ± 0.02 mM) deduced using the allosteric
model did not differ significantly from the value of Km (0.17
± 0.02 mM) deduced for competitive inhibition, and corre-
sponding values of maximal velocity were 32 ± 1 and 35 ± 1
U/mg, respectively. Both models yielded similar values of Ki
(0.05 ± 0.01 and 0.10 ± 0.01 mM, respectively).

DISCUSSION

The results reported here show that fatty acids and their acyl-
CoA esters are inhibitors of hepatic PAP activity, in particu-
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FIG. 1. Effects of oleate and linoleate on the subcellular phosphatidic acid phosphohydrolase (PAP) activity in
rat liver. PAP activity was measured in aliquots of homogenate (A), microsomes (B), cytosol (C), partially purified
PAP (D and F), mitochondria (E, solid line), or in membrane (low spin) fraction (E, broken line) in the presence
of various concentrations of oleate (A–E) or linoleate (F) as indicated. The graphs show the inhibitory effect of
these fatty acids on PAP activity with (●) or without (●●) preincubation for 10 min at 37°C in the absence of sub-
strate phosphatidic acid. Similar results were obtained in five further experiments. Results are expressed as % of
control (without fatty acids).



lar PAP-1, the form of the enzyme principally involved in
glycerolipid biosynthesis. The inhibition of PAP-1 by oleate
appears to involve a negative allosteric interaction, resulting
in a decreased affinity for its substrate, PA, suggesting that
PAP-1 could be regulated in vivo by the intracellular ratio of
PA/fatty acids. The levels of added fatty acids and acyl CoA
used in this study are consistent with those used previously in
similar work (e.g., Ref. 13) but are somewhat higher than val-
ues that are normally considered to be physiological, although
it should be remembered that the liver will receive high lev-
els of fatty acids from the portal vein. Fatty acids and their
derivatives show detergent effects at high concentrations and
such effects can lead to enzyme inhibition. It is important to
point out, however, that the inhibitory effects of fatty acids
are greater at lower levels of PA (Fig. 2) and that the PA con-
centrations used are also higher than might be considered
physiological; this is necessary in order for the enzyme activ-
ity to be detectable. The concentrations of FFA actually pre-
sent in the incubations will be lower than the added amounts
owing to the presence of low levels of fatty acid-free BSA,
and similarly, the situation in the cell is complicated by the
presence of a number of binding proteins for fatty acids and
acyl CoA esters. Thus, the concentration may vary within the
cytosol and in the region of different membranes. The inhibi-
tion of PAP-1 by fatty acids also offers a possible explanation
for the inhibitory effect of catecholamines on PAP-1 activity
reported in adipocytes, with increased levels of fatty acids and
their CoA esters being responsible (17,18).  

A number of studies have shown that the rate of TAG syn-
thesis is dependent on the concentration of FFA. However,
since fatty acid supply also determines the rate of β-oxida-
tion, factors regulating this pathway will also affect TAG syn-

thesis. This is illustrated by the stimulation of  fatty acid es-
terification and TAG synthesis that occurs when hepatocytes
are incubated with inhibitors of β-oxidation (22,23). How-
ever, when cells or tissues require an increased supply of en-
ergy (e.g., during metabolic stress), fatty acids need to be
preferentially directed toward β-oxidation rather than esterifi-
cation. In the liver during conditions of stress, the increased
ratio of glucagon to insulin directs incoming fatty acids (de-
rived from adipose tissue lipolysis) toward β-oxidation by in-
hibiting acetyl-CoA carboxylase activity, leading to a reduc-
tion in malonyl CoA levels and stimulation of carnitine
palmitoyl transferase, thus promoting the entry of fatty acids
into mitochondria. The inhibition of PAP-1 by fatty acids and
their acyl-CoA esters will further favor β-oxidation over es-
terification. Only if the liver receives an influx of fatty acids
sufficient to exceed the capacity for β-oxidation will they then
be esterified to  lysophosphatidic acid  and PA on the ER. The
translocation induced by fatty acids in intact cells (e.g., Ref.
10) could also be an indirect effect resulting from their incor-
poration into newly synthesized PA, which has been shown
to promote the binding of PAP-1 to microsomal and mito-
chondrial membranes in vitro (24,25). This regulation of
PAP-1 metabolic expression by membrane-bound PA is simi-
lar to the regulation of the intracellular distribution of DAG
kinase by DAG (26), with the substrate in each case localiz-
ing the enzyme to the membrane. In the case of PAP-1, PA
would act as the signal to promote the intracellular movement
of the enzyme to the membranes, contributing to increased
TAG synthesis, although clearly other enzymes in the path-
way such as DAG acyltransferase may play a regulatory role
(reviewed in Ref. 27). In the fed state, the high ratio of insulin
to glucagon will block the entry of fatty acids into the mito-
chondria via elevation of malonyl CoA levels, and they will
be preferentially esterified. The subsequent increase in PA on
the ER membranes will then translocate PAP-1 and overcome
any fatty acid-induced  inhibition of PAP-1 activity. 
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ABSTRACT: A new fatty acid, (5Z,9Z)-22-methyl-5,9-tetracosa-
dienoic acid (1a), and a rare fatty acid, (5Z,9Z)-23-methyl-5,9-
tetracosadienoic acid (2a), the predominant constituents of the
free fatty acid fraction from the lipids of the sponge Geodinella
robusta, were isolated and partly separated by reversed phase
high-performance liquid chromatography, followed by multi-
fold crystallization from MeOH to give 1a and 2a in 70% and
60% purity, respectively. These fatty acids were identified as
(5Z,9Z)-22- and (5Z,9Z)-23-methyl-5,9-tetracosadienoic acids
by nuclear magnetic resonance techniques, including distor-
tionless enhancement by polarization transfer, heteronuclear
multiple quantum connectivity, and correlation spectroscopy
experiments, as well as from mass-spectrometric data for their
methyl esters, the methyl esters of their perhydro derivatives,
and their pyrrolidides. Mixtures of 1a and 2a showed cytotoxic
activity against mouse Ehrlich carcinoma cells and a hemolytic
effect on mouse erythrocytes. The sterol fraction from the same
sponge was analyzed by gas–liquid chromatography–mass
spectrometry, and 24-methylenecholesterol was identified as a
main constituent of this fraction. The implications of the co-oc-
currence of membranolytic long-chain fatty acids and 24-meth-
ylenecholesterol as a main membrane sterol are discussed in
terms of the phenomenon of biochemical coordination.

Paper no. L8822 in Lipids 37, 75–80 (January 2002).

Sponges are characterized by the wide diversity in their fatty
acid composition and, in contrast with higher animals, by the
presence of very long chain constituents (so-called demo-
spongic acids) with novel branching and unsaturation patterns.
The content of demospongic acids may approach 85% of total

fatty acids in sponge phospholipids (1–5). As a rule, C26
acids, accompanied by C28 and sometimes C24 acids, includ-
ing those of iso and anteiso structures (4,6–9), dominate in
the demospongic acids of sponges (3). Demospongic acids
with 25 carbon atoms as predominant constituents have been
found only in a few cases. For example, Bergquist et al. (3)
found a preponderance of C25 acids in lipids of Leiosella sp.
and Ircinia novaezelandiae, in contradistinction to the higher
concentrations of C26–C28 acids in other sponges. 

Usually, the demospongic acids are found mainly as struc-
tural components of membrane phospholipids (1–9). Re-
cently, Nemoto et al. (10) isolated free demospongic acids as
human DNA topoisomerase-I inhibitors from the sponge Am-
phimedon sp. and characterized them by spectral methods, in-
cluding nuclear magnetic resonance (NMR) spectroscopy.
The majority of unusual fatty acids with very long chains
have not been isolated from the corresponding sponges but
have been identified solely using gas–liquid chromatography
(GLC) and GLC–mass spectrometry (MS) methods. There-
fore, NMR data for many demospongic acids have not been
reported. 

In the course of our continuing studies on marine natural
products (11), we found that the alcoholic extract from the Far
Eastern sponge Geodinella robusta (class Demospongiae, sub-
class Tetractinomorpha, order Astrophorida, family Geodiidae)
showed cytotoxic activity against mouse Ehrlich carcinoma
cells. Thin-layer chromatography (TLC) revealed the presence
of an extraordinarily high content of free fatty acids in this ex-
tract. Bioassay-guided isolation gave a fatty acid fraction that
was analyzed by GLC–MS, and C25-demospongic acids (1a,
2a) were subsequently identified as the bioactive compounds.
One of these fatty acids (1a) has not been described previously,
whereas 2a was found by Carballeira et al. in several Ircinia
species and in Spongia tubulifera (12). In this paper, we report
the compositions of free fatty acid and free sterol fractions from
the sponge Geodinella robusta and the isolation and structure
elucidation of the demospongic acids 1a and 2a, including
NMR data for these compounds.
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EXPERIMENTAL PROCEDURES

Extraction and isolation of demospongic acids. Specimens of
Geodinella robusta were collected near Iturup Island (the Kon-
servnaya Bay), Sea of Okhotsk, using scuba equipment at the
depth of 5 m in August 1999. The sponges (0.25 kg dry weight)
were carefully cleaned of all nonsponge debris, cut into small
pieces, and immediately extracted at room temperature with
ethanol for two consecutive 24-h periods. The combined ex-
tracts were concentrated in vacuo. The ethanol-soluble materi-
als were dissolved in 90% ethanol (200 mL) and extracted with
hexane (5 × 100 mL) to give 2.1 g of an oily residue after evap-
oration of the hexane extract. The material obtained was then
chromatographed on a column of Sephadex LH-20 (Sigma
Chemical Co., St. Louis, MO) using chloroform/ethanol (1:1,
vol/vol) and rechromatographed on the same column using
chloroform/ethanol (3:1, vol/vol) as the eluting solvent systems,
to obtain 1.12 g of a mixture of nonpolar compounds. This mix-
ture was separated by column chromatography on silica gel L
(40–100 µm; Chemapol, Prague, Czech Republic) using petro-
leum ether gradually replaced with chloroform as the eluting
solvent to obtain a crude fatty acid fraction (760 mg) after the
removal of solvents in vacuo. This substance was subjected to
high-performance liquid chromatography (HPLC) on an Altex
(Berkeley, CA) Ultrasphere Si column (25 cm × 10 mm), eluted
with hexane/ ethyl acetate (5:1, vol/vol) at 2 mL/min, using a
DuPont Series 8800 instrument (Boston, MA) equipped with a
differential refractometer (RIDK-102). The fatty acid fraction
obtained (394 mg) was subjected to HPLC on a Serva (Heidel-
berg, Germany) Octadecyl-Si 100 column (5 µm, 25 cm × 4.6
mm), using 96% methanol as the eluting solvent at 1 mL/min,
to obtain 80.5 mg (0.03% on dry weight) of a mixture of acids
1a and 2a (1.5:1). Multifold crystallization of part of this mix-
ture from methanol yielded 8.2 mg of the subfraction I (contain-
ing 70% acid 1a and 30% acid 2b) and 7.6 mg of the subfrac-
tion II (containing 60% acid 2a and 40% acid 1a).

The acids were converted to methyl esters by treatment
with diazomethane. N-Acyl pyrrolidide derivatives were pre-
pared by direct treatment of the methyl esters with pyrroli-
dine/acetic acid (10:1, vol/vol) in a capped vial (1 h, 100°C)
followed by ethereal extraction from the acidified solution
and purification by preparative TLC on silica gel L plates de-
veloped in CHCl3. The hydrogenations of methyl esters and
N-acyl pyrrolidides with addition of 2H2 were carried out in
methanol solution using PtO2 as catalyst. The β-N-acylglu-
cosamides 1f and 2f were obtained from acids 1a and 2a and
glucosamine by the method described elsewhere (13).

Analysis of fatty acids. Proton and carbon nuclear mag-
netic resonance (1H and 13C NMR) 1D and 2D spectra of the
acids were recorded using a Bruker WM-250 spectrometer
(Karlsruhe, Germany) at 250 and 62.9 MHz and a Bruker
DPX-300 spectrometer at 300 and 75 MHz, respectively, with
tetramethylsilane as an internal standard. Proton NMR spec-
tra of 1a and 2a were also obtained on a Bruker DPX-500 in-
strument at 500 MHz. The infrared (IR) spectrum was
recorded on a Bruker “Vector 22” spectrophotometer. 

Capillary GLC. GLC analyses of methyl esters of fatty
acids were performed on a Sigma 2000 PerkinElmer chro-
matograph (Norwalk, CT) using an SPB-5 column [bonded;
poly (5% diphenyl/95% dimethylsiloxane; 50 m × 0.32 mm)]
at 260°C and on a Shimadzu Chromatograph 9A (Kyoto,
Japan) with a Supelcowax 10 (Supelco, Bellefonte, PA) col-
umn (30 m × 0.32 mm) at 210°C, with helium as the carrier
gas at 1 mL/min.

GLC–MS. GLC–MS analyses were carried out on a
Hewlett-Packard 6890 GC System instrument (Palo Alto,
CA) with a 5973 Mass Selective Detector, with an HP-5MS
(cross-linked 5% phenyl methylsiloxane) capillary column
(30 m × 250 µm × 0.25 µm) at 270°C. Helium was used as
the carrier gas (1 mL/ min), and the ionizing energy was 70
eV. Mass spectral and some other data of key fatty acids for
this discussion are presented below.

Methyl (5Z,9Z)-22-methyl-5,9-tetracosadienoate (1b). MS
m/z (relative intensity, %): 392 (M+, 5), 363 (1), 360 (3), 343
(3), 318 (2), 277 (2), 264 (2), 250 (3), 181 (7), 164 (6), 167
(3), 154 (7), 141 (35), 136 (16), 109 (52), 95 (30), 81 (100),
74 (20), 67 (63), 55 (61).

Methyl 22-methyltetracosanoate (1c). MS m/z (relative in-
tensity, %): 396 (M+, 46), 367 (2), 353 (15), 339 (1), 311 (4),
297 (5), 199 (5), 143 (27), 129 (11), 111 (6), 87 (90), 74 (100),
57 (63).

N-[(5Z,9Z)-22-Methyl-5,9-tetracosadienoyl]pyrrolidine
(1d). MS m/z (relative intensity, %): 431 (M+, 5), 416 (1), 402
(1.5), 378 (0.5), 206 (1), 194 (1.5), 180 (52), 152 (1.5), 140
(2), 126 (30), 113 (100), 98 (10), 85 (8), 70 (12), 55 (12).

N-(22-Methyltetracosanoyl)pyrrolidine (1e). MS m/z (rel-
ative intensity, %): 435 (M+, 5), 420 (2.5), 406 (5.5), 378 (4),
126 (30), 113 (100), 98 (10), 85 (7), 70 (12), 55 (10).

Methyl (5Z,9Z)-23-Methyl-5,9-tetracosadienoate (2b). MS
m/z (relative intensity, %): 392 (M+, 7), 360 (1), 343 (4), 318
(1), 277 (4), 264 (1), 250 (4), 181 (6), 164 (6), 154 (4), 141
(40), 121 (15), 109 (54), 96 (35), 81 (100), 67 (82), 55 (62).

Methyl 23-Methyltetracosanoate (2c). MS m/z (relative in-
tensity, %): 396 (M+, 40), 367 (2), 353 (15), 339 (1), 311 (4),
297 (5), 199 (5), 143 (27), 129 (11), 111 (6), 87 (90), 74 (100),
57 (45).

N-[(5Z,9Z)-23-Methyl-5,9-tetracosadienoyl]pyrrolidine.
(2d). MS m/z (relative intensity, %): 431 (M+, 5), 420 (1.5),
388 (1), 206 (1), 194 (1), 180 (50), 152 (1.5), 140 (2), 126
(15), 113 (100), 98 (12), 85 (6), 70 (12), 55 (14).

N-(23-Methyltetracosanoyl)pyrrolidine (2e). MS m/z (rel-
ative intensity, %): 435 (M+, 5), 420 (3.5), 392 (3), 126 (20),
113 (100), 98 (10), 85 (7), 70 (12), 55 (14).

N-[(5Z,9Z)-22-Methyl-5,9-tetracosadienoyl/(5Z,9Z)-23-
methyl-5,9-tetracosadienoyl, 1.5:1]-2-amino-α-D-glucopyra-
nose (1f and 2f). 13C NMR (C5D5N): 11.35, 19.14, 22.5,
26.23, 27.17, 27.43, 29.36, 29.49, 29.64, 29.77, 30.09, 34.38,
36.01, 36.65, 39.00, 55.79, 63.05, 72.86, 72.29, 73.67, 92.57
(C-1), 129.34, 129.79, 129.89, 130.40 ppm.

Isolation and analysis of free sterol fraction. The free
sterols were isolated from the fraction of nonpolar com-
pounds (1.12 g) by preparative TLC on silica gel L (5/40 µm;

76 T.N. MAKARIEVA ET AL.

Lipids, Vol. 37, no. 1 (2002)



Chemapol) with the use of chloroform/ethanol (20:1, vol/vol)
as the developing solvent. Treatment of the sterol mixture ob-
tained with pyridine/acetic anhydride (1:1, vol/vol; room tem-
perature, 24 h) yielded the sterol acetates. The sterol acetates
were separated by preparative TLC on silica gel L-AgNO3
plates developed with hexane/benzene (5:3, vol/vol). The iso-
lated subfractions were then analyzed by GLC and GLC–MS
as previously described (14). 

Hemolysis. Studies involving laboratory animals were ap-
proved by an Institutional Review Board and conformed to
accepted Standards. Mouse erythrocytes were washed three
times by centrifugation (600 × g, 5 min) in cold Tris buffer
containing 150 mM NaCl, 1 mM KCl, and 1 mM HEPES (pH
7.4). The pellet was resuspended in the same solution to a
final concentration of 1%. Erythrocytes were incubated with
the compounds tested for 30 min at room temperature and
then centrifuged (600 × g, 5 min). Optical density of the su-
pernatant was measured spectrophotometrically at 540 nm.

Cytotoxicity. Ehrlich ascites carcinoma cells were grown
intraperitoneally in albino mice. Cells were harvested on the
seventh day after inoculation, washed twice with cold phos-
phate-buffered saline using centrifugation (600 × g, 5 min),
and resuspended in 199 medium (0.7 × 106 cells/mL). The
cell suspension was incubated with the test compounds in a
96-well microplate at 37°C for 24 h. Then total and viable cell
numbers were determined microscopically using 0.17% Try-
pan Blue stain (15).

RESULTS AND DISCUSSION

The major fatty acids of the free fatty acid fraction (0.03% of
dry weight of the sponge) were identified in standard fashion
from GLC equivalent chain length (ECL) values and electron
impact mass spectrometry (EI-MS) of methyl esters. As
shown in Table 1, the fatty acid fraction contained a variety
of iso/anteiso fatty acids (87.25%) ranging from 25 to 27 car-
bons in length. The most abundant fatty acids of G. robusta
were generally ai25:2 and i25:2 together with ai27:2 and
ai26:2. It is noteworthy that the fatty acids with terminal ante-
iso branching were the predominant acids and their total con-
tent was as high as 57.6%. Another peculiarity of this sponge
is that the percentage of C25 constituents was more than 50%.
Usually, the content of C25 acids is in the range of  1–10%
(3); for instance, C25 acids represented only 10% of phospho-
lipid fatty acid fraction from the sponges of genus Ircinia
(12). The fatty acids with 26 carbon atoms (about 28% of the
free fatty acid fraction in G. robusta) are typical acids from
marine sponges belonging to the class Demospongiae and
usually account for 50% of total demospongic acid mixtures
(2). In contrast, C27 fatty acids (18% of the free fatty acid
fraction in G. robusta) are not as widely distributed in
sponges, although ai-5,9-27:2 acid has been found as the
major fatty acid constituent (18.4%) in phospholipids from
the sponge Petrosia ficiformis (6). Cytotoxic properties were
not reported for free fatty acids. Thus, we considered the
ai25:2 and i25:2 constituents to be interesting for structural

studies and probably bioactive compounds in the sponge G.
robusta. In fact, separation of the free fatty acid fraction by
HPLC allowed us to isolate a mixture of these two acids, and
it was shown that they have a potent cytotoxic action against
mouse Ehrlich carcinoma cells.

The separation of iso and anteiso demospongic acids has
not yet been reported in the literature (4,6–9,12). Efforts to
separate the mixture of 1a and 2a as free acids by HPLC pro-
cedures on a Serva Octadecyl-Si 100 column with a solvent
system of 95% EtOH with 0.01 M AcONH4, 85% acetone, or
MeOH with 0.1% trifluoroacetic acid or on Zorbax ODS
(Kyoto, Japan), with EtOH as the eluting solvent, were un-
successful. Similarly, separation of methyl esters of 1a and
2a by HPLC on an Ultrasphere-Si column in hexane/ethyl ac-
etate (200:1, vol/vol) was not obtained. Taking into consider-
ation the fact that reversed phase HPLC is a more available
method for separation of amphiphilic compounds, we carried
out the modification of isolated 5,9-25:2 demospongic acids
by the method developed in 1982 (13) to obtain β-N-acylglu-
cosamides 1f and 2f from acids 1a and 2a and glucosamine.
However, separation of these derivatives on an ODS column,
using MeOH and acetonitrile as eluting solvents, was also un-
successful. Nevertheless, we achieved a partial separation of
compounds 1a and 2a by HPLC on Serva Octadecyl-Si 100,
using 96% MeOH as a developing solvent, followed by mul-
tifold crystallization from MeOH. By employing this proce-
dure, we obtained subfraction I (containing 70% 1a and 30%
of 2a) and subfraction II (containing 60% 2a and 40% of 1a). 

The absorption band at 1710 cm–1 (CHCl3) in the infrared
spectrum of 1a and a 13C NMR signal at δ 178.7 ppm (Table 2)
indicated the presence of a carboxyl group (Scheme 1). A
chemical shift at δ 33.2 ppm was expected and observed for the
C-2 signal of the neighboring methylene group (16). The
methyl ester (1b) had an ECL value of 25.01 on GLC and gave
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TABLE 1 
Principal Free Fatty Acids from Geodinella robustaa

Fatty acid ECLb Abundance (%)

1  5,9-Tetracosadienoic (24:2) 24.31 0.95
2  Pentacosanoic (i25:0) 24.55 0.85
3  Pentacosanoic (ai25:0) 24.73 0.97
4  (5Z,9Z)-23-Methyl-5,9-tetracosadienoic 24.82 19.5

(i25:2) (1a) 
5  (5Z,9Z)-22-Methyl-5,9-tetracosadienoic 25.01 30.0

(ai25:2) (2a) 
6  9-Pentacosaenoic (25:1) 25.16 0.86
7  Pentacosadienoic (25:2) 25.28 0.89
8  Hexacosanoic (i26:0) 25.51 0.99
9  Hexacosanoic (ai26:0) 25.68 0.94

10  5,9-Hexacosadienoic (i26:2) 25.76 3.24
11  5,9-Hexacosadienoic (ai26:2) 25.95 11.76 
12  5,9-Hexacosadienoic (26:2) 26.25 3.76
13  5,9,17-Hexacosatrienoic (26:3) 26.45 0.89
14  5,9,19-Hexacosatrienoic (26:3) 26.56 6.40
15  5,9-Heptacosadienoic (i27:2) 26.72 3.94
16  5,9-Heptacosadienoic (ai27:2) 26.91 14.00
aSome minor acids (≤0.8%) are not included in this table.
bEquivalent chain length; Supelcowax 10 column, 210°C.



a molecular ion peak (M+) at m/z 392. These data supported the
25:2 structure proposed for this compound. Compound 1b was
transformed into the perhydro derivative (1c) by catalytic hy-
drogenation. EI-MS of the latter compound gave a molecular
ion peak at m/z 396 (M+), confirming the presence of two dou-
ble bonds in the original fatty acid. The presence of two unsat-
urated bonds in compound 1a was also indicated by the 1H
NMR resonances at δ 5.30–5.40 (m, 4H) and by distortionless
enhancement by polarization transfer 13C NMR spectra, show-
ing four CH signals at δ 128.5, 128.9, 130.5, and 130.6.

The ∆5,9 unsaturation pattern was readily recognized in 1a
from the characteristic prominent peaks at m/z 81 in the EI
mass spectrum of the methyl ester (1b) and at m/z 180 (C-7–
C-8 cleavage) in the EI mass spectrum of the corresponding
pyrrolidide (1d) (17). The mass spectrum of the pyrrolidide
(1d) displayed an M+ peak at m/z 431 and differences of 12
amu between homologous ions at m/z 140 (C4) and m/z 152

(C5), indicating a ∆5 double bond, and between homologous
ions at m/z 194 (C8) and m/z 206 (C9), indicating a ∆9 double
bond (6,17). Further confirmation of the double-bond posi-
tions was obtained from NMR correlation spectroscopy
(COSY) experiments with consecutive COSY correlations
from C-1 to C-11 clearly showing that the double bonds were
located at C-5 and C-9 (Table 2). The geometry of the double
bonds was established by analysis of the 13C NMR chemical
shifts of the neighboring carbons of the double bonds (18). It
is known that carbons adjacent to trans double bonds have
chemical shifts in the range of δ 29.5–38.0, whereas those ad-
jacent to cis double bonds have values of δ 26.0–28.5. The
13C NMR signals of compound 1a were at δ 26.5 (C-4),  27.3
(C-7), 27.3 (C-8), and δ 27.4 (C-11) (Table 2), confirming the
percentage of cis double bonds between C-5 and C-6 as well
as between C-9 and C-10. 

The methyl branching in 1a was established because cat-
alytic hydrogenation (PtO2) of methyl ester 1b did not give a
C25 acid methyl ester with a normal saturated chain. Further-
more, the presence of two methyl groups in 1a was revealed
by 13C NMR and 1H NMR spectra. The chemical shift at 11.4
(CH3-24) shielded into a high field by the branching at the β-
position indicated anteiso structure (1H NMR: β = 0.85, t,
J = 6.4 Hz) while the signal at δ 19.2 (CH3-25) indicated a
methyl group at C-22 (18,19). The doublet at δ 0.85 in the 1H
NMR spectrum and the signal at δ 34.4 (C-22) in the 13C
NMR spectrum (18) as well as COSY and heteronuclear mul-
tiple quantum connectivity experiments and gas–liquid chro-
matographic behavior of 1a confirmed this conclusion. More-
over, EI-MS of the hydrogenated derivative of the pyrrolidide
(1e, M+ 435; Fig. 1) showed diagnostic fragments for the
ai25:0 fatty acid (406, M+ – 29; 378, M+ – 29 – 28).

On the basis of the data discussed above, the structure of 1a
was determined as (5Z,9Z)-22-methyl-5,9-tetracosadienoic acid.

The fatty acid 2a was easily presumed to be an isomer of
1a by comparison of the spectral data of 1a and 2a (Table 2).
The methyl ester (2b) had an ECL value of 24.82 on GLC,
and EI-MS gave a molecular ion peak (M+) at m/z 392. These
data supported the C25:2 structure. The positions and geome-
try of the double bonds as were determined for 2a as 5Z,9Z
by NMR data in the same manner as for 1a (Table 2). The
methyl branching was established based on the fact that cat-
alytic hydrogenation (PtO2) of 2b also did not give a methyl
ester with a normal chain. The presence of two methyl groups
was revealed by the signals at δ 22.6 in the 13C NMR spec-
trum (C-24, C-25) and at δ 0.86 in the 1H NMR spectrum (d,
J = 6.6 Hz, an isopropyl group). The signal at δ 39.1 (C-22)
in the 13C NMR spectrum confirmed the position of methyl
branching at C-23 (20,21). Mass spectrum of the tetrahy-
dropyrrolidide (2e) obtained from 2a exhibited a molecular
ion peak at m/z 435 (Fig. 2) and diagnostic fragmentation ions
for the iso fatty acids at m/z 420 (M+ – 15) and m/z 392 (M+ –
15 – 28).

On the basis of data discussed above, the structure of 2a
was determined as (5Z,9Z)-23-methyl-5,9-tetracosadienoic
acid.
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TABLE 2
Nuclear Magnetic Resonance (NMR) Data for 1a and 2aa

1a (anteiso) 2a (iso)
1H NMR 13C NMR 1H NMR 13C NMR

Position (ppm) (ppm) (ppm) (ppm)

1 178.7 s 178.7 s
2 2.36 t (7.5) 33.2 t 2.36 t (7.5) 33.2 t
3 1.70 sept. (7.4) 24.6 t 1.70 sept. (7.5) 24.6 t
4 2.08 m 26.5 t 2.08 m 26.5 t
5 5.30–5.40 m 128.5 d 5.30–5.40 m 128.5 d
6 5.30–5.40 m 130.6b d 5.30–5.40 m 130.6b d
7 2.08 m 27.3 t 2.08 m 27.3 t
8 2.08 m 27.3 t 2.08 m 27.3 t
9 5.30-5.40 m 128.9 d 5.30-5.40 m 128.9 d

10 5.30-5.40 m 130.5b d 5.30-5.40 m 130.5* d
11 2.02 br. q (6.8) 27.4 t 2.02 br. q (6.8) 27.4 t
12–21 1.2–1.4 m 29.4–30.1 t 1.2–1.4 m 29.4–30.1 t
22 1.51 sept. (6.5) 34.4 d 1.15 m 39.1 t
23 1.15 m 36.7 t 1.30 m 28.0 d
24 0.85 t (6.4) 11.4 q 0.86 d (6.6) 22.6 q
25 0.84 d (6.4) 19.2 q 0.86 d (6.6) 22.6 q
aIn CDCl3 with tetramethylsilane as internal standard.
bSignal assignments equivocal.

SCHEME 1

a: R = OH; b: R = OMe; c: R = OMe; 5,6,9,10-tetrahydro;

5,6,9,10-tetrahydro; f: R =d: e:



The GLC–MS and 1H NMR analyses of the fraction of free
sterols and the corresponding subfractions, obtained by silica
gel–AgNO3 preparative TLC, revealed 18 known sterols.
Table 3 lists the identified sterols as well as their content (%)
in the free sterol fraction and GLC relative retention times.
This sterol mixture contained C26 (5.9%), C27 (21%), C28
(49%), and C29 (19%) ∆5 sterols and stanols. The major sterol
was identified as 24-methylenecholesterol (38.25%).

The demospongic acids from the Far Eastern marine
sponge G. robusta demonstrated potent cytotoxic activities.
In fact, toxic and hemolytic effects of the mixture of the acids
1a and 2a (1.5:1) against mouse Ehrlich carcinoma cells and
erythrocytes were observed at ED50 = 1.8 and 1.5 µg/mL, re-
spectively. The sponge G. robusta contained 24-methylene-
cholesterol as the principal constituent of the free sterol frac-
tion instead of cholesterol, a main membrane sterol of the ma-

jority of animals. Earlier, Djerassi’s group (22) distinguished
some sponges containing unusual additionally alkylated side
chains in sterols as also having the branched demospongic
fatty acids in their membrane phospholipids. It was suggested
(22) that “such an unusual feature of the membrane . . . may
represent a response to stress from the sponge’s biotic envi-
ronment, or it may reflect a specialized requirement of certain
membrane-bound enzymes for internal fluidity” (p. 645). In
the course of our continued investigations on membranolytic
toxins from marine organisms, we have discovered that many
toxin-producing marine animals (sponges, holothurians, etc.)
contain unusual sterols instead of cholesterol in their mem-
brane free sterol fractions (23). Moreover, we confirmed by
experiments that inclusion of unusual sterols instead of cho-
lesterol into cellular membranes protects cells against mem-
branolytic action of different marine toxins (24). We call the
phenomenon, which involves the mutually conditioned pres-
ence of two different series of secondary metabolites in liv-
ing organisms, “biochemical coordination” (23,24). The find-
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FIG. 1. Partial mass spectrum of 1e.

TABLE 3
Sterols from the Sponge Geodinella robusta (gas–liquid chromatographic analysis of RRTa are given for acetates)

Sterol Short designation RRTa % Content

1     24-Norcholesta-5,22-dien-3β-ol 26∆5,22 0.695 5.22
2     24-Nor-5α-cholest-22-en-3β-ol 26∆22 0.713 0.67
3     27-Nor-24ξ-methylcholesta-5,22-dien-3β-ol 27∆5,22 0.895 3.38
4     Cholesta-5,22-dien-3β-ol 27∆5,22 0.920 3.88
5     5α-Cholest-22-en-3β-ol 27∆22 0.950 0.44
6     Cholest-5-en-3β-ol (cholesterol) 27∆5 1.001 1.19
7     5α-Cholestan-3β-ol 27∆0 1.020 2.14
8     24S-Methylcholesta-5,22-dien-3β-ol 28∆5,22 1.098 10.38
9     24ξ-Methyl-5α-cholest-22-en-3β-ol 28∆22 1.126 1.47

10     24-Methylcholesta-5,24(28)-dien-3β-ol 28∆5,24(28) 1.238 38.25
11     24ξ-Methylcholest-5-en-3β-ol 28∆5 1,249 Trace
12     24-Methylcholest-24(28)-en-3β-ol 28∆24(28) 1.268 0.76
13     24ξ-Ethylcholesta-5,22-dien-3β-ol 29∆5,22 1.333 1.33
14     24ξ-Ethylcholest-5-en-3β-ol 29∆5 1.495 Trace
15     24-Ethylcholesta-5,24(28)-dien-3β-ol 29∆5,22(28) 1.498 Trace
16     24-Ethylcholesta-5,24(28)Z-dien-3β-ol 29∆5,22(28) 1.507 12.49
17     24ξ-Ethyl-5α-cholest-24(28)E-en-3β-ol 29∆22(28) 1.541 Trace
18     24ξ-Ethyl-5α-cholestan-3β-ol 29∆0 1.554 6.44
aRelative retention time (RRT) for the sterol acetate (RRT for cholesterol acetate = 1.00); HP-5MS column, 270°C.

FIG. 2. Partial mass spectrum of 2e.



ing of a new case where membranolytic toxins (fatty acids 1a
and 2a) and the major sterol distinguished from cholesterol
(24-methylenecholesterol) were found in the same animal
(the sponge G. robusta) is of interest from the point of view
of further studies on “biochemical coordination.” Probably,
24-methylenecholesterol complements the unusual fatty acid
toxicity in some unknown fashion.
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ABSTRACT: The lipid ester core aldehydes formed during a
rapid oxidation (7.8 M tert-butyl hydroperoxide, 90 min at 37°C)
of the triacylglycerols of purified corn and sunflower oils were
isolated as dinitrophenylhydrazones by preparative thin-layer
chromatography and identified by reversed-phase high-perfor-
mance liquid chromatography with on-line electrospray ioniza-
tion mass spectrometry and by reference to standards. A total of
113 species of triacylglycerol core aldehydes were specifically
identified, accounting for 32–53% of the 2,4-dinitrophenylhy-
drazine (DNPH)-reactive material of high molecular weight rep-
resenting 25–33% of the total oxidation products. The major core
aldehyde species (50–60% of total triacylglycerol core aldehydes)
were the mono(9-oxo)nonanoyl- and mono(12-oxo)-9,10-epoxy
dodecenoyl- or (12-oxo)-9-hydroxy-10,11-dodecenoyl-diacyl-
glycerols. A significant proportion of the total (9-oxo)nonanoyl
and epoxidized (12-oxo)-9,10-dodecenoyl core aldehydes was
found in complex combinations with hydroperoxy or hydroxy
fatty acyl groups (6–10% of total triacylglycerol core aldehydes).
Identified were also di(9-oxo)nonanoylmonoacylglycerols (0.5%
of total) and tri(9-oxo)nonanoylglycerols (trace). The identifica-
tion of the oxoacylglycerols was consistent with the products an-
ticipated from tert-butyl hydroperoxide oxidation of the major
species of corn and sunflower oil triacylglycerols (mainly
linoleoyl esters). However, the anticipated (13-oxo)-9,11-trideca-
dienoyl aldehyde-containing acylglycerols were absent because
of further oxidation of the dienoic core aldehyde. A significant
proportion of the unsaturated triacylglycerol core aldehydes con-
tained tert-butyl groups linked to the unsaturated fatty chains via
peroxide bridges (2–9%). The study demonstrates that rapid per-
oxidation with tert-butyl hydroperoxide constitutes an effective
method for enriching natural oils and fats in triacylglycerol core
aldehydes for biochemical and metabolic testing.

Paper no. L8703 in Lipids 37, 81–94 (January 2002).

Autoxidation of unsaturated triacylglycerols yields hydroper-
oxides as primary oxidation products. In the presence of di-
valent cations, the hydroperoxides readily undergo chain

cleavage, yielding both volatile and nonvolatile carbonyl
compounds of a large variety of structural types (1,2).
Whereas the volatile carbonyl compounds have been exten-
sively studied owing to their contribution to off-flavors, color,
and aroma of stored food products (3,4), the nonvolatile acyl-
glycerol aldehyde molecules have largely been ignored (5,6).
Extensive research has shown that volatile carbonyls form
adducts with proteins (7–9) and some of them precipitate ad-
verse physiological effects (9–11). The chain cleavage prod-
ucts remaining associated with the acylglycerol molecules,
although not directly contributing to off-flavors, color, and
aroma, can serve as reservoirs of potentially toxic oxidation
materials as well as complexing agents. Furthermore, polar
glycerolipids containing an aldehyde group are likely to re-
main associated with cell membranes (12) and affect their
structure and function, including receptor activity. Because
the nonvolatile aldehydes have been shown (13,14) to react
with amino compounds as readily as the volatile aldehydes
and because hydroperoxides of dietary linoleic acid esters are
converted to aldehydes in the stomach before being absorbed
into the body (15,16), it is essential that acylglycerol core
aldehydes be available for studies on the gastrointestinal fate
and metabolic consequences of ingestion of the secondary
products of triacylglycerol oxidation.

As synthetic lipid ester core aldehydes are not commer-
cially available, previous biochemical and nutritional studies
have been performed with the small amounts of products gen-
erated by autoxidation of unsaturated fats and oils (17,18).
Because of low yields of oxoacylglycerols, direct identifica-
tion of the potential dietary precursors and the absorbed
materials has been difficult, and analysts have relied on
indirect tests based on various color reactions (17,18). We
have previously isolated the C5 and C9 core aldehydes of
cholesteryl esters (19,20), glycerophospholipids (19), 
and standard triacylglycerols (21,22) following treatment
with tert-butyl hydroperoxide (TBHP) and have identified
them by reversed-phase high-performance liquid chromatog-
raphy (HPLC) with on-line electrospray ionization mass
spectrometry (LC/ESI/MS) after preparation of the 2,4-dini-
trophenylhydrazones (13,22). In the present study, we have
used this analytical method to identify over 113 core alde-
hydes and their derivatives generated from corn and sun-
flower oil triacylglycerols by a rapid oxidation with TBHP
and ferrous ions.
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MATERIALS AND METHODS

Materials. Corn oil (Mazola; Best Foods Canada Inc., Etobi-
coke, Ontario, Canada) was purchased from a local grocery
store, and sunflower seed oil (Kultasula) was obtained from a
Finnish manufacturer (Raision Margariini Oy, Toijala, Fin-
land). The triacylglycerols were purified by thin-layer chro-
matography (TLC) as previously described (22). Reference
triacylglycerols, hydroperoxytriacylglycerols, and core alde-
hydes were available from a previous study (22), including
the oxidation products of 16:0/18:1/18:2 (21). 

Oxidation. The oxidation was accelerated by adding 1 mL
of 70% TBHP in water (7.8 M) to 10 mg of purified triacyl-
glycerols in the presence of 10 µM FeSO4 and 100 µL of
0.2% taurocholic acid (16). The mixture was incubated on a
mechanical agitator in the dark for 1.5 h at 37°C. The reac-
tion was stopped by diluting with 5 mL of chloroform/
methanol (2:1, vol/vol) and by washing three times with water
(3 × 1 mL). The solvent was evaporated under nitrogen at
38°C, and the lipid residue was subjected to preparation of
derivatives of 2,4-dinitrophenylhydrazine (DNPH).

Preparation of DNPH derivatives. The DNPH derivatives
of triacylglycerol core aldehydes were obtained by adding 2
mL of freshly prepared DNPH in 1 N HCl (3.6 mg/mL) to a
6–9-mg dry sample (6). The mixture was shaken vigorously
and kept in the dark at room temperature for 4 h and then
overnight at 4°C. The lipids were extracted with 5 mL of
chloroform/methanol (2:1, vol/vol), the chloroform phase was
blown down under nitrogen, and the residue was taken up in
an appropriate solvent for chromatography and MS as de-
scribed below. 

TLC. Normal-phase TLC was used to purify triacylglycerols
and their oxidized derivatives. Silica gel H (E. Merck & Co.,
Darmstadt, Germany) plates were prepared in the laboratory,
and heptane/isopropyl ether/acetic acid (60:40:4, by vol) solu-
tion was used as the mobile phase (22). The DNPH derivatives
of the core aldehydes were seen as yellow bands on the chro-
matoplates (in daylight). The compounds were recovered from
the silica gel scrapings by extraction with chloroform/methanol
(2:1, vol/vol). Extracts were washed with distilled water, dried
with anhydrous Na2SO4, and saved in 2-propanol.

HPLC, LC/ESI/MS, and LC/ESI/CID/MS. Procedures for
HPLC, LC/ESI/MS, and LC with on-line ESI/collision-in-
duced dissociation/MS (LC/ESI/CID/MS) of triacylglycerols
were as described previously (21,22). The reversed-phase
HPLC profiles of native corn and sunflower oil triacylglyc-
erols were recorded with the use of a direct liquid inlet (DLI)
chemical ionization (CI) mass spectrometer (Hewlett-
Packard, Palo Alto, CA) as a detector, as previously described
(23). For ESI/CID/MS, the capillary exit voltage was raised
to 300 V to obtain fragment ions from any clearly resolved
components (pseudo MS/MS) (24,25). The triacylglycerol
samples were dissolved in isopropanol by heating for 2–3 min
at 80°C prior to injection. Addition of chloroform to assist the
dissolution of triacylglycerols was avoided as it caused dis-
tortion of peak shape and variation in retention time.

GC/MS. GC/MS analyses were performed using an
HP5890A gas chromatograph (Hewlett-Packard, San Diego,
CA) coupled to the single-quadrupole mass spectrometer de-
scribed above. A fused-silica capillary column (15 m × 0.32
mm, i.d.) of the DB-1 bonded phase type (J&W Scientific,
Rancho Cordova, CA) was used for the analysis with temper-
ature programming from 200 to 300°C at 5°C/min. Spectra
were recorded under electron impact (EI) (70 eV) ionization
conditions. 

Peak identification and quantification. The structures of
the resolved oxoacylglycerols were established on the basis
of their behavior on normal-phase TLC, reversed-phase
HPLC, and LC/ESI/MS as follows. The tentative identities
obtained by chromatography in relation to standards were
confirmed by LC/ESI/MS, which provided high-intensity 
[M + 1]+ and low-intensity [M − RCOOH]+ ions for the un-
derivatized oxoacylglycerols. The DNPH derivatives of the
TBHP oxidation products of the oils gave [M − 1]− as the
major ions on LC/ESI/MS in the negative mode. The DNPH
derivatives of oxidized 16:0/18:1/18:2 were characterized by
LC/ESI/CID/MS, which permitted the detection of greatly in-
creased yields of the [M − RCOOH] ions. The data obtained
with the TBHP oxidation products of 16:0/18:1/18:2 were
used to assign the structures of the TBHP oxidation products
of corn and sunflower oil triacylglycerols. The abundances of
the major molecular ions of the core aldehydes in the TLC
bands provided an estimate of the relative quantities of each
component of each homologous series, which could be
summed to match the estimates for the major oxoacylglycerol
core aldehydes in the total negative ion profile.

RESULTS

Analysis of seed oils. The molecular species composition of native
corn and sunflower oil triacylglycerols was determined by re-
versed-phase HPLC and was found to be similar to that reported
previously for commercial corn (23) and sunflower (26) seed oils.
Figure 1 shows the triacylglycerol profiles of the two oils before
oxidation as obtained by LC/DLI/CI/MS. Table 1 compares mole-
cular species of triacylglycerols of corn and sunflower seed oils be-
fore oxidation. The major molecular species of triacylglycerols in
both oils were 18:2/18:2/18:2 (20–22%), 18:1/18:2/18:2 (17–18%),
18:1/18:1/18:2 (12–21%), 16:0/18:2/18:2 (7–10%), 16:0/18:1/18:2
(4–9%), 18:1/18:1/18:1 (9–14%), and 18:0/18:1/18:1 (3–7%). 
The sunflower oil also contained minor amounts (1–5%) of
18:0/18:1/18:1, 22:1/18:1/18:2, and 22:0/18:1/18:2. The overall
fatty acid composition of the original sunflower and corn oil tria-
cylglycerols was similar to that reported previously (23,26), with
linoleic (18:2), oleic (18:1), and palmitic (16:0) acids accounting
for over 90% of the total, as shown in Table 2.

Analysis of total oxidation mixtures. Figure 2 compares the
total reversed-phase HPLC elution profiles, as detected by
light scattering, of corn and sunflower seed oil triacylglyc-
erols following the TBHP treatment. The peaks correspond-
ing to unoxidized triacylglycerols are eluted toward the end
of the chromatograms and are identified by their theoretical
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carbon number (TCN). The oxidized triacylglycerols are
eluted earlier with retention times corresponding to those
recorded for synthetic triacylglycerols containing epoxy, hy-
droperoxy, and hydroxy fatty acids in combination with un-
modified fatty acids or the core aldehydes as reported previ-
ously (22). On the basis of total peak area, up to 75–80% of
the original oil has been oxidized. An examination of the total
oxidation mixtures by reversed-phase LC/ESI/MS in the pos-
itive ion mode gave elution profiles similar to those obtained
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FIG. 1. Total positive ion current profiles of triacylglycerols of corn and
sunflower seed oils before oxidation. Peak numbering refers to the par-
tition number. Triacylglycerols were detected as the ammonium
adducts [M + NH4] in the positive ion mode. Conditions and instrumen-
tation of reversed-phase high-performance liquid chromatography
(HPLC) and mass spectrometry (MS) with direct liquid inlet (DLI) chem-
ical ionization (CI) are described in the Materials and Methods section.
Solvent gradient: 20–80% 2-propanol in methanol (0.85 mL/min) in 
30 min.

TABLE 1
Major Molecular Species of Triacylglycerols of Native Corn 
(Mazola, Canada) and Sunflower (Kultasula, Finland) Oilsa

Molecular Corn Sunflower 
ACN/DBb [MH]+ species oil (mol%) oil (mol%)

54:7 894 18:2/18:2/18:3 4.2 ± 0.1 0.05 ± 0.1
54:6 896 18:2/18:2/18:2 22.3 ± 2.0 20.3 ± 2.1
52:5 870 16:0/18:2/18:3 0.9 ± 0.1 0.0 ± 0.0
54:5 898 18:1/18:2/18:2 18.0 ± 2.0 17.3 ± 2
52:4 872 16:0/18:2/18:2 9.9 ± 1.0 6.8 ± 1
54:4 900 18:1/18:1/18:2 12.0 ± 1.0 21.5 ± 1.0
52:3 873 16:0/18:1/18:2 8.6 ± 1.0 4.0 ± 1.0
50:2 848 16:0/16:0/18:2 3.2 ± 0.5 0.05 ± 0.1
54:3 902 18:1/18:1/18:1 9.0 ± 0.5 13.7 ± 1.1
52:2 876 16:0/18:1/18:1 6.0 ± 0.5 0.7 ± 0.1
50:1 850 16:0/16:0/18:1 2.3 ± 0.2 0.2 ± 0.1
48:0 824 16:0/16:0/16:0 0.4 ± 0.2 0.1 ± 0.5
54:2 904 18:0/18:1/18:1 2.8 ± 0.2 7.4 ± 0.2
52:1 878 16:0/18:0/18:1 0.9 ± 0.2 1.1 ± 0.2
58:4 956 18:1/18:2/22:1 — 4.8 ± 0.5
54:1 906 18:0/18:0/18:1 — 0.9 ± 0.5
58:3 958 18:1/18:2/22:0 — 1.2 ± 0.5
aAnalysis by liquid chromatography with the use of a direct liquid inlet mass
spectrometer as detector (LC/DLI/CI/MS) and using a linear gradient of
30–90% propionitrile in acetonitrile. Values are means ± range/2.
bACN, acyl carbon number; DB, double bond.

TABLE 2
Fatty Acid Composition of Corn (Mazola, Canada) and Sunflower 
(Kultasula, Finland) Oilsa

Fatty acid Corn oil (mol%) Sunflower oil (mol%)

16:0 10.96 ± 0.8 6.4 ± 1.0
16:1n-7 0.09 ± 0.1 0.2 ± 0.2
18:0 1.85 ± 0.2 3.9 ± 0.8
18:1n-9 28.83 ± 1.7 34.0 ± 3.2
18:2n-6 56.59 ± 2.5 49.4 ± 4.0
18:3n-3 0.70 ± 0.3 0.3 ± 0.2
20:0 0.46 ± 0.1 1.2 ± 0.8
20:1n-9 0.40 ± 0.1 1.0 ± 0.1
22:0 0.11 ± 0.1 0.5 ± 0.2
22:1n-11 Trace 1.5 ± 0.5
aGas–liquid chromatographic analysis (in duplicate) on a polar capil-
lary column (21,22). Values are means ± range/2.

FIG. 2. Comparison of reversed-phase HPLC elution profiles of the corn
and sunflower seed oils following oxidation with tert-butyl hydroperox-
ide (TBHP) and ferrous iron. Peak numbering for residual triacylglyc-
erols is based on partition number. Conditions of HPLC separation and
light-scattering detection as in the Materials and Methods section. Sol-
vent gradient as in Figure 1. See Figure 1 for abbreviation.



by HPLC with light-scattering detection (chromatograms not
shown). Although the residual triacylglycerol species were
readily recognized, the parts of the chromatograms contain-
ing the oxygenated triacylglycerols were too complex for
identification of the molecular species of the core aldehydes.
Further reversed-phase HPLC analyses of the oxidized oils
were performed following conversion of the aldehyde-con-
taining triacylglycerols into DNPH derivatives. 

Figure 3 (upper panel) shows the elution profile of the
DNPH derivatives of oxidized sunflower oil triacylglycerols
as recorded by reversed-phase LC/ESI/MS in the negative ion
mode, along with the full mass spectrum averaged over the
core aldehyde elution range (4–25 min). In the negative
mode, only the DNPH derivatives and the presumed DNPH
polymers (0–5 min) were ionized and detected. The negative
ions recorded in the early part of the chromatogram (1.5–4.6
min) were of much lower molecular mass (m/z 403–513) and
were attributed to the DNPH derivatives of the short-chain
aldehydes and presumed DNPH derivatives produced during
the oxidation of the sunflower oil triacylglycerols and were
not further investigated. Similar results were obtained for the
negative ion mass chromatograms of oxidized corn oil. 

The major ions in the core aldehyde elution range (Fig. 3,
lower panel) extend from m/z 926 to m/z 1142, the higher
masses clearly exceeding those anticipated for the DNPH de-
rivatives of the simple C9–C12:1 core aldehydes of sunflower

oil triacylglycerols. The major peaks or peak clusters are
numbered 1–9 for reference. The major ions are tentatively
identified and assigned to specific peak clusters by determin-
ing the full mass spectra associated with each peak cluster as
given in Table 3. The peak clusters correspond to the poly-
oxygenated (clusters 1–3), dioxygenated (clusters 4 and 5),
monooxygenated (cluster 6), and simple core aldehydes (clus-
ters 7, 8, and 9) in the oxidized sunflower oil sample. The
peaks were identified and quantified by ion extraction from
the total negative ion current profile by the computer. All ions
represent the DNPH derivatives of triacylglycerols contain-
ing at least one core aldehyde group per molecule. The peaks
possess symmetrical shapes but are resolved into two or more
components based on the relative proportions of the regio-
and geometric isomers in the sample. The peaks belong to ho-
mologous series and may be aligned according to their TCN.
Many more ions could be similarly extracted and identified
on the basis of the relative retention times observed for stan-
dards or extrapolated from them.
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FIG. 3. Total negative ion elution profile of the 2,4-dinitrophenylhy-
drazine (DNPH) derivatives of oxidized sunflower oil triacylglycerols
and full mass spectrum averaged over the acylglycerol elution range.
Peaks are numbered as clusters in the elution profile and identified on
the basis of subsequent analyses as follows: cluster 1, trialdehydes; clus-
ter 2, core aldehyde trihydroxides or epoxydihydroxides; cluster 3, core
aldehyde dihydroxides or epoxyhydroxides; cluster 4, core aldehyde
hyroperoxides or epoxyhydroxides; cluster 5, core aldehyde hydroper-
oxides; cluster 6, TBHP adducts of core aldehyde epoxides; cluster 7,
TBHP adducts of core aldehydes; cluster 8, core aldehydes; cluster 9,
core aldehydes. For identification of ions, see Tables 4–6. Conditions
for liquid chromatography with on-line electrospray ionization mass
spectrometry (LC/ESI/MS) as in the Materials and Methods section. See
Figure 2 for abbreviations.

TABLE 3
The Major Ions [as 2,4-dinitrophenylhydrazine (DNPH) derivatives] 
in Peak Clusters of Total Ion Current Profile of tert-Butyl 
Hydroperoxide (TBHP)-Oxidized Sunflower Seed Oila

Peak Time range
cluster (min) m/z Molecular structurea

1 4.66–5.52 996 6:0ALD/8:0ALD/8:0ALD
1012 18:2/18:3/9:0ALD, diOOH
1052 18:2/18:3/9:0ALD, OH, TBHP
1128 9:0ALD/9:0ALD/9:0ALD
1140 18:1/18:2/9:0ALD, OH, diTBHP
1142 18:1/18:1/9:0ALD, OH, diTBHP

2 5.66–6.53 1054 18:2/18:2/9:0, OH, TBHP
1070 18:2/18:2/9:0ALD, OOH, TBHP

3 6.63–7.25 982 18:2/18:2/9:0ALD, OOH
1012 16:0/18:3/12:1ALD, OOH, epoxy
1038 18:2/18:2/12:1ALD, OOH, epoxy
1056 18:1/18:2/9:0ALD, OH, TBHP

4 7.25–8.54 958 16:0/18:2/9:0ALD, OOH
984 18:1/18:2/9:0ALD, OOH

5 8.54–9.84 940 16:0/9:0ALD/18:3, OH
966 18:2/9:0ALD/18:2, OH
984 18:1/18:2/9:0ALD, OOH

1032 16:0/18:1/9:0 ALD, OH, TBHP
1092 18:2/12:1ALD/18:3, TBHP, epoxy
1112 18:2/18:2/8:0ALD, diTBHP

6 9.98–11.27 996 16:1/18:3/8:0ALD, TBHP
1022 18:2/18:3/8:0, TBHP
1038 18:2/18:2/9:0ALD, TBHP
1068 16:0/18:3/12:1ALD, epoxy, TBHP
1070 16:0/12:1ALD/18:2, epoxy, TBHP
1094 18:2/18:2/12:1ALD, epoxy, TBHP

7 11.56–12.57 1006 18:2/12:1ALD/18:2, epoxy
1024 18:2/18:2/8:0ALD, TBHP
1042 18:2/9:0ALD/22:0, OOH

8 12.71–14.58 926 16:0/18:2/9:0ALD
952 18:1/18:2/9:0ALD
982 16:0/18:2/12:1ALD, epoxy

9 14.72–16.01 954 18:1/18:1/9:0ALD
928 16:0/18:1/9:0ALD

aIons were derivatized by DNPH. ALD, aldehyde.



TLC of DNPH derivatives. To confirm the identification of
the triacylglycerol core aldehydes, the 2,4-DNPH-treated re-
action mixture was subjected to TLC prefractionation. Figure
4 shows the TLC separation of the DNPH derivatives of oxi-
dized sunflower seed oil. The complex mixture was resolved
into a total of nine yellow bands and a residual triacylglyc-
erol band (TLC band 10), which did not absorb in daylight
but possessed a weak ultraviolet absorption. The oxotriacyl-
glycerols were resolved on the basis of overall polarity and
regio- and geometric configuration of the DNPH derivatives
as subsequently established by reversed-phase LC/ESI/MS of
the individual TLC bands in comparison to standards.

TLC/LC/ESI/MS of DNPH derivatives. The structures of
the triacylglycerol core aldehydes were further confirmed and
the core aldehyde content quantified by examining each TLC
band by reversed-phase LC/ESI/MS.

TLC band 10. LC/ESI/MS with positive ionization showed
that TLC band 10 was made up of residual triacylglycerols
along with their TBHP adducts (27).

TLC bands 9 and 8. The DNPH derivatives recovered from
TLC bands 9 and 8 showed mainly ions with masses below

600, which suggested that the major components of those
bands were DNPH derivatives of the volatile short-chain
aldehydes also produced by peroxidation of the sunflower oil
triacylglycerols, although artifacts arising from polymeriza-
tion of DNPH also were present. A typical low-molecular-
weight aldehyde, hexanal, as the DNPH derivative (m/z 273),
was found to migrate between residual triacylglycerols and
the simple core aldehyde acylglycerols in our TLC system. 

TLC bands 7 and 6. Figure 5 shows the total ion current
profile (upper panel) of TLC band 7 from oxidized sunflower
seed oil, along with the full mass spectrum (m/z 850–1150;
lower panel) averaged over the oxotriacylglycerol elution
range (2–23 min.). The complex profile of the chromatogram
(upper panel of Fig. 5) is deceptive in view of the relative
simplicity of the total mass spectrum (lower panel of Fig. 5),
which shows major ions at m/z 928, 952, 954, and 956, with
minor ions at m/z 876, 1014, and 1040. The peak complexity
is due to the chromatographic resolution of the regio- and
geometric isomers of the DNPH derivatives of the core alde-
hydes, which possess identical molecular masses, as shown
by the mass chromatograms recorded in Figure 6 for simple
core aldehyde peaks eluted over the period of 14.2–18.8 
min. These peaks represent combinations of 9:0ALD (where
ALD is aldehyde) with the common sunflower oil fatty 
acids. The major species are: 18:1/9:0ALD/18:2 (m/z 952),
18:1/18:1/9:0ALD (m/z 954), 16:0/18:2/9:0ALD (m/z 926),
18:0/9:0ALD/18:1 (m/z 956), and 16:0/18:0/9:0ALD (m/z
930), and there are many minor ones. These peaks clearly rep-
resent derivatives of homologous series of sunflower oil tria-
cylglycerols. However, some fatty acids of the core aldehydes
are more saturated than the fatty acids of the typical native
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FIG. 4. Normal-phase thin-layer chromatography (TLC) separation of
the total mixture of  oxidized sunflower oil triacylglycerols following
derivatization with 2,4-dinitrophenylhydrazine. TLC band 10, residual
triacylglycerols; yellow TLC bands (in daylight) represent, in descend-
ing order, the following major components: 9 and 8, short-chain alde-
hydes; 7 and 6, simple triacylglycerol core aldehydes; 5 and 4, dioxy-
genated core aldehydes; 3 and 2, polyoxygenated core aldehydes; 1,
trioxygenated core aldehydes. Heptane/isopropyl ether/acetic acid
(60:40:4, by vol) solution was used as a mobile phase. The compounds
were recovered by extraction with chloroform/methanol 2:1 (by vol)
from silica gel 60 H plates. Procedures and conditions are given in the
Materials and Methods section.

FIG. 5. Total negative ion current profile of TLC band 7 of the DNPH
derivatives of oxidized sunflower seed oil (upper panel) and  the full
mass spectrum (lower panel) averaged over the core aldehyde elution
range (2–23 min). Peak identification and ion assignment are given in
Table 4. Earlier eluted ions are attributed to hydrazones of short-chain
aldehydes and artifacts from polymerization of DNPH. LC/ESI/MS con-
ditions are as given in the Materials and Methods section. See Figures 3
and 4 for abbreviations.



sunflower oil. In addition to 9:0 core aldehydes, a series of
compounds was found to correspond to 8:0 core aldehydes.
However, there were no masses corresponding to the 13:2 and
12:1 core aldehydes in TLC band 7 nor in TLC bands 8 and 9,
which were examined in case these core aldehydes had mi-
grated ahead of the other 9:0 core aldehydes. The peaks eluted
over the range of 11–13.5 min, and clearly ahead of the simple
core aldehydes, represented the TBHP adducts of the unsatu-
rated core aldehydes. The major adduct species were:
18:1/18:2/9:0ALD, TBHP (m/z 1042), 18:1/18:1/9:0ALD,
TBHP (m/z 1040), and 16:0/18:2/9:0ALD, TBHP (m/z 1014).
No adducts were seen for the saturated triacylglycerol core
aldehyde species. TLC band 7 contained the bulk of the tri-
acylglycerol core aldehydes (mainly mono-9:0) with minor
amounts found also in TLC band 6 (m/z 928, m/z 952, and m/z
956) as listed in Table 4. A total of 32 9:0 and 14 8:0 core alde-
hyde-containing triacylglycerols, including the TBHP adducts,
were identified in both corn and sunflower oils. The identifica-
tions were consistent with the ion masses, the reversed-phase
HPLC retention times of standards, as well as the TCN, and the
relative proportions of the parent triacylglycerols in the origi-
nal oils. The abundance of the molecular ions in the major TLC
bands provided an uncalibrated quantification of the various
members of each homologous series. The major TBHP adduct
species also corresponded to the major species of the tri-
acylglycerol core aldehydes: 18:1/18:2TBHP/9:0ALD DNPH
(m/z 1040), 18:2/18:2TBHP/9:0ALD DNPH (m/z 1038),
16:0/18:2TBHP/9:0ALD DNPH (m/z 1014), and others. The
masses of the TBHP adducts were consistent with the presence
of peroxide bridging at the sites expected to be occupied by hy-
droperoxyl groups, the retention times on the reversed-phase

column, and TCN, as well as with the structures of the major
molecular species of residual triacylglycerols in both corn and
sunflower oils. There were no significant ions corresponding to
the TBHP adducts of the 12:1 core aldehydes in these bands. A
similar approach was used in examining other TLC bands.

TLC bands 5 and 4. TLC band 5 contained the bulk of the
DNPH-derivatized material. The major ions were found at
m/z 956, 966, 982, and 984, with minor ions at m/z 1006,
1008, 1068, 1012, 1024, and 1094, indicating the presence of
core aldehydes in combination with two full-length normal or
oxidized-chain fatty acids in the same triacylglycerol mole-
cule. There were indications of the presence of several ho-
mologous series of the core aldehydes. The minor peaks
eluted over the time period 7.5–11.7 min represented mostly
the hydroperoxides of the 9:0 core aldehydes with m/z values
of 982, 958, 984, 986, 988, and 1042. In the hydroperoxides
of 9:0 core aldehydes, the hydroperoxyl group was located on
one of two unsaturated fatty acids bound to the triacylglyc-
erol molecule containing the aldehyde group. The peaks
eluted over the time period 11.8–13.9 min included ions with
m/z values of 1000 and 1026, which could be attributed to
TBHP adducts of 12:1 core aldehydes. The peaks eluted over
the time period 9.3–12.7 min represent the TBHP adducts of
the 12:1 core aldehyde monoepoxides with m/z values of
1092, 1094, 1068, 1070, 1096, and 1098. The peaks emerg-
ing over the time period 12.3–20.3 min represent an orderly
elution sequence of the monoepoxides of 12:1 core aldehydes
with m/z values of 1006, 980, 956, 1008, 982, and 1010. The
sudden appearance of the 12:1 aldehydes in the epoxy tri-
acylglycerols suggests that the epoxy group is located on the
12:1 aldehyde chain. The monoepoxides of 12:1 core alde-
hydes have two fatty acids and the epoxidized 12:1 aldehyde
chain esterified to a parent triacylglycerol. However, the
structures of epoxy compounds are shown in this paper with-
out the loss of double bonds to indicate the original composi-
tion of core aldehydes. TLC band 4 contained the regioiso-
mers of the epoxy core aldehydes in TLC band 5 along with
the corresponding TBHP adducts (mass chromatograms not
shown). The chromatographic properties and the relative
quantities of the epoxides of the 12:1 core aldehydes and the
corresponding TBHP adducts in TLC bands 5 and 4 are given
in Table 5 in order of the reversed-phase HPLC retention
times. In all instances, the relative proportions of the alde-
hyde derivatives corresponded to the relative proportions of
the major triacylglycerols in the original oils. In the case of
corn oil, some of the core aldehyde hydroperoxides were
found, in part, in TLC bands 6 and 4 and in TLC bands 4 and
3. The identification of all major aldehyde hydroperoxides
was consistent with ion masses and relative retention times of
standards, as well as the TCN and the total acyl carbon and
double-bond numbers. The molecular-ion abundances in the
major TLC bands provide uncorrected estimates of the rela-
tive quantities of the various members of each homologous
series. 

TLC bands 3, 2, and 1. These minor TLC fractions repre-
sent the core aldehydes of the more highly oxygenated tri-
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FIG. 6. Mass chromatograms of major ions of (9-oxo)nonanoyl acylglyc-
erols as DNPH derivatives from TLC band 7 of oxidized sunflower oil. Ion
identification is given in Table 4. LC/ESI/MS conditions are as described in
the Materials and Methods section. ALD, aldehyde; see Figures 3 and 4 for
other abbreviations.



acylglycerols possessing complex elution profiles (total ion
currents not shown). The tentative peak identifications again
were based on the TLC/HPLC behavior of synthetic stan-
dards, the specificity of the negative ion response to the
DNPH derivatives, and knowledge of the general nature of
the products of TBHP oxidation of standard triacylglycerols.
As an example, Figure 7 shows the single ion mass chro-

matograms of major hydroxy (9-oxo)nonanoyl acylglycerols
extracted from TLC band 2. Table 6 summarizes the chro-
matographic properties of the identified peaks along with the
ion abundance recorded for each molecular species in TLC
bands 3 and 2 and in the most polar minor TLC band 1. There
remained significant ion abundance at m/z 1040, 1056, 958,
980, 960, 982, 986, 1008, and 1012 in TLC band 3 and at m/z
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TABLE 4
Composition and Structure of Triacylglycerol Core Aldehydes and Peroxide Adducts in TBHP-Oxidized Corn and Sunflower Seed Oils as Deter-
mined by Reversed-Phase Liquid Chromatography with On-line Electrospray Ionization Mass Spectrometry (LC/ESI/MS) (TLC bands 6 and 7)a

Abundancec

No Avg Rt TCN ACN/DB Massb Corn Sunflower Molecular structured

1 11.23 31.33 45:4 1038 500 11400 18:2/9:0ALD/18:2, TBHP
2 11.43 30.99 42:2 1000 400 500 16:1/8:0ALD/18:1, TBHP
3 12.03 31.67 45:4 1038 6500 18:2/18:2/9:0ALD, TBHP
4 12.45 33.17 43:2 1014 2900 4900 16:0/9:0ALD/18:2, TBHP
5 12.59 32.51 42:2 1000 400 16:0/18:2/8:0ALD, TBHP
6 12.63 32.66 45:3 1040 8400 14500 18:1/9:0ALD/18:2, TBHP
7 12.79 33.51 43:2 1014 5400 3300 16:0/18:2/9:0ALD, TBHP
8 12.97 33.27 45:4 950 400 1900 18:2/9:0ALD/18:2
9 13.32 33.60 44:3 938 400 18:1/8:0ALD/18:2

10 13.37 33.00 45:3 1040 3500 5500 18:1/18:2/9:0ALD, TBHP
11 13.58 34.05 44:3 938 200 18:1/18:2/8:0ALD
12 13.63 33.72 45:4 950 300 2000 18:2/18:2/9:0ALD
13 13.94 33.06 44:3 1026 500 18:0/18:3/8:0ALD, TBHP
14 14.20 34.60 45:3 952 8100 18100 18:1/9:0ALD/18:2
15 14.20 35.11 43:2 926 6100 5900 16:0/9:0ALD/18:2 
16 14.30 34.66 44:3 938 100 18:0/8:0ALD/18:3
17 14.58 34.21 45:2 1042 4100 18:1/9:0ALD/18:1, TBHP
18 14.70 35.15 44:2 940 500 1500 18:1/8:0ALD/18:1
19 14.70 35.89 40:0 888 200 500 16:0/8:0ALD/16:0
20 14.73 35.11 44:3 938 400 18:0/18:3/8:0ALD
21 14.79 35.38 42:1 914 500 1300 16:0/8:0ALD/18:1
22 14.80 35.56 43:2 926 1200 9100 16:0/18:2/9:0ALD 
23 15.03 35.83 42:1 914 900 300 16:0/18:1/8:0ALD
24 15.03 36.11 45:3 952 4300 15500 18:1/18:2/9:0ALD
25 15.11 35.60 44:2 940 1600 2400 18:1/18:1/8:0ALD
26 15.36 36.34 40:0 888 100 200 16:0/16:0/8:0ALD
27 15.48 36.89 41:0 902 5900 2300 16:0/9:0ALD/16:0
28 15.52 34.44 45:2 1042 3200 18:1/18:1/9:0ALD, TBHP
29 15.76 36.38 43:1 928 16700 10600 16:0/9:0ALD/18:1
30 15.83 36.15 45:2 954 9500 14300 18:1/9:0ALD/18:1
31 16.41 37.38 44:1 942 400 18:0/8:0ALD/18:1
32 16.56 37.34 41:0 902 3500 1800 16:0/16:0/9:0ALD
33 16.61 36.83 43:1 928 13000 10200 16:0/18:1/9:0ALD
34 16.65 37.56 45:2 954 15300 12300 18:0/18:2/9:0ALD
35 17.60 38.89 43:0 930 2000 5300 16:0/9:0ALD/18:0
36 17.75 38.38 45:1 956 5500 10900 18:0/9:0ALD/18:1
37 18.75 38.83 45:1 956 5400 8100 18:0/18:1/9:0ALD
38 18.77 39.34 43:0 930 5800 11200 16:0/18:0/9:0ALD
39 19.71 40.89 45:0 958 5300 4100 18:0/9:0ALD/18:0
40 20.11 40.38 47:1 984 4100 1800 20:0/9:0ALD/18:1
41 20.58 41.11 49:2 1010 700 18:2/9:0ALD/22:0
42 21.13 41.34 45:0 958 1000 3600 18:0/18:0/9:0ALD
43 21.65 41.56 49:2 1010 700 22:0/18:2/9:0ALD
44 21.82 42.38 49:1 1012 400 700 18:1/9:0ALD/22:0
45 22.73 42.83 49:1 1012 100 2600 22:0/18:1/9:0ALD
46 24.19 44.89 49:0 1014 100 400 18:0/9:0ALD/22:0
aAbbreviations: Avg Rt, average retention time; TCN, theoretical carbon number; ACN, acyl carbon  number; DB, double bond; TLC, thin-layer chromatog-
raphy. See Table 3 for other abbreviations.
b[M + DNPH].
cAbundance of ion in the major TLC band.
dCore aldehyde regioisomers consistent with chromatographic and MS properties.



902, 984 1054, 1142, 1026, 944, 970, 1194, 986, 982, and
1012 in TLC band 2, for which identities consistent with the
retention time, TCN, acyl carbon and double-bond numbers,
and m/z values could not be immediately suggested. 

Table 7 gives the estimated yields of the identified oxidation
products for both seed oils. Depending on the mass range over
which the total ion current is integrated, the overall yields of the
identified aldehyde-containing triacylglycerols range from 32 to
43% of DNPH derivatives in the total oxidation mixture. The
major product was the mixed acid acylglycerol containing the 9:0
monoaldehyde (44–60% of identified core aldehydes) followed
by hydroperoxy (13–16% of the identified species) and mono-

epoxy aldehydes (11–12% of the identified species) and hydroper-
oxyepoxy aldehydes (up to 10% of the identified species). More
of the TBHP adduct was obtained during the oxidation of the sun-
flower oil. The major ion masses correspond to the monoalde-
hyde esters of the 16:0/18:1/18:2 (16:0/18:1/9:0ALD DNPH, 
m/z 928), 16:0/18:2/18:0 (16:0/9:0ALD/18:0DNPH, m/z
930), 18:1/18:1/18:2 (18:1/18:1/9:0ALD DNPH, m/z 954),
18:1/18:2/18:2 (18:1/18:2/9:0ALD DNPH, m/z 952), and
18:0/18:1/18:2 (18:0/18:1/9:0ALD DNPH, m/z 956) species,
which are the major triacylglycerols in corn and sunflower oils.
Apparently, the linoleic acid residue in each instance was
converted to the (9-oxo)nonanoate and, to a lesser extent, the
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Table 5
Composition and Structure of Triacylglycerol Core Aldehydes and Peroxide Adducts in TBHP-Oxidized Corn and Sunflower Seed Oils as Deter-
mined by Reversed-Phase LC/ESI/MS (TLC bands 4 and 5)a

Abundanced

No Avg Rt TCN ACN/DBb Massc Corn Sunflower Molecular structureb,e

1 7.52 24.87 45 : 4 982 3300 18:2/9:0ALD/18:2, OOH
2 8.20 26.71 43 : 2 958 9600 2900 16:0/9:0ALD/18:2, OOH
3 8.44 26.20 45 : 3 984 9500 8400 18:1/9:0ALD/18:2, OOH
4 9.23 27.28 45 : 2 986 7000 3100 18:1/9:0ALD/18:1, OOH
5 9.25 27.51 43 : 1 960 600 16:0/9:0ALD/18:1, OOH
6 9.32 25.81 48 : 6 1092 9500 18:2/12:1ALD/18:3, epoxy, TBHP
7 9.91 26.22 48 : 6 1092 1700 9200 18:2/18:3/12:1ALD, epoxy, TBHP
8 10.08 29.51 45 : 1 988 800 18:0/9:0ALD/18:1, OOH
9 10.77 27.20 48 : 5 1094 17500 18:2/12:1ALD/18:2, epoxy, TBHP
10 10.86 27.59 46 : 4 1068 4100 12200 16:0/2:1ALD/18:3, epoxy, TBHP
11 11.06 29.04 46 : 3 1070 1100 16:0/12:1ALD/18:2, epoxy, TBHP
12 11.24 27.72 48 : 5 1094 6400 5200 18:2/18:2/12:1ALD, epoxy, TBHP
13 11.31 28.81 48 : 4 1096 700 4000 18:1/12:1ALD/18:2, epoxy, TBHP
14 11.43 28.00 46 : 4 1068 7000 3200 16:0/18:3/12:1ALD, epoxy, TBHP
15 11.63 32.71 49 : 2 1042 1600 600 18:2/9:0ALD/22:0, OOH
16 11.68 33.51 49 : 1 1044 400 300 22:0/9:0ALD/18:1, OOH
17 11.81 31.44 44 : 3 1026 800 18:1/8:0ALD/18:2, TBHP
18 12.27 29.53 46 : 4 980 5100 8400 16:0/12:1ALD/18:3, epoxy
19 12.27 31.66 44 : 3 1026 3500 1800 18:1/8:0ALD/18:2, TBHP
20 12.32 29.14 48 : 5 1006 6300 13700 18:2/12:1ALD/18:2, epoxy
21 12.32 32.17 42 : 2 1000 900 16:0/8:0ALD/18:2, TBHP
22 12.44 29.22 48 : 4 1096 800 18:1/18:2/12:1ALD, epoxy, TBHP
23 12.55 29.66 48 : 5 1006 2700 8700 18:2/18:2/12:1ALD, epoxy 
24 12.59 32.51 42 : 2 1000 500 16:0/18:2/8:0ALD, TBHP
25 12.65 30.05 46 : 4 980 3600 8700 16:0/18:3/12:1ALD, epoxy
26 12.66 32.00 44 : 3 1026 4100 2000 18:1/18:2/8:0ALD, TBHP
27 12.71 31.08 48 : 3 1098 6800 18:1/18:1/12:1ALD, epoxy, TBHP
28 13.45 30.53 44 : 2 956 8000 4100 16:0/12:1ALD/16:1, epoxy
29 13.54 30.75 48 : 4 1008 6400 11300 18:1/12:1ALD/18:2, epoxy
30 13.59 30.98 46 : 3 982 29700 17100 16:0/12:1ALD-18:2, epoxy
31 13.75 31.05 44 : 2 956 11000 5800 16:0-16:1/12:1ALD, epoxy
32 13.92 31.27 48 : 4 1008 19400 25800 18:1/18:2/12:1ALD, epoxy
33 13.94 33.06 44 : 3 1026 900 18:0/18:3/8:0ALD, TBHP
34 13.98 32.72 48 : 3 1010 3300 3500 18:1/12:1ALD/18:1, epoxy
35 14.04 31.50 46 : 3 982 16000 12200 16:0/18:2/12:1ALD, epoxy
36 15.57 32.53 46 : 2 984 1700 7300 16:0/12:1ALD/18:1, epoxy
37 15.63 33.24 48 : 3 1010 3800 8600 18:1/18:1/12:1ALD, epoxy
38 17.67 34.53 48 : 2 1012 1800 18:0/12:1ALD/18:1, epoxy
39 19.61 36.98 52 : 3 1066 1300 22:0/12:1ALD/18:2, epoxy
40 20.25 37.50 52 : 3 1066 800 22:0/18:2/12:1ALD, epoxy
aSee Tables 3 and 4 for abbreviations.
bACN/DB values of molecular structure are presented without loss of double bonds due to epoxidation.
c[M + DNPH].
dAbundance of ion in the major TLC band.
eCore aldehyde regioisomers consistent with chromatographic and MS properties.



(12-oxo)-9,10-dodecenoate, whereas most of the anticipated
(13-oxo)-9,11-tridecadienoyl core aldehydes were oxidized
further to the (9-oxo)nonanoyl core aldehydes.

The most polar oxotriacylglycerols were these with two or
more functional groups, e.g., epoxy aldehyde esters and hy-
droperoxy aldehyde esters (mainly TLC bands 2 and 3). Oxo-
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FIG. 7. Mass chromatograms of major ions of hydroxy (9-oxo)nonanoyl
acylglycerols as DNPH derivatives from TLC band 2 of oxidized sun-
flower oil. Ion identification is given in Table 6. LC/ESI/MS conditions
are as described in the Materials and Methods section. See Figures 3, 4,
and 6 for abbreviations.

TABLE 6
Composition and Structure of Triacylglycerol Core Aldehydes and Peroxide Adducts in TBHP-Oxidized Corn and Sunflower Seed Oils as Deter-
mined by Reversed-Phase LC/ESI/MS (TLC bands 1, 2, and 3)a

Abundanced

No Avg Rt TCN ACN/DBb Massc Corn oil Sunflower Molecular structureb,e

1 5.99 19.35 48:6 1036 700 18:2/12:1ALD/18:3, OOH, epoxy
2 6.41 24.33 36:3 1020 900 1700 18:3/9:0ALD/9:0ALD
3 6.67 20.74 48:5 1038 8200 6500 18:2/12:1ALD/18:2, OOH, epoxy
4 6.67 21.13 46:4 1012 4900 4000 16:0/12:1ALD/18:3, OOH, epoxy
5 6.85 25.42 46:4 996 2800 16:0/12:1ALD/18:3, diepoxy
6 7.13 22.58 46:3 1014 2700 16:0/12:1ALD/18:2, OOH, epoxy
7 7.24 25.78 36:2 1022 1600 4400 18:2/9:0ALD/9:0ALD
8 7.29 25.87 46:3 996 2400 16:0/18:3/12:1ALD, diepoxy
9 7.55 22.35 48:4 1040 1400 4000 18:1/12:1ALD/18:2, OOH, epoxy

10 7.95 27.56 34:0 998 1300 5300 16:0/9:0ALD/9:0ALD
11 8.05 27.05 36:1 1024 3300 3500 18:1/9:0ALD/9:0ALD
12 8.37 25.10 45:4 966 300 18:2/9:0ALD/18:2, OH
13 8.40 27.09 48:4 1024 2200 18:1/18:2/12:1ALD, diepoxy
14 8.65 29.56 36:0 1026 2000 18:0/9:0ALD/9:0ALD
15 8.78 25.55 45:4 966 7700 18:2/18:2/9:0ALD, OH
16 9.57 26.94 43:2 942 3500 8800 16:0/9:0ALD/18:2, OH
17 9.59 26.43 45:3 968 4900 12400 18:1/9:0ALD/18:2, OH
18 9.99 26.88 45:3 968 5600 35700 18:1/18:2/9:0ALD, OH
19 10.01 27.20 43:2 942 8700 13400 16:0/18:2/9:0ALD, OH
20 10.79 27.69 45:2 970 11000 32100 18:1/9:0ALD/18:1, OH
21 10.83 27.92 43:1 944 23900 36600 16:0/9:0ALD/18:1, OH
22 11.30 28.14 45:2 970 32500 45400 18:1/18:1/9:0ALD, OH
23 11.34 28.12 43:1 944 18300 18200 16:0/18:1/9:0ALD, OH
24 11.99 28.61 48:3 1026 5200 18:1/12:1ALD/18:1, diepoxy
25 12.50 29.92 45:1 972 500 17000 18:0/9:0ALD/18:1, OH
26 13.11 30.12 45:1 972 1400 14600 18:0/18:1/9:0ALD, OH
27 16.41 33.92 49:1 1028 6000 22:0/9:0ALD/18:1, OH
28 17.03 34.12 49:1 1028 1100 22:0/18:1/9:0ALD, OH
aSee Tables 3 and 4 for abbreviations.
bACN/DB values of molecular structure are presented without loss of double bonds due to epoxidation.
c[M + DNPH].
dAbundance of ion in the major TLC band.
eCore aldehyde regioisomers consistent with chromatographic and MS properties.

TABLE 7
Proportion of Identified Core Aldehydes in Total TBHP Oxidation
Mixturea

Corn oilb Sunflower
Type of aldehyde (mol%) oilb (mol%)

Mixed acid mono aldehydes (8:0) 0.3 ± 0.1 0.2 ± 0.1
Mixed acid mono aldehydes (9:0) 19.2 ± 3.2 18.9 ± 3.8
Hydroperoxy aldehydes (9:0) 5.0 ± 1.0 5.4 ± 1.1
Hydroxy aldehydes (9:0) 0.4 ± 0.2 0.5 ± 0.1
Epoxy aldehydes (12:1) 3.5 ± 0.7 4.9 ± 1.0
Hydroperoxyepoxy aldehydes (12:1) 0.1 ± 0.1 4.1 ± 0.8
Diepoxy aldehydes (12:1) 0.8 ± 0.3 0.3 ± 0.1
Dialdehydes (9:0) 0.5 ± 0.1 0.4 ± 0.2
TBHP adduct aldehydes (8:0) 0.3 ± 0.1 0.3 ± 0.2
TBHP adduct aldehydes (9:0) 0.6 ± 0.2 4.2 ± 1.0
TBHP adduct epoxy aldehydes (12:1) 1.5 ± 0.4 4.1 ± 0.9
Total 32.2 ± 6.4 43.1 ± 9.3
aSee Table 3 for abbreviation.
bProportion of integrated areas of ion current (mass range 750–1250) of total
oxidation mixture.



triacylglycerols of intermediate polarity were represented by
triacylglycerols containing two core aldehyde groups (mainly
TLC bands 4 and 5), whereas the least polar were the oxotria-
cylglycerols with a single core aldehyde group (TLC bands 6
and 7). There was partial resolution of triacylglycerols con-
taining a single 9:0 or 12:1 core aldehyde in the primary and
the secondary position. Further complications arose from a
conversion of some of the aldehyde groups into acids by fur-
ther oxidation. These oxidation products were seen as DNPH
derivatives only when combined with another aldehyde or
keto group in the same molecule (data not shown).

DISCUSSION

TBHP is a synthetic organic hydroperoxide that is commonly
employed to accelerate lipid peroxidation in vitro. The de-
composition of the hydroperoxide to alkoxy or peroxy radi-
cals stimulates the chain reaction of lipid peroxidation. The
decomposition is aided by metal ions such as Fe2+ and their
complexes (28). In order to increase the yield of the sec-
ondary oxidation products (e.g., core aldehydes) in the pres-
ent study, the triacylglycerol peroxidation and hydroperoxide
decomposition were further stimulated by elevated tempera-
ture (37°C) and the inclusion of bile salts as emulsifiers. As a
result of oxidation, it was possible to obtain within 1–2 h a
controlled oxidative destruction of corn and sunflower oil tri-
acylglycerols equivalent to many months of autoxidation by
thin-film exposure to air. About 90% destruction of 18:2 had
occurred with relatively little loss of 18:1 as judged from the
ratio of the unsaturated fatty acids to palmitic acid in the oxi-
dized oil. The proportion of the saturated fatty acids (16:0,
18:0, 20:0, and 22:0) had proportionally increased in the oxi-
dized corn and sunflower oil triacylglycerols along with the
appearance of hydroperoxy and epoxy fatty acids (data not
shown). It was, therefore, anticipated that the major triacyl-
glycerol core aldehydes would have arisen largely from the
oxidation of 18:2 and would be found in combination with
palmitic and oleic acids as the DNPH derivatives of the oxo-
triacylglycerols.

The main mechanism for the formation of aldehydes from
lipid hydroperoxides is homolytic scission β-cleavage) of the
two C–C bonds on either side of the hydroperoxy group
(6,29) as shown in Figure 8. This reaction proceeds via the
lipid alkoxy radical. Applying this mechanism to triacylglyc-
erols, it would be anticipated that the cleavage of the car-
bon–carbon bond would result in aldehydes derived from the
methyl termini of the fatty acid chains and of aldehydes still
bound to the parent lipid molecule. Hydroperoxides also un-
dergo heterolytic reactions yielding the same products as ho-
molytic reactions. Another possible mechanism for the for-
mation of aldehydes is the Hock–Criegee rearrangement
(29,30). This acid-catalyzed carbon-to-oxygen rearrangement
of hydroperoxides would be expected to yield products from
linoleic acid hydroperoxide cleavage similar to those arising
from homolytic scission (29). 

Oxidation of methyl oleate (1–3,6), has shown that the 9-

and 10-hydroperoxides are formed in amounts approximately
similar to those of the 8- and 11-hydroperoxides. Therefore,
the oleic acid-containing triacylglycerols would be expected
to yield (8-oxo)octanoyl and (11-oxo)-9,10-undecenoyl acyl-
glycerols, as well as (9-oxo)nonanoyl and (10-oxo)-8,9-
decenoyl acylglycerols. Indeed, small amounts of (8-oxo)-
octanoyl-containing acylglycerols were observed. Specific
masses corresponding to (10-oxo)-∆8-decenoyl and (11-oxo)-
9,10-undecenoyl acylglycerols were not found, however. It is
possible that the ions arising from the minor (11-oxo)-9,10-
undecenoyl acylglycerols overlapped with those arising from
the major (9-oxo)nonanoyl acylglycerols.

The major hydroperoxides arising from the oxidation of
methyl linoleate are the 9-hydroperoxy and 13-hydroperoxy
isomers in equal amounts (2,31). Recently, the 11-hydroper-
oxide of linoleic acid has been recognized as one of the pri-
mary oxidation products (32). It made up 5–10% of the abun-
dance of 9- and 13-hydroperoxide in vitamin E-controlled au-
toxidation. However, in the absence of vitamin E, 11-peroxyl
radicals are not stable and 9- and 13-hydroperoxides pre-
dominate (32). The core aldehydes derived from 9- and 13-
hydroperoxides of linoleic acid-containing acylglycerols are
expected to be 8-nonanoic acid and 9-oxononanoyl-, (12-
oxo)-9,10-dodecenoyl, and (13-oxo)-9,11-tridecadienoyl
acylglycerols (6,29,33,34). Figure 8 shows the proposed for-
mation of the major core aldehydes from linoleic acid attrib-
utable to autoxidation and oxidation by TBHP. According to
Frankel (33), the homolytic cleavage of the oxygen–oxygen
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FIG. 8. Postulated formation of triacylglycerol core aldehydes from
linoleic acid-containing triacylglycerol. R1 and R2 are fatty acids esteri-
fied to a parent triacylglycerol. Positions of cleavage of the fatty acid
chain of hydroperoxides are numbered 1 to 3. In oxidation by TBHP,
the 9,10-epoxy derivative of the (12-oxo)dodecenoyl core aldehyde is
assumed to be formed in preference to 9-hydroxy-10,11-dodecenoyl
core aldehydes. Formation of the core aldehyde can take place on any
sn-position of acylglycerol. See Figures 2 and 6 for abbreviations.



bond is the first step in the decomposition of unsaturated hy-
droperoxides (33). Decomposition proceeds with cleavage of
the fatty acid chain on either side of the hydroperoxide group
or by cleavage of the oxygen–carbon bond, leading to posi-
tional isomerization of the unsaturated hydroperoxides. Sim-
ple β-cleavage to 9- and 13-hydroperoxide would produce 9-
oxo- and 12-oxo-derivatives as major core aldehydes. The
formation of the (12-oxo)-9,10-dodecenoyl acylglycerols
would involve another mechanism linked closely with the β-
cleavage reaction and would depend upon an alkenyl radical
formation. This 1-olefin radical could combine with a hy-
droxy radical to form an enol which would rearrange to an
aldehyde (6,33). Esterbauer et al. (6) have pointed out still
another possibility provided by the reaction with oxygen to
form a hydroperoxide that can decompose again to the enol
and then form the aldehyde. If this radical abstracted a hydro-
gen, it would become a core alkene, which would not be de-
tected as the DNPH derivative unless another aldehyde group
was present in the acylglycerol molecule. In the present study,
there was no evidence for the presence of core aldehydes car-
rying short alkene chains in the acylglycerol molecules.

Acid-catalyzed cleavage of the fatty acid chain between
the hydroperoxide group and the α-olefinic carbon leads also
to formation of the (12-oxo)-9,10-dodecenoyl acylglycerol
from the 13-hydroperoxide of oxidized linoleic acid (29,30).
Whereas the 9-oxononanoyl and (12-oxo)-9,10-dodecenoyl
acylglycerols were readily detected, those corresponding to
the (13-oxo)-9,11-tridecadienoyl acylglycerols were not
found. Apparently, this unsaturated core aldehyde did not sur-
vive the oxidation and/or workup conditions. In plants, enzy-
matic processes resembling radical cleavage reactions take
place. Gardner (34) has categorized two types of hydroperox-
ide lyases as heterolytic and homolytic types, found in higher
plants and mushrooms, respectively. The heterolytic type of
lyase catalyzes the cleavage of the fatty acid chain between
the hydroperoxide group and the α-olefinic carbon, resem-
bling acid-catalyzed cleavage of the hydroperoxide. As a re-
sult of decomposition of the 13-hydroperoxide, (13-oxo)-
9,11-tridecadienoyl is formed when homolytic lyase activity
is present, mimicking β-scission.

The absence of the 12:1 aldehydes from the simple core
aldehyde fractions and their appearance in the epoxy triacyl-
glycerol fractions suggest that the epoxy group is associated
with the 12:1 aldehyde chain. According to Frankel et al. (35)
and Frankel (1,3), epoxy esters of 18:1 can arise from its re-
action with hydroperoxides or from the hydroperoxides them-
selves. Gardner et al. (36) have discussed the enzymatic and
nonenzymatic decomposition mechanisms for linoleic acid
hydroperoxides leading to epoxide formation. The major
pathways postulated for decomposition in the presence of
Fe3+/cysteine catalyst involved formation of an alkoxy radi-
cal by loss of OH, cyclization of the alkoxy radical to the α-
unsaturation, and reaction of the epoxy allylic radical either
with O2 to form an epoxyhydroperoxy monoene or with OH
to form the epoxyhydroxymonoene, as well as other reac-
tions. Noordermeer et al. (37) have identified 9-hydroxy-(12-

oxo)-(10E)- and 11-hydroxy-(12-oxo)-(9Z)-dodecenoic acids
in incubations of (12-oxo)-(9Z)-dodecenoic acid formed by a
nonenzymatic process. Our results are in accordance with the
findings of Noordermeer et al. (37), which showed that (12-
oxo)dodecenoyl acylglycerols are readily further oxidized to
the corresponding hydroxy, hydroperoxy, or epoxy com-
pounds. It is possible that epoxy compounds may be formed
more readily than hydroperoxy or hydroxy derivatives during
TBHP oxidation. Indeed, TBHP has been employed as the ox-
idant for epoxidation of oleic, linoleic, linolenic, and arachi-
donic acids in aqueous buffers containing surfactant or in or-
ganic solvents (38). In the present study, tentative identifica-
tions were made of the diepoxides based on their migration
on TLC. 

The identity of the hydroperoxy linoleic and oleic acid
components of the oxoacylglycerols was determined by
GC–MS analysis following collection of individual HPLC
peaks, hydrogenation (platinum oxide catalyst), and trans-
methylation with sodium methoxide. Samples were analyzed
as their trimethylsilyl ether derivatives as described by
Hughes et al. (39). In each case, the position of hydroxyla-
tion was determined from the major fragment ions formed on
either side of the oxygen trimethylsilyl group. The cis/trans
configuration of bonds was assigned on the basis of previous
work. Porter et al. (40) had shown that the cis/trans isomers
eluted earlier than the corresponding trans/trans isomers
when normal-phase HPLC systems were used. According to
Park et al. (41), the cis/trans isomer of the 9-hydroperoxy de-
rivative of trilinoleoylglycerol eluted ahead of the 9-hy-
droperoxy trans/trans isomer from a reversed-phase column.
However, the trans/trans isomer of the 13-hydroperoxy trilin-
oleoylglycerol eluted ahead of the corresponding cis/trans
isomer. 

In addition to core aldehydes, ketones were expected to be
found among DNPH derivatives of TBHP-oxidized seed oil
triacylglycerols. Because a homologous series of appropriate
ions was not found, it was not possible to conclude that any
isolated masses corresponding to hypothetical DNPH deriva-
tives of ketotriacylglycrols were actually present. Individual
keto compounds may have been present in our preparations,
but specific identifications were not made owing to a lack of
appropriate reference compounds. Possible ketotriacylglyc-
erols could be represented by such ions as m/z 1092, m/z
1094, and m/z 1096, which were tentatively assigned to the
TBHP adducts of epoxy 12:1 aldehydes on the basis of their
chromatographic behavior. 

Many of the triacylglycerol core aldehydes appeared as
double peaks, which were attributed to regioisomers. On the
basis of previous work with standard oxotriacylglycerols
(22,42), the earlier eluted peak was attributed to an aldehyde
in the secondary position and the later eluted peak to an alde-
hyde in the primary position of the oxidized triacylglycerol
molecule. A functional group in the sn-2 position is known to
exert higher polarity than a similar group in the sn-1 or sn-3
position of the triacylglycerol molecule (22,43,44). Further-
more, each regioisomer possessed a double peak, which was
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attributed to a partial resolution of the syn/anti isomers of the
DNPH derivatives. Previous studies with DNPH derivatives
of core aldehydes of known triacylglycerol structure (22) also
had given two peaks, the main peak, representing 75–85% of
the total, emerging ahead of the minor one, accounting for
15–25%, as estimated by reversed-phase HPLC with ultravi-
olet detection at 358 nm. However, a clear separation of the
geometric isomers was not always obtained for the mixed tri-
acylglycerols of the oxidized seed oils. Identification of re-
gioisomers was complicated due to syn/anti isomerism of
dinitrophenylhydrazones. Double peaks of DNPH derivatives
have been reported to occur also in other analyses of DNPH
derivatized carbonyl compounds. Kuklev et al. (45) have
shown that the 12,13-epoxide runs ahead of the 9,10-epoxide
of linoleate on adsorption TLC; this order would be reversed
on reversed-phase HPLC. Likewise, 13-keto linoleate mi-
grated ahead of 9-keto linoleate on TLC; again, the order
would be reversed on reversed-phase HPLC. The nature of
the solvent is known to affect the order of HPLC elution as
well as the isomer ratios of these compounds (46).

The only unusual structures, although not unexpected (47),
were the TBHP adducts of the unsaturated triacylglycerol
core aldehydes. These compounds could have been formed in
a termination reaction between a tert-butylhydroperoxy radi-
cal and an alkenyl radical or between a lipid hydroperoxy rad-
ical and the tert-butyl radical. The formation of the tert-butyl
derivatives of the lipid hydroperoxides has a precedent in the
existence of di-tert-butyl peroxide (40), as well as in the for-
mation of cyclic peroxides during decomposition of linoleate
hydroperoxides (31,48) and tocopherol adducts (42). Further-
more, Miyashita et al. (31) have demonstrated that oxygena-
tion of methyl linoleate hydroperoxides yields dimers com-
posed of octadecadienoate and octadecenoate moieties cross-
linked through either ether or peroxy linkages across the 9- or
13-positions. Yamauchi et al. (49) have shown the formation
of α-tocopherol adducts with phosphatidylcholine peroxy
radicals. 

Finally, the absence of the (13-oxo)tridecadienoyl core
aldehydes as oxidation products seems to be consistent with
the absence of this core aldehyde also among the autoxida-
tion products of cholesteryl linoleate (20,50) and of linoleate-
containing glycerophospholipids (51). Very little work has
been done on the triacylglycerol core aldehydes (21,22,42),
and their structures have been assigned on the basis of the
known routes of degradation of the hydroperoxides of methyl
oleate and linoleate (1–3).

In conclusion, the present study demonstrates the forma-
tion of a large variety of triacylglycerol core aldehydes dur-
ing a brief treatment of corn and sunflower oils, with TBHP.
The identification of the high-molecular-weight aldehydes
was simplified by derivatization with DNPH, normal-phase
TLC isolation, and reversed-phase HPLC separation with on-
line negative ion MS, which specifically detects the DNPH
derivatives. By the combined application of the criteria of
chemical derivatization, chromatographic, and MS behavior,
it was possible to eliminate many of the uncertainties posed

by coincidental peaks and ions. The chromatographic and MS
methods developed here for the characterization of the tri-
acylglycerol core aldehydes arising from tert-butyl hydroper-
oxidation should be suitable for the identification of the core
aldehydes among the autoxidation and enzymatic oxidation
products of tissue triacylglycerols. This technology may also
have applications in atherosclerosis research by permitting
identification of aldehydic products formed during the autox-
idation of low density lipoprotein (LDL), in which cholesteryl
esters predominate. The study shows that rapid peroxidation
with TBHP provides an effective method for enriching unsat-
urated vegetable oils in triacylglycerol core aldehydes for di-
etary and metabolic testing. 
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ABSTRACT: The role of body fat content and distribution in in-
fants is becoming an area of increasing interest, especially as
perception of its function appears to be rapidly evolving. Al-
though a number of methods are available to estimate body fat
content in adults, many are of limited use in infants, especially
in the context of regional distribution and internal depots. In
this study we developed and implemented a whole-body mag-
netic resonance imaging (MRI)-based protocol that allows fast
and reproducible measurements of adipose tissue content in
newborn infants, with an intra-observer variability of <2.4% and
an inter-observed variability of <7%. The percentage total body
fat for this cohort of infants ranged from 13.3–22.6% (mean and
standard deviation: 16.6 ± 2.9%), which agrees closely with
published data. Subcutaneous fat accounted for just over 89%
of the total body fat, whereas internal fat corresponded to al-
most 11%, most of which was nonabdominal fat. There were
no gender differences in total or regional body fat content.
These results show that whole-body MRI can be readily applied
to the study of adipose tissue content and distribution in new-
born infants. Furthermore, its noninvasive nature makes it an
ideal method for longitudinal and interventional studies in new-
born infants.

Paper no. L8876 in Lipids 37, 95–100 (January 2002).

Recent advances in molecular biology are helping to redefine
the role of adipose tissue (AT). This organ was originally per-
ceived as a passive storage site for excess fat, but it is now
considered a highly active, finely tuned metabolic tissue, ex-
erting control on numerous biochemical and physiological
processes in both health and disease. 

Body fat content and distribution in adults influence the
risk of coronary heart disease, hypertension, and type II dia-
betes (1). Barker et al. (2–4) hypothesized that infants who
are small and thin at birth are at increased risk of developing
cardiovascular disease and type II diabetes in adulthood.
However, the relationship between body weight, fat content,

and distribution in neonates and their contribution to chronic
disease in adults is unclear. This is partly due to a lack of safe
and accurate methods to determine AT content and distribu-
tion in newborn infants and track changes through time.

Existing techniques for measuring body fat include under-
water weighing, body water dilution, anthropometry, imped-
ance, dual-energy x-ray absorptiometry (DXA), and total body
electrical conductivity (5). Some of these techniques are clearly
unsuitable for neonatal studies, for both technical and practical
reasons. Several postmortem studies of fetal and infant body
composition have greatly enhanced our understanding of fat de-
position during in utero development and postnatal growth.
However, the very nature of this work makes serial studies im-
possible (6–9). Recent developments in DXA have enabled the
serial measurement of total body fat in adults and infants
(10–13). An important limitation of DXA is the inability to dif-
ferentiate between different fat compartments so as to quantify
visceral AT, perhaps the most important AT depot in human
physiology, independently of total fat mass (1,14). 

Magnetic resonance imaging (MRI) scanning is a technique
that is of minimal risk to the neonate and is noninvasive, capa-
ble of quantifying total and discrete AT depots, and therefore
ideal for examining changes over time. MRI assessment of AT
has been validated in animals (15,16), human cadavers (17), and
human adults (18). MRI accurately measures AT in vivo, show-
ing good agreement with the values produced by dissection and
chemical analysis (15–17). Furthermore, whole-body MRI
gives an unbiased measurement of the fat content, both internal
and subcutaneous, for a large range of body shapes and sizes
(19). To date there has been limited application of MRI to the
study of AT content in neonates (20,21). Deans et al. (20) mea-
sured body fat content of human fetuses in utero at 40 wk gesta-
tion and showed significant differences in fat content between
infants from healthy women and those with gestational diabetes.
Olhager et al. (21) measured total body fat in infants aged be-
tween 19 and 107 d old and made a detailed study of the repro-
ducibility of the image analysis. However, a drawback of both
the previous MRI studies is that they did not differentiate be-
tween different AT compartments. The aim of the present study
was to develop an MRI protocol that would allow for routine
and noninvasive quantification of total and regional AT in new-
born infants. 
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SUBJECTS AND METHODS

Subjects. This study was approved by the Ethics Committee
of the Imperial College School of Medicine and Hammer-
smith Hospitals Trust, London. Parents of healthy newborn
babies were approached for permission to recruit their babies.
Informed parental consent was obtained. 

Eight term Caucasian infants (4 males, 4 females) partici-
pated in the first phase of the study. Infants were scanned
within 36 h of delivery. Anthropometric measurements were
obtained at the same time.

MRI. (i) Protocol. All newborn infants underwent whole-
body (head-to-toe) MRI using an Eclipse 1.5T Marconi Med-
ical System scanner. The MRI sequence used in this study
was adapted from a previously developed whole-body adult
scanning protocol (19,22). Modification to the adult protocol
took into account several factors pertinent to neonatal scan-
ning, including signal-to-noise ratio (S/N), tissue contrast,
and acoustic noise levels. A compromise between these fac-
tors and the need for good quality images led to the use of a
T1-weighted spin-echo sequence because it gives good tissue
contrast, has relatively low acoustic noise, and is reasonably
fast. Further reduction in scanning time was achieved by
using 5-mm thick transverse images, with 5-mm gaps be-
tween slices. This method was shown to have little effect on
the overall quantitation of body fat if the gaps between slices
do not exceed one slice thickness (19).

S/N was maximized by using a small transmitter receiver
birdcage coil (head coil, internal diameter 27 cm) instead of
the conventional body coil (Fig. 1). Potential image distor-
tions, which could compromise subsequent fat quantitation,
were minimized by mapping the coil homogeneity. Phantom
studies showed that the useful imaging length along the coil
axis, before radiofrequency inhomogeneity results in signal

loss and imaging distortion, was limited to 20 cm. Given that
the length of most infants was larger than the homogeneous
area of the coil, a graduated (1 cm steps) mobile bed/platform
was designed that allowed the infant to be repositioned within
the coil with minimal disturbance. A photograph showing the
bird-cage coil and mobile platform is shown in Figure 1. 

(ii) MRI scanning. Infants were positioned supine during
natural sleep on the platform and were swaddled to keep them
as stationary as possible during the scan. We used a T1-
weighted spin-echo imaging sequence, repetition time (TR) =
600 ms, echo time (TE) = 16 ms, field of view = 24 cm, num-
ber of signals averaged = 2, and a 256 × 256 matrix after
phase conjugate symmetry giving a scanning time of 2.52
minutes per set of images. Twenty 5-mm thick transverse im-
ages with 5 mm gaps between slices gave 20 cm coverage.
The platform was then moved 20 cms and imaging repeated.
The overall scanning time was approximately 6 min. Infants
were monitored using a pulse oximeter. Both a neonatal nurse
and a pediatrician were present during the procedure.

(iii) Data analysis. Images were analyzed as previously
described (19) using an image segmentation software pro-
gram developed in-house that employs a threshold range and
a contour-following algorithm with an interactive image edit-
ing facility. The threshold range, which isolates the AT, was
computed automatically, calculated from the greyscale his-
togram within a contour that defined the outer boundary of
subcutaneous AT and noise.

The volumes (cm3) of each AT compartment were deter-
mined by summing the relevant voxel counts and multiplying
by the voxel dimensions in cm3. Total body AT content was
calculated by multiplying the AT volumes of each slice by the
sum of the slice thickness (5 mm) and inter-slice distance (5
mm). Therefore, this analysis provides a direct measure of the
volume of AT rather than the quantity of triglyceride con-
tained within the AT. Each slice was reviewed using the inter-
active program that enables detection of unwanted pixels
(such as milk in the stomach and bowels), which, because
they contain fat, have intensity levels similar to AT. The AT
depots were separated to measure pixel count in total AT, sub-
cutaneous AT, and total internal AT. Total internal AT was
subdivided into visceral and nonvisceral adipose tissue. Vis-
ceral AT content was obtained by quantifying AT in the slices
from the sacrum to the slice containing the top of the liver or
base of the lungs (19). Subcutaneous AT in this region of the
body was termed abdominal subcutaneous AT. All other in-
ternal adipose tissue was considered nonvisceral AT.

The MRI data in liters is converted to percentage AT using
the following equations: 

AT in kg = AT in liters × 0.9 [1]

Percentage AT = (AT in kg/body weight in kg) × 100   [2]

The factor 0.9 in Equation 1 is the widely accepted value for
the density of AT in kg/L and is required to convert the vol-
ume of adipose tissue in liters to the mass of AT in kg. 
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FIG. 1. Photograph showing the arrangement of the mobile platform (B)
within the birdcage coil (A). The mobile platform allows the infant to be
moved through the coil in a fast and accurate manner, without the need
to remove the subject from the magnet. (See the Subjects and Methods
section for more details.) 



Total AT fat was calculated assuming 1 cm3 of AT contains
0.66 g of fat (23; measured in infants):

fat mass in kg = AT in liters × 0.66 [3]

total AT fat = (fat mass in kg/body weight in kg) × 100  [4]

(iv) Reproducibility measurements. MRI studies have
shown that the largest variability in the technique appears to
be introduced during the data analysis stage (24). To assess
the coefficient of variation (CoV) of the technique (intra-
observer and inter-observer variability), whole-body images
from a newborn, a 6-wk-old, and a 6-mon-old infant were an-
alyzed by three independent observers. 

Anthropometry. Infants’ weights, lengths, and head circum-
ferences were recorded by a single trained observer (TH). Scales
used were accurate to 0.2 g (Marsden Professional Baby Scale),
length was measured by using a Rollametre (Raven Equipment
Ltd.), and head circumference using a measuring tape from the
Child Growth Foundation.

Statistical analysis. All data are expressed as mean ± stan-
dard deviation (SD). Data were tested for normality using the
Shapiro–Wilk normality test. Differences between male and
female infants were tested using the Student’s unpaired t-test.
Statistical analyses were performed using Unistat version
4.53. The level of significance was set at P < 0.05.

RESULTS

Data were obtained from eight term Caucasian infants (4
males, 4 females) with a mean gestational age of 39.1 ± 1.6
wk (range 36–41 wk) and a mean birth weight of 3.5 ± 0.5 kg
(range 2.6–4.3 kg).

The protocol for whole-body AT imaging of newborn in-
fants developed and implemented in this study resulted in an
average of 40–50 images per infant. The overall scanning
time was approximately 6 min. A selection of typical images
from one of these infants is shown in Figure 2. The T1-
weighted imaging protocol resulted in images with high con-
trast between AT and other tissues, with the former appearing
as high signal intensity. A three-dimensional reconstruction
of the total data set is shown in Figure 3.

The reproducibility of the MRI analysis method was as-
sessed by measuring AT content in infants with different
quantities of AT. The intra-observer CoV for subcutaneous
AT appears to be directly related to the relative AT content of
the infant (ranging from 1–7%), with thinner babies showing
the largest CoV. For internal body AT the CoV appeared to be
independent of body size (ca. 7%). The inter-observer CoV
in this study was 2.4% for subcutaneous AT and 17.6% for
internal AT. To minimize inter-observer variability, all images
in this study were analyzed by the same observer (ELT).

The data obtained from the MRI may be expressed as ab-
solute values in liters, percentage AT mass, or total AT fat
(i.e., correcting for the lipid content of AT). All of these val-
ues are shown in Table 1. The data in the remainder of the
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FIG. 2. Typical magnetic resonance images obtained from a full-term
newborn male infant (6 h after birth). A total of 40–50 images was nor-
mally acquired for each infant; some representative slices are shown
here: (A) the brain at the low ventricular level, (B) upper cervical spine,
(C) apices of lung, (D) abdomen at level of kidneys, (E) lower abdomen,
(F) upper femur, (G) calf, and (H) feet. The magnetic resonance imaging
protocol used in this study leads to adipose tissue appearing as high in-
tensity compared to other tissues.

FIG. 3. Three-dimensional reconstruction of a whole magnetic reso-
nance imaging data set from a newborn infant.
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results and discussion are expressed as total AT fat to allow
ready comparison with literature values.

Total AT fat as a percentage of body weight for all eight
infants studied by MRI ranged from 13.5–22.6%, with a mean
value of 16.6 ± 2.9%. The percentage subcutaneous fat was
14.9 ± 2.9% (range 11.7–20.4%) and internal 1.8 ± 0.4%
(range 1.1–2.2%). The ratio of internal to subcutaneous AT
fat was 0.12 ± 0.03 (range 0.07–0.16). Investigating the ab-
domen in more detail, we found there was 2.3 ± 1.0% (range
1.3–4.2%) abdominal subcutaneous AT fat as a percentage of
body weight and 0.7 ± 0.2% (range 0.2–1.0%) visceral AT fat.
Most of the internal fat in infants appears to be nonabdominal
and generally is found in the pelvis and limbs, as the visceral
AT fat measured in this study was approximately 33% of the
total internal AT fat measured. There were no significant gen-
der differences in total body or regional AT fat content. 

DISCUSSION

The increasing interest in the potential role of AT on physio-
logical and biochemical processes in health and disease has
led to the need for accurate methodologies to assess AT con-
tent and distribution in neonates and infants. In this study we
have shown that MRI allows direct and reproducible quanti-
tation of both subcutaneous and visceral AT depots in new-
born infants. 

The MRI protocol developed and implemented in this
study shows high reproducibility, is relatively fast, with sig-
nificantly reduced acoustic noise. The images obtained with
this sequence gave good contrast between AT and other tis-
sues including muscle and internal organs. It did not, how-
ever, allow differentiation between white and brown AT de-
pots, and all AT appeared with the same relative intensity in
the MRI. The lack of contrast between brown and AT in the
MR images is not surprising given that this has only been
achieved in rodents using very specialized sequences and at
very high field strengths (25).

At present there is no established “gold standard” tech-
nique for measuring body composition in infants with which
to make a direct comparison of the MRI results obtained in
the present study. Most available methods for determining AT
and fat content are indirect. They utilize the measurement of
different body compartments with subsequent extrapolation

in order to derive a value for AT and fat mass. MRI protocols,
similar to that described in the present study, have previously
been validated in both adults and animals by chemical analy-
sis of cadaver and animal carcasses, suggesting that this non-
invasive method gives an accurate measurement of body AT
fat content (15–17). Moreover, these studies have demon-
strated that MRI can be used to determine different AT de-
pots, something that cannot be readily achieved with other
noninvasive methods (15–17). 

The relative levels of total body AT fat in newborn infants
obtained in the present study (ca. 16.6%) compare well with
those previously reported using other techniques. Widdowson
(6) and Hager et al. (26)  both reported a percentage body fat of
16% in infants using chemical analysis and whole body potas-
sium counting, respectively. Similarly White et al. (7) reported
an AT content of 14% by chemical dissection. Fomon et al.
(27,28) in different studies have reported a reference infant body
composition of between 11% (chemical analysis) and 14%
[using a combination of anthropometry and data by Southgate
and Hey (9)]. Forsum et al. (29), using anthropometric and skin-
fold measurements, showed the percentage body fat in 22 ten-
day-old female infants to be 15.9% (29). Similarly, Dauncey et
al. (30) reported a body fat content of 12% in newborn infants
using anthropometry. Ziegler et al. (8) published body composi-
tion for the reference fetus in which the lipid content for an in-
fant between 37–40 wk gestation was approximately 10%. This
is somewhat lower than the results of both the current study and
other studies using chemical analysis, but as the authors point
out, the fetuses included in the study were of a relatively small
size. The MRI results obtained in the present study were also
similar to those reported using DXA for a similar cohort of new-
born infants (15.3%, Picaud et al., 10; 15.7%, Rigo et al., 11;
12.8%, Butte et al., 13). 

In contrast to total AT fat, regional distribution of subcuta-
neous and internal AT fat measurements in the current study can-
not be readily compared with other published data. Previous
MRI studies by Deans et al. (20) of fetal fat content at 40 wk ges-
tation in utero have found similar body fat content to that in the
present study (17.2%, cf. 16.6%) (20). However, the authors did
not appear to differentiate between internal and subcutaneous
AT. Similarly, Olhager et al. (21) have obtained comparable mea-
sures of fat content in infants (21). Olhager et al. produced a per-
centage body fat ranging from 17.4 to 22.4%. However, their
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TABLE 1 
Adipose Tissue and Fat Content in Newborn Infants by Magnetic Resonance Imaginga

Subcutaneous Nonvisceral 
Total Subcutaneous Internal abdominal Visceral internal

Adipose tissue (liters) 0.9 ± 0.3 0.8 ± 0.3 0.09 ± 0.2 0.11 ± 0.06 0.03 ± 0.01 0.06 ± 0.02
(0.5–1.5) (0.5–1.3) (0.06 ± 0.14) (0.06 ± 0.25) (0.01–0.04) (0.05–0.01)

Adipose tissue (%) 22.7 ± 4.0 20.3 ± 3.9 2.4 ± 0.6 3.2 ± 1.2 0.9 ± 0.3 1.5 ± 0.4
(18.5–30.8) (15.9–27.8) (1.5–3.0) (1.8–5.8) (0.3–1.3) (1.1–2.1)

Total adipose tissue fat (%) 16.6 ± 2.9 14.9 ± 2.9 1.8 ± 0.4 2.3 ± 0.9 0.7 ± 0.2 1.1 ± 0.3
(13.5–22.6) (11.7–20.4) (1.1–2.2) (1.3–4.2) (0.2–1.0) (0.8–1.6)

aResults presented as mean ± standard deviation and range.



cohort of infants covered a broad age range, 19–107 d, compared
to the present study where all infants scanned were less than 36
h old. Furthermore, the authors do not provide figures for re-
gional fat depots although they do state that 90% of the total AT
volume was subcutaneous. This value is similar to that observed
in the present study (89%), and as we have shown in this study,
most of the internal AT is principally nonabdominal AT.

No significant gender differences in total or regional AT fat
content were observed in this study. Although female infants
tended to have slightly less visceral fat compared with male in-
fants, this did not reach the level of significance. Gender differ-
ences have previously been reported, mainly in studies with a
large cohort of infants (11–13,30,31). This suggests that the gen-
der differences are relatively small. Indeed Rigo et al. (11) re-
ported that on average female infants have 50 g more fat than
male infants at birth, which corresponds to a difference of ap-
proximately 1.5% between male and female infants. This is well
within the CoV of most techniques, including MRI, and there-
fore unlikely to be detected in a small cohort of infants.

Interestingly, Kabir and Forsum (23) found a gender dif-
ference in nonsubcutaneous fat, assessed by a combination of
body water dilution, skinfold thickness, and ultrasonography.
This should correspond to our measure of internal fat in the
current study, which was not significantly different between
the male and female infants studied. This may be related to
the methodology used by Kabir and Forsum for their mea-
surement of nonsubcutaneous AT. It is possible that we did
not observe a difference in total AT fat content by MRI due to
the small size of this study.

Another important consideration when comparing the fat
measurements obtained in the present study with previously
published data is the makeup of the cohort of babies. Factors
such as gestational age at birth, whether the infant was an ap-
propriate size for its gestational age, the postnatal age at
which the measurement was obtained, gender, and ethnicity
are all factors that are known to influence body fat content
and distribution. For instance, in the present study all mea-
surements of body composition were made within 36 h of
birth, whereas many papers in the literature do not give exact
ages for the infants studied but say less than 1 mon. However,
we know that there is a rapid accretion of body fat within the
first few weeks of postnatal life (6). 

In conclusion, our preliminary studies have demonstrated
MRI to be a reliable, safe method for assessing total body AT,
with the advantage of visualization of different AT depots.
This opens up the possibility of assessing the effects of the
intrauterine environment, dietary regimes, hormonal treat-
ments, and genetic factors on the developing infant in a fast
and reproducible way.
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ABSTRACT: A facile and efficient synthesis of the carboxyl-
linked glucosides of bile acids is described. Direct esterification
of unprotected bile acids with 2,3,4,6-tetra-O-benzyl-D-glu-
copyranose in pyridine in the presence of 2-chloro-1,3,5-trini-
trobenzene as a coupling agent afforded a mixture of the α- and
β-anomers (ca. 1:3) of the 1-O-acyl-D-glucoside benzyl ethers
of bile acids, which was separated effectively on a C18 reversed-
phase chromatography column (isolated yields of α- and β-
anomers are 4–9% and 12–19%, respectively). Subsequent hy-
drogenolysis of the α- and β-acyl glucoside benzyl ethers on a
10% Pd-C catalyst in acetic acid/methanol/EtOAc (1:2:2, by vol)
at 35°C under atmospheric pressure gave the corresponding free
esters in good yields (79–89%). Chemical specificities such as
facile hydrolysis and transesterification of the acyl glucosides in
various solvents were also discussed.

Paper no. L8894 in Lipids 37, 101–110 (January 2002).

A variety of the glycosidic conjugates of bile acids, which in-
clude β-D-glucuronides (1–4), β-D-glucosides (5–8), and β-
D-N-acetylglucosaminides (9–11), have been identified in bi-
ological materials. Such glycosidation reactions are consid-
ered to be mechanisms for detoxification and elimination of
such toxic and hydrophobic bile acids of lithocholic acid in
patients with cholestasis. Since variations in the concentra-
tion and relative proportion of glycosidic conjugated bile
acids are closely related to liver diseases, the identification,
quantification, metabolism, physiological significance, and
excretory route of the glycosidic conjugates are of special im-
portance from a clinical point of view.

In conventional bile acid glycosides, a hydroxyl group in
the 5β-steroid nucleus is attached by an ether linkage to an
anomeric 1′-β-hydroxyl group in the sugar moieties to form
so-called hydroxyl-linked or ether glycosides. Meanwhile,
Radominska-Pyrek et al. (12–15) have recently reported the
simultaneous formation of a new type of glucuronide conju-

gate of short-chain (C20–C23) bile acid analogs, C24 litho-
cholic acid (LCA) (16), and hyodeoxycholic acid (HDCA)
(17) in significant amounts by rat liver microsomal glu-
curonosyltransferase, together with the expected hydroxyl-
linked metabolites. The novel glucuronide-conjugated bile
acids, termed acyl, ester, or carboxyl-linked glucuronides,
have an ester linkage between the terminal carboxyl group at
C-24 in the side chain of bile acids and the 1′-β-hydroxyl
group in β-D-glucuronic acid. In more recent works, the oc-
currence of the carboxyl-linked 24-glucuronides of five com-
mon bile acids, i.e., LCA, chenodeoxycholic acid (CDCA),
ursodeoxycholic acid (UDCA), deoxycholic acid (DCA), and
cholic acid (CA), in incubation mixtures of rat liver micro-
somes and in human urine has been confirmed by Goto et al.
(18,19). They have also revealed that LCA 24-glucuronide is
easily bonded covalently with protein during incubation to
give LCA–protein adduct, suggesting the presence of tissue-
bound bile acids in the liver (20).

Although the carboxyl-linked 24-glycosides of bile acids
in biological materials so far isolated or identified have been
exclusively glucuronide conjugates, analogous glucosides
and N-acetylglucosaminides may be also possible candidates
as potential metabolites, because of the widespread occur-
rence of various hydroxyl-linked analogs in human biological
materials. As part of our ongoing program of synthesizing
new and scarce potential bile acid metabolites for use as ref-
erence standards, we have previously reported the prepara-
tion of a series of the ether glucosides of bile acids (21). In
this paper, we extended our program to synthesize the α- and
β-anomers of acyl glucosides (15–28; Fig. 1) of five promi-
nent bile acids (LCA, CDCA, UDCA, DCA, and CA) and 6-
hydroxylated bile acids (HDCA and its 6β-epimer,
murideoxycholic acid, MDCA).

EXPERIMENTAL PROCEDURES

Materials and methods. LCA, DCA, and CA were purchased
from Wako Pure Industries, Ltd. (Osaka, Japan). CDCA and
UDCA were kindly donated by Tokyo Tanabe Co. (Tokyo,
Japan). HDCA and 2-chloro-1,3,5-trinitrobenzene (CTNB)
were available from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan). MDCA was prepared from HDCA (22). 2,3,4,6-Tetra-
O-benzyl-D-glucopyranose (TBGP) was purchased from
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Sigma Chemical Co., (St. Louis, MO). All other reagents and
solvents were of analytical reagent grade and used without
further purification. 

Normal-phase thin-layer chromatography (TLC) of the
free 1-O-acyl-β-D-glucosides of bile acids (15–28) was per-
formed on a precoated silica gel plate (E. Merck, Darmstadt,
Germany) using chloroform/methanol/acetic acid (24:6:3, by
vol; solvent system A) or EtOAc/acetic acid (9:1, vol/vol; sol-
vent system B) mixtures as the developing solvents. Re-
versed-phase TLC was carried out on precoated C18 silica gel
plates (E. Merck) using a developing mixture of methanol/
water (19:1, vol/vol; solvent system C). Liquid chromatogra-
phy was performed using silica gel 60 (70–230 mesh; Wako
Pure Chemical Industries, Tokyo, Japan) or Cosmosil
140C18-OPN (particle size, 140 µm; Nacalai Tesque, Inc.,
Kyoto, Japan) as an adsorbent. 

Melting points (mp) were determined on an electric hot
stage and are uncorrected. Infrared (IR) spectra were obtained
on a Bio-Rad FTS-7 Fourier transform IR (FTIR) spectrome-
ter (Philadelphia, PA) using KBr tablets. 1H nuclear magnetic
resonance (NMR) spectra were obtained on a JEOL JNM-EX
270 FT NMR instrument (Tokyo, Japan) at 270 MHz, with
CDCl3, CDCl3 containing 20% dimethylsulfoxide (DMSO)-
d6 or CD3OD containing 0.1% Me4Si as the solvent; chemical
shifts are expressed as δ ppm relative to Me4Si. High-resolu-
tion mass spectra (HR-MS) were obtained on a JEOL JMS-
LCmate double focusing magnetic mass spectrometer
equipped with an electrospray ionization (ESI) probe under
the positive ion mode (PIM) [M + Na]+ for benzyl ester deriv-
atives (1–14) or negative ion mode (NIM) [M − H]− for free
esters (15–28). For reference compounds, polypropylene gly-
col (50 ppm) in methanol for 1 and 2, or polyethyleneglycol
(50 ppm) in methanol for 3–14 was used in PIM; and sodium
trifluoroacetate (200 ppm) and sodium acetate (40 ppm) in
methanol for 15 and 16, or polyethyleneglycol sulfate (50
ppm) in methanol for 17–28 was used in NIM. The apparatus

used for medium-pressure liquid chromatography consisted of
a YRD-880 RI-detector (Shimamura Instruments Works, Co.,
Tokyo, Japan) and a chromatographic pump uf-3040S.

General procedure for the esterification of bile acids by
CTNB. To a stirred solution of bile acid (5 mmol) and TBGP
(6 mmol) in dry pyridine (12 mL) was added CTNB (5 mmol)
in one portion, and the mixture was stirred at room tempera-
ture for 3 h under a stream of N2 (the reaction was monitored
by TLC). To the mixture was added 8% sodium hydrogencar-
bonate solution (70 mL), Et2O (70 mL) and then water (35
mL), and the whole mixture was stirred until a clear solution
was obtained. The organic layer was washed with 5% HCl and
water, dried over Drierite, and evaporated under reduced pres-
sure. Crystallization of the residue from benzene recovered
excess amounts of the starting sugar derivative. Evaporation
of the combined mother liquor gave an oily residue, which was
treated on a column of silica gel (70 g, 70–250 mesh) by elut-
ing with benzene or benzene/EtOAc (7:3 to 4:1, vol/vol) mix-
tures containing 1% acetic acid to give the crude esterified
product. Separation of the α- and β-anomeric mixtures from
the resulting product was then achieved by medium-pressure
liquid chromatography on a C18 reversed-phase column (100
g), eluting with methanol/water mixtures (19:1 to 9:1, vol/vol)
containing 1% acetic acid as a mobile phase.

(i) Benzyl 1-O-(24-lithocholyl)-2,3,4-tri-O-benzyl-D-glu-
copyranose (1 and 2). The more polar component, which
eluted first, was identified as the α-anomer (1): this com-
pound was found to be homogeneous according to TLC and
1H NMR analyses, but failed to crystallize: The yield of this
oil was 8%. The less polar component was identified as the
β-anomer (2). Although this compound was homogeneous ac-
cording to TLC and 1H NMR analyses, it could not be crys-
tallized: The yield of this oil was 19%. Spectral and HR-MS
data are shown in Table 1.

(ii) Benzyl 1-O-(24-chenodeoxycholyl)-2,3,4-tri-O-benzyl-
D-glucopyranose (3 and 4). The more polar component,
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FIG. 1. Structures of bile acid C-24 acyl glucosides and their related compounds. Bn = –CH2C6H5.



which eluted first, was identified as the α-anomer (3): The
yield of this oil was 4%. The less polar component was iden-
tified as the β-anomer (4): The yield of the oil was 12%. 

(iii) Benzyl 1-O-(24-ursodeoxycholyl)-2,3,4-tri-O-benzyl-
D-glucopyranose (5 and 6). The more polar component,
which eluted first, was identified as the α-anomer (5): The
yield of this oil was 9%. The less polar component was iden-
tified as the β-anomer (6): The yield of this oil was 14%. 

(iv) Benzyl 1-O-(24-deoxycholyl)-2,3,4-tri-O-benzyl-D-
glucopyranose (7 and 8). The more polar component was
identified as the α-anomer (7): The yield of this oil was 8%.
The less polar component was identified as the β-anomer (8):
The yield of this oil was 16%. 

(v) Benzyl 1-O-(24-cholyl)-2,3,4-tri-O-benzyl-D-glucopy-
ranose (9 and 10). The more polar component was identified
as the α-anomer (9): The yield of this oil was 8%. The less
polar component was identified as the β-anomer (10): The
yield of this oil was 16%.

(vi) Benzyl 1-O-(24-hyodeoxycholyl)-2,3,4-tri-O-benzyl-D
glucopyranose (11 and 12). The more polar component was
identified as the α-anomer (11): The yield of this oil was 4%.
The less polar component was identified as the β-anomer
(12): The yield of this oil was 16%.

(vii) Benzyl 1-O-(24-murideoxycholyl)-2,3,4-tri-O-benzyl-
D-glucopyranose (13 and 14). The more polar component
was identified as the α-anomer (13): The yield of this oil was
4%. The less polar component was identified as the β-anomer
(14): The yield of this oil was 15%. 

General procedure for the deprotection of bile acid acyl
glucoside benzyl ethers. To a magnetically stirred solution of
prereduced 10% Pd-C catalyst (120 mg) with hydrogen in
acetic acid/methanol/EtOAc (5 mL; 1:2:2, by vol) was added
a solution of acyl glucoside benzyl ether (0.27 mmol) in the
same solvent (5 mL), and the mixture was hydrogenated at
35ºC for 6 h under atmospheric pressure (1 atm). After the
hydrogenolysis, the catalyst was filtered off on Celite and
washed four times with methanol (each 4 mL) . The combined
mother liquor was evaporated in vacuo to give an oily residue,
which was crystallized directly from EtOAc. 

(i) 1-O-(24-Lithocholyl)-α-D-glucopyranose (15). This
was recrystallized from EtOAc as a colorless amorphous
solid; yield, 79%; mp, 116–119°C. TLC, Rf : 0.52 (solvent A)
and 0.58 (solvent C). Spectral and HR-MS data are shown in
Table 2.

(ii) 1-O-(24-Lithocholyl)-β-D-glucopyranose (16). This
was recrystallized from EtOAc as a colorless amorphous
solid; yield, 86%; mp, 123–125°C. TLC, Rf : 0.53 (solvent A)
and 0.57 (solvent C). 

(iii) 1-O-(24-Chenodeoxycholyl)-α-D-glucopyranose (17).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 86%; mp, 126–129°C. TLC, Rf : 0.34 (solvent A)
and 0.66 (solvent C). 

(iv) 1-O-(24-Chenodeoxycholyl)-β-D-glucopyranose (18).
This was recrystallized from EtOAc as colorless needles;
yield, 88%; mp, 120–123°C. TLC, Rf : 0.35 (solvent A) and
0.65 (solvent C). 

(v) 1-O-(24-Ursodeoxycholyl)-α-D-glucopyranose (19).
This was recrystallized from EtOAc as a colorless amorphous
solid: yield, 87%; mp, 137–140°C. TLC, Rf : 0.37 (solvent A)
and 0.73 (solvent C). 

(vi) 1-O-(24-Ursodeoxycholyl)-β-D-glucopyranose (20).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 80%; mp, 141–144°C. TLC, Rf : 0.39 (solvent A)
and 0.72 (solvent C). 

(vii) 1-O-(24-Deoxycholyl)-α-D-glucopyranose (21). This
was recrystallized from EtOAc as a colorless amorphous
solid; yield, 82%; mp, 134–137°C. TLC, Rf : 0.38 (solvent A)
and 0.64 (solvent C). 
(viii) 1-O-(24-Deoxycholyl)-β-D-glucopyranose (22). This

was recrystallized from EtOAc as a colorless amorphous
solid; yield, 89%; mp, 131–134°C. TLC, Rf : 0.39 (solvent A)
and 0.63 (solvent C). 

(ix) 1-O-(24-Cholyl)-α-D-glucopyranose (23). This was
recrystallized from EtOAc as a colorless amorphous solid;
yield, 80%; mp, 141–143°C. TLC, Rf : 0.19 (solvent A) and
0.71 (solvent C).

(x) 1-O-(24-Cholyl)-β-D-glucopyranose (24). This was re-
crystallized from EtOAc as a colorless amorphous solid;
yield, 85%; mp, 164–166°C. TLC, Rf : 0.20 (solvent A) and
0.69 (solvent C). 

(xi) 1-O-(24-Hyodeoxycholyl)-α-D-glucopyranose (25).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 85%; mp, 133–136°C. TLC, Rf : 0.32 (solvent A)
and 0.73 (solvent C). 

(xii) 1-O-(24-Hyodeoxycholyl)-β-D-glucopyranose (26).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 89%; mp, 164–166°C. TLC, Rf : 0.33 (solvent A)
and 0.72 (solvent C). 

(xiii) 1-O-(24-Murideoxycholyl)-α-D-glucopyranose (27).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 79%; mp, 108–110°C. TLC, Rf : 0.38 (solvent A)
and 0.74 (solvent C). 

(xiv) 1-O-(24-Murideoxycholyl)-β-D-glucopyranose (28).
This was recrystallized from EtOAc as a colorless amorphous
solid; yield, 83%; mp, 146–148°C. TLC, Rf : 0.39 (solvent A)
and 0.73 (solvent C). 

RESULTS AND DISCUSSION

The instability of acyl glycosides, which are susceptible to
hydrolysis and transesterification under mild conditions (see
below) (17), may hamper their identification and quantitation
in biological materials as well as the chemical synthesis of
authentic reference compounds. Previous syntheses of acyl
glucuronides have required multiple steps with several pro-
tections and deprotections, resulting in low overall yields
(23–26). A feasible, shorter method, however, has recently
been reported for the preparation of acyl glucuronides, all of
which are produced in a condensation reaction between car-
boxylic acids and a protected glucuronic acid derivative in
the presence of diisopropyl- (or diethyl)-azodicarboxylate and
triphenylphosphine as coupling agents (27,28). By utilizing
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TABLE 1
Spectral Dataa of Acyl Glucoside Benzyl Esters 1–14

HR-MS
1H NMR (270 MHz) Molecular formula Calcd.

Product IR (cm−1) δ, J (Hz) [M + Na]+ (PIM) Found

1 698, 738 (C6H5CH2–), CDCl3: 0.61 (3H, s, 18-CH3), 0.89 (3H, d, C58H74O8Na 921.5281 921.5247
1072 (C–O), 1747 J = 4.3 Hz, 21-CH3), 0.91 (3H, s, 19-CH3),
(C=O), 2851, 2916 3.61 (1H, brm, 3β-H), 3.65–3.94 (6H, m,
(CH), 3283 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 4.45–4.98 (8H, m,

4 × CH2C6H5), 6.38 (1H, d, J = 3.5 Hz,
1′β-H), 7.14–7.33 (20H, m, 4 × CH2C6H5)

2 698, 738 (C6H5CH2–), CDCl3: 0.62 (3H, s, 18-CH3), 0.89 (3H, d, C58H74O8Na 921.5281 921.5325
1073 (C–O), 1755 J = 5.6 Hz, 21-CH3), 0.92 (2H, s, 19-CH3),
(C=O), 2852, 2916 3.56 (1H, brm, 3β-H), 3.59–3.76 (7H, m,
(CH), 3332 (OH) 2′-, 3′-, 4′-, 5′-, 6′-, and 3β-H), 4.46–4.87

(8H, m, 4 × CH2C6H5), 5.61 (1H, d, J = 7.0
Hz, 1′α-H), 7.15–7.30 (20H, m,
4 × CH2C6H5)

3 698, 736 (C6H5CH2–), CDCl3: 0.63 (3H, s, 18-CH3), 0.90 (3H, s, C58H74O9Na 937.5230 937.5247
1078 (C–O), 1744 19-CH3), 0.92 (3H, d, J = 6.3 Hz, 21-CH3),
(C=O), 2864, 2931 3.47 (1H, brm, 3β-H), 3.62–3.94 (6H, m,
(CH), 3326 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 3.84 (1H, m,

7β-H), 4.46–4.98 (8H, m, 4 × CH2C6H5),
6.38 (1H, d, J = 3.3 Hz, 1′β-H), 7.13–7.35
(20H, m, 4 × CH2C6H5)

4 698, 736 (C6H5CH2–), CDCl3: 0.64 (3H, s, 18-CH3), 0.89 (3H, s, C58H74O9Na 937.5230 937.5217
1077 (C–O), 1755 19-CH3), 0.91 (3H, d, J = 6.2 Hz, 21-CH3),
(C=O), 2852, 2917 3.46 (1H, brm, 3β-H), 3.58–3.73 (6H, m,
(CH), 3341 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 3.84 (1H, m,

7β-H), 4.45–4.90 (8H, m, 4 × CH2C6H5),
5.61 (1H, d, J = 8.4 Hz, 1′-H), 7.14–7.33
(20H, m, 4 × CH2C6H5)

5 698, 737 (C6H5CH2–), CDCl3: 0.65 (3H, s, 18-CH3), 0.92 (3H, d, C58H74O9Na 937.5230 937.5216
1075 (C–O), 1748 J = 6.6 Hz, 21-CH3), 0.94 (3H, s, 19-CH3),
(C=O), 2862, 2926 3.59–3.97 (8H, m and brm, 3β- and 7α-H
(CH), 3302 (OH) and 2′-, 3′-, 4′-, 5′-, and 6′-H), 4.46–4.98

(8H, m, 4 × CH2C6H5), 6.38 (1H, d, J = 3.5
Hz, 1′β-H), 712–7.35 (20H, m,
4 × CH2C6H5)

6 698, 736 (C6H5CH2–), CDCl3: 0.65 (3H, s, 18-CH3), 0.89 (3H, d, C58H74O9Na 937.5230 937.5243
1081 (C–O), 1758 J = 6.3 Hz, 21-CH3), 0.93 (3H, s, 19-CH3),
(C=O), 2866, 2930 3.56 (2H, brm, 3β- and 7α-H), 3.59–3.75
(CH), 3302 (OH) (6H, m, 2′-, 3′-, 4′-, 5′-, and 6′-H), 4.45–4.98

(8H, m, 4 × CH2C6H5), 5.61 (1H, d, J = 8.0
Hz, 1′α-H), 7.11–7.32 (20H, m,
4 × CH2C6H5)

7 698, 736 (C6H5CH2–), CDCl3: 0.64 (3H, s, 18-CH3), 0.90 (3H, s, C58H74O9Na 937.5230 937.5211
1072 (C–O), 1743 19-CH3), 0.96 (3H, d, J = 6.1 Hz, 21-CH3),
(C=O), 2860, 2918 3.59 (1H, brm, 3β-H), 3.56–3.76 (6H, m,
(CH), 3329 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 3.94 (1H, m,

12β-H), 4.46–4.98 (8H, m, 4 × CH2C6H5),
6.38 (1H, d, J = 3.6 Hz, 1′β-H), 7.12–7.37
(20H, m, 4 × CH2C6H5)

(continued on next page)
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TABLE 1 (continued)

HR-MS
1H NMR (270 MHz) Molecular formula Calcd.

Product IR (cm−1) δ, J (Hz) [M + Na]+ (PIM) Found

8 698, 737 (C6H5CH2–), CDCl3: 0.65 (3H, s, 18-CH3), 0.91 (3H, s, C58H74O9Na 937.5230 937.5240
1077 (C–O), 1757 19-CH3), 0.94 (3H, d, J = 6.0 Hz, 21-CH3),
(C=O), 2859, 2932 3.52–3.88 (6H, m, 2′-, 3′-, 4′-, 5′-, and 6′-H),
(CH), 3317 (OH) 3.61 (1H, brm, 3β-H), 3.96 (1H, m,

12β-H), 4.46–4.91 (8H, m, 4 × CH2C6H5),
5.62 (1H, d, J = 8.0 Hz, 1′-H), 7.12–7.33
(20H, m, 4 × CH2C6H5)

9 698, 736 (C6H5CH2–), CDCl3: 0.65 (3H, s, 18-CH3), 0.89 (3H, s, C58H74O10Na 953.5179 953.5190
1076 (C–O), 1744 19-CH3), 0.97 (3H, d, J = 6.3 Hz, 21-CH3),
(C=O), 2868, 2933 3.46 (1H, brm, 3β-H), 3.61–3.77 (6H, m,
(CH), 3327 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 3.84 (1H, m,

7β-H), 3.94 (1H, m, 12β-H), 4.46–4.98
(8H, m, 4 × CH2C6H5), 6.38 (1H, d, J = 3.3
Hz, 1′β-H), 7.13–7.35 (20H, m,
4 × CH2C6H5)

10 698, 745 (C6H5CH2–), CDCl3: 0.66 (3H, s, 18-CH3), 0.89 (3H, s, C58H74O10Na 953.5179 953.5173
1076 (C–O), 1747 19-CH3), 0.96 (3H, d, J = 6.1 Hz, 21-CH3),
(C=O), 2869, 2931 3.45 (1H, brm, 3β-H), 3.56–3.78 (6H, m,
(CH), 3351 (OH) 2′-, 3′-, 4′-, 5′-, and 6′-H), 3.84 (1H, m,

7β-H), 3.96 (1H, m, 12β-H), 4.46–4.91
(8H, m, 4 × CH2C6H5), 5.62 (1H, d, J = 8.0
Hz, 1′α-H), 7.12–7.37 (20H, m,
4 × CH2C6H5)

11 698, 737 (C6H5CH2–), CDCl3: 0.61 (3H, s, 18-H), 0.90 (3H, s, C58H74O9Na 937.5230 937.5219
1071 (C–O), 1746 19-H), 0.91 (3H, d, J = 5.9 Hz, 21-H),
(C=O), 2850, 2916 3.59–3.94 (8H, m, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-,
(CH), 3302 (OH) and 6β-H), 4.46–4.94 (8H, m,

4 × CH2C6H5), 6.38 (1H, d, J = 3.5 Hz,
1′β-H), 7.14–7.36 (20H, m, 4 × CH2C6H5)

12 698, 736 (C6H5CH2–), CDCl3: 0.62 (3H, s, 18-H), 0.89 (3H, d, C58H74O9Na 937.5230 937.5206
1073 (C–O), 1758 J = 7.0 Hz, 21-H), 0.90 (3H, s, 19-H), 3.56
(C=O), 2873, 2929 (1H, brm, 3β-H), 3.59–3.73 (7H, m, 2′-,
(CH), 3294 (OH) 3′-, 4′-, 5′-, 6′-, and 6β-H), 4.46–4.87 (8H,

m, 4 × CH2C6H5), 5.61 (1H, d, J = 8.1 Hz,
1′α-H), 7.12–7.36 (20H, m, 4 × CH2C6H5)

13 698, 738 (C6H5CH2–), CDCl3: 0.65 (3H, s, 18-H), 0.92 (3H, d, C58H74O9Na 937.5230 937.5218
1072 (C–O), 1747 J = 6.2 Hz, 21-H), 1.10 (3H, s, 19-H), 3.59
(C=O), 2870, 2931 (1H, m, 3β-H), 3.50–3.77 (7H, m, 2′-, 3′-,
(CH), 3348 (OH) 4′-, 5′-, 6′-, and 6α-H), 4.45–4.98 (8H, m,

4 × CH2C6H5), 6.38 (1H, d, J = 3.5 Hz,
1′β-H), 7.12–7.36 (20H, m, 4 × CH2C6H5)

14 698, 738 (C6H5CH2–), CDCl3: 0.66 (3H, s, 18-H), 0.90 C58H74O9Na 937.5230 937.5248
1083 (C–O), 1756 (3H, d, J = 6.2 Hz, 21-H), 1.10 (3H, s,
(C=O), 2866, 2940 19-H), 3.50–3.74 (7H, m, 2′-, 3′-, 4′-, 5′-,
(CH), 3317 (OH) 6′-, and 6α-H), 3.61 (1H, m, 3β-H),

4.45–4.87 (8H, m, 4 × CH2C6H5), 5.61 (1H,
d, J = 7.8 Hz, 1′α-H), 7.12–7.36 (20H, m,
4 × CH2C6H5)

aAbbreviations: IR, infrared; NMR, nuclear magnetic resonance; HR-MS, high-resolution mass spectra; PIM, positive ion mode.
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TABLE 2
Spectral Dataa of Free Acyl Glucocides 15–28

HR-MS
1H NMR (270 MHz) Molecular formula Calcd.

Product IR (cm−1) δ, J (Hz) [M − H]− (NIM) Found

15 1088 (C–O), 1736 CDCl3 + 20% DMSO-d6: 0.64 (3H, s, C30H49O8 537.3427 537.3408
(C=O), 2866, 2932 18-H), 0.91 (3H, s, 19-H), 0.92 (3H, d,
(CH), 3248 (OH) J = 5.7 Hz, 21-H), 3.12–3.80 (7H, m and

brm, 2′-, 3′-, 4′-, 5′-, 6′-, and 3β-H), 6.16
(1H, brs, 1′β-H)

16 1073 (C–O), 1739 CDCl3 + 20% DMSO-d6: 0.64 (3H, s, C30H49O8 537.3427 537.3389
(C=O), 2863, 2930 18-CH3), 0.90 (3H, s, 19-CH3),
(CH), 3321 (OH) 3.45–3.81 (7H, m and brm, 2′-, 3′-, 4′-,

5′-, 6′-, and 3β-H), 5.55 (1H, d, J = 7.8
Hz, 1′α-H)

17 1083 (C–O), 1737 CDCl3 + 20% DMSO-d6: 0.65 (3H, s, C30H49O9 553.3376 553.3346
(C=O), 2865, 2927 18-H), 0.89 (3H, s, 19-H), 0.93 (3H, d,
(CH), 3300 (OH) J = 7.8 Hz, 21-H), 3.40–3.78 (8H, m and

brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and 7β-H),
6.15 (1H, brs, 1′β-H)

18 1077 (C–O), 1750 CDCl3 + 20% DMSO-d6: 0.65 (3H, s, C30H49O9 553.3376 553.3419
(C=O), 2872, 2934 18-CH3), 0.90 (3H, s, 19-CH3), 0.92
(CH), 3323 (OH) (3H, d, J = 5.4 Hz, 21-H), 3.30–3.83 (8H,

m and brm, 2′-, 3′-, 4′-, 5′-, 64-, 3β-, and
7β-H), 5.55 (1H, d, J = 7.7 Hz, 1′α-H)

19 1118 (C–O), 1736 CDCl3 + 20% DMSO-d6: 0.67 (3H, s, C30H49O9 553.3376 553.3342
(C=O), 2866, 2923 18-CH3), 0.93 (3H, s, 19-CH3), 0.93
(CH), 3252 (OH) (3H, d, J = 5.4 Hz, 21-H), 3.39–3.78 (8H,

m and brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and
7α-H), 6.17 (1H, d, J = 3.5 Hz, 1′β-H)

20 1076 (C–O), 1745 CD3OD: 0.70 (3H, s, 18-CH3), 0.95 (3H, C30H49O9 553.3376 553.3406
(C=O), 2862, 2936 d, J = 6.3 Hz, 21-(CH3), 0.96 (3H, s,
(CH), 3429 (OH) 19-CH3), 3.35–3.88 (8H, m and brm, 2′-,

3′-, 4′-, 5′-, 6′-, 3β-, and 7α-H), 5.50 (1H,
d, J = 8.0 Hz, 1′α-H)

21 1086 (C–O), 1734 CD3OD: 0.70 (3H, s, 18-CH3), 0.92 (3H, C30H49O9 553.3376 553.3440
(C=O), 2866, 2943 s, 19-CH3), 1.01 (3H, d, J = 6.3 Hz,
(CH), 3270 (OH) 21-CH3), 3.35–3.78 (7H, m and brm, 2′-,

3′-, 4′-, 5′-, 6′-, and 3β-H), 3.96 (1H, m,
12β-H), 6.12 (1H, d, J = 2.8 Hz, 1′β-H)

22 1078 (C–O), 1742 CD3OD: 0.67 (3H, s, 18-CH3), 0.92 (3H, C30H49O9 553.3376 553.3405
(C=O), 2862, 2939 s, 19-CH3), 1.00 (3H, d, J = 6.3 Hz,
(CH), 3302 (OH) 21-CH3), 3.35–3.88 (6H, m, 2′-, 3′-, 4′-,

5′-, and 6′-H), 3.62 (1H, brm, 3β-H),
3.96 (1H, m, 12β-H), 5.50 (1H, d, J = 7.7
Hz, 1′α-H)

23 1088 (C–O), 1732 CD3OD: 0.71 (3H, s, 18-CH3), 0.91 (3H, C30H49O10 569.3325 569.3327
(C=O), 2866, 2924 s, 19-CH3), 1.02 (3H, d, J = 5.8 Hz,
(CH), 3267 (OH) 21-CH3), 3.35–3.83 (8H, m and brm,

2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and 7β-H),
3.96 (1H, m, 12β-H), 6.12 (1H, d, J = 2.7
Hz, 1′β-H)

(continued on next page)



the Mitsunobu reaction, the 1-O-acyl-β-D-glucuronide deriv-
atives of five common bile acids have been prepared by con-
densing bile acid acetates with methyl 2,3,4-tri-O-acetyl-D-
glucopyranuronate (18). However, subsequent transformation
of the resulting methyl ester-acetate derivatives of acyl glu-
curonides into the corresponding free ester forms was unsuc-
cessful because of the instability of the C-24 ester linkages
under alkaline hydrolysis conditions.

On the other hand, synthesis of the free 1-O-acyl-β-glucu-
ronide of LCA, 1-O-(24-lithocholyl)-β-D-glucopyranuronic
acid, has been successfully achieved in two steps by the Mit-
sunobu reaction of unprotected LCA with a fully benzylated
derivative of glucuronic acid having a free C-1′ hydroxyl
group (benzyl 2,3,4-tri-O-benzyl-D-glucopyranuronate), fol-
lowed by the hydrogenolysis of the resulting benzyl 1-O-(24-
lithocholyl)-2,3,4-tri-O-benzyl-β-D-glucopyranuronate with
Pd on charcoal as a catalyst (17). Subsequently, the 1-O-acyl-
β-D-glucuronides of CDCA, UDCA, DCA, and CA have also
been prepared by using a similar procedure (29).

In our synthesis of the analogous acyl glucosides of five
common bile acids as well as HDCA and MDCA, we used
TBGP as an alcoholic substrate. A preliminary experiment of
the condensation of unprotected CDCA with TBGP by the

Mitsunobu reaction was discouraging; numerous by-products
were formed, from which a mixture of the desired α- and β-
anomers of the acyl glucosides benzyl ether derivative of
CDCA was isolated in very low yield (6%) after tedious and
repeated chromatographic purification. Similarly, the use of
N,N-dicyclohexylcarbodiimide as a coupling agent (30) was
also unsatisfactory. 

However, when the mixtures of unprotected bile acids and
TBGP were treated with CTNB as a condensing agent in pyri-
dine (31), the nucleophilic acyl substitution reaction pro-
ceeded cleanly at room temperature for 3 h, via the activated
ester intermediate of bile acid 1,3,5-trinitrobenzyl esters, to
give the desired 1-O-acyl-D-glucoside benzyl ethers (1–14)
(Fig. 2). After esterification, the reaction product was easily
recovered by passage through a column of silica gel and elu-
tion with EtOAc/benzene mixtures; 1% acetic acid was added
to all solvents used in the workup processes to prevent the de-
composition of the resulting acyl glucosides (see below).
Since each of the esterified products was a mixture of the α-
and β-anomers of acyl glucoside benzyl ethers, as shown by
1H NMR, they were then subjected to medium-pressure liq-
uid chromatography on a C18 reversed-phase column with
elution by methanol/water mixtures. The reversed-phase
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TABLE 2 (continued)

HR-MS
1H NMR (270 MHz) Molecular formula Calcd.

Product IR (cm−1) δ, J (Hz) [M − H]− (NIM) Found

24 1078 (C–O), 1743 CD3OD: 0.71 (3H, s, 18-CH3), 0.91 (3H, C30H49O10 569.3325 569.3314
(C=O), 2872, 2935 s, 19-CH3), 1.01 (3H, d, J = 6.0 Hz,
(CH), 3342 (OH) 21-CH3), 3.34–3.88 (8H, m and brm, 2′-,

3′-, 4′-, 5′-, 6′-, 3β-, and 7β-H), 3.96 (1H,
m, 12β-H), 5.50 (1H, d, J = 7.7 Hz,
1′α-H)

25 1731 (C=O), 2870, CDCl3 + 20% DMSO-d6: 0.64 (3H, s, C30H49O9 553.3376 553.3385
2929 (CH), 3284 (OH) 18-H), 0.89 (3H, s, 19-H), 0.92 (3H, d,

J = 6.2 Hz, 21-H), 3.50–3.75 (8H, m and
brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and 6β-H),
6.15 (1H, brs, 1′β-H)

26 1072 (C–O), 1759 CDCl3 + 20% DMSO-d6: 0.64 (3H, s, C30H49O9 553.3376 553.3404
(C=O), 2870, 2944 18-H), 0.89 (3H, s, 19-H), 0.91 (3H, d,
(CH), 3340 (OH) J = 7.8 Hz, 21-H), 3.31–3.79 (8H, m and

brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and 6β-H),
5.52 (1H, d, J = 7.8 Hz, 1′α-H)

27 1731 (C=O), 2873, CDCl3 + 20% DMSO-d6: 0.67 (3H, s, C30H49O9 553.3376 553.3374
2944 (CH), 3256 (OH) 18-H), 0.92 (3H, s, 19-H), 1.10 (3H, d,

J = 4.3 Hz, 21-H), 3.34–3.80 (8H, m and
brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and 6α-H),
6.18 (1H, brs, 1′β-H)

28 1076 (C–O), 1764 CDCl3 + 20% DMSO-d6: 0.67 (3H, s, C30H49O9 553.3376 553.3397
(C=O), 2874, 2939 18-CH3), 0.92 (3H, d, J = 5.9 Hz, 21-H),
(CH), 3279 (OH) 1.10 (3H, s, 19-CH3), 3.45–3.81 (8H, m

and brm, 2′-, 3′-, 4′-, 5′-, 6′-, 3β-, and
6α-H), 5.54 (1H, d, J = 7.8 Hz, 1′α-H)

aDMSO, dimethylsulfoxide; for other abbreviations see Table 1.



chromatography resolved the two epimers effectively, and an
α-anomer (1, 3, 5, 7, 9, 11, or 13) was eluted first as a minor
component (4–9% isolated yields), followed by the corre-
sponding β-anomer (2, 4, 6, 8, 10, 12, or 14) as a major com-
ponent (12–19% isolated yields), in an approximate β/α ratio
of 3:1, suggesting that the α-anomers are more sterically un-
stable than the corresponding β-ones. 

Subsequent treatment of 1–14 by hydrogenolysis in the
presence of 10% Pd on charcoal as a catalyst (17,28) resulted
in the complete elimination of the benzylic ether groups of a
sugar moiety to form the α- (15, 17, 19, 21, 23, 25, or 27) and
β-anomers (16, 18, 20, 22, 24, 26, or 28) of free 1-O-acyl-D-
glucosides. In our exploratory experiments, yield of the
hydrogenolysis was influenced significantly by the reaction
conditions. When the acyl glucoside benzyl ethers were sub-
jected to hydrogenolysis in methanol/EtOAc mixtures (1:1,
vol/vol) containing 20% acetic acid at 35°C under 1 atm, the
time required for complete deprotection was only 6 h, and the
yields of the resulting free acyl glucosides were 79–89%.
However, when hydrogenolysis was carried out in methanol/
EtOAc mixtures (1:1, vol/vol) under a positive pressure of 80
kg/cm2, the reaction took more than 24 h and yields of the de-
sired free esters decreased steeply, probably due to the decom-
position of ester linkage (see below) during the hydrogenoly-
sis. The former procedure therefore seems to be the method of
choice. 

In TLC, the Rf-values observed for compounds 15–28,
which differ from one another in the number, position, and
stereochemistry of hydroxyl groups in the aglycone moieties,
increased in the following order in each series of the α- and
β-anomers: The acyl glucosides of CA (0.20) < HDCA (0.33)
< CDCA (0.36), DCA (0.38), UDCA (0.39), MDCA (0.39) <
LCA (0.53) on normal-phase TLC (solvent system A); those
of LCA (0.57) < DCA (0.64), CDCA (0.65) < CA (0.70) <
UDCA (0.73), HDCA (0.73), MDCA (0.74) on reversed-
phase TLC (solvent system C). The TLC behaviors in each
series of acyl glucosides on both the normal- and reversed-

phase TLC plates was similar to those observed for the corre-
sponding ether glucosides (32). Although each pair of the cor-
responding α- and β-anomers of the acyl glucosides had es-
sentially identical mobility on TLC, they were nicely sepa-
rated by medium-pressure liquid chromatography on a C18
reversed-phase column, indicating that the α-anomers are
slightly more polar than the β-anomers.

Since previous workers pointed out the chemical speci-
ficity of acyl glucuronides (17), we examined the lability of
the 1-O-acyl-β-D-glucoside of DCA (22) as a representative
substrate. Thus, 22 was stored at room temperature in various
neutral, acidic, and alkaline solvents, and changes in the Rf
values of the resulting solutions were monitored by normal-
phase TLC (solvent system B). As a result, 22 (Rf , 0.22) was
completely stable in acetone, acetic acid, and pyridine. How-
ever, when 22 was stored in methanol (or ethanol) containing
1% NaOH (or KOH), it was rapidly converted into the corre-
sponding unconjugated DCA (Rf, 0.71). Interestingly, 22 was
also decomposed readily within several hours on exposure in
methanol (or ethanol) containing 1% HCl (or H2SO4) and
gradually in a few days in the same solvent in the absence of
acid. The Rf value (0.77) of the decomposed product differed
from that (0.71) of the free acid of DCA, but it was in accord
with that of the methyl ester derivative of DCA, clearly
demonstrating the occurrence of acyl migration by transester-
ification. However, no intramolecular rearrangement was de-
tected by acyl group migration of 22 to give positional iso-
mers in which the aglycone is attached at the position of C-
2′, C-3′, and C-4′ of the β-D-glucoside moiety, in analogy
with similar glucuronides (17). Since the carboxyl-linked glu-
cosides of bile acids are susceptible to both hydrolysis and
transesterification in alcoholic solvents, particular caution
should therefore be paid in the isolation and purification
processes. 

1H NMR spectra provided confirmatory evidence for the
structures of individual acyl glucosides (15–28). The reso-
nance positions of 18-, 19-, and 21-methyl protons, as well as
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FIG. 2. Synthetic route to bile acid C-24 acyl glucosides. LCA, lithocholic acid; CDCA, chenodeoxycholic acid;
UDCA, ursodeoxycholic acid; DCA, deoxycholic acid; CA, cholic acid; HDCA, hyodeoxycholic acid; MDCA,
murideoxycholic acid.



methine protons at C-3, C-6, C-7, or C-12, are essentially un-
changed compared to those observed for the corresponding
unconjugated bile acids. An equatorial 1′β-H signal in the α-
anomers (15, 17, 19, 21, 23, 25, and 27), which has a cis axial-
equatorial relationship with adjacent axial 2′β-H, occurs at a
lower field of 6.12–6.17 ppm as a doublet with a coupling con-
stant of 2.7–3.5 Hz (33). On the other hand, the corresponding
axial 1′α-H signal in the β-anomers (16, 18, 20, 22, 24, 26,
and 28) is shifted to a higher field and resonates at 5.50–5.55
ppm as a doublet with a coupling constant of 7.7–8.0 Hz
owing to a trans diaxial relationship with 2′β-H.
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ABSTRACT: Dibutyrate derivatives of monoacylglycerols of oleic,
petroselinic, and cis-vaccenic acids were prepared by diesterifica-
tion of monoacylglycerols with n-butyryl chloride. The resulting
triacylglycerols were analyzed by gas chromatography (GC) with
a 65% phenyl methyl silicone capillary column and separated on
the basis of both fatty acid composition and regiospecific position.
The petroselinic acid derivatives eluted first, followed sequentially
by the oleic and cis-vaccenic acid derivatives, with the sn-2 posi-
tional isomer eluting before the sn-1(3) isomer in each case. Sepa-
ration of the peaks was almost baseline between petroselinic and
oleic acids as well as between oleic and cis-vaccenic acids. To as-
sess the accuracy of the method, mixtures of triolein, tripet-
roselinin, and tri-cis-vaccenin in various known proportions were
partially deacylated with the use of ethyl magnesium bromide and
derivatized and analyzed as above. The results showed that this
method compares favorably to the existing methods for analysis of
oleic, petroselinic, and cis-vaccenic fatty acids by GC with respect
to peak separation and accuracy, and it also provides information
on the regiospecific distribution of the fatty acids.The method was
applied to basil (Ocimum basilicum) and coriander (Coriandrum
sativum) seed oils. cis-Vaccenic, oleic, and linoleic acids were
mainly distributed at the sn-2 position in basil seed oil, and higher
proportions of linolenic, palmitic, and stearic acids were distrib-
uted at the sn-1(3) position than at the sn-2 position. In coriander
seed oil, petroselinic acid was mainly distributed at the sn-1(3) po-
sition, and both oleic and linoleic acids were mostly located at the
sn-2 position, whereas palmitic, stearic, and cis-vaccenic acids
were located only at the sn-1(3) position.
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Petroselinic (cis-6 18:1) and cis-vaccenic (cis-11 18:1) acids
are two fatty acid isomers of oleic acid (cis-9 18:1), differing
in the position of the double bond. These isomers are major
fatty acid constituents in the lipids of plants of the Araliaceae
(1) and Apiaceae (formerly Umbelliferae) (2–9) families and
are also minor constituents of seed lipids of basil (unpub-

lished results) and of other plants (10–15). Regio- and stereospe-
cific distribution of fatty acids in oils containing petroselinic and
cis-vaccenic acids is not well documented (16,17), attributable
to the difficulties involved in the analysis of mixtures of these
isomers, which tend to coelute in gas chromatography (GC)
(18–21). Until recently, their analysis has been laborious and re-
quired isolation of the 18:1 isomeric fatty acids, followed by ox-
idative cleavage of the double bond to produce, for example,
azelaic and nonanoic acids from oleic acid and adipic and lauric
acids from petroselinic acid. Analytical methods allowing direct
and accurate quantitative analysis by GC of mixtures of deriva-
tized oleic, petroselinic, and cis-vaccenic acids were developed
by Wolff and Vandamme (20,21) with isopropyl derivatives, by
Thies (22) with n-butyl derivatives, and by Liu and Hammond
(23) with 2-phenylethyl derivatives. The latter can also be ana-
lyzed by high-performance liquid chromatography (HPLC).
These methods use larger ester alcohol moieties than methanol,
and this results in reduced relative polarity of the esterified acid,
with the double bond in the hydrocarbon moiety making the pri-
mary contribution to the polarity of the esters. Thus, the position
of the polar center, i.e., the double bond, plays a significant role
in the adsorption of the ester to the hydrophobic polymer coat-
ing on the chromatographic column, where the ester with the
double bond at position 6 is least strongly adsorbed and should
elute faster than the esters with the double bond at position 9 or
11, given that there is no difference in their vapor pressure or
boiling point. This reasoning led us to hypothesize that the use
of dibutyrate derivatives of monoacylglycerols (24) would per-
mit not only the separation of the fatty acid isomers oleic, pet-
roselinic, and vaccenic acids, but also the determination of their
regiospecific distribution.

The objectives of the present work were first to evaluate
the separation of dibutyrate derivatives of monoacylglycerols
of oleic, petroselinic, and cis-vaccenic acids by GC on the
basis of both fatty acid composition and regiospecific distrib-
ution; second, to determine the accuracy of this method by
analyzing dibutyrate derivatives of monoacylglycerols ob-
tained by partial deacylation of mixtures of triolein, tripet-
roselinin, and tri-cis-vaccenin in known proportions; and
third, to validate the method by analyzing natural samples of
basil and coriander seed oils.
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MATERIALS AND METHODS

Materials. Monooleoylglycerol, monopetroselinoylglycerol,
monostearoylglycerol, mono-cis-vaccenoylglycerol, triolein,
tripetroselinin, and tri-cis-vaccenin were purchased from Nu-
Chek-Prep (Elysian, MN). Ethylmagnesium bromide (3.0 M
in diethyl ether), n-butyryl chloride, and triethylamine were
obtained from Aldrich (Milwaukee, WI).

Oil extraction. Mature dry seeds (10 g) of basil (Ocimum
basilicum) (25) and of coriander (Coriandrum sativum), pur-
chased from a local seed retailer, were washed and finely
ground in a mortar. Oil was extracted with hexane in a Soxh-
let apparatus and recovered by filtering and drying the extract
over anhydrous sodium sulfate and evaporating the solvent
under vacuum at 30°C on a rotary evaporator (21% yield for
basil oil and 23% for coriander oil). The oils were stored
under nitrogen at –35°C until further use.

Derivatization of monoacylglycerols. Standard monoacyl-
glycerols (10 mg) of oleic, petroselinic, cis-vaccenic, and
stearic acids were solubilized in dry chloroform (0.5 mL). Tri-
ethylamine (100 µL) and n-butyryl chloride (50 µL) were se-
quentially added, and the reaction mixture was held at 60°C
for 20 min in a closed vial with constant stirring. After cool-
ing to room temperature, the reaction mixture was diluted
with n-octane (1 mL), washed sequentially with 1-mL vol-
umes each of cold diluted hydrochloric acid (0.1 N), water,
and brine (saturated aqueous solution of sodium chloride),
and dried over anhydrous sodium sulfate. Aliquots (50 µL)
were diluted with n-octane (200 µL) and analyzed by GC.

Partial deacylation of triacylglycerols (TAG). Mixtures of
standard TAG triolein, tripetroselinin, and tri-cis-vaccenin in
different proportions (Table 1) and basil and coriander seed
oils were partially deacylated with ethylmagnesium bromide
accordig to a literature procedure (24). After workup, the
residue was solubilized in dry chloroform, derivatized with
n-butyryl chloride as described above for standard monoacyl-
glycerols, and analyzed by GC.

GC of triacylglycerols. Analysis was performed using a gas
chromatograph (Hewlett-Packard Model 6890, Series II; Palo
Alto, CA), equipped with a flame-ionization detector and con-
nected to a ChemStation (Hewlett-Packard). Sample volumes
(1.0 µL) in n-octane were injected onto a 65% phenyl methyl
silicone capillary column (Restek, Bellefonte, PA; 30 m × 0.25
mm i.d., 0.10 µm film thickness) with a split ratio of 1:50. Injec-
tor and detector temperatures were set at 400°C, while the oven
temperature was programmed from 190 to 300°C at 2.5°C min–1

and to 360°C at 15°C min–1 and held for 5 min at this tempera-
ture, for a total duration of 70 min. The linear velocity of the car-
rier gas (hydrogen) was 47 cm s–1 at 190°C. Other chromato-
graphic conditions used were isothermal oven temperatures
from 190 to 260°C, in 5°C increments, other parameters being
left unchanged. Peak areas and corrected response factors based
on standards were used for quantitation. Resolution values were
determined using peak base width.

Experimental considerations. The oil samples were crude
and possibly contained components other than TAG, such as

phospholipids. These, however, do not interfere with the re-
giospecific analysis of TAG by the present method, which can
be performed directly on the crude lipid extracts without fur-
ther purification of TAG by thin-layer chromatography (TLC)
or other methods (26).

RESULTS AND DISCUSSION

GC of TAG. Dibutyrate derivatives of monoacylglycerols of
oleic, petroselinic, and cis-vaccenic acids were separated by
GC by both fatty acid composition and regiospecific position.
The order of elution was similar to that reported for other GC
methods employed in the  analysis of these fatty acid isomers
(20–22), with petroselinic acid derivatives eluting first, oleic
acid derivatives second, and cis-vaccenic acid derivatives third.
For each fatty acid derivative, the sn-2 positional isomer eluted
before the sn-1(3) isomer (Fig. 1). The separation was nearly
baseline (RS = 1.28) between the petroselinic and oleic acid de-
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FIG. 1. Gas chromatograms of dibutyrate derivatives of monoacylglycerols
obtained after partial deacylation of mixtures of tripetroselinin, triolein,
and tri-cis-vaccenin by ethyl magnesium bromide, followed by derivatiza-
tion with n-butyryl chloride. Bu, 4:0; Ps, cis-6 18:1; O, cis-9 18:1; Va, 
cis-11 18:1. Proportions of tripetroselinin/triolein/tri-cis-vaccenin in the
initial mixtures were (A) 3:2:1, (B) 1:3:1, and (C) 1:1:1.



rivatives, and also close to baseline between the oleic and cis-
vaccenic acid derivatives (RS = 1.10). The resolution of posi-
tional isomers was highest for petroselinic acid derivatives and
lowest for cis-vaccenic acid derivatives, with RS values of 1.37,
0.95, and 0.88 between the sn-2 and the sn-1(3) positional iso-
mers of the petroselinic, oleic, and cis-vaccenic acid derivatives,
respectively. However, separation between sn-2 and sn-1(3) iso-
mers of the derivatives of the 18:1 isomers (as well as other fatty
acids) depends on the quality of the column; columns with the
same stationary phase can exhibit some variability in their reso-
lution owing to variations in the polymer coating.

Analysis of dibutyrate derivatives of monoacylglycerols
by this method does not require separation of glyceride
species prior to derivatization because well-defined chro-
matographic resolution, free of overlap, of all species present
in the samples is obtained with the use of proper chromato-
graphic conditions (Fig. 2). The species included dibutyrate
derivatives of monoacylglycerols, monobutyrate derivatives
of diacylglycerols, TAG, and tertiary alcohols, some of which
may have been partly derivatized or dehydrated during the
derivatization procedure. However, we have encountered
some overlapping of the elution regions for derivatives of
mono- and diacylglycerols in samples containing C8 to C20
fatty acids, but not for individual species (data not shown).

The primary chromatographic conditions reported in the
Materials and Methods section indeed allowed separation of
dibutyrate derivatives of petroselinic, oleic, and cis-vaccenic
acids. However, these conditions resulted in overlapping of
petroselinic and stearic acid derivatives (Fig. 3, A1). Isother-
mal elution at 205°C resulted in separation of petroselinic and
stearic acid derivatives, but the latter overlapped with oleic

acid derivatives (Fig. 3, A4). Although we did not succeed in
obtaining acceptable separation of stearic, petroselinic, and
oleic acid derivatives under a single set of chromatographic
conditions, the combined chromatograms obtained under two
sets of chromatographic conditions (Fig. 3, A2 and A3) made
possible the quantitation of acid derivatives in a given sam-
ple. A first set of conditions resulting in overlap of pet-
roselinic and stearic acid derivatives but resolving oleic acid
derivatives, and a second set of conditions resulting in over-
lap of oleic and stearic acid derivatives while resolving
petroselinic acid derivatives permitted accurate determina-
tion of the values of these acid derivatives in coriander seed
oil (Fig. 3, B).

Fatty acid composition of TAG mixtures. The accuracy of
the present method for the analysis of petroselinic, oleic, and
cis-vaccenic acids in samples, and for the determination of
the regiospecific distribution of these acids, was evaluated by
analyzing dibutyrate derivatives of monoacylglycerols from
partial deacylation of three mixtures of triolein, tripet-
roselinin, and tri-cis-vaccenin in defined proportions. The ex-
periments were carried out in triplicate, and the results are pre-
sented in Table 1. The expected and experimental values are in
good agreement for all three mixtures, although minor devia-
tions were noted. The values for the sn-1(3) isomer were
slightly underestimated by roughly 1% for petroselinic acid,
whereas they were slightly overestimated for oleic acid. Ex-
perimental values for the sn-2 isomers of petroselinic and
oleic acids and the sn-1(3) isomer of cis-vaccenic acid were
on target. Total fatty acid compositions of the mixtures calcu-
lated from the values for the sn-1(3) and sn-2 positions were
also in agreement with the expected values.
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FIG. 2. Gas chromatogram of products resulting from partial deacylation with ethyl magnesium bromide of a 3:2:1
mixture of tripetroselinin, triolein and tri-cis-vaccenin, followed by derivatization with n-butyryl chloride. (A) Ter-
tiary alcohols and similar compounds; (B) dibutyrate derivatives of monoacylglycerols; (C) monobutyrate derivatives
of diacylglycerols; (D) triacylglycerols.



Regiospecific analysis of basil and coriander seed oils.
The analytical method was further validated by the analysis
of basil (Ocimum basilicum) and coriander (Coriandrum
sativum) seed oils. The results (Table 2) showed that in basil
seed oil, linolenic acid was the most abundant fatty acid in
both the sn-1(3) and sn-2 positions, amounting to 55.8 and
51.3%, respectively. The results also showed that C18:1 iso-
mers were mostly distributed at the sn-2 position, whereas the
saturated fatty acids, palmitic and stearic acids, were predom-
inantly located at the sn-1(3) position. In coriander seed oil,
petroselinic acid was the major acid both at the sn-1(3) posi-
tion (80.1%) and at the sn-2 position (40.9%). Oleic and
linoleic acids were mainly distributed at the sn-2 position,

whereas palmitic, stearic, and cis-vaccenic acids were distrib-
uted only at the sn-1(3) position. The calculated fatty acid com-
positions of both seed oil TAG obtained from the results of the
regiospecific analysis were in good agreement with the experi-
mental values obtained by GC analysis of fatty acid methyl ester
derivatives (25) of basil seed oil and of fatty acid isopropyl ester
derivatives (20) of coriander seed oil.

We have developed a simple, fast, and accurate method for
the regiospecific analysis of petroselinic, oleic, and cis-
vaccenic acids in triacylglycerols and validated it with nat-
ural oils of basil and coriander seeds. The simplicity of the
protocol more than compensates for the possibility of small
errors, indicated by the analysis of known mixtures of TAG
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TABLE 1 
Experimental Values for Fatty Acid Distribution Between sn-1(3) and sn-2 Positions of Known Mixtures of Triolein, Tripetroselinin, and 
Tri-cis-vaccenin

Tripetroselinin/
Fatty acid composition (mol%)a

triolein/
Petroselinic Oleic cis-Vaccenic

tri-cis-vaccenin sn-1(3) sn-2 TAGb sn-1(3) sn-2 TAG sn-1(3) sn-2 TAG

33.3:33.3:33.3 32.5 ± 0.2 34.1 ± 0.5 33.0 ± 0.3 34.8 ± 0.3 34.3 ± 1.0 34.6 ± 0.5 32.7 ± 0.3 31.6 ± 0.6 32.3 ± 0.4
20.0:60.0:20.0 18.7 ± 0.5 20.5 ± 0.9 19.3 ± 0.7 61.4 ± 0.8 59.5 ± 0.7 60.7 ± 0.7 19.9 ± 0.3 20.0 ± 0.7 19.9 ± 0.1
50.0:33.3:16.7 48.4 ± 0.4 49.9 ± 0.4 48.9 ± 0.2 33.9 ± 0.1 32.8 ± 0.2 33.5 ± 0.1 17.7 ± 0.2 17.3 ± 0.5 17.6 ± 0.3
aValues are means of three replicate analyses ± standard deviations.
bTriacylglycerol, calculated from values for sn-1(3) and sn-2: [2 × sn-1(3) + sn-2]/3.

FIG. 3. Partial gas chromatogram of a mixture of dibutyrate derivatives of monoacylglycerols of stearic, petroselinic,
oleic and cis-vaccenic acids under selected isothermal conditions at 250°C (A1), 230°C (A2), 210°C (A3) and 205°C
(A4); and of dibutyrate derivatives of monoacylglycerols obtained after partial deacylation of coriander (Coriandrum
sativum) seed oil under isothermal conditions at 205°C (B). α and β refer to sn-1(3) and sn-2 positional isomers, re-
spectively. (Derivatives of other fatty acids not shown.)



of petroselinic, oleic, and cis-vaccenic acids. The existing
methods for regiospecific analysis of triglycerides also have
limitations with respect to accuracy, owing to additional steps
in the protocols (TLC, back-calculations, etc.) (27–32). Thus,
this method constitutes an improvement over the existing
methods for the analysis of these acids in fats and oils: it pro-
vides a better separation of the isomers by GC and also pro-
vides information on triacylglycerol structure.
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ABSTRACT: The present study investigated possible relation-
ships between left ventricular mass, intima-media thickness of
the carotid artery (IMT), total arterial compliance, and lipid sta-
tus in a population sample of 58 apparently healthy subjects
aged 20 to 69. By stepwise multiple regression analysis, includ-
ing age, blood pressure, and smoking, left ventricular mass
index, measured by M-mode echocardiography, increased by
13.0 g/m2 for each 1 standard deviation (SD = 0.11 µM, r =
0.60, P < 0.01) increase in plasma malondialdehyde and 9.50
g/m2 per SD increase in plasma 8-iso-prostaglandin F2α in
women only (SD = 8.88 ng/L, r = 0.44, P = 0.01). Each 1-SD
(SD = 0.27 g/L) increase in apolipoprotein B was associated
with a 63 µm increase in IMT (r = 0.47, P = 0.01) and a 0.27
mL/min/m2/mm Hg (r = −0.60, P < 0.01) decrease in stroke
index/pulse pressure ratio, reflecting total arterial compliance
in women. In men, each 1-SD increase in the proportion of
stearic acid (18:0) in serum cholesterol esters (SD = 0.12 per-
cent units) reduced the transmitral E/A ratio, measured by
Doppler echocardiography, reflecting left ventricular diastolic
function, by 0.10 units (r = −0.29, P < 0.05). Thus, important
cardiovascular characteristics, such as left ventricular mass, left
ventricular diastolic function, carotid IMT, and total arterial
compliance, were independently predicted by indices of lipid
metabolism and peroxidation in apparently healthy subjects.

Paper no. L8762 in Lipids 37, 231–236 (March 2002).

Several characteristics of cardiovascular structure and func-
tion, e.g., left ventricular hypertrophy, increased intima-
media thickness (IMT) of the carotid artery, and total arterial
compliance, are associated with cardiovascular morbidity and
mortality (1–3). IMT is regarded as an early marker of athero-
sclerosis and is related to coronary artery calcification (4).
Left ventricular diastolic dysfunction is an early finding in
hypertensive heart disease (5), but whether left ventricular

diastolic dysfunction is an independent cardiovascular risk
factor has not been thoroughly investigated.

A number of epidemiologic studies have shown a strong
relationship between serum cholesterol levels and coronary
heart disease (CHD) (6). Moreover, high levels of LDL and
nonesterified FA are associated with an increased risk of CHD
(7,8). Also, saturated FA in serum, particularly palmitic acid
(16:0), have been associated with an increased risk of CHD,
whereas some PUFA, such as linoleic acid (18:2n-6), may be
protective against CHD (9,10). Furthermore, serum levels of
nonesterified FA and TG are related to relative wall thickness
of the left ventricle in elderly men (11). 

Lipid peroxidation has been implicated in the pathogenesis
of atherosclerosis (12), CHD (13), and congestive heart failure
(14–18). Indeed, oxidized LDL is found in atherosclerotic le-
sions (19). Oxidized LDL exerts several negative effects on the
arterial wall, such as binding to scavenger receptors on macro-
phages, followed by internalization and formation of foam cells
(20). Two biomarkers of lipid peroxidation are malondialde-
hyde (MDA) and 8-iso-prostaglandin F2α (8-iso-PGF2α) (21).
MDA is produced as an end product by the peroxidation of FA,
whereas 8-iso-PGF2α is synthesized through nonenzymatic free
radical-catalyzed peroxidation of arachidonic acid (20:4n-6).
Epidemiologic studies have demonstrated an inverse relation-
ship between dietary intake of the antioxidant vitamin E and
CHD, but intervention studies using vitamin E supplementa-
tion have produced a divergent picture regarding the use of this
vitamin in the prevention of CHD (22–24). The antiatheroscle-
rotic effect of vitamin E is thought to be mediated through pro-
tection of LDL from oxidation (25). 

There is a significant gender difference in the incidence of
cardiovascular disease, with premenopausal women at lower
risk (26,27). Estrogen is considered to account for this effect,
as the CHD risk in postmenopausal women approaches that
of men, while estrogen replacement therapy reduces the risk
of CHD.

As left ventricular hypertrophy, increased IMT of the
carotid artery, and impaired arterial compliance all seem to
be cardiovascular alterations commonly preceding a CHD
event, we investigated whether these indices of cardiovascu-
lar structure and function are related to lipoprotein levels,
plasma FA composition, biomarkers of lipid peroxidation,
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and antioxidants, using data from a sample of apparently
healthy subjects. Owing to gender differences in risk, we also
investigated whether these relationships are influenced by
gender.

MATERIALS AND METHODS

Subjects were randomly chosen from the population registry
of Uppsala, Sweden. The study sample (Table 1) consisted of
58 healthy subjects, aged 20 to 69 yr. None of the subjects
was on regular medication or had a history of any disease
known to affect the cardiovascular system or a history of any
metabolic or other chronic disease. None of the women was
on contraceptive or estrogen replacement therapy. Subjects
with blood pressures higher than 160/95 mm Hg, fasting hy-
perglycemia (>6.0 mmol/L), or pronounced hypercholes-
terolemia (>7.0 mmol/L) at the initiation of the investigation
were not included. Blood samples for determination of lipid
metabolism were collected in the morning after an overnight
fast. Ultrasonographic examinations were generally per-
formed before noon on a subsequent day. The study was ap-
proved by the Ethics Committee of Uppsala University, and
informed consent was obtained from each participant.

Echocardiography. A comprehensive 2-D echocardio-
graphic examination was performed with an Acuson 128
XP/10 device (Mountain View, CA) equipped with a 3.5 MHz
transducer, as described previously (28). In brief, all examina-
tions were performed with the subjects in the standard left lat-
eral position and in expiratory apnea or quiet breathing. All
recordings were stored on videotape. Two experienced persons
analyzed each recording, and the mean values of the two ob-
servations were used. Five representative cardiac beats were
chosen and the average of these was calculated. Left ventricu-
lar dimensions were measured with M-mode using the leading-
edge to leading-edge convention. The measurements included
interventricular septal thickness, posterior wall thickness, and
left ventricular diameter in end-diastole (LVEDD) and end-sys-
tole (LVESD). The left ventricular ejection fraction (EF) was
calculated as (LVEDD3 − LVESD3)/LVEDD3. Left ventricular
systolic function was also assessed by the atrio-ventricular
valve plane displacement method (AVPD) (29). Left ventricu-
lar mass was calculated using the M-mode formula of Troy, ac-
cording to the recommendations by the American Society of

Echocardiography (30), and indexed for body surface area (left
ventricular mass index, LVMI) to adjust for body size. Intra-
observer and inter-observer coefficients of variation for LVMI
were 1% and 12–15%, respectively (28). Stroke index (SI) was
calculated by the use of the Teichholz formula (30). The inflow
over the mitral valve was measured by pulsed Doppler with the
sampling volume placed between the tips of the open mitral
leaflets. The maximal velocity of the early filling period (E-
wave) and the filling due to atrial contraction (A-wave) were
used to calculate the E/A ratio, which was used as an index of
left ventricular diastolic function. 

Carotid artery intima-media thickness. The carotid artery
IMT was assessed by high-resolution B-mode ultrasonogra-
phy (Acuson 128 XP/10 and a 7.5 MHz transducer) of both
the right and left common carotid artery, 1–2 cm proximal to
the carotid bulb. Images were focused on the far wall of the
right and left common carotid artery and recorded on video-
tape for later analysis. All ultrasonographic images were ana-
lyzed with a computerized system (28) by one person. The
mean of the far-wall IMT of the right and left common carotid
artery was used. The intra-observer coefficient of variation in
our laboratory was <10%.

Arterial compliance and blood pressure. Blood pressure
was recorded with a mercury sphygmomanometer after 15
min rest in the supine position. Pulse pressure (PP) was de-
fined as systolic blood pressure minus diastolic blood pres-
sure. SI was calculated by the use of the Teichholz formula
(30). Total arterial compliance was assessed by the SI/PP
ratio. This ratio has been shown to be closely related to arter-
ial compliance calculated by the diastolic-decay time constant
using a Windkessel model (31). 

Biochemical studies. LDL and HDL were isolated by a
combination of preparative ultracentrifugation and precipita-
tion with a sodium phosphotungstate and magnesium chlo-
ride solution. TG and cholesterol concentrations were deter-
mined enzymatically in serum and in lipoprotein fractions
(Instrumentation Laboratories Company, Lexington, MA),
using a Monarch apparatus. The concentrations of serum
apolipoprotein A-I and apolipoprotein B were determined by
immunoturbidimetry in a Monarch apparatus. FA composi-
tion of serum cholesterol esters were analyzed with GLC as
described previously (32). Three tocopherols, α-, β-, and γ-
tocopherol, were analyzed with HPLC (33). The serum to-
copherol concentration was divided by the sum of the plasma
cholesterol and TG concentrations (34). MDA was deter-
mined with the thiobarbituric acid test after HPLC separation
with fluorescence detection (35). Plasma 8-iso-PGF2α was an-
alyzed by a newly developed radioimmunoassay (21). 

Statistical analysis. Data are expressed as means ± SD un-
less otherwise specified. Relationships of lipid peroxidation
and metabolism variables to cardiac and vascular structure
and function were evaluated by linear regression analysis.
Subsequently, all lipid variables with a univariate P-value
<0.05 were entered into forward stepwise multiple regression
models to search for independent determinants of cardiovas-
cular structure and function. Age, systolic and diastolic blood
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TABLE 1 
Basic Characteristics of Study Participantsa

Men Women

n 31 27
Age (yr) 52 ± 12 47 ±14
Height (cm) 180 ± 5 168 ± 7
Weight (kg) 82.7 ± 10 67.6 ± 11.7
BMI (kg/m2) 25.4 ± 2.8 24.0 ± 3.5
Systolic blood pressure (mm Hg) 125 ± 14 117 ± 14
Diastolic blood pressure (mm Hg) 82 ± 8 75 ± 8
Smokers 5 3
aMeans ± SD or n are given. BMI, body mass index.



pressure, and smoking are related to most of the evaluated
cardiovascular variables (36), and were included as con-
founders in all multiple regressions. Due to the protective ef-
fect of female gender against cardiovascular disease, gender
was included as a confounder in all multiple regressions, and
genders were also analyzed separately (26,27). As smoking
contributes to oxidative stress, analysis was also performed
after exclusion of smokers (37). P < 0.05 was regarded as sig-
nificant. 

RESULTS

Basic characteristics and cardiovascular and biochemical
variables are given in Tables 1–4.

Left ventricular geometry. By multiple stepwise regression
analysis, a 1-SD increase in plasma MDA level (SD = 0.13
µM) was associated with an increase in LVMI of 9.6 g/m2 (r
= 0.40, P < 0.01) in the total sample, independent of other
confounders (age, gender, blood pressure, and smoking).
When genders were analyzed separately, both MDA (13.0
g/m2 per SD MDA, r = 0.60, P < 0.01) and the plasma 8-iso-
PGF2α level (9.50 g/m2 per SD 8-iso-PGF2α, r = 0.44, P =
0.01) were significant and independent predictors of LVMI in
women only (Fig. 1).

Left ventricular systolic function. EF increased by 2.9 per-
cent units for each 1-SD increase in the plasma 8-iso-PGF2α
level (SD = 8.31 ng/L, r = 0.38, P < 0.01), and decreased by
2.6 percent units for each 1-SD increase in the serum γ-
tocopherol level (SD = 0.06 g/mol, r = −0.34, P < 0.05), in-
dependently of confounders. These relationships were only
present in women when genders were analyzed separately
(3.7 percent units per SD 8-iso-PGF2α, r = 0.59, P < 0.001;
and −3.5 percent units per SD γ-tocopherol, r = −0.57,
P < 0.001 in women). There were no relationships between
AVPD and markers of lipid peroxidation and metabolism in
the total sample. However, when genders were analyzed sep-
arately, each 1-SD increase in the LDL/HDL ratio was asso-
ciated with a 1.3-mm reduction of the AVPD (r = −0.48,
P < 0.05) in men alone, independent of other confounders.

Left ventricular diastolic function. No relationships were
found between the E/A ratio and markers of lipid peroxida-
tion and metabolism in the total sample. However, when gen-
ders were analyzed separately, each increase in the propor-
tion of stearic acid (18:0) in the cholesterol ester fraction of 1
SD was associated with a decrease in the E/A ratio of 0.10
units (r = −0.29, P < 0.05, Fig. 2) independent of confounders
in men alone. 

Carotid artery IMT. No associations were found with
carotid IMT in the total sample. However, when genders were
analyzed separately, each increase in the serum apolipopro-
tein B level of 1 SD was associated with an increase in IMT
of 63 µm (r = 0.47, P = 0.01), independent of confounders in
women.

Arterial compliance. No relationships were found between
the SI/PP ratio and markers of lipid peroxidation and metabo-
lism in the total sample. However, when genders were analyzed
separately, each increase in the serum apolipoprotein B level of
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TABLE 2
Indices of Cardiovascular Structure and Function
in Men and in Womena

Men Women

n 31 27
Intraventricular septum thickness (cm) 1.08 ± 0.24 0.88 ± 0.18
Left ventricular end-diastolic diameter

(cm) 5.2 ± 0.3 4.9 ± 0.4
Posterior wall thickness (cm) 0.85 ± 0.15 0.71 ± 0.16
Left ventricular mass index (g/m2) 118 ± 25 91 ± 21
Atrio-ventricular valve plane

displacement (cm) 1.51 ± 0.24 1.47 ± 0.24
Ejection fraction (%) 74 ± 8 74 ± 6
E/A ratio 1.14 ± 0.36 1.43 ± 0.51
Carotid intima-media thickness (mm) 0.80 ± 0.19 0.71 ± 0.14
Stroke index/pulse pressure ratio

(mL/min/m2/mm Hg) 1.14 ± 0.39 1.05 ± 0.36
aMeans ± SD are given.

TABLE 3
Fasting Levelsa of Lipids, Lipoproteins, Apolipoproteins,
Lipid-Adjusted Tocopherols, 8-Iso-prostaglandin F2α,
and Malondialdehyde

Men Women

n 31 27
S-Cholesterol (mM) 5.27 ± 0.86 5.59 ± 1.4
S-Triglycerides (mM) 0.92 ± 0.50 0.74 ± 0.50
S-HDL cholesterol (mM) 1.29 ± 0.33 1.53 ± 0.36
S-LDL cholesterol (mM) 3.57 ± 0.78 3.73 ± 1.26
LDL/HDL ratio 2.97 ± 1.08 2.59 ± 1.12
S-Apolipoprotein A-I (g/L) 1.24 ± 0.15 1.41 ± 0.20
S-Apolipoprotein B (g/L) 0.87 ± 0.19 0.86 ± 0.27
S-α-Tocopherol (g/mol) 1.76 ± 0.21 1.86 ± 0.29
S-β-Tocopherol (g/mol) 0.023 ± 0.006 0.031 ± 0.041
S-γ-Tocopherol (g/mol) 0.130 ± 0.047 0.126 ± 0.072
P-8-Iso-prostaglandin F2α (ng/L) 16.38 ± 7.45 20.14 ± 8.88
P-Malondialdehyde (µM) 0.65 ± 0.13 0.56 ± 0.11
aMeans ± SD are given. S, serum; P, plasma. 

TABLE 4 
FA Compositiona of Serum Cholesterol Esters

FA proportion (%)
FA Men Women

n 31 27
Myristic acid, 14:0 0.9 ± 0.2 0.9 ± 0.2
Pentadecanoic acid, 15:0 0.2 ± 0.04 0.2 ± 0.03
Palmitic acid, 16:0 11.4 ± 0.6 11.2 ± 0.6
Palmitoleic acid, 16:1 3.7 ± 1.5 3.6 ± 0.9
Stearic acid, 18:0 0.9 ± 0.1 0.9 ± 0.1
Oleic acid, 18:1 21.9 ± 2.3 21.6 ± 1.7
Linoleic acid, 18:2n-6 49.2 ± 3.9 50.1 ± 3.5
α-Linolenic acid, 18:3n-3 0.9 ± 0.1 0.9 ± 0.2
γ-Linolenic acid, 18:3n-6 0.8 ± 0.3 0.7 ± 0.3
Dihomo-γ-linolenic acid, 20:3n-6 0.7 ± 0.2 0.7 ± 0.1
Arachidonic acid, 20:4n-6 6.7 ± 1.1 6.3 ± 1.3
Eicosapentaenoic acid, 20:5n-3 2.0 ± 1.0 2.0 ± 0.6
Docosapentaenoic acid, 22:5n-3 <0.05 <0.05
Docosahexanenoic acid, 22:6n-3 0.9 ± 0.3 1.0 ± 0.2
aData are n or means ± SD.



1 SD was associated with a decrease in the SI/PP ratio of 0.27
mL/min/m2/mm Hg (r = −0.60, P < 0.01), independent of con-
founders in women alone.

Smoking. The regressions of LVMI and EF on markers of
lipid peroxidation and metabolism were also studied with the
eight smokers excluded, as smoking contributes to lipid per-
oxidation. However, exclusion of smokers did not alter the
relationships between LVMI and EF and circulating levels of
8-iso-PGF2α, MDA, and serum γ-tocopherol.

DISCUSSION

The major findings of the present study are that in apparently
healthy subjects LVMI is predicted by biomarkers of lipid
peroxidation in women, whereas left ventricular diastolic
function is inversely related to the proportion of stearic acid

(18:0) in men. Furthermore, apolipoprotein B is a main pre-
dictor of total arterial compliance and IMT in women. 

Few studies have been devoted to the relation between
lipid peroxidation and left ventricular mass. Experimental
models to induce left ventricular hypertrophy by pressure
overload in rodents have shown increased superoxide dismu-
tase and glutathione peroxidase activity, and lower MDA con-
tent in the myocardium (17,38). The associations between
lipid peroxidation and LVMI in the present study suggest that
lipid peroxidation in plasma may be of importance for growth
of the left ventricle in healthy subjects. 

The E/A ratio, a sensitive way to evaluate left ventricular
diastolic filling, was inversely related to the saturated FA
stearic acid (18:0) in serum cholesterol esters in men. This is in
accordance with previous findings that supplementation with
saturated FA in humans results in impaired left ventricular di-
astolic filling, while addition of n-3 FA has the opposite effect
(39). Taken together, these data suggest that FA composition
influences left ventricular diastolic performance. The underly-
ing mechanisms may involve alterations in myocyte relaxation,
as recently proposed (39), or alterations in afterload.

In the present study, left ventricular systolic performance,
as evaluated by EF, was related to 8-iso-PGF2α and inversely
related to the antioxidant γ-tocopherol. Increased levels of
biomarkers of lipid peroxidation have been found in myocar-
dial tissue in experimental heart failure (17,18), and in the cir-
culation and pericardial fluid in humans with heart failure
(14–16,40). The unexpected relations between EF, 8-iso-
PGF2α, and γ-tocopherol in the present study may reflect the
fact that all subjects were healthy and had normal left ventric-
ular systolic function. Furthermore, left ventricular systolic
function, as assessed by the AVPD method, was inversely re-
lated to the LDL/HDL ratio in men. Cardiac afterload is
mainly determined by arterial compliance and blood pressure
and is related to both growth and an increased contractile
function of the left ventricle (41). An increased myocardial
fibrosis and an increase in relative wall thickness of the left
ventricle, as seen in hypertensive left ventricular hypertrophy,
will result in a reduced compliance of the left ventricle, as as-
sessed by, e.g., the E/A ratio, and subsequently in a reduced
systolic performance (5). Thus, the relations of LVMI, E/A
ratio, and AVPD to markers of lipid metabolism and peroxi-
dation may in part be explained by an increase in afterload
due to structural vascular changes.

Structural vascular changes, as assessed by, e.g., carotid
IMT measurements, influence total arterial compliance (42).
Indeed, both carotid IMT and total arterial compliance were
independently related to apolipoprotein B in women in this
study. Apolipoprotein B has been shown previously to be re-
lated to IMT in subjects with CHD and non-insulin-depen-
dent diabetes mellitus (43,44). IMT is also predicted by tradi-
tional cardiovascular risk factors, such as LDL cholesterol
and saturated FA (45–47). Thus, our findings further support
an impact of lipoprotein metabolism on arterial distensibility
and atherosclerosis also in subjects without clinical signs of
atherosclerosis.
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FIG. 1. Univariate regression of left ventricular mass index (LVMI) on
plasma malondialdehyde and 8-iso-prostaglandin F2α in women.

FIG. 2. Univariate regression of the E/A ratio on the proportion of stearic
acid (18:0) in the serum cholesterol ester fraction in men.



Limitations. The aim of the present study was to generate
new hypotheses in an area of research that has previously re-
ceived little attention. A number of correlations were per-
formed and, with the chosen significance level of 5%, one
correlation in 20 may be significant merely by chance. This
risk is even greater when genders are analyzed separately.
Therefore, these results must be interpreted with caution until
reproduced by other investigators. We observed a greater im-
pact of lipid peroxidation on left ventricular mass and of
apolipoprotein B on carotid IMT and arterial compliance in
women, whereas stearic acid (18:0) appears to be more pre-
dictive of left ventricular diastolic function in men. The dif-
ferent patterns of relations of cardiac and vascular structure
and function to markers of lipid peroxidation and metabolism
in men and women appear to be gender specific, although the
number of male and female subjects was limited and type I
errors were likely to occur. Thus, larger studies are needed to
confirm the findings and gender-specific differences of this
study. 

In conclusion, important structural and functional changes
in the heart and blood vessels are related to indices of lipid
metabolism and peroxidation in apparently healthy subjects.
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ABSTRACT: Within the Danish population, milk DHA (22:6n-3)
levels vary by more than a factor of 10. This paper deals with fluc-
tuations in the milk content of 22:6n-3 and other long-chain
PUFA (LCPUFA) and the acute effects of fish meals and fish oil
supplements on milk levels of LCPUFA. Twelve fish-eating
mothers with 4-mon-old infants provided one blood and one
adipose tissue sample, and seven consecutive morning hind-
milk samples with dietary records from the previous days.
Another 12 lactating women were given fish oil (2–8 g) for
breakfast and delivered 6–12 milk samples during the following
24 h. The mean milk 22:6n-3 content of the fish-eating mothers
was 0.57 ± 0.28 FA% (= percentage of total area of FAME peaks
in GLC) and the day-to-day variation (SD/mean) within the indi-
vidual was 35 ± 17%. Mean milk 22:6n-3 content on mornings
with no fish the day before was 0.42 ± 0.15 FA%; this was in-
creased by 82 ± 17% (n = 9, P = 0.05) if the mother had eaten
fatty fish. Fish oil resulted in a twofold increase in milk 22:6n-3
levels, which peaked after 10 h and lasted for 24 h. The EPA
content of milk was also increased by fish meals and fish oil
supplements, but these had no effect on the level of arachidonic
acid. The study showed that diurnal and day-to-day fluctuations
in levels of milk n-3 LCPUFA are large, which makes it difficult
to assess the 22:6n-3 intake of breast-fed infants from a single
milk sample. In studies of the functional outcome of dietary
22:6n-3 in breast-fed infants it is suggested also to use a mea-
sure of maternal 22:6n-3 status. 

Paper no. L8890 in Lipids 37, 237–244 (March 2002).

Studies on formula-fed infants have indicated the beneficial
effects of dietary DHA (22:6n-3) on visual acuity and cogni-
tive development (1–5). It is therefore likely that 22:6n-3 lev-
els in maternal milk could affect the visual and mental devel-
opment of breast-fed infants. A few cross-sectional studies
(6–8) and one maternal intervention trial (9) indicate that this
may be the case. 

In most Western populations mean 22:6n-3 levels are
around 0.1–0.4% of milk FA (FA%: percentage of the total
area of FAME peaks in the gas–liquid chromatogram) (10),

but milk 22:6n-3 levels in populations with a high fish con-
sumption have been found to be up to 10 times higher
(11–13). Within the Danish population, milk 22:6n-3 levels
vary by more than a factor of 10, and in a cross-sectional
study 55% of this variation could be explained by differences
in maternal fish intake (6). Many studies have shown that sup-
plementation of lactating women with various 22:6n-3 rich
oils give rise to an increase in milk 22:6n-3 levels (14–21),
but few studies have looked at the day-to-day variation and
the time course after 22:6n-3 supplementation.

The arachidonic acid (20:4n-6) content of human milk
varies much less than the content of n-3 long-chain PUFA
(LCPUFA) (22). A high maternal intake of fish and fish oil
might also affect the milk content of EPA (20:5n-3) and other
n-3 LCPUFA. The acids 20:5n-3 and 20:4n-6 compete with
one another in many metabolic processes, and therefore
20:5n-3 might theoretically inhibit the synthesis and mam-
mary secretion of 20:4n-6. This may be of concern since stud-
ies have indicated that the addition of n-3 LCPUFA to for-
mula milk has a negative effect on 20:4n-6 levels in infant
erythrocytes (RBC) (23–27), which could be prevented by si-
multaneous addition of 20:4n-6 (27).

There is a need to know in more detail how the dietary in-
take of fish and fish oil by the mother affects the LCPUFA
supply of the breast-fed infant. We investigated day-to-day
variations in LCPUFA levels of breast milk from individual
women and related these to fish intake. Furthermore, maternal
RBC and adipose tissue levels of 22:6n-3 were correlated with
the levels of 22:6n-3 in breast milk in order to compare milk
levels with biomarkers of maternal habitual fish intake. Fi-
nally, we compared the immediate effect of different doses and
two kinds of fish oil supplements on milk LCPUFA levels. Our
results indicate that there are considerable difficulties in as-
sessing the dietary intake of LCPUFA in breast-fed infants.

EXPERIMENTAL PROCEDURES

Subjects. Twenty-four lactating women were recruited. The
only inclusion criteria were that their infants were term, normal
weight for gestation, and around 4 mon of age (mean 3.9 ± 0.5
mon old, range 3.1–5.3). Apart from breast milk, some infants
were given tea and water, and the oldest of the infants (22.6 wk
old) was given some porridge. The Scientific-Ethical Commit-
tees for Copenhagen and Frederiksberg (KF 01-299/97) ap-
proved the study protocols and all subjects gave written consent
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to participate. After inclusion they were interviewed about their
pregnancy, delivery, the frequency of their fish intake, and
height and weight of both mothers and infants. All mothers were
of normal weight [body mass index (BMI) <27 kg/m2], had an
average of 1.5  (range 1–5) children, and a fish intake frequency
of 3.8 ± 2.0 meals/wk.

Design. The mothers were divided into two groups (for a
“7-d-study” and a “test-meal-study”) mainly according to
their fish intake. In the 7-d-study, 12 mothers with a high fish
intake (4.6 ± 1.5 meals/wk) provided one blood sample and
one adipose tissue biopsy from the buttock. Every day for a
week they delivered a milk sample along with a dietary record
of the previous day (only food items, not quantities). The
mothers were asked to collect the milk sample immediately
after nursing their baby for the first time in the morning. Fish
meals were classified as fatty or lean according to fat content
[given in national food composition tables (28)] with a cutoff
at 5 g fat/100 g fresh weight. We categorized the milk sam-
ples (fatty, lean, or no fish) according to the dietary intake of
the mother the day before the sample was taken. On several
days the mothers had more than one meal of fish, and in these
cases the meal with the highest marine fat content was used
for the categorization. For each mother, the mean FA compo-
sition was calculated for all days in each of the three cate-
gories (fatty, lean, or no fish). This way we could compare the
effect of fish intake on the FA composition of the milk by a
paired statistical analysis. 

In the test-meal-study, the other 12 women with a lower fish
intake (2.9 ± 2.5 meals/wk) were given a morning test meal con-
taining two different doses of microencapsulated fish oil on two
nonconsecutive days (see Table 1). We used two different kinds
of fish oil, a standard fish oil (Dry n-3™ 18:12 from BASF
Health and Nutrition A/S, Ballerup, Denmark), and a tuna oil
with a low 20:5n-3 content (Dry n-3™ 5:25 from BASF Health
and Nutrition A/S). All fish oil doses were supplied with 21⁄2 dL
of yogurt. Following the test meal, a hind-milk sample was ex-
pressed after each episode of nursing during the next 24 h. A
single woman was given only one test meal and was asked to
collect milk for a day without any intake of fish or fish oil.

Sampling. Milk samples (2–5 mL) were stored in the home
at 5°C until they were collected no later than 30 h after ex-
pression. Aliquots (2 mL) of the milk samples were stored at
−80°C with BHT (Sigma), final concentration 0.001%. All
milk samples were analyzed within one year of collection.
Ten to 50 mg adipose tissue biopsies were stored at −80°C 

in physiological saline with 0.005% BHT. Blood samples 
(10 mL) were taken by venipuncture in ice-cold EDTA-con-
ditioned tubes. RBC were separated from plasma and leuko-
cytes immediately after sampling and washed three times 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 61⁄2 mon). 

FA analysis. Lipids from 1-mL aliquots of the milk sam-
ples were extracted with the Bligh and Dyer procedure (29)
using 3 mL of a 1:2 mixture of chloroform/methanol followed
by addition of 1 mL chloroform. Phases were separated by
addition of 1 mL 0.28 N HCl and centrifugation. Lipids from
1.2 mL of reconstituted RBC were extracted using the Rose
and Oklander procedure (30). Ice-cold isopropanol (6.6 mL)
with 0.005% BHT was added, followed by 10 min ultrasoni-
cation and steady shaking for 50 min. Then 4.2 mL of chloro-
form was added and, after one more round of ultrasonication
and shaking, the phases were separated by centrifugation.
Lipids from 10–50 mg of adipose tissue were extracted with
4 mL of chloroform containing 0.005% BHT and phase-sepa-
rated by addition of 0.8 mL of H2O and centrifugation. 

The extracted lipids were reesterified with BF3 in
methanolic NaOH. The resulting FAME were extracted with
heptane and separated by GLC on an HP-6890 (Hewlett-
Packard) equipped with a 30-m SP2380 capillary column
(0.32 mm i.d., 0.2 µm film thickness; Supelco, Bellefonte,
PA) and an FID. The injector temperature was set at 250°C.
Samples of 1 µL (1 mg FAME/40 µL) were automatically in-
jected with a split ratio of 1:49. For the initial 3 min the oven
temperature was 80°C, which was then increased to 110°C at
30°C/min, then to 208°C at 3°C/min, and finally to 240°C 
at 50°C/min, which was held for 10 min before cool-down
and injection of a new sample (total run time 46 min). Helium
was used as the carrier gas at a constant flow of 2 mL/min
(pressure 10.7 psi, velocity 35 cm/s). All peaks from 12:0 to
22:6n-3, except for that of BHT, were integrated. 

The FAME peaks were tentatively identified by comparison
of retention times with those of known FAME mixtures (Nu-
Chek-Prep Inc., Elysian, MN), a fish-oil mixture (Fish Qual;
Laurodan Fine Chemicals AB, Malmö, Sweden), and the
22:5n-6 peak in a rat testis preparation. Furthermore, we veri-
fied our identification by TLC separation of FAME from one
milk sample and a fish-oil sample on silver nitrate-impregnated
silica gel plates in hexane/ether (85:15, vol/vol). Bands repre-
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TABLE 1
Content of Test Mealsa

Test Fish oil No. n-3 LCPUFA 20:5n-3 22:6n-3 20:4n-6
meal Fish oil type (g) of meals (g) (g) (g) (g)

a Standard type 2.1 4 0.7 0.37 0.25 0.03
b Standard type 4.2 8 1.5 0.75 0.50 0.06
c Standard type 8.3 6 2.9 1.50 1.00 0.12
e Tuna oil 3.7 5 1.3 0.18 0.92 0.08
aTwelve women were each given two test meals (except one woman) with different doses of fish oil.
The fish oil was provided microencapsulated with 21⁄2 dL of yogurt at breakfast.



senting the different degrees of unsaturation were visualized,
scraped from the TLC plates, extracted with heptane, and sepa-
rated by GLC. Typically, more than 95% of the total chromato-
gram area was identified. Under the present GLC conditions,
some FAME coelute, e.g., 20:4n-6 and 20:3n-3, but as the lat-
ter is a minor component even in fish oil (31), we assumed that
this FA contributed less than 10% to the peak.

The FA composition of all samples was determined in du-
plicate and in a series of 8–18, each containing a blank and a
reference sample. The 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 varia-
tion of 22:6n-3 in milk and RBC was 10 and 1.9%, respec-
tively, and the mean interassay variation of all identi-
fied peaks with area% >0.5 was 2.1 ± 1.9% (n = 14) and 
5.3 ± 3.4% (n = 14), respectively. All adipose tissue samples
were analyzed in one run, and the intraassay variation of the
identified FA was generally below 5%. The relative amounts
of identified FA (FA%) are given as area%. 

Statistical analysis. All results are given as mean ± SD.
The FA percentage for 22:6n-3 and other n-3 LCPUFA in
milk did not agree with a Gaussian distribution, and neither
did all of the 22:6n-3 responses [measured as area under the
curve of milk 22:6n-3 vs. time (AUC, calculated by the
trapezium rule) or as the difference between peak and base-
line levels of 22:6n-3] to the test meals. Therefore, all statisti-
cal group comparisons of FA composition or 22:6n-3 levels
were performed by Wilcoxon signed rank tests. Analysis of
the test meal responses was performed with linear regression
models on logarithmically transformed values. Mean milk
22:6n-3 levels and the 22:6n-3 levels in RBC and gluteal adi-
pose tissue did not deviate from a Gaussian distribution; thus,
correlation analyses between these parameters were done by
linear regression analysis. All the statistical analyses were
performed by SPSS (version 10.0, SPSS Inc., Chicago, IL).

RESULTS

Variations in milk 22:6n-3 levels according to fish meals. The
mean 22:6n-3 content of the breast milk of the mothers in the 
7-d-study was 0.57 ± 0.28 FA% (n = 12 women), giving a
between-person variation of 49%. The relative 22:6n-3 content
of the milk from the individual women varied considerably from
day to day (Fig. 1) and the mean day-to-day variation within
milk from the individual woman [(CV% = (SD/mean)·100] was
35 ± 17% (n = 12).

During the experimental week the women had, altogether,
62 meals of fish [on average 5.2 ± 1.3 per woman (n = 12)].
The most frequent fish meal type was lunch (35 meals), which
typically included open-faced sandwiches with fatty fish.
Lean fish was eaten more frequently for dinner. The milk
samples were classified as described in the Experimental Pro-
cedures section. All subjects had at least one milk sample in

the category “lean fish” and 11 of the mothers also had at least
one sample in the “fatty fish” category. During the experimen-
tal week, the mothers had on average 2.6 ± 1.2 d (n = 12)
where they had no intake of fish on the previous day. 

The milk 22:6n-3 level was significantly increased by ma-
ternal fish consumption (fatty or lean) on the previous day
[0.63 ± 0.31 FA% compared with 0.41 ± 0.15 FA% on days
with no fish intake, n = 12, P = 0.018 (Wilcoxon signed rank
tests)]. Thus, consumption of fish resulted in a 1.5-fold higher
level of 22:6n-3 in the milk on the following morning. This
increase was mainly due to intake of fatty fish, as the relative
increase in milk 22:6n-3 after a day with fatty fish consump-
tion was on average 1.7 ± 0.8 times compared with no-fish
levels (n = 11). Meals of lean fish did not give rise to a signif-
icant increase in milk 22:6n-3 (Table 2). An extremely high
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FIG. 1. Day-to-day variations in 22:6n-3 levels [peak area percentage
(FA%)] in morning hind-milk samples from 12 lactating mothers of 
4-mon-old infants. One of the women had a milk 22:6n-3 content of
3.4 FA% after a lunch meal of herring and cod liver (outlier in the plot).

TABLE 2
FA Composition [peak area percentage (FA%)] of Morning Milk 
According to Fish Intake the Previous Daya

7-d mean No fish Fatty fish Lean fish

n (women) 12 12 11 12
Days (n) 7 2.6 ± 1.2 2.4 ± 1.5 1.9 ± 1.1
SFA 42.9 ± 2.9 44.1 ± 3.6 48.9 ± 11.6 43.2 ± 4.6
MUFA 39.5 ± 2.1 39.0 ± 2.1 36.6 ± 11.3 39.5 ± 2.6
18:2n-6 10.6 ± 1.5 10.2 ± 1.6 10.0 ± 3.4 11.0 ± 2.3
20:4n-6 0.42 ± 0.06 0.42 ± 0.06 0.40 ± 0.13 0.41 ± 0.07
18:3n-3 1.5 ± 0.3 1.4 ± 0.2 1.4 ± 0.5 1.5 ± 0.5
20:5n-3 0.21 ± 0.08 0.16 ± 0.06 0.24 ± 0.12** 0.15 ± 0.04
22:5n-3 0.30 ± 0.10 0.25 ± 0.06 0.31 ± 0.10* 0.24 ± 0.06
22:6n-3 0.57 ± 0.28 0.41 ± 0.15 0.73 ± 0.36** 0.49 ± 0.14
Total n-6 11.7 ± 1.6 11.3 ± 1.7 11.0 ± 3.7 12.1 ± 2.4
Total n-3 2.8 ± 0.5 2.5 ± 0.4 2.9 ± 1.1* 2.7 ± 0.6
n-6/n-3 4.4 ± 1.0 4.7 ± 0.8 3.8 ± 1.8 4.6 ± 1.1
aDaily milk samples from 12 women were categorized according to fish in-
take the day before. The individual mean FA compositions in each category
were calculated, and the table provides the means of all women. P-value for
statistical comparisons with No fish (Wilcoxon): *P < 0.05, and **P < 0.01.
SFA, saturated FA; MUFA, monounsaturated FA.



milk 22:6n-3 content (3.4 FA%) was found in one of the milk
samples, which was collected the day after the mother had
both herring and cod liver for lunch. 

Tissue markers of milk 22:6n-3. The mean 22:6n-3 content of
gluteal adipose tissues and RBC, two commonly used biomark-
ers of 22:6n-3 status, were 0.20 ± 0.05 and 6.10 ± 0.71 FA%, re-
spectively. The average levels of 22:6n-3 in all seven milk sam-
ples from the same mother were significantly associated with that
of RBC (Fig. 2), and also tended to be so with that of adipose tis-
sues (r = 0.50, P = 0.096). The two indicators of 22:6n-3 status,
RBC and adipose tissue, correlated with each other (r = 0.79, 
P = 0.002).

We also calculated correlation coefficients between the
22:6n-3 content of RBC and that of the milk for each of the 
7 d. The 22:6n-3 content of the individual milk samples cor-
related significantly with the 22:6n-3 levels of RBC on 5 out
of 7 d (P = 0.030–0.001), but on other days this association
was less clear (day 3: P = 0.09 and day 4: P = 0.52). We also
calculated the correlation between the 22:6n-3 status mea-
sures and the mean 22:6n-3 content of the milk on days after
no fish in order to see whether maternal 22:6n-3 status was
better reflected in the 22:6n-3 level of milk that was not influ-
enced by a recent fish intake. The 22:6n-3 content of the no-
fish milk samples was not significantly associated with that
of RBC (Fig. 2), but correlated with that of adipose tissues 
(r = 0.69, P = 0.012). 

Effect of fish oil test meals on milk 22:6n-3. In the test-meal-
study a fish oil-containing meal resulted in an acute increase 
in the relative 22:6n-3 content of the milk, which started after 
a few hours and peaked after 10 ± 2 h (n = 23) (Fig. 3A). At
peak, milk 22:6n-3 reached levels 2.3 ± 1.1 times higher than
baseline levels (Table 3). The effect of fish oil was transient;
23 ± 2 h after ingestion of the test meal the milk 22:6n-3 level
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FIG. 3. The levels [peak area percentage (FA%)] of 22:6n-3 (A), 20:5n-3
(B), and 20:4n-6 (C) in human milk as a function of time (h) after inges-
tion of test meals with fish oil (n = 23 test meals).

FIG. 2. Correlation between the levels [peak area percentage (FA%)] of
22:6n-3 in maternal erythrocytes (RBC) and milk on one individual day
[here day 1 of the study (– –●●– –)], on days with no prior fish consump-
tion (--●●•• --), or as a mean of all seven days [(—●—), the regression pa-
rameters of which are given in the figure]. The correlation coefficient
for day 1 was r = 0.69, P = 0.013, and for no-fish r = 0.51, P = 0.09.



was almost back at starting level, being only marginally in-
creased by 1.3 ± 0.4 times morning levels (Table 3).

The magnitude of the 22:6n-3 responses in the milk (peak
relative to start concentration) after the different test 
meals was significantly different [Table 4, part A, P = 0.007
(ANOVA with logarithmically transformed values)], but a
dose response was not immediately evident. There were,
however, differences in the BMI of the women given the var-
ious test meals, and the starting points for milk 22:6n-3 also
deviated between test meals, although not significantly. A
multiple linear regression analysis (taking account of test sub-
ject, BMI, habitual fish intake frequency, and the type and

dose of fish oil) showed a highly significant dose-response re-
lationship between the amount of 22:6n-3 given in the test
meal and the resultant response (AUC) in milk 22:6n-3
(Table 5). However, the size of the 22:6n-3 response was 
also inversely related to the BMI of the mother (Table 5). A
simple linear model of the 22:6n-3 response vs. dose of
22:6n-3/BMI explains 56% (P < 0.001) of the variation in the
22:6n-3 responses (data not shown). 

Type of fish oil [tuna oil (e) or ordinary fish oil (a–c)] also
significantly affected the milk 22:6n-3 response in the multiple
regression model that controlled for the 22:6n-3 dose given
(Table 5), indicating that the response to a certain dose of
22:6n-3 was larger after tuna oil than after ordinary fish oil. This
was not apparent in the direct group comparison (c vs. e, Table
4, part A), but the tuna oil 22:6n-3 response was significantly
larger than the fish oil response if one compares test meals with
similar amounts of n-3 LCPUFA (b vs. e, P = 0.004).

Milk content of 20:5n-3 and 20:4n-6. In the 7-d-study the
levels of other n-3 LCPUFA in the milk were also significantly
increased if the lactating woman had fatty fish the day before
the milk sample was taken as compared with the levels if she
had not had fish the previous day (Table 2). The 20:5n-3 re-
sponse after a fish oil test meal appears very similar to that of
22:6n-3 (Fig. 3B), with approximately the same relative in-
crease and the same time course. All the levels of n-3 LCPUFA,
as well as the ratio between n-6 and n-3 PUFA, were signifi-
cantly affected at the peak of the fish oil response (Table 3).

In the test-meal-study we used two different types of fish
oil: the low-20:5n-3 tuna oil and an ordinary high-20:5n-3 fish
oil. As expected, the 20:5n-3 increase after tuna oil (e) was sig-
nificantly lower than following the dose of fish oil that gave a
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TABLE 4
The Acute Response in Breast Milk Content of 22:6n-3 (A), 20:5n-3 (B), and 20:4n-6 (C) After Test Meals 
with Four Different Doses of Fish Oil (a–c,e)a

Total AUC Corrected AUC BMI
Mealsb n Baseline (FA%) Peak (FA%) (FA%·time−1) (FA%·time−1)c (kg/m2)

A
a 4 0.33 ± 0.07 0.64 ± 0.23 11.9 ± 2.9 4.1 ± 2.0a,b 22.3 ± 1.6
b 8 0.58 ± 0.42 0.82 ± 0.45 14.5 ± 7.1 2.4 ± 1.7a 25.0 ± 1.7
c 6 0.43 ± 0.26 1.08 ± 0.69 16.7 ± 9.3 7.5 ± 4.2b,c 24.0 ± 2.7
e 5 0.36 ± 0.13 1.23 ± 0.44 18.9 ± 6.7 10.8 ± 5.0c 23.7 ± 1.8

B
a 0.13 ± 0.03 0.28 ± 0.11 5.1 ± 1.2 2.1 ± 0.8a

b 0.21 ± 0.14 0.41 ± 0.22 8.0 ± 4.0 2.5 ± 1.1a

c 0.13 ± 0.05 0.51 ± 0.09 9.7 ± 4.5 6.2 ± 3.1b

e 0.18 ± 0.10 0.31 ± 0.18 5.5 ± 3.1 1.4 ± 1.1a

C
a 0.45 ± 0.09 0.51 ± 0.14 12.2 ± 2.7 1.3 ± 0.9a

b 0.44 ± 0.04 0.48 ± 0.04 10.7 ± 0.8 0.4 ± 0.3a

c 0.44 ± 0.07 0.53 ± 0.10 11.2 ± 3.6 1.2 ± 0.8a

e 0.45 ± 0.03 0.44 ± 0.03 10.8 ± 1.5 0.6 ± 0.6a

aThe responses in milk LCPUFA content after fish oil test meals are expressed as relative content at peak [area% (FA%)] and
area under the curve (AUC) of relative FA content vs. time (approximately 24 h). Responses were compared by ANOVA
and subsequent post hoc tests on logarithmically transformed responses. In each column, values with different superscript
letters are significantly different (P < 0.05). BMI, body mass index.
bFish oil-containing test meals as specified in Table 1.
cThe total AUC response corrected for the area below baseline.

TABLE 3
FA Composition [peak area percentage (FA%)] of Breast Milk 
at Baseline, Peak, and One Day After a Test Meal with Fish Oila

Baseline Peak End of period

n (test meals) 23 23 23
Time (h) −1.1 ± 0.9 9.6 ± 2.1 23.4 ± 2.4
SFA 43.1 ± 3.9 42.5 ± 7.8 43.9 ± 4.0
MUFA 39.7 ± 2.9 39.2 ± 7.0 39.8 ± 2.6
18:2n−6 10.3 ± 1.5 10.3 ± 2.1 9.4 ± 1.7
20:4n-6 0.44 ± 0.06 0.50 ± 0.13*** 0.44 ± 0.07
18:3n-3 1.3 ± 0.4 1.2 ± 0.3* 1.2 ± 0.4
20:5n-3 0.11 ± 0.03 0.44 ± 0.29*** 0.26 ± 0.13**
22:5n-3 0.27 ± 0.11 0.40 ± 0.16*** 0.30 ± 0.07**
22:6n-3 0.45 ± 0.29 0.94 ± 0.51*** 0.54 ± 0.26*
Total n-6 11.5 ± 1.6 11.6 ± 2.3 10.5 ± 1.8
Total n-3 2.50 ± 0.67 3.39 ± 1.05*** 2.61 ± 0.59
n-6/n-3 4.9 ± 0.9 3.7 ± 0.8*** 4.2 ± 0.7***
aFrom 12 women, hind-milk samples were collected from every lactation in 
24 h following ingestion of test meals (see Table 1). The data represent mean of
all fish oil responses regardless of given dose and test subject. P-value for com-
parisons with baseline (Wilcoxon): *P < 0.05, **P < 0.01, and ***P < 0.001.



similar amount of 22:6n-3 (c). However, there was no differ-
ence between the two types of fish oil if we compared test doses
of oils that supplied similar amounts of total n-3 LCPUFA (b)
(Table 4, part B). A proxy for the secreted amounts (measured
as AUC of FA% vs. time) showed that the increase in 20:5n-3
was 3.7 ± 2.6 FA%·time−1 (here in average 23 h) and that
22:6n-3 increased with 4.5 ± 3.5 FA%·time−1. Since the test
meals on average contained 0.9 ± 0.5 g 20:5n-3 and 0.6 ± 0.3 g
22:6n-3, the increase in milk 20:5n-3 per g ingested 20:5n-3
was approximately half of that for 22:6n-3, being 5.0 ± 3.5 and
9.0 ± 6.3 AUC/g (n = 23), respectively.

In the 7-d-study, the fish meals did not have any negative ef-
fect on milk 20:4n-6 levels (Table 2). In the test-meal-study,
milk 20:4n-6 showed a tendency toward an increase after fish
oil test meals (Fig. 3C). When the results obtained from the fish
oil doses were pooled, the milk 20:4n-6 levels at the peak of the
responses were significantly higher than at baseline (Table 3),
but no statistical differences were apparent when we compared
the peak and AUC responses of 20:4n-6 after the different test
meal types (Table 4, part C).

DISCUSSION

The time course of changes in milk n-3 LCPUFA. In the pres-
ent study we found that 22:6n-3, 22:5n-3, 20:5n-3, and total
n-3 PUFA were all maximally increased 10 h after a test meal
containing 2–8 g of fish oil (Fig. 3). This is in agreement with
previously published time courses for n-3 LCPUFA after con-
sumption of 1 g of fish oil (15) or 0.5 g algal oil (21), and for
16:0, 18:1n-9, and 18:2n-6 after doses of 1H- or 13C-labeled
FA (32,33). It is also consistent with the proposed route for
mammary gland fat uptake from the circulation being through
the modality of chylomicrons (33). Francois et al. (34) found
similar time courses for 18:2n-6, 22:1n-11, 18:0, and 12:0
after consumption of vegetable oil, herring oil, or cocoa but-
ter, but after consuming 20 g menhaden oil the levels of
22:6n-3 and 20:5n-3 increased much more slowly with a peak
around 24 h postingestion. In considering the large fish oil
dose given in that study (34), the peak 22:6n-3 and 20:5n-3
levels in the milk were low compared to the responses with
test meals with fish oil seen in the present study. The delayed

peak could theoretically be explained by the high dose of fish
oil given by Francois et al. However, consumption of 20 g of
herring oil resulted in a faster 22:1n-11 response than did 7 g
(34), and we found no delay of the peak after increasing the
dose of fish oil from 2 to 8 g (data not shown). 

We found that the acute milk response to dietary fish oil
had almost disappeared after 24 h. In many studies on the ef-
fect of daily LCPUFA supplementation, milk samples are
taken 24 h after the supplement (15,19,35). Therefore, these
studies may underestimate the effect of supplements on the
FA composition of the milk. In this study we found that there
was a significant effect of fish intake the day before milk sam-
pling on n-3 LCPUFA levels in morning milk. The milk sam-
ples were typically taken approximately 17 h after the fish
meal, which, as judged from the curves in Figure 3, seems to
be a representative time with respect to the day-mean of milk
22:6n-3. This effect was primarily due to meals of fatty fish
as opposed to lean fish (Table 2). 

Factors affecting 22:6n-3 milk levels. Milk 22:6n-3 levels
were significantly and dose-dependently increased after test
meals with fish oil (Tables 3 and 5), which in their content of
n-3 LCPUFA were comparable to that of moderate-sized fish
meals [an open-faced sandwich with fatty fish or a dinner serv-
ing of codfish (28)]. We found that milk 22:6n-3 levels were
negatively influenced by the BMI of the mother (Table 5), as
previously reported (18,19). As milk 22:6n-3 levels are ex-
pressed relative to that of other FA (FA%) the BMI effect prob-
ably reflects increasing dilution of dietary lipids in the plasma
by the endogenous lipid pool. The LCPUFA content of human
milk has been shown to reflect the FA composition of maternal
plasma phospholipids (17,19), which in turn is determined by
dietary FA and slightly modified by hepatic metabolism and
FA from internal stores. Variations in the total amount of fat in-
gested in the test meal and in previous and following meals
probably account for many of the individual differences.

Factors affecting 20:5n-3 milk levels. In the present study
we compared marine oils with a low and a high 20:5n-3 con-
tent in order to see whether the first oil would increase milk
22:6n-3 levels without affecting levels of 20:4n-6 and
20:5n-3. We found no difference between the 20:5n-3 re-
sponses for doses of the two fish oil types that supplied simi-
lar amounts of n-3 LCPUFA. Ordinary fish oil has a high
20:5n-3 content compared with most fish consumed in Den-
mark [20:5n-3/22:6n-3 = 1.5 and 0.4 (28), respectively].
Thus, at a certain 22:6n-3 response one would expect that the
20:5n-3 response to fish oil would be 3–4 times higher than
that of a meal of fish. However, the 20:5n-3 and 22:6n-3 re-
sponses in the milk after fish oil and meals of fatty fish were
not so different (see Tables 2 and 3). The 20:5n-3 response
after fish oil test meals also appears to be lower than that of
22:6n-3, based on our estimates of the secreted amounts of
these two n-3 LCPUFA. This blunting of the 20:5n-3 response
does not necessarily indicate a selective mechanism for mam-
mary secretion of 22:6n-3, but may reflect a high hepatic con-
version of plasma 20:5n-3 to 22:6n-3. However, the 22:6n-3
response to tuna oil was, if anything, larger than the response
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TABLE 5
Influence of Individual Parameters in a Multiple Linear 
Regression Model for the Breast Milk 22:6n-3 Increase 
After Fish Oil-Containing Test Mealsa

Unstandardized coefficients P

22:6n-3 in test meal (g) 0.572 ± 0.155 0.002
BMI (kg/m2) −0.059 ± 0.019 0.007
Fish oil type (a,b,c = 1; e = 2)b 0.229 ± 0.107 0.049
Frequency of fish intake (wk−1) 0.004 ± 0.003 0.147
Subject −0.012 ± 0.010 0.247
aThe 22:6n-3 increase in the milk was expressed as the logarithm of the cor-
rected AUC response (FA%· time−1). All included variables are given in the
table. The model has an overall r = 0.85 (adjusted r 2 = 0.63 ± 0.18) and 
P = 0.001.
ba, b, and c represent three different test meals with standard fish oil, and e
represents meals with tuna oil as specified in Table 1.



to a similar dose of 22:6n-3 from fish oil. Furthermore, it was
shown in another study that dietary flaxseed oil (11 g 18:3n-3
daily for 4 wk) significantly increased maternal plasma and
breast milk 18:3n-3 and 20:5n-3 but had no effect on 22:6n-3
(36). Thus, the apparent lower 20:5n-3 secretion does not ap-
pear to be due to rapid elongation and desaturation. 

Factors affecting 20:4n-6 milk levels. The content of 20:4n-6
in human milk varies much less than the content of n-3 FA, both
within the individual and among different populations (1,10,37).
In the current study the day-to-day variation in milk 20:4n-6 con-
tent of 12 women was only about 8% (data not shown). Four
grams of fish oil with 1 FA% of 20:4n-6 (31) would increase the
maternal 20:4n-6 intake 7–40% (38,39). In agreement with other
studies (14,15,17–21), our results indicate that fish meals do not
have a decreasing effect on milk 20:4n-6 and that milk 20:4n-6
was significantly increased by fish oil-containing test meals.

We expected that fish oil with a high 20:5n-3 content might
have a negative effect on the 20:4n-6 level of the milk. How-
ever, the 20:4n-6 level of the milk was significantly increased at
the peak of the n-3 LCPUFA response after test meals with fish
oil (Table 3). Although tuna oil had a lower 20:5n-3 content 
and a higher 20:4n-6 content than the ordinary fish oil [2.2 and
1.4 FA%, respectively (see Table 1)], it did not seem to have the
same positive effect on milk 20:4n-6 levels as ordinary fish oil.
The 20:4n-6 level at the peak of the tuna oil response was not
higher than at time 0 (Table 4, part C). The overall significant
effect that fish oil had on milk 20:4n-6 levels occurred in spite
of this. Thus, we found no indication that fish oil with a low
20:5n-3 content had a protective effect on milk 20:4n-6 content
compared to a standard high-20:5n-3 fish oil.

Biomarker of infant 22:6n-3 intake. The present results in-
dicate that variations in milk 22:6n-3 levels within the indi-
vidual woman are of the same order of magnitude as the total
variation between the individuals. The average milk 22:6n-3
content in this study was in agreement with previous observa-
tions in the Danish population (6,26,40), as was the observed
variation between subjects (i.e., 64%). We found a within-sub-
ject day-to-day variation of 35% and a peak effect of fish oil
on milk 22:6n-3 content on the order of a factor of 2.

To assess infant 22:6n-3 intake, one would want to deter-
mine the milk 22:6n-3 content that reflects the maternal habit-
ual fish intake. Such typical milk 22:6n-3 content will be diffi-
cult to assess accurately in a population with a variable fish in-
take, because of the variability in milk n-3 LCPUFA. On
several days within the 7-d study there was no correlation be-
tween the 22:6n-3 content of milk and that of RBC and gluteal
adipose tissues (data not shown), both of which are commonly
used biomarkers of the habitual intake of n-3 LCPUFA
(41–45). Thus, there is a large risk that the 22:6n-3 level in a
single milk sample does not reflect the habitual intake of the
breast-fed infant. We hypothesized that milk levels of 22:6n-3
on mornings with no fish consumption the previous day would
represent a resting level that would reflect the overall 22:6n-3
status of the mother. However, we found that this putative rest-
ing level of milk 22:6n-3 was poorly associated with 22:6n-3
levels in maternal RBC and adipose tissues.

In this study we found that 22:6n-3 levels in milk from in-
dividual fish-eating women can vary almost as much as
22:6n-3 levels in human milk in general. Furthermore, the
present study indicates that n-3 LCPUFA from the maternal
diet appears faster and to a larger extent in the milk than pre-
viously realized. The acute effect of fish meals on milk n-3
LCPUFA levels is more pronounced than the effect of the
overall fish intake frequency. Thus, the present study has
clearly demonstrated the drawbacks of using 22:6n-3 levels
in single milk samples as a measure of the dietary intake of
22:6n-3 in breast-fed infants. 
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ABSTRACT: It is generally believed that virgin olive oil con-
sumption has beneficial effects, but little is known about its ef-
fects postprandially on oxidant/antioxidant status. The aim of
this study was to determine changes in oxidative stress biomark-
ers and lipid profile after a single dose of virgin olive oil and
after 1 wk of daily consumption. Sixteen subjects (9 men, 7
women) ingested 50 mL of virgin olive oil in a single dose.
Blood samples were collected from 0 to 24 h. Thereafter, 14
participants (8 men, 6 women) followed a 1-wk 25 mg/d virgin
olive oil dietary intervention. Blood samples were collected at
the end of this period. Serum TAG (P = 0.016), plasma FA (P <
0.001), and lipid peroxidation products in plasma (P < 0.001)
and VLDL (P = 0.007) increased, reaching a peak at 4–6 h, and
returning to baseline values at 24 h after oil ingestion. The op-
posite changes were observed in plasma glutathione peroxidase
(P = 0.001) and glutathione reductase (GR) (P = 0.042). No
changes in LDL lipid peroxidation or resistance to oxidation
were observed postprandially. At 24 h, plasma oleic acid re-
mained increased (P < 0.05) and resistance of LDL to oxidation
improved (P < 0.05). After 1 wk of virgin olive oil consumption,
plasma oleic acid (P = 0.031), resistance of LDL to oxidation 
(P < 0.05), and plasma GR activity (P = 0.005) increased. These
results indicate that changes in oxidant/antioxidant status occur
after oral virgin olive oil. Virgin olive oil consumption could
provide short-term benefits for LDL resistance to oxidation and
in glutathione-related enzyme activities. 

Paper no. L8901 in Lipids 37, 245–251 (March 2002).

Coronary heart disease (CHD) is the main cause of mortality
in industrialized countries; although mortality rates vary, the
Mediterranean area has among the lowest (1). The Mediter-
ranean diet has been shown to be associated with a benefit in
secondary prevention of CHD (2). The lower incidence of
CHD in Mediterranean countries has been attributed to a diet
rich in fruits, vegetables, legumes, and grains, in which the
major fat component is olive oil. These foods contain natural
antioxidants that can prevent LDL oxidation (3).

Evidence is increasing that dietary fat composition may in-
fluence oxidative modification of LDL (4). LDL oxidation is
now widely regarded as playing an important role in the de-
velopment of atherosclerosis (5). Postprandial lipemia has
been recognized as a risk factor for atherosclerosis develop-
ment, as it is associated with oxidative changes, including an
increase in TAG-rich proteins and their remnants (6). This in-
crease may directly damage the vascular endothelium via ox-
idative mechanisms (7). Meals rich in oxidized fats increase
the oxidized lipid content of lipoproteins, and a reduction of
serum paraoxonase activity after a cooked fat-rich meal has
been reported (8,9). 

Previous dietary intervention studies have shown that,
compared to carbohydrate- or PUFA-enriched diets, monoun-
saturated FA (MUFA)-enriched diets reduced the LDL sus-
ceptibility to oxidation (10–13). In general, these studies uti-
lized carefully prepared liquid-formula or solid diets highly
enriched in MUFA. Whether a more realistic level of MUFA
ingestion will lead to similar results is unknown. 

The mechanisms underlying the apparent benefits of olive
oil consumption are not completely understood. After an oral
olive oil load, the magnitude of postprandial lipemia and rem-
nant lipoprotein is reported to be lower than after ingesting but-
ter (14), similar to that after eating a saturated fat–rich meal
(15), or higher than after consuming a dose of safflower oil
(16). The aim of the current study was to determine whether a
bolus ingestion of virgin olive oil affected postprandial lipid
peroxidation, serum antioxidant glutathione-related enzymes,
and LDL oxidation resistance. The study also examined the ef-
fect on these oxidative stress markers after 1 wk of replacement
of butter, margarine, or vegetable oils by crude virgin olive oil.

MATERIALS AND METHODS

Subjects. Sixteen (9 men and 7 women) healthy volunteers
(aged 25 to 65 yr) were recruited. The ethical committee
(CEIC-IMAS) approved the protocol, and participants signed
an informed consent. All volunteers were considered healthy
on the basis of a physical examination and standard biochem-
ical and hematological tests. Subjects had an average weight
of 75 ± 13.47 kg (men: 83.2 ± 4.4, women: 59.7 ± 6.11) and a
body mass index of 25.6 ± 3.1 kg/m2 (men: 26.9 ± 3.29,
women: 22.4 ± 2.4). 
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Olive oil analyses. The characteristics of the virgin olive
oil used in the experiments are as follows: peroxide value
(meq/kg), 9.8; K270 (extinction coefficient for light absorp-
tion at 270 nm), 0.10; FA (%): 16:0, 12.7; 16:1, 1.0; 18:0,
1.79; 18:1, 73.3; 18:2, 9.49; 18:3, 0.40; monounsaturated,
74.87; polyunsaturated, 9.89; saturated, 15.24; vitamin E
(mg/kg), 156.20; β-carotene (mg/kg), 3.07; phenolic com-
pounds (mg/kg), 253.36.

FA composition was determined by GC (17), and α-tocoph-
erol and β-carotene contents in olive oils were determined by
RP-HPLC (18). Total phenolic content of olive oils was mea-
sured by the Folin–Ciocalteau method (19). Peroxide index
and UV light absorption (K270), a measure of secondary oxi-
dation compounds such as carbonyls (aldehydes and ketones),
were determined following the analytical methods described
in CEE/2568/91 of the European Union Commission (20).

Study design.Volunteers followed an antioxidant and olive
oil-free diet for 5 d. A nutritionist instructed them on exclud-
ing several foods from their diet (coffee, tea, fruit, vegetables,
wine, and olive oil). At 8 A.M. on day 5, in the fasting state,
they were provided with 50 mL (44 g) of extra virgin olive
oil administered in a single dose either ingested directly or
with some bread. During the first postprandial 6 h, subjects
abstained from food and drink with the exception of caffeine-
free, low-energy drinks and water. Blood was collected at
baseline (0 h) and at 2, 4, 6, 8, and 24 h after virgin olive oil
administration. Thereafter, 14 participants (8 men, 6 women)
followed their habitual diet for 1 wk, using the same virgin
olive oil as source of crude dietary lipid. The participants’
daily consumption of virgin olive oil ranged from 19 to 22
mL (17–19 g) per day (each individual was provided 25
mL/d). Blood samples were collected on day 12 of the study
after a week of virgin olive oil consumption. Plasma was sep-
arated by centrifugation at 1000 × g at 4°C for 15 min. 

Dietary assessment. Nutrient intakes were calculated from
seven daily dietary records with the software Diet Analysis Nu-
tritionist IV (N-Squared Computing, San Bruno, CA). The
daily caloric intake of the subjects during the week of sustained
olive oil ingestion ranged from 1465 to 2284 kcal (mean ± SD,
1748 ± 331 kcal) and consisted of lipids 37.5 ± 3% (PUFA 
4.8 ± 1.2, MUFA 17.9 ± 2.1, and saturated FA 14.7 ± 1.58%),
carbohydrates 44.2 ± 5.1%, and proteins 18.3 ± 2.7%.

Antioxidant enzyme activity measurements. Glutathione
peroxidase (GSH-Px) activity in plasma was measured by a
modification of the Paglia and Valentine method (21) (Ransel
RS 505; Randox Laboratory, Crumlin, Northern Ireland).
Glutathione reductase (GR) activity in plasma was measured
by glutathione reduction following the oxidation of NADPH
to NADP+ during the reduction of oxidized glutathione
(Ransel GR 2368, Randox Laboratory) (22). Enzyme activi-
ties were measured in a Cobas Mira Plus analyzer (Hoffman-
La Roche, Basel, Switzerland) at 37°C. Intra-assay CV were
3.6 and 3.5% for GSH-Px and GR, respectively. Interassay
CV were 5.4 and 4.4% for GSH-Px and GR, respectively.

Glucose, lipid, lipoprotein, and apolipoprotein (Apo) mea-
surements. Serum glucose, total cholesterol, HDL cholesterol,

and TAG levels were measured by standard enzymatic meth-
ods. Serum ApoA1 and ApoB were measured by immunotur-
bidimetric methods (Roche Diagnostics, Basel, Switzerland).
LDL-cholesterol (LDL-C) was calculated by means of the
Friedewald equation.

FA measurements. Plasma FA were directly transesterified
without previous lipid extraction and measured by capillary GC
(23). Intra- and interassay CV were 3.4 and 5.15%, respectively.

Lipoprotein isolation. Very low density lipoproteins
(VLDL) and LDL isolation were performed by sequential
flotation ultracentrifugation (24). Protein content was deter-
mined by the red pyrogallol method (Sigma, St. Louis, MO).

LDL resistance to oxidation. Conjugated diene formation
after copper-mediated LDL oxidation was assessed as previously
described (25). Briefly, dialyzed LDL (0.05 g protein/L) was in-
cubated with cupric sulfate (5 µM) in PBS at a final volume of 1
mL. Absorbance at 234 nm was continuously monitored at 2-
min intervals for 5 h at 35ºC. All samples from one individual
were performed in the same run. For data presentation, the x-axis
value corresponding to the intercept of the propagation phase
tangent with the extrapolated line for the slow propagation reac-
tion was calculated (lag time), oxidation rate (OR) was derived
from the slope of the propagation phase tangent, and diene for-
mation was calculated by the maximum increase of the ab-
sorbance at 234 nm. OR and diene formation were calculated
using the molar absorbance ε234 nm for conjugated dienes (29,500
L·mol−1·cm−1). Intra-assay CV were 3.29, 5.27, and 1.46% for
lag time, OR, and diene formation, respectively.

Lipid peroxidation measurements. Lipid peroxidation in
plasma, VLDL, and LDL was measured by the TBARS test
(26) adjusted by TAG or protein content. Solutions of 1,1,3,3-
tetraethoxypropane in ethanol were used as standards for 
the assay. Intra- and interassay CV were 4.22–4.87% and
5.89–6.87%, respectively.

Statistical analyses. A general linear model was used to
test the best fit of the repeated measurements: linear, qua-
dratic, or cubic. Once statistical differences among the means
were observed, a post-hoc multiple comparison test was done
for each variable separately by Tukey’s test. A Bonferroni’s
correction was applied, so for these multiple comparisons a P
value <0.01 was considered statistically significant. Spear-
man’s correlation coefficients were used to assess the rela-
tionship between two continuous variables. Paired Student’s
t-test for parametric variables and Wilcoxon’s test for non-
parametric variables (TAG and lipid peroxides) were used to
assess differences between baseline values and those obtained
after 1 wk of virgin olive oil consumption. A P value <0.05
was considered statistically significant. These statistical
analyses were performed using the SPSS statistical package
(SPSS Incorporated Co., Chicago, IL).

RESULTS

Effects of ingesting a single dose of virgin olive oil. Figure 1
shows the time course of plasma lipid peroxides, GSH-Px,
and GR activities for 24 h after ingesting 50 mL of olive oil.
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Plasma lipid peroxidation increased to a peak at 4–6 h, and
returned to baseline at 24 h. The opposite changes were ob-
served in plasma GSH-Px and GR activities 

The time course of lipid peroxide formation in VLDL and
LDL, and LDL oxidation resistance-related variables, is
shown in Table 1. Lipid peroxidation in VLDL increased,
reaching a peak at 6 h and returning close to baseline at 24 h,
whereas no significant changes in lipid peroxidation were
observed in LDL. The lag time of conjugated diene formation

in LDL increased and the OR decreased at 24 h after virgin
olive oil ingestion. No statistical differences were observed
in diene formation with time in LDL oxidation.

Serum TAG and plasma FA increased after ingesting 50 mL
of virgin olive oil, reaching a peak at 4–6 h postprandially
(Table 2). Despite the increase of oleate and the decrease of
linoleate percentages in plasma (P < 0.001) (data not shown),
linoleate concentration (g/L) in plasma increased after olive
oil ingestion (Table 2). At 4 h postprandial time, the concen-
tration (g/L) of linoleic acid in plasma was directely related to
plasma lipid peroxides (P = 0.027) and inversely to plasma
GSH-Px (P = 0.008) and GR activities (P = 0.068) (Fig. 2).
No relationship was obtained among plasma oleic, or other
plasma FA levels, and lipid peroxides or glutathione-related
enzymes at 4–6 h of virgin olive oil ingestion. Levels of serum
glucose in plasma increased from baseline (3.9 ± 0.6 mmol/L,
mean ± SD) to 2 h (4.4 ± 0.8 mmol/L, mean ± SD) after virgin
olive oil ingestion (P = 0.021) (data not shown).

At 24 h after olive oil ingestion, plasma MUFA/PUFA
ratio and oleic acid concentrations remain increased
(Table 2). At this time period plasma lipid peroxides were in-
versely related to plasma oleic acid (r = −0.565, P = 0.028)
and directly to linoleic acid concentrations (r = 0.532, P =
0.041) (data not shown). 

Effects of ingesting virgin olive oil for 1 wk. Table 3 shows
the changes in lipids, lipoproteins, FA, and oxidative stress mark-
ers after 1 wk of olive oil consumption. Consumption of virgin
olive oil (19–20 mL/d) during a week led to a significant de-
crease in LDL-cholesterol concentration. No significant changes
were observed in the total plasma FA content. An increase was
observed in the oleic acid percentage and MUFA/PUFA ratio
from baseline time to the end of the study. No significant changes
were observed in the linoleate percentage in the evaluated times.
Changes in the concentration (g/L) of the individual plasma FA
were similar to those observed in their percentages. An increase
in plasma GR and GSH-Px and a decrease both in the lag time
and in the OR of conjugated diene formation were observed.

After 1 wk of virgin olive oil consumption, plasma linoleate/
oleate ratio was directely related to plasma lipid peroxides and
inversely related to plasma GR activity (Fig. 3). In comparison
with data from 24 h after 50 mL olive oil ingestion, only the
lag time of conjugated diene formation was slightly increased
(P = 0.047).
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FIG. 1. Time course of (A) plasma lipid peroxides, (B) glutathione per-
oxidase (GSH-Px), and (C) glutathione reductase (GR) after ingestion of
50 mL virgin olive oil (n = 16). *P < 0.005; †P < 0.01 vs. baseline (0 h).

TABLE 1
Time Course of Lipid Peroxides in Lipoproteins and LDL Oxidation-Related Variablesa

Time after virgin olive oil ingestion

Baseline (0 h) 2 h 4 h 6 h 8 h 24 h P trend

Lipid peroxides (nmol/mg of protein)
VLDL 12.2 (6.9) 22.5 (14.7) 28.0 (8.9) 34.1 (9.0)b 24.3 (11.9) 16.8 (10.4) 0.007 (quadratic)
LDL 7.6 (2.5) 6.9 (3.8) 8.2 (2.8) 7.8 (3.5) 6.9 (2.2) 7.5 (2.6) NS

LDL oxidation related variables
Lag time (min) 142 (13) 148 (14) 151 (11) 146 (16) 152 (15) 149 (11)b 0.027 (linear)
Oxidation rate (mol diene/min/mol LDL) 6.41 (1.16) 5.68 ( 1.11) 5.65 (1.95) 5.34 (1.78) 5.08 (1.52) 4.84 (1.31)b 0.017 (linear)
Dienes (mol diene/mol LDL) 612 (130) 730 (102) 759 (215) 701 (215) 710 (181) 610 (128) NS

aValues expressed as mean (SD), n = 16. NS, not significant (P > 0.01).
bSignificantly different from baseline values, P < 0.01.



DISCUSSION

This study reports the effects of both single and sustained doses
of virgin olive oil on the oxidant/antioxidant balance, and on
plasma TAG and FA. Plasma lipid peroxides increased, and
glutathione-related enzymes decreased postprandially after 50
mL of virgin olive oil. These opposite time courses are explain-
able by the fact that GSH-Px, a selenium-containing enzyme
requiring glutathione, besides removing reactive oxygen
species (H2O2), also detoxifies lipid peroxides to nontoxic al-
cohols, thus acting as a chain-breaking antioxidant (27). At the
same time, GR regenerates oxidized glutathione to the reduced
form required by GSH-Px activity (28). A decrease in the an-
tioxidant defenses, with an increase of lipid oxidation, is a com-
mon feature in an increased oxidative status situation (29,30).

Lipid peroxides can be generated during digestion–absorp-
tion (29,30) by alkaline pH and by the catalysts of peroxida-
tion (i.e., transition metals with catalytic action on lipid per-
oxidation). Dietary ingestion of oxidized lipids is one of the
sources of postprandial lipid peroxidation products (8,9). The
limiting quality value indices specified by the European
Union Commission for virgin olive oil are 20 meq/kg for per-
oxide and 0.2 for secondary carbonyl products (K270). Al-
though these indices are far lower than the established limits
in the virgin olive oil used in the study, the contribution of ox-
idized lipids from the ingested virgin olive oil to the observed
postprandial oxidative stress cannot be ignored. Hyper-
glycemia is also a widely known cause of enhanced free radi-
cal concentration (31). Although we have not measured glu-
cose at the earlier postprandial phase, when its peak occurs, a
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TABLE 2
Time Course of Plasma FA and Serum TAG After Virgin Olive Oil Ingestion (50 mL)a

Time after virgin olive oil ingestion

Baseline (0 h) 2 h 4 h 6 h 8 h 24 h P trend (quadratic)

FA (g/L)
Palmitic (16:0) 0.66 (0.13) 0.68 (0.17) 0.68 (0.12)b 0.70 (0.10)c 0.69 (0.16) 0.69 (0.21) 0.001
Stearic (18:0) 0.23 (0.04) 0.24 (0.05) 0.24 (0.03)b 0.25 (0.03)b 0.25 (0.05) 0.24 (0.06) <0.001
Oleic (18:1) 0.63 (0.15) 0.77 (0.28)b 0.83 (0.19)c 0.91 (0.21)c 0.82 (0.35)c 0.73 (0.25)b <0.001
Linoleic (18:2) 0.96 (0.15) 0.99 (0.15) 1.01 (0.10)b 1.04 (0.13)b 1.02 (0.22) 0.94 (0.15) <0.001
Arachidonic (20:4) 0.22 (0.05) 0.22 (0.04) 0.23 (0.04) 0.23 (0.04) 0.23 (0.05) 0.22 (0.04) 0.010

MUFA/PUFAd ratio 0.50 (0.09) 0.58 (0.15)b 0.65 (0.11)c 0.70 (0.15)c 0.60 (0.16)b 0.58 (0.15)b <0.001
Total FA (g/L) 2.71 (0.44) 2.92 (0.61) 2.98 (0.47)b 3.13 (0.41)c 3.02 (0.71)b 2.83 (0.61) <0.001
TAG (mmol/L) 1.29 (0.44) 1.49 (0.73) 1.52 (0.58) 1.60 (0.52)b 1.35 (0.74) 1.44 (0.73) 0.016
TAG (mg/dL) 114.2 131.9 134.5 141.6 119.5 127.4
aValues expressed as mean (SD), n = 16.
bP < 0.01 vs. baseline values.
cP < 0.001 vs. baseline values.
dMUFA/PUFA ratio, monounsaturated FA/PUFA ratio.

TABLE 3
Serum Lipids and Lipoproteins, Plasma FA, Lipid Peroxides, and Glutathione-Related Enzymes 
and LDL Oxidation-Related Variables After 1 wk of Virgin Olive Oil Consumptiona

1 wk Change from baseline P b

Total cholesterol (mmol/L) 4.96 (1.03) −0.38 (1.25) 0.783
TAG (mmol/L) 1.35 (0.39) 0.02 (0.34) 0.756
TAG (mg/dL) 119.5
HDL-cholesterol (mmol/L) 1.16 (0.34) 0.07 (0.34) 0.536
LDL-cholesterol (mmol/L) 3.28 (0.79) −0.09 (0.38) 0.029
Total FA (g/L) 2.81 (0.64) 0.08 (0.42) 0.481
FA (% of total)

Palmitic (16:0) 22.73 (1.44) −1.55 (1.72) 0.007
Stearic (18:0) 10.07 (16.24) 2.28 (6.73) 0.147
Oleic (18:1) 25.94 ( 4.46) 3.99 (5.97) 0.031
Linoleic (18:2) 35.71 (3.85) −0.11 (2.4) 0.861
Arachidonic (20:4) 7.41 ( 3.82) −0.52 (0.67) 0.013

MUFA/PUFA ratio 0.61 (0.16) 0.06 (0.10) 0.041
Lipid peroxides (µmol/mmol TAG) 1.65 (0.57) −0.29 (0.72) 0.599
Glutathione peroxidase (U/L) 974 (97) 89 (108) 0.098
Glutathione reductase (U/L) 56.8 (11.3) 4.57 (4.82) 0.018
LDL oxidation-related variables

Lag time (min) 163 (12) 17.8 (10.2) 0.005
Oxidation rate (mol diene/min/mol LDL) 5.3 (1.8) −0.63 (1.5) 0.039
Dienes (mol diene/mol LDL) 573 (143) −26.4 (121) 0.793

aValues expressed as mean (SD), n = 14. For abbreviation see Table 2.
bAs found by paired Student’s t-test, except for TAG and lipid peroxides, for which Wilcoxon’s test was used.



moderate increase in glucose levels at 2 h postprandial state
was observed. A postprandial increase in glucose and insulin
has been related to oxidative stress in diabetic patients (32),
but the relevance of glucose and insulin as free-radical gener-
ators in healthy individuals is unknown at present.

According to our results, postprandial VLDL are prone to
oxidation after ingesting 50 mL of virgin olive oil. Postpran-
dial TAG enrichment of VLDL is reportedly related to oxida-
tive stress in type 2 diabetic patients (33), and postprandial
remnantlike protein particles have been shown to increase in-
tracellular oxidant content and impair endothelial function

(34). After a meal rich in olive oil, the TAG in postprandial
TAG-rich proteins generally reflect the composition of olive
oil, although the proportion of the individual molecular
species is altered by the processes leading to their formation,
with an increase of linoleoyl-oleyl- and palmitoyl-oleyl-TAG
(35). These results (35) are in agreement with the observed
increase of oleic and linoleic acid in plasma in the postpran-
dial state in this study. MUFA-TAG rich particles are report-
edly relatively resistant to oxidation (36). However, linoleic
acid is one of the most abundant and oxidizable FA (10), and
its increase in plasma was related to an oxidant/antioxidant
imbalance at 4 h postprandially in this study. Thus, despite
the concomitant increase in the oleic acid content, the in-
crease in linoleate content could be related to the observed
oxidative stress situation postprandially.

Increased susceptibility of postprandial LDL to oxidation
after a meal rich in dairy fat has been reported (37). In other
studies, however, susceptibility of isolated LDL to oxidation
and lipid peroxidation in LDL did not change in normal indi-
viduals after meals rich in dairy fat (38), thermally stressed
cooking fat, or unheated fat (9). In the current study, the increase
in lipid peroxidation in plasma and VLDL was not reflected in
the resistance of isolated LDL to copper-catalyzed oxidation,
nor in the lipid peroxidation products in LDL postprandially.
We must point out, however, that the method of assaying lipid
peroxides by TBARS assay may be insufficiently sensitive or
specific (39) to detect modest differences in lipid oxidation
products in LDL samples. Our results are in agreement with
those of Nicolaïew et al. (40), who found no effect on the lag
time of LDL oxidation at 6 h after virgin olive oil ingestion.

Virgin olive oil has phenolic compounds with in vitro an-
tioxidant properties (24,41). We recently reported the bio-
availability in humans of two characteristic olive oil phenolic
compounds, tyrosol and hydroxytyrosol, from virgin olive oil
in its natural form (42). The lack of changes in LDL oxida-
tion observed in this study postprandially could be related to
an increase in their antioxidant phenolic compound content.
In a recent study, Bonanome et al. (43) reported the recovery
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FIG. 2. Scatterplot showing the relationship between plasma linoleic acid
concentration and plasma lipid peroxides, GSH-Px, and GR 4 h after in-
gestion of 50 mL virgin olive oil (n = 16). For abbreviations see Figure 1.

FIG. 3. Scatterplot showing the relationship between plasma
linoleate/oleate ratio, plasma lipid peroxides, and glutathione reductase
(GR) after 1 wk of olive oil consumption (n = 14). TAG, triacylglycerols.



of tyrosol and hydroxytyrosol in all postprandial lipoprotein
fractions, except in VLDL, after the ingestion of 100 g of
virgin olive oil. Their findings (43) suggest that olive oil phe-
nolic compounds are absorbed from the intestine through a
pathway independent of chylomicron formation. The TAG
enrichment of VLDL (6), together with a lack of phenolic
compound incorporation (43), could be an explanation for the
increase in VLDL lipid peroxidation observed in this study
after the acute virgin olive oil ingestion. 

At 24 h after olive oil ingestion, an improvement of LDL
resistance to oxidation was observed, whereas plasma oleic
acid and the MUFA/PUFA ratio remained elevated. At this
time point, virgin olive oil was the sole source of antioxidants
and oleic acid. Thus, the improvement of LDL resistance to
oxidation could be related to virgin olive oil ingestion. 

Concerning the 1-wk effects of sustained doses (around 20
mL/d) of virgin olive oil consumption, the increase in plasma
oleic acid levels, without changes in the total FA content, con-
firms good compliance by the subjects and their responsive-
ness to the dietary intervention. Despite the short-term dietary
intervention, the effects on plasma LDL-cholesterol and on sus-
ceptibility of LDL to oxidation were in line with those reported
in previous dietary studies with MUFA-enriched diets (10–13)
and with a lengthier (3–4 wk) dietary intervention time. One
explanation for this fact could be that participants followed a
washout period (4 d) with an antioxidant- and olive oil-free diet
before the beginning of the study. Thus, besides virgin olive
oil, other dietary antioxidant compounds could account for the
increase in resistance to LDL oxidation and antioxidant en-
zymes. The effect of the short-term olive oil dietary interven-
tion was reflected in a decrease of plasma linoleate/oleate ratio,
this decrease being related to an apparently better plasma oxi-
dant/antioxidant status. The protective mechanism of oleic
acid-enriched diets on LDL susceptibility to oxidation has been
attributed to a decrease in LDL linoleic acid content. However,
recent studies on oleic acid-enriched liposomes suggest an in-
dependent protective mechanism of oleic acid on lipoprotein
susceptibility to oxidation (44). The increase in glutathione-
related enzymes could be attributed to a preservation of their
enzymatic activities. Although little is known of the in vivo re-
sponse of antioxidant enzymes to dietary fats or antioxidants,
increased activity of GSH-Px and transferase has been reported
in rabbits after olive oil supplementation (45).

To our knowledge, this is the first time that oxidative stress
has been described after virgin olive oil ingestion. One limi-
tation of this study, however, is the lack of a control group. It
remains to be elucidated whether virgin olive oil ingestion af-
fords more protection than other fat-rich meals for the post-
prandial oxidative stress situation. Further studies are also re-
quired to examine whether differences in the phenolic con-
tent of virgin oils could influence the postprandial oxidative
stress after their ingestion. 

An oxidative stress, reflected in an increase of plasma and
VLDL lipid peroxidation, and a decrease in plasma GSH-Px
and GR activity levels occur after an oral load of virgin olive
oil. At this posprandial time, LDL seems to be protected from

oxidation. On the other hand, our results suggest that real-life
moderate, sustained doses of virgin olive oil could provide
benefits for the LDL resistance to oxidation and plasma glu-
tathione-related enzyme activities. 
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ABSTRACT: A previous study has shown that the long and
very long chain FA (VLCFA) content of the rat retina responds
to changes in dietary n-6/n-3 ratio of the fat fed (1). The present
study tested whether similar changes in these FA are associated
with alterations in rhodopsin content and rhodopsin phospho-
rylation after light treatment. Weanling rats were fed diets con-
taining 20% (w/w, 40% energy) fat with either high (4.8%, w/w)
or low (1.2%, w/w) n-3 FA. After 6 wk of feeding, half of the an-
imals in each group were exposed to light for 48 h at 350 lx or
were kept in complete darkness. In the rod outer segment, the
high n-3 diet treatment increased the level of 20:5n-3 and
22:6n-3 and reduced the levels of 20:4n-6 and 24:4n-6 in PC,
PE, and PS. After the feeding of a high n-3 FA diet, total n-3 pen-
taenoic VLCFA from C24 to C34 increased in PC, whereas the n-6
tetra- and pentaenoic VLCFA decreased. No changes occurred
in n-3 hexaenoic VLCFA regardless of the level of 22:6n-3 in
the diet. After light exposure, animals fed a high n-3 FA diet
showed reduction in 22:6n-3 as well as in n-6 and n-3 VLCFA
in PC. FFA and TG fractions contained increased levels of both
20:4n-6 and 22:6n-3 after light exposure. Dark-adapted
rhodopsin content and rhodopsin phosphorylation in the rod
outer segment of rats fed the low n-3 FA diet were higher than
in animals fed a high n-3 FA diet. After light exposure, animals
fed the low n-3 FA diet lost more rhodopsin compared to ani-
mals fed the high n-3 FA diet, resulting in less phosphorylation
of rhodopsin. Results indicate that the FA composition,
rhodopsin content, and phosphorylation in visual cells is influ-
enced by the dietary n-3 FA fed as well as by light exposure.
The results also imply that 22:6n-3 may not be the precursor for
synthesis of hexaenoic VLCFA. 

Paper no. L8551 in Lipids 37, 253–260 (March 2002).

The role of dietary fat in determining the content of very long
chain fatty acids (VLCFA, of C24–C34) has not been studied
extensively in visual cells. In previous studies we demon-
strated that a diet high in n-3 FA containing 22:6n-3 increased
the level of 22:6n-3 and decreased 20:4n-6 and n-6 tetraenoic

VLCFA in phospholipids of the rod outer segment (ROS)
(1,2). VLCFA, comprising carbon chain lengths of up to C36,
are highly concentrated in PC of photoreceptors (1–4). The
functional role of VLCFA in the retina has not been identi-
fied. Thus, the objective of the present study was to assess
whether these diet-induced changes in photoreceptor essen-
tial FA constituents are associated with alterations in rhodopsin
content or phosphorylation after light exposure.

Studies have indicated dietary modulation of n-3 FA in
membrane phospholipid components of nervous tissue in the
brain and retina of the chick (5), monkey (6–8), and rat
(9–11). Diet-induced modulation of docosahexaenoic acid
(DHA,  22:6n-3) content in the membrane appears to be asso-
ciated with a change in retinal function when measured by
electroretinogram or visual acuity (6,12–14). In most of these
studies (6,13,14), the level of saturated and monounsaturated
FA was also varied because a fat source from a single oil was
used. Also, experiments were performed on n-3 FA-deficient
animals made deficient by feeding an imbalanced n-6/n-3 FA
diet. This extreme diet regime is not reflective of the physio-
logical intake for neonatal animals or of infant fat intakes.
Studies investigating the effect of dietary fat on individual
phospholipids in visual cells in normally growing animals by
feeding diets that produce a range of nutritionally balanced
FA intakes are limited. 

Rhodopsin is firmly embedded in the lipid bilayer in the
disk of the ROS, and rhodopsin function is sensitive to spe-
cific alterations in membrane phospholipids (15,16). The
function of DHA or VLCFA in phospholipids of the ROS in
relation to rhodopsin function is not clear. Bush et al. (15)
reported that rats fed safflower oil devoid of n-3 FA exhibit a
slower rate of rhodopsin regeneration than animals fed soy-
bean oil containing n-3 FA. These results suggest that the n-3
FA is important for regeneration of rhodopsin. To regenerate
rhodopsin, photoactivated rhodopsin has to be phospho-
rylated and then dephosphorylated to rebind an 11-cis retinal.
It is not known whether these steps are also affected by di-
etary n-3 FA.

Rhodopsin and its membrane environment are responsive
to light (17–20). For example, animals exposed to light have
a lower level of rhodopsin together with a shortened ROS
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length, a reduced number of photoreceptors, and a thinner
outer nuclear layer, and they exhibit reduced rhodopsin syn-
thesis (17–20). These changes may be partly associated with
DHA, since this FA is reduced by constant illumination and
bright cyclic illumination (21–23). However, the effect of
light treatment on VLCFA content has not been explored.
Collectively, these findings imply that altering membrane FA
composition may modulate membrane functional components
of photoreceptor cells after light exposure. 

The present study was designed to determine whether di-
etary fat and light induce change in long-chain FA (LCFA)
and whether VLCFA content of the ROS alters visual func-
tion in the photoreceptor cells of growing animals. The levels
of polyenoic LCFA and VLCFA in individual phospholipids
of the ROS after 48 h of light exposure were determined after
a high or low dietary n-3 FA intake. To associate changes oc-
curring in membrane composition with visual function,
rhodopsin level and rhodopsin phosphorylation were also
measured in the ROS. 

EXPERIMENTAL PROCEDURES

Animals and diets. This study was approved by the Univer-
sity of Alberta Animal Ethics Committee. Two hundred six-
teen male weanling Sprague-Dawley rats were housed under
cyclic light with 12-h dark and 12-h light periods. The inten-
sity of illumination at the front of the cage was 110 lx and at
the center of the cage 27 lx of cool, white fluorescent light.
Animals were randomly assigned to two diet groups and fed
semipurified diets (24) containing 20% (w/w) fat (40% en-
ergy as fat) of either a high (4.8% w/w of total FA) n-3 FA
content providing 22:6n-3 (3.4% w/w of total FA) or a low
n-3 FA content without 22:6n-3 (1.2% w/w of total FA). Shark
oil was used to supply 22:6n-3 in the high n-3 diet, since it is
high in content of 22:6n-3 (22%, w/w) and relatively low in
20:5n-3 (5.5%, w/w) compared to fish oils used previously
(1). The fat mixture and FA composition of the diets fed are
presented in Table 1 and reflect a range of dietary fat intakes
typical in North America. Diets were prepared weekly, kept
in the freezer, and fed to animals every other day.

After 6 wk of feeding, half of the rats in each diet group
were transferred to polypropylene cages, housed in pairs, and
exposed to 48 h of continuous light at the intensity of approx-
imately 300–350 lx. This level of light intensity is equivalent
to the light intensity experienced while standing in a well-lit
office under the light source and is much less than 1% of the
light intensity experienced when facing the sun on a clear day.
The other half of the animals in each diet group were kept in
complete darkness as a control. Body weight was measured
weekly; the weight gain from weaning (54.1 ± 4.5 g) to 6 wk
postweaning (374.6 ± 30 g) was 7.2 g per day. No effect of
dietary treatment was observed on body weight or weight
gain.

Isolation of retina and ROS. Animals were sacrificed by
decapitation. All isolations were performed at 4°C. For lipid
analysis, retinas were isolated either in dim red light for dark-

adapted animals or in ambient laboratory light for light-
exposed groups. For analysis of rhodopsin, light-exposed an-
imals were dark-adapted for 1 h before sacrifice in dim red
light. For each sample (n = l), 8 retinas were pooled for the
separation of the ROS for lipid analysis, and 10 retinas were
pooled for measurement of ROS rhodopsin content and
rhodopsin phosphorylation. The ROS was isolated by discon-
tinuous sucrose gradient centrifugation (25). The ROS for
rhodopsin analysis was resuspended with 0.5 mL of washing
buffer, 50 mM Tris-acetate (pH 7.4) containing 5 mL MgCl2
and 0.1 mM EDTA and then stored at −70°C. 

Lipid analysis. Lipids were extracted from the ROS (26).
Individual phospholipids were separated using silica-gel TLC
H-plates as described previously (1). After recovery of the
phospholipids, the silica gel containing neutral lipids was
scraped into 25-mL culture tubes and eluted three times with
10 mL of chloroform/methanol (1:1, vol/vol) containing 1
ppm ethoxyquin. The eluted lipids were applied to TLC
G-plates to separate neutral lipids (1). Each phospholipid and
neutral lipid was recovered, and FAME were prepared with a
14% (w/w) boron trifluoride–methanol reagent (27).

Analysis of FAME. FAME were separated on a polar
BPX70 column (25 m × 0.22 mm i.d.) using a Hewlett-
Packard 5890 GLC equipped with a Vista DS 654 data sys-
tem (Varian, Palo Alto, CA), as described earlier (1). With this
column, the resolution of n-6 tetraenoic and pentaenoic and
n-3 pentaenoic and hexaenoic VLCFA was more distinct
compared to the nonpolar BP1 column used earlier (1) (Fig.
1). Degree of unsaturation and n-series of VLCFA were con-
firmed by GC–MS (1). The content of VLCFA obtained was
not corrected for detector response factors, since pure stan-
dards for these FA are not available.
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TABLE 1
Fat Mixture and FA Composition of Experimental Dietsa

Diet High n-3 Low n-3

Fat source (g/kg)
Beef tallow 134.0 152.0
Safflower 33.0 44.0
Linseed oil — 4.0
Shark oil 36.0 —

FA (%, w/w)
14:0 2.8 2.4
16:0 23.9 22.9
18:0 46.2 47.9
18:1n-9 + 18:1n-7 5.7 6.3
18:2n-6 11.3 16.3
18:3n-3 0.1 1.2
20:4n-6 0.3 —
20:5n-3 0.9 —
22:6n-3 3.4 —

ΣSAT 76.1 76.0
ΣMono 7.3 6.5
Σn-6 11.8 16.3
Σn-3 4.8 1.2
P/S ratio 0.22 0.23
aFA with chain lengths greater than C24 were less than 0.02% (w/w) in both
diets. ΣSAT, sum of saturated FA; Σmono, sum of monounsaturated FA;
Σn-6, sum of n-6 FA; Σn-3, sum of n-3 FA; P/S ratio, polyunsaturated to satu-
rated FA ratio.



Rhodopsin measurement. Rhodopsin content of the ROS
was determined from animals of both dietary groups that were
either dark adapted or light exposed. Rhodopsin was ex-
tracted by the method of Fulton et al. (28), using 1% (wt/vol)
octylglucoside as a detergent (29). Each extract was scanned
from 270 to 700 nm using a diode-array spectrophotometer
(Hewlett-Packard 8452A), and rhodopsin was quantified by
difference spectroscopy at an absorption of 498 nm before
and after bleaching for 480 s with a cool, white fluorescent
light with the intensity of 1,000 lx at a distance of 30 cm from
the cuvette. A molar extinction coefficient of 40,000 (30) was
used for the calculations of rhodopsin concentration. 

Rhodopsin phosphorylation in Vitro. Rhodopsin phospho-
rylation was measured by the method used by Kuhn and Wilden
(31) using [γ-32P]ATP (SA 3000 Ci/mmol; New England Nu-
clear-DuPont, Boston, MA) as a monitor for phosphorylation.
The reaction was initiated by the onset of illumination, which
was cool, white fluorescence light at 700–800 lx at a distance
of 50 cm from the water bath. The resulting radiolabeled solu-
bilized ROS membrane containing 30 µg of protein was
loaded and run on a 10-cm linear gradient (7.5% acrylamide)
polyacrylamide gel (32) for 2 h at a constant current at 40 mA
at ≈150 V. The gel was dried using gel drying film (Promega,
Madison, WI). Incorporation of 32Pi was monitored by expos-
ing x-ray film (Kodak X-OMAT AR film) to the gel at −70°C

for 1.5 h. The film was developed by Kodak M35A X-Omat
Processors (Rochester, NY). The resulting autoradiograms
were analyzed using a scanning densitometer (Ultroscan XL,
Bromma, Sweden). The area under the peak was used to
quantitate labeling with 32Pi and was divided by the rhodopsin
content loaded on the gel to express the rhodopsin phosphor-
ylation state. 

Statistical methods. The effect of light and diet on the FA
composition of phospholipids in the ROS and on the
rhodopsin content and rhodopsin phosphorylation was ana-
lyzed by a two-way ANOVA with light and diet as the main
factors. The n number of replicates is indicated in each table
and figure caption. Duncan’s multiple range test (33) was
used for comparison of the main factors after a significant
ANOVA. All data are expressed as mean ± SEM.

RESULTS 

Effect of dietary fat and light on LCFA and VLCFA composi-
tion of ROS phospholipids. Both diet and light significantly
altered the FA composition of major phospholipids of the
ROS in rat retina. Feeding a high 22:6n-3 diet increased the
level of 22:6n-3 in PE and PS in both dark- and light-exposed
animals compared to feeding a low n-3 FA diet (Table 2). This
diet also increased the level of 22:6n-3 in PI of light-adapted
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FIG. 1. Typical chromatograms of very long chain FA (VLCFA) of PC in the rod outer segment following diet and
light treatment. FAME were separated by GLC using a polar BPX 70 column (SGE, Rose Scientific, Edmonton,
Canada). Although the amount of standard is different in (A) and (B), the proportion of the FA indicated by the cir-
cle (●) in C32 indicates an example of the influence of diet treatment. Those indicated by the square (■) in (A) and
(C) reflect light treatment: The ratio of n-3 pentaene to hexaene of C26, C28, and C30 FA increased after light expo-
sure. (A), High n-3 diet/dark; (B), low n-3 diet/dark; (C), high n-3 diet/light. Std, standard.



animals. Concomitantly, the level of 20:4n-6 decreased in all
major phospholipids except PI of dark-adapted animals after
feeding a high n-3 FA diet containing 22:6n-3 in comparison
to feeding a low n-3 FA diet. The loss of rhodopsin from the
low n-3 FA group was slightly higher than that observed for
animals fed a high n-3 FA diet (59 and 51%, respectively)
(Table 2). Animals fed a low n-3 FA diet containing no 22:6n-3
exhibited a significant decrease in 20:4n-6 in PE and 22:6n-3
in PS after light exposure. The level of 20:4n-6 in PI and
22:6n-3 in PE increased after light exposure. 

VLCFA containing carbon chain lengths of up to C36 in PC
and C26 in PS were also influenced by diet and light treatment
(Table 3; Figs. 1 and 2). For example, in PC of dark-adapted
animals, feeding a high n-3 FA diet containing 22:6n-3 in-
creased the level of n-3 pentaenoic VLCFA of C24, C26, C30,
C32, and C34 carbons in chain length. This diet also decreased
most of the n-6 tetraenoic VLCFA except for C30 and decreased
n-6 pentaenoic VLCFA of C24, C26, and C32 carbons in chain
length (Table 3). Hexaenoic n-3 VLCFA were not influenced
by feeding a high n-3 FA diet. The high n-3 FA diet increased
total n-3 pentaenoic VLCFA in PC while decreasing the n-6
tetra- and pentaenoic VLCFA (Fig. 2). In PS, the content of n-3
pentaenoic VLCFA of C24 and C26 and hexaenoic C26 FA in-
creased after feeding a high n-3 FA diet, whereas this diet de-
creased the level of n-6 tetraenes of C24 and pentaenes of C24
and C26 carbons in chain length (Table 3).

In light-exposed animals, total n-6 tetraenoic and pentaenoic
VLCFA decreased in animals fed a diet either high (46.0 and
32.5%, respectively) or low (18.4 and 47.2%, respectively) in
n-3 FA (Fig. 2). Total n-3 pentaenoic and hexaenoic VLCFA
also decreased in both groups fed either the high (16.9 and
14.3%) or the low (7.8 and 17.0%) n-3 FA diet. The loss of n-6
tetraenoic and pentaenoic VLCFA after light treatment was
slightly greater than that of n-3 VLCFA (Fig. 2). 

Effect of dietary fat and light on FA composition of FFA
and TAG fractions. FFA and TAG fractions were also ana-
lyzed (Fig. 3) to identify the fate of 20:4n-6 and 22:6n-3 lost

from phospholipids after light treatment. In both FFA and
TAG fractions, diet and light treatments influenced the level
of 20:4n-6 and 22:6n-3. After consumption of the high n-3
FA diet, animals kept in the dark displayed a significant in-
crease in 22:6n-3 content in both FFA and TAG compared to
animals fed the low n-3 FA diet. In the TAG fraction, the in-
crease in 22:6n-3 occurred concomitantly with increased lev-
els of 20:4n-6. Exposure to light significantly increased the
content of 20:4n-6 and 22:6n-3 above dark values in both di-
etary groups (Fig. 3). 

Effect of dietary fat and light on rhodopsin content.
Rhodopsin content of the ROS was determined in order to
identify the relationship between dietary fat and retinal func-
tion. Animals fed a low n-3 FA diet exhibited a higher
rhodopsin content in ROS maintained in the dark compared
to ROS of animals fed the high n-3 FA (7.5 ± 0.5 nmol/mg
protein and 6.1 ± 0.2 nmol/mg protein, respectively). Signifi-
cant loss of rhodopsin was found after light exposure in both
animal groups fed either a low or a high n-3 FA (3.1 ± 0.1 and
3.0 ± 0.3 nmol/mg protein, respectively). The loss from the
low n-3 FA group was slightly higher than that observed for
animals fed a high n-3 FA diet (59 and 51%, respectively).

Effect of dietary fat and light on rhodopsin phosphorylation.
Rhodopsin phosphorylation in the ROS was analyzed in vitro to
identify the effect of dietary fat on retinal function. Rhodopsin
phosphorylation rate measured by the ratio of densitometer unit
(O.D.·mm2) to rhodopsin present on the gel was altered by 1 h
of incubation in continuous white light for both the dietary
groups and also by the light treatment. Rhodopsin in the ROS
of animals fed a low n-3 FA diet exhibited a higher phosphory-
lation state than that observed for animals fed the high n-3 FA
diet in both dark- (59.8 ± 9.1 and 49.7 ± 8.8, respectively) and
light (61.3 ± 10.1 and 53.5 ± 7.7, respectively) -exposed ani-
mals. This result, while not statistically significant, indicates
that more phosphorylation of rhodopsin may have occurred fol-
lowing consumption of the low n-3 FA diet. After light expo-
sure, rhodopsin from animals fed the low n-3 FA diet was phos-
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TABLE 2
Effect of Dietary Fat and Light on the Level of 20:4n-6 and 22:6n-3 Phospholipids in the Rod Outer Segmenta

High n-3 Low n-3 Significant effects

FA (%, w/w) Dark Light Dark Light Light Diet

PC
20:4n-6 3.9 ± 0.2b 4.2 ± 0.1b 5.0 ± 0.2a 5.1 ± 0.2a ***
22:6n-3 32.5 ± 2.1a 25.9 ± 1.1b 27.2 ± 1.9a,b 24.8 ± 2.4b *

PE
20:4n-6 5.9 ± 0.3c 5.8 ± 0.2c 7.6 ± 0.4a 6.7 ± 0.1b ***
22:6n-3 57.1 ± 1.3a 58.1 ± 0.5a 47.5 ± 0.9c 53.1 ± 0.4b ** ***

PS
20:4n-6 2.5 ± 0.2b 2.5 ± 0.1b 3.1 ± 0.1a 2.9 ± 0.1a ***
22:6n-3 63.1 ± 0.9a 59.9 ± 0.4b 55.7 ± 0.6c 52.4 ± 0.5d *** ***

PI
20:4n-6 37.3 ± 0.9b 38.7 ± 0.8b 39.5 ± 1.1b 44.6 ± 0.7a ** **
22:6n-3 12.5 ± 1.0b 15.8 ± 0.5a 11.7 ± 1.0b 12.2 ± 0.5b * *

aValues given are means (n = 6) ± SEM. For each n, eight retinas were pooled, except for PI (n = 3), wherein 16 retinas were pooled. Significant effects of
light and diet were analyzed by a two-way ANOVA. Values without a common roman superscript are significantly different: *P < 0.05; **P < 0.01; ***P <
0.001. Significant interactions were identified only for 22:6n-3 in PE.



phorylated only 2.6% more than that of dark-adapted rhodopsin,
compared to 7.8% for  animals fed the high n-3 FA diet.

DISCUSSION

Dietary fat and LCFA. In normal growing rats, consumption
of nutritionally adequate diets with a physiological change in
the n-3 FA content produced considerable modification of the
FA composition in photoreceptor cell membrane phospho-
lipids. Higher n-3 FA level with addition of 22:6n-3 in the diet
significantly increased membrane content of DHA in PE, PS,
and PI and reduced 20:4n-6 content. This finding is in agree-
ment with previous studies (1,10,11) and suggests that the
neuronal cell is capable of replacing n-6 with n-3 FA. The re-
placement of n-6 with n-3 FA was more obvious in animals
deficient in n-3 FA (8,34,35), perhaps owing to a significant
difference in the ratio of n-6/n-3 FA diet in the control (n-6/n-3
= 7) vs. deficient diets (n-6/n-3 = 255). Changes in de novo
synthesis and/or direct molecular replacement by deacyla-
tion–reacylation may be responsible. 

PE and PS are located in the outer disk membrane mono-
layer (36). DHA is the major FA in these phospholipids in the

retina and ROS. In the present study, the level of DHA in the
ROS was increased to 20 and 13% in PE and PS, respectively,
after consumption of a diet containing a high n-3 FA content
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TABLE 3
Effect of Dietary Fat on the Level of Very Long Chain Fatty Acid (VLCFA) Composition of PC (C24–C36)
and PS (C24–C26) in the Rod Outer Segment of Dark-Adapted Ratsa

PC PS

FA (%, w/w) High n-3 Low n-3 High n-3 Low n-3

n-6 Tetraenoic VLCFAb

24:4 0.06 ± 0.01*** 0.15 ± 0.01 0.43 ± 0.01*** 1.73 ± 0.18
26:4 0.02 ± 0.00*** 0.06 ± 0.01 0.05 ± 0.02 0.03 ± 0.02
28:4 0.00 ± 0.00*** 0.02 ± 0.00
30:4 0.02 ± 0.01 0.03 ± 0.00
32:4 0.11 ± 0.03*** 0.29 ± 0.04
34:4 0.04 ± 0.01*** 0.21 ± 0.05

n-6 Pentaenoic VLCFA
24:5 0.02 ± 0.00*** 0.05 ± 0.01 0.09 ± 0.02*** 0.29 ± 0.03
26:5 0.00 ± 0.00** 0.02 ± 0.00 0.00 ± 0.00* 0.03 ± 0.02
28:5 0.00 ± 0.00 0.00 ± 0.00
30:5 0.01 ± 0.00 0.01 ± 0.01
32:5 0.02 ± 0.01*** 0.14 ± 0.05
34:5 0.03 ± 0.00 0.10 ± 0.04

n-3 Pentaenoic VLCFA
24:5 0.15 ± 0.02 ** 0.08 ± 0.01 1.59 ± 0.08*** 0.86 ± 0.08
26:5 0.08 ± 0.01** 0.04 ± 0.00 0.06 ± 0.01** 0.03 ± 0.01
28:5 0.03 ± 0.00 0.02 ± 0.00
30:5 0.07 ± 0.01** 0.04 ± 0.01
32:5 0.31 ± 0.05** 0.17 ± 0.03
34:5 0.49 ± 0.06** 0.32 ± 0.08

n-3 Hexaenoic VLCFA
24:6 — — 2.01 ± 0.44 1.80 ± 0.21
26:6 0.08 ± 0.01 0.08 ± 0.01 0.17 ± 0.01* 0.12 ± 0.03
28:6 0.06 ± 0.01 0.04 ± 0.01
30:6 0.07 ± 0.01 0.07 ± 0.01
32:6 1.32 ± 0.21 1.10 ± 0.17
34:6 1.10 ± 0.14 1.00 ± 0.18
36:6 0.09 ± 0.01 0.08 ± 0.01

aValues given are means (n = 6) ± SEM. For each n, eight retinas were pooled. Asterisks * indicate the significant differences
between diets within each phospholipid: *P < 0.05; **P < 0.01; ***P < 0.001.
b24:6n-3 in PC was also detected but not represented because its resolution time was almost the same as the standard 27:0
in the analysis.

FIG. 2. Effect of light on the change in level of total n-6 tetraenoic and
pentaenoic and total n-3 pentaenoic and hexaenoic VLCFA (C24–C36)
present in PC of the rod outer segment. The value for the percent change
from dark as a result of light treatment was taken from the total mean (n
= 6) for each group from dark-adapted rats (Table 2). In both low and
high n-3 FA diet groups, n-6 and n-3 VLCFA were reduced after light
exposure (P < 0.05). Diagonally lined box, low n-3 diet; open box, high
n-3 diet. For abbreviation see Figure 1.



as compared to those animals fed the low n-3 diet. DHA is
the principal component of dipolyunsaturated phospholipids
found in bovine and frog ROS (37–39). The relationship be-
tween FA composition in the phospholipid and an asymmetri-
cal distribution of phospholipids in excitable membranes is
not clearly established. However, this asymmetrical distribu-
tion of membrane phospholipids (36) highly enriched in
22:6n-3 may enable the optimal environment for rhodopsin
conformational change induced by light exposure. 

Dietary fat and VLCFA. The general compositional fea-
tures of VLCFA in the ROS were similar to those reported
earlier (1,40). The present experimental conditions identified
one more series of n-6 pentaenoic VLCFA in addition to n-6
tetraenoic VLCFA. It is now clear that VLCFA are present in
the ROS as either n-6 tetraenes and pentaenes or n-3 pen-
taenes and hexaenes. 

A higher n-3 FA content in the diet significantly increased
n-3 pentaenoic VLCFA in PC but not n-3 hexaenoic VLCFA.
An increase in 22:6n-3 occurred in major phospholipids with
no changes occurring in hexaenoic VLCFA in PC regardless
of the level of 22:6n-3 in the diet. This unexpected result may
imply that 22:6n-3 is not a precursor for further elongation
and synthesis of hexaenoic VLCFA. Therefore, the identifica-
tion of the precursors and their further metabolism to VLCFA
remain to be elucidated. 

The implications of altering levels of VLCFA by dietary
treatment are still not known. Together with a high concen-
tration of DHA, it is conceivable that these FA provide a
suitable environment for rhodopsin since these VLCFA have
a high affinity for rhodopsin (4). VLCFA may also be in-
volved in membrane signal transduction, as recent evidence
indicates the involvement of tetraenoic VLCFA in activation

of protein kinase C in rat brain (41) and Ca2+ modulation in
human neutrophils (42).

Light exposure on LCFA and VLCFA. Light exposure re-
duced 20% of the 22:6n-3 content in PC and 5% in PS from the
dark-adapted level after consumption of the high n-3 FA diet.
Light-induced reduction in LCFA is mediated by phospholi-
pase A2 (43–45). Rats raised in cyclic light at a light intensity
of 800 lx from birth to 12 wk also exhibited reduced 22:6n-3
content in ROS phospholipid by 70% and reduced ROS
length and rhodopsin content compared to rats raised at a light
intensity of 5 lx (46). These changes on exposure to cyclic
light are a form of retinal adaptation to light (46–48). 

Light treatment also reduced n-3 pentaenoic and hexaenoic
VLCFA in PC. This level of n-6 VLCFA was not associated
with 20:4n-6 since this FA in PC was not affected by light ex-
posure. Thus, these data suggest that VLCFA undergo a differ-
ent metabolic process compared to LCFA following light expo-
sure. VLCFA is esterified mainly in the sn-1 position of glyc-
erol, whereas LCFA is esterified in the sn-2 position (3,49). This
observation suggests that light may activate phospholipase A1. 

The present experiment demonstrated that FFA and TAG
are involved in the uptake of 20:4n-6 and 22:6n-3 developed
from phospholipids after light exposure for 48 h. FFA and
TAG fractions contained increased levels of both 20:4n-6 and
22:6n-3 after light exposure, implying that FFA and TAG
serve as sources for 20:4n-6 and 22:6n-3 to enable recycling
of these essential FA after light exposure. 

Dietary fat and light on rhodopsin content and rhodopsin
phosphorylation. The present experiment demonstrated that
rhodopsin content and rhodopsin phosphorylation in the ROS
were higher in dark-adapted animals after consumption of a
low n-3 FA diet compared to animals fed a high n-3 FA diet.
The ratio of rhodopsin content (nmol/mg protein), when ex-
pressed as densitometer units, showed 20.4 and 14.6% higher
phosphorylation in animals fed a low n-3 FA diet in both the
dark- and light-exposed group, respectively. This implies that
the enzymes involved in rhodopsin phosphorylation, rhodopsin
kinase and protein kinase C, may be affected by dietary n-3
FA treatment. Light-exposed animals fed a low n-3 FA lost
more rhodopsin content and had less rhodopsin phosphoryla-
tion compared to animals fed a high n-3 FA diet. It would be
of interest to determine whether a low n-3 FA diet also leads
to higher rhodopsin regeneration. Rhodopsin phosphorylation
functioning as a turn-off mechanism to inactivate the bleached
rhodopsin is a necessary step for rhodopsin restoration to the
dark state. Together with the FA data, light-evoked reduction
of LCFA and VLCFA seems to be associated with a reduced
level of rhodopsin after light exposure.

In conclusion, it is clear that the ROS content of both
LCFA and VLCFA responds to dietary fat and light exposure.
It is also apparent that 22:6n-3 may not be a direct precursor
for the synthesis of hexaenoic VLCFA. Light exposure in-
duces loss of VLCFA. These compositional changes seem to
be associated with rhodopsin content and rhodopsin phosphor-
ylation since both parameters are also altered in concert by a
change in exposure to light and diet n-3 FA.
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FIG. 3. Effect of dietary fat and light on the level of 20:4n-6 and 22:6n-3
in FFA and TAG components of the rod outer segment. The values are
the mean (n = 3) ± SEM. Sixteen retinas were pooled for each n. Values
without a common letter within a lipid class were significantly different
by diet and light treatment, P < 0.05. Superscripts indicate the follow-
ing: x, significant effect of light (P < 0.003); y, significant effect of diet (P
< 0.02); z, significant interaction effect (P < 0.003). Unlike phospho-
lipids, the levels of both 20:4n-6 and 22:6n-3 increased in the FFA and
TAG after light exposure. (■), dark; (■■), light. 
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ABSTRACT: Effects of genistein and its glycoside genistin were
studied in nephritic rats with endogenous hyperlipidemia. Male
Wistar rats with glomerulonephritis caused by a single intra-
venous injection of nephrotoxic serum were orally given 5 mg
of genistein or 8 mg of genistin/d/100 g body weight for 12 d.
These isoflavones suppressed nephritis-induced severe hyper-
cholesterolemia and hypertriglyceridemia, and their hypolipi-
demic action was almost identical. Fecal steroid excretion was
unchanged by administration of the two isoflavones. Genistein
inhibited the incorporation of [1-14C]acetate into cholesterol
and FA in liver slices from nephritic rats when added to an in-
cubation buffer, whereas genistin did not. These results suggest
that genistin may be hydrolyzed to genistein and that genistein
itself and/or its metabolite(s) may be intracorporal entities sup-
pressing hepatic lipid syntheses. They also suggest that the sup-
pression of hepatic lipid synthesis may be one mechanism of
the hypolipidemic action of genistein.

Paper no. L8929 in Lipids 37, 261–265 (March 2002).

Glomerulonephritis caused by immunological insultus is often
associated with apparent pathological changes of glomeruli
such as glomerular cell proliferation, crescent formation, and
extracellular matrix accumulation (1–4). Massive protein ex-
cretion into urine results in hypoalbuminemia (5), and sec-
ondary hyperlipidemia occurs by increased lipid and lipopro-
tein synthesis in the liver (6). These types of hyperlipidemia
should be remedied since hyperlipidemia is believed to fur-
ther the kidney dysfunction (7,8). Thus, trials to reduce hy-
perlipidemia have been conducted using the drug probucol
(9), nutrients such as fish oil (10), and a low-protein diet (11);
and all three treatments succeeded in reducing the endoge-
nous hyperlipidemia. Besides hypolipidemic action, probucol
reduced proteinuria (9), and an amino acid-fortified low soy
protein diet, for instance, reduced both proteinuria and hy-
poalbuminemia (11).

Soybean isoflavones are known to have cancer chemopre-
ventive (12,13) and antioxidative (13) activities, and report-
edly improve cardiovascular risk factors by reducing serum

cholesterol concentrations in monkeys (14) and exogenously
hypercholesterolemic rats (15). In the present study, we at-
tempted to examine whether genistein and its glycoside
genistin reduce endogenous hyperlipidemia and other symp-
toms in rats with glomerulonephritis. 

MATERIALS AND METHODS

Animals and diets. This experiment was conducted in accor-
dance with guidelines established by the Animal Care and
Use Committee at Tokyo Noko University. Male Wistar rats
(3 wk of age) were obtained from Charles River Japan (Kana-
gawa, Japan). In an air-conditioned room with a temperature
of 22 ± 2°C, a relative humidity of 60 ± 5%, and a light cycle
from 8:00 A.M. to 8:00 P.M., animals were kept on a stock
pellet diet (CE-2; CLEA Japan, Tokyo, Japan) for 6 d and
then fed a basal 20% casein diet for another 5 d. All animals
were moved on day 8 of the preliminary feeding from indi-
vidual cages with wire bottoms into metabolism cages to ac-
climate them to these new surroundings, and to collect urine
and feces. The composition of the 20% casein diet was as fol-
lows (16): 20% casein (Oriental Yeast Co., Tokyo, Japan), 5%
corn oil (Hayashi Chemicals Co., Tokyo, Japan), 68.3% α-
cornstarch (Nihon Nosan Kogyo Co., Yokohama, Japan),
3.5% mineral mixture and 1% vitamin mixture (both AIN-
76A composition; Nihon Nosan Kogyo Co.), 0.2% choline
bitartrate (Wako Pure Chemical Industries, Osaka, Japan),
and 2% cellulose powder (Oriental Yeast Co.). On the last day
of the preliminary feedings (day 0), rats were divided into two
groups of the same average body weight. One group, which
received no antiserum injection, was regarded as the normal
group, whereas rats of the other group were given a single in-
travenous injection into the tail vein of anti-rat kidney
glomerular basement membrane (GBM) rabbit antiserum (0.4
mL/rat), which was produced by immunizing rabbits with the
supernatant of trypsin-digested rat GBM (17,18), to induce
nephritis. The following day (day 1), the animals were subcu-
taneously immunized with rabbit γ-globulin (8 mg/rat; Sigma
Chemical Co., St. Louis, MO) in 0.2 mL of Freund’s com-
plete adjuvant (Wako Pure Chemical Industries) into the hind
foot pads as described previously (19). On the third day after
antiserum injection, nephritic rats were divided into three
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groups of similar average body weights and urinary protein
excretion rates, and the effects of genistein and genistin (Re-
search & Development Laboratory, Fujicco Co., Kobe, Japan)
were examined. Rats of two of the nephritis groups orally re-
ceived 5 mg of genistein or 8 mg of genistin/d/100 g body
weight for 12 d, whereas those of the other nephritis group,
designated as the control group, were similarly given vehicle
alone (0.5 mL of 0.5% carboxymethylcellulose aqueous solu-
tion/d/100 g body weight). Rats of the normal group were also
given vehicle alone. Oral intubation of isoflavones or vehicle
was carried out once a day at 9:00–10:00 A.M. The dose of 8
mg of genistin/d/100 g body weight was chosen to examine
its antinephritic action, since genistin showed a pharmacolog-
ical activity in the range of the dose; the glycoside signifi-
cantly suppressed bone loss in ovariectomized rats (20). The
dose of 8 mg of genistin is equimolar to that of 5 mg of
genistin (18.5 µmol). Water and diets were available ad libi-
tum. Urine excreted during the preceding 24 h by the rats in-
dividually housed in metabolism cages was collected at 9:00
A.M. each day. The animals were deprived of their diets at
9:00 A.M. on day 14 and given a final administration of
isoflavones or vehicle. They were allowed free access to
water until they were killed, which was done 4 h later by de-
capitation. Blood was collected and left to clot at room tem-
perature to obtain serum. The liver and kidney were quickly
removed, washed with cold 0.9% NaCl, blotted on filter
paper, and weighed. 

Lipid analyses. Total lipids from the liver were extracted
according to the procedure of Folch et al. (21). After aliquots
of the chloroform phase had been dried, cholesterol (Ch) (22),
TG (23), and phospholipid (PL) (24) were determined as pre-
viously described (10,11). The serum TG and PL levels were
also determined as mentioned above. The serum total Ch and
lipid peroxide (LPO, as TBARS) levels were determined
using commercial kits (Wako Pure Chemical Industries).

Measurements of serum albumin, serum urea nitrogen, and
urinary protein. Serum albumin and urea nitrogen concentra-
tions were also measured with commercial kits (Wako Pure
Chemical Industries). Urinary protein was measured by the
Bradford method (Bio-Rad Protein Assay; Bio-Rad Labora-
tories, Richmond, CA) (25).

Fecal steroid excretion. Feces were collected individually
for 2 d before rats were killed. Neutral sterol (NS) and bile
acid (BA) were extracted according to the method of Yama-

naka et al. (26). NS and BA were enzymatically determined
with commercial kits (Wako Pure Chemical Industries) as de-
scribed (27). 

Cholesterol and FA syntheses from [14C]acetate in liver
slices. Nephritis was induced by injecting anti-GBM rabbit
antiserum and immunizing rabbit γ-globulin to rats fed the
basal 20% casein diet as described above. On the 14th day
after antiserum injection, rats were killed and livers were re-
moved from nephritic rats and sliced with a razor. From one
animal, three sets of liver slices were prepared. Liver slices
weighing 100–120 mg (wet weight basis) were incubated for
2 h at 37°C in 1 mL of Krebs–Ringer phosphate buffer (pH
7.4) containing 37 kBq of [1-14C]acetate (37 kBq/µmol; NEN
Research Products, Boston, MA) in the absence or presence
of 1 mM genistein or genistin. These isoflavones were sus-
pended in DMSO (Sigma Chemical Co.). Syntheses of total
FA and Ch in liver slices were estimated as described previ-
ously (28,29).

Statistical analyses. Results were expressed as mean ±
SEM. Statistical analyses were conducted either by ANOVA
followed by Tukey’s Q test or by Friedman test followed by
Dunn’s multiple comparison test (30). A P value below 0.05
was considered significant.

RESULTS

As shown in Table 1, food intake and body weight gain were
decreased by nephritis induction. The oral administration of
either genistein or genistin exerted no further influence on this
reduction. Conversely, relative liver and kidney weights were
increased by nephritis, and neither genistein nor genistin
showed any further effects on this rise.

Figure 1 shows time-dependent changes in protein excre-
tion rate into urine. The urinary protein excretion was mini-
mal in the normal state, but the excretion rate of nephritic
control animals increased approximately linearly up to day 3
and thereafter remained high up to day 14. Genistin tended to
suppress the increase in protein excretion in the early stage
(day 5), whereas genistein did so in the middle stage (day 10).
These suppressive effects of isoflavones, however, dimin-
ished in the late stage (day 14). 

As expected from severe proteinuria, serum albumin con-
centration significantly decreased in the nephritic control
group, indicating induction of hypoalbuminemia by the
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TABLE 1
Effects of Genistein and Genistin on Food Intake, Body Weight Gain, Liver Weight, and Kidney Weight in Nephritic Ratsa

Nephritis

Measurement Normal Control Genistein Genistin

Food intake (g/11 d) 222.1 ± 7.8a 165.3 ± 11.2b 169.4 ± 10.9b 183.8 ± 6.8a,b

Body weight gain (g/11 d) 84.0 ± 5.1a 47.6 ± 6.6b 44.3 ± 5.8b 48.6 ± 4.6b

Liver weight (g/100 g body weight) 4.13 ± 0.17a 5.85 ± 0.14b 6.16 ± 0.27b 6.12 ± 0.22b

Kidney weight (g/100 g body weight) 0.87 ± 0.02a 1.43 ± 0.08b 1.39 ± 0.08b 1.28 ± 0.05b

aEach value represents the mean ± SEM for five (genistin) or six (others) rats. Values not sharing a common superscript roman letter are significantly different
at P < 0.05 by Tukey’s Q test.



nephritis (Table 2). Genistein tended to improve, and genistin
significantly improved the nephritis-induced hypoalbumine-
mia. Serum urea nitrogen concentration was slightly elevated
by nephritis induction and decreased to normal with the ad-
ministration of isoflavones, although none of the changes was
significant (Table 2). 

As shown in Figure 2, the serum total Ch (Fig. 2A) and TG
(Fig. 2B) levels were significantly and strikingly increased by
nephritis induction, indicating the occurrence of severe hyper-
cholesterolemia and hypertriglyceridemia. The serum Ch and
TG levels of nephritic rats were 5- and 21-fold, respectively,
higher than those of normal rats. Genistein and genistin sup-
pressed both the severe hypercholesterolemia and hypertriglyc-
eridemia, although the hypotriglyceridemic activity of genistein
was not significant. Likewise, the serum PL and LPO levels of
the nephritic control group were significantly higher than those
of the normal group (Table 2). Genistein and genistin slightly
suppressed these rises, although the suppression was not signifi-
cant. Liver Ch content was significantly increased by nephritis
induction, but this increase was not significantly changed by
treatment with the isoflavones. In contrast, neither nephritis nor
isoflavones affected liver TG and PL contents (Table 2).

Changes in fecal sterol excretion are indicated in Table 3.
Excretion of feces (dry weight basis) in the nephritic control
group was slightly but significantly increased when compared
with that in the normal group. The same tendency was ob-
served in the excretion of NS and total steroids. Genistein and
genistin exerted little influence on these four parameters.

Figure 3 depicts in vitro effects of genistein and genistin
on lipid syntheses in the liver slices from nephritic rats.
Genistein proved to significantly suppress hepatic Ch synthe-
sis (Fig. 3A) and FA synthesis (Fig. 3B), while its glycoside
genistin showed no (Fig. 3A) or weak (Fig. 3B) inhibitory ef-
fects on Ch and FA syntheses, respectively. 

DISCUSSION

Rats with glomerulonephritis show hyperlipidemia as well as
proteinuria, hypoalbuminemia, and pathological changes of
glomeruli (1–4, 31). Glomerular scarring in this animal model
developed and progressed as in human glomerulonephritis
(17). In the present study, the effects of genistein, a potent and
specific protein kinase inhibitor (32) that occurs naturally in
soy foods, and its glycoside genistin were studied in nephritic
rats with hyperlipidemia. These isoflavones suppressed se-
vere hypercholesterolemia and hypertriglyceridemia in
nephritic rats (Fig. 2). 

Following ingestion, genistin is hydrolyzed in the large in-
testine by the action of bacteria to release genistein (33).
Genistein is rapidly absorbed from the intestine, taken up by
the liver, and excreted into bile as its glucuronide conjugate
(34). These events are consistent with the fact that the hy-
polipidemic action of equimolar genistein and genistin was
almost identical (Fig. 2). The hypocholesterolemic action of
the isoflavones was not due to increased steroid excretion from
the body, since excretion of neither NS nor BA into feces was
enhanced by their administration (Table 3). Lipid syntheses
by liver slices from nephritic rats are significantly enhanced
over those from normal rats (35). Genistein inhibited the in-
creased Ch and FA syntheses by liver slices from nephritic
rats when added to the incubation buffer, whereas genistin did
not (Fig. 3). Genistein reportedly inhibits the hepatocyte
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FIG. 1. Effects of genistein and genistin on urinary protein excretion in
nephritic rats. Each value represents the mean ± SEM for five (genistin)
or six (others) rats.

TABLE 2
Effects of Genistein and Genistin on Serum Albumin Level, Serum Urea Nitrogen Level, Serum Lipid Levels, and Liver Lipid Levels
in Nephritic Ratsa

Nephritis
Measurement Normal Control Genistein Genistin

Serum albumin (g/dL) 4.10 ± 0.08a 2.59 ± 0.19b 3.07 ± 0.15b,c 3.42 ± 0.15c

Serum urea nitrogen (mg/dL) 15.72 ± 1.13 18.81 ± 0.95 16.69 ± 3.15 13.11 ± 1.17
Serum lipids
PL (mmol/L) 2.93 ± 0.10a 10.77 ± 0.97b 9.34 ± 1.62b 8.50 ± 0.88b

LPO (nmol/mL) 3.64 ± 0.09a 10.57 ± 1.55b 7.45 ± 0.60b 8.05 ± 0.90b

Liver lipids (µmol/g liver)
Ch 5.18 ± 0.16a 6.75 ± 0.50b 6.59 ± 0.45a,b 7.21 ± 0.39b

TG 12.32 ± 0.96 17.18 ± 4.01 13.24 ± 2.64 21.35 ± 5.41
PL 35.88 ± 1.85 40.64 ± 1.07 39.21 ± 0.52 38.30 ± 1.00

aEach value represents the mean ± SEM for five (genistin) or six (others) rats. Values not sharing a common superscript roman letter are significantly different
at P < 0.05 by Tukey’s Q test. PL, phospholipid; LPO, lipid peroxide; Ch, cholesterol.



growth factor-stimulated syntheses of lipids and secretion of
lipoproteins in cultured rat hepatocytes (36). These previous
and current in vitro findings suggest that genistein itself
and/or its metabolite(s) may be intracorporal entities that sup-
press hepatic lipid syntheses and also suggest that the sup-
pression of hepatic lipid synthesis may be one mode of the
hypolipidemic action of genistein. In contrast to the present
results, genistin reportedly did not reduce endogenous hyper-
cholesterolemia and hypertriglyceridemia in ovariectomized
rats at doses of 5 and 10 mg/d/100 g body weight (37). This
discrepancy in genistin effect on endogenous hyperlipidemias
between previous and present studies may be attributable to
differences in disease models and hence to differences in
mechanisms by which hyperlipidemias arise. 

In addition to hypolipidemic action, genistein and genistin
improved hypoalbuminemia that was induced in rats with
glomerulonephritis (Table 2). However, urinary albumin ex-
cretion and hepatic albumin mRNA level were not altered by
their administration (data not shown). These findings suggest
that the isoflavones may increase the translational step of al-
bumin synthesis and hence remedy hypoalbuminemia. Fur-
ther studies are required to clarify the mechanisms for the re-
medial effect of isoflavones on hypoalbuminemia.

We demonstrated that amino acid-fortified low (8.5%) soy
protein (11) and low casein (38) diets succeeded in simulta-
neously reducing the three major symptoms in nephritic rats,
i.e., proteinuria, hypoalbuminemia, and hyperlipidemia, with-
out causing severe protein malnutrition. Feeding fish oil, as
compared with corn oil, to nephritic rats fed a 20% casein diet
reduced hyperlipidemia but failed to improve proteinuria and

hypoalbuminemia (10), suggesting difficulties in the simulta-
neous control of proteinuria, hypoalbuminemia, and hyperlip-
idimia by nutrients without restricting protein intake. In the
present study, genistein and genistin were demonstrated to
improve two of the three symptoms simultaneously without
any restriction of protein intake. Thus, isoflavone administra-
tion has the potential to mitigate protein restriction in nephri-
tis treatment.

The doses of genistein and genistin employed in the pres-
ent study seem too high to be obtained from eating soy foods
in everyday life. Provided that other major isoflavones in soy
foods at lower doses are also effective against nephritis, the
ingestion of effective doses of isoflavones may be attainable
from soy foods. Studies on dose-dependent effects of genis-
tein, and genistin as well as on effects of other major isoflavones
in soybean, daidzein and daidzin will clarify this aspect.
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ABTRACT: This experiment was designed to evaluate the ef-
fect of casein or ovomucin (OV) on the micellar solubility of cho-
lesterol and the taurocholate binding capacity in vitro. We also
evaluated the effects of casein or OV on cholesterol metabolism
in rats and Caco-2 cells. OV had a significantly greater bile acid-
binding capacity than that of casein in vitro. Micellar cholesterol
solubility in vitro was significantly lower in the presence of OV
compared to casein. The cholesterol micelles containing OV sig-
nificantly suppressed cholesterol uptake by Caco-2 cells com-
pared to the cholesterol micelles containing casein. Consistent
with these in vitro findings, OV-feeding significantly increased
the fecal excretion of bile acids or cholesterol compared with
casein-feeding. Serum total cholesterol was significantly lower
in rats fed OV than in those fed casein. The concentrations of
total lipids in liver were significantly lower in the OV-fed group
compared with the casein group. These results suggest that the
suppression of cholesterol absorption by direct interaction be-
tween cholesterol mixed micelles and OV in the jejunal epithe-
lia is part of the mechanism underlying the hypocholesterolemic
action of OV. OV may also inhibit the reabsorption of bile acids
in the ileum, thus lowering the serum cholesterol level.

Paper no. L8926 in Lipids 37, 267–272 (March 2002).

Egg protein consists of well-balanced amino acids with high
biological value. However, egg is a cholesterol-rich food whose
use is always strictly or carefully advocated for the prevention
of hypercholesterolemia and its related diseases. As the choles-
terol exists exclusively in the egg yolk, egg white is cholesterol-
free. Egg intake is thought to increase serum cholesterol con-
centrations in experimental animals (1) and humans (2).

Egg white contains a wide variety of proteins such as oval-
bumin, ovomucin (OV), ovotransferrin, and lysozyme (3,4).
Several reports have indicated that the quality and quantity of
dietary protein affect the serum cholesterol level (1,5–9). Only
a few reports have dealt with the effect of egg white protein
(EWP) on the serum cholesterol level in rats (10) and humans
(11). Moreover, the mechanism by which the hypocholes-
terolemic effect of EWP is exerted in rats is not well understood.
Although OV is one of the EWP, there is no information about
the hypocholesterolemic action of OV. In earlier papers (12,13)
we used cultured Caco-2 cells and found that soy protein peptic
hydrolysate (SPH) directly inhibited the absorption of micellar

cholesterol. Our experimental system to evaluate cholesterol
with Caco-2 cells is useful for clarifying the molecular mecha-
nism underlying the mechanism for and effects of OV on cho-
lesterol absorption from the small intestine. We postulate that
OV-induced hypocholesterolemic action may have resulted in
the inhibition of both cholesterol absorption in the intestinal ep-
ithelial cells and ileal reabsorption of bile acids. Thus, we used
Caco-2 cells, rats, or in vitro assays to investigate the effects of
the serum cholestrerol-lowering action of OV.

EXPERIMENTAL PROCEDURES

Preparation of OV. Fresh egg white was prepared from eggs
(White Leghorn hens) according to the method of Xu et al.
(14). OV from fresh egg white was prepared by the method
of Kato et al. (15). Briefly, thick egg white separated from
total egg white using a sieve was homogenized in a Waring
blender for about 5 min and diluted with 3 vol of deionized
water. The mixture was stirred for 1 h and then adjusted to pH
6.0 with 1 mol/L HCl. After the mixture stood overnight at
4°C, OV precipitated in this system and was then lyophilized.

Chemical analyses. Protein content was determined by the
Kjeldahl method (16), with an N-to-protein conversion factor of
6.25. Lipids were extracted by using chloroform/methanol (2:1,
vol/vol) and weighed. Sugar content was determined by the phe-
nol-sulfonic acid method (17). Moisture was determined as the
loss in weight after drying at 105°C for 24 h. Ash content was
determined by the direct ignition method (550°C overnight). As
shown in Table 1, amino acid composition was determined by
the methods described previously (18). Tryptophan content was
determined by the p-dimethyl- aminobenzaldehyde method
(19,20). Casein was generously supplied by the Central Re-
search Institute of Meiji Milk Products Co., Ltd. (Tokyo, Japan).
The chemical composition of casein was as follows (g/kg): pro-
tein, 860; sugar 15; moisture, 110; lipid, 0; and ash, 15. The
chemical composition of OV was as follows (g/kg): protein,
693; sugar 148; moisture, 120; lipid, 0; and ash, 39.

Taurocholate-binding capacities. The binding capacity of
cholestyramine, casein, or OV with taurocholate was measured
by the method described previously (13). The mixtures contain-
ing 1.85 kBq of tauro [carbonyl-14C]cholic acid (sodium salt)
(1.89 Gbq/mmol; Amersham International, Buckinghamshire,
United Kingdom), 0.1 mol/L sodium taurocholate in 5 mL of
0.1 mol/L Tris-HCl buffer (pH 7.4), and 1–500 mg binding 
substances [cholestyramine, casein: casein sodium (Wako Pure
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Chemical, Osaka, Japan), OV] were incubated at 37°C for 2 h,
and the radioactivity in the supernatant (15,000 × g for 15 min)
was measured by liquid scintillation counting.

Micellar solubility of cholesterol and taurocholate. Micel-
lar solubility of cholesterol and taurocholate with proteins in
vitro was measured by the method of Ikeda et al. (21) with
some modifications. Micellar solutions (1 mL) containing 6.6
mmol/L sodium taurocholate, 0.5 mmol/L cholesterol, 1
mmol/L oleic acid, 0.5 mol/L monoolein, 0.6 mmol/L PC,
132 mmol/L NaCl; and 15 mmol/L sodium phosphate (pH
7.4), casein sodium or OV (5 mg/mL, respectively) were pre-
pared by sonication. Then the mixture was incubated at 37°C
for 24 h and ultracentrifuged at 100,000 × g for 60 min at
37°C. The supernatant was collected for the determination of
cholesterol and taurocholate as described previously (13).

Cholesterol absorption in Caco-2 cells. Caco-2 cells were
acquired from the American Type Culture Collection
(Rockville, MD). The cells were maintained DMEM supple-
mented with 10% FBS, 4 mmol/L L-glutamine, 50 IU/mL of
penicillin, and 50 mg/L streptomycin. The cells were incu-
bated at 37°C in a humidified atmosphere of 5% CO2 in air.
The monolayers became confluent 3 to 4 d after seeding at be-
tween 7 × 105 and 1.2 × 106 cells per 100-mm diameter dish,
and the cells were passed at a split ratio of 4 to 8 by trypsiniz-
ing with 0.25% trypsin and 0.8 mmol/L EDTA in PBS. Mono-
layers were grown in 24-well plastic dishes containing 1 mL
of DMEM supplemented with FBS as described previously
(13), fresh medium being added every 2 d. The experiments
described usually used cultures 12–15 d after plating and
were performed in medium-199/Earle’s (GIBCO, Grand Is-
land, NY) containing 1 mmol/L HEPES. Cell viability, as as-
certained by trypan-blue exclusion, was unaffected by any of
the experimental procedures. The number of passages of the
cell line ranged from 70–85.

[14C]-Labeled micellar cholesterol uptake in Caco-2 cells
was measured by the method described previously (13). The

final concentration of each [14C]-labeled micellar solution
(0.5 mL) was as follows: 3.7 kBq [4-14C]cholesterol (2.1
Gbq/m mol; NEN, Boston, MA), 0.1 mmol/L cholesterol, 1
mmol/L oleic acid, 0.5 mmol/L monoolein, 6.6 mmol/L
sodium taurocholate, 0.6 mmol/L PC, casein sodium, and OV
(2.5 mg/0.5 mL, respectively). The micellar solution was
mixed by ultrasonication. 

After 14 d, the cells were rinsed two times with 1 mL of
PBS. A [14C]-labeled micellar solution (0.5 mL) containing
casein sodium or OV was then added to the dishes, which were
incubated at 37°C for 20 min in a CO2 incubator. After this in-
cubation, the cells were rinsed two times with 1 mL of PBS.
The cells were finally lysed in 0.1% SDS solution, after which
7.5 mL of Aquasol-2 (NEN) was added, and the radioactivity
in the cellular debris was counted to determine the amount of
cholesterol absorbed into the cells. The cellular protein was
determined by a commercially available kit (Bio-Rad Protein
Assay; Bio-Rad, Tokyo, Japan). The amount of cholesterol ab-
sorbed into the cells was expressed as pmol/mg protein.

Effects of OV or casein on lipid metabolism in rats (ani-
mals and diets). Male rats of the Wistar strain (Japan SLC,
Hamamatsu, Japan) were used in the present animal studies.
Room temperature was maintained at 22 ± 2°C with a 12-h
cycle of light (0800–2000) and dark. The approval of the Gifu
University Animal Care and Use Committee was given for our
animal experiments. All the rats were housed individually in
metal cages and were allowed free access to food and water.
After acclimation to a commercial stock diet (CE-2; Japan
CLEA, Tokyo, Japan) for 3 d, 5-wk-old rats weighing 115–130
g were divided into two groups of six rats each on the basis of
body weight. The composition of the basal diet recommended
by the American Institute of Nutrition (22) is shown in
Table 2. OV was added to the diet at a nitrogen level equiva-
lent to that of a casein diet at the expense of carbohydrates.
Each group had free access to one of the respective test diets
(Table 2) containing casein or OV as the protein source for
10 d. After 24 h without food, the rats were anesthetized with
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TABLE 1
Amino Acid Compositions of Casein and Ovomucin (OV) (g/kg)

Amino acid Casein OV

Asp 89.5 102.8
Thr 56.2 83.9
Ser 53.8 92.8
Glu 201.6 97.7
Pro 75.6 90.8
Gly 19.8 67.1
Ala 38.8 51.3
Cys 2.4 39.5
Val 61.6 62.2
Met 32.4 21.7
Ile 53.1 45.4
Leu 94.3 64.2
Tyr 26.1 29.6
Phe 38.3 36.5
His 24.8 21.7
Lys 84.8 58.2
Arg 27.9 21.7
Trp 19.0 12.9

TABLE 2
Composition of Experimental Diets (g/kg)

Diet group

Ingredient Casein OVa

Casein 232.56 232.56
OV — 72.15
Lard 50 50
Corn oil 10 10
Mineral mixtureb 35 35
Vitamin mixturec 10 10
Choline chloride 2 2
Sucrose 200.98 176.93
Starch 401.96 353.86
Cellulose 50 50
Cholesterol 5 5
Sodium cholate 2.5 2.5
aSee Table 1 for abbreviation.
bAIN-76 mineral mixture (21).
cAIN-76 vitamin mixture (21).



diethyl ether and killed. Blood was collected by cardiac punc-
ture, and the liver was removed. Fecal collections (d 7–9) were
completed prior to the 24-h food restriction and blood sam-
pling. Feces were used for determining fecal steroids.

Rat lipid analyses. Various lipid concentrations were deter-
mined using commercially available kits as follows: serum and
liver cholesterol with Monotest cholesterol (Boehringer
Mannheim Yamanouchi, Tokyo, Japan); HDL-cholesterol with
HDL-cholestase (Nissui, Tokyo, Japan); serum and liver TG
with Triglycolor III (Boehringer Mannheim Yamanouchi); and
serum phospholipid with Phospholipid C-Test Wako (Wako
Pure Chemical, Osaka, Japan). Liver lipids were extracted by
the method of Folch et al. (23), and total lipids were determined
gravimetrically as described previously (24). Fecal acidic
steroids were measured according to the method of Bruusgaard
et al. (25) and Malchow-Moller et al. (26), whereas fecal neu-
tral steroids were assayed with trimethylsilyl ether by using
1.5% OV-17 with a GC-14A instrument (Shimadzu, Kyoto,
Japan) and 5 α-cholestane as the internal standard (27).

Statistical analysis. Results are expressed as mean ± SEM.
The statistical significance of differences was evaluated by
Student’s t-test (28).

RESULTS

Taurocholate binding capacities. From 200 to 500 mg, the
bile acid-binding capacity of OV was significantly greater
than that of casein (Fig. 1).

Micellar solubility of cholesterol and taurocholate. The
micellar solubility of cholesterol in the presence of OV was
significantly lower than with casein. Micellar solubility of
taurocholate was unchanged (Fig. 2).

Cholesterol absorption in Caco-2 cells. The cholesterol
micelles containing OV induced a significant suppression of
cholesterol absorption in Caco-2 cells compared to the cho-
lesterol micelles containing casein (Fig. 3).

Effects of OV or casein on lipid metabolism in rats. Food
intake, growth rates, and the relative liver weight were unaf-
fected by dietary OV (Table 3). Serum total cholesterol levels
in the OV groups were significantly lower than in the casein
group. The HDL-cholesterol in the OV group tended to in-
crease compared with the casein group. The proportion in the
OV group of HDL-cholesterol to serum total cholesterol
[(b)/(a)], which is known as the atherogenic index, was signifi-
cantly higher than in the casein group. The liver total lipids
level was significantly lower in the OV group than in the ca-
sein group. Fecal dry weight was unchanged by OV feeding.
The fecal excretion of bile acids and cholesterol was signifi-
cantly increased by OV feeding compared with casein feeding.

DISCUSSION

In this study we found, for the first time, that hen egg OV is a
hypocholesterolemic protein. OV clearly demonstrated serum
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FIG. 1. Binding of cholestyramine (▲), casein (■), or ovomucin (●) with tau-
rocholate. Individual values represent means of assays performed in dupli-
cate. Error bars (SEM) are too small to show. Statistical significance com-
pared to casein by Student’s t-test (a, P < 0.05).

FIG. 2. Effect of casein or ovomucin (OV) on micellar solubility of choles-
terol and taurocholate. Each value is expressed as mean ± SEM of three
determinations. Statistical significance compared to casein by Student’s 
t-test (a, P < 0.05).

FIG. 3. Effect of casein or ovomucin (OV) on cholesterol absorption in Caco-2
cells. Each value is expressed as mean ± SEM of five determinations. Statisti-
cal significance compared to casein by Student’s t-test (a, P < 0.001).



cholesterol-lowering effects compared with casein. The major
differences in amino acid compositions between casein and
OV are in the level of glycine and cystine (Table 1). The rela-
tionship between the serum cholesterol-lowering activity of
dietary protein and the amino acid contents of protein has
been reported previously (29–31). Sugiyama et al. (31)
reported a significant negative correlation between blood cho-
lesterol levels and the level of cystine in intact dietary pro-
teins. Thus, as OV contains higher levels of cystine than ca-
sein, the differences in amino acids content may relate to the
differences in serum cholesterol level in the present study.

The amount of OV in egg white is 3.5% (w/w) of the total
EWP. Reportedly, OV, which is macromolecular and a highly
glycosylated glycoprotein, has two subunits, one a protein-
rich α-subunit (M.W. 220 kDa) and one a carbohydrate-rich
β-subunit (M.W. 400 kDa) (15,32). Recent studies suggest
that OV exhibits both antiviral (18,33) and antitumor
activities (4). All the sialic acid present in OV was described
as N-acetylneuraminic acid (34). Previous studies (4,18,33)
discussed the relationships between the N-acetylneuraminic
acid of OV and its physiological activity. Our preliminary ob-
servations suggested that cholesterol absorption in Caco-2
cells or micellar solubility of cholesterol is unaffected by the
N-acetylneuraminic acid in vitro. Whether the hypocholes-
terolemic action induced by OV in vivo is related to N-acetyl-
neuraminic acid is currently being studied. 

Taking dietary utilization of OV into account, OV is ap-
propriate to use as a supplement in the diet containing an ad-
equate protein rather than a main protein source in the diet. It
is not easy to prepare a large amount of OV, which contains

only 3.5% (w/w) of the EWP. Thus, we simply added OV to
the casein diet (20% casein), increasing the protein content of
the diet (Table 2). We also found that the serum cholesterol
level was significantly decreased in rats fed the diet contain-
ing 15% casein supplemented with 5% OV compared to that
of 20% casein diet (Nagaoka, S., and Watanabe, K., unpub-
lished results).

It has been postulated that the degree of serum cholesterol-
lowering activity depends on the degree of fecal steroid excre-
tion (acidic steroids + neutral steroids) (35). The present study
demonstrated a higher fecal excretion of cholesterol (11.4%
change) and acidic steroids by OV feeding (Table 3), indicat-
ing that the effect is due at least in part to an enhancement of
fecal steroid excretion. Smith (36) reported that human gall-
bladder mucin binds to cholesterol in model bile. Thus, we
speculate that an increased fecal excretion of cholesterol may
be induced by the binding of cholesterol to OV in the intes-
tine. There have been many studies on the hypocholes-
terolemic effects of proteins except for OV, most of which em-
phasized the hypothesis that a peptide with binding capacity
to bile acid could inhibit the reabsorption of bile acid in the
ileum and decrease the blood cholesterol level (37). These
possibilities may be applicable to the case of OV on the basis
of the evidence of fecal bile acid excretion (Table 3) and tau-
rocholate-binding capacity (Fig. 1) in the present study.

Cholesterol is rendered soluble in bile salt-mixed micelles
and then absorbed (38). The present study indicated that the
micellar solubility of cholesterol in the presence of OV was
significantly lower than with casein. Very interestingly, we
found for the first time that the presence of SPH (13) or 
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TABLE 3
Effects of Dietary Casein and OV on Body and Liver Weights, Food Intake, 
Serum and Liver Lipids, and Fecal Steroid Excretion in Ratsa

Diet group

Casein OV

Body weight gain (g/10 d) 25.9 ± 1.1 22.4 ± 2.5
Liver weight (g/100 g body wt) 3.81 ± 0.06 3.61 ± 0.07
Food intake, d 6 (g/d) 14.2 ± 0.7 13.6 ± 0.6
Serum (mmol/L)

Total cholesterol (a) 2.83 ± 0.21 1.96 ± 0.07b

HDL cholesterol (b) 0.53 ± 0.04 0.66 ± 0.06
LDL + VLDL cholesterol 2.30 ± 0.22 1.30 ± 0.08b

Atherogenic index: (b)/(a) (mol/mol) 0.19 ± 0.02 0.34 ± 0.03b

TG 0.38 ± 0.04 0.37 ± 0.03
Phospholipids 1.13 ± 0.08 1.04 ± 0.05

Liver
Total lipids (mg/g liver) 142.8 ± 4.41 124.0 ± 2.47b

Cholesterol (µmol/g liver) 70.8 ± 2.4 66.9 ± 3.2
TG (µmol/g liver) 26.8 ± 2.9 24.8 ± 2.1
Phospholipid (µmol/g liver) 118.8 ± 3.2 98.7 ±1.6

Feces
Dry weight (g/3 d) 2.42 ± 0.06 2.58 ± 0.10
Cholesterol (µmol/3 d) 252.5 ± 6.7 281.3 ± 9.5c

Bile acids (µmol/3 d) 126.5 ± 5.8 151.9 ± 7.2c

aMean ± SEM of six rats. For abbreviation see Table 1.
bSignificantly different from casein group at P < 0.01.
cSignificantly different from casein group at P < 0.05.



β-lactoglobulin tryptic hydrolysate (LTH) (39) significantly
suppressed micellar solubility of cholesterol in vitro. Sitos-
terol (21), sesamine (40), or catechin (41) also lowered the
micellar solubility of cholesterol in conjunction with the
serum cholesterol-lowering effects in rats. These findings,
including those with OV, suggest that the suppression of mi-
cellar solubility of cholesterol induces the inhibition of cho-
lesterol absorption in the jejunum, and this may be closely re-
lated to the lowering action of serum cholesterol. As shown
in the cases of OV, LTH (39), or SPH (13), other dietary pro-
teins or peptides may also affect such solubility.

In recent studies, monolayers of Caco-2 cell cultures were
used as a model system to examine the process of lipid me-
tabolism (42–44). For example, Field et al. (42) reported that
Caco-2 cells, like the small intestine, had the ability to absorb
micellar cholesterol and to express marker enzymes such as
alkaline phosphatase as small intestinal epithelial cells. The
experiments described usually used cultures 12–15 d after
plating. This is optimal to determine the cholesterol uptake of
the Caco-2 cell culture concomitant with the optimal expres-
sion of marker enzymes as small intestinal epithelial cells. In
our previous paper (12), we found by using the Caco-2 cul-
tured cell strain that the cholesterol micelles containing SPH
(12) or LTH (39) significantly suppressed cholesterol absorp-
tion by Caco-2 cells in vitro. There is no information about
the effects of OV on cholesterol absorption. We therefore
used Caco-2 cells or rats to investigate the mechanisms of the
serum cholesterol-lowering action of OV. Our experimental
system to evaluate cholesterol absorption with Caco-2 cells is
very useful for clarifying the molecular mechanism underly-
ing the inhibitory effect of OV on cholesterol absorption from
the small intestine, which was previously unknown. There
have so far been a few experimental studies to evaluate some
effects of proteins or peptides on cholesterol absorption by
using cultured intestinal cells (12,13,39).

In this study, we found that OV lowers serum cholesterol lev-
els in rats and inhibits cholesterol absorption in Caco-2 cells.
The present results suggest that the suppression of cholesterol
absorption by direct interaction between cholesterol-mixed mi-
celles and OV in the jejunal epithelia is part of the mechanism
of hypocholesterolemic action induced by OV. Whether OV mi-
celles act directly to lower cholesterol absorption in rat jejunum
epithelium in vivo is currently being studied.

There have been many studies on the hypocholesterolemic
effects of proteins, most of which emphasized the hypothesis
that a peptide with high bile acid-binding capacity could inhibit
the reabsorption of bile acid in the ileum and decrease the blood
cholesterol level (ileal effects). These possibilities may be ap-
plicable to the case of OV on the basis of the evidence of fecal
bile acid excretion and bile acid-binding capacity in this study.
Fecal excretion of bile acids was significantly increased by OV
feeding compared with casein feeding, and the bile acid-bind-
ing capacity of OV was significantly greater than that of casein.
However, our earlier studies (13,39), together with this study,
suggest that the reduction of micellar solubility of cholesterol,
which may cause the suppression of cholesterol absorption by

direct interaction between cholesterol-mixed micelles and OV
in the jejunal epithelia, is part of the mechanism of hypocho-
lesterolemic action induced by OV (jejunal effects). Thus, the
hypocholesterolemic action of OV may involve both jejunal
and ileal effects.

This study clearly indicates the hypocholesterolemic ac-
tion of OV compared to casein in the animal model. Present
findings concerning the hypocholesterolemic action of OV
may enhance both industrial utilization of egg or egg proteins
and their value for health enhancement.
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ABSTRACT: In this manuscript we report a study of the trans-
port of FA in L6 muscle cells. Cultured L6 cells took up labeled
FA (C10 to C20) as a linear function of time up to 15 min. There-
after, the rate of uptake gradually declined although it persisted
for at least 12 h after the addition of the substrate. Kinetic param-
eters (Km, Vm, and ko) were determined from a fitted Michaelis–
Menten-type equation modified by a term for a saturable (linear)
component of the measured total uptake. Vm values were differ-
ent for some of the FA studied, and Km data showed significant
differences between saturated and unsaturated FA. The maximal
rate of uptake was observed at pH 7.40 for decanoate, palmitate,
and eicosatrienoate. Uptake was significantly influenced when
the pH of the incubation medium was changed. Experiments de-
signed to study the influence of FA/albumin molar ratio indicated
that Vm was dependent on the total (bound and free) concen-
tration of the FA. A concentrative uptake was demonstrated in
short-term experiments with an apparent plateau of 20 and 40
µM for palmitate and eicosatrienoate, respectively. A competitive
inhibition was also observed between palmitate as substrate and
the other FA. From our results we can postulate that the uptake of
FA in L6 cells is the sum of passive diffusion plus a saturable com-
ponent and that the rate of uptake is dependent on one (or more)
protein structures, although their precise characteristics and func-
tions remain to be elucidated.

Paper no. L8740 in Lipids 37, 273–283 (March 2002).

FA bound to albumin and serum lipoproteins represent the
most suitable form in which to transport fat for its utilization.
Different types of cultured cells are able to carry out the up-
take and metabolism of FA. It was previously demonstrated
that in cardiac myocytes the oxidation of long-chain FA is the
predominant source of energy necessary for proper electro-
chemical function (1). As the capacity of this kind of cells to
store FA in lipid pools is very limited, myocytes are depen-
dent on a continuous supply of these substrates from the
blood stream (2). The L6 rat skeletal muscle cell line would
share similar metabolic characteristics with cardiac myocytes;

as a consequence, it may be a useful experimental model to
investigate FA uptake.

Prior to their cellular uptake, FA must be dissociated from
albumin, then they go through the plasma membrane. The driv-
ing force for this process is considered to be the concentra-
tion gradient existing across the biomembrane (1–4). Previous
papers support the conclusion that transmembrane transport
is governed by simple, nonfacilitated diffusion (2–6). How-
ever, it was also suggested that the plasma membrane fatty
acid-binding protein (FABP), an FA transport protein, and a
membrane translocase found in myocytes (2,7–11) would be
involved in the FA uptake. However, the role of FABP re-
mains a matter of discussion since transfection of L6 muscle
cells with FABP-cDNA does not modify FA uptake (12). In
addition, it was reported that high-affinity albumin-binding
sites would participate in this process (13,14). Luiken et al.
(2) recently discussed the idea that FA uptake in isolated
cardiac myocytes would be the result of both passive and pro-
tein-mediated processes. At present no general agreement ex-
ists on this matter, and the exact mechanism of transmem-
brane transport of FA is still a topic of controversy. Contrary
to previous results, which supported the idea of passive diffu-
sion of FA into transformed cells (15), our findings favor a
facilitated transport system operating in these skeletal muscle
cells.

MATERIALS AND METHODS

Chemicals. [1-14C]FA (98–99% pure, 50–60 mCi/mmol)
were obtained from American Radiolabeled Chemicals, Inc.
(St. Louis, MO). Unlabeled FA were provided by Nu-Chek-
Prep (Elysian, MN). All acids were stored in benzene under
an atmosphere of nitrogen at −20°C. Concentrations and pu-
rities were routinely checked by both gas–liquid radiochro-
matography and liquid-scintillation counting. Mass determi-
nations were performed by GLC of FAME prepared in the
presence of internal standards. FAME mixtures, HEPES
delipidated serum albumin (BSA; fraction V from bovine),
minimum essential medium Eagle (MEM) with Earle’s salts,
nonessential amino acids, L-glutamine, choline chloride, fetal
bovine serum (FBS), Earle’s balanced salts, and improved
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minimal essential medium-zinc-optional (IMEM-Zo) were
obtained from Sigma Chemical Co. (St. Louis, MO). All sol-
vents were RPE grade and provided by Carlo Erba, Milano,
Italy. Silicagel G-60 plates for TLC were provided by Fluka-
Riedel-de Häen, Darmstadt, Germany. Other chemicals used
were reagent grade and obtained from commercial sources.

Cell culture and experimental procedure. L6 muscle cells
were grown in surface cultures in approximately 30 cm2

flasks at 37°C with 5 mL MEM supplemented with 10%
(vol/vol) FBS, 0.30 g/L glutamine, and 25 mM HEPES. When
the cells were at the logarithmic phase of growth (approxi-
mately 72 h after seeding), the culture medium was replaced
by IMEM-Zo minus linoleic acid and containing HEPES (25
mM final concentration). The cells were maintained in this
medium for 24 h. Then the medium was aspirated and re-
placed by fresh medium at 37°C supplemented with different
FA at various final concentrations. The FA were added as
sodium salts bound to delipidated albumin according to Spec-
tor et al. (15). The uptake process was stopped following the
method of Samuel et al. (16). After aspiration of the medium,
the cells were washed twice with 5 mL of cold Earle’s bal-
anced salt solution containing 0.5% BSA. All operations were
performed within 20 to 25 s. Control flasks were supple-
mented with defatted BSA at the same concentration used in
the experimental ones. Radioactivity recovered in the last
wash routinely represented 4 to 7% of the total radioactivity
remaining bound to the cells. Cells were washed and then
treated with 2 mL of 0.1 N NaOH and immediately shaken to
produce cellular lysis. The resulting lysates were transferred
to ice-cold tubes, and the culture flasks were washed twice
with 1 mL each of 0.1 N NaOH. After stirring of the pooled
solutions, an appropriate aliquot was directly transferred into
scintillation vials containing 10 mL of ACS II Scintillation
Cocktail for aqueous samples from Amersham Pharmacia
Biotech (Buckinghamshire, England). A Beckman LS-5801
Liquid Scintillation Counter with 95% efficiency for 14C was
used. Counting of cellular-associated radioactivity by this
method gives results similar to those obtained by extraction
of total cellular lipids following the procedure of Folch et al.
(17). Another aliquot of the cellular lysates was taken for pro-
tein measurement following the method of Lowry et al. (18).
Differences in the uptake values of flasks from the same ex-
perimental group did not exceed 5%. Lipid analyses were per-
formed on cellular pellets obtained from surface cultures of
L6 cells during the logarithmic phase of growth. The attached
cells were mechanically scraped off from the growing surface
through the use of a rubber-tipped spatula. After centrifuga-
tion at 500 × g for 10 min in the cold, the pellet was washed
again with 10 mL of Earle’s balanced saline solution and cen-
trifuged as described before. The final pellet was extracted
according to the method of Folch et al. (17). Neutral and polar
lipids were further isolated from the total lipid extract by sili-
cic acid microchromatography (Bio-Rad Laboratories, Rich-
mond, CA) according to the method of Hanahan et al. (19).
The total amount of lipids in each fraction was determined
gravimetrically (20). Samples for GLC were transesterified

and analyzed as previously described (21). Lipid analyses
performed on culture medium were carried out after filtering
through a 0.22 µ SM-11307 Sartorius Membranefilter (Göt-
tingen, Germany) to remove cell debris. The filtrates were
lyophilized, and the residual components extracted by the
method of Folch et al. (17). The procedures employed for
TLC analysis were described previously (22). In some exper-
iments the initial rate of FA uptake was determined in modi-
fied incubation media. To study the effect of sodium concen-
tration on uptake, we followed the procedure of Stremmel,
Strohmeyer and Berk (23). A buffer containing 0.4 mM
KH2PO4, 0.3 mM K2HPO4, and 15 mM HEPES at pH 7.40
was employed instead of IMEM-Zo medium. The desired
concentration of NaCl or substitutes, such as choline chloride,
KCl, CaCl2, or MgCl2, was added and, in order to perform the
incubations at the same osmolarity (285 ± 5 mOsm/kg H2O),
all media were checked by a Semi Micro Osmometer A-800
from Knauer GmbH (Berlin, Germany). Cell viability was as-
sessed by the exclusion test of trypan blue (>96%) (24). 

Software and calculations. Data are reported as the mean
± SE calculated from three or four independent analyses. The
software used for statistical studies (correlation coefficient
for nonlinear curve fitting, linear regressions, Student t-test,
and ANOVA) and other calculations was Systat (version 8.0
for Windows) from SPSS Science (Chicago, IL). Data were
also plotted and analyzed using Sigma Scientific Graphing
Software (version 8.0) from Sigma Chemical Co. Graphics
were constructed considering the amount of uncomplexed FA
(UFA) in the presence of BSA. The UFA concentrations were
calculated on the association constants determined by Spec-
tor et al. (25–27) for 12:0, 16:0, 18:0, and 18:2n-6 FA using a
personal computer. In the case of the UFA, 18:3n-3 and
20:3n-6, the UFA concentrations were measured in separate
experiments (in the absence of cells) by the two-phase parti-
tioning method using heptane as the organic phase as de-
scribed by Spector et al. (27–29). These measurements were
performed with a fractional standard error among indepen-
dent determinations of 2.5% or less. Uptake data were fitted
to a modified hyperbolic function of the calculated UFA con-
centrations using the software mentioned before. During the
data fitting, care was taken to find both global minima in the
sum of squares and the best nonlinear regression coefficient.
We found that, for all the FA studied, our results were best fit-
ted by the following modified hyperbolic equation:

UT = Vm[UFA]/(Km + [UFA] + ko [UFA]) [1]

where UT is the global uptake expressed in nmol FA/min/mg
cellular protein, [UFA] is the UFA concentration in the pres-
ence of a specific BSA concentration (nM), Km is the UFA
concentration at a half-maximal uptake rate (nM), Vm is the
maximal uptake rate of the saturable uptake component
(nmol/min/mg cellular protein), and ko is the rate constant for
the linear (nonsaturable) component (µL/min/mg cellular
protein). The same equation can be expressed as the sum of
two components, one of them with a saturable behavior
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(rectangular hyperbola) and the other as an unsaturable com-
ponent (a linear function of UFA concentration):

UT = (Vm [UFA]/(Km + [UFA])) + ko´ [UFA] [2]

Both equations were essentially identical to those employed
by Trigatti and Gerber (14) and Stump, Fan, and Berk (30),
and both of them gave statistically identical results for calcu-
lation of the kinetic parameters. Nonlinear correlation coeffi-
cients (R2) were within the range 0.980 to 0.997 depending
on the FA studied.

RESULTS

Owing to the significant modifications of the FA composition
evoked by the culture time in complete medium (data not

shown), the experiments described in this work were carried
out using cultured monolayers of L6 muscle cells during the
early logarithmic phase of growth (approximately 72 h after
seeding). We chose for our experiments various FA of differ-
ent chain length and degree of unsaturation. Experimental pa-
rameters such as the FA concentration, specific activities, and
incubation times were determined by testing the initial rate of
uptake under different assay conditions. When the time
course of FA uptake was studied under physiological condi-
tions, i.e., at exogenous concentrations of FA and albumin of
20 and 5 µM (FA/BSA equal to 4:1), a rapid initial phase was
observed for all substrates studied (Fig. 1A). This uptake was
measurable within 30 s after FA addition (Figs. 1B and 1C)
and linear with time for at least 15 min (Fig. 1A). Thereafter,
the rate of uptake gradually declined for those FA from C14
to C20. In contrast, the period of linear uptake was longer for
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FIG. 1. The time course of FA uptake was determined in L6 cells using confluent monolayers
of myocytes at an early logarithmic phase of growth. They were incubated in improved mini-
mal essential medium-zinc optional (IMEM-Zo) medium with different FA (fixed initial con-
centration 20 µM) bound to delipidated albumin (FA/BSA molar ratio 4:1) and analyzed on
cellular uptake at the times indicated. Samples were taken from 0 to 180 min (A) or registered
during the initial 180 s at 30-s intervals (B and C). For details see Materials and Methods sec-
tion. Data are the mean ± SEM of three experiments.



shorter-chain FA (C10 and C12). For all the substrates studied,
uptake was observed for at least 8–12 h (data not shown). It
may be suggested that the fall-off in the rate of uptake could
be the result of a toxic effect of the FA on the cells (3). After
taking into account this possibility, the kinetic data were de-
termined in the 0–3 min period after the FA addition. Exclu-
sion of trypan blue was routinely performed for each deter-
mination, leading to the observation that more than 96% of
cells were viable in all assays. Figure 2 shows the initial up-
take rates for various FA as a function of the UFA concentra-
tion in the incubation medium calculated as mentioned in the
Materials and Methods section. We chose the initial concen-
tration of FA and BSA to obtain similar sets of UFA concen-
trations within the range 0 to 900 nM for each FA studied.
Calculations for initial uptake rates were made from the
slopes of the cumulative linear regressions curves over the
first 3-min incubation period. As explained before, the uptake
rates were fitted best (R2 within the range 0.980 to 0.997) by

the sum of the saturable (hyperbolic) plus nonsaturable (lin-
ear) components for all the FA studied. Computed values for
the kinetic parameters obtained from these plots are presented
in Table 1. Vm values varied from 0.55 ± 0.03 to 1.80 ± 0.11
nmol·min−1·mg cellular protein−1, and they were different
from each other for the saturated FA studied. Results indicate
that, in the case of the saturated FA, Vm values increased with
the length of the carbon chain. Vm data for the UFA were very
similar to each other, and these values were between those of
palmitic and stearic acids. In the case of the Km data, we also
found significant differences between unsaturated FA (133 ± 7,
130 ± 8, and 128 ± 6 nM for linoleate, γ-linolenate, and di-
homo-γ-linolenate, respectively) and saturated FA (75 ± 4, 71
± 3, and 68 ± 3 nM for C12, C16, and C18, respectively) (Table
1). From these kinetic parameters, it is possible to calculate
the ko constant and the percentage contribution of the uptake
that is ascribed to the saturable component of the global
kinetic behavior (Table 1). When the FA/BSA molar ratios
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FIG. 2. Initial uptake rates of various [1-14C]FA as a function of the uncomplexed FA (sub-
strate) concentration in the incubation medium. Monolayers of cultured L6 cells in IMEM-Zo
medium were incubated at 37°C for 3 min with various concentrations of the indicated FA
(fixed initial concentrations from 0 to 500 µM) bound to delipidated BSA. The resulting FA/BSA
molar ratios varied from 0.2:1 to 4:1. The resultant uncomplexed FA (UFA) concentrations
were within the range 0 to 1000 nM; they were calculated, or experimentally determined, as
indicated in the Materials and Methods section. The initial uptake rates were obtained from
the linear regression slopes of the cumulative uptake curves over the initial 3-min incubation
period and were fitted by a computer program to a nonlinear hyperbolic curve containing a
term for nonsaturable uptake. (●), Experimentally measured total FA uptake; (—), computer-
fitting of experimental data; (–..–..), saturated uptake component; and (-----), nonsaturated up-
take component. Values are the means ± SEM of three independent measurements. For abbre-
viation see Figure 1.



were maintained below 4:1, the linear component contributed
14 to 34% of the observed (total) uptake. The contribution ob-
served for C18 FA was of lesser extent than those from the
other ones (Table 1). Within the saturated FA, the contribu-
tion of the nonsaturable uptake correlates inversely with the
chain length, whereas in the case of the unsaturable FA this
parameter remains almost constant (Table 1).

A series of experiments was designed to study the influ-
ence of FA/BSA molar ratio on the rate of uptake. To under-
stand the role of BSA in the uptake of a saturated (palmitate)
and an unsaturated (eicosatrienoate) FA, we performed some
experiments at various concentrations of UFA in the incuba-
tion medium. The FFA concentration was selected to avoid
exceeding its solubility (31,32). The incubations were per-
formed at variable or fixed BSA concentrations (Fig. 3). In
this setting, [14C]palmitate or [14C]eicosatrienoate at a fixed
concentration was complexed to BSA at various concentra-
tions or a BSA at a fixed concentration was complexed to FA
at increasing concentrations producing a FA/BSA molar ratio
that varied between 0.25:1 and 6:1 (Fig. 3, circles). Alterna-
tively, the FA/BSA molar ratio was maintained constant at 6:1
as the FA concentration was increased (Fig. 3, squares). This
provided various calculated UFA concentrations within the
range 0 to 900 nM. Another uptake curve was obtained in the
absence of BSA (Fig. 3, triangles). Results indicate a clear
dependence of the uptake on the presence of BSA in the in-
cubation medium. However, no significant differences were
observed at the initial rate of uptake when the FA/BSA molar
ratio was varied from 0.25:1 to 6:1. The uptake in the absence
of BSA was clearly decreased with respect to that observed
in the presence of the protein, and in this case, results were
best fitted to a linear regression (Fig. 3, triangles). 

The optimal pH for initial rates of uptake was found to be
around 7.40 for decanoate, palmitate, and eicosatrienoate
(Fig. 4). It is important to remark that we found maximal up-
take at physiological pH for the three FA studied. Changing
the pH of the incubation medium had the largest influence on
the uptake of palmitate.

No differences were observed for the initial rates of uptake
when using a medium supplemented with glucose (10 mM).
We also found that the omission in the medium of K+ (re-

placed by Na+) or Ca2+ (replaced by Mg2+) had no significant
influence on the rate of any of the FA studied (data not
shown). However, when we examined the uptake of palmi-
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TABLE 1
Kinetic Parameters Obtained from the Uptake of FA in L6 Cellsa

FA Vm
b Km

b ko
c %NSCd

12:0 0.55 ± 0.03 75 ± 4 0.38 ± 0.02 34 ± 2
16:0 0.91 ± 0.05 71 ± 3 0.35 ± 0.03 20 ± 1
18:0 1.80 ± 0.11 68 ± 3 0.37 ± 0.03 14 ± 1
18:2n-6 1.11 ± 0.10 133 ± 7 0.25 ± 0.02 17 ± 2
18:3n-3 1.22 ± 0.13 130 ± 8 0.26 ± 0.03 17 ± 3
20:3n-6 1.40 ± 0.08 128 ± 6 0.37 ± 0.04 20 ± 2
aThe kinetic parameters (Vm, Km, and ko) for each curve from Figure 2 were generated from a
weighted least-squares calculation fitted from the individual data points for each FA by means of a
Michaelis–Menten-type equation containing the term ko·[UFA] for nonsaturable (linear) uptake.
bnmol·min−1·mg cellular protein−1.
cnM.
dµL·min−1·mg cellular protein−1.
ePercentage contribution of the nonsaturable uptake component. UFA, uncomplexed FA; NSC, non-
saturable component.

FIG. 3. L6 cells (approximately 3·106 cells in 4 mL final incubation vol-
ume) were incubated at 37°C with labeled palmitic (A) or eicosa-
8,11,14-trienoic (B) acid. Incubations were conducted at variable
FA/BSA molar ratios (0.75:1 to 6:1) (●) or at a fixed ratio of 6:1 (■).
Other curves were obtained in the absence of albumin (▲). Uptake was
measured as described in the Materials and Methods section and in the
legend to Figure 1. Data are the mean ± SEM of three determinations.



tate and eicosatrienoate under the effect of isosmotic Na+ sub-
stitution with different proportions of choline chloride to
achieve 285 ± 5 mOsm/kg H2O in all incubation flasks, the
influx of FA was significantly depressed in a nonproportional
fashion (Fig. 5). A major effect was observed with complete
substitution of Na+ for choline chloride added at a final con-
centration of approximately 135 mM. The resultant uptake
values were significantly depressed within the range 0 to 50
mM Na+ compared to the values measured at 140 mM.

Table 2 shows the specific activities of labeled palmitic and
eicosatrienoic acids in the medium after the incubation of the
L6 cells from 1 to 5 min. The medium of each experiment was
saved, and the unesterified FA were separated by TLC, methy-
lated, and analyzed by quantitative GLC as described in the
Materials and Methods section. We found no significant
changes in the specific radioactivity of the FA assayed, al-
though up to 23% of the exogenous acid was taken up by the
cells. These results are in favor of a net uptake of FA rather than
an exchange with FA previously present in the cells.

We carried out another type of experiment by analyzing the
composition and the concentrations of the different UFA in
both the culture medium and the L6 cells. Results obtained
clearly demonstrated that these cells do take up FA very effi-
ciently from the culture medium. Moreover, a concentrative
uptake could be demonstrated in short-term experiments con-
ducted at different FA concentrations of FA under conditions
where the substrates were mainly present as their unesterified
form (Fig. 6). As expected, this concentrative uptake declined
as the concentration of the acid increased. Apparent plateaus
were reached at 20 and 40 µM of external FA concentration for
palmitate and eicosatrienoate, respectively (Fig. 6).

During FA uptake of L6 cells, a competitive inhibition
takes place between palmitate as substrate and the other FA.
In these experiments the initial rates of uptake for [1-
14C]palmitate were determined at total concentrations of 16:0
varying from 0 to 200 µM (UFA concentrations within the
range 0 to 500 nM) with an FA/BSA molar ratio equal to 4:1,
and in the simultaneous presence of different unlabeled FA as
competitors added to the incubation medium at uncomplexed
concentrations of 100 to 300 nM (approximately one to four
times the Km for the uptake of palmitate). Data were
processed to obtain Dixon plots (21,33), and the kinetic pa-
rameters that characterized each incubation (Vm and Ki) were
calculated with the aid of the graphic software mentioned be-
fore. Dixon plots were constructed as the inverse of the initial
velocities vs. inhibitor concentrations (Fig. 7). These types of
kinetic analysis are frequently used to identify kinetic inhibi-
tion and to determine “αKi” and “Ki” values (33). The veloc-
ity equation for pure or mixed-type competitive inhibition may
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FIG. 4. Initial rates of FA uptake were determined in L6 cells incubated
in IMEM-Zo medium buffered at different pH values. Vo values
(nmol/min/mg of cellular protein) were determined at an FA/BSA molar
ratio of 4:1 after a 3-min incubation period at 37°C. Data are the mean
± SEM of three determinations.

FIG. 5. The influence of sodium ion concentration on initial uptake ve-
locity (Vo) of [1-14C]palmitate (▲) or [1-14C]eicosa-8,11,14-trienoate
(●) was studied in a buffered IMEM-Zo medium (pH 7.40) containing
the indicated Na+ concentrations (as NaCl) plus sufficient choline chlo-
ride salt to achieve a total osmolarity of 285 ± 5 mOsm/kg H2O in all
flasks. Vo values (nmol/min/mg of cellular protein) were determined at
an FA/BSA molar ratio of 4:1 after a 3-min incubation period at 37°C.
Values are the mean ± SEM of three determinations. (*) P < 0.01 with
respect to the Vo values measured at 140 mM sodium. For abbreviation
see Figure 1.



be converted into a linear form in which the varied ligand is the
concentration of the FA added as competitor. The regression
lines obtained at different substrate (palmitate) concentrations
have positive slopes that are given by Km/[S]·Vm·Ki. Since Km,
[S], and Vm are constants, the slopes are inversely proportional
to Ki. By drawing a horizontal line at a height of 1/Vm, these
lines can be intercepted at the −[FA] (FA added as competitor),
representing the kinetic parameter Ki. Results from Table 3 and
Figure 7 indicate a competition between the FA for entry into
the cells, since the presence of another FA in the incubation
medium is accompanied by a decrease in palmitate uptake. The
analysis of Dixon plots (Fig. 7) suggests that this inhibitory ef-
fect belongs to the type called “pure competitive” (33) with Ki
values within the range 141 to 218 nM depending on the FA
tested as competitor (Table 3). The values found when these
FA were present either as substrates or as competitors strongly

suggest that they can interact with the same molecular system
as palmitate, thus  displaying a similar affinity.

DISCUSSION

It is generally assumed that the uptake of FA by mammalian
cells occurs by passive diffusion (3,4,21). Active transport of
FA has been described in bacteria and yeast (34). Active
transport of FA in cardiac cells from chick embryo (16) or
adult rats (2) has also been suggested. In addition, other au-
thors reported a direct involvement of BSA (13,14,35), mem-
brane proteins (23,35,36) and various cytosolic proteins
(2,35,37–45) in the uptake of FA. However, up to now, the
mechanism of cellular uptake of FA has been a controversial
question that probably involves both a passive and a carrier-
mediated transmembrane translocation (35,46,47). In the pres-
ent paper, the experimental evidence indicates that in cultured
myoblastoma cells a net uptake of FA occurs through a sat-
urable transport system. Results from Figure 2 and Table 1
clearly show that the saturable component of the FA uptake
exhibits a rather high affinity for C12 to C20 FA, with differ-
ent initial velocities depending on the length of the carbon
chain and/or unsaturation degree. After comparing results from
other laboratories—recalculated using the same units—we
observed that Vm values for some of the FA studied approached
previously reported rates (3,7,23), and Km for net uptake
seems to be above the physiological concentrations on non-
BSA-bound FA in plasma (25,35,48,49). Stearic acid has a
Vm that is almost three times greater than that of 12:0; taking
into account that one million L6 cells equals ca. 0.8 mg of
cellular protein, this value is very similar to that reported by
Stremmel (7) for oleic acid in cardiomyocytes. Moreover, we
found that Km data increased significantly with chain length
from C12 to C18 (Table 1) in a way similar to that suggested
by DeGrella and Light (3). Km values showed clear differ-
ences between saturated FA and UFA (Table 1). Interpreta-
tion of these results may be carried out from different points
of view, but we think they, may indicate the existence of a
membrane-associated transport system with appropriate ca-
pacity to meet the needs of L6 cells for FA as metabolic pre-
cursors or as a source of energy.

Transmembrane FA transport could be linked to some
ATP-consuming process such as conformational changes of
membrane-associated proteins, or co-transport with—for
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TABLE 2
Specific Activity of the Incubation Medium After FA Uptake by L6 Cellsa

Time FA Uptake Uptake Specific activity
(min) (10 µM) (nmol/mg) (%) (dpm/nmol)

1 16:0 0.66 ± 0.05 4.0 3106 ± 195
5 16:0 1.75 ± 0.22 10.5 2967 ± 114
1 20:3n-6 1.50 ± 0.31 9.0 3110 ± 142
5 20:3n-6 3.80 ± 0.44 23.0 2807 ± 232
aFA were incubated at 10 µM initial concentration as albumin complexes (FA/BSA molar ratio equal
to 4:1) with 3·106 cells (approximately 3 mg of cellular protein) at the times indicated. The incuba-
tion media were saved and analyzed as described in the Materials and Methods section. Each value
is the mean ± SEM of four determinations.

FIG. 6. FA uptake was determined in L6 cells incubated in IMEM-Zo
medium supplemented with various concentrations of palmitate (▲) or
eicosa-8,11,14-trienoate (●) bound to delipidated albumin (FA/BSA
molar ratio 4:1). After 4 min of incubation, radioactivity was quantified
in both cells (D) and media (F) as described in the Materials and Meth-
ods section. Data are the mean ± SEM of three analyses. For abbrevia-
tion see Figure 1.



instance—Na+ (23,35,50–52). Although the available data
from liver and cardiac muscle cells indicate that Na+-depen-
dent transport of FA represents a minor portion of total up-
take, previous reports from other laboratories (23,35,50,51)
and the present paper (Fig. 5) indicate a direct relationship

between FA uptake and sodium availability. The fact that FA
uptake is facilitated specifically in the presence of Na+ sug-
gests that L6 cells have a sodium-linked system for FA influx
that may be dependent on Na+/K+-ATPase, similar to what had
been found for the hepatocellular uptake of oleate previously
reported by Stremmel et al. (23).

It is well-known that changing pH is a simple but potent
strategy for altering the amount of FA partitioning into the
biomembrane. The UFA is composed of anions and undisso-
ciated acid, but in practice, the total UFA concentration is
considered to be the free anion concentration (27). This ap-
proach would be entirely valid if the pH of the medium is 7
or higher because the pKa of FA is thought to be about 4.8 to
5.0 (27). For this reason, within the range of physiological pH
values a considerable portion of total FA may be un-ionized.
As reviewed by Spector (27), binding of FA to BSA is in-
creased significantly when the pH of the medium is raised
from 6.5 to 8.2. This would be reflected in the relative pro-
portion between free and complexed FA. As discussed by
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FIG. 7. Competition experiments were performed in the presence of labeled palmitate (0 to 200 µM total concen-
tration; FA/BSA molar ratio equal to 4:1) and different unlabeled FA (12:0, 18:0, 18:2, and 20:3) as competitors at
three final concentrations. Uncomplexed palmitate concentration varied from 0 to 500 nM, and the concentrations
of the FA added as competitors were within the range of 100 to 300 nM (one to four times higher than the basal Km
value for palmitate). Data were processed to obtain Dixon plots, and the kinetic parameters (Vm and Ki) were calcu-
lated through a computer software program as detailed in the Materials and Methods section. The initial velocities
were calculated from the slopes of the minimal-squares linear regression plots computer-generated from the 3-min
initial uptake data according to the procedure described in the text. Each value represents the mean of duplicate
experiments. Insert graphics show the Michaelis–Menten-type behavior for the different sets of experimental points.

TABLE 3
Kinetic Parameters for the Uptake of Palmitate in the Presence
of Various FA as Competitorsa

FA Vm
a

added as (nmol/min/mg Ki
competitor cellular protein) (nM)

None 0.91 —
16:0 0.88 218
18:0 0.78 129
18:2n-6 0.77 141
20:3n-6 0.89 178
aThe kinetic parameters Vm and Ki were obtained from linear regression
analysis of Dixon plots shown in Figure 7. For further details see the text.
Data are expressed as the mean of duplicate experiments. 



Hamilton (53), basic physical chemistry indicates that we ex-
pect an enhanced uptake of FA into cells when the pH of the
medium is decreased. However, we found that decanoate,
palmitate, and eicosatrienoate exhibited a maximal uptake at
physiological pH (7.40) that was preceded by diminished up-
take values in the pH range of 6.0 to 7.4 (Fig. 4). This fact
suggests that a structure sensible to pH modification—other
than the FA itself—may be involved in the uptake of the sub-
strates. This is not the case when we assume that the uptake
proceeds by passive diffusion, in which the driving force that
determines the net uptake is the partition coefficient of FFA
between medium and biomembrane (35,53). In the simple dif-
fusion model, a very rapid rate of flip-flop of FA across the
membrane is proposed (53). It has also been reported that the
Na+/K+ antiporter may act in response to the movement of H+

by FA flip-flop, and it may influence diffusion by local pH
changes that modify the interfacial ionization of the substrate
(53). Several experimental observations have described the
structural changes of BSA within the pH interval we exam-
ined, including significant modifications around the physio-
logical pH (27). Thus, BSA and/or a membrane protein could
influence FA uptake by binding the substrate directly, enhanc-
ing partitioning into the membrane, or playing a role in its
subsequent metabolism, for example, sequestering FA to a
membrane-bound transporter. If a membrane-associated pro-
tein binds FA with high affinity in a pH-dependent manner,
the rate of release from the protein will affect the rate of up-
take, possibly slowing it down.

Experimental evidence from other authors indicates that
only UFA enter the cells and that the rate of uptake is depen-
dent upon the FA/BSA molar ratio, that is, upon the concen-
tration of FFA (15,16,35,47,54). Figure 3 demonstrates that
no significant differences are observed for the uptake of
palmitate and eicosatrienoate at constant and variable ratios.
Thus, under our experimental conditions, only the total FA
concentration (bound and free) seems to be crucial for the rate
of uptake. As the exogenous palmitate—or eicosatrienoate—
concentrations were varied at a fixed FA/BSA ratio (Fig. 3),
the uncomplexed substrate concentration, which is solely a
function of the ratio (2,49,54), remained constant. Hence, the
concentration of BSA in the medium was the only variable in
this setting. Under these conditions, the FA uptake appeared
to be saturable at increasing BSA concentration, indicating,
as previously proposed by Trigatti and Gerber (14) and Glatz
et al. (35), the possible involvement of an albumin receptor
structure in the uptake mechanism. On the other hand, taking
into account the high affinity of BSA for FFA, it might be as-
sumed that these substrates cannot leave binding sites on al-
bumin without catalysis performed by another protein. In this
regard, it was reported that the rate of desorption of stearic
acid from albumin may be accomplished in 70 s as deter-
mined by 13C NMR studies (53). This time seems to be too
long compared to the time required for observing a signifi-
cant uptake of FA in our experimental system (30 s) (Figs. 1B
and 1C). It is evident that the presence of living cells influ-
ences the mechanism of FA desorption. We think, in conse-

quence, that the rate of spontaneous desorption is too slow to
explain the uptake process without the intervention of another
protein(s). The FA are maintained in a nonaggregated form
by means of FA–albumin complexes as a source of substrate
in transport studies (31,32). Under physiological conditions
albumin is present in large quantities with respect to FA,
strongly suggesting the existence of another structure that is
involved in the uptake process. For this reason, we agree with
other authors who postulate the presence of an albumin re-
ceptor in plasma membranes (13,14,35,53). This fact could
explain the different results obtained for the FA uptake in ex-
periments with artificial systems or cultured cells. Further
support for the concept of a facilitated uptake for long-chain
FA influx in L6 cells is found in Figure 6 and Table 2. We
found a concentrative uptake of FA arising from the net in-
corporation of substrates rather than from an exchange with
external FA. Moreover, the radioactivity was recovered ex-
clusively in the methyl ester peak, indicating that the FA were
not significantly metabolized and then released into the
medium. The fact that L6 cells are able to take up FA in a con-
centrative fashion at all concentrations tested (Fig. 6) and that
this uptake is dependent on sodium concentrations (Fig. 5)
favors an active transport. We can assume therefore the exis-
tence of such a transport system in L6 cells for the uptake of
FA. Notwithstanding, we should also keep in mind that FA-
activating enzymes are present at the cytoplasmic level and
in organelles. For this reason, a passive diffusion component
cannot be ruled out. However, the fact that some FA do not
compete with palmitate for activation but do compete for
entry into cells (16) (Table 3) is a crucial argument against
this possibility. Our results from competition studies are also
in agreement with the hypothesis of a specific transport sys-
tem operating in FA uptake. Similar values were found when
FA were present either as substrates or as competitors, sug-
gesting that they are recognized by the same protein structure
(Table 3).

In conclusion, our results agree with previous reports
(7,14,16,23,30,35) that postulate that the rate of entry of FA
into L6 cells is determined by the sum of a diffusion-like (lin-
ear) component and a saturable (hyperbolic) component. As
previously reported by Samuel et al. (16) for cultured cardiac
cells, the contribution of passive diffusion in the total uptake
of FA would account for no more than 30% of the total rate
of uptake. In our experiments we found a contribution of 66
to 86% as saturable uptake (Table 1), which implies that 14
to 34% of the total uptake was evoked by passive diffusion.
Thus, the importance of the saturable transport becomes evi-
dent. It is widely known that the cellular uptake of FA is a
multistep process that involves a variety of membrane-asso-
ciated events (3–5,7,8,14,23,30,35,37,52,53). Our results sug-
gest the necessity of one or more protein structures to achieve
these steps, although their precise function remains unknown.
The physiological significance of this question is evident,
since different tissues express a distinct set of proteins puta-
tively involved in cellular uptake (2,5,8,10,11,13,14,23,35–45,
52,53). This phenomenon would explain the adaptation for
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specific needs of each tissue and the central role related to FA
availability and metabolism. These adaptive responses are
complicated and not easily interpretable. For these reasons,
we think they may not be the result of only passive (flip-flop)
diffusion of FA through the plasma membranes.
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ABSTRACT: The oxidative degradation of phospholipids in the
presence and absence of plasmalogens (plasmenyl phos-
phatidylethanolamine: PPE) was followed by chemical analysis.
Human platelet phospholipids, either intact or after removal of
PPE by acid treatment, were oxidized with 28 mM 2,2′-azobis(2-
amidinopropane di-HCl in Triton X-100 micelles (detergent/phos-
pholipid 5:1, mol/mol). PPE (12% of all phospholipids, mol/mol)
disappeared about three times more rapidly than glycerophos-
pholipids, whereas sphingomyelin remained unaltered and the
lysophosphatidylethanolamine (lysoPE) generated became pro-
gressively more unsaturated. After 60 min oxidation, the FA com-
positions of PS, PC, and PI were similar in extracts with or with-
out plasmalogens. In contrast, diacyl phosphatidylethanolamine
(DPE) became more saturated in the absence of PPE. The rate of
phospholipid destruction was always unique to each class, but
for all phospholipids slowed down in the presence of PPE. This
protective effect increased in the order DPE < PS < PC < PI and
did not seem to be simply related to the class unsaturation. α-
Tocopherol had no influence on the time courses of the quanti-
ties and compositions of the phospholipids, even at a molar ratio
of α-tocopherol to phospholipids four times higher than in
platelet membranes. Thus, PPE protected phospholipids effi-
ciently but differentially against peroxidative attack, whereas the
contribution of α-tocopherol appeared to be negligible even at a
concentration four times greater than in platelet membranes.

Paper no. L8933 in Lipids 37, 285–290 (March 2002).

Several findings suggest that oxygen free radicals behave as
stimulators of platelet aggregation, acting at different levels
of the signal activation pathways (1,2). There is also a grow-
ing body of evidence to support the role of these active radi-
cals in a number of pathological situations involving platelet
activation, such as atherosclerosis (3) or reperfusion injury
(4). Since the early demonstration of a preferential attack of
“active” oxygen on the vinyl-ether linkage of plasmalogen
phospholipids (5), further reports have indicated that these
membrane components can play an important role in antioxi-
dant defense (3,6,7). The most convincing systems are those
employing cultured cells (8,9), LDL particles (10–12), lipo-
somes (13–15), or micelles (12,16). The plasmalogen content
of platelets is relatively high, as these compounds constitute
more than half the PE pool, thus accounting for about 12% of

all membrane phospholipids. The contribution of choline
plasmalogens nevertheless remains marginal and amounts to
no more than 0.8% of the PC pool (17). Although many re-
ports have described the susceptibility of plasmalogens to
various oxidative reactions (5,9,13,14), there are no studies
concerning their specific protection of phospholipids. The
aim of the present work was to evaluate the protection of in-
dividual platelet phospholipids by plasmalogens during per-
oxidative attack by estimating their concentrations and com-
positions in an in vitro system.

MATERIALS AND METHODS

Washed human platelets were prepared from the blood of four
pools of healthy donors (18), and platelet lipids were ex-
tracted immediately (19). Tocopherols were stripped from the
samples down to undetectable levels by filtering chloroform
solutions onto silica gel; after eluting neutral lipids with chlo-
roform, phospholipids were eluted with methanol. Aliquots
of total phospholipids (about 9 µg P, final concentration 600
µM) were mixed with 3 mM Triton X-100 (12) in PBS (0.5
mL), and peroxidation was induced by addition of 2,2′-azo-
bis(2-amidinopropane) di-HCl (AAPH) at a final concentra-
tion of 28 mM (Polysciences Inc., Eppelheim, Germany).
Two micellar systems were used; in one, the phospholipids
were left intact, whereas in the other plasmalogens were de-
stroyed by vortexing chloroform solutions in the presence of
0.4 M HCl for 15 min (20). Free aldehydes were removed by
filtration on a silica gel column, and phospholipids were
eluted as described above. To compare the protective effi-
ciency of plasmalogens and α-tocopherol, the oxidative
degradation of phospholipids was also studied after addition
of α-tocopherol (final concentration 2.8 or 11.2 µM; Sigma
Chemical Co., Lyon, France) before AAPH to a phospholipid
suspension without plasmalogens. In these experiments, the
molar ratios of phospholipids to α-tocopherol were similar to
those in platelet membranes (about 214:1) for 2.8 µM or up
to fourfold lower (about 54:1) for 11.2 µM α-tocopherol.
After incubation at 37°C for 0, 15, 30, 45, or 60 min, phos-
pholipids were extracted with a Folch mixture. PE, PC, PS,
PI, and sphingomyelin (SM) were separated by TLC (21), and
their FA compositions were analyzed by GLC after direct
transmethylation with BF3/methanol reagent (21). Addition
of a known amount of heptadecanoic acid as an internal stan-
dard enabled estimation of the mass of each phospholipid.
DPE and PPE were quantified after elution of the PE spots
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and cleavage of the vinyl bond by acid treatment (21), the
lysoPE representative of PPE and the remaining DPE being
separated by a second TLC run. α-Tocopherol was estimated
by HPLC with fluorescence detection (19).

The Mann–Whitney test was used to compare the means
between experimental groups.

RESULTS

In the present study, the phospholipid composition of the
platelet samples was similar to that previously reported (21)
using the same analytical procedure. The average composi-
tion of the phospholipid mixture was (mol %): PPE (14.2 ±
1.1), DPE (12.3 ± 0.6), PC (46.3 ± 2.6), PS (12.3 ± 0.5), PI
(4.7 ± 0.2), and SM (10.2 ± 0.6).

Exposure of intact platelet phospholipids to 28 mM AAPH
led to a progressive loss of diacylphospholipids, which were
at 25% of their initial level after 60 min oxidation. The AAPH
concentration was selected to obtain a degradation rate similar
to that previously observed in brain phospholipid mixtures
(16). The destruction of PPE was more rapid than that of other
phospholipids, occurring mainly within the first 15 min and
reaching a loss of about 75% after 60 min. Moreover, the FA

composition of the remaining PPE was significantly altered
(Table 1). The new FA profile after 60 min oxidation was char-
acterized by important increases in saturated and n-9 FA, com-
pensated by important decreases in n-6 and n-3 PUFA of, re-
spectively, 24 and 45%. The lysoPE generated amounted to
about 7% of total diacylphospholipids, and its FA composition
differed significantly from that of the small amount present at
time 0 (less than 1%). The concentration of arachidonic acid
was four times its value at time 0, while an increase of n-6 and
n-3 PUFA compensated for a decrease of n-9 FA. The FA com-
positions of DPE, PS, PC, and PI at time 0 and after 60 min of
oxidation in the presence or absence of plasmalogens are given
in Tables 2 and 3. AAPH induced important losses of PUFA
(14% for DPE and about 27% for PS, PC, and PI) in intact
phospholipid extracts (with plasmalogens), compensated by
increases in the concentrations of saturated and monounsatu-
rated FA. The FA compositions of PS (Table 2), PC, and PI
(Table 3) in intact extracts were similar to those in extracts
without plasmalogens after 60 min oxidation. In contrast, the
composition of DPE was less affected by AAPH in the pres-
ence of plasmalogens (Table 2). Thus, plasmalogens signifi-
cantly reduced the losses of n-6 PUFA (13 vs. 32%, P < 0.01)
and MUFA (13 vs. 35%, P < 0.001), whereas saturated FA
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TABLE 1
Effects of AAPH on the FA Composition of Plasmenylethanolamine 
and Lysophosphatidylethanolamine in Intact Platelet Extractsa

PPE LysoPE

0 60 min 0 60 min

14:0 0.2 ± 0.0 2.2 ± 0.1*** 6.0 ± 0.3 0.8 ± 0.0***
16:0 1.6 ± 0.1 10.0 ± 0.4*** 22.3 ± 1.3 8.7 ± 0.5***
18:0 1.4 ± 0.1 9.9 ± 0.4*** 24.5 ± 1.2 28.8 ± 1.5

Sum Sat 3.2 ± 0.2 22.0 ± 1.2*** 52.8 ± 3.3 39.0 ± 2.1*
16:1n-9 0.5 ± 0.0 3.5 ± 0.2*** 7.0 ± 0.3 2.8 ± 0.2***
18:1n-9 1.7 ± 0.1 5.1 ± 0.3*** 11.1 ± 0.6 6.7 ± 0.4***
20:2n-9 0.7 ± 0.0 0.0 ± 0.0 6.5 ± 0.3 1.3 ± 0.0***

Sum n-9 2.9 ± 0.2 8.6 ± 0.4*** 24.6 ± 1.8 11.0 ± 0.5***
18:1n-7 0.0 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.5 ± 0.0

Sum n-7 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.7 ± 0.0
18:2n-6 1.1 ± 0.0 1.7 ± 0.0 1.0 ± 0.0 1.9 ± 0.1
18:3n-6 0.6 ± 0.0 2.0 ± 0.1*** 9.6 ± 0.5 1.5 ± 0.0
20:2n-6 0.1 ± 0.0 1.5 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
20:3n-6 0.5 ± 0.0 0.5 ± 0.0 0.6 ± 0.0 0.4 ± 0.0
20:4n-6 63.2 ± 3.4 44.9 ± 2.0** 9.2 ± 0.4 34.0 ± 1.9***
22:4n-6 16.8 ± 0.8 12.3 ± 0.7** 1.4 ± 0.0 8.8 ± 0.6***
22:5n-6 0.9 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 0.4 ± 0.0

Sum n-6 83.3 ± 4.3 63.4 ± 3.9** 21.8 ± 1.5 47.1 ± 2.6 ***
20:5n-3 0.5 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.2 ± 0.0
22:5n-3 5.5 ± 0.3 3.3 ± 0.2** 0.5 ± 0.0 1.2 ± 0.0
22:6n-3 4.6 ± 0.3 2.3 ± 0.1*** 0.0 ± 0.0 0.7 ± 0.0

Sum n-3 10.6 ± 0.5 5.8 ± 0.4*** 0.5 ± 0.0 2.1 ± 0.1**

MUFA 2.3 ± 0.1 8.7 ± 0.6*** 18.4 ± 1.2 10.5 ± 0.7***
PUFA 94.5 ± 5.9 69.2 ± 4.6* 28.7 ± 1.9 50.5 ± 3.5**

aResults are mean ± SEM (n = 4). AAPH, 2,2′-azobis(2-amidinopropane) di-HCl; lysoPE, lysophos-
phatidylethanolamine; MUFA, monounsaturated FA; PPE, plasmenylethanolamine (plasmalogens);
Sum Sat, sum of the saturated FA; Sum n-9, sum of n-9 FA; Sum n-7, sum of n-7 FA; Sum n-6, sum of
n-6 FA; Sum n-3, sum of n-3 FA. PPE amounted to 12.5% (mol/mol) of the total phospholipids at
time 0 and 3.9% after 60 min; lysoPE amounted to 1% at time 0 and 6.9% after 60 min. The
Mann–Whitney test was used to compare the means at 0 and 60 min for each compound: *P < 0.05,
**P < 0.01, ***P < 0.001.



were correspondingly more abundant in extracts without plas-
malogens (37%) than in intact extracts (8%) (P < 0.05).

The time courses of the relative quantities of the phospho-
lipids and their PUFA contents during AAPH oxidation are
shown in Figure 1. In intact extracts, the rate of phospholipid
destruction was constant over 1 h but differed according to the
class, with only 40% of the initial DPE remaining after 60 min
as compared to about 75% of PS and PI and 87% of PC. In
the absence of plasmalogens, all phospholipids disappeared
rapidly over the first half hour but more slowly thereafter, the
destruction of DPE and PI being strongest (26–29% remain-
ing) and that of PS and PC weakest (48–50% remaining). The
time courses of the relative PUFA contents of all phospho-
lipids were similar to those of their quantities in extracts with
or without plasmalogens. In the absence of plasmalogens, the
addition of α-tocopherol (2.8 or 11.2 µM) before AAPH did
not alter the time courses of the quantities and compositions
of the phospholipids in the incubation mixture (data not
shown). At both concentrations, α-tocopherol was no longer
detectable after 15 min oxidation in the presence of AAPH. 

DISCUSSION

Although the oxidative degradation of plasmalogens has been
accurately described (11,14,22), their role in the protection of

diacyl phospholipids remains poorly understood. The effects
of plasmalogens on the oxidative decay of total tissue phos-
pholipids (15) or of certain specific molecular species (12,16)
have been reported, but comparative effects on the degrada-
tion of individual phospholipids have not yet been described.
As previously observed in various systems (14–16), there was
a pronounced loss of PPE following exposure of intact
platelet phospholipids to AAPH, as compared to the loss of
total diacyl phospholipids. Furthermore, we observed an ac-
cumulation of lysoPE-bearing PUFA groups (50.5 ± 5.2%
after 60 min). This specific destruction of PPE species having
a polyunsaturated fatty acyl group esterified at the sn-2 posi-
tion is in accordance with earlier reports (22). In contrast, an
accumulation of lysoPE molecular species containing only
monounsaturated fatty acyl groups was observed after oxida-
tion of bovine brain PE (14). This discrepancy could be re-
lated to different experimental conditions and/or to the use of
only PE (14) instead of a phospholipid mixture (present
work). On a mass basis, the results show that plasmalogens
strongly protect all diacyl phospholipids (Fig. 1). In the pres-
ence of plasmalogens (nontreated extracts), all phospholipids
and their PUFA disappeared at a constant rate over a period
of 1 h, whereas without plasmalogens (acid-treated extracts)
the degradation proceeded more rapidly. Similar kinetics have
been described by others in liposomal (15) and micellar
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TABLE 2
Effects of AAPH on the FA Composition of Diacyl PE and PS in Platelet Extracts With and Without PPEa

DPE PS

0 C AT 0 C AT

16:0 8.5 ± 0.5 10.6 ± 0.5 6.6 ± 0.3*** 2.6 ± 0.1 4.6 ± 0.2 3.0 ± 0.1***
18:0 34.7 ± 1.8 35.7 ± 1.6 54.5 ± 2.9** 44.2 ± 2.1 46.4 ± 2.2 52.7 ± 2.7
20:0 1.3 ± 0.1 1.4 ± 0.1 0.0 ± 0.0 1.6 ± 0.0 1.8 ± 0.0 2.1 ± 0.1

Sum Sat 44.9 ± 2.3 48.5 ± 2.5 61.5 ± 3.1* 49.4 ± 2.3 54.2 ± 3.0 58.0 ± 3.2
16:1n-9 0.4 ± 0.0 0.9 ± 0.0 0.3 ± 0.0 0.5 ± 0.0 1.4 ± 0.0 0.5 ± 0.0
18:1n-9 6.4 ± 0.3 8.8 ± 0.4 5.4 ± 0.3*** 16.1 ± 0.8 19.0 ± 0.8 16.6 ± 0.6
20:1n-9 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
20:2n-9 0.3 ± 0.0 0.6 ± 0.0 0.0 ± 0.0 0.7 ± 0.0 0.6 ± 0.0 0.5 ± 0.0

Sum n-9 7.6 ± 0.3 10.8 ± 0.4 6.1 ± 0.3*** 17.5 ± 0.9 21.4 ± 1.0 17.9 ± 0.8
16:1n-7 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0
18:1n-7 1.0 ± 0.0 0.9 ± 0.0 0.6 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.6 ± 0.0

Sum n-7 1.0 ± 0.0 1.0 ± 0.0 1.1 ± 0.0 0.8 ± 0.0 0.9 ± 0.0 0.6 ± 0.0
18:2n-6 4.2 ± 0.2 5.2 ± 0.3 3.0 ± 0.1*** 0.6 ± 0.0 0.9 ± 0.0 0.7 ± 0.0
18:3n-6 0.5 ± 0.0 1.0 ± 0.0 0.8 ± 0.0 0.9 ± 0.0 0.9 ± 0.0 0.7 ± 0.0
20:2n-6 0.2 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.0 ± 0.0
20:3n-6 0.6 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 1.2 ± 0.0 1.0 ± 0.0 1.0 ± 0.0
20:4n-6 34.6 ± 1.6 27.9 ± 1.5 22.5 ± 1.0* 26.2 ± 1.2 17.7 ± 0.9 18.4 ± 0.8
22:4n-6 3.2 ± 0.1 3.0 ± 0.1 2.9 ± 0.2 1.5 ± 0.0 1.6 ± 0.0 1.6 ± 0.0
22:5n-6 0.4 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0

Sum n-6 43.8 ± 2.0 38.0 ± 1.8 29.7 ± 1.6** 30.9 ± 1.5 22.2 ± 1.1 22.6 ± 1.0
22:5n-3 1.1 ± 0.0 0.9 ± 0.0 0.8 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.5 ± 0.0
22:6n-3 1.5 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 0.9 ± 0.0 0.7 ± 0.0 0.4 ± 0.0

Sum n-3 2.7 ± 0.1 1.7 ± 0.1 1.5 ± 0.1 1.4 ± 0.0 1.2 ± 0.0 0.9 ± 0.0

MUFA 8.3 ± 0.4 11.2 ± 0.5 7.2 ± 0.3*** 17.6 ± 0.8 21.7 ± 1.0 18.0 ± 0.7*
PUFA 46.8 ± 2.6 40.2 ± 2.1 31.3 ± 1.4* 33.0 ± 1.7 24.1 ± 1.1 23.9 ± 1.0
DBI 189.5 ± 10.0 161.7 ± 8.3 127.0 ± 6.9* 147.0 ± 8.1 115.1 ± 5.4 111.2 ± 5.0

aResults are mean ± SEM (n = 4). DPE, diacyl PE; 0, extracts at time 0 before addition of AAPH; C, control extracts with
plasmalogens after 60 min oxidation; AT, acid-treated extracts (without plasmalogens) after 60 min oxidation; DBI, double
bond index (number of double bonds for 100 mol FA). Other abbreviations as in legend of Table 1. The Mann–Whitney
test was used to compare the means of C and AT extracts: *P < 0.05, **P < 0.01, ***P < 0.001.



systems (16). Comparing the degradation rates of the differ-
ent diacyl phospholipids and their PUFA over the first 30 min,
we found that the protective effect of plasmalogens increased
in the order DPE < PS < PC < PI. Thus, the degradation after
30 min oxidation decreased in the presence of plasmalogens
by 48 ± 3, 66 ± 4, 85 ± 4, and 88 ± 5% for DPE, PS, PC, and
PI, respectively. Among DPE, PS, and PC, the efficiency of
protection was inversely related to the double bond index (re-
spectively, 189 ± 10, 147 ± 8, and 121 ± 6) or PUFA content
(respectively, 46.8 ± 2.6, 33.0 ± 1.7, and 29.6 ± 1.2%), the
most unsaturated phospholipid (DPE) being least efficiently
protected by plasmalogens. Unexpectedly, although PI is still
more unsaturated than DPE, it appeared to be the most
strongly protected of the diacyl phospholipids (Fig. 1).

These results demonstrate that plasmalogens participate
actively in the inhibition of PUFA peroxidation and concomi-
tantly in phospholipid degradation, the protection afforded
depending on both the acyl chain unsaturation and the nature
of the polar head. Interestingly, in the absence of plasmalo-
gens the degradation rates of the four glycerophospholipids
increased in the order PS < PC < DPE < PI, which is not the
order of their increasing unsaturation (PC < PS < DPE < PI).
Hence, if unsaturation is important for peroxidative suscepti-
bility (23), there is also an obvious influence of the polar head
group among the diacyl glycerophospholipids. Moreover, the
least unsaturated phospholipid (SM) was unaffected by free

radical oxidation in our experimental system, even in the ab-
sence of plasmalogens (data not shown).

In natural membranes, α-tocopherol is currently considered
to be the major lipid-soluble antioxidant despite its low con-
centration, which approximates 1 mole for 220 moles of phos-
pholipids, as for instance in platelets (19). The relative potency
of α-tocopherol as compared to plasmalogens as a protective
agent against phospholipid degradation induced by peroxyl
radicals was evaluated by adding α-tocopherol before AAPH
to membrane extracts without plasmalogens. We observed that
the rates of phospholipid degradation remained unchanged
when using molar ratios of phospholipids to α-tocopherol sim-
ilar to that found in platelet membranes (214:1) or up to about
fourfold lower (54:1). These unexpected results are probably
at least partly due to total consumption of the added α-tocoph-
erol after 15 min oxidation. Although a significant decrease in
degradation rate was previously reported (16), these authors
used a higher α-tocopherol amount (4:1 ratio of phospholipid
to α-tocopherol) and a lower AAPH concentration (2 mM)
than in our experiments. Thus, in our conditions, plasmalo-
gens appear to contribute more effectively than α-tocopherol
to the resistance of the unsaturated acyl chains of phospho-
lipids to peroxidation. In spite of a scavenging activity esti-
mated to be similar to (10) or fourfold higher (12) than that of
plasmalogens, in platelet membranes only 1 mole of α-tocoph-
erol is able to compete with about 30 moles of plasmalogens
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TABLE 3
Effects of AAPH on the FA Composition of PC and PI in Platelet Extracts With and Without PPEa

PC PI

0 C AT 0 C AT

16:0 31.9 ± 1.5 33.4 ± 1.4 32.7 ± 1.3 3.0 ± 0.2 9.4 ± 0.5 5.6 ± 0.3**
18:0 15.4 ± 0.7 18.4 ± 0.8 18.1 ± 0.9 43.1 ± 2.0 44.5 ± 2.1 48.8 ± 2.4
20:0 1.2 ± 0.0 1.4 ± 0.0 1.4 ± 0.0 0.5 ± 0.0 0.7 ± 0.0 1.0 ± 0.0

Sum Sat 49.0 ± 2.5 53.6 ± 2.8 52.4 ± 3.2 47.0 ± 2.1 55.9 ± 2.6 56.0 ± 2.6
16:1n-9 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 2.5 ± 0.1 1.0 ± 0.0
18:1n-9 17.8 ± 0.8 20.4 ± 1.1 20.6 ± 1.2 2.0 ± 0.1 4.4 ± 0.2 4.1 ± 0.2
20:1n-9 0.7 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
20:2n-9 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.8 ± 0.0 0.6 ± 0.0 0.9 ± 0.0

Sum n-9 18.9 ± 0.9 21.7 ± 1.0 22.0 ± 1.1 3.3 ± 0.2 7.8 ± 0.5 6.2 ± 0.4
16:1n-7 0.5 ± 0.0 0.6 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
18:1n-7 2.0 ± 0.1 2.3 ± 0.1 2.2 ± 0.1 0.5 ± 0.0 0.6 ± 0.0 0.8 ± 0.0

Sum n-7 2.6 ± 0.1 3.0 ± 0.1 2.8 ± 0.1 0.5 ± 0.0 0.8 ± 0.0 0.9 ± 0.0
18:2n-6 9.1 ± 0.4 8.6 ± 0.4 8.7 ± 0.4 0.5 ± 0.0 1.1 ± 0.0 1.2 ± 0.0
18:3n-6 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.0
20:2n-6 0.6 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
20:3n-6 1.4 ± 0.1 1.1 ± 0.0 1.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.0
20:4n-6 15.8 ± 0.6 9.6 ± 0.5 10.4 ± 0.5 46.5 ± 2.3 31.6 ± 1.7 32.6 ± 1.9
22:4n-6 1.2 ± 0.0 0.9 ± 0.0 0.9 ± 0.0 0.4 ± 0.0 1.0 ± 0.0 1.1 ± 0.0
22:5n-6 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Sum n-6 28.3 ± 1.4 21.1 ± 1.0 22.1 ± 1.3 49.0 ± 2.4 35.4 ± 1.9 36.5 ± 2.6
22:5n-3 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
22:6n-3 0.6 ± 0.0 0.2 ± 0.0 0.4 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0

Sum n-3 1.2 ± 0.1 0.6 ± 0.0 0.8 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.0

MUFA 21.4 ± 1.0 24.6 ± 1.2 24.6 ± 1.3 3.0 ± 0.1 7.9 ± 0.4 6.2 ± 0.4
PUFA 29.6 ± 1.2 21.8 ± 0.9 23.0 ± 1.1 50.0 ± 2.8 36.2 ± 2.2 37.8 ± 2.4
DBI 120.8 ± 6.2 92.7 ± 4.8 97.4 ± 5.3 199.2 ± 8.6 147.9 ± 9.2 152.2 ± 10.1

aResults are mean ± SEM (n = 4). For abbreviations see Tables 1 and 2. The Mann–Whitney test was used to compare the
means of C and AT extracts: **P < 0.01.



for interaction with peroxyl radicals. Any extrapolation of the
present findings to biological membranes will nevertheless re-
quire further work to clarify the mechanisms responsible for
the differential protection of phospholipids by plasmalogens.
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ABSTRACT: There have been a limited number of studies in-
vestigating surfactant lipid changes in lung with trace elements.
The present investigation was designed to examine the effect of
moderate zinc deficiency on the lipid metabolism in rat lung.
We also evaluated whether zinc deficiency, which is a wide-
spread problem, could play a role in adult respiratory distress
syndrome (ARDS). For that purpose, adult male Wistar rats were
fed two diets differing in zinc concentration. The rats were di-
vided into two groups. One group was fed a zinc-deficient diet
containing 3 mg Zn/kg, and the other group received a zinc-
adequate control diet with 30 mg Zn/kg according to AIN
93-M. After 2 mon of treatment, we observed that in the zinc-defi-
cient group (i) total lipids, phospholipids, and cholesterol in-
creased whereas TG decreased in whole lung; (ii) phospholipid
(PC) concentration increased in lamellar bodies and alveolar
macrophages and decreased in extracellular surfactant but did
not change in microsomes; (iii) protein concentration decreased
in whole lung, extracellular surfactant, lamellar bodies, and
macrophages; (iv) the incorporation of [Me-14C]choline into PC
(phospholipids) of lung slices increased; and (v) the activity of
CTP/phosphocholine cytidylyltransferase bound to the micro-
somes increased in the lung. These results suggest that the lipid
concentration in the lung (especially the phospholipids) is mod-
ified directly or indirectly by a zinc-deficient diet. In a zinc-
deficient diet, the lung changes the pattern of PC for an adap-
tive or recovery stage. Therefore, zinc deficiency implications
are important for the design of therapies and public health in-
terventions involving targeted zinc supplementation for high-
risk groups or groups with certain diseases, such as ARDS.

Paper no. L8745 in Lipids 37, 291–296 (March 2002).

Serious surfactant deficiency may compromise the structural
and functional integrity of the alveoli and become life threat-
ening. An abnormal surfactant also appears to be an impor-
tant characteristic of adult respiratory distress syndrome
(ARDS) (1). A major early hallmark of ARDS is damage to
the alveoli-capillary membrane with a concomitant increase
in permeability to high-molecular-weight solutes. Surfactant
changes are thought to play an important role in the patho-
genesis of this condition (1,2).

Zinc deficiency (ZD) produces profound alterations in the
metabolism of lipids (3,4). The effects of ZD not only depend
on the type of dietary fat but also show organ-specific varia-
tions and influence the lipid metabolism in a variety of ways
(3,5). Zinc-deficient rats exhibit elevated activities of lipogenic

enzymes in liver as well as elevated serum lipid concentra-
tions (4). The effects of ZD on the FA composition of phos-
pholipids are more pronounced in liver and plasma than in
heart, testes, erythrocyte membranes, and mesentery of the
small intestine (3). This might be due to the fact that the
turnover rates of phospholipids in liver are higher than in
other tissues (3). In ZD both pathways of PC biosynthesis in
liver microsomes were significantly increased (5)

The alveolar surfaces of the lungs are lined with a lipid–pro-
tein complex called pulmonary surfactant. This material con-
sists of approximately 90% lipids and 5–10% proteins. The sur-
factant lipids spread as a monolayer on the air–liquid interface.

PC is quantitatively the major component of surfactant and
is undoubtedly its major surface-active component (3). De
novo PC synthesis by type II epithelial cells from adult rats pro-
ceeds mainly via the CDP choline pathway (6). Dipalmi-
toylphosphatidylcholine may be synthesized directly via this
pathway or by the remodeling of unsaturated PC species (7).
Accruing evidence is available from studies on a number of dif-
ferent cell types (6), where the enzyme cholinephosphate
cytidylyltransferase (CYT) catalyzes the rate-limiting step in
the conversion of choline into PC. CYT (EC 2.7.7.15) is a reg-
ulatory enzyme in the synthesis of pulmonary surfactant PC via
the Kennedy pathway (8). When CYT activity is assayed in dif-
ferent subcellular fractions, its greatest increase, as a function
of development, is found in microsomes (9). Zimmermann et
al. (10) speculate about the possibility that either a subcellular
translocation of CYT from cytosol to microsomes or an in-
crease in CYT gene expression is responsible for the develop-
mental increase of de novo PC synthesis (10).

The lecithin/sphingomyelin ratio in amniotic fluid is used
clinically as a marker of pulmonary maturation of the fetal
lung and its production of surfactant (11). Zinc-deficient rats
did not show an increase even at day 21 of gestation, suggest-
ing that ZD interferes with surfactant biosynthesis in the fetal
lung (11). Zinc may therefore have important implications for
asthma and other inflammatory diseases, where the physical
barrier is vulnerable and compromised (12).

The aim of the present study was to determine if ZD alters
the metabolism of lipids in lung, in particular the synthesis of
PC, the main component of the pulmonary surfactant. We also
investigated whether ZD plays a role in ARDS.

MATERIALS AND METHODS

Chemicals and radioisotopes. All reagents were of analytical
grade. Lipid standards and protein were acquired from Sigma
Chemical Co. (St. Louis, MO). Serum total lipids, cholesterol,
and TG were determined by enzymatic methods using kits
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from Boehringer Mannheim Diagnostics (Indianapolis, IN).
[Methyl-14C]phosphorylcholine (specific activity, 50 mCi/
mmol) and [methyl-14C]choline chloride (specific activity, 60
mCi/mol) were purchased from Dupont, New England Nuclear
(Boston, MA).

Animals and diets. Adult male Wistar rats with an average
body weight of 200 ± 10 g were divided into two groups; one
of them was fed a zinc-deficient diet containing 3 mg Zn/kg
and the other a zinc-adequate control diet supplemented with
30 mg Zn/kg, added as ZnCl2. All the other components of
the diet remained constant. The diets were fortified with rec-
ommended amounts of vitamins and minerals according to
AIN 93-M (13). The composition of the basal maintenance
(semisynthetic) diet was as follows (g/kg diet): cornstarch,
465.692; casein (≥85% protein), 140.000; dextrinized corn-
starch, 155.000; sucrose, 100.000; fiber/cellulose, 50.000;
soybean oil (containing liposoluble vitamins), 40.000; min-
eral mix (AIN-93M-MX), 35.000; vitamin mix (AIN-93-
VX), 10.000; L-cystine, 1.800; ascorbic acid, 0.008; choline
bitartrate (41% choline), 2.500. This diet had 1 mg Zn/kg dry
matter. In the ZD diet, zinc was not incorporated into the min-
eral mix. All dietary ingredients were obtained in the purest
form known with regard to zinc contamination, and newly ob-
tained ingredients were monitored for zinc concentration.

Rats were housed individually in a controlled environment
with a light-dark cycle of 14/10 h (lights on from 0600–2000)
and at a temperature of 22 to 24°C. Fresh diets were given
and leftover food discarded on a daily basis (20 g diet was ade-
quate to ensure ad libitum feeding). Care and treatment of rats
followed recommended guidelines (14). Body weights were
recorded weekly. 

At the end of the experimental period of 2 mon, 12 h after
the last feeding all animals were sacrificed. Rats were anes-
thetized intraperitoneally with sodium pentobarbital (50 mg/kg,
ip). The respiration of the rats was normal at all times prior to
sacrifice. Blood for hematological measurements was collected
into EDTA-coated vials. Blood for determination of serum zinc
was collected into washed tubes, and the concentration of
serum zinc was measured directly by aspirating a dilute solu-
tion (1:5, vol/vol) into the atomic absorption spectrophotome-
ter (see below). The lungs were quickly removed, lavaged with
ice-cold 0.9% saline solution, and weighed. Serum and tissue
samples were stored at −80°C until they were analyzed.

Zinc analyses. Aliquots of the diet, liver, and lung were
collected without allowing any contact with metal. Each sam-
ple was wet-ashed with 16 N nitric acid as described by Clegg
et al. (15). The zinc concentrations of the pretreated samples
and the serum were quantified with a pyrolytically coated
graphite tube from an atomic absorption spectrophotometer
(model 5100, HGA-600 Graphite Furnace; PerkinElmer) fit-
ted with an electrothermal atomizer and a hollow cathode
lamp (PerkinElmer). A linear calibration curve was created
using certified standard NIST solutions. All specimens were
diluted with twice-distilled and deionized water and analyzed
in duplicate. Prior to digesting the sample, different amounts
of standard solution of each element were added. The recov-
ery rate was between 98 and 99.2% for different elements.

Isolation of extracellular pulmonary surfactant and macro-
phages. In another experiment, the tracheas of anesthetized rats
were cannulated and the lungs were filled with 2.5 mL ice-cold
0.15 M NaCl. Lavages containing the extracellular surfactant
were then collected. This procedure was repeated nine times.
The combined lavages were centrifuged at 4°C and 580 × g for
10 min to sediment macrophages. The resulting supernatant was
centrifuged at 198,000 × g for 30 min in a Beckman ultracen-
trifuge LS 65 B, 65 Ty rotor to obtain the surfactant pellet (16). 

Isolation of lamellar bodies and microsomes. After extrac-
tion of the extracellular pulmonary surfactant fraction, the
lavaged lungs were used to isolate lamellar bodies and micro-
somes (16).

Lipid analyses. Lipids were extracted from total lung tis-
sue, microsomes, lamellar bodies, extracellular surfactant,
and macrophages. Total lipids were determined by dry
weight. The lipids were resuspended in a hexane/isopropanol
mixture (3:2, vol/vol) containing BHT as antioxidant (17).
Aliquots were taken for determining phospholipids and mea-
suring phosphorus (18) and total cholesterol (19). Other parts
of the extracts were used for the separation of the different
lipids on TLC plates coated with silica gel G (Merck, Darm-
stadt, Germany) using hexane/diethyl ether/acetic acid
(80:20:1, by vol) as solvent. The lipids were detected by ex-
posing the plates to iodine vapors. They were scraped off and
used directly for determination of phospholipids (18), TG
(20), and free and esterified cholesterol (19).

Analysis of phospholipid composition. Phospholipids were
separated into component classes by TLC, using silica gel H
plates and chloroform/methanol/water (65:25:4, by vol) as
solvent (21). The individual phospholipids were identified
and recovered as described previously and were quantified
(18). The position of the phospholipids was determined using
the respective standards. The results were expressed as the
percentage of total phospholipid phosphorus.

Incorporation of [Me-14C]choline in lung slices. The rate of
PC synthesis in lung slices was determined by the rate of incor-
poration of [Me-14C]choline. The lung slices (100 mg) were
rapidly cut and placed into individual metabolic flasks contain-
ing DMEM (pH 7.4; GIBCD BRL). The flasks were continu-
ously flushed with 95% O2/5% CO2. After the slices were prein-
cubated for 10 min at 37°C, 1 µCi/assay [Me-14C]choline was
added to each flask. The incubation was stopped after 1 h by di-
lution with medium. After the incubation period, tissue slices
were removed from the medium and the tissues were washed
with ice-cold 0.9% NaCl. The tissues were homogenized, and
the lipids were extracted and analyzed as described above. 

CTP:cholinephosphate CYT assay. Lungs of control and
zinc-deficient rats were used for the separation of cytosol and
microsomes for enzymatic determination (22). Assay mixtures
contained 20 mM Tris/succinate pH 7.8, 6 mM MgCl2, 8mM
CTP, and 4 mM [Me-14C]phosphorylcholine (specific radioac-
tivity 1 µCi/assay). The reaction was started by addition of en-
zyme (100 µg protein), and the assay mixture was incubated
for 30 min at 37°C. The reaction was stopped with TCA
(0.5%), and protein was removed by centrifugation (1000 × g
for 10 min). A 50 µL sample was taken from the supernatant,
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mixed with 2 nmol of unlabeled phosphorylcholine used as a
carrier, and subjected to TLC on precoated silica gel H (Merck)
with NaCl 0.5%/methanol/concentrated ammonia (50:50:5, by
vol) used as developing solvent.

Protein. Protein content was determined by the method of
Lowry et al. (23) with BSA as a standard.

Enzyme markers. To determine if the lamellar bodies were
contaminated with microsomal, mitochondrial, or cell mem-
branes, the activities of NADPH cytochrome c reductase (24),
succinate dehydrogenase (25), and 5′-nucleotidase (26), re-
spectively, were measured.

Statistical analysis. Values are expressed as mean ± SD.
Significant differences were considered at P < 0.05, as deter-
mined by Student’s t-test.

RESULTS

Weight gain and zinc status of the rats. After 8 wk of treat-
ment, body weight gain was lower in zinc-deficient rats in
comparison to controls, as previously reported by (3,4,27).
The lung weight of zinc-deficient rats was also significantly
lower (P < 0.001) compared to the control (Co) (Table 1).
Serum, liver, and lung zinc concentrations were significantly
lower in rats fed the zinc-deficient diet compared with those
of Co group (Table 2). Likewise, we found that glucose was in-
fluenced by ZD, and there was an increased level of it in plasma
(P < 0.01) (28). Other parameters, such as albumin, did not
change, but globulin content fell with the zinc-deficient diet
(Table 1). This was coincident with a previous report (29).

Total lipids, cholesterol, and TG in serum and whole lung.
Total lipids and cholesterol increased and TG were not modi-
fied in the serum from the zinc-deficient rats after 2 mon of
treatment. Total lipids and total free and esterified cholesterol
increased, but TG decreased in whole lung of the zinc-defi-
cient rats (Table 2).

Phospholipid concentration in whole lung, intracellular,
and extracellular compartments. The phospholipid concen-
tration increased in whole lung and lamellar bodies, whereas
in extracellular surfactant and macrophages it decreased, but
in microsomes it was not modified in the zinc-deficient group
compared to the control group (Table 3).

On a percentage basis, the phospholipid composition in
whole lung and other particles studied was modified after 2
mon of the zinc-deficient diet, compared to the control. In
whole lung, PC and PS + PI increased; and lysophosphatidyl-
choline (LPC) and sphingomyelin (SPH) decreased. PE and
phosphatidylglycerol (PG) did not change (Table 4). In mi-
crosomes, PS + PI increased; LPC and PE decreased; and
SPH, PC, and PG did not change. In the lamellar bodies PC
and PS + PI increased and LPC, SPH, PE, and PG decreased.
In extracellular surfactant PS + PI increased and LPC, PC,
and PE decreased, whereas SPH and PG did not change. In
alveolar macrophages LPC, SPH, and PC did not change, but
PS + PI, PE, and PG decreased (Table 4).

Incorporation of [Me-14C]choline into phospholipids of
lung slices. De novo synthesis of PC in the adult type II cell

proceeds mainly via the CDP:choline pathway. The incorpo-
ration of choline in PC and SPH was modified by the zinc-
deficient diet in relation to what was observed with the con-
trol diet. The incorporation of [Me-14C]choline increased in
PC in the zinc-deficient group compared to the control group.
As well, the incorporation was significantly lower in SPH of
the zinc-deficient group (Fig. 1).

Activity of CTP:phosphocholine CYT. The enzyme activity
that takes place in the endoplasmic reticulum membranes in-
creased in the lung of rats fed the zinc-deficient diet compared
with those fed the control diet (Table 3).

Protein concentration in whole lung, intracellular and ex-
tracellular compartments. Proteins in whole lung, lamellar
bodies, extracellular surfactant, and macrophages decreased
in the zinc-deficient group, but in microsomes the proteins
were similar in both cases (Table 3).

DISCUSSION

The present study was undertaken to investigate the effect of
moderate ZD in the adult rat lung. We also evaluated whether
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TABLE 1
Body and Lung Weights and Serum Parameters of Male Ratsa

Control Zinc-deficient

Gain of body weight (g) 140 ± 24 87 ± 25d

Lung weight (g) 1.9 ± 0.2 1.4 ± 0.1d

Serum 
Glucose (mg/dL) 85.3 ± 5 111 ± 2c

Total lipids (mg/dL) 350 ± 70 430 ± 160
Cholesterol (mg/dL) 49.4 ± 1.4 61.2 ± 2.6c

TG (mg/dL) 91.1 ± 3 100 ± 9.8
Albumin (g/dL) 2.7 ± 0.02 2.9 ± 0.05
Globulin (g/dL) 4.9 ± 0.2 4.0 ± 0.5a

aResults given as mean ± SD; n = 12 for each case. Across a row, values
with different roman superscript letters indicate significant differences by
analysis of Student’s test: bP < 0.05, cP < 0.01, dP < 0.001.

TABLE 2
Lipids from Whole Lung and Macrophages and Zinc Concentrations
in Serum, Lung, and Liver of Male Rata

Control Zinc-deficient

Whole lung (µg/g)
Total lipids 6210 ± 560 7550 ± 107a

Total cholesterol 2337 ± 349 3550 ± 74a

Free cholesterol 1853 ± 462 2595 ± 505a

Esterified cholesterol 444 ± 27.9 949 ± 23.8b

TG 201 ± 8.7 96 ± 10b

Macrophages (µg/g)
Total cholesterol 65.2 ± 8.8 91.1 ± 9.4b

Free cholesterol 23.1 ± 4 23.7 ± 3.6
Esterified cholesterol 41.1 ± 4.3 64.7 ± 7.8b

Zinc
Serum (µmol/L) 21 ± 1.9 16 ± 1.4b

Lung (µg/g) 25.4 ± 2.8 16.4 ± 2.4b

Liver (µg/g) 36.0 ± 3.6 24.0 ± 3.2b

aResults given as mean ± SD; n = 12 for each case. Lung and liver zinc are
expressed as µg/g wet tissue. Across a row, values with different roman su-
perscript letters indicate significant differences by analysis of Student’s test:
aP < 0.01, bP < 0.001. 



ZD plays a role in ARDS. For this purpose, a rat model that
permits the induction of moderate ZD was used. This model
has the advantage that it permits long-term studies and is phys-
iologically more relevant (3,4,30).

Suboptimal intake of dietary zinc is one of the most com-
mon nutritional problems worldwide and has been shown to
exist in low-income groups, institutionalized patients, preg-
nant women and teenagers, and in elderly Americans (31). In
our experiment, the low gain of body weight observed in the
zinc-deficient group compared to the control group confirms
previous results (3,4,27,29). The lower lung weight of the
zinc-deficient group compared to the control group is similar
to that observed in other organs, such as testes (27). The
amount of food consumed by rats was similar in both diets
(Table 1). This model typically consumes adequate quantities
of food (1,30). In our experimental design, clinical signs such
as dermatitis and alopecia were not observed.

Besides some studies of liver zinc uptake (32), very little is
known about the utilization of zinc by peripheral tissues (31).

Some tissues lose zinc in order to support other tissues. For ex-
ample, the zinc concentration in muscle is conserved in zinc-
deficient animals, whereas zinc concentrations in bone, liver,
and plasma drop (33). Our results show that in plasma, liver,
and lung, the contents of zinc decreased in the zinc-deficient
rats (Table 2). A reduction in plasma zinc reflects a loss of zinc
from bone and liver and an increased risk for development of
metabolic and clinical signs of ZD (33).

The amount of globulin (a blood plasma protein) decreased
in the zinc-deficient group (Table 1). B-Lymphocyte develop-
ment and antibody production, particularly immunoglobulin G,
is compromised by the zinc-deficient diet (34). 

Blood glucose levels increased in the zinc-deficient rats
(P < 0.01). In ZD, the level of insulin mRNA did not change,
suggesting either that translation was impaired or, more likely,
that the the degradation of insulin was enhanced. Another pos-
sible explanation could be an inhibition of insulin release (35).

Alveolar type II cells synthesize lipids and proteins of sur-
factant that are stored prior to secretion in intracellular or-
ganelles called lamellar bodies (36). The results obtained in dif-
ferent fractions of lungs show that ZD after 2 mon of treatment
could cause changes in the synthesis, secretion, and clearance
of phospholipids in surfactant.

Cholesterol is the major neutral lipid component of extracel-
lular surfactant, and it is accepted that most cholesterol in the
lung is taken up from circulating LDL or HDL (37). The incre-
ment of cholesterol in serum could be a cause of the increased
cholesterol concentration observed in whole lung and macro-
phages in the zinc-deficient group compared to the control
group. Studies utilizing isolated perfused rat lung demonstrated
the uptake of lipoproteins from the perfusion medium (38).

The decreased TG concentrations observed in whole lung
of the zinc-deficient group could be a consequence of a higher
utilization of these as a precursor for the synthesis of phos-
pholipids. In our laboratory we have found that the synthesis
of TG decreased in lung and liver of castrated rat while the
synthesis of phospholipids increased (39,40). Zinc is also
known to play a major role in gene expression and protein
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TABLE 3
Phospholipids, Proteins, and Activity of CTP-Phosphocholine
Cytidylyltransferase of Lunga

Control Zinc-deficient

Phospholipids (mg/g lung)
Whole lung 25.4 ± 0.16 37.4 ± 1.2b

Microsomes 3.6 ± 0.2 3.8 ± 0.5
Lamellar bodies 13 ± 2 22.9 ± 1.9c

Surfactant 7.3 ± 0.9 4.8 ± 0.7c

Macrophages 3.2 ± 0.7 2.1 ± 05a

Proteins (mg/g lung)
Whole lung 88.8 ± 10.2 59.7 ± 15c

Microsomes 5.2 ± 1.3 5.0 ± 0.2
Lamellar bodies 7.9 ± 1 4.5 ± 0.3a

Surfactant 4.8 ± 1 1.3 ± 0.6b

Macrophages 1.5 ± 0.1 1.1 ± 0.01b

CYT (dpm/min/mg prot.)
Microsomal fraction 1572 ± 72 3999 ± 584c

aResults given as mean ± SD; n = 10 for each case. Values with differ-
ent roman superscript letters indicate significant difference of aP < 0.05,
bP < 0.01, cP < 0.001. CYT, cytidylyltransferase.

TABLE 4
Phospholipid Composition of Whole Lung and Subcellular Particles of Male Rata

LPC SPH PC PS + PI PE PG

Whole lung
Control 7.2 ± 2 14.1 ± 0.7 64.5 ± 1.7 6.5 ± 0.3 2.7 ± 0.4 4.7 ± 1.0
Zinc-deficient 3.6 ± 0.2b 10.5 ± 1.4b 70.1 ± 2c 10 ± 0.9c 2.2 ± 0.9 3.6 ± 0.5

Microsomes
Control 9.6 ± 1.3 16.9 ± 4.2 38 ± 3.7 7.5 ± 1 10 ± 1.2 13.1 ± 3
Zinc-deficient 5.6 ± 0.5b 24.1 ± 4 36 ± 2.8 12.2 ± 1.8b 6.4 ± 1.6b 11.8 ± 0.8

Lamellar body
Control 7.4 ± 0.7 12.3 ± 0.7 35.6 ± 5 13.5 ± 1.5 12.3 ± 2.6 17.8 ± 3
Zinc-deficient 5.1 ± 0.4c 7.0 ± 0.8b 50 ± 4a 18.1 ± 1.0a 7.6 ± 1.4a 8.5 ± 1.1a

Extracellular surfactant
Control 6.0 ± 2 5.1 ± 0.4 64.2 ± 3 7.3 ± 0.7 6.5 ± 0.6 10.6 ± 1.4
Zinc-deficient 3.0 ± 0.6a 5.0 ± 1 55.5 ± 2.2b 13.2 ± 2.4a 3.2 ± 0.3b 10.7 ± 0.5

Alveolar macrophages
Control 7.0 ± 0.4 11.4 ± 1.3 51 ± 2 11.6 ± 1.2 8.0 ± 0.7 10.6 ± 1
Zinc-deficient 6.9 ± 0.9 9.4 ± 2 55.8 ± 3 9.1 ± 0.3a 5.3 ± 1.2a 5.4 ± 0.9c

aLPC, lysophosphatidylcholine; SPH, sphingomyelin; PG, phosphatidylglycerol. Results given as means ± SD for eight rats
in each group expressed as percentage of total phospholipids. Across a row, values with different roman superscript letters
indicate a significant difference: aP < 0.05, bP < 0.01, cP < 0.001.



synthesis. The protein concentration decreased in whole lung,
lamellar bodies, surfactant, and macrophages with ZD. Dietary
constituents such as zinc can alter gene expression directly by
interacting with regulatory components in the genome and ac-
tivating or inhibiting transcription (41).

Although we observed that the protein concentration in mi-
crosomes did not change, the data were similar to those previ-
ously reported in the liver microsomes from the zinc-deficient
animals (5). The enzymatic activities of PE methyltransferase,
phosphatidyl-dimethylethanolamine methyltransferase, and
choline phosphotransferase had a linear relationship between
time and concentration of microsomal protein (5). 

The lower protein concentration in the extracellular surfac-
tant could be a consequence of its decreased secretion from
lamellar bodies or decreased synthesis of specific proteins by
extracellular surfactant. Specific surfactant protein-A is the
major surfactant protein in regard to relative abundance as well
as size, and its main known functions are support of alveolar
macrophage activities and regulation of surfactant secretion (1).

The lower content of phospholipid in extracellular surfac-
tant may be a consequence of increased recycling by alveolar
type II cells or type II pneumocytes for synthesis of new sur-
factant (42) or decreased secretion from lamellar bodies. This
change could be associated with a posttranslational change in
plasma membrane proteins (43).

The macrophage, a pivotal cell in many immunologic func-
tions, is adversely affected by ZD, which can modify intracel-
lular killing, cytokine production, and phagocytosis (31,35). It
has been reported that the amount of macrophages decrease in
ZD (31,34); this is coincident with our case because the low
content of phospholipids in macrophages could be a conse-
quence of a smaller amount of these cells in extracellular sur-
factant in the zinc-deficient rats (Table 3).

Adult type II cells may be different from other cells because
of their exceptionally high rate of uptake and choline phospho-
rylation and their high rate of PC synthesis, even at low sub-
strate concentration (22). In our experiments, the rate of PC
synthesis from [Me-14C]choline appeared to be sensitive to ZD
because the radioactivity increased 12% in PC, but in SPH it
decreased 73% in relation to the control group (Fig. 1). 

The amount of cholesterol would change the synthesis of
PC through stimulation of CYT (44). We do not know if the in-
creased activity of CYT observed in the lung of the zinc-defi-
cient rats is due to a pre- or posttranslational regulation. It may
be that the cholesterol concentration is an indirect cause of the
increased activity of this enzyme observed in microsomes of
rat lung after 2 mon of zinc-deficient diet.

In the present study, the zinc-deficient diet increases the ca-
pacity to produce surfactant phospholipids. The amount of
phospholipids may be higher due to the increase in type II cells
and/or an increase in specific activity of phospholipid-synthe-
sizing enzymes (45). The alveolar epithelial damage is fol-
lowed in vivo by an adaptive or recovery stage in which type II
cells proliferate, and in this stage the capacity to produce sur-
factant phospholipids may be higher (45). Clejan et al. (46) in-
dicated that in the liver, small intestine, and testes the synthesis
of phospholipids increased in ZD. These changes may be due
to the increased availability of substrates as well as to increased
activities of the enzymes involved in these processes. Perhaps
this situation occurs in the initial period of deficiency, which
corresponds with our experimental model.

This is the first demonstration that phospholipid synthesis
can be enhanced in the adult rat lung by a physiological stimu-
lus produced by a zinc-deficient diet (in vivo) after 2 mon of
treatment.

In moderate ZD, the lung changes the pattern of PC. In ad-
dition, we know the role of zinc in immunity and its participa-
tion in the antioxidant defense system (10). Considering all
these facts, ZD implications are important to consider when de-
signing therapies and public health interventions involving tar-
geted zinc supplementation for high-risk groups or groups with
certain diseases, such as ARDS.
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ABSTRACT: Eurasian perch, Perca fluviatilis, were fed a semi-
purified fat-free diet for 4 wk, followed by a 16% feeding sup-
plementation of either olive oil (OO), safflower oil (SO), linseed
oil (LO), or cod liver oil (CLO) as the only lipid source in each
diet for 10 wk. Significant reductions in total lipid of tissues
were observed (31.4% in viscera, 66.7% in muscle, and 74.1%
in liver) after feeding the fat-free diet. The SO-, LO-, and CLO-
fed fish significantly increased lipid deposition in liver and vis-
cera compared to fish fed the OO diet; however, muscle lipid
levels were not significantly affected. Large amounts of dietary
18:1n-9 were incorporated directly into tissue lipids when fish
were fed the OO diet. The LO diet significantly elevated 18:4n-3,
20:5n-3, 22:5n-3, and 22:6n-3 in the liver compared to fish fed
OO or SO diets, and the n-3/n-6 ratio was 16 times that of the
SO group, with significantly high desaturation and elongation
products of 18:3n-3. These results suggest that ∆6 and ∆5 desat-
urases are highly active in Eurasian perch, and that the enzymes
at this dietary n-3/n-6 ratio favor 18:3n-3 over 18:2n-6 as sub-
strate. The SO diet significantly increased 18:3n-6, 20:3n-6, and
22:5n-6 in the liver and significantly decreased EPA and DHA.
This indicates that desaturation enzymes were not specifically
favoring n-3 over n-6 acids in perch lipid metabolism, and that
these elongation and desaturation enzymes were influenced by
n-3 and n-6 FA content in the diet. The present study indicates
that high tissue content of DHA in the muscle of Eurasian perch
was attributable to the greater ability for n-3 acid bioconversion.
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Lipid nutrition research has demonstrated that DHA, EPA,
and arachidonic acid (AA) are FA essential for maintaining
cell integrity and supporting life in all animals, and are now
being recognized as desirable in the human diet (1–8). As n-3
and n-6 18-carbon FA are precursors of these FA, the require-
ments in fish are, to a large extent, associated with the ability
of animals to convert the 18-carbon FA to the longer-chain
highly unsaturated FA (HUFA) (9–16). The nutritive value of
dietary lipid sources therefore is also closely related to the
animal’s ability to produce chain elongation and desaturation
(17–18), and the type and amount of dietary fat have been
shown to be important factors (19–21). It is generally ac-

cepted that marine fish lack one or more of the desaturation
enzymes necessary to complete the chain elongation and de-
saturation of n-3 and n-6 acids such as linoleic acid and
linolenic acid to AA, EPA, and DHA (9,11,22–25). In con-
trast, freshwater fish are capable of performing this conver-
sion by chain elongation and desaturation (24,26–30). Recent
interest in fish oil for animal and human nutrition has in-
creased the demand for the world’s fish oil supply. At this
date, aquaculture already consumes nearly 50% of the world
supply of fish oil, and with the continuous rapid growth of
world aquaculture, the demand for fish oil will exceed the
supply in the near future (25). It is important therefore to
develop alternatives to fish oil in fish feed formulations (25).
During the past three decades, although many studies on n-3
and n-6 FA nutrition and metabolism have been conducted in
both marine and freshwater fish (9,11,22,23,26,28,29,31–33),
limited information has been published on lipids, FA compo-
sition, and metabolism of percid fish (34–37). In fact, no
study has yet addressed the influence of dietary fat source on
lipid metabolism and FA composition of Eurasian perch
Perca fluviatilis.

The purposes of the present study were to investigate the
influence of different lipid sources on FA composition and
metabolism in the Eurasian perch, and to evaluate the poten-
tial alternatives to fish oil in fish feed formulations.

MATERIALS AND METHODS

Animals and diets. Three hundred Eurasian perch (initial
mean weight 25 g) were obtained from the Tihange Fish Cul-
ture Station (University of Liège, Belgium) and were fed on a
semipurified fat-free basal diet in a 1.5 × 1.5 × 1 m fiberglass
tank for 4 wk. The basal diet was composed of (by wt%): ca-
sein, 47; arginine HCl, 2; blood meal, 7; cornstarch, 18.4; vit-
amin mix, 2; mineral mix, 2; choline chloride, 0.5; ascorbic
acid, 0.2; attractants (alanine, glycine, proline, and betaine),
1; cellulose, 2; carboxymethylcellulose, 2; testing lipid
source, 16. (Vitamin and mineral mixes were purchased from
INVE Aquaculture NV, Dendermonde, Belgium.) After that,
240 fish were divided randomly into eight 120-L rectangular
tanks (30 fish per tank) to provide duplicates of the four di-
etary treatments. The diets were formulated to meet the pro-
tein and lipid requirements of Eurasian perch (36–38) and
contained 45% protein and 16% lipid (a cod liver oil diet served
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as the control treatment) with all ingredients identical except for
the different lipid sources (Table 1). Fish were subjected to a
natural photoperiod, and the water temperature during the ex-
perimental period was kept constant at 23°C. Fish were fed
twice a day by hand to satiation for 10 wk. Fish were weighed
in biomass at the start and finish of the experiment and at inter-
vals of every 2 wk. Vitamin-free casein, olive oil (OO), saf-
flower oil (SO), linseed oil (LO), and cod liver oil (CLO) were
purchased from Sigma-Aldrich (St. Louis, MO). Vitamin and
mineral mixtures were purchased from INVE. An antioxidant
(ethoxyquin 0.2%) was added to the oil before adding it to the
basal mixture. The FA composition of each diet is presented in
Table 1. 

Lipid extraction and FA analysis. Three fish per tank were
killed by a blow to the head, and liver, viscera, and muscle were
dissected. Samples were stored at −80°C prior to lipid extrac-
tion. Total lipids of liver (0.5–0.8 g) and viscera (1 g) were ex-
tracted with chloroform/methanol (2:1, vol/vol) by the method
of Folch et al. (39), and the total lipids of muscle tissues
(50–100 g) were extracted with chloroform/methanol/water
(2:2:1.8, by vol) by the method of Bligh and Dyer (40). BHA
(0.02%) was added to chloroform/methanol as an antioxidant.
The FA of total lipids were converted to methyl esters with
BF3-MeOH (41), and FA were separated and quantified by GC
(GC Trace, 2000; ThermoQuest, Carlo Erba, Italy) using a 30
m × 0.32 mm capillary column (FAME-WaxTM; Restek Cor-
poration, Bellefonte, PA). Helium was used as carrier gas, and
temperature programming was from 66 to 190°C at 40°C/min
and then to 230°C at 2°C/min. Individual methyl esters were
identified by comparison with standard fish oil (42) and quanti-
fied by the computing integrator Chrom-Card for Trace (Ther-
moQuest).

Statistical analysis. Results of replicate tanks with two dif-
ferent pooled samples from six fish were used for statistical
analysis. Values shown in Tables 3–7 are the means ± SD, with
n values indicating the numbers of different pooled samples per
treatment. Statistical analysis was based on a one-way ANOVA
processed by Duncan’s multiple range test (43). The significant
differences between treatments were evaluated at the 0.05 level.

RESULTS AND DISCUSSION

Feeding fish with a fat-free diet had a pronounced effect on
reducing the lipid deposition in liver, viscera, and muscle in
Eurasian perch (Table 2). Total lipid content of these tissues
dropped significantly, with a 31% fat reduction in the viscera,
66.7% in the muscle, and 74.1% in the liver, indicating that
dietary fat is essential for building body lipids in fish. The fat-
free diet also affected the FA composition of fish tissues
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TABLE 1
FA Compositions (wt% of total FA) of the Dietsa

Diet
FA OO SO LO CLO

14:0 0.8 0.2 0.1 6.3
16:0 10.8 7.1 5.2 14.4
16:1 0.8 0.1 0.1 8.1
18:0 2.6 2.4 3.2 2.5
18:1 77.2 14.1 21.8 21.4
18:2n-6 5.9 75.0 15.5 4.4
18:3n-3 0.7 0.3 52.5 1.5
18:4n-3 — — 0.4 2.0
20:1n-9 — — — 6.8
20:4n-6 — — — 0.3
20:4n-3 — — — 1.1
20:5n-3 — — — 10.1
21:5n-3 — — — 1.1
22:1n-11 — — — 6.4
22:5n-3 — — — 1.1
22:6n-3 — — — 10.3
aTotal lipids were extracted from the diets as described in the Materials and
Methods section. FA composition was determined by GC Trace 2000
(Thermo Quest, Carlo Erba, Italy) with on-column injection. Values were ex-
pressed as percentages of each FA over total FA identifiable. OO, olive oil;
SO, sunflower oil; LO, linseed oil; CLO, cod liver oil. (—), not detected.

TABLE 2
Total Fat Content of Different Tissues and Growth Parameters After the 10 wk Feeding Trial

Parameter
total lipid (%)a Beforeb Afterc OO Diet SO Diet LO Diet CLO Diet

Liver 34.7 ± 2.9a 9.0 ± 0.4b 7.1 ± 0.5c 8.3 ± 0.4b.c 12.6 ± 0.1d 9.4 ± 0.2b

Viscera 72.9 ± 1.0a 41.5 ± 2.6b 43.8 ± 1.4b 53.9 ± 0.8c 64.5 ± 2.9a 76.7 ± 3.4a

Muscle 3.0 ± 0.1a 1.0 ± 0.0b 0.8 ± 0.0b 1.0 ± 0.1b 1.1 ± 0.2b 1.1 ± 0.2b

Initial weight (g)d 25.5 ± 2.3 26.0 ± 1.8 25.5 ± 3.2 24.5 ± 1.4
Final weight (g) 33.1 ± 3.4a 35.9 ± 1.8b 44.2 ± 2.8c 59.2 ± 4.3d

Weight gain (%)e 30.0 ± 5.6a 41.0 ± 1.5b 71.2 ± 1.5c 141.7 ± 6.8d

Feed efficiency ratiof 0.86 ± 0.03a 1.10 ± 0.02b 1.23 ± 0.01b 1.28 ± 0.08b

aTotal lipids of liver, viscera and muscle are percentage by weight ± SD from three different pooled samples of six fish from
duplicate tanks per treatment.
bBefore feeding fat-free diet.
cAfter feeding fat-free diet.
dValues for initial weight and final weight are mean ± SD obtained from two biomass (25–30 fish) of duplicate tanks. Val-
ues in the same row with different superscript letters are significantly different (P < 0.05).
eWeight gain percent = (final weight – initial weight)/initial weight x 100%.
fFeed efficiency ratio = (g final biomass – g initial biomass + g dead fish) x (g feed supply)−1.



(Table 3). Proportions of 18:3n-3, 18:4n-3, 20:4n-3, and total
monounsaturated FA in the liver were significantly decreased,
whereas DHA and total n-3 FA were significantly increased
after a 4-wk fat-free diet. At the same time, 18:3n-6, 20:2n-6,
20:4n-6, and 22:4n-6 in the liver were also increased. By con-
trast, the FA composition of viscera and muscle remained al-
most unchanged after feeding the fat-free diet. The relatively
high levels of HUFA (20:4n-6, 20:5n-3, and 22:6n-3) in the
tissue lipids of perch fed the fat-free diet were probably the
result of preferential utilization of short- and medium-chain
FA as an energy source for basal maintenance, rather than an
increase in the absolute content of the HUFA. AA, EPA, and
especially DHA were preferentially retained in the larval
lipids at the expense of other FA during the periods of starva-
tion (44). The growth responses and feed efficiency of fish

fed four different dietary fat sources are presented in Table 2.
The lowest growth rate (30%) and feed efficiency (0.86) were
observed in fish fed the OO diet. LO- and SO-fed fish in-
creased significantly in growth response (41 and 71.2%, re-
spectively) and in improved feed efficiency (1.10 to 1.23, re-
spectively) compared to OO fish. These results indicate that
n-6 and n-3 FA may be essential for the growth of Eurasian
perch. However, the highest growth rate (141.7%) and feed
efficiency (1.28) were found in control fish fed the CLO diet.
The differences in weight gain between the LO and the CLO
fish may be attributed to the better palatability of the CLO
diet.

The total lipid content of viscera, muscle, and liver of fish
fed OO, SO, LO, or CLO diets is shown in Table 2. Signifi-
cant differences in total lipid content of liver and viscera were
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TABLE 3
FA Compositions (wt% total FA) of Liver and Viscera Before and After Feeding the Fat-Free Dieta

Dietary treatments

Liver Viscera Muscle
Beforeb Afterc Beforeb Afterc Beforeb Afterc

Total lipid 34.7 ± 2.9a 9.0 ± 0.4c 72.9 ± 1.0a 41.5 ± 2.6c 3.0 ± 0.1a 1.4 ± 0.1b

(%, wet wt)

FA
14:0 4.3 ± 0.1a 2.9 ± 0.3b 6.3 ± 0.0 6.2 ± 0.1 19.4 ± 0.4 20.9 ± 0.6
16:0 17.0 ± 1.1 16.0 ± 1.1 13.9 ± 0.7b 11.6 ± 0.1a 2.9 ± 0.1 3.3 ± 0.0
18:0 1.3 ± 0.1 1.0 ± 0.4 0.9 ± 0.1 1.0 ± 0.1 — —
20:0 — — 0.2 ± 0.0 — — —
Total SFA 22.6 ± 1.4 19.9 ± 0.5 21.3 ± 0.4b 18.7 ± 0.1a 24.5 ± 0.6 25.6 ± 0.3

16:1 11.0 ± 1.2 7.9 ± 0.2 9.8 ± 1.1 8.4 ± 1.4 4.7 ± 0.7 3.9 ± 0.0
18:1 22.2 ± 1.6 17.8 ± 0.7 23.6 ± 0.1 24.8 ± 0.7 12.9 ± 0.6 11.4 ± 0.3
20:1 3.9 ± 0.7 2.7 ± 0.6 6.8 ± 0.6a 9.0 ± 0.1b 3.7 ± 0.0a 2.0 ± 0.4b

22:1 1.5 ± 0.4a —b 4.0 ± 0.3a 5.3 ± 0.1b —a 0.8 ± 0.2b

Total MUFA 38.5 ± 0.2a 28.3 ± 2.8b 44.3 ± 0.4a 47.4 ± 0.8b 21.3 ± 1.8a 18.1 ± 0.4b

18:2 5.1 ± 0.4 4.7 ± 0.2 5.1 ± 0.1 4.7 ± 0.1 2.4 ± 0.1 2.5 ± 0.1
18:3 — 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 — —
20:2 —a 0.2 ± 0.1b 0.5 ± 0.0 0.5 ± 0.1 — —
20:3 — — 0.1 ± 0.0 — — —
20:4 0.7 ± 0.1 1.0 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 1.2 ± 0.1 2.0 ± 0.0
22:4 —a 0.3 ± 0.1b 0.2 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.4 ± 0.1
22:5 — — — — 0.3 ± 0.0 0.3 ± 0.1
Total n-6 FA 5.8 ± 0.6 6.2 ± 0.4 6.2 ± 0.0 5.8 ± 0.1 4.1 ± 0.1 5.2 ± 0.3

18:3 1.4 ± 0.1a 0.8 ± 0.0b 1.8 ± 0.1 1.3 ± 0.1 0.7 ± 0.0a 0.4 ± 0.1b

18:4 1.3 ± 0.1a 0.8 ± 0.1b 2.2 ± 0.1 1.3 ± 0.0 0.8 ± 0.1a 0.4 ± 0.1b

20:3 — 0.1 ± 0.0 0.2 ± 0.0 — — —
20:4 0.7 ± 0.0a 0.4 ± 0.0b 0.7 ± 0.0 0.6 ± 0.0 0.3 ± 0.1 0.3 ± 0.0
20:5 4.8 ± 1.3 5.6 ± 0.1 6.0 ± 0.4b 3.8 ± 0.1a 6.8 ± 0.8a 9.2 ± 0.3b

22:5 1.3 ± 0.0 1.6 ± 0.0 1.3 ± 0.0 1.5 ± 0.1 1.0 ± 0.1 0.9 ± 0.2
22:6 21.1 ± 1.2a 33.0 ± 1.1b 13.3 ± 0.3a 16.2 ± 0.0b 34.4 ± 0.2 34.5 ± 0.6
Total n-3 FA 30.5 ± 0.2a 42.1 ± 0.7b 25.4 ± 0.6 24.7 ± 0.1 44.0 ± 0.7 45.7 ± 0.8

n-3/n-6 5.3 ± 0.6 6.8 ± 0.7 4.0 ± 0.4 4.3 ± 0.1 10.7 ± 0.3 8.8 ± 0.2
Ratio
aValues are means ± SD obtained from two different pooled samples of six fish from duplicate tanks. Values in the same
row (same tissue category) with different superscript letters are significantly different (P < 0.05). (—), trace value (<0.05) or
not detected. SFA, saturated FA; MUFA, monounsaturated FA.
bBefore feeding fat-free diet.
cAfter feeding fat-free diet.



observed. The SO, LO, and CLO diets significantly increased
lipid deposition in viscera as compared to the OO diet-fed
fish, and the lipid content of the viscera in LO and CLO fish
was significantly higher than that of the SO fish, which was
comparable to or even higher than that of fish before feeding
the fat-free diet, suggesting that lipid restoration in viscera
was efficient compared to that of liver. The liver lipid content
in LO fish was the highest among the four dietary fat treat-
ment groups, and the lipid content of liver in CLO fish was
significantly higher than that of OO diet-fed fish; however,
there was no significant difference in liver lipid content be-
tween OO and SO diet-fed fish, and total lipid contents of liv-
ers from all dietary treatments were low compared to those of
fish before feeding the fat-free diet, which might imply a slow
restoration of liver lipids in Eurasian perch. The lipid content
in muscle was not significantly affected by dietary fats and
remained similar among the four treatments.

FA compositions in liver, viscera, and muscle from fish fed
four different lipid sources clearly showed that significant
changes were made by their responses to dietary FA (Tables
4–6). Considerable amounts of dietary FA were incorporated

into fish tissues, and extensive chain elongation and desatura-
tion n-6 and n-3 FA were observed among the four dietary
treatments. Predominant FA were 16:0, 16:1, 18:1, and 22:6n-3
in OO-fed fish, and among these FA, 18:1 was significantly
increased in OO fish livers compared to those of SO, LO, and
CLO fish. DHA and total n-3 FA in the livers of OO fish were
significantly higher than those in SO fish, but they were sig-
nificantly lower than those in LO and CLO fish, suggesting
that n-3 desaturations were inhibited by the SO diet and en-
hanced by the LO diet. 

The highest single FA was 18:2n-6 in SO-fed fish, ac-
counting for 23.7% of total FA in the liver, 19.7% in the vis-
cera, and 12.3% in the muscle, which was 8.5-, 4.3-, and 4.6-
fold that of OO fish, 6.1-, 4.0-, and 4.0-fold that of LO fish,
and 5.8-, 4.4-, and 5.9-fold that of CLO fish, respectively.
These results suggest that linoleic acid is the type of FA that
can be incorporated easily into all tissue lipids in Eurasian
perch and stored in the lipid pool without modification. The
considerable accumulations of 18:2n-6 have also been re-
ported in liver phospholipids of gilthead bream (Sparus au-
rata) fed a diet containing soybean oil (21). The product of

300 X. XU AND P. KESTEMONT

Lipids, Vol. 37, no. 3 (2002)

TABLE 4
FA Compositions (wt% total FA) of Liversa

Dietary treatments

OO SO LO CLO

Total lipid
(%, wet wt) 7.1 ± 0.5a 8.3 ± 0.4a.b 12.6 ± 0.1c 9.4 ± 0.2b

FA
14:0 1.6 ± 0.2 2.1 ± 0.0 2.3 ± 0.2 2.1 ± 0.3
16:0 16.8 ± 2.9 17.8 ± 1.3 14.5 ± 0.4 16.1 ± 1.8
18:0 2.6 ± 0.6 2.9 ± 0.4 2.4 ± 0.1 2.9 ± 0.3
20:0 — 0.1 ± 0.0 0.1 ± 0.0 —
Total SFA 21.0 ± 3.6 22.9 ± 1.4 19.3 ± 1.2 21.1 ± 2.4

16:1 11.2 ± 4.3 10.2 ± 1.5 8.9 ± 0.7 8.6 ± 0.6
18:1 26.9 ± 2.9a 16.9 ± 0.7b 16.3 ± 0.1b 14.8 ± 0.5c

20:1 2.1 ± 0.0 1.5 ± 0.6 3.0 ± 0.2 2.2 ± 0.1
22:1 — — 2.0 ± 0.0 1.3 ± 0.3
Total monoenes 40.3 ± 4.9a 28.5 ± 2.8b 30.1 ± 0.1b 26.8 ± 1.4c

18:2n-6 2.8 ± 0.2a 23.7 ± 2.1c 3.9 ± 0.0b 4.1 ± 0.6b

18:3n-6 0.1 ± 0.0a 1.0 ± 0.3b 0.2 ± 0.0a 0.1 ± 0.0a

20:2n-6 0.4 ± 0.0a 0.9 ± 0.1b 0.2 ± 0.0c 0.9 ± 0.2b

20:3n-6 0.4 ± 0.1a 3.4 ± 0.4b 0.2 ± 0.0c 0.2 ± 0.0c

20:4n-6 2.0 ± 0.3 0.8 ± 0.1 1.1 ± 0.2 1.6 ± 0.6
22:4n-6 0.4 ± 0.2 0.6 ± 0.1 0.9 ± 0.1 —
22:5n-6 0.5 ± 0.1a 2.9 ± 0.7b 0.3 ± 0.0a 0.5 ± 0.1a

Total n-6 FA 6.5 ± 0.6a 33.1 ± 4.2b 6.4 ± 0.2a 7.2 ± 1.5a

18:3n-3 0.3 ± 0.0a 0.2 ± 0.1a 3.0 ± 0.1b 3.1 ± 0.3a

18:4n-3 0.2 ± 0.0a 0.1 ± 0.0a 0.7 ± 0.1b 0.6 ± 0.1b

20:3n-3 —a —a 0.2 ± 0.0b 0.2 ± 0.0b

20:4n-3 0.1 ± 0.0a 0.2 ± 0.0a 0.6 ± 0.0b 0.6 ± 0.1b

20:5n-3 2.2 ± 0.1a 1.2 ± 0.7b 2.8 ± 0.0c 2.9 ± 0.1c

22:5n-3 0.7 ± 0.0a 0.3 ± 0.1b 1.2 ± 0.0c 0.9 ± 0.1a

22:6n-3 27.1 ± 0.8a 12.6 ± 1.8b 31.6 ± 0.4c 32.2 ± 1.2c

Total n-3 FA 30.4 ± 0.4a 14.6 ± 2.4b 40.0 ± 1.1c 40.4 ± 1.4c

n-3/n-6 4.7 ± 0.3b 0.4 ± 0.1a 6.5 ± 0.4d 5.6 ± 0.8c

Ratio
aValues are means ± SD obtained from two different pooled samples of six fish from duplicate tanks per treatment. Values
in the same row with different superscript are significantly different (P < 0.05). (—), trace value (< 0.05) or not detected. For
abbreviations see Tables 2 and 3.



∆6 desaturation and elongation of 18:2n-6, 20:3n-6, was 17-
fold that of the corresponding n-3 desaturation product,
20:4n-3, indicating that the ∆6 desaturation enzyme was also
favoring 18:2n-6 as a substrate when dietary 18:3n-3 content
was low. A substantially high level of 22:5n-6 (9.7-fold that
of LO fish) with a low level of 20:4n-6 was found in the liv-
ers of SO fish in the present study. This indicates that the con-
version of 20:3n-6 to 20:4n-6 might be reduced during SO
diet feeding or that the utilization of 20:4n-6 for 22:5n-6 in-
creased and was more rapid during the same period, leading
to the accumulation of 22:5n-6 as one of the predominant
metabolic products of 18:2n-6. The n-3/n-6 ratios in the tis-
sues of fish fed the SO diet were significantly decreased com-
pared to those of OO, LO, and CLO fish, especially in the
liver. The n-3/n-6 ratio was 0.4, almost 11.3 times lower than
that of OO fish, 13 times lower than that of CLO, and 15.3
times lower than that of LO fish. Significant increases in ∆6
and ∆5 desaturation and elongation products of 18:2n-6 were
found in SO-fed fish, and a significant decrease in 22:6n-3
and total n-3 FA was observed in SO-fed fish. These signifi-

cant changes in n-3/n-6 ratio and FA composition of fish fed
different dietary fats indicate that the competition and inhibi-
tion between 18:2n-6 and 18:3n-3 for further desaturation and
elongation were greatly influenced by the type of dietary fat
and the content of n-3 and n-6 FA in the diet. Similar changes
in FA composition and n-3/n-6 ratio have also been reported
for salmon, rainbow trout, and tilapia (33,45–47).

Substantial amounts of chain elongation and desaturation
products of 18:3n-3, such as 18:4n-3, 20:3n-3, 20:4n-3,
20:5n-3, 22:5n-3, and 22:6n-3, were found in the liver and the
viscera of fish fed the LO diet combined with few or no cor-
responding products of 18:2n-6. This implies that chain elon-
gation and desaturation of 18:3n-3 were actively occurring
and that desaturation enzymes at this dietary n-3/n-6 ratio
probably favored 18:3n-3 over 18:2n-6 as a substrate in
Eurasian perch lipid metabolism. This is in agreement with
previous studies in rats (48), rainbow trout (33), and Atlantic
salmon (49). FA composition of the muscle from fish fed four
diets remained similar, regardless of different dietary fats.
DHA content and total n-3 FA in all tissues of LO fish were
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TABLE 5
FA Compositions (wt% total FA) of Visceraa

Dietary treatments

OO SO LO CLO

Total lipid
(%, wet wt) 43.8 ± 1.4a 53.9 ± 0.8b 64.5 ± 2.9c 76.7 ± 3.4c

FA
14:0 5.2 ± 0.7a 4.6 ± 0.2a 6.2 ± 01b 5.6 ± 0.2b

16:0 11.5 ± 0.0a 11.5 ± 0.4a 10.8 ± 0.6a 14.1 ± 0.8b

18:0 0.9 ± 0.1 0.9 ± 0.0 0.9 ± 0.1 0.6 ± 0.1
20:0 —a 1.1 ± 0.0b —a 0.2 ± 0.0a

Total SFA 17.5 ± 0.6 18.1 ± 0.1 17.8 ± 0.6 20.4 ± 1.4

16:1 10.3 ± 0.5a 7.6 ± 0.6b 9.0 ± 0.4b 13.4 ± 0.1c

18:1 34.5 ± 4.2a 22.9 ± 0.1b 24.2 ± 1.1b 24.3 ± 1.8b

20:1 7.2 ± 0.9 7.3 ± 0.5 9.3 ± 2.3 7.3 ± 0.1
22:1 4.1 ± 0.6 1.5 ± 0.4 4.1 ± 0.7 3.2 ± 0.4
Total monoenes 56.0 ± 2.4 39.2 ± 0.2 46.5 ± 4.4 48.1 ± 0.6

18:2n-6 4.6 ± 0.2a 19.7 ± 0.2b 4.9 ± 0.1a 4.5 ± 0.1a

18:3n-6 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
20:2n-6 0.4 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.0
20:3n-6 —a 0.3 ± 0.0b 0.1 ± 0.0a 0.1 ± 0.0a

20:4n-6 0.3 ± 0.0 0.4 ± 0.1 0.4 ± 0.0 0.4 ± 0.1
22:4n-6 — — 0.1 ± 0.0 —
22:5n-6 0.3 ± 0.0 0.3 ± 0.1 0.2 ± 0.1 0.3 ± 0.1
Total n-6 FA 5.6 ± 0.1a 21.4 ± 0.1b 6.0 ± 0.2a 5.7 ± 0.5a

18:3n-3 0.9 ± 0.0a 1.0 ± 0.0a 1.4 ± 0.1b 1.4 ± 0.1b

18:4n-3 0.9 ± 0.1 1.0 ± 0.0 1.2 ± 0.0 1.5 ± 0.0
20:3n-3 0.1 ± 0.0 — — 0.1 ± 0.0
20:4n-3 0.4 ± 0.0a 0.4 ± 0.1a 0.6 ± 0.0a,b 0.8 ± 0.0b

20:5n-3 2.5 ± 0.1a 2.8 ± 0.1a 3.2 ± 0.1b 5.1 ± 0.1c

22:5n-3 1.3 ± 0.1a 1.2 ± 0.1a 1.7 ± 0.1b 1.8 ± 0.1b

22:6n-3 12.7 ± 1.4a 13.1 ± 0.0a 16.0 ± 0.4b 12.4 ± 0.1a

Total n-3 FA 18.7 ± 1.7a 19.3 ± 0.0a 24.0 ± 0.2b 22.9 ± 0.0b

n-3/n-6 3.3 ± 0.4a 0.9 ± 0.0b 4.0 ± 0.1c 4.0 ± 0.3c

Ratio
aViscera may include mostly depot TAG. Values are means ± SD obtained from two different pooled samples of six fish
from duplicate tanks per treatment. Values in the same row with different superscripts are significantly different
(P < 0.05). (—), trace value (<0.05) or not detected. For abbreviations see Tables 2 and 3.



comparable to or even higher than those of control fish fed
the CLO diet, indicating a high capability of converting 18-
carbon n-3 acids to the longest-chain HUFA possible in
Eurasian perch. Unlike in carp and other fish, linoleic acid
may be incorporated to a large extent in fish tissues; a rela-
tively low percentage of linolenic acid was found in tissues
of LO-fed perch, along with high percentages of 20:5n-3 and
a high level of 22:6n-3. A high dietary 18:3n-3 content with
low levels of 18:3n-3 in fish tissues is clear evidence that
Eurasian perch may readily catabolize 18:3n-3 in excess of
their biological needs; 18:3n-3 not only serves as a precursor
for chain elongation and desaturation, but also Eurasian perch
metabolize it as an energy source. Consistent with our finding,
Bell et al. (50) also reported that relatively limited amounts of
18:3n-3 were found in the phospholipids of Atlantic salmon
fed an LO diet as compared to a large amount of 18:2n-6 de-
position in fish fed a sunflower oil diet. The present study
shows that the different characteristics of deposition and uti-
lization between 18:3n-3 and 18:2n-6 may be the key differ-
ence in  these two important FA in fish lipid metabolism.
However, the essentiality of 18:3n-3 for perch and its specific

biological and physiological functions remain unclear. Evi-
dence of a specific metabolic function for 18:3n-3 other than
as a precursor of n-3 HUFA has not been published (51). 

The existence and function of ∆4 have been disputed dur-
ing the past decade. Low ∆4 desaturase activities and a possi-
bly related product have been reported by some investigators
(52–55). However, recent evidence in rainbow trout with
original findings in rats has reinforced the argument of DHA
synthesis in that desaturations of both PUFA of the n-3 and n-6
series through the ∆6 and ∆5 enzymes are used to produce
24:6n-3 and 24:5n-6, which are then chain-shortened to
22:6n-3 and 22:5n-6, respectively, by β-oxidation (56–57).
Since only low ∆4 desaturase activity has been reported in
fish, the large amounts of DHA synthesis found in the present
study most likely resulted from this peroxisomal process. How-
ever, the exact DHA synthesis process in perch awaits further
investigation. 

Compared to marine fish, most freshwater fish contain
high levels of 18-carbon n-6 and n-3 FA, but also substantial
concentrations of EPA and DHA (10,24,58). The presence of
substantial amounts of DHA with relatively low EPA was also
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TABLE 6
FA Compositions (wt% total FA) of Musclea

Dietary treatments

OO SO LO CLO

Total lipid
(%, wet wt) 0.8 ± 0.0a 1.0 ± 0.1a 1.1 ± 0.2a 1.1 ± 0.2a

FA
14:0 0.8 ± 0.1a 0.7 ± 0.0a 1.0 ± 0.1b,c 1.4 ± 0.1c

16:0 20.2 ± 0.1 19.8 ± 0.7 20.2 ± 0.1 21.6 ± 0.4
18:0 3.6 ± 0.1a 0.3 ± 0.1b 0.4 ± 0.1b 3.6 ± 0.1a

20:0 0.1 ± 0.0 0.3 ± 0.0 — —
Total SFA 24.6 ± 0.1a 21.1 ± 0.7b 21.5 ± 0.1b 26.6 ± 0.4c

16:1 3.5 ± 0.0 3.0 ± 0.1 3.7 ± 0.1 4.8 ± 0.3
18:1 12.6 ± 1.7a 14.2 ± 0.9a,b 15.0 ± 2.6b 12.4 ± 2.8a

20:1 2.1 ± 0.2 1.6 ± 0.3 2.0 ± 0.2 2.3 ± 0.3
22:1 0.5 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.7 ± 0.0
Total monoenes 18.6 ± 1.1 19.0 ± 0.8 21.1 ± 0.8 20.2 ± 0.9

18:2n-6 2.7 ± 0.8a 12.3 ± 4.9b 3.1 ± 0.6a 2.1 ± 0.0a

18:3n-6 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.1 0.2 ± 0.0
20:2n-6 0.2 ± 0.0 0.5 ± 0.1 0.3 ± 0.1 0.2 ± 0.0
20:3n-6 0.2 ± 0.0a 1.3 ± 0.6b 0.2 ± 0.0a —a

20:4n-6 2.3 ± 0.1 1.8 ± 0.2 1.8 ± 0.0 1.6 ± 0.1
22:4n-6 0.4 ± 0.0 0.4 ± 0.0 0.5 ± 0.0 0.5 ± 0.1
22:5n-6 0.6 ± 0.0a 1.3 ± 0.6b 0.6 ± 0.1a 0.6 ± 0.4a

Total n-6 FA 6.5 ± 0.2a 17.7 ± 0.7b 6.6 ± 0.7a 5.1 ± 0.0a

18:3n-3 0.3 ± 0.0a 0.2 ± 0.0a 1.6 ± 0.1b 0.5 ± 0.1a

18:4n-3 0.1 ± 0.0a 0.1 ± 0.0a 0.3 ± 0.0b 0.4 ± 0.1b

20:3n-3 — — 0.1 ± 0.0 0.1 ± 0.0
20:4n-3 0.3 ± 0.1a 0.2 ± 0.0a 0.4 ± 0.0a,b 0.5 ± 0.1b

20:5n-3 8.1 ± 0.4 5.4 ± 1.4 6.7 ± 0.4 7.7 ± 0.1
22:5n-3 0.9 ± 0.1a 0.7 ± 0.1a 1.0 ± 0.0a 1.5 ± 1.1b

22:6n-3 36.3 ± 1.3 31.5 ± 5.6 36.9 ± 0.9 31.5 ± 1.4
Total n-3 FA 45.9 ± 2.5 38.1 ± 5.8 46.9 ± 0.7 45.2 ± 1.5

n-3/n-6 7.1 ± 1.1a 2.2 ± 0.4b 7.1 ± 0.7a 8.9 ± 0.8a

Ratio
aValues are means ± SD obtained from two different pooled samples of six fish from duplicate tanks per treatment. Values
in the same row with different superscripts are significantly different (P < 0.05). (—), trace value (< 0.05) or not detected.
For abbreviations see Tables 2 and 3.



observed in our previous studies on Eurasian perch (36). Here
high concentrations of DHA and less EPA were found in all
tissue lipids of LO and CLO fish, which suggests that these
FA patterns are the distinguishing feature and physiological
nature of Eurasian perch lipids and are probably related to the
high ∆6 and ∆5 desaturation enzyme activities that lead to the
accumulation of DHA. Therefore, active metabolic biocon-
version of n-3 and n-6 FA, and n-3 and n-6 FA competition
and inhibition observed in the present study are the most ap-
propriate explanations for the similarity of DHA concentra-
tion in LO and CLO fish and for the differences in n-3 and n-6
FA composition in LO and SO fish, all of which are closely
linked to the influences of their dietary fats (30). 

In summary, the results of the present study with Eurasian
perch confirm that the competition for the same desaturation
enzyme between n-3 and n-6 FA is greatly influenced by di-
etary fat, and perhaps is regulated by the content of n-3 and
n-6 FA in the diet. Although it contains relatively low fat in
the muscle, the Eurasian perch is a potential nutritional food
fish for human consumption with a high DHA content. In
view of the great ability for bioconversion of n-3 and n-6 FA
observed in the present study of Eurasian perch, LO is a
promising alternative to fish oil in perch feed formulations in
terms of DHA synthesis. However, before drawing final con-
clusions, more work is needed to determine to what extent LO
may replace the fish oil in the diet, as well as to better under-
stand the effects of the dietary n-3/n-6 ratio on the lipid me-
tabolism of fish in general. 
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ABSTRACT: The ∆6 monoenoic methoxylated FA (6Z)-2-
methoxy-6-heptadecenoic acid and (6Z)-2-methoxy-6-octade-
cenoic acid were identified for the first time in nature in the
phospholipids from the uncommon Caribbean sponge Sphe-
ciospongia cuspidifera. These findings expand the occurrence
of ∆6 2-methoxylated FA to C17–C18 chain lengths and establish
a new FA biosynthetic possibility for these marine organisms.
The novel methoxylated FA also could have originated from the
phospholipids of a bacterium in symbiosis with the sponge.

Paper no. L8925 in Lipids 37, 305–308 (March 2002).

Methoxylated lipids have attracted much attention for their
intriguing biological activities. Earlier work by Hallgren and
collaborators with methoxy-substituted glycerol ethers from
Greenland shark liver oil established their antibiotic effect
against several bacterial strains, including Streptococcus and
Staphylococcus (1,2). Some of these methoxy-substituted
glycerol ethers also display antitumor activity against a vari-
ety of human tumors (2). Most recently, several phospho-
cholines possessing 2′-methoxy acyl chains, such as 1-O-(2′-
methoxyhexadecyl)-sn-glycero-3-phosphocholine and 1-O-
(2′-methoxy-4′Z-hexadecenyl)-sn-glycero-3-phosphocholine,
were isolated from the sponge Spirastrella abata (3). These
methoxylated lysophospholipids were also significantly cyto-
toxic against specific lines of lung, ovarian, and skin cancer
cells with ED50 values of 4–6 µg/mL (3).

Whereas the previous examples relate to ether lipids, some
work has also been published regarding methoxylated phos-
pholipid FA from marine sponges (4,5). For example, our
group reported a whole series of ∆6 2-methoxylated FA with
C14–C16 chain lengths from the Caribbean sponge Callyspon-
gia fallax (4). In addition, we showed that short-chain
methoxylated FA such as (6Z)-2-methoxy-6-hexadecenoic
acid display moderate antibacterial activity against Gram-
positive bacteria (5). Despite these efforts, other ∆6 2-
methoxylated FA, in particular those with C17–C18 chain
lengths, remain unknown. It is quite probable that these

C17–C18 ∆6 2-methoxylated FA also display antimicrobial
and/or antitumor activity as either FFA or bound to phospho-
lipids. Therefore, as part of our continuing program in the iso-
lation and characterization of novel FA from marine organ-
isms we report the identification of the 2-methoxylated FA
(6Z)-2-methoxy-6-heptadecenoic acid (1) and (6Z)-2-
methoxy-6-octadecenoic acid (2) (Scheme 1) from the un-
common Caribbean sponge Spheciospongia cuspidifera
Lamarck (class Demospongiae, order Hadromerida, family
Clionidae) (6). This finding expands the occurrence of ∆6 2-
methoxylated normal-chain FA in sponges to C14–C18 chain
lengths.

MATERIALS AND METHODS

Instrumentation. FAME were analyzed by direct ionization
using GC–MS (Hewlett-Packard 5972A MS ChemStation) at
70 eV equipped with a 30 m × 0.25 mm special performance
capillary column (HP-5MS) of polymethylsiloxane cross-
linked with 5% phenyl methylpolysiloxane. The temperature
program was as follows: 130°C for 1 min, increased at a rate
of 3°C/min to 270°C, and maintained for 30 min at 270°C.

Sponge collection. Spheciospongia cuspidifera Lamarck
was collected from Cayo Enrique reef near La Parguera,
Puerto Rico, in March 1991 at 20 m depth by scuba. A
voucher specimen is stored at the Chemistry Department of
the University of Puerto Rico, Río Piedras campus (6). 

Extraction and isolation of phospholipids. The sponge (50
g) was carefully cleaned and cut into small pieces. Immediate
extraction after collection with 3 × 300 mL of CHCl3/MeOH
(1:1) yielded the total lipids (4 g). The neutral lipids (0.11 g),
glycolipids (1.0 g), and phospholipids (1.1 g) were separated
by column chromatography on Si gel (60–200 mesh) from 3
g of total lipids using the procedure of Privett et al. (7).

Copyright © 2002 by AOCS Press 305 Lipids, Vol. 37, no. 3 (2002)

*To whom correspondence should be addressed at Department of Chemistry,
University of Puerto Rico, P.O. Box 23346, San Juan, Puerto Rico 00931-
3346. E-mail: ncarball@upracd.upr.clu.edu
Abbreviations: DMDS, dimethyl disulfide; ECL, equivalent chain-length;
FCL, fractional chain-length.

Novel Methoxylated FA from the Caribbean Sponge
Spheciospongia cuspidifera

Néstor M. Carballeira* and Johanna Alicea
Department of Chemistry, University of Puerto Rico, San Juan, Puerto Rico 00931-3346

SCHEME 1



Derivatives. The fatty acyl components of the phospho-
lipids were obtained as their methyl esters (0.011 g) by reac-
tion of the phospholipids (1.07 g) with methanolic HCl fol-
lowed by column chromatography. They were stored at −20°C
in hexane with BHT as antioxidant until analyzed. The methyl
esters were hydrogenated in 10 mL absolute methanol with
catalytic amounts of platinum oxide (PtO2). The double-bond
positions in these compounds were determined by dimethyl
disulfide (DMDS) derivatization following a procedure that
was previously described (8,9). 

RESULTS AND DISCUSSION

The Caribbean sponge S. cuspidifera presented a typical
sponge phospholipid profile with PE and PS as the two most
abundant phospholipids. Acid methanolysis provided a rather
complex phospholipid FA composition of around 68 identifi-
able FA, as shown in Table 1. FA chain lengths ranged be-
tween C10 and C27, mainly consisting of monoenoic and
dienoic FA. The monoenoic FA were particularly abundant in

this sponge; they made up around 22% of the total FA com-
position. However, a most interesting finding was the identi-
fication of a whole series of n-7 and n-9 monounsaturated FA
with chain lengths between C18 and C26. As expected, the
most characteristic FA from S. cuspidifera was the (5Z,9Z)-
5,9-hexacosadienoic acid, which was identified in this sponge
together with other ∆5,9 diunsaturated very long chain acids
such as the (5Z,9Z)-5,9-tetracosadienoic acid and the (5Z,9Z)-
5,9-heptacosadienoic acid (6). All of these FA were charac-
terized as methyl esters by GC–MS, and the double bond po-
sitions in the monoenoic esters were elucidated by DMDS de-
rivatization as well as by GC comparisons with authentic
standards. 

The most interesting series of FA from S. cuspidifera were
the monounsaturated FA (6Z)-2-methoxy-5-hexadecenoic
acid, (5Z)-2-methoxy-6-hexadecenoic acid, (6Z)-2-methoxy-
6-heptadecenoic acid (1), and (6Z)-2-methoxy-6-octade-
cenoic acid (2). The methoxylated acids 1 and 2 are unprece-
dented in nature. The relative GC retention times of their
methyl esters, the mass spectra of both the methyl esters and

306 N.M. CARBALLEIRA AND J. ALICEA

Lipids, Vol. 37, no. 3 (2002)

TABLE 1
Identified Phospholipid FA from Spheciospongia cuspidifera

Relative Relative
abundance abundance

FA (wt %) FA (wt %)

Decanoic (10:0) 0.4 11,14,17-Eicosatrienoic (20:3n-3) 0.8
Dodecanoic (12:0) 0.2 8,11,14-Eicosatrienoic (20:3n-6) 0.3
(Z)-9-Tetradecenoic (14:1n-5) 0.1 Eicosadienoic (20:2) 1.5
Tetradecanoic (14:0) 1.8 18-Methylnonadecanoic (i-20:0) 0.8
4,8,12-Trimethyltridecanoic (16:0) 8.2 17-Methylnonadecanoic (ai-20:0) 1.7
13-Methyltetradecanoic (i-15:0) 0.8 (Z)-11-Eicosenoic (20:1n-9) 0.2
12-Methyltetradecanoic (ai-15:0) 0.6 (Z)-13-Eicosenoic (20:1n-7) 0.1
Pentadecanoic (15:0) 0.6 Eicosanoic (20:0) 2.3
(5Z,9Z)-5,9-Hexadecadienoic (16:2n-7) 0.2 Methyleicosanoic (21:0) 1.3
14-Methylpentadecanoic (i-16:0) 0.2 19-Methyleicosanoic (i-21:0) 0.5
(Z)-9-Hexadecenoic (16:1n-7) 0.3 18-Methyleicosanoic (ai-21:0) 0.7
Hexadecanoic (16:0) 11.7 (Z)-14-Heneicosenoic (21:1n-7) 0.2
7-Methyl-6(Z)-hexadecenoic (17:1n-11) 0.5 Heneicosanoic (21:0) 0.6
15-Methylhexadecanoic (i-17:0) 0.5 20-Methylheneicosanoic (i-22:0) 0.1
14-Methylhexadecanoic (ai-17:0) 2.5 19-Methylheneicosanoic (ai-22:0) 0.2
(5Z)-2-Methoxy-5-hexadecenoic (2-OMe-16:1n-11) 0.5 (Z)-13-Docosenoic (22:1n-9) 0.4
(6Z)-2-Methoxy-6-hexadecenoic (2-OMe-16:1n-10) 2.5 (Z)-15-Docosenoic (22:1n-7) 0.3
(Z)-9-Heptadecenoic (17:1n-8) 0.2 Docosanoic (22:0) 0.8
Heptadecanoic (17:0) 0.7 (Z)-14-Tricosenoic (23:1n-9) 0.1
2-Methoxyhexadecanoic (2-OMe-16:0) 0.1 (Z)-16-Tricosenoic (23:1n-7) 0.1
(5Z,9Z)-5,9-Octadecadienoic (18:2n-9) 0.5 Tricosanoic (23:0) 0.5
(9Z,12Z)-9,12-Octadecadienoic (18:2n-6) 2.9 (5Z,9Z)-5,9-Tetracosadienoic (24:2n-15) 0.2
(Z)-9-Octadecenoic (18:1n-9) 5.2 (Z)-15-Tetracosenoic (24:1n-9) 2.4
(Z)-11-Octadecenoic (18:1n-7) 3.7 (Z)-17-Tetracosenoic (24:1n-7) 1.8
(6Z)-2-Methoxy-6-heptadecenoic (2-OMe-17:1n-11)a 0.3 Tetracosanoic (24:0) 0.3
Octadecanoic (18:0) 4.9 (5Z,9Z)-5,9-Pentacosadienoic (25:2n-16) 3.2
(E)-11-Methyl-12-octadecenoic (19:1n-7) 0.5 (Z)-9-Pentacosenoic (25:1n-16) 0.1
Methylnonadecanoic (19:0) 0.2 (Z)-16-Pentacosenoic (25:1n-9) 0.1
17-Methyloctadecanoic (i-19:0) 0.4 (Z)-18-Pentacosenoic (25:1n-7) 0.1
16-Methyloctadecanoic (ai-19:0) 0.3 (5Z,9Z)-5,9-Hexacosadienoic (26:2n-17) 17.7
Nonadecenoic (19:1) 0.2 (Z)-17-Hexacosenoic (26:1n-9) 4.6
(6Z)-2-Methoxy-6-octadecenoic (2-OMe-18:1n-12)a 0.1 (Z)-19-Hexacosenoic (26:1n-7) 1.1
Nonadecanoic (19:0) 0.6 Hexacosanoic (26:0) 0.1
5,8,11,14-Eicosatetraenoic (20:4n-6) 1.8 (5Z,9Z)-5,9-Heptacosadienoic (27:2n-18) 0.5
aUnprecedented in nature.



the corresponding DMDS derivatives, and corroboration of
these mass spectra with synthetic analogs provided the basis
for their characterization (5). For example, methyl (6Z)-2-
methoxy-6-heptadecenoate exhibited unusual chromato-
graphic properties, namely, an equivalent chain length (ECL)
value of 17.91, for which the fractional value is well in agree-
ment with those reported in the literature for other ∆6 mono-
unsaturated linear chain α-methoxylated methyl esters (10).
The mass spectrum of methyl (6Z)-2-methoxy-6-heptade-
cenoate contained a molecular ion peak at m/z 312 and an in-
tense peak at m/z 104, arising from a favorable McLafferty
rearrangement (Table 2). The additional 30 amu, when com-
pared with the typical base peak of saturated FAME at m/z 74,
could only be accounted for by a methoxy group at the 2-
position. Important for the structural characterization were also
the prominent fragmentation ions at m/z 280 (M+ − MeOH),
m/z 253 (M+ − CO2CH3), and m/z 221 (M+ − CO2CH3
− MeOH), which confirmed the α-methoxylation (11). The dou-
ble bond at C-6 was determined by preparing the correspond-
ing DMDS adduct, a convenient method for the location of
double bonds by mass spectrometry (8,9). For example, the
mass spectrum of methyl 2-methoxy-6,7-bis(methylthio)hep-
tadecanoate afforded a molecular ion peak at m/z 406 and an
M+ − 59 peak at m/z 347. The double bond was readily deter-
mined to be at carbon 6 by the prominent fragmentations at
m/z 205 [C9H17SO3]+ and 201 [C12H25S]+, since this consti-
tutes cleavage between carbons 6 and 7. There was also an
abundant ion at m/z 173 [C8H13SO2]+ resulting from the loss

of methanol from the m/z 205 fragment. Upon catalytic hy-
drogenation (PtO2), methyl (6Z)-2-methoxy-6-heptadecenoate
yielded the normal-chain methyl 2-methoxyheptadecanoate
as evidenced by a strong fragmentation at m/z 255 (M+ − 59)
in the mass spectrum of the latter. The experimental data thus
support methyl (6Z)-2-methoxy-6-heptadecenoate as the most
probable structure for this methyl ester. In a similar fashion
methyl (6Z)-2-methoxy-6-octadecenoate was characterized
(Table 2). A GC co-elution of methyl (6Z)-2-methoxy-6-
hexadecenoate from S. cuspidifera with a synthetic sample
confirmed a Z double bond for the natural methyl ester (5). In
addition, a straight line was obtained when the retention times
of the α-methoxylated ∆6-16:1, ∆6-17:1, and ∆6-18:1 methyl
esters were plotted against chain length, thus also supporting
the Z double bond stereochemistry for the ∆6-17:1 and ∆6-
18:1 methoxylated methyl esters.

The novel FA identified in this sponge expand the present
scheme (2-OCH3-n:0 → ∆6 desaturase → 2-OCH3-n:1, n =
14–18) of possible biosynthetic pathways for C14–C18 α-
methoxylated FA in nature. Spheciospongia cuspidifera is in-
teresting because, despite the fact that it contains a series of
2-OMe-n:1 ∆6 FA with chain lengths between 16 and 18 car-
bons, it also contains a 2-OMe-16:1 ∆5 FA, in addition to
what was originally reported (8). With the exception of the 2-
methoxyheptadecanoic acid, which has not been encountered
in nature, the saturated C16 and C18 2-methoxylated FA
have been reported from the phospholipids of several sponges
(12). Therefore, it is logical to assume that these saturated
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TABLE 2
Mass Spectral Data (70 eV) for the Novel Methoxylated Compounds and Their DMDS Derivativesa

Compound ECL m/z (relative intensity)

Methyl (6Z)-2-methoxy-6-heptadecenoate 17.91 M+ 312 (1), 280 (2), 253 (7), 221 (3), 195 (2), 180 (3), 167 (2),
166 (3), 153 (4), 150 (4), 143 (3), 141 (4), 138 (5), 135 (5), 127
(4), 125 (7), 123 (8), 121 (6), 111 (16), 104 (31), 98 (16), 97
(34), 87 (35), 85 (14), 84 (23), 83 (42), 81 (36), 75 (12), 71
(35), 69 (56), 67 (43), 57 (38), 55 (100)

Methyl 2-methoxy-6,7-bis(methylthio)heptadecanoate M+ 406 (7), 357 (1), 347 (3), 281 (2), 256 (3), 219 (4), 205
(78), 201 (26), 187 (3), 185 (3), 173 (26), 159 (5), 157 (8), 145
(19), 141 (11), 139 (6), 133 (7), 131 (5), 125 (17), 123 (15), 119
(12), 117 (7), 111 (24), 104 (7), 97 (48), 95 (40), 93 (18), 87
(43), 85 (25), 83 (47), 81 (45), 79 (22), 71 (65), 69 (71), 67
(45), 61 (30), 57 (83), 55 (100)

Methyl (6Z)-2-methoxy-6-octadecenoate 18.91 M+ 326 (1), 294 (4), 267 (17), 234 (7), 227 (8), 208 (6), 167 (3),
166 (4), 153 (6), 150 (9), 141 (7), 135 (8), 127 (9), 125 (11),
123 (13), 121 (12), 111 (26), 104 (83), 97 (44), 95 (70), 91 (14),
87 (31), 85 (21), 83 (46), 81 (63), 75 (14), 71 (74), 69 (56), 68
(30), 67 (86), 57 (57), 55 (100)

Methyl 2-methoxy-6,7-bis(methylthio)octadecanoate M+ 420 (2), 372 (2), 361 (3), 313 (3), 265 (7), 245 (5), 231 (5),
217 (5), 215 (9), 205 (16), 201 (2), 187 (2), 185 (5), 173 (8),
159 (7), 157 (7), 145 (10), 141 (8), 137 (11), 133 (15), 131 (11),
125 (14), 123 (18), 119 (19), 117 (12), 111 (21), 104 (6), 97
(39), 95 (32), 93 (13), 87 (23), 85 (34), 83 (41), 81 (36), 79
(24), 71 (72), 69 (67), 67 (38), 61 (15), 55 (91)

aDMDS, dimethyldisulfide; ECL, equivalent chain-length.



2-methoxylated FA are the biogenetic precursors of the ∆6

monounsaturated 2-methoxylated FA. However, S. cuspidifera
is unusual because both ∆5 and ∆6 desaturases operate with
the methoxylated FA from this sponge, but the ∆5 desatura-
tion seems to be limited to C16 chain lengths. In any instance,
the identification of small amounts (3.5%) of α-methoxylated
C16–C18 FA in S. cuspidifera suggests that these acids are
probably of bacterial or endosymbiotic origin. 

As to the structure of the possible phospholipids contain-
ing the methoxylated FA, we can only speculate at this point.
One possibility is novel PE with ∆5 or ∆6 α-methoxylated FA
at the 2-position, and a saturated nonmethoxylated FA at the
1-position, similar to the structures of the hydroxylated PE
from myxobacteria (13). However, these 2-methoxylated FA
could also occupy the 1-position of PC with the non-
methoxylated FA at the 2-position, analogous to the lysoPC
isolated from the sponge S. abata (3). 
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ABSTRACT: Changes in sterols and the molecular species
composition of polar lipids from microsomal membranes were
characterized as a prerequisite to determining how lipid chem-
istry affects membrane susceptibility to peroxidation during
aging of potato tubers. Polar lipid content of the microsomal
fraction fell 17% (protein basis) as tubers aged from 2 to 38 mon
at 4°C. In younger seed-tubers, PC concentration (protein 
basis) was the highest, followed by digalactosyldiacylglycerol
(DGDG), PE, monogalactosyldiacylglycerol (MGDG), and PI.
PC and PE increased 14 and 27%, respectively, whereas glyco-
lipids fell 64 and PI 43% with advancing age. These changes
resulted in PC and PE dominating the microsomal membrane
lipids of 38-mon-old tubers. Nonpositional analysis of lipid mo-
lecular species across lipid pools showed an increase in
16:0/18:3, 18:3/18:3, and 18:2/18:3 (PC and PE only), and a de-
cline in 18:2/18:2 and 16:0/18:2 (except for MGDG) with ad-
vancing tuber age. The increase in 18:3-bearing species effected
a linear increase in double-bond index (DBI) of PC and PE dur-
ing aging. The DBI of DGDG did not change with age; how-
ever, it fell 65% for MGDG, resulting in an overall decrease in
average microsomal DBI. In addition, ∆5-avenasterol and stig-
masterol concentrations increased 1.6- and 3.3-fold, respec-
tively, effecting a significant increase in the sterol/phospholipid
ratio with advancing tuber age. The increase in sterol/phospho-
lipid ratio and the possibility that the increased unsaturation of
microsomal membranes reflects a compensatory response to
maintain optimal membrane function in light of the age-
induced loss of galactolipid and PI are discussed.

Paper no. L8948 in Lipids 37, 309–315 (March 2002).

A decline in membrane integrity, leading to increased leaki-
ness and loss of selective permeability, is a central feature of
the deterioration accompanying senescence in plants. Studies
on senescing plant tissues using electron spin resonance (1),
fluorescence depolarization (2), and freeze-fracture electron
microscopy (3) have shown decreases in membrane fluidity,
development of gel-phase domains, and increases in mem-
brane permeability (4). Extensive phospholipid catabolism
and lipid peroxidation during senescence (5) effect membrane

compositional changes (6) that include increases in sterols and
sterol/phospholipid ratio (2,7), both of which are intrinsically
involved in rigidification and the loss of membrane function.
Furthermore, senescence-induced changes in phospholipid
molecular species have been shown to increase the suscepti-
bility of membrane lipids to enzymatic degradation (8–10).

While the relationships between lipid peroxidation and mem-
brane deterioration during senescence have been investigated
extensively, no detailed information is available on lipid catab-
olism in plant tissues during natural aging, as distinct from
senescence, due primarily to the lack of an appropriate model
system. Potato tubers are nonsenescing vegetative propagules
that can maintain viability in storage for as long as 3 yr (4°C,
95% RH) and are thus well suited for studying the process of
aging in plants, particularly as it relates to loss of membrane in-
tegrity and lipid catabolism. In addition to changes in plant
growth potential (11), aging of seed-tubers is accompanied by
increased respiration (12), decreased protein synthesis (13), in-
creased protein catabolism (14), and oxidative stress (15).

As tuber age advances through 24 mon at 4°C, lipid per-
oxidation (16) contributes to a decrease in double-bond index
(DBI) of total polar lipids that correlates with increased mem-
brane permeability (17) and oxidative catabolism (15). In-
deed, lipid peroxidation appears to play a pivotal role in the
collective deterioration of metabolic systems during aging of
seed-tubers. Using tubers transformed with sense constructs
of FA desaturases, we demonstrated that high levels of
linolenate in cell membranes enhanced oxidative stress and
overall metabolic rate, which, in turn, accelerated aging and
loss of growth potential (Zabrouskov, V., Kumar, G.N.M.,
Spychalla, J.P., and Knowles, N.R., unpublished data). Hence,
compositional changes in lipid molecular species can render
membranes more conducive to peroxidative damage. To date,
detailed studies of lipid metabolism during tuber aging have
been based mainly on relatively short-term durations (less
than 12 mon) (18,19). Changes in lipid molecular species (vs.
total esterified FA) and sterols during long-term aging of tu-
bers, in relation to the susceptibility of membrane lipids to
peroxidation and oxidative stress, are unknown.

This study characterizes the effects of age on lipid compo-
sitional changes (including sterols) in microsomal membranes
of potato tubers. Molecular species analysis revealed that age-
induced alterations in acyl chain composition and constituent
pairing depended on lipid class. Age-induced changes to a
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given molecular species with a defined pair of acyl chains can
thus be quite different from those of other species with the
same pair of chains. A detailed account of these modifications
is essential to gain a better understanding of the various meta-
bolic processes that influence membrane susceptibility to de-
terioration during aging.

MATERIALS AND METHODS

Chemicals, membrane isolation, and lipid extraction. All sol-
vents (HPLC grade) and buffer salts were from J.T. Baker
(Phillipsburg, NJ) and were used without further purification.
2,5-Dihydroxybenzoic acid (DHB) was from Aldrich Chemi-
cal Co. (Milwaukee, WI). The lipid and sterol standards were
purchased from Avanti Polar Lipids (Alabaster, AL) and Su-
pelco (Supelco Inc., Bellefonte, PA), respectively. Certified
potato seed-tubers (Elite III, cv. Russet Burbank) were ob-
tained at harvest and stored at 4°C (95% RH) for up to 38 mon.

Microsomal membranes were isolated as described by
Kumar and Knowles (15), with modifications. After the ap-
propriate storage interval, approximately 50 g of the apical
third of each of three or four tubers (200 g total) was collec-
tively homogenized with a Braun (Type 4-172, Braun
Canada, Ltd., Mississauga, Ontario) hand homogenizer in 200
mL of ice-cold extraction medium. The medium (pH 7.5)
contained 75 mM MOPS, 250 mM sucrose, 1 mM EDTA, 1
mM EGTA, 2.5 mM sodium bisulfite, 1.5% (wt/vol)
polyvinylpyrrolidone, 1 mM n-propylgallate, 10 µg/mL BHT,
and 1 mM DTT. The homogenate was filtered through two
layers of Miracloth (Calbiochem, San Diego, CA) and the fil-
trate was centrifuged at 5000 × g for 5 min to sediment starch.
The resulting supernatant was centrifuged at 10,000 × g for
30 min and the pellet discarded. The supernatant was then
centrifuged at 105,000 × g for 45 min to pellet microsomal
membranes. Microsomes were washed and pelleted twice
(105,000 × g, 45 min) with washing buffer (pH 7.5), contain-
ing 5 mM MOPS, 250 mM sucrose, 1 mM EGTA, 1 mM
DTT, 10 µg/mL BHT, and 10 mM KCl. The microsomal pel-
let was suspended in 1 mL of washing buffer and stored at 
−80°C until further analysis.

Lipids were extracted from microsomal membranes ac-
cording to Folch et al. (20), and phospholipids and galac-
tolipids were quantified with an Iatroscan (model MK-5;
Iatron Labs, Tokyo, Japan). The Iatroscan couples TLC sepa-
ration of analytes with FID. To separate lipid classes, approxi-
mately 1.5 µg of total lipid was spotted on a silica gel rod that
was developed in chloroform/methanol/ammonium hydrox-
ide/water (45:28:0.5:1, by vol). The rods were then processed
in an Iatroscan. Hydrogen and air flow rates for the Iatroscan
FID were 160 mL/min and 2 L/min, respectively. The rack
speed for the silica gel rods was 30 cm/min. For analysis 
of FAME, lipid classes were separated by TLC (silica gel 
G) using chloroform/methanol/ammonium hydroxide/water
(45:28:0.5:1, by vol) as the mobile phase. Lipid classes [PC,
PE, PI, monogalactosyldiacylglycerol (MGDG), digalactosyl-
diacylglycerol (DGDG)] were eluted from the silica gel (twice)

with chloroform/methanol (1:1, vol/vol) at 55°C. Eluates were
dried in a rotary evaporator and dissolved in chloroform.
FAME were prepared by dissolving approximately 200 µg of
lipid in 200 µL of hexane and transesterifying with 2 mL of
methanol/BF3 reagent (Sigma Chemical, St. Louis, MO) for
1.5 h at 90°C. After adding 1 mL of 0.088% (wt/vol) NaCl,
FAME were extracted with 1 mL of hexane. FAME were sepa-
rated on a 30 m × 0.25 mm × 0.25 µm INNOWax capillary col-
umn (Agilent Technologies, Wilmington, DE) and quantified
using an HP 6890 GC (Agilent Technologies). The oven tem-
perature was initially 160°C for 1 min and then increased
(8°C/min) to 233°C. Injection volume was 1 µL, and the injec-
tor and detector temperatures were 240 and 250°C, respec-
tively. Helium was the carrier gas at 1.7 mL/min.

Nonpositional analysis of lipid molecular species. PC and
PE were digested to their corresponding DAG with phospho-
lipase C in preparation for molecular species analysis by ma-
trix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (21). MGDG and DGDG
were left intact for this analysis. DHB in acetone (0.5 M) was
used as the matrix. The lipids in chloroform were mixed (1:5
vol/vol) with the matrix solution; and 1 µL, containing 30 to
100 ng of lipid, was applied to the sample plate. MALDI
spectra were obtained using a PerSpective Biosystems (Fram-
ingham, MA) Voyager DE-RP time-of-flight mass spectrom-
eter equipped with a nitrogen laser (337 nm). All spectra were
the average of 256 laser shots. The laser was adjusted to one-
third of maximum power, depositing approximately 100 µJ
per laser pulse. The applied potential was 25,000 V, and a fo-
cusing guide wire was held at a potential of 0.1% of the ac-
celerating voltage. A delay time of 100 ns was used between
the time of the laser pulse and application of the accelerating
voltage. The instrument was set in the reflector mode and
spectra were acquired from 0 to 5000 m/z. A spectrum for
each sample was acquired from two wells, and the results
were averaged. Spectra of standard PC were used to calibrate
the instrument. FAME data were used to determine certain
isomeric abundances within the isobaric mix of particular mo-
lecular species (such as 18:1/18:2 and 18:0/18:3). Where
FAME data were insufficient to deduce isomeric abundances
(as in the case of DGDG and MGDG), the molecular species
are presented as an isomeric mix.

Sterol analysis. Sterols were analyzed as described by
Toivo et al. (22) with an acid hydrolysis step to account for
glycosylated moieties. Microsomal lipids (0.25 to 1 mg in
chloroform) were spiked with 20 µg of 5-α-cholestane as an
internal standard, dried under N2, and dissolved in 10 mL of 1
M HCl in denatured ethanol (90%, Baker). The lipids were in-
cubated for 1 h at 65°C in a dry bath. Samples were then
cooled to room temperature prior to the sequential addition of
0.9 mL of 60 % (wt/vol) aqueous KOH and 5 mL of 2.84%
(wt/vol) KOH in denatured alcohol. After being shaken for 1
min, the mixture was incubated for 1 h at 65°C in a dry bath,
cooled, and transferred to 50-mL plastic tubes with 8 mL of
water (HPLC grade). Sterols were extracted with 10 mL of
hexane (three times). The extracts were combined and dried in
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a rotary evaporator (40°C). The underivatized free sterols were
solubilized in 200 µL of chloroform and 1 µL was injected
into a GC (HP 6890) equipped with a 15 m × 0.25 mm × 1 µm
DB-5MS column (J&W Scientific, Folsom, CA). Separation
and quantification of sterols was accomplished in isothermal
mode (285°C), and injector and detector temperatures were
300°C. The identity of sterols was confirmed based on reten-
tion times of authentic standards and GC–MS. Microsomal
protein was quantified according to Bradford (23), following
solubilization of the membranes in 0.05% (w/w) Triton X-100.

Concentrations of microsomal lipids and sterols were ex-
pressed on a protein basis to reflect the dynamics outside the
particular lipid pool. Microsomal protein declined with age
(~25% from 2 to 38 mon), thus contributing to the trends
characterized in this study. However, the majority of age-
induced changes in lipid molecular species were far greater
than what could be attributed to changes in protein. Hence, in
most cases, the trends shown on a protein basis were also evi-
dent on a mole percent basis.

Experimental design. The study was conducted as a ran-
domized complete block design with four seed-tuber ages (2,
14, 26, and 38 mon of storage at 4°C) replicated three times.
Variation attributable to age was partitioned in ANOVA.
Treatment means are reported ± SE.

RESULTS

The concentration of total polar lipids in microsomal mem-
branes fell 17% (protein basis) as tuber age advanced from 2
to 38 mon (Fig. 1). In 2-mon-old tubers, PC accounted for
45%, DGDG 25%, PE 13%, MGDG 11%, and PI 6% of total
polar lipid. The concentrations of PC and PE increased 14 and
27%, respectively, whereas glycolipids (DGDG and MGDG)
fell 65% and PI 43% with advancing age (Fig. 1). These age-
induced changes resulted in PC and PE dominating the mi-
crosomal lipids of 38-mon-old tubers, where they accounted
for 60.3 and 20.4% of polar lipid, respectively.

Four major (16:0/18:2, 18:2/18:2, 18:2/18:3, and 16:0/18:3)
and three relatively minor molecular species (18:0/18:2,
18:1/18:2, and 18:3/18:3) were identified within the PC pool
(Fig. 2). Near-linear increases in PC 16:0/18:3, 18:2/18:3,
18:3/18:3, and 18:1/18:2 ranged from 1.7- to 8.5-fold through
38 mon of storage, reflecting a major effect of age on increased
unsaturation. On the other hand, PC 16:0/18:2, 18:2/18:2, and
18:0/18:2 declined with advancing age, the greatest decline
occurring over the initial 13 mon of storage.

PE had the same molecular species profile as PC; however,
aging induced changes that differed from those of PC (Fig. 3).
The greatest increases in PE 16:0/18:3, 18:2/18:3, 18:3/18:3,
and 18:1/18:2 occurred during the initial 13 mon of storage.
Furthermore, PE 16:0/18:2 and 18:2/18:2 remained relatively
constant through the entire 38-mon storage period. These
changes effected an overall increase in the level of PE, elevat-
ing it from third- to second-most abundant polar lipid in mi-
crosomal membranes as tubers aged through 38 mon.

DGDG had three major (16:0/18:2, 18:2/18:3, isobaric mix

of 18:2/18:2 + 18:1/18:3) and four minor (16:0/18:3,
18:3/18:3, isobaric mix of 18:0/18:2 + 18:1/18:1, 18:1/18:2 +
18:0/18:3) molecular species (Fig. 4). Except for 16:0/18:3,
which remained constant with age, all molecular species de-
clined proportionally during aging, resulting in a 65% drop in
DGDG concentration of microsomal membranes and no
change in the DBI of this pool.

Three major (18:2/18:3, 18:3/18:3, isobaric mix of
18:2/18:2 + 18:1/18:3) and four minor (16:0/18:2, 16:0/18:3,
isobaric mix of 18:1/18:2 + 18:0/18:3, and 18:0/18:2 +
18:1/18:1) molecular species made up the initial MGDG pool
at 2 mon (Fig. 5). Similar to DGDG, the concentrations of
several MGDG molecular species (16:0/18:2, 18:2/18:3,
18:3/18:3, 18:2/18:2 + 18:1/18:3) fell with advancing age,
while 16:0/18:3 increased from undetectable levels in 2-mon-
old tubers to 5.4 µg/mg protein in 38-mon-old tubers. Unlike
DGDG, these changes defined a 65% drop in DBI, reflecting
a significant loss of relative unsaturation in the MGDG frac-
tion of membranes during aging. Moreover, this age-induced
drop in unsaturation of MGDG offset increases in the DBI of
PC and PE, resulting in an overall decline in DBI of polar
lipids in the microsomal membrane fraction.

The total sterol fraction of microsomal membranes from
potato tubers contained ∆5-avenasterol, β-sitosterol, stigmas-
terol, and cholesterol, in order of decreasing concentration (Fig.
6A). Concentrations of ∆5-avenasterol and stigmasterol in-
creased 1.6- and 3.3-fold, respectively, as tuber age advanced
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FIG. 1. Age-induced changes in the concentrations of phospho- and
galactolipids in microsomal membranes from potato tubers. DGDG, di-
galactosyldiacylglycerol; MGDG, monogalactosyldiacylglycerol. Error
bars indicate SE.



to 38 mon, while β-sitosterol and cholesterol remained rela-
tively constant. These changes resulted in a 57% increase in
total sterol concentration over the aging interval (Fig. 6B). The
sterol/phospholipid ratio also increased (41%) as tuber age ad-
vanced from 2 to 26 mon, stabilizing thereafter (Fig. 6B, inset).

DISCUSSION

This study provides the first comprehensive characterization
of changes in lipid composition of microsomal membranes
during natural aging of potato tubers over their entire storage
life. Results indicate that head group and FA composition of
polar lipids are important determinants of the susceptibility
of individual lipid species to age-induced metabolism. Spe-
cific mono- and digalactolipid molecular species (16:0/18:2,
18:2/18:2 + 18:1/18:3, 18:2/18:3, 18:3/18:3) were catabolized
to a much greater extent than other species (16:0/18:3,
18:1/18:2 + 18:0/18:3) during aging, resulting in a decline of
the entire galactolipid fraction. This likely reflects the deteri-
oration of amyloplasts and could explain the progressive
sweetening that occurs during aging (16). Differential suscep-
tibility of microsomal membrane lipids to breakdown has also
been reported during floral senescence (10), the process of
which culminates in death of the flower. In this regard, it is
worth reiterating that potato tubers do not undergo senes-
cence. As natural vegetative propagules, potato tubers are
suitably adapted for maximal longevity and thus are ideal for
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FIG. 2. Age-induced changes in the molecular species of PC in micro-
somal membranes from potato tubers. Error bars indicate SE.

FIG. 3. Age-induced changes in the molecular species of PE in microso-
mal membranes from potato tubers. Error bars indicate SE.

FIG. 4. Age-induced changes in the molecular species of DGDG in mi-
crosomal membranes from potato tubers. For abbreviation see Figure 1.
Error bars indicate SE.



assessing the effects of age, as distinct from senescence, on
membrane structure and function in herbaceous plants.

In contrast to galactolipids, unsaturated molecular species
of PC and PE increased in microsomal membranes from tu-
bers with advancing age, likely reflecting increases in the
activities of 18:1 and 18:2 FA desaturases. Increases in ∆9-
desaturase mRNA levels have been demonstrated during
floral senescence (24). These changes, however, appear con-
tradictory to the general increase in saturation of microsomal

membranes that accompanies senescence of flowers (24).
Like senescing tissues, the mechanisms by which the molec-
ular species composition of various lipid pools within potato
tubers changed during aging are no doubt complex, involving
the concerted actions of FA desaturases and membrane re-
tailoring enzymes (lipases, acyltransferase, acyl CoA syn-
thetase, etc.).

Although the fluidity of microsomal membranes often de-
creases during senescence (26), associations between fluidity,
unsaturation, and desaturase activity remain speculative.
Thompson and Martin (27) proposed that desaturases are ac-
tivated when membrane fluidity drops below a threshold
level. By using synthetic lipid bilayers, it was demonstrated
that the physical properties of membranes cannot be predicted
based solely on their overall FA profiles. Intramolecular posi-
tioning of acyl chains is an important factor determining the
fluidity of membranes (28,29). A number of other factors
have also been shown to affect membrane fluidity, including
sterol content, sterol-to-phospholipid ratio, and lipid-to-pro-
tein ratio (30). Increase in sterol/phospholipid ratio leads to
membrane rigidification (25) and is diagnostic of microsomal
and plasma membrane deterioration during senescence (7).
Stigmasterol has a disordering effect on artificial membranes
(31) and has been shown to increase in the plasma membranes
of mung bean hypocotyls during senescence (32). Moreover,
an increase in the stigmasterol/sitosterol ratio has been pro-
posed as a marker of physiologically older tissue (33). Thus,
consistent with senescence, tuber aging resulted in an in-
crease in sterol/phospholipid and stigmasterol/sitosterol ra-
tios. In contrast to senescence (10), however, substantial in-
creases in the major phospholipids of microsomal membranes
were observed during tuber aging.

In addition to being developmentally linked (8–10,25),
changes to membrane lipids are a common adaptive response
of plants to various environmental stresses (27), such as tem-
perature. Indeed, the early increases in 18:3-bearing species
of potato tuber may simply reflect an adaptative response to
maintain membrane fluidity at low temperature. Similar ini-
tial increases in phospholipid unsaturation in tubers during
short-term storage have been reported (19). Moreover, in-
creased unsaturation during acclimation of tubers to cold over
the first weeks of storage is consistent with cold acclimation
responses in other plants (27,34). Continued increases in 18:3
content of various PC and PE molecular species (18:3/18:3,
18:2/18:3, 16:0/18:3) beyond 13 mon, however, were unex-
pected. These latter increases may reflect a compensatory re-
sponse to the age-induced loss of PI and increase in sterol
content of membranes, thus characterizing age-specific ef-
fects on glycerolipid metabolism.

An increase in unsaturation alone does not necessarily
translate into an increase in overall membrane fluidity. Previ-
ous studies on heart mitochondrial lipids of aging rats demon-
strated that, despite age-related increases in unsaturation,
there was an apparent decrease in membrane fluidity (35).
The decrease was attributed to age-induced accumulation of
peroxidized lipids in the lipid bilayer that greatly affected
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FIG. 5. Age-induced changes in the molecular species of MGDG in mi-
crosomal membranes from potato tubers. For abbreviation see Figure 1.
Error bars indicate SE.

FIG. 6. Changes in the concentrations of individual (A) and total (B)
sterols in microsomal membranes from potato tubers. Inset shows
sterol/phospholipid (PL) ratio (µg/mg). Error bars indicate SE.



membrane architecture and thus membrane biophysical prop-
erties, including fluidity. These results were confirmed in a
later study using artificial liposomes, where decreases in mi-
crofluidity, lateral diffusion, and liposome size were associ-
ated with peroxidation of PUFA in the lipid bilayer (36).
Because unsaturated FA are more susceptible to free radical
attack, their increase with age would only serve to magnify
lipid oxidative damage. Indeed, products of lipid peroxida-
tion accumulate in tubers during aging, despite a decrease in
lipolytic activity (16). Additionally, older tubers have leakier
membranes (17; Zabrouskov, V., Kumar, G.N.M., Spychalla,
P., and Knowles, N.R., unpublished data), reflecting age-
induced increases in membrane permeability. Hence, main-
taining membrane fluidity through increased unsaturation ap-
pears to be a response to maintain membrane function during
aging of potatoes. However, increases in PUFA content are
also likely to be detrimental by rendering membranes more
susceptible to nonenzymatic and possibly enzymatic degra-
dation, thus compromising membrane functional properties,
including fluidity. While older tubers have lower lipoxy-
genase and lipolytic acylhydrolase activities (16; Zabrouskov,
V., Kumar, G.N.M., Spychalla, J.P., and Knowles, N.R., un-
published data), the role of lipolytic enzymes in the age-
induced catabolism of tuber lipids remains unresolved, owing
to the fact that lipases exhibit preferences for various phos-
pholipid molecular species (8–10), resulting in their differen-
tial susceptibility to enzymatically mediated degradation. The
genuine lipolytic potential within different ages of tubers
therefore will depend on the phospholipid molecular species
that are characteristic for a particular tuber age.

Thus, changes in molecular species of microsomal mem-
branes during tuber aging are consistent with previous work
demonstrating age-induced declines in membrane integrity and
increases in lipid peroxidation, all of which contribute to ox-
idative stress and loss of growth potential. Our results provide
a base for further studies to establish the impact of age-related
changes in molecular species on (i) susceptibility of membrane
lipids to enzymatic degradation and (ii) the physical parame-
ters of membranes in relation to their architecture and function.

In summary, aging effected differential changes in the mo-
lecular species of lipids in microsomal membranes from
potato that were dependent on the particular lipid class (or
pool). The modifications were characterized by increases in
18:3/18:3 and 18:2/18:3 species of PC and PE, lower galac-
tolipid content and unsaturation owing to decreases in
16:0/18:2, 18:2/18:2 + 18:1/18:3, 18:2/18:3, and 18:3/18:3 and
an increase in 16:0/18:3 species, and higher sterols content and
sterol/phospholipid ratio. These alterations in membrane lipid
chemistry are consistent with previous studies showing a de-
cline in membrane integrity, increased susceptibility of mem-
branes to lipid peroxidation, and the development of oxidative
stress during aging of potato tubers.
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ABSTRACT: Soil samples were screened for microorganisms
selectively transforming FA. One of the isolated strains was
identified as the bacterium Stenotrophomonas maltophilia by
its phenotypic features and genotypic characterization by se-
quencing the ribosomal RNA gene. Using linoleic acid as sub-
strate resulted in the formation of two major compounds. After
liquid chromatographic isolation and separation, their structures
were elucidated by HPLC–tandem MS, GC–MS, and NMR tech-
niques to be 3-hydroxy-Z6-dodecenoic acid and 3-hydroxy-
Z5,Z8-tetradecadienoic acid. In additional experiments, other
FA, such as α-linolenic, oleic, palmitoleic, myristoleic, and cis-
vaccenic acids, were converted to 3-hydroxylated metabolites
of shorter chain lengths as well. Determination of the en-
antiomeric composition revealed highly enriched (R )-hydroxy-
lation (88–98% enantiomeric excess). 
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Long-chain hydroxy FA and other oxygenated FA derivatives
(oxylipins) are widely distributed in both the animal and plant
kingdoms and exert different biological actions (1,2). During
the last decade, knowledge has accumulated regarding the
biosynthesis of oxylipins by fungi and related organisms (3).
A large number of unsaturated hydroxy FA, which are formed
by lipoxygenase, dioxygenase, or cytochrome P450-mediated
pathways, have been found in various fungal species (4–6).
Bacterial conversions of unsaturated FA have been exploited,
too. For instance, oleic acid and linoleic acid were transformed
to the corresponding 10-hydroxy and 10-keto FA by hy-
dratases from Flavobacterium sp. DS5 (7) and Nocardia cho-
lesterolicum (8). In addition, oleic acid was converted to 7,10-
dihydroxy-E8-octadecenoic acid via a 10-hydroxy-Z8-octa-
decenoic acid as intermediate by Pseudomonas aeruginosa
PR3 (9). 12,13,17-Trihydroxy-Z9-octadecenoic acid was pro-
duced from linoleic acid by a Gram-positive strain identified
as Clavibacter sp. ALA2 (10). Other trihydroxy acids, such as
9,12,13-trihydroxy-10-octadecenoic acid and 9,12,13-trihy-
droxy-10,15-octadecadienoic acid, as well as epoxy unsatu-
rated FA have been found in some rice cultivars (11). Finally,
several cytochrome P450 enzymes have been isolated from
different strains of Bacillus megaterium and characterized.

They are capable of catalyzing the ω-1, ω-2, and ω-3 hydrox-
ylation of long-chain FA, amides, and alcohols (12,13).

In this report, we describe the biotransformation of linoleic
acid and other unsaturated FA into (R)-3-hydroxylated
metabolites of shorter chain length by a Stenotrophomonas
maltophilia strain isolated from topsoil. 

MATERIALS AND METHODS

Isolation procedure and bacterial growth. Microorganisms
were isolated from a soil sample taken in the Würzburg Univer-
sity area. The bacterial cultures were maintained on plate count
agar (Creatogen Biosciences GmbH, Augsburg, Germany).

Phenotypic characterization of the microorganism. Phe-
notypic characterization of the isolated strain was carried out
by investigations concerning appearance (microscopic study
including Gram stain) and behavior (optimal growth temper-
ature) of the bacteria. Sensitivity against antibiotics (ampi-
cillin, piperacillin, imipenem, meropenem, cefotaxime, cefo-
tiam, gentamicin, amikacin, cotrimoxazol, olfoxacin) was
tested by means of an agar diffusion test. In addition, classifi-
cation using the commercially available test-stripe APIZYM
20 NE (bioMerieux Deutschland GmbH, Nürtingen, Ger-
many) was done. Enzyme assays were performed according
to Smibert and Krieg (14).

Preparation, amplification, and sequencing of bacterial ri-
bosomal RNA gene. The preparation of intact bacterial cells
for the PCR was performed as described (15). Briefly, cells
were cultivated in Luria Bertani broth, centrifuged, washed
with 1 M NaCl, resuspended in TE buffer (10 mM Tris, 1 mM
EDTA, pH 7.6), and diluted in TE buffer to an optical density
of 1.0 at 600 nm. A 1-µL aliquot of each cell suspension was
used for the PCR. 

Partial-length small subunit ribosomal RNA gene (16S)
was amplified using PCR with primers 27f and 342r (16), one
of which was biotinylated in each of two reciprocal reactions.
Single-stranded DNA were sequenced with internal primers
by using the Taq-cycle DyeDeoxy™ Terminator method com-
bined with a 373A automatic sequencer (ABI Division of
PerkinElmer, Weiterstadt, Germany). For all newly deter-
mined nucleotide sequences (variable region V1–V3 of the
16S-rRNA), data were obtained for both DNA strands; se-
quences from primer regions were not included in the analy-
sis. Finally, a homology search with the sequence data against
the European Molecular Biology Laboratory (EMBL) data-
base was performed (17).
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Materials and chemicals. Linoleic, α-linolenic, oleic, and
Z5-dodecenoic acids were obtained from Aldrich (Sigma-
Aldrich Chemie GmbH, Deisenhofen, Germany). Palmitoleic
and myristoleic acids were acquired from Sigma (Sigma-
Aldrich Chemie GmbH, Deisenhofen, Germany). cis-
Vaccenic acid was purchased from ICN (ICN Pharmaceuti-
cals, Inc., Cosa Mesa, CA). Reagents and solvents were of an-
alytical or HPLC grade. As rotary shaker, a GFL 3031
(Gesellschaft für Labortechnik mbH, Burgwedel, Germany)
was used. A Wolf SanoClav-MCN autoclave (Wolf, Geiss-
lingen, Germany) was employed for sterilization, and a lami-
nar AirFlow bench was used for sterile work (NuAire Inc.,
Plymouth, MN). A Beckman J2-21 centrifuge was applied for
cell separations (Beckman, Fullerton, CA).

Biotransformation and product isolation. Liquid minimal
medium (100 mL), prepared according to Dworkin and Foster
(18), with an additional trace-element solution (5 mL/L) (19)
was autoclaved, and glucose (5 g/L) was added under sterile
conditions. The culture used to inoculate the liquid medium
was taken from freshly grown plates with an inoculating loop.
The liquid culture was allowed to grow for about 23 h at 30°C
in a rotary shaker at 120 rpm until 100 mg of the FA was added
under sterile conditions. After further incubation for 18 h under
the same conditions, the culture was worked up by sonication
of the bacterial broth for 15 min and centrifugation at 15,000 ×
g for 20 min. The supernatant (approximately 100 mL), ad-
justed to pH 3 by adding 2 mL of HCl (10%), was extracted
three times each with 50 mL diethyl ether. The combined ex-
tract was dried over Na2SO4 and, after filtration, the solvent
was removed under reduced pressure (rotary evaporator). For
subsequent HPLC analysis, the residue was dissolved in 5 mL
of methanol/water mixture (1:1, vol/vol).

For the isolation and purification of the transformation
products, the combined extract obtained from eight conver-
sions was applied onto a glass column (10 × 2 cm) filled with
RP18 (octadecyl reversed phase) material (40–63 µm particle
size; Merck KGaA, Darmstadt, Germany). Separation was
carried out by employing a gradient composed of mobile
phase A (water/0.05% formic acid) and B (acetonitrile). The
share of solvent B increased from 40 to 100% in 5% steps
using 100-mL fractions. Fractions (12 mL) were collected
and analyzed by analytical HPLC. Fractions containing the
target compounds were combined and lyophilized. Yields of
transformation products ranged from 10 to 15%.

Derivatization of products. Methylation with diazo-
methane was performed by a standard procedure (20). 

HPLC. Analytical separation was carried out on a Eurospher
100 C-18 column (250 × 4 mm, 5 µm particle size; Knauer,
Berlin, Germany) using a flow rate of 1 mL/min, employing a
Knauer HPLC pump MaxiStar coupled to (i) a Knauer multi-
wavelength UV/visible detector (234 nm) and (ii) an ELSD
(Sedere, Alfortville Cedex, France) kept at 40°C and 2.2 bar com-
pressed air. Data acquisition was achieved using Eurochrom 2000
software (Knauer). The following gradient was applied: solvent
A (water/0.05% formic acid), solvent B (acetonitrile): 0–30 min,
5–80% B, 30–40 min, 80–100% B, 40–45 min, 100% B.

HPLC–tandem mass spectrometry (HPLC–MS/MS). Analy-
sis of the isolated products was performed using a triple-stage
quadrupole TSQ 7000 HPLC–MS/MS system (Finnigan MAT,
Bremen, Germany) using electrospray ionization (ESI) in ei-
ther the positive or the negative mode. ESI capillary voltage
was set to 4 kV (positive mode) and 3 kV (negative mode), re-
spectively. The temperature of the heated capillary was 250°C.
Nitrogen served both as sheath (60 psi) and auxiliary gas (10
L/min). Positive and negative ions were detected by scanning
from 150 to 400 u with a total scan duration of 1.0 s for a sin-
gle full spectrum. MS/MS experiments were performed at a
collision gas pressure of 1.8 mTorr argon and a collision-
induced dissociation offset voltage of −12 eV scanning a mass
range of 20 to 280 u within 2.0 s. Data acquisition and evalua-
tion were carried out on a Personal DECstation 5000/33 (Digi-
tal Equipment, Unterföhring, Germany) and ICIS 8.1 software
(Finnigan MAT).

High-resolution GC–MS (HRGC–MS). After methylation
of the isolated compounds with diazomethane, HRGC–MS
analysis was performed using a Fisons MD 800 mass spec-
trometer coupled to a Fisons GC 8000 with split injector (1:20).
The system was equipped with the Mass Lab software (version
1.3) (Fisons, Mainz-Kastel, Germany). A J&W DB Wax fused-
silica capillary column (30 m × 0.25 mm i.d., 0.25 µm film
thickness; J&W Scientific, Folsom, CA) was employed. The
temperature program was 3 min isothermal at 50°C and then
increased at 4°C/min to 240°C using a flow rate of 1.5 mL/min
helium. The MS operating parameters were as follows: ioniza-
tion voltage 70 eV (electron impact ionization), ion source and
interface temperatures 210 and 250°C, respectively.

Multidimensional GC (MDGC). A double-oven MDGC
system consisting of two Fisons GC 8000 apparatus was used
(Fisons, Mainz-Kastel, Germany). Split injection (1:10) and
FID detection in ovens 1 and 2 were employed. Preseparation
was achieved in oven 1 on a J&W DB Wax fused-silica capil-
lary column (30 m × 0.25 mm i.d., 0.25 µm film thickness;
J&W Scientific). In oven 2, a chiral fused-silica capillary col-
umn was connected to the precolumn by a moving
column–stream switching system. As chiral phase, a 2,3-O-
diethyl-6-O-tert-butyldimethyl-silyl-β-cylodextrin column
(MEGA, Milano, Italy) was employed for the separation of
the 3-hydroxy acid methyl esters. Helium was used as the car-
rier gas (1.9 mL/min).

NMR. 1H and 13C NMR spectra were recorded on a Bruker
WM 400 spectrometer (Bruker, Ettlingen, Germany) with
CDCl3 (Merck KGaA) as solvent and are reported in ppm (δ)
relative to CDCl3 as internal reference; coupling constants (J)
are given in Hertz (Hz).

(i) 3-Hydroxy-Z6-dodecenoic acid 1 (21). 13C NMR (100
MHz, CDCl3): δ 177.6 (C-1), 131.2 (C-7), 128.4 (C-6), 67.7
(C-3), 41.2 (C-2), 36.4 (C-4), 31.5 (C-10), 29.3 (C-9), 27.2
(C-8), 23.3 (C-5), 22.6 (C-11), 14.0 (C-12).

ESI–MS (full scan, positive mode): m/z 237 [M + Na]+,
232 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 427
[2M − H]−, 213 [M − H]−. ESI–MS/MS (m/z 232, −12 eV):
m/z (%) 232 [M + NH4]+ (4), 215 [M + H]+ (28), 197 
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[M −H2O +H]+ (26), 179 [M − 2H2O + H]+ (6), 155 [C10H19O]+

(100), 137 [C10H19O − H2O]+ (11).
HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 228 (1),

210 (3), 136 (18), 110 (11), 103 (16), 100 (22), 93 (16), 84
(32), 81 (37), 80 (30), 79 (36), 69 (40), 67 (44), 55 (70), 54
(44), 43 (75), 41 (100).

(ii) 3-Hydroxy-Z5,Z8-tetradecadienoic acid 2 (21). 13C
NMR (100 MHz, CDCl3): δ 177.5 (C-1), 131.8 (C-5), 130.8
(C-9), 127.1 (C-8), 124.2 (C-6), 67.9 (C-3), 40.6 (C-2), 34.3
(C-4), 31.5 (C-12), 29.2 (C-11), 27.2 (C-10), 25.8 (C-7), 22.5
(C-13), 14.0 (C-14).

ESI–MS (full scan, positive mode): m/z 263 [M + Na]+,
258 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 479
[2M − H]−, 239 [M − H]−. ESI–MS/MS (m/z 258, −12 eV):
m/z (%) 258 [M + NH4]+ (10), 241 [M + H]+ (95), 223 [M −
H2O + H]+ (100), 205 [M − 2H2O + H]+ (28), 181 [C12H21O]+

(88), 163 [C12H21O − H2O]+ (61).
HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 254 (1),

236 (1), 152 (7), 133 (7), 119 (11), 105 (27), 103 (53), 95 (18),
91 (20), 81 (38), 79 (45), 71 (54), 67 (65), 61 (29), 55 (61),
43 (100), 41 (82).

(iii) 3-Hydroxy-Z6,Z9-dodecadienoic acid 3. 13C NMR
(100 MHz, CDCl3): δ 176.7 (C-1), 132.1 (C-6), 129.2 (C-10),
128.8 (C-9), 127.1 (C-7), 67.7 (C-3), 41.1 (C-2), 36.4 (C-4),
25.6 (C-8), 23.3 (C-5), 20.6 (C-11), 14.2 (C-12).

ESI–MS (full scan, positive mode): m/z 235 [M + Na]+,
230 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 423
[2M − H]−, 211 [M − H]−. ESI–MS/MS (m/z 230, −12 eV):
m/z (%) 230 [M + NH4]+ (7), 213 [M + H]+ (70), 195 
[M − H2O + H]+ (100), 177 [M − 2H2O + H]+ (11), 153
[C10H17O]+ (70), 135 [C10H17O − H2O]+ (36).

HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 226 (1),
208 (1), 152 (21), 134 (23), 119 (43), 108 (60), 105 (88), 103
(16), 95 (36), 93 (89), 91 (77), 81 (66), 80 (66), 79 (100), 71
(63), 67 (89), 55 (80), 43 (49), 41 (65).

(iv) 3-Hydroxy-Z5,Z8,Z11-tetradecatrienoic acid 4 (22).
13C NMR (100 MHz, CDCl3): δ 176.9 (C-1), 132.2 (C-5),
131.6 (C-12), 128.9 (C-9), 127.5 (C-8), 126.9 (C-11), 124.5
(C-6), 67.9 (C-3), 40.6 (C-2), 34.5 (C-4), 25.8 (C-7), 25.6
(C-19), 20.6 (C-13), 14.2 (C-14).

ESI–MS (full scan, positive mode): m/z 261 [M + Na]+,
256 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 475
[2M − H]−, 237 [M − H]−. ESI–MS/MS (m/z 256, −12 eV):
m/z (%) 256 [M + NH4]+ (20), 239 [M + H]+ (46), 221 [M −
H2O + H]+ (100), 203 [M − 2H2O + H]+ (42), 179 [C12H19O]+

(71), 161 [C12H19O − H2O]+ (97).
HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 234 (1),

178 (5), 160 (9), 145 (9), 133 (11), 131 (25), 117 (26), 105
(52), 103 (54), 95 (48), 91 (71), 81 (28), 79 (100), 71 (72), 67
(71), 61 (32), 55 (47), 43 (52), 41 (53).

(v) 3-Hydroxy-Z5-tetradecenoic acid 5 (21). 13C NMR
(100 MHz, CDCl3): δ 177.0 (C-1), 133.9 (C-6), 123.9 (C-5),
68.1 (C-3), 40.7 (C-2), 34.5 (C-4), 31.9 (C-12), 29.6 (C-10),
29.5 (C-9), 29.3 (C-8), 29.3 (C-11), 27.5 (C-7), 22.6 (C-13),
14.0 (C-14).

ESI–MS (full scan, positive mode): m/z 265 [M + Na]+,

260 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 483
[2M − H]−, 241 [M − H]−. ESI–MS/MS (m/z 260, −12 eV):
m/z (%) 260 [M + NH4]+ (10), 243 [M + H]+ (43), 225 [M −
H2O + H]+ (23), 207 [M − 2H2O + H]+ (11), 183 [C12H23O]+

(100), 165 [C12H23O − H2O]+ (9).
HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 256 (1), 238

(3), 164 (13), 140 (8), 126 (8), 104 (18), 103 (100), 84 (40), 83
(20), 71 (86), 69 (35), 61 (49), 55 (71), 43 (73), 41 (69).

(vi) 3-Hydroxy-Z5-dodecenoic acid 6 (23). 13C NMR (100
MHz, CDCl3): δ 177.0 (C-1), 133.9 (C-6), 123.9 (C-5), 68.0
(C-3), 40.5 (C-2), 34.4 (C-4), 31.7 (C-10), 29.5 (C-8), 28.9
(C-9), 27.5 (C-7), 22.6 (C-11), 14.0 (C-12).

ESI–MS (full scan, positive mode): m/z 237 [M + Na]+,
232 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 427
[2M − H]−, 213 [M − H]−. ESI–MS/MS (m/z 232, −12 eV):
m/z (%) 232 [M + NH4]+ (6), 215 [M + H]+ (25), 197 
[M − H2O + H]+ (16), 179 [M − 2H2O + H]+ (12), 155
[C10H19O]+ (100), 137 [C10H19O − H2O]+ (11).

HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 210 (5), 178
(4), 161 (3), 150 (7), 136 (10), 126 (18), 104 (14), 103 (100),
84 (30), 71 (70), 69 (45), 61 (30), 55 (55), 43 (90), 41 (32).

(vii) 3-Hydroxy-Z5-decenoic acid 8 (24). 13C NMR (100
MHz, CDCl3): δ 176.8 (C-1), 133.7 (C-6), 123.9 (C-5), 68.0
(C-3), 40.6 (C-2), 34.4 (C-4), 31.7 (C-8), 27.1 (C-7), 22.3
(C-9), 13.8 (C-10).

ESI–MS (full scan, positive mode): m/z 209 [M + Na]+,
204 [M + NH4]+. ESI–MS (full scan, negative mode): m/z 427
[2M − H]−, 213 [M − H]−. ESI–MS/MS (m/z 204, −12 eV):
m/z (%) 204 [M + NH4]+ (9), 187 [M + H]+ (28), 169 
[M − H2O + H]+ (41), 151 [M − 2H2O + H]+ (18), 127
[C8H15O]+ (100), 109 [C8H15O − H2O]+ (22).

HRGC–EI–MS (70 eV) (methyl ester): m/z (%) 182 (3),
150 (6), 133 (3), 122 (8), 108 (17), 103 (100), 84 (14), 71
(77), 69 (21), 61 (43), 55 (53), 43 (79), 41 (33).

RESULTS 

Phenotypic characterization of the microorganism. With
linoleic acid as substrate, different soil samples were investi-
gated in order to detect microorganisms selectively degrading
FA. Of the bacteria screened, one culture, isolated from a
humid soil sample, converted the exogenous substrate to
more polar compounds at greater than a trace amount. This
strain was a Gram-negative, nonfermentative rod (0.5 × 2 µm)
that exhibited optimal growth at 30°C. The following reac-
tions of the commercially available test-stripe APIZYM 20
NE showed positive results: existence of urease, β-glucosi-
dase, protease, and β-galactosidase as well as assimilation of
glucose, arabinose, mannose, mannitol, N-acetylglucosamine,
maltose, capric acid, malic acid, and citric acid. Checks con-
cerning aminopeptidase, catalase, and DNAse were positive,
whereas no oxidase activity could be detected. The isolated
strain was very resistant to antibiotics. Only two antibiotic
substances, i.e., cotrimoxazol and olfocacin, inhibited the
bacterial growth. Comparison of these data with those of
known strains revealed that the strain belongs to the genus

SELECTIVE (R)-3-HYDROXYLATION OF FA 319

Lipids, Vol. 37, no. 3 (2002)



Stenotrophomonas and has 99% similarity to the species S.
maltophilia.

Genotypic identification of the bacterial strain. To confirm
the phenotypic characterization, the isolated strain was sub-
jected to sequencing of the first 300 base pairs of its small
subunit ribosomal RNA gene (16S) by means of the Taq-
cycle-DyeDeoxy™-terminator technique. The resulting nu-
cleotide sequences were compared with the sequence data of
the EMBL database, which disclosed that a Pseudomonas sp.
had been isolated. Prior to its second reclassification in 1993,
S. maltophilia had been named Pseudomonas maltophilia and
before that Xanthomonas maltophilia (25,26).

Structure determination of the biotransformation products
of linoleic acid. HPLC analysis of the extract obtained by in-
cubation of linoleic acid with the S. maltophilia strain showed
two major products 1 and 2 (Fig. 1). Their isolation was
performed by liquid chromatography. Fractions containing
the target compounds (HPLC control) were combined.
Lyophilization revealed two colorless, oily liquids.

The identification of 1 and 2 was carried out by HPLC–
MS/MS analysis. In the full scan mode, the spectrum of com-
pound 1 displayed pseudomolecular ions at m/z 232 [M +
NH4]+ and m/z 237 [M + Na]+. Fragmentation of the ammo-
nium adduct ion (Fig. 2A) revealed characteristic ions at m/z
215, 197, and 179, which are caused by subsequent elimina-
tion of the ammonium as well as one and two water mole-
cules. The other prominent signals at m/z 155 and 137 are due
to a cleavage of the molecule and following splitting-off of
water. Analogously, the spectrum of compound 2 revealed
pseudomolecular ions at m/z 258 [M + NH4]+ and m/z 263 
[M + Na]+. The product ion spectrum (Fig. 2B) showed frag-
ments at m/z 241, 223, 205, 181, and 163 due to dissociation
processes similar to that of product 1.

In addition, HRGC–MS analysis was carried out after
methylation of 1 and 2 with diazomethane. Both compounds
exhibited a characteristic signal at m/z 103 [C4H7O3], which is
indicative of a hydroxylation at the C-3 position as induced by
an α-cleavage of the molecule. Further fragments were caused
by decomposition of the carbon chain, mainly next to the dou-
ble bonds. The molecular ion of the methyl esters of 1 and 2 at

m/z 254 and 228, respectively, as well as fragments of m/z 236
and 210 corresponding to [M − H2O] were also observed.

Structural elucidation of 1 and 2 was completed by record-
ing different 1D and 2D NMR spectra (cf. Materials and
Methods section). On the basis of the received results, prod-
ucts 1 and 2 were identified as 3-hydroxy-Z6-dodecenoic acid
and 3-hydroxy-Z5,Z8-tetradecadienoic acid, respectively.

Substrate specificity. To elucidate the scope of substrate ac-
ceptability, various other FA were fed to S. maltophilia (cf. Ma-
terials and Methods section). Product separation and structure
elucidation was performed as mentioned above for linoleic
acid. Figure 3 summarizes the substrates used (including
linoleic acid) and their biotransformation products observed
(for spectroscopic data, see the Materials and Methods section).

Stereochemistry of biotransformation products. Analysis
of the enantiomeric distribution of the methylated 3-hydroxy-
lated products 1 to 7 by MDGC revealed ratios ranging from
99:1 to 94:6% (cf. Fig. 3). Stereochemical evaluation was car-
ried out by MDGC after transformation of the 3-hydroxylated
microbial products into the corresponding saturated 1,3-diols
by hydrogenation and subsequent reduction of the carboxylic
function with LiAlH4 (27) and comparison with reference
data. A racemic reference substance was synthesized by aldol
addition with methyl acetate and subsequent hydrogenation,
followed by reduction of the methyl ester with LiAlH4 (27).
Enantioselective synthesis of (S)-dodecane-1,3-diol was car-
ried out by asymmetric epoxidation under Sharpless condi-
tions (28) and treatment of the epoxide formed with sodium
bis(2-methoxy-ethoxy)aluminum (Red-Al) (29).
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FIG. 1. RP-HPLC separation (ELSD detection) of the extract obtained
after incubation of linoleic acid with Stenotrophomonas maltophilia
strain isolated from topsoil: 1: 3-hydroxy-Z6-dodecenoic acid; 2: 3-
hydroxy-Z5,Z8-tetradecadienoic acid.

FIG. 2. HPLC–electrospray-tandem mass spectrometry product ion
spectra of compounds 1 (A) and 2 (B); precursor ions m/z 232 and 258
[M + NH4]+, respectively (positive mode, collision-induced dissocia-
tion offset voltage −12 eV, 1.8 mTorr argon as collision gas).
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FIG. 3. Substrates fed to Stenotrophomonas maltophilia and main products formed after an incubation time of 18 h
(percentage of total transformation and enantiomeric composition given).



In addition, circular dichroism (CD) spectroscopy (30) was
employed. The details of the configurational assignment in-
cluding synthesis of the references compounds as well as
MDGC analysis and CD spectroscopy are reported elsewere
(31). Both methods revealed highly enriched (R)-configured
3-hydroxy derivatives for all substrates under study.

DISCUSSION

The capability of producing (R)-3-hydroxylated FA metabo-
lites is not restricted to S. maltophilia alone. In 1967, the oc-
currence of (R)-3-hydroxy palmitic acid and related saturated
compounds was reported in yeasts such as Rhodotorula
graminis (32) and Saccharomyces malanga (33). Medium-
chain 3-hydroxy FA are present in the glycolipids of the smut
fungi Ustilago zeae and U. nuda (34). Similar data have been
found for the yeast Dipodascopsis uninucleata (22) and the soil
fungus Mucor genevensis (35). In these organisms, 3-hydroxyl-
ated FA appear to be implicated in the regulation of vegetative
growth and sexual reproduction within the life cycle. A recent
immunofluorescence microscopic study using an antibody that
exhibited group-specificity toward (R)-3-hydroxy-oxylipins re-
vealed that in D. uninucleata (R)-hydroxylated compounds
occur selectively in the gametangia, in asci as well as between
the released ascospores (36).

The biosynthetic pathway to the (R)-3-hydroxy enoic FA re-
mains to be elucidated. From the structural identification of the
FA derivatives formed after incubation with S. maltophilia, it
is evident that during transformation of the admitted substrate
the carbon chain remained unchanged from the ω-end. Only
even-numbered products were detected. Owing to these obser-
vations, FA degradation by β-oxidation is assumed. While dur-
ing “normal” β-oxidation an intermediary (S)-3-hydroxyacyl-
CoA is formed as the major metabolite of the enoyl-CoA
hydratase-catalyzed reaction, we have clearly demonstrated
that S. maltophilia converts different FA into (R)-3-hydroxy-
lated products of shorter chain length. Thus, as a metabolic
route to (R)-3-hydroxy FA a reaction sequence analogous to β-
oxidation is conceivable; however, the sequence would imply
the occurrence of a 2-enoyl CoA hydratase with opposite
stereochemistry. The occurrence of such enzymes has already
been demonstrated in microorganisms. Recently, an (R)-
specific trans-2,3-enoylacyl-CoA hydratase has been isolated
and characterized from Rhodospirillum rubrum (37).
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ABSTRACT: Minor uncommon FA from Hesperopeuce mer-
tensiana (a gymnosperm species of the Pinaceae family) seed
oil were characterized through a combination of silver ion TLC
of their FAME, and GLC coupled with MS of their picolinyl de-
rivatives. These uncommon components have the structures 16-
methyloctadecanoic (anteiso-19:0), 16-methyl-cis-9-octa-
decenoic (anteiso-19:1), and 16-methyl-cis-9,cis-12-octadeca-
dienoic (anteiso-19:2) acids. These branched C19 acids were
identified earlier in the wood of Picea abies, which would indi-
cate that such acids could be widespread, though minor, com-
ponents of Pinaceae lipids.

Paper no. L8953 in Lipids 37, 325–328 (March 2002).

It is generally admitted that branched (br) FA, mostly with
iso- and anteiso- structures, are characteristic of animal fats,
particularly ruminant fats. On the other hand, it is also widely
recognized that these acids do not, or very rarely, occur in the
plant kingdom. In fact, this is a simplistic point of view. Gym-
nosperms, which are one of the most prominent elements of
the extant flora, do indeed contain br-FA, i.e., br-15:0 and
br-17:0 acids, in their leaves (1), anteiso-17:0 acid in their
seeds (2), and several saturated and unsaturated anteiso-C19
acids in their wood (3).

We had some indications that sustained the possibility of
the presence of anteiso-C19 acids in the seed lipids from
Pinaceae. First of all, Plattner et al. (4) characterized such un-
common FA in the seed lipids from Larix leptolepis (= L.
kaempferi) by MS coupled with GLC. Second, analyses by
GLC of fractions isolated by silver ion TLC (Ag-TLC) from
FAME prepared from L. decidua indicated the presence of
some unidentified peaks in the C19 acid region (5). In one par-
ticular case, that of Hesperopeuce mertensiana, 1.7% of seed
FA had not been identified in a previous study (6).

We report here on the GLC–MS characterization of these
uncommon FA prepared from H. mertensiana seeds in the
form of their picolinyl esters (7). Globally, they are similar to
the br-C19 acids characterized by Ekman in the wood of Picea
abies (3), although present in minute amounts, which would
indicate that they are more widespread in conifers than con-
sidered thus far.

MATERIALS AND METHODS

Sample. The seed oil prepared from H. mertensiana was avail-
able from an earlier investigation, and details of its source, ex-
traction, and FA composition are given elsewhere (6).

GLC of FAME. Methylation of O-acetylated FA (ca. 10 mg
in 2 mL hexane) was carried out in a sealed tube with 0.4 N
sodium methoxide in methanol (0.5 mL). Analyses of the
FAME were performed with a Hewlett-Packard gas chromato-
graph, model 5890 Series II, equipped with an FID and con-
nected to a computer with a Hewlett-Packard ChemStation
(Hewlett-Packard, Palo Alto, CA). Samples in hexane (1.0 µL)
were injected onto an open tubular DB-225 capillary column
(30 m × 0.25 mm i.d., 0.25 µm film thickness; J&W, Folsom,
CA). The injector and detector temperatures were maintained
at 250°C, while the oven temperature was 190°C isothermal.
Hydrogen was the carrier gas, with a head pressure of 140 kPa.

Fractionation of FAME by Ag-TLC. FAME were fraction-
ated by TLC on silica gel plates impregnated with AgNO3.
The plates were immerged in a 5% AgNO3 solution in acetoni-
trile for 15 min in the dark and activated at 100°C for 1 h.
Fractionation was performed according to number and config-
uration of double bonds, using a mixture of hexane and diethyl
ether (80:20, vol/vol) as developing solvent. At the end of the
chromatographic runs, the plates were sprayed with a solution
of 2′,7′-dichlorofluorescein and viewed under UV light. The
bands corresponding to saturated, monounsaturated, diunsatu-
rated, and triunsaturated FA were separately scraped off and
transferred into test tubes, and methanol (1.5 mL), hexane (2
mL), and an aqueous solution of NaCl (5% wt/vol, 1.5 mL)
were successively added with thorough mixing after each ad-
dition. After standing for ca. 1 min, the hexane phase was
withdrawn, the solvent was evaporated under a stream of ni-
trogen, and the residue was redissolved in dry methylene chlo-
ride (1 mL) prior to further derivatization.

Picolinyl ester preparation. Picolinyl esters were prepared
from fractionated FAME according to Destaillats and Angers
(8). A solution of potassium tert-butoxide in THF (100 µL,
1.0 M; Aldrich Chemicals, Milwaukee, WI) was added to 3-
pyridylcarbinol (200 µL; Aldrich Chemicals). After homoge-
nization, the FAME solutions (1 mL) were added to the
reagent, and the mixtures were held at 40°C for 15 min in a
closed vial. After cooling to room temperature, the reaction
mixture was washed with distilled water (1 mL) and the or-
ganic phase was withdrawn, dried over anhydrous sodium
sulfate, and filtered before analysis.

Copyright © 2002 by AOCS Press 325 Lipids, Vol. 37, no. 3 (2002)

*To whom correspondence should be addressed at INRA-UNL, 17 rue Sully,
BP 86510, 21065 Dijon cedex, France. E-mail: wolff@dijon.inra.fr
Abbreviations: Ag-TLC, silver ion TLC; amu, atomic mass unit; br,
branched.

COMMUNICATIONS

Saturated and Unsaturated Anteiso-C19 Acids in the Seed
Lipids from Hesperopeuce mertensiana (Pinaceae)

Frédéric Destaillatsa, Robert L. Wolffb,*, and Paul Angersa

aDepartment of Food Science and Nutrition, and Dairy Research Center (STELA), Université Laval, Sainte Foy, Québec, Canada,
G1K 7P4, and bInstitut des Science et Techniques des Aliments de Bordeaux, Université Bordeaux 1, Talence, France



GLC–MS analysis. FA picolinyl esters were analyzed by
GLC–MS (Hewlett-Packard model 6890 Series II gas chro-
matograph attached to an Agilent model 5973N selective
quadrupole mass detector; Palo Alto, CA) under an ioniza-
tion voltage of 70 eV at 250°C, and connected to a computer
with a Hewlett-Packard ChemStation. The injector, in split
mode (25:1), and the interface temperatures were maintained
at 230°C, and He was used as carrier gas under constant flow
(1 mL min−1). GLC separation was performed on a BPX-70
capillary column (SGE, Melbourne, Australia; 60 m × 0.25
mm i.d., 0.25 µm film thickness) with an oven temperature 
of 200°C isothermal for 10 min, increased to 240°C at 5°C
min−1, isothermal at this temperature for 20 min, and then in-
creased to 260°C at 5°C min−1, for a total run time of 47 min. 

RESULTS

Picolinyl ester derivatives, prepared from FAME separated
by Ag-TLC and under mild reaction conditions (8), were used
to achieve structural determination of presumably C19 FA.
The mass spectra of three uncommon FA found in H. merten-
siana seed oil are given in Figure 1.

A first spectrum (Fig. 1A) shows a molecular ion at m/z =
389, characteristic of a saturated C19 structure. Loss of car-
bon-16 and its associated methyl group resulted in two dis-
tinctive ion fragments at m/z = 360 and 332. Further fragmen-
tation produced ions of m/z ranging from 164 to 332, with
successive increments of 14 atomic mass units (amu), thus
confirming the saturated structure of anteiso-19:0 (16-methyl
stearic) acid (7). A second mass spectrum (Fig. 1B) indicates
a monounsaturated C19 structure, with a molecular ion at m/z
= 387. A fragmentation pattern similar to that observed for
anteiso-19:0 acid (ion fragments at m/z = 358 and 330) attrib-
utable to loss of carbon-16 and its associated methyl group,
confirms the anteiso-structure of this FA (16-methyl 18:1). A
∆9 location for the double bond on the hydrocarbon chain was
deduced from a 26 amu gap (–C2H2) between ion fragments
at m/z = 234 and 260, characteristic of vinylic fragmentations
between carbon atoms C8–C9 and C10–C11, respectively (7).
Moreover, ion fragments at m/z = 220 and 274, resulting from
allylic fragmentation, confirmed this position. This FA (as
FAME) co-eluted with oleic (cis-9 18:1) acid in Ag-TLC frac-
tionation, indicating a similar double bond configuration, and
thus completing determination of the 16-methyl-cis-9 18:1
(anteiso-19:1) acid structure.

Finally, the spectrum given in Figure 1C resembles that of
anteiso-19:1 acid, but the molecular ion at m/z = 385 rather
indicates a dienoic acid. Indeed, the spectrum gave diagnos-
tic ions of a monomethylene-interrupted double bond system
at m/z = 234, 260, 274, and 300, indicating ethylenic bonds at
positions 9 and 12. Moreover, this compound co-eluted with
linoleic (cis-9,cis-12 18:2) acid in Ag-TLC, indicative of an
all-cis double bond system. Typical anteiso- fragmentation
resulted in ions at m/z = 328 and 356, and completed struc-
ture elucidation of this 16-methyl-cis-9,cis-12 18:2 (anteiso-
19:2) acid.

DISCUSSION

We have shown that H. mertensiana seed lipids contain sev-
eral anteiso-C19 acids, all of which were earlier characterized
in the wood of P. abies (3). However, we could not positively
identify the anteiso-5,9,12 19:3 present in P. abies wood (3).
To which extent these findings apply to other Pinaceae seed
oils needs further investigation, as no intensive research of
these FA was made during our systematic studies of gym-
nosperm seed lipids. However, H. mertensiana and Picea spp.
are generally not recognized as close relatives. The first
species belongs to the Abietoid group, whereas Picea spp. be-
longs to the Pinoid group [this classification is based on
botanical as well as immunological observations (9)]. We re-
cently suggested that a Tsugoid group be created (9), consid-
ering the closeness of the seed FA compositions of Tsuga spp.
and H. mertensiana on the one hand, and of Larix, Picea, and
most Pinus spp. on the other hand, which consistently dif-
fered from other Abietoid seed FA.

From a quantitative point of view, the anteiso-C19 acids re-
main of minor significance (anteiso-19:0, 0.14% of total FA,
anteiso-19:1, 0.14%, and anteiso-19:2, 0.05%), and some of
them are hindered in chromatograms by other FA of consid-
erably higher levels, but this may vary with the GLC column
used. As such, structures of minor FA still remain to be deter-
mined. Whatever the distribution of these FA in the seeds of
Pinaceae, they do not alter our conclusions reported in three
recent reviews for that family (5,9,10). The metabolic origin
of br-FA in Pinaceae, however, remains unknown, except that
they occur in their leaf, wood, and seed lipids.
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ABSTRACT: Structured TAG (STAG) containing medium-chain
FA (MCFA) in the sn-1,3 positions and essential FA in the sn-2
position were synthesized by lipase-catalyzed acidolysis. In our
previous studies we found that part of the MCFA from STAG
could be absorbed in the small intestine; however, it was un-
clear how they were absorbed. In order to get a better under-
standing of the metabolism of STAG to improve future design
and application of STAG, in the present study lymph lipids col-
lected after feeding STAG were fractionated into different
classes and the FA composition of each lipid class was studied
by GC after methylation to FAME. Caprylic acid was detected
in the fraction of TAG only after administration of 1,3-dioc-
tanoyl-2-linoleyl-sn-glycerol (8:0/18:2/8:0), whereas lauric acid
was detected in TAG, DAG, and FFA as well as phospholipids
after administration of 1,3-didodecanoyl-2-linoleyl-sn-glycerol
(12:0/18:2/12:0). We conclude that the enterocyte has the abil-
ity to reacylate the MCFA into TAG and that the intestinal ab-
sorption of MCFA from STAG mainly occurs by resynthesis of
TAG. Caprylic acid from STAG is not incorporated into phos-
pholipids, whereas lauric acid from STAG can be incorporated
into phospholipids. 

Paper no. L8934 in Lipids 37, 329–331 (March 2002).

Medium-chain TAG (MCT) provide the advantage of being
rapidly digested and thus rapidly providing energy. Therefore,
they have been used in clinical nutrition for patients suffering
from malabsorption. However, these patients also suffer from
a lack of essential FA, a problem that is not solved by using
MCT. New lipase-catalyzed acidolysis makes it possible to
synthesize structured TAG (STAG) containing medium-chain
FA (MCFA) in the sn-1,3 positions and essential FA in the
sn-2 position (1). The absorption of essential FA from these
STAG was better in comparison with that from conventional
long-chain TAG (2). 

To study the effect of chain length of MCFA on the ab-
sorption of long-chain FA (LCFA) and the distribution of
MCFA between the portal vein and lymphatics in rats with
normal fat absorption, we studied the lymphatic transport of
FA from specific STAG containing different MCFA varying
from caprylic acid (8:0) to lauric acid (12:0) in sn-1,3 posi-
tions and linoleic acid in the sn-2 position. Earlier we found
that the chain length of the MCFA in the primary positions of

STAG did not affect the maximal intestinal absorption of
LCFA in the sn-2 position, whereas the distribution of FA be-
tween the lymphatics and the portal vein reflected the chain
length of the FA (3). Even though several studies on the ab-
sorption of STAG have been reported (4–7), the absorption
pathway is still unclear and the intestinal absorption of MCFA
from MLM (medium-long-medium)-type STAG is not well
understood. A better understanding of the metabolism of
STAG may help in the future design and application of STAG.
Therefore, lymph lipids collected after feeding STAG were
fractionated into different classes, and the FA composition of
each lipid class was studied by GC after methylation to FA
methyl esters (FAME). The primary target of this study was
to find out in which lipid fraction the MCFA exist and
whether the distribution of MCFA in different lipid classes
changes with the variation in chain length of the MCFA.
Therefore, one baseline fraction of lymph and the lymph frac-
tions with maximal absorption of MCFA after administration
of different STAG were studied. 

EXPERIMENTAL PROCEDURES

STAG. The STAG were synthesized by lipase-catalyzed inter-
esterification of safflower oil (Róco, Copenhagen, Denmark)
and MCFA (Sigma Chemical Co., St. Louis, MO) in a packed-
bed reactor (1). The individual STAG were purified by prep-
arative HPLC (3). The composition of the purified STAG 
was determined by GC after methylation with 2 M KOH 
in methanol and Grignard degradation (8). The purity of
8:0/18:2/8:0 and 12:0/18:2/12:0 was 94 and 87%, respectively.

Animal experiments. Animal experiments were approved
by the Danish Animal Experiments Inspectorate. Male albino
Wistar rats were used in the study. More details about surgery
and lymph collection have been described previously (3). The
lymph FA composition was studied and reported previously
(3). The lymph used in this study was collected during the
maximal absorption of MCFA after administration of STAG
8:0/18:2/8:0, 12:0/18:2/12:0, or maximal absorption of lino-
leic acid after administration of safflower oil. 

Analytical procedure. The lymph from all six rats was
pooled together for each group and 200 µL lymph, together
with internal standards of PC 15:0, DAG 15:0, FFA 15:0, and
TAG 15:0, were extracted with chloroform and methanol.
After washing with water, drying with anhydrous sodium sul-
fate, and evaporating under nitrogen, the residues were redis-
solved in 150 µL chloroform/methanol (95:5, vol/vol). The
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total lipids from the lymph samples were separated into dif-
ferent lipid classes on a silica TLC plate (art. 5721; Merck,
Darmstadt, Germany), which was developed in a closed
chamber with hexane/diethyl ether/acetic acid (80:20:1, by
vol). Following visualization by spraying with 2,7-dichloro-
fluorescein (0.2% in ethanol), TAG, FFA, DAG, and phos-
pholipids were scraped off and methylated to FAME cat-
alyzed with BF3. The FAME of each lipid fraction were ana-
lyzed on an HP 6890 gas chromatograph (Hewlett-Packard,
Waldbronn, Germany) equipped with a capillary column
(SP-2380, 60 m × 0.25 mm i.d.; Supelco Inc., Bellefonte, PA).
Oven temperature was programmed from 70°C (2 min) to
200°C at a rate of 15°C/min and then to 230°C at a rate of
1.5°C/min and held for 20 min. An FID was used at 300°C,
and the injector temperature was 260°C. The injector was
used in split mode with a ratio 1:20. The carrier gas was he-
lium with a column flow of 2 mL/min. The FA were identi-
fied by comparing the retention time with standards of known
FA composition.

Statistical methods. The statistical program InStat (Graph-
Pad Software Inc., San Diego, CA) was used in the statistical
evaluation. A one-way ANOVA was applied to analyze dif-
ferences among different lymph groups. The Tukey–Kramer
multiple comparisons test was used to evaluate statistical
significance.

RESULTS AND DISCUSSION

Caprylic acid was detected only in lymph TAG after administra-
tion of the STAG 8:0/18:2/8:0, whereas lauric acid was also de-
tected in other lipid fractions, i.e., phospholipids, FFA, and DAG,
after administration of 12:0/18:2/12:0 (Table 1). A significantly
higher level of lauric acid than caprylic acid (P < 0.001) was

detected in lymph TAG, partly because the caprylic acid was
preferably transported via the portal vein and partly because of
the low activity of acyl-transferase toward caprylic acid. The rel-
atively high level of oleic acid in lymph lipids after administra-
tion of the STAG 8:0/18:2/8:0 may have been due to a greater
endogenous contribution when most of the caprylic acid was
transported via the portal vein.

The distribution of linoleic acid in different lymph lipids
was similar after administration of the two STAG and saf-
flower oil (Fig. 1), except that more linoleic acid was detected
in DAG after administration of the STAG (P < 0.01). When
the total FA distributions of different lipid classes were com-
pared, the level of phospholipids was higher (P < 0.05) after
administration of 8:0/18:2/8:0 than the others (Fig. 2), which
may reflect the formation of smaller chylomicrons. It has been
reported previously that the number of chylomicrons and the
production of apolipoprotein are not changed after a diet con-
taining lipids, but the chylomicron size is increased (9). Since
most of the absorbed caprylic acid was transported via the por-
tal vein, the chylomicron size decreased, which may have re-
quired more phospholipid molecules to form the surface and
consequently resulted in more secretion of phospholipids from
bile. Comparing the FA profile of lymph phospholipids after
administration of the STAG and safflower oil, the levels of
palmitic acid (P < 0.05) and arachidonic acid (P < 0.01) were
higher after administration of 8:0/18:2/8:0 than 12:0/18:2/12:0
and safflower oil. Since the major FA of bile phospholipids are
palmitic acid (35.7%), stearic acid (6.2%), oleic acid (6.1%),
linoleic acid (31.0%), and arachidonic acid (8.3%) (Fruekilde,
M.-B., and Høy, C.E., unpublished results), the relatively high
levels of palmitic and arachidonic acids in lymph phospho-
lipids after administration of 8:0/18:2/8:0 may have resulted
from the contribution of bile phospholipids.
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TABLE 1
FA Composition (mol%) of Different Lymph Lipids After Administration of Structured TAG and Safflower Oila

8:0/18:2/8:0 12:0/18:2/12:0 Safflower oil

FA PL DAG FFA TAG PL DAG FFA TAG PL DAG FFA TAG

8:0 — — — 7.3 — — — — — — — —
10:0 — — — — — — — 0.1 — — — —
12:0 — — — — 3.0 38.1 24.9 48.2 — — — —
14:0 0.8 7.6 4.6 0.6 0.9 3.3 3.4 0.6 — 0.7 0.4 0.2
16:0 24.7 16.0 15.2 10.8 21.5 5.9 8.7 3.2 22.0 14.0 8.2 10.6
16:1 0.6 — 1.4 0.5 0.7 — 1.5 0.4 — 0.6 0.8 0.3
18:0 20.8 8.0 7.1 3.7 17.7 2.9 3.8 0.9 13.4 4.9 2.8 2.7
18:1n-9 4.3 15.4 17.1 17.7 3.1 1.7 5.0 1.5 13.7 12.8 13.1 12.7
18:1n-7 2.3 — 2.7 2.3 2.3 — 1.3 0.7 — 1.0 1.3 1.1
18:2n-6 29.1 51.7 46.4 52.7 37.0 45.8 45.7 42.5 45.8 57.6 66.2 69.8
18:3n-3 0.3 — 1.1 0.6 0.3 — 0.9 0.4 — 0.6 0.9 0.6
20:0 — — — 0.2 0.2 — — 0.1 — — — 0.3
20:1n-9 — — — — — — — — — 1.0 0.7 0.7
20:2 — — — 0.2 0.3 — — 0.1 — — — 0.1
20:3n-6 0.5 — — 0.2 0.4 — — 0.1 — — 0.3 0.0
20:4n-6 15.5 1.3 3.9 2.6 11.0 2.4 3.6 0.9 5.2 6.6 5.3 0.8
22:0 0.1 — — — 0.2 — — 0.1 — — — 0.2
22:4 0.2 — — — 0.2 — — — — — — —
22:6 1.0 — — 0.6 1.0 — 1.0 0.2 — — — —
aPL, phospholipids; below 0.1% or not detected.



In summary, this study provides evidence that caprylic
acid is not incorporated into phospholipids and that the in-
testinal absorption of caprylic acid from STAG mainly occurs
by resynthesis of TAG. Lauric acid from the STAG can be in-
corporated into phospholipids. 
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FIG. 1. The distribution of linoleic acid (wt%) in different lipid fractions
of lymph after intragastric administration of specific structured TAG
(STAG) 8:0/18:2/8:0 and 12:0/18:2/12:0. PL, phospholipids.

FIG. 2. The distribution of total FA (wt%) in different lipid fractions of
lymph after intragastric administration of specific STAG 8:0/18:2/8:0,
12:0/18:2/12:0, and safflower oil. For abbreviations see Figure 1.



ABSTRACT: A sample of 101 free-living individuals eating
their habitual diets had fish consumptions ranging from less
than one serving per week to over five servings per week. Sta-
tistically significant positive correlations were found between
the amounts of EPA (20:5), DHA (22:6), and total n-3 PUFA in-
gested with the diet and their amounts in serum and in the phos-
pholipid and cholesterol ester fractions of isolated LDL. No sta-
tistically significant correlations were observed between the intake
and the serum or LDL amounts of any other FA [total n-6 PUFA,
linoleic acid (18:2), arachidonic acid (20:4), monounsaturated
FA, or saturated FA)]. The increase in serum n-3 PUFA did not
affect the Trolox-equivalent antioxidant capacity of serum (1.18
± 0.17 mmol/L). When isolated LDL were subjected to Cu2+-in-
duced ex vivo oxidation, a statistically significant but negative
correlation was found between intake of n-3 PUFA and the rate
of appearance of conjugated dienes as well as with the total
amount of conjugated dienes. In contrast, intake of n-6 PUFA
showed a significant and positive correlation with these two oxi-
dation parameters. The observed results suggest that 22:6 but not
20:5 could have a possible protective effect, whereas perhaps
20:4 and 18:2 could have a prooxidant effect.

Paper no. L8798 in Lipids 37, 333–341 (April 2002).

In their classic study with Greenland Eskimos, Dyerberg et
al. (1,2) showed that there was a direct relationship between

a high dietary intake of fish and high plasma levels of n-3
PUFA. Parkinson et al. (3) compared the habitual diets of
Alaskan Eskimos with those of a nonnative population used
as control and related the amount of n-3 PUFA ingested to
plasma n-3 PUFA levels. Similar conclusions have been
reached in other studies carried out in Finland (4) and the
Madeira Islands (5) by comparing the serum amounts of n-3
PUFA among populations with different dietary habits and
lifestyles. Likewise, a number of other workers administering
very high levels of dietary supplements (mostly in the form
of oil capsules) to volunteer individuals on low-fish diets have
obtained similar results with n-3 PUFA in total plasma
(6–14), particularly in plasma phospholipids and cholesteryl
esters (6,14–23). However, few studies have been done com-
paring individuals with similar lifestyles consuming their ha-
bitual diets ranging from less than one serving of fish per
week to up to five or more servings per week (23–28). Like-
wise, the relation between the increase in lipoprotein n-3
PUFA and fish intake has been documented in cases where
fish oil supplements were given (8,10,15,29–34) or in groups
of people with extreme dietary habits (35). But the relation-
ship of habitual diets with different amounts of fish on the lev-
els of n-3 PUFA in plasma and in lipoprotein lipids in free-
living individuals has not been well documented. 

Dietary FA potentially can modify LDL oxidation by chang-
ing its FA composition. PUFA are the most susceptible to oxi-
dation (36), and diets enriched with n-6 PUFA result in in-
creased LDL oxidation in humans (19,37–42). The peroxidation
of PUFA in LDL has been linked to atherosclerosis (43–45).
Fish is high in n-3 PUFA, primarily EPA (20:5) and DHA
(22:6), both of which are highly susceptible to oxidation
(36,46). Several studies have shown that diet supplementation
with n-3 PUFA increased LDL oxidation in healthy subjects
(19,31,47) and hypertriglyceridemic patients (10,29). This re-
sult was also reported in a small group of people who habitually
consume very large amounts of fish (35). By contrast, in other
diet intervention studies with high doses of n-3 PUFA, the sus-
ceptibility of LDL to oxidation did not change (30,32) or de-
creased (34). However, we are not aware of any study with free-
living individuals who consumed a variety of diets with no
supplements in which oxidation of LDL was studied. 
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The purpose of this work was to study the correlation be-
tween a wide range of dietary fish intake (mostly white, lean
fish) in a large number of healthy, free-living individuals, their
serum and LDL levels of n-3 and n-6 PUFA, and the suscep-
tibility of these PUFA to ex vivo oxidation. To assess the an-
tioxidant capacity of LDL, the following indices of oxidizabil-
ity were used: conjugated dienes (total amount, rate at which
they increased, and length of the lag phase), TBARS, and the
reaction with trinitrobenzene sulfonic acid (TNBS) after oxi-
dation with CuSO4. Total antioxidant capacity of serum was
also determined because literature data are contradictory:
Some studies show that fish oil supplements do not affect
serum oxidation (4,13,16,22,29), whereas others show an in-
crease in serum oxidation (7,21).

EXPERIMENTAL PROCEDURES 

Subjects. The study was carried out with a sample of the cohort
of participants from the province of Gipuzkoa (Basque coun-
try, Spain) participating in the EPIC (European Prospective In-
vestigation in Cancer and Nutrition) project among nine Euro-
pean countries (48,49). Each participant agreed in writing to
the study. The sample consisted of 120 randomly selected
healthy individuals of both sexes aged 35–65 with fish intakes
ranging from less than one serving per week to five or more
servings per week. Subjects were divided into the following
four categories of fish intake according to their dietary habits:
occasional consumers, ≤31.0 g/d; low consumers, 31.1–64.0
g/d; moderate consumers, 64.1–115.0 g/d; and high consumers,
>115.0 g/d.

Dietary habits. Information on daily dietary intake over
the previous year was obtained by a personal interview with

each individual (conducted by trained interviewers) using the
method of dietetic history with a computerized questionnaire,
especially designed and validated by the EPIC Group of Spain
(50–52), as described in a previous study (53). Energy and
nutrient intake were estimated from Food Composition Ta-
bles (54) using a computerized database designed for the
EPIC project. The intake of the major FA was calculated from
specific Spanish food-composition tables (55–57).

Fish consumption ranged from 0 to 250.70 g/d among the
final sample of 101 free-living individuals (46 men and 55
women). Fish, FA, and antioxidant vitamin intakes of grouped
individuals according to habitual fish consumption are shown in
Table 1. The group of high consumers had an intake of n-3
PUFA 2.2-fold higher than the occasional consumers. The aver-
age amount of 20:5 and 22:6 consumed was 6.0- and 4.5-fold
higher, respectively, in the high consumer group than for occa-
sional consumers. Saturated FA, monounsaturated FA (MUFA),
n-6 PUFA, antioxidant vitamins, and total calorie intake were
not significantly different among groups of consumers. Statisti-
cally significant differences were found only for the intake of
n-3 PUFA (P > 0.001) but not for that of n-6 PUFA, MUFA, and
saturated FA. The total amount of dietary 20:5 and 22:6 intake
in the high-consumer individuals (0.30 and 0.90 g/d, respec-
tively) was comparable to that of other fish diets (4–6,23,24)

Reagents. All reagents were purchased from Sigma-
Aldrich (Madrid, Spain) and were analytical reagent grade or
better. Solvents (highest grade available) were purchased
from Teknochroma (Barcelona, Spain) and were not redis-
tilled before use.

Blood samples. A fasting blood sample from each individ-
ual was collected during a second personal interview. Plasma,
serum, and other fractions were separated immediately and
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TABLE 1
Fish, FA, and Antioxidant Vitamin Intake of the Subjects According to Habitual Fish Consumption (mean ± SD)

Fish consumption groupsb

≤31.0 g/d 31.1–64.0 g/d 64.1–115.0 g/d >115.0 g/d
Data (n = 26) (n = 24) (n = 27) (n = 24) P

Age (yr) 50.42 ± 9.87 50.60 ± 8.10 47.22 ± 6.79 52.00 ± 5.64 NSc

Fish consumption (g/d) 19.20 ± 11.90 51.10 ± 14.30 83.63 ± 16.89 151.20 ± 38.31 <0.001
Lean fish 11.58 ± 10.36 27.81 ± 14.93 52.34 ± 23.09 113.80 ± 46.57 <0.001
Fatty fish 5.18 ± 6.48 16.44 ± 12.99 20.67 ± 23.50 27.60 ± 26.94 <0.001

FA intake (g/d)a

Saturated FA 29.16 ± 8.72 29.26 ± 6.70 28.26 ± 10.23 29.80 ± 10.57 NS
Monounsaturated FA 35.29 ± 8.06 39.44 ± 8.49 38.28 ± 10.71 44.50 ± 13.03 NS
Total n-6 PUFA 15.08 ± 9.23 14.23 ± 6.53 13.55 ± 5.93 17.60 ± 17.00 NS
Total n-3 PUFA 1.00 ± 0.25 1.49 ± 0.48 1.56 ± 0.50 2.20 ± 0.92 <0.001
EPA (20:5) 0.05 ± 0.05 0.13 ± 0.07 0.21 ± 0.13 0.30 ± 0.18 <0.001
DHA (22:6) 0.19 ± 0.15 0.44 ± 0.22 0.58 ± 0.41 0.90 ± 0.50 <0.001

Antioxidant intake (mg/d)
Ascorbic acid 144.10 ± 91.54 153.90 ± 81.10 150.90 ± 85.50 150.20 ± 88.90 NS
Vitamin E 12.40 ± 8.50 11.58 ± 8.30 11.90 ± 6.60 13.70 ± 10.10 NS
β-Carotene 2.69 ± 1.54 2.59 ± 1.18 2.50 ± 1.44 2.70 ± 1.84 NS
Retinol 0.57 ± 0.80 0.71 ± 0.71 0.67 ± 0.64 0.55 ± 0.80 NS

Total calorie intake (kcal) 2329.30 ± 546.34 2377.20 ± 621.21 2451.80 ± 801.29 2641.90 ± 818.26 NS
aAdjusted for energy intake.
bReproduced in part from Reference 53 with permission.
cNS, not significantly different values among fish consumption groups, where significant differences are taken as P < 0.05.



kept at −180°C in liquid nitrogen until analyzed. Serum was
used for all analyses reported herein. Samples were analyzed
without knowing their identity. A 0.1-mL serum aliquot for
the Trolox (a water-soluble vitamin E analog) equivalent an-
tioxidant capacity (TEAC), as oxidizability measurement in
total serum, was sealed under nitrogen and kept at −80°C for
up to 2 d. 

Lipoproteins were separated by ultracentrifugation on a
NaBr density gradient as described by Kelly and Kruski (58).
The NaBr (containing 0.05% EDTA) gradient was prepared
in a Buchler Auto DensiFlow (Buchler Instruments, Fort Lee,
NJ), and the ultracentrifugation was carried out in a Beckman
L8-M ultracentrifuge with a SW 40 Ti rotor (Beckman Instru-
ments, Palo Alto, CA) for 24 h at 110,000 × g and 14°C. The
yellow-orange band corresponding to the LDL was collected.
A 100-µL aliquot was used to determine the total protein con-
centration (59). BHT (1%) was added to a 0.5-mL aliquot,
and this sample was stored at −80°C until the lipid analysis
was done. The remainder was used immediately for lipopro-
tein oxidizability measurements.

Lipid analysis. Total serum FA were quantitated as FAME
following the method of Lepage and Roy (60) as modified by
Matorras et al. (61). Briefly, 2.0 mL toluene/methanol (1:4
vol/vol) containing 10 µg n-heptadecanoic acid as internal
standard was added to 100 µL serum in a stoppered glass
tube. After mixing, 200 µL acetyl chloride was added, and the
tube was incubated overnight (16–18 h) at 60°C. Then 500
µL n-heptane containing 250 µg BHT and 3.0 mL 10% potas-
sium carbonate was added. The tube was centrifuged to sepa-
rate the phases, and the upper phase was transferred to a glass
vial. The solvent was evaporated under a stream of nitrogen
on a sand bath at 35°C, and the residue was dissolved in 50
µL n-heptane.

FAME were separated by capillary GC on a 30-m capil-
lary SP-2330 column (0.32 mm internal diameter, 0.20 mm
film thickness). The chromatograph was from Hewlett-
Packard (model 5890 series II, Palo Alto, CA), equipped with
an FID, split-splitless injector, automatic sampler, and work
station. The carrier gas (He) flow through the column was
0.95 mL/min. Oven temperature was programmed from 80 (1
min) to 140°C at 50°C/min and to 190°C at 5°C/min. After 5
min at 190°C, the temperature was increased to 215°C at
5°C/min and held at 215°C for 8 min. Injector and detector
temperatures were 250°C, and the split-splitless valve was set
at 1:10. Serum samples were extracted in duplicate, and each
sample was injected twice into the gas chromatograph.

LDL lipids were extracted and lipid classes were separated
by TLC on silica gel plates as described (62,63). Phospho-
lipids and cholesterol esters were recovered and derivatized,
and the resulting FAME were quantitated as described above.

Oxidizability measurements. The TEAC value of serum
was determined using a commercially available kit (catalog
no. NX2332; Randox, Crumlin, United Kingdom), based on
the method of Miller et al. (64).

Oxidizability measurements in LDL. The antioxidant ca-
pacity of LDL was evaluated by three different methods: con-

jugated dienes after oxidation with CuSO4, TBARS, and the
reaction with TNBS. Total amount of conjugated dienes, the
rate of diene appearance, and the length of the lag phase for
the oxidation of these dienes were determined by the modi-
fied method of Puhl et al. (65) as follows: an aliquot of LDL
containing 50 µg protein/mL, PBS (0.15 M NaCl, 0.01 M
phosphate buffer, pH 7.4), and 5 µM CuSO4 was incubated at
30°C in a spectrophotometric cuvette, and the increase in ab-
sorbance at 234 nm was recorded during 4 h. To determine
TBARS the method described by Kleinveld et al. (66) was
used. After oxidizing LDL aliquots as described above at
30°C for 3 h, 0.1 mL EDTA (6.7 mg/mL) and 0.1 mL TCA
(100%) were added. The mixture was centrifuged at 7,500 × g
for 15 min. To 0.5 mL of the supernatant was added 1.0 mL
thiobarbituric acid (TBA: 0.67%), and the mixture was incu-
bated in a double boiler for 15 min. Absorbance at 532 nm
was read after the samples had cooled. Results are expressed
as equivalents of malondialdehyde generated by the acid hy-
drolysis of 1,1,3,3-tetramethoxypropane. The oxidation of the
protein fraction of LDL was determined according to the
method of Steinbrecher (67) for the ε-amino group of lysine
residues. Aliquots of LDL were oxidized as described above
for 6 h. The reaction was stopped by the introduction of 0.1
mL EDTA (6.7 mg/mL), and 1.0 mL NaHCO3 (4%) and 50
µL TNBS were added. The mixture was incubated at 37°C for
1 h. Then 0.1 mL 1 M HCl and 0.1 mL SDS (10%) were
added, and the absorbance was read at 340 nm. The value ob-
tained was compared to that of the nonoxidized (but other-
wise identically treated) LDL aliquot.

Statistical analysis. Statistical treatment of the data (SPSS
Statistical Software, Chicago, IL) was done for a final sample
of 101 individuals due to the loss of some samples during an-
alytical manipulations. Results are presented as mean ± SD.
One-way ANOVA were done to compare the intake and FA
composition of serum and LDL among the groups of occa-
sional (≤31.0 g/d), low (31.1–64.0 g/d), moderate (64.1–115.0
g/d), and high (>115.0 g/d) fish consumers. The influence of
fish intake on the FA composition of serum and LDL was
studied by simple linear regression analysis. Multiple linear
regression analysis was used to study the influence of PUFA
intake and LDL FA composition (independent variables) on
the oxidation parameters of serum and LDL (dependent vari-
ables). In this analysis r represents the value of the multiple
correlation coefficient for all variables and β represents the
direction and value of the regression coefficient of each inde-
pendent variable. Statistical significance was considered to
be P < 0.05 for all results.

RESULTS AND DISCUSSION

FA in serum and LDL. The amounts of unsaturated FA present
in serum and in LDL phospholipid and cholesterol esters are
listed in Tables 2 and 3, respectively. Statistically significant
differences among consumer groups were observed only for
the percentage of n-3 PUFA in serum (P < 0.001) and in LDL
phospholipids (P < 0.01) and cholesterol esters (P < 0.001).
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Fish intake was positively correlated with the values of n-3
PUFA in serum (P < 0.001), 20:5, 22:6, and total n-3 PUFA
(Table 4). The same was true for phospholipids and choles-
terol esters of isolated LDL (Table 5). No statistically signifi-
cant differences were observed in the correlations between
fish intake and the amounts of the other FA, n-6 PUFA (total,
linoleic, or arachidonic acids), MUFA, or saturated FA, either
in total serum lipids or in those of isolated LDL. This result is
consistent with the fact that the dietary intake of these FA was
essentially identical (P > 0.05) for all subjects. In diet inter-
vention studies in which subjects have been given large
amounts of n-3 PUFA, other authors have shown that n-3
PUFA in total serum (9,17,23) or LDL (33) can be used as
serum markers of fish intake. Our results are in agreement
with this observation even though in our study only a small
fraction of the subjects (10%) would have ingested amounts
of n-3 PUFA (≥2.5 g/d) similar to the lower value of the

dietary supplements given in those studies (2.5–7.7 g/d). The
correlation between intake of n-3 PUFA and their serum con-
centrations agrees with published studies of fish intake
(23–28).

Serum and LDL oxidizability. Total antioxidant capacity of
serum samples was measured with the Randox commercial
reagent kit developed after the method of Miller et al. (64). Av-
erage values obtained for the TEAC measurements of all serum
samples were 1.18 ± 0.17 mmol/L (range: 0.65–1.74). The ob-
served increase in total serum n-3 PUFA levels with fish intake
did not affect the total antioxidant capacity of serum. These ob-
servations are similar to those of other investigators who
showed that dietary supplements of either fish oil or n-3 PUFA
have no effect on oxidation of serum lipids, both in humans
(4,13,16,29) and in rats (68). This could be explained by the
relatively high vegetable and fruit intake (the average was 616
g, or 7.7 servings per day) in all individuals (69), which would
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TABLE 2
FA (Percentage of total FA expressed as nmol/mL) in Serum According to Habitual Fish Consumption (mean ± SD)

Fish consumption groupsa

≤31.0 g/d 31.1–64.0 g/d 64.1–115.0 g/d >115.0 g/d
FA (n = 26) (n = 24) (n = 27) (n = 24) P

Saturated FA 32.12 ± 2.27 31.26 ± 2.23 31.46 ± 2.36 31.25 ± 1.92 NSb

Monounsaturated FA 20.82 ± 4.28 20.13 ± 4.38 19.62 ± 4.30 20.72 ± 3.38 NS
Total n-6 PUFA 42.86 ± 5.11 43.63 ± 5.58 43.94 ± 5.17 42.34 ± 5.09 NS
Linoleic acid (18:2) 33.60 ± 4.92 35.04 ± 5.12 35.49 ± 4.82 33.87 ± 5.53 NS
Arachidonic acid (20:4) 7.31 ± 1.53 6.94 ± 1.30 6.85 ± 1.51 6.66 ± 1.41 NS

Total n-3 PUFA 4.20 ± 0.89 4.83 ± 1.07 4.99 ± 1.19 5.68 ± 1.18 <0.001
EPA (20:5) 0.39 ± 0.17 0.58 ± 0.29 0.52 ± 0.16 0.75 ± 0.32 <0.001
DHA (22:6) 3.47 ± 0.76 3.91 ± 0.83 4.14 ± 1.04 4.58 ± 0.90 <0.001

aReproduced in part from Reference 53 with permission.
bNS, not significantly different values among fish consumption groups, where significant differences are taken as P < 0.05.

TABLE 3
Percent FA Composition of LDL (expressed as nmol/mg protein) According to Habitual Fish Consumption (mean ± SD).

Fish consumption groupsa

≤31.0 g/d 31.1–64.0 g/d 64.1–115.0 g/d >115.0 g/d
FA (n = 26) (n = 24) (n = 27) (n = 24) P
Phospholipids
Saturated FA 53.13 ± 4.38 53.55 ± 4.16 53.52 ± 5.29 52.37 ± 4.32 NS
Monounsaturated FA 11.80 ± 5.99 10.42 ± 2.07 11.12 ± 4.78 11.55 ± 4.74 NS
Total n-6 PUFA 29.75 ± 5.32 30.18 ± 3.86 29.20 ± 4.87 29.12 ± 5.71 NS
Linoleic acid (18:2) 18.51 ± 4.17 20.20 ± 3.26 18.91 ± 3.76 19.31 ± 4.67 NS
Arachidonic acid (20:4) 7.62 ± 2.42 7.32 ± 1.31 7.19 ± 2.10 7.18 ± 1.81 NS

Total n-3 PUFA 5.31 ± 1.28 5.85 ± 1.37 6.16 ± 1.55 6.95 ± 1.69 <0.01
EPA (20:5) 0.51 ± 0.20 0.61 ± 0.21 0.69 ± 0.21 0.73 ± 0.30 <0.01
DHA (22:6) 4.74 ± 1.24 5.17 ± 1.28 5.44 ± 1.52 6.14 ± 1.47 <0.01

Cholesterol esters
Saturated FA 18.88 ± 5.36 18.04 ± 5.06 19.19 ± 4.97 16.46 ± 3.36 NS
Monounsaturated FA 17.48 ± 4.21 17.01 ± 4.27 16.16 ± 3.37 18.07 ± 4.29 NS
Total n-6 PUFA 61.64 ± 6.73 62.62 ± 6.45 62.31 ± 5.59 62.66 ± 6.25 NS
Linoleic acid (18:2) 53.48 ± 7.08 55.09 ± 6.68 54.52 ± 5.43 54.73 ± 7.37 NS
Arachidonic acid (20:4) 6.70 ± 2.16 6.51 ± 1.13 6.80 ± 1.80 6.82 ± 1.50 NS

Total n-3 PUFA 2.00 ± 0.44 2.32 ± 0.52 2.35 ± 0.44 2.81 ± 0.83 <0.001
EPA (20:5) 0.49 ± 0.16 0.64 ± 0.24 0.70 ± 0.30 0.90 ± 0.41 <0.001
DHA (22:6) 1.23 ± 0.31 1.34 ± 0.27 1.39 ± 0.32 1.54 ± 0.46 <0.05

aReproduced in part from Reference 53 with permission. 
bNS, not significantly different values among fish consumption groups, where significant differences are taken as P < 0.05.



provide a number of low M.W. antioxidants. It is known that
the presence of antioxidant compounds in serum such as albu-
min, urate, ascorbate, bilirubin, or α-tocopherol can stop the
appearance and propagation of free radicals (64). Thus, even
though the level of serum n-3 PUFA increased significantly
with fish intake, no differences were observed in the suscepti-
bility to oxidation of serum samples from individuals with
widely different fish intakes.

Isolated LDL fractions were subjected to Cu2+-induced ox-
idation ex vivo, and the following lipid oxidation parameters
were measured: duration of the lag phase, rate of conjugated
diene production, total diene concentration, and TBARS. In
addition, the percentage of nonoxidized protein (TNBS) was
also measured. Intake of n-3 and n-6 PUFA was significantly
correlated with the rate of conjugated diene appearance (P <
0.05) and the total diene concentration (P < 0.05) (Table 6).
The average rate of conjugated diene production (propaga-
tion rate) was 17.63 ± 5.33 nmol·min−1·mg protein−1 (range:
7.73–37.90 nmol·min−1·mg protein−1), and the average
amount of conjugated dienes was 518.19 ± 111.34 nmol·mg

protein−1 (range: 229.91–849.91 nmol·mg protein−1). These
two parameters negatively correlated with n-3 PUFA intake,
indicating that higher amounts of these highly unsaturated FA
gave lower propagation rates and, therefore, lower conjugated
diene concentrations. Thus, the increased levels of n-3 PUFA
present in LDL as a result of higher dietary fish intakes did
not result in higher LDL ex vivo oxidizability. In contrast, in-
take of n-6 PUFA presented a positive correlation with these
two lipid oxidation parameters (P < 0.05). As expected, the
intake of saturated FA and MUFA showed no statistically sig-
nificant correlation with any of the LDL oxidation parame-
ters measured. The average duration of the lag phase was 70
± 12 min (range: 38–102 min), and the TBARS measurements
gave an average value of 86.08 ± 16.96 nmol·mg protein−1

(range: 45.38–136.32 nmol·mg protein−1). The observed dif-
ferences in LDL lipid composition as a result of the different
fish intakes did not significantly affect these parameters of
lipid oxidation. Other investigators, directing diet interven-
tion studies in which subjects were given higher amounts of
n-3 PUFA than the majority of subjects herein ingested, have
shown that a decrease in the lag phase and an increase in the
TBARS value was related to the prooxidant effect of fish oil
and n-3 PUFA (10,19,29,31,35,47). In contrast, other investi-
gators have not found any effect of dietary supplements con-
taining fish oil or n-3 PUFA on these LDL lipid peroxidation
parameters (30,32,34).

The percentage of nonoxidized protein (TBNS measure-
ments) was 54.29 ± 12.14 (range: 22.40–87.42). The lack of
significant differences in these values indicated that the ob-
served differences in lipid composition did not affect the oxi-
dizability of the protein composition of LDL as a result of the
oxidation of the lipid components.
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TABLE 4
Linear Correlation Between Fish Intake (g/d) and Serum FA
Compositiona (percentages of the total FA expressed as nmol/mL)

FA r P

Saturated FA 0.035 NS
Monounsaturated FA 0.059 NS
Total n-6 PUFA 0.089 NS
Linoleic acid (18:2) 0.120 NS
Arachidonic acid (20:4) −0.080 NS

Total n-3 PUFA 0.415 <0.001
EPA (20:5) 0.412 <0.001
DHA (22:6) 0.390 <0.001

ar, correlation coefficient; NS, no statistically significant correlation, where
statistical significance is P < 0.05.

TABLE 5
Linear Correlation Between Fish Intake (g/d) and Percent FA
Composition of LDL Phospholipid and Cholesterol Ester Fractions

FA r P

Phospholipid 
Saturated FA 0.005 NS
Monounsaturated FA 0.002 NS
n-6 PUFA −0.117 NS
Linoleic acid (18:2) −0.013 NS
Arachidonic acid (20:4) −0.105 NS

n-3 PUFA 0.346 <0.001
EPA (20:5) 0.320 <0.001
DHA (22:6) 0.316 <0.001

Cholesterol esters
Saturated FA −0.090 NS
Monounsaturated FA 0.045 NS
n-6 PUFA 0.000 NS
Linoleic acid (18:2) −0.007 NS
Arachidonic acid (20:4) 0.002 NS

n-3 PUFA 0.397 <0.001
EPA (20:5) 0.445 <0.001
DHA (22:6) 0.230 <0.05

ar, correlation coefficient; NS, no statistically significant correlation, where
statistical significance is P < 0.05.

TABLE 6
Multiple Linear Regression Analysis Between the Intake of Total n-3
and n-6 PUFA (as independent variables) and Individual Lipid
Oxidation Parameters for LDL (as dependent variables)

Multiple Total Total
Parametera regression n-6 n-3

Lag phase
r 0.079
β 0.001 −0.079
P NS NS NS

Rate of conjugated
diene appearance
r 0.306
β 0.263 −0.271
P <0.01 <0.05 <0.05

Conjugated diene 
concentration
r 0.274
β 0.247 −0.230
P <0.05 <0.05 <0.05

TBARS
r 0.062
β −0.049 −0.025
P NS NS NS

ar, multiple correlation coefficient for all variables; β, regression coefficient
for each independent variable; NS, no statistically significant correlation,
where significance is taken as P < 0.05.



The increase in total n-3 PUFA in LDL phospholipids and
cholesterol esters was negatively correlated (P < 0.01 and P
< 0.001, respectively) with the propagation rate of Cu2+-
induced oxidation, whereas total n-6 PUFA showed a statisti-
cally significant positive correlation (P < 0.05 and P < 0.001,
respectively) (Table 7). Of the two major n-3 PUFA, only the
amount of 22:6 showed a statistically significant but negative
correlation with the rate of appearance of conjugated dienes,
both in the cholesterol ester (P < 0.05) and phospholipid (P <
0.001) fractions of the LDL (Table 8), indicating that as the
percentage of this FA in the corresponding fraction in the

LDL increased, the formation of conjugated dienes decreased
(Table 8). This unexpected protective effect of total n-3
PUFA, and of 22:6 in particular, has also been observed by
some authors in LDL isolated from humans (31), nonhuman
primates (70), and Yucatan minipigs (71). In these studies,
propagation rates decreased in the presence of higher amounts
of n-3 PUFA. In contrast, in cholesterol esters it was the per-
centage of linoleic acid and not that of arachidonic acid that
correlated positively with the rate of propagation (P < 0.01)
as well as with the total conjugated diene concentration
(P < 0.05), in agreement with results from other studies
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TABLE 7
Multiple Linear Regression Analysis Between the Percent Total n-3 and n-6 PUFA in LDL Phospholipids and Cholesterol Esters, 
(as independent variables) and Lipid Oxidation Parameters (as dependent variables)

Phospholipids Cholesterol esters

Multiple Multiple
Parametera regression Total n-6 Total n-3 regression Total n-6 Total n-3

Lag phase
r 0.143 0.169
β −0.146 0.043 −0.164 −0.038
P NS NS NS NS NS NS

Rate of conjugated diene appearance
r 0.324 0.471
β 0.211 −0.311 0.354 −0.323
P <0.01 <0.05 <0.01 <0.001 <0.001 <0.001

Conjugated diene concentration
r 0.132 0.375
β 0.114 −0.105 0.347 −0.153
P NS NS NS <0.01 <0.001 NS

TBARS
r 0.204 0.225
β 0.090 0.159 0.138 0.173
P NS NS NS NS NS NS

aFor footnotes see Table 5.

TABLE 8
Multiple Linear Regression Analysis Between the LDL Percent PUFA (as independent variables) and Lipid Oxidation Parameters
(as dependent variables)

Phospholipids Cholesterol esters

Multiple Multiple
Parametera regression 18:2 20:4 20:5 22:6 regression 18:2 20:4 20:5 22:6

Lag phase
r 0.401 0.451
β 0.004 −0.423 −0.090 0.152 −0.159 −0.469 −0.142 0.191
P <0.01 NS <0.001 NS NS <0.001 NS <0.001 NS NS

Rate of conjugated
diene appearance
r 0.407 0.457
β 0.347 0.034 0.142 −0.427 0.385 0.041 −0.120 −0.241
P <0.001 <0.01 NS NS <0.001 <0.001 <0.001 NS NS <0.05

Conjugated diene
concentration
r 0.275 0.372
β 0.292 −0.068 0.147 −0.204 0.372 −0.065 −0.056 −0.067
P NS <0.05 NS NS NS <0.01 <0.01 NS NS NS

TBARS
r 0.457 0.360
β −0.096 0.433 0.190 0.018 0.097 0.315 0.100 0.052
P <0.001 NS <0.001 NS NS <0.01 NS <0.01 NS NS

aFor footnotes see Table 6.



(41,42). We have also observed that the amount of arachi-
donic acid is positively correlated with an increase in the
value of TBARS, for phospholipids (P < 0.001) and choles-
terol esters (P < 0.01), and a decrease in the duration of the
lag phase for phospholipids and cholesterol esters (P < 0.001)
(Table 8), both of which would be consistent with the prooxi-
dant effect of n-6 PUFA.

Thomas et al. (72) showed that the rate of conjugated
diene appearance during peroxidation of LDL was similar
when LDL were enriched with n-3 PUFA or MUFA, but it
was considerably higher when LDL were enriched with n-6
PUFA. Furthermore, Frankel et al. (30) showed that, after in-
take of fish oil supplements, the PUFA composition of LDL
as well as the oxidation products is modified, although these
changes taken together do not affect the susceptibility to ex
vivo peroxidation of LDL. In vitro studies with PUFA in aque-
ous micelles indicate that n-3 PUFA have greater resistance
to oxidation than n-6 PUFA (46,73,74).

As a consequence of an habitually higher fish intake the
percentage of n-3 PUFA increased significantly in serum and
in LDL, but this increase did not result in a loss of serum an-
tioxidant capacity or in an increase in susceptibility toward
Cu2+-induced oxidation in LDL. Furthermore, these FA, par-
ticularly 22:6, appear to confer some antioxidative character
because of a decrease in the propagation velocity of the lipid
peroxidation.
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ABSTRACT: The present study compared the effect of dietary
conjugated linolenic acid (CLNA) on body fat and serum and
liver lipid levels with that of CLA in rats. FFA rich in linoleic
acid, α-linolenic acid, CLA, or CLNA were used as experimen-
tal fats. Male Sprague–Dawley rats (4 wk old) were fed purified
diets containing 1% of one of these experimental fats. After 4
wk of feeding, adipose tissue weights, serum and liver lipid con-
centrations, serum tumor necrosis factor (TNF)-α and leptin lev-
els, and hepatic β-oxidation activities were measured. Com-
pared with linoleic acid, CLA and, more potently, CLNA were
found to reduce perirenal adipose tissue weight. The same trend
was observed in the weight of epididymal adipose tissue. CLNA,
but not CLA, was found to significantly increase serum and liver
TG concentrations. Serum FFA concentration was also in-
creased in the CLNA group more than in the other groups. The
activity of β-oxidation in liver mitochondria and peroxisomes
was significantly higher in the CLNA group than in the other
groups. Thus, the amount of liver TG exceeded the ability of he-
patic β-oxidation. Significant positive correlation was found be-
tween the adipose tissue weights and serum leptin levels in all
animals (vs. perirenal: r = 0.557, P < 0.001; vs. epididymal: r =
0.405, P < 0.05). A less significant correlation was found be-
tween adipose tissue weights and serum TNF-α level (vs. perire-
nal: r = 0.069, P > 0.1; vs. epididymal: r = 0.382, P < 0.05). Al-
though the mechanism for the specific effect of CLNA is not
clear at present, these findings indicate that in rats CLNA mod-
ulated the body fat and TG metabolism differently from CLA. 

Paper no. L8937 in Lipids 37, 343–350 (April 2002).

CLA is a FA that has 18 carbons and one conjugated double
bond, including multiple positional and geometric isomers (9c,
11t; 10t,12c; etc.), and is exclusively found in a trace amount

in ruminant meats and dairy products (1,2). CLA has been
shown to reduce body fat in rodents (3,4) and humans, although
results were not always unequivocal (5–9). The exact mecha-
nism of the anti-obese effect of CLA is not clear. Animal stud-
ies showed that it could be attributed in part to a decrease in the
activity of lipoprotein lipase (10–12), an increase in lipolysis
in adipocytes (10), or a moderate increase in FA oxidation in
adipose tissue (10), muscle (10), and liver (13). Compared with
linoleic acid (LA), CLA has been shown to lower plasma con-
centrations of cholesterol and TG and regress established
atheroma in rabbits (14,15), whereas it increases liver TG con-
centrations in mice (16,17) but not in rats (13,18). It has been
demonstrated that more highly unsaturated FA, such as LA
metabolites, are more hypocholesterolemic than LA (19). Sim-
ilar to LA, CLA is thought to be metabolized to conjugated
eicosatrienoic or eicosatetraenoic acids through desaturation
and elongation in rats (20,21). From these backgrounds, it is of
interest to know how a more highly unsaturated conjugated FA
affects lipid metabolism. 

CLNA is one of the more highly unsaturated forms of con-
jugated FA and possibly includes multiple positional (8, 10,
12; 9, 11, 13; etc.) and geometric (cis and trans) isomers.
CLNA occurs abundantly in some specific seed oils, such as
karela oil (22), tung oil (23,24), and pomegranate oil (24).
There is evidence showing that karela oil, as compared with
linseed oil [rich in α-linolenic acid (ALA)], increased the
serum cholesterol and TG concentrations in rats fed a high-
fat diet (20% fat containing 10% CLNA) (22). Igarashi and
Miyazawa showed that CLNA, but not CLA, exhibited cyto-
toxic effects on some lines of human tumor cells (23). They
also reported that conjugated eicosapentaenoic and docosa-
hexaenoic acids with conjugated trienoic structures exhibited
the strongest cytotoxic effect on human tumor cells, possibly
due to the induction of apoptosis of the cells through lipid
peroxidation (25). From these observations, feeding of CLNA
with conjugated trienoic structure was expected to affect lipid
metabolism more than was CLA. To date, no additional
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evidence is available to show the biological effects of CLNA.
The objective of the present study using a rat model was to
examine how CLNA affects body fat mass, and serum and
liver lipids.

MATERIALS AND METHODS

Experimental fats. Experimental fats used in the present study
were FFA that were rich in LA, LNA, CLA, and CLNA, all
supplied by Rinoru Oil Mills Co., Ltd. (Tokyo, Japan). LA-
and LNA-rich FA were derived from safflower oil and perilla
oil, respectively, and from them CLA- and CLNA-rich FA
were prepared by alkaline isomerization. The FA profile was
measured as described previously (26). Briefly, approxi-
mately 25 mg of the FFA sample was methylated with 2 mL
of BF3-methanol at 40°C for 10 min. FAME were analyzed
by GLC with a J&W DB-23 capillary column (30 m × 0.25
mm i.d.; Agilent Technologies, Palo Alto, CA). The FA pro-
file of the experimental fats is shown in Table 1. For the con-
firmation of CLNA analysis, we observed two peaks for con-
jugated diene and six peaks for conjugated triene by HPLC
(27) monitoring at 234 and 268 nm, respectively (23). It was
confirmed by GC/MS that the former peaks contained 18:3
and 18:2 and the latter peaks contained 18:3. Although CLNA
contained 18:3 conjugated diene and triene, the identification
of individual components awaits further study.

Animals and diets. Thirty-two male weanling Sprague–
Dawley rats (4 wk old) purchased from SEAC Yoshitomi Co.
(Fukuoka, Japan) were acclimatized for 3 d in a room main-
tained at 21–23°C with a 12-h light–dark cycle. Animals were
randomly assigned to four groups of eight animals each accord-
ing to the experimental fats: LA, ALN, CLA, and CLNA. Diets
were prepared according to the AIN-93G formula (28) and con-
tained (by wt %) casein 20; soybean oil 6; experimental fat 1;
cornstarch 39.7; dextrinized cornstarch 13.2; sucrose 10; cellu-

lose 5; mineral mixture (AIN-93G-MX) 3.5; vitamin mixture
(AIN-93-VX) 1; L-cystine 0.3; choline bitartrate 0.25; and t-
butylhydroquinone 0.0014. Animals were maintained on their
respective diets ad libitum for 4 wk. During the feeding period,
body weight and food consumption were recorded every other
day. After 16 h of food deprivation, animals were anesthetized
with diethyl ether, and blood was collected from the abdominal
aorta. Serum was separated by centrifugation. The liver and
other tissues, including perirenal and epididymal white adipose
tissues and interscapular brown adipose tissue, were excised
and weighed.

Serum and liver lipid analysis. Serum total and HDL cho-
lesterols were measured using commercial assay kits (Cho-
lesterol CII-test Wako; Wako Pure Chemical Industries,
Osaka, Japan; and HDL-C2; Daiichi Pure Chemicals, Tokyo,
Japan). Serum phospholipid, TG, FFA, and TBARS were also
measured using commercial assay kits (Phospholipid B-,
Triglyceride G-, NEFA-, and Lipid Peroxide-Test Wako;
Wako Pure Chemical Industries).

Total liver lipids were extracted by the method of Folch et
al. (29). The concentrations of liver cholesterol, phospholipid,
and TG were measured by the methods of Ide et al. (30),
Rouser et al. (31), and Fletcher (32), respectively.

Preparation of liver mitochondria/peroxisomes. An
aliquot of liver was homogenized in 7 vol of a 0.25-M sucrose
solution. The homogenate was centrifuged at 1,000 × g for 10
min at 4°C. The supernatant was centrifuged at 16,000 × g for
20 min to sediment mitochondria/peroxisomes. The pellet
was suspended in a solution containing 0.3 M mannitol, 10
mM HEPES, and 0.1 mM EGTA. The suspension was stored
at −80°C until used for the measurement of carnitine palmi-
toyltransferase (CPT) and peroxisomal β-oxidation activities.
The protein content of the suspension was measured by the
method of Lowry et al. (33).

Measurement of CPT activity. The activity of CPT was
measured spectrophotometrically by monitoring the release
of CoA-SH from palmitoyl-CoA using 5,5-dithiobis-(2-ni-
trobenzoic acid) (DTNB) (34). The carnitine-dependent reac-
tion was initiated by addition of enzyme (sample suspension)
to the reaction cuvette containing 58 mM Tris HCl (pH 8.0),
1.25 mM EDTA, 0.1% Triton X-100, 0.25 mM DTNB, 37.5
mM palmitoyl-CoA, and 1.25 mM L-carnitine. The reaction
compartment was thermostated at 27°C. The reaction was fol-
lowed at 412 nm. The carnitine-independent reaction was
conducted by an identical procedure without L-carnitine. The
difference between L-carnitine-dependent and -independent
reaction rates was regarded as CPT activity. Data were ex-
pressed as nmol CoA/min/mg protein.

Measurement of peroxisomal β-oxidation. The peroxisomal
β-oxidation was measured spectrophotometrically by monitor-
ing the reduction of NAD to NADH in the presence of palmi-
toyl-CoA (35). The reaction was initiated by the addition of en-
zyme (sample suspension) to the reaction cuvette containing
50 mM Tris HCl (pH 8.0), 20 mM NAD, 0.33 M DTT, 1.5%
BSA, 2% Triton X-100, 10 mM CoA, 1 mM FAD, 100 mM
KCN, and 5 mM palmitoyl-CoA. The reaction compartment
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TABLE 1
FA Composition of Experimental Fats (FFA Form)

Experimental fat (% wt)a

FA LA LNA CLA CLNA

16:0 7.4 5.8 7.4 5.9
18:0 2.6 1.6 2.7 1.6
18:1n-9 17.7 13.6 17.8 14.2
18:2n-6 70.9 21.9 1.5 0.5
18:3n-3 0.3 55.5 — —

Conjugated 18:2 — — 68.9 24.7
(9c,11t ) — — (31.8) (8.0)
(10t,12c) — — (32.7) (15.1)
(9c,11c/10c,12c) — — (2.1) (1.4)
(9t,11t/10t,12t) — — (2.3) (0.2)

Conjugated 18:3 — — — 49.1
(Conjugated diene) — — — (31.9)
(Conjugated triene) — — — (17.2)

aLA, linoleic acid; LNA, α-linolenic acid; CLNA, conjugated linolenic
acid.



was thermostated at 37°C. The reaction rate was followed at
340 nm. Data were expressed as nmol NAD reduced/min/mg
protein.

Serum concentration of tumor necrosis factor (TNF)-α
and leptin. The concentration of serum TNF-α and leptin was
measured by ELISA using a commercial kit (Rat TNF-α
ELISA YK 040 and Rat Leptin ELISA YK 050; Yanaihara
Institute Inc., Shizuoka, Japan).

Measurement of uncoupling protein (UCP) 1 of brown adi-
pose tissue by western blotting. An aliquot of brown adipose
tissue was homogenized in PBS containing 0.5% sodium de-
oxycholate, 0.1% SDS, 2 mM EDTA, 1% NP-40 (Sigma, St.
Louis, MO), 5 mg/mL phenylmethylsulfonyl fluoride, and 2
mg/mL aprotinin. The homogenate was centrifuged at 10,000
× g for 10 min at 4°C. The supernatant was used for the fol-
lowing measurements. The protein concentration was deter-
mined using a commercial kit (BCA Protein Assay Reagent;
Pierce Chemical Co., Rockford, IL). The sample (50 mg pro-
tein/lane) was electrophoresed using SDS polyacrylamide gel
(12%) transferred to nitrocellulose membrane. UCP 1 was
probed with rabbit anti-rat UCP 1 antibody at 4°C for 16 h
(2000 times diluted solution), which was kindly provided by
Dr. Teruo Kawada (Kyoto University, Kyoto, Japan). Then
the membrane was reacted with goat anti-rabbit IgG POD
(peroxidase) conjugated (secondary antibody; ICN Pharma-
ceuticals, Aurora, OH) at 37°C for 1 h. Detected protein was
visualized using equivalent chain length western blotting de-
tection reagents (Amersham Pharmacia Biotech, Bucking-
hamshire, England), and the bands were quantitated using
NIH (National Institutes of Health) Image. The amount of β-
actin was also measured by western blotting and anti-rat β-
actin clone AC-15 (3000 × dilution; Sigma) and anti-mouse
IgG HRP conjugated (3000 × dilution; ICN) were used as pri-
mary and secondary antibodies. Values of UCP 1 were di-
vided by those of β-actin to be normalized.

Statistical analysis. Results were expressed as means and
pooled SE unless otherwise indicated. All data were analyzed
by a one-way ANOVA followed by the Tukey–Kramer test to
determine the dietary fat-dependent difference. All analyses
were performed with SuperANOVA software (Abacus Con-
cepts, Berkeley, CA).

RESULTS

Body weight gain, food intake, and tissue weights. During 4
wk of feeding, food intake tended to be higher in rats fed
LNA and CLA than in those fed LA and CLNA (Table 2).
The relative weight of perirenal adipose tissue was signifi-
cantly lower in rats fed CLA and CLNA than in those fed LA,
and it tended to be lower in the CLNA group than in the CLA
group. This trend also was observed in the weight of epididy-
mal adipose tissue. The relative liver weight was significantly
heavier in rats fed CLNA than in those fed other fats. This
trend also was observed in the relative heart weight.

Serum and liver lipid concentrations. The concentration of
serum cholesterol was significantly lower in the CLNA group
than in the LA group (Table 3). Although CLA exhibited the
same trend as CLNA, the cholesterol-lowering effect against
LA was not statistically significant. The concentration of HDL-
cholesterol was significantly lower in rats fed CLNA than in
those fed other fats. As a result, the ratio of HDL/total choles-
terol was significantly lower in the CLNA group than in the
LNA group (data not shown). The serum TG concentration of
the CLNA group was more than twice that of the LA, LNA,
and CLA groups. The serum FFA concentration of the CLNA
group was significantly higher than that of the other groups.
The serum TBARS value, an index of the potential for lipid
peroxidation, was significantly higher in rats fed CNLA  than
in those fed CLA. However, there was no significant difference
in this value between the other groups. 
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TABLE 2
Effect of Conjugated Linolenic Acid on the Body Weight, Food Intake, and Tissue Weights

Groupsa

LA LNA CLA CLNA Pooled SEb

Body weight (g)
Initial 77 77 77 77 2
Gain 198 212 216 197 8

Food intake (g/d) 18.4a 20.0b 19.3a,b 18.2a 0.5

Tissue weights (g/100 g body weight)
White adipose tissue
Perirenal 1.95a 1.90a,b 1.40b,c 1.29c 0.20
Epididymal 1.22 1.20 1.09 1.00 0.09

Brown adipose tissue 0.17 0.15 0.15 0.18 0.03

Liver 3.10a 3.26a 3.31a 3.80b 0.11
Kidney 0.86a,b 0.81a 0.87a,b 0.93b 0.03
Spleen 0.23 0.24 0.25 0.25 0.02
Heart 0.41a 0.45a,b 0.46b 0.49b 0.02
Lung 0.61 0.61 0.59 0.55 0.04
Brain 0.63 0.59 0.59 0.66 0.04

aValues not sharing a common roman superscript letter (a,b,c) are significantly different at P < 0.05.
bAll data are expressed as means and pooled SE of 7 or 8 rats. For abbreviations see Table 1.



Effects of different dietary fats on the liver lipid concen-
trations are shown in Table 3. The concentration of liver cho-
lesterol was significantly higher in rats fed the LNA diet than
in those fed other fats. The TG concentration of the CLNA
group was approximately twice that of the other three groups. 

β-Oxidation activity in liver mitochondria and peroxisomes.
The β-oxidation activity was examined in liver mitochondria
and peroxisomes. The activity of CPT, a key enzyme in the FA
oxidation pathway, was measured as an index of liver mito-
chondrial β-oxidation. Since freezing–thawing mitochondria
inactivates CPT I but not CPT II (36), the CPT activity mea-
sured in the present study most likely represented CPT II activ-
ity (37). As shown in Figure 1A, CPT II activity was 7
µmol/mg protein in rats fed LA. The activity was increased
20% by either LNA or CLA and 57% by CLNA. The activity
in rats fed CLNA was significantly higher than that in animals
fed other fats. On the other hand, relative to LA, peroxisomal
β-oxidation, measured using palmitoyl-CoA as a substrate, was
increased threefold by CLNA but was unaffected by the other
dietary treatments (Fig. 1B).

Serum concentration of TNF-α and leptin. As shown in Fig-
ure 2A, the serum concentration of TNF-α was significantly
higher in rats fed LNA, CLA, and CLNA than in those fed LA.
The concentration of serum leptin tended to be higher in rats
fed LNA than in those fed LA (Fig. 2B). The leptin concentra-
tion of CLA-fed rats tended to be lower, whereas the leptin con-
centration of CLNA-fed rats was significantly lower than that
of LNA-fed rats. 

The correlations between serum TNF-α or leptin concen-
trations and adipose tissue weight are shown in Figure 3. A
positive correlation was observed between the serum TNF-α
concentration and epididymal but not perirenal adipose tissue
(Fig. 3A). On the other hand, serum leptin exhibited a signifi-
cant positive correlation with weights of both perirenal and
epididymal adipose tissues (Fig. 3B).

UCP 1 level of brown adipose tissue. NIH-imaged UCP 1
levels normalized by β-actin were 1.36 ± 0.12, 1.40 ± 0.10,
1.33 ± 0.13, and 1.35 ± 0.12 for the LA, LNA, CLA, and
CLNA groups (mean ± SE), respectively. No statistically sig-
nificant difference was observed.

DISCUSSION

The present study examined how dietary CLNA affects body
fat mass and serum and liver lipid levels in rats. The effect of
dietary CLNA was compared with that of CLA, LNA, and LA.
In agreement with the earlier findings using mice as an experi-
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TABLE 3
Effect of Conjugated Linolenic Acid on Serum and Liver Lipid Concentrations

Groupsa

LA LNA CLA CLNA Pooled SEb

Serum lipids (mmol/L)
Cholesterol
Total cholesterol 1.87a 1.80a,b 1.72a,b 1.48b 0.13
HDL cholesterol 0.92a 0.95a 0.84a 0.65b 0.06

Phospholipid 1.55 1.45 1.48 1.64 0.13
TG 1.23a 1.02a 1.10a 2.91b 0.47
FFA 0.85a 0.79a 0.78a 1.21b 0.10
TBARS (× 103) 3.74a,b 3.92a,b 3.57a 4.92b 0.45

Liver lipids (µmol/g)
Cholesterol 10.0a 11.9b 9.72a 9.23a 0.68
Phospholipid 42.3 42.2 43.1 42.5 1.0
TG 5.95a 6.22a 4.75a 11.5b 1.32

aAll data are expressed as mean and pooled SE of 8 rats. For abbreviations see Table 1.
bValues not sharing a common roman superscript letter (a,b) are significantly different at P < 0.05.

FIG. 1. Effect of conjugated linolenic acid (CLNA) on liver mitochondrial
(A) and peroxisomal (B) β-oxidation activity. LA, linoleic acid; LNA, α-
linolenic acid; CPT, carnitine palmitoyltransferase. All data are expressed
as mean ± SE of eight rats. Values not sharing a common letter (a,b) are
significantly different at P < 0.05.



mental animal (3,4), feeding of CLA reduced the perirenal adi-
pose tissue weight more than LA did. However, the difference
between LNA and CLA was not statistically significant. On the
other hand, feeding of CLNA reduced the weight of perirenal
adipose tissue significantly more than LA and LNA did. This
suggests that the body fat-reducing effect of CLNA is at least
comparable to or even stronger than that of CLA under the ex-
perimental conditions described in the present study. 

Serum lipid concentration was modified by dietary CLNA.

The concentration of serum TG increased 2.5-fold in rats fed
CLNA as compared with the animals fed LA, LNA, or CLA.
Since serum TG was normally associated with lipoproteins
(38), one may expect that the increase in serum TG concentra-
tion might cause an increase in serum cholesterol concentra-
tion. However, serum cholesterol concentration was signifi-
cantly lower in rats fed CLNA than in those fed LA. Serum
phospholipid concentration was comparable among the groups.
Since the rats were fasted for 16 h prior to collection of blood,
this elevated level of TG in rats fed CLNA in the present study
might be indicative of an inability to clear VLDL, possibly due
to an inhibition of lipoprotein lipase activity (10–12). It is plau-
sible that the increase in the serum concentration of TBARS
(Table 3) and the whitish color of the serum may be responsi-
ble for the hypertriglyceridemia caused by CLNA. Dhar et al.
(22) reported that karela oil containing CLNA increased the
serum concentration of cholesterol and TG, whereas it tended
to decrease the liver TG. The difference in the dietary level of
experimental fat and the type of FA molecule may be the
cause of the discrepancy. The dietary level of the experimen-
tal fat was 20% (as karela oil) in their report, whereas it was
only 1% (as CLNA) in the present study. Also, karela oil con-
tains mainly 9c,11t,13t-18:3 (39), whereas the CLNA used in
the present study was a mixture of conjugated diene and
triene, which possibly contains multiple positional and geo-
metric isomers. In the present study, adipose tissue did not
grow as rapidly in rats fed CLNA or CLA. In an early report,
Park et al. (10) suggested that CLA reduced the body fat
through a reduction of fat deposition and an increase of lipoly-
sis in adipocytes. It was demonstrated that 10t,12c-18:2 but
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FIG. 2. Effect of CLNA on tumor necrosis factor (TNF)-α (A) and leptin
(B) concentrations in serum. For other abbreviations see Figure 1. All
data are expressed as mean ± SE of 8 rats. Values not sharing a com-
mon letter (a,b) are significantly different at P < 0.05.

FIG. 3. Correlation between TNF-α concentration and adipose tissue weight (A) and leptin concentration and adi-
pose tissue weight (B). ●, Perirenal adipose tissue; ●●, epididymal adipose tissue. —–, vs. perirenal adipose tissue;
------, vs. epididymal adipose tissue. For abbreviation see Figure 2.



not 9c,11t- and 9t,11c-isomers inhibited lipoprotein lipase ac-
tivity (12) and depressed the concentration of intracellular TG
in 3T3-L1 preadipocytes (11,12). As shown in Table 1, CLA
contained 33% of 10t,12c-18:2, whereas CLNA contained
15% of this isomer, and 32 and 17% of conjugated 18:3 with
diene and triene structures (Table 1). Therefore, conjugated
diene and/or triene isomers of 18:3 may reduce the fat depo-
sition more efficiently than CLA. Moreover, feeding of
CLNA, but not CLA, increased the serum concentration of
FFA significantly more than that of LA and LNA, suggesting
that CLNA may increase FA mobilization from the adipose
tissues.

Previous studies have established that adipocytokines,
such as leptin and TNF-α secreted from adipocytes, can mod-
ulate the amount of adipose tissue (40). Therefore, the corre-
lation between these adipocytokine levels and adipose tissue
weights was investigated to clarify which adipocytokine was
more closely related to the adipose tissue weights (Fig. 3). As
a result, serum leptin level was found to exhibit a significant
positive correlation with the weight of perirenal and epididy-
mal adipose tissues. Adipose tissue weight was related to
serum leptin concentration more than to TNF-α concentra-
tion (40). Relative to the group fed LA, TNF-α levels were
elevated by LNA, CLA, and CLNA to a similar extent (Fig.
2). An early report in animals showed that TNF-α decreased
the synthesis of lipoprotein lipase in adipose tissue but in-
creased the activity of lipoprotein lipase in liver (41). TNF-α
was reported to decrease peroxisome proliferator-activated
receptor (PPAR)-γ mRNA level in 3T3-L1 preadipocytes
(42). PPAR-γ is known to play an important role for the dif-
ferentiation of adipocytes (43,44). Recently, studies in obese
women showed that PPAR-γ mRNA levels in adipose tissue
were positively associated with the serum concentrations of
HDL-cholesterol (45,46). Serum HDL-cholesterol concentra-
tions were also shown to exhibit a positive correlation with
leptin mRNA levels in adipose tissue (45). In the present
study, serum leptin concentration exhibited a significant posi-
tive correlation with serum HDL-cholesterol (r = 0.596, n =
32, P < 0.001, data not shown). Also, serum leptin and HDL-
cholesterol levels were the lowest in the CLNA group. This
could be one explanation why CLA and, more potently,
CLNA decreased the weight of white adipose tissues as com-
pared with the corresponding nonconjugated FA, even under
the equally high concentration of serum TNF-α. In the pres-
ent study, the level of UCP 1 was also measured, which is a
thermogenic uncoupling protein and expresses exclusively in
brown adipose tissue (47). Although TNF-α was reported to
increase UCP 1 level of brown adipose tissue (48), the effect
of dietary fat on the UCP1 level was not clear in the present
study.

CLA and CLNA also affected differently the concentra-
tion of liver TG. CLA tended to suppress the liver TG con-
centration as compared with LA or LNA (Table 3) without af-
fecting the liver weight (Table 2). The liver mitochondrial
CPT II activity and peroxisomal β-oxidation activity tended
to be higher in rats fed CLA than in those fed LA (Fig. 1). The

increase in β-oxidation activity may cause a decreased con-
centration of TG in the liver. In contrast to CLA, CLNA in-
creased liver TG concentration twofold as compared with LA
or LNA. This may be one reason why the liver weight was
significantly increased only by CLNA (Table 2). Also, CLNA,
as compared with other FA significantly enhanced the activi-
ties of both liver mitochondrial and peroxisomal β-oxidation
(Fig. 1). Peroxisomal β-oxidation in particular increased
3–3.5-fold in CLNA-fed rats as compared with other groups
of animals. It was reported that an enhancement of hepatic β-
oxidation was regulated through activation of PPAR-α in the
liver (49). Moya-Camarena et al. (50) demonstrated, using a
rat hepatoma cell line, that CLA is an activator of PPAR-α.
Also, feeding of the prototypical peroxisome proliferator Wy-
14,643 (0.01 wt% in the diet) increased hepatic total lipid
content and mRNA level of acyl CoA oxidase, the first step
enzyme of peroxisomal β-oxidation in rats (51), consistent
with the phenomena observed in rats fed the CLNA diet in
the present study. Therefore, it was suggested that CLNA
feeding affected hepatic lipid metabolism much more po-
tently than did CLA. It seems likely that the accumulation of
liver TG in the CLNA group may have resulted from a situa-
tion in which the amount of FA influx exceeded the ability of
FA to oxidize in liver, even though the β-oxidation activity
was considerably enhanced in these animals. 

CLNA feeding resulted in a net reduction in adipose tissue
weight. This effect was more potent than with CLA. Also,
serum and liver TG concentrations were increased more than
twofold by CLNA in contrast to CLA. The adipose tissue
weight-reducing effect of CLNA may be related to a decrease
either in TG deposition from circulation and/or in lipolysis in
adipose tissues. Although the underlying mechanism is not
clear at the moment, these findings indicate that CLNA mod-
ulates the body fat and TG metabolism differently from CLA
in rats. Studies with a more purified form of CLNA are nec-
essary before definite conclusions are drawn. Also, studies on
the individual isomers of CLNA are important for future re-
search. Some specific seed oils containing CLNA will be use-
ful for this purpose. 
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ABSTRACT: We have shown that sesame lignans added to rat
diet resulted in significantly greater plasma and tissue concen-
trations of α- and γ-tocopherol concentrations in supplemented
rats than in rats without supplementation. In the present studies
we examined whether sesaminol, a sesame lignan, enhances
tocotrienol concentrations in plasma and tissues of rats fed diets
containing a tocotrienol-rich fraction of palm oil (T-mix). In Ex-
periment 1, effects of sesaminol on tocotrienol concentrations
in plasma, liver, and kidney were evaluated in rats fed diets con-
taining 20 mg/kg of T-mix (20T) and 50 mg/kg of T-mix (50T)
with or without 0.1% sesaminol. Although the T-mix contained
23% α-tocopherol, 22% α-tocotrienol, and 34% γ-tocotrienol,
α-tocopherol constituted most or all of the vitamin E in plasma
and tissue (from 97% in kidney to 100% in plasma), with no or
very little α-tocotrienol and no γ-tocotrienol at all. Addition of
sesaminol to the T-mix resulted in significantly higher plasma,
liver, and kidney α-tocopherol concentrations compared to val-
ues for T-mix alone. Further, T-mix with sesaminol resulted in
significantly higher α-tocotrienol concentrations in kidney, al-
though the concentration was very low. In Experiment 2, we ex-
amined whether sesaminol caused enhanced absorption of α-
tocopherol and α-tocotrienol in a dosage regimen supplying T-
mix and sesaminol on alternating days and observed
significantly higher levels of α-tocopherol and α-tocotrienol in
rats fed sesaminol, even without simultaneous intake, compared
to those in rats without sesaminol. In Experiment 3, α-tocoph-
erol was supplied to the stomach with and without sesaminol,
and α-tocopherol concentrations in the lymph fluid were
measured. α-Tocopherol concentrations were not different
between groups. These results indicated that sesaminol pro-
duced markedly higher α-tocopherol concentrations in plasma
and tissue and significantly greater α-tocotrienol concentrations
in kidney and various other tissues, but the concentrations of 
α-tocotrienol were extremely low compared to those of α-
tocopherol (Exps. 1 and 2). However, the sesaminol-induced in-
creases of α-tocopherol and α-tocotrienol concentrations in
plasma and tissue were not caused by their enhanced absorp-
tion since sesaminol did not enhance their absorption.

Paper no. L8752 in Lipids 37, 351–358 (April 2002).

Sesame seed has long been used as a health food for its pur-
ported anti-aging effects, but it contains only γ-tocopherol and
negligible amounts of α-tocopherol, which suggests low phys-
iological vitamin E activity. However, sesame seed contains
substantial amounts of the characteristic lignans sesamin and
sesaminol. In earlier experiments we found that sesame seed
and its lignans produced elevated levels of α- and γ-tocopherol
concentrations in plasma and tissue (1–3). Subsequently, we
investigated the mechanisms by which sesame lignans caused
higher tocopherol concentration in rats. In a previous paper (4),
we examined whether the secretion of tocopherols into bile was
suppressed by sesame seed feeding. However, we found that
concentrations of α- or γ-tocopherol in bile showed a good cor-
relation with concentrations of α- or γ-tocopherol in liver. We
concluded that suppression of tocopherol secretion into bile did
not cause higher tocopherol levels in the rat body. Thus, as a
further possibility, we decided to examine whether sesame lig-
nans enhance absorption of tocopherols. In the present experi-
ments we used a tocotrienol-rich palm oil fraction as a dietary
source of vitamin E, since some papers have shown that to-
cotrienols concentrated in palm oil exhibit stronger functions
than α-tocopherol as antioxidants and antitumor agents (5–7).
If sesame lignans produce higher tocotrienol concentrations in
in vivo tests, tocotrienols with sesame lignans might show
stronger effects than tocotrienol alone. Therefore, in the first
experiment of the present series we attempted to determine
whether sesame lignans produced higher tocotrienol concen-
trations following the use of sesaminol and a tocotrienol-rich
fraction of palm oil containing some α-tocopherol (T-mix). In
these experiments we sought to determine whether sesaminol
acted at the site of absorption and whether enhanced absorp-
tion of vitamin E was dependent on sesaminol being supple-
mented simultaneously with T-mix. In Experiment 2, we ex-
amined the effect of sesaminol on vitamin E concentrations in
plasma and tissues of rats when given in a regimen that pro-
vided T-mix and sesaminol on alternating days. In Experiment
3, we measured the direct effects of sesaminol on α-tocopherol
concentrations in lymph fluid after α-tocopherol had been sup-
plied into the rat stomach with and without sesaminol.

MATERIALS AND METHODS

Materials. α-Tocopherol, γ-tocopherol, and vitamin E ho-
mologs used for biochemical analysis were gifts of Eisai Co.
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(Tokyo, Japan). Pure α-tocotrienol, γ-tocotrienol, and to-
cotrienol-rich palm oil fraction (T-mix) were gifts of Lion
Corporation (Tokyo, Japan). Sesaminol (30% ethanol solu-
tion; 74.5% purity as solid) was donated by Takemoto Oil &
Fat Co. (Aichi, Japan). Vitamin E-stripped corn oil was pur-
chased from Funahasi Nogyo Co. (Chiba, Japan). A vitamin
E-free vitamin mixture and a mineral mixture were both made
according to AIN-76 formulation (8) by Nihon Nosan Kogyo
(Yokohama, Japan). Solvents used for chromatography were
HPLC grade from Katayama Chemicals Co., Ltd. (Osaka,
Japan). Thiobarbituric acid was purchased from Merck
(Darmstadt, Germany). All reagents for the measurement of
pyruvate kinase (EC 2.7.1.40) activity were purchased from
Boehringer-Mannheim Yamanouchi (Tokyo, Japan). All other
chemicals were of analytical grade.

Animals and diets. Three-week-old male Wistar strain rats
(Japan SLC Inc., Shizuoka, Japan) were housed individually in
stainless-steel wire-mesh cages at 24.5°C and 55% RH, with a
12-h light/dark cycle in Experiments 1 and 2. Rats were main-
tained in accordance with the Guidelines for Animal Experimen-
tation of Nagoya University. Rats were allowed free access to a
nonpurified diet for 3–5 d and given an experimental diet for 8
wk. The experimental diets in Experiments 1 and 2 were in ac-
cordance with AIN-76 formulation (8) and consisted of 20% pro-
tein, 10% fat, vitamins excluding vitamin E, and minerals, as
shown in Table 1. In Experiment 3, 8-wk-old male Sprague-
Dawley rats (Seiwa Experimental Animals, Fukuoka, Japan)
weighing 280–320 g were given ad libitum a commercial non-
purified diet (type NMF; Oriental Yeast Co., Tokyo, Japan) and
drinking water. Rats were maintained in accordance with the

Guidelines for Animal Experimentation of Kyushu University.
In Experiment 1, effects of sesaminol on tocotrienol con-

centrations in plasma, liver, and kidney were evaluated in rats
fed diets containing 20 mg/kg T-mix (20T) and 50 mg/kg T-
mix (50T) with or without 0.1% sesaminol. We set up the vit-
amin E-free diet as a vitamin E-deficient control, 50 mg α-
tocopherol diet as a vitamin E-sufficient control, and 20T and
50T diets with or without sesaminol. Although the 20T diet
was a vitamin E-insufficient diet, we anticipated more pro-
nounced effects of sesaminol in this diet because sesaminol
caused greater changes in a low α-tocopherol diet than a nor-
mal vitamin E diet in our previous study (3). To examine the
extent to which tocotrienols affected vitamin E activity in the
50T diet, this diet was compared to a 50 mg α-tocopherol
diet. 20T and 50T diets contained, respectively, 4.6 and 11.5
mg α-tocopherol, 4.4 and 11.0 mg α-tocotrienol (Toc3), 1 and
2.5 mg β-Toc3, 6.8 and 17.0 mg γ-Toc3, and 2 and 5 mg
δ-Toc3. Thirty-six rats were randomly divided into six groups
and fed the diets shown in Table 1 for 8 wk. 

Addition of sesaminol to 20T produced higher concentra-
tions of α-tocopherol in plasma and tissue than were found
with 20T alone (Experiment 1). In Experiment 2, to clarify the
mechanism by which sesaminol induced higher α-tocopherol
concentrations, we investigated whether sesaminol would
cause enhanced absorption of α-tocopherol. We thought that
enhanced absorption would take place when α-tocopherol and
sesaminol were present at the absorption site at the same time.
Group 1 was fed a diet containing 20T throughout; group 2 
was fed a diet containing 40T and a vitamin E-free diet on
alternating days, with a diet containing 40T on the final day
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TABLE 1
Composition of Diets (Experiments 1 and 2)

Control (−E) 20 mg T-mix 20 mg T-mix 50 mg T-mix 50 mg T-mix 50 mg α-tocopherol
Experiment 1 + 0.1% sesaminol + 0.1% sesaminol

g/kg diet

Casein (−E) 200 200 200 200 200 200
Mineral mixture (AIN-76) 35 35 35 35 35 35
Vitamin mixture [AIN-76 (−E)] 10 10 10 10 10 10
Corn starch (−E) 655 655 651 655 654 655
Stripped corn oil 100 96 96 90 90 90
0.5% T-mixa in stripped corn oil 4 4 10 10
0.5% α-Tocb in stripped corn oil 10
Sesaminolc 1 1

Experiment 2 Control (−E) 20 mg T-mix 40 mg T-mix 0.2% Sesaminol

g/kg diet

Casein (−E) 200 200 200 200
Mineral mixture (AIN-76) 35 35 35 35
Vitamin mixture [AIN-76 (−E)] 10 10 10 10
Cornstarch (−E) 655 655 655 647
Stripped corn oil 100 96 92 100
0.5% T-mixa in stripped corn oil 4 8
Sesaminolc 2
aTocotrienol-rich fraction from palm oil that contained α-Toc, 23%; γ-Toc, 0.4%; α-Toc3, 22%; β-Toc3, 5%; γ-Toc3, 34%; δ-Toc3, 10%. Abbreviations:
Toc, tocopherol; Toc3, tocotrienol.
bPure RRR-α-tocopherol.
c30% Ethanol solution, 78% purity as solid. The sesaminol-dissolving ethanol was canceled by reducing cornstarch.



(40T/−E/40T); group 3 was fed the same diet as group 2 except
for a vitamin E-free diet on the final day (−E/40T/−E); group 4
was fed a diet containing 40T and a vitamin E-free with
sesaminol diet on alternating days, with a diet containing 40T
on the final day (40T/S/40T); and group 5 was fed the same diet
as group 4 except for a vitamin E-free with sesaminol diet on
the final day (S/40T/S). The rationale for the dietary groups
was as follows: To ensure that all rats consumed nearly the
same amount of T-mix as the animals in group 1, rats were fed
a diet containing twice the amount T-mix on one day and a vit-
amin E-free diet or a vitamin E-free with sesaminol diet on the
other day. Since we thought there might be a difference in α-
tocopherol concentration in rats fed 40T and rats fed vitamin
E-free diet on the final day, we omitted T-mix for the two
groups (groups 3 and 5) on the last day. After being on experi-
ment for 8 wk, the animals were sacrificed.

In Experiment 1, we determined tocopherol and tocotrienol
concentrations in plasma, liver, and kidney as well as TBARS
in liver, red blood cell hemolysis, and plasma pyruvate kinase
activity as indices of vitamin E status. In Experiment 2, only
tocopherol and tocotrienol concentrations in plasma and tis-
sues were determined. After 8 wk of feeding and 24 h of fast-
ing, rats were anesthetized with Nembutal, and blood samples
were drawn from the heart using heparinized needles and sy-
ringes. The tissues were excised after the liver had been per-
fused with physiological saline. A hemolysis test of red blood
cells was conducted immediately after collection of blood
samples. Plasma was prepared, and measurements of pyruvate
kinase activity were made within 7 h after the rats were killed.
The remaining plasma and tissues were kept at −80°C until
analysis. Tocopherol and tocotrienol concentrations in plasma
and tissue as well as TBARS in liver were determined.

In Experiment 3, to obtain more direct evidence of α-
tocopherol absorption, we examined α-tocopherol concentra-
tions in the lymph fluid of rats supplied α-tocopherol with and
without sesaminol into the stomach. Sixteen rats were anes-
thetized with Nembutal; then an indwelling catheter was
placed in the stomach and a cannula in the left thoracic lym-
phatic channel. Lymph fluid collections were performed ac-
cording to the method described by Ikeda et al. (9). After ad-
ministration of 3 mL of a test emulsion contained 200 mg
sodium taurocholate, 50 mg FA-free albumin, 200 mg triolein,
and 10 mg α-tocopherol with or without 100 mg sesaminol,
lymph fluid was collected for 24 h in four tubes containing
EDTA, three tubes collected at 3-h intervals during the first
0–9 h, and one tube collected for 15 h during the latter 9–24 h.

Analysis of samples. Analytical procedures were essen-
tially the same as described by Yamashita et al. (4). Tocoph-
erol and tocotrienol concentrations in plasma and tissue were
analyzed by HPLC according to the method of Ueda and
Igarashi (10). Lymph fluid was treated in the same manner as
plasma. Instrumentation used for HPLC was a Shimadzu
Model LC-9A (Shimadzu, Kyoto, Japan) with a Shimadzu
RF-535 fluorescence detector (excitation, 298 nm; emission,
325 nm). The analytical column used was a Develosil 60-5
(4.6 mm i.d. × 250 mm; Nomura Chemical, Aichi, Japan).

The mobile phase was hexane containing 1% (vol/vol) dioxan
and 0.2% (vol/vol) isopropyl alcohol (99:1, vol/vol), and the
flow rate was 1 mL/min. Lipid peroxides in liver were deter-
mined as TBARS by the thiobarbituric acid colorimetric
method of Ohkawa et al. (11). Oxidative hemolysis of red
blood cells was measured using dialuric acid (12). Plasma
pyruvate kinase activity was determined according to the
method described by Gutmann and Bernt (13).

Statistical analysis. Data are expressed as mean ± SEM. Ex-
periments 1 and 2 were analyzed by using one-way ANOVA in
SPSS Base 9.0 (Chicago, IL). When one-way ANOVA revealed
P < 0.05, the data were further analyzed using Duncan’s multi-
ple comparisons test (14). Experiment 3 was performed by using
Student’s t-test to compare the effect with and without sesaminol.
Differences were considered statistically significant at P < 0.05.

RESULTS 

In Experiment 1, the diets exhibited no significant effect on
food intake or animal growth except for liver weight. As in our
previous studies (1–3), we observed significantly greater liver
weights (107–110%) in rats fed sesaminol-containing diets. We
determined liver TBARS concentrations, red blood cell hemol-
ysis, and plasma pyruvate kinase activity as vitamin E status
indices. As shown in Figure 1, liver TBARS were significantly
lower in the 20T and 50T groups than in the vitamin E-free
group. The addition of sesaminol to the 20T and 50T diets sig-
nificantly suppressed liver TBARS, and these values were
nearly the same as those in the 50 mg α-tocopherol control diet.
Red blood cell hemolysis in the 20T group showed the same
high value as in the vitamin E-free group, but the other groups
showed almost no hemolysis. Plasma pyruvate kinase activity
showed significantly higher activity in the vitamin E-free group
than the other groups. Although the activities in the other
groups were not statistically different, all groups showed simi-
lar patterns with respect to liver TBARS.

α-Tocopherol concentrations in plasma, liver, and kidney
are shown in Figure 2. In spite of the greater intake of to-
cotrienol, vitamin E analogs detected were nearly all α-
tocopherol, with a very small amount of α-tocotrienol. We
could not detect γ-tocotrienol in the plasma, liver, or kidney.
The groups receiving sesaminol had significantly higher α-
tocopherol concentrations than those receiving T-mix alone.
In the kidney, supplementation of sesaminol to T-mix resulted
in significantly higher concentrations of α-tocotrienol com-
pared to groups receiving T-mix alone, although the concen-
trations were extremely low compared to α-tocopherol.
Plasma α-tocopherol, kidney α-tocopherol, and kidney to-
cotrienol concentrations were not significantly different be-
tween the groups receiving 20T with sesaminol and 50T alone.

In Experiment 2, we investigated whether sesaminol en-
hanced the absorption of α-tocopherol and α-tocotrienol in
rats fed a T-mix-containing diet. We examined whether
sesaminol induced higher α-tocopherol and α-tocotrienol
concentrations in plasma and tissue if rats were not fed
sesaminol concurrently with T-mix. Plasma and tissue con-
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centrations of α-tocopherol and α-tocotrienol are shown in
Table 2. All rats consumed nearly the same amounts of α-
tocopherol and α-tocotrienol, and much larger amounts of γ-
tocotrienol. In spite of these facts, almost all vitamin E de-
tected in the plasma and tissue was α-tocopherol. Small
amounts of α-tocotrienol were detected, but γ-tocotrienol was
not detected in the plasma and tissue. Plasma and tissue con-
centrations of α-tocopherol were below normal since rats
were fed low vitamin E diets for 8 wk. In groups that received
sesaminol on alternate days with 40T, significantly higher
plasma and tissue concentrations of α-tocopherol and α-to-
cotrienol were observed. We detected very low concentrations
of α-tocotrienol in plasma and tissue, but there were differ-
ences in the ratios of α-tocotrienol to α-tocopherol in plasma
and tissue. The ratios in plasma and tissue were high in
sesaminol-fed groups, and those in liver and plasma were ex-
tremely low compared to those in kidney, adrenal, and testes.
There were no significant differences in α-tocopherol or α-
tocotrienol concentrations between groups 2 and 3, or groups
4 and 5, that is, between groups that were fed 40T and vita-
min E-free diets on the final day except for concentrations of

α-tocopherol in liver and plasma and α-tocotrienol in liver,
testes, and lung.

In Experiment 3, we determined the α-tocopherol recov-
ered in the lymph fluid of rats intragastrically administered a
test emulsion containing 10 mg α-tocopherol with or without
sesaminol. Lymph flow rate was linear during the experi-
ments, and it was 160.6 ± 17.4 and 162.2 ± 8.0 mL for 24 h
in rats given α-tocopherol and α-tocopherol with sesaminol,
respectively. There was no significant difference between the
groups. The results are shown as the percentage of α-tocoph-
erol in lymph fluid recovered over the experimental period
from the 10 mg administered intragastrically, and as α-
tocopherol concentrations in lymph fluid collected at each
interval. As shown in Figure 3, lymphatic recovery of α-
tocopherol was not enhanced by sesaminol.

DISCUSSION 

As shown in Figure 2, despite feeding with a mixture of α-
tocopherol, α-tocotrienol and γ-tocotrienol, most of the vita-
min E detected in plasma, liver, and kidney was α-tocopherol;
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FIG. 1. Effect of sesaminol on TBARS in liver, red blood cell hemolysis, and plasma pyruvate kinase activity. Thirty-six rats were divided into six
groups and fed experimental diets for 8 wk. The experimental diets consisted of vitamin E-free (VE-free) as vitamin E-deficient control; 20 mg/kg of
tocotrienol-rich palm oil (T-mix); 20 mg T-mix + 0.1% sesaminol; 50 mg T-mix; 50 mg T-mix + 0.1% sesaminol; and 50 mg α-tocopherol (α-
Toc)as a vitamin E-sufficient control. The 20 and 50 mg/kg T-mix diets contained, respectively, 4.6 and 11.5 mg α-Toc, 4.4 and 11.0 mg α-to-
cotrienol (α-Toc3), 1 and 2.5 mg β-Toc3, 6.8 and 17.0 mg γ-Toc3, and 2 and 5 mg δ-Toc3. Values are means ± SE of six rats. Values not sharing
the same superscript letter are significantly different at P < 0.05. Abbreviation: MDA, malondialdehyde.



a very slight concentration of α-tocotrienol was found, but γ-
tocotrienol was not found. These results agree with the tissue
concentrations of tocopherols and tocotrienol in humans and
hamsters found by Hayes et al. (15) and in humans by Mensink
et al. (16). It is generally thought that discrimination between
the structural forms of vitamin E in hepatic α-tocopherol trans-
fer protein (α-TTP) caused these results (17–19). The addition
of sesaminol to diets containing T-mix caused significantly
higher concentrations of α-tocopherol and α-tocotrienol in
plasma and tissue, but most vitamin E detected was still α-
tocopherol (90–99%). Liver α-tocopherol concentration in the
20T with sesaminol group was lower than in the 50T group.
However, liver TBARS concentration in the 20T with
sesaminol group was lower than in the 50T (Fig. 1). This result
could not be explained by the α-tocopherol concentration, be-
cause the α-tocopherol concentration in 50T was higher than
in 20T with sesaminol. There are reports that sesaminol itself
exhibits strong antioxidative activity in vitro and in vivo
(20–22). Sesaminol might have contributed to the lower
TBARS concentration in the 20T or 50T with sesaminol
groups. Since the 20T diet contained insufficient vitamin E, he-
molysis in this diet group had the same high level as in the vi-
tamin E-free group. It is well known that hemolysis does not
occur in proportion to the concentration of vitamin E in red
blood cells but occurs below a certain critical concentration
(12,23). We observed substantial hemolysis in animals con-
suming 20T, but not in 50T diets. Addition of sesaminol to 20T
completely suppressed hemolysis. Plasma pyruvate kinase ac-
tivity did not exhibit significant differences among groups ex-
cept for vitamin E-free animals, but all groups showed similar
patterns with respect to liver TBARS. These results indicated
that sesaminol improved vitamin E indices in rats receiving
20T or 50T diets by promoting significantly higher α-tocoph-
erol concentrations and by possibly acting as antioxidant.

A further concern is how sesaminol produced higher α-
tocopherol and α-tocotrienol concentrations in vivo. In a pre-
vious paper (4), we examined whether the secretion of tocoph-
erol into the bile was suppressed with sesame seed feeding.
However, we could not observe suppressed secretion of to-
copherol into the bile in rats fed sesame seed. According to
past studies, no discrimination exists among vitamin E analogs
during absorption (24–26), but Hayes et al. (15) reported
lower absorption of tocotrienols and Ikeda et al. (9) enhanced
absorption of α-tocotrienol. Further, Hirose et al. (27) reported
sesamin, the main sesame lignan, suppressed cholesterol ab-
sorption. Therefore, we hypothesized that vitamin E absorp-
tion might be enhanced by sesaminol, and in Experiments 2
and 3, we examined the effect of sesaminol on absorption of
vitamin E. Using a total of five groups in Experiment 2, we
examined whether there were higher concentrations of vita-
min E in plasma and tissue of rats fed sesaminol and T-mix on
alternate days, not concurrently. As shown in Table 2, we ob-
served significantly higher concentrations of α-tocopherol and
α-tocotrienol in groups 4 and 5, fed sesaminol, than in groups
1, 2, and 3, not fed sesaminol. Even if rats were fed sesaminol
24 h after T-mix, sesaminol showed an effect similar to that

found with rats that were fed sesaminol and T-mix simultane-
ously in Experiment 1. These results indicated that the higher
vitamin E concentrations with sesaminol were not caused by
enhanced vitamin E absorption. Further, we knew that vitamin
E concentrations in vivo did not significantly change 24 or 48
h after T-mix had been supplied because there were almost no
significant differences in groups 2 and 3 or groups 4 and 5. In
addition to Experiment 2, we found more direct evidence that
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FIG. 2. Effect of sesaminol on α-tocopherol concentrations in the
plasma, liver, and kidney of rats fed diets containing 20 and 50 mg/kg
T-mix. Values are means ± SE of six rats. Values not sharing the same
superscript letter are significantly different at P < 0.05. For abbrevia-
tions see Figure 1.



sesaminol did not enhance the absorption of α-tocopherol in
Experiment 3, in which α-tocopherol was supplied to the
stomach with and without sesaminol, and α-tocopherol con-
centration was determined in the lymph fluid (Fig. 3). Because
enhanced absorption was not observed in rats fed sesaminol,
we must consider other potential mechanisms by which
sesaminol may enhance α-tocopherol and α-tocotrienol con-
centrations. As mentioned previously, sesaminol has strong
antioxidative properties. Therefore, the antioxidative activity
of sesaminol may act to produce a sparing effect on vitamin E,
or to promote the recycling of vitamin E, as it does with vita-
min C. To clarify such mechanisms, it might be fruitful to in-
vestigate the contributions of antioxidative activity in
sesaminol to vitamin E concentrations.

There was organ specificity in the accumulation of to-
cotrienol (Table 2), since ratios of tocotrienol to tocopherol
were low in liver and plasma compared to kidney, adrenal,
testes, and lung. Addition of sesaminol to T-mix resulted in
significantly higher ratios in all tissues and plasma. We could
not determine why sesaminol produced the higher ratio of to-
cotrienol to tocopherol. Although the concentrations of to-
cotrienols were extremely low in plasma and tissue examined

in the present experiments, Podda et al. (28) reported signifi-
cant presence of tocotrienols in skin of hairless mice, and
Hayes et al. (15) reported substantial amounts of tocotrienols
in adipose tissue of hamsters. We have also observed consid-
erable quantities of α- and γ-tocotrienols in the skin of rats
and mice (29) and in adipose tissues of rats (30) fed diets con-
taining the same T-mix as in the present experiment. At the
present time, we are inclined to think that the skin and adi-
pose tissue are unique tissues in which substantial amounts of
tocotrienols exist in spite of the simultaneous presence of α-
tocopherol. These facts suggest that tocotrienols exhibit tis-
sue specificity in acting as vitamin E.

Recently, Parker et al. (31) reported that the metabolism
of γ-tocopherol to γ-carboxyethylhydroxy chroman (γ-CEHC)
was inhibited by sesamin in rat primary hepatocytes. Possi-
bly, the catabolism of α-tocopherol and α-tocotrienol to α-
CEHC is inhibited by sesaminol in the present experiments.
Inhibition of tocopherol and tocotrienol catabolism by sesame
lignans is the most likely cause of higher concentrations of
tocopherols and tocotrienols in plasma and tissue. However,
the concentrations of α-tocotrienol were extremely small
compared to those of α-tocopherol. We need to consider the
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TABLE 2
α-Tocopherol and α-Tocotrienol Concentrations in the Plasma and Tissue of Rats in Experiment 2

20Ta 40T/−E/40Tb −E/40T/−Ec 40T/S/40Td S/40T/Se

(Group 1) (Group 2) (Group 3) (Group 4) (Group 5)

Liverf,g

α-Tocopherol 7.27 ± 0.48a 8.62 ± 0.24b 7.04 ± 0.05a 12.21 ± 0.40c 13.13 ± 0.44c

α-Tocotrienol ND 0.04 ± 0.02a ND 0.13 ± 0.02b 0.13 ± 0.02b

α-Toc3/α-Toc — 1:216 — 1:94 1:101
Kidneyf,g

α-Tocopherol 6.84 ± 0.21a 7.07 ± 0.32a 7.05 ± 0.16a 12.07 ± 0.44b 13.32 ± 1.00b

α-Tocotrienol 0.28 ± 0.03a 0.39 ± 0.03a 0.34 ± 0.03a 1.13 ± 0.06b 1.28 ± 0.10b

α-Toc3/α-Toc 1:24 1:18 1:20 1:11 1: 10
Adrenalf,g

α-Tocopherol 53.02 ± 3.37a 61.33 ± 3.16a 62.21 ± 3.35a 97.60 ± 5.85b 94.07 ± 4.54b

α-Tocotrienol 2.23 ± 0.21a 3.20 ± 0.29a 2.41 ± 0.14a 6.76 ± 0.71b 6.30 ± 0.19b

α-Toc3/α-Toc 1:24 1:19 1:26 1:14 1: 15
Testesf,g

α-Tocopherol 13.28 ± 0.35a 13.05 ± 0.60a 13.12 ± 0.53a 17.91 ± 0.53b 18.28 ± 0.79b

α-Tocotrienol 0.59 ± 0.01a 0.67 ± 0.07a 0.57 ± 0.05a 1.31 ± 0.05b 1.57 ± 0.12c

α-Toc3/α-Toc 1:23 1:19 1:23 1:13 1:12
Lungf,g

α-Tocopherol 12.67 ± 0.26a 13.93 ± 0.56a 12.88 ± 0.46a 20.14 ± 0.53b 19.77 ± 0.35b

α-Tocotrienol 0.40 ± 0.03a 0.57 ± 0.03b 0.36 ± 0.04a 1.14 ± 0.06c 1.00 ± 0.05c

α-Toc3/α-Toc 1:32 1:24 1:36 1:18 1:20
Plasmaf,h

α-Tocopherol 3.58 ± 0.21a 4.23 ± 0.30a 3.95 ± 0.18a 7.74 ± 0.51c 5.98 ± 0.41b

α-Tocotrienol 0.04 ± 0.02a 0.05 ± 0.02a 0.03 ± 0.01a 0.20 ± 0.06b 0.13 ± 0.04a,b

α-Toc3/α-Toc 1:90 1:85 1:135 1:39 1:46
aGroup 1 was fed throughout a diet containing 20 mg/kg T-mix (20T).
bGroup 2 was fed on alternating days a diet containing 40 mg T-mix and a vitamin E-free diet, with a diet containing 40 mg/kg T-mix on the final day 
(40T/−E/40T).
cGroup 3 was fed the same diet as group 2 but fed a vitamin E-free diet on the final day (−E/40T/−E).
dGroup 4 was fed on alternating days a diet containing 40 mg/kg T-mix and a vitamin E-free with 2 g/kg sesaminol diet, with a diet containing 40 mg/kg 
T-mix on the final day (40T/S/40T).
eGroup 5 was fed the same diet as Group 4 but fed a vitamin E-free with 2 g/kg sesaminol diet on the final day (S/40T/S).
fValues are means ± SEM, n = 6, ND = not detected. Values with different superscript roman letters (a–c) in the same line are significantly different, P < 0.05.
gUnits: nmol/g wt tissue.
hUnits: µmol/L.



contribution of α-TTP and the modulated affinity of vitamin
E to α-TTP by sesame lignans, and will pursue this possibil-
ity in future research. 

In the present studies we observed that sesaminol induced
significantly higher concentrations of α-tocopherol and α-
tocotrienol in rats fed diets containing palm oil extracts rich
in α-tocopherol, α-tocotrienol, and γ-tocotrienol than in con-
trols, and further, that sesaminol may have acted as an antiox-
idant in vivo. The results of Experiments 2 and 3 indicated
that the higher concentrations of α-tocopherol and α-
tocotrienol induced by sesaminol were not caused by their en-
hanced absorption.
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tween control and sesaminol groups, P < 0.01 by Student’s t-test.
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ABSTRACT: Although it is well known that dietary lipids af-
fect the course of glomerulonephritis in rats and humans, the
precise mechanisms involved have not been fully elucidated.
The aim of this study was to investigate the effects of different
types of dietary lipids (fish oil and vegetable oil) on daunomycin
(DM)-induced nephropathy in mice fed on soybean oil (SO) or
cod liver oil (CLO). Urinary protein excretion, serum albumin,
creatinine, total cholesterol, and TG were measured, and
glomerular histological changes were evaluated. Antioxidant
enzymes were also measured, along with the levels of lipid per-
oxide, GSH, thromboxane (Tx) B2, and 6-keto prostaglandin
F1α in renal cortical tissue. Dietary CLO significantly reduced
urinary albumin excretion and ameliorated the histological
changes induced by DM. The increase of tissue lipid peroxide
levels seen in SO-fed mice was suppressed in CLO-fed mice,
whereas CLO-fed mice showed higher GSH levels than SO-fed
mice throughout the experiment. In addition, renal tissue GSH
peroxidase activity was significantly higher at 72 h after DM in-
jection in CLO-DM mice than in SO-DM mice. Both renal cor-
tical TxB2 and 6-keto PGF1α levels were significantly lower in
CLO-DM mice than in SO-DM mice. These results suggest that
inhibition of oxidative damage by dietary CLO played an im-
portant role in the prevention of DM nephropathy in this mouse
model. The effect of CLO was closely associated with the inhi-
bition of Tx synthesis.

Paper no. L8896 in Lipids 37, 359–366 (April 2002).

Daunomycin (DM), an anthracycline compound, induces
nephropathy and massive proteinuria in rats and mice after a
single injection (1,2). Although two well-known biological
mediators, eicosanoids and reactive oxygen species (ROS),
have been suggested to cause the nephrotoxicity of anthracy-
clines (3–6), the exact mechanisms underlying anthracycline
nephropathy have not been fully established. 

Remuzzi et al. (3) demonstrated that glomerular throm-
boxane (Tx)A2 production was increased at 14 and 30 d after
a single injection of adriamycin (ADR) in rats, whereas admin-
istration of selective Tx synthetase inhibitors for 14 to 18 d
after ADR injection caused a significant reduction of protein-
uria. Accordingly, increased Tx production was thought to be
responsible for proteinuria by altering glomerular basement
membrane permeability to protein, but why the generation of
TxA2 increased in ADR nephropathy was not clarified. Mil-
ner et al. (4) found that dimethylthiourea (DMTU), a hy-
droxyl radical scavenger, prevented glomerular injury in rats
with ADR nephropathy, and Okasora et al. (5) demonstrated
that administration of superoxide dismutase (SOD) together
with ADR suppressed the development of proteinuria in rats. 

We previously reported the existence of differences in the
nephrotoxicity of DM among several strains of inbred mice
(2). We found that A/J and BALB/c mice were sensitive to
DM, whereas C57BL/6J, DAB-2, and B10D2/o mice were re-
sistant. Using DM-sensitive A/J mice and DM-resistant
C57BL/6J mice, we also found that DM nephropathy seemed
to be mediated by ROS and that intrinsic antioxidant enzymes
(AOE), including SOD and glutathione peroxidase (GSH-
Px), apparently play an important role in modulating the sen-
sitivity to DM (6). 

Recently, fish oil (FO) supplementation has been reported
to improve renal damage when compared to vegetable oil
supplementation in rats with ADR nephropathy (7,8). Ito et
al. (7) reported that the beneficial effect of FO was related to
reduced glomerular production of TxA2 and a decrease of cir-
culating lipids, and Barcelli et al. (8) found that FO decreased
the production of TxB2, prostaglandin (PG)E2, and 6-keto-
PGF1α in isolated glomeruli. However, there has been no in-
vestigation of the effect of FO on oxidative renal damage me-
diated by ROS, even though this is thought to be one of the
major factors in anthracycline nephropathy (4–6). 

Soybean oil (SO) is the usual dietary lipid source in stan-
dard laboratory chow, and injection of DM causes severe
nephropathy in standard chow-fed A/J mice (2,6). In the pres-
ent study, we used SO for the control and cod liver oil (CLO)
for the experimental dietary lipid. Although we did not com-
pare a typical control diet with the FO diet, it was thought to
be meaningful to clarify the effects of these lipids on DM
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nephropathy. Accordingly, we investigated (i) the effects of
two different dietary lipids (SO and CLO) on DM nephropa-
thy in mice and (ii) how dietary lipids modified oxidative
damage, AOE activity, and eicosanoid production in renal tis-
sue during the course of DM nephropathy. 

MATERIALS AND METHODS

Animals and diets. Inbred male A/J mice were bred in our lab-
oratory. They had free access to standard laboratory chow and
water. After weaning at 4 wk of age, they were allocated to
two indicated isocaloric diets containing 7% SO or 6% CLO
plus 1% SO. The reason for the 1% SO supplement to the lat-
ter diet was to supply EFA. The composition of diets after the
addition of fat was: cornstarch 40.5% w/w, casein 25% w/w,
α-starch 10% w/w, cellulose powder 8% w/w, fat 7% w/w
(two different types as mentioned above), minerals 3.5% w/w,
granulated sugar 5% w/w, and vitamins 1% w/w (Oriental
Yeast Co. Ltd., Tokyo, Japan). FA composition varied be-
tween SO and CLO as described in Table 1. The contents of
antioxidants in the SO and CLO diets were analyzed at the
Japan Food Research Laboratories and were found to be al-
most identical between the two diets, i.e., vitamin E of 74 and
70 mg/kg, and vitamin C of 56 and 58 mg/kg in the SO and
CLO diets, respectively. And the content of selenium, which
is a substrate of GSH-Px, was also identical, i.,e., 0.16 and
0.15 mg/kg in SO and CLO diets, respectively. Diets were
kept at 4°C in airtight bags and provided daily to minimize
autoxidation of dietary lipids. Paired feeding was applied,
with the amount of daily diet adjusted to the lower food con-
sumptions of the two groups throughout the experiment.
Since the SO-fed mice ate their food more quickly than the
CLO-fed mice, the food receptacle in the SO-fed group was
not refilled until the CLO-fed group had finished their ration.
Food consumption was 7 g/mouse/d and yielded a calorie in-
take of almost 28 kcal/mouse/d in both groups at the time of
saline or DM injection. 

Study design. Mice were pair-fed for 10 wk, i.e., 8 wk be-
fore and 2 wk after DM injection, and body weights were
recorded weekly. Eight weeks after the diets had started, mice

were injected with DM, 20 mg/kg body weight, or a vehicle
(saline) through the tail vein, and they were divided into four
groups, i.e., SO-DM: DM-injected mice with SO diet; SO-C:
saline-injected mice with SO diet; CLO-DM: DM-injected
mice with CLO diet; CLO-C: saline-injected mice with CLO
diet. Before and 7 and 14 d after injection, 24-h urine sam-
ples were collected in the metabolic cages. Fifteen days after
injection, mice were anesthetized with diethyl ether and blood
was obtained via a cardiac puncture. Blood samples were as-
sayed for albumin, creatinine, total cholesterol, and TG con-
centrations. After blood sampling, the kidneys were removed
and fixed in 10% neutral buffered formalin solution for histo-
logical study. This study was approved by the research com-
mittees in the Shizuoka University School of Nursing and the
Hamamatsu University School of Medicine.

Analytical methods. (i) Serum and urine. The urinary con-
centration of albumin was measured with a radial immuno-
diffusion method using rabbit anti-mouse albumin serum (9).
Twenty-four-hour urine samples were collected in a small
plastic tube. Urine volumes were less than 2 mL both in the
basal state and after the onset of nephritis. All samples were
diluted to 2 mL with saline solution and applied to immuno-
diffusion. The protein concentration in the tissue homogenate
was determined by the method of Lowry et al. (10) with crys-
talline bovine albumin used as the standard. Serum concen-
trations of albumin and creatinine were measured with the
bromocresol green method and Jaffe’s reaction, respectively,
using a Hitachi 736 autoanalyzer (Hitachi, Ltd., Tokyo,
Japan). TG and cholesterol were measured by enzymatic
methods on a Hitachi autoanalyzer. 

(ii) Morphological studies. Formalin-fixed renal tissue was
stained with periodic acid-Schiff. Mesangial matrix expan-
sion, ballooning of the glomerular epithelial cells, and intra-
capillary thrombi are the characteristics of DM-induced
glomerulopathy. These glomerular morphological changes
were evaluated in all four groups 15 d after DM or saline in-
jection. (i) Mesangial matrix expansion was graded from 0 to
4: Grade 1 represented minimal expansion involved in less
than 25% of tufts, and grade 4, severe expansion in almost all
tuft areas, while intermediate scores were assigned arbitrarily
according to the severity and extent. The mean scores of 20
glomeruli per mouse, were calculated and five mice in each
group were evaluated. (ii) One hundred glomeruli per mouse
were used to estimate the ballooning change. If at least one
epithelial ballooning was seen in a glomerulus, it was esti-
mated as positive. The total positive glomerular numbers of
100 glomeruli were counted in five mice from each group.
(iii) Intracapillary thrombus formation was evaluated in the
same way as the epithelial ballooning. A positive grading
means that the glomerulus had at least one thrombus in its
tufts. The positive glomerular numbers of 100 glomeruli were
counted in five mice from each group. 

(iii) Tissue preparation. For the measurements of lipid per-
oxide and AOE (SOD, catalase, and GSH-Px) and reduced
GSH content in the renal cortex, 8 to 11 mice from each group
(mentioned before) were sacrificed before and 24 and 72 h
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TABLE 1
FA Composition of Lipids

Oil (%)
FA Soybean Cod liver

14:1 — 4.7
16:0 10.3 12.4
16:1 0.1 7.2
18:0 3.8 2.2
18:1 (oleic) 24.3 18.5
18:2 (linoleic) 52.7 1.0
18:3 (α-linoleic) 7.9 0.6
20:0 0.3 6.5
20:4 (arachidonic) — 0.6
20:5 (EPA) — 11.6
22:0 0.4 10.6
22:6 (DHA) — 10.2



after injection with DM or saline. The kidneys were perfused
with cold saline. The renal cortical tissues were collected and
frozen in liquid nitrogen. Tissue samples were stored at 
−85°C until the analyses. 

Renal cortical TxB2 (a stable metabolite of TxA2) and 6-
keto PGF1α (a stable metabolite of PGI2) contents were mea-
sured 24 and 72 h after DM injection. Five mice from each
group were sacrificed at the indicated times. Kidneys were
perfused with 5 mL of ice-cold saline containing EDTA (10
mM) and indomethacin (0.1 mM), as used in the previous
paper (11). The renal cortical tissue was immediately excised
and stored at −85°C until the analyses. 

Lipid peroxide measurement. Tissue lipid peroxide content
was determined as described previously (6). Cortical tissue
(15–20 mg) in each tissue sample was used for the assay, and
the fluorescence intensity of the n-butanol layer was mea-
sured using a spectrofluorometer FP-777 (Japan Spectro-
scopic Co., Ltd., Tokyo, Japan). The set wavelengths were ex-
citation at 515 nm and emission at 535 nm, and 0.1–1.0 nmol
of 1,1,3,3-tetramethoxypropane solution was used as the stan-
dard. Data are expressed as nmol/mg protein.

Measurement of AOE activities and GSH content. SOD,
catalase, and GSH-Px activities and GSH content in the corti-
cal tissue were measured as described before (6). SOD activity
was expressed as units of nitrite per mg of protein. Catalase ac-
tivity was calculated as K, the rate constant of a first-order re-
action, s−1/mg protein, and GSH-Px activity was expressed as
nanomoles of NADPH oxidized to NADP per minute per mil-
ligram of protein, using the extinction coefficient of NADPH
at 340 nm, 6.22 × 103 mol−1 cm−1. The content of GSH was ex-
pressed as nanomoles per milligram of protein. 

Measurement of TxB2 and 6-keto PGF1α . About 30 mg of
renal cortical tissue was homogenized in 3 mL of 95%
ethanol at 4°C and then centrifuged at 600 × g for 10 min.
Then the supernatant was used for measurements of arachi-
donic acid (AA) metabolites by radioimmunoassay methods
(125I-TxB2 and 125I-6-keto PGF1α kit; Daiichi RI, Tokyo,
Japan) as used in the previous paper (11). Data are expressed
as pg/mg protein. 

Statistics. Results are presented as mean ± SEM. Differ-
ences between groups were determined by ANOVA and two-
tailed Student’s t-test. A level of P < 0.05 was accepted as sig-
nificant. 

RESULTS

Effect of dietary lipids on body weight. The body weights in
the two diet groups (10 mice in each group) are shown in
Table 2. No significant difference was observed at various in-
tervals under paired feeding. 

Effect of dietary lipids on urinary albumin excretion and
serum parameters. Urinary albumin excretion is shown in
Figure 1. The basal urinary albumin excretion was less than
0.1 mg/d in both dietary groups. A significant increase in uri-
nary albumin was observed in the SO-DM mice 1 wk after
DM injection. Two weeks after injection, a further elevation

of albumin excretion was observed in this group. The CLO-
DM mice did not show a significant increase in albuminuria
on day 7. Thereafter, the albuminuria on day 14 in CLO-DM
mice significantly increased when compared to control mice
(CLO-C), but it was significantly lower than that in SO-DM
mice (1.51 ± 0.86 vs. 5.41 ± 1.76 mg/d, P < 0.05). 

Serum parameters on day 15 are presented in Table 3. The
serum creatinine and TG levels were not different among the
four groups. Serum albumin levels significantly decreased in
SO-DM mice compared to the other three groups. In contrast,
they were not significantly decreased by DM injection in
CLO-DM mice. The total cholesterol level was significantly
higher in SO-DM mice. The cholesterol levels were low in
CLO-fed mice compared to SO-fed mice. Although the total
cholesterol levels increased in CLO-DM mice after DM in-
jection, they were still lower than the SO control mice (SO-C). 
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TABLE 2
Effect of Dietary FA Substitution on Body Weighta

Body weights (g)
Age (wk) Soybean oil diet Cod liver oil diet

4 15.1 ± 0.48 15.6 ± 0.52
6 19.4 ± 0.51 21.0 ± 0.94
8 21.9 ± 0.41 23.0 ± 0.68

10 24.7 ± 0.75 25.2 ± 1.02
12 26.0 ± 0.73 25.6 ± 1.02
aThe temporal change in body weight of soybean oil-fed and cod liver
oil-fed mice from day of weaning to the day of injection. Data are ex-
pressed as mean ± SEM (n = 10 for each diet group).

FIG. 1. Urinary albumin excretion in SO-DM (■) and CLO-DM (●)
mice after DM injection. Data are expressed as mean ± SEM (n = 10).
Urinary albumin excretions in SO-fed mice and CLO-fed mice with
saline injection (SO-C and CLO-C) are under 0.1 mg/d through the ex-
perimental period. *P < 0.05 and **P < 0.01 vs. pretreatment value in
the same group; #P < 0.05 vs. CLO-DM at the same time point. SO-DM,
soybean oil diet–daunomycin-treated animals; CLO, cod liver oil
diet–DM-treated animals; SO-C and CLO-C, soybean oil- and cod liver
oil-fed control animals.



Morphological studies. DM-induced histological changes
in SO-fed and CLO-fed mice are shown in Figure 2. The de-
grees of expansion of the mesangial matrix, glomerular ep-
ithelial cell ballooning, and glomerular intracapillary throm-
bus were almost completely suppressed by CLO supple-
mentation (Fig. 3).

Lipid peroxide content in the renal tissue. The basal lipid
peroxide levels in renal cortical tissues were not different in
either diet group (Fig. 4A). In SO-DM, a significant increase
in peroxide levels was observed 72 h after DM injection. No
significant increase in lipid peroxide level was evident in
CLO-DM over 72 h after DM injection.

GSH content in the renal tissue. The basal GSH content
was 1.4-fold higher in CLO-fed mice (CLO-C and CLO-DM)
than in SO-fed mice (SO-C and SO-DM) (Fig. 4B). After DM
injection, a significant decrease in GSH content was observed
in both DM-treated groups (SO-DM and CLO-DM). How-
ever, the levels of GSH were consistently higher in CLO-DM
than in SO-DM over 72 h after DM injection. 

Antioxidant enzyme activity in the renal tissue. The basal
levels of tissue antioxidant enzymes (SOD, catalase, and
GSH-Px) activities were not different between the two diet
groups (Table 4). After DM treatment, SOD activity increased
transiently, but not significantly, in both diet groups (SO-DM
and CLO-DM) after 24 h and returned to the basal levels after
72 h. Catalase activity at the basal level was almost the same
in both diet groups. The activity decreased significantly in
SO-DM at 72 h after DM injection. No marked change in
catalase activity was found in the CLO-fed groups. Tissue
GSH-Px activity in CLO-fed mice was higher than that in SO-
fed mice in the basal state, although not significantly. The ac-
tivity in CLO-DM mice increased after DM injection. The
GSH-Px activity transiently increased after 24 h in SO-DM
mice, but not significantly, and decreased below the basal
level after 72 h. Consequently, the activities in SO-DM and
CLO-DM after 72 h were significantly different. 

TxB2 and 6-keto PGF1α in the renal cortical tissue. Tissue
eicosanoids 24 and 72 h after DM or saline injection are
shown in Table 5. The tissue TxB2 levels in the saline control
groups (SO-C and CLO-C) were not significantly different

between the two diets. Acceleration of the production of tissue
TxB2 was found 72 h after DM injection in SO-DM mice. On
the contrary, in CLO-DM mice, significant elevation of tissue
Tx synthesis was not found over 72 h after DM injection.

Tissue 6-keto PGF1α increased 72 h after DM injection in
SO-DM mice, although the increase was not statistically
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TABLE 3
Effect of Dietary Oils and Daunomycin (DM) Injection on Serum Parametersa

Group
Parameter SO-C SO-DM CLO-C CLO-DM

Albumin 3.53 ± 0.09 2.58 ± 0.41a 3.50 ± 0.06 3.26 ± 0.25c

(g/dL)
Creatinine 0.33 ± 0.02 0.35 ± 0.03 0.36 ± 0.02 0.33 ± 0.02
(mg/dL)

Total cholesterol 112.2 ± 5.36 152.5 ± 16.65b 67.8 ± 2.24b 107.8 ± 10.91c,d

(mg/dL)
TG 76.8 ± 11.5 87.6 ± 11.8 60.2 ± 6.2 52.3 ± 6.0d

(mg/dL)
aSO-C, saline-injected mice fed soybean oil (SO) diet; SO-DM, DM-injected mice fed SO diet; CLO-
C, saline-injected mice fed cod liver oil (CLO) diet; CLO-DM, DM-injected mice fed CLO diet. Five
to eight mice from each group were killed on day 15. Values are expressed as mean ± SEM.
aP < 0.01 vs. SO-C; bP < 0.05 vs. SO-C; cP < 0.05 vs. SO-DM; dP < 0.05 vs. CLO-C.

FIG. 2. Morphological changes in DM-induced nephropathy (periodic
acid-Schiff stain). (a) Mesangial matrix expansion, glomerular epithelial
ballooning (arrow), and intracapillary thrombus (arrowhead) are seen in
SO-DM at 2 wk after DM injection. (b) Histological changes in CLO-
DM at 2 wk after DM injection. For abbreviations see Figure 1.



significant compared to the saline control group (SO-C). No
increase in 6-keto PGF1α levels was found in CLO-DM mice
after DM injection. When compared 72 h after DM injection,
a significant difference in tissue 6-keto PGF1α was found be-
tween SO-DM and CLO-DM mice.

DISCUSSION 

In the present study, dietary lipids dramatically modified the
course of DM nephropathy in mice. Replacement of SO with
CLO in the diet effectively ameliorated renal injury induced
by the injection of DM. The characteristic histological
changes of DM nephropathy, i.e., mesangial expansion,
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FIG. 3. Morphological study. (A) The mesangial matrix expansion score;
(B) the number of glomeruli with epithelial ballooning per 100
glomeruli; (C) the number of glomeruli with intracapillary thrombi per
100 glomeruli. **P < 0.01; NS, statistically not significant. For abbrevia-
tions see Figure 1.

FIG. 4. (A) Lipid peroxide levels in the renal cortical tissue; (B) GSH
content in the renal cortical tissue. Eight to 11 mice were sacrificed at
specified intervals, and data are expressed as mean ± SEM. Open bars:
The values of SO-C; cross-hatched bars: SO-DM; diagonally lined bars:
CLO-C; and solid bars: CLO-DM. *P < 0.05 , **P < 0.01. For abbrevia-
tions see Figure 1.



epithelial ballooning, and intracapillary thrombus formation,
were decreased by dietary CLO to levels similar to those seen
in saline control mice. Albuminuria was increased slightly at
14 d in CLO-DM mice, but the increase was significantly sup-
pressed, by 30%, in SO-DM mice. These effects of CLO were
associated with the suppression of lipid peroxide, a high tis-
sue GSH content, and an increase of GSH-Px activity, as well
as with suppression of renal cortical TxB2 and 6-keto PGF1α
production in the early period after DM injection. 

The main differences between SO and CLO are in the ratio
and type of PUFA. SO contains about 60% PUFA, whereas
CLO contains about 35% PUFA. In SO, PUFA are mainly n-6
FA (linoleic acid), whereas PUFA in CLO are n-3 FA, i.e.,
EPA and DHA. There are two possible explanations for why
these differences of dietary FA composition modified the
course of DM nephropathy. One is the inhibition of Tx and
PG production, and the other is that oxidative damage to renal
tissue was reduced by CLO supplementation. 

There are two possible explanations for the prevention of
Tx production by CLO.. One is that EPA and DHA can com-
pete with AA as a substrate for cyclooxygenase, resulting in
the formation of trienoic eicosanoids (TxA3 and PGI3) that

are less biologically active than dienoic prostanoids (TxA2
and PGI2), as suggested in previous reports (7,8). The other
possibility is that factors promoting Tx biosynthesis may be
inhibited by dietary CLO supplementation. Angiotensin II,
arginine-vasopressin, platelet-activating factor, interleukin-1,
and ROS (13) are known to stimulate Tx synthesis. In the pre-
sent study, we did not investigate whether any of these fac-
tors were modified by dietary CLO supplementation, apart
from ROS, so it is difficult to speculate about this issue. As a
result of the inhibition of Tx production, basement membrane
permeability to protein might be decreased, and consequently
albuminuria would decrease. In addition, Tx and PG are im-
portant factors that influence renal vascular resistance and/or
arterial blood pressure (13). Therefore, a possibility exists
that the effects of CLO might occur through eicosanoid-
mediated alterations of glomerular hemodynamics, but we did
not investigate these parameters in the present study. 

Regarding lipid peroxidation in the kidneys, the high con-
tent of PUFA in SO appears to enhance the susceptibility of
the mice ingesting SO to lipid peroxidation, and the high GSH
content of renal tissue from mice on a CLO diet may also
have been an important factor in preventing oxidative tissue
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TABLE 4
Effect of Dietary Oils and DM Injection on Antioxidant Enzyme Activities on Renal Tissuea

Group
Enzyme SO-C SO-DM CLO-C CLO-DM

SOD
Pre 116.6 ± 3.2 120.2 ± 4.6 124.2 ± 6.8 130.6 ± 8.7
24 h 118.5 ± 6.8 136.7 ± 16.4 118.9 ± 6.2 149.0 ± 9.2  
72 h 115.2 ± 6.9 112.2 ± 4.2a 125.2 ± 7.1 130.5 ± 8.0

Catalase
Pre 8.2 ± 0.3 8.5 ± 0.4 7.8 ± 0.4 7.6 ± 0.7
24 h 7.9 ± 0.2 7.5 ± 0.3 7.5 ± 0.4 7.6 ± 0.6
72 h 8.3 ± 0.2 6.5 ± 0.5b 7.9 ± 0.6 7.3 ± 0.8

GSH-Px
Pre 2.72 ± 0.19 2.84 ± 0.16 3.08 ± 0.21 3.17 ± 0.17
24 h 2.91 ± 0.13 3.36 ± 0.15 2.98 ± 0.25 3.31 ± 0.29
72 h 2.81 ± 0.18 2.77 ± 0.202 3.05 ± 0.23 3.50 ± 0.22c

aEight to 11 mice from each group were sacrificed at specified intervals, and values are expressed as
mean ± SEM. Units are: SOD; nitrite units/mg protein; catalase, k × 10−2/s/mg protein; GSH-Px, 104

nmol/min/mg protein. Statistics: aP < 0.05 vs. 24-h value in SO-DM; bP < 0.01 vs. pre value in SO-
DM; cP < 0.01 vs. 72-h value in SO-DM. SOD, superoxide dismutase; GSH-Px, glutathione peroxi-
dase; for other abbreviations see Table 3.

TABLE 5
TxB2 and 6-Keto PGF1α Content 24 and 72 h After Treatment in the Renal Cortical Tissuea

Group
SO-C SO-DM CLO-C CLO-DM

TxB2 (pg/mg protein)
24 h 2.23 ± 0.09 2.20 ± 0.18 2.36 ± 0.67 2.14 ± 0.02
72 h 2.30 ± 0.11 3.32 ± 0.32a,b,c 2.09 ± 0.67 2.22 ± 0.12

6-keto PGF1α (pg/mg protein)
24 h 2.04 ± 0.79 2.03 ± 0.44 1.56 ± 0.50 1.76 ± 0.29
72 h 2.26 ± 0.23 3.52 ± 0.81b 1.76 ± 0.17 1.40 ± 0.24

aFive mice from each group were sacrificed at specified intervals. Values are expressed as mean ±
SEM. Statistics: aP < 0.01 vs. 72 h value in SO-C; bP < 0.01 vs. 72 h value in CLO-DM; cP < 0.05 vs.
24 h value in SO-DM. TxB2, thromboxane B2; PGF1α, prostaglandin F1α; for other abbreviations see
Table 3.



damage. GSH acts directly as a hydroxyl radical scavenger,
and it is also a substrate for GSH-Px, an enzyme that metabo-
lizes hydrogen peroxide. The GSH and GSH-Px system main-
tains a favorable redox status in cells and confers resistance
to oxidative damage. The high renal tissue GSH content
might have enhanced the tissue redox potential, thus leading
to less lipid peroxidation in CLO-fed mice. This is the second
study, to our knowledge, to indicate that FO supplementation
increases the GSH content of renal tissue. Milner et al. (14)
showed that FO supplementation increased the renal GSH
content in a rat model of ADR nephropathy, but they did not
clarify the mechanism involved. Outside the kidney, Ibrahim
et al. (15) have reported elevation of the GSH content in the
mouse liver by dietary FO. Because unsaturated and unstable
long-chain n-3 FA are more susceptible to oxidation than n-6
FA, the increased GSH content of renal cortical tissue may
have been a response to increased oxidative stress. The pre-
cise mechanism by which CLO supplementation caused GSH
to increase still needs to be clarified. 

With respect to enhanced GSH-Px activity, the findings of
Chandrasekar and Fernandes (16) may be pertinent. They re-
ported that FO increased the renal expression of mRNA for
SOD, catalase, and GSH-Px when compared with the levels
found in corn oil-fed control mice, and that treatment with FO
delayed the onset and progression of renal disease in lupus-
prone NZB/NZW F1 female mice. In the present study, al-
though GSH-Px activity was only significantly elevated at 72
h after DM injection in CLO-DM mice, the pretreatment val-
ues found in both CLO-DM and CLO-C mice were higher
than those seen in SO-fed mice. The higher GSH-Px activity
in CLO-fed mice may have reflected upregulation of its
mRNA in renal tissue.

We also need to take into account the direct relationship
between ROS and eicosanoid production. An in vitro experi-
ment by Baud et al. (17) provided clear evidence that the pro-
duction of TxB2 and 6-keto PGF1α in isolated rat glomeruli
was increased twofold by stimulation with ROS, which
caused activation of membrane phospholipase (PL) A2 and
led glomerular Tx production to increase as a consequence of
the enhanced availability of AA. An increase of lipid peroxi-
dation as a result of stimulation by ROS has also been sug-
gested to increase the susceptibility of membrane lipids to
PLA2. But few studies have evaluated the relationship be-
tween ROS and eicosanoid production in an in vivo model of
renal injury. Shibouta et al. (18) reported the simultaneous
enhancement of the production of renal cortical TxA2,
leukotrienes, and malondialdehyde in rats with puromycin
nephrosis, and Parra et al. (19) found that glomerular TxB2
and ROS syntheses were simultaneously increased in rats
with cyclosporin A (CyA) nephrotoxicity. Interestingly, the
administration of vitamin E (a free radical scavenger) pre-
vented an increase in glomerular TxB2 production in these
rats, suggesting that the increase of TxB2 synthesis depended
on the overproduction of ROS. 

In the case of DM nephropathy, the initial stimulus that in-
duces nephropathy is the injection of DM. After being

injected, DM is converted to a semiquinone radical and pro-
motes the free radical cascade (20). DM nephropathy can be
prevented by administration of SOD or DMTU (6), and it was
ameliorated along with the inhibition of enhanced lipid per-
oxidation by dietary CLO supplementation in the present
study. Thus, scavenging of ROS may be the primary effect of
CLO supplementation. ROS produced after injection of DM
may act on cell membrane PUFA, and lipid peroxide that is
produced as a result may be rapidly metabolized by the en-
hanced GSH-GSHPx system in mice receiving dietary CLO.
The inhibitory effect of CLO supplementation on TxB2 pro-
duction in DM nephropathy may occur via a mechanism sim-
ilar to that shown in rat CyA nephropathy, i.e., the increase of
TxB2 synthesis was inhibited by blocking the overproduction
of ROS through CLO supplementation. 

We studied the effects of dietary CLO compared with SO,
not necessarily the beneficial effects of FO in general. This
study could not distinguish between the beneficial effect of
CLO, the adverse effect of SO, or a combination of the two.
A further study is needed to clarify the relative beneficial or
unfavorable effects of FO and vegetable oil. By using several
diets that differ in only one FA, we could further extend our
understanding of the interaction between PUFA and renal in-
jury. 

Dietary CLO supplementation could significantly reduce
DM-induced glomerular injury when compared to that in SO-
fed mice. The mechanisms linking ROS and eicosanoids dur-
ing the progression of DM nephropathy have not been fully
clarified, but the effect of CLO supplementation was proba-
bly due to modification of oxidative damage as well as alter-
ation of eicosanoid production. The effect of CLO may be
possibly related to an enhanced redox potential (a high GSH
level and increased GSH-Px activity), together with the sup-
pression of TxB2 production in renal tissue.
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ABSTRACT: Peroxisomal proliferator-activated receptors (PPAR)
are a FA-response system involved in diverse cellular responses.
FA regulate PPAR activity and modulate PPAR mRNA abun-
dance. Increasing evidence indicates that PUFA are required for
optimal neuronal development and function. To gain insight into
the mechanism for nutrition-induced impairment of neuronal de-
velopment and function we investigated the effect of chronic n-3
FA deficiency on PPAR mRNA levels in rat brain and ocular tis-
sues. Rats were fed for three generations a diet designed to re-
duce DHA levels in tissues, and the abundance of PPARα and
PPARβ transcripts was measured by hybridization with specific
probes. Chronic consumption of the α-linolenic acid (LNA)-
insufficient diet caused a remarkable modification in DHA con-
tent in membrane phospholipids. The results reported here indi-
cate that PPARα mRNA levels did not exhibit significant varia-
tion in ocular, hepatic, or nervous tissues from rats fed the
experimental diet. In contrast, PPARβ mRNA normalized to β-
actin mRNA was 21% higher in ocular tissue from F3 generation
rats consuming the LNA-deficient diet but was independent of
diet in hepatic and nervous tissues. The absolute abundance of
PPARβ transcripts showed a 17% increase in ocular tissue from
rats consuming the LNA-deficient diet (F3 generation). The bio-
logical significance of the reported changes in PPARβ mRNA in
ocular tissue remains to be determined.

Paper no. L8931 in Lipids 37, 367–374 (April 2002).

FA are one of the main energy substrates for most mammalian
species. In addition, FA serve as components of membrane
phospholipids, precursors for the synthesis of molecules in-
volved in cellular signaling, and modulators of gene expres-
sion (1–3). An inadequate FA balance, particularly a deficit
of long-chain PUFA, is associated with reduced fetal growth
and impaired neurodevelopment and nerve transmission in
animal models (4–6). Furthermore, dietary studies in humans
indicate that PUFA status affects sensory and cognitive de-
velopment in premature and term infants (7–10).

Investigations over the past decades support the involve-
ment of peroxisome proliferator activated-receptors (PPAR)

in many of the physiological responses to FA. PPAR are
ligand-dependent transcription factors, initially recognized as
mediators of FA effects on lipid metabolism, controlling gene
expression for β-oxidation and lipid biosynthesis. Lately, it
became apparent that PPAR not only participate in the regu-
lation of FA oxidation and lipogenesis but also play a role in
a wide array of cellular responses, including inflammation,
thermogenesis, and cell differentiation (3,11,12).

Three PPAR isoforms encoded by individual genes,
namely, α, β and γ, have been described. These isoforms dis-
play a tissue-selective pattern of expression (13). PPARα is
expressed in liver, brown adipose tissue, skeletal muscle, kid-
ney, and adrenal glands. PPARγ is mainly expressed in white
adipose tissue and, to a lesser extent, in spleen, gut, and the
immune system. PPARβ displays a broad pattern of expres-
sion with relatively higher levels in skeletal muscle, testis,
placenta, and neuronal tissues (i.e., cerebellum, oligodendro-
cytes) (14–17). The presence of both PPARα and PPARβ
transcripts has been reported both in outer and inner layers of
rat retina (13). Regarding PPAR function, the α isoform ap-
pears primarily to regulate the transcription of several FA-
metabolizing enzymes in hepatic mitochondria and peroxi-
somes. PPARγ is implicated in the control of lipogenesis, reg-
ulating the maturation of preadipocytes and the accumulation
of lipid droplets in the cytoplasm of fat cells (18,19). The
physiological role of PPARβ remains unclear, although it re-
portedly regulates acylCoA synthetase 2 in rat brain cultures
(20), but it also seems to participate in early differentiation of
adipocyte precursor cells (21). Furthermore, PPARβ-null
mice display alterations in development, epidermal cell pro-
liferation, myelination of the corpus callosum, and lipid me-
tabolism (22). Recently, PPARβ has also been implicated in
colorectal cancer (23), in bone resorption (24), and in the
stimulation of reverse cholesterol transport (25).

PPAR activity is mainly controlled by ligand binding (26).
Different FA and their derivatives (such as conjugated FA, ei-
cosanoids, and prostaglandins) are able to activate PPAR iso-
forms (2,26). Among FA, DHA has been reported as a potent
PPAR activator (27). FA activation of PPARα seems to ac-
count for many of the short-term effects of dietary fat on gene
expression in liver, at least in rodents. However, there is in-
creasing evidence that under different nutritional states, not
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only PPAR activity but also its mRNA abundance are modi-
fied. After feeding, PPARγ increases in adipose tissue in re-
sponse to sterol regulatory element binding protein 1 (28,29),
thus stimulating uptake of FA and their conversion to TG,
whereas, PPARγ diminishes in murine liver during fasting pe-
riods (28). Starvation causes a decrease in PPARα mRNA
levels in liver (30). In contrast, fasting results in high expres-
sion of PPARα (30,31), increasing the ketonemia and thus
providing fuel for different tissues. The recently identified
fasting-induced adipose factor gene (FIAF) seems to be a tar-
get for the PPARα-mediated response to fasting (32).

This work addresses the effect of long-term n-3 FA defi-
ciency on the abundance of PPAR mRNA in rat tissues. Rats
were chronically fed diets sufficient in linoleic acid (LA:
18:2n-6) but low or adequate in α-linolenic acid (LNA:
18:3n-3). Consumption of diets containing oils low in LNA
significantly reduced DHA (22:6n-3) content in F2 genera-
tion rat brain and liver FA. PPARα and PPARβ mRNA levels
were analyzed in nervous, ocular, and hepatic tissues from F2
and F3 generation rats. Our results show a moderate increase
in PPARβ mRNA in ocular tissues from rats with an inade-
quate dietary supply of n-3 FA. In contrast, levels of neither
PPARα mRNA in all three tissues nor PPARβ mRNA in he-
patic or nervous tissues were significantly modified.

MATERIALS AND METHODS

Diets. Diets based on the AIN93 diet (33) were designed to
contain 10% total lipids and either deficient or adequate
amounts of LNA (34). The experimental diets were composed
of (in g/100 g diet): 20 vitamin-free casein, 60 carbohydrates
(15 cornstarch, 10 sucrose, 20 dextrose, and 15 maltose-dex-
trin), 10 cellulose vitamins/minerals, and 10 lipids. Safflower
oil was used to provide an adequate amount of LA (18:2n-6),
and flaxseed oil was the source of LNA (18:3n-3) in the LNA-
sufficient diet. The LNA-deficient diet contained 8.1 g/100 g
of hydrogenated coconut oil (abundant in lauric and myristic
acids) and 1.9 g/100 g of safflower oil. The LNA-adequate
diet contained 7.75 g/100 g of hydrogenated coconut oil, 1.77
g/100 g of safflower oil, and 0.48 g/100 g of flaxseed. Fatty
acyl composition analysis of the diets showed that 18:3n-3
was 3.1 and 0.04% of total FA in the LNA-sufficient and the
LNA-deficient diet, respectively (34).

Experimental design. Female Long-Evans rats (Charles
River, Portage, MI) were randomly divided into two groups
of 12 rats each and reared on n-3 adequate or deficient diets
beginning at 21 d of life. These females (F1 generation) were
mated with chow-fed males and similarly, F2 generation fe-
males were mated with chow-fed males. Their male offspring
(F2 and F3 generations) were weaned to the diet of the dam
and maintained on this diet until sacrifice at 12 wk of age. No
obvious differences in reproduction efficiency or pup size
were observed in this study between dietary groups. Animals
were killed by decapitation and the tissues rapidly excised
and stored at −80°C until analysis. Cerebellum, liver, and
whole eyeballs were collected from the F2 and F3 generation

rats. All animal procedures were approved by the NIAAA
Animal Care and Use Committee, NIH.

FA analysis. FA composition was determined in rat brain
and liver. Lipids were extracted in the presence of tricosanoic
acid (23:0) as internal standard (35). FA were transmethylated
and analyzed by GC (36). The identification of individual FA
was based on the retention time, and their content was ex-
pressed as a weight percentage of total FA (37). 

Slot blot analysis. Frozen tissue samples (approximately
100 mg) were ground in a prechilled mortar. Total RNA was
extracted with guanidine isothiocyanate/phenol (TRIZOL
reagent; GIBCO BRL, Bethesda, MD) according to the man-
ufacturer’s instructions, precipitated in ethanol, and stored at
−80°C. Before use, samples were resuspended in diethyl py-
rocarbonate-treated doubly distilled water and incubated for
45 min at 37°C with 0.03 units of RNase-free RQ1 DNase
(Promega Corp., Madison, WI) per microgram of RNA.

Total RNA (0.5 to 1 µg) was denatured at 68°C in 0.21 M
sodium citrate, 0.021 M sodium chloride, pH 7.0, 69% deion-
ized formamide, 9% formaldehyde, and transferred to nitro-
cellulose membranes (Schleicher & Schuell GmbH, Dassel,
Germany) by filtration under negative pressure. RNA was
fixed to membranes using a UV cross linker (Stratagene, La
Jolla, CA) and hybridized with 32P-labeled cDNA probes for
PPARα, PPARβ, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), or β-actin. Probes for PPARα, PPARβ, GAPDH,
and β-actin transcripts were obtained by reverse transcription-
PCR using primers specific for the corresponding cDNA se-
quences available on databases (PPARα, Genebank accession
# M88592; PPARβ, Genebank accession # U40064; β-actin,
Genebank accession # V01217; GAPDH Genebank accession
# X02231 X00972). PCR-amplified fragments, cloned into
pCR II (Invitrogen, Carlsbad, CA) or pBluescript (Stratagene)
vectors, constituted nucleotides 1030 to 1775 of PPARα
cDNA, nucleotides 86 to 392 of PPARβ cDNA, nucleotides
1253 to 2381 of β-actin gene, and nucleotides 87 to 626 of
GAPDH cDNA. The identity of cloned fragments was con-
firmed by direct cDNA sequencing. The specificity of all
probes used in slot blot hybridizations was verified by North-
ern analysis. Unique bands of the predicted size were observed
in autoradiograms. Hybridization with nonlimiting amounts of
radioactive probes was carried out for 24 h at 42°C in 0.02 M
sodium phosphate buffer, pH 6.5, containing 6× SSC (0.9 M
sodium chloride, 0.09 M sodium citrate pH 7.0), 5× Den-
hardt’s solution (0.1% wt/vol polyvinylpyrrolidone, 0.1%
wt/vol Ficoll type 400, 0.1% wt/vol BSA), 5% wt/vol dextran
sulfate in formamide, 0.1 mg/mL denatured salmon sperm
DNA, and 32P-labeled probes. Labeling of the probes was car-
ried out by the PCR Radioactive Labeling System (GIBCO
BRL) and α-32P-dCTP (111 TBq/mmol, 370 MBq/mL; NEN
Life Science Products, Inc., Boston, MA). Membranes were
washed with a solution containing 0.2 × SSC (0.015 M sodium
chloride, 0.0015 M sodium citrate, pH 7.0), and 0.1% SDS at
60, 63, or 68°C for PPARβ, PPARα, or β-actin and GAPDH,
respectively. Membranes were exposed to X-ray films using
intensifying screens, and densitometric analysis of autoradio-
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grams was carried out with a Bio-Rad GS-670 image densi-
tometer. PPAR signal intensities for each tissue in individual
animals were standardized with those of the reference mRNA
measured in parallel. The mean ± SD of two experiments was
determined for each dietary group. Hybridizations to mRNA
from different tissues were carried out independently. To com-
pare PPAR mRNA abundance among samples and experi-
ments, β-actin and GAPDH mRNA were used as an internal
reference. Thus, results for PPARα and PPARβ mRNA were
expressed relative to β-actin and GAPDH mRNA.

Statistical analysis. Statistical differences between the
mean values of dietary groups were assessed by the two-tailed
unpaired t-test and were considered significantly different at
P < 0.05.

RESULTS

Effect of diet on FA composition. Analysis of liver and brain
lipids from rats fed LNA-deficient or LNA-adequate diets
shows significant differences in FA composition (Table 1),
particularly in DHA, which accounts for over 99 and 85% of
total n-3 FA in brain and liver, respectively. A fivefold lower
level of DHA was found in brain and an 11-fold DHA de-
crease in liver from rats fed the LNA-deficient diet. A con-
comitant compensatory increase in 22-carbon n-6 FA, partic-
ularly in docosapentaenoate (DPAn-6, 22:5n-6) and, to a
lesser extent, in 22:4n-6 was detected in the lipids of hepatic
and nervous tissue. Thus, the total n-6 to n-3 ratio increased
almost 10-fold in brain lipids and 14-fold in liver lipids.
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TABLE 1
FA Compositiona of Total Lipid Extracts from Rat Liver and Brain

Liver Brain

FA LNA-deficient LNA-adequate LA-deficient LNA-adequate

(% total FA)

Saturated
14:0 1.60 ± 0.17* 1.20 ± 0.21 0.30 ± 0.20 0.60 ± 0.40
16:0 17.1 ± 1.00* 19.8 ± 1.90 16.30 ± 0.20 17.0 ± 0.90
18:0 18.9 ± 0.80 17.9 ± 1.90 18.50 ± 0.20 18.6 ± 0.50
20:0 0.09 ± 0.01* 0.08 ± 0.00 0.70 ± 0.09 0.60 ± 0.07
22:0 0.30 ± 0.20* 0.20 ± 0.10 0.90 ± 0.06* 0.80 ± 0.05
24:0 0.65 ± 0.06* 0.44 ± 0.03 1.70 ± 0.20 1.60 ± 0.20
Total 38.60 ± 1.10 39.60 ± 1.00 38.50 ± 0.60 39.20 ± 1.20

Monounsaturated
14:1 0.02 ± 0.01 0.02 ± 0.02 NDb ND
16:1 1.80 ± 0.40 2.40 ± 0.70 0.30 ± 0.03 0.40 ± 0.06
18:1n-9 7.80 ± 1.30 9.90 ± 1.40 15.3 ± 0.50* 16.2 ± 0.40
18:1n-7 4.70 ± 0.60 5.10 ± 0.80 3.70 ± 0.10* 3.60 ± 0.10
20:1 0.19 ± 0.02 0.16 ± 0.04 2.00 ± 0.20 1.90 ± 0.30
22:1 0.004 ± 0.01 ND 0.20 ± 0.02 0.20 ± 0.03
24:1 0.30 ± 0.07* 0.21 ± 0.20 3.30 ± 0.30 3.30 ± 0.30
Total 14.80 ± 1.90 17.90 ± 2.60 24.90 ± 0.70 25.50 ± 0.90

n-6 series
18:2n-6 10.5 ± 1.20 11.0 ± 1.20 4.60 ± 0.30* 5.10 ± 0.40
18:3n-6 0.04 ± 0.01* 0.07 ± 0.01 ND ND
20:3n-6 0.60 ± 0.10* 0.90 ± 0.10 0.30 ± 0.03* 0.30 ± 0.02
20:4n-6 22.3 ± 0.80* 19.2 ± 1.60 8.80 ± 0.30 8.40 ± 0.40
22:4n-6 0.80 ± 0.10* 0.27 ± 0.20 3.60 ± 0.08* 2.70 ± 0.09
22:5n-6 5.30 ± 0.70* 0.20 ± 0.05 9.00 ± 0.50* 0.40 ± 0.05
Total 39.90 ± 2.10* 31.90 ± 2.40 22.30 ± 0.70* 12.40 ± 0.50

n-3 series
18:3n-3 0.006 ± 0.005* 0.28 ± 0.05 ND ND
20:5n-3 ND 0.47 ± 0.10 ND ND
22:5n-3 0.07 ± 0.03* 0.50 ± 0.09 0.008 ± 0.02* 0.13 ± 0.01
22:6n-3 0.60 ± 0.02* 6.60 ± 0.50 2.30 ± 0.10* 11.8 ± 0.70
Total 0.70 ± 0.05* 7.80 ± 0.60 2.30 ± 0.10* 11.90 ± 0.70

20:3n-9 0.17 ± 0.02 0.14 ± 0.03 0.08 ± 0.003 0.06 ± 0.01

18:2n-6/18:3n-3 1062 ± 83* 39.9 ± 5.3 NAb NA
22:5n-6/22:6n-3 8.8 ± 1.1* 0.03 ± 0.006 3.9 ± 0.2* 0.03 ± 0.004
22:5 + 22:6 5.9 ± 0.7* 6.8 ± 0.48 11.3 ± 0.6 12.2 ± 0.7
Total n-6/total n-3 58.7 ± 5.0* 4.1 ± 0.3 9.6 ± 0.5* 1.0 ± 0.04
Total n-6 +  total n-3 40.6 ± 2.1 39.8 ± 2.8 24.6 ± 0.7 24.4 ± 1.1
aData are mean ± SD for F2 generation rats. *Statistically significant differences P < 0.05.
bNA, not available; ND, not detectable; LNA, α-linolenic acid; LA, linoleic acid. Values may not equal 100% due to
unidentified peaks.



Changes in lipid composition were not evaluated in ocular tis-
sue because the whole sample was used for mRNA quantifi-
cation, and other studies show that retinal responses are simi-
lar to those of brain with respect to DHA loss and replace-
ment with DPAn-6 (4,38,39).

Effect of diets on PPAR mRNA abundance. GAPDH and β-
actin transcripts are widely accepted as reference genes for ex-
pression analysis. Because changes in either GAPDH or β-actin
mRNA levels have been reported under some experimental con-
ditions (40–42), the abundance of both transcripts was evalu-
ated in the tissues analyzed here (Table 2). Data are expressed
as the mean value of β-actin and GAPDH mRNAs in tissues
from rats fed the LNA-deficient diet and as a percentage of the
value obtained from the LNA-adequate group. GAPDH mRNA
levels in different tissues were independent of the dietary sup-
ply of LNA, except for a 10% decrease in nervous tissue in F3
generation rats fed the LNA-deficient diet. In addition, signifi-
cantly lower levels of β-actin mRNA were detected in ocular
(10%), nervous (20%), and hepatic (42%) tissues from F2 gen-
eration rats fed the LNA-deficient diet as compared to those that
consumed the LNA-adequate diet. Therefore, data normalized
to β-actin mRNA in all tissues from F2 generation rats and to
GAPDH mRNA in nervous tissue (F3 generation) were not in-
cluded for analysis. In addition, a lower level (37%) of β-actin
transcripts was also found in liver from F3 generation rats.
However, this difference was not statistically significant, proba-
bly owing to variability within the group.

The abundance of PPAR mRNA in nervous and ocular tis-
sues was evaluated and expressed relative to both β-actin and
GAPDH mRNA levels in the same tissue, as pointed out in
the Materials and Methods section (Tables 3 and 4). Analysis
of mRNA in hepatic tissue was included as a control, because
of reported high levels of PPARα mRNA expression. As
shown in Table 3, most of the differences detected in the rela-
tive abundance of PPARα mRNA in ocular, nervous, and he-
patic tissue from F2 and F3 generation rats fed LNA-deficient
or LNA-adequate diets were not statistically significant.
PPARα mRNA abundance normalized to β-actin mRNA was
61% higher in hepatic tissue from F3 generation rats consum-
ing the LNA-deficient diet than that measured in rats fed the 
LNA-adequate diet. However, the latter could be explained,

at least in part, by the lower β-actin mRNA measured in he-
patic tissue from these rats (Table 2). This is confirmed when
results are examined relative to GAPDH mRNA. In this case,
PPARα levels do not significantly differ in the liver samples.
As illustrated in Table 4, PPARβ mRNA abundance also dis-
played significantly higher levels when expressed relative to
β-actin mRNA but not to GAPDH mRNA.

The results of the PPARβ mRNA abundance determina-
tion in nervous and hepatic tissues shown in Table 4 indicate
no significant changes, except a 51% increment in PPARβ
mRNA normalized to β-actin mRNA in the F3 generation
(possibly influenced by the decrease observed in β-actin tran-
scripts in liver). In ocular tissue, significantly higher PPARβ
mRNA abundance relative to β-actin transcripts (21%) was
found in F3 generation rats from the LNA-deficient group
(Table 4). It is likely that the increase in the normalized
PPARβ level in ocular tissue arises mainly from a moderately
higher absolute abundance of PPARβ mRNA (17%) in the
rats consuming the n-3-deficient diet (Table 4).

DISCUSSION

Effects of dietary FA at the level of gene expression are part
of an adaptive metabolic response to the amount and type of
fat. These are mediated, at least in part, by the PPAR system.
Although the activity of PPAR isoforms is mainly regulated
by ligand binding and phosphorylation status, control at the
transcriptional level is also apparent. Changes in the abun-
dance of PPARα, which influences the expression of enzymes
for FA oxidation, have been detected in liver during fasting
periods, with a concomitant increase in the level of PPARα
mRNA (31). Moreover, food intake increases PPARγ mRNA
levels, whereas PPARγ abundance decreases during fasting
periods (28). Changes in PPARα mRNA levels in response to
total dietary fat intake and to FA composition have also been
documented. Feeding rats a diet rich in LNA for 12 wk after
weaning caused a decrease in PPARα mRNA abundance in
the epididymal fat pads (43). In contrast, an increased expres-
sion of PPARα mRNA in rat liver was observed in 5-wk-old
rats fed a high-fat diet (250 g/kg of either coconut oil or olive
oil or safflower oil) over a 4-wk period (44).
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TABLE 2
β-Actin and GAPDH mRNA Abundance in LNA-Deficient Rats

Tissue Rat generation β-Actina %b GAPDHa %b

Ocular F2 23.3 ± 1.1 (6) 90.1 ± 4.8*,c 11.5 ± 0.2 (6) 99.1 ± 1.7
F3 28.0 ± 1.8 (6) 97.6 ± 6.4 13.3 ± 1.1 (6) 92.7 ± 8.3

Nervous F2 16.1 ± 2.5 (5) 80.1 ± 15.4*,d 10.5 ± 0.6 (6) 98.5 ± 5.8
F3 18.5 ± 2.3 (5) 110.4 ± 12.2 10.5 ± 0.4 (6) 90.4 ± 3.6*,e

Hepatic F2 1.4 ± 0.4 (5) 57.5 ± 30.4*,f 4.4 ± 0.6 (6) 84.3 ± 14.0
F3 1.3 ± 0.6 (6) 62.9 ± 46.5 5.3 ± 0.3 (6) 97.8 ± 5.9

aData are mean ± SD. In parentheses are the number of samples. *Statistically significant differences:
cP = 0.03, dP = 0.04, eP = 0.0008, fP = 0.02.
bThe mean value of β-actin mRNA and GAPDH mRNA for the LNA-deficient diet was expressed as a
percentage of the value for the group fed the LNA-adequate diet. GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; for other abbreviation see Table 1.



The effect of high- and low-fat diets on PPARα mRNA
abundance in kidney of 3-wk-old rats also has been investi-
gated previously (45). In this study, pups were kept on a low-
fat diet (less than 1% fat) from day 16 to 21; then a group was
placed on a high-fat diet (supplemented with 25% coconut
oil) for 24 h. Despite marked changes in the mRNA levels for
enzymes involved in β-oxidation in the kidney cortex, the au-
thors reported no significant modification of PPARα mRNA
abundance, suggesting that modulation of the expression of
the PPARα gene is not involved in this physiological re-
sponse to a high-fat diet. A diet high in fat causes a small
increase in PPARγ in rat adipose tissue (28). However, the in-
fusion of lipids (Intralipid) in humans results in a marked in-
crease in subcutaneous adipose tissue PPARγ mRNA (46).
Considering the PPARβ ligand-binding profile (26), it is
likely that FA are physiological regulators of its activity as a
transcription factor. However, information regarding the reg-
ulation of PPARβ gene expression is not yet available.

Many investigations support the role of n-3 FA, particu-
larly DHA, on the development and function of the nervous
system in humans (4,38,47,48), particularly in the visual sys-
tem (7,10,47). High DHA levels are found in the inner mem-
branes of photoreceptor outer segments, in certain brain areas,

and in specific neuronal cell types. Dietary n-3 FA deficiency
alters rat retinal function (49). Moreover, DHA promotes dif-
ferentiation of developing photoreceptors in culture (50). In-
terestingly, PPARβ mRNA is more prominent than other
PPAR isoforms in many areas of the rat adult brain (15) and
its level is particularly high during embryonic development
(51). Expression of PPARβ is also abundant in differentiating
oligodendrocytes, cells involved in myelin sheath formation
(16). Consistently, PPARβ null mice show alterations in
myelination of the corpus callosum and in lipid metabolism
(22). As in other cell types, it likely that PPAR transcriptional
activity is modulated by FA in neuronal cells although their
PPAR-responsive genes have not been identified. 

The purpose of this study was to explore whether long-
term modification of FA intake, specifically n-3 FA defi-
ciency, affects the abundance of PPARα and β mRNA in
neural tissues. It is well known that the content and composi-
tion of dietary lipids can alter FA composition in biological
membranes (38,39,52–54). These studies demonstrate that
when two or more generations of animals are maintained on
an n-3-deficient diet, a marked modification of the FA com-
position in the nervous system occurs. Therefore, in the pres-
ent study, rats were fed the experimental diet for three gener-
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TABLE 4
PPARβ mRNA Relative Abundancea in Tissues from LNA-Deficient Rats

Tissue Generation PPARβb %c PPARβ/β-actinb %c PPARβ/GAPDHb %c

Ocular F2 1.63 ± 0.33 122 ± 20 0.04 ± 0.01 (6) 136 ± 14*,d 0.09 ± 0.02 (6) 123 ± 20
F3 1.59 ± 0.10 117 ± 6*,e 0.03 ± 0.004 (6) 121 ± 12*,f 0.07 ± 0.01 (6) 126 ± 14

Nervous F2 2.14 ± 0.26 96 ± 12 0.07 ± 0.01 (5) 122 ± 14 0.20 ± 0.02 (5) 97 ± 9
F3 1.65 ± 0.10 100 ± 6 0.06 ± 0.01 (5) 104 ± 9 0.16 ± 0.01 (5) 112 ± 4*,g

Hepatic F2 0.18 ± 0.06 75 ± 33 0.12 ± 0.02 (5) 130 ± 14*,h 0.04 ± 0.01 (6) 87 ± 31
F3 0.35 ± 0.09 117 ± 12 0.27 ± 0.10 (5) 151 ± 36*,i 0.04 ± 0.01 (6) 112 ± 2

aBecause hybridization assays to mRNA from different tissues were carried out independently (see Materials and Methods
section), the comparison of absolute PPARβ mRNA values should be restricted to the same tissue.
bData are mean ± SD. In parentheses are the number of samples. *Statistically significant differences: dP = 0.001, eP =
0.005, fP = 0.004, gP = 0.03, hP = 0.02, and iP = 0.02.
cThe mean value of PPARα mRNA relative to β-actin or to GAPDH mRNA for the LNA-deficient diet was expressed as a
percentage of the value for the group fed the LNA-adequate diet. For abbreviations see Tables 1–3.

TABLE 3
PPARα mRNA Relative Abundancea in Tissues from LNA-Deficient Rats

Tissue Generation PPARαb %c PPARα/β-actinb %c PPARα/GAPDHb %c

Ocular F2 0.78 ± 0.19 109 ± 24 0.02 ± 0.01 (6) 118 ± 25 0.04 ± 0.01 (6) 111 ± 22
F3 0.98 ± 0.09 113 ± 9 0.02 ± 0.002 (6) 123 ± 10 0.04 ± 0.003 (6) 122 ± 7

Nervous F2 1.69 ± 0.10 106 ± 6 0.06 ± 0.01 (5) 133 ± 18*,d 0.16 ± 0.02 (5) 108 ± 9
F3 1.69 ± 0.10 105 ± 6 0.05 ± 0.01 (4) 98 ± 15 0.16 ± 0.01 (5) 121 ± 7*,e

Hepatic F2 0.38 ± 0.15 98 ± 4 0.28 ± 0.07 (5) 171 ± 26*,f 0.06 ± 0.02 (6) 116 ± 33
F3 0.34 ± 0.05 95 ± 15 0.31 ± 0.14 (5) 161 ± 45*,g 0.04 ± 0.01 (6) 105 ± 15

aBecause hybridization assays to mRNA from different tissues were carried out independently (see Materials and Methods
section), the comparison of absolute PPARα mRNA values should be restricted to the same tissue.
bData are mean ± SD. In parentheses are the number of samples. *Statistically significant differences: dP = 0.007, eP =
0.0027, fP = 0.0009, and gP = 0.02.
cThe mean value of PPARα mRNA relative to β-actin or to GAPDH mRNA for the LNA-deficient diet was expressed as per-
centage of the value for the group fed the LNA-adequate diet. PPARα, peroxisome proliferator-activated receptor α; for
other abbreviations see Tables 1 and 2.



ations. The effects of the diet deficient in LNA were com-
pared to those of a diet providing adequate levels of this FA.
One would expect that n-3 FA deficiency would resemble ge-
netic diseases associated with impaired DHA synthesis,
which preferentially affect the function of excitable tissues
such as brain, retina, and muscle (55,56). Despite no apparent
differences in body or brain weight, siblings of these rats that
consumed the n-3-deficient diet showed poorer performance
in spatial and olfactory-cued learning tests than those that re-
ceived the control diet (33,57,58). As shown here, long-term
inadequate dietary provision of n-3 fat sources results in a re-
markable decrease in DHA in rat brain phospholipids (five-
fold) and in liver (11-fold), and a concomitant increase in
DPAn-6 FA (>20-fold).

In the present study, quantitation of PPAR mRNA in he-
patic, ocular, and nervous tissues from rats fed the LNA-defi-
cient or -adequate diet was referred to both β-actin and
GAPDH mRNA abundance. Results shown here indicate that
reference transcripts did not differ significantly in most tissues
from rats consuming the LNA-deficient diet. However, β-actin
mRNA levels in the F2 but not in the F3 generation were con-
sistently lower in the LNA-deficient rats for all three tissue
types analyzed here. In addition, GAPDH mRNA was also
significantly lower in nervous tissue of F3 generation rats fed
the LNA-deficient diet. We do not have a clear explanation for
the apparent selective decrease in β-actin mRNA. As a matter
of speculation, we propose that the expression of β-actin and
GAPDH genes is sensitive, to a different extent, to an unde-
fined factor that is dissimilarly present in F2 vs. F3 generation
rats fed the LNA-deficient diet. Therefore, taking into account
the results discussed above, PPAR data normalized to β-actin
mRNA (F2 generation) and GAPDH mRNA (F3 generation,
nervous tissue) were excluded from the analysis.

Our findings indicate that the marked decrease in DHA
levels in tissues did not correlate with substantial changes in
the level of PPARα or PPARβ transcripts in rat liver or brain.
We found a modest increase in the abundance of PPARβ
mRNA in ocular tissues from rats consuming the LNA-defi-
cient diet compared to those fed the LNA-adequate diet. In
F3 generation rats, the PPARβ mRNA level was 17% higher,
and PPARβ mRNA normalized to β-actin showed a 21% in-
crease in ocular tissues from the n-3 FA deficient group. 

Given that the biological activity of PPAR transcription
factors is primarily controlled by ligand binding, the func-
tional relevance of an increment in the abundance of the cor-
responding transcripts remains a matter of speculation. Con-
sidering that the precise function of PPARβ has not been de-
termined, the theoretical outcome of an eventual increase in
PPARβ protein (as a consequence of higher mRNA levels)
could be inferred from emerging information that supports the
role of PPARβ as a dietary lipid sensor and modulator of lipid
homeostasis. Reportedly, PPARβ-null mice have reduced adi-
pose tissue depots. Moreover, the advent of a selective
PPARβ ligand has provided evidence for its role as a regula-
tor of the expression of the gene encoding the ABCA1 reverse
cholesterol transporter (25). Therefore, changes in PPARβ

mRNA absolute abundance in ocular tissue could hypotheti-
cally stimulate the efflux of cholesterol from cells. However,
modulation of other cellular pathways cannot be excluded.

Our results indicate that PPAR gene expression is moder-
ately sensitive to long-term n-3 FA deficiency in the whole-
body experimental model tested here. The dietary intervention
in this study is highly specific to the n-3 FA series, preserving
the total amount of fat as well as the amount of n-6 FA. The
response to this dietary intervention conceivably includes
mechanisms other than the transcriptional control of PPAR
genes. It is possible that the consequences of dietary intake of
n-3 FA primarily involve modulation of the activity rather than
amount of PPAR. In addition, other transcription factors may
be involved in the response to n-3 deficiency. Recent experi-
ments using cell lines show that DHA is a potent activator of
the transcriptional activity of 9-cis retinoic acid receptor
(RXR) isoforms. Moreover, the reported effect was highly
specific to DHA in comparison to other C22, C20, and C18 un-
saturated FA (59). Given the fact that RXR responsiveness to
DHA is affected by heterodimerization and that PPAR and
RXR are common partners, it is possible that DHA deficiency
alters cellular pathways under the transcriptional control of
both RXR and PPAR or other heterodimerization partners.
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ABSTRACT: The effects of a 1% addition of cholesterol to a
diet low in EFA on FA desaturases were examined. The admin-
istration of cholesterol markedly increased the esterified choles-
terol content in microsomes and total liver lipids from the first
day, whereas the proportion of free cholesterol remained unal-
tered throughout the treatment. An excellent homeostasis in the
free cholesterol content was apparently evoked by the acyl-CoA
cholesterol acyltransferase. The cholesterol esters were mainly
oleate, palmitate, and stearate, and the addition of cholesterol
increased the relative proportions of cholesterol palmitoleate
and oleate. The addition of cholesterol to a low-EFA diet in-
duced, as in animals fed a high-EFA diet, a marked increase in
liver stearoyl-CoA desaturase-1 mRNA and enzyme activity.
This increased activity apparently evoked a similar enhance-
ment of palmitoleic and oleic acids in total and microsomal
liver lipids. The cholesterol-rich diet depressed the liver ∆6 and
∆5 desaturase activity. However, the abundance of ∆6 desat-
urase mRNA was not modified throughout the treatment. This
indicates that the depressive effect is evoked at a step beyond
that controlled by the mRNA level. The depression of both en-
zymatic activities was consistent with the decrease in the per-
centages of arachidonic acid and DHA in total and microsomal
liver lipids. Taken together, these results indicate that through
its modulating effect on the desaturases, dietary cholesterol may
lead an animal or human fed low-EFA diet to a true deficiency
by the decreased synthesis of the highly polyunsaturated acids
derived from linoleic and α-linolenic acids.

Paper no. L8938 in Lipids 37, 375–383 (April 2002).

Very early research in the 1960s (1,2) showed, by the mea-
surement of parameters used then, that feeding cholesterol to
animals with a suboptimal EFA intake led to an exacerbation
of the signs of EFA deficiency. The real biological effects of
EFA deficiency are mainly due to a decrease in the highly
polyunsaturated acids of the n-6 and n-3 families and not to
linoleic or α-linolenic acids. It has repeatedly been shown in
later publications that administration of dietary cholesterol to

rats evokes not only its incorporation into the cell but also an
increase in liver ∆9 desaturase activity and a decrease in ∆6
and ∆5 desaturase activities, followed by important changes
in the FA composition of cell phospholipids (3–8).

These effects of cholesterol were shown in rats fed diets
rich in linoleic acid, and they provoked a decrease in the
polyunsaturated acids as arachidonic acid was synthesized in
the animal from dietary linoleic acid. Therefore, enhancing
the effects of EFA deficiency evoked by cholesterol might be
the consequence of the depression of ∆5 and ∆6 desaturases.

However, a linoleic acid-rich diet causes a depressive effect
on the ∆9 desaturase gene expression (9). In addition, Clarke’s
group (10) showed not only that the addition of linoleic acid to
a fat-free diet  depressed the hepatic ∆6 desaturase activity, but
also that this depression was paralleled by a reduction in the
corresponding ∆6 desaturase mRNA. The same authors (11)
also found that a diet containing 10% safflower seed oil de-
pressed the hepatic mRNA of ∆5 desaturase compared to that
of rats fed a fat-free diet or a diet containing triolein. In addi-
tion to these results, we have repeatedly shown in our labora-
tory, as well as in a recent review (12), that, in general, hor-
mones (except insulin) evoke effects on the ∆9 desaturase that
are antagonistic to those found for both ∆6 and ∆5 desaturation
activities, indicating different mechanisms of regulation.
Therefore, we consider it necessary to prove definitively if—in
a diet low in EFA that already enhances ∆9, ∆6, and ∆5 desatu-
ration of FA—the addition of 1% cholesterol is still able to
modify activities and even push animals to a true EFA defi-
ciency. Moreover, in spite of the enhancing effect of a high-
cholesterol, EFA-rich diet on the abundance of stearoyl-CoA
desaturase-1 (SCD-1) mRNA in rat liver shown by Landau et
al. (7), the effect of a high-cholesterol diet on the ∆6 desaturase
mRNA level has not yet been investigated.

All these results prompted us to investigate at different
times the simultaneous effect of a diet low in EFA and one
containing 1% cholesterol on the incorporation of cholesterol
into total liver cells and microsomes; the ∆9, ∆6, and ∆5 de-
saturation activities; and the abundance of ∆9 and ∆6 desat-
urase mRNA. The total FA composition of liver cells and mi-
crosomes, as well as the distribution of cholesterol and
cholesterol esters and their FA composition, was also checked.
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We found that dietary cholesterol was incorporated into
liver microsomes and total liver cells, increasing the choles-
terol ester fraction but not the relative ratio of free choles-
terol. Dietary cholesterol evoked an increase in ∆9 desaturase
mRNA that correlated with the enzymatic activity. However,
it did not modify the abundance of ∆6 desaturase mRNA but
decreased the enzymatic activities of both ∆6 and ∆5 desat-
urases. The FA composition of microsomes, total liver lipids,
and cholesterol esters followed the enzymatic activity
changes rather well and showed a drastic decrease in highly
polyunsaturated acids.

MATERIALS AND METHODS

Materials. [1-14C]Stearic acid (56 mCi/mmol, 98% radio-
chemically pure) and [1-14C]linoleic acid (55 mCi/mmol,
99% radiochemically pure) were purchased from Amersham
Life Science (Amersham, England). [1-14C]Eicosa-8,11,14-
trienoic acid (52 mCi/mmol, 98% radiochemically pure) was
provided by New England Nuclear (Boston, MA). Unlabeled
FA were provided by Nu-Chek-Prep (Elysian, MN). Cofac-
tors used for enzymatic reactions were obtained from Sigma
Chemical Co. (St. Louis, MO). Solvents for HPLC were pur-
chased from Carlo Erba (Milan, Italy).

Rat SCD-1 (∆9 desaturase) cDNA was a kind gift from Dr.
Juris Tsunehiro Ozols (Department of Biochemistry, Univer-
sity of Connecticut, Central Health, Farmington, CT), and rat
∆6 desaturase cDNA was a kind gift from Dr. T. Aki (Depart-
ment of Molecular Biotechnology, Hiroshima University, Hi-
gashi-Hiroshima, Japan). Restriction enzymes and other DNA
nuclei-modifying enzymes were obtained from Promega
(Madison, WI). All plasmid DNA were isolated by SDS-
NaOH methods (13).

Animals and diets. Animal care and handling were in accor-
dance with internationally accepted principles concerning the
care and use of laboratory animals. Forty male Wistar rats were
fed for 10 d after weaning with a control diet low in EFA com-
posed of 62 wt% starch, 22.6 wt% delipidated casein, 9.4 wt%
cacao butter, 2 wt% vitamins (14), and 4 wt% minerals (14).
The FA composition of the food was 32.2 wt% 16:0, 0.6 wt%
16:1, 28.7 wt% 18:0, 34.0 wt% 18:1, and 4.5 wt% 18:2; cho-
lesterol was not detected. After this time, 20 animals were kept
on the control low-EFA diet, whereas the other 20 animals were
fed the same diet as the control with the addition of 1 wt% cho-
lesterol. Lots of five animals from each group were sacrificed
by decapitation without anesthesia and exsanguinated on days
1, 3, 7, and 21. The liver from each animal was rapidly excised
and placed in an ice-cold homogenizing solution (1:3 wt/vol)
composed of 0.25 M sucrose, 0.15 M KCl, 0.1 mM EDTA,
1.41 mM N-acetyl cysteine, 5 mM MgCl2, and 62 mM phos-
phate buffer (pH 7.4). Microsomes were obtained by differen-
tial ultracentrifugation at 100,000 × g (Beckman Ultracen-
trifuge) as described elsewhere (15). They were stored at
−80°C. 

Protein concentration was measured according to the pro-
cedure of Lowry et al. (16).

Lipid analysis. Lipids were extracted from total liver and
microsomes according to the procedure of Folch et al. (17).
Total lipid content was measured by aliquot evaporation to
constant weight. Total phosphorus was determined by the
method of Chen et al. (18).

Free and esterified cholesterol were measured in total ho-
mogenate and microsomal liver lipids. They were separated by
TLC on Whatman high-performance thin-layer chromatogra-
phy (HPTLC) plates of 20 × 10 cm (Linear-K preadsorbent
strip), using hexane/ethyl ether/acetic acid (80:20:1,  by vol).
Cholesterol and esterified cholesterol spots were visualized by
the ferric chloride method of Lowry (19). They were quanti-
fied by comparison to curves constructed using commercial
standards (1–5 µg). After staining, the plates were scanned and
the densitometric quantitation was performed using 1D Image
Analysis Software (Kodak, Rochester, NY) from multiple ex-
posures. The cholesterol esters separated by TLC were saponi-
fied with alcoholic KOH, and the FA were separated and
methylated with BF3 at 64°C for 1 h.

FA composition of the cholesterol esters, microsomal liver
lipids, and total lipids of liver, adrenals, and testicles were ana-
lyzed by GLC of their methyl esters in a Hewlett-Packard HP
6890 apparatus. They were injected into an Omega Wax 250
(Supelco, Bellefonte, PA) capillary column of 30 m, 0.25 mm
i.d., and 0.25 µm film. The temperature was programmed to
obtain a linear increase of 3°C/min from 175 to 230°C. The
chromatographic peaks were identified by comparison of their
retention times with those of standards.

FA desaturation assays. ∆9, ∆6, and ∆5 desaturations were
estimated in hepatic microsomes using as substrates 50 µM
[1-14C]stearic acid, 33 µM [1-14C]linoleic acid, and 50 µM
[1-14C]eicosa-8,11,14-trienoic acid, respectively. The acids
were incubated with 2.5, 2.0, and 1.95 mg of microsomal pro-
tein, respectively, in a final volume of 1.5 mL at 36°C (3). The
reaction mixture consisted of 0.25 M sucrose, 0.15 M KCl,
1.41 mM N-acetyl-L-cysteine, 40 mM NaF, 60 µM CoA
(sodium salt), 1.3 mM ATP, 0.87 mM NADH, 5 mM MgCl2,
and 40 mM potassium phosphate buffer (pH 7.4). After 1 min
preincubation at 36°C, the reaction was started by addition of
microsomal protein, and the mixture was incubated in open
tubes for 15 min in a thermoregulated shaking water bath. The
desaturation reaction was stopped with 10% (wt/vol) KOH in
ethanol followed by saponification. The extracted FFA were
dissolved in methanol/water/acetic acid (85:15:0.2, by vol)
and fractionated by RP-HPLC (20). Separations were per-
formed on an Econosil C18 10-µm particle size reversed-
phase column (250 × 4.6 mm) (Alltech Associates, Inc., Deer-
field, IL) coupled to a guard column (10 × 4 mm), and filled
with pellicular C18, using a mobile phase (methanol/
water/acetic acid, 90:10:0.2, by vol) at a flow rate of 1
mL/min and a Merck-Hitachi L-6200 solvent delivery system
(Darmstadt, Germany). The column eluate was monitored by
a UV spectrometer at 205 mm for FA identification on the
basis of retention times. Radioactivity associated with FA was
measured by a Radiomatic Instrument (Tampa, FL) Flo-One
Beta flow-through liquid scintillation counter fitted with a
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0.5-mL cell. Ultima Flo-M scintillation cocktail (Packard In-
struments, Downers Grove, IL) was used at a rate of 3
mL/min.

Northern blots of ∆9 and ∆6 desaturase mRNA. Total liver
RNA of the different animals tested was isolated with a Wiz-
ard RNA Isolation System (Promega) according to the manu-
facturer’s instructions. Twenty micrograms of total RNA was
size-fractionated on a 1% formaldehyde gel and then trans-
ferred to a Zeta-Probe nylon membrane (Bio-Rad, Richmond,
CA). The ∆9 and ∆6 desaturase and β-actin probes were pre-
pared by incorporating [32P]dCTP by random prime labeling.
Northern blot hybridization analyses were performed as de-
scribed by Sambrook et al. (13). The autoradiographic signal
for ∆9 and ∆6 desaturase mRNA was quantified from multi-
ple exposures using 1D Image Analysis Software (Kodak).
They were normalized to mRNA for β-actin, with all mRNA
probed on the same gel.

Statistical analysis. Data in the tables are expressed as
mean ± SD. They were analyzed using ANOVA (Instat v.2.0
Graph Pad Software, San Diego, CA) to identify time and diet
effects and their interactions. When effects were identified as
significant (P < 0.05), Tukey’s post-hoc tests were utilized to
identify significant effects of diet at particular time points or
significant effects of time on a particular diet.

RESULTS

Effect of dietary cholesterol on free cholesterol and choles-
terol ester content in liver homogenate and microsomes. Di-
etary cholesterol has repeatedly been shown to be incorpo-
rated into liver (3–5,7). In the present experiment, the same is
shown in total liver and liver microsomes (Table 1). However,
the incorporation of cholesterol apparently did not increase
the lipid content of the liver microsomes since the lipid/pro-
tein ratio of these organelles was steadily maintained at 0.52
mg/mg throughout the 21 d of the experiment. Nevertheless,
the total lipid content of total liver increased due to choles-
terol incorporation. In the control rats the lipid/protein ratio

(by wt) was maintained at 0.22 throughout the 21 d, whereas
it increased in the cholesterol-treated animals from 0.22 to
0.37 on day 7 and to 0.50 on day 21.

When we compared the extent to which the relative cho-
lesterol increase in the lipid fraction was due to the free or es-
terified form, we found that in cytosol and microsomes the in-
crease was due to cholesterol esters but not to free cholesterol. 

In total liver homogenate (Table 1) the percentage of free
cholesterol in the lipids compared to the control animals was
not increased and remained unmodified on days 1, 7, and 21
after cholesterol administration. However, the percentage of
cholesterol ester in the same lipids was very significantly in-
creased as early as 24 h after cholesterol administration and
was progressively enhanced on days 7 and 21. In spite of that,
the amounts of both cholesterol forms increased in the cell
because the total lipids increased.

Similarly, in rat liver microsomal lipids (Table 1), although
no modification of the free cholesterol was shown compared
to the control animals on days 1, 7, and 21, a very significant
increase in cholesterol esters was also found after 24 h of
treatment. In microsomes the higher level of esters was main-
tained on the following days, at least up to the end of the ex-
periment (21 d). Since the lipid/protein ratio was maintained
in the microsomes, only the cholesterol ester fraction was
quantitatively increased.

Effect of dietary cholesterol on liver ∆9 desaturation ac-
tivity and the abundance of mRNA. The liver ∆9 desaturation
activity for the conversion of stearic acid to oleic acid is
shown in Figure 1. After 24 h of cholesterol feeding, no sig-
nificant change in ∆9 desaturation activity was shown. After
7 d, it reached significance compared to the activity of con-
trol animals. These results are similar to results from experi-
ments (3–5,7) in which a different diet rich in EFA was ad-
ministered. An EFA-rich diet is known to depress ∆9
desaturation activity (21). Therefore, in spite of these differ-
ential effects of low-EFA and EFA-sufficient diets on the liver
∆9 desaturation activity, the addition of cholesterol evoked a
relative activation of the reaction.
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TABLE 1
Free and Esterified Cholesterol (wt%) of Total Lipidsa

Time
1 d 7 d 21 d

Treatment Control (a) Cholesterol (b) Control (c) Cholesterol (d) Control (e) Cholesterol (f)

Total liver Free 6.23 ± 1.69 5.82 ± 1.57 5.69 ± 1.71 5.10 ± 1.25 2.84 ± 0.86a**,c* 2.27 ± 0.03b**,d*

cholesterol

Esterified 3.32 ± 1.91 10.50 ± 2.91a* 5.78 ± 2.21 16.32 ± 3.52c** 2.82 ± 0.85 30.00  ± 8.49b***,d***,e***

cholesterol

Liver Free 4.91 ± 1.70 4.35 ± 0.89 4.07 ± 1.18 4.19 ± 1.50 3.28 ± 0.47 4.26 ± 0.55
microsomes cholesterol

Esterified 3.02 ± 0.99 13.27 ± 3.45a*** 3.03 ± 0.80 8.32 ± 1.25c*** 4.19 ± 0.87 10.70 ± 0.98e***

cholesterol
aResults are the mean ± SD (n = 5 animals) expressed as weight percentage of total lipids. Different roman superscript letters indicate significant differences
between this value and that in the group headed by the same letter. ***P < 0.001, **P < 0.01, *P < 0.05.



The relative abundance of SCD-1 mRNA in the livers of
rats fed the cholesterol diet was significantly higher than in
the livers of animals fed the low-EFA diet alone (Fig. 2). A
1.5-fold increase compared to the controls was evident 24 h
after feeding the cholesterol diet, and it apparently reached a
steady state on the following days at approximately twofold.
It is important to note that this enhancement is evoked by the
cholesterol diet independent of any apparent EFA deficiency
effect known to induce the SCD-1 mRNA (22). 

However, we have to remark that the relatively significant
increase in the ∆9 desaturation activity evoked by cholesterol
in this experiment was shown only after 7 d of treatment (Fig.
1), whereas the relative increase in liver SCD-1 mRNA was
already shown in the first 24 h (Fig. 2).

Effect of dietary cholesterol on liver ∆6 and ∆5 desatura-
tion activities and level of ∆6 desaturase mRNA. The activi-
ties of microsomal liver ∆6 and ∆5 desaturations of linoleic
and eicosatrienoic n-6 acids, respectively, in rats fed a low-
EFA control diet and the same diet plus 1% cholesterol are
shown in Figure 1. As expected, the relative activities of both
reactions are depressed to some extent by the addition of di-
etary cholesterol. 

On this occasion we also measured the abundance of ∆6
desaturase mRNA in liver cells by Northern blot analysis
(Fig. 2). Two transcripts of mRNA ∆6 desaturase were found.
It is important to remark that Cho et al. (11) also found two
transcripts of this enzyme, a major one of 3.8 kb and a minor
one of 1.9 kb in rat liver and similar ones in mouse. Both
mRNA transcripts, the major one and the minor one (see Fig.
2), are not significantly altered when compared to control an-
imals by the effect of cholesterol addition to the diet as mea-
sured after 1, 3, 7, and 21 d of treatment. From these data, the
depressive effect of cholesterol-rich diets on the ∆6 desaturation
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FIG. 1. Relative FA desaturation activities in cholesterol-treated rats.
∆9, ∆6, and ∆5 desaturation in EFA-deficient rats during cholesterol sup-
plementation (at 1, 3, 7, and 21 d) using liver microsomes. Microsomal
protein was incubated with (A) [1-14C]stearic acid; (B) [1-14C]linoleic
acid, or (C) [1-14C]eicosatrienoic acid. The assay mixture contained 60
µM CoA, 1.3 mM ATP, 0.45 mM NADH, 5 mM MgCl2 in 40 mM potas-
sium phosphate buffer, 0.25 M sucrose, 0.15 M KCl, 1.41 mM N-acetyl-
L-cysteine, and 40 mM NaF; final pH: 7.0. Data are expressed as a per-
centage of the control group at each time point and represent means ±
SD (n = 4). Control enzymatic activities (nmol product/min·mg protein)
on day 1 were (A) 0.407 ± 0.048; (B) 0.668 ± 0.031; and (C) 1.165 ±
0.201. Symbols above columns indicate statistically significant differ-
ences from values of control groups: ***P < 0.001; **P < 0.01 using the
Student’s t-test (Excel Microsoft).

FIG. 2. Effect of a cholesterol-rich diet on the levels of liver, stearoyl-
CoA desaturase-1 (SCD-1), and ∆6 desaturase mRNA. Total liver mRNA
from control and cholesterol-fed animals at the periods indicated were
electrophoresed on a 1% agarose-formaldehyde gel, blotted to nylon
membrane, and probed with 32P-random primed cDNA. mRNA levels
of SCD-1 and ∆6 desaturases were compared to β-actin signals.



activity cannot be attributed to a decrease in the enzyme
mRNA level.

Effect of dietary cholesterol on the FA composition of liver
lipids, microsomes, and cholesterol esters. (i) The effect of the
cholesterol-rich and low-EFA diets on the FA composition of
total liver lipids is shown in Table 2. In control animals, the ef-
fect of the low-EFA and high-oleic content of the diet is shown
by the high proportions of oleic acid that were maintained up
to 21 d and by the presence of a significant level of eicosa-5-
8,11-trienoic acid of the n-9 series. Unexpectedly, the propor-
tion of the latter decreased from 8.43 to 3.82% during the ex-
periment from day 1 to 21 of control diet feeding. The already
low proportions of linoleic acid, arachidonic acid, and DHA
evoked by the low-EFA diet were not further decreased for the
additional 21 d of the experiment.

The addition of 1% cholesterol to the control diet evoked
the expected effects, increasing progressively and signifi-
cantly the proportions of palmitoleic and, especially, oleic
acids. It did not modify the level of 20:3n-9 found in control
rats, nor did it modify the percentage of linoleic acid for 21 d.
Rather, it decreased significantly and progressively the pro-
portions of arachidonic acid and DHA.

(ii) The effect of the control diet, low in EFA, on the mi-
crosomal FA (Table 3) also showed, as in total liver lipids, a
high level of oleic acid, approximately threefold higher than
in the Leikin and Brenner (3) experiment, in which corn oil
was administered. It also evoked a high level of 20:3n-9 acid,
typical of EFA deficiency, but as in total liver lipids, a pro-
gressive decrease in this acid was shown during the 21-d ex-
periment. No significant changes were observed during this
time on the already low levels of linoleic acid, arachidonic
acid, and DHA, which were half the amounts found with a
high-EFA diet (3).

An analysis of the effect of the cholesterol-rich diet over
time on the comparative FA composition of rat liver micro-
somes (Table 3) followed the same general pattern as that of
the total liver lipids. An increase in palmitoleic and oleic acids
(the main components) was shown, and this increase became
very significant on day 7. As in total liver lipids, no relatively
significant decrease occurred in the percentage of 20:3n-9.

Linoleic acid, a minor component, was modified very lit-
tle;  arachidonic acid, a major component, decreased signifi-
cantly and progressively; and DHA, a minor component, was
not significantly altered.
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TABLE 2
FA Composition (wt%) of Total Liver Lipidsa

1 d 7 d 21 d
FA Control (a) Cholesterol (b) Control (c) Cholesterol (d) Control (e) Cholesterol (f)

16:0 20.24 ± 1.00 19.68 ± 1.57 20.34 ± 1.07 19.57 ± 1.92 21.53 ± 0.82 16.84 ± 0.20e***

16:1 2.05 ± 0.06 2.82 ± 0.31a* 1.47 ± 0.31 5.12 ± 1.93b**,c*** 2.18 ± 0.27 6.54 ± 0.82b***,e***

18:0 20.77 ± 0.43 18.58 ± 1.20 23.41 ± 2.15 14.29 ± 0.65b**,c*** 22.77 ± 2.07 14.36 ± 1.25b**,e***

18:1n-9 25.54 ± 0.42 30.06 ± 2.71a*** 24.18 ± 0.66 38.73 ± 0.92b***,c*** 25.00 ± 0.66 45.66 ± 2.03b***,d***,e***

18:2n-6 5.60 ± 0.34 5.78 ± 0.40 5.92 ± 0.45 5.29 ± 0.23 6.24 ± 0.10 4.67 ± 0.30b***,e***

20:3n-9 8.43 ± 1.03 7.63 ± 0.69 5.72 ± 0.85a** 5.86 ± 1.32 3.82 ± 1.19a*** 4.12 ± 1.07b***

20:3n-6 1.14 ± 0.11 1.14 ± 0.17 1.08 ± 0.07 0.95 ± 0.11 0.90 ± 0.25 0.65 ± 0.08b***

20:4n-6 12.63 ± 0.83 11.00 ± 0.73 13.58 ± 1.42 7.65 ± 1.35b***,c*** 14.06 ± 1.35 5.65 ± 0.28b***,e***

22:5n-6 1.03 ± 0.10 0.95 ± 0.04 1.29 ± 0.30 0.72 ± 0.29c*** 0.88 ± 0.03 0.44 ± 0.08b**,e**

22:5n-3 0.13 ± 0.04 0.12 ± 0.03 0.12 ± 0.04 0.06 ± 0.06 0.33 ± 0.08a***,c*** 0.12 ± 0.01e***

22:6n-3 2.45 ± 0.33 2.25 ± 0.37 2.88 ± 0.45 1.76 ± 0.37c*** 2.29 ± 0.40 0.95 ± 0.01b***,d*,e***

aOnly principal FA were considered. Values are given as mean ± SD (n = 5 animals). Different roman superscript letters indicate significant differences be-
tween this value and that in the group headed by the same letter. ***P < 0.001, **P < 0.01, *P < 0.05.

TABLE 3
FA Composition (wt%) of Liver Microsomal Lipidsa

1 d 7 d 21 d
FA Control (a) Cholesterol (b) Control (c) Cholesterol (d) Control (e) Cholesterol (f)

16:0 19.58 ± 0.25 20.16 ± 1.13 19.76 ± 0.96 21.27 ± 0.85 22.13 ± 1.94a*,c* 20.39 ± 0.39
16:1 1.95 ± 0.07 2.41 ± 0.31 1.18 ± 0.30 3.57 ± 0.60b***,c*** 2.13 ± 0.21c** 4.14 ± 0.38b***,e***

18:0 21.25 ± 0.93 20.05 ± 1.76 24.55 ± 2.16 19.25 ± 1.78c** 23.92 ± 2.87 20.09 ± 0.26e*

18:1n-9 24.31 ± 0.31 26.57 ± 1.51 22.28 ± 1.87 27.54 ± 2.13c*** 24.45 ± 1.87 29.05 ± 1.58e**

18:2n-6 4.53 ± 0.06 5.19 ± 0.20 5.39 ± 0.56 5.96 ± 0.90 5.29 ± 0.32 6.22 ± 0.33b*

20:3n-9 10.60 ± 0.95 9.50 ± 0.65 7.24 ± 0.86a*** 8.48 ± 0.47 5.79 ± 0.41a*** 6.91 ± 1.18b***,d*

20:3n-6 1.17 ± 0.08 1.16 ± 0.03 1.21 ± 0.06 1.23 ± 0.18 1.10 ± 0.16 1.11 ± 0.09
20:4n-6 12.76 ± 0.11 11.63 ± 1.15 13.91 ± 1.79 9.88 ± 0.71c** 12.60 ± 2.33 9.65 ± 1.27e*

22:5n-6 1.06 ± 0.18 1.06 ± 0.07 1.36 ± 0.25a* 0.91 ± 0.12c** 0.79 ± 0.14c*** 0.66 ± 0.07b**

22:5n-3 0.17 ± 0.01 0.10 ± 0.09 0.13 ± 0.09 0.05 ± 0.07 0.13 ± 0.16 0.13 ± 0.09
22:6n-3 2.62 ± 0.06 2.17 ± 0.26 2.99 ± 0.73 1.87 ± 0.32c** 1.68 ± 0.22a**,c*** 1.63 ± 0.37
aOnly principal FA were considered. Data are the mean ± SD (n = 5 animals). Different roman superscript letters indicate significant differences between this
value and that in the group headed by the same letter. ***P < 0.001, **P < 0.01, *P < 0.05.



(iii) The FA composition of cholesterol esters of total liver
lipids is shown in Table 4. In these lipids, the predominant FA
were 16:0, 18:1n-9, and 18:0. They had very little arachidonic
and eicosatrienoic n-9 acids, and DHA was not detected. 

The addition of cholesterol to the diet provoked an in-
crease in cholesteryl palmitoleate from the first 24 h. Choles-
teryl oleate also increased rapidly and doubled after 7 d,
reaching a value of ≅61%, which was maintained for 21 d.
Cholesteryl stearate, linoleate, and arachidonate were also re-
duced after 24 h.

(iv) In liver control microsomes (Table 4) the predominant
cholesterol esters were 16:0 > 18:1n-9 > 18:0. However, the
percentage of cholesteryl palmitate increased somewhat with
time, whereas the oleate ester remained unaltered. The per-
centage of cholesteryl linoleate was higher than that in total
liver cholesterol esters, but it decreased rapidly up to the ex-
perimental time of 21 d. No arachidonate was detected.

The addition of cholesterol to the diet did not significantly
modify the relative microsomal percentage of cholesteryl
palmitate, palmitoleate, and stearate; it increased cholesteryl
oleate after the first 24 h of cholesterol administration and
somewhat decreased linoleate esters.

The relative proportion of cholesterol esters, in both total
liver and liver microsomes followed the pattern of saturated
and monounsaturated amounts found in total liver and micro-
somal lipids rather well, but the percentage of polyunsatu-
rated acid cholesterol esters was either markedly diminished
or undetected, as shown for arachidonate in total liver.

To compare the effect of the diets on the FA composition
of liver lipids with other organs, the FA of testes and adrenals
were analyzed for the same time periods. The relative com-
positions of neither testes nor adrenal FA were significantly
altered by the cholesterol diet throughout the 21-d experi-
ment. The low-EFA diet evoked only a reduced increase of
20:3n-9 acid in both tissues (data not shown).

DISCUSSION
Incorporation of cholesterol into liver lipids. Ingested choles-
terol has repeatedly been shown to be incorporated into ani-

mal tissues, especially in liver (3–8). Table 1 confirms these
results in our rats and shows a significant incorporation into
liver microsomes and total cellular homogenate as early as 24
h after ingestion. However, these tables also show that the
true relative increase of cholesterol in microsomal and total
liver lipids was evoked in the cholesterol ester fraction and
not in the free cholesterol. The relative increase of microso-
mal cholesterol esters was found after 24 h, and similar fig-
ures were maintained throughout time, showing that the es-
terification of any incorporated cholesterol is immediate and
that the homeostasis of microsomal free cholesterol is very
efficient. The same efficient homeostasis of free cholesterol
is also shown in total liver homogenate, which does not mod-
ifiy the steady and similar relative values in the lipids of con-
trol and cholesterol-treated rats from 24 h up to at least 21 d
(Table 1). The cholesterol provided by the cholesterol-rich
diet is also especially derived in total cells to the cholesterol
ester fraction, which in this case increased 10-fold after 21 d
of treatment. It offered excellent protection in the cell cytosol
against the deleterious effect of the high free cholesterol con-
tents. 

This homeostasis is undoubtedly evoked by the ACAT en-
zymes. In rodents (mice) two ACAT with approximately 40%
identity have been cloned, ACAT-1, whose liver activity in
these animals is doubtful, and ACAT-2, recently recognized,
which is apparently active in the lives of mice (23,24). These
enzymes are mainly located in the cell endoplasmic reticulum,
and the mechanism of action in cholesterol homeostasis (24)
is interpreted in the following way. In cholesterol-loaded cells
and when cholesterol is added to the microsomes, cholesterol
esterification is activated and increased (24). Therefore, the
endoplasmic reticulum ACAT esterifies the added cholesterol
(24) and only some controlled amount of it; in accordance
with our results in Table 1, it accumulates in this organelle.
The excess is removed from the endoplasmic reticulum, in-
creasing the amount of cholesterol esters in other parts of the
cell such as cytosol, storing it harmlessly in cytosolic droplets
(25), or exporting it as lipoproteins (24,26). This mechanism
is in accordance with the results in Table 1, which also show
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TABLE 4
FA Composition (wt%) of Liver Cholesterol Estersa

1 d 7 d 21 d
FA Control (a) Cholesterol (b) Control (c) Cholesterol (d) Control (e) Cholesterol (f)

Total liver 16:0 28.19 ± 0.98 23.37 ± 2.81a* 30.58 ± 0.59 16.90 ± 3.16b**,c*** 43.00 ± 2.88a***,c*** 20.68 ± 2.39e***

16:1 5.26 ± 0.96 9.65 ± 0.01a*** 8.91 ± 0.50a*** 8.50 ± 0.24 6.25 ± 2.48c* 10.53 ± 0.57e***

18:0 26.35 ± 1.31 11.84 ± 1.31a*** 20.06 ± 4.24a* 9.16 ± 4.77c*** 19.63 ± 0.71a** 6.16 ± 0.36b*,e***

18:1n 9 31.81 ± 0.85 47.95 ± 5.20a*** 28.74 ± 5.07 61.51 ± 8.07b**,c*** 28.71 ± 2.94 61.04 ± 2.39b**,e***

18:2n-6 5.99 ± 0.72 3.92 ± 0.91 5.17 ± 2.60 1.76 ± 0.94c** 2.41 ± 0.25a**,c* 1.59 ± 0.67
20:3n-9 1.09 ± 1.54 2.58 ± 0.10 4.62 ± 1.10a*** 0.92 ± 0.46c*** Trace Trace
20:4n-6 1.30 ± 1.84 0.69 ± 0.06 1.93 ± 0.59 0.35 ± 0.13c* Trace Trace

Liver 16:0 33.36 ± 0.47 28.29 ± 0.84 38.29 ± 1.61 36.88 ± 6.47b** 42.30 ± 1.31a*** 39.55 ± 2.10b***

microsomes 16:1 7.15 ± 0.14 7.92 ± 1.02 5.62 ± 2.04 6.43 ± 1.93 3.95 ± 0.68a** 4.83 ± 0.96
18:0 18.35 ± 0.19 16.88 ± 1.93 22.23 ± 1.05a** 19.13 ± 0.84c* 21.64 ± 0.34a** 21.47 ± 2.10b***

18:1n-9 27.48 ± 3.50 37.61 ± 2.55a*** 28.40 ± 4.42 33.68 ± 3.06 29.13 ± 1.41 31.18 ± 1.72b*

18:2n-6 13.67 ± 2.70 9.31 ± 1.44a** 3.01 ± 0.39a*** 3.89 ± 1.75b*** 2.98 ± 0.15a*** 2.98 ± 1.01b***

aOnly principal FA were considered. Data are presented as mean ± SD (n = 5 animals). Different roman superscript letters indicate significant differences be-
tween this value and that in the group headed by the same letter. ***P < 0.001, **P < 0.01,*P < 0.05.



an increased accumulation with time of cholesterol esters in
extramicrosomal places.

The FA compositions of cholesterol esters in liver cellular
homogenate and microsomes of control rats (Table 4) showed
typical and similar patterns evoked mainly by the specificity
of ACAT fatty acyl-CoA in choosing FA provided by the diet,
provided by the cellular lipids, and specifically synthesized in
accordance with the corresponding activities of ∆9, ∆6, and
∆5 desaturases. The most abundant esters found were the
oleate, palmitate, and stearate (Table 4), which were also the
predominant FA in the food. Linoleic acid, a lesser compo-
nent in the food and liver lipids, appeared as a minor compo-
nent of total liver cholesterol esters and a little higher in the
microsomal esters. However, in either control or treated ani-
mals, the percentage of cholesteryl linoleate significantly de-
creased with time for the 21 d of the experiment. These re-
sults may be easily explained as an effect of EFA deficiency
in the diet. Arachidonic acid cholesterol ester was a very
minor component in total liver and was below detection lim-
its in microsomes. 

The typical composition of the cholesterol esters found
(Table 4) is in accordance with the known fatty acyl-CoA
specificity of rodent ACAT-2, which does not practically ac-
cept arachidonyl-CoA (23), whereas ACAT-1 has a broader
spectrum that also includes arachidonyl-CoA (24). Moreover,
it has been shown (24) that in ACAT-1 knockout mice
(ACAT-1 −/−) livers, no problem exists in the synthesis of
large amounts of cholesterol esters.

The addition of cholesterol to the diet evoked significant
increases in total liver (Table 4) of cholesterol esters of pal-
mitoleic and oleic acids and decreases in palmitate and
stearate. These results are in accordance with the evoked in-
creases in SCD-1 mRNA (Fig. 2) and ∆9 desaturation activ-
ity (Fig. 1). Moreover, Miyazaki et al. (27) already proved
that the activation of SCD-1 is specifically responsible for the
increase in the relative proportion of cholesterol oleate. In an
earlier work, Miyazaki et al. (28) showed that oleate and
palmitoleate, which arise in rodents from SCD-activity, are
the preferred substrates for ACAT synthesis of cholesterol es-
ters. In addition, they concluded that the regulation of liver
SCD-1 activity plays an important role in the mechanisms of
cellular cholesterol homeostasis. In the present experiment,
the increases in cholesterol esters of oleic and palmitoleic
acids in liver are shown to be produced together with relative
increases in SCD-1 mRNA (Fig. 2).

Effect of cholesterol on the ∆9 desaturase activity and cor-
responding levels of mRNA. It has repeatedly been shown that
the addition of 1% cholesterol to an EFA-rich diet evokes a
relatively higher activity of the liver ∆9 desaturation (3–5,7)
of both palmitic and stearic acids and SCD-1 mRNA (7). In
the present research, the addition of cholesterol shows a simi-
lar effect but in animals fed a low-EFA diet. However, the in-
crease in liver SCD-1 mRNA was immediate (24 h), whereas
the enzymatic activity was only significantly enhanced on day
7 (Fig. 1A).

At present, we know that from the three genes of ∆9 de-
saturase characterized in rodents, SCD-1, SCD-2 (22), and
SCD-3 (29,30), only SCD-1 is regularly expressed in liver,
and it is the one we measured. SCD-2 apparently can only be
expressed in liver by a very strong stimulus (31), which is not
the present case.

Our results confirm those of Landau et al. (7) for animals
fed a high-EFA diet and show that the effect of dietary cho-
lesterol on the activation of the SCD-1 is evoked first by an
increase in its mRNA and afterward, with some retardation
and less pronounced, by the enzymatic activity independent
of the EFA content of the diet. Therefore, these effects sup-
plement possible activating effects evoked by low-EFA diets.
However, we do not yet envisage a clear mechanism that
would explain the way this activation is produced. 

The possible role of the sterol regulatory element-binding
proteins (SREBP) in this dietary cholesterol-enhancing effect
of the enzyme activity is not yet understood (8) when com-
pared to the findings of Shimomura et al. (31) and the Gold-
stein group, which showed an SREBP-dependent depression
in cell cultures (32). This problem was thoroughly discussed
by Ntambi (22) without reaching a definitive conclusion.

Effect of cholesterol on the ∆6 and ∆5 desaturation activi-
ties and the level of ∆6 desaturase mRNA. Results displayed
in Figure 1 show that cholesterol-treated rats fed a low-EFA
diet have lower liver ∆6 and ∆5 FA desaturation activities
than control rats. They confirm similar experiments (3–5)
done with rats receiving a high-EFA diet and explain the de-
pression found in some of the n-6 and n-3 PUFA (mainly the
20:4n-6) of those animals (Tables 2 and 3).

One of the possible mechanisms by which dietary choles-
terol might modulate the ∆6 desaturation activity is through
the depression of ∆6 desaturase mRNA. The present experi-
mental data displayed in Figure 2 discard this possibility and
reject the suggestion that it could be evoked either through a
mechanism depressing the enzyme mRNA transcription or
any other mechanism that could alter its abundance of
mRNA. Therefore, cholesterol downregulation of rat liver ∆6
desaturation activity must be ascribed to an effect produced
at a later step than that of mRNA.

In spite of the fact that our studies on the effect of choles-
terol on the abundance of ∆5 desaturase mRNA in rats are
still in progress, we expect that a result similar to that found
for the ∆6 desaturase will be found due to the extreme simi-
larity in the activity regulation in animals (33). Besides,
Clarke’s group (11) showed that, in addition to the great simi-
larity of the cDNA of both enzymes, it is very possible that
the transcription of ∆5 and ∆6 desaturase genes may be coor-
dinately governed by regulatory sequences within the 11,000-
bp region that is common for both genes.

Another possible mechanism suggested to explain the way
in which cholesterol could depress ∆6 and ∆5 desaturation is
by a modification of the biophysical properties of microso-
mal lipid environment in which the desaturation systems are
embedded (3,4). This suggestion has not been proved, in spite
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of the fact that Leikin and Shinitzky (34,35) isolated from micro-
somes by hydrostatic pressure a lipid fraction constituted by
PtdCho and cholesterol that included a ∆6 desaturation system
constituted by the NADH-cytochrome b5 reductase, cy-
tochrome b5, and the ∆6 desaturase. Moreover, in vitro incor-
poration of free cholesterol into isolated rat liver microsomes
provokes just the opposite effect, enhancing both ∆6 and ∆5
desaturation (36). Therefore, another mechanism, different
from these genetic and biophysical ones, must be sought. Cho-
lesterol would appear to modulate ∆6 and ∆5 desaturase activi-
ties by a mechanism different from that of ∆9 desaturase.

FA composition of liver lipids. The FA composition found
in total liver and microsomal lipids (Tables 2 and 3) of con-
trol rats fed a low-EFA diet agrees with the well-known ef-
fect of this type of diet, i.e., depression of mainly the linoleic
and arachidonic acid proportions and an increase in oleic acid,
and specifically 20:3n-9, in animal tissues. These changes are
evoked by the decreased exogenous supply of linoleic and α-
linolenic acids. On one hand, they activate oleic acid biosyn-
thesis (9) and, on the other hand, as shown previously (37),
they decrease the very active competition of linoleic and α-
linolenic acids with oleic acid for the ∆6 desaturase that cat-
alyzes and regulates the conversion of oleic acid to 20:3n-9.
However, we cannot explain why the level of 20:3n-9 is not
increased, or at least maintained, in control animals (Tables 2
and 3) for the additional 21 d of the experiment in which they
were fed the same low-EFA diet. 

It is apparent that administration of cholesterol  provokes,
in both total liver and microsomal lipids, and independent of
the FA composition of the diet, an increase in palmitoleic and
oleic acids that, as has been shown in similar experiments
(3–8), must be attributed to the increase in ∆9 desaturation
activity. It is also apparently preceded by an increase in liver
SCD-1 mRNA (Fig. 2).

The depression of ∆6 and ∆5 desaturation activity pro-
duced by the cholesterol-rich diet (Fig. 1) would explain, as
in other experiments (3–6,8), the decrease in arachidonic acid
in both total liver and microsomal lipids and DHA only in
total liver lipids (Tables 2 and 3). Moreover Bernasconi et al.
(8) showed that the administration of cholesterol to rats fed
an EFA-rich diet specifically depressed the 18:0/20:4 and
16:0/20:4 PC molecular species and increased the 18:1-con-
taining species.

Another important conclusion that may be deduced from
these results is that a cholesterol-rich diet evokes an addi-
tional EFA deficiency effect on an already EFA-deficient or,
even more important from a nutritional point of view, on an
EFA-limited diet. This effect is mainly due not to a decrease
in linoleic acid, but to an important decrease in the synthesis
and amount of the highly polyunsaturated acids, arachidonic
acid and DHA. These two acids, as is well known, are the
main effectors among the EFA that control very important
physiological functions in animal tissues. 

Therefore, another important new finding shown here is
that in animals or humans receiving diets near the limit of
EFA necessity, the addition of cholesterol to these diets may
push them into a true EFA deficiency.
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ABSTRACT: It has been reported that apoptosis is a significant
contributor to myocardial cell death as a result of reperfusion
injury. However, whether the extent of cardiomyocyte apopto-
sis following ischemia and reperfusion varies in different patho-
physiological backgrounds is still uncertain. In this study, we
examined whether hypercholesterolemia increases the extent of
myocardial reperfusion injury by aggravating cardiomyocyte
apoptosis and the effects of hypercholesterolemia on the expres-
sion of Bcl-2 and Bax proteins and the activation of caspase-3.
Twenty-eight male New Zealand white rabbits were fed stan-
dard chow (control, n = 14) or chow supplemented with 1%
cholesterol (hypercholesterolemic, n = 14) for 8 wk. Anes-
thetized rabbits were then subjected to 30 min of left circum-
flex artery occlusion followed by 4 h of reperfusion. Apoptosis
was identified as “DNA ladders” by gel electrophoresis and
confirmed histologically using the terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TUNEL)
assay. The infarct size (% of risk region) was significantly greater
in hypercholesterolemic rabbits than in controls (39 ± 6 vs. 23
± 2%, P = 0.02). Very few TUNEL-positive cardiomyocytes
could be identified in the nonischemic regions in both groups,
consistent with an absence of DNA laddering. In contrast,
TUNEL-positive cardiomyocytes were significantly displayed in
the ischemic, nonnecrotic myocardium, and DNA ladder oc-
curred in all animals. The percentage of TUNEL-positive car-
diomyocytes in the ischemic nonnecrotic myocardium was sig-
nificantly higher in hypercholesterolemic rabbits compared
with controls (40 ± 5 vs. 17 ± 1%, P < 0.001). Western blot
analysis showed that, in the nonischemic myocardium, hyper-
cholesterolemic rabbits exhibited an approximately 50% in-
crease in the expression of Bcl-2 (P < 0.05), but not Bax, than
control rabbits. However, compared with controls, hypercho-
lesterolemic rabbits exhibited a more pronounced decrease in
the expression of Bcl-2 (42 ± 4 vs. 26 ± 2%, P < 0.01) and a
similar extent of increase in the expression of Bax in the is-
chemic myocardium. Furthermore, hypercholesterolemic rab-
bits were associated with a markedly increased activation of
caspase-3 within the ischemic myocardium compared to con-

trol rabbits. This study demonstrates that although hypercholes-
terolemia is associated with an increased myocardial Bcl-2/Bax
ratio at baseline, it still significantly exacerbates cardiac reper-
fusion injury, not only by increasing the infarct size but also by
increasing the extent of cardiomyocyte apoptosis. 

Paper no. L8833 in Lipids 37, 385–394 (April 2002).

Timely reperfusion of jeopardized myocardium by throm-
bolytic therapy or angioplasty is now the standard of care in
patients with acute myocardial infarction (1). However, the
process of reperfusion, although beneficial in terms of my-
ocardial salvage, has been shown to be injurious to the is-
chemic myocardium as well (2). Although reperfusion-related
cardiomyocyte deaths are traditionally assumed to be
necrotic, recent studies have demonstrated that a substantial
proportion of cardiomyocyte deaths are actually apoptotic fol-
lowing ischemia and reperfusion (3–6). Under experimental
conditions, 10–15% of cardiomyocytes rendered ischemic
and reperfused were recognized as apoptotic by using the in
situ terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay (7). Moreover, in
acute myocardial infarction in humans, 12% of cardiomyo-
cytes were TUNEL-positive in the border zone of infarction
(8). Nevertheless, whether the extent of cardiomyocyte apop-
tosis following ischemia and reperfusion varies in different
pathophysiological background (e.g., hypercholesterolemia
and hypertension) remains to be elucidated. 

Hypercholesterolemia and ensuing atherosclerosis have
been implicated in the pathophysiology of coronary artery dis-
ease (9–11). It is noteworthy that, in the Scandinavian Simva-
statin Survival Study, the mortality rate of definite myocardial
infarction in the placebo group was 28% higher than that in the
simvastatin group (10). This finding indicates that hypercho-
lesterolemia may have an adverse effect on the evolution of
myocardial infarction, possibly by aggravating the severity of
reperfusion injury. Moreover, we previously demonstrated that
the detrimental effect of hypercholesterolemia on postinfarct
left ventricular ejection fraction is independent of the patency
rate of infarct-related artery and the infarct size estimated by
serum cardiac enzyme changes (12). Because cardiomyocyte
apoptosis, which could not be evaluated by conventional serum
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cardiac enzyme changes (13), affects myocardial mechanics by
reducing the force-generating capacity of the muscle, we spec-
ulated that hypercholesterolemia may increase the magnitude
of cardiomyocyte apoptosis following ischemia and reperfu-
sion and thereby aggravate the extent of postinfarct left ven-
tricular systolic dysfunction.

Despite previous experiments that have uniformly shown
that hypercholesterolemia results in larger infarct size in
hearts exposed to ischemia and reperfusion (14–16), two
recent studies demonstrated that prolonged exposure to
hypercholesterolemia (over 5 wk) protects the heart from
reperfusion injury (17,18). Hence, the effects of prolonged
hypercholesterolemia on reperfusion injury after myocardial
ischemia still deserve further investigation. 

In the present study, we examined whether prolonged hy-
percholesterolemia (8 wk) increases the extent of experimen-
tal myocardial reperfusion injury by aggravating cardiomyo-
cyte apoptosis. Although a large number of genes have been
reported to be involved in the regulation of apoptotic cell
death, the antiapoptotic Bcl-2 and proapoptotic Bax play
major roles in regulating myocardial apoptosis following is-
chemia and reperfusion (19). Furthermore, apoptotic cell
death is mediated by a family of aspartate-specific cysteine
proteases known as caspases. Of the 14 caspases character-
ized, caspase-3 plays a critical role in cardiomyocyte apopto-
sis and represents the final common pathway of the caspase
cascade (7). We thus determined the effects of hypercholes-
terolemia on the expression of Bcl-2 and Bax and the activa-
tion of caspase-3 in both ischemic and nonischemic myo-
cardium to identify the underlying molecular mechanisms
induced by hypercholesterolemia. 

MATERIALS AND METHODS 

Animals and diet. Adult male New Zealand white rabbits
(2.4–2.8 kg) were housed in individual cages in environmen-
tally controlled rooms (12 h light-dark cycle, relative humidity
50 ± 5%, and 20 ± 1°C). Twenty-eight rabbits were randomly
assigned to two different dietary groups: Animals in the control
group (n = 14) were fed standard rabbit pellets (Purina 5321, St.
Louis, MO), whereas those in the cholesterol-fed group (n = 14)
received a diet enriched with 1% cholesterol and 10% coconut
oil added to the standard Purina rabbit pellets for a total of 8 wk.
At the end of the 8-wk feeding period, the rabbits were studied.
The animals had free access to water. Blood samples were taken
to determine plasma levels of cholesterol and TG just before the
administration of the diet and at the end of the 8-wk feeding pe-
riod. All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH Publi-
cation No. 85-23, revised 1996). The experimental protocol was
approved by the Institutional Animal Care and Use Committee.

Surgical procedures. After 12 h of fasting, the rabbits were
anesthetized with pentobarbital (25 mg/kg i.v.), and anesthe-
sia was maintained during the experiment by intravenous in-
jection of small amounts of pentobarbital (5 mg/kg), suffi-
cient to abolish the corneal reflex. An intratracheal tube was

inserted through a midline incision, and all rabbits were given
intermittent positive-pressure ventilation via a Harvard small
animal respirator (Harvard Apparatus). The respirator was ad-
justed to maintain arterial blood gases within the physiologi-
cal range. The standard limb leads of the electrocardiogram
were monitored during the experiment. A polyethylene
catheter was inserted through the right femoral artery and po-
sitioned in the abdominal aorta for blood gas and arterial pres-
sure monitoring (Gould Instruments, Essex, United King-
dom). A midline sternotomy was performed, and the heart
was exposed after the pericardium was incised. A 5-0 silk su-
ture on a small curved needle was passed through the myo-
cardium beneath the major marginal branch of the left cir-
cumflex coronary artery located on the dorsal surface of the
heart, 10 to 12 mm from its origin. A reversible tie was sub-
sequently made and loosely placed on the myocardial surface.
After a 20-min stabilization period after thoracotomy, myo-
cardial ischemia was initiated by complete ligation of the
marginal coronary artery. Myocardial ischemia was con-
firmed by ST-segment elevation on the electrocardiogram and
regional cyanosis of the myocardial surface. The ligature was
released after 30 min of ischemia, and the ischemic myo-
cardium was reperfused for 4 h. Reperfusion was confirmed
by myocardial blush over the risk area after the ligature was
released. We eliminated from analysis the rabbits that did not
complete the experiment. 

Determination of area at risk and infarct size. At the end of
the reperfusion period, the marginal coronary artery was again
occluded through ligation of the tie that remained at the site of
previous occlusion. Immediately after ligation, 5 mL of 1%
Evans blue dye (Sigma, St. Louis, MO) was injected directly
into the left atrial cavity to delineate the area of the left ven-
tricular myocardium perfused by patent coronary arteries. The
area-at-risk was thus determined by negative staining. The
heart was then rapidly removed and placed in ice-cold 0.9%
saline, and the atria, right ventricle, and great vessels were re-
moved. The left ventricle was sliced into sections 2 mm thick
parallel to the atrioventricular groove. The unstained portion
of the myocardium (i.e., the area-at-risk) was separated from
the stained portion (i.e., the nonischemic area). The unstained
portion was subsequently sliced into 1-mm thick sections and
counterstained with 10 mL of 1% solution of the 2,3,5-tri-
phenyltetrazolium chloride (TTC) (Sigma) in 20 mM PBS, pH
7.4 at 37°C for 15 min to detect the presence of coenzyme and
dehydrogenase. The necrotic portion of the myocardium,
which did not stain, was separated from the stained portion
(i.e., ischemic but nonnecrotic area). The nonischemic portion
was also counterstained with TTC as done for the ischemic
portion to avoid the possible confounding effect of TTC stain-
ing on apoptosis and Western blotting analyses. All three por-
tions of the left ventricular myocardium (i.e., nonischemic,
ischemic nonnecrotic, and ischemic necrotic) were weighed
individually. The results were expressed as the percentage of
the infarct (ischemic necrotic) area to the area-at-risk or the
total left ventricular mass. The individual portions of the myo-
cardium were further sectioned into 1 × 1 mm transmural
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myocardial columns and either fixed in 10% buffered forma-
lin for in situ nick end labeling or rapidly frozen in liquid ni-
trogen and stored at −70°C for DNA and protein isolation. The
entire procedure took approximately 25 min to complete. Be-
cause differences in this additional time may affect compara-
bility of the results of apoptosis and Western blotting analy-
ses, we carefully monitored the entire procedure to ensure that
the time taken for processing both ischemic and nonischemic
myocardia was the same.

DNA laddering. Frozen tissue samples (20–30 mg each) were
minced in 600 µL of lysis buffer (Puregene DNA Isolation Kit,
Minneapolis, MN) and quickly homogenized on ice. The tissue
was digested with 150 µg/mL of proteinase K at 55°C for 16 h
and incubated with RNase A at 37°C for 2 h. After incubation,
tissues were precipitated and centrifuged at 14,000 rpm for 10
min. The DNA in supernatants was extracted with phenol/
chloroform and precipitated with isopropanol. After centrifuga-
tion at 14,000 rpm for 30 min, the resulting DNA pellets were
washed with 70% ethanol and dissolved in TE buffer (10 mM
Tris and 1 mM EDTA). The concentration and purity of DNA
were determined by measurement of the optical density at 260
nm and the ratio of optical density at 260 nm to that at 280 nm.

To augment the detection of DNA laddering, we employed
a terminal deoxynucleotidyl transferase labeling reaction
prior to electrophoretic analysis. Briefly, 2 µg of isolated
DNA was added into a reaction mixture containing 60 EU/mL
terminal deoxynucleotidyl transferase (Boehringer Mann-
heim, Mannheim, Germany) and 6 nmol/mL biotinylated
dUTP (Boehringer Mannheim). After 15 min incubation at
37°C, the biotin-labeled DNA was precipitated with ethanol,
resuspended in TE buffer, and separated by electrophoresis
on a 1.8% agarose gel. The electrophoretically separated
DNA was subsequently transferred onto a nylon membrane
(Millipore, Bedford, MA) and detected by the Biotin Detec-
tion Kit (KPL Laboratory, Gaithersburg, MD) using a chemi-
luminescent substrate and exposure on an X-ray film. 

In situ nick end labeling. The TUNEL protocol was per-
formed with the use of a FragEL DNA fragment detection kit
(Oncogene, Cambridge, MA) according to the manufacturer’s
instructions with minor modifications. Briefly, the fixed trans-
mural ventricular slices were embedded in paraffin, and 4-µm
thick sections were deparaffinized by washing in xylene and a
descending ethanol series. Subsequently, the tissue sections
were stripped of proteins through incubation with 20 µg/mL
proteinase K for 15 min at room temperature. The slides were
incubated with 3% hydrogen peroxide for 5 min to allow inac-
tivation of endogenous peroxidase and then incubated for 90
min at 37°C with terminal deoxynucleotidyl transferase and bi-
otinylated dUTP to label the 3′-OH ends of DNA. After the end
labeling, the slides were coated with streptavidin-conjugated
peroxidase for 30 min at room temperature and visualized with
the use of chromogen 3,3′-diaminobenzidine and hydrogen
peroxide. Counterstaining was performed with methyl green.
Using this method, each cardiomyocyte could be defined, and
TUNEL-positive or -negative nuclei were stained dark brown
or light green, respectively, under light microscopy. When the

TUNEL method was performed, positive controls were always
included. As a positive control, sections of heart tissue were
exposed to DNase I for 20 min before nick end labeling.

Cardiomyocytes from six separate sections that were
picked randomly from three of the transmural slices of both
nonischemic and ischemic nonnecrotic portions of the left
ventricular myocardium were analyzed per animal. In each
section, cardiomyocytes with counterstained nuclei were
counted in 20 random high-power fields (×400) from the en-
docardial to epicardial portion and the index of apoptosis was
determined (i.e., number of apoptotic myocytes/total number
of myocytes × 100). TUNEL-positive cardiomyocytes were
carefully distinguished from TUNEL-positive noncardiomy-
ocytes, such as macrophages. This evaluation was carried out
independently by two persons who were unaware of the ex-
perimental protocol.

Western blots. For immunoblot assays of Bcl-2 and Bax
proteins, tissue samples (80–100 mg) were homogenized in a
lysis buffer (2% β-mercaptoethanol, 10 mM Tris, pH 7.4, 140
mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 µg/mL
leupeptin, 10 µg/mL pepstatin, 10 µg/mL aprotinin, 1%
NP-40, and 0.5% deoxycholic acid). After centrifugation at
14,000 rpm for 20 min, protein concentration was determined
by the method of Lowry et al. (20), using BSA as the stan-
dard. Aliquots containing 50 µg protein were resuspended in
the same volume of 2× sample buffer (20% β-mercapto-
ethanol, 4% SDS, 20% glycerol, 0.0125% bromophenol blue,
and 0.125 mM Tris, pH 6.4), and they were boiled for 5 min.
Proteins were then size-fractionated on 12% polyacrylamide
gels by electrophoresis using a Mini-Protean II Dual Stab Cell
(Bio-Rad, Hercules, CA), and they were electrotransferred to
PVDF membranes (Millipore) by a semidry blotting system
(3 mA/cm2 for 45 min in a buffer consisting of 48 mM Tris,
39 mM glycine, 0.037% SDS, and 20% methanol). Nonspe-
cific binding was blocked with 5% nonfat dry milk in PBS for
3 h. Then membranes were incubated with specific antibodies
overnight at 4°C. For Bcl-2 detection, a mouse monoclonal
anti-rat Bcl-2 antibody (Pharmingen, San Diego, CA) was
used at 1:500 in the blocking solution; for Bax immunodetec-
tion, a mouse monoclonal anti-rat Bax antibody (Pharmingen)
was used at 1:500 in the blocking solution. After washing,
Bcl-2 and Bax-bound antibodies were detected by alkaline
phosphatase-conjugated anti-mouse IgG (Promega, Madison,
WI) at 1:5000 in PBS. The immunoreactivity on the mem-
branes was detected by treatment with nitro blue tetra-
zolium/5-bromo-4-chloro-3-indolyl-phosphate (Promega).
For negative controls, membranes were incubated with nor-
mal goat serum without specific antibodies. The specificity of
the bands was checked by preabsorbing anti-Bcl-2 and anti-
Bax with the corresponding synthetic peptides. The density
of each protein band was quantified by the National Institutes
of Health (NIH) Image software and then calculated as the
ratio of Bcl-2 or Bax to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The values for each sample were pre-
sented in percentage of control (nonischemic tissue of rabbits
fed with standard diets) on the same gel. 
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Caspase activity assay. In a separate series of experiments,
both normally fed and cholesterol-fed rabbits were subjected
to 30-min ischemia followed by 4-h reperfusion. After rab-
bits were euthanized by pentobarbital overdose, the hearts
were excised and the ischemic and nonischemic portions of
the left ventricular myocardium were separately dissected.
Tissues were homogenized by a Polytron homogenizer in ice-
cold lysis buffer and centrifuged at 14,000 rpm for 30 min.
Homogenates (100 µg of protein) were applied for the mea-
surement of caspase activity by CaspACE assay system
(Promega) according to the instructions. Briefly, the fluoro-
genic substrates for caspase-3 are labeled with fluorochrome
7-amino-4-methyl coumarin (AMC). The substrates produce
a blue fluorescence that can be detected by exposure to UV
light at 360 nm. AMC is released from the substrates upon
cleavage by caspase-3. Free AMC produces a yellow-green
fluorescence that is measured by a fluorometer at 460 nm.
Fluorescent units were converted to pmol AMC using a stan-
dard curve generated with free AMC. The values for each
sample were then normalized by the value of the control (non-
ischemic myocardium of control rabbits). 

Statistics. Results are presented as mean ± SEM computed
from the average measurements obtained from each group of
rabbits. Student’s t-test or two-way ANOVA followed by
Scheffé’s post hoc test was used to assess the statistical signifi-
cance of variations observed between groups where appropri-
ate. A value of P < 0.05 was accepted as statistically significant.

RESULTS 

Characteristics and mortality. Table 1 summarizes plasma
cholesterol and TG levels and body weight in rabbits before
and after 8 wk of normal diet or cholesterol-enriched diet
feeding. Rabbits in both groups began the dietary regimen
with equivalent plasma total cholesterol and TG concentra-
tions. Plasma total cholesterol and TG levels were markedly
increased in cholesterol-fed rabbits by the end of the 8-wk
feeding period. All rabbits exhibited a similar weight gain

throughout the 8-wk feeding period. Four cholesterol-fed rab-
bits died of ventricular fibrillation (two during reperfusion
and two during coronary occlusion), whereas only one rabbit
in the control group died during reperfusion. However, the
difference in mortality rate between both groups (29% in the
cholesterol-fed group vs. 7% in the control group) did not
reach statistical significance (P = 0.15), which might be lim-
ited by the small sample size. 

Hemodynamic data. There was no significant difference in
heart rate between control and cholesterol-fed groups either be-
fore or after ischemia and reperfusion. In contrast, mean arterial
blood pressure was decreased in cholesterol-fed rabbits com-
pared to control, though not statistically significantly, both be-
fore and after ischemia and reperfusion (Table 2). During the
30-min period of ischemia, both control and cholesterol-fed rab-
bits showed a comparable degree of decrease in blood pressure,
which then slightly elevated during the reperfusion period.

Myocardial infarct size after ischemia and reperfusion. In
order to determine the effect of hypercholesterolemia on myocar-
dial vulnerability following ischemia and reperfusion, we mea-
sured the amount of infarct (necrotic) tissue either as a percent-
age of area-at-risk or as a percentage of total left ventricle
(Fig. 1). There was no significant difference in area-at-risk as a
percentage of total left ventricular mass, indicating a comparable
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TABLE 1
Characteristics of Experimental Groups

Control Cholesterol-feda

(n = 14) (n = 14)

Baseline
Total cholesterol (mmol/L) 1.5 ± 0.1 1.5 ± 0.1
HDL cholesterol (mmol/L) 0.6 ± 0.1 0.6 ± 0.1
LDL cholesterol (mmol/L) 0.5 ± 0.1 0.5 ± 0.1
TG (mmol/L) 0.5 ± 0.1 0.5 ± 0.1
Body weight (kg) 2.6 ± 0.1 2.6 ± 0.1

After 8-wk feeding period
Total cholesterol (mmol/L) 1.6 ± 0.1 35.6 ± 0.9*
HDL cholesterol (mmol/L) 0.6 ± 0.1 4.9 ± 0.1* 
LDL cholesterol (mmol/L) 0.6 ± 0.1 30.4 ± 1.5*
TG (mmol/L) 0.5 ± 0.1 2.1 ± 0.1*
Body weight (kg) 3.0 ± 0.1 3.1 ± 0.1

aLaboratory chow was supplemented with 1% cholesterol and 10% coconut
oil. *P < 0.001 for cholesterol-fed vs. control.

TABLE 2
Hemodynamic Data for Normally Fed and Cholesterol-Fed Rabbitsa

Control Cholesterol-fed
(n = 13) (n = 10)

HR MABP HR MABP
(bpm) (mm Hg) (bpm) (mm Hg)

Baseline 266 ± 9 90 ± 5 271 ± 7 78 ± 5
30 min Ischemia 281 ± 10 62 ± 6 264 ± 8 54 ± 3
120 min Reperfusion 284 ± 9 65 ± 6 272 ± 7 55 ± 4
240 min Reperfusion 286 ± 10 66 ± 6 273 ± 8 56 ± 3
aHR, heart rate; MABP, mean arterial blood pressure.

FIG. 1. Tissue wet weights of area-at-risk (AR) as a percentage of the
total left ventricular wet weight (LV) (left), infarct tissue (area of necro-
sis, AN) as a percent of the AR (middle), and AN as a percent of the total
LV (right) for both groups of rabbits that underwent myocardial ischemia
and reperfusion. The infarct size (% of risk region) was significantly
greater in cholesterol-fed rabbits than in controls (39 ± 6 vs. 23 ± 2%, 
P = 0.02). Error bars indicate ±SEM.



degree of jeopardy had occurred in both groups. However, the
infarct size, whether expressed as a percentage of area-at-risk or
as a percentage of total left ventricle, was greater by approxi-
mately 70% in cholesterol-fed rabbits than in normally fed rab-
bits (P = 0.002). Thus, hypercholesterolemia did have a detri-
mental effect on myocardial vulnerability following ischemia
and reperfusion.

DNA fragmentation (DNA ladder) in hearts subjected to
ischemia and reperfusion. Myocardial DNA fragmentation in
the nonischemic, ischemic but nonnecrotic, and necrotic
(TTC unstained) areas in both groups is shown in Figure 2.
DNA ladders were not detected in the nonischemic left ven-
tricles of either normally fed or cholesterol-fed rabbits (lanes
1 and 4, respectively). Typical nucleosomal DNA ladders in-
dicative of apoptosis were clearly demonstrated in myocar-
dial specimens sampled from the ischemic, nonnecrotic left
ventricles of both normally fed and cholesterol-fed rabbits
(lanes 2 and 5, respectively). The intensity of the ladders was
more pronounced in cholesterol-fed rabbits. In specimens
sampled from the necrotic (TTC unstained) myocardium, pat-
terns of background smear, a hallmark of necrosis, were evi-
dent in both normally fed and cholesterol-fed rabbits (lanes 3
and 6). DNA laddering was also present in specimens from
the necrotic myocardium. Likewise, the intensity of the lad-
ders and background smear in the necrotic samples was also
more prominent in cholesterol-fed rabbits. 

In situ determination of apoptosis in ischemic-reperfused
myocardium. Heart tissue from the nonischemic area exhib-
ited very low levels of staining for TUNEL in both normally

fed (0.3 ± 0.1%) and cholesterol-fed (0.4 ± 0.1%) rabbits
(Figs. 3A and 3B, respectively), consistent with an absence
of DNA laddering. In contrast, significant numbers of car-
diomyocyte nuclei from the ischemic nonnecrotic myo-
cardium were stained positively for TUNEL in both groups
(Figs. 3C–F). The positive TUNEL staining was primarily
confined to the cardiomyocytes, which could be easily distin-
guished from other nonmyocytes by their morphology. Fur-
thermore, apoptotic myocytes were localized to a greater
degree in the subendocardial area and were individually dis-
persed among otherwise normal cardiomyocytes (Figs. 3C
and 3D). The percentage of TUNEL-positive cardiomyocytes
in the ischemic nonnecrotic myocardium in cholesterol-fed
rabbits was significantly higher than that in normally fed rab-
bits (40.3 ± 4.7 vs. 17.1 ± 1.4%; P < 0.001) (Fig. 4). This find-
ing is consistent with a more pronounced DNA laddering in
the ischemic myocardium of cholesterol-fed rabbits than con-
trol. Because DNA degradation occurred nonspecifically in
necrotic myocardium, and this might also be stained by
TUNEL, the extent of cardiomyocyte apoptosis in the
necrotic areas was thus not assessed. 

The percentage of TUNEL-positive cardiomyocytes in
myocardium from sham-operated control rabbits (0.3 ± 0.1%)
was similar to that in the nonischemic myocardium of both
control and cholesterol-fed rabbits. This finding demonstrates
that both TTC staining and the additional time for processing
the myocardium did not affect the analyses of apoptosis. 

Expression of Bcl-2 and Bax proteins after ischemia and
reperfusion. The expression of Bcl-2 and Bax proteins was
analyzed by Western blot analysis, as illustrated in Figure 5.
Densitometrically, the amount of Bcl-2 expressed in the non-
ischemic area was approximately 50% higher (P < 0.05) in cho-
lesterol-fed rabbits than in normally fed rabbits. However, there
was no significant difference in the expression of Bax between
both groups in the nonischemic area. Furthermore, for rabbits in
both groups, the expression of Bcl-2 and Bax in the nonis-
chemic myocardium was similar to that in sham-operated rab-
bits (data not shown). This finding suggests that myocardial is-
chemia and reperfusion did not affect the expression of Bcl-2
and Bax in the nonischemic myocardium. Therefore, the expres-
sion of both Bcl-2 and Bax in the nonischemic myocardium
could be viewed as a reflection of baseline myocardial status.

Compared with that in the nonischemic myocardium, the ex-
pression of Bcl-2 in the ischemic myocardium increased by 34
± 3%, whereas the expression of Bax decreased by 22 ± 2%.
Changes of the amount of Bax expressed following ischemia
and reperfusion were similar between both groups. However,
compared with normally fed rabbits, cholesterol-fed rabbits
were associated with more pronounced decrease in the expres-
sion of Bcl-2 in the ischemic myocardium (42 ± 4 vs. 26 ± 2%;
P < 0.01). Furthermore, changes of the expression of both Bcl-2
and Bax proteins became significant 2 h after reperfusion, which
was earlier than the development of cardiomyocyte apoptosis as
assessed by DNA ladder formation (data not shown).

Caspase-3 activity after ischemia and reperfusion. For
normally fed rabbits, there was a 1.8-fold increase in cas-
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FIG. 2. DNA laddering. Laddering represents multiples of 180-bp inter-
nucleosomal DNA fragments and corroborates histological evidence of
apoptosis. DNA was extracted from the myocardium of normally fed
rabbits (lanes 1–3) and of cholesterol-fed rabbits (lanes 4–6). Lanes 1
and 4 are from the nonischemic zones. Lanes 2 and 5 are from the is-
chemic, nonnecrotic zones. Lanes 3 and 6 are from the necrotic (in-
farcted) zones. Lane M is 100-bp ladder marker. The figure is represen-
tative of at least six separate experiments.



pase-3 activity in the ischemic myocardium compared with
that in the nonischemic myocardium (Fig. 6). However, for
cholesterol-fed rabbits, there was a much greater increase
(2.5-fold) in caspase-3 activity in the ischemic myocardium
compared with that in the nonischemic myocardium. Cas-
pase-3 activity in the nonischemic myocardium was similar
between normally fed and cholesterol-fed rabbits. Like Bcl-2
and Bax, caspase-3 activity was markedly increased 2 h after
reperfusion (data not shown). 

DISCUSSION 

This study shows, for the first time, that long-term (8 wk) hy-
percholesterolemia significantly increases the extent of car-
diomyocyte apoptosis as well as infarct size following exper-

imental myocardial ischemia and reperfusion. In the nonis-
chemic myocardium, hypercholesterolemia increases the ex-
pression of anti-apoptotic Bcl-2 protein but not pro-apoptotic
Bax protein. However, in the ischemic-reperfused myo-
cardium, hypercholesterolemic rabbits exhibited a more pro-
nounced decrease in the expression of Bcl-2, a similar extent
of increase in the expression of Bax, and a significantly in-
creased activation of caspase-3. These findings may partly ex-
plain why hypercholesterolemia is associated with greater
cardiomyocyte apoptosis after ischemia and reperfusion. 

Although there are several studies showing that cardio-
myocyte apoptosis is a significant contributor to myocardial
cell death following ischemia and reperfusion (3–8), it is still
not known whether the severity of reperfusion-related
cardiomyocyte apoptosis varies in patients with different 
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FIG. 3. Paraffin sections stained with terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end label-
ing (TUNEL) and methyl green in the nonischemic zones (A, normally fed rabbits; B, cholesterol-fed rabbits), suben-
docardium of the ischemic zones (C, normally fed rabbits; D, cholesterol-fed rabbits), and subepicardium of the is-
chemic zones (E, normally fed rabbits; F, cholesterol-fed rabbits) are presented (200× magnification). The apoptotic
cardiomyocyte is detected by the brown nuclear staining in contrast to the methyl green-stained normal cardio-
myocyte nucleus. Figures are representative of at least six separate experiments.



co-morbid conditions. The present study is the first to demon-
strate that hypercholesterolemia is associated with a more
than twofold increase in the number of cardiomyocytes un-
dergoing apoptosis following experimental ischemia and
reperfusion in the ischemic nonnecrotic myocardium. In this
study, we defined apoptosis by two conventional methods,
DNA laddering by agarose gel electrophoresis and histo-
chemical visualization of nuclear DNA fragments by the TUNEL staining. While TUNEL staining has been criticized

for lack of specificity when used in tissue where necrosis oc-
curs along with apoptotic cell death (21), recent studies have
demonstrated that in areas where necrotic cells are not pres-
ent to any significant amount, good correlation is found be-
tween the TUNEL test and other more sophisticated methods
(22,23). We herein assessed the magnitude of cardiomyocyte
apoptosis only in ischemic areas without evidence of necro-
sis, confirmed by the absence of background smear on
agarose gel electrophoresis. Previous studies examining the
effects of ischemia–reperfusion on cardiomyocyte apoptosis
by TUNEL staining often included both necrotic and non-
necrotic areas (3,6,24). However, the extent of cardiomyocyte
apoptosis following ischemia and reperfusion in normocho-
lesterolemic rabbits reported here agrees with most previous
studies with this methodological flaw (7). Although DNA lad-
dering may be due to noncardiomyocyte apoptosis, we
demonstrated that most TUNEL-positive cells had typical
morphological features of cardiomyocytes. This observation
is consistent with recent reports that showed that DNA frag-
mentation on gel electrophoresis was essentially associated
with cardiomyocyte apoptosis (3,6).

Adult cardiomyocytes are terminally differentiated cells
and thought to have, at best, a very limited capacity for self-
renewal (25). Viewed from this perspective, death of a signif-
icant number of cardiomyocytes, by either necrosis or apop-
tosis, can have lasting adverse consequences on overall
cardiac performance. Because postinfarct left ventricular sys-
tolic function is the most important determinant of long-term
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FIG. 4. Percentage of cardiomyocyte nuclei stained positive for TUNEL
in the nonischemic (left) and ischemic nonnecrotic (right) areas from
both normally fed and cholesterol-fed rabbits. The percentage of
TUNEL-positive cardiomyocytes in the ischemic nonnecrotic myo-
cardium in cholesterol-fed rabbits was significantly higher than that in
normally fed rabbits (40.3 ± 4.7% vs. 17.1 ± 1.4%; P < 0.001). Error
bars indicate ±SEM. For abbreviation see Figure 3.

FIG. 5. Expression of Bcl-2 and Bax proteins was visualized in the non-
ischemic (N) and ischemic nonnecrotic (I) myocardium by Western blot
analysis. The ratio of Bcl-2 or Bax band density to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) band density was calculated and
then normalized by the value of control (nonischemic myocardium of
control rabbits). In the nonischemic myocardium, cholesterol-fed rab-
bits exhibited an approximately 50% increase in the expression of Bcl-2
(P < 0.05), but not Bax, than control rabbits. However, compared with
control, cholesterol-fed rabbits exhibited a more pronounced decrease
in the expression of Bcl-2 (42 ± 4 vs. 26 ± 2%, P < 0.01) and a similar
extent of increase in the expression of Bax in the ischemic myocardium.
Figures are representative of at least six separate experiments. *P <
0.05, **P < 0.001. Error bars indicate ± SEM. 

FIG. 6. Caspase-3 activity in the nonischemic (N) and ischemic (I) myo-
cardium. Caspase-3 activity was measured by the ability of tissue ho-
mogenates to cleave DEVD-fluorochrome 7-amino-4-methyl coumarin
(AMC). The values for each sample are presented in percentage of con-
trol (nonischemic myocardium of control rabbits). For control rabbits,
there was a 1.8-fold increase in caspase-3 activity in the ischemic myo-
cardium compared with that in the nonischemic myocardium. How-
ever, for cholesterol-fed rabbits, there was a much greater 2.5-fold in-
crease in caspase-3 activity in the ischemic myocardium compared with
that in the nonischemic myocardium. Caspase-3 activity in the nonis-
chemic myocardium was similar between control and cholesterol-fed
rabbits. *P < 0.05, **P < 0.001. Error bars indicate ±SEM.



survival in patients with myocardial infarction, our observa-
tion that hypercholesterolemia increases the extent of car-
diomyocyte apoptosis as well as infarct size following is-
chemia and reperfusion is consistent with the clinical phe-
nomenon that hypercholesterolemic patients treated with
lipid-lowering drugs had a better prognosis after sustaining a
myocardial infarction than those treated with placebo, even
in the current reperfusion era (10,12). Moreover, because car-
diac enzymes are released only when cardiomyocytes break
down and cardiomyocytes typically rupture during necrosis
but not apoptosis (13), evaluation of infarct size by cardiac
enzyme values may underestimate the severity of myocardial
infarction, especially in patients with predisposing conditions
that may aggravate the magnitude of apoptosis. This explains
our previous observation that the deleterious effect of
dyslipidemia on postinfarct left ventricular systolic function
was independent of the size of myocardial infarction esti-
mated by cardiac enzyme changes (12). 

In view of the markedly increased activation of caspase-3
and the significant contribution of cardiomyocyte apoptosis
as a result of reperfusion injury, it is speculated that anti-
apoptotic interventions, such as caspase inhibitors, may re-
duce myocardial reperfusion injury by attenuating cardio-
myocyte apoptosis within the ischemic myocardium. Despite
several studies that have demonstrated that in vivo adminis-
tration of various caspase inhibitors is effective in reducing
the extent of apoptosis, their effect on infarct size reduction
was still controversial (24,26). One possible reason is that be-
cause the apoptotic cardiomyocytes are mostly scattered, not
grouped together, in the ischemic myocardium as shown in
the present and other studies (3,5,6,24,26), evaluation of in-
farct size by the traditional TTC staining at the gross exami-
nation may underestimate the impact of apoptosis inhibition,
which was evident at the histological examination. Since the
magnitude of cardiomyocyte apoptosis doubled in hypercho-
lesterolemic rabbits, we speculated that caspase inhibitors
might have a greater protective effect on myocardial is-
chemia–reperfusion injury in animals with underlying hyper-
cholesterolemia. Further investigations are needed to test this
hypothesis. 

Compared with normally fed rabbits, rabbits in the choles-
terol-fed group had a higher mortality rate following myocar-
dial ischemia and reperfusion. Because rabbits dying in the
procedure might have had a greater extent of cardiomyocyte
apoptosis as well as larger infarct size, our observation may
underestimate the impact of hypercholesterolemia on reper-
fusion-related cardiac injuries. This may also explain why
mice fed a cholesterol-enriched diet for 12 wk had a signifi-
cantly decreased infarct size following ischemia and reperfu-
sion than normocholesterolemic mice in one recent study
(17).

The multigene family of Bcl-2-like proteins, some of
which, such as Bcl-2 itself, inhibit apoptosis and others, such
as Bax, that promote apoptosis, is one of the best-known regu-
lators of the apoptotic process (19). The ratio of Bcl-2 to Bax,
the so-called death-switch, is often used as an indicator of

apoptosis. An increase in this ratio is used to signify attenua-
tion of the apoptotic process, whereas a decrease in this ratio
is used to signify exacerbation of the apoptotic process. In this
study, compared with normally fed rabbits, the expression of
Bcl-2 was significantly upregulated in the nonischemic myo-
cardium of hypercholesterolemic rabbits, whereas the expres-
sion of Bax was similar between both groups. This intriguing
finding indicates that hypercholesterolemia may render the
myocardium more resistant to pro-apoptotic stimuli by in-
creasing the Bcl-2/Bax ratio. Although we did not perform im-
munohistochemical staining to ensure the exact origin of both
Bcl-2 and Bax proteins, several studies demonstrated that the
expression of both Bcl-2 and Bax primarily originates from
cardiomyocytes (6,27). It is still not known whether hyper-
cholesterolemia has a direct effect on the expression of Bcl-2
and Bax in cardiomyocytes. However, prolonged hypercho-
lesterolemia may confer to the heart a relatively oxygen-
deprived milieu by leading to coronary atherosclerosis and
subsequent depressed pump function, as manifested by de-
creased mean arterial blood pressure at baseline in cholesterol-
fed rabbits in the present and other studies (17,18). Hence, we
speculated that hypercholesterolemia may cause the heart to
develop a preconditioning-like response and thereby upregu-
late the expression of Bcl-2. In keeping with our observation,
one study reported that ischemic preconditioning was associ-
ated with upregulation of Bcl-2 in rats (28). Furthermore, in
explanted failed human hearts, Olivetti et al. (29) reported a
near doubling of the expression of Bcl-2 without changes in
the expression of Bax. This preconditioning-like effect of hy-
percholesterolemia also explains why isolated perfused heart
of the cholesterol-fed rabbits, in the absence of invading acti-
vated inflammatory cells, was more resistant to ischemia-
reperfusion injury in one recent study (18).

Although cholesterol-fed rabbits were associated with an
increased Bcl-2/Bax ratio in the nonischemic myocardium,
these rabbits also exhibited a more pronounced decrease in
the expression of Bcl-2 and a similar extent of increase in the
expression of Bax in the ischemic myocardium compared
with normally fed rabbits. This finding is in accordance with
our observation that hypercholesterolemia increased car-
diomyocyte apoptosis following ischemia and reperfusion.
Several studies demonstrated that hypercholesterolemia is as-
sociated with massive generation of oxygen-derived free rad-
icals (30), increased interactions between circulating leuko-
cytes and the endothelium (31,32), impaired anticoagulant
mechanisms (15), and underdevelopment of collateral circu-
lation following ischemia and reperfusion (33). These adverse
effects may offset the cardioprotective action conferred by an
increased Bcl-2/Bax ratio and thus render the heart more sus-
ceptible to the ischemic–reperfusion insult. 

Limitations. First, some other members of the Bcl-2 fam-
ily, such as Bcl-x and Bax, may also be involved in regula-
tion of apoptosis (19). However, these proteins were not mea-
sured in the present study. Second, it has been reported that
infiltrated inflammatory cells express high levels of Bax (34).
Because immunohistochemical staining was not done in the
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present study, we cannot exclude the possibility that the in-
creased Bax expression following ischemia and reperfusion
may be partly due to invading activated inflammatory cells,
such as neutrophils. Nevertheless, although several previous
studies demonstrated that the number of neutrophils accumu-
lated in the ischemic myocardium was significantly higher in
cholesterol-fed rabbits than in normally fed ones (32), the in-
crease in Bax expression in the ischemic myocardium was
similar between both groups in this study. Hence, the contri-
bution of inflammatory cells to the increase in Bax expres-
sion may be small. Third, because the positive TUNEL has
been observed in necrotic cells as well as apoptotic cells, we
cannot accurately assess the extent of cardiomyocyte apopto-
sis in the necrotic myocardium. Further studies using the
more specific Taq polymerase-based in situ ligation assay
may resolve this problem (7). 

Clinical implications. In this study, we demonstrated that
although hypercholesterolemia is associated with an in-
creased myocardial Bcl-2/Bax ratio at baseline, diet-induced
hypercholesterolemia significantly exacerbates cardiac reper-
fusion injury, not only by increasing the infarct size but also
by increasing the extent of cardiomyocyte apoptosis. The in-
creased extent of cardiomyocyte apoptosis may adversely in-
fluence the left ventricular remodeling process and subse-
quently lead to poor prognosis. Because the magnitude of
reperfusion-related cardiomyocyte apoptosis is significantly
greater in hypercholesterolemic rabbits, we speculated that
the administration of anti-apoptotic agents following the es-
tablishment of successful revascularization might provide ad-
ditional benefits in salvaging the ischemic myocardium. 
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ABSTRACT: The effects of SMP-500, a novel ACAT inhibitor,
on serum lipid levels, hepatic lipid secretion rate, and hepatic
lipid disposition in rats were studied to clarify its lipid-lowering
action. SMP-500 reduced the serum cholesterol level in a dose-
dependent manner in rats fed a hypercholesterolemic diet.
SMP-500 also reduced hepatic free cholesterol content in addi-
tion to hepatic total and esterified cholesterol contents. Biliary
concentrations of cholesterol and bile acid were increased by
SMP-500; however, the bile flow and lithogenic index were not
affected. SMP-500 increased cholesterol 7α-hydroxylase mRNA
level. Therefore, it is suggested that the increase in concentra-
tions of cholesterol and bile acid in bile is due to both the in-
crease of bile acid production through the increase of choles-
terol 7α-hydroxylase and the decrease of hepatic free choles-
terol content. An inhibitory effect of SMP-500 both on the
cholesterol secretion and on the TG secretion from liver was
observed. SMP-500 reduced the serum TG level in sucrose-fed
rats. From these results, one may hypothesize that the suppres-
sion of hepatic VLDL secretion probably plays an important role
on both cholesterol- and TG-lowering effects of SMP-500.

Paper no. L8923 in Lipids 37, 395–400 (April 2002).

Hypercholesterolemia and cardiovascular disease are major
health problems in many industrialized countries. One thera-
peutic approach for reducing hypercholesterolemia is to in-
hibit enzymes essential for cholesterol metabolism. ACAT is
a primary enzyme responsible for the intracellular esterifica-
tion of cholesterol (1). ACAT plays important roles in physi-
ological processes. In the small intestine, ACAT facilitates
the absorption of exogenous cholesterol, which is incorpo-
rated into chylomicrons (2,3). In liver, ACAT also plays an
important role in the assembly of VLDL, which is secreted
into blood (4–6). Under pathological states, ACAT is pre-
sumed to play a crucial role in foam cell formation of macro-
phages in the arterial wall, a characteristic feature of athero-
sclerotic lesions (7–9).

Therefore, an ACAT inhibitor is expected to lower serum
cholesterol through suppression of intestinal cholesterol ab-
sorption and hepatic VLDL secretion and to prevent athero-
sclerosis through the inhibition of foam cell formation of
macrophages (10,11). Several ACAT inhibitors have been
synthesized, and their pharmacological activities have been
evaluated in animals and humans (12–19).

Recently, we reported a novel ACAT inhibitor, SMP-500,
that can potently inhibit ACAT and cause cholesterol lower-
ing in hyperlipidemic and normolipidemic animals (20). In-
terestingly, SMP-500 reduced hepatic free cholesterol con-
tents. That data suggested that SMP-500 directly facilitates
the mobilization of cholesterol from liver.

Rats can be made hypercholesterolemic when cholesterol
is fed in combination with lipophilic bile salts (21). Rats also
have a high activity of cholesterol 7α-hydroxylase, the major
rate-limiting enzyme in bile acid biosynthesis from free cho-
lesterol (22–24). Therefore, the rat is a good animal model for
the study of cholesterol disposition from liver. In this study,
to clarify the role of SMP-500 in liver, we investigated the ef-
fect of SMP-500 on both disposition and secretion of hepatic
cholesterol in rats, and the lowering effect of SMP-500 on
serum TG and serum cholesterol.

EXPERIMENTAL PROCEDURES

Materials. SMP-500, N-(2,6-bis(1-methylethyl)phenyl)-N′-(1-
butyl-1,2-dihydro-2-oxo-4-(3-(3-pyridylmethoxy)phenyl)-1,8-
naphthyridin-3-yl)-urea nitrate, was synthesized at the Research
Division, Sumitomo Pharmaceuticals Co. Ltd., Osaka, Japan.

Animals. SD rats (SLC Japan, Hamamatu, Japan) were indi-
vidually housed in metal cages in a room with controlled tem-
perature (23 ± 3°C), relative humidity (50 ± 20%), and light
(12/12 h light/dark cycle). They had free access to water and a
stock diet, CE-2 (Clea Japan Inc., Tokyo). All procedures re-
lated to the use of animals in these studies were reviewed and
approved by the Institutional Animal Care and Use Committee
at Sumitomo Pharmaceuticals Research Division.

Cholesterol-lowering effect. SD rats were fed either CE-2
diet containing 1.5% cholesterol, 0.5% cholic acid, 5.5%
peanut oil [high-cholesterol (HC) diet] (25) or CE-2 (normal
group), and started on the HC diet at the same time as SMP-
500. SMP-500 was suspended in 0.5% methylcellulose (MC)
and administered by gavage to the HC diet-fed rats once a day
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for 6 d. In control and normal groups, 0.5% MC solution was
administered. On the day after the final administration, rats were
anesthetized with diethylether. Blood samples were collected
from the orbital sinus using a capillary tube. Serum concentra-
tions of total and HDL cholesterol were measured by enzymatic
methods using commercial kits (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan). The non-HDL cholesterol level was
calculated as the difference between the  HDL cholesterol level
and the total cholesterol level. After collecting the blood sam-
ples from the rats, laparotomy was performed to remove the
liver, which was immediately frozen in liquid nitrogen. Lipids
of these samples were extracted with chloroform/methanol
mixture according to the method of Folch et al. (26). The
amounts of total and free cholesterol were measured by the
method of Kunitomo et al. (27). The esterified cholesterol was
calculated as the difference between the free and the total cho-
lesterol.

Bile flow and biliary cholesterol secretion. SMP-500 was
suspended in 0.5% MC and administered by gavage to HC
diet-fed rats once a day for 6 d. On the day after the final ad-
ministration, rats were fitted with a cannula on the bile duct,
and bile was collected for 1 h under anesthesia (50 mg/kg;
Nembutal®, Abbot Laboratories, IL). The serum total choles-
terol level and biliary total bile acid, cholesterol and phospho-
lipid were measured with enzymatic methods using commer-
cial kits, as described above. The lithogenic index (LI),
expressed as the cholesterol saturation of bile, was calculated
by the method of Admirand and Small (28).

Lipid secretion rate. The effect of SMP-500 on the rate of
lipid secretion from liver was determined by measuring the
plasma cholesterol and TG levels after intravenous adminis-
tration of Triton WR-1339 to rats (29). SMP-500 was sus-
pended in 0.5% MC and administered by gavage to normal
diet-fed rats once a day for 3 d. After the second administra-
tion, rats were fasted. On the next day, 1 h after the final ad-
ministration, 400 mg/kg Triton WR-1339, as a 10% solution
in 0.9% NaCl, was administered intravenously via the tail
vein under diethylether anesthesia. Two hours later, rats were
anesthetized with diethylether, and blood samples were col-
lected from the orbital sinus and supplemented with 1 mg/mL
of EDTA. The plasma VLDL fraction was then isolated by ul-
tracentrifugation (30), and VLDL-cholesterol and VLDL-TG
levels were measured by enzymatic methods using commer-
cial kits, as described above.

TG-lowering effect in sucrose-fed rats. Rats were fed a
high-sucrose diet (High Sucrose AIN-76A; Purina, St. Louis,
MO) (25) for 2 wk, and orally administered SMP-500 sus-
pended in 0.5% MC, once a day for 6 d utilizing the same
diet. On the day after the final administration, rats were anes-
thetized with diethylether. Blood samples were collected from
the orbital sinus of nonfasted rats, and the serum TG levels
were measured by enzymatic methods using commercial kits,
as described above. 

Cholesterol 7α-hydroxylase mRNA level in HepG2 cells. β-
VLDL was isolated from rabbit plasma by ultracentrifugation
(30). HepG2 cells were purchased from the American Type

Culture Collection (Manassas, VA), and cultured in DMEM/
F-12 (GIBCO, Grand Island, NY) containing 10% FCS
(GIBCO), 100 units/mL penicillin, and 100 µg/mL strepto-
mycin in a humidified incubator (5% CO2) at 37°C. Cells were
grown to confluence and then the medium was changed to a
fresh medium containing 10% lipoprotein-deficient serum and
β-VLDL (200 µg/mL) with or without SMP-500, followed by
incubation for 24 h. SMP-500 was dissolved in DMSO, and the
final concentration of DMSO in the medium was 0.1%
(vol/vol). Isolation of total RNA and real-time quantitative re-
verse transcription (RT)-PCR were performed as described pre-
viously (31). Total RNA was isolated from HepG2 cells using
TRIzol reagent (Life Technologies, Inc., Rockville, MD). The
mRNA for cholesterol 7α-hydroxylase was measured by real-
time quantitative RT-PCR using a PE Applied Biosystems
prism model 7700 sequence detection instrument (Applied
Biosystems, Foster, CA). The sequences of forward and reverse
primers as designed by Primer Express (PE ABI) were 5′-
GCGCATGTTTCTCAATGACACT-3′ and 5′-CGCTGAATG-
GTGTTTGCTT-3′, respectively. The TaqManTM fluorogenic
probe used was 5′-6FAM-ATGATCTGGAGAAGGCCAA-
GACACACCTC-TAMRA-3′. Cholesterol 7α-hydroxylase
mRNA levels were corrected for β-actin RNA, which was mea-
sured using a kit (PE ABI, P/N 401846) from PerkinElmer as
per the manufacturer’s protocol.

Statistical analysis. Data were expressed as mean ± SEM.
Differences among the groups were determined by Dunnett’s
multiple comparisons test. Student’s t-test was also used to com-
pare data between two groups. Differences were considered sta-
tistically significant when the P-value was less than 0.05.

RESULTS

SMP-500 was administered by gavage once a day to rats fed a
HC diet for 6 d. The serum total cholesterol level markedly in-
creased during feeding with the HC diet in the control groups
to approximately 3.2-fold in comparison to the value of the nor-
mal diet group (HC diet group: 207 ± 26 mg/dL, normal diet
group: 64 ± 4 mg/dL) (Fig. 1). The increased amount of total
cholesterol level was due to an increase in the non-HDL cho-
lesterol level. SMP-500 significantly reduced the serum total
and non-HDL cholesterol levels in a dose-dependent manner at
doses of 10 mg/kg/d or higher (Fig. 1). Compared with HC-fed
controls, serum total cholesterol level was reduced by 35 and
66% and non-HDL cholesterol level was reduced 41 and 77%
in animals administered SMP-500 at 10 and 30 mg/kg/d, re-
spectively. The total cholesterol content in liver from the HC
diet group was approximately nine times higher than that of the
normal group (HC diet group: 23.1 ± 0.7 mg/g tissue, normal
diet group: 2.5 ± 0.1 mg/g tissue) (Fig. 2A). The increase in the
hepatic total cholesterol content was mainly due to an increase
in the hepatic cholesteryl ester content. SMP-500 markedly re-
duced the hepatic total and esterified cholesterol content (Figs.
2A, 2B) and significantly reduced the hepatic free cholesterol
content (Fig. 2C).

SMP-500 was administered by gavage once a day to rats fed
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the HC diet for 6 d. On the day after the final administration,
rats were anesthetized with sodium pentobarbital, the bile duct
was cannulated, and the bile was collected for 1 h. The concen-
trations of both biliary cholesterol and bile acid in collected bile
were increased, whereas the concentration of biliary phospho-
lipid was not affected by SMP-500 (Table 1). However, the
total bile efflux and the LI were not affected by SMP-500
(Table 1).

SMP-500 was administered by gavage to normal diet-fed
rats once a day for 3 d. One hour after the final administration
of SMP-500, Triton WR-1339 (400 mg/kg) was intravenously
injected to determine its effect on lipid secretion from the
liver into blood. Two hours later, the cholesterol and TG lev-
els in the plasma VLDL fraction had increased. In the plasma
VLDL fraction, the increased cholesterol level was 72 ± 4
mg/dL/2 h and that of TG was 729 ± 28 mg/dL/2 h. SMP-500
decreased the cholesterol influx into the plasma at doses of
10 mg/kg or more and the TG influx into the plasma at a dose
of 30 mg/kg (Fig. 3). The reduction in cholesterol influx into
the plasma was 18 and 29% and in TG influx into the plasma
8 and 18% at doses of 10 and 30 mg/kg/d, respectively.

Rats were fed a high-sucrose diet for 2 wk, and further fed
the same diet while being administered SMP-500 suspended
in 0.5% MC once a day for 6 d. The serum TG level in this

model increased from approximately 190 to 350 mg/dL after
feeding rats the high-sucrose diet in the first 2 wk and that in
the control group increased from 350 ± 28 mg/dL to 403 ± 38
mg/dL throughout the period of administration of SMP-500
or vehicle. SMP-500 significantly reduced the serum TG level
in a dose-dependent manner (Fig. 4). The reduction in the
serum TG levels were 8, 18, and 29% at doses of 10, 30, and
100 mg/kg/d, respectively.

To investigate the mechanism for the increase of bile acid
concentration in bile induced by SMP-500, the mRNA for
cholesterol 7α-hydroxylase was measured by real-time quan-
titative RT-PCR in HepG2 cells. Treatment with SMP-500 for
24 h increased cholesterol 7α-hydroxylase mRNA level ap-
proximately 1.3-fold compared with control cells (Fig. 5).

DISCUSSION

Recently, we reported a novel ACAT inhibitor, SMP-500, that
can potently inhibit ACAT and cause cholesterol lowering in
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FIG. 1. Effect of SMP-500 on serum cholesterol levels in hypercholes-
terolemic rats. SMP-500 was administered by gavage to the high-cho-
lesterol (HC) diet-fed rats once a day at doses of 3, 10, and 30 mg/kg/d
for 6 d. Each point represents the mean ± SEM (n = 6). SMP-500, N-(2,6-
bis(1-methylethyl)-phenyl)-N′-(1-butyl-1,2-dihydro-2-oxo-4(3-(3-
pyridylmethoxy)phenyl)-1,8-naphthyridin-3-yl)-urea nitrate; N-cont,
normal diet control; HC-cont, HC diet-fed control; SMP-3, 10, and 30,
SMP-500 at doses of 3, 10 and 30 mg/kg/d, respectively; *P < 0.05; **P
< 0.01, significantly different from HC-cont using Dunnett’s multiple
comparisons test. ##P < 0.01, significantly different from N-cont using
Student’s t-test.

FIG. 2. Effect of SMP-500 on the hepatic total (A), esterified (B), and free
cholesterol (C) content in rats. SMP-500 was administered by gavage to
the HC diet-fed rats once a day for 6 d. Each column represents the mean
± SEM (n = 6). For abbreviations see Figure 1. **P < 0.01, significantly
different from HC-cont using Dunnett’s multiple comparisons test;
##P < 0.01, significantly different from N-cont using Student’s t- test.



mice, rabbits, and hamsters (20). Interestingly, SMP-500 re-
duced hepatic free cholesterol contents. These data suggested
that SMP-500 directly facilitates the mobilization of choles-

terol from liver. In this article, we investigated the effect of
SMP-500 on both the component in bile and VLDL secretion
in rats to clarify its role in liver. In rats fed a HC diet, SMP-
500 strongly reduced the serum total cholesterol levels. The
hypocholesterolemic effect of SMP-500 was due to a reduc-
tion in non-HDL cholesterol level. SMP-500 reduced the he-
patic free cholesterol content as well as the hepatic total and
esterified cholesterol contents. These data were consistent
with the results obtained by using other animals in our previ-
ous studies (20).

First, the bile efflux and the biliary secretions of bile acid
and cholesterol were measured. The biliary concentrations of
cholesterol and bile acid were increased by SMP-500, al-
though the bile efflux and the LI were not affected. These data
suggested that SMP-500 facilitated hepatic cholesterol re-
moval through increases in bile acid production and choles-
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TABLE 1
Effect of SMP-500 on Biliary Secretion of Bile Acid, Cholesterol, and Phospholipid in HC Diet-Fed Ratsa,b

Biliary concentration (mmol/L)

STC (mg/dL) Cholesterol TBA PL Flow (µL/h) LI

Control 174 ± 17 0.57 ± 0.01 48.6 ± 1.2 9.3 ± 0.4 1752 ± 101 0.27 ± 0.07
SMP-10 118 ± 10 ** 0.66 ± 0.02* 57.1 ± 1.3* 9.3 ± 0.2 1628 ± 198 0.25 ± 0.02
SMP-30 72 ± 6** 0.76 ± 0.01* 60.3 ± 1.8* 10.0 ± 0.3 1679 ± 131 0.27 ± 0.04
aEach value represents the mean ± SEM (n = 12). SMP-500 was orally administered to high-cholesterol (HC) diet-fed rats
once a day for 6 d. On the day after final administration, bile was collected from the bile duct for an hour under anesthe-
sia. The lithogenic index (LI) was calculated by the method of Admirand and Small (28). *P < 0.05, **P < 0.01, significant
difference from HC control by Dunnett's multiple comparison test.
bSMP-10 and 30, SMP-500 at doses of 10 and 30 mg/kg/d, respectively; STC, serum total cholesterol; TBA, total bile acid;
PL, phospholipid; SMP-500, N-(2,6-bis(1-methylethyl)phenyl)-N ′-(1-butyl-1,2-dihydro-2-oxo-4-(3-(3-pyridylmethoxy)-
phenyl)-1,8-naphthyridin-3-yl)-urea nitrate.

FIG. 3. Effect of SMP-500 on cholesterol influx (A) and TG influx (B)
into plasma in rats. Rats fed a normal diet were administered SMP-500
by gavage once a day for 3 d. One hour after the final administration,
they were intravenously injected with Triton-WR1339, and the plasma
lipid levels were measured before and 2 h after injection. The differ-
ence in the plasma lipid levels is expressed as the lipid secretion from
liver. All data represent the mean ± SEM (n = 6). *P < 0.05, significant
difference from control using Dunnett’s multiple comparisons test. For
abbreviation see Figure 1.

FIG. 4. Effect of SMP-500 on serum TG levels in sucrose-fed rats. Rats
were fed a sucrose diet for 2 wk, and further fed sucrose and adminis-
tered SMP-500 by gavage once a day for 7 d. All data represent the
mean ± SEM (n = 6). *P < 0.05; **P < 0.01, significant difference from
control using Dunnett’s multiple comparisons test. For abbreviation see
Figure 1.



terol influx into the bile. The treatment of SMP-500 in HepG2
cells for 24 h increased cholesterol 7α-hydroxylase mRNA
level compared with the control. It has been reported that CI-
1011 (32) and HL-004 (33) facilitate bile acid production
through an increase of cholesterol 7α-hydroxylase activity
and mRNA level. The inhibition of hepatic ACAT activity
causes a change in the metabolic pathway of cholesterol by
increasing the supply of free cholesterol as a substrate. Free
cholesterol is also reported to be an inducer of cholesterol 7
α-hydroxylase (24,34,35), resulting in an enhanced produc-
tion of bile acids (21,22,36). These processes are common in
several species, such as rats or humans (37,38). SMP-500 is
thought to have a similar effect on cholesterol 7 α-hydroxy-
lase. As a result, SMP-500 reduced the hepatic free choles-
terol content. CI-1011 and HL-004 (two other ACAT in-
hibitors), however, did not change the hepatic free cholesterol
content, although they were thought to facilitate bile acid pro-
duction through a temporary increase in free cholesterol
(32,33). SMP-500 increased the concentration of cholesterol
in bile and, on the other hand, CI-1011 and HL-004 had no
effect. The decrease of hepatic free cholesterol by SMP-500
may be due to this effect.

ACAT also plays an important role in the assembly of
VLDL (4–6). VLDL-cholesterol and TG influx into plasma
was measured using the Triton model to investigate the effect
of SMP-500 on VLDL secretion. As expected, an inhibitory
effect of SMP-500 on cholesterol influx into plasma was ob-
served. This effect by SMP-500 is also involved in its choles-
terol-lowering effect. In addition, the inhibitory effect of
SMP-500 on TG influx into plasma was shown. It has been
reported that some ACAT inhibitors reduce serum TG level
(25,39–41). These reports indicate that a reduction of serum
TG depends on the suppression of VLDL secretion by hepatic

ACAT inhibition and that a reduction of serum cholesterol de-
pends on both the inhibition of cholesterol absorption and the
suppression of VLDL secretion. These mechanisms may also
be involved in the observed effects of SMP-500, although fur-
ther studies will be necessary for clarifying this mechanism.

In this study, we demonstrated that SMP-500 dose-depen-
dently reduces serum cholesterol level in rats. We clarified
that SMP-500 facilitated hepatic cholesterol clearance
through increases in bile acid that were due to the increase in
cholesterol 7α-hydroxylase mRNA level and cholesterol con-
centration in the bile and to suppressed VLDL-cholesterol se-
cretion that was involved in the hypocholesterolemic effect
of this compound. In addition, SMP-500 reduced serum TG
level. These results suggest that SMP-500 may have thera-
peutic potential for both hypercholesterolemia and hyper-
triglyceridemia.
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FIG. 5. Effect of SMP-500 on cholesterol 7α-hydroxylase mRNA level
in HepG2 cells. Cells were incubated for 24 h in medium containing
10% lipoprotein-deficient serum and β-VLDL (200 µg/mL) with or with-
out SMP-500. Cholesterol 7α-hydroxylase mRNA level was measured
by real-time quantitative reverse transcription-PCR. Cholesterol 7α-
hydroxylase mRNA levels were corrected for β-actin RNA. All values
are expressed as a percentage of mRNA level in control cells and repre-
sent the mean ± SEM (n = 6). *P < 0.05; **P < 0.01, significant differ-
ence from control using Dunnett’s multiple comparisons test. For ab-
breviation see Figure 1.
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ABSTRACT: The potassium xanthate D609 is widely accepted
as a selective inhibitor of PC-specific phospholipase C (PC-
PLC). The tricyclo[5.2.1.02,6]decane skeleton present in D609
can lead to four diastereomeric pairs, but the diastereoselectiv-
ity of PC-PLC inhibition has never been reported. In this article,
the synthesis of racemic D609 diastereomers and that of other
xanthates, as well as their inhibitory effect on PC-PLC is re-
ported. All xanthates obtained were competitive inhibitors of
PC-PLC from Bacillus cereus (PLCBc). No significant differences
were found in the activity of D609 diastereomers (Ki 13-17 µM),
suggesting the absence of a diastereochemical control of the
enzyme by xanthate inhibitors. This result was confirmed after
obtaining other potassium xanthates differing from D609 in the
aliphatic chain. Among them, the potassium O-n-decenylxan-
thate was the most active inhibitor of PLCBc (Ki 10 µM). These
data indicate that the essential structural requirements for
PLCBc in vitro inhibition by xanthates are the presence of a Zn-
chelating dithiocarbonate head and a sufficiently hydrophobic
aliphatic moiety.

Paper no. L8955 in Lipids 37, 401–406 (April 2002).

PC-specific phospholipase C (PC-PLC) is a crucial enzyme
in lipid metabolism that hydrolyzes PC into phosphoryl-
choline and DAG and has been implicated in the cellular signal
transduction cascade (1). Among different biological effects,
the tricyclic potassium xanthate D609 (Fig. 1) is a potent in-
hibitor of PC-PLC (2). The inhibitory effect is selective for
PC-PLC as compared to other phospholipases (3), which has
made D609 a universally accepted pharmacological tool to
assess the involvement of a PC-PLC enzyme in a given cellu-
lar process. However, a few reports show that D609 can also
inhibit the enzymes of the sphingomyelin cycle, namely,
sphingomyelinases and sphingomyelin synthase (4,5). The ef-
fect on sphingomyelin synthase is especially critical, since
this enzyme catalyzes the transfer of phosphorylcholine from
PC to ceramide to give sphingomyelin and DAG. At this
point, it is worth mentioning that the possible differential ef-

fects of D609 diastereomers and other xanthates on PC-PLC
have not been reported; in addition, the exact diastereomeric
composition of the commercially available D609 inhibitor is
not specified. Therefore, we were interested in determining
the effect of the different D609 diastereomers and other xan-
thates on lipid-metabolizing enzymes, since some discrepan-
cies existing in the literature might arise from different D609
diastereomers or its mixtures used in the experimentation.
The use of structurally simpler xanthates, without stereogenic
centers, avoids misleading and controversial results arising
from the use of stereochemically different tools.

In this article we describe the synthesis of a series of xan-
thates and the preparation of D609 diastereomers in racemic
form, as well as their evaluation as inhibitors of the PC-PLC
of Bacillus cereus (PLCBc). This commercially available en-
zyme is currently accepted as a surrogate of the elusive mam-
malian PC-PLC, both enzymes having antigenic similarities
(6). The structure and mechanism of PLCBc are well known
(7–12), and several inhibitors other than D609 have been dis-
closed for this enzyme (13,14).

EXPERIMENTAL PROCEDURES

Materials and methods. FTIR spectra are reported in cm−1. 1H
and 13C NMR spectra were obtained in CDCl3, CD3OD,
DMSO, or D2O solutions at 200 or 300 MHz for 1H and 50 or
75 MHz for 13C. Chemical shifts are reported in δ units, parts
per million (ppm) relative to the singlet at 7.24 ppm of CDCl3
for 1H and ppm relative to the center line of a triplet at 77.0
ppm of CDCl3 for 13C. Electrospray (ESP) mass spectra in neg-
ative mode were obtained by HPLC–MS using acetonitrile/
water (1:1) at 0.5 mL/min as mobile phase. Solvents were
distilled prior to use and dried by standard methods. Ketone 9
and the mixture of alcohols 10 are commercial products
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(TCD-keton A and TCD-alcohol E, respectively) and were
obtained from Celanese Chemicals Europe GmbH (Ober-
hausen, Germany). Racemic diastereomeric alcohols 5–8
were obtained following described procedures: O-exo,C-exo
5 (15); O-endo,C-exo alcohol 6 (16,17); O-exo,C-endo 7 (18);
and O-endo,C-endo 8 (15,17,18) and characterized by com-
parison with reported spectroscopic data (17). 

Determination of CMC. The CMC of xanthates and PC
were determined in 96-well microtiter plates by dye-binding
with Coomassie brillant Blue G-250 (19). Using this method,
CMC of 1,2-dihexanoyl-sn-glycero-3-phosphocholine was
determinated to be 6.23 mM. 

General procedure for the synthesis of potassium xan-
thates (1–4, 14–17). The alcohol (1.1 eq) was slowly added
to a solution of t-BuOK (1 eq.) in anh. THF (3 mL/mmol) at
0°C under nitrogen. Carbon disulfide (1.1 eq) was added
dropwise, and the solution was stirred for 4 h at this tempera-
ture. The reaction mixture was diluted with ether (15
mL/mmol) and concentrated to give the crude product. The
residue was washed with ether and dried to give the corre-
sponding potassium xanthate as a white powder.

Potassium O-exo-tricyclo[5.2.1.02,6]-exo-dec-9-yldithio-
carbonate 1. (63% yield) IR (cm−1): 2943, 2862, 1118, 1098,
1079. 1H NMR (200 MHz, CD3OD): δ 0.84–1.10 (m, 2H),
1.14–1.54 (m, 4H), 1.56–2.06 (m, 7H), 2.20–2.26 (m, 1H),
5.05–5.15 (m, 1H). 13C NMR (75 MHz, DMSO): δ 27.7, 29.6,
31.5, 31.8, 39.3, 39.6, 42.8, 46.0, 47.1, 82.1, 229.5. Mass
spectrum (ESP−): m/z 227 (M − K, base peak), 151 (alcohol
fragment). CMC: 3.16 mM.

Potassium O-endo-tricyclo[5.2.1.02,6]-exo-dec-9-yldithio-
carbonate 2. (52% yield) IR (cm−1): 2945, 2860, 1107, 1087,
1070. 1H NMR (200 MHz, CD3OD): δ 0.85–1.50 (m, 6H),
1.60–1.74 (m, 1H), 1.80–2.18 (m, 5H), 2.36–2.44 (m, 1H),
2.50–2.65 (m, 1H), 5.40–5.55 (m, 1H). 13C NMR (75 MHz,
DMSO): δ 26.9, 30.7, 31.4, 32.2, 36.6, 38.7, 40.6, 44.5, 47.5,
79.6, 230.0. Mass spectrum (ESP−): m/z 227 (M − K, base
peak), 151 (alcohol fragment). CMC: 3.63 mM.

Potassium O-exo-tricyclo[5.2.1.02,6]-endo-dec-8-yldithio-
carbonate 3. (65% yield) IR (cm−1): 2950, 2860, 1147, 1122,
1103, 1089, 962. 1H NMR (200 MHz, CD3OD): δ 1.36–1.90
(m, 9H), 2.08–2.24 (m, 2H), 2.30–2.59 (m, 3H), 5.38–5.48 (m,
1H). 13C NMR (75 MHz, DMSO): δ 26.0, 26.9, 28.0, 34.0,
40.1, 40.3, 43.8, 43.9, 46.6, 78.6, 229.6. Mass spectrum (ESP−):
m/z 227 (M − K, base peak), 151 (alcohol fragment). CMC: 2.57
mM.

Potassium O-endo-tricyclo[5.2.1.02,6]-endo-decan-9-yldi-
thiocarbonate 4. (62% yield) IR (cm−1): 2948, 2875, 1154,
1126, 1101, 1069, 1008. 1H NMR (300 MHz, CD3OD):
1.40–1.68 (m, 7H), 1.92–2.32 (m, 4H), 2.45–2.64 (m, 3H),
5.44–5.52 (m, 1H). 13C NMR (75 MHz, DMSO): δ 26.2, 27.0,
28.5, 28.6, 40.9, 41.1, 43.4, 44.6, 45.8, 81.4, 229.6. Mass
spectrum (ESP−): m/z 227 (M − K, base peak), 151 (alcohol
fragment). CMC: 2.63 mM.

Potassium O-n-decyldithiocarbonate 14. (91% yield) IR
(cm−1): 3370, 2953, 2915, 2851, 1471, 1138, 1118, 1104,
1064. 1H NMR (200 MHz, CD3OD): δ 0.90 (t, 3H, J = 6.3 Hz),

1.20–1.50 (m, 16H), 1.64–1.82 (m, 2H), 4.38 (t, 2 H, J = 6.7
Hz). 13C NMR (75 MHz, DMSO): δ 13.9, 22.1, 25.8, 28.65,
28.7, 28.9, 29.0, 29.05, 31.3, 70.6, 230.3. Mass spectrum
(ESP−): m/z 233 (M − K, base peak), 157 (alcohol fragment).
CMC: 3.81 mM.

Potassium O-n-butyldithiocarbonate 15. (52% yield) IR
(cm−1): 2959, 2943, 2870, 1461, 1173, 1151, 1136, 1106, 1074.
1H NMR (200 MHz, CD3OD): δ 0.95 (t, 3 H, J = 7.3 Hz),
1.36–1.54 (m, 2H), 1.65–1.79 (m, 2H,), 4.39 (t, 2H, J = 6.6 Hz).
13C NMR (75 MHz, DMSO): δ 13.7, 19.0, 30.8, 70.3, 230.3.
Mass spectrum (ESP−): m/z 149 (M − K). CMC: > 10 mM.

Potassium O-2-phenylethyldithiocarbonate 16. (81%
yield) IR (cm−1): 1121, 1103, 1084, 1069, 1045, 1021, 756,
698, 507. 1H NMR (200 MHz, CD3OD): δ 3.04 (t, 2H, J = 7.3
Hz), 4.60 (t, 2H, J = 7.3 Hz), 7.15–7.28 (m, 5H). 13C NMR
(75 MHz, DMSO): δ 34.9, 71.3, 126.3, 128.4, 129.0, 139.1,
229.8. Mass spectrum (ESP−): m/z 197 (M − K, base peak),
121 (alcohol fragment). CMC: >10 mM.

Potassium O-7-tridecenyldithiocarbonate 17. (77% yield)
IR (cm−1): 2955, 1466, 1457, 1379, 1130, 1090, 672. 1H
NMR (200 MHz, CD3OD): δ 0.89 (t, 6H, J = 6.7 Hz),
1.20–1.80 (m, 20H), 5.48–5.60 (m, 1H). 13C-NMR (75 MHz,
D2O): δ 16.3, 24.9, 27.5, 31.4, 34.1, 35.7, 86.7, 234.2. Mass
spectrum (ESP−): m/z 275 (M − K, base peak), 199 (alcohol
fragment). CMC: 4.16 mM.

Enzymatic assays. Inhibition studies were performed in
vitro using commercially available PLCBc. Quantification of
the enzymatic activity was performed following an indirect
method described by Hergenrother and Martin (20). Briefly,
1,2-dihexanoyl-sn-glycero-3-phosphocholine (2 mM final
concentration) was incubated with PC-PLC in the absence or
presence of inhibitors (0–2 mM, final concentration) at 37°C
in 96-well plates, and after 1.5 min the reaction was quenched
with Tris-HCl 2M, pH 8. A molybdenum blue complex with
the phosphate produced after alkaline phosphatase hydrolysis
of phosphorylcholine was formed and read with a microplate
reader. All assays were performed at least in triplicate. The
IC50 values were determined by plotting percent activity vs.
log[I], using at least five different inhibitor concentrations
(0.0003–1 mM). As indicated previously, CMC values of
tested xanthates ranged from 2.6 to >10 mM; therefore, all as-
says were performed below the CMC of substrate and in-
hibitors. 

Kinetic parameters for more active inhibitors were deter-
mined by Lineweaver–Burke plots of assays performed with
the corresponding xanthate derivative (10 µM) and five dif-
ferent substrate concentrations (0.6–5 mM). Ki values were
calculated with the following equation:

Ki = Km[I]/(Km,app − Km) [1]

RESULTS AND DISCUSSION

Synthesis. The classical approach to the synthesis of xanthates
is based on the reaction of the corresponding sodium or potas-
sium alcoholate with carbon disulfide. Therefore, the prepara-
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tion of racemic tricyclic xanthates 1–4 required the synthesis
of diastereomeric alcohols 5–8 (Fig. 2). This was accomplished
as detailed in Scheme 1. The alcohols 5 and 6, displaying an
exo cyclopentane group, were obtained from commercially
available ketone 9 and a mixture of regioisomeric alcohols 10,
respectively. After reduction of ketone 9, pure O-endo,C-exo
alcohol 6 was obtained in 31% isolated yield after chromatog-
raphy to separate it from the O-exo,C-exo epimeric alcohol 5,
which was a minor product of this reaction. Complete chro-
matographic separation of 5 from 6 proved unfeasible, but cat-
alytic hydrogenation of double bonds in 10 directly gave high-
purity O-exo,C-exo alcohol 5 in almost quantitative yield.

The alcohols 7 and 8 having an endo cyclopentane attached
to the norbornene skeleton were obtained from endo-dicy-
clopentadiene 11 following reported procedures. Thus, olefin re-
gioselective acetoxymercuriation-demercuriation sequence on
endo-dicyclopentadiene with in situ hydrolysis of the resulting
acetate afforded a mixture of regioisomeric racemic alcohols
12. After catalytic hydrogenation the desired O-exo,C-endo
isomer 7 was obtained in 74% yield over two steps. The
racemic epimeric alcohol 8 was obtained by oxidation of 7 to
the corresponding tricyclic ketone 13 followed by NaBH4 re-
duction to give the O-endo,C-endo alcohol 8 in 62% yield after
two steps. 

With racemic diastereomeric alcohols 4–8 in hand, the cor-
responding xanthates were synthesized by reaction with car-
bon disufide in the presence of an equivalent of potassium
t-butoxide in THF. This method was also employed to synthe-
size the xanthates 14 (from n-decanol), 15 (from n-butanol), 16
(from 2-phenylethanol), and 17 (from 7-tridecanol) also re-
quired for this study (Fig. 2). 

Inhibition studies. Enzymatic assays were performed on
commercial PLCBc using the method described by Hergen-
rother and Martin (20). This is based on a colorimetric deter-
mination of phosphate after alkaline phosphatase hydrolysis of
the phosphorylcholine produced by PLCBc-catalyzed hydroly-
sis of PC.

To check the reliability of the colorimetric method for test-
ing xanthate derivatives as inhibitors of PC-PLC, we per-
formed experiments aimed to exclude a possible effect of xan-
thates on alkaline phosphatase. We found that all xanthates at 1
or 2 mM concentration did not affect the enzymatic activity of
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SCHEME 1

FIG. 2. Tested xanthates and D609 alcohol precursors.



alkaline phosphatase in the assay conditions (45–450 µM phos-
phorylcholine and 6 U/mL of enzyme, 2 h at 37°C).

Kinetic parameters calculated for PLCBc with 1,2-dihexa-
noyl-sn-glycero-3-phosphocholine (Vmax: 2600 ± 670
µM/min·mg and Km: 2.6 ± 0.14 mM, n = 5) were close to
those described in the literature using this substrate (20).
Therefore, a substrate concentration of 2 mM was chosen to
test the activity of alcohol 5 and the different synthesized xan-
thates. Among these compounds only alcohol 5 was inactive,
this indicating that the presence of the oxygen-bonded dithio-
carbonate group is essential for inhibitory activity.

All tested xanthates exhibited a dose-dependent inhibition
(Fig. 3 and Table 1) of PLCBc with different degrees of activ-
ity. Among the four D609 diastereomers analyzed, compounds
with a C-exo configuration (1–2) showed slightly lower IC50
values than the corresponding C-endo isomers (3–4). In addi-
tion to xanthates bearing a tricyclo[5.2.1.02,6]decane skeleton,
the xanthate 14, derived from n-decanol, also showed a remark-
able inhibitory activity on PLCBc. Therefore, the presence of a
tricyclic system as hydrophobic moiety in xanthates does not
seem to be an essential structural requirement for in vitro
PLCBc inhibition. Other xanthates resulted in less active in-
hibitors. Thus, potassium O-n-butylxanthate 15, potassium O-
2-phenylethylxanthate 16, or potassium O-7-tridecylxanthate
17 differ in the length of the hydrophobic chains attached to the
dithiocarbonate group, which must be the reason for their dif-
ferent PC-PLC inhibitory activities. The IC50 values obtained
decrease in parallel to the increase on the hydrophobicity of
xanthate aliphatic chain. This effect is especially noteworthy in
the case of n-butanol-derived xanthate, which was found to be
the least active xanthate used in this study. These results are in
agreement with the low inhibitory activity reported for potas-
sium O-ethylxanthate (46% inhibition at 0.63 mM) (3). The use
of xanthate 17 derived from a secondary alcohol containing a
double hydrophobic chain or the presence of a phenylethyl

group on compound 16 did not result in a significant improve-
ment as compared to the compounds with a single chain and
did not reach the inhibitory effect of D609.

Inhibition parameters for the most active xanthates were also
calculated. Lineweaver–Burke plots obtained for xanthate 14
(Fig. 4) were very similar to those achieved with xanthates 1–4.
The curves obtained in the absence and in the presence of in-
hibitor cross in the ordinate axis, indicating a competitive type
of inhibition of PC-PLC by all compounds. Calculated inhibi-
tion constants were comparable (10–17 µM, Table 1), and simi-
lar to that reported for D609 using dipalmitoyl PC or p-nitro-
phenylphosphatidylcholine as substrate (3).

The results described show the absence of substantial dif-
ferences in the activity of D609 diastereomers, suggesting the
lack of a diastereochemical control of the enzyme by this
family of inhibitors. In addition, simple straight-chain xan-
thates with sufficient liphophilic chains inhibit PLCBc even
more potently than D609. This result confirms the lack of se-
lectivity of this enzyme for the hydrocarbon chain present in
xanthates. In this context, it has been described that PLCBc
presents a shallow cleft for docking the phospholipid sub-
strate, with a minimum acyl chain length being required for
good enzymatic activity (12,21).

Although different types of enzymes are reported to be in-
hibited by xanthates, the mechanisms of inhibition are differ-
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FIG. 3. Dose-dependent inhibition of phosphatidylcholine/specific
phospholipase C of Bacillus cereus by different xanthate derivatives.
Compounds (1: O-exo,C-exo isomer D609, 15: potassium n-butylxan-
thate, 17: O-7-tridecylxanthate) were incubated with 2 mM of PC for
1.5 min at 37°C.

TABLE 1
Inhibition of PLCBca by Different Xanthate Derivatives

Compound IC50 (µM) Ki (µM) Type of inhibition

1 10 13 Competitive
2 7 17 Competitive
3 45 15 Competitive
4 32 13 Competitive

14 30 10 Competitive
15 1000 — —
16 190 — —
17 170 — —
aPLCBc, PC-specific phospholipase from Bacillus cereus.

FIG. 4. Lineweaver–Burke plot for the phosphatidylcholine specific
phospholipase C of Bacillus cereus inhibition by potassium O-n-decylx-
anthate (14). [I] = 0 (■) and 10 µM (●).



ent. Thus, the xanthate derivative of cholestanol exhibited a
good inhibitory activity of Cdc25A phosphatase, an enzyme
involved in the regulation of the G1/S transition of the cell
cycle, and the xanthate group would surrogate the phosphate
moiety in a cysteinyl-phosphate enzyme intermediate formed
during the reaction course (22). On the other hand, different
xanthates, including D609, were found to be specific mecha-
nism-based inactivators of cytochrome P450 2B1 and 2B6,
and the inactivation is caused by covalent binding of a reac-
tive xanthate intermediate to the apoprotein (23). Contrary to
the results reported in the present paper for the inhibition of
PC-PLC, reported Ki values for the inactivation of P-450 2B1
were not strongly dependent on the length of the aliphatic
chain substituent. Concerning the effects of D609 on sphin-
gomyelin synthase, the almost complete absence of structural,
mechanistic, and biochemical data for this enzyme (24) pre-
cluded any hypothesis on the mechanism of inhibition by
D609. In regard to PC-PLC inhibition by xanthates, our re-
sults and previously published data indicate that active xan-
thates are competitive inhibitors, suggesting that they have
affinity for the PC binding site. Different experimental evi-
dences indicate that the three zinc ions are present in the ac-
tive center of PC-PLC, which are essential for full activity,
and are involved in substrate binding and activation of the
phosphate moiety toward nucleophilic attack through charge
neutralization. An active site base-activated water molecule
acts as the nucleophilic species (10). Xanthate derivatives that
have the appropriate lipophilic chain would fit in the active
center of PC-PLC, and the dithiocarbonate group could act as
a surrogate of the phosphate group and presumably would
bond to active-site Zn ions in view of the charge and metal
coordinating ability of the sulfur atoms present in this group. 

The in vitro inhibitory activity of a series xanthates on
PLCBc indicated that the essential structural requirements are
the presence of a sufficiently hydrophobic aliphatic chain and
a dithiocarbonate head group.
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ABSTRACT: Since the yolk lipids of the king penguin (Apten-
odytes patagonicus) naturally contain the highest concentra-
tions of DHA and EPA yet reported for the eggs of any avian
species, the effects of this (n-3)-rich yolk on the FA profiles of
the embryonic heart and skeletal muscle were investigated. The
concentrations (mg/g wet tissue) of phospholipid (PL) in the de-
veloping heart and leg muscle of the penguin doubled between
days 27 and 55 from the beginning of egg incubation (i.e., from
the halfway stage of embryonic development to 2 d posthatch),
whereas no net increase occurred in pectoral muscle. During
this period, the concentration of TAG in heart decreased by half
but increased two- and sixfold in leg and pectoral muscle, re-
spectively. The most notable change in cholesteryl ester con-
centration occurred in pectoral muscle, increasing ninefold be-
tween days 27 and 55. Arachidonic acid (ARA) was the major
polyunsaturate in PL of the penguin’s heart, where it formed
about 20% (w/w) of FA at day 55. At the equivalent develop-
mental stage, the heart PL of the chicken contained a 1.3-fold
greater proportion of ARA, contained a fifth less DHA, and was
almost devoid of EPA, whereas the latter FA was a significant
component (7% of FA) of penguin heart PL. Similarly, in PL of
leg and pectoral muscle, the chicken displayed about 1.4-fold
more ARA, up to 50% less DHA, and far less EPA in compari-
son with the penguin. Thus, although ARA-rich PL profiles are
achieved in the heart and muscle of the penguin embryo, these
profiles are significantly affected by the high n-3 content of the
yolk.

Paper no. L8884 in Lipids 37, 407–415 (April 2002).

During development of the avian embryo, FA derived from
yolk lipids are distributed to the growing tissues where they
are used for energy metabolism, membrane biogenesis, and
the formation of fat stores (1). As a result of the selective up-
take and incorporation of certain PUFA, the phospholipids
(PL) of the various embryonic tissues display highly distinc-
tive FA profiles (1). Particular attention has been focused on
the high proportions of DHA (22:6n-3) in the PL of the em-
bryonic brain and retina, largely because this n-3 polyunsatu-

rate is believed to perform essential roles during neuronal dif-
ferentiation (2–4). However, the development and subsequent
functioning of the embryonic heart and skeletal muscles are
also dependent on lipid-related events. For example, the early
stages of skeletal myogenesis, characterized by the prolifera-
tion of myoblasts and their subsequent fusion to form multi-
nucleate myotubes, are dependent on high rates of PL metab-
olism associated with membrane rearrangements (5–7). Also,
studies in mammals have demonstrated that the proportion of
C20-22 polyunsaturates and the n-3/n-6 ratio in muscle PL are
positively correlated with the tissue’s sensitivity to insulin
and that inadequacies in the provision of certain PUFA dur-
ing development could contribute to insulin resistance (8,9).
Most notably, investigations using mammalian cardiomyo-
cytes have revealed a central role for PL-derived arachidonic
acid (ARA, 20:4n-6) in the signal transduction mechanisms
that regulate the heart beat (10,11). Moreover, DHA and EPA
(20:5n-3) have been shown to exert powerful antiarrhythmic
effects on heart cells by modulating membrane ion channels
(12,13). In addition, the intramyocellular TAG of both heart
and skeletal muscle could function as an important energy re-
serve during development (14,15).

Given the regulatory roles of C20-22 polyunsaturates of
both the n-6 and n-3 series in cardiac and skeletal muscle
(8–13), the avian embryo may require the provision of these
FA from the yolk in adequate amounts and in the appropriate
n-3/n-6 ratio to support the functional differentiation of these
tissues. For a particular avian species, major distortions of the
yolk’s polyunsaturate profile away from that which is nor-
mally encountered by the embryo, as achieved by altering the
diet of the hen, could conceivably result in impairments of
myocellular function. If so, this is analogous to the well-stud-
ied consequences of n-3 or n-6 deprivation during develop-
ment on the subsequent performance of the brain and retina
(16,17). However, different avian species utilize a variety of
dietary modes resulting in a great diversity of species-specific
yolk FA compositions (18,19). For those species whose eggs
naturally contain a great excess of n-3 over n-6 FA, or vice
versa, the embryo could possibly express adaptations to ensure
that a more balanced spectrum of polyunsaturates is deliv-
ered/incorporated into the muscle cells. Alternatively, the
lipid-dependent regulatory mechanisms in the developing
heart and skeletal muscle of such species may possess sufficient
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flexibility to accommodate the excess of one or the other type
of polyunsaturate.

The eggs of some piscivorous birds provide an extreme
case since their yolks are exceptionally enriched with DHA
and EPA due to the large amounts of these FA in the fish they
eat (20–22). For example, the n-3/n-6 ratio of the yolk lipids
of the king penguin (Aptenodytes patagonicus) is 3.0 com-
pared with only 0.1 in eggs of the chicken (20,21). We re-
cently described the rearrangements in FA composition that
occur as lipids are transferred from the yolk of the king pen-
guin to the embryonic plasma and liver (21). In the present
work, and based on comparison with the chicken, we show
how the (n-3)-rich yolk of the king penguin affects the FA
profiles of lipids of the developing heart and skeletal muscle
in this species.

MATERIALS AND METHODS

The penguin colony, egg incubation, and tissue collection.
The breeding colony of king penguins (Crozet Archipelago,
South Indian Ocean), the natural incubation of eggs in the
wild, and the sampling of eggs for the collection of embry-
onic tissues (during the austral summer of 1998/1999) were
described in detail previously (21). In brief, eggs in the range
of 280–320 g were removed from the incubating parent after
27, 33, 40, and 47 d of development. Hatching occurs after
53 ± 1 d in this species but began about 3 d earlier (23,24).
Additionally, some eggs in which hatching had commenced
were transferred from the parent to a laboratory incubator
maintained at 37.5°C and 100% relative humidity until the
chicks were completely hatched. These were either sampled
immediately on hatching or were maintained for 2 d and pro-
vided with drinking water but no food. The reason for not ob-
taining newly hatched and 2-d posthatch chicks directly from
the colony is that parents commence feeding their chicks be-
fore they have fully emerged from the shell. The FA compo-
sition of this food (myctophid fishes) differs from that of the
yolk (21) and would therefore interfere with any assessment
of yolk-to-muscle lipid transfer. Unfed newly hatched chicks
rely on the residual contents of the internalized yolk sac for
their source of nutrients (1). Embryos and chicks were sacri-
ficed by decapitation and hearts and muscles were dissected
and immediately stored frozen at −20°C. Samples were main-
tained at −20°C during air transport to Britain, where they
were stored at −80°C for up to 6 mon prior to analysis. The
use of fewer than 60 eggs to generate samples for the present
work and for a related study (21) had negligible impact on the
local population of 30,000 breeding pairs given that natural
mortality is several thousand eggs and chicks per year.

Incubation of chicken eggs. Fertile eggs of the domestic
chicken (Ross 1 broiler-breeder strain) were obtained from a
commercial hatchery. The laying hens were provided with a
standard commercial diet in which 18:2n-6 and 18:3n-3, formed
about 44 and 6% (w/w) respectively, of total FA but ARA and
DHA were present only in trace amounts (less than 0.5%), and
EPA was not detected. The proportions (wt% of total FA) of

18:2n-6, 18:3n-3, ARA, EPA, and DHA in the total lipids of the
unincubated eggs were 15.3, 0.6, 1.5, 0.1, and 1.4%, respec-
tively, consistent with the well-established FA composition of
chicken eggs (1,2,25). This contrasts markedly with eggs of the
king penguin, where the proportions of 18:2n-6, 18:3n-3, ARA,
EPA, and DHA in total lipids were 1.9, 0.1, 1.6, 3.0, and 5.9%,
respectively (21). Eggs were incubated at 37.8°C and 60% rela-
tive humidity in a benchtop incubator (Brinsea Products, Ban-
well, United Kingdom). Hatching occurred after 21 d and the
chicks were maintained for 2 d with drinking water but no food
provided. After sacrifice by decapitation, heart and muscle sam-
ples were dissected and stored at −80°C for up to 1 mon prior to
analysis.

Lipid analysis. The methodology for lipid and FA analysis
was previously described in detail (21,26). In brief, total
lipids were extracted from samples of heart and skeletal mus-
cle using the modified Folch method (27), lipid classes were
separated by TLC on silica gel G using a solvent system of
hexane/diethyl ether/formic acid (80:20:1, by vol), and, fol-
lowing exhaustive elution of the identified bands from the sil-
ica (26), the isolated PL, TAG, and cholesteryl ester (CE)
were subjected to transmethylation. The resultant FAME were
analyzed by GLC using a Carbowax capillary column (30 m
× 0.25 mm, film thickness 0.25 µm; Alltech, Carnforth,
United Kingdom) in a CP9001 Instrument (Chrompack, Mid-
dleburg, The Netherlands) with peak integration and data
analysis performed by an EZ Chrom Data Analysis System
(Scientific Software, San Ramon, CA). Peaks were quantified
with reference to a 19:0 standard and identified by compari-
son with standard FAME (Sigma, Poole, United Kingdom).
FA compositions are expressed as wt%. Since minor FA
(<0.2%) were not included in the tables, the sum of the pre-
sented values is less than 100%. The amounts of the lipid
classes were calculated from the FA mass derived from each
class together with the acyl group contribution to the M.W. of
these compounds. Free cholesterol was determined using an
enzymatic/colorimetric assay kit (Boehringer, Lewes, United
Kingdom).

Data analysis. Results are expressed as mean ± SE of val-
ues from n = 4–8 embryos or chicks. Comparison of FA com-
positions between two developmental stages or between pen-
guin and chicken utilized the unpaired two-tailed Student’s
t-test after arcsine transformation of percentage values. Tissue
lipid class concentrations throughout development were com-
pared by one-way ANOVA and post-hoc Bonferroni tests.

RESULTS

Concentrations of lipid classes in heart and skeletal muscle
during development of the king penguin. Developmental
changes in the tissue concentrations of PL, TAG, and CE (ex-
pressed as mg/g wet tissue) are shown in Figures 1–3. The
concentration of PL in the heart of the king penguin increased
by almost twofold (P < 0.001) between day 27 of embryonic
development (i.e., the halfway stage of the embryonic period)
and 2 d posthatch (Fig. 1). It should be noted that the
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concentration of PL in the heart at the time of hatching was
approximately twice as high as in the two skeletal muscle
sites (Fig. 1 vs. Figs. 2 and 3). The concentration of TAG in
the heart of the day 27 embryo was less than half of the value
for PL at that stage and decreased by 67% (P < 0.01) through-
out the latter half of the embryonic period. Thus, by the time
of hatching, the concentration of PL in the heart was 12.5
times greater than that of TAG. At day 27, CE was a relatively
minor component of the heart lipids (less than a third of the
PL content), but its concentration had increased by 1.8-fold
(P < 0.02) at 2 d posthatch.

PL was the major lipid class of leg muscle throughout de-
velopment and its concentration increased twofold (P <
0.001) between day 27 of embryonic life and day 2 after
hatching; the apparent abrupt rise between hatching and 2 d
posthatch did not reach statistical significance (Fig. 2). The
concentration of TAG in this tissue also doubled (P < 0.001)
during this same period. After a decrease of 50% (P < 0.01)
between days 27 and 33, the concentration of CE was restored
to its initial value by the time of hatching.

In contrast with heart and leg muscle, the concentration of
PL in pectoral muscle did not undergo a net increase during
this period; instead it decreased by 30% (P < 0.001) between
days 27 and 33 with the original concentration being restored
by the time of hatching (Fig. 3). On the other hand, the con-
centrations of TAG and CE in pectoral muscle increased dur-
ing development, the latter continuously so that its concentra-
tion at 2 d posthatch was 9.0 times greater (P < 0.001) than at
day 27, and the former peaked at day 47 when its concentra-
tion was 8.8 times higher (P < 0.01) than at day 27.

FA profiles of heart lipids during development of the king
penguin. To illustrate developmental change, the FA profiles
of heart lipids at 27 and 55 days of incubation were compared,
the latter time point representing day 2 after hatching. These

times represent the earliest and latest developmental stages
that were sampled. ARA was the main polyunsaturate of the
heart PL (Table 1), and substantial proportions of EPA and
DHA were also present; however, 18:2n-6 was a very minor
FA and no 18:3n-3 was detected. Between days 27 and 55, the
proportions of 16:0 and 22:5n-3 in PL decreased, whereas
those of 18:0, 18:1n-9, and 18:2n-6 increased; however, the
most striking change was a reduction in the proportion of
DHA to less than half its day 27 value.

At day 27, the most notable feature of the heart’s TAG was
the very high proportion of DHA. By day 55, however, the pro-
portion of DHA had decreased by two-thirds, accompanied by a
major increase in the contribution of 18:1n-9 and lesser
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FIG. 1. Concentrations (mg/g wet tissue) of phospholipid (●), TAG (●●),
and cholesteryl ester (▲) in the heart of the king penguin during devel-
opment. Values are means of n = 8 (days 27 and 33), 6 (day 40), and 4
(days 47, 53, and 55) with SE indicated by error bars.

FIG. 2. Concentrations (mg/g wet tissue) of phospholipid (●), TAG (●●),
and cholesteryl ester (▲) in leg muscle of the king penguin during de-
velopment. Values are means (n = 4) with SE indicated by error bars.

FIG. 3. Concentrations (mg/g wet tissue) of phospholipid (●), TAG (●●),
and cholesterol ester (▲) in pectoral muscle of the king penguin during
development. Values are means (n = 4) with SE indicated by error bars.



increases in the proportions of 16:0 and 16:1n-7. DHA was the
major polyunsaturate of heart CE at day 27; it was still the major
polyunsaturate at day 55 although its proportion was much lower
than at day 27. The other main difference during development
was the 1.3-fold increase in the proportion of 18:1n-9 in CE.

FA profiles of leg muscle lipids during development of the
king penguin. DHA was the main polyunsaturate of the PL
fraction of leg muscle (Table 2) at both time points although
its proportion had decreased by a quarter at the latter stage,
commensurate with increased contributions from ARA and
EPA. Also, the proportion of 18:0 in PL increased 1.3-fold

over this period. DHA was also the main polyunsaturate of
the TAG fraction at both stages, even though its proportion
had decreased by more than a third at day 55. Reductions in
the contributions from ARA and EPA were also evident at the
latter stage. A major increase in the proportion of 16:0, an in-
crease in that of 18:1n-9, and a reduced contribution from
18:0 also occurred during development. Again, DHA was the
predominant polyunsaturate of CE at both stages although its
proportion decreased by more than half during development.
The proportion of ARA was also lower at the later stage, and
there was an increased contribution from 18:1n-9.
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TABLE 1
FA Profilesa of Heart Lipidsb During Development of the King Penguin

Phospholipid TAG Cholesteryl ester

Day 27c Day 55 Day 27 Day 55 Day 27 Day 55

16:0 20.5 ± 1.1 17.9 ± 0.7d 15.0 ± 1.7 19.8 ± 1.0d 7.9 ± 0.8 8.7 ± 0.8
16:1n-7 0.7 ± 0.1 0.8 ± 0.1 0.6 ± 0.1 2.4 ± 0.2e 1.0 ± 0.1 1.8 ± 0.2d

18:0 18.8 ± 0.3 21.2 ± 0.4e 13.3 ± 0.3 10.8 ± 0.6d 8.3 ± 0.3 5.2 ± 0.2e

18:1n-9 16.3 ± 0.3 19.1 ± 0.5e 22.4 ± 0.5 40.0 ± 0.5e 44.3 ± 1.4 59.5 ± 2.9e

18:1n-7 3.0 ± 0.1 2.7 ± 0.2 3.1 ± 0.1 3.7 ± 0.1d 2.9 ± 0.1 3.8 ± 0.1e

18:2n-6 1.2 ± 0.1 2.2 ± 0.2d 2.1 ± 0.1 2.6 ± 0.2d 3.7 ± 0.3 2.2 ± 0.1d

18:3n-3 0.0 0.0 0.5 ± 0.1 0.4 ± 0.1 1.9 ± 0.2 0.3 ± 0.1e

20:1n-9 0.4 ± 0.0 0.3 ± 0.1 1.4 ± 0.1 2.3 ± 0.2d 2.2 ± 0.1 3.3 ± 0.4d

20:4n-6 16.1 ± 0.5 19.7 ± 1.8 4.4 ± 0.1 3.2 ± 0.3d 2.5 ± 0.1 2.3 ± 0.1
22:4n-6 0.6 ± 0.1 0.7 ± 0.1 0.7 ± 0.1 0.3 ± 0.1 0.0 0.0
20:5n-3 8.2 ± 0.2 7.1 ± 0.7 3.1 ± 0.1 2.9 ± 0.3 3.7 ± 0.3 3.7 ± 0.2
22:5n-3 1.5 ± 0.1 1.1 ± 0.1d 3.2 ± 0.2 2.0 ± 0.3d 1.0 ± 0.1 0.6 ± 0.1d

22:6n-3 10.5 ± 0.5 4.7 ± 0.2e 26.7 ± 1.9 7.9 ± 0.8e 13.0 ± 1.2 5.3 ± 0.5e

aWt% of FA in that lipid class; values are mean ± SE of n = 8 and 4 hearts at days 27 and 55, respectively.
bTotal lipid formed 2.4 and 3.6 wt% of wet tissue at days 27 and 55, respectively; phospholipid, TAG, cholesteryl ester,
and free cholesterol, respectively, formed 47.5, 20.5, 13.8, and 8.6 wt% of total lipid at day 27, and 61.8, 7.2, 16.3, and
7.1% at day 55.
cDays from the beginning of egg incubation; day 55 is 2 d posthatch.
dP < 0.05; comparison with day 27.
eP < 0.001; comparison with day 27.

TABLE 2
FA Profilesa of Leg Muscle Lipidsb During Development of the King Penguin

Phospholipid TAG Cholesteryl ester

Day 27c Day 55 Day 27 Day 55 Day 27 Day 55

16:0 22.2 ± 1.4 19.1 ± 0.4 14.2 ± 0.3 23.6 ± 0.8d 8.0 ± 0.7 8.5 ± 0.3
16:1n-7 0.8 ± 0.1 0.6 ± 0.1 1.3 ± 0.2 2.0 ± 0.3 1.3 ± 0.2 1.6 ± 0.1
18:0 14.9 ± 0.4 19.6 ± 0.2e 15.4 ± 1.9 9.3 ± 0.4e 7.3 ± 0.3 5.5 ± 0.1e

18:1n-9 23.0 ± 0.2 21.0 ± 0.9 34.8 ± 0.3 40.2 ± 1.1e 48.7 ± 0.7 59.6 ± 1.5f

18:1n-7 3.0 ± 0.1 2.5 ± 0.1e 3.7 ± 0.1 3.7 ± 0.2 3.3 ± 0.1 3.1 ± 0.1
18:2n-6 1.1 ± 0.1 1.7 ± 0.1e 2.7 ± 0.3 2.1 ± 0.1 2.7 ± 0.2 2.3 ± 0.1
18:3n-3 0.0 0.0 0.3 ± 0.1 0.2 ± 0.0 0.5 ± 0.1 0.3 ± 0.1
20:1n-9 0.6 ± 0.1 0.6 ± 0.1 2.6 ± 0.1 3.6 ± 0.3e 2.0 ± 0.2 3.6 ± 0.4e

22:1n-9f 0.0 0.0 1.4 ± 0.2 0.5 ± 0.1e 0.4 ± 0.1 0.3 ± 0.1
20:4n-6 8.9 ± 0.3 10.7 ± 0.3e 2.2 ± 0.2 1.2 ± 0.1e 3.7 ± 0.1 2.6 ± 0.3e

20:5n-3 4.6 ± 0.2 6.1 ± 0.5e 2.9 ± 0.3 1.1 ± 0.1e 5.3 ± 0.5 4.4 ± 0.3
22:5n-3 2.3 ± 0.1 2.8 ± 0.2 2.1 ± 0.4 2.7 ± 0.1 0.9 ± 0.1 0.6 ± 0.1
22:6n-3 15.2 ± 0.5 11.4 ± 0.4e 12.0 ± 1.8 7.4 ± 0.5e 12.0 ± 0.6 5.2 ± 0.5f

aWt% of FA in that lipid class; values are mean ± SE (n = 4).
bTotal lipid formed 1.3 and 2.3 wt% of wet tissue at days 27 and 55, respectively; phospholipid, TAG, cholesteryl ester,
and free cholesterol, respectively, formed 45.7, 12.9, 24.3, and 4.2 wt% of total lipid at day 27, and 49.8, 15.3, 16.8, and
7.6% at day 55.
cDays from the beginning of egg incubation; day 55 is 2 d posthatch.
dP < 0.001; comparison with day 27.
eP < 0.05; comparison with day 27. fAlso contains 22:1n-11.



FA profiles of pectoral muscle lipids during development
of the king penguin. DHA, the major polyunsaturate of pec-
toral muscle PL (Table 3), decreased by a fifth between the
two stages, commensurate with an increased proportion of
ARA. A decrease in the proportion of 16:0 in PL during de-
velopment was balanced by an increased contribution from
18:0. DHA was again the major PUFA of the TAG fraction,
with no significant decrease during development; the propor-
tions of 18:0 and EPA were lower at day 55, whereas the pro-
portion of 18:1n-9 was higher. In CE, DHA was also the main
polyunsaturate, although its proportion decreased by half dur-
ing development; the contributions of ARA and EPA were
also less at the later stage, whereas the proportion of 18:1n-9
increased 1.3-fold during development, and that of 16:0 de-
creased slightly.

Data (not shown) from intermediate stages indicate that,
for heart, leg, and pectoral muscle, the differences in FA com-
position between days 27 and 55 reflect continuous trends
during this period.

Comparison with the chicken. The FA profiles of the PL
fraction of the heart, leg, and pectoral muscle of the newly
hatched chicken were compared (Figs. 4 and 5) with the
equivalent values for the penguin at the same developmental
stage (i.e., 2 d posthatch). The PL fraction was chosen since
it is the main structural and functional lipid of the cell mem-
branes. For all three tissues, the proportions of total saturates
(16:0 plus 18:0) in PL did not differ between the two avian
species (Fig. 5). The heart PL of the chicken displayed only
half the proportion of 18:1n-9 but nearly five times as much
18:2n-6 compared with the values for the penguin; also, a 1.3-
fold greater contribution from ARA in the chicken was coun-
terbalanced by a near-absence of EPA and a lower (by a fifth)
proportion of DHA (Fig. 4A). The heart PL of the chicken
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TABLE 3
FA Profilesa of Pectoral Muscle Lipidsb During Development of the King Penguin

Phospholipid TAG Cholesteryl ester

Day 27c Day 55 Day 27 Day 55 Day 27 Day 55

16:0 25.5 ± 0.9 20.4 ± 0.4d 18.7 ± 1.7 20.2 ± 1.1 10.0 ± 0.3 8.4 ± 0.2d

16:1n-7 1.1 ± 0.1 0.6 ± 0.1d 1.8 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 1.5 ± 0.1
18:0 13.6 ± 0.3 18.0 ± 0.2e 14.3 ± 1.1 11.3 ± 0.3d 6.8 ± 0.6 5.7 ± 0.1
18:1n-9 22.9 ± 0.4 23.4 ± 0.5 32.3 ± 1.4 37.2 ± 0.6d 47.9 ± 1.5 62.3 ± 0.5e

18:1n-7 3.0 ± 0.1 1.9 ± 0.1e 3.6 ± 0.1 3.3 ± 0.2 3.2 ± 0.1 3.3 ± 0.1
18:2n-6 1.1 ± 0.1 1.6 ± 0.1d 2.2 ± 0.2 2.1 ± 0.1 2.5 ± 0.3 2.3 ± 0.1
18:3n-3 0.0 0.0 0.8 ± 0.1 0.3 ± 0.1d 0.8 ± 0.2 0.2 ± 0.0
20:1n-9 0.4 ± 0.1 0.7 ± 0.1 1.6 ± 0.2 2.9 ± 0.2d 1.8 ± 0.1 2.4 ± 0.2d

20:4n-6 8.7 ± 0.3 11.8 ± 0.3e 3.2 ± 0.4 2.7 ± 0.3 3.8 ± 0.1 2.5 ± 0.2d

22:4n-6 0.8 ± 0.1 1.3 ± 0.1d 0.0 0.0 0.0 0.0
20:5n-3 4.1 ± 0.3 3.6 ± 0.4 3.0 ± 0.4 1.6 ± 0.1d 5.3 ± 0.3 4.2 ± 0.2d

22:5n-3 2.0 ± 0.1 2.2 ± 0.1 2.1 ± 0.3 3.0 ± 0.3 0.6 ± 0.1 0.5 ± 0.1
22:6n-3 14.1 ± 0.5 11.8 ± 0.5d 12.3 ± 1.3 10.1 ± 0.6 10.7 ± 0.9 4.5 ± 0.2e

aWt% of FA in that lipid class; values are mean ± SE (n = 4).
bTotal lipid formed 1.1 and 2.0 wt% of wet tissue at days 27 and 55, respectively; phospholipid, TAG, cholesteryl ester,
and free cholesterol, respectively, formed 82.5, 3.7, 6.0, and 6.1 wt% of total lipid at day 27; and 39.6, 11.6, 31.4, and
8.6% at day 55.
cDays from beginning of egg incubation; day 55 is 2 d posthatch.
dP < 0.05; comparison with day 27.
eP < 0.001; comparison with day 27.

FIG. 4. Proportions (wt% of total FA) of unsaturated FA in phospholipid
of heart (A), leg muscle (B), and pectoral muscle (C) in the chicken (filled
bars) and king penguin (diagonally lined bars), both at 2 d posthatch.
Values are mean (n = 8 and 4 for chicken and penguin, respectively)
with SE indicated by error bars. aP < 0.05; bP < 0.001; comparison with
chicken.



contained lower proportions of total monounsaturates and n-3
polyunsaturates but more n-6 polyunsaturates than that of the
penguin, whereas the contributions of total C20-22 polyunsat-
urates did not differ between the two species (Fig. 5A). The
n-6/n-3 ratio in heart PL was 7.6 for the chicken compared
with only 1.8 for the penguin.

Compared with the penguin, the leg muscle PL of the
chicken contained a much greater (10.2-fold) proportion of
18:2n-6 and commensurately less 18:1n-9; the contribution
from ARA was 1.5 times greater in the chicken tissue, but
again, EPA was almost absent and the proportion of DHA was
about a third lower than in the PL of the penguin leg muscle
(Fig. 4B). Thus, the leg muscle PL of the chicken was char-
acterized by lower proportions of total monounsaturates and
n-3 polyunsaturates but a higher proportion of n-6 polyunsat-
urates than were present in the corresponding penguin sam-
ples; the total contribution of C20-22 polyunsaturates was also
slightly less in the case of the chicken (Fig. 5B). The n-6/n-3
ratio in leg muscle PL was 4.2 for the chicken compared with
only 0.6 for the penguin.

The pectoral muscle PL of the chicken contained almost

nine times the proportion of 18:2n-6 but a lower (by a third)
proportion of 18:1n-9, than that of the penguin; the contribu-
tion from ARA was 1.4 times greater in the chicken tissue,
but EPA was a very minor FA and the proportion of DHA was
little more than half the value for the penguin (Fig. 4C). Con-
sequently, the contributions of total monounsaturates, n-3
polyunsaturates, and total C20-22 polyunsaturates were lower
and that of total n-6 polyunsaturates was higher in the case of
the chicken tissue (Fig. 5C). The n-6/n-3 ratio in pectoral
muscle PL was 3.8 for the chicken but only 0.8 for the pen-
guin.

DISCUSSION

Concentrations of lipid classes in heart and skeletal muscle
during development of the king penguin. The increased con-
centrations of PL in heart and leg muscle that were observed
during the second half of the penguin’s embryonic period may
reflect the proliferation of myoblasts and subsequently, dur-
ing myogenic differentiation, the formation of membranous
structures, such as the sarcoplasmic reticulum and transverse
tubules. In the chicken, the phase of skeletal myoblast prolif-
eration is largely confined to the first half of embryonic de-
velopment; cell fusion to form multinucleate myotubes oc-
curs around the middle period, and myotube maturation
proceeds throughout the final trimester (7). If skeletal myoge-
nesis in the leg of the king penguin employs a similar on-
togeny, then the second half of embryonic development, as
studied here, is largely characterized by the stages of myo-
blast fusion and myotube maturation, with any cell division
limited to the beginning of this period.

In contrast to the results for heart and leg muscle, the con-
centration of PL in the pectoral muscle of the penguin did not
display a net increase over the same developmental period.
This may relate to differences in the rates of maturation be-
tween the different muscle sites, such as leg muscle develop-
ing in advance of pectoral muscle. We have no quantitative
data on this point, but on dissection, the pectoral muscle of
the newly hatched penguin chick was markedly underdevel-
oped compared to leg muscle and to the situation in the adult
(Decrock, F., and Groscolas, R., unpublished observations).
Such observations are consistent with the fact that, at the be-
ginning of posthatch life, the king penguin’s main form of lo-
comotion is walking; it is only later (at 1 yr of age) that it
needs a powerful pectoral muscle for swimming (24).

Studies on mammalian skeletal muscle have demonstrated
that intramyocellular TAG represents a dynamic energy store
that accumulates particularly during periods of high fat intake
and is utilized during or just after exercise (28–30). Mobiliza-
tion of this TAG is catalyzed by intramuscular hormone-sen-
sitive lipase, which is activated by adrenergic stimulation and
muscle contraction (14,31). The changing concentration of
TAG in the pectoral muscle of the developing king penguin
may be consistent with such a role, increasing continuously
and substantially (8.8-fold) between days 27 and 47 of egg
incubation [a time of rapid provision of yolk-derived lipid to
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FIG. 5. Composite parameters (wt% of total FA) for phospholipid FA of
heart (A), leg muscle (B), and pectoral muscle (C) of the chicken (filled
bars) and king penguin (diagonally lined bars), both at 2 d posthatch.
Abbreviations: sats, saturated FA; mono, monounsaturated FA; pufa,
polyunsaturated FA. Values are means (n = 8 and 4 for chicken and pen-
guin, respectively) with SE indicated by error bars. aP < 0.05; bP <
0.001; comparison with chicken.



the embryo (21)] followed by a 35% decrease, which, al-
though not reaching statistical significance, could indicate
mobilization of TAG to provide energy for this muscle during
the hatching period. In leg muscle, the concentration of TAG
increased 2.5-fold between day 27 and hatching, although the
pattern of change was not continuous and the 20% decrease
within 2 d posthatch did not reach significance. These find-
ings provisionally suggest that TAG is deposited in the skele-
tal muscle of the developing penguin at a time when the em-
bryo is replete with lipid and that it functions as a reserve of
energy, possibly to assist with the demands of the hatching
and early posthatch periods. Mobilization of the embryo’s
TAG stores for energy during hatching is suggested by obser-
vations that between days 49 and 54 the total lipid content of
the king penguin embryo/chick decreased by 22%, and sub-
cutaneous adipose tissue decreased by 35% (Groscolas, R.,
and Decrock, F., unpublished data).

By contrast, TAG did not accumulate in the heart of the
embryonic king penguin; in fact, the concentration of this
lipid in the heart decreased as development progressed. In
mammals, myocardial TAG exists in a dynamic state, capable
of providing as much as 40% of the energy needs of the beat-
ing heart while being rapidly resynthesized to minimize de-
pletion (15). The net decrease in the heart’s TAG content
throughout the second half of the penguin’s embryonic pe-
riod, despite the intensive transfer of lipid from yolk to em-
bryo, may reflect the substantial use of myocardial TAG as an
energy source for the working heart during development.

A consequence of the transfer of lipids from yolk to the
avian embryo is the formation in the plasma of CE-rich
lipoprotein remnants, which are mainly taken up by the liver
(1). However, in the chicken embryo, skeletal muscle is also
a significant site for the disposal of plasma CE (32). This
would also appear to be the case during the development of
the king penguin, particularly in the pectoral muscle where
the concentration of CE increased continuously from day 27
of egg incubation to day 2 after hatching.

Effect of the (n-3)-rich yolk of the king penguin on the FA
profiles of embryonic muscle. The FA composition of the ini-
tial yolk of the king penguin (21) forms a dramatic contrast
with that of the domestic chicken. Since the chicken’s diet
was almost devoid of ARA and DHA, the presence of these
long-chain polyunsaturates in the chicken’s egg is most likely
due to desaturation/elongation of dietary 18:2n-6 and 18:3n-3
in the liver of the hen (1,25). In the total yolk lipid, the pen-
guin eggs contained 4.2 times the proportion of DHA and 6.4
times the proportion of C20-22 n-3 FA in the chicken eggs used
in this study. The proportion of ARA was similar for the two
species, whereas the chicken yolks displayed an eightfold
greater proportion of 18:2n-6. Consequently, the n-3/n-6 ratio
of the yolk was 3.0 for the penguin but only 0.1 for the
chicken.

An aim of the present work was to evaluate the impact of
such disparities on the FA profiles of the developing heart and
muscle. Despite the preponderance of C20-22 n-3 FA in the
yolk of the king penguin, the PL of the developing heart of

this species contained ARA as the main polyunsaturate, con-
sistent with an essential role for this n-6 FA in the regulation
of cardiomyocyte contraction (10,11). The characteristic fatty
acyl profile of the penguin eggs was not, however, without ef-
fect on the heart’s PL composition since the proportion of
ARA was less than in the chicken’s heart at the same devel-
opmental stage, whereas in the heart of the penguin the con-
tribution from DHA was slightly higher and that of EPA was
far more pronounced. It is notable that the total proportion of
C20 polyunsaturates (i.e., ARA plus EPA) in the posthatch
heart PL, at 26.8 ± 2.7% and 25.4 ± 0.2% for the penguin and
chicken, respectively, did not differ significantly between the
two species. Thus, it is feasible that in the penguin’s car-
diomyocytes EPA makes a contribution to the signaling func-
tions that in other species are performed entirely by ARA.

Similarly, the skeletal muscle PL of the posthatch king
penguin displayed less ARA, more DHA, and far more EPA
than the equivalent chicken samples. Nevertheless, the pro-
portions of total C20 polyunsaturates were again very similar
for the two species. Thus, in leg muscle PL, ARA plus EPA
formed 16.8 ± 0.6 and 16.3 ± 0.6% for the penguin and
chicken, respectively, the equivalent values for pectoral mus-
cle being 15.4 ± 0.5 and 16.5 ± 0.1%. In neither case were
these summed proportions significantly different between the
two species. Again, this may imply that some of the regula-
tory functions normally attributable to ARA have, in the pen-
guin’s skeletal muscle, been partly delegated to EPA.

These findings suggest that the PL FA profiles of the de-
veloping heart and skeletal muscle of the king penguin repre-
sent a compromise between the tissue-specific requirements
for particular polyunsaturates (i.e., those that have a defined
role in the function and regulation of myocytes) and the pat-
tern of FA that are supplied from the yolk. Thus, the typical
“high-ARA” profile of heart PL is upheld in the penguin em-
bryo but in a modified form in which the contribution from
n-3 FA is greater than in other avian species (1,33). However,
the variation in functional maturity between tissues of the pre-
cocial chicken and the semialtricial penguin at the time of
hatching (34) should also be considered as a possible contrib-
utory factor to the differences in tissue FA profiles.

A consistent finding was that the proportion of DHA in
penguin muscle PL was high at day 27 of incubation but then
decreased significantly during the second half of the embry-
onic period; in the case of the two skeletal muscle sites, this
was accompanied by a significant increase in the proportion
of ARA. The biological relevance of these changes in polyun-
saturate composition is not clear but could relate to matura-
tion-dependent modifications in membrane fluidity or lipid-
mediated regulatory mechanisms. It is also unclear whether
the decreases in the proportion of DHA in myocellular TAG
and CE that occurred during the second half of embryonic life
are related in some way to the functions of these lipids in the
maturing muscle.

The FA composition of the food (myctophid fishes) that is
supplied to the newly hatched king penguin by its parents
differs from that of the yolk in several respects (21,22). As a

MUSCLE AND HEART FA OF PENGUIN EMBRYO 413

Lipids, Vol. 37, no. 4 (2002)



result, the hatchling will consume higher proportions of EPA,
DHA, and long-chain (C20-22) monounsaturates and a lower
proportion of ARA than the embryo (21). The consequences
of this nutritional transition on the FA profiles and physiol-
ogy of the cardiac and skeletal muscles during the posthatch
period remain to be investigated.

The king penguin, whose eggs exhibit the highest propor-
tion of C20-22 n-3 FA yet reported for any bird (21), provides
an extreme example to assess the relationship between the FA
composition of the yolk and that of embryonic tissues such as
the heart, which in most species is dominated by ARA (1,33).
The data suggest that the esterification reactions involved in
the synthesis of heart PL display a high degree of selectivity in
the penguin embryo to sustain a “high-ARA” profile despite
the predominance of n-3 FA in the lipids supplied from the
yolk. This profile is, however, modified by the presence of
higher proportions of EPA and DHA than are found in the heart
PL of other species (1,33). In the penguin embryo, the FA-
dependent signal transduction cascades that regulate cardiac
function (10,11) are presumably adapted to accommodate this
modified composition, possibly by employing EPA as well as
ARA in these roles. A similar argument may apply to any reg-
ulatory roles of n-6 and n-3 polyunsaturates in the developing
skeletal muscle.
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ABSTRACT: The synthesis of GLA (∆6,9,12-18:3) is carried
out in a number of plant taxa by introducing a double bond at
the ∆6 position of its precursor, linoleic acid (∆9,12-18:2),
through a reaction catalyzed by a ∆6-desaturase enzyme. We
have cloned genes encoding the ∆6-desaturase (D6DES) from
two different Macaronesian Echium species, E. pitardii and E.
gentianoides (Boraginaceae), which are characterized by the
accumulation of high amounts of GLA in their seeds. The
Echium D6DES genes encode proteins of 438 amino acids bear-
ing the prototypical cytochrome b5 domain at the N-terminus.
Cladistic analysis of desaturases from higher plants groups the
Echium D6DES proteins together with other ∆6-desaturases in a
different cluster from that of the highly related ∆8-desaturases.
Expression analysis carried out in E. pitardii shows a positive
correlation between the D6DES transcript level and GLA accu-
mulation in different tissues of the plant. Although a ubiquitous
expression in all organs is observed, the transcript is particularly
abundant in developing fruits, whereas a much lower level is
present in mature leaves. Functional characterization of the
D6DES gene from E. gentianoides has been achieved by het-
erologous expression in tobacco plants and in the yeast Saccha-
romyces cerevisiae. In both cases, overexpression of the gene
led to the synthesis of GLA. Biotechnological application of
these results can be envisaged as an initial step toward the gen-
eration of transgenic oleaginous plants producing GLA.

Paper no. L8951 in Lipids 37, 417–426 (April 2002).

GLA (∆6,9,12-18:3) is recognized as an EFA in human nutri-
tion. Its deficiency causes several health disorders, and it has
also been claimed that its administration prevents some dis-
eases (1–3). In particular, GLA has been shown to improve
skin function in elderly people (4), attenuate body fat accu-
mulation (5), and have a selective tumoricidal action over
human gliomas (6,7).

GLA is synthesized from linoleic acid (∆9,12-18:2, LA)
by the activity of the enzyme ∆6-desaturase (D6DES) that in-
troduces a new double bond into the ∆6 carbon (8). The same

enzyme is able to introduce a ∆6 desaturation into α-linolenic
acid (∆9,12,15-18:3, ALA), producing octadecatetraenoic
acid (∆6,9,12,15-18:4, OTA) (9). Although present in hu-
mans, D6DES activity is apparently too low to provide
enough GLA to satisfy body needs. Therefore, GLA has in-
terest as an essential nutrient and as a component of some
pharmaceutical products and functional foods.

GLA is currently marketed from seeds of a few plant
species, e.g., evening primrose (Oenothera biennis), common
borage (Borago officinalis), and black currant (Ribes nigrum).
However, current sources have been recognized as inadequate
for the continuous demand of an expanding market (10–12),
since they are not oil-rich plants, and their agronomic prac-
tices are not as well developed as for other crops. Therefore,
attempts have been made to find alternative sources (13). In
this sense, GLA production from genetically modified organ-
isms, including oilseed plants, has been suggested as a possi-
ble alternative (13–16). Initial attempts at overexpression of
D6DES genes in heterologous systems have emphasized the
importance of the gene origin and host organism. For in-
stance, functional expression of the D6DES gene from a
cyanobacterium was very inefficient when performed in a
higher plant, tobacco (15), whereas performance of the Bor-
ago D6DES was much better in the same host plant (17).
Therefore, D6DES genes from higher plants seem to be a bet-
ter choice (instead of those from fungi or cyanobacteria)
when used as transgenes in oilseed crops.

A group of endemic Macaronesian plants from the genus
Echium (Boraginaceae) were recently identified as among the
richest sources of GLA found in nature (18). Among them, E.
gentianoides showed an exceptional GLA content in the seed,
28% of total FA (19), which makes this species an interesting
source of the D6DES gene. However, E. gentianoides is a
perennial shrub whose flowering takes about 2–3 yr in its nat-
ural habitat, a major problem when a study of gene expres-
sion in floral tissues and developing fruits is intended. To
overcome this problem, a closely related species, E. pitardii,
was also used in our studies to perform a molecular charac-
terization of the D6DES gene. Although somewhat less effi-
cient in GLA seed accumulation (22%), E. pitardii has the ad-
vantage of an annual life cycle that is completed in about 4
mon in the laboratory.
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In this work, we obtained the genomic sequences for the ∆6-
desaturase genes of E. gentianoides (EGD6DES) and E. pitardii
(EPD6DES). A molecular characterization of these genes, in-
cluding the expression pattern analysis, was performed. Func-
tionality of the putative D6DES product was proved by heterol-
ogous expression of EGD6DES in tobacco calli and in the yeast
Saccharomyces cerevisiae. In transgenic tobacco calli the syn-
thesis of GLA and OTA was achieved from the endogenous
substrates LA and ALA, respectively, whereas GLA production
in the yeast took place from exogenously incorporated LA.
These results pave the way for the generation of oilseed plants
overexpressing the EGD6DES gene.

MATERIALS AND METHODS

Plant material. Seeds from E. gentianoides Webb ex Coincy and
E. pitardii A. Chev. were collected in their natural habitats at the
Macaronesian island of La Palma (Canary Islands) during the
summers of 1999 and 2000. Tobacco plants, Nicotiana tabacum
var. Wisconsin 38, were used for transformation experiments.
All plants were grown at 25°C under controlled conditions in
growth cabinets with a 16 h light/8 h dark photoperiod.

Microbial strains. Agrobacterium tumefaciens LBA4404
(20) was used as a vector for plant transformation. The S. cere-
visiae strain used in this work was Sc340: MATa ade1 leu2 ura3
his3::PGAL10-GAL4-URA3 (21,22). Cloning procedures in Es-
cherichia coli were carried out with strain DH5α as the host.

Cloning and sequence analysis of the D6DES genes.
Cloning of the D6DES gene from EGD6DES was achieved
by polymerase chain reaction (PCR) amplification of a partial
sequence, followed by bi-directional genomic walking
through inverse PCR (IPCR). Initially, a 550 bp PCR frag-
ment corresponding to amino acid positions 187 to 369
(Fig. 1) was obtained by using the degenerate oligonu-
cleotides BO-1 [5′-AT(A/C)AG(T/C)AT(T/C)GGTTGGTG-
GAA(A/G)TGG-3′] and BO-2 [5′-AATCCACC(A/G)TG-
(A/G)AACCA(A/G)TCCAT-3′] as primers and genomic
DNA from E. gentianoides as a template, following standard
PCR protocols. The product was cloned into the pGEM-T-
Easy® vector (Promega, Madison, WI) and the sequences for
several clones were obtained from both strands by the
dideoxy method using a PerkinElmer (Foster City, CA) ABI-
377 DNA automated sequencer. Two sequences were ob-
tained that were identified as corresponding to the putative
∆6-desaturase and the highly related ∆8-desaturase, based on
the comparison to the orthologous genes from B. officinalis.
From the D6DES partial sequence, two nested upstream
primers, GE-1 (5′-GAGGTGAGCGAGCTAAACAACTTG-
3′) and GE-2 (5′-AACATATTGACCCTAGCGGAACA-3′),
and two nested downstream primers, GE-3 (5′-CTCGGTGA-
CTGGAATGCAACAAG-3′) and GE-4 (5′-CGGCGAGT-
GTTTATGTTGGTCAG-3′), were designed to perform the
IPCR essentially as described (23). The DNA was digested
with one of the enzymes HindIII or SspI and subjected to cir-
cularization followed by two nested rounds of PCR amplifica-
tion. Suitable fragments were analyzed and sequenced as de-

scribed before. With this approach, we obtained about 2.5 kbp
of genomic sequence, comprising 120 bp upstream of the ini-
tiation ATG and some 1.1 kbp downstream of the stop codon.

A genomic DNA fragment containing the whole coding se-
quence (besides 36 and 97 bp of the 5′- and 3′-untranslated re-
gions, respectively) for EGD6DES was obtained by PCR ampli-
fication using suitable upstream GE-5 (5′-TGGATCACCAAA-
CACAGTAGTAAG-3′) and downstream GE-6 (5′-TCCAACA-
AGTAGAACCAATGCAAG-3′) primers and a reading-proof
polymerase (AccuTaq®, Sigma). The fragment was cloned and
sequenced as indicated. Similarly, a whole genomic clone for the
D6DES gene from EPD6DES was obtained by PCR on genomic
DNA, using the same GE-5 and GE-6 flanking primers.

Cladistic analysis. Alignment of amino acid sequences for
desaturase proteins was done using the program Clustal X v.1.7
(24) (European Molecular Biology Laboratory, Heidelberg,
Germany) with the default settings. For the selected sequences
in Figure 1, the alignment was visualized using the Boxshade
v. 3.21 program (European Molecular Biology Laboratory).
The whole alignment output was used to generate a phyloge-
netic tree (Fig. 2) based on the neighbor-joining algorithm of
Saitou and Nei (25) with the following parameters: The whole
amino acid sequence of the protein was considered, positions
with gaps were not excluded, and distances were not corrected
for multiple substitutions. Bootstrap values over 1,000 repli-
cates were also calculated using the same program. The result-
ing phenogram was drawn using the program TreeView (Uni-
versity of Glasgow, Glasgow, United Kingdom) (26).

Southern and Northern blot analysis. Genomic DNA was
isolated from Echium seedlings by a cetyltrimethylammo-
nium bromide-based extraction procedure (27). DNA (about
3 µg) was restricted with the appropriate restriction enzymes,
separated on a 0.8% agarose gel, and transferred by capillar-
ity onto Hybond® N+ nylon membranes (Amersham, Buck-
inghamshire, United Kingdom). Filters were fixed by baking,
prehybridized at 42ºC for 5 h in the 50% formamide/High
SDS buffer recommended by the digoxigenin (DIG) manu-
facturer (Boehringer-Mannheim, Mannheim, Germany), and
hybridized at the same temperature and same buffer solution
(stringent conditions), containing the DIG-labeled EGD6DES
specific probe at 25 ng/mL. High stringency washes were per-
formed twice at 65ºC during 15 min in buffer containing 0.5
× SSC (1 × SSC = 150 mM NaCl, 15 mM sodium citrate, pH
7.0) and 0.1% SDS, and the luminogenic substrate CSPD®

(Boehringer-Mannheim) was used for detection following the
instructions provided with the DIG detection kit. Images were
obtained by exposure of Biomax ML® films (Kodak,
Rochester, NY) for 10–25 min and final developing by stan-
dard procedures. The EGD6DES probe was obtained by ran-
dom primed labeling from a PCR fragment (Fig. 3) generated
with primers GE-4 and GE-6, corresponding to the last 115
amino acids of the protein and about 100 bp of the 3′-untrans-
lated region. Probe specificity was previously confirmed by
the absence of cross-hybridization under the same conditions
with a highly homologous ∆8-desaturase fragment from
Echium (not shown).
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FIG. 1. Sequence comparison between Echium D6DES and related D6DES and D8DES proteins from higher plants. The amino acid sequences of
∆6-desaturases of E. gentianoides (EGD6DES, acc. no. AY055117), E. pitardii (EPD6DES, AY055118), Borago officinalis (BOD6DES, U79010), and
∆8-desaturases from B. officinalis (BOD8DES, AF133728), Helianthus annuus (HAD8DES, S68358), and Arabidopsis thaliana (ATD8DES-A,
AAC62885.1; and ATD8DES-B, CAB71088.1) are aligned by using the Clustal X (v1.7) software (European Molecular Biology Laboratory, Heidel-
berg, Germany). The Boxshade program (European Molecular Biology Laboratory) is used to highlight the homology between protein sequences.
Shading is applied when there is agreement for a fraction of sequences above 0.5. Amino acids identical to EGD6DES are enclosed in black boxes
and similar residues are in grey boxes. The N-terminal cytochrome-b5 domain, as well as the position of the three characteristic histidine boxes
(HBI to HBIII), are also indicated. Putative transmembrane regions of EPD6DES predicted by the TMPRED software (48) are marked with thick
black bars. 



Total RNA was extracted from different tissues of E.
pitardii plants grown to maturity following the method of
Chang et al. (28). About 5 µg per lane of total RNA was
loaded onto an agarose/formaldehyde gel, electrophoretically
separated, and transferred to Hybond-N+ membranes. Filters
were hybridized at 50ºC (stringent conditions) as described
for Southern analysis using the same EGD6DES specific
probe. Stringent washes, accomplished at 68ºC, and detection
of the DIG labeled probe were as indicated before. As a con-
trol, the filters were rehybridized with a 900 bp cDNA probe
from tobacco, which encodes part of the cytosolic glyceralde-
hyde-3-phosphate dehydrogenase gene (29). In this case, hy-
bridization was done in the same conditions, but the final
washes were performed at 65ºC.

Tobacco transformation and generation of calli. A full
DNA genomic fragment encoding the whole EGD6DES pro-
tein and part of the 5′ and 3′-untranslated regions was ob-
tained by PCR as indicated before. The fragment was se-
quenced to check for the absence of PCR mutations and
cloned in the sense orientation at the polylinker of the tran-
scriptional fusion vector pJIT60 (30) between a 35S CaMV
promoter containing a duplicate enhancer sequence and

appropriate termination–polyadenylation signals. The KpnI-
XhoI “cassette” containing the transcriptional fusion was lib-
erated and cloned into the pBIN19 binary vector (31), and the
resulting construct was used to transform the A. tumefaciens
LBA4404 strain. Tobacco leaf disc transformation was
achieved essentially as described by Horsch et al. (32). The
calli were obtained by incubation of tobacco leaf disks in
Murashige-Skoog medium containing 30 g/L glucose, 0.1
mg/L 6-benzylamino-purine, 1 mg/L α-naphthalene acetic
acid, 100 mg/L kanamycin, 500 mg/L cefotaxime, and 1
mL/L vitamins (stock solution from Sigma). Incubation was
performed in petri dishes kept in growth chambers at 25ºC
under a 12L/12D photoperiod regime. 

Yeast transformation. Saccharomyces cerevisiae Sc340
strain was transformed by the procedure of Ito et al. (33) with
plasmid pYexD6D. This plasmid was constructed by cloning
the E. gentianoides D6DES gene under control of the CYC-
GAL hybrid promoter of expression vector pEMBLyex4 (34).
Transformant colonies were selected by complementation of
the leu2d marker. Yeast-transformed clones were grown for
about 48 h at 30ºC in standard minimal medium supple-
mented with the auxotrophic requirement of the strain. The
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FIG. 2. Neighbor-joining tree illustrating relationships among Echium D6DES proteins and
other desaturases from dicot species. Amino acid sequences were analyzed as described in the
Materials and Methods section. EGD6DES and EPD6DES proteins reported in this paper are
indicated enclosed by a square. The tree was rooted using ∆9-desaturases as the outgroup.
Bootstrap values are expressed as percentages (over 1000 replicates) at relevant nodes.



cells were collected by centrifugation and transferred to a
medium suited for the induction of the GAL promoter, which
contained 1% yeast extract, 2% peptone, 0.5% glucose, and
1% galactose. The induction medium also contained 25 µM
of the GLA precursor LA (final concentration) prepared in
Tergitol (1% final concentration). The transformant cells were
incubated in the induction medium at 20ºC and samples were
taken for analysis after 24 and 48 h.

FA analysis. The biomass (tobacco calli or yeast) was pre-
viously lyophilized. Simultaneous lipid extraction and gener-
ation of FAME were performed as described elsewhere (35).
For some experiments, fresh tobacco calli were directly ana-
lyzed following the same method. FA composition was deter-
mined by GLC as in (35). GC–MS analysis was carried out
using a Varian (Palo Alto, CA) 3400 gas chromatograph–Sat-
urn 3 ion trap mass spectrometer operating at an ionization
voltage of 70 eV with a scan range of 60–650 Da. The mass
spectra of the relevant peaks were compared to those of stan-
dards processed by the same equipment.

RESULTS

Cloning of genes encoding the ∆6-desaturase from Echium
plants. The complete genomic sequence for the D6DES gene
of E. gentianoides was obtained by PCR amplification of a
partial sequence fragment, followed by walking in both di-
rections by IPCR (see the Materials and Methods section).

Degenerated primers corresponding to highly conserved mo-
tives (ISIGWWKW, and MDWFHGG) of ∆6- and ∆8-desat-
urases (Fig. 1) were used to amplify from the genomic DNA
of E. gentianoides a 550 bp PCR fragment that was subse-
quently cloned in a T-vector. Several clones were sequenced,
allowing the identification of putative ∆6- and ∆8-desaturase
sequences based on the comparison to the Borago ortho-
logues. From the partial D6DES sequence, gene-specific
primers were designed that allowed the obtaining of several
IPCR clones and the assemblage of a 2.5 kbp genomic se-
quence containing the whole coding region. Finally, genomic
fragments comprising the coding sequence of genes from
EGD6DES and EPD6DES were obtained by PCR amplifica-
tion on genomic DNA using flanking primers derived from
the E. gentianoides sequence. None of these genes contained
intervening sequences showing 98% of identity at the DNA
level. The two genes presented very similar open reading
frames encoding proteins of the same length, 438 amino acids
(Fig. 1). The Echium proteins shared a high similarity, with
only seven amino acid changes (three of them conservative).
Both proteins are highly homologous to ∆6- and ∆8-plant de-
saturases (Fig. 1). They exhibit the prototypical cytochrome
b5 domain at the N-terminus, as reported for other ∆6- and
∆8-desaturases (36). In addition, three Histidine boxes, the
third one conforming to the characteristic consensus QXXHH
of these desaturases, are found at the corresponding positions.
Putative trans-membrane regions are predicted to occur
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FIG. 3. Genomic structure of the D6DES gene of Echium gentianoides. (A) Restriction map of the EGD6DES
genomic sequence reconstructed by inverse polymerase chain reaction. Enzyme symbols are stated below. Position
of the EGD6DES-specific probe is indicated by a bar. (B) Southern blot analysis of EGD6DES in E. gentianoides.
DNA was digested with HindIII (H3), HindII (H2), RsaI (R), DraI (D), HaeIII (H), or VspI (V) restriction endonucle-
ases, and hybridization was performed under stringent conditions, as described in the Materials and Methods sec-
tion, using the EGD6DES-specific probe (Fig. 3B). Size markers (kbp) positions are indicated.



(Fig. 1) according to their location as membrane-bound pro-
teins. Protein BLAST search revealed the highest homology
to D6DES of B. officinalis, sharing 85% of identical residues
with EGD6DES. Clustering analysis including representative
members of the different desaturase classes shows a clear
grouping of the two Echium proteins with the D6DES of Bor-
ago and a still uncharacterized protein from Ricinus (acc. no.
AF005096). These proteins make up a separate clade (sup-
ported by a 100% bootstrap value) to that of the highly related
∆8-desaturases. This provides evidence for the identification
of the Echium gene products as ∆6-desaturases.

Genomic organization and expression analysis of the
Echium ∆6-desaturase. Genomic structure and organization
of the D6DES gene in Echium was investigated by Southern-
blot analysis. Genomic DNA from E. gentianoides was di-
gested with six different restriction enzymes followed by hy-
bridization with a EGD6DES specific probe (see the Materi-
als and Methods section) under stringent conditions. Single
hybridization bands were obtained with five enzymes that do
not cut within the probe (Fig. 3B), thus indicating that the
EGD6DES gene is represented in the haploid genome by a
single copy. Moreover, sizes for the hybridization fragments
comprising the coding region are in agreement with the ge-
nomic sequence assembled by IPCR walking (Fig. 3A), thus
confirming that the D6DES genes do not possess introns.

Similar results were obtained from Southern analysis in E.
pitardii (results not shown).

The expression pattern of the D6DES was analyzed by
Northern blot on total RNA from different tissues of E.
pitardii. Hybridization with the EGD6DES specific probe
under stringent conditions resulted in relatively strong hy-
bridization signals for samples corresponding to stems, roots,
flowers, and developing fruits, this latter tissue giving the
highest intensity. Conversely, the EPD6DES RNA was found
at a comparative low level in the leaves (Fig. 4A). In the same
experiment expression of the housekeeping gene GAPDH
served as a positive hybridization control. The relative tran-
script levels (normalized in base to RNA loading) of
EPD6DES showed a good correlation with the GLA content
determined for the different tissues (Fig. 4B). This might be
an indication that in Echium plants the GLA content in a
given tissue might be primarily governed by the steady-state
level of the D6DES mRNA. 

Functional analysis of the Echium ∆6-desaturase by het-
erologous expression in tobacco calli. In order to demonstrate
that the Echium genes actually encode enzymes with a ∆6-
desaturase activity, we have introduced via Agrobacterium
the complete EGD6DES gene under the control of a constitu-
tive 35S CaMV double promoter in tobacco, a plant that does
not accumulate GLA. The phospholipid-bound LA, which is
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FIG. 4. Expression analysis of the EPD6DES gene. (A) Northern experiment of the D6DES of
Echium pitardii. Equivalent amounts of total RNA from leaves (L), stems (S), roots (R), develop-
ing fruits (Fr), and developing flowers (F) were hybridized with the EGD6DES-specific probe
(Fig. 3A) under high-stringency conditions, as indicated in the Materials and Methods section.
The expression pattern of the cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
a constitutive gene used as a control, is shown below beside the ethidium bromide staining of
the gel. The GAPDH probe was obtained from tobacco. (B) Comparison of the GLA content
and D6DES expression in different tissues of E. pitardii. Relative D6DES expression (above),
normalized in base to RNA loading, is expressed as a percentage over the maximum level at-
tained in developing fruits. GLA content is shown (below) as a percentage of total FA. These
data were determined in triplicate as described in the Materials and Methods section, and the
mean values beside their SE intervals are indicated in the figure.



the main substrate for D6DES, is present at a high level in to-
bacco tissues. Therefore, synthesis of GLA was expected in the
transformed plants. To speed-up the assay, calli derived from
leaf discs were analyzed for FA composition. As a negative
control tobacco calli transformed with the pBIN19 vector alone
was used. A total of 22 calli samples representing individual
transformation events were screened for both the control and
35S::EGD6DES constructs. In all transgenic samples harbor-
ing EGD6DES, the presence of an additional peak with a re-
tention time corresponding to GLA was apparent (Fig. 5B), as
compared to the control (Fig. 5A). Further identification of this
compound as GLA was achieved by GC–MS using the pure
GLA-methyl ester as a standard (data not shown). The mass
spectra of the unknown and GLA standard were identical. In
this experiment, GLA was found in variable amounts ranging
in the different samples from 1.9 to 11.8% on total FA
(Table 1). This variation should be attributed to positional ef-
fects of the T-DNA insertion in each individual callus. The
presence of a second additional peak corresponding to the OTA
was also observed in a number of transgenic samples (Figs. 5A
and 5B). Identification by GC–MS of the new peak was

achieved by comparison with the OTA standard (data not
shown). Again this compound was expected to be produced by
the D6DES activity using the endogenous ALA as a substrate.
It is noteworthy that, when detected, the amount of OTA was
consistently lower than GLA (Table 1).

Functional expression of the ∆6-desaturase from Echium
in the yeast S. cerevisiae. The complete coding region of
EGD6DES (see the Materials and Methods section) was
cloned in the yeast expression vector pEMBLyex4 under con-
trol of the PCYC-GAL promoter inducible by galactose. The re-
sulting plasmid (pYexD6D) was used to transform S. cere-
visiae strain Sc340. This strain carries a construction in which
the GAL4 gene under control of the PGAL10 promoter is lo-
cated at the site that interrupts the HIS3 gene. GAL4 encoded
an enhancer protein that triggers the expression of genes acti-
vated by galactose. The GAL4 protein is present in the cell in
very low amounts. Therefore, the Sc340 construction ampli-
fies the expression of genes placed under control of GAL pro-
moters (21,22). The transformed yeast strains were cultured
under inductive conditions in the presence of LA provided as
exogenous substrate. This FA is not synthesized by the yeast,
but it is efficiently incorporated, reaching about 70% of the
total FA in the cell under our experimental conditions. Ex-
tracts of yeast cells transformed with the EGD6DES gene
showed a peak not present in the extracts of control cultures
transformed with the vector alone (Figs. 5C and 5D). The re-
tention time in GC experiments coincides with that of GLA,
and the identity of the compound was confirmed by GC–MS
analysis (not shown). In this case, GLA accumulation reached
a maximum of 1.5% of total FA.

DISCUSSION

Functional characterization of the Echium D6DES gene.
Here we provide evidence for the identification of the gene
products EGD6DES and EPD6DES as functional ∆6-desat-
urases. First, a high similarity of their protein sequences was
found with other previously characterized D6DES, mainly B.
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FIG. 5. Identification by GC of GLA in tobacco and yeast transformed
with the Echium D6DES gene. FAME of total lipids of tobacco calli (A,B)
and Saccharomyces cerevisiae (sc340) grown under inductive condi-
tions in the presence of the linolenic acid substrate (C,D). (A) Control
tobacco calli transformed with the pBIN19 vector alone. (B) Tobacco
calli transformed with the EGD6DES gene under control of the 
CaMV constitutive promoter. (C) Control yeast transformed with the
pEMBLyex4 vector alone. (D) Yeast transformed with the EGD6DES
gene under control of the PCYC-GAL inducible promoter. Positions of the
additional peaks (GLA and OTA) are indicated by arrows. Heptade-
canoic acid (17:0) is included in the analysis as an internal standard.
OTA, octadecatetraenoic acid.

TABLE 1
FA Composition of Total Lipids from Tobacco Calli
Transformed with the EGD6DES gene

Controla 35S::EGD6DES

FAb Rangec Meanc ± SEM Rangec Meanc ± SEM

16:0 18.0–19.8 19.2 ± 0.06 18.3–20.6 19.2 ± 0.08
18:0 3.2–3 .7 3.4 ± 0.02 3.0–4.0 3.3 ± 0.03
∆9-18:1 0.8–2.0 1.3 ± 0.03 1.3–2.4 1.8 ± 0.03
LA 35.3–40.6 37.9 ± 0.16 31.6–41.6 35.3 ± 0.31
GLA –– –– 1.9–11.8 6.5 ± 0.27
ALA 17.8–25.6 22.4 ± 0.24 16.4–23.4 18.6 ± 0.21
OTA –– –– 0.0–1.6 0.5 ± 0.06
Total FA 1.3–1.5 1.4 ± 0.01 1.2–1.8 1.5 ± 0.02
aControl experiment correspond to calli transformed with the empty vector
pBIN19.
bContributions of individual FA are expressed as percentage of total FA. Total
FA are calculated as percentage of the dry callus weight. 
cThe results are from the analysis of 10 individual calli. LA, linoleic acid;
ALA, α-linolenic acid; OTA, octadecatetraenoic acid.



officinalis, a species belonging to the same family of plants.
However, as it has been pointed out (11), sequence similarity
among desaturases should be considered cautiously before as-
signing a particular function to an unknown protein. For ex-
ample, a sunflower desaturase, showing a high homology to
the Borago D6DES (BOD6DES), was identified as a ∆8-de-
saturase active on sphingolipids rather than on glycerolipids
(37). This is further supported by directed mutagenesis ex-
periments in which few amino acid changes in a desaturase
resulted in drastic alterations in the substrate specificity re-
garding acyl chain length and desaturation position (38). Nev-
ertheless, clustering analysis of desaturases from higher
plants separates with a high reliability the group integrated
by BOD6DES and the Echium desaturases from that of the
∆8-desaturases, thus indicating that the Echium products are
likely to be ∆6-desaturases. 

To obtain a direct proof for the activity of the putative
Echium desaturases we overexpressed the EGD6DES gene in
tobacco calli. FA composition of these undifferentiated cells
is similar to that of nonphotosynthetic tissues, such as the
root, where a higher amount of LA (45%) relative to ALA
(26%) is found (39). These compounds were previously
shown to act as substrates of D6DES enzymes, giving rise to
GLA and OTA, respectively (9,40). Both products were de-
tected in transformed calli, thus demonstrating the ability of
the Echium enzyme to desaturate the ∆6 position of FA con-
taining previous double bonds at ∆9 and ∆12 carbons. These
results also indicate that the activity of a single D6DES en-
zyme is enough to synthesize both GLA and OTA.

The activity of EGD6DES has been further analyzed by
heterologous expression in a yeast system. As expected, de-
saturation of exogenously provided LA was observed in
transformed cells. A similar experiment has been carried out
with the D6DES from the fungus Mortierella alpina (13). In
this case ∆6-desaturation of the endogenous 16:1n-7 and
18:1n-9 was observed in transformed yeast that were not sup-
plemented with LA. Accumulation of 16:2n-7 has also been
reported by yeast expression of the Borago D6DES (41).
However, in our experiments we did not detect the accumula-
tion of such compounds. This discrepancy could be attributed
to differences in the experimental conditions, or it might re-
flect a different behavior of the D6DES from those organisms. 

Gene structure and expression analysis of the Echium
D6DES gene. We have shown that the D6DES of Echium do
not contain introns. The same seems to be true for the Borago
D6DES and the D8DES from Echium and Borago, since par-
tial sequences obtained by genomic PCR also present con-
tinuous open reading frames (results not shown). Moreover,
the whole coding sequences of the two D8DES genes
(F2A19.180; At2g46210) present in the Arabidopsis genome
are also contained within single exons. This is in contrast to
the gene structure of D6DES from other organisms such as
the moss Physcomitrella (42), the worm Caenorhabditis (43),
and Homo (44), where a number of introns interrupt both the
desaturase and cytochrome b5 domains. Although we cannot
exclude the existence in Echium of an additional version of

the D6DES gene containing introns, this is not supported by
Southern analyses since they do not reveal the presence of
further loci. It seems likely therefore that loss of introns of
the D6DES gene may have occurred during evolution of
higher plants, followed, at least in Boraginaceae species, by
high divergence or loss of the interrupted gene. Loss of in-
trons has been well documented in a number of instances,
with retroposition as the most direct mechanism (revised in
45). The fact that D8DES genes are also continuous suggests
that the retroposition event took place before the duplication
and further divergence of the D6DES/D8DES lineages.

We have also studied the expression of the D6DES gene in
different tissues of E. pitardii. High relative levels of D6DES
transcript is found in all tissues of the plant except in leaves
of mature plants, where it is barely detectable. This correlates
with the accumulation of GLA in those tissues, as the synthe-
sis of this compound in the mature leaves is about five times
below that of the developing fruits. The lower GLA level in
the leaves has also been reported in other plants (46,47), and
competition between the D6DES and the ω3-desaturase for
the same substrate (LA) to give either GLA or ALA, respec-
tively, was suggested as the cause (9). It is likely that this
competition has its origin at the transcriptional level. This
correlation suggests that, at least in Echium, the steady-state
level of the D6DES transcript might be the limiting factor in
the accumulation of GLA in the different tissues. 
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ABSTRACT: [1-14C]Linolenic acid was incubated with ho-
mogenates of leaves from the aquatic plants Ranunculus lingua
(greater spearwort) or R. peltatus (pond water-crowfoot). Analy-
sis by reversed-phase high-performance liquid radiochromatog-
raphy demonstrated the formation of a new divinyl ether FA,
i.e., 12-[1′(E),3′(Z)-hexadienyloxy]-9(Z),11(Z)-dodecadienoic
acid [11(Z)-etherolenic acid] as well as a smaller proportion of
ω5(Z)-etherolenic acid previously identified in terrestrial Ranun-
culus plants. The same divinyl ethers were formed upon incu-
bation of 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic
acid, a lipoxygenase metabolite of linolenic acid, whereas the
isomeric hydroperoxide, 9(S)-hydroperoxy-10(E),12(Z),15(Z)-
octadecatrienoic acid, was not converted into divinyl ethers in
R. lingua or R. peltatus. Incubation of [1-14C]linoleic acid or
13(S)-hydroperoxy-9(Z),11(E)-octadecadienoic acid produced
the divinyl ether 12-[1′(E)-hexenyloxy]-9(Z),11(Z)-dodeca-
dienoic acid [11(Z)-etheroleic acid] and a smaller amount of
ω5(Z)-etheroleic acid. The experiments demonstrated the exis-
tence in R. lingua and R. peltatus of a divinyl ether synthase dis-
tinct from those previously encountered in higher plants and
algae.

Paper no. L8992 in Lipids 37, 427–433 (April 2002).

The divinyl ether synthase pathway of FA hydroperoxide me-
tabolism was discovered by Galliard and Phillips, who in
1972 described the structures and biosynthesis of colneleic
and colnelenic acids (1). These two divinyl ether FA were
formed from the 9(S)-hydroperoxide derivatives of linoleic
and linolenic acids, respectively, in homogenates of potato tu-
bers (1), and were later identified also in preparations of
tomato roots (2) and potato leaves (3). The enzyme responsi-
ble, i.e., divinyl ether synthase, is a membrane-bound P-450
protein, and the gene encoding it was recently cloned (4).
Studies using other plant tissues have shown that hydroper-
oxides generated by 13-lipoxygenase activity can also serve
as precursors of divinyl ethers. Evidence for this was first
provided by Proteau and Gerwick (5), who isolated 12-
[1′(Z),3′(Z)-hexadienyloxy]-6(Z),9(Z),11(E)-dodecatrienoic
acid and 12-[1′(Z),3′(Z)-hexadienyloxy]-9(Z),11(E)-dodeca-
dienoic acid [ω5(Z)-etherolenic acid] from the brown alga

Laminaria sinclairii, compounds presumably derived from
the 13-hydroperoxides of stearidonic and linolenic acids, re-
spectively. Subsequently, Grechkin et al. (6) obtained 12-
[1′(E),3′(Z)-hexadienyloxy]-9(Z),11(E)-dodecadienoic acid
(etherolenic acid) and 12-[1′(E)-hexenyloxy]-9(Z),11(E)-
dodecadienoic acid (etheroleic acid) following incubation of
the 13(S)-hydroperoxides of linolenic and linoleic acids, re-
spectively, with an extract of garlic bulbs. Hamberg (7) iso-
lated the 1′(Z) isomers of these divinyl ethers, i.e., ω5(Z)-
etherolenic acid and ω5(Z)-etheroleic acid, following incuba-
tion of the 13-hydroperoxides with leaves from Ranunculus
plants.

The present study reports the structures of additional di-
vinyl ethers, i.e., the 11(Z) isomers of etheroleic and
etherolenic acids, and their biosynthesis in leaves from two
aquatic Ranunculus plants.

EXPERIMENTAL PROCEDURES

Plant materials. Specimens of greater spearwort (R. lingua
L.) and pond water-crowfoot (R. peltatus L.) were collected
in freshwater lakes in the Stockholm area in 1999. Leaves
were either used directly or shock-frozen in liquid nitrogen
and stored at −80°C.

FA, FA hydroperoxides, and divinyl ethers. Linoleic and
linolenic acids were purchased from Nu-Chek-Prep (Elysian,
MN). [1-14C]Linolenic acid (DuPont NEN, Boston, MA) was
mixed with unlabeled material and purified by SiO2 chromatog-
raphy to afford a specimen having a specific radioactivity of 5.5
kBq/µmol. The FA hydroperoxides used in the present work,
i.e., 9(S)-hydroperoxy-10(E),12(Z),15(Z)-octadecatrienoic acid
[9(S)-HPOT)], 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadeca-
trienoic acid [13(S)-HPOT], 9(S)-hydroperoxy-10(E),12(Z)-
octadecadienoic acid [9(S)-HPOD)], and 13(S)-hydroperoxy-
9(Z),11(E)-octadecadienoic acid [13(S)-HPOD] were purchased
from Larodan Fine Chemicals (Malmö, Sweden). From the
same source were also obtained [17,17,18,18,18-2H5]linolenic
acid, 12-oxo-10,15(Z)-phytodienoic acid as well as the divinyl
ether FA used, i.e., colneleic, colnelenic, etheroleic, etherolenic,
ω5(Z)-etheroleic, and ω5(Z)-etherolenic acids.

Enzyme preparations. Leaves of R. lingua or R. peltatus
were minced and homogenized at 0°C in 0.1 M potassium
phosphate buffer pH 6.7 (5:1, vol/wt) using an Ultra-Turrax ho-
mogenizer. The homogenate was filtered through gauze, and
the filtrate was used in incubations carried out on a small scale.
Centrifugation of the whole homogenate at 1100 × g for 15 min
provided a low-speed particulate fraction, and further centrifu-
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gation of the supernatant at 105,000 × g for 60 min provided a
high-speed particulate fraction. The two particulate fractions,
which both contained divinyl ether synthase activity, were re-
suspended in volumes of phosphate buffer equal to those of the
corresponding supernatants and used in large-scale incubations.

Incubations on a small scale and treatments. [1-14C]-
Linolenic acid, [1-14C]linoleic acid, or hydroperoxides (300
µM) were stirred with the whole homogenate preparations
from R. lingua or R. peltatus (2–15 mL) at 23°C for 20 min.
The mixtures were acidified to pH 4 and rapidly extracted
with 2 vol of diethyl ether. Material obtained after evapora-
tion of the solvent was dissolved in 3 mL of 2-propanol/chlo-
roform (1:2, vol/vol) and subjected to solid-phase extraction
using an aminopropyl column (0.5 g; Supelco, Bellefonte,
PA). After rinsing with 5 mL of the same solvent mixture,
acidic components were eluted with 10 mL of diethyl
ether/acetic acid (98:2, vol/vol). The material obtained was
subjected to RP-HPLC radiochromatography using a column
of Nucleosil 100-5 C18 (250 × 4.6 mm) (Macherey-Nagel,
Düren, Germany) and a solvent system composed of acetoni-
trile/water/acetic acid (60:40:0.02, by vol). The flow rate was
1.5 mL/min, and the detector was set at 210 nm.

Preparation of compound 4. Crystalline compound 4,
which was needed for structural and chromatographic stud-
ies, was prepared in the following way. Suspensions of the
low-speed and high-speed particulate fractions obtained from
26 g of leaves of R. lingua were separately stirred at 23°C for
20 min with 300 µM 13(S)-HPOT. The mixtures were pooled,
acidified to pH 4, and extracted with two portions of diethyl
ether. The residue remaining after evaporation of the solvent
was dissolved in 12 mL of 2-propanol/chloroform (1:2,
vol/vol) and subjected to solid-phase extraction (four
columns). Material obtained from five such batches was sub-
jected to RP-HPLC using a column of Nucleosil C18 100-7
(250 × 10 mm) and a solvent system of acetonitrile/water/
acetic acid (60:40:0.02, by vol) to afford 4.5 mg of pure com-
pound 4 (168–177 mL effluent; yield, 4%). The low yield was
caused mainly by the strong hydroperoxide lyase activity in
the tissue used, which diverted the main part of the incubated
hydroperoxide into 12-oxo-9(Z)-dodecenoic acid and 3(Z)-
hexenal. Crystallization of compound 4 from hexane at 
−25°C afforded white crystals, m.p. 66–67°C. When carrying
out the m.p. determinations, it was noted that further heating
of melted samples led to the development of a faint odor of
3(Z)-hexenal, suggesting the presence of a 1,3-hexadienyloxy
partial structure in compound 4.

Preparation of methyl [17,17,18,18,18-2H5]ω5(Z)-ether-
olenate. [17,17,18,18,18-2H5]13(S)-HPOT (18 mg) was pre-
pared by incubation of [17,17,18,18,18-2H5]linolenic acid with
soybean lipoxygenase followed by purification by open-
column SiO2 chromatography. The hydroperoxide (300 µM)
was incubated with a suspension of the 105,000 × g particulate
fraction from a homogenate of 40 g of leaves of R. acris
as described earlier (7). Purification by RP-HPLC and SiO2
chromatography and methyl esterification by treatment with
diazomethane afforded 6 mg of the title compound. Analysis

by GC–MS showed a single peak and a mass spectrum display-
ing a molecular ion at m/z 311. The isotopic purity was 95%.

Chemical, chromatographic, and instrumental methods.
Detailed descriptions of the methodology used for isolation
and structural analysis are given or referred to in a previous
study on hydroperoxide metabolism in terrestrial Ranunculus
plants (7).

RESULTS

Isolation of oxidation products of linolenic acid. [1-14C]-
Linolenic acid (300 µM) was stirred at 23°C for 20 min with a
whole homogenate preparation (10 mL) of R. lingua. Material
obtained following extraction with diethyl ether and solid-phase
extraction was subjected to RP-HPLC radiochromatography.
Four major products were observed, i.e., compounds 1 (6% of
the recovered radioactivity), 2 (5%), 3 (1%; 34.0 mL effluent),
and 4 (10%; 35.8 mL effluent). Compound 1 was identified as
12-oxo-10,15(Z)-phytodienoic acid by UV spectroscopy and
GC–MS using the authentic compound as reference (cf. Ref. 7).
In a similar way, compound 2 was found to be identical to 13(S)-
HOT. Compound 3 was spectroscopically and chromatographi-
cally indistinguishable from 12-[1′(Z),3′(Z)-hexadienyloxy]-
9(Z),11(E)-dodecadienoic acid [ω5(Z)-etherolenic acid] re-
cently isolated following incubation of linolenic acid with
preparations of R. acris or other terrestrial Ranunculus plants
(7). Compound 4 was a new divinyl ether oxylipin, and its
structure was determined as described below. Incubation of 
[1-14C]linolenic acid with a whole homogenate preparation
from R. peltatus, another aquatic Ranunculus plant, produced
compounds 1 (16% of the recovered radioactivity), 3 (15%), and
4 (52%) as the main products.

Structure of compound 4. Compound 4 showed strong UV
absorption with λmax (EtOH) = 267 nm, ε = 41,600 [reference:
ω5(Z)-etherolenic acid, λmax (EtOH) = 267 nm, ε = 41,200],
suggesting a dibutadienyl ether structure (Table 1). The FTIR
spectrum (film) of the methyl ester of compound 4 showed
bands at 1740 (ester C=O), 1646 (C=C), 1595 (C=C), 1165
(C–O–C), and 910 cm−1 (trans-substituted vinyl ether). The
mass spectrum of the methyl ester of compound 4 showed
prominent ions at m/z 306 (23%; M+), 277 (2; M+ − 29; loss of
·C2H5), 275 (3; M+ − 31; loss of ·OCH3), 245 [4%; M+ − (29 +
32)], 217 (2), 199 (3), 163 [9%; M+ − 143; loss of
·(CH2)6–COOCH3], 149 (21), 131 (27), 107 (31), 81 (100), and
55 (98). Catalytic hydrogenation of the methyl ester 
of compound 4 provided an octahydro derivative, the 
mass spectrum of which showed ions at m/z 314 (0.1%; M+),
283 (2%; M+ − 31; loss of ·OCH3), 229 [18%; M+ − 85; 
loss of ·(CH2)5–CH3], 214 [15%; M+ − 100; loss of
–OHC–(CH2)4–CH3]; 197 [49%; M+ − (85 + 32)], 143 {27%;
[(CH2)6–COOCH3]+}, 129 {11%; [(CH2)5–COOCH3]+}, 97
{31%; [(CH2)4–CH=C=O]+}, 87 {59%; [(CH2)2–COOCH3]+},
74 {69%; [CH2=C(OH)–OCH3].+), and 55 (100). Oxidative
ozonolysis performed on the methyl ester of compound 4 pro-
duced monomethyl azelate as the major nonvolatile fragment.
Collectively, these data indicated that compound 4 possessed a
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9,11-dodecadienoate moiety linked to a 1,3-hexadienyl group
by an ether oxygen, i.e., a skeletal structure identical to that of
etherolenic acid (6) and ω5(Z)-etherolenic acid (7). The distin-
guishing feature of compound 4, i.e., the geometrical configu-
ration of the double bond system, was established by NMR
analysis of the methyl ester.

Eight of the deshielded signals due to the eight olefinic

protons of compound 4 were observed (Table 2, Fig. 1C).
Correlation of the signals with the different protons was
achieved by spin-spin decoupling experiments and by using
the NMR spectra of methyl etherolenate (6) and methyl
ω5(Z)-etherolenate (7) as references. The signals centered at
5.41 and 6.33 ppm were due to the protons at C-9 and C-10,
respectively, whereas the signals at 5.82 and 5.31 ppm were
due to the protons at C-3′ and C-4′, respectively. As shown
by the values of J9,10 and J3′,4′ (11.1 and 10.6 Hz, respec-
tively), both the ∆9 and ∆3′ double bonds had the Z geometri-
cal configuration. Earlier work on divinyl ether FA and on
other vinyl ether compounds, such as ethyl propenyl ether
(5–7,9,10), showed that the coupling constants of protons
across Z and E vinyl ether double bonds have values of 6–7
and 11–12 Hz, respectively. As seen in Table 2, the J11,12 de-
termined for the signals of the vinylic protons at C-11 (5.49
ppm) and C-12 (6.20 ppm) was 6.2 Hz, thus demonstrating
that the ∆11 double bond had the Z configuration. In the same
way, the coupling constant of the vinylic protons of the ∆1′

double bond (signals centered at 6.59 and 6.06 ppm) was 11.9
Hz. This showed that the ∆1′ double bond had the E geomet-
rical configuration. On the basis of the data presented, com-
pound 4 was identified as 12-[1′(E),3′(Z)-hexadienyloxy]-
9(Z),11(Z)-dodecadienoic acid [11(Z)-etherolenic acid]
(Scheme 1).

Compound 4 and ω5(Z)-etherolenic acid differed only
with respect to their alternative placements of their E,Z-buta-
dienyl ether and Z,Z-butadienyl ether partial structures
(Scheme 1), and accordingly, their NMR spectra were virtu-
ally identical (Figs. 1A and 1C). Therefore, the NMR signal
assignments made for compound 4 were in part based on
those previously made for ω5(Z)-etherolenic acid (7). It was
deemed important to confirm the correctness of the latter
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TABLE 1
UV Data and Chromatographic Properties of Divinyl Ethers

Retention Retention
λmax

b volc timed

Compounda (nm) (mL) (min) C-valuee

Compound 4 267 30.9 34.7 19.96
Etherolenic acid 268 25.8 31.3 19.74f

ω5(Z)-Etherolenic acid 267 27.2 32.1 19.74
Colnelenic acid 253 30.2 28.9 19.45f

Compound 6 253 23.0 43.7 19.60
Etheroleic acid 250 21.4 38.3 19.33
ω5(Z)-Etheroleic acid 250 20.8 41.9 18.83
Colneleic acid 250 25.5 46.4 19.41
aAbbreviations:  Compound 4, 12-[1′(E),3′(Z)-hexadienyloxy]-9(Z),11(Z)-do-
decadienoic acid; etherolenic acid, 12-[1′(E),3′(Z)-hexadienyloxy]-
9(Z),11(E)-dodecadienoic acid; ω5(Z)-etherolenic acid, 12-[1′(Z),3′(Z)-hexa-
dienyloxy]-9(Z),11(E)-dodecadienoic acid; colnelenic acid, 9-
[1′(E),3′(Z),6′(Z)-nonatrienyloxy]-8(E)-nonenoic acid; compound 6,
12-[1′(E)-hexenyloxy]-9(Z),11(Z)-dodecadienoic acid; etheroleic acid, 12-
[1′(E)-hexenyloxy]-9(Z),11(E)-dodecadienoic acid; ω5(Z)-etheroleic acid, 12-
[1′(Z)-hexenyloxy]-9(Z),11(E)-dodecadienoic acid; colneleic acid, 9-
[1′(E),3′(Z)-nonadienyloxy]-8(E)-nonenoic acid.
bUV spectra were recorded on the free acids dissolved in 99.5% ethanol.
cStraight-phase HPLC was performed on the methyl esters using a column of
Nucleosil 50-5 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.
dCapillary electrophoresis. Data from Reference 8.
eGLC was performed on the methyl esters using a methyl silicone capillary
column (25 m) at 230°C. The C-values indicate the retention times relative
to those of standards of saturated FAME.
fPartial degradation on the capillary column.

TABLE 2
Proton NMR Data for the Methyl Esters of Compounds 4 and 6a

Methyl ester of compound 4 Methyl ester of compound 6

Carbon # δ (ppm) Multiplicity J (Hz) Carbon # δ (ppm) Multiplicity J (Hz)

2 2.30 t 7.5 2 2.30 t 7.4
3 1.62 m 3 1.62 m
4 1.31 m 4 1.31 m
5 1.31 m 5 1.31 m
6 1.31 m 6 1.31 m
7 1.31 m 7 1.31 m
8 2.13 m 8 2.11 m
9 5.41 m 9 5.35 m

10 6.33 ddd 1.0, 11.1, 11.4 10 6.34 dd 11.1, 11.5
11 5.49 ddd 1.0, 6.2, 11.4 11 5.42 dd 11.5, 6.2
12 6.20 d 6.2 12 6.14 d 6.2
1′ 6.59 d 11.9 1′ 6.30 dt 12.1, 1.2
2′ 6.06 ddd 1.0, 11.4, 11.9 2′ 5.13 dt 12.1, 7.7
3′ 5.82 m 10.6, 11.4 3′ 1.94 m
4′ 5.31 dt 10.6, 7.7 4′ 1.31 m
5′ 2.13 m 5′ 1.31 m
6′ 0.99 t 7.5 6′ 0.89 t 7.0

OCH3 3.66 s OCH3 3.66 s
aProton NMR spectra were recorded at 270 MHz in CDCl3 with tetramethylsilane as internal chemical shift reference. For names of compounds 4 and 6 see
Table 1.



assignments in an independent way. To this end, an NMR
analysis of [17,17,18,18,18-2H5]ω5(Z)-etherolenic acid pre-
pared by incubation of [17,17,18,18,18-2H5]13(S)-HPOT

with R. acris (cf. Ref. 7) was performed. As expected, the
NMR spectrum of the methyl ester of this compound lacked
signals due to the methyl protons and the 5′ protons. Impor-
tantly, the multiplet at 5.41 ppm ascribed to the 4′ protons of
unlabeled ω5(Z)-etherolenic acid (7) simplified to a doublet
(5.41 ppm; J3′,4′ = 10.9 Hz) (Fig. 1B), thus confirming that
the spin system 1′–4′ corresponded to the Z,Z-butadienyl
moiety as previously concluded (7). By means of exclusion,
this experiment gave independent proof for the location at
C-9 to C-12 of the corresponding moiety of compound 4.

Incubation of 13(S)-HPOT. [1-14C]13(S)-HPOT (300 µM)
was stirred at 23°C for 20 min with a whole homogenate prepa-
ration (10 mL) of R. lingua or R. peltatus, and the materials ob-
tained following extraction with diethyl ether and solid-phase
extraction were subjected to RP-HPLC radiochromatography.
The pattern of radioactive products was similar to that observed
following incubation of [1-14C]linolenic acid; however, the
amount of compound 3 [ω5(Z)-etherolenic acid] relative to 
that of compound 4 was higher and more variable. Thus, the
ratio of compound 3/compound 4 observed with linolenic acid
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FIG. 1. Partial proton NMR spectra of divinyl ethers. (A) Methyl ester of ω5(Z)-etherolenic acid {= 12-[1′(Z),3′(Z)-hexadienyloxy]-9(Z),11(E)dodeca-
dienoic acid, methyl ester}; (B) methyl ester of [17,17,18,18,18-2H5]ω5(Z)-etherolenic acid; (C) methyl ester of compound 4 [= -ω5(Z)etherolenic
acid]. The region δ 5.1–6.8 ppm containing signals due to the olefinic protons are shown. Solvent, deuteriochloroform.

SCHEME 1



incubated with R. lingua was 1:10, whereas 13(S)-HPOT incu-
bated with the same plant gave ratios of up to 50:50.

Incubation of linoleic acid and 13(S)-HPOD. Incubation
of [1-14C]linoleic acid (300 µM) as described above led to the
formation of two divinyl ethers, i.e., compound 5 and com-
pound 6 in proportions 20:80. Compound 5 was found to be
identical to 12-[1′(Z)-hexenyloxy]-9(Z),11(E)-dodecadienoic
acid [ω5(Z)-etheroleic acid], a compound previously obtained
from linoleic acid incubated with an enzyme preparation from
R. acris and other terrestrial Ranunculus plants (7). The struc-
ture of compound 6, the major divinyl ether formed from
linoleic acid, was determined as described below. Incubation
of 13(S)-HPOD with whole homogenate preparations of R.
lingua or R. peltatus provided the same divinyl ethers as those
formed from linoleic acid although in proportions 40:60
(compound 5/compound 6).

Structure of compound 6. The UV spectrum of 6 showed
λmax (EtOH) = 253 nm (Table 1), and the FTIR spectrum
(film) of the methyl ester showed absorption bands at 1741
(ester carbonyl), 1647 (C=C), 1601 (C=C), 1158 (C–O–C),
and 933 and 916 cm−1 (trans-substituted vinyl ether). The
mass spectrum showed prominent ions at m/z 308 (31%; M+),
277 (2%; M+ − 31; loss of ·OCH3), 251 [3%; M+ − 57; loss of
·(CH2)3–CH3], 219 [2%; M+ − (57 + 32)], 177 (13), 165
[20%; M+ − 143; loss of ·(CH2)6–COOCH3], 159 (14), 135
(25), 81 (60), 67 (70), and 55 (100). Catalytic hydrogenation
of 6 produced a derivative identical to that formed from 4
upon the same treatment (see above). Oxidative ozonolysis
performed on the methyl ester of 6 yielded monomethyl aze-
late as the main product. The data mentioned indicated the
presence in 6 of a tri-unsaturated ether partial structure span-
ning from C-9 to C-14. NMR spectroscopy showed six
groups of signals due to olefinic protons (Table 2). The pro-
tons at the ∆9 double bonds gave rise to signals at 5.35 and
6.34 ppm. The value of J9,10 (11.1 Hz) demonstrated that this
double bond had the Z geometrical configuration. The signals
at 5.42 and 6.14 ppm were due to the protons at the ∆11 dou-
ble bond. The observed J11,12 (6.2 Hz) was in agreement with
a vinyl ether double bond having the Z configuration. In the
same way, the ∆1′ double bond was assigned the E configura-
tion based on the J1′,2′ (12.1 Hz) measured from the signals at
6.30 and 5.13 ppm (protons at C-1′ and C-2′, respectively).
On the basis of these results, compound 6 was assigned the
structure 12-[1′(E)-hexenyloxy]-9(Z),11(Z)-dodecadienoic
acid [11(Z)-etheroleic acid]. This compound was obtained
earlier as a minor by-product in the biosynthesis of etheroleic
acid from 13(S)-HPOD using a crude enzyme preparation
from garlic bulbs (10).

Incubations of 9(S)-HPOT, 9(S)-HPOD, and ω5(Z)-
etherolenic acid. Incubation of 9(S)-HPOT (300 µM) with the
whole homogenate preparations of R. lingua or R. peltatus
did not result in the formation of divinyl ethers. The com-
pounds observed were identified as unconverted hydroperox-
ide accompanied by smaller amounts of 9(S)-HOT and 9-oxo-
10(E),12(Z),15(Z)-octadecatrienoic acid. Incubation of 9(S)-
HPOD likewise produced small amounts of 9-HOD and

9-oxo-10(E),12(Z)-octadecadienoic acid but no divinyl
ethers. Incubation of ω5(Z)-etherolenic acid did not lead to
conversion into other compounds, thus excluding the pres-
ence of isomerase(s) catalyzing interconversion of divinyl
ether isomers in the preparations used.

Chromatographic separation of divinyl ether FA. As seen in
Table 1, straight-phase HPLC allowed separation of the methyl
esters of etherolenic and etheroleic acids from their corre-
sponding ω5(Z) and 11(Z) isomers. Furthermore, complete res-
olution of the divinyl ether isomers could be effected by capil-
lary electrophoresis (8). Also GLC was useful for identifica-
tion and separation of divinyl ethers, although the methyl ester
of etherolenic acid was inseparable from its ω5(Z) isomer.

DISCUSSION

In a previous study, leaves of terrestrial Ranunculus plants
were shown to metabolize linolenic acid and 13(S)-HPOT ex-
tensively into a single crystalline divinyl ether FA identified
as ω5(Z)-etherolenic acid (7). The present study describes the
formation of a higher-melting form of this divinyl ether in
leaves from two aquatic Ranunculus plants, i.e., greater spear-
wort (R. lingua) and pond water-crowfoot (R. peltatus). The
new divinyl ether, compound 4, was separable from previously
recognized divinyl ether FA by chromatographic methods
(Table 1) but gave results similar to those of ω5(Z)-etherolenic
acid when analyzed by UV and FTIR spectroscopy as well as
MS. NMR spectrometry performed on the methyl ester of
compound 4 and using the methyl esters of ω5(Z)-etherolenic
acid and [17,17,18,18,18-2H5]ω5(Z)-etherolenic acid as refer-
ences (Fig. 1) demonstrated the presence in compound 4 of a
Z,Z-butadienyl structure located in the 9–12 position and an
E,Z-butadienyl structure located in the 13–16 position. Ac-
cordingly, compound 4 was identified as the 11(Z) isomer of
etherolenic acid (Scheme 1). Linoleic acid and 13(S)-HPOD
were metabolized in an analogous way to produce compound
6 [11(Z)-etheroleic acid] as the main divinyl ether product.

The finding that biosynthesis of divinyl ethers from
linolenic and linoleic acids in R. lingua and R. peltatus was
accompanied by the formation of smaller amounts of 12-oxo-
10,15(Z)-phytodienoic acid, 13-HOT, and 13-HOD demon-
strated the presence of 13-lipoxygenase activity in the prepa-
rations used. This fact, coupled with the result that 13(S)-
HPOT and 13(S)-HPOD served as efficient precursors of
divinyl ethers, indicated that a two-step pathway involving
13-lipoxygenase and divinyl ether synthase was responsible
for biosynthesis of divinyl ethers in the plants studied
(Fig. 2). Divinyl ether synthases emerge as a group of isoen-
zymes catalyzing the conversion of FA hydroperoxides into
regioisomeric and stereoisomeric divinyl ethers. One such en-
zyme, i.e., the one catalyzing the conversion of 9(S)-HPOD
into colneleic acid, has been been found to be a cytochrome
P-450, protein and the gene encoding it has been cloned (4).

Conversion of 13-hydroperoxides into 11(Z)-etheroleic
and 11(Z)-etherolenic acids by divinyl ether synthase in R.
lingua and R. peltatus is remarkable in the sense that it
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involves a thermodynamically unfavorable E → Z isomeriza-
tion of the ∆11 double bond (Fig. 2). An epoxide carbocation
has been proposed to serve as an enzyme-bound intermediate
in the biosynthesis of divinyl ethers (10–12), and a basic
amino acid residue in the active site of divinyl ether synthases
has been proposed to effect the stereoselective removal of a
proton from the noncharged carbon α to the epoxide (11,12).
It can be speculated that the active sites of the divinyl ether
synthase isoenzymes catalyzing the biosynthesis of ethero-
lenic, 11(Z)-etherolenic, and ω5(Z)-etherolenic acids show
subtle differences with respect to the positioning of amino
acid residues needed for binding and further conversion of the
epoxide carbocation intermediate. This may force the inter-
mediate to adopt different conformations by rotation of the
11,12 and 13,14 single bonds to provide conformers that serve
as precursors of the different geometrical isomers of
etherolenic acid (Fig. 2).

The function of divinyl ether FA in plants is not well-estab-
lished. A role in plant–pathogen interactions is suggested by
the antifungal properties of colneleic and colnelenic acids (3)
and by the pathogen-induced formation of these compounds
in potato leaves (3) or in cell cultures from potato (13).
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ABSTRACT: Linoleic acid was heated at 200°C under helium.
Analysis of degradation products by GC on a long polar open
tubular capillary column showed the presence of CLA isomers.
The identified mono trans CLA isomers were cis-9,trans-11,
trans-9,cis-11, trans-10,cis-12, cis-10,trans-12, trans-8,cis-10,
and cis-11,trans-13 18:2 acids. Oils containing different levels
of linoleic acid (peanut, sesame seed, and safflower seed oils)
were also heat treated, resulting in similar CLA distributions.
Elution order was confirmed using cis-9,trans-11 and trans-
10,cis-12 acid methyl esters standards and their respective con-
figuration isomers (trans-9,cis-11, cis-10,trans-12), obtained
after mild selenium-catalyzed isomerization. These results indi-
cated that two conjugated mono trans isomers of 18:2 acid,
cis-8,trans-10 and trans-11,cis-13 18:2 were absent from the se-
ries, thus strongly suggesting that some constraints were pre-
venting their formation. By heating pure methyl rumenate
(cis-9,trans-11 18:2) under similar conditions, isomerization re-
sulted principally in a nearly equimolar mixture of methyl
rumenate and trans-8,cis-10 18:2. Similarly, the methyl ester of
trans-10,cis-12 18:2 acid was partially transformed into
cis-11,trans-13 18:2 acid. Respective geometrical isomers were
also formed in trace amounts. A concerted pericyclic isomer-
ization mechanism, a [1,5] sigmatropic rearrangement, is pro-
posed that limits the conjugated system to isomerization from a
cis-trans acid to a trans-cis acid, and vice versa. This mecha-
nism is consistent with undetected cis-8,trans-10 and trans-
11,cis-13 18:2 isomers in heated oils containing linoleic acid. 

Paper no. L8962 in Lipids 37, 435–438 (April 2002).

During the last decade, more than 600 scientific articles have
been published on analysis, physiology, nutrition, and techno-
logical implications of CLA. These conjugated FA are naturally
present in milk fat and in the meat of ruminants and may result
in beneficial health effects, which have recently been reviewed
(1). CLA, especially all-trans-9,11-18:2 and -10,12-18:2 acid
isomers, are also found in trace amounts in processed materials
such as partially hydrogenated oils (2). Juanéda et al. (3)
showed that CLA had been formed in frying oils collected from
restaurants. Their structures have been determined by a combi-
nation of GC and silver ion HPLC. The formed CLA consisted
mainly of trans-9,trans-11, trans-10,trans-12, cis-9,trans-11,
trans-10,cis-12 , trans-8,cis-10, cis-11,trans-13 18:2 acids, and
minor amounts of cis-9,cis-11, cis-10,cis-12, and cis-11,cis-13
18:2 acids. Indeed, occurrence of CLA in heat-treated sunflower

seed oil, high in linoleic (cis-9,cis-12 18:2) acid, has been
demonstrated by Sébédio et al. (4), who observed the presence
of similar isomers. Obviously, some constraints prevented the
formation of two conjugated mono trans isomers of 18:2 acid
in heated oils, cis-8,trans-10 and trans-11,cis-13 18:2, which
were absent from the series.

In this study, successive experiments were performed to
identify reaction mechanisms causing the formation of trans-
8,cis-10 and cis-11,trans-13 18:2 acids in heated oil, while
preventing the formation of their respective cis-8,trans-10
and trans-11,cis-13 18:2 configuration isomers. Comprehen-
sive chemical observations are a prerequisite step to further
interpretations of chemical behavior of CLA.

MATERIALS AND METHODS

Samples and reagents. Linoleic (cis-9,cis-12 18:2), cis-
9,trans-11 (rumenic), and trans-10,cis-12 18:2 acid methyl
esters were purchased from Nu-Chek-Prep (Elysian, MN).
n-Hexadecane, n-hexane, selenium metal (-100 mesh,
99.999%), and silver nitrate were obtained from Aldrich
Chemicals (Milwaukee, WI). Peanut, sesame seed, and saf-
flower seed oils were purchased from a local store.

Heat treatment. Methyl linoleate (50 µL) was heated under
helium in a sealed glass vial for 120 h at 200°C in the oven of
a 5890A gas chromatograph (Hewlett-Packard, Palo Alto,
CA). Methyl rumenate (25 µL) and methyl trans-10,cis-12
18:2 (25 µL) acids were diluted in hexadecane (500 µL) and
separately heated under helium at 200°C for 13 h in the same
apparatus. After cooling to room temperature, samples were
diluted with n-hexane (ca. 1 mL) prior to GLC analysis. Oils
of peanuts, sesame seeds, and safflower seeds (25 mL each)
were heated at 200°C in open 50-mL flasks. Samples were col-
lected after 18 h of heat treatment and transesterified (5) prior
to analysis. All experiments were performed in duplicate.

Fractionation of FAME by Ag-TLC. Methylation of FA from
heated oil samples was carried out in sealed tubes with 0.4 N
sodium methoxide in methanol. FAME from heated oils were
fractionated according to number and configuration of double
bonds by TLC on silica gel plates (20 × 20 cm) impregnated
with AgNO3. The plates were immersed in a 5% AgNO3 solu-
tion in acetonitrile for 15 min in the dark, and activated at
100°C for 1 h. The developing solvent was a mixture of hexane
and diethyl ether (80:20, vol/vol). At the end of the chromato-
graphic runs, the plates were sprayed with a solution of 2′,7′-
dichlorofluorescein and then viewed under UV light. The bands
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corresponding to monounsaturated FA, which also contained
the CLA isomers, were scraped off and transferred into test
tubes. Methanol (1.5 mL), hexane (2 mL), and a 5% (wt/vol)
aqueous solution of NaCl (1.5 mL) were successively added to
the silica gels. Thorough mixing followed each addition. After
standing for ca. 1 min, the hexane phase was withdrawn and
concentrated under a stream of dry nitrogen before analysis.

Synthesis of CLA isomers. Configurational isomers of
methyl-9,11-linoleate were synthesized using a modified lit-
erature procedure (6): to a stirred solution of methyl rume-
nate (100 µL) in anhydrous hexadecane (0.5 mL), contained
in a flame-dried flask under inert atmosphere (He), selenium
(7 mg) was added. After 20 h at 120°C, under constant stir-
ring, the solution was cooled to room temperature, filtered,
diluted in hexane (ca. 2 mL), and analyzed by GC. The reac-
tion products consisted of a mixture of methyl trans-9,trans-
11 (12), trans-9,cis-11 (5), cis-9,trans-11 (2), and cis-9,cis-11
(9) linoleate. A similar experiment on methyl trans-10,cis-12
(7) linoleate yielded the corresponding configurational iso-
mers methyl trans-10,trans-12 (11), trans-10,cis-12 (7), cis-
10,trans-12 (4), and cis-10,cis-12 (10) linoleate.

FAME analysis. Analysis of conjugated methyl linoleate
isomers was performed on a 6890 Series II gas chromato-
graph (Hewlett-Packard), equipped with a fused-silica BPX-
70 capillary column (equivalent to 70% cyanopropyl; 120 m
× 0.25 mm i.d., 0.25 µm film thickness; SGE, Melbourne,
Australia), and connected to a ChemStation (Hewlett-
Packard). Injection (split mode) and detection (flame-ioniza-
tion) were performed at 250°C. Oven temperature program-
ming was 60°C isothermal for 1 min, increased to 170°C at

20°C min−1, and held isothermal for 40 min at 170°C (3). The
inlet pressure of the carrier gas (H2) was 300 kPa at 170°C.
Identification of individual cis-trans CLA isomers was
achieved based on literature data (3,5,7,8), and confirmed
with both commercially available and synthesized standards.

RESULTS AND DISCUSSION

Identification of individual cis-trans CLA isomers. Structural
determination of configurational CLA isomers presents some
difficulties and may be confusing for closely related structural
pairs. Analysis of individual CLA isomers has been achieved
both by silver-ion HPLC (2,3,5,8,9), and by GC under appro-
priate eluting conditions using long polar open tubular capil-
lary columns (3,5,7,8). We analyzed 18:2 conjugated isomers
by GC on a 120-m highly polar BPX-70 column coated with
70% cyanoalkylpolysiloxane equivalent polymer. Separations
were performed under temperature programming mode ac-
cording to literature (3) and required high pressure (300 kPa
at 170°C) to prevent excessive diffusion and to optimize run
time. Elution order for mono trans 9,11 and 10,12 CLA was
confirmed by using commercial rumenic (2) and trans-10,cis-
12 (7) acid methyl esters standards, and their respective con-
figuration isomers, trans-9,cis-11 (5) and cis-10,trans-12 (4),
were obtained by isomerization of 2 and 7, respectively, under
mild conditions, using selenium metal as catalyst (6). Corre-
sponding gas chromatograms are presented in Figure 1.

CLA isomers from heated methyl linoleate and vegetable
oils. Methyl linoleate was heat treated at 200°C for 120 h under
helium to ensure the formation of isomeric CLA. Similarly,
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FIG. 1. Gas chromatogram of all configurational isomers of (A) methyl 9,11-linoleate and (B) methyl 10,12-linoleate, for confirmation of elution
order of methyl trans-9,cis-11 (5) and cis-10,trans-12 (4) linoleate isomers. Isomers 5, 9 (methyl cis-9,cis-11 linoleate), and 12 (methyl trans-
9,trans-11 linoleate) were synthesized from 2 (methyl rumenate) by selenium-catalyzed isomerization. Similarly, isomers 4, 10 (methyl cis-10,cis-
12 linoleate), and 11 (methyl trans-10,trans-12 linoleate) were prepared from 7 (methyl trans-10,cis-12 linoleate). Analysis was performed on a
120-m BPX-70 capillary column (see Materials and Methods section for details).



refined vegetable oils containing different levels of linoleic
acid—peanut (28%), sesame seed (44%), and safflower seed
(70%) oils—were heated at 200°C for 18 h in open flasks, in
order to partly simulate oxygen uptake during the frying
process. Respective CLA levels of 0.10, 0.25, and 1.1% were
obtained. After methylation of heated oils, FAME were frac-
tionated by Ag-TLC to achieve concentration of CLA isomers
while removing saturated FA that elute within the CLA pattern
on GC. A chromatogram exhibiting the cis,trans and trans,cis
CLA elution zone (Fig. 2) shows distribution of mono trans
CLA isomers from heated methyl linoleate and vegetable oils.
They consisted of 2 cis-9,trans-11, 3 trans-8,cis-10, 4 cis-
10,trans-12, 5 trans-9,cis-11, 6 cis-11,trans-13, and 7 trans-
10,cis-12 18:2 acids. Relative CLA isomer distribution was
identical for methyl linoleate and for peanut, sesame seed, and
safflower seed oils. It was also similar to those from frying oils
(3). As expected, two CLA isomers, 1 cis-8,trans-10 and 8
trans-11,cis-13 18:2 acids, were not detected in products from
heat-treated methyl linoleate and vegetable oils.

Evidence of [1,5] sigmatropic rearrangement. The ques-
tion that arises from the absence of 1 and 8 in the products
from heated linoleic acid derivatives is, why? Obviously, a
concerted mechanism, sensitive to steric or configurational
factors, such as an internal pericyclic rearrangement of con-
jugated double bonds, must prevail. Indeed, sigmatropic

rearrangements are sensitive to such factors and thus have
been extensively used in organic synthesis (10,11). To verify
this hypothesis, methyl rumenate 2 was heated at 200°C under
helium for 13 h. Owing to configuration constraints that would
prevent the formation of mono trans isomer 1 in a [1,5] sig-
matropic rearrangement, only mono trans isomer 3 should be
formed (Fig. 3). Indeed, the resulting products of heat treat-
ment of 2 were composed in quasi equal proportions of 2 and
3 (Fig. 2). Geometrical all-cis and all-trans isomers were also
formed in small amounts. Sigmatropic rearrangement result-
ing in shift of the double bonds leading to 10,12 CLA isomers
was not observed again as a result of unfavorable steric fac-
tors and configurations. Similarly, heat treatment of 7 resulted
mainly in the formation of 6 (Figs. 2,3). These results sug-
gested the establishment of an equilibrium between cis,trans
and trans,cis systems in CLA that is in agreement with a [1,5]
sigmatropic rearrangement (10). In the present case, the in-
tramolecular process involved sigmatropic migration of an al-
lylic hydrogen. This resulted in a shift of one carbon position
for the conjugated system and imposed geometrical configura-
tions for the two double bonds. In particular, the cis configura-
tions in 3 and 6 were imposed by the cyclic geometry of the
pericyclic mechanism, and the trans configurations, by steric
factors. In addition, the process also prevented the formation
of 1 and 8 CLA isomers, which were not detected in heated
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FIG. 2. Gas chromatogram region of (A) methyl CLA isomers from heated methyl linoleate, and (B) details of mono trans methyl CLA isomers from
heated samples of methyl linoleate, safflower seed oil, peanut oil, sesame seed oil, methyl rumenate 2 (cis-9,trans-11 18:2), and methyl ester of
trans-10,cis-12 18:2 acid 7. Analysis was performed on a 120 m BPX-70 capillary column (see Materials and Methods section for details). Identifi-
cation of CLA isomers is 2 (cis-9,trans-11), 3 (trans-8,cis-10), 4 (cis-10,trans-12), 5 (trans-9,cis-11), 6 (cis-11,trans-13), and 7 (trans-10,cis-12). Ar-
rows in panel A indicate respective location for peaks of undetected 1 (cis-8,trans-10) and 8 (trans-11,cis-13) 18:2 isomers.



linoleic acid derivatives (Fig. 2). Very likely, a [1,5] sigma-
tropic rearrangement may also occur between 4 and 5 acids,
whose presence gives some clues on the formation of CLA
from linoleic acid. Indeed, the formation of CLA very likely
proceeds also through a concerted mechanism that results in
abstraction of active hydrogen at C-11 by C-9 or C-13 (12).
Moreover, the presence of 4 and 5 suggests that geometrical
isomerization may also occur during this process, resulting in
a mixture of all configuration isomers of 9,11 and 10,12 CLA.
Further heat treatment then causes mono trans CLA to re-
arrange through a [1,5] sigmatropic mechanism, thus complet-
ing logical links between the three cis,trans and the three
trans,cis CLA isomers found in heated vegetable oils.
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FIG. 3. [1,5] Sigmatropic rearrangement of 2 (cis-9,trans-11 18:2) into 3 (trans-8,cis-10 18:2) and 7 (trans-10,cis-12 18:2) into 6 (cis-11,trans-13
18:2) acid isomers. Geometrical constraints prevent isomerization of 2 into 1 (cis-8,trans-10 18:2) and 7 into 8 (trans-11,cis-13 18:2) acid isomers.



ABSTRACT: Most studies on the topic have shown that statin
therapy decreases plasma LDL levels but not those of lipopro-
tein(a) [Lp(a)]. This specificity of action, although previously
noted, has not been systematically investigated. In the current
study we approached this problem by monitoring LDL- and Lp(a)
cholesterol in 80 hypercholesterolemic subjects with high Lp(a)
levels, at entry and 8 mon after initiation of statin therapy. We
found that commonly used direct and indirect LDL cholesterol
assays gave an LDL cholesterol value that comprised both true
LDL- and Lp(a) cholesterol. We estimated these two analytes from
the values of Lp(a) protein determined by ELISA and from knowl-
edge of the Lp(a) chemical composition, complemented by data
from immunochemical and ultracentrifugal analyses. Statin ther-
apy, while not affecting plasma Lp(a) protein levels (21.7 ± 10.4,
before, and 22.0 ± 10.1 mg/dL, after), caused a decrease in the
estimated or true LDL cholesterol (P < 0.0001) to values in some
cases as low as 10 mg/dL. This drop in true LDL was validated by
the decrease in the LDL band in the ultracentrifugation profiles,
and its magnitude was proportional to the degree of total choles-
terol lowering and to the pretreatment true LDL/Lp(a) cholesterol
weight ratio. We conclude that true LDL but not Lp(a) cholesterol
is affected by statin therapy and that this specific response cannot
be monitored by current LDL cholesterol assays and must, rather,
rely on estimates of these two analytes.

Paper no. L8996 in Lipids 37, 439–444 (May 2002).

Lipoprotein(a) [Lp(a)] is an LDL variant in which apo-
lipoprotein B-100 (apoB-100) is linked by a single disulfide
bond to apolipoprotein(a), [apo(a)], the characteristic glyco-
protein of Lp(a) (1). As a consequence of this linkage, Lp(a)
acquires metabolic properties that differ from those of LDL;
among them is the inability to be taken up and degraded via the
LDL receptor pathway (2,3). This impaired mechanism has
been attributed to the failure of statins to lower the plasma lev-
els of Lp(a) significantly, in contrast to LDL (4). The differ-
ence in metabolic behavior and pharmacological response of
these two lipoproteins is not routinely recognized when statins
or other hypolipidemic agents are used to treat subjects with
high plasma Lp(a) levels (5). A main reason for this lack of
recognition is the reliance placed on LDL cholesterol assays

that measure both LDL and Lp(a) cholesterol (6). The meta-
bolic consequences and clinical magnitude of the different re-
sponses of LDL and Lp(a) to statins have not been clearly es-
tablished. In the present study we investigated 80 hypercholes-
terolemic subjects on statin therapy who had both high plasma
LDL and Lp(a) levels, and we also determined the LDL, Lp(a),
and HDL distribution by physical, chemical, and immuno-
chemical methods both at entry and after 8 mon at completion
of the study. Furthermore, we examined the performance of di-
rect and indirect assays for total LDL cholesterol and estimated
this value by subtracting the amount contributed by Lp(a) from
the total cholesterol. We report here that statin treatment can
cause a significant depletion of plasma LDL but not of Lp(a),
thus causing an unusually high Lp(a)/LDL profile that, if un-
recognized, introduces a confounder in monitoring hypercho-
lesterolemic subjects with high Lp(a).

MATERIALS AND METHODS

Human subjects. The 80 subjects were chosen from the pa-
tient population seen in the Lipid Clinic of the University of
Chicago, presenting with either a personal or a family history
of plasma lipid abnormalities with or without an established
atherosclerotic cardiovascular disease assessed by the occur-
rence of one or more episodes of myocardial infarction, posi-
tive thallium stress test, and/or coronary angiography. The
characteristics of the subjects studied are summarized in
Table 1. All of them at entry had a significant elevation of
plasma total cholesterol (above 200 mg/dL), LDL cholesterol
(above 100 mg /dL), apoB-100 (above 100 mg/dL), and Lp(a)
protein (above 10 mg/dL). The plasma TG did not exceed the
300 mg/dL level, thus permitting the application of the
Friedewald et al. formula (7). 

Study plan. At entry each subject was examined for plasma
levels of total and LDL cholesterol, apoB-100, Lp(a) protein,
and Lp(a) cholesterol, HDL cholesterol, and apolipoproteins
A-1 (apoA-1) along with a lipoprotein profile obtained by
isopycnic density gradient ultracentrifugation. In addition,
genotyping and phenotyping of apo(a) and genotyping of
apolipoprotein E (apoE) were also conducted. The same
analyses, except for genotyping, were carried out after 8 mon
during which time the patients were under statin treatment.
The statins used were: atorvastatin (Pfizer, New York, NY),
cerivastatin (Bayer, New Haven, CT), pravastatin (Bristol-
Meyers Squibb, Princeton, NJ) and simvastatin (Merck, West
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Point, PA) (Table 2). Their choice and dosage were individu-
alized according to clinical presentation, degree of hypercho-
lesterolemia, and drug response. At the beginning of the study
and during the course of the therapy each subject received nu-
tritional and exercise counseling. 

Blood collection. All subjects gave informed consent ac-
cording to a protocol approved by the Institutional Review
Advisory Board of the University of Chicago. The subjects
fasted overnight before blood was withdrawn from the ante-
cubital vein. The blood was collected into EDTA-containing
tubes that were centrifuged within 30 min of collection. Fol-
lowing addition of an antiproteolytic cocktail (8), the plasma
was either examined immediately or stored at 4°C in airtight
containers until use within no more than 2 d.

Laboratory analyses. Total plasma cholesterol, TG, and
HDL cholesterol were determined in a Vitros DT60 II System
(Ortho Clinical Diagnostics, Rochester, NY) following the in-
structions by the manufacturer. Validation of the results was
obtained from the College of American Pathologists (North-
field, IL). In all cases, the total LDL cholesterol was calculated
according to the formula of Friedewald et al. (7). For compar-
ative purposes, in 10 randomly selected subjects we also de-
termined the total LDL cholesterol by direct assays, using each
of the two following procedures: (i) Sigma Diagnostic proce-
dure #353 (Sigma, St. Louis, MO), which utilizes latex beads
coated with affinity-purified goat polyclonal antisera to spe-
cific human apolipoproteins to remove HDL and VLDL from
the plasma sample; (ii) Sigma Diagnostic EZ LDL™ Homo-
geneous Method, in which, as a first step, an enzyme is used
to bind to LDL cholesterol, rendering it unreactive and, as a
second step, the enzyme is removed, thus permitting the col-
orimetric measurement of LDL cholesterol. The techniques

were carried out according to the manufacturer’s instructions.
In all cases, Lp(a), in terms of protein, was determined by
ELISA as described by Fless et al. (9). Lp(a) cholesterol was
estimated by multiplying the Lp(a) protein value by 1.7, a fac-
tor obtained from the average protein/total cholesterol weight
ratio of six Lp(a) preparations differing in density (10). We es-
timated LDL cholesterol (est-LDL) by subtracting Lp(a) cho-
lesterol from total LDL cholesterol. ApoB was determined by
ELISA as previously described (11) and apoA-I by an ELISA
developed in our laboratory using monospecific polyclonal an-
tibodies raised in the rabbit utilizing reference materials kindly
provided by Dr. Santica Marcovina of the Northwest Lipid Re-
search Laboratories (Seattle, WA). Genotyping of apo(a) was
carried out according to Lackner et al. (12) and that of apoE
according to Hixson and Vernier (13). Phenotyping of apo(a)
was conducted as previously described (14). All subjects had
two alleles that ranged between 60 and 140 kb. Two apo(a)-
size isoforms were present in the plasma; however, except for
those cases in whom the two isoforms differed by 2–3
kringles, the smaller sizes (12–15 kringles) were the dominant
ones. Creatine kinase (CK) and liver function tests were car-
ried out at 4-mon intervals in the General Clinical Chemistry
Laboratory of the University of Chicago. 

Isopycnic density gradient ultracentrifugation. This was
carried out according to an updated version (14) of a previ-
ously described technique (15). In brief, a nonlinear salt gra-
dient was constructed to maximize the separation of LDL,
Lp(a), and HDL classes. VLDL remained at the top of the
tube. This discontinuous gradient was centrifuged in a swing-
ing bucket rotor, SW40 (Beckman, Palo Alto, CA) at 284,000
× g for 50 h. At the end of the run, the effluent emerging from
the top of the tube was monitored at 280 nm in a UA-5 ISCO
absorbance monitor (Isco, Lincoln, NE) and recorded on a
chart with a chart speed of 60 cm/h and a pump flow rate of 1
mL/cm. Density calibration was carried out as reported previ-
ously (14) by measuring the densities of each collected gradi-
ent fraction (0.9 mL) using a Mettler/Paar Precision Density
Meter Model DMA 02C, and the distribution of Lp(a) was de-
termined throughout the profile by ELISA. The subjects se-
lected for the study had plasma levels of Lp(a) protein above
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TABLE 1
Characteristics of Subjects at Entry

Number 80 Lp(a) protein (mg/dL) 21.7 ± 10.4
Age (yr) 58.1 ± 14.0a Apo(a) genotype (kb) 60–140
Body mass index (kg/m2) 27.5 ± 4.6 Lp(a) cholesterol (mg/dL) 36.9 ± 17.7
Race (Caucasian/African-American/Oriental 61/16/2 HDL cholesterol (mg/dL) 48.3 ± 26.6
Gender (male/female) 50/30 ApoA-1 130.9 ± 21.6
Smoker, +/ex/− 5/11/64 TG (mg/dL) 174.3 ± 72.4
Diabetes, +/− 12/68 Apo E genotype
Systolic BP >140 mm Hg, +/− 8/72 3/3 49
ASCVD, +/− 30/50 3/4 21
Total cholesterol (mg/dL) 252.0 ± 36.3 2/2 2
Total LDL cholesterol (mg/dL)b 167.7 ± 38.9 2/3 7
ApoB-100 (mg/dL) 132.8 ± 30.9 2/4 1
aMean ± SD.
bCalculated using the Friedewald formula. Abbreviations: BP, blood pressure; ASCVD, atherosclerotic cardiovascular dis-
ease; Apo, apolipoprotein.

TABLE 2
Statin Regimen for the 8-mon Study

Statin Number of subjects Dose (mg/d)

Atorvastatin 48 10–80
Simvastatin 17 20–40
Cerivastatin 8 0.2–0.4
Pravastatin 7 20–40



10 mg/dL, which permitted detection of a peak in the density
gradient profile. In preliminary studies, we also established
that in the hypertriglyceridemic subjects less than 1% of the
total plasma apo(a) was present in the low-density portion of
the gradient containing the TG-rich particles. 

Electrophoresis and immunoblotting. For apo(a) pheno-
typing, the electrophoretic analyses were carried out on SDS-
PAGE (4% polyacrylamide) on a Novex system (Novex, San
Diego, CA) as previously described (16). Following elec-
troblotting, the Immobilon blots were blocked in PBS con-
taining 5% dry powdered milk and 0.3% Tween 20, followed
by incubation with a specific anti-Lp(a) antibody prepared in
the laboratory as previously described (16). M.W. markers
representing apo(a) recombinants of a defined number of
kringles were obtained from Dr. Eduardo Angles Cano (IN-
SERM U 143, Paris, France).

Statistical analyses. The changes of the various parameters
following statin treatment were determined by the paired two-
tailed t-test. Because of the potential skewed distribution of

some of the parameters, particularly Lp(a) protein and Lp(a)
cholesterol, all data were also examined by the Wilcoxon rank-
sum test. We considered values of P < 0.05 as significant.

RESULTS

In the 10 subjects used in the comparative studies, the mean
total LDL cholesterol value ± SD (126.7 ± 67.2 mg/dL) ob-
tained by the formula of Friedewald et al. was in close agree-
ment with the mean values ± SD obtained by the Sigma 353
and EZ direct assays, 132.2 ± 63.2 and 133.2 ± 66.5 mg/dL,
respectively. Since the formula of Friedewald et al. previ-
ously has been shown to provide the combined values of LDL
cholesterol and Lp(a) cholesterol (6), it is apparent from our
results that commonly used LDL cholesterol assays jointly
measure both parameters. Figure 1 shows the lipoprotein and
apolipoprotein values obtained in two representative subjects
before and 8 mon after continual statin therapy. The subject
in panel A exhibited a marked change in total cholesterol,
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A
Before After Change
(mg/dL) (mg/dL) (%)

TC 315 231 −26.7
Total LDL-C 225 123 −45.3
ApoB 173 92 −46.8
Lp(a)-P 48 45 −6.3
Lp(a)-C 82 77 −6.1
est-LDL-C 143 46 −67.8
HDL-C 66 70 6.1
ApoA-I 195 210 7.7
TG 118 146 23.7
Apo(a) isoforms 20/23
ApoE genotype 3/3

B
Before After Change
(mg/dL) (mg/dL) (%)

TC 279 262 −6.1
Total LDL-C 178 159 −10.7
ApoB 87 80 −8.0
Lp(a)-P 60 57 −5.0
Lp(a)-C 102 97 −4.9
est-LDL-C 76 62 −18.4
HDL-C 70 71 1.4
ApoA-I 146 150 2.7
TG 93 61 34.4
Apo(a) isoform 21
ApoE genotype 3/3

FIG. 1. Single spin profiles in two subjects before and after statin therapy. (A) This subject ex-
perienced a marked change in plasma total and est-LDL cholesterol and a modest change in
Lp(a) protein while on atorvastatin, 20 mg daily. The marked drop in “true” LDL and apoB is
reflected by the single spin profile (lower pattern) in which the double LDL peak is markedly
reduced while the bands corresponding to Lp(a) and HDL remained essentially unchanged in
keeping with the chemical and immunochemical data. (B) This subject had, at entry, a very
high plasma level of Lp(a) protein indicating that a high percentage of the plasma cholesterol
was carried by Lp(a). The hypocholesterolemic response elicited by cerivastatin 0.4 mg daily
involved only est-LDL, as reflected by the chemical and ultracentrifugal data. Also in this case,
chemical, immunochemical, and ultracentrifugal results showed little change in Lp(a) and
HDL. In all cases the ultracentrifugal profiles were continuously recorded at 280 nm. The ver-
tical axis represents optical density readings and the horizontal axis the gradient from top to
bottom. TC, total cholesterol; LDL-C, total LDL cholesterol; est-LDL-C, estimated LDL choles-
terol; Lp(a)-C, Lp(a) cholesterol; Lp(a)-P, Lp(a) protein; HDL-C, HDL cholesterol; apoB and
apoA-I, apolipoproteins B and A-I; Lp(a), lipoprotein(a).



LDL cholesterol, apoB, and est-LDL cholesterol, whereas
there was comparatively little change in Lp(a) protein and
Lp(a) cholesterol. In keeping with the chemical and immuno-
chemical findings, the ultracentrifugal lipoprotein profiles
showed that, after statin therapy (lower profiles), there was a
marked reduction of the two LDL bands with little change in
the Lp(a) and HDL bands. For the subject in panel B (Fig. 1),
about 58% of the total LDL cholesterol (178 mg/dL) at entry,
was in Lp(a) (102 mg/dL). Again, statin therapy had little ef-
fect on Lp(a) protein and Lp(a) cholesterol, as also reflected
by the ultracentrifugation profiles. Both subjects in Figure 1,
who differed in their apo(a), had the same apoE genotype,
E3/3. In the 80 subjects, the effects on the various parameters
of statin therapy are summarized in Figure 2. Major changes
are evident for total cholesterol, LDL cholesterol, est-LDL
cholesterol and apoB. The statistical analyses of the data
(Table 3) using the paired t-test indicated that all these
changes were highly significant. On the other hand, for Lp(a)
protein and Lp(a) cholesterol, the mean change and the 95%
confidence interval values after statin therapy were in each
case very small, indicating that despite the P values, the
changes were of either little or no biological relevance. The

Wilcoxon treatment of the data gave results comparable to
those obtained with the paired t-test. Taken together, our re-
sults indicate that, whenever present, the drop in total plasma
cholesterol occurred at the expense of the est-LDL choles-
terol or true LDL cholesterol. 

The statins were well tolerated with no evidence of side
effects. The liver function tests and CK values remained
within normal limits. 

DISCUSSION

The results of the current studies show that in hypercholes-
terolemic subjects with high plasma Lp(a) levels, statin treat-
ment causes a decrease of total plasma LDL at the expense of
the LDL component without a significant effect on Lp(a).
This specificity in response could not be identified by either
the indirect Friedewald et al. method or by the two direct
“LDL cholesterol” assays, since all of them measured the
total LDL cholesterol, i.e., the sum of LDL- and Lp(a) cho-
lesterol. These results are in agreement with the ultracentrifu-
gation-based β quantification data also shown to measure
total LDL cholesterol (6). We believe that this is also likely
to apply to any method that makes use of reagents reacting
with apoB-100. Based on experimental findings in the current
study, which was aimed at developing an understanding of the
magnitude of the statin effect on true LDL- and Lp(a) choles-
terol, we estimated those parameters based on the Lp(a) pro-
tein values and the data on the chemical composition of Lp(a)
(see the Materials and Methods section for details) In our
work, we used the factor 1.7 to estimate Lp(a) cholesterol
from the Lp(a) protein ELISA data. However, this factor may
not be universally applicable owing to the wide interindivid-
ual variation in Lp(a) in terms of apo(a) size, lipid content,
and composition. From our own data and those in the litera-
ture, the protein-to-total cholesterol weight ratio may vary
from 1.3 to 2 and in extreme cases 2.5 (5). Our conclusion
that the statin effect is at the expense of true LDL was cor-
roborated by both the density gradient ultracentrifugal pro-
files and the apoB-100 data. We attempted to compare the es-
timated Lp(a) cholesterol values with those obtained by the
direct Lp(a) cholesterol assay of Seman et al. (17) utilizing a
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FIG. 2. Box plot of the range of difference of each parameter before and
after statin treatment. Each box encloses 50% of the data with the me-
dian value of the parameter displayed as a line. The top and bottom of
each box marks the ±25% limit of the parameter studied. The lines ex-
tending from the top and bottom of each box mark the minimal and
maximal values within the data set that fall within the acceptable range.
Any outlier outside of this range is displayed as an individual point. For
abbreviations see Figure 1.

TABLE 3
Statistical Evaluation of the Parameters Studied in the 80 Subjectsa

Mean
change SD Range 95% CI P-value

mg/dL

Total cholesterol −60.4 30.6 −140 to −11 −67.2 < −60.4 < −53.6 <0.0001
Total LDL cholesterol −51.3 29.2 −124 to −4 −57.8 < −51.3 < −44.8 <0.0001
est-LDL cholesterol −51.9 28.9 −125 to −7 −58.3 < −51.9 < −45.4 <0.0001
ApoB −42.3 20.5 −90 to −4 −46.2 < −42.3 < −38.4 <0.0001
ApoA-I 0.83 9.11 −40 to 15 −2.17 < 0.83 < 3.83 0.41
HDL cholesterol 0.39 7.71 −51 to 15 −1.33 < 0.39 < 2.11 0.65
Lp(a) protein 0.34 1.23 −3 to 4 0.07 < 0.34 < 0.61 0.016
Lp(a) cholesterol 0.57 2.09 −5 to 7 0.11 < 0.57 < 1.04 0.017
aCI, confidence interval; est-LDL, estimated LDL cholesterol determined by subtracting Lp(a) choles-
terol from total LDL cholesterol; ApoB and ApoA-I, apolipoproteins B and A-I; Lp(a), lipoprotein(a).



commercial kit developed by Genzyme. Unfortunately, we
were unable to arrive at a credible comparison because the
number of available observations is limited by the fact that
the kit has been removed from the market. An ultracenrifuga-
tion method, VAP (Atherotec, Birmingham, AL), has been
proposed for simultaneously determining the cholesterol dis-
tribution among the main plasma lipoproteins. However, this
approach suffers from the fact that both LDL and Lp(a) are
highly heterogeneous in density (14), causing overlaps among
these species and thus difficulties in making unequivocal
lipoprotein assignments in the absence of appropriate
apolipoprotein markers. 

From our studies it is apparent that statin therapy, by
specifically lowering the plasma LDL levels, leaves a resid-
ual statin-resistant hypercholesterolemia mainly sustained by
Lp(a), the magnitude of which depends on pretreatment
plasma LDL cholesterol and the LDL/Lp(a) cholesterol ratio.
This specificity in response supports the notion that LDL and
Lp(a) have distinct metabolic pathways (3,4). Moreover, the
fact that the drop in plasma LDL involved the whole lipopro-
tein particle, as was shown by the chemical, immunochemi-
cal, and ultracentrifugal data, provides evidence that the LDL
particles were removed in toto via the LDL receptor pathway. 

The treatment with statins of hypercholesterolemic sub-
jects with high plasma Lp(a) levels was prompted by the no-
tion that decreasing the plasma LDL levels reduces the car-
diovascular pathogenic potential of Lp(a) (18). Of note, the
safety limit for the hypocholesterolemic effect of hypolipid-
emic agents has not been established. This situation cannot
be compared with hypo-β- and a-β-lipoproteinemia since
these disorders are genetically determined and characterized
by very low to absent plasma levels of LDL and apoB-100
(19), however, with little or no Lp(a)/apo(a) (3), and thus they
are not directly comparable to the statin-induced LDL-defi-
cient/high Lp(a) phenotype. Concerns about plasma choles-
terol lowering have been raised because of reports associat-
ing plasma cholesterol levels with mood changes (20,21),
depression and suicide attempts (22–25), and violent crime
(26). However, the threshold of plasma cholesterol associated
with these pathologies has not been uniformly established nor
has the type of lipoprotein accounting for the cholesterol low-
ering been determined. In this study, statins caused an impor-
tant drop in true LDL but did not significantly affect the lev-
els of Lp(a) and HDL. Thus, in this unique scenario, we may
speculate that the potentially harmful lowering of LDL may
be functionally compensated by the cholesterol contained in
either Lp(a) or HDL, or both. This would be in keeping with
the lack of psychological problems reported in extensive
statin trials, which likely included subjects of the type exam-
ined in the current study. 

Atorvastatin, cerivastatin, simvastatin, and pravastatin, the
four statins represented in this study, all exhibited similar be-
havior at the doses used by significantly lowering the plasma
levels of true LDL while not affecting those of Lp(a). Thus,
this appears to represent a class effect. A main message from
our studies is that when hypercholesterolemic subjects with

elevated plasma levels of Lp(a) are treated with statins, the
currently available assays that measure total LDL-cholesterol
cannot be used to monitor compliance with the National Cho-
lesterol Education Program III (NCEP III) guidelines (27) and
therapeutic response. Recently, the two-step non-HDL cho-
lesterol assay has been suggested as a better tool for cardio-
vascular risk and treatment assessment (28) and a better pre-
dictor (29) than the three-step LDL cholesterol assays. Al-
though this approach clearly deserves further evaluation, the
fact that the non-HDL cholesterol includes Lp(a) among the
atherogenic lipoproteins requires attention.
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ABSTRACT: Treatments with high doses of 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors
may induce the expression of sterol regulatory element binding
protein (SREBP)-target genes, causing different effects from those
attributed to the reduction of hepatic cholesterol content. The aim
of this study was to investigate the effects of high doses of statins
on the key enzymes involved in VLDL production in normolipid-
emic rats. To examine whether the effects caused by statin treat-
ment are a consequence of HMG-CoA reductase inhibition, we
tested the effect of atorvastatin on these enzymes in mevalonate-
fed rats. Atorvastatin and simvastatin enhanced not only HMG-
CoA reductase but also the expression of the SREBP-2 gene itself.
As a result of the overexpression of SREBP-2 caused by the statin
treatment, genes regulated basically by SREBP-1, as FA synthase
and acetyl-coenzyme A carboxylase, were also induced and their
mRNA levels increased. DAG acyltransferase and microsomal TG
transfer protein mRNA levels as well as phosphatidate phospho-
hydrolase activity were increased by both statins. Simvastatin
raised liver cholesterol content, ACAT mRNA levels, and
CTP:phosphocholine cytidylyltransferase activity, whereas it re-
duced liver DAG and phospholipid content. Mevalonate feeding
reversed all changes induced by the atorvastatin treatment. These
results show that treatment with high doses of statins induces key
enzymes controlling rat liver lipid synthesis and VLDL assembly,
probably as a result of SREBP-2 overexpression. Despite the in-
duction of the key enzymes involved in VLDL production, both
statins markedly reduced plasma TG levels, suggesting that differ-
ent mechanisms may be involved in the hypotriglyceridemic ef-
fect of statins at high or low doses.

Paper no. L8856 in Lipids 37, 445–454 (May 2002).

Inhibitors of the rate-limiting step in cholesterol biosynthesis,
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase, are efficient drugs used to lower plasma cholesterol levels
(1). However, their ability to reduce TG concentrations de-
pends on the baseline TG levels and on the potency and effi-
cacy of the statin used (2–4). Daily doses of HMG-CoA reduc-

tase inhibitors used for the treatment of hyperlipidemias are
progressively increasing in order to achieve optimal control of
plasma lipid levels. However, it is still unknown whether the
mechanims involved in the hypolipidemic action are the same
at high doses of statins or whether different effects may be re-
sponsible for the lipid-lowering activity of these drugs.

HMG-CoA reductase inhibitors have been shown to lower
apolipoprotein B (apoB) concentrations in several animal mod-
els by decreasing hepatic VLDL apoB secretion into plasma,
but not all studies have been consistent with this concept (5,6).
Although the HMG-CoA reductase inhibitors have similar
pharmacodynamic properties, they differ in their pharmacoki-
netic behavior. Therefore, the differences in apoB secretion ob-
served in vivo among reported studies may, in part, pertain to
the type and especially the dose of HMG-CoA reductase in-
hibitor administered (7). It has been proposed that inhibition of
HMG-CoA reductase could limit the availability of cholesterol
for VLDL production and decrease hepatic VLDL secretion,
with the subsequent lowering of plasma TG (6,8). Neverthe-
less, the decrease in the cellular cholesterol content elicited by
drug treatment not only limits cholesterol availability but also
leads to the activation of the sterol regulatory element binding
proteins (SREBP), membrane-bound transcription factors that
transcriptionally regulate multiple genes involved in choles-
terol metabolism and TG synthesis (9).

The role of SREBP in lipoprotein production has not yet
been elucidated. However, it has been reported that SREBP-1
and SREBP-2 bind to the microsomal TG transfer protein
(MTP) promoter (10). Furthermore, data obtained from trans-
fected cells suggest that lipogenesis and the assembly and se-
cretion of apoB-containing lipoproteins might be coordi-
nately regulated by SREBP (11). We hypothesized that the ef-
fects of statins on VLDL production and secretion may differ
depending on the dose used. Thus, treatments with high doses
of HMG-CoA reductase inhibitors may induce an intense
stimulus in the expression of SREBP-target genes, causing
different effects from those attributed to the reduction of he-
patic cholesterol content.

Both adequate supply of lipids and functional MTP are re-
quired for efficient formation of apoB-containing lipoproteins
(12). Here we investigate the effect of high doses of atorva-
statin and simvastatin on MTP and key enzymes involved in
hepatic lipid synthesis in normolipidemic rats, an animal
model widely used to study the hypotriglyceridemic effect of
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statins. In addition, we have studied whether the effects
caused by statin treatment are a consequence of HMG-CoA
reductase inhibition by determining the effect of atorvastatin
on these enzymes in mevalonate-fed rats.

METHODS

Animals and treatments. Male Sprague–Dawley rats (Harlan,
France) were maintained with water and food ad libitum at
constant humidity and temperature with a light/dark cycle of
12 h. The animals (average weight 207 ± 11 g) were random-
ized into three groups and fed a standard diet (Panlab,
Barcelona, Spain) or the same diet supplemented with ator-
vastatin or simvastatin (0.1% w/w) for 3 d.

A subgroup of 12 animals was randomized into three
groups of treatment: control, mevalonate, and atorvastatin-
mevalonate groups. The control group was fed a standard diet
(Panlab); mevalonate and atorvastatin-mevalonate groups
were fed the same diet supplemented with mevalonate (0.1%
w/w) or atorvastatin (0.1% w/w) plus mevalonate (0.1%
w/w), respectively. Animals were treated for 3 d and killed
by decapitation between 9 and 10 A.M. at the beginning of the
light period. Treatment diets were prepared as described in
Alegret et al. (13). Mevalonate was supplied by Sigma-
Aldrich (St. Louis, MO), atorvastatin calcium was supplied
by Pfizer S.A. (Madrid, Spain), and the simvastatin lactone
form was a generous gift from Merck (Barcelona, Spain).

Golden Syrian hamsters (Harlan, France) weighing 35–40
g were maintained in the same conditions described above.
All procedures were conducted in accordance with the princi-
ples and guidelines established by the University of
Barcelona Bioethics Committee as stated in Law 5/1995, 21st
July, from the Generalitat de Catalunya.

Sample preparation. Rat liver homogenate and subcellular
fractions were obtained as described previously (14) and stored
at −80°C until needed. The protein concentration of each frac-
tion was determined by the method of Bradford (15). Between
10 and 100 mg of liver tissue of each rat was immediately frozen
in liquid N2 and used for the extraction of total RNA with the
Ultraspec™ (Biotecx, Houston, TX) reagent, following the in-
structions provided by the manufacturer. Blood samples were
collected at the time of death in heparinized tubes; plasma was
obtained by centrifugation and stored at −80°C until needed.

Lipid analysis. Plasma total cholesterol, TG, and phospho-
lipid concentrations were measured with the Boehringer-
Mannheim GmbH (Mannheim, Germany) colorimetric tests
(Monotest Cholesterol-CHODPAP No. 290319, Perido-
chrom-Triglyceride-GPO-PAP No. 701882, and MPR2 No.
691844 phospholipid, respectively). VLDL and LDL from
plasma samples were precipitated by using reagent No.
543004, also from Boehringer-Mannheim GmbH, and HDL-
cholesterol concentration was determined in the supernatant. 

Liver lipid was extracted and measured as described pre-
viously (14). DAG concentration was measured with the
Amersham-Pharmacia-Biotech-Europe GmbH (Freiburg,
Germany) radioactive test (DAG reagents system RPN 200).

Enzyme assays. HMG-CoA reductase, phosphatidate phos-
phohydrolase (PAP), and CTP:phosphocholine cytidylyl-
transferase (CT) activities were determined as described pre-
viously (14). DAG acyltransferase (DGAT) activity was mea-
sured as described previously (13). MTP activity was assayed
by the commercial kit WAK-MTP-100 (Wak-Chemie Med-
ical Gmbh, Bad Homburg, Germany), following the instruc-
tions provided by the manufacturer.

Inmunoblot analysis. Crude nuclear extract from livers
was prepared, and immunoblot analysis for endogenous
SREBP-2 was performed as described previously (16,17).

mRNA analysis. (i) Reverse transcription PCR (RT-PCR).
Relative levels of specific mRNA were assessed by RT-PCR,
as described previously (18). To check the absence of conta-
mination, negative controls were included in each experi-
ment. Preliminary experiments were carried out to establish
conditions for exponential amplification of all the genes stud-
ied, calculating the range of cycle numbers at which a linear
relationship was detected between input RNA and final prod-
uct. For each primer set, an increasing number of PCR cycles
with otherwise fixed conditions were performed to determine
the optimal number of cycles to be used. The same procedure
was followed for RNA concentration (19). Adenosyl phos-
phoribosyl transferase (APRT) was used as an internal con-
trol and was coamplified with target sequences in the same
tube, except for SREBP-2 and FA synthase (FAS). These se-
quences were amplified in parallel with APRT in separate
tubes and in duplicate. The number of cycles was 26 for
ACAT-1, 24 for DGAT, 22 for HMG-CoA reductase, 21 for
CT, 30 for SREBP-2, 23 for acetyl-CoA reductase (ACC),
and 18 for FAS. Twenty-three cycles were used for APRT
when it was amplified separately. Primer sequences and re-
sulting PCR products are listed in Table 1. Five microliters of
each PCR reaction mixture was subjected to electrophoresis
in 5% polyacrylamide gel in 1 × TBE (Tris-borate-EDTA).
Gels were dried, autoradiographed on RX-OMAT S Kodak
film (Rochester, NY), and quantified by image analysis (Vil-
bert Lourmat Imaging, Scientific and Technical Services,
University of Barcelona). The mRNA levels were always ex-
pressed as a ratio relative to APRT mRNA levels.

(ii) Northern blot analysis. Rat MTP cDNA was cloned by
RT-PCR amplification. First-strand cDNA was reverse tran-
scribed from hamster liver total RNA (1 µg) by using Super-
Script™ II from GIBCO BRL Life Technologies (Paisley,
United Kingdom). The cDNA was amplified by PCR using
sense (forward) and antisense (reverse) primers designed
from the hamster MTP cDNA sequence (GenBank accession
number: X59657). Sense and antisense primers were de-
signed at 29 to 49 bp (5′-GGG AAG GCT GGT CTT CAC
GGT-3′) and at 456 to 476 bp (5′-TGG TTT CCA GGC CAG
CTT TCA-3′), respectively, relative to the translation start
site. The PCR was conducted for 34 cycles, and PCR prod-
ucts were fractionated on 1% agarose gels, and DNA frag-
ments of the appropriate size (448 bp) were excised and puri-
fied by Jetsorb, Gel Extraction Kit (GenoMed, Bad Oeynt-
hausen, Germany). These cDNA probes were 32P-labeled 
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by a Random Priming Mix™ procedure from Promega-
Boehringer Ingelheim (Heidelberg, Germany).

Twenty micrograms of total rat liver RNA was denatured
and electrophoresed in 1% agarose gel and transferred to nylon
membrane filter (Zeta-Probe; Bio-Rad, Barcelona, Spain). The
filter was hybridized using ExpressHyb™ solution (Clontech
Laboratories Inc., Palo Alto, CA) according to the instructions
of the manufacturer and exposed to Kodak X-OMAT X-ray
film at −80ºC (20). mRNA levels were evaluated by densito-
metric scanning of the autoradiograph as described above and
corrected for the amount of APRT using a cDNA probe.

Statistics. The results are the mean ± SEM of n experi-
ments assayed in duplicate. Significant differences were
established by an ANOVA test, using the computer program
GraphPad InStat™ (GraphPad Software v2.03, San Diego,
CA). When the number of animals was too small or the vari-
ance was not homogeneous, a nonparametric test was per-
formed (Kruskal–Wallis test). When significant variations
were found, the Student–Newman–Keuls multiple compar-
isons test was performed. Linear correlation between vari-
ables was calculated by using the above-mentioned program.
Level of statistical analysis was set at P < 0.05.

RESULTS

Plasma and liver lipid. Statin administration reduced plasma
TG without affecting cholesterol and phospholipid levels
(Table 2). Mevalonate feeding did not affect plasma lipid val-
ues, but reversed all the modifications induced by the ator-
vastatin treatment (Table 3).

In contrast to atorvastatin, the simvastatin treatment in-
creased liver free cholesterol and decreased phospholipid and
DAG concentration (20, 41, and 35% vs. control, respectively).

TG content was not significantly modified by statin adminis-
tration (Table 2). Mevalonate feeding raised liver free choles-
terol, TG, and phospholipid content (2.6-, 3.4-, and 2.3-fold vs.
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TABLE 1
Primers Used for the PCR Reactiona

GenBank accession
Primers Sense and antisense PCR product (bp) number

ACAT-1 5′-GGTGTGCGCTCACGACCTTCT-3′ 498 BAA25372
5′-TCAGAATGAACCGGGAGGCTG-3′

DGAT 5′-TGTCAGTGGGTGCCCTGACAG-3′ 613 AF296131
5′-CCAAACTGCAGGAGCTCTGCC-3′

HMG-CoA Rd 5′-CCGACAAGAAACCTGCTGCCA-3′ 470 X55286
5′-CAGTGCCACACACAATTCGGG-3′

SREBP-2 5′-CATGGACACCCTCACGGAGCTGGGCGACGA-3′ 920 U12330
5′-TGCATCATCCAATAGAGGGCTTCCTGGCTC-3′

CT 5′-GGTTTACGGCAGCCAGCTCCT-3′ 516 M36071
5′-ACGGACAATGCGGGTGATGAT-3′

ACC 5′-CGAGGCCGCTCAGCAACAGTA-3′ 211 AB004329
5′-TGGGTTCCTCGGAGGCTTCTG-3′

FAS 5′-GTCTGCAGCTACCCACCCGTG-3′ 214 M76767
5′-CTTCTCCAGGGTGGGGACCAG-3′

APRT 5′-AGCTTCCCGGACTTCCCCATC-3′ 329 L04970
5′-GACCACTTTCTGCCCCGGTTC-3′

aDGAT, diacylglycerol acyltransferase; HMG-CoA Rd, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; SREBP, sterol
regulatory element binding protein; CT, CTP:phosphocholine cytidylyltransferase; ACC, acetyl-CoA carboxylase; FAS, FA
synthase; APRT, adenosyl phosphoribosyl transferase.

TABLE 2
Effect of Atorvastatin (ATV) and Simvastatin (SVT) Treatment 
on Plasma and Liver Lipid Levelsa

Control ATV SVT

Plasma
Total cholesterol 111 ± 3 116 ± 10 111 ± 8
TG 103 ± 6 66 ± 13* 65 ± 8*
Phospholipid 199 ± 7 187 ± 18 192 ± 17

Liver
Free cholesterol 8.3 ± 0.4 8.7 ± 0.4 9.9 ± 0.5*
TG 18.8 ± 2.2 20.6 ± 2.4 25.1 ± 3.3
Phospholipid 76 ± 4.2 66 ± 7.5 45 ± 2.2*
DAG 8.6 ± 0.6 8.2 ± 0.6 5.6 ± 0.3**

aData are the mean ± SEM (n = 6). Plasma lipid levels are expressed as
mg/dL. Liver free cholesterol, TG, and phospholipid are expressed as 10−3

mg/mg of liver postnuclear supernatant protein and DAG content as pmol/mg
of liver postnuclear supernatant protein. *P < 0.05; **P < 0.01.

TABLE 3
Effect of ATV Treatment on Plasma and Liver Lipid Levels 
in MVL-Fed Ratsa

Control MVL ATVMVL

Plasma
Total cholesterol 116 ± 6 105 ± 6 110 ± 7
TG 122 ± 9 119 ± 9 90 ± 11
Phospholipid 194 ± 9 175 ± 9 171 ± 8

Liver
Free cholesterol 6.1 ± 1.0 16.2 ± 3.1* 11.3 ± 0.7
TG 14.9 ± 2.8 51.2 ± 12.3* 38.6 ± 3.8
Phospholipid 66 ± 10.8 151 ± 28.1* 84 ± 24.6

aData are the mean ± SEM (n = 4) and are expressed as mg/dL of plasma or
10−3 mg/mg of liver postnuclear supernatant protein. *P < 0.05. MVL, meva-
lonate; ATVMVL, atorvastatin-mevalonate. 



control, respectively). These changes were blunted when ani-
mals were fed with both atorvastatin and mevalonate (Table 3).

SREBP-2 and enzyme involved in cholesterol synthesis and
esterification. Atorvastatin and simvastatin treatments raised
the mRNA levels of SREBP-2 (Fig. 1A). The increase in
SREBP-2 mRNA levels is a consequence of SREBP-2 acti-
vation, as the SREBP-2 gene is a target gene of itself (21).
Therefore, the nuclear form of SRBEP-2 (active form) should
increase after statin treatment. We checked this issue in a
small subgroup of animals and, as expected, the nuclear form
of SREBP-2 was increased by statin treatment (0.83 ± 0.12
and 2.07 ± 0.50 (arbitrary units), respectively, for control and
simvastatin groups (n = 4; P < 0.05). Statin treatment also in-
creased mRNA levels of HMG-CoA reductase (Fig. 1B),
whereas ACAT mRNA levels were only increased by simva-
statin (1.54-fold induction vs. control group; Fig. 2). Despite
statins being competitive inhibitors of HMG-CoA reductase,
when microsomal HMG-CoA reductase activity from livers
of statin-treated animals was measured, an increase in en-
zyme activity was detected because the inhibitors had been
removed from the microsomes when samples were obtained
(22). Accordingly, both statins enhanced microsomal HMG-
CoA reductase activity (0.192 ± 0.0512, 1.31 ± 0.074, and
2.65 ± 0.083 nmol/min/mg, for the control, atorvastatin, and
simvastatin groups (n = 6), respectively; P < 0.001). Although
atorvastatin was more potent than simvastatin in increasing
mRNA levels (16- and 8-fold, respectively, relative to con-
trol), HMG-CoA reductase activity was lower in atorvastatin
than in simvastatin-treated animals, given that this drug is
more difficult to remove from microsomes than other HMG-
CoA reductase inhibitors (23). 

Mevalonate feeding downregulated SREBP-2 and HMG-
CoA reductase. mRNA levels were reduced 50 and 56% vs.
the control group, respectively, whereas HMG-CoA reduc-
tase activity decreased 88% vs. the control (Table 4). Even in
the presence of mevalonate, atorvastatin increased mRNA
levels of both genes and HMG-CoA reductase activity rela-
tive to the mevalonate group, achieving values similar to con-
trol group (Figs. 1C,D, Table 4).

Enzyme involved in FA synthesis. Atorvastatin and simva-
statin treatment increased the mRNA levels of FAS and ACC
(2.5- and 1.4-fold induction vs. control group, respectively; Figs.
3A,B). Mevalonate feeding did not affect mRNA levels of FA
biosynthetic enzymes but reversed the changes induced by ator-
vastatin treatment in the mRNA levels of these genes (Table 4).

Enzyme involved in TG synthesis. As shown in Figure 4A,
PAP activity was markedly increased by simvastatin and ator-
vastatin administration (3.7- and 3.4-fold induction vs. the
control value, respectively). mRNA levels of DGAT were en-
hanced by statin treatment (Fig. 4B). As a result DGAT activ-
ity was also increased (17.9 ± 1.48, 25.1 ± 0.84, and 20.8 ±
0.35 nmol/min/mg for the control, atorvastatin, and simva-
statin groups (n = 4), respectively; P < 0.05). Mevalonate
feeding did not modify significantly the PAP activity (Table
4) or the DGAT mRNA levels (data not shown) but blocked
the increase in enzyme activity caused by atorvastatin. 

Enzyme involved in phospholipid synthesis. Figure 5
shows the effect of statin administration on CT. After ator-
vastatin treatment no significant changes were observed. In
contrast, simvastatin increased the enzyme activity (1.4-fold
vs. control value) without significantly affecting mRNA lev-
els (0.78 ± 0.014, 0.85 ± 0.15, and 0.96 ± 0.11 for the control,
atorvastatin, and simvastatin groups (n = 6), respectively).
When animals were fed with a diet supplemented with meva-
lonate, mRNA levels and CT activity rose relative to the con-
trol group (1.4- and 1.5-fold, respectively) (Table 4).

Enzyme involved in lipoprotein assembly. Statin adminis-
tration increased mRNA levels of MTP, the enzyme that cat-
alyzes the transference of hepatic lipid to apoB, although this
increase was statistically significant only for atorvastatin
(Fig. 6). Neither atorvastatin nor simvastatin affected MTP
activity [306 ± 9.9, 381 ± 23, and 346 ± 40 for the control,
simvastatin, and atorvastatin group (n = 6), respectively]. Fur-
ther, mevalonate feeding did not affect MTP mRNA levels or
enzyme activity but blocked the increase in the mRNA levels
caused by atorvastatin (Table 4).

DISCUSSION

HMG-CoA reductase inhibitors deplete cellular cholesterol
causing SREBP activation and enhancing the expression of
SREBP-2 target genes, as HMG-CoA reductase or LDL re-
ceptors. However, SREBP have been shown to regulate many
other enzymes involved in hepatic lipid synthesis and VLDL
assembly (9). In the present study, we have focused on the ef-
fects of high doses of atorvastatin and simvastatin on key en-
zymes involved in VLDL production in normolipidemic rats.

Atorvastatin and simvastatin not only induce HMG-CoA
reductase but also raise mRNA levels of SREBP-2 (Fig. 1).
Generally, despite the induction of HMG-CoA reductase,
HMG-CoA reductase activity and cholesterol synthesis re-
main inhibited, while statins present inside the hepatocyte and
plasma cholesterol levels decrease. However, it is well estab-
lished that HMG-CoA reductase inhibitors do not lower
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TABLE 4
Effect of ATV Treatment on Enzymes Involved in Hepatic Lipid 
Synthesis and VLDL Assembly in MVL-Fed Ratsa

Control MVL ATVMVL

HMG-CoA Rd 
(activity) 0.185 ± 0.029 0.0225 ± 0.005a 0.23 ± 0.067c

FAS (mRNA) 0.434 ± 0.037 0.461 ± 0.077 0.369 ± 0.029
ACC (mRNA) 1.155 ± 0.052 1.345 ± 0.085 1.332 ± 0.141
PAP (activity) 0.662 ± 0.047 0.680 ± 0.071 0.607 ± 0.026
CT (mRNA) 0.545 ± 0.172 0.762 ± 0.092a 0.718 ± 0.025
CT (activity) 624.5 ± 32.7 912.8 ± 63.5a 826.8 ± 25.1
MTP (mRNA) 0.327 ± 0.029 0.405 ± 0.006 0.382 ± 0.017
MTP (activity) 208 ± 13 249 ± 50 263 ± 33
aData are the mean ± SEM (n = 4) and are expressed as pmol/min/mg (HMG-
CoA Rd); nmol/min/mg (PAP activity); fluorescence arbitrary units/h/mg
(MTP activity) and arbitrary units (mRNA). PAP, phosphatidate phosphohy-
drolase; MTP, microsomal TG transfer protein. For other abbreviations see
Tables 1 and 3. aValues significantly different from control (P < 0.05). cVal-
ues significantly different from MVL (P < 0.05).
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FIG. 1. Effect of statin treatment on mRNA levels of sterol regulatory element binding protein-2 (SREBP-2) and 3-hydroxy-3-methylglutaryl-CoA re-
ductase (HMG-CoA Rd) in normolipidemic rats (A,B) and mevalonate-fed rats (C,D). Total liver RNA was subjected to reverse transcription PCR
(RT-PCR), and adenosyl phosphoribosyl transferase (APRT) was used as a reference gene to normalize mRNA levels of SREBP-2 (A,C) and HMG-
CoA Rd (B,D). Bars represent the mean ± SEM of the values obtained from six (A,B) or four (C,D) animals in each treatment group. A representative
autoradiography of a RT-PCR assay for one animal of each treatment group is shown in the upper part of the figures. Ctrl, control; ATV, atorva-
statin; SVT, simvastatin; MVL, mevalonate; ATVMVL, atorvastatin-mevalonate. aValues significantly different from control (P < 0.05); bsignificant
differences between values from ATV and SVT groups (P < 0.05); cvalues significantly different from MVL (P < 0.05).



plasma cholesterol in rats, as HDL is the main transporter of
rat plasma cholesterol (8). In fact, the great activation of
SREBP elicited by treatment with high doses of statins may
cause a superinduction of HMG-CoA reductase, which can
compensate for the inhibitory effect of the drug and increase
hepatic cholesterol (24). This effect depends on the dose, the
potency, and the duration of action of the compound used.
Thus, in the present study, simvastatin, but not atorvastatin,
increased liver cholesterol content (Table 2). This difference
may be attributable to the longer duration of action of ator-
vastatin, which maintains its inhibitory effect on HMG-CoA
reductase for more than 24 h (2). This increase in hepatic cho-
lesterol content was associated with higher ACAT mRNA
levels. We cannot ensure that both effects are related, as little
is known about the regulation of ACAT expression. However,
it has been described that a high-fat, high-cholesterol diet
causes an increase in ACAT mRNA levels in rabbit liver (25).
Therefore, the increase in mRNA levels could be addressed
to eliminate the excess of cholesterol produced by the sim-
vastatin treatment (26). 

Treatment with atorvastatin and simvastatin markedly re-
duced plasma TG levels. Although the mechanism underly-
ing their TG-lowering effect is still unclear, low doses of
statins may reduce apoB secretion in normolipidemic rats and
other animal models (6,8). TG availability has been shown to
be one of the major factors in the posttranslational regulation
of apoB secretion (27,28). The effect of statins on TG synthe-
sis has been tested in cell culture and animal models. These
results show that low doses of statins affect neither the rate of
TG synthesis nor the activity of key enzymes involved in the
biosynthetic pathway (13,14,29,30). However, in the present
study, the main enzymes involved in FA and TG synthesis
were induced by treatment with high doses of atorvastatin and
simvastatin. It is interesting to point out that the genes in-
volved in FA synthesis are selectively activated by SREBP-1,
but at high levels of expression, SREBP-2 also activates the
enzyme cascade required for FA synthesis (31,32). Therefore,

the increase in the mRNA levels of FAS and ACC may be at-
tributed to the overexpression of SREBP-2 induced by the ad-
ministration of high doses of statins. Thus, while low doses
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FIG. 2. Effect of statin treatment on mRNA levels of ACAT in normolipi-
demic rats. APRT-normalized mRNA levels of ACAT as measured by
RT-PCR. Bars represent the mean ± SEM of the values obtained from six
animals in each treatment group: Ctrl, ATV, and SVT. For abbreviations
see Figure 1. aValues significantly different from control (P < 0.05).

FIG. 3. Effect of statin treatment on mRNA levels of FA synthase (FAS)
and acetyl-CoA carboxylase (ACC) in normolipidemic rats. APRT-nor-
malized mRNA levels of FAS (A) and ACC (B) as measured by RT-PCR.
Bars represent the mean ± SEM of the values obtained from six animals
in each treatment group. A representative autoradiograph is shown in
the upper part of each figure, with signals corresponding to FAS or ACC
and the reference gene, APRT, for one Ctrl, one ATV-, and one SVT-
treated rat. For abbreviations see Figure 1. aValues significantly differ-
ent from control (P < 0.001).



of statins induce only SREBP-2 target-genes, such as HMG-
CoA reductase, high doses of statins cause such great activa-
tion of SREBP-2 that SREBP-1 target genes, such as FAS and
ACC, are also induced by drug treatment.

DGAT and PAP may also be transcriptionally regulated by
SREBP, as other enzymes involved in glycerolipid synthesis
(33). Nevertheless, we cannot discard the notion that the induc-
tion of these enzymes was due to FA activation (34–36). Thus,

in the present study we have shown a concomitant increase in
FAS mRNA levels, DGAT activities, and PAP activities. Given
that others have shown that the increase in FAS mRNA paral-
lels the relative increase in FA synthesis measured in vivo
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FIG. 4. Effect of statin treatment on mRNA levels of diacylglycerol acyl-
transferase (DGAT) and phosphatidate phosphohydrolase (PAP) activity
in normolipidemic rats. (A) PAP activity. The results are the mean ±
SEM of the values obtained from six animals in each treatment group.
(B) APRT-normalized mRNA levels of DGAT as measured by RT-PCR.
Bars represent the mean ± SEM of the values obtained from six animals
in each treatment group. A representative autoradiograph is shown in
the upper part of each figure, with signals corresponding to DGAT and
the reference gene, APRT, for one Ctrl, one ATV- and one SVT-treated
rat. For abbreviations see Figure 1. aValues significantly different from
control (P < 0.05).

FIG. 5. Effect of ATV and SVT treatment on CTP:phosphocholine
cytidylyltransferase (CT) activity in normolipidemic rats. The results are
the mean ± SEM of the values obtained from six animals in each treat-
ment group. For abbreviations see Figure 1. aValues significantly differ-
ent from Ctrl (P < 0.01). bSignificant differences between values from
ATV and SVT groups (P < 0.01).

FIG. 6. Effect of statin treatment on mRNA levels of microsomal TG
transfer protein (MTP) in normolipidemic rats. Total liver RNA was sub-
jected to electrophoresis and blot hybridization with the MTP 32P-
labeled probe and with a control 32P probe directed against APRT. The
mRNA levels were calculated after correction for loading differences
with APRT. Bars represent the mean ± SEM of the values obtained from
six animals in each treatment group. A representative autoradiograph is
shown in the upper part of the figure, with signals corresponding to MTP
and the reference gene, APRT, for one Ctrl, one ATV-, and one SVT-
treated rat. For abbreviations see Figure 1. aValues significantly differ-
ent from control (P < 0.05). 



(9,32), the changes in DGAT and PAP found in the present
study might be secondary to the induction of FA synthesis. In
this sense, it is interesting to point out that we have found an
almost 50% direct correlation between mRNA levels of FAS
and PAP activity (n = 18; r2 = 0.470; P = 0.0017).

PAP is the branch point between TG and phospholipid syn-
thesis and catalyzes the production of DAG. Despite the in-
duction of FA and TG biosynthetic enzymes, hepatic TG con-
tent was unaffected by atorvastatin and simvastatin. Instead,
DAG and phospholipid contents were decreased by the sim-
vastatin treatment. It has been reported that statins increase
biliary cholesterol and phospholipid secretion in rats owing
to the induction of hepatic synthesis of cholesterol (24,37).
From our results we can deduce that the DAG produced by
PAP is shunted to the synthesis of phospholipids in order to
supply enough phospholipid to eliminate the excess of cho-
lesterol synthesized. The balance between cholesterol, TG,
and phospholipid synthesis was maintained after atorvastatin
treatment without changes in liver content of cholesterol, TG,
DAG, or phospholipid. However, simvastatin caused a greater
increase in cholesterol synthesis, probably because of its
shorter duration of action. As a consequence, the DAG sup-
ply was not sufficient to sustain phospholipid synthesis for
biliary cholesterol secretion, and the liver cholesterol content
rose while the DAG and phospholipid contents decreased
(Table 2). 

Phospholipid synthesis is mainly regulated by CT activity,
the rate-limiting enzyme of PC synthesis (38). The effects of
statins on CT activity are not clear, and they seem to depend
on the type of compound and experimental model used
(13,14). In the present study, no change in CT activity was
observed after the atorvastatin treatment. However, the sim-
vastatin treatment caused an increase in this enzyme activity
and a decrease in liver phospholipid content. The decrease of
liver phospholipid caused by simvastatin (Table 2) may acti-
vate the translocation of CT (39,40), explaining the increase
in the enzyme activity shown in the present study (Fig. 5). Al-
though CT translocation is also activated by FA and DAG in
cultured cells (40), we can discard the view that the increase
in CT activity caused by simvastatin was a consequence of
FA or DAG activation, since atorvastatin also enhanced FA
synthesis and PAP activity without modifying CT activity.

MTP plays a pivotal role in VLDL assembly by mediating
the transfer of hepatic lipid to nascent apoB (12). The effect
of statins on MTP has not been tested in animal models. In
the present study, treatment with high doses of atorvastatin
and simvastatin caused an increase in MTP mRNA levels
(Fig. 6), as a result of HMG-CoA reductase inhibition, al-
though the enzyme activity was unaffected by drug treatment.
This divergence is not surprising because of the long half-life
of MTP (4.4 d) (41), which it makes difficult to observe a rise
in MTP activity subsequent to a 1.4-fold increase in the
mRNA levels. Transcriptional regulation of MTP has not
been fully elucidated, but both SREBP and FA seem to
control MTP expression (10,42,43). Horton et al. (31) showed
a fourfold increase in MTP mRNA levels in SREBP-2 

transgenic mice. Therefore, the increase in MTP mRNA
levels observed in the present study might be a consequence
of SREBP-2 overexpression, although we cannot discern
whether MTP induction is a result of direct SREBP or FA
activation.

Despite the induction of the key enzymes involved in lipid
synthesis and lipoprotein assembly, plasma cholesterol was
unchanged and TG levels were reduced by statin treatment.
These results suggest the following: (i) apoB secretion is not
enhanced in the present study. Nevertheless, given that treat-
ment with high doses of lovastatin for 7 d raised plasma cho-
lesterol levels (24), we cannot discard the view that longer
treatment periods with high doses of statins may increase
apoB secretion in normolipidemic rats. (ii) The blockage of
apoB secretion does not seem to be one of the mechanisms
involved in the TG-lowering effect of statins at high doses in
normolipidemic rats. It has been reported that statins reduce
cholesterol availability for apoB secretion, and this effect de-
pends on the extent of HMG-CoA reductase inhibition (7).
However, the reduction of plasma TG levels observed in the
present study is difficult to explain by this mechanism, espe-
cially for simvastatin, because the induction of HMG-CoA
reductase caused by high doses of this drug can overcome its
inhibitory effect and increase hepatic cholesterol content
(Table 2). Although the aim of this study was not to investi-
gate the mechanisms involved in the hypotriglyceridemic ef-
fect of statins, we can speculate that the decrease in plasma
TG levels observed in this study might be due to an induction
of lipoprotein lipase by SREBP (44,45).

In summary, we have shown that treatment with high doses
of statins induces key enzymes controlling rat liver lipid syn-
thesis and VLDL assembly. High doses of atorvastatin and
simvastatin induce not only SREBP-2 target genes involved
in cholesterol synthesis as SREBP-2 or HMG-CoA reductase,
but also SREBP-1 target genes, as FAS or ACC. PAP, DGAT,
and MTP were also induced by the statin treatment as a result
of SREBP or FA activation. After the atorvastatin treatment,
the balance between hepatic cholesterol, TG, and phospho-
lipid synthesis was maintained without changes in liver lipid
content. In contrast, simvastatin increased liver cholesterol
and reduced DAG and phospholipid content. Despite the in-
duction of the key enzymes involved in VLDL production,
both statins markedly reduced plasma TG levels, suggesting
that different mechanisms may be involved in the hy-
potriglyceridemic effect of statins at high or low doses in nor-
molipidemic rats.
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ABSTRACT: Oxidized cholesterols in the diet have been
shown to exacerbate arterial cholesterol deposition and the de-
velopment of atherosclerosis in animal models. Dietary oxidized
cholesterols are absorbed through the intestine and incorporated
into lymph chylomicrons. The aim of this study was to investi-
gate the effect of oxidized cholesterols on the metabolism of
nascent chylomicrons in vivo. It was shown that oxidized cho-
lesterols markedly delay the clearance of chylomicrons from
plasma compared to rats given TG alone. However, there was
no difference in the clearance of chylomicrons containing oxi-
dized cholesterols vs. purified cholesterol, although the presence
of oxysterols did appear to exacerbate the removal of these par-
ticles from circulation. The impaired clearance of chylomicrons
containing oxidized cholesterols was not due to impaired lipoly-
sis and slower conversion to the remnant form. Moreover, the
incorporation of oxidized cholesterols did not alter the hepatic
or splenic uptake of chylomicrons compared to chylomicrons
isolated from rats given purified cholesterol or TG alone. Collec-
tively, the results of this study suggest that the exacerbated delay
in clearance of chylomicron remnants enriched with oxysterols
may be due to impaired uptake by tissues other than the liver
and spleen. Apolipoprotein (apo) analysis showed that oxysterol
incorporation reduced the apoE content and altered the apoC
phenotype of chylomicrons, which may have an impact on the
removal of chylomicron remnants from plasma. In conclusion,
dietary oxysterols appear to have the potential to adversely af-
fect chylomicron metabolism. Therefore, further investigations
in humans are required to determine whether dietary oxidized
cholesterols found in cholesterol-rich processed foods delay the
clearance of postprandial remnants, which may contribute to
and exacerbate the development of atherosclerosis.

Paper no. L8972 in Lipids 37, 455–462 (May 2002).

The onset of atherosclerosis is marked by the accumulation of
cholesterol and oxidized cholesterols in the arterial wall (1,2).
The oxidized cholesterol content of early foam cells and fatty
streaks closely resembles the oxidized cholesterols found in
cholesterol-rich processed foods (3–8). We and others have
shown that dietary oxidized cholesterols are absorbed from the
intestine and incorporated into lymph chylomicrons (9,10). In
humans, absorption of oxidized cholesterols from cholesterol-
rich processed foods results in increased circulating levels of

cholesterol oxidation products in plasma lipoproteins (11,12).
Early studies showed that feeding oxidized cholesterols re-
sulted in focal arterial damage and fibrous lesions in rat and
rabbit models (13–15). More recently we have shown that
short-term feeding of oxidized cholesterols to rabbits result in
a marked increase in aortic cholesterol concentration com-
pared to rabbits fed purified cholesterol (16). Longer-term
feeding of oxidized cholesterols to rabbits has shown that
these sterols accelerate and exacerbate the development of ath-
erosclerotic lesions (17,18). Epidemiological evidence also
suggests oxysterols are proatherogenic, because the consump-
tion of ghee, which is rich in oxysterols, has been associated
with an increased incidence of coronary heart disease (19).
Given postprandial lipoproteins transport dietary oxidized
cholesterol to the circulation, and chylomicron remnants pen-
etrate and are retained by the arterial wall (20), it has been pro-
posed that dietary lipids may be a potential source of early le-
sion oxidized cholesterols (9,16).

The consumption of dietary cholesterol has been associ-
ated with delayed clearance and accumulation of chylomicron
remnants in plasma (21,22). The consumption of cholesterol
may often include cholesterol-rich processed foods that con-
tain oxidized cholesterol products (3). The absorption and in-
corporation of oxidized cholesterols into lymph chylomicrons
may modulate the metabolism and tissue uptake of these par-
ticles. We have previously shown that chylomicrons enriched
with oxysterols have an increased size due to a greater con-
tent of cholesterol and TG in these particles compared to rats
given purified cholesterol (9). The size of chylomicrons can
influence their kinetics, with larger chylomicrons having de-
layed clearance from plasma compared to smaller chylomi-
crons (23). Furthermore, increasing the cholesterol content
can further delay the clearance of chylomicrons (21,24). 

Like cholesterol, oxidized cholesterol products appear to
affect chylomicron metabolism. Mortimer and co-workers
(25) reported that the inclusion of the oxidized cholesterols
7α-hydroxycholesterol, 7β-hydroxycholesterol, 25-hydroxy-
cholesterol, and 3-ketocholesterol into chylomicron-like lipid
emulsions retarded plasma clearance. However, the effects of
dietary oxidized cholesterol products on chylomicron compo-
sition and metabolism remain unclear.

The normal metabolism of chylomicrons involves the
rapid conversion to chylomicron remnants by the action of
endothelial lipases. Lipoprotein lipase (LPL) requires apo-
lipoprotein CII (apoCII) to catalyze the hydrolysis of TG and
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is responsible for approximately 70% of chylomicron TG
lipolysis. Chylomicron remnants are subsequently removed
from circulation primarily by the liver via the apoB100/E re-
ceptor. The processes of lipolysis and high-affinity uptake of
chylomicrons are critically regulated by the size, lipid com-
position, and apolipoprotein composition of the particles
(26,27). Given that dietary oxidized cholesterols increase the
cholesterol content and size of chylomicrons, it was hypothe-
sized that these sterols may modulate the clearance of
chylomicrons from plasma. Therefore, the objective of this
study was to investigate the effect of oxidized cholesterol on
chylomicron metabolism in vivo. The mechanism of how
oxysterols may alter chylomicron metabolism was studied by
determining the effect of oxysterols on apolipoprotein com-
position, lipolysis, and receptor-mediated uptake processes.

MATERIALS AND METHODS

Materials. Cholesterol (>99% purity) and triolein (>99% pu-
rity) were purchased from Sigma (St. Louis, MO). Choles-
terol (catalog no. TR13015; Trace Scientific, Melbourne,
Australia) and TG (Wako, Osaka, Japan) were determined
colorimetrically. Bis(trimethylsilyl)-trifluoracetamide was
purchased from Sigma. Radiolabeled lipids, [14C]palmitate
and [3H]cholesterol, were purchased from Amersham Phar-
macia Pty. Ltd. (Piscataway, NJ).

Preparation of lipid emulsions. The purified and autooxi-
dized cholesterol emulsions were prepared as previously de-
scribed (9). Briefly, aliquots of radiolabeled TG ([14C]palmi-
tate) and cholesterol ([3H]cholesterol) were placed into a
glass vial, and the solvent was evaporated under N2. The pure
or heat-treated cholesterol (50 mg) predissolved in chloro-
form and triolein (600 mg) was added, and the solvent was
evaporated under N2 in a water bath at 37°C for both choles-
terol treatments. The control treatment consisted of triolein
(600 mg) alone. The GC–MS analysis of the purified choles-
terol emulsion showed 99.9% purity. The GC–MS analysis of
the oxidized cholesterol emulsion was cholesterol (69.3%), 
7β-hydroxycholesterol (6.9%), 5α,6α-epoxycholesterol
(4.8%), 5β,6β-epoxycholesterol (4.83%), 7-ketocholesterol
(8.6%), 6-hydroxycholesterol (1.0%), cholest-4-ene-3-one
(0.4%), 4,6-cholestadiene-3-one (1.4%), cholestane-3,6-
dione (1.0%), and unknown oxysterols (1.5%) (9). 

Chylomicron isolation. The isolation of lymph chylomi-
crons has been described previously (9,28). Approval for ex-
perimental procedures was obtained from the University of
Western Australia Ethics Committee, and procedures fol-
lowed recommendations of the National Health and Medical
Research Council of Australia. Briefly, 300 g male Wistar
nonfasted rats were anesthetized with phenobarbital (0.05
mg/kg), and the superior mesenteric lymph duct was cannu-
lated and the duodenum cannulated via a gastrostomy. The
triolein vehicle alone (control) and cholesterol emulsions (50
mg autooxidized cholesterol or purified cholesterol) were ad-
ministered via the gastric cannula. Chylomicrons were then
isolated from lymph by density ultracentrifugation as previ-

ously described (29). Chylomicron cholesterol and TG were
measured, and oxysterol analysis was done by GC–MS as re-
ported previously (9,30,31). The size of chylomicrons was
also determined using an automated particle sizer.

Kinetic studies with radiolabeled chylomicrons. Nonfasted
recipient male Wistar rats weighing 300 ± 10 g were anes-
thetized with ketamine/xylazine (2:1, 1 mL/kg), and the right
carotid artery and left jugular vein were cannulated as reported
previously (28). Chylomicrons were injected into the external
jugular vein at a dose of 7–10 mg of TG in 0.4–0.5 mL, and
blood samples were taken from the carotid artery into hep-
arinized tubes after injection of doubly labeled chylomicrons.
At the end of the clearance study, rats were given a lethal dose
of phenobarbital via the jugular vein, and the liver and spleen
were removed. Blood volume was calculated as 4% of body
weight (28). The radioactivity of plasma and tissues was mea-
sured using a Wallac 1410 Liquid Scintillation Counter in
dual-label mode with autoquench correction (28).

Chylomicron TG lipolysis with postheparin plasma lipases.
The lipoprotein TG lipolysis studies were carried out in vitro
using techniques previously described (32). The enzyme activ-
ities of LPL and hepatic lipase (HL) were determined for chy-
lomicrons isolated from rats given the triolein vehicle alone
(control), autooxidized cholesterol, or purified cholesterol. The
assay quantitates the [14C]FFA after liberation from chylomi-
cron TG ([14C]palmitate) by the action of LPL and HL. TG hy-
drolysis was expressed as the appearance of radiolabeled FA
released (µmol FA/mL/h) (32).

Preparation of chylomicron remnants. Chylomicron rem-
nants were generated in functionally hepatectomized rats as pre-
viously described (33). Briefly, male Wistar rats were anes-
thetized with ketamine/xylazine (1 mL/kg) and a hepatectomy
was performed. Chylomicrons isolated from the control, autoox-
idized cholesterol, and purified cholesterol-treated donor rats
were infused into the femoral vein. After 30 min blood was taken
from the abdominal aorta, and chylomicron remnants were iso-
lated by density ultracentrifugation as previously described (29).

Apolipoprotein analysis. Chylomicrons and chylomicron
remnants were delipidated according to the method of Herbert
et al. (34). Chylomicrons and chylomicron remnant apo-
lipoproteins were separated by SDS-PAGE and by isoelectric
focusing to separate the isoforms of the apolipoproteins as de-
scribed previously (32). Chylomicrons and chylomicron rem-
nants were pooled from each treatment group to ensure there
was sufficient protein after delipidation of samples for visual-
ization and quantitation of apolipoproteins. The area of
apolipoprotein bands was standardized to apoB48 to enable de-
termination of apoliprotein changes per particle, as one chy-
lomicron contains one apoB48.

Statistical analysis. The chylomicron kinetics, organ up-
take, and rates of lipolytic activity were compared between
treatments by one-way ANOVA with a Bonferroni correction
for multiple comparisons testing for significance at α = 0.05
(GraphPad Instat, San Diego, CA). Chylomicron TG and cho-
lesterol clearance from plasma were determined as the area
above the curve (GraphPad Prism 1.00).
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RESULTS

Chylomicrons isolated from rats given oxysterols were ap-
proximately 100 nm larger compared to those from purified
cholesterol and control animals owing to increased TG and
cholesterol incorporation (Table 1). In the postprandial phase
(2–4 h) there was an increase in size as well as changes in
chylomicron composition compared to fasted chylomicrons
in all treatment groups due to absorption of lipid from the in-
fusate. Therefore, for the kinetic studies, chylomicrons iso-
lated in vivo during this period were pooled.

The metabolism of chylomicrons is a twofold process
involving lipolysis of chylomicron TG to form cholesteryl
ester-rich remnant particles and rapid removal of chylomicron
remnants from circulation primarily by the liver via receptor-
mediated processes. The clearance from plasma of chylomi-
cron cholesteryl ester represents the uptake of chylomicron
remnants by tissues and organs and is predominantly an indi-
cator of high-affinity uptake via hepatic receptors. The clear-
ance from plasma of cholesterol in chylomicrons containing
oxysterols and purified cholesterol is shown in Figure 1. The
clearance of chylomicron remnants was reduced by approxi-
mately 33%, based on the greater percentage of cholesteryl
ester radioactivity remaining in plasma (area below the curve,
1569.2 ± 87.22) compared to control chylomicrons (1067.6 ±
179.52, P = 0.014). Chylomicrons isolated from rats given pu-
rified cholesterol also had delayed clearance, which was inter-
mediate compared to control and oxidized cholesterol-contain-
ing chylomicrons, but the removal of these particles was not
significantly different from that of the other two treatment
groups (1334.77 ± 152.10). In all three groups studied, chy-
lomicron clearance from plasma was characterized by a rapid
phase (0–5 min) followed by a slower metabolic rate (5–30
min), which is consistent with previous studies on chylomi-
cron metabolism in vivo (23,26,28,33). The rate of clearance
of chylomicrons isolated from oxysterol-fed rats was reduced
by approximately 10% compared to the purified and control

chylomicrons during the initial rapid phase but was similar in
the slower phase of catabolism.

The clearance of chylomicron TG from plasma for chy-
lomicrons containing oxysterols, purified cholesterol, and
control particles is shown in Figure 2. The plasma clearance
profile observed for chylomicron TG typifies the initial rapid
phase, in which chylomicrons bind to endothelial lipases on
infusion of particles into the circulation, and the slower phase,
which represents release of chylomicrons from lipases and
subsequent particle uptake (23,28,33). Both oxysterol and pu-
rified cholesterol incorporation into chylomicrons resulted in
a similar and delayed TG clearance from plasma compared to
chylomicrons containing TG alone (area below the curve,
oxysterols 948.3 ± 76.71, P = 0.0068; purified cholesterol
904.89 ± 97.31, P = 0.0025; controls 489.8 ± 129.88). The
impaired TG clearance was marked in the first 5 min after
chylomicron infusion in which both the oxidized and purified
cholesterol-containing chylomicrons had only 50% of the TG
cleared compared to 75% in the control.

There was no significant difference in the hepatic uptake
of chylomicrons as a consequence of oxysterol or cholesterol
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TABLE 1
The Composition and Sizea of Lymph Chylomicrons Isolated from Rats
Given Controlb, Oxidized Cholesterol, or Purified Cholesterol 
Infusates (mean ± SEM)

Chylomicrons

Control (n = 3) Purified (n = 3) Oxidized (n = 3)

Cholesterol (µg/mL) 294 ± 52 652 ± 100 949 ± 74c

TG (µg/mL) 9.8 ± 2.4 11.9 ± 1.9 22.2 ± 4.2c

Particle size (nm) 127 ± 10 176 ± 11 264 ± 15c

Oxysterolsd (µg/mL) — — 476 ± 12c

aCharacterization of chylomicrons at 2–6 h following gastric delivery of in-
fusate.
bControls are chylomicrons isolated from animals given an infusate of the
TG vehicle alone.
cThe composition and size of lymph chylomicrons isolated from rats given
oxidized cholesterol compared to both control and purified cholesterol-
treated rats, P < 0.05.
dThe major oxysterols in the oxidized cholesterol chylomicrons include 7β-
hydroxycholesterol, 5α,6α-epoxycholesterol, 5β,6β-epoxycholesterol, and
7-ketocholesterol.

FIG. 1. The clearance from plasma of chylomicron cholesteryl ester is
shown as a percentage of the dose of radioactive 3H-cholesterol ester
injected. Chylomicrons were isolated from lymph-cannulated rats given
an infusate of either oxidized cholesterol or purified cholesterol in a ve-
hicle of triolein or triolein (control) alone via a gastric cannula. Chy-
lomicrons were then injected into the external jugular vein of recipient
conscious rats. Data are mean ± SEM (n = 9), P < 0.05. *The chylomi-
crons containing oxidized cholesterol products had a significantly de-
layed clearance from the plasma compared to the control (P = 0.014)
but not the purified cholesterol containing chylomicrons.



feeding as shown in Table 2. The splenic uptake of chylomi-
crons is representative of the reticuloendothelial system and
was shown to be similar for chylomicrons isolated from rats
given oxysterols or purified cholesterol.

To elucidate whether the delayed clearance of chylomi-
crons containing oxysterols or purified cholesterol was a con-

sequence of impaired remnant formation, the lipolytic process
was assessed using the in vivo lipolytic index and by measur-
ing lipase-mediated hydrolysis in vitro. The rate of chylomi-
cron remnant formation can be estimated by the difference in
TG clearance (lipolysis plus particle uptake) and cholesteryl
ester clearance (particle uptake alone) and is called the lipoly-
tic index (34,35). The delayed clearance of chylomicrons con-
taining oxysterols did not appear to be due to slower remnant
formation. Rather, the chylomicrons containing oxysterols had
a higher mean lipolytic index (area above the curve, 620.88 ±
64.67), but this was not significantly greater than either the
control or purified cholesterol chylomicrons (area above the
curve, 577.80 ± 251.99 and 429.88 ± 64.67, respectively).

To further explore changes in the lipolytic process, the ex-
tent of lipolysis of chylomicron TG was measured to assess
the activity of lipases. Chylomicrons used for the in vitro
lipolysis measurements were isolated from rats given lipid
emulsions containing oxidized cholesterol, purified choles-
terol, or TG alone (control). In chylomicrons containing oxys-
terols, the total lipolysis of TG substrate was greater compared
to the purified cholesterol-containing chylomicrons and con-
trol chylomicrons by 30 and 20%, respectively. The increase
in rate of substrate lipolysis in chylomicrons containing oxys-
terols was attributable to LPL, which account for 90% of chy-
lomicron TG cleavage (Fig. 3A). Chylomicron TG lipolysis
occurred at a faster rate in rats fed oxysterols (15.85 ± 2.39
µmol FA/mL/h) compared to control and purified cholesterol-
fed rats (11.14 ± 2.72 µmol FA/mL/h, P = 0.048, and 13.24 ±
2.15 µmol FA/mL/h, P = 0.041). HL accounted for a small in-
crease in substrate lipolysis in the chylomicrons containing
oxysterols, but this was not significant compared to the other
chylomicrons, as shown in Figure 3B.

The apolipoprotein complement of chylomicrons and chy-
lomicron remnants is critical in the regulation of their metabo-
lism because the apolipoproteins serve as cofactors for lipases
and ligands for receptors. The apolipoproteins of chylomi-
crons and chylomicron remnants are shown in Table 3. The
ratio of total apoE/apoC was approximately 60% lower in chy-
lomicrons isolated from rats given oxidized (0.115) and puri-
fied cholesterol (0.121) compared to controls (0.305), as
shown in Table 3. Oxysterol incorporation into chylomicrons
also reduced the mass of apoE by 38% per particle (as normal-
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FIG. 2. The clearance from plasma of chylomicron TG is shown as a
percentage of the dose of radioactive 14C-TG injected. See Figure 1 for
experimental procedures. Chylomicrons were then injected into the
carotid artery of conscious recipient rats. Data are mean ± SEM (n = 9),
P < 0.05. *There was no difference in the plasma clearance of TG be-
tween chylomicrons containing oxidized cholesterol or purified choles-
terol. Chylomicrons containing both oxidized and purified cholesterol
had a significant delay in clearance of TG compared to the control (P =
0.0068 and P = 0.0025, respectively).

TABLE 2
Hepatic and Splenic Uptake of Chylomicrons Isolated from Rats Given Oxidized Cholesterol, 
Purified Cholesterol, and Control Infusatesa

Organ uptake (% injected dose, mean ± SEM)

TG Cholesterol
([14C]palmitic acid) ([3H]cholesterol)

Infusate n Liver Spleen Liver Spleen

Control (triolein) 5 11.45 ± 2.84 0.39 ± 0.18 30.72 ± 2.84 1.57 ± 0.18
Oxidized cholesterol 9 9.86 ± 0.79 0.82 ± 0.07 29.31 ± 3.53 1.50 ± 0.23
Purified cholesterol 9 13.16 ± 1.41 0.87 ± 0.07 30.80 ± 3.58 1.57 ± 0.10
aNascent chylomicrons were isolated from rats given infusates of either oxidized cholesterol or purified cholesterol in a ve-
hicle of triolein or triolein (control) alone via a gastric cannula. Chylomicrons were then injected into the external jugular
of conscious recipient rats, and arterial blood was sampled to monitor the clearance of chylomicrons from plasma. Follow-
ing the final arterial blood sample at 30 min, rats were sacrificed and the liver and spleen removed.



ized for apoB48) compared to 21% for purified cholesterol-
containing chylomicrons (see Table 3). The decreased apoE
content was subsequently confirmed in posthydrolyzed rem-
nants enriched with oxysterols and purified cholesterol, in
which they had an 18 and 12% lower apoE per particle, re-
spectively, compared to control chylomicron remnants. The
chylomicron remnants from oxysterol-fed rats also contained
a greater amount of apoC compared to the control and purified
cholesterol chylomicron remnants, which expressed only

traces of this apolipoprotein. Further to the changes in total
apoE content, the apoE isoform expression was also altered in
chylomicrons derived from oxidized cholesterol, showing half
the apoE4 (4% of total apoC and apoE) compared to the con-
trol (8%) or purified cholesterol chylomicron (9%), as shown
in Table 3. In addition, the chylomicron apoC isoforms CIII1+2
and CIII3 were also shown to be elevated in oxysterol-fed rats.

DISCUSSION

We proposed that oxidized cholesterol incorporation into
lymph chylomicrons may modulate chylomicron metabolism
based on previous observations showing that oxidized cho-
lesterols alter chylomicron structure and composition (9). The
results reported here are the first experiments using in vivo-
synthesized lymph chylomicrons isolated after intestinal ab-
sorption of oxidized cholesterol and purified cholesterol to
study the kinetics of these particles in vivo. It has been
demonstrated in this study that cholesterol enrichment of
lymph chylomicrons retards the clearance of chylomicrons
from circulation. Moreover, oxidized cholesterols exacerbate
the reduced clearance of chylomicron remnants from circula-
tion compared to purified cholesterol.

The kinetics of both oxidized cholesterol- and purified
cholesterol-enriched chylomicrons displayed a biphasic mode
of clearance with an initial rapid phase followed by a slower
rate of clearance, which is consistent with the established ca-
tabolism of chylomicrons in vivo (26,28). The initial, rapid
phase is indicative of the binding of chylomicrons to endothe-
lial lipases. The second, slower phase primarily represents se-
questration of particles onto extracellular matrices, and the
internalization of chylomicrons and remnants via receptor-
mediated processes by the liver and other tissues. Chylomi-
crons isolated from rats given oxidized cholesterol showed a
moderate impairment of tissue uptake as reflected in the de-
creased removal from plasma of the chylomicron cholesterol
ester, but this was not significantly different from the purified
cholesterol-containing chylomicrons. Similarly, chylomi-
crons isolated from rats given purified cholesterol displayed
impaired removal from plasma but to a lesser degree than
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FIG. 3. The rate of lipoprotein lipase activity (A), and hepatic lipase (B)
in postheparin plasma of chylomicron TG isolated from rats given oxi-
dized (n = 4) or purified (n = 4) cholesterol in a vehicle of triolein and
vehicle alone (control, n = 4). TG substrate hydrolysis was expressed as
the appearance of radiolabeled FA released (µmol FA/mL/h). *The rate
of lipase activity in oxidized cholesterol postheparin plasma was signif-
icantly different compared to that of purified cholesterol and control 
(P < 0.05).

TABLE 3
The Apolipoprotein Ratio and Isoform Content of Chylomicrons and Chylomicron Remnantsa

E/B48 C/B48 E/C E4
b E3

b E2
b CIIc CIIIo

c CIII1+2
c CIII3

c

Chylomicrons
Control 3.36 11.01 0.305 8 2 — T 41 25 23
Oxidized 2.09 18.20 0.115 4 2 — T 41 30 36
Pure 2.65 21.89 0.121 9 4 — T 48 19 20

Chylomicron remnants
Control 1.51 T T 19 18 5 — 49 — 8
Oxidized 1.24 0.45 2.77 20 16 8 — 34 — 12
Pure 1.34 T T 22 28 6 — 40 — 4

aSamples were pooled from each treatment group to provide sufficient protein for apolipoprotein analysis. Apolipoproteins
were separated using SDS-PAGE (5–20% polyacrylamide) and apolipoprotein isoforms were separated using isoelectric fo-
cusing (1% polyacrylamide/8 M urea). Apolipoprotein content was expressed per particle (one chylomicron contains one
apoB48). Apolipoprotein isoforms were expressed as a percentage of the total apolipoprotein content, respectively. T, trace.
bPercent total apoE.
cPercent total apoC.



those animals given oxysterols. The delay in removal of chy-
lomicrons containing oxidized cholesterol was particularly
evident in the initial phase of clearance compared to both the
control and purified cholesterol containing chylomicrons.
Therefore, these results suggest that oxidized cholesterols
may impair the initial binding or interaction of particles with
extracellular matrices and receptors that enable rapid seques-
tration and removal of chylomicrons from the circulation.

TG clearance from the plasma is normally indicative of the
extent of lipolysis, which is obligatory for chylomicron rem-
nant formation and thereafter for uptake by tissues, predomi-
nantly the liver. The clearance of chylomicron TG from
plasma was found to be impaired in both the oxidized choles-
terol- and purified cholesterol-enriched particles. The delayed
clearance of chylomicrons isolated from rats given oxidized
cholesterol was not a result of delayed conversion to the rem-
nant form because lipolysis in vivo did not appear to be im-
paired. Rather, the in vitro lipolytic studies showed that chy-
lomicrons isolated from rats given oxidized cholesterol had
increased TG lipolysis compared to control and purified cho-
lesterol-containing chylomicrons. 

The lipolysis of chylomicron TG is regulated by the
apolipoprotein complement of the particles. The ratio and
mass of apolipoproteins play a key role in determining the
lipolytic rate. ApoCII is an important cofactor for the action
of LPL, whereas apoCIII and apoE inhibit LPL activity
(35,36). Interestingly, both the oxidized cholesterol- and pu-
rified cholesterol-containing chylomicrons had a reduced total
apoE/C ratio, which is consistent with the finding that chy-
lomicrons enriched with oxidized cholesterols had increased
LPL TG hydrolysis. In the purified cholesterol-containing
chylomicrons, no effect on LPL activity was observed. A
lower apoE/C ratio has been associated with larger particle
size (37) and may account for the preferential hydrolysis of
the larger TG-enriched particles isolated from rats given oxi-
dized cholesterol. 

The inhibitory action of apoCIII may have influenced the
complete lipolysis of oxidized cholesterol-containing chy-
lomicron remnants, however, which is necessary for the in-
ternalization of particles by tissues (38). The hydrolysis of
TG from larger chylomicron particles has previously been
shown in the rat model to be relatively incomplete compared
to smaller particles (23). However, the size of particles does
not appear to inhibit the sequestration of particles by the liver
(23). Chylomicrons that are partially hydrolyzed have re-
duced binding affinity for uptake by receptor-mediated path-
ways and may require further hydrolysis by hepatic lipases
before actual internalization by hepatocytes (27). 

ApoE is associated with the sequestration and uptake of
chylomicron remnants by tissues. The confirmation of apoE
has been reported to be altered by the particle size of lipopro-
teins, whereby as the particle size of TG-rich lipoproteins in-
creases, the α-helical conformation of apoE unfolds, which is
unfavorable in terms of the interaction of particles with the
apoB-100/E receptor at least (37). Hence, the greater size of
chylomicrons containing oxidized cholesterol may prevent

the apoE-associated uptake of these particles by tissues other
than the liver. Particle size can also alter the molecular order
of lipid constituents, which may affect the conformation 
of apoE (39). The hydroxyl, epoxide, and keto groups associ-
ated with oxysterols may disturb the order of lipid packing 
in the chylomicrons, as observed in phospholipid bilayer
models (40). In the chylomicrons containing oxidized cho-
lesterol, this may affect particle surface structure, apoE con-
formation, and interaction with apoE ligands. However, it
should be noted that the removal of larger particles from cir-
culation is thought to be less dependent on interaction with
the apoB-100/E receptor specifically and more reliant on
other mechanisms of sequestration, including interaction with
extracellular matrices and other receptor proteins (37).

Collectively, the findings of this study suggest that the im-
paired clearance of chylomicrons containing oxidized choles-
terol may be associated with extra-hepatic tissues. The hepatic
sequestration of chylomicrons enriched with oxysterols was
not altered compared to the control or purified cholesterol-
containing chylomicrons. The splenic uptake of chylomicrons
rich in oxidized cholesterols showed that these particles were
not preferentially removed by the reticuloendothelial system.
However, splenic uptake does only account for less than 2%
of chylomicron remnant uptake. The impaired uptake of chy-
lomicrons enriched with oxidized sterols by tissues other than
the liver and spleen warrants further investigation. However,
it would appear that the delayed clearance of these particles
may be due to a combined effect of the observed reduction in
apoE and elevated apoCIII content, and potential effects on
complete lipolysis, receptor-mediated, and nonspecific mech-
anisms of removal of these particles from plasma.

The impaired clearance of chylomicrons containing oxi-
dized cholesterol and the associated accumulation in plasma
of these particles may be mechanisms whereby oxidized cho-
lesterols exacerbate cholesterol deposition in the arterial wall
and the development of atherosclerosis in animal models
(16–18) and perhaps humans (19). The accumulation of chy-
lomicron remnants in plasma results in increased delivery and
retention of these particles by the arterial wall leading to ac-
celerated lesion development, as evidenced in type III hyper-
lipoproteinemia (41) and familial hypercholesterolemia (42).
Indeed, in animal models of impaired chylomicron remnant
and LDL clearance, such as apoE- and LDL-receptor-defi-
cient mice, feeding diets containing oxidized cholesterols
leads to accelerated atherosclerotic lesion development com-
pared to mice fed cholesterol alone (43). Rong and coworkers
(44) have shown that repeated arterial exposure of emulsions
containing oxidized cholesterol results in vascular injury and
enhanced permeability of the arterial endothelium to macro-
molecules in the rabbit model. Modulation of vascular in-
tegrity and permeability by dietary oxysterols may further in-
fluence the uptake of cholesterol-rich remnant particles such
as postprandial remnants and LDL into the arterial wall (44). 

In summary, the impaired removal of oxidized cholesterol-
containing chylomicrons from plasma appears to be associated
with modulation of the size and apolipoprotein composition of
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chylomicrons upon incorporation of dietary-derived oxidized
cholesterols into these particles. Although further investiga-
tions in humans are required, the results of this study suggest
that the consumption of cholesterol-rich processed foods may
adversely modulate postprandial metabolism with the potential
to exacerbate the development of cardiovascular disease.
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ABSTRACT: Consumption of dietary oil, viz., corn, fish, co-
conut, or olive, induced the secretion of surfactant-like parti-
cles (SLP) in rat intestine. These lipoprotein particles differ in (i)
levels of alkaline phosphatase activity, (ii) lipid composition,
and (iii) FA composition in response to feeding of different oils.
The secreted particles had similar buoyancy (1.07–1.08 g/mL)
and cholesterol/phospholipid molar ratios (0.61–0.72) except
that feeding coconut oil to rats produced SLP with a low (0.18)
cholesterol/phospholipid molar ratio compared to control ani-
mals. It is concluded from these observations that feeding dif-
ferent oils induces the secretion of lipoprotein particles in rat
intestine with different chemical compositions.

Paper no. L8629 in Lipids 37, 463–468 (May 2002). 

Fat feeding increases intestinal alkaline phosphatase (IAP) in
serum, but the mechanism responsible for this phenomenon
is unclear. The role of surfactant-like particles (SLP) has been
implicated in the delivery of this membrane-bound enzyme
into lumen and serum (1). These particles, secreted by en-
terocytes, exhibit morphologic and surface-active properties
resembling pulmonary surfactants and are enriched for IAP
and PC (2). Chemical analysis of SLP revealed that they con-
sist of four to six major proteins having molecular sizes of the
order of 30–120 kDa (3). These lipoprotein particles were as-
sociated with fat droplets and have been implicated in
transepithelial transport of TAG (4) in rat intestine. Previous
studies on the characterization of SLP have been based on
corn oil feeding (3). However, feeding different dietary fats
induces different changes in chemical composition of the
brush border membrane (BBM) in rat intestine (5). Changing
the saturation of dietary fats produces substantial differences
in the FA composition of the membranes of intact viable cells
and tissues (6,7). Changes in the FA composition of membra-
nous proteins may be responsible for altered enzyme activi-
ties, as many enterocyte plasma membrane enzymes are in-

trinsic proteins whose activities depend on the fluidity and
physical state of the membrane lipids (8,9). Therefore, the ob-
jectives of this study were to determine (i) whether the choice
of dietary oil affects the quality and quantity of SLP produc-
tion in rat intestine and (ii) whether the lipid and enzyme ac-
tivity profile of these lipoprotein membranes varied under
these conditions. 

MATERIALS AND METHODS

Adult male Wistar rats (150–170 g) were used. The animals
were obtained from Central Animal Facility of Panjab Uni-
versity, Chandigarh, and were maintained on a commercial
rat pellet diet (Hindustan Lever Ltd., India) with free access
to water until they attained the required weight. All proce-
dures done on animals were approved by the Ethical Commit-
tee Board of Panjab University, Chandigarh, India. Animals
were divided into five groups and were fed corn (group 2),
fish (group 3), coconut (group 4), or olive (group 5) oil. Rats
were fasted overnight with free access to water. On the fol-
lowing day, animals were given 2.0 mL of the respective oil
intragastrically via an infant feeding tube and were killed 5 h
after fat feeding. Animals in the control group received saline
alone (group 1).

Tissue sampling. Animals were sacrificed under ether
anesthesia. Blood was collected by introducing a needle in
the left ventricle of the heart, and perfusion was done with
0.9% saline until the liver was blanched to minimize contam-
ination of tissue samples with blood. Blood samples were
then incubated at 37°C for 30 min and then centrifuged at
5,000 × g for 15 min at 4°C to separate serum. Serum was
then frozen at −20°C in aliquots until further analysis. Start-
ing from the ligament of Treitz, 20 cm of proximal intestine
was removed. The intestine was opened longitudinally, and
the mucosal surface was lightly scraped using Whatman no.
3 paper and suspended in solution A [5mM Tris (hydroxy-
methyl) amino methane buffer, pH 7.4, containing 5 mM
CaCl2] as described by Eliakim et al. (2).

Gradient centrifugation. SLP were isolated from the light
mucosal scrapings by passing them through a gradient that
separated membrane-bound phosphatase (density 1.07–1.08
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g/L) from free IAP (density 1.057 g/L). The mucosal scrap-
ings from each of the five groups were fractionated on con-
tinuous NaBr gradients (0.49–1.46 M in solution A) as de-
scribed for the isolation of human lung surfactant (10). A
visible white band of density 1.07–1.08 g/L was formed
against clear solution after centrifugation at 100,000 × g for
16 h at 5°C using an SW-41 rotor (Beckman Instruments).
These conditions were identical to those used by Eliakim et
al. (2) to isolate rat intestinal SLP. One-milliliter fractions
were removed from the top of the gradient by siphoning and
used for biochemical analyses. Fractions 3 and 4, exhibiting
maximal IAP activity, were pooled from several gradients, di-
alyzed, and concentrated using an Amicon filter (XM-10) as-
sembly (Millipore Corp., Bedford, MA). 

Enzyme assays. Alkaline phosphatase activity was assayed
by the method of Bergmeyer (11). Disaccharidases were de-
termined by the method of Dahlqvist (12). Protein was deter-
mined by the method of Lowry et al. (13) using BSA as the
standard.

Lipid extraction and analysis. Total lipids from SLP were
extracted by the method of Folch et al. (14). Various phos-
pholipid (PL) fractions were estimated following the method
of Marinetti (15). Total cholesterol (Chl) was determined by
the method Zlatkis et al. (16). TG were estimated by the
method of Van Handel et al. (17).

TLC. PL were fractionated by TLC using CHCl3/CH3OH/7
N NH3 (65:25:4, by vol) as the resolving solvent and quanti-
fied. Synthetic PL (Sigma Chemical Co., St. Louis, MO) were
used as standards in parallel lanes. 

Individual spots were identified by exposing the plates to
iodine vapors in a glasss chamber. Yellowish-brown spots
seen were scraped off the plates, and PL were estimated as
described by Marinetti (15). Individual PL fractions were de-
termined as percentage of the total PL. 

FA analysis. FA from total lipid extract were methylated
using boron trifluoride/methanol reagent as described by Met-
calfe and Schmitz (18). FA were analyzed by GC–MS (Shi-
madzu QP–5000) using a DB 23 capillary column (J&W Sci-
entific, Folsom, CA; 30 m length, 0.25 mm i.d.). FAME were
detected by GC with an FID, followed by mass determina-
tion. The carrier gas used was helium at a pressure of 72.3
kPa.

Statistical analysis. Statistical analysis of the data was
done using Student’s t-test and two-way ANOVA. Values
having P < 0.05 were considered to be statistically significant.

BCIP staining. Purified SLP proteins (100 µg) were sepa-
rated on 10% polyacrylamide-SDS gels under nondenaturing
conditions and stained with 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) for the detection of alkaline phosphatase
activity in the gels. The gels were incubated in BCIP (1
mg/mL in 50 mM Tris-HCl, pH 7.6) solution at 37°C. After
the bands of desired intensity were visible, the reaction was
stopped by transferring the gel to 10% acetic acid and then
the gel was rinsed in distilled water and dried. 

Western blotting. SLP (100 µg protein) from rats fed fats 5
h previously were subjected to electrophoresis under denatur-

ing conditions in 10% polyacrylamide-SDS gels, and West-
ern blotting was performed as described (3). Briefly, the pro-
teins were transferred onto an Immobilin P membrane (Milli-
pore) at 30 volts for 16 h at 4°C. Anti-SLP (1:1000) was used
as primary antibody, and color was developed using peroxi-
dase- linked secondary anti-immunoglobulin, 2,4-di-
aminobenzene, and H2O2. 

RESULTS

The activity profile of IAP in various NaBr gradient fractions
after centrifugation of light scrapings from intestine of con-
trol and fat-fed rats is shown in Figure 1. As expected from
Eliakim et al. (2), the activity of IAP peaked in fraction 3,
corresponding to a density of 1.07–1.08 g/L. However, the
level of IAP activity varied considerably in animals fed dif-
ferent oils. It followed the pattern olive oil > fish oil > corn
oil > coconut oil > saline-treated animals.

Although IAP constitutes the major enzyme in SLP, it also
contains small amounts of various brush border enzymes (2).
Thus, the activities of various disaccharidases in purified SLP
were also analyzed and expressed on a protein basis. These
results are shown in Table 1. SLP from olive oil-fed animals
showed a threefold increase in IAP activity (P < 0.001) as
compared to the controls, whereas the increases in enzyme
activity induced by corn oil or fish oil feeding were 1.6- (P <
0.001) and 1.3-fold (P < 0.01), respectively. IAP activity in
SLP was slightly increased upon coconut oil treatment (P <
0.05) compared to control rats. Thus, specific activities of AP
were as maximal in animals fed olive oil, followed by corn oil,
fish oil, and coconut oil with respect to control animals. Su-
crase, lactase, and trehalase activities in SLP either declined
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FIG. 1. Profile of alkaline phosphatase (AP) activity in NaBr gradient
fractions of intestinal scrapings from rats fed dietary oils. Crude surfac-
tant-like particle (SLP) scrapings were applied on NaBr gradient and
centrifuged at 100,000 × g for 16 h at 4°C. One-milliliter fractions were
subsequently collected for AP estimation.



or remained unaltered upon oil feeding to the animals, com-
pared to the control group.

The role of SLP in IAP transport has been described (19);
thus, IAP activity was also determined in serum after fat feed-
ing (Table 2). Serum AP activity was increased 4.3-fold (P <
0.001) after feeding olive oil as compared to the controls,
whereas a 3.5-fold increase in the enzyme activity was ob-
served in fish oil- and corn oil-fed animals (P < 0.001). Serum
from coconut oil-fed animals showed 3.0-fold increase in AP
activity as compared to the control animals (P < 0.001).
Serum from olive oil-fed animals exhibited significantly
higher activity compared to corn oil-fed rats (P < 0.001).
Total TG levels were also elevated in serum after feeding of
different fats to rats, compared to control group (Table 2).

Data on the lipid composition of SLP (Table 3) revealed
that PL content was significantly enhanced in corn, fish, or
olive oil-fed rats (P < 0.001) but was unaffected by coconut
oil feeding to rats compared to controls. Corn or olive oil
feeding enhanced total Chl (P < 0.001), but coconut oil feed-
ing significantly reduced the Chl content of SLP in rat (76%,
P < 0.001). The Chl/PL molar ratio was essentially unaffected
and varied between 0.61 and 0.68 in SLP isolated from in-
testines of rats fed different oils. However, animals given co-
conut oil had a considerably lower Chl/PL molar ratio (0.18).
Thus, the PL and Chl contents of SLP secreted by gut are
modified by feeding different oils.

As shown in Table 4, PL composition of SLP also showed
considerable variations in response to feeding of different oils
to rats. In all four experimental groups examined, PS was not
detected in isolated SLP. However, PC and lysophosphatidyl-
choline (LPC) constituted 60–80% of the PL of SLP except in
the coconut oil-fed group, which contained 86% of PC, whereas
LPC was only 4%. Sphingomyelin content of SLP from corn

oil- or coconut oil-fed animals decreased compared to the con-
trol group (P < 0.001). All the oil-fed rats except those given
coconut oil showed an appreciable increase in PE content of
SLP.

The FA composition of SLP showed that feeding different
dietary fats also modified the fatty acyl group composition of
membranous SLP lipids (Table 5). In the control group, the
major FA was palmitic acid (91%); only 9% was stearic acid.
Feeding corn oil reduced palmitic acid to 63%; other FA de-
tected included oleic (27%) stearic (8%), and myristic (2%).
Feeding animals with fish oil produced SLP with 81% palmitic
and 14% oleic acid; stearic acid content (5%) was low com-
pared to that in corn oil-fed animals. SLP from olive oil-fed
rats had 64% palmitic and 36% palmitoleic acid. In SLP from
coconut oil-fed animals, palmitic acid constituted about 92%
while the remaining 8% was stearic and myristic acids. 

Since IAP constitutes the major marker of SLP produced
by the gut, activity of the enzyme in nondenaturing SDS-PAGE
gel was also analyzed under various experimental conditions.
Figure 2 shows the BCIP staining of SLP preparations from
animals fed different oils. Feeding of olive oil (lane 3) re-
sulted in the maximal IAP activity (121%) compared to the
control (lane 1), followed by fish oil (lane 5; 85%), corn oil
(lane 2; 30%) and coconut oil (lane 4; 25%).

Western blot analysis of SLP proteins from animals fed
different oils showed six to eight protein bands, but four
major proteins of molecular sizes 116, 99, 66, and 35 kDa
were quite conspicuous in SLP isolated from corn-, fish-, co-
conut-, or olive oil-fed animals (Fig. 3). Relative densities ob-
tained from the scan of various protein bands in SLP from an-
imals fed different oils are shown in Figure 3A. Feeding of
different oils induced different proteins. Olive oil feeding
maximally induced 116 kDa protein compared to other
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TABLE 1
Effect of Feeding Different Oils to Rats on Various Enzymes in Purified Surfactant-Like Particles in Intestinea

AP Sucrase Trehalase Lactase

Treatment (mmol/min/mg protein) (nmol/min/mg protein)

Saline 2.60 ± 0.07 0.14 ± 0.01 0.13 ± 0.01 11.91 ± 1.01
Corn oil 4.26 ± 0.08c 0.11 ± 0.02 0.02 ± 0.01c 4.28 ± 0.61c

Fish oil 3.46 ± 0.04b 0.13 ± 0.03 0.04 ± 0.01c 6.92 ± 0.90c

Coconut oil 2.78 ± 0.06a 0.08 ± 0.02b 0.05 ± 0.01c 3.90 ± 0.29c

Olive oil 7.58 ± 0.10c 0.07 ± 0.01c 0.03 ± 0.01c 2.53 ± 0.31c

aValues are mean ± SD (n = 5). aP < 0.05; bP < 0.01; cP < 0.001 compared to the controls.

TABLE 2 
Effect of Feeding Different Oils on Serum AP Activity (nmol/mL)
and Total TG Levels (mg/dL) in Ratsa

Treatment AP TG

Saline 22.90 ± 1.10 155.36 ± 12.40
Corn oil 80.90 ± 2.61c 277.24 ± 18.28c

Fish oil 83.73 ± 3.67c 249.65 ± 30.12c

Coconut oil 68.24 ± 2.12c 185.13 ± 15.38b

Olive oil 98.41 ± 4.37c 229.59 ± 23.00c

aValues are mean ± SD (n = 6). bP < 0.01; cP < 0.001 compared to the con-
trol. AP, alkaline phosphatase.

TABLE 3
Effect of Different Dietary Oils on Phospholipid and Cholesterol
Contents of SLP Secreted by Rat Intestinea

Total phospholipids Total cholesterol Chl/PL
Treatment (mg/g protein) (mg/g protein) (mol/mol)

Saline 68.16 ± 3.13 26.08 ± 2.80 0.72
Corn oil 224.62 ± 7.12c 71.74 ± 3.41c 0.61
Fish oil 84.04 ± 4.80c 27.51 ± 1.93 0.62
Coconut oil 64.13 ± 4.18 6.21 ± 0.50c 0.18
Olive oil 153.51 ± 4.01c 55.08 ± 0.69c 0.68
aValues are mean ± SD (n = 6). cP < 0.001 compared to the controls. SLP,
surfactant-like particle; PL, phospholipid; Chl, cholesterol.



groups. Feeding coconut oil maximally induced a 99-kDa
protein, whereas corn oil feeding induced a 66-kDa protein.
The 35-kDa protein was maximally induced in rats fed fish
oil. However, the 35-kDa protein was reduced below the con-
trol level in SLP from coconut oil-fed rats. Thus, different oils
induced various proteins in SLP to different extents in rat in-
testine.

DISCUSSION

These results indicate that different dietary fats induced the
secretion of SLP in rats with different (i) chemical composi-
tion, (ii) IAP activity, and (iii) qualitatively similar but quan-
titatively varying protein patterns as revealed by SDS-PAGE
gels. However, the isolated SLP exhibited similar buoyant
density (1.07–1.08 g/L) and Chl/PL molar ratios in response
to feeding corn, fish, and olive oil to rats. These findings are
essentially similar those of Eliakim et al. (2). Among the dif-
ferent oils studied, feeding olive oil induced maximal produc-
tion of IAP-rich SLP. Animals fed coconut oil showed a slight
increase in IAP activity compared to the controls but coconut
oil had a minimal effect among the four oils studied.

The observed changes in IAP activity were further con-
firmed by analysis of IAP activity in SLP run on SDS-PAGE
under nondenatured conditions, as determined by staining with
BCIP for IAP activity. These findings indicate differential ef-
fects of dietary fats on the production of SLP in the rat intes-
tine having different enzyme and chemical compositions.
These results could be related to different levels and degrees of
saturation of these oils (20). Kaur et al. (5) found changes in
chemical composition of BBM in rat intestine in response to
different fats. Similar changes also occur in SLP secreted by
the intestine upon feeding different oils. These may affect the
stability and turnover rate of the particle proteins in the intes-

tine. Changes in enzyme activities in response to different di-
etary oils also may be due to changes in the lipid microenvi-
ronment of SLP, which are accompanied by shifts in transition
temperatures and values of energies of activation (21). In the
present data changes in lipid composition of SLP with differ-
ent dietary fats are evident. Differences in the orientation of
these enzymes in the lipid milieu may also be responsible for
the differential effects in particle proteins seen with various oils
(22,23). Also, much higher IAP/sucrase ratios of SLP (18–108)
were observed in different experimental groups as compared to
the reported value of 0.99 in BBM by Young et al. (24), thus
indicating highly enriched IAP in these particles as compared
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TABLE 4
Effect of Dietary Oils on Phospholipid Composition (percentage of total PL content)
of SLP Secreted by Rat Intestinea

Treatment LPC SM PC PI PS PE

Saline 33.36 ± 1.23 19.19 ± 1.23 35.02 ± 0.56 11.68 ± 2.16 ND 0.75 ± 0.07
Corn oil 39.20 ± 0.23b 1.10 ± 0.72c 46.69 ± 1.73c 8.79 ± 1.23 ND 3.79 ± 0.36c

Fish oil 19.48 ± 4.36a 19.49 ± 4.23 40.32 ± 2.06a 17.11 ± 0.76a ND 3.60 ± 0.16c

Coconut oil 4.30 ± 1.32c 2.89 ± 1.16c 86.40 ± 8.13c 6.05 ± 2.34 ND 0.35 ± 0.03b

Olive oil 23.26 ± 2.16b 14.36 ± 6.41 46.58 ± 0.63c 13.65 ± 1.56 ND 2.15 ± 0.76a

aValues are mean ± SD (n = 3). aP < 0.05; bP < 0.01; cP < 0.001 compared to the controls. ND, not detected; LPC,
lysophosphatidylcholine; SM, sphingomyelin; for other abbreviations see Table 3.

TABLE 5 
Effect of Dietary Oils on the FA Composition (percentage of total FA
content) of Surfactant-like Particles Secreted by Rat Intestinea

Treatment 14:0 16:0 16:1 18:0 18:1

Saline — 91.10 — 8.90 —
Corn oil 1.87 62.69 — 8.51 26.93
Fish oil — 81.01 — 5.34 13.65
Coconut oil 2.21 92.18 — 5.61 —
Olive oil — 63.96 36.04 — —
aValues are mean of two observations.

FIG. 2. (A) BCIP staining of AP activity in SLP proteins separated on
polyacrylamide gel electrophoresis (PAGE) from rats fed dietary oils
(100 µg). Protein was applied in each lane on 10% acrylamide gel under
nondenaturing conditions. The gel was stained for AP by transferring
the gel in 1 mg/mL BCIP in 50 mM Tris-HCl, pH 7.6, and the reaction
was stopped with 10% acetic acid. (B) Relative densities of AP bands
identified by BCIP staining of SLP proteins on PAGE as determined by
densitometric scanning (lane 1–control, lane 2–corn oil, lane 3–olive
oil, lane 4–coconut oil, lane 5–fish oil). BCIP, 5-bromo-4-chloro-3-
indolyl phosphate; for other abbreviations see Figure 1.

A
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to brush borders. Similar results have been reported by De-
Schryver-Kecskemeti et al. (25). The maximal ratio (108) was
observed in our work in SLP from olive oil-fed animals, thus
indicating maximal induction of SLP in this group.

The increase in alkaline phosphatase activity observed in
serum upon feeding dietary oils (except for coconut oil) is in
agreement with the role of SLP as a vehicle that delivers IAP
into the serum and also to the lumen (25). A marked increase
in the levels of total TG in serum may be due to association of
SLP with TAG transport (4). The lipid composition of SLP was
considerably modified in response to fat feeding, which was
quite distinct from the response reported for BBM. This further
suggested that these lipoprotein particles are not derived from
the underlying plasma membrane but constitute a distinct mem-
branous entity (2) and thus may have distinct regulation.

PL and Chl contents increased in response to feeding differ-
ent oils containing unsaturated FA, viz., corn, fish, and olive
oils. The PL content of SLP remained unaltered, while the
amount of Chl was decreased in response to feeding coconut
oil. These changes are presumably related to the saturation
index of the dietary fat. The decrease in Chl/PL molar ratio in
SLP from coconut oil-fed animals seems similar to that ob-

served by Brasitus et al. (26) and Wahnon et al. (27) in BBM,
who reported an increase in Chl/PL molar ratio in animals
maintained on a PUFA-rich diet as compared to those on a sat-
urated fat-rich diet. This may represent a compensatory re-
sponse to the diet. Mahmood et al. (3) reported a Chl/PL ratio
of 1.49 for BBM and 0.68 for SLP. In the present study SLP
had Chl/PL molar ratios of 0.61–0.68 except for coconut oil,
which had a ratio of 0.18, thus indicating the distinct nature of
these structures from underlying BBM. Furthermore, a differ-
ent composition was observed for SLP at the level of individ-
ual PL fractions and FA composition as compared to BBM. PS
was undetectable, and major phospholipids were PC and LPC
as reported earlier by Eliakim et al. (2). Coconut oil feeding
enhanced PC up to 86% but appreciably decreased other PL. It
has been shown in animal models and cultured cells that the
uptake of LPC leads to an increase in the tranport of TAG (28).
In this context the observed decrease of  LPC in SLP of coconut
oil-fed animals might affect their ability to tranport TAG. The
functional role in the gut of such changes in PL composition of
SLP, however, remains to be identified.

FA in SLP from coconut oil-fed animals were entirely satu-
rated, 92% being 16:0 and the rest being 14:0 and 18:0. How-
ever, SLP from unsaturated oil-fed animals had 63–81%
palmitic acid (16:0). Other FA, including unsaturated ones,
were found. Corn oil had 27% of 18:1, fish oil had 14% of 18:1,
and olive oil had 36% of 16:1. Thus, the saturation index de-
clined in response to feeding unsaturated fats to animals. These
findings may suggest that the FA composition of the secreted
SLP membranes is derived from de novo synthesis. Regulation
of release of FA by decreasing the rate of esterification or se-
cretion or both in response to dietary n-3 FA by enterocytes has
been reported by Murthy et al. (29). Also ∆9-∆6-desaturase ac-
tivities have been demonstrated in intestinal mucosa of rats (30)
and in the human CaCo-2 cell line (31). Intestinal desaturases,
unlike their counterparts in liver, did not respond to changes in
dietary levels of n-3 FA. SLP contains proteins that are distinct
and thus may be related to fat metabolism (32). 

Feeding of dietary fats, viz., olive, fish, and corn oil, in-
duced formation of SLP in the rat intestine with different lipid
and IAP activity. As determined by IAP assay, feeding olive
oil produced greater amounts of SLP than feeding corn oil.
Composition of these particles varied with type of fat given
to rats. Considerable changes were observed in Chl and PL
contents of SLP from coconut oil-fed animals. Thus, induc-
tion of SLP in response to a high-fat diet may be related to
the degree of saturation/unsaturation and type of fat con-
sumed by the animals. The physiological significance of these
observations needs to be established.
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FIG. 3. (A) Western blot analysis of SLP isolated from intestinal scrap-
ings in rats fed different dietary oils. Protein (100 µg) was subjected to
PAGE, and anti-SLP (1:1000) was used as described in the Materials and
Methods section. (B) Scan of protein bands identified by Western blot-
ting of SLP isolated from rat intestine (lane 1–control, lane 2–coconut
oil, lane 3–fish oil, lane 4–corn oil, lane 5–olive oil). The bands were
scanned by densitometry, and the relative density of the various bands
was obtained in the form of peaks. The area under each peak was de-
termined to obtain the intensity of the protein band.
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ABSTRACT: Dietary sphingomyelin (SM) may have regulatory
effects on cell proliferation and tumorigenesis in the colon. Al-
kaline sphingomyelinase (SMase) is the major enzyme responsi-
ble for hydrolysis of SM in the gut. Previously we purified the
enzyme and showed that the presence of glycerophospholipids
inhibited SM hydrolysis induced by alkaline SMase in vitro. In
the present work, we studied the effects of TG, DG, FA, cer-
amide, and cholesterol on SM hydrolysis catalyzed by purified
alkaline SMase. The results showed that both TG (triolein and
tristearin) and DG (1,2-dioleoyl-sn-glycerol and 1,2-distearoyl-
rac-glycerol) inhibited the activity of alkaline SMase. 1-Mono-
oleoyl-rac-glycerol, 1-monostearoyl-rac-glycerol, stearic acid,
oleic acid, linoleic acid, linolenic acid, and arachidonic acid
stimulated the activity of alkaline SMase at 0.4–0.8 mM con-
centrations but inhibited the enzyme at higher concentrations.
There was no difference between the effects induced by satu-
rated and unsaturated FA. A short-chain FA such as lauric acid
had a stronger stimulatory effect at low concentrations and
weaker inhibitory effect at high concentrations than long-chain
FA. Choosing linoleic acid as an example, we found that FA had
similar effects on both alkaline SMase and neutral SMase. Cho-
lesterol and ceramide when mixed with FA to increase its solu-
bility in bile salt micelles inhibited SMase activity. In conclu-
sion, glycerides, FA, ceramide, and cholesterol influence SM
hydrolysis catalyzed by intestinal alkaline SMase. The presence
of lipids in the diet may thus influence the course of SM digestion
in the gut and thereby the exposure of colon to SM metabolites.

Paper no. L8978 in Lipids 37, 469–474 (May 2002).

Sphingomyelin (SM) is an important constituent of most cell
membranes and is present in many dietary products including
milk, meat, egg, and fish (1–3). Digestion of SM in the gut
may have implications in colonic tumorigenesis. Recent stud-
ies have shown that when SM was given to mice treated with
dimethylhydrazine, the number of colonic aberrant crypt foci
was reduced by 70% (4). Dietary SM also reduced the pro-
portion of malignant carcinomas to benign adenomas in di-

methylhydrazine-treated mice (5). We previously found that
the activities of sphingomyelinase (SMase) in human colonic
adenoma, carcinoma, and adenomatous polyposis were sig-
nificantly decreased, indicating a potential chemopreventive
effect of SMase on colon cancer (6,7).

Several types of SMase that are responsible for the catab-
olism of SM in different organs and cellular locations have
been identified (8,9). In the intestinal tract, there is a specific
SMase termed alkaline SMase, which is present in both in-
testinal mucosa and lumen, with peak activity in the middle
of small intestine (10,11). Animal studies have shown that di-
gestion of dietary SM occurs mainly in the middle and lower
part of the small intestine where alkaline SMase is abundant,
indicating an important role of the enzyme for the digestion
of SM in the gut (12).

Digestion and absorption of dietary SM is characterized as
a slow and incomplete process (12–14). The factors that influ-
ence the activity of alkaline SMase in the intestinal tract are
still unclear. In our previous study, we found that other phos-
pholipids, including PC, PI, PE, PS, and some of their metabo-
lites had an inhibitory effect on SM hydrolysis induced by in-
testinal alkaline SMase (15). In this paper, we examined the
effects of the major dietary lipids in the gut, i.e., TG, its hydroly-
sis products, and cholesterol on the hydrolysis of SM in vitro
as catalyzed by purified rat intestinal alkaline SMase.

MATERIALS AND METHODS

Materials. Triolein, tristearin, lauric acid, palmitic acid,
arachidic acid, and arachidonic acid were purchased from
Labora Chemicon (Stockholm, Sweden). 1,2-Dioleoyl-sn-
glycerol, 1,2-distearoyl-rac-glycerol, 1-monooleoyl-rac-
glycerol, 1-monostearoyl-rac-glycerol, stearic acid, oleic
acid, linoleic acid, linolenic acid, and arachidonic acid, cho-
lesterol, ceramide, and taurocholate (TC) were from Sigma-
Aldrich AB (Stockholm, Sweden). Rat intestinal alkaline
SMase was purified from rat intestinal mucosa as described
previously (16), and bacterial neutral SMase was purchased
from Sigma-Aldrich AB. SM was purified from bovine milk
and was provided by Lena Nyberg of Skane Dairies’ Associ-
ation of Sweden. The purified SM was labeled with
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14C-choline [14C-SM] according to the method of Stoffel
(17), with its specific activity being 56 µCi/mg. 

Preparation of TG, FA, ceramide, and cholesterol solution.
Glycerides, FFA, ceramide, and cholesterol were dissolved in
chloroform/methanol (2:1) as 1 mg/mL stock solutions and
stored at –20°C. At the beginning of each experiment, lipids of
different amounts were added to the test tubes and dried under
a blowing stream of nitrogen. The lipids were then suspended
in bile salt containing buffers after sonication, and their effects
on SM hydrolysis were examined as described below. 

Assay of SM hydrolysis by alkaline and neutral SMase.  The
assay of SM hydrolysis induced by alkaline SMase has been
described previously (18). Briefly, to each test tube with the
lipids tested was added 75 µL of assay buffer containing 30
mM Tris, 0.15 M NaCl, 2 mM EDTA, 10 mM TC, pH 9.0, fol-
lowed by sonication for 10 s. Five microliters of purified rat in-
testinal alkaline SMase (5 ng) in 20 mM Tris buffer, pH 8.2, was
then added, and the reaction was started by the addition of
10,000 dpm [14C-SM] in 20 µL 0.15 M NaCl solution contain-
ing 10 mM TC. The incubation was performed at 37°C for 30
min and then stopped by adding 0.4 mL chloroform/methanol
(2:1). Phase partitioning was obtained by centrifugation at
6,000 × g for 3 s and a 100 µL aliquot of the upper phase con-
taining the cleaved 14C-phosphocholine was taken for liquid
scintillation counting. As for the assay of SM hydrolysis in-
duced by neutral SMase, a similar procedure was performed
except for the assay buffer, which contained 30 mM Tris-HCl,
0.15 M NaCl, 4 mM MgCl2, and 10 mM TC, pH 7.4.

Statistical analysis. The data were expressed as mean ±
SEM. Two-way ANOVA and Student’s t-test were used when
available to compare the differences between two groups. P <
0.05 was considered statistically significant.

RESULTS

Inhibitory effect of TG and TG metabolites on alkaline SMase
activity. As shown in Figure 1 (panels A and B), the presence
of TG and DG reduced SM hydrolysis induced by rat intesti-
nal alkaline SMase in a dose-dependent manner. The effect of
tristearin was stronger than that of triolein, and that of dis-
tearin was slightly stronger than that of diolein. The effects of
monoolein and monostearin are more or less biphasic, stimu-
lating SM hydrolysis at low concentrations but inhibiting it at
high concentrations (panel C). 

Effects of FA on the activity of alkaline SMase. The effects
of stearic, oleic, linoleic, and linolenic acids on the activity of
alkaline SMase are shown in Figure 2. All of these C18 FA
showed stimulatory effects, with peak effect at concentrations
around 0.4 to 0.8 mM. The stimulatory effect decreased when
the concentration was over 0.8 mM, and the inhibitory effect
became evident when the concentration reached 3.2 mM.
Oleic acid was the most effective, whereas linolenic acid was
the least effective acid tested in stimulating SM hydrolysis by
alkaline SMase. 

The effects of FA on alkaline SMase with carbon chain
length are shown in Figure 3. When the efficacies of lauric
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FIG. 1. Effects of TG, DG, and MG on intestinal alkaline sphingomyelin-
ase (SMase) activity. Different amounts of TG and partial glycerides
dissolved in chloroform/methanol (2:1) were added to the test tubes and
dried under nitrogen. Alkaline SMase assay buffer (pH 9.0) was added,
followed by sonication for 10 s. Alkaline SMase and 14C-choline-
labeled sphingomyelinase were then added, and the enzyme activity
was measured. The activity in the absence of any glycerolipids was
taken as 100%. The specific activity in the enzyme preparation is about
160 nmol/h/mL. Results are mean ± SE obtained from three experiments.
The differences between triolein and tristearin and between diolein and
distearin are statistically significant (P < 0.05, ANOVA test).



acid (12:0), palmitic acid (16:0), stearic acid (18:0), and
arachidic acid (20:0) were compared at 0.8 mM, the stimula-
tory effect of FA was found to decrease with increasing car-
bon chain length (panel A). At a concentration of 3.2 mM
(Fig. 3B), palmitic, stearic, and arachidic acids all reduced
the activity to same extent (about 50%), whereas lauric acid
inhibited the activity of this enzyme only slightly. 

Effects of arachidonic acid on alkaline SMase activity. It has
been reported previously that arachidonic acid activates mem-
brane-bound neutral SMase (19). We studied the in vitro effect
of arachidonic acid on the activity of alkaline SMase. As shown
in Figure 4, arachidonic acid dose-dependently stimulated the
activity of alkaline SMase up to 0.8 mM and inhibited it at
higher concentrations. At a concentration of 3.2 mM, the activ-
ity of alkaline SMase fell to about 50% of the control.

Comparison of the effects of FA on alkaline and neutral
SMase activities. To find out whether the effect of FA on alka-
line SMase was specific, we compared the effect of linoleic
acid on the activity of alkaline SMase at pH 9.0 and the activ-
ity of neutral SMase at pH 7.4. Linoleic acid was found to have
similar biphasic effects on both alkaline and neutral SMase
(Fig. 5). However, the dose-dependent curve for neutral SMase
shifted to the right, and the extent of changes was greater than
those for alkaline SMase, indicating neutral SMase is more sen-
sitive than alkaline SMase in response to the FA. 

Effect of cholesterol and ceramide on the activity of alka-
line SMase. Owning to the low solubility of cholesterol and cer-
amide in pure TC micelles, their effects on SM hydrolysis can-
not be studied in ways similar to those used for other lipids.

However, the solubility can be increased in mixed TC–FFA
micelles. We therefore mixed 0.4 mM linoleic acid with differ-
ent amounts of cholesterol or ceramide and examined the ef-
fects of the ratio of cholesterol or ceramide, to linoleic acids on
alkaline SMase activity. As shown in Figure 6, both cholesterol
and ceramide inhibited the hydrolysis of SM in the presence of
linoleic acid. The maximal inhibitory effect for cholesterol was
at a ratio of cholesterol/linoleic acid about 1:1, and that for cer-
amide at a ratio of ceramide/linoleic acid about 2:1. 

DISCUSSION

The present study examined the role of glycerides, FA, and cho-
lesterol on SM hydrolysis induced by purified intestinal alka-
line SMase. Our results demonstrate that TG, DG, ceramide,
and cholesterol have inhibitory effects on hydrolysis of SM,
whereas MG and FA have biphasic effects, stimulating it at low
concentrations and inhibiting it at higher concentrations. When
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FIG. 2. Effects of stearic acid, oleic acid, linoleic acid, and linolenic acid
on the activity of alkaline SMase. Different amounts of FA were added in
the test tubes and dried by nitrogen, followed by adding the assay buffer
and sonication. The reaction was started by adding alkaline SMase and
14C-choline-labeled sphingomyelin [14C-SM]. The activity of the enzyme
was determined, and the activity in the absence of any FA was regarded as
100%. The results are means from three experiments. For other abbrevia-
tion see Figure 1.

FIG. 3. Effects of FA with different chain lengths on the activity of alka-
line SMase. Lauric acid, palmitic acid, stearic acid, and arachidic acid
at 0.8 (A) and 3.2 mM (B) final concentration were mixed with [14C-SM]
and alkaline SMase in the assay buffer. The activity of the alkaline
SMase was determined, and the activity in the absence of any FA was
taken as 100%. The results are mean ± SE obtained from three experi-
ments. For abbreviations see Figures 1 and 2.



the effects of FA with different chain lengths were compared, a
medium-chain FA (12:0, lauric acid) was more effective than
the 16–20 carbon FA in stimulating alkaline SMase at 0.8 mM
concentration, and was less effective in inhibiting the enzyme

at 3.2 mM concentration. Arachidonic acid stimulated alkaline
SMase, similar to what was previously reported for neutral
SMase in cultured cells (19). 

Lipid hydrolysis in the intestinal tract depends on the se-
quential interactions of various lipolytic enzymes, substrates,
and products present in the gut. For example, hydrolysis of In-
tralipid (an intravenous lipid emulsion) is significantly en-
hanced by short- and medium-chain FA produced by gastric
lipase (20), and hydrolysis of the FA ester at position 2 of glyc-
erophospholipids by phospholipase A2 accelerates the hydroly-
sis of TG in a similar emulsion (21). Whereas the concerted ac-
tions among gastric lipase, bile-salt stimulated lipase, pancreatic
lipase A2, and classic pancreatic lipase have been intensively
studied, little is known about the influence of other lipases and
lipolytic products on hydrolysis of SM. Digestion of SM in the
gut is drawing more attention recently, as it may have implica-
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FIG. 4. Effect of arachidonic acid on the activity of alkaline SMase. Dif-
ferent amounts of arachidonic acid were added to the test tubes and
dried by nitrogen. The assay buffer was added followed by sonication.
Alkaline SMase activity was determined and the activity in the absence
of arachidonic acid was taken as 100%. The results are mean ± SE ob-
tained from three separate experiments. For abbreviation see Figure 1.

FIG. 5. Comparison of the effects of linoleic acid on the activity of alka-
line SMase (K-SMase) and neutral SMase (N-SMase). Different amounts
of linoleic acid were added in the tubes and dried under nitrogen. Neu-
tral assay buffer (pH 7.4) and alkaline assay buffer (pH 9.0) were added,
respectively, followed by sonication. After adding neutral and alkaline
SMase, respectively, the reaction was started by adding 10,000 dpm
[14C-SM]. The activities of neutral and alkaline SMase were determined,
and the activities in the absence of linoleic acid were taken as 100%.
The results (mean ± SEM) were obtained from three separate experi-
ments. *P < 0.05, **P < 0.05, and ***P < 0.05 , compared with K-SMase
of the same concentration. For abbreviations see Figures 1 and 2.

FIG. 6. Effect of cholesterol (A) and ceramide (B) on the activities of al-
kaline SMase. Linoleic acid (final concentration 0.4 mM) was mixed
with different amounts of cholesterol or ceramide and dried under ni-
trogen. The assay buffer was added followed by sonication. The alka-
line SMase was assayed in the assay buffer. Activity in the absence of
cholesterol or ceramide was taken as 100%. The results (mean ± SEM)
were obtained from three separate experiments. For abbreviation see
Figure 1.



tions in intestinal tumorigenesis and atherosclerosis (23,24).
Therefore, to study the influence of lipids on SM hydrolysis not
only is of nutritional importance but also has clinical implica-
tions.

Although the intestinal lumen contains SMase and cerami-
dase, not all of the ingested SM is hydrolyzed and absorbed
(12–14). The rate-limiting factors for SM hydrolysis have not
been clarified, although the localization of the alkaline
SMase, the high concentration of bile salts, and the relatively
low pH in the gut may be implicated (18). We recently
demonstrated that glycerophospholipids and their metabolites
had an inhibitory effect on the activity of alkaline SMase ac-
tivity in vitro (15). In the present in vitro study, we extended
our previous study by showing that TG and DG inhibit SM
hydrolysis catalyzed by alkaline SMase. It appears that be-
fore digestion and absorption of both dietary TG and the
phospholipids, SM hydrolysis in the intestinal tract cannot be
effective until both dietary TG and phospholipids are digested
and absorbed. As for cholesterol, an earlier in vivo experiment
showed that feeding cholesterol together with SM inhibited
digestion and absorption of SM in the rat intestinal tract (25).
In the present study, we examined the possibility that choles-
terol in the presence of 0.4 mM linoleic acid would facilitate
the solubilization of cholesterol in the micelles and found that
cholesterol caused significant inhibition of the SM hydroly-
sis. Similar to cholesterol, ceramide also reduced SM hydroly-
sis caused by alkaline SMase. As the absorption of ceramide
is slow and ceramide can be identified along the intestinal
tract including the colon, it may exert inhibitory roles along
the gut. However, in the gut, hydrolysis of ceramide is cat-
alyzed by neutral ceramidase, whose distribution in the intes-
tine is parallel to that of alkaline SMase (26). Thus, intestinal
neutral ceramidase could play a role in limiting the inhibitory
effects of ceramide on alkaline SMase activity. 

The mechanism by which TG, partial glycerides, FA, and
cholesterol influence SM hydrolysis catalyzed by alkaline
SMase may be related to their effects on the physical form of
the substrate or on the enzyme. The finding that linoleic acid
had similar effects on the activity of both intestinal alkaline
SMase and bacterial neutral SMase indicated that the effects
of FA were not enzyme-specific. The presence of glycerides
and FA could change the size, surface charge, or the confor-
mational structure of the mixed micelles formed by bile salts
and SM. The solubility limit of MG and FA such as oleate in
10-mM TC solution can reach over 10 mM (27,28). The ad-
dition of glycerides to the micelle may influence the affinity
of this enzyme for its substrate or change the diffusion inten-
sity, thus facilitating or interfering with the hydrolysis of SM. 

The solubility of cholesterol in a bulk system containing
TC and SM is low (29). Even in the presence of oleate and 10
mM TC, its solubility limit is only about 0.4 mM (27). When
the concentration of cholesterol reached 0.4 mM, with a ratio
of linoleic acid to cholesterol of 1:1 in this study, more cho-
lesterol could not be incorporated into micelles. This may ex-
plain why no further inhibition of the SM hydrolysis was seen
at higher cholesterol concentrations. 

On the basis of the present study and earlier studies both
in vivo and in vitro, we postulate that the rate of hydrolysis of
dietary SM in the upper part of the small intestine is low be-
cause of the low level of alkaline SMase (11) and the pres-
ence of TG, partial glycerides, and glycerophospholipids that
tend to inhibit SM hydrolysis. In the middle and lower parts
of the small intestine, the alkaline SMase levels are higher,
and most of the glycerolipids have been hydrolyzed and ab-
sorbed; thus, the inhibitory effects of other lipids on SM hy-
drolysis become less effective. As a consequence, digestion
of dietary SM occurs mainly in this part of small intestine
(12). However, endogenous and dietary cholesterol still re-
main in the gut lumen and may decrease the rate of SM hy-
drolysis in this part of the intestine. Although the physiologi-
cal concentrations of these lipids in different parts of the
intestine are unknown, it is reasonable to suspect that the in-
hibitors of alkaline SMase are present along the whole length
of the small intestine. The presence of multiple inhibitors, on
one hand, results in a low rate of SM digestion, and on the
other hand, results in the exposure of the colon to intact SM
and its hydrolytic products such as ceramide. This may have
implications for the antitumorigenic effect of SM metabolism
in the colon.
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ABSTRACT: Phosphatidic acid (PtdOH) and lysophosphatidic
acid (lysoPtdOH) have been shown to enhance T-lymphocyte
function. However, the FA preference and influence of acyl-CoA
binding proteins on lysoPtdOH and PtdOH biosynthesis are not
known. Therefore, we determined glycerol-3-phosphate acyl-
transferase (GPAT) and lysophosphatidic acid acyltransferase
(LAT) activity in rat T-lymphocyte and liver membrane prepara-
tions in the presence of palmitoyl-CoA and oleoyl-CoA with or
without BSA. We found two different properties of GPAT and
LAT in whole T-lymphocyte membrane preparations relative to
liver. First, T-lymphocyte basal GPAT and LAT activities were
similar, whereas in liver membranes LAT activity was 10-fold
higher than GPAT. Second, T-lymphocyte LAT, but not GPAT,
activity was inducible (fivefold) by the addition of albumin in the
presence of palmitoyl-CoA but not oleoyl-CoA. In contrast, al-
bumin stimulated GPAT, but not LAT, activity in liver mem-
branes in the presence of palmitoyl-CoA. These results show, for
the first time, that T-lymphocyte LAT activity can be increased
by the presence of an acyl-CoA binding protein, which may in-
dicate a new important control mechanism for regulating intra-
cellular lysoPtdOH and PtdOH levels in T-lymphocytes.

Paper no. L8922 in Lipids 37, 475–480 (May 2002).

Phosphatidic acid (PtdOH) is a key intermediate in generat-
ing most glycerophospholipids (1) and can serve directly as a
lipid signaling molecule (2). For example, PtdOH has been
shown to stimulate raf-1 kinase activity (3,4) and increase in-
tracellular calcium levels (2). Recently, lysophosphatidic acid
(lysoPtdOH) has also been shown to be a potent mitogen in-
volved in mediating the effects of several hormones such as
epidermal growth factor (5). PtdOH is synthesized de novo
by the sequential acylation of glycerol-3-phosphate to lyso-
PtdOH then to PtdOH via glycerol-3-phosphate acyltrans-
ferase (GPAT) and lysophosphatidic acid acyltransferase
(LAT), respectively. GPAT is thought to be the rate-limiting
enzyme in PtdOH formation, as liver GPAT activity is ap-
proximately 10-fold less than that of LAT (6,7). Furthermore,
several recent studies have shown that liver GPAT, but not
LAT, activity can be enhanced in membrane preparations

in vitro using proteins that bind the substrate acyl-CoA, in-
cluding albumin (6,8–11).

T-lymphocytes are key immune regulatory cells influenc-
ing both the type and extent of immune response. Both PtdOH
and lysoPtdOH have been implicated in regulating the re-
sponse of T-lymphocytes to various mitogens, including cy-
tokines (12). Several recent lines of evidence have further
added to the potentially critical role of PtdOH and/or lyso-
PtdOH in T-lymphocyte function by showing that the LAT
gene is located in the same chromosomal region as the major
histocompatability complex III gene (13), that lysoPtdOH
stimulates T-lymphocyte migration (14), and that the addition
of exogenous lysoPtdOH can enhance T-lymphocyte prolifer-
ation (15,16) and wound healing (17). On the other hand,
PtdOH generation has been linked to the function of inter-
leukin-2 (18), which is a potent autocrine and paracrine T-
lymphocyte growth factor. The increased PtdOH production
may be important in lowering cyclic AMP levels, which are
antimitogenic in T-lymphocytes (19).

Although PtdOH and lysoPtdOH have been implicated as
important regulators of T-lymphocyte function, the relative ac-
tivities of GPAT and LAT and their ability to incorporate satu-
rated vs. unsaturated FA and the influence of proteins that bind
acyl-CoA have not been examined in T-lymphocytes. There-
fore, we examined GPAT and LAT activities in T-lymphocyte
and liver whole-membrane preparations and determined the in-
fluence of palmitic vs. oleic acid containing acyl-CoA in the
presence or absence of albumin on PtdOH biosynthesis. Herein,
we find different properties of GPAT and LAT in T-lymphocytes
relative to liver, which may play an important role in lyso-
PtdOH- and PtdOH-dependent functions in T-lymphocytes.

MATERIALS AND METHODS

Materials. ESA-free BSA, palmitoyl-CoA, and oleoyl-CoA
were purchased from Sigma (St. Louis, MO). The [14C]palmi-
toyl-CoA and [14C]oleoyl-CoA were purchased from NEN
Life Sciences (Boston, MA).

T-lymphocyte isolation and membrane preparation. Male,
3-mon-old Sprague–Dawley rat splenic T-lymphocytes were
isolated as described by the manufacturer using negative se-
lection Immulan columns (Biotex, Inc., Houston, TX). All an-
imal procedures were approved by the University of Texas An-
imal Use and Care Committee. Negative selection prevents the
confounding variable of perturbing T-lymphocyte receptors,
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as with positive selection, and of potentially altering intracel-
lular metabolism. T-lymphocytes were counted and viability
(>92%) was determined by trypan blue exclusion (20). We
routinely obtain approximately 90% pure T-lymphocytes
using this technique. Whole-membrane preparations from
liver and purified T-lymphocytes were prepared essentially as
described previously (21). Briefly, T-lymphocytes and liver
membranes were homogenized and passed through a syringe
to disrupt cells in a buffer containing 300 mM mannitol, 15
mM Tris, 5 mM EGTA, and 0.1 mM PMSF. The supernatant
was centrifuged at 48,000 × g for 30 min, and the pellet was
resuspended in cold reaction buffer. Protein concentrations
were determined using the BioRad Protein Assay.

PtdOH biosynthesis. Phosphatidic acid biosynthesis was
carried out essentially as described previously (8) using 10 µg
of membrane protein incubated for 30 min at 37°C with the fol-
lowing modifications: Twenty micromolar essential fatty acid-
free BSA and 40 µM [14C]palmitoyl-CoA or [14C]oleoyl-CoA
was used. Both palmitoyl-CoA and oleoyl-CoA were chosen,
because we had used the two acyl-CoA in liver and wished to
remain consistent with our previously published observations
(8,22). Purified bovine albumin was chosen rather than rat al-
bumin for consistency with previously published observations
(11). Preliminary experiments were carried out to determine
the optimal concentration (20 µM) of albumin to use. The first
reaction used glycerol-3-phosphate as the substrate and mea-
sured GPAT activity. The second reaction involved the substi-
tution of glycerol-3-phosphate with lysoPtdOH to determine
LAT activity. Individual phospholipids were separated by TLC
using Silica Gel 60 plates with a solvent system containing
chloroform/methanol/acetic acid/ddH20 (50:37.5:3.5:0.5,
vol/vol). The bands corresponding to PtdOH, as determined by
simultaneously running an authentic standard, were scraped
and counted by scintillation counting. GPAT activity was de-
termined by multiplying the cpm by two (two radiolabeled FA
incorporated into PtdOH from glycerol-3-phosphate) then di-
viding by the specific activity of the [14C]acyl-CoA solution to
obtain nmol of synthesized PtdOH. The nmol of PtdOH formed
was then divided by the incubation time (30 min) and the
amount of membrane protein used in the reaction (0.010 mg)
to obtain nmol/min/mg protein. For LAT activity, the calcula-
tion was the same except that the cpm value was not multiplied
by two, as only one radiolabeled FA was incorporated per
PtdOH molecule using lysoPtdOH as substrate.

Phospholipid FA transacylation. The GPAT assay was car-
ried out as described previously (6) except that isolated T-
lymphocyte membranes were incubated in the presence or ab-
sence of 20 µM EFA-free BSA with either [14C]palmitoyl-
CoA or [14C]oleoyl-CoA. Following phospholipid subclass
isolation by TLC, the bands corresponding to phosphatidyl-
choline (PtdCho), phosphatidylinositol (PtdIns), phos-
phatidylserine (PtdSer), and sphingomyelin (Spm) were iden-
tified using authentic standards, scraped, and counted by scin-
tillation counting. Incorporation of radiolabeled FA was
calculated as described above for the LAT assay and ex-
pressed as nmol/min/mg protein.

Statistical analysis. Data were analyzed with the unpaired
Student’s t-test using GraphPad Prism software (San Diego,
CA). A P value less than 0.05 was considered significantly
different.

RESULTS

PtdOH biosynthesis. To assess the PtdOH biosynthetic capa-
bility of T-lymphocytes, liver whole-membrane preparations
were used in parallel as a control. Liver membranes were cho-
sen as the control because the influence of multiple acyl-CoA
binding proteins on PtdOH biosynthesis has previously been
shown (10,11). Additionally, using liver membranes allowed
the researchers to determine whether the albumin effects were
similar in different cell populations, such as the T-lymphocyte.
Figure 1 shows that basal GPAT activity was similar between
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FIG. 1. Glycerol-3-phosphate acyltransferase activity is marginally in-
duced by albumin in T-lymphocyte membranes. Whole membranes from
liver (A) and T-lymphocytes (B) were isolated as described in the Materi-
als and Methods section. Reactions were carried out in the presence of
glycerol-3-phosphate, with or without albumin, and palmitoyl-CoA (open
bars) or oleoyl-CoA (solid bars). Values represent the mean ± SEM of 3–4
separate animals. Bars with an asterisk are significantly different (P < 0.05)
compared to the bars with the same acyl-CoA and no albumin stimula-
tion. The bar with the roman letter a is significantly different (P < 0.05)
between palmitoyl-CoA and oleoyl-CoA within the no-albumin or with-
albumin groups. The bar in panel B with a roman letter b is significantly
different (P < 0.05) from the corresponding bar in panel A.



T-lymphocyte and liver membranes in the presence of palmi-
toyl-CoA or oleoyl-CoA. Similar to previous observations, ad-
dition of albumin stimulated liver membrane GPAT activity
25- and 13-fold in the presence of palmitoyl-CoA and oleoyl-
CoA, respectively (Fig. 1A), whereas albumin did not have a
significant effect in T-lymphocyte membranes in the presence
of either palmitoyl-CoA or oleoyl-CoA (Fig. 1B).

Figure 2A shows that basal liver membrane LAT activity is
threefold higher in the presence of palmitoyl-CoA compared
to oleoyl-CoA. The LAT activity was 17- and 11-fold higher
than GPAT activity in the presence of palmitoyl-CoA and
oleoyl-CoA, respectively. The LAT activity in T-lymphocyte
membranes was similar to that of GPAT in the presence of
palmitoyl-CoA (Fig. 2B). Interestingly, basal LAT activity in
the presence of oleoyl-CoA was approximately sixfold less
than the GPAT activity. Liver membrane LAT activity was 10-
and 29-fold higher compared to the T-lymphocyte for palmi-

toyl-CoA and oleoyl-CoA, respectively. Albumin did 
not significantly induce liver membrane LAT activity in the
presence of either palmitoyl-CoA or oleoyl-CoA (Fig. 2A).
However, albumin significantly induced T-lymphocyte LAT
activity fivefold in the presence of either palmitoyl-CoA or
oleoyl-CoA (Fig. 2B). Even in the presence of albumin, T-
lymphocyte LAT activity was only approximately 50 and 20%
that of basal liver membrane LAT activity in the presence of
palmitoyl-CoA and oleoyl-CoA, respectively.

Phospholipid FA transacylation. The FA composition of
phospholipids can also be influenced by the nonenzymic
transacylation of FA into preexisting phospholipids in addi-
tion to PtdOH biosynthesis (9). Therefore, the influence of al-
bumin on the incorporation of palmitoyl-CoA into liver and
T-lymphocyte membrane phospholipid subclasses was deter-
mined and is shown in Figure 3. Incorporation of palmitic
acid into PtdSer was greater than into PtdIns, PtdCho, or Spm
in liver membranes (Fig. 3A), whereas in the T-lymphocytes
palmitic acid was incorporated primarily into PtdSer and

LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE IN T-LYMPHOCYTES 477

Lipids, Vol. 37, no. 5 (2002)

FIG. 2. Lysophosphatidic acid acyltransferase activity is low in T-lym-
phocyte membranes and enhanced by albumin. Whole membranes
from liver (A) and T-lymphocytes (B) were isolated as described in Fig-
ure 1. Reactions were carried out in the presence of lysophosphatidic
acid, with or without albumin, and palmitoyl-CoA (open bars) or oleoyl-
CoA (solid bars). Values represent the mean ± SEM of 3–4 separate ani-
mals. Bars with an asterisk are significantly different (P < 0.05) com-
pared to the bars with the same acyl-CoA and no albumin stimulation.
Bars with the roman letter a are significantly different (P < 0.05) be-
tween palmitoyl-CoA and oleoyl-CoA within the no-albumin or with-
albumin groups. Bars in panel B with a roman letter b are significantly
different (P < 0.05) from the corresponding bar in panel A.

FIG. 3. Palmitic acid transacylation into phosphatidylcholine (PtdCho)
is reduced by albumin in T-lymphocyte membranes. Whole membranes
from liver (A) and T-lymphocytes (B) were isolated, and reactions were
carried out as described in Figure 1 in the presence of palmitoyl-CoA
with (solid bars) or without (open bars) albumin. Values represent the
mean ± SEM of 3–4 separate animals. Bars with an asterisk are signifi-
cantly different (P < 0.05) compared to the unstimulated bars with the
same acyl-CoA. PtdIns, phosphatidylinositol; PtdSer, phosphatidyl-
serine; Spm, sphingomyelin.



PtdCho and, to a lesser extent, into PtdIns and Spm (Fig. 3B).
The addition of albumin significantly reduced the incorpora-
tion of palmitic acid into Spm in both liver and T-lymphocyte
membranes. In contrast, albumin significantly reduced the in-
corporation of palmitic acid into PtdCho in T-lymphocyte
membranes but did not have a significant effect in liver mem-
branes. Furthermore, albumin significantly enhanced palmitic
acid incorporation into liver PtdIns by twofold while having
no effect in T-lymphocyte membranes.

Similar to palmitic acid, oleic acid was preferentially in-
corporated into PtdSer compared to PtdIns, PtdCho, and Spm
in liver membranes (Fig.4A). In contrast, oleic acid was pref-
erentially incorporated into PtdCho in T-lymphocyte mem-
branes (Fig. 4B). Addition of albumin significantly enhanced
the incorporation of oleic acid into PtdIns in liver membranes
while not significantly influencing the other phospholipid
subclasses examined (Fig. 4A). Similar effects of albumin
were seen in T-lymphocytes except that oleic acid incorpora-
tion into PtdCho was reduced by 50% (Fig. 4B).

DISCUSSION

Although albumin is always present physiologically, it was
important to perform the assays in the absence of albumin to
determine the relative contribution of albumin vs. the enzyme
itself on cellular GPAT and LAT activity as well as on acyl-
CoA preference. The most striking observation presented in
this investigation was the increase in LAT activity in T-lym-
phocyte membranes in the presence of albumin, whereas
GPAT activity was not significantly affected. In contrast, liver
membrane GPAT and not LAT activity was induced by the ad-
dition of albumin. The reason for this difference is unknown
but may be related to the expression of different LAT iso-
forms in spleen and liver. Recently, two LAT isoforms (α and
β) have been cloned. The β isoform was primarily located in
liver and muscle, whereas the α isoform was found in all tis-
sues tested including spleen (12). However, other factors such
as membrane composition cannot be ruled out. Our results in
the liver showed that basal GPAT activity was approximately
25-fold less than LAT activity and were similar to those pub-
lished previously (6). However, the 25-fold induction of
GPAT activity with albumin was twice as high as that reported
by Jolly et al. (6). The reason for this discrepancy is most
likely due to the use of whole-membrane preparations in this
study rather than isolated microsomes as reported previously.
Both GPAT and LAT are located in several organelles, includ-
ing mitochondria and microsomes (7); thus, the inclusion of
all organelles in a membrane preparation may result in higher
PtdOH biosynthetic capacity. We chose to examine PtdOH
biosynthesis in whole membrane preparations to determine
the total biosynthetic capability of T-lymphocytes, since mul-
tiple organelles may be involved under in vivo conditions.
The lower basal activity of LAT in T-lymphocytes is signifi-
cant given the recent results showing that the substrate lyso-
PtdOH is a potent T-lymphocyte mitogen (15,16). Thus, the
lower basal LAT activity as compared to that of liver would
prevent lysoPtdOH from being quickly converted to PtdOH
prior to exerting its biological activity. However, showing that
LAT activity is inducible, as we found for albumin addition,
indicates that potential mechanism(s) exist which can quickly
eliminate lysoPtdOH when necessary. Furthermore, this sug-
gests a novel biological function for proteins that bind acyl-
CoA (i.e., remove lysoPtdOH).

The exact mechanism(s) by which albumin stimulates
GPAT in liver membranes and LAT in T-lymphocyte mem-
branes is not known. Enhanced activity due to a potential con-
taminant in the albumin preparation is not likely, because a
multitude of other highly purified proteins that bind acyl-CoA
can enhance GPAT activity in membrane preparations (10).
Similarly, the preference of albumin in stimulating LAT ac-
tivity in the presence of palmitoyl-CoA, but not oleoyl-CoA,
is not known. However, several possibilities exist, including
the preference for albumin to extract (i.e., solubilize) palmi-
toyl-CoA over oleoyl-CoA from membranes, preferably pre-
venting the hydrolysis of palmitoyl-CoA to palmitate and
coenzyme or by direct interaction of albumin with the LAT
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FIG. 4. Oleic acid transacylation into PtdIns is enhanced by albumin.
Whole membranes from liver (A) and T-lymphocytes (B) were isolated
and reactions were carried out as described in Figure 1 in the presence
of oleoyl-CoA with (solid bars) or without (open bars) albumin. Values
represent the mean ± SEM of 3–4 separate animals. Bars with an aster-
isk are significantly different (P < 0.05) compared to the bars with the
same acyl-CoA and no albumin stimulation. For abbreviations see Fig-
ure 3.



enzyme. Future studies examining the influence of other pro-
teins that bind acyl-CoA are needed to elucidate the potential
mechanism(s) by which albumin stimulates PtdOH biosyn-
thesis, as different acyl-CoA binding proteins have different
numbers of acyl-CoA binding sites and vary in their affinity
for acyl-CoA. However, this will be difficult, because most
proteins that bind acyl-CoA are not commercially available
in a highly purified form, requiring the proteins to be purified
by individual investigators. It is tempting to speculate, how-
ever, that the mechanism involves direct interaction between
the enzyme and acyl-CoA–bound albumin. This speculation
is derived from two recent reports. First, it has been shown
that acyl-CoA bound to acyl-CoA binding protein (ACBP) is
preferred over free acyl-CoA to enhance carnitinepalmitoyl-
acyltransferase activity in mitochondria (23). Second, both
liver FA binding protein (L-FABP) and ACBP can stimulate
PtdOH biosynthesis to a similar degree in the presence of
oleoyl-CoA, even though L-FABP has two acyl-CoA binding
sites and ACBP has only one (6). Whereas these studies ex-
amined the influence of albumin on GPAT and LAT in un-
stimulated T-lymphocytes, determining whether T-lympho-
cyte activation using mitogens may somehow change the abil-
ity of albumin or other acyl-CoA binding proteins to influence
PtdOH biosynthesis requires further investigation.

The transacylation of palmitic and oleic acids into phos-
pholipid subclasses also differed between liver and T-lympho-
cyte membranes. Oleic acid was preferentially incorporated
into PtdCho in T-lymphocytes, whereas PtdSer appeared to be
the major site of incorporation in liver. Additionally, albumin
enhanced the incorporation of oleic acid into PtdIns both in
liver and T-lymphocyte membranes and reduced palmitic acid
incorporation in T-lymphocyte membrane PtdCho. This is sig-
nificant because both PtdIns and PtdCho are important sources
of DAG, which activates protein kinase C and is an important
signal for appropriate T-lymphocyte proliferation (24,25). Fur-
thermore, DAG containing unsaturated FA are thought to be
more potent activators of protein kinase C.
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ABSTRACT: The effects of dietary stearidonic acid (18:4n-3)
on inflammatory mediator release in whole blood and spleno-
cytes was investigated in Balb/c mice, and the effects were com-
pared with those of two other n-3 PUFA: α-linolenic acid
(18:3n-3) and EPA (20:5n-3). TAG mixtures containing 10% of
18:4n-3, 18:3n-3, or 20:5n-3 as the respective sole n-3 PUFA
were enzymatically synthesized. Diets containing synthesized
TAG mixtures were fed to Balb/c mice for 3 wk. The release of
prostaglandin E2 (PGE2) and tumor necrosis factor (TNF) were
measured in whole blood and splenocytes stimulated with
lipopolysaccharide. In whole blood, the production of TNF was
suppressed by all dietary n-3 PUFA (18:3n-3, 18:4n-3, and
20:5n-3) as compared with the control diet, which contained
TAG prepared from safflower oil. PGE2 production was not sig-
nificantly changed. Differences among the n-3 PUFA (18:3n-3,
18:4n-3, and 20:5n-3) were not observed. In splenocytes, PGE2
production was suppressed by dietary n-3 PUFA, but TNF pro-
duction was not. GC analysis of plasma and splenocyte FA pro-
files showed an increase in the levels of 20:4n-3, 20:5n-3, and
22:6n-3 in mice fed the diet containing 18:4n-3.

Paper no. L8944 in Lipids 37, 481–486 (May 2002).

Since the discovery of a low incidence of heart disease in Es-
kimos by Dyerberg et al. (1–3), the nutritional, physiological,
and pharmacological effects of n-3 PUFA on humans have
been recognized. Many studies showed vegetable and fish oils
rich in n-3 PUFA, such as EPA (20:5n-3), DHA (22:6n-3) and
α-linolenic acid (18:3n-3), to have beneficial effects on
pathophysiological states such as coronary heart disease, hy-
perlipidemia, and inflammation, and the contribution of these
PUFA to the beneficial effects has been studied (4,5).

The major n-3 PUFA in seafood are 20:5n-3 and 22:6n-3.
In addition to these, some seafoods contain various n-3 PUFA
such as hexadecatetraenoic acid (16:4n-3), stearidonic acid
(18:4n-3), and tetracosahexaenoic acid (24:6n-3) (6,7). We
have studied the physiological activities of these FA in vitro

and found a suppressing effect of these PUFA on eicosanoid
production (8,9). 

Stearidonic acid (18:4n-3) is an intermediate in the metab-
olism from 18:3n-3 to longer n-3 PUFA (10). Stearidonic acid
is contained in significant amounts in fish oils (11), in plant
oils (12,13), and in edible algae (7). In vivo metabolism of
18:4n-3 has been studied in rats (10) and mice (14). Iritani
et al. (15) showed a suppressive effect of 18:4n-3 on liver li-
pogenic enzyme activity in rats. Recently, Hansen Petrik et al.
(16) reported that dietary 18:4n-3 strongly suppressed tumori-
genesis in ApcMin/+ mice and that the suppression was corre-
lated with the inhibition of prostaglandin (PG) biosynthesis.
Thus, interest in the nutritional and physiological activity of
18:4n-3 is increasing. 

Dietary oils containing n-3 PUFA have anti-inflammatory
activity in animals and humans (4,5,17). In this work, we
studied the effect of dietary 18:4n-3 on inflammatory media-
tor release from the whole blood and splenocytes in mice (to
assess the anti-inflammatory effect of 18:4n-3) and compared
this effect with that of other common n-3 PUFA (18:3n-3 and
20:5n-3). We measured prostaglandin E2 (PGE2) and tumor
necrosis factor (TNF) release. Both are well known as media-
tors of inflammation, and both play important roles in many
pathological processes (18–22). PGE2 also has been reported
to be closely related to intestinal carcinogenesis in ApcMin/+

mice (23), and TNF has been considered to act as an internal
promoter of carcinogenesis (18). This study gives informa-
tion about not only anti-inflammatory but also the anticar-
cinogenic effects of dietary 18:4n-3.

EXPERIMENTAL PROCEDURES

Animals and diets. Twenty-eight male Balb/c mice (3 wk of
age, Tokyo Experimental Animals, Tokyo, Japan) were
housed individually in stainless steel cages and fed a com-
mercial pellet diet (CE-2; Japan CLEA, Tokyo, Japan) for 3 d
before starting the experimental diets. Mice were maintained
in an air-conditioned room (temperature: 20–22°C; relative
humidity: 55–65%; lighting: 0700–1900). All animal proce-
dures were in accordance with the National Research Insti-
tute of Fisheries Science guidelines for the ethical treatment
of laboratory animals. The mice were divided into four di-
etary groups (seven mice/group): control, 18:3n-3, 18:4n-3,
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and 20:5n-3. Each group was fed the experimental diet ad li-
bitum for 3 wk. This period and dose of PUFA were based on
the study of Yamazaki et al. (10). They studied the incorpora-
tion and metabolism of dietary 18:4n-3 in rats and found that
feeding for 3 wk at a dose of 1% of the diet significantly af-
fected tissue FA profiles. 

The composition of the experimental diet was as follows
(g/kg diet): casein, 230; cornstarch, 410; sucrose, 200;
AIN-76 mineral mixture, 35; AIN-76 vitamin mixture, 10;
cellulose powder, 20; maltodextrin, 20; DL-methionine, 3;
choline bitartrate, 2; test oil, 100. Sucrose was purchased
from Maruha Corp. (Tokyo, Japan). DL-Methionine and
choline bitartrate were from Wako Pure Chemical Industry
(Osaka, Japan). Maltodextrin was a generous gift from Mat-
sutani Chemical Industry (Hyogo, Japan). The test oils were
prepared as described below.

Preparation of test oils. Stearidonic acid (purity > 95%) was
purified from the brown alga Undaria pinnatifida as previously
described (24). α-Linolenic acid was obtained from Wako Pure
Chemical Industry. EPA was generously donated by Nissui
Corp. (Tokyo, Japan). Safflower oil (Ajinomoto Corp., Tokyo,
Japan) was saponified in ethanolic-KOH, and FFA were ex-
tracted as previously described (24). TAG containing n-3
PUFA were enzymatically synthesized essentially according to
the method of Kosugi and Azuma (25). Briefly, the n-3 FA and
safflower FFA were mixed 1:1 (w/w); 20 g of the FFA mixture
was then added along with 1.8 g of glycerol (approximate mo-
lecular ratio, 3:1) and 1.3 g of Novozyme 435 (kind gift from
Novozymes Japan, Chiba, Japan). The mixture was reacted at
60°C under vacuum conditions (~10 Torr) on a magnetic stir-
rer (500 rpm) for 24 h. After the reaction, lipid was extracted
by the method of Folch et al. (26), and TAG were purified by
Florisil column chromatography using hexane/diethyl ether
(7:3, vol/vol) as solvent. Purified TAG were diluted with saf-
flower oil and purified by the same method as that for synthe-
sized TAG to give a composition of n-3 PUFA at 10% (w/w),
and DL-α-tocopherol was added to the mixture at a level of
0.2% (w/w). The FA composition of the test oils is shown in
Table 1. With this method, we obtained TAG which contained
18:3n-3, 18:4n-3, or 20:5n-3 as almost the sole n-3 PUFA. This
allowed us to evaluate the effect of single dietary n-3 PUFA.

Measurement of inflammatory mediator release in whole
blood. Inflammatory mediator release in whole blood was as-
sayed essentially according to the report of Di Santo et al. (27).
At the end of the experimental period, mice were fasted for 5 h
and anesthetized with i.p. injection of Nembutal (1 mL/kg body
weight; Dainippon Pharmaceutical, Osaka, Japan). Whole
blood was collected from heart in a syringe that contained 7 U
of heparin/0.1 mL of saline. Aliquots (100 µL) of whole blood
were dispensed into a 96-well microtiter plate to which was
added 10 µL of PBS containing 0.1 µg of lipopolysaccharide
(LPS, from Escherichia coli O26:B6; Wako Pure Chemical In-
dustry). Six hours later, blood was recovered and plasma was
collected after centrifugation at 1,000 × g for 15 min. Plasma
TNF activity was measured as cytotoxicity against L929 fi-
broblasts as described by Komatsu et al. (28). Plasma PGE2

concentration was measured with PGE2 enzyme immunoassay
kit (Cayman Chemical Company, Ann Arbor, MI; cross-reac-
tivity: PGE2 100%, PGE3 43%, PGE1 18.7%, 6-keto PGF1α
1%, PGD2 <0.01%). In a preliminary experiment, PGE2 pro-
duction in whole blood incubated without LPS was less than
5% of that incubated with LPS.

Measurement of inflammatory mediator release by spleno-
cytes. The spleen was excised and splenocytes were isolated
as described by Hayek et al. (29) and suspended in RPMI-
1640 medium supplemented with 5% FCS (Biological Indus-
try Inc., Beit Haemek, Israel). Splenocyte suspension was
seeded into 24-well plates (106 cells/0.5 mL/well). Following
the preincubation for 2 h, splenocytes were stimulated by
adding of 50 µL of PBS containing 0.5 µg of LPS (final con-
centration: 1 µg/mL). This concentration of LPS was con-
firmed to fully stimulate splenocyte TNF production (data not
shown). After 6 h stimulation, the supernatant was collected,
and TNF activity and PGE2 concentration were measured as
detailed above. Cellular protein content was measured with
Bio-Rad protein assay reagent (Bio-Rad Laboratory, Her-
cules, CA).

FA analysis. Lipids of plasma and splenocytes were ex-
tracted by the method of Folch et al. (26). Total lipids of
plasma and splenocytes were methyl-esterified and analyzed
by GC using the previously reported method (9). 

Statistical analysis. Statistical analyses were done using
StatPartner version 3 (NEC software, Tokyo, Japan). Data ob-
tained in this report were analyzed by one-way ANOVA. If
significant, data were further analyzed by Duncan’s multiple
range test. Significance level was set at P < 0.05.

RESULTS

Growth, food intake, and relative organ weight. Initial body
weight, body weight gain, total food intake, and relative liver
weight were not different among the dietary groups (Table 2). 

482 K. ISHIHARA ET AL.

Lipids, Vol. 37, no. 5 (2002)

TABLE 1
FA Composition of Test Oilsa

Dietary group

FA Control 18:3n-3 18:4n-3 20:5n-3

g/100 g total FA

14:0 0.1 0.0 0.1 0.1
16:0 4.6 4.0 4.4 4.1
16:1n-7 0.2 0.2 0.2 0.2
18:0 1.8 1.6 1.6 1.6
18:1n-9 75.5 66.2 66.3 67.9
18:2n-6 16.9 17.1 14.9 15.2
18:3n-6 0.0 0.0 0.1 0.0
18:3n-3 0.3 10.2 0.6 0.2
18:4n-3 0.0 0.0 10.0 0.0
20:0 0.4 0.3 0.3 0.3
20:1n-9 0.3 0.2 0.2 0.3
20:1n-7 0.1 0.1 0.1 0.1
20:4n-6 0.0 0.0 0.3 0.0
20:5n-3 0.0 0.0 0.7 10.0
aTest oils were synthesized as described in the Experimental Procedures
section.



TNF production in whole blood and splenocytes. TNF pro-
duction in whole blood was significantly decreased by dietary
n-3 PUFA compared to the control group (59% for 18:3n-3,
59% for 18:4n-3, and 61% for 20:5n-3, Fig. 1A). There was
no difference among the dietary n-3 PUFA. In splenocytes
(Fig. 1B), no significant difference was found between the di-
etary groups, but there was a tendency for TNF production to
be reduced by dietary n-3 PUFA. 

PGE2 release in whole blood and splenocytes. PGE2 syn-
thesis in whole blood and splenocytes is shown in Figure 2.
Splenocyte PGE2 synthesis was significantly suppressed in
n-3 PUFA-fed mice (56, 45, and 64% compared to the con-
trol in 18:3n-3, 18:4n-3, and 20:5n-3 fed groups, respec-
tively). There was no difference among the dietary n-3 PUFA.
Whole blood PGE2 production revealed the same trend as for
splenocytes, but it was not significant.

FA profile. FA profiles of the total lipid of plasma and
splenocytes were analyzed (Fig. 3). The proportion of arachi-
donic acid (20:4n-6) was decreased in serum and splenocytes
by dietary n-3 PUFA. Dietary 20:5n-3 more effectively de-
creased the composition of 20:4n-6 than 18:4n-3 and 18:3n-3.
The influence of dietary n-3 PUFA on the composition of n-3
PUFA differed between plasma and splenocytes (Fig. 3). In
plasma, dietary n-3 PUFA increased the composition of
22:6n-3 to the same extent. Dietary 18:3n-3 only increased
22:6n-3, but 18:4n-3 and 20:5n-3 increased the composition
of 18:4n-3 and 20:5n-3 as well as 22:6n-3 (Fig. 3A). In
splenocytes, the 22:6n-3 level was raised only by dietary
18:4n-3. Dietary 18:3n-3 did not change the levels of n-3
PUFA significantly. Dietary 18:4n-3 elevated the proportion
of 18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, and 22:6n-3. EPA in-
creased 20:5n-3 and 22:5n-3 (Fig. 3B).
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TABLE 2
Initial Body Weight, Body Weight Gain, Total Food Intake, and Relative Weight of Livera

Initial body weight Body weight gain Total food intake Relative liver weight
Diet group (g) (g/3 wk) (g/3 wk) (% of body weight)

Control 18.0 ± 0.3 5.5 ± 0.4 83.2 ± 1.4 4.03 ± 0.09
18:3n-3 18.0 ± 0.3 5.1 ± 0.1 79.2 ± 1.9 4.08 ± 0.12
18:4n-3 18.0 ± 0.3 5.3 ± 0.4 79.7 ± 1.9 3.64 ± 0.18
20:5n-3 17.9 ± 0.4 5.5 ± 0.3 86.0 ± 2.0 3.74 ± 0.10
aData are expressed as the mean ± SEM of seven mice. Data were analyzed by one-way ANOVA,
and no significant differences were observed (P > 0.05).

FIG. 1. Tumor necrosis factor (TNF) production from whole blood (A)
and splenocytes (B) in mice fed n-3 PUFA. Vertical bars indicate SEM of
seven mice. Values not sharing a common letter are significantly differ-
ent at P < 0.05 by Duncan’s multiple range test.

FIG. 2. Prostaglandin (PG) E2 production from whole blood (A) and
splenocytes (B) in mice fed n-3 PUFA. Vertical bars indicate SEM of
seven mice. Values not sharing a common letter are significantly differ-
ent at P < 0.05 by Duncan’s multiple range test.



DISCUSSION

In this study, we synthesized TAG that contained 18:4n-3 as
the almost sole n-3 PUFA by using the lipase reaction re-
ported by Kosugi and Azuma (25). TAG containing 18:3n-3
and 20:5n-3 were also synthesized. This allowed us to inves-
tigate the nutritional effect of dietary 18:4n-3 while avoiding
influences of the chemical form of the FA and the co-occur-
rence of other PUFA. Several reports describe nutritional
studies of diets containing 18:4n-3 (10,12,14–16). Some of
these studies used black currant seed oil, which has a high
percentage composition of γ-linolenic acid (18:3n-6) and
18:3n-3, and a relatively low percentage composition of
18:4n-3. Yamazaki et al. (10) and Huang et al. (14) studied
the metabolic uptake of 18:4n-3 by using pure 18:4n-3 ethyl
ester although digestion and absorption of FA reportedly dif-
fer between the ethyl ester form and the TAG form (30).
Therefore, this is the first report studying nutritional effects
of 18:4n-3 as a sole n-3 PUFA and in TAG form. The method
used in this report for preparing the test oils may be applica-
ble to the nutritional study of other FA.

In this study, we examined the effect of dietary 18:4n-3 on
the release of inflammatory mediators (TNF and PGE2) in
whole blood and splenocytes in response to LPS ex vivo.

These mediators are known to be produced and play impor-
tant roles in the inflammation process (19). LPS is a compo-
nent of gram-negative bacterial cell walls and induces many
inflammatory reactions and leads to the production of inflam-
matory mediators when administered into animals (31). Thus,
inflammatory mediator release in response to LPS exposure
ex vivo will reflect the intensity of inflammatory response in
the animal. Dietary n-3 PUFA are known to reveal beneficial
effects via suppressing the production of these mediators in
inflammation and other disease models (20–22). 

Eicosanoids (PG and leukotrienes) are synthesized from
20:4n-6. n-3 PUFA such as 18:3n-3, 20:5n-3, and 22:6n-3 can
suppress their synthesis (17). Hansen Petrik et al. (16) mea-
sured PG levels in the small intestine of mice fed diets supple-
mented with various FA ethyl esters. They showed that dietary
n-3 PUFA (18:3n-3, 18:4n-3, 20:5n-3, and 22:6n-3) decreased
the PGE2 level, and the decrement did not differ among the
n-3 PUFA. This result is in agreement with our results. How-
ever, Kockmann et al. (32) reported that the inhibition of the
production of cycloxygenase pathway products by 18:4n-3 in
isolated human platelets in vitro was less than the inhibitory
activity of 20:5n-3. In our unpublished results, 18:4n-3 had
only a weaker inhibitory activity than 20:5n-3 on PGE2 syn-
thesis in cultured murine macrophage cell line. Thus, suppres-
sive activity of dietary 18:4n-3 on PGE2 synthesis may be ex-
erted not only by 18:4n-3 itself but also by its metabolites,
such as 20:5n-3 and 22:6n-3. In this study, metabolism of
18:4n-3 to 20:5n-3 and 22:6n-3 was observed in plasma and
splenocytes (Fig. 3). In whole blood, the effect of n-3 PUFA
on PGE2 production was not significant but was similar to that
of splenocytes. However, FA profiles of serum and spleno-
cytes were different (Fig. 3). The reasons for the difference in
response of PGE2 production to dietary n-3 PUFA is not clear.
There might be real FA pools, not reflected in the FA profile
of total lipids that influence PGE2 production.

Calder (21) and Blok et al. (22) reviewed reports of studies
of the effect of dietary n-3 PUFA on inflammatory cytokine
production in animals ex vivo. In their reviews, there are reports
showing inconsistent results: decreasing, no, and increasing ef-
fects of dietary n-3 PUFA on cytokine production. Most human
ex vivo and animal in vivo studies revealed a suppression of cy-
tokine production by dietary n-3 PUFA (21,22). Blok et al. (22)
and Calder (21) suggested the detailed conditions of the exper-
iments (cell type used, methods of stimulation, incubation time,
etc.) may have produced the contradictory results. Most of the
studies that have shown an enhancing effect of n-3 PUFA on
cytokine production used peritoneal macrophages as cytokine
sources. In this study, a significant suppression of TNF produc-
tion was observed in whole blood. From these results, it is sug-
gested that interactions of different types of cells are required
for the expression of a suppressive effect on cytokine produc-
tion of dietary n-3 PUFA. The experiment that used thioglyco-
late-elicited macrophages showed an inhibition of cytokine
production by dietary n-3 PUFA. In this case, it was possible
that these macrophages had interactions with other cells during
stimulation with thioglycolate in vivo. Our present results
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FIG. 3. n-6 and n-3 PUFA composition of total lipid in serum (A) and
splenocytes (B) in mice fed n-3 PUFA. Vertical bars indicate SEM of
seven mice. Asterisk (*) indicates significant difference from control by
Duncan’s multiple range test.



showed suppression of TNF production by dietary n-3 PUFA
in whole blood but not in splenocytes. Whole blood is a com-
plex system and consists of many types of cells; on the other
hand, the isolated splenocyte system is relatively simple. Thus,
cellular interactions in both systems seem to be different. It
might explain the difference in the effect of n-3 PUFA on TNF
production in the two systems. Hansen Petrik et al. (16) re-
vealed an anticarcinogenic activity of dietary n-3 PUFA, and
the activity of 18:4n-3 and 20:5n-3 was stronger than that of
18:3n-3 and 22:6n-3. They suggested their activity was in part
due to the suppression of PGE2 synthesis. It was reported that
TNF could act as an endogenous tumor promoter (18). Thus,
the possibility is suggested that dietary 18:4n-3 may exert its
anticarcinogenic effect not only by suppression of PGE2 syn-
thesis but also by the suppression of TNF production.

Stearidonic acid (18:4n-3) is a ∆6-desaturase metabolite
of 18:3n-3. ∆6-Desaturation is known as a rate-limiting step
of the metabolism of 18:3n-3 to longer n-3 PUFA (10). Thus,
18:4n-3 is expected to be more readily metabolized than
18:3n-3. This was reported in mouse liver and intestine lipids
(14,16) and in rat liver and plasma lipids (10). In the present
results, we found 18:4n-3 was metabolized more readily than
18:3n-3 only in splenocytes. The reason is not clear. Differ-
ences in the chemical form of PUFA, tissue enzyme activi-
ties, and co-occurring FA may influence the metabolism of
n-3 PUFA. Dietary n-3 PUFA reduced the 20:4n-6 concentra-
tion in serum and splenocytes (Fig. 3). EPA reduced the level
of arachidonic acid (20:4n-6) more effectively than 18:3n-3
and 18:4n-3. Arachidonic acid is a precursor of PG bio-
synthesis. PG are known to influence cytokine production,
inflammation reaction, and carcinogenesis (16,17,19–22).
Tissue 20:4n-6 level has been shown to influence PG biosyn-
thesis (16,17,23). Thus, dietary n-3 PUFA may be important
due to their ability to reduce tissue level of 20:4n-6. 

In this study, we compared the effects of dietary 18:3n-3,
18:4n-3, and 20:5n-3 on the production of TNF and PGE2 in
mice and found that all three n-3 PUFA had suppressive activ-
ity on the production of TNF in whole blood and PGE2 in
splenocytes. Differences in activity among dietary groups were
not observed. However, differences in the rate of incorporation
and metabolism of n-3 PUFA were suggested in some tissues.
Therefore, it is possible that the differences in the activity of
n-3 PUFA will be found in some physiological functions.
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ABSTRACT: The apolipoprotein E (apoE) knockout mouse has
provided an approach to the investigation of the effect of both
cellular and humoral processes on atherosclerotic lesion progres-
sion. In the present study, pharmacologic modulation of both in-
terferon gamma (IFNγ)-inducible macrophage effector functions,
and atherosclerotic lesions in the apoE knockout mouse were in-
vestigated using the peroxisome proliferator-activated receptor
(PPAR) α,γ coagonist LY465608. LY465608 inhibited, in a
concentration-dependent manner, IFNγ induction of both nitric
oxide synthesis and the β 2 integrin CD11a in elicited peritoneal
macrophages from apoE knockout mice. Similar effects were ob-
served ex vivo following 10 d of treating mice with 10 mg/kg of
LY465608. Treatment of apoE knockout mice for 18 wk with
LY465608 resulted in a statistically significant 2.5-fold reduction
in atherosclerotic lesion area in en face aorta preparations. These
effects were apparent in the absence of any reduction in total
serum cholesterol or in lipoprotein distribution. Finally, treatment
of apoE knockout mice with established atherosclerotic disease
resulted in a modest but not statistically significant decrease in
aortic lesional surface area. These results demonstrate the utility
of PPAR coagonists in reducing the progression of the atheroscle-
rotic lesion.

Paper no. L8986 in Lipids 37, 487–494 (May 2002).

Novel therapeutic approaches to the prevention and mitiga-
tion of atherosclerotic disease include strategies in which
more specific interventions toward the inflammatory response
are being considered. The macrophage is involved in all as-
pects of the pathobiology of the atherosclerotic lesion and
mediates its effects through both cellular and humoral
processes including the elaboration of cytokines and oxidants
(1–3). Macrophage activation has been observed within the
atheroma and is believed to be due to the autocrine and

paracrine effects of cytokines as well as to the binding and in-
gestion of oxidized LDL (4–6). Interferon γ (IFNγ) represents
one such macrophage-activating cytokine whose effects on
apolipoprotein (apoE) secretion, ABC-1 and ACAT expres-
sion, cholesterol efflux, and metalloprotease production could
contribute to the pathology associated with atherosclerosis
(7–12). Inhibiting IFNγ signaling, for example, by crossing
apoE knockout (KO) mice with mice lacking the IFNγ recep-
tor, results in reduced atherosclerosis (13). These in vivo re-
sults suggest that pharmacologic agents that inhibit macrophage
activation through IFNγ signaling could be useful in slowing
or reversing lesion progression.

The peroxisome proliferator-activated receptors (PPAR)
represent nuclear receptors that function as ligand-activated
transcription factors. PPAR subtypes include PPARα, PPARδ,
and PPARγ; upon ligand activation, PPAR form het-
erodimeric structures with the retinoid X receptor to bind to
and activate specific gene transcription through PPAR re-
sponse elements (14–16). Anti-inflammatory effects both in
vitro and in vivo have been reported for both PPARα- and
PPARγ-specific agonists (17–21). PPARγ agonists, for exam-
ple, have been reported to inhibit IFNγ-induced inducible ni-
tric oxide synthetase (iNOS) activity, gelatinase, and scav-
enger receptor activity in vitro in mouse macrophages, matrix
metalloprotease 9 (MMP 9) activity in human monocyte-de-
rived macrophages, and both phorbol ester and lipopolysac-
charide induction of tumor necrosis factor (TNF) and inter-
leukin 6 (IL-6) production (17,22–25). PPARγ agonists also
have been reported to increase both scavenger receptor class
B type I (SR-BI) and CD36 expression in macrophages,
thereby contributing to the process of reverse cholesterol
transport (26–30).

Similarly, PPARα agonists also have been reported to have
anti-inflammatory effects including inhibiting the production
of MMP 9 activity, IL-6 and endothelin-1 secretion, and cy-
cloxygenase 2 and iNOS expression (19–21). PPAR activa-
tion appears to inhibit inflammatory processes by antagoniz-
ing both nuclear factor κB (NF-κB) and activator protein-1
(AP-1) pathways (20,21,31). Therefore, it would be expected
that PPARα or -γ agonists should be beneficial in preclinical
models of atherosclerosis. To this extent, the recent reports
demonstrating that activation of the retinoid X receptor

Copyright © 2002 by AOCS Press 487 Lipids, Vol. 37, no. 5 (2002)

*To whom correspondence should be addressed.
E-mail: Zuckerman_Steven@Lilly.com
Abbreviations: ABC-1, ATB-binding cassette transporter-1; AP-1, activator
protein-1; apo, apolipoprotein; CD11a, integrin αL; CD11b, integrin αM;
CD36, member of the scavenger receptor family; CMC, carboxymethylcel-
lulose; FITC, fluorescein isothiocyanate; FPLC, fast protein liquid chroma-
tography; IFNγ, interferon γ; IL, interleukin; iNOS, inducible nitric oxide
synthetase; KO, knockout; LDLR, LDL receptor; LY465608, 2-{4-[2-(2-
biphenyl-4-yl-5-methyl-oxazol-4-yl)-ethoxy]-phenoxy}-2-methyl-propionic
acid; MMP 9, matrix metalloprotease 9; NF-κB, nuclear factor κB; PPAR,
peroxisome proliferator-activated receptor; SR-BI, scavenger receptor class
B, type I; TNF, tumor necrosis factor.

Peroxisome Proliferator-Activated Receptor α,γ
Coagonist LY465608 Inhibits Macrophage Activation

and Atherosclerosis in Apolipoprotein E Knockout Mice
Steven H. Zuckerman*, Raymond F. Kauffman, and Glenn F. Evans

Division of Cardiovascular Research, Lilly Research Laboratories, Indianapolis, Indiana 46285



through the administration of rexinoids or a PPARα,γ coago-
nist reduced lesion development in the apoE KO mouse (32)
suggest the utility of this approach. Separate studies with the
PPARγ agonist troglitazone, rosiglitazone, or GW7845 also
reported reductions in lesional areas in both apoE and LDL
receptor KO mice as well as increases in CD36 and lipopro-
tein lipase message (33–35).

LY465608 (2-{4-[2-(2-biphenyl-4-yl-5-methyl-oxazol-4-
yl)-ethoxy]-phenoxy}-2-methyl-propionic acid) represents a
new class of PPARα,γ coagonists in which the pharma-
cophores of known PPARγ and PPARα selective agents were
combined into a single compound. IC50 values for human
PPARα,γ of 174 and 548 nM, respectively, were determined
(36). Cotransfection studies demonstrated that this compound
is an effective agonist against both receptors as well as the
mouse PPARα. The specificity of this compound was also de-
termined in transfection studies where it was demonstrated that
the Ki for retinoid and rexinoid receptors, glucocorticoid, and
thyroid receptors was greater than 10 µM. Finally, this com-
pound has been demonstrated to lower both plasma glucose and
TG levels in a diabetic mouse model at 30 mg/kg (36). These
results as well as the nuclear receptor specificity of LY465608
suggested a potential therapeutic role for this PPAR coagonist
in reducing atherosclerosis in the apoE KO mouse.

The present study was initiated to evaluate the impact of
LY465608 on macrophage effector functions in vitro system-
atically, to evaluate its effects on macrophage responses to
IFNγ ex vivo, and to determine whether there would be any
beneficial effect on lesion development and/or progression.
LY465608 was demonstrated both in vitro and ex vivo to in-
hibit the ability of IFNγ to induce both iNOS and CD11a ex-
pression. Furthermore, when administered at the initiation of
exposure of apoE KO mice to an atherogenic diet, LY465608
significantly reduced the extent of atherosclerotic lesion de-
velopment. Finally, similar studies were performed on older
apoE KO mice with established lesions to determine whether
a similar beneficial effect could be observed in lesional sur-
face area. These latter results, however, failed to achieve sta-
tistical significance. Collectively, the results provide further
evidence for the therapeutic value of a PPAR coagonist in the
treatment of atherosclerosis in a model in which a vascular
effect is observed in the absence of a significant beneficial im-
pact on serum lipoprotein profiles.

MATERIALS AND METHODS

Macrophage cultures and reagents. Peritoneal macrophages
were obtained from thioglycolate-primed apoE KO mice
(C57BL/6Tac-Apoetm1UncN11, male; Taconic Laboratories,
Germantown, NY) and maintained in culture in RPMI 1640
supplemented with 2% FCS (Hyclone Laboratories, Logan,
UT). Macrophages were activated with the designated con-
centrations of recombinant murine IFNγ (BioSource Interna-
tional, Camarillo, CA) for 48 h, and supernatants were quan-
tified for nitrites and cells processed for flow cytometry.
LY465608 at final concentrations between 1 nM and 10 µM

were added to the macrophage cultures at the time of IFNγ
addition.

Flow cytometry and nitric oxide measurements. Following
48 h of stimulation with IFNγ, macrophage cultures were
stained with a phycoerythrin-conjugated antibody against
CD11a (integrin αL) or fluorescein isothiocyanate (FITC)-
conjugated antibody against CD11b (integrin αM) (Pharmin-
gen, San Diego, CA). All flow cytometry experiments were
evaluated on 10,000 individual cells gated for macrophages
based on their forward and side light-scatter profiles. The
mean fluorescence intensity was measured using a Becton
Dickinson FacSort with Cellquest software (Becton Dickin-
son, San Jose, CA). Supernatants were quantified for nitric
oxide levels using the Griess reaction as previously described
(30). The optic density change at 10 min was measured at 550
nm and converted to micromoles of nitrites based on a sodium
nitrite standard curve.

Atherosclerosis model. Male apoE KO mice were shifted
to a high-fat diet (21% milkfat, 0.15% cholesterol; Harlan
Teklad, Madison, WI) and were dosed orally by gavage with
10 mg/kg of LY465608 [prepared in 1% carboxymethylcellu-
lose (CMC) plus 1% Tween 80] daily. Mice were treated with
LY465608, 10 mg/kg/d, for 18 wk starting at 8 wk of age
when they were shifted to a high-fat diet. At the end of the 18
wk of treatment both vehicle and LY465608 mice were eval-
uated for lipoprotein profiles and atherosclerotic lesions. In
studies designed to investigate the effect of LY465608 on es-
tablished lesions, mice were maintained on the high-fat diet
for 16 wk and then treated for an additional 12 wk with 10
mg/kg LY465608 prior to sacrifice. The control animals in all
experiments were dosed with the CMC vehicle. All animal
studies were in compliance with institutional guidelines.

Lesion analysis. At sacrifice, animals were prepared for en
face aorta evaluation by cutting the aorta below the bifurca-
tion in the lower abdomen as previously described (37).
Briefly, the aortas were perfused with PBS, cleaned of exter-
nal fat, opened, flattened on a microscope slide, and covered
with a coverglass. All samples were fixed in 4% formalin and
kept at 4°C in humidified chambers until imaging. Samples
were visualized using a Microtek ScanMaker 9600 XL (Mi-
crotek Lab, Inc., Redondo Beach, CA) and Adobe Photoshop
LE (Adobe Systems, San Jose, CA). The images were ana-
lyzed using a custom-written macro (Mike Esterman, Jeff
Hanson, Lilly Research Labs) in Image Pro Plus (Media Cy-
bernetics, L.P., Silver Spring, MD) that uses the threshold tool
to select lesion sites based on image intensity contrasted to
the normal translucent arterial wall. Lesion area and total aor-
tic area were expressed in square mm. Approximately 45 mm
square of total aortic surface was evaluated per aorta for le-
sion quantification. 

Serum cholesterol and lipoprotein analysis. Total serum
cholesterols were measured using the Cholesterol CII kit from
Wako Pure Chemicals (Richmond, VA). Sera from each group
at the designated times were pooled, and 25–100 µL aliquots
were resolved by fast protein liquid chromatography (FPLC;
Pharmacia, Bromma, Sweden) using tandem-linked Superose

488 S.H. ZUCKERMAN ET AL.

Lipids, Vol. 37, no. 5 (2002)



6 columns as previously described (38). Total cholesterol was
quantified enzymatically (Wako Chemicals USA, Richmond,
VA) from 100-µL aliquots of the FPLC fractions. The rela-
tive amount of cholesterol within each peak was determined
by area quantification under the curves using the appropriate
baseline modifications from the FPLC cholesterol tracings.
Serum TG levels were measured by enzymatic assay (Sigma
Chemicals, St. Louis, MO).

Statistics. Statistical analysis was performed by unpaired
(two-tailed) t-test. Values are reported as means ± SD. The
95% confidence limit was taken as significant (P < 0.05). Ad-
ditonal statistical analysis was by a Dunnett’s multiple com-
parisons test. Analysis of the lesion area data was performed
using chi square and Tukey’s biweight function robust
method as well as by a Mann–Whitney U test, a nonparamet-
ric test.

RESULTS

Activation of primary peritoneal macrophages with IFNγ re-
sults in an increase in macrophage effector functions includ-
ing the generation of nitric oxide through the induction of
iNOS and the upregulation of the β 2 integrin CD11a. Con-
sistent with previous studies using the less-specific PPARγ
agonist 15-deoxy-∆12,14-prostaglandin J2 (30), 100 nM
LY465608 resulted in a significant reduction both in nitric
oxide production (Fig. 1A) and in CD11a induction (Fig. 1B)
at all concentrations of IFNγ used for macrophage activation.
In contrast, CD11b, which is already expressed on the
macrophage surface, was only significantly modulated by
LY465608 at the highest IFNγ concentration (Fig. 1C). The
effects of the coagonist were concentration dependent, with
significant effects apparent at 100 nM for both iNOS activity
(Fig. 2A) and CD11a induction without any effect on CD11b
expression until the highest concentration of 10 µM (Fig. 2B).
These results suggested that a PPARα,γ coagonist was able to
mitigate the macrophage effector functions induced by IFNγ.

To determine whether a similar impact on macrophage ef-
fector functions could be demonstrated in vivo, apoE KO
mice on standard laboratory chow were dosed at 10 mg/kg
orally with LY465608 for up to 10 d. At day 10, elicited
macrophages were harvested and stimulated in vitro with
varying concentrations of IFNγ for an additional 48 h. In
comparison with the vehicle group, elicited macrophages
from LY465608-treated mice showed a reduced induction of
CD11a at both optimal (500 units/mL) and suboptimal (50
units/mL) concentrations of IFNγ (Fig. 3A), and at optimal
IFNγ concentrations, they showed an approximate 50% re-
duction in nitric oxide formation (Fig. 3B). There was also,
in the LY465608-treated animals, an overall increase in total
serum cholesterol; in the control cholesterol was 412 ± 89 vs.
coagonist 591 ± 186 mg/dL. This increase in the coagonist
group was statistically significant by a two-tailed unpaired t-
test (P < 0.03).

The demonstration ex vivo that LY465608 was able to
modulate IFNγ-mediated macrophage effector functions
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FIG. 1. Effects of LY465608 (2-{4-[2-(2-biphenyl-4-yl-5-methyl-oxazol-
4-yl)-ethoxy]-phenoxy}-2-methyl-propionic acid) on interferon γ (IFNγ)-
mediated induction of nitric oxide and CD11a in murine peritoneal
macrophages. Macrophages from apoE KO mice were treated in vitro in
triplicate, with 0–500 units/mL IFNγ with or without 100 nM LY465608
for 40–60 h. Cell supernatants were assayed for nitrites (A), and cells for
the membrane integrins CD11a (B) and CD11b (C) by flow cytometry
measuring the mean fluorescence intensity (MFI). Brackets represent the
standard deviation of the mean from triplicate cultures. The difference
between the untreated and LY465608- treated macrophages was signif-
icant by a two-tailed unpaired Student’s t test at P < 0.05 (#), P < 0.01
(*), or P < 0.001 (+). A standard two-way ANOVA was also performed,
followed by a Bonferroni adjusted multiple comparison of treated vs.
untreated at each IFNγ concentration. Significance was at the P < 0.001
(+,*) or P < 0.05 (#) levels.



suggested it could have a favorable impact on atherosclerotic
disease progression in the apoE KO mouse. Accordingly,
mice were treated with LY465608, 10 mg/kg/d, for 18 wk
starting at 8 wk of age, when they were shifted to a high-fat
diet. At the end of the 18 wk of treatment, both vehicle and
LY465608 mice were evaluated for cholesterol and lipopro-
tein profiles, and quantitation of aortic lesions was performed
on the en face preparations. As demonstrated (Fig. 4A),
LY465608 treatment reduced the rate of weight gain com-
pared to the vehicle group. This decrease in weight gain was
not due to a reduction in food consumption, which remained
relatively constant in both groups through the duration of the
study (approximately 25 g/mouse/wk). Interestingly, the
LY465608-treated animals had a statistically significant
(P < 0.01) increase in serum cholesterol relative to the vehi-
cle group at sacrifice (996 ± 217 vs. 808 ± 208 mg/dL) which

was evident in the VLDL peak of the lipoprotein profile (Fig.
4B). Serum TG were reduced in the LY465608 group (521 ±
191 vs. 591 ± 217 mg/dL); however, this reduction was not
statistically significant. 

Although there were no significant reductions in the
VLDL or LDL lipoproteins, and in fact there was a consistent
increase in the former, there were significant reductions in
aortic lesions in the LY465608-treated animals. En face eval-
uation of the lesion distribution revealed that the atheroscle-
rotic lesions were primarily localized to the aortic arch and
the surfaces around the bifurcations. Representative aortas en
face (Fig. 5A) clearly demonstrate a decrease in the lesion
surface area in the LY465608-treated animals that was statis-
tically significant and apparent when the lesion distribution
for each animal was quantified (Fig. 5B). The mean lesion
area in the vehicle group was 31.5 ± 9.2 vs. 13.5 ± 4.9%, and
this difference was significant (P < 0.0001). Furthermore, the
vehicle group had 8 of 9 animals with >25% lesion area,
whereas the LY465608 group had 0 of 10 animals with
greater than 25% of the surface area containing lesions. These
results demonstrate a significant reduction in lesion progres-
sion when apoE KO mice were treated with LY465608 at the
time that they were shifted to the high-fat atherogenic diet.

To determine whether the PPAR coagonist LY465608
could have a similar effect in apoE KO mice with established
lesions, a final series of experiments was performed in which
mice were allowed to consume the high-fat diet for 16 wk.
Following 16 wk on diet, mice were randomized to receive
either LY465608 at 10 mg/kg or vehicle and were continued
on diet and treatments for an additional 12 wk prior to
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FIG. 2. LY465608 in a concentration-dependent manner inhibited ni-
tric oxide and CD11a induction by IFNγ. Triplicate cultures of macro-
phages were treated with 1 nM to 10 µM LY465608 with 200 units/mL
IFNγ. After 48 h incubation, supernatants were assayed for nitrites (A),
and cells were evaluated for expression of CD11a and CD11b (B). *Dif-
ference from the control was significant by a two-tailed unpaired Stu-
dent’s t-test (P < 0.01). A one-way ANOVA analysis was also performed,
followed by a Dunnett’s multiple comparison of each concentration of
LY465608 compared to vehicle. Significance was also at the P < 0.01
level. For abbreviations see Figure 1.

FIG. 3. Ex vivo effects of LY465608 on murine peritoneal macrophages.
ApoE KO mice were dosed orally for 10 d with LY465608 or vehicle
alone; and elicited peritoneal macrophages were collected, plated in
24-well plates, and evaluated for IFNγ-induced CD11a expression (A)
and nitric oxide production (B). CD11a expression was measured fol-
lowing induction of macrophages with varying concentrations of IFNγ
(5, 50, and 500 units/mL) and for nitric oxide production at 500
units/mL of IFNγ. Macrophages were not exposed to exogenous
LY465608 during the 48–72 h in vitro phase of the experiment. Cells
from three animals for each treatment were pooled before plating. Rep-
resentative experiment of five; brackets indicate the SD of the mean.
*Difference from the control was significant by a two-tailed unpaired
Student’s t-test (P < 0.01). For abbreviations see Figures 1 and 2.



sacrifice. As demonstrated (Fig. 6A), apoE KO mice treated
with the PPAR coagonist demonstrated a significant reduc-
tion in weight, which was apparent by 2 wk. As in the previ-
ous study, this reduction in weight gain was not due to a de-
crease in food consumption. Furthermore, serum cholesterol
levels between the two groups were indistinguishable (1517
± 503 vehicle and 1518 ± 590 mg/dL for LY465608) as were
the lipoprotein profiles, which consisted primarily of a VLDL
fraction with an LDL shoulder (data not shown). There was,
however, a significant increase in serum TG in the LY465608
animals 884 ± 442 vs. 418 ± 130 mg/dL (P < 0.003). Quan-
tification of lesion surface area revealed that 11 of 15 animals
treated with LY465608 had less than 25% lesion area com-
pared to the vehicle group with 6 of 15. The chi-squared test
for the significance of this change in ratio, however, did not
achieve statistical significance (P < 0.065). Although there

appeared to be a nonsignificant reduction in lesion area in this
study on established lesions, there was one animal in the
LY465608 group that had greater than 80% of the aortic sur-
face area covered with lesion. Whereas this animal did have
other problems detected at autopsy, i.e., fluid in the lungs,
there was no apparent reason to treat this animal as an outlier
and hence it was included in the data set. These results, how-
ever, do suggest that intervention fairly late in the process of
lesion development can in fact reduce further increases in le-
sion accumulation through effects independent of serum cho-
lesterol levels or lipoprotein profiles.

DISCUSSION

PPARα,γ agonists as well as coagonists are clearly demon-
strating additional biologic responses beyond HDL elevation
and insulin sensitization that would suggest a broader thera-
peutic role in the management of chronic inflammatory dis-
eases (39–42). To explore these potential roles further, the
PPARα,γ coagonist LY465608 was evaluated in a model of
atherosclerosis where HDL represents a minor component of
the lipoprotein profile and where insulin sensitivity is not rec-
ognized as part of the disease process. The apoE KO model
represents such a model and is characterized by extremely
high serum cholesterols (>1000 mg/dL when placed on a
high-fat diet), primarily carried on VLDL and remnant parti-
cles, and significant lesions throughout the aortas (43).
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FIG. 4. Effect of LY465608 on weight gain and serum cholesterol profile.
ApoE KO mice, 10 per group, were placed on “western” high-fat diets
and dosed with LY465608 or the vehicle for 18 wk. Body weights and
food consumption were measured weekly. Body weights (A) and total
serum cholesterol fast protein liquid chromatography profile (B) were de-
termined on pooled serum samples at the termination of the study. Brack-
ets represent the SD of the mean. The difference in weight between the
vehicle- and LY465608-treated mice was significant by a two-tailed un-
paired Student’s t-test (P < 0.01) by 6 wk treatment and remained so
through the remainder of the study. The changes in weight were also ana-
lyzed by a repeated measures ANOVA, and the LY465608 group was
compared to vehicle at each week using a Bonferroni adjusted multiple
comparison test. By this analysis significance after week 0 was
P < 0.0001. OD, optical density; for other abbreviations see Figure 1.

FIG. 5. Effect of LY465608 on aortic lesion formation in apoE KO mice
on “western” diet. Mice at 8 wk of age were placed on a high-fat diet
and randomized to vehicle or 10 mg/kg LY465608 groups. After 18 ad-
ditional weeks on the diet the animals were sacrificed, and the aortas
were dissected and placed on microscope slides. Representative en face
images of the aorta from control and LY465608-treated aortas (A) and
the percentage of the aortic suface area covered with lesions are pre-
sented for each animal (n = 10 per group) (B). Note reduction in the le-
sion surface area from the LY465608-treated animals. This difference
was significant by a two-tailed unpaired Student’s t-test (P < 0.0001).
Scale bar represents 5 millimeters. 



The present study was designed to determine whether
LY465608 treatment in vitro would mitigate the macrophage
response to IFNγ using both iNOS and CD11a induction as
indicators of macrophage activation. These two parameters
can be linked to the pathology associated within the athero-
sclerotic lesion by inducing oxidant stress with the former and
by promoting macrophage adherence and migration through
the β 2 integrin pathway with the latter (44,45). The results of
this study demonstrated a direct inhibitory effect of this coag-
onist on these parameters of macrophage activation. Further-
more, similar effects were also apparent ex vivo when apoE
KO mice were pretreated with LY465608 for 10 d prior to
harvesting elicited macrophages and subjecting them to in
vitro stimulation with IFNγ. In additional studies, 4–5 d of
oral treatment with LY465608 exhibited similar ex vivo re-
sults (data not shown). 

The ability of the coagonist to influence these effector
functions suggested that LY465608 should favorably reduce

atherosclerotic lesion progression, and, in fact, lesional sur-
face area was reduced 2.5-fold in the experimental group. The
extent of lesion reduction in the apoE KO mouse compares
favorably with similar studies recently reported for the
PPARγ agonist troglitazone (35), with troglitazone, rosiglita-
zone, or GW7845 in the LDL receptor KO (33, 34), and with
a retinoid X receptor agonist LG100364 (32). This latter study
reported a lesser effect on lesion reduction with the PPAR co-
agonist GW2331, and still lesser efficacy with the PPARγ ag-
onist rosiglitazone.

Although the results in reducing total lesional area were
similar across these studies, some differences were observed.
In the present study we detected a reduction in weight gain
with chronic administration without an impact on food con-
sumption. These effects were consistent with PPARα activity
of the coagonist, as PPARα agonists have been reported to re-
duce body weight increase in other rodent models (46,47). It
is, however, noteworthy that in one study troglitazone did re-
duce total body weight in the LDL receptor (LDLR) KO mice
fed a high-fat diet (34). Chen et al. (35) reported a doubling
in HDL cholesterol but no effect on total cholesterol or TG,
whereas Claudel et al. (32) reported increases in total serum
cholesterol and TG, primarily in the VLDL and remnant peak.
In the present study we did not detect any increase in HDL
cholesterol but did observe a significant increase in total cho-
lesterol, through the VLDL and remnant peak, but no increase
in serum TG as seen in the second study which had been de-
signed to evaluate the effect of LY465608 on lesion develop-
ment.

Finally, to reflect the clinical situation more closely, we de-
signed studies to determine whether LY465608 would have
an effect on established lesions rather than initiating treatment
at the time of exposure to the atherogenic diet. Accordingly,
apoE KO mice were maintained on the atherogenic diet for
16 wk prior to initiating treatment with LY465608 for an ad-
ditional 12 wk. These results, although failing to achieve sta-
tistical significance, did suggest reduced lesional surface
areas in the LY465608 group when compared to the controls.
This represents, to the best of our knowledge, the first study
in which intervention with a potential anti-atherosclerotic
compound was evaluated in apoE KO mice with established
lesions. Whereas the precise mechanism(s) by which PPAR
coagonists may limit the development of new lesions and af-
fect established lesional mass remains unclear, it is likely to
involve the inhibition of both NF-κB and AP-1 dependent
transcriptional pathways (20,21). PPAR expression within
atherosclerotic lesions in monocytes, macrophages, foam
cells, and smooth muscle and endothelial cells provides a
pathway for limiting lesion progression (45). PPARα agonists,
for example, reportedly induce apoptosis of TNF-activated
macrophages and limit monocyte recruitment in early lesions
by inhibiting TNF induction of vascular cell adhesion mole-
cule expression, presumably by serving as negative regula-
tors of NF-κB (48,49). One such mechanism of inhibiting
NF-κB activation is through the induction of IκBα by PPARα
agonists and thus keeping the NF-κB complex inactive within
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FIG. 6. Therapeutic intervention with LY465608 on mice after 16 wk
on a high-fat diet. ApoE KO mice were placed on the “western” diet for
16 wk and then randomized (n = 15 per group) to receive LY465608
orally at 10 mg/kg or vehicle alone for an additional 12 wk. The high-
fat diet was continued during this treatment phase. Weight (A) and food
consumption were monitored weekly. At the termination of the experi-
ment, the aortic surface area covered with atherosclerotic lesions was
quantified and the distribution was presented for each animal (B). The
difference in weight between the two groups was significant by a two-
tailed unpaired Student’s t-test (P < 0.01) as early as 2 wk on LY465608.
The changes in weight were also analyzed by a repeated measures
ANOVA, and the LY465608 group was compared to vehicle at each
week using a Bonferroni adjusted multiple comparison test. By this
analysis, significance after week 0 was P < 0.01. (B) Robust mean esti-
mates are presented (horizontal bars) and were 26.3% in the vehicle
and 21.6% for the LY465608 group. The chi-squared test for the signifi-
cance of the difference in lesion surface area did not achieve statistical
significance (P < 0.065). 



the cytoplasm (21). However, whereas many of the NF-κB
and AP-1 dependent regulated genes are thought to be proin-
flammatory, such as MMP-9, IL-6, and TNF, there is some evi-
dence that PPAR agonists may have confounding effects on
lesion development. Lee et al. (50), for example, reported that
the PPARα agonist Wy14643 stimulated the synthesis of IL-8
and monocyte chemotactic protein-1 in human aortic en-
dothelial cells, whereas the PPARγ agonist troglitazone sup-
pressed production of these chemokines. Furthermore, al-
though PPAR agonists have been reported to upregulate
CD36 and consequently the uptake of oxidized LDL (28,29),
further studies have implicated a PPARγ pathway for promot-
ing cholesterol efflux through the increase in ABC-1 expres-
sion via induction (26). These authors further demonstrated
that PPARγ-null bone marrow cells transplanted into LDLR
KO mice resulted in significant increases in atherosclerotic
lesion mass. Collectively, these studies suggest that PPAR
coagonists should favorably affect atherosclerotic disease
through anti-inflammatory processes as well as by stimulat-
ing reverse cholesterol transport. 

The results of the in vitro and in vivo studies clearly
demonstrate that the PPAR coagonist LY465608 can favor-
ably affect atherosclerotic disease progression through
processes unrelated to changes in serum lipoprotein profiles.
These data demonstrate a clear role and direction for the next
generation of agents to treat atherosclerosis, namely, target-
ing the vascular component. 
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ABSTRACT: The peroxisomal proliferator-activated receptor β
(δ) (PPARβ) is a nuclear hormone receptor that is ubiquitously
expressed and that regulates the transcription of genes involved
in lipid metabolism. A homozygous PPARβ-null mouse has been
developed in which the ligand-binding domain of the PPARβ re-
ceptor is disrupted. Analysis of brains from these animals shows
that female null mice have 24 and 17% increases in plas-
menylethanolamine and phosphatidylserine and a 9% decrease
in the level of phosphatidylinositol when compared to controls.
The phospholipid changes found in female null mice were asso-
ciated with increased levels of esterified 18:1n-9, 20:1n-9,
20:4n-6, and 22:5n-3 FA in plasmenylethanolamine, 20:1n-9 in
phosphatidylinositol, and 18:0, 18:1n-9, 18:3n-6, 20:1n-9, and
20:4n-6 in phosphatidylserine. Increased levels of esterified
18:1n-9, 18:2n-6, 18:3n-6, and 20:1n-9 were also found in the
phosphatidylethanolamine fraction despite its cellular content
remaining unchanged. Brain phospholipid content in male
PPARβ-null mice did not differ from controls, but increased lev-
els of 20:1n-9 in the phosphatidylinositol and 18:1n-9 in the
phosphatidylserine fractions were observed. No changes were
found in the content of brain cholesterol, TAG, and FFA in either
female or male PPARβ-null mice. These data suggest that PPARβ
is involved in maintaining FA and phospholipid levels in adult
female mouse brain and provide strong evidence that suggests a
role for PPARβ in brain peroxisomal acyl-CoA utilization.

Paper no. L8920 in Lipids 37, 495–500 (May 2002).

The peroxisome proliferator-activated receptors (PPAR) are
regulatory transcriptional factors that constitute a subfamily
of nuclear hormone receptors that are classified into three
types: α, β (also called δ or nuc 1), and γ (1). PPAR maintain
lipid homeostasis by regulating the expression of enzymes in-
volved in peroxisomal and mitochondrial β-oxidation, FA
mobilization, and adipocyte differentiation in response to dif-
ferential ligand activation and gene expression (1). 

Although the functions of both PPARα and -γ are well doc-
umented, the role of PPARβ remains elusive. It has been shown
that PPARβ can modulate the expression of brain acyl-CoA
synthetases 2 (ACS-2) in reaggregated brain cell culture (2),
which suggests that the activation of this nuclear transcription
factor can affect the utilization of FA by modulating the levels
of acyl-CoA. However, the expression of ACS-2 is not altered
by the targeted disruption of PPARβ in the adult mouse (3).
That the first three committed steps in ether phospholipid me-
tabolism occur in the peroxisome (4), and acyl-CoA synthase-2
mRNA expression is unaffected by the absence of PPARβ, sug-
gest that the decreased myelin content found in the female
PPARβ-null mice (3) may be the result of altered peroxisomal
acyl-CoA utilization. To begin to examine this idea, phospho-
lipid and FA composition of brains from PPARβ-null mice
were determined. Since female PPARβ-null mice exhibited a
more pronounced constitutive phenotype, it was hypothesized
that female PPARβ-null mice might also show significant al-
terations in brain phospholipid composition.

Whereas most of the functions known to occur in peroxi-
somes involve lipid metabolism, the β-oxidation of FA and
the biosynthesis of ether phospholipids are central to their
role (5,6). In the peroxisome, unsaturated FA are converted
into coenzyme A (CoA) esters by peroxisomal acyl-CoA syn-
thetases unique to this organelle (7) and then β-oxidized into
acetyl-CoA and shorter FA, or are oxidized to fatty alcohol
(Fig. 1). The preliminary steps of ether phospholipid biosyn-
thesis also occur in the peroxisome and involve the formation
of both fatty alcohol and acyl-dihydroxyacetone phosphate
(Fig. 1). Studies using liver peroxisomes show that lignoceric
acid, and not hexadecanol or hexadecanoic acid, is the princi-
pal source of the 1-O-alkyl group found in ether phospho-
lipids (8) and suggest that the formation of fatty alcohol is
coupled to peroxisomal β-oxidation. That the activity of fatty
alcohol:NAD+ oxidoreductase is inhibited by palmitoyl-CoA
and NADH in a concentration-dependent manner suggests
that the utilization of acyl-CoA in the peroxisome can regu-
late fatty alcohol levels by inhibiting the oxidation of peroxi-
somal FA (Fig. 1) (9). 

However, the involvement of PPARβ and its influence on
peroxisomal gene products that modulate peroxisomal FA and
ether phospholipid metabolism in brain are uncertain. There-
fore, to assess the potential role of PPARβ in the maintenance
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of brain FA and ether phospholipid synthesis, we performed
analyses of brains from PPARβ-null mice. We found that dis-
tinct membrane phospholipid changes occur in the female
PPARβ-null mouse that are associated with increased levels
plasmenylethanolamine and phosphatidylserine, decreased
levels of phosphatidylinositol, and altered levels of esterified
FA. These data suggest that PPARβ is involved in the mainte-
nance of brain FA and phospholipid levels in adult female
mouse brain and provide strong evidence that suggests a role
for PPARβ in brain peroxisomal acyl-CoA utilization. 

EXPERIMENTAL PROCEDURES

Phospholipid, neutral lipid, and FAME standards were pur-
chased from Nu-Chek-Prep (Elysian, MN), TLC plates were
from Analtech (Deerfield, IL), and HPLC-grade n-hexane and
2-propanol were from EM Science (Gibbstown, NJ).
Reagent-grade chloroform, methanol, and other chemicals
were from Mallinckrodt (Paris, KY). All samples and extracts

were stored in n-hexane/2-propanol (3:2, vol/vol) + 5.5%
H2O under N2 at −80°C.

Tissue and extraction. The homozygous wild-type control
and PPARβ-null mice used for this work have been described
previously (3) and were maintained in accordance with the Na-
tional Institutes of Health Guidelines for the Care and Use of
Laboratory Animals (NIH Publication No. 80-23). Brains from
female and male control and PPARβ-null mice between the
ages of 9 and 12 mon were snap-frozen following cervical dis-
location. Whole frozen brains were extracted using n-hexane/
2-propanol (3:2, vol/vol) in a glass Tenbroeck homogenizer as
previously described (10).

Phospholipid and neutral lipid separation. Standards and
samples in chloroform were applied to 20 × 20 cm Whatman
silica gel 60A LK6 TLC plates and separated as previously
described (11). Bands corresponding to ethanolamine glyc-
erophospholipids, phosphatidylinositol, phosphatidylserine,
choline glycerophospholipids, sphingomyelin, and neutral
lipids were scraped from the TLC plate and stored. The
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FIG. 1. The utilization of FA and acyl-CoA in the peroxisome showing the balance between peroxisomal β-oxidation and ether phospholipid
biosynthesis. Outlined are the initial and committed steps and cofactors involved in the utilization of peroxisomal FA and acyl-CoA. Reactions in-
volved in the formation of acyl-CoA from FA, the initial step in peroxisomal β-oxidation of acyl-CoA, the reduction of acyl-CoA to fatty alcohol,
the initial step in the formation of ether phospholipid, and the oxidation of fatty alcohol to FA are represented. The dashed line represents the pos-
tulated inhibition of fatty alcohol:NAD+ oxidoreductase by acyl-CoA (9). Acyl-DHAP, acyl-dihydroxyacetone phosphate.



ethanolamine and choline glycerophospholipid fractions were
extracted off the silica gel using n-hexane/2-propanol (3:2,
vol/vol) + 5.5% H2O, combined, and concentrated under 
N2 at 55°C. The glycerophospholipid fractions were sub-
jected to mild acid hydrolysis to cleave the vinyl ether link-
age of the plasmalogens and the phosphatidylethanolamine;
lysoplasmenylethanolamine, phosphatidylcholine, and lyso-
plasmenylcholine fractions were purified using HPLC (12).
Half of the samples were used to quantify FA and other half
were used to assay for lipid phosphorus (13).

Neutral lipid separation. The neutral lipid fractions were
extracted from the silica gel by using n-hexane/2-propanol
(3:2, vol/vol) + 5.5% H2O, concentrated under N2 at 55°C, and
dissolved in n-hexane/2-propanol/acetic acid (98.7:1.2:0.1, by
vol). The individual neutral lipid fractions were separated by
HPLC (14) using a Selectosil 5µ silica column (250 × 4.6 mm;
Phenomenex, Torrance, CA). Fractions corresponding to cho-
lesterol, TAG, and FFA were collected in separate screw-top
test tubes and stored at −80°C. The esterified FA in the TAG
and the FFA were quantified by GC. Cholesterol was quanti-
fied by colorimetric assay (15).

Methylation of esterified FA and FFA. The esterified FA
found in the different phospholipids and the TAG fractions
were methylated using 0.5 M methanolic KOH at 37°C for 30
min. The reaction was stopped with methylformate, and the
FAME were extracted using n-hexane. The FFA and esterified
FA in the sphingomyelin fractions were methylated using 2%
sulfuric acid in toluene/methanol (1:1, vol/vol) at 65°C for 2 h.
The reaction was stopped with H2O, and the FAME were ex-
tracted in petroleum ether. The FAME were quantified by GC.

GC of FAME. FAME were separated using a gas chromato-
graph (Trace 2000; ThermoQuest, Houston, TX) equipped
with a capillary column (30 m × 0.32 mm i.d.; SP 2330, Su-
pelco, Bellefonte, PA) and an FID. Methyl heptadecanoate
was used as an internal standard, and the individual FA were
quantified by peak area analysis. The flow rate of the helium
carrier gas was constant and set at 2.5 mL·min−1. Injection
and detection ports were set at 250°C. Sample runs were ini-
tiated at 90°C with a temperature gradient to 230°C over 20.0
min. FAME standards were used to establish the relative re-
tention times and concentration factors. The detector response
was linear, with correlation coefficients of 0.998 or greater
within the sample concentration range for all FA standards of
differing chain length and degree of saturation.

Data and statistics. Unpaired t-tests were performed on
the averaged means using the GraphPad Instat® statistical
program (GraphPad, San Diego, CA). Unpaired t-tests were
used to test the statistical significance between control and
PPARβ-null female and male groups. Statistical significance
was taken as P ≤ 0.05.

RESULTS

Brain phospholipid levels. Table 1 shows the brain phospholipid
composition of female and male control and PPARβ-null mice
along with statistical comparisons. The levels of plasmenyl-

ethanolamine and phosphatidylserine were significantly in-
creased from 7.4 ± 1.3 to 9.8 ± 0.7 and 5.8 ± 0.6 to 7.0 ± 0.5
µmol·g brain−1 in female PPARβ-null mice as compared to con-
trols, respectively. The level of phosphatidylinositol also de-
creased in female PPARβ-null mice from 2.2 ± 0.1 to 2.0 ± 0.1
µmol·g brain−1. No changes in the amount of total brain phos-
pholipid were detected in either genotype of female or male
mice. The changes in the female PPARβ-null mice represent an
increase of 24 and 14% in the levels of plasmenylethanolamine
and phosphatidylserine, respectively, and a 9% decrease in the
level of phosphatidylinositol. No changes were found in the
phospholipid composition of male PPARβ-null mice. The com-
positional changes in the female PPARβ-null mouse brains
show that there is a significant mole percentage increase of plas-
menylethanolamine and a subsequent decrease in the percent-
ages of phosphatidylinositol and phosphatidylcholine (data not
shown). Consistent with the phospholipid levels, the male
PPARβ-null mice had no apparent change in the composition of
brain phospholipid as compared to controls.

FA composition of the phospholipid classes. Tables 2–6
show the esterified FA composition of the brain phospholipid
classes in units of nmol·g brain−1 with statistical comparisons.
As expected, there were large increases in the levels of esteri-
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TABLE 1
Brain Phospholipid Levels of Control and PPARβ-null 
Female and Male Micea

Female Male

Control PPARβ-null Control PPARβ-null

PtdEtn 11.1 ± 1.4 12.4 ± 1.3 10.6 ± 1.5 11.7 ± 1.4
PlsEtn 7.4 ± 1.3 9.8 ± 0.7** 6.6 ± 1.1 7.3 ± 0.9
PtdIns 2.2 ± 0.1 2.0 ± 0.1* 2.1 ± 0.2 2.4 ± 0.6
PtdSer 5.8 ± 0.6 7.0 ± 0.5* 6.1 ± 0.4 7.2 ± 2.4
PtdCho 22.6 ± 0.7 21.7 ± 2.0 19.9 ± 2.5 21.6 ± 1.9
PlsCho 1.1 ± 0.2 0.9 ± 0.5 0.8 ± 0.3 0.8 ± 0.1
CerPCho 3.4 ± 0.4 3.2 ± 0.1 3.1 ± 0.1 3.6 ± 1.0
Total 52.6 ± 4.9 57.0 ± 3.3 49.2 ± 4.9 54.5 ± 4.3
aValues represent the mean ± SD in units of µmol·g brain−1 (n = 5). *P < 0.02;
**P < 0.01. PPARβ, peroxisomal proliferator-activated receptor β; PtdEtn,
phosphatidylethanolamine; PlsEtn, plasmenylethanolamine; PtdIns, phos-
phatidylinositol; PtdSer, phosphatidylserine; PtdCho, phosphatidylcholine;
PlsCho, plasmenylcholine; CerPCho, sphingomyelin.

TABLE 2
FA Levels of Brain PtdEtn in Control and PPARβ-null 
Male and Female Micea

Female Male

Control PPARβ-null Control PPARβ-null

16:0 2,199 ± 269 2,502 ± 255 2,133 ± 323 2,321 ± 399
18:0 8,865 ± 812 9,217 ± 730 7,658 ± 1,011 8,090 ± 1,440
18:1n-9 3,554 ± 867 4,669 ± 595* 3,406 ± 672 4,169 ± 906
18:2n-6 139 ± 18 176 ± 14** 145 ± 27 169 ± 37
18:3n-3 28 ± 2 43 ± 13* 47 ± 10 43 ± 12
20:1n-9 535 ± 202 781 ± 103* 583 ± 112 675 ± 128
20:3n-6 114 ± 13 124 ± 15 105 ± 28 105 ± 24
20:4n-6 3,056 ± 537 2,952 ± 379 1,785 ± 571 1,874 ± 626
22:6n-3 5,120 ± 846 5,174 ± 990 3,099 ± 1,239 3,210 ± 1,160
aValues represent the mean ± SD in units of nmol·g brain−1 (n = 5). *P < 0.05;
**P < 0.01. For abbreviations see Table 1.



fied FA in the plasmenylethanolamine and phosphatidylser-
ine phospholipids of female PPARβ-null mice. These changes
were associated with increased levels of 18:1n-9, 20:1n-9,
20:4n-6, and 22:5n-3 FA in plasmenylethanolamine (Table 3)
and increased levels of 18:0, 18:1n-9, 18:3n-6, 20:1n-9, and
20:4n-6 in phosphatidylserine (Table 5). A significant in-
crease in 18:1n-9 was also found in the phosphatidylserine
fraction of male PPARβ-null mice. Both female and male
PPARβ-null mice had significant increases in the level of
20:1n-9 in the phosphatidylinositol fraction (Table 4), despite

the fact that the female PPARβ-null mice had a 9% decrease
in the amount of this phospholipid. Analysis of the female
PPARβ-null mouse brain phosphatidylethanolamine fraction
also revealed significant increases in the levels of 18:1n-9,
18:n-6, 18:3n-6, and 20:1n-9 with no changes in the male
phosphatidylethanolamine fraction (Table 2) or the female
and male phosphatidylcholine, plasmenylcholine, and sphin-
gomyelin fractions (data not shown).

Brain cholesterol, TAG, and FFA. Analysis of brain neu-
tral lipids shows that the absence of a functional PPARβ did
not affect the levels of total brain cholesterol, TAG, FFA, or
the cholesterol to phospholipid ratio in both female and male
PPARβ-null mice (Table 7).

DISCUSSION

In this study we found that the female PPARβ-null mouse
brain, consistent with the constitutive phenotype, showed ele-
vated levels of plasmenylethanolamine and phosphatidylser-
ine and decreased levels of phosphatidylinositol. However,
no changes were found in the phospholipid content in the
male PPARβ-null mouse brain. Analysis of the esterified FA
content in the membrane phospholipids showed an overall
trend toward increased levels of esterified long-chain n-9 and
n-6 FA with a more pronounced phenotype being present in
the female null mouse. The PPARβ-null mouse phenotype
showed no changes in the levels of cellular cholesterol or
TAG in either female or male mice. 

These data suggest that PPARβ is involved in maintaining
FA and phospholipid levels in adult mouse brain that result in
distinct gender-related differences when PPARβ is disrupted.
Although the presence of gender-related differences in lipid
metabolism is not unusual, the molecular basis responsible for
this phenomenon is not completely understood. It is known that
circulating levels of estrogen can modulate the fasting activity
of both TAG lipase and neutral cholesteryl ester hydrolase ac-
tivity, alter lipoprotein metabolism at subcellular sites in the
liver, and increase the plasma clearance of LDL and HDL (16).
The hepatic uptake of long-chain FA from plasma is also nearly
twofold faster for females than males in both humans (17,18)
and rats (19–21) because of gender-related differences in intra-
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TABLE 3
FA Levels of Brain PlsEtn in Control and PPARβ-null 
Male and Female Micea

Female Male

Control PPARβ-null Control PPARβ-null

16:0 523 ± 144 487 ± 41 393 ± 47 443 ± 26
18:0 723 ± 213 603 ± 235 694 ± 166 748 ± 103
18:1n-9 2,029 ± 637 3,257 ± 886* 1,639 ± 378 1,794 ± 362
18:3n-3 22 ± 15 33 ± 19 33 ± 16 19 ± 13
20:1n-9 928 ± 441 1,640 ± 305* 917 ± 207 986 ± 183
20:3n-6 43 ± 40 85 ± 22 75 ± 22 60 ± 7
20:4n-6 742 ± 145 1,015 ± 241* 455 ± 178 412 ± 175
22:5n-3 632 ± 249 1,048 ± 275* 466 ± 251 351 ± 213
22:6n-3 1,420 ± 280 2,120 ± 695 895 ± 466 778 ± 429
aValues represent the mean ± SD in units of nmol·g brain−1 (n = 5). *P < 0.05.
For abbreviations see Table 1.

TABLE 4
FA Levels of Brain PtdIns in Control and PPARβ-null 
Male and Female Micea

Female Male

Control PPARβ-null Control PPARβ-null

16:0 187 ± 19 179 ± 8 158 ± 41 193 ± 35
18:0 1,123 ± 108 1,095 ± 87 939 ± 259 1,013 ± 147
18:1n-9 191 ± 15 196 ± 13 155 ± 40 210 ± 40
20:1n-9 10 ± 4 16 ± 3* 9 ± 4 16 ± 6*
20:4n-6 1,318 ± 140 1,327 ± 85 1,110 ± 297 1,080 ± 156
22:6n-3 188 ± 22 201 ± 23 161 ± 36 153 ± 29
aValues represent the mean ± SD in units of nmol·g brain−1 (n = 5). *P < 0.05.
For abbreviations see Table 1.

TABLE 5
FA Levels of Brain PtdSer in Control and PPARβ-null 
Male and Female Micea

Female Male

Control PPARβ-null Control PPARβ-null

16:0 251 ± 21 269 ± 38 256 ± 44 246 ± 16
18:0 5,981 ± 424 7,667 ± 1,125* 6,215 ± 1,060 6,350 ± 636
18:1n-9 2,600 ± 544 3,894 ± 489** 2,847 ± 585 3,429 ± 428*
18:2n-6 41 ± 6 44 ± 6 42 ± 5 51 ± 6
18:3n-3 47 ± 11 75 ± 12** 70 ± 15 70 ± 9
20:1n-9 227 ± 49 358 ± 55** 295 ± 53 308 ± 30
20:3n-6 54 ± 10 68 ± 15 63 ± 8 67 ± 8
20:4n-6 406 ± 46 544 ± 95* 383 ± 61 430 ± 65
22:6n-3 4,337 ± 439 4,974 ± 1,005 4,475 ± 696 3,870 ± 376
aValues represent the mean ± SD in units of nmol·g brain−1 (n = 5). *P < 0.05;
**P < 0.01. For abbreviations see Table 1.

TABLE 6
FA Levels of Brain CerPCho in Control and PPARβ-null 
Male and Female Micea

Female Male

Control PPARβ-null Control PPARβ-null

16:0 276 ± 75 257 ± 83 185 ± 14 247 ± 16**
18:0 1,799 ± 101 1,691 ± 116 1,360 ± 237 1,349 ± 194
18:1n-9 105 ± 17 85 ± 12 63 ± 6 92 ± 24*
20:0 41 ± 8 49 ± 5 38 ± 9 35 ± 6
22:0 44 ± 5 29 ± 11 45 ± 14 33 ± 9
24:0 37 ± 20 64 ± 19 51 ± 12 37 ± 13
24:1n-9 345 ± 144 473 ± 83 359 ± 96 344 ± 70
26:1n-9 44 ± 7 25 ± 11* 20 ± 6 13 ± 14
aValues represent the mean ± SD in units of nmol·g brain−1 (n = 5). *P < 0.05;
**P < 0.01. For abbreviations see Table 1.



cellular FA transport and binding proteins (22) and in the larger
sinusoidal volume (23). However, the metabolic rates for
[3H]palmitate utilization in female and male liver are similar,
as determined by using the traditional multiple-indicator dilu-
tion model to measure apparent influx, efflux, and cytoplasmic
diffusion constants (23). Thus, whereas the plasma clearance
rate of palmitate in female is faster, the rate of metabolism is
not. Therefore, the altered phospholipid and FA composition
found in the female PPARβ-null mouse may be due to both the
gender-related alterations in metabolism and a disruption in the
transport and utilization of brain FA.

Indeed, the altered brain FA and phospholipid composition
found in the PPARβ-null female mice can be the result of sev-
eral mechanisms. However, the presence of increased amounts
of esterified long-chain FA is indicative of either reduced oxida-
tion or increased metabolism. Increased levels of brain plas-
menylethanolamine, coupled with the fact that the first commit-
ted steps in ether phospholipid synthesis occur in the peroxi-
some, suggest that PPARβ may function to modulate the
enzymes involved in peroxisomal FA and acyl-CoA metabo-
lism (Fig. 1). Because the rate-limiting and committed step in
ether phospholipid metabolism is the formation of the fatty al-
cohol (24), accumulation of PUFA and acyl-CoA may indirectly
influence the levels of ether phospholipid by increasing the lev-
els of the committed substrate, fatty alcohol (Fig. 1). Although
FA transport may be affected in the female PPARβ-null mouse,
it is more likely that the increased levels of plasmenyl-
ethanolamine found in the female PPARβ-null mouse brain are
due to altered peroxisomal FA and acyl-CoA utilization.

In the female PPARβ-null mouse, there were multiple
changes in both brain phospholipid and esterified FA, which
suggest that PPARβ may play a role in maintaining membrane
structure and may influence bulk membrane dynamics. How-
ever, the cholesterol to phospholipid ratio, an indicator of
bulk membrane dynamic changes (25,26), in both female and
male PPARβ-null mice did not differ significantly from the
controls owing to the lack of significant differences in the lev-
els of total brain cholesterol and total brain phospholipid. Al-
though the female PPARβ-null mouse displayed multiple
changes in membrane phospholipid and FA content, gross
changes in membrane dynamics were not present. However,
the chain length and degree of saturation of esterified FA do
participate in membrane organization (27–29) and are impor-
tant in the proper function of membrane-bound protein (30).

Even though bulk membrane dynamic changes were not pres-
ent in the PPARβ-null mice, alterations in the FA composi-
tion could affect the physical properties of the membrane in
terms of the rate and range of acyl chain motion, lateral diffu-
sion of lipid and proteins, as well as alterations in
protein–lipid interactions (25,31). The increased levels of es-
terified n-9 and n-6 FA in the PPARβ-null mice, despite a lack
of bulk membrane dynamic changes, can alter the membrane
phase transition and hence influence brain function. 

In this regard, the displacement of acylated proteins from
membrane rafts, which are specialized regions within the
plasma membrane that contain high levels of plas-
menylethanolamine, phosphatidylserine, and phosphatidyl-
inositol and are important to intracellular signaling and vesic-
ular trafficking (32–35), are dependent on phospholipid and
FA composition (33,36). The formation of these lipid rafts is
also involved in signal transduction and is thought to influ-
ence the turnover of inositol-containing phospholipids (37).
Therefore, alteration in the phospholipid and FA composition
of lipid rafts not only can influence protein–lipid interactions
but also may influence the turnover of inositol-containing
phospholipid. Therefore, the increase in 20:1n-9 in phospha-
tidylinositol despite its overall decrease in brain may be a re-
sult of changes in the turnover rate of inositol-containing
phospholipid due to altered membrane dynamics and, indi-
rectly, to the loss of PPARβ function.

These data suggest that PPARβ is involved in maintaining
FA and phospholipid levels in adult mouse brain that result in
distinct gender-related differences when PPARβ is disrupted.
The alterations in the levels of brain plasmenylethanolamine
and the changes in esterified FA composition provide strong
evidence of a role for PPARβ in brain peroxisomal acyl-CoA
utilization. However, further studies are needed to identify
target genes of PPARβ, how they regulate the gender-related
lipid changes found in PPARβ-null mice, the influence
PPARβ has on peroxisomal acyl-CoA utilization, and its ef-
fect on ether phospholipid metabolism in the brain. 
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ABSTRACT: We previously showed that a 48-h intravenous lipid
infusion in rats induces pancreatic β-cell hypersensitivity to cate-
cholamines. Our aim was to study the lipid-related changes that
may account for such hypersensitivity in pancreatic islets. We
show here that a 48-h increase in plasma FFA alters the binding
characteristics of β-cell α2 adrenoceptors in rats. Lipid infusion de-
creases pancreatic norepinephrine (NE) turnover rate by 28%, re-
flecting a reduction of pancreatic NE stores. Following lipid infu-
sion, the density of α2 adrenoceptor binding sites is significantly
lower and receptor affinity higher, both in islet homogenates (by
three- and fivefold, respectively) and isolated whole β-cells (by
two- and sixfold, respectively). These changes correlate with the
elevated insulin response to glucose found in lipid-infused rats.
We also found a modification of islet phospholipid content, par-
ticularly in phosphoethanolamine species containing infused FA
such as palmitate, oleate, stearate, and linoleate. This may account
for the modifications in receptor affinity. These results suggest that
hyperlipidemia-associated pathologies such as diabetes and obe-
sity not only may result from alterations of metabolic pathways
but also may be a consequence of early modifications in nervous
firing rates and signal transduction pathways.

Paper no. L8993 in Lipids 37, 501–506 (May 2002).

Among the many signals modulating islet insulin response to
glucose, the autonomic nervous system plays a determinant
role (reviewed in Refs. 1,2). Acetylcholine, released by para-
sympathetic neurons, has a potentiating effect on glucose-in-
duced insulin secretion (GIIS), as opposed to the inhibiting ef-
fect of the sympathetic neurotransmitter, norepinephrine (NE)
(3). In a previous study, we showed that a 48-h increase in
plasma FFA concentration in rats lowers sympathetic nervous
activity and leads to increased β-cell responsiveness to glucose
with no concomitant alteration of either basal glycemia or in-
sulinemia (4). Changes in sympathetic activity have been asso-
ciated with dyslipidemia in both humans (5–7) and rats (8,9).

Taken together, these results suggest that the sympathetic ner-
vous system may have a determinant role in lipid-associated
metabolic diseases such as type 2 diabetes and obesity.

In both rats and humans, catecholaminergic inhibition of in-
sulin secretion is mediated by α2A adrenergic receptors (3),
which are the predominant forms of β-cell adrenoceptors. Para-
doxically, we found that β-cell sensitivity to oxymetazoline, a
relatively selective α2A-adrenoceptor agonist, was elevated by
lipid infusion (4). Thus, the aim of our study was to identify
the mechanisms implicated in this β-cell hypersensitivity. We
show here that hyperlipidemia alters the binding characteristics
of β-cell α2 adrenoceptors; the density of α2 adrenoceptor
binding sites is significantly lowered and receptor affinity is in-
creased after lipid infusion. As there is no difference in mRNA
levels, the reduced number of receptors may result from lipid-
related posttranslational modifications. The changes in islet
phospholipid composition and in pancreatic NE content may
account for the higher receptor affinity. These results suggest
that hyperlipidemia-associated pathologies such as diabetes
and obesity not only may result from alterations of metabolic
pathways but also may be a consequence of early modifications
in nervous firing rates and signal transduction pathways.

EXPERIMENTAL PROCEDURES

Animal experiments. All rats were treated in accordance with
the European Community guidelines, and the experimenta-
tion was approved by our local institution. Male Wistar rats
weighing 240–270 g were used. They were allowed free ac-
cess to standard laboratory chow pellets (UAR, Villemoisson-
sur-Orge, France) and water. 

Operations were performed under pentobarbital anesthesia
(50 mg/kg intraperitoneally; Sanofi, Libourne, France). For in-
travenous infusion, a catheter was implanted in the right
atrium via the jugular vein. Rats were infused either with a
20% TG emulsion (Intralipid KabiVitrum 2,000 kcal/L, Stock-
holm, Sweden) mixed with heparin 20 U/mL (IL rats) or with
a saline/heparin solution as described previously (4). The per-
centage composition of the 20% Intralipid emulsion was: 10
palmitate, 4 stearate, 23 oleate, 53 linoleate, and 8 linolenate.

Hormone and substrate concentrations. Blood samples
obtained from caudal vessels were used for measurement of
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substrate (FFA, TG, glucose) and insulin concentrations. Glu-
cose was measured using a glucose monitor (Roche Diagnos-
tic, Meylan, France). Enzymatic assay kits were used to deter-
mine plasma FFA (NEFA C; Wako Chemical, Marburg, Ger-
many) and TG and glycerol concentrations (Boehringer
Mannheim Biochemica, Mannheim, Germany). Insulin was
measured by radioimmunoassay (DiaSorin, Antony, France).
Plasma and organ NE levels were determined by HPLC with
C18 reversed-phase material (150 × 2 mm Beckman column
packed with Ultrasphere ODS C (Beckman/Altex, San Anto-
nio, TX; 18.5 µm average particle size) and electrochemical
detection (Kontron 402) after alumina extraction. Calibration
curves were made with spiked plasma or homogenate. Recov-
eries were calculated on the basis of peak heights measured
by an integrator (Shimadzu System, Yakanike, Japan).

In vivo GIIS studies. After 48 h of infusion, a single injec-
tion of glucose (0.5 mg/kg) was administered in rats via the in-
tracardiac catheter. Blood samples were collected before and 1,
3, 5, 10, 15, 20, and 30 min after glucose injection. Plasma was
obtained after centrifugation, and glucose concentration was
immediately determined using a glucose monitor (Boehringer).
The remaining plasma was stored at −20°C until insulin assay.

Pancreatic NE turnover. We used the synthesis inhibition
method by Brodie et al. (10). Two hours after lights on, rats
were injected with α-methyl-DL-p-tyrosine, a tyrosine hy-
droxylase inhibitor (250 mg/kg i.p.; Sigma Chemical). Three
hours after injection, one group of rats (T3h) was killed, and
the pancreata were rapidly removed and frozen in liquid nitro-
gen. The other group (T6h) received an additional 125 mg/kg
i.p. of α-methyl-DL-p-tyrosine. These rats were killed 3 h later
and the pancreata were also removed and frozen. Rats from a
third group (T0h) were not injected with the inhibitor, and they
were killed at the beginning of the experiment.

Pancreatic islet and β-cell isolation. Islets of Langerhans
were isolated after collagenase digestion of the pancreas as pre-
viously described (11). For cellular dissociation, the isolated
islets were pooled in 15 mL chelation saline buffer (PBS, 5 mM
EGTA) and incubated for 5–6 min at 37°C in buffer supple-
mented with 0.1 mg/mL trypsin (Difco, Draveil, France), with
occasional mixing with a Pasteur pipette. The digestion was
stopped by adding cold KRBH buffer (Krebs-Ringer-bicarbon-
ate-Hepes; 140 mM NaCl, 3.6 mM KCl, 0.5 mM NaH2PO4, 0.5
mM MgSO4, 2 mM NaHCO3, 1.5 mM CaCl2, 10 mM Hepes,
5.6 mM glucose, 0.5% BSA). The isolated islet cells were
washed twice in cold KRBH buffer. This procedure yielded on
average 0.5 × 106 islet cells per pancreas. Islets and sorted β-cells
were used either for binding experiments or for RNA extraction.

Fluorescence-activated cell sorting (FACS). Islet cells were
sorted using a FACSTAR Plus (Becton Dickinson, San Jose,
CA). An argon laser (model 163, Spectra Physics, Mountain
View, CA) illuminated the cells at 488 nm. An interference fil-
ter detected the light emitted at 510–540 nm, which was taken
as the flavin adenine nucleotide (FAD) cell content. The dis-
crimination between β-cells and non-β-cells was done using
autofluorescence for FAD (FL-1) and cell size (forward size
scatter). β-Cells displayed a 50% higher FAD content (12) and

were 50% larger (13) than non-β-cells. Cell sorting was done
using Normal-R mode, ensuring 90% purity with a 2 drop-en-
velope. The quality of the sorting was verified by a subsequent
cell FACS analysis of a sample of the purified cells.

Radioligand binding studies. α2-Adrenergic receptors were
quantified by radioligand binding using [3H]RX821002 [2-(2-
methoxy-1,4-benzodioxan-2-yl)-2-imidazoline; 59 Ci/mmol;
Amersham, Saclay, France], a benzodioxane derivative that ex-
hibits high affinity for α2-adrenergic receptors, either on
freshly isolated and sonicated islets of Langerhans or on whole
pancreatic β-cells. In the first case, 600 to 800 freshly isolated
islets were resuspended in 2.6 mL of TM buffer (50 mM Tris-
HCl, 5 mM MgCl2, pH 7.5), and sonicated for 5 s. Total bind-
ing was measured by incubating 75 to 100 µg of islet ho-
mogenate proteins [as determined by the method of Lowry
et al. (14)] with increasing concentrations of [3H]RX821002,
in a total volume of 400 µL of TM buffer. After a 1-h incuba-
tion at 25°C, bound radioligand was separated from free radi-
oligand by rapid filtration over glass fiber filters (Millipore)
under vacuum and was measured in a Packard Tri-Carb 460C
liquid scintillation system. Nonspecific binding was measured
using 10−4 M epinephrine (Sigma). On whole pancreatic β-
cells, the study was carried out as above, with 20,000 to 30,000
cells per tube and 2 h incubation at 4°C. Data from binding ex-
periments were analyzed using a nonlinear curve-fitting Graph-
Pad Prism® program (GraphPad Software, San Diego, CA).

Competitive standard RNA synthesis for quantitative PCR.
For a precise quantitation of α2A adrenoceptor RNA, we syn-
thesized a 219 bp standard RNA containing the same se-
quence as the rat α2A adrenoceptor RNA from positions 196
to 396, plus a 3′ end constituted of the 487 to 506 α2A adreno-
ceptor RNA sequence. Hence, the standard RNA has the
same, but shorter, sequence as the target RNA and can still be
amplified with the same primers. Total cellular RNA (250 ng)
was reverse-transcribed and amplified using One-Step RT-
PCR Kit (Qiagen, Courtaboeuf, France) with the following
primers: 5′-AAT TCT AAT ACG ACT CAC TAT AGG GAG
AAG CGC CCC AGA ACC TCT TCC T-3′ (forward) and 5′-
AGT GGC GGG AAG GAG ATG ACG TAG CGG TCA
AGG CTG ATG G-3′ (reverse). Forty microliters of the
248bp cDNA PCR product was transcribed in vitro in a 100-
µL reaction volume and incubated for 2 h at 37°C, using T7
RNA polymerase according to the manufacturer's instructions
(Roche-Boehringer Mannheim, Mannheim, Germany). At the
end of the reaction, T7 RNA polymerase was heat-inactivated
(5 min, 65°C), and the transcription product was treated with
100 U of DNase I–RNase free for 15 min at 37°C. Standard
RNA was purified using Qiagen’s RNeasy® Mini Kit, with an
on-column DNase digestion. Standard RNA solution was
tested for contamination by cDNA in a PCR assay.

Reverse transcription-PCR (RT-PCR) assay. Total cellular
RNA from frozen cells were extracted using the method of
Chomczynski and Sacchi (15). The primers used for the α2A
adrenergic receptor subtype were chosen as described in 
(16): 5′-GCG CCC CAG AAC CTC TTC CT-3′ (forward) and
5′-AGT GGC GGG AAG GAG ATG AC-3′ (reverse) and
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provided amplification of a 311-bp fragment, from positions
196 to 506. In each reaction, 200 ng of total cellular RNA was
co-reverse transcribed and amplified with 105 to 108 standard
RNA molecules in a single reaction using One-Step RT-PCR
Kit (Qiagen) including a hot start PCR, in 27 cycles of 1 min
denaturation at 94°C, 1 min annealing at 60°C, and 1 min ex-
tension at 72°C. Negative controls were performed by omitting
RNA from the RT-PCR reaction. Band intensities were quanti-
fied by densitometry using National Institutes of Health Image
software. The logarithmic value of the ratio of standard RNA to
α2A adrenergic receptor RNA was plotted against the logarith-
mic value of standard RNA molecule number. Thus, an equimo-
lar point was determined where the starting number of α2A
adrenergic receptor RNA equaled the starting number of stan-
dard RNA molecules (logarithmic value of the ratio equals 0).

Electrospray ionization (ESI) MS. ESI/MS analyses were
performed on a Finnigan (San Jose, CA) TSQ-7000 triple stage
quadrupole mass spectrometer equipped with an electrospray
ion source and controlled by Finnigan ICIS software operated
on a DEC alpha station (computer). Phospholipids were dis-
solved in methanol/chloroform (9:1, vol/vol) at final concen-
trations of about 1–5 pmol/µL. To facilitate formation of an-
ionic species for negative ion analyses and to form lithiated
adducts of PC for positive ion analyses, methanolic LiOH (0.1
µm/µL) was added to a final concentration of 2–5 nmol/µL
(17,18). Samples were infused (1 µL/min) into the ESI source
with a Harvard syringe pump. The electrospray needle and the
skimmer were at ground potential, and the electrospray cham-
ber and the entrance of the glass capillary were at 4.5 kV. The
heated capillary temperature was 250°C. For collisionally acti-
vated dissociation and tandem MS, precursor ions were se-
lected in the first quadrupole (Q1) and collided with Ar (2.3
mtorr) in the rf (radio frequency)-only second quadrupole (Q2)
using a collision energy of 30–35 eV, and mass-analyzed in the
third quadrupole (Q3). Both the Q1 and Q3 were tuned to unit
resolution, and the mass spectra were obtained in the profile
mode. Typically, a 1-min period of signal averaging was em-
ployed for scanned spectra, and 1 to 10 min was employed for
tandem mass spectra. The product-ion spectra of the [M + Li]+

ion of PC and the [M − H]− ions of PE and PI were used for the
structural assignments of the phospholipid species (19,20).

Statistics. Results are given as means ± SEM. Statistical analy-
ses were performed using ANOVA. Results from binding experi-
ments were statistically analyzed using the Mann–Whitney U test.

RESULTS

Plasma FFA, TG, glycerol, and catecholamine concentrations.
As shown in Table 1, after a 48-h intravenous lipid infusion,
there was a fourfold increase in plasma FFA concentration as
well as a twofold increase in plasma glycerol. As heparin was
infused with the intralipid emulsion, thus stimulating lipopro-
tein-lipase activity, the level of TG remained similar to that of
control rats throughout the lipid infusion. There was a 60% re-
duction in plasma NE in IL rats as compared to control rats.
Plasma glucose and insulin were similar in all rats.

Effect of lipid infusion on in vivo GIIS. The in vivo time
course of plasma insulin concentrations are depicted in Figure 1.
At time 0, plasma insulin was similar in both groups. After glu-
cose injection, insulin level was significantly higher at all time
points in lipid-infused compared to control rats. Changes in glu-
cose concentration were similar in both groups (data not shown).

Pancreatic NE turnover. We found a significant reduction
of the endogenous pancreatic stores (control: 419 ± 3 ng; IL:
293 ± 4 ng; Table 2) as well as a 28% decrease in turnover
rate of NE in the pancreas of IL rats as compared to control
rats (control: 63.2 ± 0.5 ng/h; IL: 45.5 ± 0.6 ng/h), with no
significant changes in NE half-life. 

Islet and β-cell α2 adrenoceptor binding characteristics.
The 48-h intravenous lipid infusion resulted in a threefold de-
crease in sonicated islet α2 adrenoceptor number (control:
38.8 ± 7.6 fmol/mg of proteins vs. 13.9 ± 2.2 fmol/mg of pro-
teins in IL rats; Fig. 2A) and a twofold decrease in whole β-
cell binding sites number (control: 112.3 ± 26.8 fmol/106

cells; IL: 61.3 ± 10.9 fmol/106 cells; Fig. 3A). The dissocia-
tion constant (Kd) is significantly reduced in IL rats compared
to controls, thus reflecting a higher affinity, as measured on
islet homogenates (control: 2.53 ± 0.41 nM; IL: 0.51 ± 0.19
nM; Fig. 2B) as well as on whole isolated β-cells (control:
1.22 ± 0.37 nM; IL: 0.24 ± 0.08 nM; Fig. 3B).

β-Cell α2A adrenoceptor mRNA concentration. Using
competitive quantitative RT-PCR, we found no difference in
the concentration of α2A adrenoceptor mRNA between IL and
control rats (data not shown). 
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TABLE 1
Time Course of Plasma TG, FFA, Glycerol, and NE Concentrations
During Lipid Intravenous Infusiona

Infusion time (h)

0 24 48

TG (mg/L) 0.92 ± 0.11 1.04 ± 0.16 1.10 ± 0.31
FFA (µM) 311 ± 35 1012 ± 173** 1222 ± 119**
Glycerol (µM) 0.32 ± 0.06 0.61 ± 0.10** 0.68 ± 0.29**
NE (ng/L) 1.53 ± 0.12 1.17 ± 0.10* 0.63 ± 0.07**
aValues are mean ± SEM. *P < 0.05; **P < 0.01, significantly different from
time 0. NE, norepinephrine.

FIG 1. Time course of plasma insulin during glucose-induced insulin
secretion after intravenous lipid infusion. Control rats (●●) and IL (●)
rats. Values are mean ± SEM. ***P < 0.001, significantly different from
control rats. IL, Intralipid-infused, where IL is supplied by KabiVitrum
(Stockholm, Sweden).



Islet phospholipid composition. There was no significant
difference in PC and PI relative intensities in islets of IL rats
compared to controls (data not shown). In PE species, we
found a significant 47% elevation in the relative intensity of
palmitoyl-oleoyl-PE (POPE: 16:0/18:1 and 18:1/16:0; con-
trol rats: 8.8 ± 1.3%; IL rats: 16.5 ± 1.3%, Fig. 4) and a 28%
increase in stearyl-linoleyl-PE (18:0/18:2; control rats: 24 ±
0.9%; IL rats: 33.5 ± 3.2%, Fig. 4).

DISCUSSION

Our aim was to understand how lipids induced islet cate-
cholamine hypersensitivity. In this study, we report that a 

48-h increase in plasma FFA alters the binding characteristics
of β-cell α2 adrenoceptors.

We confirmed that a 48-h lipid infusion leads to an in-
creased GIIS (4). We had previously established that this was
partly the result of a reduced sympathetic nervous activity, as
measured at the cervical sympathetic ganglion level (4). Con-
sequently, plasma NE concentrations were significantly lower
in IL rats, reflecting changes in global sympathetic nervous
activity. To assess local changes in sympathetic firing rates,
we measured pancreatic NE turnover rate and found a 28% re-
duction following lipid infusion. Thus, the attenuation in sym-
pathetic activity was also found at the level of the pancreas,
concordant with the increased GIIS in IL rats (4). A similar re-
duction in pancreatic NE turnover was described in diet-
induced and genetically obese rats (8,21–23), suggesting that
changes in pancreatic catecholamine content may therefore be
a consequence of the main metabolic abnormality related to
obesity, i.e., chronic elevation of plasma FFA concentration. 

Using radioligand binding assay, we showed that hyper-
lipidemia induced a fivefold decrease in β-cell α2 adrenocep-
tor dissociation constant (Kd), reflecting an enhanced affinity
for the radioligand. Because α2A adrenoceptors are the pre-
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TABLE 2
Pancreatic NE Levels (NE0), Fractional Turnover Constants (k), 
and Turnover Ratesa (TR)

NE0 (ng) k (h−1) TR (ng/h)

Control 419 ± 3 0.151 63.2 ± 0.5
IL 293 ± 4** 0.156 45.5 ± 0.6**
aValues are mean ± SEM. **P < 0.01, significantly different from control rats.
IL, Intralipid-infused rats. Intralipid source: KabiVitrum (Stockholm, Sweden).

FIG. 2. Islet α2 adrenoceptor characteristics after intravenous lipid infusion. (A) Maximal binding; (B) dissociation constant (Kd); (C) Scatchard rep-
resentation: control (C) rats (●●) and IL rats (●). Values are mean ± SEM. *P < 0.05; **P < 0.01, significantly different from control rats.
[3H]RX821002, a benzodioxane derivative that exhibits high affinity for α2-adrenergic receptors; for other abbreviation see Figure 1.

FIG. 3. β-Cell α2 adrenoceptor characteristics after intravenous lipid infusion. (A) Maximal binding; (B) dissociation constant (Kd); (C) Scatchard repre-
sentation: C rats (●●) and IL rats (●). Values are mean ± SEM. *P < 0.05, significantly different from control rats. For abbreviations see Figures 1 and 2.



dominant form of β-cell α2 adrenoceptors, this result could
also account for the islet hypersensitivity to oxymetazoline in
IL rats (4). Other studies have demonstrated that hyperlipid-
emia is associated with a higher adrenoceptor sensitivity (24).
The lower pancreatic NE stores may account for the higher β-
cell α2A adrenoceptor affinity in IL rats, since ligand deple-
tion stabilizes high-affinity forms of the receptor, as shown in
ventromedial hypothalamic nucleus-lesioned rats (25). How-
ever, we cannot exclude a direct effect of FFA on the pancre-
atic β-cell, as shown in other cell types (24). High extracellu-
lar lipid levels can alter the FA profile of membranes, chang-
ing membrane fluidity, as shown both in vivo (26) and in vitro
(27). It is established that changes in receptor lipid environ-
ment change G-protein-coupled receptor ligand affinity (28),
and this may be enhanced in adrenoceptors where the ligand
binding site is a hydrophobic region located inside the plasma
membrane. Our evidence suggests that intravenous lipid infu-
sion changes islet phospholipid content. Particularly, we found
an increase in phosphoethanolamine species containing in-
fused FA such as palmitate (10% of the infused emulsion),
oleate (23%), stearate (4%), and linoleate (53%). Such
changes may be partly responsible for the increased β-cells’
α2A adrenoceptor affinity in hyperlipidemic rats.

Another important result in our study is the threefold de-
crease in the number of islet α2 adrenoceptor binding sites in
IL rats, as compared to controls. The α2A adrenoceptor being
the predominant α2 subtype in pancreatic β-cells (29), these
changes likely reflect modifications in islet α2A adrenoceptors.
We measured α2 adrenoceptor binding sites on whole β-cells
and found a similar decrease. The lower number of α2A
adrenoceptors was particularly surprising considering the re-
duction in pancreatic NE content in these rats, which, in nor-
mal physiological states, is coupled to an upregulation of
adrenoceptors (30). However, several other studies have de-
scribed a similar defect in α2 adrenoceptor regulation in re-
sponse to NE release in obesity-related states (21,31,32). Par-

ticularly, Levin (21,31) found that in hypothalamic nuclei of
obesity-prone rats, both α2 adrenoceptor number and NE turn-
over were decreased when compared to obesity-resistant rats.

The α2A adrenoceptor mRNA concentration in isolated β-
cells is not attenuated in IL rats, as shown using quantitative
competitive RT-PCR. Thus, we conclude that lipids affect islet
adrenoceptor density by acting at the posttranslational level.
One hypothesis is receptor palmitoylation, which is a dynamic
process regulating α2A adrenoceptor function (33). In favor of
this hypothesis, we found that IL rat islets display a higher islet
POPE content, reflecting a greater palmitate availability for
receptor palmitoylation. α2A adrenoceptors contain a potential
site for palmitoylation, i.e., Cys 442, in the carboxyterminal
region. It is now established that α2A adrenoceptor downregu-
lation is palmitoylation-dependent (34). Receptor downregu-
lation may thus occur in reponse to lower catecholamine lev-
els than in controls, resulting in a reduced α2A adrenoreceptor
number with no concomitant increase in NE pancreatic con-
tent. These results, although preliminary, suggest that hyper-
lipidemia may alter β-cell signal transduction pathways, ex-
plaining the defective islet response to regulators such as NE,
as described in other hyperlipidemic models (21,31).

Lower pancreatic sympathetic output and α2A adrenorecep-
tor number may account for enhanced GIIS in IL rats. In addi-
tion, the higher α2A adrenoceptor affinity may explain the pan-
creatic hypersensitivity to oxymetazoline. As shown in hu-
mans in the very early stages of obesity, sympathetic tone is
low and, as reported here, may be associated with islet hyper-
sensitivity to catecholamine (35). Later, if the sympathetic
tone were to increase, as is the case in obese individuals, such
a hypersensitivity would become deleterious for pancreatic
function and would account for the abnormal GIIS in obese,
prediabetic subjects. The lipid-related changes in islet cate-
cholamine receptor and metabolism reported here provide new
insights into the perturbations of islet responsiveness to glu-
cose due to chronic elevation of FFA concentration.
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FIG. 4. Islet phospholipid composition after intravenous infusion. Percentage of relative inten-
sity of m/z 700 (16:0/18:1 and 18:1/16:0) and 742 (18:0/18:2) PE species in isolated islets from
C (open bars) and IL rats (solid bars). Values are mean ± SEM. *P < 0.05, **P < 0.01, signifi-
cantly different from controls.
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ABSTRACT: Separation of phospholipid classes in lipid extracts
from the scallop Pecten maximus, the Pacific oyster Crassostrea
gigas, and the blue mussel Mytilus edulis was conducted using
HPLC. An isolated polar lipid fraction was found to contain a very
high level of DHA, up to 80 mol% of the total FA. MS with elec-
trospray ionization in the positive-ion mode, tandem MS (MS-MS)
and multidimensional NMR spectroscopy were used to analyze
the detailed chemical structure of this polar lipid fraction. The
isolated fraction contained exclusively cardiolipin (CL) mole-
cules, predominantly in a form with four docosahexaenoyl chains
(Do4CL). To the best of our knowledge, this is the first time that
such a CL form has been analytically characterized and described
in these three bivalve species. This tetradocosahexaenoic CL is
presumed to reflect a specific adaptation in bivalves that en-
hances the structural and functional mechanisms of biomem-
branes in response to variations in environmental conditions
(temperature, salinity, emersion).

Paper no. L8989 in Lipids 37, 507–514 (May 2002).

In a previous study, we described a polar lipid fraction con-
taining a high amount of DHA (22:6n-3) ester residue from
the scallop Pecten maximus (1). By analyzing the polar lipid
composition of larvae and male and female gonads of P. max-
imus, the specific composition of this fraction was confirmed
(2–4). It was also demonstrated that though the 22:6n-3 level
changed slightly with dietary modification (2,3), the overall

22:6n-3 FA molar percentage was maintained between 60 and
90 mol% of the total FA of the fraction. However, based on
the retention times of standards obtained from the HPLC, the
isolated fraction, initially designated as GLY, was not directly
related to any of the less common phospholipid classes [PA,
phosphatidylglycerol (PG); cardiolipin (CL), and glycolipids]
that eluted nearby (1). Furthermore, attempts using HPLC and
high-performance TLC (HPTLC), methods commonly uti-
lized for lipid identification (5,6), produced contradictory re-
sults and failed to clearly identify this DHA-rich lipid class.
As this point, we propose two hypotheses: (i) marine bivalves
contain an unidentified polar lipid class, and (ii) the high
DHA content of this lipid class changes the chromatographic
retention time, thus leading to a previous mistaken identifica-
tion. To clearly elucidate the molecular structure of this com-
pound, further purification and use of conventional spectro-
scopic methods are required. MS is usually used in combination
with NMR spectroscopy to determine molecular structure of
purified unknown compounds (7,8). The recent development
of “soft” ionization techniques for MS, such as electrospray
ionization (ESI), provides the advantage of characterizing a
wider variety of biological compounds including phospho-
lipids (9,10). Particularly, the negative-ion mode ESI−/MS
system gives information about the molecular weight of the
acyl constituents (10). Additionally, the positive-ion mode
ESI+/MS is known to provide more information on the nature
of the glycerol backbone (9). NMR has also been proven to
be a valuable additional approach for the determination of
structure and configuration of the core of some glycolipids
and phospholipids (11,12). The present paper reports (i) the
isolation and characterization of a previously described DHA-
rich lipid fraction employing HPLC, HPTLC, and GC, and
(ii) the determination of the structure and purity of this DHA-
rich compound by the combination of ESI+/MS and
ESI+/tandem MS (ESI+/MS-MS) in the positive-ion mode
with NMR. The putative functions of this phospholipid in ma-
rine bivalves are also discussed.

MATERIALS AND METHODS

Materials. Mammalian CL standard (MamCL) [CL from
bovine heart, with four linoleoyl chains (L4CL) content
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>98%, sodium salt]; phosphatidic acids [di-oleic (O2PA) and
di-palmitic (P2PA)]; phosphatidylglycerols (PG) [stearic-ara-
chidonic (SAPG) and dimyristic (M2PG)]; glycolipid stan-
dards [monogalactosyldiacylglycerols (MGDG) and digalac-
tosyldiacylglycerols (DGDG) (from whole wheat flour)] and
PE (from bovine brain) were obtained from Sigma (St.
Quentin Fallavier, France). CL standards (sodium salts) with
four oleoyl (O4CL) and four myristoyl chains (M4CL) were
obtained from Avanti Polar Lipids (Alabaster, AL) Boron tri-
fluoride (BF3, 10% by wt in methanol) was obtained from Su-
pelco (St. Quentin Fallavier, France). Other described reagents
and solvents were purchased from Merck (Darmstadt, Ger-
many).

Sample preparation and lipid extraction. Adult P. maximus
scallops were collected from the Bay of Brest in September
2000. The muscles of 10 individual scallops were removed and
homogenized with a Dangoumeau homogenizer at −180°C.
Lipid extraction was conducted on muscle homogenates ac-
cording to the method described by Folch et al. (13). The or-
ganic phase containing total lipids was washed twice by addi-
tion of methanol/water as described by Nelson (14). Then 0.01
wt% BHT (antioxidant) was added, and the extract was stored
at −20°C under nitrogen. Total lipids were also extracted from
whole body tissues of Pacific oyster (Crassostrea gigas) and
blue mussel (Mytilus edulis) as indicated above (four individu-
als of each species collected from the Bay of Best in Septem-
ber 2000, were pooled and homogenized).

Separation of polar lipids by 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 sil-
ica gel microcolumn [30 × 5 mm i.d., packed with Kieselgel
60 (70–230 mesh, Merck) previously heated at 450°C and de-
activated with 5 wt% H2O] (15). Neutral lipids were eluted
with 10 mL of CHCl3/MeOH (98:2, vol/vol). The polar lipid
fraction was recovered with 15 mL of MeOH and stored at
−20°C for later phospholipid class separation by HPLC and
FA composition analysis by GC. 

Isolation of DHA-rich CL fraction (DorCL) by silica gel
liquid chromatography (LC) column. To obtain high quanti-
ties of the DorCL fraction, an aliquot of P. maximus muscle
lipid extract was evaporated to dryness, recovered with three
washings of 1 mL of CHCl3/MeOH (98:2, vol/vol), and de-
posited at the top of a silica gel column (40 × 25 mm i.d.,
same packing as the one described above). The neutral lipids
were first eluted with 160 mL of CHCl3/MeOH (98:2,
vol/vol), and then 160 mL of acetone was passed through the
column to elute glycolipids. The DorCL fraction was recov-
ered by rinsing the column with 160 mL of CHCl3/MeOH
(90:10, vol/vol). An aliquot of this isolated fraction was taken
to determine the purity by HPLC and GC. The rest was fur-
ther analyzed using NMR and MS. 

Separation of phospholipid classes and FA analysis. Sepa-
ration of the phospholipid classes was achieved, based on the
method previously described (1), on a Waters (Milford, MA)
HPLC system (UV detection at 206 nm). For a better identifi-

cation within the low-polarity phospholipid area, this method
was modified as follows. Only the diol column (OH-bound sil-
ica gel column, Lichrosorb Diol 5 µm, 250 × 4 mm i.d.; Merck)
was employed, and a binary mobile phase was used. A linear
gradient of 15 min was performed from 100% solvent A (ace-
tonitrile) to an 8:2 ratio of solvent A and solvent B (acetoni-
trile/methanol/phosphoric acid, 93:5:1.5, by vol). This solvent
ratio was maintained for 5 min, and followed by a linear gradi-
ent to 100% solvent B in 10 min. The column was maintained
on solvent B for 30 min, and then switched to 100% solvent A
during 15 min to reactivate the column. Solvent flow rate was
1 mL/min. The DorCL fraction was identified, collected, and
analyzed for FA composition using GC after transesterification
(MeOH/BF3) (4).

Characterization of DorCL isolated from LC by HPTLC.
HPTLC (Silica gel 60, 10 × 10 cm; Merck) was pre-run with a
mixture of hexane/diethyl ether (1:1, vol/vol). The plate was then
dried and activated for 1 h at 160°C. First, the isolated DorCL
fraction and phospholipid standards (SAPG, MamCL, PE,
DGDG, and MGDG) were dissolved in chloroform/
methanol (2:1, vol/vol), then deposited in separate lanes of the
plate and developed with the solvent system methyl acetate/iso-
propanol/chloroform/methanol/3 M KCl (10:10:10:4:3.6, by
vol). Second, to evidence the possible influence of the FA chain
unsaturation on the chromatographic behaviors of CL and PG,
equivalent concentrations of DorCL and lipid standards (M4CL,
O4CL, MamCL, SAPG, M2PG) were converted into a single salt
form by dissolving them, in a solution of chloroform/methanol/1
M CaCl2 (65:25:3 by vol), before spotting them onto HPTLC
plates. This approach eliminated the influence due to the cations
with which acidic phospholipids are associated (5). Then they
were developed using a solvent system containing the same
cation (chloroform/methanol/0.5 M CaCl2; 65:40:4, by vol) to
prevent any ion exchange during chromatography (5). To visual-
ize the lipid bands, HPTLC plates were charred 20 min at 160°C
after dipping in a solution containing 8% (by vol) orthophos-
phoric acid and 3% (by wt) cupric sulfate.

ESI-MS. ESI-MS analyses were performed on a high-reso-
lution tandem mass spectrometer ZABSpec TOF (Micromass,
Manchester, United Kingdom) with an EBE time of flight
(TOF) geometry equipped with a micro-ESI source. High-res-
olution masses were obtained from ions of a known internal
standard, polyethyleneglycol, added to the sample before in-
jection. Mass measurement accuracy was usually less than 5
ppm. Mass spectra were obtained in the positive mode over
the m/z range of 100 to 3,000 (ESI accelerating potential: +
4.0 kV). All samples were dissolved in chloroform/methanol
(1:1, vol/vol). This solvent mixture was found to give stable
electrospray conditions and optimal parent quasi-molecular
ion peaks. Samples were then continuously injected into the
system at a flow rate of 10 µL/min (0.3 µL/min in nanospray
mode) by a syringe pump. MS/MS of cardiolipins after ESI
was obtained by passage of the mass-selected precursor ion
in the TOF analyzer. Kinetic energy of ions before collision
was 500 eV, and dissociation was induced through collision
activation with methane gas.
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NMR spectroscopy. All NMR analyzes were conducted on
a Bruker DRX-500 Avance Spectrometer (Wissembourg,
France) equipped with a triple inverse 5-mm 1H/{BB}/13C
gradient probehead. The probe temperature was 298°K. Prior
to analysis, lipid samples (DorCL and standards) were dis-
solved in CDCl3/CD3OD (1:2.5, vol/vol), except for MGDG,
which was dissolved in CDCl3. All samples were warmed and
sonicated at about 30°C for about 5 min. 2-D NMR spectra
were acquired with nonspinning samples with deuterium fre-
quency locking. 1H-1H double-quantum filter correlated spec-
troscopy (DQF-COSY) and heteronuclear multiple quantum
coherence (HMQC) were employed to assign signals and
were performed according to standard pulse sequences with a
delay of 60 ms. DQF-COSY and HMQC measurements on
DorCL in the area 3.5–4.5 ppm were recorded by collecting
512 (F2) × 200 (F1) data points zero-filled to 512 (F1) using
spectral width of 500 Hz (500 MHz) with a repetition time of
2 s. 1H and 13C NMR chemical shifts were expressed in ppm
by reference to tetramethylsilane as external standard. 

RESULTS

Analyzes of phospholipid classes by HPLC. The previously
unidentified DorCL peak eluted first, before all the identified
phospholipid classes (Fig. 1A). Similar elution patterns were
obtained when polar lipid fractions from the other two bivalve
species, C. gigas and M. edulis, were analyzed. When the iso-
lated DorCL fraction was co-injected with commercial phos-
pholipid and glycolipid standards of similar polarity (O2PA,
SAPG, MamCL, MGDG, DGDG), it was eluted between the
mammalian cardiolipin (MamCL) and PG (Fig. 1B). 

Analyzes of phospholipid classes by HPTLC. HPTLC
analysis of DorCL fraction together with the foregoing lipid
standards also showed that the DorCL fraction had an Rf
value 0.5 different from those lipid standards [SAPG (0.42);
MamCL (0.45); PE (0.47); DGDG (0.57); MGDG (0.88)]
(Fig. 2A). When the DorCL fraction and lipid standards (PG
and CL with different unsaturation of acyl chains) were all
converted to a single salt form prior to HPTLC analyses, re-
sults (Fig. 2B) revealed that elution differences existed be-
tween the CL standards and DorCL fraction, whereas SAPG
and M2PG were eluted together.

FA composition of DorCL. GC analysis of FAME derived
from the isolated DorCL fraction of the three bivalve species
showed a FA profile with 83–94 mol% of 22:6n-3 (DHA)
(Table 1). Three other FA, 16:0, 22:5n-3 and 20:5n-3, are im-
portant minor components. The DorCL class contributed 0.6
to 1.0 mol% of the total phospholipids. In terms of polar
lipids, 6.2 to 13.6 mol% of the total DHA content was found
in the DorCL fraction. 

Isolation of DorCL by LC. The proportion 90:10 (chloro-
form/methanol, vol/vol) was found to be the best solvent mix-
ture to isolate the DorCL fraction for mass production. Al-
though the controls [phospholipid standards: PA (P2PA,
O2PA), PG (M2PG, SAPG), and CL (M4CL, O4CL, MamCL)]
were found to elute using this solvent mixture, for all the

analyzed samples only the DorCL peak was detected when
this 90:10 solvent fraction was analyzed by HPLC. 

ESI/MS. Parent quasi-molecular ion peaks obtained for the
DorCL mass spectrum (Fig. 3A) and for the MamCL sodium
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FIG. 1. HPLC separations of phospholipid classes. (A) Polar lipid extract of
Pecten maximus muscle. (B) Co-injection of the isolated DHA-rich cardi-
olipin (DorCL) with standards of acidic phospholipids. Chromatographic
conditions used are indicated in Materials and Methods section. LPC and
LPE = 2-acyl-sn-glycero-3-phosphorylcholine and 2-acyl-sn-glycero-3-
phosphorylethanolamine (resulting principally from the hydrolysis of plas-
malogens by the mobile acid phase used); MGDG, monogalactosyldiacyl-
glycerol; PA, phosphatidic acid; PG, phosphatidylglycerol; MamCL,
mammalian cardiolipid standard; DGDG, digalactosyldiacylglycerol.



salt form mass spectrum (Fig. 3B) revealed the mass differ-
ence between these two CL. For MamCL, the mass-to-charge
(m/z) 1515.9 corresponds to the Na+ adduct of the sodium salt
form of a CL with four linoleoyl chains (L4CL). There is a
192 u difference between a sodiated ion at m/z 1707.9 in the
DorCL mass spectrum and the quasi-molecular ion of
MamCL at m/z 1515.9. This value corresponds exactly to the
mass difference between a CL (DorCL) with four 22:6n-3
acyl chains and a CL (MamCL) with four 18:2n-6 chains.
Moreover, the comparison between the two positive ion mass
spectra shows that a similar fragmentation occurred. Indeed,
there are differences of 144 u between the fragment at 1357.4
of DorCL and the fragment at 1213.5 of MamCL, 96 u be-
tween fragments at 995.5, 893.4, and 735.6 of DorCL, and
fragments at 899.4, 797.5, and 639.5 of MamCL, or 48 u be-
tween the fragment at 373.2 of DorCL and the fragment at
325.2 of MamCL. These differences correspond to the mass
differences between three, two, or one chains of 22:6n-3 and
18:2n-6. A comparison of M4CL and O4CL standard spectra
(data not shown) gave the same results. 

The collision-induced dissociation study (MS-MS) of the
quasi-molecular ion of DorCL produced an equivalent prod-
uct-ion pattern as the ESI+/MS analysis, except for the frag-
ments at m/z 735.6 and 1967.9. The minor sodiated fragment
ion at m/z 1357.8 may correspond to a complex fragmenta-
tion that resulted in a loss of one FA chain plus Na+. Frag-
ment ions at 995.6 and 893.4 were shown to correspond,

respectively, to the analogs of PG, [(PG–H + PO3Na) + Na]+

and [PG–H + Na]+, resulting from a loss of one diacylglyc-
erol fragment (DG) and one PA fragment, respectively. There
was also a peak at m/z 645.3, which was believed to be from
the fragment ion m/z 995.6 with the loss of one FA chain plus
Na+. The fragment at m/z 735.6, which was absent from the
positive-ion MS-MS, corresponds to a didocosahexaenoyl-
glycerol sodiated ion [DG + Na]+. The peak at m/z 1967.9 for
DorCL (also absent in the positive-ion MS-MS) shows a 192
u difference, with the corresponding peak at m/z 1775.8 for
MamCL. These particular ions were confirmed to be the
dimer of a fragment ion [2(PG–H + PO3Na) + Na]+ detected
at m/z 995.5 for DorCL and m/z 899.4 for MamCL.

Finally, the exact mass of the quasi-molecular ion of
1707.9270 (Fig. 4), compared to the value of 1707.9259 cal-
culated for a molecular formula C97H140O17P2Na3, further
supports the assignment of this four-22:6n-3 O-acyl cardi-
olipin structure (Do4CL). The presence of a minor peak cor-
responding to the quasi-molecular ion of Do3PCL (tridocosa-
hexaenoyl-palmitoyl CL) was also noticed at m/z 1636.9.

NMR spectrometry. Characteristic resonances of the sugar
proton region of MGDG (3.5–4 ppm) or of the +NCH2 multi-
plet (3.65 ppm) of a choline derivative were not apparent in
the 1H resonance spectrum (Fig. 5). This excluded the pres-
ence of carbohydrate moieties or of nitrogen in the DorCL frac-
tion. The presence of unsaturated acyl chains was character-
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FIG. 2. High-performance TLC analysis of the isolated DorCL and phos-
pholipid standards. (A) SAPG = Lane 1, MamCL = 2, DorCL = 3, PE = 4,
DGDG = 5, and MGDG = 6 were dissolved in chloroform/methanol so-
lution (2:1, vol/vol) and subjected to solvent system 1 (methyl acetate/iso-
propanol/chloroform/methanol/3 M KCl, 10:10:10:4:3.6, by vol). (B) The
polar solvent system 2 (chloroform/methanol/0.5 M CaCl2, 65:40:4, by
vol) was used for the TLC analysis of CL (DorCL = Lane 1, MamCL = 2,
O4CL = 3, M4CL = 4, CL mixture = 5) and PG [(SAPG + M2PG) = 6] with
different acyl chain compositions; the compounds were applied in chlo-
roform/methanol/1 M CaCl2 (65:25:3, by vol) solution at equivalent con-
centrations. Developed compounds were visualized by cupric acid treat-
ment and charring. SAPG, 1-stearoyl-2-arachidonoyl-sn-glycero-
3-phosphoglycerol; O4CL,1′,3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-
rac-glycerol; M4CL, 1′,3′-bis[1,2-dimyristoyl-sn-glycer-o-3-phospho]-rac-
glycerol; CL, cardiolipin; M2PG, 1,2-dimyristoyl-sn-glycero-3-phospho-
glycerol. For other abbreviations see Figure 1.

TABLE 1
FA Tissue Composition of the DorCL Fraction of C. gigas, M. edulis,
and P. maximus (mol% of the total FA of the fraction)

Bivalve

C. gigas, M. edulis, P. maximus,
whole whole muscle

FA
16:0 4.3 1.6 3.2
18:0 2.5 3.3 2.5
18:1n-9 1.4 Trace Trace
18:1n-7 Tracea Trace Trace
20:1n-9 Trace 1.9 0.0
20:1n-7 1.2 0.8 0.0
18:2n-6 0.0 1.7 0.0
18:3n-3 0.0 5.9 0.0
20:4n-6 Trace Trace 0.0
20:5n-3 2.3 1.9 Trace
21:5n-3 1.4 Trace Trace
22:5n-6 Trace 0.0 0.0
22:5n-3 1.4 0.4 4.1
22:6n-3 85.5 82.6 90.1

Total PUFA 90.6 92.5 94.1

Portion of 22:6n-3 
in DorCL (%)b 13.6 6.2 7.4

DorCL (mol%)c 0.9 0.6 1.0
aTrace, <0.1%.
bPercentage of 22:6n-3 in the DorCL class relatively to total 22:6n-3 con-
tent.
cPercentage of the DorCL class relative to other PL classes. Organisms: Cras-
sostrea gigas, Mytilus edulis, Pecten maximum. Abbreviation: DorCL, DHA-
rich cardiolipin fraction.



ized by the 1H and 13C resonances of olefinic –CH=CH–, bis-
allylic and allylic methylene protons (Table 2) and validated by
the 1H DQF-COSY and HMQC measurements (data not
shown). Protons from terminal methyl groups show one triplet
at 0.95 ppm (from unsaturated n-3 acyl chains) and one of
weaker intensity at 0.88 ppm (mainly from 16:0 acyl chains).
The integral ratio of these two triplets indicates a proportion of
82 mol% of n-3 PUFA. The integral ratio of triplet at 0.95 ppm
and multiplet at 2.36 ppm (–CαH2 and –CβH2) (where α and β
positions are relative to the carbonyl group) confirms that most
of unsaturated n-3 acyl chains are constituted by 22:6n-3.

In considering the phospholipid backbone, the high-field
single proton of C-2 outer glycerols resonated typically at
5.21 ppm (1H) and 71.56 ppm (13C). The other glycerol pro-
tons of the two quasi-equivalent outer glycerols and of the

central glycerol could be assigned from a comprehensive set
of NMR data in the area 3.5–4.5 ppm (for details see the Ma-
terials and Methods section) (Fig. 5, Table 2). The eight-line
multiplet at 4.38 and 4.16 ppm (1H), corresponding to an AB
part of an ABX type system, was assigned to the magnetically
inequivalent methylene protons (C-1-H1, C-1-H′1) of outer
glycerols C-1. When the integral ratio of the proton signals of
outer glycerols C-2 + C-1 to the remaining resonances at 3.98
and around 3.9 ppm (1H) (outer glycerols C-3 plus central
glycerol protons) was calculated, it indicated a ratio of 0.62
(≈6:9) corresponding to a CL. This is in good agreement with
the ratio of 0.646 (≈6:9) calculated for the MamCL standard.
The corresponding integral ratios for PG and PA were 0.411
(≈3:7) and 1.5 (3:2), respectively. The HMQC spectrum of
DorCL (Fig. 6) allows the specific assignments of the nine
protons from the two equivalent outer glycerols C-3 and from
the C′-1, C′-2 and C′-3 of central glycerol. The methylene
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FIG. 3. Positive ion electrosprayionization (ESI) mass spectra. (A) DorCL.
(B) MamCL. Compounds dissolved in chloroform/methanol solution
(1:1, vol/vol) before subjection to ESI/MS, conditions as described in
the Materials and Methods section. M-disodiated molecular form. For
other abbreviations see Figure 1.

FIG. 4. High-resolution ESI+/MS measurement of (M + Na)+. (A) Experi-
mental isotopic distribution. (B) Theoretical isotopic distribution.

FIG. 5. 1H resonance spectrum of DorCL. Detailed NMR data are de-
picted in Table 2. For abbreviation see Figure 1.



protons from both C-3 outer glycerols at 64.42 ppm (13C) ap-
pear as a multiplet at 3.98 ppm (1H) (1H DQF-COSY not rep-
resented). Part of the 3.98 ppm (1H) resonances and the most
shielded resonances around 3.90 ppm have been assigned to
the central glycerol protons. All these resonances are nearly
synchronous and show a complex multiplet from spin-spin
interactions between phosphorus 31P vicinal and geminal pro-
tons. However, two carbon resonances are clearly resolved at
66.55 and 70.5 ppm (13C). The signal at 66.55 ppm (13C) has
been assigned to both phosphorylated C′-1 and C′-3 methyl-
ene groups. The other has been attributed to the C′-2 proton.
Consequently, in DorCL (Fig. 6), the integral ratio of the mul-
tiplet (resonances at 3.98 ppm) to the nearby resonances
(around 3.90 ppm) gave a ratio of ≈6:3. 

DISCUSSION

Through isolation and chemical and structural analyses using
a combination of HPLC, HPTLC, LC, GC, ESI+/MS,
ESI+/MS-MS, and NMR, the present study provides evidence
of the existence of a DHA-rich (22:6n-3 > 80 mol%) CL, in
the three bivalve species C. gigas, M. edulis, and P. maximus.
Although DorCL accounted for no more than 1 mol% of the
total phospholipids in these three bivalve species, it contains
up to 13.6 mol% of total DHA content of the polar lipids.

As shown from the results of the present study and from
previous investigations (1–4), employing HPLC (Fig. 1B) or
HPTLC (Fig. 2A,B) alone was unable to link the DorCL to
any phospholipid class because chromatographic behaviors
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TABLE 2
1H and 13C NMR Data of DorCL

Component moiety C numberinga System 1H δ (ppm) Multiplicity 13C δ (ppm)

Outer glycerols C-1 CH2O 4.16 dd 63.36
4.38 dd

C-2 CHO 5.21 m 71.56
C-3 CH2OPb 3.98 m 64.42

Central glycerol C′-1 + C′-3 CH2OPb 3.89 m 66.55
3.98 m

C′-2 CHO 3.90 m 70.50
Fatty acyl chains –CH=CH– 5.35 m 128

–CH2–(CH=CH–)c 2.06 q 21.23
(=CH)–CH2–(CH=)d 2.80 m 26.29
–CαH2–e 2.36 m 34.80
–CβH2–e 2.36 m 23.39
–CH3 (n-3)f 0.95 t 14.50
–CH3 (sat)g 0.86 t 14.50
–CH2– (sat)h 1.25 m 30.53

aCarbons of the cardiolipin backbone are designated as: C-1 (sn-1 O-acyl chain), C-2 (sn-2 O-acyl chain), or C-3 (-phos-
phate group) for the two outer glycerols and C′-1 (-phosphate group), C′-2 (-OH), or C′-3 (-phosphate group) for central
glycerol.
bThe protons of the methylene group show couplings to 31P (which shows a single resonance at +0.15 ppm relative to ex-
ternal H3PO4).
cAllylic protons.
dBis-allylic protons.
eRelatively to carbonyl group.
fFrom unsaturated (n-3) acyl chains.
gFrom saturated or unsaturated >(n-3) acyl chains.
hNon-deshielding methylene protons. Hydrogen/carbon assignment was validated by 1H DQF-COSY double-quantum fil-
ter correlated spectroscopy and heteronuclear multiple quantum coherence.

FIG. 6. Heteronuclear multiple quantum coherence of the glycerol
backbone region of DorCL. C′ = central glycerol; C = phosphatidylglyc-
erols. Assignments between H1 and H′1 may have to be reversed. aPro-
portion of hydrogen atoms in each signal, based on signal integration,
are calculated relatively to CH3 peak integral [CH3(n-3) for DorCL =
12]. For abbreviation see Figure 1.



of the former differed from the common CL. Chromato-
graphic properties of acidic phospholipids on adsorption
chromatography are, to some extent, dependent on the cations
with which they are associated (5,6). In taking this into ac-
count, the results from HPTLC analysis of phospholipid ex-
tracts and standards after converting into a single salt form
confirmed that the higher mobility of DorCL shown in
HPTLC is more likely due to the presence of fatty acyl chains
with higher degrees of unsaturation (i.e., 4 DHA) rather than
the effects of associated cations. 

Information on the analysis of CL by ESI is limited, and
the reported analyses were conducted solely in the negative
ion mode (16,17). The present study provides information
about the fragmentation processes of CL generated in the pos-
itive ion mode. Furthermore, the use of MS-MS allowed the
structural interpretation of most ions obtained by ESI+/MS
and confirmed that they were the results of Na+ adduct frag-
ment ions from a Do4CL. Surprisingly, MS-MS did not de-
tect the main [DG + Na]+ fragment ion, despite its presence
in all of the ESI+/MS CL spectra. This ion was thought to be
generated by a protonation process in the ionization chamber
when using CHCl3 as solvent. It was also noted that fragment
ions were able to form dimers in ESI+. Although dimers of
parent quasi-molecular ions have been  noted previously (8),
formation of dimers from fragment ions was first described in
ESI+. Also, there are only a few studies analyzing CL using
NMR (7,18). Results from the present study provide addi-
tional interpretations in the most interesting region, 3.9–4.5
ppm (1H) corresponding to proton resonances from the glyc-
erol backbone. 

In bacteria and fungi, CL contain mostly saturated and
monoenoic FA with 14–18 carbon chain lengths (19,20). CL
from mammalian species, which have been studied exten-
sively (see Ref. 20 for review), are essentially restricted to
18-carbon chain length and dominated by 18:2n-6 (linoleic
acid; >80 mol%). In marine animals, minor phospholipid
classes such as CL have not received as much attention as
other phospholipid classes (21); thus, there is little available
information in this area. A CL with a relatively high content
of 22:6n-3 (53.8 mol% of 22:6n-3) in the eastern oyster, C.
virginica, had been previously reported (22). However, the
results reported differed from a later study conducted on the
same species and other bivalve species, the hard clam, Mer-
cenaria mercenaria (total n-3 PUFA < 43% in CL of both
species) (23). High amounts of both n-3 and n-6 PUFA in CL
were reported in marine animals although no specific PUFA
was found to be predominant in CL (10,24,25). In the three
bivalve species analyzed, the DorCL mass spectrum, showed
that the molecular form with four docosahexaenoyl chains
(Do4CL) was the main peak. There was only a minor quan-
tity of the Do3PCL form. With respect to the few molecular
species compositions of CL from other organisms analyzed,
(7,19,26), the presence of a molecular form with four identi-
cal acyl chains has regularly been reported. 

Bivalves have low, limited, or no ability for synthesis of
C20–C22 PUFA with more than three double bonds. They must

acquire these via diet (27,28). In fact, molluscan phytoplank-
tonic diets are rich in C20–C22 PUFA, including 22:6n-3, partic-
ularly 20:5n-3 (EPA) (29). Interestingly, in P. maximus, a rela-
tively constant 22:6n-3 content in the DorCL fraction was found
in both female and male gonads despite the possibility of dras-
tic changes in the 22:6n-3 contents of their diets (2,3). In mam-
mals, 18:2n-6 was replaceable by up to 30 mol% 22:6n-3 when
rats were fed with DHA-enriched diets (30,31). Moreover, rats
fed on a diet containing sardine oil, with EPA >> DHA, prefer-
entially incorporated DHA rather than EPA in CL (32). Thus,
for mammals, when DHA is bioavailable its incorporation into
CL is favored among PUFA. Consequently, a common and ben-
eficial effect likely could explain this 22:6n-3 selectivity.

CL is exclusively found in the inner mitochondrial mem-
brane (33). It is required for maintenance of the mitochon-
drial structural integrity and for proper respiratory function-
ing (electron transport chain) and ATP-synthesizing enzyme
complexes (20,33,34). Although most isolated membrane
lipids are known to form bilayer aggregates, CL have been
shown to promote phase transition from bilayer (lamellar, Lα)
to nonbilayer aggregate structures (inverted hexagonal phase,
HII) (35). The unique pattern with four 22:6n-3 acyl chains,
increasing the volume of the hydrophobic moiety of CL, may
make it more prone to form nonbilayer HII phases (36). In
addition it was shown that increase of 22:6n-3 residue in CL
reduced cytochrome c oxidase activity (31) and increased the
activity of the oligomycin-sensitive ATPase complex (32).
Thus, it is speculated that this DorCL may reflect a specific
adaptation in bivalves by enhancing the functionality of
mechanisms of membrane phase transformation or/and allow-
ing an optimal activity of the oxidative phosphorylation in re-
sponse to fluctuation in environmental conditions (tempera-
ture, salinity, emersion).

In summary, results from the present study provide the first
evidence of the existence of a specific CL with the main mo-
lecular form constituted with four 22:6n-3 acyl chains in P.
maximus, M. edulis, and C. gigas. The dominance of 22:6n-3
acyl chains in CL from these three bivalve species renders the
general opinion that “eukaryotic cardiolipins are mostly re-
stricted to C18 acyl chains” debatable. Future studies should
look into whether this DHA-dominant CL is also present in
other bivalve species. 
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ABSTRACT: A sensitive HPLC procedure with postcolumn
reduction and electrochemical detection was developed for the
analysis of vitamin E and its oxidation products, α-tocoph-
erylquinone, epoxy-α-tocopherylquinones, and 8a-(lipid-dioxy)-
α-tocopherones. After the separation on a reversed-phase col-
umn, on-line zinc-catalyzed reduction allowed the detection
of α-tocopherylquinone and epoxy-α-tocopheryl-quinones,
whereas platinum-catalyzed reduction allowed the detection of
8a-(lipid-dioxy)-α-tocopherones. The lowest detectable level of
each compound was about 0.2 pmol at the signal-to-noise ratio
of 3. This method was applied to the detection of α-tocopherol
products in peroxidized human plasma. When the plasma was
peroxidized by the addition of a free radical initiator, peaks cor-
responding to α-tocopherylquinone, epoxy-α-tocopheryl-
quinones, and the addition products of α-tocopherol with per-
oxyl radicals derived from cholesteryl ester hydroperoxides and
PC hydroperoxides were observed. The amount of these oxida-
tion products in the plasma increased with the depletion of en-
dogenous α-tocopherol. The results indicate that the method is
useful to detect the oxidation products formed by the peroxyl
radical-trapping reactions of α-tocopherol in biological systems.

Paper no. L8957 in Lipids 37, 515–522 (May 2002).

Lipid peroxidation in biological tissues and fluids is impli-
cated in a variety of damaging pathological events (1,2).
α-Tocopherol (α-TH), the most active form of vitamin E in
biological systems, inhibits peroxidation of unsaturated lipids
by trapping peroxyl radicals (3). α-TH efficiently transfers a
hydrogen atom to a peroxyl radical, giving a hydroperoxide

and an α-tocopheroxyl radical. The α-tocopheroxyl radical
then reacts with a second peroxyl radical to form a nonradical
product. The peroxyl radical-trapping reaction of α-TH yields
8a-substituted tocopherones and isomeric epoxytocopherones
as the primary oxidation products (4,5). Therefore, the for-
mation of these products is consistent with the behavior of α-
TH as a chain-breaking antioxidant in biological systems. In
most biological samples, the amount of α-TH is very small
compared with the lipid contents. Therefore, we need a highly
sensitive and specific methodology to analyze the oxidation
products of α-TH in biological samples. We previously re-
ported the chemiluminescence-based HPLC method for the
analysis of the addition products of α-TH with peroxyl radi-
cals of PC, 8a-(phosphatidylcholine-dioxy)-α-tocopherones
(TOO-PC) (6). This HPLC technique was found advanta-
geous for the sensitive and specific determination of TOO-PC
in biological samples. However, other α-TH products such as
α-tocopherylquinone (α-TQ) could not be detected by this
chemiluminescence-based assay.

Electrochemical detection provides the most sensitive
measurement of compounds that undergo redox reactions.
On-line reduction by a postcolumn reactor (7–9) or by a
coulometric method (10–12) has been reported for the paral-
lel electrochemical detection of TH, α-TH oxidation prod-
ucts, ubiquinols, and ubiquinones, in which the quinone ring
was reduced to give the corresponding hydroquinone. In the
present study, we developed a sensitive method for the assay
of α-TH and its oxidation products (see Fig. 1) in biological
samples using an HPLC separation, postcolumn zinc or plat-
inum reduction, and electrochemical detection. We applied
this method for the detection of α-TH products in peroxidized
human blood plasma. The main lipids in human plasma are
cholesteryl esters (ChE) and phospholipids (13). Particularly,
cholesteryl linoleate (ChL) is the major oxidizable lipid sub-
strate in LDL and other lipoproteins. Therefore, we expected
the formation of the addition products of α-TH with peroxyl
radicals of ChL during the peroxidation of human plasma.

MATERIALS AND METHODS

Chemicals. RRR-α-TH was purchased from Sigma Chemical
Co. (St. Louis, MO) and purified by reversed-phase HPLC (14).
RRR-γ- and RRR-δ-TH were prepared from mixed isomers of
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TH (Hohnen Oil Co., Tokyo, Japan) (15). Authentic α-TQ,
2,3-epoxy-α-TQ, and 5,6-epoxy-α-TQ were prepared as de-
scribed previously (16). Cholesteryl linoleate hydroperoxides
(ChL-OOH) were prepared by autoxidation of ChL in the
presence of α-TH (17). Cholesteryl (8a-dioxy-α-tocoph-
erone)-octadecadienoates (TOO-ChL) and cholesteryl (8a-
dioxy-α-tocopherone)-epoxyoctadecenoates (TOO-epoxy-
ChL) were prepared by the iron-catalyzed reaction of α-TH
with ChL-OOH (18). 1-Palmitoyl-2-[(9Z,11E)-(S)-13-hy-
droperoxy-9,11-octadecadienoyl]-3-sn-phosphatidylcholine
(13-PLPC-OOH) was prepared by the oxidation of 1-palmi-
toyl-2-linoleoyl-3-sn-PC (PLPC) with soybean lipoxygenase-1
(Sigma Chemical Co.) in the presence of deoxycholate (19).

1-Palmitoyl-2-[(8a-dioxy-α-tocopherone)-octadecadienoyl]-
3-sn-phosphatidylcholines (TOO-PLPC) were prepared by
reacting α-TH with PLPC (20). 1-Palmitoyl-2-[(8a-dioxy-α-
tocopherone)-12,13-epoxy-octadecenoyl]-3-sn-phosphatidyl-
cholines (TOO-epoxyPLPC) were prepared by the iron-cat-
alyzed reaction of α-TH with 13-PLPC-OOH in methanol
(21). The structures of these α-TH products were character-
ized using MS and NMR spectrometry (16–21). 2,2′-Azo-
bis(2-amidinopropane) dihydrochloride (AAPH) was ob-
tained from Wako Pure Chemical Co. (Osaka, Japan). All
solvents used were of HPLC grade.

HPLC system. The HPLC system used in the present study
was essentially the same as that reported by Yamashita and
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FIG. 1. Structures of tocopherols (TH), α-tocopherylquinone (α-TQ), and epoxy-α-tocopherylquinones (epoxy-α-
TQ), and typical structures of 8a-(lipid-dioxy)-α-tocopherones, cholesteryl (9Z,11E)-13-(8a-dioxy-α-tocopherone)-
(9,11)-octadecadienoate (13-TOO-ChL), cholesteryl (E)-9-(8a-dioxy-α-tocopherone)-12,13-epoxy-10-octade-
cenoate (9-TOO-epoxyChL),1-palmitoyl-2-[(9Z,11E)-13-(8a-dioxy-α-tocopherone)-(9,11)-octadecadienoyl]-3-sn-
phosphatidylcholine (13-TOO-PLPC), and 1-palmitoyl-2-[(E)-9-(8a-dioxy-α-tocopherone)-12,13-epoxy-10-octade-
cenoyl]-3-sn-phosphatidylcholine (9-TOO-epoxyPLPC).



Yamamoto (8) and Leray et al. (9). HPLC was carried out
with a Waters Model 600E system connected to a Waters
Model 486 UV/Vis detector and an ED623 electrochemical
detector. For the simultaneous analysis of TH and α-TQ, the
mobile phase of methanol/water (95:5, vol/vol) containing 10
mM lithium acetate and 5 mM trifluoroacetate was passed
through a J’sphere ODS-H80 column (150 × 4.6 mm i.d., car-
bon content of 22%; YMC Co., Kyoto, Japan) at a flow rate
of 1.0 mL/min. The mobile phase was maintained oxygen-
free by continuous bubbling with helium gas. The column
eluate was monitored at 280 nm and subsequently passed to a
solid-phase postcolumn reactor (10 × 4.0 mm i.d.), which was
made by dry-packing of zinc particles (particle size of <75
µm; Wako Pure Chemical Co.) under vibration (9). Then TH
and the reduced α-TQ were detected by an amperometric
electrochemical detector (ECD) with a glassy carbon work-
ing electrode and an Ag/AgCl reference electrode. The ap-
plied oxidation potential was set at +700 mV (9). For the
analysis of 8a-(lipid-dioxy)-α-tocopherones, a mobile phase
of methanol/water (98.5:1.5, vol/vol) containing 10 mM
lithium acetate [for the analysis of 8a-(cholesterylester-
dioxy)-α-tocopherones (TOO-ChE)] or methanol/water
(97.5:2.5, vol/vol) containing 20 mM choline chloride (for
the analysis of TOO-PC) was passed through a J’sphere ODS-
L80 column (150 × 4.6 mm i.d., carbon content of 9%) at a flow
rate of 1.0 mL/min. The column eluate was monitored at 240
nm and subsequently passed to a solid-phase postcolumn reac-
tor (50 × 4.0 mm i.d.), which was made by dry-packing of plat-
inum catalyst (5% platinum on alumina, −325 mesh; Aldrich
Chemical Co., Milwaukee, WI) (7). The reduced tocopherones
were detected by an amperometric ECD at the oxidation poten-
tial of +700 mV. Chromatographic data were recorded by a
MacLab data acquisition system with a Peaks application pro-
gram (AD Instruments Pty. Ltd., Castle Hill, Australia). 

Peroxidation of human plasma. The fresh, heparinized
blood from a healthy 24-old male was centrifuged at 1000 × g
for 10 min to separate plasma. The plasma (4.0 mL) was kept
for 5 min at 37°C in a shaking water bath under air, and then
1.0 mL of 100 mM AAPH in 10 mM sodium phosphate buffer
(pH 7.4, containing 125 mM NaCl) was added to start lipid per-
oxidation (the final concentration of AAPH was 20 mM).

Quantification. At specific intervals, a 0.5-mL aliquot of
the reaction mixture was taken for lipid extraction. Total
lipids were extracted by the method of Bligh and Dyer (22).
The extraction solvents (methanol and chloroform) contained
0.03% BHT. The lipid extracts were evaporated to dryness
under a stream of nitrogen gas, dissolved in 0.5 mL of chlo-
roform, and applied on a Supelclean LC-NH2 (Supelco,
Bellefonte, PA) minicolumn made from Pasteur pipettes (fill-
ing height of 4 cm). The column was eluted with chloroform
(4 mL) and then with methanol (4 mL). The chloroform and
methanol fractions were pooled, respectively, and each sol-
vent was evaporated under nitrogen gas. The chloroform frac-
tion was dissolved in 100 µL of 2-propanol and analyzed for
TH, α-TQ, ChE-OOH, and TOO-ChE; the methanol fraction
was dissolved in 100 µL of ethanol and analyzed for PC-OOH

and TOO-PC, respectively. TH, α-TQ, TOO-ChE, and TOO-
PC were quantified by the established HPLC method de-
scribed in the present study. To determine the percentage re-
covery of compounds, authentic compounds were spiked into
the diluted plasma sample (0.5 mL) and then extracted with
chloroform/methanol followed by the solid-phase extraction
as described above. ChE-OOH and PC-OOH were quantified
by chemiluminescent-based HPLC (6). The concentration of
each hydroperoxide was calculated from the standard curve
of authentic ChL-OOH or 13-PLPC-OOH. For isolation of
the product peak, the sample solution was injected into a J’-
sphere ODS-M80 column (150 × 4.6 mm i.d., carbon content
of 14%) with a solvent system of methanol (for the isolation
of TH and α-TQ), methanol/2-propanol/hexane (50:35:15, by
vol; for the isolation of TOO-ChE), or methanol/ethanol (2:3,
vol/vol; for the isolation of TOO-PC) at 1.0 mL/min and de-
tected at 240 or 285 nm. 

HPLC coupled with on-line MS (LC–MS). LC–MS was
carried out using a Shimadzu LCMS-QP8000α quadruple in-
strument equipped with an atmospheric pressure chemical
ionization (APCI) source. Sample lipids were separated iso-
cratically on a Luna 3-µm C18(2) column (150 × 2.0 mm i.d.;
Phenomenex, Torrance, CA) with methanol/water (98:2,
vol/vol) for TH and α-TQ, methanol/2-propanol/hexane
(50:35:15, by vol) for TOO-ChE, or methanol/ethanol (2:3,
vol/vol) for TOO-PC at 0.2 mL/min. The separation sample
was introduced into the APCI source. The APCI probe was
maintained at 4.5 kV with a temperature of 400°C. Nebuliz-
ing gas (nitrogen) was delivered at a flow rate of 2.5 L/min.
The curved desolvation line voltage was at −40 V with a tem-
perature of 250°C. The deflector voltage was maintained at
+40 V for the analysis of TH and α-TQ or at +80 V for the
analysis of TOO-ChE and TOO-PC. Ionization was per-
formed in the positive mode, and mass spectra were acquired
between m/z 100 and 500 at a scan rate of 2 s per spectrum
(for TH and α-TQ) or between m/z 300 and 1300 at a scan
rate of 4 s (for TOO-ChE or TOO-PC).

RESULTS AND DISCUSSION

HPLC techniques have been widely accepted and applied for
the analysis of TH and α-TQ in biological samples
(9,10,12,23,24). The combination of UV or fluorescent detec-
tion with HPLC separation lacks sufficient sensitivity for bio-
logical samples (23,24). On the other hand, electrochemical
detection provides the most sensitive measurement of TH and
α-TQ (9,10,12,24). Therefore, we examined the HPLC sys-
tem with a postcolumn reactor and electrochemical detection
to measure the oxidation products of α-TH. The system con-
sisted of a pump, an injector, a separation column, a solid-
phase postcolumn reactor containing zinc or platinum cata-
lyst, and an ECD. Figure 2A shows a typical chromatogram
of the standard TH, α-TQ, and α-TQ using postcolumn zinc
reduction and electrochemical detection. A standard mixture
of α-, γ-, and δ-TH, α-TQ, and epoxy-α-TQ was well separated,
and very intense peaks appeared on the chromatogram. On
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the other hand, peaks of only weak intensity were observed
by the UV detection (data not shown). The zinc catalyst was
useful for reducing both α-TQ and epoxy-α-TQ to α-tocoph-
erylhydroquinone under the acidic solvent condition, and the
resulting hydroquinone could be detected at an applied oxi-
dation potential of +700 mV (9). The zinc catalyst was more
effective in reducing α-TQ at a column length of 10 mm,

compared with 50 mm. The longer reducing column resulted
in peak broadening. 

The 8a-substituted α-tocopherone products hydrolyze to
α-TQ immediately in the presence of acid (16,25). Therefore,
it is impossible to analyze these products with the above
HPLC condition using postcolumn zinc reduction. Alterna-
tively, a postcolumn reactor containing platinum catalyst can
reduce quinone compounds to the corresponding hydro-
quinones in the absence of acid (7,8). Using the platinum col-
umn reactor, we analyzed two types of 8a-(lipid-dioxy)-α-to-
copherone compounds: TOO-ChL and TOO-epoxyChL from
the reaction between α-TH and ChL-derived peroxyl radicals,
and TOO-PLPC and TOO-epoxyPLPC from the reaction be-
tween α-TH and PLPC-derived peroxyl radicals. Typical
chromatograms of authentic compounds are shown in Figures
2B and 2C. On each chromatogram, very intense peaks corre-
sponding to the 8a-(lipid-dioxy)-α-tocopherone compounds
were observed. The platinum catalyst was most effective in
reducing 8a-(lipid-dioxy)-α-tocopherones at a column length
of 50 mm. If the shorter column was used, the reduction ability
of the platinum catalyst went down with successive injections
of sample solutions. On the contrary, the platinum catalyst did
not reduce epoxy-α-TQ under the present conditions (data not
shown).

Figure 3 shows the standard curves for the determination
of TH, α-TQ, epoxy-α-TQ, TOO-ChL, TOO-epoxyChL,
TOO-PLPC, and TOO-epoxyPLPC. Each standard curve
showed a good correlation between the peak area measured
by electrochemical detection and the amount of each com-
pound, with the regression equations of y = 0.469x + 0.626 (r
= 0.999) for α-TH, y = 0.297x + 0.251 (r = 0.998) for γ-TH, y
= 0.175x + 0.152 (r = 0.995) for δ-TH, y = 0.214x + 0.250 (r
= 0.999) for α-TQ, y = 0.343x + 0.117 (r = 0.998) for 2,3-
epoxy-α-TQ, y = 0.474x + 0.203 (r = 0.999) for 5,6-epoxy-α-
TQ, y = 0.381x + 0.075 (r = 0.999) for TOO-ChL, y = 0.407x
– 0.743 (r = 0.999) for TOO-epoxyChL, y = 0.504x – 0.435
(r = 0.999) for TOO-PLPC, and y = 0.503x – 0.499 (r = 0.999)
for TOO-epoxyPLPC. The lowest detectable level of each
compound as a signal-to-noise ratio was estimated to be about
0.2 pmol, respectively. We have previously reported that the
detection limit for TOO-PC by the chemiluminescence-based
HPLC method is about 1 pmol (6). Thus, the present method
using electrochemical detection is very highly sensitive for
the detection of α-TH products. 

We applied the above HPLC system for the analysis of the
oxidative fate of endogenous α-TH in human blood plasma.
Before the HPLC analysis, the plasma lipids extracted with
chloroform/methanol were treated with a solid-phase extrac-
tion on silica-NH2. TH, α-TQ, and TOO-ChE were eluted in
the chloroform fraction, and then TOO-PC were eluted in the
methanol fraction. In using this sample treatment, the recov-
eries of TH and α-TH products were checked by the addition
of known amounts of the standards into the diluted human
plasma (Table 1). TH and α-TQ were recovered almost satis-
factorily, but the recoveries of the 8a-substituted tocopherone
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FIG. 2. HPLC of TH and α-TH products using postcolumn reduction
and electrochemical detection. (A) A standard mixture of α-TH (100
pmol), γ-TH (100 pmol), δ-TH (100 pmol), α-TQ (93 pmol), 2,3-epoxy-
α-TQ (68 pmol), and 5,6-epoxy-α-TQ (71 pmol) was injected into a J’-
sphere ODS-80H column developed with 95% methanol containing 10
mM lithium acetate and 5 mM trifluoroacetate followed by postcolumn
zinc reduction. (B) A standard mixture of TOO-ChL (25 pmol) and
TOO-epoxyChL (74 pmol) was injected into a J’sphere ODS-80L col-
umn developed with 98.5% methanol containing 10 mM lithium ac-
etate followed by postcolumn platinum reduction. (C) A standard mix-
ture of TOO-PLPC (21 pmol) and TOO-epoxyPLPC (36 pmol) was
injected into a J’sphere ODS-80L column developed with 97.5%
methanol containing 20 mM choline chloride followed by postcolumn
platinum reduction. Each eluate was monitored by an electrochemical
detector (ECD) at +700 mV. See Figure 1 for abbreviations.



products were somewhat poorer due to their instability during
the sample preparation process.

The human plasma was reacted with peroxyl radicals that
had been generated in the aqueous phase by the thermal de-
composition of AAPH. The starting plasma sample contained

METHODS 519

Lipids, Vol. 37, no. 5 (2002)

FIG. 3. Calibration curves for standard compounds. (A) α-TH (●●), γ-TH
(■■), δ-TH (◆◆), α-TQ (●), 2,3-epoxy-α-TQ (■), and 5,6-epoxy-α-TH (◆).
(B) TOO-ChL (▲), TOO-epoxyChL (▲▲), TOO-PLPC (▼), and TOO-
epoxyPLPC (▼▼). Each data point represents the mean ± SD of three de-
terminations. See Figure 1 for abbreviations.

TABLE 1
Recovery of Spiked Standards Added to Diluted Human Plasmaa,b

Human Added
plasma standard Found Recovery

Compoundc (pmol) (pmol) (pmol) (%)

α-TH 393 ± 19 200 586 ± 8 98.9 ± 3.4
γ-TH 63 ± 5 200 244 ± 17 93.0 ± 7.6
α-TQ ND 186 176 ± 3 94.6 ± 1.8
2,3-epoxy-α-TQ ND 136 123 ± 5 90.1 ± 3.4
5,6-epoxy-α-TQ ND 142 134 ± 2 94.1 ± 1.4
TOO-ChL ND 247 214 ± 15 86.7 ± 6.1
TOO-epoxyChL ND 149 106 ± 2 71.3 ± 1.6
TOO-PLPC ND 212 167 ± 6 78.9 ± 3.1
TOO-epoxyPLPC ND 310 237 ± 8 76.5 ± 2.6
aThe diluted human plasma was made by the addition of 9 vol of 10 mM
sodium phosphate buffer (pH 7.4, containing 125 mM NaCl) with 1 vol of
human plasma.
bEach value is expressed as mean ± SD (n = 3).
cSee Figure 1 for abbreviations; ND, not detectable.

FIG. 4. HPLC of TH and α-TH products from the peroxidized human
plasma using postcolumn reduction and electrochemical detection. The
human plasma (4.0 mL) was incubated at 37°C for 0 and 6 h by the ad-
dition of 1.0 mL of 100 mM 2,2′-azobis(2-amidinopropane) dihy-
drochloride (AAPH; final concentration, 20 mM). The reaction mixture
was extracted with chloroform/methanol, and the total lipid fraction
was passed through a silica-NH2 column using chloroform and
methanol. The chloroform and methanol fractions were injected into
HPLC and detected by an ECD at +700 mV after postcolumn zinc or
platinum reduction. The HPLC conditions are the same as described in
Figure 2. (A) The chloroform fraction was injected into HPLC followed
by postcolumn zinc reduction. (B) The chloroform fraction was injected
into HPLC followed by postcolumn platinum reduction. The arrow in-
dicates the elution position of authentic TOO-epoxyChL. (C) The
methanol fraction was injected into HPLC followed by postcolumn plat-
inum reduction. The arrow indicates the elution position of authentic
TOO-epoxyPLPC. See Figures 1 and 2 for abbreviations.



endogenous α-TH (22.3 ± 2.1 µM) and γ-TH (4.1 ± 0.6 µM).
Figure 4A shows the HPLC chromatogram of the TH and α-
TQ compounds during the AAPH-initiated peroxidation of
human plasma. A peak corresponding to α-TH decreased
after the 6-h reaction, and peaks corresponding to α-TQ and
epoxy-α-TQ appeared as the oxidation products of α-TH. The
identity of each peak was confirmed by co-elution against the
authentic standards and by LC–MS analysis: two isomeric
epoxy-α-TQ, APCI–MS m/z 463 ([M + H]+, 6%) and 445 ([M
– OH]+, 100%); α-TQ, APCI–MS m/z 445 ([M + H]+, 1%)
and 429 ([M − OH]+, 100%); γ-TH, APCI–MS m/z 417 ([M
+ H]+, 70%) and 151 (100%); and α-TH, APCI–MS m/z 431
([M + H]+, 100%) and 165 (63%). The HPLC chromatograms
of the product fractions of ChE and PC are shown in Figures
4B and 4C. An intense peak corresponding to TOO-epoxy-
ChE appeared around 10.7 min of retention time as the ChE
products (Fig. 4B). This peak was collected by preparative
HPLC and analyzed by LC–MS (Fig. 5). The APCI–MS
showed a protonated molecular ion at m/z 1125 ([M + H]+,
14%) and significant ions at m/z 1107 ([M – OH]+, 4%), 942
(22%), 875 (13%), 573 (34%), 445 ([α-tocopherone + O]+,
17%), 430 ([α-tocopherone]+, 36%), and 369 ([cholesterol –
OH]+, 100%). Thus, this peak was identified as TOO-epoxy-
ChL, the addition products of α-TH with cholesteryl epoxy-

linoleate-peroxyl radicals. On the analysis of PC products, only
a smaller peak corresponding to TOO-epoxyPC appeared
around 7.5 min of retention time after the 6-h reaction (Fig.
4C). This peak was also collected by preparative HPLC and
analyzed by LC–MS. The APCI–MS indicated the presence
of the α-tocopherone structure at m/z 430 together with the
presence of some other unknown compounds (data not
shown). Therefore, we could not identify its structure from
the APCI–MS. This peak was assigned as TOO-epoxyPC
only by comparison of the HPLC behavior with that of au-
thentic TOO-epoxyPLPC. 

The disappearance of endogenous antioxidants in human
blood plasma has been reported in relation to the appearance
of various lipid hydroperoxides (26). In the present study, the
consumption of endogenous α-TH was observed with the for-
mation of lipid hydroperoxides, ChE-OOH and PC-OOH,
when the peroxidation was initiated by AAPH (Fig. 6). The
oxidation products of α-TH, α-TQ, epoxy-α-TQ, TOO-
epoxyChL, and TOO-epoxyPC appeared with depletion of α-
TH. The oxidation products formed in the 4-h plasma sample
accounted for 32% of the consumed α-TH. A similar product
distribution has been reported in the AAPH-initiated peroxi-
dation of PLPC liposomes containing α-TH, although the
type of 8a-substituted tocopherones was different (20). 
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FIG. 5. HPLC coupled with on-line MS analysis of 8a-(cholesterylester-dioxy)-α-tocopherones (TOO-epoxyChE)
fraction from the peroxidized human plasma. The peak corresponding to TOO-epoxyChE, as shown in Figure 4B,
was collected and injected into a Luna C18 column (2 × 150 mm i.d.; Phenomenex, Torrance, CA) developed with
methanol/2-propanol/hexane (50:35:15, by vol) at 0.2 mL/min. UV detection at 240 nm, the total ion chromato-
gram (TIC) of atmospheric pressure chemical ionization–MS, and mass spectrum of the peak indicated by arrows
are shown. See Figure 2 for abbreviations.



The classical action of α-TH is that of a chain-breaking
antioxidant that reflects its ability to react rapidly with chain-
carrying lipid peroxyl radicals (3–5). Alternatively, α-TH can
directly scavenge the radical that initiates peroxidation (27).
In both cases, the relatively nonreactive α-tocopheroxyl radi-
cal is formed. This radical rapidly reacts with another avail-
able radical to yield nonradical products. If the α-tocoph-
eroxyl radical traps the chain-propagating peroxyl radicals
formed from ChE or PC directly, the primary products are 8a-
(ChE-dioxy)-α-tocopherones or 8a-(PC-dioxy)-α-tocoph-
erones (20). However, we could not detect such 8a-substituted
tocopherone products in the peroxidized plasma. Instead, the
products we detected were the addition products of α-TH
with epoxylipid-peroxyl radicals, TOO-epoxyChL, and TOO-
epoxyPC, in addition to α-TQ and epoxy-α-TQ (Fig. 4). The
epoxylipid-peroxyl radicals can be produced from the metal
ion-catalyzed decomposition of lipid hydroperoxides such as
ChE-OOH and PC-OOH (28,29). Thus, the α-TH in human
plasma may react only with such secondary produced peroxyl
radicals. Frei et al. (26) demonstrated that α-TH in plasma
was considerably less effective in preventing peroxidative
damage to lipids induced by aqueous oxidants. Moreover,

α-TH can exert prooxidant activity on lipoprotein lipids, and a
model of TH-mediated peroxidation has been developed to
explain such prooxidant activity of α-TH during lipoprotein
peroxidation (30,31). Therefore, the accumulation of hy-
droperoxides before the depletion of α-TH and the formation
of 8a-(epoxylipid-dioxy)-α-tocopherones indicates that α-TH
is less effective in preventing lipid peroxidation in human
plasma. 

Liebler et al. (32) have developed the most sensitive
methodology of a stable isotope dilution GC–MS for analyz-
ing α-TH, α-TQ, and epoxy-α-TQ in biological samples.
They concluded that 8a-substituted α-tocopherones and
epoxytocopherones, rather than their hydrolyzed products,
were the principal oxidation products of α-TH in biological
systems (32,33). However, this was only assumed from the
evidence that the additional release of α-TQ was observed in
the acid-treated samples. The HPLC with electrochemical de-
tection described in the present study could detect such tocoph-
erone products in biological samples directly. 

In conclusion, the HPLC technique presented here is found
advantageous for the sensitive and specific determination of
the 8a-substituted α-tocopherones in biological samples. The
oxidation products of α-TH might be useful markers for the
antioxidant and prooxidant reactions in biological samples.
We are studying further application of the present HPLC
methodology to some biological samples.
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ABSTRACT: A convenient method was developed for prepa-
ration of FAME in small amounts from glycerolipids of blood or
breast milk. Initially, 0.04–0.06 mL blood or breast milk was
spotted onto a small piece of filter paper (1.5 × 1.5 cm) that had
been washed with acetone containing 0.05% 2,6-di-tert-butyl-
p-cresol (BHT). Each piece, once it had dried, was put in a small
test tube, to which 2 mL hexane and 0.2 mL 2 M KOH/methanol
were added. After vigorous mixing or sonication for 2 min at
room temperature, the solution was neutralized or acidified by
the addition of a few drops of acetic acid. To the solution was
added 2 mL H2O, and then the hexane layer that separated was
concentrated to dryness in vacuo. The FAME obtained were an-
alyzed by GC. The method was applicable to the analysis of a
large number of blood and breast milk samples, and the arachi-
donate/(eicosapentaenoate + docosahexaenoate) ratios could
be determined rapidly.

Paper no. L8916 in Lipids 37, 523–526 (May 2002).

Arachidonic acid (ARA, 20:4n-6), EPA (20:5n-3), and DHA
(22:6n-3) are major C20–22 long-chain PUFA in humans and
are ubiquitous components of membrane phospholipids that
make up the structural matrix of cellular membranes. ARA
and EPA are utilized for eicosanoid synthesis and involved in
signal transduction (1); there is also increasing recognition that
some diseases may be associated with an imbalance of the
ratio of n-6/n-3 PUFA in the human diet (2–7). DHA is also
an important structural component of photoreceptor and corti-
cal neuronal membranes (8). Since the human brain grows
rapidly between the sixth month of gestation and the first
month after birth (8) and the vision of human infants develops
for several months after birth (9), the FA composition of breast
milk can affect the retinal and brain development of breast-fed
infants (10,11). Analyses of the FA compositions of human
blood and breast milk therefore have increasing nutritional and
health implications (12,13), and they will be used more widely
for indications of nutritional conditions in the near future.

The composition of FA is determined by using GC to ana-
lyze their methyl esters. However, many preparative methods
for FAME from blood or breast milk include time-consuming
procedures. Some methods require more than 1 mL of blood
or breast milk. Here, we report a convenient method for
preparation of FAME from a few drops of blood or breast

milk; the method also can be used in analyzing a large num-
ber of samples. The procedure includes the direct transesteri-
fication of samples on filter papers with KOH/methanol. 

MATERIALS AND METHODS

Reagents. Authentic FA were purchased from Avanti Polar
Lipids (Alabaster, AL), Cayman Chemical (Ann Arbor, MI),
Doosan Serdary Research Laboratories (Englewood Cliffs,
NJ), Larodan Fine Chemicals AB (Malmö, Sweden), Nacalai
Tesque (Kyoto, Japan), Nu-Chek-Prep (Elysian, MN), Sigma
(St. Louis, MO), and Wako Pure Chemical Industries (Osaka,
Japan). Organic solvents and other chemicals including 
BHT were of reagent grade and were used without further
purification.

Preparation of sampling papers. Sheets of filter paper,
Whatman 3MM (Whatman Inc., Clifton, NJ), were cut into
small pieces (1.5 × 1.5 cm) and then soaked for a few min-
utes in acetone that contained 0.05% BHT so as to wash out
contaminants in the filter paper and to impregnate it with the
antioxidant (Scheme 1). This treatment was repeated with a
fresh BHT-containing acetone solution without drying be-
tween immersions. The sampling papers thus prepared were
air-dried and stored at room temperature until use.
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Preparation of FAME from blood or breast milk. Sampling
papers were spotted with 0.04–0.06 mL blood, serum, or breast
milk and were air-dried overnight or dried for 30 min in vacuo.
They were inserted individually into small test tubes, and 2 mL
hexane and 0.2 mL 2 M KOH/methanol per test tube were added.
The tubes were vigorously mixed with a vortex mixer for 2 min
at 25°C (room temperature) or above. When the methanolysis
was thus completed, the alkaline solution was neutralized with a
few drops (0.025 mL or more) of acetic acid. To each tube was
added 2–3 mL H2O without vigorous mixing, which causes gela-
tinization of the contents of blood samples. An aliquot (1.5–1.8
mL) of the hexane layer was transferred to a vial, and the hexane
solution was evaporated to dryness in vacuo.

GC analysis. For rapid analysis, we used a glass column (4
mm × 2 m) packed with a thermostable liquid phase, 10% SP-
2340 on 100–120 mesh Chromosorb WAW (Supelco, Belle-
fonte, PA). FAME obtained were dissolved in 0.02 mL methyl
acetate or hexane and were analyzed by GC (220°C, N2 30
mL/min; or 235°C, N2 55 mL/min). Methyl acetate was some-
what better than hexane to minimize the tailing of injection sol-
vent. Although fast-eluting peaks in GC analysis were not com-
pletely separated from each other under the above conditions,
the C20–22 PUFA composition was determined with a data-
processor, CHROMATOPAC C-R1B (Shimadzu, Kyoto, Japan).

RESULTS AND DISCUSSION

In an alcoholic solution of the hydroxide of an alkali metal,
the hydroxide–alkoxide equilibrium greatly favors alkoxide
formation [ROH + OH− ∏∑ RO− + H2O], and most of the
total base is the alkoxide, but not the hydroxide (14). When
esters are treated with alcoholic alkali/hydroxide solutions, al-
coholysis of the esters therefore proceeds much faster than
saponification. The relative difference in rates is of the order
of 1,500-fold (15). This reaction, alkali-catalyzed alcoholysis,
has been used for preparation of FAME from glycerolipids
(16), and the FA components of glycerolipids are almost quan-
titatively converted to their methyl esters within 1–2 min at
room temperature (17). The data presented here demonstrate
that the rapid and convenient methanolysis previously re-
ported (17) can be applied to small amounts of blood and
breast milk and also to a large number of the samples.

Prevention of autoxidation of PUFA. Small pieces of filter
paper were used as blood- or breast milk-sampling papers.
Pieces of filter paper that have been spotted can easily be
transported by mail, for example, from hospitals to laborato-
ries for analysis. A large number of spotted papers can also
be stored compactly. Nishio et al. (18) proposed a method for
the diagnosis of a disease using blood spot samples. However,
when spots of dried blood or breast milk are exposed to the
air, the oxidation of PUFA will probably proceed rapidly. In
fact, when authentic PUFA were stored on filter paper at room
temperature in the dark, more than 60% of each PUFA disap-
peared after 1 d (Fig. 1). The order of oxidation rates was
DHA > EPA > ARA. To prevent autoxidation of PUFA dur-
ing storage, small pieces of filter paper were soaked twice in

acetone containing 0.025 or 0.05% BHT as an antioxidant.
Impurities that had been adsorbed by the filter paper were si-
multaneously washed out with the solvent. A hexane solution
of authentic ARA, EPA, or DHA was dropped onto the BHT-
impregnated sampling papers. 11-Eicosenoic acid was used
as the internal standard, because the monounsaturated FA was
not apparently oxidized during the period of subsequent ex-
posure. When the filter paper was washed with 0.05% BHT-
containing acetone, none of the PUFA tested were signifi-
cantly oxidized within 8 d (Fig. 1). With 0.025% BHT, DHA
slightly decreased at day 8. When spotted sampling papers
were air-dried overnight or dried in vacuo for 30 min before
methanolysis, no significant differences in the PUFA compo-
sition were found between the two methods of drying. 

Quality of filter paper. Autoxidation of PUFA in blood was
measured on various kinds of filter paper (Whatman No. 2,
No. 42, 3MM, and Advantec No. 131) for 5 d. Of the filter pa-
pers tested, Whatman 3MM gave the most reliable data
(Table 1). ARA, EPA, and DHA did not apparently decrease
for 5 d. Because Whatman 3MM is the thickest among the fil-
ter papers tested, it is probable that blood was well absorbed
by the thick filter paper and that blood lipids and BHT could
consequently come into intimate contact. 

The analysis of serum for FA content confirmed that appli-
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FIG. 1. Effects of BHT on autoxidation of PUFA on filter paper. Each
PUFA, along with 11-eicosenoic acid as an internal standard, were ap-
plied on sampling papers that had been treated with 0% (▲▲), 0.025%
(●●), or 0.05% (●) BHT in acetone. The spotted sampling papers were
allowed to stand at room temperature for autoxidation, and then the re-
maining amount of the PUFA was followed by GC. Methylation for GC
analysis was carried out on the spotted sampling papers with 10% BF3
in methanol for 30 min at room temperature, and the methyl esters
formed were extracted with hexane. Data on EPA are not presented, but
they were similar to those for ARA and DHA.



cation of sample volumes in the range of 0.04–0.12 mL did
not affect the analytical data on the PUFA compositions
(Table 2). 

Mixing for reaction. When many samples were to be
treated, vortexing was replaced by sonication. Spotted sam-
pling papers and the reagents were placed in small test tubes
and sonicated in a water bath of an ultrasonic cleaner at 25°C
or above. The reaction time of 2 min was the same as that for
vortexing. The efficiency of methanolysis under sonication
was the same as that for vortexing (data not shown). 

Accuracy. The C20–22 PUFA composition of blood was de-
termined by the present filter paper/KOH/methanol method,
and it was compared with that determined according to the fol-
lowing conventional procedure. To 2 mL blood were added 1
mL water, 4 mL methanol, 4 mL chloroform, and a trace
amount of BHT. The mixture was vortexed for 2 min and then
centrifuged at 1,500 × g for 3 min. The chloroform layer was
washed with an equal volume of water. After centrifugation,
the chloroform solution was dried with anhydrous sodium sul-
fate and concentrated in vacuo. The lipids obtained were con-
verted into FAME by the KOH/methanol method previously
described (17) and analyzed by GC (Table 3). There was no
significant difference between the FA composition determined
by the filter paper/KOH/methanol method and that determined
by the conventional extraction/methanolysis method.

Application of the present method and measurement of
ARA/(EPA + DHA) ratios in blood. Unsaturated FA of the n-3

and n-6 series have biological functions different from each
other (1,2). They also compete with each other in regulation
of cellular functions. Blood or breast milk contains 18:2 and
ARA as the major n-6 PUFA and also contains 18:3, EPA, and
DHA as the major n-3 PUFA. In GC analysis of FAME, the
C18 PUFA (18:2 and 18:3) are eluted faster than the C20–22
PUFA (ARA, EPA, and DHA). However, GC analysis re-
stricted to the C20–22 PUFA is much faster than that of all of
the FA components including both the C18 and C20–22 PUFA.
The C18 PUFA in vivo were elongated and desaturated to the
corresponding C20–22 PUFA, which physiologically function
or are further metabolized to eicosanoids. Because ARA,
EPA, and DHA are thus the major functional PUFA, the
ARA/(EPA + DHA) ratios of blood glycerolipids were deter-
mined and compared with the ratios of (18:2 + ARA)/(18:3 +
EPA + DHA). The latter ratios essentially represent those of
n-3/n-6. As a model experiment, blood samples of 17 humans
practicing a fasting cure were analyzed. Figure 2 shows that
the ARA/(EPA + DHA) ratio correlates strongly with the
(18:2 + ARA)/(18:3 + EPA + DHA) ratio. This means that the
measurement of n-6/n-3 ratio can be replaced by the measure-
ment of ARA/(EPA + DHA) ratio, although other n-3 and n-6
PUFA are also present in blood and breast-milk lipids. Tak-
ing these into consideration, we routinely measure
ARA/(EPA + DHA) ratios instead of n-6/n-3 ratios, and we
recommend the use of the ARA/(EPA + DHA) ratio as a prac-
tical index of the n-6/n-3 ratio. Figure 3 is a typical gas chro-
matogram focused on C20–22 PUFA methyl esters derived
from blood and breast milk by the present method. Although
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TABLE 1
Dependence of Autoxidation of Blood C20–22 PUFA 
on the Quality of Filter Papera

Remaining FA (%)

(filter paper)

FA No. 2 No. 42 3MM No. 131

ARA 90.9 101.0 96.2 91.4
EPA 68.7 71.6 96.3 68.5
DHA 80.8 96.3 95.2 68.5
aThe sampling papers treated with 0.025% BHT in acetone were spotted
with 0.04 mL blood. They were stored at room temperature for 5 d, and the
remaining PUFA were determined. ARA, arachidonic acid.

TABLE 2
Effects of the Amounts of Serum Applied to Sampling Papers 
on the C20–22 PUFA Analysis

Serum Applied C20–22 PUFA (%)a

sample volume (mL) ARA EPA DHA ARA/(EPA + DHA)

A 0.04 4.6 0.5 2.0 1.8
0.08 4.9 0.5 2.3 1.8
0.12 5.0 0.5 2.2 1.9

B 0.04 5.3 1.0 4.5 1.0
0.08 5.7 1.0 4.8 1.0
0.12 5.3 0.7 4.3 1.1

C 0.04 5.2 3.0 5.9 0.6
0.08 5.7 2.7 6.3 0.6
0.12 5.0 2.6 6.5 0.5

aFor abbreviation see Table 1.

TABLE 3
Determination of the C20–22 PUFA Compositions of Blood 
by the Different Methods

C20–22 PUFA (%)a

Method ARA EPA DHA ARA/(EPA + DHA)

Filter paper/KOH/
methanol method 10.5 ± 0.4 2.6 ± 0.2 6.6 ± 0.5 1.1 ± 0.1

Extraction/KOH/
methanol method 9.7 ± 0.1 2.3 ± 0.1 7.2 ± 0.2 1.0 ± 0.1

aValues represent mean ± SD (n = 3). For abbreviation see Table 1.

FIG. 2. Relationship between the ARA/(EPA + DHA) ratio and the (18:2
+ ARA)/(18:3 + EPA + DHA) ratio in blood glycerolipids. For details,
see text.



packed-column GC is inferior to capillary GC in resolution,
the former possesses the advantage of long column-life for
injection of crude FAME samples. Capillary GC requires a
purification procedure, such as TLC or column chromatogra-
phy with small silica gel cartridges, of FAME prepared from
crude samples, whereas FAME prepared from blood or breast
milk can be directly injected onto a packed column without
purification as described here. In general, retention times in
packed-column GC are also shorter than those in capillary
GC. In our laboratories, more than 600 samples have been
successively analyzed on a packed column of SP-2340. Prob-
ably, it is possible to analyze more than a thousand samples
with one column. Packed-column GC is therefore suitable 
for routine FAME analyses of a large number of crude lipid
samples. 

The two major merits of the method—it requires only
small amounts of samples, and the procedure is simple and
rapid—permitted us to follow the successive changes in the
C20–22 PUFA composition of blood lipids taken from subjects
after they had eaten (data not shown). 

FAME can be prepared from many samples of small
amounts of blood or breast milk by alkaline methanolysis on
small pieces of filter paper. The method requires neither so-
phisticated apparatus nor expensive reagents. Although the
FA components of steryl esters and sphingomyelins do not
react and FFA are not esterified under the conditions em-
ployed here, the present method will be useful for analysis of
the PUFA composition of glycerolipids in blood and breast
milk. This is the case especially for analysis of breast milk,
because more than 97% of lipids in breast milk are TAG (19).
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FIG. 3. GC analyses of the C20–22 PUFA methyl esters prepared from
blood (A) and breast milk (B). Column temperature, 235°C; N2 gas, 55
mL/min.



ABSTRACT: In this paper, an alternative base-catalyzed meth-
odology for the facile derivatization in mild conditions of lipid
TAG prior to FA analysis is proposed. Reagents were prepared by
proton exchange between potassium tert-butoxide and either
ethanol, n-propanol, n-butanol, or 2-methoxyethanol and used for
the synthesis, at 40°C for 15 min, of the corresponding derivatives,
which were directly analyzed by GC. This methodology can be
used on a routine basis and has been applied to standard and
complex natural lipid samples. Tripalmitin was used to determine
optimal reaction conditions; and bovine milk fat, containing C4 to
C22 acids, and celery (Apium graveolens) seed oil, characterized
by a high level of petroselinic acid, were comparatively analyzed
as their ethyl, n-propyl, n-butyl, and 2-methoxyethyl esters.

Paper no. L8924 in Lipids 37, 527–532 (May 2002).

Derivatization of FA esterified to glycerol is a prerequisite
step for their analysis by GC, TLC, and HPLC. FAME are the
derivatives most widely used by lipid analysts. Various
methodologies have been developed for their synthesis from
glycerides, which were reviewed by Christie (1,2). Acid-cat-
alyzed methylation is usually performed in methanol using
either boron trifluoride (3,4), hydrochloric acid, or sulfuric
acid as catalysts, and at temperatures of 80 to 100°C for 30 to
60 min. Although FAME derivatives are well suited for most
analytical needs, other ester derivatives have been synthe-
sized in acidic conditions for specific purposes, such as con-
ferring lower volatility to short-chain FA or improving peak
resolution of isomeric FA. Isopropyl esters were initially used
successfully to enhance resolution of complex lipid samples
such as bovine or human milk fat (5–8), oil samples contain-
ing petroselinic acid (9–11), and geometrical isomers of α-
linolenic acid (11–15). CLA isomers from French cheeses
were also analyzed using isopropyl ester derivatives (16),
whereas n-butyl esters were used for studies on FA composi-
tion of butterfat and cheeses (17,18). Moreover, both FA n-
butyl and phenylethyl esters have been used for analysis of
petroselinic acid in seed oils (19,20). 

The use of strong acidic reagents such as boron trifluoride,
hydrochloric or sulfuric acids, and of moderate to high tem-
perature conditions may, however, result in the presence of
some artifact peaks of degradation products on the chromato-
grams that compromise the accuracy of GC analysis (21).

Base-catalyzed methylation of glyceride FA is, like its acid
counterpart, an equilibrium reaction that can be driven to near
completion by the use of an excess of the derivatizing alco-
hol. Sodium methoxide in methanol is the usual reagent for
the synthesis of FAME derivatives from glycerides (2,22).
This transesterification reaction is performed at room to mod-
erately elevated temperatures for 5 to 15 min for TAG, and at
40 to 50°C for 15 min for samples containing cholesteryl es-
ters, in order to ensure complete derivatization. Unlike the
acidic derivatization procedures, literature reporting on either
the practical disadvantages resulting from the mild reaction
conditions used in base-catalyzed methylation of acylated FA
or base-catalyzed formation of other FA derivatives than
methyl esters is scarce (23,24).

The present paper proposes a general mild methodology
for the synthesis of ethyl, n-propyl, n-butyl, and 2-methoxy-
ethyl FA derivatives by base-catalyzed transesterification of
glycerides, and their use for high-resolution GC analysis of
bovine milk fat and celery seed oil.

MATERIALS AND METHODS

Reference compounds and reagents. Dipalmitin, mono-
palmitin, tributyrin, tricaprin, tricaproin, tricaprylin, trilaurin,
trilinolenin, trimyristin, triolein, tripalmitin, and tristearin
were obtained from Sigma Chemicals (St. Louis, MO). 
n-Butanol, ethanol, 2-methoxyethanol, potassium tert-butox-
ide (1.0 M in THF), and n-propanol were obtained from
Aldrich Chemicals (Milwaukee, WI).

Bovine milk fat. The winter milk fat was a sample from Par-
malat (Montréal, Québec, Canada). A 25-kg block was tem-
pered and then divided into samples of 100 g, which were
rapidly melted, washed with deionized water, dried over anhy-
drous sodium sulfate and filtered in a heated (60°C) oven, and
kept under N2 in closed vials at −35°C until utilization.

Oil extraction. Mature dry seeds (10 g) of celery (Apium
graveolens), purchased from a local seed retailer, were
washed and finely grounded in a mortar. Oil was extracted
with hexane on a Soxhlet apparatus and then recovered by fil-
tering and drying the extract over anhydrous sodium sulfate
and evaporating the solvent under vacuum at 30°C on a ro-
tary evaporator (21% yield). The oil was stored under N2 at 
−35°C until further use.

General TAG derivatization methodology. A solution of
potassium tert-butoxide in THF (100 µL, 1.0 M) was added to
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anhydrous ethanol, n-propanol, n-butanol, or 2-methoxyethanol
(200 µL each) in closed vials for the preparation of the corre-
sponding potassium alkoxides. After homogenization, a solu-
tion of a lipid sample (10 mg) in hexane (1 mL) was added to
one of the reagent solutions (300 µL), and the mixture was held
at 40°C for 15 min. After cooling to room temperature, water (1
mL) and hexane (2 mL) were successively added. For milk fat
samples, FA esters were extracted with 3 × 1 mL of hexane to
ensure complete extraction of short-chain FA. The tube was vor-
texed for ca. 5 s and allowed to stand for 1 min. If necessary,
addition of a droplet of a saturated aqueous solution of sodium
chloride usually broke up any emulsions that formed. The or-
ganic phase was dried over anhydrous sodium sulfate and fil-
tered. FA ester solutions were kept under N2 in closed vials, at
−18°C, until analysis. Stock solutions of the reagents were also
prepared and proved stable for weeks at 5°C.

Optimization of reaction conditions. A solution of tri-
palmitin (10 mg) in hexane (1 mL) was added to a solution of
either potassium ethoxide, n-propoxide, n-butoxide, or 2-
methoxyethoxide in THF (300 µL), and rates of transesterifi-
cation were monitored at different temperatures by GC on a
6890 Series II gas chromatograph (Hewlett-Packard, Palo
Alto, CA), equipped with a fused-silica RTX-65 TG capillary
column (30 m × 0.25 mm i.d., 0.10 µm film thickness; Restek,
Bellefonte, PA) and connected to a ChemStation (Hewlett-
Packard, Palo Alto, CA). The injection (split mode) and de-
tection (FID) were performed at 400°C, with an oven temper-
ature of 190°C isothermal for 8 min, increased to 360°C at
10°C min−1, and isothermal for 5 min at 360°C. The inlet
pressure of the carrier gas (H2) was 100 kPa. Under these con-
ditions, FA esters, MAG, DAG, and TAG are fully resolved.

FA ester analysis. Analysis of FA esters was performed on
the same apparatus. The injector (split mode) and detector
temperatures were maintained at 250°C. Celery seed oil was
analyzed on a DB-225 capillary column (30 m × 0.25 mm i.d.,
0.25 µm film thickness; J&W, Folsom, CA) at 190°C isother-
mal for 30 min, with H2 as carrier gas (140 kPa). Butterfat
analysis was performed on a BPX-70 capillary column (SGE,
Melbourne, Australia; 60 m × 0.25 mm i.d., 0.25 µm film
thickness) with temperature programming from 60 to 210°C
at 5°C min−1 and isothermal for 30 min at this temperature.
H2 was also used as carrier gas with a head pressure of 130
kPa. Determination of response factors was performed by de-
rivatization of simple acid TAG standards from C4 to C18.

RESULTS AND DISCUSSION

Formation of catalysts. In base-catalyzed transesterification re-
actions, the conjugated base of an alcohol acts as a nucleophile
to form the new derivative. However, only a limited number of
alkoxides that can form FA derivatives suitable for GC analysis
are commercially available. To overcome this limitation, we
readily synthesized conjugated bases of primary alcohols
(ethanol, n-propanol, n-butanol, and 2-methoxyethanol) by pro-
ton exchange with a stronger base, potassium tert-butoxide, the
conjugated base of tert-butanol, a tertiary alcohol. It is well

known that pKa values for tertiary alcohols are 2 to 3 units higher
than those for primary alcohols, thus resulting in an almost ex-
clusive formation of the desired base. This strategy proved itself
more convenient for the formation of primary alkoxides than the
use of metallic sodium or potassium, since solutions of potas-
sium tert-butoxide are commercially available.

FA derivatization. Solutions of tripalmitin in hexane were
added to solutions of potassium ethoxide, n-propoxide, n-
butoxide, and 2-methoxyethoxide in THF, and rates of trans-
esterification were monitored at different temperatures by
GC. Complete derivatization was observed after 10 to 20 min
at room temperature for all derivatives (Fig. 1), while at 40°C,
the reaction was complete in less than 10 min. As expected,
owing to increasing chelating character from TAG to DAG to
MAG, the latter species was transesterified at a higher rate
than both DAG and TAG, as shown by the very low levels of
MAG on the chromatograms at 30 s and at 3 min (Fig. 1),
while DAG were transesterified more rapidly than TAG. Al-
though transesterification of TAG can be efficiently per-
formed at room temperature, to ensure complete derivatiza-
tion of all O-acyl species, reactions should be carried out at a
temperature of 40°C for 15 min, reserving the lower tempera-
tures for more heat-sensitive samples. 

GC analysis. With respect to GC analysis of the different
FA derivatives, two parameters were considered; response fac-
tors and resolution of positional isomers of unsaturated FA.
Response factors for FA ester derivatives were determined
from results of transesterification of standard solutions of sim-
ple TG in the range of 4:0 to 18:3 in order to ensure that trans-
esterification proceeded equally well on different TG, because
somewhat bulky alkoxides can act both as nucleophiles, which
would result in the desired transesterification reaction, or as a
base, thus leading to condensation products. As expected, in
the mild conditions used, the latter reaction was not detected
for any of the alkoxides tested. These results from derivatiza-
tion of standards confirmed that only minor corrections to area
percentage values were required to obtain accurate quantita-
tive results for esters of medium- to long-chain FA with
n-propyl, n-butyl, and 2-methoxyethyl ester derivatives
(Table 1) (23). However, 2-methoxyethyl esters, which exhib-
ited the lowest overall FID signal (ca. 40% lower), were least
affected by the presence of carbon–carbon double bonds.
n-Butyl esters were the most sensitive to the presence of such
unsaturations. Differences between theoretical and experimen-
tal values in FA quantitation by FID are not unusual and have
previously been detailed (23). Obviously, losses of short-chain
FA were limited during the derivatization step because vapor
pressures and hydrophilic characteristics were reduced com-
pared to methyl ester derivatives. These observations corre-
spond to results from studies on milk fat analysis using iso-
propyl (7) and n-butyl (17,18,23) ester derivatives.

Milk fat was analyzed for its FA composition after derivatiza-
tion with potassium alkoxides of ethanol, n-propanol, n-butanol,
and 2-methoxyethanol in the corresponding alcohols (Fig. 2).
Results are in agreement with literature data (7,25), which make
obvious the reliability and the accuracy of the new procedures
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(Table 2). In addition, results for all FA, among the different de-
rivatives, are close, with only small observed differences.

GC separation of petroselinic acid (cis-6 18:1), as found in
Apiaceae seed oils, from oleic acid (cis-9 18:1) requires alter-
native FA derivatives to FAME, which either co-elute or show
only a partial resolution (10) on long (e.g., 50- or 100-m) polar

capillary columns. These acids have, however, been resolved
as isopropyl (9–11), n-butyl (19), and phenylethyl (20) esters,
and as dibutyrate derivatives of MAG (26). Using the new de-
rivatization procedures, we performed GC FA analysis of cel-
ery seed oil as ethyl, n-propyl, n-butyl, and 2-methoxyethyl de-
rivatives on a 25-m 50% cyanopropyl phenyl methyl silicone
open tubular capillary column (Fig. 3). Resolution between pet-
roselinic and oleic acid isomers increased with increasing chain
length of the alcohol moiety, resulting in RS (resolution) values
for ethyl, n-propyl, and n-butyl of 0.40, 0.55 and 0.90, respec-
tively. Resolution was also enhanced by increasing the polarity
of the derivative, as a baseline resolution (RS = 1.57) was ob-
tained with the new 2-methoxyethyl derivative. However, cis
and trans isomers of 18:1 acid were not fully resolved with the
latter. Celery seed oil was mainly composed of palmitic (6.9%),
stearic (1.4%), petroselinic (64.3%), oleic (8.1%), and linoleic
(18.0%) acids; minor FA included hexadecenoic (0.1%), α-
linolenic (0.6%), and cis-vaccenic (0.5%) acids.

In this paper, we have demonstrated that different ester de-
rivatives of FA may be easily prepared by transesterification
of TAG using base catalysts. In the proposed reaction condi-
tions, sample degradations were minimized, and the proce-
dure gave good quantitative and qualitative results on com-
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FIG. 1. Gas–liquid chromatogram of products from transesterification at 25°C of tripalmitin by
potassium 2-methoxyethoxide in 2-methoxyethanol and THF after (A) 30 s reaction time, (B) 3
min reaction time, (C) 10 min reaction time, and (D) 20 min reaction time, on a 30-m RTX-65TG
capillary column (Restek, Bellefonte, PA) on temperature-programming mode (see Materials and
Methods section for detailed procedure). Peak identification: (1) 2-methoxyethyl palmitate; 
(2) monopalmitin (mixture of isomers); (3) dipalmitin (mixture of isomers); and (4) tripalmitin.

TABLE 1
Experimental Response Factors for Ethyl, n-Propyl, n-Butyl 
and 2-Methoxyethyl Ester Derivatives of FA, Relative to Palmitatea

FA FAEEb FAPE FABE FAMOE

4:0 1.146 1.114 1.013 1.078
6:0 0.941 0.991 0.942 0.929
8:0 0.862 0.885 0.923 0.872

10:0 0.859 0.929 0.980 0.882
12:0 0.918 0.985 0.992 0.937
14:0 0.965 0.973 1.000 0.978
16:0 1.000 1.000 1.000 1.000
18:0 1.057 0.976 0.977 0.992
18:1 0.919 0.947 1.148 0.989
18:3 0.920 0.987 1.170 1.007
aValues are means of triplicate analysis.
bFAEE, FA ethyl ester; FAPE, FA n-propyl ester; FABE, FA n-butyl ester;
FAMOE, FA 2-methoxyethyl ester.



plex lipid samples. The use of alkoxides prepared by proton
exchange with potassium tert-butoxide or other strong bases
is not limited to the primary alcohols presented in this paper,
as numerous other derivatives can be prepared by following
the same procedure.
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TABLE 2
FA Composition (FA wt%) of Québec Winter Butterfat 
by GLC Analysis Using Ethyl, n-Propyl, n-Butyl, 
and 2-Methoxyethyl Ester Derivativesa

Peak 
no. FA FAEEb FAPE FABE FAMOE

1 4:0 3.63 3.82 3.80 3.55
2 6:0 2.15 2.17 2.19 2.18
3 8:0 1.26 1.12 1.26 1.29
4 10:0 2.75 2.68 2.93 2.95
5 10:1 0.30 0.18 0.32 0.31
6 11:0 0.05 0.16 0.06 0.06
7 12:0 3.23 3.33 3.44 3.27
8 12:1 0.08 0.09 0.09 0.08
9 13:0 iso 0.04 0.04 0.05 0.04

10 13:0 aiso 0.09 0.09 0.09 0.10
11 13:0 0.09 0.09 0.09 0.11
12 14:0 10.88 10.94 11.22 10.59
13 14:1 1.30c 1.30c 1.34c 0.98
14 15:0 iso 0.28
15 15:0 aiso 0.50 0.51 0.51 0.49
16 15:0 1.23 1.23 1.25 1.22
17 16:0 iso 0.24 0.27 0.27 0.10
18 16:0 31.82 31.33 30.87 31.40
19 16:1 cis + trans 2.17 2.19 2.28 2.44
20 17:0 iso 0.39 0.38 0.37 0.37
21 17:0 aiso 0.40 0.40 0.39 0.43
22 17:0 0.63 0.60 0.60 0.65
23 17:1 0.32 0.31 0.31 0.38
24 18:0 10.10 10.34 10.07 10.57
25 18:1 cis + trans 22.35 22.37 22.20 22.76
26 18:2 cis-9,cis-12 1.59 1.64 1.59 1.25
27 18:3 cis-9,cis-12,cis-15 0.75 0.75 0.74 0.79
28 20:0 0.13 0.13 0.15 0.13
29 18:2 cis-9,trans-11 0.89 0.88 0.84 0.87
30 20:1 0.09 0.11 0.10 0.12
31 20:2 0.02 0.03 0.03 0.03
32 20:3 cis-8,cis-11,cis-14 0.08 0.06 0.08 0.07
33 20:3 cis-11,cis-14,cis-17 0.09 0.08 0.14 0.12
34 20:4 0.02 0.03 0.02 0.02
35 20:5 0.07 0.07 0.07 0.05
36 22:0 0.05 0.07 0.05 0.06
37 22:1 0.09 0.08 0.07 0.07
38 22:2 0.03 0.04 0.02 0.03
39 22:4 0.02 0.02 0.02 0.02
40 22:5 0.05 0.04 0.07 0.07
aValues are means of triplicate analyses. Results were normalized to 100%
for comparison.
bFor abbreviations see Table 1.
cValues for 14:1 and 15:0 iso.

FIG. 3. Partial gas–liquid chromatograms of the C18 region for FA (A)
ethyl; (B) n-propyl; (C) n-butyl; and (D) 2-methoxyethyl esters, prepared
from celery seed oil, and analyzed on a 30-m DB-225 capillary column
(J&W, Folsom, CA) in isothermal mode at 190°C (see Materials and
Methods section for detailed analytical conditions). Peak identification:
(1) 18:0; (2) cis-6 18:1; (3) cis-9 18:1; (4) cis-11 18:1; (5) cis-9,cis-12
18:2.
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ABSTRACT: The initial steps in the autoxidation of CLA
methyl ester are poorly understood. The aim of this study was
to determine the stereochemistry of the hydroperoxides formed
during autoxidation of CLA methyl ester in the presence of a
good hydrogen atom donor. For this purpose, 9-cis,11-trans
CLA methyl ester was autoxidized in the presence of α-tocoph-
erol under atmospheric oxygen at 40°C in the dark. The CLA
methyl ester hydroperoxides were isolated, reduced to the corre-
sponding hydroxy derivatives, and separated by HPLC. The
stereochemistry of seven hydroxy-CLA methyl esters was inves-
tigated. The position of the hydroxy group was determined by
GC–MS. The geometry as well as the position of the double
bonds in the alkyl chain was determined by NMR. In addition,
the 13C NMR spectra of six hydroxy-CLA methyl esters were as-
signed using COSY, gradient heteronuclear multiple bond cor-
relation, gradient heteronuclear single quantum correlation, and
total correlation spectroscopy experiments. The autoxidation of
9-cis,11-trans CLA methyl ester in the presence of a good hy-
drogen atom donor is stereoselective in favor of one geometric
isomer, namely the 13-(R,S)-hydroperoxy-9-cis,11-trans-oc-
tadecadienoic acid methyl ester. Three types of conjugated
diene hydroperoxides are formed as primary hydroperoxides:
trans,trans hydroperoxides (12-OOH-8t,10t and 9-OOH-
10t,12t), a cis,trans hydroperoxide with the trans double bond
adjacent to the hydroperoxide-bearing carbon atom (13-OOH-
9c,11t), and a new type of cis,trans lipid hydroperoxide with
the cis double bond adjacent to the hydroperoxide-bearing car-
bon atom (8-OOH-9c,11t). In addition, three nonkinetic hy-
droperoxides (13-OOH-9t,11t, 8-OOH-9t,11t, and 9-OOH-
10t,12c) are formed. This study supports the theory that CLA
methyl ester autoxidizes at least partly through an autocatalytic

free radical reaction. The complexity of the hydroperoxide mix-
ture is due to formation of two different pentadienyl radicals.
Moreover, the stereoselectivity in favor of one geometric iso-
mer can be explained by the selectivity of the two previous
steps: the preferential formation of a W-conformer of the penta-
dienyl radical over the Z-conformer, and regioselectivity of the
oxygen addition to the pentadienyl radical.

Paper no. L9005 in Lipids 37, 533–540 (June 2002).

The hydroperoxide theory of autoxidation was developed and
successfully applied to FA by Farmer and co-workers in the
early 1940s (1). The hydroperoxides formed in the autoxida-
tion of methyl oleate and methyl linoleate, the two model
compounds in the FA autoxidation studies, were fully charac-
terized after the development of appropriate analytical tech-
niques in the late 1970s and early 1980s (reviewed in Refs.
2,3). Today, the hydroperoxide theory is generally accepted
in explaining the autoxidation of monounsaturated and non-
conjugated PUFA. However, the autoxidation mechanism of
conjugated PUFA has been less studied. Moreover, the autox-
idation mechanism of conjugated FA is thought to be differ-
ent from that of the nonconjugated FA and to produce differ-
ent reaction products (1,4). For example, the initial steps in
the autoxidation of CLA, which has been the subject of an in-
creasing number of scientific studies owing to its beneficial
physiological effects, are still poorly understood (4,5). Very
recently, we were able to provide evidence that hydroperox-
ides are also formed during the autoxidation of CLA methyl
ester (6). Furthermore, it was shown, contrary to earlier be-
liefs, that the main isomers of CLA methyl ester hydroperox-
ides have a conjugated diene monohydroperoxide structure
similar to the methyl linoleate hydroperoxides.

In continuation of our previous work (6), we now report
on an investigation into the autoxidation of pure 9-cis,11-
trans CLA methyl ester performed in the presence of α-to-
copherol (20% per weight) under atmospheric oxygen at 40°C
in the dark. The primary objective was to determine the stereo-
chemistry of the main CLA methyl ester hydroperoxides. The
hydroperoxides were separated as their hydroxy derivatives
by HPLC and characterized by UV; GC–MS; and 1H, 13C,
and 2-D NMR techniques. With well-characterized products
it was possible to propose a mechanism for the autoxidation
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of CLA methyl ester in the presence of a good hydrogen atom
donor.

EXPERIMENTAL PROCEDURES

Materials. 9-cis,11-trans CLA methyl ester was purchased
from Matreya Inc. (Pleasant Gap, PA). The presence of only
one CLA methyl ester isomer was confirmed by 13C NMR
(7). α-Tocopherol was obtained from Merck (Darmstadt, Ger-
many). Isopropanol was purchased from Fisher Scientific
(Loughborough, United Kingdom) and it was dried by distil-
lation over calcium hydride before use. Calcium hydride and
sodium borohydride were obtained from Fluka (Buchs,
Switzerland). t-Butyl methyl ether and heptane were from
Rathburn Chemicals (Walkerburn, Scotland), bis(trimethylsi-
lyl)-trifluoroacetamide (BSTFA) and trimethylchlorosilane
(TMCS) from Merck, and platinum(IV) oxide from Fluka. 

Autoxidation. The 9-cis,11-trans CLA methyl ester (3 × 0.5
g/20 mL glass vial) was autoxidized for 19 d in the presence of
α-tocopherol (20% per weight) under atmospheric oxygen at
40°C in the dark. The extent of oxidation measured as con-
sumption of the 9-cis,11-trans CLA methyl ester by GC was
13%. The yield of hydroperoxides was approximately 9%
based on peroxide value (PV = 586 meq/kg), which was mea-
sured by the ferric thiocyanate method (8). Nonoxidized 9-
cis,11-trans CLA methyl ester (approx. 1.2 g) was recovered.

Preparation of the hydroxy-CLA methyl esters. The CLA
methyl ester hydroperoxides were isolated from the autoxida-
tion reaction mixture by silica gel column (2 g; Varian, Har-
bor City, CA) chromatography followed by TLC and reduced
to the corresponding hydroxy derivatives using NaBH4 in dry
isopropanol at 0°C as reported previously (6). The hydroper-

oxides and the hydroxy derivatives were stored as dilute hep-
tane solutions at –20°C under nitrogen.

Isocratic normal-phase HPLC. The mixture of the hy-
droxy-CLA methyl esters was analyzed by HPLC using a Su-
pelco silica column (Supelcosil LC-SI, 25.0 cm × 2.1 mm i.d.,
particle size 5 µm; Bellefonte, PA) and 7% t-butyl methyl
ether in heptane as an eluent at 0.4 mL/min flow rate (Fig.
1A). The isomers were separated using a semipreparative
Merck silica column (LiChrospher Si 60, 25.0 × 1.0 cm i.d.,
particle size 5 µm) and 8% t-butyl methyl ether in heptane as
an eluent at 2.0 mL/min flow rate. Approximately 4 mg of the
mixture of the hydroxy-CLA methyl esters was repeatedly in-
jected, and seven fractions were collected (Fig. 1B). Fractions
2, 3, and 4 were further purified using the analytical column,
and fraction 6 was purified using the semipreparative column.
The columns were equipped with a Waters 501 HPLC pump,
Waters Pump Control Module, Waters WISP 710B, and Wa-
ters 996 Photodiode Array Detector (from 200 to 400 nm;
Milford, MA) set at 234 nm.

Derivatization to trimethylsilyl ethers and GC–MS. Analy-
sis of the different hydroxy isomers as corresponding hydroxy-
stearates enables the unambiguous determination of the
positional isomers (9). Hydrogenation of the separated hy-
droxy-CLA methyl esters to the corresponding hydroxy-
stearates was performed using platinum(IV) oxide (5 mg) as
a catalyst in methanol (5 mL). A slow stream of H2 was intro-
duced into the mixture for 30 min while stirring. Chloroform
(2 mL) was added. The reaction mixture was filtered and the
solvent was removed under a stream of nitrogen gas. The
residue was silylated by adding anhydrous pyridine (100 µL)
and the derivatization reagent (100 µL) containing 99% of
BSTFA and 1% of TMCS. The reaction mixture was allowed
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FIG. 1. (A) HPLC analysis of the hydroxy-CLA methyl esters using Supelco silica column (Supelcosil LC-SI, 25.0 cm × 2.1 mm i.d., particle size 5 µm;
Bellefonte, PA) and 7% t-butyl methyl ether in heptane (Rathburn Chemicals, Walkerburn, Scotland) as an eluent at a 0.4 mL/min flow rate with UV
detection at 234 nm. (B) Semipreparative (4 mg) HPLC separation of the hydroxy-CLA methyl esters using a Merck silica column (LiChrospher So 60,
25.0 cm × 1.0 cm i.d, particle size 5 µm; Darmstadt, Germany) and 8% t-butyl methyl ether in heptane (Rathburn Chemicals) as an eluent at a 2.0
mL/min flow rate with UV detection at 234 nm. Peaks: 1 = 13-(R,S)-hydroxy-9-cis,11-trans-octadecadienoic acid methyl ester (13-OH-9c,11t); 2 = 13-
(R,S)-hydroxy-9-trans,11-trans-octadecadienoic acid methyl ester (13-OH-9t,11t); 3 = 12-(R,S)-hydroxy-8-trans,10-trans-octadecadienoic acid methyl
ester (12-OH-8t,10t); 4 = 9-(R,S)-hydroxy-10-trans,12-cis-octadecadienoic acid methyl ester (9-OH-10t,12c); 5 = 9-(R,S)-hydroxy-10-trans,12-trans-oc-
tadecadienoic acid methyl ester (9-OH-10t,12t); 6 = 8-(R,S)-hydroxy-9-cis,11-trans-octadecadienoic acid methyl ester (8-OH-9c,11t); 7 = 8-(R,S)-hy-
droxy-9-trans,11-trans-octadecadienoic acid methyl ester (8-OH-9t,11t). *Unidentified compound.



to stand overnight in the dark at room temperature. The
trimethylsilyl ethers were analyzed on an Agilent 5973 mass
spectrometer  connected to a Hewlett-Packard gas chromato-
graph (HP 6890 Series GC System). The gas chromatograph
was equipped with an Rtx-5MS (crossbond 5% diphenyl
polysiloxane, 95% dimethyl polysiloxane) capillary column
(Restek Corporation, Bellefonte, PA), 60 m × 0.25 mm i.d.,
film thickness 0.1 µm; carrier gas: helium, 1.2 mL/min. Sam-
ples (0.5–1 µL) were injected using on-column injection. Col-
umn temperature program: 70°C (1 min), 40°C min−1 to
170°C; 170°C (2 min), 5°C min−1 to 250°C; 250°C (20 min);
interface temperature: 280°C; ion source temperature: 230°C;
ionization: electron impact 70 eV; mass range: 100–400 u;
sampling rate: 4.72 scans/s; scan threshold: 150.

UV spectroscopy. The hydroxy-CLA methyl esters with
conjugated diene chromophores were quantified by UV spec-
troscopy (λ = 234 nm). UV spectra were recorded in ethanol
solution on a PerkinElmer UV/vis spectrometer Lambda Bio.
Molar absorbance (ε) values used in calculations were from
Refence 10. The ε value of 13-(R,S)-hydroxy-9-trans,11-
trans-octadecadienoic acid methyl ester (13-OH-9t,11t) was
used in calculations for the 12-(R,S)-hydroxy-8-trans, 10-
trans-octadecadienoic acid methyl ester (12-OH-8t,10t) and
the ε values of the 9-hydroxy isomers for the 8-hydroxy isomers.

NMR spectroscopy. 1H, 13C, and 2-D NMR spectra were
recorded on a Bruker 500 Avance spectrometer with ν (1H) =
500 MHz and ν (13C) = 125 MHz in deuterochloroform
[Aldrich, Milwaukee, WI; contains 0.1% (vol/vol) tetra-
methylsilane, 99.8% 2H] at 27°C. Chemical shifts (δ) are
given in parts per million (ppm) relative to tetramethylsilane
(δ 0.00).

13-(R,S)-Hydroxy-9-cis,11-trans-octadecadienoic acid
methyl ester (13-OH-9c,11t)  (99%, 69 mM) 1H NMR δ 6.48
(dddd, 1 H, H-11, 3J11,12 = 15.2 Hz, 3J11,10 = 11.1 Hz, |4J11,9|
≈ |4J11,13| ≈ 1.1 Hz), 5.97 (ddtd, 1 H, H-10, 3J10,9 ≈ 11.0 Hz,
|4J10,8| ≈ 1.4 Hz, |4J10,12| ≈ 0.6 Hz), 5.67 (dd, 1 H, H-12, 3J12,13
= 6.9 Hz), 5.43 (dt, 1 H, H-9, 3J9,8 = 7.7 Hz), 4.16 (dt, 1 H,
H-13, 3J13,14 ≈ 6.6 Hz), 3.66 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2,
3J2,3 = 7.5 Hz), 2.17 (dt, 2 H, H-8, 3J8,7 ≈ 7.4 Hz), 1.60 (quin-
tet, 2 H, H-3, 3J3,4 = 7.3 Hz), 1.57 (m, 1 H, H-14), 1.51 (m, 1
H, H-14′), 1.45 − 1.35 (m, 2 H, H-7), 1.35 − 1.25 (m, 12 H,
H-4, H-5, H-6, H-15, H-16, H-17), 0.89 (t, 3 H, H-18, 3J18,17
= 6.9 Hz).

13-(R,S)-Hydroxy-9-trans,11-trans-octadecadienoic acid
methyl ester (13-OH-9t,11t) (92%, 1 mM) 1H NMR δ 6.17
(dd, 1 H, H-11, 3J11,12 = 15.2 Hz, 3J11,10 = 10.5 Hz), 6.02 (dd,
1 H, H-10, 3J10,9 = 15.1 Hz), 5.69 (dt, 1 H, H-9, 3J9,8 = 6.8
Hz), 5.57 (dd, 1 H, H-12, 3J12,13 = 7.0 Hz), 4.11 (dt, 1 H, H-
13, 3J13,14 ≈ 6.5 Hz), 3.67 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2,
3J2,3 = 7.5 Hz), 2.07 (td, 2 H, H-8, 3J8,7 ≈ 7.1 Hz), 1.66 − 1.47
(m, 4 H, H-3, H-14), 1.44 − 1.22 (m, 14 H, H-4, H-5, H-6,
H-7, H-15, H-16, H-17), 0.91 − 0.80 (m, 3 H, H-18).

12-(R,S)-Hydroxy-8-trans,10-trans-octadecadienoic acid
methyl ester (12-OH-8t,10t) (92%, 16 mM) 1H NMR δ 6.17
(dd, 1 H, H-10, 3J10,11 = 15.2 Hz, 3J10,9 = 10.4 Hz), 6.01 (dd,
1 H, H-9, 3J9,8 = 15.1 Hz), 5.68 (dt, 1 H, H-8, 3J8,7 = 7.0 Hz),
5.57 (dd, 1 H, H-11, 3J11,12 = 7.0 Hz), 4.11 (dt, 1 H, H-12,

3J12,13 ≈ 6.6 Hz), 3.67 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2, 3J2,3
= 7.5 Hz), 2.07 (dtd, 2 H, H-7, 3J7,6 ≈ 7.0 Hz, |4J7,9| ≈ 1.0 Hz),
1.62 (quintet, 2 H, H-3, 3J3,4 = 7.4 Hz), 1.53 (m, 1 H, H-13),
1.48 (m, 1 H, H-13′), 1.45 − 1.35 (m, 2 H, H-6), 1.35 − 1.22
(m, 12 H, H-4, H-5, H-14, H-15, H-16, H-17), 0.88 (t, 3 H,
H-18, 3J18,17 = 6.9 Hz).

9-(R,S)-Hydroxy-10-trans,12-cis-octadecadienoic acid
methyl ester  (9-OH-10t,12c) (92%, 13 mM) 1H NMR δ 6.49
(dddd, 1 H, H-11, 3J11,10 = 15.2 Hz, 3J11,12 = 11.1 Hz, |4J11,9|
≈ |4J11,13| ≈ 1.1 Hz), 5.97 (ddtd, 1 H, H-12, 3J12,13 = 10.8 Hz,
|4J12,14| ≈ 1.5 Hz, |4J12,10| ≈ 0.7 Hz), 5.66 (dd, 1 H, H-10, 3J10,9
= 6.9 Hz), 5.45 (dt, 1 H, H-13, 3J13,14 = 7.6 Hz), 4.15 (dt, 1
H, H-9, 3J9,8 ≈ 6.4 Hz), 3.66 (s, 3 H, OCH3), 2.30 (t, 2 H,
H-2, 3J2,3 = 7.5 Hz), 2.18 (dtd, 2 H, H-14, 3J14,15 ≈ 7.4 Hz), 1.62
(quintet, 2 H, H-3, 3J3,4 = 7.2 Hz), 1.57 (m, 1 H, H-8), 1.51
(m, 1 H, H-8′), 1.39 (quintet, 2 H, H-15, 3J15,16 = 7.1 Hz),
1.36 − 1.24 (m, 12 H, H-4, H-5, H-6, H-7, H-16, H-17), 0.89
(t, 3 H, H-18, 3J18,17 = 6.9 Hz).

9-(R,S)-Hydroxy-10-trans,12-trans-octadecadienoic acid
methyl ester (9-OH-10t,12t) (94%, 21 mM) 1H NMR δ 6.17
(dd, 1 H, H-11, 3J11,10 = 15.2 Hz, 3J11,12 = 10.4 Hz), 6.02 (dd,
1 H, H-12, 3J12,13 = 15.1 Hz), 5.70 (dt, 1 H, H-13, 3J13,14 =
7.0 Hz), 5.57 (dd, 1 H, H-10, 3J10,9 = 7.0 Hz), 4.10 (dt, 1 H,
H-9, 3J9,8 = 6.6 Hz), 3.66 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2,
3J2,3 = 7.5 Hz), 2.07 (dtd, 2 H, H-14, 3J14,15 = 7.0 Hz, |4J14,12|
= 1.4 Hz), 1.61 (quintet, 2 H, H-3, 3J3,4 = 7.2 Hz), 1.58 (m, 1
H, H-8), 1.50 (m, 1 H, H-8′), 1.37 (quintet, 2 H, H-15, 3J15,16
= 7.3 Hz), 1.35 − 1.23 (m, 12 H, H-4, H-5, H-6, H-7, H-16,
H-17), 0.89 (t, 3 H, H-18, 3J18,17 = 7.0 Hz).

8-(R,S)-Hydroxy-9-cis,11-trans-octadecadienoic acid
methyl ester (8-OH-9c,11t) (99%, 1 mM) 1H NMR δ 6.31
(dddt, 1 H, H-11, 3J11,12 = 15.0 Hz, 3J11,10 = 11.1 Hz, |4J11,9| ≈
|4J11,13| ≈ 1.2 Hz), 6.02 (pt, 1 H, H-10, 3J10,9 ≈ 9.9 Hz), 5.74
(dt, 1 H, H-12, 3J12,13 = 7.0 Hz), 5.27 (t, 1 H, H-9, 3J9,8 ≈ 8.3
Hz), 4.56 (dt, 1 H, H-8, 3J8,9 ≈ 6.7 Hz), 3.66 (s, 3 H, OCH3),
2.30 (t, 2 H, H-2, 3J2,3 = 7.5 Hz), 2.05 (dt, 2 H, H-13, 3J13,14
≈ 7.0 Hz), 1.66 − 1.58 (m, 2 H, H-3), 1.58 − 1.42 (m, 2 H, 
H-7), 1.42 − 1.35 (m, 2 H, H-14), 1.35 − 1.22 (m, 12 H, H-4,
H-5, H-6, H-15, H-16, H-17), 0.89 (t, 3 H, H-18, 3J18,17 = 6.9
Hz). A sample containing 77% of 8-OH-9c,11t (4 mM) was
used for the 2-D NMR experiments. 

8-(R,S)-Hydroxy-9-trans,11-trans-octadecadienoic acid
methyl ester (8-OH-9t,11t) (95%, 9 mM) 1H NMR δ 6.17 (dd,
1 H, H-10, 3J10,9 = 15.2 Hz, 3J10,11 = 10.4 Hz), 6.02 (dd, 1 H,
H-11, 3J11,12 = 15.1 Hz), 5.70 (dt, 1 H, H-12, 3J12,13 = 7.0 Hz),
5.56 (dd, 1 H, H-9, 3J9,8 = 7.0 Hz), 4.10 (dt, 1 H, H-8, 3J8,7 ≈
6.6 Hz), 3.66 (s, 3 H, OCH3), 2.30 (t, 2 H, H-2, 3J2,3 = 7.5
Hz), 2.07 (dt, 2 H, H-13, 3J13,14 ≈ 7.0 Hz), 1.62 (quintet, 2 H,
H-3, 3J3,4 = 7.2 Hz), 1.53 (m, 1 H, H-7), 1.47 (m, 1 H, H-7′),
1.38 (quintet, 2 H, H-14, 3J14,15 = 7.1 Hz), 1.40 − 1.23 (m, 12
H, H-4, H-5, H-6, H-15, H-16, H-17), 0.88 (t, 3 H, H-18,
3J18,17 = 6.9 Hz).

RESULTS AND DISCUSSION

Autoxidation and HPLC of the hydroxy-CLA methyl esters.
The autoxidation of 9-cis,11-trans CLA methyl ester was
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performed in the presence of a large amount of α-tocopherol
in order to produce a sufficient amount of primary hydroper-
oxides for characterization and to simplify the mixture of hy-
droperoxides formed, as has been observed for the autoxida-
tion of methyl linoleate (11). The autoxidation was stopped
when the extent of oxidation was 13%. At this oxidation level
under the conditions of the investigation, hydroperoxides are
formed but are not yet degraded to secondary oxidation prod-
ucts to a degree that would cause problems during purifica-
tion. The hydroperoxides were isolated by column chroma-
tography. In the 1H NMR spectrum of the mixture of CLA
methyl ester hydroperoxides, the hydroperoxide protons ap-
pear as partly overlapping singlets at δ 7.89–7.73. Unlike the
linoleate hydroperoxides, the CLA methyl ester hydroperox-
ides are formed in unequal amounts judging from the inte-
grals of the hydroperoxide proton signals. In particular, one
isomer (resolved OOH singlet at δ 7.87) accounted for ap-
proximately 42% of all the different hydroperoxide protons.
Since the primary objective was not to investigate the proper-
ties of the hydroperoxides but rather the stereochemical dis-
tribution of the isomers formed, the hydroperoxides were
converted chemoselectively (12) to the corresponding hy-
droxy compounds. Furthermore, as reported for the methyl
hydroxylinoleates, this was expected to reduce the risk of isom-
erization under HPLC conditions (13) and to improve the
HPLC separation of the different isomers (10).

Separation and analysis of the mixture of the hydroxy-
CLA methyl esters into seven components using 7–8% t-butyl
methyl ether in heptane is depicted in Figure 1. As expected,
based on the 1H NMR spectrum of the CLA methyl ester hy-
droperoxides, the HPLC chromatogram revealed an unequal
distribution of the hydroxy isomers. HPLC analysis of the
mixture at λ = 234 nm gave the following elution order and
area percentage composition of the hydroxy-CLA methyl es-
ters: 13-OH-9c,11t (50%), 13-OH-9t,11t (<1%), 12-OH-
8t,10t (12%), 9-OH-10t,12c (13%), 9-OH-10t,12t (15%),
8-OH-9c,11t (2%), and 8-OH-9t,11t (8%). 

Characterization of the hydroxy-CLA methyl ester isomers
by UV, GC–MS, and NMR. The separated hydroxy-CLA
methyl esters were analyzed by HPLC, and UV spectra were
recorded. Three different λmax values for the three different
types of isomers were recorded. The absorption maximum of
the cis,trans isomers (allylic methine is adjacent to the trans
double bond) (fractions 1 and 4) was at 234.4 nm, that of the
cis,trans isomer (allylic methine is adjacent to the cis double
bond) (fraction 6) at 232.1 nm, and that of the trans,trans iso-
mers (fractions 2, 3, 5, and 7) at 230.9 nm.

The position of the hydroxy group of the individual hy-
droxy-CLA methyl esters was determined by GC–MS using
trimethylsilyl ethers of the corresponding hydroxystearates,
which gave two characteristic fragment ions in MS. The re-
sults are summarized in Table 1. 

Methyl 13-hydroxy-9-cis,11-trans octadecadienoate (frac-
tion 1). Easily recognizable groups in the 1H NMR spectrum
of the 13-hydroxy isomer were the olefinic, allylic methine,
methoxy, H-2, allylic methylene, and H-18 proton signals.

The four multiplets in the olefinic region are characteristic of
a conjugated diene structure with two lower-field “inner” pro-
tons at δ 6.48 (dddd, H-11) and 5.97 (ddtd, H-10) and two
higher-field “outer” protons at δ 5.67 (dd, H-12) and 5.43 (dt,
H-9). The geometry of the double bonds was determined
based on the vicinal coupling constants (3J = 15.2 Hz for a
trans and 3J ≈ 11.0 Hz for a cis double bond) and was further
confirmed by characteristic chemical shifts of allylic methine
and methylene carbons in the 13C NMR spectrum. The chem-
ical shift at δ 72.90 (C-13) was characteristic of an allylic me-
thine carbon atom adjacent to a trans double bond (14) and
the chemical shift at δ 27.68 (C-8) confirmed that the allylic
methylene carbon was adjacent to a cis double bond (15,16).

An H-H-COSY experiment confirmed the assignments of
the 1H NMR spectrum and was used to identify the signals of
the methylene groups adjacent to the allylic protons (H-7 and
H-14) as well as the H-3 signal. In addition, based on the
cross-peak signals in the COSY spectrum, the diastereotopic
protons (H-14 and H-14′) adjacent to the allylic methine
group resonated at different frequencies (δ 1.57 and 1.51).
Since geminal couplings are generally −10 to −20 Hz and |∆ν|
≈ 30 Hz, the signals are higher-order multiplets. Owing to
rapid tumbling of the molecule in solution at room tempera-
ture, the coupling constants of the diastereotopic protons to
the allylic methine proton were averaged to 6.6 Hz (measured
from the allylic methine multiplet).

Windowing [the acquired free induction decay data were
zero-filled and multiplied by a negative exponential function
(lb = −0.10 Hz) before Fourier transformation] was used to
improve the resolution of the 1H NMR spectrum, and it en-
abled the determination of some coupling constants between
nuclei that were four bonds apart (4J). A long-range COSY
experiment was used to determine the coupled nuclei.

The position of the double bond system in the alkyl chain
was determined using a 2-D total correlation spectroscopy
(TOCSY) experiment by establishing which allylic resonance
was closest to the methyl group. The TOCSY spectrum
showed the protons belonging to the same coupled spin sys-
tem; and by using a suitable mixing time in the pulse pro-
gram, it was possible to control how far the magnetization
was transferred within the spin system. Figure 2A shows an
expanded plot of a portion of the 2-D TOCSY spectrum for
the 13-hydroxy isomer run with the relatively long mixing
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TABLE 1
Fragment Ions from Trimethylsilyl Ethers of Stearic Acid Methyl Esters
Prepared by PtO2-Catalyzed Hydrogenation of the Fractions Contain-
ing Hydroxy-CLA Methyl Esters

Fragment Corresponding
Fraction ions (m/z) hydroxystearate

1 173, 315 13-OH
2 173, 315 13-OH
3 187, 301 12-OH
4 229, 259 9-OH
5 229, 259 9-OH
6 243, 245 8-OH
7 243, 245 8-OH



time of 140 ms. The methyl group protons correlate with the
allylic methine proton but not with the allylic methylene pro-
tons; thus, the position of the double bond system must be 9-
cis,11-trans. This is in accord with the methyl group reso-
nance correlating more strongly with the protons in the trans
double bond than with the more remote protons in the cis dou-
ble bond. When the TOCSY spectrum was run using a mix-
ing time of 180 ms, the correlation cross-peaks between the
methyl group protons and the different olefinic protons be-
came more intense, and the interaction of the methyl group
with the allylic methylene protons started to appear (Fig. 2B).

The previously identified protons could be correlated with
the carbons directly attached in a gradient heteronuclear sin-
gle quantum correlation (gHSQC) spectrum, allowing the
identification of olefinic (C-9 to C-12), allylic methine (C-
13), allylic methylene (C-8) and methylene carbons adjacent
to the allylic positions (C-7 and C-14), C-2, C-3, and C-18.
Further assignments could be made by observing the correla-
tions between protons and carbons over two and three bonds
in a gradient heteronuclear multiple bond correlation
(gHMBC) spectrum. In particular, the H-18 methyl group
protons had two strong correlation cross-peaks, which al-
lowed the distinction of carbons C-16 from C-17 on chemical
shift grounds. C-15 could be identified based on correlations
to the previously assigned protons H-14 and H-13. More im-
portantly, the position of the double bond system was con-
firmed by the correlation of C-16 to H-14, which in turn was
correlated to the allylic methine carbon C-13. 

Other isomers. The 13-hydroxy isomer of fraction 2 was
characterized based on 1H NMR alone, owing to the small
amount of compound. By using a combination of 2-D NMR
techniques (COSY, gHSQC, gHMBC, and TOCSY), the 1H
and 13C NMR spectra of the other hydroxy-CLA methyl es-
ters (fractions 3–7) were assigned in a manner similar to that

of the 13-OH-9c,11t isomer. The proton assignments are
listed in the Experimental Procedures section, and the carbon
data collected are shown in Table 2. The assignments of the
13C NMR spectra of the 13-hydroxy isomer and the 9-hy-
droxy isomers are in agreement with the results of Frankel et
al. (14). 

It should be noted that in the 13C NMR spectrum of the 8-
hydroxy-9-cis,11-trans isomer (fraction 6), the chemical shift
at δ 67.94 is characteristic of an allylic methine adjacent to a
cis double bond (12). This hydroxy compound corresponds to
a new type of allylic monohydroperoxide conjugated diene
isomer formed in the autoxidation of polyunsaturated FA es-
ters. The related 2-hydroperoxy-3-cis,5-trans-heptadiene is
known to be formed in the autoxidation of 2-cis,5-trans-hep-
tadiene (17).

Mechanism. The most striking feature in the autoxidation
of the 9-cis,11-trans CLA methyl ester is that under the con-
ditions used in this study, the reaction was clearly stereose-
lective in favor of one geometric isomer (as a pair of enan-
tiomers). The most feasible mechanism for an autoxidation
reaction, that proceeds through hydroperoxide intermediates
is the autocatalytic free radical pathway. The initial step in
the autoxidation of the 9-cis,11-trans CLA methyl ester can
be envisaged as an abstraction of one of the four allylic hy-
drogens. In the 1H NMR spectrum of the 9-cis,11-trans CLA
methyl ester, the methylene protons adjacent to the cis double
bond resonated at a slightly lower field (δ 2.15) compared to
the methylene protons adjacent to a trans double bond (δ
2.09). This implies that the chemical surroundings of the two
allylic groups are slightly different. Furthermore, the allylic
position, in the conformations that are most likely to undergo
fragmentation (the C–H bond undergoing fragmentation per-
pendicular to the diene π system), is sterically more crowded
when adjacent to a cis double bond than to a trans double
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FIG. 2. Expanded plots of the 2-D total correlation spectroscopy spectra of the 13-OH-9c,11t isomer (69 mM); (A) mixing time 140 ms; (B) mixing
time 180 ms.



bond. However, the electronic or the steric factors alone at the
two allylic positions are hardly large enough to account for
the observed stereoselectivity. 

Abstraction of a hydrogen atom from the allylic positions
adjacent to a trans double bond leads to the formation of a
pentadienyl radical delocalized between carbons 9 and 13 (2),
whereas hydrogen abstraction from the alternative allylic po-
sition leads to the formation of a pentadienyl radical delocal-
ized between carbons 8 and 12 (3) (Scheme 1, where TocH =
α-tocopherol and Toc• = α-tocopherol radical). The delocal-
ization of the pentadienyl radicals 2 and 3 is represented by
three resonance structures (a to c). The resonance structures
(2b and 3b) in which the double bonds are not conjugated are
energetically less favorable, and thus the contribution to the
resonance hybrids is smaller than that of the other conjugated
resonance structures. The spatial arrangement of the double
bonds in both of the conjugated resonance structures, 2a and
2c, that contribute to the pentadienyl radical 2 is s-trans,
whereas that of the conjugated resonance structures 3a and
3c that contributes to the pentadienyl radical 3 is such that
only one is s-trans and the other s-cis. Thus, the radical 2 (W-
shaped conformation) is energetically more stable than radi-
cal 3 (Z-shaped conformation). Invoking the Hammond pos-
tulate, we can assume that the geometry of the transition state
resembles that of the pentadienyl radical. Hence, the transi-
tion state leading to radical 2 should be more stable than the
one leading to radical 3, and thereby the activation energy
(∆G‡) for the formation of radical 2 is smaller than it is for
the formation of radical 3; and thus radical 2 is formed faster.

The propagation step consists of the radical–radical cou-
pling reaction between the pentadienyl radical and molecular

oxygen. Since this reaction proceeds under normal oxygen
pressures at or near the diffusion control rate (18), the geom-
etry of the double bonds is not expected to change through
isomerization of the pentadienyl radical. Furthermore, the isom-
erization of the W-conformer 2 is energetically unfavorable
based on the analogy with the pentadienyl radical itself (19).
The resonance-stabilized pentadienyl radicals are essentially
planar, and the new chiral center is formed without stereose-
lection. However, the studies performed with methyl oleate
(20) and with four different geometric isomers of methyl
linoleate (21) under kinetic conditions show that the attack of
oxygen on the carbons of the allylic or the pentadienyl radi-
cal is regioselective. In particular, as indicated in the methyl
linoleate study (21), the pentadienyl radical terminus having
a partial trans double bond character reacts faster than the ter-
minus having a partial cis double bond character. Thus,  addi-
tion of oxygen to the pentadienyl radical 2, which is the same
radical as the one formed from methyl 9-cis,12-trans-
linoleate, leads to the preferential formation of the 13-peroxyl
radical 6 having a cis,trans geometry over the 9-peroxyl radi-
cal 4, which has the more stable trans,trans configuration.
When the oxidation occurs in the presence of the good hydro-
gen atom donor, α-tocopherol, the next step is relatively fast
and selectively produces 13-OOH-9c,11t (7). Smaller
amounts of the other three primary or kinetic hydroperoxides,
5, 12, and 14, are also expected to form.

Because the high level of a strong hydrogen donor was ex-
pected to stabilize the kinetic autoxidation products, the forma-
tion of the nonkinetic hydroperoxides, 10 and 16, was unex-
pected and is not easily explained. The autoxidation under the
conditions employed in this investigation was selective, leading
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TABLE 2
13C NMR Chemical Shift Values of Hydroxy-CLA Methyl Estersa

Carbon
nucleus 13-OH-9c,11t 12-OH-8t,10t 9-OH-10t,12c 9-OH-10t,12t 8-OH-9c,11t 8-OH-9t,11t

C-1 174.34 174.27 174.31 174.31 174.28 174.28
C-2 34.08 34.08 34.09 34.09 34.08 34.08
C-3 24.90 24.88 24.92 24.92 24.88 24.88
C-4 29.06–28.96 29.00–28.78 29.35–29.07 29.35–28.92 29.20–28.90 29.21–28.89
C-5 29.06–28.96 29.00–28.78 29.35–29.07 29.35–28.92 29.20–28.90 29.21–28.89
C-6 29.06–28.96 29.00–28.78 29.35–29.07 29.35–28.92 25.16 25.25
C-7 29.48 32.53 25.35 25.36 37.40 37.23
C-8 27.68 135.26 37.31 37.29 67.94 72.85
C-9 132.79 129.59 72.91 72.87 131.34 133.50
C-10 127.84 130.88 135.76 133.57 130.62 131.06
C-11 125.74 133.76 125.89 131.02 125.01 129.38
C-12 135.97 72.90 127.67 129.41 137.53 135.70
C-13 72.90 37.36 133.10 135.65 32.85 32.66
C-14 37.34 25.41 27.76 32.62 29.20–28.90 29.21–28.89
C-15 25.13 29.24 29.35–29.07 29.35–28.92 29.20–28.90 29.21–28.89
C-16 31.79 31.80 31.47 31.42 31.71 31.73
C-17 22.61 22.61 22.55 22.53 22.62 22.62
C-18 14.05 14.08 14.05 14.04 14.09 14.09
OCH3 51.47 51.46 51.45 51.45 51.45 51.46
a13-OH-9c,11t, 13-(R,S)-hydroxy-9-cis,11-trans-octadecadienoic acid methyl ester; 12-OH-8t,10t, 12-(R,S)-hydroxy-8-trans,10-trans-octadecadienoic acid
methyl ester; 9-OH-10t,12c, 9-(R,S)-hydroxy-10-trans,12-cis-octadecadienoic acid methyl ester; 9-OH-10t,12t, 9-(R,S)-hydroxy-10-trans,12-trans-octadeca-
dienoic acid methyl ester; 8-OH-9c,11t, 8-(R,S)-hydroxy-9-cis,11-trans-octadecadienoic acid methyl ester; 8-OH-9t,11t, 8-(R,S)-hydroxy-9-trans,11-trans-oc-
tadecadienoic acid methyl ester.



to preferential formation of the 13-peroxyl radical 6, which is
involved in competing hydrogen atom abstraction and β-scis-
sion reactions. Hydrogen atom abstraction occurs rapidly in the
presence of a good hydrogen atom donor compared to β-scis-
sion. However, isomerization of the peroxyl radical 6 through
β-scission of the conformer 6′ would ultimately lead to the for-
mation of 9-OOH-10t,12c (10) as has been demonstrated pre-
viously (22–24). Furthermore, it has been suggested that at
high α-tocopherol concentration the hydrogen atom abstrac-
tion reaction between the α-tocopherol and peroxyl radical is
reversible (2). The β-scission pathway also explains the forma-
tion of a small amount of the 13-OOH-9t,11t from the peroxyl
radical 4. More of this isomer was expected to form in the ab-
sence of α-tocopherol, which is the topic of further studies.

Presuming that under normal oxygen pressures the penta-
dienyl radical Z-conformation does not isomerize before it is
trapped by oxygen, 8-OOH-9t,11t (16) should be formed by
isomerization of the primary peroxyl radicals 11 or 13. Isom-
erization through the β-scission pathway of the radical 11
would initially lead to the formation of an 8-peroxy-9-
trans,11-cis radical, and that of the radical 13 would lead to a
12-peroxy-8-cis,10-trans radical. Since neither of the hy-
droperoxides was found from the reaction mixture, this path-
way seems unlikely. Because both termini of the pentadienyl
radical 3 have a partial trans double bond character, we would
expect about the same amount of the radical 13 to be formed
as the radical 11. However, significantly less 8-OOH-9c,11t

(14) than 12-OOH-8t,10t (12) was formed based on the HPLC
analysis of the corresponding hydroxy esters. Therefore, if
the hydroperoxide 12 is not formed by some other mecha-
nism, the peroxyl radical 13 isomerizes and/or decomposes to
secondary autoxidation products faster than the peroxyl radi-
cal 11. The origin of the lability of the radical 13 could be that,
unlike the other peroxyl isomers, the carbon atom bearing the
peroxy group is adjacent to a cis double bond. Moreover, the
isomerization of the radical 13 by two successive [2,3] al-
lylperoxyl rearrangements, proceeding through a cyclic tran-
sition state as the oleate allylperoxyl rearrangement (25),
leads, after hydrogen atom abstraction, to the formation not
only of hydroperoxide 16 but also of 12. 

Although the isomerization of the peroxyl radical 13 by
addition of oxygen at C-10 is feasible, the autoxidation con-
ditions used are not purely kinetic, and this study does not
provide evidence ruling out direct isomerization of the Z-con-
formation pentadienyl radical (3). With the pentadienyl radi-
cal itself, isomerization of the Z-conformation to the W-con-
formation is expected to be diffusion-controlled, and at above
–63°C the Z-conformer is fully converted into the W-con-
former (26). The direct isomerization of the Z-conformer 3
leads to the more stable W-conformer, which is, at least in
theory, a precursor of hydroperoxides 16 and 12. However,
this alternative pathway is possible only if the conformational
isomerization occurs at a rate that competes successfully with
the diffusion-controlled peroxidation of the radical 3. 
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The autoxidation of conjugated FA has been suggested to
differ from the autoxidation of nonconjugated PUFA. In the
light of the results of this investigation, it can be concluded
that the eminent feature of the autoxidation of 9-cis,11-trans
CLA methyl ester in the presence of a good hydrogen atom
donor is that one hydroperoxide (as a pair of enantiomers) is
formed predominantly at the expense of other isomers. When
methyl linoleate is autoxidized in the presence of α-tocoph-
erol at 40°C, the formation of two kinetic cis,trans hydroper-
oxides in 1:1 ratio is favored over the two thermodynamic
trans,trans hydroperoxides (11), whereas the autoxidation of
CLA methyl esters leads to the formation of a more complex
isomeric mixture. There are four instead of two different po-
sitional isomers owing to the formation of two different pen-
tadienyl radicals. Furthermore, conjugated diene hydroperox-
ides with trans,trans geometry and a new type of cis,trans
hydroperoxide with a cis double bond adjacent to the hy-
droperoxide-bearing carbon atom are formed as kinetic hy-
droperoxides. Since oxidation reactions and formation of hy-
droperoxides of specific stereochemistry play an important
role in many biological reactions, these differences in hy-
droperoxide formation may partly explain the unique bioac-
tive properties of CLA. 
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ABSTRACT: A regiospecific oxygenation of the allylic carbon
10 of cis-vaccenic acid has been observed in senescent cells of
the halophilic purple sulfur bacterium Thiohalocapsa halophila
incubated under aerobic conditions in darkness. The results ob-
tained strongly suggest that these enzymatic processes involve
the initial dioxygenase-mediated formation of 10-hydroperoxy-
octadec-cis-11-enoic acid, which is not accumulated in the
cells of T. halophila owing to its high cytotoxic properties. Deu-
terium labeling and GC–MS analyses enabled us to demonstrate
that subsequent enzymatic conversions of this allylic hydroper-
oxide involved reduction, cleavage, isomerization, and satura-
tion reactions. Some of the specific oxidation products thus
formed could constitute potential T. halophila biomarkers.

Paper no. L8991 in Lipids 37, 541–548 (June 2002).

Lipoxygenases (formerly called lipoxidases in plants) are a
family of related nonheme iron-containing enzymes that are
widely distributed in humans, animals, and plants (1). Al-
though lipoxygenase was originally discovered in leguminous
plants, it soon became clear that lipoxygenases are wide-
spread throughout the plant kingdom, including algae (2,3)
and bryophytes (4). These enzymes dioxygenate PUFA con-
taining all-cis-methylene-interrupted double bonds such as
octadeca-9,12-all-cis-dienoic acid (linoleic acid), octadeca-
9,12,15-all-cis-trienoic acid (linolenic acid), eicosa-
5,8,11,14-all-cis-tetraenoic acid (arachidonic acid), or eicosa-
5,8,11,14,17-all-cis-pentaenoic acid, yielding unsaturated
hydroperoxy FA with one pair of conjugated double bonds
(5). The dioxygenation of PUFA by a lipoxygenase formally
consists of three steps: (i) removal of one hydrogen atom
from the double allylic methylene carbon atom forming a FA
radical, (ii) conjugation of the double bonds with a trans-isom-
erization of the shifted double bond (the conjugation being
accompanied by a rearrangement of the radical electron), and
(iii) insertion of dioxygen (5). Lipoxygenases may also cat-
alyze the oxygenation of monounsaturated FA such as oleic
(6–9) and octadec-cis-12-enoic (9) acids, these processes
mainly affording hydroxy-, hydroperoxy-, or oxoacids. 

The reactive properties attributed to hydroperoxides have

led to speculation that lipoxygenase participates in the senes-
cence process in plants (10). However, conflicting experimen-
tal evidence leaves this question unanswered for the moment
(11,12).

During aerobic incubation of senescent cells of the
halophilic purple sulfur bacterium Thiohalocapsa halophila
in darkness, we observed a regiospecific peroxidation of the
allylic carbon 10 of octadec-11-cis-enoic acid (cis-vaccenic
acid), which was attributed to the involvement of a dioxygen-
ase. The subsequent enzymatic conversions of the 10-hy-
droperoxyoctadec-11-cis-enoic acid thus formed have been
studied by deuterium labeling and involve reduction, cleav-
age, isomerization, and saturation reactions. 

EXPERIMENTAL PROCEDURES

Source of strain. Thiocapsa halophila strain SG 3202 was iso-
lated from the red layer occurring all year around in the lami-
nar microbial mat at the sediment surface of hypersaline
ponds in the saltern of Salin-de-Giraud (Camargue, France)
(13) and was renamed Thiohalocapsa halophila DSM 6210
by Imhoff et al. (14) after examination of its 16S rDNA.

Culture conditions. The final synthetic medium for main-
tenance and growth of T. halophila was prepared according
to the method of Pfennig and Trüper (15), and contained (per
litre of distilled water): KH2PO4 (0.3 g), KCl (0.3 g), NH4Cl
(0.5 g), NaCl (100 g), MgSO4·7H2O (3 g), MgCl2·6H2O (6
g), and CaCl2 (0.05 g). After sterilization, the liquid medium
was supplemented with Na2S2O3 (0.08 g), NaHCO3 (1.5 g),
Na2S·9H2O (0.48 g), CH3COONa (0.16 g), trace element so-
lution [SL12 (16)] (1 mL), and vitamin solution [VA (17)] (1
mL) under a mixture of gas (N2/CO2, 90:10). The pH was fi-
nally adjusted between 7.2 and 7.4, and the medium was dis-
tributed in 250-mL sterile screwcap bottles. To minimize the
gaseous volume, the flasks were brimmed. Cultures were in-
cubated at 20°C under an illumination of 110 µmol photons
m−2 s−1 (12 h light and dark cycle) provided by a mix of 30
W fluorescent (Osram, fluora) and 60 W tungsten lamps (one
of each). Aerobic incubations were carried out in 250-mL Er-
lenmeyer flasks under the same conditions with magnetic stir-
ring.

Experiments with senescent cells. After growth, cultures
were distributed in 250-mL Erlenmeyer flasks and taken
through several freeze–thaw cycles to provide some disruption
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of cellular structure. The flasks were then incubated at 20°C
under aerobic and anaerobic conditions in darkness.

Treatment. After incubation, the content of each flask was
filtered on GF/F (Whatman) paper, and the filters were
saponified directly or after reduction.

Reduction of hydroperoxides to alcohols. Hydroperoxides
were reduced to the corresponding alcohols in methanol (25
mL) by excess NaBH4 or NaBD4 (10 mg/mg of extract) using
magnetic stirring (15 min at 0°C) (18). During this treatment
ketones are also reduced, and the possibility of some ester
cleavage cannot be excluded.

Alkaline hydrolysis. Saponification was carried out on both
reduced and nonreduced samples. After reduction, 25 mL of
water and 2.8 g of potassium hydroxide were added, and the
mixture was directly saponified by refluxing for 2 h. In the
case of nonreduced samples, an additional 25 mL of methanol
was added before saponification. After cooling, the contents
of the flask were extracted three times with n-hexane. The
combined n-hexane extracts were dried over anhydrous
Na2SO4, filtered, and concentrated by using a rotary evapora-
tor to give the unsaponified fraction. The aqueous phase was
then acidified with hydrochloric acid (pH 1) and subsequently
extracted three times with dichloromethane. Treatment of the
combined dichloromethane extracts as described above gave
the saponified fraction.

Derivatization. After evaporation of solvents, the residues
were taken up in 400 µL of a mixture of pyridine and
bis(trimethylsilyl) trifluoroacetamide (BSTFA) (Supelco, St
Quentin Fallavier, France) (3:1, vol/vol) and silylated for 1 h
at 50°C. After evaporation to dryness under nitrogen, the
residues were taken up in a mixture of ethyl acetate and
BSTFA and analyzed by GC–EIMS.

Dimethyldisulfide (DMDS) treatment. Following the pro-
cedure initially described by Vincenti et al. (19), the extract
to be derivatized was dissolved in 250 µL of hexane, 250 µL
of DMDS, and 125 µL of an iodine solution (60 mg of iodine
in 1 mL of diethyl ether). The reaction mixture was held at
50°C for 24 h and then diluted with hexane. The reaction was
quenched with 2 mL of 5% Na2S2O3, and the hexane layer
was pipetted off. The solution was extracted twice with
hexane; the hexane extracts were combined, dried on
Na2SO4, filtered, and the solvent was evaporated by using a
rotary evaporator. The residue was then silylated as described
above and analyzed by GC–EIMS.

Hydrogenation. Lipid extracts were hydrogenated
overnight under magnetic stirring in methanol with
Pd/CaCO3 (10–20 mg/mg of extract) (Aldrich, St Quentin
Fallavier, France) as a catalyst. After hydrogenation, the cata-
lyst was removed by filtration, and the filtrate was concen-
trated by rotary evaporation.

Identification of FA and their oxidation products. These
compounds were identified by comparison of retention times
and mass spectra with those of standards and quantified (cali-
bration with external standards) by GC–EIMS. Derivatives of
regioisomeric hydroxy compounds, which often coeluted, can
be distinguished by their EI mass spectra to a great extent,

since the main fragments are caused by α-cleavage at the site
of the functional group. These isomers could thus be detected
and quantified by measurement of the ion currents of these
specific fragment ions. Characterization of cis and trans al-
lylic hydroxyacids was based on comparison of their reten-
tion times with those of standard compounds. 

GC–EIMS analyses were carried out with an HP 5890 se-
ries II plus gas chromatograph connected to an HP 5972 mass
spectrometer. The following conditions were used: 30 m ×
0.25 mm (i.d.) fused-silica capillary column coated with HP5
(Hewlett-Packard; film thickness, 0.25 µm); oven tempera-
ture programmed from 60 to 130°C at 30°C min−1 and then
from 130 to 300°C at 4°C min−1; carrier gas (He) maintained
at 1.04 bar until the end of the temperature program and then
programmed from 1.04 bar to 1.5 bar at 0.04 bar min−1; in-
jector (splitless) temperature, 300°C; electron energy, 70 eV;
source temperature, 170°C; cycle time, 1.5 s.

Standard compounds. Palmitoleic, oleic, and cis- and
trans-vaccenic acids were purchased from Sigma (St Quentin
Fallavier, France). Fe2+/ascorbate-induced autoxidation (20)
of cis-vaccenic acid produced a mixture of allylic hydroper-
oxides containing significant amounts of cis- and trans-10-
hydroperoxyoctadec-11-enoic acids (21). Subsequent reduc-
tion of these different hydroperoxides in methanol with excess
NaBH4 afforded the corresponding hydroxyacids. Oxoacids
were obtained by dehydration of the corresponding hydroper-
oxides in a mixture of pyridine and acetic anhydride (22). Hy-
drogenation of hydroxyacids and oxoacids was carried out in
methanol with Pd/CaCO3 as catalyst. A mixture of di-
astereoisomeric 10,11-, 9,10-, and 8,9-dihydroxyoctadec-
anoic acids was obtained after (i) photosensitized oxidation
of oleic acid (in pyridine in the presence of hematoporphyrin
as sensitizer) (23), (ii) NaBH4 reduction of the resulting 9-hy-
droperoxyoctadec-trans-10-enoic and 10-hydroperoxyoc-
tadec-trans-8-enoic acids, (iii) hydrogenation of the corre-
sponding allylic hydroxyacids, (iv) dehydration (overnight)
of the mixture of 9- and 10-hydroxyoctadecanoic acids thus
formed in benzene with p-toluenesulfonic acid as catalyst,
and (v) subsequent OsO4 treatment (24).

RESULTS AND DISCUSSION

Purple sulfur bacteria generally constitute the most prominent
anoxygenic phototrophs in microbial mats. Because of the
fluctuating gradients of oxygen and sulfide in the mats, these
organisms may be exposed to oxygen. It is well established
that purple sulfur bacteria resident in microbial mats not only
are oxygen tolerant but can also continue anoxygenic photo-
synthesis even under fully aerobic conditions. Some species
are even capable of performing an aerobic mode of metabo-
lism, either as chemoorganotrophs or chemolithotrophs
(25,26). Consequently, we have compared the lipidic compo-
sition of healthy and senescent cells of T. halophila incubated
under aerobic and anaerobic conditions. 

The unsaponified lipidic fraction obtained after alkaline
hydrolysis of cells of T. halophila grown under anaerobic
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conditions is dominated by a single component, assigned by
GC–EIMS as phytol. This isoprenoid alcohol arises from the
hydrolysis of bacteriochlorophyll a, which constitutes with
okenone the major photosynthetic pigments of this purple sul-
fur bacterium (13). Okenone, which was thought to be pres-
ent in large amounts in this fraction, was not amenable to GC
with the operating conditions described in the Experimental
Procedures section. GC–EIMS analysis of the corresponding
saponifiable fraction revealed the presence of 12:0, 14:0,
16:0, 16:1, 18:0, and 18:1 FA (Fig. 1A). To establish the po-
sition of the double bond in the monounsaturated FA, the
saponified fraction was treated with DMDS (19). The posi-
tion of the double bond was determined from the mass spec-
tra of the DMDS derivatives on the basis of the fragments
formed by cleavage between the carbons bearing the thioether
groups. The main monounsaturated FA present in T. halophila
are 16:1∆9 and 18:1∆11 FA. Comparison of their retention
times with those of standards showed that these compounds
are, respectively, palmitoleic and cis-vaccenic acids. This
saponified fraction also contains small amounts of cis-9,10-
methylenehexadecanoic and cis-11,12-methyleneoctadec-
anoic acids (Fig. 1A), formed by the addition of a methylene
group across the double bond of palmitoleic and cis-vaccenic
acids, respectively (27). These cyclopropane FA have been

differentiated from their corresponding olefinic isomers after
catalytic hydrogenation (28).

The saponified and unsaponified fractions of healthy cells
of T. halophila remained practically unchanged after incuba-
tion under aerobic conditions. In contrast, aerobic and anaer-
obic incubations of senescent cells of T. halophila resulted in
a significant increase in the amounts of cyclopropane FA (Fig.
1). In most bacteria, the amount of cyclopropane FA depends
very much on the growth conditions, and the level generally
increases when the growth rate decreases (27). This statement
is in good agreement with the increasing amounts of cis-9,10-
methylenehexadecanoic and cis-11,12-methyleneoctadec-
anoic acids observed during the senescence of T. halophila.
After aerobic incubation of senescent cells of T. halophila,
some interesting additional peaks appeared in the total ion
current chromatograms of the NaBH4 reduced and nonre-
duced saponified fractions (peaks 9–13; Fig. 1). These new
compounds were unambiguously identified by comparison of
their retention times and EI mass spectra with those of suit-
able standards. Peaks 9 and 11 were, respectively, attributed
to cis- and trans-10-hydroxyoctadec-11-enoic acids. The EI
mass spectra of these silylated compounds exhibit a strong
fragment ion at m/z 213 corresponding to the cleavage at the
carbon bearing the –OSiMe3 group (Fig. 2). Characterization
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FIG. 1. Total ion chromatograms obtained after injection of saponified lipids of (A) healthy cells of Thiohalocapsa halophila incubated under
anoxic conditions, (B) senescent cells of T. halophila incubated under oxic conditions for 10 d, and (C) senescent cells of T. halophila incubated
under oxic conditions for 10 d and reduced with NaBH4.



of cis and trans isomers was based on comparison of their re-
tention times with those of standard compounds. 10-Hydroxy-
octadec-trans-11-enoic acid only appears if the samples are
reduced with NaBH4 before the alkaline hydrolysis (Fig. 1C),
whereas the amount of 10-hydroxyoctadec-cis-11-enoic acids

increases slightly (25%) after this treatment (Figs. 1B,1C).
Some attempts at reduction with NaBD4 instead of NaBH4
have been carried out in order to determine whether the addi-
tional production of hydroxyacids results from the reduction
of the corresponding hydroperoxy- or oxoacids (Fig. 3). The
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FIG. 2. Electron impact mass spectra of (A) 10-hydroxyoctadec-cis-11-enoic and (B)
NaBD4-reduced 10-oxooctadec-trans-11-enoic acids (silylated).

FIG. 3. Mass spectrometric characterization of hydroperoxy- and oxoacids after NaBD4 reduction. BSTFA, bis(trimethylsilyl) trifluoroacetamide;
TMS, trimethylsilyl.



results obtained with this deuterium labeling demonstrate that
this additional production results from the reduction of the
corresponding oxoacids (Fig. 2B). These oxoacids could not
be directly characterized in nonreduced samples since they
do not survive alkaline hydrolysis and are cleaved after hy-
dration and retro-aldol reactions (21). Surprisingly, the origi-
nal extracts of senescent cells of T. halophila contained 10-
oxooctadec-trans-11-enoic, 10-oxooctadec-cis-11-enoic, and
10-hydroxy-octadec-cis-11-enoic acids.

Peak 10 (Fig. 1B) has been attributed to 10-oxoocta-
decanoic acid. The EI mass spectrum of this silylated com-
pound (Fig. 4A) shows odd-electron fragment ions arising

from McLafferty rearrangement (m/z 272, 156, and 58) and a
prominent ion corresponding to β-cleavage relative to the
keto group (m/z 215) (28). This compound (which is not af-
fected by alkaline hydrolysis) is quantitatively reduced to the
corresponding hydroxyacid (peak 12; Fig. 1C) after NaBD4
treatment (Fig. 4B). It is interesting to note that peak 12 was
lacking in the nonreduced extract (Fig. 1B).

Two peaks corresponding to diastereoisomeric 10,11-di-
hydroxyoctadecanoic acids appeared after NaBH4 reduction
of the samples (peaks 13; Fig. 1C). The mass spectra of these
compounds obtained after reduction with NaBD4 instead of
NaBH4 provided a basis for demonstrating that they arise
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FIG. 4. Electron impact mass spectra of (A) 10-oxooctadecanoic, (B) NaBD4-reduced
10-oxooctadecanoic, and (C) NaBD4-reduced 10-hydroxy-11-oxooctadecanoic acids
(silylated).



from the reduction of 10-hydroxy-11-oxooctadecanoic acid
(Fig. 4C), which does not survive alkaline hydrolysis. It was
previously demonstrated that an enzyme named hydroperox-
ide dehydrase catalyzes the conversion of 13- or 9-hydroper-
oxide of linoleic or linolenic acids to allene oxides (29),
whose spontaneous nonenzymatic hydrolysis afforded α-
ketols (30). Although hydroperoxide dehydrase generally acts
on hydroperoxides having a pair of conjugated double bonds
(30), the specific formation of 10-hydroxy-11-oxoocta-
decanoic acid observed in the cells of T. halophila can be at-
tributed to the dehydration of 10-hydroperoxyoctadec-11-enoic
acid by a similar enzyme, followed by the nonenzymatic hy-
drolysis of the allene oxide thus formed (Fig. 5). This further
suggests that the different oxidation products detected result
from an initial peroxidation at C10 of cis-vaccenic acid. 

Autoxidation of this acid yields mainly a mixture of trans
10-, cis 10-, trans 11-, trans 12-, trans 13- and cis 13-hy-
droperoxides, with minor amounts of cis 11- and cis 12-hy-
droperoxides (21), while its photosensitized oxidation pro-
duces a mixture of trans 11- and trans 12-hydroperoxides
(31). Consequently, the specific oxidation at C10 of cis-
vaccenic acid observed in senescent cells of T. halophila can
be attributed to enzymatic peroxidation. It is generally con-
sidered that dioxygenases are not expressed in bacteria or
yeast (32). However, Guerrero et al. (7) reported oxidation of
oleic acid to 10-hydroperoxyoctadec-trans-8-enoic and 10-
hydroxyoctadec-trans-8-enoic acids by Pseudomonas sp.
42A2. These authors also demonstrated that the conversion
enzyme has dioxygenase activity. Our results suggest that
such enzymes may also be present in some strains of purple
sulfur bacteria. 

A kinetic study of the production of cis-vaccenic acid oxi-
dation products allowed us to show that this enzymatic
process initially produces 10-hydroperoxyoctadec-cis-11-
enoic acid, which in turn is converted to the different oxida-

tion products identified (Fig. 6). These compounds constitute
16% of the parent cis-vaccenic acid after incubation for 10 d.
The dioxygenase catalyzing this peroxidation appeared to be
highly regiospecific. Although the configuration of the car-
bon 10 of 10-hydroperoxyoctadec-cis-11-enoic acid has not
been determined, one would expect that this enzyme intro-
duces oxygen stereospecifically, forming only one of the pos-
sible optical isomers. Indeed, the formation of racemic products
by dioxygenases is always accompanied by the occurrence of
positional isomers (5), and such isomers are lacking in the
different extracts analyzed. We could not find evidence of
high amounts of intact hydroperoxides in the cells of T.
halophila; this is not surprising since these compounds are
not generally found in healthy plant cells. They are extremely
cytotoxic and cause damage to membranes and proteins in
particular (33). Several enzymatic processes causing further
reactions of the hydroperoxides and inhibiting their accumu-
lation have been previously described. These processes in-
volve: (i) reduction to the corresponding hydroxyacids (33),
(ii) homolytic cleavage of the O–O bond resulting in the for-
mation of oxoacids (1), (iii) dehydration to allene oxides and
subsequent hydrolysis of these unstable intermediates (29),
and (iv) direct cleavage of the hydroperoxides to aldehydes
and oxoacids (34). 

The reduction of hydroperoxides of linoleic or linolenic
acids to the corresponding hydroxyacids has been attributed
to dioxygenase itself (33). The production of 10-hydroxy-
octadec-cis-11-enoic acid in T. halophila cells may result
from the reduction of the corresponding hydroperoxyacid by
a similar enzyme (Fig. 5). The breakdown of hydroperoxy-
polyenoic FA via the lipohydroperoxidase reaction affords
oxopolyenoic FA (1). It is interesting to note that Clapp et al.
(9) reported the soybean lipoxygenase-mediated oxygenation
of monounsaturated FA to allylic oxoacids. These authors as-
sume that the formation of such products may involve a typical

546 D. MARCHAND ET AL.

Lipids, Vol. 37, no. 6 (2002)

FIG. 5. Proposed pathways for the enzymatic oxygenation of cis-vaccenic acid in senescent cells of T. halophila
incubated under aerobic conditions. For name see Figure 1.



dioxygenation reaction to form an allylic hydroperoxide and
its subsequent conversion to a ketone by loss of water. A sim-
ilar conversion of 10-hydroperoxyoctadec-cis-11-enoic acids
to the corresponding oxoacid seems to intervene in T.
halophila cells (Fig. 5). As stated above, a small part of the
10-hydroperoxyoctadec-cis-11-enoic acid undergoes dehy-
dration to allene oxide and spontaneous hydrolysis to 10-
hydroxy-11-oxooctadecanoic acid. Hydroperoxide lyase cat-
alyzes the cleavage of FA hydroperoxides into aldehydes and
oxoacid fragments (35). Such an enzyme does not intervene
in cells of T. halophila, since we failed to detect significant
amounts of octanal and C10 oxoacid corresponding to the
fragmentation of 10-hydroperoxyoctadec-cis-11-enoic acid.

As well as enzymatic conversion, the hydroperoxides
formed may also undergo chemical decomposition under mild
conditions. The majority of these decomposition reactions in-
volve free radicals and are promoted by heat, photolysis,
metal ions, and metalloproteins. The products of these reac-
tions are similar to those of enzymatic transformations or are
either homologs or isomers of the enzymatically produced
compounds (33). The involvement of such abiotic processes
during the degradation of 10-hydroperoxyoctadec-cis-11-
enoic acid cannot be totally excluded.

The 10-oxooctadec-cis-11-enoic acid formed undergoes
subsequent saturation to 10-oxooctadecanoic acid (Fig. 5).
The saturation of unsaturated FA in the gut of some animals
has long been recognized (36). This biohydrogenation is
brought about by the mixed culture of rumen bacteria and

involves several enzyme-catalyzed steps. In the present case,
the formation of 10-oxooctadecanoic acid can be attributed to
the involvement of similar enzymatic processes. It was previ-
ously demonstrated that anaerobic incubation of oleic and
elaidic acids with strained rumen contents lead to the forma-
tion of their saturated counterpart (stearic acid) and to a lesser
extent to the isomerization of each monounsaturated FA to its
geometric isomer (37). Consequently, the formation of 10-
oxooctadec-trans-11-enoic acid may be attributed to the isom-
erization of its geometrical isomer during the biohydro-
genation (Fig. 5).

The enzymatic oxygenation of PUFA is very specific with
respect to the double bond position in the FA that is oxy-
genated (32,38). Although palmitoleic and cis-vaccenic acids
both possess a cis- double bond located in position n-7, we
detected only trace amounts of compounds resulting from the
oxidation of the carbon 8 of palmitoleic acid after aerobic in-
cubation of senescent cells of T. halophila. The enzyme cat-
alyzing the oxygenation of monounsaturated FA seems to
have a strong affinity toward the cis-vaccenic acid. This
process, which is induced during senescence, acts during dark
and illuminated aerobic incubation of cells of T. halophila.

It is interesting to note that we failed to detect the different
compounds deriving from the enzymatic oxygenation of the
allylic carbon 10 of cis-vaccenic acid in senescent cells of
Halochromatium glycolicum DSM 11080 and Halochro-
matium salexigens DSM 4395, which constitute the halophilic
Chromatiaceae most closely related phylogenetically to T.
halophila (39). These compounds could thus constitute po-
tential T. halophila biomarkers. Some of these markers could
notably facilitate determining the presence of this purple sul-
fur bacterium in modern and perhaps also in ancient ecosystems.
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sents contaminants). The numbers refer to structures given in Figure 1.
For name see Figure 1.
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ABSTRACT: In this study, four kinds of rodent diets, CO, FO,
CVe, and FVe, were used by addition of canola oil, oil mixture
(fish oil + canola oil), canola oil plus vitamin E, and oil mixture
plus vitamin E, respectively, to a basic diet, AIN-93G, to inves-
tigate the influence of dietary fish oil and vitamin E on doxoru-
bicin (DOX) treatment in P388 ascitic mice. Animal life span
(LS) and heart damage were recorded in mice fed the four dif-
ferent diets and treated with different doses of DOX. The opti-
mal doses of DOX for antitumor effect as manifested by in-
creased LS were 6.0 and 9.0 mg/kg. Both fish oil and vitamin E
significantly enhanced this effect. On the other hand, DOX at
12.0 mg/kg induced severe heart damage, which was also sig-
nificantly aggravated by both fish oil and vitamin E, as shown
by both decreased LS and increased serum creatine phosphoki-
nase activity. Fish oil and vitamin E appeared to enhance the
antitumor effect of optimal doses of DOX but to aggravate car-
diotoxicity owing to DOX overdose.

Paper no. L8891 in Lipids 37, 549–556 (June 2002).

The effects of PUFA on tumor development and tumor growth
have been intensively investigated in both animal models and
humans in the past two decades. Although rigid scientific
proof has yet to be obtained, it is generally believed that n-6
PUFA in terrestrial plant oils enhance tumor growth, but n-3
PUFA in fish oil have a protective effect (1). Furthermore, two
long-chain n-3 PUFA that are found in significant amounts in
fish oil, viz., EPA (20:5n-3) and DHA (22:6n-3), may exert
multiple activities to retard the growth of tumor cells and
xenografts (2,3). On the other hand, it is known that certain
physical and functional properties of cell membranes can be
modified when PUFA content is changed, and lipid nutrition
directed at producing this modification has been suggested in
cancer therapy (4). By altering the properties of membrane
lipids, FA-based diets may provide a new approach for en-
hancing the effectiveness of certain antineoplastic therapies.

Vitamin E (vit E) includes eight naturally occurring com-
pounds of two classes, tocopherols and tocotrienols, with dif-
ferent biological activities. Tocopherols are the most important
chain-breaking antioxidants within cellular membranes, mainly
owing to their ability to donate phenolic hydrogens to lipid free
radicals (5). They are present in oily seeds, leaves, and other

green parts of higher plants. It is generally agreed that the rela-
tive antioxidant activity of the tocopherols in vivo is in the
order of α > β > γ > δ (6). In addition to their antioxidant prop-
erty, tocopherols and their derivatives have been reported to
have pro-oxidant properties in some biological systems (7,8).

Doxorubicin (DOX) has been widely used in the treatment
of a variety of solid tumors and hematological malignancies.
Several of its biological effects are supposedly derived from its
quinone moiety acting as an alkylating/arylating electrophile
or a pro-oxidant. The quinone structure permits DOX to act as
an electron acceptor in reactions mediated by oxoreductases,
such as cytochrome P450 reductase (9), NADH dehydrogenase
(10), and xanthine oxidase (11), to convert the quinone to a
semiquinone free radical. Under anaerobic conditions, the
semiquinone undergoes further reduction accompanied by re-
ductive cleavage of the sugar residue to generate a quinone me-
thide, which binds covalently to nucleophiles and is known to
form adducts with DNA (12). In the presence of O2, however,
this semiquinone radical is spontaneously and rapidly reoxi-
dized in a process that generates a superoxide radical (13). The
superoxide radical and its dismutation product, hydrogen per-
oxide, undergo Haber–Weiss and Fenton reactions, respec-
tively, to form the hydroxyl radical, which is able to extract a
doubly allylic hydrogen atom from PUFA and thus initiate lipid
peroxidation (14). The nonenzymatic formation of reactive
oxygen species is mediated by the formation of complexes be-
tween DOX and iron, which can either react with O2 to yield
superoxide radical and hydrogen peroxide or bind O2 in a su-
peroxo- or peroxo-like form (15). Despite its antitumor effect,
clinical effectiveness of DOX is hindered by its unique dose-
limiting cardiotoxicity (16), possibly because of the sensitivity
of the heart to reactive free radicals, due to a low activity of an-
tioxidant enzymes (17). Separates studies, however, have found
both effectiveness (18,19) and ineffectiveness (20) of vit E in
cardioprotection in DOX-treated animals.

In this study, we prepared four experimental diets by
adding natural oils to the basic components of AIN-93G, a
purified diet for laboratory rodent growth (21). These diets
differed in their contents of n-3 PUFA and tocopherols. We
tested their effects on the therapeutic efficacy of various doses
of DOX in mice induced with P388 ascitic tumor [which is
the standard transplantable murine tumor most sensitive to
DOX (18)], recording life span (LS) of the tumor-bearing
mice, and examining animal heart damage by measurement
of serum creatine phosphokinase (CPK) level (a biochemical
marker of animal myocardial damage).
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EXPERIMENTAL PROCEDURES

Cell lines and chemicals. The P388 cell line was obtained
from ATCC (American Type Culture Collection, Manassas,
VA), and the cells were grown in DBA/2 mice for one gener-
ation before use in the following animal experiments. All
chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise stated. 

Diets. Four experimental diets with AIN-93G as a base
food were prepared by Specialty Feed Service (Glen Forest,
Australia) as follows: (i) CO: AIN-93G + 10% canola oil; 
(ii) FO: AIN-93G + 8.5% fish oil + 1.5% canola oil; (iii) CVe:
AIN-93G + 500 mg/kg natural vit E + 10% canola oil; 
(iv) FVe: AIN-93G + 500 mg/kg natural vit E + 8.5% fish oil
+ 1.5% canola oil. 

Canola oil, a favorable dietary oil, is an appropriate control
to use to study the effect of long-chain n-3 PUFA in fish oil be-
cause it contains a relatively high proportion of linoleic acid
(18:2n-6) and α-linolenic acid (18:3n-6), and a low proportion
of EPA and DHA. Canola oil (1.5%) was added to fish oil
(8.5%) in FO and FVe diets in order to increase linoleic acid
content to above 1%, which is the requirement for optimal ro-
dent growth. The FA composition of the four diets is shown in
Table 1. Total n-6 PUFA content was similar in the four diets,
whereas n-3 PUFA contents, particularly EPA and DHA, were
greater in FO and FVe than in CO and CVe. On the other hand,

AIN-93G basic diet contains 75 mg/kg d-α-tocopherol acetate
(21). The natural vit E used in our experiments is a mixed to-
copherol concentrate, Covi-ox® T-70 (Cognis Nutrition &
Health, Broadmeadows, Victoria, Australia), with relative
amounts of α- (14%), β- (1%), γ- (62%), and δ-tocopherols
(23%). Five hundred milligrams of Covi-ox® T-70 contains
350 mg of total tocopherols. According to the manufacturer
(Specialty Feed Service, Glen Forest, Australia), canola oil
contained 330, 16, 846 and 56 mg/kg of α-, β-, γ-, and δ-to-
copherols, respectively, whereas fish oil contained 340 mg/kg
of α-tocopherol only. The calculated contents of individual vit
E species in four diets are shown in Table 2, indicating that CVe
and FVe contained a significantly higher content of all tocoph-
erol species compared to CO and FO, respectively.

Comparisons between CO and FO and between CVe and
FVe were made to evaluate the effect of fish oil, whereas
comparisons between CO and CVe and between FO and FVe
were made to examine the effect of vit E on tumor-bearing or
normal mice with or without DOX treatment.

Measurements of LS. All experiments with animals were
conducted according to guidelines in “International Guiding
Principles for Animal Research,” WHO Chronicles, Vol. 39,
1985. Male BDF1 mice purchased from Animal Resources
Center (Canning Vale, Western Australia) were used at 6–8 wk
of age when their body weights ranged between 19.0 and 21.0
g. The animals were kept in filter-covered plastic cages,
housed in a temperature-controlled room with a diurnal 12 h
light cycle, and provided with tap water and the assigned ex-
perimental diets ad libitum for 10 d prior to experimentation
and continuously thereafter. This period of time was found to
be sufficient to modify the PUFA composition of phospho-
lipids in most organs to stable levels in mice (22). The animals
were inoculated intraperitoneally on day 0 with P388 cells
(106 cells/mouse), followed by injection of DOX or saline also
intraperitoneally on days 1 and 6. Deaths among the experi-
mental animals were recorded at least twice a day.

Determination of DOX cardiotoxicity. In the second experi-
ment, the BDF1 mice were maintained, fed, and administered
DOX or saline as described above without the inoculation of
tumor cells. The animals were killed on day 7 by cervical dislo-
cation, blood was collected by cardiac puncture, and serum was
obtained after the clotting of blood at room temperature for 1 h.
Serum was kept frozen (−76°C) until analysis. Cardiotoxicity
was determined by measuring serum CPK activity, calculated
according to the Sigma Diagnostics Procedure No. 47-UV. A
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TABLE 1
FA Composition in Four Experimental Dietsa

FA (%) CO FO CVe FVe

Individual
14:0 ND 4.3 ND 4.5
16:0 5.6 19.8 4.6 19.2
18:0 1.3 2.2 2.0 5.0
16:1 ND 5.1 ND 4.1
18:1 60.1 19.3 60.3 18.4
20:1 1.5 ND 1.5 ND
18:2n-6 20.3 16.6 20.1 13.5
18:3n-3 10.2 ND 10.5 ND
18:4n-3 0.6 1.3 0.6 1.7
20:4n-6 ND 1.9 ND 1.9
20:5n-3 0.5 8.7 0.5 9.1
22:6n-3 ND 20.9 ND 22.5
Total 100 100 100 100

Classb

∑SFA 6.9 26.3 6.6 28.7
∑MUFA 61.6 24.4 61.8 22.5
∑PUFA 31.6 49.4 31.7 48.7

∑n-3 PUFA 11.3 30.9 11.6 33.3
∑n-6 PUFA 20.3 19.8 20.7 17.1

∑n-3 PUFA/∑n-6 PUFA 0.56 1.56 0.56 1.95

Average double bondc 1.4 2.4 1.4 2.4
aDiet CO, AIN-93G + 10% canola oil; FO, AIN-93G + 8.5% fish oil + 1.5%
canola oil; CVe, AIN-93G + 500 mg/kg natural vitamin E + 10% canola oil;
FVe, AIN-93G + 500 mg/kg natural vitamin E + 8.5% fish oil + 1.5% canola
oil; ND, not detected.
bSFA, saturated FA; MUFA, monounsaturated FA.
c”Average double bond” means average number of double bonds per mole-
cule of FA.

TABLE 2
Vitamin E Content (mg/kg) in Four Experimental Dietsa

Species of vitamin E CO FO CVe FVe

α-Tocopherol acetate 75 75 75 75
α-Tocopherol 33 33.9 82 82.9
β-Tocopherol 1.6 0.2 5.1 3.7
γ-Tocopherol 84.6 12.7 301.6 229.7
δ-Tocopherol 5.6 0.8 86.1 81.3

Total 200 122.2 549.8 472.6
aFor description of diets see Table 1.



CPK Test kit (CK-20; Sigma Chemical Co.) based on the
method described by Szasz et al. (23) was used in the study.

Lipid analysis of P388 ascitic tumor cells and cardiac tis-
sue. In the third experiment, BDF1 mice were fed experimen-
tal diets 10 d prior to the experimentation and thereafter. P388
cells (107 cells/mouse) were intraperitoneally inoculated into
animals on day 0. On day 7, the mice were killed by cervical
dislocation. The hearts were collected and ascitic tumor cells
obtained by laving the peritoneum with ice-cold saline. The
tumor cells were pelleted at 700 × g for 5 min and washed twice
with the same buffer solution. Total lipid was extracted using a
method described by Folch et al. (24). The phospholipid frac-
tion was separated by silicic acid chromatography (25), saponi-
fied in alkali (26), and methylated with BF3/methanol (27). The
fractions of FAME with different chain lengths and unsatura-
tions were separated in a Hewlett-Packard 5890 gas chromato-
graph using a DB-225 column (J&W Scientific, Folsom, CA).
Peaks were identified by comparison with the retention times
of known standards and peak areas quantified.

Statistical analysis. Data were analyzed by Student’s t-test
or ANOVA as shown in the text and the legends for the tables
and figures. Experimental data are shown as mean ± SD. P <
0.05 was set as the level of significance throughout the study.

RESULTS

LS of P388 ascitic mice. The individual LS of P388 ascitic
mice fed the four experimental diets and administered vari-
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FIG. 1. Effects of different doses of doxorubicin (DOX) and experimental diets on life span (LS)
of P388 ascitic mice. Each column represents the LS of one animal, whereas the value above
the cluster of columns represents the mean LS in each group. *P < 0.05 represents the differ-
ence between the saline and DOX-treated groups on the same diet (Student’s t-test). Diets:
CO, AIN-93G + 10% canola oil; FO, AIN-93G + 8.5% fish oil + 1.5% canola oil; CVe, AIN-
93G + 500 mg/kg natural vitamin E + 10% canola oil; FVe, AIN-93G + 500 mg/kg natural
vitamin E + 8.5% fish oil + 1.5% canola oil.

TABLE 3
ANOVA on Life Span (LS) of P388 Ascitic Micea

Two-way ANOVA

Source P0 (n = 28) P12 (n = 24)

Fish oil 0.052 0.018
Vit E 0.010 0.023
Fish oil × vit E 0.854 1.000

Multiway ANOVA

Source P6,9 (n = 48)

DOX 0.262
Fish oil 0.025
Vit E <0.001
DOX × fish oil 0.567
DOX × vit E 0.844
Fish oil × vit E 0.601

aCanola oil served as the control for fish oil. Column P0 considers data on
the LS of animals without doxorubicin (DOX) treatment; P12, with 12.0
mg/kg DOX treatment; and P6,9, with 6.0 and 9.0 mg/kg DOX treatment; n,
number of mice; vit E, vitamin E.



ous doses of DOX are shown in Figure 1. The results of sta-
tistical analyses of the data are shown in Figures 1 and 2 and
Table 3. In the absence of DOX treatment, vit E supplement
increased the mean LS from 17.7 to 18.8 d (P = 0.010, two-
way ANOVA) (Fig. 2B, Table 3). Both 6.0 and 9.0 mg/kg
DOX significantly increased animal LS in all diet groups (P
< 0.05, Student’s t-test) (Fig. 1), but there was no significant
difference (P = 0.262, multiway ANOVA) in therapeutic effi-
cacy between these two doses (Table 3). Both fish oil and vit
E, however, were found to significantly enhance the effect of
DOX at these doses (P = 0.025 and <0.001, respectively, mul-
tiway ANOVA) (Table 3). Fish oil increased the mean LS
from 40.8 to 49.6 d in mice treated with 6.0 mg/kg DOX and
from 43.6 to 58.3 d in mice treated with 9.0 mg/kg DOX (Fig.
2A). Vit E increased the mean LS from 33.8 to 56.6 d in mice
treated with 6.0 mg/kg DOX and from 40.5 to 61.4 d in mice
treated with 9.0 mg/kg DOX (Fig. 2B). When DOX dose was
increased to 12.0 from 9.0 mg/kg, animal LS was signifi-
cantly decreased (P < 0.001, multiway ANOVA followed by
Tukey’s test for DOX only), suggesting the negative effect of
DOX at this high dose. Both fish oil and vit E significantly
aggravated this negative effect (P = 0.018 and 0.023, respec-
tively, two-way ANOVA) (Table 3), with fish oil decreasing
the mean LS from 28.2 to 20.8 d (Fig. 2A), and vit E decreas-
ing the mean LS from 28.0 to 21.0 d (Fig. 2B).

DOX-induced CPK activity. The experimental data of
plasma CPK levels in mice fed the four experimental diets and
treated with various doses of DOX are shown in Table 4, part
A. The results of statistical analysis on the data are shown in
Table 4, part B, and Figure 3. DOX increased plasma CPK ac-
tivity dose-dependently (Table 4). Two-way ANOVA (Table 4)
showed that vit E inhibited plasma CPK activity in mice with-
out DOX (decrease of 0.3 unit/mL serum; P < 0.001) or with
6.0 mg/kg DOX (decrease of 0.3 unit/mL serum; P = 0.007)
but did not significantly modify CPK activity with 9.0 mg/kg
DOX. In contrast, vit E enhanced CPK activity in the presence

of 12.0 mg/kg DOX (increase of 0.7 unit/mL serum; P = 0.002,
two-way ANOVA). On the other hand, fish oil increased DOX-
induced CPK activity to an extent proportional to DOX dose
(increases of 0, 0.3, 0.6, and 1.5 unit/mL serum in 0, 6.0, 9.0,
and 12.0 mg/kg DOX-treated mice with P = 0.935, 0.005,
<0.001, and <0.001, respectively, two-way ANOVA) (Fig. 3).

FA composition of ascitic tumors and animal hearts. Lipid
analysis of the FA composition in phospholipids indicated that
n-6 PUFA content was comparable in both P388 ascitic tumor
and mouse heart of all four groups, whereas n-3 PUFA as well
as total PUFA content was significantly larger in both tissues of
FO- and FVe-fed mice than those in CO- and CVe-fed mice
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FIG. 2. Effects of fish oil and vitamin E (vit E) on LS of P388 ascitic mice treated with various
doses of DOX. The values outside and inside the parentheses at each point represent the mean
LS and number of animals, respectively, in the group. (A) Effect of fish oil; (B) effect of vit E.
Canola oil served as the control for fish oil. For abbreviations see Figure 1.

TABLE 4
Effects of Fish Oil and Vit E on CPK Activity in Mice 
Treated with Various Doses of DOXa

A: CPK activity (unit/mL)b

DOX (mg/kg)

Diet 0 6.0 9.0 12.0

CO 0.6 ± 0.1 0.8 ± 0.1 1.1 ± 0.2 1.9 ± 0.2
FO 0.7 ± 0.1 1.1 ± 0.3 1.7 ± 0.3 3.3 ± 0.1
CVe 0.4 ± 0.1 0.6 ± 0.2 0.9 ± 0.2 2.5 ± 0.3
FVe 0.3 ± 0.1 0.8 ± 0.2 1.6 ± 0.2 4.1 ± 0.7

B: Results of two-way ANOVAb

Source P0 (n = 24) P6 (n = 24) P9 (n = 24) P12 (n = 24)

Fish oil 0.935 0.005 <0.001 <0.001
Vit E <0.001 0.007 0.095 0.002
Fish oil × vit E 0.142 0.456 0.965 0.687

aThe experimental data are shown as mean ± SD of six determinations on
the samples obtained from four mice in each diet group. Canola oil served
as the control of fish oil. Column P0 considers the data on groups given
saline treatment; P6, with 6.0 mg/kg DOX treatment; P9, with 9.0 mg/kg
DOX treatment; and P12, with 12.0 mg/kg DOX treatment. n, number of de-
terminations.
bMultiway ANOVA followed by Tukey’s test for DOX only, P < 0.001 for 0
vs. 6.0 mg/kg, P < 0.001 for 6.0 vs. 9.0 mg/kg, and P < 0.001 for 9.0 vs. 12.0
mg/kg. For description of diets see Table 1. For abbreviations see Table 3.



(Fig. 4). The increased content of n-3 PUFA in FO and FVe
groups can be attributed largely to EPA and DHA (data not
shown), both of which were present in large amounts in FO and
FVe diets.

DISCUSSION

Four AIN-93G-based rodent diets, CO, FO, CVe, and FVe,
were designed for this study. CO and CVe contained 10%
canola oil, whereas FO and FVe contained 8.5% fish oil plus
1.5% canola oil. CVe and FVe additionally included 500
mg/kg natural vit E. FO and FVe with CO and CVe as their
respective controls were used to investigate the effect of fish
oil, and CVe and FVe with CO and FO as their respective con-
trols were applied to assess the effect of vit E. 

This study demonstrated the therapeutic effect of vit E in
P388 mice (6.2% increase in mean LS; P = 0.010, two-way
ANOVA). This was consistent with the previous reports of
tumor inhibitory and chemopreventive effects of tocopherols

(28–30). Vit E may inhibit tumor growth via the cytotoxic ef-
fects of tocopherols and their derivatives (31–33), induction
of apoptosis through activation of P21WAF1/CIP1 (34), reduc-
tion of prostaglandin E2 production (35), and abatement of
muscle wasting in cancer cachexia (36). 

In the present study, the optimal DOX antitumor effect was
observed at 6.0 and 9.0 mg/kg doses. When DOX dose was
increased to 12.0 mg/kg, the animal LS significantly de-
creased, indicating that DOX at this high dose produced a se-
vere negative effect. The major negative effect of DOX might
be its cardiotoxicity, as it was shown that serum CPK activity
increased dose-dependently. Transmission electron micros-
copy also demonstrated that DOX at 12.0 mg/kg induced
myofibrillar fragmentation and damaged mitochondria in the
heart (data not shown).

The effects of DOX at various doses were modified by
both fish oil and vit E. Fish oil not only significantly enhanced
6.0 and 9.0 mg/kg DOX therapeutic efficacy in P388 ascitic
mice (21.6 and 33.7% increases in mean LS, respectively; 
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FIG. 3. Effects of fish oil/vit E interactions with DOX on CPK activity in normal mice. The value
at each point represents the mean CPK activity from 12 determinations on the samples from
eight mice in each group. (A) Effect of fish oil; (B) effect of vit E. Canola oil served as the con-
trol for fish oil. CPK, creatine phosphokinase; for other abbreviations see Figures 1 and 2.

FIG. 4. Effects of experimental diets on PUFA in phospholipids of P388 ascitic tumor and
mouse heart. (A) P388 ascitic tumor; (B) animal heart. The columns represent mean ± SD from
five separate determinations on samples from three mice in each group. For diets see Figure 1.
Key: n-3 PUFA, bars with stippling; n-6 PUFA, bars with vertical and horizontal lines.



P = 0.025, multiway ANOVA) but also elevated mouse
plasma CPK level to an extent proportional to the DOX dose
administered, implying that fish oil might enhance DOX cy-
totoxicity in both tumor cells and heart. The chemistry of
DOX lends itself to enzymatic and nonenzymatic generation
of superoxide radical and the secondary reactive oxygen
species derived from superoxide, including hydrogen perox-
ide and hydroxyl radical (10,14). The hydroxyl radical is able
to extract a doubly allylic hydrogen atom from the unsatu-
rated lipids to form lipid radicals (37), which may react
quickly with O2 to form lipid peroxyl radicals that in turn pro-
duce lipid endoperoxides (37), or else initiate the lipid perox-
idation cycle, converting other unsaturated lipids into lipid
hydroperoxides (38). A number of lipid endoperoxides and
hydroperoxides and their aldehyde derivatives have been im-
plicated as causative agents for cytotoxic processes in cells
(39). Lipid peroxidation has been suggested to be the cause
of DOX cytotoxicity in both tumor (40) and heart tissue (41).
The increased membrane lipid unsaturation would conse-
quently provide more targets for peroxidative events gener-
ated by the metabolism of DOX, thus increasing the cytotoxi-
city to tissues. On the other hand, the interaction between fish
oil and DOX cytotoxicity might also occur through the en-
hancement of DOX accumulation owing to the increased
membrane lipid unsaturation and thus fluidity (4,42). The
lipid analysis in the present study showed that PUFA content
(an index of cell membrane unsaturation) was increased in
both ascitic tumor and animal heart in mice fed FO and FVe,
suggesting the possibility that dietary fish oil could directly
enhance DOX-induced lipid peroxidation as well as elevate
intracellular DOX accumulation in both tumors and heart. Al-
though fish oil markedly exacerbated 12.0 mg/kg DOX car-
diotoxicity and abolished the DOX therapeutic effect, the in-
creased LS was achieved when DOX was administered at op-
timal doses, i.e., tumor inhibition could be achieved with
DOX at optimal doses while deleterious effects on the heart
occurred only with DOX overdose. This suggests that heart
and tumor may have differential responses to the interaction
of fish oil and DOX and/or differential sensitivities to the cy-
totoxicity induced by DOX combined with fish oil. 

Vit E seemed to have an inhibitory effect on 6.0 mg/kg
DOX-induced CPK release. Many studies found that vit E in-
jection protected against DOX cardiotoxicity (18,19). The
cardioprotective effect was achieved in the present study by
dietary vit E. The scavenging activity of vit E on lipid peroxi-
dation has been proposed to account for the cardioprotective
effect of DOX in DOX-treated animals (18,19), although
mechanism(s) other than its antioxidant activity might also
contribute to the cardioprotection (43). On the other hand, vit
E has been reported to directly enhance the inhibitory effect
of DOX on tumor growth (34), and this may partly explain
the enhanced therapeutic effectiveness of 9.0 mg/kg DOX. It
is thus possible that vit E might enhance the therapeutic effi-
cacy of DOX at optimal doses via cardioprotection and/or en-
hancement of tumor growth inhibition. 

Through a synergistic interaction between tocopherols and

overdose DOX, vit E supplement aggravated 12.0 mg/kg DOX
cardiotoxicity and thus decreased animal LS (25%; P = 0.023
in two-way ANOVA). Tocopherols transform to chromanoxyl
radicals in the scavenging of lipid radicals. In the absence of
adequate reductants, such as ascorbic acid, the chromanoxyl
radicals will be irreversibly degraded to tocopheryl quinones
(44), which are able to initiate and/or enhance lipid peroxida-
tion (6). Owing to the potential pro-oxidant activity of vit E, it
may interact synergistically with DOX to produce reactive free
radicals and induce lipid peroxidation. Overdose DOX treat-
ment produces oxidative stress, which may overwhelm and/or
reduce the antioxidant capability in cells. In the absence of an
efficient antioxidant apparatus, such as in the heart, the reac-
tive oxygen metabolites of tocopherols, together with DOX,
engender the production of vast amounts of oxygen free radi-
cals, thereby causing extreme cytotoxicity to cells through
drastically increased lipid peroxidation.

It thus seems that, at least in animals, vit E may express
antioxidant or other activities to protect against heart damage
when combined with DOX at optimal doses, but produce a
pro-oxidant effect to enhance DOX-induced cardiotoxicity
when combined with overdose DOX. This may explain why,
in some studies, vit E was reported to be ineffective in car-
dioprotection (20) or even to be deleterious to the heart of
DOX-treated animals (45). Another point to note is that, al-
though α-tocopherol content was similar between fish oil and
canola oil, the latter had a greater γ-tocopherol content than
fish oil. However, fish oil but not canola oil enhanced the ther-
apeutic efficacy of DOX, implying that α-tocopherol, but not
γ-tocopherol, may be the dominant species of vit E with re-
spect to its activity. This is consistent with the fact that α-to-
copherol has both a higher (absolute value) tissue distribution
(46) and a higher antioxidant activity (6) than γ-tocopherol. 

In addition, the function of both PUFA and tocopherols as
alkylating/arylating agents is known to account for some of
their biological effects. The electrophiles generated from lipid
peroxidation, such as malondialdehyde (MDA) and 4-hydroxy-
nonenal (HNE), may react with DNA bases. MDA modifies
purine bases to generate a tricyclic adduct with guanine (47)
and an acyclic adduct with adenine (48). HNE reacts directly
with 2′-deoxyguanosine to produce a tricyclic substituted
propane adduct and is readily oxidized to the epoxide deriva-
tive, which can covalently modify both 2′-deoxyguanosine and
2′-deoxyadenosine to form etheno adducts (49). Failure to re-
pair these DNA lesions can lead to apoptosis (50). On the other
hand, γ- and δ-tocopherol quinones generated from γ- and δ-to-
copherols, respectively, are cytotoxic arylating electrophiles
because they contain an α,β unsaturated carbonyl structure that
forms Michael adducts with compounds containing a thiol nu-
cleophilic group, such as glutathione and proteins (51).
Whether treatment with PUFA, tocopherols, and DOX leads to
the interactions through their alkylating/arylating activities and
thereby enhances therapeutic efficacy remains to be studied.

Animal xenograft studies found that human lung cancer
(52) and mammary carcinoma (53) in nude mice showed a
greater sensitivity to DOX when the mice were fed fish oil.
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Furthermore, the present work comprehensively investigated
the influence of dietary fish oil and vit E, individually and in
combination, on the therapeutic efficacy of DOX and has
shown their additively enhancing effects on optimal doses of
DOX in P388 ascitic mice. Increasing DOX dose, however,
led to severe heart damage, which was exacerbated by fish oil
and vit E. Thus overall, it appears that both fish oil and vit E
modulate the effects of DOX in the laboratory mouse like a
double-edged sword, on the one hand enhancing its antitumor
effect and on the other, aggravating its cardiotoxicity.
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ABSTRACT: Biological therapies are new additions to breast
cancer treatment. Among biological compounds, β-carotene
has been reported to have immune modulatory effects, in par-
ticular, enhancement of natural killer cell activity and tumor
necrosis factor-alpha production by macrophages. The objec-
tive of this study was to investigate the effect of palm carotene
supplementation on the tumorigenicity of MCF-7 human breast
cancer cells injected into athymic nude mice and to explore the
mechanism by which palm carotenes suppress tumorigenesis.
Forty-eight 4-wk-old mice were injected with 1 × 106 MCF-7
cells into their mammary fat pad. The experimental group was
supplemented with palm carotene whereas the control group
was not. Significant differences were observed in tumor inci-
dence (P < 0.001) and tumor surface area and metastasis to lung
(P < 0.005) between the two groups. Natural killer (NK) cells
and B-lymphocytes in the peripheral blood of carotene-supple-
mented mice were significantly increased (P < 0.05 and P <
0.001, respectively) compared with controls. These results sug-
gest that palm oil carotene is able to modulate the immune sys-
tem by increasing peripheral blood NK cells and B-lymphocytes
and suppress the growth of MCF-7 human breast cancer cells.

Paper no. L8967 in Lipids 37, 557–560 (June 2002).

Cancer of the breast is the most common cancer and cause of
death from cancer in women. An estimated 570,000 cases oc-
curred in 1999, accounting for 9% of all new cases of cancer
(1). The development of effective biological agents for pre-
vention and treatment of breast cancer is under intense inves-
tigation. Naturally occurring agents such as carotenoids and
retinoids and their derivatives are appealing biological agents.
Unrefined palm oil represents the richest natural source of
carotenoids with α- and β-carotene being the major compo-
nents (2). Carotenoids have been proposed as cancer-preven-
tive agents (3). In vitro studies showed that carotenoids, espe-
cially lycopene and α-carotene, have antioxidant and antipro-
liferative properties that are thought to be responsible for the
anticancer effects of carotenoids (4,5). Carotenoid-induced
enhancement of immune functions has been investigated in
some experimental studies using animal models. Beneficial

effects of β-carotene have been demonstrated on T- and B-
cell proliferation, number of T-helper cells, and cytotoxicity
of natural killer cells (6). Fernandes et al. (7) studied the ef-
fects of β-carotene on the activity of natural killer (NK) cells
in athymic nude mice. The results showed a significant mod-
ulation of NK cell activity in these mice. 

This study was designed to explore the effect of palm
carotene supplementation on breast cancer tumorigenicity and
changes in the immune status of nude mice.

MATERIALS AND METHODS

Female athymic nude mice (NCRnu/nu), 3- to 4-wk old, were
housed under pathogen-free conditions in microisolators. The
care and treatment of the experimental animals conformed to
the guidelines of the Institute for Medical Research for the eth-
ical treatment of laboratory animals. Mice were obtained from
the Institute for Medical Research, Kuala Lumpur. Both the
control and the experimental groups were fed a commercial
mouse pellet diet; the only difference in their diets was that
mice in the experimental group were supplemented with 1000
ppm of carotene emulsion, which was provided daily as drink-
ing water for the 20 wk of the experiment.

Experimental procedure. The mice were anesthetized with
Phenobarbital and a 50-µL volume of inoculum containing 1
× 106 MCF-7 (human breast cancer) cells was injected into a
right-sided thoracic mammary fat pad (mfp) that had been ex-
posed by a small incision (5 mm). The mice were weighed and
palpated at weekly intervals. At necropsy, body and tumor
weights were determined, and the extent of lung metastases
was assessed.

Isolation of mouse peripheral blood leukocytes. Mice were
sacrificed and blood was collected through heart puncture in
heparinized tubes. The blood was spun at 900 × g for 5 min
at 4°C. The plasma was removed, and the red blood cells were
lysed by addition of 900 µL of sterile water for 30 s followed
by addition of 10 × PBS. The tubes were inverted three or
four times and leukocytes were recovered by centrifugation
at 900 × g for 5 min. The cells were resuspended with 1 mL
of cold fluorescence-activated cell sorter (FACS 1% BSA in
PBS with 0.1% sodium azide; Becton Dickinson, San Jose,
CA) blocking buffer. The tubes were again centrifuged at 900
× g for 5 min. The supernatant was discarded, and the cells
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were resuspended in cold FACS blocking buffer and aliquoted
appropriately for staining with conjugated antibodies for flow
cytometer analysis. 

Flow cytometer assay. Appropriately diluted conjugated an-
tibodies [antimouse CD2 (stains T-cells and NK cells), anti-
mouse CD19 (stains B-lymphocytes), antimouse γδ T-cell re-
ceptor (TCR: stains T-lymphocytes), and antimouse Pan NK
(stains NK cells); Pharmingen, San Diego, CA] were added to
the corresponding blood samples and mixed. After 45 min incu-
bation on ice in the dark, 1 mL of FACS (0.1% BSA and 0.1%
sodium azide) wash buffer was added to each tube. The cells
were recovered by centrifugation (900 × g for 5 min at 4°C) and
resuspended in 400 µL of FACS fix Solution 1 (1% BSA and
0.1% sodium azide), and 400 µL of FACS fix Solution 2 (4%
formalin in PBS) was added. The cells were mixed thoroughly
and analyzed on Becton-Dickinson cell sorter Cell-Quest soft-
ware. For each sample 10,000 cells were collected for analysis.

Carotene analysis. The α- and β-carotene were analyzed
by HPLC. The system used was a Shimadzu LC-10AT HPLC
coupled with a Shimadzu Model SPD 10A UV-vis detector,
Shimadzu class VP data acquisition software, and Crestpak
C18S metaphase column (Biosains, Kuala Lumpur, Malaysia).
The eluting solvent (mobile phase) was a mixture of 89% ace-
tonitrile and 11% dichloromethane. The flow rate was 1.0
mL/min. The detector was set at a wavelength of 450 nm. A
standard solution of a mixture of α- and β-carotene was loaded
onto the HPLC column before loading the samples.

Statistical analysis. Statistical analysis was performed
using the SPSS (Chicago, IL) program. Fisher’s exact test
was used to test for a significant difference in the tumor inci-
dence between experimental and control mice. An indepen-
dent-sample t-test was used to test for a difference in the
tumor surface and carotene deposition between experimental
and control mice.

RESULTS

Effect of palm oil carotene supplementation on mammary fat
pad tumorigenesis. The cumulative incidence of mfp tumori-
genesis in control and experimental mice is summarized in
Figure 1. Tumors in experimental mice first appeared 6 wk
after injection with MCF-7 cells with a cumulative incidence
of 20% compared to controls; the latter developed tumors in
the second week after injection. The cumulative incidence of
tumors in the experimental animals was 60% at 20 wk. The
difference in the tumor incidence rate over the 20 wk of the
study in the experimental and control groups was statistically
significant (P < 0.001).

Tumor growth and metastases. Tumor surface area (Fig. 2)
in experimental mice with primary tumors was significantly
lower (P < 0.05) than that of control mice. Three (12.5%) 
of the 24 mice in the control group and one (4.1%) in the
carotene-supplemented group had visible pulmonary meta-
static nodules. There was a significant difference (P < 0.05)
in the total metastatic incidence of control (50%) and experi-
mental mice (17%) at autopsy (Table 1).
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FIG. 1. Rate of appearance of palpable tumors at MCF-7 inoculation
site in athymic nude mice. Data points show the percentage of mice
with palpable primary tumors in mice supplemented with 1000 ppm
palm oil carotene (experimental) vs. control over the 20 wk (n = 24 for
each group).

TABLE 1
Effect of Palm Oil Carotene Supplementation on the Incidence 
of Grossly Visible Pulmonary Metastatic Nodules 
and Micrometastases from MCF-7 Human Breast Cancer 
Solid Tumor in Mammary Fat Pads of Nude Micea

Grossly visible Total metastatic
Animal groups nodules Micrometastases incidence

Control 3/24 (12.5) 9/24 (37.5) 12/24 (50)
Experimentalb 1/24 (4.2) 3/24 (12.5) 4/24 (17)c

aNumbers in parentheses indicate percentages.
bCarotene-supplemented mice.
cSignificantly different from control group (P < 0.05).

TABLE 2
Flow Cytometry Analysis of Peripheral Blood Leukocytes 
of Experimental and Control Mice

Percentage of leukocyte count ± SDa

Animal groups NK cells γδ-TCR T-lymphocytes B-Lymphocytes

Control 27 ± 4.5 19.8 ± 3.6 26.9 ± 5.4
Experimentalb 45 ± 4.2c 19.97 ± 3.9 57.8 ± 7.0c

aResults are expressed as mean percentage ± SD of the respective leukocytes
present in the 10,000 cells that were collected for analysis. Each sample was
done in duplicate. TCR, T-cell receptor; NK, natural killer.
bCarotene-supplemented mice.
cSignificantly different (P < 0.05) from control.



Effect of carotene supplementation on the immune system.
Twenty weeks of palm oil carotene supplementation in nude
mice resulted in an increase of peripheral blood NK cell pop-
ulation compared with control mice (Table 2). Mice supple-
mented with carotene had a mean NK cell population of 45 ±
4.25% (mean ± SD) of the leukocyte population, whereas the
mean NK population in control mice was only 27 ± 4.15% 
(P < 0.05). The B-lymphocyte population in the carotene-
treated mice (57.8 ± 7.0%) was also increased when com-
pared with the control (26.98 ± 5.4%). 

HPLC analysis of mice adipose tissue and liver. HPLC
analysis of fat extracted from adipose tissue of experimental
mice revealed deposition of 0.78 ± 0.15 ppm (µg/g tissue) α-
carotene and 1.35 ± 0.23 ppm β-carotene (total carotene =
2.13 ± 0.17 ppm). Similarly, for liver α-carotene reached 2.78
± 0.45 ppm and β-carotene averaged 5.52 ± 0.92 ppm (total
carotene = 8.30 ± 0.34 ppm). No α- or β-carotene was found
in adipose or liver tissues of control animals.

DISCUSSION

In this study, the time to appearance of palpable tumors at the
inoculation site increased in the carotene-supplemented
group, and these animals also had a significantly lower tumor

incidence compared to the control group. In addition, the
mean tumor surface area and lung metastases in experimental
mice with primary tumors were significantly lower than those
of control mice. These findings suggest that palm oil carotene
can induce anticancer and antimetastatic effects against 
MCF-7 cells injected into nude mice.

The results also showed a significant increase in the pe-
ripheral blood NK cell population and B-lymphocytes in nude
mice supplemented with palm oil carotene compared with un-
treated control mice. It might be possible to connect these ob-
servations with what previous studies have shown about
retinoid-induced enhancement of the immune system: that β-
carotene derived from palm oil may stimulate or enhance the
immune system through local conversion to retinoic acid at
the tissue level (8). Based on the findings of the present study
together with previous study results (9), it is possible that 
β-carotene from palm oil is converted to retinoic acid by the
oxidative cleavage of β-apocarotenoic acid, formed by asym-
metric cleavage of β-carotene in the intestinal mucosa, as
reviewed by Wang et al. (10). Interestingly, analysis of β-
carotene deposition in the adipose tissue and liver of
carotene-supplemented mice showed only trace amounts of
β-carotene deposited in their adipose tissue although a sub-
stantial amount of carotenes was supplemented to these mice
over the 20 wk of the study. A possible explanation for this
observation is that most of the β-carotene was converted to
retinoic acid and/or its derivatives.

The binding of retinoic acid to its receptors results in an
autocrine production of interferon (IFN) (9): IFN-α and 
IFN-β will potentiate the activity of NK cells, and IFN-γ will
activate macrophages. Activated macrophages produce inter-
leukin-12, which stimulates the proliferation of and IFN-γ
production by NK cells. We speculate that increased numbers
of NK cells elicited by palm oil carotene may play a crucial
role in the suppression of the growth of injected MCF-7 cells.
B-cells increased in number in the peripheral blood of
carotene-supplemented mice. However, Boven et al. (11)
found that B-cells in nude mice do not play an important im-
mune function because their production of immunoglobulins
is limited only to the immunoglobulin M isotype. The num-
ber of γδ-TCR T-lymphocytes did not differ significantly
between control and experimental mice. This finding may
indicate that these cells do not play an important role in me-
diating the immune surveillance against malignancy, at least
in nude mice. 

REFERENCES

1. Bundred, N.J. (2001) Prognostic and Predictive Factors in
Breast Cancer, Cancer Treat. Rev. 27, 137–142.

2. Cottrell, R. (1991) Nutritional Aspects of Palm Oil, Am. J. Clin.
Nutr. S53, 989S–1009S.

3. Meyskens, F.L. (1990) Coming of Age—The Chemoprevention
of Cancer, N. Engl. J. Med. 323, 825–827.

4. Nesaretnam, K., Jin Lim, E., Reimann, K., and Lai, L.C. (2000)
Effect of a Carotene Concentrate on the Growth of Human
Breast Cancer Cells and pS2 Gene Expression, Toxicology 151,
117–126.

PALM CAROTENES AND TUMORGENICITY IN NUDE MICE 559

Lipids, Vol. 37, no. 6 (2002)

FIG. 2. Tumor surface area of palpable primary tumors in athymic nude
mice. Data points show the mean tumor surface area as calculated from
weekly external measurements over a 20-wk period. The primary
tumors in control mice grew faster than those in mice supplemented
with palm oil carotenes (experimental). The difference in tumor surface
area between the two groups was found to be statistically significant 
(P < 0.05).



5. Singh, D.K., Scott, M., and Lippman, K. (1998) Cancer Chemo-
prevention Part 1: Retinoids and Carotenoids and Other Classic
Antioxidants, Oncogene 2, 774–780.

6. Bendich, A. (1991) Beta-Carotene and the Immune Response,
Proc. Nutr. Soc. 50, 263–274.

7. Fernandes-Carlos, T., Riondel, J., Glise, D., Guiraud, P., and
Favier, A. (1997) Modulation of Natural Killer Cell Functional
Activity in Athymic Nude Mice by β-Carotene, Oestrone and
Their Association, Anticancer Res. 17, 2523–2527.

8. Kolla, V., Weihua, X., and Kalvakolanu, D.V. (1997) Modula-
tion of Interferon Action by Retinoids. Induction of Murine
STAT 1 Gene Expression by Retinoic Acid, J. Biol. Chem. 272,
9742–9758.

9. Niikura, T., Hirata, R., and Weil, S.C. (1997) A Novel Inter-
feron-Inducible Gene Expressed During Myeloid Differentia-
tion, Blood Cells Mol. Dis. 23, 337–349.

10. Wang, X.D., Russell, R.M., Liu, C., Stickel, F., Smith, D.D., and
Krinsky, N.I. (1996) Beta-Oxidation in Rabbit Liver in vitro and
in the Perfused Ferret Liver Contributes to Retinoic Acid
Biosynthesis from Beta-Apocarotenoic Acids, J. Biol. Chem.
271, 26490–26498.

11. Boven, E., and Winograd, B. (1991) The Nude Mouse in Oncol-
ogy Research, CRC Press, Boca Raton.

[Received December 14, 2001, and in revised form March 6, 2002;
revision accepted May 30, 2002]

560 K. NESARETNAM ET AL.

Lipids, Vol. 37, no. 6 (2002)



ABSTRACT: The aim of the present study was to investigate
whether a mixture of dietary n-6 and n-3 PUFA could lower
blood pressure in spontaneously hypertensive rats (SHR) of dif-
ferent ages. In addition, we studied how such a treatment could
normalize the FA composition of plasma TAG and cholesterol
esters (CE), and of red blood cell (RBC) total lipids. SHR (ages 4,
19, and 50 wk) were fed a normal diet (control groups) or a semi-
synthetic diet containing a mixture of γ-linolenic acid (GLA),
EPA, and DHA (experimental groups). Systolic blood pressure
was measured at regular intervals. After 11 wk of consuming this
diet, plasma TAG and CE were separated by TLC and analyzed
for their FA composition. Total FA composition of RBC was also
determined. The degree to which blood pressure was elevated
was reduced in SHR after 11 wk of diet. The largest decrease was
obtained with the oldest animals. In RBC, EPA and DHA con-
tents increased. In plasma TAG and CE, EPA, DHA, and GLA in-
creased whereas arachidonic acid decreased. The n-6 and n-3
unsaturated FA mix slowed the development of hypertension in
young SHR and decreased blood pressure in adult and aged
SHR. In addition, the present treatment altered the n-3 and n-6
PUFA content of SHR lipids to that seen in normotensive rats.

Paper no. L8626 in Lipids 37, 561–567 (June 2002).

The hypotensive effects of dietary n-3 PUFA have been ob-
served with marine oil supplementations, both in humans
(1–3) and spontaneously hypertensive rats (SHR) (4,5). Ex-
periments using purified forms of the major components of
these oils—EPA (20:5n-3) and DHA (22:6n-3)—have shown
a decrease in blood pressure in patients suffering from hyper-
tension (6) and in SHR (7,8). Contradictory reports show no
protective effect of the consumption of fish oil—or of its de-
rivatives—on hypertension (9–11), if used at low doses.
These discrepancies can also be explained by study design
differences, as for example the composition and doses of ad-
ministered fats, the balance between n-6 and n-3 PUFA, the
age of animals, and the duration of the treatment.

In earlier work, we showed that treatment of SHR with a
dietary EPA and DHA combination (EPA30) did not decrease
blood pressure (12). Moreover, it is well known that prolonged
supplementation with only n-3 PUFA is accompanied by

changes in FA composition of various organs and tissues
(13–15). These FA, incorporated at the expense of n-6 FA (16),
can induce n-6 PUFA reduction in same-cell types (17). Evi-
dence has been found for a competition between these two
families of FA for entry into and release from cellular phos-
pholipids and for a competition for the desaturase enzymes
that catalyze their bioconversion into longer and more unsatu-
rated FA, precursors of eicosanoids (18,19). Such changes can
lead to a deficit in n-6 PUFA derivatives (17,20) and possibly
alter the influence of such lipid mediators on blood pressure
regulation, vasodilation, and platelet aggregation (21,22).
Blood dihomo-γ-linolenic acid (DGLA, 20:3n-6) level is a
strong predictor of both coronary heart disease and stroke
(23,24). On the other hand, the hypotensive effect of evening
primrose oil, rich in γ-linolenic acid (GLA, 18:3n-6), has been
described (25,26), and a similar effect has been shown with
purified GLA, administered by peritoneal injection (27).

In a preliminary study we observed that a mixture of n-3 FA
(EPA30) failed to decrease adult SHR blood pressure. The aim
of the present investigation was to evaluate the possible effect
of a dietary GLA/EPA/DHA combination (GLA80/EPA30) on
blood pressure in SHR at three different ages, corresponding to
prehypertensive, hypertensive, and aged hypertensive rats.
Such a mixture would bypass the ∆6 desaturation step in the
process of EFA metabolism, which has been shown to be in-
hibited in SHR (28). Thus, the metabolic products from n-6
EFA, known to be involved in membrane fluidity and to be pre-
cursors of second messengers regulating blood pressure, would
be maintained. In addition, plasma lipid derangement is known
to be one of the primary factors associated with developing and
maintaining hypertension (29,30). Consequently, we have de-
termined the impact of such a treatment on the FA profiles of
plasma lipids and red blood cell (RBC) membranes.

MATERIALS AND METHODS

Animals and diets. All aspects of the animal experiments were
approved by the Ethics Committee for Experimental Animals
of the University of Burgundy, Dijon. Forty-two SHR were
provided by IFFA-Credo (Domaine des Oncins, L’Arbresle,
France). On arrival, rats were fed commercial standard pellets
(Souriffarat, U.A.R A04, Villemoisson sur Orge, France) for 1
wk. During the whole experiment, animals were kept in indi-
vidual metabolic cages. The room was maintained at 22 ± 2°C,
60 ± 5% RH, and with a day/night alternation of 12 h/12 h.
Animals had free access to food and tap water. Next, twelve
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4-wk-old, sixteen 19-wk-old, and fourteen 50-wk-old SHR
(groups A, B, and C, respectively) were adapted for 1 wk to a
semisynthetic diet (used as control diet and stored at 4°C) con-
taining (g/100 g): 58.7 cornstarch, 20 casein, 5 cellulose pow-
der, 5 saccharose, 4 minerals, 2 vitamins (Usine d’Alimenta-
tion Rationnelle), 0.3 methionine (Sigma Chemical Co., St.
Louis, MO) and 5 lipids (ISIO 4 oil; Lesieur, Boulogne Bil-
lancourt, France). As human diets are generally high in
linoleic acid, we chose as the control a commercial oil recom-
mended by nutritionists that is high in n-6 PUFA as compared
to the diet usually provided to rodents. The animals of each
age group were then randomly assigned to groups of 6–8 rats
each to either the control diet (containing 5% of lipids as ISIO
4 oil) or the semisynthetic diet containing 5% of lipids includ-
ing a mixture composed of 26% EPA30 and 12.5% GLA80
(Callanish Ltd. Breasclete, Isle of Lewis, United Kingdom)
and 61.5% ISIO 4 oil for 11 wk. The FA composition of
EPA30, GLA80, and ISIO4 oils and control and experimental
diets is presented in Table 1. The fresh mixture of
GLA80/EPA30, prepared daily, was added to the diet in the
form of ethyl esters just before being given to animals. The
stability of the ethyl esters of the mixture, under these condi-
tions, after exposure to air was confirmed by GLC. In order to
administer the same amounts of GLA/EPA/DHA mixture to
each experimental animal, the diet was given as follows: 13 g
of the experimental diet was administered during the evening,
and the ration was complemented the following morning with
the control diet, ad libitum. Control animals (normotensive
Wistar Kyoto rats: WKY) were fed the control diet under the
same conditions as the experimental animals. Food intake was

measured daily and body weight weekly. Indirect systolic
blood pressure was determined as follows: The rats were pre-
warmed for half an hour in a warming cupboard at 35°C, in
order to prepare the rat’s tail for the measurement with a
plethysmographic method (BP Recorder 8005; M+M Elec-
tronic Inc., Basel-Mücheenstein, Switzerland). Four blind
readings were obtained from each rat and averaged, after the
highest and the lowest values were excluded.

At the end of the feeding period, animals were anes-
thetized with 0.1 mL/100 g body weight sodium pentobarbi-
tal (Sanofi, Paris, France). Blood from the abdominal aorta
was collected in heparinized tubes and centrifuged at 1,700 ×
g for 10 min (Janetzki, T32c; Bioblock, Strasbourg, France)
to separate plasma. RBC and plasma were then frozen 
(−20°C) under nitrogen before analysis.

Plasma and RBC lipid analyses. RBC were washed three
times at 4°C (12,100 × g for 3 min) (J-21B, rotor JA20; Beck-
man Instruments, Fullerton, CA) with isotonic Tris buffer
(NaCl 150 mmol/L, EDTA 1 mmol/L, Tris 10 mmol/L), pH
7.8. RBC membranes were prepared by centrifugation
(12,100 × g for 10 min) in a hypotonic Tris buffer (NaCl 7
mmol/L, EDTA 1 mmol/L, Tris 5 mmol/L), pH 7.8 at 4°C and
washed in distilled water at 4°C during 10 min at 12,100 × g.
RBC and plasma lipids were extracted (31). TAG were sepa-
rated from cholesterol esters (CE) by TLC using hexane/ethyl
ether/acetic acid/methanol (180:40:4:6, by vol) as solvent
system. Areas corresponding to TAG and CE were immedi-
ately scraped off the plates, extracted with chloroform/
methanol (9:1, vol/vol) and then analyzed for FA composi-
tion. FAME were prepared by transmethylation using 14%
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TABLE 1
FA Composition of EPA30, GLA80, and ISIO4 Oil and of Control and Experimental Dietsa (g/100 g)

EPA30 GLA80 ISIO4 Control diet Experimental diet

16:0 — — 6.2 6.2 3.8
18:0 — — 3.3 3.3 2.0
20:0 — — 0.3 0.3 0.2
22:0 — 0.6 0.8 0.8 0.6
24:0 — — 0.3 0.3 0.2
Total saturated — 0.6 10.9 10.9 6.8

16:1n-7 15.1 — — — 3.9
18:1n-9 6.1 3.0 40.0 40.0 26.6
20:1n-9 — — 0.2 0.2 0.1
Total monounsaturated 21.2 3.0 40.2 40.2 30.6

18:2n-6 3.7 15.6 45.9 45.9 31.2
18:3n-6 2.4 79.8 1.3 1.3 11.4
20:2n-6 — 0.4 — — Trace
20:4n-6 1.7 — — — 0.4
Total n-6 PUFA 7.8 95.8 47.2 47.2 43.0

18:3n-3 — 0.6 1.6 1.6 1.0
18:4n-3 7.4 — — — 1.9
20:5n-3 37.7 — 0.1 0.1 9.9
22:5n-3 5.5 — — — 1.4
22:6n-3 20.4 — — — 5.3
Total n-3 PUFA 71.0 0.6 1.7 1.7 19.5

aValues were determined by GLC. Boldface used to emphasize certain FA in mixture.



boron trifluoride in methanol (32), then separated by GLC
(Packard model 417 gas–liquid chromatograph; Packard,
Downers Grove, IL) equipped with an FID and a 30-m capil-
lary glass column coated with Carbowax 20M (Applied Sci-
ence Labs, State College, PA), and identified by their relative
retention times (FA standards; Nu-Chek-Prep, Elysian, MN).

Statistical analyses. Results are expressed as the arithmeti-
cal mean for each group with their standard error (mean ±
SEM). Unpaired Student’s t-test was used to determine signif-
icant differences between experimental and control groups for
each age. Statistical difference was accepted at P < 0.05 (*)
and P < 0.01 (**). For each diet, the means from groups A, B,
and C were classified after ANOVA using Duncan’s multiple
range test. In each line, means assigned different superscript
letters (b, c, d, e) were significantly different (P < 0.05).

RESULTS

Food intake and body weight. Food intake (16.9 ± 0.7 g/d)
and body weights of experimental groups A and B were simi-
lar to controls during the whole experiment. Before killing,
body weights were 354 ± 9 g and 388 ± 3 g in groups A and
B, respectively. Moreover, the food intake of group C was sig-
nificantly increased in the experimental group during the last
3 wk of the experiment (19.0 ± 0.4 vs. 17.0 ± 0.3 g/d). The
body weight was also significantly increased in this group
during the last weeks of diet (476 ± 13 vs. 439 ± 12 g).

Blood pressure. Results related to the blood pressure are
presented in Figure 1. No difference was observed between
SHR control groups at the end of the experiment. In the three
age groups, the treatment with GLA80/EPA30 decreased
blood pressure in SHR (−19, −14, and −32 mm Hg for groups
A, B, and C, respectively). The duration required to lower
systolic blood pressure was different according to the age: 5
wk of treatment for groups A and C and 8 wk for group B. In
the three treated groups, systolic blood pressure remained at
the lowest level until the end of the experiment.

Total FA composition of RBC membranes. The FA compo-
sition of RBC membranes from groups A and B is presented
in Table 2. Compared to control group A, the levels of 18:0
and 22:5n-3 were higher in control group B, whereas 18:1
was lower. After treatment, we observed a significant increase
of GLA, EPA, and DHA in the animals fed the GLA80/
EPA30 mixture. The acid 22:4n-6 decreased in the two exper-
imental groups compared to controls. However, 18:2n-6 and
20:4n-6, which are EFA of the n-6 family, remained un-
changed after treatment. 

TAG and CE FA composition of plasma. Table 3 shows the
FA composition of plasma TG. When comparing SHR con-
trol groups with each other, plasma TAG of group C had in-
creased 18:3 n-6 (about threefold vs. the two other groups)
and 20:4n-6 (+50% vs. group A). In each age group, treatment
increased the levels of 20:5n-3, 22:6n-3, and 18:3n-6. In
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FIG. 1. Effect of experimental diet on blood pressure of groups A–C: sys-
tolic blood pressure from control rats (◆) and experimental rats (group
A: ■, group B: ▲, and group C: ●). Results are shown as mean ± SEM
for n = 6 (group A), n = 8 (group B), and n = 7 (group C). Each blood
pressure is the mean of four measurements, after exclusion of the high-
est and the lowest values. Significantly different from control rats: *P <
0.05, **P < 0.01.

TABLE 2
Total FA Compositiona of Red Blood Cells from Control and Experimental Spontaneously Hypertensive Rats (SHR)

Weight %
Group A Group B

4 wk-old SHR 19 wk-old SHR
FA Control Experimental Control Experimental

18:0 13.4 ± 1.0 12.9 ± 1.2 25.0 ± 1.5b 24.0 ± 3.0c

18:1n-7 + n-9 14.6 ± 0.5 14.2 ± 0.8 10.9 ± 0.5b 12.2 ± 0.5
18:2n-6 8.0 ± 0.7 7.0 ± 0.5 6.2 ± 0.4b 7.2 ± 0.4c

18:3n-6 0.03 ± 0.02 0.2 ± 0.05** 0.03 ± 0.02 0.2 ± 0.05**
20:4n-6 12.7 ± 1.7 13.8 ± 3.3 10.3 ± 0.8 11.8 ± 1.3
20:5n-3 0.02 ± 0.01 0.9 ± 0.3* — 0.3 ± 0.1*c

22:4n-6 1.4 ± 0.3 0.7 ± 0.1* 2.1 ± 0.5 1.0 ± 0.03**c

22:5n-6 1.1 ± 0.08 0.8 ± 0.2 1.8 ± 0.3 1.0 ± 0.09*
22:5n-3 0.3 ± 0.1 1.9 ± 0.7* 1.2 ± 0.3b 2.0 ± 0.3*
22:6n-3 0.5 ± 0.4 1.5 ± 0.7* 0.7 ± 0.08 1.8 ± 0.2**
aResults are shown as mean ± SEM for groups A (n = 6) and B (n = 8). *P < 0.05 and **P < 0.01 when compared with cor-
responding control. Boldface used to emphasize certain FA in mixture.
b,cP < 0.05 for groups A and B inside each diet (control or experimental).



group C, 20:5n-3 increased in greater proportion than in
groups A and B (+90 and +166%, respectively). In the same
way, the increase of 22:6n-3 was higher in group C than in
groups B and A (6.7-fold vs. group B and 2.5-fold vs. group
A). Compound 20:4n-6 was decreased in all treated groups 
(−48, −55, and −60% in groups A, B, and C, respectively),
whereas 22:4n-6 and 22:5n-6 were not detectable in treated
animals. Linoleic acid (18:2n-6) decreased in all groups, and
significantly in group A. As for the other FA, 16:0 increased
in treated groups A and B and 16:1n-7 and 18:0 increased in
treated group A. Acid 18:1 decreased in all groups, signifi-
cantly in groups A and C.

Table 4 shows the FA composition of plasma CE. There is
no significant difference between control groups except for
16:1n-7, which was higher for group B. In the three treated
SHR groups, 18:3n-6, 20:5n-3, and 22:6n-3 increased signifi-
cantly. A marked decrease of 20:4n-6 and a slight decrease of
18:2n-6 appeared in the three experimental groups. Com-
pounds 18:1 and 16:1n-7 increased in groups A and B but re-
mained unchanged in group C. Compounds 16:0 and 18:0 in-

creased whatever the age of animals, but less so in group C.
We did not detect any 22:4n-6, 22:5n-6, or 22:5n-3, whatever
the group of rats.

DISCUSSION

To our knowledge, this study is the first to compare the effects
of a specific FA mixture from vegetable and fish origin in SHR
at different ages. The treatment has been administered to
young rats (group A) during the development of the pathogen-
esis of hypertension; to adults (group B) when hypertension is
well established; and to aging rats (group C). Body weights of
experimental groups A and B remained similar to controls dur-
ing the treatment. These observations indicate good accep-
tance by SHR of the treatment. However, in group C, the body
weights of experimental rats increased significantly compared
to controls after 8 and 10 wk of diet. This phenomenon was
associated with an increased food intake after 10 wk of treat-
ment although the treatment mode was identical in the three
groups. Surprisingly, the animals from group C ate more and
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TABLE 3
TAG FA Compositiona (wt%) of Plasma from Control and Experimental SHR

Group A Group B Group C
4 wk-old SHR 19 wk-old SHR 50 wk-old SHR

FA Control Experimental Control Experimental Control Experimental

16:0 22.0 ± 1.8 26.5 ± 1.0* 22.0 ± 2.1 26.1 ± 2.7 20.6 ± 1.2 21.2 ± 2.0
16:1n-7 4.6 ± 0.6 8.2 ± 0.8** 6.1 ± 1.1 7.6 ± 1.2 6.5 ± 1.6 7.4 ± 0.7
18:0 3.1 ± 0.2b 5.3 ± 0.6*,d,e 4.5 ± 1.0b 6.2 ± 0.6d 2.8 ± 0.3 3.4 ± 0.9e

18:1n-7 + n-9 36.5 ± 1.4 31.2 ± 1.4* 34.1 ± 1.7 32.9 ± 2.1 34.1 ± 1.2 28.2 ± 1.3**
18:2n-6 22.4 ± 2.1 15.4 ± 0.7** 22.0 ± 2.5 17.8 ± 2.6 21.5 ± 1.6 19.3 ± 3.8
18:3n-6 0.6 ± 0.1 1.9 ± 0.8 0.4 ± 0.1 0.9 ± 0.6 1.7 ± 0.7b 2.4 ± 1.0
20:4n-6 5.0 ± 0.4b 2.6 ± 0.3** 5.5 ± 1.0b,c 2.5 ± 0.7* 7.5 ± 0.7c 3.0 ± 0.2**
20:5n-3 — 2.1 ± 0.6**,d,e — 1.5 ± 0.7*,d 0.07 ± 0.05b 4.0 ± 1.0**,e

22:4n-6 1.5 ± 0.3 —** 0.9 ± 0.2 —** 1.7 ± 0.5 —*
22:5n-6 0.8 ± 0.1 —** 0.6 ± 0.2 —** 0.6 ± 0.02 —*
22:5n-3 0.30 ± 0.02 1.6 ± 0.5* 0.20 ± 0.08 0.6 ± 0.4 0.10 ± 0.08 2.1 ± 0.6**
22:6n-3 0.06 ± 0.06 2.9 ± 0.3** 0.30 ± 0.09 1.1 ± 0.7 0.10 ± 0.08 7.4 ± 1.2**,d

aResults are shown as mean ± SEM for control group A (n = 4) and for groups B and C and experimental group A (n = 5/group). *P < 0.05 and **P < 0.01
when compared with the corresponding control. Boldface used to emphasize certain FA in mixture. See Table 2 for abbreviation.
b–eP < 0.05 for groups A–C compared inside each diet (control or experimental).

TABLE 4
Cholesterol Ester FA Compositiona (wt%) of Plasma from Control and Experimental SHR

Group A Group B Group C
4 wk-old SHR 19 wk-old SHR 50 wk-old SHR

FA Control Experimental Control Experimental Control Experimental

16:0 10.2 ± 1.0 16.0 ± 0.6** 10.2 ± 0.8 14.7 ± 0.2*,c 9.3 ± 0.8 10.6 ± 1.1d

16:1n-7 4.6 ± 0.7 7.8 ± 1.3* 5.7 ± 1.3b 8.4 ± 1.3 4.3 ± 0.3 5.0 ± 0.4
18:0 1.5 ± 0.3 4.2 ± 1.0*,c 1.7 ± 0.3 3.7 ± 0.5**,d 1.0 ± 0.2 1.4 ± 0.2
18:1n-7 + n-9 7.7 ± 0.3 10.1 ± 0.8* 8.3 ± 0.6 10.1 ± 0.8* 8.4 ± 0.5 8.5 ± 1.0
18:2n-6 13.1 ± 0.8 11.1 ± 0.7 13.0 ± 0.2 10.7 ± 0.5* 12.8 ± 0.1 11.9 ± 0.3
18:3n-6 0.4 ± 0.3 4.6 ± 0.4** 0.8 ± 0.1 5.2 ± 1.1** 0.9 ± 0.3 5.2 ± 0.1**
20:4n-6 60.9 ± 1.7 39.7 ± 2.2** 58.8 ± 2.4 39.0 ± 2.7** 61.0 ± 1.1 45.1 ± 2.4**
20:5n-3 — 3.4 ± 0.4** — 5.1 ± 0.6**,c 0.7 ± 0.7 9.1 ± 0.6**,d

22:6n-3 0.5 ± 0.2 1.4 ± 0.4* 0.3 ± 0.1 1.5 ± 0.2** 0.6 ± 0.2 2.2 ± 0.3**
aResults are shown as mean ± SEM for control groups A–C (n = 5/group) and experimental group A (n = 5).  *P < 0.05 and **P < 0.01 when com-
pared with corresponding control. Boldface used to emphasize certain FA in mixture. See Table 2 for abbreviation.
b–dP < 0.05 for groups A–C compared inside each diet (control or experimental).



gained more weight than their controls, especially at the end
of the feeding period. In this group, the lowering of blood
pressure started earlier than in groups A and B—from week 5
to week 11 of the treatment. As SHR are usually smaller than
the nonhypertensive control rats (WKY) used in these experi-
ments once hypertension has been stabilized (33), we can hy-
pothesize that the blood pressure-lowering effect of the treat-
ment leads to a long-range weight compensation.

Based on our findings, this treatment with GLA80/EPA30
attenuated the development of elevated blood pressure in
SHR. The greatest reduction of blood pressure was obtained
with the oldest animals. For young (group A) and aged (group
C) rats, the treatment effect was evident after 5 wk of admin-
istration of the experimental diet, while 8 wk were needed for
adults (group B). Using purified PUFA, other authors have
shown the ability of GLA (27) and EPA/DHA (7,8,34,35) to
decrease blood pressure. Until now, the only studies that have
reported GLA reduced blood pressure involved GLA admin-
istration by peritoneal injection (27) or by force-feeding (36);
other studies have found no effect or opposite effects (9–11).
It has been considered that DHA is the principal n-3 FA re-
sponsible for lowering blood pressure in humans (37). None
of these studies included GLA, EPA, and DHA combined to-
gether, nor did they include investigations from young to aged
rats. In an earlier part of this work, using the same control diet
and the same strain, we investigated the effect of EPA30 alone
and found no decrease in blood pressure in the experimental
SHR group (12). Indeed, we showed that EPA30 increased
the level of trienoic prostaglandin precursors and decreased
the level of dienoic prostaglandin precursors. In the present
work, we added GLA80 to EPA30 because the low cardiovas-
cular morbidity of Greenland Eskimos has been linked to
their unique diet of seafood rich in n-3 PUFA, and to their ac-
cumulation of GLA and DGLA (38), thus suggesting an inhi-
bition of ∆5 desaturase. The mixture used in the present ex-
periment mimics such physiological conditions. 

We showed that elevated blood pressure was related to
changes in cell membrane lipids and fluidity (39), which
could induce changes in receptor–effector coupling (40). The
FA composition of RBC also has been studied, since mem-
brane PUFA influence some transmembrane ion transport sys-
tems and since membrane cation fluxes in RBC may be al-
tered in essential hypertension. We did not observe any
decrease of 18:2n-6, as reported in the literature (14), when,
consistent with a previous study (41), increased EPA and
DHA levels were induced by the treatment. This can be ex-
plained by the addition of GLA, which is the ∆6 desaturated
product of 18:2n-6, in the treatment and by the fact that ISIO4
oil contents a high level of 18:2n-6. Arachidonic acid
(20:4n-6) content was not affected by the age of the animals
and the treatment. Therefore, a GLA supply appears required
to avoid a decrease of 20:4n-6 in erythrocyte membranes, a
phenomenon that is usually observed in essential hyperten-
sion (42). All together, the GLA80/EPA30 diet induced the
positive expected effects of EPA and DHA, i.e., it prevented
the reduction of n-6 PUFA.

The plasma PUFA composition reflects the treatment with
GLA80/EPA30, in agreement with previous studies showing
increased n-3 PUFA levels with marine oil dietary supple-
mentation (15). The decrease of 20:4n-6 and of its elonga-
tion/desaturation products (22:4n-6 and 22:5n-6) indicates
that the n-3 FA increased at the expense of n-6 PUFA. In
young rats, the level of 18:2n-6 decreased, as previously ob-
served with dietary fish oil supplementation (5). Indeed, this
decrease was smaller in adults, and no difference was ob-
served in the oldest rats. Although GLA is a 20:4n-6 precur-
sor, we found a decrease of plasma 20:4n-6. This result is
probably due to a partial inhibition of ∆6 n-6 and/or ∆5 n-6
desaturation steps by n-3 PUFA, as described by Christiansen
et al. (43). These changes in arachidonic acid content could,
as a consequence, induce a decrease of thromboxane A2, a
strong vasoconstrictor and pro-aggregant lipid mediator, as
observed in platelets of mice consuming a diet supplemented
with n-3 PUFA (44).

Serum n-3 PUFA have been inversely correlated with car-
diovascular disease (29), and n-3 FA intake may reduce not
only blood pressure but also platelet aggregability (1,42) and
consequently lower the risk of atherosclerosis (45). We found
an increase of serum n-3 PUFA in both TAG and CE that was
associated with reduced blood pressure, whatever the age of
the animals, counterbalancing the high levels of 20:4n-6 in
plasma CE generally described in hypertension (46). The
present treatment appears to be efficient in decreasing the
level of this plasma FA in all groups.

In summary, in contrast to what we observed with EPA30
alone (12), the treatment of SHR with GLA80/EPA30 re-
duced blood pressure, particularly in the oldest animals. The
treatment appeared also to be active when administered
during the prehypertensive phase. In light of the current find-
ings, if such a FA mixture is relevant for laboratory studies
involving experimental models of hypertension, given the
different fat and FA metabolism in SHR vs. humans, how
relevant these observations are to humans remains to be
determined.
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ABSTRACT: Lauric acid desaturation was investigated and de-
scribed in liver homogenates and in cultured rat hepatocytes.
The identification of the desaturated product of lauric acid has
been performed using the oxidative cleavage method, and we
showed that the obtained monoene was mainly 12:1n-3. This
result suggests that lauric acid desaturation could be the first
step in the biosynthesis of α-linolenic acid in animal cells.

Paper no. L8861 in Lipids 37, 569–572 (June 2002).

Desaturation of saturated FA is well known and documented
for stearic acid (18:0) and palmitic acid (16:0). Concerning
myristic acid (14:0), the presence of myristoleic acid has been
detected in several tissues (1,2) as well as in a muscular cell
line (3), and we have recently shown the biosynthesis and
identification of 14:1n-5 by a ∆9-desaturation in cultured rat
hepatocytes (4). Conversely, lauric acid desaturation has not
yet been investigated although small amounts of lauroleic
acid (12:1) are known to be present in milk lipids (5,6). The
aim of this report was to study the desaturation of lauric acid
in homogenates of fresh liver and in cultured rat hepatocytes.
We demonstrated that, in the absence of competing substrate,
lauric acid is desaturated at the ∆9-position, producing 12:1n-3. 

MATERIALS AND METHODS

Chemicals. BSA, HEPES, Williams’ medium E (catalog no.
W 4125), insulin (bovine), dexamethasone, collagenase, and
unlabeled FA were purchased from Sigma (St Quentin
Fallavier, France). Penicillin–streptomycin antibiotic mixture
was provided by GIBCO BRL (Eragny, France). FBS was
purchased from J. Boy S.A. (Reims, France). [1-14C]Lauric
acid was purchased from Amersham-Pharmacia-Biotech
(Orsay, France). [1-14C]Myristic acid, [1-14C]palmitic acid,
and [1-14C]stearic acid were purchased from DuPont NEN
(Le Blanc Mesnil, France). Solvent and other chemicals were
obtained from Prolabo (Paris, France) or Merck (Darmstadt,
Germany), except high-purity reagents for HPLC application,
which were from Fisher (Elancourt, France). Falcon Primaria
petri culture dishes, 60 mm in diameter (AES, Combourg,
France), were used.

Animals and diet. Male Sprague–Dawley rats (body
weight 250 g) obtained from the R. Janvier breeding center

(Le Genest-St Isle, France) were freely fed rat chow. They
were food-deprived 12 h prior to sacrifice, liver removal, or
hepatocyte preparation. The experimental protocol was in
compliance with applicable guidelines from the French Min-
istry of Agriculture. 

Desaturase assay in rat liver. Immediately after each rat
was killed, the liver was removed and utilized for postmito-
chondrial supernatant preparation (7). A 4-g sample of liver
was minced and homogenized in 16 mL of 50 mmol/L phos-
phate buffer (pH 7.4) containing 0.25 mol/L sucrose. The ho-
mogenate was centrifuged for 30 min at 10,000 × g. The re-
sulting postmitochondrial supernatant was collected, diluted
threefold with the phosphate buffer, and used for ∆9-desat-
urase assay as previously described (8). Enzymatic activity
was determined using a 1-mL assay mixture that contained
the following: 100 µL supernatant (containing 100 to 500 µg
protein), 150 mmol/L phosphate buffer (pH 7.16), 6 mmol/L
MgCl2, 7.2 mmol/L ATP, 0.54 mmol/L CoA, and 0.8 mmol/L
NADH. The reaction was started with the addition of various
amounts (usually 80 nmol) of [1-14C]lauric acid (660
MBq/mmol). Comparative ∆9-desaturase assays were also
performed with 80 nmol [1-14C]myristic acid, [1-14C]-
palmitic acid, and [1-14C]stearic acid. The incubation was
carried out in a shaking water bath at 37°C for 20 min. The
reaction was stopped by adding 1 mL 2 mol/L KOH in
ethanol. Each assay mixture was then heated for 30 min at
70°C. The FA were liberated by acidification, extracted with
diethylether, and dried. For each desaturase assay, a control
was performed whereby the reaction was stopped by addition
of KOH before addition of the radiolabeled lauric acid. The
percentage of apparent conversion in the control was sub-
tracted from the one in the assay. 

Incubation of cultured rat hepatocytes with radiolabeled
lauric acid. Hepatocytes were obtained by collagenase perfu-
sion in situ, as previously described (4). The culture medium
(Williams’ E) was supplemented with 26 mM NaHCO3, 12.5
mM HEPES, 15 µM BSA, antibiotic mixture (50,000 IU/L
penicillin, 50 mg/L streptomycin), 1 µM insulin, and 1 µM
dexamethasone. For plating only (1.5·106 cells/dish), the cul-
ture medium was supplemented with 7% (by vol) FBS. After
plating, the cells were maintained in a humidified incubator
at 37°C under 5% CO2 in air. After 4 h, the plating medium
was changed to a serum-free culture medium. 

[1-14C]Lauric acid, diluted with the nonradiolabeled lauric
acid to the final specific activity (183 MBq/mmol), was
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incubated for 30 min at 70°C with 300 µL KOH (2 mol/L) in
ethanol. The FA salt obtained was dissolved at pH 10 in
Williams’ medium E containing 0.15 mmol/L BSA. The FA/
albumin molar ratio was equal to 0.67:1. After 24 h of gentle
shaking, the pH was adjusted to 7.35 and the medium was fil-
tered through a medium with average pore size of 0.2 µm.
The solution obtained was used as incubation medium (4).
The final FA concentration was 0.1 mmol/L. At 24 h of cul-
ture, incubation was initiated by replacing the culture medium
with 2 mL (per dish) of [1-14C]lauric acid-containing
medium. Incubation was carried out for 12 h at 37°C in a 5%
CO2 atmosphere.

At the end of the incubation, the medium was removed, the
cells were washed twice with ice-cold PBS (150 mmol/L NaCl,
0.94 mmol/L NaH2PO4, 4 mmol/L Na2HPO4, pH 7.4) and har-
vested with a rubber policeman in PBS. The cell suspension
was centrifuged at 800 × g for 4 min. The supernatant was dis-
carded and the cell pellet kept for lipid extraction. Cellular
lipids were extracted twice with 4 and 2 mL each hexane/iso-
propanol (3:2, by vol) (4). Lipid extracts were then saponified
for 30 min at 70°C by 1 mL of 2 mol/L KOH in ethanol. The
FA were liberated by acidification and extracted twice with di-
ethylether. Cellular FA were then converted to FA naphthacyl
esters as described below and separated on HPLC. 

FA analysis by HPLC separation. FA from either desat-
urase assay or cultured hepatocyte incubation were converted
to FA naphthacyl esters as recently described (9). The deriva-
tization procedure was started by addition of 500 µL 2-
bromo-2′-acetonaphthone (0.04 mol/L in acetone) and 500
µL triethylamine (0.1 mol/L in acetone) to the FA extracts.
After 15 min in a boiling water bath, 1 mL of acetic acid so-
lution (0.033 mol/L in acetone) was added for an additional
10 min at 100°C. After evaporation, naphthacyl derivatives
were dissolved with 200 µL of a mixture of methanol/
dichloromethane (3:1, by vol.). Twenty microliters of the de-
rivative solution was used for analysis. FA naphthacyl esters
were separated on HPLC (Alliance integrated system; Waters,
St Quentin en Yvelines, France) using a Nova-Pak C18 col-
umn (4.6 × 250 mm; Waters) and a guard column (Nova-Pak
C18; 3.9 × 20 mm; Waters). The separation was performed
by elution (1 mL/min) with a gradient of methanol/acetoni-
trile/water starting at 10:80:10 (by vol) and increasing to
0:90:10 (by vol) over a period of 50 min. Elution of naphtha-
cyl derivatives was monitored by UV absorbance at 246 nm
(tunable absorbance detector 486; Waters). Peaks correspond-
ing to radiolabeled FA (substrate and product of the desat-
urase assays) were collected (fraction collector, Waters) and
subjected to liquid scintillation counting (Packard Tri-Carb
1600 TR, Meriden, CT). 

Preliminary identification of FA naphthacyl esters was
based on retention times obtained for naphthacyl esters pre-
pared from radiolabeled and nonradiolabeled FA standards
(9).

From the amount of radioactivity found in the monoene
product vs. the radioactivity recovered in the saturated sub-

strate, the enzyme activity could be determined and expressed
as pmol substrate converted to product/mg protein/min.

Identification of radiolabeled monounsaturated FA by ox-
idative cleavage. To identify the radiolabeled monounsatu-
rated FA derived from [1-14C]lauric acid, the position of the
double bond was determined according to the method of Von
Rudloff (10), adapted in this laboratory for FA naphthacyl es-
ters (9). Unsaturated FA naphthacyl esters separated by HPLC
were collected. They were then submitted to oxidative cleav-
age by a mixture of permanganate–periodate for 6 h. The
mono- and dicarboxylic acids obtained were extracted by ad-
dition of diethylether, converted to naphthacyl esters as pre-
viously described, and separated by HPLC first with an iso-
cratic elution (1 mL/min) of acetonitrile/water (50:50,
vol/vol) for 10 min, then by increasing linearly to (100:0, vol/
vol) for 40 min. Retention times of mono- and dicarboxylic
acids were previously determined by standard analysis
(Fluka, St Quentin Fallavier, France). Radiolabeled dicar-
boxylic acids were collected and subjected to liquid scintilla-
tion counting. The radioactivity recovered in dicarboxylic
acids and the chain length indicate the double-bond position
on the monounsaturated FA. 

Protein measurement. Protein was determined by a modi-
fied Lowry procedure (11), either in the supernatant used for
the ∆9-desaturase assays or in the cells as total cellular protein. 

Expression of results and statistical analysis. The values
reported are means ± SD. P-values were calculated by using
Student’s test for two-group comparisons. The differences
were considered significant at a P-value of less than 0.05.

RESULTS AND DISCUSSION

Lauric acid desaturation activity was first obtained using a post-
mitochondrial supernatant of rat liver. The routinely used ∆9-
desaturase assay was adapted for [1-14C]lauric acid as sub-
strate: we incubated 80 nmol of [1-14C]lauric acid (660
MBq/mmol), i.e., about 3·106 dpm/assay with the postmito-
chondrial fraction from rat liver. Only 10% of the total FA ex-
tracted from the assay was injected and analyzed by HPLC  so
that the column was not overloaded (i.e., about 3·105 dpm/in-
jection). We usually recovered about 6,000 dpm in the mono-
unsaturated product after HPLC separation. The percentage of
desaturation was obtained from these two values (about 2%).
Moreover, for each ∆9-desaturase assay, a control was per-
formed where by the reaction was stopped by addition of KOH
before addition of the radiolabeled lauric acid. This control was
also analyzed by HPLC in order to measure the background
value of dpm in the collected fraction corresponding to the 12:1
peak (less than 500 dpm), showing the presence of impurities
(12:1) in the 12:0 radiolabeled preparation.

The desaturation activity was measured with different sub-
strate concentrations (Fig. 1). We showed a curve reaching a
plateau at about 80 µM lauric acid concentration. At this sub-
strate concentration, lauric acid desaturase activity was mea-
sured in six animals, and we obtained a mean value of 120
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pmol/min/mg protein. The comparison with the ∆9-desatura-
tion activity of the other substrates (myristic, palmitic, and
stearic acids) was performed on three animals, showing a
clear increase in activity as a function of the chain length of
the substrate (Fig. 2).

Identification of the desaturated product of lauric acid has
been performed on the C12 monoene using the oxidative
cleavage method described above (see the Materials and
Methods section). After the oxidative cleavage of the C12
monoene, we obtained a C9 dicarboxylic acid carrying 70%
of the radioactivity (Fig. 3). We thus demonstrated that the
product of lauric desaturation was mainly 12:1n-3, obtained
by a ∆9-desaturase. 

A second experiment was performed using a cultured rat
hepatocyte system. [1-14C]Lauric acid substrate was added to
the culture medium in the form of an albuminic complex, and
analysis of the different labeled FA after 12 h incubation
demonstrated the presence of a labeled 12:1 monoene (Fig. 4).
Its identification using the oxidative cleavage method (see
above) and analysis of labeled dicarboxylic fragments showed
that this monoene was mainly 12:1n-3. The desaturation of
lauric acid was quantitatively low compared to other metabolic
fats: Only 35% of the initial radioactivity was still in FA form
after 12 h incubation, suggesting a high β-oxidation level.
Thus, besides β-oxidation, we could observe that lauric acid
was mainly converted to myristic and palmitic acids.

Our results indicate for the first time that lauric acid is de-
saturated in rat liver homogenate and in cell culture. This is

in agreement with an observation (12) reported in 1976 that
dodecanoyl-CoA was the substrate (very low activity) of a re-
constructed desaturase system.

The principal interest of the present work is to show that
the main product of lauric acid desaturation under our condi-
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FIG. 1. ∆9-Desaturase activity as a function of lauric acid concentra-
tion. Each point is the mean of three measurements ± SD. The insert
presents the Lineweaver–Burke plot of the desaturase activity (estimated
apparent Km ≈75 µM). 

FIG. 2. Comparative desaturation activity of lauric, myristic, palmitic,
and stearic acids in rat liver. Postmitochondrial supernatant from liver
homogenate (same amount of protein) was used for desaturase assay as
described in the Materials and Methods section. Each point is the mean
of three measurements ± SD. Significant differences (P < 0.2) are indi-
cated by differing letters. The apparent Km are 34, 22, and 10 µM for
myristic, palmitic, and stearic acids, respectively, in our experimental
conditions.

FIG. 3. Radioactivity recovered in dicarboxylic acids following the ox-
idative cleavage of 12:1. The identification of the 12:1 produced by lau-
ric acid desaturation was performed by oxidative cleavage by a perman-
ganate–periodate mixture for 6 h and by HPLC separation of the
obtained dicarboxylic acids (identified by retention time) as described
in the Materials and Methods section. Each value is the mean of three
measurements ± SD.



tions is a member of the n-3 series. We propose a possible
pathway that requires neither ∆12-desaturase nor ∆15-desat-
urase. Indeed, from successive conversion of 12:0 by ∆9-de-
saturation, ∆6-desaturation, elongation, ∆5-desaturation, and
two final elongations, 18:3n-3 could be obtained. We may
bear in mind here that the last elongation step of our putative
pathway was described by Klenk in 1965 (13) and confirmed
by Cunnane et al. (14), who obtained 18:3n-3 from 16:3n-3.

Although, in the present conditions, we did not observe
biosynthesis of 12:1n-6 from 12:0, we suggest that 18:2n-6
biosynthesis from 12:0 might be possible using exclusively
∆6- and ∆5-desaturations and elongations. The two last steps
of this putative pathway have been demonstrated in the past
by Sprecher in 1968 (15), who showed a biosynthesis of
18:2n-6 from 14:2n-6 and 16:2n-6 in fat-deficient rats. Later,
Cunnane et al. (14) confirmed these results using 16:2n-6 as
a precursor. In the experimentation by Sprecher (15), neither
10:1n-6 nor 12:2n-6 was transformed into linoleic acid. Using
rats fed a fat-free diet would be of great interest to further in-
vestigate our putative pathway. We have already observed
(data not shown) 30 generations of a lineage of lipid-deprived
rats that were healthy and exhibited only a reduction in pup
growth, described up to the fifth generation (16). 

In conclusion, the present results showing the ∆9-desatu-
ration of lauric acid into 12:1n-3 in cultured cells and liver
homogenates have led us to ask whether a possible biosyn-
thesis of “essential” FA could exist under some circumstances
in animals. 
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FIG. 4. Radioactivity of the FA obtained after a 12-h incubation of [1-
14C]lauric acid with cultured rat hepatocytes (see the Materials and
Methods section). FA were separated by HPLC and collected every 10
s. They were identified by comparison of retention times with those of
standard FA. Each fraction was submitted to liquid scintillation count-
ing, and the radioactivity vs. retention time was plotted.



ABSTRACT: Lipid emulsions used in parenteral nutrition inter-
act with lipoproteins leading to exchanges of lipids and acquisi-
tion of several apolipoproteins (apo). It has been previously ob-
served that, during in vitro incubation of emulsions with purified
LDL, a variable fraction of LDL binds to TG-rich emulsion parti-
cles. The purpose of this study was to better characterize such 
an interaction. Two emulsions containing 20% soybean oil 
(Endolipid®, B. Braun AG, Melsungen, Germany) or fish oil were
incubated with LDL, either alone or in the presence of various
plasma subfractions, for different durations and at different tem-
peratures. The fraction named M-LE (containing TG-rich particles
modified after incubation) was separated by ultracentrifugation
or gel filtration chromatography, and the apoB content was mea-
sured as an index of LDL binding to TG-rich emulsion particles.
The formation of such complexes was visualized by freeze-frac-
ture electron microscopy. LDL binding was not influenced by the
method used for M-LE isolation. Binding occurred quickly, did
not increase with prolonged incubation, was inversely related to
increasing incubation or ultracentrifugation temperature, and
withstood 40 h of ultracentrifugation at 163,000 × g. The pres-
ence of glycerol or excess phospholipids in the emulsion did not
markedly affect the formation of the complexes. In contrast,
adding very small amounts of lipoprotein-poor plasma (d > 1.210
g/mL) or HDL markedly reduced the process, and albumin had
no effect. The TG composition of the emulsion influenced the
binding of LDL to TG-rich particles, since more apoB was found
in M-LE from fish oil than from soybean oil emulsion.

Paper no. L8965 in Lipids 37, 573–580 (June 2002).

Lipid emulsions used in parenteral nutrition contain a major-
ity of TG-rich particles that resemble endogenous chylomi-
crons with respect to size and structural assembly. They differ
from chylomicrons mainly by the absence of structural
apolipoproteins (apo) such as apoB-48 and apoA-1. These par-
ticles are suspended in a mesophase, containing glycerol and
an excess of phospholipid (PL) emulsifier, that can be isolated
by ultracentrifugation as a fraction of PL-rich particles (1).

Like TG-rich lipoproteins (TRL), infused emulsion parti-
cles interact with endogenous lipoproteins and acquire sev-

eral exchangeable apo, namely, apoC and apoE, from HDL
(2–6). They also transfer some of the exogenous PL to plasma
lipoproteins (7). In addition, cholesteryl ester (CE) and TG
exchanges, regulated by the cholesteryl ester transfer protein
(CETP), take place between TG-rich particles and CE-rich
lipoproteins (8–10). Exchanges of lipids, apo, and other pro-
teins also take place during in vitro incubations of emulsions
with lipoproteins (3,4,11). More specifically, inverse changes
in the overall fluidity of both TG-rich particles and LDL have
been observed after incubation (12).

Preliminary studies showed that the incubation of various
emulsions with purified LDL resulted in the enrichment of
emulsion TG-rich particles with both CE and apoB, despite
the absence of CETP (13). Since apoB is a nontransferable
structural apo deeply anchored in LDL (14,15), this finding
suggested some binding of LDL to emulsion particles and the
formation of complexes. As could be expected, adding
lipoprotein-poor plasma as a source of CETP (16) to the in-
cubation mixture increased the CE transfer to TG-rich parti-
cles but markedly reduced apoB binding (17). This binding
process could display some analogy with the phenomenon of
fusion or attachment of LDL to artificial microemulsion par-
ticles that occurs in vitro, as previously reported (18,19).

The purpose of the present study was to better characterize
LDL binding to TG-rich particles of lipid emulsions by using
various incubation conditions. LDL binding was assessed by
measuring the apoB content in the fraction containing the TG-
rich particles modified by incubation (named M-LE), and was
visualized by electron microscopy after cryofracture. The ef-
fects on the binding process of duration and temperature for in-
cubation or ultracentrifugation were also studied. The potential
role of other emulsion components, such as glycerol and PL-
rich particles, was also examined, as well as the effect of adding
albumin or other plasma components, such as the lipoprotein-
poor subfraction or various lipoprotein subfractions, to the in-
cubation mixture. The influence of the emulsion TG content was
addressed by incubating LDL with emulsions manufactured
with long-chain TG from soybean oil (Endolipid®) or with
long- and very long chain TG from fish oil.

EXPERIMENTAL PROCEDURES

Plasma pool. Sixteen healthy overnight-fasted subjects (2
males and 14 females, 25–50 yr old) volunteered for the study
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and signed an informed consent. Blood samples were col-
lected in tubes containing EDTA (1 mg/mL) and NaN3 (0.2
mg/mL) and immediately placed in iced water. Plasma sam-
ples were separated at 4°C in a Beckman J2.21 centrifuge
(Beckman Instruments Inc., Fullerton, CA) at 2,000 × g for
10 min. Plasma samples were pooled, and the various lipopro-
tein subfractions were immediately separated.

Preparation of plasma subfractions. Different plasma sub-
fractions were separated by sequential ultracentrifugation in a
Beckman L8-55 ultracentrifuge using an angular Beckman
50.2Ti rotor (16). The TRL-free subfraction was obtained at 
d > 1.019 g/mL (20 h; 5°C; 227,000 × g). LDL subfraction was
separated at 1.030 < d < 1.055 g/mL (20 h; 5°C; 227,000 × g)
to obtain a homogeneous population of mid-sized LDL parti-
cles (17). HDL (1.063 < d < 1.210 g/mL) and the lipoprotein-
poor (d > 1.210 g/mL) plasma subfraction were also separated
(48 h; 5°C; 227,000 × g). After isolation, each subfraction was
dialyzed in the dark against 40 vol of saline solution (0.19 M
NaCl with 0.02% EDTA, NaN3 0.02%, pH 7.4) with three
changes of dialysis solution over a 24-h period (18). The LDL
and the TRL-free subfractions were enriched with sucrose to
obtain final concentrations of 5 and 1% sucrose, respectively
(19). Aliquots of TRL-free (d > 1.019 g/mL), LDL, HDL, and
lipoprotein-free (d > 1.210 g/mL) plasma subfractions were
frozen at −70°C for a maximum of 5 mon. Immediately prior
to each experiment, aliquots of LDL and of other plasma sub-
fractions were thawed by immersion in a 37°C water bath. Su-
crose was removed from LDL and from the TRL-free subfrac-
tion by dialysis (three changes of 100 × sample volume over a
1-h period) in the same saline solution as described above (18).

Intact and fractionated lipid emulsions. Intact emulsions (B.
Braun Melsungen AG, Melsungen, Germany) contained 200
g/L TG, 12 g/L egg yolk PL emulsifier, and 25 g/L glycerol.
They consisted of a commercially available emulsion contain-
ing long-chain TG from soybean oil (20% Endolipid®) and of
an experimental emulsion containing long- and very long chain
TG from fish oil. The commercial soybean oil emulsion was
used either intact, or after dialysis (as described above for the
plasma subfractions) to remove glycerol, or after fractionation
to isolate TG-rich particles from the mesophase, as previously
reported (12,24). In brief, a 40-mL sample was ultracentrifuged
(1 h; 15°C; 20,000 × g) using a Beckman 50.2Ti rotor. The tube
was cut with a Beckman tube-slicer just under the limit of the
lipid cake (which contains TG-rich particles), and the
mesophase (glycerol and PL-rich particles) was discarded. The
lipid cake was resuspended in a KBr solution of d = 1.006 g/mL
and washed by a second ultracentrifugation run (1 h; 15°C;
20,000 × g). TG-rich particles were then resuspended to the ini-
tial volume with a KBr solution of d = 1.006 g/mL at a TG con-
centration of 200 g/L. According to previous experiments using
this procedure, 75–80% of the total PL content of the soybean
emulsion is distributed in TG-rich particles and the rest in the
mesophase PL-rich particles (24).

Incubation protocol. Aliquots of the plasma subfractions
were thawed and the sucrose was removed as described above.
Samples of LDL (1.030 > d > 1.055 g/mL) containing 0.58 mg

apoB, or samples of TRL-free plasma subfraction (d > 1.019
g/mL) containing 44 mg protein, were incubated with soybean
or fish oil emulsion samples in sealed Beckman polyallomer
Opti-Seal tubes, using a fixed emulsion-TG/LDL-apoB ratio
of 12:1 (w/w). In most of the assays, 0.2 mL of native or frac-
tionated emulsion was incubated with 2.5–3.5 mL of LDL ei-
ther alone or in the presence of other plasma subfractions or
protein components. Briefly, lipoprotein-poor plasma, BSA,
or HDL was added to the incubation mixture at protein con-
centrations ranging from 0 up to four times the usual mean
normal plasma concentration of the lipoprotein-poor plasma
subfraction (70 g/L), serum albumin (40 g/L), or HDL (1.2 g/L
apoA-1). These conditions were defined to ensure that TG,
plasma apoB, apoA-1, total protein, and albumin concentra-
tions were below, at, or above those currently found in physi-
ological conditions. Incubations were carried out in a shaking
water bath at 4, 20, or 37°C for 0, 1, 4, or 20 h. In routine as-
says, incubations were performed at 37°C for 4 h.

Separation of postincubation modified emulsion TG-rich
particles (M-LE). After incubation, the M-LE fraction, contain-
ing the modified emulsion TG-rich particles, was separated by
ultracentrifugation (163,000 × g) at d = 1.006 g/mL using a
Beckman 50.4Ti rotor. Different ultracentrifugation durations
(3, 20, or 40 h) and temperatures (5 or 20°C) were used for spe-
cific assays, but M-LE fractions were routinely obtained after
ultracentrifugation for 20 h at 5°C. The tubes were cut at 1.5 cm
from the bottom, and M-LE was recovered in the supernatant.

Alternatively, to check that the binding process was not an
artifact due to the ultracentrifugation procedure, postincuba-
tion TG-rich particles were separated from the other compo-
nents of the incubation mixture by gel filtration chromatogra-
phy on a 2% agarose column (Sepharose CL-2B, 1.6 × 90 cm;
Pharmacia, Uppsala, Sweden). The column was eluted with a
phosphate buffer (containing 0.15 M NaCl, 0.01% EDTA, and
0.01% NaN3; pH 7.4) at a flow rate of 0.6 mL/min for 340 min.
Sixty minutes after the start of the run, fractions were collected
every 5 min; TG was measured in each fraction. The TG-rich
fractions eluting in the void volume of the column were pooled
to obtain the M-LE fraction for subsequent analyses.

Freeze-fracture electron microscopy. After incubation of
the soybean oil emulsion with LDL alone (4 h at 37°C), both
the intact incubation mixture and the M-LE fraction isolated
by ultracentrifugation (20 h at 5°C) were examined by freeze-
fracture electron microscopy and compared to the intact
emulsion. The method has been described previously (25),
and the LDL particles were identified according to Gulik-
Krzywicki et al. (26). In brief, a small drop of each sample,
containing 30% glycerol as a cryoprotectant, was set down
on a conventional copper planchet and rapidly frozen in liq-
uid propane. Fracturing and replication were done with Balz-
ers BAF 301 freeze-etching unit (Balzers, Balzers, Liechten-
stein) using platinum carbon shadowing. Organic material
was digested with 20% SDS and thereafter with sulfochromic
acid. Replicas were then washed with distilled water and ob-
served using a Philips 410 electron microscope (Philips,
Eindhoven, The Netherlands).
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Analytical procedures. All assays were performed in du-
plicate. Lipid analyses were performed on LDL; on intact,
washed, and dialyzed emulsions; and on M-LE fractions ob-
tained by ultracentrifugation or by gel filtration chromatogra-
phy. TG were measured enzymatically using a commercial
test kit (Triglycerides GPO-PAP, Roche Diagnostic, Mann-
heim, Germany). ApoB and apoA-1 were determined using a
specific ELISA as previously described (27). Total protein
content was measured in the lipoprotein and plasma fractions
as described by Lowry et al. (28). All reagents, including
KBr, were analytical grade products.

Statistical analysis. The results are expressed as mean val-
ues ± SEM. Statistical differences between results obtained
with different emulsion fractions under various conditions
were determined by multivariant analysis (ANOVA) followed
by a Fisher multiple comparison test. A value of P < 0.05 was
the criterion of significance.

RESULTS

Separation of M-LE by ultracentrifugation vs. gel filtration
chromatography. After incubation of soybean oil emulsion
with LDL alone (4 h at 37°C), TG-rich particles were isolated
by ultracentrifugation (20 h at 5°C) or by HPLC. The two
methods gave comparable results, since 6.16 ± 1.70% of the
initial apoB amount in LDL was recovered in M-LE separated
by centrifugation vs. 5.50 ± 0.63% (n = 12) in M-LE isolated
by chromatography (n = 12) (a nonsignificant difference). 

Effect of incubation, ultracentrifugation duration, and
temperature on LDL binding to TG-rich particles. When soy-
bean oil emulsion was incubated with LDL alone for differ-
ent durations at 37°C, apoB recovery in M-LE separated by
ultracentrifugation (20 h at 5°C) was significantly higher
when TG-rich particles were isolated immediately after mix-
ing LDL and emulsion (0 h incubation duration) than after
prolonged (1, 4, or 20 h) incubation, as illustrated in Figure 1.
Various ultracentrifugation durations to separate the postin-
cubation emulsion TG-rich particles did not significantly
modify apoB recovery in M-LE, which averaged 8.67 ± 1.18
(n = 3), 7.41 ± 0.64 (n = 4), and 9.86% (n = 2) of the initial
LDL apoB content after 3, 20, and 40 h, respectively.

Incubations of soybean oil emulsion with LDL alone were
carried out to test the effect of different temperatures for incu-
bation (4, 20, or 37°C) and for ultracentrifugation (5 or 20°C),
and different incubation durations (0, 1, or 4 h) on apoB recov-
ery in M-LE (Fig. 2). Regardless of the incubation conditions,
apoB recovery was significantly higher in M-LE separated by
ultracentrifugation at 5°C than at 20°C. Moreover, a significant
effect of incubation temperature was found, with the lowest
apoB recovery observed at 37°C and the highest at 4°C.

Effect of emulsion components on LDL binding to TG-rich
particles. The effect of emulsion glycerol and PL-rich particles
on the LDL binding process was studied by incubating the na-
tive or fractionated soybean oil emulsion with LDL alone, or
after adding the lipoprotein-poor plasma fraction, at a protein
concentration similar to that usually found in human plasma

(Table 1). In both conditions, removing glycerol by dialysis sig-
nificantly increased apoB recovery in M-LE, whereas remov-
ing the whole mesophase (glycerol plus PL-rich particles) by
washing had no effect, compared with the intact emulsion.
Whatever the treatment of the emulsion (intact, dialyzed, or
washed), adding lipoprotein-poor plasma to the incubation
mixture markedly reduced LDL binding to TG-rich particles.

Effect of adding different plasma subfractions or protein
components on LDL binding to TG-rich particles. (i) Lipopro-
tein-poor (d > 1.210 g/mL) subfraction. The inhibitory effect
of lipoprotein-poor plasma on the LDL binding process was
investigated by adding increasing amounts of this plasma 
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FIG. 1. Effect of incubation duration on apolipoprotein (apo)B recovery
in modified emulsion TG-rich particles. Soybean oil emulsion was in-
cubated with LDL alone at 37°C for 0, 1, 4, or 20 h. The modified emul-
sion TG-rich particles (M-LE fraction) were separated by ultracentrifuga-
tion (20 h; 5°C; 163,000 × g) at d = 1.006 g/mL, and apoB recovery in
M-LE was expressed in percent of the initial LDL apoB content (mean ±
SEM for n > 2). Different roman letter superscripts indicate significant
differences at P < 0.05, by ANOVA and the Fisher post hoc test. ApoB
recovery was significantly higher when M-LE was isolated immediately
after mixing emulsion and LDL (0 h) than after prolonged incubations
for 2, 4, or 20 h.

FIG. 2. Effect of incubation and ultracentrifugation temperatures on LDL
binding to emulsion TG-rich particles. TG-rich particles from soybean
oil emulsion were incubated with LDL alone for 0, 1, or 4 h, at 4, 20, or
37°C. The M-LE fraction was separated by ultracentrifugation at d =
1.006 g/mL (20 h, 163,000 × g) at 5 or 20°C, and apoB recovery in M-LE
was expressed as percentage of the initial LDL apoB content (mean ±
SEM). Different roman letter superscripts indicate significant differences
at P < 0.05, by ANOVA and the Fisher post hoc test. The effect of ultra-
centrifugation (5 vs. 20°C) was significant at P < 0.001, and the effect of
incubation temperature was significant at P < 0.0001 (20 vs. 37°C), P =
0.0001 (20 vs. 4°C) or P = 0.028 (37 vs. 4°C). Incubation duration had
no significant effect. For abbreviations, see Figure 1.



(d > 1.210 g/mL) subfraction to the incubation mixture. When
the concentration was above (from one to four times) the
usual protein concentration of this fraction in human plasma,
apoB recovery in M-LE remained very low (Fig. 3A). Reduc-
ing this concentration had no effect on the LDL binding until
very low concentrations were reached (lower than 0.10 of the
usual protein concentration). Indeed, apoB recovery in M-LE
sharply decreased from the highest value (5.38 ± 0.51%, n =
9) found when the emulsion was incubated with LDL alone,
to 3.75 ± 0.50, 2.22 ± 0.0.13, 1.07 ± 0.07, 0.38 ± 0.02, and
0.17 ± 0.04% (n = 7) when the protein concentration of the
added subfraction increased from 2 to 3, 6, 13, and 25%, re-
spectively, of the usual value in human plasma. 

(ii) HDL (1.063 < d < 1.210 g/mL) subfraction. Increasing
the HDL protein concentration in the incubation mixture
(from zero to four times the usual apoA-1 concentration in
human plasma) reduced apoB recovery in M-LE (Fig. 3B).
At protein concentrations below the usual HDL plasma con-
centration, the inhibitory effect of HDL on LDL binding to
TG-rich particles was less pronounced than that of lipopro-
tein-poor plasma (Fig. 3A). ApoB recovery in M-LE (n = 4),
which reached 8.16 ± 0.56% when no HDL was added to the
mixture, decreased to 3.51 ± 0.37, 3.26 ± 0.09, 2.96 ± 0.17,
2.58 ± 0.15, and 1.94 ± 0.25% when the HDL concentration
increased to 2, 3, 6, 13, and 25% of the normal plasma apo-
A-1 concentration, respectively.

(iii) TRL-free (d > 1.019 g/mL) subfraction. While apoB
recovery in M-LE was markedly lower in the presence than
in the absence of lipoprotein-poor plasma (0.24 ± 0.04 vs.
6.36 ± 0.93%, P < 0.0001, n = 25), it was further reduced
when the whole TRL-free plasma subfraction was used in-
stead of LDL plus lipoprotein-free plasma (0.05 ± 0.01 vs.
0.24 ± 0.04%, P < 0.0001, n = 25). 

(iv) BSA. When soybean oil emulsion was incubated with
LDL in the presence of BSA at concentrations ranging from

zero to four times the usual albumin concentration in human
plasma, apoB recovery in M-LE remained relatively stable
(between 5 and 12% of the initial LDL content), with no cor-
relation to BSA concentration (results not shown).

Effect of the emulsion TG composition on LDL binding to
TG-rich particles, according to the method used for protein
measurement in M-LE. After incubation of soybean or fish oil
emulsion with LDL alone, the M-LE fractions were separated
by ultracentrifugation and assayed for apoB content by
ELISA and for total protein content by the method of Lowry
et al. (28) (Table 2). Regardless of the technique used for pro-
tein measurement, a striking difference in LDL binding to
TG-rich particles was observed between the two emulsions,
since the recovery of either apoB or total proteins in M-LE
was about threefold higher for fish oil than for soybean oil
emulsion. However, for the two emulsions tested, the total
protein amount measured by the method of Lowry et al. was
about fourfold higher than the apoB amount routinely as-
sessed by ELISA, a difference that was highly significant.
The two techniques, however, were checked on LDL prior to
incubation and gave comparable values for apoB and protein
content (data not shown).
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TABLE 1
ApoB Recovery in Modified Emulsion TG-rich Particles According 
to the Treatment of the Lipid Emulsion and Incubation Without 
or With Lipoprotein-poor Plasmaa

Percent recovery of apoB

Incubation conditions Without LPP With LPP

Intact 9.19 ± 1.55a 0.77 ± 0.26c

(n = 6) (n = 6)

Dialyzed 14.76 ± 2.76b 0.93 ± 0.10c

(n = 4) (n = 4)

Washed 7.99 ± 1.22a 0.50 ± 0.12c

(n = 9) (n = 7)
aSoybean oil emulsion was used intact, dialyzed (to eliminate glycerol), or
washed (to eliminate glycerol and phospholipid-rich particles). After incuba-
tion (4 h; 37°C) of emulsion samples with LDL alone or in the presence of
lipoprotein-poor plasma (LPP), the fraction containing the modified emulsion
TG-rich particles (M-LE) was separated by ultracentrifugation (20 h; 5°C;
163,000 × g) at d = 1.006 g/mL. Results are expressed as percentage of the
initial LDL apolipoprotein B (apoB) amount recovered in M-LE (mean ± SEM).
Different roman letter superscripts indicate significant differences, by ANOVA
and the Fisher post hoc test. The effect of adding LPP is significant at P <
0.0001, and the effect of dialysis, at P = 0.046.

FIG. 3. Effect of increasing amounts of lipoprotein-poor plasma (LPP)
subfraction (A) or HDL (B) on LDL binding to emulsion TG-rich parti-
cles. TG-rich particles from soybean oil emulsion were incubated (4 h;
37°C) with LDL in the presence of increasing amounts of LPP subfrac-
tion or of HDL (ranging from zero to four times their respective usual
total protein or apoA-1 concentration in human plasma) in the incuba-
tion mixture. The M-LE fraction was separated by ultracentrifugation,
and apoB recovery in M-LE was calculated as percentage of initial LDL
apoB content (mean ± SEM). Different roman letter superscripts indicate
significant differences (P < 0.05) by ANOVA and the Fisher post hoc test.
ApoB recovery was highest and significantly different from all the other
values when emulsion was incubated with LDL alone. The lowest apoB
recoveries were observed for LPP or HDL concentrations above 0.1 and
2 times their usual protein concentrations, respectively. For abbrevia-
tions and technical details, see Figure 1.



Freeze-fracture electron microscopy analysis. Freeze-frac-
ture electron microscopy of intact 20% Endolipid® showed a
majority of TG-rich particles (typical cross fracture) together
with a small number of liposomes or PL-rich particles (typi-
cal concave or convex fracture surface) (Fig. 4A). After incu-
bating the emulsion with LDL, examination of the intact mix-
ture revealed the presence of LDL particles tightly bound to
TG-rich particles (Fig. 4B). Similarly, LDL particles were
also found on the surface of TG-rich particles separated by
ultracentrifugation from the incubation mixture (Fig. 4C).
Fused liposomes, large liposomes, and fused structures of li-
posomes and TG-rich particles were also present, probably
generated by the ultracentrifugation process.

DISCUSSION

Our preliminary results strongly suggested that a binding
process can occur in vitro between purified LDL and emul-
sion particles (13). The aim of the present study was to better
characterize this interaction between LDL and emulsion par-
ticles, which was shown to be independent of CETP present
in the lipoprotein-poor plasma fraction (19). An in vitro
model was used to incubate purified LDL with two emulsions
(20% Endolipid® or a 20% fish oil emulsion) under various
conditions but to keep an emulsion-TG/LDL-apoB ratio close
to that currently observed in clinical conditions during par-
enteral infusion of lipid emulsions. After ultracentrifugation,
the amount of apoB recovered in the M-LE fraction was used
as an index of LDL binding to TG-rich particles. 

In contrast to CETP-mediated enrichment of TG-rich
lipoproteins with esterified cholesterol, which increases with
incubation duration (29), LDL binding to TG-rich particles 
is a very rapid process, since apoB was detected in the M-LE
fraction isolated immediately after putting LDL in pres-
ence of the emulsion (Fig. 1). Moreover, the extent of LDL
binding appeared to be inversely related to both incubation
and ultracentrifugation temperatures (Fig. 2). Indeed, the
strongest interactions between the particles took place at in-
cubation temperatures below 37°C, and apoB recovery was
higher when M-LE was separated by ultracentrifugation at 5
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TABLE 2
Effect of Emulsion TG Composition on LDL Binding to TG-Rich 
Particles Calculated on the Basis of the Recovery of the Initial 
LDL ApoB or Total Protein Contenta

Percent recovery of LDL

Emulsion ApoB Total proteins

Soybean oil (n = 3) 3.03 ± 0.38a 13.70 ± 5.74a

Fish oil (n = 9) 9.52 ± 0.64a 39.94 ± 5.19b

aAfter incubation (4 h; 37°C) of soybean or fish oil emulsion with LDL alone,
the fraction containing M-LE was separated by ultracentrifugation (20 h; 5°C;
163,000 × g) at d = 1.006 g/mL. ApoB was measured by ELISA and total pro-
tein content according to Lowry et al. (28). Results are expressed as percent-
age of the initial LDL apoB or total protein amount recovered in M-LE (mean
± SEM). Different roman letter superscripts indicate significant differences
by ANOVA and the Fisher post hoc test. The effect of TG composition of
emulsions is significant at P = 0.003 and the effect of the method used to as-
sess the protein contents at P < 0.0001.

FIG. 4. Freeze-fracture electron microscopy of intact and postincubation
lipid emulsion. After incubating (4 h; 37°C) soybean oil emulsion with LDL
alone, the M-LE fraction was separated by ultracentrifugation. (A) The intact
emulsion contains large TG-rich particles (cross fracture) and smaller lipo-
somes (concave or convex surface); (B) the incubation mixture shows TG-
rich lipoproteins (1), liposomes (2), very small free LDL particles (3), LDL
bound to the surface of TG-rich particles (4); (C) the M-LE fraction contains
TG-rich particles (1), liposomes (2), free LDL (3), LDL bound to the surface
of TG-rich particles (4), and liposomes fused with TG-rich particles (5) or
with other liposomes (6). The scale bars correspond to 200 nm.



than at 20°C. These observations suggest that LDL binding
to TG-rich particles is favored by lipid–protein interactions,
which are stronger at temperatures below 37°C.

That apoB recovery in M-LE was not influenced by the
method used to isolate modified TG-rich particles after incu-
bation (ultracentrifugation or chromatography) indicates that
the formation of complexes between LDL and artificial parti-
cles is not an artifact of ultracentrifugation. Furthermore, the
cohesive forces stabilizing these complexes must be very
high, since they were not dissociated after ultracentrifugation
for 20 or 40 h at 163,000 × g, whereas such ultracentrifuga-
tion can pull some apo (such as apoE, apoC, or apoA-1) out
of the lipoprotein particle surface (30,31).

Freeze-fracture electron microscopic analysis of the incu-
bation mixture and of the M-LE fraction showed LDL parti-
cles tightly associated with the surface of TG-rich particles in
crude incubation mixtures (Fig. 4B). The mechanism by
which such an interaction takes place may be analogous to the
process described for endogenous TG-rich lipoprotein forma-
tion, involving the fusion of a large TG-rich particle with a
smaller apoB-containing particle (32). It is noteworthy that in
vitro fusion of LDL to artificial microemulsion particles has
also been observed by electron microscopy (18,19).

We have previously reported that emulsion TG-rich parti-
cles are substantially more fluid than LDL and that incuba-
tion modifies the fluidity of reisolated particles (12). Indeed,
the fluidity of TG-rich particles is decreased, but that of LDL
is increased, owing to lipid and protein exchanges between
the particles. Moreover, the TG core composition, which in-
fluences the physical properties of the PL surface of TG-rich
particles (33,34), markedly affects LDL binding to TG-rich
particles (35). After incubation, TG-rich particles from the
fish oil emulsion acquired larger amounts of ordering compo-
nents (cholesterol and protein) from LDL than TG-rich parti-
cles from soybean oil emulsion, which displayed a relatively
lower increase in structural order (12). As a confirmation,
apoB recovery was significantly higher in M-LE from fish oil
than from soybean oil emulsion. These results suggest that
the extent of LDL binding may depend on the initial fluidity
of emulsion TG-rich particles, which is related to the TG
composition of lipid emulsions (12).

Earlier observations indicated that many plasma proteins
(namely, albumin present in large amounts in lipoprotein-poor
plasma) are able to bind to emulsion TG-rich particles in vitro
(36). In the present study, even very small amounts of the
plasma lipoprotein-poor (d > 1.210 g/mL) subfraction (which
contains the bulk of plasma proteins, including CETP) inhib-
ited the binding process without abolishing it completely. In-
deed, after incubation of soybean oil emulsion with LDL in
the presence of lipoprotein-poor plasma (at and above the
usual concentration in human plasma), less than 1% of the ini-
tial apoB amount was recovered in M-LE, vs. 5% or more
when LDL were incubated alone. Similarly, adding HDL to
the incubation mixture efficiently reduced LDL binding with
a concentration-dependent effect. Likewise, apoA-1 has been
reported to inhibit LDL fusion to microemulsion particles

(19). In the present study, LDL binding to TG-rich particles
was even more markedly reduced when both LDL and
lipoprotein-poor plasma were replaced by the whole TRL-
free (d > 1.019 g/mL) subfraction (containing LDL + HDL +
lipoprotein-poor fraction). This confirms the inhibitory role
of HDL and of other plasma components on the binding
process. However, albumin probably does not play a promi-
nent part in LDL binding to TG-rich particles, confirming pre-
vious studies on LDL binding to microemulsion particles
(19). In contrast to other results (4), some apoA-1 was de-
tected (by ELISA and by electrophoresis) in M-LE isolated
from lipid emulsion incubated with LDL in the presence of
HDL or lipoprotein-poor plasma (data not shown). Unexpect-
edly, after incubation of soybean or fish oil emulsion with
LDL alone, the amount of total protein measured in M-LE ac-
cording to Lowry et al. (28) was about fourfold higher than
the apoB amount estimated by ELISA, while apoB represents
more than 95% of the protein content of LDL (37). Such dis-
crepancy suggests that ELISA may underestimate LDL bind-
ing to TG-rich particles (38,39). We speculate that LDL in-
teraction with large TG-rich particles may have hidden some
apoB epitopes, either by masking them or by inducing modi-
fications in their structure, thereby reducing their recognition
by antibodies raised against intact LDL. If this was the case,
the amount of LDL bound to TG-rich particles would be sub-
stantially higher than that estimated by ELISA.

Thus, LDL may quickly bind to emulsion TG-rich particles
in vitro. The complexes formed between LDL and TG-rich
particles can be visualized by electron microscopy, even in a
crude incubation mixture. The binding process is influenced
by the TG composition of the emulsion, since it is particularly
marked for fish oil compared with soybean oil emulsion. In
contrast, LDL binding to TG-rich particles particles is reduced
by several denser plasma subfractions, such as HDL and the
lipoprotein-poor (d > 1.21 g/mL) plasma subfraction, but not
by albumin. The formation of complexes between LDL and
emulsion particles seems to be reduced when incubation con-
ditions mimic in vivo conditions. Taking into account the fact
that the extent of the LDL-binding could be underestimated
by ELISA apoB measurements in M-LE, our results raise the
question of the actual magnitude, as well as the metabolic rel-
evance, of such binding process in vivo. However, detecting
the complexes formed by LDL and exogenous lipid particles
in the serum of infused patients may be difficult because of
the presence of other circulating TG-rich lipoproteins contain-
ing apoB. The formation of such complexes could be influ-
enced not only by the composition of infused emulsions but
also by the LDL composition specific to each patient. The pos-
sible consequences on the metabolism of circulating emulsion
particles and LDL are currently unknown.
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ABSTRACT: Crustacean lipids are transported in the he-
molymph by an HDL. The hepatopancreas is the most impor-
tant and active organ regarding lipid metabolism, so we studied
the interchange of FA and acylglycerols between both compo-
nents of the hepatopancreas–hemolymph system in the deca-
pod crustacean Macrobrachium borellii. The hepatopancreas
and a sole plasma lipoprotein were labeled by in vivo incuba-
tions with 14C palmitic acid injected into the hemolymph. Then
they were incubated in vitro with unlabeled hepatopancreas
and hemolymph, and the transfer of lipids between them was
measured by radiochromatographic techniques. It was deter-
mined in vivo that more than 80% of the circulating palmitic
acid was taken up by the hepatopancreas and incorporated into
PC and TAG. Both classes of lipids, but mainly PC, were trans-
ferred back from tissues to the hemolymph. Lipid transfer was also
demonstrated in vitro. The transfer of PC (30% of labeling) as well
as that of FFA (48% of labeling) from hemolymph to hepatopan-
creas was determined. On the other hand, FFA were released
more efficiently than the acylglycerols from intact hepatopan-
creas to hemolymph, and they were the only lipid transferred
when the hepatopancreas had been previously washed.

Paper no. L8959 in Lipids 37, 581–585 (June 2002).

For several years, we have carried out certain metabolic stud-
ies using the hepatopancreas of the shrimp Macrobrachium
borellii as a model. We first reported that the seasonal distri-
bution of lipids was closely related to the diet (1). Afterward,
we explored the consumption of lipids under stressful condi-
tions (2), the effect of temperature upon the FA β-oxidation
system (3), and the metabolism of palmitic acid as a precur-
sor of TAG (4). We therefore postulated that the hepatopan-
creas is the main organ in M. borellii responsible for the syn-
thesis and the degradation of TAG. Liver and fat body are the
organs analogous to the hepatopancreas in vertebrates and in-
sects, respectively. The hepatopancreas also performs diges-
tive functions, enzyme secretion, and excretion of waste ma-
terials (5,6).

Although the occurrence of very high density lipoproteins
(VHDL) has been reported in hemolymph of some crab and
shrimp species (7,8), plasma lipid transport in crustaceans is
mainly carried out by HDL. These lipoproteins are struc-
turally much simpler than the ones present in vertebrates, and
up to now there has been no evidence for the presence of any

LDL in crustacean plasma (9). Recently, we characterized the
plasma lipoproteins of M. borellii and found that their com-
positions are similar to those of other crustaceans (Garcia, F.,
unpublished results). We observed two different lipoproteins:
one HDL found in animals of both sexes, and another HDL,
found exclusively in the hemolymph of females during the re-
productive season, that is involved in vitellogenesis.

These studies led to the hypotheses that the hepatopan-
creas, as a biosynthetic organ, transfers lipids to the he-
molymph HDL for distribution among other tissues and that
the hemolymph transfers to the hepatopancreas the lipids re-
sulting from absorption across the digestive tract. In this way,
biochemical interactions must be involved. The mechanism
of interchange of lipids between hemolymph lipoproteins and
tissues in crustaceans is still unknown. The results reported
here deal with investigations performed in vitro on the trans-
fer of FFA and other lipids between plasma HDL and the he-
patopancreas of M. borellii, as well as between isolated
lipoprotein and artificial membranes.

MATERIALS AND METHODS

Biological and chemical materials. Male and nonovogenic
female adult specimens of M. borellii were collected in sum-
mer from a water course close to the Río de la Plata, Ar-
gentina. They were kept in glass aquaria containing tap water
at room temperature (20–25°C) until used for the experi-
ments. 1-14C Palmitic acid (57.0 mCi/mmol, 99% radiochem-
ically pure) and PC, L-α-dipalmitoyl (dipalmitoyl-1-14C, 111
mCi/mmol, 97% radiochemically pure) were purchased from
New England Nuclear Corp. (Boston, MA). All chemicals
were of analytical grade.

In vivo labeling with radioactive FA. Radioactive palmitic
acid was administered to groups of 4–8 shrimp. They were
maintained in aquaria at room temperature for 1, 4, 7, or 16 h.
The cephalic sinus of each animal was injected with 5 µL of an
aqueous solution containing 2 µCi (35 nmol) radioactive FA as
the ammonium salt. A syringe with a needle designed for ani-
mal injection (Hamilton Co.) was used. After incubations, he-
patopancreas and hemolymph were separated. Labeled he-
patopancreas were used either for radioactive lipid analysis or
for the transference studies between hepatopancreas and he-
molymph. Hemolymph was obtained by puncturing the
cephalic sinus using a syringe containing 0.1 N sodium citrate
as anticoagulant. Hematic cells were separated by centrifuga-
tion at 100 × g for 10 min. Labeled plasma was used for lipid
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analysis in the experiments of transference between plasma and
hepatopancreas as well as for lipoprotein isolation.

Plasma lipoprotein isolation. Plasma lipoprotein was iso-
lated by density gradient ultracentrifugation. Aliquots of
plasma were overlayered on sodium bromide solutions (den-
sity 1.25 g/mL) containing 0.01% sodium azide and cen-
trifuged at 178,000 × g for 24 h in a Beckman L8 70M cen-
trifuge, using an SW 60 Ti rotor. The total volume of the tubes
was fractionated from top to bottom into 0.2-mL aliquots. The
protein content of each fraction was monitored spectrophoto-
metrically at 280 nm. Radioactivity in each fraction was mea-
sured by liquid scintillation counting in Wallac 1214 Rack Beta
equipment. One tube containing a NaCl solution (density 1.04
g/mL) instead of plasma was centrifuged simultaneously and
fractionated in order to determine the density of the fractions
by monitoring the refractive indices. Fractions corresponding
to densities of 1.10–1.14 g/mL and showing increases in ab-
sorbance at 280 nm and in radioactivity were pooled, and the
protein content was determined colorimetrically (10).

Lipid extraction and analysis. Lipids from hepatopancreas
and hemolymph plasma were extracted following the proce-
dure of Folch et al. (11), and the extracts were utilized for
lipid separation by TLC. Lipid classes were separated by
high-performance-TLC on Merck plates (Darmstadt, Ger-
many), using hexane/diethyl ether/acetic acid (80:20:1.5 by
vol) for neutral lipids and chloroform/methanol/acetic
acid/water (65:25:4:4 by vol) for phospholipids.

Radioactivity distribution in different lipid classes was de-
tected by scanning proportional counting using a Berthold
LB-2723 Dunnschicht Scanner II apparatus (Wildbad, Ger-
many). Appropriate standards, run simultaneously, were vi-
sualized by exposure to iodine vapors.

Lipid transfer assays between hepatopancreas and he-
molymph. To explore the transfer of lipids from the hepatopan-
creas to the hemolymph, the palmitic acid-labeled hepatopan-
creas (donor) was incubated with unlabeled hemolymph
plasma (acceptor). Incubations were done in 50 mM potassium
phosphate buffer pH 7.4, 0.25 M sucrose, with the addition of
5 µL aprotinin as protease inhibitor in a final volume of 330
µL. Assays were carried out at 27°C for 30 min, with shaking.
The donor/acceptor ratio was a whole hepatopancreas (70–90
mg) /125 µL hemolymph. On the other hand, palmitic acid-
labeled plasma (donor) was incubated under similar conditions
with unlabeled hepatopancreas (acceptor). In another series of
experiments, labeled hepatopancreas extensively rinsed with
3% albumin in 50 mM potassium phosphate buffer pH 7.4,
were incubated with unlabeled hemolymph. After incubations,
tissue and medium were separated, and lipids were extracted
and analyzed as described above. All transfer experiments were
done at least in triplicate.

Data collected from the transfer experiments were ana-
lyzed by a Mann–Witney nonparametric test. It was applied
to radioactivity values in original and remaining lipids. Dif-
ferences were considered with a significance level of 0.05. 

Lipid transfer between liposomes and HDL. Liposome
(multilamellar vesicle) preparations were done basically as

described previously (12). A stock solution of radioactive (45
nCi) and unlabeled (1 mg) PC in chloroform/methanol (2:1
vol/vol) was placed in round-bottomed flasks, and the solvent
was completely evaporated. Dry phospholipid was hydrated
with 1 mL 50 mM Tris-HCl buffer, pH 8.4, and thoroughly
vortexed for 30 s 10 times in a bath at 60°C. Liposomes
(donor) and isolated plasma lipoprotein (acceptor) in a ratio
of 500 µg phospholipid/450 µg protein were incubated in a
final volume of 1 mL at 27°C for 2 h. After incubation, the li-
posomes were pelleted by centrifuging the sample twice at
167,000 × g for 90 min in a 70.1 Ti rotor as above. Lipopro-
tein remained in the supernatant. A tube containing labeled
liposomes and buffer was centrifuged simultaneously as a
blank. 

RESULTS

Palmitic acid uptake and incorporation into the hepatopan-
creas and hemolymph. Different classes of circulating radioac-
tive lipids in hemolymph were detected after having injected
labeled palmitic acid into the cephalic sinus and sacrificing the
animals after different incubation times. The results obtained
are shown in Figure 1. A marked decrease of the label detected
in FFA was observed that, after 16 h, reached less than 20% of
its initial values. At the same time, radioactivity in the PC frac-
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FIG. 1. Distribution of radioactivity into lipid classes after injection of
14C palmitate into the hemolymph of Macrobrachium borellii. Radioac-
tive palmitate as ammonium salt (2 µCi: 35 nmol) was injected into the
cephalic sinus and incubated in vivo for different times. Error bars indi-
cate SD of the mean (n = 3). ●, PC; ●●, DAG; ▼, FFA; ▼▼, TAG.



tion increased with the incubation time, whereas the labeling in
neutral lipids remained nearly constant.

To elucidate the role of the plasma lipoprotein in the up-
take of lipids, the plasma was fractionated by ultracentrifuga-
tion in a density gradient. Radioactivity and protein content
were measured in each fraction. The results are shown in the
profiles in Figure 2, in which the highest labeling correlates
with a protein peak at a density of 1.10–1.14 g/mL. This cor-
responded to the sole plasma lipoprotein present in the he-
molymph of the specimens of M. borellii that we analyzed
and is consistent with the density of the HDL. 

Palmitic acid injected into the hemolymph was rapidly
taken up by the hepatopancreas and then incorporated into
several acylglycerols. The percentage of the label incorpo-
rated into different lipid classes as a function of time is pre-
sented in Figure 3. An even distribution of radioactivity be-
tween the neutral and glycerophospholipids occurred with
short-time incubations, whereas at longer times, the label ac-
cumulated mainly in PC and to a lesser proportion in neutral
acylglycerols. It is evident that DAG, with the minimal label-
ing concentration, are only intermediates in the synthesis of
the other lipids.

Lipid transfer between the hemolymph and the hepatopan-
creas. When unlabeled hepatopancreas was incubated for 30
min with hemolymph labeled mainly in the FFA fraction,
around one-half of the radioactivity was transferred to the tis-
sue (Fig. 4A). At longer in vivo incubation times (16 h), the
hemolymph contained the label distributed in PC as well as
in FFA and TAG. When it was used as donor in incubations
with unlabeled hepatopancreas, only the transfer of PC was
observed (Fig. 4B).

Figure 5 shows the results from experiments in which ra-
dioactive hepatopancreas was incubated in vitro with unla-

beled hemolymph under two different experimental condi-
tions. After 30 min of incubation, a substantial amount of PC,
most of the labeled FFA, and a small amount of TAG were
transferred from intact hepatopancreas to hemolymph (Fig.
5A). In another set of experiments, labeled hepatopancreas
were washed prior to incubation with BSA, which removes
the FA associated with the external face of the hepatopancreas
membrane. Figure 5B shows that the FFA is the only lipid
transferred to hemolymph, whereas the total radioactivity of
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FIG. 2. Total proteins (●, absorbance at 280 nm), radioactivity (■), and density (▲) distribution in plasma fractions
of M. borellii. Shrimp were incubated in vivo with 2 µCi (35 nmol) 14C-palmitate for 5 h. Plasma was ultracen-
trifuged in a NaBr gradient and fractionated. For abbreviation see Figure 1.

FIG. 3. The distribution of radioactivity into lipid classes in the hepatopan-
creas of M. borellii under the conditions indicated in Figure 1 (n = 3). Error
bars represent SD. For abbreviation and key for lipid classes see Figure 1.



phospholipids and neutral lipids remains in the tissue. In an-
other experimental model, an artificial liposome preparation
containing labeled PC was used as donor of lipids to the he-
molymph. Under these conditions, no transfer of phospho-
lipid from the liposomes to the lipoprotein was observed; in
fact when we reisolated the lipoprotein after the incubation
with labeled liposomes, no radioactivity was detected in the
lipoprotein fraction.

DISCUSSION

The decrease of the FFA circulating in the hemolymph dur-
ing the incubation, together with an increase of phospholipids
and neutral lipids, clearly indicates that the precursor injected
into hemolymph is rapidly incorporated into tissues that syn-
thesize acylglycerols, which then release them back to circu-
lation. The increase in total circulating lipids is mainly attrib-
utable to PC, whereas the content of TAG and DAG remains
unaltered. It may be inferred that the phospholipid synthesis

in tissues is more active than that of neutral lipids. However,
the radioactivity distribution among hepatopancreas lipids
after in vivo FFA incorporation suggests that this organ is ac-
tive in PC synthesis at longer times, although at shorter times
it is able to synthesize both lipids. A similar observation was
previously reported when we studied the lipid metabolism of
M. borellii hepatopancreas (4). Also, the tissues are likely to
retain the TAG synthesized, preferentially transferring PC to
hemolymph. This fact is coincident with the results obtained
from studies on the lipid composition of this and some other
crustaceans, where PC was found to be the predominant cir-
culating lipid (13) and TAG are accumulated by the he-
patopancreas (1). These observations led us to suggest that
those phospholipids synthesized in the hepatopancreas could
be easily transferred to hemolymph. The presence of the cir-
culating label only in the high-density plasma fraction
demonstrated the role of HDL in taking up lipids from tissues.
All the animals used in these experiments were males and
nonvitellogenic females; thus, plasma did not contain any
vitellogenin, but only the HDL common to both sexes (14).

The study of the in vitro transfer of lipids from hemolymph
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FIG. 4. In vitro transfer of labeled lipids from the hemolymph to the he-
patopancreas. Whole unlabeled hepatopancreas were exposed to la-
beled hemolymph for 30 min. (A) Transfer from hemolymph mainly la-
beled in the FFA (P < 0.05). (B) Transfer from hemolymph labeled in the
FFA and acylglycerols (PC: P < 0.05). 1, Labeled lipids in original he-
molymph. 2, Labeled lipids transferred to the hepatopancreas. 3, La-
beled lipids remaining in hemolymph. Error bars indicate SD of the
mean (n = 3).

FIG. 5. In vitro transfer of labeled lipids from the hepatopancreas to the
hemolymph. Whole labeled hepatopancreas were exposed to unlabeled
hemolymph for 30 min. (A) Transfer from hepatopancreas without treat-
ment (FFA and PC: P < 0.05). (B) Transfer from hepatopancreas exten-
sively rinsed with albumin-buffer solution (FFA: P < 0.05). For key see
Figure 4. Error bars represent SD of the mean (n = 3).



to the hepatopancreas showed a clear trend of hemolymph to
supply the tissue with FFA as well as PC, depending on their
relative labeling in hemolymph. The transfer of FFA corrobo-
rates the preceding observations dealing with the components
of the hemolymph–hepatopancreas system, where he-
molymph is likely to provide the FA necessary for the syn-
thesis of acylglycerols, a task that is performed by a tissue of
greater activity like the hepatopancreas. In vitro experiments
were carried out for short times in order to avoid the possibil-
ity of lipid synthesis within the hepatopancreas masking the
transfer results. In other organisms, the release of the circu-
lating FFA to tissues is produced by HDL structures that are
poor in lipids. This is the case of the albumin–FFA complex
in vertebrates or the VHDL in certain molluscs (15) and in in-
sects (16). It is evident that this role in M. borellii is done by
the HDL since it is the only circulating lipoprotein.

In vivo-labeled hepatopancreas, where radioactivity was
mainly accumulated in PC and also in smaller amounts in
TAG and FFA, were used for in vitro experiments. The trans-
fer of these lipids to the hemolymph was demonstrated. In this
case, the FFA were comparatively the most efficiently trans-
ferred lipid group. Even though PC was highly labeled, it was
less efficiently transferred than FFA, whereas the transference
of TAG was slight. This also shows a markedly different be-
havior between glycerophospholipids and neutral lipids, co-
incident with a large amount of PC in the circulating lipopro-
tein and an accumulation of TAG in the hepatopancreas under
natural conditions. There is a marked change when the exper-
iments are performed using washed hepatopancreas since
only the FFA are transferred. As a consequence, it appeared
that no carrier would be involved in the FFA transfer, whereas
that of glycerophospholipids could be mediated by a transfer
factor. If this is the case, this factor could be associated with
the hepatopancreas membrane, and it could be removed by
the albumin buffer used for washing the tissue. These results
led us to another experiment using an artificial membrane as
donor. Thus, we tried to transfer labeled PC from liposomes
to hemolymph; we found plasma HDL was not able to take
up the phospholipid under our experimental conditions. This
result reinforces the above assumption about the occurrence
of a carrier that would transport lipids from tissue membranes
to circulation.
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ABSTRACT: The lipid, FA, and sterol composition of the New
Zealand green lipped mussel (NZGLM, Perna canaliculus) and
of the Tasmanian blue mussel (TBM, Mytilus edulis) were com-
pared using TLC–FID and GC–MS. The respective mussel
species were obtained from three different sites in both New
Zealand (NZ) and Tasmania. Lipid class distribution of both
mussel species was characterized by a high proportion of phos-
pholipid (PL, 57–79%) and TG (10–25%), FFA (7–12%), and
sterols (ST, 12–18%). The NZGLM had higher proportions of
TG, FFA, and ST (P < 0.01), whereas the TBM had a higher pro-
portion of PL (P < 0.01). There were higher proportions of total
PUFA, saturated FA, n-3 FA, and hydroxy and nonmethylene-
interrupted FA (P < 0.05) in the TBM compared with the
NZGLM. The major FA in the NZGLM were 16:0 (15–17%),
20:5n-3 (14–20%), and 22:6n-3 (11–17%). The same FA domi-
nated lipids in the TBM, although there were significantly higher
proportions of 16:0 (P = 0.000) and 22:6 n-3 (P = 0.003) and
lower proportions of 20:5n-3 (P = 0.0072) in the TBM. A novel
PUFA, 28:8n-3, was detected in both mussels with higher
amounts in the TBM, which probably reflects a greater dietary
contribution of dinoflagellates for this species. Cholesterol was
the dominant sterol in both mussels. Other major sterols in-
cluded brassicasterol, 22-methylcholesterol, trans-22-dehydro-
cholesterol, and desmosterol. There were significant differences
(P < 0.05) between the NZGLM and TBM for 12 of the 20 sterols
measured. Six sterols showed significant site differences for the
NZGLM, and 10 for the TBM. The differences in the FA and
sterol composition between the two species may be due to the
diet of the NZGLM being more diatom-derived and the diet of
the TBM having a greater dinoflagellate component.
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Molluscs are divided into seven classes; however, literature
on their lipid composition is only available for a select group,
one being the bivalvia (1). The New Zealand green lipped
mussel (NZGLM), Perna canaliculus [not to be confused
with the green lipped mussel Perna viridis from the region of

Hong Kong as investigated by Ching et al. (2), Li et al. (3),
and Chong et al. (4)], is a bivalve marine mussel native to
New Zealand (NZ), from the molluscan family Mytilidae,
found in the deep-sea beds in the Hauraki Gulf in NZ’s North
Island waters (5,6). It is distinguished from other bivalve
species by the presence of a bright green stripe around the
posterior ventral margin of the shell and its distinctive green
lip, which is visible on the inside of the shell. The flesh and
ligaments of the NZGLM tend to be larger than those of the
common blue mussel found in Tasmanian waters and referred
to in this study as the Tasmanian blue mussel (TBM). It pos-
sesses a shape similar to the common blue mussel (Mytilus
edulis) and can exceed 120 mm in size (6). The external color
of the TBM can vary from blue to purple or black. It is found
in coastal waters off the southern coast of Australia, spread-
ing from the lower west to the lower east coast and into
Tasmanian waters. TBM vary in size up to 130 mm; how-
ever, they are more commonly found to be less than 90 mm
in size (7).

Lipid constitutes around 2% of the wet weight in the blue
mussel (7–9) of which approximately 75% is structural lipids
(10). Depending on season and/or the life cycle of the mus-
sel, lipid content and composition may vary. During various
stages of the life cycle, particularly in female mussels, the
blue mussel is able to synthesize 16:0 and 18:0 and their de-
rivatives de novo (10). Other biochemical changes in the mus-
sel may result from variability in metabolic activity, location,
sex, and spawning (11). 

Mytilus edulis and P. canaliculus, like several other ma-
rine organisms such as molluscs in general and fish, not only
are low in dietary cholesterol but also contain cholesterol-
lowering phytosterols (12) and abundant n-3 PUFA, particu-
larly the long-chain FA such as 22:6n-3 and 20:5n-3 (1); this
is unlike most terrestrial organisms, which are rich in n-6 FA
(13). The n-3 PUFA from marine sources have been linked
with reducing certain risk factors for cardiovascular disease,
such as lowering plasma TG (14) and reducing potential
thrombosis as well as alleviating the symptoms of inflamma-
tory conditions such as arthritis and skin disorders (15–19).
Literature has not reported any research conducted on defin-
ing the similarities and or differences in lipid composition of
the NZGLM and the TBM, and to our knowledge this is the
first study that compares the lipid composition of both mus-
sels. 
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MATERIALS AND METHODS

NZGLM were obtained from three sites in NZ (South Island,
Marlborough Sound, Coromandel, with water temperatures
of 14.6, 16.5, and 16°C, respectively) and transported frozen
by air to CSIRO Marine Research in Hobart, Tasmania, Aus-
tralia, and stored at −20°C for 3–5 d, until analysis. Upon har-
vest, mussels were chilled and frozen within 24–36 h of col-
lection. TBM were collected from three sites in Tasmania,
Australia (Deep Bay 1, Deep Bay 2, Great Oyster Bay; water
temperatures unknown) and stored at −20°C for 3–5 d until
analysis. Upon harvest, mussels were chilled and frozen
within 24 h of collection. Both species of mussels were col-
lected in late spring (October). Data relating to food sources
and availability and water quality are unknown; however, it is
known that TBM from Deep Bay were collected during a di-
noflagellate bloom. Lipids were extracted overnight from
three individual animals from each site using a modification
of the one-phase chloroform/methanol/water (2:1:0.8, by vol)
Bligh and Dyer extraction (20). After phase separation by the
addition of chloroform and water (final solvent ratio, 1:1:0.9,
by vol), the lipids were recovered in the lower chloroform
phase and the total solvent extract was evaporated in vacuo at
40°C. Lipid content to a constant weight was determined
under a stream of nitrogen gas. Lipid class analyses were con-
ducted immediately and, where other analyses were to be per-
formed, samples were stored at −20°C for no more than 3 d
in a known volume of chloroform.

A portion of the lipid extract for each mussel was analyzed
using an Iatroscan MK V TH10 TLC-FID analyser (Iatron
Laboratories, Tokyo, Japan) to determine the amounts of in-
dividual lipid classes. Samples were analyzed in duplicate
using silica gel SIII Chromarods (5 µm particle size) (Drum-
mond Scientific Company, Broomall, PA) and applied by 1-
µL disposable micropipettes. Separation was achieved using
a polar solvent system of hexane/diethyl ether/glacial acetic
acid (60:17:0.1, by vol) to resolve nonpolar components in-
cluding wax ester (WE), TG, FFA, and sterols (ST). A sec-
ond nonpolar solvent system (hexane/diethyl ether, 96:4,
vol/vol) was used for selected samples to resolve nonpolar
components such as hydrocarbon (HC) from WE and TG
from diacylglyceryl ether. After development, the Chroma-
rods were dried at 80°C to evaporate all remaining solvent
and scanned immediately, thus minimizing adsorption of
atmospheric contaminants. The TLC-FID unit was cali-
brated using known standards for each lipid class (21). Peaks
were quantified using an IBM PC using DAPA software
(Kalamunda, Western Australia, Australia). 

An aliquot of the total lipid extract, including methyl ester
internal standards (19:0 and 23:0), was transmethylated using
a mild acid methylation to obtain FAME and fatty aldehydes
(21). ST were obtained by alkaline saponification of another
aliquot of the lipid extract and were then converted to their
corresponding trimethylsilyl ethers by the addition of 150 µL
of N,O-bis (trimethylsilyl) trifluoroacetamide and heating
overnight at 60°C. GC analyses were performed using a

Hewlett-Packard 5890 GC on HP7673 A Autosampler, a
split/splitless injector, with an FID and an HP5 nonpolar
50-m cross-linked methyl (5% phenyl) silicone fused-silica
capillary column with an i.d. of 0.32 mm and 0.17 µm film
thickness (Hewlett-Packard). Samples were injected at 50°C
and held for 1 min. The oven temperature was increased at
30°C/min to 150°C, then at 2°C/min to 250°C, and then
5°C/min to a final temperature of 300°C, which was held for
15 min. The injector and detector were maintained at 290 and
310°C, respectively, and hydrogen was used as the carrier gas.
Peak areas were quantified on an IBM-compatible computer
using Millenium 32 V.3.05.01 software (Waters Corporation,
Milford, MA).

GC–MS analyses were performed on a ThermoQuest GCQ
system (Thermoquest, Austin, TX) fitted with an on-column
injector. The GC was fitted with a capillary column similar to
that described above, and GC conditions were the same as de-
scribed above. 

Statistical analyses were conducted using Minitab Version
12.0 for Windows (State College, PA). Where mussel groups
were compared, a two-sample t-test and confidence interval
were conducted. Where sites were compared within mussel
groups, a one-way ANOVA was used. Data are reported as
mean ± SD (n = 9, three animals from three sites for each
species) in both text and tables, and P < 0.05 was considered
significantly different. 

RESULTS

Lipid composition. Total lipid on a wet weight basis was 17.9
mg/g (4.4 SD) in the NZGLM and 12.3 mg/g (4.0 SD) in the
TBM (P = 0.013). The predominant lipid class in both the
NZGLM and TBM was PL, 60 and 74% (of total lipid), re-
spectively, followed by TG (22 and 13%, respectively), with
lower levels of FFA (12 and 7%, respectively) (Table 1). Both
mussel species had a low percentage of WE (<0.3%). There
was a significantly higher percentage of TG (P = 0.038), FFA
(P = 0.016), and ST (P = 0.0085) in the NZGLM compared
with the TBM, and a significantly higher proportion of PL in
the TBM (P = 0.010). There were no significant differences
in the lipid class composition between sites for the TBM.
However, there was a significant difference for FFA in the
NZGLM between sites (P = 0.042).

FA. Fifty individual FA and fatty aldehydes were identi-
fied in the mussels (Table 2; data in table not in order of elu-
tion shown in Fig. 1). The predominant FA were palmitic acid
(16:0), 20:5n-3 (EPA), and 22:6n-3 (DHA) in both mussels,
with 16:0 in significantly higher proportions in the TBM.
There were significantly higher percentages of 14:0, 16:1-
n-7c, 16:1n-7t, 16:1n-9c, 17:0, 18:1n-7c, 18:2n-6, 20:1n-7c,
20:2 nonmethylene interrupted (NMI), 20:3n-6, 20:4n-6,
20:5n-3, 21:5n-3, 22:0, 22:4n-6, 22:5n-6, and 22:5n-3 in the
NZGLM (P < 0.05). The TBM had significantly higher per-
centages of 15:0, 16:0, α-hydroxy 16:0 FA, 4,8,12-trimethyl
tetradecanoic acid (4,8,12-TMTD), isomer of 18:0 FA (i18:0),
19:1, 20:2n-6, 22:2 NMI, 22:5n-6, and 22:6n-3 (P < 0.05).
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The novel very long chain PUFA 28:8n-3 was detected in
both the NZGLM (0.2%) and TBM (0.8%), with significantly
higher levels (P < 0.0001) in the TBM.

Pseudo iso 16:0 and 18:0 were recognized as degradation
products of dimethylacetals formed from the original corre-
sponding aldehydes. 

There were several significant differences between sites for
the percent FA composition in both the NZGLM and TBM. The
differences between sites for the NZGLM were between 15:0,
16:1n-7c, 18:3n-6, 18:1n-9c, 20:5n-3, 20:1n-11c, 21:5n-3,
22:5n-6, and 22:6n-3 (P < 0.05) and between sites for the TBM
for 20:3n-6, i18:0, 4,8,12-TMTD, and 28:8n-3 (P < 0.05). 

PUFA were the dominant class of FA in both mussels
(Table 3). Saturated FA (SFA) were the next most abundant
group, with a higher proportion in the TBM, followed by mono-
unsaturated FA (MUFA). The NZGLM had a significantly
higher percentage of MUFA (P < 0.0001), whereas the TBM
had a significantly higher percentage of SFA, total n-3 PUFA,
fatty aldehydes, NMI FA, α-hydroxy FA, and several uniden-
tified PUFA (P < 0.05) compared with the NZGLM. There
were no significant differences found between sites in the pro-
portions of SFA, MUFA, and PUFA for either mussel species. 

Sterols. Twenty sterols were identified in the TBM and
NZGLM (Table 4, Fig. 2). Relative levels of individual sterols
ranged from <0.5 to 32% (of total sterols). Cholesterol was
the major sterol in both mussels (30% TBM and 29%
NZGLM). The other sterols common to both the NZGLM and
TBM were brassicasterol, 24-methylcholesterol, trans-22-de-
hydrocholesterol, desmosterol, and isofucosterol. The
NZGLM had a significantly higher amount of brassicasterol,
24-nordehydrocholesterol, occelasterol, lathosterol, 24-
methylcholesterol, 23,24-dimethylcholesta-5,22E-dien-3β-ol,
and isofucosterol (P < 0.05). The TBM had significantly
higher amounts of cholestanol, desmosterol, 24-methylene-
cholesterol, 24-ethylcholesterol (P < 0.05), and an unidenti-
fied sterol (peak 14). Both mussel types contained around 2%
of the C30 sterol dinosterol, and a second C30 sterol, 4,23,24-

trimethyl-5α-cholest-7-en-3β-ol, was also present in the
NZGLM. In the NZGLM, animals from site 3 (Coromandel)
had significantly higher proportions of 23,24-dimethyl-
cholesta-5,22E-dien-3β-ol (P = 0.002), 24-methylenecholes-
terol, isofucosterol, and 4,23,24-trimethyl-5α-cholest-7-en-
3β-ol (P < 0.05). Mussels from site 1 (South Island) had a sig-
nificantly higher amount of dinosterol (P = 0.047) and site 2
animals (Marlborough Sound) had a significantly higher
amount of 22-trans-dehydrocholesterol (P = 0.015).

For the TBM, site 1 mussels (Deep Bay 1) had signifi-
cantly higher amounts of 24-nordehydrocholesterol, 22-trans-
dehydrocholesterol, brassicasterol, 24-methylenecholesterol,
and an unidentified sterol (P < 0.05). Site 2 animals (Deep
Bay 2) had a significantly higher amount of 24-methylcholes-
terol, and Site 3 animals (Great Oyster Bay) had significantly
higher amounts of cholesterol, cholestanol, lathosterol, and
23,24-dimethylcholesterol (P < 0.05).

DISCUSSION

Lipid composition. Lipid contents in the TBM and NZGLM
(1.2 to 1.8%) were similar to values reported in a study inves-
tigating the lipid composition of marine invertebrates of the
Pacific Northwest (8). That study found the common blue
mussel to have a lipid content of 1.8% in comparison to clams
(1.5–1.7%), cockles (0.9–1.7%), horse clams (2%), and fresh
oysters (2.5–4%), with crustacea such as crab and shrimp at
around 1 and 1.5%, respectively. Yearsley et al. (7) and
Nichols et al. (9) reported a lipid content in the TBM of 1.7%
wet weight. Perry (22) investigated the lipid content of vari-
ous mollusca and found the lipid content varied from 1.5% in
a female mollusc Subninella undulata to 4% in the limpet
Cellana tranoserica. The lipid content results for the TBM
and the NZGLM in this study are in agreement with earlier
studies of the blue mussel and other molluscs. The main lipid
class of NZGLM and TBM was PL (up to 74%), which is
consistent with other data for molluscs (7–9,22). 
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TABLE 1
Lipid Class Composition (%) and Total Lipid Content for the New Zealand Green Lipped Mussel (NZGLM) and the Tasmanian Blue Mussel
(TBM)

Percent compositiona

NZGLM TBM

P value
between

Site 1 Site 2 Site 3 Mean Site 1 Site 2 Site 3 Mean species

Wax ester ND 0.4 ± 0.6 ND 0.1 ± 0.4 0.5 ± 0.9 ND ND 0.2 ± 0.1 —
TG 25.3 ± 8.9 17.8 ± 5.1 22.2 ± 5.0 21.8 ± 6.6b 17.2 ± 15.7 12.7 ± 3.1 10.5 ± 2.9 13.5 ± 8.6 P = 0.038
FFA 10.7 ± 1.6 14.9 ± 2.4d 9.6 ± 2.1 11.7 ± 3.0b 9.7 ± 6.4 7.0 ± 1.7 5.4 ± 0.7 7.3 ± 3.8 P = 0.016
Sterol 6.8 ± 1.2 5.5 ± 0.3 6.6 ± 0.5 6.3 ± 0.9b 4.9 ± 1.2 4.9 ± 1.2 5.1 ± 0.7 5.0 ± 0.9 P = 0.008
Phospholipid 57.1 ± 7.8 61.4 ± 5.4 61.7 ± 3.5 60.1 ± 5.5 67.1 ± 20.8 75.1 ± 4.2 78.7 ± 4.1 73.6 ± 12.0c P = 0.010
Total lipid 19.7 ± 5.4 19.1 ± 4.2 14.9 ± 3.4 17.9 ± 4.4b 16.0 ± 5.3 10.6 ± 1.7 10.3 ± 1.3 12.3 ± 4.0 P = 0.013

(mg/g wet weight)
aData for each species, as determined by Iatroscan, are the mean of nine individual animals, representing three animals from each of three sites (values are
expressed as mean ± SD). ND, not detectable
bSignificantly higher than the TBM based on paired t-tests (P < 0.05).
cSignificantly higher than the NZGLM based on paired t-tests (P < 0.05).
dSite significantly different from other sites (NZGLM) based on ANOVA (P < 0.05).



Depending on the length of storage, temperature, and cli-
matic conditions, marine invertebrates such as molluscs can
undergo various changes in their lipid profiles owing to the
activity of various enzymes. Jeong et al. (23) and Jeong (24)
studied the effect of temperature and storage on lipid oxida-
tion and composition of total lipid and lipid fractions of the
oyster Crassostrea gigas and the giant ezo scallop Patinopecten
yessoensis. In any marine source containing unsaturated FA,
particularly long-chain n-3 PUFA, there is the risk of lipid de-

terioration during storage. Both studies showed that with in-
creased storage time and with an increase in temperature of
up to 35°C, there was a significant increase in oxidation as
measured by TBARS, a significant decrease in total lipids,
polar lipids, and PUFA, and a significant increase in nonpolar
lipids and FFA. These data suggest the activity of various li-
pases and lipolytic enzymes responsible for enzymatic hy-
drolysis. In the study by Jeong et al. (23), after 12 mon of
frozen storage there was a decrease in PL leading to an accu-
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TABLE 2
FA Composition (%) for the NZGLM and the TBM

Percent compositiona

NZGLM TBM

P value
between

FAb Site 1 Site 2 Site 3 Mean Site 1 Site 2 Site 3 Mean species

14:0 3.7 ± 1.0 3.5 ± 1.0 3.2 ± 0.4 3.5 ± 0.8c 1.5 ± 1.1 1.4 ± 0.4 1.1 ± 0.1 1.3 ± 0.6 P = 0.0000
4,8,12-TMTD 0.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 1.3 ± 0.4 1.3 ± 0.1f 1.0 ± 0.4d P = 0.0110
15:0 0.5 ± 0.1 0.6 ± 0.1 0.7 ± 0.0e 0.1 ± 0.03 0.5 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.1d P = 0.0002
16:1n-7c g 8.6 ± 0.6 7.4 ± 0.1 8.6 ± 0.6e 8.2 ± 0.7c 4.2 ± 3.7 3.2 ± 0.8 2.5 ± 0.5 3.3 ± 2.0 P = 0.0001
16:1n-7t/16:2 0.7 ± 0.1 0.8 ± 0.2 0.9 ± 0.1 0.8 ± 0.1c 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 P = 0.0000
16:1n-9c 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.0c 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 P = 0.0330
16:0 16.3 ± 0.7 16.8 ± 0.4 16.5 ± 0.1 16.5 ± 0.5 20.1 ± 0.7 20.1 ± 2.1 20.1 ± 0.4 20.6 ± 1.1d P = 0.0000
i17:0 0.5 ± 0.2 0.6 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.7 ± 0.3 0.6 ± 0.2 0.7 ± 0.1 0.7 ± 0.2 P = 0.0950
17:0 1.2 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 1.1 ± 0.1c 0.8 ± 0.3 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.2 P = 0.0000
i18:0 0.5 ± 0.2 0.6 ± 0.1 0.4 ± 0.0 0.5 ± 0.1 0.6 ± 0.2 0.9 ± 0.1 1.1 ± 0.1f 0.9 ± 0.3d P = 0.0014
18:0 4.4 ± 1.0 4.6 ± 0.5 3.9 ± 0.3 4.3 ± 0.6 3.7 ± 1.5 4.5 ± 0.8 5.1 ± 0.3 4.4 ± 1.1 P = 0.7900
18:1n-9c/18:3 1.9 ± 0.2 2.2 ± 0.1 2.2 ± 0.1e 2.1 ± 0.2 2.7 ± 1.4 1.5 ± 0.2 1.5 ± 0.1 1.9 ± 0.9 P = 0.4800
18:1n-7c 3.1 ± 0.1 3.3 ± 0.2 3.2 ± 0.2 3.2 ± 0.2c 1.9 ± 0.0 2.1 ± 0.2 2.0 ± 0.3 2.0 ± 0.2 P = 0.0000
18:1n-7t 0.5 ± 0.0 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.04c 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 P = 0.0000
18:2n-6 1.4 ± 0.1 1.6 ± 0.1 1.6 ± 0.2 1.5 ± 0.1c 1.3 ± 0.3 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.2 P = 0.0001
18:3n-6 0.1 ± 0.1 ND 0.2 ± 0.0e 0.1 ± 0.1 ND 1.8 ± 3.2 ND 0.6 ± 1.8 P = 0.4200
18:4n-3 1.7 ± 0.4 2.1 ± 0.1 1.7 ± 0.2 1.8 ± 0.3 2.4 ± 1.3 1.4 ± 0.3 1.2 ± 0.1 1.6 ± 0.9 P = 0.5500
18:5n-3 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.2 0.2 ± 0.1 0.3 ± 0.3 P = 0.3600
α-OH 16:0 0.4 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.8 ± 0.2 0.7 ± 0.1 0.7 ± 0.2d P = 0.0007
19:1 0.0 ± 0.1 0.1 ± 0.1 0.03 ± 0.1 0.1 ± 0.1 0.3 ± 0.2 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.1d P = 0.0440
20:2n-6 0.3 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.7 ± 0.3 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1d P = 0.0006
20:2NMI 1.0 ± 0.3 1.0 ± 0.2 1.1 ± 0.2 1.1 ± 0.2c 0.5 ± 0.2 0.3 ± 0.0 0.3 ± 0.1 0.7 ± 0.3 P = 0.0450
20:4n-6 2.3 ± 0.5 2.1 ± 0.4 2.7 ± 0.3 2.4 ± 0.5c 1.5 ± 0.7 1.9 ± 0.2 1.8 ± 0.2 1.7 ± 0.4 P = 0.0060
20:5n-3 20.0 ± 1.0e 19.1 ± 0.2 14.9 ± 0.9 17.9 ± 2.4c 13.3 ± 3.5 15.1 ± 0.9 15.4 ± 0.8 14.6 ± 2.1 P = 0.0072
20:3n-6 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.5 ± 0.0c 0.5 ± 0.1f 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 P = 0.0026
20:4n-3/20:2NMI 1.7 ± 0.6 2.5 ± 0.5 2.0 ± 0.3 2.1 ± 0.5 2.5 ± 0.8 2.0 ± 0.4 1.8 ± 0.4 2.1 ± 0.6 P = 0.9700
20:1n-11c 0.6 ± 0.4 3.5 ± 0.4e 2.4 ± 1.6 2.2 ± 1.5 2.9 ± 1.7 1.6 ± 1.7 2.5 ± 1.4 2.4 ± 1.5 P = 0.8300
20:1n-9c 2.2 ± 0.6 0.0 ± 0.0 0.8 ± 1.4 1.0 ± 1.3 1.1 ± 1.9 1.7 ± 1.5 0.9 ± 1.5 1.2 ± 1.5 P = 0.7200
20:1n-7c 1.7 ± 0.4 1.8 ± 0.3 1.1 ± 0.1e 1.5 ± 0.4c 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 P = 0.0004
21:5n-3 0.5 ± 0.1e 0.4 ± 0.1 0.4 ± 0.1 0.9 ± 0.2c 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.1 P = 0.0000
22:5n-6 0.3 ± 0.1 0.2 ± 0.1 0.4 ± 0.1e 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 1.1 ± 0.1d P = 0.0120
22:6n-3 12.5 ± 0.4 12.3 ± 0.9 15.8 ± 1.3e 13.5 ± 1.9 18.2 ± 5.5 21.3 ± 2.0 24.2 ± 0.8 21.2 ± 3.9d P = 0.0003
22:4n-6 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1c 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 P = 0.0000
22:5n-3 1.5 ± 0.3 1.6 ± 0.2 1.3 ± 0.1 1.5 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 P = 0.0007
22:2NMI 1.0 ± 0.3 1.0 ± 0.2 1.1 ± 0.2 2.1 ± 0.4 1.4 ± 0.4 1.4 ± 0.2 1.2 ± 0.3 2.6 ± 0.5d P = 0.0320
22:0 0.1 ± 0.0 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.04c 0.0 ± 0.1 0.0 ± 0.1 ND ND P = 0.0032
C23 PUFA 0.2 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.0 0.2 ± 0.1 P = 0.0360
28:8n-3 0.4 ± 0.3 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.2 0.6 ± 0.1 0.9 ± 0.1 0.9 ± 0.2f 0.8 ± 0.2d P = 0.0000
Other 0.7 ± 1.1 0.4 ± 0.3 0.7 ± 0.5 3.1 ± 1.7 1.5 ± 0.7 0.8 ± 1.0 0.7 ± 0.6 5.0 ± 2.6 P = 0.0870
aData for each species are the mean of nine individual animals, representing three animals from each of three sites (values are expressed as mean ± SD).
b4,8,12-TMTD, 4,8,12-trimethyl tetradecanoic acid; NMI, nonmethylene interrupted; α-OH 16:0, α-hydroxy 16:0 FA. Other (includes 17:2 and C22 PUFA,
and pseudo iso 16:0 and 18:0 degradation products of dimethylacetal). For other abbreviations see Table 1.
cSignificantly higher than the TBM based on paired t-tests (P < 0.05).
dSignificantly higher than the NZGLM based on paired t-tests (P < 0.05).
eSite significantly different from other sites (NZGLM) based on ANOVA (P < 0.05).
fSite significantly different from other sites (TBM) based on ANOVA (P < 0.05).
g16:1n-7c is clearly separated from 16:1n-13t on the HP5 capillary column (Hewlett-Packard).



mulation of FFA, causing an increase in the relative propor-
tion of neutral lipids. This study reports the presence of sig-
nificant proportions of FFA in both the NZGLM and TBM.
Since these were not present in lipid extracts for mussels that
were placed into extraction solvents within 10 min of harvest-
ing, it is likely that the FFA represent hydrolytic degradation
as reported by others (23,24). Generally, FFA are quite low in
concentration; however, as Jeong et al. (23) and Jeong (24)
showed in their studies with decreasing temperature and dur-
ing storage, there is an increase in nonpolar lipids and FFA
due to the action of lipolytic enzymes. Perhaps in the present
study lipid hydrolysis had occurred during storage, which
would account for the high levels of FFA in both mussels. 

The differences in lipid content and lipid class composi-
tion between the NZGLM and TBM may be due to seasonal
variation, as there are differences in climate between New
Zealand and Tasmania. Differences may also reflect the stage

of development of the mussel, particularly the gonadal devel-
opment (1). In addition, the sex of the mussel can alter lipid
content and lipid class composition, since female mussels
tend to have lower levels of total lipid (1). The dietary intake
of the mussels and the availability of food may also reflect the
differences seen between species. Perry (22) reported that HC
in molluscs are derived mainly from environmental pollution
such as fuel oil, crude oil, or motorboat oil; however, uncon-
taminated scallops were found to have a limited range of nat-
urally occurring HC. HC profiles characteristic of pollution,
such as a lack of odd-chain dominance and the presence of
unresolved complex material and other specific biomarkers,
were not observed in our samples. These observations are
consistent with the pristine nature of the sampling locations
from which all mussels were collected. 

FA. Nearly half of the FA in each mussel species were
PUFA, and up to 42% of the FA in both mussels were n-3
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FIG. 1. Typical FAME profile of Tasmanian blue mussel. Samples were separated on an HP5
(nonpolar) 50-m cross-linked methyl (5% phenyl) silicone fused-silica capillary column,
using a Hewlett-Packard 5890 gas chromatograph with FID. IS, internal standard.

TABLE 3
FA (% of total FA) for the NZGLM and the TBM

Percent compositiona

NZGLM TBM

P value
between

Site 1 Site 2 Site 3 Mean Site 1 Site 2 Site 3 Mean species

Saturated FA 27.8 ± 1.2 28.6 ± 0.7 27.6 ± 0.2 28.0 ± 0.9 28.9 ± 1.2 29.5 ± 2.7 30.4 ± 0.6 29.6 ± 1.6c P = 0.023
PUFA 44.6 ± 0.4 44.5 ± 0.6 43.7 ± 2.3 44.2 ± 1.3 44.0 ± 7.4 49.2 ± 4.6 50.1 ± 1.2 47.8 ± 5.2 P = 0.086
Monounsaturated FA 18.2 ± 0.8 18.2 ± 0.8 18.4 ± 0.5b 18.2 ± 0.6 11.9 ± 4.4 10.4 ± 1.0 9.6 ± 0.8 10.6 ± 2.5 P = 0.000
Total n-3 FA 37.5 ± 0.4 37.8 ± 0.6 36.1 ± 2.2 37.1 ± 1.4 38.2 ± 7.2 41.7 ± 1.8 44.6 ± 1.4 41.5 ± 4.7c P = 0.025
Total n-6 FA 5.1 ± 0.4 5.2 ± 0.4 6.0 ± 0.5 5.4 ± 0.6 4.6 ± 0.4 6.1 ± 3.0 4.3 ± 0.2 5.0 ± 1.8 P = 0.550
Other 7.5 ± 2.2 6.5 ± 0.5 8.1 ± 1.9 7.4 ± 1.6 12.4 ± 2.8 9.5 ± 2.8 8.4 ± 2.3 10.1 ± 2.9c P = 0.030
aData for each species are the mean of nine individual animals, representing three animals from each of three sites (values are expressed as mean ± SD).
bSignificantly higher than the TBM based on paired t-tests (P < 0.05).
cSignificantly higher than the NZGLM based on paired t-tests (P < 0.05).
dOther includes hydroxy, isobranched, NMI FA, fatty aldehydes, and unidentified PUFA. For abbreviations see Tables 1 and 2.
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PUFA, while approximately 5% were n-6 PUFA. The pre-
dominant n-3 PUFA were 20:5n-3 and 22:6n-3. The NZ mol-
lusc M. canaliculus contains a similar FA profile, dominated
by 20:5n-3 and 22:6n-3 PUFA (9). Many marine species of
molluscs are rich in 20:5n-3, with lower levels of 22:5n-3 and
22:6n-3. Other bivalvia species, such as Ostrea lutaria and C.
gigas, have also been found to contain high levels of 20:5n-3
and 22:6n-3, with the former being the predominant PUFA.
In the present study, there was a significantly higher amount
of 22:6n-3 (14–20%), particularly in the TBM. In contrast to
previous studies, the high proportion of 22:6n-3 in the
NZGLM and TBM probably largely reflects the composition
of the planktonic diet. Various algal species are known to con-
tain elevated levels of 22:6n-3, including dinoflagellates,
cryptomonads, and certain thraustochytrids as well as zoo-
plankton (25,26). 

Mollusc FA profiles usually contain about 30–40% SFA
(1,8,21), a level which was found in the present study. The
SFA profiles were similar for both species and also to profiles
for other molluscs. 

The presence of 28:8n-3, along with the C30 sterol dinos-
terol, indicates a strong dietary influence, in particular for the
TBM. The TBM were collected during an algal bloom of the
dinoflagellate Gymnodinium catenatum that occurs in south-
ern Tasmanian waters. Gymnodinium catenatum recently has
been reported to contain 28:8n-3 and cholesterol as a major
sterol (27). Van Pelt et al. (28) reported the presence of 28:8n-3
in the dinoflagellate Crypthecodinium cohnii. This dietary
link is further supported by the presence of 24-methyl-5α-
cholest-7-en-3β-ol in the TBM. This sterol is also found in G.
catenatum (29). The higher amounts of 28:8n-3 in the TBM
than in the NZGLM suggest a greater dietary dinoflagellate
contribution with this species. 

The fatty acid 18:5n-3 has also been used as a marker for di-
noflagellate ingestion (29), although it is also present in a few
other algal species (25). The dinoflagellate biomarkers dinos-
terol and C28 PUFA were present in the TBM at higher levels
than in the NZGLM, whereas 18:5n-3 was only a minor com-
ponent in both mussels and in similar proportions (0.2 to 0.3%). 

The anti-inflammatory properties of fish oils are thought
to be due to the presence of 20:5n-3 and 22:6n-3 (15); corre-
spondingly, Whitehouse et al. (18) have reported that the anti-
inflammatory activity in an oil extract of lipids from the
NZGLM is associated with PUFA, which have 4, 5, and 6
double bonds. In the present study the total proportion of
PUFA with 4, 5, and 6 double bonds was 40% in the NZGLM
and 43% in the TBM (P = 0.92), indicating little difference
between species. 

The 20:2 and 22:2 NMI FA were found in similar concen-
trations (3–5%) to levels occurring in a variety of marine mol-
luscs such as gastropods (30). Zhukova and Svetashev (31)
reported similar proportions of these FA in M. edulis (4.6%),
the oyster C. virginica (5.8%), and the northern quahog Mer-
cenaria mercenaria (2.9%). The presence of these NMI indi-
cates a dietary contribution, as they may be derived from
algae and zooplanktonic pteropods such as Limacina helicina
and result from desaturation of 20:1n-9 and 20:1n-7
(22,31,32). In the study of oysters by Abad et al. (32), NMI
were present in concentrations from 2 to 10%, depending on
the season. 

The presence of 4,8,12-TMTD has also been previously
reported in various molluscs (30). The American oyster C.
virginica contained small amounts of 4,8,12-TMTD and NMI
dienoic acids (31). The NMI 20:2 and 22:2 are constituents
of red algae; thus, their presence may also indicate direct
dietary contribution. 
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FIG. 2. Typical sterol profile of New Zealand green lipped mussel. Separated on an HP5
(nonpolar) 50-m cross-linked methyl (5% phenyl) silicone fused-silica capillary column,
using a Hewlett-Packard 5890 GC with FID.



Sterols. Compared with other marine invertebrates, molluscs
are unique, as they contain a wide range of sterols besides
cholesterol (8). Both mussels in the current study contained a
similar range of sterols, however, in differing proportions, with
cholesterol the most prominent sterol ranging from 27 to
32%. Another NZ mussel, M. planulatus, has been reported
to contain at least eight of the sterols identified in our mus-
sels (22). It may be difficult to compare sterol profiles due to
varying extraction techniques and sensitivity of analytical
methods. Sterols in M. planulatus included trans-22-dehy-
drocholesterol (10%), cholesterol (46%), desmosterol (6%),
24-methylenecholesterol (10%), 24-methylcholesterol (4%),
24-ethylcholesterol (4%), and stigmasterol (1%). Perry (22)
also reported similar sterol composition in the BM. Plant
sterols such as sitosterol and stigmasterol as identified in both
mussel species are believed to aid in cholesterol-lowering in
humans (12). Cholesterol was the main sterol (46%) followed
by brassicasterol (13%), 24-methylcholesterol and 24-ethyl-
cholesterol (both 4%), and trans-22-dehydrocholesterol (2%).
Cholesterol was also identified in scallops, up to 60% (22),
with some additional more complex C28 and C29 sterols.

Gordon (8) reported desmosterol and brassicasterol in sim-
ilar amounts in the BM. Desmosterol is thought to be an in-
termediate in cholesterol biosynthesis. The clam Saxidomus
giganteus has the ability to bioconvert 24-methylenecholes-
terol and 7-cholestenol, but it is not known if sterols other
than cholesterol are synthesized by the mussels. 

Teshima and Kanazawa (11) found sterols in the BM and
abalone to be predominantly composed of cholesterol (30 and
93%, respectively), followed by 22-dehydrocholesterol (25
and 6%, respectively) and 24-methylenecholesterol (12% and
a trace, respectively). The BM contained desmosterol, β-
sitosterol, and three unidentified sterols (7%). Gordon (8)
reported cholesterol as the dominant sterol in oysters (50%)
followed by brassicasterol/desmosterol (25%) and 24-meth-
ylenecholesterol (25%). Teshima and Kanazawa (11) showed
that molluscs have the ability to synthesize cholesterol; how-
ever, this ability is dependent on the mussel’s life cycle, sex-
ual maturation, and sex. 

This study provides data for the whole tissue of the
NZGLM, about which considerable interest exists due to the
reported bioactivity in the oil from this species (18,19). The
NZGLM had similar lipid content and lipid class composition
to the TBM. Differences observed between the two species
were probably due to dietary differences and also may reflect
seasonal variation, the development of the mussel, particu-
larly the gonads, and/or the sex of the mussel, which can alter
the lipid content and lipid class composition. 
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ABSTRACT: From the water-insoluble lipid fraction of the
chloroform/methanol/water extract of the gonads and body
walls of the Patagonian starfish Allostichaster inaequalis, two
new glucosylceramides (4 and 7) were isolated together with
the known phalluside-1 (1) and two glucosylceramides (2 and
3) previously isolated from the starfish Cosmasterias lurida. The
new compounds were characterized as (2S,3R,4E,8E,10E)-1-(β-
D-glucopyranosyloxy)-3-hydroxy-2-[(R)-2-hydroxy-15-tetracosenoyl]
amino-4,8,10-octadecatriene (4) and (2S,3R,4E,15Z)-1- (β-D-
glucopyranosyloxy)-3-hydroxy-2-[(R)-2-hydroxyhexadecanoyl]
amino-4,15-docosadiene (7) by means of spectroscopic and
chemical methods.

Paper no. L8958 in Lipids 37, 597–603 (June 2002).

Glycosylceramides and related compounds have been isolated
from several marine invertebrates, such as echinoderms (1–10),
sponges (11–13), ascidians (14), sea anemones (15), bryozoa
(16), and gorgonians (17). These compounds have shown a va-
riety of biological activities, such as cytotoxicity against L1210
leukemia cells in vitro (8), histidine decarboxylase (1) and
DNA topoisomerase I (16) inhibition, and moderate wound-
healing activity (9). These biological activities may be related
to the amphipathic nature of the molecule (18).

As part of our investigation on polar metabolites from cold-
water echinoderms of the South Atlantic, we previously re-
ported the isolation and structural elucidation of glucosylcer-
amides from the starfish Cosmasterias lurida Philippi (19).
The present paper deals with the isolation and structural elu-
cidation of glucosylceramides from gonads and body walls of
Allostichaster inaequalis Koehler, a starfish of the Patagon-
ian coast of Argentina. This is the first report on the compara-
tive study of glucosylceramides of gonads and body walls
from a dissected starfish.

EXPERIMENTAL PROCEDURES

Chromatographic and instrumental methods. Preparative
HPLC was carried out in a Spectra Physics chromatograph

(Fremont, CA) with a solvent delivery system Spectra Series
P100, a Thermo Separation Products refractive index detector
(Fremont, CA), and a Spectra Series UV100 UV detector (Fre-
mont, CA) using a Phenomenex Ultracarb ODS 20 column
(250 × 10 mm, 5 µm) (Torrance, CA) at a flow rate of 2.0
mL/min, eluting with MeOH/H2O (99:1, vol/vol) for the gly-
cosylceramide mixture from the body walls (BW) and
MeOH/H2O (98:2, vol/vol) for the glycosylceramide mixture
from the gonads (G). GC was performed on a Hewlett-Packard
5890 A chromatograph (Avondale, PA) equipped with a FID.
An Ultra-2 column (0.2 mm i.d. × 50 m) (Hewlett-Packard)
was used with nitrogen as the carrier gas. The column temper-
ature was programmed from 160 to 280°C at a rate of
10°C/min. GC–MS analyses were performed on a VG Trio-2
instrument (Manchester, United Kingdom) employing the elec-
tron impact (EI) mode (ionizing potential 70 eV). Helium was
used as carrier gas, a capillary column (CP-Sil 5 CB, 0.25 mm
i.d. × 50 m length; Chrompack, Middleburg, The Netherlands)
(column temperature: 100–290°C; rate: 10°C/min) was used
for FAME and long-chain base (LCB) analyses, and an SP
2340 fused-silica column (0.32 mm i.d. × 30 m) (column tem-
perature: 80–270°C; rate: 12°C/min, and then isothermic at
270°C for 20 min) was used for the dimethyl disulfide (DMDS)
derivative analyses. Optical rotations were measured on a
PerkinElmer 343 polarimeter (Überlingen, Germany). Melting
points were measured on a Fisher-Johns m.p. apparatus model
2572 A and are uncorrected.

1H and 13C NMR and 2-D NMR spectra were recorded in
a Bruker AM 500 spectrometer (Karlsruhe, Germany) at 500
MHz for 1H and 125 MHz for 13C NMR; tetramethylsilane
was used as internal standard, and coupling constants (J) were
represented in Hz. FABMS spectra were registered in a VG-
ZAB BEQ spectrometer.

Materials. Dry flash-column chromatography (flash-CC)
was performed on silica gel H (230–400 mesh; Merck, Darm-
stadt, Germany) with the solvents indicated in each case. Nor-
mal-phase TLC was performed on silica gel F254 (Merck)
with CH2Cl2/MeOH/AcOEt/H2O (8.5:1.5:2:0.1, by vol). Re-
versed-phase (RP)-TLC was performed on C18 silica gel 60
F254 (Merck) with MeOH. CC was performed on silica gel
(70–230 mesh; Merck) with CH2Cl2/MeOH/H2O (8:1.3:0.1,
by vol).

Fresh specimens of A. inaequalis were collected in Bahía
Nueva (Puerto Madryn, Chubut, Argentina) and identified by
Dr. Alejandro Tablado from the Museo Argentino de Ciencias
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Naturales “Bernardino Rivadavia,” Buenos Aires, Argentina,
where a voucher specimen is preserved (MACN 34396).

Extraction and isolation. Animals (45 specimens, 910 g
wet weight) were collected and dipped in sea water. Gonads
of both sexes and body walls were dissected out. Body walls
(649 g) and gonads (148.5 g) were extracted twice by the
method of Bligh and Dyer (20) with a solvent mixture of
CHCl3/MeOH/H2O (1:2:0.8, by vol) (2 L/kg) for 72 h at room
temperature. The solvent mixture was then diluted to
CHCl3/MeOH/H2O (2:2:1.8, by vol) by addition of CHCl3
and H2O. After filtration in vacuo, each chloroformic layer
was evaporated to dryness under reduced pressure, thus ren-
dering total lipids (11.9 g from body walls and 4.0 g from go-
nads). The extracts were fractionated into lipid classes by
flash-CC eluting with CHCl3; CHCl3/AcOEt (80:20, vol/vol);
acetone and MeOH. The eluted fractions were analyzed by
TLC; spots were revealed with specific reagents (21). Ace-
tone eluates (1.32 g from body walls and 729.6 mg from go-
nads) contained glycolipids and were repurified by CC, yield-
ing BW (563 mg) and G (534.5 mg).

Separation of glucosylceramides. A part of each mixture
of glucosylceramides was repeatedly submitted to RP-HPLC.
Mixture BW (320.4 mg) (solvent MeOH/H2O 99:1, vol/vol)
renderered six major fractions: 1, Rt = 38.0 min, 16.7 mg; 2,
Rt = 44.4 min, 8.2 mg; 3, Rt = 53.2 min, 8.7 mg; 4, Rt = 94.8
min, 8.1 mg; 5, Rt = 110.8 min, 12.3 mg; 6, Rt = 114.0 min,
4.1 mg. Mixture G (165.0 mg) (solvent MeOH/H2O 98:2,
vol/vol) furnished three major fractions: 1, Rt = 50.0 min, 7.1
mg; 7, Rt = 85.0 min, 8.9 mg; 4, Rt = 127.0 min, 9.4 mg.

(2S,3R,4E,8E,10E)-1-(β-D-Glucopyranosyloxy)-3-hy-

droxy-2-[(R)-2-hydroxydecanoyl]amino-9-methyl-4,8,10-oc-
tadecatriene (1). White solid, m.p. 123°C; [α]D = −21.4° (c =
0.3, CHCl3); FABMS (−) m/z 724 [M − H]−, 562 [M − 162]−,
1H and 13C NMR (CD3OD), see Tables 1 and 2.

(2S,3R,4E,8E,10E)-1-(β-D-Glucopyranosyloxy)-3-hy-
droxy-2-[(R)-2-hydroxyheptadecanoyl]amino-9-methyl-
4,8,10-octadecatriene (2). White solid, m.p. 125°C; [α]D =
−14.3° (c = 0.2, CHCl3); FABMS (−): m/z 738 [M − H]−, 576
[M − 162]−; 1H and 13C NMR (CD3OD), see Tables 1 and 2.

(2S,3R,4E,8E,10E)-1-(β-D-Glucopyranosyloxy)-3-hy-
droxy-2-[(R)-2-hydroxydecanoyl]amino-9-methyl-4,8,10-oc-
tadecatriene (3). White solid, m.p. 132°C; [α]D = −12.3° (c =
0.3, CHCl3); FABMS (−): m/z 752 [M − H]−, 590 [M − 162]−

; 1H and 13C NMR (CD3OD), see Tables 1 and 2.
(2S,3R,4E,8E,10E)-1-(β-D-Glucopyranosyloxy)-3-hy-

droxy-2-[(R)-2-hydroxy-15-tetracosenoyl]amino-4,8,10-oc-
tadecatriene (4). White solid, m.p. 182°C; [α]D = −12.5° (c =
0.3, n-propanol); FABMS (−): m/z 820 [M − H]−, 658 [M −
162]−, λmax 224 nm (MeOH), 1H and 13C NMR (CD3OD), see
Tables 1 and 2. 

(2S,3R,4E,15Z)-1-(β-D-Glucopyranosyloxy)-3-hydroxy-2-
[(R)-2-hydroxyhexadecanoyl]amino-4,15-docosadiene (7).
White solid, m.p. 175°C; [α]D = −31.2° (c = 0.2, CHCl3);
FABMS (−): m/z 768 [M − H]−, 606 [M − 162]−; 1H and 13C
NMR (CD3OD), see Tables 1 and 2.

Synthesis of DMDS derivatives. Sample (5 mg) was dis-
solved in carbon disulfide (0.5 mL), and DMDS (0.5 mL) and
iodine (2.5 mg) were added to the solution. The mixture was
kept at 60°C for 40 h in a small-volume sealed vial. The reac-
tion was quenched with aqueous Na2S2O3 5%, and the mixture
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TABLE 1
1H NMR Data for Compounds 1–7 in CD3ODa

H 1–3, 5, 6 4 7

1a 3.70 (dd, 10.3, 3.6) 3.70 (dd, 10.2, 3.6) 3.71 (dd, 10.5, 3.3)
1b 4.10 (dd, 10.3, 5.4) 4.09 (dd, 10.2, 5.4) 4.11 m
2 3.99 m 3.98 m 3.97 m
3 4.13 (bt, 7.5) 4.14 (bt, 7.3) 4.11 m
4 5.48 (dd, 15.2, 7.0) 5.48 (dd, 15.4, 7.5) 5.47 (dd, 15.3, 7.3)
5 5.74 (dt, 15.2, 6.3) 5.73 (dt, 15.0, 6.4) 5.72 (dt, 15.0, 6.6)
6 2.20 m 2.15 m 2.04 m
7 2.07 m 2.03 m 2.04 m
8 5.35 (t, 6.8) 5.56 ma

9 5.96 mb

10 6.02 (d, 15.4) 5.99 mb

11 5.56 (dt, 15.4, 7.1) 5.54 ma

18 0.89 (t, 6.6) 0.89 (t, 6.6) 0.89 (t, 6.2)
19 1.70 s
(CH2) 1.24–1.30 bs 1.24–1.30 bs 1.24–1.30 bs
2′ 3.98 m 3.98 m 3.97 m
C=C-H 5.35 (t, 4.8, H-15’ and H-16’) 5.35 (t, 5.85, H-15, H-16)
1′′ 4.26 (d, 7.7) 4.26 (d, 7.75) 4.26 (d, 7.7)
2′′ 3.19 (dd, 9.1, 7.7) 3.18 (dd, 9.1, 7.8) 3.19 bd
3′′ 3.38 m 3.38 m 3.38 m
4′′ b b b

5′′ 3.26 m 3.26 m 3.26 m
6′′a 3.66 (dd, 12.5, 5.4) 3.64 (dd, 11.9, 5.0) 3.66 (dd, 11.8, 5.2)
6′′b 3.86 (bd, 12.0) 3.87 (bd, 10.7) 3.87 (bd, 12.0)
aAssignments with the same superscript (a,b) may be reversed.
bSignals superimposed with the solvent.



was extracted with cyclohexane (1.0 mL). The extract was
evaporated to dryness under reduced pressure, and the residue
(DMDS derivative) was redissolved in CH2Cl2 and analyzed
by GC–MS.

RESULTS AND DISCUSSION 

Two water-insoluble lipid fractions were obtained from the
chloroform/methanol/water extracts of gonads and body walls
of the Patagonian starfish A. inaequalis. These extracts were
subjected to flash-CC and CC to render glycosylceramide
mixtures BW and G. Both fractions exhibited the characteris-
tic signals of a sphingosine-type glycosylceramide possess-
ing 2-hydroxy FA and β-glucopyranose moieties in their 1H
NMR spectra: two terminal methyls at δ 0.95 ppm (d, J = 7.5
Hz) and 0.89 ppm (d, J = 7.5 Hz), methylenes at δ 1.24–1.30
ppm (brs), a singlet at δ 1.70 ppm, due to a methyl group at-
tached to an olefinic carbon, and olefinic signals at δ 5.48
ppm (dd, J = 14.1, 7.1 Hz), δ 5.56 ppm (dt, J = 15.7, 6.8 Hz),
δ 5.76 ppm (dt, J = 15.3, 6.2 Hz) and δ 6.04 ppm (d, J = 15.5
Hz), together with one anomeric doublet at δ 4.26 ppm (d, J
= 7.8 Hz) and hexose proton signals between δ 3.6 and 4.0
ppm. FABMS (negative ion mode) spectra of each mixture
showed several [M]− or [M − H]− peaks, revealing the pres-
ence of complex mixtures of monohexosylceramides. Before
separation of the mixtures BW and G into individual glyco-

sylceramides, the FA constituents and LCB moieties of these
molecular species were investigated. BW and G were
methanolized (22) with 1 N HCl in 82% (by vol) aqueous
MeOH to yield each a mixture of FAME and a mixture of
LCB together with methyl-D-glucopyranose. GC analysis of
the peracetylated alditol derivative (23) confirmed glucose as
the hexosyl moiety (Rt = 10.31 min, Rt of reference peracety-
lated D-glucitol = 10.33 min). 

Analysis of the FAME mixture of BW by GC–MS showed
the presence of 18 compounds (FAME 1–18) (Scheme 1),
which were characterized by comparing their spectral data
with those reported previously (5,7). The 2-hydroxy-substi-
tuted saturated FAME were characterized as methyl-(2R)-hy-
droxy-tetradecanoate (FAME-1) (Rt = 14.20 min, m/z 258
[M]+, 199 [M − 59]+), -pentadecanoate (FAME-2) (Rt = 15.30
min, m/z 272 [M]+, 213 [M − 59]+), -hexadecanoate (FAME-3)
(Rt = 16.43 min, m/z 286 [M]+, 227 [M − 59]+), -heptadec-
anoate (FAME-4) (Rt = 17.20 min, m/z 300 [M]+, 241 [M −
59]+), -octadecanoate (FAME-5) (Rt = 18.43 min, m/z 314
[M]+, 255 [M − 59]+), -nonadecanoate (FAME-6) (Rt = 19.05
min, m/z 328 [M]+, 269 [M − 59]+), -eicosanoate (FAME-7)
(Rt = 20.18 min, m/z 342 [M]+, 284 [M − 59]+), -docosanoate
(FAME-8) (Rt = 22.15 min, m/z 370 [M]+, 311 [M − 59]+),
-tricosanoate (FAME-9) (Rt = 23.17 min, m/z 384 [M]+, 326
[M − 59]+), -tetracosanoate (FAME-10) (Rt = 24.47 min, m/z
398 [M]+, 339 [M − 59]+), and -pentacosanoate (FAME-11)
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TABLE 2
13C NMR Data for Compounds 1–7 in CD3OD

C 1–3, 5, 6 4 7

1 69.7 69.7 69.9
2 54.6 54.6 54.6
3 72.8 72.8 72.9
4 131.3 131.4 131.1
5 134.4 134.2 134.8
6 33.9 33.6 33.1
7 35.5 35.5 35.9
8 128.5a 132.0c

9 135.0 131.7b

10 136.1 132.3b

11 130.3a 133.5c

(CH2)n 30.3–33.0 30.3–33.2 30.4–30.7
CH3–CH2 14.4 14.4 14.4
14 28.2e

15 130.4f

16 131.2f

17 27.9e

19 12.8
1’ 177.0 177.2 177.2
2’ 73.1 73.1 73.1
14’, 17’ 28.1
15’ 130.8d

16’ 131.0d

1” 104.7 104.7 104.7
2” 74.9 75.0 75.0
3” 77.9 78.0 78.0
4” 71.3 71.6 71.6
5” 77.9 78.0 77.9
6” 62.5 62.7 62.7
aAssignments with the same superscript (a–f) may be reversed.



(Rt = 25.67 min, m/z 412 [M]+, 353 [M − 59]+). Four unsatu-
rated and one nonsubstituted FAME were identified as
methyl-(2R)-hydroxy-docosenoate (FAME-12) (Rt = 21.87
min, m/z 369 [M + H]+, 309 [M − 59]+), -tricosenoate
(FAME-13) (Rt = 22.85 min, m/z 382 [M]+, 323 [M − 59]+),
-tetracosenoate (FAME-14 and FAME-15) (Rt = 24.13 min,
m/z 396 [M]+, 337 [M − 59]+), -pentacosenoate (FAME-16
and FAME-17) (Rt = 25.38 min, m/z 410 [M]+, 352 [M −
59]+). The position of the double bond in the unsaturated
methyl-(2R)-hydroxyacids (FAME 12–17) was determined
by GC–MS analysis of the DMDS derivatives (24). The fol-
lowing unsaturated FAME were identified: methyl-(2R)-hy-
droxy-15-docosenoate (FAME-12) (Rt = 19.53 min, m/z 392
[M − 60]+, 247 [392 − 145]+, 145 [CH3(CH2)5CH=SCH3]+),
-14-tricosenoate (FAME-13) (Rt = 22.58 min, m/z 418 [M −
59 + H]+, 245 [418 − 173]+,173 [CH3(CH2)7–CH=SCH3]+),
-15-tetracosenoate (FAME-14) (Rt = 24.12 min, m/z 432 [M −
59 + H]+, 259 [432 − 173]+, 173), -10-tetracosenoate (FAME-
15) (Rt = 24.12 min, m/z 432 [M − 59 + H]+, 243 [CH3–
(CH2)12–CH=SCH3]+, 189 [432 – 243]+), -16-pentacosenoate
(FAME-16) (Rt = 26.55 min, m/z 446 [M – 59 + H]+, 273 [446
− 173]+), 173), and -18-pentacosenoate (FAME-17) (Rt =
26.73 min, m/z 446 [M – 59 + H]+, 301 [446 – 145]+, 145).
The only nonsubstituted FAME was identified as methyloc-
tadecanoate (FAME-18) (Rt = 15.15 min, m/z 298 [M]+, 239
[M − 59]+, 74). The main FAME were the 2-hydroxy-substi-
tuted saturated ones: FAME-4 (17.9%), FAME-5 (5.6%),
FAME-6 (7.8%), FAME-9 (10.4%), FAME-10 (12.2%), and
FAME-11 (22.8%). 

Analysis of the FAME mixture of G by GC–MS allowed
identification of eight 2-hydroxy-substituted saturated FAME
(1–5 and 8–10), methyl-(2R)-hydroxy-tetracosenoate
(FAME-15) (Rt = 24.12 min, m/z 396 [M]+, 339 [M − 59]+),
and four nonsubstituted FAME: methyltetradecanoate
(FAME-19) (Rt = 12.80 min, m/z 242 [M]+, 211 [M − 31]+),
-14-methylpentadecanoate (FAME-20) (Rt = 15.10 min, m/z
270 [M]+, 239 [M − 31]+, 227 [M − 43]+), -16-methylhep-
tadecanoate (FAME-21) (Rt = 17.17 min, m/z 298 [M]+, 267
[M − 31]+, 255 [M − 43]+, 74), and -eicosanoate (FAME-22)

(Rt = 19.02 min, m/z 326 [M]+, 295 [M − 31]+, 267 [M − 59]+,
74) (Scheme 1). The main FAME was FAME-4 (28.4%)
along with smaller proportions of FAME-3 (6.6%) and
FAME-6 (7.4%). Optical rotations of FAME mixtures from
BW ([α]D = −2.4° (c = 1.3, CHCl3)) and G ([α]D = −16.4º (c
= 0.73, CHCl3)) are in good agreement with the data reported
in the literature (25); therefore, the absolute stereochemistry
at C-2′ is suggested to be R. 

LCB mixtures derived from methanolysis of BW and G
were acetylated with acetic anhydride (Ac2O)/pyridine at
70°C and analyzed by GC–MS, showing the presence of 2-
acetamido-1,3-diacetoxy-9-methyl-4,8,10-octadecatriene
(acetylated LCB-1) (Rt = 20.5 min, m/z 375 [M –
CH3COOH]+, 316 [M – CH3COOH − CH3COO]+, 256, 178,
85), 2-acetamido-1,3-diacetoxy-4,8,10-octadecatriene (acety-
lated LCB-2) (Rt = 19.87 min, m/z 361 [M − CH3COOH]+,
302 [M − CH3COOH − CH3COO]+, 256, 164, 85), and 2-
acetamido-1,3-diacetoxy-4,15-docosadiene (acetylated LCB-3)
(Rt = 23.3 min, m/z 421 [M − CH3COO + H]+, 376 [M −
43 − CH3COOH]+, 316 [M − 43 − 2 × CH3COOH]+, 281 [M
− CH3COO − C10H39]+, 207 [M − 43 − C9H17]+ (Scheme 2).
The relative stereochemistry at C-2 and C-3 was proposed as
2S,3R from optical rotation data of the acetylated LCB mix-
tures ([α]D = −17.2° (c = 0.3, Cl3CH), in good agreement with
data for synthetic 1-O-2-N-3-O-triacetyl-D-erythro-sphingo-
sine (26). 

Fraction BW (320.4 mg) was separated repeatedly by RP-
HPLC into six major fractions (1–6), whereas fraction G
(165.0 mg) yielded three fractions (1, 4, and 7). Each fraction
displayed a single peak on RP-HPLC. Fractions 1–4 and 7 re-
vealed single molecular ion peaks in their negative FAB mass
spectra, but fractions 5 and 6 exhibited two and three molec-
ular ions, respectively.
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Fractions 1–3, 5, and 6 (Scheme 3) showed the same char-
acteristic 1H and 13C NMR signals due to C-1-C-11, C-1′,
C-2′, C-1′′-C-6′′ of a 1-O-β-glucopyranoside of a (2S,3R,
4E,8E,10E)-2-amino-1,3-dihydroxy-9-methyl-4,8,10-octadec-
atriene ceramide possessing a (2R)-hydroxy FA (Tables 1
and 2). The presence of a singlet at δ 1.71 ppm in the 1H
NMR spectrum and of the corresponding signal at δ 12.8 ppm
in the 13C NMR spectrum was diagnostic for the presence of
a methyl group (C-19) attached to an olefinic carbon. 13C
NMR spectra (Table 2) confirmed the ceramide nature of the
compounds (δ 177.0 ppm, C=O) with normal-chain bases and
FA (terminal methyl at δ 14.4 ppm) and a (2S,3R,4E)-sphin-
gosine-type base indicated by C-2 and C-3 chemical shifts at
δ 54.6 and 72.8 ppm (5).

These spectra were almost superimposable with those of
ophidiacerebroside C (8) and of glucosylceramides isolated
from C. lurida (20) containing (2S,3R,4E,8E,10E)-2-amino-
9-methyl-4,8,10-octadecatrien-1,3-diol as the LCB moiety. 

Fractions 1–3, 5, and 6 were methanolized (23) and the
FAME analyzed by GC–MS; a single FAME was detected for
fractions 1 (FAME-3), 2 (FAME-4), and 3 (FAME-5), two
kinds of FAME were obtained for fraction 5 (FAME-8 and
FAME-14) and four kinds of FAME for fraction 6 (FAME-8,
FAME-9, FAME-14, and FAME-11). Double-bond position
in FAME-14 was determined from the GC–MS analysis of the
DMDS derivative (24) according to ions at m/z 490 [M]+, 317
[M – 173]+, and 173. 

LCB obtained from methanolysis of 1–3, 5, and 6 were
acetylated and analyzed by GC–MS. Results showed the pres-
ence of 2-acetamido-1,3-diacetoxy-9-methyl-4,8,10-octadec-
atriene as evidenced by the ions at m/z 435 [M]+, 375 [M −
CH3COOH]+, 315 [M − 2 × CH3COOH]+ and 256 (β-cleav-
age from ∆4).

Taking into account the FABMS spectra and the metha-
nolysis products of each fraction, one can determine that three
fractions are homogeneous. These fractions are assigned to
compounds 1, 2, and 3 (Scheme 3). Glucosylceramide 1 was
identified as phalluside-1, previously isolated from the ascid-
ian Phallusia fumigata (14), whereas 2 and 3 are also known
compounds previously isolated from C. lurida (20). Fraction
5 (Scheme 3) is a mixture of glucosylceramide 5a, previously
isolated from Ophidiaster ophidiamus (ophidiacerebroside C)

(8) and C. lurida (19) and the new 5b {(2S,3R,4E,8E,10E)-1-
(β-D-glucopyranosyloxy)-3-hydroxy-2-[(R)-2-hydroxy-15-
tetracosenoyl]amino-9-methyl-4,8,10-octadecatriene}. Frac-
tion 6 (Scheme 3) is a mixture of the known glucosyl-
ceramides ophidiacerebroside C (5a) and 6a, previously
isolated from O. ophidiamus (8), and the new glucosylce-
ramides 5b and 6b (2S,3R,4E,8E,10E)-1-(β-D-glucopyra-
nosyloxy)-3-hydroxy-2-[(R)-2-hydroxypentacosanoyl]amino-
9-methyl-4,8,10-octadecatriene. Scarcity of material prevented
our attempt to isolate new glucosylceramides 5b and 6b as
pure compounds.

Compound 4 (Scheme 4) was obtained as a white amor-
phous powder. The FABMS (negative ion mode) spectrum
showed a single [M − H]− peak at m/z 820 and the corre-
sponding [M − 162]− ion at m/z 658 due to the loss of the hex-
ose unit. The 13C NMR spectrum (Table 2) of 4 was similar
to that of glucosylceramides 1–3, 5, and 6 except that its
structure lacked the methyl group at C-9 as reflected by the
absence of the signal at δ 12.8 ppm and the singlet at δ 1.70
ppm in the 1H NMR spectrum (Table 1). Signals at δ 73.1
(C-2′) and 25.1 ppm (C-3′), shifted downfield compared with
those of an unsubstituted acid, indicated the presence of a 2-
hydroxyacid moiety (27). The unsaturation pattern in the 1H
NMR spectrum showed a double doublet at δ 5.48 ppm (J =
15.4, 7.5 Hz, H-4) and a double triplet at δ 5.73 ppm (J =
15.1, 6.4 Hz, H-5), characteristic of a ∆4 sphingosine with
trans configuration and multiplets at δ 5.54, 5.56, 5.96, and
5.99 ppm. This pattern differed from the olefinic pattern ob-
served for glucosylceramides 1–3, 5, and 6 with the methyl
group at C-9 in the LCB moiety (Table 1). The COSY 1H-1H
spectrum of 4 showed correlations between the H-4 signal (δ
5.48 ppm), the broad triplet at δ 4.14 ppm (H-3), and the double
triplet at δ 5.73 ppm (H-5). The latter signal also correlated
with a multiplet at δ 2.15 ppm (H-6). Further correlations
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between olefinic signals at δ 5.54, 5.56, 5.96, and 5.99 ppm
and vicinal methylene groups at positions 7 and 12 allowed
us to establish the olefinic pattern of the LCB unit as a 4,8,10-
triene. The conjugated diene structure was also supported by
a UV absorbance band at 224 nm. The same LCB moiety was
identified for the first time in a mixture of LCB obtained by
hydrolysis of the glucosylceramide mixture isolated from the
spermatozoa of the starfish Asterias amurensis (28) and fur-
ther in a ceramide isolated from the gorgonian Acabaria un-
dulata (17). A LCB also containing a 4,8,10-triene but whose
structure was not completely defined was reported in a gluco-
sylceramide isolated from the ascidian P. fumigata (14).

The isolated olefinic triplet at δ 5.35 ppm (J = 4.8 Hz),
which correlated only with a methylene signal at δ 1.98 ppm,
was therefore assigned to the acid moiety. Z geometry was de-
duced from the J value and the triplet shape of the signal (5)
in the 1H NMR spectrum and was confirmed by the chemical
upfield shift of allylic methylene carbon signals at δ 28.1 ppm
(27). The presence of eight olefinic signals in the 13C NMR
spectrum of 4 confirmed the presence of three unsaturations
in the base and one in the acid moiety. Assignment of these
signals was derived from 1H-1H COSY and bidimensional
NMR experiments.

Acidic methanolysis of 4 yielded a FAME, a methyl gly-
coside, and a LCB. GC analysis of the peracetylated alditol
derivative (23) confirmed glucose as the hexosyl moiety.
GC–MS analysis of the FAME showed a single peak at Rt =
23.90 min. The molecular ion peak at m/z 396 [M]+and frag-
ment ion peaks at m/z 365 [M − 31]+ and 338 [M − CH3COO
+ H]+ confirmed the presence of methyl-2-hydroxytetra-
cosenoate (FAME-14, Scheme 1). The double-bond position
in FAME-14 was determined by GC–MS analysis of the
DMDS derivative (24) according to peaks at m/z 490 [M]+,
431 [M − CH3COO]+, 384 [431 − SCH3]+, 257 [431 − 173 −
H]+, and 173. 

Acetylation of LCB derived from methanolysis of 4 and
GC–MS analysis of the acetylated LCB showed the presence
of a C-18 sphingosine-type base (acetylated LCB-2, Scheme
2) on the basis of peaks at m/z 421 [M]+, 243 (C-5/C-6 cleav-
age), and 85 (β-cleavage to ∆10).

All these data allowed us to determine the structure of the
new glucosylceramide 4 as (2S,3R,4E,8E,10E)-1-(β-D-glu-
copyranosyloxy)-3-hydroxy-2-[(R)-2-hydroxy-15-tetra-
cosenoyl]amino-4,8,10-octadecatriene. The LCB and FA
moieties of 4 have been detected in the LCB and FAME mix-
tures isolated from the glucosylceramide mixture of A.
amurensis (28), but because no attempt was made in the ref-
erence work to obtain the pure cerebrosides, it cannot be in-
ferred whether glucosylceramide 4 was present in spermato-
zoa of A. amurensis.

The 1H NMR spectrum of 7 (Table 1) showed characteris-
tic signals at δ 3.71 (H-1), 4.11 (H-1, H-3), 3.97 (H-2, H-2′),
5.47 (H-4), and 5.72 ppm (H-5) for a glucosylceramide con-
taining a sphingosine-type LCB moiety and a 2-hydroxy FA.
The monosaccharide signals in the 1H and 13C NMR spectra
(Tables 1 and 2) confirmed glucose as the hexose unit. Glu-

cosylceramide 7 (Scheme 4) showed the presence of an addi-
tional disubstituted double bond on the basis of a triplet at δ
5.35 ppm in the 1H NMR spectrum and two olefinic carbon
signals at δ 130.4 and 131.2 ppm in the 13C NMR spectrum.
In determining the identities of the FA and the LCB, com-
pound 7 was methanolized with 1 N HCl in 82% (by vol)
aqueous MeOH. FAME analysis of 7 allowed identification
of methyl-2-hydroxyhexadecanoate (FAME-3) on the basis
of ions at m/z 286 [M]+ and 227 [M − CH3COO]+. GC–MS
analysis of the acetylated LCB showed ions at m/z 361 [479 −
2 × CH3COO]+ and 216 (cleavage at C-3/C-4), suggesting the
presence of a sphingosine-type base with 22 carbons and one
isolated double bond in the chain. Z geometry of the double
bond was deduced from the J value (5.9 Hz) and the shape of
the signal at δ 5.35 ppm (5) in the 1H NMR spectrum and con-
firmed by the chemical upfield shift of allylic methylene car-
bon signals at δ 27.9 and 28.2 ppm (29). The position of the
additional double bond in the LCB was determined to be ∆15

from the CG–MS analysis of the DMDS derivative of the
acetylated LCB (24), on the basis of the peaks shown in
Scheme 5.

All these data allowed identification of 7 as (2S,3R,
4E,15Z)-1-(β-D-glucopyranosyloxy)-3-hydroxy-2-[(R)-2-hy-
droxyhexadecanoyl]amino-4,15-docosadiene, a new com-
pound. Related glucosylceramides with ∆9 and ∆13 LCB moi-
eties were isolated from the starfish A. amurensis versicolor
(5).

A comparative analysis of the composition of both mix-
tures (BW and G) showed differences in the FA and LCB
moieties. LCB-1 was the most frequent LCB found in BW,
whereas LCB-1, LCB-2, and LCB-3 were equally distributed
in G. As for the FAME composition, BW showed FAME-11
as the main component, but FAME-4 was the component in
greater proportion in G. All FAME detected in BW had nor-
mal chains, whereas G showed FAME with iso chains as
minor components.
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ABSTRACT: The content and positional distribution of CLA in
TAG fractions of lamb tissues was examined with either pre-
formed CLA or the linoleic acid precursor of CLA in the diet as
experimental treatments. The CLA content of phospholipid (PL)
from these tissues was also examined. Thirteen lambs were
randomized to the following dietary treatments: (i) control diet
(no supplement); (ii) CLA supplementation (0.33 g d−1 for 21 d
prior to weaning) to milk-replacer of pre-ruminating lambs, or 
(iii) feeding linoleic acid-rich oil (6% safflower oil on a dry mat-
ter basis) to weaned ruminating lambs. At slaughter, tissue sam-
ples were procured from diaphragm, rib muscle, and subcuta-
neous (SC) adipose tissue. Safflower oil supplementation in the
diet resulted in an increase in CLA content of the TAG from di-
aphragm, rib muscle, and SC adipose tissue by about threefold
(P < 0.05) on a mol% basis. CLA was localized to the sn-1/3 po-
sitions of TAG. Animals that received pre-formed CLA, however,
had increased proportions of CLA at the sn-2 position of TAG
from SC adipose tissue, suggesting that there were tissue-specific
dietary effects and possible age-related effects on the mode of
FA incorporation into TAG. Safflower oil supplementation in the
diet had no effect on the CLA content of PL from diaphragm, rib
muscle, and SC adipose tissue, suggesting that CLA was prefer-
entially incorporated into the TAG of these tissues.

Paper no. L8792 in Lipids 37, 605–611 (June 2002).

CLA isomers are intermediary metabolites in the bioconver-
sion of dietary linoleic acid (18:2) to stearic acid (18:0) by the
microorganism Butyrivibrio fibrisolvens in ruminants (1). CLA
includes several positional and geometric isomers of 18:2 with
double bonds predominantly at the 9- and 11-, 10- and 12-, or
11- and 13-carbon atoms, with various combinations of cis and
trans configuration at each double bond. CLA represents a rel-
atively minor component of the total FA composition of foods,
but ingestion of the isomers results in strong fat-to-lean reparti-
tioning effects in rats (2), protection against the effects of car-
cinogens when present in the diet (in the range of 0.1–1%)
(3,4), and stimulation of the immune system (5). Furthermore,
CLA in milk has been implicated as a factor responsible for the
inverse relationship between high milkfat consumption and
low incidence of mammary cancer in humans (6).

In general, meat and dairy products from ruminants con-
tain more CLA than products from nonruminants (7,8). The

concentration of CLA in beef ranges from 1.7 to 8.5 mg CLA
g−1 of fat and is affected by the nature of the feed (9,10).
Canola oil or full-fat rapeseed supplementation of goat or
dairy cow diets, respectively, increased CLA content in milk
(11,12). A diet that included 5% free 18:2 significantly in-
creased the CLA concentration of both the neutral lipid (NL)
and phospholipid (PL) fractions of liver tissue samples from
rats (2). As well, inclusion of preformed CLA in rat diets has
been shown to result in a sixfold increase in the CLA content
of the PL fraction compared to controls (13). In a more recent
study using mice, a dose-dependent increase in CLA content
was observed in epidermal NL and PL as CLA in the diet was
increased from 0 to 1.5% (14). CLA and other conjugated
diene intermediates also have been found in the PL fraction
from lamb liver (15). A recent study with lactating dairy cows
has indicated that trans-11 18:1 represents the major precur-
sor of CLA in milk fat (16). The CLA was produced by the
catalytic action of an endogenous ∆9 desaturase. In another
recent study, pigs were shown to produce back fat CLA by
endogenous ∆9 desaturation of dietary trans-11 18:1 (17). 

Recently, we demonstrated that dietary safflower or sun-
flower oil supplementation enhanced the CLA content of var-
ious lamb tissues through provision of the 18:2 precursor of
CLA (18,19). The current study extends our investigations on
the inclusion of 18:2 in the diet of lambs to gain insight into
the pathway of incorporation of CLA into the major glyc-
erolipid classes of muscle and adipose tissue. Lipid samples
were isolated from diaphragm, rib muscle and subcutaneous
(SC) adipose tissue obtained at slaughter from lambs fed CLA
as a free acid pre-weaning (pre-ruminating) and those fed a
high-18:2 diet post-weaning (ruminating) to investigate ef-
fects on the CLA content of TAG and PL. Incorporation of
CLA into TAG was further investigated through analyses of
the positional distribution of CLA on the glycerol backbone. 

MATERIALS AND METHODS

Lambs and dietary regimes. The management protocol and
diets fed to the crossbred (Suffolk × Dorset) lambs (Ovis
aries) used as a source of tissue in this study have been re-
ported previously (18). Thirteen 4-wk-old lambs with an av-
erage weight of 12.5 ± 3.4 kg (± SEM) were removed from
ewes and then maintained in two pens with ready access to
milk replacer from an artificial ewe feeding apparatus for 21
d. The lambs also had access to a pelleted creep feed com-
posed of barley grain, alfalfa, and soybean meal. Five lambs
in the control treatment and four lambs designated to receive
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6% safflower oil upon weaning were given 50 mL of milk re-
placer containing 5 mL of olive oil as a carrier on a daily basis
by bottle. Four lambs constituting the CLA treatment group
received 50 mL of milk replacer containing 0.33 g CLA (free
acid) (catalog # 05507; Sigma-Aldrich Canada Ltd., Oakville,
Ontario, Canada) dissolved in 5 mL of olive oil on a daily
basis. The lambs were weaned off the artificial ewe after 21 d
at an average weight of 18.9 ± 3.4 kg (± SEM) and were then
transferred to individual pens and provided a pelleted diet 
ad libitum. Control lambs and those that received CLA-
supplemented milk replacer were supplied with the pelleted
diet, whereas the lambs in the safflower oil treatment were
administered a pelleted diet supplemented with 6% oil on a
dry matter basis. 

Safflower oil bought from a commercial source contained
78% 18:2. Commercial safflower oil has been reported to
contain 0.7 mg CLA/g (20). The CLA from Sigma-Aldrich
consisted of about 50% trans-9,cis-11 and cis-9,trans-11
combined, 40% trans-10,cis-12, and 10% cis-10,cis-12 CLA.
The pelleted diet consisted of the following ingredients: bar-
ley, 56.2%; dehydrated alfalfa, 29.5%; soybean meal, 9.0%;
molasses, 2.0%; mineral mixture, 1.05%; maxi-pel (a binder
used to keep the pellet intact), 1.0%; calcium phosphate,
0.5%; ammonium chloride, 0.5%; dicalcium phosphate,
0.2%; 0.2% vitamin A (10 million IU kg−1); vitamin E
(100,000 IU kg−1), 0.033%; and Deccox (to prevent coccidio-
sis) pre-mix, 0.018%. The diet had a crude protein content of
16.6%. The pelleted diet was low in fat content. Collectively,
the dried alfalfa and barley contained less than 2% lipid (21).
This diet was fed to the lambs for 80 ± 1.8 d. The average
weight of the animals at slaughter was 45 ± 2.9 kg (± SEM).

Tissue samples. At the time of slaughter, samples were
procured from diaphragm and SC adipose tissue. A double
chop from the 12th and 13th ribs was sampled from each ani-
mal at the time of cutting. All tissue samples were obtained
from the same half of the carcass. Tissue samples were stored
in sterile plastic bags with as little air as possible, kept on ice
for approximately 30 min and then frozen in liquid N2. Tis-
sues were stored at −20°C until used. Samples were thawed
at 4°C, and subsamples were ground with a hand grinder until
completely blended and then refrozen and stored at −20°C.

Lipid extraction. Lipids were extracted using CHCl3/
CH3OH (2:1, vol/vol) (22). Stored tissue was thawed at 4°C,
and 500 mg of tissue was weighed into a test tube and ho-
mogenized in 5 mL of CHCl3/CH3OH (2:1, vol/vol), using a
Kinematica homogenizer model PT-10-35 (Brinkmann In-
struments, Rexdale, Ontario, Canada) at speed setting 6 for
30 s. The probe was rinsed with 5 mL CHCl3/CH3OH (2:1,
vol/vol), and the rinse and homogenate were combined and
centrifuged at 1600 × g for 30 min. The supernatant was
washed two times with 2 mL 0.29% NaCl (wt/vol), and the
final organic phase was passed through a small column of an-
hydrous Na2SO4. The dehydrated lipid extract was then evap-
orated to dryness at 37 to 40°C under a gentle stream of N2.
The total lipid (TL) was dissolved in CHCl3 to a final concen-
tration of 150 mg mL−1 and stored at −20°C under N2.

Separation of lipid classes. TL was fractionated into NL
and PL fractions using a modification (2) of a previously de-
scribed method (23). TL (30–60 mg in 500–1000 µL CHCl3)
was applied to a silica cartridge (Sep-Pak Classic; Waters
Limited, Mississauga, Ontario, Canada) followed by a three-
step elution procedure. The NL fraction was eluted with 20
mL CHCl3 injected by syringe at a flow rate of approximately
25 mL min−1. MAG was eluted with 10 mL CHCl3/CH3OH
(98:2, vol/vol) at a flow rate of approximately 20 mL min−1.
The PL fraction was eluted with 30 mL CH3OH at a flow rate
of 25 mL min−1. The PL and NL fractions were evaporated to
dryness under N2 gas and dissolved in CHCl3 to a final con-
centration 10 mg mL−1, then stored under N2 at −20°C.

TAG isolation. Two hundred microliters of 150 mg TL
mL−1 (30 mg TL) were applied to a pre-run EM Science
HPTLC-Fertigplatten Kieselgel 60 plate (10 × 20 cm, 0.25
mm thick) (VWR Canlab, Mississauga, Ontario, Canada).
Fifty microliters of 10 mg trioleoylglycerol mL−1 were ap-
plied as a reference standard (Sigma-Aldrich Canada,
Oakville, Ontario, Canada). Lipids were separated with one
ascension of hexane/diethyl ether/acetic acid (80:20:1, by
vol) (24). The isolated TAG were dissolved in CHCl3 to a
concentration of 10 mg mL−1 and stored under N2 at −20°C.

Digestion of TAG using pancreatic lipase. Pancreatic li-
pase was used to generate sn-2-MAG from TAG (25). Two
milligrams of dried TAG was suspended in 500 µL of pancre-
atic lipase buffer [1 M Tris-HCl, pH 8, containing 10% gum
arabic (wt/vol) and 0.23 M CaCl2 (wt/vol)] by sonication.
Five hundred microliters of pancreatic lipase buffer contain-
ing 8 mg pancreatic lipase mL−1 was added to the TAG sus-
pension; the mixture was vortexed briefly and incubated at
37°C for 1 h in a shaking water bath. The reaction was
stopped with 500 µL of 0.1 N acetic acid, and the lipid was
extracted three times with 2 mL diethyl ether. Each extract
was passed through a small column of anhydrous Na2SO4,
combined, and then evaporated to dryness under N2. The ex-
tracted lipid was redissolved in 100–200 µL CHCl3 and ap-
plied to boric acid TLC plates (see below). Fifty microliters
of a 10 mg mL−1 solution of sn-2-monooleoylglycerol
(Sigma-Aldrich) was applied as a reference standard. Lipids
were separated by one ascension of CHCl3/CH3COCH3
(88:12, vol/vol) (26). 

Elution of TAG and MAG from silica gel. TAG and sn-2-
MAG standards were visualized with iodine vapor. The silica
containing the fraction of interest was removed from the TLC
plate with a glass microscope slide onto glassine paper and
transferred to a methanol-washed test tube. Lipids were
eluted from silica by extracting twice with 5 mL and once
with 2 mL of CHCl3. The slurry was shaken vigorously and
centrifuged at 400 × g for 5 min. Each eluent was passed
through a column of anhydrous Na2SO4. The combined lipid
fractions were stored at −20°C under N2.

Preparation of boric acid TLC plates. Boric acid TLC
plates were prepared using a slurry of 60 g Silica Gel G
(Sigma-Aldrich) and 160 mL 0.4 M boric acid to make five
20 × 20 cm, 0.5 mm thick, TLC plates. The plates were air-
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dried, heated for 2 h at 120°C, and then stored at room tem-
perature in the presence of desiccant until use.

Analysis of FA composition. Tetramethylguanidine was
used to transmethylate lipid samples (27,28). Lipid samples
were dried under N2 with 2 µL of 20 mg 21:0 methyl ester
mL−1 added as an internal standard. The dried lipid was sus-
pended in 500 µL methanol/tetramethylguanidine (4:1,
vol/vol) and incubated in a boiling water bath for 30 min. Five
milliliters of saturated NaCl solution were added after cooling
to room temperature, and the lipids were extracted three times
with 2 mL of petroleum ether. The extracts were combined and
passed through a column of anhydrous Na2SO4. The lipid ex-
tract was evaporated to dryness under N2 and redissolved in
100 µL hexane. Analysis of FAME was carried out using a Su-
pelcowax-10, 30 m × 0.25 mm × 0.25 µm column (Sigma-
Aldrich) installed in a HP5890 Series Plus II gas chromato-
graph equipped with a FID and splitless injection (10). The
initial temperature was 50°C. This was increased to 200°C at
a rate of 25°C per minute. Following this, the temperature was
then increased, sequentially, from 200 to 220°C and 220 to
240°C at a rate of 1°C per min and 15°C per min, respectively.
Identification of FA was by comparison to retention times of
known standards (Sigma-Aldrich), and quantification of the
peaks was done by determining the area under each peak. In-
dividual FA were calculated as a mol% of the following com-
bined FA: 16:0, 18:0, 18:1, 18:2, α-18:3, and CLA. In the case
of CLA, GLC peaks for all isomers were pooled and reported
as mol% of 16:0, 18:0, 18:1, 18:2, α-18:3, and CLA.

Calculations and statistical analysis. The FA composition
of the sn-1/3 positions of the TAG (29) was calculated from
the mean values obtained from the TAG (combined sn-1, 
sn-2, and sn-3) and sn-2-MAG FA analysis as follows:

sn-1/3 mol% = (TAG mol% × 3 − sn-2-MAG mol%)/2 [1]

The methods used for determining positional distribution of
FA were tested with standard TAG. FA composition data were
analyzed using the JMP IN Version 3.2.1 statistical package
(SAS Institute Inc., 1989–1997, Cary, NC). ANOVA was fol-
lowed by a pairwise comparison of treatments to the control
using Dunnett’s test (30).

RESULTS

FA composition of TAG. The FA compositions of the TAG
fractions of diaphragm, rib muscle, and SC adipose tissue are
shown in Tables 1–3. Long-chain PUFA (>C18) were not in-
cluded in the analyses, and the isomers of CLA were not fully
resolved. The mole percent of CLA in TAG was significantly
higher (P < 0.05) in animals fed 6% safflower oil compared
to the controls. In general, the CLA content of the TAG frac-
tion of diaphragm, rib muscle, and SC adipose tissue in-
creased by about threefold in animals that received the saf-
flower oil dietary treatment. No significant differences in the
CLA content of TAG were observed between tissues of the
CLA-supplemented group and controls. Regardless of diet,
oleic acid (18:1) was the major component of the TAG

(46.2–54.5 mol%) in these three tissues. This was followed
by palmitic acid (16:0) (24.7–33.1 mol%), stearic acid (18:0)
(9.5–18.2 mol%), 18:2 (4.1–6.4 mol%), CLA (0.2–1.6 mol%)
and α-linolenic acid (α-18:3) (0.5–1.1 mol%). The 16:0 con-
tent of TAG from the rib muscle of lambs fed safflower oil
was significantly lower (P < 0.05) than the control (27.6 vs.
31.5 mol%). This decrease was apparently compensated for
by increases in the proportions of 18:0, 18:1, and 18:2. The
proportion of α-18:3 also decreased significantly (P < 0.05),
from 1.0 mol% of the TAG in the control to 0.5 mol% of the
TAG in the safflower oil-fed group. 
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TABLE 1
Effect of Diet on FA Composition of TAG and Positional Distribution
of FA in TAG from Diaphragm

FA (mol%)a

Fraction Diet 16:0 18:0 18:1 18:2 α-18:3 CLA n

TAG
CLA 26.8 16.7 50.9 4.3 1.0 0.4 3
Control 24.7 18.2 51.2 4.7 0.8 0.3 5
Safflower 28.1 17.0 47.4 5.7 0.9 0.8* 4
SEM 1.17 1.08 1.05 0.27 0.22 0.04

sn-2
CLA 39.7 28.6 21.7 9.9 0 0 3
Control 34.2 25.4 30.4 9.7 0.16 0.15 5
Safflower 36.2 27.5 24.4 12.1 0 0 4
SEM 3.00 2.16 3.41 2.55 0.06 0.06

sn-1/3
CLA 20.4 10.7 65.4 1.5 1.5 0.5 3
Control 20.0 14.6 61.6 2.2 1.1 0.3 5
Safflower 24.1 11.7 59.0 2.6 1.4 1.2* 4
SEM 2.97 1.91 2.75 1.33 0.33 0.06

aMol% of the total FA listed. *P < 0.05 by Dunnett’s test compared to
control; CLA, conjugated linoleic acid in diet as free acid pre-weaning;
safflower, 6% safflower oil in diet post-weaning; control, no dietary
treatment.

TABLE 2
The Effect of Diet on FA Composition of TAG and Positional 
Distribution of FA in TAG from Rib Muscle

FA (mol%)a

Fraction Diet 16:0 18:0 18:1 18:2 α-18:3 CLA n

TAG
CLA 33.1 14.8 46.2 4.6 1.1 0.2 4
Control 31.5 16.2 46.4 4.7 1.0 0.3 5
Safflower 27.6* 17.6 47.9 5.6 0.5* 0.8* 4
SEM 0.87 0.85 1.2 0.44 0.09 0.04

sn-2
CLA 37.2 24.3 31.6 7.0 0 0 4
Control 39.6 25.5 31.1 3.4 0.16 0.2 5
Safflower 40.0 24.0 31.4 4.4 0 0.2 4
SEM 1.71 2.49 2.11 1.75 0.06 0.14

sn-1/3
CLA 31.0 10.0 53.5 3.4 1.7 0.3 4
Control 27.5 11.6 54.0 5.3 1.4 0.3 5
Safflower 21.4 14.4 56.1 6.2 0.8* 1.1* 4
SEM 1.7 2.0 1.5 1.7 0.14 0.08

aMol% of the total FA listed. *P < 0.05 by Dunnett’s test compared to
control; CLA, conjugated linoleic acid in diet as free acid pre-weaning;
safflower, 6% safflower oil in diet post-weaning; control, no dietary
treatment.



Positional distribution of CLA and other FA in TAG. The
FA compositions of the sn-2 and sn-1/3 positions of di-
aphragm, rib muscle, and SC adipose tissue TAG as deter-
mined by pancreatic lipase digestion are also shown in Tables
1–3. No significant differences in the proportions of FA in the
sn-2 position of TAG from the diaphragm, rib muscle, or SC
adipose tissue were seen, and CLA was more abundant in
sn-1/3 positions of TAG than in the sn-2 position. The pro-
portion of CLA detected at the sn-2 position was 0.2 mol% or
lower in all categories with the exception of SC adipose tis-
sue, where the proportion of CLA in the sn-2 position was 4
mol% (Table 3). The proportion of CLA present in the sn-1/3
positions of TAG from the three tissues of lambs that were
fed the safflower oil-supplemented diet was significantly
higher (P < 0.05) than in sn-1/3 positions of TAG from con-
trols. The proportion of CLA increased by about three- to
fourfold at this position over the three tissue types. In gen-
eral, the FA composition at the sn-2 position of TAG in the
muscle tissues (diaphragm and rib) differed considerably
from the TAG isolated from SC adipose tissue. For example,
the proportion of 18:1 at the sn-2 position of TAG from SC
adipose tissue ranged from 47.4 to 64.8 mol%, whereas the
proportion of this FA ranged from 21.7 to 31.6 mol% in the
two muscle types. In rib muscle, the proportion of α-18:3 at
the sn-1/3 position of TAG was significantly lower (P < 0.05)
in animals fed a diet supplemented with safflower oil than in
the control (0.8 vs. 1.4 mol%) (Table 2).

FA composition of PL. CLA content ranged from 0–1.8
mol% in the PL of diaphragm, rib muscle, and SC adipose tis-
sue (Table 4). The only significant changes (P < 0.05) attrib-
utable to diet were for safflower oil-fed animals, which
showed a decrease of over twofold in mol% of α-18:3 in the
PL of both diaphragm and rib. The major FA of diaphragm

PL was 18:2 (32.5–43.3 mol%). The CLA content in the di-
aphragm was lower than in any of the other tissue PL, rang-
ing from 0 to 0.03 mol%. The major FA of rib muscle PL
were 18:1 (25.3–34.3 mol%) and 18:2 (24.0–44.2 mol%). The
CLA content of rib muscle PL ranged from 0.05 to 1.8 mol%.
The major FA of SC adipose tissue PL was 18:1 (45.6–54.7
mol%). The CLA content of SC adipose tissue PL ranged
from 1.0 to 1.1 mol%. The 18:2 content of PL of SC adipose
tissue was the lowest of all tissues studied at 6.1–10.7 mol%. 

DISCUSSION

Basal diets supplemented by unprotected polyunsaturated fats
in vegetable oils have been shown to have little effect on FA
composition of adipose tissue and skeletal muscle sampled
from various sites in steers (31). For example, supplementa-
tion with 6% safflower oil resulted in a slight increase in the
proportion of 16:0 and 18:0. Because dietary lipids are exten-
sively hydrogenated in the rumen to produce saturated FA, in-
corporation of higher levels of polyunsaturated fats in rumi-
nant tissues is usually accomplished by feeding protected fat
supplements that pass through the rumen and are absorbed in
the small intestine unchanged. The 18:2 present in safflower
oil is biohydrogenated in the rumen ultimately to produce
18:0. Intermediates of the biohydrogenation of 18:2 are CLA
and trans-11 18:1 (1). A recent investigation of the duodenal
flow of FA in ewes has shown that CLA and trans-11 18:1 are
equally abundant (32). In the current study, lambs fed a diet
supplemented with 6% safflower oil showed a significant in-
crease (P < 0.05) in the proportion of CLA in the TAG frac-
tion of diaphragm, rib muscle, and SC adipose tissue. No sig-
nificant change in the content of other major FA components
was observed. Increases of two- to fourfold in the CLA con-

608 L.J. PATERSON ET AL.

Lipids, Vol. 37, no. 6 (2002)

TABLE 3
The Effect of Diet on FA Composition of TAG and Positional 
Distribution of FA in TAG from Subcutaneous Adipose Tissue

FA (mol%)a

Fraction Diet 16:0 18:0 18:1 18:2 α-18:3 CLA n

TAG
CLA 30.8 9.5 54.5 4.1 0.7 0.5 4
Control 30.0 11.1 52.0 5.5 0.9 0.5 5
Safflower 32.2 10.8 48.3 6.4 0.7 1.6* 4
SEM 1.26 1.03 2.26 0.59 0.81 0.16

sn-2
CLA 15.3 9.7 64.8 5.3 1.4 4 4
Control 19.8 11.7 60.5 7.9 0 0 5
Safflower 28.9 19.9 47.4 3.7 0 0 4
SEM 2.73 2.40 4.40 1.80 0.46 1.05

sn-1/3
CLA 38.5 9.4 49.3 3.5 0.3 −0.9b 4
Control 35.1 10.8 47.7 4.3 1.3 0.8 5
Safflower 33.8 6.3 48.7 7.8 1.1 2.3* 4
SEM 2.85 2.28 4.99 1.05 0.36 0.70

aMol% of the total FA listed. *P < 0.05 by Dunnett’s test compared to
control.
bNegative value due to low abundance of FA. CLA, conjugated linoleic
acid in diet as free acid pre-weaning; safflower, 6% safflower oil in diet
post-weaning; control, no dietary treatment.

TABLE 4
The Effect of Diet on FA Composition of Phospholipid 
from Diaphragm, Rib Muscle, and Subcutaneous Adipose Tissue

FA (mol%)a

Fraction Diet 16:0 18:0 18:1 18:2 α-18:3 CLA n

Diaphragm
CLA 19.6 23.6 22.4 32.5 1.8 0.01 3
Control 17.7 25.1 20.8 34.8 1.6 0.03 5
Safflower 14.0 26.0 16.0 43.3 0.7* 0 4
SEM 1.41 1.09 1.63 2.70 0.16 0.01

Rib
CLA 22.5 13.5 34.3 24.0 2.5 0.05 4
Control 22.1 14.9 33.3 26.3 2.3 1.2 5
Safflower 15.3 12.4 25.3 44.2 0.9* 1.8 4
SEM 1.71 1.45 3.02 5.1 0.20 0.5

SC fat
CLA 25.6 17.0 47.7 8.3 0.4 1.1 4
Control 28.0 18.4 45.6 6.1 0.6 1.1 5
Safflower 19.7 13.7 54.7 10.7 0.2 1.0 4
SEM 3.04 1.98 4.95 2.34 0.19 0.50

aMol% of the total FA listed. *P < 0.05 by Dunnett’s test compared to
control; CLA, conjugated linoleic acid in diet as free acid pre-weaning;
safflower, 6% safflower oil in diet post-weaning; control, no dietary
treatment; SC, subcutaneous.



tent of TL of tissues from lambs fed a diet supplemented with
6% safflower oil have been observed (18). 

The polyunsaturated FA content in tissues of young rumi-
nants has been shown to increase following feeding with milk
replacers supplemented with 12.5–70 g sunflower oil d−1 for
up to 16 wk (31). The muscle and adipose tissue from animals
on this supplemented diet contained up to 40% of 18:2 in the
TAG fraction after 30 d. This increase in 18:2 content was ac-
complished owing to the bypass of the rumen when the
esophageal groove was closed while suckling. In this way, the
components of the diet were absorbed in the small intestine
as in nonruminants. In the current study, the direct feeding of
CLA to pre-weaned lambs for 21 d prior to weaning did not
increase the CLA content of the TAG fraction of any of the
tissues studied. The CLA may have been oxidized in the liver.
The increased CLA content observed in the TAG of the ani-
mals receiving the safflower oil diet resulted in the incorpo-
ration and storage of CLA in the TAG fraction of diaphragm,
rib muscle, and SC adipose tissue. The higher proportion of
CLA in the TAG of the SC adipose tissue, which was twofold
that of diaphragm and rib muscle (see Tables 1–3), suggested
that CLA was preferentially stored in this fat depot. Since
CLA was apparently oxidized in pre-ruminant animals fed
pre-formed CLA, it is possible that the increased levels of tis-
sue CLA observed with the diet supplemented with 6% saf-
flower oil may be the result of endogenous ∆9 desaturation of
trans-11 18:1 produced in the rumen from 18:2.

In mammalian fat depots, unsaturated FA have a tendency
to be localized to the sn-2 position of TAG, whereas saturated
FA tend to be localized to the sn-1 and sn-3 positions (33).
Recently, it was reported that TAG from human breast adi-
pose tissue contained higher percentages of CLA at the sn-2
position and lower percentages of CLA at the sn-1/3 positions
relative to TAG from adipose tissue from benign breast tu-
mors (34). Changes in FA positional distribution as affected
by diet also have been shown in bovine and ovine adipose tis-
sues (35–37) and ovine liver (36), but the mechanism respon-
sible for these diet-induced changes is unknown. In previous
studies with ruminants fed a protected supplement, high pro-
portions of additional 18:2 were incorporated into adipose tis-
sues with preferential esterification to the sn-2 position and to
a lesser extent the sn-3 position (31,36). 

In the present study, the positional distribution analyses of
the FA of TAG from the three tissues showed an increased pro-
portion of CLA in the sn-1/3 positions in the safflower oil diet
group that may be linked to the selectivity of the acyltrans-
ferases of TAG bioassembly. In contrast, CLA was detected in
the sn-2 position of TAG of SC adipose tissue from the CLA-
supplemented animals (Table 3). This observation indicated that
feeding CLA to pre-weaning lambs had an effect on the place-
ment of the CLA within TAG from SC adipose tissue. CLA sup-
plied through duodenal flow from the rumen or conversion of
duodenal trans-11 18:1 to CLA later in animal life, however, re-
sulted in preferential incorporation of CLA at the sn-1/3 posi-
tions of TAG from this tissue. The availability of new molecu-
lar tools for TAG-biosynthetic enzymes is having a substantial

effect on investigations into the regulation of TAG bioassembly
by nutrients, hormones, and physiological conditions (38).
These molecular tools could prove useful in increasing our un-
derstanding of the mode of CLA incorporation into TAG.

sn-1,2-DAG produced during TAG biosynthesis can also
be diverted to the biosynthesis of nitrogenous PL (38–40). Pre-
vious studies on incorporation of CLA have shown that CLA
is readily incorporated into the PL fraction of the mammary
gland and forestomach tissues of rodents (13,41). There is also
evidence that CLA is preferentially incorporated into the NL
fraction in mice (42). In the current study, safflower oil sup-
plementation in the diet had no effect on the CLA content of
PL from diaphragm, rib muscle, and SC adipose tissue, sug-
gesting that CLA was preferentially incorporated into the TAG
of these tissues. These observations suggested that there could
be a threshold of CLA incorporation into the PL of ruminants.
It has been suggested that the biological activity of CLA may
be related more to deposition of fat rather than through effects
on PL alteration (37). The relatively low levels of α-18:3 in
the PL of SC adipose tissue (Table 4) may have been due to
the competitive metabolism of CLA vs. 18:2 to produce a con-
jugated form of 18:3 (15), which was not quantified in this
study. Since sn-1,2-DAG is also a precursor of nitrogenous
PL, the CLA composition of TAG at the sn-1/2 positions
might be expected to reflect that of the PL to some extent, al-
though deacylation–acylation mechanisms are known to fur-
ther alter the fatty acyl composition of PL (43). The PL from
muscle tissue, however, represented a combination of PL from
both intramuscular adipocytes and muscle fibers. TAG biosyn-
thesis has also been reported to occur in muscle fibers (40,44).
Therefore, there may be differences in the incorporation of
CLA into the TAG of adipocytes from that of muscle fibers. 

Supplementation of lamb feedlot diet with safflower oil as a
source of unprotected 18:2 resulted in a significant increase in
the CLA content of TAG from various tissues. Dietary manipu-
lation had no significant effect on the CLA content of the PL
suggesting that the FA isomers were preferentially incorporated
into TAG. The highest mol% CLA was observed in SC adipose
tissue, indicating that CLA was preferentially stored in this fat
depot. CLA was not detected in significant quantities at the sn-2
position of the TAG molecule in any of the tissues examined.
There was, however, an increased amount of CLA in the sn-2
position of the SC adipose tissue from animals supplemented
with pre-formed CLA prior to weaning. Although feeding CLA
to pre-weaning lambs had no effect on the total CLA content of
the TAG, it influenced the positional distribution of CLA on the
TAG molecule. The described ruminant feeding model may be
useful for investigating the enzymology of CLA production and
incorporation into glycerolipids of ruminants. In addition to in-
vestigating endogenous production of CLA from trans-11 18:1,
studies on the specificity and selectivity for CLA of the acyl-
transferases involved in TAG and PL biosynthesis should pro-
vide further insight into the mechanism of CLA incorporation
into glycerolipids. In recent studies, we have characterized
DAG acyltransferase involved in TAG biosynthesis in bovine
muscle tissue using the diaphragm as a source of enzyme
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because this is the only muscle tissue that is available within 30
min of slaughter in a commercial abattoir (45,46). The use of
the diaphragm in our current study of the positional distribution
of CLA in TAG will provide background knowledge for design-
ing future experiments that will focus on the enzymology of
CLA incorporation using this tissue. It will also be important to
examine the relative contributions of intramuscular adipocytes
vs. muscle fibers to CLA incorporation into glycerolipids.
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ABSTRACT: Normal-phase HPLC resolution of sn-1,2(2,3)- and
x-1,3-DAG generated by partial Grignard degradation from nat-
ural TAG was carried out with both (R)-(−) and (S)-(+)-1-(1-naph-
thyl)ethylurethane derivatives. The diastereomeric sn-1,2- and sn-
2,3-DAG derivatives were resolved using two Supelcosil LC-Si (5
µm, 25 cm × 4.6 mm i.d.) columns in series and an isocratic elu-
tion with 0.37% isopropanol in hexane at a flow rate of 0.7
mL/min. The DAG were detected by UV absorption at 280 nm
and were identified by electrospray ionization MS in the positive
ion mode following postcolumn addition of chloroform/methanol/
30% ammonium hydroxide (75:24.5:0.5, by vol) at 0.6 mL/min.
Application of the method to a stereospecific analysis of the mo-
lecular species of TAG of rat VLDL showed that the TAG compo-
sition of VLDL circulating under basal conditions differs markedly
from that of VLDL secreted by the liver during inhibition of serum
lipases. The inhibition of serum lipases resulted in a significant
proportional decrease in 16:0 and PUFA and an increase in 18:0
and oligoenoic FA in the sn-1-position, whereas the FA composi-
tions in the sn-2- and sn-3-positions were much less affected.

Paper no. L8997 in Lipids 37, 613–619 (June 2002).

Stereospecific normal-phase HPLC analysis of natural TAG
via the diastereomeric naphthylethylurethanes (NEU) of the
DAG derived by Grignard degradation has been proposed
(1–4) as an inexpensive substitute for the more costly chiral-
phase HPLC analyses (5–7). However, the method does not
give a complete resolution of the diastereomeric DAG deriv-
atives when applied to TAG with a wide range of FA (2,3).
Partial overlaps among enantiomers during chiral-phase
HPLC of the dinitrophenylurethanes (DNPU) of DAG have
been successfully dealt with by combining it with on-line MS
(5,6) or by resolving the enantiomers as bis-DNPU deriva-
tives of the sn-1- and sn-3-MAG (7,8). The present study re-
ports that a combination of normal-phase HPLC of the di-
astereomeric NEU of DAG with on-line electrospray ioniza-
tion MS (ESI–MS) also permits an accurate determination of
the positional distribution of FA in the acylglycerols, as indi-
cated by stereospecific analyses of rat VLDL TAG. The quan-

tification of any remaining incompletely resolved molecular
species of DAG was facilitated by utilizing both R-(−)- and
S-(+)-forms of the derivatives. The study shows that a combi-
nation of normal-phase HPLC resolution of the diastereo-
meric sn-1,2- and sn-2,3-DAG NEU with on-line MS pro-
vides an effective alternative to chiral-phase HPLC resolu-
tion of the enantiomeric 3,5-DNPU.

MATERIALS AND METHODS

Materials. All solvents were HPLC or reagent grade and were
purchased from Caledon Chemicals (Toronto, Canada) or
Aldrich Chemical Co. (Milwaukee, WI). Ethyl magnesium bro-
mide and R-(−)- and S-(+)-1-(1-naphthyl)ethylisocyanate were
also from Aldrich Chemical Co. Sep-Pak® C18-cartridges were
purchased from Waters Corporation (Milford, MA). Tripalmi-
toylglycerol (99%) was obtained from Sigma (St. Louis, MO). 

Animal procedure. Male Wistar rats weighing 300–350 g
and maintained on standard chow were used. Rats were fasted
for 4 h before they were anesthetized with Somnatol (pento-
barbital, 50 mg/kg; M.T.C. Pharmaceuticals, Cambridge,
Canada). A cannula was inserted into the femoral vein and
Triton WR1339 (600 mg/kg, Tyloxapol; Sigma, St. Louis,
MO) or saline was injected. Two hours after injection, blood
was drawn and rats were killed by heart puncture. The blood
samples were taken into 5% EDTA, and plasma was immedi-
ately separated by centrifugation. Plasma was overlain with a
NaCl solution (d = 1.006 g/mL), and VLDL were separated
by ultracentrifugation at 125,000 × g in a 70.1 Ti rotor (Beck-
man Instruments, Palo Alto, Ca) for 16 h at 16°C. Livers were
removed and frozen in −70°C. These studies were approved
by the Animal Care Committee of the University of Toronto.

Isolation of TAG. Rat plasma VLDL and rat liver were ex-
tracted with chloroform/methanol (2:1, vol/vol) (9). Liver
samples (300–400 mg) were thoroughly minced with a
scalpel and extracted twice. The TAG were isolated by TLC
on silica gel H plates using heptane/isopropyl ether/acetic
acid (60:40:4, by vol) as the developing solvent (10). The
TAG band was located by spraying the plate with dichloro-
fluorescein, scraping off the spot, extracting the TAG with
chloroform/methanol, and, after solvent evaporation, redis-
solving it in chloroform for storage at −20°C.

Preparation of DAG. The plasma VLDL and liver TAG were
partially deacylated to sn-1,2-, sn-2,3-, and sn-1,3-DAG by
Grignard reaction (3). The TAG (about 1 mg) were dissolved in
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dry diethyl ether (1 mL) and 3 M ethyl magnesium bromide in
dry diethyl ether (40 µL) was added. The mixture was shaken
for 1 min before glacial acetic acid (50 µL) in hexane (5 mL)
and water (2 mL) were added to terminate the reaction. The or-
ganic layer was washed with 0.5% sodium bicarbonate (2 mL)
and water (2 mL) and dried by passing through two Pasteur
pipettes containing anhydrous sodium sulfate. The solvent was
evaporated in a stream of dry nitrogen at room temperature, and
the products were immediately derivatized.

Preparation of NEU derivatives. The Grignard products were
dissolved in dry toluene (0.3 mL), and R-(−)- or S-(+)-1-(1-naph-
thyl)ethyl isocyanate (10 µL) and 4-pyrrolidinopyridine (4 mg)
were added. The derivatization was performed by heating the
mixture at 50°C overnight (3). After evaporation of solvents in a
stream of nitrogen, the reaction products were dissolved in
methanol/water (95:5, vol/vol) and applied to a Sep-Pak C18 col-
umn, which had been solvated with the same solvent. An addi-
tional 15 mL of this solvent was passed through the column, and
NEU derivatives were then eluted with acetone (10 mL).

HPLC resolution of diastereomers. The diastereomeric
NEU derivatives of sn-1,2- and sn-2,3-DAG were separated
(2) by normal-phase HPLC using in series two Supelcosil LC-
Si columns (5 µm, 25 cm × 4.6 mm i.d., Supelco Inc., Belle-
fonte, PA). The columns were installed in a Waters 550 liquid
chromatograph connected to a Waters 990 photodiode array
detector. The samples were injected in hexane (10 µL). The
columns were eluted with 0.37% isopropanol in hexane at a
flow rate of 0.7 mL/min, and peaks were detected at 280 nm. 

HPLC/ESI–MS. The molecular species of DAG were iden-
tified by passing the effluent of the normal-phase HPLC
columns into a Hewlett-Packard 5989A single quadrupole
mass spectrometer equipped with a Hewlett-Packard Model
59987A nebulizer-assisted ESI interface. Nitrogen gas was
used as both nebulizing gas (60 psi) and drying gas (60 psi,
270°C). Positive ESI spectra were taken following postcol-
umn addition of chloroform/methanol/30% ammonium hy-
droxide (75:24.5:0.5, by vol) at 0.6 mL/min. The capillary
exit voltage (CapEx) was 220 V (unless indicated otherwise),
and the mass range scanned was 500–720 (200–1000 in test
runs). Capillary, endplate, and cylinder voltages were −4, 
−3.5, and −5 kV, respectively, in the positive ion mode. The
CapEx, which determines the extent of fragmentation by
means of a collision-induced dissociation process, was varied
between +90 and +270 V. Identification of the various un-
known species was performed on the basis of retention time
of standards, averaged full mass spectra, and the fragmenta-
tion patterns. The relative proportions of the molecular
species of the DAG were calculated from the areas of the
peaks obtained by single ion plots extracted from the total ion
current spectra. The masses given in text and figures refer to
protonated nominal, ammoniated, and sodiated ions. 

FA analysis. FAME of NEU derivatives of DAG and TAG
were prepared by acidic methanolysis using 6% H2SO4 in
methanol in sealed vials at 80°C for 2 h. The methyl esters were
extracted with hexane and analyzed by GLC (Hewlett-Packard,
Model 5890 Series II gas chromatograph) using a 15 m × 0.32
mm i.d. (film thickness 0.20 µm) SP 2380 capillary column

(Supelco, Bellefonte, PA). The carrier gas was hydrogen at an
inlet pressure of 3 psi. The column was held at 100°C for 0.5
min and then programmed at 20°C/min to 130°C and then at
5°C/min to 240°C (11). The FA were identified by comparing
retention times of any peaks with those of standards.

RESULTS 

Optimization of HPLC separations. Previous work (2,3) had
established isooctane with 0.33% isopropanol (containing 2%
water) as an optimal mobile phase (flow rate 1 mL/min) for
the resolution of the diastereomeric sn-1,2- and sn-2,3-DAG
made up of the common FA. Under these conditions, the sn-
1,3-DAG emerged as an early peak followed by sn-1,2- and
sn-2,3-DAG in the case of the S-derivative, or sn-2,3- and sn-
1,2-DAG in the case of the R-derivative. Usually, two to three
peaks of approximately equal intensity were seen for each of
the sn-1,2- and sn-2,3-diastereomers. Figure 1 shows the nor-
mal-phase separation of R-derivatives in the present study and
demonstrates that a somewhat greater resolution of the sn-
1,2- and sn-2,3-diastereomers may be obtained by the combi-
nation of slower flow rate (0.7 mL/min) and greater propor-
tion (0.37%) of isopropanol in the eluant. As shown below, a
complete resolution between the sn-1,2- and sn-2,3-diastereo-
mers was not obtained. Thus, the species of the sn-2,3-di-
astereomers retained longest overlapped with the molecular
species of the sn-1,2-diastereomers emerging earliest. The
order of elution was reversed for the S-derivative. As shown
below, ESI–MS can complement this resolution by allowing
minor, unresolved components to be identified under these
conditions. Other ratios and flow rates of isopropanol and
hexane, and other polar modifiers (e.g., methanol and etha-
nol) failed to improve the resolution or significantly shorten
the elution time without loss of resolution of the wide range
of DAG derivatives analyzed here. A minor unknown peak
(peak x, Fig. 1) appeared in the UV profile before the sn-2,3-
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FIG. 1. Normal-phase HPLC separation of sn-1,3-, sn-2,3-, and sn-1,2-
DAG prepared from rat plasma VLDL TAG (x = unknown peak). Chro-
matographic conditions were as described in text.



DAG peak. It had insufficient mass to be detected by positive
ion MS, and FA were not found in the eluant. 

Optimization of HPLC/ESI–MS conditions. Having opti-
mized the HPLC resolution of the diastereomeric naph-
thylethylurethanes, we proceeded to optimize the ESI–MS
detection and identification of the molecular species of the
DAG derivatives. To take advantage of the positive ioniza-
tion of the NEU, it was necessary to supplement the HPLC
column flow with a polar solvent. Several combinations of
solvents and different flow rates were tested, and the highest
response at the normal ESI operating voltage of 170 V was
obtained with chloroform/methanol/30% ammonium hydrox-
ide (75:24.5:0.5, by vol) at 0.6 mL/min. This resulted in the
near exclusive formation of the ammonia [M + 18]+ and
sodium [M + 23]+ adducts, however, which complicated the
identification of the molecular species of DAG using the sin-
gle quadrupole mass spectrometer. This problem was re-
solved by increasing the CapEx voltage to 220 V. Under these
conditions, proportionally correct yields were obtained for the
DAG-like ions [M − NEU]+ without any reduction in the sen-
sitivity of detection of the molecular species of the DAG de-
rivatives. The formation of [M − NEU]+ ions was estimated
on the basis of parallel analyses of standard mixtures of
14:0/16:0-, 16:0/16:0-, 16:0/18:1-, and 18:0/18:1-glycerol
NEU derivatives and on the basis of test samples (NEU de-
rivatives of liver DAG) analyzed using different CapEx lev-
els. The [M − NEU]+ ions were extracted from the total ion
current spectra by the computer. A mass spectrum of the NEU
derivative of sn-1,2-dipalmitoylglycerol, derived from tri-
palmitoylglycerol by Grignard degradation, is shown in Fig-
ure 2. Both ammonia and sodium adducts (m/z 784 and 789,
respectively) are seen as well as a DAG-like ion (m/z 552)
along with a NEU derivative of monopalmitoylglycerol (m/z
511), which can be depicted as [(M − RCOO) + H]+. 

Application to natural TAG. Figure 3A shows the total
positive ion current profile recorded by HPLC/ESI–MS for
the diastereomeric NEU (R-form) of the DAG derived from
plasma VLDL TAG, along with the single ion mass chro-
matograms recorded for the selected sn-2,3- and sn-1,2-DAG
species. Since the ions are plotted on an abridged time scale
(70 to 115 min), the base widths of the peaks appear wider
than those recorded for the same sample (30 to 115 min) by

the UV detector (Fig. 1). True widening of the base widths of
the peaks resulted from the postcolumn addition of the polar
ionization solvent. However, almost baseline separation be-
tween the diastereomers was obtained. All molecular species
of acyl carbons of 36 or less were completely resolved (Fig.
3B), whereas those with higher numbers of acyl carbons
showed very minor overlaps (Fig. 3C). This was largely due
to the shorter retention time of the higher molecular species
and not to a lack of resolution of isobaric diastereomers. Al-
though the oligoenoic (having few sites of unsaturation)
species with the longest carbon chains were always eluted first
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FIG. 2. Mass spectra of naphthylethylurethane (NEU) derivative of sn-
1,2-dipalmitoylglycerol prepared from tripalmitoylglycerol and sepa-
rated by HPLC as described in text.

FIG. 3. HPLC/electrospray ionization (ESI)–MS analysis of sn-2,3-DAG
(70–96 min) and sn-1,2-DAG (96–115 min, with some exceptions; see
text) of rat plasma VLDL TAG. (A) Total positive ion chromatogram (ion
sum from m/z 500 to 720). (B) and (C), single ion mass chromatograms
of some selected molecular species indicated by protonated nominal
mass and carbon number/number of double bonds. HPLC/ESI–MS con-
ditions were as described in text.



within each diastereomer, the number of double bonds affected
the elution order in a rather irregular manner, which could nev-
ertheless be sorted out by MS. Although the presence of
monoenoic FA in 34 and 36 acyl carbon species decreased the
retention time relative to the saturated species of the same car-
bon number, the presence of FA with two or more double
bonds resulted in a delayed elution of the species. The HPLC
separation of the diastereomeric NEU derivatives of DAG
containing 20 and 22 acyl carbon PUFA was much more com-
plicated than that observed for the other species. Thus, part of
the sn-1,2-DAG species containing 22:4, 22:5, and 22:6 FA
were eluted with the tail end of the sn-2,3-DAG species.
Specifically, the sn-1,2-DAG species 38:5, 38:6, and 38:7,
made up of combinations of 16- and 22-carbon FA, overlapped
with the sn-2,3-DAG containing combinations of 18- and 20-
carbon FA. These mixtures of species were eluted between 87
and 95 min and were represented by ions 624, 626, and 628.
In addition, the sn-2,3-DAG species eluted between 75 and 87
min contained other major polyunsaturated species with m/z
626 (e.g., 16:0/22:5), 624 (e.g., 16:1/22:5; 16:0/22:6), 650
(e.g., 18:1/22:6; 18:2/22:5), and 648 (e.g., 18:2/22:6;
18:3/22:5). The elution order of species with 16 and 22 or 18
and 20 acyl carbon FA was determined on the basis of the frag-
ment ion distribution {[(M − RCOO) + H]+ and [RCO + 74]+

ions having 20:4, 22:5, or 22:6 as a single FA}. To obtain an
accurate estimate of the quantities of the individual species
emerging between 87 and 95 min, it was necessary to perform
the analysis using the S-form of the NEU derivatives (Fig. 4),
which reversed the order of elution of the diastereomers with-
out changing the order of elution of the molecular species
within the sn-1,2- and sn-2,3-species. As a result, the sn-1,2-
DAG species, such as 16:0/22:6, was now eluted first without
any overlapping with the oligoenoic species of the other di-
astereomer. In general, the separation of the S-form derivatives
was not as good as that obtained for the R-form because the
sn-2,3-DAG moieties of VLDL TAG contained much more of
the long-chain polyunsaturated species, which as the S-deriva-
tives eluted with the tail end of the sn-1,2-DAG.

Table 1 gives the composition of the sn-1,2- and sn-2,3-
DAG moieties of the TAG of normal rat plasma VLDL and
liver, whereas Table 2 gives the stereospecific distribution of
the FA calculated for VLDL TAG from the sn-1,2- and sn-2,3-
DAG given in Table 1. The stereospecific distribution of the
FA was calculated according to Brockerhoff (12). The overall
accuracy of the stereospecific analysis is indicated by the good
reconstitution of the FA composition of the original TAG. Fig-
ure 5 shows the quantitative distribution of the molecular
species of VLDL TAG from the Triton-treated and control rats.
There is a significant change in the TAG composition of the
plasma VLDL because of the inhibition of the serum lipases by
the detergent, which resulted in a preservation of the FA com-
position in the sn-1-position of the TAG secreted by the liver. 

DISCUSSION

The present study demonstrates the advantages of combining
MS with normal-phase HPLC resolution of diastereomeric
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FIG. 4. Total positive ion chromatogram (A) and single ion chromato-
grams (B) of some selected molecular species of sn-1,2- and sn-2,3-
DAG prepared from rat plasma VLDL TAG and separated as their (S)-
form NEU derivatives. HPLC/ESI–MS conditions were as described in
text. For abbreviations see Figures 2 and 3.

FIG. 5. Content of some selected calculated TAG species in circulating
(nontreated) and newly secreted (Triton-treated) VLDL. The FA in the
sn-1 position is on the left in the abbreviated notation of molecular
species.



DAG for stereospecific analysis of natural TAG. To minimize
co-elution of diastereomeric groups, it is necessary to utilize
both (R)-(−)- and S-(+)-NEU derivatives, although ESI–MS
with appropriate fragmentation can provide sufficient informa-
tion to assign identities to unresolved species of DAG. The
NEU derivatives of DAG yield characteristic [M − NEU]+, [(M
− RCOO) + H]+, and [RCO + 74]+ ions for each DAG species
from which the molecular weight and exact pairing of FA can
be unequivocally obtained. The characteristic ions appear to be
generated in nearly correct mass proportions, as indicated by
the quantitative comparisons of the reconstitution data.

The normal-phase HPLC described by Christie and co-
workers (3) provides a rapid and complete resolution of the
diastereomeric NEU derivatives of sn-1,2- and sn-2,3-DAG
with identical FA, but separation of diastereomers containing
different FA results in overlap or interdigitation of many mo-
lecular species, and identification of individual diastereomers
becomes difficult or impossible. Furthermore, the solvent sys-

tems thus far employed for the normal phase HPLC of di-
astereomeric DAG fail to provide a complete separation of
molecular species within either diastereomer class. In fact,
previous work by Christie and co-workers (3) has led to the
conclusion that no sensible pattern is discernible for the NEU
derivatives containing 20- and 22-carbon PUFA species of fish
oil TAG. In the present study, part of the sn-1,2-DAG species
containing 22:4, 22:5, and 22:6 FA were eluted with the tail
end of the sn-2,3-DAG derivatives. Specifically, the sn-1,2-
DAG species 38:5, 38:6, and 38:7, made up of combinations
of 16- and 22-carbon acids, overlapped with the sn-2,3-DAG
containing combinations of 18- and 20-carbon FA, when run
as the R-derivative. In order to obtain an accurate estimate of
the quantities of the individual species, it was necessary to
complete another HPLC analysis using the S-form of the NEU
derivatives, which were eluted in the reverse order. As a re-
sult, the sn-1,2-DAG species, such as 16:0/22:6, were eluted
first without any overlap.
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TABLE 1
The Proportions of sn-1,2- and sn-2,3-DAG from Rat Plasma VLDL and Liver TAGa

sn-1,2-DAG sn-2,3-DAG

C/DB DAG species VLDL Liver VLDL Liver

30:0 14:0-16:0 0.4 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 0.1 ± 0.0
30:1 14:0-16:1 0.4 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
32:0 16:0-16:0 4.4 ± 0.2 8.5 ± 0.3 1.7 ± 0.2 2.3 ± 0.2
32:1 16:0-16:1 3.6 ± 0.0 5.2 ± 0.1 2.0 ± 0.1 1.8 ± 0.2
32:2 16:1-16:1 1.4 ± 0.1 0.9 ± 0.0 0.8 ± 0.0 0.5 ± 0.1
33:0 16:0-17:0 + 15:0-18:0 0.5 ± 0.0 1.0 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
33:1 16:1-17:0 + 15:0-18:1 1.0 ± 0.1 1.1 ± 0.0 0.6 ± 0.0 0.4 ± 0.0
34:0 16:0-18:0 1.6 ± 0.3 3.5 ± 0.1 1.2 ± 0.1 1.9 ± 0.0
34:1 16:0-18:1 + 16:1-18:0 21.9 ± 0.8 22.4 ± 0.1 6.1 ± 0.3 10.3 ± 0.7
34:2 16:0-18:2 + 16:1-18:1 22.5 ± 0.2 17.9 ± 0.7 7.8 ± 0.1 9.0 ± 0.2
34:3 16:1-18:2 + 16:0-18:3 6.3 ± 0.4 4.3 ± 0.3 3.4 ± 0.1 2.9 ± 0.1
34:4 16:1-18:3 + 14:0-20:4 0.4 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0
35:1 17:0-18:1 + 15:0-20:1 1.0 ± 0.1 1.1 ± 0.1 0.5 ± 0.1 0.6 ± 0.1
35:2 17:0-18:2 + 15:0-20:2 1.2 ± 0.0 1.0 ± 0.1 0.9 ± 0.0 0.9 ± 0.1
35:3 17:0-18:3 + 15:0-20:3 0.6 ± 0.0 0.3 ± 0.0 0.6 ± 0.0 0.3 ± 0.0
36:0 18:0-18:0 0.4 ± 0.0 0.5 ± 0.0 0.5 ± 0.0 0.4 ± 0.0
36:1 18:0-18:1 2.1 ± 0.0 3.5 ± 0.0 1.7 ± 0.2 4.2 ± 0.2
36:2 18:1-18:1 + 18:0-18-2 6.8 ± 0.4 9.3 ± 0.2 14.2 ± 0.5 16.5 ± 0.3
36:3 18:1-18:2 7.7 ± 0.2 8.2 ± 0.2 17.2 ± 0.4 17.2 ± 0.7
36:4 18:2-18:2 + 18:1-18:3 2.2 ± 0.1 2.4 ± 0.0 3.7 ± 0.2 3.9 ± 0.2
36:4 16:0-20:4 1.1 ± 0.0 0.7 ± 0.0 4.0 ± 0.1 3.1 ± 0.4
36:5 16:0-20:5 0.7 ± 0.1 0.2 ± 0.0 1.7 ± 0.1 1.2 ± 0.1
38:2 18:0-20:2 + 18:1-20:1 0.8 ± 0.1 0.6 ± 0.0 1.4 ± 0.1 1.2 ± 0.1
38:3 18:0-20:3 + 18:1-20:2 + 18:2-20:3 1.4 ± 0.2 1.0 ± 0.1 2.3 ± 0.2 1.9 ± 0.1
38:4 16:0-22:4 0.6 ± 0.0 0.5 ± 0.0 1.0 ± 0.0 0.9 ± 0.0
38:4 18:0-20:4 + 18:1-20:3 + 18:2-20:2 1.0 ± 0.0 0.9 ± 0.0 2.0 ± 0.0 1.6 ± 0.0
38:5 16:0-22:5 + 16:1-22:4 0.9 ± 0.0 0.7 ± 0.0 2.1 ± 0.0 2.0 ± 0.1
38:5 18:0-20:5 + 18:1-20:4 + 18:2-20:3 0.9 ± 0.0 0.8 ± 0.0 1.1 ± 0.1 0.9 ± 0.0
38:6 16:0-22:6 + 16:1-22:5 0.9 ± 0.0 0.8 ± 0.0 2.0 ± 0.0 1.5 ± 0.0
38:6 18:1-20:5 + 18:2-20:4 0.4 ± 0.0 0.3 ± 0.0 0.8 ± 0.1 0.3 ± 0.0
38:7 16:1-22:6 0.7 ± 0.1 0.2 ± 0.0 0.8 ± 0.1 0.4 ± 0.1
40:4 18:0-22:4 0.2 ± 0.0 0.1 ± 0.0 0.4 ± 0.0 0.3 ± 0.0
40:5 18:0-22:5 + 18:1-22:4 0.4 ± 0.0 0.2 ± 0.0 1.4 ± 0.1 1.5 ± 0.0
40:6 18:0-22:6 + 18:1-22:5 0.9 ± 0.1 0.5 ± 0.0 3.8 ± 0.1 3.4 ± 0.1
40:7 18:1-22:6 + 18:2-22:5 1.5 ± 0.1 0.4 ± 0.0 6.6 ± 0.2 4.1 ± 0.2
40:8 18:2-22:6 + 18:3-22:5 1.1 ± 0.0 0.2 ± 0.0 3.6 ± 0.2 1.8 ± 0.2
40:9 18:3-22:6 0.3 ± 0.0 0.0 ± 0.0 0.8 ± 0.0 0.2 ± 0.2
42:11 20:5-22:6 ND ND 0.3 ± 0.0 ND
aResults are expressed as average ± range/2 from two rats. The variations of ranges are less than 6% for major components
(>2% of total mixture) and less than 17% for minor components. C, carbon number; DB, number of double bonds.



An examination of the order of elution of the molecular
species within each diastereomer group revealed that the
species were actually eluted in an orderly fashion within each
homologous series represented. The impression of a lack of
discernible order had arisen from the complex mixture of
homologous series represented in each diastereomer group.
For any specific homologous series, the molecular species
were resolved in a reproducible order arising from both polar
and nonpolar interactions with the solid phase of the column,
although the overall range of elution times was rather limited.
Furthermore, the order of elution of the members of the vari-
ous homologous series was the same for both diastereomer
groups obtained with the same reagent.

The fully saturated species were resolved in the following
order of increasing retention times: 18:0/18:0 < 16:0/18:0 <
16:0/17:0 < 16:0/16:0 < 14:0/16:0. Thus, the longer-chain sat-
urates, being less polar, are eluted earlier than the shorter-
chain saturates. Similarly, the monoenoic species were re-
solved in the following order of increasing retention times:
18:0/18:1 < 17:0/18:1 < 16:0/18:1 < 16:0/16:1. The dienoic
species were eluted in the following order of increasing reten-
tion times: 18:0/20:2 < 18:0–18:2 < 16:0/18:2. The 16:0/18:2
species was retained slightly longer than the 16:0/18:1 species,
indicating a somewhat higher polarity. Likewise, the 18:1/18:2
and 18:2/18:2 species were retained longer than the 18:1/18:1
species, which was also eluted slightly faster than 18:0/18:0.
This is in accordance with results obtained with standard lipids
(3). Within 36:4 species, 18:2/18:2 eluted before 16:0/20:4,
and within species with a combination of 18 and 20 acyl car-
bon FA, species with 20:1, 20:2, and 20:3 eluted slightly ear-
lier than species with 20:4 and 20:5, indicating increased po-
larity of species with 20:4 and 20:5.

Polyunsaturated species containing 22:4, 22:5, and 22:6

eluted before oligoenoic species, and they often produced
more than one peak. For example, sn-2,3-DAG species with
m/z 648 (40:8) were divided into two peaks with about equal
size (Fig. 3C). This could have indicated a separation between
the 18:2/22:6 and 18:3/22:5 species or a resolution of the re-
verse isomers (sn-2-18:2/sn-3-22:6 and sn-2-22:6/sn-3-18:2).
A reverse isomer resolution for the DNPU derivatives of sn-
1,2-DAG containing combinations of medium- and long-
chain FA has recently been reported by Itabashi et al. (13)
using RP-HPLC or silver ion HPLC. The small number of
fragment ions of minor DAG species and the overlapping of
different species giving the same fragment ions, however,
made it impossible to definitely identify all such species in
the present study. 

Knowing the exact identity and quantity of all significant
species of both sn-1,2- and sn-2,3-DAG greatly increases the
accuracy of calculating the stereospecific distribution of the
FA, although minor discrepancies may remain owing to
limited isomerization of the DAG during Grignard degrada-
tion and subsequent sample workup. Nevertheless, it was
possible to demonstrate significant differences in the compo-
sition of the molecular species of VLDL TAG between
Triton-treated and control rats. The differences could be ra-
tionalized on the basis of the known FA and stereospecificity
of plasma lipoprotein and hepatic lipases and on the in-
hibitory effects of the detergent, as reviewed elsewhere
(Ågren, J.J., Ravandi, A., Kuksis, A., and Steiner, G., unpub-
lished data). The normal-phase HPLC/ESI–MS method
should be applicable to stereospecific analyses of TAG from
other sources, including bovine milk fat and fish oils, which
contain a wider range of FA than those found in plasma
VLDL. Both of these fats have already been successfully an-
alyzed following chiral-phase separation of the enantiomeric
sn-1,2- and sn-2,3-DAG (6,14). A stereospecific analysis of
TAG via the NEU derivatives of DAG derived from Grignard
degradation provides an economic alternative to chiral-phase
HPLC of the DNPU.
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ABSTRACT: A simple analytical method for 4-hydroxy-2-(E)-
nonenal (HNE) using solid-phase microextraction (SPME) fiber
was developed. HNE or the derivative of HNE formed by reac-
tion with 2,4-dinitrophenylhydrazine (DNPH) was extracted
from the sample solution by immersing the SPME fiber into the
solution, and the amount of HNE was quantified by HPLC. The
extraction conditions of HNE and HNE-DNPH were examined,
using standard solutions, with respect to fiber coating, NaCl
concentration, rate of stirring, adsorption temperature, and ad-
sorption time. The recovery of HNE reached 80%, and the
quantification limits of HNE and HNE-DNPH using standard
compounds were 14.1 pmol/10 mL and 486.5 fmol/10 mL, re-
spectively. This method can be applied to the detection of HNE
in oxidized oil or samples of porcine liver.

Paper no. L8956 in Lipids 37, 621–626 (June 2002).

4-Hydroxy-2-(E)-nonenal (HNE) is one of the secondary oxi-
dation products formed from n-6 PUFA and is found in many
biological systems (1). HNE is cytotoxic, genotoxic, and mu-
tagenic, and these properties are related to human diseases
such as Alzheimer’s (2), atherosclerosis (3), and Parkinson’s
(4). Thus, HNE is now regarded as a stress marker in biologi-
cal systems (5).

A number of methods have been developed to detect and
quantify HNE in lipids, cells, or tissues. Originally, HNE was
analyzed by using an HPLC-spectrophotometric detector (SP)
system with monitoring at 223 nm (6). However, HNE is not
stable, and many compounds absorb near 220 nm; therefore,
derivatives of HNE have also been used to detect and quan-
tify HNE. Derivatization of HNE with 2,4-dinitrophenylhy-
drazine (DNPH) is the most common method, with measure-
ment by an HPLC-SP system at 370 nm (6,7). HNE and
HNE-DNPH also have been measured by an HPLC-electro-
chemical detector (ECD) system (8). Other derivatives have
been also utilized. Derivatization of HNE with 1,3-cyclohex-
anedione (CHD) was detected with an HPLC-fluorescence
detector (FL) system (9). A pentafluorobenzyl hydroxylamine
hydrochloride derivative was determined by an HPLC–MS

system (10). Other chromatographic methods, such as GC
(11–13), TLC (14), and micellar electrokinetic chromatogra-
phy (15), also have been used for the analysis of HNE or de-
rivatives of it. In measuring HNE levels in tissue, ELISA has
been utilized (16). ELISA detects conjugation products of
HNE with protein by use of monoclonal antibodies. However,
the experimental procedures that these methods require are
complex, and sample preparation requires several steps be-
fore analysis can begin.

Solid-phase microextraction (SPME) is a technique to con-
centrate volatile or nonvolatile components from a liquid,
solid, or gas for GC or HPLC analysis. The SPME fiber is ex-
posed in the sample to adsorb the component of interest and
injected directly into the GC or HPLC (17). The SPME fiber
is exposed in the sample to adsorb the components of inter-
est. It is then injected directly into the GC or HPLC (17).
That is, for GC the SPME fiber is directly injected into the in-
jection port, where it is then exposed to the flowing gas; the
exposure time depends on the sample species. For HPLC, the
fiber is injected into the HPLC, which acts as a desorption
chamber, and also is exposed to the solvent under the injec-
tion mode.

The SPME method can concentrate analytes without the
use of any solvent and does not require any complicated ap-
paratus. Furthermore, the SPME-GC or SPME-HPLC method
can quantify the component at a level of parts per trillion. The
SPME method has been used recently to extract kerosene
from soil (18), flavor substances from air, organic compounds
from water (18), alcohol from blood (19), and to analyze food
(20). Since there has been no study of the HNE analysis by
the SPME method, the aim of this study was to develop a
facile and rapid method for the detection and quantification
of HNE in oil and biological samples by the SPME method.

EXPERIMENTAL PROCEDURES

Chemicals and materials. HNE was purchased from Cal-
biochem (Los Angeles, CA). DNPH was obtained from
Aldrich Chemical Company, Inc. (Milwaukee, WI). All other
chemicals and solvents were of reagent grade and were from
common commercial sources. Direct immersion-SPME
fused-silica fiber coated with polydimethylsiloxane (PDMS)
(thickness of coating: 100 µm), polyacrylate (85 µm), polydi-
methylsiloxane/divinylbenzene (PDMS/DVB) (60 µm), and
carbowax/templated resin (50 µm) were purchased from
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Supelco (Bellefonte, PA). The polarities of the fibers increase
in this order.

DNPH derivatization. Standard HNE-DNPH derivative was
prepared by the reaction of HNE and DNPH (8). An
HNE–water solution was mixed with an equal volume of DNPH
solution (3.5 mg of DNPH dissolved in 10 mL of 1 M HCl) and
stored in the dark at room temperature for 2 h. HNE-DNPH was
extracted twice from the mixture with CH2Cl2 and concentrated
under nitrogen. HNE-DNPH was separated from the reaction
mixture by TLC using CH2Cl2 as developing solvent (14). The
HNE-DNPH band was scraped off and extracted with methanol.
The extract was filtered, dried under a nitrogen stream, and re-
dissolved in methanol. The concentration of HNE-DNPH was
measured by spectrophotometer at 370 nm and calculated by
using the molar absorptivity ε370 nm = 28,000 M−1cm−1.

HPLC analysis. HNE and HNE-DNPH were detected and
quantified by an RP-HPLC system comprising a pump (Type
LC-6A, Shimadzu Co., Kyoto, Japan), spectrophotomet-
ric detector (Type SPD-10A, Shimadzu Co.), injector
(SPME/HPLC interface, rheodyne valve version; Supelco,
Bellefonte, PA), ODS column (4.6 × 250 mm; Kakoki Shouji
Co., Tokyo, Japan), and Chromatopac integrator (Type
C-R6A, Shimadzu Co). HNE was detected at 223 nm using
acetonitrile/water (40:60, vol/vol) as mobile phase. HNE-
DNPH was detected at 370 nm using 50 mM pH 4.6 acetate
buffer/methanol (1:3, vol/vol) as elution solvent. Flow rates
for both conditions were 1.0 mL/min. The fiber used was
washed in the desorption chamber, SPME/HPLC interface
rheodyne valve version, under the injection mode for 30 min.

Evaluation of fibers. Ten milliliters of standard HNE dis-
solved in distilled water was prepared in the range of 0.1–8
nmol/10 mL. The HNE concentration was calculated by using
a molar absorptivity ε223 nm = 13,750 M−1cm−1. SPME fiber
was introduced into the standard solution at 40°C for 10 min
without agitation. Desorption of HNE or HNE-DNPH from
fiber was conducted in the desorption chamber, SPME/HPLC
interface rheodyne valve version, under static mode for 20
min. A calibration curve of HNE with each fiber was made,
and the best fiber for analysis was determined by the slope of
the calibration curve. Evaluation of fibers for HNE-DNPH
analysis was conducted in the same manner at pH 7.0. 

Improvement of adsorbing condition. The effects of tem-
perature (30–60°C), rate of stirring (0–200 rpm), ionic
strength (0–20% NaCl), and time on adsorption of HNE on
fiber were investigated. The effect of adsorption time was
evaluated under the optimal conditions of temperature, rate
of stirring, and NaCl concentration.

Recovery of HNE. HNE extraction from soybean oil sam-
ples (100 mg) was investigated using the procedure of Lang
et al. (21). An HNE-methanol solution (2.91 nmol and 0.29
nmol) was added to the oil sample in 1% volume. Methanol
was removed from the oil sample under a nitrogen stream,
and the sample was then extracted twice with 2 mL of dis-
tilled water containing 0.1% BHT. The two extracts were
combined and centrifuged at 3,000 × g for 10 min. The water
phase was transferred to a vial and made up to 10 mL with

NaCl solution. SPME fiber was introduced into the vial. HNE
was adsorbed under the improved conditions determined in
the previous paragraph and the recovery of HNE was ana-
lyzed with HPLC. In HNE-DNPH analysis, the extracts from
oil samples were combined and immediately reacted with an
equal volume of DNPH reagent (3.5 mg of DNPH dissolved
in 10 mL of 1 M HCl). The mixture was stored in the dark at
room temperature for 2 h. After the reaction, the pH of the re-
action mixture was adjusted to 7.0 with 1 N NaOH and made
to 10 mL with NaCl solution. HNE-DNPH was measured by
the same procedure used in HNE analysis.

Porcine liver sample (1 g) was cut into small pieces, and
HNE–methanol solution (2.91 nmol and 0.29 nmol) was
added to it. The sample was homogenized with 2 mL of
methanol containing 0.1% BHT for 2 min. The homogenate
was centrifuged at 3000 × g for 10 min, and the supernatant
was collected. The residue was re-extracted by the same pro-
cedure, and the supernatant was collected. The supernatants
were combined and made to 10 mL with NaCl solution. The
recovery of HNE was measured by the same method used for
the oil sample. In HNE-DNPH analysis, the extract was re-
acted with an equal volume of DNPH solution (the same so-
lution used in the oil sample) and stored in the dark at room
temperature for 2 h. HNE-DNPH was measured by the same
method carried out in the oil sample.

The recovery rate for HNE, or ([HNE found]/[HNE
added]) × 100, is calculated by Equation 1 as

[HNE found] = [HNE]measured − [HNE]originally contained [1]

where [HNE] added is the concentration of HNE added in
soybean oil or porcine liver.

Detection of HNE in oxidized oil and oxidized porcine
liver sample. Soybean oil was oxidized at 45°C in the dark
for 24 h, and porcine liver (1 g) homogenate was oxidized
with 1 µmol Fe2SO4 at 40°C in the dark for 4 h. The HNE
contents of these oxidized samples were analyzed by using
the SPME-HPLC method.

Statistical analysis. Each analysis was conducted at least
five times. ANOVA procedures were performed. The differ-
ences were determined by Fisher’s least significant difference
tests, and the significance level was set at P < 0.05. Regres-
sions of the calibration curves were examined with the test
for regression slope, and significance levels were set at P <
0.05. Furthermore, the two regression slopes were compared
and significant differences were set at P < 0.05.

RESULTS AND DISCUSSION

All the analyses were examined by two analysts on separate
days, and each experiment was conducted at least five times.
Physical limits of the fibers were about 50 uses; however, the
reproducibility was maintained after 50 uses (data not shown).

Figure 1 shows the calibration curves of HNE using four
kinds of fibers. All the calibration curves were drawn by re-
gression line. The regressions were examined by test for
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regression slope and they were significant (P < 0.001). The
best linearity (R2 = 0.9938) and the greatest slope were asso-
ciated with the PDMS/DVB fiber. On the other hand, the
PDMS fiber, which is nonpolar, could not adsorb HNE com-
pared with other fibers. PDMS/DVB fiber has been used for
the analysis of polar compounds (22), aromatic amines (23),
and the like. It has also been used to adsorb volatile lipid oxi-
dation products for GC analysis (24,25). The results of the
present study show that PDMS/DVB fiber is suitable for
analysis of HNE with the SPME-HPLC method. 

The calibration curves for HNE-DNPH using four kinds
of fibers were also drawn by regression line. The regressions
were examined by the test for significance of the regression
and were found to be different (P < 0.001). PDMS/DVB fiber

was again the most sensitive fiber for HNE-DNPH analysis
(Fig. 2). However, the linearity of the calibration curve was
the worst among the four fibers (R2 = 0.9702). Polyacrylate
fiber, having almost the same polarity as PDMS/DVB fiber,
was also a sensitive fiber for the detection of HNE-DNPH,
and the linearity of the calibration curve was the best (R2 =
1.000). A comparison of the regression slopes between cali-
bration curves of PDMS/DVB fiber and polyacrylate fiber
found no significant difference. Accordingly, polyacrylate
fiber was employed for HNE-DNPH analysis.

SPME is an equilibrium sampling method. Therefore, to in-
crease the distribution constant one must increase the amount
of HNE or HNE-DNPH adsorbed on the SPME fiber. The
distribution constant is affected by both the polarity of the fiber
(Figs. 1 and 2) and the ionic strength (17). Normally, increas-
ing the ionic strength of the solvent can increase the distribu-
tion constant of the organic compound between solvent and
fiber coating and decrease the solubility of the organic com-
pound in water. The amount of HNE adsorbed on the fiber in-
creased with increasing NaCl concentration and reached a
plateau at 7.5% NaCl (Fig. 3A), where the amount of HNE ad-
sorbed was 50% higher than that with no added NaCl. The sol-
ubility of HNE in water is high (6.6 mg/mL), but increasing the
NaCl concentration reduces its solubility and enhances the
transfer of HNE from sample solution to the fiber.

The effect of adding NaCl on the adsorption of HNE-
DNPH on SPME fiber was less than that of HNE. In the HNE-
DNPH experiment, the concentration of NaCl was varied
from 0 to 20% (Fig. 4A). However, the increase in the amount
adsorbed onto the fiber was only 10% in 20% NaCl solution
compared with 0% NaCl solution. Since the solubility of
HNE-DNPH in pure water is less than that of HNE, the addi-
tion of NaCl would not affect the solubility of HNE-DNPH
to the same extent as HNE.

Increasing the mobility of dissolved HNE or HNE-DNPH
enhances the amounts absorbed on SPME fiber. Both stirring
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FIG. 1. Calibration curves for standard 4-hydroxy-2-(E )-nonenal (HNE)
by polydimethylsiloxane/divinylbenzene (PDMS/DVB) (◆), polyacrylate
(■■), carbowax/templated resin (CW/TPR) (▲), and PDMS (◆◆) fiber. Con-
ditions were as follows: adsorption time, 10 min; adsorption tempera-
ture, 40°C; stirring, none; NaCl, none added. The error bars indicate
SD of at least five experiments. The regressions were examined by test
for regression slope and were significant (P < 0.001).

FIG. 2. Calibration curves of standard HNE-2,4-dinitrophenylhydrazine
(DNPH) derivative by PDMS/DVB (◆), polyacrylate (■■), CW/TPR (▲),
and PDMS (◆◆) fiber. Conditions were as follows: adsorption time, 10
min; adsorption temperature, 40°C; stirring, none; NaCl, none added.
The error bars indicate SD of at least five experiments. The regressions
were examined by test for regression slope and were significant (P <
0.001).

FIG. 3. Improvement of adsorbing conditions of HNE on PDMS/DVN
fiber as related to NaCl concentration (A), rate of stirring (B), adsorption
temperature (C), and adsorption time (D). The error bars indicate SD of
at least five experiments. In each column, means with different italic
letters are significantly different at P < 0.05. For abbreviations see Fig-
ure 1.



and increased temperature impart kinetic energy to the mole-
cules. In our experiments, the stirring rate was varied from 0
to 200 rpm; the best agitation speeds were 100 (Fig. 3B,
HNE) and 200 rpm (Fig. 4B, HNE-DNPH). For HNE-DNPH,
the temperature was varied from 30 to 55°C (Fig. 4C); the
greatest adsorption occurred at 55°C. On the other hand, the
optimal temperature in the range of 30–50°C for adsorption
of HNE was 40°C (Fig. 3C). These phenomena can be as-
cribed to the vaporization of HNE, a semivolatile compound
(b.p. 84–87°C), into the headspace above the sample after ac-
quisition of energy. This idea is supported by the results
shown in Figure 4 where the amount of HNE-DNPH ad-
sorbed increased with higher stirring rates and temperatures.
HNE-DNPH has a large M.W. compared with HNE (336 vs.
156) and therefore is only very slightly volatile. As a result,
HNE-DNPH would be efficiently adsorbed on the fiber with-
out any loss to the headspace. 

The adsorption time was also considered in our attempts
to maximize the amount adsorbed on the fiber. For HNE, ad-
sorption reached a plateau at 15 min (Fig. 3D), whereas for
HNE-DNPH maximal adsorption was at 20 min (Fig. 4D). 

The optimal conditions for adsorption of HNE and HNE-
DNPH are summarized in Table 1. Calibration curves using
these conditions are shown in Figure 5. A comparison of the
regression slopes was conducted between calibration curves
after and before optimization for HNE or HNE-DNPH analy-
sis, and they were significantly different (P < 0.001).

Calibration curves of both HNE and HNE-DNPH were

more sensitive than the original calibration curves. The quan-
tification limit was set as a signal-to-noise ratio of 3 (8,9). The
quantification limit of HNE was 14.1 pmol/10 mL and that of
HNE-DNPH was 486.5 fmol/10 mL. The quantification lim-
its of the HNE-HPLC-SP and HNE-DNPH-HPLC-SP meth-
ods, the conventional methods for HNE detection, were re-
ported for HNE as 2 pmol/20 µL (1000 pmol/10 mL) (6) and
for HNE-DNPH as 1 pmol/20 µL (500 pmol/10 mL) (6), re-
spectively. Both the HNE-DNPH-HPLC-ECD (8) and HNE-
CHD-HPLC-FL (9) methods are known as sensitive methods
for the quantification of HNE, and the quantification limits
are 15 and 50 fmol, respectively. The quantification limit of
the HNE-DNPH-HPLC-ECD method was also calculated as
25 pmol/10 mL because the injection volume was 6 µL. Simi-
larly, the quantification limit of HNE-CHD-HPLC-FL was 25
pmol/10 mL because the injection volume was 20 µL. These re-
sults indicate that the quantification limit of HNE with the
SPME-HPLC method was better than with these other methods. 

In Figure 6 the HPLC chromatogram of HNE standard
sample (A) can be compared with that of an oil sample (B)
mixed with HNE. The HPLC chromatogram of an HNE-
DNPH standard sample (Fig. 6C) can also be compared with
that of HNE-DNPH extracted from a DNPH-derived porcine
liver sample containing HNE (Fig. 6D). Peak identification
was based on retention time. Recovery of HNE was calcu-
lated (Table 2). Average recovery was about 80%. SPME is
an equilibrium sampling method. That is, 100% recovery is
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FIG. 4. Improvement of adsorbing conditions of HNE-DNPH on poly-
acrylate fiber as related to NaCl concentration (A), rate of stirring (B),
adsorption temperature (C), and adsorption time (D). The error bars in-
dicate SD of at least five experiments. In each column, means with dif-
ferent italic letters are significantly different at P < 0.05. For abbrevia-
tions see Figures 1 and 2.

FIG. 5. Comparison of calibration curves before and after improvement
of conditions. The initial conditions were: NaCl, 0%; no stirring; tem-
perature, 40°C; adsorption time, 10 min. The improved conditions are
listed in Table 1. The error bars indicate SD of at least five experiments.
The regressions were examined by test for regression slope and were
significant (P < 0.001). The comparison of the regression slopes be-
tween calibration curves for HNE and HNE-DNPH before and after im-
provement revealed a significant difference (P < 0.001).

TABLE 1
Improved Conditions of HNE and HNE-DNPH Analysis on Each Factora

Fiber NaCl conc. Stirring Adsorption temp. Adsorption time

HNE analysis PDMS/DVB 7.5% 100 rpm 40°C 15 min
HNE-DNPH analysis Polyacrylate 10.0% 100 rpm 50°C 20 min
aHNE, 4-hydroxy-2-(E )-nonenal; HNE-DNPH, HNE-2,4-dinitrophenylhydrazine; PDMS/DVB, polydimethylsiloxane/
divinylbenzene.
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FIG. 6. Chromatograms of (A) 3.5 nmol/10 mL HNE solution and (B) soybean oil mixed with 2.91 nmol HNE de-
tected by HPLC-SP. Chromatograms of (C) 0.41 nmol/10 mL HNE-DNPH solution and (D) DNPH derivative of
porcine liver mixed with 0.35 nmol HNE and detected by HPLC-SP. SP, spectrophotometric detector; for other ab-
breviations see Figures 1 and 2.

TABLE 2
Recovery Rate of HNE from Soybean or Porcine Liver Mixed with Standard HNE Solution (n = 5)

HNE present HNE added HNE found Recovery
Sample (nmol)a Method (nmol) (nmol)b of added HNE (%)

Soybean oilc 0.38 ± 0.09 HNE 2.91 2.53 ± 0.33 87
0.29 0.18 ± 0.09 62

HNE-DNPH 2.91 2.57 ± 0.15 88
0.29 0.28 ± 0.08 76

Porcine liverd 0.88 ± 0.12 HNE 3.52 2.47 ± 0.52 70
0.35 Trace —

HNE-DNPH 3.52 2.86 ± 0.53 81
0.35 0.23 ± 0.05 66

a”HNE present” was analyzed by the HNE-DNPH method.
b”HNE found” was determined by subtracting the concentration of HNE originally contained in the sample, “HNE present,” from the concentra-
tion of HNE measured in the sample to which HNE was added.
cOil sample (100 mg) was extracted twice with 2 mL of distilled water.
dPorcine liver sample (1 g) was extracted twice with 2 mL of methanol. For abbreviations see Table 1.

FIG. 7. Chromatograms of HNE in (A) soybean oil and (B) oxidized soybean oil as detected by HPLC-SP, and of
HNE in (C) porcine liver and (D) oxidized porcine liver derivatized with DNPH and detected by HPLC-SP. For ab-
breviations see Figures 1, 2, and 6.



impossible; thus, 80% recovery is a fairly high value. Recov-
eries of HNE by direct HNE analysis were lower in samples
with trace additions of HNE (0.29 nmol). In particular, HNE
was not detected in porcine liver samples to which trace
amounts of HNE were added. HNE reacts primarily with
amino acids such as histamine and lysine (3), and this reac-
tivity is thought to be one of the causes of high toxicity of
HNE in biological systems. This reaction also may interrupt
the adsorption of HNE on the fiber in this system. On the
other hand, the recovery of HNE by the HNE-DNPH method
was almost constant, and the trace amount of HNE in the
porcine liver sample could be detected. 

Chromatograms of oxidized soybean oil analyzed directly
for HNE (B) and of oxidized porcine liver samples analyzed
by HNE-DNPH (D) are shown in Figure 7. The formation of
HNE was observed in both samples. These results indicate
that the method developed in this study also can be used to
detect HNE in oxidized samples.

Conventional methods for HNE require the purification of
the sample using TLC (26), solid-phase extraction (21), or
column extraction (7) before analysis by GC or HPLC be-
cause the sample normally contains lipids, oxidized lipids,
and oxidized protein, which interfere with HNE or HNE-
DNPH analysis. In this experiment, HNE analysis using
SPME was developed. SPME fibers can adsorb target mole-
cules and the method is fast, sensitive, and quantitative. In ad-
dition, complicated apparatus is not needed. This methodol-
ogy is available for not only fat and oil samples but also
biological samples.
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Sir:

The industry-sponsored TRANSFAIR study, conducted by
more than 70 participants, was aimed at determining reliable
data on the total as well as on clusters of trans-unsaturated FA
(trans-UFA) contents of several hundred food items purchased
in 14 European countries (1–6). We wish here to comment on
the results obtained in that study, particularly those for France
and Germany, for which a wealth of detailed and accurate data
on individual trans isomers has been accumulated by other au-
thors for practically all kinds of major foods (7–17).

In the TRANSFAIR study, FA and trans-UFA in particular
were determined on (a) 50-m CP-Sil 88 capillary column(s)
(commercial source not mentioned; operated isothermally at
195°C). This column, however, is known to present several
drawbacks, whether operated isothermally or with tempera-
ture programming, that preclude any complete separation of
trans-UFA if a preliminary fractionation, e.g., by silver ni-
trate TLC, is not performed. We will describe, in this letter,
the main limitations of this kind of column when used alone
for the assessment of trans isomers.

First of all, the trans-16:1 isomers [present in rather low
amounts in ruminant fats (18), human milk fat (19), and par-
tially hydrogenated fish oils (18)] are not fully resolved from
the cis-16:1 isomers and also overlap with branched-17:0
acids. In particular, the trans-9 16:1 acid (palmitelaidic acid,
the single commercially available standard) may coincide
with iso-17:0 acid (19,20) under most analytical conditions.
The proportion of the latter FA in ruminant milk fat is consid-
erably higher than that of palmitelaidic acid (8,19), which re-
sulted in overestimates in the TRANSFAIR study by as much
as 2,000% in some instances [1,200% on average (7)].

Second, the 50-m CP-Sil 88 column is known to give ac-
cess to only the ∆4 to ∆11 trans-18:1 isomers (or to the ∆12
and part of the ∆13/14 isomers in the most favorable case
with relatively low contents of oleic acid, and when the ∆4
and ∆5 isomers are taken into account by the integrator) while
the other unsaturated trans isomers with a ∆12, ∆13, ∆14,
∆15, and ∆16 double bond are eluting under the main oleic
(∆9 cis-18:1) acid peak, or even after it (21). It could be cal-
culated that data from the TRANSFAIR study for all dairy
products that were analyzed were indeed underestimates by
an average of ca. 35% (9). However, this value is by no means
applicable to individual analyses of ruminant fats for the 

following reasons. The underreporting of trans-18:1 isomers
from ruminant milk depends on the operating temperature of
the column (being somewhat lower at higher temperatures),
on the nature of the carrier gas and its linear velocity, and on
the feed of the cattle (pasture vs. barn feeding: greater under-
rating in the former conditions as compared to the latter).
Note that in the TRANSFAIR study, the operating tempera-
ture of the column was 195°C, which precluded integration
of the 4:0 to 7:0 acids. Together they represent ca. 6% of total
FA in bovine milk lipids, implying that data for FA deter-
mined in the TRANSFAIR study must be divided by 1.06,
thus contributing to underestimation of total trans isomers.
Also, aging of the column appreciably modifies the resolu-
tion (skewing of peaks). This is important in view of the facts
(i) that the group of trans-18:1 isomers represents the great-
est part of dietary trans-UFA (more than 80% of total trans-
UFA in ruminant fats and 90% in partially hydrogenated veg-
etable oils) (16,17), and (ii) that ruminant fats are the main
source of dietary trans-18:1 acids in many European coun-
tries (12). Another consequence is that data for oleic acid in
the TRANSFAIR study are overestimates. Unfortunately, no
corrections can be made for other food items containing par-
tially hydrogenated vegetable oils, as the correction factors
for such oils are variable (21). However, approximations can
be deduced for several categories of French and German
foods from data in Reference 10.

Third, trans-18:3 isomers that are formed during the de-
odorization of α-linolenic acid-containing vegetable oils (22)
were likely mixed with 20:0 and/or cis- and/or trans-20:1
acids. The resolution of these FA is highly dependent on the
operating temperature and the length of the CP-Sil 88 column
and requires that special analytical precautions be taken (23).
Oils containing α-linolenic acid (mostly rapeseed and soy-
bean oils) from France and Germany (and a few other Euro-
pean countries) have been described in detail in this respect
and have been shown to present similar geometrical isomers
in practically equal relative proportions (24–27). It is im-
possible to make any sound comments or to draw any con-
clusions regarding trans isomers of linoleic acid since no
chromatograms were published in any of the many papers dis-
cussing the TRANSFAIR study (1–6,28). Trans isomers of
linoleic acid are naturally present in ruminant fats and are oth-
erwise found in vegetable oils after either deodorization or
partial hydrogenation. Here too, depending on the column
temperature, these isomers may interfere with other compo-
nents in that complex chromatographic region, particularly in
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ruminant fats (16,29). In brief, owing to the large uncertain-
ties in clusters of trans-UFA (16:1, 18:1, 18:2, and 18:3 iso-
mers) described above, the calculated total trans-UFA in
foods in the TRANSFAIR study, based on inappropriate
methodology, should not be considered accurate measure-
ments of trans FA content of foods (7). The reader who is par-
ticularly interested in regulatory matters on food composition
may now decide on the usefulness of such data.

Finally, in the concluding papers of the TRANSFAIR study
(6,28), estimates of the daily individual intake of total trans-
UFA by men and women separately (6), or by whole popula-
tions (29), were made for the 14 countries under investigation.
These were 2.1 and 1.9 grams per person per day (g/p/d) for
French and German women, respectively, and were slightly
higher for men. These values are in contradiction with detailed
data on human milk fat established for the two populations.
The milk fat of German women contains ca. 3.8 g of total
trans-UFA per 100 g of FA (30), whereas the corresponding
value for French women is only ca. 2.3 g (12,31). Based solely
on the TRANSFAIR study data, one would have to conclude
that German women are able to concentrate considerably more
trans-UFA in their milk, whereas French women are not. More
seriously, we prefer to conclude that the TRANSFAIR study
estimates are erroneous and unreliable because of a faulty an-
alytical procedure applied to all foods under investigation. If
there is a relationship between the quantity of dietary trans-
UFA and that present in human milk, the consumption of
trans-UFA by German women should then be at least 4 g/p/d,
which is twice the value calculated in the TRANSFAIR study.

In conclusion, it should be added that because each indi-
vidual trans-UFA has its own metabolic fate (32,33), mixing
all categories of trans-UFA is of little use for nutritionists.
Methods are presently available to clearly separate, identify,
and quantify individual trans-UFA (14,34), which also per-
mit rather accurate estimates of the relative contributions of
ruminant fats and partially hydrogenated vegetable oils to the
total per capita daily trans-UFA intake (12,30,35,36). These
include an obligatory preliminary step, e.g., silver ion TLC,
in order to suppress overlaps of trans-UFA with interfering
FA, as described above. An alternative procedure, which has
been less frequently used, is RP-HPLC, which allows simpli-
fied GC analyses of trans-PUFA (31), including CLA (not re-
ported in the TRANSFAIR study). Also, 100-m or even
longer columns should be preferred to improve the resolution
of isomers. However, if the GC operating temperatures are
not optimal, the separations will not be very different from
those obtained with 50-m columns [compare, e.g., chromato-
grams displayed in Refs. 12 (50-m CP-Sil 88 column) and 37
(100-m CP-Sil 88 column)]. With these combinations of ana-
lytical methods, provided the operating conditions are opti-
mized (generally, rather low temperatures), additional data on
most individual isomers can be collected (38,39). This cri-
tique of the TRANSFAIR study obviously is applicable to all
data on trans-UFA in the literature not obtained by the com-
binations of methods described above. The use of long to very
long capillary columns coated with 100% cyanopropyl poly-

siloxane polymer still requires complementary fractionation
techniques. This should be kept in mind when considering
food FA labeling, including that of the so-called “trans-fatty
acids.”
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ABSTRACT: The antioxidant action on lipid peroxidation of
the synthesized selenium compounds 1-(11-selenadodecyl)-
glycerol (SeG) and 1-(11-selenadodecyl)-3-Trolox-glycerol
(SeTrG, where Trolox = 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) was investigated. We compared the reactiv-
ity of the selenium compounds toward peroxyl radicals and
their inhibitory effect on lipid peroxidation, induced by several
kinds of initiating species such as azo compounds, metal ions,
and superoxide/nitric oxide in solution, micelles, membranes,
and rat plasma. SeTrG, but not SeG, scavenged peroxyl radi-
cals. SeG reduced methyl linoleate hydroperoxides in organic
solution and in methyl linoleate micelles oxidized by ferrous
ion (Fe2+)/ascorbic acid. In rat plasma SeG and SeTrG decreased
the formation of lipid hydroperoxides generated by hydrophilic
azo compounds. SeG and SeTrG spared α-tocopherol (α-TOH)
consumption in multilamellar vesicle membranes oxidized by
hydrophilic or lipophilic initiators, and only SeTrG spared α-
TOH in superoxide/nitric oxide oxidized membranes. In rat
plasma oxidized by radical initiators (either hydrophilic or
lipophilic) or superoxide/nitric oxide, SeTrG suppressed α-TOH
consumption, but SeG had no effect. The two selenium-con-
taining compounds showed inhibitory effects on lipid peroxida-
tion that depended on their structure, the medium where they
acted, and the oxidant used.

Paper no. L9010 in Lipids 37, 633–640 (July 2002).

The trace element selenium, constituent of selenoproteins, pro-
tects against viral (HIV and hepatitis) infections, cardiovascu-
lar diseases, and cancer. Selenium may stimulate the immune

system and benefit thyroid function, reproduction, and mood
(1,2). As a functional center of the glutathione peroxidases, se-
lenium catalyzes the reduction of hydrogen peroxide and of
lipid and phospholipid hydroperoxides to water and alcohols.
It prevents the formation of free radicals and defends against
oxidative stress (1,2). The antiatherogenic and anticancer po-
tentials of selenium are related to its antioxidative properties
(2). The biological potentials of organoselenium compounds
have been extensively reviewed (3,4).

Sodium selenate, sodium selenite, selenourea, and se-
lenomethionine (5), ebselen (6–8), tetradecylselenoacetic
acid (9), the monoglyceride 1-(11-selenadodecyl)-glycerol
(SeG) (10), and the triglyceride 1-(β-apo-8′-carotenoyl)-2-(7-
selenaoctanoyl)-3-(6-hydroxy-2,5,7,8-tetramethylchroman-2-
acyl)-glycerol (11) show antioxidant capacity. Selenoproteins
and organoselenium compounds protect against pro-oxidants
and peroxynitrite (12). Ebselen reduces the extent of hemoly-
sis of human erythrocytes incubated with peroxynitrite (13)
and the frequency of transformation of mouse embryo fibro-
blasts exposed to 2,2′-azobis(2-amidinopropane) dihy-
drochloride (AAPH) and 3-morpholinosydnonimine hy-
drochloride (SIN-1) (14).

Nutritional sources of selenium are brazil nuts, kidney,
crab, liver, fish, and meat (1). Selenium is one of the antioxi-
dant components in garlic extract (15) and green tea (16).

Mixtures of selenium and vitamin E show a synergistic an-
tioxidant effect in vitro (17). The effects of vitamin E and se-
lenium against prostate cancer (18), radiation-induced injury
(19), and fungal toxin (20) are related to their antioxidative
action against lipid peroxidation.

The purpose of this work is to elucidate the relationship
between the structure of the selenium compounds SeG and
the recently synthesized 1-(11-selenadodecyl)-3-Trolox-glyc-
erol (SeTrG) (Scheme 1), their reactivity toward oxidants, and
antioxidant activity in various lipid systems. SeTrG combines
two antioxidants chemically: selenium and the vitamin E de-
rivative Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid). The radical-scavenging activity of SeG and
SeTrG was tested in N,N′-diphenyl-p-phenylendiamine
(DPPD) oxidation. Organic solutions, micelles, multilamellar
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liposomes, and rat plasma were used as lipid substrates. Metal
ions, hydrophilic initiators, or lipophilic radical initiators
were used as oxidants. The reactions were performed at 37°C
in air. 

MATERIALS AND METHODS

Synthesis of SeG and SeTrG. The synthesis of SeG was previ-
ously described (21). SeTrG was prepared by esterifying SeG
with Trolox, 4-dimethylaminopyridine, and N,N ′-dicyclo-
hexylcarbodiimide at room temperature (21). After reaction,
the product was purified by preparative TLC (32% yield). The
structures of SeG and SeTrG were verified by MS and by 1H
and 13C NMR (21). 

Materials. Ascorbic acid (AA), AAPH, 2,2′-azobis(2,4-di-
methylvaleronitrile) (AMVN), DPPD, 2,2′-azobis(4-methoxy-
2,4-dimethylvaleronitrile) (MeO-AMVN), 2,2,5,7,8-penta-
methyl-6-chromanol (PMC), α-tocopherol (α-TOH), and
Trolox were purchased from Wako Pure Chemical Industries
Ltd. (Osaka, Japan). Methyl linoleate and SIN-1 were obtained
from Sigma Chemical Co. (St. Louis, MO). Tocotrienols (Toc-3)
were from Fuji Chemical Co., Ltd. (Toyama, Japan). Soybean
PC was purchased from Nichiyu Liposome Co., Inc. (Tokyo,
Japan) and purified by column chromatography. Ethanol and
2-propanol were from Wako Pure Chemical Industries Ltd.,
and methanol and n-hexane from Kanto Chemical Co., Inc.
(Tokyo, Japan). The n-hexane and 2-propanol were of HPLC
grades. All other reagents were of analytical grade.

Animals and diets. All experimental procedures were con-
ducted in compliance with the Teikyo University's policy on
animal care and use. Several male rats, Sprague-Dawley
strain, 5 wk old, were purchased from Saitama Experimental
Animals Supply Co., Ltd. (Saitama, Japan). They were fed
Certified-1 Diet (CRF-1), Oriental Yeast Co. (Tokyo, Japan)

for several weeks. During this period, a blood sample from
the retro-ocular plexus of each animal was taken at certain in-
tervals. The α-TOH content in the plasma, obtained by cen-
trifugation of rat blood, was in the range of 20–24 µM. 

Estimation of antioxidant reactivity toward peroxyl radi-
cals. DPPD reacts with free radicals to form N,N′-diphenyl-
p-benzoquinone diimine (DPBQ), which has a strong ab-
sorbance at 440 nm (22). DPPD (100 µM final concentration),
mixed with SeG or SeTrG (500 µM) in acetonitrile, was
preincubated at 37°C for 3 min. AMVN (50 mM final con-
centration) was added to start the reaction under air at 37°C.
DPPD oxidation was traced at 440 nm by means of a U-3310
Hitachi spectrophotometer (Tokyo, Japan). 

Inhibition of oxidation of lipids by SeG and SeTrG. Methyl
linoleate hydroperoxides (MeLOOH), synthesized from
methyl linoleate by lipoxidase in methanol, at a concentration
of 99 µM, were incubated at 37°C under air with 200 µM
SeG. The MeLOOH and the corresponding methyl linoleate
alcohols (MeLOH) were detected by an HPLC system (Shi-
madzu Corp., Kyoto, Japan), equipped with a UV detector
and Wakosil-II 5C18 RS (4.6 × 250 mm) column (Wako Pure
Chemical Industries Ltd.). Acetonitrile/distilled water (9:1,
vol/vol) at a flow rate of 0.7mL/min was used as an eluent. 

Methyl linoleate micelles were prepared by vigorously
mixing with a vortex mixer for 2 min methyl linoleate (25
mM for measuring UV absorbance or 75 mM for measuring
O2 consumption) and SDS (0.5 M) in PBS (10 mM, pH 7.4).
For measurement of UV absorbance at 234 nm (A234), 3 mL
of the methyl linoleate micelle dispersion (25 mM in 0.5 M
SDS containing PBS) was placed in a quartz cell of a U-3310
Hitachi spectrophotometer (Tokyo, Japan). Adding 5 µL of
40 mM Fe2+/400 mM AA (final concentration 5 µM Fe2+/50
µM AA) induced the oxidation. The reaction was performed
at 37°C under air. When SeG was used as antioxidant, 400
µM SeG was added to the methyl linoleate micelle dispersion
before oxidation. A234 was scanned with time. A dispersion
of unoxidized methyl linoleate micelles was used as a refer-
ence. The O2 consumption was measured with a Galvani-type
oxygen electrode, MD-1000 (Iijima Electronics Corp., Tokyo,
Japan). The O2-concentration was set at 0 µM with the meter
in water containing 5% sodium bisulfite and at 220 µM in
water saturated with air at 35°C. The methyl linoleate micelle
dispersion (75 mM in 0.5 M SDS containing PBS) was placed
in the cell of the O2 electrode having a volume of 2.25 mL.
After 10 min, the addition of 5 µL of 4 mM Fe2+/40 mM AA
(final concentration 0.6 µM Fe2+/6 µM AA) induced the oxi-
dation, which was performed at 35.8°C under air. After an-
other 10 min, SeTrG (100 µM final concentration) or SeG
(500 µM final concentration) was added, and the O2 con-
sumption was recorded.

In multilamellar vesicle (MLV) oxidations, SeG or SeTrG
were externally added (i) or incorporated (ii) in the multi-
lamellar liposomes.

(i) SeG and SeTrG externally added to MLV suspensions.
When MLV suspensions were oxidized by AAPH, soybean PC
(2.8 mM), and α-TOH (15 µM) were dissolved in chloroform
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and mixed, and the solvent was evaporated completely under
nitrogen (N2). PBS containing EDTA (0.1 mM) was added,
and the mixture was treated with a vortex mixer to form an
MLV suspension. The MLV suspension was divided into
three tubes. SeG and SeTrG at concentration of 100 µM were
added to two of them. The MLV suspensions were placed in a
water bath shaker (37°C, 150 oscillations per minute) and
AAPH (20 mM final concentration) was added to start the ox-
idation. When MLV suspensions were oxidized by the inter-
nally incorporated AMVN, AMVN (6 mM) was mixed to-
gether with soybean PC and α-TOH, and the same procedure
as described above was used. The oxidation was started by
placing the MLV suspensions in a water bath shaker (37°C,
150 oscillations per minute).

(ii) SeG and SeTrG incorporated in MLV. The same pro-
cedure as described above was used, but SeG or SeTrG, each
100 µM, was added to a mixture of soybean PC, α-TOH, and
AMVN (when used) in the beginning of the preparation of
MLV suspensions. In SIN-1 oxidation, 0.4 mL of MLV sus-
pension, without or with externally added SeG or SeTrG at a
concentration of 300 µM, was oxidized at 37°C for 60 min by
externally added SIN-1 (0.3–1 mM) in 1 mM EDTA solution.
Aliquots of 0.2 mL of the oxidized MLV suspensions were
withdrawn at measured time intervals and processed for mea-
suring α-TOH concentration. The oxidation was stopped by
the addition of EDTA (100 µM) and freezing (23).

Rat plasma was obtained by mixing the plasma from sev-
eral rat blood samples, followed by centrifugation twice at
950 × g for 5 min. Fresh rat plasma (2 mL), without or with
SeG or SeTrG in ethanol solution added beforehand at appro-
priate concentration, was incubated for 2–3 min at 37°C in a
water bath shaker before the oxidants AAPH (20 mM) in 1
mM EDTA solution or MeO-AMVN (2 mM) in methanol so-
lution were added to start the oxidation. The final concentra-
tions of methanol and ethanol were 1 and 0.5 vol%, respec-
tively. In SIN-1 oxidation, 0.4 mL rat plasma, without or with
300 µM SeG or SeTrG, was oxidized at 37°C for 60 min by
SIN-1 (0.3–1.2 mM) in 1 mM EDTA solution. Aliquots of 0.2
mL of oxidized rat plasma were withdrawn at measured time
intervals and handled as described above. The samples were
processed for measuring α-TOH concentration.

α-TOH extraction. α-TOH was extracted from rat plasma
or MLV suspension by the modified method of Abe and Kat-
sui (24), and Abe et al. (25) as described by Shabit et al. (26).
A volume of 10 µL ethanol containing 2 µg 2,2,5,7,8-pen-
tamethyl-6-chromanol (PMC) as an internal standard was
added to oxidized rat plasma or MLV suspension (0.2 mL).
The sample was diluted with distilled water (2.0 mL) and eth-
anol (2.0 mL) after consecutive mixings for 1 min with a vor-
tex mixer. The α-TOH was extracted with n-hexane (5.0 mL).
A 0.9% NaCl water solution (2.0 mL) was added and mixed
2–3 min with a vortex mixer at which time rat plasma was
used (for precipitation of the proteins). The mixture was cen-
trifuged at 1,500 × g for 10 min at 4°C. The upper layer, con-
taining α-TOH, the internal standard, and the lipids, was
pipetted. All procedures were performed at 4°C in an ice bath.

The n-hexane was evaporated under N2. The residue was then
dissolved in n-hexane (1.6 mL), and a volume of 20 µL of the
solution was injected into the column of the HPLC system.

α-TOH detection by HPLC. The HPLC system contained
an injector (Rheodyne Incorporated, Cotati, CA), DGU-4A
Shimadzu degasser (Shimadzu Corp., Kyoto, Japan), NH2-
1251-N, 4.6 × 250 mm, Senshu Pak column (Senshu Scien-
tific Co., Ltd., Tokyo, Japan), LC-10 AD Shimadzu liquid
chromatograph, RF-10 A Shimadzu spectrofluorometric de-
tector, and C-R6A Shimadzu Chromatopac recorder. The α-
TOH was detected at an excitation wavelength of 298 nm and
an emission wavelength of 325 nm. The mobile phase was n-
hexane/2-propanol (98:2, vol/vol) at flow rate 1.0 mL/min.

UV analysis of conjugated diene hydroperoxides. Oxidized
rat plasma, without or with antioxidants, was diluted with dis-
tilled water 80 times and was analyzed by a U-3310 Hitachi
spectrophotometer by scanning from 300 to 200 nm at a rate
of 60 nm/min. Unoxidized rat plasma, 80 times diluted, was
used as a reference.

RESULTS AND DISCUSSION 

Antioxidants act by different mechanisms such as radical
scavenging, hydroperoxide reduction, and metal ion seques-
tration (27). We examined the antioxidative properties of SeG
and SeTrG mechanisms of action as antioxidants in different
systems: organic solution, MeLOOH in methanol solution,
methyl linoleate micelles, PC liposomes membranes, and rat
plasma.

SeG and SeTrG peroxyl radical-scavenging activity. The
peroxyl radicals act as chain-carrying species in lipid peroxida-
tion. We investigated if SeG and SeTrG can act as chain-break-
ing antioxidants and compared their ability to scavenge
peroxyl radicals competing with DPPD in organic solution
(acetonitrile). One molecule of DPPD rapidly scavenges two
radicals and forms DPBQ (22), which has a strong absorbance
at 440 nm. The absorbance increased with time due to the for-
mation of DPBQ from DPPD by the reaction with the radicals
generated by AMVN (Fig. 1). The addition of SeTrG decreased
the rate of DPPD oxidation as compared with the control reac-
tion because SeTrG scavenged radicals in competition with
DPPD. SeTrG had no induction period. The curve for variation
of the absorbance upon addition of SeG coincided with that of
the control reaction, where no antioxidant was added. The re-
sults from DPPD oxidation showed that SeTrG was able to
scavenge peroxyl radicals, whereas SeG was not able to com-
pete with DPPD in scavenging peroxyl radicals. 

Reduction of lipid hydroperoxides. Selenium compounds
act as antioxidants by reducing lipid hydroperoxides. Hy-
droperoxide formation in sunflower oil was retarded by SeG
(10). Ebselen, which exerts glutathione-peroxidase activity,
also acts as antioxidant by reducing FA and lipid hydroperox-
ides (7,8). We examined the ability of SeG and SeTrG to re-
duce hydroperoxides in solution, micelles, and rat plasma. 

SeG reduced MeLOOH to the corresponding alcohols in a
time-dependent manner (Fig. 2). SeG also suppressed the 
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formation of hydroperoxides generated by metal ion-induced
peroxidation of methyl linoleate micelles (Fig. 3). We con-
clude that (i) SeG reduces hydroperoxides, which are required
for metal-ion catalyzed oxidation, and (ii) SeG cannot scav-
enge peroxyl radicals. This behavior is similar to the antihy-
pertensive drug carvedilol (28), which is effective against fer-
ric ion-induced oxidation but fails to scavenge radicals.

We compared the activity of SeG and SeTrG against
Fe2+/AA oxidation by measuring O2 consumption (Fig. 4).
SeTrG (100 µM) showed much greater activity than SeG (500
µM) because SeTrG incorporates the potent antioxidant
Trolox group.

We examined the activity of SeG and SeTrG as antioxi-
dants in the oxidation of rat plasma induced by the hy-
drophilic initiator AAPH. The change in absorbance A at 234
nm of oxidized rat plasma in the absence and presence of SeG
or SeTrG is shown in Figure 5. The two selenium-containing

compounds suppressed the formation of conjugated diene hy-
droperoxides at concentrations of 50 and 100 µM in rat
plasma. SeTrG showed a greater effect than SeG. 

Inhibitory effect of SeG and SeTrG on α-TOH consump-
tion in MLV suspensions and rat plasma. Antioxidants can act
cooperatively or synergistically with other antioxidants. The
synergistic action between vitamin E and vitamin C is well
known (23,29). α-TOH is the most abundant lipophilic an-
tioxidant in LDL. It is located predominantly in the outer PC
monolayer of organized LDL structures, and it places its ac-
tive phenolic groups at the surface (23). The rate of lipid oxi-
dation, α-TOH consumption, and conjugated peroxide diene
formation are correlated (29). Liposomes are widely used as
models for biomembranes. We used multilamellar soybean
PC liposomes, containing α-TOH (Fig. 6). As oxidants we
used the hydrophilic radical initiators AAPH or SIN-1 added
to MLV suspensions (Figs. 6A, 6C, 7) or the lipophilic
AMVN incorporated into membranes (Figs. 6B, 6D). SeG
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FIG. 1. Effect of 1-(11-selenadodecyl)-3-Trolox-glycerol (SeTrG) on the
formation of N,N ′-diphenyl-p-benzoquinone diimine (DPBQ) (λmax =
440 nm) as a result of N,N ′-diphenyl-p-phenylendiamine (DPPD) oxi-
dation under air at 37°C. 2,2′-Azobis(2,4-dimethylvaleronitrile) (AMVN)
(50 mM) was added to DPPD in acetonitrile or to a mixture of DPPD
(100 µM) and antioxidant (500 µM) in acetonitrile. The increase in ab-
sorbance at 440 nm was monitored.

FIG. 2. Reduction of methyl linoleate hydroperoxides (MeLOOH) (ini-
tial concentration 99 µM in methanol) to the corresponding methyl li-
noleate alcohols (MeLOH) by 200 µM 1-(11-selenadodecyl)-glycerol
(SeG) under air at 37°C.

FIG. 3. Inhibitory effect of SeG at concentration 400 µM (●) on the for-
mation of conjugated diene hydroperoxides, measured by the time-
dependent variation in absorbance at 234 nm (A234), in methyl linoleate
micelle dispersion [25 mM methyl linoleate in 0.5 mM SDS-PBS (10
mM), pH = 7.4] oxidized by 5 µM Fe2+/50 µM AA (FeSO4/ascorbic acid)
under air at 37°C. (●●) Change in A234 with time without the addition of
antioxidant. For abbreviation see Figure 2.

FIG. 4. Inhibitory effect of SeG (500 µM) and SeTrG (100 µM) on oxy-
gen (O2) consumption in the oxidation under air at 35.8°C of methyl li-
noleate micelle dispersion (75 mM methyl linoleate in 0.5 M SDS PBS
(10 mM, pH = 7.4) by 0.6 µM Fe2+/6 µM AA. For abbreviations see Fig-
ures 1–3.



and SeTrG were externally added to MLV suspensions (Figs.
6A, 6B, 7) or incorporated into PC layers (Figs. 6C, 6D). The
results from Figure 6 can be explained considering the struc-
ture of the selenium-containing compounds, their localiza-
tion, and the character of the oxidant used—hydrophilic or
lipophilic. SeG and SeTrG added externally to MLV oxidized
by AAPH (Fig. 6A) are situated in the aqueous medium. They
decompose the lipid hydroperoxides produced by the hy-
drophilic AAPH and protect α-TOH. SeG and SeTrG exter-
nally added to MLV oxidized by internally incorporated
AMVN (Fig. 6B) are situated in the aqueous phase, but the
radicals are produced inside the PC layers. SeG and SeTrG
cannot interact with lipid hydroperoxides due to dimensional
restrictions. SeTrG shows some effect due to the presence of
the Trolox group having radical-scavenging activity.

Incorporated in MLV oxidized by AAPH (Fig. 6C), SeG
and SeTrG do not show antioxidant protection. The selenium
compounds cannot act with the lipid hydroperoxides pro-
duced out of the vesicles by the water-soluble AAPH. SeTrG
cannot scavenge peroxyl radicals. It is known that the effi-
ciency of vitamin E for radical scavenging decreases as the

radical goes deeper into the interior of the LDL structures
(23). SeG showed slight prooxidative effect. The hydroxyl
groups of SeG are oriented toward the aqueous phase and
most probably are attacked by the hydrophilic initiators, thus
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FIG. 5. Inhibitory effect of SeG (A) and SeTrG (B) on the formation of
conjugated diene hydroperoxides measured by time-dependent varia-
tion in A234 in rat plasma oxidized by 2,2′-azobis(2-amidinopropane)
dihydrochloride (AAPH). SeG (A) and SeTrG (B) at concentrations of 50
(▲) and 100 (■) µM were added to rat plasma (2 mL) before AAPH (20
mM) was finally added to start the oxidation under air at 37°C. Oxi-
dized plasma (0.05 mL) was diluted with distilled water 80 times, and
A234 was monitored. The spectrum was scanned from 300 to 200 nm at
a speed of 60 nm/min. (●●) Change in A234 with oxidation time without
the addition of antioxidants. For abbreviations see Figures 1–3.

FIG. 6. Inhibitory effects on α-tocopherol (α-TOH) consumption of SeG
(▲) and SeTrG (■) at a concentration of 100 µM externally added (A,B)
or incorporated (C,D) in soybean PC multilamellar vesicles (MLV), con-
taining 15 µM α-TOH, and oxidized under air at 37°C by 20 mM AAPH
(A,C) or by incorporated 6 mM AMVN (B,D) (●●) α-TOH consumption
without the addition of antioxidant. For abbreviations see Figures 1, 2,
and 5.



propagating the oxidation. Incorporated in MLV and oxidized
by internally incorporated AMVN (Fig. 6D), SeG and SeTrG
can decompose the lipid hydroperoxides produced inside the
PC layers, and SeTrG can scavenge radicals. SeTrG in the be-
ginning of the process shows greater effect than SeG due to
the presence of the potent antioxidant Trolox group. 

We studied the inhibitory effect of SeG and SeTrG on α-
TOH consumption in MLV suspensions oxidized by the hy-
drophilic initiator SIN-1 (Fig. 7). Under air, SIN-1 thermally
decomposes to nitric oxide and superoxide, which rapidly
combine to peroxynitrite, which initiates lipid peroxidation
(30). In MLV oxidation by SIN-1, SeTrG slightly spared α-
TOH. SeG did not show an effect.

The inhibitory effect of SeTrG on α-TOH consumption in
rat plasma oxidized by the hydrophilic initiator AAPH or
MeO-AMVN, producing radicals both in the aqueous and the
lipid phases, is shown in Figure 8. The kinetic curves of α-

TOH consumption in AAPH and MeO-AMVN oxidations
(open symbols) are almost identical. The presence of 100 µM
SeTrG (black symbols) induced a pronounced lag phase and
delayed the oxidation rate. SeG did not spare α-TOH in
AAPH nor in MeO-AMVN rat plasma oxidations.

The effect of SeTrG on α-TOH consumption against SIN-1
oxidation of rat plasma is shown in Figure 9. The presence of
300 µM SeTrG spared the endogenous α-TOH in plasma oxi-
dized by SIN-1 at concentrations 0.3–1.2 mM (Fig. 9). In
AAPH and MeO-AMVN oxidation of rat plasma, all of the
endogenous α-TOH was consumed, but in SIN-1 oxidation a
considerable amount remained and was unchanged after 30
min of oxidation (data not shown). The same was seen in the
erythrocyte hemolysis induced by SIN-1 (13). SeG was not
effective against SIN-1 oxidation in rat plasma.

The efficiency of an antioxidant is dependent on the oxidant
and model used. We showed that SeG reduced lipid hydroper-
oxides (Figs. 2, 3, 5) and protected α-TOH in AAPH- or
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FIG. 7. Inhibitory effect of SeTrG at concentration of 300 µM (●) on α-
TOH consumption in soybean PC MLV, containing 20 µM α-TOH, oxi-
dized for 60 min under air at 37°C by externally added 3-morpholi-
nosydnonimine hydrochloride (SIN-1) at concentrations of 0.3–1 mM.
(●●) α-TOH consumption without the addition of antioxidant. For ab-
breviations see Figures 1 and 6.

FIG. 8. Comparison of the effect of SeTrG at concentration 100 µM
(●,▲) on α-TOH consumption in rat plasma oxidation under air at 37°C
induced by 20 mM AAPH (●) or by 2 mM 2,2′-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (MeO-AMVN) (▲). Open symbols: α-TOH con-
sumption without the addition of SeTrG in rat plasma oxidation induced
by 20 mM AAPH (●●) or by 2 mM MeO-AMVN (▲▲). For abbreviations
see Figures 1, 5, and 6.

FIG. 9. Inhibitory effect of SeTrG (●) at concentration of 300 µM on α-
TOH consumption in rat plasma oxidized for 60 min under air at 37°C
by SIN-1 in the range of concentrations 0.3–1.2 mM. (●●) α-TOH con-
sumption without the addition of SeTrG. For abbreviations see Figures
1, 6, and 7.

FIG. 10. Comparison of the inhibitory effect of the antioxidants SeTrG
(●), ascorbic acid (AA) (◆◆), tocotrienols (Toc-3) (◆), Trolox (▲▲), 3,4-di-
hydroxyphenylacetic acid (▲) (DOPAC), and caffeic acid (CA) (■) at
concentrations of 50 µM on α-TOH consumption in rat plasma oxidized
by 20 mM AAPH under air at 37°C. (●●) α-TOH consumption without
the addition of antioxidant. For abbreviations see Figures 1, 5, and 6.



AMVN-oxidized MLV suspensions, but not in rat plasma. Eb-
selen also reduced lipid hydroperoxides but had no radical-
scavenging activities (7) and could not suppress the oxidations
of LDL induced by AAPH (33). Ebselen spared α-TOH during
the initial stages of LDL oxidation initiated by a low flux of
aqueous peroxyl radicals (8). Both SeG and SeTrG inhibited
the formation of lipid hydroperoxides (Fig. 5), but only SeTrG
spared α-TOH in plasma. We showed that only SeTrG had rad-
ical scavenging ability (Fig. 1). Also, in comparing the kinetic
curves of α-TOH consumption in rat plasma (Fig. 8) and in a
liposome system (Fig. 6), it can be seen that in rat plasma α-
TOH is consumed with a pronounced lag phase, but in the
MLV system without a lag phase. The same effect was seen in
rat plasma oxidized by AAPH and explained “as a result of the
reaction of the aqueous peroxyl radicals with the aqueous an-
tioxidants ascorbate, sulfhydryls, bilirubin and urate” (31). Rat
plasma is a complex biological environment, containing lipids,
proteins, and hydrophilic and lipophilic antioxidants (23,31).
The relative importance of the different antioxidants may be
influenced by factors such as mobility, reactivity with other an-
tioxidants, and reactivity with oxidant radicals. This may ex-
plain why SeG did not spare α-TOH in rat plasma but spared it
in an MLV system when oxidized by the hydrophilic initiators
AAPH or the lipophilic AMVN or MeO-AMVN. It was found
previously that SeG reacts synergistically with tocopherols in
sunflower oil (10). The presence of two hydroxyl groups in
SeG may have an undesirable prooxidative effect (10). It is also
possible that SeG has lower mobility in the membranes due to
hydrogen bonding between the hydroxyl groups and the water
(32). 

In SIN-1 oxidations we showed that SeG did not spare α-
TOH, whereas ebselen suppressed erythrocyte hemolysis in-
duced by peroxynitrite (13). Trolox does not effectively sup-
press erythrocyte hemolysis (13), but SeTrG, containing both
Trolox and selenium, spared α-TOH. SeTrG was more effec-
tive in rat plasma than in MLV. This could be explained by
the fact that rat plasma contains micromolar concentrations
of glutathione. Glutathione recycles the oxidized selenoox-
ides (12). For example, the cellular selenium-containing en-
zymes glutathione peroxidases, phospholipid glutathione per-
oxidases, and selenoprotein P protect against peroxynitrite.
They degrade peroxynitrite to nitric dioxide and water at the
expense of glutathione, which is converted to glutathione
disulfide (12).

To elucidate the structural role of the selenium compounds
in the antioxidant properties, we compared the effects on α-
TOH consumption of SeTrG, Toc-3, and Trolox at a concen-
tration of 50 µM in rat plasma oxidized by 20 mM AAPH
(Fig. 10). For comparison, the effects of the antioxidants AA,
caffeic acid (CA), and 3,4-dihydroxyphenylacetic acid
(DOPAC) (34) are shown in the same figure. SeTrG showed
lower inhibitory effect than Toc-3 and Trolox, and Toc-3 had
a lower inhibitory effect than Trolox. The phytyl chain of
chromanols has only a small effect on the inhibition of perox-
idation, but is significant for the mobility of chromanols be-
tween membranes (23,32). Trolox, without a phytyl chain,

can easily move between the membranes and shows potent
antioxidant action. The glycerol part of SeTrG with the sele-
nium-containing long hydrocarbon chain lowers its mobility
in the membranes, which weakens the antioxidant activity of
SeTrG compared to Trolox. The same comparison is valid for
Toc-3 with their isoprenoid chain. Toc-3 are potent in de-
creasing rat plasma and LDL oxidizability (31,35). α-Toc-3
activity is comparable to that of α-TOH (31). CA and
DOPAC show the strongest antioxidant effects owing to the
presence of two hydroxyl groups in the ortho position (34). 

In this paper we compared the inhibitory effect of the or-
ganic selenium compounds SeG and SeTrG in vitro on lipid
peroxidation in organic solution, MeLOOH solution, methyl
linoleate micelles, MLV suspensions, and rat plasma. SeTrG
scavenged peroxyl radicals. SeG reduced MeLOOH in
methanol solution and in Fe2+/AA-catalyzed methyl linoleate
micelle oxidation. SeTrG was more effective than SeG
against Fe2+/AA-catalyzed methyl linoleate micelle oxida-
tion. In rat plasma the two organoselenium compounds sup-
pressed the formation of conjugated diene hydroperoxides in
the AAPH-induced oxidation. In MLV suspensions SeG and
SeTrG spared α-TOH in AAPH- or AMVN-induced oxida-
tions; SeTrG was effective in sparing α-TOH during SIN-1
oxidation, but not SeG. In rat plasma SeTrG spared α-TOH
consumption in the AAPH-, MeO-AMVN-, or SIN-1-induced
oxidations, but SeG was not effective. In conclusion, SeG and
SeTrG showed antioxidant protection in vitro. They contain
bound selenium, which is not available for the selenium pool,
and are expected to be nontoxic to mammals.
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ABSTRACT: In a previous study, CETP inhibitory peptide (3
kDa) was isolated from hog plasma. The peptide, synthesized
chemically according to the amino acid sequence of the 3-kDa
peptide (designated P28), showed CETP inhibitory activity both
in vitro and in vivo [Cho et al. (1998) Biochim. Biophys. Acta
1391, 133–144]. We report herein further unique features of P28
when it was associated with the cholesteryl ester (CE)-donor and
-acceptor lipoproteins. Lipoprotein substrates with P28 present
in both HDL (as a CE-donor) and LDL (as a CE-acceptor) served
as poor substrates, with CE-transfer activity decreased up to
60% compared to normal substrates without P28. P28 was found
to be located in HDL fractions of hog plasma and showed the
same electromobility as that visualized by PAGE on 7% poly-
acrylamide gel under nondenaturing conditions. Addition of
apolipoprotein A-1 (apoA-1) or apoB antibody to a normal CE-
transfer mixture did not alter CE-transfer activity. However, ad-
dition of apoA-1 or -B antibody to a CETP-inhibition mixture
decreased the inhibitory activity of P28 by ca. 20%. Western
blot analysis revealed that P28 was associated only with human
and hog HDL among several lipoproteins purified from human,
hog, and rabbit. CETP-inhibition assays with various lipoprotein
substrates revealed that P28 exhibited substrate-specific in-
hibitory activity. The inhibitory activity of P28 was highly de-
pendent on the type of lipoprotein substrate (whether CE-donor
or -acceptor); P28 inhibited CE transfer from HDL to LDL, but it
did not inhibit CE transfer from HDL to HDL.

Paper no. L8941 in Lipids 37, 641–646 (July 2002).

Human CETP redistributes cholesteryl ester (CE) and TAG
between nonequilibrated lipoproteins in plasma. CETP, a
70–74 kDa hydrophobic glycoprotein (1,2), regulates the con-
centration of HDL-cholesterol in the blood stream (3,4). Even
though the role of CETP in atherosclerosis is still controver-
sial, many reports have concluded that CETP plays an athero-
genic role in reversing cholesterol transport. Inhibition of
CETP activity in animals having normal levels of CETP (5–7)
and introduction of human CETP into CETP-deficient animals
(8–12) have demonstrated that CETP accelerates the accumu-
lation of CE in LDL, resulting in a retardation of cholesterol

removal from the blood stream. In addition, transgenic expres-
sion of simian CETP cDNA in mice (13) led to a decrease in
HDL-cholesterol and a subsequent appearance of atheroscle-
rotic lesions after prolonged feeding of a cholesterol-rich diet
(14). Reduced plasma CETP activity induced by CETP vacci-
nation resulted in an improved lipoprotein profile and a reduc-
tion in aortic lesions in a rabbit model (15). Recently, a chem-
ical CETP inhibitor treatment with human subjects raised
HDL-cholesterol levels in phase II clinical trial (16).

Although the precise mechanism of CE transfer by CETP
has not been fully elucidated, it is generally accepted that neu-
tral lipid exchange involves at least two key steps: (i) the in-
teraction of CETP with lipoprotein particles, from which (ii)
it picks up or deposits neutral lipid molecules (17). Three gen-
eral models have been proposed in the light of data from ki-
netic studies (18–20). The first suggests that CETP could act
as a shuttle carrying CE and TAG between distinct lipopro-
tein fractions (18). The second indicates that CETP could also
mediate the formation of a ternary collision complex involv-
ing one lipoprotein donor, one lipoprotein acceptor, and
CETP (19). The third model is similar to the second but in-
cludes the presence of dimeric CETP (20). 

A few proteins from animal plasma have been used as
modulators of CETP or lipid transfer inhibitor proteins
(LTIP). Apolipoprotein F (apoF) was purified from human
lipoprotein-deficient serum, associated with LDL (21). A pep-
tide with high homology to the amino terminus of apoC-1 was
purified from baboon plasma associated with HDL1 (22).
Those reports indicate that association characteristics of the
CETP inhibitor and lipoprotein substrate are variable depend-
ing on their individual properties. 

In a previous study, we purified CETP inhibitory peptide
from hog plasma by ultracentrifugation, sequential column
chromatographies, and finally electroelution from polyacryl-
amide gel (23). M.W. of the peptide was approximately 3 kDa.
A peptide synthesized chemically according to the amino acid
sequence of the 3-kDa peptide (designated P28) showed approx-
imately the same degree of CETP inhibitory activity as the puri-
fied 3-kDa peptide. The sequence of P28 was as follows: N-Glu-
Asp-Thr-Ser-Pro-Glu-Asp-Lys-Met-Gln-Asp-Tyr-Val-Lys-Gln-
Ala-Thr-Arg-Thr-Ala-Gln-Asp-Ala-Leu-Thr-Ser-Val-Lys-C.

In this study, we investigated the association properties of
the synthesized peptide (P28) with lipoproteins, especially in
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HDL and LDL, to determine accurately its properties in the
lipoprotein–substrate complex and extended effects on the de-
gree of CETP inhibition activity among various substrates.

EXPERIMENTAL PROCEDURES

Materials. Radioactive 1α,2α-n-[3H]cholesteryl oleate was
purchased from Amersham Life Sciences (Amersham, United
Kingdom). CNBr-activated Sepharose 4B was obtained from
Pharmacia (Uppsala, Sweden). Immobilon-PSQ membrane
was purchased from Millipore (Bedford, MA). Antihuman
apoA-1 IgG, antihuman apoB IgG, and enzyme-coupled sec-
ondary reagents were purchased from Boehringer Mannheim
Biochemicals (Mannheim, Germany). All other reagents were
obtained from Sigma (St. Louis, MO).

Human plasma was obtained from fresh EDTA-containing
blood (donated by healthy male volunteers who had fasted for
16 h) by low-speed centrifugation (5,000 × g) for 15 min at
4°C. Hog and rabbit blood were collected in bottles containing
Na2-EDTA (final concentration = 1 mg/mL), and plasma was
isolated by the same method as for human plasma. Aliquots of
fresh plasma were placed in tubes containing sodium azide
(0.02% wt/vol), phenyl-methyl-sulfonyl fluoride (1 mM in the
final concentration), and chloramphenicol (50 µg/mL in the
final concentration), and stored at −70°C until use.

Isolation of lipoproteins and partial purification of CETP.
HDL (d = 1.063–1.21), LDL (d = 1.019–1.063), and VLDL

(d = 0.95–1.006) were isolated from normolipidemic human,
rabbit, or hog plasma by a standard protocol including ultra-
centrifugation (24) and gel filtration column chromatography
(25). The isolated lipoproteins were dialyzed against 10 mM
ammonium bicarbonate/5 mM EDTA to remove excessive
potassium bromide. The purified human LDL and HDL were
used individually as CE-acceptors in the CE-transfer assays.
Human CETP was partially purified to about 80% purity by
ammonium sulfate precipitation (15% in the final concentra-
tion, wt/vol) and phenyl-Sepharose column chromatography,
as previously described by Albers et al. (26). Purity of the
CETP and its activity were determined by SDS-PAGE and
CE-transfer assays. Protein concentration was determined by
using the Pierce bicinchoninic acid (BCA) protein assay
reagent (Rockford, IL) with BSA as a standard.

Preparation of reconstituted HDL and LDL. Reconstituted
lipoproteins were used as artificial substrates for the CE-
transfer assay, where tritiated reconstituted HDL ([3H]HDLR)
containing apoA-1 and reconstituted LDL (LDLR) containing
apoB were used as the CE-donor and CE-acceptor, respec-
tively, in the CETP assay. They were prepared by the sodium
cholate dialysis method as described previously (27,28). For
synthesis of both HDLR and LDLR lipoproteins containing
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FIG. 1. Effect of lipoprotein substrates on cholesteryl ester (CE)-transfer
activities in the presence or absence of P28. Final concentration of P28
in reconstituted lipoproteins was 10 µM. Lipoprotein reconstitution and
CETP assay were carried out as described in the Experimental Proce-
dures section. Line A, CE transfer from HDLR (where R = reconstituted)
to LDLR; line B, CE transfer from P28-HDLR to LDLR; line C, CE transfer
from HDLR to P28-LDLR; line D, CE transfer from P28-HDLR to P28-LDLR.
The substrates containing P28 (line D) showed CE-transfer activity di-
minished up to 60% compared to the normal substrates (line A). Data
are expressed as mean ± SD from triplicate determinations. For P28 se-
quence see text.

FIG. 2. Immunodetection of the 3-kDa peptide after SDS-PAGE with 7%
nondenaturating polyacrylamide gel. Proteins were loaded onto the gel
without denaturation. Immunoreacted bands were visualized by alka-
line phosphatase conjugate (nitro blue tetrazolium/5-bromo-4-chloro-
3-indolylphosphate; Sigma, St. Louis, MO). Lane 1, lipid transfer com-
plex containing hog HDL (50 µg of apolipoproteins), LDLR (50 µg 
of apoB), partially purified CETP (300 µg), and P28 (90 µg); lane 2, 
P28 (90 µg); lane 3, LDLR (50 µg of apoB); lane 4, hog HDL (50 µg 
of apolipoproteins). Arrows indicate immunodetected band by anti-
P28-IgG. For P28 sequence see text.



P28, concentrations of P28 in the reconstituted lipoproteins
were adjusted to 10 µM (final concentration). 

CETP and its inhibition assay. A CE-transfer assay was
carried out using tritiated HDLR as the CE-donor substrate
for CETP. The HDLR was covalently immobilized on agarose
for easy separation of [3H]HDLR-agarose after CE-transfer
incubation, as described previously (23). 

To determine the effect of apoA-1 or apoB antibody addi-
tion on CETP inhibition activity of P28, antihuman apoA-1 or
apoB IgG was pre-incubated with partially purified CETP for
30 min at 37°C to inactivate the CETP source. After pre-in-
cubation, P28 was added to the mixture as an inhibitor source,
and the total mixture was re-incubated for 1 h at 37°C. After
incubation, normal substrates (LDLR and HDLR) were added
to the mixture and incubated for another 2 h at 37°C with
shaking. After incubation, the supernatant of the mixture was
removed and counted in a scintillation analyzer (Packard Tri-
carb 1600TR) to calculate specific CE-transfer activity com-
pared to a control group without antibody addition during pre-
incubation.

Preparation of antibodies against P28 and immunoblot-
ting. Antibodies against the P28 were produced and IgG was
isolated according to a standard method, described elsewhere
(29). For immunoblotting experiments, protein samples to be
tested were electrophoresed in two gel slabs in parallel: Pro-

teins on one gel were stained with 0.125% Coomassie bril-
liant blue R-250 and the other gel was electroblotted onto the
Immobilon-PSQ membrane using a Semi-Phor transfer unit
(Hoefer Scientific Instruments, San Francisco, CA) at 50 mA
for 90 min. The blotted membrane was incubated with the an-
tibody against the P28 (diluted 1:104) in the presence of 1%
BSA/0.1% Tween-20 in PBS (pH 7.4). Immunoreacted bands
were visualized as described by Towbin and Gordon (29). 

To identify the original location of the 3 kDa peptide and
the effect of P28 in the lipid transfer complex, we incubated 9
µg of P28, 300 µg of partially purified CETP, 50 µg of hog
HDL, and 320 µg of hog LDL at 37°C for 16 h to allow them
to bind completely with the lipoproteins. After incubation, the
mixture was loaded onto 7% polyacrylamide gel without
SDS-treatment and boiled to allow migration with its native
charge. After electrophoresis, proteins on the gel were blotted
onto the PVDF membrane to analyze with anti-P28 IgG to
compare the preferential binding properties between lipopro-
teins and the P28.

Association properties of P28 and lipoproteins. The puri-
fied LDL (10 µg) and HDL (6 µg) from human, hog, and rab-
bit were incubated individually with P28 (10 µg) for 1 h at
37°C, and the incubation mixtures were concentrated com-
pletely by a SpeedVac® Plus (Savant Instruments, Farming-
dale, NY). The concentrated mixtures were redissolved in 10
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FIG. 3. Different association patterns of P28 with various lipoproteins. Ten micrograms of the P28 was incubated
with 6 µg of HDL or 10 µg of LDL from hog, human, and rabbit, individually, in a shaking incubator for 1 h at
37°C. The mixtures were concentrated and electrophoresed in 8% polyacrylamide gel without SDS-treatment and
sample boiling to allow migration with its native charge. Electrophoretic patterns were visualized by Coomassie
staining (A) and immunodetection (B) using P28-IgG. Incubation mixtures of each lane are as follows. Lane 1, P28
and hog HDL; lane 2, P28 and hog LDL; lane 3, P28 and human HDL; lane 4, P28 and human LDL; lane 5, P28 and
rabbit HDL; lane 6, P28 and rabbit LDL. Arrows indicate immunodetected bands detected in lanes 1 and 3. For
P28 sequence see text.



µL of electrophoresis sample buffer without SDS. The mix-
tures were electrophoresed in 7% polyacrylamide gel under
native conditions and the gel was blotted onto the PVDF
membrane for immunodetection.

RESULTS AND DISCUSSION

Role of P28 in the lipid-transfer complex. The CE-donor (triti-
ated HDLR) and CE-acceptor (LDLR), both synthesized with

P28 (designated P28-HDLR and P28-LDLR, respectively) ac-
cording to previously described methods (23,25), were used
to test the effect of P28 in lipoprotein substrates, whether
HDLR (CE-donor) or LDLR (CE-acceptor), in the CE-trans-
fer mechanism of the lipid–CETP complex. As shown in Fig-
ure 1, normal substrates (from HDLR to LDLR) yielded 23.7
± 1% (mean ± SD) of CE-transfer activity, and P28-contain-
ing substrates (from P28-HDLR to P28-LDLR) yielded only 6.8
± 2% of CE-transfer activity in the same condition. As shown
in Figure 1, the presence of P28 in lipoproteins (both HDLR
and LDLR) decreased CE-transfer activity of the lipid-trans-
fer complex by up to 60%. This result suggests that CE-trans-
fer activity was altered by the presence of P28 in substrates of
both LDL and HDL. In human plasma, most of the CETP was
associated with HDL particles (31,32), and kinetic studies re-
vealed that either a carrier-mediated mechanism of transfer
(19) or the formation of a ternary collision complex consist-
ing of CETP and donor and acceptor lipoproteins was in-
volved (18). The P28 appears to interfere with the binding of
CETP and lipoproteins by forming a lipid-transfer complex,
as with other apolipoproteins, and this effect is equal in both
HDL and LDL. 

Immunodetection of the 3 kDa in hog HDL fraction. To de-
termine the location of the 3-kDa peptide in the circulation of
hog blood as well as the preferential binding properties of P28
in the formation of a ternary collision complex, we incubated
P28, the CETP source (human plasma), hog HDL, and hog
LDL for 2 h at 37°C. After incubation, the mixture was
electrophoresed on 7% polyacrylamide gel without sample de-
naturation. Proteins on the gel were blotted onto the PVDF
membrane and immuno-detected with anti-P28 IgG. Figure 2
illustrates that the mixture (lane 1) and the P28 (lane 2) showed
the same migration mobility on the gel, and a protein band was
detected in the hog HDL fraction (lane 4) with the same band
position as P28 (lane 2). The mixture (lane 1) and the P28 (lane
2) seemed to have similar electromobility, whereas the puri-
fied hog LDL did not show the same mobility. From this re-
sult, it is possible to predict that the 3-kDa peptide is associ-
ated with the hog HDL fraction in in vivo circulation.

Association capabilities of P28 and animal lipoproteins.
HDL and LDL fractions from normolipidemic animals (hog,
human, and rabbit) were individually incubated with P28 for 1
h at 37°C. The mixtures were concentrated completely and
electrophoresed in 8% native polyacrylamide gel. As shown
in panel B of Figure 3, the band detected in lanes 1 and 3 sug-
gests that P28 could form an association complex with hog and
human HDL but not with rabbit HDL. On the contrary, the as-
sociation of P28 and LDL from the three species was not de-
tected by the same immunoblotting analysis with P28-IgG
(lanes 2, 4, and 6 of panel B). These results indicate that P28
formed a lipoprotein complex with only hog and human HDL.
Neither rabbit HDL nor LDL of the three species was associ-
ated with a lipoprotein complex, indicating that binding ten-
dencies might be somewhat different in rabbit lipoproteins. 

Influence of apo antibodies on CE inhibition by P28. Addi-
tion of the apoA-1 or -B antibody on the lipid-transfer com-
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FIG. 4. Effect of adding apolipoprotein antibody on CE-transfer (A) and
CETP-inhibition (B) assays. Data were expressed as a mean value from
triplicate determinations. (A), Partially purified human CETP (30 µL, 300
µg) was pre-incubated with apoA-1 or -B IgG for 1 h at 37°C. The mix-
tures were incubated with assay substrates (LDLR and HDLR) for 2 h at
37°C to allow the CE-transfer reaction from HDLR to LDLR. 1, CETP
source + TBS (50 µL); 2, CETP source + apoA-1 IgG (1.5 µg); 3, CETP
source + apoA-1 IgG (15 µg) ; 4, CETP source + apoB IgG (1.5 µg); 5,
CETP source + apoB IgG (15 µg). (B), Partially purified human CETP (30
µL, 300 µg) was pre-incubated with P28 for 30 min at 37°C. After pre-
incubation, the mixture was incubated with apoA-1 or apoB IgG for 1 h
at 37°C. The mixtures were re-incubated with the assay substrates (LDLR
and HDLR) for 2 h at 37°C to allow the CE-transfer reaction. 1, CETP
source + TBS (50 µL) + P28 (5 µM); 2, CETP source + TBS (50 µL) + P28
(50 µM); 3, CETP source + apoA-1 IgG (1.5 µg) + P28 (5 µM); 4, CETP
source + apoA-1 IgG (15 µg) + P28 (50 µM); 5, CETP source + apoB IgG
(1.5 µg) + P28 (5 µM); 6, CETP source + apoB IgG (15 µg) + P28 (50 µM).
For other abbreviations see Figure 1. TBS, Tris-buffered saline; for P28
sequence see text.



plex involving HDLR, LDLR, and CETP did not reduce CE-
transfer activity, as shown in panel A of Figure 4. This result
suggests that the apoA-1 or apoB antibody did not affect nor-
mal transfer of CE from HDL to LDL. However, the in-
hibitory activity of P28 decreased to 20% of the control value
by adding the apoA-1 or apoB antibody to the incubation
mixture, as shown in panel B of Figure 4. The P28 showed
37% inhibition in the absence of the IgG (apoA-1 or -B),
whereas it showed approximately 12% inhibition in the pres-
ence of apoA-1 or apoB IgG. These results indicate that the
apoA-1 or apoB antibody might be effective in the CE-
inhibition of P28 by either association or interaction. 

Differential influence of CE-acceptors on CETP inhibition
by P28. CETP inhibition by P28 in human plasma was shown
to depend on the lipoprotein substrate, especially in CE-
acceptors. The inhibitory activity was highly specific, de-
pending on the type of substrate. When P28 was incubated
with LDLR as a CE-acceptor (Fig. 5), more than 40% of the
CETP activity was inhibited. However, no inhibitory activity
was shown when HDL was used as a CE-acceptor, indicating
that P28 could selectively inhibit CE-transfer from HDL to
LDL. Under the same conditions, P28 even facilitated CE
transfer from donor to acceptor HDL.

Results of this study suggest that CETP, P28, and HDL op-
erate together in the lipid transfer complex, as explained by
others (32,33). The Morton group reported that CETP-VLDL
and CETP-LDL complexes were much less stable than
CETP-HDL complexes in vitro and that LTIP disrupts CETP

activity by binding to lipoproteins, interfering in the associa-
tion of CETP with lipoproteins (32,34). The most acceptable
hypothesis is that the formation of CETP–lipoprotein com-
plexes is mediated by an electrostatic interaction between
positively charged groups of CETP (35) and negatively
charged lipoprotein surface components (33). Those reports
strongly support the role of an electrostatic interaction in the
formation of a lipid-transfer complex between CETP and
lipoproteins. Since P28 has a negatively charged group in its
amino terminus, one possible hypothesis is that the presence
of P28 in lipoproteins may interfere with binding of CETP and
lipoproteins, as demonstrated by Morton and Zilversmit (32).
The presence of P28 in HDL or LDL can alter CETP inhibi-
tion, and the effect is specific to the CE-acceptor. 

ACKNOWLEDGMENT

This research was supported by a grant (no. KRF-2001-015-FP0066)
from the Korea Research Foundation (KRF). 

REFERENCES

1. Jarnagin, A.S., Kohr, W., and Fielding, C. (1987) Isolation and
Specificity of a Mr 74,000 Cholesteryl Ester Transfer Protein
from Human Plasma, Proc. Natl. Acad. Sci. USA 84,
1854–1857.

2. Hesler, C.B., Swenson T.L., and Tall, A.R. (1987) Purification
and Characterization of a Human Plasma Cholesteryl Ester
Transfer Protein, J. Biol. Chem. 262, 2275–2282.

BINDING CHARACTERISTICS OF CETP INHIBITORY PEPTIDE 645

Lipids, Vol. 37, no. 7 (2002)

FIG. 5. CETP inhibition assay with various CE-acceptors. Reconstituted HDL (HDLR, 0.05
mL, 64 µg apolipoprotein, 30,000 dpm) was used as a CE-donor and reconstituted LDL
(LDLR, 0.3 mL, 240 µg apolipoprotein), intact LDL (0.3 mL, 243 µg apolipoprotein), VLDL
(0.3 mL, 56 µg apolipoprotein), or HDL (0.3 mL, 390 µg apolipoprotein) was used as a CE-
acceptor. The CETP assay was carried out according to the method described by Cho et al.
(23) using human plasma (0.05 mL) as a CETP source. The data were expressed as a mean ±
SD of triplicate determinations. For other abbreviation see Figure 1.



3. Morton, R.E., and Zilversmit, D. B. (1983) Inter-relationship of
Lipids Transferred by the Lipid-Transfer Protein Isolated from
Human Lipoprotein-Deficient Plasma, J. Biol. Chem. 258,
11751–11757.

4. Inazu, A., Brown, M.L., Hesler, C.B., Agellon, L.B., Koizumi,
J., Takata, K., Maruhama, Y., Mabuchi, H., and Tall, A.R.
(1990) Increased High-Density Lipoprotein Caused by a Com-
mon Cholesteryl Ester Transfer Protein Gene Mutation, N. Engl.
J. Med. 323, 1234–1238

5. Whitlock, M.E., Swenson, T.L., Ramakrishnan, R., Leonard,
M.T., Marcel, Y.L., Milne, R.W., and Tall, A.R. (1989) Mono-
clonal Antibody Inhibition of Cholesteryl Ester Transfer Protein
Activity in the Rabbit: Effects on Lipoprotein Composition and
High Density Lipoprotein Cholesteryl Ester Metabolism, J.
Clin. Invest. 84, 129–137.

6. Abbey, M., and Calvert, G.D. (1989) Effects of Blocking
Plasma Lipid Transfer Protein Activity in the Rabbit, Biochim.
Biophys. Acta 1003, 20–29.

7. Gaynor, B.J., Sand, T., Clark, R.W., Aiello, R.J., Bamberger,
M.J., and Moberly, J.B. (1994) Inhibition of Cholesteryl Ester
Transfer Protein Activity in Hamsters Alters HDL Lipid Com-
position, Atherosclerosis 110, 101–109.

8. Ha, Y.C., Chang, L.B.F., and Barter, P.J. (1985) Effects of In-
jecting Exogenous Lipid Transfer Protein into Rats, Biochim.
Biophys. Acta 833, 203–210.

9. Quig, D.W., and Zilversmit, D.B. (1986) Disappearance and Ef-
fects of Exogenous Lipid Transfer Activity in Rats, Biochim.
Biophys. Acta 879, 171–178.

10. Ha, Y.C., and Barter, P.J. (1986) Effects of Sucrose Feeding and
Injection of Lipid Transfer Protein on Rat Plasma Lipoproteins,
Comp. Biochem. Physiol. B 83, 463–466.

11. Gavish, D., Oschry, Y., and Eisenberg, S. (1987) In vivo Con-
version of Human HDL3 to HDL2 and ApoE-rich HDL1 in the
Rat: Effects of Lipid Transfer Protein, J. Lipid Res. 28, 257–267.

12. Groener, J.E.M., van Gent, T., and van Tol, A. (1989) Effect of
Lipid Transfer Protein on Plasma Lipids, Apolipoproteins and
Metabolism of High-Density Lipoprotein Cholesteryl Ester in
the Rat, Biochim. Biophys. Acta 1002, 93–100.

13. Marotti, K.R., Castle, C.K., Murray, R.W., Rehberg, E.F., Po-
lites, H.G., and Melchior, G.W. (1992) The Role of Cholesteryl
Ester Transfer Protein in Primate Apolipoprotein A-I Metabo-
lism: Insights from Studies with Transgenic Mice, Arterioscler.
Thromb. 12, 736–744.

14. Marotti, K.R., Castle, C.K., Boyle, T.P., Lin, A.H., Murray,
R.W., and Melchior, G.W. (1993) Severe Atherosclerosis in
Transgenic Mice Expressing Simian Cholesteryl Ester Transfer
Protein, Nature 364, 73–75.

15. Rittershaus, C.W., Miller, D.P., Thomas, L.J., Picard, M.D.,
Honan, C.M., Emmett, C.D., Pettey, C.L., Adari, H., Hammond,
R.A., Beattie, D.T., et al. (2000) Vaccine-Induced Antibodies
Inhibit CETP Activity in vivo and Reduce Aortic Lesions in a
Rabbit Model of Atherosclerosis, Arterioscler. Thromb. Vasc.
Biol. 20, 2106–2112.

16. de Grooth, G.J., Kuivenhoven, J.A., Stalenhoef, A.F.H., de
Graff, J., Zwinderman, A.H., Posma, J.L., van Tol, A., and
Kastelein, J.J.P. (2002) Efficacy and Safety of a Novel Choles-
teryl Ester Transfer Protein Inhibitor, JTT-705, in Humans: A
Randomized Phase II Dose-Response Study, Circulation 105,
2159–2165.

17. Barter, P.J., Hopkins, G.J., Gorjatschko, L., and Jones, M.E.
(1982) A Unified Model of Esterified Cholesterol Exchanges
Between Human Plasma Lipoproteins, Atherosclerosis 44,
27–40.

18. Ihm, J., Quinn, D.M., Busch, S.J., Chataing, B., and Harmony,
J.A.K. (1982) Kinetics of Plasma Protein-Catalyzed Exchange
of Phosphatidylcholine and Cholesteryl Ester Between Plasma
Lipoproteins, J. Lipid Res. 23, 1328–1341.

19. Barter, P.J., and Jones, M.E. (1980) Kinetic Studies of the
Transfer of Esterified Cholesterol Between Human Plasma Low
and High Density Lipoproteins, J. Lipid Res. 21, 238–249.

20. Tall, A.R. (1993) Plasma Cholesteryl Ester Transfer Protein, J.
Lipid Res. 34, 1255–1274.

21. Wang, X., Driscoll, D.M., and Morton, R.E. (1999) Molecular
Cloning and Expression of Lipid Transfer Inhibitor Protein Re-
veals Its Identity with Apolipoprotein F, J. Biol. Chem. 274,
1814–1820.

22. Kushwaha, R.S., Hasan, S.Q., McGill, H.C., Jr., Getz, G.S.,
Dunham, R.G., and Kanda, P. (1993) Characterization of Cho-
lesteryl Ester Transfer Protein Inhibitor from Plasma of Baboons
(Papio sp.), J. Lipid Res. 34, 1285–1297.

23. Cho, K.H., Lee, J.Y., Choi, M.S., Cho, J.M., Lim, J.S., and Park,
Y.B. (1998) A Peptide from Hog Plasma That Inhibits Human
Cholesteryl Ester Transfer Protein, Biochim. Biophys. Acta
1391, 133–144.

24. Havel, R.J., Eder, H.A., and Bragdon, J.H. (1955) The Distribu-
tion and Chemical Composition of Ultracentrifugally Separated
Lipoproteins in Human Serum, J. Clin. Invest. 34, 1345–1353.

25. Chen, C.H., and Albers, J.J. (1982) Characterization of Proteoli-
posomes Containing Apolipoprotein A-I: A New Substrate for
the Measurement of Lecithin:Cholesterol Acyltransferase Ac-
tivity, J. Lipid Res. 23, 680–691.

26. Albers, J.J., Tollefson, J.H., Cheng, C.-H., and Steinmetz, A.
(1984) Isolation and Characterization of Human Plasma Lipid
Transfer Proteins, Arteriosclerosis 4, 49–58.

27. Batzri, S., and Korn, E.D. (1973) Single Bilayer Liposomes Pre-
pared Without Sonication, Biochim. Biophys. Acta 298,
1015–1019.

28. Allen, T.M., Romans, A.Y., Kercret, H., and Segrest, J.P. (1980)
Detergent Removal During Membrane Reconstitution, Biochim.
Biophys. Acta 601, 328–342.

29. Dunbar, B.S., and Schwoebel, E.D. (1990) Preparation of Poly-
clonal Antibodies, Methods Enzymol. 182:663–670.

30. Towbin, H., and Gordon, J. (1984) Immunoblotting and Dot Im-
munobinding—Current Status and Outlook, J. Immunol. Meth-
ods 72, 313–340.

31. Pattnaik, N.M., and Zilversmit, D.B. (1979) Interaction of Cho-
lesteryl Ester Exchange Protein with Human Plasma Lipopro-
teins and Phospholipid Vesicles, J. Biol. Chem. 254, 2782–2786.

32. Morton, R.E. (1985) Binding of Plasma-Derived Lipid Transfer
Protein to Lipoprotein Substrates. The Role of Binding in the
Lipid Transfer Process, J. Biol. Chem. 260, 12593–12599.

33. Sammett, D., and Tall, A.R. (1985) Mechanisms of Enhance-
ment of Cholesteryl Ester Transfer Protein Activity by Lipoly-
sis, J. Biol. Chem. 260, 6687–6697.

34. Morton, R.E., and Zilversmit, D.B. (1981) A Plasma Inhibitor
of Triglyceride and Cholesteryl Ester Transfer Activities, J.
Biol. Chem. 256, 11992–11995.

35. Wang, S., Deng, L., Brown, M.L., Agellon, L.B., and Tall, A.R.
(1991) Structure–Function Studies of Human Cholesteryl Ester
Transfer Protein by Linker Insertion Scanning Mutagenesis,
Biochemistry 30, 3484–3490.

[Received October 24, 2001, and in revised form May 5, 2002; revi-
sion accepted June 3, 2002]

646 K.-H. CHO ET AL.

Lipids, Vol. 37, no. 7 (2002)



ABSTRACT: Recent studies have yielded evidence that plant
flavonoids reduce hepatic lipid and apolipoprotein B (apoB) se-
cretion. However, the possible role of flavonoids in regulating
lipid and apoB secretion by the intestine has not been studied.
The purpose of our study was to examine the effects of quercetin,
a common dietary flavonoid, on TAG and apoB secretion in a
human intestinal cell-line, CaCo-2. Differentiated postconfluent
CaCo-2 cells grown on filters and pretreated with quercetin for
8 h were shown by ELISA to inhibit basolateral apoB secretion in
a dose-dependent manner. At 15 µM, the secretion of both apoB-
100 and apoB-48 were inhibited similarly. This effect was shown
to be specific, as quercetin did not affect the incorporation of
[35S]methionine/cysteine into secreted TCA-precipitable proteins.
To determine the mechanism underlying this inhibitory effect, we
examined two regulatory points: TAG availability and lipid trans-
fer to the lipoprotein particle. Quercetin inhibited TAG synthesis
under both basal and lipid-rich conditions, indicating that lipid
availability is a determining factor in the regulation of apoB se-
cretion by quercetin. The reduction was due at least in part to a
decrease in diacylglycerol acyltransferase activity. We next ex-
amined lipid transfer or lipidation of the lipoprotein particle by
analyzing microsomal TAG transfer protein (MTP) activity.
Quercetin decreased MTP activity moderately. In summary, the
data demonstrated that pharmacological concentrations of
quercetin are a potent inhibitor of intestinal apoB secretion and
that reduced lipid availability and lipidation in the lipoprotein as-
sembly step are the mechanism for the suppression of apoB-con-
taining lipoprotein secretion by quercetin in CaCo-2 cells.

Paper no. L9011 in Lipids 37, 647–652 (July 2002).

Several epidemiological studies have demonstrated an asso-
ciation of a quercetin-rich diet with a lowered risk of devel-
oping cardiovascular disease (CVD) (1–3). Abundant in
onions, apples, red wine, and tea, quercetin (Scheme 1) has
been shown to be protective against CVD by influencing sev-
eral processes, including a decrease in LDL oxidation (4), a
decrease in platelet aggregation (5), and an improved en-
dothelial function (6). Furthermore, researchers have recently

claimed that quercetin (7) and other plant flavonoids (8–10)
possess lipid-lowering action. Among Japanese women,
quercetin intake was inversely correlated with both total cho-
lesterol and LDL-cholesterol (7). This lipid-lowering activity
has obvious clinical significance. Consequently, there has
been an increased interest in the investigation of plant
flavonoids with respect to their lipid-lowering activity. 

The mechanism of action of plant flavonoids on lipoprotein
production has been the subject of recent study. Work from
Huff’s laboratory has shown that the citrus flavonoids narin-
genin and hesperetin reduced apolipoprotein B-containing
lipoprotein (apoB-Lp) secretion in the human hepatoma cell
line, HepG2, via reduced activity and expression of acyl
CoA:cholesterol acyltranferase (ACAT) and microsomal TAG
transfer protein (MTP) (11). ACAT is responsible for the syn-
thesis of cholesterol ester in lipoprotein assembly, whereas
MTP plays a role in lipoprotein assembly by catalyzing the
transfer of lipids to nascent apoB molecules. Our laboratory
also showed similar results in HepG2 cells with the flavonoid
taxifolin, which was also shown to reduce hydroxymethylglu-
taryl (HMG) CoA reductase activity (12) and diacylglycerol
acyltransferase (DGAT) activity (13). HMG CoA reductase and
DGAT are considered to be the rate-limiting enzyme in the syn-
thesis of cholesterol and TAG, respectively. 

Lipid availability and lipid transfer to the nascent apoB mol-
ecule are acknowledged to be key factors in regulating apoB-
Lp secretion (reviewed in Ref. 14). Particularly, the availability
and transfer of TAG and cholesterol esters are thought to be
primarily involved in the regulation of apoB-Lp secretion. Al-
though progress has been made in understanding the regulation
of hepatic apoB-Lp secretion by plant flavonoids, the contribu-
tion of these compounds in regulating lipid and apoB produc-
tion by the intestine, an important lipogenic organ, has not been
studied. Since the intestine has several characteristics that differ
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from the liver, it is probable that the regulatory mechanism may
differ. Structural differences are apparent as the liver produces
a full-length apoB molecule (apoB-100), whereas the intestine
produces a shortened, edited apoB molecule (apoB-48). Also,
hepatic apoB is used for assembly of VLDL, while intestinal
apoB is used for chylomicron assembly. The purpose of the
present study is to examine the role of quercetin, a common
flavonoid of the human diet, on lipid and apoB synthesis and
secretion using a well-established human colon cancer cell line,
CaCo-2, as the model system. Our hypothesis tested whether
quercetin can suppress intestinal apoB-Lp secretion via lipid
synthesis and/or lipid transfer. Since the intestine is an impor-
tant site of lipid synthesis and lipoprotein production, this study
could contribute to our understanding of the therapeutic action
of flavonoids in hyperlipidemia. 

MATERIALS AND METHODS

Materials. Quercetin (3,5,7,3′,4′-pentahydroxyflavone) dihy-
drate was purchased from Sigma Chemical Co. (St. Louis, MO)
and dissolved in ethanol. An appropriate amount of stock solu-
tion was diluted with culture medium to give a final ethanol
concentration of 0.1%. CaCo-2 cells (HTB-37) were obtained
from American Type Culture Collection (ATCC; Rockville,
MD). Cell culture media, FBS (certified grade), antibiotic-
antimycotic mixture, and other tissue culture reagents were
from InVitrogen Life Technologies Corp. (Carlsbad, CA).
Transwell filters were obtained from Corning Costar Corp.
(Cambridge, MA). Electrophoresis reagents and polyvinyli-
dene difluoride (PVDF) membranes were from Bio-Rad Labo-
ratories (Hercules, CA). [35S]Protein labeling mix (1175
Ci/mmol), [2-3H]glycerol (5–20 Ci/mmol), [palmitoyl-1-
14C]palmitoyl coenzyme A (40–60 mCi/mmol), and Reflec-
tion™ autoradiography films were purchased from Perkin-
Elmer Life Science Research Products (Boston, MA). Mono-
specific goat anti-human apoB antiserum was obtained from
Alexon-Trend (Ramsey, MN). Plastic-backed TLC plates (Sil-
ica Gel 60) were from Alltech Associates Inc. (Deerfield, IL).
Cell toxicity lactate dehydrogenase (LDH) assay was pur-
chased from Promega Corp. (Madison, WI). Sodium oleate,
1,2-dioleoyl-sn-glycerol, BSA, EDTA, horseradish peroxidase
conjugate anti-goat IgG, and other common laboratory reagents
were from Sigma Chemical Co. MTP activity kit was from
Roar Biomedical (New York, NY).

Cell culture. Differentiated CaCo-2 cell cultures were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) with
20% FBS and 0.1 mM nonessential amino acids at 37°C with
5% CO2 and 95% air and subcultured in 24-mm diameter
Transwell filters and grown to about 2 wk postconfluent. In ex-
periments without oleate, cells were treated with quercetin in
20% FBS-DMEM. In studies with oleate, a serum-free (SF)
medium (15) consisting of DMEM/F-12, 0.1 mM nonessential
amino acids, 35 mg/L human transferrin, 5 mg/L bovine in-
sulin, 20 µM ethanolamine, and 25 µM sodium selenite was
used. Quercetin was added to both apical and basolateral
media. We chose an 8-h incubation and added a nontoxic con-

centration of EDTA (0.5 mM) to the cell culture medium to
minimize chemical instability of the compound (16). Untreated
control cells received 0.1% (vol/vol) ethanol and EDTA with-
out quercetin. 

ApoB ELISA. ApoB mass in the basolateral media was de-
termined using a competitive-binding ELISA as previously
described (17).

Lipid analysis. To measure the rate of TAG synthesis and se-
cretion, postconfluent treated and untreated cells were labeled
with 80 µCi/mL [3H]glycerol for 8 h. After labeling, basolateral
media and cells were harvested, and radiolabeled lipids were
extracted and measured using TLC as described by Theriault et
al. (12). After lipid extraction, cell proteins were digested in 1
mL of 0.1 N NaOH and measured as described below.

Protein synthesis analysis. Total protein synthesis was
measured by the incorporation of [35S]methionine/cysteine
(50 µCi/mL) into proteins and quantitated by TCA precipita-
tion as described by Theriault et al. (12).

Western blotting. Equal amounts of basolateral media pro-
teins were loaded and separated by SDS-PAGE (6% gel).
Transfer of apoB molecules onto PVDF membrane was per-
formed at 45 mA for 18 h in a cooled blotting buffer [25 mM
Tris pH 7.7, 192 mM glycine, 0.1% (wt/vol) SDS, and 20%
(vol/vol) methanol]. Immunoblotting was carried out as fol-
lows: The membrane was blocked in a blocking buffer (1 M
Tris pH 7.5, 0.15 M NaCl, 0.1% Tween 20, and 5% nonfat dry
milk) for 1 h; incubated with goat anti-human apoB antiserum
(1:5,000) in rinsing buffer (1 M Tris pH 7.5, 0.15 M NaCl,
0.1% Tween 20) containing 10% BSA for 1 h; washed three
times with rinsing buffer; incubated with horseradish peroxi-
dase conjugate anti-goat IgG (1:16,000) in rinsing buffer con-
taining 10% BSA for 1 h; and washed as described above. All
incubations were performed on a shaker at room temperature.
ApoB–antibody complexes were visualized with ECL™
chemiluminescence blotting reagents according to the manu-
facturer’s instructions (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Quantification of the apoB bands was per-
formed on an AMBIS Radioanalytic System (San Diego, CA)
within the linear range of detection.

DGAT activity assay. Treated and untreated cells were har-
vested into a Tris buffer (175 mM, pH 7.8) and homogenized
with a sonicator. Esterification of DAG was measured by using
labeled palmitoyl-CoA as described by Grigor and Bell (18).
The assay was performed in a total volume of 250 µL of Tris
buffer (175 mM, pH 7.8) containing FA-free BSA (1 mg/mL),
MgCl2 (4 mM), and [1-14C]palmitoyl-CoA (0.25 µCi/mL).
After a 10-min pre-incubation at 23°C, the reaction was started
by adding homogenized cells (100 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
subjected to TLC in chloroform/acetic acid (96:4). The assay
was linear up to 200 µg/mL of cell protein.

Other methods. Cell protein content was measured accord-
ing to Bradford (19) (i.e. Bio-Rad) using BSA as the standard.
The activity of LDH released into the media was measured
spectrophotometrically using the CytoTox 96 nonradioactive
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cytotoxicity assay according to the manufacturer’s protocol
(Promega Corp.). MTP activity in cell extracts was measured
by a fluorescent assay according to the manufacturer’s proto-
col (Roar Biomedical).

Statistics. All results with apoB and lipids were normal-
ized to the amount of cellular protein. Statistical differences
were analyzed by using Student’s t-test with the level of sig-
nificance set at 0.05. 

RESULTS

Quercetin inhibits apoB secretion in a dose-dependent man-
ner. We initially based our concentration and incubation time
on an earlier study investigating the fate of quercetin in
CaCo-2 cells (16). Quercetin is known to be labile and un-
dergo considerable catabolism during prolonged exposure in
cell culture conditions. The above study showed that a con-
centration of 15 µM for up to 8 h in the presence of FBS and
a nontoxic concentration of EDTA inhibited the main path-
way for chemical degradation of quercetin. The study indi-
cated the degradation pathway was dependent on the presence
of ferrous ions and EDTA chelated this iron. Therefore, this
information was taken into account when evaluating its bio-
logical properties on apoB metabolism. 

As shown in Figure 1, quercetin added in concentrations of
5, 15, and 30 µM to the culture medium and held for 8 h de-
creased apoB mass into the basolateral media in a dose-depen-
dent manner. Percent inhibition was 27 ± 5% at 5 µM, 38 ±
6% at 15 µM, and 59 ± 5% at 30 µM. At or below 30 µM,
there was no significant release of LDH into the media, indi-
cating no cytotoxicity effect (data not shown). As a control to
determine whether the effect of quercetin was specific to
apoB, the amount of proteins secreted in the presence and ab-

sence of quercetin was also analyzed by TCA-precipitation
with cells labeled with [35S]methionine/cysteine. As indicated
in Figure 2, TCA-precipitable radioactivity from media incu-
bated with up to 30 µM quercetin remained essentially un-
changed vs. the untreated control, indicating that the flavonoid
did not alter protein secretion and that the effect on apoB se-
cretion was specific. Subsequently, we chose the 15 µM con-
centration in the following experiments since we felt this dose
was well studied for its chemical stability in CaCo-2 cells. We
consider this dose to be a pharmacological dose.

Quercetin inhibits apoB-100 and -48 secretion. CaCo-2
cells, unlike primary enterocytes, are known to synthesize
two forms of apoB, which, together with lipids, assemble into
a LDL/VLDL-sized lipoprotein particle (20). To further char-
acterize the effect of quercetin on the secretion of the two
M.W. forms of apoB (i.e., apoB-100 and apoB-48), we differ-
entiated them by SDS-PAGE and immunoblotting. As shown
in Figure 3, the secretion of apoB-100 and apoB-48 into the
basolateral medium was inhibited by 35% (28,214 ± 1,942 vs.
43,270 ± 3,262 arbitrary densitometric units) and 46%
(18,395 ± 1,193 vs. 9,950 ± 2,934 arbitrary densitometric
units), respectively. The data suggest that quercetin is able to
inhibit the assembly and secretion of intestinally derived
lipoproteins, and the mechanism involved in the assembly of
both forms of apoB in CaCo-2 cells may be similar. 

Quercetin inhibits apoB and TAG secretion under oleate
treatment. Oleate treatment is known to increase the secretion
of apoB and a VLDL/chylomicron-sized lipoprotein in CaCo-2
cells (21). To investigate whether oleate can overcome the in-
hibitory effect of quercetin, we measured total apoB secretion
by ELISA with cells treated with 15 µM quercetin in the pres-
ence or absence of 0.8 mM oleic acid. In the presence of oleic
acid, apoB secretion nearly doubled (Fig. 4). In the presence of
quercetin, the inhibition of apoB secretion from oleate-treated
cells was greater than non-oleate-treated cells (51% inhibition
in the presence vs. 30% inhibition in the absence of oleate),
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FIG. 1. Quercetin inhibits apolipoprotein B (apoB) secretion dose-
dependently. CaCo-2 cells were treated with various concentrations of
quercetin in 20% FBS-Dulbecco’s modified Eagle’s medium (DMEM)
for 8 h. Untreated control cells received 0.1% ethanol without
quercetin. The amount of apoB present in the basolateral media was
determined by ELISA. Data are expressed as percent inhibition of un-
treated control cells (set as 100%). Values represent the mean ± SD of
two independent experiments performed in duplicate.

FIG. 2. Effect of quercetin on apoB secretion is specific. CaCo-2 cells
were treated with and without quercetin for 6 h. Incubations were con-
tinued in the presence of [35S]methionine/cysteine for 2 h. Total protein
secretion was determined by TCA precipitation. Data are expressed rel-
ative to control (set as 100%). Values represent the mean ± SD of two
independent experiments performed in duplicate. For abbreviation see
Figure 1.



suggesting that quercetin can inhibit apoB secretion under lipid-
rich conditions. 

It has been reported that nascent TAG are preferentially used
for the assembly of chylomicrons (20). Therefore, the effect of
oleate and quercetin on TAG synthesis and secretion were as-
sessed. As expected, oleate increased TAG synthesis and secre-
tion by one- to twofold (Fig. 5). With respect to secretion, addi-
tion of quercetin resulted in a 84 ± 7% inhibition in the presence
of oleate and 52 ± 4% in the absence of oleate (P < 0.05, n = 2).
Quercetin inhibited TAG synthesis from oleate-treated cells by
a similar percentage as in non-oleate-treated cells (40 ± 5%

inhibition in the absence of oleate vs. 55 ± 5% inhibition in the
presence of oleate, P < 0.05, n = 2). Thus, it appears that sup-
plementation of CaCo-2 cells with oleic acid is associated with
a greater effect on apoB and TAG secretion by quercetin.

Quercetin decreases DGAT and MTP activity. The assem-
bly process of intestinally derived lipoproteins depends on
both the availability of TAG and the transfer of this lipid to
apoB to form a primordial lipoprotein particle (20,21). DGAT
is a critical enzyme for the synthesis of TAG for lipoprotein
assembly, and MTP plays a role in lipoprotein assembly by
catalyzing the transfer of lipids to nascent apoB molecules.
Therefore, we examined the effect of quercetin on these two
lipogenic enzymes, involved in TAG synthesis and secretion,
in the presence of oleic acid. First, we tested the effect of
quercetin on human CaCo-2 MTP activity by using fluoro-
genic-labeled donor liposomes and phospholipid acceptor li-
posomes. As shown in Figure 6, quercetin reduced MTP ac-
tivity moderately (22 ± 4%, P < 0.05, n = 2), but significantly,
in oleate-treated cells. To determine the underlying mecha-
nism of action of quercetin on TAG synthesis, we measured
DGAT activity by means of the rate of incorporation of
[14C]palmitoylCoA into TAG. As shown in Figure 6, quercetin
decreased DGAT activity by 47 ± 9% (P < 0.05, n = 2). In
combination, these results suggest that quercetin inhibited
TAG-rich, apoB-48-containing lipoprotein secretion, in part
through the reduction of both DGAT and MTP activity. 

DISCUSSION

Various dietary FA have been shown to exert effects on plasma
TAG levels as a result of the altered assembly of intestinally
derived lipoproteins (22,23). Like FA, a sizeable fraction of
most flavonoids is absorbed by the small intestine (24). As a
consequence, there is considerable interest in their biological
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FIG. 3. Quercetin inhibits apoB-100 and apoB-48 secretion. CaCo-2
cells were treated with and without quercetin (15 µM) in 20% FBS-
DMEM for 8 h. The amount of apoB-100 and apoB-48 present in the
basolateral media was determined by Western blotting. The bottom fig-
ure is the data obtained from the densitometric scanning of the X-ray
film (top figure) and is expressed as arbitrary densitometric units ± SD.
The figure is a representation of a typical experiment performed in trip-
licate. For abbreviations see Figure 1.

FIG. 4. Quercetin inhibits apoB secretion under lipid-rich condition.
CaCo-2 cells were treated with and without quercetin (Qx) at 15 µM in
serum-free (SF) media containing BSA ± oleic acid (OA) (0.81 mM) for
8 h. The amount of apoB secreted was analyzed by ELISA. Data are ex-
pressed relative to the BSA control (set as 100%). Values represent the
results of two independent experiments performed in triplicate. *P <
0.05 vs. BSA control, **P < 0.05 vs. OA control. For abbreviation see
Figure 1.

FIG. 5. Quercetin inhibits TAG synthesis and secretion. CaCo-2 cells
were treated with and without quercetin (15 µM) in SF media contain-
ing BSA ± oleic acid (0.81 mM) in the presence of [3H]glycerol for 8 h.
Incorporation of glycerol into TAG was measured by TLC. Data are ex-
pressed as a percentage of BSA control (set as 100%). Values represent
the mean ± SD of two independent experiments performed in duplicate.
*P < 0.05 BSA control; **P < 0.05 OA control. For abbreviations see
Figure 4.



effect on intestinal lipid metabolism. Despite recent reports on
hepatic lipoprotein production (11,12), the effect of plant
flavonoids on intestinal lipoprotein production has not been in-
vestigated previously. In this study, we examined the effect of
quercetin, a common dietary flavonoid, on apoB and lipid syn-
thesis and secretion using CaCo-2 cells as the model system.
Our study showed that cells treated with quercetin for 8 h
inhibited apoB secretion into the basolateral medium in a dose-
dependent manner. The effect was shown to be specific, as gen-
eral protein secretion remained essentially unchanged. We at-
tributed this inhibitory action to quercetin and not its metabo-
lites. A previous study indicated that, under our experimental
conditions, quercetin was protected from metabolism and
chemical degradation (15). The 50% inhibition concentration
(IC50) was about 24 µM, a concentration representing a phar-
macological dose. Since CaCo-2 secretes two forms of apoB
(i.e., apoB-100 and apoB-48), we examined whether quercetin
exerted its effect on either form. It has been reported that MTP
inhibitors added to CaCo-2 cells inhibited apoB-100, and not
apoB-48 (15,25). In contrast, our results indicated a similar de-
crease in both forms of apoB, suggesting that mechanisms
other than lipidation may be involved. To simulate postpran-
dial conditions, cells were challenged with oleic acid. We have
shown that apoB secretion can be stimulated by oleate supple-
mentation. Addition of quercetin reversed the stimulatory ef-
fect of oleate, indicating that quercetin can inhibit apoB secre-
tion under lipid-rich conditions. Consistent with the apoB stud-
ies, quercetin also inhibited the basolateral secretion of
radiolabeled TAG in the absence and presence of oleic acid.
These effects were more pronounced with oleate treatment.

To investigate the mechanism of action for the decrease in
apoB-Lp secretion, we examined two possible regulatory
points. First, we examined TAG availability, a major determin-
ing factor in the assembly and secretion of intestinally derived
apoB-Lp. Upon addition of quercetin, de novo TAG synthesis

was markedly inhibited under basal and lipid-rich conditions,
indicating TAG may be less available for the assembly of an
apoB-Lp particle. This result is in agreement with our earlier re-
port regarding a similar flavonoid of a different plant origin, tax-
ifolin (12). In HepG2 cells taxifolin was shown to inhibit TAG
synthesis; however, the molecular mechanism for this remained
unresolved. In this study, we attempted to examine this question
more closely. We chose to analyze the activity of DGAT, a key
enzyme in TAG synthesis. It catalyzes the final reaction in the
glycerol phosphate pathway, considered to be the main pathway
for TAG synthesis (26). Supplementation of quercetin in the
presence of oleic acid markedly reduced DGAT activity. This
finding is novel as flavonoids have never been reported to de-
crease DGAT activity. Only a few naturally occurring com-
pounds have been reported to inhibit DGAT activity (27–29).
Thus, the inhibition of apoB-Lp secretion may be accounted for,
in part, by low availability of TAG via reduced DGAT activity. 

Transfer of lipids to the nascent apoB molecule to form the
primordial lipoprotein is a second major determining factor in
the assembly and secretion of intestinally derived apoB-Lp
(25,30). Transfer of lipids, primarily TAG and cholesterol es-
ters, is catalyzed by MTP. Since flavonoids reportedly inhibit
MTP activity in HepG2 cells (11), we chose to examine this
enzyme in CaCo2 cells. Quercetin, in the presence of oleic
acid, reduced MTP activity in CaCo-2 cells but to a lesser ex-
tent than was observed in HepG2 cells. A mildly inhibitory ef-
fect on the secretion of apoB also has been reported with
BMS-200150, a specific MTP inhibitor, in CaCo-2 cells (25)
and is consistent with our data. The moderate decrease in MTP
activity caused by quercetin likely contributes to the reduction
in apoB secretion. However, we cannot rule out that other
steps in lipoprotein assembly and secretion may be involved
with quercetin. Particularly, the marked reduction in apoB and
TAG secretion under oleate treatment may not account for the
modest decrease in both MTP and DGAT activity. ACAT ac-
tivity and cholesterol ester availability may also be involved,
as has been previously reported in HepG2 cells (11). However,
since TAG is thought to be the preferentially used lipid for the
assembly of intestinally-derived lipoprotein (20), we chose to
examine only TAG synthesis in our CaCo-2 study. 

The reduction of both DGAT and MTP activity by
quercetin suggests that reduced availability and transfer of
TAG to apoB may account for its lowering action on apoB-
Lp secretion in CaCo-2 cells. These data are consistent with
previous observations that flavonoids can inhibit TAG syn-
thesis and MTP activity in HepG2 cells (11,12). Our data may
have clinical relevance in the treatment of hypertriglyc-
eridemia. However, the concentrations used in our study are
not likely to be achieved by consuming quercetin-containing
fruits and vegetables since flavonoids in general are con-
sidered micronutrients. Rather, our study allows for the iden-
tification of foods that could be genetically engineered to
increase levels of specific flavonoids. Such metabolic engi-
neering has recently been published with specific reference to
flavonoids found in tomatoes (31). Our study also allows for
new drug development in the area of hypertriglyceridemia.
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FIG. 6. Quercetin decreases diacylgycerol acyltransferase (DGAT) and
microsomal TAG transfer protein (MTP) activity. CaCo-2 cells were
treated with and without quercetin (15 µM) in SF media containing BSA
+ oleic acid (0.81 mM) for 8 h. DGAT and MTP activities in whole cells
were measured. Data are expressed as a percentage of the control (set
as 100%). Values represent the mean ± SD of two independent experi-
ments performed in duplicate. *P < 0.05 control.
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ABSTRACT: The better to characterize enzymes hydrolyzing
carboxyl ester bonds (carboxyl ester hydrolases), we have com-
pared the kinetic behavior of various lipases and esterases
against solutions and emulsions of vinyl esters and TAG. Short-
chain vinyl esters are hydrolyzed at comparable rates by es-
terases and lipases and have higher limits of solubility in water
than corresponding TAG. Therefore, they are suited to study the
influence of the physical state of the substrate on carboxyl ester
hydrolase activity within a large concentration range. Enzymes
used in this study are TAG lipases from microorganisms, lipases
from human and guinea pig pancreas, pig liver esterase, and
acetylcholinesterase. This study also includes cutinase, a fungal
enzyme that displays functional properties between esterases
and lipases. Esterases display maximal activity against solutions
of short-chain vinyl esters (vinyl acetate, vinyl propionate, and
vinyl butyrate) and TAG (triacetin, tripropionin, and tributyrin).
Half-maximal activity is reached at ester concentrations far
below the solubility limit. The transition from solution to emul-
sion at substrate concentrations exceeding the solubility limit
has no effect on esterase activity. Lipases are active on solutions
of short-chain vinyl esters and TAG but, in contrast to esterases,
they all display maximal activity against emulsified substrates
and half-maximal activity is reached at substrate concentrations
near the solubility limit of the esters. The kinetics of hydrolysis
of soluble substrates by lipases are either hyperbolic or deviate
from the Michaelis–Menten model and show no or weak inter-
facial activation. The presence of molecular aggregates in solu-
tions of short-chain substrates, as evidenced by a spectral dye
method, likely accounts for the activity of lipases against solu-
ble esters. Unlike esterases, lipases hydrolyze emulsions of
water-insoluble medium- and long-chain vinyl esters and TAG
such as vinyl laurate, trioctanoin, and olive oil. In conclusion,
comparisons of the kinetic behavior of carboxyl ester hydrolases
against solutions and emulsions of vinyl esters and TAG allows
the distinction between lipases and esterases. In this respect, it
clearly appears that guinea pig pancreatic lipase and cutinase
are unambiguously classified as lipases.

Paper no. L8990 in Lipids 37, 653–662 (July 2002).

Lipases (EC 3.1.1.3.) and esterases (EC 3.1.1.1.) both cat-
alyze the hydrolysis of carboxyl ester bonds. For many years,

the distinction between lipases and esterases has been based
on their substrate specificity and their capacity to hydrolyze
esters in solution and emulsion, respectively (1–4). It is gen-
erally considered that lipases hydrolyze water-insoluble
medium- and long-chain TAG, such as trioctanoin and tri-
olein, although they also display high activity against emul-
sions of somewhat (slightly) water-soluble short-chain TAG
such as tripropionin and tributyrin.

Esterases are defined as enzymes acting on solutions of
short-chain fatty acyl esters such as methyl butyrate, ethyl bu-
tyrate and triacetin, which are poorly hydrolyzed by lipases.
In contrast to classical lipases, typical esterases are not inter-
facially activated, i.e., they show no abrupt increase in activ-
ity at substrate concentrations exceeding the solubility limit.
Esterases are inactive against emulsions of long-chain TAG.

During the past 10 yr, the determination of the 3-D struc-
ture of several lipases, including lipases secreted by microor-
ganisms and by the pancreas of higher mammals, has revealed
that the active site, which contains the same Ser-His-Asp/Glu
catalytic triad as that found in serine proteases, is covered by
a peptide loop (lid) that has to move away to give access to
substrate (5–12). A correlation has been made between the
existence of the lid structure and the specific action of lipases
on aggregated forms of esters although it is not known
whether the change in conformation corresponding to the
opening of the lid is triggered by lipase–substrate interaction
at lipid–water interfaces.

More recently, results of kinetic and structural studies car-
ried out with cutinase (13) and lipase from guinea pig pan-
creas (14) have challenged the classical distinction between
lipases and esterases. These enzymes, in which the lid domain
is deleted or restricted to a small number of amino acid
residues, were found to hydrolyze water-insoluble long-chain
TAG as well as solution in tributyrin without showing inter-
facial activation. These observations have led to the conclu-
sion that lipases may act on monomeric substrates and that
the distinction between esterases and lipases should no longer
be correlated with the physical state of the substrate and/or
the presence of a lid domain in enzyme molecule. As a con-
sequence, it is proposed that lipases should be simply classi-
fied as carboxyl ester hydrolases having the capacity to act on
water-insoluble long-chain TAG (15). 
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Recently, we investigated the kinetic behavior of a large va-
riety of well-characterized lipases of known 3-D structure in
solutions and emulsions of vinyl esters so as to directly com-
pare the biochemical properties of lipases acting on TAG and
partial acylglycerols, respectively (16,17). As shown earlier by
Brockerhoff, emulsions of vinyl esters are good substrates for
porcine pancreatic lipase (18,19). Short-chain vinyl esters,
whose solubility largely exceeds that of TAG such as tripropi-
onin and tributyrin, are suited for studying the influence of the
physical state of the substrate on activity by comparing the
rates of hydrolysis of soluble and emulsified esters within a
large range of concentrations. We have found that lipases from
Rhizomucor miehei, Rhizopus oryzae, Thermomyces lanugi-
nosa, Penicillium camembertii, P. cyclopium (lipases I and II),
Candida rugosa, C. antarctica (lipase A), human pancreas, and
guinea pig pancreas display different kinetic behavior against
solutions of vinyl propionate and vinyl butyrate although they
all expressed maximal activity against emulsions. Actually,
some of these lipases hydrolyze solutions of vinyl esters at high
relative rates compared to emulsions and follow Michaelis–
Menten kinetics, while others, which are less active against sol-
uble substrates, deviate from the Michaelis–Menten model. It
was clear from these studies that interfacial activation could
not be taken as the unique criterion to characterize lipases. In
the present study, we compared the kinetic behavior of lipases
and esterases against solutions and emulsions of vinyl esters
and TAG for the purpose of better differentiating between the
two classes of carboxyl ester-hydrolyzing enzymes. Esterases
used in this study are pig liver esterase and acetylcholinesterase
from Electrophorus electricus. Cutinase from Fusarium solani
pisi, which, functionally speaking, is considered as a link be-
tween esterases and lipases, is included in this study. 

MATERIALS AND METHODS

Enzymes and substrates. Pig liver esterase and acetyl-
cholinesterase from Electrophorus electricus were purchased
from Sigma-Aldrich-Fluka (F-38297 St Quentin Fallavier,
France). Human pancreatic lipase and colipase, guinea pig pan-
creatic lipase, and cutinase were kindly provided by Dr. R.
Verger and Dr. F. Carrière (CNRS, Marseille, France). Lipase
from R. oryzae was prepared in the laboratory as described pre-
viously (20). Lipases from R. miehei and T. lanuginosa were
kindly provided by Dr. S. Patkar (Novo Nordisk A/S, Copen-
hagen, Denmark). The protein concentration of enzyme sam-
ples was estimated by the colorimetric method of Lowry et al.
(21) using BSA as standard protein for calibration. Methyl bu-
tyrate, ethyl butyrate, vinyl acetate, vinyl propionate, vinyl bu-
tyrate, vinyl laurate, and benzopurpurin 4B were obtained from
Sigma-Aldrich-Fluka. Triacetin, tripropionin, tributyrin, and
trioctanoin were supplied by Acros Organics (F-93166 Noisy-
le-Grand, France). Olive oil was from local origin. The solubil-
ity limit of vinyl acetate in 2.5 mM Tris-HCl buffer pH 7.0 con-
taining 0.1 M NaCl was determined by the turbidimetric
method, as reported before (17). The solubility limit of vinyl
acetate is 315 mM, which corresponds to 0.9 mL of ester in 30

mL. The solubility limits of vinyl propionate and vinyl butyrate
are 86 and 22 mM, respectively, which corresponds to 280 and
85 µL of ester in 30 mL. The solubility limits of triacetin and
tripropionin are 330 and 10 mM, which corresponds to 1.86
mL and 70 µL in 30 mL, respectively. The solubility limit of
tributyrin has been determined by different methods. Values
ranging from 0.41 (22) to 0.8 mM (23) have been reported.

Determination of enzymatic activity. The enzymatic hy-
drolysis of solutions and emulsions of esters was followed po-
tentiometrically at 25°C and pH 7.0 with a pH-stat (TTT 80
Radiometer, Copenhagen, Denmark). Assays with vinyl lau-
rate and olive oil were carried out at pH 8.0 and 9.0, respec-
tively. Assays were performed in 30 mL of 2.5 mM Tris-HCl
buffer pH 7.0 containing 0.1 M NaCl. Standard conditions for
measuring enzyme activity at increasing concentrations of
substrate have been described previously (16). No detergent
or emulsifier was added to measure activity against supersatu-
rated solutions of partially soluble esters (vinyl acetate, vinyl
propionate, and vinyl butyrate; triacetin, tripropionin, and
tributyrin) and emulsions of water-insoluble vinyl laurate and
trioctanoin. Released FA were titrated with 0.1 M NaOH. In
the case of vinyl laurate, correction was made for partial dis-
sociation of lauric (dodecanoic) acid at pH 8.0 assuming a
pKa of 7.4. Olive oil was emulsified with gum arabic (24).
The amount of enzyme used in assays corresponds to 5–10
units measured at a substrate concentration ensuring maximal
activity. The concentration of ester in solution or emulsion
was arbitrarily expressed as millimoles per liter. Enzymatic
activity was expressed as units. One enzyme unit corre-
sponded to the liberation of one microequivalent of acid per
minute under standard assay conditions. Specific activity was
expressed as units per milligram of enzyme protein.

Detection of molecular aggregates in solutions of vinyl ace-
tate. The existence of molecular aggregates in a solution of
vinyl acetate was detected by the same spectral dye method as
previously used in kinetic studies with vinyl propionate and
vinyl butyrate (16) and with short-chain TAG (25). The experi-
mental procedure was as follows: The dye solution was pre-
pared in 25 mM Tris-HCl buffer pH 7.0 containing 0.05 M
NaCl at a concentration of 50 mg benzopurpurin/L. A solution
of vinyl acetate was prepared by adding 1.4 mL of vinyl ace-
tate to 50 mL of the solution of benzopurpurin 4B (final con-
centration 304 mM, corresponding to 96.5% saturation). The
solution of vinyl acetate was mixed with increasing volumes of
the solution of benzopurpurin in stoppered vials, and ab-
sorbance was measured against the solution of benzopurpurin
after 15 min at 510 nm in 1-cm cells. Differential absorbance
was plotted against vinyl acetate concentration. As indicated
by the curve shown in Figure 1, an apparent CMC around 70
mM was estimated for vinyl acetate. 

RESULTS

Hydrolysis of vinyl acetate by pig liver esterase and acetyl-
cholinesterase. The kinetic behavior of pig liver esterase and
acetylcholinesterase against vinyl acetate is shown in Figure 2.
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In both cases, the shape of the curves representative of the
variation of the initial rate of hydrolysis of vinyl acetate (v)
as a function of substrate concentration (S) is hyperbolic. Es-
terases display maximal activity (Vmax) against soluble vinyl
acetate. The ester concentration corresponding to half-maxi-
mal activity (K0.5) is around 4 mM. Specific activities, esti-
mated from values of Vmax, are 320 and 970 units mg−1 for
pig liver esterase and acetylcholinesterase, respectively.
These values are in the same range as those found with esters
commonly used to assay pig liver esterase activity, such as
methyl butyrate and ethyl butyrate. The values of K0.5, esti-
mated from the hyperbolic v/S curves obtained with pig liver
esterase on methyl butyrate and ethyl butyrate (not shown),
are around 2 (specific activity: 190 units mg−1) and 1 mM
(specific activity: 310 units mg−1), respectively. 

Hydrolysis of vinyl acetate by lipases from R. oryzae, R.
miehei, T. lanuginosa, human pancreas, and guinea pig pan-
creas. The substrate concentration dependency of the initial
rate of hydrolysis of vinyl acetate by lipases from R. oryzae
and R. miehei is shown in Figure 3. The shape of the curves
representing the kinetic behavior of the lipases is similar to
that of the curves obtained with pig liver esterase and acetyl-
cholinesterase except that, at low concentration of substrate,
the curves are sigmoidal. Likely, this is related to the low
amount and/or type of molecular aggregates formed in the
0–0.75 mM range of concentration of vinyl acetate (see Fig.

1). It can be further observed that the two lipases are highly
active against solutions of vinyl acetate as compared to emul-
sions. Activity continuously increases at ester concentration
beyond the solubility limit and reaches its maximal value in
the presence of emulsified particles. The values of K0.5 esti-
mated from the v/S curves are as high as 130 (specific activ-
ity: 640 units mg−1) and 120 mM (specific activity: 1940 units
mg−1) for lipases from R. oryzae and R. miehei, respectively.

Figure 4 shows the kinetic behavior of lipases from T.
lanuginosa, human pancreas, and guinea pig pancreas against
vinyl acetate. The three lipases display low activity against
soluble vinyl acetate as compared to lipases from R. miehei
and R. oryzae, and enzymatic activity sharply increases at
ester concentrations near the solubility limit of the substrate.
All lipases express maximal activity at a substrate concentra-
tion exceeding the solubility limit. Colipase, the protein co-
factor of pancreatic lipase that forms a specific complex with
lipase at the lipid–water interface, has a marked effect on ac-
tivity against soluble vinyl acetate as well as ester in emul-
sion. Colipase enhances pancreatic lipase activity by enabling
the enzyme to interact with aggregates formed in the 100–300
mM range of concentration of vinyl acetate and by stabilizing
lipase adsorbed at the micelle–water interface in its open ac-
tive conformation. Although it is difficult to estimate the
values of K0.5 from the irregular kinetic curves of Figure 4, it
appears that, in all cases, half-maximal activity is reached at

HYDROLYSIS OF VINYL ESTERS BY ESTERASES AND LIPASES 655

Lipids, Vol. 37, no. 7 (2002)

FIG. 1. Differential absorbance of a solution of benzopurpurin 4B in the
presence of vinyl acetate. The solution of benzopurpurin is prepared in
25 mM Tris-HCl buffer pH 7.0 with 0.05 M NaCl with increasing
amounts of vinyl acetate at concentration below the solubility limit (315
mM). Absorbance is measured at 510 nm. A CMC of 70 mM is estimated
for vinyl acetate from the intercept of the curve with the x axis. 

FIG. 2. Effect of ester concentration on the rate of hydrolysis of solu-
tions of vinyl acetate (v) by pig liver esterase (open circles) and acetyl-
cholinesterase (solid circles). Assays were performed at pH 7.0 and
25°C in Tris-HCl buffer with 0.1 M NaCl. Activity is expressed as per-
centage of maximal activity (Vmax). The solubility limit of vinyl acetate
(315 mM) is not indicated. 



ester concentrations in the range 280–320 mM, near the solu-
bility limit of vinyl acetate. The specific activities of lipases
from T. lanuginosa, human pancreas, and guinea pig pan-
creas, measured against vinyl acetate, are 700, 200, and 90
units mg−1, respectively. 

Hydrolysis of vinyl propionate, vinyl butyrate, and vinyl
laurate by pig liver esterase and acetylcholinesterase. Com-
parison with TAG lipases. Both pig liver esterase and acetyl-
cholinesterase hydrolyze solutions of vinyl propionate (Fig.
5). The v/S curves are hyperbolic, and maximal activity is
reached at low ester concentrations. The values of K0.5 for pig
liver esterase and acetylcholinesterase are 5 (specific activity:
300 units mg−1) and 18 mM (specific activity: 210 units mg−1),
respectively. Vinyl butyrate is hydrolyzed by pig liver es-
terase (Fig. 6) but not by acetylcholinesterase. The value of
K0.5 is 2 mM, and the specific activity of the enzyme is 470
units mg−1.

The kinetic curves obtained with R. oryzae lipase and
human pancreatic lipase against vinyl propionate and vinyl
butyrate have been reported previously (17). Values of K0.5
estimated from the v/S curves obtained with R. oryzae lipase
and vinyl propionate or vinyl butyrate are 25 and 12 mM, re-
spectively, with specific activities of 1600 and 3300 mg−1.
The values of K0.5 for human pancreatic lipase against vinyl
propionate and vinyl butyrate are 75 and 25 mM with specific
activities of 960 and 750 units mg−1, respectively. In Figures

5 and 6, the v/S curves of R. miehei lipase against vinyl pro-
pionate and vinyl butyrate are presented. Values of K0.5, esti-
mated from the curves, are 35 and 15 mM, and the specific
activities are 7500 and 11,000 units mg−1, respectively. As
observed with vinyl acetate, vinyl propionate and vinyl bu-
tyrate, the values of K0.5 estimated for lipases are higher than
those for esterases. Unlike human pancreatic lipase and other
classical TAG lipases, pig liver esterase and acetyl-
cholinesterase are inactive against emulsions of water-insolu-
ble vinyl laurate. The specific activities of human pancreatic
lipase and lipases from R. oryzae and R. miehei against vinyl
laurate are 450, 2700, and 11,000 units mg−1 with K0.5 as low
as 4, 2, and 2 mM, respectively (16). 

Hydrolysis of TAG by esterases. Comparison with lipases.
The activities of pig liver esterase and acetylcholinesterase
were determined against short-, medium-, and long-chain
TAG including triacetin, tripropionin, tributyrin, trioctanoin,
and olive oil. The enzymes are totally devoid of activity
against trioctanoin and olive oil, which are insoluble in water.
The v/S curves obtained with pig liver esterase against tri-
acetin, tripropionin, and tributyrin are shown in Figures 7A
and 7B. Again, esterase activity against all substrates is max-
imal at low substrate concentrations, far below the solubility
limit of the TAG. Specific activities of pig liver esterase
against triacetin, tripropionin, and tributyrin are 60, 50, and
70 units mg−1, with K0.5 of 3, 0.3, and 0.15 mM, respectively.
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FIG. 3. Effect of vinyl acetate concentration on the rate of hydrolysis by
lipases from Rhizopus oryzae (open circles) and Rhizomucor miehei
(solid circles). Assays were performed as described in the legend of Fig-
ure 2. The solubility limit of vinyl acetate (315 mM) is indicated by the
dotted line. The concentration of vinyl acetate is expressed as mil-
limoles per liter below and above the solubility limit of the substrate.
For experimental conditions, see Figure 2.

FIG. 4. Effect of vinyl acetate concentration on the rate of hydrolysis by
lipases from Thermomyces lanuginosa (open squares), guinea pig pan-
creas (solid squares) and human pancreas. Assays with human pancre-
atic lipase were performed in the absence (open circles) and presence
(solid circles) of colipase in fivefold molar excess to lipase. The dotted
line represents the solubility limit of vinyl acetate. For experimental
conditions, see Figure 2.



Acetylcholinesterase hydrolyzes triacetin (specific activity:
450 units mg−1; K0.5: 30 mM) but not tripropionin or tribu-
tyrin (Table 1). Results of kinetic studies carried out with
TAG lipases under the same conditions have been presented
in previous reports (16,17). For example, the specific activity
of R. oryzae lipase against tripropionin is 110 units mg−1 with
K0.5 of 4 mM, and that of human pancreatic lipase is 4,000
units mg−1 with K0.5 of 8 mM (17). As observed with vinyl
esters, values of K0.5 for the hydrolysis of short-chain TAG
by classical lipases are higher than those found for pig liver
esterase. 

Hydrolysis of vinyl esters and TAG by cutinase. Cutinase is
an extracellular lipolytic enzyme of small molecular mass, se-
creted by the fungus F. solani pisi, which hydrolyzes TAG as
efficiently as lipases. Kinetic studies carried out with tributyrin
as substrate pointed out that cutinase differs from classical li-
pases in that it hydrolyzes soluble as well as emulsified sub-
strate showing no interfacial activation. Longhi and Cambillau
(13) concluded that cutinase had the capacity to hydrolyze
monomeric substrates and showed function properties between
esterases and lipases. This conclusion found support from the
determination of the 3-D structure of the enzyme (13).  Cuti-
nase belongs to the family of proteins containing the α/β hy-
drolase fold and the Ser-His-Asp/Glu catalytic triad found in
serine hydrolases. Unlike other lipases, cutinase does not pos-
sess a lid domain, and, therefore, the active site is accessible to
solvent. It seems that interpretation of the kinetics of hydroly-
sis of tributyrin by cutinase and the lack of interfacial activa-

tion should be reconsidered in the light of the data showing that
solutions of short-chain vinyl esters or tripropionin are also
readily hydrolyzed by classical lipases such as lipases from R.
oryzae and R. miehei and that, as reported previously (17,25),
solutions of short- chain esters contain not only monomers but
also multimolecular aggregates. Unfortunately, the very low
solubility of tributyrin (0.4 mM) does not allow assessment of
the physical state of ester molecules dispersed in the aqueous
phase. It is likely that, as previously shown for triacetin and
tripropionin, molecules of tributyrin associate in solution in the
presence of 0.1 M NaCl and that small aggregates present in
the aqueous phase may account for the activity of cutinase on
soluble tributyrin.

Here, we compared the kinetic behavior of cutinase with
solutions and emulsions of vinyl esters and short-chain TAG
with that of esterases and lipases. As can be seen from the v/S
curves shown in Figure 8, the relative activity of cutinase
against solutions of vinyl acetate, vinyl propionate, and vinyl
butyrate is high compared with the maximal activity mea-
sured against emulsified esters. Specific activities are 650,
700, and 1375 units mg−1 with K0.5 values of 150, 40, and 12
mM, respectively. The kinetics of the hydrolysis of short-
chain TAG by cutinase are illustrated in Figure 9. Specific ac-
tivities measured against triacetin, tripropionin, and tributyrin
are 320, 570, and 360 units mg−1 with K0.5 of 70, 10, and 0.25
mM, respectively. The kinetic behavior of cutinase with solu-
tions and emulsions of partially water-soluble vinyl esters and
TAG is comparable to that of lipases from R. oryzae and
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FIG. 5. Effect of vinyl propionate concentration on the rate of hydrolysis
by pig liver esterase (solid circles), acetylcholinesterase (open circles),
and lipase from Rhizomucor miehei (solid squares). The dotted line in-
dicates the solubility limit of vinyl propionate (86 mM). For experimen-
tal conditions see Figure 2.

FIG. 6. Effect of vinyl butyrate concentration on the rate of hydrolysis
by pig liver esterase (solid circles) and lipase from Rhizomucor miehei
(open circles). The dotted line indicates the solubility limit of vinyl bu-
tyrate (22 mM). For experimental conditions see Figure 2.



R. miehei and markedly differs from that of typical esterases.
Furthermore, cutinase, in contrast to pig liver esterase and
acetylcholinesterase, hydrolyzes emulsions of water-insolu-
ble vinyl laurate (specific activity: 775 units mg−1; K0.5: 5
mM) and trioctanoin (specific activity: 830 units mg−1; K0.5:
5 mM). Values of K0.5 are in the same range as those found

for classical lipases. For example, the value of K0.5 is 3.75
mM for the hydrolysis of vinyl laurate (specific activity: 450
units mg−1) and 3.25 mM for the hydrolysis of trioctanoin by
R. oryzae lipase (specific activity: 7000 units mg−1). Specific
activities of carboxyl ester-hydrolyzing enzymes used in this
kinetic study are reported in Table 1. 
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FIG. 7. Hydrolysis of short-chain TAG by pig liver esterase. (A) Effect of triacetin concentration
on the rate of hydrolysis by pig liver esterase. (B) Effect of the concentration of tripropionin
(open circles) and tributyrin (solid circles) on the rate of hydrolysis by pig liver esterase. The
solubility limits of triacetin (330 mM), tripropionin (10 mM), and tributyrin (0.41 mM) are not
indicated. For experimental conditions see Figure 2.

TABLE 1
Specific Activitiesa of Esterases and Lipases Measured Against Vinyl Esters and TAG

Vinyl Vinyl Vinyl Vinyl Olive
acetate propionate butyrate laurate Triacetin Tripropionin Tributyrin Trioctanoin oil

Pig liver esterase 320 300 470 0 60 50 70 0 0
Acetylcholinesterase 970 210 0 0 450 0 0 0 0
Cutinase 650 700 1,375 775 320 570 360 830 670b

Guinea pig
pancreatic lipase 90 360 270 160 740 1,000 2,000 175 500

Rhizopus oryzae
Lipase 640 1,600 3,300 2,700 60 110 900 7,000 1,000

Rhizomucor miehei
lipase 1,940 7,500 11,000 11,000 20 400 2,200 9,200 3,300

Thermomyces
lanuginosa lipase 700 3,000 3,700 12,000 0 225 2,250 9,250 2,900

Human pancreatic
lipase 200 960 750 450 10 4,000 9,500 6,500 4,000

aActivity is measured at optimal substrate concentration and expressed as enzyme units. Specific activity is expressed as units mg−1.
bFrom Reference 13.



DISCUSSION

In early comparative studies of the hydrolysis of methyl bu-
tyrate and triacetin by horse liver esterase and porcine pan-
creatic lipase, large differences were found between the ki-
netic behaviors of the two classes of enzymes (26). Under the
conditions used for assaying carboxyl ester hydrolase activ-
ity, pancreatic lipase displayed low activity against esters at
concentration below the solubility limit, and hydrolysis
sharply increased in the presence of emulsified particles, in

supersaturated solutions. In contrast to pancreatic lipase, the
activity of liver esterase was maximal against solutions of
methyl butyrate and triacetin and was not enhanced at ester
concentrations beyond the point of saturation of the solution.
Consequently, the increase in activity shown by pancreatic li-
pase in a heterogeneous assay system (interfacial activation)
was considered as a typical feature of the mode of action of
lipases at a lipid–water interface. It was further hypothesized
that interfacial activation of lipases would result from a
change in the conformation of enzymes specifically bound to
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FIG. 8. Hydrolysis of short-chain vinyl esters by cutinase. Effect of ester concentration on the rate of hydrolysis of (A) vinyl
acetate, (B) vinyl propionate, and (C) vinyl butyrate. The dotted lines indicate the solubility limits of vinyl acetate (315
mM), vinyl propionate (86 mM), and vinyl butyrate (22 mM), respectively. For experimental conditions see Figure 2.

FIG. 9. Hydrolysis of short-chain TAG by cutinase. Effect of ester concentration on the rate of hydrolysis of (A) tri-
acetin, (B) tripropionin, and (C) tributyrin. The dotted lines indicate the solubility limits of triacetin (330 mM), tripro-
pionin (10 mM), and tributyrin (0.41 mM), respectively. For experimental conditions see Figure 2. 



large-size particles of the emulsion (26,27). Later, this hy-
pothesis found support from the determination of the 3-D
structure of human pancreatic lipase (6) and lipases from the
fungi R. miehei (7) and Geotrichum candidum (10). In these
lipases, the active site is covered by a peptide loop (lid),
which has to move away to give access to the substrate. It was
proposed to correlate the interfacial activation with the tran-
sition between the closed (inactive) form and the open (ac-
tive) form of lipase (7,15).

During the past decade, a large number of lipases have been
isolated and characterized. Studies of their molecular and cat-
alytic properties have challenged the classical distinction be-
tween lipases and esterases based on interfacial activation. Li-
pases from Pseudomonas glumae (28,29), P. aeruginosa
(30,31), C. antarctica (lipase B) (32), and pancreatic lipase
from coypu (Myocastor coypus) (33), which possess a lid do-
main; cutinase, a lipolytic enzyme from F. solani pisi (13); and
lipase from guinea pig pancreas (14), in which the lid domain
is absent or restricted to a few amino acid residues, hydrolyzed
solutions of esters showing no or weak interfacial activation.
In some cases, such as lipase from Staphylococcus hyicus, typ-
ical interfacial activation was found only with some substrates
(34). Then, it was concluded that lipases had the capacity to act
on monomeric solutions as well as emulsions and that lipases
should simply be considered as a particular class of carboxyl
ester hydrolases having, unlike esterases, the capacity to act on
water-insoluble long-chain TAG (15). The possible existence
of small aggregates (micelles) in solutions of esters was not
taken into account and, from a mechanistic point of view, the
possibility that lipases could be interfacially activated by mi-
celles was not systematically considered.

Recently, we used vinyl esters as substrates to compare the
kinetic properties of several lipases from filamentous fungi
(R. oryzae, R. miehei, T. lanuginosa, P. camembertii), yeasts
(C. rugosa, C. antarctica) and guinea pig and human pancreas
(16,17). Studies of the kinetics of hydrolysis of vinyl propi-
onate and vinyl butyrate clearly showed that lipases were ac-
tive to some extent against solutions of short-chain vinyl es-
ters although they all displayed maximal activity against
emulsions. In some cases, enzyme kinetics did not follow the
classical Michaelis–Menten model, suggesting that substrate
concentration was not the only parameter governing enzyme
activity against soluble substrates.

In the present study, we compared the kinetic behavior of
classical lipases and typical esterases, namely, pig liver es-
terase and acetylcholinesterase, against vinyl esters and TAG

in solution and in emulsion. Lipolytic enzymes having func-
tional properties between lipases and esterases, such as
guinea pig pancreatic lipase and cutinase from F. solani pisi,
were included in this study. In addition to vinyl propionate,
vinyl butyrate, and vinyl laurate, we investigated the kinetics
of enzymatic hydrolysis of vinyl acetate, whose solubility
limit (315 mM) greatly exceeds that of vinyl propionate (86
mM), vinyl butyrate (22 mM), tripropionin (10 mM), and
tributyrin (0.4 mM).

Our results show that classical lipases, together with pig
liver esterase, cutinase, and guinea pig pancreatic lipase, hy-
drolyze slightly water-soluble short-chain vinyl esters (vinyl
acetate, vinyl propionate, and vinyl butyrate). Acetyl-
cholinesterase is active on vinyl acetate and vinyl propionate
but, as expected, does not hydrolyze vinyl butyrate (Table 1).
In comparing the kinetic behaviors of the enzymes with vinyl
acetate, it appears that esterases express maximal activity in
the soluble concentration range. The substrate concentration
corresponding to half-maximal activity (K0.5) of esterases is
around 4 mM (Table 2). In contrast, classical lipases, guinea
pig pancreatic lipase and cutinase, which show limited activ-
ity against soluble vinyl acetate, display maximal activity
against emulsions. K0.5 values of 120, 130, and 140 mM are
found for lipases from R. miehei and R. oryzae and for cutin-
ase, respectively (Table 2). Values of K0.5 for lipases from T.
lanuginosa, human pancreas, and guinea pig pancreas are in
the 280–315 mM range, near the solubility limit of vinyl ace-
tate (315 mM). Similar observations can be made with vinyl
propionate, vinyl butyrate, and short-chain TAG. Esterases
are inactive against water-insoluble medium- and long-chain
esters such as vinyl laurate, trioctanoin, and olive oil, which
are hydrolyzed by classical lipases, guinea pig pancreatic li-
pase, and cutinase (Table 1). Consequently, guinea pig pan-
creas lipase and cutinase have to be classified unambiguously
as lipases. It appears that the capacity of the enzymes to hy-
drolyze emulsions of vinyl laurate or trioctanoin, on the one
hand, and the determination of the K0.5 values with short-
chain vinyl esters, in particular vinyl acetate, on the other
hand, should help to characterize carboxyl ester hydrolases
and to distinguish between lipases and esterases (35). 

Comparison of the specific activities (Table 1) and K0.5
values (Table 2) of lipases and esterases, measured against
vinyl esters and TAG, clearly indicates that esterases show
preference for short-chain vinyl esters and do not hydrolyze
medium- and long-chain esters. In contrast, classical lipases
preferentially act on emulsions of tripropionin and tributyrin,
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TABLE 2
Hydrolysisa of Vinyl Acetate and Tripropionin by Esterases and Lipases

Pig Guinea pig Human
liver pancreatic R. oryzae R. miehei T. lanuginosa pancreatic

esterase Acetylcholinesterase Cutinase lipase lipase lipase lipase lipase

Vinyl acetate 4 4 140 295 130 120 280 315
Tripropionin 0.3 — 10 10.5 4 8 15 8.5
aK0.5, the ester concentration that corresponds to half-maximal activity (Vm/2), is estimated from the v/S curves and expressed as millimoles per liter. The
substrate concentration is arbitrarily expressed as millimoles per liter both in the soluble and emulsified concentration range of substrate. The solubility limits
of vinyl acetate and tripropionin are 315 and 10 mM, respectively. For abbreviations see Table 1.



which are slightly soluble in water, and on water-insoluble
vinyl laurate, trioctanoin, and olive oil. Cutinase and guinea
pig pancreatic lipase, in contrast to other carboxyl ester hy-
drolases, hydrolyze all types of esters at comparable rates. It
is interesting to notice that lipases from R. miehei, T. lanugi-
nosa, and human pancreas possess a full-length lid domain,
whereas the lid structure is restricted to five amino acid
residues in the guinea pig lipase and is absent in cutinase. In
cutinase, however, the highly flexible peptide region around
the active site is involved in substrate binding and plays the
same role as the lid domain in other lipases (36,37). Taken to-
gether, these observations suggest, from an evolutionary point
of view, that the presence of the lid domain in classical lipases
is directly related to their capacity to specifically hydrolyze
long-chain TAG. This conclusion is in accordance with re-
sults of earlier crystallographic studies of the 3-D structure of
the lipase–colipase complex co-crystallized with mixed mi-
celles of PC showing that the lid domain is an essential com-
ponent of the active site as it interacts with an acyl chain of
the phospholipid (12). It is expected that further studies of the
physical state of ester molecules dispersed in water, together
with studies of enzyme structures, will contribute to under-
standing the mode of action of lipases and to a better distinc-
tion between esterases and lipases.
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ABSTRACT: The human choline/ethanolamine phosphotrans-
ferase 1 (CEPT1) gene codes for a dual-specificity enzyme that
catalyzes the de novo synthesis of the two major phospholipids
through the transfer of a phosphobase from CDP-choline or
CDP-ethanolamine to DAG to form PC and PE. We used an ex-
pression system devoid of endogenous cholinephosphotrans-
ferase and ethanolaminephosphotransferase activities to assess
the diradylglycerol specificity of CEPT1. A mixed micellar assay
was used to ensure that the diradylglycerols delivered were not
affecting the membrane environment in which CEPT1 resides.
The CEPT1 enzyme displayed an apparent Km of 36 µM for
CDP-choline and 4.2 mol% for di-18:1 DAG with a Vmax of 14.3
nmol min−1 mg−1. When CDP-ethanolamine was used as sub-
strate, the apparent Km was 98 µM for CDP-ethanolamine and
4.3 mol% for di-18:1 DAG with a Vmax of 8.2 nmol min−1 mg−1.
The preferred diradylglycerol substrates used by CEPT1 with
CDP-choline as the phosphobase donor were di-18:1 DAG,
di-16:1 DAG, and 16:0/18:1 DAG. A major difference between
previous emulsion-based assay results and the mixed micelle
results was a complete inability to use 16:0(O)/2:0 as a substrate
for the de novo synthesis of platelet-activating factor when the
mixed micelle assay was used. When CDP-ethanolamine was
used as the phosphobase donor, 16:0/18:1 DAG, di-18:1 DAG,
and di-16:1 DAG were the preferred substrates. The mixed
micelle assay also allowed the lipid activation of CEPT to be
measured, and both the cholinephosphotransferase and etha-
nolaminephosphotransferase activities displayed the unusual
property of product activation at 5 mol%, implying that specific
lipid activation binding sites exist on CEPT1. The protein kinase
C inhibitor chelerythrine and the human DAG kinase inhibitor
R59949 both inhibited CEPT1 activity with IC50 values of 40
µM.
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PC and PE are the major membrane phospholipids found in
eukaryotic cells, constituting approximately 50 and 25% of
membrane mass, respectively. PC is synthesized by a

cholinephosphotransferase activity that forms a phosphoester
bond through the transfer of phosphocholine from CDP-
choline to DAG (1–8). PE is synthesized through an analo-
gous reaction that substitutes CDP-ethanolamine as the phos-
phobase donor (1,3,9–11). An accurate determination of
specificity with respect to fatty acyl chain length is of great
interest in lipid enzymology, as this can explain the molecu-
lar mechanism by which these enzymes contribute to the dis-
tribution of FA within phospholipids of the lipid bilayer. The
fatty acyl groups of PC and PE govern the membrane struc-
ture and function of the phospholipids and also serve as reser-
voirs for numerous signaling molecules. For example, highly
saturated PC molecules are the major component of lung sur-
factant (12,13), and arachidonic acid is released from PC for
the production of prostaglandins and leukotrienes (14,15). In
addition, a cholinephosphotransferase reaction has been im-
plicated in the synthesis of a platelet-activating factor (PAF)
precursor and the inflammatory mediator PAF itself (16). The
PAF precursor is identical in structure to PC except that it
contains an ether-linked FA at the sn-1 position of the glyc-
erol backbone, with arachidonic acid as the preferred FA at
the sn-2 position. PAF itself also contains an ether-linked sn-1
FA, but the sn-2 group is an acetyl moiety (17,18). Metabo-
lism of the PAF precursor to PAF is initiated by a Ca2+-acti-
vated phospholipase A2 that will hydrolyze arachidonic acid
containing PC or the PAF precursor for the release of arachi-
donic acid from both lipids (19), as well as to produce  PAF
from lysoPAF through the action of PAF acetyltransferase
(20).

One of the major obstacles to characterizing integral mem-
brane lipid-metabolizing enzymes is that essentially water-
insoluble, exogenous lipid substrates are delived to membrane
fractions containing the enzyme of interest in an aqueous so-
lution with water-soluble substrates and cofactors. A second
complication is that the membrane fraction used as enzyme
source may contain more than one isoform of an enzyme cat-
alyzing the same reaction, thus complicating the interpreta-
tion of enzymatic kinetics and substrate specificities. One so-
lution to the assay of several enzyme isoforms that reside in a
particular membrane is to purify the enzyme to homogeneity;
however, most integral membrane-bound enzymes are difficult
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to purify because they must be removed from their membrane
environment by solubilization with detergents to be amenable
to column chromatography. This process often inactivates the
enzyme, and indeed a cholinephosphotransferase has yet to
be purified to homogeneity. A second solution is to isolate a
cDNA coding for the enzyme and its expression in a cell type
devoid of its activity. Recently, two human genes/cDNA
were isolated that encode cholinephosphotransferase and
ethanolaminephosphotransferase activities, and that appear to
provide the entire complement of these enzyme activities in
humans, were expressed in a Saccharomyces cerevisiae strain
devoid of its endogenous cholinephosphotransferase and
ethanolaminephosphotransferase activities (1,2,21). Results
showed the human choline phosphotransferase 1 (CPT1) gene
encodes a CDP-choline-specific enzyme for the synthesis of
PC, whereas the human choline/ethanolamine phosphotrans-
ferase 1 (CEPT1) gene codes for an enzyme that can use ei-
ther CDP-choline or CDP-ethanol-amine as substrates to syn-
thesize PC or PE, respectively. The diradylglycerol substrate
specificity of CPT1 and CEPT1 were also determined in these
studies, with a broad range of diradylglycerols being utilized.
Most notably, both enzymes were found to be capable of de
novo synthesis of PAF and the PAF precursor (2,16).

In these analyses the diradylglycerol substrate species
specificity of CPT1 and CEPT1 was determined using an
emulsion-based assay in which a small amount of detergent
was used to solubilize the diradylglycerol substrates. This
assay type is the major method by which cholinephospho-
transferase activity has previously been characterized
(4,6,8–11,16,22,23), and our use of this assay allowed the ac-
tivities of the CPT1- and CEPT1-encoded cholinephospho-
transferase activities to be compared to these previous stud-
ies. However, this assay method does suffer from two major
disadvantages. First, the delivery of the different lipophilic
diradylglycerol substrates variously alters the physical param-
eters of the membrane in which the cholinephosphotrans-
ferase enzyme resides, and the activity measurements for the
different diradylglycerol substrates possibly reflect alterations
in the physical parameters of the membrane rather than true
substrate specificity of the active sites of the enzyme. Second,
because the enzyme cannot be studied independent of its na-
tive lipid environment, lipid activation and lipophilic in-
hibitor studies cannot be performed, as these molecules can
also affect the physical parameters of the membrane. There-
fore, it is difficult to interpret whether alterations in activity
are due to membrane perturbations or accurately reflect the
effect of the lipid on the activity of the enzyme. Mammalian
cholinephosphotransferase appears to be exquisitely sensitive
to its membrane environment, as demonstrated by the various
attempts to purify the enzyme (6,9,10,22,23). It was rapidly
inactivated by most detergents, and its activity was partially
reconstituted by the addition of specific phospholipids
(22,23).

The use of mixed micelle surface-dilution kinetic assay
systems has resulted in the accurate portrayal of acyl group
specificity for several integral membrane lipid-metabolizing

enzymes (3,5,24–34). The mixed micelle method presents the
lipid substrate in a uniform matrix and resolves the problem
of the differing lipophilic substrates, activators, or inhibitors
physically altering the membrane structure in which the en-
zyme resides (24). In this study, we have characterized the
specificity of the diradylglycerol substrate, as well as the ef-
fects of soluble and lipophilic activators and inhibitors, on the
cholinephosphotransferase and ethanolaminephosphotrans-
ferase activities of human CEPT1 using a mixed micelle
assay method.

MATERIALS AND METHODS

Materials. All materials used in the preparation of yeast
media were purchased from Difco Laboratories (Detroit, MI).
[Methyl-14C]cytidine 5′-diphosphocholine and [ethanol-
amine-1,2-14C]cytosine 5′-diphosphoethanolamine were pur-
chased from American Radiolabeled Chemicals (St. Louis,
MO). Lipids, di-8:0 ethylene glycol, di-10:0 ethylene glycol,
and di-18:1 ethylene glycol were purchased from Avanti
Polar Lipids (Alabaster, AL). Inhibitors used were products
of BioMol (Plymouth Meeting, PA).

Membrane isolation. Yeast cells devoid of their endoge-
nous cholinephosphotransferase activity (HJ091—a ura3
his3 leu2 trp1 cpt1::LEU2 ept1−) were transformed with
pAH9 (CEPT1), pAH12 (CPT1), or p416GPD (vector con-
trol), which express the human cDNA from the constitutive
glyceraldehyde dehydrogenase promoter; transformants were
selected on minimal medium containing the required nutri-
tional supplements to allow for plasmid maintenance (1–3).
The yeast cells were grown to midlog phase, and cultures
were centrifuged at 1000 × g for 10 min, decanted, and resus-
pended in 25 mL of ice-cold membrane isolation buffer that
contained 20% glycerol, 50 mM Tris-HCl pH 7.4, and 1 mM
EDTA. Cells were centrifuged at 1000 × g for 10 min, de-
canted, and resuspended in 0.7 mL isolation buffer, which
was then transferred to a test tube containing 0.5 mL of 0.5-
mm glass beads. This mixture was vortexed at high speed five
times for 30 s each with 30 s on ice between each mixing. The
resulting homogenate was transferred to a new tube and the
beads were rinsed twice with 0.5 mL isolation buffer, with
each rinse being added to the homogenate. To pellet unbro-
ken cells, nuclei, and mitochondria, the homogenate was cen-
trifuged at 15,000 × g for 15 min at 4°C. The supernatant was
transferred to an ultracentrifuge tube and spun at 450,000 × g
for 15 min at 4°C. The microsomal membrane pellet was re-
suspended by Teflon pestle homogenization in 0.5 mL isola-
tion buffer. Protein concentration in the microsomal mem-
branes was determined by the method of Lowry et al. (35).

Enzyme assays. In the mixed micelle assay to determina-
tion cholinephosphotransferase and ethanolaminephospho-
transferase activities, the diradylglycerol substrates and lipid
activators were dried under nitrogen gas and resuspended by
sonication in an assay mixture that contained 50 mM Tris-
HCl (pH 8.0), 20 mM MgCl2, 20% glycerol, 10 mol%
diradylglycerol, and 10 mol% lipid activator (PC unless

664 M.W. WRIGHT AND C.R. MCMASTER

Lipids, Vol. 37, no. 7 (2002)



otherwise noted) or lipophilic inhibitor in 1% sodium cholate.
To the micelle were added 10–25 µg of membrane protein as
enzyme source, and the mixture was incubated at 25°C for 5
min to allow for mixed micelle formation. Soluble inhibitors
were added to the assay mix at this stage, and the assay was ini-
tiated by the addition of [14C]CDP-choline (0.4 mM, 2000
dpm/nmol) or [14C]CDP-ethanolamine (0.4 mM, 2000
dpm/nmol) to a final volume of 100 µL. Assays were incubated
at 25°C for 20 min and terminated by the addition of 3 mL
CHCl3/CH3OH (2:1, vol/vol) and 1.5 mL 0.9% (wt/vol) KCl.
Tubes were vortexed, and phase separation was facilitated by
centrifugation at 2000 × g for 10 min. The aqueous phase was
aspirated, and the organic phase was washed twice with 2 mL
40% CH3OH/H2O (vol/vol). A sample of the organic phase was
dried in a scintillation vial, and radioactivity was determined by
scintillation counting. The organic phase was analyzed by TLC
using the solvent CHCl3/CH3OH/NH4OH/H2O (70:30:2:2, by
vol) to ensure that PC or PE were the products. The mixed mi-
cellar assay described above satisfied the criteria of enzyme ac-
tivities being dependent on the mole fraction of the lipid sub-
strate and not dependent on micelle concentration at a fixed
mole fraction of lipid components.

RESULTS

Kinetic analysis of CEPT1. The human CEPT1 enzyme was
expressed in an S. cerevisiae strain devoid of its endogenous
cholinephosphotransferase and ethanolaminephosphotrans-
ferase activities by genetic inactivation of the genes coding
for the yeast enzymes (1–3). This expression system ensured
that all measurable activity was due to the expressed human
CEPT1 enzyme. The mixed micelle system has previously
been used to accurately assess the acyl specificity and lipid
activation profiles of a number of integral membrane lipid-
metabolizing enyzmes (24–34). Hence, we sought to estab-
lish a mixed micelle method amenable to analysis of the
human cholinephosphotransferase enzymes CPT1 and
CEPT1. Surprisingly, both enzymes were completely inactive
when the Triton X-100 micelle assay was used to character-
ize the yeast Cpt1p and Ept1p cholinephosphotransferase and
choline/ethanolaminephosphotransferase enzymes (3). When
searching for a detergent that could be used with the mixed
micelle method for analysis of the mammalian enzymes, the
researchers found that sodium cholate resulted in surface di-
lution kinetics (including complete dependence on the addi-
tion of exogenous DAG substrate) and bulk lipid concentra-
tion appropriate for a kinetic analysis of CEPT1. Surprisingly,
sodium cholate micelles did not support the activity of human
CPT1 despite the very high degree of primary amino acid and
predicted similarities in secondary structure between CPT1
and CEPT1.

The kinetic parameters of apparent Km and Vmax values
were previously measured for CEPT1 using a Tween 20-
based emulsion assay with CDP-choline and di-18:1 DAG as
substrates. These results revealed an apparent Km for CDP-

choline of 37 µM and 850 µM for di-18:1 DAG with a Vmax
of 10.5 nmol min−1 mg−1. Using the mixed micelle assay, we
determined that the apparent Km for CDP-choline was 36 µM,
and for di-18:1 DAG it was 4.2 mol% with a Vmax of 14.3
nmol min−1 mg−1. The kinetic parameters of apparent Km and
Vmax values for CEPT1 using the Tween 20-based emulsion
assay using CDP-ethanolamine and di-18:1 DAG as sub-
strates previously revealed an apparent Km of 101 µM for
CDP-ethanolamine and 890 µM for di-18:1 DAG with a Vmax
of 4.4 nmol min−1 mg−1. Using the mixed micelle assay, the
apparent Km for CDP-ethanolamine was 98 µM and for di-
18:1 DAG was 4.3 mol% with a Vmax of 8.2 nmol min−1 mg−1

(Fig. 1). (Results are means of at least three separate experi-
ments. SEM was less than 15% of the mean for each point.)

Diradylglycerol specificity of CEPT1. A comparison of the
species specificity of various diradylglycerols for the
cholinephosphotransferase activity of CEPT1 between the
emulsion-based and mixed micelle assays revealed extreme
differences. In our previous work using the emulsion-based
assay, a very small amount of detergent was added to the di-
radylglycerol substrate to allow its solubilization, which can
result in the various substrates altering the membrane envi-
ronment in which CEPT1 resides (1). In that case,
cholinephosphotransferase activity of CEPT1 preferred di-
10:0 DAG = 16:0(O)/2:0 >> di-16:1 = di-8:0 = di-18:1 =
16:0/22:6 > di-12:0 > di-14:0 = di-16:0. When compared to
the mixed micelle assay results, one of the most obvious dif-
ferences was the inability to use 16:0(O)/2:0 as a substrate in
the mixed micelle assay, revealing an inability to synthesize
PAF de novo by CEPT1 (Table 1). In the mixed micelle assay,
di-18:1 DAG, di-16:1 DAG, and 16:0/18:1 DAG were the
preferred substrates, and CEPT1 could also use 16:0(O)/20:4
for de novo synthesis of the PAF precursor.

The diradylglycerol specificity of the ethanolaminephos-
photransferase activity of CEPT1 was also assessed using the
mixed micelle system and compared to the emulsion-based de-
livery of the diradylglycerol substrates. In the emulsion- based
assay with CDP-ethanolamine as a substrate, the number of
DAG species was limited, with di-18:1 DAG > 16:0/18:1 = di-
16:1 > 16:0/22:6, and the levels of ethanol-aminephosphotrans-
ferase activity were undetectable using any other diradylglyc-
erol substrate (1). With the mixed micelle assay, the profile of
DAG species that could be used as substrates by the
ethanolaminephosphotransferase activity of CEPT1 was ex-
panded, with 16:0/18:1 DAG = di-18:1 = di-16:1 > 18:0/20:4 =
16:0/22:6 > di-16:0 used as substrates (Table 1).

Lipid cofactor requirement of CEPT1. The mixed micelle
assay system is unique in that lipids can be added to the mi-
celles without dramatically affecting the physical state of the
environment in which CEPT1 resides. Thus, various lipid ac-
tivators can be directly compared (3,24). In an emulsion-
based system, on the other hand, very little or no detergent is
added to the membrane in which CEPT1 resides such that the
excess lipid added as either substrate or activator can dramat-
ically alter the membrane environment and vary the physical
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state of the membrane. This makes it difficult to interpret
whether the alterations in enzyme activity are due to specific
lipid binding to CEPT1 or to gross alterations in the physical
characterisitics of the membrane.

Various lipid activators were tested at 10 mol% using the
mixed micelle assay. This analysis revealed that several phos-
pholipids were capable of altering both the cholinephospho-
transferase and ethanolaminephosphotransferase activities of
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FIG. 1. Lineweaver–Burke analysis of human choline/ethanolamine phosphotransferase 1 (CEPT1)-catalyzed cholinephosphotransferase and
ethanolaminephosphotransferase activities. Human CEPT1 was expressed in Saccharomyces cerevisiae cells devoid of their endogenous
cholinephosphotransferase and ethanolaminephosphotransferase activities. CEPT1 cholinephosphotransferase (●) and ethanolaminephosphotrans-
ferase (●●) activities were determined using the mixed micelle method, as described in the Materials and Methods section, with di-18:1 DAG as
phosphobase acceptor and 10 mol% PC as lipid activator. The results represent the means of three separate experiments. SEM were less than 15%
for each point.



CEPT1. CEPT1 did not absolutely require a lipid activator,
since activity was noted in the absence of exogenously added
phospholipid. Of the lipids that could activate CEPT1, the prod-
uct of the CEPT1 cholinephosphotransferase reaction, PC, was
one of the best activators of the cholinephosphotransferase ac-
tivity of the enzyme, and the product of the ethanolaminephos-
photransferase activity of CEPT1, PE, was one of the best acti-
vators of the ethanolaminephosphotransferase reaction (Table
2). PC and PE concentrations of approximately 5 mol% were
required to fully activate CEPT1  (Fig. 2). The acyl specificity
of the PC molecules required to activate the cholinephospho-
transferase activity of CEPT1 was also analyzed: PC molecules
with physiologic chain lengths were all equally capable of acti-
vation, whereas short-chain PC species were poor activators
(Table 3). The ability of a broad range of long-chain PC molec-
ular species to support CEPT1 activity in a mixed micelle assay
was also observed for the yeast Cpt1p and Ept1p enzymes (3).
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TABLE 1
Diradylglycerol Specificity of Human CEPT1a

Diradylglycerol CDP-alcohol substrate (%)
substrate CDP-choline CDP-ethanolamine

Di-8:0 0 0

Di-10:0 72 0

Di-12:0 12 0

Di-14:0 12 0

Di-16:0 6 37

Di-16:1 95 90

Di-18:1 100 100

16:0/18:1 82 118

16:0/22:6 73 58

18:0/20:4 65 60

16:0/2:0 0 0

16:0(O)/2:0 0 0

16:0(O)/20:4 69 0
aA mixed micelle assay was performed using CDP-choline or CDP-
ethanolamine with the DAG indicated above as substrate and 10 mol% PC as
activating lipid, as described in the Materials and Methods section.  Di-18:1
DAG was chosen as the 100% control and possessed enzyme activity of 12.5
nmol min−1 mg−1 using CDP-choline and 7.6 nmol min−1 mg−1 for CDP-
ethanolamine as substrates. The results are means of at least three separate ex-
periments. SEM was less than 15% of the mean for each point. CEPT1,
choline/ethanolamine phosphotransferase 1.

TABLE 2
Lipid Activation of CEPT1 Activitya

CDP-alcohol substrate (%)
Lipid activator CDP-choline CDP-ethanolamine

No lipid 51 85
PC 100 100
LPC 113 47
PE 78 98
PA 78 82
PI 118 95
PS 77 49
PG 102 70
CL 17 12
TAG 18 28
aA mixed micelle assay was performed using CDP-choline or CDP-
ethanolamine with di-18:1 DAG as substrate at 10 mol% activating lipid as
described in the Materials and Methods section. Enzyme activity was 12.5
nmol min−1 mg−1 using CDP-choline and 7.6 nmol min−1 mg−1 for CDP-
ethanolamine with PC as lipid activator. The results are means of at least
three separate experiments. SEM was less than 15% of the mean for each
point. LPC, lysophosphatidylcholine; PG, phosphatidylglycerol; CL, cardio-
lipin. For other abbreviation see Table 1.

FIG. 2. Product activation of CEPT1. Human CEPT1 was expressed in S.
cerevisiae cells devoid of their endogenous cholinephosphotransferase
and ethanolaminephosphotransferase activities. CEPT1 cholinephos-
photransferase activity (●) for the synthesis of PC and
ethanolaminephosphotransferase activity (●●) for the synthesis of PE was
assayed using the mixed micelle method, as described in the Materials
and Methods section. The mixed micelle assay for the synthesis of
cholinephosphotransferase was supplemented with the indicated mol%
of PC, and the ethanolaminephosphotransferase assay was supple-
mented with PE. The results are means of three separate experiments.
SEM were less than 15% for each point. For abbreviations see Figure 1.

TABLE 3
Acyl Specificity of Activation of CEPT1 by PCa

PC species Activity (% control)

PC (egg) 100
Di-4:0 PC 11
Di-6:0 PC 10
Di-14:0 PC 69
Di-16:0 PC 85
Di-16:1 PC 88
Di-18:1 PC 95
16:0/20:4 PC 92
16:0(O)/20:4 PC 85
aA mixed micelle assay was performed using CDP-choline with di-18:1 DAG
as substrate and 10 mol% PC as activating lipid as described in the Materials
and Methods section. Enzyme activity was 12.5 nmol min−1 mg−1 using
CDP-choline as substrate and PC (egg) as lipid activator. The results are
means of at least three separate experiments. SEM was less than 15% of the
mean for each point.



Inhibitors of CEPT1 activity. Previous reports using an
emulsion-based assay (36,37) identified farnesol as an in vitro
inhibitor of cholinephosphotransferase activity. Using a
mixed micelle assay, we demonstrated that farnesol did not
inhibit CEPT1 activity (21). The addition of large concentra-
tions of farnesol apparently compromised the structure of the
membrane in which CEPT1 resides, resulting in its inactiva-
tion rather than its inhibition (21,38). We investigated com-
pounds that could be used in the mixed micelle assay as effi-
cient inhibitors of CEPT1 that would not alter the physical
parameters in which the CEPT1 enzymes resides when the
lipophilic molecules were added. Compounds were chosen
based on their ability to inhibit other DAG-utilizing enzymes
(such as DAG kinase), alter the activity of DAG-responsive
enzymes (such as proteins kinase C), inhibit PC phospholi-
pases (which could work either by binding to the active site
where PC is formed or by preventing the activation of CEPT1
by PC), or affect the attachment of lipophilic molecules to
proteins. Of the compounds tested, cholinephosphotrans-
ferase activity was inhibited most efficiently by the protein
kinase C inhibitor chelerythrine and the mammalian DAG ki-
nase inhibitor R59949 (Table 4). To establish the efficacy of
inhibition, the concentration dependence of these two in-
hibitors was examined. Both chelerythrine and R59949 ex-
hibited an IC50 of 40 µM (Fig. 3).

DISCUSSION

One of the major obstacles to accurately assessing the prop-
erties of mammalian cholinephosphotransferase enzymes has
been the use of cellular membranes as the enzyme source. Our

recent isolation of two separate human cDNAs, CEPT1
coding for a dual-specificity choline/ethanolaminephospho-
transferase enzyme (1) and CPT1 coding for a cholinephos-
photransferase-specific enzyme (2), has complicated the in-
terpretation of previous analyses of these enzyme activities.
It is not known if one or both of these enzymes were present
in the preparations used as the cholinephosphotransferase en-
zyme source (4,6,8–11,22,23,28,39,40). Previously, we de-
veloped an expression system in S. cerevisiae that was devoid
of its endogenous cholinephosphotransferase and ethanol-
amine-phosphotransferase activities; mutational inactivation
of the respective encoding genes allowed for the individual
assessment of heterologously expressed cholinephospho-
transferase and ethanolaminephosphotransferase enzymes.
We also used this system to examine the kinetic properties
and substrate specificities of the human CEPT1- and CPT1-
encoded enzymes (1,2). In these studies a small amount of de-
tergent was used to solubilize the diradylglycerol substrate to
aid its delivery to the isolated membranes in an aqueous solu-
tion. This was the most popular method of assaying
cholinephosphotransferase and ethanolaminephosphotrans-
ferase activities of these enzymes, and it allowed the proper-
ties of human CEPT1 and CPT1 to be compared to those in
the literature. However, delivery of an excess of the CEPT1
lipophilic substrates in the presence of a small amount of de-
tergent dramatically altered the physical state in which the en-
zyme resides. Thus, it was difficult to determine whether the
observed differences in activity reflected true enzymatic and
substrate specificity parameters or alterations in the mem-
brane environment in which the integral membrane protein
resides, which ultimately determine the activity of the en-
zyme. To circumvent this problem, a mixed micellar system
was developed to study CEPT1. The current system solubi-
lizes the membrane in which the enzyme resides (in the pres-
ence of excess detergent) such that exogenously added lipids
represent 10 mol% or less of the detergent added to solubilize
the membranes; thus, the physical parameters on the mem-
brane are not altered by the exogenous lipids (24–34). This
allows for a more accurate assessment of substrate specificity
and lipid activation. The mixed micellar enzyme assay was
used to determine kinetic parameters, diradylglycerol sub-
strate specificity, lipid activation, and inhibition by both
lipophilic and soluble compounds that were previously
known to alter the activity of other DAG-utilizing or respon-
sive enzymes toward the human CEPT1-encoded choline/
ethanolaminephosphotransferase. 

When mixed micelle conditions were established to exam-
ine CEPT1 properties, we discovered that neither human
CEPT1 nor CPT1 was active when assayed using the Triton
X-100-based mixed micelle assay we had previously used to
characterize the yeast Cpt1p and Ept1p enzymes (3). This was
surprising based on the high degree of predicted conservation
of primary and secondary structures between the yeast and
human enzymes. The ability to catalyze a CDP-alcohol phos-
photransferase reaction using sodium cholate was found with
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TABLE 4
Potential CEPT1 Inhibitorsa

Inhibitor Concentration Activity (% control)

Protein kinase C inhibitors
Di-8:0 ethylene glycol 10 mol% 60
Di-10:0 ethylene glycol 10 mol% 75
Di-18:0 ethylene glycol 10 mol% 72
Chelerythrine 100 µM 25

DAG kinase inhibitor
R59949 200 µM 16

Phospholipase A2 inhibitor
Oleyloxyethylphosphocholine 200 µM 85

Farnesyltransferase inhibitors
N-Acetyl-S-farnesyl-L-cysteine 100 µM 71
Manumycin A 100 µM 77
L-744,832 100 µM 101

aA mixed micelle assay was performed using CDP-choline with di-18:1 DAG
as substrate and 10 mol% PC as activating lipid as described in the Materials
and Methods section. Lipophilic inhibitors are expressed as mol% and es-
sentially soluble inhibitors as mM. Enzyme activity was 12.5 nmol min−1

mg−1 using CDP-choline as substrate and PC (egg) as lipid activator in the
absence of inhibitor. The results are means of at least three separate experi-
ments. SEM was less than 15% of the mean for each point. di-8:0 Ethylene
glycol, di-10:0 ethylene glycol, and di-18:1 ethylene glycol were purchased
from Avanti Polar Lipids (Alabaster, AL). All other inhibitors were from Bio-
Mol (Plymouth Meeting, PA).



mammalian CEPT1 but not human CPT1. Based on this
observation, we predicted that when assaying mammalian
cellular membranes we could use the sodium cholate assay to
measure enzyme activity for specific determination of
CEPT1-dependent cholinephosphotransferase activity. 

The kinetic parameters for substrate CDP-alcohol sub-
strate affinity were similar for the emulsion (1,2) and the
mixed micellar-based assay using di-18:1 DAG as the phos-
phobase acceptor. Apparent Km values were 36–37 µM for
CDP-choline and 98–101 µM for CDP-ethanolamine. Appar-
ent Vmax values were also similar. The cholinephosphotrans-

ferase reaction catalyzed at a rate of 10.5 nmol min−1 mg−1

using the emulsion-based assay and 14.3 nmol min−1 mg−1

for the mixed micelle assay, whereas the ethanolaminephos-
photransferase reaction catalyzed at a rate of 4.4 nmol min−1

mg−1 when the di-18:1 DAG was delivered as an emulsion
and at 8.2 nmol min−1 mg−1 when di-18:1 DAG was pre-
sented in mixed micelle form. 

A comparison of the diradylglycerol substrate specificity
of CEPT1 using emulsion-based vs. mixed micelle assays re-
vealed major differences in substrate specificity. One of the
main differences was in the ability of the cholinephospho-
transferase reaction of CEPT1 to synthesize PAF de novo; it
was very efficient in the emulsion assay but was undetectable
in the mixed micelle assay (2,16). Indeed, with regard to the
cholinephosphotransferase reaction of CEPT1 using the
emulsion-based assay, the diradylglycerol substrate speci-
ficity by and large reflected the solubility of the lipophilic
substrate in aqueous solutions. Using the mixed micelle
assay, the preferred diradylglycerols reflected those normally
found within cellular membranes. The differences in
ethanolaminephosphotransferase activity of CEPT1 were not
as drastic as for the cholinephosphotransferase activity, as the
emulsion-based assay for ethanolaminephosphotransferase
activity had a much narrower DAG species profile. A similar
profile, although with a moderately expanded DAG substrate
species capability, was observed for the ethanolaminephos-
photransferase of CEPT1 using the mixed micelle assay.

The mixed micelle substrate specificity preferences were
consistent with previous analyses of metabolic labeling of he-
patocytes in cell cultures. Analysis of the DAG cellular speci-
ficity for PC that had been synthesized de novo through the
CDP-choline pathway revealed that DAG containing satu-
rated and monounsaturated FA were the preferred substrates
(41). However, this same study revealed that PE synthesized
de novo and catalyzed by ethanolaminephosphotransferase
contained a higher percentage of polyunsaturated double
bonds. A more recent study using deuterated precursors and
MS analysis of the lipids synthesized in a hepatocyte cell line
predicted that 16:0/18:1 DAG and di-18:1 DAG were the pre-
ferred substrates for the de novo synthesis of PC by
cholinephosphotransferase and also that 16:0/18:1 DAG and
di-18:1 DAG were the preferred substrates for de novo
ethanolaminephosphotransferase synthesized PE (42). The re-
sults from this study closely parallel the DAG fatty acyl
species specificity determined in our mixed micellar analysis
of CEPT1 cholinephosphotransferase and ethanolaminephos-
photransferase activities.

Similar to the yeast Cpt1p and Ept1p enzymes (3), human
CEPT1 were activated by phospholipids. However, the yeast
enzymes displayed an absolute requirement for phospholipid
activation, whereas the human CEPT1 enzyme was active
without the addition of exogenous phospholipids but could be
further activated by including phospholipids in the micelle. In
the mixed micelle assay, detergent was added in excess such
that the lipid present in the enzyme source was diluted to negli-
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FIG. 3. Inhibition of CEPT1 activity by chelerythrine and R59949 (Bio-
Mol, Plymouth Meeting, MA). Human CEPT1 was expressed in S. cere-
visiae cells devoid of their endogenous cholinephosphotransferase and
ethanolaminephosphotransferase activities. CEPT1 cholinephospho-
transferase activity for the synthesis of PC was assayed using the mixed
micelle method, as described in the Materials and Methods section,
with the indicated concentrations of (A) chelerythrine or (B) R59949.
The results are means of three separate experiments. SEM were less than
15% for each point. For abbreviations see Figure 1.



gible levels. Similar to the yeast Cpt1p and Ept1p enzymes,
human CEPT1 appears to possess distinct binding sites on the
enzyme for phospholipid, and occupation of these site(s) alters
enzyme activity. However, unlike the yeast enzyme activities,
human CEPT1 activity was not completely dependent on ex-
ogenous phospholipid. At a fixed concentration of 10 mol%,
several membrane phospholipids were capable of fully support-
ing CEPT1-derived cholinephosphotransferase and ethanol-
aminephosphotransferase activity. TAG was not an activator of
CEPT1, implying that a phosphobase was required for activa-
tion. Interestingly, PC was one of the best activators of CEPT1,
which implies that a form of product activation may exist in
vivo. The local microconcentration of PC at the site of CEPT1
in the cell was expected to be high, as CEPT1 continually syn-
thesizes PC. This was also true for PE activation of the
ethanolaminephosphotransferase property of CEPT1, although
it was far less pronounced than for the cholinephosphotrans-
ferase activity. As the cholinephosphotransferase and ethanol-
aminephosphotransferase steps are generally not rate limiting
in the synthesis of PC and PE in cells, product activation might
be a mechanism by which CEPT1 does not impinge on the rate
of synthesis for PC and PE, as determined by the upstream rate-
limiting enzymes (43–45).

Using an emulsion-based assay, farnesol was previously
identified as an in vitro inhibitor of human CEPT1 activity
(36,37). Further work with this assay demonstrated farnesol
does not inhibit the CEPT1 enzyme but instead appears to in-
hibit CEPT1 over time by providing a membrane environ-
ment in which it is progressively inactivated (21,28). Using a
mixed micelle method in which the added lipid did not dra-
matically alter the environment in which the enzyme resides,
we were unable to detect significant inhibition of CEPT1 ac-
tivity by farnesol (21). Using our method we investigated in-
hibitors of CEPT1 cholinephosphotransferase activity by
using compounds previously identified as either inhibiting the
activity of enzymes that also metabolize DAG or compounds
that are known to interfere with DAG activation of proteins.
Of the compounds tested, the human DAG kinase inhibitor
R59949 (46) and the protein kinase C inhibitor chelerythrine
(47) were the best inhibitors of CEPT1 activity. The IC50 con-
centrations required for in vitro inhibition of CEPT1 cho-
linephosphotransferase activity were 40 µM for both com-
pounds. This was dramatically higher than those for in vitro
human DAG kinase inhibition by R59949 (0.3 µM) and chel-
erythrine inhibition of protein kinase C (0.66 µM). However,
chelerythrine has been shown to inhibit PC synthesis and
cause apoptosis in cells at concentrations that effectively in-
hibit CEPT1 activity in vitro (36). Induction of apoptosis by
chelerythrine could be altered by the addition of exogenous
PC, implying that PC metabolism may play a role in chelery-
thrine-mediated apoptosis (36). The role of CEPT1 inhibition
by chelerythrine in the regulation of chelerythrine-induced
apoptosis is currently under study. 

An accurate determination of the fatty acyl specificity of
lipid-metabolizing enzymes is of great interest, as this can de-

fine the molecular mechanism by which the enzyme con-
tributes to the apportionment of FA within phospholipids. All
of the characteristics observed in this study can be attributed
to human CEPT1, as the expression system used resulted in
human CEPT1 as the sole cholinephosphotransferase and
ethanolaminephosphotransferase encoding activity being ex-
pressed. We characterized human CEPT1 using a mixed mi-
cellar assay system as a means to separate the physical effects
of lipid substrates and activators on the membranes in which
CEPT1 resides from true enzymatic effects of the added
lipids. The results presented are more reflective of those ob-
served in cell cultures for CEPT1 substrate specificity through
metabolic labeling analyses than those in previous emulsion-
based analyses of CEPT1. Notably, PAF could not be synthe-
sized de novo by CEPT1 using the mixed micelle method
even though it was synthesized in abundance when using the
emulsion-based assay (2,16). As PAF is a very potent inflam-
matory mediator, a precise knowledge of its possible biosyn-
thetic routes is essential.
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ABSTRACT: The effect of the liposoluble organophosphorus
insecticide fenitrothion (FS) on lipid packing and rotation of two
crustacean plasma HDL was investigated. These lipoproteins,
HDL-1 and HDL-2, differed in their lipid composition, but their
lipid/protein ratios were similar. The rotational behavior of the
fluorescent probes 1,6-diphenyl-1,3,5-hexatriene (DPH) and 3-
(p-(6-phenyl)-1,3,5-hexatrienyl) phenylpropionic acid (DPH-PA)
was used to obtain information about the lipid dynamics in the
outer and inner regions, respectively, of the lipid phase of the
lipoproteins. Fluorescent steady-state anisotropy (rs ), lifetime
(τ), rotational correlation time (τr ), and the limiting anisotropy
(r∞) of these probes were measured in the lipoproteins exposed
to different concentrations of FS in vitro. The results showed the
penetration of FS into both plasma lipoproteins, altering the
lipid dynamics of the inner as well as the outer regions. The
overall effect of the insecticide was to induce an increase in the
lipid order in a concentration-dependent fashion. DPH and
DPH-PA fluorescence-lifetime shortening indicated that FS in-
creased the polarity of the probe environment, suggesting an
enhanced water penetration into the lipoprotein lipid phase,
may be due to the induction of failures in the lipid packing.
Even in the absence of FS, a higher ordering of the lipid phase
was found in HDL-2 compared to HDL-1, a fact that might be
attributed to a higher percentage of sphingomyelin in HDL-2.

Paper no. L8954 in Lipids 37, 673–679 (July 2002).

The toxic effects of organophosphorus insecticides on target
and nontarget organisms have been described in several stud-
ies, although only a few have reported the effects of these
xenobiotics on the lipid metabolism. These insecticides are
known to cause neurotoxic effects by inhibiting acetyl-
cholinesterase and other enzymes (1,2). The proper function
of integral membrane proteins depends on the environment,
specifically, the membrane structure. This fact prompted sev-
eral groups to investigate the alterations in the physicochemi-
cal properties of membranes produced when these insecti-
cides, which are mostly liposoluble, are inserted into the lipid
bilayers. In this regard, studies done in natural membranes
from mammals and some other vertebrates (3–5), an inverte-
brate (6), and in artificial membranes (7,8) have shown the

overall alterations on membrane lipid dynamics produced by
organophosphorous insecticides.

We hypothesized that these liposoluble xenobiotics might
also alter other lipoprotein systems such as the circulating
lipoproteins, so we carried out the present work using as mod-
els the insecticide fenitrothion (FS) and two high-density he-
molymphatic lipoproteins from the decapod crustacean Macro-
brachium borellii. Lipids in crustaceans are transported by
HDL-1 and HDL-2 (9). HDL-1 is present in the plasma of both
males and females. In M. borellii it is a particle of 295 kDa
composed of three apolipoproteins of 124, 26, and 23 kDa that
transport exogenous and endogenous lipids. HDL-2, also called
vitellogenin, is only present in females during the vitellogenic
periods; its function is to carry the yolk precursors from extra-
ovarian synthesis sites to the ovocyte. The M. borellii native
lipoprotein (440 kDa) has three apolipoprotein subunits (94,
26, and 23 kDa) (Garcia, C.F., unpublished results). Although
both serum lipoproteins have high phospholipid contents, their
lipid compositions are different. Taking into account the differ-
ent functions and phospholipid contents of HDL-1 and HDL-2,
and their similar lipid/protein ratio, we considered them as an
appropriate model to study the effect of insecticides on the
physicochemical properties of lipoproteins, correlating their
structural and functional characteristics with FS sensitivity. This
may be of physiological interest since alterations in the physical
properties of these lipoproteins affect lipid transport in vitro, and
they may influence the lipid exchange among tissues.

The rotational behavior of 1,6-diphenyl-1,3,5-hexatriene
(DPH) and 3-(p-(6-phenyl)-1,3,5-hexatrienyl) phenylpropi-
onic acid (DPH-PA) was studied to investigate the effect of
FS on the dynamics of the lipoprotein lipid phase. Whereas
the neutral DPH senses mainly the hydrophobic deep interior
of the lipoprotein lipid phase, the anionic DPH-PA is an-
chored to the interface through its carboxylate group, and it
locates its fluorescent moiety more externally. Fluorescence
lifetime, and steady-state and frequency-resolved anisotropy
measurements were made. They allowed us to evaluate the
polarity of the probe’s environments, as well as to resolve the
probe rotation in terms of rate and amplitude, which are in-
dicative of the lipid phase fluidity and ordering, respectively.

MATERIALS AND METHODS

Sampling and isolation of lipoproteins. Male and ovogenic
female adult specimens of M. borellii were collected in a
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watercourse close to the Rio de la Plata, Argentina. After sev-
ering their heads, the shrimps were placed in a tube and cen-
trifuged at low speed to obtain hemolymph. The lipoproteins
under study were isolated by density gradient ultracentrifuga-
tion. Aliquots of plasma were overlayered on 3 mL NaBr solu-
tion (density 1.26 g/mL) containing 0.01% sodium azide and
centrifuged at 178,000 × g at 10°C for 24 h in a Beckman L8
70-M centrifuge, using a SW60 Ti rotor. The total volume of
the tubes was fractionated from top to bottom into 0.2-mL
aliquots. The protein content of each fraction was monitored
spectrophotometrically at 280 nm. One tube containing a NaCl
solution (density 1.04 g/mL) instead of plasma was centrifuged
simultaneously and fractionated in order to determine the den-
sity of the fractions by monitoring the refraction indexes.

Lipid and protein analysis. Lipids were extracted follow-
ing the method of Folch et al. (10). Quantitative determina-
tions of lipid classes were performed by TLC coupled to an
FID in an Iatroscan apparatus Model TH-10, after separation
on Chromarods SIII, using a triple development solvent sys-
tem as described previously (11). All lipid classes were quan-
tified using MAG as internal standard. Total protein concen-
tration in each fraction isolated from the density gradient was
measured colorimetrically by the method of Lowry et al. (12).

In vitro determination of FA binding to HDL-1. Total serum
of M. borellii was incubated with of 0, 20, and 40 ppm FS for 2
h. Afterward, the FA-binding capacity was assayed with 0.5
µCi (9 nmol) of [1-14C]palmitic acid (NEN, Boston, MA) as
ammonium salt for 30 min. To isolate the labeled HDL-1,
plasma hemolymph was analyzed under nondenaturing condi-
tions by preparative gel filtration fast-flow protein liquid chro-
matography (FPLC) on a Superdex 200 HR 10/30 column
(Amersham- Pharmacia, Uppsala, Sweden) using 0.1 M Tris-
HCl pH 8.0 at a flow rate of 0.4 mL/min. Protein was detected
at 280 nm. The column was calibrated with thyroglobulin, fer-
ritin, BSA, and ribonuclease A (Amersham-Pharmacia) as pro-
tein markers. The HDL fraction was collected based on the re-
tention time and relative mass ratio. The identity of HDL-1 was
corroborated by PAGE, the protein concentration was deter-
mined (12), and the radioactivity of the palmitic acid bound to
each protein peak was quantified by liquid scintillation count-
ing. 

Fluorescent measurement. All measurements were made
in a SLM 4800 C phase-modulation spectrofluorometer (SLM
Instruments Inc., Urbana, IL). For labeling, 3 mL of buffer
solution lipoproteins (100 µg/mL) were mixed with a few mi-
croliters of concentrated DMSO solutions of DPH or DPH-
PA (final concentration 4 µM). Blanks were prepared in the
same way as samples, without the fluorescent probes but with
addition of the same volume of DMSO as reference in order
to correct fluorescence intensities for nonspecific fluorescence
and light-scattering. Samples were gently swirled at 20°C for
at least 2 h, in the absence of light, to allow a complete equil-
ibration of the probes with the lipoproteins. FS from ethano-
lic concentrated solutions (1, 10, and 20 ppm) was added to
samples prior to equilibration.

Lifetime, steady-state, and dynamic polarization measure-

ments. Polarized phase shift (∆), steady-state anisotropy (rs),
and lifetime (τ) were measured according to Lakowicz et al.
(13,14) with modifications (15,16). The excitation wave-
length was 361 nm, and the emitted light passed through a
sharp cut-off filter at 389 nm to eliminate light of wavelengths
below 389 nm.

Measurements of τ were obtained with the exciting light
amplitude-modulated at 18 and 30 MHz by a Debye-Sears
modulator and vertically polarized by a Glan-Thompson po-
larizer. The emission light passed through the filter and then
through a Glan-Thompson polarizer oriented 55° to the verti-
cal to eliminate effects of Brownian motion (17). The phase
shift and demodulation of the emitted light relative to a refer-
ence of known τ were determined and used to compute the
phase lifetime (τP), and the modulation lifetime (τM) of the
sample (17). POPOP (1,4-bis(5-phenyloxazol-2-yl)benzene)
in ethanol, which has a τ of 1.35 ns (14–19) was used as ref-
erence. The differential polarized phase shift (∆) was deter-
mined according to Lakowicz et al. (13,14) by exciting with
light modulated at 18 and 30 MHz and vertically polarized,
and by measuring the phase difference between the parallel
and perpendicular components of the emitted light.

The measured values of rs, τ, and ∆, and the fundamental
anisotropy (r0), which had previously been estimated as 0.390
(20), were used to calculate the limiting anisotropy (r∞) and
the rotational correlation time (τr), which is the inverse of the
rotational rate, as previously described (15,16) in accordance
with the theory developed by Weber (21).

RESULTS

Separation and analysis of lipoproteins. Plasma hemolymph
was separated by density gradient ultracentrifugation into
HDL-1 (hydrated density 1.13 g/mL), which is found in ani-
mals of both sexes, and HDL-2 (hydrated density 1.18 g/mL),
which is found only in females at the vitellogenic stage.

Lipid composition, determined by TLC-FID, is shown in
Table 1. The predominant lipid class in both lipoproteins is
PC, which is found in a higher proportion in HDL-1, whereas
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TABLE 1
Lipid Compositiona and Lipid/Protein Ratio of Lipoproteins Isolated
from Plasma of Macrobrachium borellii

Fraction
Lipid classes HDL-1 HDL-2

TAG (%) 15.2 ± 2.3 16.3 ± 0.8
FFA (%) 11.7 ± 0.6 12.3 ± 0.7
Cholesterol (%) 14.6 ± 2.0 12.3 ± 2.0
PE (%) 19.5 ± 0.3 16.9 ± 1.9
PC (%) 38.8 ± 4.5 22.1 ± 2.3
Sphingomyelin (%) Trace 18.8 ±1.7
Total lipids (mg/mL hemolymph) 3.3 ± 0.4 4.67 ± 0.4
Total proteins (mg/mL hemolymph) 2.9 ± 0.3 4.45 ± 0.2
Lipid/protein ratio 1.13 1.04
Hydrated density (g/mL) 1.11–1.13 1.16–1.19
aData on lipid classes are expressed as weight percentage as determined and
quantified by TLC-FID. Values represent the mean ± SD of three indepen-
dent analyses.



the percentages of PE, TAG, cholesterol, and FFA did not
show significant differences between HDL-1 and HDL-2. A
relatively high content of sphingomyelin was evident in
HDL-2, but it was not present in HDL-1.

The lipid/protein ratio (lower in HDL-2) was consistent
with the hydration densities (higher in HDL-2).

FS increases steady-state anisotropy of DPH-derived fluo-
rophores in HDL-1 and HDL-2. Different concentrations
(1–20 ppm) of FS affect the microenvironment of the fluores-
cent probes in HDL-1 (Fig. 1) and HDL-2 (Fig. 2). FS in-
creases rs either in the hydrophobic core of the lipoproteins,
probed with DPH (Fig. 2A), or in the outer regions of the
lipoproteins, probed with DPH-PA (Fig. 2B). The observed
effect is dependent on the concentration of the pesticide, and
it is constant within the temperature range 10–30°C. We used
that temperature range because it represents the extremes of
temperature recorded in the stream where these animals live. 

Effect of FS on the lifetimes of DPH and DPH-PA and on
the lipid order of HDL-1 and HDL-2. To better understand the
effect of FS on the rotational behavior of DPH and DPH-PA,

lifetime and differential polarized phase shifts (∆) were mea-
sured. They were used to calculate τr and r∞ in HDL-1 (Fig.
3) and HDL-2 (Fig. 4). These measurements were made at 18
and 30 MHz. Since the values obtained at both frequencies
were similar, only the values of 18 MHz are shown. It is no-
table that calculation of τr and r∞ from measurements at dis-
crete frequencies requires homogeneity in the rotamer fluo-
rescence lifetime (15,16). For both probes, but especially for
DPH (Figs. 3A and 4A), modulation lifetimes (τM) are some-
what higher than phase lifetimes (τP), indicating some het-
erogeneity in the fluorophore population. However, the fact
that the values of τr and r∞ obtained are relatively indepen-
dent of the frequency indicates that they are essentially cor-
rect average values of the different rotamer populations.

A significant shortening was observed in the fluorescence
lifetime (τP and τM) of DPH and DPH-PA incorporated into
HDL-1 (Fig. 3) or HDL-2 (Fig. 4) in which different concen-
trations of FS were added at 10 or 30°C. In the case of HDL-1,
FS incorporation did not alter the rotational correlation time (τr)
of DPH or DPH-PA (Fig. 3). FS also evoked a concentration-
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FIG. 1. Effect of fenitrothion (FS) on HDL-1. 1,6-Diphenyl-1,3,5-hexa-
triene (DPH) (A) and 3-(p-(6-phenyl)-1,3,5-hexatrienyl) phenylpropionic
acid (DPH-PA) (B) fluorescence anisotropy (rs) vs. temperature, in the
absence (●) and the presence of 10 (●●) and 20 (▼) ppm of FS. Values
represent the average of five different determinations ± SD. The linear
correlation coefficients ranged between 0.790 and 0.999.

FIG. 2. Effect of FS on HDL-2. DPH (A) and DPH-PA (B) fluorescence
anisotropy (rs) vs. temperature, in the absence (●) and the presence of
10 (●●) and 20 (▼) ppm of FS. Values represent the average of five dif-
ferent determinations ± SD. The linear correlation coefficients ranged
between 0.850 and 0.999. For abbreviations see Figure 1.



dependent increase in the steady-state and limiting anisotropy
of both probes in HDL-1, at both temperatures.

Figure 4(A and B) shows the effect of FS incorporation on
HDL-2. A decrease of τr for DPH after the addition of the
toxin was found at both temperatures, whereas for DPH-PA,
it was observed only at 30°C. As was found for HDL-1, FS
increased r∞ significantly for both probes in HDL-2. These
results indicate that FS incorporation generated a strong ef-
fect on the lipid phase dynamics of HDL-1 and HDL-2 at both
temperatures.

From comparison of both lipoproteins (Figs. 3 and 4), it is
evident that for both probes, higher rs and r∞ values were ob-
tained in HDL-2 than in HDL-1. This fact indicates that HDL-
2 has a more ordered lipid phase than HDL-1. On the other
hand, the fluorescence lifetimes and τr of both probes were
similar in both lipoproteins.

FS decreases palmitic acid binding to HDL-1. In the pres-
ence of 14C-labeled palmitic acid, the only radioactive fraction
detected in nonvitellogenic M. borellii hemolymph was the one
corresponding to the HDL-1. The FPLC retention time and
PAGE of the eluted fractions corroborated its identity. When
exposed to FS, palmitic acid bound to HDL-1 decreased 1.6-

(20 ppm FS) and 12.6-fold (40 ppm FS), i.e., the radioactivity
was 64 and 9% compared to the control, respectively. 

DISCUSSION

Several organophosphorus, chlorinated, and pyrethroid insec-
ticides were reported to affect the fluidity of native and model
membranes (22–34). In previous studies using the same in-
secticide, we demonstrated on the basis of fluorescent aniso-
tropy measurements that FS increases the lipid order in the
bilayer of M. borellii microsomal membranes, but it does not
alter the rotational rate of the DPH and DPH-PA (6). In the
present study, the spectroscopic properties of two fluorescent
probes located in different regions of the lipoprotein were
used to investigate the influence of the insecticide FS, at dif-
ferent concentrations, on the physical state of the lipid phase
of two M. borellii lipoproteins. One of the probes, DPH, is an
elongated molecule, which is a useful fluorophore for studying
alterations in the lipid packing and ordering. It penetrates the
hydrophobic core of membranes and locates in the acyl chain
region. The carboxylate group of the other fluorophore, DPH-
PA, interacts with the polar headgroups of the phospholipids,
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FIG. 3. Steady-state fluorescence anisotropy (rs ), phase lifetime (τP ), modulation lifetime (τM ), rotational correlation time (τr ), and limiting anisot-
ropy (r∞) of (A) DPH and (B) DPH-PA in HDL-1 of Macrobrachium borellii, measured in the absence or presence of 1, 10, and 20 ppm FS at 10 and
30°C. Student’s t-test was used to compare the significance of the differences with respect to the sample without FS: ***P < 0.001, **P < 0.01, *P <
0.05.



locating the fluorescent moiety more outwardly than in the
case of DPH. Both probes are preferentially oriented with
their long axis parallel to the acyl chains, and the motion that
causes depolarization is the wobbling that displaces this long
axis.

The increase in rs of DPH and DPH-PA generated by FS ad-
dition demonstrated that this insecticide modifies the physical
properties of the lipid phases in the hydrophobic core as well
as in the outer region of both lipoproteins. A rigidifying effect
of FS is suggested by the increased rs values, although this gen-
eral parameter depends not only on the rotational behavior but
also on the fluorescent lifetime. The shortening in the fluores-
cent lifetime produced by FS is one of the facts causing the
increase in rs. However, the results of the differential polariza-
tion phase measurements confirm that FS produces a rigidify-
ing effect on these lipoproteins by increasing the lipid phase
ordering, evoked through the hindering of the probes’ wob-
bling amplitude resulting in an increased r∞. On the other hand,
the rotational rate of these probes is not restricted by the incor-
poration of FS. At least at 30°C, FS seems to increase the rota-
tional rate of both fluorophores slightly, as indicated by the de-
crease in τr, in HDL-2, but τr remained unchanged in HDL-1
after FS addition. We can therefore assume that the main pa-
rameter modified by FS is the lipid order.

The interaction of pyrethroids with liposomal phospholipids
evidenced a lower lipid order and a shortening in the DPH life-
time (23). On the contrary, the present results showed that FS
decreased DPH and DPH-PA fluorescence lifetime but in-
creased the lipid order in HDL-1 and HDL-2. It is unlikely that
this lifetime decrease is due to the direct quenching by FS of
the probes’ fluorescence, since as previously demonstrated the
fluorescence intensity and lifetime of DPH in ethanol were not
affected by a large excess of FS (6). Then, the observed de-
crease in the fluorescence lifetime of these probes is caused by
the alterations produced by FS within the structure of the
lipoprotein lipid phase. Defects caused by FS in the lipid pack-
ing can allow increased water penetration into the hydrophobic
interior of these systems, consistent with observations in nat-
ural (6) and artificial membranes of 1-palmitoyl-2-oleoyl and
dipalmitoyl PC (8).

The action of organophosphorus insecticides on membranes
has been related to cholesterol content in those membranes (5).
Thus, high proportions of cholesterol preclude the insecticide
insertion into the membrane. Although cholesterol content is
relatively high in both lipoproteins of M. borellii, this does not
seem entirely to hinder FS insertion into the lipid phase. 

The present results also indicate that HDL-2 has a higher
ordering of the lipid phase than HDL-1, a fact that can be at-
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FIG. 4. Steady-state fluorescence anisotropy (rs ), phase lifetime (τP ), modulation lifetime (τM ), rotational correlation time (τr ), and limiting anisot-
ropy (r∞) of (A) DPH and (B) DPH-PA in HDL-2 of M. borellii, measured in the absence or presence of 1, 10, and 20 ppm FS at 10, and 30°C.
Student’s t-test was used to compare the significance of the differences with respect to the sample without FS: ***P < 0.001, **P < 0.01, *P < 0.05.



tributed to the different lipid compositions of both lipopro-
teins. The main difference in composition is the presence of
sphingomyelin in HDL-2 but not in HDL-1. It is well-known
that sphingomyelin has a rigidifying effect on membranes
(35), lipid monolayers (36), liposomes (37), and some human
lipoproteins (38), but its physiological function in plasma is
still controversial. It was postulated that sphingomyelin may
act as an inhibitor of lipoprotein peroxidation because of its
rigidifying effect, which may hinder the lateral propagation
of the lipid-peroxy radicals (39). In this way, the presence of
sphingomyelin in HDL-2 rather than in HDL-1 could be im-
portant for yolk synthesis. DNA damage in the embryo could
be minimized if the precursor is peroxide-poor. This fact
would explain the higher rs and r∞ values found in HDL-2.
Thus, FS is able to penetrate the lipid phase of HDL-2 and
produce a further ordering increase; this effect is especially
noticeable at 30°C.

In brief, these results show that FS can be a perturbing
agent to the circulating lipoproteins of M. borellii, increasing
their lipid phase order, producing packing defects, and thus
affecting their structures and functions. In HDL-1, a decrease
in the binding of palmitic acid was observed, implying that
the proper structure of the lipoprotein is essential for the lipid-
binding capacity. Although PC is the major lipid class in
HDL-1, we have previously observed in in vivo studies that
HDL-1 can exchange FA with the hepatopancreas in M. borel-
lii (40). In this regard, insecticide actions can be important
from both the physiological and toxicological points of view. 
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ABSTRACT: Cis-9,trans-11 and trans-7,cis-9 CLA are the most
prevalent CLA isomers in milkfat. The majority of cis-9,trans-11
CLA is synthesized endogenously by ∆9-desaturase. We tested
the hypothesis that trans-7,cis-9 CLA originates from endoge-
nous synthesis by inhibiting ∆9-desaturase with a source of cy-
clopropene FA (sterculic oil: SO) or with a trans-10,cis-12 CLA
supplement. Experiment 1 (four cows; Latin square) involved
four treatments: control, SO, partially hydrogenated vegetable
oil (PHVO), and PHVO + SO. Milk, plasma, and rumen fluid
were collected. Experiment 2 treatments (four cows) were 0 or
14.0 g/d of 10,12 CLA supplement; milk and plasma were col-
lected. Samples were analyzed by GC and Ag+-HPLC to deter-
mine FA. In Experiment 1, SO decreased milkfat content of
trans-7,cis-9 CLA by 68 to 71% and cis-9,trans-11 CLA by 61 to
65%. In Experiment 2, the 10,12 CLA supplement decreased
milkfat content of trans-7,cis-9 CLA and cis-9,trans-11 by 44
and 25%, respectively. Correcting for the extent of treatment-
induced inhibition of ∆9-desaturase based on changes in myris-
tic and myristoleic acids, endogenous synthesis of trans-7,cis-9
CLA represented 85 and 102% in Experiments 1 and 2, respec-
tively. Similar corrected values were 77 and 58% for endoge-
nous synthesis of cis-9,trans-11 CLA. Thus, milkfat cis-9,trans-
11 CLA was primarily from endogenous synthesis with a minor
portion from rumen escape. In contrast, trans-7,cis-9 CLA was
not present in rumen fluid in significant amounts. Results indi-
cate this isomer in milkfat is derived almost exclusively from
endogenous synthesis via ∆9-desaturase.

Paper no. L9018 in Lipids 37, 681–688 (July 2002).

CLA have been reported to have many positive health effects
in biomedical studies with animal models (1). Given that
CLA are simply positional and geometric isomers of octadec-
adienoic acid, many combinations of double bond positions
and conformations are theoretically possible, and several
have been detected in ruminant fat using highly selective
methods. CLA were thought to be somewhat unique to rumi-
nants because of ruminal biohydrogenation; at present, 19
isomers have been identified in milkfat (2), and 14 have been
reported in beef fat (3). Cis-9,trans-11 CLA and trans-7,cis-9
CLA are the most prevalent isomers; together they generally
account for 75 to 80% of the CLA found in food products de-
rived from ruminants (2,4). 

The overwhelmingly predominant CLA isomer found in
foods of ruminant origin is cis-9,trans-11 CLA (2,4,5). This
CLA isomer is an intermediate in ruminal biohydrogenation
of linoleic acid. Initially, it was thought that the cis-9,trans-
11 CLA in ruminant fats was of rumen origin (see Griinari
and Bauman, Ref. 6). By using sterculic acid, a specific in-
hibitor of ∆9-desaturase, we recently demonstrated that the
majority of cis-9,trans-11 CLA in milkfat is derived from en-
dogenous synthesis via ∆9-desaturase with ruminally derived
trans-11 18:1 as the substrate (7,8). Trans-11 18:1 is the only
trans FA isomer currently described as an intermediate in bio-
hydrogenation. However, many other trans-18:1 isomers are
found in rumen fluid (9) and milkfat (10), and these are be-
lieved to originate from double bond migration or alternative
pathways of biohydrogenation (6). 

Under certain dietary conditions, trans-10,cis-12 CLA is
found in milkfat, and it represents a contrast to the cis-9, trans-
11 CLA isomer. Trans-10,cis-12 CLA appears to be exclu-
sively ruminally derived and is a product of ruminal biohydro-
genation 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 (6). The trans-10,cis-12 CLA
isomer causes a reduction in milkfat synthesis and a decrease
in ∆9-desaturase in dairy cows (11,12), the latter resulting in a
decrease in endogenous synthesis of cis-9,trans-11 CLA. In
growing rodents, trans-10,cis-12 CLA also reduces body fat
accretion (13) and has been shown to reduce the gene expres-
sion and enzyme activity for ∆9-desaturase (14–16).

The origin of trans-7,cis-9 CLA found in ruminant fat has
not been established. Given ruminal production of trans-7
18:1, we hypothesized that trans-7,cis-9 CLA would be de-
rived from endogenous synthesis via ∆9-desaturase. Our ob-
jective was to test this hypothesis using two different in vivo
approaches to inhibit ∆9-desaturase in lactating dairy cows,
one involving the use of cyclopropenoid FA and the other in-
volving a dietary supplement of trans-10,cis-12 CLA.

EXPERIMENTAL PROCEDURES

Study protocols and procedures for these experiments were
approved by the Cornell University Institutional Animal Care
and Use Committee. Studies utilized lactating Holstein cows
fitted with rumen fistulae and housed in metabolic tie stalls at
the Large Animal Research and Teaching Unit at Cornell Uni-
versity. Cows were fed a total mixed ration formulated using
the Cornell Net Carbohydrate and Protein System (17) to
meet or exceed predicted nutrient requirements (18). Cows
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were given ad libitum access to feed with equal portions of
fresh feed offered before milking at 0600 and 1800 h. 

Cows and experimental design. Details of Experiment 1
have been described previously (8). Briefly, four cows (115 ± 9
d in milk) were used in a 4 × 4 Latin square design. The four
treatments were: skim milk (500 mL/d; control), partially hy-
drogenated vegetable oil (250 g/d; PHVO), sterculic oil (8.8
g/d; SO), and PHVO + SO. Treatments were abomasally in-
fused via polyvinyl chloride tubing (0.5 cm i.d.) that passed
through the rumen fistula and sulcus omasi into the abomasum
(19). One-fourth of the daily treatment dose was infused every
6 h for 4 d with a 6-d interval between treatment periods. Milk
samples, collected at both milkings on the last day of treatment,
and a plasma sample, collected after the evening milking on
the last day of the treatment period, were stored at −20°C until
further analyses. Rumen fluid samples were collected on the
last day of each treatment period at 1, 2, and 4 h after the morn-
ing feeding. Sampling times were chosen to coincide with max-
imal rates of biohydrogenation to optimize detection of CLA
isomers normally produced in very low amounts (20,21).
Rumen samples were centrifuged at 1,200 × g for 10 min, and
the pellet was saved and frozen at −20°C until further analysis.
This fraction represents the fine particles and associated bacte-
ria; the FA intermediates have been shown to be bound to the
fine particulate matter in the rumen (22,23).

Details of Experiment 2 have been described previously
(24). Briefly, four cows (228 ± 54 d in milk) were used in a 4
× 4 Latin square design. Treatments were abomasal infusion
of four doses of trans-10,cis-12 CLA. For the present study,
only the low-dose (0 g/d; control) and high-dose (14.0 g/d;
10,12 CLA supplement) treatments were utilized. The 10,12
CLA supplement was emulsified in skim milk and infused
continuously for 5 d with 7 to 8 d between treatment periods.
Milk samples were collected at both milkings on the last day
of treatment and stored at −20°C until further analysis. On
day 5 of infusion, seven blood samples were obtained via
jugular catheter over a 45 min interval at 0900 and 1400 h.
Plasma was harvested immediately and stored at −20°C. Prior
to analysis, plasma samples were thawed and pooled by indi-
vidual animal.

GC analysis. Extraction of lipid from milk and plasma
samples and preparation of FAME by base-catalyzed trans-
methylation have been described previously (8,25). The FA
of SO were transmethylated by the same procedure used for
milkfat. For analysis, the PHVO and the trans-10,cis-12 CLA
supplements were methylated using 1% sulfuric acid in
methanol as described by Christie (26). 

Rumen sample pellets were freeze-dried and then ground
in liquid nitrogen using a mortar and pestle. A composite (0.5
g) was made for individual animals and transferred to a
screw-top extraction tube. Water (0.5 mL) was added and the
tube was vortexed for 30 s. The sample was acidified by
adding 3–4 drops of 2 M HCl and then vortexed for 30 s, son-
icated for 5 min, and extracted twice with 4.0 mL hexane/iso-
propanol (3:2) according to Hara and Radin (27). The com-
bined organic phases were washed with 2.0 mL distilled water

and dried over 1 g sodium sulfate for 30 min. Solvent was
evaporated under a stream of N2, and the lipid was stored at
−20°C. FFA were separated from other lipids using 1 g
aminopropyl columns (Mega Bond-Elut; Varian Corp.) as de-
scribed by Bateman and Jenkins (28). Columns were prepared
with 6 mL hexane, and lipid samples were dissolved in 1.0
mL hexane and applied to the column. Neutral lipids were
eluted from the column with 8.0 mL hexane/isopropanol
(3:1). FFA were eluted with 9.0 mL 2% acetic acid in ether
and collected. The solvent was then evaporated under a
stream of N2, and the lipid was stored at −20°C. Rumen FFA
were methylated using trimethylsilyldiazomethane according
to the procedure of Hashimoto et al. (29) with modifications.
Briefly, FFA were dissolved in 0.4 mL methanol and 1.6 mL
toluene. One mL 30 mM trimethylsilyldiazomethane was
added and the solution was incubated at room temperature for
30 min. The reaction was stopped using 5–10 drops acetic
acid. Five milliliters of water and 1 mL hexane were added
and the solution was vortexed. The organic phase was dried
over 1 g sodium sulfate for 30 min. The organic phase was
transferred to a new tube, and the solvent was evaporated
under a stream of N2. The FAME were then dissolved in 0.45
mL hexane for GC analysis.

The FAME from milkfat, plasma, rumen samples, and in-
fused supplements were quantified by GC (Hewlett-Packard
GC system 6890+ with an FID) using a SP-2560 capillary
column (100 m × 0.25 mm i.d. with 0.2 µm film thickness;
Supelco Inc., Bellefonte, PA). GC parameters for milkfat,
plasma, and infused supplements were described previously
(8,24). GC parameters for rumen samples were similar except
for temperature programming, where the oven temperature
was initially held at 160°C for 28 min and then increased at
5°C/min to 220°C and held at this temperature for 10 min.
Each peak was identified and quantified using pure methyl
ester standards (Nu-Chek-Prep, Elysian, MN). A butter refer-
ence standard (CRM 164; Commission of the European Com-
munities, Community Bureau of Reference, Brussels, Bel-
gium) was used to determine recoveries and correction fac-
tors for individual FA.

HPLC. The FAME prepared from the samples were also
analyzed using an HPLC system consisting of a Waters 996
photodiode array detector, a Waters 2690 separations module
(Alliance), and the Millenium32 chromatography manager,
version 3.20 (Waters Corporation, Milford, MA). Three sil-
ver ion columns (ChromSpher 5 Lipids, 250 × 4.6 mm; Var-
ian Analytical Supplies, Harbor City, CA) were used in series
for the separation of the lipids. The solvent consisted of UV-
grade hexane with 0.1% acetonitrile and 0.5% ethyl ether,
prepared fresh daily. Ethyl ether was used to reduce analysis
time and minimize retention volume drift, which is a well-
known problem encountered in working with Ag+ HPLC. The
column was pretreated daily by eluting with 1% acetoni-
trile/hexane for 30–60 min prior to sample analysis. A com-
mercial CLA FAME reference was injected two or three times
before test portion injections commenced. Typical injections
of test portion volumes were 5–15 µL, representing <250 µg

682 B.A. CORL ET AL.

Lipids, Vol. 37, no. 7 (2002)



lipid. Identifications were made by co-injection with a refer-
ence material or by confirming the retention volume relative
to both toluene (0.5% was added to each sample prior to in-
jection) and cis-9,trans-11 CLA. All the CLA isomers were
available commercially, synthesized by isomerization of a
commercially available reference with I2, or synthesized by
conjugation of partially hydrogenated linolenic acids (α or γ;
Refs. 30,31).

Calculations and statistical analyses. The cis-9,trans-11
CLA peak in the GC analysis method co-elutes with two other
CLA isomers—trans-7,cis-9 CLA and trans-8,cis-10 CLA (32).
Using data from the HPLC analysis, areas for trans-7,cis-9
CLA, trans-8,cis-10 CLA, and cis-9,trans-11 CLA were
summed, and the percentage of each isomer contained in the
three isomer peak from GC analysis was used to calculate the
content of each isomer in a sample. The content of other CLA
isomers in samples was then calculated based on their area from
HPLC analysis relative to the area for the three isomer peak. 

Statistical analysis of Experiment 1 was as a 4 × 4 Latin
square using the mixed procedure of SAS (33). The model in-
cluded effects for period, cow, and treatment. Treatment ef-
fects were determined to be significant at P < 0.05 and when
this occurred, individual treatments were compared for sig-
nificant differences using a t-test. For Experiment 2, data
were analyzed statistically using a two-factor ANOVA for ef-
fects of cow and treatment. Treatment effects were deter-
mined to be significant at P < 0.05. 

RESULTS

Experiment 1. PHVO was infused to supply additional trans-
11 18:1 for endogenous synthesis of cis-9,trans-11 CLA, but
it also contained substantial amounts of other trans-18:1 FA
(Table 1). Although no CLA was detectable in the PHVO by
GC analysis, isomers were detected by the more sensitive
HPLC method. Of the CLA isomers detected, 67% were
trans,trans, 27% were cis/trans, and 4% were cis,cis. For the
SO supplement, sterculic acid was the major cyclopropenoic
FA, but lesser amounts of malvalic acid were also present
(Table 1). The SO supplement contained no CLA isomers as
determined by GC analysis and was not further analyzed for
CLA isomers by more sensitive methods. 

Supplements were abomasally infused as an experimental
means to bypass possible modification by rumen bacteria.
Milk yield was unaffected by treatment, although treatments
did modestly reduce milkfat yield and the fat content of milk
(8 to 17%; Table 2). Additional details on infusions and per-
formance data, including milk FA composition, have been
presented elsewhere (8). 

The concentration of trans-7,cis-9 CLA in FA extracted
from rumen fluid samples did not statistically differ from zero
(P > 0.2), although trace levels were detected in an occasional
sample (Table 3). Trans-7,cis-9 CLA was present in plasma
lipids, but no treatment effects were observed (Table 3). In
contrast, treatment effects were obvious in milkfat with trans-7,
cis-9 CLA, decreasing 71% when SO and control treatments

were compared and 68% when PHVO + SO with PHVO
treatments were compared. Relative to the control treatment,
infusion of PHVO increased milk content of trans-7,cis-9
CLA by 26%.

Cis-9,trans-11 CLA was the most abundant CLA isomer pre-
sent in rumen fluid, plasma, and milk (Table 3). Treatment ef-
fects were observed on the content of this CLA isomer in milk,
but not for rumen fluid or plasma. In milk, infusion PHVO in-
creased cis-9,trans-11 CLA, whereas SO infusion markedly de-
creased cis-9,trans-11 CLA by 65% (SO vs. control treatments)
and 61% (PHVO + SO vs. PHVO treatments).

Trans-10,cis-12 CLA was present in FA extracted from
rumen fluid, plasma, and milk (Table 3). Treatments that in-
cluded infusion of PHVO resulted in small increases in the
milkfat content of trans-10,cis-12 CLA, but no changes were
observed in rumen fluid or plasma. Small amounts of several
other cis/trans CLA isomers were also present in plasma and
milkfat and there were minor quantitative differences related to
treatment (data not presented). However, these isomers were
detected at extraordinarily low levels in a region of the chro-
matogram with known interferences and inadequate confirma-
tion. In rumen fluid, other cis/trans CLA isomers were detected
only in an occasional sample and the means for these isomers
were not statistically different from zero. Several trans,trans
CLA isomers were also detected, and these minor components
were summed into total trans,trans CLA isomers (Table 3).
Treatments that involved abomasal infusion of PHVO resulted
in a small increase in the milkfat content of total trans,trans
CLA isomers. 

The ratio of cis-9,trans-11 to trans-11 18:1 was evaluated
because they are intermediates in ruminal biohydrogenation
and are related as product and substrate for endogenous
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TABLE 1
Composition of FA in Sterculic Oil (SO) and Partially Hydrogenated
Vegetable Oil (PHVO)

FA Content (wt%)

SO
16:0 22.95
18:1, cycloa 6.33
18:0 1.87
18:1, cis-9 5.08
18:1, cis-9,cis-12 5.03
19:1, cycloa 55.86
Other 2.88

PHVO
12:0 1.18
14:0 0.61
16:0 11.70
18:0 5.61
18:1, trans-6,7,8 3.61
18:1, trans-9 12.80
18:1, trans-10 12.15
18:1, trans-11 9.40
18:1, trans-12 6.09
Other 36.85

aCyclo refers to presence of a cyclopropene ring. In 18:1, cyclo is 7-(2-octyl-
1-cyclopropenyl) heptanoic acid (malvalic acid) and in 19:1, cyclo is 8-(2-
octyl-1-cyclopropenyl) octanoic acid (sterculic acid).



synthesis by ∆9-desaturase. No treatment effects were ob-
served for rumen fluid or plasma, but the ratio in milk was af-
fected (Fig. 1). The SO and PHVO + SO treatments reduced
the ratio by 70 and 75% as compared to the control and
PHVO treatments, respectively, and PHVO caused a 19% re-
duction in the ratio as compared to the control treatment. The

ratios of trans-7,cis-9 CLA to trans-6,7,8 18:1 were also eval-
uated; they followed a similar pattern for the different biolog-
ical samples and treatments. No treatment differences were
observed in the ratio for FA from rumen fluid or plasma.
However, SO and PHVO + SO treatments reduced the ratio
by 75 and 80%, respectively, when compared with the con-
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TABLE 2
Performance of Lactating Dairy Cows During Abomasal Infusion of PHVO, SO,
and trans-10,cis-12 CLA Supplement

Milk yield Milkfat
(kg/d) Content (wt%) Yield (g/d)

Experiment 1a

Treatments
Control 39.8 3.32a 1329a

SO 38.6 3.03b,c 1169b

PHVO 37.8 2.90b 1107b

PHVO + SO 38.4 3.24a,c 1253a,b

SEM 0.7 0.08 52
Pb 0.27 0.01 0.03

Experiment 2c

Treatments
Control 26.4 3.00 772
10,12 CLA supplement 23.5 1.61 383

SEM 1.0 0.07 26
Pb 0.20 0.001 0.001

aCows were abomasally infused with skim milk (control), SO, PHVO, or PHVO + SO. For abbrevia-
tions see Table 1.
bStatistical probability of treatment effects. When a treatment effect was significant (P < 0.05), differ-
ences among treatments were compared by t-test as indicated by lowercase roman superscripts
(a,b,c) within a column (P < 0.05).
cCows were abomasally infused with skim milk (control) or trans-10,cis-12 CLA (10,12 CLA supple-
ment). 

TABLE 3
CLA Isomers Present in Rumen Fluid, Plasma, and Milk During Abomasal Infusion of PHVO
and SO in Lactating Dairy Cows

Treatmenta

(mg/g FA)

FA Control SO PHVO PHVO + SO SEM Pb

Rumen fluid
Trans-7,cis-9 CLAc ND ND ND ND — —
Cis-9,trans-11 CLA 0.383 0.361 0.315 0.607 0.132 0.47
Trans-10,cis-12 CLA 0.153 0.130 0.125 0.227 0.039 0.32
Other cis/trans CLAc ND ND ND ND — —
Total trans,trans CLA 0.858 0.711 0.577 0.953 0.200 0.59

Plasma
Trans-7,cis-9 CLA 0.043 0.065 0.051 0.037 0.011 0.37
Cis-9,trans-11 CLA 0.475 0.594 0.514 0.501 0.047 0.38
Trans-10,cis-12 CLA 0.051 0.048 0.047 0.038 0.010 0.81
Other cis/trans CLA 0.098 0.085 0.095 0.087 0.022 0.97
Total trans,trans CLA 0.254 0.330 0.319 0.282 0.031 0.37

Milkfat
Trans-7,cis-9 CLA 0.519a 0.149b 0.655c 0.209d 0.012 0.001
cis-9,trans-11 CLA 5.884a 2.051b 6.817c 2.690d 0.217 0.001
Trans-10,cis-12 CLA 0.131a 0.141a 0.177b 0.187b 0.006 0.001
Other cis/trans CLA 0.172a,b 0.120b 0.221a 0.143b 0.016 0.002
Total trans,trans CLA 0.599a 0.548a 0.776b 0.796b 0.024 0.001

aCows were abomasally infused with skim milk (control), SO, PHVO, or PHVO + SO. For abbreviations see Table 1.
bStatistical probability of treatment effects. When a treatment effect was significant (P < 0.05), differences among treat-
ments were compared by t-test as indicated by lowercase roman superscripts (a–d) within a row (P < 0.05).
cThese CLA isomers were not detected (ND) in all samples analyzed, and means for these isomers were not statistically dif-
ferent from zero (P > 0.2).



trol and PHVO treatments. In contrast, the infusion of PHVO
reduced the ratio of trans-7,cis-9 CLA to trans-6,7,8 18:1 by
24% when compared to the control (Fig. 1). Endogenous syn-
thesis of CLA involves addition of a cis double bond between
carbons 9 and 10 of the substrate FA, either trans-11 18:1 or
trans-7 18:1. Thus, ratio changes for both cis-9,trans-11 CLA
and trans-7,cis-9 CLA are consistent with endogenous syn-
thesis in the mammary gland via ∆9-desaturase. 

The ratio of trans-10,cis-12 CLA to trans-10 18:1 serves as
a reference for comparison; both of these FA are intermediates
in an alternative pathway in the rumen biohydrogenation of
linoleic acid, but there is no known pathway for the endogenous
synthesis of trans-10,cis-12 CLA (6). Infusions of SO had no
effect on the ratio in rumen fluid, plasma FA, or milk. Consis-

tent with the presence of trans-10 18:1 in PHVO, the treatments
involving abomasal infusion of PHVO reduced the ratio in milk
(Fig. 1). 

Experiment 2. To inhibit ∆9-desaturase with trans-10,
cis-12 CLA, the 10,12 CLA supplement was abomasally in-
fused to avoid modification by rumen microbes. Of the CLA
isomers present in the supplement, 98.3% was trans-10,
cis-12 CLA and 1.4% was cis-9,trans-11 CLA. Additional de-
tails about the infusion and performance data, including milk
FA composition, have been presented (24). Infusion of the
10,12 CLA supplement reduced milkfat content and yield by
46 and 50%, respectively (Table 2). 

The CLA compositions of plasma and milk are shown in
Table 4; rumen fluid was not sampled. Infusion of the 10,12
CLA supplement resulted in the expected increase in plasma
lipid and milkfat content of trans-10,cis-12 CLA (Table 4).
In the case of trans-7,cis-9 CLA and cis-9,trans-11 CLA,
treatment had no effect on the concentration of these isomers
in plasma. However, milk content of trans-7,cis-9 CLA and
cis-9,trans-11 CLA was decreased by 44 and 25%, respec-
tively, with infusion of 10,12 CLA supplement. Small
amounts of other cis/trans CLA isomers were detected in
plasma lipids and milkfat, and the 10,12 CLA supplement in-
creased their concentration. However, these CLA isomers
were detected at very low levels and eluted in a region of
the chromatogram with known interferences (data not pre-
sented). 

The effect of the 10,12 CLA supplement on the ratios of
cis-9,trans-11 CLA to trans-11 18:1 and trans-7,cis-9 CLA
to trans-6,7,8 18:1 are compared in Figure 2. The ratio of cis-9,
trans-11 CLA to trans-11 18:1 was slightly greater in plasma
but was markedly reduced in milk (a 46.9% decrease). The
ratio of trans-7,cis-9 CLA to trans-6,7,8 18:1 in plasma was
not affected by the 10,12 CLA supplement treatment, but was
decreased by 64.0% in milkfat (Fig. 2). As expected, infusion
of the 10,12 CLA supplement dramatically increased the ratio
of trans-10,cis-12 CLA to trans-10 18:1 in both plasma and
milk (Fig. 2).

DISCUSSION

CLA isomers have received a great deal of attention because
of the health benefits observed in biomedical studies with an-
imal models (1). Most research with pure isomers has been
related to cis-9,trans-11 CLA with its anticarcinogenic effects
and trans-10,cis-12 CLA for its effects on lipid metabolism.
The biological effects of these isomers have been character-
ized more completely because of their availability in rela-
tively pure form, but it is reasonable that other CLA isomers
will also have biological effects. Synthetically produced CLA
often contains significant quantities of several isomers and
minor quantities of many others. Even ruminant food prod-
ucts, in which the predominant CLA isomer is cis-9,trans-11,
contain minor quantities of several other CLA isomers (2,4).
We have previously shown that cis-9,trans-11 CLA found in
milkfat from dairy cows originates predominantly from en-
dogenous synthesis by ∆9-desaturase (7,8). The second-most
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FIG. 1. Ratios of cis-9,trans-11 CLA/trans-11 18:1; trans-7,cis-9 CLA/
trans-6,7,8 18:1; and trans-10,cis-12 CLA/trans-10 18:1 in FA from
rumen fluid, plasma, and milk. Cows were abomasally infused with
skim milk (control), sterculic oil (SO), partially hydrogenated vegetable
oil (PHVO), or partially hydrogenated vegetable oil plus sterculic oil
(PHVO + SO). For ratios of cis-9,trans-11 CLA/trans-11 18:1, the respec-
tive SEM were 0.003, 0.012, and 0.005 for rumen fluid, plasma, and
milkfat. For ratios of trans-7,cis-9 CLA/trans-6,7,8 18:1, the SEM were
0.013 and 0.006 for plasma and milkfat, respectively. Ratios for trans-7,
cis-9 CLA/trans-6,7,8 18:1 are not shown for rumen fluid because the
concentrations were not significantly different from zero (P > 0.2). For
ratios of trans-10,cis-12 CLA/trans-10 18:1, the respective SEM were
0.003, 0.006, and 0.001 for rumen fluid, plasma, and milkfat. When a
treatment effect was significant (P < 0.05), differences among treatments
were compared by t-test as indicated by letters above columns (a,b,c).



prevalent CLA isomer found in the milkfat of dairy cows is
trans-7,cis-9 (2,4). Given that this isomer also contains a cis-9
double bond, our objective was to examine the extent to
which trans-7,cis-9 CLA originates via endogenous synthesis
involving ∆9-desaturase. 

Endogenous synthesis of trans-7,cis-9 CLA would utilize
the trans-7 18:1 that originates from the metabolism of PUFA
by rumen bacteria (6,9). To quantify trans-7,cis-9 CLA en-
dogenous synthesis, we conducted in vivo studies with two
inhibitors of ∆9-desaturase, cyclopropenoid FA and trans-10,
cis-12 CLA. In vivo studies with chickens, rats, mice, pigs,
and cows (see review, Ref. 34) and in vitro experiments with
cellular extracts (e.g., 35,36) have established that cyclo-
propenoid FA are potent inhibitors of ∆9-desaturase. Cook et
al. (37) demonstrated that feeding SO that was formulated to
bypass rumen fermentation inhibited ∆9-desaturase and mod-
ified milk FA composition in lactating dairy cows. Bicker-
staffe and Johnson (38) showed similar results with intra-
venous infusions of SO to a lactating goat. Experiment 1 uti-
lized SO that was isolated from seeds of the Sterculia foetida
tree. Two cyclopropenoid FA constituted 62% of the oil: ster-
culic acid with a ring at the 9-10 position, and malvalic acid
with the ring at the 8-9 position. The second method to inhibit
∆9-desaturase used a trans-10,cis-12 CLA supplement. This
specific CLA isomer has been shown to reduce gene expres-
sion and inhibit enzyme activity for ∆9-desaturase in hepatic
tissue from rodents (14–16). We similarly demonstrated that
trans-10,cis-12 CLA was a very potent inhibitor of ∆9-desat-
urase activity in lactating cows based on alterations in milk
FA composition (11), and it also markedly reduced mRNA
abundance for ∆9-desaturase in mammary tissue (12). How-
ever, use of trans-10,cis-12 CLA presents some complica-
tions because, in addition to effects on ∆9-desaturase, trans-10,
cis-12 CLA also causes a reduction in milkfat yield
(11,24,39). 
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TABLE 4
CLA Isomers Present in Plasma and Milk During Abomasal Infusion of trans-10,cis-12 CLA
in Lactating Dairy Cows

Treatmenta
(mg/g FA)

FA Control 10,12 CLA supplement SEM P b

Plasma
Trans-7,cis-9 CLA 0.030 0.039 0.003 0.13
Cis-9,trans-11 CLA 0.559 0.845 0.125 0.20
Trans-10,cis-12 CLA 0.092c 1.680 0.245 0.02
Other cis/trans CLA 0.118 0.215 0.042 0.20
Total trans,trans CLA 0.301 0.368 0.020 0.10

Milkfat
Trans-7,cis-9 CLA 0.417 0.234 0.019 0.001
Cis-9,trans-11 CLA 6.047 4.532 0.334 0.01
Trans-10,cis-12 CLA 0.119 6.169 0.486 0.001
Other cis/trans CLA 0.080 0.103 0.004 0.002
Total trans,trans CLA 0.515 0.786 0.054 0.01

aCows were abomasally infused with skim milk (control) or trans-10,cis-12 CLA (10,12 CLA supplement).
bStatistical probability of treatment effects.
cMean not statistically different from zero (P > 0.7).

FIG. 2. Ratios of cis-9,trans-11 CLA/trans-11 18:1; trans-7,cis-9 CLA/
trans-6,7,8 18:1; and trans-10,cis-12 CLA/trans-10 18:1 in FA from
plasma and milk. Cows were abomasally infused with skim milk (control)
or trans-10,cis-12 CLA (10,12 CLA supplement). For ratios of cis-9,
trans-11 CLA/trans-11 18:1; trans-7,cis-9 CLA/trans-6,7,8 18:1; and
trans-10,cis-12 CLA/trans-10 18:1, the respective SEM were 0.002, 0.006,
and 0.242 (plasma); and 0.003, 0.013, and 0.099 (milkfat). A significant
treatment effect (P < 0.05) is indicated by letters above columns (a,b).



We observed that the milkfat content of trans-7,cis-9 CLA
was affected by both inhibitors of ∆9-desaturase. The trans-7,
cis-9 CLA concentration was reduced by 70% with the SO in-
fusion (Experiment 1) and by 44% with infusion of the 10,12
CLA supplement (Experiment 2). Quantitatively, this repre-
sents a minimal estimate of endogenous synthesis because the
inhibition of ∆9-desaturase is not complete. A correction fac-
tor for the extent of ∆9-desaturase inhibition can be calculated
based on changes in the milkfat content of myristic and
myristoleic acids. Milk FA with 14 carbons are almost exclu-
sively synthesized de novo by the mammary gland of the
dairy cow. Therefore, the magnitude of the reduction in milk
content of cis-9 14:1 provides a correction factor for the ex-
tent of the treatment-induced inhibition of ∆9-desaturase
(7,8). Milk content of cis-9 14:1 was reduced 84% in response
to SO infusion and 43% in response to 10,12 supplement in-
fusion. In applying these correction factors, endogenous syn-
thesis accounted for 85 and 102% of the trans-7,cis-9 CLA in
milkfat for Experiments 1 and 2, respectively. Thus, the
trans-7,cis-9 CLA in milkfat would appear to originate pre-
dominantly from endogenous synthesis. 

Consistent with trans-7,cis-9 CLA originating almost ex-
clusively from endogenous synthesis, this CLA isomer was
not detected in FA extracted from rumen fluid whereas cis-9,
trans-11 CLA was readily detected. Trace levels of trans-7,
cis-9 CLA were detected in plasma, and this probably relates
to trans-7,cis-9 CLA originating from endogenous synthesis
in the small intestine and adipose tissue. We have previously
shown that some cis-9,trans-11 CLA in milkfat is formed
from desaturation of trans-11 18:1 by tissues other than the
mammary gland (8). Approximately 50% of the FA found in
milkfat of ruminants are taken up from circulating FA (40). A
portion of the circulating lipids originates from FA absorbed
from the digestive tract, and ∆9-desaturase has been reported
in the small intestine of ruminants (41). The other portion of
circulating FA are derived from the mobilization of body fat
reserves. In a well-fed lactating cow, approximately 8% of
milk FA originate from body reserves, and this percentage in-
creases if intake is inadequate to meet requirements (42,43).
The presence of ∆9-desaturase in adipose tissue from sheep
and cattle has been established (44,45), and trans-7 18:1 of
dietary origin is most likely desaturated to trans-7,cis-9 CLA
in this tissue. Indeed, Fritsche et al. (3) reported that trans-7,
cis-9 CLA was the second-most prevalent CLA isomer in
body fat of cattle. However, ∆9-desaturase is very active in
mammary tissue of ruminants (44,46,47), and based on our
data, the mammary gland must be the major site for the en-
dogenous synthesis of trans-7,cis-9 CLA. This is clearly evi-
dent by the substantial increase in the ratios of ∆9-desaturase
products to substrates when plasma lipids and milkfat (mam-
mary gland) are compared (Figs. 1 and 2). As expected, ∆9-
desaturase was also implicated in the endogenous synthesis
of cis-9,trans-11 CLA in both experiments. In applying the
correction factor based on myristic and myristoleic acids, en-
dogenous synthesis accounted for 77% of the cis-9,trans-11
CLA in milkfat in Experiment 1. Likewise, the corrected esti-
mate for Experiment 2 was 58% of cis-9,trans-11 CLA from

endogenous synthesis, although this estimate was compli-
cated by the marked reduction (50%) in milkfat yield that also
occurred. These estimates for endogenous synthesis of
cis-9,trans-11 CLA agree with our previous analysis of the
data in Experiment 1 using less sophisticated analytical tech-
niques (8) and other published studies (7).

This is the first investigation to specifically examine the
origin of trans-7,cis-9 CLA found in milkfat of dairy cows.
Through the use of two different inhibitors of ∆9-desaturase,
we demonstrated that the trans-7,cis-9 CLA found in the
milkfat of dairy cows originates almost exclusively via
endogenous synthesis by ∆9-desaturase. Consistent with this
result, the trans-7,cis-9 CLA isomer was not present in FA
isolated from rumen fluid. Results for cis-9,trans-11 CLA in-
dicate that endogenous synthesis is also the major source of
this isomer in milkfat, but in this case a portion of the cis-9,
trans-11 CLA originates as an intermediate formed in rumen
biohydrogenation of linoleic acid.
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ABSTRACT: CLA has a range of biological properties, includ-
ing effects on lipid metabolism and body composition in exper-
imental animals. The prevalent isomer of CLA found in the
human diet is 9c,11t-CLA, and it is predominantly found in
products containing fat from ruminant animals. This study in-
vestigated the effect of dietary CLA on energy balance in mice.
Synthetic CLA reduced body fat in growing male BALB/c mice
in a dose-dependent manner over the range 0.25–1.0% w/w
CLA in the diet. Weight gain was also reduced at the highest
levels of dietary CLA, being only 5.88 ± 2.68 g/4 mice (mean ±
1 SD) after 4 wk of 2.0% CLA in the diet, compared with weight
gains of 7.51 ± 2.22 to 8.17 ± 2.34 g/4 mice in the 0–0.5% CLA
groups. There was no significant effect on weight gain if diets
contained 0.5% synthetic CLA or less. These results suggest that
high levels of a synthetic mixture of CLA isomers modify energy
metabolism and body composition and that high levels of syn-
thetic CLA impair weight gain and reduce body fat pad mass in
growing mice.

Paper no. L8693 in Lipids 37, 689–692 (July 2002).

CLA comprises a mixture of positional and geometric iso-
mers of linoleic acid (18:2). Because the major isomer found
in tissue is 9c,11t, it has been suggested that this isomer is the
most biologically active. CLA in the human diet comes pre-
dominantly from food derived from ruminant animals, espe-
cially dairy products. Milkfat typically provides 3–6 mg
CLA/g fat, in which the predominant isomer is 9c,11t. How-
ever, recent research indicates that 10t,12c-CLA is the isomer
that most influences body composition (1). By using semipu-
rified CLA isomers or CLA isomer mixtures enriched with
9c,11t-CLA or 10t,12c-CLA, Park et al. (1) concluded that
body composition changes in mice (reduced body fat and in-
creased body water, protein, and body ash) were associated
with dietary 10t,12c-CLA. They found no effects with semi-
purified 9c,11t-CLA. Nevertheless, these results are consis-
tent with previous reports that dietary supplementation with
synthetic CLA reduces the amount of body fat in experimen-
tal mice, rats, and pigs (2–9).

The present study investigated the effect of a range of di-
etary levels of synthetic CLA, containing a mixture of 9c,11t-
CLA (37%) and 10t,12c-CLA (46%), on energy balance and
body fat mass in mice.

EXPERIMENTAL PROCEDURES

Animals and diets. All the experiments had the prior approval
of the Massey University Animal Ethics Committee.

One hundred twenty male weaned but growing BALB/c
mice aged 7–8 wk were used. They were kept in stainless steel
cages with a mesh front and floor. A sliding tray collected
spilled food and waste 2 cm beneath the floor. The animals were
maintained at 22 ± 2°C , with a regular 12-h light/dark cycle.
For 1 wk prior to the study the mice were fed a standard, milk-
free rodent chow pellet (Sharpes Grain and Seed, Palmerston
North, New Zealand). The mice were divided into six equal
groups that were fed standard isoenergetic diets supplemented
with 0.0, 0.1, 0.25, 0.5, 1.0, and 2.0% w/w synthetic CLA
(Tonalin; Pharmanutrients, Lake Bluff, IL) for a period of 4 wk.

The aspects of energy balance measured in this study were:
(i) food and energy intake; (ii) energy expenditure, by both indi-
rect calorimetry and observed physical activity; (iii) stored en-
ergy, obtained from total carcass mass, chemical analysis of body
fat, and the mass of dissectible adipose tissue deposits (fat pads).

The diet consisted of approximately 54% bovine skim milk
powder, 30% corn flour, and 5% corn oil. In addition, it con-
tained 5% of a mineral and vitamin supplement and 1% cellu-
lose. In mixes where Tonalin was added, the quantity of corn
oil included was reduced pro rata. Gross energy content of the
diet was determined by bomb calorimetry (Gallentramp Auto-
bomb; Watson Victor Ltd., Wellington, New Zealand). The fat
content of the diets was determined by the Soxhlet method,
using diethyl ether for fat extraction. The protein content was
determined by measuring total nitrogen using the Leco® auto-
analysis technique (10). In addition, ash was measured by
overnight burning in a muffle furnace at 500°C, and dry matter
was assessed by drying samples for 16 h at 105°C. CLA was
analyzed following accelerated solvent extraction and conver-
sion to methyl esters using boron trifluoride (11). FAME sam-
ples were analyzed using a Shimazdu GC-17A gas chromato-
graph (Shimazdu Corporation, Kyoto, Japan) equipped with an
FID, BPX70 capillary column (50 m × 0.22 mm i.d. × 0.25 µm
film thickness), and a pre-column (1 m × 0.53 mm i.d., deacti-
vated fused-silica open tubular). Samples were injected on-col-
umn, and the FAME separated using a temperature gradient
(80–150–220°C) with hydrogen as the carrier gas. Tridecanoic
acid was added to the sample before extraction as an internal
standard as well as BHT to protect CLA from oxidation.

Energy intake. Energy intake was calculated from mea-
surements of the gross energy content of the diet and weekly
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measurements of food intake. Since the mice were housed in
pairs, energy intake was derived per pair of mice.

Energy expenditure. Energy expenditure was calculated
from measurements of respiratory gas exchange using an in-
direct calorimeter. The indirect calorimeter consisted of a Per-
spex™ box 280 × 350 mm side and 160 mm in height with an
open base, under which the caged animals were placed. Gas
was drawn from the calorimeter using a Jun ACO 5503 air
pump and passed through a Fleisch head (size 00; OEM Med-
ical, Richmond, VA), heated to prevent condensation. A Vali-
dyne differential pressure transducer (DP45-16; VacuMed,
Ventura, CA) across the Fleisch head measured gas flow
through the system. A rotameter in the system was used to
calibrate the Fleisch head and provided visual evidence of air-
flow during the experiment. A flow rate of 500 mL/min was
used, and this resulted in a CO2 concentration in the calorim-
eter of approximately 1%. Gas passed to a mixing chamber
with an internal volume of approximately 200 mL where the
temperature was measured using a thermistor previously cali-
brated against a mercury-in-glass thermometer. Gases were
desiccated (Drierite; Hammond Drierite Co., Xenia, OH) and
analyzed by a Servomex OA 137 oxygen analyzer (Servomex
Controls, Crowborough, England) and a Datex Normocap
carbon dioxide analyzer (Datex Medical, Helsinki, Finland).
Both gas analyzers had been modified to have an analog out-
put accurate to ±0.01% and were calibrated using room air,
nitrogen, and a beta standard gas (BOC Gases, Inc.) of known
composition. The output from the analyzers, temperature, and
airflow were captured using a MacLab 8/s A/D converter
(ADI Instruments, Sydney, Australia) using MacLab Chart
software (Version 3.5.6/s; ADI Instruments) and VO2, VCO2,
and the respiratory exchange ratio were calculated on-line.

Measurements of metabolic rate were made at the end of each
4-wk dietary intervention. Mice were studied in groups of four,
from both the same diet treatment and the same group, to ensure
that the gas leaving the calorimeter had an oxygen concentration
in the order of 20%. On each occasion the mice were in the
calorimeter for 45 min, and recordings were made during the last
10 min to allow the gas concentrations to stabilize, and for the
animals to become accustomed to being in the calorimeter.

Physical activity. Visual, subjective observations of mouse
activity were recorded at 5-min intervals during calorimetry.
For each mouse these were scored as: 1 = asleep; 2 = drowsy,
shuffling feet, not moving, cleaning, grooming; 3 = a little
movement around cage, feeding, tunneling in wood shavings;
4 = moderate movement around cage, climbing on feeder,
playing vigorously with wood shavings, picking up and mov-
ing shavings; 5 = vigorous movement around cage, running,
jumping, climbing/hanging with all four feet on roof bars.
The data for each calorimeter run could, therefore, range be-
tween 4 and 20, and this figure was divided by 4 to give a sin-
gle value of individual murine activity.

Stored energy. (i) Live weight. Individual animals were
weighed before and after the dietary interventions to the near-
est 0.01 g (Watson-Victor Mettler Ltd., PM6000), and weight
gain over 4 wk was calculated.

(ii) Body composition by dissection. Immediately after eu-
thanasia by isoflurane, the intestine was cut below the stom-
ach between the pylorus and duodenum, and the remaining
gastrointestinal tract removed. The small amount of adipose
tissue adhering to the intestine was removed by dissection and
kept with the carcass, and the intestine was discarded.

Carcasses were frozen and subsequently analyzed for body
composition. Each carcass was weighed, the stomach re-
moved, and the carcass weighed again. This carcass weight,
which had the stomach, intestine, and 1–2 mL of blood re-
moved, was used in subsequent calculations of percentage
body fat by dissection (fat pad mass) of individual mice.

The upper body fat was removed and weighed. It comprised
interscapular brown adipose tissue, that is, any subcutaneous
adipose tissue located on the upper back and where the thoracic
limbs insert. The lower body fat located in the abdominal re-
gion, the genital region, surrounding the kidneys, and lining the
anterior of the abdominal cavity and on the pelvic limbs was
similarly treated. The total body fat by dissection was the sum
of the upper and lower body fat. Body fat percentage by dis-
section was calculated relative to the carcass weight at the start
of dissection. The dissected adipose deposits and the carcass
(without stomach and intestine) were recombined and weighed
again for subsequent chemical analysis.

Body composition by chemical analyses. Samples were
prepared for chemical analysis in the groups of four that were
used for indirect calorimetry. The four carcasses were homog-
enized in a food blender (Waring), weighed, frozen, and then
freeze-dried (Cuddon Model 0610 Freeze Drier; W.G.G. Cud-
don Ltd., Blenheim, New Zealand). The freeze-dried material
was ground in a rotating hammer mill (Thomas Scientific,
Swedesboro, NJ) and passed through a 2-mm screen before it
was chemically analyzed.

Chemical determination of body composition. The energy,
fat, protein, ash, and moisture content of the animal bodies were
determined using the same procedures described for the diets.

Statistics. Differences between diet groups were initially
analyzed using a one-way ANOVA, and means were com-
pared using the Tukey test (MINITAB, version 12.1). Each
data point represented either individual mice or cages of mice,
as appropriate. A second analysis using two-way ANOVA and
regression equations was carried out using the statistical pack-
ages in GraphPad Prism (version 2.01, GraphPad Software,
San Diego, CA). All results are shown as the mean ± 1 SD.

RESULTS

Diet composition. The control rodent diet provided 16.40 kJ/g
of energy and comprised 18.4% protein, 2.7% fat, 5.5% ash,
11.3% moisture (w/w) with the balance being carbohydrate
(w/w). Ingredient composition of the experimental diets is
shown in Table 1. The Tonalin used to supply the CLA con-
tained 59.14% CLA as well as oleic (22.19%), palmitic
(6.47%), linoleic (4.53%), and stearic (4.14%) acids.

Food and energy intake. Food intake between groups
ranged from 8.12 ± 0.75 (1% CLA group) to 9.5 ± 0.73
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g/d/pair of mice (0.25% CLA group). This was equivalent to
a range of 140 ± 13 to 163 ± 13 kJ/d. The food and energy in-
take of the 0.25% group was significantly higher than that of
the zero CLA and 1% CLA groups (P < 0.05). 

All the mice gained weight during the study. Although it
appeared that weight gain was markedly reduced after either
the first or second week of the study (Fig. 1), this was not the
case. Linear regression of the data from all diet groups, with
a post hoc runs test, indicated that the reduction in weight
gain was linear. The 4-wk weight gain of the animals fed
2.0% CLA in the diet was 5.88 ± 2.68 g/pair. This was signif-
icantly less than the weight gain of pairs of mice fed no CLA
(7.81 ± 2.01 g; P < 0.05), 0.1% CLA (7.75 ± 2.03 g; P <
0.01), 0.25% CLA (7.51 ± 2.22 g; P < 0.05), and 0.5% CLA
(8.17 ± 2.34 g; P < 0.001). The 4-wk weight gain of the pairs
of mice fed 1% CLA was 7.15 ± 1.17 g, which was not sig-
nificantly different from any other group.

Energy expenditure and physical activity. There was no
difference in energy expenditure or activity between the
groups of mice as measured by indirect calorimetry or obser-
vation of activity. Metabolic rate ranged from 0.12 ± 0.03 in
the 0.25 and 0.50% CLA groups to 0.14 ± 0.01 kJ/min/4 mice.
There was no significant difference in respiratory exchange
ratio between groups, which varied between 0.92 and 0.96.
Physical activity scores ranged from 1.97 ± 0.9 in the 0.5%
CLA group to 2.84 ± 1.17 in the 0.1% CLA group. There was
a strong positive linear correlation between metabolic rate
and the subjective physical activity score (R2 = 0.79).

Body composition. Tables 2–4 show body composition

data. There was a highly significant (P < 0.001) dose-depen-
dent reduction in body fat pad mass as measured by weighing
dissected fat with increasing dietary CLA (Fig. 2). The total
body energy content of the mice obtained by chemical analy-
sis of the carcass also decreased (Table 4). Conversely, the
percentage of lean body mass (derived from chemical analy-
ses of body protein, moisture, and ash) appeared to increase
as body fat pad mass decreased. However, this observation
did not reach statistical significance in the current study. 

DISCUSSION

Synthetic CLA fed to 6-wk-old, male BALB/c mice in a 4-wk
trial (0.0, 0.1, 0.25, 0.5, 1.0, and 2.0% w/w CLA) reduced body
fat pad mass in a dose-dependent manner. It was effective in
reducing body fat over the range 0.25 to 1.0%. The observed
reduction in body fat in mice has been reported in previous
studies (2–5). The dose/response pattern of body fat reduction
seen in this feeding trial indicated an effective CLA intake
range (0.5–1.0%) over which CLA supplementation could in-
fluence body composition. Furthermore, no additional body fat
reduction could be obtained by feeding above this level (>1.0%
synthetic CLA in the diet). The reduction in non-fat pad lean
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TABLE 1
Added Fat Composition of CLA-Modified Mouse Diets 
(ingredient g/100 g diet)

CLA concentration

Control 0.1% 0.25% 0.5% 1.0% 2.0%

Corn oil 5.300 5.146 4.915 4.531 3.762 2.223
Tonalina — 0.154 0.385 0.769 1.538 3.077
aTonalin (Pharmanutrients, Lake Bluff, IL), in FFA form (approximately 60%
CLA).

FIG. 1. Weekly weight gain during the experiment. All diet groups appeared
to show a rapid reduction in growth at the end of the first (1% CLA) or sec-
ond week (control and 2% CLA). However linear regression of the data from
all groups indicated the reduction in weight gain was progressive. (Mean ±
SD; only three groups are shown for clarity.)

TABLE 2
Live Weight at the End of Trial and Weight Gain During Experiment;
Comparison of Group Means

Diet Live weight after 4 wk Weight gain
CLA % n on diet (g) during trial (g)

0.0 20 25.88 ± 1.57 3.90 ± 1.07
0.1 20 25.49 ± 2.02 3.88 ± 1.20
0.25 18 24.88 ± 1.30 3.76 ± 1.20
0.5 16 25.72 ± 1.77 4.09 ± 1.19
1.0 18 24.55 ± 1.53 3.57 ± 0.74
2.0 14 24.69 ± 2.12 2.94 ± 1.43

TABLE 3
Body Fat Pad Mass, Relative and Absolute, Obtained by Dissection
and Comparison of Group Means

Diet Body fat pad mass Total body fat
CLA % n as % carcass weighta pad massa (g)

0.0 20 5.60 ± 1.27 1.19 ± 0.32
0.1 20 5.44 ± 1.27 1.14 ± 0.34
0.25 18 4.38 ± 0.92 0.88 ± 0.19
0.5 16 2.96 ± 0.68 0.61 ± 0.15
1.0 18 2.23 ± 0.82 0.42 ± 0.16
2.0 14 2.37 ± 0.64 0.45 ± 0.14

Statistical
significanceb 0.1 0.25 0.5 1.0 2.0 0.1 0.25 0.5 1.0 2.0

0.0 NS *** *** *** *** NS *** *** *** ***
0.1 — *** *** *** *** — *** *** *** ***
0.25 — *** *** *** — *** *** ***
0.5 — * NS — ** *
1.0 — NS — NS
2.0 — —
aMean ± SD. Based on individual carcass weight at start of dissection.
bSignificance level: *<0.05; **<0.01; ***<0.001; NS, not significant (i.e., no
significant difference between means of the groups).



body mass at the higher levels of dietary CLA has previously
been reported in one study (4), but not in others (2,5).

Although a graded reduction in total body fat and energy
was seen in mice fed 0.25 to 1.0% w/w synthetic CLA, this
was not balanced by measurable reductions in feed intake or
increased energy expenditure. The mechanism by which
equivalent energy intakes from diets differing only in a small
portion of their total FA profile can result in a change in body
fat from 8.65 (control) to 2.90% (1.0% CLA) is not clear from
the present study. However, a recent study indicated that CLA
may, in part, act by preventing energy absorption by the gut,
not only from fat but also from other components, such as
protein and carbohydrate (12).

The results from this study suggest that reasonable levels
of a synthetic mixture of CLA isomers are biologically active
and influence energy metabolism and body composition.
Body fat, both fat pad mass and carcass fat content, was re-
duced in a dose-related manner over the range 0.25 to 1.0%
CLA. There was no significant further body fat reduction in
the group of mice fed more than 1.0% synthetic CLA. In ad-
dition, levels of 1.0 and 2.0% synthetic CLA fed to growing
mice reduced weight gain.
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TABLE 4
Body Fat Obtained from Chemical Analysis of the Carcass 
and Total Carcass Energy Content

Diet Body fat (chemical)b Gross energyb

CLA % na % kJ/g

0.0 5 8.65 ± 0.82 8.45 ± 0.28
0.1 5 8.13 ± 1.18 8.24 ± 0.42
0.25 4 6.79 ± 1.28 7.66 ± 0.35
0.5 3 4.77 ± 0.14 7.18 ± 0.08
1.0 4 2.90 ± 0.16 6.42 ± 0.10
2.0 3 2.70 ± 0.60 6.56 ± 0.13

Statistical 
significancec 0.1 0.25 0.5 1.0 2.0 0.1 0.25 0.5 1.0 2.0

0.0 NS NS *** *** *** NS * *** *** ***
0.1 — NS *** *** *** — NS *** *** ***
0.25 — NS *** *** — NS *** ***
0.5 — NS NS — * NS
1.0 — NS — NS
2.0 — —
aMean ± SD. Carcasses analyzed in groups of four.
bBased on weight of group of four combined homogenized carcasses prior
to freeze drying.
cSignificance level: *<0.05; **<0.01; ***<0.001; NS, not significant (i.e., no
significant difference between means of the group).

FIG. 2. Reduction in fat content with increasing levels of dietary CLA. In-
creasing the dietary intake of CLA up to 1% w/w of the diet produced a pro-
gressive decrease in both the fat pad mass and the fat content obtained by
chemical analysis of the carcass after the abdominal viscera had been re-
moved (total fat). A further increase of dietary CLA to 2% produced no fur-
ther decrease in either fat pool. (Data = mean ± SD.)



ABSTRACT: The objective of the present study was to deter-
mine the mechanisms by which dietary proteins interact with
dietary lipids in the regulation of triglyceridemia in rats. Male
Sprague-Dawley rats (n = 56) were subjected to 28-d experi-
mental diets containing different combinations of proteins (20%
w/w) and lipid sources (14% w/w): (i) casein–menhaden oil, (ii)
casein–beef tallow, (iii) soy protein–menhaden oil, and (iv) soy
protein–beef tallow. Significant protein–lipid interactions were
observed on triglyceridemia and hepatic cholesterol in fasted
rats. The combination of casein and beef tallow was associated
with high plasma TG and hepatic cholesterol concentrations,
which were reduced by substitution either of soy for casein or
of menhaden oil for beef tallow. Therefore, triglyceridemia and
liver cholesterol remained low with soy protein feeding, inde-
pendently of the lipid source, as well as with menhaden oil
feeding, regardless of the protein source. The menhaden oil
diets reduced plasma cholesterol, hepatic TG, and TG secretion
compared with beef tallow diets independently of the dietary
protein source. Modifying the source of dietary proteins and
lipids had no effect on post-heparin plasma lipoprotein lipase
activity. These results demonstrate that soy protein can lower
rat triglyceridemia relative to casein when associated with beef
tallow consumption, whereas menhaden oil can attenuate hy-
pertriglyceridemia when rats are fed casein. The data further
suggest that part of the hypotriglyceridemic effect of soy protein
in the rat may be mediated by reduced hepatic lipid synthesis,
as is the case for menhaden oil.

Paper no. L9050 in Lipids 37, 693–699 (July 2002).

Both dietary proteins and fish oil have been shown to influ-
ence plasma lipid concentrations. The hypocholesterolemic
effect of soy protein compared with animal proteins is well
known (1–4). Several mechanisms have been proposed to ex-
plain the hypocholesterolemic effect of soy protein. These in-
clude a reduction in intestinal absorption of cholesterol and
bile acids (5), a decrease in the insulin-to-glucagon ratio (6),
a rise in thyroid hormone concentrations (7), and an increase
in the activity of apolipoprotein (apo) B/E receptors (5,8).
However, the effect of soy protein on triglyceridemia is less
well documented. A diminution of plasma TG concentrations
has been observed in some rat (1,9) and human studies (3).

The protein itself and its amino acid composition, as well as
nonprotein constituents naturally present in soy protein iso-
late, such as isoflavones, may be implicated (8). 

Omega (n)-3 PUFA present in fish oil also have potent hy-
potriglyceridemic effects (10). The mechanisms responsible
for the decrease in plasma TG concentrations associated with
consumption of n-3 FA of fish oil involve a reduction in he-
patic TG and VLDL synthesis (11,12), and an increase in
VLDL and chylomicron degradation by lipoprotein lipase
(LPL) (13). 

Little is known so far on the effects and mechanisms in-
volved in the interactions between dietary proteins and lipids
on the modulation of plasma lipid concentrations. Our previ-
ous study (9) demonstrated that dietary proteins may modify
the effects of fish oil on triglyceridemia in the rat. Indeed, the
hypotriglyceridemic effect of fish oil was more pronounced
in rats fed soy protein than in rats fed casein (9). The present
study was thus undertaken to understand the mechanisms by
which dietary proteins interact with dietary lipids in regulat-
ing plasma TG levels. The distinct and interactive effects of
two dietary proteins (soy protein and casein) and two dietary
lipids (menhaden oil and beef tallow) on plasma and hepatic
lipid concentrations, TG secretion rates, post-heparin lipopro-
tein lipase (PHP-LPL), and hepatic TG lipase (HTGL) activ-
ity were investigated in rats. 

MATERIALS AND METHODS

Experimental animals. Sprague-Dawley rats (Charles River)
initially weighing approximately 200 g were housed in indi-
vidual stainless-steel wire-bottom mesh cages. The tempera-
ture (20 ± 2°C) and relative humidity (45–55%) of the animal
room were constant, and the rats were kept under a daily in-
verted light-dark cycle (light: 2100 to 0900). During an adap-
tation period of 2–6 d, rats were fed a nonpurified commer-
cial diet (Purina, St. Louis, MO). They were then randomly
assigned to one of four dietary groups (n = 14 per group). For
a 28-d period, purified diets and water were provided once
daily on an ad libitum basis. Records of food intake were
taken daily, and body weight was monitored three times a
week. The protocol was approved by the Animal Care Com-
mittee of Laval University according to the guidelines of the
Canadian Council on Animal Care.

Purified diets. Diets were similar except for the protein
(20%) and the lipid (14%) source (Table 1). The four experi-
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mental diets were composed of the following protein–lipid
mixtures: casein–menhaden oil, casein–beef tallow, soy pro-
tein–menhaden oil, or soy protein–beef tallow. Beef tallow
and menhaden oil were supplied by ICN Biomedicals Inc.
(Aurora, OH), and soybean oil was purchased from a local su-
permarket. According to manufacturer information, the com-
position of menhaden oil was (by weight): saturated FA
28.2%, monounsaturated FA 23.0%, EPA 16.0%, DHA
10.8%, linoleic acid 1.8%, and arachidonic acid 2.3%. Beef
tallow contained (by weight): saturated FA 49.8%, mainly
from palmitic (24.9%) and stearic (18.9%) acids; monounsat-
urated FA 41.8%, mainly from oleic acid (36.0%); and PUFA
4.0%. The cholesterol content of menhaden oil and beef tal-
low was 5.23 and 1.09 mg/g, respectively. Therefore, men-
haden oil provided only 0.5 g cholesterol/kg in menhaden oil
diets, and beef tallow provided only 0.1 g cholesterol/kg in
beef tallow diets. These amounts were considered as negligi-
ble. As proposed by Fritsche and Johnston (14), α-tocoph-
erol, BHA, and BHT (ICN Biomedicals Inc.) were added to
the diets to minimize the oxidation of n-3 and n-6 FA in men-
haden oil, and n-6 PUFA in soybean oil and beef tallow.
Highly purified casein, soybean protein isolate, cornstarch,
cellulose (Alphacel), cholesterol, rat AIN-93 mineral mix,
AIN-93 vitamin mix, and choline bitartrate were purchased
from ICN Biomedicals Inc. The protein content (N × 6.25) of
casein (87.6% protein) and soybean protein isolate (86.5%
protein) was determined using a Kjeldahl–Foss autoanalyzer
(Model 16216; Foss Co., Hillerod, Denmark). The level of
protein in the diets was adjusted at the expense of cornstarch
on an isonitrogenous basis. The residual lipid content of ca-
sein (0.05%) and soy protein (0.45%) was assayed using a
Goldfish Lipid Extractor (Model 35001; Labconco Corp.,
Kansas City, MO). The energy content of the diets was mea-
sured in an automatic adiabatic calorimeter (Model 1241; Parr
Instruments, Moline, IL), and the diets were found to be
isoenergetic with values ranging from 19.4 to 19.9 kJ/g. 

Experimental procedures and measurement of post-heparin
lipoprotein and hepatic lipase activities. On day 23 of the

experimental period, rats were cannulated via the jugular vein
under isoflurane anesthesia. They were allowed to recover for
3 d before being subjected to the following procedure. On day
26, after a 12-h fast, the rats were administered 200 IU/kg body
weight of heparin through the jugular catheter. A 0.25-mL
blood sample was collected 10 min later and centrifuged (1,500
× g, 4°C) to obtain plasma, which was stored at −80°C for sub-
sequent determination of lipoprotein lipase (LPL) and HTGL
activities. Post-heparin plasma LPL and HTGL activities were
determined by measuring the amount of in vitro hydrolysis by
post-heparin plasma samples of a labeled triolein emulsion in
the presence of 0.1 or 1 mol/L NaCl (15). 

Determination of TG secretion rate. On day 28, TG secre-
tion rate was measured according to the method of Otway and
Robinson (16). After a 12-h fast, rats were injected through
the jugular catheter with 300 mg/kg body weight of Triton
WR-1339, a detergent that prevents intravascular TG catabo-
lism. Blood samples (0.15 mL) were taken before (0 min) and
20, 40, and 60 min after Triton injection, centrifuged (1,500
× g, 4°C, 10 min) to obtain plasma, and stored at −80°C for
subsequent determination of TG concentrations. Fasting
plasma lipid levels were determined in the pre-Triton (0 min)
samples. Rats were then killed by CO2 after O2/CO2 anesthe-
sia. Rates of VLDL TG secretion were determined from re-
gression analysis of TG accumulation in plasma vs. time and
adjusted for plasma volume.

Plasma, lipoprotein, and hepatic lipid analyses. Total
plasma TG concentrations were determined in all blood sam-
ples by an enzymatic method using the Triglycerides/GB kit
provided by Roche Diagnostics (Laval, Québec, Canada).
Total plasma cholesterol concentrations were measured by an
enzymatic method (CHOD-PAP kit of Boehringer Manheim
provided by Roche Diagnostics) only in blood samples col-
lected before Triton injection. The liver of rats was removed
after sacrifice and stored at −80°C. Hepatic lipids were ex-
tracted with chloroform/methanol (2:1, vol/vol) according to
Folch et al. (17), and cholesterol and TG were determined en-
zymatically as described above.
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TABLE 1
Composition (g/kg) of the Purified Diets

Ingredients Ca-Moa Ca-Bt Sp-Mo Sp-Bt

Casein 228.25 228.25 — —
Soy protein — — 231.25 231.25
Cornstarch 522.67 522.67 519.67 519.67
Cellulose 50 50 50 50
Menhaden oil 100 — 100 —
Beef tallow — 100 — 100
Soybean oil 40 40 40 40
Cholesterol 10 10 10 10
Minerals 35 35 35 35
Vitamins 10 10 10 10
Choline bitartrate 2.5 2.5 2.5 2.5
α-Tocopherol 1.2 1.2 1.2 1.2
BHA 0.2 0.2 0.2 0.2
BHT 0.2 0.2 0.2 0.2
aCa-Mo = Casein–Menhaden oil, Ca-Bt = Casein–Beef tallow, Sp-Mo = Soy protein–Menhaden
oil, Sp-Bt = Soy protein–Beef tallow.



Statistical analyses. The results are expressed as mean ±
SEM. To determine the main protein and lipid effects, as well
as interactions between dietary proteins and lipids, data were
subjected to an ANOVA according to a 2 × 2 factorial
arrangement, using the general linear model (GLM) proce-
dure of the Statistical Analysis System (SAS Institute, Cary,
NC). A P value <0.05 was considered significant. When sta-
tistically significant protein–lipid interactions were detected,
Duncan’s New Multiple Range test was performed to identify
differences among diet groups.

RESULTS

Food consumption and weight gain. Table 2 shows the mean
food consumption and body weight gain of rats fed the exper-
imental diets. Food intake was similar for all dietary groups.
Weight gain was slightly lower in rats fed soy protein than in
those fed casein and in rats fed beef tallow compared to those
fed menhaden oil, but these differences were not statistically
significant (P = 0.30). Likewise, food efficiency (g body
weight gain/g food ingested) tended to be lower in rats fed
soy protein compared to those given casein, but the difference
was not significant.

Plasma and hepatic cholesterol. Total plasma cholesterol
concentrations are presented in Table 3. The overall ANOVA
and multiple comparisons are shown in the bottom half of the
table. The lipid source had a significant effect (P = 0.002) on

plasma cholesterol concentrations, which were lower in men-
haden oil-fed than in beef tallow-fed rats. The two protein
sources had a similar impact on plasma cholesterol levels.

Diet effects on hepatic cholesterol concentrations are
shown in Table 3 and Figure 1. A significant (P = 0.02) pro-
tein–lipid interaction was observed. The combination of ca-
sein and beef tallow resulted in high liver cholesterol concen-
trations, which were reduced by substitution either of soy for
casein or of menhaden oil for beef tallow. Hence, liver cho-
lesterol remained low with soy protein feeding, independently
of the lipid source, as well as with menhaden oil consump-
tion, regardless of the protein source.

Plasma and hepatic TG concentrations, TG secretion
rates, and lipase activities. Plasma and hepatic TG concen-
trations and TG secretion rates are presented in Table 4. A
significant (P = 0.05) protein–lipid interaction was observed
on fasting triglyceridemia (Fig. 2). The combination of casein
and beef tallow was associated with high plasma TG concen-
trations, which were reduced by substitution either of soy pro-
tein for casein or of menhaden oil for beef tallow. Triglyc-
eridemia therefore remained low with soy protein feeding, in-
dependently of the lipid source, as well as with menhaden oil
feeding, regardless of the protein source.

The protein and lipid sources independently affected he-
patic TG concentrations (Table 4). Soy protein feeding re-
sulted in lower hepatic TG content compared with casein
feeding (P = 0.01). TG concentrations in the liver were also
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TABLE 2
Food Intake and Weight Gain of Rats Fed the Purified Dietsa

Food intake Weight gain Food efficiency
Dietary group n (g/d) (g/28 d) (g gained/g food)

Ca-Mo 13 19.2 ± 0.4 135 ± 10 6.84 ± 0.28
Ca-Bt 12 18.6 ± 0.6 127 ± 8 6.82 ± 0.35
Sp-Mo 12 19.6 ± 0.5 122 ± 7 6.56 ± 0.33
Sp-Bt 14 18.1 ± 0.4 110 ± 7 5.85 ± 0.30
aValues are means ± SEM. For abbreviations see Table 1.

TABLE 3
Total Plasma and Hepatic Cholesterol Levels of Rats Fed the Purified Dietsa

Plasma cholesterol Hepatic cholesterol
Dietary group n (mmol/L) (µmol/g of liver)

Ca-Mo 6 1.4 ± 0.2 69 ± 5
Ca-Bt 7 2.2 ± 0.2 102 ± 10
Sp-Mo 7 1.4 ± 0.1 80 ± 8
Sp-Bt 6 2.9 ± 0.3 86 ± 9

Source of variation ANOVA (P values)b

Protein 0.29 0.40
Lipid 0.002 0.05
Protein × lipid

0.22 0.02
Comparisons
Protein Sp = Ca See Figure 1
Lipid Mo < Bt

aValues are means ± SEM. For abbreviations see Table 1.
bP < 0.05 indicates significant protein and lipid effects and their interactions.



decreased after menhaden oil consumption compared with
beef tallow consumption (P = 0.0001). The lowest values of
hepatic TG content were thus observed in soy protein–men-
haden oil-fed rats, whereas the highest hepatic TG concentra-
tions were noted in casein–beef tallow-fed animals. In men-
haden oil-fed rats, TG secretion rates were lower than in those
fed beef tallow (P = 0.008) regardless of the protein source.
Hepatic TG (r = 0.51, P = 0.02, n = 22) and cholesterol (r =
0.47, P = 0.026, n = 22) concentrations were positively corre-
lated with TG secretion rates. 

No significant difference was observed in LPL activity be-
tween the four experimental groups. On the other hand, the
lipid source had an independent effect on HTGL activity (P =
0.02), which was lower in menhaden oil-fed rats than in beef
tallow-fed rats. Soy protein strongly (P = 0.06) tended to
lower HTGL activity when compared with casein. There was

also a trend (r = 0.37, P = 0.07, n = 25) for a positive correla-
tion between HTGL activities and plasma TG concentrations
in fasted rats.

DISCUSSION 

The results of this study support the concept, previously de-
scribed (9), of an interaction between dietary proteins and fish
oil in the modulation of triglyceridemia in rats. The findings
show that soy protein exerted a hypotriglyceridemic effect
similar to that of menhaden oil in the rat, which may be re-
lated in part to the reduction in hepatic lipid concentrations
consequent to soy protein and menhaden oil consumption.

In the present study, menhaden oil feeding resulted in low
plasma TG concentrations in both casein- and soy protein-fed
rats, whereas beef tallow resulted in high triglyceridemia
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FIG. 1. Interaction between dietary proteins and lipids on total hepatic cholesterol concentra-
tions (P = 0.02). Groups bearing different letters are significantly different at P < 0.05.

TABLE 4
Total Plasma and Hepatic TG Concentrations, TG Secretion Rates, and Lipase Activities 
in Rats Fed the Purified Dietsa

TG
Plasma secretion Hepatic PHP-LPLb HTGL

TG rates TG activity activity
Dietary group n (mmol/L) (µmol/min) (µmol/g of liver) (µU/mL/h)c

Ca-Mo 6 0.18 ± 0.03 4.1 ± 0.2 32 ± 3 22 ± 2 24 ± 3
Ca-Bt 6 0.39 ± 0.04 5.3 ± 0.4 63 ± 9 27 ± 3 33 ± 6

Sp-Mo 7 0.25 ± 0.03 4.3 ± 0.6 20 ± 4 24 ± 2 18 ± 2
Sp-Bt 5 0.25 ± 0.05 5.1 ± 0.6 45 ± 6 23 ± 2 21 ± 3

Source of variation ANOVA (P values)d

Protein 0.38 0.50 0.01 0.63 0.06
Lipid 0.02 0.008 0.0001 0.60 0.02
Protein × lipid 0.05 0.19 0.30 0.37 0.44

Comparisons
Protein See Figure 2 Sp = Ca Sp < Ca Sp = Ca Sp = Ca
Lipid Mo < Bt Mo < Bt Mo = Bt Mo < Bt

aValues are means ± SEM.
bPHP-LPL = post-heparin lipoprotein lipase; HTGL = hepatic TG lipase; for other abbreviations see Table 1.
c1 µU/mL/h = 1 µmol nonesterified FA released per mL of plasma per hour of incubation.
dP < 0.05 indicates significant protein and lipid effects and their interactions.



when combined with casein but low triglyceridemia when
combined with soy protein. The lowering effect of fish oil in
comparison with saturated FA on triglyceridemia has previ-
ously been observed in the rat (11). The results of the present
study suggest that the hypotriglyceridemic impact of fish oil
may not be affected by the dietary source of proteins. This is
in accordance with the data reported by Sakono et al. (18)
showing in the rat a hypotriglyceridemic effect of fish oil
(compared with safflower oil) when combined with either ca-
sein or soy protein. In the present study, the lowering effect
of fish oil on triglyceridemia was associated with a concomi-
tant reduction in hepatic TG concentrations. A reduced TG
synthesis by the liver previously reported in several studies
(12,19,20) may be responsible for this effect. Moreover, in
the present study TG secretion rates were lower in menhaden
oil-fed rats than in those fed beef tallow, and a positive corre-
lation was observed between hepatic TG concentrations and
TG secretion rates. Therefore, it is very likely that menhaden
oil reduced TG synthesis and their incorporation into VLDL,
resulting in a diminished secretion of VLDL by the liver. 

Soy protein consumption maintained low plasma TG con-
centrations relative to casein and attenuated the hypertriglyc-
eridemic effect associated with beef tallow consumption. A
hypotriglyceridemic effect of soy protein has been reported
previously in rats (1) and in hamsters (21). In humans, the im-
pact of soy protein on triglyceridemia remains unclear. A
meta-analysis of 38 controlled clinical studies concluded that
substituting soy protein for animal protein significantly low-
ered total cholesterol, LDL cholesterol, and TG (the latter by
approximately 11%) without affecting HDL cholesterol (3).
Our own study in children with familial hypercholesterolemia
found a 22% decrease in plasma TG, with no change in
plasma or LDL cholesterol, following the consumption of a
soy-protein beverage compared to cow’s milk, either of which

replaced 35% of the energy from protein (4). In contrast, other
studies reported an absence of effect of soy protein on triglyc-
eridemia, either when compared to casein in normolipidemic
men (22) or to milk protein in hypercholesterolemic post-
menopausal women (23). Differences in experimental design
or in baseline lipemia may explain such discrepancies, but,
taken together, the data suggest that at least in some condi-
tions soy protein also can lower triglyceridemia in humans. 

Recent results from our laboratory suggested that the
isoflavones naturally present in soy protein isolate may be in-
volved in the hypotriglyceridemic effect of soy protein (24).
In the present study, a reducing effect of soy protein com-
pared with casein on hepatic TG concentrations and a corre-
lation between hepatic TG levels and TG secretion rates were
observed. This is consistent with the results obtained by Iri-
tani et al. (25) showing a lower activity of lipogenic enzymes
associated with lower hepatic and plasma TG levels in rats
fed soy protein compared with casein. It is therefore likely
that the hypotriglyceridemic effect of soy protein observed in
the present study was consequent to a reduction in hepatic TG
concentrations resulting from a diminution in TG synthesis. 

Although soy protein diets resulted in low plasma and he-
patic TG concentrations, they had no significant effect on TG
secretion rates in the present study. This is in accordance with
the results of another study undertaken in our laboratory
showing a hypotriglyceridemic effect of soy protein in corn-
starch-fed rats but no effect on TG secretion rates (24). Pfeuf-
fer and Barth (26) demonstrated that the lowering effect of
soy protein consumption on TG secretion rates was observed
in rats fed a high-sucrose diet but was not detected in rats
whose triglyceridemia was lowered by a high-cornstarch soy
protein diet. Therefore, the possibility remains that the hy-
potriglyceridemic effect of soy protein in the rat may be me-
diated in part by changes in TG secretion rates by the liver, as
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FIG. 2. Interaction between dietary proteins and lipids on total plasma TG concentrations (P =
0.05). Groups bearing different letters are significantly different at P < 0.05.



previously observed in sucrose-fed rats (26), but that this ef-
fect is below detectability levels when cornstarch is the car-
bohydrate source. 

A major determinant of triglyceridemia is the intravascu-
lar hydrolysis of TG by LPL (27). In the present study, diets
had no significant effect on PHP-LPL activity, suggesting that
the hypotriglyceridemic effects of soy protein and menhaden
oil were not due to changes in LPL activity. HTGL activity
was significantly lowered in menhaden oil-fed rats compared
with beef tallow-fed rats. This is in accordance with the re-
sults of a recent study that showed reduced plasma TG con-
centrations and hepatic lipase activity when the degree of sat-
uration of the lipid sources fed to rats was decreased (28). As
proposed by Benhizia et al. (20), the decrease in intravascu-
lar hepatic lipase activity observed in the present study after
menhaden oil consumption may have been consequent to the
decrease in plasma concentrations of TG-rich lipoproteins.
The decrease in triglyceridemia observed in soy protein-fed
rats may have contributed in the same way to the diminution
of HTGL activity (P = 0.06) in this group. 

In addition to its hypotriglyceridemic effect, the hypocho-
lesterolemic effect of n-3 PUFA from fish oil in comparison
with saturated FA frequently has been observed in the rat
(9,20,29,30). This effect was reproduced in the present study:
Menhaden oil consumption significantly lowered plasma cho-
lesterol concentrations in comparison with beef tallow con-
sumption. The mechanism for this effect may involve an in-
crease in the activity of LDL receptors in the liver and in the
transport of apoB-containing lipoproteins by these receptors
(29,30). An inhibition of hepatic TG synthesis and cholesterol
esterification, leading to a reduced secretion of VLDL-cho-
lesterol by the liver, also may be implicated (29). In the pre-
sent study, a significant protein–lipid interaction was ob-
served on hepatic cholesterol concentrations. Beef tallow
maintained a high hepatic cholesterol content when combined
with casein but not when combined with soy protein, whereas
menhaden oil maintained low hepatic cholesterol concentra-
tions in the presence of either soy protein or casein. Although
no correlation between hepatic and plasma cholesterol con-
centrations was detected, it remains possible that decreased
hepatic cholesterol concentrations may have contributed in
part to lower cholesterolemia in menhaden oil-fed rats. Inter-
estingly, Avramoglu et al. (31) have shown that VLDL secre-
tion correlates with total mass of cholesterol esters within
HepG2 cells. In the present study, TG secretion rates were
positively correlated with hepatic cholesterol concentrations
(P = 0.026, r = 0.47, n = 12). Therefore, the lower hepatic
cholesterol levels observed in menhaden oil-fed rats may
have contributed in part to the reduction of TG secretion rates
and the hypotriglyceridemic effect observed after menhaden
oil consumption. 

The hypocholesterolemic effect of soy protein relative to
casein is fairly well established, particularly in hypercholes-
terolemic human subjects (3,32–34), and has been reproduced
in some, but not all, studies in the rat model (1,32,35). In the
present experiment, there was no significant effect of dietary

proteins on plasma cholesterol concentrations. This may be
due in part to the use of cornstarch as a carbohydrate source.
Indeed, it has previously been shown that the effects of di-
etary proteins on cholesterolemia are less pronounced in rats
when fed with cornstarch than with sucrose (26,36). 

The highest cholesterol concentrations in the liver were
observed in casein–beef tallow-fed rats. These data are in
good agreement with those showing that saturated FA in-
crease hepatic cholesterol content in comparison with PUFA
(39). Casein, compared to soy protein, also increased hepatic
cholesterol concentrations in the rat (37,38). The mechanism
for the protein effect may involve a rise in intestinal absorp-
tion of cholesterol (28,34), which leads to an increased cho-
lesterol transport from gut to liver and a consequent rise in
hepatic cholesterol concentrations. The present results sug-
gest that the effect of casein may be additive to that of beef
tallow, resulting in high hepatic cholesterol concentrations in
casein–beef tallow-fed rats. On the other hand, although soy
protein did not modify cholesterolemia overall in the present
study, it did result in lower hepatic cholesterol concentrations,
compared to casein, in beef tallow-fed rats. Earlier studies
also showed that soy protein compared to casein reduced he-
patic cholesterol concentrations in the rat (9,39). Therefore,
the present results indicate that soy protein may prevent the
increasing effect of beef tallow on hepatic cholesterol levels. 

The present results support the concept of an interaction
between dietary proteins and lipids in the modulation of
triglyceridemia in the rat. The present study also demon-
strates that soy protein can lower triglyceridemia relative to
casein when associated with beef tallow consumption in the
rat. On the other hand, menhaden oil can attenuate hyper-
triglyceridemia induced by casein feeding. Although the
mechanisms may differ somewhat, decreased hepatic TG and
cholesterol concentrations in rats fed soy protein and men-
haden oil suggest that the lowering effect of soy protein on
triglyceridemia may be partly mediated by a reduced hepatic
lipid synthesis, as is the case for menhaden oil. Studies on
liver lipid synthesis should help to clarify the mechanisms by
which dietary proteins interact with dietary lipids in the mod-
ulation of triglyceridemia in the rat.
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ABSTRACT: In this study we investigated the changes induced
by feeding rats a calcium-deficient diet (0.5 g Ca/kg diet) during
65 d after weaning. Phospholipase A2, acyl-Co synthetase and
FA ∆9-, ∆6-, and ∆5-desaturase activities were also determined.
Calcium deficiency evoked a general alteration in the quality
and proportion of the FA chains acylated to neutral and polar
lipids from liver, lungs, spleen, brain, kidneys, fat, articular carti-
lage, erythrocyte ghosts, and plasmas, characterized by an
increment of saturated FA and a significant depletion of polyun-
saturated acids derived from linoleate and α-linolenate. Several
interlipid and lipid/protein relationships were also modified in
microsomes from calcium-deprived rats, with a concomitant re-
duction in the rotational mobility of the probe diphenylhexa-
triene. Phospholipase A2 and acyl-CoA synthetase activities were
also decreased and increased, respectively, in some tissues from
calcium-deficient rats, whereas ∆9-, ∆6- and ∆5-desaturases
were significantly depressed. We conclude that changes in tis-
sue fatty acyl composition evoked by calcium deprivation are
due to alterations in the acylation/deacylation cycles via inhibi-
tion of the phospholipase A2. These changes were reflected in
the physicochemical properties of the membranes, which in turn
inhibits desaturase activities. A possible failure in the transcrip-
tional rate for desaturase-mRNA was also discussed.

Paper no. L8980 in Lipids 37, 701–714 (July 2002).

Previous works from our laboratory have documented that the
content of dietary calcium plays an important role in PUFA
metabolism since a calcium-deficient (CaD) diet fed to rats
for 65 d caused a significant inhibition of ∆5-, ∆6-, and ∆9-
desaturase activities in liver microsomes (1). It was also re-
ported by Huang et al. (2) that deprivation of calcium may
cause a decrease in the rate of elongation of γ-linolenic acid
(18:3n-6) (2). The authors supported this conclusion by the
analysis of microsomal fatty acyl composition obtained from
calcium-deprived rats whose diets were supplemented—or
not—with 18:3n-6 acid. Previously, Bierenbaum et al. (3)
suggested that calcium may limit the availability of 18:3n-6
for the elongase system by forming insoluble complexes with
this cation. We also demonstrated that a CaD diet was able to
produce a marked stimulation in acyl-CoA synthetase activ-

ity (4) and a significant reduction in phospholipase A2 activ-
ity that evokes permanent alterations in the physicochemical
properties of the liver microsomal membranes (1). The pic-
ture that emerges from those results is that the changes in the
desaturase activities correlate well with both the rotational
mobility of the diphenylhexatriene probe and the analytical
changes produced on the microsomal lipids by the CaD diet.
Whether these changes were completely developed in liver
tissue or whether they were the consequence of a general al-
teration in the lipid metabolism that, in fact, involved various
tissues of the animal is not clear. In addition, the importance
of the inhibition of FA desaturase activities induced by cal-
cium depletion on the FA composition of lipids from tissues
other than liver still remains unexplored. The central role of
liver FA desaturases in supplying PUFA for the rest of the
body prompted us to investigate the possible correlation be-
tween calcium content and lipid composition among several
tissues from both sufficient (S) and CaD rats. The aim of the
present study was to obtain a general description of the
changes induced by calcium deficiency and to evaluate the
contribution of some key enzyme activities—involved in FA
metabolism—to changes observed under the CaD condition.

MATERIALS AND METHODS

FA and other chemicals. The unlabeled FA used as standards
for GLC or employed in the enzymatic determinations were
obtained from Nu-Chek-Prep (Elysian, MN). ATP (disodium
salt), NADH, N-acetylcysteine, CoA (lithium salt), snake
venom (Crotalus atrox) Western Diamondback Rattlesnake,
and sodium deoxycholate (grade II) were purchased from
Sigma Chemicals Co. (St. Louis, MO). Unlabeled phospho-
lipids were obtained from Serdary Research Laboratories
(London, Ontario, Canada). The procedure to obtain labeled
PC was developed in our laboratory after assaying different
experimental conditions (1). The following radioactive FA
were supplied by Amersham International (Buckinghamshire,
UK) (specific activity as mCi/mmol and percent degree of ra-
diochemical purity are indicated, respectively, in parentheses:
[1-14C]palmitic (58.0, 99), [1-14C]linoleic (55.5, 99), and 
[1-14C]eicosa-8,11,14-trienoic (58.5, 99). The concentration
and degree of purity of the FA were routinely checked by liq-
uid scintillation counting and GLC of their FAME prepared
by using 14% boron trifluoride in methanol (Alltech Associ-
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ates Inc., Deerfield, IL). Eicosa-11-monoenoic acid was used
as internal standard. FA were appropriately diluted in absolute
ethanol (Riedel-de-Haen, Seelze, Germany) and stored in the
dark at −20°C under an atmosphere of N2 until used. Solvents
for HPLC were provided by Carlo Erba (Milano, Italy). 1,6-
Diphenyl-1,3,5-hexatriene (DPH) probe was obtained from
Fluka Chemie AG GmbH & Co. (Buenos Aires, Argentina).
Other chemicals used were supplied by commercial sources.

Animal treatment. Female Wistar rats from Comisión Na-
cional de Energía Atómica (Buenos Aires, Argentina) weigh-
ing 170 ± 10 g were bred and maintained on a control diet
(Cargill type “C,” Rosario, Argentina) throughout gestation
and lactation. The dams were housed in plastic cages (one an-
imal per cage) in a vivarium kept at 22 ± 1°C with a 12-h
light/dark cycle and a RH of 60 ± 10%. After weaning, 24
female pups (weighing 47 ± 4 g/animal) were randomly di-
vided into two groups of 12 animals each and fed ad libitum
either on a CaD diet (group CaD) or on a balanced one (group
S). The composition of the CaD diet prepared in our labora-
tory was reported in detail in a previous paper (4). The Ca2+

content of the diet (0.5 g/kg) was determined in a Shimadzu
Atomic Absorption Spectrophotometer AA-630-12 (Shi-
madzu Corp., Kyoto, Japan) following the mineralization pro-
cedure described elsewhere (5). Control animals were fed a
standard balanced diet supplemented with 5.0 g/kg calcium
in order to supply the mineral at a level equivalent to that rec-
ommended by The American Institute of Nutrition for the
Formulation of the AIN-93 Purified Diets for Laboratory Ro-
dents (6). The content of Ca2+ in drinking water (given ad li-
bitum) was determined either by atomic absorption or by cal-
cium-selective electrode (Orion model 93-20; Orion Research
Inc., Cambridge, MA), and it was generally below 15 ppm.
During the feeding period, body weight, water consumption,
and food intake were determined every day. Samples of blood
(100 to 150 µL) were collected from the tail vein once a week
in order to determine plasma calcium levels. Animals were
sacrificed on day 65 after feeding. In order to avoid individ-
ual differences among animals that might result from an ad
libitum feeding, on day 64 all the rats were fasted for 24 h, re-
fed with the corresponding diet for 2 h, and then killed by de-
capitation without prior anesthesia 12 h after the refeeding
period. All the diet components used were purchased from
Carlo Erba (Milano, Italy) or Mallinckrodt Chem. Works
(Oneonta, NY). The casein was depleted of calcium by EGTA
treatment and then defatted with boiling acetone. The calcium
content in the extracted casein was negligible. Animal main-
tenance and handling were in accordance with the NIH guide
for the care and use of laboratory animals (7).

Collection of samples and preparation of microsomal sus-
pensions. Liver, heart, kidneys, skeletal muscle (psoas major
and quadriceps), lungs, brain, and spleen from S and CaD rats
were rapidly excised and immediately placed in an ice-cold
homogenizing medium (8). The homogenates were processed
individually at 1°C, and the microsomal fractions were sepa-
rated by differential centrifugation at 110,000 × g as described
previously (8). Microsomal pellets were resuspended in cold

homogenizing solution up to a final protein concentration of
30–40 mg/mL. Other tissues such as perirenal fat, large bones
(femur and tibiotarsal), and articular cartilage from S and CaD
rats were also used to obtain homogenates from whole tissue
samples because, in these cases, microsomal suspensions were
not prepared. Cortical (parietal) and tibiotarsal bones—with
intact articular and epiphyseal cartilages—were carefully ex-
cised; chilled on ice; and thoroughly cleaned of connective tis-
sues, fatty inclusions, and vessels; weighed; and stored at 
−80°C under N2 atmosphere until further use. Thin-sliced car-
tilage samples were prepared as shavings from the articular
surfaces of femoral condyles and tibial plateaus from six S or
CaD rats. They were processed and assayed separately. Epi-
physeal and diaphyseal zones of one femur per rat were also
excised and processed independently. They were carefully
rinsed in ice-cold saline to remove adherent tissues and/or
body fluids and homogenized using a powerful homogenizer
with a rotating blade (Ultra-Turrax Type TP 18/10; Janke &
Kunkel, Staufen, Germany). Blood was also collected after
killing the rats by decapitation. Samples were individually
dispensed into heparinized tubes and fractionated by centri-
fugation at 50 × g for 10 min. Plasmas were immediately
processed for calcium determination and lipid analysis. Eryth-
rocyte ghosts were prepared by hypotonic lysis according to
the procedure of Dodge et al. (9), as modified by Berlin et al.
(10). An aliquot from the erythrocyte membranes was
processed for steady-state fluorescence anisotropy determina-
tions (rs) following the procedure described in Reference 11.
The rest was employed for lipid analysis.

Lipid analysis. Product identification and quantification
after FA desaturase activity assays were performed by RP-
HPLC according to previously described methods (1,12).
GLC of the FAME was performed as indicated in a previous
paper (13) except that in this case we used a capillary column
mounted in a Hewlett-Packard HP 6890 Series GC System
Plus (Avondale, PA) equipped with a terminal computer inte-
grator. The FAME were identified by comparison of their rel-
ative retention times with authentic standards, and the mass
distribution was calculated electronically by quantification of
the peak areas. Total lipids were extracted from S and CaD
samples by the method of Folch et al. (14). Phospholipid and
neutral lipid fractions were separated from the Folch extracts
by a micro-column chromatography method described else-
where (15). Cholesterol content was enzymatically measured
according to Allain et al. (16). Total lipids and neutral lipids
were estimated gravimetrically after evaporation of an aliquot
of the corresponding lipid extract (Folch or silicic acid sub-
fraction, respectively) up to constant weight (17). Phospho-
lipids were measured as phosphorus content (18) after miner-
alization of an aliquot from the silicic acid partition.

Enzymatic determinations. Phospholipase A2 activity was
determined in microsomal fractions from various tissues with
[14C]PC (24.0 mCi/mmol, 99% pure) as substrate according to
the method of Hirata et al. (19) with the modifications de-
scribed in a previous paper (1). To determine the FA desaturase
activities in microsomal suspensions from various tissues of S
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and CaD rats, each FA used as substrate ([1-14C]16:0, [1-
14C]18:2n-6, or [1-14C]20:3n-3) was diluted to a specific activ-
ity of 0.20 to 0.25 µCi/mol with the respective pure unlabeled
FA. In order to compare results, the enzymatic assays were con-
ducted at saturated substrate concentrations. Each assay was
performed by incubation of 1.25 mg of liver microsomal pro-
tein or 5 mg of brain, kidney, lung, heart, or spleen microsomal
protein in an open test tube with 5·103 pmol of diluted labeled
substrate for liver or 104 pmol for the other tissues, in a Dub-
noff shaker at 37°C for 10 min. The total volume of the incu-
bation medium was 0.8 mL. Details of the assay procedure
were described in previous papers (1,20,21). Acyl-CoA activ-
ity assays were performed on cytosol fractions obtained as su-
pernatants of 110,000 × g, according to the method of Tanaka
et al. (22) as modified previously (4).

Measurement of ∆6-desaturase mRNA. Total liver RNA of
six S or CaD animals were isolated by means of Wizard RNA
Isolation System (Promega, Madison, WI) according to the
manufacturer’s instructions. Total RNA (20 µg) was size-
fractionated on a 1% formaldehyde gel and then transferred
to a Zeta-Probe nylon membrane (Bio-Rad, Hercules, CA).
The ∆6-desaturase and β-actin probes were prepared by in-
corporating [32P]dCTP by random primer labeling. Northern
blot hybridization analysis was performed as described by
Sambrook et al. (23). The auto radiographic signal for ∆6-
desaturase mRNA was quantified and normalized to mRNA
for β-actin, with all mRNA probed on the same gel.

Other analytical determinations. Calcium content in liver mi-
crosomal suspensions was determined after mineralization (5)
by atomic absorption or calcium-sensitive electrode as described
elsewhere (1,4). The protein content was determined by the mi-
cromethod of Lowry et al. (24) with crystalline serum albumin
as standard. Fluorescence anisotropy measurements 352 nm ex-
citation, 435 nm emission were done at 37°C following the pro-
cedure of Shinitzky and Barenholz (25,26). The apparatus used,
a detailed description of the method employed, and the calcula-
tions/corrections made appeared in a previous paper (11).

Graphic software and statistical treatment of the data. All
values represent the mean of 3 to 6 individual determinations
(assayed in duplicate or triplicate) ± 1 SEM. To test the statisti-
cal significance of numerical differences in results, data were
analyzed by either the Student t-test or by ANOVA, with the
aid of Systat (version 8.0 for Windows) from SPSS Science
(Chicago, IL). Data were also plotted and analyzed using
Sigma Scientific Graphing Software (version 8.0) from Sigma
Chemical Co. and/or GB-STAT Professional Statistics Program
(version 4.0) from Dynamic Microsystems Inc. (Silver Spring,
MD). The autoradiographic signal for ∆6-desaturase mRNA
was quantified using 1-D Image Analysis Software (Kodak,
Rochester, NY) from multiple exposures. It was normalized to
mRNA for β-actin, with all mRNA probed on the same gel.

RESULTS

In our experimental model of calcium deficiency, we observed
that both S and CaD rats grew at a similar rate for the initial

15 d after feeding. Then, the CaD group grew at a rate that was
reduced—but not statistically significant—until day 65, when
differences between groups became significant (Fig. 1). Water
intake expressed as mL/rat was very similar in both groups of
animals throughout the entire experimental period (Fig.1,
inset). As shown in Figure 2, food intakes, expressed as grams
of food per rat or relative to body weight (inset), were not sig-
nificantly different between both groups of rats despite the fact
that in the initial 10 d of feeding, CaD animals exhibited an
increased food intake compared to that of S ones. After the
first week of feeding, a progressive decline in plasma calcium
concentration was observed in CaD rats (from 2.63 ± 0.10 mM
at day 0 to 2.11 ± 0.15, 1.73 ± 0.12, or 1.58 ± 0.07 mM at days
8, 16, and 24, respectively) up to day 28 in which the values
remained essentially constant and significantly lower (1.50 ±
0.08 mM) than those from the S group (2.63 ± 0.10 mM).
Table 1 shows calcium content determinations in various tis-
sues on the day of sacrifice.

With the exception of fat, brain, and lung, the rest of the tis-
sue homogenates showed an important decrease in Ca content.
In large bones the loss of calcium represented ca. 60% decrease
with respect to control samples. Liver, kidney, erythrocytes,
cortical bone, and articular cartilage showed 30 to 50% de-
creases in calcium content, but heart and skeletal muscle were
affected to a minor extent (20%). When the microsomal sus-
pension of some tissues was examined for their calcium con-
tent, only liver, kidney, and spleen showed significant decrease
in the concentration of this cation (a loss of 42 to 47% with re-
spect to control determinations). These findings were reflected
in the total calcium content of plasma, which decreased 43%
with respect to that of S rats. The proportion of ionic calcium
in the plasma of CaD animals also decreased 66% with respect
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FIG. 1. Body weight (expressed as g per rat) and water intake (mL/rat,
insert) were registered during the entire experimental period. Each
datum is the mean of six rats per group. SEM, omitted for simplicity,
never exceeded 6% of the corresponding mean value. The vertical dot-
ted line represents the first significant difference between control (S) and
calcium-deficient (CaD) rats.



to control ones, and the percentage of bound calcium in the
blood of treated animals (78.0 ± 2.1) was significantly higher
than that found in the control group (62.2 ± 1.8).

The fatty acyl composition of neutral and polar lipids was
profoundly modified under CaD conditions. The most impor-
tant changes were found in liver, followed by kidney, spleen,
and cartilage. Table 2 shows the result obtained when we an-
alyzed microsomal neutral lipids from liver, brain, kidney,
and heart. Neutral lipids from brain microsomes exhibited a

decreased content of arachidonate and docosahexaenoate
(n-3). By contrast, heart microsomes showed no significant
changes. Palmitate and stearate content were increased in mi-
crosomal neutral lipids from both liver and kidney, with no
concomitant modifications in the proportion of the corre-
sponding monoenoates. In liver, the content of linoleate was
diminished by 47% with respect to control values, and the
proportion of 20:4n-6 (arachidonate) was dramatically re-
duced with a simultaneous increase in the level of its direct
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TABLE 1
Calciuma Content in Tissuesb from Control (S) or Calcium-Deficient (CaD) Rats

Whole tissue Microsomes

S CaD S CaD

Livera 1.51 ± 0.05 0.90 ± 0.02* 2.62 ± 0.04 1.51 ± 0.05*
Hearta 2.22 ± 0.05 1.80 ± 0.04* 5.53 ± 0.11 5.10 ± 0.20
Skeletal musclea 3.10 ± 0.12 2.55 ± 0.08* 6.06 ± 0.20 5.74 ± 0.31
Braina 2.30 ± 0.08 2.15 ± 0.10 4.12 ± 0.07 3.60 ± 0.15
Kidneya 1.23 ± 0.02 0.77 ± 0.03* 1.74 ± 0.05 0.92 ± 0.06*
Fata 0.95 ± 0.04 0.80 ± 0.10 ND ND
Erythrocytesa 1.88 ± 0.11 1.10 ± 0.07* ND ND
Lunga 2.12 ± 0.06 1.93 ± 0.11 3.05 ± 0.09 2.68 ± 0.13
Spleena 1.76 ± 0.05 0.84 ± 0.03* 1.97 ± 0.06 1.15 ± 0.08*
Cortical boneb 18.6 ± 0.7 11.7 ± 0.5* ND ND
Epiphyseal boneb 15.9 ± 0.4 7.4 ± 0.6* ND ND
Diaphyseal boneb 21.5 ± 0.5 10.1 ± 0.3* ND ND
Articular cartilageb 6.3 ± 0.4 4.2 ± 0.1* ND ND
Plasma (total)c 2.63 ± 0.10 1.50 ± 0.08* ND ND
Plasma (ionic)c 0.98 ± 0.03 0.33 ± 0.02* ND ND
aCalcium contents were determined by atomic absorption from samples collected on day 65 after
feeding. For technical details see the Materials and Methods section.
bResults were expressed as anmol/mg of protein; bpercentage of total wet weight; or cmM. Each value
is the mean ± 1 SEM of four to six independent determinations assayed in duplicate. *Significantly
different (P < 0.01) with respect to the corresponding S value.

FIG. 2. Food intake was registered during the entire experimental period and expressed as g of
aliment per rat or as the ratio g of food/g of body weight (insert). Each datum is the mean of six
rats per group. SEM, omitted for simplicity, never exceeded 8% of the corresponding mean
value. Points from days 2 to 9 (inclusive) were significantly different between S and CaD
groups. For abbreviations see Figure 1.



precursor (20:3n-6). The fall in 20:4n-6 was also observed in
neutral lipids from kidney microsomes, but it was of lesser
extent (44%) than that of liver (98%). Within the C22 FA ho-
mologs, we observed in liver microsomes a minor increase in
the proportion of 22:0. Phospholipid fatty acyl composition
was also modified by calcium deficiency (Table 3). The com-
position of brain and heart microsomes showed no significant
modifications, whereas liver and kidney exhibited an altered
pattern. The extent of these changes, especially in liver mi-
crosomes, was more pronounced in both number and exten-
sion than that observed in neutral lipids. The saturated FA
14:0, 16:0, 18:0, and 22:0 were increased in liver phospho-
lipids from CaD rats, whereas kidney phospholipids con-
tained elevated levels of palmitate and stearate relative to
those found in S rats. The most striking difference between
the phospholipid fatty acyl composition from CaD and S ani-
mals was the higher proportion of linoleate in liver and kid-
ney (72 and 40% over control data, respectively). Arachidon-
ate was decreased ca. 60% in liver without any modification
in the proportion of its metabolic precursor (20:3n-6). In con-
trast, the content of 20:4n-6 in phospholipids from kidney mi-
crosomes remained unchanged. In phospholipids of micro-
somes from CaD rats, the highest homologs derived from α-
linolenate, such as 20:5n-3 and 22:6n-3, were decreased 75
and 48%, respectively, with a concomitant increase of 50% in
their metabolic precursor (18:3n-3). 

Tables 4 and 5 summarize analytical data of fatty acyl
composition from neutral and polar lipids of spleen and lung
microsomes, fat, and articular cartilage. In neutral lipids from

spleen microsomes (Table 4), saturated FA were increased but
arachidonate was decreased ca. 83% with respect to the val-
ues obtained in S rats. An important increase of 20:3n-6
(400%) was also observed. Neutral lipids of fat from CaD rats
showed an increased proportion of arachidonate that was the
only change associated with dietary manipulation. Lung mi-
crosomes evidenced no significant changes under calcium re-
striction, but in the case of articular cartilage, an increase in
20:3n-9 and 22:1n-9 FA with a simultaneous decrease in
20:4n-6 and 22:2n-6 were observed (Table 4). The phospho-
lipid fraction from spleen microsomes (Table 5) showed al-
terations similar to those described for the neutral lipids, that
is, an increased proportion of 16:0, 18:0, and 20:3n-6 with a
reduced relative amount of 20:4n-6. Contrary to what was
seen with neutral lipids, in phospholipids of fat from CaD rats
an 86% reduction in arachidonate content was observed.
Table 5 also shows that phospholipids from both lung and ar-
ticular cartilage exhibited a marked decrease in arachidonate
proportion. It is also important to remark that, in articular car-
tilage, we found a large amount of 20:3n-9 FA and low levels
of n-6 PUFA (<10%), as previously reported by other authors
(27,28). This particular composition is more evident in phos-
pholipids than in neutral lipids of S rats. Interestingly, 20:3n-9
accumulated in neutral and polar lipids of articular cartilage
under the CaD condition (Table 5).

The composition of fatty acyl chains in neutral lipids from
erythrocyte ghosts or plasmas obtained from CaD animals re-
mained unchanged with respect to that of S rats (Table 6).
However, in phospholipids from erythrocyte ghosts a
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TABLE 2
Fatty Acyl Compositiona of Microsomal Neutral Lipids from Tissues of Control (S) or Calcium-Deficient (CaD) Rats

Liver Brain Kidney Heart

FA S CaD S CaD S CaD S CaD

14:0 0.6 ± 0.1 0.6 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.8 ± 0.1 0.5 ± 0.1 1.6 ± 0.2 2.2 ± 0.1
16:0 38.9 ± 1.2 45.9 ± 1.5* 30.3 ± 2.0 31.5 ± 3.1 25.9 ± 1.3 33.0 ± 2.0* 40.1 ± 3.0 39.0 ± 2.5
16:1n-7 3.3 ± 0.1 4.2 ± 0.2 6.5 ± 0.2 7.2 ± 0.3 4.0 ± 0.5 3.9 ± 0.1 2.4 ± 0.2 1.5 ± 0.1
18:0 7.8 ± 0.2 11.6 ± 0.9* 7.1 ± 0.1 6.8 ± 0.2 18.4 ± 2.5 24.3 ± 1.9* 36.1 ± 2.1 38.7 ± 1.9
18:1n-9 16.5 ± 0.6 18.5 ± 1.8 39.8 ± 2.7 41.0 ± 3.5 21.2 ± 1.4 20.7 ± 1.3 13.2 ± 0.7 14.3 ± 0.7
18:2n-6 25.4 ± 1.3 13.6 ± 0.7* 20.1 ± 1.6 19.5 ± 1.5 17.0 ± 1.8 15.0 ± 1.0 6.4 ± 0.3 5.8 ± 0.1
18:3n-6 0.1 ± 0.0 Trace 0.1 ± 0.0 0.2 ± 1.5 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
18:3n-3 0.1 ± 0.0 Trace 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 Trace 0.1 ± 0.0 0.2 ± 0.0
18:4n-3 0.1 ± 0.0 Trace 0.3 ± 0.1 0.2 ± 0.0 Trace Trace 0.1 ± 0.0 Trace
20:3n-6 0.3 ± 0.1 1.1 ± 0.1* 0.8 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.1 ± 0.0
20:4n-6 4.5 ± 0.1 Trace* 5.5 ± 0.2 4.0 ± 0.1* 6.3 ± 0.1 3.5 ± 0.1* 2.9 ± 0.1 2.1 ± 0.1
20:5n-3 0.1 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0
22:0 Trace 0.2 ± 0.0* 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace 0.3 ± 0.0 0.1 ± 0.0
22:1n-9 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace
22:2n-6 0.2 ± 0.0 Trace 0.2 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
22:3n-3 0.1 ± 0.0 Trace 0.2 ± 0.0 Trace Trace 0.1 ± 0.0 Trace Trace
22:4n-6 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace Trace Trace Trace Trace
22:5n-6 0.2 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 Trace Trace
22:4n-3 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 Trace Trace
22:5n-3 Trace Trace 0.3 ± 0.1 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace Trace
22:6n-3 0.1 ± 0.0 0.1 ± 0.0 0.8 ± 0.1 0.3 ± 0.1* 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 Trace
24:1 Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 Trace Trace Trace Trace
aGLC of the FAME was performed as indicated in the Materials and Methods section. Each value is expressed as µg/mg protein and corresponds to the mean
± 1 SEM of three independent determinations performed on randomly selected samples. Other FA not listed in the table are present in minor amounts. *Sig-
nificantly different (P < 0.01) with respect to the corresponding control value. Amounts below 0.1 µg/mg protein are indicated as “Trace.” SEM below 0.1 are
indicated as “0.0.”
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TABLE 3
Fatty Acyl Compositiona of Microsomal Phospholipids from Tissues of Control (S) or Calcium-Deficient (CaD) Rats

Liver Brain Kidney Heart

FA S CaD S CaD S CaD S CaD

14:0 0.2 ± 0.0 0.9 ± 0.1* 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.4 ± 0.1 1.1 ± 0.2 1.9 ± 0.2
16:0 17.5 ± 1.3 24.6 ± 1.3* 33.7 ± 1.9 35.4 ± 2.0 18.7 ± 0.9 25.5 ± 0.7* 14.0 ± 0.9 17.0 ± 1.3
16:1n-7 1.0 ± 0.1 0.7 ± 0.1 7.8 ± 0.1 8.1 ± 0.4 1.8 ± 0.1 1.3 ± 0.1 3.2 ± 0.1 3.0 ± 0.2
18:0 20.2 ± 0.9 28.8 ± 1.3* 28.5 ± 2.0 32.1 ± 3.1 16.2 ± 0.7 22.2 ± 1.1* 21.7 ± 1.6 25.4 ± 2.1
18:1n-9 5.5 ± 0.3 5.7 ± 0.2 22.3 ± 1.2 20.3 ± 2.0 9.3 ± 0.5 10.3 ± 0.8 5.8 ± 0.2 4.9 ± 0.2
18:2n-6 4.6 ± 0.2 7.9 ± 0.2* 14.5 ± 0.2 15.9 ± 1.0 9.6 ± 0.4 13.4 ± 0.3* 12.6 ± 1.1 11.7 ± 0.9
18:3n-6 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
18:3n-3 0.2 ± 0.0 0.4 ± 0.0* 0.2 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
18:4n-3 0.1 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.3 ± 0.0 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 0.2 ± 0.0
20:3n-6 2.7 ± 0.1 2.0 ± 0.2* 1.7 ± 0.1 2.2 ± 0.1 1.5 ± 0.1 0.6 ± 0.1 0.8 ± 0.1 0.7 ± 0.1
20:4n-6 27.4 ± 1.5 11.8 ± 2.0* 6.9 ± 0.2 6.0 ± 0.2 24.7 ± 0.8 21.5 ± 1.3 18.7 ± 0.3 15.5 ± 0.4
20:5n-3 0.4 ± 0.1 0.1 ± 0.0* 0.2 ± 0.0 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.2 ± 0.0
22:0 0.2 ± 0.0 0.5 ± 0.0* 0.1 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 Trace
22:1n-9 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 Trace 0.2 ± 0.0 0.3 ± 0.1
22:2n-6 0.3 ± 0.1 Trace 0.5 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0
22:3n-3 0.1 ± 0.0 Trace 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 Trace Trace Trace
22:4n-6 0.3 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 Trace Trace
22:5n-6 0.2 ± 0.0 Trace 1.1 ± 0.2 0.9 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
22:4n-3 0.2 ± 0.0 Trace 0.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
22:5n-3 0.1 ± 0.0 Trace 0.8 ± 0.1 1.1 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0
22:6n-3 10.1 ± 0.3 5.3 ± 0.2* 9.2 ± 0.3 10.2 ± 0.2 2.6 ± 0.2 2.0 ± 0.1 7.0 ± 0.2 6.3 ± 0.2
24:1 Trace 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 01 Trace Trace 0.2 ± 0.0 0.1 ± 0.0
aGLC of the FAME was performed as indicated in the Materials and Methods section. Each value is expressed as µg/mg protein and corresponds to the mean
± 1 SEM of three independent determinations performed on randomly selected samples. Other FA not listed in the table are present in minor amounts. *Sig-
nificantly different (P < 0.01) with respect to the corresponding control value. Amounts below 0.1 µg/mg protein are indicated as “Trace.” SEM below 0.1
are indicated as “0.0.”

TABLE 4
Fatty Acyl Compositiona of Microsomal Neutral Lipids from Tissues of Control (S) or Calcium-Deficient (CaD) Rats

Spleen Lung Fat Cartilage

FA S CaD S CaD S CaD S CaD

14:0 0.8 ± 0.1 0.6 ± 0.1 1.6 ± 0.3 1.0 ± 0.1 1.5 ± 0.2 1.1 ± 0.2 2.0 ± 0.2 2.3 ± 0.3
16:0 33.5 ± 1.2 39.7 ± 1.3* 47.0 ± 2.5 40.5 ± 1.8 22.4 ± 1.0 21.2 ± 1.1 30.4 ± 1.9 29.6 ± 2.0
16:1n-7 2.5 ± 0.1 3.1 ± 0.2 4.0 ± 0.1 4.7 ± 0.2 7.2 ± 0.2 6.8 ± 0.2 6.1 ± 0.2 5.7 ± 0.4
18:0 13.3 ± 0.3 16.9 ± 0.7* 11.8 ± 0.4 13.4 ± 0.3 6.9 ± 0.3 9.0 ± 0.2 7.3 ± 0.2 8.6 ± 0.4
18:1n-9 28.0 ± 1.7 22.2 ± 2.3 12.5 ± 0.4 10.0 ± 0.5 35.7 ± 2.0 33.1 ± 2.0 47.4 ± 2.5 45.0 ± 1.9
18:2n-6 15.0 ± 1.0 15.3 ± 0.9 10.0 ± 0.5 14.3 ± 0.5 22.1 ± 1.7 23.5 ± 2.5 2.6 ± 0.1 3.0 ± 0.2
18:3n-6 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
18:3n-3 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
18:4n-3 0.1 ± 0.0 0.1 ± 0.0 Trace 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0
20:3n-9 Trace Trace Trace 0.1 ± 0.0 Trace Trace 2.2 ± 0.3 3.8 ± 0.2*
20:3n-6 0.2 ± 0.1 1.0 ± 0.1* 1.5 ± 0.1 1.8 ± 0.2 0.5 ± 0.1 0.9 ± 0.1 0.1 ± 0.0 0.1 ± 0.0
20:4n-6 5.3 ± 0.2 0.9 ± 0.2* 7.0 ± 0.2 9.7 ± 0.6 1.5 ± 0.1 2.7 ± 0.1* 0.3 ± 0.0 Trace*
20:5n-3 Trace Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
22:0 Trace Trace 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 0.4 ± 0.1 0.5 ± 0.1
22:1n-9 Trace Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.5 ± 0.1*
22:2n-6 0.2 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.1 ± 0.0*
22:3n-3 Trace Trace 0.1 ± 0.0 0.2 ± 0.0 Trace Trace Trace Trace
22:4n-6 0.1 ± 0.0 Trace 1.5 ± 0.2 1.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 Trace Trace
22:5n-6 0.4 ± 0.1 Trace 1.0 ± 0.1 0.9 ± 0.1 0.1 ± 0.0 Trace Trace Trace
22:4n-3 Trace Trace 0.2 ± 0.0 0.2 ± 0.0 Trace Trace Trace Trace
22:5n-3 Trace Trace 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 Trace Trace Trace
22:6n-3 0.3 ± 0.0 Trace 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 Trace Trace Trace
24:1 Trace Trace Trace 0.1 ± 0.0 0.1 ± 0.0 Trace Trace Trace
aGLC of the FAME was performed as indicated in the Materials and Methods section. Each value is expressed as µg/mg protein and corresponds to the mean
± 1 SEM of three independent determinations performed on randomly selected samples. Other FA not listed in the table are present in minor amounts. *Sig-
nificantly different (P < 0.01) with respect to the corresponding control value. Amounts below 0.1 µg/mg protein are indicated as “Trace.” SEM below 0.1 are
indicated as “0.0.”
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TABLE 5
Fatty Acyl Compositiona of Microsomal Phospholipids from Tissues of Control (S) or Calcium-Deficient (CaD) Rats

Spleen Lung Fat Cartilage

FA S CaD S CaD S CaD S CaD

14:0 Trace 0.1 ± 0.0 1.0 ± 0.1 0.9 ± 0.1 1.2 ± 0.2 1.1 ± 0.1 0.3 ± 0.0 0.3 ± 0.1
16:0 21.5 ± 1.1 27.2 ± 0.8* 23.2 ± 2.2 24.5 ± 2.1 25.4 ± 0.9 27.3 ± 1.5 12.5 ± 0.3 15.4 ± 0.3*
16:1n-7 3.0 ± 0.1 2.7 ± 0.1 6.1 ± 0.5 7.2 ± 0.3 4.5 ± 0.2 4.9 ± 0.2 9.5 ± 0.2 8.0 ± 0.4
18:0 12.0 ± 0.5 14.8 ± 0.6* 10.0 ± 0.4 8.8 ± 0.2 12.0 ± 0.3 13.4 ± 0.4 17.0 ± 0.5 19.8 ± 0.6*
18:1n-9 18.7 ± 0.6 16.3 ± 1.0 15.5 ± 0.6 17.3 ± 0.6 24.1 ± 1.0 26.5 ± 2.1 40.4 ± 2.0 31.8 ± 1.3*
18:2n-6 14.6 ± 0.5 15.7 ± 0.8 13.1 ± 0.7 14.0 ± 0.4 17.5 ± 0.4 17.0 ± 0.9 3.5 ± 0.1 4.0 ± 0.1
18:3n-6 0.5 ± 0.1 0.6 ± 0.1 0.3 ± 0.0 0.5 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
18:3n-3 0.3 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 0.2 ± 0.0 0.1 ± 0.0
18:4n-3 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
20:3n-9 Trace 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 8.5 ± 0.2 13.0 ± 0.5*
20:3n-6 2.4 ± 0.1 3.6 ± 0.1* 2.6 ± 0.2 3.0 ± 0.2 2.2 ± 0.1 2.6 ± 0.1 0.5 ± 0.1 1.0 ± 0.1*
20:4n-6 18.5 ± 0.3 12.1 ± 0.3* 14.1 ± 0.8 10.0 ± 0.2* 7.4 ± 0.1 1.0 ± 0.1* 4.8 ± 0.1 2.3 ± 0.1*
20:5n-3 0.2 ± 0.0 0.1 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.4 ± 0.1
22:0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.3 ± 0.0 0.3 ± 0.0
22:1n-9 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.4 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 1.6 ± 0.1 2.9 ± 0.1*
22:2n-6 0.3 ± 0.0 0.2 ± 0.0 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 Trace Trace
22:3n-3 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.1 0.3 ± 0.0 0.4 ± 0.1
22:4n-6 3.3 ± 0.1 2.5 ± 0.2 4.3 ± 0.2 3.8 ± 0.1 0.3 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 Trace
22:5n-6 1.5 ± 0.1 1.1 ± 0.3 3.5 ± 0.1 3.0 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 Trace Trace
22:4n-3 0.2 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.2 ± 0.0 0.2 ± 0.0 Trace Trace
22:5n-3 1.0 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 Trace Trace
22:6n-3 1.3 ± 0.1 1.1 ± 0.2 2.9 ± 0.1 3.1 ± 0.1 1.8 ± 0.2 1.9 ± 0.1 Trace Trace
24:1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 Trace Trace
aGLC of the FAME was performed as indicated in the Materials and Methods section. Each value is expressed as µg/mg protein and corresponds to the mean
± 1 SEM of three independent determinations performed on randomly selected samples. Other FA not listed in the table are present in minor amounts. *Sig-
nificantly different (P < 0.01) with respect to the corresponding control value. Amounts below 0.1 µg/mg protein are indicated as “Trace.” SEM below 0.1 are
indicated as “0.0.”

TABLE 6
Fatty Acyl Compositiona of Neutral and Polar Lipids from Erythrocyte Ghosts and Plasmas from Control (S) or Calcium-Deficient (CaD) Rats

Neutral lipids Phospholipids

Erythrocyte ghosts Plasmas Erythrocyte ghosts Plasmas

FA S CaD S CaD S CaD S CaD

14:0 0.7 ± 0.1 0.5 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 Trace 0.1 ± 0.0 0.3 ± 0.1 0.3 ± 0.1
16:0 48.8 ± 3.1 47.2 ± 4.4 37.5 ± 2.2 41.0 ± 3.9 30.1 ± 2.0 29.8 ± 3.0 23.1 ± 0.8 26.9 ± 0.5*
16:1n-7 0.5 ± 0.1 0.7 ± 0.1 1.6 ± 0.1 1.3 ± 0.2 2.1 ± 0.1 1.7 ± 0.2 2.5 ± 0.1 2.3 ± 0.1
18:0 45.1 ± 4.2 48.1 ± 4.0 12.6 ± 1.7 13.2 ± 1.0 16.4 ± 0.8 17.5 ± 1.1 23.0 ± 2.2 24.4 ± 1.1
18:1n-9 10.9 ± 1.1 9.7 ± 0.4 8.9 ± 1.5 9.0 ± 0.5 10.6 ± 0.5 11.3 ± 0.7 6.6 ± 0.2 5.9 ± 0.3
18:2n-6 3.0 ± 0.3 4.5 ± 0.4 32.8 ± 2.6 33.3 ± 4.0 16.8 ± 1.1 15.0 ± 0.9 11.3 ± 0.2 19.8 ± 0.3*
18:3n-6 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.4 ± 0.1 0.3 ± 0.0
18:3n-3 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0
18:4n-3 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0
20:3n-6 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 1.0 ± 0.1 0.8 ± 0.1 1.0 ± 0.1 0.3 ± 0.0
20:4n-6 0.8 ± 0.1 0.5 ± 0.1 5.1 ± 0.1 4.7 ± 0.1 7.6 ± 0.1 4.2 ± 0.1* 14.9 ± 0.2 8.8 ± 0.3*
20:5n-3 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
22:0 Trace 0.1 ± 0.0 Trace Trace 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 Trace
22:1n-9 Trace 0.1 ± 0.0 Trace Trace 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.2 ± 0.0
22:2n-6 0.1 ± 0.0 Trace Trace Trace 0.2 ± 0.0 Trace 0.2 ± 0.0 0.1 ± 0.0
22:3n-3 Trace Trace Trace Trace 0.1 ± 0.0 Trace 0.3 ± 0.1 0.2 ± 0.0
22:4n-6 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace 0.3 ± 0.0 Trace 0.2 ± 0.0 Trace
22:5n-6 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace 0.2 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0
22:4n-3 Trace Trace Trace Trace 0.3 ± 0.0 Trace 0.1 ± 0.0 0.1 ± 0.0
22:5n-3 Trace Trace Trace Trace 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace
22:6n-3 0.1 ± 0.0 Trace 0.3 ± 0.1 0.1 ± 0.0 7.9 ± 0.1 5.0 ± 0.1* 3.2 ± 0.1 1.9 ± 0.2
24:1 Trace Trace 0.1 ± 0.0 Trace 0.1 ± 0.0 Trace Trace 0.1 ± 0.0
aGLC of the FAME was performed as indicated in the Materials and Methods section. Each value is expressed as µg/mg protein and corresponds to the mean
± 1 SEM of three independent determinations performed on randomly selected samples. Other FA not listed in the table are present in minor amounts. *Sig-
nificantly different (P < 0.01) with respect to the corresponding control value. SEM below 0.1 are indicated as “0.0.” Amounts below 0.1 µg/mg protein are
indicated as “Trace.”



decrease of 45% in the relative content of arachidonate and a
37% reduction in the 22:6n-3 level were observed. In the
plasma phospholipid fraction we found much increased per-
centages of palmitate and α-linoleate and decreased arachi-
donate levels relative to those of control animals (Table 6). 

The analytical changes described above correlate well with
various metabolic indicators that account for the rate of supply
and/or utilization of the different FA chains acylated to lipids
(29,30). In Table 7 are summarized some of these parameters
for liver and kidney, calculated from the results in Tables 2 and
3. The double-bond index (DBI), obtained as PUFA/saturated
FA ratio, was significantly decreased (50 to 60%) in neutral and
polar lipids from both liver and kidney microsomes. One possi-
ble explanation is that this result may be the consequence of a
general failure in FA desaturation capacity together with an ac-
cumulation of saturated FA. In all fractions studied, the decrease
in the PUFA relative content was evoked through a similar con-
tribution of the n-3 and n-6 FA, resulting in a very similar
n-3/n-6 ratio for control and treated animals. However, it was
not the same with the essential/nonessential FA ratio. This pa-
rameter was significantly diminished in both neutral and polar
lipids from the liver and kidney of CaD rats. This alteration may
be produced through both a selective loss of unsaturated FA de-
rived from linoleate and/or α-linolenate and the increment in
the FA members of the n-7 and n-9 series. In fact, results from
Table 7 indicate that these two possibilities are in agreement
with the results obtained. The inhibition in the metabolic trans-
formation of linoleate was clearly indicated through the de-
creased values of the ED (elongation–desaturation) 18:2n-6
index. Moreover, comparison between this index and ED
20:4n-6 also indicates that the impairment for linoleate utiliza-
tion was greater in the ∆6 desaturation step than in the ∆5 one.

Similar conclusions can be derived from comparison between
the sum of the desaturase index activity—∆6 + ∆5 DIA—and
the individual index for ∆6 and ∆5 desaturase enzymes. With
regard to this metabolic pathway in kidney phospholipids, ∆5-
desaturase activity not only remained at control levels under
CaD conditions but also was stimulated (Table 7). The signifi-
cant decrease in the palmitoyl- and stearoyl-desaturase activity
indexes indicates that calcium deficiency also evoked an impair-
ment in the metabolic utilization of both palmitate and stearate,
the precursors of the n-7 and n-9 FA series, respectively.

Lipid relationships and data from fluorescence anisotropy
measurement of various tissues from CaD rats are shown in
Tables 8 and 9. Cholesterol/phospholipid ratio was diminished
in heart and kidney microsomes and also in erythrocyte ghosts,
articular cartilage, and plasmas. With the sole exception of
brain microsomes, in all samples studied a significant reduc-
tion in the cholesterol/protein ratio was observed. In most of
the tissues, the total lipid/cholesterol ratio was also dimin-
ished, indicating that the reduction in the proportion of total
lipids was greater than that of cholesterol. The total lipid/pro-
tein ratio was significantly reduced in spleen, erythrocyte
ghosts, cartilage, and plasmas from CaD rats. Articular carti-
lage was the only tissue that exhibited a significant decrease
in the proportion of total lipids to phospholipids, whereas all
the other examined tissues showed an important increase in
neutral lipid content relative to polar lipids. Measurements of
neutral and polar lipid contents relative to the amount of total
protein demonstrated that the general increase observed in the
neutral lipid/polar lipid ratio was evoked primarily by the re-
duction in the phospholipid/protein ratio rather than the in-
crease in the neutral lipid/protein ratio (Table 7).

Steady-state DPH fluorescence anisotropy determinations
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TABLE 7
Analytical Parameters from Fatty Acyl Composition of Microsomal Lipids

Phospholipidsa Neutral lipidsa

Analytical Liver Kidney Liver Kidney

parameters S CaD S CaD S CaD S CaD

Saturated acids 38.1 ± 1.1 54.6 ± 0.8* 35.4 ± 1.4 48.1 ± 3.1* 47.3 ± 2.1 57.3 ± 1.8* 45.2 ± 1.8 57.8 ± 2.5*
PUFA 47.0 ± 2.0 27.9 ± 0.7* 41.2 ± 2.6 38.9 ± 2.9 31.4 ± 3.3 15.2 ± 2.0* 24.5 ± 2.4 19.9 ± 1.1*
DBIa 1.23 ± 0.03 0.51 ± 0.02* 1.16 ± 0.10 0.80 ± 0.02* 0.66 ± 0.05 0.32 ± 0.02* 0.54 ± 0.04 0.34 ± 0.03*
Total n-3 11.1 ± 0.2 5.90 ± 0.06* 4.20 ± 0.10 3.10 ± 0.10* 0.50 ± 0.02 0.20 ± 0.01* 0.70 ± 0.01 0.50 ± 0.02*
Total n-6 35.9 ± 1.9 22.2 ± 0.5* 36.8 ± 3.3 35.8 ± 4.0 30.9 ± 1.9 14.7 ± 2.4* 24.0 ± 2.0 19.4 ± 1.4*
(n-3)/(n-6) 0.31 ± 0.03 0.27 ± 0.03 0.11 ± 0.02 0.09 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.0 0.03 ± 0.0
EFA/non-EFAb 7.01 ± 0.2 4.28 ± 0.1* 0.88 ± 0.02 0.65 ± 0.01* 0.47 ± 0.02 0.18 ± 0.01* 0.35 ± 0.01 0.24 ± 0.01*
ED 18:2n-6c 6.59 ± 0.2 1.75 ± 0.1* 2.75 ± 0.03 1.66 ± 0.02* 4.81 ± 0.5 0.08 ± 0.01* 0.40 ± 0.03 0.27 ± 0.02*
ED 20:4n-6d 0.02 ± 0.0 0.01 ± 0.0 0.02 ± 0.0 0.01 ± 0.0 0.07 ± 0.02 —* 0.02 ± 0.0 0.02 ± 0.0
(∆6 + ∆5) DIAe 5.96 ± 0.10 1.49 ± 0.11* 2.57 ± 0.10 1.60 ± 0.10* 0.18 ± 0.04 —* 0.37 ± 0.02 0.23 ± 0.01*
(∆6) DIAf 0.59 ± 0.02 0.25 ± 0.01* 0.16 ± 0.02 0.04 ± 0.0* 0.01 ± 0.0 0.08 ± 0.01* 0.02 ± 0.0 0.03 ± 0.0
(∆5) DIAg 10.2 ± 0.3 5.90 ± 0.2* 16.4 ± 1.5 35.8 ± 2.9* 15.0 ± 0.9 —* 15.8 ± 1.7 7.00 ± 0.9*
PDIAh 0.06 ± 0.003 0.03 ± 0.0* 0.10 ± 0.01 0.05 ± 0.01* 0.08 ± 0.01 0.09 ± 0.02 0.15 ± 0.02 0.12 ± 0.02
SDIAi 0.27 ± 0.02 0.20 ± 0.0* 0.57 ± 0.01 0.46 ± 0.0* 2.12 ± 0.1 1.68 ± 0.1* 1.15 ± 0.03 0.85 ± 0.01*
aResults are expressed as the mean ± 1 SEM of three independent determinations obtained from data in Tables 2 and 3. Parameters a, b, f, h, and i were cal-
culated according to Lepage et al. (30). Calculations for parameters c and d were done according to Martínez and Ballabriga (29). aPUFA/saturated, b[(n-6) +
(n-3)]/[(n-7) + (n-9) + saturated], c[20:3n-6 + 20:4n-6 + 22:5n-6]/18:2n-6, d[22:4n-6 + 22:5n-6]/20:4n-6, e20:4n-6/18:2n-6, f20:3n-6/18:2n-6,
g20:4n-6/20:3n-6, h16:1n-7/16:0, i18:1n-9/18:0. DBI, double bond index; ED, elongation–desaturation index; DIA, desaturase index activity; PDIA, palmi-
toyl desaturase index activity; SDIA, stearoyl desaturase index activity; for other abbreviations see Table 1. *Significantly different with respect to the corre-
sponding control values. Amounts below 0.01 are indicated as “—.“ SEM <0.01 are indicated as “0.0.”
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were carried out in microsomal suspensions from both S and
CaD rats (Tables 8 and 9). Experimental data show that cal-
cium deficiency produces microsomal membranes in which
acyl chain packing is disordered relative to the membranes of
the S group. A similar conclusion was obtained from plasma
membranes of erythrocyte ghosts from CaD rats. Fluores-
cence anisotropy determinations in suspensions from CaD
brain microsomes showed no significant changes with respect
to the control, as expected from the minor alterations ob-
served in the proportion of membrane lipids under calcium
deficiency (Tables 2, 3, and 8).

Some enzyme activities closely related to lipid metabolism
were determined in various tissues from S and CaD rats
(Table 10). As regards FA desaturases, the most striking dif-
ference observed was the very low levels of activities that all
tissues studied exhibited with respect to that of liver micro-
somes. These differences were observed irrespective of the
substrate assayed. Kidney and heart microsomes were more
active than spleen, lung, or brain. However, specific activity
in liver was much greater than that determined in kidney or
heart microsomes. The CaD diet evoked an important reduc-
tion (54 to 59% respect to control values) in ∆5, ∆6, and ∆9
liver desaturase activities. This reduction was also observed
for the rest of the tissues studied except for heart, in which
only ∆9-desaturase capacity was affected (Table 10). Basal
activity for phospholipase A2 varied from a maximun for kid-
ney microsomes to a minimum for spleen ones. Lung, heart,
and liver displayed similar activities. Calcium deficiency did
not modify phospholipase A2 activity of brain, lung, or heart,
but the activities in microsomes from kidney, liver, and spleen
were significantly reduced: ca. 80% for the former tissues and
35% for the latter (Table 10). The most active tissue acylating
free FA to CoA-SH was the liver, which exhibited a basal
acyl-CoA synthetase activity three times greater than that of
kidney, lung, or heart. Brain and spleen were the least active

tissues studied, with a basal enzyme activity that was almost
80% smaller than that of control liver. In microsomes from
CaD rats, an increased acyl-CoA synthetase activity was de-
termined in both kidney and liver (32 and 76% higher, respec-
tively, than that of controls).

Finally, we found a significant reduction in the transcrip-
tion rate for mRNA that encodes for liver ∆6-desaturase
(Fig. 3). The ratio mRNA (∆6-desaturase)/mRNA (β-actin)
was reduced from 1.62 ± 0.17 for S rats to 0.93 ± 0.06 for
CaD ones (−43% with respect to control values).

DISCUSSION

From these results it is evident that calcium levels are, indeed,
involved in FA metabolism, and that its deficiency evoked
many alterations in several tissues from CaD rats. Taking into
account that desaturases are key enzymes in FA metabolism,
the main question arising from our findings is whether the an-
alytical changes are the cause or the consequence of the al-
tered desaturase activities. Several studies from this and other
laboratories have extensively documented that alterations in
desaturase activities, evoked by hormonal and/or dietary ma-
nipulations, are usually reflected in the acyl composition of
cellular lipids (1,31–36). On the other hand, previous studies
from our laboratory demonstrated that fasting and/or energy
restriction profoundly modifies desaturase activities, and the
gain in body weight is directly involved in this regulatory ef-
fect (31,32,37,38). It is generally accepted that desaturase ac-
tivities determine the final FA profile of a tissue and, in turn,
its particular lipid metabolism (31,32,34–36). As stated be-
fore, a modified desaturase activity can be ascribed to a
change in the body weight gain under certain dietary condi-
tions; therefore, subsequent alterations in the FA profile may
be considered as a natural consequence of such a modifica-
tion. However, in our experimental conditions changes ob-
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TABLE 10
Enzyme Activitiesa in Various Tissues from Control (S) or Calcium-Deficient (CaD) Rats

Microsome Desaturase activitiesa

source Treatment ∆9 (16:0) ∆5 (20:3) ∆6 (18:2) Phospholipase A2
b Acyl-CoA-synthetasec

Brain S 16 ± 1 23 ± 2 15 ± 2 3,112 ± 124 27.6 ± 0.9
CaD ND* Trace* ND* 3,410 ± 137 33.3 ± 1.5

Kidney S 25 ± 3 34 ± 3 26 ± 4 7,241 ± 153 40.1 ± 2.6
CaD ND* 8 ± 2* ND* 2,099 ± 111* 53.2 ± 1.9*

Lung S 31 ± 3 16 ± 1 18 ± 3 2,114 ± 85 43.4 ± 2.8
CaD ND* Trace* Trace* 1,309 ± 94* 69.7 ± 3.2*

Heart S 31 ± 4 48 ± 2 55 ± 3 2,485 ± 76 54.1 ± 3.0
CaD ND* 40 ± 3 49 ± 4 2,102 ± 127 57.7 ± 2.5

Liver S 168 ± 7 402 ± 11 205 ± 12 3,501 ± 143 148.7 ± 3.9
CaD 96 ± 5* 237 ± 8* 111 ± 9* 686 ± 75* 256.1 ± 4.4*

Spleen S 15 ± 1 19 ± 3 17 ± 2 1,609 ± 90 29.8 ± 0.7
CaD ND* Trace* ND* 1,051 ± 107* 54.6 ± 1.4*

aResults are expressed as apmol of substrate transformed/min·mg protein, bdpm/mg protein, or cnmol/min·mg protein. Data are given as the mean ± 1 SEM of
four independent determinations performed on samples randomly selected from both experimental groups, whether S or CaD. *Significantly different with
respect to the corresponding control value (P < 0.01). For technical details see the Materials and Methods section. Trace, below 5 pmol/min/mg protein; ND,
nondetectable amount.

Lipids, Vol. 37, no. 7 (2002)



served in both the FA profile of several tissues (Tables 2 to 5)
and the activities of the desaturase enzymes (Table 10) can be
ascribed to calcium deprivation (Table 1) rather than to a dif-
ference in food intake (Fig. 1) and/or body weight gain
(Fig. 2) between CaD and S rats. Dietary calcium is known to
make calcium soaps with FA in the gut, resulting in increased
excretion of dietary fats. In the CaD diet group, fat absorp-
tion can be expected to be greater than in the S group, thus
providing another possible mechanism for the observed dif-
ferences in tissue FA composition. However, we think the diet
employed in our experiments contained standard (normal)
amounts of lipids, as previously demonstrated (7). If the phe-
nomenon of low fat absorption plays a particular role in the
changes we observed, the analytical and enzymatic modifica-
tions would be expected to result from a general lack of avail-
ability of calories from fat (or a simultaneous depletion in sat-
urated FA and PUFA as diet precursors). On the contrary, our
observations suggest a PUFA deficiency with a selective de-
pletion of FA keeping constant the ratio (n-3)/(n-6). More-
over, previous works from this and other laboratories have
demonstrated that low-fat diets evoked a stimulation of ∆9-
and ∆6-desaturase activities rather than an inhibition
(32,39,40).

Previous experiments clearly demonstrated that the regu-
latory step in the desaturation mechanism is located at the
level of the desaturase protein itself (41,42). Additional evi-
dence from our laboratory led us to discard, rather confi-
dently, a direct effect of calcium ions on the desaturase en-
zyme itself or on another component involved in the transport
of electrons to the terminal component of the desaturase sys-
tem (1). At present, no experimental evidence that relates to
the possible role of a calcium as a desaturase cofactor and/or
any other function of this cation as an essential component
during the catalytic process has been presented. The results
of our previous experiments, performed on the ∆9 and ∆5
liver microsomal desaturase activities in CaD rats, also led us
to discard the idea of the involvement of a soluble (cytosolic)
factor or of a problem related to the activation of the substrate

by acylation to CoA-SH (1). Moreover, in the present study
we found a significant increase in the acyl-CoA synthetase
activity in various tissues from CaD rats (Table 10) in which
desaturase activities were simultaneously depressed. A simi-
lar conclusion was obtained in the case of the acyl-CoA syn-
thetase activity from livers of CaD rats (1,4). From these con-
siderations, it seems that the effect of calcium deficiency on
the desaturase activities may result from an indirect modifi-
cation that would be produced through a common metabolic
disturbance that involves the three desaturase systems we
have studied.

The CaD diet clearly induced important modifications in
the quality and/or quantity of the FA chains acylated to neu-
tral and polar lipid fractions from microsomal membranes of
several tissues (Tables 2 to 5). These changes were closely re-
lated to the measured Ca level in tissues (Table 1), and they
were observed even in tissues with FA profiles generally con-
sidered very stable, such as brain (Table 2) and cartilage (Ta-
bles 4 and 5), in which there is not much metabolic diversity
owing to their very specialized functions. They were also re-
flected, though in minor extension, in lipids from erythrocyte
ghosts and plasmas from CaD rats (Table 6). Calculations
made from the analytical data demonstrated in general that
these changes are characterized by an increased saturated FA
proportion and a significant decrease in PUFA and DBI
(Table 7). All the analytical parameters calculated for the es-
timation of the metabolic conversion of the saturated and un-
saturated FA precursors (29,30) suggest a general loss of de-
saturation capacity in microsomes from CaD rats (Table 7).
In all the tissues studied from CaD rats, we found a signifi-
cant decrease in the membrane packing order with respect to
S rats that was closely associated with several changes in the
interlipid and lipid/protein ratios (Tables 8 and 9). It is gener-
ally accepted that the main factors that determine the fluidity
of membrane lipids are the cholesterol/phospholipid molar
ratio and the degree of unsaturation of the phospholipid acyl
chains (43–45). In relation to this, the proportion of choles-
terol—usually associated with a diminished membrane
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FIG. 3. Amount of mRNA of ∆6 desaturase from livers of S and CaD rats as measured by blot hybridization. Total mRNA isolated from livers was
processed independently and subjected to electrophoresis in 1% formaldehyde gel. Blot hybridization was performed as described in the text with
the indicated 32P-labeled probe. The amount of radioactivity in each band was quantified and normalized by means of an image analysis software
system. “RT” indicates the relative content of mRNA for ∆6-desaturase gene with respect to the mRNA for β-actin; the latter was chosen to normal-
ize the results for loading differences. Individual ratios are shown below each blot. Means ± 1 SEM were 1.62 ± 0.12 and 0.93 ± 0.06 for S and
CaD rats, respectively. For abbreviations see Figure 1.



fluidity—was significantly reduced in CaD rats with respect
to S ones (1,2; Tables 8 and 9). We also found a decrease in
those indices determined by the PUFA and DBI. The data pre-
sented in Tables 2 to 7 compared to those from Tables 8 and
9 may indicate an apparent contradiction since the CaD con-
dition caused a large decrease in PUFA and an increase in sat-
urated FA, while acyl packing order decreased as a result.

As is well known, the cholesterol/phospholipid ratio, to-
gether with DBI values, is the main determinant of acyl chain
packing order in membranes (41–43). Tables 8 and 9 show a
significant decrease in rs values that directly correlates with a
decrease of more than 40% in the cholesterol/phospholipid
ratio. Apparently, two different changes in membrane com-
position produce opposite effects on acyl chain packing order:
One of them decreases this physicochemical parameter and
the other one increases it. The resulting DPH data show that
the reduction in cholesterol drives the change measured in the
packing state of the membrane. Previous work has docu-
mented that, in microsomes from animals fed a fat-deficient
diet, the common feature is a depletion in the FA derived from
the precursor linoleic and α-linolenic acids (46,47). The
physicochemical state of the membrane is well-known as a
key question in determining the activities of the desaturase
systems (31,32,41,48–51). As was previously suggested (52),
an increased fluidity leads to a depletion in PUFA biosynthe-
sis, and vice versa. This is one aspect of a general regulatory
mechanism that controls several membrane functions and that
has been designated “viscotropic regulation” (47,52).

Additional experimental support for a central role of the
decreased desaturase activities in the effects evoked by cal-
cium deprivation was obtained by determining the transcrip-
tional rate of the mRNA that encodes for rat liver ∆6-desat-
urase enzyme. In recent reports by Kan et al. (53) and Xing
and Insel (54), it was demonstrated that a calcium increase in
cytosol gives rise to the release of arachidonic acid into the
nucleus by means of phospholipase A2 translocation to the
nuclear envelope. This fact is related to the stimulated tran-
scription of desaturase genes described by Landschulz et al.
(55). Thus, a decrease in calcium availability would imply a
reduced transcription rate of FA desaturase from CaD rats.

We think that at least two different mechanisms leading to
the same biochemical effect exist. In one, calcium depriva-
tion in rats evoked an important alteration in acylation/deacy-
lation cycles through the inhibition of the calcium-dependent
phospholipase A2. This primary effect results in a significant
modification of the physicochemical properties of the micro-
somal membranes that, in turn, leads to a subsequent inhibi-
tion of the desaturase activities by viscotropic effect. In the
other postulated mechanism, deprivation of calcium leads to
a general failure in the transcriptional rate for the correspond-
ing FA desaturase mRNA. As a result of these two mecha-
nisms, the modifications in the analytical FA pattern and
membrane composition would be the consequence of the
adaptation to the CaD condition, which seems to be of gen-
eral influence rather than limited to a central organ such as
liver.

The relationship between FA metabolism in humans and
calcium deprivation was recently reviewed (56). Especially
in elderly people, calcium loss is related to altered membrane
functions and several changes in lipid composition (57). Al-
though this field of study has received some attention during
recent years, we think that the interactions between FA me-
tabolism and calcium availability deserve more investigation
since they offer novel approaches for understanding human
illnesses of increasing incidence such as osteoporosis (56).
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ABSTRACT: The technique of comprehensive GC (GC × GC)
was applied to the analysis of a standard mixture of FAME. The
methodology involved the use of two directly coupled capillary
GC columns providing different retention mechanisms, with a
pulsing modulator located near their union. The first column
was chosen to elute analytes based on b.p. variations, and the
second column was based on polarity. Thus, the separation in
the two dimensions was orthogonal, since solutes delivered si-
multaneously to the second column had similar b.p., and the
second column separated these primarily on their differentiat-
ing mechanisms of polarity. Greater sensitivity of detection and
narrower peak widths were obtained; here, peak response in-
creases of about 20-fold were obtained, with pulsed peak
widths of about 150 ms. Peaks were displayed in a 2-D contour
plot to allow the complexity of the compounds to be seen and
their b.p. and polarity properties to be readily recognized. Chro-
matographic separation of geometric and positional isomers of
FAME in the 2-D space is possible. Since retention can be re-
lated to the degree and manner of unsaturation and isomeriza-
tion, and as peak positions are highly reproducible in the 2-D
retention map, this is a useful aid for component identification
in the absence of appropriate standards. In this work, two col-
umn combinations were used to examine the effects of polarity
changes on component separation. Improved quantitation
based on FID area measurement was demonstrated. A sample
of marine oil gave 49 resolved, identified peaks, with at least an
additional 20 peaks resolved but not identified.

Paper no. L8946 in Lipids 37, 715–724 (July 2002).

For dietary, nutritional, and therapeutic reasons, the analysis
of FA contained in animal fats and vegetable and other oils
has been of considerable interest for some time (1). Analysis
of these carboxylic acids has generally been achieved by the
formation of the FAME, followed by GC separation and iden-
tification. Maximizing the efficiency of separation is now
required because of the increasing awareness that these indi-
vidual compounds may play an important role in human and
animal health and because of the structural significance of the
compounds. Complex samples comprising components of
similar physicochemical properties may make complete reso-

lution difficult or impossible. The need to separately identify
individual FAME must therefore increasingly rely on the use
of the highest-resolution separation methods available. The
ability to separate and uniquely identify such isomers in com-
plex samples is a basic requirement to support their accurate
quantitation.

FAME are relatively simple to prepare by established
methods, their elution temperatures are lower than the un-
derivatized FA, their GC elution characteristics are more fa-
vorable, and a large body of retention index data is available.
GC separation of FAME geometric and positional isomers by
utilizing the subtle differences between these compounds and
specific solute/stationary phase interaction is possible to some
degree, but rarely will all peaks be resolved to baseline (2)
even when exceedingly long, highly polar (100 m CP Sil 88)
columns are used. The increased length requires slow pro-
gramming rates (<1°C/min) for maximum efficiency; conse-
quently, analysis times are longer. An added complication is
that the polar columns required for single-dimension separa-
tion can cause the polyunsaturated FAME (PUFA) to elute at
similar times as the more saturated higher-M.W. FAME (3),
requiring higher resolution (longer columns and slower tem-
perature programming) than would otherwise be necessary
(2–6). This increases the complexity of component identifica-
tion. Good component separation through increased chro-
matographic column length also enhances identification of
components using the retention index.

The most effective (precise and accurate) analysis of any
mixture using chromatographic techniques arises when all rele-
vant components are fully resolved from both the other analytes
of interest and matrix interferences. In order to minimize the ef-
fects of the latter, it is often necessary to perform complex sam-
ple cleanup, often decreasing the PUFA yield or recovery.

Multidimensional GC may offer a solution to the resolu-
tion and time limitations imposed by single-column analysis,
but it cannot be readily applied to an analysis of the total sam-
ple. However, the comprehensive 2-D GC (GC × GC) method
overcomes this limitation, and a complete 2-D resolution map
of a sample may be realized. The present report investigates
the possibilities of using GC × GC to maximize the separa-
tion efficiency by molecular size, degree of unsaturation, and
positional and geometric isomerization of FAME through the
significant increase in resolution that can be obtained by using
this technique. Furthermore, chemical properties may be de-
duced from the position of the components in the 2-D separa-
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tion, where the location of a compound in the 2-D space may
be related to structural features of the molecule. The standard
mixtures examined were chosen to demonstrate the applica-
tion of this technique. Use of a marine oil illustrates the pos-
sibilities of the method for complex sample analysis. 

MATERIALS AND METHODS

Gas chromatography. All GC analyses were performed on an
Agilent 6890 gas chromatograph (Agilent Technologies, Little
Falls, DE) equipped with a split/splitless injector, an Agilent
6890 autosampler, and an FID. The data collection rate from
the FID was performed at 20 Hz for “normal” GC and either at
100 or 200 Hz for GC × GC studies. Chromatographic analy-
ses used a single-temperature program ramp. Hydrogen carrier
gas was used at an initial nominal pressure of 100 kPa, and
pressure was programmed to maintain a constant average lin-
ear velocity. Two column sets were used: column set 1: 30 m ×
0.25 mm i.d. × 0.25 µm film thickness (df) BPX5 (5% phenyl-
equivalent polysilphenylene phase) coated column connected
to a 0.8 m × 0.1 mm i.d. × 0.1 µm df BP20 (polyethylene glycol
phase) column. Column set 2: 25 m × 0.22 mm i.d. × 0.2 µm df
BP1 (100% polydimethylsiloxane) coated column connected
to a 1.0 m × 0.1 mm i.d. × 0.2 µm df BPX70 (cyanopropyl poly-
silphenylene—equivalent to 70% cyanopropyl siloxane). All
columns were obtained from SGE International (Ringwood,
Victoria, Australia). Temperature program conditions are given
in figure legends.

Description of cryogenic modulation and the GC × GC
technique. GC × GC is a relatively new technique (7,8), in
which effluent from a primary analysis column (dimension 1,
or D1) is compressed and/or pulsed as a narrow “re-injection”
band onto a second column (dimension 2, or D2). For most
applications, the primary column is a conventional nonpolar
b.p. separation column, with solutes separated based on dis-
persion forces. The second column is chosen for its ability to
separate those overlapping components from D1 that show
differences in D2 sufficient to afford separation. Each re-
injection step gives an individual chromatogram on the sec-
ond column, normally of a few seconds duration, and each of
these is contiguous with its neighboring pulsed chromato-
gram. Since the primary column separation is carried out on a
nonpolar phase, the elution temperature is lower than would
be expected on a polar column. This aids in extending the
molar mass analysis range, since the maximal operating tem-
perature is largely controlled by the upper temperature limit
of the polar (second) column. The short second column does
not add significantly to the total retention.

Scheme 1 is a diagram of the GC × GC arrangement incor-
porating a longitudinally modulated cryogenic system (LMCS,
Everest model; Chromatography Concepts, Doncaster, Aus-
tralia) (9). A variety of applications of the technique have been
reported (10–16). A cryotrap is mounted inside the oven around
one of the columns (normally D2) near the union connecting
D1 and D2. Expanding liquid CO2 is used to cool the trap to
approximately 100°C or more less than the oven temperature.

The movement of the trap is initiated by Agilent Chemstation
software. The trap can be moved between the “trap” and “re-
lease” (desorb) positions in one of two modes. The most com-
monly used is the “modulation” mode, where, after a predeter-
mined time, the sequence is initiated by the external events
controller of the Agilent Chemstation. The trap then moves in
an accurately controlled repetitive sequence of alternate trap-
ping and releasing. Modulation can be varied from 1.5 to 9.9 s
in steps of 0.1 s. A 3-s modulation period was used for all GC
× GC chromatograms in this research. Targeted trapping is an
alternative mode. Here, each step is directly controlled by the
Chemstation event controller. This mode maximizes solute sen-
sitivity, because an individual component can be completely
trapped (zone compressed) into a single cryogenic event before
being released as a single narrow band onto the second column.
This mode can also be used to determine absolute D2 retention
time. Data processing of the resultant digital data stream is de-
tailed elsewhere (16). The GC × GC result is effectively a 2-D
plot of b.p. separation in one (horizontal) dimension and polar-
ity separation in the (vertical) second. The nonpolar/polar col-
umn arrangement allows coeluting solutes (of different polari-
ties) on D1 to be separated by polar interactions on D2. The
converse arrangement would mean that coeluting solutes of dif-
ferent polarities would then have to be separated on a nonpolar
D2 column, which is less easily achieved.

Refocusing the solute stream near the end of the column
set results in zone-compressed components whose sensitivity
is significantly increased over the corresponding conven-
tional, single-column analysis. This is a major benefit of the 
cryogenic modulation process used here (17). The dimensions
of D2 must be chosen to complete each individual D2 separa-
tion in a relatively few (e.g., one or two) modulation cycles.
D1 dimensions and operating conditions are similar to those
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of normal single-capillary GC analysis. The D2 column is
usually a short, narrow bore column of a thin stationary phase
coating operating under fast, pseudo-isothermal conditions. It
may be considered isothermal because of the short analysis
time compared to the oven ramp rate (i.e., the temperature in-
crement may be only 0.2°C for a 4-s elution time on D2 with
a temperature program of 3°C/min).

de Geus et al. (18) showed the feasibility of characterizing
FAME by 2-D GC. This group used a thermal sweeper modu-
lator to resolve the analytes in FA mixtures contained in fish
and vegetable oils. Separation of linear saturated and unsatu-
rated compounds by size, degree of unsaturation, and posi-
tional isomerization was shown.

The cryotrapping modulation mechanism is shown in
Scheme 2. With the cryomodulator resting in the trap posi-
tion, solute molecules traveling in the carrier gas encounter
the cooled zone and are sorbed in or on the stationary phase
as a narrow band (Scheme 2A). 

Movement of the trap a sufficient (short) distance along the
column to its desorb position (Scheme 2C) causes it to pass
over the trapped solutes (Scheme 2B). It travels far enough to
clear the trapping section of the column, with that section now
raised to the prevailing oven temperature through the forced
air flow of the oven, and the trapped solute(s) are then remobi-
lized (Scheme 2C). The bandwidth of the solute (when remo-
bilized) at this point is estimated to be approximately 15 ms,
and the trapped solute zone will be of the order of mm length.

At Scheme 2C, any solute that reaches the cooled section
of column while the trap is in the desorb position condenses
out into a narrow band at this new trap position. As the trap
moves back to the start position (Scheme 2D), the condensed
solute is again mobilized, moving with the carrier gas until it
recondenses, along with any additional incoming solute,

ready for release in the next cycle (Scheme 2E). The process
is repeated continually (modulation) or as required (targeted)
over the required time segment of the chromatogram. 

Standards and sample. All studies were carried out using
the commercially available FAME mixture GLC 87 supplied
by Nu-Chek-Prep Inc. (Elysian, MN) as pure standard material
to aid in technique development. The GLC 87 mixture contains
saturated and unsaturated FAME and a range of C16, C18, C20,
C22, and C24 mono- and polyunsaturated FAME. The concen-
tration (by mass) of each compound present was as follows:
12:0 (3.0%); 13:0 (3.0%); 14:0 (3.0%); 15:0 (3.0%); 16:0
(18.5%); 17:0 (1.0%); 18:0 (6.5%); 19:0 (0.5%); 20:0 (0.5%);
22:0 (1.2%); 14:1n-5 (0.5%); 16:1n-7 (1.5%); 16:1n-7t (0.5%);
18:1n-9 (16.0%); 18:1n-9t (2.0%); 18:2n-6 (23.0%); 18:2n-6t,t
(3.0%); 18:3n-3 (3.0%); 18:3n-6 (0.5%); 20:1n-9 (0.4%);
20:3n-3 (0.5%); 20:3n-6 (1.5%); 20:4n-6 (5.0%); 22:1n-6
(0.4%); 22:2n-6 (0.5%); 22:6n-3 (1.0%); 24:1n-9 (0.5%). The
FAME mixture was diluted with analytical grade acetone and
injected using split injection with a suitable split ratio.

The marine oil (blue mussel)-derived FAME sample was
prepared by using standard procedures (19).

RESULTS AND DISCUSSION

In this study, the interpretation of isomeric separations fo-
cused on the C18 and C20 FAME present in the mixture. The
C18 region comprised the seven components 18:0, 18:1n-9,
18:1n-9t, 18:2n-6, 18:2n-6t,t, 18:3n-3, and 18:3n-6, having
different degrees of unsaturation. The C20 region comprised
20:0, 20:1n-9, 20:3n-3, 20:3n-6, and 20:4n-6. 

BPX5/BP20 column set. (i) C18 region. Figure 1 shows re-
sults of the C18 region obtained with column set 1. Figure 1A
is a normal GC analysis obtained on the two-column set with-
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out using the modulator and shows a chromatogram with only
three well-resolved peaks over the 20.50–23.50-min elution
region; significant peak overlaps were observed with only six
distinct peak maxima seen. Peak widths (4σ) of about 9 s
wide and maximal peak response of about 63 pA were ob-
served. Figure 1B is the same sample run under the same con-
ditions but with the modulator, CO2 coolant, and nitrogen
shield gas operating. Peak widths are now about 0.14 s, and
the height of the maximal pulse is 1370 pA (about 20× taller
than its normal GC peak response). Comparison of the two
figures shows a similar overall peak profile; however, each
compound in the modulated chromatogram (Fig. 1B) is now
a sequence of about five pulses. Figures 1A, B, and D are
arranged so that the peaks are aligned vertically, whereas Fig-
ure 1C shows an expansion of peaks 2, 3, 5, and 6 to illustrate
the successive pulsed D2 chromatograms that eventually
formed the 2-D contour plot.

Figure 1D shows a 2-D presentation of the GC × GC chro-
matogram in the C18 region. All seven components are fully
resolved; their individual presence is quite clearly seen on the
2-D contour plot. The full separation of these compounds took
only 2.2 min in the first dimension, and 0.3 s in the second.

Manipulating the contour plot parameters can often dis-
close hidden peaks, as can varying the scaling contour. If the
contour baseline used for peak plotting is too high, some par-
tial overlap of peaks may be concealed. FAME with greater
unsaturation, being more polar, appear with longer retention
times in the second dimension. Increased resolution in the
first (time-determining) dimension is only required for im-
proved selectivity of positional isomers. The 18:1 component
set here is simpler than might be present in regular samples,
and as complexity increases, improvements in chromatogra-
phy are required. An increase in the D2 column length would
be sufficient to achieve this. 
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FIG. 1. Comparative chromatograms of C18 FAME on column set 1. (A) Normal GC; (B) modulated GC × GC chromatogram; (C) expanded region
of (B); (D) GC × GC 2-D contour plot. (A), (B), and (D) are aligned by dimension 1 (D1) retention times. The temperature program was 150 to
250°C at 2°C/min at a constant flow rate of 1.2 mL/min. The detector and injector temperatures were 260 and 250°C, respectively. A split ratio of
100:1 and a modulation period of 3 s were used. D2, dimension 2.



Figure 2 is the 2-D contour plot of the complete GLC 87
mixture, where complete separation of this mixture was
achieved in 40 min. As an indication of the amount of separa-
tion required for high PUFA separation, the difference in D2 re-
tention times between 22:0 and 22:6n-3 was approximately 1 s.
Increased sample complexity, requiring an increase in D2 reso-
lution, can be achieved by increasing the D2 column length.

Concentrations of the compounds in the original mixture
are known, so it is possible to identify the positions of the var-
ious C18 isomers in the 2-D space based on their relative peak
areas. Peak relative retentions were otherwise supported by
GC–MS data using a column similar to that for GC analyses.
Thus, the peaks in Figure 1 were identified (as shown in
Table 1). For GC × GC, peak abundances showed excellent
correlation with expected amounts, where the summed areas
of peak pulses for each component were compared with the
total peak areas for all FAME. Component 6 was not observed
as a separate peak in the normal GC analysis, so it could not
be quantified. Likewise, some component areas were deter-
mined by peak skimming or vertical line drops at peak
valleys. These could have led to the inaccurate peak area as-
signments noted. Where peaks were clearly individual com-
ponents, GC × GC and normal GC gave equivalent peak area
percentage results in the present application. 

(ii) C20 region. A similar comparison may be made for the
C20 region. The unmodulated chromatogram gave peaks about
9.1 s wide (4σ) and were of reasonably low response (ca. 12
pA). Run under modulated conditions, each peak was again a
sequence of about five to six pulses, with the expected in-
creases in peak height. Figure 3 shows the 27.5–31.0 min (the
C20) region, with two separate sets of peak pulses (marked a
and b) eluting between 29.5 and 29.9 min. Note that while
their D1 retention time is the same, they are well separated in
the D2 dimension. The 20:1/20:3n-3 peaks are located in a rel-
ative relationship in the 2-D space similar to that shown for
18:1/18:3n-3, suggesting that the relative location of peaks in
the 2-D space may be correlated with molecular structure.

(iii) Homologous series trend and unsaturation retention
trend. Figure 4 illustrates elution positions in the 2-D space,
related by trends in degree of unsaturation (or iso-structural)
lines and structure variation for FAME of particular carbon
numbers. Positions enclosed by oval zones superimposed on
the plot are similar to the lines proposed by de Geus et al. (18).
Based on this model, it should be possible to identify, to a first
approximation, the structure of other FAME eluting elsewhere
in the chromatogram. Thus, on Figure 4 the curved lines refer
to the trend in homologous series, with Cx representing the
chain length and y showing an undifferentiated variable (at this
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FIG. 2. 2-D contour of GLC 87 FAME mixture (Nu-Chek-Prep, Elysian, MN) under conditions given in Figure 1. For abbreviations see Figure 1.



stage) included for completeness of definition. The zones
marked C14 through C22 refer to trends for different isomers
and components within a given carbon number set. Variations
in the trend are somewhat variable depending on the nature of

the individual FAME, although one might anticipate that the
fine detail of the relative positions of different FAME might
be correlated with structural features, as is indicated to some
extent in the pattern within the C18 and C20 compound sets.
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TABLE 1
Identification of C18 Peaks Using Relative Peak Areasa

GC × GC peak Concentration Expected Peak Normal GC peak Massc

Peak area (pA·s)b (% by mass)c (% mass) identiy area (pA·s)d (%)

1 101.0 6.7 6.5 18:0 96.4 6.5
2 248.4 16.5 16.0 18:1n-9 296.2 20.0
3 32.3 2.1 2.0 18:1n-9t 34.1 2.3
4 355.7 23.7 23.0 18:2n-6 348.2 23.5
5 47.3 3.1 3.0 18:2n-6t,t 46.6 3.1
6 47.4 3.1 3.0 18:3n-3 NQe NQe

7 8.03 0.53 0.5 18:3n-6 7.1 0.5

Total 840.1 828.6
aRefer to Figures 1A and 1B.
bGC × GC results giving sum of all pulses (Fig. 1B results).
cPercentages based on total integrated peak areas for all FAME (= 1503.7 pA·s).
dFigure 1A results.
eNQ, not quantified; peak not observable. This peak is incorporated into the peak 2 area, which
shows an elevated area percentage.

FIG. 3. Comparative 2-D chromatogram of C20 FAME on column set 1 under the conditions given in Figure 1. (A) Normal GC; (B) modulated GC ×
GC chromatogram; (C) expanded region of (B); (D) GC × GC 2-D contour plot. (a) C20:1n-9; (b) C20:3n-3. For abbreviations see Figure 1.



Such data presentation may then be used to facilitate the iden-
tification of FAME, especially under a situation where a stan-
dard is not available for confirmation purposes.

BP1/BPX70 column set. In order to increase resolution of
the FAME mixture in the C18 isomer region, the study was re-
peated with column set 2. It was chosen to maximize the
available difference in polarity between the BPX70 D2 col-
umn and the low-polarity BP1 D1 column. Along with CP Sil
88, BPX70 is sometimes reported to be the column phase of
choice for FAME analysis. Figure 5 shows the modulated
chromatogram and the 2-D contour plot of C18 FAME iso-
mers. The compound 18:2n-6t,t was not well resolved, being
obscured by 18:1n-9, which is present in high abundance. It
appears that the less polar BP20 column had better selectivity
for these FAME. Figure 6 compares the 2-D plots for the two
different column sets for C18 FAME, indicating the relative
2-D positions of 18:3n-3 and 18:2n-6t,t; both these compo-
nents shifted to shorter tR compared with the other FAME in
this region, which appear to have good pattern matching. In
Figure 6B, 18:2n-6t,t was placed at an approximate position
based on the observation of a shoulder on the pulses of the
main peak 18:1n-9. Therefore, 18:2n-6t,t could not be seen as

a separate peak in Figure 5 and now co-elutes with 18:1n-9
on D1; these two peaks are vertically aligned in Figure 6B.
This contributes to its lower resolution compared with Figure
6A, where 18:2n-6t,t is offset from 18:1n-9. As with any
chromatographic separation, a change in chromatographic
conditions would overcome this problem.

The structural similarity of 18:3n-3 and 18:3n-6 should
mean they do not have a large difference in their polarity.
Thus, in both Figures 6A and 6B they have only a small dif-
ference in their D2 retention times but have a considerable dif-
ference in the D1 (b.p.) retention times. Compounds 18:2n-6
and 18:3n-3 have a greater D2 retention difference; this can be
interpreted as showing a larger difference in polarity, corre-
sponding to more double bonds in the latter species. However,
the difference is larger in column set 2 (approximately 0.187
s) than in column set 1 (approximately 0.169 s), and the dif-
ferent elution temperatures may account for this.

Marine oil sample. Figure 7 shows the GC × GC separa-
tion of a marine oil derived from blue mussel (19). The com-
ponents were identified by both matching retention times
from the present work, and manual spectral deconvolution of
GC–MS analysis on a column with properties similar to the
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FIG. 4. Correlated trends showing the degree of unsaturation retention and homologous series (curved lines are numbered according to the degree
of unsaturation) in the 2-D space. For abbreviations see Figure 1.



D1 column used in the GC × GC studies reported here. The
compounds identified are listed in Table 2. It should be noted
that the FAME are separated from alkanes (identified by in-
jection of alkane standards) and a suspected plasticizer peak,
which are potential causes of interference in single-column
chromatography. About 50 peaks are identified or tentatively
identified in Figure 7, with an additional ~20 peaks showing
good resolution but for which identity is unknown. The pre-
cision of peak positions in the 2-D space means that the iden-
tification of given components in each sample may be as sim-
ple as comparing or overlaying the 2-D plots. In addition,
identifying the difference between samples involves compar-
ing the differences in peak positions in the 2-D plots.

GC × GC separation using LMCS is a powerful technique
for analyzing complicated FAME mixtures. Both resolution
and sensitivity are increased compared with nonmodulated
(conventional) GC. By use of the 2-D contour plot, the pres-
ence of all peaks can be detected and also peaks can be easily
recognized. Furthermore, trends in both homologous series
and unsaturation retention can be identified on the 2-D con-
tour plot. This should aid in identifying unknowns. The ap-
proach should now be validated with increasingly complex
FAME samples, especially those known to present difficulties
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FIG. 5. Comparative chromatograms of C18 FAME on column set 2. Conditions are as shown in Figure 1. (A) Modulated GC × GC chromatogram;
(B) GC × GC 2-D contour plot. For abbreviations see Figure 1.

TABLE 2
FAME Components Identified in a Marine Oil Sample

Peak no. Identitya Peak no. Identity

1 14:0 25 19:0
2 i15:0 26 19:1
3 a15:0 27 19:1
4 4,8,12 TMTDb 28 20:5n-3
5 15:0 29 20:4n-6
6 i16:0 30 20:3n-6
7 16:1n-7 31 20:2NMIc
8 16:1n-7t 32 20:2NMIc
9 16:2 33 20:2n-6

10 16:0 34 + 35 20:1n-11 + 20:1n-9
11 i17:0 36 22:1n-7
12 a17:0 37 20:0
13 17:2 38 22:6n-3
14 17:0 39 22:5n-3
15 i18:0 40 22:3
16 18:5n-6 41 22:2n-11
17 18:5n-3 42 22:2n-9
18 18:3n-3 43 22:2n-7
19 18:2n-6 44 22:2n-7t
20 18:1n-9 45 22:1n-9
21 18:1n-7 46 22:0
22 18:1n-7t 47 23:0
23 18:1n-5 48 24:1
24 18:0 49 24:0
ai, iso; a, anteiso.
bTMTD, trimethyltetradecanoic acid.
cNMI, nonmethylene interrupted.



in separation of key components. This will then permit refine-
ment of the choice of column set, column dimensions, and op-
erating conditions, if required, to maximize 2-D resolution.
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FIG. 7. Comprehensive 2-D GC analysis of marine oil on a BP1/BPX70 column set (SGE International, Ringwood, Victoria, Australia). GC condi-
tions are similar to those shown in Figure 1. Identified compounds are reported in Table 2. For abbreviations see Figure 1.



ABSTRACT: Published results regarding the effects of CLA on
immune cell functions have ranged from stimulation to inhibi-
tion. In those studies, a mixture of CLA isomers were used, and
food intake was not controlled. We have examined whether the
discrepancies in the results of earlier studies may be due to the
lack of controlled feeding and whether the two isomers of CLA
may differ in their effects on immune cell functions. Three
groups of C57BL/6 female mice were fed either a control,
c9,t11-CLA-, or t10,c12-CLA (0.5 wt%)-supplemented diet, 5
g/d, for 56 d. At the end of the study, the number of immune
cells in spleens, bone marrows, or in circulation; proliferation
of splenocytes in response to T and B cell mitogens; and prosta-
glandin secretion in vitro did not differ among the three groups.
Both CLA isomers significantly increased in vitro tumor necro-
sis factor α and interleukin (IL)-6 secretion and decreased IL-4
secretion by splenocytes compared to those in the control
group. Thus, the two CLA isomers had similar effects on all re-
sponse variables tested. The discrepancies among the results
from previous studies did not seem to be caused by the differ-
ences in the isomer composition of CLA used.

Paper no. L9027 in Lipids 37, 725–728 (July 2002).

CLA is a collective term for 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). Feeding a mixture of these isomers altered
several indices of immune cell functions in animal models
(2–11) but not in humans (12,13). Even in the animal models,
the effects of dietary CLA on immune cell functions have
been modest and variable. Thus, in one study splenocyte pro-
liferation in response to the T cell mitogen phytohemagglu-
tinin (PHA) was enhanced 3 wk after supplementing mouse
diets with CLA, but not after 6 wk (4). Proliferation in re-
sponse to another T cell mitogen, Concanavalin A (Con A),
was not altered at 3 and 6 wk after CLA supplementation. In
another study, 8 wk of CLA supplmentation of young mice
enhanced splenocyte proliferation at Con A concentrations of

0.5 and 5.0 mg/L, but not at 1.5 mg/L; CLA supplementation
did not alter splenocyte proliferation in response to PHA (5).
Similar inconsistencies were found regarding the effects of
CLA feeding on cytokine secretion, delayed hypersensitivity
skin response, and other indices of immune response (2–11).
None of these studies controlled food intake or fed purified
isomers of CLA, which may be partially responsible for some
of the discrepancies. This study examined the effects of two
purified isomers of CLA on immune cell functions under con-
ditions of controlled food intake. Isomers used in our study
were the cis-9 and trans-11 (c9,t11-CLA), and trans-10 and
cis-12 (t10,c12-CLA), which are among the most abundant
isomers found in the mixtures used in previous studies. We
used a single concentration (0.5 wt%) of each isomer, which
is equivalent to the concentrations of these isomers present in
the CLA mixtures (0.1 to 1.5%) used in previous studies.

MATERIALS AND METHODS

Diets and animals. Highly enriched c9,t11-CLA, and
t10,c12-CLA isomers as FFA were a kind gift from Natural
ASA  (Hovdebygda, Norway). Both preparations contained
more than 85% of the isomer of interest. AIN-93G mouse diet
was used as the basal diet. Fat source in the diet was corn oil,
50 g/kg. CLA isomers were added at 5 g/kg by replacing an
equivalent amount of corn oil. Diets were constantly flushed
with nitrogen gas while being gently mixed in a blender and
then stored at −20°C. Fresh dietary packets were served each
day.

Thirty-five 8-wk-old, pathogen-free C57BL/6N female
mice were purchased from Charles River (Raleigh, NC) and
divided into three groups (11 or 12/group). Animals were
maintained in a sterile air curtain isolator at 25°C, with light
and dark cycles of 12 h each. Based on our previous experi-
ence with food required by the mice in this age range (14),
they were offered fresh food every day (5 g/animal/d) for 56
d. All food was consumed within 4–6 h in all groups. This
avoided the need for paired feeding and reduced the possibil-
ity of CLA oxidation. At the end of the study, body weight of
the mice fed the diet containing t10,c12-CLA was signifi-
cantly lower than that of the other two groups, which did not
differ from each other. All conditions and handling of the ani-
mals were approved by the Animal Care and Use Committee
at the University of California–Davis.
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Tissue collection and cell culture. Mice were anesthetized,
and blood was collected into EDTA-containing syringes by
heart puncture. Spleens were aseptically removed, weighed,
and placed in 5 mL Dulbecco’s modified Eagle medium
(DME; Sigma Chemical Co., St. Louis, MO) containing 5%
FCS, 25 mmol Hepes, 8 mmol glutamine, penicillin 10 KU/L,
and streptomycin 10 mg/L. Splenocytes were prepared as pre-
viously reported (15) and suspended in the DME medium
containing 5% FCS. For cell proliferation assays, splenocyte
concentrations were adjusted to 2 million/mL and 100 µL cell
suspensions were added to each well of 96-well plates (Falcon
Labware, Gaithersburg, MD). This was followed by the addi-
tion of an extra 100 µL media containing either the T cell mi-
togen, Con A (final concentrations 0, 0.5, 1.0, and 2.0 mg/L),
or the B cell mitogen, lipopolysaccharide (LPS) (final con-
centrations 0, 2.0, 5.0, and 15.0 mg/L). Three wells were used
for each mitogen concentration. Plates were then incubated at
37°C, 5% CO2, and 100% humidity for 72 h. Proliferation
was determined by incorporation of 5-bromo-2-deoxyuridine
(BrdU) into the DNA (16,17); the Proliferation ELISA BrdU
chemiluminescence kit was purchased from Roche
(Mannheim, Germany) and used as described by the manu-
facturer. Results are expressed as relative light units (rlu)/s/
well; one rlu is equivalent to one million photons/s/well. 

For cytokine and eicosanoid secretion assays, 2 million
splenocytes in duplicates were incubated in 1.0 mL of media
containing LPS (0, 1, and 10 mg/L) or Con A (0, 1, and 5 mg/L)
in 24-well plates for 4, 24, and 48 h. The cell culture media
were collected following centrifugation and stored frozen at
−70°C. Media from LPS-treated cultures were used to monitor
tumor necrosis factor α (TNFα), interleukin (IL)-6, and prosta-
glandin (PG) E2, while those from Con A-treated cells were
used to determine IL-2 and IL-4 using ELISA assays. Mitogen
concentrations and incubation times were selected based on
preliminary experiments. ELISA kits for TNFα, IL-2, IL-4,
and IL-6 were purchased from BD Pharmingen (San Diego,
CA) and those for PGE2 from Cayman (Ann Arbor, MI).

Statistical analysis. The data were subjected to one-way
ANOVA between and within diets, using the SAS software
(18). The one-tailed version of Dunnett’s test was used to make
comparisons of the test diet means with the control diet. Lev-
ene’s test was used to examine the homogeneity of variance as-
sumption. When heterogeneity was encountered, it was incor-
porated into the model using the SAS PROC MIXED.

RESULTS

Effect of CLA on cell numbers and splenocyte proliferation.
Both CLA isomers did not alter the total number of circulat-
ing white blood cells or their percentages as neutrophils, lym-
phocytes, monocytes, eosinophils, and basophils; nor did they
alter the number of splenocytes or bone marrow cells (not
shown). Figure 1 shows that neither of the CLA isomers al-
tered splenocyte proliferation in response to both the T and B
cell mitogens, although the proliferation was increased with
increase in mitogen concentration in all groups.

Effect of CLA on eicosanoid and cytokine secretion. We
examined the effects of CLA feeding on markers for inflam-
mation (PGE2, TNFα, and IL-6) and on representative cy-
tokines for Th1 (IL-2) and Th2 (IL-4) cells. Treatment effects
at the two mitogen concentrations were similar, but results are
shown only for the higher mitogen concentrations (LPS, 10
µg/mL, for PGE2, TNFα, and IL-6; Con A, 5 µg/mL for IL-2
and IL-4). Concentrations of PGE2 in the medium collected
at 4, 24, and 48 h from the splenocytes isolated from the mice
fed control diet were 5.0 ± 0.6, 5.4 ± 0.5, 5.3 ± 0.6 pg/mL, re-
spectively. The PGE2 concentrations in the two CLA groups
did not differ from those in the control group (not shown).
Medium concentrations of TNFα and IL-4 decreased between
4 and 48 h, whereas those of IL-2 and IL-6 increased (Figs.
2A–D). TNFα secreted within 4 h of mitogen stimulation was
significantly greater (P < 0.001) in both the CLA groups than
in the control group. Medium concentration of TNFα did not
differ among the three groups at 24 and 48 h, and also
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FIG. 1. Effect of CLA on splenocyte proliferation in response to Con-
canavalin A (Con A) (A) and lipopolysaccharide (LPS) (B). Splenocytes
were cultured with the indicated mitogen concentrations for 72 h. Lym-
phocyte proliferation was examined by the incorporation of 5-bromo-2-
deoxyuridine into the cellular DNA during the last 24 h in culture.
Results are expressed as mean ± SEM of rlu (relative light units)/s/well.
Neither of the CLA isomers altered splenocyte proliferation in response
to both the mitogens.



between the two CLA isomers at all three time points. IL-6
secreted into the medium after 4 h of LPS treatment was non-
detectable in all three groups. Twenty-four hours after LPS
treatment, secreted IL-6 was significantly (P < 0.01) greater
in both the CLA groups than in the control group, whereas
after 48 h, the difference was significant only for t10,c12-
CLA (P < 0.01) (Fig. 2B). 

The concentration of secreted IL-2 increased six- to seven-
fold from 4 to 24 h in all three groups of cells but did not
change between 24 and 48 h; there was no difference in its con-
centration among the three groups at all three time points (Fig.
2C). Neither of the CLA isomers altered the concentration of
IL-4 secreted within 4 h of mitogen treatment, but it was sig-
nificantly reduced by both the isomers at 24 and 48 h after mi-
togen treatment (Fig. 2D). There was no difference in IL-4 con-
centrations in the two CLA groups at all three time points.

DISCUSSION

We compared the effects of feeding two purified isomers of
CLA on several indices of immune and inflammatory re-
sponses in mice maintained on a controlled feeding regime.
Effects of the two isomers on immune cell functions did not
differ. Both the c9,t11-CLA and t10,c12-CLA did not alter
the number of immune cells in circulation, in spleens, or in
bone marrows. Neither of the isomers affected splenocyte
proliferation in response to T and B cell mitogens, or the se-
cretion of PGE2 and IL-2. We had found similar results with
feeding of a mixture of CLA isomers to healthy women
(12,13). These results are in part consistent with those of ear-
lier reports in mice (4,5). In one of these reports, 8 wk of CLA
supplementation resulted in a modest increase in splenocyte
proliferation at Con A concentrations of 0.5 and 5.0, but not
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FIG. 2. Effect of dietary CLA on in vitro secretion of tumor necrosis factor α (TNFα) (A), interleukin (IL)-6 (B), IL-2 (C), and IL-4 (D) by splenocytes
stimulated with 10 µg/ mL LPS (A and B) and 5 µg/mL Con A (C and D). Bars with different letters are significantly different. Secreted TNFα at 4 h
was significantly (P < 0.001) greater in both CLA groups than in the control group; at 24 and 48 h there was no significant difference among all
three groups. Secreted IL-6 at 24 h was significantly (P < 0.01) greater in both CLA groups than the control group; at 48 h the difference was signif-
icant only for the t10,c12-CLA group. At all times, secreted IL-2 was not significantly different among the three groups. Secreted IL-4 was signifi-
cantly less in both CLA groups than in the control group at 24 and 48 h (P < 0.03) but not at 4 h. 



at 1.5 mg/L (5). In the other report, 6 wk of CLA supplemen-
tation did not affect splenocyte proliferation (4). IL-2 secre-
tion was increased in one (5) but not in the other study (4).
Results regarding splenocyte proliferation differ from those
of another study that found increased proliferation in response
to both Con A and PHA in splenocytes isolated from mice fed
a CLA-containing diet (2).

Both CLA isomers increased the secretion of TNFα and
IL-6 and decreased that of IL-4 (Figs. 2A–D). These changes
could have been easily missed if we had tested all cytokines
only at a single time point. Our results regarding TNFα and
IL-6 differ from those obtained with rat peritoneal macro-
phages, where feeding a mixture of CLA isomers decreased
the secretion of both these cytokines (6). Those investigators
reported that the effect of CLA varied with the n-6/n-3 FA
ratio of the experimental diets. Results of our current study
also differ from those found in humans (12,13), which most
likely are due to the amount of CLA fed; the amount of
CLA/kg body weight was 20 times greater in the mouse than
in the human study. The amount of CLA needed in humans to
match that used in the mice will require 75 g/d/60 kg person;
this is greater than or equal to the total daily fat consumed by
most humans and cannot be considered as a nutritional sup-
plement.

Published effects of CLA on immune cell functions varied
not only for the functions tested in this study but also for other
functions including delayed type hypersensitivity response,
ratios between helper and suppressor T cells, and serum im-
munoglobulin levels (4–10) as well. The results have ranged
from stimulation to inhibition or no effect. These discrepan-
cies do not seem to be due to the differences in isomer com-
position of the CLA mixtures used, because the effects of two
isomers in the present study were similar. These may be due
to lack of controlled feeding or other factors, including cul-
ture conditions (serum type and concentration, mitogen con-
centration and culture period), cell type (peritoneal vs.
splenocyte vs. blood cells) composition, and storage of the
diets, species, and age of the animals.

In conclusion, both CLA isomers have similar effects on
several aspects on immune cell functions in mice; many in-
dices were not altered by both isomers, whereas others were
modestly affected by both isomers. Because of only modest
effects, even at high concentrations of CLA intake, any clini-
cal benefit to enhance immune status with nutritional supple-
ments of CLA seems unlikely. 
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ABSTRACT: In mammalian cells, Sprecher has proposed that
the synthesis of long-chain PUFA from the 20-carbon substrates
involves two consecutive elongation steps, a ∆6-desaturation step
followed by retroconversion (Sprecher, H., Biochim. Biophys.
Acta 1486, 219–231, 2000). We searched the database using the
translated sequence of human elongase ELOVL5, whose encoded
enzyme elongates monounsaturated and polyunsaturated FA, as
a query to identify the enzyme(s) involved in elongation of very
long chain PUFA. The database search led to the isolation of two
cDNA clones from human and mouse. These clones displayed
deduced amino acid sequences that had 56.4 and 58% identity,
respectively, to that of ELOVL5. The open reading frame of the
human clone (ELOVL2) encodes a 296-amino acid peptide,
whereas the mouse clone (Elovl2) encodes a 292-amino acid
peptide. Expression of these open reading frames in baker’s yeast,
Saccharomyces cerevisiae, demonstrated that the encoded pro-
teins were involved in the elongation of both 20- and 22-carbon
long-chain PUFA, as determined by the conversion of 20:4n-6 to
22:4n-6, 22:4n-6 to 24:4n-6, 20:5n-3 to 22:5n-3, and 22:5n-3 to
24:5n-3. The elongation activity of the mouse Elovl2 was further
demonstrated in the transformed mouse L cells incubated with
long-chain (C20- and C22-carbon) n-6 and n-3 PUFA substrates
by the significant increase in the levels of 24:4n-6 and 24:5n-3,
respectively. This report demonstrates the isolation and identifi-
cation of two mammalian genes that encode very long chain
PUFA specific elongation enzymes in the Sprecher pathway for
DHA synthesis.

Paper no. L9060 in Lipids 37, 733–740 (August 2002).

PUFA are involved in many biological functions including in-
flammatory response (1), fetal growth and development (2),
retinal function, and brain development (3,4). The 20-carbon
PUFA also serve as precursors to eicosanoids, such as prosta-
glandins, prostacyclins, thromboxanes, and leukotrienes (5).
Small amounts of very long chain PUFA with a chain length
of 22 carbons or more are also present in many animal tissues,
especially in the testis, retina, brain, and liver (6).

PUFA of the n-6 and n-3 families are either obtained di-
rectly from the diet or derived from biosynthesis of dietary

EFA, linoleic acid (LA, 18:2n-6) and α-linolenic acid (ALA,
18:3n-3). The biosynthesis of n-6 and n-3 long-chain PUFA
requires several desaturation and elongation enzymes (Fig.
1). The ∆6-desaturase converts LA and ALA to γ-linolenic
acid (18:3n-6) and stearidonic acid (18:4n-3), respectively.
An elongation system adds two carbons to synthesize 20:3n-6
from 18:3n-6 and 20:4n-3 from 18:4n-3. The ∆5-desaturase
then converts 20:3n-6 and 20:4n-3 to form arachidonic acid
(AA, 20:4n-6) and EPA (20:5n-3), respectively. A second
elongation system converts AA to 22:4n-6 and converts EPA
to 22:5n-3. It was generally believed that 22:5n-6 and DHA
(22:6n-3) were formed from 22:4n-6 and 22:5n-3 by the action
of ∆4-desaturase. However, results from several studies have
indicated that such a ∆4-desaturase does not exist in mam-
malian tissues (7–10). Sprecher and others have shown that
DHA is produced in mammalian cells through a pathway in-
volving two consecutive elongation steps (from 20:4n-6 to
22:4n-6 and from 22:4n-6 to 24:4n-6 in the n-6 metabolic
pathway, and from 20:5n-3 to 22:5n-3 and from 22:5n-3 to
24:5n-3 in the n-3 metabolic pathway) (11–16), followed by a
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dicate the Sprecher pathway (Ref. 11).



∆6-desaturation (from 24:4n-6 to 24:5n-6 in the n-6 pathway
and from 24:5n-3 to 24:6n-3 in the n-3 pathway) and retro-
conversion (from 24:5n-6 to 22:5n-6 and from 24:6n-3 to
DHA, by β-oxidation in the peroxisomes) (Fig. 1) (17).

According to Sprecher’s pathway, synthesis of long-chain
PUFA (i.e., DHA from ALA and 22:5n-6 from LA) requires
at least three different elongation steps. Since recent evidence
has suggested that chain length-specific PUFA-elongating en-
zymes are present in rat microsomes (16–18), it is possible
that the three elongation steps in Sprecher’s pathway are reg-
ulated by different elongation enzymes.  Previously, we iso-
lated ELOVL5 from human liver and demonstrated the abil-
ity of the encoded enzyme to elongate C18- and C20-PUFA
when expressed in baker’s yeast, Saccharomyces cerevisiae
(19). However, no enzyme that is involved in the elongation
of 22:4n-6 to 24:4n-6 and 22:5n-3 to 24:5n-3, respectively,
has been identified (17). 

Recently, Tvrdik et al. (20) isolated a series of mouse elon-
gation genes (Elovl1, Elovl2, and Elovl3). They showed that
Elovl1 and Elovl3 genes are homologs of yeast ELO3 and
ELO2 genes, respectively (21), and that their encoded pro-
teins are involved in the elongation of a broad group of satu-
rated and monounsaturated FA up to 24 carbons, but not long-
chain PUFA (21). The specific activity of Elovl2, on the other
hand, had not been established. Since the level of expression
of Elovl2 is high in testis, which is also rich in long-chain
PUFA, it is possible that Elovl2 is involved in the metabolism
of long-chain PUFA species (20). In this report, we describe
the isolation of Elovl2 from mouse and its homolog
ELOVL2 from human, and demonstrate the involvement of
their respective encoded enzymes in elongation of very long
chain PUFA when expressed in baker’s yeast and mammalian
cells. This is the first report of mammalian genes encoded for
very long chain PUFA-specific elongation enzymes involved
in the biosynthesis pathway proposed by Sprecher (11). 

EXPERIMENTAL PROCEDURES

Identification and cloning of the Elovl2 and ELOVL2 cDNA.
A Basic Local Alignment Search Tool (BLAST) search of the
databases through the National Center for Biotechnology In-
formation (NCBI) (http://ncbi.nlm.nih.gov) was carried out
using the DNA sequence of human ELOVL5 as a query. The
search resulted in identifying the mouse and human expressed
sequence tag (EST) sequences with high homology to the
ELOVL5 sequence. Primers were designed to PCR-amplify
the protein coding regions of Elovl2 and ELOVL2 from
mouse and human brain Marathon-ReadyTM cDNA (Clon-
tech, Palo Alto, CA), respectively. Primers RO819 (5′-ATG
ATG CCA TGG AGC AGC TGA AGG CCT TTG-3′) and
RO820 (5′-CAG TCT CTG CTT TAA AAC AAG CTC
GTC-3′) were designed based on the putative Elovl2 se-
quence, and primers RO869 (5′-TGC GGA CCA TGG AAC
ATC TAA AGG CCT TTG-3′) and RO870 (5′- TTA CTC
AAG CTT ATT GTG CTT TCT TGT TC-3′) were designed
based on the putative ELOVL2 sequence. The DNA frag-

ments were then ligated into the pYX242(NcoI/HindIII) vec-
tor (Novagen, Madison, WI) to form plasmids designated as
pRAE-84 (Elovl2) and pRAE-90 (ELOVL2), respectively. 

Expression of the mouse and human cDNA in baker’s
yeast. The plasmid DNA, pRAE-84 and pRAE-90, were
transformed into S. cerevisiae 334, and the resulting clones
were screened for elongase activity (22). S. cerevisiae 334,
which contains only the pYX242 vector, was used as the neg-
ative control. The cultures were grown for 44 h at 30°C in se-
lective media containing saturated FA (16:0, 18:0, 20:0,
22:0), monounsaturated FA (16:1, 18:1, 20:1), and different
PUFA (e.g., LA, ALA, 18:3n-6, 18:4n-3, 20:4n-6, 20:5n-3,
22:4n-6, and 22:5n-3) as substrates.

Cloning and expression of the mouse cDNA in L cells. In
this study, the mouse L cells used to generate the cell lines
were derivatives of the fibroblast-like LtK cells (23). The
mouse Elovl2 DNA fragment was ligated into the pMET vec-
tor to form the plasmid pMET-mELONGASE-bGHpA.
Mouse L cells were then transfected with this plasmid by the
calcium phosphate precipitation procedure to generate stable
cell lines (24). The presence of the integrated elongation en-
zyme sequences in individual L-cell clones was verified by
DNA slot blot hybridization analysis using an [α-32P]dCTP-
labeled SmaI/EcoRI fragment from pRAE-84. The resulting
clones were screened for elongating activity in the serum-free
medium with or without the added substrate. Mouse L cells
without the mouse elongation enzyme cDNA were used as the
negative control. The cells were grown in T25 cm2 flasks to
80% confluency in DMEM (High Glucose; Gibco, Grand Is-
land, NY) containing 10% Nu-Serum, 50 µg/mL gentamicin
sulfate, 15 µg/mL hypoxanthine, 1 µg/mL aminopterin, and
5.15 µg/mL thymidine. The cells were then washed two times
with 6 mL of serum-free DMEM and incubated for 18 h in 10
mL DMEM, 50 µg/mL gentamicin sulfate, 15 µg/mL hypo-
xanthine, 1 µg/mL aminopterin, and 5.15 µg/mL thymidine
with or without substrate. In this study, 100 µM of long-chain
PUFA (20:4n-6, 22:4n-6, 20:5n-3, and 22:5n-3) were used as
substrates for determination of the expressed cDNA activity.
Following incubation, the cells were isolated by trypsin treat-
ment, resuspended in 1 mL serum-free DMEM and pelleted
by low-speed centrifugation. The supernatant was removed
and the cells were stored at −80°C until FA analysis.

Distribution of Elovl2 in mouse tissues. Male (C57 Black)
mice were fed a normal diet for 24 wk. Total RNA was iso-
lated from fresh tissues using RNA STAT-60TM (Tel-Test Inc.,
Friendswood, TX). Ten micrograms of total RNA was re-
solved on a 1% agarose gel containing 1% formaldehyde and
then transferred to GeneScreen Plus (NEN, Boston, MA).
Membranes were hybridized overnight in ULTRAhybTM so-
lution (Ambion, Inc., Austin, TX). The cDNA probe for
Elovl2 was the SmaI/EcoRI fragment from pRAE-84. The
probe was labeled with [α-32P]dCTP using the Random
Primed DNA Labeling Kit (Roche, Palo Alto, CA).

FA analysis. The FA distribution (as percentage of total
FA) of recombinant yeast cells containing pRAE-84, pRAE-
90, pYX242, and mouse L cells inoculated with pMET-
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mELONGASE-bGHpA, in the presence of various substrates,
was analyzed following the method described previously
(24–26). Briefly, the rinsed cell pellet was extracted with 20
mL of chloroform/methanol (2:1, vol/vol) containing 16 µg
triheptadecanoin (used as the internal standard). After extrac-
tion, the total cell lipids were saponified and methylated.
FAME were then analyzed by GC using a Hewlett-Packard
gas–liquid chromatograph (model 6890) equipped with an
FID and a 30-m fused-silica capillary column (0.32 mm, i.d.)
coated with 0.25 µm Omegawax (Supleco, Bellefonte, PA).
The injector and detector temperatures were 230°C. The
FAME were identified by comparison of their retention times
with authentic standards. The identity of novel FA was veri-
fied by GC–MS using a Hewlett-Packard mass selective de-
tector (model 5972) operating at an ionization voltage of 70
eV with a scan range of 20–500 Da. The mass spectra of new
peaks obtained were compared with those of a standard pre-
pared by H. Sprecher. The percent conversion was calculated
as [product/(substrate + product)] × 100.

RESULTS

Isolation of putative mouse and human cDNA sequences. The
human ELOVL5 translated sequence was used as a query to
search the database for a putative mammalian protein se-
quence involved in the long-chain PUFA elongation of the
retroconversion pathway. The search resulted in two full-
length sequences, mouse Elovl2 and human ELOVL2. Mouse
Elovl2 consisted of 876 bp, which encoded for 292 amino
acids. The translated sequence of Elovl2 exhibited 58% iden-

tity with that of human ELOVL5 (Fig. 2). The sequence of
human ELOVL2 consisted of 888 bp, which encoded for 296
amino acids. The putative human elongase had 56.4% iden-
tity with the human ELOVL5 protein (Fig. 2).

Expression of the mouse and human cDNA in yeast. To ex-
amine the substrate specificity of Elovl2 and ELOVL2, the
recombinant yeast strains 334(pRAE-84) containing Elovl2
and 334(pRAE-90) containing ELOVL2 were grown in mini-
mal media supplemented with 25 µM of different FA sub-
strates. In yeast strains incubated with either saturated FA
(16:0, 18:0, 20:0, and 22:0), or monounsaturated FA (16:1,
18:1, and 20:1), no elongation of these substrates was de-
tected (data not shown). To examine if Elovl2 and ELOVL2
had the ability to elongate long-chain n-6 PUFA, the recom-
binant yeast strains 334(pRAE-84) and 334(pRAE-90) were
grown in minimal media supplemented with 25 µM of 18:2n-6,
18:3n-6, 20:4n-6, or 22:4n-6. No elongation products were
observed in 334(pRAE-84) and 334(pRAE-90) yeasts incu-
bated with 18:2n-6 (data not shown). When 18:3n-6 was
added as the substrate, a small level of 20:3n-6 (0.43% by
weight of total yeast FA), the elongation product of 18:3n-6,
was found in yeast strain 334(pRAE-84) but not in
334(pRAE-90) (Table 1). When both yeast strains were incu-
bated with the 20- and 22-carbon long-chain n-6 PUFA, sig-
nificant proportions of these substrates were converted to
their respective elongated products. For example, when
20:4n-6 was added as the substrate, a considerable amount of
20:4n-6 was converted to 22:4n-6: 3.29% in strain
334(pRAE-84) and 1.18% in strain 334(pRAE-90). In addi-
tion to 22:4n-6, a novel FA was also observed in yeast lipid
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extracts. This FA had a retention time by GC and ion frag-
mentation pattern by GC–MS identical to those of the authen-
tic 24:4n-6 standard (a gift from H. Sprecher) (Fig. 3). Thus,
this novel FA was identified as 24:4n-6, an elongation prod-
uct of 22:4n-6. The level of 24:4n-6 accounted for 3.22% in
strain 334(pRAE-84), and 0.53% in strain 334(pRAE-90). In-
cubation with 22:4n-6 also resulted in an increase in the level
of 24:4n-6 in both yeast strains (Table 1). 

The recombinant yeast strains 334(pRAE-84) and 334-
(pRAE-90) were also grown in minimal media supplemented
with 25 µM of different n-3 long-chain PUFA substrates (e.g.,
18:3n-3, 18:4n-3, 20:5n-3, and 22:5n-3). In yeasts incubated
with 18:3n-3, no detectable amounts of 20:3n-3 (the elongation
product of 18:3n-3) were found (data not shown). When incu-
bated with 18:4n-3, a small portion of this FA (0.30%) in yeast
strain 334(pRAE-84), but not 334(pRAE-90), was converted
to its elongation product, 20:4n-3 (Table 2). When incubated
with 20:5n-3 and 22:5n-3, both yeast strains showed the ability
to elongate both n-3 PUFA (Table 2). Specifically, incubation
with 20:5n-3 resulted in an increase in the levels of 22:5n-3,
the direct elongation product of 20:5n-3. A novel FA was also
detected in the yeast lipid extracts. The identity of this novel
FA was confirmed to be 24:5n-3 based on its identical reten-
tion time and fragmentation pattern to that of the authentic
24:5n-3 standard (a gift from H. Sprecher) (Fig. 4). The levels
of 24:5n-3 were found to be 3.38% in strain 334(pRAE-84) and
1.94% in strain 334(pRAE-90). Incubation with 22:5n-3 also
significantly increased the levels of 24:5n-3: 2.02% in
334(pRAE-84) and 1.51% in 334(pRAE-90).

Expression of the mouse cDNA in mouse L cells. Control
and Elovl2-cloned mouse L cells (m-ELO) were incubated in
serum-free medium containing 100 µM of n-6 FA (i.e., 20:4n-6
and 22:4n-6). Results in Table 3 show that the FA profile of
m-ELO cells was significantly different from that of the con-
trol cells. When 20:4n-6 was added as the substrate, the level
of 24:4n-6 was significantly higher (3.01%) in cells inocu-
lated with the Elovl2 gene than that (0.59%) in the controls,
an increase of more than fivefold. When 22:4n-6 was added
as the substrate, the levels of 24:4n-6 in the m-ELO cells were
significantly increased to 1.44% (vs. 0.06% in the controls).
This represented a 24-fold increase.

Similar results were also seen in the control and m-ELO
cells incubated in serum-free medium supplemented with two

different n-3 substrates, 20:5n-3 or 22:5n-3 (Table 4). In cells
incubated with 20:5n-3, the level of 24:5n-3 was 1.69% in the
m-ELO cells. When compared with the control cells (0.55%),
there was a greater than threefold difference. When 22:5n-3
was added as the substrate, the level of 24:5n-3 was increased
to 4.66% in the m-ELO cells. In comparison with the control
cells (1.72%), this represents a threefold difference.

Distribution of Elovl2 mRNA in mouse tissues. Northern
blot analysis of Elovl2 expression in several mouse tissues
revealed that the highest levels of Elovl2 mRNA were found
in the testis and liver followed by brain and kidney (Fig. 5).
A larger additional mRNA (5 Kb) was also found in the liver,
and a smaller additional mRNA (1.3 Kb) in the testis of all
mice.

DISCUSSION

It was believed that DHA and 22:5n-6 were synthesized
through the conversion of 22:5n-3 and 22:4n-6, respectively,
by ∆4-desaturase. However, recent studies in mammalian
cells by Sprecher and others (14,17) have shown that DHA
and 22:5n-6 are produced from EPA and AA through a path-
way involving two consecutive elongation steps, followed by
a ∆6-desaturation and retroconversion by β-oxidation in the
peroxisomes (7). Numerous elongation enzymes specific for
saturated and monounsaturated FA (20,21), and a human en-
zyme, ELOVL5, responsible for the elongation of C18- and
C20-PUFA, have previously been identified (19); however, the
enzyme that elongates C20- and C22-PUFA, which is involved
in Sprecher’s pathway of long-chain PUFA synthesis, has not
been identified. In this study, by comparing the identity of the
known human PUFA elongation enzyme, ELOVL5, and
mouse and human EST sequences, we have successfully iden-
tified the mouse Elovl2 and human ELOVL2 cDNA se-
quences involved in long-chain PUFA biosynthesis.

When the mouse Elovl2 cDNA was expressed in yeast
cells, its encoded enzyme was actively involved in elongation
of the added C20- to C22-PUFA and C22- to C24-PUFA. The
encoded enzyme could also convert C18- to C20-PUFA to a
lesser extent, but converted no saturated and monounsatu-
rated FA substrates to their respective elongated products.
This finding indicates that this mouse enzyme exhibits sub-
strate specificity for both n-6 and n-3 long-chain PUFA.
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TABLE 1
FA Profiles (% by weight of total lipids) of Yeast Strains Containing pRAE-84, pRAE-90, or Vector Incubated
with 25 µM of Long-Chain n-6 PUFA (mean of four determinations)

18:3n-6 20:4n-6 22:4n-6
Control pRAE-84 pRAE-90 Control pRAE-84 pRAE-90 Control pRAE-84 pRAE-90

18:3n-6 2.03 2.49 4.16 — — — — — —
20:3n-6 — 0.43 — — — — — — —
20:4n-6 — — — 14.94 12.24 10.50 — — —
22:4n-6 — — — — 3.29 1.18 11.44 16.60 20.34
24:4n-6 — — — — 3.22 0.53 — 1.30 0.67
apRAE-84, mouse ELOVL2 elongation enzyme gene; pRAE-90, human ELOVL2 elongation enzyme gene.



When human ELOVL2 cDNA was expressed in yeast cells,
its encoded elongation enzyme also converted the added C20-
to C22-PUFA and C22- to C24-PUFA to their respective elon-
gated products, but had no effect on C18-PUFA, saturated FA,
or monounsaturated FA. This finding indicates that this
human enzyme exhibited a substrate specificity for long-chain
PUFA (C20- and C22-PUFA). However, unlike the mouse
Elovl2-encoded enzyme, this human enzyme had no effect on
C18-PUFA. This suggests, in spite of high homology between

the human and mouse enzymes, there exists a species differ-
ence in substrate specificity. Nevertheless, our findings indi-
cate that Elovl2 and ELOVL2 are the enzymes responsible
for the elongation of the long-chain PUFA in Sprecher’s path-
way in mouse and human tissues, respectively. 

In a separate study, the mouse Elovl2 cDNA was overex-
pressed in m-ELO cells. Results in Tables 3 and 4 show that
when C20-PUFA were added as the substrate, there were
marked accumulations of C22-PUFA and variable amounts of
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FIG. 3. Gas chromatogram of long-chain FA in control yeast cells and yeast cells transformed with only the vector
(pYX242), or with mouse Elovl2 (pRAE-84) or human ELOVL2 (pRAE-90) elongation enzyme genes. The yeasts
were incubated in 25 µM of the substrate, either 20:4n-6 (panel A) or 22:4n-6 (panel B), for 44 h at 30°C. The
GC–MS fragmentation pattern of peak X in yeast lipids was compared with that of the authentic 24:4n-6 (panel C).
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TABLE 2
FA Profiles (% by weight of total lipids) of Yeast Strains Containing pRAE-84, pRAE-90, or Vector Incubated
with 25 µM of Long-Chain n-3 PUFA (mean of four determinations)a

18:4n-3 20:5n-3 22:5n-3
Control pRAE-84 pRAE-90 Control pRAE-84 pRAE-90 Control pRAE-84 pRAE-90

18:4n-3 2.28 2.39 2.84 — — — — — —
20:4n-3 — 0.30 — — — — — — —
20:5n-3 — — — 9.97 3.84 5.10 — — —
22:5n-3 — — — — 1.21 1.64 8.79 5.87 8.36
24:5n-3 — — — — 3.38 1.94 — 2.02 1.51
aFor abbreviations see Table 1.

FIG. 4. Gas chromatogram of long-chain FA in control yeast cells and yeast cells transformed with only the vector
(pYX242), or with mouse Elovl2 (pRAE-84) or human ELOVL2 (pRAE-90) elongation enzyme genes. The yeasts
were incubated in 25 µM of the substrate, either 20:5n-3 (panel A) or 22:5n-3 (panel B), for 44 h at 30°C. The
GC–MS fragmentation pattern of peak Y in yeast lipids was compared with that of the authentic 24:5n-3 (panel C).



C24-PUFA in both control and m-ELO cells. This finding sug-
gests that the endogenous elongation enzyme in mouse cells
was involved in elongation of C20-PUFA to C22-PUFA, and
to a lesser extent the elongation of C22-PUFA to C24-PUFA.
As results showed that the endogenous enzyme elongated
C20-PUFA at a higher rate than the C22-PUFA, this step ap-
peared to be rate-limiting. Nevertheless, the level of C24-
PUFA of both n-3 and n-6 families was significantly higher
in the m-ELO cells than in the control cells, whether the sub-
strate was a C20- or a C22-PUFA, indicating an enhanced elon-
gation of C22- to C24-PUFA in the m-ELO cells. 

We have also examined the distribution of the Elovl2 tran-
script in various mouse tissues and found that the levels of
mRNA in the testis and liver were significantly higher than in
other tissues examined (Fig. 5). These results parallel the
higher levels of C22 and C24 FA detected in these tissues
(6,27). Previously, Tvrdik et al. (20) hypothesized that due to
high level in testis, Elovl2 may be involved in long-chain

PUFA elongation. It is also noteworthy that a larger additional
mRNA was found in the liver, and a smaller additional
mRNA was found in the testis of all mice. The larger and
smaller transcripts may express spliced variants of the Elovl2
enzyme, which may be involved in the regulation of gene ex-
pression.

In summary, we have identified mouse and human genes
that are homologs to the human ELOVL5 gene. Expression
of Elovl2 and ELOVL2 cDNA in baker’s yeast and expres-
sion of Elovl2 in mouse L cells produced an active enzyme
involved in the elongation of C20- and C22-PUFA, but not sat-
urated or monounsaturated FA. Our findings provide direct
evidence of the existence of an elongation enzyme in mam-
malian cells that is involved in the biosynthesis pathway of
long-chain PUFA (i.e., DHA and 22:5n-6), as proposed by
Sprecher (11).
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ABSTRACT: The purpose of this study was to investigate the
effect of dietary CLA on accretion of 9c-18:1, 9c,12c-18:2,
10t,12c-18:2, and 9c,11t-18:2 and conversion of these FA to
their desaturated, elongated, and chain-shortened metabolites.
The subjects were six healthy adult women who had consumed
normal diets supplemented with 6 g/d of sunflower oil or 3.9
g/d of CLA for 63 d. A mixture of 10t,12c-18:2-d4, 9c,11t-18:2-
d6, 9c-18:1-d8, and 9c,12c-18:2-d2, as their ethyl esters, was
fed to each subject, and nine blood samples were drawn over a
48-h period. The results show that dietary CLA supplementa-
tion had no effect on the metabolism of the deuterium-labeled
FA. These metabolic results were consistent with the general
lack of a CLA diet effect on a variety of physiological responses
previously reported for these women. The 2H-CLA isomers were
metabolically different. The relative percent differences be-
tween the accumulation of 9c,11t-18:2-d6 and 10t,12c-18:2-d4
in plasma lipid classes ranged from 9 to 73%. The largest differ-
ences were a fourfold higher incorporation of 10t,12c-18:2-d4
than 9c,11t-18:2-d6 in 1-acyl PC and a two- to threefold higher
incorporation of 9c,11t-18:2-d6 than 10t,12c-18:2-d4 in choles-
terol esters. Compared to 9c-18:1-d8 and 9c,12c-18:2-d2, the
10t,12c-18:2-d4 and 9c,11t-18:2-d6 isomers were 20–25% less
well absorbed. Relative to 9c-18:1, incorporation of the CLA
isomers into 2-acyl PC and cholesterol ester was 39–84% lower
and incorporation of 10t,12c-18:2 was 50% higher in 1-acyl
PC. This pattern of selective incorporation and discrimination is
similar to the pattern generally observed for trans and cis 18:1
positional isomers. Elongated and desaturated CLA metabolites
were detected. The concentration of 6c,10t,12c-18:3-d4 in
plasma TG was equal to 6.8% of the 10t,12c-18:2-d4 present,
and TG was the only lipid fraction that contained a CLA
metabolite present at concentrations sufficient for reliable quan-
tification. In conclusion, no effect of dietary CLA was observed,
absorption of CLA was less than that of 9c-18:1, CLA positional
isomers were metabolically different, and conversion of CLA
isomers to desaturated and elongated metabolites was low.

Paper no. L9030 in Lipids 37, 741–750 (August 2002).

The geometrical and positional isomers of conjugated octa-
decadienoic acid are commonly referred to as CLA and have
been reported to produce a variety of physiological effects.

Examples include body fat loss, increased lean body mass,
anticarcinogenic activity, antiatherogenic effects, reduced
glucose levels, and enhanced immune function. Studies re-
lated to these and other physiological and health effects of
CLA have recently been reviewed (1–3). The metabolism of
CLA isomers in rats and yeast cells has been investigated
(4–8), but no definitive data are available on the metabolism
of CLA isomers in human subjects. 

Three recent human studies have reported that supplemen-
tation with 0.36 to 3.2 g/d of CLA reduced the percent body
fat compared to the control group (9–11). Differences in
plasma lipid FA composition following dietary CLA supple-
mentation suggested that CLA decreased ∆-6 and ∆-9 desat-
urase and increased ∆-5 desaturase activity (11). The results
from a fourth study with adult women receiving 3.9 g/d of
CLA for 63 d have been reported recently in a series of pa-
pers (12–18). In this study, CLA supplementation did not pro-
duce measurable effects on body composition, energy expen-
diture, lipolysis, plasma leptin concentrations, appetite,
platelet function, blood coagulation, immune response, and
mononuclear cell function (12–15). Diet did not influence cy-
tokines and eicosanoid secretion in vitro and did not alter
plasma cholesterol, LDL, HDL, or TG levels (16,18). An al-
most fourfold increase in the weight percentage of CLA in
plasma lipid occurred, but there was no change in the CLA
content of adipose tissue (18). 

The purpose of this study was to address the following
questions that relate to the metabolism of CLA isomers in a
subgroup of adult women from the above dietary study. Does
dietary CLA supplementation influence accretion and
turnover of oleic acid, linoleic acid, and CLA isomers in
plasma lipids? To what degree does conjugation of a trans
double bond with a cis-9 or a cis-12 double bond influence
unsaturated FA metabolism? Are there significant differences
between the metabolism of the two CLA isomers (9c,11t-18:2
and 10t,12c-18:2) most prevalent in diets? 

EXPERIMENTAL PROCEDURES

Study design. Six Caucasian female subjects enrolled in a
CLA diet study volunteered to participate in this stable iso-
tope study. Three of the women were from the control group
that had received a sunflower oil supplement (6 g/d), and
three were from the experimental group that had received 6
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g/d of a commercially produced CLA supplement for 60 d.
The CLA supplement contained 65% CLA (3.9 g/d of CLA).
The subjects were between the ages of 23 and 41 yr and were
housed in a metabolic ward. Physical examinations and clini-
cal blood profile data indicated that all subjects were in good
health. Medical histories indicated no evidence of congenital
ailments. The subjects’ height/weight ratios, blood pressures,
and fasting serum cholesterol and TG concentrations were
within normal ranges. Physical characteristics and plasma
lipid profiles for the subjects participating in this isotope
study are summarized in Table 1. Plasma lipid data are for
blood samples drawn at the end of the diet study. Institutional
ethical approval was obtained for the study protocol from the
Agricultural Research Service’s Human Studies Institutional
Review Committee and the University of California at Davis,
Human Subjects Committee. Informed consent was obtained
from each subject before initiation of the study. Complete in-
formation on the study design, diet compositions, and other
details has been described previously (12,14). 

Deuterated FA. The synthesis of deuterium-labeled methyl
cis-9,cis-12-octadecadienoate-12,13-d2 (9c,12c-18:2-d2) and
methyl trans-10,cis-12-octadecadienoate-15,15,16,16-d4 (10t,
12c-18:2-d4) were synthesized and purified as previously
reported (19,20). Methyl cis-9-octadecenoate-11,11,12,12,17,
17,18,18-d8 (9c-18:1-d8) was prepared in a manner analogous
to that described for 9c-18:1-14,14,15,15,17,18-d6 (21). To
prepare the -d8 analog, 5-hexyn-1-ol was converted to the
tetrahydropyranyl (THP) ether, reduced (2H2; Wilkinson’s
catalyst) to yield the THP ether of hexanol-5,5,6,6-d4, and the
THP ether was converted to the iodide (H3PO4/P2O5/KI). The
C6 iodide was coupled (lithium metal/liquid NH3) with 2-
propyn-1-ol to yield 2-nonyn-1-ol-8,8,9,9-d4. The nine-car-
bon acetylenic alcohol-d4 was converted to the THP ether and
reduced (Wilkinson’s catalyst; 2H2) to form the THP ether of
nonanol-2,2,3,3,8,8,9,9-d8. The THP ether of nonanol-d8 was
converted to 1-iodononane-d8 (H3PO4/P2O5/KI), then to 1-
nonyl-d8-triphenylphosphonium iodide, and the phosphonium
salt was coupled with methyl 9-oxononanoate (Wittig reac-
tion) to yield 9c-18:1-d8. The synthesis of methyl cis-9,trans-
11-octadecadienoate-14,14,15,15,17,18-d6 (9c,11t-18:2-d6)
was analogous to preparation of 9c,11t-18:2-17,17,18,18-d4

(20) except that the THP ether of hexanol-2,2,3,3,5,6-d6 [2-
(hexyloxy-2,2,3,3,5,6-d6) tetrahydropyran] was utilized as the
deuterium-containing fragment. The hexanol-d6 was prepared
by reduction (Wilkinson’s catalyst/D2 gas) of the THP ether
of 2-hexyn-5-ene-1-ol. The “ene-yne-ol” THP ether was pre-
pared by coupling (Grignard) 1-bromo-prop-2-ene with the
THP ether of 2-propyn-1-ol. The THP ether of hexanol-
2,2,3,3,5,6-d6 was converted to the iodide (H3PO4/P2O5/KI),
then coupled with 2-propyn-1-ol to yield 2-nonyn-1-ol-d6,
which was reduced (lithium metal/liquid NH3) to trans-2-
nonen-1-ol-d6, converted to 1-bromo-trans-2-nonen-d6 (with
Ph3PBr2). This triphenylphosphonium salt was subsequently
coupled (Wittig reaction) with methyl 9-oxononanoate to
yield 9c,11t-18:2-d6. The deuterated FAME were converted
to their ethyl esters using sodium metal in ethanol as previ-
ously described (22). The isotopic purity of the deuterated FA
was: 85.8% for 9c-18:1-d8, 73.4% for 9c,12c-18:2-d2, 83.5%
for 9c,11t-18:2-d6, and 83.7% for 10t,12c-18:2-d4. Chemical
purity was 90.6% for 9c-18:1-d8, 78.9% for 9c,12c-18:2-d2,
91.6% for 9c,11t-18:2-d6, and 89.9% for 10t,12c-18:2-d4. Im-
purities were small amounts (1 to 5%) of deuterated odd
chain-length and trans FA isomers. Nondeuterated 16:0, 18:0,
and 9c-18:1 (13% total) were also present in 9c,12c-18:2-d2. 

Stable isotope study design. A mixture of deuterated ethyl
esters (62.4 g) containing 9c-18:1-d8, 9c,12c-18:2-d2, 9c,11t-
18:2-d6, and 10t,12c-18:2-d4 was blended for 1 min with 950
g of no-fat yogurt and 92.7 g of powdered sugar in a blender
blanketed with nitrogen. The six subjects were fasted
overnight (12 h), and each subject was fed a one-sixth portion
of the deuterated ethyl ester mixture. The first subject was fed
at 7:00 A.M. and the remaining subjects were fed at 10-min in-
tervals in order to allow time for blood draws. The amount of
deuterated ethyl esters fed to each subject was 1.77 g 9c-18:1-
d8, 3.30 g 9c,12c-18:2-d2, 2.66 g 9c,11t-18:2-d6, and 2.68 g
10t,12c-18:2-d4 after adjusting the actual weights for chemi-
cal and isotopic purity. Subjects were provided a no-fat break-
fast at 8:00 A.M. A low-fat (ca.15% fat calories) lunch was
provided at 12:00 noon. Following the noon meal, subjects re-
turned to their respective control or CLA diet schedule. 

Sample collection. Blood samples (14 mL each) were col-
lected by venipuncture at 0, 2, 4, 6, 8, 12, 24, 36, and 48 h and
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TABLE 1
Physical Characteristics and Plasma Lipid Profiles of Female Subjectsa

Diet Subject Body BMIc Plasma lipids (mg/dL)d

groupb number wt (kg) (kg/m2) TG Cholesterol Total lipide

Cntrl 1 63.6 21.32 67 174 139
2 87.2 28.39 46 212 177
3 54.0 20.43 53 211 214

Exp 4 55.6 21.71 64 200 214
5 65.1 23.16 44 155 167
6 54.5 21.98 77 216 231

aNonsmokers, ages 23 to 41, normal hypertensive.
bCntrl, control diet. Exp, experimental CLA diet.
cBMI, body mass index.
dFasting plasma lipid concentrations at end of 60 d diet period.
emg of total lipid FA per 100 mL of plasma.



used for isolation of plasma lipid classes. Additional blood
samples (ca. 14 mL) were collected at 2, 4, and 6 h and used
for isolation of chylomicron total lipid (Chylo-TL). Chylomi-
cron fractions were isolated by conventional preparative ul-
tracentrifuge methods (23). Representative chylomicron sam-
ples were analyzed by electrophoresis to confirm the purity
of the chylomicron fractions (24). 

Analysis of plasma lipid FA. Plasma lipids were extracted
with 2:1 chloroform/methanol (25). Preparative TLC was
used to isolate TG, cholesterol ester (CE), and phospholipid
fractions from plasma total lipid (TL) (26). Known weights
of triheptadecanoin, cholesterol heptadecanoate, and dihep-
tadecanyl-sn-phosphatidylcholine (Applied Science, State
College, PA) were added as internal standards to the TL ex-
tract. Methanolic sodium methoxide was used to prepare
methyl esters from the isolated lipid classes (22). The FA at
the 1-acyl and 2-acyl positions of PC were determined by iso-
lation and analysis of products produced following treatment
of PC with Ophiophagus hannah venom (Kentucky Reptile
Zoo, Slade, KY) (27). 

The percentages of labeled and unlabeled FA in the plasma
lipid classes were obtained by GC–MS analysis of their
methyl esters (28). Weights of the 17:0 internal standards
added were used to determine the concentrations (mg/mL) of
each deuterated and nondeuterated FA. A Hewlett-Packard
model 5988A quadrupole mass spectrometer operated in a
positive CI mode with isobutane as the ionization reagent was
used to analyze the methyl ester samples. The GC–MS
methodology utilized selected ion monitoring of the appro-
priate ion masses for the FA in each GC peak. The areas for
each of the ion masses monitored were obtained by integra-
tion of the selected ion peaks. The gas chromatograph–mass
spectrometer was equipped with a SUPELCOWAX 10 fused-
silica column (30 m × 0.25 mm; Supelco Inc., Bellefonte,
PA). The column was temperature-programmed from 165 to
265°C at 5°C/min with a 20-min final hold. The specific op-
erating conditions and computer-assisted storage and process-
ing of the MS data have been described previously (28,29).
Response factors were determined by analysis of standard
mixtures containing weighed amounts of pure fatty methyl
esters purchased from Nu-Chek- Prep Inc. (Elysian, MN) and
Applied Science. The accuracy of the GC–MS data was de-
termined by analysis of plasma TG, phospholipid, and CE
samples containing known weights of 9c-18:1-d8, 9c,12c-
18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4. The weight for
each of the deuterated fatty esters added was equal to about
0.3% of the total unlabeled FA in the samples. SD were based
on three replicate analyses. The SD for 9c-18:1-d8, 9c,12c-
18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in the TG, phos-
pholipid, and CE-spiked samples ranged from ±0.002 to 0.004. 

The accuracy of the GC–MS data for unlabeled methyl es-
ters was confirmed by analysis of a subset of samples using a
Varian model 3400 gas chromatograph. The GC was
equipped with a 100 m × 0.25 mm SP2560 fused-silica capil-
lary column (Supelco) and an FID. Operating conditions
were: split ratio, 1:100; linear velocity of helium, 21 cm/s;

detector and injection temperature, 235°C. The identification
and accuracy of the GC peaks areas were confirmed by com-
parison to data for authentic standards and mixtures of known
composition.

Statistical analysis and calculations. A two-tailed, un-
paired t-test was used to test for significant differences be-
tween control and experimental diet group data for the same
FA. A two-tailed, paired t-test was used to test for significant
differences between data for different deuterium-labeled FA
(30). For comparisons of different labeled FA, the data for the
individual control and experimental samples were pooled
since the data for the two groups were not significantly dif-
ferent. The concentration data (µg/mL) for the deuterated FA
and their metabolites were normalized to compensate for dif-
ferences in plasma lipid concentrations of the subjects and for
differences between the weights of 2H-FA in the fed mixture.
Normalization of the data to a per gram of deuterated FA fed
basis was achieved by dividing the mg of deuterated FA per
mL plasma data by the total concentration (mg/mL plasma)
of the sample. The µg of deuterated FA per mg of TL data
were then divided by the weights for the deuterated FA in the
fed mixture. Time-course curves were produced by plotting
the normalized µg deuterated FA/mg of TL data for the nine
samples collected over the 48-h study period. The total area-
under-curve (AUC) data were obtained by calculating the
total area under the time-course curve, as described previ-
ously (31,32), and are similar to weighted-average data.

RESULTS

Absorption. The time-course curves for Chylo-TL are shown
in Figure 1 for 9c,11t-18:2-d6, 10t,12c-18:2-d4, 9c,12c-18:2-
d2 and 9c-18:1-d8. These curves provide a comparison of the
relative absorption and clearance of these FA. Clearance of
the labeled FA appears to be faster for the CLA diet group,
but there were no significant differences between AUC data
from the control and experimental groups. The Chylo-TL re-
sults show that 10t,12c-18:2-d4 was about 10% less well ab-
sorbed than 9c,11t-18:2-d6 (P < 0.001 for pooled control plus
experimental data) and that both CLA isomers were 20–25%
less well absorbed than oleic and linoleic acid (P < 0.001). 

Effect of diet. Time-course curves for the major lipid
classes in plasma are shown in Figures 2–6. Comparison of
data plots from women fed the control and CLA-supple-
mented experimental diets show that dietary CLA had little
influence on incorporation of the deuterium-labeled FA used
in this study. The total areas for these curves are summarized
in Table 2. The control vs. experimental diet data were not
significantly different except for 9c,11t-18:2-d6 CE and 9c-
18:1-d8 PE data. Accumulation of 9c,11t-18:2-d6 in CE was
low, but it was 65.5% higher (P < 0.02) for subjects fed the
control diet than for the experimental group subjects. In con-
trast, control vs. experimental group CE data for the 10t,12c-
18:2-d4 CLA isomer are not significantly different. The con-
centration of 9c-18:1-d8 in PE was 6.5 µg/mg/g higher for the
CLA-supplemented diet than for the control diet (P < 0.02),
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but the time-course curves show this minor difference was
due to the 8-h sample data. Overall, the effect of dietary sup-
plementation with 3.9 g/d of CLA on the accumulation and
turnover of 9c,11t-18:2-d6, 10t,12c-18:2-d4, 9c,12c-18:2-d2
and 9c-18:1-d8 in plasma lipids was limited and consistent
with the absence of a dietary supplementation effect. 

Comparisons of FA accretion in plasma lipid classes. An
overview of differences between the lipid class data is pro-
vided by the percent 2H-FA data in Figure 7. The percentage
data illustrate the relative difference between incorporation
of 9c,11t- and 10t,12c-18:2, the general overall discrimina-
tion against incorporation of the CLA isomers, and the obvi-
ous (expected) preference for 9c,12c-18:2-d2 incorporation.
The differences between the percentages shown for Chylo-
TL and the other lipid classes are a reflection of enzyme
specificity for incorporation of the deuterated FA. For exam-
ple, 78% of all the deuterated FA incorporated in total PC was
9c,12c-18:2-d2, which is consistent with the high 9c,12c-
18:2-d2 content observed for human plasma PC. The percent-
ages for 9c-18:1-d8 (7.5%) and 9c,11t-18:2-d6 (6.0%) were
not significantly different, but the percentage for 10t,12c-
18:2-d4 (8.4%) was significantly higher (P < 0.001) than 9c-
18:1-d8 and 9c,11t-18:2-d6 due to its selective incorporation
in the 1-acyl PC (PC-1) position (34% of total deuterated FA).
The lower percentage for the CLA isomers in plasma TL and
TG than for 9c-18:1-d8 suggests that the β-oxidation rates for
the CLA isomers were higher than for 9c-18:1. 
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FIG. 1. Time-course plots for uptake and clearance of 9c-18:1-d8,
9c,12c-18:2-d2, 9c,11t-18:2-d6 and 10t,12c-18:2-d4 in chylomicron
total lipids of subjects fed the control and experimental diets. Each data
point is the average for data from three subjects. Error bars equal SE.
Error bars are not shown when less than the size of the symbol.

FIG. 2. Time-course plots for uptake and clearance of 9c-18:1-d8,
9c,12c-18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in plasma total
lipid of subjects fed the control and experimental diets. Each data point
is the average for data from three subjects. Error bars equal SE. Error
bars are not shown when less than the size of the symbol.

FIG. 3. Time-course plots for uptake and clearance of 9c-18:1-d8,
9c,12c-18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in plasma TG of
subjects fed the control and experimental diets. Each data point is the
average for data from three subjects. Error bars equal SE. Error bars are
not shown when less than the size of the symbol.



The selectivity ratios shown in Table 3 for 9c,11t-18:2-d6,
10t,12c-18:2-d4, and 9c,12c-18:2-d2 are a measure of the
acyltransferase selectivity for incorporation of these FA into
the various plasma lipid classes. Previously reported (33–38)
selectivity values for trans- and cis-18:1 positional isomers
and 18:0 were recalculated as simple ratios and are included
for comparison. Note that 9c-18:1 is the reference FA and has
a selectivity value of 1.0. Values less than 1.0 indicate dis-
crimination and values greater than 1.0 indicate preferential
incorporation. The selectivity values within a specific lipid
class for 9c,11t-18:2-d6 and 10t,12c-18:2-d4 are in the same
range as values listed for the positional 18:1 isomers. The ex-
ception is the PC-1 value for 9c,11t-18:2-d6 (0.46), which is
much smaller than values listed for other isomers. The selec-
tivity value of 0.46 for 9c,11t-18:2-d6 indicates that 9c,11t-
18:2-d6 incorporation at the PC-1 position was about 50%
lower than for 9c-18:1-d8 and 5–9 times less than for the other
18:1 isomers listed in Table 3. These results suggest that,
compared to most other FA isomers, 9c,11t-18:2-d6 has an
atypical configuration and is not a good substrate for PC
transferase. However, a comparison of the selectivity values
for accretion of 9c,11t-18:2-d6 and 10t,12t-18:2-d4 into all
other plasma lipid classes shows that both CLA isomers are
more metabolically characteristic of trans- and cis-18:1 posi-
tional isomers than of 18:0, 9c-18:1, or 9c,12c-18:2. 

AUC data for the control and experimental diet groups
listed in Table 2 were not significantly different and were
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FIG. 4. Time-course plots for uptake and clearance of 9c-18:1-d8,
9c,12c-18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in plasma PE of
subjects fed the control and experimental diets. Each data point is the
average for data from three subjects. Error bars equal SE. Error bars are
not shown when less than the size of the symbol.

FIG. 5. Time course plots for uptake and clearance of 9c-18:1-d8, 9c,12c-18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in plasma 1-acyl phos-
phatidylcholine (PC-1) and 2-acyl phosphatidylcholine (PC-2) of subjects fed the control and experimental diets. The plots for the 9c,12c-18:2-d2
PC-2 data are shown as inserts. Each data point is the average for data from three subjects. Error bars equal SE. Error bars are not shown when less
than the size of the symbol.



therefore combined to test for statistical differences between
individual FA within a lipid class. The following are some se-
lected comparisons. 

(i) TG. Incorporation of 9c-18:1-d8 was 50–70% higher (P
< 0.001) than for the labeled CLA isomers, and the difference
between the 9c,11t-18:2-d6 and 10t,12c-18:2-d4 isomers was
small (13%) but significant (P < 0.001). 

(ii) CE. Incorporation of 9c,12c-18:2-d2 was about 7.7
times higher than 9c-18:1-d8, 33 times higher than 9c,11t-
18:2-d6, and 70 times higher than 10t,12c-18:2-d4 (P values
all <0.001). The concentration of 2H-CLA in CE was the low-
est for any plasma lipid class. AUC data for 10t,12c-18:2-d4
are 48 to 65% lower than for 9c,11t-18:2-d6 (P < 0.001). This
difference is both a reflection of LCAT selectivity and the
lower concentrations of 10t,12c-18:2 in 2-acylphosphatidyl-
choline (PC-2). 

(iii) PC-1. Accumulation of 10t,12c-18:2-d4 in PC-1 was
three to four times higher than 9c,11t-18:2-d6 but was not dif-
ferent from 9c,12c-18:2-d2. More (25–30%) 10t,12c-18:2-d4
than 9c-18:1-d8 (P < 0.001) was incorporated. In contrast, in-
corporation of 9c,11t-18:2-d6 in PC-1 was 60–70% less than
9c-18:1-d8 (P < 0.001). The striking difference between the
incorporation in PC-1 for these two CLA isomers is evidence
to support the suggestion that these CLA isomers have differ-
ent physiological effects (39,40). The results are consistent
with cultured cell and yeast studies that found these CLA iso-
mers have different effects on apolipoprotein B secretion, TG
levels, and stearoyl-CoA desaturase activity (39–41).
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FIG. 6. Time-course plots for uptake and clearance of 9c-18:1-d8,
9c,12c-18:2-d2, 9c,11t-18:2-d6, and 10t,12c-18:2-d4 in plasma choles-
terol ester of subjects fed the control and experimental diets. Each data
point is the average for data from three subjects. Error bars equal SE.
Error bars are not shown when less than the size of the symbol.

TABLE 2
Total Area-Under-Curve Data for Deuterium-Labeled FA in Plasma Lipids of Adult Female Subjectsa

Deuterium-labeled FA
Lipid Diet 9c-18:1-d8 9c,12c-18:2-d2 9c,11t-18:2-d6 10t,12c-18:2-d4
class groupb µg/mg/g ± SDc µg/mg/g ± SD µg/mg/g ± SD µg/mg/g ± SD

Chylo-TLd Cntrl 86.5 ± 17.1 83.2 ± 13.9 70.7 ± 16.7 65.5 ± 18.0
Exp 81.3 ± 7.5 82.2 ± 7.0 67.0 ± 2.0 59.0 ± 2.1

TG Cntrl 207.1 ± 18.1 502.6 ± 20.6 98.1 ± 25.1 87.7 ± 23.7
Exp 188.0 ± 29.7 460.8 ± 49.0 73.8 ± 11.4 59.6 ± 10.5

CE Cntrl 33.6 ± 6.5 193.9 ± 34.4 11.2 ± 1.1e 4.0 ± 1.1
Exp 34.9 ± 3.9 230.4 ± 30.6 8.0 ± 0.4 4.1 ± 0.6

Total PLd Cntrl 2.1 ± 0.6 15.7 ± 3.1 1.9 ± 0.6 2.6 ± 0.9
Exp 2.2 ± 0.2 21.3 ± 2.0 2.0 ± 0.3 3.1 ± 0.01

PCf Cntrl 34.2 ± 4.2 370.0 ± 34.5 26.6 ± 2.2 38.6 ± 5.2
Exp 38.6 ± 0.7 383.0 ± 6.9 31.6 ± 4.9 42.0 ± 5.0

PC-1 Cntrl 21.6 ± 3.4 30.1 ± 3.8 8.8 ± 2.0 33.2 ± 7.4
Exp 27.9 ± 3.8 34.9 ± 0.9 9.8 ± 0.9 35.9 ± 0.3

PC-2 Cntrl 27.8 ± 2.6 423.9 ± 25.5 13.5 ± 2.0 9.4 ± 2.5
Exp 26.5 ± 7.3 438.6 ± 96.3 13.8 ± 4.0 10.6 ± 3.2

PE Cntrl 26.6 ± 2.2 130.4 ± 13.5 26.4 ± 0.2 31.0 ± 1.2
Exp 33.1 ± 1.9 171.2 ± 36.8 29.6 ± 3.8 32.4 ± 2.8

TL Cntrl 65.5 ± 8.8 189.1 ± 3.3 48.1 ± 9.8 37.3 ± 9.2
Exp 65.6 ± 9.1 222.0 ± 50.8 51.5 ± 9.8 41.7 ± 6.2

aFor comparisons of individual FA in a lipid class, data for Cntrl and Exp subjects are combined (n = 6). All FA comparisons
are significantly different at P < 0.001except for PC (9c,11t-18:2-d6 vs. 9c-18:1-d8), PE (9c,11t-18:2-d6 vs. 9c-18:1-d8), PE
(10t,12c-18:2-d4 vs. 9c-18:1-d8) and PE (10t,12c-18:2-d4 vs. 9c,11t-18:2-d6). 
bCntrl = control diet group;  Exp = experimental diet group.
cµg/mg/g = µg deuterated FA per mg of total FA in lipid class per g of deuterated fat fed (n = 3).
dChylomicron total lipid (Chylo-TL) and total phospholipid (Total PL) values represent area-under-curve data for 0-, 2-, 4-,
and 6-h samples.  
eCntrl vs. Exp diet group for cholesterol esters 9c,11t-18:2-d6 (P < 0.01).  No other diet group comparisons for the same
deuterium-labeled FA are significantly different.
fValues for PC represent area-under-curve data for the 8-, 12-, 24-, 36-, and 48-h samples. PC-1, 1-acyl phosphatidyl-
choline; PC-2, 2-acyl phosphatidylcholine; TL, total lipid.



(iv) PC-2. The concentration of 9c-18:1-d8 was 2.0 to 2.7
times higher than that of the CLA isomers (P < 0.001), and
9c,11t-18:2-d6 was 25% higher than 10t,12c-18:2-d4 (P <
0.001). The concentration of 9c,12c-18:2-d2 in the PC-2 posi-
tion is about 16 times greater than 9c-18:1-d8 and is typical of
the high selectivity previously observed for linoleic acid
(31,32,42). 

(v) PE. Data for the CLA isomers were not significantly
different, and 9c,12c-18:2-d2 concentrations were about five
times higher than for any other labeled FA. PE is the only
lipid class where accumulation of 9c-18:1-d8 was not signifi-
cantly greater than that for 9c,11t-18:2-d6 or 10t,12c-18:2-d4. 

(vi) TL. Accumulation and turnover of 9c,12c-18:2-d2 in
plasma TL were significantly higher (P < 0.001) than for the
CLA isomers and reflect the marked difference in the shapes
of the time-course curves for plasma TL (Fig. 2). AUC TL
values for 9c,12c-18:2-d2 are four to five times larger (P <
0.001) than for the CLA isomers and three times larger than
for 9c-18:1-d8 (P < 0.001). Curve shape for 9c-18:1-d8 incor-
poration and disappearance was similar to those of the CLA

isomers, but total curve area for 9c-18:1-d8 was 25% higher
than for 9c,11t-18:2-d6 (P < 0.001) and 40% higher than for
10t,12c-18:2-d4 (P < 0.001). The 9c,11t-18:2-d6 data were
21% higher than for 10t,12c-18:2-d4 (P < 0.001). 

Metabolites. Only two deuterium-labeled FA metabolites
were present at levels sufficient for accurate measurement.
The chain-shortened 9c-18:1-d8 metabolite (16:1-d8) was
1.8% in TL and 1.3% in TG of the 9c-18:1-d8 present. The
∆6-desaturated 10t,12c-18:2 metabolite (6c,10t,12c-18:3-d4)
was equal to 5% in TL and 6.8% in TG of the 10t,12c-18:2-
d4 present. Little or no 6c,10t,12c-18:3-d4 was detected in the
samples of other plasma lipid classes, and the ∆6-desaturated
9c,11t-18:2-d6 metabolite (6c,9c,11t-18:3-d6) was not de-
tected. Trace amounts of labeled 20:2, 20:3, and 20:4 contain-
ing a conjugated diene structure were present in a few (<5%)
samples. Elongated and desaturated 9c,12c-18:2-d2 metabo-
lites were present in all plasma lipid classes, but concentra-
tions of the dideuterated n-6 metabolites were not sufficiently
higher than the m + 2 natural 13C background levels to allow
accurate quantification. 

DISCUSSION

Accumulations of labeled FA in all plasma lipid classes were
not significantly different for women receiving the control
and CLA-supplemented diets, with one exception. The con-
centrations of 9c,11t-18:2-d6 in CE were statistically differ-
ent, but the difference probably does not indicate a biologi-
cally important effect of diet because the absolute difference
is very small. Comparison of the control and experimental
diet results shows that dietary CLA does not alter oleic acid
or linoleic acid metabolism and suggests that dietary CLA
would not produce physiological effects associated with oleic
and linoleic acid metabolism. The lack of a measurable effect
of dietary CLA on 9c-18:1-d8 and 9c,12c-18:2-d2 metabolism
contrasts with results for 20:4n-6- and 22:6n-3-supplemented
diets that showed both 20:4n-6 and 22:6n-3 have a major in-
fluence on the metabolism of deuterium-labeled 9c-18:1 and
9c,12c-18:2 (31,32,43). The results from this study are con-
sistent with results from a study that found incorporation of
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FIG. 7. Percentage of 9c-18:1-d8 (diagonal lines), 9c,12c-18:2-d2 (verti-
cal lines), 9c,11t-18:2-d6, (cross-hatched), and 10t,12c-18:2-d4 (solid)
in human plasma lipid classes. Percentages are calculated from the
combined average of area concentration data for subjects fed the con-
trol and experimental diets. Chylo-TL, chylomicron total lipid; TL, total
lipid; PC-1, 1-acyl PC; PC-2, 2-acyl PC; CE, cholesterol ester.

TABLE 3
Selectivity Values for Incorporation of CLA Isomers Relative to Oleic Acid in Plasma Lipid Classes of Adult Womena

FA selectivity values

Lipid class 9c,11t-18:2 10t,12c-18:2 9c,12c-18:2 9t-18:1 10t-18:1 10c-18:1 11t-18:1 11c-18:1 12t-18:1 12c-18:1 18:0

TG 0.53 0.50 2.48 0.89 0.87 0.79 0.66 0.85 0.51 0.71 0.96
CE 0.34 0.16 6.26 0.19 0.29 0.18 0.06 0.45 0.20 0.69 0.01
PC 0.97 1.50 10.54 1.35 0.54 1.29 1.00 1.15 1.48 3.8 4.56
PC-1 0.46 1.90 1.34 3.63 2.19 3.98 3.89 1.62 5.37 3.80 13.13
PC-2 0.61 0.50 16.14 0.61 0.23 0.71 0.14 0.85 0.13 4.47 0.04
PE 1.15 1.44 5.11 1.95 0.91 0.89 1.41 1.26 1.02 1.29 NDb

aArea-under-curve (AUC; µg/mg/g) data used for calculation of selectivity values. Selectivity values equal FA AUC data divided by the AUC data for 9c-18:1.
Reference value for 9c-18:1 = 1.00. CLA and 9c,12c-18:2 selectivity values are the average of control plus experimental groups. All selectivity ratios are ad-
justed for reduced absorption of FA if appropriate. Selectivity values for cis- and trans-18:1 positional isomers and for 18:0 are from previously published
studies.
bND, not data; for other abbreviations see Table 2.



nonconjugated unsaturated FA in rat liver was not altered by
dietary CLA (8). 

The apparent lower absorption for the 2H-CLA isomers
compared to 9c-18:1-d8 was unexpected. Previous studies
showed absorption of 2H-20:3n-6 and 2H-20:4n-6 was lower
than 2H-18:1 (43,44), but significantly lower absorption of
18-carbon FA was not observed for labeled cis- and trans-
18:1 FA isomers (45) nor for 2H-18:0 (38). A possible expla-
nation for this result is that 20–30% of the 2H-CLA was ab-
sorbed via the portal transport and is consistent with human
jejunum data for linolenic acid (46). Alternatively, one or
both of the pathways (MAG and glycerol-3-phosphate) re-
sponsible for FA incorporation into TG during absorption
may partially discriminate against CLA isomers. Hydrolysis
of CLA TG by pancreatic lipase in vitro was reported to be
lower than for trilinolein (47), and may have been a factor
with the deuterated CLA ethyl esters used in the present
study. However, rat data showed that CLA and 9c,12c-18:2
TG were equally well absorbed (47), which is not consistent
with the results from this study in humans.

Comparison of incorporation data shows that metabolism
of the 2H-CLA isomers is clearly different from that for oleic
and linoleic acids. These results suggest that conjugation of
the cis-9 and the cis-12 double bonds with a trans double
bond has a major impact on the selectivity of the acylation
enzymes that are responsible for incorporation. Conjugation
does not appear to influence turnover rates since all plasma
lipid class time-course curves show that disappearance of the
CLA isomers is similar to 9c-18:1. The selectivity values
listed in Table 3 show that there was discrimination against
incorporation of the 2H-CLA isomers in TG and CE and pref-
erential incorporation in phospholipid, PC, and PE relative to
9c-18:1-d8 and 9c,12c-18:2-d2. Comparison of selectivity val-
ues for the CLA isomers to 9c,12c-18:2-d2 values and values
previously reported for cis- and trans-18:1 positional isomers
and 18:0 (34–39) shows that 9c,11t-18:2 and 10t,12c-18:2 are
metabolized more like trans-18:1 isomers than 18:0, 9c-18:1,
or 9c,12c-18:2. For example, the selectivity ratio of 1.90 for
10t,12c-18:2 is between the values for 11c- and 10t-18:1 and
indicates preferential incorporation at the PC-1 position. The
PC-1 selectivity ratio of 0.46 indicates discrimination against
9c,11t-18:2 incorporation and is unusual because 9c,11t-18:2
is the only trans FA in which discrimination has been ob-
served to occur at the PC-1 position. The CE selectivity val-
ues for 9c,11t-18:2 (0.34) and 10t,12c-18:2 (0.16) reflect a
strong discrimination against acylation of cholesterol, which
is a consistent characteristic of trans- and cis-18:1 positional
isomers. 

The lower concentrations of CLA isomers in TG and TL
compared to oleic acid are generally consistent with the se-
lectivity ratios for 18:1 isomers. The 10t,12c-18:2/9c,11t-18:2
in human plasma TL was 0.78 and indicated an overall 22%
preferential accretion of 9c,11t-18:2. The TL selectivity val-
ues of 0.81 for 10t,12c-18:2 and 0.92 for 9c,11t-18:2 repre-
sent the entire plasma lipid pool and suggest that, like 13C-

labeled 9t-18:1 (48), a larger portion of the CLA isomers than
oleic acid are β-oxidized. This suggestion is supported by re-
sults from rats, where β-oxidation of 14C-CLA isomers was
about 17% higher than 9c,12c-18:2 (49). Overall, the results
for the metabolism of CLA isomers showed many similari-
ties to our previously reported results for trans-18:1 posi-
tional isomers. This observation is an interesting anomaly
since a plethora of positive health benefits have been reported
for CLA (1–3) but trans-18:1 isomers are considered to have
a negative effect on serum cholesterol and to constitute a risk
for coronary heart disease (45). 

Studies in rats and yeast cell models have reported chain-
shortened, elongated, and desaturated metabolites of CLA
(4–8). In rat liver, the two main metabolites of 10t,12c-18:2
were 8t,10c-16:2 and 6c,10t,12c-18:3, and the main metabo-
lite of 9c,11t-18:2 was 8c,11c,13t-20:3 (5). In this study with
adult women, 6c,10t,12c-18:3-d4 was the only CLA metabo-
lite present in measurable amounts, and it does not appear to
be elongated to 8c,12t,14c-20:3. The detection of 6c,10t,12c-
18:3 in plasma TG but not in phospholipid samples is consis-
tent with results for rat liver lipids (5). The importance of the
cis-12 double bond is well recognized, but conjugation of the
cis-12 double bond with a trans double bond would reduce
the π electron density of the cis-12 double bond and alter its
spatial arrangement or conformation compared to 9c,12c-
18:2. Thus, the relatively high conversion of 10t,12c-18:2-d4
is an unexpected result.

For these women, 9c,11t-18:2-d6 clearly was not a good
substrate for ∆6-desaturation, and neither CLA isomer was a
good substrate for elongation, but why CLA metabolite con-
centrations were much lower than reported for rats was not
clear. The higher amount of dietary CLA fed per kilogram of
body weight in the rat studies and the higher desaturase activ-
ity of rats compared to humans would account for some of the
observed difference. A possible contributing factor is that de-
saturase and elongase activities for women appear to be con-
siderably lower than for men. For example, in comparable
previous studies with adult men, the concentrations of 9c,12c-
18:2-d2 desaturation and elongation products were sufficient
for accurate measurements (31,32,42). In this study with adult
females, levels of elongated and desaturated 9c,12c-18:2-d2
metabolites were usually too low for accurate quantification. 

We found no effect of dietary CLA supplementation on the
metabolism of the 2H-FA investigated. CLA isomers were not
as well absorbed as oleic and linoleic acids. The 9c,11t-18:2
and 10t,12c-18:2 isomers were metabolically different, and
their accretion in plasma lipids was characteristic of cis- and
trans-18:1 positional isomers. Conversion of the 2H-CLA iso-
mers to 18- and 20-carbon PUFA was negligible, except for
the conversion of 10t,12c-18:2 to 6c,10t,12c-18:2. 
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ABSTRACT: The effect of dietary CLA along with n-3 PUFA on
yolk FA profile and hepatic lipid accumulation was investigated.
Laying hens (n = 40) were randomly assigned to four experimen-
tal diets containing 0, 0.5, 1.0, or 2.0% CLA. Menhaden oil was
used as the source of n-3 PUFA. Dietary CLA did not affect the
total lipid content of egg yolk (P > 0.05). The amounts of CLA
isomers (cis-9 trans-11, trans-10 cis-12) in the egg yolk were pro-
portional to the levels of CLA in the diet (P < 0.05). The total CLA
content in the egg yolk was 0, 0.97, 2.4, and 5.3 wt%, respec-
tively (P < 0.05). Addition of CLA resulted in an increase in satu-
rated FA (P < 0.05) with a concomitant reduction in monounsat-
urated FA (P < 0.05) in the yolk, liver, abdominal fat, breast, and
thigh muscle. No difference in saturated and monounsaturated
FA content in heart and spleen tissue was noted. Dietary CLA at
all concentrations resulted in an increase (P < 0.05) in the total
number of fat vacuoles and lipid infiltration in hepatocytes. The
number of cells with 75% or higher lipid vacuolation in the cy-
toplasm was also increased (P < 0.05) by 2.0% CLA. Dietary CLA
at 0.5% levels resulted in an increase (P < 0.05) in the total lipid
content of hepatic tissue. The total lipid content in leg muscle
was lower (P < 0.05) in CLA-fed birds. However, no effect of CLA
on lipid content of breast muscle, heart, spleen and adipose tis-
sue was observed (P > 0.05). The current study used CLA in a
FFA form. The effects of using CLA in other form such as TG on
avian hepatic tissue need to be investigated.

Paper no. L9044 in Lipids 37, 751–757 (August 2002).

Because of the controversy concerning dietary animal fat and
potential links to human health problems such as cardiovas-
cular disease and certain types of cancer, consumers are very
interested in functional foods that can prevent or ameliorate
disease processes. Several different strategies have been
adopted by the animal food industry to enhance the nutritional
value of animal foods. The major emphasis has been focused
on modification of lipid and PUFA composition. Among the
different PUFA, longer-chain n-3 PUFA and CLA have re-
ceived considerable attention for their health-enhancing prop-
erties (1,2). These include the TG-lowering and antiathero-
sclerotic and antiarrhythmic properties of n-3 PUFA (3,4) as
well as the anticarcinogenic and antiatherogenic properties of
CLA (2). Other beneficial effects of CLA include body fat re-
duction, immunomodulation, and antioxidant properties (5,6). 

Animal products contribute 70% of total FA in typical
Western diets. This includes CLA and n-3 PUFA, which are
supplied predominantly by food lipids of ruminant animals
and marine products. Current intake of CLA is estimated to
be several hundred milligrams/day (7). Based on animal data,
approximately 3 g/d of CLA would be required to produce
beneficial effects in humans (8). However, as Americans are
opting for low-fat dairy and beef products and choosing more
poultry-based foods than beef, it is likely that the dietary con-
tribution of CLA and n-3 PUFA will further be reduced in a
typical U.S. diet. When associated with food, CLA reportedly
has higher tissue retention and better anticancer effects than
commercially available supplements (9). In this respect, CLA
and n-3 PUFA-enriched chicken eggs may be an alternative
vehicle for delivering health-promoting FA to consumers. 

In chickens, the lymphatic system is rudimentary, and liver
is the first tissue to be exposed to dietary lipids. The major
route of fat absorption is by mixed micelle formations. The
chylomicrons are absorbed directly into the portal blood for
transport to the liver for further synthesis and subsequent tis-
sue deposition. Such a feature also predisposes birds to a
pathological condition called fatty liver syndrome (FLS). A
high percentage of commercial layers in the United States de-
velop FLS, causing the hepatocytes to distend with fat vac-
uoles and resulting in rupture and death (10). The ability of
CLA to reduce body fat, increase lean body mass, and in-
crease feed efficiency may have important implications for
FLS. The use of CLA as a means to reduce fat deposition may
be a method to control or reverse this process. The objectives
of the present study were to investigate the effect of feeding
CLA along with n-3 PUFA on the yolk and tissue FA incor-
poration and to assess the hepatic histopathology, lipid infil-
tration, and performance parameters of hens. 

MATERIALS AND METHODS

These experiments were reviewed by the Oregon State Uni-
versity Animal Care Committee to ensure adherence to Ani-
mal Care Guidelines.

Birds and diets. Thirty-two-week-old single Comb White
Leghorn laying hens (n = 40) were kept in individual cages
and were fed a corn-soybean meal-based diet with added CLA
at 0 (Diet 1), 0.5 (Diet 2), 1.0 (Diet 3), and 2.0% (Diet 4)
(Table 1). All diets contained 3% menhaden oil, and the CLA
source in Diets 2, 3, and 4 was substituted for menhaden oil
on a weight/weight basis. The CLA source, which contained
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75% FFA) was obtained from a commercial source and con-
tained 34.9% c9,t11- and 35.9% t10,c12-CLA isomers (Phar-
maNutrients, Lake Bluff, IL). All the diets were isocaloric and
isonitrogenous (Table 1). The diets were prepared biweekly
and kept in a cold room (4°C) in air-tight containers. Hens
were fed the experimental diet for a period of 42 d. Total feed
consumption and daily egg production were monitored. Initial
and final body weights of birds were recorded.

Sample collection. Hens were fed the experimental diet
shown in Table 1 for 2 wk before eggs were collected for this
study. Six eggs from each treatment were randomly selected
for FA analysis (n = 6). The eggs were weighed, and yolks
were separated using an egg separator and weighed. The al-
bumen weight was calculated by subtracting yolk and shell
weight from total egg weight. The yolks were stored in
freezer bags at −20°C until extraction. On day 42 of feeding,
6 birds per treatment were randomly selected. The birds were
killed, and liver tissue was collected by a veterinary patholo-
gist at the Oregon State University Veterinary Hospital. The
liver tissue was weighed and recorded. The spleen, heart,
breast, and leg muscle and abdominal fat were collected and
were kept frozen (−20°C) until analysis. 

Lipid and FA analyses. Total lipids were extracted from
egg yolk and tissues with chloroform/methanol (2:1, vol/vol)
by the method of Folch et al. (11). One gram of sample was
weighed into a screw-capped test tube with 20 mL of chloro-
form/methanol (2:1, vol/vol) and homogenized with a Poly-
tron for 5 to 10 s at high speed. The homogenate was filtered
through Whatman #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 the
lipid layer was recorded, and the top layer was completely si-
phoned off. Three milliliters of the lipid extracts was dried in
a block heater under nitrogen and used for FA analyses. The
dried lipids were redissolved in 2 mL of a boron trifluoride/

methanol methylation solution and were incubated in a boil-
ing water bath for 1 h at 90–100°C (12). After cooling to
room temperature, the FAME were separated by hexane and
distilled water. Total lipids were determined gravimetrically. 

Analysis of FA composition was performed with a HP 6890
gas chromatograph (Hewlett-Packard) equipped with an au-
tosampler, FID, and a fused-silica capillary column, 100 m ×
0.25 mm × 0.2 µm film thickness (Sp-2560; Supelco, Belle-
fonte, PA). Sample (1 µL) was injected with helium as a carrier
gas onto the column programmed for ramped oven tempera-
tures (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. Peak areas and per-
centages were calculated using Hewlett-Packard ChemStation
software. FAME were identified by comparison with retention
times of authentic standards (Matreya, Pleasant Gap, PA). FA
values and total lipids are expressed as weight percentages.

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 examination.
For each section of the liver, three randomly located areas were
graded at 40× magnification 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 as-
sessed in two patterns: (i) total number of fat vacuoles in the
grid, (ii) number of cells within the grid having >75% lipid vac-
uolation of cytoplasm. For each method, the sum total from
each bird was divided by three to give an average value per
grid. A fat vacuole was considered to be any nonstaining area
of cytoplasm with a sharply defined border. The two methods
were used, as it is common for lipid-laden cells to be largely
occupied by only one or two vacuoles in severe fatty metamor-
phosis. A single section from each bird was assessed in this
manner. A final average for each group was then calculated.

Statistical analysis. The effect of dietary CLA on egg qual-
ity, production performance, tissue FA, and hepatic histopathol-
ogy were analyzed by ANOVA using SAS (version 8.2) (SAS
Institute, Cary, NC). Student-Newmann-Keuls multiple range
test (13) was used to compare differences among treatment
means (P < 0.05). Mean values and SEM are reported.

RESULTS AND DISCUSSION

The FA composition of the diet is shown in Table 2. Perfor-
mance of hens was measured for 42 d (test period). No sig-
nificant difference (P > 0.05) was observed in feed consump-
tion, initial and final body weights of birds, egg production,
egg weight, yolk weight or total edible portion, yolk color and
haugh unit (data not shown). 

Gross necropsy findings. No significant abnormalities were
noted in any of the birds examined with the exception of he-
patic changes. When compared to Diet 1, livers from birds
fed CLA-added diets were pale, with Diet 4 having the most
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TABLE  1
Composition and Calculated Analysis of the Laying Hen Diets

Added dietary CLA (%)

Ingredientsa 0 0.5 1.0 2.0

Corn 60.6 60.6 60.6 60.6
Soybean meal 24.6 24.6 24.6 24.6
Limestone 6.0 6.0 6.0 6.0
BiophosTM 1.5 1.5 1.5 1.5
Layer premixb 0.3 0.3 0.3 0.3
Fish oil 3.0 2.5 2.0 1.0
CLA 0.0 0.50 1.0 2.0
Salt 0.35 0.35 0.35 0.35
Methionine DL 0.1 0.1 0.1 0.1
Calculated analyses
Crude protein 16.5 16.5 16.5 16.5
ME (kcal/kg) 2938.5 2938.5 2938.5 2938.5
Calcium 3.7 3.7 3.7 3.7
Available phosphorus 0.8 0.8 0.8 0.8

aValues expressed as wt% except where indicated; ME, metabolizable energy.
bSupplied per kg of the diet the following: vitamin A, 8250 IU; vitamin D,
2640 IU; vitamin E, 16.5 IU; riboflavin, 5.28 mg; niacin, 26.4 mg; vitamin
B12, 8.91 µg; biotin, 0.099 mg; pyridoxine, 1.32 mg; thiamine, 1.155 mg;
selenium, 0.264 mg; manganese, 90.4 mg; zinc, 92.4 mg.



severe hepatic pallor. Grossly visible hepatic hemorrhages
were noticed in some birds fed Diet 4. 

Hepatic histopathology. The liver tissue from hens fed Diet
4 had the most significant pathology, including the most exten-
sive fat deposition, and number of cells with 75% vacuolation
(Fig. 1). Fine droplets of fat were distributed diffusely through
hepatocytes of birds fed Diet 1. However, more extensive he-
patocytic vacuolation due to fat deposition was observed in the
CLA-fed birds. Large vacuoles containing fat distended many
hepatocytes. The total number of fat vacuoles per grid and the
number of hepatocytes with greater than 75% cytoplasmic vac-
uolation was higher (P < 0.05) in CLA-fed hens than controls. 

In addition to scoring the liver for fat deposition, the sections
were examined for other lesions. Abnormalities associated with
fatty liver such as dilated sinusoids and intrasinusoidal fibrin
deposition were noted in birds fed Diet 4. Single-cell necrosis
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TABLE 2
Major FA Composition (%) of Laying Hena Diet

Added dietary CLA (%)

FA 0 0.5 1.0 2.0

16:0 16.8 15.1 13.0 11.4
18:0 3.6 3.6 3.2 3.2
18:1n-9 18.7 18.8 18.2 18.8
18:2n-6 35.4 30.4 28.1 25.2
20:4n-6 0.3 0.2 0.2 0.1
20:5n-3 5.1 4.1 3.4 1.4
22:6n-3 3.4 3.0 2.4 0.9
cis-9,trans-11 CLA 0.0 4.9 8.9 15.9
trans-10,cis-12 CLA 0.0 4.2 9.1 14.9
Total CLA 0.0 9.2 18.1 30.7
Total SFA 25.5 23.2 19.7 15.8
Total MUFA 19.3 19.5 18.7 18.7
an = 6. SFA, saturated FA. MUFA, monounsaturated FA.

FIG. 1. Histopathology of liver tissues from hens fed diets containing CLA. (A) Typical histological section of liver tissue from hens fed 0% CLA; (B)
hens fed 2.5% CLA; (C) number of fat vacuoles/grid; (D) number of cells with 75% or higher fat vacuolation. Means with no common superscript
(a,b) differ (P < 0.05); n = 6.



was more common in liver tissue of Diet 4 hens. Although no
difference was found in liver weight as percentage of body
weight, total fat content and lipid infiltration were significantly
altered in hens fed with added CLA. A similar effect of CLA in
enhancing liver lipid content in mice has been reported (14).

Liver total lipids and FA. When liver lipids were extracted
and the lipid content was determined gravimetrically, a sig-
nificant effect of dietary CLA and total lipid extract per gram
liver tissue was noted (Table 3). Livers of hens fed even 0.5%
CLA (Diet 2) contained approximately twice the amount of
lipids compared to Diet 1. Increasing CLA to 1.0 and 2.0%
did not result in further increase in hepatic total lipid content
when compared to 0.5% (Table 3). A recent study by Twibell
et al. (15) reported a decrease in liver total lipids in perch
when diets contained CLA. However, Belury and Kempa-
Steczko (14) reported that feeding CLA to rats increased the
liver total lipid. Therefore, it appears that the effect of dietary
CLA on hepatic lipid content is species-specific. 

Liver FA concentrations were significantly affected by di-
etary lipids (Table 3). The increase in CLA isomers was higher
(P < 0.05) in birds fed Diets 2, 3, and 4. No CLA was detected
in the control birds. Total CLA concentrations of birds fed 0.5,
1.0, and 2.0% CLA were 0.77, 1.35, and 2.67%, compared to
0% in the control birds. The cis 9,trans 11 isomer was the
major CLA in liver tissue. The increase in CLA was at the ex-
pense of oleic acid. The saturated FA content increased signif-
icantly in liver of birds fed CLA. Even a minor increase in
CLA (0.5%) resulted in a dramatic change in the concentra-
tion of palmitic (16:0) and stearic acids (18:0). No difference
was observed for the content of total n-3 FA. Although fish oil

was at the highest concentration in Diet 1, no differences were
observed in the 22:6n-3 and 20:5n-3 content in liver.

To our knowledge, effects of dietary CLA on lipid concen-
trations and infiltrations in hens have not been reported pre-
viously. Whether the enhanced liver lipid infiltration is a spe-
cific effect of CLA remains to be determined. The current
study used CLA in a FFA form. The effects of using CLA in
other forms such as TG need to be investigated. Positive en-
ergy balance has been reported to cause FLS and associated
hepatic lipidosis in hens. In the current study, the experimen-
tal diets were isocaloric, and the total fat in the laying hen ra-
tion was within the ranges for laying chickens. No differences
in body weight, liver weight as percentage of body weight,
and feed consumption were noted among birds. The signifi-
cant changes in hepatic histopathology observed in Diet 4
suggest that dietary CLA may influence hepatic lipid metabo-
lism and subsequently may contribute to hepatic lipidosis.

Egg yolk total lipids and FA. The total fat content of the
egg yolk was not affected by dietary treatment (P > 0.05).
However, the FA content was significantly altered by dietary
CLA. The CLA content of the egg yolk increased signifi-
cantly in a dose-dependent manner with the dietary CLA con-
tent (Table 4). At 2% inclusion levels (Diet 4), yolks showed
the highest incorporation of CLA. The total yolk CLA consti-
tuted 5.3% in Diet 4 compared to 0% in Diet 1 (P < 0.05). The
major CLA isomer in the yolk lipids was c9,t11 and consti-
tuted 0, 0.8, 1.6, and 3.6% in the yolk lipids of hens fed Diets
1, 2, 3, and 4, respectively. The content of t10,c12 constituted
0, 0.16, 0.8, and 1.6% in yolk lipids from hens fed Diets 1, 2,
3, and 4, respectively. CLA added at a 2% level resulted in
over 50% reduction of monounsaturated FA (MUFA) and re-
placement by saturated FA (SFA). These results corroborate
Chamruspollert and Sell (16), Du et al. (17), and Raes et al.
(18). The ∆9-desaturase enzyme is responsible for the con-
version of stearic acid (18:0) to oleic acid (18:1). Dietary
CLA may have an inhibitory action on desaturases, thereby
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TABLE 3
Liver Tissue FA Composition of Hens’ Diets 
Containing Different Levels of CLAa

Added dietary CLA (%)

Fatty acids 0 0.5 1.0 2.0 SEM

(% of total lipids)

14:0 0.60b 0.91a 0.88a 0.62b 0.08
16:0 25.17b 31.02a 33.23a 32.63a 0.30
16:1 4.03a 3.31b 2.64c 2.04d 0.13
18:0 11.75c 19.11b 22.92a 21.20a,b 0.27
18:1 37.09a 27.05b 22.91c 21.77c 0.35
18:2n-6 10.95a,b 10.47a,b 9.13b 12.01a 0.23
18:3n-3 0.27 0.32 0.24 0.25 0.04
18:4n-3 0.40 0.10 0.08 0.12 0.12
20:4n-6 2.17a 1.10b 0.99b 1.59a,b 0.16
CLA, c9,t11 0.00d 0.53c 0.88b 1.84a 0.09
CLA, t10,c12 0.00c 0.21bc 0.39b 0.71a 0.09
CLA, others 0.00d 0.03c 0.07b 0.11a 0.02
22:4n-6 0.10 0.05 0.05 0.07 0.04
22:5n-3 0.39 0.47 0.41 0.40 0.10
22:6n-3 5.11 3.96 3.38 3.27 0.64
20:5n-3 0.12a 0.05b 0.04b 0.06b 0.04
TSFA 38.74c 51.97b 57.79a 55.09a,b 0.36
TMUFA 41.26a 30.51b 25.67c 23.91c 0.37
Total CLA 0.00d 0.77c 1.35b 2.67a 0.12
Total lipids 7.5b 13.2a 12.3a,b 10.4a,b 1.44
aMeans within a row with no common superscript (a–d) differ (P < 0.05); 
n = 6. TSFA, total saturated FA; TMUFA, total monounsaturated FA.

TABLE 4
Major FA Composition (%) of Egg Yolk as Influenced by Hen Diets
Containing Different Levels of CLAa

Added dietary CLA (%) 

FA 0 1.0 1.5 2.0 SEM

(% of total lipids)

16:0 28.5b 33.8a 34.7a 35.3a 0.46
18:0 8.7c 16.2b 19.7a 20.7a 0.52
18:1n-9 38.2a 24.7b 20.9c 17.4d 0.58
18:2n-6 11.6 12.2 12.0 12.9 0.52
20:4n-6 0.7a,b 0.5b 0.7a,b 0.8a 0.06
22:6n-3 3.0c 4.2a 3.8b 2.5d 0.10
cis-9,trans-11-CLA 0.0d 0.8c 1.6b 3.6a 0.06
trans-10,cis-12-CLA 0.0c 0.16c 0.8b 1.6a 0.08
Total CLA 0.0d 0.97c 2.4b 5.3a 0.13
Total SFA 38.3c 51.3b 55.5a 56.8a 0.67
Total MUFA 41.4a 26.8b 22.4c 18.7d 0.40
Total lipids 16.0 18.1 17.7 17.6 0.57
aMeans within a row with no common superscript (a–d) differ (P < 0.05); n =
6. SFA, saturated FA; MUFA, monounsaturated FA. 



leading to the reduction of MUFA. A recent study also re-
ported a decrease in mRNA expression of stearoyl CoA in
CLA-fed rats, affecting the synthesis of MUFA and accumu-
lation of SFA (19). The SFA contents of the eggs from hens
fed Diets 3 and 4 were higher (P < 0.05) than for hens fed
Diets 1 and 2. A twofold increase in stearic acid was also ob-
served in hens fed Diet 2. Higher levels of SFA in yolk lipids
may be a health concern owing to the association of 14:0 and
16:0 FA with plasma cholesterol and cardiovascular diseases.
No effect of CLA on linoleic acid was observed in the yolk.
However, 20:4n-6 was reduced in birds fed Diet 2. These re-
sults suggest an inhibitory action of CLA on enzymes respon-
sible for MUFA synthesis resulting in an accumulation of
SFA. Dietary CLA did not alter the total n-6 and n-3 PUFA
content of yolk. Although Diet 1 contained low CLA and high
fish oil, Diets 2 and 3 incorporated higher percentages of
22:6n-3 than Diet 1 (P < 0.05). The reason for this high in-
corporation of 22:6n-3 is not clear. The low content of 22:6n-3
in Diet 4 may be due to the low level of menhaden oil in these
diets. 

Muscle tissue total lipids and FA.Addition of CLA resulted
in a significant increase in total CLA in the thigh and breast
muscles (Fig. 2). The breast muscle incorporated more CLA
than leg muscle. The total MUFA were reduced by feeding
CLA (Fig. 3), which confirmed previous reports in poultry

(19). No difference was observed in the total PUFA. The total
SFA was increased (P < 0.05) by feeding CLA in Diets 3 and
2 in the breast and thigh muscle, respectively. Addition of
CLA did not affect the incorporation of 20:5n-3 or 22:6n-3 in
the thigh meat. However, the content of 20:4n-6 was signifi-
cantly reduced in birds fed Diet 1. The concentrations in
breast meat of 22:6n-3 and 20:5n-3 were highest in hens fed
Diet 3. No difference was observed in the content of 20:4n-6
in the breast meat. The fat content of breast muscle was not
affected by dietary CLA. The total fat was 1.1, 1.07, 0.88, and
0.88% for hens fed Diets 1, 2, 3, and 4, respectively. How-
ever, a significant derease in thigh meat total fat was ob-
served. The total fat varied from 5.1 to 1.9, 1.6, and 1.7% for
hens fed Diets 1, 2, 3, and 4, respectively. The significant re-
duction in fat content observed in thigh meat from hens fed
CLA is of importance in producing CLA-enriched low-fat
chicken meat for human consumption. Athough the meat
from laying chickens is not sold commercially, these results
may have implications in developing value-added FA-modi-
fied further processed products. However, further research on
the sensory attributes of such meat products is needed.

The increased dietary intake of CLA was reflected in the
FA composition of abdominal fat (Table 5). The total CLA
constituted 3.0% in hens fed Diet 4 when compared to 0% in
Diet 1. The percentage of oleic acid (18:1) was reduced by
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FIG. 2. Total CLA content of (A) breast, leg muscle, (B)
spleen, and (C) heart tissue of hens. a–dMeans with no
common superscript differ (P < 0.05); n = 6. Diets 1, 2,
3, and 4 represent diets containing CLA of 0.5, 1.0, and
2.0%.



feeding CLA, with a concomitant increase in stearic acid
(18:0). The content of long-chain n-3 and n-6 FA was mini-
mal in the abdominal fat and was not affected by the dietary
treatment. No difference was observed in the total lipid con-
tent in the abdominal fat. Body fat reduction properties of
CLA are controversial. At a 0.5% level, CLA has been re-
ported to increase the abdominal fat in broiler birds (20).
However, Delany et al. (21) reported a marked and rapid re-
duction in fat accumulation in rats. It appears that birds are
not as sensitive to dietary CLA as mice. 

The increase in CLA concentration resulting from feeding
CLA to hens was observed in other hen tissues such as the
spleen and heart. A dose-dependent increase (P < 0.05) in
CLA was observed in the heart and spleen (Fig. 2). However,
the dramatic changes in SFA and MUFA content observed in
yolk or liver was not noticed in heart or spleen. Feeding CLA
did not alter the SFA, MUFA, or n-6 FA in these tissues.
Therefore, it appears that the FA-modifying effect of CLA in

the hen is tissue-specific. Hens rely on spleen and lymph
nodes for immune responses, as thymus and bursa wither as
the birds mature. Therefore, the alteration in CLA content in
these tissues and its effect on the long-term health of birds
needs to be evaluated. 

In conclusion, the results of these studies demonstrate the
role of dietary CLA and n-3 PUFA in modulating CLA and
PUFA concentration in different tissues of the hen. Consump-
tion of chicken eggs enriched with CLA and n-3 PUFA would
be an alternative vehicle for providing these FA to the human
diet. Whether the dietary CLA-associated hepatic lipidosis
observed in this study is a phenomenon peculiar to laying
hens or one that may occur in any situation in which the meta-
bolic activity of the liver is enhanced or chronically stressed
is not known. The present findings indicate that specific di-
etary protocols instituted for the purpose of enriching shell
eggs with CLA must be evaluated under commercial condi-
tions for impact on FLS prior to large-scale adoption. The ef-
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FIG. 3. Saturated, monounsaturated, and polyunsaturated fatty acid content of breast and leg
muscle of hens’ diets containing different levels of CLA. a–dMeans with no common super-
script differ (P < 0.05); n = 6. Diets 1, 2, 3, and 4 represent hen diets containing CLA at 0.5,
1.0, and 2.0%. SFA = saturated FA; MUFA = monounsaturated FA. Error bars represent SEM.



fects of CLA on liver lipid metabolism in the chicken require
further investigation. 
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TABLE 5
Abdominal Tissue FA Composition (%) of Hens’ Diets 
Containing Different Levels of CLAa

Added dietary CLA (%)

FA 0 0.5 1.0 2.0 SEM

(% total lipids)

14:0 1.63a 1.70a 1.58a 0.99b 0.09
16:0 23.69c 26.10b 27.28a 25.52b 0.20
16:1 6.18a 5.31b 4.90b,c 4.30c 0.17
18:0 5.61c 7.78a,b 9.00a 7.28b 0.22
18:1 39.29a 34.89b 33.39b 35.51b 0.29
18:2n-6 21.10 21.17 20.19 21.45 0.23
18:3n-3 1.04 1.02 0.95 0.91 0.06
18:4n-3 0.20 0.29 0.29 0.31 0.10
20:4n-6 0.01 0.00 0.00 0.00 0.02
CLA, c9,t11 0.00c 0.48c 1.05b 1.68a 0.13
CLA, t10,c12 0.00c 0.28c 0.72b 1.22a 0.11
CLA, others 0.00b 0.00b 0.00b 0.06a 0.03
22:4n-6 0.00 0.00 0.00 0.00 0.00
22:5n-3 0.01 0.01 0.00 0.00 0.03
22:6n-3 0.02 0.05 0.00 0.00 0.05
20:5n-3 0.00 0.00 0.00 0.00 0.00
TSFA 31.93c 36.28a,b 38.37a 34.27b 0.27
TMUFA 45.65a 40.37b 38.43b 39.97b 0.31
Total CLA 0.00c 0.76c 1.77b 2.97a 0.18
Total lipids 81.4 78.8 81.7 75.7 2.51
aMeans within a row with no common superscript (a–d) differ (P < 0.05); 
n = 6. For abbreviations see Table 3.



ABSTRACT: A previous study conducted in guinea pigs sug-
gested that ingestion of diets high in EPA and DHA may result
in suboptimal retinal function. The aim of the present study was
to evaluate retinal function in pigmented (Long-Evans) rats,
raised to a third generation on diets that were either deficient in
n-3 PUFA or adequate (with the addition of DHA). Elec-
troretinographic assessment employed full-field white flash
stimulation. Photoreceptor responses were evaluated in terms
of peak amplitudes and implicit times (a-wave, b-wave), inten-
sity–response functions (Naka–Rushton), and the parameters of
a model of transduction (P3). Retinal phospholipid FA composi-
tion was measured by capillary GLC. DHA levels were reduced
by 55% in n-3-deficient animals compared with the n-3-ade-
quate group, whereas the levels of docosapentaenoic acid n-6
were 44 times higher in n-3-deficient animals. The level of ara-
chidonic acid was marginally higher (12.8%) in n-6-adequate
animals. The n-3-deficient animals exhibited significantly re-
duced retinal sensitivity (σ and S values were both affected by
0.29 log units) and increased b-wave implicit times compared
with those fed the n-3-adequate diet. These data suggest that
n-3 PUFA are required for development of retinal sensitivity,
more so than other indices of retinal function assessed by cur-
rent methods, such as maximal response amplitude. However,
the benefit for retinal function of adding preformed DHA to
diets already replete in n-3 PUFA remains unclear.
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The retinal photoreceptors contain the highest levels of n-3
long-chain PUFA (LCPUFA) in the body (1,2). The major
product of n-3 PUFA metabolism is DHA, which is found at
concentrations approximating 50 mol% in the rod outer seg-
ment membranes (3,4).

The relevance of n-3 FA for the development of the ner-

vous system is evident from the fact that human breast milk
contains on the order of 0.6% of its total fat as n-3 FA, half of
which is DHA (5). Furthermore, there is much evidence to
suggest that an even slightly reduced n-3 FA status during in-
fancy can have a measurable impact on development and sub-
sequent function, particularly vision (6–11). 

The first study to report the effect of dietary FA on retinal
function was that of Benolken et al. (12) in which rats were
fed a fat-free diet, resulting in a 60% reduction in retinal
DHA. This was associated with reductions in electroretino-
graphic (ERG) response amplitudes, attributed to anomalous
photoreceptor activity. In a later study, the same authors (13)
studied the effects of feeding rats a diet free of fat, or those
associated with supplementation using either n-9, n-6, or n-3
substrate. They determined that the diets containing 2%
18:3n-3 (α-linolenic acid, ALA) led to the greatest ERG am-
plitudes and concluded that n-3 FA are the most critical for
the development of normal retinal function. 

In a more recent study, Weisinger et al. (8) found that
third-generation albino guinea pigs raised on diets adequate
in n-3 PUFA substrate with the addition of fish oil [FO; con-
taining the preformed LCPUFA (20:5n-3) EPA and DHA]
displayed reduced ERG amplitudes compared with those
raised on an n-3 adequate diet without FO. Moreover, FO-fed
animals were found to perform no better than those fed an
n-3-deficient diet. This finding is inconsistent with in vitro re-
constituted membrane studies indicating that DHA-contain-
ing phospholipids are most effective at promoting the activity
of membrane-bound proteins, such as those found in the reti-
nal outer segments (14).

There are several possible explanations for the rather sur-
prising findings. First, FO-fed animals may have suffered ox-
idative damage subsequent to elevated LCPUFA levels. In-
deed, it has been demonstrated that animals raised on diets
high in n-3 PUFA were more susceptible to retinal light dam-
age (15) and that animals exposed to bright illuminations ex-
hibited a selective loss of DHA in the retina (16,17). How-
ever, data for oxidative status and retinal histology were not
obtained. Alternatively, since the FO contained high levels of
EPA, retinal integrity or function may have been compro-
mised by the resulting competitive reduction in arachidonic
acid (AA) metabolism. 
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In a subsequent study, also performed in guinea pigs fed ei-
ther safflower oil (n-3-deficient)- or canola oil (n-3-adequate)-
based diets, Weisinger et al. (9) reported that depletion of n-3
PUFA in the retina affected the sensitivity [a parameter related
to the amplification process of a fast P3 phototransduction
(P3); Ref. 18] of the photoreceptor response far more than it
did the response amplitude [i.e., a-wave, peak-to-peak, or the
Naka–Rushton maximal response amplitude (Rmax)]. This sug-
gests that photoreceptor sensitivity is more susceptible to n-3
PUFA deficiency than is response amplitude, and supports the
proposal that DHA influences membrane biophysical proper-
ties and thus its interactions with membrane-bound proteins
[such as rhodopsin and transducin (19)]. Futhermore, it ap-
pears that direct provision of DHA and EPA by FO may be less
consistent with optimal retinal function than provision of n-3
LCPUFA substrate (i.e., ALA) alone.

Bourre and coworkers (20) found that the functional dif-
ferences observed between infant rats raised on diets either
deficient or adequate in n-3 PUFA did not persist into adult-
hood. However, as previously argued by Vingrys et al. (21),
the conclusions drawn by Bourre et al. need to be reconsid-
ered in light of their age-related response reductions, which
were more pronounced in the n-3-adequate group.

In the present study, we considered the retinal function of
pigmented rats, raised through three generations on diets ei-
ther deficient or adequate in n-3 FA; the latter diet contained
both ALA and preformed DHA. The study differed from pre-
vious studies in rats in two important ways. First, the rats were
tested at a later age to assess the purported reversibility of ef-
fects relating to n-3 PUFA deficiency. Second, the n-3-ade-
quate diet was designed to minimize the reduction in neural
AA accretion. Both diets contained antioxidant protection
through the addition of vitamin E. This is the first study to as-
sess retinal sensitivity in third-generation rats raised on diets
that were deficient or adequate (with DHA) in n-3 PUFA.

MATERIALS AND METHODS

Animals and diets. All procedures involving animals were
conducted in accordance with the Association for Research
in Vision and Ophthalmology (ARVO) Statement for the Use
of Animals in Ophthalmic and Vision Research. They were
approved by the NIAAA Animal Care Committee. 

Animals in this experiment were raised on one of two
semipurified diets (Table 1). Dietary fats were supplied by the
supplementary oils added to the diets, thus creating one diet
deficient in n-3 FA (n-3 Def) and the other n-3 adequate with
the addition of preformed DHA (n-3 Adq). The assayed FA
compositions of both experimental diets are given in Table 2.
The diets contained vitamin E (75 IU/kg diet). Other details
regarding the composition of the salt and vitamin mixes have
been described previously (22).

Animals were raised for three generations (F3) to amplify
the FA changes, as previously reported by this and other lab-
oratories (23–25). Twelve F3 male, hooded rats (Long-Evans)
were used for the study (n = 6 per diet). Animals were fed

once per day with dietary pellets and water ad libitum. The
ambient light (300 lux) was cycled in the animal room (12
h/12 h light/dark cycle), with temperature maintained at 21°C.
Animals were matched for body weight at the time of testing
[i.e., at 33 wk of age; mean (g) ± SEM; n-3 Def: 878.0 ± 19.6;
n-3 Adq: 881.2 ± 40].
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TABLE 1
Diet Compositions (expressed as g/kg diet)a

Component g/kg

Casein, vitamin-free 200
Carbohydrate 600

Cornstarch 150
Sucrose 100
Dextrose 199
Maltose-dextrin 150

Cellulose 50
Salt mix 35
Vitamin mix 10
L-Cystine 3
Choline bitartrate 2.5
TBHQ 0.02
Fat 100

Fat sources n-3 Adq n-3 Def

Coconut oil 74.49 81
Safflower oil 17.7 19
Flaxseed oil 4.81 —
DHASCO 3 —
aSee Reference 22 for details of diet composition. DHASCO was obtained
from Martek Bioscience Corp. (Columbia, MD). n-3 Adq, diet adequate in
n-3 PUFA; n-3 Def, diet deficient in n-3 PUFA.

TABLE 2
FA Composition of Diets (expressed as percentage of total lipid)a

FA n-3 Adq n-3 Def

8:0 2.1 0.8
10:0 3.9 3.8
12:0 35.3 39.7
14:0 15.5 16.7
16:0 9.5 9.8
18:0 9.0 9.7
20:0 0.2 0.2
22:0 0.1 0.1
24:0 0.1 0.1

Total saturated 75.7 80.8
16:1n-7 0.03 0.03
18:1n-9 4.4 3.5
18:1n-7 0.3 0.3
20:1 0.1 0.1
22:1 0.02 0.01

Total monounsaturated 4.8 3.9
18:2n-6 15.7 15.1
20:2n-6 0.06 0.05

Total n-6 15.8 15.1
18:3n-3 2.5 0.04
22:6n-3 1.3 —

Total n-3 3.8 0.04
18:2n-6/18:3n-3 6 345
n-6/n-3 4 346

Total PUFA 20 15
aSee Reference 22 for other details. For abbreviations see Table 1.



ERG assessment. Rats were dark-adapted overnight before
deep anesthesia was induced by injection of ketamine (80
mg/kg, i.p.; Ketaset, Wyeth, Madison, NJ) and xylazine (20
mg/kg; Phoenix Pharmaceuticals, St. Joseph, MO). These doses
resulted in effective anesthesia for a period of 60 min. Pupillary
mydriasis was induced by instillation of one drop of tropicamide
0.5% (Mydriacyl; Alcon, Ft. Worth, TX), and local anesthesia
was achieved using proparacaine HCl 0.5% (Alcaine; Alcon).

Animals were positioned on a platform placed in the center
of a Ganzfeld dome (LKC Technologies, Gaithersburg, MD)
that provided full-field stimulation. Electrodes (Ag/AgCl)
were positioned (+ve, cornea; −ve, buccal cavity; grnd, subcu-
taneous at the tail) and animals moved into place via the plat-
form. Corneal contact was optimized by regular application of
sterile saline. The light source (Vivitar 283; Vivitar, Newbury
Park, CA) was mounted on the Ganzfeld dome such that neu-
tral density filters (Wratten; Eastman Kodak, Rochester, NY)
could be used to attenuate light passing into the dome. Flash
energies spanned 4 log units; the unattenuated flash provided
3.5 log cd-sec·m−2. As previously described for the guinea pig
(9), retinal illuminance (scot td-sec), was determined by inte-
grating the spectral output of the unattenuated light source and
the scotopic spectral sensitivity function for the rat (26). The
highest retinal illuminance used in this study was 4.25 log scot
td-sec. ERG assessment proceded from lowest to highest flash
intensity to preserve adaptation.

Two responses were averaged for each intensity with a vari-
able interstimulus interval that ranged from 2 to 5 min, again to
avoid light adaptation. ERG were amplified, filtered (gain ×
1000, 3 dB at 1 Hz), digitized (8 bit, 6.7 kHz), and stored (inter-
nal gain, 4×) using a Neuroscientific recording system and ana-
lytical interface (Neuroscientific, New York, NY). The Ganzfeld
dome, electrodes, and pre-amplifier were electrically shielded
by a Faraday cage. Figure 1 shows a representative family of
ERG curves, following on-line filtering and averaging.

(i) Intensity-response characteristics—Naka–Rushton re-
lationship. Stimulation of the visual system results in a sig-
moid response as a function of intensity (27,28). The
Naka–Rushton plot can be used to describe this relationship
as given by Equation 1,

[1]

where R (µV) is the response amplitude and I (log scot td-sec)
is the retinal illuminance. The derived parameters are: Rmax
(µV), the maximal response amplitude; σ(log scot td-sec), the
illuminance required to elicit a response equal to half Rmax;
and n (dimensionless), the slope of the curve. 

(ii) Photoreceptor response model—fast P3 (P3). A measure
of the photoreceptor contribution to the full-field flash ERG re-
sponse was determined by applying the model described in
Equation 2, in which P3 amplitude (µV) is a function of retinal
illuminance (i, scot td-sec) and time after flash onset (t, sec). 
S [(scot td-sec)−1sec−2] is a sensitivity parameter that is scaled
by retinal illuminance (18), RmP3

(µV) is the maximal photore-
sponse arising from the rods, and td (sec) is a brief delay, com-
prising several short delays inherent in the activation processes
of phototransduction (29) or within the recording system itself
(30). This model also takes account of the membrane capacita-
tive time constant, τ(sec), which enables more reliable fitting
for responses to high-stimulus intensities (30).

[2]

where td > t, and ⊗ represents the convolution integral. The
digital solution of Equation 2, described by Smith and Lamb
(30), was used during ensemble fitting.

Optimization of the model was achieved by using a
spreadsheet solver module (Microsoft Excel, Microsoft, Red-
mond, WA) to minimize the least-square error derived from a
Levenberg–Marquardt routine, given by Equation 3 (31).

[3]

In this equation, the variables RmP3
, S, td, and τ were floated

(simultaneously for all six a-waves) to optimize the least-
square error term (RMS) for the fit of 1 to N data points (xi,
yi), where yi is the observed amplitude, xi is the time, y is the
predicted value from the fit, and N is the data point corre-
sponding to the first local minimum or 15 msec, whichever
came first. Since responses to brighter flashes contain fewer
data points prior to b-wave intrusion, calculation of RMS was
adjusted such that each response carried an equal weight.

Figure 2 illustrates ensemble analysis of the P3, performed
on the leading edges of the a-waves.

FA analysis. Following all experiments, rats were killed by
decapitation. Retinae were dissected into PBS prior to deter-
mination of lipid composition (modified after Folch et al.)
(32). The total lipid extracts were transmethylated with 14%
BF3-methanol at 100°C for 60 min. Methyl esters were then
analyzed on a Hewlett-Packard 5890/Series II gas chromato-
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FIG. 1. Representative electroretinographic (ERG) response family (diet
adequate in n-3, n-3 Adq) for stimuli ranging from 0.25 to 4.25 log scot
td-sec. Each wave form represents the average of two responses. Inter-
stimulus intervals ranged from 2 to 5 min. Oscillatory potentials were
filtered prior to analysis of the principal components.



graph equipped with an FID and fused-silica capillary column
(DB-FFAP, 30 m × 0.25 mm × 0.25 µm; J&W, Folsom, CA)
with carrier gas (hydrogen) at a linear velocity of 50 cm/sec.
Injector and detector temperatures were set to 250°C and oven
temperature program was as follows: 130 to 175°C at
4°C/min, 175 to 210°C at 1°C/min, and then to 245°C at
30°C/min, with a final hold for 15 min. The FAME from 10:0
to 24:1n-9 were identified by comparison to the retention
times of a standard mixture (Nu-Chek-Prep 462; Nu-Chek-
Prep, Elysian, MN).

Statistical analysis. Data were checked for normality and
homogeneity of variances. Differences in retinal FA compo-
sition, Naka–Rushton values, and modeled P3 parameters
were analyzed with a t-test, whereas peak amplitude and im-
plicit times were analyzed using a two-way repeated mea-
sures ANOVA (Statview, SAS Institute, Cary, NC; Statistica,
Statsoft, Tulsa, OK).

RESULTS

Animals. The rats used in this study were normal in all re-
spects. No differences in general appearance or activity were
observed. However, animals in both groups were obese com-
pared with animals of this species raised on standard chow
diets, which contain only one-third of the lipid content.

Retinal FA analysis. The results of the FA analysis are pro-
vided in Table 3. There were no differences in the amounts of
saturated FA, nor in the majority of monounsaturates found in
retinal tissues. Animals in the n-3 Def group had very low lev-
els of DHA (14.8% of total phospholipid FA) and high levels
of docosapentaenoic acid (DPA) n-6 (17.5%). This finding was
the opposite for the n-3 Adq group, in which DHA levels were
32.7% and DPA n-6 levels were 0.4% (Table 3). There was a
small but significant change in AA between the two groups
(n-3 Adq: 7.65 ± 0.15; n-3 Def: 8.78 ± 0.18). Thus, although
the ratio of n-6/n-3 was different, the combined n-6 + n-3 were
no different for the two groups.

ERG. Data for peak amplitude and implicit times are given
in Table 4. Animals fed the n-3 Def diet exhibited increased
b-wave implicit times (mean increase = 3.2 ± 0.9 msec, P <
0.05) compared with those fed the n-3 Adq diet. However,
there were no statistically significant differences between the
two diet groups for a-wave amplitude (P = 0.23), b-wave
(peak-to-peak) amplitude (P = 0.19), or a-wave implicit time
(P = 0.10). Owing to high intragroup variability and noise in-
herent to the ERG procedure, the power of the test was low
(β = 0.95).

Naka–Rushton analysis. Response kinetics of the a-wave
amplitude were different for animals in the two diet groups
(Table 5). The semisaturation constant (σ) was significantly
increased (P < 0.05) by 0.29 log units in the n-3 Def group
compared with the n-3 Adq group. There was no significant
difference in Rmax (P = 0.58) between the two diet groups. 

P3 fitting and analysis. The phototransduction sensitivity
parameter (S) was significantly decreased (P < 0.05) by 0.29
log units in n-3 Def animals compared with the the n-3 Adq
group. There were no significant differences in the values be-
tween animals in the n-3 Adq and n-3 Def groups for td (2.9 ±
0.1 vs. 2.8 ± 0.2, P = 0.58) or τ (1.3 ± 0.2 vs. 1.2 ± 0.4, P =
0.80). There was also no significant difference in fitted RmP3
amplitude (504.1 ± 50.2 vs. 492.2 ± 38.6, P = 0.85) (Table 5).
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FIG. 2. Representative ERG response family (n-3 Adq; truncated at 15
msec) for stimuli ranging from 0.25 to 4.25 log scot td-sec. Raw data
are indicated by the symbols; fitted phototransduction model (P3) val-
ues are indicated by fine solid lines. For abbreviations see Figure 1.

TABLE 3
Retinal Phospholipid FA Composition (g FA/100 g phospholipid 
FA ± SEM) for Rats Fed Diets That Differ in FA Composition

FA n-3 Adq (n = 6) n-3 Def (n = 6)

14:0 0.23 ± 0.02 0.23 ± 0.01
16:0 15.68 ± 0.12 15.47 ± 0.2
18:0 22.65 ± 0.28 22.41 ± 0.22
20:0 0.34 ± 0.01 0.30 ± 0.01
22:0 0.12 ± 0.01 0.09 ± 0.01
24:0 ND ND

Total saturated 40.69 ± 0.30 40.55 ± 0.20
16:1n-7 0.37 ± 0.03 0.40 ± 0.02
18:1n-9 6.69 ± 0.07 6.39 ± 0.05*
18:1n-7 1.63 ± 0.02 1.86 ± 0.03*
20:1 0.18 ± 0.004 0.17 ± 0.003*
22:1 ND ND
24:1 ND ND

Total monounsaturated 9.05 ± 0.14 9.03 ± 0.09
18:2n-6 0.39 ± 0.04 0.25 ± 0.04*
18:3n-6 0.06 ± 0.01 0.05 ± 0.01*
20:3n-6 0.16 ± 0.004 0.12 ± 0.01*
20:4n-6 7.65 ± 0.15 8.78 ± 0.18*
22:4n-6 1.27 ± 0.03 2.30 ± 0.09*
22:5n-6 0.40 ± 0.05 17.53 ± 0.83**

Total n-6 10.00 ± 0.15 29.08 ± 0.96**
18:3n-3 ND ND
20:5n-3 0.11 ± 0.003 ND*
22:5n-3 0.38 ± 0.01 0.06 ± 0.01**
22:6n-3 32.74 ± 0.27 14.85 ± 0.98**

Total n-3 33.23 ± 0.27 14.91 ± 0.98**
20:3n-9 ND ND
22:5n-6/22:6n-3 0.01 ± 0.002 1.22 ± 0.13**
22:5n-6 + 22:6n-3 33.13 ± 0.22 32.38 ± 0.33
n-6/n-3 0.30 ± 0.04 1.95 ± 0.13**
n-6 + n-3 43.23 ± 0.30 43.99 ± 0.43
aND, not detected; *P < 0.05; **P < 0.01. For abbreviations see Table 1.



DISCUSSION

In agreement with previous studies utilizing dietary FA ma-
nipulation over three generations (23–25), animals showed
alterations in their tissue FA compositions (Table 3). The
well-established (inverse) relationship between the level of
retinal DHA and DPA n-6 was also observed (33), i.e., there
was no mean difference in the total amounts of n-3 + n-6
PUFA for the two groups. The elimination of high levels of
EPA in the n-3 Adq diet ensured that retinal AA levels were
slightly higher than those typically associated with the inges-
tion of diets high in n-3 PUFA (25).

The results of this study demonstrate that photoreceptor
sensitivity (σ) is affected by dietary manipulation, with ani-
mals in the n-3 Def group 0.29 log units less sensitive than
those fed the n-3 Adq diet. From this result, it is inferred that
n-3 PUFA-deficient animals require approximately twice as
much light to reach a given response compared with those
supplied adequate n-3 PUFA. 

The reduction in photoreceptor sensitivity indicated by the
Naka–Rushton analysis precisely reflected the results of the
P3 analysis, in which the intensity scaling parameter (S) was
also significantly reduced by 0.29 log units. According to the
model of Hood and Birch (34), a change in the sensitivity pa-
rameter is equivalent to a change in flash energy. Sensitivity
is therefore determined by the quantal catch of the receptor
that is, in turn, affected by structural parameters such as rod-
packing density, receptor alignment, and pigment content.

However, following light capture, it is the amplification
within the rhodopsin–transducin–phosphodiesterase cascade
that determines sensitivity. As gross receptor morphology 
is reportedly unaffected by n-3 PUFA deficiency (35), it is
likely that the reduction in sensitivity lies in the elements 
of the transduction cascade. This is consistent with our previ-
ous work in guinea pigs (9), in which we observed large
losses in sensitivity (0.7 log units) independent of changes in
RmP3

. The difference in sensitivity loss (i.e., 0.7 log units in
n-3-deficient guinea pigs vs. n-3 Def rats in the present study)
may be accounted for by interspecies differences, or by the
fact that the control diet in the guinea pig study was canola
oil-based and hence lacked DHA.

One way in which n-3 PUFA deficiency may affect retinal
function is by modulating the function of membrane bound
proteins in the retina. It is known that changes in the phos-
pholipid FA profile alter the biophysical properties of recon-
structed cell membranes (19,36,37). One mechanism by
which n-3 deficiency may lead to diminished signal transduc-
tion in the retina is by decreasing the conversion of rhodopsin
to its active isoform (metarhodopsin II) following light stim-
ulation (19). In addition, new biophysical data (Niu, S.L., and
Litman, B.J., personal communication) indicate that slower
phosphodiesterase activation occurs in reconstituted mem-
branes composed of PC-DPAn-6 compared with PC-DHA. As
Bush et al. (38) found rhodopsin levels to be moderately in-
creased subsequent to n-3 PUFA deficiency, reduced trans-
ductional efficiency may be coupled to increased expression
of rhodopsin. This is consistent with the work of Calvert et al.
(39), who demonstrated that a reduction in the amount of
rhodopsin contained per lipid within the outer segment mem-
branes resulted in faster G-protein to rhodopsin coupling and
increased retinal sensitivity. It appears that a reduction in n-3
PUFA within the rod outer segment membrane and an in-
crease in rhodopsin/lipid both slow transduction, thereby re-
ducing sensitivity without affecting the maximal response
amplitude.

One other possibility is that n-3 deficiency exerts its effect
on retinal function by affecting the activity of the renin–an-
giotensin system (RAS). Recent investigations of the effects
of n-3 PUFA deficiency on body fluid and metabolite homeo-
stasis (40) and on blood pressure (41) suggest that functional
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TABLE 4
Peak (a-wave and b-wave) Amplitude and Implicit Time Measures (mean ± SEM) as a Function of Flash Energy 
for Animals Fed Diets That Differ in FA Composition

a-Wave amplitude Peak-to-peak amplitude a-Wave implicit time b-Wave implicit timea

Flash energy (µV) (µV) (msec) (msec)

(log scot td-sec) n-3 Adq (n = 6) n-3 Def (n = 6) n-3 Adq (n = 6) n-3 Def (n = 6) n-3 Adq (n = 6) n-3 Def (n = 6) n-3 Adq (n = 6) n-3 Def (n = 6)

0.25 60.0 ± 14.1 35.6 ± 6.8 690.6 ± 67.2 621.2 ± 50.1 26.0 ± 1.2 27.2 ± 0.7 64.9 ± 1.9 69.7 ± 1.4
1.45 245.4 ± 40.0 176.9 ± 29.0 1003.1 ± 120.7 684.7 ± 136.1 21.7 ± 0.3 23.1 ± 0.7 67.3 ± 1.4 70.6 ± 1.8
2.45 355.8 ± 42.7 290.6 ± 15.6 1126.9 ± 114.5 884.1 ± 65.6 12.0 ± 0.3 12.1 ± 0.2 65.8 ± 1.3 71.0 ± 1.5
3.05 395.8 ± 47.1 319.5 ± 30.4 1127.7 ± 118.6 915.7 ± 103.3 9.7 ± 0.2 9.9 ± 0.2 68.3 ± 1.2 70.3 ± 1.9
3.65 439.1 ± 51.3 393.7 ± 34.3 1141.9 ± 115.9 1036.7 ± 91.9 7.5 ± 0.1 7.8 ± 0.2 64.7 ± 1.1 68.1 ± 2.2
4.25 469.7 ± 43.4 379.7 ± 66.6 1023.1 ± 90.3 795.9 ± 139.1 6.3 ± 0.1 6.7 ± 0.1 55.3 ± 2.1 59.0 ± 2.6
an-3 Adq < n-3 Def; P < 0.05. For abbreviations see Table 1.

TABLE 5
Fitted Electroretinographic (ERG) Response Parameters for Animals
Fed Diets That Differ in FA Composition

Fitted parameter n-3 Adq n-3 Def

Naka–Rushton
σ (log cd-sec·m−2) 1.79 ± 0.13a 2.08 ± 0.12
Rmax (µV) 476.4 ± 40.4 440.7 ± 46.7

Phototransduction (P3)
RmP3

(µV) 504.1 ± 50.2 492.2 ± 38.6
td (sec) 2.9 ± 0.1 2.8 ± 0.2
τ (sec) 1.3 ± 0.2 1.2 ± 0.4
log S [(scot td-sec)−1sec−2] 2.13 ± 0.10a 1.84 ± 0.08

aSignificantly different from n-3 Def animals; P < 0.05. For other abbrevia-
tions see Table 1.



development of the RAS is affected by the neural phospho-
lipid FA profile. Furthermore, Jacobi et al. (42) reported that
the RAS has a neuromodulatory effect on the electroretino-
gram, in that pharmacological blockade of the RAS results in
increased sensitivity measures. 

Numerous studies have found differences in visual func-
tion between animals (or human infants) fed diets low in n-3
PUFA and those fed diets containing preformed DHA (6,11,
43,44). The failure of the present study to detect differences
in the maximal response amplitudes is difficult to interpret
owing to the low statistical power resulting from small sam-
ple size and highly variable data (the number of animals re-
quired for a power of 0.8 was calculated to be approximately
30 per group). It would, however, be consistent with an ear-
lier study (8) in which electroretinographic response ampli-
tudes recorded from guinea pigs raised on FO-based diets
were no different from those from an n-3 PUFA-deficient
group.

The finding of a delayed b-wave peak (i.e., increased im-
plicit time) in n-3 Def animals is consistent with previous di-
etary FA manipulation studies in rats, cats, and monkeys but
has not been observed in guinea pigs (for a review, see Jef-
frey et al., Ref. 11). It has been proposed that delays in ERG
implicit times (11) may result from slower diffusion of trans-
duction proteins through retinal photoreceptor membranes
that are depleted of DHA (14). Furthermore, an increased b-
wave implicit time may represent a delay in the transmission
of the neural signal at the level of retinal bipolar cells. How-
ever, the interpretation of delayed b-waves is difficult, as they
can be artifacts of an increase in amplitude of the underlying
negatively directed voltage (i.e., slow P3). 

These data do not support the notion that ERG deficits sub-
sequent to n-3 deficiency subside with age, and suggest that
P3 sensitivity is more susceptible to n-3 PUFA depletion than
to other more conventionally used measures of retinal func-
tion, such as peak amplitude. The observed decrease in S is
most likely due to modulation of the kinetics of one or more
of the proteins involved in the P3 cascade, although possibly
through another membrane-dependent receptor system such
as the RAS. The way in which this translates to changes in vi-
sual perception or adaptation remains to be elucidated.
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ABSTRACT: In humans, diets rich in fish oil (containing n-3
FA) decrease the incidence of coronary artery diseases. This is
thought to be caused by the induction in liver and skeletal mus-
cle of genes involved in lipid oxidation, and to the repression in
liver and adipose tissue of genes responsible for lipogenesis. n-3
FA are known to reduce the synthesis of FA and TG in the liver,
resulting in a decrease of plasma concentrations of TG-rich
lipoproteins. On the other hand, little is known of a possible ef-
fect of n-3 FA on HDL metabolism. To investigate this question,
female C57Bl/6J mice were fed an n-3 FA-enriched diet for 16
wk. As expected from previous studies, we found that total cho-
lesterol, TG, and phospholipids were reduced in the plasma of
treated mice. We also found that HDL-cholesterol decreased
after this treatment and that the in vivo fractional catabolic rate
of HDL-cholesteryl ester was significantly higher in treated mice
than in control mice fed a standard diet. Consistent with these
results, treated mice exhibited increased uptake of HDL-choles-
teryl ester in the liver. Moreover, quantitative reverse transcrip-
tase–PCR analysis showed a two- to threefold increase in scav-
enger receptor B-1 gene expression. Taken together, these re-
sults suggest that an n-3 FA-enriched diet stimulates one step in
the reverse cholesterol transport in mice, probably by increas-
ing the amount of the scavenger receptor class B-1. These ef-
fects of n-3 FA on HDL metabolism may contribute to their ben-
eficial effects on the vasculature.

Paper no. L9028 in Lipids 37, 767–772 (August 2002).

Interest in dietary fish oil has been stimulated by the observa-
tion that Greenland Eskimo populations, whose consumption
of fish is high, have a decreased incidence of coronary artery
disease compared to a Danish control population despite their
high-fat diet (1). The components conferring such protective
properties to fish oil are the n-3 FA, mainly EPA and DHA (2),
long-chain highly polyunsaturated FA of 20 or 22 carbons with
five or six double bonds (20:5- and 22:6n-3), respectively.

The beneficial effects of n-3 FA on coronary artery disease
are best examplified by a reduced frequency of reinfarction
(3). The physiological response seems to include decreased
platelet aggregation (4), reduced production of inflammatory
and chemotactic substances by the endothelium (5–7), and
modification of plasma lipid levels. Fish oil has been shown
to lower fasting TG plasma concentrations, possibly by re-
ducing TG synthesis in the liver (8–11). In addition, fish oil
increases lipoprotein lipase activity leading to an accelerated

catabolism of VLDL (12) and chylomicrons, which con-
tributes to the decrease in postprandial triglyceridemia
(13,14). The molecular mechanism(s) of action of n-3 FA
have remained speculative until recently, when evidence
showed that these substances control the transcription of spe-
cific genes in the liver such as FA synthase, S14 protein, and
lipoprotein lipase. One pathway seems to depend on the di-
rect binding of these compounds to peroxisome proliferator-
activated receptor α (PPARα), while another might be due 
to a decrease in sterol regulatory element binding protein
(SREBP-1c) mRNA (15,16).

Although the effects of fish oils on the metabolism of TG-
rich lipoproteins are now well documented and can be ex-
plained in molecular terms, their potential effects on HDL
metabolism are still unclear. Several epidemiological studies
have shown that HDL-cholesterol concentrations tend to in-
crease when the diet is rich in n-3 FA (12), but we are not
aware of studies reporting an effect of n-3 FA on HDL-cho-
lesterol transport to the liver. HDL are known to participate
in a regulatory process called reverse cholesterol transport
(17), by which peripheral cells transfer their excess choles-
terol to circulating HDL before being taken up by the liver
for excretion. Since HDL play a pivotal role in the transport
of plasma cholesterol, it seemed promising to explore the pos-
sibility that some of the beneficial effects of n-3 FA could be
due to an increase in reverse cholesterol transport and, if so,
by which biochemical mechanism(s).

MATERIALS AND METHODS

Animals. Normal female C57Bl/6 mice were obtained from
Iffa Credo (L’Arbresle, France). They were housed in a full-
barrier animal facility on a 12 h light/dark cycle, with free ac-
cess to food and water. Since n-3 FA can be considered as a
possible supplement or treatment in the human diet for their
beneficial roles, we decided in this study to add these FA to
the standard mouse diet. Mice were thus placed either on a
regular diet or on a regular diet enriched in n-3 FA. The regu-
lar diet was rodent diet (no. 113; UAR, Epinay-sur-Orge,
France). Its composition was (w/w) 5% fat; 51% carbohy-
drate; 22% protein; 4% fiber; 6% minerals; and added vita-
mins A, B, D, and E. The basal rodent diet was supplemented
with 3.33% n-3 FA. The n-3 FA (w/w; 60% EPA and 40%
DHA) were kindly provided by Pierre Fabre Santé Laborato-
ries (MAXEPA® capsules; Pierre Fabre Santé, Castres,
France). The n-3-supplemented food was made each week,
stored in individual packages at +4°C under nitrogen, and
changed twice a day in order to avoid oxidation. FA composi-
tion of diets was measured by GC. The n-3 enriched diet con-
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tained 19% EPA (20:5n-3) and 13% DHA (22:6n-3) from
total FA. Mice were fed the diet for 16 wk. They did not lose
weight and had normal hepatic tests (alanine aminotrans-
ferase, aspartate aminotransferase, lactate deshydrogenase)
throughout the experiment. The use of the research protocol
was in accordance with the French Ministry of Agriculture,
section on Health and Animal Protection (approval 04476).

Plasma lipid and lipoprotein analysis. Mice were fasted 4
h and blood was drawn in tubes containing 4 mmol/L EDTA.
Plasma was obtained by centrifugation at 3,000 × g for 20 min
at 4°C. Plasma samples were separated, divided into aliquots,
and stored frozen (−80°C) until analyzed. Total cholesterol
and TG concentrations were measured in 10-µL aliquots of
plasma by using commercial enzymatic kits (Dade, Paris La
Défense, France) and the Paramax automated chemistry ana-
lyzer (Dade). Free cholesterol and phospholipid concentra-
tions were measured in 10-µL aliquots of plasma by using
commercial enzymatic kits (bioMérieux, Marcy l’Etoile,
France) and the Uvikon 922 spectrophotometer (Kontron In-
struments, Milano, Italy). Cholesteryl ester values were cal-
culated as the difference between total cholesterol and free
cholesterol concentrations. HDL were isolated from the su-
pernatant obtained after selective precipitation of apolipopro-
tein B-containing lipoproteins with phosphotungstic acid in
the presence of magnesium ions and centrifugation. HDL-
cholesterol was then quantified by enzymatic determination
(bioMérieux).

Gel filtration chromatography. After centrifugation of
pooled fresh mouse plasmas at 22,000 × g for 20 min at 4°C,
200 µL of clear supernatant was applied to a fast protein liquid
chromatography (FPLC) system with two Superose columns
connected in series (Pharmacia LKB, Orsay, France). Lipopro-
teins were eluted at 0.3 mL/min with PBS, pH = 7.4, contain-
ing 1 mmol/L EDTA and 0.02% sodium azide. After the first
10 mL was eluted, 60 fractions (0.51 mL each) were collected.
Total cholesterol was quantified in each fraction to establish an
FPLC profile. Since the FPLC were performed with pools, we
have no direct information on the interindividual variability of
the profiles. However, determination of cholesterol into HDL,
the major lipoprotein in mice, could reflect variability.

LCAT activity. Plasma LCAT activity was determined as
described previously (18) using 4 µL of mouse plasma.

FA determination. Blood drawn from mice was collected
into tubes containing 4 mmol/L EDTA and was centrifuged.
HDL lipoproteins were isolated by sequential ultracentri-
fugation in 1.063 g/mL, followed by 1.210 g/mL (5 h) KBr
solutions, at 436,000 × g, 4°C, in a TL100 rotor (Beckman
Instruments, Gagny, France), and were kept at −80°C until
analysis. Lipid extraction was done with hexane/isopropanol,
and classes of lipids were separated by TLC (Merck-
Clévenot, Nogent-sur-Marne, France) in diethyl ether/petro-
leum ether/acetic acid (270:30:3, by vol), associated with
iodine detection. Phospholipids and cholesteryl esters were
extracted with hexane/isopropanol. Isopropylic ester prepara-
tion of FA and their separation for further analysis by a fused-
silica capillary column (CP Sil 88 column; Chrompack, Les

Ulis, France) with a Carlo Erba model 5160 gas chromato-
graph equipped with an FID were done as previously de-
scribed (19). FA were identified by retention times obtained
from various standards and from FA extracted from the diet
and chromatographed under the same conditions.

Cell culture and cholesterol efflux. Normal human embry-
onic lung fibroblasts (MRC-5 cells; Bioproducts, BioWhit-
taker, Gagny, France) were grown in 24-well plates contain-
ing Eagle’s minimal essential medium (MEM; Gibco BRL,
Cergy-Pontoise, France) supplemented with 10% bovine calf
serum, 2 mmol/L glutamine, 100 IU/mL penicillin, and 100
µg/mL streptomycin (Gibco BRL). When subconfluent, the
cells were incubated with MEM-10% bovine calf serum and
1 µCi/well of radiolabeled unesterified cholesterol ([1,2-
3H]cholesterol; Dupont–New England Nuclear, Paris, France)
until confluent monolayers were obtained. The cells were
then washed three times with MEM/BSA and incubated with
MEM/BSA for 24 h prior to performance of efflux assays in
the presence of mouse plasmas prepared in 5% MEM/BSA.
After the efflux period, media were collected and centrifuged
to remove any detached cells. An aliquot of the medium was
then counted by liquid scintillation. The radioactivity remain-
ing in the cell pellet was determined after overnight extrac-
tion with isopropanol. Cholesterol efflux from the cells was
determined as described previously (20). Efflux results are
expressed in percentages after dividing the cpm in media by
the sum of the cpm in media plus cells (21). At least three cul-
ture wells were incubated with each plasma sample. Mouse
plasmas used as cholesterol acceptors were kept at −80°C
until use. MEM/1% BSA without acceptor was used as a
blank. To standardize the cellular response obtained with dif-
ferent batches of cells and labeling media, at least five
aliquots of a standard plasma prepared from a pool of human
plasmas were always included as test samples.

HDL-cholesteryl ester metabolic studies. Liposomes were
generated by sonicating L-α-phosphatydylcholine (Sigma, L’Isle
d’Abeau Chesnes, France), [3H]cholesteryl ester (Dupont–
NEN), and butylated hydroxytoluene (Sigma) as described
(22) and incubating for 18 h at 37°C with HDL (2 mg total
protein) isolated from mice fed a regular diet or an n-3-en-
riched diet. Labeled lipoproteins were isolated by sequential
ultracentrifugation in 1.063 g/mL (5 h) followed by 1.210
g/mL (12 h) KBr solution at 4°C and 436,000 × g in a TL100
rotor and analyzed as described previously (21). Isolated la-
beled HDL (106 cpm) was injected in the saphenous vein of
mice fed either a regular diet or an n-3-enriched diet. Mice
were pre-anesthetized with ketamine (50 mg/kg) and xylazine
(14 mg/kg). Injected radiolabeled HDL-cholesterol repre-
sented <5% of the pool sizes of recipient mice HDL-choles-
teryl esters. Blood sampling was performed at 5, 15, 30, 60,
120, 240, 480, and 600 min after injection, and samples were
counted in a Packard Tri-Carb liquid scintillation counter. The
fractional catabolic rate for HDL-cholesteryl esters was cal-
culated from the plasma decay curves of [3H]cholesteryl oleyl
ester. To establish the rate of liver uptake, livers were har-
vested 2 h after injection, minced, extracted according to the
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method of Folch et al. (23), and counted in a Packard Tri-
Carb liquid scintillation counter.

RNA isolation and analysis. Mouse livers were obtained
from mice on a standard diet or an n-3 FA-rich diet. All sam-
ples were immediately placed into a Trizol® solution (Gibco
BRL) and stored at −80°C pending RNA isolation. Total RNA
were isolated according to the method of Chomczynski and
Sacchi (24). The amount of RNA was determined by measur-
ing absorption at 260 nm. Quality of the isolated RNA was
controlled by the 260:280 nm ratio (1.8–2.0) and by de-
naturing gel electrophoresis. Tissue RNA were analyzed by
Northern blot after fractionation on a 1.2% formaldehyde/
agarose gel, and transferred to a Nylon Nitran Plus membrane
(Schleicher & Schuell, Dassel, Germany) using the Turbo-
blotter transfer system (Schleicher & Schuell). Hybridization
was performed with 32P-labeled probes for mouse scavenger
receptor (SR)-B1 (detecting both SR-B1 and SR-B2 tran-
scripts) and β-actin. Autoradiographs were obtained by ex-
posing Biomax MS films (Pharmacia-Amersham, Orsay,
France) with two intensifying screens at −80°C. The blots
were analyzed using a PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA). Northern blots were performed twice
with pools of livers taken from four or five mice in each study
group of mice maintained on specific diets for 16 wk. A sec-
ond independent experiment was performed using an equal
number of mice maintained on their respective diets for 6 wk.

For quantitative polymerase chain reaction (PCR) analysis,
RNA were first reverse-transcribed to cDNA using random
primers and a GeneAmp® RNA PCR kit (PE Biosystems,
Courtaboeuf, France). The specific primers and TaqMan®

probe were designed using Primer Express software (PE
Biosystems) and synthesized by Genset (Paris, France). Each
probe was double-labeled with the fluorescent reporter dye 6-
carboxyfluorescein covalently linked to the 5′ end of the probe
and the quencher dye 6-carboxytetramethylrhodamine at-
tached to the 3′ end. Quantitative PCR was performed for SR-
B1 transcripts in 96-well reaction plates with optical caps. Flu-
orescence was followed continuously for each reaction. Gene
expression was normalized for the 18S amount. Quantitative
PCR were performed three times with individual livers from
four mice on an n-3-enriched diet for 16 wk and from five con-
trol mice. Data are expressed as a fold change in gene expres-
sion in treated mice compared to untreated mice.

Statistical analysis. A paired Student’s t-test was used to
compare values in groups of animals fed different diets. Sta-
tistical significance was defined as P < 0.05. Results are ex-
pressed as mean ± SEM.

RESULTS

Characterization of plasma lipids and LCAT activity in
C57Bl/6J mice fed an n-3-enriched diet. Analysis of plasma
lipids and lipoproteins in mice fed a regular diet or an n-3 FA-
supplemented diet for 16 wk is shown in Table 1. Plasma con-
centrations of TG were significantly reduced in treated mice 
(P < 0.0003), consistent with previous reports (25). In addition,

these mice showed a significant decrease in plasma concentra-
tions of total cholesterol, phospholipids, and HDL-cholesterol.
At 3 wk, TG concentrations decreased (0.62 ± 0.01 vs. 0.40 ±
0.07 mg/dL, n = 20 in each study group, P < 0.01), whereas total
cholesterol and HDL-cholesterol concentrations did not change
significantly (P = 0.26 and 0.49, respectively). These results
suggested that the long-term n-3-enriched diet was necessary to
find changes in HDL-cholesterol concentrations in our study. A
new batch of mice (n = 10) was analyzed after 6 wk on the n-3-
enriched diet. These data confirmed the 16-wk data. We found a
decrease in the following plasma lipid concentrations: TG (52.4
± 4.4 vs. 56.8 ± 5.9 mg/dL, P < 0.02), total cholesterol (62.2 ±
3.7 vs. 79.1 ± 7.6 mg/dL, P < 0.0005), free cholesterol (13.5 ±
1.6 vs. 16.4 ± 1.3 mg/dL, P < 0.004), phospholipids (110.3 ±
7.7 vs. 139.1 ± 10.0 mg/dL, P < 0.0002), and HDL-cholesterol
(53.0 ± 7.9 vs. 67.1 ± 7.7 mg/dL, P < 0.003). Moreover, deter-
mination of LCAT activity in mouse plasma showed no effect
from the diets (27.5 ± 1.4 vs. 28.3 ± 0.4 nmol/mL/h in treated
vs. untreated animals, respectively, P > 0.05).

Analysis of plasma lipoproteins was also performed by
FPLC (Fig. 1). In agreement with plasma lipoprotein determi-
nations, FPLC analysis revealed a decrease in HDL-cholesterol.
In addition, the size of the HDL particles present in the plasma
of the mice on an n-3-enriched diet was increased compared to
untreated mice, indicating an enrichment in cholesteryl ester.
These results were confirmed by a second experiment with a
new batch of mice treated for 6 wk (data not shown).

The above results, which showed that mice respond to n-3
FA by a series of changes also found in humans, encouraged
us to continue to use mice as a model for further studies. 

An n-3-enriched diet modifies the FA composition of
plasma HDL. Analysis of the FA composition of plasma HDL
by GC demonstrated that, although the concentration of n-3
FA-containing phospholipids increased from 22 to 26% of the
total FA in treated mice, the concentration of n-3 FA in cho-
lesteryl esters did not exceed 6 to 8% of the total FA (data not
shown). We confirm here (26,27) that, quantitatively, EPA
was distributed equally between plasma phospholipids and
cholesteryl esters, whereas a greater concentration of DHA
was present in phospholipids. The EPA/DHA ratio was much
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TABLE 1
Lipids in C57B16/J Female Mice on an n-3 FA-Enriched Diet 
for 16 wka

Untreated mice Treated mice
(n = 20) (n = 20)

TC (mg/dL) 62.9 ± 1.8 56.0 ± 1.3***
TG (mg/dL) 61.9 ± 0.2 33.4 ± 1.4*
PL (mg/dL) 144.7 ± 1.2 92.5 ± 3.6*
FC (mg/dL) 18.7 ± 0.2 15.2 ± 0.4**
CE (mg/dL) 44.2 ± 1.6 40.7 ± 1.2
CE/TC 0.70 ± 0.01 0.73 ± 0.01
HDL-c (mg/dL) 45.8 ± 2.1 39.0 ± 1.1***
TC/HDL-c 1.38 ± 0.04 1.44 ± 0.04
aResults are expressed as mean ± SEM; *P < 0.0003, **P < 0.002, ***P <
0.04. TC, total cholesterol; PL, phospholipids; FC, free cholesterol; CE, cho-
lesteryl esters; HDL-c, HDL-cholesterol.



higher in cholesteryl esters than in the precursor phospho-
lipids, showing a marked difference in the utilization of EPA
by mouse LCAT. 

Analysis of changes in cholesterol efflux. To evaluate the
functional properties of n-3 FA-enriched HDL, we performed
efflux studies in fibroblasts. MRC-5 cells were loaded with un-
esterified cholesterol and incubated with mouse plasma at 5%.
Plasmas from treated mice (n = 6) were not more efficient in
stimulating cholesterol efflux than those from mice on a regu-
lar diet (n = 6) even after correction of the cholesterol efflux
data for plasma HDL-cholesterol concentrations (Table 2). 

n-3 FA increase HDL-cholesterol uptake by the liver. The
transfer of cholesteryl esters to the liver by HDL was signifi-
cantly higher in mice fed an n-3-enriched diet compared to
mice on a standard diet. The plasma decay of [3H]cholesteryl
ester of HDL from treated mice was faster than that of con-
trol HDL (Fig. 2): The fractional catabolic rate for HDL cho-
lesteryl esters was increased 1.5-fold in treated mice com-
pared to untreated mice (Table 2). In addition, accumulation
of [3H]cholesteryl esters derived from HDL in the liver was
significantly increased by 23% in treated animals (Table 2). 

The above results show for the first time that an n-3 FA-
enriched diet in the mouse accelerates the removal of HDL-
cholesteryl esters from the plasma. 

n-3 FA increase hepatic SR-B1 mRNA in mice. Since
uptake of HDL-cholesteryl esters was increased in mice fed
an n-3-rich diet, we explored liver SR-B1 mRNA levels 
by Northern blot and quantitative reverse transcriptase
(RT)–PCR analysis. Compared to β-actin mRNA, which
served as a control for message amounts for the tissue ana-
lyzed by Northern blot, SR-B1 transcripts markedly increased
in livers from treated mice while changes in SR-B2 mRNA
was not significant (Fig. 3A). Quantitative PCR analysis
showed a threefold increase in SR-B1 mRNA (3.14 ± 0.89-
fold increase) in liver from mice on the omega-3 FA-enriched
diet (Fig. 3B). Thus, an n-3 FA-enriched diet may increase
SR-B1 protein expression, as suggested by the increase in its
mRNA, and may explain the increased removal of HDL-cho-
lesteryl esters from the plasma of treated mice.

DISCUSSION

Evidence (28,29) is accumulating that cold-water fish or com-
mercially available preparations of fish oil exert a protective
effect against atherosclerosis, hypertension, thrombosis, and
inflammation. This effect is thought to be due to the role of
EPA and DHA of the n-3 FA family. Current interest in the
effects of long-term ingestion of n-3 FA in lowering coronary
artery disease risk has been stimulated by epidemiologic and
clinical studies. These effects may include altered lipid me-
tabolism. In this study using a murine model, EPA and DHA
decreased TG and total cholesterol concentrations. The
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FIG. 1. Fast protein liquid chromatography analysis of plasma lipopro-
teins in mice. Figure shows the cholesterol distribution in the plasma
lipoproteins from untreated mice (bold line, n = 20) and mice treated
with n-3 FA for 16 wk (dotted line, n = 20) after analysis by FPLC. The
elution positions of VLDL, IDL (intermediate density lipoprotein)/LDL,
and HDL lipoproteins are indicated.

TABLE 2
Effects of an n-3 Diet (16 wk) on HDL Metabolism in Female
C57B16/J Micea

Without treatment With treatment
(n = 6) (n = 6)

Cholesterol efflux (%) 17.7 ± 2.0 12.2 ± 1.3
Corrected cholesterol 

effluxb (%) 17.7 ± 2.0 14.3 ± 1.0

Without treatment With treatment
(n = 7) (n = 7)

FCR (d−1) 4.8 ± 0.3 7.1 ± 0.2*
Liver uptake (total cpm) 224015 ± 7916 275630 ± 7675**
Total hepatic lipids 

(10−3 mg/mg of tissue) 37 ± 4 43 ± 6
aResults are expressed as mean ± SEM; P < 0.02, **P < 0.05. FCR, fractional
catabolic rate.
bCorrected cholesterol efflux values were obtained from plasma HDL-cho-
lesterol concentration values.

FIG. 2. Plasma decay of [3H]cholesteryl ester HDL from control and
treated mice. Plasma decay of [3H]cholesteryl ester HDL from control
(◆◆, n = 7) and treated mice (●, n = 7) were evaluated after injection of
radiolabeled lipoproteins in mice.



decrease in total cholesterol level was due mainly to a de-
crease in HDL-cholesterol but also to that of LDL-cholesterol
concentrations. The reduction of HDL-cholesterol in mice by
n-3 FA may seem paradoxical because of the protective effect
of HDL in humans and the fact that n-3 FA generally tend to

increase HDL concentrations in humans (12). However, a de-
crease in HDL does not necessarily imply that reverse cho-
lesterol transport is impaired (30,31). 

To study the impact of an n-3-enriched diet on reverse cho-
lesterol transport, we first analyzed cholesterol efflux in a tis-
sue culture model. We found that plasmas from mice being fed
an n-3-enriched diet took up cellular cholesterol to a lesser de-
gree than those from mice on a standard diet. However, since
the HDL particle number was lower in treated mice, as shown
by FPLC results, it is possible that on a per-particle basis,
HDL from the treated mice were not impaired in their ability
to extract cholesterol from cells. In the study plasmas, HDL
particles were enriched in n-3 FA: EPA and DHA were incor-
porated into phospholipids and cholesteryl esters of HDL pre-
pared from treated mice. Hence, we can conclude that the en-
richment of HDL in n-3 FA does not provoke a modification
in HDL function during the first step of reverse cholesterol
transport. Gillotte et al. (32) also demonstrated that plasma
from African green monkeys on a diet enriched in n-3 polyun-
saturated fats did not influence cholesterol efflux. On the other
hand, Dusserre et al. (33) demonstrated that cholesterol efflux
from the cell membrane into the phospholipid bilayer of an ar-
tificial acceptor particle increased when EPA and DHA con-
centrations in cell phospholipids were higher. They hypothe-
sized that alterations in plasma membrane fluidity or lipid do-
main structure might be responsible for the effects observed.

Cholesteryl esterification in HDL is another step in reverse
cholesterol transport that can be evaluated by LCAT activity
determination. However, LCAT activity values showed no
change when mice were placed on an n-3-enriched diet, and
the ratio of cholesteryl ester to total cholesterol did not in-
crease significantly in mouse plasma. 

To investigate the last step of reverse cholesterol transport,
we quantified the hepatic uptake of HDL-cholesteryl esters
and found that it was accelerated by n-3 FA. The fact that n-3
FA are ligands of PPARα (15) is indicative of an effect of
these substances at the gene level. In the mouse, the removal
of HDL-cholesteryl esters from the plasma is thought to be
mainly due to SR-B1 present on cells of different organs, in-
cluding liver. We report here for the first time that n-3 FA in-
duce a two- to threefold increase in SR-B1 mRNA, suggest-
ing an increase in the amount of SR-B1 at the surface of liver
cells. This effect on the last step of reverse cholesterol trans-
port—an important mechanism by which HDL are thought to
reduce the development of atherosclerosis—could account, at
least in part, for the beneficial effect of diets rich in n-3 FA
reported in epidemiological studies. We are presently using
transcriptional arrays to identify other genes that could be tar-
gets for n-3 FA.
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FIG. 3. Scavenger receptor (SR)-B1 mRNA analysis in control and
treated mice. (A) Nothern blot analysis of RNA isolated from liver of un-
treated mice (lane 1, n = 5) and mice treated with n-3 FA for 16 wk (lane
2, n = 4). The autoradiograph for the hybridization with mouse SR-B1
cDNA is presented in the top panel and shows the two transcripts of SR-
B1; mouse β-actin cDNA hybridization is presented in the bottom
panel. The experiment was conducted with two batches of mice. (B)
Quantitative PCR analysis shows the relative quantity of SR-B1 mRNA
from individual livers of four mice on an n-3 FA-enriched diet compared
to livers from five control mice. Target and endogenous control (18S)
amplifications were done in separate tubes and results were normalized
to 18S (three experiments). Data are expressed as the mean of the fold
change in gene expression in treated mice compared to untreated mice.
For other abbreviation see Figure 2.
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ABSTRACT: The time course of changes in lipoprotein metab-
olism of obese offspring of mildly diabetic rats was studied with
respect to serum lipoprotein composition as well as LCAT and
tissue lipoprotein lipase (LPL) activities. Mild hyperglycemia in
pregnant rats was induced by intraperitoneal injection of strep-
tozotocin on day 5 of gestation. Control pregnant rats were in-
jected with citrate buffer. At birth, obese pups had higher serum
glucose, insulin, and lipoprotein (VLDL, LDL-HDL1, HDL2-3)
levels than control pups. After 1 mon of life, all of these param-
eters in obese rats became similar to those of controls. How-
ever, LCAT, adipose tissue LPL, and hepatic triacylglycerol
lipase activities were high. At 2 mon of age, VLDL-TAG levels
were higher in obese females than in controls. By the age of 3
mon, obese offspring had developed insulin resistance with hy-
perglycemia, hyperinsulinemia, and higher serum lipoprotein
concentrations. Indeed, qualitative abnormalities of lipoproteins
were seen and were typical of obese and diabetic human be-
ings. Fetal hyperinsulinemia should be considered as a risk fac-
tor for later metabolic diseases, including dyslipoproteinemia. 

Paper no. L9012 in Lipids 37, 773–781 (August 2002).

Considerable interest has been generated over the last decade
on the potential role of factors that disturb fetal growth in the
development of chronic diseases including obesity, diabetes
mellitus, and atherosclerosis in adulthood. Previous studies
have found that fetal undernutrition as well as fetal overnutri-
tion was associated with the acquisition of later risk factors
for chronic diseases (1–4).

Maternal diabetes during pregnancy is an important risk
factor for fetal overnutrition leading to fetal obesity, resulting
from the combined effects of excessive transfer of maternal
nutrients (glucose, amino acids, nonesterified FA) to fetal hy-
perinsulinemia (4–6). Fetal hyperinsulinemia was associated
with the development of glucose intolerance, obesity, and di-
abetes during childhood and adulthood (1,3,7).

Obesity and diabetes mellitus are associated with compo-
sitional changes in serum lipoproteins (8–10). Plasma
lipoprotein concentrations and compositions are determined

by many factors. Both secretion by liver and intestine and up-
take and degradation by specific or nonspecific pathways are
involved. In addition, the combined action of several enzymes,
such as lipoprotein lipase (LPL), hepatic triacylglycerol
lipase (HTGL) and LCAT, on lipoproteins and movements of
lipids and apolipoproteins (apo) in plasma also control the
lipoprotein levels. It is of interest to determine if fetal hyper-
insulinemia is a risk factor for later dyslipoproteinemia. In
humans, follow-up studies are difficult to carryout, in part be-
cause of long periods and multiple factors affecting growth
performance. Therefore, there is a need to establish an animal
model for investigation of this issue. Previous studies re-
ported that induction of hyperglycemia in pregnant rats, by
streptozotocin injection on day 5 of gestation, resulted in fetal
hyperglycemia, hyperinsulinemia, and fetal obesity (11–13).
The obese rat pups of diabetic dams maintained accelerated
body weight gain, had increased fat storage, and developed
glucose intolerance by 12 wk of age (11–13), which reflected
an interesting analogy to human observations. Although most
of the authors have focused on altered glucose homeostasis in
obese hyperinsulinemic offspring of diabetic mothers, lipo-
protein profiles that might be indicative of metabolic diseases
remain to be discovered.

The purpose of the present investigation was to determine
the time course of changes in serum lipoprotein (VLDL,
LDL-HDL1, HDL2-3) concentrations and compositions as
well as serum LCAT and tissue lipolytic activities (liver, adi-
pose tissue, muscle) in obese offspring of streptozotocin-
induced mildly hyperglycemic rats. This study would advance
our knowledge on the adverse consequences of maternal dia-
betes, on the offspring. 

MATERIALS AND METHODS

Animals and experimental protocol. Adult Wistar rats were ob-
tained from Iffa Credo (Lyon, France). After mating, the first
day of gestation was estimated by the presence of spermato-
zoids in vaginal smears. Pregnant rats were housed individu-
ally in wood-chip bedded plastic cages at constant temperature
(25°C) and humidity (60 ± 5%) with a 12-h light-dark cycle.
They had free access to water and a commercial diet (UAR,
Villemoison-sur-Orge, France) containing 21% (w/w) pro-
tein, 4% (w/w) lipid, 53.5% (w/w) carbohydrate, 4.5% (w/w)
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fiber, 5% (w/w) minerals, and 2% (w/w) vitamins. A total of
30 pregnant rats were made diabetic by intraperitoneal injec-
tion of streptozotocin (40 mg/kg body weight) in 0.1 M cit-
rate buffer, pH 4.5, on the fifth day of gestation. Twelve preg-
nant dams were injected with citrate buffer alone as a control
group. On days 13, 16, 18, and 20 of gestation, maternal
blood was collected for plasma glucose concentrations by cut-
ting off the tip of tail and squeezing it gently. Pregnant rats
with plasma glucose levels between 5.55 and 16.65 mmol/L
(compared with 5 mmol/L in controls) were designated as
mildly hyperglycemic (13) and were included in the study.
The success rate in obtaining these mildly hyperglycemic
dams in the current series was 60%, or 18 of 30 streptozo-
tocin-treated rats. A total of 150 pups from the 18 streptozo-
tocin-treated dams and 110 pups from the 12 control dams
were delivered spontaneously and weighed within 12 h. Pups
from the streptozotocin-treated dams whose birth weights
were 1.7 SD (above the 90th percentile) greater than the mean
birth weight of the control pups were classified as obese pups
(13) and included in the study. The mean birth weight of the
control pups was 5.95 ± 0.45 g. Therefore, experimental pups
with birth weights greater than 6.8 g were included as obese
in the study. The success rate of obtained obese pups was 60%
(90 out of 150). The mean birth weight of the obese pups was
8.10 ± 0.50 g. These obese pups were hyperglycemic and
hyperinsulinemic at birth. The normal-sized offspring of dia-
betic mothers (60 out of 150) were excluded, as maternal dia-
betes related to fetal obesity was the criterion of our experi-
mental population selection. 

Twenty newborn rats of each group (control and experi-
mental) were killed by decapitation, and blood was collected.
To obtain sufficient serum samples for lipid and lipoprotein
determinations, blood was pooled.

The remaining obese and control pups were left with their
own mothers. Litter sizes were kept between six and eight
pups per nursing dam to maintain a similar postnatal intake
during the suckling period. Pups were weighed weekly up to
12 wk of age. The genders of the pups were identified at 3 wk
by examining the external genitalia. Pups were weaned at 4
wk of age. Male and female rats were housed separately, two
or three rats per cage, and allowed food (commercial diet,
UAR) and water ad libitum. The general guidelines for the
care and use of laboratory animals recommended by the
Council of European Communities were followed.

Blood and tissue samples. At 4, 8, and 12 wk of age, after
overnight fasting, eight rats from each group were anes-
thetized with pentobarbital (60 mg/kg body weight) and then
bled from the abdominal aorta. Serum was obtained by low-
speed centrifugation (1000 × g, 20 min) and preserved with
0.26 mmol/L EDTA and 3 mmol/L sodium azide. Liver, gas-
trocnemius muscle, and fat tissue surrounding the kidney and
epididymal areas for the male rats or ovary and fallopian
tubes for the female rats were removed, washed with cold
saline, quickly blotted, and weighed. For lipolytic activity
determination, tissue homogenates in 0.9% NaCl containing
heparin (Sigma, St. Louis) were prepared as described by

Mathe et al. (14) for liver, and by Inadera et al. (15) for adi-
pose tissue and muscle.

Isolation of lipoprotein fractions. Serum lipoproteins of
density <1.21 kg/L were isolated by single ultracentrifuga-
tion flotation (Model L8-55 ultracentrifuge, 50 Ti rotor; Beck-
man Instruments, Palo Alto, CA), according to Havel et al.
(16). The three fractions (VLDL, LDL-HDL1, HDL2-3) were
isolated from total lipoproteins by a single-spin discontinu-
ous gradient according to the method of Redgrave et al. (17)
as modified by Meghelli-Bouchenak et al. (18). Purified frac-
tions of VLDL (d < 1.006), LDL-HDL1 (1.006 < d < 1.06),
and HDL2-3 (1.06 < d < 1.21) were dialyzed against 0.15
mol/L NaCl and 1 mmol/L disodium EDTA, pH 7.4, at 4°C
in spectra/por 2 dialysis tubing (Spectrum Laboratories, Ran-
cho Dominguez, CA).

Apo electrophoresis. After partial delipidation, VLDL and
HDL2-3 apo were estimated by using a SDS-PAGE system
with 2.5–20% acrylamide at 25 V for 18 h, according to Irwin
et al. (19). After staining with Coomassie brilliant blue
(G-250; Sigma, L’Isle d’Abeau, France), destained gels were
scanned at 600 nm with a densitometer (model profil 26;
Sébia, Issy les Moulineaux, France). Proportions of the vari-
ous apo were determined from the densitometry tracings.
Concentrations of each apo were calculated, based on the per-
centage of the area for each apo, relative to the total area for
each serum sample. Data are expressed as arbitrary units
(AU)/L serum. The apo samples for all groups of the rats were
electrophoresed in parallel, but the staining affinity of each
peptide was not determined. However, when 50–200 µg total
protein was applied, the chromogenicity of each major band
was shown to change linearly relative to the total amount of
protein applied to the gel. To check the validity of our calcu-
lations, immunoelectrophoresis according to Laurell (20) was
also used for apoA-I and B-100 quantitation.

Chemical analysis. Serum glucose was determined by glu-
cose oxidase method using a glucose analyzer (Beckman In-
struments, Fullerton, CA). Serum insulin was analyzed by ra-
dioimmunoassay kit (Serono Diagnostic, Braintree, MA)
using rat insulin standards. 

Lipoprotein-TAG, phospholipid (PL), total cholesterol, and
unesterified cholesterol (UC) contents were determined by
Boehringer Mannhein (Mannheim, Germany) kits, using en-
zymatic methods. Esterified cholesterol (EC) concentrations
were obtained as the difference between total cholesterol and
UC values. Total apo contents of each lipoprotein fraction
were determined according to Lowry et al. (21).

Assay for LCAT activity. Serum LCAT activity was as-
sayed by conversion of 3H-UC to 3H-EC, according to the
method of Glomset and Wright (22), modified by Knipping
(23), as previously described (24). Serum LCAT activity was
expressed as nanomoles esterified cholesterol per hour per
milliliter of serum. 

Lipolytic activities determination. Tissue homogenates were
centrifuged at 1500 × g for 5 min, and the supernatants con-
taining heparin-releasable lipase were assayed for LPL or
HTGL activities according to the method of Nilsson-Ehle and
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Ekman (25). For HTGL assay, the concentration of NaCl in 100
µL of liver supernatant (the enzyme source) was adjusted to 1
mol/L NaCl, and the solution was incubated at 37°C, for 1 h,
with 100 µL of [3H]triolein emulsion substrate (final concen-
trations: 1.42 mmol/L triolein, 0.1 mmol/L lysophosphatidyl-
choline, 0.2% (wt/vol) albumin, 0.1 mmol/L Tris-HCl, pH 9,
0.5 mol/L NaCl). For adipose tissue or muscle LPL determina-
tions, the incubation medium contained 1.42 mmol/L triolein,
0.1 mmol/L lysophosphatidylcholine, 0.2% (wt/vol) albumin,
5% (vol/vol) heart-inactived serum (providing apoC-II, an ac-
tivator of LPL), 0.1 mol/L Tris-HCl (pH 8), 0.15 mol/L NaCl.
At the end of the incubation period, the FA released were ex-
tracted with chloroform/methanol/heptane (1.25:1.41:1, by vol)
followed by 0.1 mol/L potassium carbonate/borate buffer, pH
10.5. 3H radioactivity in 1.5-mL aliquots of the methanol/water
upper phase was measured in 10 mL of scintillation liquid
(Ready Solv. HP/6; Beckman) in a 7500 LS scintillation
counter (Beckman, Palo Alto, CA). Enzyme activity was ex-
pressed as nanomoles of FA released per minute per milligram
protein.

Statistical analysis. Results are expressed as means ± SD.
The significance of differences among groups was analyzed
statistically by ANOVA, followed by Duncan’s multiple-
range test (26) for parameter changes with age. The signifi-
cance of differences between obese and control rats at each
age was assessed using Student’s t-test. These calculations
were performed using Statistica, Version 4.1 (Statsoft, Tulsa,

OK). Differences were considered statistically significant at
P < 0.05.

RESULTS

Serum glucose and insulin concentrations, and body weight.
At birth, serum glucose and insulin concentrations were higher
in obese pups than in controls (1.10 ± 0.20 vs. 0.64 ± 0.11 g/L
and 95.3 ± 13.2 vs. 48 ± 10.6 pmol/L, respectively). These val-
ues were similar for obese and control rats at 30 and 60 d (re-
sults not shown). At day 90, however, obese rats, both males
and females, showed higher glucose and insulin levels com-
pared to controls (1.59 ± 0.24 vs. 0.91 ± 0.25 g/L and 284.5 ±
55.7 vs. 187.6 ± 35.6 pmol/L, respectively).

In addition, obese offspring of diabetic dams (both males and
females) had significantly higher body weights than controls
throughout the first 12 wk of life (results not shown). However,
the normal-sized offspring of diabetic mothers (excluded from
the present study) were not hyperinsulinemic at birth, had nor-
mal growth rates, and showed no significant differences from
controls for all parameters studied (results not shown). 

VLDL mass and lipid concentrations. VLDL mass and lipid
contents increased with age in all groups with marked varia-
tions during the first month of life. At birth, VLDL mass and
VLDL TAG were higher in obese pups than in controls (Table
1). At day 30 and day 60, VLDL mass and lipid contents were
similar in control and obese male rats. However, at day 60,
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TABLE 1
Postnatal Changes in VLDL Mass and Lipid Contents of Obese and Control Ratsa

Male rats Female rats
Control Obese Control Obese

VLDL mass (g/L)
D0 0.26 ± 0.14c 0.38 ± 0.05d,* 0.26 ± 0.14c 0.38 ± 0.05d,*
D30 1.04 ± 0.42b 1.14 ± 0.44c 0.99 ± 0.16b 1.08 ± 0.33c

D60 1.26 ± 0.22a 1.36 ± 0.19b 1.21 ± 0.36a 1.68 ± 0.16b,*
D90 1.28 ± 0.47a 2.08 ± 0.16a,** 1.28 ± 0.39a 2.40 ± 0.16a,**

TAG (mmol/L)
D0 0.10 ± 0.02c 0.16 ± 0.05d,* 0.10 ± 0.02c 0.16 ± 0.05c,*
D30 0.60 ± 0.33b 0.58 ± 0.39c 0.46 ± 0.16b 0.44 ± 0.19b

D60 0.80 ± 0.44a 0.78 ± 0.19b 0.64 ± 0.08a 1.15 ± 0.11a,**
D90 0.81 ± 0.05a 1.12 ± 0.11a,* 0.66 ± 0.33a 1.17 ± 0.16a,**

Phospholipids (mmol/L)
D0 0.06 ± 0.05c 0.09 ± 0.08c 0.06 ± 0.05c 0.09 ± 0.08c

D30 0.27 ± 0.05b 0.36 ± 0.19b 0.26 ± 0.08b 0.40 ± 0.22b

D60 0.32 ± 0.08a 0.37 ± 0.11b 0.31 ± 0.05a 0.36 ± 0.16b

D90 0.36 ± 0.11a 0.52 ± 0.11a,* 0.34 ± 0.11a 0.54 ± 0.02a,*
Unesterified cholesterol (mmol/L)
D0 0.03 ± 0.02b 0.04 ± 0.02c 0.03 ± 0.02b 0.04 ± 0.02c

D30 0.06 ± 0.02a 0.08 ± 0.05b 0.05 ± 0.02a 0.07 ± 0.02b

D60 0.07 ± 0.02a 0.08 ± 0.08b 0.06 ± 0.02a 0.10 ± 0.14a

D90 0.08 ± 0.05a 0.13 ± 0.02a,* 0.08 ± 0.08a 0.14 ± 0.02a,*
Esterified cholesterol (mmol/L)
D0 0.03 ± 0.02b 0.03 ± 0.02c 0.03 ± 0.02c 0.03 ± 0.02c

D30 0.12 ± 0.08a 0.20 ± 0.16b 0.09 ± 0.14b 0.18 ± 0.08b

D60 0.13 ± 0.11a 0.21 ± 0.16b 0.11 ± 0.16b 0.24 ± 0.15b

D90 0.15 ± 0.05a 0.30 ± 0.02a,* 0.20 ± 0.11a 0.65 ± 0.22a,*
aValues are means ± SD of eight rats from each group. Males and females constitute separate groups. At day 0, the values for both control and obese rats are
the same in both males and females, as gender could not be identified at this stage. Significant differences between obese and control rats at each age are in-
dicated as: *P < 0.05; **P < 0.01. Means within the same group with different superscript letters (a–d) are significantly different according to age for each
group (P < 0.05).



VLDL mass and TAG were significantly higher in obese fe-
males than in control females (+40 and +100, respectively). At
day 90, VLDL levels and all components of VLDL were sig-
nificantly greater in obese rats, both males and females, com-
pared to controls. In terms of percentage, the relative composi-
tion of VLDL in obese males was close to that of control males,
suggesting an increase in VLDL particles at day 90. However,
in obese females, the surface to core components [(protein +
PL + UC)/(TG + EC)] and EC to triacylglycerols (EC/TG) ra-
tios were higher than control values (1.38 ± 0.05 and 0.42 ±
0.05, respectively, in obese females vs. 1.20 ± 0.04 and 0.22 ±
0.06, respectively in control females). These data suggested an
increase in VLDL particles that were enriched in EC in obese
females at day 90.

LDL-HDL1 mass and lipid concentrations. Serum LDL-
HDL1 levels showed a significant decrease in the course of the
first month of life in both control and obese rats, accompanied
by compositional changes (Table 2). In fact, LDL-HDL1 parti-
cles became enriched in EC and depleted in TAG. Afterward,
LDL-HDL1 levels and composition remained constant in con-
trol males and females. In contrast, a significant increase in all
lipid contents of LDL-HDL1 was observed between day 30 and
day 90 in obese offspring, both males and females.

At birth, LDL-HDL1 amounts were significantly higher in
obese pups compared to control values (+50%), as a result of
an increase in all LDL-HDL1 components. At day 30 and day
60, no significant differences in LDL-HDL1 particles were
observed among rat groups. At day 90, all lipid contents of

LDL-HDL1 were greater in obese rats than in controls. As the
relative composition of these fractions was not modified, the
results suggested an increase in LDL-HDL1 particles in adult
obese rats.

HDL2-3 mass and lipid concentrations. During the first
month of life, HDL2-3 levels increased in both obese and con-
trol rats due to a rise in PL, UC, and EC contents (Table 3).
Afterward, the rise in HDL2-3 amounts was reflected mainly
by higher PL in control rats, by TAG and PL in obese males,
and by TAG, PL, UC, and EC in obese females. 

At birth, obese pups had higher HDL2-3 amounts compared
to controls (+39%). In addition, all apo and lipids of HDL2-3
were increased, suggesting an increase in HDL particles in
obese pups. At day 30 and day 60, HDL2-3 lipid and apo lev-
els became similar in control and obese rats. However, at day
90, HDL2-3 amounts were significantly higher in obese males
and females than in controls (32 and 33%, respectively). In-
deed, HDL2-3-PL, TAG, and EC levels were higher in obese
males and females than in their respective controls at day 90.
The surface to core components ratio was higher in obese
than in control males (0.32 ± 0.04 vs. 0.24 ± 0.03) and in
obese than in control females (0.35 ± 0.05 vs. 0.26 ± 0.04),
suggesting a modification of HDL relative composition in
adult obese rats.

VLDL and HDL2-3 apo. (i) VLDL apo. A significant age-
related increase in VLDL-apo concentrations was observed
in all groups (Table 4). There were no significant differences
in VLDL-apo between obese and control groups at day 0, and
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TABLE 2
Postnatal Changes in LDL-HDL1 Mass and Lipid Contents of Obese and Control Ratsa

Male rats Female rats
Control Obese Control Obese

LDL-HDL1 mass (g/L)
D0 0.86 ± 0.08a 1.30 ± 0.11b,** 0.86 ± 0.08a 1.30 ± 0.11b,**
D30 0.68 ± 0.22b 0.74 ± 0.25c 0.74 ± 0.16b 0.73 ± 0.08d

D60 0.66 ± 0.42b 0.83 ± 0.30c 0.75 ± 0.36b 0.98 ± 0.22c

D90 0.69 ± 0.14b 1.54 ± 0.22a,** 0.76 ± 0.11b 1.48 ± 0.16a,**
TAG (mmol/L)
D0 0.13 ± 0.05a 0.23 ± 0.08a,* 0.13 ± 0.05a 0.23 ± 0.08a,*
D30 0.04 ± 0.02b 0.03 ± 0.02c 0.06 ± 0.05b 0.05 ± 0.05b

D60 0.02 ± 0.02b 0.02 ± 0.02c 0.03 ± 0.02b 0.02 ± 0.02c

D90 0.02 ± 0.02b 0.06 ± 0.02b,* 0.02 ± 0.02b 0.06 ± 0.02b,*
Phospholipids (mmol/L)
D0 0.26 ± 0.08 0.37 ± 0.11b,* 0.26 ± 0.08 0.37 ± 0.11b,*
D30 0.26 ± 0.16 0.36 ± 0.28b 0.30 ± 0.22 0.31 ± 0.16b

D60 0.28 ± 0.28 0.27 ± 0.25b 0.28 ± 0.16 0.40 ± 0.14b

D90 0.31 ± 0.11 0.78 ± 0.33a,* 0.31 ± 0.28 0.60 ± 0.16a,*
Unesterified cholesterol (mmol/L)
D0 0.21 ± 0.02 0.30 ± 0.05b,* 0.21 ± 0.02 0.30 ± 0.05b,*
D30 0.19 ± 0.16 0.24 ± 0.14b 0.18 ± 0.05 0.26 ± 0.08b

D60 0.19 ± 0.14 0.31 ± 0.16b 0.17 ± 0.22 0.32 ± 0.16b

D90 0.16 ± 0.08 0.42 ± 0.16a,* 0.20 ± 0.08 0.47 ± 0.11a,*
Esterified cholesterol (mmol/L)
D0 0.14 ± 0.05c 0.22 ± 0.05d,* 0.14 ± 0.05c 0.22 ± 0.05d,*
D30 0.30 ± 0.08b 0.32 ± 0.14c 0.28 ± 0.11b 0.34 ± 0.16c

D60 0.41 ± 0.28a 0.49 ± 0.16b 0.55 ± 0.42a 0.59 ± 0.28b

D90 0.36 ± 0.11a 0.60 ± 0.16a,* 0.46 ± 0.22a 0.79 ± 0.16a,*
aFor footnote see Table 1.



also at day 30 and day 60 (results not shown). At day 90,
VLDL-apoB-100, -apoB-48, -apoE, -apoC-II and -apoC-III
were markedly increased in both male and female obese rats,
compared with controls. In addition, the apoC-II to apoC-III
ratio in VLDL was higher in obese rats than in controls (0.50
± 0.03 vs. 0.37 ± 0.02 in males and 0.52 ± 0.04 vs. 0.38 ± 0.02
in females).

(ii) HDL2-3 apo. HDL2-3 apoA-I, -A-II, -A-IV, -C-II, and
-C-III increased with age in both obese and control pups
(Table 4). HDL2-3 apoE levels did not vary significantly with
age in any group. At birth, HDL2-3 apoA-I, -A-II, -A-IV, -C-
II, -C-III, and -E concentrations were higher in obese pups
than in controls. At day 30 and day 60, no significant differ-
ences in HDL2-3 apo profiles were observed between obese
and control rats (results not shown). At day 90, HDL2-3 apoC-
II concentrations were greater in obese males and females
compared to their respective controls (+91 and +90%, respec-
tively). Indeed, the apoC-II/apoC-III ratio in HDL2-3 was in-
creased in obese offspring compared with controls (0.74 ±
0.03 vs. 0.39 ± 0.04 in males and 0.65 ± 0.04 vs. 0.42 ± 0.02
in females).

Serum LCAT activity. LCAT activity increased gradually
with age in both obese and control rats (Fig. 1). At birth,
LCAT activity was significantly greater in obese pups than in
controls (+57%). At days 30, 60, and 90, this activity was
about 1.5-fold higher in both male and female obese rats com-
pared with controls.

Tissue lipolytic activities. Because tissue lipolytic activi-
ties are low at birth, developmental changes in LPL activities
were monitored after 1 mon of life. Adipose tissue LPL, as
well as HTGL activities, decreased gradually with age in all
groups (Fig. 2). Adipose tissue LPL activity, expressed as
nmol FFA·min−1·mg−1protein), was significantly greater in
both male and female obese rats than in their respective con-
trols at day 30 and day 60. However, at day 90, values were
similar in all groups. No difference in muscle LPL activity
was observed between obese and control rats, whatever the
age (results not shown). In contrast, HTGL activity was sig-
nificantly greater in obese rats at all ages.

DISCUSSION

Offspring of mildly diabetic rats were obese, hyperinsulin-
emic, and hyperlipidemic at birth and gained significantly
more weight than control offspring (results not shown). The
increased body weight was reflected by increased adipose tis-
sue weight in these offspring (both males and females) at all
ages (results not shown). Thus, the increase in adiposity seen
in either male or female offspring of diabetic mothers was
maintained throughout adulthood. However, the posnatal
metabolic changes varied according to sex and age. 

Our results showed that at birth, obese rats had higher
VLDL amounts, which were accompanied by higher VLDL-
TAG concentrations than control values, suggesting an
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TABLE 3
Postnatal Changes in HDL2-3 Mass and Lipid Contents of Obese and Control Ratsa

Male rats Female rats
Control Obese Control Obese

HDL2-3 mass (g/L)
D0 1.12 ± 0.05c 1.56 ± 0.14d,** 1.12 ± 0.05c 1.56 ± 0.14d,**
D30 2.86 ± 0.44b 3.04 ± 0.42c 2.80 ± 0.53b 2.90 ± 0.72c

D60 3.36 ± 1.09a 3.68 ± 0.67b 3.25 ± 0.95a 3.75 ± 0.42b

D90 3.40 ± 0.44a 4.48 ± 0.25a,** 3.48 ± 0.30a 4.62 ± 0.67a,**
TAG (mmol/L)
D0 0.09 ± 0.02a 0.16 ± 0.05a,* 0.09 ± 0.02a 0.16 ± 0.05a,*
D30 0.06 ± 0.02b 0.06 ± 0.02b 0.05 ± 0.05b 0.08 ± 0.05b

D60 0.05 ± 0.02b 0.08 ± 0.02b 0.05 ± 0.02b 0.07 ± 0.05b

D90 0.05 ± 0.02b 0.13 ± 0.05a,** 0.04 ± 0.05b 0.14 ± 0.08a,**
Phospholipids (mmol/L)
D0 0.39 ± 0.14c 0.50 ± 0.05d,* 0.39 ± 0.14c 0.50 ± 0.05d,*
D30 0.93 ± 0.14b 1.01 ± 0.08b 1.00 ± 0.11b 0.92 ± 0.30c

D60 1.34 ± 0.44a 1.37 ± 0.53b 1.20 ± 0.28a 1.32 ± 0.33b

D90 1.39 ± 0.53a 2.02 ± 0.44a,* 1.40 ± 0.39a 1.82 ± 0.42a,*
Unesterified cholesterol (mmol/L)
D0 0.28 ± 0.05b 0.38 ± 0.05b,* 0.28 ± 0.05b 0.38 ± 0.05d,*
D30 0.53 ± 0.44a 0.68 ± 0.30a 0.50 ± 0.39a 0.48 ± 0.08c

D60 0.63 ± 0.33a 0.83 ± 0.36a 0.65 ± 0.50a 0.67 ± 0.28b

D90 0.71 ± 0.44a 0.87 ± 0.42a 0.80 ± 0.44a 0.91 ± 0.39a

Esterified cholesterol (mmol/L)
D0 0.10 ± 0.05b 0.22 ± 0.02c,* 0.10 ± 0.05b 0.22 ± 0.02d,*
D30 0.93 ± 0.36a 0.96 ± 0.28b 0.75 ± 0.50a 0.70 ± 0.30c

D60 1.18 ± 1.03a 1.22 ± 0.44a 0.96 ± 0.30a 1.27 ± 0.61b

D90 0.95 ± 0.33a 1.42 ± 0.72a,** 1.08 ± 0.25a 1.71 ± 0.39a,**
aFor footnote see Table 1.



increase in hepatic TAG synthesis and secretion. Combined
effects of fetal hyperinsulinemia and an enhancement in glu-
cose and FFA transfer in the diabetic mother could explain ele-
vated fetal hepatic VLDL secretion and hypertriglyceridemia,
as reported by previous studies (27–29). At birth, obese off-
spring of diabetic dams also presented higher LDL-HDL1 and
HDL2-3 levels, accompanied by higher lipid and apo contents
of these fractions, suggesting an increase in the number of
LDL-HDL1 and HDL2-3 particles, resulting probably from
their enhanced synthesis. Since the HDL fraction is primarily
responsible for lipid transport during fetal life in humans (30)
and in rats (31), elevated HDL contents might reflect an in-
crease in the requirement for cholesterol and PL for plasma
membrane, hormone, and surfactant synthesis in obese fe-
tuses. It is well known that high insulin levels lead to en-
hanced growth of fetal tissues (6). We have previously de-
scribed similar results in human macrosomic newborns of
type 1 diabetic mothers (32,33). 

In this study, after 1 mon of life (day 30), which corre-
sponded to the suckling period, serum glucose, insulin, and
lipoprotein concentrations and compositions in male and fe-
male obese offspring of diabetic dams became similar to
those of their respective controls. However, serum LCAT, adi-
pose tissue LPL, and HTGL activities were higher in obese
than in control rats. The early elevation of adipose tissue LPL
activity associated with normal muscle LPL activity was a

contributory factor to the maintenance of obesity in offspring
of diabetic rats. High LPL and HTGL activities are normally
associated with enhanced lipoprotein and remnant catabo-
lism, resulting especially in low TAG and VLDL levels, and
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TABLE 4
Postnatal Changes in VLDL and HDL2-3 Apolipoproteins of Obese and Control Ratsa,b

Male rats Female rats
Control Obese Control Obese

VLDL apoproteins
ApoB-100 D0 40.31 ± 11.48b 48.90 ± 13.96b 40.31 ± 11.48b 48.90 ± 13.96b

D90 90 ± 12.43a 140 ± 11.68a,** 101.60 ± 14.42a 181.12 ± 12.15a,**
ApoB-48 D0 16.40 ± 4.63b 18.90 ± 5.18b 16.40 ± 4.63b 18.90 ± 5.18b

D90 43.12 ± 8.90a 91.92 ± 9.81a,** 48.83 ± 7.53a 95.33 ± 8.93a,**
ApoE D0 21.30 ± 6.77b 26.92 ± 5.63b 21.30 ± 6.77b 26.92 ± 5.63b

D90 62.15 ± 8.15a 108.40 ± 11.53a,** 62.10 ± 6.61a 110.21 ± 9.30a,**
ApoC-II D0 4.80 ± 1.57b 6.70 ± 2.64b 4.80 ± 1.57b 6.70 ± 2.64b

D90 19.01 ± 3.15a 39.42 ± 7.66a,** 18.22 ± 3.08a 36.40 ± 5.94a,**
ApoC-III D0 4.80 ± 1.97b 7.73 ± 2.89b 4.80 ± 1.97b 7.73 ± 2.89b

D90 45.93 ± 6.75a 80.30 ± 9.48a,** 49.27 ± 5.11a 81.01 ± 6.32a,**
HDL2-3 apoproteins
ApoA-I D0 181.31 ± 11.42b 246.90 ± 22.64b,* 181.31 ± 11.42b 246.90 ± 22.64b,*

D90 564.81 ± 60.11a 609.88 ± 58.70a 589.70 ± 70.18a 646.87 ± 80.20a

ApoA-II D0 22.40 ± 3.18b 40.61 ± 6.43b,* 22.40 ± 3.18b 40.61 ± 6.43b,*
D90 61.10 ± 21.43a 64.80 ± 19.11a 69.31 ± 24.78a 96.47 ± 35.16a

ApoA-IV D0 63.54 ± 11.14b 117.38 ± 21.38b,* 63.54 ± 11.14b 117.38 ± 21.38b,*
D90 251.80 ± 50.64a 250.55 ± 42.33a 201.10 ± 38.64a 234.81 ± 55.36a

ApoE D0 201.68 ± 8.11 237.24 ± 9.48* 201.68 ± 8.11 237.24 ± 9.48*
D90 244.78 ± 30.14 247.70 ± 20.10 229.60 ± 30.26 269.50 ± 40.50

ApoC-II D0 30.20 ± 4.15b 41.76 ± 5.98b,* 30.20 ± 4.15b 41.76 ± 5.98b,*
D90 81.30 ± 10.06a 155.60 ± 14.11a,** 86.70 ± 15.64a 165.31 ± 18.11a,**

ApoC-III D0 50.87 ± 4.14b 61.11 ± 5.73b,* 50.87 ± 4.14b 61.11 ± 5.73b,*
D90 206.20 ± 25.38a 211.40 ± 30.14a 213.58 ± 36.95a 256.90 ± 47.86a

aValues are means ± SD of eight rats from each group. Males and females constitute separate groups. At day 0, the values for both control and obese rats are
the same in both males and females as gender could not be identified at this stage. Significant differences between obese and control rats at each age are in-
dicated as: *P < 0.05; **P < 0.01. Means within the same group with different superscript letters (a,b) are significantly different according to age for each
group (P < 0.05).
bExpressed as AU/L (arbitrary units/L serum).

FIG. 1. LCAT activity of rat sera. Values are means ± SD of eight rats
from each group. Males and females constitute separate groups. At day
0 (d0), the values for both control and obese rats are the same in both
males and females as gender could not be identified at this stage. Sig-
nificant differences between obese and control rats at each age are in-
dicated as: *P < 0.05, **P < 0.01. Means within the same group with
different superscript letters (a–c) are significantly different according to
age for each group (P < 0.05). Hatched and filled histograms represent,
respectively, control and obese rats.



in high LDL and HDL1 levels in the rats (14). These correla-
tions were not found in our obese rats at day 30. On the other
hand, the well-known correlation between LCAT activity and
HDL levels also was not seen in these rats. These findings
suggest that an increased rate of lipoprotein synthesis com-
bined with an enhanced lipoprotein catabolism in obese off-
spring of diabetic rats might contribute to maintaining a nor-
mal lipoprotein profile at day 30. A higher demand for lipid
during the phase of rapid growth could explain high lipopro-
tein turnover, knowing that most of the obese rats tissues were
hypertrophic. Indeed, an increased insulin sensitivity could
be envisaged, as suggested by other works (6,7). Therefore,
persistence of a higher number of insulin receptors and/or
greater insulin-binding affinity in the target tissue may con-
tribute to enhanced anabolic effects despite normal serum in-
sulin levels in these obese rats at day 30.

After 2 mon of life (day 60), which corresponded to 1 mon
postweaning period, the obese rats again showed serum glu-
cose, insulin, and lipoprotein levels similar to those in con-
trols, except for VLDL-TAG levels, which were enhanced in
obese females compared to control females. This could be the
result of increased estrogen levels in obese females, since es-
trogen enhances hepatic TAG production and secretion (34).

After 3 mon of life (day 90), a period reflecting adulthood,
the situation was different. Some metabolic alterations that
had disappeared at birth and that had subsequently disap-

peared at day 30 and day 60 were present and were worsened.
Adult obese offspring (both males and females) had elevated
glucose, insulin, and lipoprotein levels compared to controls.
They also displayed significant increases in LCAT and HTGL
activities. In these adult obese rats, adipose tissue LPL activ-
ity became similar to that found in adult control rats. Taken
together, the results strongly suggested that obese offspring
of diabetic dams developed insulin resistance in adulthood, in
agreement with other studies (11,13). It is well known that the
development of obesity is linked with insulin sensitivity,
whereas weight maintenance in the obese state is associated
with insulin resistance (35). In several animal models, obe-
sity and adipocyte hypertrophy precede the development of
insulin resistance (36,37). At day 90, adult obese offspring of
diabetic dams presented both quantitative and qualitative ab-
normalities of different lipoproteins. Compositional changes
were more apparent when composition was expressed as the
percentage of total lipoprotein mass rather than absolute con-
centration of the components. Adult obese rats showed high
VLDL concentrations, accompanied by a concomitant in-
crease in all VLDL-apo and lipid components, suggesting el-
evated VLDL particle numbers. Overproduction of VLDL, a
common feature of human and various experimental obesi-
ties, is a direct consequence of hyperinsulinemia and hepatic
hyperlipogenesis (8,9,36,38). Indeed, in obese females,
VLDL particles were enriched in EC at day 90. This compo-
sitional abnormality is well documented in human diabetes
and results from increased lipid transfer between VLDL and
HDL (8,9). However, in the rat, which has low EC transfer
protein activity, HDL concentrations would not be directly af-
fected by interactions between HDL and TAG-rich lipopro-
teins. Thus, the increased cholesterol content in the VLDL
fraction could reflect VLDL hepatic synthesis rich in choles-
terol. These adult obese rats also presented enhanced HDL2-3
levels. In contrast to reduced HDL concentrations observed
in obesity and diabetes in man (9,10,39), a positive correla-
tion between adiposity and HDL levels was seen in several
animal models of obesity (40,41). Adult obese offspring of
diabetic dams also presented compositional changes of
HDL2-3 particles, including enrichment in TAG, cholesterol,
and PL.

In our study, adult obese offspring had high HDL-apoC-II
contents compared to control values. Indeed, they also had
high VLDL-apoC-II and -apoC-III concentrations. The apoC-
II to apoC-III ratio was increased in both VLDL and HDL
particles of these adult obese rats compared to control values.
Since apoC-II is an activator of LPL and apoC-III is an in-
hibitor of LPL, high proportions of apoC-II compared to
apoC-III in obese offspring at day 90 could be a physiologi-
cal compensatory mechanism to establish TAG homeostasis
during a period related to insulin resistance. In conclusion,
obese offspring of mildly diabetic rats presented altered
lipoprotein metabolism at birth and at adulthood. 

Developmental lipoprotein profile changes in offspring of
diabetic dams were characterized by two periods. A first
period (days 0–60), with increased insulin sensitivity, was
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FIG. 2. Adipose tissue lipoprotein lipase (LPL) and hepatic TG lipase
(HTGL) activities in obese and control rats. Values are means ± SD of
eight rats from each group. Males and females constitute separate
groups. Significant differences between obese and control rats at each
age are indicated as: *P < 0.05, **P < 0.01. Means within the same
group with different superscript letters (a–c) are significantly different
according to age for each group (P < 0.05). Hatched and filled his-
tograms represent, respectively, control and obese rats.



associated with increased fat storage and high lipoprotein
turnover leading to a normalization of lipoprotein profiles. A
second period (day 90), with decreased insulin sensitivity and
the appearance of insulin resistance, was associated with cir-
culating lipoprotein abnormalities. Fetal hyperinsulinemia in
diabetic pregnancy should then be considered as one of the
potential risk factors for later metabolic diseases, including
adult dyslipoproteinemia. Attention needs to be focused on
the disordered lipoprotein profile in offspring of diabetic
mothers.
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ABSTRACT: This study was undertaken to estimate the effect
of dietary high oleic acid oil (OA) on 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK)-induced lung tumorigenesis in
mice. Diet containing 10% oil was fed to mice through experi-
mental periods. On day 30 after NNK injection (100 mg/kg
body weight, i.p.), the treatment increased the level of prosta-
glandin E2 (PGE2) as well as proliferating cell nuclear antigen, a
marker of cell proliferation in a high linoleic acid oil (LA)-fed
group but not in an OA-fed group. The NNK treatment also in-
duced the activation of an extracellular signal-regulated kinase
(Erk) cascade (Erk, Mek and Raf-1) in an LA-fed group. On the
other hand, OA feeding abolished the NNK-induced activation
of the Erk cascade. In conjugation with these events, OA feed-
ing reduced lung tumor incidence and tumor multiplicity (per-
centage of mice with tumors) in mice compared with LA feed-
ing at the 20th experimental week. These results suggest that
OA suppresses lung tumorigenesis and that this suppression is
correlated with the inhibition of PGE2 production and inactiva-
tion of the Erk cascade. 

Paper no. L9013 in Lipids 37, 783–788 (August 2002).

Cigarette smoking is the leading cause of lung cancer. A tobacco-
specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), is formed from the nitrosation of nicotine
during tobacco processing and cigarette smoking and has been
suggested to play an important role in human tobacco-related
cancers (1,2). In laboratory animals, NNK is the most potent
lung carcinogen of tobacco-specific nitrosamines (3). In mouse
lung tumors induced by NNK, mutational activation of K-ras
gene caused by GC→AT transitions in the second base of codon
12 have been detected (4,5). The mutational activation of K-ras
gene is then followed by proliferation and progression to a ma-
lignant tumor (5). From the similarity of the mutational activa-
tion of K-ras gene observed in human lung cancer and mouse
lung tumors, the induction of lung tumors by NNK in mice is a

well-established model for studying lung carcinogenesis and its
modulating factors in humans (6).

Epidemiological and experimental studies suggest that an
increased dietary intake of olive oil plays a beneficial role in
the prevention of certain cancers (7–10). Although the pro-
portion of smokers and total intake of dietary fat were the
same between southern and northern Italy, the mortality rate
for lung cancer was lower in the former (11). In southern
Italy, the traditional diet is rich in olive oil, whereas in north-
ern Italy the diet is rich in red meat and butter (11). This in-
creased intake of olive oil may partly account for the low lung
cancer mortality rate. A previous report indicates that oleic
acid, a major component of olive oil, contributes to the oil-
dependent inhibition of lung tumorigenesis (12). Other olive
oil components, such as squalene, may have an antitumor-
promoting effect (13). In order to establish the usefulness of
oleic acid as a preventive component against lung cancer, it is
necessary to further investigate an exact role of the FA in reg-
ulating the development of lung cancers.

Prostaglandin E2 (PGE2) from n-6 FA acts as a promoter in
several types of cancers (14). On the other hand, other FA (n-3
and n-9) like oleic acid attenuate proliferation of colon cancer
cells through the reduction of PGE2 level (15). In previous re-
ports, we demonstrated that pulmonary PGE2 levels positively
correlated with the development of lung tumors in mice treated
with chemical carcinogens (16). The activation of the extracel-
lular signal-regulated kinase (Erk) cascade based on the muta-
tion of K-ras gene is required for the lung tumor promotion
(17). Also, a recent report showed that PGE2 stimulates the ac-
tivation of Erk cascade in some tumor cells (18). Overall, it is
likely that oleic acid attenuates the activation of Erk cascade in
lung tumorigenesis via the suppression of PGE2 levels and sub-
sequently inhibits the development of lung tumors. In this con-
text, the present study was designed to clarify the foregoing hy-
pothesis. To avoid the influence of anticarcinogenic compo-
nents other than oleic acid involved in olive oil, pure high oleic
acid peanut oil (OA) from SunOleic Peanut was used in this
study instead of olive oil (19). The composition of oleic acid in
this peanut oil was fairly similar to that in olive oil (20). The
composition of FA in pure OA, olive oil, and high linoleic acid
sunflower oil (LA) is shown in Table 1.
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MATERIALS AND METHODS

Animals and treatment. Animal experiments were approved
by our Academic Committee on Animal Experiments prior to
the onset of the studies. Specific pathogen-free A/J strain female
mice (SLC, Shizuoka, Japan) were used. The mice were
maintained under a clean-rack system at 22 ± 1°C and 55 ± 5%
RH with a 12-h diurnal system. Sterilized water was given ad
libitum. The mice were fed AIN-76A diet containing 10% LA
or OA for 2 wk. After that, the mice were given NNK (Chem-
syn Science Laboratory, Shawnee Mission, KS) dissolved in
saline at a dose of 100 mg/kg body weight or vehicle by a sin-
gle i.p. injection. On day 30 after the injection, four mice for
PGE2 assay, three mice for proliferating cell nuclear antigen
(PCNA) assay, three mice for Raf-1 kinase assay, and three
mice for Mek and Erk assay were killed under anesthesia with
pentobarbital. We have already shown that several tumor pro-
motion and cell proliferation markers drastically increase on
day 30 after the NNK injection and that the elevations closely
relate to the development of lung tumors (16,17,21), so we
selected this point to determine biochemical parameters in
order to estimate the tumor promotion stage. At week 20 after
the injection, 12 mice in each group were sacrificed to con-
firm the development of lung tumors according to the previ-
ous report (21).

Determination of PGE2 levels. A 20% lung homogenate was
prepared in 0.1 M Tris-HCl buffer (pH 7.4) containing 0.15 M
azide for PGE2 assay. After centrifugation at 100,000 × g for 1
h, the supernatant was acidified to pH 3.0, and PGE2 from the
supernatant was extracted with ethyl acetate. The extracted
sample was passed through a SEP-PAK C18 column (Waters
Associates, Milford, MA), and the methanol eluate was then
evaporated (22). PGE2 level in the residue was estimated by an
ELISA system (Cayman Chemical, Ann Arbor, MI).

Raf-1 kinase activity assay. Raf-1 kinase activity was deter-
mined using a single-step assay for the kinase based on phos-
phorylation of recombinant Mek-1, detected using an activa-
tion-specific Mek antibody (New England Biolabs, Beverly,
MA) that recognized Mek only when specifically phosphory-
lated by Raf (23). A 20% lung homogenate was prepared in ra-
dioimmunoprecipitation assay (RIPA) buffer (25 mM Hepes,

pH 7.5, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 10
mM MgCl2, 25 mM NaF, 10 mM Na3VO4, 1 mM phenyl-
methyl sulfonyl fluoride, 1 mM EDTA, 10 µg/mL leupeptin,
10 µg/mL aprotinin, and 0.1% deoxycholate). After the super-
natant was prepared by centrifugation at 100,000 × g for 1 h,
Raf-1 was immunoprecipitated from 500 µg of the supernatant
protein using sheep polyclonal anti-c-Raf antibody (UBI, Lake
Placid, NY). An in vitro kinase assay was performed using re-
combinant Mek-1 substrate (Santa Cruz Biotechnology, Santa
Cruz, CA) at 30°C for 30 min. The reaction mixture contained
Raf-1 immunocomplex, 20 µM ATP, 500 ng of Mek-1 sub-
strate, 20 mM NaCl, 1 mM DTT, 10 mM MgCl2, 1 mM MnCl2,
and 20 mM Tris-HCl buffer (pH 7.4). The samples were re-
solved by 10% SDS-PAGE and probed with polyclonal an-
tiphosphorylated Mek (New England Biolabs), polyclonal anti-
Raf (Santa Cruz Biotechnology) and monoclonal anti-Mek-1
(Transduction Labs, Lexington, KY) antibodies. Detection was
accomplished using ECL (Amersham, Piscataway, NJ) and a
cooled CCD camera-linked Cool Saver system (Atto, Tokyo,
Japan). A 2-D densitometric evaluation of each band was per-
formed using Atto Image Analysis Software (Atto). Molecular
sizing was done using Rainbow M.W. marker (Amersham).
Protein concentrations were determined using DC Protein
Assay (BioRad, Hercules, CA).

The assay of PCNA level. The supernatant was prepared
from 20% homogenate in RIPA buffer as described in the
assay of Raf-1 kinase activity. The supernatant containing 100
µg protein was incubated overnight with p13suc1-agarose
(UBI). The pellet was resolved by 10% SDS-PAGE and
probed with monoclonal anti-PCNA antibody (Dako, Den-
mark). β-Actin was used as an internal standard, and this pro-
tein was separated on 10% SDS-PAGE and probed with anti-
β-actin antibody (Sigma, St. Louis, MO). Each protein band
was detected as mentioned above. PCNA-p13 complex was
useful as a marker of cell proliferation during carcinogenesis
(24), and we confirmed the level of PCNA-p13 complex is
positively associated with PCNA labeling index in alveolar
epithelial cells (a main progenitor cell of mouse lung tumor)
(25). Thus, the level is a good marker to estimate proliferation
of alveolar epithelial cells during lung tumorigenic process.

The assay of Mek and Erk activations. The activations of
Mek and Erk were estimated by immunoblot analysis using
antiphosphorylated Mek (Mek-P), phosphorylated Erk
(Erk-P), and Mek and Erk antibodies (New England Biolabs).
The supernatant containing 20 µg protein was resolved in
10% SDS-PAGE, and subsequently each protein band was de-
tected as mentioned above.

The estimation of lung tumors. At autopsy, the lungs were
fixed by intratracheal instillation of 10% buffered formalin.
After separation of each pulmonary lobe, the number of in-
duced tumors was counted under a dissecting microscope
(21). These tumors were embedded in paraffin, sectioned, and
stained with hematoxylin and eosin for histological analysis.

Statistical analysis. Comparisons were performed by the
chi-square test for the percentage of tumor-bearing mouse,
and other data were analyzed by one-way ANOVA followed
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TABLE 1
Composition of FA in Each Oil

High oleic acid High linoleic acid
FA peanut oil Olive oil sunflower oil

14:0 0.0 0.0 1.5
16:0 5.3 0.0 7.2
16:1 0.0 0.8 0.0
18:0 2.3 3.6 2.6
18:1 81.5 83.2 12.2
18:2 3.4 11.5 76.5
18:3 0.0 0.9 0.0
20:0 1.2 0.0 0.0
20:1 2.2 0.0 0.0
22:0 2.5 0.0 0.0
24:0 1.6 0.0 0.0



by Duncan’s multiple-range test. P values of 0.05 or less were
considered significant.

RESULTS 

The ratios of body weight final/initial were 1.30 in LA + ve-
hicle-treated group (LA-vehicle), 1.29 in LA + NNK-treated
group (LA-NNK), 1.31 in OA + vehicle-treated group (OA-
vehicle), and 1.30 in OA + NNK-treated group (OA-NNK),
respectively. There were no significant differences among
these groups.

The level of PGE2 in mouse lung on day 30 after NNK in-
jection is shown in Figure 1. The level of PGE2 in the LA-
NNK group was about twofold greater than that in the LA-
vehicle group, and the difference was statistically significant.
On the other hand, the level of PGE2 in the OA-NNK group
showed only a slight insignificant increase compared with the
OA-vehicle group. 

Levels of PCNA-p13 complex (a marker of cell prolifera-
tion) and the densitometric evaluation are shown in Figures
2A and 2B, respectively. The level of the PCNA in the LA-
NNK group showed a significant increase compared with that
in the LA-vehicle group. Also, the difference in the PCNA
level between the OA-vehicle and OA-NNK groups was sim-
ilar to that between the LA-vehicle and the LA-NNK groups,
but the level of PCNA-p13 in the OA-fed groups was much
lower (P ≤ 0.05) than that in the LA-fed groups.

Changes in the activation of the Erk cascade on day 30
after NNK injection are shown in Figure 3. The activated
level of the Erk cascade (Raf-1, and phosphorylated Mek and
Erk) in the LA-NNK group was much higher than that in the
other three groups (Figs. 3A–C), and this difference was sta-
tistically significant (Fig. 3D). There was no difference in the
activated level of the Erk cascade among the three groups ex-
cept for the LA-NNK group (Fig. 3D).

The effect of LA and OA feeding on NNK-induced lung
tumorigenesis is summarized in Table 2. In the LA-NNK
group lung tumors were found in 100% of the mice, with an

average of 6.3 tumors per mouse. Compared to the LA-NNK
group, the OA-NNK group had a 25% lower incidence of
lung tumors and a 31% reduced lung tumor level (4.8 tumors
per mouse). These differences between the two groups were
statistically significant. Furthermore, no difference between
the LA-vehicle and OA-vehicle groups in the development of
lung tumors was observed.

DISCUSSION

The present study demonstrates that LA feeding compared
with OA feeding reduced the development of lung tumors in
mice treated with NNK. Changes in PGE2 levels correlated
with FA-induced changes in tumorigenesis.

During the carcinogenic process, at the initiation stage, the
fixation of DNA damage induced by carcinogen exposure oc-
curs (the appearance of the initiated cells). Subsequently, the
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FIG. 1. The change of pulmonary prostaglandin E2 (PGE2) level in mice
treated with 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK). 1,
High linoleic acid sunflower oil (LA)-vehicle; 2, LA-NNK; 3, high oleic
acid peanut oil (OA)-vehicle; 4, OA-NNK. Each column represents the
mean from four samples, and bars indicate SE. *Significantly different
from LA-vehicle, OA-vehicle, and OA-NNK. This experiment was car-
ried out twice.

FIG. 2. The change of proliferating cell nuclear antigen (PCNA) level in
mice treated with NNK (A) and its densitometric analysis (B). Im-
munoblot analysis of the level of PCNA precipitated with p13suc1-
agarose and β-actin were carried out as detailed in the Materials and
Methods section. This result is representative of one of three samples.
This experiment was carried out twice. Densitometric evaluation was
performed as discussed in the Materials and Methods section. Each in-
tensity shown is the mean of three samples; vertical lines indicate SE.
Each value is expressed as a relative ratio against the LA-NNK group,
and the value in the group is shown as 100. *Significantly different from
LA-vehicle, OA-vehicle, and OA-NNK. **Significantly different from
LA-vehicle, LA-NNK and OA-NNK. ***Significantly different from LA-
NNK and OA-vehicle. For abbreviations see Figure 1.



initiated cells begin to proliferate in response to various stim-
uli such as a promoter, finally leading to the development of
tumors (26). In the murine NNK-induced lung tumorigenesis
model, a high percentage of the lung tumors have mutational
activation of the K-ras gene (4,5). We have also detected
K-ras gene activation in lung with the same mutation as seen
in NNK-induced lung tumors before the appearance of micro-
scopically observable tumors (27). These reports suggest that
NNK-initiated cells having a mutation of the K-ras gene ap-
pear to remain latent within pulmonary normal cells and re-
quire additional events (such as exposure to growth-promot-
ing agents) to trigger neoplastic development. The present
study indicates that the difference in the development of lung
tumors between OA-NNK and LA-NNK groups is based on

the difference in cell proliferation at the promotion stage. On
the other hand, we confirmed that there was no difference in
the fixation of DNA injury at the initiation stage between the
two groups (Yamaki, T., Yano, T., and Sakurai, H., unpub-
lished data). These results suggest that promoter(s)-stimu-
lated proliferation of the initiated cells in the OA-NNK group
during the promotion stage is less than that in the LA-NNK
group. We have observed that the level of pulmonary arachi-
donic acid as a main precursor of PGE2 in the LA-fed group
was higher than that in the OA-fed group (Yamaki, T., Yano,
T., and Sakurai, H., unpublished data). Thus, we postulate that
a difference in PGE2 levels occurring between the two groups
is due to the difference in the precursor level, and that the dif-
ference is key to regulating the development of lung tumors
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TABLE 2
Tumor Multiplicity of the 20th Experimental Week in the Lungs of Mice

No. No. of mice % of mice No. of total No. of tumors/mouse
Group of mice with tumors with tumors tumors (mean ± SE)

LA + vehicle 12 0 0 0 0
OA + vehicle 12 0 0 0 0
LA + NNK 12 12 100 75 6.25 ± 2.15
OA + NNK 12 9 75a 43 4.78 ± 2.80a

aSignificantly different from LA + NNK group (P < 0.05). Abbreviations: LA, high linoleic acid sun-
flower oil; OA, high oleic acid peanut oil; NNK, 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone.

FIG. 3. Changes in the activity of Raf-1 (A), the activation of Mek (B),
Erk (C) in mice treated with NNK, and their densitometric evaluation
(D). 1, LA-vehicle; 2, LA-NNK; 3, OA-vehicle; 4, OA-NNK. As de-
scribed in the Materials and Methods section, the Raf-1 activity was de-
termined using the single-step assay for kinase based on phosphoryla-
tion of recombinant Mek-1; the activation of Mek and Erk was estimated
by immunoblot analysis using antibodies against each phosphorylated
protein. Each result is representative of one of three samples. This ex-
periment was carried out twice. Densitometric evaluation was per-
formed as mentioned in Figure 2. *Significantly different from LA-vehi-
cle, OA-vehicle, and OA-NNK. For abbreviations see Figure 1.



in this model. In fact, we found that PGE2 levels correlated with
the development of lung tumors in mice treated with NNK.

In lung cancer cells with K-ras mutations, the constitutive
activation of Erk cascade based on the mutations induces
phospholipase A2 and cyclooxygenase-2, and this induction
is associated with a high generation of PGE2 in the cells (28).
Also, this study shows that the reduction of PGE2 production
by cyclooxygenase inhibitors contributes to negative growth
control of the lung cancer cells. In a recent study, we demon-
strated that PGE2 stimulates proliferation of lung cancer cells
with K-ras mutations by reinforcing the activation of the Erk
cascade (29). In in vivo studies, we showed that the activation
of the Erk cascade based on K-ras mutations and the induc-
tion of cyclooxygenase and oxygenase-mediated PGE2 pro-
duction are necessary for cell proliferation at the promotion
stage of lung tumorigenesis in mice (16,17,21). It seems that
high generation of PGE2 associated with the induction of cy-
clooxygenase during the carcinogenic process in the lung
contributes to the constitutive activation of the Erk cascade,
abnormal cell proliferation, and the development of lung tu-
mors. Thus, as we have shown, the regulation of PGE2 pro-
duction by OA feeding, perhaps owing to a reduction in the
precursor FA levels, actually reduces the risk of lung carcino-
genesis. Furthermore, our present results support the possibil-
ity that an increased intake of olive oil and oleic acid con-
tributes to reduction of lung cancer mortality.

Although the level of PGE2 in the LA-vehicle group was
almost the same as that in the OA-vehicle group, cell prolif-
eration in the former was significantly higher than that in the
latter. These results suggest that other factors in addition to
PGE2 contribute to OA feeding-dependent suppression of cell
proliferation in lung.

In previous reports FFA were demonstrated to influence cell
growth directly through the induction of proto-oncogenes like
c-fos via Ca2+ and protein kinase C signaling (30). Different
effects on cell growth were observed depending on the type of
FFA (31). Thus, this effect of FFA may relate to the OA feed-
ing-dependent decrease in cell proliferation. In comparing the
relation of the PGE2 level and cell proliferation between LA-
NNK and OA-NNK groups, it is clear that the reduction in the
level of PGE2 by OA feeding correlates with the suppression
of cell proliferation at the promotion stage. On the other hand,
in comparing vehicle treatment, NNK-induced elevation of cell
proliferation in the OA-fed group was higher than that of the
NNK-induced increase of PGE2 levels, suggesting that promot-
ers other than PGE2 stimulated the cell proliferation at the pro-
motion stage. However, cell proliferation in the OA-NNK
group was almost equal to that in the LA-vehicle group and
was much lower than that in the LA-NNK group. Thus, a ben-
eficial effect of OA feeding, the suppression of lung carcino-
genesis, presumably depends on both the reduction of PGE2
levels and other effects that are independent of PGE2. 
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ABSTRACT: Oxidized LDL (oxLDL) may contribute to the ac-
cumulation of apoptotic cells in atherosclerotic plaques. Al-
though it is well established in monophasic chemical systems that
the highly unsaturated EPA and DHA will oxidize more readily
than FA that contain fewer double bonds, our previous studies
showed that enrichment of LDL, which has discrete polar and
nonpolar phases, with these FA did not increase oxidation. The
objective of this study was to compare the extent of apoptosis in-
duced by EPA/DHA-rich oxLDL to that induced by EPA/DHA-
non-rich oxLDL in U937 cells. LDL was obtained from one
healthy subject three times before and after supplementation for
5 wk with 15 g/d of fish oil (FO), an amount easily obtainable
from a diet that contains fatty fish. After supplementation, an
EPA/DHA-rich LDL was obtained. Oxidative susceptibility of
LDL, as determined by measuring the formation of conjugated di-
enes and the accumulation of cholesteryl ester hydroperoxides,
was not higher in EPA/DHA-rich LDL. The oxLDL-induced cell
apoptosis was detected by the activation of caspase-3, the translo-
cation of PS to the outer surface of the plasma membrane using
the Annexin V-fluorescein isothiocyanate binding assay, and the
presence of chromatin condensation and nuclear fragmentation
using the 4,6-diamidino-2-phenylindole staining assay. All three
measures showed that after FO supplementation, EPA/DHA-rich
oxLDL-induced cell apoptosis decreased. The decrease was not
related to the concentration of lipid hydroperoxides. This study
suggests that a possible protective effect of EPA/DHA-rich diets
on atherosclerosis may be through lessening cell apoptosis in the
arterial wall. 

Paper no. L8943 in Lipids 37, 789–796 (August 2002).

Recent findings show that apoptosis is responsible for much
of the cell death seen during atherosclerosis. Indeed, apopto-
sis has been positively correlated with the localization and
severity of atherosclerosis (1). Macrophages, smooth muscle
cells, and lymphocytes undergoing apoptosis all have been
found in human atherosclerotic lesions (2–4). Of the three cell
types, macrophages appear to be the preferred cell population
in atherosclerotic lesions to undergo apoptosis (2,5,6). Apop-
totic macrophages have been implicated in the initiation and

enlargement of the cellular lipid-core in the advanced athero-
sclerotic lesion (7–9). Furthermore, this process can lead to
the activation of thrombosis (7–9). 

Oxidized LDL (oxLDL) plays a critical role in the devel-
opment of atherosclerosis (10,11). Recently, oxLDL has been
shown to induce apoptosis in human umbilical vein endothe-
lial cells (12,13), smooth muscle cells and fibroblasts (14),
and macrophages (15,16). 

It is conceivable that the role of oxLDL in the development
of atherosclerosis could be through induction of apoptosis.
The mechanisms by which oxLDL induce apoptosis are not
well understood. Lipid hydroperoxides (17), decomposition
products (i.e., 4-hydroxynonenal) (18), and cholesterol oxi-
dation products (oxysterols) (i.e., 25-hydroxycholesterol or
7-β hydroxycholesterol) (13,19–21) are generated during ox-
idation of LDL and have been shown to induce apoptosis.
However, the relative potencies of these different products
are not yet known. Furthermore, upregulated Fas and Fas-
ligand (22), the release of cytochrome c from mitochondria
(21), the activation of caspase-8 (22), caspase-3 (13,15,21),
and an increase in cellular calcium concentrations (23) have
all been implicated in oxLDL-induced cell apoptosis. 

Current research has attempted to identify those factors that
regulate the oxidation of LDL and the production of its decom-
position products. It is believed that an improved understand-
ing of these factors may provide a therapeutic tool for control-
ling the development and progression of atherosclerosis. For
example, dietary FA influence the rate and extent of LDL oxi-
dation. EPA and DHA are FA mainly from fish that are associ-
ated with a decreased risk of cardiovascular disease. In a recent
clinical trial, results showed that enriching LDL with
EPA/DHA produced a lower concentration of lipid hydroper-
oxides compared to the LDL enriched with linoleic acid (24),
when LDL was subjected to oxidation. Given that lipid hy-
droperoxides are the predominant lipid oxidation products
found in atherosclerotic lesions (25), our findings support a role
of EPA/DHA in reducing the severity of atherosclerosis. More-
over, reduced production of lipid hydroperoxides may lessen
the formation of secondary oxidation products such as 4-
hydroxynonenal, thereby reducing apoptosis. 

The effect of oxidized LDL that has been enriched with
EPA/DHA on cell apoptosis has not been investigated. In
order to evaluate this, the oxidative susceptibility of
EPA/DHA-rich LDL was compared to that of EPA/DHA-non-
rich LDL. The extent of apoptosis of U937 cells induced by
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EPA/DHA-rich oxLDL was compared to that of EPA/DHA-
non-rich oxLDL. U937 cells are human pro-monocytic cells
and share many characteristics with macrophages. Addition-
ally, they are one of the easiest cell models in which to study
apoptosis. EPA/DHA-rich oxLDL contained less or equiva-
lent concentrations of lipid hydroperoxides as did EPA/DHA-
non-rich oxLDL. Apoptosis of U937 cells was induced after
6–7 h of incubation with oxLDL, and was lower in cells
treated with EPA/DHA-rich oxLDL compared to cells treated
with EPA/DHA-non-rich oxLDL. 

MATERIALS AND METHODS

Supplementation and experimental design. The University of
North Carolina at Greensboro Institutional Review Board ap-
proved the current study, and the subject signed informed
consent prior to entering the study. A healthy, nonsmoking
male (37 yr) was supplemented with 15 g/d fish oil (FO) for 5
wk. Plasma was collected on three separate days before and
after supplementation. The FA profile of the oil was measured
by GC using heptadecanoic acid (Nu-Chek-Prep, Elysian,
MN) as an internal standard as previously described (26). The
supplement (15 g) provided 1.26 g EPA and 1.08 g DHA.
This amount (2.34 g) of n-3 FA is similar to that found in two
servings (200 g) of Chinook salmon (27). FO supplements
were kindly provided by OmegaPureTM (Houston, TX) in
bulk and were then encapsulated by Banner Pharmacaps, Inc.
(High Point, NC). A mixture of α-, γ-, and δ-tocopherols
(courtesy of ADM Nutraceuticals, Decatur, IL) and TBHQ
(Eastman Chemical Company, Kingsport, TN) were added to
the oil. The vitamin E content of the oil was measured by
HPLC (Agilent Technologies 1100 series, Palo Alto, CA)
using a fluorometric detector set at 292 nm for excitation and
330 nm for emission (28). Recovery of α-tocopherol added to
the sample was 92%, and the interassay coefficient of varia-
tion was 5.6%. After these additions, the oil contained 0.540
mg α-tocopherol/g oil, 0.689 mg γ-tocopherol/g oil, 0.177 mg
δ-tocopherol/g oil, and 0.02% TBHQ. 

Cell culture and treatment. A week before the experi-
ments, U937 cells (ATCC, Rockville, MD) were thawed from
the frozen vials and maintained at 1–5 × 105/mL cells in T-75
culture flasks in RPMI 1640 medium supplemented with 10%
FBS, 1% glutamine (200 mmol/L), 1% penicillin-strepto-
mycin (10,000 IU/mL), and 0.2% amphotericin B (250
µg/mL) at 37°C in a 95% air/5% CO2 humidified incubator.
These cells were used in subsequent experiments.

Preparation of lipoproteins and determination of LDL ox-
idative susceptibility. Blood samples were collected into Va-
cutainer® tubes (Beckton Dickinson, Franklin Lakes, NJ)
containing Na2EDTA (1 g/L) after an overnight fast (≥10 h).
Plasma was immediately isolated by centrifugation at 1200 × g
for 15 min at 4°C (Jouan GR 4-12, Winchester, VA). An
aliquot of plasma was stored at −80°C for later measurement
of the lipid profile. The lipid profile, including plasma con-
centrations of cholesterol, triacylglycerol (TAG), HDL-choles-
terol (HDL-C), and LDL-cholesterol (LDL-C), were measured

to ensure that the subject was normolipemic. Plasma concen-
trations of cholesterol and TAG were measured as previously
described (29). The cholesterol concentration of the HDL
fraction was measured by an enzymatic method in samples
after the precipitation of the LDL and VLDL fractions with
phosphotungstic acid in conjunction with MgCl2 (Sigma Kit
#352-4, St. Louis, MO) (30). LDL-C concentration was cal-
culated using the following formula: total cholesterol − HDL-C
– TAG/5 (31). LDL was isolated from plasma by centrifu-
gation using a modification of the method of Chung et al. (32)
as modified by Chen and Loo (33). Briefly, 28 mL of NaCl
(0.195 M) was carefully overlaid on 11.5 mL of plasma in a
39.5 mL tube (Beckman, Quick-seal‚ Palo Alto, CA). The ul-
tracentrifuge tube was placed in a 50.2 Ti rotor (Beckman)
and centrifuged at 190,000 × g (40,000 rpm) for 2 h in a Beck-
man L7-65 ultracentrifuge. 

An aliquot of the isolated LDL was stored at −80°C for mea-
surement of the FA profile. The FA profile was measured by
GC as previously described (26) using heptadecanoic acid (Nu-
Chek-Prep) as an internal standard. Following removal of
EDTA and KBr from a second aliquot of LDL by using a 10
DG disposable column (Bio-Rad Laboratories, Hercules, CA),
the cholesterol concentration was determined enzymatically as
previously described (29) and is referred to as LDL-C. 

The EDTA/KBr-free LDL was oxidized; and cholesteryl
ester hydroperoxide (CEOOH) concentration, apoptotic
events, and conjugated diene formation were measured.
CEOOH and apoptosis were measured in aliquots taken from
the same oxidized solution. In this system 0.4 mg LDL-C/mL
was oxidized with 5 µM Cu2+. The formation of conjugated
dienes was measured in a separate system by continuously
monitoring their production at 234 nm in a Beckman DU-640
spectrophotometer, as we have previously reported (34), at
37°C over a 6-h time period. The concentration of conjugated
dienes was calculated using the molar extinction coefficient
29,500 M−1cm−1 (35). The three variables—lag time, rate of
oxidation, and maximal concentration of conjugated dienes—
were determined. Maximal rate was determined to be the
slope of the line of best fit through the points that defined the
steepest slope of the curve. The length of the lag phase was
determined to be the time (value for x) at the intersection of
the line describing the maximal rate and the line describing
the initial rate. The maximal concentration was determined
from the maximum absorption measured during the 6-h oxi-
dation. The absorption at 234 nm plateaued at about 5 h and
then began to decrease, indicating that secondary oxidation
products were being formed as the conjugated dienes de-
graded. As many products are formed during this time and
their absorptivity is unknown, monitoring the absorbance at
234 nm would yield ambiguous results and was terminated at
6 h. The maximal rate of formation and the concentration of
conjugated dienes were expressed relative to the protein con-
tent of the EDTA/KBr-free LDL. The protein content of the
LDL was determined using a kit obtained from Bio-Rad Lab-
oratories. It was previously determined that optimal perfor-
mance for the measurement of conjugated dienes was obtained
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when 55 µg LDL protein/mL (0.25 mg LDL/mL) was used
(34). However, to make comparisons between the system in
which CEOOH and apoptosis were measured and that in
which conjugated dienes were measured, the ratio of Cu2+ to
LDL-C had to be constant. This was accomplished by mea-
suring the protein content of the EDTA/KBr-free LDL and di-
luting it to 55 µg protein/mL. Because the dilution factor was
known, the concentration of cholesterol in this diluted solu-
tion could be calculated. Once the cholesterol concentration
was known, the concentration of CuSO4 needed to maintain
consistency across both systems could be calculated. This cal-
culation was made for each sample. 

To measure CEOOH concentration and apoptosis in the
EDTA/KBr-free LDL sample before oxidation was initiated
by the addition of CuSO4, a sample of LDL was removed and
EDTA (1.5 mg/mL) was immediately added to prevent oxi-
dation. This sample is identified as native LDL (nLDL). The
remaining EDTA/KBr-free LDL was oxidized. An aliquot
was removed after 6 h, and EDTA (1.5 mg/mL) was added
immediately to halt the oxidation reactions. The remaining
EDTA/KBr-free LDL sample was oxidized four more hours
(a total of 10 h), and again EDTA was added to terminate the
oxidation reactions. HPLC with an isoluminol-dependent
chemiluminescence detection method, as previously reported
(24), with slight modification was used to analyze nLDL, 6-h
oxLDL, and 10-h oxLDL for CEOOH formation. Briefly,
nLDL and oxLDL were extracted with hexane, evaporated,
and dissolved in ethanol. Samples were injected onto a C-18
column (Supelcosil LC-18, 5 µm, 250 × 4.6 mm; Supelco,
Bellefonte, PA) using a mobile phase of methanol/tert-
butanol (1:1, vol/vol) at a flow rate of 1.0 mL/min. A postcol-
umn chemiluminescence reagent consisting of 3:7 (vol/vol)
methanol to 100 mM sodium borate buffer (pH 10) contain-
ing 1 mM isoluminol (6-amino-2,3-dihydro-1,4-phthalazine-
dione; Sigma), and 3 mg/L microperoxidase (MP-11; Sigma)
at a flow rate of 1.5 mL/min was added to the eluent. Choles-
teryl linoleate hydroperoxide (CE18:2OOH) (Cayman Chem-
icals, Ann Arbor, MI) was used as an external standard to
quantify the amount of CE18:2OOH present in the samples.
The modifications gave a single peak from CEOOH rather
than several peaks, each associated with a different CEOOH,
as reported previously (24). Thus, a more global assessment
of the oxidation of core lipids was obtained.

Apoptosis assays. Apoptosis was assessed by three meth-
ods: caspase-3 activity, translocation of PS, and condensed
chromatin and nuclear fragmentation. In the caspase-3 method,
acetyl-asp-glu-val-asp-aminomethyl coumarin (Ac-DEVD-
AMC), a synthetic tetrapeptide fluorogenic substrate, was
added to the samples. This substrate is cleaved in the presence
of caspase-3, releasing the fluorescent AMC moiety, which can
be quantified by fluorescence intensity spectrophotometrically
(36) (PharMingen #6332K, San Diego, CA). For the second
method, translocation of PS from the inner to the outer leaflet
of the plasma membrane was measured by the Annexin V bind-
ing assay. In this assay Annexin V conjugated to fluorescein
isothiocyanate (FITC) binds to the translocated PS, and the

amount of the conjugate can be quantified fluorometrically.
This assay can be used as a marker of early apoptosis (37). In
addition, in this assay cells were costained with propidium io-
dide (PI). This is used as a marker for cell membrane perme-
ability, a change that occurs during the latter stages of apopto-
sis and in necrosis. Viable and early apoptotic cells, which have
intact membranes, exclude PI, but necrotic cells do not. Apop-
totic cells are FITC-positive and PI-negative, whereas necrotic
cells are both FITC- and PI-positive. In the third assay, con-
densed chromatin and nuclear fragmentation were visualized
microscopically after staining the cells with the fluorescent dye
4,6-diamidino-2-phenylindole (DAPI). 

All three measures of apoptosis were made before and after
supplementation with FO. Each treatment was performed in
triplicate. The cells were incubated with unoxidized LDL
(nLDL), LDL that was oxidized for 6 h (6-h oxLDL), and LDL
that was oxidized for 10 h (10-h oxLDL). The concentration of
LDL-C was maintained at 66 µg/mL for caspase-3 activity and
DAPI staining measurements and 133 µg/mL for PS transloca-
tion. Incubations with the LDL were 6–7 h long. All experi-
ments included positive and negative controls. For the negative
control, cells were incubated in LDL-free medium. Two posi-
tive controls were used. One positive control was to treat the
cells with 25-hydroxycholesterol (62.5–66.7 µg/mL) (Sigma-
Aldrich, St. Louis, MO) for 6 h. The other one was to treat them
with (1.5 µg/mL) camptothecin (Sigma-Aldrich) for 4 h. A
shorter incubation was used for the camptothecin because it in-
duced apoptosis more quickly. Since the supplementation
lasted about 5 wk, the LDL that was enriched with EPA/DHA
was obtained later than the LDL that was not enriched with
these FA. The use of these two positive controls allowed us to
establish that the U937 cells behaved in a similar fashion at
both times. 

For the measurement of caspase-3 activity, 5 × 105 cells
were incubated with the negative and two positive controls,
nLDL, 6-h oxLDL, and 10-h oxLDL. Cells were harvested and
washed 2× with PBS (pH 7.4, 10 mmol/L), resuspended in lysis
buffer (100 µL buffer/L × 106 cells), and stored at
−20°C for batch analysis. Samples were analyzed using a fluo-
rescence spectrophotometer (PerkinElmer LS 5OB, Norwalk,
CT) set at 380 nm for excitation and 420 nm for emission. Data
are expressed as relative fluorescent intensity per 105 cells. 

For the measurement of translocation of PS, 2.5 × 105 cells
were incubated in the same six systems: the negative and pos-
itive controls, nLDL, 6-h oxLDL, and 10-h oxLDL. After in-
cubation, 0.3 mL of the cell suspension was removed from
each well and washed 2× with ice-cold PBS (Ca2+:Mg2+-
free). The resulting cell pellet was suspended in 0.1 mL bind-
ing buffer [10 mmol/L HEPES/NaOH (pH 7.4), 140 mmol/L
NaCl, 2.5 mmol/L CaCl2], 5 µL of Annexin V-FITC (as sup-
plied by PharMingen #65874x, San Diego, CA), and 10 µL
of PI stock solution (50 µg/mL) and then incubated in the
dark for 15 min. After incubation, an additional 0.4 mL
aliquot of binding buffer was added to the cell solution. Cells
were analyzed with a FACS Calibur flow cytometer (Becton
Dickinson, San Jose, CA) using the FL1 channel to detect the
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signal generated by Annexin V-FITC and the FL2 channel to
detect the signal generated by PI. Data are expressed as the
percentage of cells positively stained with Annexin V-FITC
but negatively stained with PI.

For the DAPI staining assay 2.5 × 105 cells were incubated
with native LDL, 10-h oxLDL, and the controls. Cells were
harvested and washed 2× with PBS (pH 7.4, 10 mmol/L) before
being resuspended in 200 µL of PBS and loaded on poly-L-
lysine slides (Sigma #P-0425) in Cytospin Chambers (Stat-
Spin, Inc. #CC03, Norwood, MA) for 10 min. Slides were cy-
tospun in a Cytofuge®2 (StatSpin, Inc.) for 4 min at 850 rpm
(40 × g), immersed in fresh 3.7% formaldehyde solution for
20 min at 4°C, and subsequently stored at least one night in
ice-cold 70% ethanol at −20°C. Following storage, slides
were washed 3× with PBS, immersed into a diluted DAPI so-
lution (1 µg/mL) for 10 min, and then viewed on an Olympus
BX-60 fluorescence microscope (Melville, NY) equipped
with a SPOT digital camera (Sterling Heights, MI). The exci-
tation wavelength was 358 nm, and the emission wavelength
was 461 nm. The apoptotic cells were identified by a bright
blue nucleus, characteristic of either condensed or fragmented
chromatin, whereas normal cells were characterized by a faint
blue nucleus. At least 80 cells were counted from three ran-
domly selected fields on each slide. Slides were examined for
each sample. The percentage of apoptotic cells was calculated
by dividing the number of apoptotic cells by the total number
of cells × 100%. 

Statistical analysis. The significance of supplementation
with FO on the lipid profile, the FA profile, and LDL oxida-
tive susceptibility was determined using a two-sample t-test
(38). The repeated measure’s procedure was used to deter-
mine statistically significant differences between time points
as well as the FO supplements on CEOOH concentration (38).
To determine the influence of the length of time that LDL was
oxidized on the extent of apoptosis, the data were analyzed
using a one-way ANOVA (38). When a significant difference
was found, pair-wise comparisons were performed using the
Tukey–Kramer test to determine significant differences
among treatments (38). To determine the effect of FO supple-
mentation on extent of apoptosis, a two-sample t-test was
used (38). All experiments were repeated three times before
and after supplementation. Analyses were completed using
the SAS general linear model procedure (version 8; SAS In-
stitute Inc., Cary, NC). A value of P < 0.05 was considered
significant.

RESULTS

The TAG concentration in plasma was reduced (P = 0.02) from
baseline by 51% after FO supplementation. The FO supple-
mentation did not significantly (P > 0.05) alter the concentra-
tion of cholesterol, HDL-C, or calculated cholesterol in LDL.
The LDL FA profile changed after supplementation with FO
(Fig. 1). The concentration of EPA (20:5n-3) and DHA (22:6n-
3) in LDL was 1100 and 110% higher after supplementation,
respectively, compared to baseline (P < 0.05 for both FA). 

The lag time and maximal rate of production for conjugated
dienes were significantly (P < 0.05) different from baseline
after FO supplementation (Table 1). The lag time was reduced
by 32 min, and the maximal rate of production for conjugated
dienes was reduced by 37%. However, the maximal amount of
conjugated dienes produced in the LDL was similar (P > 0.05)
after FO supplementation compared to baseline. 

The concentration of CEOOH in LDL both before and
after supplementation with fish oil, i.e., the concentration in
nLDL, was less than 180 pmol/mg LDL-C, the lower limit of
detection of this assay (Fig. 2). The concentration of CEOOH
produced in LDL oxidized for 6 h was 35% lower (P = 0.007)
after FO supplementation than before FO supplementation.
In contrast, the concentration of CEOOH in the LDL before
and after FO supplementation was statistically equivalent in
the samples oxidized for 10 h (P > 0.05) (Fig. 2).

For all measures of apoptosis, the response seen in the neg-
ative controls, i.e., those cells incubated in LDL-free medium
(Fig. 3), was similar to the response seen in U937 cells treated
with nLDL, suggesting that LDL did not initiate apoptosis.
There were no significant differences (P > 0.05) before and
after FO supplementation for U937 cells treated with either
25-hydroxycholesterol or camptothecin, regardless of which
measure of apoptosis was used. This suggests that the apop-
totic response of the U937 cells was similar even when mea-
sures were separated by the 5-wk supplementation interval.

Two statistical assessments of the data were performed.
One was to determine if the extent of apoptosis was influ-
enced by the length of time that LDL was oxidized. This com-
parison was made separately for the samples obtained before
and after supplementation with FO. The second evaluation
was to determine if the supplementation with FO influenced
the extent of apoptosis induced by LDL after the LDL was
oxidized for a defined time. 

Influence of length of time that LDL was oxidized on extent
of apoptosis. For all three measures of apoptosis, oxidation of
LDL increased the extent of apoptosis (Fig. 3). Both before and
after supplementation with FO, the activity of caspase-3 was
higher in cells treated with LDL oxidized for 6 or 10 h com-
pared to cells treated with nLDL (P = 0.0001 in all compar-
isons except for cells treated with LDL oxidized for 6 h after
FO supplementation, where it was 0.0324). However, although
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FIG. 1. FA concentration in LDL before (open bars) and after (solid bars)
supplementation with fish oil. Data are least square means (LSM) ± SEM.
Bars with different letters above them for each FA are significantly dif-
ferent, P ≤ 0.05.



the activity of caspase-3 was higher in the cells treated with
LDL oxidized for 10 h compared to those treated with LDL ox-
idized for 6 h before supplementation with FO (P = 0.0001),
its activity was statistically equivalent in those cells treated
with LDL oxidized for 6 and 10 h after supplementation with
FO. 

In using the Annexin V assay, both before and after sup-
plementation with FO, the percentage of apoptotic cells was
higher in cells treated with LDL oxidized for 6 and 10 h (P =
0.0001) compared to cells treated with nLDL. However, in
contrast to the caspase-3 assay, the extent of apoptosis was
significantly higher in the cells treated with LDL oxidized for
10 h compared to LDL oxidized for 6 h both before (P =
0.0001) and after FO supplementation (P = 0.0033).

In using the DAPI staining assay both before and after FO
supplementation, the percentage of apoptotic cells was higher
in cells treated by LDL oxidized for 10 h compared to cells
treated with nLDL (P = 0.0001). 

Influence of FO supplementation on extent of apoptosis.
Apoptosis induced by oxLDL, regardless of assay used, was
decreased by FO supplementation. The activity of caspase-3
in U937 cells treated with LDL oxidized for 6 and 10 h after
supplementation with FO was reduced by 13 (P = 0.0053) and
22% (P = 0.0001), respectively, compared to treatment with
LDL oxidized for the same length of time but obtained before

supplementation with FO (Fig. 3A). On the basis of the An-
nexin V assays, only after the LDL had been oxidized for 10
h was a significant difference measured in the extent of apop-
tosis before and after FO supplementation. It was 30% lower
(P < 0.0001) in U937 cells treated with EPA/DHA-rich LDL
compared to EPA/DHA-non-rich LDL oxidized for 10 h (Fig.
3B). Results from the DAPI staining assays showed a 61%
reduction (P = 0.0001) in apoptosis for U937 cells treated
with LDL oxidized for 10 h after FO supplementation com-
pared to before supplementation (Fig. 3C). 

DISCUSSION

Apoptotic vascular cells have been found in atherosclerotic
lesions (2–4). Since oxLDL has been reported to induce apop-
tosis of endothelial cells (12,13), smooth muscle cells and
fibroblasts (14), and macrophages (15,16) in vitro, it may be a
candidate for the induction of apoptosis of vascular cells in
vivo. The oxidized lipids in oxLDL are thought to be responsi-
ble for apoptosis. Thus, events that modify the bioactive lipid
profile of oxLDL may affect its ability to induce apoptosis. We
showed in this study and previously (24,34) that LDL enriched
with EPA and DHA has the intuitively predicted shorter lag
time, suggesting increased oxidative susceptibility, but a para-
doxical decrease in rate of formation of conjugated dienes, sug-
gesting decreased oxidative susceptibility. The explanation that
we have offered is that bicycloendoperoxides are formed in the
presence of EPA and DHA and that they rapidly migrate to the
surface of the LDL particle because of their polarity. Thus,
since radicals are removed from the system, the rate of the
propagation is slowed. These reactions would alter the lipid en-
tities present in oxLDL that would induce apoptosis. Thus, the
purpose of this study was to determine if EPA/DHA-rich
oxLDL, obtained after FO supplementation, altered the extent
of apoptosis as compared to the LDL obtained prior to FO sup-
plementation. Several standard apoptotic markers were used to
provide a better confirmation of apoptosis. The results showed
that oxLDL induced apoptosis in U937 cells, as characterized
by the activation of caspase-3, translocation of PS, and chro-
matin condensation and nuclear fragmentation. However, LDL
obtained after supplementation with FO and then oxidized in-
duced less apoptosis than LDL obtained before supplementa-
tion with FO.

LDL enriched with EPA/DHA and oxidized for 10 h in-
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TABLE 1
Lag Time, Rate of Formation of Conjugated Dienes, and Maximum Production of Conjugated Dienes in LDL
Before and After Supplementation with Fish Oila

Maximum rate
(nmol/mg LDL Maximum production

Lag time (min) protein/min) (nmol/mg LDL protein)

Before FO 140 ± 2 1.87 ± 0.08 186 ± 17
After FO 108 ± 2 1.17 ± 0.08 171 ± 17

Before FO vs. after FO (P values)b 0.0002 0.0032 0.5749
aLeast square means (LSM) ± SEM calculated for triplicate determinations made from three independent experiments.
bP value from two-sample t-test.

FIG. 2. Lipid peroxidation before (open bars) and after (solid bars) sup-
plementation with fish oil as indicated by the concentration of choles-
teryl ester hydroperoxides in LDL. Each of the labels on the x-axis are
defined as follows: nLDL, native LDL, is the LDL sample before any ox-
idation has occurred; 6-h oxLDL represents LDL oxidized for 6 h with
copper; 10-h oxLDL represents LDL oxidized for 10 h. Data are least
square means (LSM) ± SEM. Bars with different letters above them at
each time for LDL oxidation are significantly different, P ≤ 0.05.



duced significantly less apoptosis in U937 cells by all three
measures used. However, when the U937 cells were treated
with LDL oxidized for 6 h, the decrease was significant only

when measured by caspase-3 activity. Caspase-3 causes the
proteolysis of several substrates (39) and thereby brings about
the characteristic morphological changes seen in apoptosis,
such as the alteration of the cellular membranes and nuclei
(40). Thus, the activation of caspase-3 occurs before the
translocation of PS, chromatin condensation, or nuclear frag-
mentation. That the EPA/DHA-rich LDL oxidized for a
shorter period of time (6 h) did not cause significant differ-
ences in the changes of the translocation of PS suggests that
the changes in translocation of PS induced by the presence of
these FA may require the activation of caspase-3 and occur
after the activation of caspase-3 (41). It does not eliminate
the possibility that other pathways are also associated with
the translocation of PS and are triggered by oxLDL contain-
ing EPA/DHA. The release of cytochrome c from mitochon-
dria (21), the activation of caspase-8 (22) and caspase-3
(13,15,21), and an increase in cellular calcium concentrations
(23) all have been implicated in oxLDL-induced cell apopto-
sis. Whether they work together with caspase-3 or indepen-
dently is not known. 

Although the extent of apoptosis was higher in the cells
treated with LDL oxidized for 10 h than LDL oxidized for 6
h, the concentration of CEOOH was higher in the LDL oxi-
dized for 6 h than that in LDL oxidized for 10 h. This diver-
gence suggests that CEOOH were not the causative agents. In
this study, the concentration of conjugated dienes reached its
maximum value after approximately 5 h of oxidation. It is
well-established (35) that by the time the concentration of
conjugated dienes plateaus, secondary oxidation products
have begun to form. However, since secondary oxidation
products were not measured in this study, it cannot be con-
cluded that they were the causative factor. 

The suggestion that the CEOOH generated by oxLDL
were not responsible for mediating cell apoptosis is indirectly
supported by Lizard et al. (19) and Harada-Shiba et al. (13).
Both of these groups of investigators showed that oxysterols
induced apoptosis in smooth muscle and endothelial cells. Liu
et al. (18) also showed that a different form of secondary
products, i.e., 4-hydroxynonenal, induced apoptosis in
smooth muscle cells. However, Siow et al. (14) reported more
apoptotic events in smooth muscle cells at the point of great-
est lipid hydroperoxide production compared with secondary
lipid oxidation products, i.e., aldehydes and ketones. The di-
vergence among the above findings may reflect differences in
the degree of LDL oxidation and/or the fact that a thorough
evaluation of secondary oxidation products was not done. 

A strength of this study is that the concentration of lipid
hydroperoxides, CEOOH, was measured directly via HPLC
with an isoluminol-dependent chemiluminescence detection
method. This is among the most sensitive methods for detect-
ing lipid hydroperoxides directly, rather than their presence
being inferred, as is done with other measures. It clearly
showed CEOOH was not the major compound responsible for
apoptosis. 

In conclusion, we have demonstrated that enrichment of
oxLDL with EPA/DHA, obtained after supplementing a
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FIG. 3. Measurement of apoptosis in U937 cells induced by LDL. Cells
were incubated with nLDL; 6-h oxLDL; and 10-h oxLDL. Cells were in-
cubated without LDL (free LDL) as a negative control. They were incu-
bated with 25-hydroxycholesterol (25-OH) or camptothecin (Camp) as
positive controls. Two statistical assessments of the data were performed.
One was to determine if the extent of apoptosis was influenced by the
length of time that the LDL was oxidized. This comparison is discussed in
the text. The second evaluation was to determine if the supplementation
with fish oil influenced the extent of apoptosis induced by LDL oxidized
for a defined length of oxidation (open bars, before supplementation with
fish oil; solid bars, after supplementation). The results from this compari-
son are represented here. (A) Measurement of activity of caspase-3. The
activity of caspase-3 was expressed as fluorescence intensity per 105 cells.
(B) Measurement of U937 cells positively stained with Annexin V–fluo-
rescein isothiocyanate (FITC), negatively stained with propidium iodide.
Data are displayed as the percentage of 104 cells stained with Annexin V-
FITC. (C) Measurement of 4,6-diamidino-2-phenylindole (DAPI) staining
of U937 cells. Apoptotic cells were characterized by a bright blue nu-
cleus and condensed and fragmented chromatin. Data are least square
means (LSM) ± SEM. Bars with different letters above them have a signifi-
cant effect produced by the fish oil supplementation, P ≤ 0.05. For other
abbreviations see Figure 2.



human with FO, protected U937 cells against oxLDL-induced
apoptosis and was not related to the concentration of
CEOOH. However, the oxLDL used in these studies may not
simulate oxLDL in vivo. Thus, the relevance of the data col-
lected in this study to explain the bioactivity of oxLDL in vivo
is unknown. Although copper is frequently used to mediate
LDL oxidation, it may not be a physiologically relevant ini-
tiator for LDL oxidation. LDL oxidized ex vivo with copper
may provide insight into the impact on the oxidation of LDL
and vascular walls in vivo that occurs when individuals con-
sume diets rich in EPA and DHA. This study suggests that an
increased concentration of EPA/DHA in LDL may influence
its oxidative susceptibility and subsequent pathology and that
the major compounds responsible for apoptosis are not
CEOOH.
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ABSTRACT: Eicosapentaenoic acid (EPA; 20:5n-3) may re-
duce the cell number in cultured leukemia/lymphoma cells
owing to reduced cell proliferation, induction of cell death, or a
combination of these processes. EPA has been shown to pro-
mote apoptosis in Ramos cells, and our present study was fo-
cused on a possible cell cycle arrest and the pathways by which
the apoptotic process is induced. Apoptosis may proceed along
the intrinsic (mitochondrial) or the extrinsic (death receptor)
pathway, which are mediated via different caspases. Caspases
are a class of homologous cysteine proteases recognized as piv-
otal mediators of apoptosis. We investigated whether EPA af-
fects progression of the cell cycle or promotes apoptosis di-
rectly. By incorporation of [3H]thymidine and [3H]valine, we
showed that DNA, as well as protein synthesis, was reduced
after incubation of Ramos cells with EPA for 6 h. We monitored
cell cycle distribution by 5-bromo-2′-deoxyuridine staining and
observed no cell cycle arrest in the EPA-incubated cells. Incu-
bation of cells with EPA caused PS-flipping, as demonstrated by
annexin V-binding (flow cytometry), and cleavage of poly(ADP-
ribose) polymerase measured by Western blot analysis. Further-
more, we observed increased activity of caspase-3 and -9, but
not of caspase-8. Whereas inhibitors of caspase-3 and -9 re-
duced EPA-induced apoptosis, inhibition of caspase-8 did not.
This suggests that EPA may promote apoptosis via the intrinsic
pathway in Ramos cells. Thus, the reduction in cell number can
be explained by a direct apoptotic effect of EPA rather than via
cell cycle arrest.

Paper no. L9077 in Lipids 37, 797–802 (August 2002). 

Cancer is a major cause of morbidity and mortality in devel-
oped societies. Observations in several cancer cell lines, ani-
mal models, and epidemiological studies suggest that n-3
PUFA may decrease cell proliferation and viability of cancer
cells (1–6). We have previously reported that EPA induces
apoptosis in Ramos cells and necrosis in Raji cells (7). The
necrotic death mode is associated with oxidative stress as
evaluated by an enhanced level of superoxide anion and by
the protective effect of different antioxidants, whereas antiox-
idants had no protective effect on apoptotic cell death. We
have also observed that n-3 as well as n-6 PUFA cause reduced

cell numbers after 48–72 h incubation in several
leukemia/lymphoma cell lines (3,7). The reason for dimin-
ished cell numbers might be due to reduced cell proliferation,
induction of cell death, or a combination of these processes.
Albino and coworkers (1) have shown that PUFA-induced re-
duction in cell number corresponds with cell cycle arrest in
malignant melanoma cell lines.

Apoptosis was first described by Kerr and coworkers in
1972 (8) and is characterized by cell shrinkage, membrane
blebbing, chromatin condensation, and fragmentation of
DNA. Repression of apoptosis is one of the main underlying
problems in the development of cancer, and disruption of the
apoptotic program can promote tumor initiation, progression,
and resistance to treatment (9). The two major apoptotic path-
ways in mammalian cells use different initiator caspases in
response to stimuli. Members of the death receptor superfam-
ily, such as CD95R and tumor necrosis factor receptor, trig-
ger the extrinsic pathway (10–12). Binding of ligand to the
death receptors then induces formation of the death-inducing
signaling complex, which recruits procaspase-8, leading to
activation of initiator caspase-8. The other major apoptotic
pathway is the intrinsic pathway (13,14), which is activated
in response to other extracellular signals and intracellular in-
sults such as DNA damage. Pro- and anti-apoptotic Bcl-2-like
proteins may be located in the mitochondrial membrane,
where they compete to regulate exit of cytochrome c (15,16).
Excess of pro-apoptotic molecules causes release of cy-
tochrome c, which is necessary for activation of caspase-9.
The extrinsic and intrinsic pathways converge by activation
of caspase-3. Downstream of caspase-3, the apoptotic path-
way branches into a multitude of subpathways, which in vivo
results in the ordered dismantling and removal of the cell
(17). One of the first proteins identified as being cleaved by
caspase-3 during apoptosis was poly(ADP-ribose) poly-
merase (PARP) (18). PARP is a nuclear enzyme that binds to
DNA ends and catalyzes adenosine 5′-diphosphate (ADP)-
ribosylation of nuclear proteins to facilitate DNA repair.
PARP is cleaved at a single site by caspase-3, causing forma-
tion of a small fragment containing the DNA-binding domain
and an 89 kDa catalytic domain (19). The small fragment re-
tains its DNA-binding capacity, and by competing with full-
length PARP for binding it prevents the repair enzymes from
accessing damaged DNA (20). 

In the present study, we observed apoptotic events in the
lymphoma cell line Ramos as early as 4 h after addition of
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EPA. This is shown by activation of caspase-9 and caspase-3,
followed by cleavage of PARP. However, no cell cycle arrest
was detected. Our study provides new insight into the primary
mechanisms by which a specific EFA promotes apoptosis.

MATERIALS AND METHODS 

Materials. EPA, FA-free BSA, propidium iodide (PI),
Hoechst 33342 (HO342), 5-bromo-2′-deoxyuridine (BrdU),
cytochrome c, L-glutamine, streptomycin/penicillin, and stau-
rosporine were purchased from Sigma Chemical Co. (St.
Louis, MO). PBS, RPMI-1640, and fetal calf serum (FCS)
were from BioWhittaker (Walkersville, MD). Fujichrome
Provia 400 professional color reversal film was supplied by
Fuji (Tokyo, Japan). The In Situ Cell Death Detection Kit,
Fluorescein, was purchased from Boehringer Mannheim
(Mannheim, Germany). Bicinchoninic acid Protein Assay
Reagent was bought from Pierce (Rockford, IL). Fluorescein
isothiocyanate (FITC)-labeled anti-BrdU and annexin V
(AnV) were from BD PharMingen (San Diego, CA). Cleaved
PARP (Asp214) antibody (Human Specific) and anti-rabbit
IgG secondary antibody [horseradish peroxidase (HRP)-con-
jugated] for Western blot analysis were obtained from Cell
Signaling (Beverly, MA). ECL Plus Western blotting detec-
tion reagents were bought from Amersham Biosciences (Pis-
cataway, NJ). Caspase-9 inhibitor (Z-LEHD-FMK), caspase-3
inhibitor (Z-DEVD-FMK), and caspase-8 inhibitor (Z-
IETD-FMK) were purchased from R & D Systems Inc. (Min-
neapolis, MN). Polyacrylamide gels were bought from Bio-
Rad Laboratories (Hercules, CA). Nitrocellulose membranes
were purchased from Schleicher & Schuell (Dassel, Ger-
many). Other chemicals were of analytical grade from com-
mercial suppliers.

Cell cultures. Ramos and Jurkat cells were purchased from
BioWhittaker. The cell lines were cultured in RPMI medium
supplemented with 10% heat-inactivated FCS, L-glutamine
(2 mM), and streptomycin/penicillin (0.1 mg/mL). Cells were
incubated with FA complexed to FA-free BSA at a molar ratio
of 2.5:1, whereas control cells were incubated with FA-free
BSA. FA–BSA complexes were added to cells immediately
prior to seeding the cells in 96-well plates. Cells were rou-
tinely kept in logarithmic growth at 0.3–1.2 × 106 cells/mL.
For experiments, cells were seeded at a density of 0.3 × 106

cells/mL. 
Incorporation of [3H]thymidine and [3H]valine. For mea-

surement of DNA and protein synthesis, 200 µL of Ramos
cell suspension (0.6 × 106 cells) was incubated in the absence
or presence of 30 µM EPA in 96-well microtiter plates from
Costar (Cambridge, MA). For the last 60 min of incubation,
0.5 µCi [3H]thymidine or [3H]valine was added to each well.
Cells were harvested and ice-cold ethanol was added to the
[3H]thymidine-incubated cells, whereas 10% trichloroacetic
acid was added to the [3H]valine-incubated cells. The precip-
itates were resuspended in 200 µL 0.2 M NaOH or 70 mM
SDS with 10% Triton X-100. Cell lysates (100 µL) were then
counted in a scintillation counter. 

DNA staining with PI and HO342. For microscopic analy-
ses of cell viability, 1 mL of the cell cultures was first incu-
bated with 10 µL of PI (0.5 mg/mL) in the dark for 20 min.
Thereafter, 10 µL of HO342 (1 mg/mL) was added to the
same cultures and incubated for another 20 min in the dark.
After staining, the cell pellets were resuspended in 10 µL of
FCS. Drops of the cell suspensions were placed on a micro-
scope slide and air-dried before at least 200 cells were
counted in a Leitz Ortholux II fluorescence microscope
(Leica, Wetzlar, Germany). The cells were photographed with
an MPS 48/52 camera (Leica Mikroskopie und Systeme, Wetz-
lar, Germany). The film was exposed as 800 ISO but devel-
oped as 400 ISO. 

Cell cycle distribution. For analysis of cell cycle distribu-
tion after incubation with EPA, Ramos cells were incubated
with 10 µM of BrdU for the last 60 min. Cells (3 × 106) were
fixed in 70% ethanol, stored at –20°C, and then digested in a
suspension of 0.2% pepsin dissolved in 2 M HCl. After 30 min
of incubation in the dark at room temperature, the HCl was
neutralized by 0.1 M tetraborate (pH 8.5). The pellets were then
washed in 10 mM HEPES buffer containing 4% FCS and 0.5%
Tween-20. After incubation with FITC-anti-BrdU for 30 min,
the pellets were resuspended in PBS to which were added 20
µg/mL of PI and 40 µg/mL of RNase A. The samples were fil-
tered through a 30-µm nylon mesh, and 10,000 cells were ana-
lyzed by flow cytometry (Becton Dickinson FACScan; Becton
Dickinson, Franklin Lakes, NJ) to assess cell cycle distribution
patterns (G0/G1, S, and G2/M phases).

PS translocation. AnV–FITC binding and PI staining were
performed according to the recommended protocol, and the
cells were analyzed by flow cytometry (Becton Dickinson
FACScan). Briefly, aliquots of cells were washed in PBS, re-
suspended in binding buffer supplied by the manufacturer,
and mixed with AnV–FITC and PI. After 5 min of incubation
in the dark at room temperature, 10,000 cells at each time
point were analyzed by flow cytometry. The percentage of
AnV-positive cells was calculated based on the fraction of PI-
negative cells. Each data point represents fluorescence analy-
sis of 104 cells from three independent experiments. 

Immunoblot analysis of PARP degradation. Cell lysates
were prepared in a buffer containing 20 mM HEPES, 250 mM
NaCl, 2 mM EDTA, 0.1% Nonidet P-40, 2 µg/mL leupeptin,
2 µg/mL aprotinin, 0.5 µg/mL benzamidine, 1 mM DTT, and
1 mM PMSF. Cellular proteins (40 µg/mL) were separated on
a 7.5% SDS/polyacrylamide gel and electrotransferred onto a
nitrocellulose membrane. The membrane was probed with
cleaved-PARP (Asp214) antibody, which detects only the
large fragment of human PARP (89 kDa) produced by cas-
pase cleavage, and then with anti-mouse antibody conjugated
to HRP. Protein bands were detected by chemiluminescence
(ECL-plus). The positive control was prepared from a Jurkat
cell lysate, which was incubated with 4 mM MgCl2, 10 mM
KCl, 1 mM EGTA, 2 mM dATP, and 250 µg/mL cytochrome
c for 60 min at 30°C. 

Caspase activity assays. Activity of the caspase-3, -8, and
-9 cysteine proteases was determined by colorimetric activation
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assays according to the manufacturer’s protocol (R & D Sys-
tems Inc.). Ability of the cell lysate to cleave the reporter mol-
ecule was quantified spectrophotometrically at a wavelength of
405 nm using a microplate reader (Bio-Rad). The time-depen-
dent change in absorbance at 405 nm was converted to caspase
activity (pmol/h/µg of total protein) according to the manufac-
turers protocol (Promega Corp., Madison, WI). Pure p-nitroani-
line was used for a standard curve.

Caspase-3, -8, and -9 inhibitors. For inhibition of caspase-
3, -8, and -9 activities, Ramos cells were incubated with 50
µM Z-DEVD-FMK, 100 µM Z-IETD-FMK, or 4 µM Z-
LEHD-FMK, respectively (21,22), in combination with EPA.
After 24 h the cells were stained with PI and HO342 and har-
vested for microscopic analysis. 

Statistics. Results are presented as means ± SD. Unless
otherwise specified, a Student’s t-test analysis was used to de-
termine the significance level of differences among sample
groups, with a significance criterion of P ≤ 0.05. All reported
P-values are two sided. 

RESULTS

EPA induces reduction in synthesis of DNA and proteins, but
no cell cycle arrest. Previously, we have reported that EPA
reduced the number of Ramos cells after 48 h incubation (7).
Before that time point, we could not detect any effect of EPA
on cell numbers. To clarify the events preceding the reduc-
tion in cell number, we measured the synthesis of DNA and
proteins. Ramos cells were incubated with 30 µM EPA for 3
and 6 h and assessed for [3H]thymidine incorporation into
DNA or for [3H]valine incorporation into proteins. Figure 1
shows that [3H]thymidine- and [3H]valine-incorporation were
reduced by 33 ± 13 and 39 ± 16%, respectively, after 6 h in-
cubation, whereas there were no significant changes after 3 h.
Apoptosis was not observed after 3 or 6 h by staining with PI
and HO342 (data not shown). 

We have also previously performed dose-response experi-
ments and found that up to a 24-h incubation period, there
were marginal differences between 30 and 60 µM EPA re-
garding cell numbers (7). Therefore, in all the following ex-
periments, 60 µM EPA was used. To examine whether the re-
duced incorporation of [3H]thymidine and [3H]valine was
caused by cell cycle arrest, Ramos cells were incubated for 0,
3, 6, 9, and 12 h with EPA, stained with FITC–antiBrdU, and
analyzed by fluorescence-activated cell sorter (FACS). At all
time points, no significant effect on cell cycle distribution was
observed (Table 1). 

EPA induces apoptosis via the intrinsic apoptotic pathway.
During the apoptotic process, PS is translocated from the
inner to the outer leaflet of the plasma membrane. FITC-la-
beled AnV is a membrane-impermeable protein that binds to
cells only if PS is present on the outer leaflet of the plasma
membrane. To examine whether the reduced incorporation of
[3H]thymidine and [3H]valine at 6 h could be explained by
induction of apoptosis rather than by cell cycle arrest, we as-
sayed Ramos cells incubated with EPA for AnV binding.

FITC–AnV binding was significantly increased at 14 h and
increased during further EPA incubation, with 25% AnV-pos-
itive cells appearing after 24 h (Fig. 2). 

To further investigate the time point for onset of apopto-
sis, Ramos cells were incubated with EPA up to 24 h. We de-
tected cleaved PARP in Ramos cells 8–24 h after adding EPA
(Fig. 3). Thus, our observations indicated that PS-flipping oc-
curred concomitantly with cleavage of PARP in Ramos cells
incubated with EPA.

Because PARP is one of the downstream targets of cas-
pase-3, we assayed EPA-supplemented Ramos cells for cas-
pase-3 activity. Caspase-3 activity was detected 4 h after EPA
supplementation and reached a maximum after 10 h (Fig.
4A). Caspases are synthesized as inactive enzymes, and once
activated by proteolytic cleavage, the apoptotic processes are
switched on. Caspase activity was not detected in control cells
(data not shown).

The activities of caspase-8 and -9 were assayed to eluci-
date whether EPA activates the extrinsic or the intrinsic path-
way in Ramos cells. The cells were incubated with EPA for
up to 24 h. Caspase-9 activity was first observed after 4 h in-
cubation, and the activity was markedly above background
for at least 12 h (Fig. 4B). Up to 24 h incubation, no signifi-
cant activity of caspase-8 was observed (Fig. 4C). Jurkat cells
incubated with 1 µM staurosporine for 6 h were used as posi-
tive controls for caspase-8 activity (23). Our data indicate that
EPA induces apoptosis via the intrinsic pathway rather than
the extrinsic pathway in Ramos cells. To further challenge
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FIG. 1. DNA and protein synthesis. Incorporation of [3H]thymidine and
[3H]valine was measured in Ramos cells incubated with 30 µM EPA for
3 or 6 h. Data represent means ± SD of incorporated [3H]thymidine or
[3H]valine as the percentage of control in three separate experiments
performed in triplicate. *P ≤ 0.05.

TABLE 1
Cell Cycle Distribution in Ramos Cells After 0–12 h of EPA Incubationa

0 h 3 h 6 h 9 h 12 h

G0/G1 66.2 ± 4.4 66.2 ± 2.4 67.3 ± 6.6 69.6 ± 7.5 70.2 ± 4.3
S 22.5 ± 2.4 23.3 ± 2.9 21.9 ± 3.2 21.5 ± 2.2 19.6 ± 2.6
G2/M 11.3 ± 2.7 10.7 ± 3.2 10.9 ± 3.2 8.9 ± 6.2 10.4 ± 2.6
aData represent means ± SD from three separate experiments.



these findings, Ramos cells were incubated with specific in-
hibitors for caspase-9, caspase-3, or caspase-8 and exposed
to EPA for 24 h. After 24 h incubation, EPA-induced apopto-
sis was microscopically detectable after staining with HO342
and PI (data not shown). Both caspase-9 and caspase-3 in-
hibitors significantly reduced EPA-induced apoptosis,
whereas no significant reduction was observed by inhibition
of caspase-8 (Fig. 5A). None of the applied inhibitors induced
apoptosis per se (data not shown). The set of photographs
shown in Figure 5B provides a qualitative impression of cell
membrane integrity and nuclear structure. Staining with PI
(red) indicates leaky plasma membranes since this dye can-
not cross intact cell membranes. HO342, however, crosses in-
tact as well as distorted plasma membranes and stains the nu-
clei in all cells (blue). When HO342 associates with con-
densed chromatin found in apoptotic cells, the blue color
becomes more intense.

DISCUSSION

In the present study we have shown that EPA reduced cell
numbers by induction of apoptosis via activation of caspases,
rather than by causing cell cycle arrest in Ramos cells. Cas-
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FIG. 2. EPA-induced PS translocation. Flipping of PS in Ramos cells in-
cubated with 60 µM EPA was measured by flow cytometry. Data repre-
sent the percentage of AnV-binding cells, given as means ± SD from
three separate experiments. 

FIG. 3. Cleavage of poly(ADP-ribose) polymerase (PARP). Cells were
incubated with 60 µM of EPA for the indicated time points, lysed, and
100 µg protein was loaded in each lane. Cleaved PARP (89 kDa frag-
ment) was detected with anti-PARP polyclonal antibody. The lanes la-
beled with − and + refer to untreated and cytochrome c-treated (posi-
tive control) Jurkat cell lysate, respectively. Two individual parallels are
shown for each time point. One of three experiments is presented.

FIG. 4. Caspase-3, -9, and -8 activity. Cells were incubated with 60 µM
EPA, and caspase activity was measured by a colorimetric assay as
cleavage of the caspase-3 specific peptide DEVD-pNA (A), of the cas-
pase-9 specific peptide LEHD-pNA (B), or of the caspase-8 specific pep-
tide IETD-pNA (C). The lane labeled with + refers to staurosporine-
treated Jurkat cells (1 µM, 6 h), whereas the lane labeled – refers to un-
treated Jurkat cells. Data represent three separate experiments
performed in duplicate (means ± SD). A Mann–Whitney analysis was
used to determine significance level of differences related to the zero
time point, *P ≤ 0.05. 



pase-3 was significantly activated as early as 4 h after addi-
tion of EPA, which may explain the reduced synthesis of
DNA and protein. We previously reported that 12 h incuba-
tion of 60 µM EPA induced DNA fragmentation in Ramos
cells (16 ± 10%, mean ± SD), detected by the terminal de-
oxynucleotide transferase-mediated dUTP nick-end labeling
(TUNEL) technique (3). To clarify early events during the in-
duction of apoptosis, we assessed the effect of EPA on PS-
flipping, which is suggested to be an early signal in the apop-
totic process (24–26). We did not detect EPA-induced translo-
cation of PS earlier than the previously observed DNA
fragmentation monitored by TUNEL (3). This observation is
in accordance with recent data from Span and coworkers (25),

showing that PS translocation is followed rapidly (within 1 h)
by oligonucleosomal DNA fragmentation. 

In addition to PS-flipping and DNA fragmentation, activa-
tion of caspases is of crucial importance in the apoptotic
process. Usually, an active caspase molecule may activate an
inactive procaspase by proteolytic cleavage. The downstream
effector caspase-3 may be activated either by caspase-9 or
caspase-8, representing the intrinsic and the extrinsic apop-
totic pathways, respectively. The active form of caspase-9 is
generated by association with a protein cofactor (Apaf), as
well as cytochrome c (27), which may be released from the
mitochondrial membrane by a Bcl-2-regulated process
(15,28–30). To investigate by which pathway EPA initiates
apoptosis in Ramos cells, we measured the activity of cas-
pase-3 and caspase-9 and found that they were both activated,
whereas caspase-8 activity was not significantly activated at
any time point. We detected caspase-3 activated as early as 4
h after addition of EPA, and caspase-9 activity was also ob-
served at 4 h, but no significant activation of caspase-9 was
detected until 8 h. During the apoptotic process, caspase-3 ac-
tivity increased relatively more than caspase-9 activity. De-
spite the statistically insignificant increase of caspase-9 activ-
ity at 4 h, we suggest that the activity is sufficient to trans-
duce the apoptotic signal to the effector caspase-3. This
would be in agreement with other observations reporting low
activity of initiator caspases as compared to the activity of ef-
fector caspases (31–33). To challenge the involvement of the
intrinsic, rather than the extrinsic, apoptotic pathway, we in-
cubated Ramos cells with specific inhibitors of caspase-3, -8,
and -9 in combination with EPA. The inhibitors of caspase-3
and -9 reduced the number of apoptotic cells toward the con-
trol level, whereas inhibition of caspase-8 did not. This is in
agreement with increased caspase-3 and caspase-9 activities
during EPA-induced apoptosis. Thus, our data indicate that
EPA-induced apoptosis is mediated via the intrinsic apoptotic
pathway rather than via the extrinsic pathway in Ramos cells.
Based on our data we still cannot explain how EPA activates
the first, most upstream caspases. Previous data from our lab-
oratory have indicated that eicosanoids and reactive oxygen
species are not involved in the EPA-induced reduction of
Ramos cell proliferation (3,7,34). Further characterization of
the initial mechanisms involved in EPA-induced apoptosis is
important because PUFA might play a role in the prevention
and treatment of certain types of cancer. 
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ABSTRACT: Stereospecific analysis was carried out to estab-
lish positional distribution of FA in the TAG of DHA, EPA, and
(EPA + DHA)-enriched oils. In this study, TAG of enzymatically
modified oils were purified using a silicic acid column. The
TAG were then subjected to positional distribution analysis
using a modified procedure involving reductive cleavage with
Grignard reagent. The results showed that in DHA-enriched
borage oil (BO), DHA was randomly distributed over the three
positions of TAG, whereas γ-linolenic acid (GLA) was mainly
esterified at the sn-2 and -3 positions. In DHA-enriched evening
primrose oil (EPO), however, DHA and GLA were concentrated
in the sn-2 position. In EPA-enriched BO, EPA was randomly
distributed over the three positions of TAG, similar to that ob-
served for DHA. In EPA-enriched EPO, however, this FA was
mainly located at the primary positions (sn-1 and sn-3) of TAG.
In both oils, GLA was preferentially esterified at the sn-2 posi-
tion. In (EPA + DHA)-enriched BO, EPA and DHA were mainly
esterified at the sn-1 and -3 positions of TAG, whereas GLA was
mainly located at the sn-2 position. In (EPA + DHA)-enriched
EPO, GLA was mainly located at the sn-2 and -3 positions; EPA
was preferentially esterified at the sn-1 and -3 positions, and
DHA was found mainly at the sn-3 position.

Paper no. L8998 in Lipids 37, 803–810 (August 2002).

Borage oil (BO) and evening primrose oil (EPO) are major
sources of γ-linolenic acid (18:3n-6; GLA), an essential n-6
polyunsaturated fatty acid (PUFA). GLA is an important in-
termediate in the bioconversion of linoleic acid (18:2n-6) to
arachidonic acid (AA; 20:4n-6). GLA-rich oils have been
used in the treatment of certain skin-related diseases, hyper-
tension, premenstrual syndrome, diabetes, and cancer (1).
Therefore, many research groups have actively pursued in-
vestigations on concentrating GLA from borage, evening
primrose, blackcurrant, and fungal oils (2-5) for pharmaceuti-
cal and dietetic applications.

The n-3 PUFA, such as EPA (20:5n-3) and DHA (22:6n-3),
have also gained recognition for their vital role in human
health and nutrition. EPA has several health benefits related
to cardiovascular disease, arthritis, thrombosis, psoriasis, in-
flammation, and renal and auto-immune disorders (6). DHA
is important in the development of the central nervous system
and visual acuity of infants (7).

The beneficial effects of both GLA (n-6) and n-3 FA are
associated with the production of eicosanoids. Incorporation
of n-3 PUFA from marine sources into BO and EPO may pro-
vide specialty oils for specific nutritional and clinical appli-

cations. This may be possible via lipase-catalyzed reactions.
Lipase-assisted reactions, such as transesterification of plant
oils with n-3 PUFA, have been successfully used for prepara-
tion of structured lipids (SL) (8–10). SL are TAG that contain
mixtures of short-, medium- and long-chain FA in the same
glycerol molecule and are believed to be effective in deliver-
ing desired FA to target specific diseases and certain patho-
logical conditions.

The structure of the TAG molecule exerts a major impact
on its nutritional and biochemical properties. Intestinal ab-
sorption of FA is reportedly dependent on their arrangement
in the TAG molecules. Investigation of the absorption of FA
in a canine model suggested that the positional distribution of
FA within the TAG molecules might affect the metabolic fate
of FA (11). During digestion, lipases hydrolyze TAG into
FFA, predominantly from the sn-1 and -3 positions and 2-
MAG (12), which will be absorbed into the intestinal mucosal
cells of the small intestine. Although most dietary lipids are
in the TAG form, relatively little is known about the impor-
tance of stereospecific composition of TAG on the biological
activity of dietary FA (13). Differences in the positional dis-
tribution of FA have also been shown to have specific effects
on the profile, structure, and composition of the lipoproteins
(13). 

Stereospecific analysis determines how the FA of TAG are
distributed over the three different positions of the glycerol
molecule (14). Differences in the distributions of FA among
different positions in TAG from natural fats and oils were first
demonstrated systematically by enzymatic hydrolysis proce-
dures, especially pancreatic lipase hydrolysis for the analysis
of the FA of position sn-2, before complex stereospecific hy-
drolysis procedures were developed that permitted determi-
nation of complete positional distributions of FA to be deter-
mined. Because of this historical analytical procedure devel-
opment, there has been a tendency to assume that the
composition of FA esterified to the sole secondary hydroxyl
group must have greater importance than those of the two pri-
mary positions. It is certainly true that the composition of the
sn-2 position is of great importance when TAG are consumed
and digested by animals, since sn-2-MAG so produced can
be absorbed by the intestine and utilized as such (15). On the
other hand, the results of stereospecific analyses have shown
that the compositions of all three positions in certain fats can
be distinctive and can highlight important aspects of the
biosynthetic processes. 

The positional distribution of FA in TAG of both BO and
EPO has previously been determined (16,17). In the present
study, stereospecific analyses of TAG have been carried out
for DHA-, EPA-, and (EPA + DHA)-enriched BO and EPO.
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EXPERIMENTAL PROCEDURES

Materials. BO was obtained from Bioriginal Food and Science
Corporation (Saskatoon, Saskatchewan, Canada), and evening
primrose oil was provided by Efamol, Inc. (Kentville, Nova
Scotia, Canada). Algal oil containing 47.4% DHA was ob-
tained from Martek Biosciences Corporation (Columbia, MD).
EPA concentrate (93.1% EPA) was provided by Dr. T. Ohshima
(Tokyo, Japan). Immobilized lipase from Candida antarctica
(Novozym-435) was provided by Novo Nordisk Biochem
North America, Inc. (Franklinton, NC). The nonspecific lipase
from Pseudomonas sp. (PS-30) was supplied by Amano En-
zymes U.S.A. Co., Ltd, (Troy, VA).

Preparation of DHA concentrate from algal oil by urea–FA
complexation. DHA concentrate (up to 97.1%) was obtained
from the hydrolyzed algal oil using the urea–FA complexation
method as described by Senanayake and Shahidi (18).

Determination of enzyme activity. Lipase activity was mea-
sured as described by Senanayake and Shahidi (8). One unit
(U) of lipase activity was defined as nanomoles of FA (oleic
acid equivalents) produced per minute per gram of enzyme. Li-
pase activities of Novozym-435 and lipase PS-30 were 554 and
11,936 U, respectively. 

Enzymatic synthesis of DHA-enriched oils. BO (300 mg)
or EPO (297 mg) was mixed with DHA concentrate (120 mg)
at a mole ratio of 1:1 in a screw-capped test tube, and then
immobilized Novozym-435 lipase (250 enzyme activity
units) and water (2% by weight of substrates plus enzyme)
were added in hexane (3 mL). The mixture was stirred in an
orbital shaker at 250 rpm and 45°C. Individual sample vials
were removed and analyzed after 24 h. All reactions were per-
formed in triplicate (9).

Enzymatic synthesis of EPA-enriched oils. Modified oils
containing EPA were produced by acidolysis reactions using
nonimmobilized lipase PS-30 from Pseudomonas sp. In this
study, BO (300 mg) or EPO (297 mg) was mixed with EPA
(115 mg) in a screw-capped test tube, and then lipase (250 en-
zyme activity units) and water (2% by weight of substrates plus
enzyme) were added in hexane (3 mL). The mixture was stirred
in an orbital shaker at 250 rpm and 45°C. Individual sample
vials were removed and analyzed after 24 h. All reactions were
performed in triplicate.

Enzymatic synthesis of (EPA + DHA)-enriched oils. BO
(300 mg) or EPO (297 mg) was mixed with EPA (53.5 mg) and
DHA (58.2 mg) at a mole ratio of 1:0.5:0.5, in a screw-capped
test tube, and then lipase PS-30 preparation (250 enzyme activ-
ity units) and water (2% by weight of substrates plus enzyme)
were added in hexane (3 mL). The mixture was stirred in an or-
bital shaker at 250 rpm and 45°C. Individual sample vials were
removed and analyzed after 24 h. All reactions were performed
in triplicate (8).

Analysis of products. The enzymes were removed by pass-
ing the reaction mixture through a bed of anhydrous sodium
sulfate. Samples were placed in 250-mL conical flasks, to
which 20 mL of a mixture of acetone/ethanol (1:1, vol/vol)
were added. The reaction mixture was titrated with 0.5 N

NaOH to a phenolphthalein endpoint. The mixture was trans-
ferred to a separatory funnel and thoroughly mixed with 25 mL
hexane. The lower aqueous layer was separated and discarded.
The upper hexane layer containing acylglycerols was passed
through a bed of anhydrous sodium sulfate. The acylglycerol
fraction was subsequently recovered following hexane removal
at 45°C using a rotary evaporator. 

Removal of non-TAG constituents from enzymatically modi-
fied oils. Removal of non-TAG constituents from enzymati-
cally modified BO and EPO was carried out using column
chromatography (1.25 cm internal diameter and 10 cm height)
on silicic acid (100–200 mesh size; Sigma, St. Louis, MO). The
column was first washed with hexane, and then 1.25 g modi-
fied oil was introduced onto it. Hexane (50 mL) was added to
the column, which was then eluted with 10% (vol/vol) diethyl
ether in hexane (250 mL). The solvent was removed under vac-
uum at 40°C using a rotary evaporator. The recovered oil was
then passed through a layer of anhydrous sodium sulfate. To
prevent oxidation of purified oils, a few crystals of BHT were
added to the mixture.

Stereospecific analyses of enzymatically modified BO and
EPO. Stereospecific analysis was performed on purified modi-
fied oils according to the method described by Brockerhoff (14)
and Brockerhoff et al. (19) with some modifications. The puri-
fied TAG (1.0 g) was dissolved in anhydrous diethyl ether (50
mL) and mixed with methyl magnesium bromide (3.5 mL, 3.0
M CH3MgBr; Sigma). The Grignard reaction was allowed to
proceed with continuous stirring until a clear solution was ob-
tained. To stop the reaction, glacial acetic acid (1.0 mL) was
slowly added to the mixture followed by 10% (wt/vol) boric
acid solution (10 mL; to minimize acyl migration). Stirring of
the reaction mixture was continued for another 2 to 3 min. The
whole mixture was then transferred to a separatory funnel and
allowed to separate into two layers. The top ether layer was re-
moved, and the lower aqueous layer was washed twice with di-
ethyl ether. The combined ether layers were washed succes-
sively with 10 mL of water, 10 mL of 2% (wt/vol) aqueous
sodium bicarbonate, and 10 mL of water, and then dried over
anhydrous sodium sulfate.

Separation of individual lipids after Grignard reaction.
Products of the Grignard reaction were dissolved in a minimum
amount of chloroform and applied to several TLC plates (20 ×
20 cm; silica gel, 60Å mean pore diameter, 2–25 µm mean par-
ticle size, 500 µm thickness, with dichlorofluorescein; Sigma)
impregnated with 5% (wt/vol) boric acid. The plates were de-
veloped in two different solvent systems of diethyl ether/petro-
leum ether (boiling point 30–60°C) (8:92, vol/vol) and diethyl
ether/petroleum ether (40:60, vol/vol), respectively. After dry-
ing, the bands were located by viewing under short (254 nm)-
and long (356 nm)-wavelength UV lights (Spectraline, Model
ENF-240C; Spectronics Co., Westbury, NY). From the sepa-
rated bands of TAG (Rf = 0.99), tertiary alcohol (Rf = 0.72), 1,2-
DAG and 2,3-DAG (Rf = 0.32), 1,3-DAG (Rf = 0.41), and
MAG (Rf = 0.05), 1,2- and 2,3-DAG bands were scraped off
and then extracted with diethyl ether. The ether layer was evap-
orated under nitrogen to obtain 1,2- and 2,3-DAG. After re-
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moving a small amount of sample for FA analysis, the DAG
fractions were used to prepare synthetic phospholipids.

Preparation of synthetic phospholipids from DAG fraction.
The 1,2- and 2,3-DAG were dissolved in 1.0 mL of diethyl
ether and mixed with 2.5 mL pyridine/diethyl ether/phenyl
dichlorophosphate (1:1:0.5, by vol). The reaction mixture was
then allowed to stand at room temperature for 1 h, after which
5 mL of pyridine, 3.0 mL of diethyl ether, and a few drops of
water were added while cooling in an ice bath. The content of
flask was subsequently mixed with 86 mL of methanol/
water/chloroform/triethylamine (30:25:30:1, by vol). After
standing, the lower chloroform layer containing synthetic phos-
pholipids (1,2-diacyl-3-phosphophenol and 2,3-diacyl-1-phos-
phophenol) was separated and the solvent removed at 40°C
using a rotary evaporator. The recovered synthetic phospho-
lipids were used for stereospecific hydrolysis by the phospholi-
pase A2 enzyme. 

Stereospecific hydrolysis of synthetic phospholipids by
phospholipase A2. The synthetic phospholipids (1,2-diacyl-3-
phosphophenol and 2,3-diacyl-1-phosphophenol) obtained
were dissolved in 3.0 mL of diethyl ether and transferred to a
solution containing 15 mL of 0.1 M triethylammonium bicar-
bonate (pH 7.5), 100 µL of 0.1 M calcium chloride, and 2.0
mg of phospholipase A2 (EC 3.1.1.4; Sigma) obtained from
snake venom (Crotalus adamantus). The mixture was then
shaken gently overnight in a Gyrotory water bath shaker
(Model G76; New Brunswick Scientific Co., Inc., New
Brunswick, NJ), and water in the mixture was evaporated at
40°C using a rotary evaporator. To prevent foaming during
evaporation, 15 mL of isobutanol was added to the mixture.

The hydrolyzed products were dissolved in 1.0 mL of
chloroform/methanol (1:1, vol/vol) containing one drop of
glacial acetic acid. The dissolved hydrolytic products were

applied to silica gel TLC plates (20 × 20 cm; 60Å mean pore
diameter, 2–25 µm mean particle size, 500 µm thickness, with
dichlorofluorescein, Sigma) impregnated with 5% (wt/vol)
boric acid. The plates were developed in diethyl ether/petro-
leum ether (40:60, vol/vol), dried in a fumehood, and then
kept over concentrated aqueous ammonia for 10 min and sub-
sequently redeveloped in aqueous ammonia/methanol/diethyl
ether (2:15:83, by vol). After drying, the bands were located
by viewing under short (254 nm)- and long (356 nm)-wave-
length UV lights (Spectraline, Model ENF-240C; Spectronics
Co.). The separated bands—FFA (hydrolyzed from sn-2 posi-
tion of 1,2-diacyl-3-phosphophenol; Rf = 0.72), unhydrolyzed
2,3-diacyl-1-phosphophenol (Rf = 0.49), lysophosphatide (Rf
= 0.08), and small amounts of 1,2- and 2,3-DAG (Rf =
0.91)—were scraped off and extracted into chloroform/
methanol (1:1, vol/vol). The L-lysophosphatide fraction per-
mitted identification of the FA composition at the sn-1 posi-
tion of TAG of modified oils. These results are reported in Ta-
bles 1–6. After having removed a small amount of sample for
FA analysis, the unhydrolyzed 2,3-diacyl-1-phosphophenol
fraction was subjected to porcine pancreatic lipase hydrolysis
using the procedure described below in order to obtain 2-
monoacyl-1-phosphatide and FFA (hydrolyzed from sn-3 po-
sition). All separated lipid fractions were analyzed for their
FA composition by employing the GC procedure (18). 

Hydrolysis of enzymatically modified oils by pancreatic li-
pase. Hydrolysis of purified oils as well as separated 2,3-dia-
cyl-1-phosphophenol by pancreatic lipase was carried out ac-
cording to the method described by Christie (20). Tris-hy-
drochloric buffer (5 mL; 1.0 M, pH 8.0), 0.5 mL of calcium
chloride (2.2%, wt/vol), and 1.25 mL of sodium taurocholate
(0.05%, wt/vol) were added to 25 mg of oil in a glass test
tube. The whole mixture was allowed to equilibrate at 40°C

POSITIONAL DISTRIBUTION OF FA IN TAG OF ENZYMATICALLY MODIFIED OILS 805

Lipids, Vol. 37, no. 8 (2002)

TABLE 1
Positional Distribution of FA in DHA-Enriched Borage Oil (BO)a

FA (mol%) TAGb sn-1b sn-2b sn-3b

8:0 0.04 ± 0.01 0.08 ± 0.03 ND 0.05 ± 0.02
10:0 0.15 ± 0.02 0.17 ± 0.02 0.07 ± 0.02 0.30 ± 0.02
12:0 0.16 ± 0.03 0.12 ± 0.06 0.10 ± 0.05 0.19 ± 0.08
14:0 0.09 ± 0.01 0.05 ± 0.03 0.08 ± 0.04 0.11 ± 0.03
14:1 0.04 ± 0.01 0.02 ± 0.01 ND 0.06 ± 0.02
16:0 4.33 ± 0.57 3.90 ± 0.33 4.52 ± 0.05 3.50 ± 0.05
16:1 0.19 ± 0.03 0.12 ± 0.08 0.17 ± 0.05 0.23 ± 0.10
17:0 ND 0.02 ± 0.01 ND 0.04 ± 0.02
17:1 0.21 ± 0.07 0.45 ± 0.08 ND 0.15 ± 0.01
18:0 2.09 ± 0.15 1.12 ± 0.21 2.92 ± 0.07 1.95 ± 0.30
18:1 12.3 ± 0.50 12.3 ± 0.56 11.7 ± 0.82 8.24 ± 0.40
18:2n-6 24.7 ± 0.90 23.9 ± 1.08 22.8 ± 1.57 25.3 ± 0.37
18:3n-6 16.1 ± 0.26 13.2 ± 0.38 18.4 ± 0.85 19.2 ± 0.51
18:3n-3 0.19 ± 0.09 0.27 ± 0.08 0.17 ± 0.06 0.20 ± 0.07
20:0 ND 0.11 ± 0.04 0.22 ± 0.05 ND
20:1 2.12 ± 0.20 2.79 ± 0.46 2.70 ± 0.10 1.09 ± 0.31
20:2 0.13 ± 0.07 0.23 ± 0.10 0.12 ± 0.30 0.08 ± 0.04
22:1 1.24 ± 0.08 1.77 ± 0.14 1.90 ± 0.09 0.72 ± 0.07
22:6n-3 35.3 ± 1.50 34.6 ± 0.85 33.5 ± 0.25 35.9 ± 0.74
24:1 0.47 ± 0.09 0.89 ± 0.12 0.11 ± 0.06 0.41 ± 0.09
aDHA-enriched BO was synthesized using Novozym-435 from Candida antarctica (Novo Nordisk Biochem North Amer-
ica, Franklinton, NC) as the biocatalyst. 
bMean ± SD of triplicate stereospecific analyses. ND, not detected.



in a water bath for 1 min; subsequently, 5.0 mg of porcine
pancreatic lipase (EC 3.1.1.3; Sigma) was added to it. The
mixture was then placed in a Gyrotory water bath shaker
(Model G76; New Brunswick Scientific Co. Inc.) at 200 rpm
under nitrogen for 8 to 10 min at 40°C. Ethanol (5 mL) was
added to stop the enzymatic hydrolysis followed by addition
of 5.0 mL of 6.0 M HCl. The hydrolytic products were ex-
tracted three times with 50 mL of diethyl ether, and the ether
layer was washed twice with distilled water and dried over
anhydrous sodium sulfate. After removal of the solvent under
vacuum at 30°C, the hydrolytic products were separated on

silica gel TLC plates (20 × 20 cm; 60Å mean pore diameter,
2–25 µm mean particle size, 500 µm thickness, with dichlo-
rofluorescein; Sigma) impregnated with 5% (wt/vol) boric
acid. The plates were developed using hexane/diethyl
ether/acetic acid (70:30:1, by vol). After drying, the bands
were located by viewing under short (254 nm)- and long (356
nm)-wavelength UV lights (Spectraline, Model ENF-240C;
Spectronics Co.). The bands were scraped off and their lipids
extracted into chloroform/methanol (1:1, vol/vol) or diethyl
ether and subsequently used for FA analysis by the GC pro-
cedure described by Senanayake and Shahidi (18). It should
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TABLE 2
Positional Distribution of FA in DHA-Enriched Evening Primrose Oil (EPO)a

FA (mol%) TAGb sn-1b sn-2b sn-3b

12:0 0.12 ± 0.08 0.15 ± 0.02 0.13 ± 0.02 0.08 ± 0.04
14:0 0.12 ± 0.05 0.09 ± 0.02 0.13 ± 0.04 0.17 ± 0.04
14:1 0.08 ± 0.02 0.12 ± 0.01 0.08 ± 0.05 0.07 ± 0.03
16:0 7.55 ± 0.17 7.81 ± 0.35 3.74 ± 0.41 10.6 ± 0.73
16:1 0.06 ± 0.02 0.08 ± 0.04 0.17 ± 0.04 ND
18:0 2.31 ± 0.42 2.90 ± 0.51 1.47 ± 0.26 3.97 ± 0.59
18:1 4.63 ± 0.35 7.81 ± 0.16 1.49 ± 0.54 3.20 ± 0.61
18:2n-6 43.4 ± 0.64 45.1 ± 0.97 44.9 ± 0.59 41.5 ± 0.88
18:3n-6 7.05 ± 0.15 5.48 ± 0.56 7.49 ± 0.82 4.79 ± 0.51
18:3n-3 0.21 ± 0.06 0.29 ± 0.03 0.23 ± 0.05 0.08 ± 0.04
20:0 0.50 ± 0.12 0.42 ± 0.08 0.32 ± 0.04 0.59 ± 0.11
20:1 0.29 ± 0.16 0.14 ± 0.05 0.36 ± 0.06 0.36 ± 0.17
22:1 0.13 ± 0.04 0.15 ± 0.05 0.17 ± 0.03 0.12 ± 0.06
22:6n-3 33.1 ± 0.70 24.5 ± 0.72 38.2 ± 0.52 33.1 ± 0.87
aDHA-enriched EPO was synthesized using Novozym-435 from C. antarctica as the biocatalyst. For manufacturer and ab-
breviations see Table 1.
bMean ± SD of triplicate stereospecific analyses. 

TABLE 3
Positional Distribution of FA in EPA-Enriched BOa

FA (mol%) TAGb sn-1b sn-2b sn-3b

8:0 0.03 ± 0.01 0.09 ± 0.04 ND ND
10:0 0.03 ± 0.01 0.02 ± 0.01 0.04 ± 0.02 0.04 ± 0.02
12:0 0.16 ± 0.05 0.19 ± 0.06 ND 0.28 ± 0.09
14:0 0.13 ± 0.07 0.05 ± 0.02 0.05 ± 0.03 0.33 ± 0.14
14:1 0.02 ± 0.01 0.04 ± 0.02 ND 0.06 ± 0.02
16:0 6.45 ± 0.21 4.31 ± 0.15 8.82 ± 0.18 4.75 ± 0.46
16:1 0.47 ± 0.07 0.58 ± 0.13 0.08 ± 0.05 0.69 ± 0.11
18:0 1.85 ± 0.23 0.84 ± 0.15 1.95 ± 0.43 0.69 ± 0.21
18:1 11.6 ± 0.52 10.3 ± 0.52 10.8 ± 0.35 14.5 ± 0.74
18:2n-6 22.2 ± 0.91 23.6 ± 0.91 21.2 ± 0.42 20.2 ± 0.83
18:3n-6 15.1 ± 0.82 11.5 ± 0.34 18.6 ± 0.63 13.4 ± 0.12
18:3n-3 0.17 ± 0.05 0.14 ± 0.09 ND 0.30 ± 0.15
20:0 0.27 ± 0.06 0.54 ± 0.16 ND 0.13 ± 0.06
20:1 3.00 ± 0.09 2.15 ± 0.38 3.80 ± 0.04 3.18 ± 0.38
20:2 0.18 ± 0.02 0.39 ± 0.16 ND 0.17 ± 0.09
20:4 0.14 ± 0.05 0.08 ± 0.03 ND 0.45 ± 0.05
20:5n-3 32.7 ± 1.28 33.4 ± 0.86 32.5 ± 0.79 30.9 ± 1.05
22:0 0.17 ± 0.09 0.04 ± 0.02 0.11 ± 0.06 0.38 ± 0.06
22:1 2.05 ± 0.11 3.58 ± 0.15 1.20 ± 0.28 1.04 ± 0.34
22:5 0.07 ± 0.01 0.07 ± 0.04 ND 0.19 ± 0.06
24:0 0.05 ± 0.01 ND ND 0.29 ± 0.13
24:1 1.22 ± 0.08 0.24 ± 0.05 0.58 ± 0.24 2.77 ± 0.47
aEPA-enriched BO was synthesized using lipase PS-30 from Pseudomonas sp. (Amano Enzymes, U.S.A. Co. Ltd., Troy, VA)
as the biocatalyst. For abbreviations see Table 1.
bMean ± SD of triplicate stereospecific analyses. 



be noted that the FA profiles of 2-MAG fractions were used to
give the results (FA distribution at the sn-2 position) in Tables
1–6. The hydrolytic products of 2,3-diacyl-1-phosphophenol
provided the FA composition of the sn-3 position of TAG of
modified oils. These results are also reported in Tables 1–6.

Preparation of FAMEs. FA composition of the lipid frac-
tions was determined following conversion to methyl esters.
About 15 mg of each oil was weighed into a 6-mL well-
cleaned Teflon-lined, screw-capped conical vial. The internal
standard (250 ng/100 µL chloroform, methyl tricosanoate,

C23:0) was added to the vial, and the solvent in the oil–inter-
nal standard mixture was evaporated under a stream of nitro-
gen. Transmethylation reagent (2 mL; freshly prepared 6 mL
of concentrated sulfuric acid made up to 100 mL with spec-
tral grade methanol and 15 mg of hydroquinone as an antiox-
idant) was added to the sample vial and mixed by vortexing.
The mixture was incubated overnight at 60°C and subse-
quently cooled (18). Distilled water (1 mL) was added to the
mixture after thorough mixing, and it was extracted three
times with 1.5 mL of pesticide-grade hexane. A few crystals

POSITIONAL DISTRIBUTION OF FA IN TAG OF ENZYMATICALLY MODIFIED OILS 807

Lipids, Vol. 37, no. 8 (2002)

TABLE 4
Positional Distribution of FA in EPA-Enriched EPOa

FA (mol%) TAGb sn-1b sn-2b sn-3b

8:0 ND 0.08 ± 0.03 ND 0.10 ± 0.04
10:0 0.03 ± 0.01 0.09 ± 0.02 0.03 ± 0.02 0.04 ± 0.03
12:0 ND ND 0.40 ± 0.08 ND
14:0 0.06 ± 0.02 0.09 ± 0.04 0.05 ± 0.05 0.08 ± 0.04
14:1 ND 0.04 ± 0.03 0.03 ± 0.01 ND
16:0 4.55 ± 0.36 2.94 ± 0.14 5.98 ± 0.15 3.18 ± 0.52
16:1 0.12 ± 0.05 0.11 ± 0.08 0.12 ± 0.04 0.08 ± 0.05
18:0 1.65 ± 0.49 0.08 ± 0.04 3.60 ± 0.27 1.43 ± 0.28
18:1 6.92 ± 0.58 6.48 ± 0.67 8.54 ± 0.44 5.31 ± 0.40
18:2n-6 43.7 ± 1.71 39.1 ± 0.59 48.4 ± 0.61 37.5 ± 0.75
18:3n-6 5.43 ± 0.29 4.39 ± 0.54 7.16 ± 0.37 4.84 ± 0.46
18:3n-3 0.16 ± 0.07 0.08 ± 0.04 0.10 ± 0.04 0.28 ± 0.08
20:0 0.31 ± 0.05 0.49 ± 0.17 0.20 ± 0.04 0.26 ± 0.12
20:1 0.27 ± 0.04 0.22 ± 0.08 0.19 ± 0.06 0.34 ± 0.07
20:2 ND ND 0.03 ± 0.02 0.05 ± 0.02
20:4 0.11 ± 0.02 0.21 ± 0.04 0.10 ± 0.04 0.27 ± 0.05
20:5n-3 35.1 ± 0.78 39.5 ± 0.86 23.2 ± 0.58 42.1 ± 1.55
22:0 ND 0.04 ± 0.03 ND 0.03 ± 0.02
22:1 0.11 ± 0.04 0.20 ± 0.06 ND 0.24 ± 0.07
24:1 ND ND 0.08 ± 0.05 ND
aEPA-enriched EPO was synthesized using lipase PS-30 from Pseudomonas sp. For abbreviations see Table 1; for manufac-
turer see Table 3.
bMean ± SD of triplicate stereospecific analyses. 

TABLE 5
FA Distribution in Different Positions of TAG of (EPA + DHA) Enriched BOa

FA (mol%) TAGb sn-1b sn-2b sn-3b

8:0 0.02 ± 0.01 ND 0.03 ± 0.02 0.40 ± 0.04
10:0 0.02 ± 0.01 ND 0.05 ± 0.03 1.41 ± 0.20
12:0 0.05 ± 0.02 0.59 ± 0.10 0.08 ± 0.03 1.38 ± 0.51
14:0 0.07 ± 0.05 0.69 ± 0.20 0.09 ± 0.06 0.89 ± 0.20
16:0 5.06 ± 0.50 7.15 ± 0.80 1.05 ± 0.06 5.99 ± 0.80
16:1 ND ND 0.21 ± 0.02 1.99 ± 0.30
17:0 0.02 ± 0.01 ND 0.05 ± 0.02 0.22 ± 0.05
17:1 0.20 ± 0.05 ND 0.30 ± 0.06 ND
18:0 2.21 ± 0.05 5.15 ± 0.70 1.02 ± 0.50 2.76 ± 0.50
18:1 11.5 ± 0.40 12.8 ± 0.80 14.1 ± 1.20 8.85 ± 1.00
18:2n-6 20.5 ± 2.00 22.9 ± 1.00 26.2 ± 2.60 15.3 ± 1.25
18:3n-6 16.9 ± 0.70 4.12 ± 1.00 32.9 ± 1.50 15.1 ± 0.80
18:3n-3 ND 3.71 ± 0.85 0.45 ± 0.04 0.64 ± 0.50
20:1 2.94 ± 0.50 3.06 ± 0.60 1.40 ± 0.08 2.43 ± 0.60
20:2 0.20 ± 0.04 ND 0.12 ± 0.06 ND
20:4 0.63 ± 0.05 ND 1.43 ± 0.50 0.14 ± 0.05
20:5n-3 25.9 ± 2.30 26.1 ± 1.50 15.2 ± 0.30 30.8 ± 2.50
22:1 1.24 ± 0.40 3.49 ± 0.80 0.77 ± 0.05 1.07 ± 0.50
22:6n-3 8.50 ± 0.85 8.33 ± 1.01 3.77 ± 0.80 9.81 ± 0.80
a(EPA + DHA)-enriched BO was synthesized using lipase PS-30 from Pseudomonas sp. as the biocatalyst. For abbreviations
see Table 1; for manufacturer see Table 3.
bMean ± SD of triplicate stereospecific analyses. 



of hydroquinone were added to each vial prior to extraction with
hexane. Hexane layers were separated, combined, and trans-
ferred to a clean tube and then washed two times with 1.5 mL
of distilled water. In the first wash, the aqueous layer was re-
moved, and in the second wash, the hexane layer was separated
and evaporated under a stream of nitrogen. FAME were then
dissolved in 1 mL of carbon disulfide and used for GC analysis.

Analysis of FAME by GC. A Hewlett-Packard 5890 Series
II gas chromatograph (Hewlett-Packard, Toronto, Canada)
equipped with a SUPELCOWAX 10 column (0.25 mm diame-
ter, 30 m length, 0.25 µm film thickness; Supelco Canada Ltd.,
Oakville, Ontario) was used for analyzing FAME. The oven
temperature was initially set at 220°C for 10.25 min and then
ramped to 240°C at 30°C/min and then held there for 9 min.
The injector and detector (FID) temperatures were both at
270°C. Ultra-high-purity helium was used as a carrier gas (15
mL/min). HP 3365 Series II ChemStation software (Hewlett-
Packard, Toronto, Canada) was used for data handling. The rel-
ative content of FAME as mole percentages was calculated
using methyl tricosanoate (C23:0) as an internal standard.

RESULTS AND DISCUSSION

In the first step of stereospecific analyses, TAG of modified BO
and EPO were hydrolyzed by porcine pancreatic lipase in order
to split FA at the sn-1 and -3 positions, yielding 2-MAG. This
reaction accurately provides the FA composition of the sn-2 po-
sition of the TAG. In the second step, the TAG of both oils were
modified by Grignard degradation using methyl magnesium
bromide (CH3MgBr). Laakso and Christie (21) and Nwosu and
Boyd (22) used the Grignard reaction to obtain partially deacy-
lated acylglycerols. The products of the Grignard degradation
of TAG consist of MAG, 1,2- and 2,3-DAG, 1,3-DAG, and a
tertiary alcohol. Among these, 1,2- and 2,3-DAG were isolated
and used to prepare synthetic racemic phosphatides via the re-

action with dichlorophenyl-phosphate. This reaction produced
1,2-diacylglycero-3-phosphophenol and 2,3-diacylglycero-1-
phosphophenol, which were subsequently hydrolyzed by stereo-
specific phospholipase A2. 

Tables 1–6 show the FA compositions and positional dis-
tributions of FA in the modified TAG used in this study. The
reproducibility of the stereospecific analysis was examined
by triplicate analyses of modified product FA compositions.
The CV was 1.5–4.2% for selected FA, such as linoleic acid
(LA; 18:2n-6), GLA (18:3n-6) and DHA (22:6n-3), in the
DHA-enriched oils. In EPA (20:5n-3)-enriched oils, the CV
for LA, GLA, and EPA were in the range of 2.2–5.4%. The
CV for the same FA (LA, GLA, EPA, and DHA) in the (EPA
+ DHA)-enriched oils were 3.2–11.5%.

Tables 1 and 2 show the positional distribution of FA in
TAG of DHA-enriched oils examined. The results of this study
showed that DHA was fairly evenly distributed over all three
positions (34.6% at sn-1, 33.5% at sn-2, and 35.9% at sn-3) of
the TAG molecules of DHA-enriched BO (Table 1). In DHA-
enriched EPO, however, this FA was preferentially esterified at
the sn-2 position (38.2%), followed by sn-3 (33.1%) and sn-1
(24.5%) positions (Table 2). In this study, DHA-enriched oils
were synthesized using Novozym-435 from C. antarctica as
the biocatalyst. The positional specificity of C. antarctica de-
pends on the type of reactants employed. In some reactions,
this enzyme functions as a nonspecific lipase, whereas in oth-
ers it exhibits sn-1,3 positional specificity (24). The results
showed that under assay conditions employed in this study, this
enzyme acts as a nonspecific lipase. In DHA-enriched BO, the
saturated FA 16:0 and 18:0 favored the sn-2 position (Table 1).
However, in DHA-enriched EPO, these FA were concentrated
in the sn-1 and -3 positions (Table 2). 

The stereospecific distributions of FA in the native BO and
EPO have previously been determined (16,17). In native BO,
GLA was distributed asymmetrically and preferentially ester-
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TABLE 6
FA Distribution in Different Positions of TAG of (EPA + DHA)-Enriched EPOa

FA (mol%) TAGb sn-1b sn-2b sn-3b

8:0 0.02 ± 0.01 0.35 ± 0.10 ND 0.89 ± 0.04
10:0 0.04 ± 0.01 0.81 ± 0.03 0.03 ± 0.01 0.44 ± 0.20
12:0 0.04 ± 0.01 0.49 ± 0.06 0.03 ± 0.01 0.18 ± 0.51
16:0 3.75 ± 0.40 3.43 ± 0.30 1.61 ± 0.05 4.10 ± 0.80
16:1 ND 1.06 ± 0.20 0.07 ± 0.01 0.32 ± 0.30
18:0 1.15 ± 0.50 1.49 ± 0.40 1.28 ± 0.40 2.00 ± 0.05
18:1 6.22 ± 0.80 2.14 ± 0.70 2.53 ± 0.60 14.2 ± 0.70
18:2n-6 45.6 ± 1.50 40.1 ± 2.40 61.0 ± 2.80 32.6 ± 1.50
18:3n-6 8.59 ± 0.50 4.22 ± 0.70 10.8 ± 0.90 9.04 ± 1.10
18:3n-3 0.13 ± 0.05 2.71 ± 0.50 0.33 ± 0.02 1.02 ± 0.50
20:0 ND 0.82 ± 0.50 ND ND
20:1 0.40 ± 0.20 1.38 ± 0.41 0.23 ± 0.08 0.32 ± 0.20
20:2 0.20 ± 0.03 ND ND ND
20:4 0.58 ± 0.02 ND ND ND
20:5n-3 25.0 ± 1.00 31.5 ± 2.00 17.2 ± 0.30 24.1 ± 0.60
22:1 0.37 ± 0.03 0.92 ± 0.06 ND ND
22:6n-3 7.91 ± 0.91 5.80 ± 0.70 4.82 ± 0.55 10.5 ± 1.00
a(EPA + DHA)-enriched EPO was synthesized using lipase PS-30 from Pseudomonas sp. as the biocatalyst. For abbrevia-
tions see Table 1; for manufacturer see Table 3.
bMean ± SD of triplicate stereospecific analyses. 



ified at the sn-2 (32.2-40.4%) and sn-3 (17.4–30.1%) posi-
tions (16,17). The sn-1 position of native BO contained 4%
GLA (16). In native EPO, GLA was found to be concentrated
in the sn-2 and -3 positions of TAG (16). The sn-2 and -3 po-
sitions of native EPO contained 10.3–10.7 and 10.2–13.5%,
GLA, respectively (16,17). The sn-1 position of native EPO
also had 3.5–4.9% GLA (16,17). LA was nearly evenly dis-
tributed in all positions of native EPO (73.3% at sn-1, 78.9%
at sn-2, and 74.2% at sn-3), but was concentrated in the sn-1
(54.3%) and sn-2 (42.5%) positions of native BO (16). The
sn-3 position of native BO also contained 17.6% LA (16).
The results of our study showed that in DHA-enriched BO,
GLA was mainly located in the sn-2 (18.4%) and sn-3
(19.2%) positions of TAG (Table 1). In DHA-enriched EPO,
however, GLA was concentrated in the sn-2 (7.5%) position
(Table 2). LA was randomly distributed over all three posi-
tions of TAG in both oils.

Lee and Akoh (25) performed pancreatic lipase hydrolysis
on an SL synthesized via interesterification reaction between
medium-chain TAG and EPA ethyl ester using C. antarctica li-
pase as the biocatalyst. Their results showed that EPA was
mainly incorporated in the sn-2 position of the TAG. This
demonstrated that C. antarctica lipase has a high specificity for
the sn-2 position under experimental conditions employed in
their work.

In another study, the positional distribution of FA in TAG
of EPA-enriched oils was determined, and the corresponding
results are shown in Tables 3 and 4. It should be noted that
EPA-enriched oils were produced using lipase PS-30 from
Pseudomonas sp. as the biocatalyst. The saturated FA 16:0
and 18:0 were concentrated at the sn-2 position of TAG of
EPA-enriched oils (Tables 3 and 4). The EPA of EPA-enriched
BO was randomly distributed in the TAG (33.4% at sn-1;
32.5% at sn-2; 30.9% at sn-3) (Table 3). In EPA-enriched
EPO, however, this FA was mainly esterified at the primary
positions (39.5% at sn-1 and 42.1% at sn-3) of TAG (Table 4)
and was also present in appreciable amounts (23.2%) at the
sn-2 position. Therefore, it is assumed that Pseudomonas sp.
lipase shows no specificity and may incorporate EPA in all
three positions of TAG of the oils. In both oils, GLA was es-
terified preferentially at the sn-2 position (18.6 and 7.2% in
EPA-enriched BO and EPO, respectively), followed by the
sn-3 position (4.8–13.4%). In EPA-enriched BO, LA in TAG
was distributed randomly (23.6% at sn-1, 21.2% at sn-2, and
20.2% at sn-3) whereas in EPA-enriched EPO it was mainly
located at the sn-2 (48.4%) position followed by sn-1 (39.1%)
and sn-3 (37.5%) positions (Tables 3 and 4).

The positional distributions of FA in TAG of (EPA + DHA)-
enriched oils were also determined, and the results are assem-
bled in Tables 5 and 6. In this study, (EPA + DHA)-enriched
oils were synthesized using lipase PS-30 from Psuedomonas
sp. as the biocatalyst. In (EPA + DHA)-enriched BO and EPO,
saturated FA such as 16:0 and 18:0 occurred mainly at the sn-1
and -3 positions of TAG. However, these modified oils were
different in the dominancy and distribution of n-3 and n-6
PUFA in their TAG molecules. In (EPA + DHA)- enriched BO,

GLA was mainly located at the sn-2 position (32.9%), followed
by the sn-3 position (15.1%) (Table 5). However, EPA and
DHA were preferentially esterified at the sn-1 and -3 positions
of TAG molecules (Table 5); and their quantities were EPA,
26.1 and 30.8% and DHA, 8.3 and 9.8%, respectively. In (EPA
+ DHA)- enriched EPO, GLA was located mainly at the sn-2
(10.8%) and sn-3 (9.0%) positions of TAG (Table 6). EPA was
preferentially esterified at the sn-1 (31.5%) and sn-3 (24.1%)
positions, but approximately half of the DHA was located in
the sn-3 position (10.5%) of the TAG molecules (Table 6).
Therefore, lipase from Pseudomonas sp., under the conditions
employed in this study, has the ability to incorporate n-3 FA
(EPA and DHA) preferentially at the sn-1 and -3 positions of
the TAG molecules.

Brockerhoff et al. (26) reported that in fish oils the long-
chain PUFA tend to be concentrated in the sn-2 position
whereas in marine mammals they favored the sn-1 and -3 po-
sitions of TAG. Recently, Wanasundara and Shahidi (27) re-
ported similar results for seal blubber and menhaden oils.
Aursand et al. (28) investigated the positional distribution of
n-3 PUFA in fish and marine mammal oils using high-resolu-
tion 13C NMR spectroscopy. These authors found that in fish
oils DHA was concentrated in the sn-2 position whereas EPA
was more randomly distributed over the three positions of
TAG. In seal oil, DHA was predominantly present in the sn-1
and -3 positions (27,29). Ando et al. (30) also determined the
positional distribution of FA in the TAG of fish oils (capelin,
herring, menhaden, sardine, and saury) by HPLC using a chi-
ral stationary phase and found that in these oils DHA was pres-
ent predominantly in the sn-2 position. Shimada et al. (31)
synthesized a SL by acidolysis of tripalmitin with AA
(20:4n−6) using 1,3-specific Rhizopus delemar lipase. They
reported that in the SL so produced AA was predominantly
present at the sn-1,3 positions (56.9%) of TAG.

Stereospecific analysis of TAG and hydrolysis products
provides some useful information about the mechanism of
gastric digestion. Intestinal absorption of FA reportedly de-
pends on the arrangement of FA in the TAG molecules. The
influence of FA specificity on intestinal absorption in adults
has recently been reviewed and positively correlated with the
TAG structure in chylomicrons (32). During digestion, FA in
the sn-1 and -3 positions of TAG are liberated by a position-
ally specific enzyme such as pancreatic lipase, but the FA at-
tached to the sn-2 position of the TAG are absorbed and dis-
tributed in the body in the chylomicron form (33). However,
clinical studies need to be carried out to verify this latter as-
sumption. 

BO and EPO have been used as GLA-rich specialty oils.
Enzymatic preparation of DHA and/or EPA-rich TAG from
these oils is of recent interest (8–10). It is expected that syn-
thesis of SL containing GLA, EPA, and DHA will provide op-
timal health benefits. Both n-3 and n-6 PUFA have been rec-
ognized for their salient roles in human health and nutrition
(6,7). The special positional distribution of GLA, DHA, and
EPA in these modified TAG may confirm the potential bene-
fits in certain health and nutritional applications. 
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ABSTRACT: In the present study, we investigated the alkenyl
chains from sheep heart plasmalogens (1-O-alk-1′-enyl-2-acyl
glycerophospholipids) after their conversion into trimethylene
dioxyalkanyl (TMDOA) derivatives. Particular attention was
given to monounsaturated alkenyl chains (C18 mainly). For this
purpose, a combination of silver ion TLC and GLC on highly
polar, very long capillary columns was applied to TMDOA de-
rivatives. Approximately 30 different alkenyl chains could be
separated, and the main observation was that the component
previously reported as a cis-9 18:1 alkenyl chain in plasmalo-
gens embraces in fact a wide range of trans and cis isomers, in
amounts equal to 7.9 and 5.6%, respectively, of total alkenyl
chains. Concerning the trans-monoenoate fraction, isomers with
their ethylenic bond spanning from ∆6–∆8 to ∆16 were tenta-
tively identified on the basis of their distribution profile, which
was similar to that of trans-18:1 acids prepared and isolated from
sheep adipose tissue. The main trans-monoenoic C18 alkenyl
chain in sheep heart plasmalogens would thus have its double
bond in position 11, which seems logical, as alkenyl chains are
derived from the corresponding alcohols, themselves issued from
the corresponding FA, and in this particular case, vaccenic
(trans-11 18:1) acid. cis-Monoenoic C18 alkenyl chains also ap-
pear more complex than realized earlier, showing in particular
isomers with their ethylenic bond farther than the ∆9 position, in
addition to the main isomer derived from oleic acid. Several
trans-16:1 alkenyl chains could be observed (totaling ca. 1%),
but cis-16:1 isomers were present in trace amounts only.

Paper no. L8968 in Lipids 37, 811–816 (August 2002).

In the many studies devoted to the biochemical effects of di-
etary trans-monounsaturated FA (MUFA), plasmalogens (1-
O-alk-1′-enyl-2-acyl-glycerophospholipids) seem to have
been little investigated. In neither the monograph on trans FA
edited in 1979 by Emken and Dutton (1) nor in that edited in
1998 by Sébédio and Christie (2) was the word “plasmalogen”
indexed. However, a few observations on plasmalogens in re-
lation to trans-MUFA were made in the past. Dietary trans-
MUFA were shown to be incorporated, after their in vivo
conversion to the corresponding alcohols, into rat heart plas-
malogen alkenyl chains (3), and into rat heart and kidney

mitochondria plasmalogens (4–6). In the latter case, elaidic
(trans-9 18:1) acid was used as a model for trans-MUFA, and
both alkenyl and acyl chains were analyzed. It was also
demonstrated that L-M cultured cells could accumulate elaidyl
alcohol (a precursor in the biosynthesis of plasmalogens)
when the medium was supplemented with elaidic acid (7,8).
Cell-free systems from mouse preputial gland tumors are able
to promote alcohol synthesis from elaidic acid when adequate
cofactors are present (9). Moreover, addition of a mixture of
radioactive trans-octadecenols to cultured L1210 or S180 as-
cite cells resulted in the incorporation of these components
into plasmalogens (10). The same observation was made when
the mixture was injected intracranially into rat brain (10).

Plasmalogens, mostly of the ethanolamine and choline
forms, are common components of cellular membranes. Their
proportions relative to total phospholipids, however, depend
on the organ considered. Their alkenyl chain composition is
generally considered a simple one, being essentially limited
to 16:0, 18:0, and 18:1 chains, and to some minor branched
and odd-numbered saturated chains in the case of ruminant
organs. In considering 18:1 chains, there is little information
regarding the position of the ethylenic bond, but it is gener-
ally admitted that it is principally located at the ∆9 position,
with a cis configuration (derived from oleic acid).

Plasmalogens in ruminant organs may be different, be-
cause the rumen microflora synthesizes trans-MUFA from
PUFA present in the feed. Thus, ruminants may be consid-
ered as naturally consuming trans-MUFA and are a model of
choice to study the metabolic fate of these components. In
earlier studies on the rat (4–6), we observed that dietary
elaidic acid (fed as trielaidin) could replace, after its conver-
sion into elaidyl alcohol, an important proportion of the satu-
rated alkenyl chains without affecting the percentage of the
cis-9 18:1 chains. We thus suspected that trans-18:1 alkenyl
chains might be present naturally in ruminant plasmalogens,
which contain an important proportion of saturated alkenyl
chains. We present evidence here that total plasmalogens
from sheep heart, taken as a natural model, do contain trans-
monounsaturated alkenyl chains with a distribution profile
similar to that generally found in TAG from ruminant milk
and adipose tissue lipids. Because plasmalogen alkenyl
chains are derived from the corresponding alcohols, them-
selves produced from the corresponding FA, we also analyzed
the FA from sheep adipose tissue.
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EXPERIMENTAL PROCEDURES

Samples. The heart of a sheep aged less than 6 mon was ob-
tained from a local slaughterhouse and freed from apparent
fatty tissues; the auricles were then removed. The ventricles
were next divided into two parts (approximately 70 g each)
and kept at −80°C until use. Additionally, approximately 100
g of adipose tissue was taken off the animal and also stored at
−80°C.

Lipid extraction and fractionation. After thawing for 24 h
at 4°C, one-half of the heart muscle was minced with scissors
and homogenized with a household electric grinder. Fifteen
grams of the homogenate was dispersed for 1 min in 80 mL
methanol with an UltraTurrax T25 (Janke & Kunkel GmbH &
Co. KG, Staufen, Germany) before adding 160 mL chloroform
and performing a second 1-min homogenization with the
UltraTurrax. The suspension was filtered on paper into a sepa-
ratory funnel and washed with 50 mL of a 0.8% aqueous solu-
tion of NaCl (11). After standing for 1 h, the lower phase was
withdrawn and the solvents were evaporated. The residue (775
mg) was dissolved in 7.7 mL of chloroform (ca. 100 mg/mL)
and kept at −18°C until use. Similarly, 5 g of adipose tissue
was extracted with 20 mL of methanol, followed by 40 mL of
chloroform. The final lipid extract (3.57 g) was dissolved in
enough chloroform to make a 0.5 g lipid/mL solution.

An aliquot of the heart lipid solution (0.5 mL) was frac-
tionated into neutral and polar lipids using a Sep-Pak® Plus
silica cartridge (Waters Corporation, Milford, MA) eluted
with 20 mL chloroform followed by 30 mL methanol. Polar
lipids were dissolved in 1.5 mL of chloroform.

Preparation of trimethylene dioxyalkanyl (TMDOA) deriv-
atives. A portion (250 µL) of the polar lipid solution was
evaporated to dryness under a stream of N2 in a round-bot-
tomed tube. The tube was inverted over a test tube cap con-
taining 1 mL concentrated HCl for 5 min. The fumes cause
complete hydrolysis of the alkenyl ether bond of the plas-
malogens without affecting 1,2-diacyl- or 1-O-alkanyl-2-acyl
glycerophospholipids (12,13). After flushing the tube with N2
to remove residual HCl vapors, the lipids were dissolved in 5
mL chloroform. Transformation of the released aldehydes
into TMDOA was performed according to a modification of
the method devised by Palmer et al. (14). To the preceding
solution were added 10 mg of p-toluenesulfonic acid (Sigma-
Aldrich Chimie S.à.r.l., Saint Quentin Fallavier, France) and
500 µL of 1,3-propanediol (Sigma-Aldrich). The tube was
tightly capped and the reaction was allowed to proceed for 3
h at 80°C with constant magnetic stirring. At the end of the
reaction, the tube was cooled and the chloroform phase was
washed with 5 mL distilled water. The chloroform phase was
taken to dryness, and the residue dissolved in 0.5 mL of chlo-
roform and fractionated into TMDOA and unreacted polar
lipids on a Sep-Pak® cartridge as described above for neutral
and polar lipids. TMDOA derivatives were further purified
by TLC on precoated silica gel H plates (Merck, Darmstadt,
Germany) with the solvents hexane/diethyl ether (80:20,
vol/vol). TMDOA derivatives were visualized under UV light

(366 nm) after spraying a 0.2% ethanolic solution of 2′,7′-
dichlorofluorescein (DCF). The intense band with Rf = 0.66
was scraped, and TMDOA derivatives were eluted with di-
ethyl ether (three 2.5-mL portions). After filtration, the sol-
vent was removed under a stream of N2, and the residue was
dissolved in 1 mL of hexane for further processing. A faint
band observed near the origin was attributed to unreacted
aldehydes or to residual 1,3-propanediol.

FAME preparation. To 250 µL of the solution of lipids ex-
tracted from sheep adipose tissue was added 2.75 mL hexane,
followed by 300 µL of a 0.5 N solution of sodium methoxide
in methanol. The mixture was thoroughly vortexed for 1 min
and further heated for 10 min at 50°C. The reaction mixture
was washed with 3 mL water, and the supernatant was with-
drawn, evaporated to dryness, and dissolved in 1 mL of
hexane.

Fractionation of TMDOA derivatives and FAME. TMDOA
derivatives were fractionated according to the number and the
configuration of ethylenic bonds by silver ion TLC as de-
scribed elsewhere for FAME (15). The solvent was hexane/di-
ethyl ether (75:25, vol/vol). The three bands (Rf = 0.50, 0.63,
and 0.75) that were revealed as described above were scraped,
and TMDOA derivatives were extracted with a biphasic sol-
vent system that allowed removal of the DCF (15). FAME pre-
pared from adipose tissue were processed in the same way, ex-
cept that the proportions of solvents were 90:10 (vol/vol).
Here too, the three main FAME bands with Rf = 0.82, 0.64,
and 0.45 were scraped and the FAME eluted from the gel (15).

GLC. Unfractionated as well as fractionated TMDOA de-
rivatives or FAME were analyzed on a HP 4890A chromato-
graph (Hewlett-Packard, Palo Alto, CA) equipped with a 100-
m CP-Sil 88 capillary column [0.20 mm i.d., 0.25 µm film
(cyanopropyl siloxane polymer); Chrompack, Middelburg,
The Netherlands]. Unless otherwise stated, the oven operat-
ing temperatures were: 60°C for 1 min, increase at 20°C/min
to 190°C (TMDOA) or 160°C (FAME), then isothermal for
60 min, second increase at 20°C/min to 210°C, isothermal for
5 min. The injector (splitless; purge time set at 30 s) and the
FID were maintained at 250 and 280°C, respectively. Hydro-
gen was the carrier gas, with a head pressure of 210 kPa. In-
jections (1 µL) were made automatically by an Agilent 6890
Series Injector (Hewlett-Packard). Alternatively, fractionated
TMDOA were analyzed in a Hewlett-Packard 5890 Series II
chromatograph, also equipped with an automatic injection
system (same as above). The chromatograph was equipped
with a 120-m BPX 70 capillary column [0.25 mm i.d., 0.20
µm film (biscyanopropylsiloxane-silphenylene polymer);
SGE, Melbourne, Australia] with H2 as a carrier gas (head
pressure, 200 kPa). The injector and detector were maintained
at 250 and 280°C, respectively. The column was operated
under the same temperature programs as the CP-Sil 88
column. For specific purposes (separation of critical pairs),
the temperature of the first plateau was lowered to 140°C
(TMDOA and FAME).

Identification and quantification of TMDOA derivatives
and FAME. Individual peaks of isomeric 18:1 FAME were
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identified according to Wolff and Bayard (16). Identification
of TMDOA was made by analogy with FAME isolated in
comparable bands after silver ion TLC. Peaks were integrated
and quantified with the Diamir software (© 1999 JMBS Inc.,
Fontaine, France; version 1.5.302.2). No correction factors
were applied, and data are given as area percentages. Calcu-
lations of total trans- as well as cis-18:1 isomers were made
through the use of trans-11 18:1 acid for trans-18:1 isomers,
and of cis-9 18:1 acid, after subtraction of the trans-13 plus
trans-14 critical pair, for cis-18:1 isomers.

GLC–MS. The analysis of TMDOA, either unfractionated
or fractionated, was performed using an HP6890 chromato-
graph coupled to an HP5973 mass spectrometer (Hewlett-
Packard). A BPX 70 capillary column (50 m × 0.33 i.d., 0.25
µm film; SGE) was used with a temperature program from 50
to 190°C at a rate of 15°C/min. Helium was the carrier gas at
a velocity of 36 m·s−1. The splitless injector was maintained
at 250°C. The electron impact mass spectra were recorded at
70 eV between 30 and 350 amu.

RESULTS AND DISCUSSION

Determination of alkenyl chain structures. Recent informa-
tion for sheep heart phospholipid composition unfortunately
is lacking. However, in older studies (17,18), it was estab-
lished that plasmalogens of the ethanolamine and choline

forms represent 31–41% (depending on the study), that is
roughly one-third of total phospholipids in sheep heart. Sheep
heart thus represents an interesting starting material for the
study of plasmalogen alkenyl chains. Additionally, informa-
tion on the composition of these alkenyl chains is lacking.
However, it can be hypothesized that this composition should
not be very different from that of beef heart, for which some
compositions were published earlier (see Ref. 16). As indi-
cated in the introductory statement, the alkenyl moieties are
composed mostly of 16:0, 18:0, and 18:1 chains, to which
minor amounts of branched (iso and anteiso forms) chains
(odd- and even-numbered) should be added (19). Trials were
made to use free aldehydes or dimethylacetals, but we could
not obtain as good a resolution as with TMDOA by GLC at
any operating temperature (results not shown).

As can be seen from the chromatogram of unfractionated
TMDOA derivatives (Fig. 1), the profile of total plasmalogen
alkenyl chains is more complex than recognized thus far. This
undoubtedly results from the use of highly efficient polar cap-
illary columns of great length. In most earlier studies, short
packed columns with moderately polar stationary phases were
used and obviously could not give such details. To simplify
the identification of peaks, TMDOA derivatives fractionated
by silver ion TLC were also analyzed under the same condi-
tions (Fig. 2). The fraction with an Rf of 0.75 contained two
main peaks, identified as 16:0 and 18:0. Three relatively
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FIG. 1. Chromatogram of total trimethylene dioxyalkanyl derivatives of alkenyl chains from sheep heart plasmalo-
gens. Analysis on a 100-m CP-Sil 88 capillary column operated under conditions described in the Experimental
Procedures section (plateau at 190°C). Identification of peaks is given in Table 1 (UK, unknown structure).



minor peaks eluting between them were assigned the struc-
tures iso-17:0, anteiso-17:0, and 17:0. No peaks were found
eluting after 18:0. Of the peaks eluting before 16:0, the iden-
tifications were based on those by Schmid et al. (19) for
bovine heart plasmalogens: iso-14:0, 14:0, iso-15:0, anteiso-
15:0, 15:0, and iso-16:0, in this elution order. The saturated
FAME fraction (Rf = 0.82) prepared from sheep adipose tis-
sue showed exactly the same chain structure distribution (re-
sults not shown), with, however, different proportions (e.g.,
18:0 >> 16:0 in adipose tissue, instead of 16:0 >> 18:0 in heart
alkenyl chains).

The intermediate fraction of TMDOA with an Rf of 0.63
showed a GLC profile similar to that presented by trans-18:1
FAME prepared from milk or adipose tissue lipids from sev-
eral ruminants (20–22), in particular to FAME prepared from
sheep adipose tissue (results not shown), thus allowing the
tentative identifications indicated in Figure 2. These identifi-
cations are also based on the principle that isomeric 18:1 iso-
mers, such as FAME, FA isopropyl esters (16), or 2-alkenyl-
4,4-dimethyloxazoline derivatives (23), are sequentially
eluted as a function of the position of the ethylenic bond from

∆4 to ∆16. With respect to the peak identified as ∆13/∆14 on
the CP-Sil 88 column, the two isomers could be almost base-
line-resolved with the BPX 70 column operated at low tem-
perature (140°C; results not shown). The main peak is likely
the ∆11 isomer, biosynthetically derived from vaccenic
(trans-11 18:1) acid through an intermediary alcohol. In ad-
dition to trans-monounsaturated C18 TMDOA derivatives,
several minor trans-16:1 isomers could be observed in the
same fraction (Fig. 2). According to a recent study on trans-
16:1 isomers in ruminant milk fat, including ewes (24), the
main trans-16:1 isomer would have its double bond in posi-
tion ∆9. A trans-16:1 alkenyl chain was characterized in heart
and kidney mitochondria of rats fed trielaidin (6), which
would suggest possible chain-shortening of trans-octade-
cenoates to trans-hexadecenoates.

The slowest-moving TMDOA band collected after silver
ion TLC corresponds to cis-monounsaturated TMDOA. This
band contained one main cis-18:1 chain, likely the ∆9 one. In
addition, several minor peaks eluted after this peak are tenta-
tively assigned the structures given in Figure 2, by analogy
with the structures determined for FAME from ruminant fats
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FIG. 2. Partial chromatograms (C16 to C18 regions) of (A) saturated, (B) trans- and (C) cis-
monoenoic trimethylene dioxyalkanyl derivatives of alkenyl chains from sheep heart plas-
malogens fractionated by silver ion TLC. Analyses on a 100-m CP-Sil 88 capillary column op-
erated under conditions described in the Experimental Procedures section (same as in Fig. 1).



(20–22), in particular from sheep adipose tissue. Surprisingly,
only traces of cis-16:1 isomers could be observed in the mo-
nounsaturated TMDOA fraction, in contrast to its FAME
counterpart. On the other hand, cis-17:1 isomers were present
in significant amounts.

GLC–MS of both unfractionated and fractionated
TMDOA derivatives showed for all peaks a major fragment
at m/z = 87, characteristic of the dioxane ring, as well as the
molecular ion [M − 1]+ for each peak (Table 1). Unfortu-
nately, no characteristic ions allowing determination of the
position of the ethylenic bond are produced with these deriv-
atives, and GC–MS could not confirm our tentative identifi-
cations of monounsaturated alkenyl chains.

Quantitative aspects. The proportions of the different
alkenyl chains are given in Table 1. Total saturated chains ac-
count for ca. 85% of total alkenyl chains, with two compo-
nents, 16:0 and 18:0, constituting the bulk of this group. As
observed earlier by Schmid et al. (19) in alkenyl chains from
beef heart, several odd-numbered as well as iso and anteiso
forms occur in sheep heart plasmalogens. In particular, such
chains with 17 carbon atoms represent 8.6% of total alkenyl
chains (10% of saturated chains). Among the remaining

alkenyl chains, total trans-18:1 and trans-16:1 isomers ac-
count for 7.9 and 1%, respectively, whereas cis-18:1 isomers
account for only 4.8% of the total. Thus, cis-18:1 isomers rep-
resent only slightly more than one-third of total 18:1 isomers.

In Table 2 are displayed the relative distributions of indi-
vidual trans- and cis-18:1 isomers in heart plasmalogen
alkenyl chains and in adipose tissue acyl chains (determined
after silver ion TLC). The two earliest-eluting trans isomers
(∆4 and ∆5), present in adipose tissue, were not observed in
heart plasmalogens. In both TMDOA and FAME fractions,
one component is predominant: for FAME, it corresponds to
vaccenic acid (ca. 74%), and it is inferred that the double
bond in the major TMDOA (ca. 60%) similarly is at the ∆11
position. The ∆13/∆14 pair (either in TMDOA or in FAME),
not resolved at 190°C on the CP-Sil 88 column, could easily
be split at 140°C on the BPX 70 column, allowing quantifica-
tion of both isomers (they are present in almost similar
amounts in both TMDOA and FAME). Isomers with their eth-
ylenic bond between the ∆12 and ∆16 positions are present in
higher proportions in heart plasmalogens than in adipose tis-
sue TAG. This would suggest that some discrimination may
exist between the utilization of isomeric trans-18:1 acids for
their deposition in depot fats and their incorporation (after
their reduction to fatty alcohols) into plasmalogens.

Regarding the cis-18:1 fraction, some differences also are
visible between TMDOA (heart plasmalogens) and FAME
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TABLE 1
Alkenyl Chain Composition of Total Plasmalogens from Sheep Heart
Analyzed as Trimethylene Dioxyalkanyl (TMDOA) Derivatives

Peak Structure of the alkyl
numbera chain of TMDOAb [M − 1]+,c Area %d

1 13:0 255 0.23
2 iso-14:0 269 0.14
3 14:0 269 0.21
4 iso-15:0 283 0.19
5 anteiso-15:0 283 0.35
6 15:0 283 1.33
7 iso-16:0 297 1.26
8 anteiso-16:0 297 0.11
9 16:0 297 45.30

10 iso-17:0 311 2.66
11 t-16:1 295 0.64
12 t-16:1 295 0.16
13 anteiso-17:0 311 3.35
14 17:0 311 2.56
15 iso-18:0 325 0.26
16 c-17:1 309 0.18
17 18:0 325 26.72
18 t ∆9 18:1 323 0.26
19 t ∆10 18:1 323 0.38
20 t ∆11 18:1 323 4.63
21 t ∆12 18:1 323 0.44
22 t ∆13, t ∆14, c∆9 18:1 323 5.46
23 t ∆15, c∆10 18:1 323 0.45
24 c∆11 18:1 323 0.76
25 c∆12 18:1 323 0.16
26 c∆13 18:1 323 0.12
27 t ∆16 18:1 323 0.53
28 c∆14 18:1 323 0.13
29 c∆15 18:1 323 0.21
aPeak numbers refer to Figure 1.
bt, trans; c, cis.
cDetermined by GLC coupled to MS.
dMeans of two analyses on a CP-Sil 88 column (plateau at 190°C; see the
Experimental Procedures section for other operating conditions).

TABLE 2
Relative Composition of cis and trans Monounsaturated Alkenyl
Chains of Total Plasmalogens from Sheep Heart Analyzed as TMDOA.
Comparison with FAME Prepared from Sheep Adipose Tissuea

Double bond positionb TMDOA (area %) FAME (area %)

t ∆4 —c 0.4
t ∆5 — 0.2
t ∆6–∆8 0.2 2.3
t ∆9 2.4 1.4
t ∆10 4.6 2.8
t ∆11 59.3 73.6
t ∆12 5.6 3.3
t ∆13 7.5 4.4
t ∆14 8.2 4.4
t ∆15 6.0 3.2
t ∆16 6.1 4.0
c∆6/c∆8 Traced 0.2
c∆9/c∆10 76.5e 92.4
c∆11 12.8 4.1
c∆12 2.6 1.1
c∆13 2.3 0.3
c∆14 2.1 0.4
c∆15 3.7 1.5
aData were obtained by a combination of analyses of TMDOA and FAME on
100-m CP-Sil 88 and BPX 70 capillary columns operated as indicated in the
Experimental Procedures section. The critical pair t∆13/t∆14, not separated
under routine analytical conditions, was almost baseline-resolved at 140°C
on the BPX 70 column.
bFor abbreviations see Table 1.
cNot detected.
dLess than 0.2%.
eWith both TMDOA and FAME, the c∆10 isomer could only be separated as
a small shoulder at the base of the descending edge of the main c∆9 isomer
and could not be correctly integrated.



(adipose tissue TAG) (Table 2). In FAME, the proportion of
the ∆9 isomer is higher than that in TMDOA, whereas the ∆11
isomer is higher in TMDOA than in FAME. More generally,
the proportions of isomers with their ethylenic bond between
∆11 and ∆15 are higher in TMDOA than in FAME. Here too,
some discrimination may exist in targeting individual cis-18:1
isomers to plasmalogens or to TAG.
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ABSTRACT: An analytical procedure was developed for re-
giodistribution analysis of TAG using α-MAG prepared by an
ethyl magnesium bromide deacylation. In the present commu-
nication, the deacylation procedure is shown to lead to repre-
sentative α-MAG, allowing the composition of the native TAG
in the α-position to be determined directly. The composition in
the β-position can then be estimated from the composition of
the α-MAG and TAG according to the formula 3 × TAG − 2 ×
α-MAG. The estimates are superior to those obtained using the
α,β-DAG and Brockerhoff calculations as they come closer to
the theoretical value and have smaller SD. The present proce-
dure, first demonstrated on a synthetic TAG, was then success-
fully applied to the analysis of borage oil, milkfat, and tuna oil.

Paper no. L8939 in Lipids 37, 817–821 (August 2002).

Much work has been done to simplify the regiodistribution
analysis of TAG using a chemical deacylation (1–4). Since the
chemical deacylation makes most of the TAG accessible to a
regiodistribution analysis (5–8), difficulties are due to the oc-
currence of some unavoidable acyl migration, which naturally
changes analysis results (9). In order to improve the accuracy
of analysis, suitable conditions need to be found to minimize
the incidence of isomerization and, therefore, for the Grignard
deacylation to produce acylglycerols representative of the
original TAG structure. Accordingly, methods in the literature
generally make use of α,β-DAG (9–13) or β-MAG (2), with
appropriate calculations. A shortcoming is that the FA compo-
sition of the α-position is not analyzed directly but obtained
by calculation and is therefore subject to cumulative errors of
GC analysis (10,13). Some recent methods using both the α-
and β-MAG produced from TAG by a Grignard deacylation
involve their analysis by HPLC on chiral columns (1,3). How-
ever, use of these methods on a routine basis is laborious, since
they require special and expensive analytical equipment rather
than the standard GC equipment.

In the present communication, we have examined the possi-
bility of producing representative α-MAG, i.e., with a random
FA distribution, by an ethyl magnesium bromide deacylation of
TAG. The classical procedure of deacylation is modified to 
(i) find suitable conditions for decreasing isomerization, (ii) de-
termine the regiospecific distribution through the GC analysis
of α-MAG, and (iii) corroborate the results obtained with the
pancreatic lipase hydrolysis (standardized procedure ISO 6800).

The method was first demonstrated by the regiodistribu-
tion analysis of a racemic sn-1,3-dipalmitoleyl-sn-2-oleoyl-
glycerol (POP), then by the analysis of borage oil, milkfat,
and tuna oil.

EXPERIMENTAL PROCEDURES

Materials. Borage oil was obtained from Bertin (Lagny-le-
sec, France). Tuna oil was an industrial product from Sea Oil
(Beaumont-Hague, France). Milkfat was obtained from Bel
(Vendome, France). The racemic synthetic POP (99%+), a
crude lipase from porcine pancreas, and a 0.2% solution of
2′,7′-dichlorofluorescein in ethanol (DCF solution) were pur-
chased from Sigma Chemical Company (St. Louis, MO). A
3.0-M solution of ethyl magnesium bromide (C2H5MgBr) in
diethyl ether was obtained from Aldrich (Milwaukee, WI). A
methanolic solution of boron trifluoride (10%, wt/vol) was
obtained from Fluka (Hauppauge, New York). Silicic acid 60
F254 TLC plates were obtained from Merck (Darmstadt, Ger-
many). Anhydrous NaHCO3, boric acid, and all organic sol-
vents were also from Merck.

Pancreatic lipase hydrolysis. The standard pancreatic lipase
hydrolysis procedure used to determine the FA composition in
the β-position of TAG was modified from Luddy et al. (14).

Chemical deacylation of TAG. Forty milligrams of pure
TAG was dissolved in 2 mL of dry diethyl ether. A
C2H5MgBr solution (670 µL) was added directly using a
pipette equipped with a positive displacement mechanism that
isolated the aspirated liquid from the air (Gilson, Middleton,
WI). The mixture was shaken for 15 s, then 300 µL of glacial
acetic acid was added, followed by 5 mL of a 0.4-M boric
acid solution in water to stop the reaction. The lipid products
(newly formed partial acylglycerols, tertiary alcohols, and
residual TAG) were then extracted with the diethyl ether. This
extract was washed with a 5-mL solution of aqueous boric
acid (0.4 M)/aqueous NaHCO3 (2%), 50:50 (vol/vol) then re-
solved by TLC without further treatment.

The MAG were quickly isolated by preparative TLC on
precoated silicic acid that was impregnated with a 5% boric
acid solution in methanol (wt/vol) to prevent isomerization
(15). The plates were developed with a chloroform/acetone/
acetic acid solution (85:15:1, by vol) to isolate the sn-1(3)-
from the sn-2-MAG. After development, bands were revealed
and visualized with the DCF solution under UV light (366
nm). The following bands were observed: α-MAG (Rf =
0.26); β-MAG (Rf = 0.38); α,β-DAG (Rf = 0.76); α,α′-DAG
(Rf = 0.85); tertiary alcohols of the deacylated FA and resid-
ual TAG (Rf = 0.95). The silica gel of corresponding bands
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was scraped off and transferred to Teflon-lined screw-capped
tubes for methyl ester preparation.

Methyl ester preparation and analysis. Methyl esters were
prepared according to Morrison and Smith (16). A methano-
lic solution (0.5 to 0.8 mL) of boron trifluoride was added di-
rectly to the silica gel, and methylation was performed at
100°C for 60 min.

FAME were analyzed by GLC with a Carlo Erba GC 8000
Top apparatus (Erba Science, Paris, France) equipped with an
FID. Methyl esters were separated in a glass capillary column
(30 m × 0.32 mm i.d.) coated with CARBOWAX 20M, pro-
grammed from 185 to 210°C (4°C/min), and held isothermally
for 10 min. Peak areas and percentages were calculated by a
Merck D2000 integrator. Areas obtained with the integrator were
divided by chain length to yield the mole percentage of FA. 

RESULTS 

Regiodistribution analysis of POP. The degree of purity of
the POP was first verified. Pancreatic lipase hydrolysis con-
firmed that the β-position was occupied almost entirely by
oleic acid (98.5%) and that the α-position was occupied by
palmitic acid (99.3%). Results of the analysis of partial acyl-
glycerols obtained from the Grignard degradation of POP are
detailed in Table 1. Results of the analysis of the α,β-DAG
agreed well with the lipase hydrolysis, certainly within the
limits of analysis errors. The α,α′-DAG was contaminated
with isomerized α,β-DAG, as evidenced by the content of
oleic acid (4.5%). The β-MAG were strongly contaminated
with 5.6% palmitic acid that had migrated from the α-posi-
tion. We observed only 1.8% contamination of α-MAG. Con-

sequently, the results from the α-MAG analysis were closer
to the reference value and provided direct analysis of the α-
position. The FA distribution in the β-position could then be
analyzed by direct determination through the β-MAG or by
calculation based on the composition of the different acyl-
glycerols, as demonstrated at the bottom of Table 1. The most
accurate estimate was obtained by calculation from 3 × TAG
− 2 × α-MAG. The estimates were 96.3 ± 0.9% (mean ± SD)
oleic acid. 

Although the FA profile of the α,β-DAG was closer to the
FA distribution of the original TAG, the estimates based on
the α,β-DAG composition gave negative values. This reflects
the larger factors of the equation 4 × α,β-DAG − 3 × TAG
than the equations used with α-MAG. The positional analysis
obtained by calculation from the α,β-DAG was therefore sub-
ject to cumulative experimental errors of GC analysis. 

Regiodistribution analysis of borage oil. The method was
then applied to determine the regiospecific distribution of bor-
age oil. First, pancreatic lipase hydrolysis was used to deter-
mine the composition at the β-position through the β-MAG.
To verify the validity of the lipase hydrolysis, the TAG com-
position was recalculated from the composition of α,β-DAG
and β-MAG through the equation 3 × TAG = 4 × α,β-
DAG − β-MAG (Table 2). Results showed excellent agree-
ment with the data for the composition of TAG (multiple cor-
relation coefficient R = 0.993, with a confidence interval of
95%), confirming that the enzymatic deacylation generated a
random mixture of representative acylglycerols. Table 2 gives
the analysis of partial acylglycerols from the Grignard deacy-
lation compared with the results obtained with pancreatic li-
pase. Nonreproducible results were obtained for the β-MAG
analysis; the FA composition disagreed within 3% (absolute)
for the minor component (palmitic acid). The composition in
the β-position could then be estimated from the composition
of α-MAG and TAG. The estimates compared favorably to
those found using the pancreatic lipase procedure, as they
came closer to the theoretical value and had smaller SD
(Table 3). The composition of the FA at the α-position could
be calculated from data for α,β-DAG and TAG or from TAG
minus β-MAG. However, a direct analysis of α-MAG was
preferable, since the results obtained were more accurate and
showed smaller SD than those obtained by calculations from
the α,β-DAG (Table 4). 

Regiodistribution analysis of tuna oil and milkfat. The re-
sults obtained by the modified regiodistribution analysis of
milkfat and tuna oil, respectively, are presented in Tables 5
and 6. These confirm previously published work on the FA
regiodistribution of these substrates for the short- or medium-
chain FA (C10 or less) (17,18) or for very long chain PUFA
(19,20).

Regiodistribution analysis on the basis of the classical pro-
cedures involving α,β-DAG or β-MAG is often complicated
for fats and oils with a widely diverse FA spectrum, such as
milkfat or fish oils. The superposition of elution bands in the
TLC technique is the main problem, so this analytical limita-
tion was eliminated in our approach of using boric acid coated
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TABLE 1
Regiospecific Analysis of Synthetic 
sn-1,3-Dipalmitoleyl-sn-2-oleoyl-glycerol

FA compositiona

(mol%b)

Method Compound Positions 16:0 18:1

TAG α, β, α′ 66.7 33.3 ± 0.2
Pancreatic β-MAG β 1.5 98.5 ± 0.9

lipase α,β-DAG α, β, α′ 49.8 50.2 ± 0.4
α FAc α, α′ 99.3 0.7 ± 0.4

C2H5MgBr β-MAG β 5.6 94.4 ± 3.5
α,β-DAG α, β, α′ 49.4 50.6 ± 0.1
α,α′-DAG α, α′ 95.5 4.5 ± 1.2
α-MAG α, α′ 98.2 1.8 ± 0.4

4 × α,β-DAG − 3 × TAG β −2.5 102.5 ± 0.5
3 × TAG − 2 × α-MAG β 3.7 96.3 ± 0.9
Direct β-MAG β 5.6 94.4 ± 3.5

3 × TAG − 2 × α,β-DAG α, α′ 101.3 −1.3 ± 0.2
(3 × TAG − β-MAG)/2 α, α′ 97.3 2.7 ± 1.8
Direct α-MAG α, α′ 98.2 1.8 ± 0.4

aValues are means ± SD of two GC analyses of products from four hydroly-
sis experiments.
bAreas obtained with the integrator were divided by chain length to yield
the mole percentage of FA.
cCalculated from the equation 2 × α-MAG = 3 × TAG − β-MAG.
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TABLE 2
Regiospecific Analysis of Borage Oil Obtained by Hydrolysis with Pancreatic Lipase and Deacylation with Ethyl Magnesium Bromide

FA compositiona (mol%)

Compound Position 16:0 18:0 18:1 18:2 18:3 20:1 22:1

TAG α, β, α′ 11.7 (0.2) 4.0 (0.1) 18.7 (0.1) 38.2 (0.1) 21.5 (0.1) 3.7 (0.1) 2.1 (0.1)

Pancreatic lipase β-MAG β 1.3 (0.1) 0.4 (0.1) 18.2 (0.3) 42.6 (0.5) 37.0 (0.3) 0.4 (0.1) 0.0 (0.0)
α,β-DAG α, β 10.4 (0.2) 3.2 (0.1) 17.1 (0.1) 38.7 (0.1) 27.0 (0.5) 2.4 (0.1) 1.2 (0.2)
TAGb α, β, α′ 13.3 (0.4) 4.1 (0.1) 16.7 (0.3) 37.5 (0.7) 23.7 (0.7) 3.1 (0.1) 1.6 (0.3)

C2H5MgBr α,β-DAG α, β, α′ 9.2 (0.2) 3.1 (0.1) 18.1 (0.2) 39.4 (0.2) 26.0 (0.3) 2.7 (0.1) 1.4 (0.1)
β-MAG β 4.0 (3.0) 2.1 (2.1) 18.0 (1.5) 39.8 (2.3) 35.5 (1.9) 0.4 (0.3) 0.1 (0.2)
α-MAG α, α′ 16.9 (0.9) 6.0 (0.1) 19.5 (0.2) 36.9 (0.5) 12.7 (0.3) 5.2 (0.2) 2.8 (0.3)
TAGc α, β, α′ 12.6 (1.5) 4.7 (0.9) 19    (1.0) 37.9 (1.6) 20.3 (1.1) 3.6 (0.8) 1.9 (0.3)

aValues are means ± SD of two GC analyses of products from four hydrolysis experiments.
bRecalculated from the equation 3 × TAG = 4 × α,β-DAG − β-MAG.
cRecalculated from the equation 3 × TAG = β-MAG + 2 × α-MAG.

TABLE 3
Results of Regiospecific Analysis of Borage Oil According to the Pancreatic Lipase Hydrolysis 
and Ethyl Magnesium Bromide Deacylation: β-Position

FA compositiona (mol%)

Compound 16:0 18:0 18:1 18:2 18:3 20:1 22:1

β-MAGb 1.3 (0.1) 0.4 (0.1) 18.2 (0.3) 42.6 (0.5) 37.0 (0.3) 0.4 (0.1) 0.0 (0.0)

4 × α,β-DAG − 3 × TAG 1.7 (1.0) 0.2 (0.2) 16.3 (0.8) 42.8 (0.8) 39.7 (1.3) −0.2 (0.1) −0.5 (0.2)
β-MAGc 4.0 (3.0) 2.1 (2.1) 18.0 (1.5) 39.8 (2.3) 35.5 (1.9) 0.4 (0.3) 0.1 (0.2)
3 × TAG − 2 × α-MAG 1.3 (1.7) 0.1 (0.2) 17.2 (0.4) 41.1 (1.1) 39.0 (0.6) 0.7 (0.5) 0.7 (0.6)
aValues are means ± SD of two GC analyses of products from four hydrolysis experiments.
bFrom Table 2, Pancreatic lipase.
cFrom Table 2, C2H5MgBr.

TABLE 4
Results of Regiospecific Analysis of Borage Oil According to the Pancreatic Lipase Hydrolysis 
and Ethyl Magnesium Bromide Deacylation: α-Position

FA compositiona (mol%)

Compound 16:0 18:0 18:1 18:2 18:3 20:1 22:1

(3 × TAG − β-MAG)/2b 16.9 (0.1) 5.8 (0.1) 18.9 (0.2) 36.2 (0.2) 13.8 (0.2) 5.3 (0.0) 3.1 (0.0)

3×TAG − 2 × α,β-DAG 16.7 (0.5) 5.9 (0.1) 19.9 (0.4) 36.0 (0.4) 12.4 (0.7) 5.6 (0.1) 3.4 (0.1)
α-MAGc 16.9 (0.9) 6.0 (0.1) 19.5 (0.2) 36.9 (0.5) 12.7 (0.3) 5.2 (0.2) 2.8 (0.3)
(3 × TAG − β-MAG)/2 15.6 (1.5) 4.9 (1.0) 19.0 (0.7) 37.5 (1.2) 14.5 (0.9) 5.3 (0.2) 3.1 (0.1)
aValues are means ± SD of two GC analyses of products from four hydrolysis experiments.
bFrom Table 2, Pancreatic lipase.
cFrom Table 2, C2H5MgBr.

TABLE 5
Experimentala and Literatureb Values for Principal FA Distribution Between α- and β-Positions of Milkfat

FA composition (mol%)

Position 4:0 6:0 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2

α-Position 11.4 6.1 2.2 3.3 3.6 9.7 27.1 11.5 15.1 1.2
(10.2–17.5) (5.5–7.4) (2.0–3.3) (3–4) (3–3.7) (8–10.2) (19.5–28) (5.5–11.9) (14.6–26.5) (0.4–2.0)

β-Position —c 0.4 1.9 6.9 7.6 20.3 42.9 6.2 9.6 1.1
(—) (0.1–1) (1–2.9) (3–7.8) (6–8.1) (18–23) (32–36.7) (3–10) (7.2–19) (0.6–4.0)

aValues are means ± SD of five replicate analyses.
bLiterature data are in parentheses.
cConcentrations lower than 0.1% are not reported.



silica plates in isolating the α-MAG fraction. The strong
affinity of the hydroxyl groups in the α-MAG fraction—in-
dependent of their compositions—resulted in the lowest Rf
values, which allowed an easy separation and contamination-
free recovery of the α-MAG.

DISCUSSION

The present method gives an accurate analysis of the α-posi-
tion in the original TAG. The α-MAG are present in sufficient
quantities and a random FA distribution is obtained. This
point deserves particular attention. As early as 1966,
Yurkowski and Brockerhoff (9) reported that the MAG (α-
and β-MAG) from the Grignard deacylation reaction could
not be used for analytical purposes, since their FA composi-
tions were not representative of the original TAG structure.
Extensive acyl migration took place during the deacylation
procedure. In 1993, Becker et al. (2) discussed the positive
effect of an excess amount of allyl magnesium bromide
reagent to produce representative β-MAG. 

Based on these observations, we modified deacylation con-
ditions from the usual procedure by using a higher ratio of
ethyl magnesium bromide to TAG for a shorter reaction time.
Under these conditions, more acyl shifting was observed from
the α- to β-position (5.6% contamination of β-MAG) than

from the β- to α-position (1.8% contamination of α-MAG).
These results are opposite those usually observed for this type
of analysis (2,9,11) and for chemical equilibrium between the
α- and β-positions (21). However, as reported in the literature
(4,22), deacylation is not random with regard to FA position
on the glycerol molecule. Ethyl magnesium bromide exhib-
ited a higher selectivity toward the α-position than did allyl
magnesium bromide, and the Grignard reagents generated op-
posite results regarding MAG production. Thus, the propor-
tion of α-MAG (30–35%) produced by ethyl magnesium bro-
mide may have been overemphasized with a higher ratio of
reagent and a shorter reaction time, leading to the formation
of minute amounts of β-MAG (less than 10%).

The present procedure allows oils and fats that are not
amenable to analysis with pancreatic lipase to be directly ac-
cessible to a regiodistribution analysis, without resorting to
calculations. This method is particularly useful with TAG
containing short-chain FA (C10 or less) or very long chain
PUFA, as no significant selectivity was observed with respect
to chain length or unsaturation of FA in the partial deacyla-
tion of TAG (2,22). 
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ABSTRACT: Milkfat is a complex mixture of many diverse FA,
some of which have demonstrated health benefits including an-
ticancer properties. Attempts are under way to enrich milkfats
with long-chain n-3 PUFA and CLA. It has been recommended
that the analysis of these milkfats requires gas chromatography
(GC) equipped with long, highly polar capillary columns. How-
ever, many analyses have been reported using CARBOWAXTM

type (polyethylene glycol) capillary columns, such as SUPEL-
COWAX 10, even though the separation characteristics of many
of the FA and their isomers present in milkfats have not been
described in detail. This includes the isomers of CLA, cis- and
trans-octadecenoic acid (18:1), linoleic acid (18:2n-6), and lin-
olenic acid (18:3n-3), and the long-chain PUFA. On the other
hand, the resolution of these FA and their isomers has been
more fully described using the highly polar capillary columns,
such as CP Sil 88 and SP2560 because of the improved resolu-
tion obtained using these polar columns. The present study was
undertaken to characterize the separation of these FA present in
milkfats using a 60-m SUPELCOWAX 10 column, to compare
the results to those from a 100-m CP Sil 88 column, and to de-
termine if these two columns could possibly serve to comple-
ment each other for the analysis of total milkfat. The advantages
of the SUPELCOWAX 10 column were a better resolution of the
short-chain saturated from their monounsaturated FA (MUFA)
analogs, and a complete separation of the α-linolenic (18:3n-3)
and eicosadecenoic acid (20:1) isomers. It also provided an al-
ternative elution order of the linoleic (18:2n-6), 18:3n-3 and
γ-linolenic (18:3n-6) acid isomers. On the other hand, the CP
Sil 88 column provided a better resolution of the CLA isomers,
MUFA, the isolated cis and trans MUFA fractions, the PUFA,
and many the 18:2n-6 and 18:3n-3 isomers. A complete analy-
sis of milk lipids using the CP Sil 88 column required the prior
separation of total FAME using silver ion-TLC. The results of the
present study confirm that the 100-m highly polar capillary GC
columns are mandatory for the analysis of milk lipids, and at
best, the 60 m SUPELCOWAX 10 capillary column serves as a

complementary GC column to provide different separations in
certain regions based on its intermediate polarity.

Paper no. L9065 in Lipids 37, 823–835 (August 2002).

The analysis of milkfats and fats from ruminant animals has
taken on new importance in the last decade since the identifi-
cation of CLA in these fats that possess anticarcinogenic, an-
tiatherosclerotic, immune-stimulating, and fat-partitioning
properties (1,2). At first the emphasis on the analysis was the
resolution and identification of the CLA isomers (3–7). Now
the analysis has been extended to include the complex mix-
ture of trans-octadecenoic acids (t-18:1), since it was shown
that 11t-18:1 converts to CLA by ∆9-desaturase in animals
(8–11) and humans (12,13). In addition, there have been ef-
forts to increase the contents of n-3 PUFA in milkfats for
health reasons in adults (14) as well infants (15).

GC is by far the most widely used method for the analysis
of FA, and the FA are generally analyzed as their FAME.
Flexible fused silica columns coated with the highly polar
cyanoalkyl polysiloxane stationary phases (marketed under
such names as CP Sil 88, SP 2380, SP2560, and BPX-70)
have been recommended for the analyses of milkfats that con-
tain complex mixtures of geometric and positional isomers of
monounsaturated FA (MUFA) (16–23) and CLA isomers
(23–26), plus a range of FA from 4:0 to long-chain PUFA
(23). These columns are generally available in 100 m length.

Flexible fused-silica capillary columns coated with CAR-
BOWAXTM type (polyethylene glycol) stationary phases (i.e.,
SUPELCOWAX 10, DB-WAX, etc.) have been (7), and con-
tinue to be, used for the analyses of milkfats (27–29). The
manufacturers claims that these columns have a low bleed,
and lower minimum and higher upper temperature limits.
However, we suspect that the main reason for the selection of
these columns is their intermediate polarity, which is helpful in
the identification of complex FAME mixtures, since the more
common unsaturated FAME of even chain length X elute be-
fore the next saturated even FAME [(X + 2C):0]; i.e., 18:3
elute before 20:0, 20:5n-3 before 22:0, and 22:5n-3 before
24:0 (30–32). The exception is 22:6n-3, which elutes either
before (31,32) or between 24:0 and 24:1 (30,32). Odd chain
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length FA cause minimal interference since their content in
milk products is generally low. Although these properties of
the CARBOWAX- type stationary phases are rather helpful,
the lack of polarity to resolve closely related geometric and
positional isomers of FAME is a marked disadvantage.

Systematic characterizations of the different regions of the
GC separation of total milk FAME using the highly polar
cyanoalkyl polysiloxane capillary columns have been inten-
sively investigated for their resolution of cis and trans MUFA
(16–23,33,34), CLA (4–7,23–26), 18:2/18:3 (19,35–39), and
18:3/20:1 (38) regions. On the other hand, a similar evalua-
tion of the same regions of milk FAME has not been reported
using a capillary column coated with a CARBOWAX-type
stationary phase, such as SUPELCOWAX 10. Several reports
have detailed the elution order of selected FAME on CAR-
BOWAX-type stationary phases under isothermal conditions
(31,32,40–42). Even though these values are not strictly com-
parable, they can be helpful to predict the possible structure
of unknown FAME. 

The present study was therefore undertaken to evaluate the
resolution characteristics of a typical CARBOWAX-type col-
umn, such as the 60-m SUPELCOWAX 10 column (Supelco
Inc., Bellefonte, PA). The FA investigated are those typically
found in milkfat, such as short-chain FA, branched chain FA,
MUFA, and long-chain PUFA, including the geometric and
positional isomers of 18:1, 18:2, 18:3, and CLA. In addition,
hydrogen and helium were evaluated as carrier gases. The
complex FAME standard #463 available from Nu-Chek-Prep
(Elysian, MN) was used as a GC standard because it provided
the spectrum of FAME from 4:0 to 22:6n-3 generally found
in milkfats. Furthermore, the separations on the 60-m SU-
PELCOWAX 10 column were compared to those on a 100-m
CP Sil 88 column to determine if these two columns could
possibly serve to complement each other for the analysis of
milkfats.

MATERIALS AND METHODS

Bovine milk was purchased locally or was available from co-
operative studies with Arthur R. Hill and Brian W. McBride,
University of Guelph, Guelph, Ontario, Canada. Methyl ester

standards, GC reference standard FAME mixture #463, and a
mixture of four positional CLA isomers (#UC-59M) were
purchased from Nu-Chek-Prep Inc. (Elysian, MN). Pure
9c,11t-CLA and 10t,12c-CLA were obtained from Matreya
Inc. (Pleasant Gap, PA). p-Toluenesulfinic acid, sodium salt
was purchased from Sigma-Aldrich Ltd. (St. Louis, MO). All
chemicals and solvents were of analytical grade.

Two identical gas chromatographs (Model 5890 Series II,
Hewlett-Packard, Palo Alto, CA) were used that were
equipped with FID, split/splitless injection ports, autosam-
plers (Hewlett-Packard, Model 7673), and a Hewlett-Packard
ChemStation software data system (Version A.07; Hewlett-
Packard, Avondale, PA). The injector and detector tempera-
tures were set at 250°C. One GC was fitted with a SUPEL-
COWAX 10 flexible fused column (60 m × 0.25 mm i.d. × 0.2
µm film thickness) kindly donated by Len Sidisky, Supelco
Inc. (Bellefonte, PA). The other was a CP Sil 88 flexible fused
column (100 m × 0.25 mm i.d. × 0.2 µm film thickness; man-
ufactured by Chrompack, Middelburg, The Netherlands, and
available from Varian Inc., Mississauga, Canada). Both hy-
drogen and helium were evaluated as the carrier gas with each
column. The column inlet pressure was set at 175 kPa for both
columns, resulting in carrier gas flow rates of about 1
mL/min. Samples were dissolved in either hexane or isooc-
tane containing about 1 to 2 µg/µL of total FAME, and 1 µL
(CP Sil 88 column) or 3 µL volumes (SUPELCOWAX 10
column) were injected. A splitless injection system was used
that was flushed after 0.3 s. The typical temperature programs
used for the analysis of total milk FAME were from 45 to
215°C for the CP Sil 88 column and from 65 to 240°C for the
SUPELCOWAX 10 column. To maximize the separation of
the trans MUFA, a low-temperature stepwise isothermal pro-
gram was selected for the CP Sil 88 column to separate the
16:1 isomers at 120°C, the 18:1 isomers just after increasing
the temperature to 150°C, the 20:1 isomers at 175°C, and the
22:1 and 24:1 isomers at 220°C. The temperature settings
were chosen to elute the MUFA during each of the isothermal
steps to help sharpen the peaks. A similar stepwise tempera-
ture program was designed for the SUPELCOWAX 10 col-
umn. Details on the different temperature programs are listed
in Table 1. Low temperature isothermal GC conditions have
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TABLE 1
Temperature Program Used for the Analysis of Milkfats, Standards and Lipid Fractions

Carrier gas Sample Temperature program Total time (min)

SUPELCOWAX 10 column
H2 Total FAME 65°C (1 min)—13°C/min—195°C (50 min)—15°C/min—240°C (50 min) 87.7
He Total FAME 65°C (1 min)—13°C/min—195°C (20 min)—15°C/min—240°C (80 min) 114
H2 or He trans-18:1 and CLA Stepwise isothermal program: 130°C (200 min)—15°C/min—160°C

(75 min)—15°C/min—185°C (60 min)—15°C/min—240°C (50 min).
Also starting at 140 or 150°C 392

CP Sil 88 column
H2 Total FAME 45°C (4 min)—13°C/min—175°C (27 min)—4°C/min—215°C (35 min) 86
He Total FAME 45°C (4 min)—13°C/min—175°C(27 min)—4°C/min—215°C (60 min) 111
H2 or He trans-18:1 and CLA Stepwise isothermal program: 120°C (200 min)—

15°C/min—150°C (70 min) 15°C/min—175°C (60 min)—15°C/min—
240°C (50 min) 386.7



been used successfully in the separation of cis and trans 16:1,
18:1 and 20:1 isomers from dairy fats (16–23).

The reference standard FAME mixture #463 from Nu-
Chek-Prep (Elysian, MN) was found to be very useful to eval-
uate both the column characteristics and the FA range present
in milkfat. The standard #463 consisted of 53 FAME from 4:0
to 22:6n-3 including several geometric isomers, but it lacked
CLA. For this reason, a 5:1 mixture was prepared consisting
of the GC reference FAME standard (#463) and CLA (#UC-
59M); the latter consisted of four positional CLA isomers
(8t,10c-, 9c,11t-, 10t,12c-, and 11c,13t-CLA). This mixture
was often used as the FAME reference in this study.

Total milk FAME, which includes both neutral and phos-
pholipids, were prepared using Na methoxide as catalyst
(21–24,43,44). Total milk FAME were fractionated by silver
ion TLC (Ag+-TLC) into three bands, i.e., saturates, mono
trans, and mono cis plus CLA, by using a combination of pre-
viously described procedures (17,19,45). Briefly, precoated
silica gel G glass plates (20 × 20 cm × 0.25 mm thickness;
Fisher Scientific, Ottawa, Canada) were washed with chloro-
form/methanol (1:1), air-dried, and heated for 1 h at 110°C.
After cooling, the plates were dipped into a solution of 5%
AgNO3 in acetonitrile (wt/vol) for 20 min. Next the plates
were air-dried, then activated at 110°C for 1 h before use.
Total milk FAME in hexane were applied onto the TLC plates
using a TLC streaker (Applied Science, State College, PA) at
a concentration of 0.4 mg/cm, and developed in a solvent
mixture of hexane/diethyl ether (90:10). Bands were visual-
ized under UV light after spraying with 2′,7′-dichlorofluores-
cein and then scraped off, and the FAME were recovered
from the silica after addition of 1.5 mL methanol, 1.5 mL 1 N
aqueous NaCl, and 2 mL of hexane. Hexane extraction was
repeated once more, and the combined hexane layers were
dried over anhydrous Na2SO4, reduced appropriately with a
stream of nitrogen, and analyzed by GC.

Pure 9c,11t- and 10t,12c-CLA were isomerized in hexane
at room temperature and room light for 1 h using a dilute so-
lution of iodine in hexane as a catalyst (26). The mixture of
four positional CLA isomers was also isomerized to yield all
eight possible cis/trans CLA isomers. Methyl linoleate
(9c,12c-18:2; 18:2n-6), α-linolenate (9c,12c,15c-18:2; 18:3n-3)
and γ-linolenate (6c,9c,12c-18:2; 18:3n-6) were isomerized
in dioxane at 100°C using p-toluenesulfinic acid as catalyst
(46; Adlof, R., personal communication). Briefly, an aqueous
solution of p-toluenesulfinic acid, sodium salt (2 g in 12 mL
of water) was acidified with 6 N H2SO4. The precipitate was
washed and filtered twice with 15 mL cold water, dissolve in
15 mL diethyl ether, and precipitated by adding 10 mL of
hexane. The white crystals were filtered and dried under vac-
uum. Separate solutions of p-toluenesulfinic acid (10 mg in 2
mL) and PUFA (20 mg in 20 mL) were prepared in dioxane.
Isomerizations were carried out in 5-mL culture tubes fitted
with Teflon-lined screw caps by adding 1 mg of the PUFA in1
mL and one drop of the p-toluenesulfinic acid solutions in
dioxane. The tubes were flushed with nitrogen, mixed, and
heated at 100°C for 7, 15, or 30 min. The tubes were cooled,

and 1 mL of 1 N NaOH and 2 mL of hexane were added and
then mixed. The hexane layer was removed, dried over
Na2SO4, and analyzed by GC. Various reaction times were
selected to provide different ratios of the all-trans isomer,
mixed cis/trans intermediates, and all-cis starting material for
identification of isomers by GC. The isomerized product of
9c,12c-18:2 contained about equal proportions of the
cis/trans intermediates, as were the three mono-trans and
three di-trans intermediates from methyl α- and γ-linolenate.
To differentiate the individual cis/trans intermediates, the isom-
erized products of both 18:2 and 18:3 were separated by
Ag+-TLC, and the cis/trans regions were split into an upper
and a lower band, to obtain fractions containing unequal pro-
portions of the cis/trans isomers that were used to differenti-
ate the individual cis/trans isomers on the two GC columns.

RESULTS AND DISCUSSION

Analyses of total milk FAME using the 60-m SUPEL-
COWAX 10 flexible fused-silica capillary column, and hy-
drogen as carrier gas, required a temperature program from
65°C to 240°C to elute all FAME from 4:0 to long-chain
PUFA present in total milkfat in about 90 min (Table 1).
Analyses of total milk FAME terminated at 190 to 225°C
using the SUPELCOWAX 10 column, as is often the practice,
would not allow for the complete elution of long-chain satu-
rated FA and PUFA. The long-chain FAME will accumulate
in the column and often cause interferences in subsequent
analyses. The use of helium as carrier gas instead of hydro-
gen, increased the analysis time for total milk FAME from
about 90 to 110 min using the same temperature program, but
the relative elution order of the FAME was generally similar.
No attempt was made to increase the temperature of this pro-
gram to avoid altering the relative elution sequence of several
FAME. Temperature effects on the relative elution patterns
among isomers are well recognized; see effects of 18:3 iso-
mers relative to 11c-20:1 (38), and mixtures of trans- and cis-
18:1 isomers (17).

On the other hand, total milk FAME were resolved in
about 90 min using a 100-m CP Sil 88 flexible fused-silica
capillary column, hydrogen as the carrier gas, and a tempera-
ture program from 45 to 215°C (Table 1). Using helium as
carrier gas increased the analysis time from about 90 to 110
min (Table 1), but the separations were not always as good as
observed using hydrogen.

The 4:0 to 18:0 FAME region. Figure 1 shows a partial GC
profile from 4:0 to 18:0 for the standard FAME mixture #463
(Fig. 1A) and total milk FAME (Fig. 1B) obtained by using
the SUPELCOWAX 10 column and a typical temperature
program (Table 1). The comparable GC regions for the stan-
dard FAME mixture #463 and for total milk FAME using the
CP Sil 88 column are shown in Figures 2A and 2B, respec-
tively. The SUPELCOWAX 10 column with its medium po-
larity effectively separated the saturated FAME from their
MUFA analogs, whereas by using the CP Sil 88 column, the
10:1 to 13:1 FAME coeluted with their next higher saturated
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FAME. For example, the presence of 10:1 in milk lipids was
clearly identified using the SUPELCOWAX 10 column (Fig.
1B), but this FA coeluted with 11:0 when using the CP Sil 88
column (Fig. 2B). At a low sample load, 10:1 and 11:0 FAME
occasionally could be separated on the CP Sil 88 column. The
structure of 10:1 in dairy fat was previously identified as

10:1n-1 (47). For a more definitive identification of the satu-
rated FA and MUFA of less than 15 carbons with the CP Sil
88 column, a prior fractionation of the cis and trans fractions
by Ag+-TLC was required. Analyzing milk FAME solutions
in hexane or isooctane by GC resulted in a “chair-like” ap-
pearance of the 4:0 and 6:0 FAME peaks, as reported previ-
ously (48). A mass spectral analysis was performed, which
showed that the entire chair-like peak consisted only of the
FAME in question. Ulberth and Henniger (48) showed that
the peak shapes of 4:0 and 6:0 could be improved by using
polar solvents, such as diethyl ether or dichloromethane, but
quantification was not affected. Replacing the hexane of milk
FAME after methylation with a more polar solvent is not rec-
ommended since this would result in loss of 4:0 FAME.

On the SUPELCOWAX 10 column there was no separation
of the geometric isomers of 14:1, 15:1 and 16:1, as evidenced
by the coelution of 9c- and 9t-16:1 in both the standard #463
and milk FAME (Fig. 1). There was a partial separation of the
positional isomers of MUFA on this column. On the other
hand, there was a clear resolution of both the geometric (9t-
16:1 before 9c-16:1; Fig. 2A) and positional MUFA isomers
(7c-16:1 before 9c-16:1; Fig. 2B) on the CP Sil 88 column
(Fig. 2).

Milkfats also contain branched-chain FA with odd-chain
(iso and anteiso 13:0, 15:0, and 17:0) and even-chain lengths
(iso 14:0, 16:0, and 18:0). The branched-chain FAME can
easily be misidentified as MUFA isomers on both the SUPEL-
COWAX 10 and the CP Sil 88 columns from 12:1 to 17:1.
The branched-chain iso and anteiso FAME eluted among the
cis and trans MUFA isomers that elute over a wide range on
both columns. Comparing the results from both columns may
help to clarify a number of co-eluting peaks, but an unequiv-
ocal identification requires a prior Ag+-TLC separation of the
saturated, mono-trans, and mono-cis FAME. Overestimation
of trans-16:1 content in human tissue as a consequence of in-
cluding iso-17:0 led to the erroneous association of trans-16:1
intake and coronary heart disease (20).

In this study we restricted ourselves to the analysis of
FAME. Isopropyl (45,49), butyl (47), and tert-butyl esters
(50,51) have been used for the analysis of milk lipids. These
derivatives have the benefit of not requiring correction fac-
tors to quantitate the area response of the FID of the short-
chain FAME from 4:0 to 12:0 (45,52). Their use has been lim-
ited because the esterification solutions are not commercially
available, the catalysts employed are strong acids that isom-
erize CLA, and the separation characteristics of all these es-
ters have not been as well documented as FAME. A base-
catalyzed method has just been reported that permits the
preparation of longer-chain FA esters by using potassium tert-
butoxide to prepare the potassium alkoxides of different alco-
hols (53).

Resolution of the 18:1 cis and trans isomers and overlap
with other FAME. On the CP Sil 88 column there was a par-
tial resolution of trans- and cis-18:1 isomers. The retention
times for both the cis- and trans-18:1 isomers increased with
increasing ∆ values. The trans 18:1 isomers 4t- to 11t-18:1
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FIG. 1. Partial gas chromatogram of the 4:0 to 18:0 FAME region using
a 60-m SUPELCOWAX 10 capillary column, helium as carrier, and a
typical temperature program from 65 to 240°C. (A) FAME standard #463
from Nu-Chek-Prep (Elysian, MN), (B) total milk FAME from cows fed a
control diet. i, iso; ai, anteiso.

FIG. 2. Partial gas chromatogram of the 4:0 to 18:0 FAME region using
a 100-m CP Sil 88 capillary column, hydrogen as carrier, and a typical
temperature program from 45 to 215°C. (A) FAME standard #463 from
Nu-Chek-Prep (Elysian, MN); (B) total milk FAME from cows fed a con-
trol diet. i, iso; ai, anteiso.



eluted before the cis- and remaining trans-18:1 isomers (Fig.
3A,B). Similar results were reported previously for a CP Sil
88 (16,17,23,54–56), SP-2560 (24,25,56), and SP-2340 (33)
columns. The near-baseline resolution between 11t- and 12t-
18:1 (see Fig. 3A) was used to quantify the total trans-18:1
content after separation of the cis- and trans-18:1 fractions
by Ag+-TLC and analyses by GC using isothermal tempera-
ture operations (23). The isolated trans-18:1 fractions could
then be completely resolved on the CP Sil 88 column starting
at 120°C, except for 6t- to 8t-18:1 (19–23,34,49; see Fig. 3C).
Attempts have been made to analyze all the 18:1 isomers at
165 to 190°C isothermal conditions (17,32,56), without the
need for a prior Ag+-TLC fractionation. Under these isother-
mal conditions, many of the 18:1 cis and trans isomers could
be identified, whereas other isomers were only partially re-
solved, or not resolved. The separations are dependent on
temperature (32,56), and somewhat less so on the column
make (56). Below 180°C there was a better resolution of the
4t- to 11t-18:1 region (17), but above180°C this region was
not as well resolved (56). The lack of separation of 4t- to 11t-
18:1 may not pose a problem if only the total trans content is
to be determined, but it is unsuitable for milk analyses in

which these 18:1 isomers are of biological interest. In fact, all
of these isothermal operations are not practical for total milk-
fat analysis, since 4:0 to 10:0 FAME will elute with the sol-
vent, and the low sample load required to give a good separa-
tion of the 18:1 isomers will make the detection and analysis
of many minor long-chain PUFA difficult, if not impossible.
A prior Ag+-TLC fractionation was mandatory. It should be
noted that even when using a stepwise isothermal tempera-
ture condition starting at 120°C, there was no resolution of
all the 18:1 isomers of total milk FAME. With this low-tem-
perature stepwise isothermal condition, the pair 11t-18:1 and
6c- to 8c-18:1 were not resolved, nor were the pairs 9c- and
12t-18:1, 15t- and 12c-18:1, and 16t and 14c-18:1 (data not
shown).

On the SUPELCOWAX 10 column there was no separa-
tion of the cis- and trans-18:1 isomers with either hydrogen
or helium as carrier gas, and with a typical temperature pro-
gram (Fig. 4A). The lack of separation was evident by com-
paring total milk FAME (Fig. 4A) to the isolated trans- (Fig.
4B) and cis-18:1 fractions (data not shown) isolated from
total milk FAME by Ag+-TLC, and to the standard FAME
mixture #463 (Fig. 4C). However, the elution sequence of the
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FIG. 3. Partial gas chromatogram of the 18:0 to 18:2n-6 FAME region
using a 100-m CP Sil 88 capillary column, hydrogen as carrier, and a typ-
ical temperature program from 45 to 215°C. (A) Total milk FAME from
cows fed a control diet; (B) trans fraction isolated from the same milkfat
FAME as (A) using Ag+-TLC; (C) the same trans fraction as (B) but resolved
using the stepwise isothermal GC program starting at 120°C.

FIG. 4. Partial gas chromatogram of the 18:0 to 18:2n-6 FAME region
using a 60-m SUPELCOWAX 10 capillary column, hydrogen as carrier,
and a typical temperature program from 65 to 240°C. (A) Total milk
FAME from cows fed a control diet; (B) trans fraction isolated from the
same milkfat FAME as (A) using Ag+-TLC; (C) FAME standard #463 from
Nu-Chek-Prep (Elysian, MN).



individual trans- (Fig. 4B) and cis-18:1 positional isomers
(data not shown) increased with increasing ∆18:1 values, sim-
ilar to the results on the highly polar columns (Fig. 3B). With
this temperature program, 4t- to 9t-18:1 and 13t- plus 14t-
18:1 eluted as single peaks (Fig. 4B).

In an attempt to improve the resolution of the 18:1 region
on the SUPELCOWAX 10 column, low-temperature step-
wise isothermal separations were conducted starting at 130,
140, and 150°C; both 130 and 140°C provided good separa-
tions. The standard FAME mixture #463 (Fig. 5A) was com-
pared to the trans fraction isolated from total milk FAME by
Ag+-TLC (Fig. 5B). The identity of several trans-18:1 iso-
mers and the relative elution of the trans-18:1 FA to that of
other FA was established by co-injecton of #463 with the total
trans fraction isolated by Ag+-TLC (Fig. 5C). The results in
Figure 5 were taken from a GC separation in which helium
was the carrier gas, and the gas chromatograph was operated
under a low-temperature stepwise isothermal condition; simi-
lar results were obtained using hydrogen as carrier gas.

The results from this isothermal operation condition indi-
cated that for a given positional isomer, cis eluted just before
trans on the SUPELCOWAX 10 column (Fig. 5A), which
was opposite to that observed using the highly polar capillary
columns. Bannon et al. (40) also observed the reversed elu-
tion of geometric cis- and trans-18:1 isomer pairs, but noted
that their relative elution changed depending on the isother-
mal column temperature and on the positional isomer. At
lower temperatures (200°C), many cis isomers eluted just be-
fore trans, but slightly after trans at higher temperatures
(240°C). However, the elution sequence of the trans 18:1 iso-
mers was similar to that observed for the polar capillary
columns, i.e., the retention times increased with increasing
∆18:1 values for both the SUPELCOWAX 10 (Fig. 5B) and
CP Sil 88 columns (Fig. 3C). The separation distance between
the geometric isomers was small. The trans isomer eluted
about halfway to the next higher cis isomer. There were also
differences in the resolution of the trans isomers between
these two GC columns. On the SUPELCOWAX 10 column
4t- to 9t-18:1 coeluted, whereas 13t- and 14t-18:1 were re-
solved (Fig. 5B). This latter resolution appeared rather sur-
prising since that pair of isomers provided such a challenge
using the highly polar capillary columns (17–19). With the
CP Sil 88 column, only 6t- to 8t-18:1 still remain unresolved
at 120°C (Fig. 3C). The trans-18:1 isomers on the SUPEL-
COWAX 10 column were identified based on quantitative
comparison of all the peaks in several trans fractions ana-
lyzed by both the SUPELCOWAX 10 and CP Sil 88 capillary
columns. Analysis of the cis fraction of total milk FAME iso-
lated by Ag+-TLC showed that the retention times of the cis
isomers also increased with increased ∆ values (results not
shown).

Of particular concern was the elution position of 16t-18:1
(a component generally found in milkfat) relative to the 18:2
FAME when using the SUPELCOWAX 10 column in either
temperature operation. With a typical temperature program,
16c- and 16t-18:1 coeluted with 18:2n-6 (Fig. 4A,B), but dur-
ing isothermal operation it eluted at the leading edge of
9t,12t-18:2 (Fig. 5C). By contrast, on the CP Sil 88 column,
all cis- and trans-18:1 isomers eluted well before 18:2n-6
(Fig. 3A,B). Therefore, at best the SUPELCOWAX 10 col-
umn could provide an alternative total cis- plus trans-18:1
content by summing up all peaks from18:0 up to and includ-
ing 15c-/15t-18:1, except for 16c- plus 16t-18:1, since these
geometric isomers eluted with (Fig. 4) or after 18:2n-6 (Fig.
5), depending on the temperature program chosen. By con-
trast, there was no overlap of 16c- and 16t-18:1 with 18:2n-6
during isothermal operations when using a 50-m SUPEL-
COWAX 10 column at either 200, 220, or 240°C (40).

Separation of the synthetic geometric isomers of 18:2 and
18:3. Many of the geometric and positional 18:2 and 18:3 iso-
mers in milkfat have not been identified, and standards are not
available. Therefore, we prepared all four geometric isomers of
9,12-18:2, and eight isomers of 9,12,15-18:3 and 6,9,12-18:3
from methyl linoleate (9c,12c-18:2; 18:2n-6), α-linolenate
(9c,12c,15c-18:3; 18:3n-3) and γ-linolenate (6c,9c,12c-18:3;
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FIG. 5. Partial gas chromatogram of the 18:0 to 9t,12t-18:2 FAME re-
gion using a 60 m SUPELCOWAX 10 capillary column, helium as car-
rier, and an isothermal temperature program of 130°C for 200 min fol-
lowed by 75 min at 160°C. (A) FAME standard #463 from Nu-Chek-
Prep (Elysian, MN); (B) trans fraction isolated from total milk FAME of
cows fed a control diet; (C) FAME standard #463 from Nu-Chek-Prep
spiked with the trans fraction in (B).



18:3n-6), respectively (see Materials and Methods). The elu-
tion sequences of the geometric isomers of these three FA
using highly polar GC columns were previously character-
ized (19,35–39). On the other hand, the elution order of all
these geometric isomers, and their possible interference with
other FAME on the SUPELCOWAX 10 column, have re-
ceived limited attention (36,39,40,42). To help in the identifi-
cation, several reaction times were selected to obtain differ-
ent ratios of the all-trans, to cis/trans intermediates, to all-cis
starting material. To further distinguish the cis/trans interme-
diates, the isomerized mixtures were separated by Ag+-TLC,
and the cis/trans bands were divided into an upper and lower
part in order to obtain cis/trans fractions of unequal distribu-
tion of the different mono-trans or di-trans isomers that could
then be used to identify and compare the isomers on the two
GC columns. The methylene-interrupted geometric isomers
of all three PUFA were separated on the CP Sil 88 (Fig. 6)
and the SUPELCOWAX 10 column (Fig. 7), using the typi-
cal temperature programs. The FAME mixture #463 was
spiked with the CLA mixture and served as reference stan-
dard.

In general, all the isomerized products eluted before the
all-cis isomer on the CP Sil 88 column (Fig. 6), but most of
these isomers eluted after the all-cis isomer on SUPEL-
COWAX 10 column (Fig. 7). The elution order of the four
9,12-18:2 FAME isomers on the CP Sil 88 column was tt < ct
< tc < cc (Fig. 6), and these isomers all eluted after the cis-
and trans-18:1 isomers, except 15c- and 16c-18:1. On the SU-
PELCOWAX 10 column, the elution order was cc < tt < ct <

tc (Fig. 7), but some isomers were not well resolved. When
the column was operated isothermally, all four 18:2 isomers
were resolved, but the relative elution sequence changed to
cc < ct < tt < tc (Table 2). Based on the separation of the 9,12-
18:2 isomers on the SUPELCOWAX 10 column several
peaks eluting after 18:2n-6 in milk FAME could be accounted
for, but none before 18:2n-6. Without standards, or GC/MS
analyses as their 4,4-dimethyloxazoline derivatives, it re-
mains unclear what FAME eluted between the 15c-/15t-18:1
peak and the 18:2n-6 of total milk FAME on this column and
temperature program (Fig. 4A). We suspect that some non-
methylene-interrupted 18:2 isomers eluted in this region, such
as 9-trans,15-cis-18:2, a non-methylene-interrupted 18:2 iso-
mer identified in milkfats (37). The elution order of the four
9,12-18:2 FAME [or 20:2 FAME (42)] isomers on polar
(33–38,40,42) and CARBOWAX-type columns (36,40,42) is
generally in agreement with our present findings. Occasion-
ally, the c/t isomers on the CARBOWAX-type columns may
be reversed (42), which could be related to column type, col-
umn length, temperature program (40), and/or chain length.

The elution order of the isomers of 9,12,15-18:3 and
6,9,12-18:3 FAME on the CP Sil 88 column was generally ttt
< di-trans < mono-trans < ccc (Fig. 6). On the other hand, the
elution order on the SUPELCOWAX 10 column was gener-
ally ccc < ttt < di-trans < mono-trans, with minor exceptions
(Fig. 7). The elution sequence within the di-trans (ctt < tct <
ttc) and mono-trans (cct < ctc < tcc) 18:3 isomers was con-
sistent and the same for both 18:3 FAME on both columns
(Figs. 6 and 7). Among the di-trans isomers of both 18:3
FAME and both columns, there was little separation between
ctt and tct (except for 9,12,15-18:3 on the SUPELCOWAX
10 column), while ttc was well resolved. All the mono-trans
isomers of both 18:3 FAME were resolved on both columns,
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FIG. 6. Partial gas chromatogram of the 18:0 to 20:2n-6 FAME region
using a 100-m CP Sil 88 capillary column, hydrogen as carrier, and a
typical temperature program from 45 to 215°C. Lower panel: FAME
standard #463 spiked with the CLA mixture #UC-59M, both from Nu-
Chek-Prep (Elysian, MN); the isomeric mixture of linoleic (9,12-18:2),
α-linolenic (9,12,15-18:3) and γ-linolenic acid (6,9,12-18:3) are placed
above the lower chromatogram in the appropriate elution positions.

FIG. 7. Partial gas chromatogram of the 18:0 to 20:1 FAME region using
a 60-m SUPELCOWAX 10 capillary column, hydrogen as carrier, and a
typical temperature program from 65 to 240°C. Lower panel: FAME
standard #463 spiked with the CLA mixture #UC-59M, both from Nu-
Chek-Prep; the isomeric mixture of linoleic (9,12-18:2), α-linolenic
(9,12,15-18:3), and γ-linolenic acid (6,9,12-18:3) are placed above the
lower chromatogram in the appropriate elution positions.



except for ctc- and tcc-9,12,15-18:3 on the SUPELCOWAX
10 column. Overlaps of the mono- and di-trans 18:3 FAME
are shown in Figures 6 and 7 and listed in Table 2. The elu-
tion order of the eight 18:3 FAME [or 20:3 FAME (42)] iso-
mers on polar (33,36,39,42) and CARBOWAX-type columns
(39,42) is generally in agreement with our present findings.
However, the relative elution sequence of the individual iso-
mers, or their assignments, on the CARBOWAX-type
columns may be reversed (39). Again this may be due to dif-
ferences in column type, column length, temperature program
used, and/or chain length. We based our geometric assign-
ments on comparison with the demonstrated elution order on
the polar GC columns (36).

On the CP Sil 88 column, many of the isomers from methyl
α-linolenate (9,12,15-18:3) eluted in the region of the 20:1 iso-
mers present in milkfats (Fig. 6). Wolff (38) showed that the
elution order of 11c-20:1 relative to the 9,12,15-18:3 isomers
could be reversed when using these polar columns by decreas-
ing the column temperature from 180°C to 155°C. However,
this would not be a solution for the analysis of milkfats, since
these fats contain many positional cis- and trans-20:1 isomers
(23,34), several of which would overlap with the isomers of
9,12,15-18:3. By contrast, the SUPELCOWAX 10 column re-
sulted in a marked separation of the isomers of 9,12,15-18:3
and 20:1 (Fig. 7), thus making this column particularly suited
for their identification. Furthermore, on the SUPELCOWAX
10 column the 9,12,15-18:3 isomers eluted before the CLA re-
gion (Fig. 7). To identify the 9,12,15-18:3 and 20:1 isomers de-
finitively using the CP Sil 88 column, the isolated Ag+-TLC
fractions need to be examined. 

Under isothermal conditions all eight isomers of 9,12,15-
18:3 were separated on either the SUPELCOWAX 10 (Fig.
8A) or the CP Sil 88 columns (Fig. 8B), although the isomers
were better resolved using the latter column. The elution
order of a few mono-trans to di-trans 9,12,15-18:3 isomers
changed slightly using the isothermal conditions compared to
using the typical temperature program, but the order within
these two groups was not affected (Fig. 8).

The resolution of all eight isomers of 6,9,12-18:3 (18:3n-6)
under isothermal conditions was more successful using the
SUPELCOWAX 10 column (Fig. 9A) than the CP Sil 88 col-
umn (Fig. 9B). However, several isomers remained unre-
solved when using either one of the GC columns, and the elu-
tion order of a number of mono-trans to di-trans 6,9,12-18:3
isomers changed relative to the separation using temperature
programming. A complete list of the elution order of all the
18:2 and 18:3 isomers on both columns is summarized in
Table 2.

Separation of CLA isomers and overlap with other FAME.
On a CP Sil 88 column, all the CLA isomers eluted in a GC
region between 18:3n-3 and 20:2n-6 (Fig. 10A, B). This re-
gion was shown to be rather free of interfering FAME except
for 21:0, a minor component present in total milk FAME ex-
cept in the sphingomyelin fraction (25,57), and trace amounts
of some 20:2 isomers that were present at an order of magni-
tude less than the minor CLA isomers (57).

The elution order of the CLA isomers using the CP Sil 88
column was: c/t < c,c < t,t (Fig. 10B), as determined previously
(7,23–26). The polar column completely resolved 10t,12c- and
11c,13t-CLA, but 9c,11t- and 8t,10c- were unresolved. All four
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TABLE 2
Elution Order of CLA, 18:1, 9,12-18:2, and 9,12,15-18:3 Geometric and Positional Isomers on the CP Sil 88 and SUPELCOWAX 10 Capillary
Column Using Typical Temperature Programsa

FA Isomers CP Sil 88 SUPELCOWAX 10
Elution order using a temperature programa

CLA All isomers c/t < cc < tt The same
c,t or t,c 8,10 < 9,11 < 10,12 < 11,13 The same
c,c 8,10 < 9,11 < 10,12 etc. The same
t,t 12,14 < 11,13 < (10,12 = 9,11 = 8,10 ≤ 7,9) (11,13 = 10,12 = 9,11 ≤ 8,10)
Geometric c/t Xc, (X + 2)t < Xt, (X + 2)c The same
Positional c/t (X − 2)t, Xc < Xc, (X + 2)t The same

18:1 Positional c or t 4 < 5 < (6–8) < 9 < 10 < 11 < 12 < 13 < 14 < 15 < 16 (4–9) < 10 < 11 < 12 < 13 < 14 < 15 < 16
c vs. t t < c; (X + 5.5)t = Xc c < t; (X + 0.5)c = Xt

9,12-18:2 All isomers tt < ct < tc < cc c,c < (tt < ct) < tc
9,12,15-18:3 All isomers ttt < (ctt ≤ tct) < (ttc = cct) < ctc < tcc < ccc cct < (ccc ≤ ttt ≤ ctt) < tct < (ctc ≤ tcc ≤ ttc)

Mono-trans cct < ctc < tcc cct < (ctc ≤ tcc)
Di-trans (ctt ≤ tct) < ttc ctt < tct < ttc

6,9,12-18:3 All isomers ttt < (ctt ≤ tct) < (ttc = cct) < ctc < (tcc = ccc) ccc < ttt < cct < (ctt ≤ tct) < (ttc = ctc) < tcc
Mono-trans cct < ctc < tcc cct < ctc ≤ tcc
Di-trans (ctt ≤ tct) < ttc (ctt < tct) < ttc

Elution order using stepwise isothermal temperature conditionsc

9,12-18:2 All isomers tt < ct < tc < cc cc < ct < tt < tc
9,12,15-18:3 All isomers ttt < (ctt < tct) < cct < ttc < ctc < tcc < ccc cct < ccc < ctt < (ttt < tct < ctc) < tcc < ttc
6,9,12-18:3 All isomers ttt < (ctt < tct < cct) < (ctc < ttc) < (tcc < ccc) ccc < cct < ctc < (ctt < tcc) < (tct = ttt) < ttc

aThe results of long stepwise isothermal GC programs are given only if the elution order was different.
bTemperature programs for the CP Sil 88 and the SUPELCOWAX 10 columns are given in Table 1.
cThe stepwise isothermal temperature programs used for the CP Sil 88 and the SUPELCOWAX 10 columns are given in Table 1. c, cis; t, trans; c/t could be
either c,t or t,c; isomers that were not resolved are given in parentheses.



cis,cis-CLA isomers resolved in the elution order of 8,10-,
9,11-, 10,12-, and 11,13-CLA, whereas the trans,trans-CLA
isomers gave rise to two peaks consisting of 11,13-CLA fol-
lowed by a mixture of the remaining three positional isomers
(7,23–26) A total separation of all the CLA isomers could not
be achieved by GC, even by performing the analysis isother-
mally at 125°C and using the 100-m CP Sil 88 column (23;
Fig. 10C).

On the SUPELCOWAX 10 column, the CLA isomers
eluted after 18:3n-3 and stretched into the 20:1 isomer region
when using helium or hydrogen as carrier gas and a typical

temperature program (Fig. 11). However, the elution order
was the same as on the CP Sil 88 column, c/t < c,c < t,t (Fig.
11B). There was only a limited resolution of the four posi-
tional cis/trans-CLA isomers; both 9c,11t- and 8t,10c-CLA,
and 10t,12c- and 11c,13t-CLA were only partially separated
(Fig. 11B). All four cis,cis-CLA isomers separated and eluted
just before 20:0. The trans,trans-CLA isomers eluted as one
broad peak with 8t,10t-CLA concentrated in the trailing edge,
and all the trans,trans-CLA isomers eluted together with the
20:1 isomers (Fig. 11A, B). This was confirmed by co-injec-
tion of #463 and the CLA isomers (Fig. 11C).

The elution of the trans,trans-CLA isomers in the 20:1 re-
gion on the SUPELCOWAX 10 column was of particular
concern, since milkfats are known to contain many 20:1 iso-
mers and small amounts of trans,trans-CLA isomers
(7,23,24,58). This interference is rather critical when evaluat-
ing methylation procedures. We showed that acid catalysts,
but not base catalysts, increased the trans,trans-CLA content
and produced methoxy artifacts (24). Therefore, the CP Sil
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FIG. 8. Separation of isomerized methyl α-linolenate (9,12,15-18:3) at
100°C for 7 min. Upper panel: a 60-m SUPELCOWAX 10 capillary col-
umn was operated isothermally at 130°C for 200 min followed by 75
min at 160°C. Lower panel: a 100-m CP Sil 88 capillary column oper-
ated isothermally at 120°C for 200 min followed by 70 min at 150°C.
Hydrogen was used as carrier gas for both separations.

FIG. 9. Separation of isomerized methyl γ-linolenate (6,9,12-18:3) at
100°C for 15 min. Upper panel: a 60-m SUPELCOWAX 10 capillary
column was operated isothermally at 130°C for 200 min followed by
75 min at 160°C. Lower panel: a 100-m CP Sil 88 capillary column op-
erated isothermally at 120°C for 200 min followed by 70 min at 150°C.
Hydrogen was used as carrier gas for both separations.

FIG. 10. Partial gas chromatogram of the 20:0 to 20:2n-6 FAME region
using a 100-m CP Sil 88 capillary column, hydrogen as carrier, and a
typical temperature program from 45 to 215°C. (A) FAME standard #463
from Nu-Chek-Prep (Elysian, MN); (B) CLA mixture #UC-59M from Nu-
Chek-Prep; (C) CLA mixture #UC-59M from Nu-Chek-Prep separated
isothermally at 120°C for 200 min followed by 70 min at 150°C.



88 column, or similar polar columns (SP-2560 or BPX-70),
are preferred since there is no interference in the trans,trans-
CLA region. In two recent reports the methylation of CLA
was re-evaluated (59,60), and, unfortunately, in both cases a
SUPELCOWAX 10 column was used.

The polyunsaturated FAME region. Milkfats contain small
amounts of C20 and C22 PUFA, which are identified by using
both the CP Sil 88 (Fig. 12B) and the SUPELCOWAX 10 (Fig.
13B) columns. The analyses of the PUFA are important con-
sidering present-day efforts to increase the n-3 PUFA content
in milkfats for health reasons through feeding cow diets con-
taining fish meal (61), fish oil (62), or algae (50). The more
prominent of the PUFA present in milkfats are: 20:3n-6, 20:4n-6
(arachidonic acid), 20:5n-3 (EPA), 22:4n-6, and 22:5n-3. DHA
(22:6n-3) is present only in trace amounts in milkfat unless the
cow’s diet contained some fish or algal products (50,61,62);
Figure 12B represents a milk from cows fed a fish meal diet,
and Figure 13B a milk from cows fed a control diet.

All the long-chain C20 and C22 PUFA were well resolved

on the CP Sil 88 column by using the typical temperature
program (Fig. 12). By programming the temperature to 215°C,
all the long-chain PUFA eluted in about 70 min. However, a
note of caution is appropriate. There may be slight differences
between GC columns from the same supplier even when using
identical GC conditions. In our case we observed that the elu-
tion order of 20:5n-3 and 24:0 was opposite on two different
100-m CP Sil 88 columns, even though all other parameters
were kept the same. Closely eluting peaks would be most sus-
ceptible to minor column differences and to known column
temperature effects that alter the relative elution sequence (32).

The SUPELCOWAX 10 column was programmed to 240°C
to elute the long-chain PUFA that would otherwise accumulate
in the column and cause interferences in subsequent GC analy-
ses. The separation of the long-chain PUFA on the 60-m SU-
PELCOWAX 10 column provided a greater challenge, since
20:5n-3 coeluted with 22:0, 22:5n-3 with 24:0, and 22:6n-3
eluted after 24:1n-9 (Fig. 13A). In a previous study using a 30-
m SUPELCOWAX 10 column, we showed that 20:5n-3 eluted
before 22:0, 22:5n-3 before 24:0, and 22:6n-3 eluted between
24:0 and 24:1n-9 (30). This increase in the relative retention
time of the long-chain PUFA relative to the saturated FAME
was attributed to the longer column length. All the coeluting
pairs of FAME could be resolved on the 60 m SUPELCOWAX
10 column by isothermal GC operations at 140°C (data not
shown), but routine 6 h analyses are not practical.
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FIG. 11. Partial gas chromatogram of the 18:3n-3 to 20:1 FAME region
using a 60-m SUPELCOWAX 10 capillary column, hydrogen as carrier,
and a typical temperature program from 65 to 240°C. (A) FAME stan-
dard #463 from Nu-Chek-Prep (Elysian, MN); (B) CLA mixture #UC-
59M from Nu-Chek-Prep; (C) FAME standard #463 spiked with the CLA
mixture #UC-59M, both from Nu-Chek-Prep.

FIG. 12. Partial gas chromatogram of the 18:2n-6 to 22:6n-3 FAME re-
gion using a 100-m CP Sil 88 capillary column, hydrogen as carrier,
and a typical temperature program from 45 to 215°C. (A) FAME stan-
dard #463 from Nu-Chek-Prep (Elysian, MN); (B) total milk FAME from
cows fed a diet containing fish meal.



In the present study the separation of the different FA
regions of milkfats were evaluated using a 60-m SUPEL-
COWAX 10 column, and compare to that of a 100-m CP Sil
88 column whose separations are better characterized. The
SUPELCOWAX 10 column was shown to give a better reso-
lution of the short-chain saturated FA and their MUFA
analogs, and it gave a complete separation of the 18:3n-3 and
20:1 isomers. The SUPELCOWAX 10 column provided an
alternative approach to obtain the total 18:1 content, and to
separate the isomers of 18:2n-6 and 18:3n-3. This column
could also serve to confirm the identity of individual FA by
comparison of the two columns. On the other hand, the CP
Sil 88 column provided a better resolution of the CLA iso-
mers, MUFA, the isolated trans and cis isomer fractions, the
PUFA, and the 18:2n-6 and 18:3n-3 isomers. The lack of sep-
aration of the short-chain saturated FA and MUFA, and the
overlap of the 9,12,15-18:3 and 20:1 isomers can be over-
come by analyzing the isolated Ag+-TLC fractions. In con-
clusion it would appear that a 100-m highly polar capillary
GC column is mandatory for the analysis of milk lipids,
whereas the 60-m SUPELCOWAX 10 capillary column at
best can serve as a complementary GC column mainly be-
cause of its intermediate polarity that often provides different
separation characteristics.
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ERRATUM/CLARIFICATION

The authors of “Effect of Fenitrothion on the Physical Properties of Crustacean Lipoproteins (Garcia, C.F., Cunningham, M.,
González-Baró, M.R., Garda, H., and Pollero, R., Lipids 37, 673-679, 2002) have notified the Editor in Chief that axis labels in
two figures presented in this article were incomplete. The revised versions of Figures 3 and 4 are reprinted below in their entirety.

FIG. 3. Steady-state fluorescence anisotropy (rs), phase lifetime (τP), modulation lifetime (τM), rotational correlation time (τr), and limiting anisotropy
(r∞) of (A) DPH and (B) DPH-PA in HDL-1 of Macrobrachium borellii, measured in the absence or presence of 1, 10, and 20 ppm FS at 10 and 30°C.
Student’s t-test was used to compare the significance of the differences with respect to the sample without FS: ***P < 0.001, **P < 0.01, *P < 0.05.

FIG. 4. Steady-state fluorescence anisotropy (rs ), phase lifetime (τP ), modulation lifetime (τM ), rotational correlation time (τr ), and limiting anisot-
ropy (r∞) of (A) DPH and (B) DPH-PA in HDL-2 of M. borellii, measured in the absence or presence of 1, 10, and 20 ppm FS at 10, and 30°C.
Student’s t-test was used to compare the significance of the differences with respect to the sample without FS: ***P < 0.001, **P < 0.01, *P < 0.05.
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ABSTRACT: Previous randomized clinical trials suggest that
supplementation of the human infant diet with up to 0.35%
DHA may benefit visual development. The aim of the current
study was to assess the impact of including arachidonic acid
(AA) and a higher level of DHA in the postnatal monkey diet on
visual development. Infant rhesus monkeys were fed either a
control diet (2.0% α-linolenic acid as the sole n-3 FA) or a sup-
plemented diet (1.0% DHA and 1.0% AA) from birth. Visual
evoked potential acuity was measured at 3 mon of age. Rod and
cone function were assessed in terms of parameters describing
phototransduction. Electroretinogram (ERG) amplitudes and im-
plicit times were recorded over a wide intensity range (−2.2 to
4.0 log scot td-sec) and assessed in terms of intensity response
functions. Plasma DHA and AA were significantly increased (P
< 0.001) in the diet-supplemented monkeys compared with the
control monkeys. There was an approximately equal effect of
diet for the rod phototransduction parameters, sensitivity, and
capacitance but in the opposite directions. Diet-supplemented
monkeys had significantly shorter b-wave implicit times at low
retinal illuminances (<−0.6 log scot td-sec). There were no sig-
nificant effects of diet for visual acuity or the other 23 ERG pa-
rameters measured. The results suggest that supplementation of
the infant monkey diet with 1.0% DHA and 1.0% AA neither
harms nor provides substantial benefit to the development of vi-
sual acuity or retinal function in the first four postnatal months.

Paper no. L9080 in Lipids 37, 839–848 (September 2002).

Randomized clinical trials in both term and preterm human
infants have sought to determine whether a supply of pre-
formed DHA is required in the neonatal diet to achieve nor-
mal retinal and visual acuity development (1–14). Differences
in visual acuity that have persisted beyond 3 mon of age be-
tween infants fed a DHA-supplemented formula and infants

fed a formula containing α-linolenic acid (ALA) as the sole
n-3 FA, have been reported in some (2,4,8,10,13,14) but not
all studies (3,5–7,9,11,12). Although there are numerous dif-
ferences between study protocols, which may account for the
varying results, one important factor may be the level of DHA
used in the supplemented formulas. Over the range of DHA
supplementation used (0.1 to 0.36% of total FA), differences
in visual acuity have generally been reported when the level
of DHA in the supplemented formula was at the upper end of
the range. The level of DHA used in supplemented formula
milks has typically been based on the level of DHA found in
breast milk from the region of study. The majority of these
human trials have originated in North America, with addi-
tional trials from Australia and Europe. In the United States
and Australia, the level of DHA reported in breast milk is typ-
ically less than 0.35% of total FA, which is at the lower end
of breast milk DHA concentrations reported from around the
world (15,16). Much higher DHA levels in breast milk have
been reported in Nigeria (0.93%), among the Canadian Inuit
(1.4%), and in Asian countries such as Japan, China,
Malaysia, and India (0.7–0.9%) (15,16). 

Whether supplementing human infant formulas with DHA
levels greater than 0.35% would provide any additional bene-
fit to the development of visual acuity or retinal function dur-
ing development is unknown. Alternatively, experiments in
guinea pigs suggest that very high levels of n-3 long-chain
PUFA (LCPUFA) may be deleterious to the development of
retinal function. Guinea pigs fed a fish oil-based diet contain-
ing high concentrations of DHA (2.8%) and EPA (4.3%) had
significant reductions in electroretinogram (ERG) a- and b-
wave amplitudes in comparison with guinea pigs fed a diet
containing a high level of ALA (8%) as the only n-3 FA (17).
Although the levels of DHA and EPA used in the guinea pig
were very high, the results highlight the importance of deter-
mining whether supplementation of infant formulas with
higher levels of LCPUFA than those used in previous human
studies could affect retinal development. 

There has been little investigation into the effect of alter-
ing dietary n-3 FA levels on the function of the cone photore-
ceptors. Birch et al. (1) reported alterations in rod- but not
cone-isolated ERG at 6 wk postnatal age in preterm infants
fed a corn oil-based formula (0.5% ALA) compared with
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infants fed a fish oil-supplemented formula (0.35% DHA,
0.65% EPA). Recent studies suggest that altered activation
and inactivation of the phototransduction cascade within the
rod photoreceptors appear to account for the altered rod-
driven ERG in n-3-deficient animals (18,19). However, the
structure and function of cones is quite different from that 
of rods, and further investigation is required to determine
whether the two classes of photoreceptors have different
susceptibility to the level of DHA in the diet during early
development. 

The rhesus monkey is an ideal model for the long-term
study of the effect of altering the n-3 content of the diet on
retinal function. Only higher primates, including humans,
apes, and old-world monkeys, have a fovea that enables high
visual acuity and three classes of cones that enable trichro-
matic vision (20). Other similarities between the structure,
function, and development of the retina of macaque monkeys,
such as the rhesus, and the human are well described (20–24).
The aim of the current study was to assess visual acuity and
the function of both the rod and cone photoreceptors in infant
monkeys fed a diet containing a substantially higher level of
DHA (1.0% of total FA) and AA (1.0%) than those used in
previous randomized human infant studies. 

MATERIALS AND METHODS

Animals and diets. All experiments were reviewed and ap-
proved by the Institutional Animal Care and Use Committee
of the National Institute on Alcohol Abuse and Alcoholism
(NIAAA) of the National Institutes of Health (NIH; Rock-
ville, MD). Twenty rhesus monkeys (Macaca mulatta) were
separated from their mothers at birth and randomized to re-
ceive a control (N = 10) or LCPUFA-supplemented formula
(N = 10). The control formula milk consisted of 6 scoops of
powdered primate infant milk (Primalac; Bio-Serv, French-
town, NJ) mixed in 2100 mL of water and combined with
1300 mL of human infant formula (Similac; Ross Products,
Columbus, OH). The supplemented formula milk was created
by adding 1 mL of DHA/AA (46% DHASCO and 54%
ARASCO; Martek Biosciences, Columbia, MD) to the con-
trol formula to provide approximately 100 µg/mL of DHA
and AA in the final solution. Supplemented formula was
mixed as needed, at least once per day. The FA contents of
both diets are listed in Table 1. Each diet group had an identi-
cal number of males and females and approximately equal
mean birth weights. For the first 30 d, infants were provided
with 50 mL of fresh formula every 2 h from 8 A.M. to 8 P.M.
Infants were provided with another 50-mL bottle overnight.
At 30 d of age, infants were switched to receiving 200 mL of
formula twice daily until 4 mon of age. From 2 wk of age, in-
fants were provided with 2–4 chow blocks (see Table 1 for
FA analysis) every few days. Water was provided ad libitum.

FA analysis. A blood sample was taken at 2, 4, 8, 12, and
16 wk of age and plasma was analyzed for FA content using
GC. The method of FA analysis has been described in detail
elsewhere (25).

Visual acuity measurement. Visual acuity was measured at
3 mon of age using visual evoked potentials (VEP). VEP were
recorded from two channels while the infant monkey watched
a grating stimulus on a high-resolution grayscale monitor.
During each recording session, an assistant held the alert
monkey and the monkey’s attention was attracted to the
screen using a variety of small, bright, and jangly toys. If the
monkey became distracted or looked away, the stimulus was
paused and restarted when the monkey was again looking at
the screen. Two active electrodes, one for each channel, were
positioned on the scalp over the foveal projection areas, lo-
cated 10 mm superior and 20 mm posterior to the aural canals.
The positioning of the active electrodes was based on map-
ping of the central visual field to the skull of a rhesus monkey
using single-cell recordings (Lamme, V., personal communi-
cation). The ground electrode (Cz) was positioned over the
midline between the aural canals, and the reference electrode
(Fz 10-20 system) was positioned 3 cm anterior to the ground.
All electrodes were 6 mm Ag/AgCl cups held in place with
collodian glue. A conductive gel was inserted into the cup of
each electrode to ensure low contact impedance with the skin.
The differential VEP signal was fed to isolation amplifiers
(Bio Amp; ADInstruments, Sydney, Australia) amplified by a
factor of 20,000 and filtered between 0.3 and 50 Hz (−3 dB
points). The amplified signal was sampled at 300 Hz and dig-
itized via an eight-bit analog-to-digital (A/D) converter and
stored on a computer disc for subsequent off-line analysis.

VEP acuity recording stimuli. Steady-state VEP were
recorded in response to a square wave grating contrast
reversed 12 times per second. The VEP was recorded for 
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TABLE 1
FA Composition of Diets (wt% of total FA)a

FA Control formula Supplemented formula Monkey chow

8:0 1.9 ± 0.1 1.8 ± 0.05 0.1
10:0 1.6 ± 0.03 1.6 ± 0.03 1.0
12: 0 13.6 ± 1.4 12.7 ± 0.9 0.1
14:0 5.9 ± 0.6 6.2 ± 1.4 1.8
16:0 11.5 ± 0.8 11.8 ± 2.2 19.7
18:0 4.2 ± 0.2 3.9 ± 0.9 9.3
20:0 0.3 ± 0.0 0.3 ± 0.0 0.2
22:0 0.3 ± 0.1 0.3 ± 0.0 0.1
16:1 1.0 ± 0.1 1.1 ± 0.1 2.7
18:1n-9 29.7 ± 5.0 28.2 ± 8.8 31.4
18:1n-7 0.9 ± 0.1 4.0 ± 0.9 3.5
20:1n-9 0.2 ± 0.01 0.2 ± 0.1 0.4
24:1n-9 0.1 ± 0.01 0.1 ± 0.003 ND
18:2n-6 27.4 ± 3.4 25.8 ± 2.4 20.4
18:3n-6 0.03 ± 0.008 0.1 ± 0.00 ND
20:2n-6 ND ND 0.1
20:3n-6 ND ND 0.1
20:4n-6 0.04 ± 0.006 1.0 ± 0.4 0.2
22:4n-6 ND ND 0.1
22:5n-6 ND ND 0.1
18:3n-3 2.0 ± 0.5 2.1 ± 0.7 1.5
20:5n-3 ND 0.1 ± 0.1 0.3
22:5n-3 ND 0.02 ± 0.01 0.1
22:6n-3 ND 1.0 ± 0.4 0.2
aValues represent the mean ± SD based on 14 independent measurements.
ND, not detected.



11 spatial frequencies between 1 and 12 cycles per degree
(cyc/deg), excluding 11 cyc/deg, in 1-cyc/deg incre-
ments. The VEP was recorded for a 3-s presentation of each
spatial frequency. Each spatial frequency was presented
between 3 and 12 times depending on the alertness and co-
operation of the monkey. The test distance was 100 cm for all
spatial frequencies with the exception of 5 and 9 cyc/deg,
where the test distance was 75 cm. At a viewing distance 
of 100 cm, the stimulus grating formed a 15 × 19° field.
Gratings had a contrast of 80% and screen luminance was 
35 cd/m2. 

VEP acuity analysis. A discrete Fourier transform (DFT)
was performed over each 3-s record to obtain the ampli-
tude and phase of the signal at 12 Hz, the reversal rate of 
the grating stimulus. For each spatial frequency, mean VEP
amplitude was calculated from the vectorial average of the
recorded responses. The 95% confidence interval of the
vectorial mean was calculated using Tcirc

2 (26). Visual acuity
was derived by fitting a linear regression through those 
points that met the following criteria: (i) Amplitude increased
monotonically with decreasing spatial frequency, and 
(ii) Tcirc

2 did not cross the zero amplitude axis. Visual acuity
in cyc/deg was determined from the extrapolation of the
regression line to the spatial frequency axis (27). As 
visual acuity is distributed normally on a logarithmic scale,
each acuity was converted to the log of minimal angle of
resolution (logMAR) for comparison between groups.

ERG recording protocol: animal preparation. Monkeys
were anesthetized with intramuscular injections of ketamine
(15 mg/kg and then 7.5 mg/kg at 30- to 50-min intervals as
required), xylazine (1 mg/kg and then 0.5 mg/kg), and at-
ropine sulfate (0.2 mg/kg) at induction only. Rectal tempera-
ture was maintained between 36.5 and 39.5°C with water-
circulated heating pads placed beneath and on top of the
monkey. Heart rate was monitored by electrocardiogram and
respiratory function monitored by pulse oximetry. Pupils
were dilated with phenylephrine (2.5%) and tropicamide
(1%), and the monkey was dark-adapted for 30 min before
the beginning of ERG recording. Full-field ERG were
recorded from an infant monkey bipolar Burian–Allen con-
tact lens electrode (Hansen Ophthalmic Development Lab,
Iowa City, IA). After the cornea had been anesthetized with
proparacaine (0.5%), the Burian–Allen electrode was inserted
into the eye with a drop of methylcellulose (1%) placed on
the contact lens. A needle electrode inserted subcutaneously
in the middle of the back served as ground.

Conventional ERG: stimulus and recording. Flash stimu-
lation was provided by a PS22 stimulator (Astro-Med/Grass,
West Warwick, RI). Rod-isolated ERG were recorded sco-
topically to a series of short-wavelength flashes (“blue,”
Wratten 47B; λmax = 449 nm, half-bandwidth = 47 nm) that
produced retinal illuminances from −2.3 to 1.5 log scot td-sec
in 0.2-log steps. Cone ERG were obtained from 30-Hz white
(1.1 log scot td-sec) flicker presented photopically (back-
ground = 2.7 log phot td). Eight or 16 (intensity < −1.2 log
scot td-sec) responses were averaged at each intensity. ERG

were amplified by a gain of 20,000 or 100,000 (intensity 
< −1.2 log scot td-sec) and filtered (−3 dB points at 1 and
1000 Hz) before being digitized at 1 kHz using an eight-bit
A/D converter and stored on computer for off-line analysis.

Conventional ERG analysis. Amplitude and implicit time
measurements were made for the a- and b-wave responses at
each retinal illuminance and for the 30-Hz response. ERG a-
wave and b-wave amplitudes were plotted against log retinal
illuminance, and the data of each were fitted to the
Naka–Rushton function (28,29):

[1]

where V is amplitude (µV) and I is retinal illuminance (scot
td-sec). The derived parameters are Vmax, maximum response
(µV); K, log retinal illuminance that elicits half of Vmax (log
scot td-sec); and n, slope of the curve (dimensionless). The
Naka–Rushton function was fitted to the data by regression
using a linearized form of Equation 1.

Isolation of photoreceptor function and postreceptoral re-
sponse. Conventional ERG analysis cannot identify particu-
lar retinal mechanisms underlying the reported changes in
ERG a- and b-waves because of the nonspecificity of the cel-
lular origins of these ERG components when generated by
low to moderate flash intensities (30). In Granit’s classic
analysis (31), the ERG a-wave and b-wave are formed by the
addition of two cellular responses, the P3 response from the
photoreceptors and P2, a single postreceptoral response. A
quantitative model (P3 model) that describes the G-protein
phototransduction cascade in single photoreceptors has been
described (32). The same P3 model, or slight variants of it,
has been used to fit the leading edges of ERG a-waves
recorded to high-intensity flashes (e.g., Refs. 33 and 34). The
a-wave recorded to a high-intensity flash represents the
massed response of the photoreceptors, and the P3 model
thereby provides an in vivo method of quantifying the photo-
transduction process. The isolated P2 response can be ob-
tained by subtracting the P3 model from the ERG (35). The
P2 response provides a more accurate assessment of bipolar
cell function than does the ERG b-wave for a wide range of
flash intensities (35).

P3 and P2 stimulus and recording. Flash stimulation 
was provided by a high-intensity camera flash (283; Vivitar,
Newbury Park, CA). The ERG was recorded to a series 
of high-intensity white flashes (1.8 to 4.1 log scot td-sec)
presented scotopically and then photopically (background =
2.7 log phot td). Rod-isolated ERG were obtained by sub-
tracting the cone-isolated photopic ERG from the scotopic
ERG at each flash intensity (36). Two responses were aver-
aged at each intensity with interflash intervals ranging 
from 15 to 60 s. ERG were amplified by a gain of 20,000,
filtered (−3 dB points at 1 and 1000 Hz), and then digitized at
5 kHz.

P3 analysis. The following P3 model (37) was used to fit
the leading edges of both the rod- and cone-isolated ERG a-
waves derived from the high-intensity white flashes:
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[2]

where ⊗ represents the convolution integral and P3 is the
leading edge of the a-wave at time t s, in response to a flash
with a retinal illuminance of i scot td-sec. The parameters de-
rived to fit the model were: S, the sensitivity parameter that
scales retinal illuminance [(scot td-sec)−1 s−2]; td, the delay
due to the filter and finite duration of the flash (s); τ, the time
constant due to membrane capacitances; and RmaxP3, the max-
imum photoreceptoral response (µV) (37,38). For cone ERG
a-waves, retinal illuminances were measured in photopic
trolands. 

The parameters of the P3 model for the two classes of pho-
toreceptors were determined by fitting Equation 2 simultane-
ously to the leading edges of the rod- and cone-isolated ERG
a-waves (ensemble analysis). All analyses were performed
with NONLIN (39), which uses a modified Gauss–Newton
nonlinear least-squares algorithm (40), with subroutines spec-
ifying the P3 model written by the authors. The numerical so-
lution of Equation 2 for discrete data (37) was used during the
fitting process. 

P2 analysis. The isolated P2 responses were derived by
subtracting the P3 responses from the rod-isolated ERG. The
amplitudes of the P2 responses were also plotted against log
retinal illuminance, and the data were fitted to the
Naka–Rushton function of Equation 1.

Oscillatory potentials (OP). The method for isolating the
OP from the rod-isolated ERG recorded to high-intensity
flash (4.1 log scot td-sec) has been described in detail previ-
ously (41). Briefly, before isolating the OP, the a-wave, as de-
termined by Equation 2, was digitally subtracted from the
rod-isolated ERG. The OP were then isolated using a digital,
anticausal, Chebyshev type II filter [−3 dB points at 100 and
300 Hz, >30 dB attenuation in the stopbands (<75 and >400
Hz)]. The advantage of the anticausal filter is that the filtered
response will have zero phase shift over the pass band. 

Statistical methods. One of the authors (B.J.) was blinded
to both the diets and groupings of monkeys during recording
and analysis of all visual acuity and ERG results. Data were
checked for normality and homogeneity of variance using ei-
ther the Shapiro–Wilk test (for <50 observations, i.e., number
of monkeys × number of parameter measurements used in
comparison) or the Kolmogorov–Smirnov test with a Lilli-
fores correction (for number of observations >50). Implicit
time data were compared using a two-way repeated-measures
ANOVA. All other parameters were compared using a t-test
for independent samples. 

RESULTS

FA. The results of plasma FA analysis at 4 mon of age are
shown in Table 2. The diet-supplemented group had a slightly
lower level of nonessential FA, but there were no significant
differences in the amounts of saturated FA between the two

groups. As expected, DHA and AA were significantly ele-
vated in the LCPUFA-supplemented group, but there was no
significant difference in the total amount of polyunsaturates.
Figure 1 shows plasma DHA and AA levels from 2 to 16 wk
of age. Plasma DHA increased in the supplemented monkeys
over the first two postnatal months before reaching a plateau
of 4.4%, which was maintained until 4 mon of age. In the con-
trol group, plasma DHA fell postnatally to reach a low of
0.88% of total FA at 2 mon of age. At 3 and 4 mon of age,
plasma DHA had increased to 1.08% of total FA, a 20% in-
crease over the 2-mon low, probably reflecting that infants
had started to consume some chow that contained 0.2% DHA.
Plasma AA increased rapidly in diet-supplemented monkeys
and remained high over the first four postnatal months but re-
mained relatively constant in the control monkeys. 

Visual acuity. Figure 2 shows the plot of 12-Hz amplitude
and Tcirc

2 for each spatial frequency for a monkey fed the sup-
plemented formula. When Tcirc

2 does not include the zero am-
plitude axis (solid circles), it can be said with 95% confidence
that the signal is significantly different from zero. Visual acu-
ity was determined from the extrapolation of the regression
line to the spatial frequency axis (acuity = 11.3 cyc/deg = 0.24
logMAR). There was no significant difference (P = 0.74) in
visual acuity between the supplemented (logMAR ± SD =
0.31 ± 0.08) and control monkeys (0.30 ± 0.07). VEP acuity
could not be measured in three monkeys from the control
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TABLE 2
Plasma FA Composition at 4 mon of Age (wt% of total FA)

Control Supplemented
FA formula formula Significancea

14:0 1.34 ± 0.15 1.22 ± 0.10 NS
16:0 14.57 ± 0.50 14.49 ± 0.32 NS
18:0 10.64 ± 0.46 10.62 ± 0.41 NS
20:0 0.10 ± 0.00 0.10 ± 0.00 NS
22:0 0.10 ± 0.00 0.12 ± 0.01 NS
24:0 0.13 ± 0.02 0.14 ± 0.02 NS

Total saturated 26.89 ± 0.90 26.69 ± 0.80 NS
16:1 0.59 ± 0.03 0.46 ± 0.03 *
18:1n-9 15.88 ± 0.74 13.95 ± 0.39 *
18:1n-7 1.18 ± 0.08 1.05 ± 0.06 NS
20:1n-9 0.19 ± 0.01 0.17 ± 0.01 NS
20:3n-9 0.08 ± 0.02 0.07 ± 0.07 NS
24:1n-9 3.17 ± 0.20 3.46 ± 0.18 NS

Total nonessential 21.03 ± 0.60 19.08 ± 0.47 *
18:2n-6 34.58 ± 0.74 30.53 ± 0.70 **
18:3n-6 0.19 ± 0.02 0.10 ± 0.00 **
20:2n-6 0.37 ± 0.03 0.24 ± 0.02 **
20:3n-6 1.37 ± 0.12 0.65 ± 0.05 **
20:4n-6 4.67 ± 0.25 8.44 ± 0.20 **
22:4n-6 0.35 ± 0.02 0.25 ± 0.02 **
22:5n-6 0.26 ± 0.03 0.06 ± 0.02 **

Total n-6 41.78 ± 1.00 40.28 ± 0.81 NS
18:3n-3 0.60 ± 0.05 0.49 ± 0.03 NS
20:5n-3 0.25 ± 0.05 0.35 ± 0.04 NS
22:5n-3 0.55 ± 0.05 0.33 ± 0.02 **
22:6n-3 1.30 ± 0.16 4.35 ± 0.13 **

Total n-3 2.72 ± 0.25 5.48 ± 0.13 **
Total polyunsaturated 44.53 ± 1.23 45.78 ± 0.85 NS

aNS, not significant; *P < 0.05; **P < 0.01.



group who became aggressive or uncooperative during test-
ing. Detailed neurobehavioral assessment did not reveal any
significant differences in temperament between the two di-
etary groups (42).

Electroretinography. Figure 3 shows representative rod
(A) and cone-isolated ERG (B) from a DHA diet-supple-
mented monkey at 4 mon of age. The solid lines show the

ensemble fits of Equation 2 to the leading edges of each set
of a-waves. 

Diet-supplemented monkeys had a significantly lower
value of Rod_τ (P < 0.05) compared with the control mon-
keys, but there were no other significant differences in the rod
phototransduction parameters between the two diet groups
(Table 3). The parameter Rod_τ represents the membrane ca-
pacitance time constant, and a lower value indicates that a
shorter time is required for a change in the photocurrent fol-
lowing a flash. Supplemented monkeys also had a lower value
for the rod phototransduction sensitivity parameter, Rod_S,
compared with the control monkeys although the difference
did not reach statistical significance (P = 0.07). A lower value
of Rod_S is considered poorer as it represents the gain of the
phototransduction cascade (34). 

There was no effect of diet for a-wave implicit times (P =
0.98; Fig. 4A) or for any of the parameters describing rod or
postphotoreceptor function derived from the fit of the
Naka–Rushton function to the a-wave, b-wave, or P2 ampli-
tudes (Table 3). There was also no effect of diet for the over-
all variation in b-wave implicit time with retinal illuminance
(P = 0.2; Fig. 4B). However, as can be seen in Figure 4B,
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FIG. 1. (A) Plasma DHA expressed as a percentage of total FA plotted
against postnatal age for the supplemented (solid circles) and control
(open circles) monkeys. Error bars represent one SD. (B) Plasma arachi-
donic acid as a function of postnatal age (symbols are the same as for
graph A).

FIG. 2. Visual evoked potential (VEP) amplitude at 12 Hz plotted against
spatial frequency for a diet-supplemented monkey. Error bars indicate
the 95% confidence interval of the vectorial mean calculated from Tcirc

2.
The linear regression is applied to those points (solid circles) that lie on
the linear portion of the graph and for which Tcirc

2 does not cross the
zero volt axis. A visual acuity of 11.3 cyc/deg was obtained from the ex-
trapolation of the linear regression line to the spatial frequency axis.

FIG. 3. (A) Rod-isolated ERG (open circles) from a diet-supplemented
monkey recorded to achromatic flashes that produced the retinal illu-
minances between 1.8 to 4.0 log scot td-sec (top to bottom). The dashed
lines show the ensemble fit of Equation 2 (see text) to the leading edges
of the rod-isolated ERG a-waves. The derived rod phototransduction pa-
rameters were S = 11.15 (scot td-sec)−1 s−2, RmaxP3 = 104 µV, td = 2.65
ms, and τ = 0.89 ms. (B) Cone-isolated ERG (open squares) from the
same monkeys recorded to achromatic flashes that produced retinal il-
luminances of 1.8 to 3.3 log phot td-sec (top to bottom). The derived
cone phototransduction parameters were S = 31.6 (scot td-sec)−1 s−2,
RmaxP3 = 41.7 µV, td = 1.79 ms, and τ = 1.92 ms.



there was a tendency for diet-supplemented monkeys to have
shorter b-wave implicit times as retinal illuminance decreased
below −0.1 log scot td-sec. For b-wave implicit times
recorded to retinal illuminances of −0.6 log scot td-sec and

lower, diet-supplemented monkeys had significantly shorter
b-wave implicit times in comparison with those of the control
monkeys (P < 0.007). 

There was no effect of diet for any of the parameters de-
scribing either cone phototransduction or cone flicker
(Table 4). There was also no effect of diet for the implicit
times (P = 0.98) or amplitudes (P = 0.4) of the OP (Table 5).

Calculations were done to determine if the present study
had sufficient power to identify real differences between the
two diet groups if they existed. The magnitude of a meaning-
ful effect was estimated for each parameter as follows: a 0.5-
octave difference in acuity, a 50% difference in amplitude pa-
rameters, an octave difference for log K parameters, a value
of 0.2 for n parameters, 0.5 ms for phototransduction td pa-
rameters, and 2.0 ms for 30 Hz latency. For visual acuity and
the majority of ERG parameters, there was at least 80%
power to detect a meaningful difference between the diet
groups if a true effect was present (Tables 3, 4, and 5). 

DISCUSSION

Of the 25 parameters measured, there was a significant effect
of diet for only two parameters, Rod_τ and b-wave implicit
times at low retinal illuminances. The reason for the decrease
in ERG b-wave implicit times in the diet-supplemented mon-
keys below retinal illuminances of −0.6 log scot td-sec may
be attributable to the presence of another ERG component
whose presence becomes more influential on the b-wave at
low retinal illuminances. The scotopic threshold response, a
small, late corneal negative potential that originates from the
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TABLE 3
Rod Parameters

Parameter Supplemented Control Power (%)

Rod P3 (N = 16)
Rod_RmaxP3 (µV) 161 ± 58 156 ± 59 85
Rod_S [(scot td-sec)−1 s−2] 5.9 ± 1.0 7.4 ± 1.8 99
Rod_td (ms) 2.6 ± 0.2 2.6 ± 0.2 100
Rod_τ (ms) 0.79 ± 0.28a 1.09 ± 0.26 94

Rod P2 (N = 14)
P2_Vmax (µV) 323 ± 123 339 ± 134 65
P2_logK (log scot td-sec) 0.82 ± 0.28 0.75 ± 0.23 54
P2_n 0.50 ± 0.04 0.53 ± 0.05 100

Rod a-wave (N = 14)
a_Vmax (µV) 132 ± 55 151 ± 59 64
a_logK (log scot td-sec) 2.33 ± 0.34 2.40 ± 0.23 45
a_n 0.69 ± 0.11 0.59 ± 0.11 91

Rod b-wave (N = 18)
b_Vmax (µV) 253 ± 120 232 ± 77 73
b_logK (log scot td-sec) 0.20 ± 0.15 0.25 ± 0.19 94
b_n 0.59 ± 0.04 0.58 ± 0.05 100

aSignificantly different from control group, P < 0.05.

FIG. 4. Mean a-wave (A) and b-wave (B) implicit times plotted as a func-
tion of retinal illuminance for the supplemented (closed circles) and
control monkeys (open circles). Error bars indicate SEM.

TABLE 4
Cone Parameters

Parameter Supplemented Control Power (%)

Cone P3 (N = 16)
Cone_RmaxP3 (µV) 68.1 ± 26.9 59.0 ± 16.7 85
Cone_S [(scot td-sec)−1 s−2] 28.6 ± 9.5 30.4 ± 11.6 82
Cone_td (ms) 2.01 ± 024 2.07 ± 0.28 97
Cone_τ (ms) 2.44 ± 1.16 1.98 ± 0.94 64

Cone 30 Hz flicker (N = 19)
30 Hz amplitude (µV) 93.8 ± 30.3 95.0 ± 33.3 95
30 Hz latency (ms) 24.0 ± 1.5 24.1 ± 0.72 82

TABLE 5
Oscillatory Potentials (OP)

Parameter Supplemented Control

OP amplitudes (µV)
OP1 19.4 ± 11.3 17.4 ± 7.1
OP2 24.1 ± 18.3 21.8 ± 12.3
OP3 19.8 ± 14.1 16.6 ± 7.3
OP4 8.5 ± 5.7 6.4 ± 2.5

OP latencies (ms)
OP1 10.9 ± 0.4 10.6 ± 0.6
OP2 16.3 ± 0.9 16.2 ± 1.2
OP3 22.6 ± 1.2 22.3 ± 1.6
OP4 29.0 ± 1.5 28.9 ± 1.8



proximal retina (43), has a significant influence on b-wave
amplitude for retinal illuminances below −1.5 log scot td-sec
in human adults (44). One possibility is that the decrease in
b-wave implicit time could be due to an alteration in the am-
plitude and/or timing of the scotopic threshold response in the
diet-supplemented monkeys. The OP also originate from the
proximal retina (45), although from different sources than the
scotopic threshold response. There were no alterations in OP
in the present study, but in Birch’s preterm human study (1),
the only ERG abnormality to persist in the low-ALA infants
at 57 wk postconceptional age (PCA) was a delay in the OP.
One possibility is that the function of the proximal retina is
more selectively or more greatly affected than the distal retina
by alteration of the n-3 content of the diet. Delayed b-wave
implicit times have also been reported in n-3-deficient mon-
keys compared with monkeys fed a high-ALA diet (19,46).
However, the implicit time delay observed in the n-3-deficient
monkeys occurred at substantially higher retinal illuminances
(>1000 brighter) than in the current experiment, suggesting a
different retinal mechanism or different retinal origin. 

The effect of diet on Rod_S was approximately equal to
that for Rod_τ but the effect was in the opposite direction.
There was a significant negative correlation between Rod_S
and Rod_τ (r = −0.82, P < 0.006), suggesting that both pa-
rameters may not be necessary to provide adequate fits of the
leading edges of the ERG a-waves. A form of the P3 model
(Eq. 2), without the capacitance term, has also been used to
fit the leading edge of the ERG a-wave (33,34). Therefore,
Equation 2 was refitted to the ensemble of the ERG a-waves
for each monkey, with the capacitance term held constant at
the mean value for all monkeys (Rod_τ = 0.94), and only
RmaxP3, S, and td were allowed to vary. Under these con-
ditions, Rod_S was significantly lower (P < 0.046) in the 
diet-supplemented monkeys [mean ± SD = 5.8 ± 1.2 (scot 
td-sec)−1 s−2] compared with the control monkeys [7.5 ± 1.9
(scot td-sec)−1 s−2]. This result is inconsistent with a recent
study in which rod phototransduction was not altered in adult
monkeys maintained on an n-3-deficient diet compared with
monkeys fed a control diet similar to the one used here (19).
Given the overall number of parameters measured, it would
be predicted that one parameter would reach statistical signif-
icance of P < 0.05 by chance alone, making it possible that
the differences in rod phototransduction between the two diet
groups is coincidental.

The level of DHA (1.0%) included in the supplemented
monkey infant formula was 2.8 to 10 times higher than that
used in LCPUFA-supplemented formulas in randomized stud-
ies involving human infants. The results of the current study
suggest that the higher level of DHA is neither beneficial nor
harmful to the development of visual acuity or retinal func-
tion in infant primates. The deleterious effect of fish oil sup-
plementation on retinal function in the guinea pig may be re-
lated to the very high levels of DHA (2.8%) and/or EPA
(4.3%) included in the diet (17). High levels of EPA, in par-
ticular, may inhibit the accretion of n-6 LCPUFA such as AA
into membrane phospholipids (47). Both EPA and AA are the

precursors of families of eicosanoids and prostaglandins that
are thought to mediate a number of biological functions
within the retina, including vascular responses, modulation of
protein kinase C, and the modulation of calcium influx in reti-
nal membranes (48,49). The altered retinal function in the fish
oil-supplemented guinea pigs may be related to the levels of
EPA and/or AA accreted to the retina.

No retinal FA compositional data are available for the in-
fant monkeys described here, as they are part on an ongoing
long-term study. However, it is of interest to compare the
ERG results of the present study with previous studies that
have similarly measured retinal function in monkey and
human infants following manipulation of dietary LCPUFA
intake. Direct comparison of human and monkey retinal func-
tion at the same chronological age is difficult given their dif-
fering rates of retinal development. However, it is clear that
the rod outer segments continue to develop in both humans
and monkeys at least through the first 4 mon of life (23,50).
Birch et al. (1) reported reduced maximal amplitude, de-
creased retinal sensitivity, and elevated rod thresholds in
preterm infants (born at 28–33 wk gestation) fed a formula
containing just 0.5% ALA compared with infants fed a DHA
(0.35%)-supplemented formula when ERG were recorded at
36 wk PCA. In a recent study by the same group, only retinal
sensitivity was reduced at 6 wk postnatal age in term infants
fed a formula with 1.5% ALA compared with infants fed a
supplemented formula containing 0.35% DHA (10). The two
major differences between the preterm and term studies were
the levels of ALA used and the gestational ages at birth and
testing. In humans the bulk of in utero DHA and AA accre-
tion to the retina occurs during the last trimester of pregnancy
(51). Therefore, the preterm infants likely had lower retinal
LCPUFA concentrations at birth than did the term infants. A
reduction in retinal LCPUFA at birth may make infants born
prematurely more sensitive to the amount and type of n-3 FA
such as DHA in the postnatal diet. Similar comparisons may
be made across monkey studies. Neuringer et al. (46) reported
that infants born to mothers fed an n-3-deficient diet from 2
mon before conception and throughout pregnancy (165 d) had
only half the level of DHA in the retina as infants born to
mothers fed a high-ALA diet. In the present study, all moth-
ers received a normal chow diet containing LCPUFA and, as
a result, all infants received the full complement of maternal
FA. One of the clear differences between the present study
and those involving preterm infants (1) and n-3-deficient
monkeys (46) is that the monkeys in the present study were
likely born with the full complement of retinal LCPUFA. The
difference in results between the current monkey study and
the study involving human infants born at term (10) may re-
late to species differences or may be related to the earlier age
at ERG testing in the human infants. 

Another important difference between the monkey and
human infant studies is the postnatal fall in plasma DHA in
the various groups. In preterm infants fed the low-ALA
(0.5%) corn oil diet, plasma DHA fell to 0.6% at 36 wk PCA
and to 0.4% by 57 wk PCA (52). Similarly, plasma DHA fell
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to less than 0.4% DHA by 3 mon of age in n-3-deficient mon-
keys (46). For both the preterm infants fed the corn oil diet
and the n-3-deficient monkeys, the ERG was altered at some
time during the first postnatal months. In contrast, plasma
DHA fell to 0.95% at 57 wk PCA in term infants fed the con-
trol formula that supplied 1.5% ALA as the sole n-3 FA, and
in the present study plasma DHA did not fall below 0.88%.
How the changes in plasma DHA affected retinal FA in either
the human infants or monkeys in the current study is not eas-
ily determined. The levels of DHA in erythrocytes and plasma
do not correlate well with retinal DHA levels (53,54), and
substantial amounts of DHA can be found in the retina of n-3-
deficient animals in the presence of extremely low erythro-
cyte or plasma DHA (55,56). The disparity between retinal
and plasma DHA levels is likely due to the efficiency of the
retina at sequestering DHA from circulating blood supply
(57–59) and the ability of the retina to conserve DHA even
during periods of prolonged dietary n-3 deficiency (60–62).
However, the n-3-deficient monkey study and the preterm
human study appear to suggest that the combination of low-
ered retinal DHA at birth and large fall in plasma DHA post-
natally are associated with marked alterations in the ERG in
the first postnatal months. The human infant studies also sug-
gest that the level of plasma DHA alone does not predict ERG
changes as the ERG normalized by 57 wk PCA despite the
continued fall in plasma DHA. By comparison, the same
human and monkey studies also suggest that plasma levels of
up to 3.2–3.5% DHA in humans (1,10,52) and 4.4–8.8% in
monkeys (current study, Ref. 19) are not deleterious to retinal
function. 

Comparison of the acuity results from the present study
with human nutrition studies requires an adjustment for
chronological age. The rates of acuity development are quite
different between humans and monkeys as the rhesus mon-
key has a more developed fovea at birth, which also develops
more rapidly during infancy than the human fovea. As a re-
sult, each week of visual acuity development in the macaque
monkey is comparable to about 1 mon in the human (63). The
results from the present study suggest no benefit from a diet
with 1.0% DHA and 1.0% AA to acuity in the monkey at a
developmental age equivalent to 12 mon in the human. Our
acuity result is consistent with several studies in human in-
fants (3,5–7,11,12) but conflicts with others (2,4,8,10,14). 

The other independent variable to be considered is which
AA was supplied in a concentration approximately equal to
DHA in the supplemented formula. The AA was added be-
cause a reduction in growth has been reported in preterm
human infants fed an EPA/DHA-supplemented formula that
caused a significant reduction in the plasma AA level (64).
Pigs fed a formula supplemented with approximately equal
amounts of DHA and AA have significantly higher retinal
DHA but not AA compared with pigs fed a control diet with
moderate levels of the EFA but no LCPUFA (65–67). Given
that the diet-supplemented monkeys received approximately
equal amounts of DHA and AA, it is speculated that the reti-
nal AA levels may not have been elevated in the diet-supple-

mented group compared with the control group of monkeys.
If this is the case, then the level of retinal AA likely did not
contribute to the results described here.
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ABSTRACT: The effects of dietary cis and trans α-linolenic acid
(18:3n-3) on the FA composition of plasma, red blood cell, and
liver phospholipids were studied in newborn piglets. Animals
were fed for 14 d with one of three diets: a control diet (group
A) containing cis 18:3n-3 at a level of 2.0% of total FA, a diet
(group B) in which a part of the 18:3n-3 acid was isomerized
(1.3% of cis 18:3n-3 and 0.7% of trans 18:3n-3), or a diet (group
C) with 2.0% cis 18:3n-3 and 0.7% trans 18:3n-3. Feeding ani-
mals with diets containing trans 18:3n-3 resulted in the pres-
ence of trans isomers of 18:3n-3, trans isomers of EPA, and trans
isomers of DHA in phospholipids; however, the level of total
trans n-3 PUFA in tissues was less than 0.3% of total tissue FA.
In group B, the reduction of dietary amounts of cis 18:3n-3 was
associated with a decrease in individual and total cis n-3 PUFA.
In contrast, in group C there was no decrease in tissue n-3 PUFA
despite the increased dietary level of trans 18:3n-3. These re-
sults suggest that the isomerization of a part of dietary n-3
PUFA, leading to the reduction of their levels in the diet, could
induce a decrease in n-3 PUFA in phospholipids. The physio-
logical effects of trans PUFA are not known and should be con-
sidered in future studies.

Paper no. L9034 in Lipids 37, 849–852 (September 2002).

Lipids provide the major portion of food energy for infants
fed breast milk or formula (1). They represent about 90% of
all energy retained in the growing tissues of a full-term baby
during the first 6 mon of life (2). Moreover, organ growth and
development are closely related to dietary supply, metabo-
lism, and physiological effects of EFA, including the precur-
sors linoleic and α-linolenic acids as well as their long-chain
polyunsaturated metabolites with 20 or 22 carbon atoms (3).
However, unusual lipids such as geometric isomers of unsat-
urated FA in trans configuration can be found in the diet of
the newborn. Today, reliable quantitative data are available
on the human milk and infant formula contents of trans FA
(4–6).

Studies on rodents have shown that, after dietary intake,
trans isomers of α-linolenic acid can be elongated and desatu-
rated into trans isomers of EPA (20:5n-3) and DHA (22:6n-3)
(7,8). Since it is well known that trans FA can impair the

biosynthesis of PUFA (9,10), their effects on the metabolism
and the bioavailability of EFA in the newborn is questioned.

The present study examines the FA composition of plasma,
red blood cell (RBC), and liver phospholipids of newborn
piglets receiving formulas differing in their levels of trans iso-
mers of α-linolenic acid. Three different formulas were stud-
ied: a control formula providing α-linolenic acid in its natural
isomeric form (diet A); a formula in which part of the α-linole-
nic acid is given as geometrical isomers (diet B), and a formula
that contains the same quantity of cis α-linolenic acid as the
control group and the same level of trans α-linolenic acid as
group B (diet C). This study was conducted for a relatively
short time (14 d) in newborn piglets in order to examine acute
effects in a rapidly growing animal fed only with the formulas
studied.

MATERIALS AND METHODS

Animals and diets. All animal use and care were conducted ac-
cording to the French legislation (authorization no. 7676 deliv-
ered to I. Louveau). Pietrain piglets of term gestation were ob-
tained from INRA–UMR Veau et Porc (Saint-Gilles, France).
They were taken within 24 h after birth so that they still had
passive immunity and were assigned randomly to one of the
three groups (n = 6/group). Piglets were housed individually in
a room controlled for temperature (28°C). Animals were bot-
tle-fed every 2 h (from 7 to 21 h) until 15 d after birth with three
standard formulas (in g/L: casein, 31; lactoserum, 21; lactose,
46; fat, 71; standard vitamin and mineral mix, 8). The formulas
differed only in their contents of cis and trans isomers of α-lino-
lenic acid (Table 1). The three formulas were prepared by blé-
dina sa (Steenvoorde, France) using oil mixtures provided by
Lesieur (Coudekerque-Branche, France). Briefly, bleached
canola oil was used after deodorization for 52.5 h at 205°C
under 3 mbar (11) in order to provide trans α-linolenic acid. In
order to balance the trans linoleic acid levels in the mixtures,
isomerized sunflower oil (270°C, 18 h, under nitrogen) was
added (up to 0.2% of total oil).

Tissue collection. After 14 d of diet, piglets were killed by
electrocution. The liver was removed and total blood was col-
lected using EDTA as anticoagulant. Total blood was immedi-
ately centrifuged at 1860 × g at 4°C in order to separate
plasma and RBC. The RBC pellet was then washed three times
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with an isotonic saline solution. All samples were stored at
−80°C until lipid analysis.

Lipid analysis. Total lipids from liver and RBC were ex-
tracted according to the procedure of Folch et al. (12), whereas
plasma total lipids were extracted by the method of Moilanen
and Nikkari (13). Total phospholipids were separated from neu-
tral lipids by the method of Juanéda and Rocquelin (14) and
were transesterified with sodium methylate according to
Christie et al. (15). The FAME were analyzed on a Hewlett-
Packard (Palo Alto, CA) 5890 series II gas chromatograph
equipped with a split/splitless injector, an FID, and a BPX 70-
silica capillary column (120 m × 0.25 mm i.d.; film thickness
0.25 µm; SGE, Melbourne, Australia). The injector and the de-
tector were maintained at 250 and 280°C, respectively. Hydro-
gen was used as carrier gas (inlet pressure 300 kPa). The oven
temperature was operated at 60°C for 1 min, then increased
from 60 to 175°C at a rate of 20°C/min and left at this point
until the end of the analysis. FAME were identified by compar-
ison with commercial or synthetic standards and quantified
using the Diamir software (JMBS Inc., Portage, MI).

Statistical analysis. Results are expressed as means ± SD.
Statistical analyses were performed using the Statistical Analy-
sis System (SAS Institute, Cary, NC). The ANOVA procedure

and the Newman–Keuls test were used between each group.
P values of less than 0.05 were considered as significant.

RESULTS AND DISCUSSION

The aim of this work was to study the effects of the partial
isomerization of dietary α-linolenic acid on the FA composi-
tion of plasma, RBC, and liver phospholipids in newborn
piglets. This animal model constitutes an interesting model be-
cause of its resemblance to humans in terms of perinatal devel-
opment. In our diets, isomerized sunflower oil (270°C for 18
h) may have produced cyclic FA, polymers, hydroperoxides,
and breakdown products of hydroperoxides. But since isomer-
ized sunflower oil represented 200 g in the 100 kg of mix at the
most, the relative proportions of these compounds may be in-
significant compared to trans 18:3n-3.

Changing the levels of dietary cis and trans isomers of α-
linolenic acid did not result in any changes in saturated FA,
monounsaturated FA, and n-6 PUFA (Table 2). Since the levels
of arachidonic acid were unchanged, it seems that trans α-lin-
olenic did not compete with linoleic acid as suggested by Blond
et al. (9). Only the levels of cis and trans n-3 PUFA were af-
fected by the dietary treatments. Trace amounts of trans n-3
PUFA were detected in animals of the control group, whereas
no trans FA were present in the control diet. This observation
may be due to trans FA intake by the sow during the gestation
period.

Isomerizing a part of the α-linolenic acid in the diet (group
B) resulted in the presence of trans isomers of α-linolenic acid
in all studied tissues. However, its incorporation into plasma,
RBC, and liver phospholipids was low since it represented
0.2% of total FA at the most. The desaturation and elongation
products of trans α-linolenic acid, trans EPA, and trans DHA
were also detected. Then, the amounts of total trans n-3 PUFA
were significantly increased compared with the control group
(Fig. 1B). However, the level of total trans PUFA was far lower
than the level of total cis PUFA. On the other hand, the levels
of cis n-3 PUFA were significantly decreased (Fig. 1A). This
was particularly true for DHA, which was reduced by 20% in
liver, by 40% in plasma, and by 60% in RBC phospholipids.
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TABLE 1
FA Compositiona of the Dietary Lipids

Experimental groups

A B C

16:0 4.5 4.4 4.2
16:1 0.2 0.1 0.2
18:0 3.9 3.3 3.2
18:1 68.5 68.5 68.7
trans 18:1 0.7 0.7 0.5
18:2 18.9 19.0 19.0
trans 18:2 0.2 0.3 0.3
18:3 2.0 1.3 2.0
trans 18:3 0 0.7 0.7
20:0 0.3 0.3 0.3
20:1 0.3 0.8 0.4
22:0 0.5 0.6 0.5
Total 18:3 2.0 2.0 2.7
aValues expressed as percentage of total FAME.

FIG. 1. Levels of total cis n-3 FA (A) and trans n-3 FA (B) (% of total FA) in plasma, red blood cell (RBC), and liver
phospholipids of piglets fed 2.0% of cis 18:3n-3 (group A: solid bars), 1.3% of cis 18:3n-3 plus 0.7% of trans 18:3n-3
(group B: open bars), or 2.0% cis 18:3n-3 plus 0.7% trans 18:3n-3 (group C: gray bars); values are mean ± SD; nd:
not detected; a,b,c: significantly different between groups (P < 0.05).
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To summarize, isomerizing a part of the dietary cis α-linolenic
acid into trans α-linolenic reduced the amounts of cis α-linole-
nic acid in the diet and led to a decrease in the levels of cis n-3
PUFA in phospholipids from plasma, liver, and RBC in
animals. This is illustrated by the n-6/n-3 ratio, which was
about twice as high as that in the control group for RBC phos-
pholipids.

Correcting the levels of cis α-linolenic acid in the diet by
slightly increasing their levels (group C) succeeded in restor-
ing cis α-linolenic acid to levels equivalent to those of the con-
trol group in plasma, RBC, and liver phospholipids. The
amounts of the longer-chain metabolites EPA and DHA were
also recovered. As a consequence, the total cis n-3 PUFA lev-
els and the n-6/n-3 ratio were restored. The geometrical iso-
mers of α-linolenic acid, EPA, and DHA were also present, but
their levels were lower than those of group B. This is probably
due to the increased dietary cis 18:3n-3/trans 18:3n-3 ratio in
group C compared to group B. Even if the n-3 PUFA levels are
restored, the physiological effects of trans PUFA have to be
studied.

In conclusion, the main consequence of the isomerization of
dietary α-linolenic acid was a reduction of its levels in the diet,
leading to an increase in the n-6/n-3 ratio, particularly in RBC.
Since the FA composition of RBC membranes may reflect the
neuronal membrane composition (16), the question of the ef-
fect of dietary EFA isomerization on brain composition and
subsequently brain functioning is posed. An imbalanced diet
may have several long-term consequences, particularly on
major functions like vision or learning behavior (17,18).
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ABSTRACT: CLA inhibits mammary cancer and reduces body
fat accumulation in rodents. It is not known whether uncoupling
proteins (UCP), which are modulators of energy balance and
metabolism, play a role in these actions of CLA. To determine
the effects of dietary CLA on the expression of UCP in various
tissues, 5-wk-old Sprague-Dawley rats and C57Bl/6 mice were
fed diets containing 1% CLA for 3 wk. CLA treatment reduced
adipose depot weights in both rats and mice but had no signifi-
cant effects on body weight. There was a species-specific effect
of CLA on the expression of UCP. Whereas CLA did not affect
the expression of UCP in most tissues in rats, mice fed CLA had
increased expression of UCP2 in the mammary gland, brown
adipose tissue (BAT), and white adipose tissue (WAT). Further-
more, UCP1 and UCP3 mRNA and protein levels in BAT were
significantly lower in CLA-fed mice compared to controls.
Skeletal muscle UCP3 mRNA was unchanged, but UCP3 pro-
tein levels were significantly increased in mice, suggesting
translational or posttranslational regulation of this protein. Re-
sults from this study suggest that alterations in the expression of
UCP in mice may be related to the previously reported effects
of dietary CLA in lowering adiposity and increasing FA oxida-
tion. In rats, however, induction of UCP is not likely to be re-
sponsible for fat reduction or for the inhibitory action of CLA on
mammary carcinogenesis. 

Paper no. L9087 in Lipids 37, 853–861 (September 2002).

Conjugated linoleic acid (CLA) is a collective term used to
describe a group of geometric and positional isomers of
linoleic acid that are found naturally in foods such as dairy
products and meat (1). CLA has been shown to have a strong
inhibitory effect on mammary tumorigenesis in rats (2,3). The
mechanism responsible for this inhibition, however, is not
known. Besides having anticarcinogenic properties, dietary
CLA also has an effect on body composition and energy bal-
ance. Numerous studies have reported that feeding CLA to
either rodents or humans decreases body fat accumulation and
weight gain and increases FA oxidation and energy expendi-
ture, often with no change in overall energy intake (4–6). It is
possible that these effects on energy balance may mediate the
effects of CLA on mammary cancer. The amount of usable
energy available from the diet has a profound effect on the

development of mammary gland tumors in mice and rats (7).
Diets rich in FA promote mammary tumorigenesis (8,9). This
promoting effect may be due, in part, to the excess calories
provided to the animal (7,10). Conversely, caloric restriction
causes a marked inhibition of mammary tumorigenesis (11).
Since uncoupling proteins (UCP) have been implicated in
body composition changes and regulation of energy expendi-
ture (12), it is possible that CLA regulates the expression of
some or all of the UCP. 

UCP are a class of transmembrane proteins found in the
inner mitochondrial membrane. The first UCP discovered,
UCP1, is expressed exclusively in brown adipose tissue
(BAT) and functions by uncoupling ATP synthesis and mito-
chondrial electron transport, thereby allowing energy to be
dissipated as heat (13). Recently identified homologs of
UCP1 have raised the possibility that uncoupling of mito-
chondrial respiration in tissues other than BAT may play an
important role in whole-body energy balance. UCP2 is ex-
pressed in most tissues (14), and UCP3 is expressed mainly
in skeletal muscle and BAT (15). Although the physiological
functions of UCP homologs in various tissues are not clear,
proposed functions include mediation of cold- and diet-
induced thermogenesis, regulation of energy expenditure,
control of production of reactive oxygen species, and regula-
tion of FA oxidation (12). 

Dietary PUFA play a key role in regulating the expression
of UCP genes (16–18). Rats fed fish oils rich in n-3 PUFA ac-
cumulate less body fat and have increased energy expendi-
ture compared to rats fed diets rich in n-6 PUFA (19). These
changes are accompanied by increased heat production and
increased expression of UCP, suggesting that these mitochon-
drial proteins may play an important role in mediating the ef-
fects of fish oils on energy and lipid metabolism (19,20).
Based on the similarity of the effects of CLA and fish oils on
energy balance, we hypothesized that CLA may also increase
expression of UCP in rodents.

An increase in UCP may increase metabolism at the whole-
body level or in specific tissues such as the mammary gland.
This has been demonstrated in UCP3 knockout mice that ex-
hibit no changes in energy expenditure at the whole-body
level, but have significantly altered mitochondrial energy me-
tabolism in skeletal muscle (21). It is plausible that increased
expression of UCP is an important mechanism by which
dietary CLA regulates energy metabolism and inhibits mam-
mary cancer in rodents. Like caloric restriction, a lack of

Copyright © 2002 by AOCS Press 853 Lipids, Vol. 37, no. 9 (2002)

*To whom correspondence should be addressed at 150 College St., Toronto,
Ontario, Canada, M5S 3E2. E-mail: m.archer@utoronto.ca
Abbreviations: BAT, brown adipose tissue; PPAR, peroxisome proliferator-
activated receptor; SNS, sympathetic nervous system; SSC, sodium chlo-
ride/sodium citrate, UCP, uncoupling protein; WAT, white adipose tissue. 

Effects of Dietary Conjugated Linoleic Acid
on the Expression of Uncoupling Proteins in Mice and Rats

Kafi N. Ealey, Ahmed El-Sohemy, and Michael C. Archer*
Department of Nutritional Sciences, Faculty of Medicine, University of Toronto, Toronto, Canada M5S 3E2



energy available to normal mammary tissue caused by a loss
of energy as heat might affect mammary tumorigenesis. 

Two studies to date in mice have reported different results
in different strains on the effect of CLA on the expression of
UCP (22,23). The only study to date in rats showed that a
CLA-supplemented diet improved glucose tolerance, reduced
adiposity, and increased UCP2 expression in muscle and adi-
pose tissue in obese Zucker rats that develop type II diabetes
(24). It is not known, however, whether CLA affects the ex-
pression of UCP in normal rats with no metabolic imbalances.
Furthermore, the effects of CLA on UCP protein levels in
mice and rats have not been examined. The main objective of
this study therefore was to determine the effects of dietary
CLA on the expression of UCP in various tissues, including
the mammary glands of mice and rats, and to relate the find-
ings to the protective effect of CLA on cancer development. 

MATERIALS AND METHODS

Animals and diets. All animal treatment protocols were re-
viewed by and were in compliance with the Animal Care and
Use Committee of the University of Toronto. Forty 4-wk-old
female C57BL/6 mice and eighteen 4-wk-old Sprague-Dawley
rats were obtained from Charles River Laboratories (St. Con-
stant, Quebec City, Canada). They were housed at 22 ± 2°C and
50% RH with a 12-h light/dark cycle and acclimatized for 1 wk
on the control AIN-93G diet (Dyets, Bethlehem, PA) with free
access to food and water. The experimental diet was formulated
by replacing the 7% soybean oil in the AIN-93G diet with 6%
soybean oil + 1% CLA (Nu-Chek-Prep, Elysian, MN); approx-
imate composition: 43% c-9,t-11- and t-9,c-11-CLA, 45%t-10,
c-12-CLA, 6% c-9,c-11-, c-10,c-12-, t-9,t-11-, t-10,t-12-CLA
with 2% linoleate and 4% unidentified material. The diets were
stored under nitrogen at −20°C, and the animals were given
fresh diet every 2–3 d.

Study protocol. At 5 wk of age, the rats and mice were ran-
domized into two groups each. One group was maintained on
the AIN-93G diet while the other group was fed the 1% CLA
diet. Body weights and food intake were measured twice
weekly. After 3 wk of feeding, animals were killed by cervical
dislocation, and livers, BAT, retroperitoneal and abdominal
white adipose tissue (WAT), gastrocnemius muscles, and whole
mammary glands were excised. All tissues were immediately
frozen in liquid nitrogen for subsequent determination of UCP
gene expression and UCP mitochondrial protein levels. 

Northern blot analysis. Total RNA was isolated from
frozen tissues using Trizol reagent (Life Technologies Inc.,
Gaithersburg, MD), and 10–20 µg of RNA was elec-
trophoresed in 1.0% agarose gels containing formaldehyde.
RNA was transferred overnight to nylon membranes (Am-
bion, Austin, TX) and UV-cross-linked. Prehybridization and
hybridization were carried out at 42°C using Northern Max
(Ambion) hybridization buffer. Blots were hybridized
overnight using UCP1, UCP2, and UCP3 probes labeled with
α-32P-dCTP by random prime labeling. All probes were syn-
thesized by reverse transcription-polymerase chain reaction

as described (15,25,26). For UCP1, forward and reverse
primer sequences were 5′-CGGACTTTGGCGGTGTCCA-
GCGGGAAGGTGAT-3′ and 5′-AGCACACAAACATGAT-
GACGTTCC-3′, which correspond to conserved domains
279–298 and 1021–1044 of rat UCP1, respectively (15). For
UCP2, primers used were 5′-TTAGAGAAGCTTGACC-
TTGC-3′ and 5′-CGTTCCAGGATCCCAAGCGG-3′, which
correspond to positions 145–164 and 1148–1129, respec-
tively, of the mouse UCP2 (25). For UCP3, primers used were
5′-GGGAAATCCTGCTGCTACCT-3′ and 5′-TTCTTGTGA-
TGTTGGGCCAA-3′, corresponding to positions 1–20 and
703–723 of the mouse UCP3. Northern blots were washed
twice in a solution of sodium chloride/sodium citrate (SSC)
and SDS (2× SSC/0.1% SDS) for 5 min at 42°C and twice in
0.1× SSC/0.1% SDS at 50°C. To quantify the signal, total 32P
counts were determined using a Packard Instant Imager (Can-
berra Packard Canada, Mississauga, Canada) and normalized
to counts obtained after hybridization of the membrane with
a 28S rRNA probe. 

Isolation of mitochondria. For isolation of mitochondria,
tissues were homogenized in 4–6 mL of buffer containing 250
mM sucrose, 10 mM HEPES, 0.5 mM EDTA, and 0.1% BSA,
pH 7.2, and kept on ice (27). The homogenate was cen-
trifuged at 600 × g for 5 min at 4°C. The supernatant was col-
lected and centrifuged at 8000 × g for 10 min at 4°C. The mi-
tochondrial pellet was washed twice and finally resuspended
in buffer without BSA. Mitochondrial protein concentrations
were determined using the BioRad Protein Assay (Bio-Rad
Laboratories, Hercules, CA). 

Western blot analysis. Mitochondrial proteins solubilized in
Laemmli buffer containing β-mercaptoethanol were heated for
5 min at 95°C, separated by electrophoresis on 13% polyacryl-
amide gels under denaturing conditions, and transferred to
polyvinylidene difluoride membranes. Membranes were incu-
bated overnight at 4°C in blocking buffer (5% nonfat dry milk
in Tris-buffered saline/0.1% Tween 20). UCP1 was detected
with a goat polyclonal antibody to a conserved amino-terminal
peptide sequence of mouse UCP1 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA). UCP3 was detected with a rabbit poly-
clonal antibody to a human UCP3 carboxy-terminal peptide
(Chemicon International Inc., Temecula, CA). We showed that
the UCP1 antibody did not cross-react with UCP2 or UCP3 in
Western blots using muscle mitochondrial protein (data not
shown). Furthermore, the UCP3 antibody did not cross-react
with UCP2 when mitochondrial protein isolated from liver or
mammary gland tissue was used (data not shown). After exten-
sive washing in Tris-buffered saline/0.1% Tween 20, mem-
branes were incubated with antigoat (UCP1) or antirabbit
(UCP3) horseradish peroxidase-conjugated secondary antibod-
ies (Santa Cruz Biotechnology, Inc.) and developed with a stan-
dard ECL kit (Santa Cruz Biotechnology, Inc.). Chemilumines-
cence was detected on Biomax MR Kodak film, and bands were
quantified using a FluorChem Imaging System (Alpha Innotech
Corp., San Leandro, CA). We were unable to perform Western
blot analysis of UCP2 owing to the unavailability of a reliable
commercial antibody. 
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Statistical analysis. Results are expressed as means ±
SEM. Differences were determined by Student’s unpaired t-
test. Differences with P ≤ 0.05 were considered significant.

RESULTS

After 3 wk of feeding the AIN-93G control diet or the diet
containing 1% CLA to C57BL/6 mice, food intake and body
weights did not differ between the two groups (18.4 ± 0.3 g
vs 18.6 ± 0.4 g for control and CLA-fed mice, respectively).
There was, however, a significant difference in weights of
specific WAT depots and major organs. As shown in Figure
1A, mammary glands of CLA-fed mice weighed significantly
less than those of control animals, and mice fed CLA had sig-
nificantly larger livers that were also paler in color than the
controls. Mice fed CLA also had significant decreases in wet

weights of several adipose depots (Fig. 1B). Retroperitoneal
WAT was reduced by 68%, and the abdominal fat depot was
reduced by approximately 50% in CLA-fed mice compared
to those fed the control diet. A 50% reduction in BAT was ob-
served in CLA-fed mice relative to controls.

Food intakes and body weights of female Sprague-Dawley
rats fed diets containing CLA did not differ from rats fed the
control diets (234.9 ± 6.3 vs. 222.9 ± 7.4 g for control and
CLA-fed rats, respectively). Unlike the mice, however, the wet
weights of mammary glands and livers did not differ between
the two groups of rats (Fig. 2A). As shown in Figure 2B, rats
fed CLA had significantly lower wet weights of WAT depots.
Retroperitoneal WAT was reduced by 40% in CLA-fed rats
compared to those fed the control diet. A 35% reduction in
weight was also observed in the abdominal WAT depots of
CLA-fed rats compared to controls. The weight of the BAT
depot in rats did not differ between the two dietary groups. 
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FIG. 1. Tissue weights of C57BL/6 mice fed a control or CLA-supple-
mented diet for 3 wk. (A) Wet weights of mammary glands and livers.
(B) Wet weights of retroperitoneal (RP) white adipose tissue (WAT), ab-
dominal (ABD) WAT, and brown adipose tissue (BAT) depots. (Means ±
SEM, n = 20/group, **P < 0.05.)

FIG. 2. Tissue weights of Sprague-Dawley rats fed a control or CLA-sup-
plemented diet for 3 wk. (A) Wet weights of mammary glands and liv-
ers. (B) Wet weights of RP WAT, ABD WAT, and BAT depots. (Means ±
SEM, n = 9/group, **P < 0.05.) For abbreviations see Figure 1.
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Northern blots were performed to determine the effects of
CLA on the expression of various UCP genes. Representative
blots showing mRNA from two animals in each experimental
group are shown in Figures 3, 4, and 6. In addition, mean tran-
script levels from all of the animals in each group normalized
to the 28S ribosomal band are shown graphically.

Figure 3 demonstrates the effects of dietary CLA on
mRNA levels of UCP1 in both mice and rats. UCP1, ex-
pressed exclusively in BAT, was significantly decreased in
CLA-fed mice compared to controls (P < 0.05). There were
no differences, however, in mRNA levels of UCP1 in rats fed
the control diet compared to those fed the 1% CLA diet.
UCP2 is expressed ubiquitously in rodent tissues. In this
study, levels of UCP2 mRNA were examined in the mam-
mary glands, livers, WAT, BAT, and skeletal muscle of mice
and rats fed the control and experimental diets. Representa-
tive Northern blots of UCP2 in various tissues are shown in
Figure 4. As shown in Figure 5A, in which bands from the
Northern blots were quantified, UCP2 mRNA levels were sig-
nificantly increased in the mammary gland, WAT, and BAT
of mice fed CLA (P < 0.05). In contrast, dietary CLA had no
effect on the mRNA levels of UCP2 in any of the tissues stud-
ied in rats (Fig. 5B). UCP3 is expressed in the BAT and skele-
tal muscle of both mice and rats, as depicted in the represen-
tative Northern blots for UCP3 (Fig. 6). mRNA levels of
UCP3 were decreased in BAT of CLA-fed mice (P = 0.05)
compared to controls, but expression of UCP3 in muscle

tissue did not differ between the two groups (Fig. 7A). In rats,
dietary CLA did not affect the mRNA levels of UCP3 in ei-
ther BAT or muscle tissue (Fig. 7B). 

To investigate whether the effects of CLA on UCP gene
expression corresponded to changes in immunoreactive pro-
tein levels, we determined the UCP content of isolated mito-
chondria by Western blot analysis. Consistent with the effects
on gene expression, CLA-fed mice had significantly lower
UCP1 protein levels in BAT compared to controls (P < 0.05),
but UCP1 protein levels in CLA-fed rats were higher than the
controls (P = 0.05) (Fig. 8). UCP3 protein levels were also
significantly decreased in the BAT of CLA-fed mice (P <
0.05) compared to controls, but no differences were observed
in rats. Skeletal muscle UCP3 protein levels were signifi-
cantly increased in CLA-fed mice (P < 0.05) compared to
controls. In rats, there was no difference in skeletal muscle
UCP3 protein content between the control and CLA groups.
As mentioned in the Materials and Methods section, UCP2
protein levels were not determined in this study. We showed
that an antibody we purchased to detect UCP2 reacted with
proteins of similar size and was not useful for Western blot
analysis. It has recently been shown that other commercially
available antibodies for UCP2 are not specific for this protein
and produce other bands of similar M.W. (28). 
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FIG. 3. Representative Northern blots showing the effects of a 1% CLA diet
on uncoupling protein 1 (UCP1) mRNA levels in BAT from mice and rats.
(A) Lanes 1 and 3 correspond to mRNA from controls, and lanes 2 and 4
correspond to mRNA from CLA-fed animals. Each lane is from a different
animal. (B) Levels of UCP1 mRNA relative to 28S rRNA are shown. Num-
bers in parentheses indicate the number of animals/group for each tissue.
(Means ± SEM, **P < 0.05.) For abbreviations see Figure 1.

FIG. 4. Representative Northern blots showing the effects of a 1% CLA
diet on UCP2 mRNA levels in various tissues in mice and rats. Lanes 1
and 3 correspond to mRNA from controls, and lanes 2 and 4 correspond
to mRNA from CLA-fed animals. Each lane is from a different animal.
For abbreviations see Figures 1 and 3.
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DISCUSSION

The objectives of this work were to investigate the effects of
dietary CLA on the expression of UCP in rats and mice and
to determine whether increased expression of UCP is a plau-
sible mechanism by which CLA could directly or indirectly
exert a protective effect on mammary gland tumorigenesis.
We hypothesized that by regulating available energy, in-
creased expressions of UCP, particularly UCP2, which is ex-
pressed in the mammary gland, could affect susceptibility to
carcinogen-induced tumorigenesis in a manner similar to
caloric restriction. It is likely that induction of UCP2 would
reduce the efficiency of ATP synthesis, leading to global loss
of cell membrane integrity and finally cell death by necrosis
and/or apoptosis (23). A loss of epithelial cells in the mam-
mary gland in this way could reduce the population of target
cells for the carcinogen or, postinitiation, lead to a loss of pre-
neoplastic cells. 
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FIG. 5. Levels of mouse (A) and rat (B) mammary gland, muscle, WAT,
liver, and BAT UCP2 mRNA relative to 28S rRNA. Numbers in paren-
theses indicate the number of animals/group for each tissue. (Means ±
SEM, **P < 0.05.) MG, mammary gland; for other abbreviations see Fig-
ures 1 and 3.

FIG. 6. Representative Northern blots showing the effects of a 1% CLA
diet on UCP3 mRNA levels in muscle and BAT of mice and rats. Lanes
1 and 3 correspond to mRNA from controls, and lanes 2 and 4 corre-
spond to mRNA from CLA-fed animals. Each lane is from a different an-
imal. For abbreviations see Figures 1 and 3.

FIG. 7. Levels of mouse (A) and rat (B) BAT and muscle UCP3 mRNA
relative to 28S rRNA. Numbers in parentheses indicate the number of
animals/group for each tissue. (Means ± SEM, **P ≤ 0.05.) For abbrevia-
tions see Figures 1 and 3.
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The rationale for investigating the effects of dietary CLA
on UCP expression in both rats and mice in the present study
was twofold. First, Sprague-Dawley rats initiated with 7,12-
dimethylbenz[a]-anthracene or N-methyl-N-nitrosourea have
been used to demonstrate the inhibitory effects of CLA on
mammary carcinogenesis. Second, CLA has already been
shown to increase energy expenditure in mice significantly
(29), thus allowing mice to be used as controls for studies on
UCP regulation. The mouse, however, is a poor model in
which to study mammary tumorigenesis (30,31) and has not
therefore been used to study the effects of CLA on cancer de-
velopment.

As summarized in Table 1, our results show that regula-
tion of UCP by CLA occurs in a different manner in rats and
mice. Rats fed CLA had significantly reduced weights of
WAT depots compared to controls, but no changes in total
body weight. This lack of a change in body weight in rats,
however, most likely reflects the fact that the WAT depots we
measured represent only ~2% of total body weight. Thus, sig-
nificant changes in the weights of these depots would not re-
sult in significant changes in body weight. There were no dif-
ferences in the weights of any of the other tissues we analyzed
in rats. Although previous studies in mice indicate that de-
creased body fat is associated with increased expression of
UCP2 (32), this is not what we observed in rats. Indeed, CLA
did not affect the expression of UCP2 in any of the tissues

studied in rats, including the mammary gland. The expression
of the other UCP homologs also was unaffected by CLA treat-
ment in most of the tissues studied in rats. Dietary CLA given
at the dose used in the current study (1%) and at levels 10-
fold lower (0.1%) results in significant inhibition of mam-
mary carcinogenesis in rats (2,3). Since the biochemical prop-
erties of early preneoplastic cells are likely to be similar to
normal cells, the lack of an effect of 1% dietary CLA on UCP
expression that we observed in the normal mammary gland
of the rat suggests that it is unlikely that these proteins play a
significant role in the inhibitory effect of CLA on cancer de-
velopment.

In the present study, mice fed CLA had significantly lower
weights of WAT, BAT, and whole mammary glands compared
to controls, without any changes in total body weight. Our ob-
servations that the livers of CLA-fed mice weighed signifi-
cantly more and were paler in color than livers from control
animals are consistent with the reports of others that CLA-fed
mice develop fatty livers (23,33). One reason for the lack of
change in body weight of mice fed CLA may be that the loss
of mass of the adipose depots is partially offset by the in-
crease in the weight of the liver. Furthermore, although we
did not measure total lean body mass in this study, it has been
reported by others that dietary CLA significantly increases
body protein accretion in mice (34). Despite the similarity in
the effect of CLA on fat accumulation in rats and mice, our
data indicate that the metabolic effect of CLA on UCP ex-
pression is quite different in the two species. 

Consistent with studies in mice and humans suggesting
that increased expression of UCP is associated with decreased
body fat (32,35), in the present study, expression of UCP2
mRNA in WAT and BAT was significantly increased with
CLA feeding. Indeed, our results confirm those from a recent
study showing increased UCP2 in adipose tissues of mice fed
CLA (23). In the liver there was no difference in UCP2 ex-
pression between either of the dietary groups. In the mouse
mammary gland (including adipocytes, epithelial cells, and
stromal cells) we showed increased UCP2 mRNA with CLA
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FIG. 8. Representative Western blots of mitochondrial UCP1 and UCP3
from BAT and muscle of mice and rats. (A) Lanes 1 and 3 correspond to
protein from controls, and lanes 2 and 4 correspond to protein from
CLA-fed animals. Each lane is from a different animal. (B and C) Rela-
tive densities of UCP protein in mice (B) and rats (C). Numbers in paren-
theses indicate the number of animals/group for each tissue. (Means ±
SEM, **P < 0.05.) For abbreviations see Figures 1 and 3.

TABLE 1
Summary of the Effects of Dietary CLA on Uncoupling Proteins (UCP)
in Mouse and Rata

Mouse Rat

mRNA Protein mRNA Protein

UCP1
BAT ↓ ↓ ↔ ↑

UCP2
MG ↑ N/A ↔ N/A
WAT ↑ N/A ↔ N/A
BAT ↑ N/A ↔ N/A
Muscle ↔ N/A ↔ N/A
Liver ↔ N/A ↔ N/A

UCP3
BAT ↓ ↓ ↔ ↔
Muscle ↔ ↑ ↔ ↔

a↓ (decrease), ↑ (increase), ↔ (no significant change), N/A = not avail-
able; BAT, brown adipose tissue; MG, mammary gland; WAT, white
adipose tissue.

A

B C



feeding. It has been reported that, compared to animals fed a
control diet, a diet containing CLA significantly decreases the
growth rate of human breast cancer cells injected into the
mammary fat pads of mice (36). Based on our data, a possi-
ble mechanism for this effect is through increased UCP2 ex-
pression, leading to reduced energy availability to the trans-
planted cells. Although we did not separate the mammary
glands into individual cell types, a recent paper provides evi-
dence that the stromal compartment within the mouse mam-
mary gland expresses UCP1 and other genes involved in FA
oxidation (37). These authors suggested that the coordinate
regulation of genes involved in the β-oxidation of FA indi-
cates the presence of BAT in the mammary gland. This sug-
gests, in turn, a functional role for the mammary gland in
adaptive thermogenesis (37). Tsuboyama-Kasaoka et al. re-
ported that CLA induces apoptosis and increases UCP2
mRNA expression in adipose tissues of mice, suggesting that
this may be a mechanism responsible for the reduced adipose
tissue mass observed in CLA-fed mice. 

The altered expression of UCP we observed in the BAT of
mice may be involved in mechanisms of thermoregulation.
BAT in rodents plays a major role in controlling body weight
through diet-induced thermogenesis. This is primarily medi-
ated by the uncoupling of mitochondrial respiration resulting
from the marked oxidative capacity of the brown adipocytes
(13,38). We hypothesized that the expression of UCP in BAT
would be increased, corresponding to the increased energy
expenditure and reduced adiposity that has been reported in
mice fed CLA (29,39). Unexpectedly, mRNA and protein lev-
els of UCP1 and UCP3 in BAT were significantly lower in
CLA-fed mice compared to controls. One reason for these de-
creases could be an adaptive mechanism to compensate for
increased UCP2 expression. In the BAT of UCP1-null mice,
there is a fivefold elevation in the expression of UCP2 mRNA
(40). Increased BAT UCP2 may be the reason that the UCP1-
null mice do not have increased susceptibility to obesity (38).
These observations suggest that these null mice have a com-
promised capacity to thermoregulate, such that they need to
use other mechanisms to increase energy expenditure (38).
Thus, UCP in BAT that are under control of the sympathetic
nervous system (SNS) may function coordinately to enable
the animal to maintain body weight and energy balance. In
contrast to mice, in CLA-fed rats we observed a small but sig-
nificant increase in UCP1 protein levels in BAT compared to
controls. The physiological significance of this effect, how-
ever, is not clear. 

Of all tissues, skeletal muscle plays the largest role in en-
ergy utilization owing to its size and has long been proposed to
be the major site for adaptive thermogenesis in large mammals
(12). There has been much interest recently in the UCP3 gene
since its expression in skeletal muscle could potentially regu-
late fat metabolism and the development of obesity in humans
(41). Expression of UCP in skeletal muscle, unlike BAT, is not
under the control of the SNS (42). Results from in vitro studies
in cells transfected with UCP3, as well as ex vivo and in vivo

studies in knockout and transgenic mice, suggest that UCP3 is
thermogenic (43). Accumulating evidence, however, has led
some investigators to conclude that UCP3 in skeletal muscle is
primarily associated with the regulation of lipids as fuel sub-
strate (42) and increased FA oxidation (44). 

In the present study in mice, UCP3 was regulated differ-
ently in skeletal muscle than in BAT. We observed no changes
in the mRNA levels of UCP3 in skeletal muscle isolated from
mice fed CLA, but Western blot analysis showed that UCP3
protein was increased significantly, suggesting that this pro-
tein is under posttranslational control. These findings are con-
sistent with a recent report suggesting UCP2 is regulated
posttranslationally (28). In that study, while UCP2 mRNA
levels remained unchanged, protein levels increased dramati-
cally after stimulation with liposaccharide (28). Other studies
that have investigated the effects of CLA on UCP have re-
ported either that expression of UCP3 in the skeletal muscle
of mice is not affected by CLA feeding (22,23) or that UCP3
mRNA levels are decreased (45). These studies, however, in-
vestigated only mRNA expression. Our results highlight the
importance of analyzing both mRNA and protein levels to de-
termine whether dietary or physiological stimuli influence
these proteins at the transcriptional or translational level. Di-
etary CLA has been shown to increase FA oxidation in skele-
tal muscle (39). Our results indicate that induction of UCP3
may play a role in this effect since increased expression of
UCP3 is associated with increased FA oxidation (44). 

One reason for the different effects of CLA on UCP ex-
pression in mice and rats could be the known species-specific
role of CLA in the activation of peroxisome proliferator-acti-
vated receptors (PPAR). CLA functions as a PPAR activator
in mice (46) but in Sprague-Dawley rats it exerts little or no
effect on PPAR-responsive genes. (47,48). Recent studies
have shown that expression of UCP is regulated directly and
indirectly by activated PPAR (49–52). Thus, it is possible that
increased UCP2 expression in mice by CLA is a result of ac-
tivation of PPAR.

In summary, dietary CLA caused a significant lowering of
body fat accumulation in both rats and mice. In rats, however,
CLA did not affect the expression of UCP in most of the tis-
sues studied including the mammary gland, suggesting that
induction of UCP is not a major mechanism responsible for
fat reduction or for the known inhibitory action of CLA on
mammary carcinogenesis. The alterations in UCP in mice ob-
served in this study may be related to the previously reported
effects of dietary CLA in lowering adiposity and increasing
FA oxidation, and thus merit further investigation. 
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ABSTRACT: By using the polymerase chain reaction approach
with two degenerate primers targeting the heme-binding and the
third histidine-rich motifs in microsomal carboxyl-directed desat-
urases, we identified a cDNA PiD5 from Pythium irregulare en-
coding a ∆5 desaturase. The substrate specificity of the enzyme
was studied in detail by expressing PiD5 in a yeast (Saccha-
romyces cerevisiae) mutant strain, AMY-2α, where ole1, a ∆9 de-
saturase gene, is disrupted. The result revealed that the encoded
enzyme could desaturate unsaturated FA from 16 to 20 carbons
beginning with ∆9 and ∆11 as well as ∆8 ethylenic double bonds.
Introduction of PiD5 into Brassica juncea under the control of a
CaMV 35S constitutive promoter resulted in accumulation of sev-
eral ∆5-unsaturated polymethylene-interrupted FA (∆5-UPIFA) in-
cluding 18:2-5,9, 18:2-5,11, 18:3-5,9,12, and 18:4-5,9,12,15 in
vegetative tissues. The transgenic enzyme could also desaturate
the exogenously supplied homo-γ-linolenic acid (20:3-8,11,14)
to arachidonic acid (20:4-5,8,11,14). Introduction of PiD5 into B.
juncea and flax under the control of seed-specific promoters re-
sulted in production of ∆5-UPIFA, representing more than 10%
of the total FA in the seeds. 

Paper no. L9061 in Lipids 37, 863–868 (September 2002).

Long-chain PUFA (LCPUFA) such as arachidonic acid (AA,
20:4-5,8,11,14) and EPA (20:5-5,8,11,14,17) are ∆5 desatu-
rated FA with multiple double bonds in the acyl chains. They
are essential components of cell membranes and intermedi-
ates for the biosynthesis of various eicosanoids, a series of bi-
ologically active compounds involved in regulation and me-
diation of cell homeostasis and physiological activities in
mammals (1). Clinical research has shown that appropriate
uses of these FA can provide protection against some chronic
diseases such as cardiovascular disease and arterial thrombo-
sis and can provide some beneficial effect on arthritis, renal
disorders, diabetes, and various cancers (2,3).

Biosynthesis of ∆5-LCPUFA occurs through sequential
desaturation and chain-elongation in most eukaryotic species.

Starting with linoleic acid (LA, 18:2-9,12), biosynthesis of
LCPUFA involves ∆6 desaturation of LA to GLA (18:3-
6,9,12), followed by elongation of GLA to homo-γ-linolenic
acid (HGLA, 20:3-8,11,14) and ∆5 desaturation of HGLA to
AA (20:4-5,8,11,14). The same set of desaturases and elon-
gases can work on α-linolenic acid (18:3-9,12,15), yielding
the n-3 series of LCPUFA such as EPA (20:5-5,8,11,14,17). 

Genes encoding ∆6 FA desaturases have been cloned and
characterized from various sources including higher plants (4),
fungi (5), nematodes (6), moss (7), and mammals (8). More re-
cently, genes encoding ∆5 desaturase also have been identified
from a slime mold (9), a nematode (10,11), Mortierella alpina
(12,13), and humans (14,15). These studies have facilitated our
understanding of the molecular mechanism underlying the
biosynthesis as well as our application of this knowledge to the
production of the EFA in heterologous systems.

In this report, we describe the identification of PiD5, a new
cDNA from Pythium irregulare encoding a ∆5 FA desaturase.
Pythium irregulare is an oleaginous fungus that is unusual in
that it contains a large amount of AA and EPA, both of which
contain ∆5 double bonds and show promise as dietary supple-
ments. Expression of the desaturase in yeast and two differ-
ent plants indicated that the P. irregulare enzyme might be
useful for large-scale production of these ∆5 FA in plants.

MATERIALS AND METHODS

Strains and culture conditions. Pythium irregulare 10951 ob-
tained from the American Type Culture Collection (Manas-
sas, VA) was grown at 25°C for 6 d in a liquid medium con-
sisting of yeast extract, 3.0 g/L; malt extract, 3 g/L; peptone,
5 g/L; glucose, 10 g/L; K2HPO4, 0.68 g/L, pH 6.0 (16). Bio-
mass was harvested by filtration and washed three times with
distilled water. The dried mass was ground with mortar and
pestle into a fine powder in liquid nitrogen and stored at
−70°C for use. 

Polymerase chain reaction (PCR)-based cloning. Single-
stranded cDNA was synthesized from total RNA using a
First-Strand cDNA Synthesis Kit (Amersham Pharmacia
Biotech, Piscataway, NJ) and used as a template for PCR am-
plification with two degenerate primers (the forward: GCN-
RANGANCAYCCNGGNGG, and the reverse: ATNTKNG-
GRAANARRTGRTG) (17). 
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cDNA library construction and screening. The mRNA was
extracted from total RNA by using DynabeadsTM Oligo(dT)25
(DYNAL®; Dynal Biotech Inc., Lake Success, NY). The
cDNA library was constructed and screened as described by
Hong et al (17).

Expression of PiD5 in yeast (Saccharomyces cerevisiae).
The open reading frame (ORF) of PiD5 was amplified by PCR
using the high-fidelity Pfu polymerase (Stratagene, La Jolla,
CA). After initial amplification, TAQ polymerase was added to
the mixture to facilitate the TA cloning (PCR® 2.1; Invitrogen).
Having confirmed that the PCR products were identical to the
original cDNA by sequencing, the fragments were then re-
leased by BamHI-EcoRI double digestion and inserted into the
yeast expression vector pYES2 (Invitrogen, Carlsbad, CA).
Yeast strains InvSc2 (Invitrogen) and AMY-2α (18) were trans-
formed with the expression constructs using the lithium acetate
method, and transformants were selected on minimal medium
plates lacking Uracil (19). Minimal medium containing 2%
galactose, either with or without 0.3 mM substrate FA in the
presence of 0.1% NP-40 Tergitol (Sigma, St. Louis, MO), was
inoculated with the yeast transformant cell suspension and in-
cubated at 20°C for 3 d.

Expression of PiD5 in Brassica juncea and flax (Linum
usitatissimum). Agrobacterium transformation of B. juncea
and flax was essentially according to our previous report (20).

FA analysis. Plant materials and yeast cells were harvested
and washed twice with distilled water. Then 2 mL of methanolic
KOH (7.5% wt/vol KOH in 95% methanol) was added to the
materials and the mixture was sealed in a 12-mL glass culture
tube and heated to 80°C for 60 min. Then 0.5 mL water was
added and the sample was extracted twice with 2 mL hexane
to remove the unsaponifiable lipids. The remaining aqueous
phase was then acidified by adding 1 mL 6 N HCl and ex-
tracted twice with 2 mL hexane. The hexane phases were
combined and dried under a stream of nitrogen. Next, 2 mL 3
N methanolic HCl (Supelco, Supelco Park, Bellefonte, PA)
was added, and the mixture was heated at 80°C for 20 min.
After cooling to room temperature, 1 mL 0.9% NaCl was added
and the mixture was extracted twice with 2 × 2 mL hexane.

Identity of the FA products was obtained by comparison
of the retention time with standards or by GC–MS analysis of
their derivatives. FA standards were purchased from Sigma
(St. Louis, MO) and Nu-Chek-Prep (Elysian, MN). Fatty acyl
diethylamine derivatives were prepared as described previ-
ously (17). GC–MS analysis was performed in standard EI
mode using a Fisons VG TRIO 2000 mass spectrometer con-
trolled by MassLynx version 2.0 software, coupled to a GC
8000 Series gas chromatograph. A DB-23 column (30 m ×
0.25 mm i.d., 0.25 µm film thickness; J&W Scientific, Fol-
som, CA) that was temperature-programmed at 180°C for 1
min, then 4°C /min to 240°C and held for 15 min, was used
for the analysis (21). 

RESULTS

Identification of PiD5 from P. irregulare. Pythium irregulare
is an oleaginous fungus that is unusual in that it contains

about 9% AA and 20% EPA. To identify genes coding for de-
saturases involved in the biosynthesis of these LCPUFA from
P. irregulare, a PCR-based cloning strategy was adopted. Two
degenerate primers were designed to target the heme-binding
motif of cytochrome (cyt) b5-like domain of so-called front-
end desaturases (22) and the third conservative histidine motif
in all microsomal desaturases, respectively. Using this strat-
egy, we identified cDNA fragments from P. irregulare that
encode a partial protein containing a cyt b5-like domain in the
N-terminus. 

To isolate the full-length cDNA clone, the inserts were
used as probes to screen a cDNA library of P. irregulare,
which resulted in identification of several cDNA clones. Se-
quencing of all those clones identified a full-length cDNA
that was named PiD5. The ORF of PiD5 from P. irregulare is
1371 bp and codes for 456 amino acids (Genbank accession
number AF419297). A homology search indicated PiD5
shares high sequence similarity with the ∆5 desaturases from
Dictyostelium discoideum (9) and M. alpina (12,13). These
results suggest the possible function of PiD5 as a FA desat-
urase involved in AA and EPA biosynthesis.

Expression of PiD5 in yeast. The S. cerevisiae Invsc2 was
initially transformed with a plasmid, which contained the full-
length ORF of the PiD5 under the control of the galactose-
inducible promoter. When the yeast transformant was induced
by galactose in a medium containing HGLA (20:3-8,11,14),
an extra peak was observed in the chromatogram of the
FAME derived from the transformants compared with the
control (Fig. 1). A comparison of the chromatogram with that
of the standards revealed that the FAME had a retention time
identical to AA (20:4-5,8,11,14) methyl ester. To confirm the
regiochemistry of the products, the FAME was analyzed by
GC–MS. The result indicated that the mass spectra of the new
FA and the AA standard were identical (Fig. 2). These results
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FIG. 1. GC analysis of FAME from yeast strain Invsc2 expressing PiD5
with exogenous substrate homo-γ-linolenic acid (HGLA, 20:3-8,11,14).



demonstrate that PiD5 can convert HGLA into AA in yeast
and indeed represents a new ∆5 desaturase from P. irregulare.

To study the substrate specificity of PiD5 further, we trans-
ferred the plasmid into another yeast strain, AMY-2α, where
ole1, a ∆9 desaturase gene, is disrupted (18). The strain is un-
able to grow in minimal media without supplementation with
monounsaturated FA. In our experiments, the strain was grown
in minimal medium supplemented with 17:1(10Z), a nonsub-
strate of PiD5, which enabled us to study the specificity of the
enzyme toward various substrates, especially monounsaturates.
A number of possible substrates including 16:1(9Z), 18:1(9Z),
18:1(11Z), 18:1(11E), 18:1(12E), 18:1(15Z), 18:2(9Z,12Z),
18:3(9Z,12Z,15Z), 20:2(11Z,14Z), and 20:3(11Z,14Z,17Z)
were tested. Results indicated that PiD5 desaturated unsatu-

rated FA with ∆9 ethylenic and ∆11 ethylenic double bonds as
well as the FA with a ∆8 ethylenic double bond (20:3-8,11,14).
It could also desaturate trans FA such as 18:1(11E) and
18:1(12E).

Table 1 shows a comparison of the substrate preference of
PiD5 for FA substrates tested in the yeast strain AMY-2α. As
shown in Table 1, PiD5 appeared to prefer as substrate FA
with a 20-carbon chain, such as 20:3(8Z,11Z,14Z),
20:3(11Z,14Z,17Z), and 20:2(11Z,14Z), whereas short-chain
FA were relatively weaker substrates for the enzyme in yeast. 

Expression of PiD5 in B. juncea. To determine whether PiD5
is functional in oilseed crops and whether its expression has any
effect on their growth and development, we initially transformed
B. juncea with a binary vector that contained PiD5 cDNA be-
hind a constitutive promoter (a tandem cauliflower mosaic virus
35S promoter). Five independent primary transgenic plants were
obtained, and the FA profile of lipids from different tissues was
determined (Fig. 3). Compared with wild type, all transgenic
plant tissues had an altered FA profile containing four additional
peaks, which were identified as four different ∆5-unsaturated
polymethylene-interrupted FA (∆5-UPIFA), specifically, taxoleic
(18:2-5,9); ephedrenic (18:2-5,11); pinolenic (18:3-5,9,12), and
coniferonic acids (18:4-5,9,12,15). Thus, B. juncea, like yeast,
can functionally express the P. irregulare ∆5 desaturase to con-
vert the endogenous substrates 18:1-9, 18:1-11, 18:2-9,12, and
18:3-9,12,15 to the corresponding ∆5 desaturated FA. It ap-
peared that roots produced the highest amount of the ∆5-UPIFA,
representing more than 20% of the total FA, followed by 6% in
stems and 5% in leaves. 

In B. juncea there is no 20:3-8,11,14 substrate available, a
preferred substrate for ∆5 desaturase. Thus, to examine whether
the transgenic plant can produce AA, the substrate 20:3-8,11,14
was exogenously supplied. In this experiment, both wild type
and transgenics were applied with an aqueous solution of
sodium HGLA. It was found that exogenously applied sub-
strates were readily taken up by plant tissues and converted
into AA in transgenic plants (Fig. 4).
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FIG. 2. GC–MS analysis of FAME of the new peak in Figure 1. (A) The
PiD5 product; (B) the arachidonic standard (AA, 20:4-5,8,11,14).

TABLE 1
Conversion of Exogenous FA in Yeast AMY-2α/pPiD5a

Substrate Product
accumulation accumulation Conversion

Substrate (wt%) Product (wt%) (%)

16:1(9Z) 24.41 16:2(5Z,9Z) 0.47 1.89
18:1(9Z) 11.88 18:2(5Z,9Z) 1.26 9.59
18:1(11Z) 6.15 18:2(5Z,11Z) 0.85 12.14
18:1(11E) 4.57 18:2(5Z,11E) 0.08 1.72
18:1(12E) 4.77 18:2(5Z,12E) 0.09 1.85
18:1(15Z) 4.55 18:2(5Z,15Z) 0 0
18:2(9Z,12Z) 3.59 18:3(5Z,9Z,12Z) 0.09 2.44
18:3(9Z,12Z,15Z) 30.71 18:4(5Z,9Z,12Z,15Z) 0.07 0.23
20:2(11Z,14Z) 8.59 20:3(5Z,11Z,14Z) 2.08 19.49
20:3(8Z,11Z,14Z) 14.54 20:4(5Z,8Z,11Z,14Z) 2.68 15.56
20:3(11Z,14Z,17Z) 2.29 20:4(5Z,11Z,14Z,17Z) 1.08 32.04
aValues are means of two duplicate samples. Products were identified by comparison of the retention times with standards
or by GC–MS. pPiD5, plasma PiD5.



Although the ∆5-UPIFA accumulated in all parts of the
transgenic plant, there were no severe observable phenotypic
changes except that the transgenic plant appeared slightly
shorter than the corresponding wild type.

To produce ∆5 desaturated FA in seeds, we transformed B.
juncea with the construct containing PiD5 cDNA behind a
heterologous seed-specific promoter (B. napus napin pro-
moter). Eight transgenic plants were produced, and the FA
compositions of the primary transgenic seeds were deter-

mined. FA analysis of transgenic seeds indicated that there
were two new FA appearing in the gas chromatogram of
transgenics compared with the wild-type control (Fig 5).
These were identified as taxoleic acid (18:2-5,9) and
pinolenic acid (18:3-5,9,12). Together they represent about
10% of the seed FA. Accumulation of ∆5-UPIFA has no sig-
nificant effect on the oleic acid content compared with the un-
transformed control. This result is in contrast to the following
result in flax transgenics expressing the same enzyme. 

Expression of PiD5 in flax. To produce ∆5 desaturated FA in
flax seeds, we transformed flax with PiD5 under the control of a
flax seed-specific promoter (Truksa, M., and Qiu, X., unpub-
lished data). As shown in Table 2, transgenic flax produced
three ∆5 desaturated FA: taxoleic, pinolenic, and coniferonic.
Of these, taxoleic (18:2-5,9) was the most abundant and ac-
counted for more than 9% of the total FA in an elite transgenic
line, followed by coniferonic and pinolenic acids. Surprisingly,
accumulation of ∆5 desaturated FA in transgenic seeds had a
significant impact on the composition of other FA, especially
the oleic acid level. Accumulation of ∆5 FA was accompanied
by a huge increase in the oleic acids. The content of oleic acid
in transgenic plants, on the average, reached 24.3% of the total
FA, relative to the untransformed control at 17.4%.
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FIG. 3. FA composition of vegetative tissues (leaves, stems, and roots)
expressing ∆5 desaturase under the control of the 35S promoter. The FA
levels are shown as the weight percentage of total FA in Brassica juncea.

FIG. 4. GC analysis of root FAME of B. juncea expressing PiD5 with ex-
ogenous substrate HGLA (20:3-8,11,14). For abbreviations see Figures
1 and 3.

FIG. 5. Gas chromatogram of FAME prepared from seeds of B. juncea
expressing PiD5 under the control of the napin promoter. For abbrevia-
tion see Figure 3.

TABLE 2
Accumulation of ∆5-UPIFA in Seeds of Flax Transgenic Lines with the
PiD5 Desaturase Under the Control of a Seed-Specific Promotera

18:1 18:2 18:2 18:3 18:3 18:4
FA (9) (5,9) (9,12) (5,9,12) (9,12,15) (5,9,12,15)

Wild type 17.4 0 14.9 0 56.6 0
Cnl-5-2 19.9 6.8 7.1 0.5 55.6 0.7
Cnl-10-1 29.1 9.3 5.1 0.4 47.6 0.4
Cnl-15-3 23.9 7.1 7.1 0.4 51.6 0.5
aThe FA levels are shown as the weight percentage of total FA. UPIFA, un-
saturated polymethylene-interrupted FA. 



DISCUSSION

In this report we describe isolation of a gene encoding ∆5 de-
saturase from P. irregulare. Expression of the gene in B.
juncea and flax resulted in production of ∆5-UPIFA, where
the gene was expressed. 

∆5-UPIFA occur widely in gymnosperms but less often in
angiosperms (23). These FA are unusual in that two or more
methylene units (CH2) separate the first double bond located
at position 5 from the next double bond. Because of a struc-
ture similar to that of their counterparts, the usual ∆5 desatu-
rated PUFA, ∆5-UPIFA were reported to have beneficial ef-
fects on mammals, similar to those of ∆5 EFA (24). In this
study, we introduced the full-length PiD5 into flax and B.
juncea under the control of a seed-specific promoter, result-
ing in the accumulation of ∆5-UPIFA in oilseeds. In trans-
genic flax, taxoleic acid (18:2-5,9) represented more than 9%
of the total FA. These findings suggest the possibility of pro-
ducing a high level of ∆5-UPIFA in oilseed crops, which may
increase the potential uses of these FA.

An interesting observation of this study was the changes
in the seed FA composition of PiD5 transgenic flax. It ap-
peared that accumulation of ∆5-UPIFA in seeds was accom-
panied by an increase in the oleate content. A similar phe-
nomenon was also observed with transgenic expression of
Fad2-related enzymes, such as Momordica charantia conju-
gase (25) and castor and lesquerella oleate hydroxylases
(26,27). It had been believed that a FA modified at the ∆12
position interferes with the FAD2 enzyme action, resulting in
accumulation of a higher amount of oleic acid. Our data re-
vealed that modification of FA at position 5 could also result
in an increase in the oleate content in flax, but production of
∆5-UPIFA in B. juncea had little effect. It is not clear why the
same transgene had different effects on the level of oleic acid
in flax and B. juncea.

Biosynthesis of ∆5-UPIFA in gymnosperms was believed
to involve two independent ∆5 desaturases. One is specific
for unsaturated FA with a ∆9 ethylenic double bond, the other
for unsaturated FA with a ∆11 ethylenic double bond (28).
Expression of PiD5 in yeast and B. juncea revealed that the
enzyme could effectively work on both 18:1-9 and 18:1-11,
resulting in production of two corresponding products, tax-
oleic and ephedrenic acid, respectively. These data indicate
that the ∆5 desaturase from P. irregulare is quite flexible with
respect to substrate requirement.

EPA and AA are both ∆5 EFA. They form a unique class
of food and feed constituents for humans and animals. Con-
sequently, there is an increasing interest in the production in
plants of AA- or EPA-containing oil for feed supplement and
infant formula fortification. In this report we demonstrate that
the ∆5 desaturase isolated from P. irregulare is active in
oilseed crops. The enzyme, when expressed in B. juncea, de-
saturated endogenous unsaturate substrates, resulting in sev-
eral ∆5 desaturated FA, and exogenously supplied substrate
HGLA, resulting in production of AA in transgenic plants.
These data suggest that this enzyme may be useful for large-

scale production of the ∆5 EFA AA and EPA in oilseed crops.
However, because of the promiscuous nature of the enzyme,
the challenge for the production of AA and EPA in plants will
be how to reduce or eliminate the undesirable FA such as ∆5-
UPIFA. Co-expression of a ∆12 desaturase and others in the
LCPUFA pathway including ∆6 desaturase, ∆6 FA elongase,
and ∆5 desaturase may be a possible solution, by which the
level of undesirable precursors would be reduced.
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ABSTRACT: Alterations in the membrane structure and func-
tion of hepatocyte membranes by fumonisin B1 (FB1) have been
proposed to play an important role in the disruption of growth
regulatory effects and hence in the cancer-promoting ability of
the mycotoxin. Detailed analyses of lipids in liver microsomal
fractions of rats exposed to different dietary levels of FB1 over a
period of 21 d indicated an increase in PC, PE, PI, and choles-
terol (Chol). These changes decreased the PC/PE and increased
the total phospholipid/Chol ratios. When considering FA con-
tent, the quantities of total FA increased (P < 0.05) in the major
phospholipid fractions as a result of the increased phospholipid
levels. However, when considering the relative levels (mg/100
mg of the total FA) of specific FA, the monounsaturated FA
(16:1n-7 and 18:1n-9) and 18:2n-6 increased (P < 0.05),
whereas the long-chain PUFA decreased (P < 0.05) in the main
phospholipid fractions. Enzyme analyses indicated that the ac-
tivity of the ∆6-desaturase was significantly reduced in liver mi-
crosomal preparations in a dose-dependent manner. An in-
crease in the 20:3n-6/20:4n-6 ratio also suggested a decrease in
the activity of the ∆5-desaturase. Disruption of microsomal lipid
metabolism at different levels by FB1 could play an important
role in the alteration of growth regulatory effects in the liver. 

Paper no. L9036 in Lipids 37, 869–877 (September 2002).

Fumonisin B1 (FB1), a naturally occurring mycotoxin pro-
duced by Fusarium verticillioides in corn, alters growth regu-
latory responses in the liver. The inhibitory effect of FB1 on
growth-stimulating responses in vitro in different cell culture
systems (1,2) and in vivo in rat liver has been related to the
cancer-promoting activity of the compound (3,4). Studies in
primary rat hepatocytes indicated that FB1 increased the level
of PC and PE, whereas sphingomyelin (SM) decreased (5).
Total cholesterol (Chol) levels were decreased, and the rela-
tive levels of 18:2n-6 and 20:4n-6 increased. Sphingolipid
metabolism was disrupted via the inhibition of ceramide syn-
thase (6) resulting in the accumulation of sphinganine and to
some extent sphingosine. The disruptions of lipid metabolism
at different levels involving phospholipid, sphingolipid, and
FA biosynthesis were suggested to be key events in the cyto-
toxicity of the fumonisins to hepatocytes (5). Subsequent
investigations in primary hepatocytes indicated that FB1
inhibited the epidermal growth factor (EGF) mitogenic

response, a common property of many cancer promoters in
rat liver (1). This mitoinhibitory effect was not related to the
disruption of sphingolipid metabolism; and events such as the
disruption of Chol, phospholipid, and FA metabolism or com-
bined effects seem to play a determining role. Recent findings
indicated that the mitoinhibitory effect of FB1 was counter-
acted by prostaglandin (PG) E2, suggesting that arachidonic
acid (20:4n-6) metabolism is a key determinant affected by
FB1 (7). The modulation of FB1 on 20:4n-6 and PG-induced
effects on cell cycle progression and apoptosis have been re-
ported (8,9). 

When considering the FA profiles in hepatocytes exposed
to FB1, it has been suggested that the rate-limiting enzyme in
FA metabolism, ∆6-desaturase, is impaired (5). In vivo
changes in the lipid profiles include increased Chol and PE
levels and decreased SM in the liver of rats fed a dietary level
of 250 mg FB1/kg for 21 d (10). A long-term feeding study in
rats indicated an increased PE level at a dietary level as low
as 1 ppm FB1 (10). The relative level of 18:2n-6 was again
significantly increased in PE, and 18:1n-9 was also markedly
increased. The final FA of the n-6 pathway, 22:5n-6, was sig-
nificantly decreased, indicating a disruption of the n-6 meta-
bolic pathway, presumably owing to an impaired ∆6-desat-
urase enzyme. A similar effect was noticed in plasma PC,
where the relative levels of 20:4n-6 and 22:5n-6 were reduced
while 18:2n-6 accumulated.

It was proposed that changes in lipid metabolism in the
liver, including phospho- and sphingolipids, Chol, and FA
metabolism, play a determining role in the toxicological ef-
fects of the fumonisins (11,12). The interaction of these dif-
ferent lipid parameters is likely to be important in determin-
ing cell survival by altering cell proliferative and/or apoptotic
pathways (13,14). The present study investigated lipid pro-
files of liver microsomal preparations of rats exposed to dif-
ferent dietary levels of FB1 and the possible modulating ef-
fect on FA desaturation. 

MATERIALS AND METHODS

Reagents. [1-14C]Linoleic acid (LA; 18:2n-6) and [1-14C]-
GLA (18:3n-6) were obtained from DuPont (Mechelen, Bel-
gium). LA, GLA, NADH, ATP, nicotinamide, coenzyme A,
and BHT [2,6-di-tert-butyl-p-cresol] were ordered from
Sigma Chemical Corporation (St. Louis, MO). FB1 was puri-
fied according to the method described by Cawood et al. (15)
to a purity of 90–95%. 
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Treatment of animals. The Ethics Committee for Research
on Animals approved this study, and it was conducted in com-
pliance with policies and standards detailed in the South
African Medical Research Council’s principles and guidelines
for the use of animals in biomedical research. Fischer 344
male rats were fed diets containing 10, 25, 50, 100, 250, and
500 mg FB1/kg diet over a period of 21 d, as described previ-
ously (3). Rats were terminated by decapitation and the livers
collected in ice-cold saline and frozen at −70°C.

Preparation of microsomal preparations. Liver ho-
mogenates were prepared by a modification of the methods
described by Koba et al. (16) and De Antueno et al. (17).
Liver was homogenized at 4°C with three parts of a homoge-
nizing buffer consisting of a 0.1 M potasium phosphate buffer
containing 0.25 M sucrose, 0.15 M KCl, 5 mM MgCl2, 1 mM
EDTA, and 1.5 mM GSH using a Potter-Elvehjem homoge-
nizer. The homogenate was first centrifuged at 10,000 × g for
20 min, then the supernatant was collected and centrifuged at
105,000 × g for 1 h. The microsomal pellet was resuspended
in homogenizing buffer using a glass homogenizer to a level
of 10 mg protein/mL and stored at  −70°C. 

Lipid analyses. The microsomal preparations (2 mg pro-
tein/mL) were extracted with chloroform/methanol/BHT
(2:1:0.01, vol/vol/%) according to the method of Smuts et al.
(18). No lipid analyses were performed on the liver micro-
somal fraction of the rats fed the 500 mg FB1/kg diet. The
phospholipid classes in the extracts were separated by TLC
according to the method of Gilfillan et al. (19) using
chloroform/methanol/petroleum ether/acetic acid/boric acid
(40:20:30:10:1.8 g, by vol) as developing solvent. The spots
corresponding with the major phospholipids were visualized
under UV light and collected for phospholipid and FA
analyses. Transmethylation of the FA was achieved by
MeOH/H2SO4 (95:5) treatment for 2 h at 70°C in glass-stop-
pered tubes. FAME were analyzed by GC on a Varian model
3700 gas chromatograph using fused-silica megabore DB-225
columns (J&W Scientific, Folsom, CA). The FA peaks were
identified by comparison of retention times to those of a stan-
dard mixture of FFA 14:0 to 22:6 and quantified using an in-
ternal standard (17:0) and expressed as µg FA/mg protein.

Phospholipid analyses were carried out by the method of
Itaya and Ui (20) using malachite green. The collected phos-
pholipid fractions were digested in perchloric acid at 170°C for
2 h and diluted in an appropriate volume of H2O. Quantifica-
tion was effected colorimetrically using phosphate as an exter-
nal standard. The total Chol of the chloroform/methanol ex-
tracts was determined by the enzymatic iodine method using
Chol oxidase and esterase enzyme preparations (18).

∆6-desaturase assay. Enzyme activity was monitored by
the method of Koba et al. (16). Test tubes containing 0.5 µC
LA (ca. 100 nmol/mL = 100 µM; 20 µL ethanol), 0.25 M su-
crose, 0.15 M KCl, containing NaF (45 mM), NADH (1.0
mM), ATP (1.5 mM), CoA (0.25 mM), nicotinamide (0.5
mM), MgCl2 (5 mM), GSH (1.5 mM), and 100 mM phosphate
buffer (pH = 7.4) in a total incubation volume of 1 mL were
preincubated at 37°C for 5 min. A 1-mL microsomal solution

(2 mg protein) was incubated separately for 5 min at 37°C, and
1 mL (2 mg protein) was added to the incubation mixture to
obtain a final protein concentration of 1 mg/mL. This mixture
was incubated for a further 30 min at 37°C. The assay was ter-
minated by the addition of freshly prepared 10% KOH (1.8 N)
in ethanol (2 mL), and the mixture was saponified at 100°C
for 30 min. After acidifying with 0.4 mL of 11.6 N HCl (36%),
the mixture was extracted with hexane (2 × 5 mL), the hexane
was evaporated (N2), and the samples were transmethylated
as described above. FAME were extracted with hexane/H2O
(2 × 2 mL hexane + 1 mL H2O), and the hexane layer was
evaporated to dryness under nitrogen. After addition of 80 µL
of hexane/chloroform (20:5, vol/vol) the methylated products
were fractionated on AgNO3-TLC plates using chloroform/
methanol (50:2, vol/vol) as developing solvent. For the prepa-
ration of the AgNO3-TLC plates, silica gel plates were im-
pregnated with 10% AgNO3 in acetonitrile for 15 min, dried
at 100°C for 20 min, and kept desiccated in the dark prior to
use. The spots were visualized under UV light after spraying
with 0.1% dichlorofluorescein in chloroform/methanol 
(1:1 vol/vol). The spots corresponding with the substrate 
[1-14C]18:2n-6 (LA) and the product [1-14C]18:3n-6 (GLA)
were scraped into scintillation vials; scintillation liquid was
added, and the radioactivity determined. The control treat-
ments consisted of incubations with heat-inactivated micro-
somes and microsomal preparations without the incubation
mixture. Enzyme activity, which served to monitor the forma-
tion of GLA, was expressed as pmol GLA/min/mg protein.

Statistical analyses. Data were analyzed by a two-way
ANOVA using the generalized linear model procedure, and
Tukey’s Studentized range test was used to determine whether
the means differed statistically. Values were considered sig-
nificant if P < 0.05.

RESULTS

Details concerning the effects of the different dietary levels
of FB1 on the liver and body weight gains have been reported
previously (3). In short, body weight gain was significantly
reduced in rats fed the 250 mg FB1/kg diet (P < 0.01) and
markedly (although not significantly) affected in the animals
that received the 100 mg FB1/kg diet. 

Chol and phospholipids. The Chol content of the micro-
somes was significantly (P < 0.05) and marginally (P < 0.1)
increased in the rats fed the 250 and 100 mg FB1/kg diets, re-
spectively (Fig. 1A). Of the different phospholipid fractions
analyzed, no significant effect on the concentration of PS was
noticed as a result of the FB1 treatment. In contrast, the levels
of PC, PE, and PI were significantly increased (P < 0.05 to P
< 0.01) in the 250 mg FB1/kg dietary group (Tables 1 and 2).
In the case of PE, the concentration was also marginally (P <
0.1) increased in the 100 mg FB1/kg dietary group. The total
phospholipid (TPL) concentration was also significantly (P <
0.05) increased from 100 mg FB1/kg, whereas it was margin-
ally (P < 0.1) increased at dietary levels of 10 and 50 mg
FB1/kg diet (Fig. 1A). When considering the relative levels
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of each phospholipid, expressed as a percentage of the TPL
pool, the level of PC remained constant as PE increased mar-
ginally (P < 0.1) and significantly (P < 0.05) at 100 and 250
mg/kg dietary levels, respectively (Table 1). The relative lev-
els of PI and PS significantly (P < 0.05) decreased at the 100
and 250 mg FB1/kg dietary levels. As a result of the increase
in the TPL pool, the total FA (TFA) were also increased mar-
ginally (P < 0.1) to significantly (P < 0.05) in the two high-
dose groups, respectively. Owing to the changes in the lipid
parameters of the microsomal membranes, the Chol/TPL ratio
increased and the TFA/TPL and PC/PE ratios decreased in the
100 and 250 mg FB1/kg dietary groups (Fig. 1B). 

FA profiles. The FA content, expressed as µg/mg protein, of
the different phospholipids is summarized in Tables 1 and 2.

(i) Saturated FA (16:0 and 18:0). The total saturated fats
increased significantly in the PC (P < 0.05) and PE (P < 0.01)
phospholipid fractions in the 250 mg FB1/kg dietary group.
In PC it was also significantly (P < 0.05) increased in the 10
mg FB1/kg dietary group. Both 16:0 and 18:0 increased (P <
0.01) in PE in the high-dose group whereas in PC only 16:0
increased significantly (P < 0.01) in the high-dose group, and
18:0 was markedly increased in all FB1-treated groups. No
changes were observed in PS and PI.

(ii) Monounsaturated FA (16:1 and 18:1). A marked to
significant (P < 0.01 to 0.05) increase in the monounsaturated

FA was noticed in all the phospholipid fractions in the livers
of the two high-dose groups of rats (100 and 250 mg FB1/kg
diet). In PC (P < 0.1) and PE marked increases were also no-
ticed at the 10 and 50 mg FB1/kg dietary levels. Both 16:1
and 18:1 contributed to the increased levels at the two high-
dose levels; 18:1 was marginally (P < 0.1) to significantly 
(P < 0.05) increased in PC in all the FB1-treated groups. 

(iii) PUFA (n-6 PUFA: 18:2n-6, 20:4n-6, 22:4n-6,
22:5n-6). LA (18:2n-6) was significantly (P < 0.1 to 0.01) in-
creased in all the phospholipid fractions in the 100 and 250
mg FB1/kg dietary groups, whereas it was markedly higher in
PC and PE in the 10 and 50 mg FB1/kg groups. Arachidonic
acid (20:4n-6) was significantly (P < 0.05) increased in PC at
dietary levels of 10 and 50 mg FB1/kg, but it was similar to
the control levels in the two high-dose groups. No changes
were observed in PS, whereas it was markedly to significantly 
(P < 0.1 to 0.01) increased in PE and PI at all dose levels. The
terminal FA in the n-6 pathway, 22:5n-6, was significantly 
(P < 0.01) increased in PE at the high-dose level (250 mg
FB1/kg). In PI, 22:5n-6 was significantly (P < 0.05 to 0.01)
increased at all the FB1 dose levels. The total n-6 FA margin-
ally to significantly increased in PC, PE, and PI at all the dose
levels, whereas PS was not affected.

(iv) PUFA (n-3 PUFA: 22:5n-3, 22:6n-3). The level of
22:6n-3 was marginally (P < 0.1) to significantly (P < 0.05 to
0.01) increased in the PC, PE, and PI phospholipid fractions
at the 10 mg FB1/kg dietary levels. At higher dietary levels it
tended to mimic the level in the microsomes of the control
rats despite the increase in the level of the respective phos-
pholipid. The total n-3 FA tended to follow the same pattern
in PC, PE, and PI, whereas PS was not affected. 

FA parameters. Changes in the levels of the FA profiles
presented above are related to the concentration of the respec-
tive phospholipid. As a result, PUFA were marginally (P <
0.1) to significantly (P < 0.05 to P < 0.01) increased in the
microsomal PC, PE, and PI phospholipid fractions of the FB1-
treated animals. The n-6/n-3 FA ratio was also significantly
(P < 0.05) increased in PC and PE at the 100 and 250 mg
FB1/kg dietary levels mainly due to an increase in the n-6 FA.
The polyunsaturated/saturate FA ratio was not altered. The
TFA increased markedly in the microsomes of the rats fed the
10 mg FB1/kg dietary level and significantly at the high-dose
levels as a result of the increased levels of the individual
phospholipids (Tables 1 and 2).

FA desaturation. When considering the activity of the FA
∆-desaturases, the levels of the substrates and products of the
enzyme are relevant. Since the concentration of phospho-
lipids may vary, as in the case of the present study, the rela-
tive amount of each FA, expressed as a percentage of the
TFA, needs to be considered. There was a significant increase
in the relative levels of 16:1n-7, 18:1n-9, and 18:2n-6 and a
significant decrease in the long-chain FA, 20:4n-6 and
22:6n-3, in PC (Fig. 2A) and PE (Fig. 2B) at a dietary level
of 100 mg FB1/kg and above. The terminal FA of the n-6
metabolic pathway, 22:5n-6, significantly (P < 0.05) de-
creased in both PE and PC in the 100 mg FB1/kg dietary
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FIG. 1. (A) Effect of fumonisin B1 (FB1) on the cholesterol (Chol), sphin-
gomyelin (SM), and total phospholipid (TPL) levels in liver microsomes
from rats exposed to different dietary levels over a period of 21 d. (B)
Different lipid ratios that are possible factors modifying membrane flu-
idity. TFA, total FA. (*)P < 0.1, *P < 0.05.



group while no decrease was noticed in the 250 mg FB1/kg
dietary group. A similar relative FA pattern was also noticed
in PS and PI phospholipid fractions (data not shown). When
considering specific FA ratios, using the relative concen-
tration levels, the 18:2n-6/18:3n-6 ratio decreased signifi-
cantly (P < 0.05) in PC, whereas the 18:3n-6/20:4n-6 and
20:3n-6/20:4n-6 ratios increased significantly (P < 0.05) in
both PC and PE at the two high-dose FB1 dietary levels (Fig.
3A). No changes were observed in the 18:3n-6/20:3n-6 ratio
in the PC and PE phospholipid fractions.

Enzyme analyses indicated that the conversion of 14C-LA
to 14C-GLA, catalyzed by the ∆6-desaturase, was significantly
reduced at dietary levels of 100 mg FB1 and higher (Fig. 3).
The activity of the ∆5-desaturase was not determined.

DISCUSSION

Lipid analyses of the livers of rats exposed to different dietary
levels of FB1 indicated that the metabolism of Chol, phospho-
lid, FA, and sphingolipid is altered (10). The present study indi-
cated that the phospholipids were significantly altered in the rat
liver microsomal fraction due to elevated concentrations of PE,
PC, and PI. When considering the relative contribution of each
phospholipid to the TPL pool, PC remained constant at about

60%, whereas PE increased significantly from 20 to 28%. The
relative contribution of both PI and PS to the TPL pool tended
to decrease, from 12 to 10% and from 4 to 2%, respectively. It
appears that FB1 mainly altered the PE phospholipid compart-
ment in rat liver microsomes, resulting in a significant decrease
in the PC/PE ratio. Chol was also significantly increased (2.5
times) at the two higher dietary levels to the effect that, despite
the increase in TPL, the Chol/TPL ratio increased significantly.
The increase in the TPL also resulted in the increase in the TFA
content. In this regard, the relative level of PUFA decreased sig-
nificantly in PC, PE, and PI, and the saturated and monounsatu-
rated FA compartment increased significantly.

The impact of these altered lipid parameters on membrane
fluidity has been discussed in detail elsewhere (21). It was sug-
gested that an increased Chol/TPL ratio decreased the PC/PE
ratio, and the accumulation of the relative levels of the satu-
rated FA together with the decrease in the long-chain PUFA
could result in a more rigid microsomal membrane structure.
It is not known to which extent the increase in the relative lev-
els of the monounsaturated FA, 18:1n-9, and 18:2n-6 counter-
acted the impact of the other parameters in maintaining mem-
brane fluidity. In this regard it was shown that, in persistent
hepatocyte nodules, similar changes to the same lipid parame-
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FIG. 2. The relative levels (% of total) of the FA in the major microso-
mal phospholipids PC (A) and PE (B) of the livers of rats fed different di-
etary levels of FB1 for 21 d. (*)P < 0.1,*P < 0.05. For abbreviation see
Figure 1.

FIG. 3. Alterations of the relative FA ratios associated with changes in
n-6 FA metabolism (A), and the effect of FB1 on the activity of the micro-
somal ∆6-desaturase enzyme as a function of different dietary doses fed
to rats over a period of 21 d (B). Error bars represent the SD. *P < 0.05.
For abbreviation see Figure 1.



ters were associated with an increase in fluidity (22). No
changes in the concentration of the membrane sphingolipid,
SM, were noticed as a result of the FB1 treatment. Apparently,
the disruption of sphingolipid metabolism, more specifically,
the ceramide synthase by FB1, is not reflected in the micro-
somes. The TPL/SM ratio, however, increased significantly
owing to the increase in the PC and PE concentration. As both
phospholipids are involved in the synthesis of SM via PC:cer-
amide-phosphocholine and the PE:ceramide-phosphocholine
transferases (23), the accumulation of PC and PE could be re-
lated to a decreased synthesis of SM owing to a reduced level
of ceramide caused by the inhibition of ceramide synthase by
FB1. Increased microsomal Chol is also known to induce the
synthesis of SM by increasing the activities of the two phos-
pholipid transferase enzymes (23). However, as the level of
SM was not reduced, the above hypothesis does not explain
the accumulation of PC and PE, and/or other mechanisms that
regulate the level of SM in the microsomes may exist. Studies
should be conducted on the modulating effect of FB1 on Chol-
and phospholipid-metabolizing enzymes.

The increased TPL pool also resulted in an increase in the
TFA concentrations in individual phospholipid fractions. This
occurred at dietary levels as low as 10 mg FB1/kg. However,
at the two higher levels the TFA/TPL ratio decreased mainly
owing to an increase in TPL, whereas TFA levels did not in-
crease to the same extent. The latter have been associated
with the decrease in the relative values of PUFA, owing to the
impaired ∆6-desaturase and/or increased lipid peroxidation
induced by the hepatotoxic effects of FB1 in the liver (4).
Abel et al. (24) indicated that lipid peroxidation was signifi-
cantly enhanced in rat liver microsomes after chronic feeding
at a dietary level of 250 mg FB1/kg over a period of 21 d. Sev-
eral other studies confirmed that FB1 induces oxidation dam-
age in membranal environments (25,26). Therefore, despite
the increase in the concentration of the phospholipids, the
PUFA levels, especially the relative levels of 20:4n-6 and
22:6n-3, which are prone to undergo lipid peroxidation, sig-
nificantly decrease in both the PC and PE phospholipid frac-
tions of the rats fed the high-dose FB1 levels. It will not be
possible to distinguish between the relative contribution of
lipid peroxidation and an impaired FA desaturation toward
the reduction of PUFA in the microsomes. 

The activity of the ∆5- and ∆6-desaturase enzymes is af-
fected by many factors including changes in the fluidity of the
microsomal membrane (16), age (27–29), dietary status (30),
different animal species, and different organs in the same
species (16). Studies indicated that, with respect to dietary
Chol and protein, altering the Chol/phospholipid and PC/PE
ratios affects the fluidity of the microsomal membrane as well
as the activity of the enzyme and hence the FA content of the
microsomes (21,31). The FB1-induced alteration of FA
patterns in the major phospholipid fractions in primary
hepatocytes and in rat liver suggests an impaired ∆6-desat-
urase enzyme system (5,10). The present study indicates 
that FB1 significantly decreased the activity of the ∆6-desat-
urase, resulting in the accumulation of 18:2n-6 in the major

phospholipids. When considering the 18:3n-6/20:4n-6 and
20:3n-6/20:4n-6 FA ratios, it appears that the activity of the
∆5-desaturase also is impaired. The increase in 18:3n-6 could
explain the significant decrease in the 18:2n-6/18:3n-6 ratio,
i.e., 18:3n-6 was proportionately higher than 18:2n-6. As no
change was observed in the 18:3n-6/20:3n-6 ratio, it would ap-
pear that the activity of the elongase enzyme was not affected.

Whether the disruption of the activity of the FA ∆-desat-
urases is related to a direct interaction with FB1 or indirectly
to a disruption of the membranal structure is unknown. The
fact that Cawood et al. (32) indicated that FB1 is tightly asso-
ciated with hepatocyte membranes emphasizes the impor-
tance of monitoring the in vitro effects of FB1 on the activity
of the enzyme. Whatever the reason, the impairment of the
FA ∆-desaturases and the resultant disruption of FA metabo-
lism are likely to disrupt the membrane integrity of the mi-
crosomes further. When considering the structural changes of
the microsomal membranal environment, one must recognize
that the activities of other important enzymes are also likely
to be altered. Changes in the Chol and phospholipid mem-
brane constituents have been shown to alter the activities 
of drug-metabolizing enzymes, such as cytochrome P450
(33–37). In this regard, recent studies indicated that the activ-
ity of certain isozymes of the hepatic P450 enzyme system
are selectively inhibited and/or stimulated by FB1 (38,39). 

Structural changes with respect to Chol, phospholipids,
and FA in the membrane environment of neoplastic cells have
been reported to be important in the progression of these le-
sions into cancer (22). Membranal changes in hepatocyte
nodules are associated with increased Chol and PE, resulting
in an increased Chol/TPL ratio, a decrease in the PC/PE ratio,
and changes in membrane fluidity. The ∆6-desaturase has
been reported to be impaired in hepatocyte nodules and other
cancerous tissue resulting in a specific FA pattern in the mem-
branal phospholipids (22,40). The increased concentration of
PE and subsequent increased level of 20:4n-6 have been im-
plied to be important stimuli for the altered growth pattern in
these lesions (22). A specific role for 20:4n-6 in the devel-
opment of hepatocyte nodules has been proposed (22,41),
suggesting a critical role of this FA in cancer development.
Impairment of the ∆6-desaturase, presumably owing to struc-
tural changes in the membrane, is an early event in the gene-
sis of hepatocyte nodules (22) and appears to be closely asso-
ciated with the altered growth pattern of cancerous lesions.
Recently, it was proposed that the disruption of the membrane
structure by FB1, and more specifically the effect on PE and
20:4n-6 levels, could be important for the cancer-promoting
ability of this compound in the liver (4,11). Addition of PG
E2 counteracts the mitoinhibitory effect of FB1 on the EGF
mitogenic response in primary hepatocytes, suggesting the
disruption of 20:4n-6 metabolism (7). FB1 also inhibits the
effects of 20:4n-6, PG-E2, and PG-A2 on apoptosis in
esophageal cancer cells in vitro presumably related to de-
creased ceramide production (9). 

Alterations in rat liver microsomal membrane lipid pro-
files and ∆6- and possibly ∆5-desaturase activity, leading to

FUMONISIN B1 MODULATION OF FA DESATURATION 875

Lipids, Vol. 37, no. 9 (2002)



altered FA metabolism, could have important implications re-
garding signaling pathways that determine cell survival and
cancer development in the liver. 
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ABSTRACT: Previous studies from our laboratory have sug-
gested that the assembly of lipoproteins by the liver is not com-
pleted in the rough endoplasmic reticulum but continues while
the particles are en route to or within the Golgi apparatus. To
investigate further the role of the Golgi apparatus in lipoprotein
assembly, mice were injected with [3H]glycerol and killed 7.5
to 45 min after injection. Microsomes and Golgi apparatus-rich
fractions were isolated from the livers and separated into mem-
brane and content fractions. TG within microsomal and Golgi
membranes were labeled, rapidly reaching peak specific activ-
ity within 7.5 min of isotope injection. The specific activity of
TG in microsomal membranes decreased to approximately 40%
of peak values by 45 min, whereas the specific activity of TG in
the Golgi membranes decreased to approximately 30% of peak
values by 45 min. To determine whether the turnover of the
Golgi membrane TG pool was dependent on microsomal TG
transfer protein (MTP), mice were gavaged with an MTP in-
hibitor, and the labeling experiments were repeated. Inhibition
of MTP attenuated the turnover of newly synthesized Golgi
membrane TG by approximately 50% and the turnover of mi-
crosomal membrane TG by approximately 40%. Based on the
rapid turnover of the Golgi membrane TG pool and the attenu-
ation of the turnover of this pool by MTP inhibitor, we propose
that lipid is transferred from the Golgi membrane to luminal
lipoproteins in an MTP-dependent manner. The results support
our hypothesis that assembly of VLDL continues within the
Golgi apparatus. 

Paper no. L8950 in Lipids 37, 879–884 (September 2002).

A number of studies have suggested that the assembly of
VLDL by the liver occurs via a two-step process (1–3). In this
model, lipoprotein assembly is initiated in the rough endo-
plasmic reticulum (ER) with the synthesis of apolipoprotein
B (apoB). The first step involves the association of apoB with
phospholipids and core material, primarily cholesterol ester,
to form a small HDL-like particle. In the second step addi-
tional core material, primarily TG, is added to the HDL-like
particle to form a VLDL. 

The two-step model implies that assembly is completed
within the ER of the cell. However, considerable evidence

suggests that the Golgi apparatus plays more than a passive
role in the assembly process (4–7). For example, Bamberger
and Lane (4), in studies with chick hepatocytes, concluded
that assembly of TG with apoproteins occurs in the Golgi.
Likewise Higgins’ studies in rat liver suggested that the trans-
Golgi regions appeared to be the major intracellular sites of
assembly of apoB with TG (5). More recent studies by Stille-
mark et al. (8) suggest that assembly of apoB-48-containing
VLDL is not completed in the rough ER. Pulse-chase studies
combined with subcellular fractionation showed that apoB-
48 VLDL did not accumulate in the rough ER, indicating ei-
ther that completed apoB-48 VLDL was rapidly transferred
out of the ER or that assembly steps occurred post-ER. Previ-
ous studies in our laboratory suggest a critical role for the
Golgi apparatus in the assembly process. By comparing the
composition of nascent VLDL (d < 1.006 g/mL) recovered
from the rough ER with VLDL recovered from the Golgi ap-
paratus-rich fractions of rat livers, we concluded that an addi-
tional assembly step occurs while the particles are en route to
the Golgi apparatus or within the Golgi apparatus (9). We es-
timated that up to 50% of the total VLDL TG and 30–40% of
the phospholipid are added after the particle leaves the rough
ER. The source of the lipid and the mechanism by which lipid
is added to the particles is unknown. More recent studies in
our laboratory (10) have documented size heterogeneity of
nascent VLDL within the Golgi apparatus of mouse liver. We
reported that approximately 50% of the apoB within the
lumen of mouse liver Golgi apparatus was associated with
particles recovered in the d 1.006–1.210 g/mL fraction. Fur-
thermore, using radioisotope tracer studies we found that
more than 80% of the newly synthesized apoB found in the
serum was recovered with the VLDL fraction. This suggested
that lipid is added to the nascent particles within the Golgi ap-
paratus before secretion. 

This study was undertaken to investigate further the role
of the Golgi apparatus in the assembly of VLDL by the liver.
In vivo lipid labeling experiments with [3H]glycerol have led
to the identification of a pool of newly synthesized TG within
hepatic Golgi membranes. This pool, distinct from the pools
in the rough and smooth ER, has a rapid turnover rate. Fur-
thermore, the turnover of this pool is attenuated in the pres-
ence of a microsomal TG transfer protein (MTP) inhibitor.
We hypothesize that this pool of TG is derived from the ER
membranes and is used in the lipidation of VLDL within the
Golgi apparatus in an MTP-dependent process. 
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EXPERIMENTAL PROCEDURES

Animals. Male ICR mice (approximately 30 g) were purchased
from Harlan Industries (Indianapolis, IN). The animals were
maintained in the Vanderbilt University Animal Care facility
on food (Wayne Lab Blox; Allied Mills, Inc., Chicago, IL) and
water ad libitum for at least 5 but no longer than 10 d prior to
the experiments. All procedures using mice were approved by
the Animal Care and Use Committee at Vanderbilt University.

Isolation of subcellular fractions. Golgi apparatus-rich frac-
tions were isolated from the mouse livers by the method of
Swift et al. (10). Livers (usually three, with a total mass of 5–6
g) were minced finely with scalpels, placed in homogenizing
buffer (1.5 mL/g) consisting of 0.1 M phosphate buffer, pH 7.3;
0.25 M sucrose; 1% dextran; and 0.01 M MgCl2 and homoge-
nized at a setting of 45 for 20 s using a Virtishear homogenizer.
The homogenate from three livers was placed in one tube and
centrifuged in an SW40 rotor at 900 × g for 10 min, at which
point the speed was increased to 6,000 × g and the samples cen-
trifuged an additional 30 min. The supernatant was discarded
except when used for the isolation of microsomes (see below).
Homogenizing buffer (1.7 mL) was then added to the pellet.
The top one-third of the pellet was gently dislodged from the
remainder of the pellet, resuspended, and layered on 8 mL of
1.2 M sucrose. The samples were centrifuged in the SW40
rotor at 3,300 × g for 10 min, after which the speed was in-
creased to 13,000 × g for 10 min and finally increased to 83,000
× g for 45 min. The material banding on the 1.2 M sucrose pad
was carefully removed, diluted with ice-cold distilled water,
and pelleted using the SW40 rotor (6,000 × g for 30 min). The
pellet was resuspended in 15 mM Tris and 0.154 M NaCl, pH
7.4, and the content and membrane fractions were recovered
by sodium carbonate treatment followed by centrifugation as
described below. 

Microsomes were isolated by centrifugation of the first
supernatant at 114,000 × g for 60 min using an SW41 rotor. The
pellet was washed by resuspending it in PBS; it was then pel-
leted under the same conditions. The final microsomal pellet
was resuspended in PBS, quick-frozen, and stored at −80°C.

Cytosolic fat was defined as the fat that floated during the
initial isolation of microsomes. It was recovered from the top
of the tube after tube slicing and washed in PBS under the same
conditions as used for isolation. 

Separation of membrane and luminal content fractions.
Golgi and microsomal fractions were incubated on ice with an
equal volume of 0.2 M sodium carbonate, pH 11.0, for 60 min
(11). The final concentration of protein in the sample was ap-
proximately 0.5–1.0 mg/mL. The membranes were pelleted
using an Optima TLX tabletop ultracentrifuge with a TLA
120.2 rotor (511,000 × g, 30 min). The supernatant was dia-
lyzed against 0.154 M NaCl and 0.01% EDTA, pH 7.4, and was
used to isolate luminal lipoproteins. 

Isolation of nascent subcellular and serum lipoprotein frac-
tions. The d < 1.006 g/mL fraction was isolated using the TLA
120.2 rotor. The samples were centrifuged for 3 h at 511,000

× g, and the top 250–300 µL was removed after tube slicing.
The density of the infranatant was raised to 1.210 g/mL using
solid KBr, and the d 1.006–1.210 g/mL fraction was floated by
centrifuging for 4.5 h at 511,000 × g in the TLA 120.2 rotor.
The top 250–300 µL was removed after tube slicing, and both
the d < 1.006 and the d 1.006–1.210 g/mL fractions were dia-
lyzed against 0.01% EDTA, pH 7.4, with a final change against
distilled water prior to lyophilization. Serum lipoproteins were
isolated at the same densities using the same conditions with
the final fractions being dialyzed and lyophilized. 

Radioisotope incorporation studies. Mice were anesthetized
with ketamine/xylazine and injected via the retroorbital plexus
with 25–30 µCi [2-3H]glycerol (16.5 Ci/mmol; NEN Life Sci-
ence Products, Inc., Boston, MA). At 7.5, 15, 30, and 45 min
after injection, the animals were killed by exsanguination from
the inferior vena cava. The livers were removed, trimmed of
excess fat and connective tissue, and rinsed. Subcellular frac-
tions and nascent lipoproteins were isolated as described above.
Aliquots of serum (100 µL) were taken for isolation of serum
lipoprotein fractions as described above. 

MTP inhibitor studies. MTP inhibitor (BMS 197636, kindly
provided by R. Gregg, Bristol Myers Squibb, Princeton, NJ)
was dissolved in 10% M-Pyrol (N-methyl-2-pyrrolidone) 80%
water, 5% Cremophor EL, and 5% ethanol at a concentration
of 6.25 mg/mL. The inhibitor was administered to mice by gav-
age (20 µg/g) 60 min prior to injection of [3H]glycerol. The
remainder of the experiment was as described above. To estab-
lish the effectiveness of the MTP inhibitor, hepatic VLDL TG
production rates were assessed using Triton WR1339 (12). 

Isolation of lipids. Membrane and cytosolic fat fractions
were delipidated using the method of Folch et al. (13). Lipopro-
tein fractions were delipidated using ethanol/ether (14). Neu-
tral and polar lipids were separated using small silicic acid
columns (15). Neutral lipids were separated into individual
lipid classes by TLC on silica gel 60A thin-layer plates (What-
man K-6; Fisher Scientific, Atlanta, GA) with petroleum
ether/ethyl ether/acetic acid (80:20:1, by vol) as the developing
solvent. TG were scraped from the plate into scintillation vials.
Scintillation fluid (Bio-Safe II; Research Products International
Corp., Mount Prospect, IL) was added, and radioactivity was
determined using a Beckman LS6800 scintillation counter. 

Analytical and enzymatic assays. Protein was determined
by the bicinchoninic acid method (Pierce, Rockford, IL), mod-
ified to eliminate interference by lipid (16) and using BSA as
standard. TG were quantified using an enzymatic assay
(Raichem, San Diego, CA) adapted to microtiter plates.
Aliquots of the lipid fractions were dissolved in isopropanol,
and 20 µL was added to each well. Water (80 µL) was added
followed by 100 µL of the color reagent. Plates were incubated
at 37°C for 10 min and read at 520 nm using a BioRad Model
550 microplate reader. The assay was linear from 0.5 to 10.0
µg TG. Glycerol was used as a standard. 

Statistics. Data are presented as the mean ± SEM and were
analyzed by an unpaired Student’s t-test using GraphPad InStat
(GraphPad Solftware, San Diego, CA). 
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RESULTS

[3H]Glycerol incorporation studies. [3H]Glycerol was incor-
porated rapidly into Golgi and microsomal membrane TG,
reaching peak specific activity in both membranes within 7.5
min of isotope injection (Fig. 1A). The specific activity of TG
in the microsomal membranes decreased to approximately
40% of peak value by 45 min, while the specific activity of
TG in Golgi membrane decreased to about 30% of peak value
within the same time. 

The appearance of labeled TG in Golgi VLDL followed a
pattern similar to that of the TG within the Golgi membrane;
however, the specific activity of Golgi VLDL TG was less
than 50% of that in the Golgi membrane at each time point
(Fig. 1B). The specific activity of TG in the d < 1.006 g/mL
lipoproteins recovered from the microsomal fraction re-
mained relatively low with a peak near 15 to 30 min. The spe-
cific activity of the luminal TG was lower than in the mem-
brane, similar to that observed in the Golgi. Labeled TG did
not appear in the serum VLDL fraction until the 15-min time
point, and increased to the 30-min time point, consistent with
peak intracellular specific activity and its trafficking out of
the cell (Fig. 2A). 

Incorporation of [3H]glycerol in MTP-inhibited animals.
The MTP inhibitor BMS 197636 was administered to mice

by gavage, and 60 min later hepatic TG production rates were
determined. The MTP inhibitor decreased hepatic TG produc-
tion rates by greater than 85% [127.4 ± 4.7 vs. 17.1 ± 5.9
(mean ± SEM) µmol/kg/h, n = 3/group] (Fig. 2B). To verify
the block in hepatic TG production, the inhibitor was given
to mice and 60 min later [3H]glycerol was injected. Less than
5% of the radioactivity found in the serum VLDL of control
animals was recovered in the MTP-inhibited mice, confirm-
ing the block of MTP activity and secretion of VLDL TG
(Fig. 2A). 

Inhibition of MTP did not affect the incorporation of
newly synthesized TG into microsomal membranes, as the
specific activity of the TG in these membranes at 7.5 min was
identical to that found in the control (noninhibited) animals.
However, inhibition of MTP did attenuate the turnover of
newly synthesized TG in both the microsomal and Golgi
membranes (Fig. 3). In microsomal membranes the turnover
was reduced by approximately 40%, whereas in the Golgi
membranes turnover was reduced nearly 50%. 

The inhibitor dramatically altered the incorporation of
newly synthesized TG into the cytosolic pool. In control ani-
mals the cytosolic TG pool reached peak specific activity ap-
proximately 30 min after [3H]glycerol injection (Fig. 4). In
contrast, in animals given the inhibitor the specific activity of
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FIG. 1. Incorporation of [3H]glycerol into TG of mouse hepatic frac-
tions. Mice were injected with 25–30 µCi [2-3H]glycerol, and hepatic
fractions were isolated at different times after injection. Lipids were ex-
tracted, and TG mass and radioactivity were determined as described
in the Experimental Procedures section. (A) Golgi and microsomal
membranes; (B) Golgi and microsomal VLDL. Data represent the mean
± SEM. Golgi, n = 5; microsomes, n = 4. 

FIG. 2. Effects of the microsomal TG transfer protein (MTP) inhibitor
BMS 197636 on hepatic TG production in mice. BMS 197636 was ad-
ministered to mice by gavage (20 µg/g), and 60 min later [2-3H]glycerol
was injected. The appearance of labeled TG in serum VLDL was moni-
tored (A), and hepatic TG production was determined using the Triton
method (B). Data represent the mean ± SEM. (A) Control, n = 3; MTP
inhibitor (MTPi), n = 3. (B) Control, n = 5; MTPi, n = 3. 



the cytosolic TG reached peak value within 7.5 min, and the
specific activity at this time point was identical to the specific
activity at 30 min in the control animals (Fig. 4). In addition,
the specific activity of the cytosolic TG in the presence of the
inhibitor remained constant over the experimental period,
suggesting little movement out of this pool. 

Hepatic membrane and cytosol TG content. Golgi mem-
branes recovered after sodium carbonate treatment and re-
lease of luminal lipoproteins contained over twice as much
TG as membranes recovered from microsomal fractions (P =
0.0004) (Table 1). Inhibition of MTP led to a significant de-
crease in the amount of TG in the Golgi membrane and a
slight, but not significant, increase in the amount of TG in the
microsomal membrane. The cytosolic TG pool increased
more than 130% when MTP was inhibited. It is important to
note that in these studies MTP was inhibited from 67.5 to 105
min. 

DISCUSSION

A growing body of evidence suggests that the assembly of
VLDL is not completed within the ER of the cell but contin-
ues en route to or within the Golgi apparatus (8,10,17). Previ-

ous studies from our laboratory have indicated that as much
as 50% of the TG and 30% of the phospholipid may be added
in the Golgi apparatus of the cell (9). More recent studies
from our laboratory have identified a population of apoB-con-
taining HDL within the Golgi apparatus of mouse liver that
are apparently secreted as VLDL, suggesting that neutral lipid
is added within the Golgi apparatus (10). The results pre-
sented here provide additional evidence for a direct role of
the Golgi apparatus in the assembly process. Our studies
demonstrate the presence of a pool of newly synthesized TG
within the membranes of the Golgi apparatus. Based on mem-
brane protein, the level of TG within this membrane is greater
than that in the membrane of the ER (Table 1). The turnover
of TG in the Golgi membrane pool is rapid and is similar to
that found with the TG in the membrane of the microsomal
fraction. Furthermore, the turnover of this Golgi membrane
pool is attenuated by the MTP inhibitor BMS 197636. We
suggest that this pool of TG is used in the lipidation of
lipoproteins within the Golgi apparatus in an MTP-dependent
process. 

The presence of TG within Golgi membranes is not a new
finding. Hebbachi and Gibbons (18) incubated rat hepatocytes
for 4 h in the presence of labeled oleate and glycerol and re-
ported that the membranes of both cis- and trans-Golgi were
more heavily labeled with TG than those of the rough or
smooth ER. The trans-Golgi membrane had nearly twice as
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FIG. 3. Effects of the MTP inhibitor BMS 197636 on turnover of newly
synthesized TG in microsomal and Golgi membranes. Control mice and
mice given the BMS 197636 (20 µg/g) were injected with [2-3H]glyc-
erol, and hepatic Golgi and microsomal membranes were isolated at
7.5 and 45 min postinjection. TG mass and radioactivity were deter-
mined as described in the Experimental Procedures section, and spe-
cific activity was calculated. The specific activity of TG at 45 min is ex-
pressed as percentage of specific activity at the 7.5-min time point. Data
represent the mean ± SEM. Control, n = 4; MTPi n = 3. *,**Significantly
different from control at P = .007 and .003, respectively. For abbrevia-
tions see Figure 2.

FIG. 4. Incorporation of [3H]glycerol into TG in the cytosolic pool. Con-
trol mice and mice given the MTP inhibitor (BMS 197636, 20 µg/g) were
injected with [2-3H]glycerol, and hepatic cytosolic fat was isolated at
various times postinjection. TG mass and radioactivity were deter-
mined, and specific activity was calculated. Data are expressed as mean
± SEM. Control, n = 4; MTPi, n = 4. *Significantly different from control
at P < .005. For abbreviations see Figure 2.

TABLE 1
TG Content of Hepatic Fractionsa

Group Golgi membranes Microsomal membranes Cytosol
(mg/mg protein) (mg/mg protein) (µg/g liver)

Control 0.062 ± 0.007a,b 0.027 ± 0.003a 198.0 ± 13.0c

MTP inhibited 0.031 ± 0.004b 0.032 ± 0.004 461.2 ± 42.9c

aData represent the mean ± SEM from eight preparations. Values with the same roman superscript are significantly different
at the following P values: a0.0004; b0.0007; c<0.0001.  



much labeled TG per mg subcellular vesicle protein as the
smooth ER membrane and almost 10 times as much as the
rough ER membrane. The cis-Golgi membrane contained
about the same amount of labeled TG as the smooth ER mem-
brane but eight times as much as the rough ER. Our studies
demonstrate that the mass of TG in the Golgi membrane per
mg protein is two to three times that found in the membranes
of the rough and smooth ER (Table 1). Since TG is not a struc-
tural component of membranes and since the Golgi membrane
is not recognized as a major site of TG synthesis, the presence
of this amount of TG within the Golgi membrane led to ques-
tions about its origins and disposition. To address these ques-
tions, kinetic studies with radioisotopic tracers were performed. 

The labeling kinetics of the Golgi membrane TG were
similar to those found with microsomal membranes (Fig. 1).
A number of studies have shown that TG is synthesized in the
ER and trafficks primarily to the cytosol, although some may
enter the VLDL assembly pathway (19,20). Our results sug-
gest that newly synthesized TG also trafficks to the Golgi
membrane, yet the pathway by which this occurs is unknown.
It is unlikely that the Golgi membrane TG derives from the
cytosolic pool since the specific activity of the Golgi pool is
higher than that of the cytosol at the early time points. Fur-
thermore, we have been unable to document significant level
of DAG acyltransferase (DGAT) activity in Golgi mem-
branes. The presence of DGAT in the Golgi membrane might
be expected if TG were transported from the cytosolic pool
via a process of hydrolysis and subsequent re-esterification
analogous to that occurring with the ER (21). It seems most
likely that the transfer of membrane TG from the ER to the
Golgi occurs via vesicular transport (22,23). Moreau et al.
(24), using an in vitro transfer assay, reported that little la-
beled TG was transferred to the Golgi fractions (24). How-
ever, their results were collected using an in vitro system in
which lipid transfer was less than 1% of the total lipids.
Transfer in vivo may be quite different. 

Previous studies from our laboratory (9) led us to conclude
that as much 50% of the VLDL TG may be added to nascent
lipoproteins in the Golgi apparatus. The finding of newly syn-
thesized TG within the Golgi membrane led us to hypothesize
that this TG serves as a pool for addition to nascent lipopro-
teins. The mechanism by which this TG is added to nascent
Golgi lipoproteins is unknown, but there is evidence that MTP
may be present in cis- and trans-Golgi fractions of liver
(18,25,26). In addition, a recent study demonstrates the pres-
ence of MTP in the Golgi apparatus of rat enterocytes (27).

We then studied the effects of MTP inhibition on the syn-
thesis of TG and distribution of newly synthesized TG within
the liver. Prior to initiating these studies, we demonstrated
that rates of hepatic TG output, as measured using the Triton
method, were reduced by more than 85% when mice were
given the inhibitor at a dose of 20 µg/g body weight (Fig. 2B).
In addition, our radioisotope incorporation studies were con-
sistent with the Triton studies, demonstrating a marked reduc-
tion in the amount of newly synthesized TG appearing in the
serum pool over the 45-min time period (Fig. 2A). 

The inactivation of MTP led to a doubling of the cytosolic
TG pool and a slight, albeit statistically insignificant, increase
in the microsomal membrane TG pool (Table 1). In contrast,
the pool of TG in the Golgi membrane was decreased by
nearly 40% when MTP was inactivated. As might be pre-
dicted, inhibition of MTP blocked the entry of newly synthe-
sized TG into the lumen of the ER (data not shown). Surpris-
ingly, in the presence of the inhibitor the specific activity of
the cytosolic TG reached its peak more rapidly than in con-
trol samples, and the specific activity of this pool remained
constant over the 45-min period (Fig. 4). These data suggest
that inhibition of TG transfer to the lumen of the ER leads to
more rapid transfer of newly synthesized TG into the cytoso-
lic pool. Furthermore, the fact that the specific activity of this
pool remained constant over the 45-min time period suggests
that the inactivation of MTP blocks the transfer of TG from
the cytosol to the ER membrane. Hebbachi and Gibbons (18)
reported a similar result in studies with rat hepatocytes. They
suggested that MTP inhibition blocks the transfer of cytoso-
lic TG to the ER membrane by a route that involves the lumi-
nal leaflet of the ER membrane. As noted, this would cause
an accumulation of TG not only in cytosol but also in the ER
membrane. It is also possible that the inhibition of MTP af-
fects the hydrolysis of TG in the cytosolic pool or even its re-
esterification within the ER membrane. The decrease in TG
in the Golgi membrane in relation to the increased TG in the
ER membrane is an important finding. It suggests that if Golgi
membrane TG does derive from ER membranes, this process
is not a simple blebbing of the ER but must involve some
sorting, as suggested by Moreau et al. (24), and the MTP al-
ters or inhibits the sorting or transport in some manner. 

Inhibiting MTP not only decreased the TG in the Golgi
membrane but also attenuated the turnover of newly synthe-
sized Golgi membrane TG (Fig. 3), which suggests that MTP
may play a role in the transfer of TG from the Golgi mem-
brane to its contents. Hebbachi et al. (25) reported that in-
hibiting MTP with BMS 200150 resulted in a delayed re-
moval of apoB-100 and apoB-48 from the Golgi membranes,
and Hebbachi and Gibbons (18) showed a delayed removal
of newly synthesized TG from the membranes of cis- and
trans-Golgi. Alternatively, inhibiting MTP could block the
assembly of lipoprotein in the ER, leading to a decrease in
lipoproteins in the Golgi apparatus. The transfer of TG from
the Golgi membrane to nascent lipoproteins within the Golgi
complex would then also be blocked because of a lack of ac-
ceptor lipoproteins within the lumen. In this case, the direct
involvement of MTP within the Golgi apparatus would not be
required. Regardless of the mechanism, the results support a
role for the Golgi apparatus in adding lipid (TG) to nascent
lipoproteins. Although our studies do not permit us to differ-
entiate between occurrences in the cis- or trans-Golgi, it is
possible that the lipidation occurs early within the Golgi ap-
paratus as suggested by Cartwright and Higgins (7). Indeed,
if MTP is located within the Golgi complex by way of escape
from the ER, we might expect it to be found within the cis
Golgi elements. 
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These studies provide additional evidence that the Golgi
apparatus participates in the assembly of nascent lipoproteins
by the liver. The finding of a pool of newly synthesized TG
within the Golgi membrane fraction provides a plausible
mechanism by which lipid is added to nascent lipoproteins.
Our finding that the inhibition of MTP attenuates the turnover
of the Golgi membrane TG pool further supports the hypoth-
esis that this pool is involved in lipoprotein assembly within
the Golgi. The pathway by which TG is delivered to the Golgi
membranes and the precise mechanisms by which lipid is
added to the particles being formed are under study. 
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ABSTRACT: Fructose-1,6-bisphosphate (FBP) is a high-energy
glycolytic intermediate that decreases the effects of ischemia; it
has been used successfully in organ perfusion and preservation.
How the cells utilize external FBP to increase energy production
and the mechanism by which the molecule crosses the mem-
brane bilayer are unclear. This study examined the effects of FBP
on membrane bilayer permeability, membrane fluidity, phos-
pholipid packing, and membrane potential to determine how
FBP crosses the membrane bilayer. Large unilamellar vesicles
composed of egg phosphatidylcholine (Egg PC) were made and
incubated with 50 mM FBP spiked with 14C-FBP at 30°C. Up-
take of FBP was significant (P < 0.05) and dependent on the lipid
concentration, suggesting that FBP affects membrane bilayer per-
meability. With added calcium (10 mM), FBP uptake by lipid
vesicles decreased significantly (P < 0.05). Addition of either 5
or 50 mM FBP led to a significant increase (P < 0.05) in Egg PC
carboxyfluorescein leakage. We hypothesized that the mem-
brane-permeabilizing effects of FBP may be due to a destabiliza-
tion of the membrane bilayer. Small unilamellar vesicles com-
posed of dipalmitoyl pC (DPPC) were made containing either
diphenyl-1,3,5-hexatriene (DPH) or trimethylammmonia-DPH
(TMA-DPH) and the effects of FBP on the fluorescence anisot-
ropy (FA) of the fluorescent labels examined. FBP caused a sig-
nificant decrease in the FA of DPH in the liquid crystalline state
of DPPC (P < 0.05), had no effect on FA of TMA-DPH in the liq-
uid crystalline state of DPPC, but increased the FA of TMA-DPH
in the gel state of DPPC. From phase transition measurements
with DPPC/DPH or TMA-DPH, we calculated the slope of the
phase transition as an indicator of the cooperativity of the DPPC
molecules. FBP significantly decreased the slope, suggesting a
decrease in fatty acyl chain interaction (P < 0.05). The addition
of 50 mM FBP caused a significant decrease (P < 0.05) in the liq-
uid crystalline/gel state fluorescence ratio of merocyanine 540,
indicating increased head-group packing. To determine what ef-
fects these changes would have on cellular membranes, we la-
beled human endothelial cells with the membrane potential
probe 3,3′-dipropylthiacarbocyanine iodide (DiSC3) and then
added FBP. FBP caused a significant, dose-dependent decrease
in DiSC3 fluorescence, indicating membrane depolarization. We
suggest that FBP destabilizes membrane bilayers by decreasing
fatty acyl chain interaction, leading to significant increases in

membrane permeability that allow FBP to diffuse into the cell
where it can be used as a glycolytic intermediate.

Paper no. L9024 in Lipids 37, 885–892 (September 2002).

Fructose-1,6-bisphosphate (FBP) has been proposed to en-
hance ATP production during ischemia and has shown its ef-
fectiveness in certain ischemic conditions, such as hemor-
rhagic, cardiogenic, and endotoxin shock (1,2), extremity
ischemia (3), hypoxic brain and intestine injury (4–7), coro-
nary occlusion (8), agent-induced tissue toxicity (9–11), iso-
lated heart perfusion (12–15), left ventricular dysfunction
(16,17), and hypothermic renal and liver preservation (18,19).
Results from our laboratory indicated that when FBP was
added to St. Thomas solution, rat heart preservation time was
also increased (20,21). It is theorized that the mechanism by
which FBP exerts its effects is by a direct metabolic enhance-
ment. During periods of prolonged ischemia, glycolysis be-
comes the primary mechanism for ATP production. The rea-
soning behind the use of FBP for tissue protection during
ischemia is that if FBP could cross the membrane bilayer,
FBP would bypass the two ATP-depleting steps of glycolysis
and thus double glycolytic ATP production. However, there
is no known receptor for FBP (22), and the two phosphate
groups of FBP have classically been thought to make the mol-
ecule unlikely to cross the membrane bilayer.

Recently, we showed that FBP can pass through membrane
bilayers and cellular membranes (23). We also showed that
FBP can increase the metabolism of cardiomyocytes once in-
side the cell (24). Several other studies have indicated that
FBP can cross membrane bilayers. Hardin and Roberts (25)
have shown by NMR spectroscopy of hog carotid artery seg-
ments that externally applied 13C-FBP is metabolized. A simi-
lar finding was reported by Espanol et al. (26) using 13C-FBP
in neonatal rat brain slices. However, the permeability of FBP
through the membrane bilayer has been questioned in several
studies. For example, Roig et al. (27) suggested that FBP does
not cross the cellular membrane but rather FBP alters potas-
sium flux, which in turn decreases ATP demand by the cell.
The decrease in potassium flux by FBP was also documented
in a study by Galzigna and Rigobello (28). Clearly, there is no
real consensus on how externally applied FBP can enter cells
and supplement or preserve ATP levels.

The low permeability of FBP through cellular membrane bi-
layers is in part due to the high degree of hydration and the low
solubility of FBP within the membrane interior. Thus, it is
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highly unlikely under normal circumstances that FBP would
readily pass through the membrane bilayer by simple diffusive
mechanisms. However, if the membrane bilayer were some-
how destabilized, the hydrophobic barrier of the membrane bi-
layer would be changed and the permeability of water-soluble
compounds would increase. One intriguing finding is that FBP
is a potent calcium and divalent ion chelator (29). If high extra-
cellular concentrations of FBP could chelate the counterbal-
ancing ions that interact with the phospholipid head groups of
the membrane bilayer, then this interaction could lead to sub-
stantial changes in membrane stability. In fact, substances that
affect the counterbalancing ions that stabilize membrane bilay-
ers previously have been shown to alter membrane stability
(30). Thus, FBP could potentially destabilize membrane bilay-
ers and allow the compound to cross the membrane bilayer by
simple diffusive mechanisms. The goal of the following study
is to examine how FBP destabilizes membrane bilayers and
what effect the destabilization has on the diffusion of the com-
pound across the membrane bilayer into the cytosol of the cell. 

MATERIALS AND METHODS

Materials. Dipalmitoylphosphatidylcholine (DPPC) and egg
phosphatidylcholine (Egg PC) were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further purifica-
tion. The fluorescent probes, 1,6-diphenyl-1,3,5-hexatriene
(DPH), 1-(4-trimethylammoniumphenyl)-1-6-phenyl-1,3,5-
hexatriene p-toluenesulfonate (TMA-DPH), merocyanine 540
(MC540), carboxyfluorescein, and 3,3′-dipropylthiadicarbocya-
nine iodide (DiSC3) were purchased from Molecular Probes
(Eugene, OR). Fructose, fructose-1-phosphate, fructose-6-phos-
phate, 14C-FBP, and FBP were purchased from Sigma Chemi-
cal Company (St. Louis, MO). Human umbilical vein endothe-
lial cells and EGM culture media were purchased from
BioWhittaker Corp (Walkersville, MD).

Lipid vesicle preparation. DPPC, dissolved in chloroform,
and lipid-soluble fluorescent probes (DPH and TMA-DPH)
were dried under a stream of nitrogen gas onto the side of a
glass test tube. Traces of chloroform were removed by vac-
uum pumping for a period of 12 h. The dried lipid material was
hydrated in buffer above the phase transition of DPPC at 50°C
for 30 min. The hydrated lipid material was vortexed for 5 min
with two glass beads to form multilamellar vesicles. For the
fluorescence anisotropy studies and carboxyfluorescein leak-
age studies, the multilamellar vesicles were sonicated using a
Branson Sonifier 450 tip-type sonicator for 4 min at a 40%
duty cycle, output level 6, creating small unilamellar vesicles.
For the MC540 studies of lipid packing, the lipid vesicles were
extruded through 0.2 µm Nucleopore filters using an Avanti
Polar Lipids Extruder. The lipids were passed through the fil-
ters 20 times to create large unilamellar vesicles.

Carboxyfluorescein leakage. DPPC (20 mg/mL) small uni-
lamellar vesicles were made in the presence of 60 mM car-
boxyfluorescein, 30 mM KCl, and 10 mM Na2HPO4; pH 7.4.
The lipid vesicles were passed down a pre-swollen Sephadex
column equilibrated with 90 mM KCl, 10 mM Na2HPO4, pH

7.4, to remove nonsequestered carboxyfluorescein. The eluted
vesicles were kept on ice to minimize leakage of the carboxy-
fluorescein until experimentation. The vesicles were injected
(25 µL) into 2 mL of one of three buffers: 0.5 mM FBP/89.5
mM KCl/10 mM Na2HPO4; 5 mM FBP/85 mM KCl/10 mM
Na2HPO4; 50 mM FBP/40 mM KCl/10 mM Na2HPO4 (all pH
7.4) at 50°C. In some experiments the FBP was replaced with
an equivalent concentration of fructose-6-phosphate, fructose-
1-phosphate, or fructose. The leakage of trapped carboxyfluo-
rescein from the vesicles was monitored for a period of 7 min
using a PerkinElmer LS50B Luminescence Spectrophotome-
ter. The excitation was at 495 nm, and the emission was fol-
lowed at 520 nm. The rate of carboxyfluorescein leakage, ex-
pressed as the change in fluorescent intensity over time, is
directly proportional to the leakage of the carboxyfluorescein
anion through the membrane bilayer. At the conclusion of each
experiment, the vesicles were lysed with 2% Triton X-100 to
release the remaining trapped carboxyfluorescein, and the final
fluorescence after detergent addition was measured to achieve
the percent carboxyfluorescein leakage.

Fluorescence anisotropy. Small unilamellar vesicles of
DPPC containing DPH or TMA-DPH (800:1 lipid/probe ratio)
were made in the presence of either 5 mM FBP/20 mM
Na2HPO4, 50 mM FBP/20 mM Na2HPO4, 5 mM fructose/20
mM Na2HPO4, or 50 mM FBP/20 mM Na2HPO4, all pH 7.4.
The vesicles were placed in quartz cuvettes with a small mag-
netic stir bar into a PerkinElmer LS50B. The cuvette chamber
was thermally controlled by use of a Haak circulating water
pump. The initial temperature of the chamber was 30°C. The
G-factor, or grating factor, was calculated to correct for instru-
mental artifacts. Fluorescence anisotropy of the DPPC/DPH
or DPPC/TMA-DPH solution was determined using horizon-
tal and vertical polarizers mounted in a PerkinElmer Fast Fil-
ter Accessory using FL WinLab software. The temperature of
the lipid vesicle solution was changed every 10 min in 2°C in-
crements until the final temperature of 50°C was obtained. The
heating ramp of the Haak circulator was kept constant during
the experiment to ensure that the phase transition measure-
ments were not an artifact of heating. The slope of the phase
transition of DPPC was determined from the fluorescence an-
isotropy measurements. This value was calculated by measur-
ing the change in anisotropy from 35 to 45°C.

MC540 measurements of lipid packing. DPPC large uni-
lamellar vesicles were made in the presence of either 50 mM
FBP/20 mM Na2HPO4 or 50 mM fructose/20 mM Na2HPO4
pH 7.4. The lipid vesicles were injected into a solution of
MC540 (10 µg/mL) buffered with 20 mM Na2HPO4, pH 7.4.
The lipids and MC540 were incubated above the phase tran-
sition temperature of DPPC (50°C) for a period of 1 h. The
lipid/MC540 solution was placed into a PerkinElmer LS50B
Luminescence Spectrophotometer. The DPPC/MC540 solu-
tion was excited at 540 nm, and the emission of the MC540
was measured from 570 to 650 nm. The temperature of the
lipid solution was varied from 25 to 55°C, and at each tem-
perature an emission scan of the MC540 was determined. The
emission of MC540 at 593 nm is considered a measure of liq-
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uid-crystalline-like lipid environment, whereas the emission
of MC540 at 620 nm is a measure of gel state-like environ-
ment. Thus, the ratio of MC540 emission intensities at 593
nm/620 nm is indicative of the degree of lipid packing. 

Membrane potential measurements. Human umbilical vein
endothelial cells were grown on six-well culture plates for 3 d
until confluence. The cells were gently trypsinized from the
dish and washed 3× in Hank’s Balanced Salt Solution (pH
7.4). The endothelial cells were incubated with the membrane
potential-sensitive probe DiSC3 for a period of 20 min. The
cells were then exposed to increasing concentrations of FBP
or fructose and the fluorescence of DiSC3 followed. 

Uptake of FBP by lipid vesicles. Large unilamellar vesicles
composed of Egg PC were made by lipid vesicle extrusion at
30°C. The final concentration of lipid was either 10, 1, or 0.1
mg/mL. The lipid vesicles were placed in an isosmotic solu-
tion containing 50 mM FBP spiked with 0.1 µCi 14C-FBP. The
vesicles were kept at 30°C by means of a circulating water
bath. The vesicles and FBP were incubated for a period of 1 h,
after which the vesicles were pelleted by ultracentrifugation.
The pellet was washed 3× in an isosmotic buffer, and the ra-
dioactivity in the pellet was measured by liquid scintillation.
In some experiments we added 10 mM calcium chloride to the
FBP solution in order to examine the effects of calcium on the
uptake of FBP.

Statistical analysis. The data in each experiment were first
evaluated by ANOVA for repeated measurements using a
two-factor analysis. When significant F values were encoun-
tered by ANOVA, the Student–Newman–Keuls’ multiple-
range test was used to determine which groups differed sig-
nificantly from the others. Differences were considered
statistically significant when P < 0.05. Statistical analysis was
done with commercially available software (SigmaStat, Ver-
sion 1.01; Jandel Corp., San Rafael, CA).

RESULTS

In the first experiment, we examined the uptake of 14C-FBP
by lipid vesicles composed of Egg PC at 30°C. The vesicles
were incubated with 50 mM FBP for a period of 1 h, after
which the radioactivity in the vesicles was measured. Increas-
ing the lipid concentration of EGG PC resulted in increased
uptake of the FBP inside the lipid vesicles (Fig. 1). Because
FBP uptake might be affected by calcium, we examined how
extravesicular calcium might alter the uptake of FBP. When
the FBP was supplemented with 10 mM calcium chloride, the
increase in FBP uptake in the Egg PC vesicles was signifi-
cantly reduced.

In the next experiment, we examined the effects of FBP on
membrane permeability. Small unilamellar vesicles composed
of DPPC were made with a self-quenching concentration of
carboxyfluorescein. In this assay, any change in membrane per-
meability causes the self-quenched carboxyfluorescein to leak
out of the lipid vesicle into the external milieu where the car-
boxyfluorescein becomes highly fluorescent. The rate of fluo-
rescence increase over time is indicative of heightened mem-

brane permeability. The DPPC lipid vesicles containing car-
boxyfluorescein were exposed to increasing concentrations of
FBP, fructose-6-phosphate, fructose-1-phosphate, or fructose
(Fig. 2). The addition of 0.5 mM FBP had no effect on car-
boxyfluorescein leakage. However, 5 and 50 mM FBP caused
significant changes in membrane permeability to carboxyfluo-
rescein. In contrast, neither fructose-6-phosphate, fructose-1-
phosphate, nor fructose had any effect on DPPC membrane bi-
layer permeability at any concentration examined. After
completion of the experiment, Triton X-100 was mixed with
the vesicles to determine percent leakage. The percent leakage
for the 50 mM FBP group was 9.8% after Triton application.
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FIG. 1. The uptake of fructose-1,6-bisphosphate (FBP) by lipid vesicles
composed of egg phosphatidylcholine (Egg PC: 0.1, 1, and 10 mg/mL)
at 30°C. Large unilamellar vesicles were made and placed in a solution
containing 50 mM FBP + 14C-FBP (0.1 µCi). The vesicles were then ex-
posed to 10 mM calcium chloride to determine how excess calcium af-
fected uptake of FBP. FBP uptake was dependent on lipid concentra-
tion, and the uptake was significantly inhibited by the addition of
calcium. The results are the mean radioactivity detected in 10 different
samples. *Significantly different from Egg PC at the same lipid concen-
tration as tested by ANOVA (P < 0.05). Error bars represent SD.

FIG. 2. FBP increases membrane permeability to carboxyfluorescein.
Small unilamellar vesicles composed of dipalmitoylphosphatidylcholine
(DPPC) were made in the presence of carboxyfluorescein. After remov-
ing the nonsequestered carboxyfluorescein, the vesicles were placed into
cuvettes containing either FBP, fructose-1-phosphate (1-ph), fructose-6-
phosphate (6-ph) or fructose (Fru) (45°C). The concentrations tested were
0.5, 5, and 50 mM, each osmotically balanced by addition of KCl. The
addition of 5 and 50 mM FBP caused a significant increase in the leak-
age of trapped carboxyfluorescein. dF/dT = change in fluorescence/
change in time (s). *Significantly different from Fru, 1-ph, and 6-ph, as
tested by ANOVA (P < 0.05). n = 7. Error bars represent SD. For abbrevi-
ation see Figure 1.



We hypothesized that the membrane permeability changes
brought about by FBP could be the result of increased mem-
brane fluidity (order). To examine this hypothesis, we made
DPPC small unilamellar vesicles containing either DPH or
TMA-DPH. DPH is a fluorescent probe that monitors mem-
brane anisotropy changes in the fatty acyl chain region of the
bilayer, whereas the amphipathic TMA-DPH measures an-
isotropy changes near the head group region of the bilayer.
DPPC has a well-defined phase transition that occurs at
41.7°C. We measured fluorescence anisotropy of DPH in
DPPC lipid vesicles from 28 to 50°C in the presence of either
50 mM FBP or 50 mM fructose (Fig. 3). The addition of FBP
caused a significant decrease in membrane fluorescence an-
isotropy of DPH from 42 to 50°C (liquid crystalline state), in-
dicating a more disordered lipid environment. FBP also
broadened and lowered the phase transition of DPPC, which
did not occur with an equimolar concentration of fructose. In
contrast, fructose had no effect on DPPC membrane order
within the same temperature span. We likewise examined the
effects of 50 mM FBP and 50 mM fructose on DPPC mem-
brane order using TMA-DPH (Fig. 4). Neither FBP nor fruc-
tose had any effect on the fluorescence anisotropy of TMA-
DPH in the liquid crystalline state of DPPC. In the gel state
of DPPC (28–40°C), FBP did cause a slight but significant in-
crease in membrane order, which did not occur with fructose. 

The slope of the phase transition, which is a measure of fatty
acyl chain interaction during the main phase transition of
DPPC, is derived by measuring the slope of the phase transi-
tion from 35 to 45°C. As the slope of the transition decreases,
the degree of fatty acyl chain interaction decreases. From the
phase transition measurements made in Figures 3 and 4, the
slope of the transition was determined and plotted in Figure 5.

The presence of 50 mM FBP caused a significant decrease in
the slope of the transition as measured by DPH. In contrast, 5
mM FBP had no effect on the slope of the DPPC transition.
Furthermore, the slope of the phase transition as measured by
TMA-DPH was unaffected by any concentration of FBP or
fructose.

The changes in membrane bilayer parameters noted in Fig-
ures 2–5 suggest that the effects of FBP occur primarily in the
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FIG. 3. FBP causes a decrease in fluorescence anisotropy of 1,6-
diphenyl-1,3,5-hexatriene (DPH) in the liquid-crystalline state of DPPC.
DPPC small unilamellar vesicles containing DPH were made in the
presence of either 50 mM FBP, 50 mM fructose, or buffer (control). Fluo-
rescence anisotropy measurements of DPH in DPPC were made from
28 to 50°C. The presence of FBP caused a significant decrease in the
fluorescence anisotropy of DPH from 42 to 50°C. In contrast, fructose
had no effect on DPH fluorescence anisotropy over the same tempera-
ture span. *Significantly different from fructose and control as tested by
ANOVA (P < 0.05). n = 6. Error bars represent SD. For other abbrevia-
tions see Figures 1 and 2.

FIG. 4. FBP increases the fluorescence anisotropy of 1-(4-trimethylam-
moniumphenyl)-1,6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-
DPH) in the gel state of DPPC. DPPC small unilamellar vesicles con-
taining TMA-DPH were made in the presence of either 50 mM FBP, 50
mM fructose, or buffer (control). Fluorescence anisotropy of TMA-DPH
in DPPC was made from 28 to 50°C. The presence of TMA-DPH caused
a significant increase in the fluorescence anisotropy of TMA-DPH from
28 to 40°C. In contrast, neither fructose nor the control had any effect
on the fluorescence anisotropy of TMA-DPH. *Significantly different
from fructose and control as tested by ANOVA (P < 0.05). n = 6. Error
bars represent SD. For abbreviations see Figures 1 and 2.

FIG. 5. The slope of the phase transition of DPPC suggests that 50 mM
FBP decreases fatty acyl chain interaction. The slope of the phase tran-
sition of DPPC shown in Figures 3 and 4 was determined and is shown.
The presence of 50 mM FBP decreased the slope of the transition in
DPPC/DPH vesicles compared to fructose. In contrast, 50 mM FBP had
no effect on the slope of the DPPC transition when monitored with
TMA-DPH. Furthermore, 5 mM FBP had no effect on the slope of the
phase transition. *Significantly different from control and fructose as
tested by ANOVA (P < 0.05). Error bars represent SD. For abbreviations
see Figures 1, 2, and 4.



fatty acyl chain region. To verify this finding, we utilized the
phase-sensitive fluorescent probe MC540, which undergoes a
shift in its emission maxima in response to changes in mem-
brane phase. The emission of MC540 at 593 nm is indicative
of a liquid crystalline environment, whereas the emission at
620 nm is indicative of a more gel-state membrane bilayer.
DPPC lipid vesicles were made in the presence of FBP or
fructose, incubated with MC540, and then the fluorescence
emission maxima at 593 and 620 nm were determined (Fig.
6). The fluorescence ratio of 593 nm/620 nm (liquid crys-
talline/gel ratio) of MC540 in DPPC from 28 to 50°C is
shown. The presence of FBP caused a significant decrease in
the 593 nm/620 nm ratio. 

If FBP causes significant changes in membrane permeabil-
ity and destabilizes the membrane bilayer, it could have dras-
tic effects on membrane potential. To examine this hypothe-
sis, we grew human umbilical vein endothelial cells to
confluence, and then removed them from their dishes by gen-
tle trypsinization. The cells were incubated with the fluores-
cent membrane potential-sensitive dye DiSC3. The endothe-
lial cells were placed in a cuvette, FBP or fructose was added
to the cells, and the fluorescence of DiSC3 was measured
(Fig. 7). On addition of FBP, there was a concentration-
dependent decrease in DiSC3 fluorescence, indicating a de-
crease in membrane polarization. In contrast, fructose failed
to achieve the same decreases in fluorescence of the DiSC3. 

DISCUSSION

FBP is a high-energy glycolytic intermediate that has been
used with good success to supplement glycolysis during pro-
longed periods of ischemia. The theory that substantiates the

use of FBP is that if the molecule could cross the membrane
bilayer, it could double glycolytic ATP production. However,
there has been a controversy within the literature regarding
the mechanism responsible for the movement of FBP across
the membrane bilayer. Since there is no known receptor for
FBP (22), it is unlikely that the molecule moves across via a
protein channel. Several theories have been suggested to ex-
plain how FBP crosses the membrane bilayer or supplements
glycolysis. These have included the use of a dicarboxylate
transporter (31), hydrolysis of the phosphate groups (26), and
decrease in potassium flux and thus decreased ATP demand
(27). However, what makes for an interesting argument is that
when 13C-FBP was added to cells, 13C-lactate was detected
(7), and that FBP crossed the membrane bilayer of lipid vesi-
cles (23,24). Perhaps the most confusing issue regarding how
FBP crosses the membrane bilayer is the widely held bio-
chemical theory that phosphorylated sugars such as FBP do
not readily diffuse through membrane bilayers. The purpose
of this study was to examine the effects of FBP on membrane
bilayers. The findings from this study show that FBP destabi-
lizes the membrane bilayer by causing loss of fatty acyl chain
interaction. We theorize that the loss of fatty acyl chain inter-
action is likely caused by the chelating effects of FBP on
membrane calcium since FBP is a known divalent chelator
(18). The destabilization of the membrane bilayer decreases
hydrophobic interactions leading to increased membrane per-
meability, allowing FBP to diffuse down its concentration
gradient into the cell.

No studies to date have examined the effects of FBP on
membrane bilayer properties, mainly because the assumption
is that FBP cannot pass through membrane bilayers. In fact, a
number of studies have ignored the idea that FBP can directly
have any effect on cellular ATP levels, mainly because it is
assumed that FBP cannot cross the membrane bilayer (22).
For example, Bickler and Buck (32) suggest that FBP cannot
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FIG. 6. FBP decreases the liquid crystalline (LC)/gel ratio of merocyanine
540 (MC540) in DPPC. DPPC large unilamellar vesicles were made in the
presence of 50 mM FBP, 50 mM fructose, or buffer only (control). The flu-
orescence of MC540 at 593 nm (liquid-crystalline-like state) and at 620
nm (gel-like state) were measured from 25 to 55°C. FBP decreased the 593
nm/620 nm ratio, indicating a more densely packed membrane. In con-
trast, fructose had no effect on the MC540 593 nm/620 nm ratio. *Signifi-
cantly different from fructose and control as tested by ANOVA (P < 0.05).
n = 10. Error bars represent SD. For abbreviations see Figures 1 and 2.

FIG. 7. FBP causes a significant decrease in membrane polarization of
human umbilical vein endothelial cells as measured by 3,3′-dipropyl-
thiadicarbocyanine iodide (DiSC3). Human umbilical vein endothelial
cells were grown to confluence, removed from their dish, and incu-
bated with the membrane potential fluorescent probe DiSC3. Upon ad-
dition of FBP, there was a stepwise decrease in DiSC3 fluorescence, in-
dicating a decrease in membrane polarization. *Significantly different
from fructose and control as tested by ANOVA (P < 0.05). n = 8. Error
bars represent SD. For other abbreviation see Figure 1.



cross the membrane bilayer (although they show no evidence
for this statement), but that exogenous FBP preserves ATP
levels and decreases glutamate release. An earlier study by
Galzigna and Rigobello (28) clearly states that the effects of
FBP on proton and potassium flux “cannot, in fact, be ex-
plained on the basis of a penetration of the compound through
the cell membranes, which is not possible,” but affects these
ions by some unknown mechanism. In support of the idea that
FBP could have an effect on membrane bilayers, Hardin and
Roberts (25) have shown that FBP crosses the cell membrane
and is metabolized to lactate. They also theorized that FBP
could cross the membrane bilayer by creating “polar discon-
tinuities,” allowing FBP to diffuse across the membrane bi-
layer. However, they offered no proof that would show that
FBP creates polar discontinuities within the membrane bi-
layer, nor did they offer a mechanism to explain how FBP
crosses the membrane bilayer. 

When we examined the effects of FBP on the fluorescence
anisotropy of DPH and TMA-DPH, we found that FBP
caused some significant changes in the membrane bilayer
(Figs. 3–5). Our studies indicate that FBP decreased the fluo-
rescence anisotropy of DPH in DPPC vesicles in the liquid-
crystalline state, whereas FBP had no effect on TMA-DPH
fluorescence anisotropy in the liquid crystalline state of
DPPC. One of the significant findings from this segment of
the study was that FBP decreased the slope of the phase tran-
sition of DPPC, suggesting that DPPC fatty acyl chain inter-
action had decreased in the presence of FBP (Fig. 5). We also
found that FBP caused the fluorescence of MC540 (a phase-
sensitive fluorescent probe) to shift to a more predominant
620 nm reading (Fig. 6). This finding suggests that FBP
causes the phospholipid head groups to become more con-
densed. One very plausible explanation of the data is that FBP
causes the polar head groups to become more closely packed
(MC540 data), which in turn increases the intramolecular dis-
tance between adjacent fatty acyl chains (DPH data). This
drastic change in membrane structure could have significant
effects on the barrier properties of the membrane bilayer to
water-soluble substances such as FBP. 

Cellular membrane bilayers are a complex mixture of
lipids, proteins, and carbohydrates. The permeability of any
substance through the membrane bilayer is a function of sev-
eral different parameters including, but not limited to, M.W.,
lipid solubility of the agent, fatty acyl chain composition of
the membrane bilayer, and the presence of integral membrane
proteins. In the case of FBP, the M.W., charge, and degree of
hydration would argue against the molecule passively diffus-
ing through the membrane bilayer to any significant extent.
In the case of glucose, the permeability (in the absence of any
protein carrier) of the membrane bilayer to this substance is
relatively small compared to more hydrophobic substances
with similar M.W. (33). Thus, the long-held idea that FBP
should not cross the membrane bilayer by diffusive mecha-
nisms is substantiated by the literature. However, the idea that
the permeability of the membrane bilayer to FBP should be
relatively low does not take into account the chelating prop-

erties of FBP, especially when high external concentrations
of FBP are utilized. Recently, it was shown that FBP could
decrease the extracellular calcium concentration by up to 47%
(29). Interestingly, when we exposed endothelial cells to his-
tamine (a known intracellular calcium-elevating agent) we
found an 80% decrease in intracellular calcium in the pres-
ence of 5 mM FBP (Ehringer, W.D., Chiang, B., and Chien,
S., unpublished results). The chelation of calcium can have a
measurable effect on cell membrane bilayer structure. For ex-
ample, when extracellular calcium is elevated, nonbilayer
structures can form as detected by 31P NMR (34). Trauble and
Eibl found that only small changes in ionic environment can
result in gross alterations in bilayer structure. Specifically,
they found that divalent cations stabilized membrane bilayer
structure. This same group has hypothesized that lowering ex-
tracellular cation levels could result in membrane destabiliza-
tion, mainly because the tightly held counterbalancing ions
help stabilize the membrane bilayer (35). Interestingly, re-
moval of extracellular calcium can destabilize the membrane
bilayer and cause loss of phospholipid head-group interaction
(30). The loss of head-group interaction could lead to signifi-
cant increases in membrane permeability as the destabilized
phospholipids become less tightly packed. When we exposed
lipid vesicles to FBP and extracellular calcium, we found a
significant decrease in the uptake of FBP (Fig. 1). The fact
that these vesicles lack any carrier protein argues strongly that
the penetration of FBP into cells is likely the result of mem-
brane destabilization, most likely due to chelation of mem-
brane calcium. Furthermore, in the current study it was
demonstrated that the uptake of FBP was increased by in-
creasing the lipid concentration. This finding suggests that
FBP alters membrane bilayer properties in proportion to the
amount of lipid, which may explain how FBP can enter into
cells.

One of the significant findings of this study is that FBP, a
water-soluble molecule, can passively diffuse through mem-
brane bilayers. The importance of this finding in the fields of
organ preservation, tissue preservation, and ischemia needs
to be addressed. The amount of FBP that can passively move
through the membrane bilayers determined in the current
study is relatively small (about 0.3% of the total FBP; see Fig.
1). However, the significance of the amount that is moving
through when compared to the internal cellular concentration
of FBP is considerable. It previously has been shown that
FBP inside a cell is about 1.2 µM (29). Thus, in our experi-
ments with FBP we have demonstrated that as much as
75–150 µM FBP can enter the cell. This is nearly a 60-fold
increase in the normal level of FBP. For organ or tissue
preservation during periods of low oxygen, this level of FBP
would be more than sufficient to sustain glycolysis during
low-oxygen periods. However, there appears to be a point of
diminishing returns in terms of the amount of FBP that can
be added, as evidenced by our membrane potential studies
(Fig. 7). As the concentration of FBP is increased, there are
significant changes in membrane depolarization. At doses
above 10 mM FBP, the changes in membrane permeability
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could result in the loss of substantial levels of intracellular
ions and membrane potential. 

Our findings indicate that FBP can increase acyl chain mo-
bility in the liquid crystalline state (Fig. 3) and also increase
head-group packing (Figs. 4, 6). When coupled with the ideas
that the effects of FBP on membrane permeability are affected
by calcium and that FBP is a known calcium chelator, the fol-
lowing model can be hypothesized (Fig. 8). FBP has been
shown previously to chelate calcium (29). When FBP is
added to cell membrane bilayers, the calcium that is used to
stabilize phospholipid head groups is in direct competition
with the chelating effects of FBP. In an attempt to compen-
sate for the competition for calcium, the head groups bend in-
ward to prevent the removal of calcium bound to the bilayer
(Figs. 4, 6). This torque on the membrane head groups results
in an increase in acyl chain area in the bilayer normal. Be-
cause the acyl chains are now more distant from one another,
the disorder of the membrane increases, and hence the per-
meabilty increases (Figs. 1–3, 7). 

The findings of the current study indicate that externally
applied FBP can have dramatic effects on membrane bilayer
stability. Externally applied FBP increases the fluorescence
anisotropy of DPH and decreases the cooperativity of the
phase transition. Since DPH mainly detects anisotropy
changes in the membrane interior, it is hypothesized that fatty
acyl chain interaction is decreased and the fluidity of the bi-
layer in this region is increased. Using the phase-sensitive flu-
orescent probe MC540, we have shown that FBP also causes
the polar head groups of the membrane bilayer to become
more closely spaced. These two pieces of data show that FBP
affects membrane stability. The decrease in membrane stabil-
ity in the presence of FBP allows the normally nonpermeant
FBP to diffuse passively across the membrane bilayer. Once
inside the cell, FBP could be used to increase glycolysis and
thus decrease the effects of ischemia by doubling anaerobic
ATP production. 
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teraction. The decrease in acyl chain group interaction leads to in-
creased permeability to FBP. For abbreviation see Figure 1.
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ABSTRACT: The aims of this study were twofold: develop a
convenient and rapid procedure for assessing the oxidizability of
small quantities of glycerophospholipids in bilayers by the oxy-
gen uptake method, and determine and compare the oxidizabil-
ity of various glycerophospholipids in bilayers. Our purpose was
to elucidate phospholipid oxidation characteristics in mem-
branes. The quantitative autoxidation kinetics of dilinoleoyl
phosphatidylcholine (DLPC) (18:2/18:2) was studied in large
unilamellar vesicles (LUV) in aqueous dispersions with water-
soluble initiator—2,2′-azobis(2-amidinopropane) dihydrochlo-
ride—and inhibitor 2-carboxy-2,5,7,8-tetramethyl-6-chromanol.
The kinetic data indicated a high efficiency of free radical pro-
duction, resulting in shortening of measuring time; the very low
kinetic chain length, particularly in the induction period, sug-
gested the possibility of including large errors in the kinetics
data. Nevertheless, the autoxidation of DLPC obeyed the classic
rate law: Rp = kp[LH]Ri

1/2/(2kt)
1/2 (where Rp = rate of oxygen con-

sumption, kp = rate constant for chain propagation, [LH] = sub-
strate concentration; Ri

1/2 = square root of rate of chain initia-
tion, and 2kt = rate constant for chain termination) in a mixed
bilayer system with saturated dimyristoyl PC (14:0/14:0), which
provided precise and reproducible data. Therefore, the system
was used to assess the relative oxidizability of each glycerophos-
pholipid DLPC (18:2/18:2), dilinolenoyl PC (18:3/18:3), 1-palmi-
toyl-2-linoleoyl PC (16:0/18:2), 1-palmitoyl-2-arachidonoyl PC
(16:0/20:4), 1-palmitoyl-2-docosahexaenoyl PC (16:0/22:6), and
dilinoleoyl PE (18:2/18:2) in bilayers. The results suggested that
the oxidizability of glycerophospholipid in bilayers is substan-
tially influenced by the number of intramolecular oxidizable acyl
chains and the content of bis-allylic hydrogen in a structured en-
vironment, and showed deviation of the rate law for autoxida-
tion in PC and PE mixed LUV, which possibly was due to non-
homogeneous phospholipid distribution in vesicles. 

Paper no. L9000 in Lipids 37, 893–900 (September 2002).

Lipid peroxidation mediated by free radicals in vivo has at-
tracted growing attention because of its potential contribution
to various diseases and the aging process (1). Oxidation in

biomembranes is one of the critical events leading to bio-
membrane dysfunction. Biomembranes basically consist of
phospholipid bilayers; therefore, proper assessment of the ox-
idizability of phospholipid in bilayers is essential in under-
standing the oxidation of biomembranes. Among the avail-
able methods for assessing oxidizability, the oxygen uptake
method is considered to be the most reliable and accurate.

Several investigators (2,3) have used the oxygen uptake
method to determine the oxidizability of PC in vesicles as
model membranes. In their quantitative kinetic studies on au-
toxidation, the kinetics of autoxidation in heterogeneous sys-
tems of bilayers and micelles has been shown to follow the
classical rate law for autoxidation given by Equation 1 (4) as
well as in homogeneous solution (5,6): 

[1]

where Rp is the rate of oxygen consumption; Ri, the rate of
chain initiation; [LH], the concentration of substrate; and kp
and 2kt, the rate constants for chain propagation and termina-
tion, respectively. The ratio of these rate constants, kp/(2kt)

1/2,
is referred to as the susceptibility of a substrate to undergo
autoxidation, that is, oxidizability. To allow quantitative
studies on the kinetics of autoxidation, the rate of chain initi-
ation Ri must be controlled and measurable. This is gen-
erally achieved by using thermally labile azo initiators 
(A–N=N–A), which decompose to give two radicals at a
known and constant rate (7). The rate of initiation, Ri, is gen-
erally determined by the induction period method with a
chain-breaking antioxidant as indicated by Equation 2:

[2]

where IH is the antioxidant, tinh the induction period produced
by the addition of the antioxidant, and n the stoichiometric
number of radicals trapped by each antioxidant. Since [LH] is
known and Rp and Ri are determined experimentally, oxidiz-
ability, kp/(2kt)

1/2, can be calculated from Equation 3:

[3]

Quantitative kinetic measurements can be made by using
either water-soluble or lipid-soluble initiators with water-sol-
uble or lipid-soluble inhibitors (8). Although the use of lipid-
soluble initiator and inhibitor is the most reasonable for
measuring the rate of initiation in the lipid phase, it is often

k k R LH Rp t p i2
1 2 1 2( ) = [ ]/ /

R n ti = [ ]IH inh

− [ ] = = ( )d dt R k R kp p i tO LH2
1 2 1 2

2[ ] / /
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inconvenient and time-consuming. That is, (i) since it is
sometimes difficult to incorporate the lipid-soluble initiator
and inhibitor into vesicles in amounts that are known a priori
by calculation, it is necessary to check their concentrations in
some way after preparation of the vesicles. (ii) It is sometimes
difficult to measure the induction period exactly, because the
thermally labile initiator easily initiates autoxidation during
preparation and pre-incubation of vesicles. (iii) Measurement
with a lipid-soluble initiator is often more time-consuming
than that with a water-soluble one because of the extremely
low efficiency of free radical production in the lipid phase
and the limited concentration of lipid-soluble initiator in vesi-
cles. Accordingly, it was considered that water-soluble com-
pounds that do not need to be incorporated into vesicles pro-
vide some advantages for measurement. 

In the present study, a convenient procedure for assessing
the oxidizability of glycerophospholipids in bilayers in a 
short experimental time and using a small quantity of test
lipid was developed; the kinetic measurement was carried out
on large unilamellar vesicles (LUV), which are more suitable
model membranes for free radical oxidation in vivo, in the
presence of the water-soluble initiator 2,2′-azobis(2-amidino-
propane) dihydrochloride (AAPH) and the inhibitor 2-car-
boxy-2,5,7,8-tetramethyl-6-chromanol (Trolox) at a low
molar ratio of substrate to initiator. The oxidizability values
for each glycerophospholipid—dilinoleoyl phosphatidyl-
choline (DLPC; 18:2/18:2), dilinolenoyl phosphatidylcholine
(DLnPC; 18:3/18:3), 1-palmitoyl-2-linoleoyl phosphatidyl-
choline (PLPC; 16:0/18:2), 1-palmitoyl-2-arachidonoyl phos-
phatidylcholine (PAPC; 16:0/20:4), 1-palmitoyl-2-docosa-
hexaenoyl phosphatidylcholine (PDPC; 16:0/22:6), and
dilinoleoyl phosphatidylethanolamine (DLPE; 18:2/18:2)—
were determined, and their relationships to the peroxidation
index were established in order to elucidate the characteris-
tics of phospholipid oxidation in membranes. 

EXPERIMENTAL PROCEDURES

Materials. PLPC, PAPC, and PDPC were purchased from
Sigma Chemicals (St. Louis, MO). DLPC and DLnPC were
obtained from Doosan Serdary Research Laboratories (En-
glewood Cliffs, NJ). Dimyristoyl phosphatidylcholine
(DMPC; 14:0/14:0) and dioleoyl phosphatidylethanolamine
(DOPE, 18:1/18:1) were purchased from Nichiyu Liposome
Co., Inc. (Tokyo, Japan). DLPE was obtained from Avanti
Polar Lipids, Inc. AAPH was obtained from Wako Pure
Chemical Industries (Osaka, Japan). Trolox was purchased
from Aldrich Chemicals (Milwaukee, WI). 

Preparation of LUV. Mixtures of saturated and unsaturated
glycerophospholipids were dissolved in chloroform at a spec-
ified molar ratio. The solvent was evaporated completely in a
stream of nitrogen (N2) gas. The dried lipids were dispersed
in PBS (10 mM, pH 7.4) kept at 40°C (above the phase tran-
sition temperature for all lipids used) in the presence of 0.1
mM EDTA (Wako) in a vortex mixer to yield multilamellar
vesicles. LUV were prepared from the multilamellar vesicles

with an extruder (Lipex Biomembranes Inc., Vancouver,
Canada) as described previously (9). The concentration of
phospholipids in the lipid dispersions and constituent molar
ratio of phospholipids in vesicles was checked by TLC sepa-
ration and phosphorus analysis for phospholipids after prepa-
ration of vesicles by extrusion. 

Autoxidation procedures. Autoxidation of LUV was initi-
ated with the water-soluble azo radical initiator AAPH, and
oxygen consumption was measured in the aqueous disper-
sion. The rate of chain initiation Ri was determined by the in-
duction period method with the water-soluble phenolic
antioxidant Trolox. The dissolved oxygen in the reaction sol-
vent was monitored with a Galvani-type oxygen electrode
(MD-1000; Iijima Electronics Corp., Tokyo, Japan). The oxy-
gen concentration was set at 0 µM with the meter in water
containing 5% sodium bisulfite (Wako) and at 220 µM in
water saturated with air at 37°C. Trolox (0.05–0.1 µmol) was
dissolved in ethanol (5 µL) and added to the aqueous disper-
sion as an antioxidant before mixing the LUV with AAPH. In
a typical experiment, 1.9 mL of a PBS dispersion of the ap-
propriate LUV kept at 37°C was mixed with 0.35 mL of
AAPH in PBS and put in a reaction vessel connected to an
oxygen electrode. The reaction mixture was maintained at
37°C and stirred with a magnetic stirrer while measurements
were taken. 

RESULTS 

The kinetics of the autoxidation of DLPC in LUV in aqueous
dispersions were measured by using variable amounts of vesi-
cles, AAPH, and Trolox (Table 1). From the slope of the
straight line obtained by plotting the induction period, tinh, as
a function of [Trolox]/[AAPH] (Fig.1), the stoichiometric
number of radicals trapped by Trolox, n, was found to be 1.8.
This value is slightly lower than 2, the theoretical value for
water-soluble vitamin E analog Trolox, which is known to
trap two peroxyl radicals. By using an n value of 1.8, Ri and
the efficiency of free radical production, e, were calculated
from Equations 2 and 4, respectively, where the concentra-
tions of initiator, AAPH, and inhibitor, Trolox, are expressed
in the lipid phase and 2ki for AAPH is taken as 1.36 × 10−6 

s−1 at 37°C (10).  

[4]

The kinetic chain length, kcl, is the number of substrate mol-
ecules oxidized per initiating radical and can be obtained
from Equation 5:  

[5]

where Rinh is the rate of oxygen consumption during the in-
duction period. 

The e values obtained, 0.71–1.00, show that free radicals
were generated at very high efficiency, whereas the very low
kcl values indicate insufficient progress of radical chain reac-
tions in the present oxidizing system (Tables 1, 2). The effects

kcl or inh= ( )R R Rp i

e R ki i= [ ]2 AAPH
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of the amounts of AAPH, Trolox, and vesicles on the kinetics
data were explored by comparing the correlations between Rp
and Ri

1/2 (Figs. 2A–C). Measurements under a fixed concen-
tration of Trolox (Fig. 2C) provided greater coefficient val-
ues, r2 > 0.97, than those obtained under a fixed concentra-

tion of AAPH, r2 > 0.90 (Fig. 2B), or vesicles, r2 > 0.91 (Fig.
2A). Moreover, the Rp/Ri

1/2 ratio was found to be influenced
most by variation in the amount of Trolox (Fig. 2C). These
results show that the measurement should be carried out with
a fixed concentration of Trolox to obtain a more precise value.
Therefore, the measurement was carried out hereafter with
variable amounts of vesicles under fixed concentrations of
AAPH and Trolox. 

The oxidizability of DLPC in bilayers was determined by
using three different mixed vesicles composed of various con-
centrations of oxidizable DLPC with an inert saturated 
DMPC (Table 2), because the concentration of substrate, 
[LH], for DLPC LUV composed of a single phospholipid
shows a constant value independent of the amount of vesicles
in the reaction solvent (11). Plots of Rp against Ri

1/2 for each
mixed LUV gave straight lines with r2 > 0.96 (Fig. 3A), which
is evidence for a constant Rp/Ri

1/2 ratio in each mixed LUV
containing DLPC as an oxidizable substrate, at identical 
concentrations. A plot of Rp/Ri

1/2 against [LH] gave an ex-
cellent linear correlation (r2 = 0.99) (Fig. 3B). The slope of the
straight line obtained, Rp/[LH]Ri

1/2 = 2.1·10−2 (Ms)−1/2, corre-
sponds to the oxidizability value for DLPC in bilayers. The
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TABLE 1
The Kinetics of Autoxidation of DLPC in LUV, Initiated by AAPH at 37°Ca

106 Ri
DLPC AAPH Trolox tinh = nc [Trolox]d/tinh 103 Ri

1/2 105 Rp
c kcl 105 Rinh

d kcl

(mM)b (mM)b (µM)b (s) (M/s) (M/s)1/2 e = Ri/2ki[AAPH]d,e (M/s) = Rp/Ri (M/s) = Rinh/Ri

1.28 23.3 22.2 1452 21.89 4.68 0.86 14.09 6 3.76 2
1.28 38.9 22.2 744 42.73 6.54 1.00 21.54 5 8.04 2
1.28 58.3 22.2 559 56.87 7.54 0.90 25.89 5 9.37 2
1.28 23.3 44.4 3312 19.20 4.38 0.76 10.03 5 2.97 2
1.28 38.9 44.4 1783 35.66 5.97 0.84 15.19 4 4.93 1
1.28 58.3 44.4 1145 55.53 7.45 0.88 19.43 3 7.15 1
2.14 23.3 33.3 2664 10.74 3.28 0.71 7.99 7 1.87 2
2.14 38.9 33.3 1464 19.54 4.42 0.77 12.74 7 3.23 2
2.14 58.3 33.3 924 30.96 5.56 0.81 16.91 5 4.68 2
2.56 23.3 22.2 1267 12.55 3.54 0.99 11.70 9 2.13 2
2.56 38.9 22.2 845 18.81 4.34 0.89 15.92 8 3.36 2
2.56 58.3 22.2 528 30.10 5.49 0.95 19.28 6 6.85 2
2.56 23.3 44.4 3074 10.34 3.22 0.81 7.84 8 1.59 2
2.56 38.9 44.4 1802 17.64 4.20 0.83 11.66 7 2.53 1
2.56 58.3 44.4 1109 28.67 5.35 0.90 15.59 5 3.82 1
4.05 23.3 22.2 1327 7.57 2.75 0.95 8.89 12 1.34 2
4.05 38.9 22.2 756 13.28 3.64 1.00 12.31 9 2.09 1
4.05 58.3 22.2 456 22.02 4.69 1.00 17.13 8 3.13 1
4.05 23.3 44.4 3180 6.32 2.51 0.79 6.17 10 0.98 2
4.05 38.9 44.4 1697 11.83 3.44 0.89 9.22 8 1.73 1
4.05 58.3 44.4 1195 16.81 4.10 0.84 11.99 7 2.28 1
5.05 23.3 33.3 2525 5.66 2.38 0.74 6.27 11 1.00 2
5.05 38.9 33.3 1344 10.64 3.26 0.84 10.46 10 1.68 2
5.05 58.3 33.3 936 15.28 3.91 0.80 12.20 8 2.34 2
6.76 23.3 33.3 2436 3.71 1.93 0.77 4.96 13 0.61 1
6.76 38.9 33.3 1234 7.33 2.71 0.92 8.16 11 1.06 1
6.76 58.3 33.3 888 10.18 3.19 0.85 10.44 10 1.41 1
aAbbreviations: DLPC, dilinoleoyl phosphatidylcholine; LUV, large unilamellar vesicle; DMPC, dimyristoyl phosphatidylcholine; AAPH, 2,2′-azobis(2-
amidinopropane) dihydrochloride; Trolox, 2-carboxy-2,5,7,8-tetramethyl-6-chromanol; kcl, kinetic chain length.
bThe concentrations in the reaction solvent.
cThe n value was taken as 1.8.
dThe concentrations were calculated as per lipid volume, which was estimated by assuming that the density of phospholipid is 0.8.
eThe ki for AAPH was taken as 6.8 × 10−7s−1. 

FIG. 1. Plots of the induction period, tinh, against [Trolox]/[AAPH] in
the autoxidation kinetics of DLPC in LUV. y = 1.798x − 0.2069, r 2 =
0.9805. Data from Table 1. Trolox, 2-carboxy-2,5,7,8-tetramethyl-6-
chromanol; AAPH, 2,2′-azobis(2-amidinopropane) dihydrochloride;
DLPC, dilinoleoyl phosphatidylcholine; LUV, large unilamellar vesicle.



intercept, the Rp/Ri
1/2 value when [LH] is zero (Fig. 3B), rep-

resents the ratio of the rate of oxygen consumption in 
the absence of the oxidizable substrate, Rp0, to the Ri

1/2

value. Therefore, the rate of oxygen consumption involved 
in lipid peroxidation was corrected by subtracting each 
Rp0 value, estimated from the intercept value, 5.95·10−3

(M/s)1/2, from the measured rate, Rp (Table 2). Plots of 
Rp − Rp0 for each mixed LUV against Ri

1/2 also gave straight
lines with r2 > 0.92 (Fig. 4A). A plot of (Rp − Rp0)/Ri

1/2

against [LH] provided a straight line passing through zero
(Fig. 4B). The slope of the straight line, (Rp − Rp0)/[LH]Ri

1/2

= 2.1·10−2 (Ms)−1/2, was exactly equal to the value for

896 R. MAEBA ET AL.

Lipids, Vol. 37, no. 9 (2002)

TABLE 2
The Kinetics of Autoxidation of DLPC in Mixed LUV with DMPC, Initiated by AAPH at 37°Ca

106 Ri

DLPC DMPC [DLPC]c tinh = nd [Trolox]c/tinh 103 Ri
1/2 105 Rp

c kcl 105 Rinh
c kcl 105 Rp0

c,f 105 (Rp − Rp0)c

(mM)b (mM)b (M) (s) (M/s) (M/s)1/2 e = Ri/2ki[AAPH]c,e (M/s) = Rp/Ri (M/s) = Rinh/Ri (M/s) (M/s)

1.52 0 1.023 1296 49.06 7.00 0.81 19.03 4 6.72 1 4.17 14.86
3.03 0 1.023 1200 26.49 5.15 0.87 14.95 6 3.66 1 3.06 11.89
4.80 0 1.023 1200 16.74 4.09 0.87 12.85 8 2.15 1 2.43 10.42
1.01 0.51 0.714 1387 47.97 6.93 0.76 14.01 3 6.75 1 4.12 9.89
2.02 1.01 0.714 1260 26.40 5.14 0.83 11.79 4 3.60 1 3.06 8.73
3.20 1.60 0.714 1229 17.10 4.14 0.85 11.00 6 2.22 1 2.46 8.54
0.51 1.01 0.374 1356 51.44 7.17 0.77 9.84 2 7.37 1 4.27 5.57
1.01 2.02 0.374 1212 28.34 5.32 0.85 7.79 3 3.87 1 3.17 4.62
1.60 3.20 0.374 1212 18.18 4.26 0.87 6.77 4 2.36 1 2.53 4.24
aFor abbreviations see Table 1.
bSee footnote b, Table 1.
cSee footnote d, Table 1.
dSee footnote c, Table 1.
eSee footnote e, Table 1.
fThe rate of oxygen consumption in the absence of oxidizable substrate, which was estimated from the intercept value, 5.95 × 10−3 (M/s)1/2, in Figure 3B. 

FIG. 2. Plots of the rate of oxygen consumption, Rp , against the square
root of the rate of radical initiation, Ri

1/2, in the autoxidation kinetics of
DLPC in LUV. The correlation between Rp and Ri

1/2 was analyzed 
with the data measured under conditions of a fixed concentration of
vesicles (A) or AAPH (B) or Trolox (C). (A) ●●: 1.28 mM DLPC, y =
3.1227x − 0.9952, r 2 = 0.918; ▲▲: 2.14 and 2.56 mM DLPC, y =
3.3073x − 0.9596, r 2 = 0.9231; ■■: 4.05 and 5.05 mM DLPC, y =
3.4527x − 1.0769, r 2 = 0.9378; ◆◆: 6.76 mM DLPC, y = 3.2037x −
0.3513, r2 = 0.98. (B) ●●: 23.3 mM AAPH, y = 2.8052x − 0.1645, r2 =
0.9079; ▲▲: 38.9 mM AAPH, y = 3.0196x + 0.1717, r 2 = 0.9222; ■■:
58.3 mM AAPH, y = 3.0658x + 0.5018, r 2 = 0.9277. (C) ●●: 22.2 µM
Trolox, y = 3.4376x − 0.1401, r 2 = 0.9847; ▲▲: 33.3 µM Trolox, y =
3.141x − 0.479, r2 = 0.9718; ■■: 44.4 µM Trolox, y = 2.6962x − 0.1149,
r2 = 0.9762. Data and abbreviations from Table 1.



Rp/[LH]Ri
1/2, which suggests that it may be unnecessary to

correct the rate of oxygen consumption to obtain the oxidiz-
ability value. This inference was confirmed in all measure-
ments for determination of the oxidizability of other glyc-
erophospholipids (data not shown). Accordingly, the oxidiz-
ability values have been indicated using the uncorrected
measured rates of oxygen consumption. 

The oxidizability values for each glycerophospholipid
were determined by using a mixed bilayer system with an
inert saturated phospholipid. These are summarized in
Table 3. The oxidizability values for PLPC, DLPC, and
DLnPC were strongly correlated with their peroxidation in-
dexes (Fig. 5A), but there was no linear correlation between
the oxidizability value and peroxidation index among PC hav-
ing a single oxidizable fatty acyl chain at the sn-2 position,
such as PLPC, PAPC, and PDPC (Fig. 5B). 

The application of PC and PE mixed LUV to the determi-
nation of oxidizability was explored by measuring the oxidiz-
ability of DLPC in mixed LUV with DOPE instead of DMPC
as an inert saturated phospholipid. Although r2 values
between Rp and Ri

1/2 were more than 0.98 in the autoxida-
tions of each mixed LUV (Fig. 6A), plots of the Rp/Ri

1/2 ratio
against [LH] provided a curved line with a height at around
0.8 of [LH] (Fig. 6B). To confirm this phenomenon, the 
oxidizability of DLPE was measured in mixed LUV with
DMPC. Although there were good correlations between 
Rp and Ri

1/2 (r2 > 0.98) in each mixed LUV (Fig. 7A), plots
of Rp/Ri

1/2 against [LH] gave no linear correlation; 
again, the Rp/Ri

1/2 value was beside the straight line over an
[LH] value of 0.6 (Fig. 7B). The apparent oxidizability val-
ues of DLPC and DLPE were estimated as 4.7 × 10−2 and 4.8
× 10−2 (Ms)−1/2, respectively, from the slope of the straight
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FIG. 3. Autoxidation kinetics of DLPC in mixed LUV with DMPC: 
(A) Plots of the rate of oxygen consumption, Rp, against the rate of radi-
cal initiation, Ri

1/2. ●●: [1.023] DLPC, y = 2.7599x + 0.5024, r 2 =
0.9898; ▲▲: [0.714] DLPC, y = 2.0893x + 0.7332, r 2 = 0.9601; ■■:
[0.374] DLPC, y = 1.3948x + 0.2594, r 2 = 0.9894. The kinetics data
are shown in Table 2. (B) Plots of the ratio, Rp /Ri

1/2, obtained from Fig-
ure 3A, against [LH] in the autoxidation kinetics of DLPC in mixed LUV
with DMPC. The concentration of substrate, [LH], is expressed as moles
DLPC per liter of total lipid volume of vesicles and was changed by al-
tering the relative amounts of DLPC and DMPC in vesicles. y = 2.1101x
+ 0.5952, r 2 = 0.9998. DMPC, dimyristoyl phosphatidylcholine; for
other abbreviations see Figure 1.

FIG. 4. Autoxidation kinetics of DLPC in mixed LUV with DMPC. 
(A) Plots of the corrected rate of oxygen consumption, Rp − Rp0, against
the square root of the rate of radical initiation, Ri

1/2. The rates of oxygen
consumption in the absence of oxidizable substrate, Rp0, are referred to
in Table 2. ●●: [1.023] DLPC, y = 2.1645x + 0.5047, r 2 = 0.9835; 
▲▲: [0.714] DLPC, y = 1.4946x + 0.7332, r2 = 0.9248, ■■: [0.374] DLPC,
y = 0.7992x + 0.2609, r2 = 0.9679. (B) Plots of the ratios, Rp /Ri

1/2, ob-
tained from Figure 3A, and (Rp − Rp0)/Ri

1/2, obtained from Figure 4A,
against [LH] in the autoxidation kinetics of DLPC in mixed LUV 
with DMPC. ▲▲: Rp /Ri

1/2, y = 2.1101x + 0.5952, r 2 = 0.9998; ●: 
(Rp − Rp0)/Ri

1/2, y = 2.096x + 0.0081, r 2 = 0.9997. For abbreviations
see Figures 1 and 3.



lines obtained by plotting Rp/Ri
1/2 against [LH] within the

range for which the correlation is linear (Figs. 6B, 7B).

DISCUSSION

The present procedure, which used a water-soluble radical ini-
tiator and unilamellar vesicles with a small quantity of sub-
strate, brought about a remarkable increase in the efficiency of
free radical production (e > 0.6 through all the experiments),
resulting in shorter completion times (the dissolved oxygen
was completely consumed in the reaction solvent within about
1 h). This oxidizing system is characterized by very low  kcl
values, particularly in the induction period (Tables 1, 2), which
indicates that possibly the initiating azo peroxyl radicals are
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TABLE 3
The Relative Oxidizability Values, Rp/[LH]Ri

1/2, for Various Glycerophospholipids 
Determined Using Mixed LUV with Inert Saturated Phospholipids

Mixed LUV Rp/[LH]Ri
1/2

Test lipida systema 102 (Ms)−1/2 r2 b Peroxidation indexc

DLPC DLPC/DMPC 2.1 0.999 (9) 100
DLPC DLPC/DOPE (4.7) 0.955 (9) 100
DLPE DLPE/DMPC (4.8) 0.962 (9) 100
PLPC PLPC/DMPC 1.0 0.927 (9) 50
DLnPC DLnPC/DMPC 4.7 0.998 (11) 200
PAPC PAPC/DMPC 2.1 0.965 (8) 150
PDPC PDPC/DMPC 2.1 0.988 (9) 250
aAbbreviations: DOPE, dioleoyl phosphatidylethanolamine; DLPE, dilinoleoyl phosphatidylethanol-
amine; PLPC, 1-palmitoyl-2-linoleoyl phosphatidylcholine; DLnPC, dilinolenoyl phosphatidyl-
choline; PAPC, 1-palmitoyl-2-arachidonoyl phosphatidylcholine; PDPC, 1-palmitoyl-2-docosa-
hexaenoyl phosphatidylcholine. For other abbreviations see Table 1.
bThe coefficient of correlation, r2, was calculated based on the number of experiments (in parenthe-
ses).
cPeroxidation index (PI) was calculated according to the following equation: PI = (% dienoic × 1) +
(% trienoic × 2) + (% tetraenoic × 3) + (% pentaenoic × 4) + (% hexaenoic × 5).

FIG. 5. Relationship between peroxidation index and relative oxidiz-
ability value, Rp /[LH]Ri

1/2, of glycerophospholipids in bilayers. A (●●):
among PLPC, DLPC, and DLnPC; B (▲▲): among PLPC, PAPC, and
PDPC. PLPC, 1-palmitoyl-2-linoleoyl phosphatidylcholine; DLnPC, di-
linolenoyl phosphatidylcholine; PLPC, 1-palmitoyl-2-linoleoyl phos-
phatidylcholine; PAPC, 1-palmitoyl-2-arachidonoyl phosphatidyl-
choline; PDPC, 1-palmitoyl-2-docosahexaenoyl phosphatidylcholine;
DLnPC, dilinolenoyl phosphatidylcholine; for other abbreviations see
Figure 1.

FIG. 6. (A) Plots of the rate of oxygen consumption, Rp, against the
square root of the rate of radical initiation, Ri

1/2, in the autoxidation ki-
netics of DLPC in mixed LUV with dioleoyl phosphatidylethanolamine
(DOPE). ●●: [1.023] DLPC, y = 2.7599x + 0.5024, r 2 = 0.9898; 
▲▲: [0.898] DLPC, y = 4.3583x + 0.2715, r2 = 0.9983; ■■: [0.800] DLPC,
y = 4.3322x − 0.3091, r 2 = 0.9984; ◆◆: [0.657] DLPC, y = 3.8911x −
0.1647, r 2 = 0.9992; ✕: [0.530] DLPC, y = 3.047x + 0.2627, r 2 =
0.9979. (B) Plots of the ratio, Rp/Ri

1/2, obtained from (A), against [LH] in
the autoxidation kinetics of DLPC in mixed LUV with DOPE. y = 4.706x
+ 0.6397, r2 = 0.9554. For other abbreviations see Figures 1 and 3.



trapped by the water-soluble inhibitor in the aqueous phase.
This can lead to very large errors in determining the Ri for their
lipid phase. It is quite possible that initiating azo peroxyl radi-
cals react with each other in the aqueous phase to terminate
the initiating reaction, which also results in considerable er-
rors in measuring both the Ri and Rp for their lipid phase. Ac-
cordingly, it was suggested that the present system may not be
appropriate for determining an absolute oxidizability value for
glycerophospholipids in bilayers.

Nevertheless, the kinetics data for autoxidation of DLPC,
obtained in the mixed bilayer system with an inert saturated
DMPC, were confirmed to follow the classical rate law
closely for autoxidation, Rp = kp[LH]Ri

1/2/(2kt)
1/2 (Figs.

3A,B). Furthermore, a combination of unilamellar vesicles
and water-soluble initiator and inhibitor was found to give a
clear induction period, which results in more precise and re-
producible data. Therefore, the procedure was considered to
be useful in assessing the relative oxidizability of glyc-
erophospholipids in bilayers in identical systems. 

Barclay et al. (12) and Yamamoto et al. (13) have reported
that oxidizability values, kp/(2kt)

1/2, for DLPC in bilayers of
4.6 × 10−2 and 9.2 × 10−2 (Ms)−1/2. The value for DLPC ob-
tained in the present procedure, 2.1 ×10−2 (Ms)−1/2, was less
than half, but was within the same order of magnitude of these
values despite possibly including large errors in the kinetics
data. The errors in the rate of oxygen consumption may be
neutralized by using a mixed bilayer system with inert satu-
rated phospholipids as shown in Fig. 4B. But the rate of chain
initiation, Ri, determined by the induction period method
would give a large error in the oxidizability value, because
the actual amount of initiating radicals involved in lipid per-
oxidation, in other words, Ri, is deduced to be smaller than
the value estimated from the equation: Ri = n [Trolox]/tinh.
This overestimation of the Ri value may result in an oxidiz-
ability value lower than the true value. 

The relative oxidizability values of various glycerophos-
pholipids in bilayers have been determined in the system. The
values of PLPC, DLPC, and DLnPC were linearly correlated
with their peroxidation indexes, calculated on the basis of the
numbers of bis-allylic hydrogens in the lipid molecules (Fig.
5A). There was no linear correlation between oxidizability
and the peroxidation index among PC having a single oxidiz-
able fatty acyl chain at the sn-2 position, such as PLPC,
PAPC, and PDPC (Fig. 5B). The accuracy of our results can-
not be confirmed, because the oxidizability values determined
by the oxygen uptake method of other PC containing more
unsaturated FA such as arachidonic acid (20:4) and docosa-
hexaenic acid (22:6) have not been reported, and their rela-
tionships to the peroxidation index have not been discussed. 

In a homogeneous solution, the existence of a positive re-
lationship between the bis-allylic hydrogen number in the
lipid molecule and the oxidizability is well known (14). In
heterogeneous systems, the oxidizability in bilayers has been
shown to depend on the bis-allylic hydrogen content by using
multilamellar liposomes (15) or intact cells (16). On the other
hand, the oxidizabilities of PUFA in aqueous micelles are in-
versely proportional to the bis-allylic hydrogen number
(17,18). Interestingly, that molecular species of PC substan-
tially affect oxidation kinetics has been shown by comparing
the oxidizabilities of soybean PC and egg yolk PC in homo-
geneous solutions and in unilamellar vesicles (19,20). Our re-
sult with unilamellar vesicles appears to agree with their ob-
servations, because soybean PC contains mainly DLPC,
whereas major molecular species of egg yolk PC have a sin-
gle oxidizable acyl chain at the sn-2 position and an inert sat-
urated acyl chain at the sn-1 position. This phenomenon may
be explained in terms of “arm to arm autoxidation” theory
(21), which is used to describe the increase in apparent oxi-
dizability of glyceryl trilinoleate caused by decreasing its
concentration in the reaction solvent (14). 

When the oxidizability was measured with PC and PE
mixed vesicles, there was no linear correlation between
Rp/Ri

1/2 and [LH] despite the excellent correlation be-
tween Rp and Ri

1/2 (r2 > 0.98) for each mixed LUV (Figs. 6
and 7). This indicates the possibility of nonhomogeneous
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FIG. 7. Autoxidation kinetics of dilinoleoyl phosphatidylethanolamine
(DLPE) in mixed LUV with DMPC. (A) Plots of the rate of oxygen con-
sumption, Rp, against the square root of the rate of radical initiation,
Ri

1/2. ●●: [0.877] DLPE, y = 4.3062x − 0.1531, r2 = 0.9971; ▲▲: [0.564]
DLPE, y = 3.6176x − 0.4261, r 2 = 0.9951; ■■: [0.382] DLPE, y =
3.0505x − 0.395, r2 = 0.9872; ◆◆: [0.194] DLPE, y = 1.8448x − 0.0227,
r 2 = 0.9998. (B) Plots of the ratio, Rp /Ri

1/2, obtained from (A), against
[LH]. y = 4.8013x + 1.0133, r 2 = 0.9623. For other abbreviations see
Figures 1 and 3.



distributions of PC and PE in unilamellar vesicles as observed
in biomembranes (22), because the autoxidation reactions
obey the rate law even in each mixed LUV. This causes an in-
crease in the local concentration of oxidizable phospholipid
in vesicles and so results in an increase in the apparent oxi-
dizability of test lipid in bilayers. This inference may be sup-
ported by the greater oxidizability values for DLPC and
DLPE determined in PC and PE mixed LUV, 4.7 × 10−2 and
4.8 × 10−2 (Ms)−1/2, respectively, than the value for DLPC de-
termined in mixed vesicles with DMPC. 

The present study describes a convenient and rapid proce-
dure that would be useful in assessing the relative oxidizabil-
ity of glycerophospholipids in bilayers. The results suggest
that the oxidizability of phospholipids in bilayers is substan-
tially influenced by the number of intramolecular oxidizable
acyl chains, in addition to the content of bis-allylic hydrogen
in a structured environment, and show deviation of the rate
law for autoxidation in PC and PE mixed vesicles, possibly
due to inhomogeneous phospholipid distribution in vesicles. 
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ABSTRACT: Increased mean platelet volume (MPV) has been
suggested as an independent risk factor for acute myocardial in-
farction and the increased reactivity of large platelets. The aim
of this study was to investigate the correlation between platelet
phospholipid (PL) PUFA composition and MPV in 139 free-liv-
ing healthy men ages 20–55 yr (vegans, n = 18; ovolacto vege-
tarians, n = 43; moderate meat-eaters, n = 60; and high meat-
eaters, n = 18). Each subject completed a semiquantitative Food
Frequency Questionnaire and gave a blood sample. Platelet PL
FA composition and MPV were determined by standard meth-
ods. MPV was significantly greater in the vegans than in the
ovolacto vegetarian, moderate, or high meat-eater groups (P <
0.01). Both vegan and ovolacto vegetarian groups had signifi-
cantly higher platelet PL 18:2n-6 and 22:4n-6, and lower
20:5n-3 and 22:6n-3 compared with the moderate and high
meat-eater groups. The vegans demonstrated a significant reduc-
tion in 20:4n-6 and 22:5n-3 compared with the ovolacto vege-
tarian, high meat-eater, and moderate meat-eater groups. Bivari-
ate analysis results showed that MPV was significantly positively
correlated with platelet PL 18:2n-6 (P = 0.048) and negatively
correlated with 20:3n-6 (P = 0.02), 20:5n-3 (P = 0.005), and
22:5n-3 (P < 0.0001), respectively. In a multiple linear regres-
sion analysis, after controlling for potential confounding factors
such as dietary group, age, exercise, body mass index, and di-
etary polyunsaturated and saturated fat, cholesterol, carbohy-
drate, and fiber intake, the MPV was still strongly negatively cor-
related with platelet PL 20:3n-6 (P = 0.003) and 22:5n-3 (P =
0.001). The present data suggest that 22:5n-3 and 20:3n-6 may
play a role in the structural function of the platelet membrane.

Paper no. L8755 in Lipids 37, 901–906 (September 2002).

Evidence from case control studies has indicated that an in-
creased mean platelet volume (MPV) is an independent risk
factor for acute myocardial infarction (MI) (1) and for acute
and/or nonacute cerebral ischemia (2). Large platelets, in such
cases, have been shown to have increased reactivity, leading
to the potential for thrombus formation.

The major role of platelets is in maintaining vascular in-
tegrity and minimizing blood loss. The process is regulated

by a complex dynamic balance between factors released from
both the endothelium and platelets, including prostacyclin
(which inhibits platelet aggregation) and thromboxane (which
potentiates aggregation). Platelets normally circulate in a qui-
escent disk-shaped state, but as they become activated,
changes occur that cause them to undergo a disk-to-sphere
transformation with the development of pseudopodia (3).
This shape change leads to an increase in platelet size, as
measured by MPV, and platelet aggregation is enhanced (4,5).

Flow cytometry techniques have demonstrated that this
greater reactivity of larger platelets is associated with an in-
creased exposure of fibrinogen receptors and the release of
platelet granule contents (6). Platelet activation may be mea-
sured using more sophisticated tests of platelet function, such
as platelet aggregation and release by platelet aggregometry,
or by measurement of immunological markers of activation
using flow cytometry. These techniques are time-consuming
and labor-intensive, whereas measurement of platelet size
(MPV) may be a useful rapid index of platelet activation in
circumstances where production or loss is not impaired (7). 

Dietary intervention and epidemiological studies have re-
ported that increased levels of n-3 PUFA, relative to n-6 PUFA,
in the platelet membrane may provide a protective effect against
thrombus formation via reduced thromboxane A2 formation (8).
The consumption of purified 20:5n-3 ethyl esters (900 or 1800
mg/d) has been shown to decrease MPV significantly in patients
with thrombotic or atherosclerotic diseases (9). Changes in the
proportions of eicosapentaenoic and arachidonic acids of
platelets have been reported to influence the structure, function,
and fluidity (order) of the platelet membrane via eicosanoid me-
tabolism (10); to bind to platelet membrane proteins via
thioester bonds in place of saturated FA; and to modulate hy-
drophobic protein–membrane lipid and protein–protein interac-
tions (11,12). However, there are no data in the literature on the
correlation between the platelet phospholipid (PL) individual
FA and MPV in either human or animal studies.

The aim of this study was to investigate the correlation be-
tween the composition of individual FA in platelet PL and MPV.
We collected Food Frequency Questionnaires (FFQ) and blood
samples from four groups of healthy men (vegans, n = 18;
ovolacto vegetarians, n = 43; moderate meat-eaters, n = 60; and
high meat-eaters, n = 18) ages 20–55 yr with widely varying in-
takes of long-chain PUFA. We hypothesized that the long-term
intake of long-chain n-3 PUFA from their habitual diet would
be negatively correlated with the MPV. 
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METHODS

Subjects. This study formed part of a large project investigat-
ing the association between diet and cardiovascular risk fac-
tors in Australian men (13). The project was approved by the
Human Research Ethics Committee of RMIT University. One
hundred thirty-nine healthy male nonsmokers between 20 and
50 yr of age were recruited through advertisements in univer-
sity newsletters and local newspapers, and all subjects gave
written informed consent for participation in the study. The
exclusion criteria for this study were: evidence of cardiovas-
cular disease (CVD), hypertension, renal disease, hyper-
lipemia, hematological disorders, diabetes, a family history
of CVD, excess alcohol intake, and drug therapy. Subjects
were asked to complete an FFQ (14) and were given detailed
instructions on how to complete it. Each completed FFQ was
checked by the same dietician. According to their habitual di-
etary intake (based on the FFQ), the subjects were divided
into high meat-eaters (n = 18), moderate meat-eaters (n = 60),
ovolacto vegetarians (n = 43), and vegans (n = 18). A high
meat-eater was defined as someone consuming ≥280 g raw
meat per day, and a moderate meat-eater was defined as one
who consumed <280 g per day. A vegan was defined as some-
one who ate meat, eggs, and dairy products less than six times
per year. An ovolacto vegetarian was defined as someone who
ate meat no more than six times per year but consumed eggs
and dairy products freely. For the subjects to be classified into
these categories, they had to have been practicing their diets
for at least 6 mon prior to the study. 

Dietary intake. The dietary intake data of each subject
were assessed using the FFQ and calculated using Diet/1 Ver-
sion 4 software (Xyris Software, Pty. Ltd., Highgate Hill,
QLD, Australia) with the NUTTAB 95 database based on
Composition of Foods, Australia.

Blood specimen collections. Subjects came to the Medical
Centre of RMIT University in the morning following an
overnight fast. They were allowed to sit relaxed for 10 min,
and then venous blood was drawn into CTAD (citrate, theo-
phylline, adenosine, and dipyridamole) and citrate vacuum
tubes with 21-gauge needles. After blood collection, the sub-

jects’ weight, height, and blood pressure were measured. Two
CTAD tubes of whole blood were spun at 100 × g for 10 min.
Platelet-rich plasma (PRP) was removed, and platelets were
isolated from PRP using the method of Castaldi and Smith
(15).

MPV. MPV of citrate-preserved whole blood was mea-
sured on a Coulter STKR analyzer (Coulter Electronics Inc.,
Hialeah, FL).

Platelet PL FA. Total lipids of platelets were extracted with
solvents, the platelet PL fraction was separated by TLC, and
FAME of the platelet PL fraction were prepared and separated
by GLC as described previously (16).

Statistical analyses. Data analyses were performed using a
StatView software program (Abacus Concepts Inc., Berkeley,
CA). An ANOVA was used to establish whether differences
existed between the dietary groups for each parameter. If a
significant difference was found, a further multiple compari-
son test was performed using Fisher’s post-hoc tests to deter-
mine differences between each pair of dietary groups (13).
Linear regressions were used to determine the relationship be-
tween MPV and platelet PL FA composition. Bivariate analy-
ses were initially used to assess the relationship between
MPV and platelet PL composition of individual FA, and di-
etary intake of micro- and macronutrients. In the multivariate
linear regression analysis, MPV was used as a dependent vari-
able, and platelet PL FA compositions were used as indepen-
dent variables. Dietary intakes of PUFA, saturated fat, cho-
lesterol, carbohydrate, and fiber were used as covariates and
controlled for the following factors: exercise, dietary group,
age, and body mass index (BMI) (17). The values are reported
as mean ± SD in Tables 1 and 2 and mean ± SEM in Figure 1
unless otherwise specified. P values were two-sided, and
<0.05 was considered significant. 

RESULTS

Table 1 reports the physiological characteristics and daily di-
etary intake of the four dietary groups. The mean BMI was
significantly greater in both the high and moderate meat-eater
groups than in both the ovolacto vegetarian and vegan groups.
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TABLE 1
Physiological Characteristics and Daily Dietary Intake of the Four Dietary Groups (mean ± SD)a

High meat Moderate meat Ovolacto Vegan
(n = 18) (n = 60) (n = 43) (n = 18)

Age (yr) 34.2 ± 9.4 38.3 ± 7.3 34.9 ± 9.0b* 33.0 ± 7.7b*
BMI 27.0 ± 3.4 26.4 ± 3.4 23.6 ± 2.8a***,b*** 23.3 ± 3.5a***,b***
Energy (MJ) 1.64 ± 3.31 1.13 ± 2.48a** 1.15 ± 2.46a*** 1.18 ± 2.44a***
Protein (% of E) 19.4 ± 1.3 17.9 ± 2.2a** 14.7 ± 2.2a***,b*** 14.1 ± 2.4a***,b***
CHO (% of E) 40.3 ± 4.4 45.7 ± 6.8a** 50.9 ± 6.4a***,b*** 57.4 ± 5.4a***,b***,c***
Total fat (% of E) 37.8 ± 4.2 32.8 ± 6.1a** 32.7 ± 6.2a** 28.2 ± 4.3a***,b**,c**
SFA (% of E) 17.4 ± 2.7 14.3 ± 3.2a*** 11.9 ± 4.0a***,b*** 6.6 ± 1.6a***,b***,c***
MUFA (% of E) 14.9 ± 1.4 13.0 ± 2.8a* 12.9 ± 3.2a* 11.7 ± 2.7a***
PUFA (% of E) 5.6 ± 1.4 5.6 ± 2.3 7.9 ± 2.5a***,b*** 9.8 ± 3.1a***,b***,c**
Cholesterol (mg) 611 ± 150 332 ± 107a*** 197 ± 117a***,b*** 22 ± 22a***,b***,c***
Fiber (g) 43 ± 12 33 ± 10a 54 ± 18a***,b*** 77 ± 23a***,b***,c***
aE, energy; CHO, carbohydrate; SFA, saturated FA; MUFA, monounsaturated FA; BMI, body mass index. Significance of
differences for ahigh meat-eaters, bmoderate meat-eaters, covolacto vegetarians: *P < 0.05, **P < 0.01, ***P < 0.001.



The median age (range) was 35 yr (21 to 50) for the high meat-
eater group, 38 (21 to 55) for the moderate meat-eater group,
31 (22 to 54) for the ovolacto vegetarian group, and 31 (22 to
50) for the vegan group. Energy intake was significantly
higher in high meat-eaters than in the other three dietary
groups. However, the energy sources were quite different be-
tween the four dietary groups. Protein, total fat, saturated FA
(SFA), and monounsaturated FA (MUFA) as percentage of en-
ergy showed a significant decreasing tendency from high
meat-eaters to moderate meat-eaters to ovolacto vegetarians
and vegans. However, PUFA as percentage of energy was sig-
nificantly increased from high meat-eaters to moderate meat-
eaters to ovolacto vegetarians and vegans. Vegans do not eat
dairy products and meats, and their fat intake was derived
mostly from seeds, nuts, avocados, and vegetable oils. Cho-
lesterol intake showed a significant decreasing tendency from
high meat-eaters to moderate meat-eaters to ovolacto vegetar-
ians to vegans. The small amount of cholesterol in the vegan
diet was derived from egg-containing pastry.

There was a tendency for the MPV to increase from high
meat-eaters to moderate meat-eaters to ovolacto vegetarians
to vegans, and it was significantly greater in the vegan group
than in the other three groups (Fig. 1). 

Platelet PL PUFA compositions are shown in Table 2.
There was no significant correlation between MPV and indi-
vidual platelet SFA and MUFA, so only platelet PUFA data
(% of total FA) are reported. The proportions of platelet PL
18:2n-6 and 22:4n-6 were significantly higher in both the
ovolacto vegetarian and the vegan groups than in both the
high and the moderate meat-eater groups. There was a signif-
icant tendency for 20:4n-6, 20:5n-3, and 22:6n-3 to decrease
from the high and the moderate meat-eater groups to ovolacto
vegetarian to vegan groups. The proportion of 22:5n-3 in the
vegan group was significantly lower compared with other
three dietary groups. 

Bivariate analysis results showed that MPV was positively
correlated with platelet PL 18:2n-6 (P = 0.048) and nega-
tively correlated with platelet PL 20:3n-6 (P = 0.02), 20:5n-3

(P = 0.005), and 22:5n-3 (P < 0.0001), respectively (Figs. 2
A–D). There was a significant negative correlation between
MPV and platelet count (P < 0.001). MPV was also positively
correlated with dietary intake of carbohydrates (P = 0.043),
PUFA (P = 0.0146), and fiber (P = 0.002) and negatively cor-
related with dietary intake of SFA (P = 0.003) and cholesterol
(P = 0.002). 

Table 3 shows the results of the multiple linear regression,
in which MPV was used as the dependent variable and
platelet PL 22:5n-3, 18:2n-6, 20:3n-6, and 20:5n-3 were the
independent variables. After controlling for confounding fac-
tors such as dietary group, age, BMI, dietary total saturated
fat, total PUFA, cholesterol, carbohydrate, and fiber intake,
the MPV was still strongly positively correlated with platelet
PL 22:5n-3 (P = 0.0012) and 20:3n-6 (P = 0.0034). 
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FIG. 1. Mean platelet volume (MPV) of four dietary groups. Lowercase
a and b indicate a difference between dietary groups. Error bars repre-
sent mean ± SEM.

TABLE 2
Partial Platelet Phospholipid FA Composition of the Four Dietary Groups (% of total FA, mean ± SD)a

High meat Moderate meat Ovolacto Vegan
FA (n = 18) (n = 60) (n = 43) (n = 18)

18:2n-6 5.3 ± 0.7 5.2 ± 0.6 6.1 ± 0.9a***,b*** 6.3 ± 0.5a***,b***
20:3n-6 1.5 ± 0.3 1.5 ± 0.3 1.5 ± 0.4 1.5 ± 0.4
20:4n-6 24.4 ± 1.4 24.5 ± 1.2 23.9 ± 1.3b* 23.0 ± 1.7a**,b***,c*
22:4n-6 2.3 ± 0.3 2.4 ± 0.3 2.6 ± 0.4a**,b* 2.7 ± 0.5a**,b**
22:5n-6 0.2 ± 0.0 0.3 ± 0.2 0.3 ± 0.1 0.2 ± 0.1

Total n-6 33.7 ± 1.9 33.9 ± 1.2 34.4 ± 1.5 33.8 ± 2.2

18:3n-3 0.0 ± 0.0 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.2
20:5n-3 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1a**,b*** 0.2 ± 0.1a***,b***,c*
22:5n-3 1.9 ± 0.3 1.9 ± 0.3 1.9 ± 0.5 1.5 ± 0.4a**,b***,c***
22:6n-3 1.5 ± 0.4 1.6 ± 0.4 1.2 ± 0.4a*,b*** 0.9 ± 0.3a***,b***,c**

Total n-3 3.7 ± 0.5 3.9 ± 0.5 3.3 ± 0.8a*,b*** 2.7 ± 0.5a***,b***,c***

Total PUFA 37.4 ± 2.0 37.8 ± 1.1 37.8 ± 1.3 36.6 ± 2.3b**,c**
aSignificance of differences for ahigh meat-eaters, bmoderate meat-eaters, covolacto vegetarians: *P < 0.05, **P < 0.01,
***P < 0.001. The full FA composition can be found in Reference 13.



DISCUSSION

The aim of this study was to investigate the correlation between
MPV and individual FA composition in platelet PL. We hy-

pothesized that the long-term intake of long-chain n-3 PUFA
from the habitual diet would be negatively correlated with
MPV, based on evidence from previous studies suggesting that
n-3 PUFA reduce platelet aggregability (18,19).

In this study, the MPV was significantly positively corre-
lated with platelet PL 18:2n-6 and negatively correlated with
20:3n-6, 20:5n-3, and 22:5n-3 in the bivariate analysis. In the
multiple linear regression, after controlling for the confound-
ing factors such as BMI, exercise, age, dietary groups, dietary
intake of carbohydrates, fiber, cholesterol, PUFA, and SFA, the
MPV was still significantly negatively correlated with platelet
PL 20:3n-6 and 22:5n-3 (P < 0.01). This result suggests that if
it were possible to increase the levels of these particular PUFA
in platelet membranes, this increase might be associated with a
reduced MPV as discussed later. In the quiescent disk-like state
associated with lower MPV values, platelets are less likely to
be involved in thrombotic conditions (18) since they are not
subject to activating stimuli that cause shape and behavioral
changes. Although the main function of platelets is to arrest
bleeding, they also have been implicated in the initiation and
development of arterial thrombosis in circumstances where in-
appropriate activation occurs (19).
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FIG. 2. Correlation of MPV with composition of platelet phospholipid 18:2n-6 (A), 20:3n-6 (B), 20:5n-3 (C), and 22:5n-3 (D). LA, 18:2n-6; for other
abbreviation see Figure 1.

TABLE 3
Relationships Between Mean Platelet Volume and Platelet 
Phospholipid FA Compositions, as Determined by Multiple Linear 
Regression, with Potential Confounding Factors as Covariatesa

Factors Std. coeff. P-Value

Platelet 18:2n-6 0.034 0.777
Platelet 20:3n-6 −0.281 0.003
Platelet 20:5n-3 −0.037 0.725
Platelet 22:5n-3 −0.319 0.001
CHO intake (% of E) −0.072 0.542
Fiber intake (g/d) 0.205 0.088
Cholesterol intake (mg/d) −0.095 0.574
PUFA intake (% of E) 0.010 0.960
SFA intake (% of E) 0.142 0.520
Age (yr) −0.048 0.607
BMI 0.164 0.547
Exercise (h/d) −0.058 0.120
Dietary group 0.207 0.247
aStd. Coeff., standardized regression coefficients; for other abbreviations see
Table 1.



Reports of the effect of dietary intervention with n-3 PUFA
on the MPV have been inconsistent. For example, the MPV
showed a significant decrease when the diets of 34 patients
(26 men and 8 women), ages 42 to 86 yr, with thrombotic or
arteriosclerotic diseases were supplemented with 900 or 1800
mg of purified eicosapentaenoic acid ethyl ester for 12 wk (9).
In contrast, the MPV showed significant increases when
healthy subjects, ages 16 to 69 yr, consumed 15 mL of cod
liver oil/olive oil (1:1, vol/vol) (n = 40) and whale oil (n = 38)
daily for 12 wk (20); when 9 healthy men, ages 31 to 65 yr,
consumed a salmon diet for 40 d (21); and when the diets of
34 healthy subjects (20 men and 14 women), ages 20 to 40 yr,
were supplemented with 25 mL cod liver oil per day for 8 wk
(22). The mean MPV was significantly reduced from 8.3 to
7.7 fL when 10 healthy men, ages 32 to 40 yr, consumed a
high stearic acid diet (8% of energy), compared with a low
stearic acid diet (2% of energy), for 40 d (23). In a similar
study, the MPV decreased significantly from 8.9 to 8.4 fL
when 13 healthy men, ages 20 to 55 yr, consumed a diet high
in stearic acid (19.4 g/d) for 4 wk, compared with a baseline
diet (7.3 g stearic acid/d); the latter was associated with an in-
crease in the proportion of stearic acid (from 20.1 to 24.6%)
in platelet PL (24). Platelet membrane 20:3n-6 was reported
to decrease significantly (P < 0.01) and MPV to increase sig-
nificantly in postmenopausal women (n = 38) who were given
hormone replacement therapy for 6 wk (25). 

MPV is influenced by body weight and physical exercise.
MPV was shown to increase with age in a population study
of 1065 subjects who ranged in age from 0 to 75 yr (27). The
lightest subpopulation had the lowest MPV (26). MPV was
shown to increase in obese patients who undertook weight
loss therapy with either a hypocaloric diet or a nutritionally
complete very low caloric diet for 40 wk (28). MPV also de-
creased significantly in 60 male and 18 female healthy sub-
jects after 18 to 20 mon of physical exercise (29). 

As discussed above, increased MPV in some cases is not
necessarily a risk factor for CVD. As reported by others
(30–32), we also found that MPV was significantly negatively
correlated with platelet counts in healthy subjects. This indi-
cates that in healthy subjects when MPV goes up, platelet
count goes down to maintain a physiological platelet mass
(33). Furthermore, the results of platelet size and shape stud-
ies carried out in patients with CVD cannot necessarily be ex-
trapolated to healthy subjects. Results from the present study
suggest that 22:5n-3 and 20:3n-6 play a role in the structural
function of platelet membranes.

The results from this paper suggest that two PUFA found
in platelets (20:3n-6 and 22:5n-3) may influence platelets by
reducing their reactivity. The effects of these two PUFA on
platelet function have rarely been studied, although they
occur in platelets at about the same levels as 20:5n-3, perhaps
because 22:5n-3 has only recently become available as a pure
standard. Two reports, however, indicate that 22:5n-3 does
influence platelet function. First, Careaga and Sprecher (34)
reported that 22:5n-3 inhibited synthesis of both thrombox-
ane B2 and 5,8,10-heptadecatrienoic acid from arachidonic

acid. They also reported that 12-hydroxy-5,8,10,14-eicosatet-
raenoic acid (12-HETE) synthesis increased due to substrate
shunting to the lipoxygenase pathway when platelets were in-
cubated with a high concentration of 22:5n-3 (20 µM) and in-
creasing levels of [1-14C]20:4n-6 (34). Second, Akiba et al.
(35) reported that 22:5n-3, compared with 20:5n-3 or 22:6n-3,
exhibited the most potent activity for inhibiting thromboxane
A2 formation and for accelerating 12-HETE production by in-
tact rabbit platelets. These authors suggested the effects may
have been responsible for the marked inhibition of platelet
aggregation by 22:5n-3. Oelz et al. (36) fed a large amount of
20:3n-6 to rabbits, and although considerable amounts of
prostaglandin (PG) E1 and PGE2 were produced by their ag-
gregating platelets, no changes in response to agonist ADP,
collagen, and arachidonic acid were detected.

In conclusion, the data from this study support the need for
further research on the role of different PUFA on platelet
function using purified FA and various ex vivo techniques to
probe the possible mechanisms of the action of PUFA on the
platelet.
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ABSTRACT: Long-chain N-acylethanolamines (NAE), includ-
ing the endocannabinoid, anandamide, accumulate in mam-
malian tissues under a variety of pathological conditions. They
have also been shown to inhibit the growth of various cancer
cell lines in vitro. Here, we report the presence, in widely dif-
fering amounts (3.88–254.46 pmol/µmol lipid P), of NAE and
their precursor phospholipids in various human tumors and
some adjacent unaffected tissues. Anandamide ranged from 1.5
to 48% of total NAE, and incubation of tissue homogenates sug-
gested possible NAE biosynthesis by both the established
transacylation-phosphodiesterase pathway via N-acyl PE and
by direct N-acylation of ethanolamine.

Paper no. L9090 in Lipids 37, 907–912 (September 2002).

Long-chain N-acylethanolamines (NAE) and their precur-
sors, N-acylethanolamine phospholipids (N-acyl PE), are
ubiquitous constituents of mammalian cells, tissues, and cer-
tain body fluids. They can accumulate post mortem and under
pathological conditions involving membrane degeneration
(reviewed in Refs. 1,2). Relatively high amounts of these
lipids have been identified in membranes of undifferentiated
murine neuroblastoma C1300 N18 cells, but not after differ-
entiation of these cells (3). Whereas the signaling activity of
the major saturated and monounsaturated NAE has only re-
cently become of interest (4,5), their polyunsaturated
analogs, especially anandamide (20:4n-6 NAE), have re-
ceived much more attention since they have been identified
as endogenous cannabinoid receptor agonists (6; reviewed in
Refs. 7,8). Because ∆9-tetrahydrocannabinol and other
cannabinoids have been shown to inhibit the growth of vari-
ous cancer cell lines and certain malignant tumors (9, re-
viewed in Ref. 10), the endocannabinoid, anandamide, was
also tested for its potential antiproliferative effects. A dose-
dependent anti-proliferative effect was observed in human
breast cancer cells, but several other tumor cell lines were not
similarly affected (11). The effect of anandamide was medi-
ated by CB1-like cannabinoid receptors; inhibition occurred
in the G1/S phase of the cell cycle and appeared to be due to

inhibition of prolactin-induced cell proliferation (11–13). In-
terestingly, the proliferative effect of nerve growth factor was
also blocked by CB1 cannabinoid receptor agonists (13). The
effect of anandamide was found to be enhanced by 16:0
NAE, which was shown to inhibit the expression of FA amide
hydrolase (FAAH; 14). At this time it remains unclear what
role anandamide and other cellular NAE may play in tumor
cell proliferation in vivo.

Although it might be assumed that NAE, including anan-
damide, are present in human tumors, data regarding the pres-
ence of NAE in human neoplasms are not available. Such
data are necessary before a possible correlation between
NAE-mediated cell signaling and the malignant properties of
human tumors can be postulated. In this communication, we
report for the first time the levels and composition of NAE
and their precursor phospholipids in a variety of human tu-
mors, compared with adjacent normal tissues, obtained as
surgical waste following surgery.

MATERIALS AND METHODS

Materials. Anonymized samples of both malignant and adja-
cent benign human tissues were obtained following surgery
and were placed on dry ice and kept frozen at −80°C until
analysis and/or incubation.

Lipid extraction and fractionation. The frozen tissues
were weighed (typically 0.5–2.0 g), cut into small pieces, and
homogenized with a Tissumizer (Tekmar, Cincinnati, OH) in
10 mL of ice-cold methanol; then 20 mL of chloroform was
added and the mixture was homogenized again. The ho-
mogenate was transferred to a large screw-capped glass tube
and 7.5 mL of 2.5% aqueous NaCl was added in order to sep-
arate phases (15). After centrifugation, the lower chloroform
phase was transferred to a glass screw-capped tube, blown to
dryness with N2, and the residue redissolved in chloroform.
Aliquots were taken for the determination of lipid phos-
phorus (16).

Internal standards of N-heptadecanoyl PE (0.6 µg) and
deuterated NAE (16:0, 17:0, 18:0, 18:1, 18:2, and 20:4 d4
NAE, 0.1 µg each) were added before the lipid extract (up to
3 µmol lipid P in chloroform) was applied to a 100 mg silica
solidphase extraction (SPE) cartridge (Alltech). After elution
of the neutral lipids with 4 mL of chloroform, NAE was
eluted with 4 mL chloroform/methanol (98:2, vol/vol) and N-
acyl PE with chloroform/methanol (8:2, vol/vol).
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Assay of N-acyl PE and NAE. Both N-acyl PE and NAE
were derivatized and analyzed by GC–MS as described in de-
tail previously (17). Briefly, the NAE fraction containing
deuterated internal standards was converted to t-butyl-
dimethylsilyl ethers and analyzed with a Hewlett-Packard
5890 gas chromatograph equipped with a 5972 mass selec-
tive detector and 7673 autosampler. The HP5MS column, 30
m by 0.25 mm i.d. (Hewlett-Packard, Palo Alto, CA), was
programmed from 150 to 280°C at 50°C per min. The M − 57
ions were monitored in selected ion monitoring mode.

NAE derived from N-acyl PE by phospholipase D hydroly-
sis was isolated by SPE and processed as described above.

Preparation and incubation of tissue. Several tumors and
one normal tissue sample were homogenized (Tissumizer) in
40 mM Hepes, pH 7.4. Aliquots of 0.5 mL, representing
about 100 mg wet weight, were incubated in this buffer at
37°C for 1 h in the presence of either Ca2+ or ethanolamine,
5 mM each, and lipids were then extracted and analyzed as
described above.

RESULTS

Levels and compositions of N-acyl PE and NAE in human tu-
mors and normal tissues. Samples of human tumors and ad-
jacent normal tissues were kept frozen until they were ex-
tracted and analyzed for N-acyl PE and NAE content. As
summarized in Table 1, all tissues contained measurable
amounts of both lipids. In general, tumor tissues contained

higher amounts of phospholipid on a wet weight basis than
adjacent normal tissues. Hence, on a wet weight basis, tumor
tissues contained substantially higher levels of both N-acyl
PE and NAE, whereas NAE levels were either higher or
lower than those of normal tissues when normalized to total
phospholipid. Even on a phospholipid basis N-acyl PE levels
in tumors were generally higher, with the notable exception
of the malignant lymphoma of the terminal ileum (Table 1).
This tumor had the lowest N-acyl PE level (30.92 pmol/µmol
P), whereas a prostatic adenocarcinoma had the highest
(381.09 pmol/µmol P).

The compositions (mol%) of the amide-linked FA of both
N-acyl PE and NAE derived from the same tumor and benign
tissues are listed in Table 2. The six N-acyl groups assayed
represent the majority, but small amounts of other (polyun-
saturated) FA may also have been present. As observed pre-
viously with animal tissues, 16:0 NAE was the main con-
stituent of both NAE and the amide-linked FA of N-acyl PE.
Interestingly, anandamide (20:4n-6 NAE) was relatively high
in prostate, especially in prostate tumors, whereas the corre-
sponding amide-linked arachidonate was low in the N-acyl
PE of these tissues. Conversely, carcinoma of the bladder and
soft tissue malignant fibrous histiocytoma, as well as adja-
cent normal skeletal muscle, exhibited relatively high N-
arachidonate levels in N-acyl PE but low percentages of
anandamide among NAE.

Assays of additional human tumors (Table 3) confirmed
that they contained wide ranges of N-acyl PE, from 11.37

908 P.C. SCHMID ET AL.

Lipids, Vol. 37, no. 9 (2002)

TABLE 1
N-Acyl PE and NAE Levels of Human Tumors and Benign Tissues

pmol/g wet wt pmol/µmol P

Phospholipid N-Acyl 20:4 N-Acyl 20:4
Tissue Tumor type (µmol P/g wet wt) PE NAE NAE PE NAE NAE

Prostate tumor (no. 1) Adenocarcinoma Gleason 3+4 16.84 4665.8 233.8 77.39 277.14 13.89 4.60
Benign prostate (no. 1) 11.30 1632.4 114.7 23.40 144.40 10.15 2.07

Prostate tumor (no. 2) Adenocarcinoma Gleason 3+3 15.99 2942.9 142.2 18.34 183.99 8.89 1.15
Benign prostate (no. 2) 12.79 1828.7 108.4 9.65 143.02 8.48 0.75

Prostate tumor (no. 3) Adenocarcinoma Gleason 4+4 17.69 6743.2 339.9 81.58 381.09 19.21 4.61
Benign seminal vesicle (no. 3) 7.34 1624.1 183.2 6.41 221.13 24.95 0.87

Bladder tumor Grade 3 transitional cell carcinoma 13.21 2963.0 189.8 7.40 224.22 14.36 0.56
Benign bladder 4.97 866.3 137.7 4.82 174.17 27.68 0.97

Left anterior thigh tumor Grade 4 malignant fibrous histiocytoma 19.24 6326.6 278.6 9.19 328.78 14.48 0.48
Benign thigh muscle 8.09 1141.0 112.8 1.92 141.12 13.95 0.24

Endometrial tumor Grade 4 malignant carcinosarcomaa 14.81 2554.0 182.5 11.86 172.41 12.32 0.80
Benign cervix 4.04 691.9 91.8 3.86 171.18 22.71 0.95

Stomach tumor Invasive grade 4 adenocarcinoma 14.41 3610.1 400.6 8.41 250.54 27.80 0.58
Benign stomach 19.06 405.2 154.2 5.71 21.26 8.09 0.30

Terminal ileum tumor Malignant lymphomab 15.93 492.6 181.8 5.64 30.92 11.41 0.35
Benign ileum (small bowel) 9.75 883.2 145.5 5.24 90.57 14.92 0.54
aMixed müllerian tumor.
bWith plasmacytic differentiation. N-Acyl PE, N-acylphosphatidylethanolamine; NAE, N-acylethanolamine.



pmol/µmol P in a lymph node metastatic melanoma to
1756.82 pmol/µmol P in a bladder carcinoma. These tumors
also contained the lowest and highest levels of NAE, 3.88 and
254.46 pmol/µmol P, respectively. As a percentage of total
amide-linked FA, 20:4n-6 ranged from 3.1 to 24.6% in N-acyl
PE and from 1.5 to 48.0% in NAE.

Generation of N-acyl PE and NAE in human tumors and
normal tissues. Although it is now generally accepted that
NAE, including anandamide, are synthesized via N-acyl PE
through the Ca2+-dependent transacylation-phosphodi-
esterase pathway (7,8), there is evidence that direct N-acyla-
tion of ethanolamine also occurs in vitro and in intact cells
(17) in the presence of ethanolamine. Because the condensa-
tion of FA and ethanolamine could be selective for arachido-
nate, we tested preparations of human tumors and normal tis-
sues for their capacity to synthesize N-acyl PE and NAE in
the presence of Ca2+ or ethanolamine. As shown in Figure 1,
incubation in the presence of Ca2+ resulted in the expected
(but relatively minor) increases in N-acyl PE and NAE lev-
els, whereas NAE levels were elevated dramatically in the
presence of ethanolamine. In the case of a carcinoma of the
bladder, NAE was increased about 47-fold over its level in
unincubated tissue.

These data suggest that both transacylase and phospholi-
pase D activity were present in these tissues, as in all other
mammalian tissues examined so far (7,8), and that condensa-
tion of ethanolamine with endogenous FA occurred as well.
Interestingly, this N-acylation of ethanolamine showed a

preference for arachidonate in both a bladder tumor and be-
nign bladder tissue, leading to both an absolute (172-fold)
and relative (from 4 to 15.2%) increase in anandamide (data
not shown). Other tissues did not exhibit this effect. Whether
such condensation reactions are relevant in vivo depends on
the amounts of ethanolamine present in these tissues.

DISCUSSION

We have shown here that malignant human tumors contain
widely varying levels of N-acyl PE and NAE, whose compo-
sitions also varied widely. In most cases, cancer tissues con-
tained substantially higher concentrations of these lipids than
adjacent benign tissue, when normalized to wet weight, since
most tumors also contained higher levels of phospholipids
(Table 1). Such higher contents of phospholipids in tumors
have been previously documented and suggested for use in
the diagnosis of several types of cancer and for evaluating the
efficacy of treatment (18–21). On a phospholipid basis, by
far the highest levels of both N-acyl PE and NAE (1756 and
254 pmol/µmol lipid P, respectively) were seen in an inva-
sive, grade 3 squamous cell carcinoma of the bladder (Table
3). In other cancers, N-acyl PE levels ranged from less than
20 to over 300 pmol/µmol P. NAE levels, which are com-
monly lower than those of N-acyl PE in the same tissue (1,8),
ranged from less than 1 to over 60 pmol/µmol P (Tables 1 and
3). The concentration of the endocannabinoid anandamide
(20:4n-6 NAE) was highest in prostate cancer (reaching 24
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TABLE 2
Composition (mol%) of Amide-Linked FA in N-Acyl PE and NAEa of Human Tumors and Benign Tissues

N-Acyl PE NAE

Chain length: number of double bonds Chain length: number of double bonds

Tissue 16:0 18:0 18:1n-9 18:1n-7 18:2n-6 20:4n-6 16:0 18:0 18:1n-9 18:1n-7 18:2n-6 20:4n-6

Prostate tumor (no. 1) 69.3 11.8 8.8 4.9 3.5 1.8 16.7 14.7 11.7 5.9 17.9 33.1
Benign prostate (no.1) 49.7 16.4 11.2 7.7 6.2 8.8 35.9 22.6 8.2 7.3 5.6 20.4

Prostate tumor (no. 2) 53.3 15.1 14.3 9.3 4.6 3.5 36.0 23.9 12.0 6.4 8.9 12.9
Benign prostate (no. 2) 58.5 14.9 13.5 6.3 4.0 2.8 38.9 26.8 10.9 7.8 6.8 8.9

Prostate  tumor (no. 3) 46.2 15.9 10.0 12.4 9.0 6.4 26.5 15.8 10.0 5.4 18.4 24.0
Benign seminal vesicle (no. 3) 53.8 17.6 12.6 4.9 5.6 5.5 42.6 28.6 9.6 8.5 7.3 3.5

Bladder tumor 40.7 22.9 11.5 6.1 9.3 9.5 42.0 30.0 10.3 9.0 4.8 3.9
Benign bladder 39.6 15.7 18.8 6.0 9.8 10.2 40.3 26.1 13.7 10.3 6.1 3.5

Left anterior thigh tumor 25.8 18.7 11.3 6.7 17.3 20.2 40.8 32.2 11.6 8.9 3.3 3.3
Benign thigh muscle 27.1 16.6 12.6 4.7 28.2 10.8 37.7 27.4 10.4 9.1 13.7 1.7

Endometrial tumor 72.8 11.4 7.2 3.5 3.9 1.2 35.1 24.4 12.2 14.4 7.4 6.5
Benign cervix 48.9 16.6 17.6 3.6 9.9 3.5 52.2 28.0 8.4 3.3 3.9 4.2

Stomach tumor 42.7 29.5 10.3 5.1 10.7 1.8 34.6 36.1 11.1 8.7 7.5 2.1
Benign stomach 35.0 12.8 15.8 5.7 26.6 4.2 36.3 25.0 9.2 17.4 8.5 3.7

Terminal ileum tumor 46.6 14.8 8.7 14.2 11.9 3.7 33.3 27.0 8.5 23.9 4.6 3.1
Benign ileum (small bowel) 41.3 19.1 17.4 5.1 15.4 1.7 43.1 30.6 11.1 4.7 7.1 3.6
aFor abbreviations see Table 1.
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pmol/µmol P), where it also represented the highest percent-
age (48%) of NAE.

Because N-acyl PE is the direct precursor of NAE, includ-
ing anandamide, the percentage distribution of their amide-
linked FA tends to be similar (1,7,8). This was also the case
with many of the human tumors and benign tissues analyzed.
However, it is interesting to note that the percentage of the
anandamide precursor, N-arachidonoyl PE, rather than of
anandamide itself, was very high in breast cancer tissues (up
to 25%). This may be relevant in view of the growth-in-
hibitory action of anandamide observed with human breast
cancer cells (11–13). Although the turnover rates of N-acyl
PE and NAE in these tumors are not yet known, they were
shown to be very high in macrophages (22). In such a case,
the high proportion of N-arachidonoyl PE could be an impor-
tant source for the continuous production of anandamide in
mammary tumors. Conversely, the very high percentage of
anandamide in prostate cancer was not matched by an equally
high percentage of N-arachidonoyl groups in its N-acyl PE
precursor. These data are reminiscent of similar relationships
seen in peri-implantation mouse uterus where anandamide
was found to reach extremely high levels without a corre-
spondingly high concentration of N-arachidonoyl PE (23).

Although the phospholipase D that hydrolyzes N-acyl PE
to NAE does not exhibit any substrate selectivity with respect
to N-acyl groups, anandamide could be formed under certain
conditions by an alternative pathway. The FAAH that hy-
drolyzes NAE to FA and ethanolamine is known to act in re-
verse in the presence of high substrate concentrations
(24–26). This reaction was shown to occur in intact cells in
the presence of exogenous ethanolamine (22). Whether
human tumors, such as prostate adenocarcinoma (Table 3),
can produce significant concentrations of arachidonoic acid
and ethanolamine for selective anandamide production by
this pathway remains to be investigated.

The data presented here were acquired over several years
by a method that has been found to be highly accurate and

well reproducible. At this time, no comparable data are avail-
able in the literature. A recent study of NAE in human brain
tumor (meningioma) and normal human brain, as well as neu-
roblastoma and lymphoma cells (27), reported levels several
orders of magnitude higher (e.g., 50 nmol/g tissue of anan-
damide) than those reported by us and others. However, these
data (27) must be accepted with caution because the internal
standards were added to aqueous homogenates, which were
subsequently centrifuged to obtain the membranes to be ana-
lyzed. The internal standards may have been discarded with
the supernatants, resulting in a considerable overestimation
of the compounds of interest. Thus, our present data repre-
sent the first reliable information on the presence of NAE and
N-acyl PE in human cancer and will form the basis for fur-
ther study on their potential role in carcinogenesis.
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ence of either 5 mM Ca2+ (b) or 5 mM ethanolamine (c).
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ABSTRACT: Dolichol (D) levels increase dramatically in older
tissue. An understanding of the exchangeability of D between
tissues may be essential in order to understand the mechanism
of the abnormal accumulation associated with aging. The ques-
tion was investigated by the use of organ transplantation. D-
poor hearts donated by 3-mon-old and D-rich by 22-mon-old
male Lewis rats were transplanted heterotopically in 3-mon-old
syngenic recipients, whose peripheral tissues and liver were
poor in D. Native and transplanted hearts were taken 7 and 21
d after surgery. Native hearts of 3-mon- and 22-mon-old male
Lewis rats served as control. D concentration and quantity were
higher in older than in younger native hearts as expected. In the
transplanted hearts, the quantity of D was unchanged, irrespec-
tive of the age of the donor and of the time of transplantation,
whereas D concentration increased because of the remarkable
disuse atrophy. No changes in D were observed in recipients’
tissues. It is concluded that dolichol is not redistributed via cir-
culation from the transplanted heart to the tissues and liver of
the younger recipient. 

Paper no. L9038 in Lipids 37, 913–916 (September 2002).

Dolichol is a long-chain polyisoprenoid widely distributed in
the biological membranes of experimental systems and
human tissues (1–3). Metabolism and functions of dolichol
are largely unknown. Synthesis of dolichol has been demon-
strated in vitro and in vivo in many tissues, but no enzymatic
pathway for dolichol catabolism has been described so far (4).
In view of the total dolichol content of the body, of the half-
life of total body dolichol, and of the dolichol content in the
extracellular space, it was concluded that the dolichol in tis-
sues probably derives from biosynthesis in those tissues and
that relocation of dolichol via circulation cannot be promi-
nent in vivo (4,5). However, more recent evidence in a patient
with abetaliproteinemia reopened this question and invited
the suggestion that the HDL-associated dolichols in serum
could possibly be taken up at least in part and carried by HDL
from peripheral tissues (6).

We thought that the clarification of the role of exchange be-
tween tissues in the metabolism of tissue dolichol might be es-
sential in order to understand the mechanism underlying the

well-known, dramatic accumulation of dolichol in older animal
tissues (7–10), and that transplantation experiments of older
dolichol-rich tissues into younger recipients could give an an-
swer to the question. In this research we report on the levels of
dolichol in the heart of younger and older rat donors trans-
planted in younger recipients, and show that there is no net re-
distribution of dolichol from the old heart to the younger tissues.

MATERIALS AND METHODS

Animals. Groups of male 2-mon-old rats of the Sprague-Daw-
ley and Lewis strain were purchased from Harlan Italy
(Corezzano, Italy) and maintained on a standard laboratory
food (TEKLAD, Harlan) and water ad libitum. Rats were sac-
rificed 7 and 20 d after surgery; the grafted and the native
hearts and kidney, liver, and extensor digitorum longus and
soleus muscle were excised and weighed; and samples were
taken for the extraction of lipid and the assay of cholesterol
and dolichol by HPLC. Specimens for electron microscopy
were taken from the left ventricular papillary muscle, and a
quantitative analysis of ultracellular components (mitochon-
dria, sarcoplasma, myofibrils, and dense bodies) was per-
formed by morphometric techniques (11).

Experimental model. Three groups of Lewis rats were
used. The first group consisted of age-matched heterotopic
heart transplantation (HHTx) specimens in which donors and
recipients were 3 mon old. The second group consisted of
age-mismatched HHTx specimens in which the heart was
taken from donors of 22 mon of age and transplanted into re-
cipients of 3 mon of age. Hearts from the donor group (3-
mon- or 22-mon-old rats) were excised under diethylether
anesthesia and implanted into 3-mon-old Lewis anesthetized
recipients heterotopically according to the Ono and Lindsay
procedure (12). The beating activity of heart grafts was
checked by daily palpation. 

Extraction and HPLC assay of cholesterol and dolichol.
The minced tissue (about 0.25 g) was hydrolyzed in 0.5 mL
0.25% pyrogallol in methanol and 0.5 mL 60% KOH at
100°C for 30 min; the mixture was extracted twice with di-
ethyl ether/petroleum ether (1:1, vol/vol). The pooled extracts
were washed with methanol/water (1:1, vol/vol) and dried
under nitrogen. Cholesterol and isoprenoids were assayed by
reversed-phase HPLC as described (13). The sensitivity of the
method allowed us to measure a minimum of 50 ng choles-
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terol and 1.7 ng of total dolichol. Calibration curves of total
peak height against quantity injected were linear in the
0.05–15 µg (cholesterol) and in the 1.7–1000 ng (dolichol)
range. Recovery of dolichol was determined by addition of
internal standards to samples (10) and was 95%. Data are
given as mg cholesterol and as µg dolichol in the organ and
per g wet tissue.

Statistical analysis. The ANOVA test was used to evaluate
differences among multiple conditions. Values of P > 0.05
were considered not to be significant.

Materials. All reagents were of the highest quality com-
mercially obtainable.

RESULTS

Preliminary experiments on Sprague-Dawley rats showed that
the levels of dolichol exhibited a similar, six- to sevenfold in-
crease and that cholesterol levels did not change significantly
with increasing age in several transplantable organs (14). The
HHTx was considered to be the most suitable experimental
model to investigate how much dolichol can be transferred be-
tween tissues because the liver and kidney may release part of
their dolichol into bile and urine, respectively (2,5). The Lewis
rat is the preferred rat strain for HHTx because of anatomy.

Figure 1 shows that, in the Lewis rat, the levels of dolichol
in the older native hearts were almost fivefold higher than in
younger native hearts, whereas the concentrations of choles-
terol did not increase significantly with increasing age; that the
quantities of dolichol and cholesterol in both the younger and
the older transplanted hearts were not affected by organ trans-
plantation (the slight decrease in the quantity of cholesterol was
not significant); and that concentrations of the lipids increased
significantly because of the remarkable disuse atrophy of the
nonvolume-loaded HHTx. Atrophy was more rapid in the
hearts from the older rats (Fig. 2). No changes in cholesterol
and dolichol were found in the tissue of several recipients.

Disuse atrophy resulted in a significant increase in dolichol
concentration in both younger and older HHTx. A morpho-
metric quantitation of cell organelles in native and atrophic
transplanted hearts showed that the volume density of mito-
chondria decreased substantially in transplanted younger and
older hearts, whereas the volume density of the sarcoplasmic
reticulum did not change significantly and the volume den-
sity of dense bodies increased (Fig. 3). The changes in the
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FIG. 1. Effect of transplantation on the accumulation of dolichol and
cholesterol in the heart tissues of Lewis rats. Means ± SEM of at least
five cases are given. Open columns: quantity of dolichol (µg) and cho-
lesterol (mg) in the organ; solid columns, concentration of dolichol
(µg/g) and cholesterol (mg/g) in the heart tissue. (A) Native hearts; 
(B) passive hearts, 7 d after transplantation; (C) passive hearts, 20 d after
transplantation. Statistical analysis (ANOVA) showed that the effects of
age on dolichol quantity and concentration and on cholesterol quantity
were significant (P < .01 all); the effects of transplantation on the quan-
tity of both lipids were not significant, and those on the concentration
were significant (dolichol: P < .01; cholesterol: P < .01).

FIG. 2. Heart weight of donor and recipient rats of the Lewis strain.
Means ± SEM of at least five cases are given. (A) Native hearts; (B) pas-
sive hearts, 7 d after transplantation; (C) passive hearts, 20 d after trans-
plantation. Statistical analysis (ANOVA) showed that the effect of age (P
< .01) and of transplantation (P < .01) and interaction age × transplanta-
tion (P < .05) were all significant.



volume density of myofibrils were less than 10–20% but
reached statistical significance.

DISCUSSION

The transplanted hearts were volume-unloaded and became
atrophic (15,16) but retained contractility. The faster loss of
weight of the older HHTx might be attributed to a regression
of the age-related hypertrophy of the left cardiomyocytes
compensating for age-related cardiomyocyte loss (16). No

signs of underperfusion were visible in the cardiomyocytes
of younger and older transplanted hearts by using the electron
microscope. The concentrations of dolichol and cholesterol
in younger native hearts were very close to those reported by
Kalèn et al. (8) in young, adult, and mature male Sprague-
Dawley rats. The present data show that dolichol accumula-
tion continues until very old age in older native hearts. A
major new finding is that the quantity of dolichol in the
younger and older HHTx is similar to that in the native hearts
of corresponding age, in spite of the loss of weight, and that
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FIG. 3. Volume density of mitochondria, myofibrils, sarcoplasmic reticulum and dense body in the heart tissues of
Lewis rats. Means ± SEM of at least five cases are given. (A) Native hearts; (B) passive hearts, 7 d after transplanta-
tion; (C) passive hearts, 20 d after transplantation. Statistical analysis (ANOVA) showed that the effects of transplan-
tation on mitochondria (P < .05) and myofibrils (P < .05) were significant both in younger and older heterotopic
heart transplantation (HHTx); the effect on sarcoplasmic reticulum was not significant; and the effect on dense bod-
ies was significant in older HHTx (P < .05).



the quantity of dolichol in older HHTx, which is much larger
than that in the tissues of the recipient rat, does not decrease
with increased time post-transplantation. In conclusion, these
results confirm that dolichol is not lost or transferred from the
transplanted organ to the peripheral tissues or to the liver via
circulation (4) and provide evidence that accumulation of
dolichol in older tissues may be the consequence of an alter-
ation of dolichol metabolism in those tissues. An age-depen-
dent alteration in 3-hydroxy 3-methylglutaryl CoA reductase
activity was reported in rat liver (17).

The increase in the concentration of cholesterol and
dolichol in the atrophic HHTx may not necessarily imply a
dramatic change in membrane composition. Shrinking of or-
ganelles and cytomembranes during atrophy is the conse-
quence of autophagy and lysosomal degradation (18); indi-
gestible lipids (like cholesterol and dolichol) in the degraded
organelles and membranes may stay in the cells for a long
time stored in the lysosomal compartment (residual bodies),
which are enlarged (see also Refs. 18,19). In view of the way
cells handle cholesterol, the small decrease in the quantity of
this lipid in HHTx might have a physiological meaning (20). 
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ABSTRACT: We report on a capillary GC–MS method for the
quantitative analysis of hydroxy and epoxy FA. Catalytic hydro-
genation of lipid extracts produces stable saturated lipids. Saponi-
fication followed by methylation with boron trifluoride in the pres-
ence of methanol converts FA to methyl esters and epoxy groups
to methoxy–hydroxy groups. These compounds are purified from
nonoxidized methyl esters using solid phase extraction. Derivati-
zation of the hydroxy group using tetramethylammonium hydrox-
ide forms methoxy and vicinal dimethoxy FAME. When subjected
to EI–MS, fragmentation gives two characteristic ion fragments for
each epoxy and hydroxy positional isomer. Quantitative measure-
ments were achieved using uniformly labeled hydroxy and epoxy
13C FA as internal standards. Epoxy and hydroxy FA were identi-
fied in both  plasma and adipose tissue of men, and the levels of
hydroxy and epoxy in these tissues were related. The levels of hy-
droxy isomers were typical of oxidation of linoleic acid, whereas
epoxy isomers were characteristic of oxidation of oleic acid. 

Paper no. L9071 in Lipids 37, 917–924 (September 2002).

Free radical damage of cellular components is believed to
lead to the development of disease (1). Reactive oxygen
species are formed during normal metabolic process and
when homeostatic mechanisms are disrupted, damage occurs
(2,3). Oxidative damage to lipids is one form of damage, but
elucidating the involvement of lipid peroxidation in disease
requires sensitive and specific techniques (4,5). Hydroperoxy
FA are primary products of free radical damage but are short-
lived and difficult to measure directly (5). The use of surro-
gate markers of lipid peroxidation (5) and their association
with disease are now well documented (1). GC–MS provides
unequivocal identification of metabolites and has become in-
creasingly popular for the quantitative analysis of markers of
lipid peroxidation in biological material (5–10). Epoxy FA
are also formed during normal metabolic processes in the
body (11–13) and, like hydroperoxy FA or their hydroxy de-
rivatives, epoxy FA exhibit biological and toxicological be-
havior (1–3,5,11–13). The use of GC–MS for the quantitative
analysis of epoxy FA is limited by the instability of the epoxy
group at elevated temperatures. Although the mass spectrum
gives limited structural information (14,15), the formation of

chlorohydrin adducts facilitates the identification of the epoxy
group (15). Epoxy FA have been analyzed directly by
GC–MS using less harsh on-column injection techniques
(16,17) or by HPLC with MS detection (18). As intermedi-
ates in biosynthetic pathways, epoxy FA derived from arachi-
donic acid have been studied intensively (12,13,16–18). The
identification of biologically active epoxy FA derived from
linoleic acid has increased the interest in these compounds
(11). Epoxy FA derived from C18 FA have been identified in
blood, plasma, and urine from human volunteers (19–21), but
that GC–MS technique requires reductive deuteration to dis-
criminate epoxy from endogenous hydroxy FA (20,21). Al-
though hydroxy and epoxy FA have been identified in heart
tissue in pigs, quantitative measurements are limited (22). We
previously described a GC–MS technique for the quantitative
analysis of hydroxy FA from biological samples (23). In the
present paper we describe a quantitative GC–MS method that
simultaneously determines both epoxy and hydroxy FA in bi-
ological tissues.

MATERIALS

All solvents were HPLC grade from Rathburn Chemicals
(Walkerburn, Scotland). Platinum(IV) oxide was from Fluka
(Gillingham, Dorset, United Kingdom). Tetramethylammo-
nium hydroxide (TMAH) in methanol (25%, w/w), chloroper-
oxy benzoic acid, and deuterium gas were from Sigma-
Aldrich (Gillingham, Dorset, United Kingdom). The suitability
of boron trifluoride in methanol (14%, w/w) must be checked,
as certain batches gave blanks with high 12-hydroxy and
9,10-epoxy. Uniformly labeled [U-13C]oleic acid was ob-
tained from Nippon Sanso Europe GmbH (Plaisir, France).
10,13-Nonadecadienoate (19:2) methyl ester was from Nu-
Chek-Prep (Elysian, MN) and other FAME were from Sigma-
Aldrich (Poole, Dorset, United Kingdom). Solid-phase ex-
traction (SPE) silica columns (500 mg) were obtained from
IST (Hengoed, Mid-Glamorgan, United Kingdom). Hydroxy
internal standards were synthesized from 13C-oleic methyl
ester as detailed previously (23). Epoxy internal standards
were synthesized from 13C-oleic methyl ester as detailed in
Lipid Analysis (24). Citrated plasma collected in a clinical
polyvinyl chloride (PVC) bag was obtained from the local
blood transfusion service. To the plasma was added EDTA to
a final concentration of 1.6 mg/mL. Aliquots of 1.2 mL were
added to 1.5-mL Eppendorf tubes and then stored at −70°C.
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METHODS

Extraction of lipids from plasma. Lipids were extracted from
EDTA plasma as described previously (23). Briefly, to 10 mL
dichloromethane/methanol (2:1, vol/vol) was added 100 µL
of standard (containing 1 µg each of hydroxy and epoxy 13C-
standard in chloroform), 100 µL FA standard (containing 200
µg 19:2 in methanol), 0.5 mL plasma, and 2 mL saline
(0.88%, w/w). The samples were vortexed and then cen-
trifuged at 500 × g for 5 min to separate the layers. The lower
dichloromethane layer was transferred into a clean 7-mL
screw-capped tube, and solvent was removed under argon at
35°C using a Techne DB3 3A Dri-Block apparatus (Duxford,
Cambridge, United Kingdom). Dried lipid was immediately
hydrogenated as described below. 

Hydrogenation (deuteration) and saponification. Platinum
catalyst was added to a solution of methanol/toluene (1:1,
vol/vol) to give 5 mg of platinum catalyst per mL of solvent.
The solvent was shaken to suspend the catalyst, and 1 mL was
added to the dried plasma lipid. For adipose tissue, approxi-
mately 20 mg was teased with forceps to disrupt the tissue
prior to addition of the platinum. The tube was purged with
hydrogen for 20 s and capped using a Teflon seal. The tubes
were then shaken at room temperature for 15 min on a De-
saga shaker. Hydrogenation was rapid and quantitative.
Hydrogenolysis is a side reaction that occurs during hydro-
genation using active catalysts, such as platinum, leading to
products other than those desired (25). In other experiments,
hydroxy and epoxy standards were hydrogenated and prod-
ucts were determined by GC with FID detection. No major
hydrogenolysis of epoxy or hydroxy standards was observed
in these experiments. 

Deuterium scrambling is a recognized phenomenon that oc-
curs with active catalysts such as platinum (25,26); therefore,
the amount of the deuterated isomers was not determined. In
experiments to confirm the number of double bonds, cyclo-
hexane was used as solvent and processed as follows to mini-
mize deuterium scrambling. The tubes were purged with deu-
terium for 20 s and then shaken for 5 min to saturate the sol-
vent with deuterium. The catalyst was added and the tube was
again purged with deuterium and shaken for 5 min. 

Hydrogenated lipid was then saponified (23,24) to release
FA. To the tube was added 2 mL KOH (1 M) in methanol/water
(95:5, vol/vol), and the sample was heated at 70°C for 30 min.
After cooling, the sample was transferred to an 18-mL Quick-
Fit tube to which 2 mL water and 3 mL hexane/ether (1:1, vol/
vol) were added. The sample was vortexed and centrifuged if
necessary at 500 × g for 2 min to separate the layers. The upper
organic layer containing cholesterol was discarded, and the
procedure was repeated using 3 mL hexane/ether (1:1, vol/vol).
The sample was acidified with 0.5 mL HCl (5 M) and FA were
recovered by extracting the aqueous layer twice using 3 mL
hexane/ether (1:1, vol/vol). The extracts were pooled into a 7-
mL screw-capped tube and solvent was removed under argon. 

Methylation and derivatization of epoxy groups. To the

tube were added 0.5 mL toluene and 2 mL boron trifluoride
in methanol (14%, w/w), and the sample was heated at 60°C
for 10 min. After cooling, 2 mL water and 3 mL hexane/ether
(1:1, vol/vol) were added, and the sample was vortexed and
then centrifuged at 500 × g for 2 min to separate the layers.
The upper organic layer was transferred to a clean tube, and
the procedure was repeated by adding 3 mL hexane/ether
(1:1, vol/vol). Solvent was removed under argon. During this
procedure FA were methylated and epoxy groups were quan-
titatively converted into methoxy–hydroxy groups. 

Purification of methoxy and hydroxy FAME. Because 9,10-
epoxy stearate is found in plastic sources, the silica SPE
columns were prewashed with chloroform to remove potential
contaminants. Columns were air died and then activated at
100°C for 20 min. Methoxy- and hydroxy-containing FAME
were separated from saturated FAME as described previously
(23). The SPE columns were conditioned using 5 mL
hexane/ethyl acetate (98:2, vol/vol). The sample was transferred
to the SPE column using 2 × 250 µL hexane/ethyl acetate (95:5,
vol/vol) and nonoxidized saturated FAME were eluted using 5
mL hexane/ethyl acetate (95:5, vol/vol). Methoxy and hydroxy
FAME were retained on the column and were then eluted using
5 mL hexane/ethyl acetate (50:50, by vol) and collected in 7-
mL screw-capped tubes. Solvent was removed under argon. 

GC–MS. The isolated FAME were transferred to vials
using 250 µL methanol/dichloromethane (1:1, vol/vol) con-
taining TMAH (1%, w/w). This reagent methylates by pyroly-
sis in hot injection ports and converts hydroxy to methoxy
FAME and methoxy–hydroxy FAME to vicinal dimethoxy
FAME. Samples were analyzed using a Hewlett-Packard
6890 series II gas chromatograph equipped with a 5973 AMS
mass spectrometer and a 6890 autosampler. For analysis, 2-
µL volumes were injected into a split/splitless injector set at
260°C under splitless mode. Analysis was performed using a
30 m × 0.25 mm i.d. × 0.25 µm HP 5MS fused-silica capil-
lary column (Hewlett-Packard, Cheadle Heath, United King-
dom) and the following temperature program: 3 min at
100°C, 25°C/min to 170°C, 2°C/min to 260°C, 5 min at
260°C. While the temperature was maintained at 260°C, two
blank solutions of TMAH were injected at 5-min intervals to
flush through the system. Helium, as carrier gas, was main-
tained at a constant flow rate of 0.9 mL/min.

EI (70 KeV)–MS of methoxy FAME produced two major
ions with fragmentation on either side of the methoxy group.
EI (70 KeV)–MS of vicinal dimethoxy FAME also gave two
major ions with fragmentation occurring between the adja-
cent methoxy groups (Fig. 2C). Fragmentation of derivatized
monoepoxy FA was similar to that of hydroxy FA; thus, both
compounds were quantified simultaneously. A total of 23 ions
were monitored for determination of hydroxy and epoxy iso-
mers, with a dwell time of 30 ms and a cycle time of 0.96
cycle/s (Table 1). For each isomer, five-point dilution calibra-
tion curves were prepared. The abundance of the ion fragment
representing the methoxy carboxylic methyl ester part of the
molecule was used to calculate amounts (Fig. 2C).
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RESULTS

The chromatographic separation of the methoxy and
dimethoxy isomers is shown in Figure 1. The 8-, 9-, 10-, and
11-methoxy C18 isomers were not resolved; the 12- and 13-
methoxy C18 were partially resolved, and the 15- and 16-
methoxy C18 are baseline resolved. The 9,10-dimethoxy C18
was resolved from the 12,13-dimethoxy and 15,16-dimethoxy
C18 isomers. The 10-methoxy C19 was partially resolved from

the 9,10-dimethoxy C18, whereas the 14-methoxy C19 and the
12,13-dimethoxy C18 were not resolved. The ions for these co-
eluting isomers were unique; therefore, each could be deter-
mined by MS. The mass spectrum of 9,10-epoxy stearate was
typical of that recorded in the literature (Fig. 2A). The interpre-
tation of the mass spectra was relatively simple, with cleavage
on either side of the epoxy group. Epoxy FAME,  however, ex-
hibited some degradation at high temperatures, giving multiple
peaks, and it was considered necessary to convert epoxy FAME
into derivatives that were stable in the hot injection port liner.
Treatment with boron trifluoride in methanol converted the
epoxy group to a vicinal hydroxy–methoxy group, and two
isomers were formed. The two isomers from 9,10-epoxy
stearate were not chromatographically resolved, whereas those
from 15,16-epoxy stearate were baseline resolved (not shown)
under the chromatographic conditions used. These compounds
were stable at 260°C in the hot injection port liner. The mass
spectra of these compounds were complex because of the loss
of methoxy, hydroxy, and water (Fig. 2B). It was possible, how-
ever, to elucidate the structure of the two isomers from the mass
spectrum (Fig. 2B). For the 9-hydroxy-10-methoxy isomer,
fragmentation between these groups gave ions 157 and 187,
and α-fragmentation to the hydroxy group gave ion 187. Typi-
cal losses of CH3OH (32 amu), OH (17 amu), or H2O (18 amu)
were identified, giving ions 170 (187 − 17), 169 (187 − 18),
155 (187 − 32), 138 (170 − 32), 137 (169 − 32), and 125 (157
− 32). For the 9-methoxy-10-hydroxy isomer, fragmentation
between these groups gave ion 201 only, and α-fragmentation
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FIG. 1. Chromatogram of methoxy and dimethoxy isomers. A sample
containing hydroxy and epoxy isomers was analyzed as detailed in the
Methods section. The above figure shows the chromatographic separa-
tion of the methoxy and dimethoxy isomers. The 8-, 9-, 10-, and
11-methoxy (#) are not resolved, nor are the 12,13-dimethoxy C18 and
14-methoxy C19 (*). However, the ions for each isomer are unique;
therefore, these isomers can be determined by MS.

TABLE 1
Characteristic Ion Fragments of Methoxy FAME and Vicinal Dimethoxy FAME Derived
from Hydroxy and Epoxy FA

Methoxy and dimethoxy RRT Target ion Qualifier ion Ion ratiob

13C18 9-methoxy 1.000 210 181 1.74
13C18 10-methoxy 1.002 225 166 1.46

13C18 9,10-dimethoxy 1.108 210 166 3.15

C19 10-methoxy 1.113 215 171 1.70
C19 14-methoxy 1.122 271 115 1.52

C18 8-methoxy 1.000 187 185 2.19
C18 9-methoxy 1.001 201 171 1.70
C18 10-methoxy 1.002 215 157 1.44
C18 11-methoxy 1.004 229 143 0.87
C18 12-methoxy 1.005 243 129 0.78
C18 13-methoxy 1.009 257 115 0.58
C18 15-methoxy 1.032 285 87 0.35
C18 16-methoxy 1.060 299 73 0.29

C18 9,10-dimethoxy 1.109 201 157 2.96
C18 12,13-dimethoxy 1.119 243 115 1.34
C18 15,16-dimethoxy 1.173 285 73 1.04
aThe above table gives the major ions from the fragmentation of methoxy and vicinal dimethoxy iso-
mers derived from hydroxy and epoxy FA. The target ion representing the methoxy carboxylic methyl
ester part of the molecule was used for the quantification. Relative retention times (RRT) are given in
relation to the 13C18 9-methoxy internal standard.
bThe ion ratio (abundance of the target ion divided by that of the qualifier ion) was calculated from a
scan chromatogram using standards.



to the methoxy group gave ion 187. Typical losses of CH3OH
(32 amu), OH (17 amu), or H2O (18 amu) were identified, giv-
ing ions 169 (201 − 32), 170 (187 − 17), 169 (187 − 18), 155
(187 − 32), 138 (170 − 32), and 137 (169 − 32). Derivatization
of the vicinal hydroxy–methoxy FAME using TMAH produced
a single chromatographic peak of vicinal dimethoxy FAME
but, more importantly, the mass spectrum was simplified and

easily interpreted (Fig. 2C). Major fragmentation occurred be-
tween the vicinal dimethoxy groups; and the two major ion
fragments formed, 201 and 157, could be used to identify and
quantify the 9,10-epoxy isomer. 

The precision of the method was assessed using quality
control (QC) plasma, the biological material containing the
least amount of lipid (1.5 mg/mL). The quantification of
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FIG. 2. Mass spectrum of 9,10-epoxy stearate and its derivatives. Figure A is the mass spec-
trum of 9,10-epoxy stearate. Conversion to hydroxy and methoxy stearate gives a simplified
spectrum, and the fragments produced confirm the structure of the two isomers (Fig. B). How-
ever, the mass spectrum is further simplified, and for the dimethoxy derivative two ions, ions
201 and 157, can be used to identify and quantify 9,10-epoxy stearate (Fig. C). In this example
the major ion fragment A, representing the methoxy carboxylic methyl ester, is used for quan-
tification.



U-13C-labeled 10-hydroxy methyl stearate using U-13C-la-
beled 9-hydroxy methyl stearate as the internal standard gave
a CV of 2.7%. For 8-, 9-, 10-, 11-, 12-, and 13-hydroxy iso-
mers, the CV of quantification was between 10 and 15% (n =
84). It should be noted that the value of the minor isomers de-
creased as the mass spectrometer became dirty through sam-
ple analysis; this was reflected in the higher CV of 37 and
53% for the 15- and 16-hydroxy isomers, respectively. The
16-hydroxy isomer value decreased from 0.042 to 0.014 µM
over a 6-mon time period, but the major component values
were unchanged. At this point the mass spectrometer source
was cleaned. The limit of detection was 0.01 µM. The analysis
of blank samples gave values for individual hydroxy isomers
of less than 0.01 µM. It should be noted that a high 12-
hydroxy was associated with certain batches of boron trifluo-
ride. With this exception, the quantification of hydroxy iso-
mers was the same using diazomethane or boron trifluoride
(not shown). The within-batch CV of QC total plasma hy-
droxy was of 6.7% (n = 10) and the between-batch CV was
10.1% (n = 84). The 10-hydroxy and 14-hydroxy isomers de-
rived from oxidation of the added 19:2 were constant during
a 6-mon period, 0.020 ± 0.005 µM, and during this time no
sample failed acceptable QC criteria. These values were not
greater than when 19:2 was hydrogenated directly, so correc-
tion for oxidation of during-sample processing was not nec-
essary. The 15,16-epoxy isomer was not detected in this QC
plasma, and the 12,13-epoxy isomer was found at levels sim-
ilar to the 15-hydroxy isomer. The within-batch CV of analy-
sis of QC plasma epoxy was of 8.5% and the between-batch
CV was 13.8%. The 9,10-epoxy isomer was found in plastic
sources and should be avoided to obtain low blanks. Injection
port septa also gave rise to contamination, and Teflon-coated
septa or Merlin Microseal septa gave the best results. Under
these conditions, blank samples gave values of around 0.03
µM for the 9,10-epoxy isomer and less than 0.01 µM for the
12,13-epoxy isomer. 

Treatment of plasma samples with deuterium increased the
mass of the hydroxy isomers proportional to the number of
double bonds. This was clearly evident for the 9-hydroxy and
13-hydroxy isomers where the mass increased by 4 amu
(from 171 to 175 and from 257 to 261 amu, respectively), in-
dicating that these fragments contained two double bonds.
However, little or no increase in mass was observed for the
major 9,10-epoxy isomer; thus, this epoxy isomer contained
no additional double bonds. Treatment of adipose tissue sam-
ples with deuterium increased the mass of the hydroxy iso-
mers proportional to the number of double bonds. It was evi-
dent that the 12,13-epoxy isomer contained one double bond,
as the mass of the fragment containing the double bond in-
creased by 2 amu (from 243 to 245 amu). Yet there was little
evidence for a similar increase in mass for the 9,10-epoxy iso-
mer. Thus, in adipose tissue the 9,10-epoxy isomer contained
no additional double bonds.

Epoxy FA and hydroxy FA were identified in the plasma
of 19 men (Table 2). The 9,10-epoxy isomer was present at a
higher concentration than either the 12,13-epoxy isomer or

the 15,16-epoxy isomer (Table 2). The 9-, 10-, 11-, 12-, and
13-hydroxy isomers were all major products, and the pattern
of hydroxy isomers was typical of oxidation of plasma unsat-
urated FA, in particular linoleic acid. The level of total hy-
droxy was related to the level of total epoxy (r = 0.52,
P < 0.001), and this was also reflected in that the major 9,10-
epoxy isomer was related to the sum of the 9-hydroxy and 10-
hydroxy isomers (r = 0.57, P < 0.001). In these men hydroxy
FA were, on average, 1.7-fold greater in concentration com-
pared to epoxy FA. In contrast, the level of 9,10-epoxy iso-
mer in QC plasma (0.752 ± 0.023 µM) was similar in magni-
tude to the level of total hydroxy isomers (0.720 ± 0.031). 

Epoxy FA and hydroxy FA were identified in adipose tis-
sue of the same 19 men (Table 3). Similar to that in plasma,
the 9,10-epoxy isomer was present in substantially higher
concentrations than either the 12,13-epoxy isomer or the
15,16-epoxy isomer (Table 3). In adipose tissue there was, on
average, 4.8-fold more hydroxy than epoxy FA, with 9-, 10-,
11-, 12-, and 13-hydroxy isomers all being major products. In
contrast to plasma, the 11-hydroxy isomer was the major
product in adipose tissue. The levels of total hydroxy were
significantly related to the levels of total epoxy (r = 0.65, P <
0.005), and this was reflected in the fact that the 9,10-epoxy
isomer was significantly related to the sum of the 9- and 10-
hydroxy isomers (r = 0.53, P < 0.02). It should be noted that
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TABLE 2
Hydroxy and Epoxy Isomers in Plasma of Mana

Hydroxy Amount Amount Epoxy
isomer (µM) (µM) isomer

8- 0.067 ± 0.003
9- 0.209 ± 0.011

10- 0.132 ± 0.004 0.260 ± 0.040 9,10-
11- 0.112 ± 0.005
12- 0.082 ± 0.004 0.080 ± 0.004 12,13-
13- 0.122 ± 0.006
15- 0.050 ± 0.001 0.034 ± 0.006 15,16-
16- 0.018 ± 0.001

Total 0.792 ± 0.041 0.374 ± 0.025 Total
aHydroxy and epoxy isomers in the plasma of 19 men were determined as
described in the Methods section. Values are mean ± SEM.

TABLE 3
Hydroxy and Epoxy Isomers in Adipose Tissue of Mana

Hydroxy Amount Amount Epoxy
isomer (µg/g)b (µg/g)b isomer

8- 4.53 ± 0.99
9- 36.47 ± 3.88

10- 16.10 ± 1.13 19.24 ± 2.98 9,10-
11- 40.29 ± 4.91
12- 7.32 ± 0.44 2.61 ± 0.37 12,13-
13- 10.79 ± 0.69
15- 2.27 ± 0.33 1.46 ± 0.10 15,16-
16- 1.26 ± 0.05

Total 112.9 ± 10.4 23.31 ± 3.45 Total
aAdipose tissue from 19 men was analyzed for hydroxy and epoxy isomers
as described in the Methods section.
bValues are µg hydroxy per g wet weight adipose tissue (mean ± SEM).



although a weak correlation was found between plasma and
adipose hydroxy isomers (r = 0.35, P = 0.14), there was no
correlation between plasma and adipose epoxy FA (r = 0.12,
P = 0.60). We found that the CV of adipose tissue tended to
be greater than that of plasma samples from the same men.
An accurate wet weight contributed to the increased error, but
unlike plasma, small samples of adipose tissue were not
homogeneous. Thus, adipose analyzed from a large adipose
sample from a single individual gave a CV of 17% for total
hydroxy (n = 10).

DISCUSSION

Hydroxy FA are derived directly from hydroperoxy FA and
are stable end products of the body’s defense mechanisms to
the free radical attack (2,3). Linoleic acid is the major PUFA
within the body (27). We therefore used hydroxy FA derived
from linoleic acid as a surrogate measure of free radical ox-
idative damage (23,28). Hydroxy FA have been used as a sur-
rogate measurement of hydroperoxy FA in biological systems
in many studies (1–10). Hydrogenation is an essential step in
many methods because it not only stabilizes the hydroperoxy
group early in the analytical procedure (as a hydroxy group)
but through elimination of double bonds also prevents further
oxidation during sample workup. These methods cannot dis-
tinguish between hydroperoxy and hydroxy FA (5). The hy-
drogenation step described in the present paper is excellent,
as demonstrated in that oxidation products derived from the
added 19:2 were consistently low throughout the period of
analysis and thus no autoxidation occurred during sample
processing. 

Methylation of FA using diazomethane, as in the original
method (23), does not open up the epoxy group. Hence, FA
containing monoepoxy groups were not retained on the SPE
column and could not be measured. In addition to producing
methyl esters, boron trifluoride in methanol opens up the
epoxy group to form hydroxy–methoxy groups (14), and
these compounds are retained on the SPE columns. Derivati-
zation of hydroxy groups with TMAH improves both the
chromatography and fragmentation of the hydroxy and epoxy
FA esters. Two main ions are formed, and each unique ion
pair defines the position of oxidation of the original
carbon–carbon double bond. The method can be used to mon-
itor and quantify all hydroxy and epoxy isomers of C18 FA
and also measure and quantify hydroxy and epoxy isomers of
C20 and C22 FA. However, in plasma and adipose tissue, the
two tissues routinely sampled in human studies, the 9-, 10-,
11-, 12-, and 13-hydroxy C18 isomers and the 9,10-epoxy C18
isomer are the most abundant, and these isomers would rou-
tinely be quantified. The 9,10-epoxy isomer would, of course,
be indistinguishable from the 9,10-dihydroxy isomer. However,
little 9,10-dihydroxy is detected in plasma, and in samples with
a high 9,10-dihydroxy concentration then measurement with
and without boron trifluoride treatment would be required.

It has long been assumed that oxidized lipids are poorly
absorbed (29), but it has recently been shown that hydroxy

and epoxy FA present in oils and foods are absorbed from the
diet (28,30). Although consumption of oxidized fat increased
the levels of hydroxy and epoxy FA during postprandial
lipemia, the absorbed fat did not contribute to fasting plasma
levels of oxidized lipids some 24 h later (28,30). Thus, fast-
ing plasma hydroxy and epoxy FA may give reliable measure-
ments of free radical damage occurring within the body. In
the present study, the total fasting hydroxy FA level was 0.792
± 0.041 µmol/L. It is important to note that the hydroxy FA
levels are similar to the direct measurement of plasma hy-
droperoxy levels using other techniques (31,32). The 9- and
13-hydroxy isomers are typical of free radical oxidation of
linoleic acid, and the use of deuterium confirmed that the 9-
and 13-hydroxy isomers were indeed derived from linoleic
acid. The 9,10-epoxy isomer was a major component in both
plasma and adipose tissue and was from oleic acid. High lev-
els of 9,10-epoxy stearate were found in blood (19), and later
9,10-epoxy octadeca-12-enoate and 12,13-epoxy octadeca-9-
enoate, epoxy isomers derived from linoleic acid (20), were
identified by the same researchers (20). That method, in
which the epoxy group was chemically reduced to hydroxy
groups, did not readily distinguish between epoxy and endog-
enous hydroxy FA isomers. It is possible that the high levels
of 9-hydroxy and 13-hydroxy isomers in plasma were identi-
fied as epoxy isomers in those studies (20). Diffusion of
epoxy FA from plastic sources into foods is now documented
(33). However, there is no indication that the 9,10-epoxy
stearate found in blood collected in clinical PVC bags in this
and other studies (19,20) is due to a similar process. It is im-
portant to note that a plasma pool collected using glass sy-
ringes and glass tubes gave epoxy values similar to that col-
lected using normal procedures (0.112 ± 0.12 vs. 0.120 ±
0.15, n = 3).

PUFA can be oxygenated by cytochrome P450 (13). This
ubiquitous enzyme catalyzes the oxygenation of xenobiotics
through epoxidation and hydroxylation reactions, often to
detoxify these compounds, but it can also oxygenate endoge-
nous lipids (13). Arachidonic acid, as a precursor of eicosa-
noids, has been studied intensively, but linoleic acid and other
C18 FA are substrates for cytochrome P450 (11–13,34). A
major hydroxylation product of cytochrome P450 is the 11-
hydroxy isomer derived from linoleic acid (13). It is interest-
ing to note that, of the two monoperoxides of linoleic acid,
the rate of conversion to the 9,10-isomer is more than three
times higher than the 12,13-isomer by liver (11) or soybean
microsomes (34). Oleic acid is also readily oxidized to 9,10-
epoxy by soybean microsomes in a mechanism consistent
with hydroperoxy linoleic acid acting as an oxygen donor
rather than by a free peroxy radical mechanism (34). Oxidized
lipids have been detected in diseased heart tissue in pigs (22)
and in humans (35), and their amounts increased with time of
ischemia (22). These compounds were absent (22) or lower
in concentration (35) in healthy heart tissue. Measurements
were semiquantitative, but the identification of 9,10-epoxy
stearate and leukotoxins (the 9,10-epoxy octadeca-12-enoate
and 12,13-epoxy octadeca-9-enoate, isomers derived from
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linoleic acid) led these investigators to conclude that they
originated from enzymatic oxidation rather than from lipid
peroxidation (35). Interestingly, in adipose tissue the 11-hy-
droxy isomer, a potential product of cytochrome P450 (13),
was the largest component. The 9,10-epoxy isomer identified
in the present study contained no additional double bonds and
therefore was from the oxidation of oleic acid rather than
linoleic acid. However, the present technique could not deter-
mine the stereochemistry of the isomers. Techniques to deter-
mine the stereochemistry, which might differentiate between
free radical and enzymatic sources of oxygenated metabo-
lites, have recently been reviewed (25). The origin of the 11-
hydroxy and 9,10-epoxy isomer in plasma and adipose tissue
requires further investigation, but it is interesting to speculate
that these two products are formed enzymatically rather than
from a free radical mechanism.

With the increased interest in the biological effects of
epoxy FA derived from linoleic acid (11–13), there is a need
for quantitative measurements. This paper describes a
GC–MS technique for the quantitative analysis of hydroxy
and epoxy FA derived from biological samples. The method
is accurate and gives good consistency, both within batch and
between batches. The method described shows good sensitiv-
ity, with 0.5 mL plasma and 20 mg adipose tissue being suffi-
cient to measure hydroxy and epoxy isomers. Our method is
a major advance over that currently available in the literature.
The synthesis of hydroxy and epoxy FA from U-13C-labeled
oleic acid permitted accurate quantitation. The hydrogenation
step is fast and effective with no oxidation during sample
preparation. Purification of hydroxy and epoxy FAME from
the bulk of nonoxidized material eliminates chromatographic
interference and maintains MS sensitivity for prolonged peri-
ods. Derivatization of hydroxy groups improves EI–MS read-
ings, permitting ease of identification and simultaneous quan-
tification of all hydroxy and epoxy isomers. Measurement of
multiple isomers rather than a single ion, as in negative ion
techniques, can distinguish between isomers derived from en-
zymatic sources and those from free radical oxidation, thus
facilitating interpretation of the data. 
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ABSTRACT: This work reports the effect of the apolipoproteins
A-I and A-II (apoA-I and apoA-II) on the release of tumor necrosis
factor (TNF)-α, interleukin (IL)-1β, IL-8, and IL-1 receptor antago-
nist (IL-1Ra) and on the oxidative burst of human neutrophils. By
themselves, apoA-I and apoA-II do not affect the basal liberation
of these cytokines, whereas apoA-I affects the release of IL-1β
from lipopolysaccharide (LPS)-stimulated neutrophils and apoA-II
affects IL-8 released from LPS-stimulated neutrophils. ApoA-II
also decreases the production of IL-8 released by neutrophils
stimulated with the acute phase apolipoprotein serum amyloid A.
Both apoA-I and apoA-II exerted ~30% inhibition on the oxida-
tive burst of neutrophils stimulated by opsonized zymosan, as re-
vealed by the luminol-enhanced chemiluminescence assay.
These findings give additional support to the idea that the role of
human plasma lipoproteins and apolipoproteins goes beyond
their function in lipid transport and metabolism. HDL apolipopro-
teins appear to be a class of mediators that can participate in the
regulation of the activity of neutrophils.

Paper no. L9019 in Lipids 37, 925–928 (September 2002).

The biological role of human plasma lipoproteins appears to
extend well beyond their function in lipid transport and metab-
olism. For instance, lipoproteins and their apolipoproteins can
affect several immunologically relevant processes (1,2). On the
other hand, significant modifications in the concentration of
plasma lipids and apolipoproteins have been observed during
inflammation (3). In addition, HDL suffers intense changes in
composition during the acute-phase response (4), when most
of the HDL3 apolipoprotein A-I (apoA-I) is replaced by the
acute-phase protein serum amyloid A (SAA) (4,5). The dis-
placement of apoA-I and enrichment in SAA give rise to a new
HDL particle, termed acute-phase HDL. Since HDL and its
main apolipoprotein apoA-I are involved in the reverse trans-
port of cholesterol (6) and protection against coronary artery
disease (7,8), the rise of acute-phase HDL in inflammation has
been considered to be a pro-atherogenic condition. In this con-
text, HDL and apoA-I associate with neutrophils (9) and affect
their cellular functions (10–12). HDL decreases the production
of reactive oxygen species during the oxidative burst (10).
ApoA-I was considered to have a role in the inhibition of reac-
tive oxygen species production by HDL, since free apoA-I was
shown to decrease degranulation and superoxide production by
activated neutrophils (11). In neutrophils, HDL and acute-
phase HDL also decrease the basal and lipopolysaccharide
(LPS)-stimulated release of tumor necrosis factor-α (TNF-α),

interleukin-1β (IL-1β), and interleukin-8 (IL-8) (12). On the
other hand, free SAA acts as a stimulus for the liberation of
these proinflammatory cytokines, pointing to a role of SAA in
the progression and maintenance of inflammation (12).

In this study, we focused on the effects of apoA-I and
apoA-II, the two most abundant HDL proteins in serum, on
the release of cytokines from LPS- and SAA-stimulated
human blood neutrophils. Since apoA-II is present in the
same HDL fraction with which SAA associates, i.e., HDL3
(4), the effects of HDL on neutrophil functions might be the
result of the combined action of these apolipoproteins. 

MATERIALS AND METHODS

Human apoA-I and apoA-II, LPS (E. coli 026:B6), zymosan,
RPMI-1640-Hepes supplemented with L-glutamine, dextran,
Histopaque®, penicillin, and streptomycin from Sigma Chem-
ical Co. (St. Louis, MO); FBS from Gibco (Grand Island,
NY); NaCl, Na2HPO4, KH2PO4, and KCl from Merck
(Darmstadt, Germany); and luminol from Aldrich Chemical
Co. (Milwaukee, WI) were used. Recombinant human SAA
was from Peprotech Inc. (Rocky Hill, NJ). SAA is essentially
endotoxin free as evaluated by the polymixin B assay as de-
scribed in Morrison and Jacobs (13).

Neutrophils were obtained from blood of healthy volun-
teers and isolated as previously described (12) using a com-
mercial gradient of Ficoll-Hypaque (Histopaque®). The
purity of the cell preparation was higher than 98%. 

Neutrophil culture and cytokine assay. Neutrophils (2.5 ×
106 cells/mL) were cultured in RPMI-1640-Hepes supple-
mented with 0.3 g/L L-glutamine, 2 g/L sodium bicarbonate,
100 µg/mL streptomycin, 100 IU/mL penicillin, and 10%
FBS. Neutrophils were kept in a CO2 atmosphere (5%) at
37ºC alone or incubated with LPS (0.5 or 5 µg/mL), SAA (17,
40, or 100 µg/mL), and human apoA-I or apoA-II (40 or 100
µg/mL). After 24 h, the supernatants were collected and
frozen at ≤−40ºC until the determination of TNF-α, IL-1β,
IL-8, and IL-1 receptor antagonist (IL-1Ra) by ELISA (Quan-
tikine; R&D Systems, Minneapolis, MN). 

Total RNA extraction and RNAse protection assay (RPA)
analysis. Purified populations of neutrophils (107 cells/mL)
were cultured with 40 µg/mL SAA in the presence or absence
of apoA-I or apoA-II (40 µg/mL) for 3 and 21 h. Total RNA
was then extracted as described (14), and cytokine mRNA lev-
els were assessed by RPA, using the Riboquant Custom Mouse
Probe Set containing probes for IL-1β, IL-1Ra, IL-8, and actin
(Pharmingen, Franklin Lakes, NJ) according to manufacturer’s
instructions; 5 µg of total RNA was used per each condition.
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Chemiluminescent assay. The effect of apoA-I or apoA-II
(100 µg/mL) on the neutrophil oxidative burst was evaluated by
the luminol chemiluminescence assay. Freshly isolated neu-
trophils (2.5 × 106 cells/mL) were stimulated with opsonized
zymosan (1 × 107 particles/assay) in the presence of luminol (1
mM). The reaction was run at pH 7.4 in phosphate-saline buffer,
containing 100 mM CaCl2, 50 mM MgCl2, and 1 mg/mL glu-
cose at 37°C in a final volume of 0.3 mL. Chemiluminescence
was followed in an EG&G Berthold LB96V Microplate Lumi-
nometer. At the concentrations used, apoA-I and apoA-II do not
scavenge superoxide anion as evaluated by the absence of ef-
fect of apoA-I and apoA-II on cytochrome C reduction in the
presence of the xanthine/hypoxanthine oxidase system (15).

Statistical analysis was done by two-tailed analysis with a
significance level of 95%.

RESULTS

ApoA-I and apoA-II, by themselves, do not significantly mod-
ify the small amounts of TNF-α, IL-1β, IL-8, and IL-1Ra re-
covered from the supernatants of neutrophils cultured for 24 h.
In contrast, apoA-I causes a significant decrease (≥47%) in IL-
1β release, and apoA-II causes a significant decrease (≥46%)
in IL-8 release from stimulated neutrophils (see Fig. 1).

We then examined the effects of apoA-I and apoA-II on the
release of IL-8 and IL-1Ra induced by SAA. SAA has previ-
ously been shown to trigger the release of neutrophil-derived

proinflammatory cytokines, particularly IL-8 (12). Figure 2
shows that only apoA-II decreases the release of SAA-induced
IL-8, by approximately 44%. Neither apoA-I nor apoA-II signif-
icantly affected the release of IL-1Ra from SAA-stimulated neu-
trophils. ApoA-I or apoA-II neither regulate the mRNA tran-
scripts for IL-1β, IL-8, and IL-1Ra nor inhibit the stimulatory ef-
fect of SAA on the related genes in 3 h-cultured neutrophils (Fig.
3). The absence of an effect of apoA-I and apoA-II on SAA reg-
ulation of mRNA transcripts of IL-1β, IL-1Ra, and IL-8 is also
observed at longer incubation times (21 h) (data not shown).

Another function that we studied was the effect of apoA-I
and apoA-II on the reactive oxygen species produced by acti-
vated neutrophils. The oxidative burst was monitored by the
luminol-enhanced chemiluminescence of neutrophils stimu-
lated by opsonized zymosan (Fig. 4). The presence of either
apoA-I or apoA-II does not modify the kinetic profile of light
emission of opsonized zymosan-stimulated neutrophils but
does decrease the integrated chemiluminescence by approxi-
mately 30%. The same magnitude of suppression was re-
ported for apoA-I in a previous study where inhibition of
superoxide anion formation was followed in neutrophils stim-
ulated by an immunoglobulin G-coated surface (11).

DISCUSSION

ApoA-I mediates the removal of cholesterol from peripheral
tissues and carries it to the liver in a process known as reverse
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FIG. 1. Effect of lipopolysaccharide (LPS) and the combined action of apolipoprotein A-I (apoA-I) or apolipoprotein A-II (apoA-II) plus LPS on the re-
lease of interleukin (IL)-1β (A), tumor necrosis factor (TNF)-α (B), IL-8 (C), and interleukin-1 receptor antagonist (IL-1Ra) (D) by neutrophils (2.5 × 106

cells/mL) after 24 h of cell culture. The concentration of apoA-I and apoA-II was 100 µg/mL and of LPS was 5 µg/mL for the IL-1β and TNF-α assay
and 0.5 µg/mL for the IL-8 and IL-1Ra assays. The data represent the average ± SD of 4, 6, 5, and 2 experiments for A, B, C, and D, respectively. Sig-
nificance was *P ≤ 0.05 and ***P ≤ 0.001 comparing the effect of LPS alone with LPS plus apoA-I or apoA-II.



cholesterol transport (6). This is considered to be a key
process in the protective effect of HDL on coronary artery
disease (8). Although the biological role of apoA-I is rela-
tively well known, the functions of the second-most abundant
HDL apolipoprotein, apoA-II, are still poorly understood.
More recently, with the development of a mouse lineage that
overexpresses apoA-II, it has been shown that, in contrast to
what happens with apoA-I, HDL enriched with apoA-II lose
their ability to protect against LDL oxidation and monocyte
transmigration in vitro and promote the development of ath-
erosclerosis in vivo (16). Apparently, the latter phenomenon
is not a direct effect of apoA-II but rather is related to the loss
of paraoxonase in the HDL particle (16). 

Besides the central function that apoA-I plays in lipid me-
tabolism, apoA-I also affects neutrophil degranulation and
oxidative burst (11). From the available information about the
possible functions of apoA-I, it was inferred that this
apolipoprotein has a general beneficial action, including an
anti-inflammatory effect. In this study, we examined the par-

ticipation of both apoA-I and apoA-II in a process unrelated
to lipid metabolism. Our results show that apoA-II affects the
oxidative burst in a manner similar to apoA-I and that both
affect the production of cytokines by neutrophils. 

Cytokines are produced during the activation of innate and
acquired immunity and serve to initiate the inflammatory re-
sponse. The cytokine profile that predominates in a specific
inflammatory process defines the magnitude and the nature of
the immune response. The cytokines assayed in this study in-
cluded the proinflammatory cytokines IL-1β and TNF-α, the
chemokine IL-8, and the immunoregulatory cytokine IL-1Ra.
At the concentration used, apoA-I and apoA-II showed in-
hibitory effects on IL-1β and IL-8 secretion, respectively,
supporting the idea that they can act as anti-inflammatory
compounds. Our results extend previous ones in which an in-
hibitory effect of apoA-I on the release of TNF-α and IL-1β
from monocytes was described (17) and add an important
new role for apoA-II as an inhibitor of IL-8 from neutrophils.

We did not observe any modulation of the various cytokine
mRNA levels by either apoA-I or apoA-II in SAA-stimulated
neutrophils. The regulation of the mRNA levels and the release
of cytokines from neutrophils are complex and not completely
understood. For instance, reduction in the mRNA levels of IL-1β
and IL-8 in LPS-stimulated neutrophils treated with the inhibitory
cytokine IL-10 was observed only at times of incubation beyond
the onset of mRNA accumulation (18). Although it is possible
that the reduction in the amount of cytokine released from stimu-
lated neutrophils in the presence of apoA-I or apoA-II is due to
posttranscriptional or translational effects, an effect of apoA-I and
apoA-II on cytokine transcription cannot be completely dis-
carded. This is an open question that merits further study.

Finally, the fact that apoA-I, apoA-II, and apo-SAA are
found in the same HDL fraction, HDL3, indicates that an ac-
tive interplay may exist between these apolipoproteins in the
lipoprotein particles. Both apo-SAA (2) and apoA-II (19) can
displace apoA-I from HDL particles and, although more
weakly than for apoA-I, SAA also displaces apoA-II from the
HDL (20). The results of the present study provide evidence
that apoA-II may be one of the factors responsible for the anti-
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FIG. 2. Effect of apoA-I, apoA-II, or serum amyloid A (SAA) and the combined action of apoA-I or apoA-II plus SAA on the release of IL-8 (A) and IL-1Ra
(B) by neutrophils (2.5 × 106 cells/mL) after 24 h of cell culture. The concentration of apoA-I and apoA-II was 100 µg/mL and of SAA was 17 µg/mL for
the IL-8 assay and 40 µg/mL for apoA-I, apoA-II, and SAA for the IL-1Ra assay. The data represent the average ± SD of seven experiments for IL-8 and
two experiments for IL-1Ra. Significance was **P ≤ 0.005 comparing the effect of SAA alone with SAA plus apoA-II. For other abbreviations see Figure 1.

FIG. 3. IL-1β, IL-8, and IL-1Ra mRNA expression in neutrophils incu-
bated with apoA-I and apoA-II in the absence and presence of SAA for
3 h. The concentration of apoA-I, apoA-II, and SAA was 40 µg/mL. The
data are representative of three independent experiments. For abbrevia-
tions see Figures 1 and 2.



inflammatory effect of HDL and that, during inflammation,
apoA-II may be important in the control of the proinflamma-
tory effects of SAA. Mechanisms that counterregulate neu-
trophil functions can prevent deleterious effects under inflam-
matory conditions, and apoA-I and apoA-II may be important
in this process.
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FIG. 4. Effect of apoA-I (A) and apoA-II (B) on the luminol-enhanced chemiluminescence of neutrophils (2.5 × 106 cells/mL) in the absence or
presence of zymosan (1.0 × 107 particles/mL). The concentration of apoA-I and apoA-II was 100 µg/mL. The data are the average values of the in-
tegrated light emission ± SD of eight experiments. Significance was *P ≤ 0.05 and ***P ≤ 0.001 for comparison between opsonized zymosan-stim-
ulated neutrophils in the presence and absence of apoA-I or apoA-II. The insets show the kinetics of light emission for a representative experiment.
Solid lines represent neutrophils plus zymosan; triangles represent neutrophils plus zymosan plus apoA-I (A) or apoA-II (B). RU, relative units; for
other abbreviations see Figure 1.



ABSTRACT: Pycnogenol® (PYC), an extract of French mar-
itime pine bark (Pinus pinaster), is a potent antioxidant with po-
tential health benefits. Its bioavailabilty has previously been
shown by urinary excretion studies of constituents and metabo-
lites of PYC. The aim of this study was to test the effect of PYC
supplementation on measures of oxidative stress and the lipid
profile in humans. Twenty-five healthy subjects received PYC
(150 mg/d) for 6 wk. Fasting blood was collected at baseline,
after 3 and 6 wk of supplementation, and again after a 4-wk
washout period. After 6 wk of supplementation with PYC, a sig-
nificant increase in plasma polyphenol levels was detectable,
which was reversed after the 4-wk washout phase. The antioxi-
dant effect of PYC was demonstrated by a significant increase
in oxygen radical absorbance capacity (ORAC) in plasma
throughout the supplementation period (P < 0.05). The ORAC
value returned to baseline after the 4-wk washout period. More-
over, in addition to its antioxidant effects, PYC significantly re-
duced LDL-cholesterol levels and increased HDL-cholesterol
levels in plasma of two-thirds of the subjects. While the LDL
changes reversed during washout, the HDL increase did not.
There was no significant difference in LDL oxidizability or
plasma lipid peroxides following PYC supplementation. Hence,
following oral supplementation in humans, PYC significantly
increases antioxidant capacity of plasma, as determined by
ORAC, and exerts favorable effects on the lipid profile. 

Paper no. L8982 in Lipids 37, 931–934 (October 2002).

Reactive oxygen species (ROS), particularly the highly reac-
tive oxygen radicals, are produced continuously in cells as a
by-product of metabolism. They can oxidize biomolecules,
with the potential of causing a broad array of degenerative
processes. It is now widely accepted that free radical species
play an important role in the pathogenesis of various diseases.
Atherosclerosis is believed to be initiated by oxidative modi-
fication of LDL (1). ROS play a decisive role in the regula-
tion of inflammation by activating transcription factors such
as NF-κB, which control expression of adhesion molecules
and pro-inflammatory cytokines (2). ROS contribute to the

development of cancer and cardiovascular diseases (3). ROS
also play a role in neurodegenerative diseases such as
Alzheimer’s dementia (4) and in the aging process itself (5).

Dietary micronutrients with antioxidant properties may
play an important role in the prevention of atherosclerosis (6).
Flavonoids are a large and diverse group of dietary micronu-
trients found in fruits, vegetables, tea, and wine. Epidemio-
logical studies have shown an inverse association with
flavonoid intake and coronary artery disease (CAD) risk and
mortality (7,8). 

Pycnogenol® (PYC), a bark extract of the French maritime
pine (Pinus pinaster), is rich in flavonoids and was found to be
among the most powerful natural antioxidants (9,10). Chemi-
cal composition of PYC has not been completely elucidated.
However, it mainly consists of phenolic substances, primarily
procyanidins consisting of condensed catechin and epicatechin
subunits, forming oligomers up to dodecamers (9). PYC fur-
ther contains monomeric catechin, taxifolin, and various phe-
nolcarbonic acids (9,11). PYC has been shown to recycle the
ascorbic radical and to protect vitamin E against oxidation (12).
In clinical studies PYC was found to counteract increased
platelet aggregation in smokers (13), improve microcirculation
(14), act as an anti-inflammatory agent [e.g., to inhibit UV-
induced erythema (15)], increase capillary integrity in vascular
disorders (16,17), and provide various other health benefits
(10). These studies all demonstrate that PYC is absorbed by
and exerts its action on the human body. This has been corrob-
orated by urinary excretion studies showing that metabolites
and constituents of PYC are absorbed (18,19). In vitro evidence
exists for the potential antioxidant benefits of the flavonoid ex-
tract PYC, but dietary supplementation studies in humans are
scarce. Here, we have tested the antioxidant effects of supple-
mentation with PYC in normal healthy volunteers.

METHODS

Subjects. The 25 healthy subjects in this study were included
without restriction by gender, race, or socioeconomic status.
The necessary criteria for participation were age <50 y, body
mass index (BMI) <25 kg/m2, a diet with fewer than five serv-
ings of fruit and vegetables per day. Exclusion criteria were
alcohol consumption; infection in the past 4 wk; gastrointesti-
nal disorders (e.g., malabsorption); ingestion of vitamins, an-
tioxidants, flavonoid supplements, hypolipidemic drugs, es-
trogen, thyroxin, or nonsteroidal anti-inflammatory drugs in
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the last month; high consumption of flavonoid-rich foods
(e.g., grapes, grape products, dark chocolate, tea, red wine,
berries, etc.); abnormal blood count; and abnormal renal or
hepatic function. During the period of the study, subjects were
advised not to change their usual diet and activity level, and
they were instructed to restrict consumption of flavonoid-rich
foods (grape products, fruits, fruit juices, dark chocolate, and
tea). The subjects received 150 mg PYC per day for 6 wk. The
protocol was approved by the Institutional Review Board at
the University of Texas Southwestern Medical Center at Dal-
las. Written informed consent was obtained from all subjects.

Laboratory tests. For screening, 15 mL blood samples were
collected and used to determine the complete blood count
(CBC), plasma lipid and lipoprotein profile, creatinine level,
liver function, blood glucose level, and level of thyroid-stimu-
lating hormone (TSH) using standard laboratory assays. Fast-
ing blood (50 mL) was collected in EDTA or heparin from
subjects at baseline, after 3 and 6 wk of supplementation with
PYC, and again after a 4-wk washout period. Plasma was sep-
arated and aliquots were stored at −70°C for determination of
polyphenols, the antioxidant potential of plasma, the lipid pro-
file, and plasma lipid peroxides.

Plasma total phenols. Plasma total phenols were measured
by the method of Serafini et al. (20). Briefly, for total phenols,
500 µL of plasma was acidified and, following extraction of
complexed phenols with alcoholic sodium hydroxide, proteins
were precipitated using 0.75 M metaphosphoric acid and re-
extracted with a mixture of acetone/water (1:1). Phenol con-
tent was measured by the Folin–Ciocalteau method using phe-
nol as the standard and was expressed as mg phenol equiv/L.

Oxygen radical absorbance capacity (ORAC) measure-
ment. The antioxidant potential of heparinized plasma before
and after PYC supplementation was determined following de-
proteinization of the sample by the ORAC assay based on the
procedure described by Cao and Prior (21). The method uti-
lizes β-phycoerythrin (β-PE) as an indicator protein and 2,2′-
azobis(2-amidinopropane)dihydrochloride (AAPH) as a per-
oxyl radical generator. Under appropriate conditions, the loss
of PE fluorescence in the presence of reactive species is an
index of oxidative damage of the protein. The inhibition by
an antioxidant, which is reflected in the protection against the
loss of PE fluorescence in the ORAC assay, is a measure of
its antioxidant capacity.

Plasma oxidation. Plasma oxidation was measured follow-
ing 4 h of oxidation with AAPH by measuring lipid peroxides
using the ferrous oxide-xylenol orange (FOX) assay as de-
scribed previously (22). 

LDL oxidation. LDL was isolated by sequential ultracen-
trifugation and the LDL (100 µg/mL) was oxidized using 2.5
µM copper for 5 h. The lag phase of conjugated diene forma-
tion was assessed by absorbance at 234 nm as described pre-
viously (23).

Plasma ascorbate. Total ascorbic acid was measured using
the ascorbate oxidase method described previously (24).

Statistics. Statistical analyses were carried out using Sig-
mastat (SPSS Inc., Chicago, IL). Data are presented as mean
± SD. A repeated-measures ANOVA followed by a paired t-
test was used to analyze parametric data. A Wilcoxon signed
rank test was used to assess differences relative to the base-
line for nonparametric variables. The level of significance
was set at P < 0.05.

RESULTS

The participants (10 males and 15 females) had a mean age of
30 ± 8 yr and a BMI of 26 ± 4 kg/m2. There were no significant
differences in CBC, creatinine levels, liver function tests (as-
partate and alanine aminotransferases), and TSH during the
study (data not shown). The lipid profile of the subjects at 0, 6,
and 10 wk is shown in Table 1. Despite the lack of effect on
total cholesterol and TG, PYC supplementation resulted in a
significant reduction in LDL-cholesterol (7%, P < 0.05) fol-
lowing 6 wk of supplementation, which returned to baseline
after the 4-wk washout period. HDL-cholesterol levels were
significantly elevated following supplementation and remained
elevated following the 4-wk washout period (10.4%, P < 0.05).
In addition, the reduction in LDL-cholesterol and increase in
HDL-cholesterol was consistent among 66% of participants.

To assess compliance and determine whether the phenolic
antioxidants of PYC were increased following supplementa-
tion, the total phenol level in plasma was measured at base-
line and after 3 wk of supplementation. Total phenol levels
increased significantly from 4.6 ± 1.96 mg phenol equiv/L at
baseline to 5.67 ± 4.1 mg phenol equiv/L after 3 wk of PYC
supplementation (P < 0.05), demonstrating absorption of
PYC in the blood. Plasma ascorbate concentrations did not
change with PYC supplementation (baseline vitamin C: 0.91
± 0.46 mg/dL; 6 wk: 0.97 ± 0.37 mg/dL).

The ORAC of plasma showed that PYC intake indeed sig-
nificantly increased antioxidant capacity in humans (Fig. 1).
Following supplementation with PYC, the ORAC values
were significantly increased by about 40% over baseline (P <
0.005). During the 4-wk washout period, the ORAC value re-
turned back to baseline. 
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TABLE 1
Effect of Pycnogenol® Supplementation on Lipid and Lipoprotein Profile

Week 0 Week 6 Week 10

Total cholesterol (mg/dL) 169.30 ± 23.15 166.36 ± 21.69 167.81 ± 26.74
Total TG (mg/dL) 83.57 ± 40.08 85.65 ± 36.12 90.46 ± 36.74
LDL-cholesterol (mg/dL) 104.38 ± 17.71 97.11 ± 26.91* 104.31 ± 30.98
HDL-cholesterol (mg/dL) 48.07 ± 10.53 53.15 ± 12.63* 53.73 ± 18.01a

aP < 0.05 compared to week 0.



Supplementation with PYC did not significantly modify
plasma oxidation, as determined by measuring lipid perox-
ides using the FOX assay (Table 2). Although this method is
relatively specific for the measurement of lipid peroxides and
has a CV of <10%, it is not as sensitive as other direct meth-
ods used to determine oxidation, such as quantification of iso-
prostanes. Similar to plasma oxidation, the decreased suscep-
tibility of LDL to oxidation (i.e., increase in lag phase)
observed after supplementation with PYC did not reach sig-
nificance (Table 2).

DISCUSSION

PYC is known to be among the most powerful natural antiox-
idants (9,10). Urinary excretion studies have demonstrated
that PYC is absorbed after oral consumption. Metabolites of
procyanidins, taxifolin, and ferulic acid appear in the urine
already after 2 h (18). Peak excretion of procyanidin metabo-
lites was found after 8–12 h, and excretion was completed
after 28–34 h. Another study showed absorption profiles of
phenolic acids of PYC using ferulic acid excretion as a
marker (19). 

Our study demonstrates for the first time that oral con-
sumption of PYC significantly elevates ORAC in the blood,
paralleled by a significant increase in plasma concentration
of phenolic compounds. During the period of PYC supple-
mentation, the antioxidant capacity was elevated by about
40%. At the end of the 4-wk washout phase, the ORAC value
returned almost to the baseline level. This finding demon-

strates that supplementation with PYC considerably improves
antioxidant protection in plasma. This effect may be the basis
for many of the health benefits discovered with PYC in clini-
cal studies (11,13). A recent study has shown that consump-
tion of PYC decreases UV-induced erythema in humans by
inhibiting the redox-sensitive NF-κB-controlled gene expres-
sion of inflammatory mediators (15). 

ESR studies have shown that PYC is able to reduce the
ascorbate radical, leading to regeneration of active vitamin C
(12). However, we did not detect significant differences in
plasma ascorbate after PYC supplementation.

PYC was previously shown to inhibit LDL oxidation
in vitro (25). With regard to protection of lipid components
of the blood, we did not see a significant decrease in LDL-
cholesterol oxidizability or in levels of lipid peroxides in sub-
jects supplemented with PYC. However, the trend in both pa-
rameters after supplementation was reversed after the
washout phase, which suggests a potentially favorable impact
on these parameters. It is probable that the use of more sensi-
tive measures of oxidative stress, such as F2-isoprostanes,
may have clearly identified the antioxidant potency of PYC.
Furthermore, since PYC is water soluble, it is probable that
beneficial effects are not seen on LDL oxidizability, since it
may not partition in the LDL particles.

Interestingly, we found that PYC supplementation reduces
LDL-cholesterol levels in the blood and increases HDL-cho-
lesterol levels and thus exerts beneficial effects on the lipid
profile. Both effects of PYC, i.e., increasing HDL-cholesterol
and decreasing LDL-cholesterol, will translate into a net ben-
efit in decreasing cardiovascular events, since both are inde-
pendent risk factors for CAD (26). Whether this effect is a re-
sult of the antioxidant activity of PYC is not clear. In a recent
clinical trial investigating PYC to treat venous insufficiency
(27), blood parameters were routinely checked. There was a
significant reduction of LDL and cholesterol; HDL-choles-
terol was not modified in the PYC-treated group (27). In the
control group treated with horse chestnut seed extract, the
cholesterol and LDL levels remained unaffected. This result
points to another interesting function of PYC in influencing
lipoprotein levels that is independent of its pronounced an-
tioxidant activity.

Several clinical trials have documented beneficial modifi-
cations of the LDL/HDL ratio after intake of flavonoid- and
antioxidant-containing food products. Kurowska et al. (28)
reported that orange juice intake (750 mL/d) increased HDL-
cholesterol concentrations by 21%. Fuhrman et al. (29) docu-
mented that supplementation with licorice root extract (0.1
g/d), which is rich in flavonoids, was associated with a 9% re-
duction in LDL-cholesterol concentrations in hypercholes-
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FIG. 1. Oxygen radical absorbance capacity (ORAC) measured in
plasma of human subjects at baseline, after daily supplementation with
150 mg Pycnogenol® for 3 and 6 wk, and following a washout period
of 4 wk. Presented are mean values and SD; significant differences from
baseline (P < 0.05) are marked with an asterisk.

TABLE 2
Effect of Pycnogenol® Supplementation on Plasma and LDL Oxidizability

Week 0 Week 3 Week 6 Week 10

Plasma lipid peroxides (µM) 1.8 ± 1.2 1.6 ± 1.2 1.8 ± 1.1 1.9 ± 1.4
LDL oxidizability—lag time of conjugated dienes (min) 78.5 ± 24.2 85.5 ± 36.3 83.6 ± 35.6 82.1 ± 33.3



terolemic individuals and suggested that this hypocholes-
terolemic effect could be secondary to an inhibitory effect on
cholesterol biosynthesis. PYC could decrease LDL-choles-
terol by upregulating the hepatic LDL receptor and/or en-
hancing sterol excretion, and it could increase HDL-choles-
terol by inhibiting CETP activity. However, the specific
mechanism by which PYC beneficially alters plasma lipids is
beyond the scope of this study, which tested the effect of PYC
on markers of oxidative stress. Future studies will be aimed
at addressing these mechanisms. 

This study showed that in normal healthy volunteers, PYC
results in increased phenols as well as improved ORAC, and
potentially also exerts an antioxidant effect. In addition, it has
a favorable effect on two risk factors for CAD, i.e., decreas-
ing LDL-cholesterol and increasing HDL-cholesterol. Future
trials in larger and more diverse populations will shed light
on its efficacy in cardiovascular disease prevention. 
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ABSTRACT: Long-chain n-3 PUFA in fish oil have modulating
effects on inflammatory responses. The aim of this open pilot
study was to investigate whether duodenal seal oil administration
would benefit patients with inflammatory bowel disease (IBD).
Seal oil (10 mL) was administered three times a day directly into
the distal part of the duodenum via a nasoduodenal feeding tube
for 10 d in 10 patients, 5 of whom had Crohn’s disease and 5 ul-
cerative colitis. Nine of the 10 patients suffered from IBD-associ-
ated joint pain. Various parameters of disease activity and FA in-
corporation in tissues were analyzed before and after treatment.
Following seal oil therapy, joint pain index, disease activity, and
serum cholesterol level were significantly decreased, whereas the
n-3 to n-6 ratio both in intestinal biopsies and blood was signifi-
cantly increased. Measures of calprotectin concentration in gut
lavage fluid, intestinal permeability, and lipid peroxidation were
not significantly changed. The results suggest positive effects of
seal oil in patients with IBD, especially on IBD-associated joint
pain. Further controlled studies are warranted.

Paper no. L9107 in Lipids 37, 935–940 (October 2002).

EPA (20:5n-3) and DHA (22:6n-3) are n-3 PUFA derived from
fish or marine mammals. These long-chain PUFA have been
found to alter plasma membrane composition and fluidity, ion-
channel flux, cell-signaling mechanisms, eicosanoid responses,
cytokine release, and immune cell responses. One mechanism
by which n-3 FA exert these effects might be that EPA and
DHA are incorporated into membrane phospholipids by replac-
ing arachidonic acid (AA, n-6 FA). AA is the substrate for the
synthesis of eicosanoids, i.e., leukotriene B4 (LTB4), thrombox-
ane A2, and prostaglandin E2 (PGE2), the latter with high in-
flammatory activity (1). n-3 FA have greater affinity for the
cyclo- and lipoxygenase enzymes than n-6 FA. They competi-
tively inhibit the formation of prostaglandins and leukotrienes
derived from AA while serving as a substrate for prostaglan-
dins and leukotrienes (PGE3 and LTB5) with less inflammatory
activity compared to the AA products (2,3). Hence, increased
dietary intake of n-3 FA may shift the balance of the eicosanoid
production to a less inflammatory profile.

In the current Western diet, n-6 FA prevail over n-3 FA,
and AA is the most abundant C20 PUFA converted to eicosa-
noids in the human body. Marine animals are good sources of
n-3 FA (EPA and DHA), and the general view is that an in-
creased intake of marine oils will improve the health of the
general population.

Seal and fish oils contain approximately the same 
total amount of n-3 PUFA. However, seal oil contains another
PUFA, namely, docosapentaenoic acid (22:5n-3, DPA), which
has been shown to interfere with different pathways of
eicosanoid formation (4). Seal meat is also an excellent
source of minerals, particularly iron and vitamins, including
vitamin B12 (5).

The aims of this study were to evaluate whether adminis-
tration of seal oil altered the symptoms, inflammatory activ-
ity, and FA composition of serum, buffy coat, red blood cells,
and rectal mucosal biopsies in patients with inflammatory
bowel disease (IBD).

MATERIALS AND METHODS

Patients. Ten patients with IBD were investigated, five with
Crohn’s disease (CD; female/male = 4:1, age range 27–42 yr)
and five with ulcerative colitis (UC; female/male = 2:3, age
range 41–57 yr). Disease activity was evaluated by a simple
index in CD (6) and a simple clinical colitis activity index in
UC (7). Joint pain was graded by the patients on a subjective
scale from 0 (no pain) to 10 (very severe pain).

An ileocecal resection had been performed earlier on two
of the CD patients, and both were receiving prednisone (5 or
10 mg/d). The other patients were on the following stable
medications: four on mesalazin (dose range, 2 to 3 g/d), two
on sulfasalazine (3 g/d), and two on both mesalazin (3 g/d)
and azathioprin (100 or 150 mg/d).

During the 10 d of the seal oil treatment, all patients lived
at home, ate a normal Western diet, and continued taking their
usual medications. 

Five of the patients (three patients with CD, two with UC;
three were receiving mesalazin, one sulfasalazine, and one
prednisone) wished to try the treatment a second time. To
study the repeatability of results, these five patients were in-
vestigated using the same protocol one-half to one year later,
but this time with a more extensive clinical evaluation of 
the rheumatic disease activity, including physicians’ global
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assessments of joint disease activity using a 100-mm visual
analog scale (VAS), duration of morning stiffness (min) and
pain throughout the week (VAS), score on the Health Assess-
ment Questionnaire (8), 28 + 2 joint counts of tender and
swollen joints (9) (with ankle joints and toes added), and the
number of joints with subjective pain. 

This study was approved by the ethics commitee at Hauke-
land University Hospital, and all subjects gave informed
consent.

Methods. Blood samples were drawn from the fasting pa-
tients in two vials without anticoagulant and in one with
EDTA. One serum sample was sent to the hospital’s central
laboratory for analysis of cholesterol and TG according to
Technicon Chem method no. SA4-0305L90 and Technicon
Chem method no. SA4-0324L90, respectively (Technicon In-
struments, Tarrytown, NY). TBARS in serum were analyzed
at the Institute of Nutrition (10). From the other sample with-
out anticoagulant, red blood cells and buffy coat (white blood
cells) were prepared, and plasma was prepared from the
EDTA-containing vial.

After an overnight fast, a nasoduodenal feeding tube (Stay-
put®, Compat Biosystems®; Sandoz Nutrition Corporation,
Boston, MA) was positioned with its tip in the distal part of
the duodenum by a gastroduodenoscope or by fluoroscopic
control only. Intestinal lavage was performed using a modifi-
cation of the whole-gut lavage method of Ferguson and col-
leagues (11,12). Two liters of an isotonic PEG solution (M.W.
3350; Laxabon®; Tika, Lund, Sweden) was administered
through the tube over a period of 40 min using a peristaltic
pump (505S/RL; Watson-Marlow, Falmouth, United King-
dom). The PEG solution is the same type as that used for
bowel cleansing before a barium enema, colonoscopy, or
colon surgery. Approximately 50 µCi of 51Cr EDTA (Amer-
sham International, Amersham, United Kingdom) was added
to the solution. Depending on intestinal permeability, trace
amounts of this substance are absorbed and excreted in the
urine (13). The estimated dose of radiation received during
this test was <0.1 mSv (effective dose equiv.), which is within
the limits of natural background radiation (14). Urine was col-
lected for 5 h, 20 min (i.e., 4 h, 40 min after finishing the in-
fusion), and the amount of 51Cr EDTA excreted in the urine
was quantified as percentage of the administered dose. When
the PEG solution reached the distal colon, bowel movements
started. The first clear fluid passed per rectum was collected
for analysis of calprotectin (11).

Soon after the lavage procedure, when the patients had
emptied their bowels, sigmoidoscopy was performed with a
videoendoscope. Five biopsy specimens were taken from the
rectum, 20–30 cm above the anus, for analysis of FA compo-
sition. These biopsies were collected on ice and stored frozen. 

Seal oil. Seal oil was obtained from the Norwegian Insti-
tute of Fisheries and Aquaculture Inc. (Tromsø, Norway). The
seal oil (mainly from harp seal, Phagophilus groenlandicus)
was produced by A/S Rieber (Tromsø, Norway) and refined
by Peter Møller A/S of Orkla A/S (Oslo, Norway). Natural
tocopherols 1.5 mg/g (Covi-ox T-70; Henkel, Düsseldorf,

Germany) and DL-α-tocopheryl acetate (1.0 mg/g; Roche
A/S, Hvidore, Denmark) were added to the oil.

After completing the lavage and biopsy procedures, 10 mL
seal oil was administered through the nasoduodenal feeding
tube three times a day for 10 d. The patients thus received a
total amount of 1.8 g of EPA, 1.0 g DPA, and 2.6 g of DHA
per day. Seal oil was well tolerated without any noticeable
side effects. The blood sample, disease activity, joint pain
index, gut lavage, and biopsy procedures were repeated after
the 10-d course of treatment (at day 11). 

Lavage fluid processing. Lavage fluid was filtered through
gauze, and 4.5 mL aliquots were added to tubes containing
0.5 mL of a solution with antiseptic and antiproteolytic activ-
ity. A stock solution of the latter was prepared by adding 1
mL of 10% sodium azide (NaN3) to 50 mL of soybean trypsin
inhibitor (Sigma, Munich, Germany). The samples were
stored frozen at −20°C until assayed.

Analysis of FA. FA composition was analyzed in plasma, red
blood cells, buffy coat, and biopsies. The samples were dis-
solved in chloroform/methanol (2:1, vol/vol) and a 19:0 FA
was added as the internal standard. The samples were filtered,
saponified, and methylated using 12% BF3 in methanol. FA
composition of total lipids was analyzed using methods de-
scribed by Lie and Lambertsen (15): The methyl esters were
separated using a Carlo Erba gas chromatograph (cold on-col-
umn injection at a temperature of 60°C, ramped at 25°C/min to
160 and 190°C, then held at  220°C) equipped with a 50-m
CP-Sil 88 (Chrompack, Middelburg, The Netherlands) fused-
silica capillary column (i.d. 0.32 mm). The FA were identified
by retention time using standard mixtures of methyl esters (Nu-
Chek-Prep, Elysian, MN), and the FA composition (mol%) was
calculated using an integrator (Turbochrom Workstation, Ver-
sion 6.1.0, PerkinElmer Instruments LLC, Shelton, CT) con-
nected to the gas–liquid chromatograph.

Analysis of calprotectin. The gut lavage fluid specimens
were thawed and centrifuged at 1550 × g at 4°C before dilut-
ing the supernatant 1:50 and analyzing the calprotectin con-
centration by an ELISA method using the Nycotest Phical
ELISA kit (Nycomed, Oslo, Norway). Microtiter plates were
coated with rabbit anticalprotectin for capture, and im-
munoaffinity purified rabbit anticalprotectin conjugated with
alkaline phosphatase was used for development (16). The
ELISA read the absorbance at 405 nm for 96-well plates. The
results of the test samples were calculated from the standard
curves. Concentrations above 5 mg/L were not diluted further.

Analysis of urine. Urine was analyzed for radioactivity
using a gamma counter (1282 Compugamma Counter; Wal-
lac, Oslo, Norway). To calculate the percentage of adminis-
tered dose of 51Cr EDTA excreted in urine, we measured the
activity of a 5 mL sample of a 1/2000 dilution of the 51Cr
EDTA solution administered and of a 5 mL sample of the
pooled urine volume. The percent urinary excretion of the ad-
ministered dose was calculated as in Equation 1:

[1]51Cr EDTA% =  
(urine cpm  background cpm) urine volume 100

(standard cpm  background cpm) instilled volume

− ⋅ ⋅
− ⋅
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Statistical analysis. Data were analyzed using the Graph-
Pad Prism (GraphPad Software Inc., San Diego, CA) statisti-
cal software package. All values were expressed as median
with a maximum/minimum range. Differences between
groups were evaluated using the Wilcoxon signed rank test. P
values < 0.05 were regarded as significantly different. 

RESULTS

All the patients completed treatment with seal oil without rel-
evant protocol violations. No relevant subjective side effects
of the seal oil administration were detected. 

Compared with pretreatment levels, the median joint pain
index (P = 0.002) (Fig. 1), disease activity (P = 0.01) (Fig. 2),
and serum cholesterol concentration (P = 0.002) were signifi-
cantly decreased after treatment with seal oil. The median
serum TG concentration was also decreased but barely
reached significance (P = 0.05). The calprotectin concentra-
tion in gut lavage fluid (P = 0.74), intestinal permeability of
51Cr EDTA (P = 0.25), and serum TBARS concentration (P
= 0.49) were not significantly altered by seal oil treatment
(Table 1). 

The ratio of n-3 to n-6 FA was significantly increased after
treatment compared with that before treatment in serum (P =
0.008), buffy coat (P = 0.006), red blood cells (P = 0.004),
and colonic biopsies (P = 0.002) (Table 1). Compositions of
selected FA in serum, buffy coat, red blood cells, and biop-
sies from rectal mucosa are presented in Table 2. The total
amount of monounsaturated FA was not changed after seal oil
treatment in serum, buffy coat, and red blood cells but de-
creased in biopsies (Table 2).

Vitamins A and E and the FA composition of the seal oil
supplied to the IBD patients were also determined (Table 3).

Retreatment. After the second study period, seal oil admin-
istration in five patients appeared to lower the rheumatic dis-

ease activity but was significant only for the patients’ assess-
ment of pain (P = 0.04) (Table 4). 

DISCUSSION

This is the first study to look at the effect of seal oil adminis-
tration in patients with IBD. During the 10-d treatment pe-
riod, there appeared to be a beneficial effect on joint pain, dis-
ease activity, serum cholesterol concentration, and the n-3/n-6
FA ratio in blood and tissue samples. 

Fish oil has been reported to be beneficial to UC patients,
but results are controversial (17–21). Three studies reported
significant clinical improvement after fish oil supplementa-
tion (17–19), whereas the clinical benefit in the other two
studies was limited, with no histopathological improvement
compared with placebo therapy (20,21). Differences between
the studies in dose, study design, composition of the supple-
ment, and assessment of clinical improvement may explain
the conflicting results (19).

Two studies examined the role of fish oil in preventing re-
lapses in CD patients who had gone into remission with
steroids (22,23). In the study by Belluzzi et al. (22), 78
Crohn’s disease patients with a high risk of relapse were ran-
domly assigned to receive enteric-coated fish oil capsules
(total 2.7 g) or placebo (total 1.5 g, containing 60% caprylic
acid and 40% capric acid). In the 1-yr follow-up, 59% of pa-
tients in the fish oil group remained in remission compared
with 26% in the placebo group. In the trial of Lorenz-Meyer
et al. (23), however, remission rates at the 1-yr follow-up
were similar in the fish oil and placebo groups.

Seal oil may have important advantages over fish oil or n-3
preparations, because in seal oil EPA, DPA, or DHA are pref-
erentially located in the sn-1 or sn-3 positions in the TAG
molecule, whereas in fish oil EPA or DHA are mainly in the
sn-2 position (24). FA in the sn-2 position are not easily hy-
drolyzed in the intestine and are therefore absorbed mainly as
MG. However, FA are easily released from the sn-1 and sn-3
positions and are absorbed directly into the mucosa. Seal oil
may therefore generate more FFA within the intestinal lumen
than fish oil. Also, postpyloric enteral feeding, as used in the
present study, may be advantageous, as higher concentrations
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FIG. 1. Joint pain index (0 = no pain, 10 = very severe pain) in inflam-
matory bowel disease (IBD) patients before and after treatment with seal
oil. Individual results are presented in the upper right corner (n = 10).
●●, patients with ulcerative colitis (UC); ●, patients with Crohn’s dis-
ease (CD).

FIG. 2. Individual results of disease activity index in IBD patients before
and after treatment with seal oil (n = 10). ●●, patients with UC; ●, pa-
tients with CD. For abbreviations see Figure 1.



of the active substances could reach the inflamed part of the
intestine by this mode of administration compared with the
oral liquid or capsules used previously (17–20).

Incorporation of FA from fish and olive oils into colonic
mucosal membranes displaces AA, causing less AA to be
available for cyclo- and lipooxygenase enzyme systems
(25,26). In a comparison of fish and seal oil, Yoshida et al.
(27) and Ikeda et al. (28) found that seal oil was more effec-
tive in reducing AA content than fish oil. In the present study
administration of seal oil consistently increased the n-3 to n-6
ratio significantly in red and white blood cells as well as in
biopsies from rectal mucosa. 

Because PUFA are prone to oxidation, administration of
PUFA to an inflamed mucosa may theoretically increase lipid
peroxidation (29). Concomitant supplementation with anti-
oxidants may counteract this potentially adverse effect of n-3
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TABLE 1
Effects of Seal Oil Administration (10 mL three times a day) in 10 Patients 
with Inflammatory Bowel Disease (IBD)a

Before After P-valueb

Cholesterol (mmol/L) 5.9 (3.0–9.6) 3.75 (2.6–7.6) 0.002
TG (mmol/L) 1.3 (0.58–3.40) 1.27 (0.52–2.22) 0.05
TBARS (nmol/g) 35.1 (26.1–50.7) 27.7 (20.7–45.4) 0.49
Calprotectin (mg/L) 1.2 (0.4–5.0) 1.0 (0.3–5.0) 0.74
Intestinal permeability (%) 0.09 (0.04–0.59) 0.12 (0.04–0.82) 0.25
Joint pain (score) 6.1 (1.0–8.2) 1.1 (0.0–6.0) 0.002
Disease activity (score) 5.5 (1.0–10.0) 4.0 (0.0–7.0) 0.01
n-3/n-6 serum (%) 0.2 (0.1–0.2) 0.4 (0.2–0.6) 0.008
n-3/n-6 buffy coat (%) 0.2 (0.1–0.4) 0.4 (0.3–0.7) 0.006
n-3/n-6 red cells (%) 0.4 (0.1–0.5) 0.5 (0.4–0.8) 0.004
n-3/n-6 biopsy (%) 0.2 (0.1–0.3) 0.5 (0.3–1.0) 0.002
aMedian and minimum/maximum values are given. Boldfaced numbers are significant.
bWilcoxon signed rank test.

TABLE 2
FA Composition in IBD Patientsa

FA Before After P-value

Serum
∑ monoenesb 23.7 ± 0.7 22.4 ± 0.6 NS
∑ n-6 38.2 ± 1.2 33 ± 1 0.0064
18:2n-6 31.1 ± 1.2 27 ± 1 0.0074
20:3n-6 1.3 ± 0.2 0.77 ± 0.06 0.0042
20:4n-6 5.8 ± 0.8 5.0 ± 0.3 NS

∑ n-3 5.7 ± 0.4 12.9 ± 0.9 0.0001
18:3n-3 0.63 ± 0.07 0.55 ± 0.05 NS
20:5n-3 1.3 ± 0.2 6.0 ± 0.6 0.0001
22:5n-3 0.7 ± 0.3 0.71 ± 0.07 NS
22:6n-3 3.3 ± 0.3 5.5 ± 0.3 0.0001

Buffy coat
∑ monoenesb 22 ± 1 20 ± 2 NS
∑ n-6 31 ± 2 27 ± 2 NS
18:2n-6 20 ± 1 18 ± 2 NS
20:3n-6 1.7 ± 0.1 1.0 ± 0.1 0.0012
20:4n-6 11 ± 1 8 ± 1 0.0485

∑ n-3 7.3 ± 0.5 11 ± 1 0.0022
18:3n-3 0.38 ± 0.07 0.40 ± 0.06 NS
20:5n-3 1.2 ± 0.2 4.2 ± 0.5 0.0001
22:5n-3 1.3 ± 0.2 1.4 ± 0.2 NS
22:6n-3 4.2 ± 0.4 5.1 ± 0.7 NS

Red blood cell
∑ monoenesb 17.0 ± 0.8 15.9 ± 0.6 NS
∑ n-6 24 ± 2 23 ± 2 NS
18:2n-6 13.4 ± 0.9 11.4 ± 0.02 0.0332
20:3n-6 1.5 ± 0.2 1.3 ± 0.1 NS
20:4n-6 9 ± 2 10 ± 1 NS

∑ n-3 8.8 ± 0.8 12.1 ± 0.6 0.0035
18:3n-3 0.10 ± 0.04 0.04 ± 0.04 NS
20:5n-3 1.2 ± 0.1 3.0 ± 0.3 0.0003
22:5n-3 1.7 ± 0.2 2.2 ± 0.2 NS
22:6n-3 5.6 ± 0.5 6.7 ± 0.5 NS

Biopsy
∑ monoenesb 31 ± 2 24 ± 2 0.025
∑ n-6 24 ± 2 19 ± 1 0.0376
18:2n-6 16 ± 1 12.1 ± 0.6 0.0123
20:3n-6 1.5 ± 0.2 1.0 ± 0.1 NS
20:4n-6 6 ± 1 6 ± 1 NS

∑ n-3 4.1 ± 0.5 9 ± 1 0.0003
18:3n-3 0.4 ± 0.1 0.24 ± 0.08 NS
20:5n-3 0.81 ± 0.05 3.4 ± 0.4 0.0001
22:5n-3 0.6 ± 0.2 0.9 ± 0.2 NS
22:6n-3 2.2 ± 0.3 4.3 ± 0.6 0.0063

aData are presented as percentage of total FA, mean ± SEM. The amount of
FA identified ranged from 94–98%. NS, not significant. For other abbrevia-
tion see Table 1.
b∑ monoenes includes 16:1n-7, 16:1n-9, 18:1n-7, 18:1n-9, and 20:1n-9 FA.

TABLE 3
Major FA and Vitamins A and E Levels in Seal Oila

FA Percent g/100 g

∑ saturated 15.3 12.7
14:0 5.3 4.4
16:0 8.5 7.1
17:0 0.3 0.3
18:0 1.0 0.8

∑ monoenes 53.2 44.2
16:1n-7 11.6 9.7
18:1n-7 4.1 3.4
18:1n-9 17.7 14.7
20:1n-9 9.8 8.1
22:1n-11 4.4 3.7

∑ n-6 2.5 2.1
18:2n-6 1.8 1.5
20:4n-6 0.4 0.4

∑ n-3 26.6 22.1
18:3n-3 0.9 0.8
20:5n-3 7.0 5.8
22:5n-3 4.0 3.3
22:6n-3 10.7 8.9

n-3/n-6 10.6 10.6

All-trans retinol 0.76 mg/100 g
All-trans dehydroretinol 0.29 mg/100 g
α-Tocopherol 5.398 mg/100 g
aData are presented as percentage of total FA and as g/100 g oil, for vitamins
A and E as mg/100 g. The amount of FA identified was 97.6%.



supplementation. Most research on fish oil supplementation
has failed to state the amount of concomitant antioxidants ad-
ministered. In the present study we used seal oil with added
antioxidants, and we found no measurable change in lipid per-
oxidation as measured by TBARS in blood. Calprotectin lev-
els in stools and intestinal permeability are markers of intesti-
nal inflammation (12,16). The lack of a beneficial effect of
seal oil on these inflammatory parameters is disappointing but
might be due to the short treatment period (10 d). 

The total serum cholesterol concentration was significantly
lower after seal oil consumption than before in the IBD pa-
tients. Findings in the literature regarding the effect of n-3
PUFA supplements on serum cholesterol are conflicting.
Compared to the control group, total cholesterol, TG, and
phospholipid concentrations in plasma were significantly de-
creased when supplements of seal or fish oil were given to pa-
tient groups (28). However, Harris observed that levels of
both total and LDL cholesterol were unaffected by dietary n-3
FA (30). 

For patients with rheumatoid arthritis, n-3 FA supplemen-
tation reduced neutrophil LTB4, whereas neutrophil LTB5 lev-
els increased slightly (31). The decrease in LTB4 production
was correlated to a decrease in the number of tender joints
(32) . Moreover, Volker et al. (33) reported that supplementa-
tion with fish oil containing 60% n-3 FA for a 15-wk period
improved the clinical status of patients with rheumatoid
arthritis compared to the control group (i.e., significant dif-
ferences were found in early morning stiffness, the Health As-
sessment Questionnaire, and physicians’ assessments of
arthritis activity). 

Peripheral “enteropathic” arthritis is seen in 15–20% of
patients with IBD and is more commonly associated with CD
than UC (34). In one study the prevalence of Crohn’s-associ-
ated joint pain was much higher (48%) than that generally re-
ported, possibly due to the inclusion of many patients with
arthralgia or more vague rheumatic pains (35). 

The weaknesses of this study are the small number of pa-
tients, choice of a nonplacebo control, and management of
two distinct disease entities with different pathophysiologies
and different responses to treatments. However, our 10 pa-
tients were specifically recruited because of their joint pain,
which is largely independent of inflammatory disease activ-

ity. IBD patients with joint pain represent a group of patients
having much suffering and few other treatment alternatives.
In the present study, the effect of seal oil on joint pain was
marked and appeared after only a few days of treatment. The
subsequent routine follow-up indicated that the beneficial ef-
fect on the joint symptoms persisted for several months in
some of the patients. These encouraging results clearly war-
rant further controlled studies. 
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ABSTRACT: The first indication of platelet activation is an in-
crease in mean platelet volume (MPV). n-3 FA are known to in-
hibit platelet function and to reduce the risk for coronary heart
disease. The purpose of this study was to determine the effects of
EPA and DHA on MPV. Healthy subjects received olive oil
placebo for 4 wk and then were randomly assigned to receive 4 g
of ethyl esters of either safflower oil (n = 11), EPA (n = 10), or
DHA (n = 12) for 4 wk. At the end of placebo run-in and treat-
ment periods, MPV (fL; mean ± SEM) and platelet count (PLT-CT;
103/µL blood) were measured in the basal state and after ex vivo
stimulation with collagen (10 µg/mL), cold (4°C), and heat (37°C).
Unlike DHA, EPA lowered MPV as compared with safflower oil
(7.2 ± 0.1 vs. 7.5 ± 0.1 fL; P < 0.05) and raised PLT-CT (211 ± 18
vs.192 ± 18 103/µL; P < 0.05) in the fasting state. Collagen and
cold significantly increased MPV whereas heat lowered MPV re-
gardless of treatment. All stimuli decreased PLT-CT. EPA signifi-
cantly increased platelet EPA (0.2 ± 0.1 vs. 3.3 ± 0.4%) and do-
cosapentaenoic acid (DPA; 2.2 ± 0.3 vs. 2.9 ± 0.3%) concentra-
tions, but not DHA. DHA treatment significantly increased DHA
(1.4 ± 0.2 vs. 4.1 ± 0.5%) and DPA (2.0 ± 0.4 vs. 3.0 ± 0.4%)
concentrations, but not EPA. In conclusion, EPA, but not DHA,
reduces platelet activation, an early step in platelet aggregation. 

Paper no. L9015 in Lipids 37, 941–946 (October 2002).

Mean platelet volume (MPV) is a marker of platelet activation
(1). It has been reported that MPV is increased in patients at high
risk for acute myocardial infarction (MI) (2–4). Large platelets
show a higher degree of adhesion and aggregation than small
ones (5). The presence of a greater number of large platelets in
such patients is consistent with an elevated risk of thrombus for-
mation. MPV is much easier to measure than agonist stimulated
platelet aggregation and thus it may have clinical utility. As
platelet activation increases, platelets are likely to form aggre-
gates, leading to a decrease in single platelets in the blood. This
is measured by the platelet count. A decrease in count after ex
vivo stimulation indicates an increase in aggregates.

Interest in fish oil as an antiplatelet agent dates back 20 yr
(6), and this mechanism may have played a role in the cardio-
protection seen with n-3 fatty acids (FA) use in recent trials. In
the GISSI-Prevention study, supplementation with n-3 FA (850
mg) reduced overall mortality in post-MI patients (already tak-
ing aspirin) by 20% and risk for sudden cardiac death by 45%
(7). The Diet and Reinfarction Trial (8) and the Indian Experi-
ment of Infarct Survival also reported that n-3 FA protected

against coronary artery disease. Clearly, antiplatelet drugs (e.g.,
aspirin) can reduce the incidence of coronary artery disease
(10,11). Several studies have shown that relatively large
amounts of n-3 FA can decrease platelet aggregation and pro-
long bleeding time (12–16); however, the effects of n-3 FA on
MPV are not known. 

It has been assumed that EPA is more active than DHA in
altering platelet function because it is a cyclooxygenase sub-
strate (17). However, DHA appears to decrease thromboxane
A2 (TxA2)/prostaglandin H2 receptor affinity (18). Von
Schacky and Weber (19) reported that both EPA and DHA,
given for only 6 d, reduced platelet aggregation in vitro. Thus,
both of these FA have the potential to affect platelet function.
The purpose of the present study was to compare the effects of
EPA and DHA separately on MPV and on MPV responses to
collagen, cold, or heat during the fasting and the fed states. Like
collagen, cold exposure is known to cause platelet activation
(20,21) whereas heat causes platelets to contract . We tested the
hypothesis that treatment with both DHA and EPA would de-
crease MPV, and increase platelet count (PLT-CT),  as com-
pared with safflower oil. 

MATERIALS AND METHODS 

Subjects. Saint Luke’s Hospital Institutional Review Board ap-
proved this study and informed written consent was obtained
from all participants. The study consisted of three periods (4
wk each): placebo run-in, wash-out, and active treatment.
Thirty-three healthy subjects, male (n = 17) and female (n =
16), were given olive oil capsules (4 g/d) during the placebo
run-in period and then were randomized to ethyl esters of ei-
ther EPA (n = 10), DHA (n = 12), or safflower oil (n = 11; 4 g/d
each) during the treatment period. The oils (95% pure) were
provided by the Fish Oil Test Material Program of the U.S. De-
partment of Commerce and the National Institutes of Health. 

Baseline characteristics are shown in Table 1. Subjects were
asked to maintain their usual lifestyle and dietary habits
throughout. Intake of drugs known to affect platelet function
was restricted 2 wk before blood sampling. Alcohol intake and
strenuous physical exercise were also prohibited during the 48
h preceding the blood sampling. At the end of placebo run-in
and treatment periods, fasting (≥12 h overnight) blood samples
were drawn from all subjects. Subjects were then asked to con-
sume a chocolate-flavored test drink made with half-and-half
(1 g fat/kg body weight), and blood samples were taken 4 h
later (fed state). 

Platelet activation. Blood samples were drawn into acid/
citrate/dextrose (ACD) tube containing 2% Na2-EDTA. This
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anticoagulant cocktail reportedly prevents platelet activation
for 8 h (23). Subjects were sitting during the blood draw, and
an 18-gauge needle was used. The first 10 mL of blood was not
used for platelet testing. MPV and PLT-CT were measured in
whole blood directly from the tube using Coulter Counter
MD16 (Beckman, Miami, FL) (5). The instrument was cali-
brated daily with commercially available controls. 

MPV and PLT-CT were measured in eight separate condi-
tions at the end of the placebo and the active treatment periods.
The eight conditions were: unstimulated or stimulated with col-
lagen, heat or cold, all in the fasting and the fed states. The ef-
fect of eating was examined because platelet activation was ex-
pected to be greater in the fed than the fasting state (24,25).
Three different ex vivo stimuli were included in anticipation
that, if EPA or DHA did not activate platelets in the basal state,
they might affect platelet response to stimulation. 

Within 15 min of the blood draw, a series of measurements
of MPV and PLT-CT were initiated as follows (26). Three mi-
crofuge tubes were prepared: one was placed on ice, another in
a 37°C water bath; to the third was added 10 µL of a 1 µg/µL
collagen (type I; Chrono-log Corp., Havertown, PA), and this
was kept at room temperature. ACD blood was mixed by gen-
tle inversion seven or eight times before baseline measure-
ments were taken. Unstimulated values were measured four
times, twice before (0 and 4 min) and twice after (48 and 52
min) a series of stimulation tests (Fig. 1). Blood (1 mL each)
was transferred to the collagen-containing tube, the pre-chilled
tube and the pre-warmed tube at 10, 14, and 22 min, respec-
tively, after baseline measurements were taken. MPV and
PLT-CT were measured 8 and 11 min after collagen addition,
and 18 and 22 min after exposure to cold and heat. Preliminary
experiments showed that despite the anticoagulant cocktail,
MPV gradually increased in unstimulated blood held at room
temperature for 52 min by about 3% (26). Thus, control values
for the platelet response to collagen (baseline 1) were defined
to be the average MPV and PLT-CT at 0 and 4 min (since these
samples were measured closer in time to the peak collagen re-
sponse). On the other hand, the controls for the platelet re-
sponses to heat and cold (baseline 2) were defined as the mean
unstimulated measurements at 48 and 52 min since the re-
sponses to temperature were assessed closer to the end of the
52 min protocol than to the beginning. All analyses were com-
pleted within 67 min from the time of the blood draw.

Platelet FA composition. Fasting blood was drawn in ACD
tubes and centrifuged at 125 × g for 10 min to obtain platelet-
rich plasma. Platelet-rich plasma was mixed with Brox wash-
ing buffer (63.75 mM Tris, 11.25 mM HCl, and 77 mM

EDTA), and the mixture was centrifuged at 500 × g for 15 min.
After discarding the plasma, the pellet was resuspended with
the buffer and centrifuged again. The platelet pellet was resus-
pended with 1 mL of 2% EDTA and stored at −80°C.

Diheptadecanoyl PC was added as an internal standard to the
washed platelets, which were extracted with methanol/methyl-
ene chloride (1:2) for total lipids (preliminary experiments
showed that >98 % of lipids were phospholipid). Glycerophos-
pholipid FA were methylated with boron trifluoride at 100°C
for 10 min (27,28) and then analyzed by GC (GC9A; Shimadzu,
Corp., Columbia, MD), using a 30-m SP2330 capillary column
(Supelco, Bellefonte, PA). FA were identified by comparison
with known standards. 

Statistics. Data were analyzed by ANOVA or analysis of co-
variance using Statistical Analysis System (Cary, NC). Differ-
ences between means were considered statistically significant
at the P < 0.05 level.

RESULTS

When all data were pooled regardless of treatments (olive oil
placebo, safflower oil, EPA, or DHA) or the fasting/fed status,
MPV was significantly increased in response to both collagen
and cold, whereas it was decreased by heat (Fig. 2). All stimuli
significantly decreased PLT-CT regardless of treatments or
fed/fasting status, although collagen lowered PLT-CT more
than exposure to heat or cold (Fig. 2). There was no significant
difference between MPV in the fasting and the fed state. EPA
significantly lowered MPV and increased PLT-CT as compared
to safflower oil regardless of fed/fasting state or ex vivo stim-
uli, whereas no effect was seen with DHA (Fig. 3). 

Platelet responses to ex vivo stimuli during the olive oil
placebo and the active treatment phases in both the fasting and
fed states are shown in Figure 4 (MPV) and Figure 5 (PLT-CT).
EPA significantly decreased MPV at baseline 1 during the fed
state and at baseline 2 during the fasting state (Fig. 4). EPA sig-
nificantly increased baseline 1 PLT-CT during the fasting state
(Fig. 5). 

The effects of treatment on the platelet FA composition
(fasting state) is presented in Table 2. EPA significantly in-
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TABLE 1
Baseline Subject Characteristics 

Subjects Safflower oil (n = 11) EPA (n = 10)a DHA (n = 12)

Agea (y) 37 ± 3 43 ± 4 41 ± 5
BMIa (kg/m2) 28 ± 1b 25 ± 1 26 ± 1
Male/female 7/4 5/5 5/7
aValues are mean ± SEM.
bValues differ (P < 0.05) between groups. BMI, body mass index.

FIG. 1. Protocol for measurement of mean platelet volume and platelet
count. × indicates the time when blood was added to collagen, or when
it was exposed to cold or heat; • indicates the times measurements were
made; → indicates which control (baseline 1 or 2) was used for the
platelet response to collagen, cold and heat.



creased platelet EPA and docosapentaenoic acid (DPA) levels
in an apparent exchange for stearic and arachidonic acids. DHA
significantly increased DHA and DPA concentrations at the ex-
pense of palmitoleic, oleic, linoleic, and arachidonic acids.
There were no significant differences in saturated, monounsat-
urated, and n-6 PUFA compositions between olive oil and any
of the treatment groups, but total n-3 PUFA significantly in-
creased after EPA and DHA supplementation (Table 2).

DISCUSSION 

Changes in MPV are an early indicator of platelet activation
(2,29), thus MPV may be an in vivo marker of the potential for
platelet aggregation. Smaller platelets have less fibrinogen re-
ceptors exposed than larger ones, suggesting a reduced risk of
thrombus formation (5); and larger platelets produce more
TxB2 when stimulated with collagen and thrombin (5). 

Fish oil supplementation (including EPA and DHA) has
been shown (15,16,30,31) to decrease platelet aggregation and
to prolong bleeding times (12), but the separate effects of these
two FA on platelet function has rarely been examined in the
same setting (13–16). In this study, we found that EPA, but not
DHA, decreased platelet activation as indicated by a decreased
MPV and increased PLT-CT. 

Hirai et al. (32) reported that 3.6 g of EPA for 24 d signifi-
cantly inhibited collagen, ADP, and epinephrine-induced
platelet aggregation, but the effect of DHA was significant only
for collagen. Platelet aggregation was also significantly de-
creased with 2 g of EPA given for 2 and 4 wk (33,34). Von
Schacky and Weber (19) reported that 6 g of EPA and DHA
ethyl ester alone for 6 d caused a significant reduction in platelet
aggregation with collagen, but the response to ADP was signifi-

cantly lowered only by DHA. Nelson et al. (35) observed that
adding 6 g of DHA for 90 d produced no physiological changes
in blood coagulation, platelet function, or thrombotic tenden-
cies in six healthy males. In contrast to these high dose studies,
Driss et al. (36) reported platelet inhibitory effects with 150 mg
of EPA, the lowest dose reported to alter platelet function.

Croset et al. (37) suggested that EPA and DHA affect
platelet function in synergistic ways. EPA competes with en-
dogenous arachidonic acid at the cyclooxygenase level to re-
duce the amount of TxA2 formed and to generate the weakly
proaggregatory TxA3 (38). DHA inhibits platelet function by
decreasing the affinity of TxA2 for its receptor (18,39,40). In
addition, Shikano et al. (17) reported that PE-enriched DHA is
a poor substrate for phospholipase A2 (PLA2), the enzyme that
mobilizes eicosanoid precursors from cell membranes. What is
more, EPA appears to suppress PLA2 activity, resulting in re-
duced platelet-activating factor synthesis (41). 

The postprandial state is considered to be more procoagu-
lant than the fasting state. Platelet aggregation induced by ADP
(24) and by collagen (25) was significantly increased in nor-
molipemic subjects after fatty meals. Fuhrman et al. (24)
showed that platelets maintained their hypersensitivity to ag-
gregation 5 h after meals, at a time when plasma TG levels had
returned to normal. Chylomicron remnant particles enhanced
activation of platelets stimulated with ADP and collagen (42),
but native chylomicrons inhibited platelet function (43). These
observations imply that, although total plasma TG may not af-
fect platelet activation, certain TG-rich lipoprotein remnants
may do so. Broijersen et al. (44) reported that expression of
platelet selectin was increased 3 and 6 h postprandially in un-
stimulated and ADP-stimulated samples. However, Jakubowski
et al. (45) found no effect of eating on platelet aggregate for-
mation or expression of platelet-specific proaggregatory pro-
teins. We also found that meal consumption did not signifi-
cantly change MPV or PLT-CT, but PLT-CT tended to be
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FIG. 2. Mean platelet volume (MPV; fL; top) and platelet count (PLT-
CT; × 1000/µL; bottom) regardless of treatments (olive oil placebo, saf-
flower oil, EPA or DHA) or the fasting/fed status. Mean values are pre-
sented. n = 33. aValues differ (P < 0.05) from baseline 1. bValues differ
(P < 0.05) from baseline 2.

FIG. 3. Changes in MPV (fL; top) and PLT-CT (× 1000/µL; bottom) from
olive oil to safflower oil (SAF), EPA, or DHA regardless of fed/fasting
state or ex vivo stimuli. Mean values are presented. n = 33. aValues dif-
fer (P < 0.05) between treatments. For other abbreviations see Figure 2.
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FIG. 4. Response of MPV (fL) to collagen, cold, and heat before and after supplementation with
SAF (top), EPA (middle), or DHA (bottom) during the fasting (left panel) and the fed states (right
panel). Mean values are presented. n = 33. aValues differ (P < 0.05) from baseline 1 (for the same
treatment). bValues differ (P < 0.05) from baseline 2 (for the same treatment). cThe change (from
olive to SAF) is different (P < 0.05) from the change (from olive to EPA). For abbreviations see
Figures 2 and 3.

FIG. 5. Response of PLT-CT (× 1000/µL) to collagen, cold, and heat before and after supple-
mentation with SAF (top), EPA (middle), or DHA, (bottom) during the fasting (left panel) and
the fed states (right panel). Mean values are presented. n = 33. aValues differ (P < 0.05) from
baseline 1 (for the same treatment). bValues differ (P < 0.05) from baseline 2 (for the same
treatment). cThe change (from olive to SAF) is different (P < 0.05) from the change (from olive
to EPA). For abbreviations see Figures 2 and 3.



increased in the fed state. Hansen et al. (46) observed that food
intake increases PLT-CT, which could be due to a meal-induced
release of platelets from the spleen (47).

This study suggests that EPA supplementation reduces
platelet activation, an early step in platelet aggregation,
whereas DHA does not. These findings constitute further evi-
dence for an antiatherogenic potential for marine n-3 FA. Fur-
ther studies are warranted to assess the effects of combined
treatment with EPA and DHA on MPV, platelet membrane re-
ceptor activity, TxA2 synthesis, and platelet granule constituent
release.
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ABSTRACT: The purpose of this double-blind study was to in-
vestigate the influence of exercise on the FA profile of the non-
esterified FA (NEFA) and phospholipid fractions in plasma of
sedentary women supplemented with n-3 FA vs. women supple-
mented with oil containing no n-3 FA. Twenty sedentary, pre-
menopausal women were randomly assigned to receive 12 cap-
sules daily of either fish oil (3.5 g EPA and 2.4 g DHA per day,
each as the ethyl ester) or evening primrose oil capsules (no de-
tectable EPA or DHA). Each subject consumed the capsules for
one menstrual cycle. At the end of the supplementation period,
the sedentary subjects underwent an acute exercise trial [55%
maximal oxygen consumption (VO2 max), 45 min] on a cycle er-
gometer. Two subjects in the fish oil group were removed from
all calculations owing to noncompliance for reasons not related
to side effects. There were no changes in the phospholipid com-
position of either group of women after exercise. In both control
and fish oil-supplemented women, NEFA levels in general rose
after exercise. There were no changes in the percentage of any
given individual NEFA in either supplementation group. How-
ever, absolute levels of certain individual NEFA (16:0, 18:0, 18:1,
and 18:3n-3) increased with exercise. Women supplemented
with fish oil had increased levels of n-3 NEFA [EPA, DHA, and
docosapentaenoic acid (DPA)] prior to exercise. Exercise did not,
however, increase the absolute levels of n-3 NEFA in the blood.

Paper no. L8979 in Lipids 37, 947–951 (October 2002).

Circulating nonesterified FA (NEFA) are associated with risk
for cardiovascular disease (CVD), and there is evidence they
play a central role in coronary heart disease development (1).
The release of NEFA from intra-abdominal fat cells has been
implicated in the unfavorable metabolic profile among Asian
Indians (2) and others (1). The mechanism by which elevated
NEFA contribute to cardiovascular pathology is not clear; how-
ever, exposure to acutely elevated levels of NEFA can be dele-
terious to myocardial cell activity (3–5). 

Although an elevated level of NEFA is associated with CVD
risk, there is some evidence to suggest that not all NEFA may

be detrimental. Particular plasma NEFA may exhibit differing
effects on thrombosis and myocardial functioning (1). For ex-
ample, certain saturated NEFA, such as palmitate, have been
implicated in both prothrombotic and arrythmogenic actions
(1,6), whereas opposite effects (antiplatelet aggregatory and
anti-arrhythmic actions) have been indicated in vitro for DHA
in its NEFA form (7–9). Furthermore, a decreased ratio of
EPA/arachidonic acid (AA) as NEFA may be a coronary risk
indicator (10).

Few studies have examined the effect of n-3 supplementa-
tion on NEFA levels and composition in humans. Studies have
shown that supplementation with DHA, in the absence of EPA,
provides a dose-dependent rise in DHA-NEFA concentrations
(11) and the maximum DHA-NEFA is formed approximately 6
h after ingestion (12). With n-3 supplementation [including
EPA, DHA, and docosapentaenoic acid (DPA)], an increase in
EPA, DPA, and DHA was noted in the NEFA fraction (13).
Furthermore, there was a decrease in AA- and linoleic acid-
NEFA and an increase in the ratio of EPA-NEFA/AA-NEFA
and DHA-NEFA/AA-NEFA. n-3 supplementation does not ap-
pear to change the levels of total NEFA (11,13). n-3 FA may
be incorporated into the NEFA fraction directly (12) or indi-
rectly after release from the adipose stores where it may be
stored (14,15).

Exercise has been shown to increase the potential for
arrhythmia and sudden cardiac death (16). At intensities of
55% maximal oxygen consumption (VO2 max), plasma
NEFA are one of the major fuels oxidized by skeletal muscle
(17,18). The rate of use depends on various factors including,
among other parameters, plasma availability, exercise inten-
sity, and exercise duration. The lipolysis of NEFA from adi-
pose tissue, for use by the skeletal muscle, increases with ex-
ercise duration and intensity to about 60% VO2 max (19). In
addition, there are increases in adipose tissue and muscle
blood flow with exercise and decreases in fatty acid re-esteri-
fication (20). The relative use of FA from adipose tissue is de-
pendent on the degree of fitness (20). Although there is little
evidence to suggest exercise has any effect on the types of in-
dividual NEFA released from adipose, one study has sug-
gested that prolonged moderate exercise (60% VO2 max) in-
creases the ratio of unsaturated/saturated NEFA in serum
(21).

In our study, it was of interest to examine whether acute ex-
ercise modifies serum phospholipid (PL) and NEFA composi-
tions in n-3 FA supplemented premenopausal women.
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EXPERIMENTAL PROCEDURES

Subjects and experimental design. The subjects were 20
healthy, nonexercising, nonhormone-using, premenopausal
women (average menstrual cycle 25–35 d) selected from the
Guelph community. Approval for this double-blind study was
granted by the Human Ethics Committee of the University of
Guelph and written informed consent was obtained from each
subject. The 20 subjects (aged 34.8 ± 1.8 yr, mean ± SEM)
were randomly assigned (10/group) into the two supplementa-
tion groups, fish oil-supplemented and control. The encapsu-
lated ethyl ester fish oil concentrate (product #L3020, Ocean
Nutrition Canada Ltd., Bedford, Nova Scotia) contained 60%
total n-3 FA, including 30% EPA and 20% DHA. The encap-
sulated evening primrose control oil (EPO; Bioriginal Food &
Science Corp., Saskatoon, Saskatchewan) contained 0% EPA
and DHA. EPO was chosen as a placebo because of the ab-
sence of EPA and DHA, as well as its slight aftertaste. This af-
tertaste fools many subjects into thinking they are taking fish
oil. The experimental group consumed 12 fish oil capsules per
day (total 3.5 g EPA/d, 2.4 g DHA/d) with their meals, and the
control group consumed 12 EPO placebo capsules per day for
one menstrual cycle. To minimize the variations in blood
lipids associated with the different phases of the menstrual
cycle, each subject began the trial during the early follicular
phase (day 3–8) of her menstrual cycle and completed the trial
during the same phase of her subsequent menstrual cycle.
Thus, the length of the supplementation period (29.4 ± 1.2 d)
varied depending on the length of a given subject’s menstrual
cycle (27.4 ± 0.8 d). During the supplementation period, an in-
cremental oxygen consumption test was performed using a
cycle ergometer to determine each subject’s VO2 max. At the
end of the supplementation period, both groups took part in an
acute exercise session (cycle ergometer; 55% VO2 max; 45
min). Subjects were weighed at the beginning and the end of
the trial, and height was measured at entry; there were no sig-
nificant differences in these or other characteristics between
the groups at entry (Table 1). Furthermore, FA profiles in the
PL and NEFA fractions of subjects at entry did not differ be-
tween groups (data not shown). The weight of the subjects in
either group was not affected throughout the supplementation
period. All dietary records (3 d) were analyzed by the Can
West Diet Analysis-Plus program, which includes comparison
with the Canadian Recommended Nutrient Intakes (West Pub-
lishing Co., St. Paul, MN). The amount of fat consumed in en-
capsulated form (12 g/d) represented <20% of the dietary fat
intake. There were no differences between daily energy in-
takes (average of all subjects was 8025 kJ/d; data not shown)
or intakes of saturated fat, cholesterol, monounsaturated fat,
or polyunsaturated fat between the two groups. Compliance
was monitored by determining the FA composition of serum
PL and FFA at the beginning and end of the trial and from a
capsule count at the end of the study. Two subjects in the fish
oil-supplemented group were dropped from all further statis-
tics (final n = 8) because of noncompliance as determined by
blood levels of n-3 FA.

Blood collection. Blood was collected when the subject was
fasted, in the early follicular phase of the menstrual cycle, im-
mediately before and within 5 min of the completion of the
exercise session. Blood was collected by antecubital venipunc-
ture, by a registered technologist, into siliconized tubes con-
taining no anticoagulant.

Blood was allowed to coagulate at room temperature (~45
min) and was then centrifuged at 1250 × g for 15 min to obtain
serum. Serum was used for the measurement of total PL and
NEFA compositions. Serum was stored at −70°C until all sam-
ples were collected and thawed just before analyses of lipids. 

Total phospholipid and NEFA analysis. The composition of
total PL and NEFA from serum was determined as follows.
Lipid extraction was performed with the addition of a known
amount of heptadecaenoic acid (17:0) and PC diheptadecanoyl
(17:0 PC) as described by Folch et al. (22). The extract was
spotted on silica gel G plates and developed in heptane/iso-
propyl ether/acetic acid (50:50:3). The PL band and NEFA
bands, respectively, were removed and methylated with 2.0 mL
of boron trichloride in methanol. GLC of the FAME was per-
formed using a Varian 3800 gas chromatograph (Palo Alto,
CA) with a 60-m DB-23 capillary column (0.32 mm internal
diameter). 

Statistical analysis. All data are reported as mean ± SEM.
When observations were missing, least-squared means were
calculated so that means could be compared. The general lin-
ear models procedure was used in all analyses before examina-
tion of specific differences by Fisher’s protected least signifi-
cant differences. Dietary intakes and subject characteristics
were compared by t-test. Statistical analyses were done using
the SAS system (SAS Institute, Inc., Cary, NC). Changes
within groups as well as comparisons between groups were
considered.

RESULTS AND DISCUSSION:

Exercise has been shown to increase the potential for arrhyth-
mia and sudden cardiac death risk (16,23). In light of the po-
tential cardioprotective role of n-3 NEFA (6,24) and the rise in
n-3 NEFA with n-3 FA supplementation (11,13), this double-
blind trial examined the effects of acute exercise on changes in
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TABLE 1
Subject Characteristics and Estimated Dietary Intake During
Placebo or Fish Oil Supplementationa

Variable Placebo Fish oil

Height (m) 1.7 ± 0.0 1.6 ± 0.0
Weight (kg) 75.9 ± 3.8 67.5 ± 3.1
BMI (kg/m2) 26.7 ± 1.5 25.8 ± 1.3
Energy (kJ) 8811.5 ± 616.6 7258.5 ± 518.6
Protein (% energy) 14.3 ± 1.4 15.1 ± 1.0
Fat (% energy) 33.5 ± 2.1 31.9 ± 2.5
Carbohydrate (% energy) 51.5 ± 2.6 52.2 ± 3.2
Alcohol (% energy) 0.52 ± 0.26 0.33 ± 0.24
Menstrual cycle length (d) 26.5 ± 1.1 27.6 ± 1.0
aValues are reported as mean ± SEM, n = 10 (placebo) and n = 8 (fish oil).
No significant differences between the groups were found for the above vari-
ables. BMI, body mass index.



PL and NEFA composition and status in sedentary pre-
menopausal women supplemented with n-3-containing fish oil
or a control oil. To our knowledge, this is the first report exam-
ining the effect of acute exercise on NEFA composition of n-3-
supplemented female subjects. 

The FA compositions of serum total PL (control and fish oil-
supplemented) before and after exercise are given in Table 2.
The levels of the various FA prior to supplementation were
similar between the two groups (data not shown). EPO (con-
trol) supplementation resulted in a decrease in 18:1 (−14.7%)
and an increase in 20:3n-6 (24.2%) (P < 0.05; data not shown).
Fish oil supplementation also resulted in a decrease in 18:1 
(−15.0%) as well as decreases in 18:2n-6 (−24.4%), 20:3n-6 
(−41.4%), AA (−10.2%), 22:4n-6 (−48.7%), and the n-6/n-3
ratio (−68.2%). Also, in the fish oil-supplemented group, in-
creases were noted in EPA (538% overall), DHA (94% over-
all), and DPA (50% overall) (P < 0.05; data not shown). Exer-
cise appeared to have little or no effect on serum PL values. 

The FA compositions of serum NEFA (control and fish oil-
supplemented) before and after exercise are given in Table 3.
The levels of the various FA prior to supplementation were
similar between the two groups (data not shown). EPO (con-
trol) supplementation resulted in slight but nonsignificant in-
creases in 20:3n-6, 22:4n-6, and the n-6/n-3 ratio (data not
shown). Fish oil supplementation resulted in marked increases
in EPA (967% overall), DHA (241% overall), and DPA (313%
overall) (data not shown). Exercise had no effect on serum
NEFA composition in either the fish oil- or placebo-supple-
mented groups. 

The effects of exercise on NEFA levels (µM) are given in
Table 4. Total NEFA levels did not change with fish oil supple-
mentation or with control supplementation (data not shown).
Although there was no effect of supplementation with placebo
on individual NEFA levels, fish oil supplementation resulted in

increased NEFA levels of EPA, DPA, and DHA [0.65 (0.20) to
14.6 (8.7) µM; 0.59 (0.22) to 2.3 (0.5) µM; and 2.0 (0.4) to 11.0
(2.7) µM, respectively]. Exercise increased levels of total NEFA
in both groups. Furthermore, exercise increased absolute levels
of 16:0, 18:0, 18:1, 18:2n-6, and 18:3n-3 NEFA. Absolute lev-
els of n-3 NEFA before exercise were higher in the n-3 supple-
mented women compared with the women supplemented with
placebo. Exercise, however, did not increase absolute levels of
n-3 NEFA in either group. 

Fish oil supplementation (providing 3.6 g EPA and 2.4 g
DHA per day for one menstrual cycle) resulted in dramatic in-
creases in the EPA, DHA, and DPA content of the serum NEFA
and PL within approximately 28 d. This increase in n-3 NEFA
is in agreement with previous studies that have shown fish oils
raise the EPA, DHA, and DPA concentration of serum NEFA
after supplementation with algal-source DHA (11) or seal oil
(13). Exercise has been shown to increase total serum NEFA
concentrations and to influence the concentrations of individual
NEFA (21). That EPA is the most mobilized FA in fasted rats
(25,26) and rabbits (27) has also been shown. Thus, it was hy-
pothesized that exercise would increase the mobilization of EPA
and/or DHA from adipocytes in both n-3- and non-n-3-supple-
mented individuals. Absolute levels of total n-3 NEFA before
(41.5 µM) and after (45.6 µM) exercise, and DHA-NEFA in
particular (12.9 and 12.6 µM, before and after exercise, respec-
tively) in the n-3-supplemented individuals, may offer cardio-
protection (8,10). For example DHA-NEFA at these levels has
been shown to be antiarrhythmic and antithrombotic (7–9). 

The consumption of fish oil containing 3.6 g/d EPA plus 2.4
g/d DHA readily increased the percentage and absolute levels
of n-3 FA in serum NEFA and the percentage of n-3 FA in serum
total PL in premenopausal women. An acute exercise session
(55% VO2 max; 45 min) on a cycle ergometer appeared to have
little effect on the composition of serum PL. Certain individual
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TABLE 2
FA Composition of Total Phospholipid in Human Serum Before and After Exercisea

Placebo Fish oil

(wt%) (wt%)

FA Preexercise Postexercise Preexercise Postexercise

16:0 26.3 ± 0.4 26.2 ± 0.3 26.7 ± 0.3 26.5 ± 0.3
18:0 14.2 ± 0.2 14.2 ± 0.2 14.0 ± 0.2 13.9 ± 0.2
18:1 9.3 ± 0.4 9.2 ± 0.4 9.1 ± 0.3 9.4 ± 0.4
18:2n-6 20.8 ± 0.9a 20.5 ± 0.9a 16.8 ± 1.2b 16.5 ± 1.2b

18:3n-3 0.20 ± 0.03 0.18 ± 0.02 0.18 ± 0.02 0.27 ± 0.09
20:3n-6 4.1 ± 0.2a 4.2 ± 0.2a 1.7 ± 0.2b 1.7 ± 0.2b

20:4n-6 (AA) 11.8 ± 0.3a 12.0 ± 0.3a 8.8 ± 0.3b 8.8 ± 0.3b

20:5n-3 (EPA) 0.95 ± 0.1a 0.94 ± 0.3a 6.12 ± 0.8b 5.96 ± 0.7b

22:4n-6 0.33 ± 0.02a 0.34 ± 0.02a 0.12 ± 0.01b 0.12 ± 0.02b

22:5n-6 0.01 ± 0.00a 0.02 ± 0.00b 0.0 ± 0.0a 0.01 ± 0.00a

22:5n-3 0.92 ± 0.05a 0.94 ± 0.06a 1.41 ± 0.10b 1.43 ± 0.11b

22:6n-3 (DHA) 3.3 ± 0.4a 3.4 ± 0.4a 6.6 ± 0.4b 6.7 ± 0.4b

n-6/n-3 7.5 ± 0.7a 7.6 ± 0.7a 2.1 ± 0.3b 2.1 ± 0.3b

EPA/AA 0.08 ± 0.02a 0.08 ± 0.02a 0.68 ± 0.08b 0.67 ± 0.08b

DHA/AA 0.28 ± 0.03a 0.28 ± 0.03a 0.75 ± 0.05b 0.76 ± 0.05b

aValues are reported as mean ± SEM, n = 10 (placebo) and n = 8 (fish oil). Differing superscripts in a row indicate statisti-
cally significant differences, P < 0.05. AA, arachidonic acid.



NEFA, mainly saturated and monounsaturated NEFA, increased
with exercise. n-3 and n-6 NEFA, in general, however, were not
mobilized to a greater extent after exercise in individuals sup-
plemented with fish oil for a period of approximately 4 wk. Fu-
ture studies could examine the effects of longer exercise dura-
tions, the effect of aerobic exercise training, and the effect of a
longer duration of fish oil supplementation in order to ascertain
the impact of exercise on absolute NEFA levels and composi-
tion in n-3 FA-supplemented individuals.
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20:3n-6 0.26 ± 0.05a 0.25 ± 0.03a 0.14 ± 0.03b 0.15 ± 0.03b

20:4n-6 (AA) 1.7 ± 0.2 1.4 ± 0.1 1.7 ± 0.4 1.5 ± 0.3
20:5n-3 (EPA) 0.17 ± 0.09a 0.12 ± 0.03a 1.6 ± 0.6b 1.3 ± 0.5b
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aValues are reported as mean ± SEM, n = 10 (placebo) and n = 8 (fish oil). Differing superscripts in a row indicate statisti-
cally significant differences, P < 0.05. For abbreviation see Table 2.

TABLE 4
Absolute NEFA Levels in Human Serum Before and After Exercisea

Placebo Fish oil

(µmol/L) (µmol/L)

FA Preexercise Postexercise Preexercise Postexercise
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18:2n-6 103.8 ± 13.9 130.9 ± 10.7 143.7 ± 48.4 187.4 ± 48.4
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20:5n-3 (EPA) 1.0 ± 0.7a 0.9 ± 0.3a 16.1 ± 9.7b 16.0 ± 8.5b

22:4n-6 0.2 ± 0.1 0.5 ± 0.1 0.3 ± 0.2 0.5 ± 0.2
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aValues are reported as mean ± SEM, n = 10 (placebo) and n = 8 (fish oil). Differing superscripts in a row indicate statisti-
cally significant differences, P < 0.05. For abbreviations see Tables 2 and 3.
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ABSTRACT: Long-chain PUFA (LCP) deficiency is a frequent
complication in cholestatic infants. We investigated the effects
of LCP-supplemented formula on EFA status in infants with
cholestasis. Twenty-three infants with cholestasis (biliary atresia
after surgery, 8; intrahepatic cholestasis, 15) aged 1.9 to 4.9
mon (median 3.1 mon) were randomized to receive commer-
cial infant formulas either without LCP or with LCP from egg
phospholipids for 1 mon. Liver tests, nutrient intakes, and
plasma phospholipid FA (%w/w) were determined at baseline
and after intervention. At baseline, patients had high serum
direct bilirubin levels (5.9 ± 3.0 mg/dL; mean ± SD), they 
were malnourished (body fat mass: 40 ± 13% of normal) 
and presented with PUFA deficiency [plasma phospholipid 
PUFA: 28.43%w/w (26.56–30.53) in patients vs. 37.02%w/w
(34.53–39.58) in controls; median (1st–3rd quartile)] with ele-
vated Mead acid and palmitoleic acid. LCP-supplemented (n =
11) and -nonsupplemented groups (n = 12) did not differ in age,
indicators of liver function, and EFA status at baseline. After the
intervention, LCP-supplemented infants had higher levels of ar-
achidonic acid [7.2 (5.9–8.8) vs. 4.2 (3.0–5.3) %w/w; P <
0.001] and DHA [2.8 (2.2–3.2) vs. 1.6 (1.0–2.1) %w/w; P <
0.05], accompanied by increased TBARS concentration: 1.9
(1.4–2.2) vs. 1.3 (1.1–1.6) nmol/mL; P < 0.05]. We concluded
that LCP-supplemented formulae improve LCP status of infants
with severe cholestasis but may enhance lipid peroxidation.

Paper no. L9021 in Lipids 37, 953–957 (October 2002).

Infants and children with cholestatic liver disease often de-
velop PUFA deficiency (1–3), which is related to both nutri-
tional (1) and metabolic (2) factors. Since PUFA deficiency
may develop early in cholestatic infants, dietary intervention
may be needed to prevent functional consequences for growth
(4,5) and neurodevelopment (6–8). Indeed, cholestatic chil-
dren usually present with growth failure, malnutrition, and
neural disturbances that have been related to deficiencies of
various nutrients, including vitamin E (9). An improvement 
in long-chain PUFA (LCP) status by supplementation with

the precursor PUFA, linoleic acid (LA) and α-linolenic acid
(ALA), may not be sufficient because the conversion EFA to
their long-chain derivatives seems to be impaired in cholesta-
sis, presumably owing to hepatocyte injury (2). As an alter-
native approach, LCP supplementation may be considered in
these patients. In this study we assessed the supplementation
of infants with cholestasis with arachidonic acid (AA) and
DHA in a randomized placebo-controlled trial. 

PATIENTS AND METHODS

We studied 23 infants with cholestasis (8: biliary atresia after
surgery; 15: intrahepatic cholestasis, among them two with
Progressive Familial Intrahepatic Cholestasis and five with
cytomegalovirus infection) aged 1.9 to 4.9 mon (median 3.1
mon) treated at the Children’s Memorial Health Institute. We
included in the study infants who had not been breast-fed for
at least 4 wk before the study started. The patients with bil-
iary atresia were included in the study 2 wk after hepatopor-
toenterostomy. All children were Caucasians, only eight in-
fants were breast-fed before entering the study (1–6 wk),
eight children were born premature; the birth weight was 2.8
± 0.6 kg (n = 23). All children studied were routinely supple-
mented with a lipid preparation of α-tocopherol (Vitaminum
E, drops; Synteza, Poznań, Poland) in a daily dose of 75 mg
α-tocopherol. As a reference group, we investigated 12 in-
fants in good general health with normal weight and length,
aged 1 to 11 mon (median age 5 mon) as previously described
(1). The study protocol was approved by the local ethical
committee, and parental written informed consent was ob-
tained. 

Cholestatic infants were randomized to receive commercial
infant formulas either without LCP (Aptamil; Milupa,
Friedrichsdorf, Germany) or with LCP from fractionated egg
phospholipids (Aptamil with Milupan) for 1 mon. The PUFA
contents of the formulas were as follows: Aptamil 1—LA
13.5%, ALA 0.55%; Aptamil with Milupan—LA 10.2–12.5%,
ALA 1.2–1.5%, AA 0.3–0.4%, DHA 0.04%. Since body
weight is not a reliable indicator of nutritional status in liver
disease (10), we based clinical assessment of nutritional status
on midarm skinfold thickness measurements with a standard
caliper (Holtain Tonner/Cohirehouse caliper, A. Winter Ma-
chinery Ltd., Rapperswill, Switzerland) and arm circumference
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at baseline. Based on these parameters, we calculated lean body
mass (LBM) and fat body mass (FBM) according to the fol-
lowing formulae (11):

[1]

[2]

Both LBM and FBM were expressed as a percentage of the
mean normal value for age (12). At baseline and after 1 mon
of treatment, we assessed nutrient intakes and liver function
as well as FA composition of plasma phospholipids (PL). In-
takes of energy, lipids, carbohydrates, proteins, and LA were
calculated from 24-h recall protocols supplemented with a
checklist of foods usually consumed at this age. The calcula-
tion was done with the Polish nutritional value database
“Food 2” (Food and Nutrition Institute 1998, Warszawa,
Poland). Venous blood was obtained at baseline and after a
month from fasted liver patients. Serum was obtained for the
measurement of total and direct bilirubin; activities of alanine
aminotransferase (ALAT) and γ-glutamyl transpeptidase 
(γ-GT); prothrombin time; total serum bile acids, serum TG,
cholesterol, and PL concentrations. Serum concentrations of
retinol and α-tocopherol were measured by HPLC (13). 

Venous plasma was obtained with sodium EDTA (1
mg/mL) as anticoagulant and stored at −20°C until analysis
of the FA composition of plasma PL. Lipids were extracted
from 0.5 mL plasma with chloroform/methanol, and lipid
classes were separated by TLC as previously described (14).
FA were transesterified with methanol and hydrochloric acid
and analyzed by high-resolution capillary GLC using a
Hewlett-Packard Series II 5890 gas chromatograph with
split/splitless injection and FID (SGE column
60QC3/BPX70, Melbourne, Australia; column diameter 0.32
mm; column head pressure 1.5 bar; oven temperature initially
150°C, temperature rise by 3°C/min up to 180°C, then tem-
perature rise by 4°/min up to 200°C, rise by 1°C/min up to
210°C, isothermal period for 20 min). Peak identification was

verified by comparison with authentic standards (Nu-Chek-
Prep. Inc., Elysian, MN; Sigma, Deisenhofen, Germany). Re-
sults are expressed as percentage (%w/w) of all FA detected
having a chain length between 12 and 24 carbon atoms (15).
Plasma lipid peroxides were determined with the spectro-
fluorometric method of Yagi (16,17) and expressed as
TBARS (nmol/mL) in cholestatic patients and in 12 age-
matched controls.

Results were evaluated with Statistica for Windows release
5.0 (Statsoft, Inc., Tulsa, OK). We present the data as medi-
ans with lower and upper quartiles (1st–3rd). For comparison
of FA profiles, biochemical tests, and nutrient intakes in dif-
ferent groups, Mann-Whitney’s two-sided rank test was used.
The treatment effects in the same group of patients were eval-
uated with the Wilcoxon matched-pairs test. Differences were
regarded as statistically significant at P < 0.05.

RESULTS

At the entry to the study, the 23 patients presented with
markedly elevated bilirubin levels and serum bile acids, re-
flecting severe cholestasis (Table 1). Severe malnutrition with
an extremely low FBM was found in spite of a relatively high
intake of energy, protein, and fat (Table 2). TBARS as indica-
tors of lipid peroxidation were significantly increased relative
to levels in healthy age-matched controls [1.9 (1.6–2.5) vs.
0.9 (0.7–1.0) nmol/mL]. The cholestatic patients presented
with a poor PUFA status, which was mainly due to the low
plasma PL levels of the precursor EFA LA (18:2n-6) and its
metabolite AA (20:4n-6) (Table 3). The supplemented and
placebo groups did not differ at baseline in biochemical tests
(Table 1), nutritional status (Table 2), FA status (Fig. 1), and
nutrient intakes except for a lower fat intake in the LCP-sup-
plemented group (Table 2). 

After the intervention, nutrient intakes of nutrients were
also similar in both groups (Table 2). Bilirubin and bile acid
levels decreased during the course of the study. After 1 mon,
the LCP-supplemented children had significantly higher lev-
els of LA, its metabolite AA, and DHA than the placebo
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TABLE 1
Clinical Chemistry in Children Supplemented with LCP and in the Placebo Group at Baseline and After 1 mon of Treatment

At baseline After 1 mon

Parameter Placebo LCP sup. Placebo LCP sup. Reference values

Total bilirubin (mg/dL) 5.7 (3.9–8.5) 6.6 (3.6–10.2) 1.4 (1.2–3.5) 1.1 (1.0–4.1) <1
Direct bilirubin (mg/dL) 4.9 (3.0–7.3) 5.7 (3.4–8.6) 1.1 (0.5–2.9) 0.5 (0.0–4.0) Undetectable
ALAT (IU) 86 (48–112) 108 (64–132) 62 (43–101) 81 (64–108) 8–20
γ-GT (IU) 217 (102–519) 277 (122–539) 185 (61–291) 345 (328–774)a 9–50
Prothrombin index 1.1 (1.0–1.2) 1.1 (1.0–1.2) 1.1 (1.0–1.2) 1.0 (1.0–1.1) 0.8–1.2
Total bile acids (µmol/L) 145 (79–165) 130 (118–159) 30 (23–82) 40 (8–111) <6
TG (g/L) 0.9 (0.8–1.1) 1.0 (0.9–1.4) 0.9 (0.8–1.3) 1.1 (0.7–1.6) 0.34–1.25
Cholesterol (g/L) 1.8 (1.5–2.1) 1.7 (1.3–2.2) 1.4 (1.3–1.9) 1.8 (1.6–2.4) 1.2–2.0
Phospholipids (g/L) 2.6 (2.4–2.8) 2.5 (2.1–2.8) 2.2 (1.9–3.1) 2.7 (2.4–3.1) 1.8–2.95
α-Tocopherol (mg/L) 2.5 (1.8–3.7) 2.0 (1.4–6.7) 1.9 (1.4–6.3) 4.3 (3.4–10.9) 3.8–16
TBARS (nmol/mL) 1.8 (1.5–2.3) 1.9 (1.7–3.1) 1.3 (1.1–1.6) 1.9 (1.4–2.2)a

aP < 0.05, LCP-supplemented group vs. placebo group (at baseline and after 1 mon of treatment). Data represent medians with lower and upper quartiles
(1st–3rd). LCP, long-chain PUFA; LCP sup., LCP-supplemented; ALAT, alanine aminotransferase; γ-GT, γ-glutamyl transpeptidase.



group (Fig. 1). Total PUFA, AA, DHA, and total LCP in-
creased significantly (P < 0.05 for all parameters) in the LCP-
supplemented group with the intervention, whereas LA and
ALA remained unchanged. In contrast, there was no change
of PUFA levels in the placebo group over time. After 1 mon
of intervention, the LCP-supplemented group still had lower
LA values than healthy controls (P < 0.001), but AA and

DHA values had reached the levels of healthy infants. At the
end of the study the placebo and LCP-supplemented groups
did not differ in biochemical indicators of liver function, ex-
cept for a higher γ-GT in LCP-supplemented infants. TBARS
concentrations were higher in the LCP-supplemented group
than in the placebo group (Table 1). 

TABLE 2
Nutrition and Nutritional Status in Children Supplemented with LCP and in the Placebo Group at Baseline and After 1 mon of Treatment

At baseline After 1 mon

Parameter Placebo LCP sup. Placebo LCP sup.

Energy intake (kcal/kg) 127 (87–136) 110 (84–114) 119 (100–133) 114 (98–124)
Protein intake (g/kg) 3.4 (2.5–4.2) 3.2 (2.7–3.9) 2.8 (2.1–3.2) 2.5 (2.2–2.8)
Carbohydrate intake (g/kg) 14.5 (9.7–17.7) 13.6 (8.3–14.4) 13.9 (12.7–15.2) 12.3 (10.9–13.3)
Lipid intake (g/kg) 5.5 (4.8–6.5) 4.4 (3.1–5.3)a 6.3 (4.3–7.1) 6.0 (5.2–6.5)
Linoleic acid (mg/kg) 1.3 (0.9–1.4) 0.9 (0.6–1.2) 0.8 (0.7–1.0) 0.7 (0.6–0.9)
Weight (kg) 4.4 (4.0–6.1) 3.7 (3.0–4.2)
Height (m) 0.56 (0.52–0.59) 0.52 (0.48–0.59)
Lean body mass (% of mean normal value) 83 (77–93) 85 (75–97)
Fat body mass (% of mean normal value) 41 (25–54) 38 (29–48)
aP < 0.05, LCP-supplemented group vs. placebo group (at baseline and after 1 mon of treatment). Data represent medians with lower and upper quartiles
(1st–3rd). For abbreviation see Table 1.
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FIG. 1. Plasma phospholipid (PL) FA composition (%w/w) medians
(1st–3rd quartiles) in the long-chain PUFA (LCP)-supplemented infants
and in the placebo group after 1 mon of treatment. *P < 0.05; **P <
0.001, LCP-supplemented group vs. controls.

TABLE 3
Comparision of FA Profile in Plasma PL of Cholestatic Infants 
and the Reference Group [median (1st–3rd quartiles), %w/w]

FA Cholestatic infants Reference group
(n = 23) (n = 12)

Saturated FA
16:0 28.6 (25.8–31.5) 28.0 (27.0–28.5)
17:0 0.54 (0.44–0.78) 0.45 (0.33–0.51)
18:0 20.2 (18.1–24.3)b 14.78 (13.44–15.65)
20:0 0.68 (0.61–0.80) 0.69 (0.61–0.90)
22:0 1.26 (1.07–1.40) 1.33 (1.16–1.73)

n-9 FA
18:1n-9 8.4 (7.5–10.7)a 11.7 (10.1–12.5)
20:1n-9 0.24 (0.16–0.39) 0.31 (0.22–0.39)
20:3n-9 0.48 (0.31–0.87)b 0.21 (0.17–0.26)

n-6 FA 25.25 (22.0–26.59)b 33.46 (31.03–36.76)
n-6 LCP 11.14 (10.11–12.75) 12.48 (11.47–14.43)
18:2n-6 13.72 (12.30–15.11)b 20.75 (18.82–22.85)
20:3n-6 2.49 (1.68–3.31) 2.16 (1.92–3.05)
20:4n-6 5.88 (4.20–6.93)b 7.87 (6.83–10.67)

n-3 FA 3.21 (2.46–3.62) 3.57 (3.06–3.85)
n-3 LCP 2.38 (1.58–3.12)a 3.17 (2.83–3.73)
18:3n-3 0.25 (0.12–0.30) 0.17 (0.13–0.19)
20:5n-3 0.32 (0.27–0.42) 0.31 (0.24–0.53)
22:5n-3 0.35 (0.30–0.51)b 0.73 (0.56–0.98)
22:6n-3 1.48 (1.06–2.23) 2.08 (1.46–2.56)

n-7 FA
16:1n-7 0.60 (0.03–1.00)a 0.43 (0.33–0.59)
18:1n-7 1.84 (1.27–2.43)a 1.70 (1.44–2.25)

PUFA 28.43 (26.56–30.53)b 37.02 (34.53–39.58)
LCP 13.82 (12.44–15.13) 15.66 (14.82–17.75)
LA/ALA 53.92 (39.36–112.68)a 115.18 (102.55–167.28)
LCP n-6/n-3 4.34 (3.84–6.55) 3.88 (3.45–4.42)
AA/LA 0.40 (0.29–0.49) 0.37 (0.32–0.53)
DHA/ALA 7.18 (4.15–14.00) 12.55 (7.59–16.98)
aP < 0.05.
bP < 0.001, patients vs. controls. PL, phospholipid; LA, linoleic acid; LCP,
long-chain PUFA; ALA, α-linolenic acid; AA, arachidonic acid; for other ab-
breviation see Table 1.



DISCUSSION

The results presented here confirm a high risk of PUFA defi-
ciency in young infants with cholestatic liver disease (1). In-
creased values of palmitoleic and Mead acids indicate the
presence of PUFA deficiency in this patient population (18).
The triene/tetraene ratio was not analyzed, as it is not a good
indicator of PUFA deficiency in cholestasis where the decline
in desaturase/elongase activity affects synthesis of both AA
and Mead acid (2). The most prominent deficiencies we found
were in LA and AA, whereas DHA only tended to be lower
in cholestatic children. This supports the concept that both
AA and DHA should be supplemented in cholestasis. 

The dietary supply of PUFA, energy, and presumably of
other substrates may affect PUFA status. The patients studied
here showed relatively high intakes of energy and macronu-
trients compared to the usual consumption of healthy infants.
The macronutrient intake did not change significantly over
time (Table 2). However, the achieved mean caloric intake
appears not to have met the high energy requirements in
cholestasis of infancy, which may be well above 150
kcal/kg/d (19,20). A negative energy balance may result in
enhanced oxidation of PUFA to provide energy and thus con-
tribute to the development of PUFA deficiency. The patients
presented with malnutrition, as expressed especially by low
FBM, which points to short-term malnutrition. Body weight
can be affected by edema, ascites, and hepatosplenomegaly.
Height is more reliable, but it indicates chronic malnutrition.
Skinfold thickness and arm circumference are considered to
be more accurate measurements (10). A poor nutritional sta-
tus may well be accompanied by a preferential utilization of
nutrients as an energy source. Moreover, poor availability of
antioxidants such as vitamin E may induce enhanced PUFA
peroxidation and thereby also contribute to PUFA depletion
(1–3). Even if the children had been treated with α-tocoph-
erol, the concentrations of vitamin E in serum tended to be
low from the beginning to the end of the study. However, in a
previous intervention study in another population of children
with chronic cholestasis we did not find any effect of improv-
ing vitamin E status on lipid peroxidation in vivo and on
PUFA levels (3). 

At baseline, the supplemented and the placebo groups did
not differ in FA status, liver parameters, nutritional status, and
nutrient intakes except for a lower fat intake in the LCP-sup-
plemented children. AA and DHA levels in the LCP-supple-
mented group at study’s end were similar to those in healthy
controls and indicated a good metabolic efficacy of the LCP-
supplemented formula in the cholestatic infants. An early di-
etary intervention to normalize the EFA status may be very
important in view of the rapid brain growth and development
in early life. A number of studies performed in healthy term
infants found LCP depletion with feeding of conventional in-
fant formula without preformed LCP relative to breast-feed-
ing or feeding LCP-supplemented formula (6–8). Some stud-
ies have related the dietary supply of preformed LCP, either
with human milk or with LCP-containing formula, to im-

proved results for measures of visual acuity and neural devel-
opment in healthy preterm and term infants (6–8,21–23), in-
dicating that LCP may be conditionally essential substrates in
early infancy. Cholestatic infants are at risk for neurological
handicaps (9,23), which have been related in part to vitamin
E deficiency (23). It is conceivable that poor availability of
PUFA also could contribute to the poor growth and neurolog-
ical development of cholestatic infants. 

LCP are prone to lipid peroxidation owing to free radical
injury. Indeed, LCP-supplemented children showed higher
plasma concentrations of TBARS, indicating enhanced lipid
peroxididation, than controls. The similar effect of LCP sup-
plementation was demonstrated in healthy individuals (24),
and children with cholestasis seem to be extremely vulnerable
to free radical damage. Increased lipid peroxidation in chil-
dren with cholestasis was shown in several studies (1–3,25),
but the clinical significance of this finding remains unknown.
Adequate supplementation of vitamin E and potentially other
antioxidants also should be tested in children with cholestasis
receiving an extra LCP supply. Moreover, the potential clini-
cal benefits of LCP supplementation in this critical patient
population need to be investigated further. We can expect that
disturbances of visual function may occur in cholestatic in-
fants although one study did not confirm this (26).

Results of the liver tests improved during the study, which
reflect transient cholestasis in some subjects and improve-
ment of bile flow in the others (e.g., biliary atresia after he-
patoportoenterostomy). Still, the main factor that influenced
FA status was LCP supplementation, which is indicated by
higher LCP levels in the supplemented group in this random-
ized study. Regarding the critical period of central nervous
system development in early life, LCP supplements should
be considered in early infancy even if the diagnosis of
cholestasis is not well established. The positive finding of our
study was the relatively good absorption of LCP supplements
as indicated by rising AA and DHA levels. Still, we can re-
gard PUFA absorption in cholestatic children to be less effec-
tive than in healthy infants.
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ABSTRACT: Long-chain PUFA play an important role in early
human neurodevelopment. Significant inverse correlations were
reported between values of trans isomeric and long-chain PUFA
in plasma lipids of preterm infants and children aged 1–15 yr as
well as in venous cord blood lipids of full-term infants. Here we
report FA compositional data of cord blood vessel wall lipids in
308 healthy, full-term infants (gestational age: 39.7 ± 1.2 wk,
birth weight: 3528 ± 429 g, mean ± SD). The median (interquar-
tile range) of the sum of 18-carbon trans FA was 0.22 (0.13) %
w/w in umbilical artery and 0.16 (0.10) % w/w in umbilical vein
lipids. Nonparametric correlation analysis showed significant in-
verse correlations between the sum of 18-carbon trans FA and
both arachidonic acid and DHA in artery (r = −0.38,
P < 0.01, and r = −0.20, P < 0.01) and vein (r = −0.36, P < 0.01,
and −0.17, P < 0.01) wall lipids. In addition, the sum of 18-car-
bon trans FA was significantly positively correlated to Mead acid,
a general indicator of EFA deficiency, in both artery (r = +0.35, P
< 0.01) and vein (r = +0.31, P < 0.01) wall lipids. The present re-
sults obtained in a large group of full-term infants suggest that ma-
ternal trans FA intake is inversely associated with long-chain
PUFA status of the infant at birth. 

Paper no. L9040 in Lipids 37, 959–965 (October 2002).

The long-chain PUFA, arachidonic acid (all-cis-5,8,11,14-ara-
chidonic acid; 20:4n-6) and DHA (all-cis-4,7,10,13,16,19-
DHA; 22:6n-3) play an important role in early human develop-
ment (1–4). They are synthesized from the parent EFA, linoleic
acid (all-cis-9,12-linoleic acid; 18:2n-6) and α-linolenic acid
(all-cis-9,12,15-α-linolenic acid; 18:3n-3), via a complex path-
way consisting of several desaturations, chain elongations, and

peroxisomal β-oxidation (for biochemical details see Ref. 4),
and/or consumed preformed in the diet. Oleic acid (cis-9-oleic
acid; 18:1n-9) also may be converted via the same pathway into
its longer-chain metabolites including Mead acid (20:3n-9).
Because the affinity of 18:1n-9 for the enzymes of the pathway
is considerably lower than that of 18:2n-6 and 18:3n-3, accu-
mulation of 20:3n-9 indicates EFA deficiency.

The effect of modification of the 22:6n-3 and 20:4n-6 sup-
ply in infancy on visual and cognitive functions currently is
being investigated (5–9). However, recent observations sug-
gest that for 20:4n-6 and 22:6n-3, status at birth is one of the
important determinants of postnatal changes in these FA (10).
EFA status of the mother before and during pregnancy is the
principal determinant of the EFA status of the infant at birth
(11). Accumulating evidence indicates that factors other than
maternal EFA intake may adversely affect the availability of
20:4n-6 and 22:6n-3 for the fetus. 

At least four peer-reviewed publications indicated the po-
tential interference of trans FA with long-chain PUFA avail-
ability in humans. First, significant inverse correlations were
described between trans-octadecenoic acid (t-18:1) values and
both 20:4n-6 and 22:6n-3 in plasma cholesterol esters and TAG
in 29 premature infants on day 4 of life (12). Second, a signifi-
cant inverse correlation was reported between t-18:1 and
20:4n-6 in plasma phospholipids in 53 healthy children aged 1
to 15 yr (13). Third, significant inverse correlations were seen
between concentrations of trans FA, on the one hand and those
of 22:6n-3 and 20:4n-6 on the other hand in venous cord blood
plasma TAG and cholesteryl esters, respectively, in 70 healthy,
full-term infants (14). Finally, significant inverse associations
were described between the sum of trans FA and 20:4n-6 and
22:6n-3 in venous cord blood plasma phospholipids, choles-
terol esters, and nonesterified FA of 42 full-term infants with
an atopic trait (15). 

The above-mentioned data obtained immediately or shortly
after birth (12,14,15) suggest that maternal exposure to trans
isomeric FA may be inversely related to the availability of
long-chain PUFA to the fetus around birth. Shortcomings of
these publications were the relatively small numbers of infants
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who were selected for study. Furthermore, only plasma lipids,
reflecting FA status for a relatively short time, were investi-
gated. 

To avoid these shortcomings, we studied the association be-
tween five different trans isomeric FA and long-chain PUFA in
cord blood vessel wall lipids in a large group of apparently
healthy, full-term infants, all of whom were born after a nor-
mal pregnancy. In addition, a comparison was made between
the FA composition of the wall of the efferent (umbilical arter-
ies) and the afferent (umbilical vein) blood vessels of the um-
bilical cord.

SUBJECTS AND METHODS

This study was part of a prospective cohort study investigating
the effect of pre- and postnatal exposure to long-chain PUFA
on growth and neurological development up to 18 mon of age.
Apparently healthy pregnant women were informed between
weeks 30 and 34 of their pregnancy about the study goal and
design either by gynecologists of the University Hospital
Groningen and the Martini Hospital (Groningen, The Nether-
lands) or by midwives in the city of Groningen. After the preg-
nant women gave their permission, they were called by one of
the investigators who gave more detailed information. Exclu-
sion criteria were as follows: multiple pregnancy, congenital
abnormalities, and neonatal morbidity requiring intensive care.
Mothers with type 1 diabetes, gestational diabetes, hyperten-
sion, and heart disease were not excluded from the study if the
condition was well controlled. Written informed consent was
obtained from all participants. The local medical ethical com-
mittee approved the study protocol.

We studied 308 apparently healthy, full-term infants [136
boys and 172 girls, 129 (42%) from primiparous and 179
(58%) from multiparous women]. Median maternal age was 30
yr (ranges: 18–47 yr); 24.8% of the mothers smoked during
pregnancy. The mean ± SD gestational age of the infants was
39.7 ± 1.2 wk. Mean birth weight was 3528 ± 429 g, and mean
length at birth 52.1 ± 2.3 cm. 

Immediately after delivery, an approximately 7-cm sample
of the umbilical cord located at the most proximal site of the
placenta was removed. The sample was immediately placed in
an ice-cold 0.9% NaCl solution until further processing. The
two umbilical arteries and the umbilical vein were subse-
quently dissected from the surrounding tissue, thoroughly
washed with an ice-cold 0.9% NaCl solution, and dried on
paper tissue. No attempt was made to differentiate tissue layers
within the blood vessel walls. Umbilical arteries and veins were
weighed and subsequently transmethylated by incubating with
2 mL methanol/HCl (5:1 vol/vol; 6 mol HCl/L), which con-
tained 5 mg BHT, at 90°C for 4 h. It was previously demon-
strated in our laboratory that direct transmethylation is a suit-
able method in the determination of the FA composition of
biological fluids and blood cells (16). All samples were stored
at –20°C until transported on dry ice to the Laboratory of the
Department of Paediatrics, University of Pécs.

FAME were determined by high-resolution capillary GLC

with a Finnigan 9001 chromatograph (Finnigan/Tremetrics
Inc., Austin, TX) with split injection (ratio: 1 to 15) and a FID.
Two 30-m fused cyanopropyl columns (BPX70; SGE, Mel-
bourne, Australia) were coupled and used for the analysis. The
temperature program was as follows: an initial temperature of
the injector of 80°C for 0.1 min, followed by a temperature in-
crease of 180°C min−1 up to 280°C; temperature of the detec-
tor 280°C; an initial temperature of the column area of 60°C
for 0.2 min, followed by a temperature increase of 20°C min−1

up to 160°C, followed by a 5-min isothermal period, followed
by a temperature increase of 1°C min−1 up to 183°C, followed
by a temperature increase of 5°C min−1 up to 200°C, followed
by a 5-min isothermal period, followed by a temperature in-
crease of 40°C min−1 up to 230°C, followed by a 10.65-min
isothermal period. The ramped pressure program was as fol-
lows: an initial pressure of 30 psi for 0.2 min, followed by a
pressure increase of 5 psi min−1 up to 35 psi, followed by a 9-
min isobaric period, followed by a pressure increase of 5 psi
min−1 up to 37 psi, followed by a 31.4-min isobaric period, fol-
lowed by a pressure increase of 5 psi min−1 up to 45 psi, fol-
lowed by a 9.4-min isobaric period. A typical chromatogram
illustrating trans FA has been recently published from our lab-
oratory (15). Identification of FA was confirmed by compari-
son with authentic standards (Nu-Chek-Prep, Elysian, MN). FA
results were expressed as %w/w of the FA detected with a chain
length between 14 and 24 carbon atoms. 

We used SPSS for Windows, Release 7.5 (SPSS Inc.,
Chicago, IL) for the statistical analysis. The FA data are pre-
sented as median and range from the first to the third quartile
values, because skewed distributions were found especially in
FA present at lower concentrations. Nonparametric detection
of correlation was carried out by calculating Spearman’s ρ cor-
relation coefficients. Because many (n = 57) of the correlation
analyses yielded significant results, in spite of the relatively
high number of calculations (n = 82), no attempt was made to
correct for multiple testing. Results were regarded as statisti-
cally significant at P < 0.05.

RESULTS

Percentage contributions of FA to the FA composition of um-
bilical cord blood vessel wall lipids are shown in Table 1. Val-
ues of trans FA were nearly similar in artery and vein wall
lipids. In both artery and vein lipids, trans-7-hexadecenoic acid
(t-16:1) was the major trans isomeric FA, whereas 18-carbon
trans FA constituted about one-third of the total trans FA con-
tents. Values of 20:3n-9 were about sevenfold higher in artery
than in vein wall lipids. 

In the wall of umbilical arteries, the sum of 18-carbon trans
FA was positively related to 18:1n-9, 20:3n-9, and 18:3n-3,
whereas it was inversely related to 20:4n-6 and 22:6n-3
(Table 2). The correlation of the sum of 18-carbon trans FA vs.
20:3n-9, 20:4n-6, and 22:6n-3 in umbilical artery lipids are
graphically represented in Figure 1. Total trans FA values were
positively related to 20:3n-9, 18:2n-6 and 18:3n-3, whereas
they were inversely related to 20:4n-6.
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In the wall of umbilical vein, the sum of 18-carbon trans FA
was positively related to 18:1n-9, 20:3n-9, and 18:3n-3,
whereas it was inversely related to 20:4n-6 and 22:6n-3
(Table 3). The correlation of the sum of 18-carbon trans FA
with 20:3n-9, 20:4n-6, and 22:6n-3 in umbilical vein lipids is
graphically represented in Figure 2. Total trans FA values were
positively related to 20:3n-9, 18:2n-6, and 18:3n-3, whereas
they were inversely related to 20:4n-6.

DISCUSSION

The most notable findings of the present study are the signifi-
cant inverse associations between 18-carbon trans isomeric FA
and the most important long-chain PUFA, 20:4n-6 and 22:6n-3,
in fetal tissue lipids at the end of apparently normal human
pregnancies. FA compositions of fetal tissues are influenced by
maternal FA supply to the fetus (11). For instance, significant
positive correlations were found for almost all n-6 and n-3 FA
between maternal plasma investigated during pregnancy and
umbilical plasma levels (17). Parallel investigations on FA
composition of the wall of umbilical cord veins and arteries
allow researchers, to at least some extent, to assess maternal
supply (vein) and fetal return (artery) separately.

Humans do not synthesize trans FA, although the human me-
tabolism is able to elongate and desaturate ingested trans FA into
longer-chain and more unsaturated metabolites (18). Anyhow,
the trans FA detected in fetal tissues must have their origin in the
maternal diet. In the human diet trans FA originate partly from
the meat and milk of ruminant animals, but the major part of
human trans FA exposure is the consequence of the production
of by-products during industrial food processing, i.e., partial hy-
drogenation and heat-deodorization of various fats (e.g., Ref.
19). trans FA constitute a sizable portion of FA intake in West-
ern-type diets. The average trans FA consumption was reported
to be 7–12 g/d in the United States (20, 21) and 4–6 g/d in the
United Kingdom (22). In pregnant and breast-feeding women,
average trans FA intakes were estimated to be 6.4 g/d in the
United States (23) and 6.9 g/d in Canada (24). 

However, dietary trans FA intakes in The Netherlands ap-
pear to be considerably lower than those in North America. A 
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TABLE 1
Fatty Acids in Umbilical Cord Blood Vessel Wall Lipids
in 308 Full-Term Infantsa

FA Umbilical artery Umbilical vein

Saturated FA
14:0 1.01 (0.25) 0.85 (0.21)
15:0 0.59 (0.19) 0.60 (0.21)
16:0 20.76 (1.84) 22.22 (2.22)
18:0 18.40 (1.28) 17.54 (1.21)
20:0 0.53 (0.19) 0.45 (0.18)
22:0 1.51 (0.27) 1.13 (0.22)
24:0 3.01 (0.55) 2.22 (0.42)
Sum 45.99 (2.02) 45.14 (2.46)

cis Monounsaturated FA
16:1n-7 0.45 (0.18) 0.46 (0.15)
18:1n-9 11.14 (2.14) 8.57 (1.24)
18:1n-7 2.67 (0.51) 2.29 (0.46)
20:1n-9 0.52 (0.24) 0.38 (0.17)
22:1n-9 0.08 (0.08) 0.05 (0.07)
24:1n-9 4.93 (0.86) 4.60 (0.98)
Sum 20.09 (2.99) 16.60 (2.24)

trans FA
t-16:1 0.37 (0.13) 0.44 (0.13)
t-18:1 0.05 (0.06) 0.06 (0.06)
tt-18:2 0.09 (0.07) 0.06 (0.05)
tc-18:2 0.02 (0.04) 0.01 (0.03)
ct-18:2 0.03 (0.05) 0.02 (0.03)
Sum of 18-carbon trans 0.22 (0.13) 0.16 (0.10)
Sum of trans 0.60 (0.20) 0.62 (0.19)

n-9 PUFA
20:3n-9 2.71 (1.23) 0.37 (0.34)

n-6 PUFA
18:2n-6 1.56 (0.49) 2.46 (0.66)
18:3n-6 0.07 (0.11) 0.04 (0.05)
20:2n-6 0.15 (0.12) 0.37 (0.18)
20:3n-6 1.58 (0.45) 2.27 (0.66)
20:4n-6 13.37 (2.38) 17.18 (1.71)
22:4n-6 3.45 (0.89) 5.88 (1.34)
22:5n-6 4.04 (1.11) 3.30 (1.09)
Sum 24.64 (3.74) 31.63 (2.42)

n-3 PUFA
18:3n-3 0.01 (0.02) 0.01 (0.02)
20:5n-3 0.02 (0.02) 0.01 (0.03)
22:5n-3 0.35 (0.12) 0.40 (0.15)
22:6n-3 4.96 (1.22) 4.77 (1.17)
Sum 5.38 (1.24) 5.18 (1.29)

aValues are %w/w expressed as median (interquartile range). 

TABLE 2 
Spearman’s ρ Correlation Coefficients Between Percentage Contributions (%w/w) of trans FA vs. Major PUFA in Umbilical Cord Artery Wall
Lipids in 308 Full-Term Infantsa

Fatty acid t-16:1 t-18:1 tt-18:2 tc-18:2 ct-18:2 18-Carbon trans Total trans
n-9 PUFA
Oleic acid (18:1n-9) −0.25** +0.07 +0.09 +0.07 +0.17** +0.16** −0.04
Eicosatrienoic acid (20:3n-9) −0.22** +0.20* +0.19** +0.13* +0.24** +0.35** +0.12*

n-6 PUFA
Linoleic acid (18:2n-6) +0.31** −0.04 0.00 −0.04 −0.03 −0.04 +0.19**
Arachidonic acid (20:4n-6) +0.17** −0.26** −0.17** −0.18** −0.29** −0.38** −0.19**

n-3 PUFA
α-Linolenic acid (18:3n-3) +0.27** +0.18** +0.07 +0.22** +0.11* +0.26** +0.34**
DHA (22:6n-3) +0.23** −0.21** +0.02 −0.04 −0.19** −0.20** +0.04

aSymbols: *P < 0.05, **P < 0.01. Abbreviations: t-16:1, trans-7-hexadecenoic acid; t-18:1, trans-9/11-octadecenoic acid; tt-18:2, all-trans-9,12-octadecadie-
noic acid; tc-18:2, trans-9-cis-12-octadecadienoic acid; ct-18:2,cis-9-trans-12-octadecadienoic acid.
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FIG. 1. Relation between the sum of 18-carbon trans FA (t-18:1 + tt-18:2 + tc-18:2
+ ct-18:2) and 20:4n-6 (top), 22:6n-3 (middle), and 20:3n-9 (bottom) in cord artery
wall lipids in 305 healthy full-term infants. Because the sum of 18-carbon trans
FA exceeded 1% by weight only in three infants (1.14, 1.43, and 2.22 % w/w), for
higher graphical resolution we omitted these three data from the graph. The sig-
nificance of correlation analyses (Tables 2 and 3) remained the same when calcu-
lated for the 305 infants represented in the graph. t-18:1, trans-9/11-octadecenoic
acid; tt-18:2, all-trans-9,12-octadecadienoic acid; tc-18:2, trans-9,cis-12-
octadecadienoic acid; ct-18:2, cis-9,trans-12-octadecadienoic acid; 20:4n-6, all-
cis-5,8,11,14-arachidonic acid; 22:6n-3, all-cis-4,7,10,13,16-19-DHA; 20:3n-9,
all-cis-5,8,11-eicosatrienoic acid.

FIG. 2. Relation between the sum of 18-carbon trans FA (t-18:1 + tt-18:2 + tc-18:2
+ ct-18:2) and 20:4n-6 (top), 22:6n-3 (middle), and 20:3n-9 (bottom) in cord vein
wall lipids in 305 healthy full-term infants. Because the sum of 18-carbon trans
FA exceeded 1% by weight only in three infants (1.09, 1.21 and 1.26 % w/w), for
higher graphical resolution we omitted these three data from the graph. The sig-
nificance of correlation analyses (Tables 2 and 3) remained the same when calcu-
lated for the 305 infants represented in the graph. For abbreviations see Figure 1.



recent report of the Dutch Health Council estimates the mean
trans FA intake of the Dutch population to be 1.2 g/d (25). De-
spite this relatively low intake, it is important to note that an
inverse association between trans isomeric and long-chain
PUFA in umbilical cord blood vessel wall lipids was recorded
in the present study. It may reasonably be assumed that similar
or even stronger associations may be observed in populations
with trans FA intakes exceeding the Dutch values. 

The most prevalent trans FA in the human diet is t-18:1
(26,27). FA composition of blood lipids usually reflects the FA
composition of the diet; for example, one of us previously in-
vestigated the contribution of trans FA to the FA composition
of plasma lipid classes in seven age groups from birth to young
adulthood and found t-18:1 to be the major plasma trans FA in
all sample categories including venous cord blood (28). We are
not aware of published data on the contribution of individual
trans FA to the FA composition of cord blood vessel wall
lipids. 

Experimental evidence obtained in in vitro investigations
and animal studies indicates that trans FA may impair the syn-
thesis of long-chain PUFA from 18:2n-6 and 18:3n-3. Investi-
gations both on rodent tissues (29) and on human fibroblast cul-
tures (30) clearly demonstrated that various trans FA inhibit
the desaturation and chain-elongation of 18:2n-6 and 18:3n-3
to their longer-chain metabolites. In vivo investigations in rats
also showed an impairment of 18:2n-6 and 18:3n-3 metabolism
with exposure to various trans FA (31–35). In pregnant rats,
high dietary intakes of trans FA were associated with dimin-
ished ∆6-FA desaturase activity in liver microsomes and de-
creased contribution of longer-chain 18:3n-3 metabolites to
fetal plasma lipids in the offspring (36). In an in vitro system of
isolated human placental membranes, the presence of t-18:1 in
the incubation medium reduced to 68–70% of binding of radio-
labeled FA, whereas the inhibition of binding of 18:2n-6 and
18:3n-3 by 18:1n-9 was only around 45% (37). These data sug-
gest that trans FA may effectively compete with EFA and their
longer-chain metabolites for FA-binding sites in human placen-
tal membranes, thereby inhibiting the transport of these FA to
the placenta (38). 

In the present study it was surprising that 18-carbon trans
FA were negatively associated with long-chain PUFA, whereas
16-carbon trans-FA and PUFA were positively and signifi-

cantly correlated. Industrially processed oils are usually en-
riched with EFA; therefore, it is reasonable to assume a posi-
tive correlation between the dietary intakes and the tissue accu-
mulations of trans isomeric and EFA. However, the putative
inhibitory interaction of 18-carbon trans FA with the metabo-
lism of EFA may substantially influence accumulation in fetal
tissues.

The significant positive correlation observed in the present
study between 18-carbon trans FA and 20:3n-9 (Mead acid), a
general indicator of EFA deficiency, may either support further
the concept that high maternal intake of 18-carbon trans FA
may impair fetal supply of long-chain PUFA, or may suggest a
dietary deficiency of long-chain PUFA. Mead acid is synthe-
sized from 18:1n-9 via ∆6-FA desaturation, chain elongation,
and ∆5-FA desaturation. In classical EFA deficiency, Mead acid
accumulates because of the low availability of the alternative
substrates, 18:2n-6 and 18:3n-3, for ∆6-FA desaturation (39).
However, because long-chain PUFA inhibit Mead acid synthe-
sis, therefore, enhanced amounts of Mead acid may also indi-
cate long-chain PUFA deficiency even if the availability of
18:2n-6 and 18:3n-3 is normal (11). The several-fold higher
contribution of 20:3n-9 to cord artery than to cord vein wall
lipids has been described previously by others (40) as well as
by one of us (41) and is considered to represent a higher rate of
substitution of 20:3n-9 for 20:4n-6 and 22:6n-3 at the efferent
than at the afferent end of materno-fetal circulation. 

In summary, we report a negative association between val-
ues of 18-carbon trans FA and that of long-chain PUFA in cord
blood vessel wall lipids in a large group of apparently healthy,
full-term infants. We think that the data reported here bear two
immediate messages for research on PUFA. First, supply of 18-
carbon trans isomeric FA should be taken into account as a po-
tential independent variable in any study aimed at modifying
FA supply during pregnancy. Second, individual trans isomeric
FA rather than the parameter “sum of all trans fatty acids”
alone should be considered as separate variable(s) in studies on
the effects of trans FA on human health.
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ABSTRACT: Recent studies have demonstrated that the inci-
dence of cardiovascular events occurring with renal transplan-
tation is higher than that in the general population. Renal trans-
plantation modifies the characteristic dyslipidemia of chronic
renal failure. In this study the change in lipoprotein and lipid
values of 103 transplant recipients after transplantation was in-
vestigated. The aim of our work was to examine the short-term
and long-term variations in lipid metabolism. The major
lipoprotein fractions (VLDL, LDL, HDL) were separated by
preparative ultracentrifugation, and TG and cholesterol concen-
trations were determined in plasma and lipoprotein fractions.
Whole plasma apolipoproteins were determined by a rate im-
munonephelometric technique. In the pretransplant period the
patients displayed the typical picture of uremics. After trans-
plantation the most evident alterations in the lipoprotein profile
occurred in our case series after 3 mon. The major finding was
a 35% reduction in plasma TG. The modifications in the TG-
rich lipoproteins of our transplant recipients persisted through-
out the observation period. In the initial 3-mon period, total
cholesterol remained steady, whereas LDL-cholesterol and total
apolipoprotein B showed a significant increase. No significant
changes were found in total and transported TG and cholesterol
between the 3-mon and the 6-yr values. The substantial stabil-
ity of cholesterol levels after transplantation and in subsequent
reports, as well as a higher incidence of cardiovascular compli-
cations, may suggest that the mechanisms responsible for vessel
damage must be sought mainly in the structural and physico-
chemical alterations of the individual lipoprotein fractions or in
other risk factors.

Paper no. L9073 in Lipids 37, 967–974 (October 2002).

Cardiovascular complications are the main cause of death in
chronic renal failure and renal transplant patients. Their inci-
dence is much higher than in the general population (1). Ath-
erosclerosis is the prime cause of these complications. Some
of its risk factors are shared with the general population; oth-
ers are typical of transplant patients (2,3). Particular attention
has been directed to the effects of immunosuppressive man-
agement, the type of dialysis, and the pre- and posttransplant
alterations in lipid metabolism (4–6). 

Both in the general population and in transplant recipients,
lipid metabolism is of prime importance, particularly because
of its presumed role in chronic organ rejection (7). The post-
transplant persistence or aggravation of lipoprotein alterations
has been observed for at least 20 yr and has been the subject
of several studies (3,6,8,9). 

At least 60% of transplant recipients display an increase in
total cholesterol (Chol) and LDL-transported cholesterol
(LDL-Chol), as well as an inconstant increase in plasma TG
and normal HDL-Chol levels. 

Various factors predisposing the patient to pretransplant
dyslipidemia and its posttransplant modification have been
identified: age (10), diet, posttransplant weight increases (11),
pretransplant lipoprotein levels (12), renal function (7), hy-
perglycemia and/or hyperinsulinism (13), and immunosup-
pressive management (5). A genetic predisposition is also
thought to play a preponderant role (14). Several studies
(15,16) have shown that steroids and cyclosporine, both
singly and synergistically, induce dyslipidemia, whereas cy-
closporine, which has an affinity to lipoproteins, results in the
direct alteration of their metabolism. 

Longitudinal studies have assessed lipid profile changes
following transplantation. Their evaluation over the years,
however, has been confined to total Chol, HDL-Chol, and TG.
This paper describes the long-term monitoring of the lipopro-
tein and apolipoprotein (apo) profiles of 103 nondiabetic renal
transplant recipients immunosuppressed with cyclosporine
plus prednisone.

MATERIALS AND METHODS

Patients. Nondiabetic patients (n = 103) were recruited at the
Nephrology and Dialysis Division of San Giovanni Battista
Hospital, Turin (Italy) from July 1988 to March 1992. The
study was terminated in July 1998. 

Thirty-eight women and 65 men (aged 41 ± 11.3 yr) had
been on hemodialysis (HD) for 4.5 ± 2.6 yr (mean ± SD) prior
to transplantation and were not diabetic according to National
Diabetes Data Group (NDDG) criteria (17). The underlying
diseases leading to renal failure were chronic glomerulonephri-
tis (52%), chronic pyelonephritis (22%), vascular nephropathy
(4%), systemic lupus erythematosus (2%), blood disease (4%),
toxic nephropathy (5%), cystic renal disease (5%), and intersti-
tial nephritis (5%). Their proteinuria was <3.5 g/24 h, and they
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were free of thyroid and liver disease. Blood creatinine 3 mon
after transplantation was 1.6 ± 0.4 mg/dL.

Thirty-one hypertensive subjects were placed on loop di-
uretics (generally furosemide) and 14 on β-adrenergic block-
ing agents. None of the patients was in treatment with lipid-
lowering agents.

All patients received cyclosporine as the immunosuppres-
sive drug associated with prednisone. Its dose was adjusted to
keep plasma levels within 150–200 ng/mL, with an average
dose of 3.75 ± 0.15 mg/kg/d. Acute rejection episodes were
treated with 1 g i.v. methylprednisolone boluses. The mean dose
of prednisone in the first year was 4.90 ± 1.0 g per os and 1.25
± 0.62 g i.v., and 10 mg/d in the second. In subsequent years, it
was reduced, irrespective of acute rejection episodes, to reach a
mean of 5.51 ± 1.70 mg/d at the end of the observation period.

The posttransplantation diet provided 25–30 kcal/kg ideal
body weight/d, 35% of lipids as total calories, with a polyun-
saturated/saturated ratio of 2:1 and a daily cholesterol intake
less than 250 mg, about 40 g/d dietetic fibers, and elimination
of simple sugar. 

One hundred age-matched healthy subjects (49 male and
51 female), with a mean age of 52 ± 6 yr, ±10% of ideal body
weight, and a negative family history of diabetes and blood
lipid disorders, were randomly selected from blood donors as
controls for pretransplant lipid parameters. 

Lipid and lipoprotein analysis. All lipid and lipoprotein
sample preparations and analyses were performed in a single
laboratory. Blood was collected into 5% EDTA-Na2 in the
morning after an overnight fast, and plasma was immediately
centrifuged for 30 min at 3000 × g at 4°C in a Beckman J6B
centrifuge and separated. The blood samples were drawn at
least 36 h from the last HD treatment. 

Blood samples were also obtained, after an overnight fast,
at 3, 6, 12, 24, 36, 48, 60, and 72 mon after transplantation. 

The major lipoprotein fractions (VLDL, LDL, HDL) were
separated by preparative ultracentrifugation (Beckman model
L8-55M ultracentrifuge with a 50.4 Ti rotor) (18). 

Concentration of TG and Chol were then determined en-
zymatically in plasma and lipoprotein fractions by automated
methods with a Shimadzu CL-7000 enzymatic photometer
(Shimadzu Instruments, Kyoto, Japan). HDL-Chol was deter-
mined after precipitation of apoB-containing lipoproteins
with heparin and manganese chloride (19). HDL2-Chol was
determined on whole plasma by Mn2+/heparin/dextran frac-
tionated separation (20). Whole plasma apo were determined
by a rate immunonephelometric technique (Alfa-Wasser-
mann, Milan, Italy). The coefficients of variation for apoAI, 
-B, -CII, and -CIII were 3.80, 4.90, 2.80, and 2.10%. 

Body mass index (BMI) was calculated as weight (kg) di-
vided by height squared (m2).

Statistical analysis. Baseline values for patients and con-
trols were compared by unpaired t-tests. Short-term effects of
transplantation on serum lipid values were calculated as the
values measured 3 mon after transplant minus pretransplant
values. Long-term effects were calculated as the mean of val-
ues measured at 3, 6, and 6+ yr after transplant minus pre-

transplant values. In order to assess the persistence of effects,
we also calculated the difference between long-term (6 yr and
over) and posttransplant values. 

All variations were also computed as percentage differ-
ences over reference values. The significance of short- and
long-term variations was assessed by paired-samples t-tests,
and the Bonferroni correction was applied to account for the
large number of tests.

Patient and graft survival and a cardiovascular disease
(CVD) event rate analysis were performed by the Kaplan–
Meier method, and the effect of lipid, clinical, and pharmaco-
logical variables was assessed by the log-rank test. A
multivariate survival analysis was performed by the Cox pro-
portional hazard regression method, adjusting for gender and
age.

RESULTS

Baseline. Baseline clinical characteristics of transplant recipients
are reported in Table 1. Comparisons of the baseline lipid param-
eters of patients and normal subjects are reported in Table 2. A
highly significant difference was observed in both men and
women for total TG; VLDL-TG; LDL-TG; VLDL-Chol; HDL2-
Chol; and apoAI, -AII, -CII, and -CIII. There were no differences
in total Chol, LDL-Chol, and apoB levels. HDL-Chol differed
significantly between male patients and controls only.

Follow-up. A total of 103 patients (65 male, 38 female)
were enrolled and received transplants. Of this number, 93
were examined 3 mon after transplantation. By the end of the
study, 25 patients had died (10 from CVD, 2 from carcinoma,
2 from liver disease, and 11 from unknown causes) and 46
had undergone explantation and were considered dropouts
from the study. Forty-five patients were followed for 6 yr or
longer; the median duration of follow-up was 68.4 mon
(range 3–131 mon). 

Clinical and lipid profiles were checked every 3 mon for
the first year and annually thereafter. The statistics in Table 3
were elaborated using the findings after the first 3-mon exam-
ination, since the most significant variations from the pre-
transplant values occurred early. The plasma values of total
TG, VLDL-TG, and apoAI in particular fell rapidly.

The average BMI was 21.1 ± 2.7 before transplant, and it
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TABLE 1
Baseline Clinical and Anthropometric Characteristics 
of Transplant Patientsa

All Males Females
n = 103 n = 65 n = 38

Parameters Mean SD Mean SD Mean SD

Age (yr) 41 11.3 39.3 10.6 43.7 12
BMI (kg/m2) 21.1 2.7 21.2 2.3 21.1 3.2
Glucose (mg/dL) 86 11 87 11 84 12
Urea (mg/dL) 142 66 123 62 154 62
Creatinine (mg/dL) 9.6 4.1 10.4 4.1 8.3 3.8
Albumin (mg/dL) 4.2 0.6 4.2 0.5 4.3 0.6
aBMI, body mass index.



rose to 22.1 ± 2.5 after 6 and 12 mon, respectively. Thereafter,
it remained essentially stable, with a moderate increase (23.4
± 3.2) for the 46 subjects after at least 96 mon of follow-up.

Average basal blood glucose remained fairly stable
throughout the entire follow-up period, ranging from 86.3 ±
11.0 mg/dL at baseline to 92.0 ± 20 mg/dL at 36 mon. 

Lipid profile. Table 3 shows the lipid parameter values be-

fore transplantation and at follow-up after 3 mon, 3 yr, and 6
yr. The absolute and percentage short-term (3 mon vs. pre-
transplant) and long-term (mean at 3 and 6 yr vs. pretrans-
plant) differences also are included. The posttransplant pat-
tern was determined from the differences between the 3-mon
and the 6-yr values.

Column 5 illustrates a significant reduction in total plasma
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TABLE 2
Baseline Lipid Parameters of Transplant Patients vs. Healthy Blood Donors

Males Females

Parameters Cases SD Controls SD P-valuea Cases SD Controls SD P-valuea

TG 202.1 78.6 118.0 45.0 <0.001 187.9 89.6 106.0 51.0 <0.001

VLDL-TG 134.1 68.0 78.0 20.0 <0.001 116.3 71.9 63.0 22.0 <0.001
LDL-TG 50.7 28.0 26.0 11.0 <0.001 53.2 25.8 30.0 22.0 <0.001
HDL-TG 17.3 11.3 14.0 4.0 NS 18.2 12.5 13.0 6.0 0.193

Chol 195.2 50.4 202.0 32.0 1.000 211.1 57.5 200.0 33.0 NS

VLDL-Chol 49.3 21.3 35.0 8.0 <0.001 43.9 24.3 29.0 9.0 0.002
LDL-Chol 109.7 38.7 118.0 33.0 NS 117.6 41.0 118.0 26.0 NS
HDL-Chol 37.7 10.1 48.0 10.0 <0.001 48.5 17.7 53.0 8.0 NS
HDL2-Chol 9.7 3.6 20.1 4.2 <0.001 13.8 8.9 25.2 5.1 <0.001

apoAI 117.1 22.7 139.0 33.0 0.001 129.8 32.5 155.0 30.0 0.006
apoAII 25.6 7.6 32.0 8.0 <0.001 27.3 10.6 46.0 6.0 <0.001
apoB 103.2 27.5 110.0 22.0 NS 109.1 30.2 102.0 17.0 NS
apoCII 4.9 2.1 3.1 2.0 <0.001 5.2 1.9 3.3 2.4 0.002
apoCIII 18.0 5.5 10.0 4.0 <0.001 19.8 8.0 8.0 3.0 <0.001
apoE 4.3 1.9 4.0 1.6 NS 5.7 3.1 4.4 2.1 NS
aPatients and controls were compared with a two-sample t-test and P-values were adjusted with a Bonferroni correction. 
P-values over 0.2 are labeled NS. Chol, cholesterol; apo, apolipoprotein.

TABLE 3
Baseline and Posttransplantation Lipid and Lipoprotein Values (mg/dL)a

Difference Difference Difference
Baseline Posttransplant Year 3 Year 6 and over Difference Year 3–baseline >Year 6–baseline >Year 6–post-baseline
n = 103 n = 91 n = 77 n = 45 Post-baseline n = 91 (n = 77) (n = 45) (n = 45)

Parameters Mean SD Mean SD Mean SD Mean SD Mean (%) P Mean (%) P Mean (%) P Mean (%) P

TG 197.0 82.6 127.8 55.5 139.0 63.4 132.8 49.8 −70.5 −35.8 0.0015 −57.0 −29.4 0.0016 −65.6 −33.3 0.0015 9.6 7.5 0.99

VLDL-TG 127.7 69.6 73.0 48.1 84.2 50.1 74.9 39.0 −55.6 −43.6 0.0015 −40.6 −34.1 0.0032 −53.6 −42.0 0.0015 6.0 8.3 1.00
LDL-TG 51.6 27.1 40.6 14.5 32.1 13.5 36.6 14.5 −11.4 −22.2 0.0015 −21.3 −37.7 0.0016 −14.5 −28.1 0.003 −3.1 −7.5 0.98
HDL-TG 17.6 11.7 14.6 9.1 22.7 7.6 21.9 6.6 −3.0 −16.8 0.42 4.9 28.7 0.0408 3.2 18.1 0.89 7.3 50.1 0.0045

Chol 200.9 53.3 218.4 48.2 226.4 47.9 222.6 46.0 17.0 8.5 0.13 22.4 12.7 0.07 20.0 10.0 0.34 3.6 1.7 1.00

VLDL-Chol 47.4 22.4 22.8 16.6 22.1 13.4 24.3 12.0 −24.9 −52.6 0.0015 −25.2 −53.4 0.0016 −25.0 −52.7 0.0015 0.6 2.7 1.00
LDL-Chol 112.6 39.5 137.3 40.6 143.9 37.9 143.0 38.8 24.5 21.8 0.0015 32.0 27.9 0.0016 33.3 29.6 0.0015 1.6 1.2 1.00
HDL-Chol 42.5 13.9 59.3 19.1 57.7 15.3 56.8 13.0 16.9 39.8 0.0015 16.1 35.6 0.0016 12.5 29.4 0.0015 −7.0 −11.7 0.15
HDL2-Chol 11.2 6.3 21.0 9.7 22.8 10.5 19.8 6.8 10.1 90.6 0.0015 10.1 103.9 0.0016 8.0 71.9 0.0015 −3.9 −18.6 0.21
HDL3-Chol 31.3 10.4 38.6 12.8 34.9 8.7 37.3 9.1 7.1 22.8 0.0015 2.7 11.3 0.81 4.7 15.1 0.21 −2.8 −7.2 0.93

apoAI 121.7 27.2 148.1 29.1 140.6 25.2 143.8 26.4 25.6 21.1 0.0015 15.0 15.5 0.0019 15.7 12.9 0.08 −14.8 −10.0 0.14
apoAII 26.2 8.8 27.0 8.4 31.6 7.8 30.2 7.4 1.1 4.1 1.00 3.7 20.5 0.0056 1.8 6.8 0.99 0.7 2.6 1.00
apoB 105.3 28.5 118.0 30.3 127.9 37.9 108.6 30.5 12.7 12.1 0.0075 20.6 21.5 0.0016 1.9 1.8 1.00 −9.8 −8.3 0.40
apoCII 5.0 2.1 4.4 1.6 4.8 2.2 4.4 1.4 −0.7 −13.7 0.028 −0.7 −4.6 0.53 −0.9 −18.0 0.037 −0.1 −1.9 1.00
apoCIII 18.7 6.6 16.5 5.1 14.1 6.1 12.0 4.8 −2.1 −11.0 0.038 −5.6 −24.5 0.0016 −8.2 −44.0 0.0015 −4.7 −28.4 0.0015
apoE 4.8 2.5 5.9 2.5 4.7 1.3 4.6 1.5 1.0 19.8 0.025 −0.7 −2.5 0.33 −0.8 −16.4 0.31 −1.4 −23.9 0.0015

apoB/LDL-Chol 0.990 0.2900 0.8840 0.1700 0.8910 0.1470 0.7630 0.1100 −0.099 −10.0 0.09 −0.13 −10.0 0.0576 −0.28 −28.3 0.0015 −0.10 −10.9 0.074
HDL2-C/HDL3-C 0.3760 0.2000 0.5720 0.2400 0.6760 0.3260 0.5470 0.2100 0.207 55.1 0.0015 0.27 79.8 0.0016 0.18 47.9 0.0015 −0.07 −11.9 0.96

aAll differences are also reported as percentages over the reference values. The second column reports values obtained 3 mon after transplantation. The fourth column reports the means of all
available values after 5 yr for subjects with at least 6 yr of follow-up. Column 5 reports the differences between values in column 2 and in column 1 for 91 subjects with at least 3 mon of follow-up.
Column 7 reports the difference between column 4 and column 2 for 45 subjects with at least 6 yr of follow-up. Column 8 reports the difference between column 4 and column 1 for 45 subjects
with at least 6 yr of follow-up. Within-patient differences were assessed with a paired-samples t-test. To account for multiple testing, according to the Bonferroni correction only P-values below
0.002 should be considered as significant. For abbreviations see Table 2.



TG and all the VLDL-transported components. The protein
component (especially apoCII and -CIII) was also reduced;
there was thus an increase in HDL-Chol and both its fractions,
especially HDL2, whose Chol load rose by 90%. The apo
component of HDL increased significantly for apoAI (a 21%
rise in plasma levels). In the initial 3-mon period, total Chol
remained steady, whereas LDL-Chol and total apoB showed
a significant increase. Column 8 shows the mean differences
between the 6-yr and the 3-mon values and hence the behav-
ior of the lipid parameters in relation to the new metabolic
setting induced by the transplant. As can be seen, there were
no significant changes in total and transported TG and Chol.
There were slight alterations in apoAI and -B, together with a
nonsignificant reduction in the apoB/LDL-Chol ratio.

Column 7 gives the long-term variations vs. the pretrans-
plant situation. Most of the significant changes induced after
3 mon were maintained after 6 yr. The main exceptions were
the continued decrease in apoCIII and the apoB/LDL-Chol
ratio. 

Mortality, rejections, and cardiovascular events. A total of
25 deaths (25%) occurred over the follow-up period. No lipid
or pharmacological parameters were significantly associated
with overall mortality. Of these, 15 major cardiovascular
events (fatal and nonfatal acute myocardial infarction and
stroke). Baseline and posttransplant lipid levels are reported
in Table 4 according to the occurrence of cardiovascular
events or rejections. None of the parameters was significantly
different in the three groups after the Bonferroni correction.

A Kaplan–Meier analysis of the 15 major cardiovascular
events indicated that the apoAI level at the time of transplant
was significantly associated with earlier events (log-rank test:

P = 0.005) (Fig. 1). A multivariate analysis with the Cox
model showed that this significance was present after adjust-
ing for age and gender (P = 0.006). None of the other lipopro-
tein parameters was strongly associated with the risk of car-
diovascular events, although a weak association was found
for baseline LDL-Chol (P = 0.02) and for apoB (P = 0.08). 

During follow-up, 46 rejections (estimated median organ
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TABLE 4
Baseline and Posttransplantation Lipid and Lipoprotein Values (mg/dL) According to the Occurrence of Cardiovascular Events or Rejectionsa

Baseline Posttransplant

No events No events
(no explants, CVD Rejections (no explants, CVD Rejections

n = 46) (n = 15) (n = 46) n = 46) (n = 15) (n = 46)

Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

TG 194.7 75 231.5 91 188.7 86 119.7 36 158.1 79.7 128.1 64

VLDL-TG 127.8 59 150.4 79 120.3 76 67.2 34 94.2 64.8 73.4 56
LDL-TG 48.3 24 63.6 26 52 30 37.7 11 48.3 18.8 41.7 16
HDL-TG 18.5 10 17.5 16 16.5 12 14.9 7 15.5 15.8 14.1 9

Chol 205.2 53 213.9 62 194.2 52 220.8 43 233.6 65.6 211.2 48

VLDL-Chol 48.7 22 54.9 23 44 23 20.8 13 31.5 23.9 22.5 18
HDL-Chol 43.8 17 38.6 13 40 11 62.2 20 63.1 27.8 55.1 14
HDL2-Chol 12.5 8 10.9 5 9.8 4 22.2 11 22.5 11.5 19.2 8

apoAI 129.3 29 106.4 19 118 25 156.6 29 146.2 39.5 138.7 23
apoAII 28.1 10 26.4 9 23.9 8 29 9 25.5 7 25.1 7
apoB 106.5 28 120.5 30 99.8 27 118.8 29 121.3 35.9 116 31
apoCII 5.2 2 5.7 3 4.6 2 4.4 1 4.2 1.1 4.5 2
apoCIII 19.6 7 19.6 8 17.3 6 16.7 5 16.1 6.1 16.5 5
apoE 5.2 3 4.8 1.7 4.4 2 5.7 2 6.1 2.1 6 3
aNone of the parameters was significantly different in the three groups after the Bonferroni correction. CVD, cardiovascular disease.

FIG. 1. Kaplan–Meier estimate of cardiovascular disease (CVD)-free sur-
vival stratified by baseline apoAI below or over the median value (103
mg/dL).

Mon after transplant



survival: 126 mon; 95% confidence interval, 87–131) oc-
curred. Apart from the baseline apoAI (P = 0.048), none of
the biological and pharmacological parameters was associ-
ated with overall organ survival.

DISCUSSION 

Cardiovascular complications have long been regarded as one
of the factors that determine the mortality of renal transplant
recipients (1–3). Corroboration of this view can be found in
the 1998 Annual Report of the United States Renal Data Sys-
tem (21), which shows that cardiac ischemia and cerebral and
peripheral vasculopathies are the main cause of posttransplan-
tation death. 

Recent studies (22) also have demonstrated that the inci-
dence of cardiovascular events in transplant recipients is
higher than in the general population, with an odds ratio that
rises to more than 12 in males ages 40–49. 

These findings inevitably draw attention to the cardiovas-
cular risk factors in transplant recipients—some shared with
the general population, others typical of these patients—that
are associated with cardiovascular events and whose correc-
tion can reduce the overall risk during the posttransplantation
period (22). 

All the studies directed at identifying the causes of the
metabolic alterations observed in transplant recipients have
illustrated the concurrence of several factors: the clinical and
metabolic condition of the patient prior to transplantation, the
type of dialysis, and immunosuppressive management and
drug treatment (4,5,12). 

A frequent finding in the literature is also the difference in
the lipoprotein profile, and hence in the incidence of cardio-
vascular complications, of transplant recipients from differ-
ent geographical areas (23–25), as in the normal population. 

The pretransplant Chol and total TG values of our Cau-
casian subjects were similar to those described in other stud-
ies. As shown in Table 2, they displayed the typical profile of
uremics prior to transplantation: elevated TG, elevated
VLDL-Chol, reduced HDL-Chol in males, and a marked re-
duction of HDL2-Chol in both sexes with an increase in the
content of TG in the LDL compared to that of a normal con-
trol population.

Our data, however, are somewhat different from those in a
similar study (9), especially with regard to our higher HDL-
Chol and lower LDL-Chol values. Higher HDL2-Chol levels
were also observed, whereas the HDL3-Chol values were
much the same in both studies. One can deduce that the pro-
file is substantially better in our patients owing to factors that
could be linked to their different characteristics, including
their eating habits and possibly the dialytic management,
since HDL2-Chol levels are also a reflection of the peripheral
clearance of TG-rich lipoproteins (TRL) (26). 

In our patients, we have taken into consideration the great-
est number of lipid parameters, lipoprotein fractions, and apo
levels. We hoped to characterize the profile of the patient in
chronic renal failure in a precise manner as a candidate for a

renal transplant and to evaluate variations in this profile in the
years following transplantation. The most evident alterations
in the lipoprotein profile occur in our case series 3 mon after
transplantation, a finding not always present in the literature.
The first finding that emerges is the 35% reduction of plasma
TG, a reduction that embraces all the lipoprotein fractions,
principally the portion transported by the VLDL (−43%). The
reduction in the lipid component of the VLDL involves not
only the TG but also Chol (−52%). This finding indicates that
the transplant has significantly modified the metabolism of
the TRL. The observations of other workers (27,28) corrobo-
rate this finding in that the activity of the two enzymes in-
volved in the clearance of these lipoproteins [hepatic TG
lipase and lipoprotein lipase (LPL)] improves after transplan-
tation. In this connection, it also becomes important to con-
sider the circulating levels of the LPL effectors apoCII and 
-CIII, which in our study were measured on whole plasma and
not on the isolated lipoprotein fractions. Even though this
finding is indirect, their simultaneous reduction could indi-
cate a reduction in the dimension of the particles, an expres-
sion of their better metabolism. In this connection, evaluation
of the size of the VLDL before and after transplantation could
provide important data. 

The modifications in the TRL of our transplant recipients
persisted throughout the observation period (Table 3, column
8). The substantial stability of the VLDL-transported lipid
components, together with the reduction in the apoCIII levels
after transplantation and during the next 6 yr, while not sig-
nificant, suggest that the metabolic profile before transplanta-
tion was substantially changed. Lasting stabilization of the
HDL-Chol levels after transplantation, too, can be seen as a
consequence of improved TRL metabolism. The changes in
the protein component of the lipoproteins follow those of the
lipid component, even though the determinations were per-
formed on whole plasma and not on the individual lipopro-
tein fractions. ApoCIII, an inhibitor of the enzymatic activity
of LPL, fell by 10% in the 3 mon after transplantation and
continued to fall throughout the 6 yr. 

Chol metabolism, on the other hand, differed and is more
difficult to interpret. Changes in total and transported Chol
reflect both the alterations in the lipoproteins that transport
the TG and quantitative changes in the LDL particles, the
main plasma Chol carriers. If, in fact, an alteration in TRL
metabolism (i.e., reduced clearance) changes quantitatively
and qualitatively after transplantation, the result is a reduc-
tion mainly in TG, but also in the Chol transported by some
lipoprotein fractions. VLDL-Chol, indeed, fell by 52% after
6 yr. 

The increase in the Chol transported by the LDL and HDL,
like that of the apo that characterize them (apoB and apoAI),
is a very complex event. The increase in LDL-Chol can be
viewed as the result of better TRL clearance, and hence bet-
ter transformation into intermediate density lipoproteins and
then LDL, and also as the expression of alterations in the
lipoprotein structure (glycosylations, oxidations, lipoperoxi-
dations) that significantly decrease their receptorial catabo-
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lism (29,30). Moreover, the possibility cannot be ruled out
that a greater flow of substrates to the liver may help to aug-
ment the circulating LDL pool.

An important role is also played by immunosuppressive
management. Considerable evidence supports the patho-
genetic role of drugs, steroids, and cyclosporine in particular
on dyslipidemia in renal transplant recipients, but the mecha-
nism by which this is accomplished is not yet fully elucidated.
In vitro and in vivo reports have shown that cyclosporine in-
creases LDL-Chol (5,8,15,16,31) and reduces hepatic secre-
tion of apoB and hence the production of VLDL (32). It can
directly reduce the expression of the mRNA of the LDL re-
ceptor by 40% (33). 

The corticosteroids, whose effect is predominantly on
VLDL, are also able to reduce the expression of mRNA of the
LDL receptor in vitro in a dose-dependent manner (34). Fur-
thermore, data obtained in vitro show that the inhibitory effect
on the uptake of the LDL by the two immunosuppressors is an-
nulled with the use of the HMG-CoA reductase inhibitors (35).

On the other side, clinical reports have positively corre-
lated the presence of dyslipidemia to the use of cyclosporine
in kidney- or liver-transplant patients (15,16,36,37), whereas
others found no correlation (38). The association of dyslipi-
demia with different immunosuppressors, such as prednisone
and cyclosporine, brings an additional confusing element into
its development caused by grafting. As a matter of fact, if cy-
closporine or prednisone has well-characterized effects when
taken alone, the combined use in patients with a preexisting
altered metabolism makes interpreting their metabolic param-
eters much more difficult. Our work, which has followed
some patients for 6 yr from transplantation with the same im-
munosuppressive therapy (cyclosporine and prednisone),
does not clearly highlight single drug effects, nor does it
allow evaluation of a direct effect of the immunosuppressive
therapy on lipoprotein metabolism.

A therapeutic approach appears necessary since dyslipi-
demia contributes to both cardiovascular disease and mortal-
ity. It also influences the development of chronic vascular
rejection in the transplant, thus having an influence on graft
outcome. Drugs such as HMG-CoA reductase inhibitors
(statins) are available for reducing LDL-Chol and TG effi-
ciently (39,40). Statins also reduce the level of oxidized LDL,
and they have direct effects on smooth muscle cells and the
intima of the arteries (41). The statins represent the most ef-
fective Chol-lowering agents available, and side effects, my-
opathy in particular, are controlled with appropriate daily
dosages.

Therapeutic options for treating dyslipidemia in cy-
closporine-treated renal transplant recipients were limited
when our study was performed. Although the use of the
statins in transplant patients had begun in the early 1990s, the
efficacy and tolerability of the drug were tested later in sev-
eral prospective trials, as shown in a recent review (42).
Hence, our patients were not given the drug since they were
nearly at the end of the follow-up when statins were routinely
introduced.

We should also consider the atherogenic lipid profile of our
patients: We observed the simultaneous presence of improved
metabolism (reduced VLDL-Chol and increased HDL-Chol)
on the one hand and the occurrence of adverse events, such
as the increase in LDL-Chol and structural LDL particle
changes on the other. The substantial stability of Chol levels
after transplantation and in subsequent reports, together with
a higher incidence of cardiovascular complications, would
lead one to believe that the mechanisms responsible for ves-
sel damage must be sought mainly in the structural and
physicochemical alterations of the individual lipoprotein frac-
tions or in other risk factors. In this regard, LDL from trans-
plant subjects undergoes not only oxidative processes but also
peroxidation, glycation, and carbamoylation, making lipopro-
tein particles more atherogenic (43). The damage to lipid me-
tabolism may be more consistent than it appears from the
quantitative observation of the lipoprotein fractions, given
that the increases in HDL-Chol and HDL2-Chol also could
be related to the better exchange of lipid components between
the lipoprotein classes, as mediated by the CETP following
the modification of TG metabolism (44). This improvement
occurred in the first 3 mon after transplantation and persisted
throughout the observation period. 

Last, the association between major cardiovascular events
and the circulating apoAI level at the time of transplantation
is a useful finding. Although the small number of events sug-
gests that caution is necessary when interpreting this result, it
is in agreement with the already known but controversial role
of the apo as more sensitive markers of cardiovascular risk
than such classical parameters as LDL or HDL (45).

Additional research is needed to better define the relation-
ship between lipid abnormalities and both CVD and renal dis-
ease progression. In particular, the role of increased TG, low
HDL, and associated lipoprotein compositional abnormalities
in CVD should be studied. Large, multicenter trials to study
the effects of lipid-lowering therapy on the rate of renal dis-
ease progression should be conducted.
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ABSTRACT: Several sources of long-chain PUFA (LCP) are
currently available for infant formula supplementation. These
oils differ in their FA composition, the chemical form of the FA
esters [TAG or phospholipids (PL)], and presence of other lipid
components. These differences may affect LCP absorption, dis-
tribution, and metabolic fate after ingestion. The purpose of this
study was to evaluate the influence of different chemical forms
of dietary LCP on the composition of lymph lipoproteins. Eigh-
teen pigs (5 d old) were bottle-fed different diets for 2 wk: a con-
trol diet (C), a diet containing LCP as TAG from tuna and fungal
oils (TF-TAG), or a diet containing LCP as PL from egg yolk
(E-PL). We measured lipid and FA composition of lymph, main
lymph fractions (TAG or PL), and the particle size of lymph
lipoproteins. The average diameter of lymph lipoproteins was
significantly lower in the E-PL group compared with the control
and TF-TAG groups (C: 3902 ± 384 Å; TF-TAG: 3773 ± 384 Å;
E-PL: 2370 ± 185 Å). Arachidonic acid and DHA contents in
lymph and lymph-TAG were significantly higher in the TF-TAG
group compared to the E-PL group (0.50 ± 0.03 and 0.24 ± 0.03
g/100 g vs. 0.29 ± 0.04 and 0.12 ± 0.03 g/100 g, respectively).
The addition to the diet of LCP in the form of TAG or PL affected
the size of intestinal lipoproteins and also led to a different dis-
tribution of these FA in lymph lipoproteins. 

Paper no. L9004 in Lipids 37, 975–980 (October 2002).

The presence of DHA and arachidonic acid (AA) in human
milk, together with some reports indicating that long-chain
PUFA (LCP) status is improved in infants fed breast milk or
LCP-containing formulas (1,2), has prompted international
committees to propose the use of formulas containing bal-
anced quantities of n-3 and n-6 LCP, similar to those found in
human milk (3–6). In addition, several clinical trials have
been designed to evaluate whether LCP enrichment of infant
formulas has beneficial effects on the maturation of the visual
system and cognitive development (7–14). These trials have
shown significant functional advantages of LCP supplemen-
tation for both preterm (7–11) and term infants (12–14). 

Several sources of LCP, such as fish oils, oils from unicellu-
lar organisms, or from eggs, could be used to supplement infant
formulas and attain such recommendations. Fish and unicellular

oils are composed mainly of TAG, and oil fractions from com-
mercial egg preparations are rich in phospholipids (PL). Fur-
thermore, these lipid sources differ in the FA composition, pres-
ence of other lipid components, and the molecular structure of
their TAG and PL. Because lipid digestion is a complex process
involving enzymes, it is likely that these differences may affect
LCP absorption, distribution, and metabolic fate.

A number of studies have focused on TAG absorption and
metabolism, mainly on the importance of the sn-2 position
(15–17). Less attention has been paid to dietary PL, but there is
evidence showing TAG absorption is impaired when the sup-
ply of exogenous PL is insufficient for micelle formation dur-
ing fat digestion and absorption (18–21). Moreover, clinical tri-
als with premature infants found that DHA from egg PL was
absorbed better than DHA from breast milk and DHA TAG
from single-cell oils (22). Other studies have shown a positive
effect of LCP-PL supplementation on fat absorption (23). PL
are also essential for intestinal lipoprotein formation and for fat
distribution outside the enterocytes. Data from animal studies
suggest that intraduodenal infusion of triolein results in the for-
mation of chylomicrons (CM), whereas the infusion of egg PC
favors the formation of intestinal VLDL-size particles (24).

In addition, we have studied the effect of the chemical
form of LCP on fasting plasma lipoprotein composition and
found a different distribution of these FA in lipoprotein frac-
tions depending on whether they were added as TAG or PL
(25). In that study, the authors hypothesized that their results
were due to the way LCP were packaged on lymph particles.
In line with those findings, the goal of this study was to eval-
uate the influence of the chemical structure of the LCP added
to the diet on lymph lipoprotein composition and size during
active lipid absorption.

MATERIALS AND METHODS

Animals and diets. Eighteen 5-d-old Yorkshire piglets at term
gestation [mean body weights 2241 ± 67.5 g (SD)] were ob-
tained from Ntra. Sra. de las Mercedes Farm (La Guardia, Jaen,
Spain) and were randomly assigned to one of three dietary
groups. Each group of piglets was housed together and freely
fed by bottle three times a day for 2 wk. Heating was provided
with spot heat lamps attached above each cage. The study was
approved by the Animal Care Committee at the University of
Granada and conformed to the European Union Regulation of
Animal Care for care and use of animals for research.
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Three powder formulas, identical in all ingredients except
for fat composition, were designed to meet the nutrient re-
quirement of growing piglets (26). The formulas were dis-
solved in warm water at a concentration of 188 g/L. The gen-
eral composition of the control formula has been reported (27).
Control fat was composed of a blend of olive, soy, and coconut
oils and milk fat. LCP were added by supplementing with tuna
oil and fungal oil (TF-TAG diet) or egg yolk-PL (E-PL diet).
The final FA composition of the diets is given in Table 1. Tuna
oil with a low ratio 20:5n-3/22:6n-3 was supplied by Mochida
(Tokyo, Japan) and fungal oil by Suntory (Tokyo, Japan). Part
of the vegetable fat blend in the control formula (2.7 g/100 g)
was replaced by tuna and fungal oils to achieve an amount
similar to that found in swine milk: 0.6 and 0.3 g/100 g of AA
and DHA, respectively. E-PL (Ovothin 160) were supplied by
Lucas Meyer (Hamburg, Germany). For this diet, 13.2 g/100 g
of the fat blend in the control formula was replaced by this
source of PL to reach the same concentration of AA and DHA
as in the TF-TAG diet.

Because the E-PL source contained a certain amount of
cholesterol, the control and the TF-TAG diets were supple-
mented with cholesterol to produce a final concentration of
0.33 g/100 g diet. In this fashion, dietary cholesterol effects
on lipoprotein metabolism were avoided, and it was ensured
that any difference found between LCP-supplemented groups
was due to the particular forms of LCP in the diets.

Experimental protocol. One and a half hours after the in-
take of 120 mL of each formula, piglets were operated on
under intramuscular ketamine anesthesia (15–20 mg/kg body
weight). An abdominal incision was made, and the intestines
were placed on the right side of the animal, keeping them at
37°C with warm saline solution. The cistern chyli was identi-
fied just distal to the right renal vein, and a small incision was
made. Samples of lymph were collected with the help of a
Pasteur pipet into ice-cooled tubes containing 5 µg of leu-
peptin to avoid protein degradation, and 40 µL of a preserva-
tive solution (25 mM EDTA, 2.5 mg/mL gentamicin sulfate,

1.25 mg/mL chloramphenicol, and 5 mg/mL sodium azide).
An aliquot of lymph was separated for the electron micros-
copy analysis, and the rest was frozen in liquid nitrogen and
stored at −80°C until analyzed (24). Since lymph was col-
lected at 1.5 h during the digestion period, the major compo-
nent of lymph was CM; therefore, sizing was performed di-
rectly on the lymph samples.

Analytical methods. Freshly isolated lymph samples were
photographed using negative staining with electron micros-
copy. Samples were prepared as follows: a copper-coated grid
was floated on a drop of lymph and incubated at room tem-
perature for 4 min. Then the grid was washed twice with dou-
ble-distilled water and floated on a drop of 2% uranyl acetate
for 1 min. Finally, the grid was dried in an stove until it was
examined. The negatively stained samples were examined
with a Zeiss10 CR electron microscope (Carl Zeiss, Thorn-
wood, NY) at 100 kV and 50,000× magnification. To measure
the particle size distribution, 300–600 particles were mea-
sured on the electron micrographs as the average length of di-
ameters measured at 5° intervals around the centroid of each
object by the image analysis software Microimage (Olympus
Optical, Hamburg, Germany). The mean diameter for each
group was calculated from these measurements (24).

An aliquot of lymph was extracted using hexane/iso-
propanol (3:2) according to Kolarovic and Fournier (28) and
dried under nitrogen. The main lipid fractions from lymph ex-
tracts (TAG and PL) were separated by TLC on Silica Gel 60
plates (0.5 mm; Merck, Darmstadt, Germany) using hexane/
isopropyl ether/acetic acid (75:25:1.5, by vol) according to the
method previously described by Skipski and Barclay (29).

Aliquots of lymph and lymph lipid fractions were con-
verted to FAME by transmethylation as previously described
by Lepage and Roy (30). FAME were separated and quanti-
fied by GLC, using a Hewlett-Packard 5890 gas chromato-
graph equipped with a FID and a 60 m × 0.32 mm i.d. SP-2330
capillary column (Supelco, Bellefonte, PA) as previously de-
scribed (31). A mixture of FA standards (Sigma, St. Louis,
MO) was use to identify the FA peaks of the different samples.

Cholesterol and TAG in lymph were measured using com-
mercial kits (Roche Diagnostic GmbH, Mannheim, Germany)
adapted for a microplate assay. PL were measured in lipid ex-
tracts by Ziversmit’s method (32). Protein content was mea-
sured by Bradford’s method (33).

Statistical analysis. Diet group differences were investi-
gated by one-way ANOVA using the 7D program of BMDP
Statistical Software PC 90 version (Los Angeles, CA) (34).
The homogeneity of variances was analyzed by Levene’s test.
If variances were not homogeneous, Welch’s test was used to
study group differences. When a significant difference was
found (P < 0.05), Bonferroni’s test was used to examine indi-
vidual comparisons.

RESULTS

Lymph lipoprotein size. The average diameter of lymph
lipoproteins was significantly lower in the E-PL group com-
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TABLE 1
FA Compositiona of Adapted Pig Milk Formula (control) and the Same
Diet Supplemented with n-6 and n-3 Long-Chain PUFAb (LCP)

FA Control TF-TAG E-PL

8:0 2.3 1.9 1.7
10:0 2.8 2.5 2.2
12:0 1.6 1.7 1.8
14:0 5.6 6.2 6.2
16:0 22.3 23.4 24.9
18:0 8.6 8.4 9.9
16:1n-7 0.6 0.7 0.8
18:1n-9 36.7 35.8 35.2
18:2n-6 13.6 12.2 11.6
18:3n-3 1.2 1.1 1.2
20:4n-6 0.1 0.6 0.6
20:5n-3 — 0.14 —
22:6n-3 — 0.3 0.3
ag/100 g of total FA. —, not detected.
bSource of PUFA: fungal and tuna oils (TF-TAG) or egg yolk phospholipids
(E-PL).



pared to the control and the TF-TAG groups (mean ± SEM)
(C: 3902 ± 186 Å; TF-TAG: 3773 ± 384 Å; E-PL: 2370 ± 185
Å; P < 0.05) as illustrated in Figure 1. When lymph lipopro-
tein size was represented in ranges, a different distribution
was observed for the study groups (Fig. 2). Most of the
lipoproteins in the control and TF-group were between 2500
and 5000 Å, whereas they were within the lower range
(<2500 Å) in the E-PL group.

Lipid and FA composition of lymph. The content of lipids
and proteins in lymph samples from piglets fed the study diets
is shown in Table 2. There were no significant differences in
the content of cholesterol, TAG, PL, and proteins of lymph
among the control, the E-PL, and the TF-TAG groups.

The FA composition of total lymph and of lymph TAG and
PL is shown in Table 3. The proportion of 16:0 and 16:1n-7

was higher and that of 18:1n-9 lower in the E-PL group than
in the TF-TAG and C groups in total lymph and lymph TAG.
The proportion of 18:2n-6 in lymph PL was lower in the TF-
TAG group than in the E-PL and C groups. Regarding LCP,
both groups of animals fed with LCP-supplemented diets had
higher proportions of AA and DHA in lymph lipids. The TF-
TAG group had significantly higher proportions of AA and
DHA in total lymph and lymph TAG than the E-PL group. No
significant differences were found in lymph PL for the FA
mentioned above.

DISCUSSION

There is some evidence that LCP added in the form of PL or
TAG may not be equally digested, absorbed, or distributed.
First, TAG and PL are hydrolyzed by different enzymes, yield-
ing different products in the intestine. Pancreatic lipase cleaves
the sn-1 and sn-2 position of TAG and releases 2-MAG and
FFA (35). Activated pancreatic phospholipase A2 releases 1-
lysophospholipids and FFA from PL (24). In addition, some
studies in newborn infants have indicated that dietary PL may
be better absorbed than TAG. Morgan et al. (23) found that fat
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FIG. 1. Electron micrographs of intestinal lymph lipoproteins negatively
stained with uranyl acetate 2% and examined with a Zeiss 10 CR elec-
tron microscope. Magnification of micrographs is 50,000×. (A) Intesti-
nal lymph lipoproteins from piglets fed control diet (average diameter ±
SEM: 3902 ± 384 Å); (B) intestinal lymph lipoproteins from piglets fed
adapted milk formula supplemented with long-chain PUFA (LCP) from
fungal and tuna oils (3773 ± 384 Å); (C) intestinal lymph lipoproteins
from piglets fed adapted milk formula supplemented with LCP from egg
yolk phospholipids (2370 ± 185 Å).

FIG. 2. Distribution of sizes (Å) of lymph lipoproteins from piglets fed
diets supplemented with LCP in the form of TAG or phospholipids (PL).
Values are means ± SEM, n = 6. Control: group fed adapted milk for-
mula for piglets. TF-TAG: group fed adapted milk formula for piglets
supplemented with LCP from fungal and tuna oils. E-PL: group fed
adapted milk formula for piglets supplemented with LCP from egg yolk
phospholipids. For abbreviation see Figure 1.

TABLE 2
Lipid Compositiona of Lymph from Infant Piglets 
Fed the Control Diet or Diets Supplemented with LCP 
in the Form of TAG or Phospholipids (PL)

Diet

Control TF-TAG E-PL

Protein (mg/mL) 11.97 ± 1.1 13.92 ± 3.28 10.56 ± 0.8
Cholesterol (mg/dL) 94.11 ± 19.6 70.40 ± 12.4 60.81 ± 8.1
TAG (mg/dL) 3545.6 ± 360.7 2327.7 ± 272.0 3255.0 ± 385.7
PLb (mg/dL) 33.96 ± 6.7 31.58 ± 3.37 33.13 ± 6.79
aValues are means ± SEM, n = 6. Control: group fed adapted milk formula
for piglets. TF-TAG: group fed adapted milk formula for piglets supplemented
with LCP from fungal and tuna oils. E-PL: group fed adapted milk formula
for piglets supplemented with LCP from egg yolk PL. For abbreviations see
Table 1.
bExpressed as Pi.



absorption was higher in term infants fed a formula contain-
ing LCP from egg yolk-PL than in those fed a standard for-
mula without LCP. Carnielli et al. (36) studied a group of in-
fants fed a formula with LCP from egg yolk-PL and a group
fed a formula with LCP in the form of TAG from unicellular
microorganisms. The absorption of DHA was higher in infants
receiving the PL-LCP formula than in infants fed breast milk
or the TAG-LCP formula. However, in the Morgan et al. study,
no group was fed LCP in the form of TAG, and in the Carnielli
et al. study, the quantities of LCP were not balanced in the
LCP-supplemented diets; hence, the apparent absorption of
DHA may simply reflect the usual greater percentage of ab-
sorption of lower intakes (37). Our own work in weanling rats
supported differences in absorption between LCP sources, al-
though these differences were related to other characteristics
of the LCP source (other lipid components and FA positional
distribution) rather than chemical structure (38).

On the other hand, PL are needed for intestinal lipoprotein
formation and for fat distribution outside the enterocyte (18).
PL may also affect the composition and metabolism of
lipoproteins (24). Our result did not support differences in
lipid lymph composition as inferred from the absence of sig-
nificant differences in Table 2. However, this study showed
evidence that dietary PL affects CM size. In fact, lymph
lipoproteins from pigs fed the diet containing LCP in the form
of PL were smaller than those from pigs fed the control or the
LCP-TAG diet, and their size distribution was different.
Another study in rats demonstrated that the intraduodenal in-
fusion of triolein results in the formation of CM, whereas the
infusion of egg PC favors the formation of intestinal VLDL-
size particles (24). Unlike this previous study in which pure
lipids were infused intraduodenally to rats, our study was
done in piglets fed standard diets containing a mixture of veg-
etable oils added with LCP-PL or LCP-TAG to reach the
same concentration of AA and DHA in both supplemented

diets and closer to the LCP of sow’s milk. As described in the
Materials and Methods section, the E-PL diet contained
13.6% of total fat as PL; this low amount (in comparison to
Ref. 24) was able to produce an effect in lymph lipoproteins
similar to that found using pure PL. However, in our study,
lymph lipoproteins from the group fed the E-PL diet could
not be considered VLDL-like particles: The majority were
small CM, and a subpopulation was within the range of
VLDL size (300–800 Å). The physiological implications of a
different CM size in the experimental model studied may be
a modification of absorption rate and/or in plasma metabo-
lism of these lipoproteins. It has been shown that the number
of particles synthesized and secreted by the small intestine re-
mains relatively constant during fasting and active lipid ab-
sorption; and instead of increasing the number of CM, the en-
terocytes expand the size of the CM particles to secrete the
large amounts of absorbed lipids from the intestinal mucosa
(39). In considering this, the rate of absorption of dietary lipid
in the E-PL group would be lower than that of the TF-TAG
group, although the net absorption of both groups has not
been proven to be different in our fat balance study in rats
(38). Moreover, our results for lymph lipid composition
(Table 2) did not support this hypothesis because there were
no significant differences in PL, cholesterol, and TAG of
lymph between the E-PL and TF-TAG groups and between
these two groups and the control group. The amount of lymph
lipids in the TF-TAG group was even lower than that of the
other study groups, although not significantly different. On
the other hand, it has been reported that large CM are metab-
olized faster than small ones (40), which means that CM from
the TF-TAG would last for a shorter time in the blood stream.
Therefore, LCP esterified to TF-TAG would reach target or-
gans before LCP in the form of E-PL. 

Mathews et al. (40) have recently reported the measure-
ment of higher concentrations of DHA in piglets fed a diet
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TABLE 3
Selected FA Compositiona of Lymph and Its Fractions (g/100 g) in Infant Piglets Fed the Control Diet or Dietsb Supplemented with LCP in the
Form of TAG or PL

Total lymph Lymph TAG Lymph PL

Control TF-TAG E-PL Control TF-TAG E-PL Control TF-TAG E-PL

SAT
16:0 22.02 ± 0.16a 22.61 ± 0.40a 23.77 ± 0.09b 22.93 ± 0.36a 23.80 ± 0.50a 25.15 ± 0.10b 22.95 ± 0.7a 29.92 ± 0.61b 27.01 ± 0.35b

18:0 9.37 ± 0.27 8.44 ± 0.37 9.36 ± 0.26 8.72 ± 0.21 8.06 ± 0.37 8.74 ± 0.27 20.40 ± 0.52 21.15 ± 0.54 23.31 ± 0.16
MUFA

16:1n-7 0.95 ± 0.05a 1.08 ± 0.05a,b 1.15 ± 0.03b 1.11 ± 0.04a 1.20 ± 0.05a,b 1.37 ± 0.05b 0.38 ± 0.03 0.39 ± 0.03 0.37 ± 0.03
18:1n-9 42.20 ± 0.26a 40.21 ± 0.56a 38.93 ± 0.31b 41.90 ± 0.64a 40.33 ± 0.63a 38.23 ± 0.29b 21.60 ± 0.41a 16.73 ± 0.46b 14.86 ± 0.13b

PUFA
n-6

18:2n-6 11.81 ± 0.16 11.65 ± 0.16 11.30 ± 0.08 9.95 ± 0.22 9.69 ± 0.16 9.53 ± 0.09 20.6 ± 0.03a 13.58 ± 0.56b 20.02 ± 0.34a

20:2n-6 0.18 ± 0.01 0.20 ± 0.00 0.19 ± 0.01 0.24 ± 0.02 0.25 ± 0.02 0.24 ± 0.00 0.21 ± 0.00a 0.19 ± 0.01a 0.18 ± 0.01a,b

20:3n-6 0.11 ± 0.01a 0.20 ± 0.01b 0.13 ± 0.01a,b 0.20 ± 0.12 0.11 ± 0.01 0.08 ± 0.00 0.39 ± 0.03 0.44 ± 0.02 0.35 ± 0.02
20:4n-6 0.55 ± 0.05a 1.11 ± 0.06b 0.8 ± 0.08a 0.22 ± 0.02a 0.50 ± 0.03b 0.29 ± 0.04a 2.70 ± 0.26 3.21 ± 0.25 4.14 ± 0.17

n-3
22:6n-3 0.14 ± 0.02a 0.55 ± 0.01b 0.29 ± 0.03c 0.05 ± 0.01a 0.24 ± 0.03b 0.12 ± 0.03a 0.33 ± 0.05a 0.71 ± 0.05b 0.81 ± 0.04b

aValues are means ± SEM, n = 6. Means without a common letter in a row differ, P < 0.05.
bControl: group fed adapted milk formula for piglets. TF-TAG: group fed adapted milk formula for piglets supplemented with LCP from fungal and tuna oils.
E-PL: group fed adapted milk formula for piglets supplemented with LCP from egg yolk PL. For abbreviations see Table 1.



containing LCP-TAG from single-cell oils in comparison to
piglets fed a diet containing LCP from E-PL. They also found
no differences between the control group and the E-PL group
in spite of the 0.3% FA as DHA in the diet. Our results
showed changes in CM size and lipid fraction FA composi-
tion of lymph from piglets fed the E-PL diet. These differ-
ences may indicate, as explained above, a different absorp-
tion rate, but they do not imply a lower net absorption. In fact,
in our previous experiments with fasting piglets, E-PL and
the TF-TAG groups had higher plasma percentages of AA
and DHA than controls, with no significant differences be-
tween both LCP-supplemented groups. In the same previous
experiment, we reported an effect of LCP in the form of TAG
or PL on the distribution of AA and DHA between lipopro-
tein fractions (22). HDL-PL contained a higher proportion of
LCP when those FA were given in the diet as PL. Opposite
results were found in LDL-PL, which contained a higher pro-
portion of LCP when those FA were given in the diet as TAG.
We hypothesized that this different distribution of LCP in
lipoprotein PL may be explained as follows: After digestion
and absorption, LCP are reesterified to the same chemical
structure in which they were added to the diet (as PL or TAG)
and are assembled mainly as PL on the CM surface in case of
the E-PL group and mainly as TAG in the CM core in case of
the TF-TAG group. Plasma CM exchange PL with HDL dur-
ing intravascular catabolism (35); therefore, HDL from
piglets fed an E-PL diet would contain a higher proportion of
AA and DHA in HDL-PL. The results of the present study are
consistent with this hypothesis: Lymph TAG from piglets fed
the LCP-TAG diet contained a higher proportion of AA and
DHA than lymph TAG from piglets fed the diet containing
LCP in the form of PL. Opposite results were expected in
lymph PL, but they were not statistically significant. How-
ever, because the data showed higher values of LCP in the
lymph PL of the PL-supplemented group, the lack of signifi-
cance may be due to the difficulty of analyzing the contribu-
tion of a low amount of dietary FA (less than 1% of total FA
in the diet) to the PL fraction, which is the less abundant frac-
tion of lymph lipids.

The addition to the diet of LCP in the form of TAG or PL
resulted in a different distribution of these FA in lymph CM.
On the other hand, LCP in the form of PL affect the packaging
and secretion of intestinal lipoproteins resulting in a decrease
of the lymph CM size. These results do not support an advan-
tage of any of the LCP sources studied for infant feeding. How-
ever, the TAG source shows a lipoprotein distribution similar
to the control group. Further studies would be necessary to find
out whether the differences found in PL source are beneficial.
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ABSTRACT: In this study is presented the effect of fenofibrate,
a prototypical peroxisome proliferator of the fibrate class, on
wild-type and peroxisome proliferator-activated receptor α
(PPARα)−/− mouse liver FA profile, desaturase mRNA levels,
and activities. We established that, following peroxisome pro-
liferator exposure, the hepatic FA profile was greatly modified.
These modifications in hepatic FA content required the expres-
sion of PPARα, as they are suppressed in transgenic mice defi-
cient in this nuclear receptor. Following peroxisome prolifera-
tor exposure, ∆6- and ∆5-desaturase mRNA levels and activities
were increased in wild-type but not in PPARα-deficient mouse
liver. These results suggest the involvement of PPARα in the
control of hepatic ∆6- and ∆5-desaturases in mice. Their roles
in minimizing long-chain PUFA depletion in the liver during
peroxisome proliferator exposure are discussed.

Paper no. L9100 in Lipids 37, 981–989 (October 2002.

Synthetic compounds of the therapeutic class of fibrates are
commonly referred to as peroxisome proliferators (PP). They
have been beneficially prescribed for decades in the treatment
of human hyperlipidemia and hypercholesterolemia. PP de-
crease circulating lipids when administered to mice, rats, and
also humans (1). The molecular mode of action of these hy-
polipidemic drugs has been extensively studied in laboratory
rodent models. The transcription of many critical genes in-
volved in several aspects of the metabolism is altered by PP
administration (2). Virtually all these effects are abolished in
mice deficient in the α isoform of the peroxisome prolifera-
tor-activated receptor (PPARα) (3), a member of the class 2
of the nuclear receptor family (4). PPARα is a transcription
factor shown to be preferentially expressed in the liver and
kidney in rodent species (5). Upon ligand activation by fib-
rates, PUFA, or eicosanoids, it binds to the retinoid X recep-
tor (6), and the resulting heterodimeric complex interacts with
target DNA sequences to modulate gene expression levels (7).
PPARα target genes include a relatively homogeneous group

of genes that mainly contribute to increasing FA catabolism
(3,8). Conversely, FA desaturases that catalyze the biosynthe-
sis of unsaturated FA are thought to be increased in rodent
liver following exposure to fibrates (9,10). The desaturases
catalyze the introduction of double bonds at singular locations
along carbon fatty acyl chains (11). In animals, three distinct
desaturase enzymes introduce double bonds at the ∆9, ∆6, and
∆5 positions.

∆9-Desaturase, also called stearoyl-CoA desaturase
(SCD), displays a marked substrate specificity for palmitoyl-
CoA and stearoyl-CoA, which are converted by ∆9-desatura-
tion to palmitoleyl-CoA and oleyl-CoA, respectively (12).
The hepatic regulation of ∆9-desaturase activity has been ex-
tensively studied in rats and mice (12). Whereas both PUFA
and fibrates are considered as PPARα activators, PUFA and
fibrates display opposite effects on ∆9-desaturase. Dietary
PUFA show an inhibitory effect on ∆9-desaturase activity that
correlates with a decreased SCD1 transcript level (13). By
contrast, ∆9-desaturase activity is enhanced by fibrates in ro-
dent liver (9) and in human HepG2 cells (14). In mice, this
induction occurs through an increased SCD1 transcription
that involves a functional peroxisome proliferator responsive
element (PPRE) localized in the SCD1 promoter (15).

The ∆6- and ∆5-desaturases govern the rate-limiting steps
for the biosynthesis of very long chain PUFA, which play piv-
otal roles in numerous biological functions. Little informa-
tion is available on ∆6- and ∆5-desaturase mechanisms of
regulation by PUFA and fibrates. Several groups have re-
ported the cloning of ∆6- and ∆5-desaturases in different
species (16–20). Evidence for a down-regulation of ∆6- and
∆5-desaturase gene expression by dietary PUFA (16,17) has
been presented. Conversely, the hepatic expression of ∆6- and
∆5-desaturases is highly activated in transgenic mice overex-
pressing nuclear sterol regulatory element binding protein-1
(20), a key transcription factor in lipogenesis. Regarding the
effect of fibrates, they enhance linoleic acid (18:2n-6) metab-
olism in rats (10) and ∆6- and ∆5-desaturase mRNA levels in
mice (20). These observations suggest that, as reported for
∆9-desaturase (15), ∆6- and ∆5-desaturase gene expressions
could be down-regulated by PUFA and stimulated by fibrate
drugs.

The current study was undertaken to further investigate the
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in vivo influence of PPARα on FA metabolism with particular
emphasis on desaturases. This study provides evidence that
PP exposure results in numerous changes of the hepatic FA
profile that are dependent on the expression of PPARα. We
also demonstrate that fenofibrate enhances ∆6- and ∆5-desat-
urase mRNA levels and activities in mice. By using the
PPARα-null mice, we further suggest that PPARα may be in-
volved in the regulation of ∆6- and ∆5-desaturase by fenofib-
rate in this species. Our results strongly support the role
played by hepatic ∆6- and ∆5-desaturases in counteracting
exacerbated PUFA catabolism that occurs during PP expo-
sure.

MATERIALS AND METHODS

Chemicals. The Trizol solution was from Life Technologies
(Paris, France). Gene Screen Plus Nylon membrane, [1-14C]-
stearic acid, [1-14C]α-linolenic acid, and [1-14C]eicosa-
trienoic acid were purchased from NEN Life Science
Products (Paris, France). Radiolabeled nucleotides, random
priming kit (Ready Prime II), ECL Plus reagent, Phospho-
rscreens, Storm 840 imager, and Storm Image Analysis Sys-
tem were purchased from Amersham Pharmacia Biotech (Les
Ulis, France). Nitrocellulose membrane was from Schleicher
& Schuell (Dassel, Germany). Solvents and other chemicals
were obtained from Prolabo (Paris, France) or Merck (Darm-
stadt, Germany), except high-purity reagents for HPLC
application, which were from Fisher (Elancourt, France).
Fenofibrate and standards for FA analyses were from Sigma
Chemical (Saint-Quentin Fallavier, France).

Animal housing and treatment. Care of mice was in com-
pliance with European Union guidelines for animal care and
use. PPARα homozygous-deficient mice (PPARα−/−), gener-
ated initially from homologous recombinant 129Sv-ES cells
(3), were interbred on a C57BL/6J genetic background (21).
Age-matched wild-type (W-T) C57BL/6J male mice were ob-
tained from Charles River (Les Oncins, France) and accli-
mated to local animal facility conditions for 2 wk prior to
treatment. Nine-week-old mice were fed ad libitum on a stan-
dard chow diet (Harlan #9607, Gannat, France) with free ac-
cess to water. The FA composition of the standard diet is:
palmitic acid (16:0), 12.9% of total FA; stearic acid, 3.3%;
oleic acid (18:1n-9), 22.8%; linoleic acid (18:2n-6), 56.1%;
α-linolenic acid (18:3n-3), 4.9%; total fat content (g oil/100 g
diet), 4.3%. Mice were housed in groups of five in plastic
cages at a temperature of 21 ± 2°C with a 12 h/12 h light/dark
cycle. Five W-T mice and five PPARα−/− mice (9 wk old) re-
ceived fenofibrate (100 mg/kg of body weight per day, sus-
pended in a 3% aqueous sterile solution of gum arabic) by
daily gavage for 14 d at 9 A.M. Five controls each of both
genotypes received the vehicle alone. After 2 wk of treatment,
animals were euthanized by neck dislocation. The livers were
promptly removed, weighed, snap-frozen in liquid nitrogen,
and stored at −80°C for later RNA extraction. About 200 mg
of each fresh liver was rapidly minced for postmitochondrial
supernatant preparation.

A time-course study was also performed to determine the
short-term effect of fenofibrate on desaturase expression. Ten
W-T mice and 10 PPARα−/− mice (12 wk old) received a sin-
gle dose of fenofibrate (100 mg/kg of body weight) by gav-
age. Two W-T and 2 PPARα−/− mice were euthanized at var-
ious times after treatment (2, 4, 8, 16, and 24 h).

Enzyme assays. Fresh liver samples were minced in 2 mL
of 50 mmol/L phosphate buffer (pH 7.4) containing 0.25
mol/L sucrose. The samples were centrifuged twice at 10,000
× g for 30 min. The resulting postmitochondrial supernatant
was diluted five times and used for ∆9-, ∆6-, and ∆5-desat-
urase assays. Aliquots were stored at −20°C for subsequent
protein measurements. Enzymatic activities were determined
using a 1-mL assay mixture containing 100 µL of supernatant
(400 to 500 µg protein), 150 mmol/L phosphate buffer (pH
7.16), 6 mmol/L MgCl2, 7.2 mmol/L ATP, 0.54 mmol/L CoA,
and 0.8 mmol/L NADH. The reaction was started with the ad-
dition of 30 nmol of [1-14C]stearic acid (740 MBq/mmol) for
∆9-desaturase assay and 60 nmol of [1-14C]α-linolenic acid
or [1-14C]eicosatrienoic acid (740 MBq/mmol) for ∆6- or ∆5-
desaturase assays, respectively. The incubations were carried
out in a shaking water bath at 37°C for 30 min. The reactions
were stopped by adding 1 mL of 0.5 mol/L KOH in ethanol.
Control assays were performed by adding KOH in ethanol be-
fore adding the substrate. FA saponification was carried out
at 70°C for 30 min. After acidification, FA were extracted
with diethyl ether and dried. They were converted to FA
naphthacyl esters (22) and separated on HPLC (Alliance In-
tegrated System; Waters, St. Quentin en Yvelines, France)
using a Nova-Pak C18 column (4.6 × 250 mm, Waters) and a
guard column (Nova-Pak C18, 3.9 × 20 mm). Radiolabeled
substrates and products of each desaturase assay were col-
lected and subjected to liquid scintillation counting (Packard
Tri-Carb 1600 TR; Meriden, CT). Preliminary identification
of FA naphthacyl esters was based on retention times ob-
tained for naphthacyl esters prepared from radiolabeled and
nonradiolabeled FA standards (23). From the amount of ra-
dioactivity found in the product compared to the radioactivity
incubated, the enzyme activity could be determined and ex-
pressed as pmol substrate converted to product per min per
mg of protein. The protein content in the supernatant used for
enzyme assays was determined by a modified Lowry proce-
dure (24).

Western blotting. The anti-rat ∆6-desaturase sera, named
S1 and S2, were generated by immunizing two rabbits with
recombinant peptides corresponding to the 108 carboxyl-ter-
minal amino acids and the 131 amino-terminal amino acids
of the ∆6-desaturase, respectively (25). For Western blotting
analyses, 80 µg of protein from the postmitochondrial super-
natants used for the enzyme assays were diluted in Laemmli
sample buffer, separated by SDS-PAGE (11% acrylamide),
and blotted onto a nitrocellulose membrane. The membrane
was probed with a mixture of S1 and S2 sera, both at 1:2000
dilution. The secondary antibody was a horseradish-peroxi-
dase-conjugated sheep antirabbit immunoglobulin (IgG)
(Sigma). Incubation with antibodies was carried out for 90
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min in Tris-buffered saline (TBS) (20 mM Tris-HCl, 150 mM
NaCl, pH 7.4) containing 0.05% Tween-20 and 10% nonfat
dry milk. Washes were performed in TBS containing 0.05%
Tween-20. Peroxidase activity was revealed using ECL Plus
reagent according to the manufacturer’s instructions and
scanned with a Storm 840 Imager.

RNA isolation and Northern blot analysis. Hepatic mRNA
levels of mouse ∆6-desaturase, ∆5-desaturase, ∆9-desaturase
(SCD1), peroxisomal acyl-CoA oxidase (AOX), cytochrome
P450 4a10 (CYP4A10), and β-actin were detected by North-
ern blotting. Total RNA was prepared from 100-mg fragments
of the large lobe of the liver homogenized in 1 mL of Trizol
solution using a tissue homogenizer (Ika, Jena, Germany).
RNA samples were fractionated on a 1% agarose gel con-
taining 2.2 M formaldehyde and transferred to a nylon mem-
brane. Probes were polymerase chain reaction (PCR)-ampli-
fied from hepatic mouse or rat cDNA using the primers
described in Table 1. All probes were labeled with [α-
32P]dCTP by random priming. The membranes were hy-
bridized with each radiolabeled probe at 65°C overnight 
in the hybridization buffer (900 mM NaCl, 90 mM sodium
citrate, pH 7.0, Denhardt’s reagent, 0.5% SDS, and 20 µg/mL
salmon sperm DNA). After hybridization, the membranes
were washed in 0.1 × SSC (saline-sodium citrate buffer),
0.1% SDS at 65°C. Hybridizing bands were visualized with a
Storm Imager and analyzed using ImageQuant Software
(Amersham Pharmacia Biosciences).

Hepatic FA composition. Total lipids were extracted from
100-mg liver samples homogenized in a mixture of
dimethoxymethane/methanol (4:1, vol/vol) and incubated for
30 min on ice before extraction. Total hepatic lipids were

saponified for 30 min at 70°C by 1 mL of 0.5 mol/L NaOH in
methanol and methylated with 1 mL BF3 (14% in methanol)
at 70°C for 10 min. FAME were extracted with pentane and
analyzed by GC using a GIRA 1600 chromatograph (GIRA,
Morlaas, France) with a split injector (1:10) at 240°C, a
bonded-silica capillary column (30 m × 0.25 mm i.d., BPX
70; SGE, Villeneuve-St-Georges, France) with a stationary
phase of 70% cyanopropylpolysilphenylene-siloxane (0.25
µm film thickness). Helium was used as gas vector (1 bar).
The column temperature program started at 150°C, ramping
at 2°C/min to 220°C. The FID temperature was 260°C. Iden-
tification of FAME peaks was based on retention times ob-
tained for methyl esters prepared from FA standards. The
quantification of total hepatic FA was performed using hep-
tadecanoic acid as internal standard.

Results and statistical analysis. All measurements were
performed on samples from individual animals, and the re-
sults are expressed as mean of five animals. Statistical signif-
icance of differences was calculated by a two-tailed Student’s
t-test. A value of P < 0.05 was considered to be statistically
significant.

RESULTS

Effect of a 14-d fenofibrate treatment on body and liver
weight. Fenofibrate is a prototypical PP. We investigated the
effects of a 14-d fenofibrate treatment on hepatic lipids, in
W-T C57Bl/6J and PPARα-deficient male mice, with particu-
lar focus on FA. In W-T mice but not in PPARα-deficient
mice, fenofibrate administration promoted a significant liver
enlargement without affecting body weight (Table 2).
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TABLE 1
Polymerase Chain Reaction Primer Sets for cDNA Probe Amplification

Forward Reverse Accession
Genes Species primer nta primer nta numberb

Peroxisomal acyl-CoA oxidase Mouse 483–502 1723–1742 AB034914
CYP4A10 Mouse 181–200 1148–1168 AB018421
Skeletal β-actin Mouse 161–185 1146–1167 X03672
Stearoyl-CoA desaturase Rat 103–118 1162–1180 J02585
∆6-Desaturase Rat 406–425 591–610 AB021980
∆5-Desaturase Rat 421–440 606–625 AF320509
ant, nucleotide position according to accession number (from start to end of the primer).
bAccession number in Genbank™.

TABLE 2
Changes Induced by Administration of Fenofibrate in Mouse Livers

W-Ta PPARα−/−

− + − +

Weights (g)
Body 23.0 ± 0.91 23.5 ± 1.67 26.9c ± 1.36 26.7c ± 2.15
Liver 1.1 ± 0.15 1.8b ± 0.14 1.4 ± 0.06 1.4 ± 0.22

Liver/body × 100 4.6 ± 0.53 7.6b ± 0.35 5.0 ± 0.27 5.2 ± 0.47
Liver FA content (mg/g) 28.4 ± 3.46 43.2b ± 4.92 71.5c ± 18.67 57.8c ± 9.45
aPlus or minus indicates the presence or absence of fenofibrate treatment. Results are presented as
mean values ± SD (n = 5 animals per group).
bSignificant difference due to treatment (− vs. +; P < 0.05).
cSignificant difference due to genotype (W-T vs. PPARα−/−; P < 0.05). W-T, wild-type; PPARα, per-
oxisome proliferator-activated receptor α.



Effect of a 14-d fenofibrate treatment on total lipid FA pro-
file in the liver. In W-T mice, PP-induced hepatomegaly was
associated with an increase in hepatic FA content (Table 2).
Moreover, our data emphasize a major difference in hepatic FA
content between W-T and PPARα−/− mice. Independently of
the fenofibrate administration, the PPARα−/− male mice had a
higher FA content when compared to W-T mice (Table 2).

The consequences of fenofibrate treatment on liver FA
composition were measured by analysis of FA from total he-
patic lipids (Table 3). In our experiments, W-T mice treated
with fenofibrate showed a significant increase in 16:0,
16:1n-7, 18:1n-9, and 20:3n-6, and 18:0, 18:2n-6, 20:4n-6,
and 22:6n-3 contents significantly decreased (Table 3). Con-
versely, no significant change was detected in the total FA
profile of fenofibrate-treated PPARα−/− mice when compared
to untreated PPARα−/− mice (Table 3). Concerning mono-
enes, fenofibrate induced a marked increase in the 16:1n-7
and 18:1n-9 content in the W-T mice, but not in the PPARα-
null mice, suggesting a PPARα-dependent activation of ∆9-
desaturase. Whatever the treatment, a major difference due to
genotype was observed in the relative abundance of hepatic
FA: The 18:2n-6 content is much higher in the PPARα-defi-
cient mouse liver than in the W-T mouse liver (untreated
23.68 ± 1.21%, treated 15.77 ± 1.51%; PPARα−/−: untreated
36.56 ± 1.85%, treated 32.60 ± 2.26%).

Effect of a 14-d fenofibrate treatment on desaturase activi-
ties. To gain further insight into the mechanisms leading to
these marked changes in hepatic FA profile, we investigated
the in vivo involvement of the ∆9-, ∆6-, and ∆5-desaturases
in the PPARα-dependent regulatory network. We first tested
whether fenofibrate-induced changes in hepatic FA profile
could be associated with changes in desaturase activities. On
the animal livers used for FA profile analyses, desaturase ac-
tivity assays were carried out.

Whatever the desaturase, the activity was significantly en-
hanced in W-T mice by the 14-d fenofibrate treatment: ∆9-,
∆6-, and ∆5-desaturase activities were induced 8-, 2-, and 2.5-
fold, respectively (Fig. 1). Following 14 d of fenofibrate ex-
posure, ∆6- and ∆5-desaturase activities were slightly in-
creased in the liver of PPARα-deficient mice; these changes
were far from the range of induction observed in W-T animals
(Fig. 1). Although the induction of desaturase activities after
fenofibrate exposure seems to depend on PPARα expression,
the invalidation of PPARα does not abolish desaturase activi-
ties since PPARα−/− mice displayed basal desaturase activi-
ties similar to untreated W-T mice (Fig. 1).

Effect of a 14-d fenofibrate treatment on hepatic desat-
urase mRNA levels. We investigated by Northern blot whether
fenofibrate could influence mouse hepatic ∆9- (SCD1), ∆6-,
and ∆5-desaturase gene expression (Fig. 2). Since AOX and
CYP4A10 are characteristic PPARα target genes (3), their
mRNA levels were also estimated (Fig. 2) as positive controls
of transcriptional induction by fenofibrate treatment.

Following a 14-d treatment of W-T mice, fenofibrate en-
hanced hepatic SCD1, ∆6-, and ∆5-desaturase mRNA levels
(Fig. 2). Both ∆9- and ∆6-desaturase mRNA levels were
greatly increased, while the ∆5-desaturase mRNA level in-
crease was weaker (Fig. 2). Conversely, fenofibrate exposure
of PPARα-deficient mice did not modify any desaturase
mRNA levels. PPARα target genes such as AOX and
CYP4A10 were used as positive controls and were shown to
be highly induced in W-T but not in PPARα−/− mice (Fig. 2).
Noticeably, all the different hepatic desaturase mRNA 
were detected in PPARα-deficient mouse liver, suggesting that
PPARα is not required to sustain the constitutive level of ex-
pression of these transcripts. However, in untreated PPARα−/−
mice, the mRNA levels measured for SCD1 and ∆6-desaturase
were significantly lower than in untreated W-T mice (Fig. 2).
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TABLE 3
Effect of Fenofibrate on Total Hepatic FA Composition

W-Ta PPARα−/−

FA − + − +

14:0 0.25 ± 0.05 0.18 ± 0.03b 0.47 ± 0.06c 0.3 ± 0.12c

16:0 26.03 ± 2.08 28.59 ± 0.70b 23.16 ± 1.12c 23.40 ± 1.13c

18:0 12.36 ± 0.61 8.4 ± 0.67b 7.80 ± 1.59c 10.61 ± 2.07
SFA 38.64 ± 2.74 37.17 ± 1.43 31.43 ± 2.77c 34.31 ± 3.32

16:1n-9 0.27 ± 0.04 0.84 ± 0.05b 0.29 ± 0.17 0.40 ± 0.11
18:1n-9 15.91 ± 0.83 23.95 ± 1.35b 19.45 ± 1.99c 19.45 ± 3.22
16:1n-7 1.63 ± 0.10 2.57 ± 0.41b 1.91 ± 0.31 1.60 ± 0.81
18:1n-7 1.04 ± 0.86 1.74 ± 1.70 0.29 ± 0.05 0.38 ± 0.14

MFA 18.85 ± 1.83 29.1 ± 3.52b 21.94 ± 2.52c 21.84 ± 4.28c

18:2n-6 23.68 ± 1.21 15.77 ± 1.51b 36.56 ± 1.85c 32.60 ± 2.26c

20:3n-6 1.02 ± 0.27 3.48 ± 0.13b 0.65 ± 0.44 0.40 ± 0.12c

20:4n-6 11.48 ± 1.05 9.98 ± 0.61b 5.90 ± 0.92c 7.31 ± 1.58c

22:5n-3 0.71 ± 0.77 0.56 ± 0.21 0.33 ± 0.09 0.33 ± 0.25
22:6n-3 5.62 ± 1.43 4.01 ± 0.75b 3.08 ± 0.54c 3.22 ± 1.22

PUFA 42.51 ± 4.73 33.80 ± 3.21b 46.32 ± 3.88c 43.86 ± 5.43c

aPlus and minus indicate the presence or absence of a 14-d fenofibrate administration. Values
are mean ratios (% weight) of each FA relative to the total FA content ± SD (n = 5).
bSignificant difference due to treatment (− vs. +; P < 0.05).
cSignificant difference due to genotype (W-T vs. PPARα−/−; P < 0.05). SFA, saturated FA; MFA,
monounsaturated FA. For other abbreviations see Table 2.



Effect of a 14-d fenofibrate treatment on hepatic ∆6-desat-
urase protein level. To determine whether the fenofibrate-
induced increase in ∆6-desaturase mRNA level was correlated
with an elevated ∆6-desaturase protein expression, Western blot
analyses were performed on hepatic postmitochondrial frac-
tions. Rabbit sera anti-rat ∆6-desaturase obtained in our labora-
tory (25) were used (Fig. 3). Under our experimental conditions,
∆6-desaturase was not detected in PPARα−/− mice or in un-
treated W-T mice (Fig. 3). Conversely, after a 14-d fenofibrate
treatment, the ∆6-desaturase protein level strongly increased in
W-T mice but not in PPARα-deficient mice (Fig. 3).

Short-term effect of fenofibrate on desaturase mRNA lev-
els. Desaturase mRNA levels were also analyzed 2, 4, 8, 16,
and 24 h after a single intragastric administration of fenofib-
rate in W-T and PPARα−/− mice. The results of Northern blot
analyses were quantified and plotted on four separate graph-
ics (Figs. 4A–D). A calculated model curve is represented on
the figures (based on polynomial regression). We used
CYP4A10, a well-documented PPARα target gene, as a ref-
erence of early PPARα-dependent transcriptional induction.
As shown in Figure 4A, the CYP4A10 mRNA level was
rapidly and strongly increased by fenofibrate in W-T animals,
but it was not detected in PPARα-deficient mice under the
stringent washing conditions required for the W-T samples
blotted on the same membrane.

As previously observed (Fig. 1), SCD1 mRNA level was
markedly higher in W-T mice than in PPARα−/− mice, what-
ever the time after treatment (Fig. 4B). A maximal difference
was measured 24 h after fenofibrate exposure (Fig. 4B). We
observed that ∆6-desaturase mRNA levels were also induced
in W-T mice, but not in PPARα−/− mice 16 h after treatment
(Fig. 4C). ∆5-Desaturase mRNA level in PPARα−/− mice
was comparable to ∆5-desaturase mRNA level in W-T mice
until 24 h after PP exposure (Fig. 4D). However, at 24 h after
treatment, the ∆5-desaturase transcript level was higher in
W-T animals than in PPARα−/−.

The short-term differences observed between mice from
both genotypes concerning their ∆9-, ∆6-, and ∆5-mRNA lev-
els are consistent with the differences reported after 2 wk of
daily treatment (Fig. 1). Although SCD1 and ∆6-desaturase
mRNA levels are rapidly and markedly increased in a
PPARα-dependent manner, the differential effect of PP on
∆5-desaturase mRNA levels between mice of both genotypes
is not observed until 24 h after treatment.

DISCUSSION

PPARα−/− mice were initially investigated in pharmacologi-
cal studies. This animal model led to major advances in the
identification and characterization of main PPARα target
genes (3). Moreover, the use of PPARα-deficient mice per-
mitted a better understanding of PPARα implications in meta-
bolic adaptations (26,27) and a greater understanding of
PPARα-independent effects of dietary PUFA (28). The aim
of our work was to document, in vivo, the PPARα-dependent
changes in hepatic FA profile and the involvement of SCD1,
∆6-desaturase, and ∆5-desaturase in the hepatic regulatory
network controlled by PPARα in rodents.

Our results confirm the previously mentioned PPARα-
deficient mice hepatic steatosis (3,21,29), for the 11-wk-old
male transgenic mice had a much higher level of hepatic FA
than age-matched W-T (Table 2). As has been previously re-
ported for the liver of rats treated with PP (30), PP adminis-
tration induced numerous changes in mouse hepatic FA com-
position (Table 3). None of the significant changes promoted
in W-T mouse liver by treatment with PP occurred in the liv-
ers of PPARα-deficient mice that received a similar treatment.
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FIG. 1. Effect of a 14-d fenofibrate treatment on desaturase activities in
wild-type (W-T) and peroxisome proliferator-activated receptor α
(PPARα)−/− mouse liver. ∆9-, ∆6- and ∆5-Desaturase activities were
measured on postmitochondrial liver fractions of four experimental
groups: W-T mice untreated (W-T, −), W-T mice treated for 14 d with
fenofibrate (W-T, +), PPARα-deficient mice untreated (PPARα −/−, −),
and PPARα-deficient mice treated for 14 d with fenofibrate (PPARα −/−,
+). The ∆9-, ∆6-, and ∆5-desaturase activities were calculated as de-
scribed in the Materials and Methods section. Activities are presented
as means ± SEM of five individual assays for each group. Each assay was
carried out in triplicate. aIndicates a significant difference due to
fenofibrate treatment (− vs. +; P < 0.05). bIndicates a significant differ-
ence due to genotype (W-T vs. PPARα −/−; P < 0.05).



This result illustrates the major role of PPARα in the regula-
tion of FA-metabolizing enzymes.

Concerning desaturases, our data indicate that PPARα is
not required for their constitutive expression, as their mRNA
were detected in PPARα−/− mice (Fig. 2). However, SCD1
and ∆6-desaturase mRNA levels in untreated PPARα−/−
mice were significantly lower than in untreated W-T mice.
Like other FA-metabolizing enzymes (31), SCD1 and ∆6-
desaturase expression may be altered in mice lacking PPARα.
By contrast, the physiological consequences of PPARα inac-
tivation do not significantly alter ∆9- and ∆6-desaturase ac-
tivities in 11-wk-old male mice. Therefore, the major differ-
ence in 18:2n-6 hepatic content between mice from either
genotype is not correlated to a significant change in ∆6-desat-
urase activity between mice from both genotypes. We hypoth-
esize that, as linoleic acid is by far the major FA provided by
the diet, it may be less oxidized and subsequently accumu-
lated in the liver of PPARα-deficient mice.

In the liver of W-T mice treated with fenofibrate, exten-
sive modifications in both PUFA and monoenoic FA contents
were observed (Table 3). The PP-induced decrease in PUFA
is consistent with the well-known induction of enzymes in-
volved in peroxisomal β-oxidation, which preferentially
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FIG. 2. Effect of a 14-d fenofibrate treatment on desaturase mRNA levels in W-T and PPARα−/− mouse liver. 
(A) Total RNA was extracted from four mouse livers of the four experimental groups: W-T mice untreated (W-T, −),
W-T mice treated for 14 d with fenofibrate (W-T, +), PPARα-deficient mice untreated (PPARα−/−, −), PPARα-defi-
cient mice treated for 14 d with fenofibrate (PPARα−/−, +). Twenty micrograms of total RNA was run on a 1%
formaldehyde-agarose gel, blotted onto a nylon membrane, and probed with six different random-primed 32P-
labeled cDNA probes. cDNA probes AOX, CYP4A10, and β-actin were from a murine origin, whereas SCD1, ∆6
(∆6-desaturase), and ∆5 (∆5-desaturase) were from rat. Phosphorscreens were exposed for 24 h. (B) mRNA levels
corresponding to SCD1, ∆6-, and ∆5-desaturase were analyzed for four animals of each genotype (W-T and 
PPARα−/−) and each treatment (−: untreated, +: treated with fenofibrate) by densitometry using β-actin as loading
control. Results are presented as means ± SD of four individual analyses for each group. aIndicates a significant dif-
ference due to fenofibrate treatment (− vs. +; P < 0.05). bIndicates a significant difference due to genotype (W-T vs. 
PPARα−/−; P < 0.05). CYP4A10, cytochrome P45D; AOX, peroxisomal acyl-CoA oxidase; SCD1, stearoyl-CoA de-
saturase; for other abbreviations see Figure 1.

FIG. 3. Effect of a 14-d fenofibrate treatment on ∆6-desaturase protein
level in W-T and PPARα−/− mouse liver. Eighty micrograms of proteins
from hepatic postmitochondrial supernatants of the four experimental
groups were run on SDS-PAGE and transferred onto a nitrocellulose
membrane. Rabbit polyclonal anti-rat ∆6-desaturase antibodies were
used for the detection. For abbreviations see Figure 1.



break down PUFA (32). The increase in monoenoic FA is also
consistent with a previous study that established that hepatic
∆9-desaturase activity was increased by a number of pharma-
ceutical molecules of the fibrate class (9). The mechanism un-
derlying this phenomenon was shown to involve a transcrip-
tional increase of SCD1 mRNA level, due to a functional
PPRE in mouse SCD1 promoter (15). Consistent with these
studies, we demonstrated that fenofibrate, like other PP, en-
hances ∆9-desaturase activity (Fig. 2) and SCD1 mRNA level
(Fig. 3) in vivo. Since this induction did not occur in PPARα-
deficient mice, we presented evidence for a PPARα require-
ment in this pretranslational mechanism.

Numerous studies have shown that dietary PUFA (16,17)
and cholesterol (33), hormones (34,35), or lipid-lowering
drugs such as fibrates (10) may regulate ∆6- and ∆5-desat-

urase activities in rodent liver. Here, we report an increase in
the ∆6-desaturase activity (Fig. 1), mRNA level (Fig. 2), and
protein level (Fig. 3) in the liver of W-T mice treated for 14 d
with fenofibrate but not in PPARα−/− mice. Similarly, ∆5-
desaturase activity (Fig. 1) and mRNA level (Fig. 2) were en-
hanced in the liver of W-T but not PPARα−/− mice after 14 d
of treatment with fenofibrate. Moreover, a short-term time-
course study showed that the significant effect of fenofibrate
on ∆6- and ∆5-desaturase mRNA levels reported after 2 wk
of daily treatment (Fig. 2) was already detectable, respec-
tively, at 16 and 24 h after treatment (Fig. 4). Therefore, our
result supports the involvement of PPARα in the early con-
trol of not only ∆9-desaturase but also ∆6-desaturase and, to
a lesser extent, ∆5-desaturase in mouse liver.

The 14-d fenofibrate treatment induced a significant
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FIG. 4. Short-term effect of fenofibrate treatment on desaturase mRNA levels in W-T and PPARα−/− mouse liver.
Total RNA was extracted from two mouse livers of the two experimental groups: W-T mice 2, 4, 8, 16, and 24 h
after treatment with fenofibrate (W-T, +; ■), PPARα-deficient mice 2, 4, 8, 16, and 24 h after treatment with fenofib-
rate (PPARα−/−, +; ●●). Twenty micrograms of total RNA was run on a 1% formaldehyde-agarose gel, blotted onto a
nylon membrane, and probed with five different random-primed 32P-labeled cDNA probes. cDNA probes CYP4A10
and β-actin were from a murine origin, whereas SCD1, ∆6 (∆6-desaturase), and ∆5 (∆5-desaturase) were from rat.
Phosphorscreens were exposed for 24 h CYP4A10 (A), SCD1 (B), ∆6-desaturase (C), and ∆5-desaturase (D) mRNA
levels were analyzed for two animals of both genotypes at 2, 4, 8, 16, and 24 h after treatment. The results of North-
ern blotting were quantified and plotted on each graph as ratios relative to β-actin. Calculated model curves ob-
tained by polynomial regression are represented on each graphic. For abbreviations see Figures 1 and 2.



decrease in main hepatic PUFA (18:2n-6, 20:4n-6, 22:6n-3)
through a PPARα-mediated process (Table 3). This may have
considerable physiological consequences, as PUFA perform
numerous vital functions (36). Changes in the cellular avail-
ability of long-chain PUFA may indirectly contribute to de-
layed effects of PPARα pharmacological ligands. Indeed,
long-chain PUFA and certain of their derivatives, i.e.,
eicosanoids, are endogenous ligands for PPARα itself and
other nuclear receptors (37). Moreover, PUFA are known to
inhibit the expression of certain lipogenic enzymes (37). Apart
from these observations, it appears that changes in the activity
of ∆6- and ∆5-desaturases are likely to limit the PUFA de-
crease in liver of mice treated by PP. Thus, ∆6- and ∆5-desat-
urase activities may restore secondary regulations by sustain-
ing long-chain PUFA availability and counterbalancing their
excessive degradation through peroxisomal β-oxidation.

Our current study shows that hepatic ∆6- and ∆5-desat-
urases are up-regulated by fenofibrate in W-T mice but not in
PPARα−/− mice after a long-term treatment. In a recent study,
Cherkaoui-Malki et al. (38) proposed that long-term adminis-
tration of PPARα pharmacological ligands may result in de-
layed changes in gene expression occurring secondary to
PPARα activation and alterations in lipid metabolism. The
short-term effect of fenofibrate on ∆6-desaturase mRNA level
reported here (Fig. 4) suggests that ∆6-desaturase may be di-
rectly regulated by PPARα. Regarding ∆5-desaturase, the
short-term effect of fenofibrate exposure on mRNA level is
less suggestive of a direct PPARα-dependent control of gene
expression. A molecular and functional analysis of the regu-
latory regions of ∆6- and ∆5-desaturase genes and the search
for PPRE would further address this problem.

Dietary PUFA induce the transcription of numerous genes
encoding proteins involved in FA oxidation through activation
of PPARα. PUFA are also known to inhibit hepatic ∆6- and ∆5-
desaturase gene expression (16,17). Thus, our results document
a discrepancy between fibrates and PUFA, both commonly
considered as members of PPARα activators, which induce op-
posite effects on desaturase expressions. The search for the re-
sponsive element to both PPARα and other PUFA-sensitive
transcription factors in the regulatory regions of ∆6- and ∆5-
desaturases would contribute to elucidating this paradox.
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ABSTRACT: As part of a program to elucidate castor oil
biosynthesis, we have identified 36 molecular species of PC and
35 molecular species of PE isolated from castor microsomes
after incubations with [14C]-labeled FA. The six [14C]FA studied
were ricinoleate, stearate, oleate, linoleate, linolenate, and
palmitate, which were the only FA identified in castor microso-
mal incubations. The incorporation of each of the six FA into
PC was better than that into PE. The [14C]FA were incorporated
almost exclusively into the sn-2 position of both PC and PE. The
incorporation of [14C]stearate and [14C]palmitate into 2-acyl-
PC was slower compared to the other four [14C]FA. The incor-
poration does not show any selectivity for the various lysoPC
molecular species. The level of incorporation of [14C]FA in PC
was in the order of: oleate > linolenate > palmitate > linoleate
> stearate > ricinoleate, and in PE: linoleate > linolenate >
oleate > palmitate > stearate > ricinoleate. In general, at the
sn-1 position of both PC and PE, linoleate was the most abun-
dant FA, palmitate was the next, and oleate, linolenate, stearate,
and ricinoleate were minor FA. The activities of oleoyl-12-hy-
droxylase, oleoyl-12-desaturase seem unaffected by the FA at
the sn-1 position of 2-oleoyl-PC. The FA in the sn-1 position of
PC does not significantly affect the activity of phospholipase A2,
whereas ricinoleate is preferentially removed from the sn-2 po-
sition of PC. The results show that (i) [14C]oleate is most actively
incorporated to form 2-oleoyl-PC, the immediate substrate of
oleoyl-12-hydroxylase; (ii) 2-ricinoleoyl-PC is formed mostly by
the hydroxylation of 2-oleoyl-PC, not from the incorporation of
ricinoleate into 2-ricinoleoyl-PC; and (iii) 2-oleoyl-PE is less ac-
tively formed than 2-oleoyl-PC. 

Paper no. L9031 in Lipids 37, 991–995 (October 2002).

Ricinoleate has many industrial uses. Its only commercial
source is castor oil, in which ricinoleate constitutes 90% of
the FA (1). Since castor bean contains the toxin ricin as well
as potent allergens, it is hazardous to grow, harvest, and
process. It would be desirable to produce ricinoleate instead
in a transgenic oilseed lacking these toxic components. To de-
velop a transgenic plant capable of producing a high level of
ricinoleate in its seed oil, one must understand the biosynthe-
sis of castor oil. The identified enzymatic steps on the path-

way regulating the production of ricinoleate-rich castor oil
can be used to identify the corresponding genes to be cloned
and expressed in other oilseed plants. 

We have previously reported on the biosynthesis of castor
oil and identified the key enzymatic steps on the pathway that
drive the ricinoleate into castor oil (2,3). The main pathway
is: 2-oleoyl-PC (1-acyl-2-oleoyl-sn-glycero-3-phosphocho-
line) ⇒ 2-ricinoleoyl-PC (1-acyl-2-ricinoleoyl-sn-glycero-3-
phosphocholine) ⇒ ricinoleate → ricinoleoyl-CoA → ricin-
oleoyl-lysoPA → diricinoleoyl-PA → 1,2-diricinoleoyl-sn-
glycerol ⇒ triricinolein. The heavy arrows (⇒) indicate 
the key enzymatic steps. In castor microsomal incubation,
oleoyl-CoA is rapidly incorporated into 2-oleoyl-PC by 
acyl-CoA:lysoPC acyltransferase (EC 2.3.1.23) (4,5). The 
2-oleoyl-PC formed is then hydroxylated to 2-ricinoleoyl-PC
by oleoyl-12-hydroxylase and desaturated to 2-linoleoyl-
PC by oleoyl-12-desaturase (EC 1.3.1.35) (2). 2-Ricinoleoyl-
PC is then hydrolyzed by phospholipase A2 (EC 3.1.1.4) to
release ricinoleate for the biosynthesis of TAG containing ri-
cinoleate (2). 2-Oleoyl-PE (1-acyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine) cannot be hydroxylated to 2-ricin-
oleoyl-PE, but can first be converted to 2-oleoyl-PC and then
hydroxylated (3). The key enzyme, oleoyl-12-hydroxylase,
has been characterized (5,6). We would like to extend the un-
derstanding of this pathway to the molecular species of lipid
classes. 

We have recently reported the molecular species of acyl-
glycerols produced in microsomal incubations after incorpo-
rating six [14C] FA in castor microsomal incubations (7). The
incorporations of these FA into TAG are in the order of: ricin-
oleate > oleate > linoleate > linolenate > stearate > palmitate.
In this work, we also describe the incorporation of six
[14C]FA, representing the endogenous FA, into the molecular
species of PC and PE, intermediates in the biosynthesis of
castor oil. 

EXPERIMENTAL PROCEDURES

Microsomal incubation. Microsomes from castor bean were
prepared as described previously (2). To obtain suitable
amounts of label incorporation for analysis, the incubation
mixture was scaled up 20-fold in a total volume of 20 mL:
sodium phosphate buffer (0.1 M, pH 6.3), CoA-SH (10
µmol), NADH (10 µmol), ATP (10 µmol), MgCl2 (10 µmol),
catalase (20,000 units), and microsomal fraction from
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endosperm of immature castor bean (300 µL, 2.76 mg of pro-
tein). The [1-14C]FA, ricinoleate (55 Ci/mol; American
Radiolabeled Chemicals, Inc., St. Louis, MO), stearate (44
Ci/mol; NEN Life Science Products, Boston, MA), oleate (52
Ci/mol; NEN), linoleate (51 Ci/mol; NEN), linolenate (52
Ci/mol; NEN), and palmitate (56 Ci/mol; NEN) were incu-
bated individually. The [14C]FA (5.0 µCi) in 400 µL ethanol
was added last into a screw-capped bottle containing incuba-
tion mixture and then immediately mixed.

The mixture was then incubated in a shaking water bath
for 60 min at 22°C. The incubation was stopped by suspen-
sion in 75 mL of chloroform/methanol (1:2, vol/vol). The
mixture was again mixed with 12.5 mL of chloroform and
12.5 mL of water. The lower chloroform layer, containing the
lipid extract, was dried and fractionated by silica HPLC to
separate lipid classes as described below. For time-course
studies, 1⁄20 of the incubation components and extraction sol-
vents, and [14C]FA (0.5 µCi) were used. Duplicate incuba-
tions were done at various times and the averages of incorpo-
rations were used.

Determination of the sn-1,2 positions of [14C]FA on PC
and PE. The [14C]PC and [14C]PE obtained from the castor
microsomal incubations were hydrolyzed with 0.2 mg phos-
pholipase A2 (Naja mossambica mossambica, P4034; Sigma)
dissolved in incubation buffer, in a total of 1 mL buffer
(0.1 M Tris, pH 8.9). The PC or PE was dissolved in 20 µL
of ethanol and added to start the reaction, followed by imme-
diate mixing. The mixture was incubated in a shaking water
bath at 25°C overnight and then neutralized with HCl (0.1 M).
The total lipid was extracted as described above for the castor
microsomal incubation. The free FA and lysoPC (lysoPE)
formed were separated by silica HPLC and counted by a flow
scintillation analyzer as described below. Under these condi-
tions, the esters at sn-2 of both PC and PE were completely
hydrolyzed by phospholipase A2. 

HPLC. HPLC was carried out on a liquid chromatograph
(Waters Associates, Milford, MA), using a UV detector (Wa-
ters 2487) at 205 nm and a flow scintillation analyzer (150TR;
Packard Instrument Co., Downers Grove, IL) to detect [14C]-
labeled compounds. Labeled lipids were separated by HPLC
and where possible identified by co-chromatography with
lipid standards and matching the retention times (RT) on the
UV chromatogram and radiochromatogram. The PC and PE
standards were purchased from Avanti Polar Lipids, Inc. (Al-
abaster, AL) and Sigma. The flow rate of HPLC eluents was
1 mL/min. The flow rate of liquid scintillation fluid (Ultima
Flo M; Packard Instrument Co.) in the flow scintillation ana-
lyzer was 3 mL/min. The maximum scaling value of the graph
from the flow scintillation analyzer was set at 10000. 

(i) Separation of lipid classes. Lipid classes were separated
according to Singleton and Stikeleather (8) on a silica column
(25 × 0.46 cm, 5 µm, Luna, silica(2); Phenomenex, Torrance,
CA) with a linear gradient of 2-propanol/hexane (4:3, vol/vol)
to 2-propanol/hexane/water (4:3:0.75, by vol) in 20 min, then
isocratically for 20 min. A prepacked silica saturator column
(3 × 0.46 cm, 15–25 µm; Phenomenex) was installed between

the pump and injector to saturate the mobile phase with silica
before it reached the column. To elute lysoPC more rapidly
after phospholipase A2 hydrolysis of PC, a linear gradient of
2-propanol/hexane (4:3, vol/vol) to 2-propanol/hexane/water
(4:3:0.85, by vol) in 20 min, then isocratic for 30 min, was
used. Eluent B is near saturation with water. In this HPLC
system, RT were: 40.0 min, lysoPC (1-oleoyl-lysoPC); 30.6
min, PC (1-palmitoyl-2-oleoyl-PC); and about 3.5 min, FFA.
For the separation of lysoPE, the former silica HPLC system
(2-propanol/hexane/water, 4:3:0.75 by vol) was used, and the
RT were: 22.6 min, lysoPE (1-oleoyl-lysoPE); 17.7 min, PE
(1-palmitoyl-2-oleoyl-PE); and about 3.5 min, FFA.

(ii) Separation of molecular species of PC. Molecular
species of PC were separated in 40 min as previously reported
(9), using a C8 column (25 × 0.46 cm, 5 µm, Luna C8; Phe-
nomenex) with a linear gradient of 90% aqueous methanol to
100% methanol, both containing 0.1% of concentrated
NH4OH. NH4OH was used as silanol-suppressing agent.

(iii) Separation of molecular species of PE. Molecular
species of PE were separated as previously reported (10),
using a C8 column (Luna C8; Phenomenex) with a linear gra-
dient of 88% aqueous methanol to 100% methanol contain-
ing 0.1% of concentrated NH4OH in 40 min.

RESULTS AND DISCUSSION

Separation of lipid classes. The total lipids obtained from the
incubation of each [14C]FA were separated into lipid classes
by silica HPLC as shown earlier (Fig. 1; Ref. 7). The lipid
classes separated were AG (and FFA), PE, PC (without ricin-
oleoyl chain), and ricinoleoyl-PC in the order of elution. All
of the six [14C]FA used were incorporated into PC and PE.
The levels of [14C]PC were higher than those of [14C]PE and
[14C]AG (7).

Time course studies, of up to 120 min, of microsomal in-
cubations of the six [14C]FA individually showed that in gen-
eral the level incorporated by PE, PC (without ricinoleoyl
chain), and ricinoleoyl-PC increased initially and then equili-
brated at 45 to 60 min when the rate of incorporation from FA
became equal to the rate of hydrolysis. Since ricinoleate is ac-
tively removed from the mixture of 2-acyl-PC containing dif-
ferent FA at sn-2 (2), the radioactivity levels at 15 min (initial
rate) were used to compare the rates of incorporation. The in-
corporation of [14C]stearate and [14C]palmitate into 2-acyl-
PC was slower than of the other four [14C]FA. Usually these
two FA are strongly excluded from the sn-2 position of phos-
pholipids. In comparing the amount of label incorporated at
the equilibrium stages, PC and PE incorporating [14C]-labeled
oleate, linoleate, and linolenate were at higher levels than
those with ricinoleate, stearate, and palmitate. The low incor-
poration of label by 2-ricinoleoyl-PC at equilibrium stage
may be attributed to a futile cycle of incorporation and hy-
drolysis. With the exception of ricinoleate, which was most
actively incorporated into TAG (7), the incorporation of FA
(FA preference) is similar to that observed for the incorpora-
tions of the six [14C]FA into TAG. This is also consistent with

992 J.-T. LIN ET AL.

Lipids, Vol. 37, no. 10 (2002)



earlier studies in which [14C]oleoyl-CoA and [14C]ricin-
oleoyl-CoA were incorporated into [14C]PC in castor micro-
somal incubation (4) and when [14C]oleoyl-CoA, [14C]-
linoleoyl-CoA, and [14C]palmitoyl-CoA were incorporated
into [14C]PC in soybean microsomal incubation (11). The in-
corporation of label from [14C]oleate, [14C]linoleate, and
[14C]linolenate into PE was higher than that from [14C]ricin-
oleate, [14C]stearate, and [14C]palmitate. PE had not been
previously reported in microsomal incubations of [14C]FA
and [14C]acyl-CoA. 

Determination of the ratio of [14C]FA on sn-1,2 positions
of [14C]PC and [14C]PE. The [14C]PC and [14C]PE fractions
collected after silica HPLC from the 60-min incubations were
subjected to phospholipase A2 hydrolysis to determine the
ratio of [14C]FA on the sn-1 and -2 positions. The percentage
of label at sn-1 in the total [14C]PC (sn-1 and -2 combined)
from each [14C]FA were: 0.3% (1-[14C]ricinoleoyl-lysoPC,
RT 47.7 min), 3.5% (1-[14C]stearoyl-lysoPC, 38.7 min), 2.3%
(1-[14C]oleoyl-lysoPC, 40.0 min), 0.6% (1-[14C]linoleoyl-
lysoPC, 40.8 min), 0.3% (1-[14C]linolenoyl-lysoPC, 41.2
min), and 7.3% (1-[14C]palmitoyl-lysoPC, 40.3 min). In ear-
lier studies, in a soybean microsomal incubation, 95% of the
[14C]PC incorporating [14C]oleoyl-CoA was labeled at the
sn-2 position (11), and in a castor microsomal incubation of
[14C]oleoyl-CoA, 84.4% of the [14C]PC incorporated label at
the sn-2 position (4). The percentage of the label at sn-1 in
the total [14C]PE (sn-1 and -2 combined) from each [14C]FA
were: 2% (1-[14C]stearoyl-lysoPE, RT 22.3 min) and 1.8%
(1-[14C]linoleoyl-lysoPE, 22.7 min). The levels of 1-[14C]ri-
cinoleoyl-lysoPE, 1-[14C]oleoyl-lysoPE (22.6 min), 1-
[14C]linolenoyl-lysoPC and 1-[14C]palmitoyl-lysoPC were
not detectable. For both PC and PE, the [14C]FA are incorpo-
rated predominantly at the sn-2 position.

Identification of the molecular species of [14C]PC. The ra-
diochromatogram separating molecular species of PC from
the incubation of [14C]oleate on a C8 column (9) is shown as
Figure 1. Peaks #4, 5, and 6 were identified by co-chromatog-
raphy with the standards 1-palmitoyl-2-oleoyl-PC, 1,2-di-
oleoyl-PC, and 1-stearoyl-2-oleoyl-PC. Since the standards
for peaks #1, 2, and 3 were not available, they were desig-
nated as 1-ricinoleoyl-2-oleoyl-PC, 1-linolenoyl-2-oleoyl-
PC, and 1-linoleoyl-2-oleoyl-PC, based on relative RT and
elution characteristics of the molecular species of PC (9). 

We have calculated the relative RT of the molecular
species of PC from the six [14C]FA incubations based on the
RT (32.15 min) of 1-palmitoyl-2-oleoyl-PC in our previous
report (9) by co-chromatography with this PC standard (Lin,
J.T., and McKeon, T.A., unpublished data). The calculated RT
of the six 2-ricinoleoyl-PC in Figure 1 from the [14C]ricin-
oleate incubation are 9.4 min (1,2-ricinoleoyl-PC), 14.6 min
(1-linolenoyl-2-ricinoleoyl-PC), 16.9 min (1-linoleoyl-2-
ricinoleoyl-PC), 18.5 min (1-palmitoyl-2-ricinoleoyl-PC),
19.6 min (1-oleoyl-2-ricinoleoyl-PC), and 22.7 min (1-
stearoyl-2-ricinoleoyl-PC). 1,2-Diricinoleoyl-PC (9.4 min)
was not detected. It was probably hydrolyzed by phospholi-
pases immediately after formation. The RT of peaks #7–10

are the same as the calculated RT. Labeled 1-oleoyl-2-ricin-
oleoyl-PC is a minor component in peak #1 (19.7 min, mostly
1-ricinoleoyl-2-oleoyl-PC), because the levels of label in 2-
ricinoleoyl-PC were lower than those of 2-oleoyl-PC and the
ratio of the six labeled 2-ricinoleoyl-PC to each other were
similar to those of the six 2-oleoyl-PC. Similarly, the calcu-
lated RT of 2-linoleoyl-PC in Figure 1 from the incubation
with [14C]linoleate were used to designate the peaks #11 (1-
linolenoyl-2-linoleoyl-PC) and #12 (1-palmitoyl-2-linoleoyl-
PC). The other four 2-linoleoyl-PC co-eluted with other
[14C]PC as minor components. The label incorporated in 2-
linoleoyl-PC was lower than in 2-ricinoleoyl-PC. The molec-
ular species of PC incorporating the other five [14C]FA were
identified and designated the same as those from [14C]oleate,
except the [14C]FA were unchanged in the incubations.

The incorporations of [14C]oleoyl-CoA, [14C]oleate, and
[14C]linoleate into the molecular species of PC in the micro-
somes prepared from soybean (11), potato tuber (12), pea leaf
(13), and developing sunflower seeds (14) have been re-
ported. The labeled PC in these systems contained two of the
labeled and unlabeled oleate, linoleate, linolenate, stearate,
and palmitate (no ricinoleate) at both sn-1 and sn-2 positions. 

Radioactivity levels of the molecular species of [14C]PC.
Table 1 shows the level of [14C]-label in the molecular species
of [14C]PC incorporating each [14C]FA during a 60-min cas-
tor microsomal incubation. The [14C]PC are primarily derived
from the action of acyl-CoA:lysoPC acyltransferase with en-
dogenous lysoPC as acyl acceptor. The lysoPC are endoge-
nous to the microsomes and contain any of the six different
FA in the sn-1 position, and the [14C]FA at sn-2 are from
[14C]acyl-CoA. In general, the levels of label of [14C]PC with
the FA at the sn-1 position were in the order of linoleate >
palmitate > oleate > linolenate, stearate, and ricinoleate, with
linoleate and palmitate as the major sn-1 component of PC.
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FIG. 1. The C8 HPLC radiochromatogram separating the molecular
species of PC incorporated from [14C]oleate in castor microsomal incu-
bation. (1) 1-Ricinoleoyl-2-oleoyl-PC; (2) 1-linolenoyl-2-oleoyl-PC; (3)
1-linoleoyl-2-oleoyl-PC; (4) 1-palmitoyl-2-oleoyl-PC; (5) 1,2-dioleoyl-
PC; (6) 1-stearoyl-2-oleoyl-PC; (7) 1-linolenoyl-2-ricinoleoyl-PC; (8) 
1-linoleoyl-2-ricinoleoyl-PC; (9) 1-palmitoyl-2-ricinoleoyl-PC; (10) 
1-stearoyl-2-ricinoleoyl-PC; (11) 1-linolenoyl-2-linoleoyl-PC; (12) 1-
palmitoyl-2-linoleoyl-PC.



For example, in the incorporation of [14C]ricinoleate into PC
as shown in Table 1, the levels of label were 1-linoleoyl-2-ri-
cinoleoyl-PC (7.6) > 1-palmitoyl-2-ricinoleoyl-PC (5.3) > 1-
oleoyl-2-ricinoleoyl-PC (2.2). This order, reflects the relative
levels of the six molecular species of lysoPC in castor micro-
somes. In previous reports of microsomal incubations of
[14C]oleoyl-CoA from soybean (11), potato tuber (12), and
pea leaf (13), the major PC molecular species also contained
linoleate and palmitate at the sn-1 position. The ratios of the
six PC incorporating each of the six [14C]FA were similar and
thus the activity of the enzyme seems unaffected by the differ-
ence of FA at sn-1 position on lysoPC. The total [14C]-label
(Table 1) from each [14C]FA was incorporated in the order:
oleate > linolenate > palmitate > linoleate > stearate > ricin-
oleate. The acyl-CoA:lysoPC acyltransferase activity also may
be affected by which FA more readily forms acyl-CoA, since
acyl-CoA synthetase may be specific for certain FA. In soy-
bean microsomes, acyl-CoA:lysoPC acyltransferase was
highly specific for oleoyl-CoA and linoleoyl-CoA over palmi-
toyl-CoA and did not show any selectivity for the various
lysoPC molecular species (11). In the incubation of [14C]oleate
(Table 1), the proportion of label incorporated into the six 2-
[14C]oleoyl-PC with different FA at sn-1 was similar to the
proportion of the six 2-[14C]ricinoleoyl-PC and that of 2-

[14C]linoleoyl-PC from the 2-[14C]oleoyl-PC. Thus, the activ-
ities of both oleoyl-12-hydroxylase and oleoyl-12-desaturase
seem not to be affected by the different FA at sn-1 of 2-oleoyl-
PC, the immediate substrate of these two enzymes. The same
conclusion was also drawn for the activity of oleoyl-12-desat-
urase in the microsomes of potato tuber (12) and pea leaf (13).
However, the effect on oleoyl-12-hydroxylase activity has not
previously been reported. Oleoyl-12-hydroxylase from Rici-
nus communis L. is an oleoyl-12-desaturase homolog (15).

Time course for production of the molecular species of
[14C]PC. The levels of labeled molecular species of PC at
various incubation times were also determined. The ratios of
the levels of six molecular species of PC containing the same
sn-2 FA from the incubations of the six [14C]FA at various
times were similar to the ratio in Table 1. It seems that the ac-
tivity of phospholipase A2 in castor microsomes, one of the
key enzymes in castor oil biosynthesis, is not significantly af-
fected by the difference of these FA at the sn-1 position of PC.
However, ricinoleate is preferentially removed from the sn-2
position of PC by phospholipase A2 (2).

Identification of the molecular species of [14C]PE. Molec-
ular species of PE were identified and designated as those of
PC. The RT of minor [14C]PE from [14C]oleate incubation
cannot be matched with our calculated RT of 2-ricinoleoyl-PE
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TABLE 1
Level of Incorporation of Radiolabeled FA into Molecular Species of PC in Castor Microsomal
Incubations (60 min)

nmol

FA (nmol)a RFa-PCb LnFa-PC LFa-PC PFa-PC OFa-PC SFa-PC Total

Ricinoleate (91) 1.3 1.4 7.6 5.3 2.2 1.6 19.4
Stearate (114) 2.0 1.5 9.1 4.9 2.1 1.2 20.8
Oleate (96) 3.0 4.8 26.8 12.7 12.7 4.0 64.0
Ricinoleatec ND 0.2 1.5 0.9 0.9d 0.4 3.9
Linoleatec 0.1d 0.2 1.1d 0.5 0.5d 0.2d 2.6

Linoleate (98) 1.1 2.0 17.2 6.8 3.8 2.3 33.2
Linolenate (96) 2.6 8.4 24.2 13.9 5.6 4.7 59.4
Palmitate (89) 3.6 2.4 14.6 9.5 3.5 1.8 35.4
aFor each FA incubation 5.0 µCi was used. The amounts (nmol) of FA used are different because the specific radioactivities
of FA are different. 
bFa is the FA shown in the FA column on the Table at the sn-2 position of PC.
c2-Ricinoleoyl-PC and 2-linoleoyl-PC in the incubation of [14C]-oleate. 
dEstimated from the ratio of the levels of molecular species of 2-oleoyl-PC. ND, not detected; R, ricinoleate; Ln, linolenate;
L, linoleate; P, palmitate; O, oleate, S, stearate.

TABLE 2
Level of Incorporation of Radiolabeled FA into Molecular Species
of PE in Castor Microsomal Incubations (60 min)

nmol

Fatty acid (nmol)a RFa-PEb LnFa-PE LFa-PE PFa-PE OFa-PE SFa-PE Total

Ricinoleate (91) 0.01 0.01 0.28 0.22 0.02 ND 0.54
Stearate (114) 0.08 0.34 1.48 0.07 0.17 0.02 2.16
Oleate (96) 0.35 0.58 4.65 3.21 0.41 0.20 9.40
Linoleate (98) 0.32 0.46 6.26 3.94 0.56 0.43 11.97
Linolenate (96) 0.09 0.50 3.17 3.01 0.54 0.20 7.51
Palmitate (89) 0.21 0.26 2.06 0.27 0.30 0.04 3.14
aSee Table 1 for description of experimental conditions.
bFa is the FA shown in the FA column on the Table at the sn-2 position of PE. For abbreviations see Table 1.



and 2-linoleoyl-PE. They may be the molecular species of
other lipid classes, which elute near PE on the silica HPLC in-
cluding PI, PA, and PS (see Fig. 1, Ref. 2). That 2-[14C]ricin-
oleoyl-PE and 2-[14C]linoleoyl-PE were not detected  agrees
with our earlier conclusion (3) that 2-oleoyl-PE is not a sub-
strate for oleoyl-12-hydroxylase and oleoyl-12-desaturase. Al-
though 2-oleoyl-PE is not a substrate under these isolated con-
ditions, we cannot yet rule it out as a substrate in vivo.

Incorporation of label into molecular species of [14C]PE.
The radiolabeling of molecular species of PE incorporating
the six [14C]FA in castor microsomal incubations (60 min)
was lower than those of PC as shown in Table 2. Except for
the PE products incorporating [14C]stearate and [14C]palmi-
tate, PE with linoleate and palmitate at sn-1 position were the
major PE, as for PC. Unlike PC, the levels of molecular
species of PE incorporating [14C]ricinoleate were much lower
than the other five [14C]FA. The labeling of PE containing
only saturated FA was also very low. The total incorporation
of label was in the order: linoleate > oleate > linolenate >
palmitate > stearate > ricinoleate. 2-Oleoyl-PE seems less im-
portant than 2-oleoyl-PC as an intermediate in the biosynthe-
sis of castor oil, not only because it has a lower radioactivity
level but also because it cannot be hydroxylated to 2-ricin-
oleoyl-PE (3). Both 2-ricinoleoyl-PC and 2-ricinoleoyl-PE
can be used as the substrates of phospholipid:DAG acyltrans-
ferase for the biosynthesis of triricinolein (16).

In conclusion, we have identified and quantified 36 molec-
ular species of PC and 35 molecular species of PE in castor
microsomal incubations of six [14C]FA individually. Both PC
and PE are intermediates in the biosynthetic pathway of cas-
tor oil (3). The schematic overview of the plant lipid biosyn-
thetic pathway and its compartmentation have been reported
(17). The results here show that (i) 2-oleoyl-PC is actively
formed as the immediate substrate of oleoyl-12-hydroxylase,
comparing the six endogenous FA; (ii) 2-ricinoleoyl-PC is
mostly formed by the hydroxylation of 2-oleoyl-PC, not from
the incorporation of ricinoleate into 2-ricinoleoyl-PC; and
(iii) 2-oleoyl-PE is not actively formed for the biosynthesis
of castor oil. 
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ABSTRACT: Hydrolysis of symmetrical acetylenic TG of type
AAA [viz., glycerol tri-(4-decynoate), glycerol tri-(6-octade-
cynoate), glycerol tri-(9-octadecynoate), glycerol tri-(10-unde-
cynoate), and glycerol tri-(13-docosynoate)] in the presence of
eight microbial lipases was studied. Novozyme 435 (Candida
antarctica), an efficient enzyme for esterification, showed a sig-
nificant resistance in the hydrolysis of glycerol tri-(9-octade-
cynoate) and glycerol tri-(13-docosynoate). Hydrolysis of
acetylenic TG with Lipolase 100T (Humicola lanuginosa) was
rapidly accomplished. Lipase PS-D (Pseudomonas cepacia)
showed a fair resistance toward the hydrolysis of glycerol tri-(6-
octadecynoate) only, which reflected its ability to recognize the
∆6 positional isomer of 18:1. Lipase CCL (Candida cylindracea,
syn. C. rugosa) and AY-30 (C. rugosa) were able to catalyze the
release of 10-undecynoic acid and 9-octadecynoic acid from
the corresponding TG, but less readily the 13-docosynoic acid
in the case of glycerol tri-(13-docosynoate). The two lipases
CCL and AY-30 were able to distinguish the small difference in
structure of fatty acyl moieties in the TG substrate. To confirm
this trend, three regioisomers of mixed acetylenic TG of type
ABC (containing one each of ∆6, ∆9, and ∆13 acetylenic FA in
various positions) were prepared and hydrolyzed with CCL and
AY-40. The results reconfirmed the observation that AY-30 and
CCL were able to distinguish the slight differences in the molec-
ular structure (position of the acetylenic bond and chain length)
of the acyl groups in the TG during the hydrolysis of such TG
substrates.

Paper no. L9066 in Lipids 37, 997–1006 (October 2002).

Lipases are key enzymes in catalyzing the breakdown of fats
and oils to FFA, DAG, MAG, and glycerol. They are impor-
tant to an organism in the digestion, mobilization, and depo-
sition of lipid molecules. By understanding the activities of
various lipases as biocatalysts in the hydrolysis of TG and in
the esterification of FA to glycerol, scientists have success-
fully utilized these properties to isolate FFA and have pre-
pared structured TG (1–5). 

For example, pancreatic lipase hydrolyzes TG to 2-MG
(5,6). Lipases also show specific activities toward the hydrol-

ysis of phospholipids and PC (components of cell or neuronal
membranes) (7,8).

The discovery of the nutritional importance of n-3 PUFA
(viz., α-linolenic acid, EPA, and DHA) initiated an intense ef-
fort to determine the action of lipases on such PUFA (9–11).

Apart from hydrolytic activities, lipases are also efficient
in reactions such as esterification, transesterification, and
aminolysis. These activities have led to the development and
application of various immobilized lipases for oleochemical
industries (12–14).

A large amount of work has been done on the hydrolysis
of saturated and polyolefinic TG (15,16), but little has been
conducted on TG containing acetylenic FA, found as minor
components in some seed oils (17–20).

The role of acetylenic FA is not clear, but compounds such
as stearolic acid [9-octadecynoic acid; abbreviated as
18:1(9a)] act as strong DNA-binding agents (21). Acetylenic
alcohols also can inactivate oxidases (22) or lipoxygenase
(23,24). In view of the biological importance of acetylenic
FA, this paper reports the lipase-catalyzed hydrolysis of some
symmetrical structured acetylenic TG of the type AAA 
and unsymmetrical structured acetylenic TG of the type 
ABC, where the acyl groups are different positional
acetylenic FA isomers or homologs. The aim of this work was
to investigate the effects of the acetylenic bond located at dif-
ferent positions in the acyl chains on the rate of hydrolysis of
acetylenic TG substrates in the presence of different lipases
as biocatalysts.

MATERIALS AND METHODS 

Immobilized lipases from Rhizomucor miehei (Lipozyme IM
20; activity 5.8 unit/mg), Humicola lanuginosa (Lipolase
100T; 20.8 unit/mg), and Candida antarctica (Novozyme
435; 7.8 unit/mg) were gifts from Novo Nordisk A/S (Hong
Kong). Lipases from C. cylindracea, syn. C. rugosa (CCL,
type VII; 8.4 unit/mg) and porcine pancreatic lipase (PPL,
type II; 13.4 unit/mg) were purchased from Sigma Chemical
Co. (St. Louis, MO). Immobilized lipases from Pseudomonas
cepacia (PS-D, type I; 10.5 unit/mg), Aspergillus niger (Li-
pase A-12; 2.3 unit/mg), and C. rugosa (Lipase AY-30; 11.4
unit/mg) were gifts from Amano Pharmaceutical Co. Ltd.
(Nagoya, Japan). Lipase activity in this study was measured
as the liberation of 1 µmol of butyric acid from tributyrin per
minute at 37°C. One micromole of NaOH consumed (titra-
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tion with 0.1 M NaOH) per minute corresponds to 1 unit of
lipase activity.

Glycerol tri-(9Z-octadecenoate) [triolein], 10-undecenoic
acid, and glycerol (99+%) were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Carrot seeds and high-erucic
acid rapeseed oil were obtained from local sources. Prepara-
tion of acetylenic FA from the corresponding olefinic FA or
seed oils by bromination and dehydrobromination was per-
formed by the method described elsewhere (25). 4-Decynoic
acid was obtained by condensing 4-pentynoic acid with n-
bromopentane under n-butyllithium as described by Gilman
and Holland (26).

1H and 13C NMR spectra were obtained using a Bruker
Avance DPX300 NMR spectrometer with the sample dis-
solved in deuteriochloroform and with tetramethylsilane as
internal reference standard. TLC analysis was done on TLC
plates coated with silica gel 60 GF254 (art. 7730, 70–230
mesh), and column chromatographic separation was per-
formed on silica gel 60 (art. 9385, 230–400 mesh; Merck,
Darmstadt, Germany). GC was performed on a Hewlett-
Packard gas chromatograph model 5890, equipped with an
FID and a Hewlett-Packard model HP3394A electronic inte-
grator. The GC columns used were fused-silica capillary
columns with NukolTM (Supelco Inc., Bellefonte, PA) as sta-
tionary phase (15 m × 0.53 mm, 0.50 µm film thickness) and
OmegawaxTM (Supelco Inc.) as stationary phase (30 m × 0.32
mm, 0.25 µm film thickness), for analyzing acetylenic acid
and methyl ester, respectively. The temperatures of the col-
umn oven, injection port, and detector were maintained at
200, 250, and 250°C, respectively. 

General method for the preparation of TG of type AAA by
enzymatic esterification in the presence of Novozyme as exem-
plified by the reaction of 10-undecynoic acid with glycerol. A
mixture of glycerol (400 mg, 4.35 mmol), 10-undecynoic acid
(2.40 g, 13.0 mmol), Novozyme (160 mg), molecular sieve (4
Å, 1.0 g), and n-hexane (24 mL) was stirred vigorously in a
50-mL round-bottomed flask at 55°C for 24 h. The mixture
was centrifuged, and the supernatant liquid was loaded on a
silica gel column (100 g, 3.2 mm internal diameter). The col-
umn was then eluted with a mixture of n-hexane/diethyl ether
(9:1, vol/vol, 500 mL). The eluent was evaporated to give
glycerol tri-(10-undecynoate) (1.62 g, 63%). Similar reactions
were carried out for the preparation of other TG of type AAA:
namely, glycerol tri-(4-decynoate) (73%), glycerol tri-(6-oc-
tadecynoate) (70%), glycerol tri-(9-octadecynoate) (62%), and
glycerol tri-(13-docosynoate) (61%).

General method for the enzymatic hydrolysis of acetylenic
TG as exemplified by the hydrolysis of glycerol tri-(9-octade-
cynoate) in the presence of PPL. A mixture of glycerol tri-(9-
octadecynoate) (53 mg, 0.06 mmol), 0.1 M NaH2PO4–
Na2HPO4 buffer solution (1.2 mL, pH 7), and lipase (PPL) (22
mg) was stirred at 40°C in a glass culture tube for definite peri-
ods. The reaction mixture was then extracted with diethyl ether
(3 × 2 mL) and centrifuged to remove the lipase. The ethereal
layer was concentrated and loaded on a silica gel (7.0 g) col-
umn. A mixture of n-hexane/diethyl ether (9:1, vol/vol, 90 mL)

was used to elute unhydrolyzed TG, and a mixture of n-
hexane/diethyl ether/acetic acid (90:10:1, by vol; 100 mL) was
used to elute the free 9-octadecynoic acid. The remaining com-
ponents on the column were eluted with n-hexane/diethyl ether
(3:2, vol/vol; 100 mL) and n-hexane/diethyl ether (1:1, vol/vol;
100 mL) to remove DG and MG, respectively. The solvent of
each fraction was evaporated under reduced pressure, and the
weights of TG, FAA, DG, and MG were determined.

For the remaining hydrolysis reactions, 0.06 mmol of TG
substrates was used. The amount of lipases employed for each
reaction was about 300 units [Lipase A-12 (125 mg), Lipase
AY-30 (25 mg), PPL (22 mg), CCL (35 mg), PS-D (28 mg),
Lipolase (15 mg), Lipozyme (50 mg), and Novozyme (35 mg).

General method for the preparation of mixed structured
TG of type ABC by enzymatic esterification as exemplified by
the preparation of glycerol 1-(3)-(9-octadecynoate/6-octade-
cynoate)-2-(13-docosynoate) (1). Glycerol 1-(3)-(9-octade-
cynoate) was produced by esterification of glycerol (250 mg,
2.7 mmol) with 9-octadecynoic acid (1.5 g, 5.4 mmol) in n-
hexane (10 mL) and catalyzed by Lipozyme (150 mg) at 45°C
for 12 h. The yield of MG, glycerol 1-(3)-(9-octadecynoate),
was 27% after column chromatographic purification. A mix-
ture of glycerol 1-(3)-(9-octadecynoate) (780 mg, 2.2 mmol),
13-docosynoic acid (780 mg, 2.32 mmol), Novozyme (90
mg), and n-hexane (10 ml) was stirred at 60°C for 8 h. Glyc-
erol 1-(3)-(9-octadecynoate)-2-(13-docosynoate) (340 mg,
23%) was isolated by column chromatography. The DG ob-
tained (280 mg, 0.42 mmol) was further esterified with 6-
octadecynoic acid (120 mg, 0.43 mmol) in n-hexane (3.0
mL), in the presence of Novozyme (25 mg) at 60°C for 12 h.
Compound 1 (246 mg, 63.3%) was obtained after column
chromatographic separation. By a similar procedure, glycerol
1-(3)-(9-octadecynoate/13-docosynoate)-2-(6-octadecynoate)
[18:1(9a)/18:1(6a)/22:1(13a)] (compound 2) and glycerol 1-
(3)-(6-octadecynoate/13-docosynoate)-2-(9-octadecynoate)
[18:1(6a)/18:1(9a)/22:1(13a)] (compound 3) were prepared
in yields of 61.0 and 61.9%, respectively, for the last esterifi-
cation step.

The position (α or β) of the various acyl chains in
compounds 1–3 was confirmed by referring to the carbon
chemical shifts of the C-1, C-2, and the carbon shifts of 
the acetylenic carbon nuclei published by Lie Ken Jie 
and Lam (27). The characteristic carbon shifts were identi-
fied as follows: 173.190/172.839/172.940 (C-1 for com-
pound 1), 34.000/34.202/33.527 (C-2 for compound 1),
80.020/80.320//80.194/80.223//79.245/80.800 (∆9/∆13/∆6 for
compound 1); 173.214/172.550/172.259 (C-1 for compound
2), 33.993/33.694/34.040 (C-2 for compound 2), 80.031/
80.329//79.245/80.806//80.207/80.231 (∆9/∆6/∆13 for com-
pound 2); 172.945/172.798/173.246 (C-1 for compound 3),
33.529/34.160/34.044 (C-2 for compound 3), 79.249/
80.806//80.007/80.326//80.198/80.228 (∆6/∆9/∆13 for com-
pound 3).

General method for the hydrolysis of structured acetylenic
TG catalyzed by Lipase AY-30 or CCL as exemplified by the
hydrolysis of compound 1 in the presence of CCL. A mixture
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of compound 1 (500 mg, 0.54 mmol), 0.1 M NaH2PO4–
Na2HPO4 buffer solution (10 mL, pH 7), and lipase (CCL,
200 mg) was stirred at 40°C for 5 h. [Note: In the case of com-
pounds 2 (500 mg) and 3 (500 mg), the amount of biocatalyst
used was 200 mg of CCL or 150 mg of lipase AY-30.] The re-
action products were extracted with diethyl ether and frac-
tionated by column chromatography as described above. The
relative amounts of the different FFA (183 mg) were deter-
mined from the intensities of the C-1 signals in the 13C NMR
spectrum (180.32/180.59/180.65 for ∆6/∆9/∆13, respectively)
as 6:7:4 for 18:1(6a):18:1(9a):22:1(13a), respectively. The
mixed acetylenic FA (30 mg) were esterified with 15%
BF3/methanol (5 mL) for 15 min at 70°C. GC analysis indi-
cated that the ratio of the methyl esters of 18:1(9a) and
18:1(6a) (overlapped) to 22:1(13a) was 7:2. 

The isolated mixture of DG (164 mg) was stirred with potas-
sium hydroxide (100 mg) in 95% ethanol solution (20 mL) at
80°C for 2 h. The reaction mixture was diluted with water (50
mL), acidified with HCl (4 M, 8 mL), and extracted with di-
ethyl ether (3 × 20 mL). The solvent was evaporated and the
residue was separated by column chromatography to give a
mixture of free acetylenic FA. The components and ratio of
acetylenic FA positional isomers in the DG fraction were de-
termined by 13C-NMR from the intensities of the C-1 signals
(180.32/180.59/180.65 for ∆6/∆9/∆13, respectively) as 9:8:12.

The time courses of lipase-catalyzed hydrolysis of TG are
graphically presented in Figures 1–4. The graphs in Figures
1A–H show the amount (based on the weight of products iso-
lated by silica column chromatographic separation) of unhy-
drolyzed (recovered) acetylenic TG left at the end of the indi-
cated hydrolysis period (maximum of 45 h). Figures 2A–H
give the amount of FFA, Figures 3A–H shows the amount of
DG, and Figures 4A–H gives the amount of MG isolated by
silica gel column chromatography. The results are the aver-
ages of three experiments conducted for each TG under in-
vestigation with a deviation ≤5%.

RESULTS AND DISCUSSION 

A total of eight lipase preparations [Lipozyme (R. miehei),
Lipolase (H. lanuginosa), Novozyme (C. antarctica), CCL
(C. cylindracea), PPL (porcine pancreatic lipase), PS-D (P.
cepacia), A-12 (A. niger), and AY-30 (C. rugosa)] were used
as biocatalysts to study the hydrolysis of five symmetrical
acetylenic TG of type AAA {viz., [10:1(4a)]3*, [18:1(6a)]3,
[18:1(9a)]3, [11:1(10a)]3, and [22:1(13a)]3} along with tri-
olein [18:1(9c)]3. [Note: The first number denotes the chain
length of the FA. The number after the colon denotes the
number of unsaturation and the number within the brackets
indicates the position of the unsaturation; the letter “a” stands
for acetylene, “c” stands for cis ethylene. The number 3 out-
side of the square bracket means that three FA moieties are
acylated to the backbone of glycerol to form a TG.] 

All eight of the lipases used in our hydrolysis reactions
were effective biocatalysts. Even lipases A-12 and AY-30,
which were poor performers in the esterification of acetylenic

acids with n-butanol (28), displayed good hydrolytic activi-
ties. In most cases, less than 20% of the acetylenic TG was
left unreacted after 45 h. All lipases used were able to cat-
alyze the hydrolysis of triolein efficiently (complete hydroly-
sis after 45 h). Novozyme distinguished fatty acyl chains in
which the triple bond was located at the 9-position {as in
[18:1(9a)]3} or the 13-position {as in [22:1(13a)]3}. It was
interesting to realize that Novozyme, which is a nonregiospe-
cific but an efficient lipase for esterification, was not as effi-
cient in the hydrolysis of these TG as many of the other li-
pases used here.

None of the acetylenic TG was completely resistant to hy-
drolysis. However, Lipase A-12 was able to show a degree of
differentiation in the case of [18:1(9a)]3 and [22:1(13a)]3, as
the hydrolysis process appeared rather slow during the first
25 h of reaction for these substrates. Lipases CCL and AY-30
showed a significant degree of resistance to the hydrolysis of
[22:1(13a)]3, and about 30% of this symmetrical TG was re-
covered after stirring the reaction for 25 h. 

The results for FFA isolated from these experiments also
showed that the release of 18:1(6a) was comparatively slow
when PS-D and Lipozyme were used as biocatalysts (Fig. 2).
This result could be interpreted as follows: During the hydrol-
ysis of [18:1(6a)]3 to the FFA, these two lipases were signifi-
cantly affected by the acetylenic bond at the 6-position of the
acyl chain at either the intermediate DG or MG stage. Hence,
the release of further FFA was relatively slow.

The results of FFA in Figures 2A–H reflected quite accu-
rately the expected amounts of FFA liberated during the hy-
drolysis process. Where the amount of isolated TG was high
(refer to Figs. 1A–H), the amount of the corresponding FFA
tended to be low. For example, in the case of AY-30 and CCL,
the amount of 22:1(13a) liberated was markedly lower than
those of other positional acetylenic fatty isomers or ho-
mologs. Interestingly, in the presence of AY-30 and CCL, all
TG showed a quick release of FFA (>70% within the first
hour of reaction) except, of course, that of [22:1(13a)]3. 

The total amount of DG for each reaction was also deter-
mined, and the results are shown in Figures 3A–H. The
amount of DG isolated in all cases was less than 30% yield
after 45 h. Lipases CCL, Lipolase, and Novozyme showed the
lowest levels of DG (<10% after 5 h of contact time with the
lipases), whereas PPL showed the highest level (>15% within
25 h). The amount of DG containing 18:1(9a) was compara-
tively high when [18:1(9a)]3 was hydrolyzed in the presence
of lipases A-12 and PPL.

In the case of PS-D, the amount of DG containing 18:1(6a)
was significantly high. This result could be predicted from the
low amount of FFA, 18:1(6a), isolated, as discussed above
(see Fig. 2E). It could therefore be concluded that PS-D had
experienced difficulty in hydrolyzing the DG intermediate
containing 18:1(6a) acyl groups.

Figures 4A–H shows the amounts of MG isolated from
these reactions. Reactions with Lipase A-12 and PPL showed
relatively high amounts of MG (1.5–7%) after 25 h of reac-
tion time. In the case of PS-D and Lipozyme, the 18:1(6a)
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MG was the highest (about 4%). The lowest amount of MG
was found in the case of CCL and AY-30.

In the study of these symmetrical acetylenic TG of type
AAA, lipase A-12, AY-30, and CCL were the least effective
biocatalysts in the hydrolysis of [22:1(13a)]3. Also, these
three lipases exhibited different rates of hydrolysis between
[18:1(6a)]3 and [18:1(9a)]3, which are substrates containing
positional isomers of C18 acetylenic FA. To reconfirm these
observations, it was decided to prepare three regioisomeric

mixed acetylenic TG of type ABC, namely, compounds 1, 2,
and 3, by stepwise esterification of each acetylenic acid to
glycerol. Lipase AY-30 and CCL were then used to study the
hydrolysis of these three mixed acetylenic TG of type ABC.

When the mixed acetylenic TG 1 [18:1(9a)/22:1(13a)/
18:1(6a)] was subjected to hydrolysis with either CCL or
AY-30 for 5 h, the FFA produced from the reaction in the
presence of CCL were isolated, methylated, and analyzed by
GC. When CCL was used as the biocatalyst, GC analysis
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showed a ratio of the combined amount of methyl esters of
18:1(9a) and 18:1(6a) (the peaks of these two component
overlapped) to 22:1(13a) as 7:2. In the case where AY-30 was
used as the biocatalyst, the ratio of the combined amount of
methyl esters of 18:1(9a) and 18:1(6a) (GC peaks overlapped)
to 22:1(13a) was 4:1. The ratios of these FFA were supported
by 13C NMR spectroscopic analysis. The ratio of ∆6/∆9/∆13

free acetylenic acids was 6:7:4 when CCL was used as the
biocatalyst, and 3:4:2 with AY-30. This was found by com-
paring the intensities of C-1 signals of the corresponding
acids (180.32/180.60/180.65, ∆6/∆9/∆13, respectively) in the
13C NMR spectra (27).

Thus, with the 22:1(13a) acylated to the β-position of the
TG, the amount of free 22:1(13a) acid released was about
onefold lower than either of the other two acetylenic FA. It
was also found that the DG intermediates contained a com-
paratively larger amount (50%) of 22:1(13a) acid than that of
18:1(6a) and 18:1(9a) acid isomers combined. These results
indicated that a comparatively large amount of 22:1(13a) re-
mained unhydrolyzed on the glycerol backbone after 5 h. 

When similar hydrolysis experiments were conducted on
18:1(9a)/18:1(6a)/22:1(13a) (2) in the presence of AY-30 and
CCL, the relative ratio of FFA isolated for 18:1(6a)/18:1(9a)/
22:1(13a) was 4:5:3 with CCL and 7:9:5 with AY-30. This re-
sult again showed that even though 22:1(13a) was acylated to
the α-position of the glycerol backbone, the amount of free

22:1(13a) acid released was 0.3–0.8-fold lower than either
one of the other two acetylenic FA [i.e., 18:1(6a) or 18:1(9a)].
The results of the hydrolysis of compound 2 [18:1(9a)/
18:1(6a)/22:1(13a)] again demonstrated that lipases AY-30
and CCL were able to distinguish the 22:1(13a) acyl group.
Similar observation was found in the case of the hydrolysis
of 18:1(6a)/18:1(9a)/22:1(13a) (3). In the presence of CCL
and AY-30, the relative ratio of FFA isolated from 18:1(6a)/
18:1(9a)/22:1(13a) was 5:7:4 with CCL and 3:4:2 with AY-
30 as the biocatalyst. Therefore, TG containing a 22:1(13a)
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acid inhibit the hydrolytic activities of CCL (C. cylindracea)
and AY-30 (C. rugosa). McNeill and Sonnet (29) also re-
ported the discrimination toward 22:1(13c) (erucic acid) in
rapeseed oil by C. rugosa lipase (AY-30).

From these experiments it was found that some of these li-
pases could to some degree recognize the acyl groups of the
acetylenic TG according to the position of the acetylenic bond
in the acyl chains. Lipase A-12 was slow in hydrolyzing the
[22:1(13a)]3 and [18:1(9a)]3 substrates, as compared to other
symmetric TG in this study. Lipase AY-30 and CCL showed
a significant resistance toward [22:1(13a)]3. The catalytic ac-
tivities of PS-D and Lipozyme were also decreased in the hy-

drolysis of [18:1(6a)]3. Novozyme was an efficient enzyme
for esterification, but was not so efficient as many of the other
lipases used in the hydrolysis of TG. Of the eight lipases stud-
ied, Lipolase appeared to be the most efficient lipase for hy-
drolysis. The application of this work can lead to the produc-
tion of a vast range of lipid intermediates (MG, DG, and FFA)
for the cosmetic, therapeutic, and nutrition industries.
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ABSTRACT: The product of the ozonolysis of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine in ethanol-containing sol-
vent was analyzed by chemiluminescence detection–HPLC with
on-line electrospray MS, and characterized on the basis of NMR
spectroscopy and MS in high-resolution fast atom bombardment
mode. The reaction yielded a large amount of a novel ethoxyhy-
droperoxide compound [1-palmitoyl-2-(9-ethoxy-9-hydroper-
oxynonanoyl)-sn-glycero-3-phosphocholine]. In addition to a
structural analysis, we speculate on the reaction pathway and
discuss the possibility of ethoxyhydroperoxide as a potentially
reactive ozonized lipid in food and biological materials.

Paper no. L9108 in Lipids 37, 1007–1012 (October 2002).

Ozone, one of the most powerful oxidants in polluted air, reacts
with most organic compounds (1). Exposure of animals and hu-
mans to ozone causes lung injury, including increased epithelial
macromolecular permeability and neutrophil infiltration (2,3).
In addition, cell leakage and lysis are observed in bacteria such
as Escherichia coli after ozone exposure (4). Owing to its high
oxidative power, it is frequently applied to the disinfection, de-
odorization, and bleaching of foods, water, and air (5).

Since unsaturated lipids (i.e., phospholipid and choles-
terol) are expected to be important targets of ozone in lung
lining fluids, cell membranes, and foods, the reaction of ozone
with lipids has been studied in detail (6–11). In the case of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
the ozonation of unsaturated FA (oleoyl moiety) of POPC
gives an unstable 1,2,3-trioxolane (Fig. 1). The compound
rapidly decomposes to give both carbonyl oxide and aldehyde
(12,13). These two species (carbonyl oxide and aldehyde) re-
combine to give the Criegee ozonide in nonparticipating or-
ganic solvents (12). In the presence of H2O, however, the

H2O can readily react with carbonyl oxide to form an unstable
hydroxyhydroperoxide. Elimination of H2O2 from the hy-
droxyhydroperoxide yields an aldehyde-containing PC. Oxi-
dation of the aldehyde by ozone gives a carboxylic acid-
containing PC as a final product (13) (Fig. 1). Therefore, the
selection of solvent might have a significant impact on the
mechanism of the reaction of ozone with POPC. 

According to an early study (14), Heath and Tappel 
studied the reaction of ozone with linoleic acid in the pres-
ence of ethanol. They found that ozone reacts with linoleic
acid to give an “organic hydroperoxide” in ethanol. This
compound is presumably the ethanol adduct of the car-
bonyl oxide; that is, the ethoxyhydroperoxide molecule
[HOO–CH(OC2H5)–(CH2)7–COOH]. However, the ozona-
tion products from POPC in the presence of alcohol have
never been investigated. It seemed logical to anticipate that
POPC could react with ozone in the presence of ethanol to
yield the ethoxyhydroperoxide-containing PC. The compound
might be a new toxic molecule arising during ozone exposure
because it possesses a reactive hydroperoxide group.

Previously, we developed a chemiluminescence (CL) de-
tection–HPLC method for sensitive and selective determina-
tion of organic hydroperoxides present in food models and
biological samples (15,16). Using this method, hydroperoxi-
dation of various kinds of molecules, such as phospholipids
(15,16), TAG (17), α-tocopherol (18), squalene (19), and cho-
lesterol (20), has been demonstrated. The application of an
effective CL–HPLC assay would help to understand lipid
ozonation reactions in foods and biological tissues. Hence, in
the present study, we investigated the structures of the ozona-
tion products of POPC, focusing especially on ethoxyhy-
droperoxide-containing PC formation in the presence of etha-
nol using our CL–HPLC with on-line MS.

EXPERIMENTAL PROCEDURES

Materials. POPC and soybean phosphatidylcholine (soyPC)
were purchased from Funakoshi (Tokyo, Japan). Other
reagents and solvents were of the highest grade available.

Ozone exposure. POPC (5 µmol) was dissolved in 3 mL of
ethanol/hexane (1:9, vol/vol). An EO-301 Okano Works
ozonator was used for generating a 1.3% ozone-in-oxygen
stream. POPC solution was bubbled at a flow rate of 100
mL/min for 3 min under ice-cold conditions (12,13). After
ozonation, the reaction mixture was dried and redissolved in
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300 µL of methanol. An aliquot portion (10 µL) was sub-
jected to CL–HPLC with on-line MS (HPLC–CL–MS). The
principal ozonation products (retention times of 25 and 27
min in HPLC–CL–MS) were isolated and their chemical
structures determined as described below.

In studies aimed at assigning the mechanism of product
formation, the following procedure was adopted: POPC or
soyPC (5 µmol each) was dissolved in hexane containing dif-
ferent amounts of ethanol (0–60%, vol/vol), and treated with
ozone gas for various lengths of time (0–10 min). Following
the reactions, the yields of ozonized lipids were determined
by HPLC–CL–MS.

HPLC analysis. For the HPLC–CL–MS system, an ODS
column (TSKgel ODS-80Ts, 4.6 × 250 mm; Tosoh, Tokyo,
Japan) was used. The column was eluted using a binary
gradient consisting of the following HPLC solvents: A,

methanol/water (1:1), and B, methanol. The gradient profile
was as follows: 0–15 min, 70% B; 15–25 min, 70–98% B lin-
ear; 25–28 min, 98–100% B linear; 28–40 min, 100% B. The
flow rate was adjusted to 1 mL/min and the column tempera-
ture was maintained at 36°C. At the column exit, the eluant was
split. One of the split eluants (flow rate, 0.9 mL/min) was sub-
sequently mixed with a hydroperoxide-specific CL cocktail (a
mixture of luminol and cytochrome C in 50 mM borate buffer;
pH 10) (15,16) and sent to a JASCO 825CL detector (Japan
Spectroscopic Co., Tokyo, Japan). The flow rate of the CL
cocktail was 1 mL/min. The other split column eluant (flow
rate, 0.1 mL/min) was sent to a Mariner electrospray ionization
time-of-flight mass spectrometer (PerSeptive Biosystems,
Framingham, MA). MS was carried out in the positive ion mea-
surement mode with a spray voltage of 1900 V, a nozzle poten-
tial of 150 V, and a nozzle temperature of 150°C. The flow rate
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FIG. 1. Chemical reaction of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with
ozone. PC-ald, 1-palmitoyl-2-(9-oxononanoyl)-sn-glycero-3-phosphocholine; PC-acid, 1-
palmitoyl-2-(9-carboxynonanoyl)-sn-glycero-3-phosphocholine.



of nebulizer gas was 0.3 mL/min. Full-scan spectra were ob-
tained by scanning masses between m/z range 200–1000.

Identification procedures. The accurate mass for the iso-
lated ozonation product was determined by a JEOL-JMS-700
mass station (JEOL, Tokyo, Japan) in high-resolution fast
atom bombardment mode (HRFAB). HRFAB–MS measure-
ments were performed in the positive mode with glycerol as
matrix. 1H and 13C NMR spectra were measured on a Varian
Unity 600 spectrometer at 600 MHz for 1H NMR and at 150
MHz for 13C NMR, respectively, using CDCl3 as the solvent.

RESULTS AND DISCUSSION

Figure 2A shows the typical total ion current (TIC) chromato-
gram when ozone gas-exposed POPC in ethanol/hexane (1:9)
was subjected to HPLC–CL–MS. After only 3 min of ozona-
tion, POPC itself was completely decomposed, and the peak
components a–d ascribed to ozonation products appeared in the
TIC chromatogram (Fig. 2A). Of these peaks, peaks a (re-
tention time = 16 min) and b (22 min) gave molecular ions [M
+ H]+ at m/z 666.5 and 650.5, which were identical to the well-
known ozonolysis products PC-acid [1-palmitoyl-2-(9-
carboxynonanoyl)-sn-glycero-3-phosphocholine] and PC-ald
[1-palmitoyl-2-(9-oxononanoyl)-sn-glycero-3-phospho-
choline], respectively (Fig. 1) (13). Of the other known prod-
ucts of ozonized POPC, the Criegee ozonide (12,21) was at
trace level and the hydroxyhydroperoxide (13) could not be de-
tected under the present experimental conditions. On the other
hand, the peak components c (25 min) and d (27 min) showed
molecular ions at m/z 712.4 and 694.4 (Figs. 2B and C), respec-
tively, although these components have not yet been character-
ized. Component c gave an intense CL peak (25 min) in the CL
chromatogram (Fig. 2D), whereas peak d did not react with the
CL cocktail (data not shown). The MS spectra (Figs. 2B and
C) and CL properties (Fig. 2D) of peak c suggest that it might
possess a hydroperoxy group in the molecule.

Next, to determine the chemical structures of peaks c and d,
these components were isolated by HPLC (see the Experimen-
tal Procedures section), and their structures were determined by
spectroscopic procedures. Peak c: HRFAB–MS (glycerol) [M +
H]+ m/z 712.4767 (calcd. for [C35H71N1O11P1]+ m/z 712.4686).
Further NMR measurements, i.e., COSY, heteronuclear single-
quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC) (J = 8 Hz), enabled us to identify compo-
nent c as 1-palmitoyl-2-(9-ethoxy-9-hydroperoxynonanoyl)-sn-
glycero-3-phosphocholine (PC-EHP, Fig. 3A). The presence of
the CH(OOH)OCH2CH3 fragment in this molecule is supported
by the HMBC between Ha and Ce1. NMR data are listed below:
1H NMR (CDCl3): 0.85 (t, 3H, Hω), 1.18 (t, 3H, He2), 1.25–1.30
(m, 32H, Hγ), 1.48–1.60 (m, 6H, Hα′, Hβ), 2.20–2.30 (m, 4H,
Hα), 3.35 (s, 9H, Hm), 3.55 (m, 1H, He1), 3.87 (m, 1H, He1), 3.90
(m, 2H, Hc1), 4.00 (m, 2H, Hg3), 4.08 (m, 1H, Hg1), 4.28 (m, 1H,
Hg1), 4.37 (m, 2H, Hc2), 4.75 (m, 1H, Ha), 5.18 (m, 1H, Hg2)
ppm. 13C NMR (CDCl3): 13.5 (Cω), 14.1 (Ce2), 24.3 (Cα′,Cβ),
28.4–29.1 (Cγ), 33.5 (Cα), 54.2 (Cm), 60.0 (Cc2), 62.2 (Cg1),
64.1 (Cg3), 64.8 (Ce1), 65.7 (Cc1), 69.8 (Cg2), 107.5 (Ca) ppm.

The chemical shifts of 13C signals were determined by the cross-
peaks in HSQC and HMBC spectra. This isolated PC-EHP was
used as a reference standard in later experiments. On the other
hand, peak d was tentatively determined as 1-palmitoyl-2-(9-
carbethoxynonanoyl)-sn-glycero-3-phosphocholine (PC-CE,
Fig. 3B) based on MS data; HRFAB–MS, [M + H]+ m/z
694.4662 (calcd. for [C35H69N1O10P1]+ m/z 694.4581). NMR
measurement of PC-CE could not be carried out in the present
study owing to the insufficient amount of isolated PC-CE. 

To help assign pathways for PC-EHP and PC-CE forma-
tion in ethanol, POPC was dissolved in hexane containing dif-
ferent amounts of ethanol (0–60%) and then treated with
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FIG. 2. Ozonation products of POPC in ethanol. POPC (5 µmol) in etha-
nol/hexane (1:9) was exposed to ozone gas for 3 min and analyzed by
HPLC–chemiluminescence (CL)–MS. A, total ion current (TIC) chromato-
gram; B, mass spectrum of the peak c component (25 min) in chromato-
gram A; C, mass spectrum of the peak d component (27 min) in chro-
matogram A; D, CL chromatogram. For other abbreviation see Figure 1.



ozone for 3 min. Neither PC-EHP nor PC-CE was formed in
the absence of ethanol (Fig. 4). Hence, these components
would appear to be principal products during ozonation in the
presence of alcohol. The PC-EHP yield showed a maximum
when POPC in ethanol/hexane (6:4) was treated with ozone.
In contrast, the yield of PC-CE was at a maximum when ex-
posing POPC in ethanol/hexane (1:9) to ozone gas (Fig. 4).
When isolated PC-EHP was incubated in ethanol-free solvent
(i.e., chloroform, hexane, and methanol), PC-EHP did not
decompose (data not shown). This implied that PC-EHP 
is a stable compound and that PC-CE could not be 
formed via PC-EHP. Based on these findings, two possible
pathways for POPC ozonation in ethanol can be envis-
aged (Figs. 5A and B). In the first, ethanol reacts with the
carbonyl oxide to form PC-EHP (Fig. 5A). In the second, 
the Criegee ozonide and/or 1,2,3-trioxolane reacts with etha-
nol to form PC-EHP, PC-ald, the short-chain aldehyde
[CH3–(CH2)7–CHO], and an ethoxyhydroperoxide molecule
[HOO–CH(OC2H5)–(CH2)7–CH3] (Fig. 5B). PC-ald in the
presence of ethanol may be in equilibrium with its ethyl hemi-
acetal. This compound can be transformed into PC-CE by a
simple oxidation step (Fig. 5B).

Figure 6 shows the time course of changes in the yields of
ozonation products when POPC in ethanol/hexane (1:9) was
exposed to ozone for 0–10 min. Interestingly, POPC itself
was rapidly degraded during ozonation, but considerable
amounts of PC-ald, PC-EHP, and PC-CE were formed and re-
mained in the reaction mixture even after 10 min of ozone ex-
posure. Hence, these products (PC-ald, PC-EHP, and PC-CE)
might be useful marker molecules for ozone exposure.

For food sterilization, the use of a combination of different
disinfection procedures (i.e., treatment of ozone together with
alcohol or UV light) was recently recommended to enhance

the bactericidal effect (22,23). If one is applying the O3/etha-
nol treatment for food disinfection, PC-EHP may be formed
from food phospholipids, influencing the quality, taste, and fla-
vor of food. To assess such a possibility, we tested the fre-
quently used food extender soyPC. Figure 7 shows a typical
CL chromatogram when soyPC (5 µmol) in 3 mL of etha-
nol/hexane (1:9) was exposed to ozone gas for 3 min. Molecu-
lar species of PC-EHP, having palmitoyl (16:0-PC-EHP) or
oleoyl (18:0-PC-EHP) residues at the sn-1 position of the glyc-
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FIG. 3. A, Chemical structure of peak c : 1-palmitoyl-2-(9-ethoxy-9-hydroperoxynonanoyl)-sn-
glycero-3-phosphocholine (PC-EHP). The arrow shows the heteronuclear multiple bond corre-
lation (HMBC) between Ha and Ce1. The other HMBC are not shown. B, proposed structure of
peak d: 1-palmitoyl-2-(9-carbethoxynonanoyl)-sn-glycero-3-phosphocholine (PC-CE).

FIG. 4. The yields of PC-EHP and PC-CE during ozonation of POPC in
ethanol. POPC was dissolved in hexane containing different amounts of
ethanol (0–60%) and then treated with ozone for 3 min. After the reac-
tion, the samples were analyzed by HPLC–CL–MS. Values are mean ±
SD (n = 4). For other abbreviations see Figures 2 and 3.



erol moiety, were detected in the CL chromatogram. Ethoxy-
hydroperoxide concentrations were determined as 0.21 µmol
for 16:0-PC-EHP and 0.11 µmol 18:0-PC-EHP/3 mL of total
reaction mixture using a calibration curve generated from stan-
dard PC-EHP. This means that 6.4 mol% of soyPC is con-
verted to the ethoxyhydroperoxide products during only 3 min
of ozonation. Such high hydroperoxidation values will impair
the nutritive value of soy products.

When POPC was exposed to ozone gas in the presence of
ethanol, the formation of an ethoxyhydroperoxide derivative
(PC-EHP) could be confirmed. The present HPLC–CL–MS
system is an effective method for the structural elucidation of
ozonized phospholipids. In addition, CL measurement allows

the selective and sensitive determination of PC-EHP. Applying
the present method to the ozonation of soyPC in ethanol, we
succeeded in detecting a large amount of PC-EHP. We antici-
pate that the compound may be useful as a new specific marker
molecule for detecting exposure of food lipids to ozone.
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FIG. 6. Course of changes in the yields of ozonation products. POPC in
ethanol/hexane (1:9) was exposed to ozone gas for 0–10 min. Follow-
ing the reaction, the samples were analyzed by HPLC–CL–MS. Values
are mean ± SD (n = 4). For abbreviations see Figures 1–3.

FIG. 7. Typical CL chromatogram of ethoxyhydroperoxide derivatives
of soybean phosphatidylcholine (soyPC) during exposure to ozone.
16:0-PC-EHP, 1-palmitoyl-2-(9-ethoxy-9-hydroperoxynonanoyl)-sn-
glycero-3-phosphocholine; 18:0-PC-EHP, 1-oleoyl-2-(9-ethoxy-9-hy-
droperoxynonanoyl)-sn-glycero-3-phosphocholine. For other abbrevia-
tion see Figure 2.



ABSTRACT: Racemic 1,4-dihydroxynonane mercapturic acid
(DHN-MA) and 9,9,9-trideutero-1,4-dihydroxynonane mercap-
turic acid (d3-DHN-MA) are synthesized on a 400-mg scale (over-
all yield ~40%) by a two-step sequence involving Michael addi-
tion of N-acetyl-L-cysteine to methyl 4-hydroxynon-2(E)-enoate or
methyl 9,9,9-trideutero-4-hydroxynon-2(E)-enoate, followed by
reduction of the intermediate adducts with lithium borohydride.
The requisite starting methyl esters are obtained, respectively, from
heptanal or 7,7,7-trideuteroheptanal and methyl 4-chlorophenyl-
sulfinylacetate via a sulfoxide piperidine and carbonyl reaction
described in the literature. The 7,7,7-trideuteroheptanal is easily
prepared by classical methods in four steps from 6-bromo-1-hexa-
nol. 13C NMR data indicate that DHN-MA as well as d3-DHN-MA
are obtained as mixtures of four diastereomers. Preliminary results
show that d3-DHN-MA could be used as an internal standard for
mass spectrometric quantification of DHN-MA in human urine.

Paper no. L9123 in Lipids 37, 1013–1018 (October 2002).

Despite much investigation, the quantitative evaluation of ox-
idative stress remains a difficult task for biologists. Lipoperox-
idation, one of the main consequences of oxidative stress,
yields numerous cytotoxic and mutagenic aldehydes, of which
malondialdehyde and 4-hydroxy-2(E)-nonenal (4-HNE) have
been the most extensively studied (1–3). Lipoperoxidation is
often estimated by the TBARS method, which is rather unspe-
cific (4). Recently, the cell-detoxifying process of 4-HNE was
discovered to result from at least three different routes. From a
quantitative viewpoint, in rats and humans, its conjugation to
glutathione seems the most important, and its main final prod-
uct is urinary dihydroxynonane-mercapturic acid (DHN-MA)
(5–8). Thus, DHN-MA may be a good candidate as a noninva-
sive biomarker of oxidative stress. Therefore, the preparation
of a deuterium-labeled DHN-MA derivative that can be used
as an internal standard for mass spectrometric quantification of
DHN-MA in urine is needed. The objective of the present note
is to report an improved synthesis of DHN-MA, its application
to the preparation of stable 9,9,9-trideutero-1,4-dihydroxy-
nonane mercapturic acid (d3-DHN-MA), and preliminary re-

sults on the utilization of this trideuterated compound to quan-
tify DHN-MA in human urine.

EXPERIMENTAL PROCEDURES

Materials and methods. All reagents of analytical reagent grade
were purchased from Sigma Aldrich (L’Isle d’Abeau, France)
and used without further purification. Methyl 4-chlorophenyl-
sulfinylacetate was prepared from 4-chlorothiophenol and
methyl chloroacetate following a described procedure (9). THF
was distilled from sodium/benzophenone ketyl and dichloro-
methane from phosphorus pentoxide immediately before use.
Flash chromatographies were performed using Merck Silica Gel
60 (40–63 µm), and TLC separations were carried out using
Merck Kieselgel 60 F254 plates (Merck S.A., Chelles, France).
IR spectra were recorded on a PerkinElmer 1310 IR spectropho-
tometer; the abbreviation for shoulder is sh. NMR spectra were
recorded on a Bruker AC200 instrument (200/50 MHz) and for
specified cases on a Bruker DRX-500 (500/125 MHz). Splitting
pattern abbreviations are s, singlet; d, doublet; t, triplet; p,
pentuplet; m, multiplet; and app, apparent. Multiplicity (13C
NMR) was determined by distortionless enhancement by polar-
ization transfer sequences. High-resolution negative ion fast
atom bombardment MS (HR-NI-FABMS) was performed by
Centre de Spectrométrie de Masse (Université Claude Bernard-
Lyon 1, Villeurbanne, France).

Synthetic procedures. (i) Methyl 4-hydroxynon-2(E)-enoate
(2a) and methyl 9,9,9-trideutero-4-hydroxynon-2(E)-enoate
(2b). To a solution of 4 g (17.2 mmol) of methyl 4-
chlorophenylsulfinylacetate (9) in 40 mL of acetonitrile was
added 2.4 mL (24 mmol) of piperidine followed by dropwise
addition of 2.5 g of heptanal 1a (21.9 mmol) or 7,7,7-
trideuteroheptanal 1b (21.3 mmol). The reaction mixture was
stirred overnight at room temperature and then evaporated in
vacuo. The residue was purified by flash chromatography on
silica gel (150 g; dichloromethane/diethyl ether, 90:10 vol/vol)
to afford the ester 2a or 2b contaminated with residual methyl
4-chlorophenylsulfinylacetate. A second flash chromatography
on silica gel (150 g; diethyl ether) afforded 2.16 g (67%) of
pure ester 2a or 2.32 g (71%) of pure ester 2b as yellowish oils.
Ester 2a: The NMR spectra were in accordance with literature
data (9). Ester 2b: IR: (neat) ν (cm−1): 3450 (OH); 2220, 2115,
2080 (CD); 1730, 1715 sh (CO); 1615 (C=C). 1H NMR:

Copyright © 2002 by AOCS Press 1013 Lipids, Vol. 37, no. 10 (2002)

*To whom correspondence should be addressed at Laboratoire de Chimie-
Organique, INSA, Bâtiment Jules Verne, 17 Avenue Jean Capelle, 69621
Villeurbanne Cedex, France. E-mail: Bernard.Chantegrel@insa-lyon.fr
Abbreviations: DHN-MA, 1,4-dihydroxynonane mercapturic acid; 4-HNE,
4-hydroxy-2(E)-nonenal; HR, high-resolution; NI-FABMS, negative ion fast
atom bombardment MS; PCC, pyridinium chlorochromate.

METHOD

Synthesis of 9,9,9-Trideutero-1,4-dihydroxynonane
Mercapturic Acid (d3-DHN-MA), a Useful Internal 

Standard for DHN-MA Urinalysis
B. Chantegrela,*, C. Deshayesa, A. Doutheaua, and J.P. Steghensb

aLaboratoire de Chimie Organique INSA-Lyon, Villeurbanne, France,
and bLaboratoire de Biochimie C, Hôpital Edouard Herriot, Lyon, France



(CDCl3) δ: 1.15–1.50 (6H, m); 1.50–1.80 (2H, m); 2.17 (1H, d,
J = 3 Hz); 3.73 (3H, s); 4.29 (1H, m); 6.02 (1H, dd, J = 15.7, J
= 1.6 Hz); 6.95 (1H, dd, J = 15.7, J = 4.9 Hz). 13C NMR:
(CDCl3) δ: 13.12 (app. p, C-9, 1JCD = 18.8 Hz); 22.30 (C-8);
24.95 (C-6); 31.62 (C-7); 36.64 (C-5); 51.64 (C-10); 71.06
(C-4); 119.58 (C-2); 150.92 (C-3); 167.21 (C-1). 

(ii) Michael addition of N-acetyl-L-cysteine to esters 2a,b.
To a solution of 0.85 g of ester 2a (4.56 mmol) or ester 2b (4.49
mmol) in methanol (20 mL) were added 665 mg (4 mmol) of
N-acetyl-L-cysteine and 1.26 mL (9 mmol) of triethylamine.
The reaction mixture was stirred under a nitrogen atmosphere
at room temperature for 3 d. The solvent was evaporated in
vacuo and the crude product was purified by flash chromatog-
raphy on silica gel (170 g; chloroform/methanol/acetic acid,
10:3:0.5 by vol) to afford a mixture of diastereomeric ester 3
and diastereomeric lactone 4 as a sticky oil contaminated with
residual acetic acid. A second flash chromatography on silica
gel (140 g; chloroform/methanol/ether, 10:6:1 by vol) gave
1.33 g (~73%) of a 3a/4a mixture or 1.20 g (~83%) of a 3b/4b
mixture as white solid foams. The 3a/4a or 3b/4b ratios were
determined to be about 1:2 by 1H NMR (see Results and Dis-
cussion section below). 3a/4a mixture: IR (CHCl3) ν (cm−1):
3600–2400 (OH, NH); 1770 (CO lactone); 1715 (CO ester and
acid); 1660 (CO amide). 1H NMR (500 MHz, CD3OD) δ: 0.90
(3H, t); 1.10–1.90 (8H, m); 2.10 and 2.15 (3H, 2s); 2.45–2.80
(1H, m); 2.80–3.50 (3H, m); 3.60–3.90 (1H, m with a singlet at
3.73 ppm for the methyl ester resonance of 3a); 4.10–5.00 (2H,
m). 3b/4b mixture: IR (CHCl3) ν (cm−1): 3600–2400 (OH,
NH), 2220, 2115, 2080 (CD); 1775 (CO lactone); 1720 (CO
ester and acid); 1660 (CO amide). 1H NMR (500 MHz,
CD3OD) δ: 1.25–1.90 (8H, m); 2.01 and 2.06 (3H, 2s);
2.45–2.75 (1H, m); 2.75–3.50 (3H, m); 3.65–3.90 (1H, m with
a singlet at 3.73 ppm for the methyl ester resonance of 3b);
4.25–4.75 (2H, m).

(iii) DHN-MA (5a) and d3-DHN-MA (5b). To a stirred solu-
tion of 900 mg (~2.5 mmol) of 3a/4a or 3b/4b mixture in an-
hydrous THF (20 mL) under a nitrogen atmosphere at 0°C was
added lithium borohydride (150 mg, 6.89 mmol) in one por-
tion. After 10 min at 0°C, the cooling bath was removed and
the reaction mixture was stirred for 24 h at room temperature.
The reaction mixture was cooled in a water-ice bath, quenched
with acetic acid (~1 mL), and concentrated in vacuo. The
residue was purified by flash chromatography on silica gel (140
g; chloroform/methanol/acetic acid, 10:3:0.5 by vol) to afford
520 mg of 5a or 500 mg of 5b contaminated with residual ace-
tic acid. A second flash chromatography on silica gel (80 g;
chloroform/methanol/ether, 5:4:1 by vol) gave 432 mg (~54%)
of 5a or 418 mg (~51%) of 5b as white solid foams that slowly
decomposed at about 120°C. DHN-MA 5a: 1H NMR (500
MHz, CD3OD) δ: 0.92 (t, 3H, J = 6.85 Hz); 1.25–1.40 (5H, m);
1.40–1.70 (4H, m); 1.82–1.92 (1H, m); 2.02 (3H, s; three peaks
were observed by enlargement of this signal); 2.82–3.32 (3H,
m); 3.62–3.85 (3H, m); 4.35–4.50 (1H, m). 13C NMR (125
MHz, CD3OD; pertinent signals) δ: 13.58 (C-9); 21.98 (C-5′);
49.31, 49.70, 50.63 (C-3); 55.21, 55.27 (C-2′); 59.50, 59.71
(C-1); 74.16, 74.27, 74.35, 74.50 (C-4); 172.09, 172.17 (C-4′);

176.58–176.70 (C-1′). NI-FABMS: m/z: 320 (M − H)−; 
191 (C9H19O2S−); 162 (C5H8NO3S−); 143 (C9H19O−). 
HR-NI-FABMS: (M − H)−: Calculated for C14H26NO5S,
320.1530; found, 320.1532. d3-DHN-MA 5b: 1H NMR (500
MHz, CD3OD) δ: 1.25–1.45 (5H, m); 1.45–1.70 (4H, m);
1.85–1.95 (1H, m); 2.03 (3H, s; three peaks were observed by
enlargement of this signal); 2.82–3.35 (3H, m); 3.62–3.90 (3H,
m); 4.35–4.50 (1H, m). 13C NMR (125 MHz, CD3OD; perti-
nent signals) δ: 12.59 (app. p, C-9, 1JCD = 19.1 Hz); 21.80
(C-5′); 49.24, 49.62, 50.58 (C-3); 55.22, 55.30 (C-2′); 59.45,
59.64 (C-1); 74.15, 74.26, 74.39, 74.52 (C-4); 172.09, 172.13,
172.22, 172.25 (C-4′); 177.10, 177.21 (C-1′). NI-FABMS: m/z:
323(M − H)−; 194 (C9H16D3O2S−); 162 (C5H8NO3S−); 146
(C9H16D3O−). HR-NI-FABMS: (M − H)−: Calculated for
C14H23D3NO5S, 323.1715; found, 323.1720. 

(iv) 6-Tetrahydropyranyloxy-1-bromohexane (7). To a
stirred solution of 10 g (55 mmol) of 6-bromo-1-hexanol (6) in
120 mL of dichloromethane was added 6.5 mL (67 mmol) of
dihydropyran in one portion, followed by 2.8 g (11 mmol) of
pyridinium p-toluenesulfonate. After being stirred for 24 h at
room temperature, the reaction mixture was washed succes-
sively with saturated aqueous sodium hydrogencarbonate (40
mL) and brine (40 mL), dried over sodium sulfate, and concen-
trated in vacuo. The residue was purified by flash chromatog-
raphy on 150 g of silica gel (pentane/ethyl acetate, 95:5
vol/vol) to afford 12 g (82%) of bromide 7 as a colorless liquid
(10).

(v) 7,7,7-Trideutero-1-tetrahydropyranyloxyheptane (8). To
a stirred solution of 6 g (22.6 mmol) of bromide 7 in 100 mL
of anhydrous THF, under a nitrogen atmosphere, was added 7
mL of a 0.1 M solution of Li2CuCl4 in THF. The resulting so-
lution was cooled in an ice-sodium chloride bath, and 25 mL
of a 1 M solution of CD3MgI in diethyl ether was added drop-
wise. After stirring for 24 h at room temperature, the reaction
mixture was quenched with saturated aqueous ammonium
chloride (100 mL) and extracted with diethyl ether (3 × 40 mL).
The combined extracts were washed with brine (40 mL), dried
over sodium sulfate, and concentrated in vacuo. The residue
was purified by flash chromatography on silica gel (120 g; pen-
tane/diethyl ether, 95:5 by vol) to afford 4.1 g (89%) of 8 as a
colorless liquid. IR (neat) ν (cm−1) : 2200, 2130, 2080 (CD).
1H NMR (CDCl3) δ: 1.20–1.45 (8H, m); 1.45–2.00 (8H, m);
3.30–3.60 (2H, m); 3.65–3.95 (2H, m); 4.85 (1H, m). 

(vi) 7,7,7-Trideuteroheptan-1-ol (9). A solution of 8 (7 g,
34.4 mmol) and p-toluenesulfonic acid monohydrate (1 g, 5.26
mmol) in methanol (60 mL) was stirred for 36 h at room tem-
perature. The solution was then neutralized by addition of solid
sodium hydrogencarbonate (1.5 g). After evaporation of the
solvent, 20 mL of dichloromethane was added and the solution
was filtered and evaporated in vacuo. The residue was purified
by flash chromatography on silica gel (120 g; pentane/diethyl
ether, 80:20 by vol) to afford 3.55 g (86%) of trideuterohep-
tanol 9 as a colorless liquid. IR (neat) ν (cm−1): 3340 (OH);
2220, 2130, 2080 (CD). 1H NMR (CDCl3) δ: 1.20–1.45 (8H,
m); 1.45–1.65 (2H, m); 1.69 (1H, s); 3.62 (2H, t, J = 6.5 Hz). 

(vii) 7,7,7-Trideuteroheptanal (1b). To a stirred suspension
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of pyridinium chlorochromate (PCC) (10 g, 46.4 mmol) and
anhydrous sodium acetate (0.6 g, 7.3 mmol) in
dichloromethane (50 mL) cooled in a water-ice bath was added
3.5 g (30.1 mmol) of alcohol 9 in one portion. The reaction
mixture was stirred for 5 min at 0°C and then for 1 h at room
temperature. After addition of 100 mL of diethyl ether, the re-
sulting suspension was filtered through silica gel (60 g). The
silica gel was washed with four 50-mL portions of diethyl
ether. The combined organic eluates were concentrated in
vacuo, and the residue was purified by flash chromatography
on silica gel (50 g; dichloromethane) to afford 2.68 g (78%) of
trideuteroheptanal 1b as a colorless liquid. IR (neat) ν (cm−1):
2220, 2130, 2080 (CD); 1725 (CO). 1H NMR (CDCl3) δ:
1.20–1.40 (6H, m); 1.55–1.75 (2H, m); 2.42 (2H, td, J = 7.20, J
= 1.85 Hz); 9.77 (1H, t, J = 1.85 Hz). 

HPLC analysis of DHN-MA 5a. Analytical HPLC separa-
tion was performed with a Thermo Finnigan liquid chromato-
graph (pump P4000, injector AS 3000, and a UV/vis diode-
array detector UV 6000 LP) on a 150 × 2 mm Uptisphere ODB
C18 cartridge (3 µm particle size) (Interchim, Montluçon,
France). The flow rate was 200 µL/min with the cartridge kept

at 37°C and the detector set at 215 nm. The mobile phase was
10 mM ammonium acetate (final concentration) adjusted to pH
3.5 with formic acid, and 20% (vol/vol) of acetonitrile. DHN-
MA (600 µmol/L) (10 µL injected) was detected as a double
peak at 6.6 and 6.9 min in a pattern similar to that described by
Alary et al. (6).

DHN-MA analysis in human urine. Urine (100 µL), acidi-
fied with 10 µL HCl (1 M) and spiked with d3-DHN-MA, was
prepared by solid-phase extraction on Oasis HLB (60 mg, Wa-
ters®) according to the manufacturer’s instructions. After opti-
mization of the washing step by using methanol/water 20:80
(vol/vol; 2 × 500 µL), the sample was eluted with methanol,
dried under vacuum, and reconstituted with 100 µL of the mo-
bile phase (10 mM ammonium acetate adjusted to pH 2.5 with
formic acid and containing 35% vol/vol methanol). The HPLC
analysis was carried out with the same device as described for
HPLC analysis of DHN-MA 5a. The sample (10 µL) was in-
jected onto an Alltech (Deerfield, IL) Adsorbosphere HS C18
(150 × 2 mm, 3 µm particle size) held at 45°C, with a 200
µL/min flow rate. Detection was with a single quadrupole mass
spectrometer (Navigator Aqua, Thermo Finnigan) in electron
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FIG. 1. Typical LC/MS chromatograms ([M + H]+, single ion monitoring mode) of: (A, B) a human urine of a burnt
patient, prepared and analyzed as described in the text, with authentic DHN-MA eluted at the retention time (RT) =
5.93 min and m/z = 322 (A) and its internal d3-DHN-MA standard recorded at RT = 5.88 min and m/z = 325 (B).
(C) A DHN-MA standard (140 nM) at RT = 5.96 min and m/z = 322. (D) The d3-DHN-MA prepared like a sample
and injected alone (RT = 5.94 min at m/z = 325) to calculate the recovery for the urine sample shown in (A) and
(B), i.e., around 71%. From these chromatograms it appeared that DHN-MA was present at about 102 nM in the
analyzed urine sample. DHN-MA, 1,4-dihydroxynonane mercapturic acid.



spray ionization positive mode. The probe was set at 225°C and
2.5 kV with an entrance cone voltage at 10 V. Typical chro-
matograms recorded in single-ion monitoring mode (M + H)+

at m/z = 322 and 325 are shown in Figure 1.

RESULTS AND DISCUSSION

DHN-MA was first synthesized by Alary et al. (6) on a 5-mg
scale for identification purposes. Starting from 3,3-diethoxy-1-
propyne and hexanal, racemic 4-HNE diethyl acetal was pre-
pared in two steps (11,12). Hydrolysis of 4-HNE diethyl acetal
to 4-HNE was followed by Michael addition of N-acetyl-L-cys-
teine and reduction of the intermediate aldehyde to DHN-MA.
Alary’s synthesis could be applied to the preparation of d3-
DHN-MA starting from 9,9,9-trideutero-4-HNE since this
compound has been synthesized in five steps with a total yield
of about 20% (13). However, the yield of the Michael addi-
tion–reduction steps in Alary’s sequence was rather low (about
15%), presumably because the reactive intermediate saturated
aldehyde, formed from 4-HNE in the Michael addition reac-
tion, could give rise to side reactions. In an attempt to improve
the yield and ease of synthesis of DHN-MA, we turned our at-
tention to methyl 4-hydroxynon-2(E)-enoate as the starting ma-
terial, in place of 4-HNE, for the following reasons. A facile
synthesis of racemic methyl 4-hydroxynon-2(E)-enoate 2a,
starting from heptanal 1a and methyl 4-chlorophenylsulfinyl-
acetate (Scheme 1) via a sulfoxide piperidine and carbonyl re-
action, has been described by Tanikaga et al. (9). The utiliza-
tion of an ester should minimize the side reactions in the
Michael addition step. If successful, the procedure could be
easily transposed to the preparation of d3-DHN-MA starting
from 9,9,9-trideutero-4-hydroxynon-2(E)-enoate 2b. 

Michael addition of N-acetyl-L-cysteine to racemic unsatu-
rated ester 2a was conducted in methanol in the presence of tri-
ethylamine for 3 d and afforded an inseparable mixture of
diastereomeric ester 3a and diastereomeric lactone 4a. The for-
mation of 4a was evidenced by a deficit in the integration of
the methyl ester resonance in the 1H NMR together with a
strong absorption at 1770 cm−1 in the IR spectrum. The 3a/4a
ratio was estimated to be 1:2 by 1H NMR from the integrations
of the methyl ester resonances centered at 3.73 ppm for 3a and
acetamido resonances between 2.10 and 2.15 ppm for (3a +
4a). The 3a/4a ratio should presumably reflect an equilibrium
between ester 3a and lactone 4a because the Michael addition
is a slow process and 4a can reopen to 3a by reaction with
methanol. Alary et al. (5) also have observed the formation of
lactone 4a in the Michael addition of N-acetyl-L-cysteine to 4-
hydroxynon-2(E)-enoic acid (5). Subsequent simultaneous re-
duction by lithium borohydride in THF (14) of the ester and
lactone functionalities in the 3a/4a mixture gave rise to DHN-
MA 5a. This sequence allowed us to prepare DHN-MA on a
400-mg scale, with a 39% yield from ester 2a after chromato-
graphic purification.

The procedure was then applied to the synthesis of d3-DHN-
MA 5b through the key trideuterated ester 2b, which was pre-
pared from the 7,7,7-trideuteroheptanal 1b (Scheme 1). This
aldehyde was readily obtained from 6-bromo-1-hexanol 6
(Scheme 2) by classical methods [alcohol protection as a tetra-
hydropyranyloxy derivative (10), reaction with trideutero-
ethylmagnesium iodide in the presence of lithium tetra-
chlorocuprate (15), deprotection, and PCC oxidation (15)] in a
49% overall yield. The spectroscopic data were in full agree-
ment with the structure of 1b, in particular a triplet resonance
at 9.77 ppm with a 3J coupling of 1.85 Hz, which was observed
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i) methyl 4-chlorophenylsulfinylacetate, piperidine/acetonitrile (2a: 67%; 2b: 71%)
ii) N-acetyl-L-cysteine/triethylamine/methanol (3a + 4a: 73%; 3b + 4b: 83%)
iii) LiBH4/THF (5a: 54%; 5b: 51%)
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for the aldehydic proton in the 1H NMR spectrum, and absorp-
tion bands in the IR spectrum at 2080–2220 cm−1 for the C–D
bonds. The aldehyde 1b was transformed into the key ester 2b
by following the procedure of Tanikaga et al. (9). The structure
of 2b was fully consistent with the IR, 1H NMR, and 13C NMR
data. The presence of the hydroxyl group was confirmed by the
band at 3450 cm−1 in the IR spectrum together with the dou-
blet at 2.17 ppm due to the 3J coupling between the OH and
C4-H protons in the 1H NMR spectrum. The double bond was
evidenced by the resonances at 6.02 ppm (C2-H) and 6.95 ppm
(C3-H), occurring as doublets of doublets, in the 1H NMR
spectrum and at 150.92 (C2) and 119.58 ppm (C3) in the 13C
NMR spectrum. The presence of the CD3 group was indicated
by the CD bands at 2080–2220 cm−1 in the IR spectrum and a
resonance at 13.12 ppm in the 13C NMR spectrum; this reso-
nance was observed as a pentuplet, with a 1JCD coupling of
18.8 Hz, in place of the expected septuplet, because the two
smallest peaks were lost in the spectral noise. Michael addition
of N-acetyl-L-cysteine to unsaturated ester 2b afforded an in-
separable mixture of diastereomeric ester 3b and diastereo-
meric lactone 4b. The 3b/4b ratio was estimated to be 1:2 by
1H NMR in a similar manner as for the 3a/4a ratio. Reduction
of the 3b/4b mixture, in a similar way as for the 3a/4a mixture,
afforded d3-DHN-MA 5b, on a 400-mg scale, with a 42% yield
from 2b after chromatographic purification.

Four diastereomers of DHN-MA 5a and d3-DHN-MA 5b
could be expected since three asymmetric carbons are present
in these molecules. HPLC analysis of synthetic DHN-MA 5a
showed the presence of two partially resolved peaks in a pat-
tern similar to that observed by Alary et al. (6) and consistent
with the presence of at least two diastereomers. Examination
of the complex NMR spectra of both 5a and 5b gave further
insight into the diastereomeric composition. The 1H NMR
spectrum of 5a was in agreement with the data of Alary et al.
(6). The 1H NMR spectra of 5a and 5b were impossible to ana-
lyze fully, but the presence of three diastereomers could be de-
duced from these spectra since three peaks were observed by
enlargment of the acetyl group at about 2 ppm. A careful

examination of the 13C NMR spectra of 5a and of 5b showed
that two peaks were observed for carbons C-1, C-1′, or C-2′,
three peaks for carbon C-3, and four peaks for carbon C-4. The
chemical shifts of these carbons (see Experimental Procedures
section) are consistent with literature data for similar carbons,
observed in 3-mercapto-2-butanol (for C-3 and C-4) and N-
acetyl-L-cysteine (for C-1′ and C-2′) (16). In particular, the four
C-4 resonances appeared at 74.16, 74.27, 74.35, and 74.50 ppm
for 5a and 74.15, 74.26, 74.39, and 74.52 ppm for 5b. On this
basis we concluded that DHN-MA 5a and d3-DHN-MA 5b
were obtained as mixtures of four diastereomers. 

The structures of 5a and 5b were confirmed by NI-FABMS.
(M − H)− base peaks appeared at m/z 320 for 5a and m/z 323
for 5b. Two other significant ions resulting from C3-S and C3′-S
bond cleavages were observed at m/z 162 (C5H8NO3S−) and
191 (C9H19O2S−) for 5a or at m/z 162 (C5H8NO3S−) and 194
(C9H16D3O2S−) for 5b. Exact mass measurements of the (M −
H)− ion by HR-NI-FABMS for both compounds were in per-
fect accordance with the expected values.

Preliminary analyses of human urine for DHN-MA were
done on samples of burnt patients that were expected to have a
high DHN-MA content. They are illustrated by the chromato-
grams recorded in single-ion monitoring mode (M + H)+ at m/z
= 322 and 325 shown in Figure 1. Authentic urine DHN-MA is
eluted at the same retention time as d3-DHN-MA (chromato-
grams A, B), and this elution time is similar for synthetic DHN-
MA standard (chromatogram C) or d3-DHN-MA alone (chro-
matogram D). Our preliminary results allowed us to determine
DHN-MA urine concentrations at a 100 nM level. Further re-
finements are needed to obtain an improved sensitivity for ana-
lyzing normal samples.
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ABSTRACT: CLA mixtures are now commercially available.
They differ from each other with respect to their content of CLA
isomers and their degree of purification. As a group of natural
FA, CLA have been widely assumed to be safe. However, the
suspected presence of both impurities and particular isomers
might induce undesirable side effects. Despite this potential
health risk, only a few CLA preparations have been tested under
rigorous conditions for clinical efficacy and safety. Based on the
limited results available, it is possible to suggest that prepara-
tions enriched in c9,t11 and t10,c12 isomers are preferable for
human consumption compared to preparations containing four
isomers, in terms both of safety and efficacy.

Paper no. L9016 in Lipids 37, 1019–1025 (November 2002).

The interest in CLA has developed since the 1980s when
CLA was identified as a component present in fried ground
beef, which exhibited anticarcinogenic properties against
chemically-induced tumor formation in animal models (1).
Progressively, in vitro and animal research have confirmed
the anticarcinogenic properties of CLA in such models (2–4),
and shown that CLA could be an antiatherosclerotic agent
(5,6), stimulator of the immune functions (7,8), growth factor
(9), and modulator of body composition in animals (10–15).

CLA refers to a mixture of linoleic acid isomers (18:2) with
conjugated double bonds and not simply to a single FA. All CLA
isomers are described according to the cis or trans configuration
of both double bonds at any position of the carbon chain, and
may be purified by silver ion-HPLC or GC with capillary
columns (16). The synthesis of CLA occurs in vivo during the
biohydrogenation of linoleic acid by rumen bacteria such as Bu-
tyrivibrio fibrisolvens. Incorporation of CLA into several bovine
tissues renders dairy products (e.g., milk and cheese) and beef
suitable as the main dietary sources of CLA for humans (17).

However, the CLA content of the human diet is far below
the dose that is known to exert effects on animals. Depending
on gender and diet, the average daily intake of CLA by human
adults is estimated to range from 15 to 430 mg/d (18),
whereas the lowest dose of CLA to obtain effects in animal

models is about 10 times higher. To provide a higher CLA in-
take, a number of commercial preparations containing highly
purified CLA have appeared on the market. In 1997, only two
companies (Natural ASA, Hovdebygda, Norway; PharmaNu-
trients Inc., Lake Bluff, IL) marketed CLA as a dietary sup-
plement. Today, numerous companies are marketing CLA,
claiming a variety of health benefits. The discrepancies
among these preparations are huge, and all preparations may
not be appropriate for human use. The marked heterogeneity
and variable purity of commercial CLA preparations has al-
ready been well documented, based on state-of-the-art chem-
ical analyses of several commercial preparations (19). 

The present review will discuss the isomer content in com-
mercial CLA products in terms of the safety and physiologi-
cal effects shown in clinical studies.

CLA preparations for humans. Alkaline isomerization of
linoleic acid (LA, c9,c12-18:2) is a common method used in
the synthesis of mixtures of CLA isomers. The CLA concen-
tration in the final product depends on the level of LA in the
starting material. Commercial CLA preparations are usually
made from sunflower oil (app. 60–70% LA) or safflower oil
(70–80% LA) (20). By chemical treatment, the linoleic acid
is progressively converted to CLA without affecting the satu-
rated and monounsaturated acids present in the oil (21,22).

Whatever the chemical procedure used or the nature of the
oil, the double bonds migrate to form more isomers than in the
product of the initial conjugation step. As a result, the purifica-
tion provides mainly four isomers: t8,c10; c9,t11; t10,c12; and
c11,t13 (19,23,24). The preparations are mainly in the form
of gelatin capsules with CLA FFA or CLA TG.

Lately, some manufacturers have given priority to the pro-
duction of CLA preparations containing a limited number of
isomers, based on recent research showing that the diverse
putative benefits of CLA might be due to distinct isomers. 

Isomer c9,t11, the main isomer found in the diet, has been
claimed to modulate growth (25), whereas the isomer t10,c12
has been claimed to positively modulate body composition
and diabetes in mice (11). However, the isomer t10,c12 also
has been found to increase insulin resistance in some humans
with metabolic syndrome (26). Both CLA isomers could re-
duce the appearance or progression of some tumors in hu-
mans if their anticarcinogenic effects were similar to those
found against chemically-induced tumors in rat models (27,28).
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CLA may also have useful antiatherogenic effects on lipid me-
tabolism in humans (29). In contrast, the isomer c11,t13 has
been shown to accumulate in the liver and in the heart muscle
of pigs (30). The pigs were not shown to suffer from any
growth or pathological abnormalities (15). However, incor-
poration and accumulation of this isomer into mitochondrial
phospholipids may affect enzymes embedded in the mem-
brane and thus lead to disorders in the long term (30). Be-
cause of this, some producers are now trying to eliminate the
c11,t13 isomer from their preparations (Table 1).

The first CLA preparations to appear on the market in 1996
were produced from sunflower oil and generally contained
four isomers of CLA. In this article, such products will be re-
ferred to as “four-isomer” preparations; these contain approx-
imately 60% CLA (Table 1). More recently, producers have
purified CLA (by manipulation of temperature and time reac-
tions) in order to obtain mainly the two apparently active iso-
mers, c9,t11 and t10,c12, and their total CLA content can
reach 80%. By analogy, they will be referred to as “two-iso-
mer” preparations (Table 1). However, one must exert cau-
tion in making assumptions about the composition of the
CLA preparations since they refer to analyses by producers
who might be less reliable than claimed.

Owing to the presence of catalysts as well as to trace ele-
ments and residual solvents, the conjugation of CLA may also
result in the production of cis,cis and especially trans,trans
isomers that can accumulate progressively with time (21).
The four-isomer preparations contain between 7.3 up to
22.43% trans,trans and cis,cis isomers, whereas the two-iso-
mer preparations contain only trace amounts of isomers other
than the two main one, and less than 5% of trans,trans and
cis,cis isomers.

Clinical trials. Based on the very promising benefits ob-
served in animals fed CLA, 16 clinical trials were published
or reported within the last five years (Table 2). Most of them
can be considered early phase studies, as they include a rela-
tively small number of subjects. 

(i) Safety. CLA is a natural substance detected in several
food products as well as in the tissues and body fluids in hu-
mans (31,32), and has generally been considered nontoxic.
Nevertheless, since the recommended doses of CLA supple-
mentation are approximately 10–200 times higher than the
normal dietary intake, efforts have been made to evaluate the
toxicological features and the tolerability of some of the CLA
preparations whose composition is available (Table 2).

However, records and reports of side effects (based on ad-
verse events and blood sample analyses) from clinical stud-
ies, as well as from postmarketing surveillance, have been
limited. Even though adverse events have been properly re-
ported in some CLA studies involving two-isomer prepara-
tions (33,34), adverse events have been poorly documented
in the studies using four-isomer ones (35–41). The most fre-
quent side effects reported from the studies on two-isomer
preparations are gastrointestinal disturbances such as diar-
rhea, constipation, and flatulence; however, these adverse
events have been reported as only mildly to moderately se-
vere (33,34,42). No difference in the frequency of adverse
events was found between the CLA- and placebo-treated
groups (who received olive oil in the studies mentioned
above). The side effects may thus be caused either by the oil
ingested or by the capsule material itself. For instance, con-
stipation can be caused by iron oxide used as a dye agent in
some capsules. Nevertheless, the withdrawal rate in these
studies was very low, indicating that the majority of the sub-
jects did not experience any discomfort when taking CLA.
Importantly, no acute toxic reaction has been reported in any
of the clinical trials performed to date. The safety of the CLA
preparations in humans can also be evaluated based on the
analysis of blood parameters such as liver transferases and
other serum biochemical markers. Thus far, all data obtained
with the two-isomer preparations indicate that these isomers
lack any observed detrimental effect on blood lipids or liver
enzymes (33,34,43). Neither Berven et al. (33) nor Blankson
et al. (34) reported any clinically important changes in the
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TABLE 1 
Product Characteristics (content expressed in %)a

Number Other Total Other Technique
of CLA CLA CLA CLA, CLA, CLA CLA CLA CLA (FA and of analysis

Product (producer)b isomers c9,t11 t10,c12 c,c Ct,t c11,t13 t8,c10 (undefined) (form) impurities) (reference)

Tonalin-FFA 2 38.73 41,02 2.42 1.58 0.2 0.24 0.2 84.37 15.63 GC
(Natural) (FFA)
Tonalin-TG 2 37.49 38.02 1.88 1.95 0.6 0.39 0.44 80.77 19.23 GC
(Natural) (TG)
Tonalin 4 11.44 14.69 6.74 6.00 15.34 10.79 — 65.00 35.00 GC
(PharmaNutrients) (FFA)
Clarinol 2 39.36 38.16 0.75 0.38 0.28 Unknown 1.55 80.48 19.52 GC
(Loders and Croklaan) (TG)
Jahreis preparation 4 8.34 7.86 4.71 17.72 7.1 5.96 2.51 54.20 45.80 GC, Ag+

(not commercialized) (TG) HPLC
CLA-capsules 4 21.7 19.10 4.2 3.1 8.5 21.70 — 56.60 43.40 GC
(Fitness Pharma) (with (with (FFA)

t8,c10) t10,c12)
ac, cis configuration; t, trans configuration.
bNatural, Hovdebygda, Norway; PharmaNutrients Inc., Lake Bluff, IL; Loders and Croklaan, Wormeveer, The Netherlands; Fitness Pharma, Molde, Norway.  
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TABLE 2 
Clinical Trials with CLAa

Studies
(code number CLA Dose g/d
and reference) Subjects preparation (duration) Results

# 001 80 Two 2.7 Slight decrease: BW, BFM
Atkinson (49) overweight isomers (26 wk) Slight increase: LBM

Safety: One patient with edema that resolved when CLA 
was discontinued. CLA started again without problems   
for the last 3 mon.

# 002 24 Two 4.2 Decrease: Sagittal abdominal diameter
Basu et al. (46) overweight isomers (4 wk) Stable: BW and BMI
Riserus et al. (26) Increase: 8-iso-PGF2α and 15-oxo-dihydro-PGF2α

Safety: No reported AE

# 003 53 Two 4.2 Decrease: BFM
Basu et al. (48) healthy isomers (12 wk) Stable: BW, BMI, and sagittal abdominal diameter
Smedman and Increase: 8-iso-PGF2α and 15-oxo-dihydro-PGF2α
Vessby (42) Safety: Few gastrointestinal disturbances (diarrhea)

# 004 60 Two 3 Increase: Isomer t10,c12 increases both 8-iso-PGF2α and 
Basu et al. (47) healthy isomers (4 wk after 15-oxo-dihydro-PGF2α

or one 2 wk with Decrease: COX2 inhibitor reduces 15-oxo-dihydro-PGF2α
isomer vitamin E or
t10,c12 COX2 inhibitor)

# 005 Diabetics Two 6 Stable: Insulin, TG, cholesterol, HDL
Belury (53) type 2 isomers (8 wk) Decrease: Blood glucose, leptins, BMI, and BW

# 006 17 Four 3.9b Decrease: Leptins
Benito et al. (35,36) healthy isomers (9 wk) Increase: For skinfold corrected armgirth, body mass, and
Kelley et al. (54,55) leg press
Medina et al. (37) Stable: BW, BFM, and LBM; blood coagulation and
Zambell et al. (39,40) platelet function; immune status (in response to influenza

virus); insulin, glucose, lactate, and appetite
Safety: No change in plasma cholesterol LDL, HDL, and

TG; no reported AE; no difference in tympanic temperature
or blood parameters

# 007 60 Two 3.4 Decrease: BW and BMI
Berven et al. (33) overweight isomers (12 wk) Safety: Gastrointestinal disturbances; no change in blood

parameters and vital signs

# 008 60 Two 1.7, 3.4, Decrease: BFM
Blankson et al. (34) overweight isomers 5.1, or 6.8 Increase: LBM

(12 wk) Stable: BW and BMI
Safety: Gastrointestinal disturbances; no change in vital

signs and a decrease in total cholesterol in blood

# 009 21 Four 7c Increase: LBM
Jahreis and bodybuilders isomers (26 wk) Decrease: BFM in both groups

Loeffelholz (41) Stable: Leptins
Safety: Increase in total cholesterol and LDL in beginners

but not in advanced athletes

# 10 24 Two 6 Stable: BMI, BFM, and strength
Kreider et al. (56) bodybuilders isomers (4 wk) Safety: Not recorded; no change in creatinine levels

# 11 24 Two 7.2 Increase: For skinfold corrected armgirth, body mass, and
Lowery et al. (43) bodybuilders isomers (6 wk) leg press

Stable: BFM
Safety: No difference in tympanic temperature and blood

parameters (glucose, lipids, creatinine, enzymes)

# 012 50 Two 1.7c Increase: Seroprotection rate (in response to hepatitis B
Mohede et al. (44) healthy isomers (12 wk) vaccination)

Safety: Decrease of HDL; no AE recorded

Continued



blood levels of liver enzymes during the 12-wk treatment
with CLA. This is in agreement with Lowery et al. (43), who
also found no effect of the CLA mixture on the liver enzyme
transferases in novice body builders supplemented with a
two-isomer preparation (3.9 g/d) for 6 wk. In Blankson et al.
(34), the cholesterol level (total cholesterol, LDL, and HDL)
was significantly reduced in all groups treated with the two-
isomer preparation. A decrease in HDL was also reported
after 12 wk (44) or 8 wk (45) of supplementation with a two-
isomer preparation, whereas a recent study found no signifi-
cant effect of both two-isomer preparations (see Table 2) on
either HDL or LDL (29). The last study, however, showed a
significant decrease in plasma TAG concentrations with the
50:50 blend mixture of the two-isomer preparation and a sig-
nificant reduction in the VLDL-cholesterol with the 80:20
preparation enriched with the c9,t11 isomer (29). On the other
hand, a four-isomer preparation containing a high percentage
of trans,trans isomers was found to increase blood lipids
(total cholesterol and LDL) (41). Interestingly, another four-
isomer preparation that contained a much lower amount of
trans,trans isomers but a substantial amount of c11,t13  (35),
an isomer that is found to accumulate in cardiac lipid frac-
tions in pigs, had no effect on blood lipid levels in humans
(36). 

Intriguingly, an increased level of urinary isoprostanes was
observed as a possible lipid peroxidation product in vivo after
3 mon of supplementation with a two-isomer preparation
(46–48). However, no adverse events were reported from
these studies. 

(ii) Efficacy. One of the most widely reported effects of
two-isomer preparations is its influence on body composition

(26,33,34,42,43,49,50,53). Body fat mass is decreased con-
comitantly with an increase in or maintenance of lean body
mass (also described as the fat-free mass, which includes
water, bones, and musculature). However, despite 6 mon of
supplementation with one two-isomer preparation, Atkinson
reported only nonsignificant changes in adult humans (49).
This might be due to the low dose of CLA (2.7 g/d) given to
the subjects in this trial, since the only dose–response study
performed to date shows that the lowest dose required to ob-
tain changes in body composition is 3.4 g CLA/d (34). 

The effect of CLA on body composition is supported by
recent studies performed in vitro and in animals that describe
the t10,c12 isomer to be responsible for the effects on body
composition and diabetes (11,25,51,52). The mechanisms by
which one or both isomers would exert their effects remain to
be documented. One proposed mechanism implicates the hor-
mone leptin, whose level was noted to decrease after supple-
mentation with two-isomer preparations in diabetic (53) and
healthy subjects (37). 

In addition to the effects on body composition, a two-iso-
mer preparation has been suggested to stimulate the immune
response after vaccination against the hepatitis B virus (44).
The results reported with four-isomer preparations have var-
ied. Thus far, one study performed with a four-isomer prepa-
ration has shown an effect on body composition (38). Other
investigations have strongly pointed out a lack of effect on
several physiological parameters (35–37,39–41,54–56). For
example, the four-isomer preparations have not been found to
affect blood coagulation and platelet functions (35) or to in-
crease immune stimulation in response to the influenza virus
(54,55) . 
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TABLE 2 
(Cont. ) Clinical Trials with CLA

Studies
(code number CLA Dose g/d
and reference) Subjects preparation (duration) Results

# 013 22 Two 0.7 and 1.4 Decrease: Sum of skinfolds, percentage body fat, and fat
Mougios et al. (45) healthy isomers (4 wk and 4 wk) mass (second period)

Safety: No AE related to CLA supplementation; decrease in HDL

# 014 51 Two 3 Stable: BW
Noone et al. (29) healthy isomers (8 wk) Safety: Decrease in TAG with the 50:50 preparation; decrease

(50:50 or in VLDL-cholesterol with the 80:20 preparation; no effect on
80:20) HDL, LDL, insulin, or glucose

# 015 60 Two 3.4 Stable: BW
Riserus et al. (50) overweight/ isomers or (12 wk) No difference between groups: BFW, LBM

obese with one isomer Safety: Decrease of HDL; t10,c12, increase insulin resistance
metabolic t10,c1 and glycemia, but not the two-isomer preparation
syndrome

# 016 20 Four 1.8 Decrease: BFM
Thom et al. (38) healthy isomers (12 wk) Safety: One case of gastrointestinal  distress

exercising
aBW, body weight; BFM, body fat mass; LBM, lean body mass; BMI, body mass index; PGF2α, prostaglandin F2α; COX2, cyclooxygenase 2; AE, adverse event(s).
bAccording to the authors, the right dose of CLA given per day was 3.9 g (and not 3 g as mentioned in the article) out of  6 g oil in the capsules.
cCLA given as TG.



None of the two- and four-isomer preparations seem to
alter either the glucose level (37,42,43) or the glycosylated
hemoglobin level in healthy subjects (33,34). On the contrary,
the two-isomer products may modulate insulin levels (26).
According to a preliminary report by Belury (53), the two-
isomer products could provide health benefits if the effect of
reducing fasting blood glucose levels of type 2 diabetics
could be confirmed. Conversely, another report found that pu-
rified t10,c12 alone increased the insulin resistance of obese
patients with metabolic syndrome, although the combination
of both c9,t11 and t10,c12 did not (50).

DISCUSSION

What CLA product should be preferred in the future? The
numerous choices of commercial CLA preparations avail-
able as food supplements may be a matter of concern, since
the formulations differ greatly in the content of isomers that
might jeopardize health. First, cis,cis and trans,trans iso-
mers may increase with reaction time owing to the presence
of catalysts but also to other trace elements and residual sol-
vents (21). Their presence, and especially that of trans,trans
isomers, therefore mirrors the impurity level of the synthetic
preparations. Considering that some of these impurities
might be toxic, preparations with as low trans,trans isomer
content as possible are preferable for human use. As men-
tioned in the previous section, this potential risk to human
health is illustrated by the increase in LDL reported with a
four-isomer preparation rich in trans,trans isomers (41).
There is a consensus that a higher HDL/LDL ratio is associ-
ated with a lower risk of cardiac disease. Thus, if LDL in-
creases due to the presence of the trans,trans isomers, their
removal from CLA preparations would be important. In ad-
dition, even if the presence of the isomer c11,t13 does not
influence the serum lipid composition (35,36), other poten-
tial problems with this isomer in some of these formulations
should not be underestimated. An accumulation of c11,t13
in the inner membrane of the mitochondria (30) may affect
energy metabolism and thus represent a danger. Conse-
quently, preparations with a high content of trans,trans iso-
mers and of c11,t13 would best be avoided. Interestingly,
the two-isomer preparations contain on average about
1/20th as much of these isomers as do some of the four-iso-
mer preparations. 

At the same time, some studies performed with two-iso-
mer preparations have found a significant decrease in HDL
that might be undesirable (44,45,50), but other studies per-
formed with two-isomer preparations have shown no effect
on HDL (29,33,34) and a significant reduction in the poten-
tially atherogenic VLDL-cholesterol concentrations (29). 

On the other hand, markers of possible lipid peroxidation in
vivo (isoprostanes) have been found in the urine of subjects after
supplementation with one two-isomer preparation (46,48).

The mechanisms behind this peroxidation are unclear
(47), and we do not know whether this lipid peroxidation may
be harmful to humans. Since this test has not been conducted

using the urine of subjects taking any of the four-isomer
preparations, whether a four-isomer CLA preparation would
lead to the same urinary findings is unknown.

Based on the limited preliminary findings on body compo-
sition, diabetes, and immune stimulation in humans, it would
seem that the CLA formulations most likely to have benefits
and least likely to exert adverse effects for human would be
those containing high amounts of the two presumably active
isomers, c9,t11 and t10,c12. The notable differences in effects
between the two-isomer and four-isomer preparations could be
due either to a negative effect of the extra isomers (and/or con-
taminants) that would counterbalance the positive effects of
both c9,t11 and t10,c12, or to the lower dose of both c9,t11 and
t10,c12 in the four-isomer preparations compared to those in
the two-isomer ones. As Table 1 shows, the average percent-
age of both active isomers in the two-isomer preparation
reaches 80%, whereas their average percentage in the four-iso-
mer preparations never exceeds 30–40%. Therefore, to reach
the same effective dosage as the two-isomer preparations, the
four-isomer ones should be taken in higher doses, yet doing so
might subsequently increase the risk of side effects. 

There are indications that the t10,c12 CLA isomer affects
body composition, whereas the c9,t11 isomer is responsible
for growth modulation (11). This knowledge might lead to
production of highly purified preparations containing only
one of the isomers. Nevertheless, as illustrated by the study
of Riserus et al. (50) showing that the isomer t10,c12 might
increase the insulin resistance of diabetics, it will be neces-
sary to test (i) whether either isomer is efficacious in produc-
ing specific biological effects in humans with an acceptable
safety profile, and (ii) whether there might be any advantage
or disadvantage of giving both isomers together. 

Taken together, the limited human safety and efficacy data
available indicate that two-isomer preparations are preferable
to four-isomer preparations for human supplementation studies.
However, particular caution should be given to all preparations
found on the market that have not been tested clinically (some
soluble preparations may not contain any CLA at all; Ref. 19),
and thus should not be advised for human consumption.

Finally, long-term effects (safety and efficacy) of CLA
supplementation in humans need to be documented, since
only supplementation periods up to 6 mon with low daily
doses or up to 3 mon with higher doses have been reported
thus far. Data from studies lasting one year or more should be
part of the postcommercial surveillance that should be pro-
vided by the manufacturers of every CLA preparation mar-
keted for human use. 
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ABSTRACT: Oxygenation of linoleic acid by the enzyme
lipoxygenase (LOX) that is present in the microalga Chlorella
pyrenoidosa is known to produce the corresponding 9- and 13-
hydroperoxide derivatives of linoleic acid (9- and 13-HPOD,
respectively). Previous work with this microalga indicated that
partially purified LOX, present in the 30–45 and 45–80% satu-
rated (NH4)2SO4 precipitate fractions, produced both HPOD
isomers but in different ratios. It was not clear, however, if the
observed activity in the two isolates represented the presence of
one or more isozymes. In the present work, LOX isolated from
the intracellular fraction of Chlorella by (NH4)2SO4 precipita-
tion (35–80% saturated) was purified by ion exchange and
hydrophobic interaction chromatography to apparent homo-
geneity. Analysis of the purified protein by SDS-PAGE and sub-
sequent native size exclusion chromatography demonstrated
that LOX in Chlorella is a single monomeric protein with a mol-
ecular mass of approximately 47 kDa. The purified LOX pro-
duced both the 9-HPOD and 13-HPOD isomers from linoleic
acid in equal amounts, and the isomer ratio was not altered over
the pH range of 6 to 9. Optimal activity of LOX was at pH 7.5.

Paper no. L9022 in Lipids 37, 1027–1032 (November 2002).

Lipoxygenase (LOX; EC 1.13.11.12) catalyzes the addition
of molecular oxygen to PUFA to form hydroperoxide deriva-
tives. This enzyme promotes the regio- and stereoselective
dioxygenation of PUFA containing one or more 1(Z),4(Z)-
pentadiene bond systems to produce (Z,E)-conjugated mono-
hydroperoxy FA (1,2). LOX is widely distributed throughout
the plant and animal kingdom and can be classified according
to its specificity. In higher plants, LOX is classified according
to its specificity on linoleic acid (LA) or linolenic acids. The
enzyme is characterized as 9-LOX when the main product
formed is 9-hydroperoxy-10(E),12(Z)-octadecadienoic acid
(9-HPOD) or 13-LOX when 13-hydroperoxy-9(Z),11(E)-oc-
tadecadienoic acid isomer (13-HPOD) is the product (1,3).
However, other minor amounts of positional isomers also can
be formed. For example, soybean LOX, which produces 13-
HPOD as the main product, also produces small amounts of

9-HPOD (1). In higher plants, additional forms of the enzyme
produce a mixture of HPOD isomers (1–3).

LOX activity also is found in microorganisms such as
fungi (4) and microalgae (5–7). Zimmerman and Vick re-
ported LOX activity in the single-cell microalga Chlorella
pyrenoidosa that produced 13-HPOD as the predominant oxi-
dation product of LA. This activity was present in the frac-
tion from the crude intracellular extract that precipitated from
0–42% saturated (NH4)2SO4. This LOX was reported to have
a maximum activity at pH 7.5 (5) and an apparent M.W. of
182 kDa (8). Bisakowski and Kermasha later reported that C.
pyrenoidosa also contained a LOX activity in the fraction pre-
cipitated from 40–80% (NH4)2SO4 (7). They reported that
this LOX showed optimal activity at pH 4.5. Nondenaturing
gel electrophoresis of this LOX-containing fraction indicated
a M.W. range between 67 and 140 kDa, but product speci-
ficity was not reported. Subsequent work reported the 9-, 10-,
and 13-HPOD isomers were formed from LA using a LOX
fraction precipitated from 40–80% (NH4)2SO4 at pH 7.0 (9).
These studies, however, did not establish whether the reported
LOX activities were the result of one or more isozymes.

Recently we reported that in addition to its peroxidation
activity, LOX present in C. pyrenoidosa also cleaved 13-
HPOD to a C5 fragment and a C13 oxo-FA under anaerobic
conditions (10). The LOX fraction precipitated from 40–80%
(NH4)2SO4 was further purified by size exclusion chromatog-
raphy (SEC) and hydrophobic interaction chromatography
(HIC). LOX peroxidation and the anaerobic cleavage activity
eluted coincidentally with these chromatographic purification
techniques, as similarly reported for soybean LOX (11,12),
but the LOX peroxidation products were not characterized
(10).

In a following study, we reported an HPLC method with
EI-MS detection (LC/EI-MS) that allowed the analysis of the
methylated HPOD products formed by LOX. This method
does not require derivatization of the hydroperoxy group as
required by GC with mass detection (GC–MS) (13). Using
the LC/EI-MS method, we analyzed the products formed by
LOX present in the C. pyrenoidosa-derived fraction precipi-
tated from 30–45 and 45–80% (NH4)2SO4. The 30–45%
(NH4)2SO4 fraction gave an HPOD product distribution that
was dominated by the 13-HPOD isomer, consistent with the
results reported by Zimmerman and Vick (5). The 45–80%
fraction, however, contained primarily the 9-HPOD isomer,
and the 10-HPOD isomer (10-hydroperoxy-8(E),12(Z)-
octadecadienoic acid) reported by Bisakowski et al. (9) was
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not found. These results suggested the presence of two LOX
isozymes.

In this study, the LOX activity present in the microalga
Chlorella was purified to apparent electrophoretic homogene-
ity. The HPOD products formed from LA using this purified
LOX were analyzed by LC/EI-MS to clarify previous reports
that suggested the presence of LOX isozymes.

MATERIALS AND METHODS

Materials. LA was purchased from Sigma Chemical (St.
Louis, MO). All other reagents used were of the highest pu-
rity available. Products were methylated with diazomethane
before LC/EI-MS analysis (13).

Algae growth and protein extraction. Chlorella pyrenoi-
dosa from American Type Culture Collection (no. 11469;
Manassas, VA) or its equivalent, C. fusca, from the Cultural
Collection at UTEX (no. 251; Austin, TX) was grown, har-
vested, and processed for protein extraction as described pre-
viously (14). Soluble proteins from the crude extract were
partially purified by (NH4)2SO4 precipitation at 0°C. The
0–35% fraction, containing most of the chlorophyll pigments
and negligible LOX activity, was discarded and the 35–80%
fraction used for further purification. Procedures for these
steps as well as protein concentration assay were reported
(13).

Chromatographic protein purification. Proteins present in
the fraction precipitated from 35–80% saturated (NH4)2SO4
were dissolved in 5 mL of Tris buffer (10 mM, pH 8.0) and
dialyzed with a 14,000 M.W. cutoff (MWCO) Spectra/Por
membrane (Spectrum Laboratories, Rancho Dominguez, CA)
against 4 L of buffer. Chromatography was performed on a
BioCAD 700E system with Poros perfusion media (PerSep-
tive Biosystem, Inc., Framingham, MA). LOX activity was
first separated on a Poros-HQ20 anion-exchange chromatog-
raphy column (10 mm diameter × 100 mm length, column
volume 7.9 mL) using Tris buffer (10 mM, pH 8.0) at 5 col-
umn vol/min with a linear gradient of 30 column vol (about
240 mL) to a final concentration 0.20 M NaCl, in the same
buffer. Fractions of 0.5 column vol (ca. 4.0 mL) were col-
lected and assayed for LOX activity. The active fractions
were pooled and concentrated with a Centricon-10 membrane
filter (Amicon, Beverly, MA); then (NH4)2SO4 was added to
a final 2.0 M. The sample was then loaded onto a Poros-PE20
hydrophobic interaction chromatography column (100 × 4.6
mm, column vol. 1.7 mL). The column was equilibrated with
2.0 M ammonium sulfate in Tris buffer, then developed with
a linear gradient of 25 column vol (42 mL) to 0.0 M ammo-
nium sulfate (100% 10 mM Tris buffer, pH 8.0) at a flow rate
of ca. 5 mL/min. Fractions of 0.5 column vol were collected
and assayed for LOX activity. The active fractions were
pooled and concentrated for electrophoretic analysis and in-
cubated with LA to determine product specificity.

Native determination of LOX M.W. involved treating the
(NH4)2SO4-treated Chlorella extract by dialysis using Spec-
trum CE DispoDialyzer (Spectrum Laboratories) 50,000

MWCO dialysis tubes with Tris buffer (10 mM, pH 8.0). The
dialyzed fraction was passed (five times) through a DE Sepra-
Sorb 10-mL cartridge (Sepragen Corporation, Hayward, CA)
that had previously been equilibrated with Tris buffer (10
mM, pH 8.0) containing NaCl (0.1 M). The unbound proteins
containing the LOX activity (final volume of 10 mL) were
concentrated and further resolved by SEC with a High Prep
26/60 Sephacryl S-200 column (Pharmacia Bitoech Inc.,
Alameda, CA). Fractions of 5.6 mL were collected and as-
sayed for LOX activity. The active fractions were combined,
concentrated, and incubated with LA for product analysis by
LC/EI-MS. Final M.W. estimation of the LOX activity eluted
from the Sephacryl S-200 column was performed with a Bio-
Silect SEC 125-5 column (Bio-Rad, Hercules, CA). The col-
umn was run with potassium phosphate (200 mM, pH 8.0) at
1 mL/min using a Waters Separation Module 2690 (Waters
Co., Milford, MA); fractions were collected and assayed for
LOX activity. The Sephacryl-S200 and the Bio-Silect SEC
columns were calibrated using the following M.W. standards:
glucose-oxidase (120,000), BSA (67,000), chymotrypsino-
gen A (25,000), and ribonuclease A (13,700).

Electrophoresis. Proteins were resolved by SDS-PAGE
using a 12% gel in a Mini-Protein electrophoresis cell follow-
ing the manufacturer’s instructions (Bio-Rad). Samples were
reduced using 25 mM DTT. Molecular sizes were calculated
with Bio-Rad broad range M.W. marker proteins (200,000,
116,000, 97,400, 66,200, 45,000, 31,000, 21,500, 14,400, and
6,500). About 5 to 15 µg total protein was loaded per lane,
and gels were stained with Coomassie brilliant-blue R-250.

LOX activity assay and product characterization. Enzy-
matic activity was assayed by adding 5–20 µL of the enzyme
concentrate to a solution of 900 µL LA (1 mM) in potassium
phosphate (100 mM, pH 8.0) and Tween 20 (1%) to final vol-
ume of 1 mL and by monitoring the initial rate of increase in
absorbance at 234 nm.

For product characterization, active LOX fractions were
incubated with 50 mL of the LA solution under oxygen, and
the progress of the reaction was followed spectrophotometri-
cally at 234 nm. At the end of the reaction the products were
extracted with ether, methylated, and analyzed by LC/EI-MS.
LC was performed with a Waters HPLC 2690 Separation
Module connected in series to a Waters 996 Photodiode Array
Detector and a Waters Thermabeam Mass Detector (Integrity
System). The LC portion used a Valco LiChrosorb Diol 5 µm
column (2 × 250 mm) (Varian/Chrompack, Raritan, NJ) using
the method reported previously (13).

RESULTS AND DISCUSSION

Purification of LOX activity. Previously we reported that the
fractions obtained from the protein extract of C. pyrenoidosa
and precipitated from 45 and 80% saturated (NH4)2SO4 had
LOX activity that produced the 9- and 13-HPOD isomers, but
in different ratios (13). These results suggested the presence
of two LOX isozymes, which was consistent with other re-
ports on LOX activity in the microalga (5,9). In this study the
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microalga C. fusca was used as an alternative source of C.
pyrenoidosa, since it was found before that these two strains
have the same enzymatic activity associated with LOX
(10,14,15). Product characterization of LOX for both strains
in the 30–45 and 45–80% fractions showed similar product
distributions (see below). In addition, the C. fusca is offered
as equivalent to C. pyrenoidosa by UTEX.

To determine the presence of one or more isozymes in

Chlorella, LOX activity expressed in the fraction precipitated
from 35–80% (NH4)2SO4 was sequentially purified by ion ex-
change chromatography (IEC) and HIC. Figure 1A shows the
separation of the dialyzed (NH4)2SO4 fraction using a Poros-
HQ20 anion exchange column with protein detection at 280
nm. LOX activity eluted under the well-defined peak noted in
Figure 1A, indicating the weak binding of this protein to this
column in relation to the other proteins present in the 35–80%
fraction. Since in a previous report the LOX activity precipi-
tated at different percentages of (NH4)2SO4 seemed to deter-
mine the ratio of the HPOD isomers formed (10), the active
fractions from this anion exchange column were concentrated
and treated with 2 M (NH4)2SO4 and further resolved using
HIC with a Poros-PE20 column. Figure 1B shows the HIC
chromatogram with detection at 280 nm, where a single LOX
activity eluted under the later peak as indicated. Table 1 sum-
marizes the purification steps, indicating a 1.2-fold increase
in the specific activity after (NH4)2SO4 precipitation and a
270-fold increase after IEC. Despite the removal of other pro-
teins by HIC, however, specific activity decreased about 50%
(Table 1). This significant total activity loss was associated
with the concentration step of the IEC fraction after ultrafil-
tration at 10,000 MWCO. The reason for this loss in LOX ac-
tivity is not clear and needs to be further studied. On the other
hand, the elution of the LOX activity from the Poros-PE20
column was consistent with our early report of LOX activity
in C. pyrenoidosa, in which the peroxidation and anaerobic
cleavage activity eluted under the same conditions (10).

Figure 2A shows the SDS-PAGE of the purified LOX frac-
tions after the two-mode adsorption chromatography se-
quence. The electrophoretic pattern indicated two major pro-
teins in an approximate 1:1 ratio, each with an estimated
M.W. of 34 and 47 kDa, respectively, but did not provide di-
rect information on the native size of the LOX activity.

Size exclusion purification. SEC was used to determine the
native size of LOX. The 35–80% (NH4)2SO4 fraction was di-
alyzed against a 50,000 MWCO membrane and then passed
through a DEAE ion-exchange cartridge using conditions
where the protein having LOX activity did not bind to the ion-
exchange support (see the Materials and Methods section).
The protein with LOX activity was purified further by SEC
on a Sephacryl 200 column. The SEC protein fractions elut-
ing from the column were assayed for LOX activity. The re-
sults are plotted in Figure 3A, which shows that the enzymatic
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FIG. 1. Sequential adsorption chromatography purification of Chlorella
fraction precipitated from 35–80% (NH4)2SO4. Position of lipoxygenase
(LOX) activity peaks is indicated by arrows. (A) Primary separation on
Poros-HQ anion-exchange column (PerSeptive Biosystems, Inc., Fram-
ingham, MA). (B) Subsequent separation by hydrophobic interaction on
Poros-HP2 column. One column-volume fractions were collected and
assayed for LOX activities.

TABLE 1
Purification of Lipoxygenase from Chlorella by Absorption Chromatographya

Total Total activity Specific activity Yield Purific.
Stage protein (mg) (µmol/min) (µmol min−1 mg−1) (%) (fold)

Crude extract 60.1 96.3 1.6 100 1
(NH4)2SO4 50.7 91.2 1.8 94.7 1.2
Dialysis (14 K)b 47.1 82.6 1.7 85.8 1.1
IEC 0.095 38.6 405 40.1 270
HIC 0.025 4.9 196 5.1 131
aAbbreviations: Purific., purification; IEC, ion exchange chromatography; HIC, hydrophobic interac-
tion chromatography.
bCutoff of 14,000 M.W.



LOX activity peaks between the 67 and 25 kDa M.W. mark-
ers. Fractions 24–30 containing the LOX activity were pooled
and concentrated. SDS-PAGE analysis of the later fractions
indicated the absence of the 34 kDa protein (Fig. 2A) and the

presence of an intense band at 47 kDa, as shown in Figure 2B.
The active pooled fractions from the Sephacryl column were
resolved using a high-resolution Bio-Silect SEC 125-5 col-
umn. Fractions from this column were collected and assayed
for LOX activity, and the results are shown in Figure 3B, thus
confirming that LOX activity corresponded to a protein with
a M.W. of approximately 47 kDa. These results show that
LOX activity in Chlorella is due to a monomeric enzyme of
47 kDa size, and that the smaller 34 kDa protein (Fig. 2A),
which is isolated in the adsorption chromatography steps,
does not have LOX activity. The native size determined for
LOX, however, is not consistent with the previously reported
M.W. of 182 and 120 kDa in C. pyrenoidosa (8,10). We have
in fact observed a minor LOX activity in the (NH4)2SO4 frac-
tion eluted from the Sephacryl 200 column at the previously
reported size of 120 kDa, Figure 3A (10), but its activity was
lost in the subsequent purification process. Analysis of the
products formed by the 120 kDa LOX from the Sephacryl
column were not different from the products formed by the
47 kDa LOX, suggesting the possible aggregation of LOX
protein in the early purification steps.

Although most LOX enzymes reported in higher plants,
animals, and fungi are in the size range of 80–120 kDa,
smaller proteins with LOX activity also have been reported.
In potato tubers two LOX isozymes of 35 and 85 kDa size
have been reported by Reddanna et al. (16). The alga Ulva
lactuca also was reported to have two LOX isozymes with the
major activity corresponding to a LOX protein of 41 kDa size
and a minor protein with LOX activity of 116 kDa size (17).
This later report is quite consistent with the size determined
for the LOX isolated from Chlorella in this work.

Anaerobic cleavage of the 13-HPOD by the LOX enzyme
also was associated with the purified 47 kDa enzyme, as de-
termined by GC–MS analysis of the headspace volatiles, in
accordance with our previous finding of anaerobic activity as-
sociated with LOX in Chlorella (10).

Characterization of purified LOX products. Recently we
reported an LC/EI-MS method that allowed for separation
and identification of the methyl esters of HPOD isomers from
LA (13). Characteristic ion fragments for the HPOD isomers
allowed the positional assignment of the hydroperoxide group
in the HPOD isomers. In general, EI-MS of HPOD isomers
does not yield a molecular ion but produces characteristic
ions at m/z 310 [M − oxygen], 308 [M − H2O], and 293 [M −
O2H]. An ion fragment at m/z 185 was observed exclusively
for the 9-HPOD isomer, while 13-HPOD has a characteristic
ion at m/z 99. Also, the 10-HPOD and 12-HPOD [12-hy-
droperoxy-9(Z),13(E)-octadecadienoic acid] isomers can be
identified from fragment ions that are distinctive for these
HPOD isomers. EI-MS analysis does not distinguish between
the Z,E and E,E conjugated forms of the isomers; UV, how-
ever, provides evidence for these geometrical isomers since
the Z,E and the E,E isomers have maximal absorptions at 233
and 228 nm, respectively (18).

The purified and concentrated active LOX fractions ob-
tained by sequential adsorption chromatography were incu-
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FIG. 2. SDS-PAGE analysis of Chlorella LOX. (A) LOX purified by se-
quential adsorption chromatography (lane 2) with M.W. markers (lane
1). (B) LOX extract resolved using size-exclusion chromatography on
Sephacryl 200 (Bio-Rad, Hercules, CA) column (lane 1) with M.W.
markers (lane 2). For abbreviation see Figure 1.

FIG. 3. LOX activity profile by native size exclusion chromatography
(SEC) with molecular markers (↓). (A) Elution profile on Sephacryl S-200
column; (B) LOX activity profile (fractions 24–30, Panel A) on a Bio-
Silect SEC 125-5 column (see the Materials and Methods section). For
abbreviation and manufacturer, see Figures 1 and 2, respectively.



bated with LA under oxygen, and the reaction products were
analyzed by LC/EI-MS after extraction and methylation. Fig-
ure 4A, the 232 nm UV chromatogram for these products,
shows three peaks, which is consistent with three products
having conjugated double bonds. The total ion current chro-
matogram (TIC) in Figure 4B shows the corresponding num-
ber of peaks. The EI spectra of the peaks gave characteristic
ions for HPOD at m/z 310, 308, and 293. The peaks eluting at
approximately 46 and 49 min (labeled I and II in Fig. 4B)
were identified as the 9(Z),11(E) and 9(E),11(E)-13-HPOD
isomers from the characteristic ion at m/z 99 and UV absorp-
tions at 232 and 228 nm, respectively (13). The peak eluting
at approximately 51 min (labeled III in Fig. 4B) had an ion at
m/z 185 and UV absorption at 232 nm, characteristic of the
10(E),12(Z)-9-HPOD isomer. The small companion peak at
54 min (labeled IV in Fig. 4B) was identified as the
10(E),12(E)-9-HPOD. The product ratio for the 9- and 13
HPOD isomers was 49 and 51%, respectively. This product
ratio also was obtained with the 35–80% (NH4)2SO4 fractions
(see below), indicating that the LOX activity recovered after
absorption chromatography retained its initial activity.

Most LOX enzymes catalyze the formation of one particu-
lar regiospecific isomer with a stereospecific configuration S
(1,2). The sterospecificity of the Chlorella products has not
been reported, but the product distribution found in this study
is similar to the product ratio produced from LA by LOX
present in the blue-green microalga Oscillatoria sp. (6),
where the LOX products from the microalga were concluded
to be 13-(S)-HPOD and 9-(S)-HPOD in a ratio of 52:48.

pH effect on product formation. The ratio between the 9-
and 13-HPOD isomers can be affected by reaction pH. For

example, soybean LOX produces 13-HPOD almost exclu-
sively at pH values above 8.5, whereas the 9-HPOD isomer is
25% of the total HPOD product at pH 6 (19). This pH depen-
dency on product distribution is thought to be related to the
orientation of the LA substrate at the active site. At the low-
est pH, the protonated carboxylic acid group of LA can orient
head-to-tail or tail-to-head at the active site, whereas at the
higher pH the carboxylate anion can only be oriented one way
(1,19). Since LOX from Chlorella produces both the 9- and
13-HPOD isomers, a pH dependency could be associated
with HPOD product distribution. To investigate this aspect,
the products isolated from the oxidation of LA by LOX pres-
ent in the 35–80% (NH4)2SO4 fraction of Chlorella extracts
at pH 6, 7, 8, and 9 were characterized by LC/EI-MS. This
analysis showed that the ratio between the 9- and 13-HPOD
isomers is not significantly altered, remaining in a ratio close
to 50:50, indicating that pH did not alter the product ratio.

In further pH studies, activity of the purified fractions from
Chlorella showed that the LOX activity producing the 9- and
13-HPOD isomers is maximal at pH 7.5, which is consistent
with the pH for optimal activity reported by Zimmerman and
Vick (5).

In this study, we purified the LOX activity in Chlorella
producing the 9- and 13-HPOD isomers. The LOX activity
was derived from a monomeric enzyme with a molecular
weight of 47 kDa, as determined by SDS-PAGE after sequen-
tial adsorption chromatography and native size determination
by SEC. The product distribution ratio was not dependent on
pH, and the 9- and 13- HPOD isomers were formed in an
equal ratio by this LOX, which has optimal activity at pH 7.5.
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ABSTRACT: The phospholipid FA composition of the
Caribbean sponge Agelas dispar was revisited and 40 different
FA were identified. Among these a novel 2-methoxylated FA,
namely, the anteiso methyl-branched 2-methoxy-14-methyl-
hexadecanoic acid, was identified together with the recently
discovered iso methyl-branched 2-methoxy-14-methylpenta-
decanoic acid and the normal-chain 2-methoxytetradecanoic
acid. The structures of the iso and anteiso methyl-branched 2-
methoxylated FA were confirmed by total syntheses, which
were accomplished in seven steps and in 45–48% overall
yields. Other phospholipid FA identified in A. dispar include
the unusual methyl-branched 10,13-dimethyltetradecanoic
acid, 3,7,11,15-tetramethylhexadecanoic (phytanic) acid, and
the 11-methyloctadecanoic acid. In addition, the ∆5,9 FA
(5Z,9Z)-15-methyl-5,9-hexadecadienoic acid and (5Z,9Z)-5,9-
octadecadienoic acid were characterized. These findings estab-
lish alternative FA biosynthetic possibilities for these marine or-
ganisms.

Paper no. L9120 in Lipids 37, 1033–1037 (November 2002).

The only known 2-methoxylated FA to date have arisen from
the phospholipids of sponges despite the fact that 1-O-(2-
methoxyalkyl)glycerols have been known for some time since
their initial discovery by Hallgren et al. in shark liver oil
(1,2). These 2-methoxylated FA are of interest because the
shortest member of the series, namely, the 2-methoxytetra-
decanoic acid, is cytotoxic against the T-cell human acute
lymphocytic leukemia (CEM-SS) cell line with an average
50% toxic concentration (TC50) value of 66 µM and against
human chronic myelogenous leukemia K-562 (ATCC CCL-
243) with a 50% inhibitory concentration (IC50) of 670 µM
(Carballeira, N.M., unpublished results). Therefore, the
search for other types of methoxylated FA, with better an-
tileukemic activity, is warranted. Among these 2-methoxy-
lated FA, a series of C15–C16 iso and anteiso FA were recently
discovered in the phospholipids of the marine sponge Am-
phimedon complanata, most likely arising from microorgan-
isms coexisting with the sponge (3). These unprecedented FA
were characterized by GC retention times and characteristic 

mass spectral fragmentations (3). However, there is a high
probability that other sponges contain additional iso and an-
teiso 2-methoxylated FA in their phospholipids. With this hy-
pothesis we re-examined the phospholipid FA composition of
the demosponge Agelas dispar (family Agelasidae) and dis-
covered a series of iso and anteiso 2-methoxylated FA includ-
ing 2-methoxy-14-methylpentadecanoic acid (1) and the un-
precedented 2-methoxy-14-methylhexadecanoic acid (2). In
addition, we have synthesized 1 and 2 for the first time, which
permitted the confirmation of the iso and anteiso methyl
branching in these natural FA.

The chemical composition of A. dispar has been partially
explored before. For example, A. dispar possesses an unusual
phospholipid FA composition inasmuch as preliminary stud-
ies with this demosponge revealed considerable amounts of
methyl-branched FA, in particular phytanic acid (3,7,11,15-
tetramethylhexadecanoic acid) (4). In addition, A. dispar
biosynthesizes a series of brominated alkaloids with diverse
biological activities such as inhibitors of serotonergic recep-
tors, noncompetitive antihistaminic agents and antifungal
compounds (5,6). Moreover, immunostimulating α-glyco-
sphingolipids also have been isolated from A. dispar (7).

MATERIALS AND METHODS

Sponge collection. Agelas dispar Duchassaing and Miche-
lotti, 1860 (class Demospongiae, order Agelasida, family
Agelasidae) was collected from Mona Island, Puerto Rico,
during August 1992, at 20 m depth by scuba. The sponge was
freeze-dried and stored at −20°C until extraction. A voucher
specimen is stored at the Chemistry Department of the Uni-
versity of Puerto Rico, Río Piedras campus. 

Instrumentation. FAME were analyzed by direct ionization
using a GC–MS (Hewlett-Packard 5972A MS ChemStation) at
70 eV equipped with a 30 m × 0.25 mm special performance cap-
illary column (HP-5MS) of polymethylsiloxane cross-linked
with 5% phenyl methylpolysiloxane. The temperature program
was as follows: 130°C for 1 min, then increased at a rate of
3°C/min to 270°C and maintained for 30 min at 270°C. 1H NMR
and 13C NMR were recorded on either a Bruker DPX-300 or a
Bruker DRX-500 spectrometer. 1H NMR chemical shifts are re-
ported with respect to internal (CH3)4Si, and 13C NMR chemical
shifts are reported in parts per million relative to CDCl3 (77.0
ppm).
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Extraction and isolation of phospholipids. The sponge (25 g)
was carefully cleaned and cut into small pieces. Immediate ex-
traction after collection with 3 × 300 mL of CHCl3/MeOH (1:1)
yielded the total lipids (2 g). The neutral lipids (0.06 g), glyco-
lipids (0.5 g), and phospholipids (0.6 g) were separated by col-
umn chromatography on silica gel (60–200 mesh) from the 1.5 g
of total lipids that were used in the procedure of Privett et al. (8).

Derivatives. The fatty acyl components of the phospho-
lipids were obtained as their methyl esters (0.06 g) by reac-
tion of the phospholipids (0.50 g) with methanolic HCl
followed by column chromatography. They were stored at 
−20°C in hexane with 2,6-di-tert-butyl-4-methylphenol
(BHT) as antioxidant and under nitrogen until analyzed in
1992. The double-bond positions in these compounds were
determined by dimethyldisulfide (DMDS) derivatization fol-
lowing a previously described procedure (9). N-Acylpyrroli-
dide derivatives were prepared by direct treatment of the
methyl esters with pyrrolidine/HOAc (10:1) in a capped vial
(24 h at 100°C). The methyl esters were hydrogenated in 10
mL absolute methanol in the presence of catalytic amounts of
platinum oxide (PtO2).

Lithium aluminum hydride reductions. To a stirred solu-
tion of lithium aluminum hydride in dry diethyl ether (5 mL)
at 0°C was added a solution of either 0.024 g (0.09 mmol) of
the anteiso methyl ester or 0.021 g (0.09 mmol) of the iso acid
dissolved in diethyl ether (5 mL). The resulting gray mixture
was stirred for 2 h and then carefully quenched with a satu-
rated aqueous ammonium chloride solution (8 mL). Diethyl
ether (10 mL) was then added, and the organic layer was
separated and dried over Na2SO4, filtered, and concentrated
in vacuo, affording either the anteiso or iso alcohols,
0.018–0.019 g (0.08 mmol) in 99% GC yields with spectral
data identical to that reported in the literature (10,11).

Pyridinium chlorochromate oxidations. To a stirred solu-
tion of 0.19 g (0.87 mmol) pyridinium chlorochromate in 15
mL of CH2Cl2 was added dropwise either the anteiso or iso al-
cohols, 0.02–0.13 g (0.08–0.58 mmol) in 1 mL of CH2Cl2 at
room temperature. After 24 h the reaction mixture was filtered
through Florisil and washed with diethyl ether (20 mL). Evap-
oration of the solvent afforded either the anteiso or iso alde-
hydes, 0.02–0.13 g (0.08–0.58 mmol) for a 99% GC yield with
spectral data identical to that reported in the literature (12–14).

Trimethylsilyl cyanide additions. To either the iso or an-
teiso aldehydes, 0.04–0.13 g (0.20–0.58 mmol), in 10 mL of
anhydrous CH2Cl2, were added dropwise 0.02–0.06 g
(0.20–0.58 mmol) 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 0.06–0.18 g (0.19–0.54 mmol) of either the anteiso
or iso adducts for a 93% isolated yield. Spectral data for the
trimethylsilyloxynitriles are presented below.

(i) 2-Trimethylsilyloxy-14-methylpentadecanonitrile. 1H
NMR (CDCl3, 500.1 MHz) δ 4.38 (1H, t, J = 6.5 Hz, H-2),
1.77 (2H, m, H-3), 1.52 (1H, m, H-14), 1.44 (2H, m, H-4),
1.29–1.25 (16H, brs, CH2), 1.14 (2H, m, CH2), 0.85 [6H, d, J
= 6.6 Hz, CH(CH3)2], 0.20 [9H, s, Si(CH3)3]; 13C NMR

(CDCl3, 125.8 MHz) δ 120.1 (s, C-1), 61.5 (d, C-2), 39.0 (t,
C-13), 36.2 (t, C-3), 29.9 (t), 29.7 (t), 29.60 (t), 29.56 (t), 29.4
(t), 29.3 (t), 28.9 (t), 27.9 (d), 27.4 (t), 24.5 (t), 22.6 [q,
CH(CH3)2], −0.4 [q, Si(CH3)3]; GC–MS m/z (relative inten-
sity) M+ 325 (2), 311 (24), 310 (100), 298 (26), 284 (13), 283
(56), 255 (3), 241 (2), 227 (3), 225 (3), 208 (7), 199 (4), 185
(11), 171 (23), 157 (5), 143 (12), 140 (9), 130 (6), 129 (49),
123 (5), 115 (13), 114 (14), 109 (11), 101 (19), 97 (20), 96
(13), 91 (28), 84 (21), 83 (25), 82 (20), 75 (75), 73 (74), 69
(31), 59 (10), 57 (28), 55 (35).

(ii) 2-Trimethylsilyloxy-14-methylhexadecanonitrile. 1H
NMR (CDCl3, 500.1 MHz) δ 4.38 (1H, t, J = 6.6 Hz, H-2),
1.68 (2H, m, H-3), 1.65 (1H, m, H-14), 1.34–1.26 (22H, brs,
CH2), 0.85 (3H, t, J = 7.1 Hz, –CH2CH3), 0.83 (3H, d, J = 6.3
Hz, –CHCH3), 0.20 [9H, s, Si(CH3)3]; 13C NMR (CDCl3,
125.8 MHz) δ 120.1 (s, C-1), 61.5 (d, C-2), 38.7 (t), 36.6 (t),
34.4 (d), 30.0 (t), 29.7 (t), 29.6 (t), 29.5 (t), 29.46 (t), 29.43
(t), 29.3 (t), 28.9 (t), 27.1 (t), 24.5 (t), 19.2 (q, C-17), 10.9 (q,
C-16), −0.4 [q, Si(CH3)3]; GC–MS m/z (relative intensity) M+

339 (2), 325 (27), 324 (100), 312 (36), 298 (15), 297 (56), 283
(12), 269 (3), 255 (2), 241 (3), 222 (9), 213 (3), 199 (4), 185
(11), 171 (21), 157 (5), 155 (3), 143 (10), 140 (10), 129 (50),
123 (7), 115 (14), 114 (13), 101 (19), 100 (12), 97 (22), 95
(24), 91 (35), 84 (24), 83 (26), 82 (22), 75 (74), 73 (81), 57
(60), 55 (44). 

Hydrolysis of the trimethylsilyloxy nitriles. Into a 15-mL
round-bottomed flask were placed the trimethylsilyloxy ni-
triles (0.06–0.18 g, 0.19–0.54 mmol) in 4 mL of
dimethoxyethane (DME). Concentrated HCl (4 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 al-
kaline by the slow addition of 50% NaOH (5 mL). The reac-
tion mixture was heated again for 2 h at 90°C. The mixture
was then acidified with 5 mL of 6 M HCl, and the product was
extracted with ether (2 × 8 mL). The organic layer was dried
over Na2SO4, filtered, and evaporated in vacuo, affording
0.03–0.12 g (0.13–0.44 mmol) of either the anteiso or iso 2-
hydroxy FA (68–70% isolated yields) with spectral data iden-
tical to those previously reported (15–17).

Methylation of the 2-hydroxy FA. Into a 15-mL round-bot-
tomed flask provided with a magnetic stirrer and under a ni-
trogen atmosphere was placed 0.03–0.10 g (0.10–0.37 mmol)
of the 2-hydroxy FA in 3 mL of DMSO. Two equivalents of
NaH were dissolved in 2 mL of DMSO and added dropwise,
after which the reaction mixture was stirred at room tempera-
ture for 10 min. An excess of CH3I (0.18–0.74 mmol) was
then added dropwise, and the reaction mixture was further
stirred for 20 min, after which it was diluted with
hexane/ether (1:1) and washed with H2O (2 × 8 mL) to re-
move the remaining DMSO. The organic phase was dried
over MgSO4, filtered, and evaporated in vacuo affording
0.02–0.08 g (0.07–0.28 mmol) of the 2-methoxylated methyl
esters (73–76% isolated yields). Spectral data not previously
reported in the literature are presented below.

(i) Methyl 2-methoxy-14-methylpentadecanoate. 1H NMR
(CDCl3, 500.1 MHz) δ 3.75 (3H, s, –CO2CH3), 3.75 (1H, X
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part of ABX system, H-2), 3.37 (3H, s, –OCH3), 1.69 (2H, m,
H-3), 1.50 (1H, m, H-14), 1.36 (2H, m, H-4), 1.24 (16H, brs,
CH2), 1.13 (2H, m, CH2), 0.85 [6H, d, J = 6.6 Hz, CH(CH3)2];
13C NMR (CDCl3, 125.8 MHz) δ 173.3 (s, C-1), 80.7 (d,
C-2), 58.1 (q, –OCH3), 51.7 (q, –CO2CH3), 39.0 (t, C-13),
32.8 (t, C-3), 29.9 (t), 29.7 (t), 29.63 (t), 29.60 (t), 29.5 (t),
29.4 (t), 29.3 (t), 27.9 (d, C-14), 27.4 (t), 25.1 (t, C-4), 22.6
[q, CH(CH3)2]. 

(ii) Methyl 2-methoxy-14-methylhexadecanoate. 1H NMR
(CDCl3, 500.1 MHz) δ 3.76 (3H, s, –CO2CH3), 3.76 (1H, X
part of ABX system, H-2), 3.38 (3H, s, –OCH3), 1.70 (2H, m,
H-3), 1.65 (1H, m, H-14), 1.33–1.25 (22H, brs, CH2), 0.85
(3H, t, J = 7.2 Hz, –CH2CH3), 0.83 (3H, d, J = 6.3 Hz,
–CHCH3); 13C NMR (CDCl3, 125.8 MHz) δ 173.4 (s, C-1),
80.7 (d, C-2), 58.1 (q, –OCH3), 51.8 (q, –CO2CH3), 39.0 (t,
C-13), 38.8 (t), 36.7 (t), 34.4 (d, C-14), 32.8 (t, C-3), 30.0 (t),
29.71 (t), 29.69 (t), 29.6 (t), 29.5 (t), 29.4 (t), 27.1 (t), 25.1 (t,
C-4), 19.2 (q, C-17), 11.4 (q, C-16); GC–MS m/z (relative in-
tensity) M+ 314 (3), 255 (100), 225 (1), 222 (1), 153 (1), 139
(2), 125 (8), 111 (25), 109 (8), 104 (8), 97 (52), 95 (17), 87
(6), 85 (20), 83 (56), 81 (18), 75 (5), 71 (64), 69 (45), 67 (18),
58 (13), 57 (57), 55 (45).  

RESULTS AND DISCUSSION

As previously reported (4), TLC showed that the main phos-
pholipids from A. dispar were PE, PS, and PC. Transesterifi-
cation with 1.0 M HCl/MeOH permitted the characterization
of the FA as methyl esters using GC–MS. A total of 40 phos-
pholipid FA were identified in A. dispar. DMDS derivatives
were used to locate the double bonds in the monounsaturated
methyl esters, whereas pyrrolidides were used mainly to lo-
cate methyl branching. The total phospholipid FA composi-
tion of A. dispar is presented in Table 1. Methyl-branched FA
between C14 and C20 predominated in these phospholipids
(59%), and in particular phytanic acid was the most abundant
in this family (12.1%), but 10-methylhexadecanoic acid
(9.8%) and 11-methyloctadecanoic acid (6.2%) were also
abundant. The common origin of branched FA is bacterial,
but phytanic acids derive from the phytol portion of chloro-
phyll (4). Branched-chain iso and anteiso FA accounted for
28% of the total composition, but most of these FA had chain
lengths between C14 and C17, which are typical chain lengths
of iso and anteiso bacterial FA. The most abundant normal-
chain saturated FA was palmitic acid (12.1%).

Our primary focus was the three 2-methoxylated FA that
constituted 1.5% of the total phospholipid FA composition of
A. dispar. We recently reported the presence of two of these
FA, 2-methoxytetradecanoic acid and 2-methoxy-14-methyl-
pentadecanoic acid, in two Caribbean sponges (3,18). Char-
acterization of the remaining saturated 2-methoxylated acid
(as the methyl ester) was possible using GC–MS and GC ECL
values as compared to synthetic standards. For example, the
mass spectrum of the novel methyl ester 2 displayed a molec-
ular ion peak at m/z 314 and a strong [M+−59] peak at m/z 255
(100%), together with a small peak at m/z 104 (McLafferty

rearrangement) typical of an α-methoxylated saturated
methyl ester (3,18).

Despite the fact that the 2-methoxy functionality was es-
tablished in these compounds by MS, the relative GC reten-
tion times of two of the 2-methoxylated methyl esters from
A. dispar could only be explained by iso and anteiso methyl
branching. For example, the methoxylated ester 1 presented
an ECL value of 16.85, whereas the ester 2 had an ECL value
of 17.93. Normal-chain α-methoxylated FA normally have
fractional chain length values of 0.17 (19). For example, the
normal-chain methyl 2-methoxytetradecanoate, also identi-
fied in A. dispar, presented an ECL value of 15.18. These un-
usual ECL values of 16.85 and 17.93 could only be accom-
modated if 1 is an iso methyl-branched methyl ester and 2 an
anteiso methyl ester (4). Therefore, we decided that it was im-
portant to confirm these structural assignments rigorously by
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TABLE 1
Identified Phospholipid FA from Agelas dispar

Relative 
FA abundancea (wt%)

12-Methyltridecanoic (i-14:0) 0.4
Tetradecanoic (14:0) 5.4
Methyltetradecanoic (br-15:0) 0.2
13-Methyltetradecanoic (i-15:0) 6.7
12-Methyltetradecanoic (ai-15:0) 4.4
Pentadecanoic (15:0) 2.3
10,13-Dimethyltetradecanoic (16:0) 0.6
2-Methoxytetradecanoic (2-OMe-14:0) 0.5
Methylpentadecanoic (br-16:0) 0.7
14-Methylpentadecanoic (i-16:0) 2.3
(Z)-7-Hexadecenoic (16:1n-9) 0.6
(Z)-9-Hexadecenoic (16:1n-7) 2.5
(E)-9-Hexadecenoic (16:1n-7) 0.2
Hexadecanoic (16:0) 12.1
(E)-9-Methyl-10-hexadecenoic (17:1n-6) 0.7
(5Z,9Z)-15-Methyl-5,9-hexadecadienoic (i-17:2n-7) 0.3
15-Methyl-9-hexadecenoic (i-17:1n-7) 6.0
10-Methylhexadecanoic (br-17:0) 9.8
15-Methylhexadecanoic (i-17:0) 4.6
14-Methylhexadecanoic (ai-17:0) 3.3
2-Methoxy-14-methylpentadecanoic (2-OMe-i-16:0) 0.9
Heptadecanoic (17:0) 1.9
Methylheptadecanoic (br-18:0) 0.9
(5Z,9Z)-5,9-Octadecadienoic (18:2n-9) 0.2
3,7,11,15-Tetramethylhexadecanoic (br-20:0) 12.1
9-Octadecenoic (18:1n-9) 3.0
11-Octadecenoic (18:1n-7) 0.3
2-Methoxy-14-methylhexadecanoic (2-OMe-ai-17:0)b 0.1
Octadecanoic (18:0) 4.6
(E)-11-Methyl-12-octadecenoic (19:1n-6) 0.2
11-Methyloctadecanoic (br-19:0) 6.2
(Z)-12-Nonadecenoic (19:1) 3.8
5,8,11,14-Eicosatetraenoic (20:4n-6) 0.7
Eicosanoic (20:0) 0.1
Heneicosanoic (21:0) 0.4
4,7,10,13,16,19-Docosahexaenoic (22:6n-3) 0.1
7,10,13,16-Docosatetraenoic (22:4n-6) 0.4
(5Z,9Z)-5,9-Pentacosadienoic (25:2n-16) 0.2
(5Z,9Z)-5,9-Hexacosadienoic (26:2n-17) 0.3
aRelative abundance with respect to phospholipid FA.
bThis FA is unprecedented in nature.



total synthesis since the first structures of this type were
mainly confirmed by relative GC retention times. Therefore,
we developed a practical synthesis for the α-methoxylated
methyl esters 1 and 2. 

The synthesis of 1 started with commercially available
(Sigma) 13-methyltetradecanoic acid, which was converted
to 13-methyltetradecanal by first reducing the acid to 13-
methyltetradecanol with lithium aluminum hydride in ether
and then oxidizing the alcohol to the aldehyde with pyri-
dinium chlorochromate in CH2Cl2 in very high yield
reactions (Fig. 1). The aldehyde was then reacted with
trimethylsilyl cyanide and triethylamine affording the 14-
methyl-2-trimethylsilyloxypentadecanonitrile in a 93% yield.
The silyloxynitrile was then transformed into the known 2-
hydroxy-14-methylpentadecanoic acid by first reacting the
nitrile with concentrated HCl in DME followed by saponifi-
cation with 50% NaOH. Final conversion into methyl 2-
methoxy-14-methylpentadecanoate (1) was achieved by
methyl esterification with 1 M HCl/MeOH and subsequent
methylation of the hydroxy group with methyl iodide and
sodium hydride in DMSO. The overall yield for this synthe-
sis was 45%. The methoxylated iso ester 1 co-eluted in capil-
lary GC with the naturally occurring methyl 2-methoxy-14-
methylpentadecanoate from A. dispar, thus confirming the
structural assignment of the iso methoxylated ester.

The synthesis of methyl 2-methoxy-14-methylhexadec-
anoate (2) was also achieved following the same synthetic
scheme as described above but starting with commercially
available methyl 13-methylpentadecanoate (Fig 1). The over-
all yield in this case was 48%. The methoxylated anteiso ester

2 also co-eluted in capillary GC with the naturally occurring
methyl 2-methoxy-14-methylhexadecanoate (2) from A. dis-
par, which further confirmed the structural assignment of the
anteiso methoxylated ester 2. 

The noteworthy finding in this Agelas is that it biosynthe-
sizes three different kinds of 2-methoxylated FA, namely, nor-
mal-chain, iso and anteiso FA. The present work is only the
second report of branched α-methoxylated phospholipid FA
from any natural source, the first being our previous report
from the sponge Amphimedon complanata (3). The structural
similarity of these branched methoxylated FA with the known
iso and anteiso 2-hydroxylated C16–C17 FA implies that these
compounds could have originated, although not necessarily,
from the branched 2-hydroxylated FA. For example, 2-
hydroxy-14-methylpentadecanoic acid was identified in
Arthrobacter simplex (20), and 2-hydroxy-14-methylhexa-
decanoic acid was found in species of the genera Thermus and
Meiothermus, identified in Antarctic lake sediments, and iso-
lated from the Actinomycetales (15–17).

The structural similarity between the iso and anteiso 2-
methoxylated phospholipid FA reported here and the analo-
gous 2-hydroxylated phospholipid FA points in the direction
of a common bacterial origin for these compounds, since the
2-hydroxylated iso and anteiso C16–C17 FA are indeed bacte-
rial (21). For example, some myxobacteria contain PE as the
major phospholipid with 2-hydroxy iso-17:0 FA at the 2-po-
sition and nonhydroxy FA at the 1-position (21). Therefore, it
is most likely that in A. dispar a novel symbiotic marine bac-
terium could actually contain novel PE with iso and anteiso
methyl-branched 2-methoxylated FA at the 2-position (21).
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FIG. 1. Synthesis of methoxylated ester of (A) 2-methoxy-14-methylpentadecanoic acid (1)
and (B) 2-methoxy-14-methylhexadecanoic acid (2). (i) LiAIH4-ether, 0°C; (ii) PCC (1.5 eq)
CH2Cl2; (iii) TMS-CN, Et3N, CH2Cl2, 0°C; (iv) HCl (conc.), DME 24 h; (v) 50% NaOH, heat,
3h; (vi) 1N HCl-MeOH; (vii) NaH/DMSO, CH3l. PCC, pyridinium chlorochromate; TMS-CN,
trimethylsilyl cyanide; DME, dimethoxyethane.
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ABSTRACT: Various nutritional studies on CLA, a mixture of
isomers of linoleic acid, have reported the occurrence of conju-
gated long-chain PUFA after feeding experimental animals with
rumenic acid, 9c,11t-18:2, the major CLA isomer, probably as
a result of successive desaturation and chain elongation. In the
present work, in vitro studies were carried out to obtain infor-
mation on the conversion of rumenic acid. Experiments were
first focused on the in vitro ∆6-desaturation of rumenic acid, the
regulatory step in the biosynthesis of long-chain n-6 PUFA. The
conversion of rumenic acid was compared to that of linoleic
acid (9c,12c-18:2). Isolated rat liver microsomes were incu-
bated with radiolabeled 9c,12c-18:2 and 9c,11t-18:2 under de-
saturation conditions. The data indicated that [1-14C]9c,11t-
18:2 was a poorer substrate for ∆6-desaturase than [1-14C]-
9c,12c-18:2. Next, in vitro elongation of 6c,9c,11t-18:3 and
6c,9c,12c-18:3 (γ-linolenic acid) was investigated in rat liver
microsomes. Under elongation conditions, [1-14C]6c,9c,11t-
18:3 was 1.5-fold better converted into [3-14C]8c,11c,13t-20:3
than [1-14C]6c,9c,12c-18:3 into [3-14C]8c,11c,14c-20:3. Fi-
nally, in vitro ∆5-desaturation of 8c,11c,13t-20:3 compared to
8c,11c,14c-20:3 was investigated. The conversion level of [1-
14C]8c,11c,13t-20:3 into [1-14C]5c,8c,11c,13t-20:4 was 10
times lower than that of [1-14C]8c,11c,14c-20:3 into [1-14C]-
5c,8c,11c,14c-20:4 at low substrate concentrations and 4 times
lower at the saturating substrate level, suggesting that conju-
gated 20:3 is a poor substrate for the ∆5-desaturase.

Paper no. L8665 in Lipids 37, 1039–1045 (November 2002).

CLA refers to a mixture of positional and geometrical isomers
of linoleic acid having two conjugated double bonds. Ru-
menic acid (9c,11t-18:2) is the most abundant of the CLA iso-
mers in milk, dairy products, and meat from ruminants. It is
formed as a stable intermediate in the biohydrogenation se-
quence of linoleic acid by anaerobic bacteria in the rumen
(1,2) and also by ∆9-desaturation of vaccenic acid in the
mammary gland. In addition, CLA isomers, including ru-
menic acid, are produced by free radical-induced isomeriza-
tion of linoleic acid (4) or during commercial hydrogenation
of vegetable oils (5).

Research on CLA and its metabolism has been carried out
in many animal experiments in vivo and in vitro. Feeding
studies on animals often used synthetic mixtures of CLA, in
which 9c,11t- and 10t,12c-18:2 accounted for about 90–95%
of the total CLA. It has been suggested that CLA may have
beneficial effects, such as anticarcinogenic and antiathero-
genic effects (6–8). Moreover, it was suggested that CLA
might influence body composition, as it reduced the fat-to-
lean body mass ratio in various animal experiments (9,10).
The mechanisms by which CLA isomers act are not yet ex-
actly known. It has been hypothesized that CLA may modify
the eicosanoid biosynthesis (11). In vivo feeding studies of
rats by Banni et al. (11) and Sébédio et al. (12) have demon-
strated the appearance of 18:3 and 20:3 conjugated metabo-
lites from the two major CLA isomers. Recent nutritional
studies on the metabolism of the 9c,11t- and 10t,12c-18:2 iso-
mers have shown that 9c,11t-18:2 can be converted into
8c,11c,13t-20:3 and 10t,12c-18:3 can be converted into
6c,10t,12c-18:3 (11,13), probably by successive desaturation
and chain elongation in the same way as 18:2n-6 into 18:3n-6
and 20:3n-6. To test the ability of CLA to act as substrate for
∆6-desaturase, a radiolabeled isomeric mixture of CLA ob-
tained by alkaline isomerization was incubated with liver mi-
crosomes (14). It was suggested that the metabolites were the
∆6-desaturated products of CLA. But neither a differentiation
in the metabolism of the individual CLA isomers nor an exact
structural identification of the conversion products was car-
ried out.

Moreover, Bretillon et al. (15) demonstrated the inhibitory
effect of 9c,11t-18:2 on the ∆6-desaturation of linoleic acid
in a dose-dependent manner, whereas 10t,12c-18:2 exhibited
the same effect only at the highest concentration. 

The present work describes the in vitro ∆6-desaturation of
9c,11t-18:2, the elongation of 6c,9c,11t-18:3, and the ∆5-
desaturation of 8c,11c,13t-20:3 in comparison with their nat-
ural respective homologs using rat liver microsomes in order
to obtain information on the conversion of rumenic acid into
conjugated 18:3, 20:3, and 20:4 FA.

MATERIALS AND METHODS

Chemicals. The FFA form of 9c,12c-18:2 was purchased from
Sigma Chemicals (l’Isle d’Abeau, France). [1-14C]9c,12c-
18:2 was purchased from NEN Life Science (Les Ulis,
France). The 9c,11t-18:2 isomer was purchased from Natural
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Lipid (Hovdebygda, Norway), and the [1-14C]9c,11t-18:2 was
obtained by total synthesis as previously reported (16) with a
radiochemical purity >99%. [1-14C]6c,9c,11t-18:3, [1-14C]-
8c,11c,13t-20:3, and their unlabeled homologs were obtained
by total synthesis (17). Coenzymes and chemicals were sup-
plied by Sigma Chemicals.

Animals and diets. All animal procedures were conducted
according to French regulation (authorization A21200 and
3273). Twenty-four weaning male Wistar rats (Elevage Janvier,
Saint Genest, France) were fed a fat-free semisynthetic diet for
2 wk, as previously described (18). Rats (166 ± 5.9 g) were
killed by decapitation. 

Microsomes preparation and incubations. Liver micro-
somes were prepared at 4°C as previously reported (15).
Briefly, each liver (9.4 ± 0.9 g) was homogenized in sucrose
and phosphate buffer (pH 7.4). The homogenate was cen-
trifuged at 400 × g for 5 min to pellet cellular debris. The su-
pernatant was centrifuged at 15,000 × g for 15 min to eliminate
nuclei, mitochondria, lysosomes, and peroxisomes. Finally, the
supernatant was ultracentrifuged at 105,000 × g for 60 min.
The pellet was resuspended in a phosphate buffer (pH 7.4)/cy-
tosol mixture (2:1, vol/vol). Microsomal proteins were quanti-
fied according to the method of Lowry et al. (19). 

The desaturation studies were performed at 37°C for 15 min
as previously described (15). Each incubation medium con-
tained 72 mM phosphate buffer (pH 7.4), 4.8 mM MgCl2, 0.5
mM CoA, 3.8 mM ATP, and 1.2 mM NADPH in a final vol-
ume of 2 mL. [1-14C]9c,12c-18:2, [1-14C]9c,11t-18:2, [1-
14C]8c,11c,13t-20:3, and [1-14C]8c,11c,14c-20:3 were diluted
in ethanol with the corresponding unlabeled molecule to a spe-
cific activity of 10 mCi/mmol. For the ∆6-desaturation studies,
microsomal suspensions containing 5 mg protein were incu-
bated in an open flask with [1-14C]9c,12c-18:2 or [1-14C]-
9c,11t-18:2 at concentrations of 30, 60, 90, and 120 nmol. For
the ∆5-desaturation studies, microsomal suspensions contain-
ing 5 mg protein were incubated in an open flask with [1-14C]-
8c,11c,13t-20:3 or [1-14C]8c,11c,14c-20:3 at concentrations of
10, 20, 40, 60, 80, and 100 nmol.

The elongation studies were performed at 37°C for 30 min
under anaerobic conditions as described by Mohrhauer et al.
(20). Each incubation medium contained 120 mM phosphate
buffer (pH 7), 3.5 mM ATP, 0.1 mM malonyl-CoA, 0.8 mM
NADPH, 1.4 mM MgCl2, 0.75 mM glutathione, 0.5 mM KCN,
20 mM KF, 0.1 mM CoA, and 0.2 mM nicotinamide in a final
volume of 3 mL. [1-14C]6c,9c,11t-18:3 and [1-14C]-6c,9c,12c,
18:3 were diluted in ethanol with the corresponding unlabeled
molecule to a specific activity of 10 mCi/mmol. Microsomal
suspensions containing 5 mg protein were incubated for 30 min
in a closed flask under an argon atmosphere with [1-
14C]6c,9c,12c-18:3 or [1-14C]6c,9c,11t-18:3 at concentrations
of 10, 20, 40, and 60 nmol.

Analysis of the conversion product. The incubations were
stopped by the addition of KOH (12%) in ethanol. Lipids were
saponified by heating at 75°C for 1 h. After extraction with
hexane, the FFA were esterified into FAME using boron triflu-

oride (14%) in methanol for 15 min at room temperature. The
FAME were dissolved in 600 µL of acetone and analyzed by
HPLC (Waters 600; Saint Quentin en Yvelines, France) using a
Nucleosil C18 column (5 µm particle size, 250 × 4.6 mm i.d.;
Interchim, Montluçon, France). The mobile phase was acetoni-
trile at a flow rate of 0.5 mL·min−1. The radioactivity was mea-
sured in the counting cell of a radiochromatographic Flo-One
β detector (Series A-100; Radiomatic Instruments, Tampa, FL)
after mixing the column effluent with a Uniscint BD scintilla-
tion cocktail (National Diagnostics, Atlanta, GA) in a ratio of
1:1.2 (effluent/scintillation cocktail).

Microsomal FAME were also analyzed on a Hewlett-
Packard 5890 gas chromatograph (Palo Alto, CA), equipped
with a splitless/split injector and a Stabilwax wide-bore col-
umn (60 m × 0.53 mm i.d.; film thickness, 0.50 µm, Restek,
Evry, France) as previously described (15). The column was
connected to a FID and to a radio-GC-detector (GC RAM
Lablogic, Sheffield, United Kingdom). The temperatures of
the injector and detector were 250 and 280°C, respectively.
Helium was the carrier gas. The output flow from the column
was split between the FID and the radio-GC-detector in a
ratio 10:90. The data were computed using Laura software
(Lablogic).

Identification of the conversion product. Two Hewlett-
Packard HP 5890 Series II (Hewlett-Packard Ltd., Wokingham,
United Kingdom) were used for GC analysis. The first was
equipped with a splitless/split injector and a FID. The tempera-
tures of the injector and detector were 250 and 280°C, respec-
tively. Helium was the carrier gas. The analyses were per-
formed using a BPX-70 capillary column (50 m × 0.33 mm i.d.,
film thickness, 0.25 µm; SGE Ltd., Melbourne, Australia). The
oven temperature was programmed from 60 to 170°C at
20°C·min−1. The second one was equipped with a splitless/split
injector and an FID. The temperatures of the injector and de-
tector were 250 and 280°C, respectively. Hydrogen was the
carrier gas. The analyses were performed using a CP-SIL cap-
illary column (100 m × 0.25 mm i.d.; film thickness, 0.25 µm;
Varian, Les Ulis, France). The oven temperature was pro-
grammed from 60 to 190°C at 20°C·min−1.

Data were collected using a Borwin workstation (JMBS De-
velopments) including an acquisition interface, software, and a
computer. GC–MS analyses were effected with a Hewlett-
Packard 6890 gas chromatograph coupled to an HP model 5973
mass selective detector (Hewlett-Packard Ltd.). The latter was
used in the EI mode at 70 eV with a source temperature of
250°C. The GC separation was performed on an HP-5-MS col-
umn (30 m × 0.25 mm i.d., film thickness 0.25 µm, Hewlett-
Packard Ltd.) using helium as carrier gas. The oven temperature
was programmed from 60 to 300°C at 18°C·min−1. Splitless in-
jection was used with the injection port maintained at 250°C. 

Expression of results. Results are expressed as means ± SD.
The means were compared using an ANOVA and the Stu-
dent–Newman–Keuls test using SAS software (Cary, NC). Sig-
nificant differences (P < 0.05) are indicated by different super-
script letters.
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RESULTS AND DISCUSSION

In the present work, young rats were fed a fat-free diet for 2
wk so that there would be no effect of dietary FA when, at the
end of the feeding period, conversion of EFA by liver micro-
somes was evaluated. The FA composition of liver microso-
mal total lipids was determined (data not shown). Rats pre-
sented an EFA deficiency, according to the criterion accepted
for EFA deficiency of Mohrhauer and Holman (21) with a
5c,8c,11c-20:3/5c,8c, 11c,14c-20:4 ratio of 0.49. No trace of
CLA or trans FA was present in liver microsome total lipids.

∆6-Desaturation study. In a first set of experiments, the ∆6-
desaturation of 9c,11t-18:2 was compared to that of linoleic
acid. ∆6-Desaturation is the rate-limiting step in the conver-
sion of linoleic acid to arachidonic acid (20:4n-6) (22). It
could be hypothesized that the conversion of CLA by ∆6-
desaturase is essential to form further conjugated 20:4 from
9c,11t-18:2. Table 1 shows the results of the conversion of [1-
14C]9c,12c-18:2 or [1-14C]9c,11t-18:2 (30–120 nmol) by
liver microsomes under desaturation. Rumenic and linoleic
acids were both desaturated. However, the extent of conver-
sion of 9c,11t-18:2 was significantly lower (P < 0.05) than
that of 9c,12c-18:2 at all substrate concentrations (6.3 ± 1.0
vs. 8.7 ± 0.6 nmol at 30 nmol of substrate, and 10.2 ± 1.6 vs.
16.9 ± 1.1 nmol at 120 nmol of substrate), suggesting that ru-
menic acid is not as good a substrate for ∆6-desaturase as
linoleic acid. At 120 nmol the saturating substrate concentra-
tion was reached for the conversion of linoleic acid, whereas
the conversion of rumenic acid did not reach a plateau, suggest-
ing a higher saturating substrate concentration for rumenic acid
than for linoleic acid under our experimental conditions.

Under similar experimental conditions the conversion
product of 9c,12c-18:2 was identified as 6c,9c,12c-18:3
(18,23). In contrast, the in vitro desaturated product of 9c,11t-
18:2 had to be identified. With classical chemical methods
(24) this is difficult because of the low conversion levels and
low metabolite concentrations. Radio-GC, GC–MS, and GC
on a high-polarity column were used to analyze the structure
of the metabolites formed from 9c,11t-18:2. Radio-GC re-
vealed two labeled compounds for FAME from liver micro-
somes incubated in the presence of either [1-14C]-9c,12c-18:2
(Fig. 1B) or [1-14C]9c,11t-18:2 (Fig. 1C). The retention times
for rumenic acid and its desaturation product varied from

those of 9c,12c-18:2 as shown in Figures 1B and 1C because
of the conjugated double bonds. GC–MS analyses showed
that the desaturated compounds had molecular ions at m/z 292
and 294, which correspond to the M.W. of unlabeled and la-
beled methyl octadecatrienoate, respectively. The conjugated
18:3 metabolite formed from 9c,11t-18:2 in liver microsomes
was identified as 6c,9c,11t-18:3 by GC on a polar column
(BPX-70) by comparison with a standard obtained by total
synthesis with an isomeric purity >95% (17). Moreover, 19:0
and 22:0 (behenic acid) were added to the conjugated 18:3
metabolite formed from 9c,11t-18:2 in liver microsomes and
to the synthetic 6c,9c,11t-18:3 standard for calculation of the
ECL by GC on a polar column (CP-Sil, 60–190°C). The two
experimental ECL values are identical (ECL: 21.56). The for-
mation of a metabolite by ∆6-desaturation of 9c,11t-18:2 is in
agreement with earlier results published by Belury and
Kempa-Steczko (14). They observed that a radiolabeled CLA
mixture was desaturated into an 18:3 product, which was not
further identified in a similar way as linoleic acid was con-
verted into γ-linolenic acid. 

Elongation study. To investigate further the hypothetical
metabolic pathway of rumenic acid into conjugated PUFA, an
in vitro elongation study was carried out using radiolabeled
6c,9c,11t-18:3 obtained by total stereoselective synthesis
(17). The elongation of 6c,9c,11t-18:3 was compared to that
of γ-linolenic acid as its nonconjugated homolog. 

The chain elongation of [1-14C]6c,9c,11t-18:3 was carried
out in the presence of malonyl-CoA and under an argon at-
mosphere in order to avoid desaturation (25). Table 2 shows
the conversion of [1-14C]6c,9c,12c-18:3 into [3-14C]-8c,
11c,14c-20:3 and [1-14C]6c,9c,11t-18:3 into [3-14C]-8c,11c,
13t-20:3 at various substrate concentrations (10–60 nmol) by
rat liver microsomes under elongation conditions. The [1-
14C]6c,9c,11t-18:3 was elongated in a similar way as γ-lino-
lenic acid, and its conversion rates were 1.5-fold higher
(P < 0.05) than those of [1-14C]6c,9c,12c-18:3 at all substrate
concentrations (7.9 ± 0.3 vs. 6.3 ± 0.3 nmol with 10 nmol of
substrate and 9.1 ± 1.0 vs. 5.5 ± 1.2 with 60 nmol of substrate,
respectively). This suggests that 6c,9c,11t-18:3 is a better
substrate for the chain elongation enzyme than γ-linolenic
acid under our experimental conditions.

γ-Linolenic acid and 6c,9c,11t-18:3 reached the saturating
substrate level at 20 nmol. The slight decrease in the conversion
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TABLE 1
Formation of the ∆6-Desaturated Products (in % conversion and nmol) from Radiolabeled 9c,12c-18:2
(linoleic acid) and 9c,11t-18:2 (rumenic acid) by Rat Liver Microsomesa

9c,12c-18:2 9c,11t-18:214C Substrate
(nmol) Conversion (%) nmol Conversion (%) nmol

30 29.1 ± 2.1 8.7 ± 0.6a 21.0 ± 3.3 6.3 ± 1.0b

60 20.5 ± 2.3 12.3 ± 1.4a 12.4 ± 3.5 7.4 ± 2.1b

90 17.4 ± 2.5 15.6 ± 2.3a 10.3 ± 1.4 9.2 ± 1.3b

120 14.1 ± 0.9 16.9 ± 1.1a 8.5 ± 1.3 10.2 ± 1.6b

aThe conditions for incubations are described in the Materials and Methods section. Results are expressed as mean ± SD of
four independent determinations. After ANOVA, means were compared according to the least difference and classified in
decreasing order. Means in rows with different superscript letters were significantly different (P < 0.05). 



rates above this concentration could be related to an in-
hibitory effect of the substrate or of the metabolites. The
radio-GC and GC–FID results obtained after injection on a
BPX-70 column (Fig. 2B) confirmed that the 6c,9c,11t-18:3
was elongated into its corresponding conjugated 20:3, as evi-
denced by comparing the retention time with that of the
8c,11c,13t-20:3 standard obtained by total synthesis (17).
Moreover, 23:0 and 24:0 (lignoceric acid) were added to the
conjugated 20:3 metabolite formed from 6c,9c,11t-18:3 in
liver microsomes and to 8c,11c,13t-20:3 standard to calculate
the ECL by GC on a polar column (CP-Sil, 60–190°C) as car-
ried out for the ∆6-desaturation study. The two experimental
ECL values are identical (ECL: 23.55). 

∆5-Desaturation study. Finally, the ∆5-desaturation of the
8c,11c,13t-20:3 was investigated in comparison to dihomo-γ-
linolenic acid (8c,11c,14c-20:3). Table 3 presents the conver-
sion of [1-14C]8c,11c,13t-20:3 and [1-14C]8c,11c,14c-20:3
(10–100 nmol) by liver microsomes into their corresponding
∆5-desaturated metabolites. Conjugated 20:3 was converted
into 5c,8c,11c,13t-20:4. In comparing the two incubated sub-

strates, the rate of conversion of [1-14C]8c,11c,13t-20:3 was
about one-tenth that of 8c,11c,14c-20:3 (0.8 ± 0.1 vs. 7.8 ± 0.1
nmol, respectively) at 10 nmol concentration and about one-
fifth that of its natural homolog at the highest concentration
(4.1 ± 1.0 vs. 19.6 ± 1.5 nmol) at 100 nmol. The saturating sub-
strate level for [1-14C]8c,11c,14c-20:3 was reached at 60 nmol
whereas for [1-14C]8c,11c,13t-20:3 the plateau seemed to be
reached at 100 nmol. The desaturation product of 8c,11c,13t-
20:3 was clearly identified as 5c,8c,11c,13t-20:4 by GC–FID
on a BPX-70 column (Fig. 2C) by comparing the retention time
of the desaturation product to that of an authentic standard pre-
viously purified and characterized from adipose tissue of rats
fed rumenic acid (13). Moreover, when 24:0 and 26:0 were
added to the conjugated 20:4 metabolite formed from 8c,
11c,13t-20:3 in liver microsomes and to the authentic standard
containing 5c,8c,11c,13t-20:4 for calculation of the ECL by
GC on a polar column (CP-Sil, 60–190°C), the two experimen-
tal ECL values were identical (ECL: 25.13).

The level of conversion of 8c,11c,13t-20:3 into 5c,8c,
11c,13t-20:4 (arachidonic acid) was considerably lower than
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FIG. 1. GC analysis of the FAME obtained from liver microsomes (5 mg protein) incubated for
15 min with 60 nmol of [1-14C]9c,12c-18:2 (trace A: FID, trace B: radioactive signal) or with
120 nmol of [1-14C]9c,11t-18:2 (trace C: radioactive signal). Peak 1: 16:0; 2: 16:1; 3: 18:0; 4:
18:1; 5: 18:2n-6; 6: 18:3n-6; 7: 18:3n-3; 8: 20:3n-9; 9: 20:4n-6.
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TABLE 2
Formation of the Elongated Products (in % conversion and nmol) from Radiolabeled 6c,9c,12c-18:3 and
6c,9c,11t-18:3 by Rat Liver Microsomes

6c,9c,12c-18:3 6c,9c,11t-18:3
14C Substrate (nmol) Conversion (%) nmol Conversion (%) nmol

10 63.0 ± 3.0 6.3 ± 0.3a 79.0 ± 3.0 7.9 ± 0.3b

20 39.5 ± 5.0 7.9 ± 1.0a 60.0 ± 6.0 12.0 ± 1.2b

40 16.2 ± 4.0 6.5 ± 1.6a 25.5 ± 2.7 10.2 ± 1.1b

60 9.2 ± 2.0 5.5 ± 1.2a 15.2 ± 1.6 9.1 ± 1.0b

aThe conditions for incubations are described in the Materials and Methods section. Results are expressed as mean ± SD of
four determinations. After ANOVA, means were compared according to the least difference and classified in decreasing
order. Means in rows with different superscript letters were significantly different (P < 0.05). 

FIG. 2. GC analysis of the FAME obtained from liver microsomes (5 mg protein) (trace A, control) or from liver
microsomes (5 mg protein) incubated for 30 min with 60 nmol of [1-14C]6c,9c,11t-18:3 (trace B) or from liver
microsomes (5 mg protein) incubated for 15 min with 100 nmol of [1-14C]8c,11c,13t-20:3 (trace C) (BPX-70 col-
umn, FID). Peak 1: 14:0; 2: 16:0; 3: 16:1; 4: 18:0; 5: 18:1; 6: 18:2n-6; 7: 20:3n-9; 8: 20:3n-6; 9: 20:4n-6; 10: 22:5n-6;
11: 22:6n-3; X: 6c,9c,11t-18:3; Y: 8c,11c,13t-20:3; Z: 5c,8c,11c,13t-20:3.



for dihomo-γ-linolenic acid, indicating that 8c,11c,13t-20:3
was a poorer substrate for the ∆5-desaturase. 

The results obtained are in agreement with the data from
the nutritional studies on rats and mice. Recently, Banni et al.
(26) reported the occurrence of conjugated 18:3 and 20:3 FA
in different lipid classes of the liver after administration of
9c,11t-18:2 to rats. The content of conjugated 20:3 FA was
about fourfold higher than that of conjugated 18:3 or 20:4 FA.
They measured 0.7 µg/mg lipid of conjugated 18:3, 3.9
µg/mg lipid of conjugated 20:3, and 1.0 µg/mg lipid of con-
jugated 20:4 (26). Similar results were obtained in a feeding
study on rats using pure CLA isomers (13).

Our results indicate rumenic acid (9c,11t-18:2) was mainly
converted into conjugated 20:3 (8c,11c,13t-20:3), as it was
only slightly converted into 6c,9c,11t-18:3 by ∆6-desatura-
tion, and 6c,9c,11t-18:3 was well elongated into 8c,11c,13t-
20:3. The conversion of 8c,11c,13t-20:3 to the corresponding
conjugated 20:4 was very low. Rumenic acid may likely fol-
low the same in vivo metabolic pathway of conversion into
long-chain FA as linoleic acid. In this view, the detection of
conjugated 18:3, 20:3, and 20:4 FA in tissues of CLA-fed an-
imals would result from successive ∆6-desaturation, elonga-
tion, and ∆5-desaturation of rumenic acid. 
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ABSTRACT: Release of FFA from membrane phospholipids
was observed after incubation of umbilical cord vein-derived en-
dothelial cells (HUVEC) with vascular endothelial growth factor
(VEGF). In particular, we found an increase of arachidonate,
stearate, and palmitate in a time-dependent manner with a peak
at 30 min. The maximum increase was reached by arachidonate
(4.4-fold), followed by stearate (2.2-fold) and palmitate (1.3-
fold). The arachidonate increase can be ascribed to the activa-
tion of phospholipase A2 (PLA2). In fact, cells preincubated with
arachidonyl trifluoromethyl ketone, a PLA2 inhibitor, showed a
marked reduction in arachidonate mobilization. The role of Ca2+

in PLA2 activation was also investigated. Cells incubated with
VEGF in the presence of EGTA showed a marked decrease in
arachidonate mobilization, whereas incubation with the calcium
ionophore A23187 alone produced an increase in arachidonate,
although to a lesser extent compared with the VEGF stimulation.
Incubation with A23187 in association with PMA produced the
same increase in arachidonate as the VEGF treatment. Mitogen-
activated protein kinase (MAPK) activity was also found to in-
crease as a consequence of VEGF stimulation. Taken together,
these results suggest that the VEGF-mediated activation of PLA2
in HUVEC is dependent on both MAPK-mediated phosphoryla-
tion and Ca2+ increase. Furthermore, the increase in stearate and
palmitate likely is brought about by the activation of a pathway
involving phospholipase D, phosphatidate phosphohydrolase
(PAP), and DAG lipase. In fact, the increase in those FFA was
prevented when HUVEC were stimulated with VEGF in the pres-
ence of ethanol (which inhibits the formation of phosphatidate),
propranolol (a specific inhibitor of PAP), or RHC-80267 (a spe-
cific inhibitor of DAG lipase).

Paper no. L9096 in Lipids 37, 1047–1052 (November 2002).

Vascular endothelial growth factor (VEGF), also known as
vascular permeability factor, is a potent mitogen for vascular
endothelial cells. This cytokine has been shown to play a cen-
tral role in the angiogenesis associated with physiological and
pathological processes (1–4). Angiogenesis, the process by
which new blood vessels are formed via proliferation of 
vascular endothelial cells (5), is essential in reproduction,

development, and wound repair (6). The mechanisms in-
volved in the initiation and progression of angioproliferative
disease processes are poorly understood. Recent evidence in-
dicates that VEGF is essential for embryonic angiogenesis
(7), for angiogenesis in the female reproductive tract (8–10),
and for morphogenesis of the epiphyseal growth plate and en-
dochondral bone formation (11). Additional studies indicate
that VEGF has a relevant role in pathological angiogenesis.
Indeed anti-VEGF monoclonal antibodies or other VEGF in-
hibitors block the growth of several human tumor cell lines in
nude mice (12), whereas augmented VEGF expression is cor-
related with increased tumor growth and vascularity (13,14). 

The action of VEGF is mediated by two receptors, the
human fms-like tyrosine kinase (Flt-1) (15) and fetal liver ki-
nase 1 (Flk-1) (16,17), the mouse homolog of the human ki-
nase insert domain receptor (KDR) (18). The distal signaling
pathway for VEGF receptors has not been completely deter-
mined, although it is known that VEGF rapidly increases the
intracellular Ca2+ concentration in endothelial cells (19),
causes a striking and transient increase in mitogen-activated
protein kinase (MAPK) activity, and stimulates phospholipase
C-γ tyrosine phosphorylation (20). When stimulated with
VEGF, human endothelial cells in culture release arachidonic
acid from their phospholipid storage sites (21). Lipid metabo-
lism plays a crucial role in cell signaling, and considerable ef-
forts have been made to identify the pathways for arachido-
nate mobilization from cellular phospholipids (22). Although
it is assumed that the main step involves the action of phos-
pholipase A2 (PLA2), another pathway has been suggested to
play a role in arachidonate mobilization, i.e., the activation of
phospholipase D (PLD), which catalyzes the hydrolysis of PC
to produce choline and PA with subsequent liberation of
arachidonate (23,24). However, PA itself possesses signaling
properties, including the stimulation of actin stress fiber for-
mation in porcine aortic endothelial cells (25). Furthermore,
PA was found to induce the chemotactic migration of endothe-
lial cells from established monolayers, which is an important
step in angiogenesis (26).

The aim of this work was to investigate the pathways in-
volved in the release of FFA in VEGF-stimulated human um-
bilical cord vein-derived endothelial cells (HUVEC). Herein
we report evidence that, upon VEGF stimulation, palmitate
and stearate, as well as arachidonate, are increased. This find-
ing suggests the involvement of at least two different path-
ways, one taking place via cPLA2 activation, which generates

Copyright © 2002 by AOCS Press 1047 Lipids, Vol. 37, no. 11 (2002)

*To whom correspondence should be addressed at Dipartimento di Biochim-
ica e Biofisica, Via Costantinopoli 16, 80138 Napoli, Italy.
E-mail: lucio.quagliuolo@unina2.it
Abbreviations: AACOCF3, arachidonyl trifluoromethyl ketone; ADAM, 9-
anthryldiazomethane; HUVEC, human umbilical cord vein-derived endothe-
lial cells; KDR, kinase insert domain receptor; MAPK, mitogen-activated
protein kinase; PAP, phosphatidate phosphohydrolase; PKC, protein kinase
C; PLA2, phospholipase A2; PLD, phospholipase D; RHC-80267, a DAG li-
pase inhibitor; VEGF, vascular endothelial growth factor.

Fatty Acid Mobilized by the Vascular Endothelial Growth
Factor in Human Endothelial Cells

Mariarosaria Boccellino, Alfonso Giovane, Luigi Servillo, 
Ciro Balestrieri, and Lucio Quagliuolo*

Department of Biochemistry and Biophysics, Second University of Naples, 80138 Napoli, Italy



arachidonate, and the other involving PLD, phosphatidate
phosphohydrolase (PAP), and DAG lipase, which brings
about increases in stearate and palmitate.

EXPERIMENTAL PROCEDURES

Materials. Collagenase from Clostridium histolyticum was
from Roche S.p.A. (Monza, Italy). Human von Willebrand an-
tiserum was from Nordic Immunology (Tilberg, The Nether-
lands). Anti-human histocompatibility antigens class I and
class II were purchased from Becton, Dickinson, and Co.
(Franklin Lakes, NJ). [γ-32P]ATP (3000 Ci/mmol) was pur-
chased from Amersham (Arlington Heights, IL). Myelin basic
protein, the calcium ionophore A23187, porcine sodium hepa-
rin, endothelial cell growth factor, PMA, BSA, and FFA stan-
dards were from Sigma (St. Louis, MO). Arachidonyl
trifluoromethyl ketone (AACOCF3, a PLA2 inhibitor) and 1,6-
bis(cyclohexyloximino-carbonylamino) hexane (RHC-80267,
a specific inhibitor of DAG lipase) were from Alexis Bio-
chemicals (c/o Vinci-Biochem, Vinci, Italy). Fetal calf serum
was from Hyclone Lab (Logan, UT). Recombinant human
VEGF was from Genzyme Diagnostics (Cambridge, MA). 9-
Anthryldiazomethane (ADAM) was from Molecular Probes
Inc. (Eugene, OR). All other reagents were of analytical grade.

Endothelial cell culture. HUVEC were isolated by treat-
ment of human umbilical cord veins with 0.2% collagenase
from C. histolyticum (20 min, 37°C) and cultured as described
previously (27) until they reached confluence. The cells were
characterized by morphologic criteria and positive immuno-
fluorescence for von Willebrand factor and class I, but not
class II, histocompatibility antigens (27). Cells between pas-
sages 3 and 10 were used. Cell viability was assessed follow-
ing the release of cytosolic lactate dehydrogenase activity by
a cytotoxicity detection kit (Roche).

FFA determination. FFA were determined by HPLC using
a fluorescence detector after derivatization with ADAM, a
fluorescent probe that specifically reacts with free carboxyl
groups. To profile the FFA released by HUVEC, cells were
grown on 35 mm-diameter dishes until the cell number
reached 4.6 × 105 ± 3.2 × 104. Cells were starved in medium
without serum and growth factor for 18 h, then washed three
times with PBS and incubated at 37°C in 2 mL RPMI-1640
medium with VEGF (50 ng/mL) and/or other stimuli for the
appropriate time. After incubation the medium was removed,
1 nmol of eicosanoate was added as internal standard, and the
incubation was stopped by adding methanol (2 mL/dish).
Cells were scraped from the dish, the suspension was trans-
ferred to borosilicate tubes, and lipids were extracted accord-
ing to the procedure of Bligh and Dyer (28). Total lipids were
extracted into chloroform by shaking vigorously for 90 s.
After centrifugation (1500 × g, 5 min), the chloroform solu-
tion was transferred into another tube and dried under vac-
uum by using the Univapor Concentrator Centrifuge, model
Univapo 100 H (Uni Equip, Martinsried, Germany). The
dried lipids were dissolved in 450 µL acetonitrile; 50 µL so-
lution containing 1 mg/mL of ADAM in acetonitrile was then

added and the mixture was incubated overnight at room tem-
perature (29). After incubation, 100 µL of the mixture was di-
rectly analyzed by HPLC.

The separation of ADAM-derivatized FFA was performed
on a Symmetry C18 reversed-phase column, 4.6 × 150 mm,
filled with a stationary phase of 3.5 µm average particle size
(Waters, Milford, MA), by a gradient liquid chromatograph con-
sisting of a controller (model 600) and a pump (model 626)
(Waters). The column was eluted with methanol/water (85:15,
vol/vol) for 10 min, then with 100% methanol. The flow rate
was 1.0 mL/min. The peaks were detected with a Shimadzu
Model 160 fluorescence spectrometer equipped with a computer
with the Millennium software (Waters). The excitation and
emission wavelengths were 364 and 412 nm, respectively. The
amount of derivatized FFA was calculated by comparing the
peak area with authentic standards and, using the eicosanoate as
internal standard, a recovery of 92 ± 5% was calculated.

MAPK assay. Cells (105) were plated on 60-mm dishes and
cultured for 24 h. Confluent cells were serum-starved for 18 h
and stimulated with VEGF (50 ng/mL) at different times in 1
mL of M199 medium. Incubations were terminated by aspira-
tion of the medium and addition of 500 µL of lysis buffer [1
% Triton X-100, 20 mM Tris/HCl (pH 8), 137 mM NaCl, 10%
(vol/vol) glycerol, 2 mM EDTA, 0.14 unit/mL of aprotinin, 20
µM leupeptin, and 1 mM sodium orthovanadate] at 4°C for 20
min (30). Cells were scraped from the dish, the lysate was cen-
trifuged at 14,000 × g for 10 min at 4°C, the supernatant was
collected, and the protein concentrations were determined by
the method of Bradford (31). Approximately 20 µg of proteins
were immunoprecipitated overnight at 4°C with 5 µg/mL
MAPK polyclonal antiserum (erk1-CT). Immune complexes
were purified by incubation for 3 h at 4°C with 80 µL of pro-
tein A–Sepharose slurry (40 µL bead volume). The resin was
then washed three times with Tris-buffered saline and once
with kinase buffer (30 mM Tris/HCl, pH 8.0; 20 mM MgCl2;
1 mM DTT) and resuspended in 30 µL of kinase buffer con-
taining 7 µg of myelin basic protein, 2 µM ATP, and 5 µCi of
[γ-32P]ATP (32). After incubation for 20 min at 30°C, a BSA
solution was added to the suspension at final concentration of
1 mg/mL, and proteins were precipitated by adding 1 mL of
5% TCA. The samples were filtered on a glass fiber filter
AP40 (Millipore, Milford, MA) and washed three times with
2 mL of 5% TCA to remove unincorporated radioactivity. The
filters were transferred to scintillation vials and counted for
radioactivity; counts were normalized for the amount of pro-
tein used in the immunoprecipitation step. Owing to a possi-
ble contamination of protein kinase C (PKC) in the immuno-
precipitate, the substrate phosphorylation was ruled out in
parallel experiments by using bisindolylmaleimide, a selective
inhibitor of the PKC.

RESULTS

FFA release by HUVEC stimulated with VEGF. Serum-
deprived HUVEC were stimulated at various times with 50
ng/mL VEGF. After total lipids were extracted, FFA were
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derivatized with ADAM and analyzed by HPLC, as described
in the Experimental Procedures section. Figure 1 shows a typ-
ical chromatographic pattern of ADAM-derivatized FFA ob-
tained from a representative experiment in which HUVEC
were stimulated with VEGF for 30 min. When confluent cul-
tures of HUVEC were treated with VEGF, a time-dependent
increase in FFA occurred in the cells. As shown in Figure 2,
the amount of arachidonate, palmitate, and stearate increased
in the cell, with a maximum at 30 min followed by a decrease
that, after 60 min, restored the initial conditions. VEGF stim-
ulated an increase in arachidonate from 445 to 1950 pmol/106

cells after 30 min, whereas the palmitate and stearate in-
creases were from 4580 to 6150 pmol/106 cells and from
2140 to 4660 pmol/106 cells, respectively. Oleate mobiliza-

tion showed a different behavior, with a limited decrease that
had a minimum at 30 min (from 1550 to 1070). By express-
ing the data as fold of FFA increase with respect to the un-
stimulated cells (at the same time points), we found that the
increases in arachidonate, stearate, and palmitate were 4.4-,
2.2-, and 1.3-fold, respectively, whereas oleate had a decrease
of 0.7-fold. 

Role of the PLA2 in FFA release induced by VEGF.
HUVEC were preincubated for 5 min in the presence of the
PLA2 inhibitor AACOCF3 at a concentration of 25 µM, fol-
lowed by VEGF stimulation for an additional 30 min at 37°C.
In these conditions a marked inhibition of arachidonate mo-
bilization was observed, from 4.4- to 2.1-fold (Fig. 3), com-
pared with VEGF alone. Instead, the PLA2 inhibitor poorly
affected the production of saturated and monounsaturated
FFA; however, the increase in oleate was higher than that ob-
served with VEGF alone.

The role of calcium ions in FA mobilization was also in-
vestigated. HUVEC were incubated with either VEGF for 30
min in the presence of 2 mM EGTA, with 10 µM calcium
ionophore A23187 for 10 min, or with 1 µM PMA for 5 min
followed by A23187 (10 µM) for 10 min. As shown in Fig-
ure 3, the chelation of divalent cations was accompained by a
reduction in arachidonate mobilization from 4.4- to 1.8-fold,
indicating that the VEGF-stimulated arachidonate production
is basically calcium dependent. In fact, cells incubated for 10
min with A23187 showed a consistent increase in arachido-
nate production, which became more pronounced when the
cells were preincubated for 5 min with PMA followed by an
additional 10 min in the presence of 10 µM A23187.
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FIG. 1. Chromatogram of 9-anthryldiazomethane-derivatized FA ex-
tracted from human umbilical cord vein-derived endothelial cells
(HUVEC). Cells were stimulated with vascular endothelial growth factor
(VEGF) for 30 min. Eicosanoate was added as internal standard. AA,
arachidonate; OLE, oleate; PAL, palmitate; STE, stearate; EICO,
eicosanoate.

FIG. 2. Time course of FFA production in HUVEC stimulated with
VEGF. Cells were stimulated with VEGF (50 ng/mL) for the indicated
times. FFA were extracted and their amounts measured by HPLC. Data
are mean ± SD of triplicate experiments. The amount of each FFA was
measured at incubation time zero and used as a control. No substantial
difference was found in unstimulated cells among incubation time zero
and other time points. For abbreviations see Figure 1.

FIG. 3. Role of phospholipase A2 (PLA2) on FFA production in VEGF-
stimulated HUVEC. Cells were stimulated with VEGF (50 ng/mL) for 30
min, or incubated with arachidonyl trifluoromethyl ketone (AACOCF3,
a PLA2 inhibitor) (25 µM) for 5 min and then for an additional 30 min in
the presence of VEGF (50 ng/mL), or with VEGF in the presence of 2
mM EGTA for 30 min. Cells were also incubated with the calcium
ionophore A23187 (10 µM) for 10 min, or with PMA (1 µM) for 5 min
and then for an additional 10 min in the presence of A23187. For other
abbreviations see Figure 1.



Although the A23187 incubation produced only an increase
in arachidonate, the preincubation with PMA also resulted in
increases in palmitate and stearate.

Role of PLD in the FFA release induced by VEGF. VEGF
is known to induce an increase in arachidonate in HUVEC
(21) due to the activation of PLA2, which specifically hy-
drolyzes arachidonic acid at the sn-2 position of phospho-
lipids. However, the increase in saturated FFA in HUVEC
stimulated with VEGF has not been reported so far. The mo-
bilization of saturated FA could be the result of a metabolic
pathway involving PLD, PAP, and DAG lipase. To verify this
hypothesis, we used specific inhibitors acting at the level of
each of these metabolic steps. As shown in Figure 4, cells in-
cubated with VEGF in the presence of 2% (vol/vol) ethanol,
which prevents the formation of PA by PLD, did not show
any increase in stearate and palmitate, and the arachidonate
production was scarcely affected. Similar results were ob-
tained using propranolol (200 µM), which is a PAP inhibitor,
and the DAG lipase inhibitor RHC-80267 (6 µM).

Effect of VEGF on MAPK activity. To investigate the
mechanism involved in PLA2 activation responsible for the
arachidonate release triggered by VEGF, the role of MAPK
in signal transduction was also evaluated. Indeed, the role of
MAPK phosphorylation in the activation of cytosolic PLA2
by phosphorylation is now recognized. As shown in Figure 5,
MAPK activity, as evaluated by the incorporation of 32P into
the myelin basic protein (see the Experimental Procedures
section), displayed a ninefold increase and reached a maxi-
mum 20 min after stimulation with VEGF. MAPK activity

was undetectable in unstimulated control cells. Furthermore,
by using bisindolylmaleimide, a selective inhibitor of PKC,
we confirmed that the phosphorylation was due only to the
MAPK. In fact, since PKC is involved in the phosphorylation
cascade of MAPK (33), it could be coprecipitated by the
MAPK antiserum.

DISCUSSION

The results reported herein demonstrate that in VEGF-stimu-
lated HUVEC, at least two cell-signaling pathways, involv-
ing PLA2 and PLD, are activated. It is well documented that
PLA2 participates in the mobilization of arachidonic acid
from the sn-2 position of phospholipids, and recently (21,34)
the activation of PLA2 has been shown to take place in
VEGF-mediated HUVEC stimulation in an extracellular-reg-
ulated kinase- and PKC-sensitive manner. Usually, the way
to monitor the mobilization of arachidonate consists of mea-
suring the release, following an appropriate stimulus, of ra-
dioactive arachidonate previously incorporated into the cell.
This method, although very simple, does not allow the evalu-
ation of other FFA. In this work we used a different approach
based on the HPLC determination of FFA derivatized with the
fluorescent agent anthryldiazomethane, which selectively re-
acts with the free carboxyl groups. In this way, we were able
to determine different FFA at pmol levels simultaneously and
to measure their relative amounts as a consequence of the cel-
lular stimulation. In time-course experiments (Fig. 2), we ob-
served that in VEGF-stimulated HUVEC, the amount of
arachidonate increased, reaching the maximum at 30 min.
The arachidonate increase was also accompanied by increases
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FIG. 4. Role of phospholipase D on FFA production in VEGF-stimulated
HUVEC. Cells were preincubated for 10 min with ethanol (which in-
hibits the formation of phosphatidate) (2%, vol/vol), for 15 min with
propanolol (PROP, a specific inhibitor of phosphatidate phosphohydro-
lase) (200 µM), for 5 min with RHC-80267 (a specific inhibitor of DAG
lipase) (6 µM), and then stimulated with VEGF (50 ng/mL) for an addi-
tional 30 min. Following the treatment, FFA were extracted and ana-
lyzed by HPLC as described in the Experimental Procedures section.
The results are expressed as the fold increase with respect to untreated
cells used as a control. Data are mean ± SD of triplicate experiments.
For other abbreviations see Figure 1.

FIG. 5. Time course of mitogen-activated protein kinase (MAPK) activ-
ity in VEGF-stimulated HUVEC. Cells were stimulated with VEGF (50
ng/mL) for the indicated times and cell lysates were immunoprecipi-
tated with the anti-MAPK antibody. The kinase activity was determined
in the immunoprecipitate by incorporation of 32P into the myelin basic
protein used as substrate. Results are mean ± SD of triplicate experi-
ments. Data were corrected for radioactivity background by omitting
the substrate from the incubation mixture. For other abbreviations see
Figure 1.



in stearate and palmitate and by a slight decrease in oleate.
The more sustained increase, however, concerned arachido-
nate, whose amount increased 4.4-fold, whereas the amounts
of stearate and palmitate were augmented by 2.2- and 1.3-
fold, respectively. The increase in arachidonate was essen-
tially due to activation of PLA2, since we found that the
inhibitor of a calcium dependent PLA2, AACOCF3, greatly
reduced the VEGF-mediated release of arachidonate (Fig. 3).
Furthermore, when cells were incubated with VEGF in the
presence of the calcium chelator EGTA, the same result was
obtained. Instead, the incubation of HUVEC with the calcium
ionophore A23187 resulted in an arachidonate production that
equaled that induced by VEGF when the ionophore was used
in association with PMA. In fact, phorbol esters stimulate
PKC, which activates PLA2 via MAPK (35); therefore, cal-
cium-dependent translocation from the cytosol to the mem-
brane and MAPK phosphorylation act synergistically to
activate PLA2 (22). The involvement of MAPK was also con-
firmed by the increase in its activity in VEGF-stimulated
HUVEC (Fig. 5). The activation of MAPK in VEGF-stimu-
lated HUVEC was already demonstrated following the phos-
phorylation of PLA2 (21); however, here we provide direct
evidence that an increase in MAPK activity takes place. 

Moreover, using the HPLC analysis, we were able to de-
termine increases in saturated FFA, such as stearate and
palmitate, that have not been reported so far in VEGF-stimu-
lated HUVEC. Increases in saturated FFA could originate
from a remodeling pathway using DAG as substrate. How-
ever, DAG can be produced directly by the action of PLC or
by the combined action of PLD and PAP. The finding that in
porcine aortic endothelial cells PLC activation generates es-
sentially polyunsaturated DAG species, whereas PLD activa-
tion generates saturated/monounsaturated DAG species (36),
led us to investigate the role played by PLD in VEGF-stimu-
lated HUVEC. In fact, an increase of PLD activity in en-
dothelial cells stimulated by VEGF was reported previously
(37). Consistent with this notion, we found that HUVEC
treated with VEGF in the presence of ethanol showed a strong
reduction in stearate and palmitate with respect to VEGF
alone (Fig. 4). In fact, PLD utilizes ethanol in a transphos-
phatidylation reaction, leading to the formation of phos-
phatidylethanol, which is a poor substrate for PAP. When pro-
pranolol, a specific inhibitor of PAP, is used in association
with VEGF, we also observed a reduction in stearate and
palmitate with respect to VEGF-stimulated cells. These re-
sults were further confirmed by experiments carried out using
RHC-80267, a DAG lipase inhibitor. Taken together, these
data clearly demonstrate that unsaturated FFA production was
generated by a PLD-dependent pathway. In fact, PLD activa-
tion leads to the formation of PA, which is converted to DAG
by the action of PAP (38). DAG is then involved in the phos-
pholipid remodeling pathway through DAG lipase, which
brings about the increase in saturated FFA. Unlike the mobi-
lization of palmitate and stearate, that of oleate showed a be-
havior that is difficult to explain. In fact, the amount of this
FFA decreased in HUVEC incubated for 30 min with VEGF.

A probable explanation for this finding is that oleate could be
used in replacing the arachidonate in the lysophospholipids
generated by the action of PLA2. 

The results we report suggest that when HUVEC are stim-
ulated with VEGF, at least two different pathways are acti-
vated, involving PLA2 and PLD. Since PLD triggers the pro-
duction of PA and DAG, which possess signaling properties
(25,26), the elucidation of the PLD-dependent pathway(s)
could be of great interest in understanding the molecular basis
of the VEGF action in endothelial cells. 
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ABSTRACT: An animal feeding trial was conducted to investi-
gate whether olive oil phenolics can act as functional antioxi-
dants in vivo. To this end, hamsters were exposed for a period of
5 wk to a dietary regime with either a phenol-rich extra virgin
olive oil or extra virgin olive oil from which phenols were re-
moved by ethanol/water-washing. The original oil used in the
high olive phenol diet was also used for the preparation of the
low phenol diet in order to keep the FA compositions exactly the
same. In addition, the vitamin E content was kept identical in both
diets. This careful preparation of the diets was undertaken in
order to prevent these factors from influencing the antioxidative
status in plasma and LDL. Removal of olive oil phenols was
shown to reduce both the vitamin E level in plasma and the resis-
tance of LDL to ex vivo oxidation. The results of this study sup-
port the idea that extra virgin olive oil phenols improve the an-
tioxidant defense system in plasma by sparing the consumption
of vitamin E under normal physiological circumstances.

Paper no. L9075 in Lipids 37, 1053–1057 (November 2002).

The oxidation of LDL is believed to be an important factor in
the onset of the pathogenesis of atherosclerosis. Diets rich in
antioxidants, such as the Mediterranean diet, are believed to
provide protection against the potentially deleterious effects of
oxidative stress. Epidemiological evidence supports this idea
since the rate of coronary heart disease is low in Mediterranean
countries (1–3). 

Extra virgin olive oil (EVOV) is an important constituent of
the Mediterranean diet and has a unique composition compared
to refined oils, one of the main differences being that the former
contains significant amounts of phenols in additon to vitamin
E. Major phenolic components in EVOV are oleuropein- and
ligstroside-aglycones and their respective hydrolysis products
hydroxytyrosol and tyrosol. The properties of hydroxytyrosol
and tyrosol have been extensively studied and have led to the
conclusion that these phenols, especially hydroxytyrosol, pos-
sess powerful antioxidant properties (1).

Various studies have demonstrated that olive oil phenols
strongly protect LDL against oxidation in vitro, possibly by re-
tarding the consumption of vitamin E endogenously present in
these particles (1,4–6). Further support has been obtained with

feeding trials in rabbits in which diets enriched with EVOV ex-
tend the resistance of LDL to oxidation compared to diets en-
riched with refined olive oil (7–9). Whether olive oil phenols
have similar effects in humans is less clear. The bioavailability
of olive oil phenols has been demonstrated by several groups
(10–12). Hydroxytyrosol, tyrosol, and their metabolites are de-
tected in urine following an oral dose of olive oil. The admin-
istration of phenol-rich olive oils also leads to a reduced uri-
nary excretion of isoprostanes, a sensitive biomarker for lipid
peroxidation (11). Whether olive oil phenols increase the an-
tioxidant capacity in plasma and protect LDL against peroxi-
dation in humans is, however, less clear. In men with periph-
eral vascular disease, EVOV increased the resistance to LDL
oxidation more than refined olive oil (13). Other studies, how-
ever, failed to demonstrate a clear difference between EVOV
and refined olive oil (or oleic acid-rich oils) on ex vivo LDL
oxidizability (14–16). Not only differences in phenols but also
differences in vitamin E content and lipid composition between
the oils used in the same study may account for the presence or
absence of these effects. 

The aim of the present animal study was to investigate
whether olive oil phenolics can act as functional antioxidants
in vivo. To this end, hamsters were supplemented with a diet
containing either a phenol-rich EVOV or EVOV from which
phenols had been removed by ethanol/water-washing. Great
care was taken in the preparation of the diets. The FA compo-
sition and the vitamin E content were identical in both diets to
prevent these factors from influencing the antioxidant status.
This study describes the effects of dietary supplementation of
EVOV phenols on the plasma antioxidant status and on the re-
sistance of LDL to oxidation in the hamster. 

MATERIALS AND METHODS

Study design. The experimental protocol was approved by the
Animal Welfare Officer and the Animal Experimentation Com-
mittee of Unilever Research Vlaardingen. Twenty male F1B
hybrid Syrian golden hamsters, aged 11 wk on arrival, were ob-
tained from BioBreeders Inc. (Fitchburg, MA). The animals
were individually housed in Makrolon type II cages under stan-
dard conditions (temperature 18 ± 1°C, relative humidity 65 ±
10%, and day/night cycles of 12/12 h). A layer of sawdust was
provided as bedding. During the 14-d period, all animals re-
ceived a semipurified diet containing refined olive oil (zero
phenols) as the only fat source. At the end of the prestudy
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period, the animals were allocated to two groups of 10 animals
each on the basis of body weight and received one of the ex-
perimental olive oil diets for a period of 5 wk. Food and drink-
ing water were freely available throughout the prestudy and the
study periods. All animals were clinically observed and
weighed weekly. Food consumption was determined at 2-wk
intervals. At the end of the experiment (5 wk) after fasting for
16 h, the animals were anesthetized under halothane, and retro-
orbital blood samples were collected into sodium heparin-
coated tubes and plasma was prepared immediately at 4°C.
Plasma samples for LDL isolation were mixed with 0.6% su-
crose and stored at −70°C, together with plasma samples for
lipid and antioxidant activity analysis. The animals were then
killed by decapitation and internal organs inspected macro-
scopically. Liver weights were noted, and samples of the right
median lobe were fixed in 10% neutral buffered formalin. Sec-
tions of the liver were cut, stained with hematoxylin aza-
phloxin, and examined microscopically. 

Experimental diets. Both semipurified olive oil diets were
based on a single batch of EVOV (Van den Berg Foods, Crema,
Italy) that contained 196 mg olive oil phenols per kg oil. (The
method to measure the phenol concentration and composition
is described below in further detail.) EVOV was washed with
ethanol/water to obtain a reduction of the phenol concentration
to 26 mg of olive oil phenols per kg. The washing procedure
was performed by adding ethanol/water (1:1, w/w) to 10 kg of
EVOV in the ratio 15:85 (vol/vol) and stirring for 15 min at
50°C. The extraction was repeated twice with an ethanol/
water–olive oil ratio of 10:90 (vol/vol). This washing did not
remove minor components such as chlorophyll and sterols (re-
sults not shown) but did remove about 49 mg/kg oil of α-
tocopherol from the resulting oil. Vitamin E was equalized to
299 mg α-tocopherol per kg oil (the measured value in the orig-
inal batch of EVOV) in both diets by the addition of 67% d-α-
tocopherol in soybean oil (Sigma-Aldrich, Zwijndrecht, The
Netherlands). The minor amount of soybean oil has a negligi-
ble influence on the composition of the treated oil (EVOV-
EtOH/H2O).

All diets contained 30 energy % as olive oil, of which 4.7
energy % was saturated FA, 22.7 energy % monounsaturated
FA, and 2.6 energy % PUFA. The FA composition of the origi-
nal EVOV was analyzed by GC as described previously (7).

[FA distribution in percentage of the total FA in the EVOV is
as follows: 14:0 (not detected), 16:0 (12.4%), 16:1 (1.0%), 18:0
(2.6%), 18:1 (74.1%), 18:2 (8.2%), 20:0 (0.8%), 20:1 (0.4%),
22:0 (0.2%), 22:1 (not detected), 24:0 (0.1%), and 24:1 (not de-
tected)]. Various parameters were determined in the oils. The
phenol and vitamin E concentrations of the olive oils were de-
termined by HPLC as previously described (7). The total an-
tioxidant activity in the oils was determined by accurately
weighing 1 g of each oil (0.9 g/mL) into a screw-topped tube.
One milliliter of heptane (0.68 g/mL) was added to give a solu-
tion of olive oil in heptane of 474 mg/mL. Aliquots of these
heptane solutions were then analyzed in duplicate for the total
antioxidant activity using the Trolox Equivalent Activity
(TEAC) assay (17). The results of the phenol analysis and the
total antioxidant activity of the experimental oils are presented
in Table 1. The composition of the experimental diets is given
in Table 2. Cholesterol (Merck, Darmstadt, Germany) was
added to all diets at a final concentration of 0.1 g per kg.

Plasma and LDL analyses. (i) Analyses of lipid and antioxi-
dant parameters in plasma and lipoproteins. Cholesterol and
total glycerol were determined in plasma and LDL (cholesterol
only) using commercial enzymatic colorimetric methods
(Boehringer, Mannheim, Germany). Vitamin E was determined
in plasma by HPLC as previously described (7). The plasma
antioxidant activity was determined using the ferric-reducing
ability of plasma assay (FRAP assay) (18).

(ii) Isolation of LDL and determination of copper-mediated
oxidizability. LDL was isolated by means of density ultracen-
trifugation using a Beckman Optima tabletop centrifuge and
TLA-120.2 near-vertical rotor according to the method de-
scribed by Himber and coworkers (19). The protein concentra-
tion of the LDL fraction was determined with a modified
Lowry protein assay (20). A sample of 20 µg LDL protein was
diluted to a total volume of 1 mL with PBS, and this solution
was placed in a cuvette thermostated to a temperature of 30°C.
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TABLE 1
Characterization of the Experimental Olive Oils

Olive oila

Antioxidant parameter EVOV EVOV–EtOH/H2O

Total phenols (ppm) 196 26
Tyrosol (ppm) 41 2
Hydroxytyrosol (ppm) 31 0
Antioxidant activity 1.37 0.53
(mmol Trolox equivalents
per gram oil)

α-Tocopherol (ppm) 270 261
γ-Tocopherol (ppm) < 20 < 20

aEVOV, extra virgin olive oil; EVOV–EtOH/H2O, ethanol/water-treated
EVOV.

TABLE 2
Composition of the Experimental Diets

Group/diet
Ingredient (g/100 g) EVOV EVOV–EtOH/H2O

Ca-caseinate 23.7 23.7
EVOV 13.1 0
EVOV–EtOH/H2O 0 13.1
Maize starch 55.7 55.7
Solkafloc 5.8 5.8
Mineral mix RMH88a 1.39 1.39
Vitamin mix Vit 96b 0.32 0.32
Cholesterol 0.01 0.01

Total 100.0 100.0
aComposition of mineral mix RMH88 (mg/MJ): KCl, 83.18; MgHPO4·3H2O,
227.21; KH2PO4, 112.89; KHCO3, 170.88; CaCO3, 70.11; C6H5O7Na3·2H2O
168.98; MnSO4·H2O, 12.22; ferric citrate, 10.43; zinc citrate, 2.97; cupric
citrate, 1.12; KIO, 0.017.
bComposition of vitamin mix Vit 96 (without vitamin E) (mg/MJ): choline
chloride 50%, 119.5; myoinositol, 5.98; vitamin A 325,000 IE/g, 1.84; vita-
min B1, 0.36; vitamin B2, 0.36; vitamin B6, 0.38; vitamin B12 0.1%, 3.10; vi-
tamin D3 100,000 IE/g, 0.60; vitamin K3, 0.24; calcium panthothenate, 1.20;
nicotinamide, 1.20; folic acid, 0.06; d-biotin, 0.012; maize starch, 43.7; cal-
cium silicate 11.95. For abbreviations see Table 1.



The oxidation of LDL was initiated by the addition CuCl2 at a
final concentration of 1 µM. The formation of conjugated di-
enes was monitored spectrophotometrically at a wavelength of
234 nm at 2-min intervals using a UV-vis spectrophotometer
equipped with a thermostated multicuvette holder for a period
of 240 min or until oxidation was complete (Shimadzu UV
2101PC Spectrophotometer). The oxidation profile of each
LDL sample was plotted against time. The lag phase before
propagation of oxidation, the maximal rate of oxidation, and
the maximal amounts of conjugated dienes formed were deter-
mined as described by Esterbauer et al. (21).

Statistical analysis. Data are presented as mean ± SEM, and
the Student t-test was used to compare the two treatments. An-
tioxidant parameters were tested using one-tailed comparisons.
All other parameters were tested using two-tailed tests. The
maximal rate of diene formation and the maximal amount of
dienes formed during LDL oxidation were log-transformed be-
fore analysis. All data were evaluated using the statistical pack-
age SAS (Cary, NC). 

RESULTS

Animals. No differences in food consumption or body weight
gain were observed in the different treatment groups. The mean
weight of the hamsters was 106.0 ± 0.8 g on arrival and 120.1
± 1.7 g at the end of the study. Mean food consumption was 5.9
± 0.2 g per day. All animals remained in apparent good health
throughout the period of the study, and histopathological ex-
amination gave no suggestion of compromised health status.

The antioxidant activity and the composition of the experi-
mental olive oils. The antioxidant activity in the oils was deter-
mined by means of the commonly used TEAC assay (17), and
the results are presented in Table 1. The phenolic content of the
oils is also presented in Table 1. As expected, the phenols pres-
ent in the oils contributed significantly to the total antioxidant
activity of the oils. Ethanol/water washing of EVOV led to a
considerable loss in both phenols and antioxidant activity. The
antioxidant activity in the processed oil can be explained by the
presence of vitamin E, which is not removed during the etha-
nol/water washing of the oil. The following FA distribution was
observed in the olive oil used for both diets: 74% oleic acid, 9%
PUFA, 16% saturated FA, and 1% monounsaturated FA other
than oleic acid. The main difference between the experimental
diets was their different phenol content, and as a consequence,
their antioxidant activity.

Plasma lipids, vitamin E, antioxidant activity, and LDL
lipids. No differences were observed in the plasma and LDL
cholesterol and plasma glycerol levels between the groups re-
ceiving the olive oil diets. The dietary treatments also had no
effect on the total antioxidant status in plasma as measured with
the FRAP assay. Plasma vitamin E concentrations were signifi-
cantly reduced in the group receiving the diet containing etha-
nol/water-washed EVOV compared to the group receiving the
original EVOV (Table 3).

Ex vivo LDL oxidizability. Three parameters were used to
define susceptibility of LDL to copper-mediated oxidation: the

lag phase before initiation of oxidation, the maximal rate of
LDL oxidation, and the maximal amount of conjugated dienes
formed during the oxidation process (22). Similar to observa-
tions made for the plasma vitamin E content, the removal of
olive oil phenols by ethanol/water-washing of EVOV diet re-
sulted in a reduction in the lag phase compared to the diet con-
taining the original EVOV (Table 4). The 24% reduction in the
lag phase reached statistical significance (P = 0.05). No differ-
ences were observed between the olive oil groups in terms of
maximal rate of oxidation and the maximal amount of conju-
gated dienes formed during the copper-induced oxidation
process (Table 4).

DISCUSSION

The purpose of the present study was to investigate the effect
of the phenol content in olive oil fed to hamsters as part of a
semipurified diet over a period of 5 wk on the antioxidant ac-
tivity in plasma and LDL. To this end, a diet containing a phe-
nol-rich EVOV was compared with a diet containing EVOV
from which virtually all phenols had been removed by etha-
nol/water washing. The results showed that the absence of olive
oil phenols in the diet decreased the resistance of LDL to cop-
per-mediated oxidation ex vivo and reduced vitamin E levels in
plasma. 

To rule out any effect of differences in FA composition, the
FA composition in both semipurified diets was designed to be
identical in the present study by using the same olive oil as the
principal fat source. In addition, the α-tocopherol content was
equalized in both oils used in this study. It is important that
these two elements not be dietary variables, as they both
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TABLE 3
Plasma Antioxidant Activity and Plasma Lipidsa

Group/Diet
EVOV EVOV–EtOH/H2O

Vitamin E (µg/mL) 12.7 ± 0.75 10.1 ± 0.49b

Antioxidant activity (mM) 0.51 ± 0.01 0.50 ± 0.01
Total cholesterol (mM) 3.90 ± 0.18 3.65 ± 0.15
Total glycerol (mM) 1.29 ± 0.14 1.26 ± 0.15
aAll values are the mean ± SEM; n = 10 animals for each group.
bStatistical difference compared to EVOV group, two-tailed t-test P < 0.01.
For abbreviations see Table 1.

TABLE 4
LDL Oxidation Resistancea

Group/diet
EVOV EVOV–EtOH/H2O

Lag phase (min) 62 ± 7.2 47 ± 5.4b

Maximal oxidation rate 4.9 ± 0.3 5.4 ± 0.5
(nmol dienes·min−1·mg LDL−1)

Maximal amount dienes (nM) 593 ± 18 544 ± 14
LDL-cholesterol (mM) 1.23 ± 0.08 1.25 ± 0.08
aAll values are the mean ± SEM; n = 10 animals for each group.
bStatistical difference compared to EVOV group, one-tailed t-test P < 0.05.
For abbreviations see Table 1.



significantly affect the ex vivo oxidizablity of LDL (22). In fact,
several human and animal studies in which the effect of EVOV
is compared with refined olive have a poor control over dietary
intake of α-tocopherol (8,9,13,16). This confounding element
makes interpretation of the data very difficult as the difference
between the oils may be explained by the differences in phe-
nols and/or α-tocopherol.

The resistance of LDL to oxidation was not the only antiox-
idant activity marker that was evaluated in this study. The an-
tioxidant capacity in the plasma of the hamsters was also in-
vestigated by means of the FRAP assay following the dietary
regimes. The measurements showed that the plasma antioxi-
dant capacity did not differ between the groups. Our observa-
tions were in line with an intervention trial in humans, in which
it was shown that a 3-wk supplementation of phenol-rich
EVOV oil failed to increase the FRAP value of plasma pre-
pared from fasting blood samples. Even if olive oil phenols
would have increased plasma antioxidant capacity under the
conditions applied in this study, it is expected that the overnight
fasting reduced the circulating phenol levels to negligible levels
since bioavailability studies have demonstrated that the major-
ity of olive oil phenols are excreted in urine within 4 h follow-
ing administration (5,23,24). One should, however, take into
consideration that the biological relevance and the specificity
of total antioxidant capacity assays are frequently questioned.
One of the reasons for this is that many endogenous and exog-
enous antioxidants in plasma contribute in a variable manner
to the measured antioxidant capacity (25).

Although dietary intake of vitamin E was the same in both
groups, the plasma levels of the hamsters receiving the etha-
nol/water-washed EVOV were significantly lower than values
observed in hamsters receiving the EVOV diets. The increased
protection provided by EVOV compared to the ethanol/water-
washed EVOV in the resistance of LDL to oxidation may be
explained by the fact that (i) olive oil phenols have a vitamin
E-sparing effect in vivo or, alternatively, (ii) olive oil phenols
accumulate in LDL and thereby increase the resistance of LDL
to oxidation. Binding of phenols to LDL is likely to occur in
vivo, but a significant proportion is probably lost during the iso-
lation and dilution of LDL from plasma (26,27). Their rela-
tively poor lipophilicity compared to α-tocopherol prevents the
integration of phenols in the lipophilic core of the LDL parti-
cles. A consequence of this poor interaction is that the majority
of phenols dissociate from LDL during isolation. This loss of
phenols has been demonstrated for red wine phenolic com-
pounds that are lost during the dialysis of LDL (27). Similar
observations have been made with plasma incubated with
EVOV phenols. The phenol concentration required to protect
LDL after isolation is considerably higher when phenols are
added directly to isolated LDL (5,6). The higher vitamin E con-
tent in plasma of the EVOV-treated group therefore explains
the increased resistance of LDL to oxidation ex vivo. In other
words, the most likely explanation for the observed protective
action of the phenols present in the olive oil is that they possess
a vitamin E-sparing potential in vivo.

This vitamin E-sparing potential of phenols and polyphe-

nols has been observed in vitro in LDL and other model mem-
brane systems (28–30). Also, olive oil phenols retard both lipid
peroxidation and vitamin E consumption in LDL subjected to
an oxidative stress (4,31). The ability of phenols to interact
with vitamin E has been studied in great detail with caffeic
acid, a monophenolic antioxidant that structurally resembles
hydroxytyrosol (32,33). Caffeic acid interacts with the surface
of the LDL particle and can recycle vitamin E. During this
process a radical is removed from this lipophilic environment
into the surrounding aqueous medium where the radical is fur-
ther stabilized. Other studies have also shown that vitamin E is
only functional as a chain-breaking antioxidant provided hy-
drophilic co-antioxidants are present in the aqueous surround-
ings. This is especially relevant when radicals become trapped
in LDL particles when they are exposed to a low flux of radi-
cals (34). Indeed, vitamin C, which is even more hydrophilic
than phenols and polyphenols, is efficaceous in protecting
lipids in LDL and plasma against peroxidation (35). 

It can be reasoned that similar conditions apply in the ham-
ster in vivo. Healthy hamsters experience only low levels of ox-
idative stress. LDL in blood plasma is, under normal physio-
logical circumstances, protected from oxidation due to the
presence of endogenous antioxidants such as ascorbate. Sup-
plementation of olive oil phenols may further enhance this
level of protection by interacting with the surface of the LDL
particle. Through this interaction, olive oil phenols can either
prevent oxidation of LDL by directly scavenging aqueous radi-
cals or, in the event that radicals enter the LDL, can act as
chain-breaking antioxidants by recycling vitamin E. This vita-
min E-sparing potential is a continuous process that does not
become apparent during a brief in vitro incubation of plasma
with olive oil phenols (6) but appears to require a longer incu-
bation period to become apparent. Such a condition is created
during a supplementation period of 5 wk. In conclusion, the
findings of this trial with hamsters are consistent with the hy-
pothesis that olive oil phenols protect LDL in vivo. Phenols en-
dogenously present in EVOV improve the antioxidant defense
system in plasma by sparing the consumption of vitamin E.
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ABSTRACT: As whole flaxseed is beneficial in the treatment of
experimental renal disease, we undertook a study to determine
whether previously documented benefits of whole flaxseed
could be reproduced with dietary low-lignan flax oil (FO), a rich
source of α-linolenic acid, in experimental polycystic kidney dis-
ease. Male offspring of Han:SPRD-cy heterozygous rats were fed
a synthetic diet containing FO or corn oil (CO) for 8 wk from the
time of weaning. Renal inflammation, fibrosis, proliferation, cys-
tic change, and oxidized-LDL were assessed morphometrically.
Hepatic and renal lipid composition was assessed using GC. FO
feeding produced hepatic and renal enrichment of n-3 PUFA and
an increase in C18:>C18 PUFA ratios (18-carbon PUFA com-
pared to longer-chain PUFA), with a reduction in proportion of
hepatic long-chain PUFA. The FO-based diet was associated
with lower mean cystic change by 29.7% (P = 0.018), fibrosis
by 21.7% (P = 0.017), macrophage infiltration by 31.5% (P <
0.0001), epithelial proliferation by 18.7% (P = 0.0035), and ox-
LDL detection by 31.4% (P < 0.0001) in Han:SPRD-cy heterozy-
gotes. Serum creatinine was significantly lower in FO-fed dis-
eased animals. A small hypocholesterolemic effect was noted in
all animals fed FO. FO feeding moderates renal injury, modifies
the profile of substrates available for elongation to eicosanoid
precursors, and inhibits the elongation of C18 PUFA in this
model. The consumption of FO-based products may prove a
more practical way of obtaining health benefit than attempts to
increase dietary content of unrefined seed.

Paper no. L9093 in Lipids 37, 1059–1065 (November 2002).

Flaxseed has possible benefits in the reduction of inflamma-
tion in rheumatic disease, reduction of atherosclerosis, and
modification of hormone-dependent tumor growth (1–4). A
possible mechanism for health benefits of flaxseed includes
increased dietary consumption of the PUFA α-linolenic acid
(ALA). Such enrichment has been associated with reduction
in proinflammatory prostanoids or cytokines in circulating
mononuclear cells (5), particularly tumor necrosis factor α and
interleukin-1β (4). Flaxseed is also the richest natural source
of mammalian lignans, present in the husk of the seed as an
ester secoisolaricoresinol diglycoside (SDG) that is hydro-

lyzed in the intestinal lumen to enterodiol and enterolactone
(6). SDG or its hydrolyzed products may influence health or
disease through estrogenic pathways, through an antioxidant
effect, or through antagonism of platelet-activating factor (3).
SDG is, however, lipophobic, and refined flax oil contains only
negligible amounts of SDG, making it possible to separate the
contribution of the oil and the lignan experimentally.

We have demonstrated that partial dietary substitution of
ground flaxseed into standard rat chow to a level of 10% by
weight of diet reduced renal cystic, inflammatory, and fibrotic
change in the Han:SPRD-cy rat (7,8). This complements pre-
vious studies that showed benefits of flaxseed or flax oil (FO)
in the rat-5/6 nephrectomy model (9) and murine or human
lupus erythematosus (10,11). The Han:SPRD-cy model of
polycystic kidney disease (PKD), characterized by autosomal
dominant inheritance with marked sexual dimorphism in ex-
pression, is an excellent system in which to explore the modi-
fication of chronic renal injury (12). Epithelial proliferation
and progressive dilatation of nephrons, marked interstitial in-
flammation, and fibrosis characterize the disease (13). Oxidant
injury has been implicated in its pathogenesis (14). It can be
ameliorated with methyl prednisolone (15), angiotensin block-
ade or -converting enzyme inhibition (16,17), and lovastatin
(18). Amelioration occurs with dietary soy protein substitu-
tion (19,20), protein restriction (21), and citrate supplementa-
tion (22). We showed that both soy protein- and flaxseed-
based diets are associated with amelioration of this disease
(8,20). In both instances, this was associated with the alter-
ation of the renal and hepatic PUFA proportion, with evidence
of a reduced conversion of linoleic acid (LA) to arachidonic
acid (AA) for animals  on a soy diet and an increase of n-3 FA
with flaxseed. A pure animal protein-based diet is associated
with more rapid disease progression than that seen with mixed
vegetable and animal protein-based rat chows (8,20).

To test the hypothesis that amelioration of this disease by
the administration of dietary flaxseed is related to changes in
PUFA composition, we undertook this study to determine the
effects of FO on renal injury in Han:SPRD-cy rat PKD. 

MATERIALS AND METHODS

Animals. All animal procedures and care were examined 
by the University of Manitoba Committee on Animal Use 
and were within the guidelines of the Canadian Council on
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Animal Care. Male offspring of known Han:SPRD-cy het-
erozygotes from our own breeding colony were randomly as-
signed to treatment or control groups at weaning (3 wk of age).
Males only, two-thirds of which would be heterozygous as ho-
mozygotes do not survive beyond weaning, are used owing to
the more rapid progress of this disease in male animals. Ani-
mals were killed after 8 wk on the diet and kidney and liver
tissue and serum collected for analysis. Diets were based on
the AIN 76 formula using casein as the protein source and 5%
corn oil (CO) or 5% FO (Omega Nutrition, Vancouver,
Canada) as the lipid source. The diets differed mainly in LA
proportion (CO, 60.5% of dietary fat; FO, 15.8%) and ALA
(CO, 0.9% of dietary fat; FO, 52.3%). Cages containing one
to three animals fed the CO diet were paired to cages of ani-
mals on the FO diet, with CO diet intake limited to the amount
consumed by the paired FO diet cage the previous day.

Histology and immunohistochemistry. Tissue from the left
kidney was processed using our previously described methods
(8,20) for histologic and immunohistochemical analysis. These
studies included hematoxylin and eosin, aniline blue staining
for fibrosis, proliferating cell nuclear antigen (M 0879; Dako
A/S, Glostrup, Denmark), and macrophages (MAB1435;
Chemicon International Inc., Temecula, CA). Oxidized LDL
(ox-LDL) staining was used as a marker of oxidant injury (23),
using a polyclonal antibody (AB3230; Chemicon International
Inc.). Animals were classified by one of two experienced ob-
servers (NBC, MRO) as affected on the basis of the character-
istic cystic and inflammatory pathology of this disease.

Image analysis and morphometric assessment. Image
analysis procedures were performed with a system consisting
of a Cohu high-resolution black and white camera connected
to a computer via a PCVisionPlus video capture board. The
observer was blinded to dietary treatment, although disease
status is obvious on microscopic examination. Images were
captured using the Image Pro software package (Phoenix
Biotechnology, Seattle, WA). Raw image analysis data was
processed as previously described (8,20). Measurements of fi-
brosis and cellular markers were corrected to solid tissue areas
of sections as we have done previously (8,20). This prevents
underestimation of these parameters due to the presence of
empty cystic areas on the section.

Chemistry. Biochemical measurements were performed
by an observer (EN) blinded to disease and dietary status.
Serum creatinine and cholesterol in serum were determined

by spectrophotometric methods using Sigma kits (creatinine
kit #555-A, cholesterol kit #402-20; Sigma Chemical Co., St.
Louis, MO) adapted to a 96-well plate reader.

GC. Lipids were extracted from kidney and liver and
methylated for GC as previously described (8,20). GC was
performed on a Varian Chrompack 3800 instrument, using a
Zebron ZB Wax 30-m column (Phenomenex, Torrance, CA). 

Statistical analysis. Morphometric data involving com-
parisons relevant only to cystic groups were analyzed with
Student’s t-test with the Welch correction for unequal vari-
ances. Data from both normal and PKD animals were ana-
lyzed using a general linear model ANOVA and Tukey’s post-
hoc pairwise comparisons, using the Minitab v13 software
package (Minitab Inc., State College, PA).

RESULTS

Disease was associated with significantly lower weights in
both dietary groups but was not influenced by diet. Serum cre-
atinine was elevated in Han:SPRD-cy heterozygotes with
PKD but was significantly lower in post-hoc analysis in FO-
fed heterozygotes compared to CO-fed heterozygotes (P <
0.03). Both diet and disease significantly influenced serum
cholesterol, with FO producing a reduction (P < 0.001) and
disease expression producing an elevation in serum choles-
terol on both diets (P = 0.029). Serum TG was not different
between diet or disease groups (Table 1).

FO supplementation was associated with significant re-
ductions in cystic change (Figs. 1A, 1B, 2), with a decrease
in epithelial proliferation (Fig. 3) that was proportionate to
the observed decrease in cystic change. A comparable reduc-
tion was also seen in interstitial fibrosis (Fig. 4). Macrophage
infiltration (Fig. 5) and ox-LDL detection (Fig. 6) were re-
duced to a similar extent by FO feeding. Data from normal
animals are not shown in figures, as most of these parameters
are barely detectable in normal tissue.

FO-fed animals showed a higher renal proportion of
ALA, EPA, and n-3 DHA. FO-fed animals with PDK also had
lower renal proportions of n-6 γ-linolenic acid (GLA) and n-6
LA, but there were no changes in FO-fed animals without
PKD (Table 2). The relative amount of AA in renal lipids did
not change with diet (Table 2). 

Increased relative amounts of ALA, EPA, and DHA were
seen in liver tissue from all animals, with or without PKD
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TABLE 1
Serum Biochemistry and Weight Resultsa

CO FO CO FO
normal normal PKD PKD Diet PKD
(n = 8) (n = 6) (n = 19) (n = 23) effect effect

Weight (g) 370 (7.3) 373 (8.6) 320 (5.3) 315 (5.7) NS P < 0.001
Creatinine (mmol/L) 101 (15.9) 98 (18.3) 199 (10.3) 159b (9.4) NS P < 0.001
Cholesterol (mmol/L) 2.37 (0.20) 1.51 (0.18) 2.79 (0.16) 2.04 (0.51) P < 0.001 P = 0.029
TG (mmol/L) 0.70 (0.09) 0.60 (0.12) 0.67 (0.06) 0.52 (0.07) NS NS
aResults are expressed as group means with SEM in parentheses.
bSignificantly different from polycystic kidney disease (PKD) animals fed the corn oil (CO) diet, P < 0.03. FO, flax oil; NS,
not significant.



(Table 2). LA, GLA, AA, and eicosatrienoic acid (20:3n-6) in
liver were also significantly lower in the animals fed the FO diet.

Total long-chain PUFA (LC-PUFA) was significantly de-
creased in the liver by FO feeding, and increased by PKD in
the livers of animals on the CO diet only (Table 4). The ratio
of LA/AA, although not significantly altered in kidney by diet
or disease, was increased in liver by diet but was decreased in
the presence of renal disease (Table 4). The ALA/(EPA +
DHA) ratio was chosen as a measure of elongation of n-3
PUFA in preference to the ALA/EPA ratio owing to our in-
ability to detect EPA in a significant number of CO samples.
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FIG. 1. Hematoxylin- and eosin-stained section from an 11-wk-old
Han:SPRD-cy rat (A) fed corn oil (CO) diet, and (B) fed flax oil (FO) diet;
20× magnification.

FIG. 2. Morphometric assessment of cystic change in animals with poly-
cystic kidney disease (PKD). Error bars are SEM. Statistical value refers
to dietary effect in animals with PKD. For abbreviations see Figure 1.

FIG. 3. Morphometric assessment of epithelial proliferation (proliferat-
ing cell nuclear antigen) in animals with PKD. Error bars are SEM. Sta-
tistical value refers to dietary effect in animals with PKD. hpf, high
power field; for other abbreviations see Figures 1 and 2.

FIG. 4. Morphometric assessment of renal fibrosis in animals with PKD.
Error bars are SEM. Statistical value refers to dietary effect in animals
with PKD. For abbreviations see Figures 1 and 2.

FIG. 5. Morphometric assessment of macrophage infiltration in animals
with PKD. Error bars are SEM. Statistical value refers to dietary effect in
animals with PKD. For abbreviations see Figures 1, 2, and 3.

FIG. 6. Morphometric assessment of oxidized-LDL staining in animals
with PKD. Error bars are SEM. Statistical value refers to dietary effect in
animals with PKD. For abbreviations see Figures 1 and 2.



Diet produced a significant increase in this ratio in kidney and
liver (Table 4). Total n-6/n-3 ratios were decreased signifi-
cantly by diet in the kidney and liver (Table 4) but were sig-
nificantly increased in the liver in the presence of PDK.

DISCUSSION

Early interest in the use of FO in the treatment of renal disease
was somewhat indirect, focusing on potential benefits on
hypertension through modification of the renin–angiotensin
system (24). Ingram et al. (9) demonstrated that both flaxseed
and FO were protective against glomerulosclerosis in the 
5/6-nephrectomy model of renal disease. FO had a greater
effect on renal lipid composition and on prostanoid physiol-
ogy in that model, with greater overall enrichment with n-3
PUFA and a statistically significant increase in the propor-
tion of DHA. With mice and with humans, Hall et al. (10) 
and Clark et al. (11), respectively, demonstrated evidence of
reduction in renal injury in lupus nephritis with use of a 
whole flaxseed supplement. Our earlier study in the
Han:SPRD-cy rat also showed that flaxseed supplementation

was beneficial, particularly with respect to the inflammatory
component of injury that is a prominent part of the
Han:SPRD-cy model (8).

An important difference between this report and our ear-
lier study is that the FO diet did result in a significant differ-
ence in the relative renal proportion of DHA (8). In our pre-
vious study, the flaxseed-supplemented diet did not increase
DHA above the level seen with standard chow (control, 1.7%
total lipids; flaxseed, 1.3% total lipds). This is of interest be-
cause DHA has been shown in vitro to inhibit macrophage re-
sponse, reduce the production of pro-inflammatory cytokines,
and inhibit induction of neutrophil nitric oxide synthase, a
regulatory point in inflammatory events (25–28). DHA, but
not EPA, in vivo reduces mesangial proliferation and has been
proposed as a potential explanation of the apparent benefit of
dietary fish oil in immunoglobulin A nephropathy (29). Ex-
pression of PKD was associated with a reduction in DHA in
this study, a phenomenon also observed in the pcy mouse
(30). In the 5/6-nephrectomy rat, Ingram et al. (9) demon-
strated renal enrichment with ALA by both flaxseed and flax
oil, and EPA only by flax oil; DHA was actually reduced by
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TABLE 2
Renal Proportiona of Select n-6/n-3 PUFA in Han:SPRD-cy or Normal Rats Fed FO or CO Diet

CO FO CO FO Diet Disease
normal normal PKD PKD effect effect
(n = 8) (n = 6) (n = 19) (n = 23) P P

18:2n-6 (LA) 14.2 (0.9) 13.1 (1.1) 16.2 (0.6) 11.1b (0.6) <0.001 NS
18:3n-6 (GLA) 0.06 (0.02) 0.04 (0.02) 0.10 (0.01) 0.03b (0.01) <0.001 NS
18:3n-3 (ALA) 0.36 (0.90) 2.97 (1.04) 0.33 (0.62) 5.57 (0.57) <0.001 NS
20:3n-6 0.19 (0.06) 0.24 (0.07) 0.31 (0.04) 0.20 (0.04) NS NS
20:3n-3 0.46 (0.10) 0.80 (0.11) 0.48 (0.07) 0.59 (0.07) NS NS
20:4n-6 (AA) 14.5 (2.0) 13.4 (2.3) 14.7 (1.4) 11.0 (1.3) NS NS
20:5n-3 (EPA) 0.02 (0.02) 0.23 (0.02) Not detected Not detected NSc NSc

22:6n-3 (DHA) 0.6 (0.1) 1.5 (0.1) 0.5 (0.1) 1.1 (0.1) <0.001 0.021
aResults are expressed as group mean percentage of total lipids with SEM in parentheses.
bSignificantly different from CO in same disease category, P < 0.001 post-hoc testing.
cEPA was not detectable in seven samples from the CO normal group and nine samples in the CO PKD group, thus violat-
ing assumptions of normality; therefore, P values are not reported. LA, linoleic acid; GLA, γ-linolenic acid; ALA, α-linole-
nic acid; AA, arachidonic acid; for other abbreviations see Table 1.

TABLE 3
Hepatic Proportiona of Select n-6/n-3 PUFA in Han:SPRD-cy or Normal Rats Fed FO or CO Diet

CO FO CO FO Diet Disease
normal normal PKD PKD effect effect
(n = 8) (n = 6) (n = 19) (n = 23) P P

18:2n-6 (LA) 20.0 (0.8) 12.1 (0.8) 20.1 (0.5) 13.9 (0.4) <0.001 NS
18:3n-6 (GLA) 0.30 (0.03) 0.08c (0.03) 0.52d (0.02) 0.13c (0.02) <0.001e <0.001
18:3n-3 (ALA) 0.44 (0.26) 6.37 (0.26) 0.19 (0.15) 5.31 (0.14) <0.001 0.003
20:3n-6 0.27 (0.02) 0.19 (0.02) 0.28 (0.01) 0.22 (0.01) 0.001 NS
20:3n-3 0.58 (0.04) 0.85 (0.04) 0.53 (0.02) 0.76 (0.02) <0.001 0.039
20:4n-6 (AA) 14.1 (1.1) 6.4b (1.1) 21.8d (0.6) 9.0 (0.6) <0.001e <0.001
20:5n-3 (EPA) 0.13 (0.07) 0.61 (0.07) 0.01 (0.04) 0.39 (0.04) N/A N/Ab

22:6n-3 (DHA) 3.0 (0.4) 6.2 (0.4) 2.1 (0.2) 4.3 (0.2) <0.001 <0.001
aResults are expressed as group mean percentage of total lipids with SEM in parentheses.
bEPA was not detectable in 4 samples from the CO normal group and 17 samples in the CO PKD group; EPA was not de-
tectable in 7 samples from the CO normal group and 9 samples in the CO PKD group, thus violating assumptions of nor-
mality. Therefore, P values are not reported.
cSignificantly different from CO in the same disease category, P < 0.001 post-hoc testing.
dSignificantly different from normal animals in the same diet category, P < 0.001 post-hoc testing.
eSignificant interaction detected between diet and PKD at P < 0.05. For abbreviations see Tables 1 and 2.



both flax diets (9). The reported levels of renal DHA for ani-
mals fed their standard diet were substantially higher than
seen in our control animals; dietary FA analysis was not pre-
sented. In that study, AA also was increased by the flaxseed
diet, causing the authors to speculate that AA metabolism to
prostanoids was reduced by competition with EPA generated
from increased dietary ALA. The changes in AA proportion
are, however, reminiscent of those we found in Han:SPRD-cy
rats fed soy protein (20), and a separate effect on FA metabo-
lism of modification of dietary protein source, which was con-
trolled in the study reported here, cannot be excluded as part
explanation of their results. 

The alterations in liver of the LA/AA ratio, ALA/(EPA +
DHA) ratio, and total LC-PUFA seen in this study suggest
that FO may have an inhibitory effect on ∆6-desaturase simi-
lar to that reported with soy protein (31). Cherian et al. (32)
reported such inhibition in response to flaxseed supplementa-
tion in poultry. Direct modification of desaturase pathways
has been proposed as a possible explanation for the anti-
inflammatory and antiproliferative effects of CLA, a group of
isomers of LA (33), and our results suggest a further line of
inquiry to explain possible similar benefits of FO. These
changes were less marked in renal tissue, with a significant
difference, however, observed in ALA/(EPA + DHA). In dis-
eased animals fed the CO diet, increased hepatic proportions
of total LC-PUFA were found, and disease was also associ-
ated with lower LA/AA ratios, suggesting that the uremic
state opposes diet-induced mechanisms for inhibiting elonga-
tion. The uremic state has been recognized as a proinflamma-
tory state for many body tissues (34), but an altered content
of prostanoid precursors has not yet been explored as a po-
tential mechanism in this process.

The level of substitution of FO that we fed in these studies
(approximately 2.5–3 g/kg body weight/d as ALA) would be
difficult to achieve in human studies. Biologically significant
effects in humans, however, are possible with dietary substitu-
tions involving PUFA that are practical. A daily oral dose of
1800 mg of purified EPA reduces the levels of circulating rem-
nant lipoproteins in dialysis patients, potentially stabilizing
LDL and conferring some resistance to oxidation (35). Kre-

mer et al. (36,37) reported clinical improvements in rheuma-
toid arthritis patients receiving EPA-rich fish oil supplements
that correlated with altered monocyte prostanoid and cytokine
production. Caughey et al. (4) demonstrated that substitution
of deodorized FO for cooking oil and in margarine-like spread
caused a 74% reduction in monocyte production of tumor
necrosis factor α and interleukin 1β in healthy volunteers.
Both of these cytokines have been linked to the progression of
renal injury in human PKD (38). The average daily intake in
that study was 13 g of FO (approximately 170 mg/kg/d assum-
ing an average patient mass of 75 kg) (4). The study by
Caughey et al. also represents a rare example of a direct com-
parison between FO and the other major dietary source of n-3
PUFA, fish oil. They found that the cytokine reduction effects
correlated with the monocyte proportion of EPA (20:5), irre-
spective of whether FO or fish oil was the source. FO substi-
tution in human diets has been associated with reduction in
cholesterol, which may benefit renal disease progression (39)
through reduced production of farnesyl phosphate and subse-
quent down-regulation of G-protein-mediated signaling (18).
The reduction we observed in this study was very modest,
however, and we failed to link hypocholesterolemic effects to
disease modification in previous dietary studies (8,20).

The observation of reduced amounts of ox-LDL suggests
a possible role for FO in reducing susceptibility to oxidant
stress. The Hans:SPRD-cy rat model of PKD involves
compromised resistance to oxidant injury, both as decreased
expression of antioxidant enzymes (14) and aggravation of
disease by inhibition of glutathione synthesis (40). Dietary
antioxidant therapy with α-tocopherol, however, did not pro-
duce improvement in the prevalence of renal injury (41). 

The observation that both diet and expression of renal dis-
ease were associated with significant alterations in hepatic
lipids also supports previous studies in both modification of
renal injury and nonrenal metabolism in early uremia (20,42).
The basis for such metabolic effects in mild uremia remains
as yet unexplored.

Han:SPRD-cy rat PKD is associated with a marked in-
flammatory component, and the infiltrating cells arise outside
the kidney. As such, the profile of PUFA in these circulation-
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TABLE 4
Total Long-Chain PUFA (LC-PUFA) Proportions and C18:>C18 Ratios in Liver and Kidney Tissue from Animals Fed CO or FO Dietsa

CO FO CO FO Diet Disease
normal normal PKD PKD effect effect
(n = 8) (n = 6) (n = 19) (n = 23) P P

Kidney LC-PUFAb 15.8 (2.2) 16.3 (2.6) 16.0 (1.5) 13.1 (1.4) NS NS
Liver LC-PUFAb 19.1 (0.9) 14.2 (0.9) 24.7 (0.5) 14.3 (0.5) <0.001b <0.001
Kidney n-6/n-3 ratio 21.6 (1.9) 5.3 (2.2) 25.9 (1.3) 4.0 (1.2) <0.001 NS
Liver n-6/n-3 ratio 11.2 (1.1) 1.4 (1.1) 15.7 (0.6) 2.1 (0.6) <0.001 0.007
Kidney LA/AA ratio 0.70 (0.52) 1.01 (0.21) 1.58 (0.52) 1.25 (0.12) NS NS
Liver LA/AA ratio 1.41 (0.17) 1.90 (0.12) 0.85 (0.29) 1.64 (0.06) 0.001 0.029
Kidney ALA/(EPA + DHA) ratioc 0.70 (1.11) 1.90 (1.28) 0.67 (0.77) 5.61 (0.70) 0.003 NS
Liver ALA/(EPA + DHA) ratioc 0.20 (0.08) 0.96 (0.08) 0.08 (0.04) 1.14 (0.04) <0.001 NS
aResults are expressed as group mean percentage of total lipids; SEM is in parentheses for all results.
bSum of proportions of 20:3n-3, 20:3n-6, AA, EPA, 22:5n-3, and DHA.
cReported in preference to ALA/EPA ratio owing to high rate of nondetection of EPA in CO samples. C18:>C18 ratio, ratio of 18-carbon PUFA to longer-
chain PUFA. For other abbreviations see Tables 1 and 2.



derived cells may be important in determining the type of in-
flammatory lipid products released. This profile may be more
dependent on hepatic regulation of FA production than the
local renal lipid environment. The effect of our dietary inter-
ventions on circulating inflammatory cells in this model will
be a future line of inquiry.

Boyd-Eaton et al. (43) pointed out that the sophistication
of human society has been associated with a 10- to 20-fold
increase in the ratio of n-6/n-3 FA in the human diet. Manip-
ulations of animal diets that reproduce these trends in FA in-
take are associated with worsening of inflammatory and ma-
lignant disease, and, in certain models, the development of
insulin resistance (24). In this anthropologic context, the in-
tervention studied here might be viewed as a return to the di-
etary pattern on which our metabolic responses evolved. 

Our studies confirm the importance of testing specific
food ingredients in dietary intervention in renal disease,
rather than broad categories such as total protein or fat con-
tent. Our results demonstrate that FO, either incorporated into
common foodstuffs or given as a therapeutic supplement, may
be of similar value to administration of whole flaxseed in the
amelioration of renal injury. 
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ABSTRACT: Enriching foods with long-chain n-3 PUFA (LC
n-3 PUFA) is an important approach to increasing the dietary
intake of these beneficial nutrients. Enrichment of meat and
eggs can be achieved by adding flaxseed, fish oil, or fishmeal to
pig or poultry feeds. However, utilization of these sources, par-
ticularly fishmeal, has been limited by concerns about adverse
effects on sensory qualities. In this study, we evaluated the use
of PorcOmega™ (POM), a stabilized tuna fishmeal formulation,
as a source of DHA for enrichment of pork and poultry prod-
ucts. Pigs, broilers, and laying hens were fed rations containing
varying levels of POM for varying time periods, and its impact
on the LC n-3 PUFA content and sensory qualities of cooked
meat and eggs was examined. Pork and chicken products, in-
cluding chops, sausages, and eggs, with substantially increased
(up to sevenfold) levels of LC n-3 PUFA (predominantly DHA)
were achieved by including up to 10% POM in rations. The in-
creases were retained after cooking. Some sensory deficits were
noted when using higher levels of POM (exceeding 15% in
meat and 10% in eggs). However, at modest rates of feeding
(5–10% POM), palatable meat and eggs were obtained with
worthwhile levels of enrichment. The fishmeal feeding strategy
used in this study offers a viable means of producing a range of
alternative dietary sources of LC n-3 PUFA. 

Paper no. L9070 in Lipids 37, 1067–1076 (November 2002).

There is increasing awareness of potential health benefits, espe-
cially cardiovascular, to be gained by increasing the consump-
tion of long-chain n-3 PUFA (LC n-3 PUFA), viz., EPA, docosa-
pentaenoic acid (DPA), and DHA (1,2). Recommendations for
dietary intakes for LC n-3 PUFA range from 200 to 1000 mg/d,
the most recent being 650 mg/d as an adequate intake for adults,
of which at least 200 mg/d should be DHA (3). This target is
surpassed in countries with a high consumption of fish, e.g., ap-
proximately 700 mg/d in Norway and 1500 mg/d in Japan (4).
However, in countries such as the United States and Australia
where the relative consumption of meat is much greater, the av-
erage dietary intake of LC n-3 PUFA (150 and 190 mg/d, re-
spectively) falls well short of recommendations (5,6). The de-
mand in these countries for alternative dietary sources has

prompted the food industry to add LC n-3 PUFA to a wide vari-
ety of processed foods, usually in a microencapsulated or emul-
sified form to protect the LC n-3 PUFA from oxidative degra-
dation. The products of degradation may cause tainting, i.e.,
adversely affecting the taste and flavor of the food.

Another strategy is to enrich meat and eggs naturally with
LC n-3 PUFA by including appropriate sources in livestock
rations. Pigs and poultry readily incorporate dietary FA in
body tissues so that significant increases in the n-3 content of
pork (7–9), chicken, and eggs (10–15) have been achieved by
adding marine sources such as fish oil, fishmeal, or microal-
gae to rations. This approach is less effective in ruminants,
however, unless the FA are delivered in a protective coating
(16,17). As with other approaches to n-3 enrichment of foods,
feeding n-3 sources to livestock may lead to tainting of the
meat and egg products, thus reducing their consumer accept-
ability (18–23). Feeding strategies are required that aim for
optimal n-3 enrichment with minimal tainting of the product.

Vegetable sources of α-linolenic acid (ALA) are cheaper
than marine sources of n-3 PUFA for enrichment, with possibly
less likelihood of tainting (11,12,24). However, the conversion
of ALA to LC n-3 PUFA is limited in animals as in humans
(25). Flaxseed is therefore of limited value for increasing the
LC n-3 PUFA content of pork, and it still has the capacity to
cause tainting if degraded (18,24). On the other hand, flaxseed
and canola have been used in poultry feeds either alone or in
combination with fish oil to enrich chicken meat and eggs, the
relative proportion of vegetable to fish oil influencing the cost
and extent of LC n-3 PUFA enrichment (10–12).

Fishmeal offers a cheaper and more plentiful source of LC
n-3 PUFA than fish oil for direct n-3 enrichment of pork and
poultry (26,27). However, the potential for fishmeal to taint
meat and eggs, even at relatively low rates of inclusion in ra-
tions, is widely recognized. Moreover, tainted feeds reduce
feed consumption and impair livestock productivity. For this
reason, it has been recommended that inclusion of fishmeal
in grower and finisher pig rations be limited to 5% (28). In a
previous study, however, we found that feeding a high level
(20%) of stabilized tuna fishmeal (PorcOmega™, POM) to
pigs resulted in substantial n-3 enrichment of pork with mini-
mal detrimental effects (7). Tuna meal has a higher content of
DHA relative to EPA than fish oil or fishmeals of many other
species (other fishmeals may contain a higher content of EPA
relative to DHA). As DHA is the predominant LC n-3 PUFA
in animal tissues, feeding an n-3 source in which DHA
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predominates is likely to be more efficient than using either
an EPA- or ALA-rich source. 

Following these initial promising observations, we con-
ducted a series of studies to evaluate the use of tuna fishmeal to
enrich chicken meat and eggs and pork products. Our goal was
to produce foods with acceptable sensory qualities that would
qualify for a new nutrition claim introduced by Foods Stan-
dards Australia New Zealand (FSANZ) in its Revised Food
Standards Code, viz., foods can be labeled as “a good source of
omega-3” if they contain at least 60 mg of EPA and/or DHA
per serving with less than 5% saturated/trans fat (29). The cur-
rent report describes the extent of n-3 enrichment achieved and
its impact on the sensory qualities of the products.

MATERIALS AND METHODS

Production trials with pigs and poultry were conducted at the
Camden Campus of The University of Sydney to compare ef-
fects of feeding experimental rations containing POM. Ap-
proval for the feeding trials was obtained from The University
of Sydney’s Animal Ethics Committee. Meats and eggs ob-
tained from the trials were used for chemical and sensory eval-
uation at the Smart Foods Centre, University of Wollongong.
Wollongong University’s Human Research Ethics Committee
approved the evaluation of products by volunteer panelists.

Formulation of rations. The rations were formulated to be
isonitrogenous and isocaloric and to meet nutritional require-
ments for pigs (30) and broiler chickens and laying hens (31).
POM, a tuna fishmeal formulation containing a complex an-
tioxidant system and flavorings designed to eliminate objec-
tionable fish odor and taint, was provided by Bartlett Grain
Pty. Ltd., Sydney, Australia. POM was substituted for other
ingredients typically used in a least-cost formulation, e.g.,
meat and bone, soy and canola meals, while maintaining an

appropriate macronutrient profile. Total fat contents of the ra-
tions averaged 4.5% of total energy for layer, 3.7% for broiler
starter, 5.2% for broiler finisher, and 3.2% for pig finisher ra-
tions. Table 1 shows the FA compositions of POM and of rep-
resentative finisher rations.

Production of eggs. Groups of 14 mature laying hens were
randomized to one of seven feeding strategies as follows: 
(i) control diet for 42 d; (ii) 5, 10, 15, or 20% POM diet 
for 42 d; (iii) control diet for 14 d followed by 20% POM 
diet for 28 d; (iv) control diet for 28 d followed by 20% 
POM diet for 14 d Eggs were collected at the end of each
treatment period (±2 d) and were stored at 0–4°C. The logis-
tics of conducting the sensory panels necessitated keeping
eggs for up to 1 mon prior to evaluation.

Production of chicken meat. Groups of 54-d-old male broil-
ers were randomized to one of nine feeding strategies as fol-
lows: (i) control diet for 42 d; (ii) 5, 10, 15, or 20% POM diet
for 42 d; (iii) control diet for 18 d followed by 5, 10, 15, or 20%
POM diet for 24 d. At the end of the treatment period, birds
were processed to obtain skinless breast, thigh fillets, and typi-
cal aggregate meat for sausage production from each treatment
group. Samples were individually wrapped and stored frozen
at −15°C for subsequent chemical and sensory analysis.

Production of pork. Groups of three male and three female
pigs were fed 15% POM for 6 wk or 20% POM for 4 wk prior
to slaughter. A group of four male and four female pigs was
maintained on the control ration. Samples of forequarter chops,
loin chops, and leg fillets were obtained from each pig. Equal
portions of suitable meat for sausages were also taken from each
pig and pooled for each treatment group to produce sausages.
All meat samples were individually wrapped and stored frozen
at −15°C for subsequent chemical and sensory analysis.

Chemical analysis. Determinations of FA and cholesterol
composition were made on five individual eggs from each
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TABLE 1
FA Composition (% of total FA) of PorcOmega™ Tuna Fishmeala (POM) 
and of Representative Finisher Rations Fed to Broilers, Layers, and Pigs

Broiler Layer Pig

POM Control 10% POM Control 10% POM Control 15% POM

14:0 3.1 1.2 1.1 1.2 1.5 1.0 1.5
16:0 24.1 18.4 17.7 21.4 21.0 20.8 21.0
16:1 3.9 1.1 1.4 1.1 1.8 0.7 1.8
18:0 8.5 7.8 4.5 8.0 5.0 6.6 3.9
18:1n-9 19.2 35.2 29.1 30.6 23.9 21.5 17.1
18:1n-7 2.4 2.9 2.4 2.8 1.9 1.7 1.5
18:2n-6 3.5 29.9 33.1 31.2 31.5 43.1 32.5
18:3n-6 0.3 0.1 0.1 0.0 0.1 0.1
18:3n-3 1.1 2.6 3.0 2.7 0.7 3.3 3.2
20:1n-9 1.4 0.5 0.7 0.6 0.2 0.5 1.1
20:2n-6 0.3 0.1 0.2
20:4n-6 2.3 0.5 0.2 1.0
20:5n-3 4.8 0.2 1.3 0.1 2.2 0.2 2.8
22:4n-6 1.8 0.3 0.5 0.7
22:5n-3 1.1 0.2 0.2 0.2 0.4 0.2 0.5
22:6n-3 22.4 0.1 5.4 0.1 8.9 0.2 11.2
aPOM, tuna fishmeal formulation containing a complex antioxidant system and flavorings designed
to eliminate objectionable fish odor and taint (Bartlett Grain Pty. Ltd., Sydney, Australia).



treatment group. Eggs were broken, yolks and whites sepa-
rated, and weights recorded. The yolks were gently stirred,
then 100 µL aliquots were homogenized in chloroform/
methanol containing a FA internal standard (21:0; Sigma
Chemical Co., St. Louis, MO) and extracted for FA analysis
using a direct transesterification procedure (32). FAME were
measured on a Shimadzu gas chromatograph (GC; Shimadzu
Corporation, Kyoto, Japan) fitted with an FID and using a
fused-silica Crossbond® polyethylene glycol capillary col-
umn (0.32 mm i.d. and 0.25 µm film thickness, Restek Cor-
poration, Bellefonte, PA). Samples were injected at 150°C.
The oven temperature was set to increase by 20°C/min to
190°C, then by 5°C/min to 210°C, then by 1.5ºC/min to
220°C, then by 2°C/min to 230°C, then by 5°C/min to a final
temperature of 240ºC, which was held for 3 min. The injector
and detectors were maintained at 250°C and hydrogen was
used as the carrier gas. Peak areas and FA percentages were
quantified on an IBM-compatible workstation using Shi-
madzu software. A standard mixture of FAME (Sigma Chem-
ical Co.) was used to calibrate the GC and to determine
response factors. FA concentrations were estimated by refer-
ence to the recovery of the standard.

The cholesterol content of yolks was measured by an en-
zymatic colorimetric test on a Cobas autoanalyzer (Roche Di-
agnostics Corporation, Indianapolis, IN) using Roche Diag-
nostics test kits (Roche Diagnostics Corporation). The auto-
analyzer was calibrated using a calibrator for automated
systems (Roche Diagnostics Corporation). 

Frozen portions of uncooked chicken breasts, thighs, and
sausages were thawed and sampled for FA analyses. Three
portions of each were randomly selected from each treatment
group. 

Portions of chicken meat that had been cooked for sensory
evaluation were also used for FA analysis. Core samples
weighing approximately 100 mg were obtained from lean re-
gions of the meat using a cork borer. The total fat content of
uncooked meat was also assayed in randomly selected whole
untrimmed portions by Weston Analytical Laboratories (Syd-
ney, Australia) using a Soxhlet extraction procedure (33).

Raw and cooked portions of pork loin, leg, and shoulder
chops and sausages were similarly used for analyses of total
fat and FA contents. One portion of each type of raw meat
was randomly selected from each pig in each treatment group
except for sausages, which were prepared from meat pooled
from all pigs in each group. 

Sensory evaluation. Panelists (5 men and 11 women re-
cruited by advertisement) were specifically trained to conduct
organoleptic analysis for each type of food being evaluated.
Potential panelists were screened on a number of standard
sensory discrimination tests assessing sweet, sour, bitter, and
salt flavors. After passing these tests, they progressed to the
second phase of training, which comprised 5 h of tasting reg-
ular supermarket foods over a period of 4 wk. Panelists were
trained to use a common vocabulary for either meat or egg
tasting and to practice discriminating the sensory attributes of
flavor, texture, color, and odor. Tasting was conducted under

standard conditions. Panelists were given extensive feedback
at each training session on their responses and were shown
how their responses compared to the group. Panelists were
thus given multiple practice and feedback sessions to improve
their discrimination skills.

Tasting sessions of approximately 25 min duration were
repeated on three occasions for each food tested. Eggs were
served soft-boiled. All meats used for tasting were cooked in
random order on a Breville Professional Grill and Sandwich
Press TG-900, set to highest heat. Samples were cut into 1-
cm squares and presented to the panelists on coded tooth-
picks. Panelists were requested to refresh their palate with
water after each sample tasted. The sensory qualities tested
were specific attributes related to taste, texture, aroma,
mouthfeel, and hedonics. The wording of the sensory attri-
butes and the line scale dimensions were made by the pan-
elists in conjunction with the investigators during the training
phase. This procedure ensured that all panelists were concor-
dant with the attributes and their meaning and could agree to
score quality consistently.

Statistical analysis. Biochemical data are presented as
mean ± SEM. Student’s t-test was used to determine the sig-
nificance of differences between means; P < 0.05 was consid-
ered significant. ANOVA was applied to the sensory analysis
for each variable (color, texture, odor, flavor, liking) to deter-
mine significances of differences between mean scores for
these variables. t-Tests with Bonferroni adjustments were
used to compare individual treatments.

RESULTS

Chemical analysis of eggs. Table 2 shows the effect of feed-
ing POM to laying hens on the total LC n-3 PUFA content of
eggs. The concentration in yolks rose with increasing POM
content of rations, reaching a maximum at 10% by weight of
the feed. At the highest inclusion rate (20%), there was no ap-
parent effect of varying the duration of feeding from 14 to 42
d. Feeding DHA-rich fishmeal resulted in a selective increase
of DHA (Fig. 1). Even at the lowest POM inclusion rate (5%),
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TABLE 2
Cholesterol (mg) and Total Long-Chain n-3 PUFA (LC n-3 PUFA,
mg/100 g) in Eggs from Chickens Fed 5–20% of POM for 42 d, from
Chickens Fed 20% of POM for 28 d, and from Chickens fed 20% of
POM for 14 d Compared with Unsupplemented Chickensa (control)

Yolk Egg Cholesterol LC n-3 PUFA LC n-3 PUFA
POM weight weight in yolk in yolk per egg
treatment (g) (g) (mg) (mg/100 g) (mg)

0%, control 18 ± 1 52 ± 3 309 ± 15 289 ± 21 51 ± 4
5%, 42 d 18 ± 1 57 ± 2 333 ± 36 969 ± 139b 177 ± 53b

10%, 42 d 18 ± 0 55 ± 2 328 ± 29 1806 ± 283b 316 ± 82b

15%, 42 d 18 ± 0 55 ± 2 411 ± 32 1390 ± 184b 255 ± 38b

20%, 42 d 18 ± 1 53 ± 2 314 ± 15 1502 ± 135b 271 ± 62b

20%, 28 d 18 ± 1 55 ± 3 413 ± 55 1372 ± 68b 252 ± 18b

20%, 14 d 19 ± 1 57 ± 0 388 ± 17 1603 ± 69b 304 ± 20b

aData are presented as mean ± SEM, n = 5 per group.
bSignificantly different from control (P < 0.01). For abbreviation and manu-
facturer see Table 1.



there was a threefold increase in DHA content, accounting for
almost all of the LC n-3 PUFA increase (from 51 mg in con-
trol eggs to 177 mg). This is equivalent to that of commer-
cially available n-3-enriched eggs and, by yielding more than
60 mg of LC n-3 PUFA per serving, would qualify for
FSANZ’s “good source of omega-3” claim (29). The choles-
terol content of yolks was unaffected by feeding 5 or 10%
POM. However, higher rates of POM inclusion tended to
raise cholesterol content. The proportions of saturated fat and
PUFA in yolks remained relatively constant across treatment
groups (31–34% and 15–18%, respectively).

Sensory evaluation of eggs. Owing to logistical limita-
tions, eggs from only two POM treatment protocols (10% for
42 d and 20% for 14 d) were used for sensory evaluation.
These treatments had resulted in the highest levels of LC n-3
PUFA enrichment (at least six times higher than control).
They were compared with eggs from hens fed the control diet
and with a commercial n-3-enriched egg (Body Egg™,
Chanteclair Farms, Quakers Hill, NSW, Australia). The LC
n-3 PUFA content of the latter was similar to that of the 5%
POM eggs (approximately three times higher than controls).

Figure 2 summarizes overall assessments for the eggs,
based on criteria related to each of the six sensory attributes
evaluated, viz., color, texture, mouthfeel, aroma, flavor, and
hedonics. The experimental n-3-enriched eggs were less de-
sirable in most characteristics than the Body Egg and, to a
lesser extent, the control egg. The Body Egg was superior in
color to the eggs produced in this study, probably due to the
use of pigment additives. Although there were no quantita-
tive differences in odor, more than half of the panelists de-
tected a fishy odor in the 20% POM eggs. Overall, the 10 and
20% POM eggs were liked less than the other eggs.

Chemical analysis of chicken. The n-3 PUFA content of
chicken meat was also increased by feeding POM-enriched
diets to poultry for either 21 or 42 d. Table 3 shows the total
LC n-3 PUFA concentrations in uncooked samples of chicken

breasts, thighs, and sausages from each treatment group. The
group fed 15% POM for 21 d showed the greatest n-3 enrich-
ment, with 7- to 14-fold increases in the LC n-3 PUFA con-
tent of chicken meat. Even 5% POM fed for 21 or 42 d gave
three- to sixfold increases, reaching the level required for a
“good source of omega-3” claim. As with the eggs, the n-3
enrichment of chicken meat was due almost entirely to in-
creased DHA content, as exemplified by changes in the PUFA
profile of chicken breasts (Fig. 3). In breasts from birds fed
10% POM for 21 d, the relative content of DHA actually ex-
ceeded that of linoleic acid (18:2n-6). 

When samples of n-3 PUFA-enriched chicken breasts and
thighs were cooked by grilling (Table 4), the absolute con-
centrations of FA, including LC n-3 PUFA, tended to be
higher than in raw meat. This is probably due to loss of mois-
ture content, as the LC n-3 PUFA content expressed as a per-
centage of total FA was similar. Thus, it appears that there
was no selective loss of LC n-3 PUFA due to cooking.
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FIG. 1. PUFA composition (% of total FA) of egg yolks from poultry fed different levels (5–20%)
of PorcOmega™ tuna fishmeal (POM) for 28 and 42 d and unsupplemented poultry (control).
POM: tuna fishmeal formulation containing a complex antioxidant system and flavorings de-
signed to eliminate objectionable fish odor and taint (Bartlett Grain Pty. Ltd., Sydney, Aus-
tralia).

TABLE 3
Total LC n-3 PUFA (mg/100 g) in Chicken Breast, Thigh, 
and Sausage from Chickens Fed 5–20% of POM for 42 d
and from Chickens Fed 5–20% of POM for 21 d, 
Compared with Unsupplemented Chickensa (control)

POM treatment Breast Thigh Sausage

Control 17 ± 3 18 ± 1 23
5%, 42 d 68 ± 1b 96 ± 1b 68

10%, 42 d 91 ± 14b 138 ± 30b 90
15%, 42 d 92 ± 10b 183 ± 56b 153
20%, 42 d 101 ± 21b 190 ± 41b 184
5%, 21 d 77 ± 3b 76 ± 3b 131

10%, 21 d 103 ± 8b 107 ± 9b 110
15%, 21 d 111 ± 11b 249 ± 53b 199
20%, 21 d 109 ± 15b 204 ± 56b 146
aData are presented as mean ± SEM for three birds per group except for
sausages, where meat was batched from all birds.
bSignificantly different from control (P < 0.01). For abbreviation and manu-
facturer see Table 1.



The total fat content of whole untrimmed portions of
chicken was determined by the Soxhlet method (33). Average
concentrations were 1.6, 6.2, and 2.3 g/100 g for breasts,
thighs, and sausages, respectively. Neither the total fat con-
tent nor the proportion of saturated fat in chicken meat was
significantly affected by the POM treatments. Considering
that approximately one-third of total FA were saturated, it ap-
pears that the n-3 PUFA-enriched meats would qualify as

“good sources of omega-3” with respect to the disqualifying
limit of 5 g/100 g for saturated/trans fat content (29).

Sensory evaluation of chicken. Samples of chicken meat
from birds fed both 5 and 15% POM rations were compared
with those from birds fed control rations. Breasts, thighs, and
sausages were individually evaluated. Apart from having
more tender texture, breasts from birds fed POM did not dif-
fer significantly from control breasts in any quantitative
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FIG. 2. Sensory evaluation (overall liking scores; %) of eggs enriched with 5 and 15% POM and unenriched (con-
trol) eggs. 1Significantly different (P < 0.01) from 10 and 20% POM treatment eggs (ANOVA). Body Egg™, com-
mercial n-3 enriched egg (Chanteclair Farms, Quakers Hill, NSW, Australia). For abbreviation see Figure 1.

FIG. 3. PUFA composition (% of total FA) of uncooked chicken breasts from poultry fed different levels (5–20%) of
POM for 42 d and of unsupplemented poultry (control). For abbreviation see Figure 1.



assessments. There were no significant differences in any
characteristics between POM-treated and control thighs and
sausages, with the exception that the 15% POM-treated thighs
were liked less than the controls and a mildly fishy flavor was
detected in both breasts and thighs with 15% POM. Overall,
there was a clear tendency for meat from birds fed 15% POM
to be less well liked (Fig. 4), whereas that of birds fed 5%
POM appeared to be equivalent to control chicken.

Chemical analysis of pork. Table 5 shows the total LC n-3
PUFA concentrations in pork chops and sausages from groups
of male or female pigs fed control or POM-containing rations.
Both enrichment strategies (15% POM for 42 d and 20%
POM for 28 d) caused significant increases in LC n-3 PUFA
levels in pork, with threefold increases in forequarter and leg
chops and a 3.5-fold increase in sausages. Figure 5 shows a
typical example of changes in individual FA composition of
pork following n-3 enrichment. Data are averaged from sam-
ples of forequarter chops taken from control (n = 8) and
treated pigs (n = 12). Total LC n-3 PUFA content rose from
1% of total FA in controls to 4% in forequarter chops from
POM-fed pigs. As in meat from poultry fed POM, DHA in-
creased far more than the other PUFA in pork. Cooking raised
the absolute concentrations of all FA, including LC n-3
PUFA, due to loss of moisture from the meat. As with
chicken, the proportionate increase of LC n-3 PUFA, espe-
cially DHA, in the pork was largely retained after cooking
(Table 6).

Fat content of pork. Soxhlet determinations of the total fat
content of pork products indicated that the forequarter and
loin chops (25 and 27 g/100 g, respectively) would be un-
likely to qualify for the Australian n-3 nutrition claim (requir-
ing saturated/trans fat <5 g/100 g) without significant trim-

ming of adipose tissue. However, the leg chops, with total fat
content around 5 g/100 g, would qualify. Indirect assessment
of total fat in the lean portions of meat used for the GC analy-
sis of FA indicated that interstitial fat amounted to less than 2
g/100 g, of which one-third was saturated fat. Pork sausages
as prepared in this study (saturated fat approximately 5.7
g/100 g) would have marginal acceptability. As with the eggs
and chicken meat, the proportion of saturated fat in pork was
not affected by the n-3 enrichment.

Sensory evaluation of pork. Loin, forequarter, and leg
chops and sausages were individually evaluated for sensory
qualities. Comparisons were made between each of six treat-
ment groups, i.e., male or female pigs fed the control, 15 or
20% POM ration. There were minor but inconsistent differ-
ences in sensory qualities of enriched meat between male and
female pigs, e.g., loin and forequarter chops were more ten-
der and juicy from male (especially POM-treated) than from
female pigs but female POM-treated leg chops were more
tender and juicy than male leg chops. Fishy odor or flavor was
detected in forequarter and loin chops from POM-treated pigs
but not in leg chops. Figure 6 shows overall liking scores for
pork. POM treatment caused only forequarter chops to be sig-
nificantly less liked than controls. There were no significant
differences in any sensory qualities of sausages between any
of the treatment groups.

DISCUSSION

Enriching foods with LC n-3 PUFA is an important approach
to increase consumption of these beneficial nutrients. In this
study we have demonstrated that a stabilized fishmeal prod-
uct can be successfully incorporated into pig and poultry
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FIG. 4. Sensory evaluation (overall liking scores; %) of chicken (breast, thigh, and sausage) enriched with 5 and
15% POM and unenriched (control) chicken. For abbreviation see Figure 1. 1Significantly different (P < 0.01) 
from control (ANOVA).

TABLE 4
Effect of Cooking (grilling) on Total LC n-3 PUFA in Chicken (breast, thigh, sausage) 
Compared with Uncooked (raw) Chickena

POM Breast Thigh Sausage

treatment Raw Grilled Raw Grilled Raw Grilled

mg/100 g 5%, 21 d 77 105 76 149 131 121
15%, 21 d 111 168 249 242 199 182

% of total FA 5%, 21 d 13.5 12.7 8.1 4.5 3.8 3.7
15%, 21 d 21.9 19.1 8.5 10.8 5.6 6.4

aData are averaged from two or three samples in each case. For abbreviation see Table 1.



feeding strategies to enrich meat and eggs without tainting
the foods.

Enrichment of pork. This study confirms the effectiveness
of fishmeal as a dietary source of LC n-3 PUFA for produc-
ing n-3-enriched pork. Moreover, by feeding DHA-rich tuna
fishmeal, the enrichment was highly selective for DHA. The
LC n-3 PUFA concentrations in the pork chops were lower
than those achieved previously (7). In that study, however,
pigs were fed 20% POM for 11 wk, whereas in the present
study, an acceptable level of LC n-3 PUFA enrichment was
attained after only 4 wk of feeding at that level.

LC n-3 PUFA concentrations have been measured directly
in samples of lean meat (comprising muscle tissue and inter-
stitial fat), which is likely to contain a higher relative propor-
tion of LC n-3 PUFA than adipose tissue (15). In the previous
study, the percentage of LC n-3 PUFA assayed in a lean sam-
ple of meat was multiplied by the total fat content of the
whole portion of meat to estimate the LC n-3 PUFA concen-
tration indirectly, which is likely to have been overestimated.
However, the data now obtained for forequarter, loin, and leg
chops by direct measurement of FA in lean samples of meat

(Table 5) is likely to underestimate the LC n-3 PUFA content
of even a well-trimmed serving of pork. There is considerable
latitude to increase the LC n-3 PUFA content per serving of
pork by allowing more residual fat. Pork sausages give an in-
dication of the maximal LC n-3 PUFA concentration attain-
able: >200 mg/100 g in sausages that had a 14% fat content
(saturated fat approximately 6 g/100 g). Pork chops and
sausages enriched with LC n-3 PUFA by short-term feeding
of rations containing 15–20% POM could readily qualify for
FSANZ’s new n-3 nutrition claim (29) simply by adjusting
the fat content of the products during processing.

In previous attempts to increase the LC n-3 PUFA content
of pork, researchers have usually used fish oil and flaxseed oil
and meal rather than fishmeal. Fishmeal is an important source
of protein for pig rations, but its potential for tainting pork has
led to restrictions on its use (25). Trials have been undertaken
to develop recommendations for the use of fishmeal, which
will minimize the retention of LC n-3 PUFA in pork and the
associated risk of tainting (18,19). The same concern applies,
however, if fish oil or flaxseed is used for n-3 PUFA enrich-
ment. In fact, feeding flaxseed to pigs caused tainting of bacon
without raising DHA content (24). Using a premium-quality
tuna fishmeal, we sought to ascertain the highest level of LC
n-3 PUFA enrichment of meat that could be attained without
compromising quality.

The most important criterion for consumer acceptance of
n-3 PUFA-enriched foods is sensory quality, which appears
to be inversely related to the n-3 PUFA content (18–20). A
compromise must therefore be reached between the extent of
enrichment and deterioration of quality. The mode of enrich-
ment will influence this relationship. Encapsulation, for ex-
ample, is an important strategy for delivering n-3 PUFA in
processed foods in a protected form that will minimize ad-
verse effects on quality. Similarly, LC n-3 PUFA incorporated
in muscle membrane phospholipids may be less susceptible
to degradation than in adipose tissue stores (15). Presumably
this accounts for the high levels of DHA retained in lean meat
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TABLE 5
Total LC n-3 PUFA (mg/100 g) in Uncooked Pork (forequarter, 
loin, leg chop, and sausage) from Pigs Fed 15% of POM 
for 42 d and from Pigs Fed 20% of POM for 28 d, 
Compared with Unsupplemented Pigsa (control)

POM
treatment Forequarter Loin Leg Sausage

Control Male (4) 25 ± 3 21 ± 2 27 ± 3 87
Female (4) 22 ± 1 17 ± 3 18 ± 2 49

15% for 42 d Male (3) 66 ± 9b 55 ± 11b 48 ± 4b 202
Female (3) 61 ± 13b 47 ± 5b 43 ± 6b 278

20% for 28 d Male (3) 71 ± 5b 46 ± 6b 79 ± 18b 208
Female (3) 61 ± 10b 54 ± 7b 65 ± 5b 218

aValues are means ± SEM (one sample from each pig) except for sausages
(one pooled sample for each treatment group).
bSignificantly different from control (P < 0.01).

FIG. 5. Individual LC PUFA composition (% of total FA) of control and POM pork forequarter
(FQ) chops. FQ control: raw meat from untreated pigs; FQ POM: raw meat from pigs fed 15 or
20% POM; grilled FQ POM: cooked meat from pigs fed 15 and 20% POM. For abbreviation
see Figure 1.



in the present study after feeding DHA-rich POM. The level
of inclusion for POM was three to four times higher than the
recommended upper limit for fishmeal in pig rations (25).
However, the proprietary product used in this study has been
fortified with antioxidants to minimize degradation of LC
PUFA. Others have shown that inclusion of selected antioxi-
dants in rations can improve the stability of n-3 PUFA in en-
riched meat (20–23). Livestock performance data (Downing,
J., Howe, P., and Bryden, W., unpublished data) and sensory
evaluation of the LC n-3 PUFA-enriched pork products jus-
tify the higher rates of inclusion of POM in rations.

It was encouraging to note that there was good retention
of LC n-3 PUFA during grilling in both chops and sausages.
In fact, LC n-3 PUFA concentrations actually increased,
owing to loss of moisture during grilling at high temperature,
but the proportionate increases in LC n-3 PUFA relative to
other FA were largely unaffected. Presumably the LC n-3
PUFA in meat are also less susceptible to degradation during
cooking than, for example, a LC n-3 PUFA-rich cooking oil.
Except for the eggs, all foods used for sensory evaluation
were frozen for at least 1 mon and thawed prior to cooking.
Others have noted off-flavors and rancidity after long-term
frozen storage in pork from pigs fed fishmeal (18,19). How-
ever, with the exception of forequarter chops, containing high
levels of adipose tissue (25% fat), there were few consistent
differences in sensory qualities between control and n-3
PUFA-enriched pork. Sausages in particular, with their high
fat content and level of enrichment, were well accepted by

panelists. Sausages and other processed meat products may
be preferable products for enrichment, affording greater re-
sistance to LC n-3 PUFA degradation during storage and
cooking than other cuts of meat. 

Enrichment of chicken and eggs. Birds readily accumulate
n-3 PUFA in tissues and appear more efficient than mammals
at converting ALA to LC n-3 PUFA (34). There are many
good examples of LC n-3 PUFA enrichment of poultry prod-
ucts using fish oil or microalgal sources of LC n-3 PUFA,
alone or in combination with ALA sources such as flaxseed
or canola (10–15). ALA accumulates in the TG fraction,
whereas LC n-3 PUFA are incorporated into phospholipids,
and accumulation of high levels of ALA contributes to taint-
ing of foods (12,18,24). Direct sources of preformed LC n-3
PUFA are preferred. Fishmeal is widely used as a source of
protein in poultry rations at inclusion rates of 2–5% (26). As
with pigs, however, there are few reports of its use for n-3
PUFA enrichment of poultry (18,19), even though it repre-
sents a more abundant and cost-effective source than fish oil.
Leskanich and Noble (10) have reviewed the use of fishmeal,
fish oil, and other sources for LC n-3 PUFA enrichment in
poultry and recommend using high-quality fishmeal or fish
oil, together with supplemental antioxidants, and limiting in-
clusion rates in rations to 12 or 1%, respectively, to avoid
taint. 

We have now demonstrated the suitability of POM (tuna
fishmeal) for n-3 PUFA enrichment of poultry. Indeed, greater
relative increases in LC n-3 PUFA, particularly DHA, can be
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TABLE 6
Effect of Cooking (grilling) on Total LC n-3 PUFA of Pork (forequarter, loin, 
leg chop, and sausages) Compared with Uncooked (raw) Porka

POM Forequarter Loin Leg Sausage

treatment Raw Grilled Raw Grilled Raw Grilled Raw Grilled

mg/100 g 15%, 42 d 64 128 51 147 46 100 240 318
20%, 28 d 66 169 50 120 72 116 213 276

% of total FA 15%, 42 d 3.5 4.5 4.4 4.0 6.4 7.2 1.8 1.3
20%, 28 d 4.6 2.5 3.7 3.3 4.2 7.0 1.8 1.2

aData averaged from 4 to 8 pigs/group. For abbreviation see Table 1.

FIG. 6. Sensory evaluation (overall liking scores; %) of pork (loin, leg, forequarter chop, and sausage) enriched with
15 and 20% POM and unenriched (control) pork. 1Significantly different (P < 0.01) from control (ANOVA).



achieved at lower rates of POM feeding in poultry than in
pork. The increases obtained by feeding 5% POM exceeded
those achieved in other studies using <12% redfish meal in
broiler rations (15). This may be attributable to the substan-
tially higher content of DHA and ratio of DHA to EPA in tuna
meal compared with herring meal. When feeding 15% POM
to broilers, we found that the overall liking score for chicken
thighs was significantly reduced, whereas with 5% POM,
there were no discernible differences in sensory characteris-
tics from the control meat. The n-3 PUFA-enriched chicken
sausages were particularly well accepted. As with pork, the
LC n-3 PUFA enrichment of chicken meat appeared to be sus-
tained during high-temperature cooking.

Numerous strategies have been used for n-3 PUFA enrich-
ment of eggs, with DHA and total LC n-3 PUFA ranging as
high as 660 and 780 mg/egg, respectively (10). High levels
are obtained by including high levels of fish oil in rations.
Lower levels of fish oil, with or without flaxseed oil, result in
more modest levels of LC n-3 PUFA enrichment and have
been used to produce a wide range of commercial eggs with
acceptable sensory characteristics. Nevertheless, the high cost
of the dietary oils and the special conditions for production
necessitate premium prices for n-3-enriched eggs.

Fishmeal may represent a cheaper alternative source of LC
n-3 PUFA for enrichment of eggs. Using tuna fishmeal, we
achieved increases in the DHA and total LC n-3 PUFA con-
tent of eggs that compared favorably with results obtained
using other n-3 sources in published studies and in commer-
cial production of n-3-enriched eggs. There were insufficient
eggs available in this study to assess the effect of cooking on
increased n-3 content. However, experience with commer-
cially enriched eggs indicates that there is generally satisfac-
tory retention of LC n-3 PUFA after cooking. As fresh eggs
were required for the sensory evaluation, we were unaware of
their n-3 content at the time of selecting treatment groups for
evaluation. Unfortunately, the levels of POM inclusion chosen
for sensory evaluation proved to be unacceptably high, result-
ing in significant sensory deficits. In retrospect, it would have
been preferable to conduct sensory evaluation on eggs from
hens fed 5% POM. At this level of feeding, the LC n-3 PUFA
enrichment (approximately 180 mg/egg) compared favorably
with that of feeding 12% herring meal (approximately 100 mg
EPA and DHA/yolk) in the only other published report on n-3
PUFA enrichment of eggs with fishmeal (14).

The present study confirms that suitably processed tuna
fishmeal, a by-product of the tuna processing industry that has
traditionally been used as a protein source for livestock ra-
tions, may also be used as an alternative source of LC n-3
PUFA for enrichment of meat and eggs. It demonstrates that
appropriate feeding strategies can be developed to avoid sen-
sory deficits traditionally associated with the use of fishmeal
in livestock rations. Compared with the use of other LC n-3
PUFA sources, high concentrations of DHA can be achieved
with a relatively low dietary inclusion rate and duration of
fishmeal feeding, permitting economical production of qual-
ity n-3 enriched foods. Consumer interest in these foods will

be stimulated by new labeling options such as the nutrition
claim for n-3 PUFA recently introduced in Australia and New
Zealand (29), which will help to differentiate them as pre-
mium products in the market place. Although qualification
for n-3 PUFA nutrition claims is based on the LC n-3 PUFA
content of uncooked foods, it is essential that cooked foods
deliver the n-3 benefits. We have been able to confirm that the
LC n-3 PUFA in enriched chicken and pork are retained after
cooking. Further studies are now being undertaken with POM
to refine the livestock feeding strategies required for the n-3
PUFA enrichment of specific food products and to optimize
both sensory and shelf-life characteristics.
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ABSTRACT: PUFA of the n-6 and n-3 series have beneficial
effects on key risk factors of coronary heart disease (CHD). Our
earlier studies on the intake of FA and on the FA composition of
plasma and platelet phospholipids suggested the need to im-
prove the n-3 PUFA nutritional status in the Indian population.
The present long-term study was conducted on 80 middle-aged
Indian subjects (40 men and 40 women) using the subjects’ own
home-prepared diets to evaluate the effects of dietary n-3 PUFA
on biochemical indices of CHD risk. Substitution of Blend G
(equal proportions of groundnut and canola oils) for groundnut
oil or substitution of Blend S (equal proportions of sunflower
and canola oils) for sunflower oil increased α-linolenic acid
(ALNA) fourfold and decreased the linoleic acid (LA)/ALNA
ratio from 35 to 6 and 65 to 9, respectively. Twelve subjects (six
men and six women) who received Blend G were switched
back to groundnut oil and were administered 0.3 g daily of
long-chain (LC) n-3 PUFA from fish oil. At the end of the trial
period for both blends in both sexes, plasma lipid and apolipo-
protein levels had not changed, and ADP-induced aggregation
had decreased. In plasma and platelet phospholipids, LA as well
as LCn-3 PUFA had increased, suggesting competition between
LA and ALNA for metabolism into the respective LC-PUFA. Fish
oil supplementation increased LCn-3 PUFA in plasma and
platelet phospholipids, decreased ADP-induced platelet aggre-
gation, and increased plasma cholesterol. On the basis of the
increased LCn-3 PUFA in plasma phospholipids, it was calcu-
lated that 0.75% energy (en%) (2.2 g) ALNA (from vegetable
oils) may be required to increase LCn-3 PUFA to about the same
extent as 0.1 en% (0.3 g) LCn-3 PUFA (from fish oils). Since
both n-6 and n-3 PUFA play a critical role in fetal growth and
development and in the programming of diet-related chronic
diseases in adults, an improvement in the n-3 PUFA nutritional
status in cereal-based diets through long-term use of cooking
oils containing 25–40% LA and 4% ALNA may contribute to
the prevention of CHD in Indians.

Paper no. L9046 in Lipids 37, 1077–1086 (November 2002).

PUFA comprise the parent EFA [linoleic acid (LA) and α-lin-
olenic acid (ALNA)] and their respective long-chain (LC)
more unsaturated derivatives. Since the time the essentiality
of PUFA was established in 1929, studies on the nutritional

effects of LA have received wide attention. However, follow-
ing the Eskimo studies (1), several lines of evidence showed
that the LCn-3 PUFA downregulate factors that have athero-
genic potential and enhance factors that have anti-atherogenic
potential (2–4). Recent studies also have focused on the ef-
fects of ALNA in preventing coronary heart disease (CHD)
(5–8). Studies on FA intakes among Indians showed that LA
requirements are fully met owing to their high levels in ce-
real, millet, and vegetable oils, but ALNA intake is low and
therefore the n-6/n-3 ratio is high (9). Further, data on the FA
profile of plasma and platelet phospholipids in apparently
normal subjects suggested the need to improve the n-3 PUFA
nutritional status in Indians (9). Metabolic studies conducted
to investigate the effects of using canola oil (ALNA) or fish
oil supplements (LCn-3 PUFA) compared to groundnut oil
(negligible ALNA) showed that ~1.4% energy (en%) ALNA,
(n-6/n-3, ~4) or 0.2 to 0.5 en% LCn-3 PUFA (n-6/n-3, ~7 to
12, respectively) may produce anti-atherogenic effects (9,10).
To achieve the above levels of ALNA and an optimal n-6/n-3
ratio (5:1 to 10:1), the use of ALNA-containing oils (canola,
soybean, or mustard) along with other oil(s) has been recom-
mended (11). The present study was carried out to evaluate
the long-term effects of increasing ALNA intake using com-
binations of ALNA-containing oil (canola) with two edible
oils commonly used in south India (groundnut and sunflower)
compared to the effects of fish oil supplementation on bio-
chemical parameters of cardiovascular risk.

MATERIALS AND METHODS

Subjects. Out of a total of 70 families to whom the study was
explained, 40 were enrolled. Criteria for their selection in-
cluded age between 30 and 50 years, a normal ECG, and no
history of diabetes or CHD. In addition, the subjects were not
in the habit of consuming frequent meals or snacks outside
their homes, did not take anti-inflammatory drugs, and con-
sumed neither tobacco nor alcohol. The subjects’ diets pro-
vided >30 g/d of cooking oil. The study was approved by the
Institute’s ethical committee, and written consent was ob-
tained from both husband and wife.

Study design. (i) Period 1. Twenty families (Scheme 1)
who had used groundnut oil as the major cooking oil for more
than 2 mon were provided the traditionally consumed refined
groundnut oil (Postman, Ahamed Mills, Mumbai, India), and
20 families who had used sunflower oil as the major cooking
oil for more than 2 mon were provided sunflower oil [Dhara,

Copyright © 2002 by AOCS Press 1077 Lipids, Vol. 37, no. 11 (2002)

*To whom correspondence should be addressed at National Institute of Nu-
trition, Jamai Osmania P.O., Hyderabad-500 007, A.P., India.
E-mail: ghafoorunissanin@rediffmail.com or nin@ap.ap.nic.in
Abbreviations: ALNA, α-linolenic acid; CHD, coronary heart disease; DPA,
docosapentaenoic acid; EMR, estimated maximal response; LA, linoleic
acid; LC, long-chain; NDDB, National Dairy Development Board; PPP,
platelet-poor plasma; PRP, platelet-rich plasma; WB, whole blood.

Effects of Dietary αα-Linolenic Acid from Blended Oils 
on Biochemical Indices of Coronary Heart Disease in Indians

Ghafoorunissa*, A. Vani, R. Laxmi, and B. Sesikeran
National Institute of Nutrition (ICMR), Hyderabad-500 007, A.P., India



National Dairy Development Board (NDDB), Anand, Gu-
jarat, India]. Both oils were supplied in sealed containers with
instructions to use it as the only cooking fat source for a pe-
riod of 2 mon. 

(ii) Period 2. The families in Group A (Scheme 1) were
switched to Blend G (equal proportions of groundnut and
canola) and those in Group B were switched to Blend S (equal
proportions of sunflower and canola) for a period of 4 mon.
Blended oils were obtained from the NDDB. The percentage
FA in Blend G and Blend S, respectively, were as follows:
total saturates, 17 and 9; total monounsaturates, 52 and 44; and
LA, 26 and 42. Both blends furnished ~4% ALNA compared
to negligible levels in the single oils (groundnut or sunflower).
The blended oils were prepared and supplied by the NDDB in
1- and 4-kg sealed containers.

(iii) Period 3. Twelve families each from Groups A and B
continued to consume Blend G and Blend S, respectively, for
the next 4 mon (Period 3), whereas seven families from each
group (A and B) were switched back to the single oils (Period
30) on which they were stabilized earlier. 

(iv) Periods 4 and 5. Six families (six men and six women)
who were switched back to groundnut oil (Period 30) were
continued for another month on groundnut oil (Period 4) and
subsequently were administered one capsule of fish oil daily
(MaxEPA, 180 mg; DHA, 120 mg) as well as 100 mg α-
tocopherol twice a week for 4 mon (Period 5).

Diets. During each of the study periods (1, 2, and 3), indi-
vidual diet surveys were done (one on the weekend and two
on weekdays) using a 24-h recall questionnaire (12), and sub-
jects’ average daily intakes of major food groups, macronu-
trients, and individual FA from all food items (invisible fat)
were calculated using food composition tables (9,13). The in-
take of fat and individual FA from the total diet (invisible +
visible) was calculated for each oil period. In order to moni-
tor compliance, the subjects were requested to record the total
number of meals and snacks eaten outside the home. These

records were collected at biweekly intervals throughout the
study period. At the end of Period 1, body weight, height, and
blood pressure were recorded; body weight was again
recorded at the end of Periods 2 and 3. 

Biochemical parameters. Fasting blood samples were col-
lected in the morning at the end of each period after ensuring
that the subjects had not taken anti-inflammatory drugs in the
previous 2 wk. For platelet aggregation studies, blood was
collected in a 3.8% trisodium citrate solution (9:1 vol/vol).
For analysis of plasma lipids and lipoproteins, blood was col-
lected into tubes containing EDTA (1 mg/mL).

(i) Lipids, lipoproteins, and FA. Blood collected in tubes
with EDTA was spun at 120 × g for 10 min. The platelet-rich
plasma (PRP) that was obtained was spun at 1000 × g for 15
min to get a platelet pellet and platelet-poor plasma (PPP).
The platelet pellet was washed with saline and the cells were
lysed. The PPP was used for analysis of lipids, apolipopro-
teins, and phospholipid FA composition. Total cholesterol,
HDL-cholesterol, and TAG were analyzed by enzymatic
methods using kits obtained from Dr. Reddy’s Laboratories
(Hyderabad, India). The levels of apolipoproteins B and A-1
were determined by a quantitative, immunoturbidimetric
method using kits obtained from Sigma Diagnostics (St.
Louis, MO). Lipids were extracted from both plasma and
lysed platelets with chloroform/methanol (2:1 vol/vol) con-
taining BHT, and the phospholipid band was separated by
TLC and methylated (14). FAME were analyzed by flame
ionization capillary GLC using a PC-based Perkin-Elmer au-
toanalyzer (Buckinghamshire, United Kingdom) as described
previously (14). 

(ii) Platelet aggregation and plasma fibrinogen. Citrated
blood was diluted with saline (1:1 vol/vol), and whole blood
(WB) aggregation was measured with 2 µg collagen by the
impedence method (15) using a Model 530 WB aggregome-
ter (Chronolog Corporation, Havertown, PA); aggregation
rate (slope) and lag time were calculated. PRP was obtained
by spinning citrated blood as described previously (14). ADP-
induced aggregation was measured in 250 µL PRP (250,000
cells/µL) with varying concentrations of ADP (0.02 to 2 µM)
as described previously (14). The threshold for ADP (dose at
which no aggregation was recorded) and aggregation rate
(slope) with 2 µM ADP were determined. Plasma fibrinogen
was estimated in citrated PPP by an optimized microturbidi-
metric assay using a two-step addition of ammonium sulfate
reagent and timed turbidity measurements after 120 and 190 s
at 340 nm (16). 

Statistical analysis. The biochemical parameters were ana-
lyzed by a multi-way ANOVA to test the differences, if any,
among sex, oils, and time period, and paired t-tests were done
between single and blended oils (Period 1 vs. 2). Because the
responses on the biochemical parameters were similar after 4
mon on Blend G and Blend S, the data on the two blends were
pooled. A one-way ANOVA was done to determine the effects
of the single oil consumed for 4 mon and the blends for 4 and
8 mon (periods 1, 2, and 3), as well as on the effects of chang-
ing back to the single oil after 4 mon of blend consumption
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(Periods 1, 2, and 30). Statistical analyses were done by using
SPSS version 10 for Windows (SPSS Inc., Chicago, IL).

RESULTS

Compliance and dietary intake. The clinical characteristics of
subjects are given in Table 1. The average daily intakes of
each of the food groups and macronutrients are presented in
Table 2. The number of meals and snacks eaten outside the
home were similar in Groups A and B during the 10-mon
study period (70% of subjects consumed <50 and 30% of sub-
jects consumed 51–100 meals and snacks during the entire
period of the study). In 40% of the families, the average con-
sumption of oil was higher during Periods 2 and 3 (0.9–1.8
kg/mon/family) compared to Period 1. The contribution of
meals and snacks eaten outside the home and the consequent
difference in the amount and type of oil was not accounted
for in calculating food and nutrient intakes. The data pre-
sented in Table 3 show that the use of both Blend G and Blend
S increased ALNA from ~0.2 to ~0.9 and 0.8 en%, respec-
tively, compared to the single oils (Table 3). The intake of
other FA was similar during Blend G and groundnut oil peri-
ods. The intakes of total monounsaturates were high, and LA
was low during consumption of Blend S compared to sun-
flower oil. The ratio of LA/ALNA (n-6/n-3) was reduced
from 35 during intake of groundnut oil to 6 during intake of
Blend G, and from 65 during intake of sunflower oil to 9 dur-
ing intake of Blend S (Table 3). During fish oil supplementa-
tion, the LA/ALNA + LCn-3 PUFA (n-6/n-3) ratio was 25.

Effect of 4-mon intake of blended oil. In both the groups
(men and women), at the end of each oil consumption period
(4 and 8 mon) body weight (data not given), plasma total cho-
lesterol, HDL-cholesterol, TAG, and apolipoprotein A-1 and
B levels were not altered (Table 4). The data on plasma phos-
pholipid FA composition showed that during the single-oil
period, ALNA and 20:5n-3 were not detectable (Table 5). At
the end of trials for each blend in both sexes, ALNA could be
detected only in some subjects and LA, 20:5n-3, 22:5n-3, and
22:6n-3 (LCn-3 PUFA) increased. The use of blends lowered
total saturates, and only at the end of the Blend S period did
monounsaturates increase. In platelet phospholipids, the use
of either of the blends increased LA and 20:5n-3, and de-
creased 22:6n-3, dihomo-γ-linolenic acid (20:3n-6), and do-
cosatetraenoic acid 22:4n-6 (Table 6). 

In both sexes, following consumption of each blend the lag
time for collagen-induced aggregation in WB was shorter and
ADP-induced platelet aggregation (slope) in PRP decreased
(except in men on Blend S; see Table 7). The threshold for
ADP-induced aggregation and plasma fibrinogen levels was
not altered (Table 7). Irrespective of the type of oil used,
women had lower levels of TAG and apolipoprotein B as well
as higher levels of HDL-cholesterol (Table 4), higher aggre-
gation rates with both collagen and ADP, and lower thresh-
olds for ADP-induced aggregation than men (Table 7). 

Effect of continued intake of blended oils or switching back
to single oils. Continued consumption of blended oils for an
additional period of 4 mon (Period 3) or switching back to sin-
gle oils (Period 30) affected neither plasma lipids (TAG, cho-
lesterol, and HDL-cholesterol) nor apolipoproteins (data not
shown). In plasma phospholipids, the magnitude of increase in
total LCn-3 PUFA was similar at the end of 4 and 8 mon on
blends (Table 8). At the end of 4 mon after switching to the sin-
gle oils (Period 30), the total LCn-3 PUFA levels decreased;
these values were higher than those of the single-oil period (Pe-
riod 1). At the end of 8 mon (Period 3) of blended oil consump-
tion, an increase in total LCn-3 PUFA in platelet phospholipids
was due to 20:5n-3 and 22:5n-3.

The lag time for collagen-induced aggregation in WB de-
creased to the same extent at the end of 4 and 8 mon on blends
compared to the single-oil period (Table 8). In subjects who
were switched back to single oils (Period 30), the lag time for
collagen-induced aggregation in WB increased to the basal
value. ADP-induced aggregation in PRP decreased after both
4 and 8 mon of blend consumption as well as after switching
back to single oils (statistical significance was not consistent).

Effects of blended oil vs. fish oil intake. The data presented
in Table 9 show the response of subjects to the dietary increase
in ALNA from blended oils (Periods 1 and 2) compared to the
increase in LCn-3 PUFA from fish oil (Periods 4 and 5) over a
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TABLE 1
Clinical Characteristics of the Subjectsa

Men Women

Parameters Mean ± SEM Range Mean ± SEM Range

Age (yr) 43 ± 0.6 34–50 37 ± 0.5 32–46
Body mass index 24 ± 0.9 18–31 25 ± 0.8 16–36
Blood pressure (mm Hg)  

Systolic 125 ± 1.6 108–146 122 ± 1.9 110–150
Diastolic 87 ± 1.1 70–100 83 ± 1.3 60–96

an = 40 for each sex. Body mass index = weight (kg)/height2 (m).

TABLE 2
Average Daily Intakes of Food Groups and Macronutrientsa

Men Women

Food groups (g/p)a

Cereals 275 ± 11 220 ± 6
Pulses 68 ± 6 53 ± 4
Vegetables 220 ± 12 195 ± 10
Milk and milk products 390 ± 18 340 ± 21
Oil 38 ± 2 31 ± 2
Ghee 5 ± 1 5 ± 1
Nuts and oilseeds 19 ± 2 16 ± 2
Meat, eggsb, and fish 120 ± 19 95 ± 11
Sugar 25 ± 2 20 ± 2

Macronutrients
Total energy (Kcal) 2280 ± 75 1895 ± 48
Protein  (en%) 11 ± 0.3 11 ± 0.3
Carbohydrate (en%) 56 ± 0.8 55 ± 0.9
Total fat (en%) 32 ± 0.7 33 ± 0.8
Invisible fat (en%)a 16 ± 0.5 17 ± 0.5
Visible fat (en%)a 16 ± 0.7 16 ± 0.7

aValues are mean ± SEM; n =  40 for each sex. en%, percent energy; g/p,
gram/person. Visible fat, cooking oil and ghee; invisible fat, fat from all food
items.
bEighteen men and 18 women. Fish (eight men, eight women), 5 g.



period of 4 mon. In plasma phospholipids, blended oil as well
as fish oil supplementation increased LA, 20:5n-3, 22:5n-3, and
22:6n-3 (total LCn-3 PUFA). In platelet phospholipids, blended
oil increased LA and 20:5n-3 and decreased 20:3n-6. Fish oil
supplementation increased LA, 20:5n-3, 22:5n-3, and 22:6n-3
and decreased 20:3n-6. Supplementation with fish oil decreased
ADP-induced platelet aggregation in PRP (Table 9) and in-
creased plasma total cholesterol (Fig. 1). The apolipoproteins
A-1 and B and HDL-cholesterol were not altered, whereas TAG
were decreased (not statistically significant). The decrease in
lag time observed for WB aggregation after blended oil supple-
mentation was not seen after fish oil supplementation (Table 9).

DISCUSSION

Dietary intake of FA. The present study documents the long-
term effects of increasing ALNA on various biochemical pa-
rameters associated with CHD in middle-aged Indian subjects.
The use of Blend G (26% LA, 4% ALNA) increased ALNA
and decreased the n-6/n-3 ratio without any change in other
dietary FA. On the other hand, the use of Blend S (42% LA,
4% ALNA) increased ALNA and MUFA and decreased LA
and the n-6/n-3 ratio. During the single-oil period, the daily
ALNA intake was 0.6 g (0.2 en%) and LCn-3 PUFA intake
was negligible compared to the ALNA + LCn-3 PUFA intake
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TABLE 3
Average Daily Intakes of FAa (invisible fat + visible fat) 

Group A Group B

FA (en%) Period 1 Period 2 Period 1 Period 2

Men
Total saturates 9.7 ± 0.6 9.1 ± 0.6 8.6 ± 0.5 8.3 ± 0.6
Total monounsaturates 11.1 ± 0.7 11.5 ± 0.5 6.3 ± 0.3 9.6 ± 0.5b

Linoleic (18:2n-6) 5.2 ± 0.3 5.4 ± 0.3 10.4 ± 0.8 7.4 ± 0.4b

α-Linolenic (18:3n-3) 0.2 ± 0.05 0.9 ± 0.07b 0.2 ± 0.02 0.8 ± 0.04b

Ratios
Polyunsaturates/saturates  0.5 ± 0.04 0.7 ± 0.05b 1.3 ± 0.09 1.0 ± 0.07b

18:2n-6/18:3n-3 37 ± 4.7 6.1 ± 0.1b 65 ± 6.2 9.2 ± 0.2b

Women
Total saturates 10.0 ± 0.6 9.3 ± 0.6 8.8 ± 0.5 8.5 ± 0.5
Total monounsaturates 12.3 ± 0.6 12.0 ± 0.6 6.2 ± 0.3 9.2 ± 0.4b

Linoleic (18:2n-6) 5.5 ± 0.3 5.6 ± 0.3 10.5 ± 0.6 7.1 ± 0.3b

α-Linolenic (18:3n-3) 0.2 ± 0.07 0.9 ± 0.05b 0.2 ± 0.01 0.8 ± 0.03b

Ratios
Polyunsaturates/saturates  0.6 ± 0.04 0.8 ± 0.08c 1.3 ± 0.1 0.9 ± 0.08c

18:2n-6/18:3n-3 33 ± 3.3 6.1 ± 0.1b 65 ± 6.1 9.2 ± 0.15b

aValues are mean ± SEM; n = 20 in each period for each sex. Group A: Period 1, groundnut oil;
Period 2, Blend G (equal proportions of groundnut and canola). Group B: Period 1, sunflower oil;
Period 2, Blend S (equal proportions of sunflower and canola). For abbreviation see Table 2.
bP < 0.001.
cP < 0.05; statistically different from Period 1 by paired t-test.

TABLE 4
Plasma Lipids and Apolipoproteinsa at the End of a 4-mon Intake of Blends

Group A Group B

Period 1 Period 2 Period 1 Period 2

Men
Lipids/apolipoproteins (mg%)
Total cholesterol  175 ± 8.0 187 ± 9.2 172 ± 8.2 178 ± 8.4
HDL-cholesterol 32 ± 1.6 34 ± 1.8 30 ± 1.4 33 ± 1.0
TG 154 ± 18 166 ± 18 167 ± 20 168 ± 17
Apolipoprotein A-1 82 ± 4.9 83 ± 3.8 78 ± 3.5 83 ± 4.3
Apolipoprotein B 71 ± 4.2 66 ± 5.5 76 ± 4.9 68 ± 4.1   

Women
Lipids/apolipoproteins (mg%)
Total cholesterol 176 ± 4.5 184 ± 4.6 152 ± 3.5 158 ± 5.8
HDL-cholesterolb 41 ± 2.2 45 ± 2.2 36 ± 1.7 39 ± 1.9   
TGb 92 ± 9.2 113 ± 12.0 100 ± 8.7 111 ± 10
Apolipoprotein A-1 86 ± 2.6 86 ± 3.6 86 ± 3.6 84 ± 2.8
Apolipoprotein Bb 62 ± 3.7 56 ± 2.3 57 ± 2.8 58 ± 2.8

aValues are mean ± SEM; n = 20 in each period for each sex. Group A: Period 1, groundnut oil;
Period 2, Blend G. Group B: Period 1, sunflower oil; Period 2, Blend S. For blend components see
Table 3.
bP < 0.05 for sex difference.



of 1–2 g common in most Western diets (17,18). In Eskimos
and in populations in Japan (fishing villages) with low CHD
morbidity, the daily intake of LCn-3 PUFA was about 7 and 4
g, respectively (19,20). Since subjects showed good compli-
ance by using the oil supplied as the major cooking oil in their

homes and by eating home-prepared food, and because their
body weights were similar at the end of the single-oil and
blended-oil regimens, the data presented in Tables 4–8 can be
attributed to differences in the type of oil consumed.

FA composition in plasma and platelet phospholipids. De-
spite having no differences in the intake of saturates, subjects’
use of either of the blends decreased the total saturates in
plasma phospholipids; the higher intake of oleic acid in sub-
jects who used Blend S was reflected in plasma phospholipid
values. The total LCn-3 PUFA levels in plasma and platelet
phospholipids were low in the subjects studied here compared
to populations consuming ALNA-rich edible oils (21,22) or
fish (23–25). The observation that the magnitude of increase
in total LCn-3 PUFA (20:5n-3, 22:5n-3, and 22:6n-3) in
plasma phospholipids was similar at the end of 4 and 8 mon
suggests that with a low dose of ALNA, the maximum im-
provement in n-3 PUFA status was achieved in 4 mon. At the
end of 4 mon on either of the blends, 20:5n-3 increased but
22:6n-3 decreased in platelets. The reason for the decrease in
22:6n-3 is not clear. However, at the end of 8 mon, the in-
creases in 20:5n-3 and 22:5n-3 contributed to a twofold in-
crease in total LCn-3 PUFA. Published work on the effects of
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TABLE 5
FA Composition of Plasma Phospholipidsa at the End of a 4-mon Intake of Blended Oils (nmol%)

Group A Group B

Parameters Period 1 Period 2 Period 1 Period 2

Men
Total saturates 56.9 ± 2.09 47.1 ± 0.84b 56.6 ± 1.30 45.7 ± 0.58b

Total monounsaturates 12.3 ± 1.92 13.5 ± 0.36 9.6 ± 0.46 12.5 ± 0.33b

Linoleic (18:2n-6) 16.2 ± 0.70 18.9 ± 0.47c 15.7 ± 0.46 19.5 ± 0.56c

Dihomo-γ-linolenic (20:3n-6) 3.6 ± 0.37 3.6 ± 0.3 4.3 ± 0.44 3.9 ± 0.2
Arachidonic (20:4n-6) 9.6 ± 0.72 11.7 ± 0.50 10.9 ± 0.66 11.8 ± 0.49
Docosatetraenoic (22:4n-6) 1.76 ± 0.60 2.1 ± 0.56 1.9 ± 0.25 2.2 ± 0.23
Docosapentaenoic (22:5n-6) 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.01 0.2 ± 0.02

Total LCn-6 polyunsaturatese 15.1 ± 0.9 17.7 ± 0.7b 17.3 ± 1.0 18.2 ± 0.5
α-Linolenic (18:3n-3) ND ND ND 0.2 ± 0.06 (5)
Eicosapentaenoic (20:5n-3) ND 0.3 ± 0.06 (8) ND 0.4 ± 0.06 (12)
Docosapentaenoic (22:5n-3) 0.2 ± 0.06 1.1 ± 0.10b 0.3 ± 0.06 1.0 ± 0.13b

Docosahexaenoic (22:6n-3) 0.6 ± 0.11 2.4 ± 0.25b 0.7 ± 0.16 2.2 ± 0.2b

Total LCn-3 polyunsaturatesf 0.9 ± 0.14 3.3 ± 0.27b 1.0 ± 0.16 3.7 ± 0.39b

Women
Total saturates 55.3 ± 1.21 46.4 ± 0.76b 56.4 ± 1.40 47.7 ± 0.95b

Total monounsaturates 10.8 ± 0.44 11.9 ± 0.67c 9.5 ± 0.31 11.8 ± 0.24b

Linoleic (18:2n-6) 15.9 ± 0.75 19.3 ± 0.54c 16.2 ± 0.47 19.7 ± 0.62b

Dihomo-γ-linolenic (20:3n-6) 4.4 ± 0.37 3.6 ± 0.26d 3.9 ± 0.33 3.5 ± 0.17
Arachidonic (20:4n-6) 11.5 ± 0.64 12.0 ± 0.41 11.5 ± 0.61 11.9 ± 0.69
Docosatetraenoic (22:4n-6) 1.6 ± 0.14 2.0 ± 0.30 1.8 ± 0.39 2.3 ± 0.34
Docosapentaenoic (22:5n-6) 0.2 ± 0.01 0.2 ± 0.03 0.2 ± 0.01 0.2 ± 0.04

Total LCn-6 polyunsaturatese 17.7 ± 0.8 17.8 ± 0.5 17.4 ± 0.9 17.5 ± 0.4
α-Linolenic (18:3n-3) ND 0.3 ± 0.06 (4) ND 0.2 ± 0.05 (5)
Eicosapentaenoic (20:5n-3) ND 0.5 ± 0.08 (13) ND 0.6 ± 0.15 (10)
Docosapentaenoic (22:5n-3) 0.4 ± 0.07 1.0 ± 0.08b 0.2 ± 0.06 0.9 ± 0.08b

Docosahexaenoic (22:6n-3) 0.6 ± 0.11 2.4 ± 0.25b 1.0 ± 0.16 2.2 ± 0.20b

Total LCn-3 polyunsaturatesf 1.0 ± 0.14 3.8 ± 0.28b 1.2 ± 0.18 3.3 ± 0.22b

aValues are mean ± SEM; n = 20 in each period for each sex except where indicated in parentheses. Group A: Period 1,
groundnut oil; Period 2, Blend G. Group B: Period 1, sunflower oil; Period 2, Blend S. For blend components see Table 3.
ND, not detected; LC, long-chain.
bP < 0.001; cP < 0.01; dP < 0.05; statistically different from Period 1 by paired t-test.
eIncludes 20:3n-6, 20:4n-6, 22:4n-6, and 22:5n-6.
fIncludes 20:5n-3, 22:5n-3, and 22:6n-3.

FIG. 1. Effects of blended oils vs. fish oil on plasma lipids and
apolipoproteins. Values are mean ± SEM (n = 12). *Significantly differ-
ent by ANOVA from Period 1 (P < 0.05). Period 1, groundnut oil; Pe-
riod 2, Blend G (equal proportions of groundnut and canola) for 4 mon;
Period 4, reversal to groundnut oil; Period 5, groundnut oil + 0.3 g
LCn-3 PUFA. (●), Total cholesterol, (■) TG, (▲) apolipoprotein A-1, (■■)
apolipoprotein B, (●●) HDL-cholesterol.



1082 GHAFOORUNISSA ET AL.

Lipids, Vol. 37, no. 11 (2002)

TABLE 6 
FA Composition of Platelet Phospholipidsa at the End of a 4-mon Intake of Blended Oils (nmol%)

Group A Group B

Parameters Period 1 Period 2 Period 1 Period 2

Men
Total saturates 48.8 ± 0.98 50.4 ± 2.82 48.4 ± 0.66 47.9 ± 0.76
Total monounsaturates 19.2 ± 0.74 19.4 ± 0.64 19.5 ± 0.75 18.5 ± 0.78
Linoleic (18:2n-6) 3.9 ± 0.13 4.9 ± 0.17c 4.2 ± 0.14 5.5 ± 0.11c

Dihomo-γ-linolenic(20:3n-6) 4.9 ± 0.52 1.3 ± 0.07c 4.5 ± 0.50 1.4 ± 0.05c

Arachidonic (20:4n-6) 19.9 ± 1.13 21.5 ± 0.88 20.2 ± 0.72 25.3 ± 0.64
Docosatetraenoic (22:4n-6) 2.2 ± 0.17 1.1 ± 0.18c 2.0 ± 0.12 0.8 ± 0.20c

Docosapentaenoic (22:5n-6) 0.2 ± 0.17 0.3 ± 0.02 0.5 ± 0.05 0.4 ± 0.01
Total LCn-6 polyunsaturatese 27.1 ± 1.0 23.8 ± 0.8c 27.1 ± 0.9 27.8 ± 0.7
Eicosapentaenoic (20:5n-3) ND 0.5 ± 0.06 (15) ND 0.3 ± 0.04 (13)
Docosapentaenoic (22:5n-3) 0.4 ± 0.16 0.5 ± 0.05 0.9 ± 0.22 0.6 ± 0.03
Docosahexaenoic (22:6n-3) 1.2 ± 0.20 0.4 ± 0.04b 0.7 ± 0.07 0.5 ± 0.05d

Total LCn-3 polyunsaturatesf 1.5 ± 0.23 1.4 ± 0.15 1.4 ± 0.13 1.5 ± 0.10
Women

Total saturates 49.8 ± 1.06 51.1 ± 0.96 47.9 ± 1.35 49.8 ± 0.93
Total monounsaturates 20.5 ± 0.68 19.8 ± 0.76 18.2 ± 0.80 16.7 ± 0.37
Linoleic (18:2n-6) 4.3 ± 0.16 5.2 ± 0.11c 4.4 ± 0.17 5.6 ± 0.15c

Dihomo-γ-linolenic (20:3n-6) 4.7 ± 0.50 1.3 ± 0.06c 4.7 ± 0.45 1.3 ± 0.10c

Arachidonic (20:4n-6) 19.5 ± 0.71 21.1 ± 0.73 20.5 ± 0.97 22.5 ± 1.54
Docosatetraenoic (22:4n-6) 0.5 ± 0.04 1.3 ± 0.17c 2.2 ± 0.16 0.9 ± 0.19c

Docosapentaenoic (22:5n-6) 0.3 ± 0.02 0.4 ± 0.04 0.5 ± 0.05 0.3 ± 0.02
Total LCn-6 polyunsaturatese 24.8 ± 0.8 24.0 ± 0.6 27.9 ± 1.0 25.3 ± 1.1
Eicosapentaenoic (20:5n-3) ND 0.4 ± 0.06 (16) ND 0.3 ± 0.05 (15)
Docosapentaenoic (22:5n-3) 0.5 ± 0.13 0.7 ± 0.08 1.0 ± 0.28 0.5 ± 0.04
Docosahexaenoic (22:6n-3) 0.8 ± 0.08 0.5 ± 0.05c 0.8 ± 0.14 0.5 ± 0.05d

Total LCn-3 polyunsaturatesf 1.3 ± 0.13 1.6 ± 0.12 1.6 ± 0.18 1.3 ± 0.10
aValues are mean ± SEM; n = 20 in each period for each sex except where indicated in parentheses. Group A: Period 1,
groundnut oil; Period 2, Blend G. Group B: Period 1, sunflower oil; Period 2, Blend S. For blend components see Table 3.
For abbreviations see Table 5.
bP < 0.01; cP < 0.001; dP < 0.05; statistically different from Period 1 by paired t-test.
eIncludes 20:3n-6, 20:4n-6, 22:4n-6, and 22:5n-6.
fIncludes 20:5n-3, 22:5n-3, and 22:6n-3.

TABLE 7
Platelet Aggregation and Fibrinogen at the End of a 4-mon Intake of Blended Oilsa

Group A Group B

Parameters Period 1 Period 2 Period 1 Period 2

Men
WB aggregation with 2 µg collagen 
Slope (div/min) 16 ± 1.9 17 ± 2.0 18 ± 1.8 18 ± 1.7
Lag time (s) 120 ± 11.9 104 ± 7.5 130 ± 9.3 97 ± 4.6b

PRP aggregation 
2 µM ADP (div/min) 66 ± 3.7 57 ± 1.8c 64 ± 2.8 64 ± 3.4
Threshold (µM ADP) 0.25 ± 0.06 0.26 ± 0.04 0.26 ± 0.04 0.25 ± 0.03

Fibrinogen (mg/dL) 280 ± 34 310 ± 12 337 ± 10 316 ± 17
Women

WB aggregation with 2 µg collagen 
Slope (div/min)b,d 21 ± 2.7 23 ± 2.0 22 ± 2.1 23 ± 2.2
Lag time (s)  129 ± 10.5 93 ± 6.1b 120 ± 11 87 ± 5.7b

PRP aggregation 
2 µM ADP (div/min)b,d 78 ± 4.5 68 ± 2.5c 76 ± 4.4 67 ± 1.5c

Threshold (µM ADP)b,d 0.10 ± 0.02 0.16 ± 0.02 0.17 ± 0.02 0.18 ± 0.03
Fibrinogen (mg/dL) 390 ± 26 356 ± 17 370 ± 18 337 ± 16

aValues are mean ± SEM; n = 20 in each period for each sex. Group A: Period 1, groundnut oil; Period 2, Blend G. Group
B: Period 1, sunflower oil; Period 2, Blend S. For blend components see Table 3. WB, whole blood; PRP, platelet-rich
plasma.
bP < 0.001; cP < 0.05; statistically different from Period 1 by paired t-test. 
dSex difference.



ALNA from flaxseed or canola oil have shown either no in-
crease in 20:5n-3 and 22:6n-3 or only a modest increase in
20:5n-3 in plasma and platelet phospholipids. This wide vari-
ability has been attributed to differences in the dose of ALNA,
duration of the experiment, LA intake, the n-6/n-3 ratio, or
other nutritional and hormonal variations (21,26–29). The in-
crease in LA in both plasma and platelet phospholipids and the
decrease in 20:3n-6 in platelet phospholipids could be due to
competition of ALNA with LA for the desaturases. It there-
fore appears that a modest increase in ALNA in cereal-based
diets providing 5–7 en% LA may inhibit desaturation of LA
and increase the conversion of ALNA to LCn-3 PUFA.

To determine the extent to which vegetable oils can substi-
tute for fish oils, we studied the effects of increasing dietary
ALNA compared to supplementation with LCn-3 PUFA
(20:5n-3 + 22:6n-3) on plasma and platelet FA composition
(Table 9). These data were obtained from the same subjects
after a washout period of 5 mon so as to minimize interindi-
vidual variations. However, after the washout period LA and
LCn-3 PUFA levels were higher than in the single-oil con-

sumption period, indicating that the carryover effects of
blended oils may exceed 5 mon. The increase in LA in both
plasma and platelet phospholipids and the decrease in 20:3n-6
in platelet phospholipids indicate that 20:5n-3 and 22:6n-3
from fish oil may inhibit the desaturation of LA (Table 9). The
magnitude of increase in the LCn-3 PUFA period calculated
in comparison to the respective single-oil period showed that
dietary intake of ~2.2 g (0.75 en%) ALNA or 0.3 g (0.1 en%)
LCn-3 PUFA increased LCn-3 PUFA to the same extent in
plasma phospholipids (efficiency of conversion was 7.5:1).
However, the efficiency of conversion of ALNA to 20:5n-3
and 22:6n-3 was ~12:1 and 30:1, respectively. In our earlier
short-term metabolic studies with twice the dose of ALNA or
LCn-3 PUFA, the efficiency of conversion of ALNA to
LCn-3 PUFA was 11:1 (10). Bioequivalence in functional re-
sponses have been achieved in some, but not all, studies by
providing ALNA at levels 7–10 times that of the correspond-
ing amounts of 22:6n-3 (29), and the efficiency of 20:5n-3 to
prolong bleeding time is about twofold greater than that of
ALNA (30). 
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TABLE 8
LCn-3 PUFA in Plasma and Platelet Total Phospholipids, Platelet Aggregation, and Fibrinogen 
at the End of an 8-mon Intake of Blended Oils and After Changing Back to Single Oilsa

Parameters Period 1 Period 2 Period 3 Period 1 Period 2 Period 30

Men Total LCn-3 polyunsaturates in phospholipids
Plasma (nmol%) 1.0 ± 0.13 3.9 ± 0.42b 3.4±0.22b 0.8 ± 0.22 3.6 ± 0.32b 2.1 ± 0.22b,c

Platelet (nmol%) 1.4 ± 0.15 1.4 ± 0.12 2.8 ± 0.22b,c 1.1 ± 0.13 1.5 ± 0.17 2.2 ± 0.19b,c

20:5n-3 ND 0.4 ± 0.05 0.6 ± 0.12 ND 0.4 ± 0.07 0.4 ± 0.16
22:5n-3 0.5 ± 0.18 0.6 ± 0.05 1.2 ± 0.11b,c 0.3 ± 0.20 0.6  ± 0.05 0.9 ± 0.09b

22:6n-3 0.9 ± 0.15 0.5 ± 0.05b 1.1 ± 0.08c 0.8 ± 0.08 0.5 ± 0.07b 1.0 ± 0.15c

Aggregation in WB
2 µg collagen 
Slope (div/min) 16 ± 2.1 18 ± 1.8 14 ± 1.6 15 ± 2.3 14 ± 2.0 13 ± 1.9
Lag time (s) 129 ± 6.8 98 ± 4.7b 117 ± 9.0 140 ± 17.1 108 ± 9.1 131 ± 8.5

Aggregation in PRP
2 µM ADP
Slope (div/min) 67 ± 3.6 59 ± 2.4 58 ± 3.5 60 ± 2.8 56 ± 2.2 54 ± 2.3
Threshold µM 0.24 ± 0.04 0.28 ± 0.04 0.22 ± 0.03 0.34 ± 0.09 0.29 ± 0.04 0.26 ± 0.04

Fibrinogen (mg%) 355 ± 14.9 322 ± 18.2 282 ± 14.1b 318 ± 19.6 288 ± 20.7 311 ± 31.6

Women Total LCn-3 polyunsaturates in phospholipids 
Plasma (nmol%) 1.2 ± 0.21 3.6 ± 0.25b 3.6 ± 0.30b 1.0 ± 0.16 3.4 ± 0.34b 2.1 ± 0.21b,c

Platelet (nmol%) 1.2 ± 0.16 1.4 ± 0.13 2.3 ± 0.17b,c 1.4 ± 0.19 1.6 ± 0.15 2.0 ± 0.17b

20:5n-3 ND 0.4 ± 0.08 0.4 ± 0.06 ND 0.4 ± 0.06 0.5 ± 0.10
22:5n-3 0.5 ± 0.33 0.5 ± 0.04 1.1 ± 0.09c 0.7 ± 0.18 0.7 ± 0.10 0.8 ± 0.08
22:6 n-3 0.8 ± 0.07 0.5 ± 0.06b 0.9 ± 0.06c 0.9 ± 0.17 0.5 ± 0.05b 0.8 ± 0.11c

Aggregation in WB
2 µg collagen    
Slope (div/min) 19 ± 2.5 23 ± 2.6 18 ± 2.7 23 ± 2.6 22 ± 1.9 16 ± 2.3b

Lag time (s) 122 ± 13.8 98 ± 6.2 101 ± 7.7 115 ± 14.4 84 ± 7.0b 112 ± 5.0c

Aggregation in PRP
2 µM ADP    
Slope (div/min) 76 ± 6.3 68 ± 2.2 63 ± 3.1b 75 ± 2.8 68 ± 2.5 67 ± 2.8b

Threshold µM 0.14 ± 0.03 0.19 ± 0.03 0.17 ± 0.02 0.12 ± 0.02 0.11 ± 0.02 0.14 ± 0.02
Fibrinogen (mg%) 385 ± 24.5 366 ± 20.9 343 ± 23.0 385 ± 25.1 347 ± 16.8 348 ± 27.0

aValues are mean ± SEM; n = 24 in each period for each sex (Periods 1, 2, and 3) and n = 14 in each period for each sex (Pe-
riods 1, 2, and 30). Statistically different by ANOVA from bPeriod 1 and cPeriod 2 (P < 0.05). Period 1, groundnut oil or sun-
flower oil; Period 2, Blend G or Blend S for 4 mon; Period 3, Blend G or Blend S for 8 mon; Period 30, groundnut oil or sun-
flower oil for 4 mon. For blend components see Table 3. For abbreviations see Table 7.



Platelet aggregation and fibrinogen. The measurements of
platelet aggregation in vitro and fibrinogen were done to as-
sess the hemostatic effect of n-3 PUFA. ADP-induced aggre-
gation in PRP measured by turbidometry has been widely
used to assess platelet reactivity. The responsiveness to ADP-
induced aggregation in PRP has been reported to be higher in
a high-risk CHD group compared to a low-risk group. Fur-
ther, dietary saturates (31) increase but n-3 PUFA decrease
the ADP-induced platelet aggregation rate (32). Increasing
dietary ALNA (Table 7) as well as supplementing with LCn-3
PUFA (Table 9) decreased ADP-induced aggregation. This
decrease persisted (though statistical significance was not
achieved for all values) both with the continuation of blended
oils and after subjects were switched back to single oils for
an additional period of 4 mon (Table 8). It is interesting that
the carryover effects of ALNA in reducing ADP-induced ag-
gregation (Table 8) parallel those observed in LCn-3 PUFA
in plasma and platelet phospholipids (Table 8). However, it is
not clear whether the decrease in ADP-induced aggregation
rate without a corresponding change in other parameters of

coagulation (threshold for ADP and fibrinogen) will con-
tribute to a decrease in platelet reactivity. In our earlier stud-
ies with 2–5 times higher doses of fish oil supplements, de-
creases in ADP-induced aggregation (33) were reported, but
doubling the intake of saturates had no effect (14). 

The impedence method of assessing agonist-induced WB ag-
gregation permits measurement of platelet aggregation in its
natural milieu. It reveals the formation of the first aggregates
but provides scanty information about changes in platelet size
(15,34). The lag time observed in collagen-induced aggregation
is due to polymerization of collagen to collagen fibrils as well
as stimulation and secretion of platelet contents following adhe-
sion of platelets to collagen fibrils. Studies on collagen-induced
aggregation in PRP and WB showed that n-3 PUFA decreased
the aggregation rate (15,34). In Indian men, an increase in ei-
ther ALNA or LCn-3 PUFA intake decreased the collagen-
induced aggregation rate in WB (10). That the collagen-induced
aggregation rate was not inhibited in WB, as observed in this
study, could be attributed to the lower levels of either ALNA or
LCn-3 PUFA. However, it is not clear whether the decrease in
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TABLE 9
Effects for Blended Oils vs. Fish Oila on Plasma and Platelet Total Phospholipid FA and Platelet Aggregation

Parameters Period 1 Period 2 Period 4 Period 5

Plasma phospholipids (nmol%)
Total saturates 57.7 ± 1.8 44.2 ± 1.1b 51.8 ± 2.2b,c 45.8 ± 0.4b,d

Total monounsaturates 10.1 ± 0.4 14.2 ± 0.5b 10.5 ± 0.5c 10.6 ± 0.2c

Linoleic (18:2n-6) 15.6 ± 0.6 20.4 ± 0.84b 18.7 ± 1.14b 22.9 ± 0.6b,c,d

Dihomo-γ-linolenic (20:3n-6) 4.1 ± 0.4 3.2 ± 0.5 4.5 ± 0.3c 4.1 ± 0.4
Arachidonic (20:4n-6) 10.9 ± 0.9 12.2 ± 0.5 11.8 ± 0.8 10.5 ± 0.3
Docosatetraenoic (22:4n-6) 1.0 ± 0.05 1.3 ± 0.27 0.7 ± 0.1(10) 1.5 ± 0.2 (11)
Docosapentaenoic (22:5n-6) 0.2 ± 0.04 0.3 ± 0.07 0.3 ± 0.04 0.3 ± 0.03
Total LCn-6 polyunsaturatese 16 ± 1.2 17.2 ± 3.0 17.3 ± 3.3 16.3 ± 3.3d

Eicosapentaenoic (20:5n-3) ND 0.4 ± 0.08 (7) 0.2 ± 0.02 (5) 0.5 ± 0.06 (10)
Docosapentaenoic (22:5n-3) 0.2 ± 0.04 0.9 ± 0.14b b 0.4 ± 0.06c 0.8 ± 0.07b,d

Docosahexaenoic (22:6n-3) 0.8 ± 0.15 1.7 ± 0.30b 1.2 ± 0.13 2.6 ± 0.21b,c,d

Total LCn-3 polyunsaturatesf 0.9 ± 0.16 3.0 ± 0.33b b 1.5 ± 0.18c 3.5 ± 0.39b,d

Platelet phospholipids (nmol%)
Total saturates 49.8 ± 1.0 51.5 ± 0.8 47.1 ± 2c 43.9 ± 1.2b,c

Total monounsaturates 18.1 ± 0.8 16.5 ± 0.6 18.9 ± 0.7c 18.9 ± 0.7c

Linoleic (18:2n-6) 4.4 ± 0.17 5.4 ± 0.17b 5.7 ± 0.53b 7.3 ± 0.29b,c,d

Dihomo-γ-linolenic (20:3n-6) 4.3 ± 0.5 1.2 ± 0.06b 2.4 ± 0.5b,c 1.2 ± 0.08b,d

Arachidonic (20:4n-6) 21.5 ± 1.2 22.7 ± 0.8 23.9 ± 1.3 21 ± 1.8
Docosatetraenoic (22:4n-6) 1.5 ± 0.3 1.0 ± 0.2 1.6 ± 0.3 2.8 ± 0.8b,c

Docosapentaenoic (22:5n-6) 0.3 ± 0.06 0.2 ± 0.07 0.4 ± 0.05 0.3 ± 0.1
Total LCn-6 polyunsaturatese 27.3 ± 4.6 25.4 ± 2.6b,c 28.2 ± 4.9c 25.1 ± 5.0b,d

Eicosapentaenoic (20:5n-3) ND 0.4 ± 0.09 ND 0.6 ± 0.14
Docosapentaenoic (22:5n-3) 0.1 ± 0.06 0.6 ± 0.06b 0.5 ± 0.05 (7)b 1.3 ± 0.16b,c,d

Docosahexaenoic (22:6n-3) 0.9 ± 0.07 0.4 ± 0.04b 0.9 ± 0.16c 1.5 ± 0.17b,c,d

Total LCn-3 polyunsaturatesf 0.9 ± 0.20 1.3 ± 0.16 1.2 ± 0.26 3.3 ± 0.29b,c,d

WB aggregation (2 µg collagen)
Slope (div/min) 17 ± 3.3 19 ± 2.6 15 ± 3.1 15 ± 3.1
Lag time (s) 134 ± 17 94 ± 7.2b 127 ± 9.8c 130 ± 11c

PRP aggregation 
2 µM ADP (div/min) 68 ± 4.4 63 ± 2.9 65 ± 4.8 53 ± 2.5b,d

Threshold (µM ADP) 0.2 ± 0.07 0.2 ± 0.04 0.2 ± 0.06 0.2 ± 0.05
aValues are mean ± SEM; n = 12 (six men, six women) in each period. Statistically different by ANOVA from bPeriod 1, cPeriod 2, and dPe-
riod 4 (P < 0.05). Period 1, groundnut oil; Period 2, Blend G for 4 mon; Period 4, reversal to groundnut oil; Period 5, groundnut oil + 0.3 g
LCn-3 PUFA. For blend components see Table 3.
eIncludes 20:3n-6, 20:4n-6, 22:4n-6, and 22:5n-6.
fIncludes 20:5n-3, 22:5n-3, and 22:6n-3. For abbreviations see Tables 5 and 7.



lag time without a change in aggregation rate observed at the
end of the blended oil period will affect the overall reactivity of
platelets and would be of physiological or clinical relevance.

Platelet reactivity was higher in women as assessed by the
ADP-induced aggregation rate, threshold for ADP in PRP,
and collagen-induced WB aggregation rate. Johnson et al.
(35) reported that ADP-induced aggregation increased in both
sexes with age and that platelet sensitivity was greater in
women. In our earlier studies, WB aggregation was measured
with different levels of collagen; we found that EMR (esti-
mated maximal response) was high in women but that the
dose required for half-maximal response and lag times were
similar in both sexes (14).

This study shows that a modest increase in dietary ALNA
(the maximum achievable levels in cereal-based diets) leads
to significant improvement in n-3 PUFA nutritional status. The
observed beneficial effects are particularly important for vege-
tarians and for those who for various reasons do not include
fish in their regular diets. We observed that although long-term
use of LCn-3 PUFA from fish oils may confer benefits by hav-
ing hypotriglyceridemic effects and by being about seven
times more effective than ALNA in increasing total LCn-3
PUFA in plasma phospholipids, they may adversely affect
cholesterol metabolism. In a recent review of epidemiological
studies, Marckmann and Gronbaek (36) concluded that CHD
mortality is high in people not eating fish at all, but daily con-
sumption of 40–60 g fish is associated with reduced CHD
mortality in high-risk populations. Since ALNA intake is in-
versely associated with risk of CHD (3,5–8), daily intake of
~2 g ALNA and an LA/ALNA ratio lower than 10:1 is recom-
mended (6). The data presented here show that daily intake of
~2 g ALNA (vegetable oil blends) or 20:5n-3 plus 22:6n-3,
which can be furnished from 20–50 g fish (2–5% fat), can im-
prove n-3 PUFA nutritional status and reduce platelet reactiv-
ity. In India, chronic undernutrition, particularly a low intake
of fat, n-3 PUFA (11), and micronutrients, may contribute to
the high prevalence of low birth weights and the poor growth
and development of babies (37–39). Both n-6 and n-3 PUFA
play a critical role in gene regulation (40), fetal growth and
development (41,42), and programming of diet-related chronic
diseases in adults (43). Therefore, an improvement in the n-3
PUFA nutritional status of the Indian population throughout
the life span may contribute to several health benefits, includ-
ing the prevention of diet-related chronic diseases.
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ABSTRACT: Most lipid extraction procedures [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; Bligh, E.G., and Dyer, W.J. (1959) A
Rapid Method of Total Lipid Extraction and Purification, Can. J.
Biochem. Physiol. 37, 911–917] employ biphasic solvent mix-
tures designed to dissolve the lipids in an organic phase and re-
move impurities in an aqueous phase. However, when applying
these protocols to biological matrices such as that of the ocular
lens, the formation of an emulsion layer between the organic and
aqueous phases causes poor reproducibility in extraction yields
and gives only a small amount of the lipid-containing chloro-
form phase. In this study, we quantified phospholipids at each
step of the Folch et al. extraction protocol and compared the
yield of human and bovine lens phospholipids obtained by the
Folch-based approach and a novel monophasic methanol ex-
traction method designed to circumvent the problems associated
with biphasic extraction protocols. A monophasic methanol ex-
traction coupled with 31P NMR spectroscopy was found to be
the simplest, quickest, and most effective method for quantifying
the phospholipid content of the lens.

Paper no. L9008 in Lipids 37, 1087–1092 (November 2002).

Most lipid extraction procedures (1,2) employ biphasic sol-
vent mixtures designed to dissolve the lipids in an organic
phase and remove impurities in an aqueous phase. Upon ad-
dition of the KCl-containing aqueous buffer, however, bio-
logical matrices such as that of the ocular lens yield an emul-
sion layer between the organic and aqueous phases that
causes low extraction yields and poor reproducibility. 

These problems were circumvented in lens (3) and fungus
(4) tissues by using an initial monophasic extraction with either
methanol or a mixture of chloroform and methanol. The prefer-
ential solubility of phospholipids in methanol has been reported
(5,6). It is reasonable, then, to expect better extraction yields
using only methanol, a relatively polar solvent, rather than the
less polar chloroform/methanol mixture. For this reason, we
have explored the efficiency of a monophasic, methanol-based
protocol for the extraction of lens phospholipids.

We have demonstrated that phospholipids obtained with a
single methanolic extraction, without further purification, can
be quantified by 31P NMR spectroscopy. We have also deter-
mined the relative loss of phospholipids at each step of the
extraction procedure and have compared the yield and com-
position of human and bovine lens phospholipids obtained by
the Folch-based (1) approach and a monophasic methanol ex-
traction method.

METHODS

Through the Kentucky Lions Eye Bank and the Wisconsin
Lions Eye Bank, Medical College of Wisconsin, clear human
lenses were obtained within 8 h postmortem and frozen in liq-
uid nitrogen. Bovine eyes were obtained fresh from a slaugh-
terhouse. The lenses were removed and immediately frozen
at −70°C. Spectrophotometric-grade solvents and all other
chemicals were purchased from Sigma Chemicals (St. Louis,
MO). All solutions and solvents were bubbled with argon gas
for at least 10 min to remove oxygen. Glassware was used in-
stead of plastic to avoid impurities present in plastics. 

Buffer A was prepared as follows: 0.3 M sucrose; 10 mM
N-2-hydroxyethylpiperazine-N′-2-ethane sulfonic acid, pH
7.4; and 2 mM DTT, added fresh. Buffer B was prepared 
as follows: 8 M urea; 0.08 M tris(hydroxymethyl)amino-
methane, pH 7.4; and 2 mM DTT, added fresh. 

Figure 1 shows the sequence of steps followed to compare
the extraction efficiency of the most commonly used choloro-
form/methanol approach (Paths A1 and A2) with that of a
monophasic methanol method (Path A3). The percent yields ob-
tained with and without the use of a centrifugation step to re-
move water-soluble proteins prior to the Folch-based extraction
are indicated (Paths A1 and A2). The loss of lipid caused by ul-
tracentrifugation (Path A2 vs. Path A3) was also quantified.

Paths A1, A2 (Fig. 1): Centrifugation fractionation of sol-
uble and insoluble proteins. We prepared three samples, S1,
S2, and S3, each containing four bovine lenses. Lenses were
thawed, weighed, and homogenized in 40 mL of buffer A
using a mechanical tissue tearer (Biospec Products Inc.,
Bartlesville, OK). We dispersed the homogenate three times
with 15-s bursts from a Branson Sonifier Cell disrupter 185
(Danbury, CT) at a power setting of 5, allowing 2 min be-
tween sonication periods to avoid heating the samples. 

We placed samples S1 and S2 in ultracentrifuge tubes and
spun them at 70,000 × g for 1.5 h. After centrifugation, we
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decanted the supernatants and transferred the two resulting
pellets to 50-mL centrifuge tubes, then added 15 mL of buffer
B to each pellet. Each sample was mixed with a vortex mixer
(Scientific Industries Inc., Bohemia, NY). 

Path A1 (Fig. 1): Chloroform/methanol bovine lipid ex-
traction. We added 30 mL of a 2:1 (vol/vol) chloroform/
methanol mixture to the pellet in buffer B from sample S1.
The sample was then mixed with a vortex mixer (Scientific
Industries Inc.) and centrifuged at 1,700 × g for 10 min. Using
a syringe with a cannula, we removed the lower (chloroform)
layer and placed it in another centrifuge tube. We split the
sample into two centrifuge tubes to accommodate the volume
necessary for reextraction with 30 mL of chloroform/
methanol. We then recombined the chloroform layers from
the two tubes and evaporated the chloroform to dryness under
argon. We reconstituted the resulting residue by adding 20
mL of chloroform and transferred this solution to a 50-mL
centrifuge tube. 

Paths A2 and A3 (Fig. 1): Monophasic methanol bovine
lipid extraction. After centrifuging sample S2 in buffer B at
70,000 × g for 1.5 h, we decanted the supernatant and trans-
ferred the resulting pellet to a 50-mL centrifuge tube to which
we added 40 mL of methanol. Samples S2 and S3 were each
mixed with a vortex mixer (Scientific Industries Inc.) and
spun at 1,700 × g for 10 min. We transferred the supernatants
to a 100-mL rotary evaporator (Buchi Roto-Vap) flask and
evaporated them to complete dryness in a water bath at 60°C
using house vacuum. Failure to achieve complete dryness at
this point resulted in cloudiness in the next step, even after
centrifugation of the chloroform layer. We reconstituted the
resulting residues by adding 20 mL of chloroform to each
flask while swirling its contents and using a spatula to help
dislodge the residue. Each solution was transferred to a 50-
mL centrifuge tube. 

Paths A1–A3 (Fig. 1): Chloroform/KCl wash. We washed
S1 samples from the chloroform/methanol extraction step and
S2 and S3 samples from the methanol extraction step with 6
mL of 0.74% KCl solution. (NaCl was also used, with identi-
cal results.) We spun each mixture at 1,700 × g for 10 min,
then aspirated off the top layer. The total volume of each sam-
ple was reduced to 1.5 mL under a stream of argon gas. Each
sample was then transferred to a tared microtube. 

Paths A1–A3 (Fig. 1): Acetonitrile crystallization. We added
20 mL of pure acetonitrile to samples S1, S2, and S3, then mixed
each sample with a vortex mixer (Scientific Industries Inc.). This
immediately caused precipitation of the product as a white floc-
culent material. We then centrifuged each tube at 1,700 × g for
10 min, and decanted and discarded the supernatant.

Paths A1–A3 (Fig. 1): Quantification of bovine lipid. We
used eight samples for each path each time we performed the
procedure in Figure 1. The percent recovery at each juncture in
Figure 1 was determined by taking each sample to dryness
under argon, dissolving it in 1.5 mL chloroform, and transfer-
ring it to tared microtubes. We took each sample to dryness
under argon for weight determination and 31P NMR analysis.

Characterization of impurities. Thirty-three bovine lenses
that had been kept at −70°C for 3 wk were thawed and
weighed. We extracted lipid from these lenses as outlined in
the methanol extraction protocol (Fig. 1, Path A3) except that
we used a 250-mL volume of methanol. We added a 100-mL
aliquot of chloroform to half the extracted and dried lipid. An
insoluble white impurity was isolated by decanting the super-
natant after spinning at 1,700 × g for 20 min. To the other half
of the dried lipid methanol extract we added 100 mL of
hexane/isopropanol (2:1, vol/vol), then followed the protocol
for the hexane/isopropanol purification (Fig. 2, Path C1). The
pellet from both centrifugation steps was saved for UV, IR,
and 31P NMR spectroscopic analysis.
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FIG. 1. Bovine lens lipid purification protocol. Data are mean (percent yields) ± SEM (n = 8).



Paths B1–B4 (Fig. 3): Purification of a synthetic mixture
of phospholipids and cholesterol. To assess the effect of the
KCl wash and the acetonitrile precipitation in our method, we
prepared mixtures of commercially available PS, PE, PC, and
sphingomyelin, each to a concentration of 1 µg/mL, then
added cholesterol to give a final concentration of 4 µg/mL.
We analyzed an aliquot of each mixture before the extrac-
tion procedure using 31P NMR spectroscopy. We extracted
aliquots of the standard by the method previously used to
extract bovine lipids (Paths A1 and A2) with the KCl wash
(Paths B1 and B2), with the acetonitrile precipitation (Paths
B1 and B3), and without the KCl wash (Paths B3 and B4). 
PA was added as an internal standard before spectral acquisi-
tion.

Paths C1–C3 (Fig. 2): Human lens lipid extraction and
purification. Fifteen pairs of human lenses 44 ± 18 (SD) yr
old were used for the extraction procedure. The lenses were
weighed and homogenized in 150 mL of methanol using a
mechanical tissue tearer (Biospec Products Inc.). The ho-

mogenate was dispersed by sonication as described above.
We centrifuged samples at 1,700 × g for 10 min. We decanted
and saved the supernatant, then added 150 mL of methanol to
the pellet. We mixed, dispersed, and spun the pellet as de-
scribed previously, then combined it with that from the first
spin. Each sample was evenly divided into six tubes and
weighed. The methanol in all tubes was evaporated under
vacuum at 60°C and dried in a lyophilizer (Labconco, Kansas
City, MO) for 12 h. These samples were all labeled A.

Human lens phospholipid percent composition and quan-
tification. We evaluated the phospholipid composition of one
of the samples labeled A by 31P NMR spectroscopy. To quan-
tify the total phospholipid, we added 100 µL of a PA solution
(28 mg/mL methanol) as an internal standard. The linearity
of the standard curve was demonstrated by adding known
amounts of the internal standard.

Path C1 (Fig. 2): Hexane/isopropanol purification. We
added 50 mL of hexane/isopropanol (2:1, vol/vol) to each of
two samples labeled A and dispersed these samples three
times with sonication as described above. We spun the mix-
tures at 1,700 × g for 10 min and decanted the supernatant
carefully to avoid mixing the pellet. The supernatant was
dried under argon. Phospholipid composition and total con-
tent were determined by 31P NMR spectroscopy. 

Human lens lipid diethyl ether purification (Fig. 2, Path
C2). We added 50 mL of diethyl ether to one sample labeled
A and dispersed it with sonication as explained above. We
spun the mixture at 1,700 × g for 10 min and decanted the su-
pernatant. We dried the supernatant under argon and deter-
mined its phospholipid composition and total content by 31P
NMR spectroscopy.

Folch extraction of human lens tissue (Fig. 2, Path C3).
We added 50 mL of chloroform/methanol (2:1, vol/vol) to
each of two samples labeled A and dispersed them with soni-
cation as explained above. We added 10 mL of a 0.75% KCl
aqueous solution, spun the samples at 1,700 × g for 10 min,
and then removed the lower layer. We dried each lower layer
under argon. Total phospholipid was determined by 31P NMR
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FIG. 2. Human lens lipid purification protocol. Data are mean (percent yields) ± deviation 
(n = 2). The amount of lipid extracted by two methanol extractions was determined to be 100%
of the total lipid.

FIG. 3. Lipid standard purification protocol. PC, PS, PE, sphingomyelin,
and cholesterol were used. Data are mean (percent yields) ± SEM (n =
3). The amount of lipid extracted by two sequential methanol extrac-
tions was determined to be 100% of the total lipid.



spectroscopy. This procedure was repeated two times to as-
sess reproducibility.

31P NMR phospholipid compositional analysis and quan-
tification. For spectrometric compositional studies, we added
100 µL of an internal standard solution consisting of 20 mg
PA/mL of deuterated chloroform to each of the dried, ex-
tracted phospholipid samples. We then added a 400-µL
aliquot of deuterated chloroform to make a chloroform vol-
ume of 500 µL. We vortexed this sample in the microtube and
pipetted it into a 5-mm NMR tube for phospholipid quantifi-
cation. We prepared a reagent consisting of 0.1 M EDTA (pH
6)/methanol (1:4, vol/vol) using KOH as the counter-cation
source. At least 15 min before spectral acquisition, we added
250 µL of the EDTA/methanol reagent (7,8) and shook the
mixture. The aqueous phase was allowed to separate before
analysis.

We quantified all samples using 31P NMR. For data acqui-
sition, a Bruker AMX500 NMR spectrometer operating at
202.4 MHz 31P resonance frequency was used with the fol-
lowing spectral acquisition parameters: spectral width, 2032.5
Hz; resolution, 0.50 Hz; acquisition time, 1.0 s; interscan
delay, 1.0 s; pulse length, 10 µs; dwell time, 246 µs; number
of scans, 1,000. We treated spectral data on a personal com-
puter using Bruker WINNMR software. All spectra were
phase and baseline corrected. Deconvolution and curve fit
were applied to obtain the area of each peak. A typical spec-
trum is shown in Figure 4. The spectral assignments are based
on the chemical shifts reported previously (7,8) as well as on
the spectral shifts obtained for the standard phospholipids PE,
PS, sphingomyelin, and PC.

The number of moles of each phospholipid was evaluated
from the ratio of the areas of the spectral bands corresponding
to each phospholipid and the internal standard, for which the
number of moles was known. We multiplied the number of
moles thus obtained by 800 g/mol, an average phospholipid
M.W., to obtain the weight of each extracted lipid. We refer-
enced these weights to the initial amount of lens material.

RESULTS

Problems with the Folch extraction. The advantage of using
31P NMR spectroscopy to quantify phospholipids is that pu-
rification is not necessary: A single-step methanolic extrac-
tion yields most, if not all, of the phospholipids at a level of
purity adequate for quantification by NMR spectroscopy.
However, along with the lipids, contaminants such as flavins
and polysaccharides are also present. To remove these impu-
rities, an aqueous wash is often used, as first reported by
Folch et al. (1). This step leads to the separation of phases and
results in lipid loss. Indeed, only about a third of the total
phospholipid was recovered from human lenses (Fig. 2, Path
C3) when using this approach. 

Comparison of extraction yields. Centrifugation as pre-
treatment (Fig. 1, Paths A2 and A3) caused a twofold de-
crease in the yield of phospholipid as a result of lipid within
the soluble-protein phase. The yield when methanol was used
as the single extraction solvent was 65% higher than the yield
when chloroform and methanol were used.

The effects of the KCl wash and the acetonitrile crystal-
lization step were examined by extracting a mixture of stan-
dard phospholipids to which cholesterol had been added to
emulate more closely the composition of lens membranes. As
shown in Figure 3, elimination of the KCl wash produced sig-
nificant increases in the amounts of phospholipid extracted.
Under this condition, the average yield was 1.25 mg phospho-
lipid/g of lens.

A monophasic extraction using methanol and no aqueous
wash was advantageous as compared to the other extraction
procedures. As measured by 31P NMR spectroscopy, 5.9 mg
of phospholipid was extracted per gram of wet weight of
human lens tissue. The use of a second methanol or chloro-
form extraction yielded undetectable levels of phospholipid,
indicating that most of the total phospholipid from human
lenses is recovered in a single methanol extraction. With
bovine lens material, a second extraction recovered an addi-
tional 2 to 10% of phospholipid. No detectable phospholipids
were recovered by a third extraction. Thus, the monophasic
methanolic extraction of phospholipids coupled with 31P
NMR is the simplest, quickest, and most precise method for
quantifying phospholipid composition. In contrast, the Folch
extraction and various other purification protocols decrease
the yield of phospholipids. 

The characteristics of impurities and phospholipid purifi-
cation. Various nonphospholipid impurities are present in the
initial methanol extract of human and bovine lenses. These
impurities do not interfere with the quantification of lipid
using 31P NMR spectroscopy. The major impurity is a white
hygroscopic powder that is completely soluble in water and
methanol, slightly soluble in chloroform, and insoluble in
hexane/isopropanol. This impurity is also composed of less
than 3% protein by weight, as determined by a modified
Lowry assay (9). The absorption band exhibited by the impu-
rity at 262 nm (absorptivity = 2.2 mg−1 mL cm−1) suggests
the presence of mononucleotides or oligonucleotides (Fig. 5).
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FIG. 4. A typical 31P NMR spectrum of bovine lens lipid. SM, sphin-
gomyelin; PE plas, PE plasmalogin; DHSM, dihydrosphingomyelin; PG,
phosphatidylglycerol; U, unknown phospholipid.



From the IR spectrum, shown in Figure 6, it appears that an-
other component of the impurity may be a polysaccharide.
Further evaluation will be necessary to confirm this assign-
ment. Because of the high solubility of the white impurity in
water, the KCl wash in the Folch (1) extraction completely
removes it. Unfortunately, a considerable percentage of lipid
is also lost in this step. Therefore, a purification procedure
that avoids phase separation was developed. 

Purification by chloroform extraction. Our first attempt to
purify phospholipid involved evaporating the methanol from
the initial phospholipid extraction and adding chloroform to
the dried lipid film. The flocculent white impurity would not
form a pellet even when it was centrifuged at 200,000 × g for
90 min. This indicates that the density of the impurity is simi-
lar to that of chloroform.

Purification by hexane/isopropanol extraction. The white
impurity is insoluble in hexane/isopropanol, which is much less
dense than chloroform. Consequently, centrifugation causes the
impurity to form a pellet, leaving the purified phospholipid in
the supernatant. No absorbance was detected in the supernatant
at 262 nm, indicating complete removal of the impurity. When
we used hexane/isopropanol purification, 60% of human phos-
pholipid was recovered; a twofold improvement in the yield
was achieved over the Folch (1) procedure (Fig. 2).

Purification by diethyl ether extraction. Diethyl ether is
often used as an extraction solvent. However, the recovery
was less than 15% of the total lipids (Fig. 2).

DISCUSSION

We found that extraction of bovine and human lens lipids with
methanol gives about 40% higher yield of phospholipids than
does extraction with chloroform and methanol. Similar results
have been reported using other tissues (4,5), but methanol ex-
traction is not widely used. We also found that a 30–50% loss
of phospholipids occurs at the KCl-wash step of the Folch
procedure (1) even when using a mixture of phospholipid
standards devoid of proteins. A centrifugation step to circum-
vent problems associated with insoluble protein at the aque-
ous–chloroform interface caused an additional 40% loss of
phospholipids. The phospholipid yields at each step of the
Folch extraction have never before been reported.

Because of the low yield of phospholipids obtained by the
Folch protocol (1), we developed a method to extract and
quantify phospholipids using a single methanol extraction.
The loss of phospholipids is minimized because purification
is unnecessary. 31P NMR spectroscopy (7,8) allows the quan-
tification of phospholipids even when impurities are present. 

When purification of phospholipids is essential, such as for
biophysical characterization studies or the determination of
lipid phosphate by chemical assays, we found that the addi-
tion of hexane/isopropanol to the initial dried methanol ex-
tract maintained a single phase and effectively removed the
impurities. With this approach, the yield was two times higher
than that obtained with the Folch (1) purification.

In conclusion, the biphasic nature of most solvent mixtures
used in lipid extractions produces a lower yield of phospho-
lipids than does the monophasic methanol extraction we have
described. A single-step methanolic extraction followed by
31P NMR detection provides a simple, quick, and effective
method for quantifying lens phospholipid. The methanol ex-
traction followed by hexane/isopropanol purification provides
the highest yield of purified phospholipids. These protocols
should be advantageous for the analysis of phospholipids in
all biological tissues.
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FIG. 5. UV absorbance spectrum of a methanol- and chloroform-solu-
ble, hexane/isopropanol insoluble impurity in methanol as isolated from
bovine lenses.

FIG. 6. IR spectrum of a methanol-soluble impurity lyophilized on a sil-
ver chloride window. The 1049 cm−1 band suggests that one of the im-
purities may be polysaccharide.
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ABSTRACT: A simple method for the determination of bile
acids in adult human fecal samples using GC–MS is described.
Bile acids are directly extracted from feces by ethanol (95%)
containing 0.1 N NaOH. Extracts are purified by passage
through a reversed-phase C18 silica cartridge and then analyzed
by GC–MS. The present study has shown that lyophilized
human feces contain mainly free bile acids, with lithocholic
acid (LCA) and deoxycholic acid (DCA) as the major bile acids;
however, isomers of LCA and DCA, keto-bile acids, and cholic
acid are also present. Any traces of conjugated bile acids are
hydrolyzed before the C18 extraction by deconjugating en-
zymes, which are present in feces and are activated by the ad-
dition of water during the homogenization step. Thus, the analy-
sis of fecal bile acids can be performed without the hydrolysis
step in less than 4 h in comparison to traditional techniques,
which usually require at least 48 h. 

Paper no. L9079 in Lipids 37, 1093–1100 (November 2002).

Bile acids are the by-product of cholesterol and serve many
important physiological functions in the maintenance of cho-
lesterol homeostasis and the excretion and recirculation of
drugs, vitamins, and lipids as well as endogenous and exoge-
nous toxins. During their enterohepatic circulation, approxi-
mately 5% of bile acids escape into the colon, where they are
modified by the intestinal flora and excreted in the feces
(1–3). In recent years the analysis of fecal bile acids has been
of interest because several studies have claimed a role for bile
acids in colon cancer; it has been suggested that analysis of
bile acid in feces may be a useful indicator of the susceptibil-
ity of individuals and populations in the development of colon
cancer (4–8). 

Despite the many studies reported for the analysis of fecal
bile acids, data comparison is difficult principally because of
the marked differences in the extraction procedures and the
lack of a sensitive and accurate method. The extraction of bile
acids from feces may be affected by (i) the presence of mi-
croorganisms, which hydrolyze peptide bonds of conjugated
bile acids as well as dehydroxylate the 7 α-OH group, and (ii)
binding of bile acids to particulate material (9,10). Several
methods for bile acid determination in feces have been reported

over the last three decades including GLC–MS, which is cur-
rently considered as the most reliable technique (11–14). The
present study shows that bile acids present in adult human feces
are mainly free bile acids, which contain lithocholic acid
(LCA) and deoxycholic acid (DCA) as the major bile acids fol-
lowed by isomers of LCA and DCA, keto-bile acids, cholic
acid (CA), and traces of conjugated bile acids. Therefore, be-
cause bile acids are present mainly as free acids, it is possible
to eliminate the hydrolysis step usually involved in fecal bile
acid analysis. The present method allows the direct extraction
of bile acids from feces by refluxing samples in alkaline etha-
nol at 80°C for 1 h followed by purification with C18 columns.
This procedure eliminates the time-consuming steps of homog-
enization and hydrolysis.

MATERIALS AND METHODS

Reagents. Bile acid standards [cholic acid (CA), chenodeoxy-
cholic acid, DCA, LCA, 5β-cholanic acid, and their glycine-
and taurine-conjugated forms] were obtained from Calbiochem
(San Diego, CA) and were at least 98% pure. Octadecyl (C18)
Bakerbond™ extraction columns were obtained from J.T.Baker
Inc. (Phillipsburg, NJ). All other solvents and chemicals used
were either of HPLC grade or of known analytical purity and
obtained from Sigma-Aldrich Chemical (St. Louis, MO).

Preparation of standards. Glycine and taurine conjugates
of CA, chenodeoxycholic acid, DCA, and LCA as well as the
internal standards (5β-cholanic acid) were dissolved individ-
ually in methanol at a concentration of 1 mg/mL. These solu-
tions were kept refrigerated and were used as stock solutions.

Homogenization of fecal samples. Human fecal samples
obtained from 14 volunteers were lyophilized and kept at 
−20°C until required for analysis. Cold distilled water (1 mL)
was added to 200 mg of lyophilized fecal sample and homog-
enized for 3–5 min using a Polytron homogenizer, then incu-
bated for 1 h at 37°C. The homogenized fecal samples were
centrifuged at 1500 × g for 10 min. The supernatant (fecal
water) was separated from the fecal pellet. To test the effect of
incubation of lyophilized fecal samples in water on the decon-
jugation process, 50 µg of taurine-conjugated LCA, DCA, and
CA were added to the same fecal samples before the incuba-
tion step, and both free and conjugated bile acids were ana-
lyzed by GC–MS and electrospray tandem MS (ES-MS-MS).

Extraction of bile acid. Lyophilized human fecal samples
(200 mg each) were directly refluxed in ethanol (5 mL)
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containing 0.1 N NaOH (0.4 mL) and 100 µg of internal stan-
dard (5β-cholanic acid) at 80°C for 1 h. Samples were cooled
on ice and then centrifuged at 1500 × g for 10 min. The su-
pernatant was removed and dried under nitrogen, redissolved
in 1 mL of HPLC water, and then subjected to a solid-phase
extraction using an octadecyl (C18) Bakerbond™ cartridge.
The C18 cartridge was preconditioned, prior to loading the
samples, with successive elutions of 2 mL of chloroform/
methanol (2:1), methanol, and HPLC water solutions. After
loading the samples, the column was washed with 2 mL of
HPLC water and then n-hexane. The column was left for 10
min to drain any excess solvents. Bile acids were eluted from
the cartridge with methanol (5 mL). The eluate was divided
into two aliquots, which were evaporated to dryness under ni-
trogen. One aliquot was hydrolyzed, methylated, and acety-
lated; the other was methylated and acetylated but not hy-
drolyzed before GC–MS analysis. 

GC–MS. The extracted samples were hydrolyzed, methy-
lated, and acetylated as previously described (14). Identifica-
tion and quantification of the bile acids were achieved by
GC–MS using a Hewlett-Packard 5890 gas chromatograph
equipped with a Hewlett-Packard 5971A mass selective de-
tector employing the selected ion monitoring mode. In this
method the selected ions for the different bile acids were, for
CA, m/z 253, 368; chenodeoxycholic acid, 255, 370; DCA,
255, 370; ursodeoxycholic acid, 255, 370, keto-bile acids, 231,
446); LCA 257, 372; and 5β-cholanic acids, 217 and 374.
Quantification was carried out by employing a correction fac-
tor obtained using 5β-cholanic acid as internal standard. Bile
acid standards were processed and analyzed in a similar man-
ner. The remaining half of the samples were not subjected to
hydrolysis but were directly methylated and acetylated.

Presence of deconjugating enzymes in human fecal sam-
ples. To test for the presence of deconjugating enzymes in
lyophilized human fecal samples, 100 µL of rat bile was in-
cubated with 100 mg of lyophilized human feces homoge-
nized in 1 mL of cold distilled water and incubated at 37°C
for 1 h. Bile acids were extracted after incubation as described
above and analyzed by ES-MS-MS.

ES-MS-MS. The ES-MS-MS methodology used for the
identification of bile acids was similar to that previously
described (14). The system used included a Hewlett-Packard
high-performance liquid chromatograph (series 1100) equipped
with an automatic sample injector that was connected to a
Quattro electrospray tandem mass spectrometer (Micromass,
Manchester, United Kingdom). The HPLC system was used
only for injecting the samples into the mass spectrometer. Liq-
uid nitrogen was used as nebulizer and argon as collision gas.
The HPLC system was operated isocratically at a flow rate of
10 µL/min for the mobile phase (acetonitrile/water 1:1) at room
temperature. Sample (10 µL) was injected into the ES-MS-MS
by automatic injector. Negative ion mass spectra of the eluents
were recorded using full scan mode.

Statistical analysis. An ANOVA test was used to evaluate
the difference between the results obtained from groups ana-
lyzed with and without the hydrolysis step. A P value of
<0.05 was considered significant.

RESULTS

Analysis of bile acids in human feces by GC–MS (with incu-
bation in water). The determination of the bile acid composi-
tion of adult human fecal samples analyzed with GC–MS was
carried out in triplicate and results are presented in Tables 1
and 2. The amount of total and individual bile acids showed
considerable variation between samples. The main bile acids
in each fecal sample were LCA (45–50%) and DCA
(30–40%), followed by isomers of LCA and DCA (10–15%),
keto-bile acids (6–8%), and CA (1–2%). The concentration
of total bile acid obtained by GC–MS varied between 284.72
and 678.23 µg bile acids/100 mg of feces (Tables 1 and 2).
There was no significant difference between the amounts of
total bile acids observed between samples that were or were
not subjected to alkaline hydrolysis. To test for the presence
of deconjugating enzymes, these fecal samples were spiked
with 50 µg of standards of taurine-conjugated LCA, DCA,
and CA and measured in a similar manner. The results ob-
tained again showed no significant difference between the
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TABLE 1
Analysisa of Major Bile Acids in Human Feces Without Alkaline Hydrolysis (with incubation in water)

Samplesb LCA DCA CA Keto-bile acids Others Total bile acid

A-1 235.91 ± 2.6 140.05 ± 4.9 5.21 ± 2.6 26.25 ± 4.9 45.11 ± 7.5 452.52 ± 8.9
A-2 159.42 ± 3.0 99.28 ± 4.6 3.12 ± 1.8 20.64 ± 5.2 33.63 ± 6.8 316.07 ± 7.5
A-3 141.75 ± 2.8 102.90 ± 3.8 4.80 ± 3.2 14.67 ± 6.5 31.80 ± 8.2 295.92 ± 8.2
A-4 194.11 ± 2.9 180.74 ± 3.6 3.63 ± 2.2 27.76 ± 5.8 43.48 ± 6.5 422.69 ± 7.8
A-5 265.56 ± 3.5 269.57 ± 4.2 1.80 ± 2.5 45.47 ± 4.2 80.26 ± 6.9 662.66 ± 8.2
S-1 280.65 ± 2.8 185.08 ± 5.2 49.51 ± 3.2 25.54 ± 3.8 42.92 ± 7.7 583.70 ± 7.9
S-2 201.20 ± 3.2 145.28 ± 4.9 43.97 ± 3.5 19.32 ± 7.2 38.52 ± 7.0 447.79 ± 8.1
S-3 185.75 ± 3.9 148.90 ± 5.3 46.54 ± 4.2 15.86 ± 8.5 29.51 ± 6.9 426.56 ± 9.2
S-4 235.08 ± 3.1 222.90 ± 4.7 44.34 ± 3.8 29.11 ± 4.9 41.63 ± 8.5 573.06 ± 8.7
S-5 308.56 ± 2.5 310.57 ± 5.9 45.50 ± 4.2 47.37 ± 5.2 82.86 ± 6.4 794.86 ± 6.9
aValues are expressed as µg bile acids/100 mg of dried feces. Each value represents the average of three determinations ±
SD.
bSamples were obtained from five healthy adult subjects (A1–A5). Samples S1–S5 were the same set of samples (A1–A5)
but were spiked with 50 µg of taurine conjugates of LCA (lithocholic acid), DCA (deoxycholic acid), and CA (cholic acid).
Others = isomers of LCA and DCA.



groups that had or had not undergone alkaline hydrolysis (Ta-
bles 1 and 2). 

Analysis of bile acids in human feces by GC–MS (without
incubation in water). Tables 3 and 4 illustrate the bile acid
profiles of five human fecal samples, not incubated in water,
that were analyzed by GC–MS. The major bile acids present
in all the fecal samples were LCA followed by DCA, fol-
lowed by isomers of LCA and DCA (10–15%), keto-bile
acids (6–8%), and CA (1–2%). The amount of total bile acids
ranged from 247.0 to 415.05 µg bile acids/100 mg of feces
(Tables 3 and 4). There was no significant difference between
the amount of total bile acid observed for the samples ana-
lyzed after alkaline hydrolysis and those not subjected to al-
kaline hydrolysis. But in the samples spiked with 50 µg of
standards of taurine-conjugated LCA, DCA, and CA, there
was a significant difference in total bile acids between the
groups analyzed after alkaline hydrolysis and those not ex-
posed to alkaline hydrolysis by GC–MS. This proves that
human fecal samples contain only free bile acids, and that ad-
dition of water to the lyophilized fecal sample stimulates the
bacterial enzymes responsible for the deconjugation of conju-
gated bile acids (Tables 3 and 4).

Fecal bile acids analyzed by ES-MS-MS. To test the profile
of bile acids as well as the presence of deconjugating enzymes
in human feces, ES-MS-MS techniques were used. Figure 1 il-
lustrates the ES-MS-MS spectrum obtained from the fecal sam-
ple, which shows the presence of only free bile acids and keto-
bile acids. The ions obtained at m/z 373.7, 375.7, 389.7, 391.7,
and 407.8 correspond to mono-keto, mono-OH, mono-keto-
mono-OH, di-OH, and trihydroxylated free bile acids, respec-
tively (Fig. 1). There was no evidence of sulfated and glu-
curonidated bile acids in these samples. The other ions present
in Figure 1 do not correspond to any known bile acids, and 
the chromatogram obtained by GC–MS (Fig. 2) confirms the
presence of LCA, DCA, CA, isomers of LCA and DCA, 
and keto-bile acids. Figure 3 shows the full-scan spectrum 
of rat bile obtained by ES-MS-MS showing only taurine-
conjugated di- (m/z 498.7) and trihydroxylated (m/z 514.7) 
bile acids. Figure 4 shows the spectrum obtained from ES-MS-
MS after incubating 100 µL of rat bile with fecal samples 
in cold distilled water. The result clearly illustrates the decon-
jugation of taurine-conjugated di- and trihydroxylated 
bile acids into their respective free forms (m/z 391.7 and
407.7).
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TABLE 2
Analysisa of Major Bile Acids in Human Feces with Alkaline Hydrolysis (with incubation in water)

Samplesb LCA DCA CA Keto-bile acids Others Total bile acid

A-1 218.27 ± 2.8 140.70 ± 4.2 4.80 ± 3.1 28.12 ± 5.9 46.67 ± 7.2 438.59 ± 7.5
A-2 149.56 ± 3.2 95.31 ± 3.5 2.80 ± 2.2 18.30 ± 6.0 35.38 ± 6.8 301.28 ± 7.2
A-3 136.22 ± 2.1 96.70 ± 4.2 4.21 ± 3.5 16.30 ± 5.5 31.32 ± 8.4 284.72 ± 8.9
A-4 188.37 ± 2.8 169.32 ± 3.2 3.22 ± 1.8 26.82 ± 5.2 48.55 ± 6.9 436.22 ± 8.6
A-5 276.12 ± 2.9 273.50 ± 3.9 2.21 ± 2.9 46.66 ± 4.8 79.70 ± 5.9 678.23 ± 9.5
S-1 265.27 ± 2.7 185.51 ± 5.0 46.60 ± 2.9 25.62 ± 4.9 41.98 ± 5.7 564.99 ± 8.9
S-2 195.53 ± 4.1 142.80 ± 4.5 43.51 ± 3.2 18.40 ± 6.7 38.53 ± 5.2 438.74 ± 7.4
S-3 180.42 ± 3.5 140.50 ± 4.9 44.43 ± 3.5 17.90 ± 5.9 28.54 ± 7.4 411.79 ± 8.5
S-4 233.27 ± 2.9 215.21 ± 4.6 45.32 ± 3.5 23.82 ± 6.3 54.66 ± 7.6 572.26 ± 7.4
S-5 320.22 ± 2.2 319.33 ± 1.6 46.60 ± 5.3 52.88 ± 5.8 69.73 ± 6.8 808.79 ± 9.2
aValues are expressed as µg of bile acids/100 mg of dried feces. Each value represents the average of three determinations
± SD.
bSamples were obtained from five healthy adult subjects (A1–A5). Samples S1–S5 were the same set of samples (A1–A5)
but spiked with 50 µg of taurine conjugates of LCA, DCA, and CA. Others = isomers of LCA and DCA. For abbreviations
see Table 1.

TABLE 3
Analysisa of Major Bile Acids in Human Feces Without Alkaline Hydrolysis (without incubation in water)

Samplesb LCA DCA CA Keto-bile acids Others Total bile acid

B-1 247.06 ± 4.6 96.48 ± 1.6 1.21 ± 3.1 24.01 ± 5.9 46.30 ± 8.6 415.05 ± 8.6
B-2 151.51 ± 4.2 104.65 ± 2.3 3.53 ± 3.8 20.49 ± 6.2 34.58 ± 8.9 314.73 ± 9.2
B-3 124.09 ± 3.8 89.57 ± 1.8 4.82 ± 4.1 15.88 ± 6.5 36.84 ± 7.8 271.18 ± 8.5
B-4 101.92 ± 5.6 83.95 ± 2.0 3.22 ± 5.1 13.57 ± 6.8 26.70 ± 8.2 257.13 ± 8.2
B-5 153.03 ± 3.9 112.95 ± 3.2 4.90 ± 3.6 25.94 ± 6.4 40.23 ± 8.1 327.05 ± 9.4
T-6 244.81 ± 4.8 108.28 ± 2.5 3.11 ± 3.9 21.32 ± 5.9 48.90 ± 7.5 426.30 ± 8.8
T-7 145.86 ± 4.9 113.51 ± 3.8 2.80 ± 4.2 20.68 ± 5.6 37.58 ± 6.8 320.43 ± 7.9
T-8 131.84 ± 6.0 107.40 ± 4.2 2.51 ± 4.5 15.63 ± 6.3 21.73 ± 7.6 279.10 ± 8.1
T-9 106.43 ± 6.2 93.65 ± 2.6 3.80 ± 3.2 12.75 ± 7.0 26.43 ± 8.0 243.06 ± 9.3
T-10 167.27 ± 5.7 115.17 ± 3.2 4.73 ± 3.1 18.63 ± 7.6 38.51 ± 7.9 344.28 ± 8.6
aValues are expressed as µg bile acids/100 mg of dried feces. Each value represents the average of three determinations ±
SD.
bSamples were obtained from five healthy adult subjects (B1–B5). Samples T6–T10 were the same set of samples (B1–B5)
but spiked with 50 µg of taurine conjugates of LCA, DCA, and CA. Others = isomers of LCA and DCA. For abbreviations
see Table 1.



DISCUSSION

Most of the procedures currently used for the extraction and
analysis (HPLC, GLC, GC–MS) of bile acids (10–15) from
feces show very little advance upon the methods developed in
the 1960s. The results from the present method clearly show
the presence of deconjugating enzymes in the lyophilized fecal
samples. Therefore, addition of water during the homogeniza-
tion step causes the deconjugation of conjugated bile acids in
feces into their respective free forms. Thus, fecal samples can
be analyzed without the alkaline hydrolysis step.

Several studies have considered the microbial transforma-
tion of bile acid by mixed microbial cultures from human
feces (8,9). In the present study, the spectrum obtained from
ES-MS-MS (Fig. 1) shows that human feces contain mainly
free bile acids (LCA, DCA, CA, and keto-bile acids); thus, if
any conjugated bile acid is present, deconjugation occurs by
the addition of water during the homogenization step as a re-
sult of the activation of deconjugating enzymes. Figure 2 fur-
ther identifies the presence of the isomers of LCA and DCA.
The ES-MS-MS spectra (Figs. 3 and 4) confirm the deconju-
gation of bile acids by deconjugating enzymes. The bile acids
present in rat bile are mainly taurine-conjugated di- and tri-
hydroxylated bile acids (Fig. 3), but after incubation of the
same rat bile with a lyophilized human fecal sample in cold
distilled water, the conjugated bile acids are significantly hy-
drolyzed to their respective free bile acids (Fig. 4). 

For the identification and quantification of conjugated bile
acids by GC–MS, alkaline hydrolysis is a necessary step to hy-
drolyze the peptide bond between taurine/glycine and bile
acids before derivatization. Tables 1 and 2 depict the bile acid
analysis by GC–MS of five adult human fecal samples follow-
ing incubation in water. The results show no significant differ-
ence in the amount of total bile acid between the samples that
were hydrolyzed and those that were not hydrolyzed with al-
kali. This proves that human feces contain only the free bile
acids (Tables 1 and 4). To test the effect of water on the hy-
drolysis of conjugated bile acids, the same sets of fecal sam-
ples were spiked with 50 µg of standards of taurine-conjugated

LCA, DCA, and CA and analyzed in a manner similar to that
for nonspiked human fecal samples. The results obtained show
there was no significant difference between the groups sub-
jected or not to alkaline hydrolysis, which further proves that
hydrolysis of taurine-conjugated bile acids occurred owing to
activation of bacterial enzymes when fecal samples were in-
cubated in cold distilled water (Tables 1 and 2).

Tables 3 and 4 show the bile acid analysis by GC–MS of
another five adult human fecal samples that were not incu-
bated in water. The results obtained show no difference in the
amount of total bile acids between groups analyzed with al-
kaline hydrolysis and without alkaline hydrolysis (Tables 3
and 4). But when the same samples were spiked with 50 µg
of standards of taurine-conjugated LCA, DCA, and CA and
analyzed in a manner similar to that in Tables 1 and 2, the
amounts of total bile acid were significantly different between
the groups analyzed with and without the alkaline hydrolysis
step. 

Thus, fecal bile acids can be easily extracted by refluxing
the fecal samples directly in alkaline ethanol solution fol-
lowed by derivatization for GC–MS analysis without the
time-consuming step of the traditional alkaline hydrolysis.
This method also enables fast determination (<4 h) of fecal
bile acids—including extraction time, purification step, de-
rivatization, and GC–MS analysis time—in comparison to
other techniques. 
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FIG. 1. Typical spectrum of full electrospray tandem mass spectroscopy (ES-MS-MS) scan representing a total bile
acid profile in the feces obtained from an adult human. The ions obtained at m/z 359.7, 373.7, 375.7, 389.7, 391.7,
and 407.8 correspond to 5β-cholanic acid, mono-keto, mono-OH, mono-keto-mono-OH, di-OH, and trihydroxy-
lated free bile acids, respectively. None of the other ions correspond to the M.W. of any known bile acids including
sulfated and glucuronidated bile acids. The two numbers over each peak represent (upper) the M.W. minus 1 
[M − H] and (lower) the abundance of this ion.
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FIG. 2. Gas chromatogram of methyl-ester acetate derivatives of bile acids obtained from analyses of feces of a
healthy adult man. The following compounds were identified: peak no. 1, 5β-cholanic acid; 2–6, unknown keto-
bile acids; 7,8, isomers of lithocholic acid (LCA); 9, LCA; 10,11, isomers of deoxycholic acid (DCA); 12, DCA; and
13, cholic acid.
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FIG. 3. Spectrum of full ES-MS-MS scan representing a total bile acid profile of rat bile. The full scan revealed the
presence of prominent m/z ions at 359.7, 375.7, 391.7, 498.7, 514.7, and 528.7, which correspond to 5β-cholanic
acid (internal standard), unconjugated monohydroxy, dihydroxy, taurine-conjugated dihydroxy, trihydroxy, and
glycine-conjugated dihydroxy-mono-sulfate cholanic acid, respectively. The two numbers over each peak repre-
sent (upper) the M.W. minus 1 [M − H] and (lower) the abundance of this ion. For abbreviation see Figure 1.
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FIG. 4. Spectrum of full ES-MS-MS scan obtained from the same rat bile sample (Fig. 3) incubated with human
lyophilized fecal sample in water. The ions at m/z 359.7, 375.7, 391.7, 407.7, and 514.8 correspond to 5β-cholanic
acid (internal standard), unconjugated monohydroxy, dihydroxy, trihydroxy, and taurine-conjugated trihydrox-
ylated bile acids, respectively. Notice the presence of the ion at m/z 407.7 representing the free trihydroxylated bile
acid as well as increased intensity of ions at m/z 391.7 and 375.7 corresponding to free dihydroxy and monohy-
droxylated bile acid. The two numbers over each peak represent (upper) the M.W. minus 1 [M − H] and (lower) the
abundance of this ion. For abbreviation see Figure 1.



ABSTRACT: Simultaneous evaluation of HMG-CoA reductase
and cholesterol 7α-hydroxylase activities by electrospray tan-
dem mass spectrometry (ES-MS-MS) was performed. The assay
was based on the measurement of mevalonolactone (MVL) and
7α-hydroxycholesterol (7α-OHC) produced by the incubation
of HMG-CoA with hepatic microsomes in the presence of
NADPH and glucose-6-phosphate dehydrogenase. Following
extraction and purification using a cyanopropyl cartridge, MVL
and 7α-OHC were analyzed, without derivatization, by ES-MS-
MS. The analysis was achieved in 5 min. Calibration curves
were made for MVL and 7α-OHC, and were linear from 0 to
100 µg. The recovery was >97%. The procedure was validated
under similar calibration and recovery experiments, by measur-
ing the above mentioned products as dimethylethylsilyl ether
derivatives using the classical technique of GC–MS. Data ob-
tained by ES-MS-MS and GC–MS showed a good correlation,
with no significant differences. ES-MS-MS is a simple and reli-
able method for the evaluation of HMG-CoA reductase and
cholesterol 7α-hydroxylase activities in liver microsomal prepa-
rations.

Paper no. L9101 in Lipids 37, 1101–1107 (November 2002).

Cholesterol homeostasis in the body is preserved mainly
through the modulation of the activities of two enzymes lo-
cated in the endoplasmic reticulum: HMG-CoA reductase,
which catalyzes the formation of mevalonic acid (MVA) from
HMG-CoA, considered as the rate-determining step in cho-
lesterol synthesis (1), and cholesterol 7α-hydroxylase, which
catalyzes the rate-limiting step in the major pathway of degra-
dation of cholesterol to bile acids (2).

In view of the critical role played by these enzymes in cho-
lesterol metabolism, many efforts have been made to develop
rapid and accurate methods for the simultaneous estimation
of their activities. The measurement of the actual amount of
mevalonolactone (MVL) and 7α-hydroxycholesterol (7α-
OHC) enzymatically formed is considered to be a more accu-
rate indication of the activities of HMG-CoA reductase and
cholesterol 7α-hydroxylase, respectively (3). For this pur-

pose, several approaches, direct and indirect, are available for
measuring the mass of these products. These include double-
labeling techniques (4–6), ion-exchange column chromatog-
raphy (7), paper chromatography (8), HPLC (9,10), and
GC–MS with selected ion monitoring (SIM) (3,11–13).
GC–MS is considered to be the best method because of its su-
perior sensitivity and accuracy, but its use entails a laborious
sample preparation and a long analytical process. Although
the availability of electrospray tandem mass spectrometry
(ES-MS-MS) offers opportunities to overcome these disad-
vantages, there has been no study using this technique to eval-
uate HMG-CoA reductase and cholesterol 7α-hydroxylase
activities simultaneously. The purpose of the present work is
to test this technique for this assay in rat liver microsomal
preparations.

MATERIALS AND METHODS

Chemicals. NADPH, EDTA, mevalonic acid lactone, HMG-
CoA, glucose-6-phosphate dehydrogenase (500 U/mL), and
glucose-6-phosphate were purchased from Sigma Chemical
Co. (St Louis, MO). 7α-OHC and 6β-hydroxycholestanol
(6β-OHC) were available from Steraloids Inc. (Wilton, NH).
Dimethylethylsilyl imidazole (DMESI) was obtained from
Kogyo Inc. (Tokyo, Japan), and Bond Elut cyanopropyl (CN;
500 mg) from Varian (Harbor City, CA). All other reagents
and solvents were of analytical grade and used without fur-
ther purification.

Preparation of internal standard for the MVL quantifica-
tion. MVL (1 mg) was acetylated in 1 mL of a mixture of 7
mL glacial acetic acid, 5 mL acetic anhydride, and 10 drops
of 70% perchloric acid. Following incubation at 37°C for 60
min, 5 mL of water and 10 mL of diethyl ether were added,
and tubes were mixed for 20 min. The ether layer was then
transferred to other tubes and dried under nitrogen. The
residue was redissolved in 1 mL methanol and stored at
−20°C, then used as stock solution in the following analyses.

Preparation of liver microsomes. Liver microsomes were
prepared at 4°C as described previously (11). Briefly, rat livers
were excised, washed in ice-cold saline solution, weighed, and
placed into 3 mL of ice-cold 50 mM Tris-HCl buffer (pH 7.4),
containing 0.3 M sucrose, 10 mM DTT, 10 mM EDTA, and 50
mM sodium fluoride. The livers were minced with scissors and
homogenized in a Dounce homogenizer with a loosely fitting
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Teflon pestle. The homogenate (10%) was centrifuged
at 18,000 × g for 20 min (SS-34 rotor, Sorval RC2-B refriger-
ated centrifuge), and the supernatant was centrifuged at
100,000 × g for 60 min (50.2 Ti rotor, Beckman L centrifuge).
The resulting microsomal fraction was suspended in 3 mL of
0.1 M potassium phosphate buffer (pH 7.4), containing 1 mM
EDTA and 5 mM DTT. Aliquots were immediately frozen in
liquid nitrogen and stored at −80°C to be used as the enzymatic
and endogeneous cholesterol sources. A small aliquot was used
for protein determination according to Lowry et al. (14).

Simultaneous assay of HMG-CoA reductase and 7α-hy-
droxylase activities. A microsomal suspension of 500 µL,
containing 5 mg protein, was preincubated for 5 min at 37°C
with 450 µL of 0.1 M potassium phosphate buffer, pH 7.4,
containing 1 mM EDTA and 12 mM glucose-6-phospate. The
assay was initiated by adding 50 µL of cofactor-substrate so-
lution (0.1 mM HMG-CoA, 3 mM NADPH, and 2 U/mL glu-
cose-6-phosphate dehydrogenase), and the incubation was
performed for 30 min at 37°C. Care was taken to avoid expo-
sure to light to prevent cholesterol autoxidation. The incubation
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FIG. 1. Positive ion electrospray mass spectra of mevalonolactone, acetylated mevalonolactone, 7α-hydroxycho-
lesterol, and 6β-hydroxycholestanol. Electrospray tandem MS conditions are described in the Materials and Meth-
ods section.



was terminated by the addition of 50 µL of 1 M NaOH, 10 µg
each of acetylated-MVL and 6β-OHC dissolved in methanol
were added as internal standards. The sample was applied to
the CN cartridge (preconditioned by successive elution with
2 mL each of hexane, methanol, and distilled water) and
washed with 4 mL of acetonitrile/water (2:3, vol/vol) to ex-
tract MVA. After removing cholesterol with 4 mL of hexane,
7α-OHC was eluted with 4 mL of methanol.

The fraction containing MVA was acidified to pH 1 with
0.6 N HCl to promote the generation of MVL. Following in-
cubation at 37°C for 60 min, the suspension was applied to a
CN cartridge (cleaned in advance with 2 mL each of hexane,
methanol, and distilled water, successively), and MVL was
eluted with 4 mL of acetonitrile. 

Both eluate fractions were mixed and divided into two por-
tions. One portion was used for ES-MS-MS analysis and the
other for the GC–MS analysis.

Analysis by ES-MS-MS. The eluate mixture was evapo-
rated under nitrogen, and the residue was analyzed by the ES-
MS-MS after reconstitution in 100 µL of methanol. 

The ES-MS-MS system consisted of a Hewlett-Packard
model HP1100 liquid chromatograph (HPLC) connected to a
Quattro II electrospray tandem mass spectrometer (ES-MS-
MS) obtained from Micromass (Manchester, United King-
dom). The HPLC system was operated isocratically without
column at a 10 µL/min flow rate for a mobile phase (acetoni-
trile/water; 1:1) at room temperature. Sample (10 µL) was in-
jected in the ES-MS-MS by the automatic injector. Liquid ni-

trogen was used as nebulizer, and argon was used as collision
gas. Cone voltage was set at 25 volts. Positive ion mass spectra
of the eluents were recorded using the selective ion-recording
mode. Quantification of MVL and 7α-OHC was carried out
using Micromass Mass Lynx 2.22 software by determining the
peak area ratios of each compound with its internal standard.
The enzymatic activities, expressed as pmol/min/mg of pro-
tein, were calculated by subtracting the amount present at zero
time from that at the end of the incubation. Zero time was real-
ized using microsomes previously inactivated with 1 M NaOH.

Analysis by GC–MS. After evaporation of the eluate mix-
ture (MVL and 7α-OHC) under nitrogen, the products were
converted to dimethylethylsilyl (DMES) ether by treatment
with 50 µL pyridine-DMESI (10:2, vol/vol) at 80°C for 60
min. The derivatization solution was evaporated under nitro-
gen. The residue was dissolved in 100 µL of chloroform.

GC–MS analysis was performed on an Hewlett-Packard
5890 series II gas chromatograph equipped with an HP-5 MS
capillary column and connected to an HP 5971A mass spec-
trometer. Helium was used as the carrier gas. The column
was maintained at 100°C for 2 min, then programmed from
100 to 160°C at 10°C/min and from 160 to 280°C at
20°C/min. The column temperature was kept at 280°C for 5
min. The MS transfer line was maintained at 280°C while the
injection port was at 250°C. Samples (2 µL) were injected
manually, and the SIM mode was used for quantitative de-
termination.

Assay validation. The assay was validated with calibration
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FIG. 2. Representative GC–MS chromatograms of the mixture of (A) mevalonolactone and its internal standard, acetylated-mevalonolactone, and
(B) 7α-hydroxycholesterol and 6β-hydroxycholestanol, used as internal standard. See the Materials and Methods section for derivatization and
GC–MS conditions.



standards prepared by adding a constant amount (10 µg) of
acetylated-MVL or 6β-OHC as internal standards, to a series
of tubes containing varied amounts (1–100 µg) of MVL or
7α-OHC, respectively. The content of each tube was sub-
jected to the same procedure as microsomal preparations and
analyzed by ES-MS-MS or GC–MS. A linear regression line

was fitted over the concentration range for both assays. Re-
producibility of the assay was investigated in five samples,
each processed in triplicate, while the recovery study was car-
ried out by adding 15, 30, or 60 µg of MVL and 7α-OHC to
duplicate samples of 500 µL of the microsomal suspension.
Recoveries were calculated using the following equation:

1104 M.-Y. NDONG-AKOUME ET AL.

Lipids, Vol. 37, no. 11 (2002)

FIG. 3. Electron impact mass spectra of the dimethylethylsilyl (DMES) ether derivatives of (A) mevalonolactone, (B) acetylated mevalonolactone,
(C) 7α-hydroxycholesterol, and (D) 6β-hydroxycholesterol obtained by GC–MS. For conditions see the Materials and Methods section.



(amount found − basic amount) 
recovery = × 100 [1]

amount added

Statistical analysis. The statistical significance of differ-
ences between the ES-MS-MS and GC–MS methods was
evaluated by one-way ANOVA, and statistical significance
was accepted at the level of P < 0.05. 

RESULTS

ES-MS-MS analysis. Figure 1 shows the mass spectra of
MVL, acetylated-MVL, 7α-OHC, and 6β-OHC obtained in
positive mode. MVL gave a high-abundance fragment ion at
m/z 131, which corresponded to the peak of its protonated
molecule. The molecular ions of acetylated-MVL, 7α-OHC,
and 6β-OHC were not observed. However, a high-abundance
fragment ion, which is formed by the loss of 2 H2O from each
molecule, was detected at m/z 138.9, 367, and 369 for acety-
lated-MVL, 7α-OHC, and 6β-OHC, respectively. 

GC–MS analysis. The DMES ether derivatives of MVL
and its internal standard produced symmetrical peaks with
elution times of 5.27 and 7.51 min, respectively (Fig. 2A).
The DMES ether derivative of 7α-OHC eluted from the GC
column at 11.14 min, whereas the DMES ether derivative of
its internal standard appeared at 12.34 min (Fig. 2B). Figure
3 shows the mass spectra of DMES ether derivatives obtained
in the electron ionization mode. The fragment ions of [M −
71]+ produced at m/z 145 for MVL, [M − 146]+ at m/z 202 for
acetylated-MVL, [M − 104]+ at m/z 470 for 7α-OHC, and
[M − 104]+ at m/z 472 for 6β-OHC had the highest abun-
dances and were selected for ion monitoring analysis.

Linearity, precision, and accuracy of the assay. The assay
was validated over the range 1–100 µg. Representative cali-
bration curves for MVL and 7α-OHC generated by ES-MS-
MS are shown in Figure 4. Table 1 lists parameters for cali-

bration curves obtained by ES-MS-MS and GC–MS. The cor-
relation coefficients were ≥0.97 for all curves. 

The precision and accuracy were checked by calculating
the intra-assay variation for five different samples processed
in triplicate. As shown in Table 2, the CV for each sample was
less than 1%. The recoveries of MVL and 7α-OHC deter-
mined at three different levels varied from 97 to 100% (Table
3). There were no significant differences between data
obtained using both ES-MS-MS and GC–MS analytical tech-
niques.

DISCUSSION

The high incidence of diseases associated with increased lev-
els of cholesterol in plasma and liver continually stimulates
the interest in development of rapid and sensitive methods for
the determination of the activities of HMG-CoA reductase
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FIG. 4. Calibration curves for (A) mevalonolactone and (B) 7α-hydroxy-
cholesterol obtained by linear regression analysis of the peak-area ra-
tios of the compound to the internal standard vs. the concentrations of
the compound (µg/µL). Calibration standards were prepared as de-
scribed in the Materials and Methods section.

TABLE 1
Parameters for Calibration Curves Generated by Electrospray Tandem
Mass Spectroscopy (ES-MS-MS) and GC–MSa

Correlation Calibration
Methods Analytes coefficients curve equations

ES-MS-MS MVL 0.98 Y = 0.190458 X

Acetylated-MVL
7α-OH-C 0.97 Y = 0.008223 X
6β-OHC

GC–MS MVL 0.99 Y = 0.085332 X

Acetylated-MVL
7α-OHC 0.98 Y = 0.008135 X
6β-OHC

aCalibration curves were obtained by adding a constant amount (10 µg) of
acetylated mevalonolactone (MVL) or 6β-hydroxycholesterol (6β-OHC), as
internal standards, to a series of tubes containing varied amounts (1–100 µg)
of MVL or 7α-hydroxycholesterol (7α-OHC), respectively. The contents of
each tube were submitted to the same procedure as the microsomes.

TABLE 2
Reproducibilities of HMG-CoA Reductase and 7α-Hydroxylase Activi-
ties in the Rat Liver Microsomesa

HMG-CoA reductase 7α-Hydroxylase

Activity Activity
(pmol/min/mg CV (pmol/min/mg CV

Methods Samples protein) (%) protein) (%)

ES-MS-MS A 141.73 ± 0.25 0.17 33.00 ± 0.08 0.24
B 131.01 ± 0.10 0.08 27.74 ± 0.06 0.21
C 133.90 ± 0.06 0.07 34.05 ± 0.12 0.35
D 136.52 ± 0.27 0.19 30.00 ± 0.10 0.33
E 142.32 ± 0.10 0.04 36.38 ± 0.15 0.41

GC–MS A 140.43 ± 0.24 0.17 31.69 ± 0.02 0.06
B 134.18 ±0.09 0.06 27.24 ± 0.16 0.58
C 134.25 ± 0.06 0.04 32.50 ± 0.11 0.33
D 137.44 ± 0.16 0.11 31.66 ± 0.10 0.31
E 141.57 ± 0.06 0.04 36.14 ± 0.19 0.52

aEach sample was processed in triplicate. CV is the intra-assay CV and was
calculated using the following formula: CV = (SD/mean) × 100. For abbrevi-
ation see Table 1.



and cholesterol 7α-hydroxylase, two key enzymes in the syn-
thesis and degradation pathways of cholesterol (1,2). Because
of the high sensitivity and accuracy of GC–MS, it is widely
used in the evaluation of activities of these enzymes in vitro.
In this method, the mass of MVL and 7α-OHC formed is de-
termined. However, this method has the drawback of being
labor-intensive and slow. In the method described here, we
demonstrated that the use of ES-MS-MS offers the opportu-
nity to overcome these disadvantages. Indeed, the use of
ES-MS-MS does not require preliminary derivatization pro-
cedures and takes only 5 min for analysis. Compounds are
identified by their molecular mass and their characteristic
fragmentations. The fragment ions at m/z 131 and 367.7 were
selected to identify MVL and 7α-OHC, respectively. Quanti-
tative determination of these compounds requires the addi-
tion of internal standards. Deuterated-MVL (3) and 6β-OHC
(15) have been reported to be suitable internal standards for
MVL and 7α-OHC, respectively. However, since deuterated-
MVL is not commercially available and is difficult to synthe-
size, we made an alternative internal standard, acetylated-
MVL. This compound was not present in the microsomal
preparation and was separated clearly from MVL by GC, sug-
gesting that it could be a suitable internal standard. In addi-
tion, the fragment ions at m/z 131 for MVL and 138.9 for
acetylated-MVL, selected for the ES-MS-MS analysis, were
detected with the same degree of sensitivity. The validity of
this approach was achieved by comparing the results obtained
by the ES-MS-MS with those obtained by the more traditional
GC–MS technique, using similar conditions. No significant
differences were noted. In addition, the values obtained were
in agreement with the values reported by other investigators
(16–23). The internal standard described is another advantage
since it could be prepared easily and was found to be stable
during storage and sample preparation. 

We have also simplified the solid-phase extraction proce-
dure used for the simultaneous extraction and purification of
7α-OHC and MVL by reducing the number of different Bond
Elut cartridges used. We used only CN cartridges to extract

and purify these two reaction products. Del Puppo et al. (24)
found that the lactone was more readily extracted and puri-
fied than the free acid. However, the lactonization of MVA
requires the use of a strong monobasic mineral acid such as
hydrochloric acid, but cholesterol oxidation products are sen-
sitive to acids (25). It was therefore necessary to separate
MVA from 7α-OHC prior to lactonization. For this proce-
dure, it was necessary to demonstrate that significant quanti-
ties of MVL or 7α-OHC are not lost during sample prepara-
tion, and that the preparation leads to adequate recovery of
these products. These two aspects were examined by adding
MVL or 7α-OHC directly to a fraction of microsomal suspen-
sion. Extraction and purification were then carried out as de-
scribed. An adequate separation of MVA and 7α-OHC was
achieved on the CN cartridges. With the purification condi-
tions chosen, excellent recoveries of 7α-OHC and the lactone
form of MVA, were obtained. The use of Bond Elut CN car-
tridges to perform the extraction and purification simultane-
ously simplified the pre-analytic preparation of samples
greatly and offered greater potential for automation.

The approach described here has significant advantages
over other procedures used for the evaluation of HMG-CoA
reductase and cholesterol 7α-hydroxylase activities in liver
microsomal preparations. First, the sample preparation time
is dramatically reduced, and no derivatization steps are re-
quired. Second, the data acquisition time is considerably re-
duced when the analysis is processed by ES-MS-MS. In con-
clusion, we have developed a simple, rapid, and accurate
method for the simultaneous evaluation of the activities of he-
patic microsomal HMG-CoA reductase and cholesterol 7α-
hydroxylase, using the ES-MS-MS technique, a new internal
standard, and a simple pre-analytic procedure.
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TABLE 3
Recovery of Mevalonolactone and 7α-Hydroxycholesterol from Microsomes Analyzed by
ES-MS-MS and GC–MSa

MVL 7α-OHC

Amount Amount Amount
Methods added (µg) found (µg) Recovery (%) found (µg) Recovery (%)

ES-MS-MS 0 10.72 ± 0.03 7.24 ± 0.24
15 25.42 ± 0.18 98.30 ± 1.17 22.06± 0.12 98.83 ± 0.93
30 40.28 ± 0.36 98.43 ± 1.07 36.89 ± 0.18 98.84 ± 0.42
60 69.86 ± 0.26 98.59 ± 0.47 65.85 ± 0.54 97.69 ± 0.84

GC–MS 0 10.72 ± 0.07 7.23 ± 0.03
15 25.58 ± 0.17 99.04 ± 1.04 21.97 ± 0.01 98.25 ± 0.34
30 40.20 ± 0.33 98.25 ± 1.07 37.23 ± 034 100 ± 1.11
60 70.15 ± 0.06 99.06 ± 0.47 66.19 ± 0.38 98.27 ± 0.62

aValues are mean ± SD (n = 3) and represent the recovery of different amounts of MVL and 7α-OHC
added to aliquots of 500 µL of the microsomal suspension, containing 5 mg of protein. The assay re-
covery at each amount was calculated using the following equation: recovery = 100 × (amount found
− basic amount)/amount added. For abbreviations see Table 1.
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ABSTRACT: A polyethylenic fatty ester was isolated from the
marine sponge Chondrilla nucula. The structure was elucidated
through NMR spectral data and MS analysis as 5,9,23-triacon-
tatrienoic methyl ester 1. Compound 1 is an elastase inhibitor
[ID50 = 10 µg/mL (2 ⋅10–5 M)].

Paper no. L8864 in Lipids 37, 1109–1111 (November 2002).

Marine sponges of the class Demospongiae biosynthesize
long-chain FA, C24–C30, commonly called “desmospongic
acids” (1). A number of C30 FA have been isolated; the most
common, 5,9,23-30:3∆, was first isolated from Chondrilla nu-
cula (2), then from Trikentrion loeve (along with 9,23-30:2,
23-30:1, 5,9,25-30:3, Pseudaxinella cf. lunaecharta (3), Hig-
ginsia tethyoides (4), and Cinachyrella alloclada (5). Acid
5,9-30:2 was found in Petrosia pellasarca (6) along with a
very long chain FA, 19,22,25,28,31-34:5. Another 34:4 acid
was isolated from the sponge Amphimedon compressa (7),
and other highly unsaturated C30 FA, 15,18,21,24-30:4 and
15,18,21,24,27-30:5, were found in Cliona celata (8). All of
these unsaturated acids were isolated from phospholipids.
Acid 5,9,21-30:3 was isolated from Amphimedon sp. and de-
scribed as a DNA topoisomerase I inhibitor (9). 

In the course of our program devoted to the search for
bioactive metabolites from marine invertebrates of the north-
ern Mediterranean shore, the dichloromethane extract of the
sponge Chondrilla nucula ([collected by J. Vacelet, Centre
d’Océanologie de Marseille (CNRS-Université de la Méditer-
ranée, UMR 6540 DIMAR), Station Marine d’Endoume,
13007 Marseille, France]) showed noticeable inhibition of
amidolysis of Suc(Ala)3pNA by porcine pancreatic elastase
(PPE) (10). Elastase inhibitors have the potential to be thera-
peutic agents in pulmonary emphysema (11), chronic bron-
chitis (12), adult respiratory distress syndrome (13), and other
inflammatory disorders (14). It has been hypothesized that ap-
propriate small-M.W. inhibitors would be therapeutically use-
ful in the treatment of such diseases (15). Hence, we engaged

in the study of the chemistry of this sponge to isolate the ac-
tive compound. 

EXPERIMENTAL PROCEDURES
1H and 13C NMR spectra were recorded on a Bruker AC 300
MHz spectrometer. Chemical shifts (δ) are expressed in ppm
from residual CHCl3 (7.25 ppm) as internal standard. Mass
spectra were recorded on a Nermag 10-10 (CI, NH3). IR spec-
tra were recorded on a Nicolet (impact 400D) FTIR spectrom-
eter. TLC analyses were performed on thin-layer analytical
plates 60F254 (Merck, Darmstadt, Germany).

Chondrilla nucula was collected near Marseille, washed
with seawater, and immerged in methanol for shipping. After
arrival, the methanol/water mixture was removed, and speci-
mens were extracted with dichloromethane/methanol (1:1,
vol/vol). Solvents were evaporated, and the residue was ex-
tracted with dichloromethane. The purification procedure was
monitored by measuring amidolysis of N-succinyl-alanyl-
alanyl-alanyl p-nitroanilide [Suc(Ala)3pNA] (Sigma, St. Louis,
MO) by PPE (Biosys, Compiègne, France) at 410 nm. Assays
were performed in 0.1 M Tris buffer, pH 8, using a Ceres 900
kinetic microplate reader (Bio-Tek Instruments, Winooski, VT)
in 96-well microplates. Aliquots (95 µL) of 40 nM PPE in 200
µL pH 8 buffer and 25 µL of products (25 or 2.5 µg) in DMSO
were mixed at 25°C for 30 min prior to addition of 10 µL of
substrate solution [30 µmol of Suc(Ala)3pNA in 1 mL of
DMSO], and plates were read after 10 min. Oleic acid and
methyl oleate were purchased from Sigma.

The crude dichloromethane extract was first separated by
chromatography on a silica gel column using CH2Cl2 with in-
creasing amounts of acetone as eluent. The fraction eluted
with CH2Cl2 retained activity and was further purified on an-
other silica gel column eluted with dichloromethane/pentane
(2:8, vol/vol) to yield active compound 1. 13C NMR (CDCl3,
δ ppm): 174.8, 130.5, 130.4, 129.9, 129.9, 128.9, 128.8, 51.9,
39.5, 37.1, 34.1, 33.5, 32.7, 31.9, 30.6–29.1, 27.8, 27.5, 26.7,
25.3, 23.1, 14.5. 

Hydrolysis of 1 was performed with CO3Na2 in dioxane
(16). After addition of water, the mixture was extracted with
dichloromethane and the residue obtained after evaporation
of the solvent purified through a short column of silica gel
using dichloromethane as eluant to give pure 2, MS m/z 446.
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RESULTS AND DISCUSSION

Active compound 1 was obtained as an oil (0.005% dry weight).
It exhibits inhibition of PPE at an  ID50 (inhibitory dose for 50%
of assays) of 10 µg/mL (2 ⋅10–5 M). High-resolution MS fur-
nished the formula C31H56O2 by the peak at m/z 460.4275 (cal-
culated 460.4280). The IR spectrum exhibited vibration bands
corresponding to one carbonyl (1720 cm–1), ethylenic double
bonds (1534, 1583, 1613 cm–1), and an ether function (1100
cm–1). There was no prominent absorption in the 970 cm–1 re-
gion, so all double bonds were of cis configuration (2).

1H NMR spectrum showed signals at δ 5.35 (m, 6H), 3.65
(s, 3H, OCH3), 2.3 (m, 2H), 2.1 (m, 2H), 1.95 (m, 2H), 1.7 (m,
4H), 1.25 (br s, 32H), and 0.9 ppm (t, 3H, CH3), suggesting a
triethylenic FAME. No signal at δ 2.7 ppm for a methylene-
interrupted double bond was observed.

13C NMR spectrum of 1 showed resonances for 31 car-
bons: one carbonyl ester at δ 174.8 ppm, six ethylenic car-
bons at δ 130.5, 130.4, 129.9, 129.90, 128.9, 128.8 ppm, one
methoxyl group at δ 51.9 ppm, and signals between 40 and
25 ppm, corresponding to methylene groups. 1H COSY al-
lowed unambigous assignment of the position of the first dou-
ble bond at C-5.

In the mass spectrum (EI), the typical fragments at m/z 386
and 74, the consequence of a McLafferty rearrangement of
methyl esters, are observed along with the base peak at m/z 81
(100%) characteristic of a ∆5–9 ethylenic acid (6). Other diag-
nostic fragmentations are shown in Scheme 1 (above), which
allowed us to propose locations of the double bonds at the
5,9,23 positions. Upon comparison of the MS spectrum of 1
with that of an authentic sample (Barnathan, G., and Korn-
probst, J.M., personal communication), the two spectra were
almost identical.

Previous chemical studies of C. nucula have led, after hy-
drolysis of phospholipids, to the isolation of two new 5,9 unsat-
urated acids. Chondrilla nucula collected in Florida contained
5,9,23-triacontatrienoic acid (2). Later, another sample of C.
nucula collected in Puerto Rico furnished the unusual cis-5,9-
hexadecadienoic acid, with 9-hexadecenoic and palmitic as the
major FA (17), but it lacked 5,9,23-triacontatrienoic acid. This
suggests that seasonal and (or) geographic variations may be
observed in FA distribution of marine sponges. 

However, previous analyses of the long-chain FA contents
in C. nucula were carried out after acidic methanolysis of the
total lipids, so if a methyl ester was present it would not have
been detected. Examples of esterified FA as natural products
are not rare; we can cite the isolation of the ethyl ester of a

bromopolyacetylenic acid from a sponge (18) or  methyl ester
of a prostaglandin from a gorgonian (19).

Little is known about biological activities of these long-
chain unsaturated FA, except the DNA topoisomerase I inhi-
bition of ∆5,9,21-30:3 (9). To the best of our knowledge, this
is the first report of a long-chain fatty ester as an elastase in-
hibitor. For comparison, the free acid 2 was assayed in the
same conditions but was found inactive until 100 µg/mL, as
was methyl oleate. However oleic acid gave 35% inhibition
at 350 µM, a somewhat higher concentration than that needed
to inhibit human leucocyte elastase (20). We concluded that
the biological activity of 1 must be accounted for by its
unique structure. Synthetic studies and examination of a se-
ries of FA and their esters will be necessary to investigate this
promising new antielastase agent.
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ABSTRACT: This review examines the data pertaining to an
important and often underrated EFA, α-linolenic acid (ALA). It
examines its sources, metabolism, and biological effects in vari-
ous population studies, in vitro, animal, and human interven-
tion studies. The main role of ALA was assumed to be as a
precursor to the longer-chain n-3 PUFA, EPA and DHA, and
particularly for supplying DHA for neural tissue. This paper re-
veals that the major metabolic route of ALA metabolism is β-
oxidation. Furthermore, ALA accumulates in specific sites in the
body of mammals (carcass, adipose, and skin), and only a small
proportion of the fed ALA is converted to DHA. There is some
evidence that ALA may be involved with skin and fur function.
There is continuing debate regarding whether ALA has actions
of its own in relation to the cardiovascular system and neural
function. Cardiovascular disease and cancer are two of the
major burdens of disease in the 21st century, and emerging evi-
dence suggests that diets containing ALA are associated with re-
ductions in total deaths and sudden cardiac death. There may
be aspects of the action and, more importantly, the metabolism
of ALA that need to be elucidated, and these will help us un-
derstand the biological effects of this compound better. Addi-
tionally, we must not forget that ALA is part of the whole diet
and should be seen in this context, not in isolation. 
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Linoleic and α-linolenic acids are essential fatty acids (EFA),
which means that, like vitamins, they must be obtained in the
diet. The essential nature of these PUFA was established in the
1930s (1). Linoleic acid was found to be the parent or precur-
sor for a series of PUFA, now known as the n-6 PUFA since
linoleic acid itself is an n-6 PUFA; likewise, α-linolenic acid
(ALA) is the parent FA for the n-3 PUFA. α-Linolenic acid is
called ALA in order to distinguish it from γ-linolenic acid, an
n-6 PUFA found in evening primrose oil and borage oil. All
FA in the linoleic acid (n-6) PUFA family have their first dou-
ble bond 6 carbons from the terminal methyl end of the mole-
cule. Similarly, all FA in the ALA (n-3) PUFA family have
their first double bond 3 carbons from the methyl end.

ALA is an EFA for mammals because they do not possess
the ability to insert double bonds in 18-carbon PUFA between
the methyl end and the middle of the molecule. The position
of the first double bond from the methyl end of the molecule
has lead to describing ALA as an n-3 PUFA, since the first

double bond is 3 carbons from the methyl (omega) end of the
FA. All FA with this double bond system starting 3 carbons
from the methyl end are known as n-3 PUFA. ALA has three
cis double bonds in positions 9-10, 12-13, and 15-16 count-
ing from the carboxyl end of the FA (all-cis-9,12,15-octa-
decatrienoic acid). 

ALA is found in plant chloroplast membranes where it is
synthesized from linoleic acid, which in turn is derived from
acetate. Cunnane et al. (2) argue that because human diets
contain 16:2n-6 and 16:3n-3, found in green leafy vegetables,
it is possible for humans to synthesize linoleic acid (18:2n-6)
and ALA (18:3n-3) by chain elongation, although he con-
cedes the amount of synthesis would be limited. Chloroplast
membranes contain a very high content of ALA, which is
considered to protect plants against damage during cold
spells, with recent evidence showing that transgenic tobacco
plants with reduced ALA, due to a silenced n-3 FA desat-
urase, were better able to acclimate to higher temperatures
(3). Lipoxygenase products of ALA in plants include jas-
monic acid and related phytohormones produced via the
oxylipin cascade (4).

ALA is found in plants, animals, zooplankton, phytoplank-
ton, and marine species. The most highly unsaturated FA
found in terrestrial plants usually is ALA, although Simopou-
los and Salem (5) have reported the presence of trace amounts
of long-chain PUFA in some plants. In plants, ALA is found
in leaves, mainly in glycolipids, and as TAG in certain seed
oils (rapeseed, flaxseed, perilla seed, chia seed), beans (soy-
beans, navy beans) and nuts (walnuts) (6,7). In fresh green,
leafy vegetables the ALA content ranges from 28 to 195
mg/100 g wet weight (8). In mammals, ALA is deposited in
most tissues in different lipid fractions (cholesterol esters,
TAG, and phospholipids) where it can subsequently be metab-
olized via a number of different metabolic routes (see below).

FUNCTIONS OF THE n-3 FA

In mammals, linoleic acid is important for growth, reproduc-
tion, and skin function and as the precursor of arachidonic
acid (9). This latter FA is the main substrate for a series of en-
zymes that produce the eicosanoids, such as thromboxane,
prostaglandins, prostacyclins, leukotrienes and lipoxins (10).
Cunnane (11) has argued that we really know little about the
effects of linoleic acid deficiency, since researchers study the
effect either of combined EFA deficiency (using fat-free diets)
or of ALA deficency (using diets rich in LA). He contends
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that the requirement for linoleic acid is lower when diets con-
tain ALA (11).

Following the discovery of the essential nature of fat by
Burr and Burr in 1930 (1), they and other authors investigated
which FA were able to correct failure to grow, which FA pre-
vented skin lesions, and which FA corrected high intake of
water (presumed to be related to water loss through the skin).
The initial studies of Burr and colleagues suggested that both
linoleic and linolenic acids increased growth of fat-deficient
rats and improved skin lesions (12). Work conducted with
pure FA by Mohrhauer and Holman showed that both linoleic
and linolenic acids increased the growth of fat-deficient rats;
however, the final average weight of the rats fed linoleic acid
was significantly greater than those fed ALA (13). This dif-
ference in weight might be regarded as significant in today’s
world and is supported by studies by Pan and Storlien (14),
who showed that safflower oil-fed rats were heavier than rats
fed diets containing a higher n-3 PUFA content. 

Until the late 1970s, n-3 PUFA were regarded as being im-
portant only in marine species. Indeed, Tinoco et al. (15) sug-
gested that ALA was not needed for terrestrial mammals
based on a three-generation deficiency study in rats, although
this was hotly contested (16). At this time, it was recognized
that DHA was found in high proportions in mammalian brain
and retina (17–19) and Anderson’s group (20) had already re-
ported that the maximal response of the retina to light was
found in diets containing 2% (by weight) of ALA compared
with diets containing 2% linoleic acid or 1% of each of the
two EFA. It is now recognized that ALA, through its metabo-
lite DHA, is essential for normal visual function based on
studies in rats, monkeys, guinea pigs, and infants (21). Fur-
thermore, a putative role for ALA as a messenger of excita-
tion has been described in Drosophila photoreceptors (22). 

The high levels of brain DHA across mammalian species
led to early speculations that this molecule was playing a cru-
cial role in the nervous system (18). Many studies using
ALA-deficient diets in different animal species have shown
reductions in the level of DHA in brain. Associated changes
in brain function (auditory, olfactory, learning, memory, ap-
petite events, neuron size, nerve growth factor levels) have
been reported (23–29).

Various mechanisms have been suggested to account for
these physiological changes in the brain and retina, as re-
viewed recently by Kurlack and Stephenson (30), Lauritzen
et al. (31) and Salem et al. (32). Briefly, DHA plays a crucial
role in the following: (i) membrane disorder (membrane fluid-
ity), which can influence the function of membrane receptors
such as rhodopsin (33,34); (ii) regulation of membrane-bound
enzymes (Na/K-dependent ATPase) (35); (iii) dopaminergic
and serotoninergic neurotransmission (36); (iv) signal trans-
duction via effects on inositol phosphates, DAG kinase, and
protein kinase C (37); (v) regulation of the synthesis of eico-
sanoids derived from arachidonic acid (30); (vi) regulation of
gene expression (38–40); (vii) regulation of phosphatidylser-
ine levels (41); (viii) protection of neural cells from apoptotic
death (42); (ix) stimulation of neurite outgrowth in PC12 cells

(43,44); (x) selective accumulation of DHA by synaptic
growth cones during neuronal development (43,44); (xi) regu-
lation of nerve growth factor (29); and (xii) regulation of neu-
ron size (27,28).

There has been considerable discussion whether the true es-
sentiality resides with the EFA themselves or with their long-
chain derivatives [arachidonic acid in the case of the n-6 family,
and EPA, docosapentaenoic acid (DPA), and DHA in the case
of the n-3 family]. For example, dietary ALA has been shown
to prevent neuronal death in an animal model of global ischemia
and to protect animals treated with kainate against seizures and
hippocampal lesions (45). Mixtures of linoleic acid and ALA,
as FFA, have been reported to prevent elevations of blood corti-
sol and cholesterol levels that accompany stressful situations
and to prevent rapid and repeated eye blinking in rats following
chemical induction of dopamine depletion (46). Whether these
effects are mediated via the EFA themselves, their long-chain
metabolites, or eicosanoids is unknown.

Specific functions have been described for linoleic acid in
skin, where there is evidence that it is required to control
water permeability (47). Linoleic acid also can be metabo-
lized to an antiproliferative compound, 13-hydroxyoctadeca-
dienoic acid, via the 15-lipoxygenase pathway (48). 

In plants, specific functions have been described for ALA
or ALA metabolites. Plant membranes contain an abundance
of ALA, which is thought to be involved in a number of im-
portant processes, including (i) being the precursor of jas-
monic acid, a plant growth regulator (49); (ii) being a lipoxy-
genase substrate producing hydroperoxy FA, which mediate
defense responses against injury or infection (50); being the
substrate for phytoprostanes (dinor isoprostanes) found in
high concentration during drying and storage of plants and in
pollen (51); being the precursor of a stress-induced α-ketol
derivative of ALA, which has strong flower-inducing activity
(52); and being a potent inhibitor of a wound-induced mito-
gen-activated protein kinase (53). 

In mammals, the functions that have been described for
ALA include being the precursor of the long-chain n-3 FA,
being a preferred substrate for β-oxidation and for carbon re-
cycling in the brain and other tissues (54), and having a puta-
tive role in skin and fur (55–57). 

αα-LINOLENIC ACID METABOLIC PATHWAYS

β-Oxidation. Studies in humans and animals reveal that a
major catabolic route of metabolism of ALA is β-oxidation.
In the rat, approximately 60% of an oral dose of labeled ALA
was expired as CO2 in 24 h compared with less than 20% for
palmitic, stearic, and arachidonic acids (58). Pan and Storlien
(14) reported that the higher the proportion of PUFA in the
diet, the higher the rate of β-oxidation of labeled ALA in rats.
In humans, between 16 and 20% of ALA was expired as CO2
in 12 h (59,60); of the 18-carbon FA, ALA was the most
highly oxidized while linoleic acid appeared to be somewhat
conserved in humans (61). 

Carbon recycling. Another major route of metabolism of
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ALA in rats and primates involves carbon recycling into
de novo lipogenesis in the brain and other tissues in pregnant,
lactating, fetal, and infant animals (60). When labeled ALA
is fed to animals, a substantial proportion of the label ends up
in brain saturated and monounsaturated FA and cholesterol
(54,62,63). It is not known whether this is due to β-oxidation
of ALA in the brain or in nonneural tissues such as liver and
muscle and transport and uptake of ketones by the brain. In
developing rats fed labeled ALA, the labeling of cholesterol
exceeded the labeling of DHA by 4- to 16-fold (63). Edmond
et al. (64) showed that orally fed deuterium-labeled palmi-
tate, stearate, and oleate did not enter the brain; however,
these FA were labeled in the brain owing to new synthesis (re-
cycled deuterium). This implies that the process of β-oxida-
tion in nonneural tissue is important for the supply of sub-
strates such as ketone bodies for brain synthesis of these
lipids. 

Precursor of EPA and DHA. A third metabolic pathway for
ALA, and often thought of as the main pathway, is as the pre-
cursor of longer-chain, more unsaturated FA, such as EPA,
DPA (22:5n-3), and DHA (60,65). The pathway involves
seven different steps, of which three are desaturases, three are
chain elongations, and one is a chain-shortening reaction
(Fig. 1). This pathway takes place mainly in the endoplasmic
reticulum, but the final chain-shortening step involves perox-
isomal oxidation of 24:6n-3 to 22:6n-3 (65,66). Patients with
a peroxisomal disorder known as Zellwegger syndrome can-
not synthesize 22:6n-3 (67). A critical issue is whether dietary
ALA can supply tissues with all the EPA and DHA needed
for optimal function or whether there are some tissues that
may require a dietary supply of EPA and DHA (see later). 

Skin and fur. A putative pathway of ALA metabolism is
deposition in skin (57,68,69) and secretion onto fur of small
mammals (57). In a recent study in guinea pigs, more than
46% of an oral dose of 14C-ALA was found in the skin and
fur lipids, with the highest proportion of the label being found

in the fur (57). In that study, the proportion oxidized to CO2
was estimated to be 39% of the oral dose, indicating that
nearly 90% of the ALA was unavailable for other metabolic
pathways. It was proposed that ALA was secreted from the
skin and onto the fur by the sebaceous glands, and that its
function was to protect the fur from damage by water, light,
or other agents. Sebaceous gland secretion was shown to be a
major route of vitamin E delivery to the skin; this mechanism
was proposed to protect skin surface lipids and the upper stra-
tum corneum from harmful oxidation (70). Preliminary data
from this laboratory reveal that ALA is similarly metabolized
by this route (onto the fur) in rats and mice (Sinclair, A., and
Fu, Z., unpublished observations). This observation may be
related to the commonly reported use of flaxseed oil (linseed
oil) as a dietary supplement by dog and horse owners to pro-
vide shine to the coats of these species (71). 

Several different studies have reported that ALA may play
a role in skin and fur function in other species. For example,
an early study in rats showed that linseed oil (rich in ALA)
contained a factor that promoted fur growth compared with a
fat-deficient control group, and that ALA was more effective
than linoleic acid in restoring fur growth (55). A later study
in capuchin monkeys reported skin lesions, fur loss, and ab-
normal behavior on a diet very low in ALA but rich in linoleic
acid, and that there was a restoration of normal skin and fur
appearance following the inclusion of linseed oil in the diet
(56).

Both linoleic acid and ALA have been shown to lighten
skin following UV-induced hyperpigmentation of skin in
guinea pigs (72), which was believed to be due to the sup-
pression of melanin production and enhanced desquamation
of the pigment from the epidermis.

Linoleic acid prevents abnormal water loss through the
skin, which occurs in EFA deficiency, with comparative stud-
ies in the rat showing ALA was not effective in reducing
water loss (12,47,73). An explanation offered is that linoleic
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FIG. 1. Metabolic steps involved in converting α-linolenic acid (18:3n-3) to docosahexaenoic
acid (22:6n-3). CE = chain elongation; CS = chain-shortening reaction (peroxisomal oxida-
tion).



acid is incorporated into skin acyl ceramides, whereas ALA
is not (47).

Water homeostasis studies. In rhesus monkeys, ALA defi-
ciency was associated with an increased water intake; how-
ever, this was balanced by increased urination rather than
water loss through the skin (74). A recent report involving
rats indicated that perinatal n-3 deficiency altered sodium and
water homeostasis (75) and that this was associated with an
increased blood pressure by the time the rats were adults (76).
This suggests an important role for dietary ALA during preg-
nancy in rats to prevent hypertension in adults. Similar data
have been obtained by Langley-Evans (77), who showed that
low-protein diets containing corn oil (very low ALA levels)
were associated with an elevated blood pressure, whereas
low-protein diets containing soy oil were not associated with
altered blood pressure.

HOW EFFECTIVELY IS ALA METABOLIZED TO DHA?

There has been considerable discussion about the effective-
ness of dietary ALA as a substrate for tissue EPA and DHA
(60,78). To examine this question, several different ap-
proaches have been used, including feeding animals and hu-
mans with ALA and DHA and comparing tissue levels of
DHA; using isotopically labeled ALA and determining the
fractional metabolism to DHA in available tissue compart-
ments (such as in plasma or in various tissues in the case of
animal studies); and more recently measuring the amount of
mRNA for the ∆6- and 5-desaturases in tissues. 

Feeding and labeling studies indicate that DHA is a more
effective source of tissue DHA than is ALA on a gram-for-
gram basis. Early studies in weanling rats revealed that 0.16%
of a radiolabeled oral dose of DHA was recovered in brain
DHA compared with 0.008% of a radiolabeled oral dose of
ALA being found in brain DHA, a 20-fold difference (62). In
the guinea pig, it has been estimated that 10 times more di-
etary ALA than dietary DHA was required to maintain a
given brain DHA level (79), whereas DHA was seven times
more effective as a substrate for neural DHA than dietary
ALA in baboons (80–82). When rats were fed a diet supplied
with 0.45% of dietary energy as DHA, they accumulated a
twofold higher amount of 22:6n-3 than rats fed a diet supplied
with the same amount of ALA for 5 wk (69). In other words,
in various mammalian species, dietary DHA is a more effec-
tive source of tissue DHA than dietary ALA. Woods et al.
(82) reported that the brain DHA level was the same in artifi-
cially reared rat pups fed high intakes of ALA as in dam-
reared pups (who were receiving DHA in the milk); however,
retinal DHA levels in the artificially reared groups fed ALA
were significantly lower than the dam-reared group.

DIETS RICH IN ALA DO NOT NECESSARILY LEAD 
TO HIGH TISSUE DHA LEVELS

There is a view that most dietary ALA is either β-oxidized or
converted to long-chain n-3 acids. We have addressed this

issue in studies using diets low or high in ALA with the same
LA content (84). Guinea pigs were fed diets for 3 wk contain-
ing the same amount of LA (18% of FA) but varying in ALA
content (0.3 or 17% of FA). Animals in the high-ALA diet
had significantly more whole-body ALA than the low-ALA
diet group (8.8 vs. 2.3 g/whole body). There was also signifi-
cantly more whole-body EPA (0.06 vs. 0.01 g), but on the
high-ALA diet the whole-body DPA and DHA did not in-
crease significantly. In other words, ALA does accumulate
when fed at high levels, and in the whole body even on a diet
low in ALA, the major n-3 FA is ALA (>90% of total n-3
PUFA). The tissues where the most ALA accumulated were
muscle, skin, and adipose tissue (approximately 90% of
whole-body ALA). These data show that DHA represents a
very small proportion of the whole-body n-3 content (90 mg
DHA out of a total of 9140 mg). It is also revealing that brain
DHA content was only approximately one-quarter of the total
DHA in the body, with the carcass representing about 50% of
the whole-body DHA (84). 

In humans, feeding high-ALA diets (up to 15 g/d) in 4-wk
studies led to small but significant increases in ALA, EPA, and
22:5n-3 in plasma TG and phospholipids and very little, if any,
detectable increase in DHA in plasma, platelets, and white and
red blood cells (78,85,86). Deuterium-labeling studies with
ALA in humans showed that the percentage conversion of
ALA to EPA and other long-chain n-3 PUFA was between 11
and 19% of the dose, and that the conversion rate was reduced
by 40–54% when the diet was rich in linoleic acid (87). In a
recent study, physiological compartmental analysis of ALA
metabolism in adult humans was carried out. Subjects received
a 1-g oral dose of an isotope tracer of ALA; only about 0.2%
of the plasma ALA was destined for synthesis of EPA, approx-
imately 63% of the plasma EPA was accessible for production
of 22:5n-3, and 37% of 22:5n-3 was available for synthesis of
DHA (88). The very limited conversion of ALA to EPA indi-
cates that the biosynthesis of long-chain n-3 PUFA from ALA
is limited in healthy individuals. Recently, it has been reported
in studies using 13C-ALA that young women have a greater
capacity than young men to convert ALA to DHA (89,90).

Subjects fed a liquid formula diet for 2 wk containing up
to 16 energy % of ALA (approximately 35 g/d) and 4 en-
ergy% linoleic acid (9 g/d) showed marked increases in ALA
in the plasma cholesterol esters (about 7% of CE FA) and also
substantial increases in ALA in plasma phosphatidylcholine
(PC), with significant rises in EPA in both these fractions (1
and 1.5% of PC and CE fractions, respectively) (91). The in-
creases in ALA were accompanied by equivalent decreases
in oleic acid with no significant changes in the arachidonic
acid levels in either fraction. Subjects on these diets showed
a 52 to 85% decrease in urinary metabolites of total prosta-
glandins (PG) and PGE2, and a 74% decrease in PGF2α lev-
els on the highest ALA diet. An earlier study in healthy sub-
jects who received 30 mL linseed oil daily for 4 wk reported
there was an increase in EPA by 150% and in DHA by 70%
in the serum phospholipids (92). The large increase in DHA
in plasma has not been reported in subsequent studies using
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doses of up to 15 g ALA/d (79,86,87). Longer-term studies in
adults, who increased their ALA intake by 3 g/d by substitut-
ing soy oil for perilla oil for 10 mon, demonstrated an
increase in plasma DHA levels by more than 20% (93). 

There could be a number of reasons for the relatively poor
efficiency of the conversion of ALA to EPA and DHA. First,
as noted above, a substantial proportion of the ALA is either
diverted to β-oxidation or found distributed throughout all
major tissue lipid pools (adipose, carcass, skin) as ALA; in ad-
dition, in animals ALA may be excreted onto the fur. Second,
linoleic acid (the major dietary PUFA) is a competitive in-
hibitor of the metabolism of ALA to 18:4n-3, which is a pre-
cursor of long-chain n-3 PUFA (Fig. 1). Furthermore, diets
rich in linoleic acid decrease the expression of the hepatic ∆6-
desaturase compared with a diet rich in oleic acid, which pre-
sumably also reduces the possibility of conversion of ALA to
18:4n-3 and 24:5n-3 to 24:6n-3 (94). Based on the data that
linoleic acid reduces the ∆6-desaturase levels (94), an obvious
mechanism to promote EPA and DHA synthesis from ALA
would be to reduce the dietary linoleic acid level and at the
same time to increase the ALA level. This strategy has been
used successfully in human dietary studies (86) and rat studies
(95) to promote synthesis of EPA and DHA from ALA.

With respect to infants, there has been a substantial debate
about rates of synthesis of arachidonic acid and DHA from
their 18-carbon precursors, especially in preterm infants. This
discussion arose when it was realized that formula-fed infants
had reduced DHA levels in plasma, red blood cell, muscle,
and brain compared with breast-fed infants (above) and that
restoration of levels only occurred when arachidonic acid and
DHA were added to the infant formula. Many commercial in-
fant formulas contain high levels of linoleic acid and do not
contain arachidonic acid and DHA, whereas breast milk con-
tains a small proportion of arachidonic acid and DHA. There
is now evidence that ALA is converted to DHA in both
preterm and term infants (96,97), although there is wide vari-
ability between individual subjects. Despite the apparent abil-
ity of infants to make long-chain PUFA, Cunnane et al. (98)
argue that this production is not sufficient to meet the accre-
tion rate of DHA in the brain. Perhaps the period of rapid
brain growth is a situation when DHA, rather than ALA
alone, is required to support the accretion rate of brain DHA.
It is possible that ∆6-desaturase is especially sensitive to
linoleic acid in infants and that high levels of linoleic acid in
infant formulas reduce the activity of this enzyme, thus in-
creasing the likely requirement of arachidonic acid and DHA
to maintain plasma and other tissue levels of these PUFA. 

DO PLASMA DHA LEVELS REFLECT DHA STATUS 
IN OTHER TISSUES?

In studies in humans (infants and adults) with either 13C- or
2H-ALA, the main compartment that can be accessed is
plasma. All these studies report that labeled DHA is found in
plasma lipids with time, with substantial variability in stable
isotope labeled-DHA formation being reported in infants

(96). It is presumed that most of the DHA found in these stud-
ies is derived from synthesis in the liver since this tissue is
often considered a major site of PUFA synthesis. If other tis-
sues have specific capacities for PUFA formation, such as the
brain and testes, then examining the plasma might not reveal
this capacity. For example, in the guinea pig fed 0.7% ALA
in the diet (0.7 g/100 g diet), liver and heart DHA levels were
less than 1% of phospholipid FA (suggesting little DHA syn-
thesis), whereas retina and brain levels of DHA were 16 and
11%, respectively, implying DHA synthesis in these tissues
(80). In other words, there are tissue-specific levels of PUFA
that presumably depend on a number of factors, including the
activity of the desaturases and elongases in the specific tis-
sues, preferential transport, and decreased degradation. A
possible explanation for the high brain DHA levels might be
the presence of a brain FA-binding protein that supplies DHA
to the developing neurons (99). In the cat, the liver apparently
has the capacity to synthesize 22:5n-3 from ALA, which is
then transported to the brain where DHA can be synthesized,
presumably because of the presence of brain-specific en-
zymes (100). Recent studies on the cloning and expression of
mammalian ∆6- and ∆5-desaturases provide support for the
idea that tissues other than liver have high levels of desaturase
activity. For example, Cho et al. (94,101) showed that brain
had a higher ∆6-desaturase mRNA level than liver, lung,
heart, and skeletal muscle (in mice) and that liver, brain, and
heart had a higher abundance of ∆5-desaturase mRNA than
other human tissues. 

CAN DIETARY ALA SUPPORT ADEQUATE 
PHYSIOLOGICAL OUTCOMES? 

In spite of the apparent differences between ALA and DHA in
their efficiencies as a source of tissue DHA, it is relevant to
ask “does it really matter if all that is needed is a larger dose
of ALA than would be required if only DHA were supplied”?

This question can be considered in the retina and in the
cardiovascular system:

(i) The retina. The physiological response of the retina to
light is positively correlated with the supply of n-3 FA
(20,21). Few studies have compared the effect of dietary ALA
with that of DHA on electroretinographic amplitude re-
sponses (102–104). In the first study (in guinea pigs) there
were three dietary ALA levels (low, medium, and high) and
another diet containing ALA, EPA and DHA (102). The max-
imum electroretinographic amplitude was found in the group
with the highest ALA level (2% energy). The diet containing
ALA and long-chain n-3 PUFA, as well as the highest total
n-3 PUFA intake (3.1% energy), gave a reduced electroretino-
graphic signal in comparison with the ALA alone diet. In this
study, it was not established whether the reduced signal might
have resulted from increased peroxidation of DHA or from
too much light or perhaps even an imbalance between retinal
AA and DHA levels. In the second study, monkeys were fed
diets with safflower oil, soybean oil (8% ALA), and a blend
including tuna oil (0.6% DHA); results showed no significant
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differences between the photoreceptor function in the two diet
groups containing significant quantities of the n-3 PUFA
(103). In the third study, infant rhesus monkeys were fed ei-
ther a control diet containing ALA as the sole n-3 PUFA (2%
of FA) or a supplemented diet containing 1% DHA and 1%
AA from birth. The results suggested that the supplementa-
tion with DHA and AA neither harmed nor provided any sub-
stantial benefit to the development of visual acuity or retinal
function in the first four postnatal months compared with the
diet containing only ALA (104).

(ii) The cardiovascular system. A substantial role for long-
chain n-3 PUFA (EPA and DHA) in the cardiovascular sys-
tem has been described. The effects include regulation of
eicosanoid production from arachidonic acid, plasma TAG-
and blood pressure-lowering effects (105,106), regulation of
ion flux in cardiac cells (107), and regulation of gene expres-
sion via the peroxisomal proliferation system (108). There
have been successful trials of secondary prevention of myo-
cardial infarction with both ALA-rich vegetable oils (109,
110) and oils rich in EPA and DHA (111). A higher intake of
ALA was inversely related to the prevalence odds ratio of
coronary artery disease (113). In other studies, ALA, EPA,
and DHA all prevented fatal arrhythmia in dogs following in-
fusions of them as FFA (113).

(iii) Platelet behavior. Renaud and Norday (114) showed
that enriching the diet of French farmers with ALA was asso-
ciated with marked improvements in platelet behavior. In
1992, analysis of data from the MRFIT study of 6250 men
(115) in the usual care group showed significant inverse asso-
ciations between ALA and mortality from CHD (P < 0.04), all
cardiovascular disease (P < 0.03), and all cause mortality (P <
0.02). In 1999, Hu et al. (116) reported that a higher intake of
ALA in the Nurses Health study of 76,283 women was pro-
tective against fatal ischemic heart disease, in a prospective
cohort study. The mechanism whereby these effects are medi-
ated has not been elucidated; however, one hypothesis in-
volves an alteration in the balance between vasoactive PG 
(reducing production of vasoconstrictive thromboxane and in-
creasing vasodilatory prostacyclin). In support of this hypoth-
esis is a study by Ferretti and Flanagan (117), who reported
that one subject fed a diet containing 5% of the energy from
each of linoleic acid and ALA for 5 wk showed a significant
reduction in urine excretion of 11-dehydrothromboxane B2,
which returned to baseline levels following resumption of a
low-ALA diet (5.9% energy of linoleic acid, 0.2% energy
ALA). The PGI2-metabolite levels in urine were similarly sig-
nificantly reduced during the high-ALA diet phase; however,
the level of this metabolite did return to baseline, but more
slowly than for that of the thromboxane metabolite. There may
also be effects of n-3 rich diets via vasoconstrictor response to
stressor hormones and reduced blood viscosity (118). ALA
may also improve the elasticity of the arterial system, since it
has been shown that arterial compliance is improved in obese
subjects consuming 20 g of ALA from flaxseed oil for 4 wk
(119).

(iv) Coronary heart disease. Ventricular fibrillation is a

major fatal complication of coronary heart disease. The intro-
duction of n-3 PUFA as marine n-3 oils into the diet of rats or
the acute infusion of ALA, EPA, and DHA in dogs can re-
verse ventricular fibrillation, strengthening the rationale for
the use of these FA in preventing rhythm disorders (120,121).
The presence of n-3 PUFA in the myocardial cell membranes
electrically stabilizes the cells and prolongs the relative re-
fractory period (107).

(v) Cardiovascular disease. The Lyon Diet Heart study of
secondary prevention trial aimed to reduce the risk of CVD
deaths by diet modification (110). The experimental group (n =
302), who consumed a Mediterranean diet rich in ALA,
showed a significant reduction in cardiac deaths and nonfatal
myocardial infarction compared with the control group. An-
other prospective, randomized clinical trial using n-3 FA was
reported by Singh et al. (109). Patients presenting with sus-
pected myocardial infarctions (n = 360) were randomized to
placebo, marine n-3 oil (2 g of EPA + DHA per day), or mus-
tard seed oil (containing 2.9 g of ALA per day). After one year,
CHD events were significantly reduced in both n-3 FA groups.

(vi) Coronary artery disease. A randomized, single-blind
trial in 1000 patients with angina pectoris, myocardial infarc-
tion, or surrogate risk factors for coronary artery disease
showed that subjects allocated to a diet rich in whole grains,
fruits, vegetables, walnuts, and almonds with soy or mustard
seed oil had significantly fewer total cardiac end points,
including sudden cardiac deaths and nonfatal myocardial in-
farctions, compared with a local diet similar to the step 1 Na-
tional Cholesterol Education Program prudent diet. The inter-
vention diet group consumed a twofold higher intake of ALA
(1.8 vs. 0.8 g/d) compared with the control group (122). 

ALA AND PROSTATE CANCER

A number of prospective and case-control studies have sug-
gested there is a positive association between diet or plasma
ALA levels and the incidence of prostate cancer (123–128);
however, other studies have not supported this association
(129–132). The studies above estimated ALA dietary intake
by using food frequency questionnaires or by measuring ALA
levels in plasma or adipose tissue. The one study that mea-
sured ALA levels in prostate tissue itself from patients under-
going radical prostatectomy (133) showed that prostatic ALA
levels tended to be lower in cases than in control subjects,
with significantly lower levels when tumors extended to
anatomical or surgical margins.

The lack of consistency in findings from these studies may
be due to methodological limitations related to measurement
error in estimating past dietary exposure of a nutrient like
ALA from food frequency questionnaires, in measuring ALA
levels in plasma that may not represent long-term dietary in-
take, in assuming that ALA levels in plasma are representa-
tive of ALA levels in the prostate tissue, and in choosing the
sample size of the studies, which may have been too small in
some studies. Measuring prostatic levels of FA, as in the study
by Freeman et al. (133), offers advantages over self-reported
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usual dietary intake since it provides an estimate of exposure
at the target organ level, where the concentrations likely re-
flect long-term dietary intake; however, the sample size for
that study was small.

At least four distinct biological mechanisms have been pos-
tulated to explain an effect of PUFA on prostate cancer growth.
These include alteration in (i) the immune system response via
eicosanoid synthesis, (ii) membrane phospholipid composition
affecting permeability and receptor activity, (iii) hormone me-
tabolism such as interference with 5α-reductase activity, which
converts testosterone to 5α-dihydrotestosterone, and (iv) free
radical formation from FA oxidation (134–136).

The etiology of prostate cancer remains unknown; how-
ever, it is evident that both genetic and exogenous factors are
important in causing prostate cancer. The evidence of a posi-
tive association between ALA and prostate cancer is very
weak and conflicting. Future research should aim at looking
at the prostatic levels of ALA rather than plasma or diet in pa-
tients with prostate cancer.

ALA AND BREAST CANCER

Several recent papers have associated a low ALA content of
breast adipose tissue with an increased risk of breast cancer.
The first study was a case-control study that showed an in-
verse association between breast adipose tissue ALA and the
risk of breast cancer in 123 women with invasive, non-
metastatic breast carcinoma compared with 59 women with
benign breast disease (137). The second study was also a
case-control study that examined breast adipose tissue from
241 patients with invasive, nonmetastatic breast carcinoma
and 88 patients with benign breast disease (138). There was
an inverse association between breast cancer risk and n-3 FA
levels in breast adipose tissue. Furthermore, there were sig-
nificant reductions of risk for women in the highest tertile of
both ALA and DHA and in the highest tertile for the ratio of
long-chain n-3 to n-6 PUFA. Studies in animals fed a high
level of ALA suggest that rat mammary tumor growth de-
pended on the dietary oxidative status, with vitamin E added
to the ALA in the diet resulting in increased tumor growth
compared with the high-ALA diet without vitamin E and pro-
oxidants (sodium ascorbate/2-methyl-1,4-naphthoquinine)
decreasing tumor growth (139). 

CASE REPORTS OF ALA DEFICIENCY IN HUMANS

Two case reports of suspected ALA deficiency in children de-
serve mention (137,138). In the first, a 7-yr-old child fed in-
travenously for 5 mon on a high-linoleic and low-ALA emul-
sion was reported to have experienced episodes of numbness,
paresthesia, weakness, inability to walk, pain in the legs, and
blurring of vision. Use of an ALA-containing emulsion was
associated with a gradual and complete resolution of the
paresthesias and episodes of weakness in the first 12 wk and
subsequently improved nerve conduction velocities (140).
The authors concluded there was a requirement for ALA of

0.54% of energy. In the second study, a 7-yr-old girl fed solely
by gastric tube, with a preparation containing 16.2% energy
as linoleic acid and 0.07% as ALA, from the age of 3 to the
age of 7 showed little evidence of growth in this period, with
weight being constant for the last 15 mon at 10.3 kg. She was
supplemented with a linseed- and cod liver-oil mixture (5:1,
vol/vol) for 2 mon, during which time her weight increased
0.43 kg/mon; after 5 mon, the amount of cod liver oil was in-
creased and the weight gain increased to 0.64 kg/mon and her
length increased from 117 to 122 cm in 5 mon (141). The au-
thors concluded the n-3 requirements for this child were in
the range 1.1–1.2% energy.

RECOMMENDED DAILY INTAKES OF ALA

In 1992, the National Health and Medical research Council of
Australia recommended that Australians increase their intakes
of n-3 PUFA without specifying a figure for the recom-
mended intake (142). In 1998, a European group considered
the evidence for a Recommended Daily Intake for ALA and
judged there was no evidence to deviate from the value of 1%
energy (105). This group highlighted the need for large-scale
prospective studies and randomized controlled trials focusing
specifically on ALA. In 1999, a workshop sponsored by the
National Institute on Alcohol Abuse and Alcoholism–NIH,
the Office of Dietary Supplements–NIH, The Centre for Ge-
netics, Nutrition & Health, and the International Society for
the Study of Fatty Acids & Other Lipids suggested that the
adequate intake of ALA should be 1% energy (2.22 g/d on a
2000 kcal diet) (143) with the proviso that the adequate
linoleic acid intake be 2% of energy. The rationale for this
suggestion was that it is only at low intakes of linoleic acid
that ALA is effectively metabolized to long-chain n-3 in
plasma and tissues (144,145). There is a clear need for a phys-
iological end point related to ALA in order that requirements
can be more effectively determined.
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ABSTRACT: The aim of the present work was to test the effects
of large-dose supplementation of vitamin E (Vit E) and selenium
(Se), either singly or in combination, on fish oil (FO)-induced tis-
sue lipid peroxidation and hyperlipidemia. The supplementation
of Se has been shown to lower blood cholesterol and increase tis-
sue concentrations of the antioxidant glutathione (GSH); how-
ever, the effects of Se supplementation, either alone or in combi-
nation with supplemental Vit E, on FO-induced oxidative stress
and hyperlipidemia have not been studied. Male Syrian hamsters
received FO-based diets that contained 14.3 wt% fat and 0.46
wt% cholesterol supplemented with Vit E (129 IU D-α-tocopheryl
acetate/kg diet) and/or Se (3.4 ppm as sodium selenate) or that
contained basal requirements of both nutrients. The cardiac tis-
sue of hamsters fed supplemental Se showed increased concen-
trations of lipid hydroperoxides (LPO) but decreased oxidized
glutathione (GSSG) concentrations. The higher concentrations of
LPO in the hearts of Se-supplemented hamsters were not lowered
with concurrent Vit E supplementation. In the liver, Se supple-
mentation was associated with higher Se-dependent glutathione
peroxidase activity and an increase in the GSH/GSSG ratio,
whereas a lower hepatic non-Se-dependent glutathione peroxi-
dase activity was seen with Vit E supplementation. Supplemental
intake of Se was associated with lower plasma concentrations of
total cholesterol and low density lipoprotein cholesterol plus very
low density lipoprotein cholesterol. In view of the pro-oxidative
effects of Se supplementation on cardiac tissue, a cautionary ap-
proach needs to be taken regarding the plasma lipid-lowering
properties of supplemental Se.

Paper No. L9017 in Lipids 37, 1125–1133 (December 2002).

Fish oil (FO) consumption generally has been associated with a
beneficial lowering of plasma concentrations of triglycerides
(TG) and very low density lipoprotein cholesterol (VLDL) (1).
The effect of FO ingestion on plasma lipids, however, is not al-
ways beneficial, as demonstrated by increased concentrations of

plasma low density lipoprotein cholesterol (LDL) and a lower-
ing of high density lipoprotein cholesterol (HDL) in some
human and animal feeding trials (2). In addition, intake of FO
without adequate antioxidant supplementation is commonly as-
sociated with increased in vivo lipid peroxidation and decreased
tissue antioxidant content in the plasma, heart, and liver (3,4).
The enhanced in vivo lipid peroxidation induced by FO has been
attributed to an increased unsaturation of membrane phospho-
lipids resulting from the intake of highly unsaturated n-3 PUFA,
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) found in FO (3,4). Because the enzymes of cholesterol
biosynthesis reside in the plasma membrane of the endoplasmic
reticulum, which is rich in PUFA content, the increased lipid
peroxidation associated with FO intake has been related to FO-
induced hyperlipidemia (5). 

Lipid peroxidation results in the formation of lipid hydroper-
oxides (LPO), which are substrates for cytosolic glutathione
peroxidase (GSHPx). Selenium (Se) is an essential component
for Se-dependent glutathione peroxidase (SeGSHPx) and has
been shown to inhibit lipid peroxidation and hyperlipidemia
when supplemented at doses above basal requirements (6).
There is also non-selenium-dependent glutathione peroxidase
(non-SeGSHPx) activity found in the cytosol that consists of the
activity of some glutathione S-transferases. These glutathione
S-transferases catalyze reactions of organic peroxides but not
hydrogen peroxide with GSH to form oxidized glutathione
(GSSG) and alcohols. The distribution of cellular SeGSHPx and
glutathione S-transferases varies among tissues and species.
Total GSHPx activity is measured using t-butylperoxide, as it
detects both SeGSHPx and glutathione S-transferases.

Supplementation of Se is associated with higher hepatic con-
centrations of GSH (7,8), a potent intracellular inhibitor of lipid
peroxidation (9). Vitamin E (Vit E), known to inhibit the chain
reaction of lipid peroxidation in the membrane, has a sparing
effect on the requirement of Se (10). However, the effects of a
combined supplemental intake of Vit E and Se on inhibiting in
vivo lipid peroxidation and on modulating tissue levels of GSH,
SeGSHPx, and non-SeGSHPx activity have not been examined
previously. Since Vit E has been shown to be only partially ef-
fective at inhibiting in vivo lipid peroxidation induced by FO
ingestion (11), a supplemental combination of Vit E and Se
could be more effective in this regard. Moreover, as supplemen-
tation of Vit E (12) and Se (6) have both been associated with
decreased plasma concentrations of total cholesterol (TC) and
LDL, the combined supplementation of these nutrients may
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exert synergistic plasma cholesterol-lowering effects in associa-
tion with FO feeding.

In the present study, the effects of Vit E and Se supplemen-
tation were studied in association with FO feeding with re-
spect to: (i) endogenously produced GSH, SeGSHPx, and
non-SeGSHPx activity; (ii) in vivo lipid peroxidation; and
(iii) plasma lipid concentrations. The plasma, heart, and liver
were examined to investigate whether these tissues respond
similarly to the effects of Se and Vit E supplementation on
FO-induced in vivo lipid peroxidation.

MATERIALS AND METHODS

Animals and diets. Thirty-two male Golden Syrian hamsters
weighing on average 112 ± 3 g at 10 wk of age were obtained
from Charles River Laboratories (St-Constant, Québec,
Canada). Eight animals were randomly assigned to each one
of the four dietary treatments for 3 wk after being acclima-
tized for 4 wk. Hamsters began consuming their respective
diets in a staggered manner. The staggered procedure in-
volved the inclusion of one hamster randomly chosen from
each diet so that four hamsters began consuming their respec-
tive diets, one hamster from each diet per day. The staggered

design was necessary in order to allow for equal sampling
across treatment groups at the end of the experiment when an-
imals were killed in a staggered manner over several days.
Diets were prepared in pellet form and vacuum packed by
Dyets (Bethlehem, PA). Diets were kept refrigerated at 4°C.
One bag was opened every week to feed the hamsters for the
upcoming week. The exact composition of the diets is given
in Table 1. The basal diet consisted by weight of 15.9% vita-
min-free casein, 12.9% FO, 1.38% safflower oil, 0.46% cho-
lesterol, 30.24% cornstarch, 9.9% dextrinized cornstarch,
18.64% sucrose, 4.3% cellulose, 4.3% mineral mix (without
Se), 0.86% vitamin mix (without Vit E), and 1.12% choline
bitartrate. Suitable vitamin and mineral mixes for hamster
needs were developed following the National Research Coun-
cil (NRC) requirements (13) and were given at 1.3 times the
requirements to ensure an adequate intake of those nutrients.
Separate additions of Se and Vit E were made for the final for-
mulations of the diets. The basal Se diet provided 0.19 mg of
Se/kg diet, whereas the supplemental Se diet provided 3.4 mg
of Se/kg diet as sodium selenate (Na2SeO3). The basal Vit E
diet provided 27 IU tocopherol acetate/kg diet, whereas the
supplemental Vit E diet provided 129 IU of tocopherol ace-
tate/kg diet [10 tocopherol equivalents (TE) = 10 mg D-α-
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TABLE 1
Composition of Experimental Diets (g/kg)a

Ingredients FO FO + Se FO + Vit E FO + Vit E + Se

Casein, vitamin-free 159.1 159.1 159.1 159.1 
Cornstarch 306.1 305.4 305.9 305.2
Sucrose 176.1 176.1 176.1 176.1
Dextrose 98.9 98.9 98.9 98.9
Cellulose 43 43 43 43
FOb 129 129 129 129
Safflower oilc 13.8 13.8 13.8 13.8
Cholesterol, USPd 4.2 4.2 4.2 4.2
Mineral mixe 43 43 43 43
Vitamin mixf 8.6 8.6 8.6 8.6
Choline bitartrate 11.2 11.2 11.2 11.2
Sodium selenate 0.046 0.8229 0.046 0.8229
Vit E acetate 0.052 0.052 0.256 0.256
Metabolizable energy, MJ/kg 15.4 15.4 15.4 15.4
aFO = fish oil; FO + Se = fish oil + selenium; FO + Vit E = fish oil + vitamin E; FO + Vit E + Se = fish oil + vitamin E + sele-
nium. All diets were formulated at McGill University and prepared in pellet form by Dyets Inc. (Bethlehem, PA).
bMenhaden oil (MO) was refined and antioxidant free. FA composition of FO is as follows (% by wt): 14:0, 6.85; 15:0,
0.46; 16:0, 14.83; 16:1, 9.74; 16:2, 1.62; 16:3, 1.51; 16:4, 1.53; 17:0, 0.38; 18:0, 2.55; 18:1, 9.58; 18:2, 1.93; 18:3, 1.48;
18:4, 3.09; 19:0, 0.00; 20:0, 0.17; 20:1, 1.48; 20:2, 0.18; 20:3, 0.37; 20:4, 2.09; 20:5, 14.16; 21:5, 0.76; 22:0, 0.10; 22:1,
0.33; 22:4, 0.24; 22:5, 2.82; 22:6, 10.26; 24:0, 0.60; 24:1, 0.22. Remaining percentage is composed of the weight of
unidentified FA and glycerol. MO was analyzed for pesticides and found to contain 0.07 µg/g α-BHC and 0.20 µg/g p,p′-
DDE [method detection limit (MDL) of 0.02 µg/g]. Results of mineral analysis of MO include (µg/g): mercury <0.05, copper
0.6 (MDL of 0.3 µg/g), lead <2.5, selenium <5, arsenic <6, tin <1.8, cadmium <0.3. 
cSafflower oil (SAFF) was added to prevent EFA deficiency. Vit E concentration of SAFF is 350 ppm α-tocopherol, 180 ppm
other tocopherols. FA profile of SAFF included (% by wt): 14:0, trace; 16:0, 6.9; 16:1, trace; 18:0, 2.9; 18:1, 12.2; 18:2,
78.0; 18:3, trace.      
dCholesterol, USP, added to MO 4.535 g/kg. MO contains 350 mg cholesterol/100 g MO.
eThe mineral mix was free of Se and was composed of (g/kg): calcium carbonate 336.4; calcium phosphate, monobasic
285.0; magnesium oxide 2.985; potassium iodate (10 mg KI/g) 0.76; potassium phosphate, dibasic 40.76; sodium chloride
11.45; cupric carbonate 0.084; cobalt chloride 0.133; sodium fluoride 0.002; ferric citrate 25.45; manganous carbonate
0.229; ammonium paramolybdate 0.008; zinc carbonate 0.53; sucrose 296.209. Sodium selenate (10 mg/g sodium sele-
nate) was added separately to make the diets; for basal Se diets 0.046; for high Se diets 0.8229.
fThe vitamin mix was free of Vit E and was composed of (g/kg): vitamin A palmitate (500 IU/g) 6.88; vitamin  D3 (400,000
IU/g) 0.9315; vitamin  K1 premix (10 mg/g) 110.0; biotin 0.03; folic acid 0.3; niacin 13.5; pantothenate (Ca) 1.5; riboflavin
2.25; thiamine HCl 3.0; pyridoxine HCl 0.9; vitamin B12 (0.1%) 1.5; sucrose 866.0885. Vit E acetate (500 IU/g) was added
separately to make the diets; for basal Vit E diets 0.052; for high Vit E 0.260. 



tocopherol = 15 IU]. The diets included: (i) FO; (ii) FO + Vit
E; (iii) FO + Se; and (iv) FO + Vit E + Se. 

Hamsters were housed in a room of controlled light (light
0700–1900 h) in plastic-bottomed cages and fed diets and tap
water ad libitum. Fresh diets were fed to the hamsters daily
and uneaten food was discarded. Food consumption was mea-
sured daily and body weights were recorded weekly. Care and
handling of the hamsters conformed to the guidelines of the
McGill University Animal Care Committee and Canadian
Council of Animal Care (14).

Sample preparation. At the end of the feeding period, the
hamsters were fasted 13.5 to 20 h. They were anesthetized
with CO2 and killed by exsanguination after cardiac puncture.
Blood was drawn into vacutainer tubes containing EDTA.
The plasma was immediately isolated by centrifugation at
1,500 × g, 4°C, for 10 min and aliquoted into microcentrifuge
tubes. Liver and heart were immediately removed, rinsed in
ice-cold saline, blotted, and rapidly frozen in liquid nitrogen.
Both plasma and tissues were stored at −80°C until analysis. 

EXPERIMENTAL PROCEDURES 

Plasma lipids. Automated enzymatic methodology using the Ab-
bott VP Super System (Abbott, Irving, TX) with Abbott enzy-
matic reagent kits measured plasma TG (Abbott Kit 6097), TC
(Abbott Kit 6095), and HDL (Abbott Kit 6039). LDL + VLDL
were calculated from the difference between TC and HDL. 

Plasma TBARS. Plasma concentrations of TBARS were
measured using a modified method of Asakawa and Matsushita
(15) and Wong et al. (16). A standard curve was constructed
using a 1,1,3,3-tetramethoxypropane solution (Sigma T 9889;
St. Louis, MO) (1200 µmol/L 0.01M HCl). The assay consisted
of 100 µL of plasma or standard, 12.5 µL of thiobarbituric acid
solution (Sigma T 5500) (110.99 mmol/L, 0.1 M NaOH), 100
µL of 85% aqueous orthophosphoric acid solution (Fisher
A242-1; Fairlawn, NJ) (11.56 mmol/L), and 12.5 µL of BHT
solution (Sigma B 1378) (3 mmol/L ethanol) to a final volume
of 225 µL. Samples and standards were heated for 45 min at
90°C in a boiling water bath. After cooling, 250 µL of n-
butanol (Sigma 19417) and 25 µL of saturated sodium chloride
were added. Following centrifugation, the extraction of both
sample and standard was accomplished with removal of 200
µL of n-butanol upper phase to microtiter plate wells. Plasma
TBARS were expressed as µmol/mL of plasma. Absorbance
was read at 540 and 590 nm using the series 750 microtiter
plate reader (Cambridge Technology, Inc., Cambridge, MA).

Total GSHPx, SeGSHPx, and non-SeGSHPx (glutathione S-
transferase) activity. Tissue supernatants were assayed for total
GSHPx and SeGSHPx activity using an automated modifica-
tion (17) of the coupled assay of Paglia and Valentine (18). The
assay mixture was prepared fresh daily and contained 150 mM
potasssium phosphate buffer (pH 7.0); potassium phosphate,
monobasic (Sigma P 5379); potassium phosphate, dibasic (P
5504), 5 mM EDTA, disodium salt (Sigma E 5134); 0.5 mM
sodium azide (Sigma S 2002); 2 mM GSH (reduced, crys-
talline-free acid) (Sigma G 6654); 0.24 mM NADPH (Sigma

N 6505); and 1 U/mL of glutathione reductase (GSSGRase, EC
1.6.4.2) (Sigma G 3664). Total GSHPx activity and SeGSHPx
activity were determined using 1.2 mM and 0.3 mM t-butylper-
oxide (Sigma B 2633) as substrates, respectively. The blank ac-
tivity was significantly lower with 0.3 mM t-butylperoxide than
with hydrogen peroxide, and for this reason t-butylperoxide
was used instead. The ability to detect only SeGSHPx activity
using a concentration of 0.3 mM t-butylperoxide was also con-
firmed in a study by Prohaska (19). Non-SeGSHPx activity due
to glutathione S-transferases was determined from the differ-
ence between total GSHPx activity and SeGSHPx activity. Re-
actions were carried out using the Abbott VP Super System at
37°C with a 340/380 nm filter. The sample cuvette contained
250 µL of the assay mixture and 5 µL of sample. The reaction
was initiated by the addition of substrate. One unit (U) of ac-
tivity catalyzes the oxidation of 1.0 µmol of reduced NADPH
per min, and was expressed as mU/mg of protein.

Tissue GSH and GSSG. The detection of GSH and GSSG
was done using a Cayman chemical kit (GSH Assay Kit Cat#
703002; Ann Arbor, MI). The kit protocol was modified by ho-
mogenizing tissue using a homogenizing buffer made up of 5%
sulfosalicylic acid (wt/vol) at pH 1.0 in order to maintain the
ratio of GSH/GSSG, which is subject to radical change with-
out the acidic pH (20). Protein content was extracted by adding
metaphosphoric acid (Aldrich 23,927-5; Milwaukee, WI) and
centrifuging at 3,000 × g for 5 min. Supernatant was then stored
at −80°C for later analysis. For the final analysis, the super-
natant was adjusted to pH 7.0 with the addition of tri-
ethanolamine (Aldrich T5, 830-0) and diluted so that ab-
sorbance of the sample fell within the absorbance of the stan-
dard curve values specified by the kit protocol. GSSG was
measured by derivatizing GSH with 2-vinylpyridine. The ELX
8081U Ultra Microplate reader (Bio-Tek, Inc., Winooski, VT)
was used along with the KC4 Kineticalc software for Windows
version 2.6 RevXX (Bio-TEK) using a 405 nm filter.

Tissue LPO. Heart and liver were analyzed for LPO using
an LPO kit assay (Kamiya Biomedical, Thousand Oaks, CA)
based on the method of Oshishi et al. (21). The lipid was ex-
tracted by the method of Folch et al. (22). The absorbance of
the sample was determined at 620 nm using the series 750 mi-
crotiter plate reader (Cambridge Technology, Inc).

Tissue Vit E. α-Tocopherol content of heart and liver tis-
sue was measured by the HPLC method of Thompson and
Hatina (23). Tissues were homogenized in water, diluted 1:1
with ethanol to de-proteinize them, and the tocopherols were
extracted with heptane. Samples of 100 µL volume were in-
jected for HPLC separation on a silica column [25 cm × 4.6
mm i.d., 5 µm particle size, Supelcosil LC-SI (Supelco
Canada Ltd., Oakville, Ontario, Canada)] using a Waters 717+
autosampler (Waters Scientific Ltd., Mississauga, Ontario,
Canada), Waters model 510 pump, and PerkinElmer 650 flu-
orescence detector. The mobile phase (1% 2-propanol in
hexane) was degassed by sonication and run at a flow rate of 2
mL/min at ambient temperature. Detector settings were as fol-
lows: excitation wavelength 290 nm and slit 10 nm, emission
wavelength 320 nm and slit 12 nm. A threefold higher detector
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sensitivity was used for measurement of α-tocopherol in heart
because of the lower levels of Vit E compared to liver.

Tissue protein. Protein concentrations of all supernatants
were determined using the biuret assay (Abbott Total Protein
Kit# LN5A13-26). BSA was used as standard. Homogenates
were centrifuged for 5 min at 12,000 × g and supernatants as-
sayed. The Abbott VP Super System was used.

Data analysis. Data were tested using the mixed model
procedure for all analyses of SAS 6.2 (24). The aim of the
study was to determine whether Vit E and Se had independent
or interaction effects on the dependent variables tested.
Hence, the main effects of the Vit E and Se treatments and
their possible interaction effects were assessed using a fixed-
effect 2 × 2 factorial design. Data were assessed for normal-
ity (univariate) and homogeneity of variance using a mixed
model procedure. Blocking was an integral part of the experi-
mental design owing to the staggered feeding that occurred in
distinct blocks over time. Blocking was therefore considered

to be a source of variation and was included as a variable in
the statistical model to ensure that it did not interfere with or
confound the significant effect of treatment on the dependent
variable. The average daily food intake and body weight gain
were considered in the statistical model as co-variables; how-
ever, these co-variates were found not to affect the results sig-
nificantly and so were omitted from the model. The statistical
significances of the differences between least square means
were determined using the Scheffé test. Differences of P <
0.05 were considered significant.

RESULTS

Average daily food intake. A significant main effect of Vit E
(P < 0.05) on average daily food intake was observed. Fewer
grams of diet were consumed by hamsters fed the diets sup-
plemented with Vit E than by hamsters fed the diets not sup-
plemented with Vit E (Table 2). 
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TABLE 2
ANOVA of the Effects of Dietary Vit E and Se Supplementation on Body Weight Gain and Average Daily Intake
of Adult Male Syrian Hamsters Fed FO Diets for 3 wka

Significance of main
Dietary treatment and interaction effectsb

Variable FO FO + Se FO + Vit E FO + Vit E + Se Vit E Se Vit E × Se

Average daily intake (g/d)
5.90 ± 0.12a 6.03 ± 0.12a 5.79 ± 0.12b 5.58 ± 0.12b 0.05 NS NS

Body weight gain (g)
−1.4 ± 1.9 −0.60 ± 1.9 −4.5 ± 1.9 −4.9 ± 1.9 NS NS NS

aValues are mean ± SEM (n = 8). Diets and abbreviations are as indicated in Table 1. Means within rows with no common
roman superscript letter differ significantly (P < 0.05). NS = nonsignificant.
bThe four interaction effects include FO = basal Vit E × basal Se; FO + Se = basal Vit E × supplemental Se; FO + Vit E =
supplemental Vit E × basal Se; and FO + Vit E + Se = supplemental Vit E × supplemental Se. Main effects include the effect
of basal Vit E vs. supplemental Vit E and basal Se vs. supplemental Se.

TABLE 3
ANOVA of the Effects of Dietary Vit E and Se Supplementation on Plasma Lipid Concentrations (TC, LDL +
VLDL, HDL, TG, and LDL + VLDL/HDL Ratios) of Adult Male Syrian Hamsters Fed FO Diets for 3 wka

Significance of main
Dietary treatment and interaction effectsb

Variable FO FO + Se FO + Vit E FO + Vit E + Se Vit E Se Vit E × Se

TC (mg/dL)
285 ± 16a 220 ± 16b 265 ± 15b 233 ± 16b NS 0.01 NS

LDL + VLDL (mg/dL)
228 ± 16a 171 ± 16b 218 ± 16a 172 ± 16b NS 0.005 NS

HDL (mg/dL)
57 ± 5 48 ± 5 47 ± 5 62 ± 5 NS NS 0.05

LDL + VLDL/HDL
4 ± 2 4 ± 2 8 ± 2 3 ± 2 NS NS NS

TG (mg/dL)
220 ± 20 154 ± 20 181 ± 20 214 ± 20 NS NS 0.05

aValues are mean ± SEM (n = 8). Means within rows with no common superscript roman letter differ significantly
(P < 0.05). Diets and abbreviations are as indicated in Table 1. TC, total cholesterol; LDL + VLDL, low density lipoprotein
+ very low density lipoprotein cholesterol; HDL, high density lipoprotein cholesterol; LDL + VLDL/HDL, low density
lipoprotein + very low density lipoprotein cholesterol/high density lipoprotein cholesterol ratio; TG, triglyceride; for other
abbreviation see Table 2.
bThe four interaction effects include FO = basal Vit E × basal Se; FO + Se = basal Vit E × supplemental Se; FO + Vit E =
supplemental Vit E × basal Se; and FO + Vit E + Se = supplemental Vit E × supplemental Se. Main effects include the effect
of basal Vit E vs. supplemental Vit E and basal Se vs. supplemental Se.



Body weight gain. Neither Vit E nor Se was associated
with any significant effects on body weight gain (Table 2). 

Plasma lipids. As shown in Table 3, a significant main ef-
fect of Se on plasma TC and LDL + VLDL concentrations
(P < 0.01 and P < 0.005, respectively) was observed. The
plasma of hamsters supplemented with Se had 18% lower TC
concentrations and 23% lower LDL + VLDL than plasma of
the non-Se-supplemented groups (Table 3). A significant in-
teraction effect of Vit E × Se on plasma HDL and TG concen-
trations was observed (P < 0.05 and P < 0.05, respectively)

(Table 3); however, no significant difference between groups
was observed via the Scheffé multiple comparison test. Block-
ing was shown to affect significantly the concentrations of TC
(P < 0.005), LDL + VLDL (P < 0.001), and TG (P < 0.05).

Plasma TBARS. Neither Vit E nor Se was associated with
any significant effect on plasma TBARS concentrations (data
not shown). 

Tissue LPO. A significant main effect of Se (P < 0.05) on
concentrations of LPO was observed in the heart (Table 4).
The supplementation of Se to FO diets resulted in a higher
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TABLE 4
ANOVA of the Effects of Dietary Vit E and Se Supplementation on Heart LPO,
GSH, GSSG, SeGSHPx Activity, Non-SeGSHPx Activity, and Vit E of Adult Male
Syrian Hamsters Fed FO Diets for 3 wka

Significance of main
Dietary treatment and interaction effectsb

Variable FO FO + Se FO + Vit E FO + Vit E + Se Vit E Se Vit E × Se

LPO (nmol/g protein)
834 ± 170a 1430 ± 170b 883 ± 170a 1080 ± 170b NS 0.05 NS

GSH (µmol/g protein)
16 ± 1 16 ± 1 16 ± 1 16 ± 1 NS NS NS

GSSG (µmol/g protein)
11 ± 2a 5 ± 2b 7 ± 2a 6 ± 2b NS 0.05 NS

SeGSHPx (units/mg protein)
40 ± 4 50 ± 4 45 ± 4 44 ± 4 NS NS NS

Non-SeGSHPx (units/mg protein)
10 ± 2 11 ± 2 9 ± 2 13 ± 2 NS Ns NA

Vit E (µg/g protein)
10 ± 10a 12 ± 10a 86 ± 10b 73 ± 10b 0.005 NS NS

aValues are mean ± SEM (n = 8). Means within rows with no common superscript roman letter differ significantly
(P < 0.05). LPO, lipid hydroperoxides; GSH, glutathione; GSSG, oxidized glutathione; SeGSHPx, Se-dependent glutathione
peroxidase activity; Non-SeGSHPx, non-Se-dependent glutathione peroxidase activity. Diets and abbreviations are as indi-
cated in Tables 1 and 3.
bThe four interaction effects include FO = basal Vit E × basal Se; FO + Se = basal Vit E × supplemental Se, FO + Vit E =
supplemental Vit E × basal Se, and FO + Vit E + Se = supplemental Vit E × supplemental Se. Main effects include the effect
of basal Vit E vs. supplemental Vit E and basal Se vs. supplemental Se.

TABLE 5
ANOVA of the Effects of Dietary Vit E and Se Supplementation on Liver LPO, GSH, GSSG, GSH/GSSG Ratios,
SeGSHPx Activity, Non-SeGSHPx Activity, and Vit E of Adult Male Syrian Hamsters Fed FO Diets for 3 wka

Significance of main
Dietary treatment and interaction effectsb

Variable FO FO + Se FO + Vit E FO + Vit E + Se Vit E Se Vit E × Se

LPO (nmol/g protein)
484 ± 70 494 ± 70 467 ± 70 592 ± 70 NS NS NS

GSH (µmol/g protein)
45 ± 4 49 ± 4 40 ± 4 40 ± 4 NS NS NS

GSSG (µmol/g protein)
8 ± 1 7 ± 1 8 ± 1 5 ± 1 NS NS NS

GSH/GSSG
6 ± 1a 9 ± 1b 6 ± 1a 10 ± 1b NS 0.05 NS

SeGSHPx (units/mg protein)
280 ± 8a 290 ± 8b 257 ± 8a 292 ± 8b NS 0.05 NS

Non-SeGSHPx (units/mg protein)
73 ± 6a 66 ± 6a 57 ± 6b 55 ± 6b 0.05 NS NS

Vit E (µg/g protein)
528 ± 100a 613 ± 100a 1110 ± 100b 939 ± 100b 0.0005 NS NS

aValues are mean ± SEM (n = 8). Means within rows with no common superscript roman letter differ significantly
(P < 0.05). Diets and abbreviations are as indicated in Table 1. For other abbreviations see Tables 2–4.
bThe four interaction effects include FO = basal Vit E × basal Se; FO + Se = basal Vit E × supplemental Se, FO + Vit E =
supplemental Vit E × basal Se, and FO + Vit E + Se = supplemental Vit E × supplemental Se. Main effects include the effect
of basal Vit E vs. supplemental Vit E and basal Se vs. supplemental Se.



heart concentration of LPO as compared to hamsters receiv-
ing FO alone. In the liver, neither Vit E nor Se was associated
with any significant effect on LPO concentrations (Table 5).
Blocking was associated with significant effects on heart and
liver LPO (P < 0.01).

Tissue GSH. Neither Vit E nor Se was associated with any
significant effects on heart GSH concentrations (Table 4). Also
in the liver, neither Vit E nor Se was associated with any sig-
nificant effects on liver GSH concentrations (Table 5). Block-
ing was associated with significant effects on heart GSH (P <
0.0001) and liver GSH (P < 0.05).

Tissue GSSG. A significant main effect of Se (P < 0.05) on
heart GSSG concentration was observed (Table 4). The supple-
mentation of Se was associated with significantly lower levels
of GSSG in the heart as compared to the hamsters not supple-
mented with Se (Table 4). In the liver, neither Vit E nor Se was
associated with any significant effects on GSSG concentrations
(Table 5). Blocking was associated with significant differences
in heart and hepatic GSSG concentrations (P < 0.005).

Tissue GSH/GSSG ratio. Neither Vit E nor Se was associ-
ated with any significant effects on heart GSH/GSSG ratios
(data not shown). In the liver, a significant main effect of Se (P
< 0.05) on GSH/GSSG ratios (Table 5) was seen. Hamsters fed
the diets supplemented with Se had significantly higher liver
GSH/GSGG ratios compared to hamsters not fed supplemental
Se (Table 5). The hepatic GSH/GSGG ratio was affected sig-
nificantly by blocking (P < 0.05)

Tissue SeGSHPx activity. Neither Vit E nor Se was associ-
ated with any significant effects on heart SeGSHPx activity
(Table 4). For liver SeGSHPx activity, a main effect of Se (P <
0.05) was observed (Table 5). The supplementation of Se was
shown to increase SeGSHPx activity in the liver. SeGSHPx ac-
tivity was significantly affected by blocking in the heart (P <
0.05) and liver (P < 0.0001).

Tissue non-SeGSHPx (glutathione S-transferase) activity.
Neither Vit E nor Se was associated with any significant effect
on heart non-SeGSHPx activity (Table 4). In the liver, a signif-
icant main effect of Vit E (P < 0.05) on non-SeGSHPx activity
was observed (Table 5). The supplementation of Vit E was as-
sociated with a decrease in hepatic non-SeGSHPx activity.
Liver non-SeGSHPx activity was affected significantly by
blocking (P < 0.05).

Tissue Vit E. A significant main effect of Vit E (P < 0.005)
on Vit E concentrations was observed in the heart (Table 4).
The Vit E-supplemented hamsters had significantly higher con-
centrations of Vit E in the heart compared to the hamsters not
supplemented with Vit E (Table 4). In the liver, a significant
main effect of Vit E (P < 0.0005) on Vit E concentrations was
observed (Table 5). The Vit E-supplemented hamsters had sig-
nificantly higher concentrations of Vit E in the liver compared
to the hamsters not supplemented with Vit E (Table 5).

DISCUSSION

The aim of the present work was to test the effects of large-
dose supplementation of Vit E and Se, when provided either

singly or in combination, on FO-induced tissue lipid peroxi-
dation and hyperlipidemia. Although Se supplementation was
not associated with differences in indicators of oxidative
stress in the liver and plasma, a higher cardiac LPO content
was shown with Se supplementation. This observation is in
marked contrast to the observations of Jamall et al. (25), who
noted a decrease in cardiac TBARS content in myopathic Syr-
ian Golden hamsters receiving dietary Se supplementation at
a level of 1 ppm in a standard laboratory diet. In addition to
differences in hamster strains, the 3.5 higher dose of Se used
in the present study may have exerted a pro-oxidative action
in concert with the FO-rich diet. The dose of Se (3.4 ppm)
used in the present work was chosen to be comparable to, but
more moderate than, the level of 5 ppm dietary Se used in the
work of Vinson et al. (6), which showed significant plasma
lipid- and plasma lipid peroxide-lowering effects in Syrian
hamsters fed Se in conjunction with a low-fat diet.

The supplementation of Se also showed no detrimental ef-
fects on the histopathology of major organ systems when Syr-
ian hamsters were fed 5 ppm Se for 25 wk in conjunction with
a standard laboratory diet (26). In the present study, it is con-
ceivable that a pro-oxidative action of Se supplementation in
the heart may have been induced by the concurrent feeding of
FO, as FO feeding has been shown to result in an increase in
cardiac lipid peroxidation (27,28). The greater sensitivity of
the heart to the pro-oxidative action of Se also may be ex-
plained by previous work showing heart tissue to be less ca-
pable than the liver of synthesizing dimethyl selenide, which
is a major metabolic route for detoxifying subacute doses of
Se (29). High doses of Se are processed for elimination by in-
teracting with endogenously produced GSH, which results in
the consequent methylation of Se for excretion (30). Se-
lenotrisulfides formed inside the cell from the reaction of Se
with GSH react with oxygen to produce reactive oxygen
species involved in lipid peroxidation (29). In this regard, the
decrease in heart GSSG content following Se supplementa-
tion could have been due to an increased formation of se-
lenotrisulfides.

The pro-oxidant effect of Se supplementation also may have
been associated with the unchanged cardiac SeGSHPx activity
seen with Se supplementation. The higher LPO content in the
heart tissue following Se supplementation could have inhibited
the capability of Se to induce heart SeGSHPx activity, as lipid
peroxidation negatively affects SeGSHPx activity (31). Alter-
natively, the capability of Se to induce heart SeGSHPx activity
may be a species-specific effect in the hamster, as the guinea
pig heart is refractory in this regard (32). It is thus possible that
heart SeGSHPx activity in the hamster was not responsive to
Se supplementation, although the hamster has not been studied
to our knowledge in this regard. The capability of Se to induce
SeGSHPx activity, however, was organ specific as SeGSHPx
activity in liver tissue was increased with Se supplementation
(Table 5). Previous work in the rat has shown that SeGSHPx
activity in the liver is more sensitive to induction via Se sup-
plementation than heart tissue (33). 

The supplementation of Vit E was not associated with dif-
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ferences in hepatic SeGSHPx activity, which agrees with the
findings of Kaasgaard et al. (3), who also showed a lack of
association between the Vit E supplementation and hepatic
SeGSHPx activity in monkeys fed menhaden oil. On the other
hand, the supplementation of Vit E was associated with a de-
crease in non-SeGSHPx activity in the liver (Table 5). The
reasons for the lowering effect of Vit E supplementation on
non-SeGSHPx activity are not clear; however, the activity of
non-SeGSHPx in the hamster liver accounts for 43% of total
GSHPx activity and for this reason plays an important role
against oxidative stress. In the heart, both SeGSHPx and non-
SeGSHPx activity were unchanged in the Vit E-supplemented
hamsters, which agrees with a previous study that showed that
cardiac total GSHPx activity was unaffected by Vit E in the
normal Syrian hamster (34). Such differential responses of
the heart and liver further illustrate that tissue-specific re-
sponses of antioxidant enzymatic defenses can occur with an-
tioxidant supplementation. 

The enhancement of lipid peroxidation with Se treatment
was unaffected by the increased tocopherol content in heart tis-
sue following Vit E supplementation (129 IU/kg diet), which
provided a dietary intake approximately five times the NRC re-
quirement for the hamster (13). Dietary supplementation of Vit
E was also associated with significantly higher hepatic tocoph-
erol concentrations. The level of Vit E supplementation used in
the present work was based on the findings of Farwer et al.
(35), which showed that 5.6 mg or 8.4 IU TE per MJ of diet
were required to maintain adequate hepatic levels of Vit E in
rats fed a diet high in PUFA. In both the heart and liver, how-
ever, higher tocopherol concentrations were not associated with
lower tissue concentrations of LPO. Similarly, Demoz et al.
(36) showed a lack of association between hepatic tocopherol
concentrations and lipid peroxidation in the livers of EPA-fed
rats. Higher dietary doses of Vit E may have been required to
exert antioxidant action in hamsters fed diets containing FO-
based diet; Kubow et al. (11) demonstrated lower hepatic lipid
peroxidation concentrations in hamsters fed FO-based diets fol-
lowing supplementation with a 562 IU Vit E/kg diet. Supple-
mentation of Vit E also was not associated with lower plasma
concentrations of TBARS. This latter finding agrees with pre-
vious work showing an absence of effect of Vit E supplemen-
tation on decreasing plasma TBARS concentrations in humans
(37) and hamsters fed FO (11). 

In the present study, the supplementation of Se was associ-
ated with significantly higher hepatic GSH/GSSG ratios, which
resulted in a ratio of 10:1 found in cells under normal condi-
tions. Previous studies have shown depressed hepatic GSH
concentrations in FO-fed rats (38,39); however, in the present
study, hepatic GSH/GSSG ratios were within the normal range
as seen in the rat fed a standard rodent diet (40,41). The effects
of Se supplementation on tissue GSH concentrations have not
been studied previously in association with FO-based diets.
Earlier studies have shown, however, that supplementation of
Se results in increased hepatic GSH concentrations in various
species (7,8). In the present study, the supplementation of Se
was not associated with changes in GSH/GSSG ratios in the
heart and suggests tissue-specific effects in this regard. 

A major decrease in plasma concentrations of LDL +
VLDL and TC (Table 2) was observed with Se supplementa-
tion. Vinson et al. (6) reported a similar reduction in TC and
LDL + VLDL in hamsters fed nonpurified diets supplemented
with Se at a level of 5 mg/kg diet, comparable to the Se sup-
plemental levels of 3.4 mg/kg diet used in the present study.
The lack of significant lowering of TG concentrations shown
in the present study is in contrast with previous studies that
noted significant decreases in plasma TG concentrations with
Se supplementation in the human (42) and the rat (43) but
concurs with the findings of Vinson et al. (6), who observed
no significant change in plasma TG concentrations in ham-
sters fed diets supplemented with Se. 

The degree of plasma TC and LDL lowering (18 and 23%,
respectively) observed with Se supplementation in the pres-
ent work is similar to that observed with other potent choles-
terol-lowering nutritional and pharmaceutical agents. For ex-
ample, nicotinic acid is used therapeutically to lower LDL
cholesterol by 15–30% and pharmaceuticals such as bile acid
sequestrants and probucol lower LDL levels by 10–30% and
10–15%, respectively (44). The large magnitude of the
plasma TC- and LDL-lowering effect of Se suggests that sup-
plementation of Se could be a worthwhile avenue to explore
as a treatment for diet-induced hypercholesterolemia. In this
regard, a 6-wk supplementation with Se was associated with
a decrease in plasma TC and LDL concentrations in a recent
human study (42). Also, peroral sodium selenite therapy in
hypothyroid patients was shown to be associated with low-
ered TC and LDL plasma concentrations (45). Thyroid hor-
mone is one the most potent agents known to reduce serum
LDL concentrations and is known to affect hepatic levels of
LDL receptor by enhancing LDL receptor gene transcription
when administered at physiological doses (46). As Se is
needed for hepatic conversion of thyroxine (T4) to 3,3,5-tri-
iodothyronine (T3) through Type I iodothyronine deiodinase,
Se supplementation may lower plasma cholesterol concentra-
tions indirectly via its key role in thyroid hormone metabolism.

Although previous work has shown the supplementation
of Vit E to be associated with a reduction in plasma TC in the
presence of FO feeding in the hamster (11), no significant ef-
fect of Vit E supplementation was noted in the present work.
The reason for the difference between the previously men-
tioned studies may have been due to a 4.5-fold higher supple-
mental dose of Vit E provided in the earlier work. No signifi-
cant effect of Se or Vit E supplementation was noted on
plasma LDL/HDL ratios, which were comparable to those
previously seen in hamsters fed FO diets (47). The relatively
high LDL/HDL ratios may be due to the adverse lipidemic re-
sponse of hamsters to FO intake; previous studies have shown
that FO intake in the hamster is associated with depressed
HDL concentrations (48). 

Although tissue-specific effects were observed in the im-
provement of antioxidant indices following supplementation
of Se and Vit E, antioxidant supplementation was shown to
be ineffective in lowering tissue lipid peroxidation in FO-fed
hamsters. Moreover, combined supplementation of Vit E and
Se provided no additional benefit in terms of oxidative stress
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or antioxidative indices in the presence of FO feeding. Al-
though the supplementation of Se was associated with an in-
creased hepatic GSH/GSSG ratio and SeGSHPx activity, no
changes in liver concentrations of LPO were noted. Likewise,
the higher hepatic and cardiac Vit E content following Vit E
supplementation was not associated with lowered oxidative
stress. In addition, the hamster heart showed a pro-oxidative
response to Se supplementation in terms of lipid peroxidation
despite an apparently favorable decrease in heart GSSG con-
tent. Plasma lipid peroxidation status was also refractory to
both Vit E and Se supplementation. In contrast, Se supple-
mentation showed favorable effects on plasma LDL + VLDL
and TC concentrations, suggesting that antioxidative effects
are unlikely to be involved in the hypolipidemic effects of Se.
The mechanisms involved in the plasma lipid-lowering ef-
fects of Se supplementation and in the resistance of in vivo
lipid peroxidation to high-dose Se and Vit E supplementation
with FO feeding require additional study. In addition, the pro-
oxidative effects of Se supplementation in heart tissue also
need further investigation, particularly since the plasma lipid-
lowering effect of Se supplementation is receiving increased
research attention.

ACKNOWLEDGMENTS

Grant support from the National Sciences and Engineering Research
Council of Canada (to S. Kubow) is gratefully acknowledged. The
gift of menhaden oil from Omega Protein is appreciated.

REFERENCES

1. Connor, S.L., and Connor, W.E. (1997) Are Fish Oils Beneficial
in the Prevention and Treatment of Coronary Artery Disease?
Am. J. Clin. Nutr. 66 (Suppl.), 1020S–1031S.

2. Harris, W.S. (1996) n-3 Fatty Acids and Lipoproteins: Compar-
ison of Results from Human and Animal Studies, Lipids 31,
243–252.

3. Kaasgaard, S.G., Holmer, G., Høy, C.-E., Behrens, W.A., and
Beare-Rogers, J. (1992) Effects of Dietary Linseed Oil and Ma-
rine Oil on Lipid Peroxidation in Monkey Liver in vivo and in
vitro, Lipids 27, 740–745.

4. Cho, S.H., Im, J.G., Choi, Y.S., Son, Y.S., and Chung, M.H.
(1995) Lipid Peroxidation and 8-Hydroxydeoxyguanosine For-
mation in Rats Fed Fish Oil with Different Levels of Vitamin E,
J. Nutr. Sci. Vitaminol. 41, 61–72.

5. Kubow, S. (1998) The Role of Oxidative Stress and Antioxidant
Supplementation on Lipoprotein Metabolism, Rec. Res. Dev.
Lipids Res. 2, 81–99.

6. Vinson, J.A., Stella, J.M., and Flanagan, T.J. (1998) Selenium
Yeast Is an Effective in vitro and in vivo Antioxidant and Hy-
polipemic Agent in Normal Hamsters, Nutr. Res. 18, 735–742.

7. Hoffman, D.J., Heinz, G.H., and Krynitsky, A.J. (1989) Hepatic
Glutathione Metabolism and Lipid Peroxidation in Response to
Excess Dietary Selenomethionine and Selenite in Mallard Duck-
lings, J. Toxicol. Environ. Health 27, 263–271.

8. LeBoeuf, R.A., Zentner, K.L., and Hoekstra, W.G. (1985) Ef-
fects of Dietary Selenium Concentration and Duration of Sele-
nium Feeding on Hepatic Glutathione Concentrations in Rats,
Proc. Soc. Exp. Biol. Med. 180, 348–352.

9. Comporti, M. (1987) Glutathione Depleting Agents and Lipid
Peroxidation, Chem. Phys. Lipids 45, 143–169.

10. Combs, G.F., and Scott, M.L. (1974) Antioxidant Effects of Se-
lenium and Vitamin E Function in the Chick, J. Nutr. 104,
1297–1303. 

11. Kubow, S., Goyette, N., Kermasha, S., Stewart-Phillip, J., and
Koski, K.G. (1996) Vitamin E Inhibits Fish Oil-Induced Hyper-
lipidemia and Tissue Lipid Peroxidation in Hamsters, Lipids 31,
839–847.

12. Wilson, R.B., Middleton, C.C. and Sun, G.Y. (1978) Vitamin E,
Antioxidants, and Lipid Peroxidation in Experimental Athero-
sclerosis of Rabbits, J. Nutr. 108, 1858–1867.

13. National Research Council (1995) Nutrient Requirements of the
Hamster, in Nutrient Requirements of Laboratory Animals, 4th
rev. edn., pp.125–139, National Academy of Sciences, Wash-
ington, DC. 

14. Canadian Council on Animal Care (1984) Guide to the Care and
Use of Experimental Animals, Vols. I and II, National Library of
Canada, Ottawa.

15. Asakawa, T., and Matsushita, S. (1980) Thiobarbituric Acid
Test for Detecting Lipid Peroxides, Lipids 14, 401–406.

16. Wong, S.H.Y., Knight, J.A., Hopfer, S.M., Zaharia, O., Leach,
C.N., Jr., and Sunderman, F.W., Jr. (1987) Lipoperoxides in
Plasma as Measured by Liquid-Chromatographic Separation of
Malondialdehyde–Thiobarbituric Acid Adduct, Clin. Chem. 33,
214–220.

17. L’Abbé, M.R., Fischer, P.W.F., Campbell, J.S., and Chavez,
E.R. (1989) Effects of Dietary Selenium on DMBA-Induced
Carcinogenesis in Rats Fed a Diet High in Mixed Fats, J. Nutr.
119, 757–765.

18. Paglia, D.E., and Valentine, W.N. (1967) Studies on the Quanti-
tative and Qualitative Characterization of Erythrocyte Glu-
tathione Peroxidase, J. Lab. Clin. Med. 70, 158–168.

19. Prohaska, J.R. (1991) Changes in Cu, Zn-Superoxide Dismu-
tase, Cytochrome C Oxidase, Glutathione Peroxidase, and Glu-
tathione Transferase Activities in Copper-Deficient Mice and
Rats, J. Nutr. 121, 355–363.

20. Meister, A., and Anderson, M.E. (1983) Glutathione, Annu. Rev.
Biochem. 52, 711–760.

21. Oshishi, N., Ohkawa, H., Miike, A., Tatano, T., and Yagi, Y.
(1985) A New Assay Method for Lipid Peroxides Using a Meth-
ylene Blue Derivative, Biochem. Int. 10, 205–211.

22. 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, 497–503.

23. Thompson, J.N., and Hatina, G. (1979) Determination of Tocoph-
erols and Tocotrienols in Foods and Tissues by High-Performance
Liquid Chromatography, J. Liq. Chromatogr. 2, 327–344.

24. SAS USA Release 6.12, 1989–1996, by SAS Institute Inc.,
Cary, NC.

25. Jamall, S., Haldar, D., and Wadewitz, A.G. (1987) Effects of Di-
etary Selenium on Lipid Peroxidation, Mitochondrial Function
and Protein Profiles in the Heart of the Myopathic Syrian
Golden Hamster (Bio 14.6), Biochem. Biophys. Res. Commun.
144, 815–820.

26. Birt, D.F., Julius, A.D., and Runice, C.E. (1986) Tolerance of
Low and High Dietary Selenium Throughout the Life Span of
Syrian Hamsters, Ann. Nutr. Metab. 30, 233–240.

27. L’Abbé, M.R., Trick, K.D., and Beare-Rogers, J.L. (1991) Di-
etary (n-3) Fatty Acids Affect Rat Heart, Liver, and Aorta Pro-
tective Enzyme Activities and Lipid Peroxidation, J. Nutr. 121,
1331–1340.

28. Nalbone, G., Leonard, J., Termine, E., Portugal, H., Lechene,
P., Pauli, A.M., and Lafont, H. (1989) Effects of Fish Oil, Corn
Oil, and Lard Diets on Lipid Peroxidation Status and Glu-
tathione Peroxidase Activities in Rat Heart, Lipids 24, 179–186.

29. Ganther, H.E. (1966) Enzymic Synthesis of Dimethyl Selenide
from Sodium Selenite in Mouse Liver Extracts, Biochemistry 5,
1089–1098.

1132 J. POIRIER ET AL.

Lipids, Vol. 37, no. 12 (2002)



30. Spallholz, J.E. (1994) On the Nature of Selenium Toxicity and
Carcinostatic Activity, Free Radic. Biol. Med. 17, 45–64.

31. Kinter, M., and Roberts, R.J. (1996) Glutathione Consumption
and Glutathione Peroxidase Inactivation in Fibroblast Cell Lines
by 4-Hydroxy-2-nonenal, Free Radic. Biol. Med. 21, 457–462.

32. Toyoda, H., Himeno, S., and Imura, N. (1989) The Regulation
of Glutathione Peroxidase Gene Expression Relevant to Species
Difference and the Effects of Dietary Selenium Manipulation,
Biochim. Biophys. Acta 1008, 301–308.

33. Bermano, G., Nicol, F., Dyer, J.A., Sunde, R.A., Beckett, G.J.,
Arthur, J.R., and Hesketh, J.E. (1995) Tissue-Specific Regula-
tion of Selenoenzyme Gene Expression During Selenium Defi-
ciency in Rats, Biochem. J. 311, 425–430.

34. Li, R.-K., Sole, M.J., Mickle, D.A.G., Schimmer, J., and Gold-
stein, D. (1998) Vitamin E and Oxidative Stress in the Heart of
the Cardiomyopathic Syrian Hamster, Free Radic. Biol. Med.
24, 252–258.

35. Farwer, S.R., der Boer, B.C.J., Haddeman, E., Kivits, G.A.A.,
Wiersma, A., and Danse, B.H.J.C. (1994) The Vitamin E Nutri-
tional Status of Rats Fed on Diets High in Fish Oil, Linseed Oil
or Sunflower Seed Oil, Br. J. Nutr. 72, 127–145.

36. Demoz, A., Asiedu, D.K., Lie, Ø., and Berge R.K. (1994) Mod-
ulation of Plasma and Hepatic Oxidative Status and Changes in
Plasma Lipid Profile by n-3 (EPA and DHA), n-6 (corn oil) and
3-Thia Fatty Acids in Rats, Biochim. Biophys. Acta 1199,
238–244 .

37. Meydani, M., Natiello, F., Goldin, B., Free, N., Woods, M.,
Schaefer, E., Blumberg, J.B., and Gorbach, S.L. (1991) Effect
of Long-Term Fish Oil Supplementation on Vitamin E Status
and Lipid Peroxidation in Women, J. Nutr. 121, 484–491.

38. Atalay, M., Laaksonen, D.E., Khanna, S., Kaliste-Korhonen, E.,
Hänninen, O., and Sen, C.K. (1998) Vitamin E Regulates
Changes in Tissue Antioxidants Induced by Fish Oil and Acute
Exercise, Med. Sci. Sports Exerc. 32, 601–607.

39. Saito, M., and Nakatsugawa, K. (1994) Increased Susceptibility
of Liver to Lipid Peroxidation After Ingestion of a High Fish Oil
Diet, Intl. J. Vitam. Nutr. Res. 64, 144–151.

40. Tiidus, P.M., Bombardier, E., Hidiroglou, N., and Madere, R.
(1998) Estrogen Administration, Post Exercise Tissue Oxida-

tive Stress and Vitamin C Status in Male Rats, Can. J. Physiol.
Pharmacol. 76, 952–960. 

41. Rauscher, F.M., Sanders, R.A., and Watkins, J.B., III, (2000)
Effects of Piperine on Antioxidant Pathways in Tissues from
Normal and Streptozotocin-Induced Diabetic Rats, J. Biochem.
Mol. Toxicol. 14, 329–334. 

42. Djujic, I.S., Jozanov-Stankov, O.N., Milovac, M., Jankovic, V.,
and Djermanovic, V. (2000) Bioavailability and Possible Bene-
fits of Wheat Intake Naturally Enriched with Selenium and Its
Products, Biol. Trace Elem. Res. 77, 273–285.

43. Crespo, A.M., Lanca, M.J., Vasconcelos, S., Andrade, V., Ro-
drigues, H., and Santos, M.C. (1995) Effect of Selenium Sup-
plementation on Some Blood Biochemical Parameters in Male
Rats, Biol. Trace Elem. Res. 47, 343–347.

44. Ney, D.M. (1991) The Cardiovascular System, in Clinical Nu-
trition and Dietetics (Zeman, F.J., ed.), pp. 339–397, Macmil-
lan, New York.

45. Kauf, E., Dawczynski, H., Jahreis, G., Janitzky, E., and Win-
nefeld, K. (1994) Sodium Selenite Therapy and Thyroid-Hor-
mone Status in Cystic Fibrosis Congenital Hypothyroidism,
Biol. Trace Elem. Res. 40, 247–253.

46. Ness, G.C., and Zhao, Z. (1994) Thyroid Hormone Rapidly In-
duces Hepatic LDL Receptor mRNA Levels in Hypophysec-
tomized Rats, Arch. Biochem. Biophys. 315, 199–202.

47. Lu, S.C., Lin, M.H., and Huang, P.C. (1996) A High Choles-
terol, (n-3) Polyunsaturated Fatty Acid Diet Induces Hypercho-
lesterolemia More Than a High Cholesterol, (n-6) Polyunsatu-
rated Fatty Acid Diet in Hamsters, J. Nutr. 126, 1759–1765. 

48. Hayes, K.C., Pronczuk, A., Stephen, Z.F., and Lanzkron, S.
(1990) Comparative Lipemias in Hamsters and Three Monkey
Species Fed Fish Oil, in Proceedings of the AOCS Short Course
on Polyunsaturated Fatty Acids and Eicosanoids (Lands,
W.E.M., ed.), pp. 334–339, American Oil Chemists’ Society,
Champaign.

[Received March 1, 2002, and in revised form December 15, 2002;
revision accepted December 16, 2002]

EFFECT OF VITAMIN E AND SE ON IN VIVO LIPID PEROXIDATION 1133

Lipids, Vol. 37, no. 12 (2002)



ABSTRACT: Endothelium-dependent vasodilation (EDV), LDL
particle size, and antibodies against oxidized LDL (oxLDLab) have
been shown to be related to the development of atherosclerosis
and cardiovascular disease. In this study, we investigated whether
LDL particle size, oxLDLab, apolipoproteins, and lipoproteins are
related to endothelial vasodilatory function in a population sam-
ple of 58 apparently healthy subjects aged 20 to 69 yr. EDV and
endothelium-independent vasodilation (EIDV) were studied in the
forearm during local administration of methacholine chloride (2
and 4 µg/min) or sodium nitroprusside (5 and 10 µg/min). Forearm
blood flow was determined with venous occlusion plethysmogra-
phy. In multiple stepwise regression analyses, neither oxLDLab
nor small LDL particles were significantly predictive of endothe-
lial vasodilatory function. Instead, a high level of apolipoprotein B
(apoB) was an independent predictor of both attenuated EDV and
EIDV (r = −0.43, P < 0.01, and r = −0.34, P < 0.05, respectively).
HDL cholesterol, on the other hand, was the only lipid variable
that was significantly related to the EDV to EIDV ratio, an index of
endothelial vasodilatory function (r = 0.35, P < 0.01). The inverse
associations between apoB and both EDV and EIDV indicate that
apoB might be an early marker of structural vascular changes in
healthy subjects, whereas HDL seems to be more specifically re-
lated to endothelial vasodilatory function.

Paper no. L8867 in Lipids 37, 1135–1140 (December 2002).

Elevated LDL cholesterol is an important predictor of cardio-
vascular morbidity and mortality (1). LDL particles constantly
diffuse across the arterial wall and sometimes become trapped
in the extracellular matrix that constitutes the subendothelial
space (2). Once trapped, LDL becomes oxidized (oxLDL) (3)
and takes part in the development of atheroma through a broad
spectrum of mechanisms, such as inhibition of the release of
nitric oxide (NO), smooth muscle cell proliferation, platelet ac-
tivation, recruitment of monocytes, and uncontrolled endocy-
tosis of oxLDL by macrophages, leading to foam cell forma-
tion (4,5). One potentially important consequence of oxLDL
formation may be the elicitation of an immune response. In-
deed, antibodies against oxLDL (oxLDLab) have been detected
in both human and rabbit plasma and in atherosclerotic lesions

(6,7). However, the role of oxLDLab in atherosclerosis is un-
clear, as elevated oxLDLab titers have been reported to predict
myocardial infarction (8), as well as to be inversely related to
the intima-media thickness of the carotid artery in humans (9). 

OxLDL also has been shown to promote atherosclerosis by
impairing endothelium-dependent vasodilation (EDV) (10,11).
Indeed, statin therapy, apart from lowering LDL cholesterol,
also improves EDV (12). An impaired EDV is an early event
in atherosclerosis (13) and is associated with several of the
major cardiovascular risk factors, such as diabetes mellitus, hy-
pertension, hypercholesterolemia, and smoking (14–17).

The inflow rate of LDL particles into the arterial wall has
been suggested to increase for small LDL particles (18). In-
deed, according to several cross-sectional and prospective
studies, individuals with small, dense LDL particles have a
higher risk of coronary artery disease (19–21).

The primary aim of this study was to investigate whether
LDL particle size, oxLDLab, or other markers of cholesterol
metabolism are related to endothelial vasodilatory function in
a population sample of apparently healthy subjects. In addi-
tion, we wished to investigate whether different measures of
cholesterol metabolism are associated with LDL particle size
and antibody titers against oxLDL. 

METHODS

Subjects. Subjects were randomly chosen from the population
registry of Uppsala, Sweden. The study sample (Table 1) con-
sisted of 58 healthy subjects (31 men and 27 women, 12 of
whom were postmenopausal), aged 20 to 69 yr. The subjects un-
derwent a complete history, physical examination, and a high-
resolution B-mode ultrasonographic examination of the carotid
arteries (Acuson 128 XP/10 with a 7.5 MHz transducer). None
of the subjects had atherosclerotic plaques or an intima-media
thickness in their common carotid arteries above 1.20 mm
(mean value 0.76 ± 0.17 mm). None of the subjects was on reg-
ular medication or had a history of any disease known to affect
the cardiovascular system, or a history of any metabolic or other
chronic disease. None of the women was on contraceptive or
estrogen replacement therapy. Subjects with blood pressures
higher than 160/95 mm Hg, fasting hyperglycemia (>6.0
mmol/L), or pronounced hypercholesterolemia (>7.0 mmol/L)
at the investigation were not included. The study was approved
by the Ethics Committee of Uppsala University and informed
consent was obtained from each participant.
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Experimental procedure. The studies began at 8 A.M. after an
overnight fast and were carried out with the subjects in supine po-
sition. Room temperature was maintained at 20–22°C. An arter-
ial catheter (1.0 mm; Ohmeda, Swindon, United Kingdom) was
inserted into the brachial artery for regional infusion of metha-
choline chloride (Mch; Metakolinklorid, Apoteksbolaget, Umeå,
Sweden), and sodium nitroprusside (SNP; Nitropress®, Abbott
Labs, Chicago, IL). The arterial catheter was also used for collec-
tion of blood samples for determination of lipid metabolism.

Forearm blood flow (FBF) was measured by venous occlu-
sion plethysmography with mercury-in-Silastic strain gauges
(Elektromedicin, Kullavik, Sweden) and expressed as mL/min
per 100 mL of forearm volume. Venous occlusion pressure was
40 mm Hg, and FBF was calculated as the mean value of five
consecutive readings. EDV was assessed as FBF during intra-
arterial infusion of Mch at doses of 2 and 4 µg/min in the
brachial artery, whereas endothelium-independent vasodilation
(EIDV) was assessed as FBF during intra-arterial infusion of
SNP at doses of 5 and 10 µg/min. EDV and EIDV are ex-
pressed as the relative increase (%) in FBF during vasodilation
with Mch or SNP, respectively. Registrations were performed
during the fifth minute of vasodilation. EDV and EIDV were
registered in random order, and washout periods of 20 min
were allowed between drugs. The endothelial function index
(EFI), reflecting the endothelial contribution to vasodilation,
was calculated as the EDV/EIDV ratio (during administration
of 4 µg/min Mch and 10 µg/min SNP, respectively).

The short-term (2 h) and long-term (3 wk) reproducibility
of FBF during vasodilation with Mch and SNP with this
method has a CV of 5–7% (22). We have recently found that
the highest dose of Mch (4 µg/min) results in a significant in-
crease in forearm venous plasma nitrite and nitrate concen-
trations in healthy volunteers. The arteriovenous difference
in plasma nitrite and nitrate concentrations showed more than
a 10-fold increase in venous blood, indicating that Mch me-
diates vasodilation by an increased NO production (23).

Biochemical studies. LDL, VLDL, and HDL were isolated
by a combination of preparative ultracentrifugation (24) and
precipitation with a sodium phosphotungstate and magnesium
chloride solution (25). Cholesterol concentrations were deter-
mined enzymatically in serum and in lipoprotein fractions (IL
Test Cholesterol 181618-10; Instrumentation Laboratory
Company, Lexington, MA), using a Monarch apparatus. The
concentrations of serum apolipoprotein (apo) A-1 and B were
determined by immunoturbidimetry in a Monarch apparatus
(Orion Diagnostica, Espoo, Finland). LDL particle size was
assessed on commercially available nondenaturating 2 to 16%
polyacrylamide gradient gels as described previously (26,27).
The CV (same serum run on different gels on different days)
for LDL peak particle size was 0.3%, with a correlation coef-
ficient of r = 0.99. To minimize the reading error from the
gels, each lane was scanned twice. Mean values from the two
readings were used in the present study.

Antibody titers against modified lipoproteins. Antibody
titers were determined with a solid phase ELISA, as described
earlier (28,29). Malondialdehyde-treated LDL (MDA-LDL)
was prepared as described by Palinski et al. (30). As a rou-
tine procedure, modifications were checked by controlling the
electrophoretic mobility in agarose gel of the modified
lipoproteins. The antibody titer was defined as 

[1]

For IgG the postcoated wells gave no absorbance. Therefore,
this correction was only made for IgM. We chose to deter-
mine MDA-LDL antibodies because MDA is a prominent
epitope of oxLDL and seems to be more sensitive than other
ligands to antibody detection (31,32).

Statistical analysis. A principal component factor analysis
was performed to investigate the interrelationships between
different measures of cholesterol metabolism. Relationships be-
tween endothelial vasodilatory function and measures of cho-
lesterol metabolism were evaluated by linear regression analy-
sis. A multiple stepwise regression analysis was conducted to
identify independent determinants of endothelial vasodilatory
function. Age and gender are related to EDV and EIDV (33)
and were therefore included as confounding variables, together
with the cholesterol metabolism markers in all multiple regres-
sion analyses. P < 0.05 was regarded as significant, and the pres-
ent sample size thereby had the power to detect a partial corre-
lation coefficient above 0.25 as significant. Data are expressed
as mean values ± SD unless otherwise specified.

RESULTS

Basic characteristics of the study sample are given in Table 1.
Factor analysis. The factor analysis, which included total

cholesterol, LDL cholesterol, HDL cholesterol, LDL peak
particle size, apoB, and IgM and IgG titers against oxLDL,
resulted in three oblique factors (Table 2). Factor 1 was com-
posed mainly of total cholesterol, LDL cholesterol, and apoB.
Factor 2 was composed mainly of HDL cholesterol, LDL

titer =  
absorbance (value in patient serum  that in postcoat)

internal standard serum  that in postcoat

−
−
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TABLE 1
Basic Characteristics of the Study Sample (31 men and 27 women)a

Means ± SD or n

Age (yr) 50 ± 13
Height (cm) 174 ± 9
Weight (kg) 75 ± 13
BMI (kg/m2) 24.7 ± 3.2
Systolic blood pressure (mm Hg) 121 ± 14
Diastolic blood pressure (mm Hg) 79 ± 8
S-Cholesterol (mM) 5.44 ± 1.17
S-TG (mM) 0.84 ± 0.51
S-HDL cholesterol (mM) 1.40 ± 0.36
S-LDL cholesterol (mM) 3.66 ± 1.03
S-VLDL cholesterol (mM) 0.38 ± 0.22
S-Apolipoprotein A-1 (g/L) 1.32 ± 0.19
S-Apolipoprotein B (g/L) 0.87 ± 0.23
S-Apolipoprotein A-1/S-apolipoprotein B 1.62 ± 0.50
LDL particle size (nm) 27.33 ± 0.86
S-IgG anti-MDA-LDL 0.96 ± 0.19
S-IgM anti-MDA-LDL 0.93 ± 0.27
Smokers (n) 5
aBMI, body mass index; S, serum; MDA, malondialdehyde.



peak particle size, apoA-1, and IgM titers against oxLDL. IgG
titers against oxLDL were the main constituents of Factor 3.

Univariate regression analysis. Univariate correlations
between indices of cholesterol metabolism and endothelial
vasodilatory function are presented in Table 3. EDV was sig-
nificantly associated with apoB [r = −0.43, P < 0.01, during
administration of 4 µg/min Mch (Fig. 1) and r = −0.37, P <
0.01 during administration of 2 µg/min Mch], LDL cholesterol
(r = −0.31, P < 0.05, during administration of 4 µg/min Mch
and r = −0.27, P < 0.05, during administration of 2 µg/min
Mch), total cholesterol (r = −0.29, P < 0.05, during adminis-
tration of 4 µg/min Mch and r = −0.24, P = 0.06, during ad-
ministration of 2 µg/min Mch), VLDL cholesterol (r = 
−0.29, P < 0.05, during administration of 4 µg/min Mch and 
r = −0.25, P = 0.059, during administration of 2 µg/min Mch),
and the apoA-1/apoB ratio (r = 0.38, P < 0.01, during admin-
istration of 4 µg/min Mch and r = 0.36, P < 0.01, during ad-
ministration of 2 µg/min Mch). In addition, the first factor ob-
tained in the factor analysis was significantly associated with

EDV (r = −0.38, P < 0.01, during administration of 4 µg/min
Mch and r = −0.28, P < 0.05, during administration of 2
µg/min Mch). EIDV was associated with apoB [r = −0.34, 
P < 0.05, during administration of 10 µg/min SNP (Fig. 1) and
r = −0.42, P < 0.01, during administration of 5 µg/min SNP],
the first factor (r = −0.34, P < 0.05, during administration of
10 µg/min SNP and r = −0.27, P < 0.05, during administration
of 5 µg/min SNP), LDL cholesterol (r = −0.26, P < 0.05, dur-
ing administration of 10 µg/min SNP and r = −0.31, P < 0.05,
during administration of 5 µg/min SNP), and total cholesterol
(r = −0.29, P < 0.05, during administration of 10 µg/min SNP
and r = −0.31, P < 0.05, during administration of 5 µg/min
SNP). The only significant predictor of the EFI was HDL cho-
lesterol (r = 0.35, P < 0.01).

Multiple stepwise regression analysis. When indices of
cholesterol metabolism that were significantly associated with
EDV, EIDV, or EFI in the univariate regression analysis were
introduced into a multiple stepwise regression model together
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TABLE 2
Factor Analysis of the Indices of Cholesterol Metabolism Investigateda

Factor 1 Factor 2 Factor 3

Eigenvalue 3.9 2.8 0.9
S-Total cholesterol 0.97 0.20 −0.05
S-LDL cholesterol 0.97 0.05 0.05
S-HDL cholesterol <0.01 0.93 −0.18
S-VLDL cholesterol 0.59 −0.64 −0.18
S-LDL peak particle size −0.31 0.87 0.05
S-Apolipoprotein A-1 0.25 0.81 −0.29
S-Apolipoprotein B 0.94 −0.28 −0.04
S-Apolipoprotein A-1/S-apolipoprotein B −0.70 0.61 −0.09
S-IgG against MDA-LDL 0.01 −0.12 0.96
S-IgM against MDA-LDL −0.02 0.55 <0.01
aData are presented as correlation coefficients. For abbreviations see Table 1.

TABLE 3
Univariate Correlations Between Indices of Cholesterol Metabolism
and Endothelial Vasodilatory Functiona

EDV EIDV EFI

S-Total cholesterol −0.29* −0.29* 0.03
S-HDL cholesterol 0.14 −0.04 0.35**
S-LDL cholesterol −0.31* −0.26* −0.07
S-LDL peak particle size 0.15 0.06 0.13
S-VLDL cholesterol −0.29* −0.22 −0.08
S-Apolipoprotein A-1 −0.04 −0.15 0.21
S-Apolipoprotein B −0.43** −0.34* −0.10
S-Apolipoprotein A-1/S-apolipoprotein B 0.38** 0.27 0.14
S-IgG against MDA-LDL −0.02 −0.07 0.08
S-IgM against MDA-LDL 0.13 0.22 −0.11
Factor 1 −0.38** −0.33* −0.04
Factor 2 0.13 0.03 0.18
Factor 3 −0.07 −0.04 −0.13
aData are presented as correlation coefficients. EDV, forearm blood flow
(FBF) during administration of intra-arterial methacholine (4 µg/min) measur-
ing endothelium-dependent vasodilation; EIDV, FBF during intra-arterial ad-
ministration of nitroprusside (10 µg/min) measuring endothelium-indepen-
dent vasodilation; EFI, endothelial function index calculated as FBF during
intra-arterial administration of methacholine (4 µg/min) divided by FBF dur-
ing intra-arterial administration of nitroprusside (10 µg/min). For other ab-
breviations see Table 1. *P < 0.05; **P < 0.01.

FIG. 1. Correlations between serum apolipoprotein B and endothelium-depen-
dent vasodilation (EDV; r = −0.43, P < 0.01) (A) and endothelium-independent
vasodilation (EIDV; r = −0.34, P < 0.05) (B). EDV and EIDV are expressed as
the relative increase (%) in forearm blood flow during administration of metha-
choline (4 µg/min) and sodium nitroprusside (10 µg/min), respectively.



with age and gender, apoB was inversely and independently
related to both EDV and EIDV when evaluated at the highest
dose of Mch or SNP, respectively (r = −0.43, P < 0.01, for
EDV and r = −0.34, P < 0.05, for EIDV). HDL cholesterol
was the only predictor of EFI (r = 0.35, P < 0.01). Neither
LDL peak particle size, nor IgM and IgG titers against
oxLDL, nor the factors obtained by factor analysis were inde-
pendent predictors of EDV, EIDV, or EFI.

DISCUSSION

The major finding of the present study was that neither anti-
body titers against oxLDL nor small LDL particles are signif-
icantly associated with endothelial vasodilatory function in
apparently healthy subjects. Instead, a high level of apoB pre-
dicts attenuation in both EDV and EIDV, whereas HDL seems
to be protective of endothelial vasodilatory function.

In vitro studies have shown that oxLDL takes part in the
development of atheroma through a broad spectrum of mech-
anisms, including endothelial dysfunction (4,5). Hence,
oxLDL, or lysolecithin from oxLDL, has been shown to im-
pair EDV in rabbit aortic strips (10) and in perfused rabbit
renal arteries under high-pressure conditions (11). Further-
more, Toikka et al. (34) reported an inverse relationship be-
tween EDV and plasma oxLDL levels in young men. Al-
though immunization with oxLDL suppresses atherogenesis
in rabbit models (35), the role of the immune response to
oxLDL in atherosclerosis is unclear. In the present study, fac-
tor analysis revealed that IgM titers against oxLDL are associ-
ated with HDL cholesterol, apoA-1, and LDL particle size.
Because high levels of HDL and apoA-1 have been shown to
be associated with a lower risk of coronary artery disease and
lower intima-media thickness of the carotid artery, and small
LDL particles have been associated with coronary artery dis-
ease (19–21,36,37), our finding might indicate that IgM titers
against oxLDL are protective against atherosclerosis. Indeed,
Fukumoto et al. (9) recently reported that oxLDLab titers are
inversely associated with carotid intima-media thickness in
healthy subjects. Furthermore, lower IgM titers against
oxLDL have been found in patients with a history of myocar-
dial infarction as compared to controls (28). These findings
would suggest that the immune response against oxLDL might
be protective under certain circumstances. On the other hand,
high oxLDLab titers have been reported to predict myocardial
infarction and progression of carotid atherosclerosis indepen-
dently in humans (8,32). Furthermore, elevated oxLDLab
titers have been found in insulin-dependent diabetes mellitus
and hypertension (38,39), whereas other studies found no re-
lationship between oxLDLab and atherosclerotic disease (40).
However, whether endothelial vasodilatory function is related
to oxLDLab has not been investigated previously in healthy
humans. In the present study neither EDV, EIDV, nor the EFI
were significantly related to oxLDLab. This result is in accor-
dance with a recent study in patients with insulin-dependent
diabetes mellitus, in which no correlation was found between
EDV, measured as the vasodilatory response to acetylcholine

in forearm resistance vessels, and oxLDLab (38) despite ele-
vated titers of oxLDLab. Taken together, these data do not sup-
port a relationship between immune responses to oxLDL and
endothelial vasodilatory function.

According to several cross-sectional and prospective stud-
ies, individuals with small, dense LDL particles have a higher
risk for coronary artery disease (19–21). Although Vakkilainen
et al. (41) found a significant relationship between small LDL
particles and impaired EDV, as assessed by venous occlusion
plethysmography, in healthy middle-aged men, we found no
relationship between LDL particle size and endothelial va-
sodilatory function in the present study. This could be ex-
plained by differences in the metabolic profiles of the samples.
Thus, O’Brien et al. (42) found a relationship between LDL
particle size and EDV, as assessed by venous occlusion
plethysmography, in a sample of middle-aged men with non-
insulin-dependent diabetes mellitus, whereas no relationship
was found between LDL particle size and EDV in healthy con-
trols. However, in the study by Vakkilainen et al. (41), mean
values of body mass index, serum TG and cholesterol, and
LDL particle size showed a closer resemblance to the non-
insulin-dependent group in the study by O’Brien et al. (42)
than to the healthy subjects in our present study. Furthermore,
in the Québec Cardiovascular Study (21) small LDL particles
were significant predictors of ischemic heart disease risk only
at plasma apoB levels above 1.2 g/L. The low levels of apoB
in our sample might therefore contribute to the lack of corre-
lation between LDL particle size and EDV in the present
study. Only four subjects had apoB levels above 1.2 g/L,
which was not high enough to stratify the sample according to
normal or high levels of apoB. Thus, LDL particle size may
not be closely related to endothelial vasodilatory function in
healthy subjects with a favorable risk factor profile.

The EFI, reflecting the endothelial contribution to vasodi-
lation, was associated with HDL cholesterol in the present
study. Our data are corroborated by other studies, in which
decreased HDL cholesterol has been shown to predict en-
dothelial dysfunction in healthy young men as well as in men
with non-insulin-dependent diabetes mellitus (34,42). HDL
also has been shown to reverse the inhibitory effect of oxLDL
on EDV in rabbit arterial rings (11,43) and to be inversely as-
sociated with oxLDL in healthy humans (34). In the present
study, the factor analysis showed low levels of HDL choles-
terol to be associated with small LDL particles and decreased
levels of apoA-1 in serum. These are some of the features of
the insulin resistance syndrome (44). Thus, the independent
relationship between HDL cholesterol and EFI in the present
study further supports a protective role for HDL cholesterol
on endothelial vasodilatory function. 

ApoB was independently and inversely associated with
both EDV and EIDV. ApoB is present mainly in the LDL frac-
tion under fasting conditions, and an elevated apoB/LDL
cholesterol ratio is frequently observed in atherosclerotic car-
diovascular disease (45). However, whether endothelial va-
sodilatory function is related to apoB has hitherto not been
thoroughly investigated. The inverse associations of both EDV

1138 P. STEER ET AL.

Lipids, Vol. 37, no. 12 (2002)



and EIDV to apoB in the present study would suggest that
apoB predicts structural vascular changes rather than endothe-
lial dysfunction per se. Indeed, an elevated level of apoB has
been identified as an independent predictor of increased
carotid intima-media thickness and arterial stiffness in healthy
subjects (37,46). In our own recent cross-sectional study, apoB
was an independent predictor of both arterial stiffness, as-
sessed as the stroke volume to pulse pressure ratio, and carotid
intima-media thickness in healthy women (47). ApoB is a con-
stituent of LDL particles, and we did indeed find a weak asso-
ciation between LDL cholesterol and EIDV. Creager et al. (15)
found that EIDV, measured by venous occlusion plethysmog-
raphy, was significantly lower in hypercholesterolemic sub-
jects as compared to healthy controls, and Goode and
Heagerty (48) showed that EIDV was significantly impaired
in arterial rings from hypercholesterolemic humans as com-
pared to normocholesterolemic controls.

Limitations. Owing to sample size, only correlation coeffi-
cients above 0.25 were significant in the present study. Thus,
weak associations could not be detected. However, associations
below this limit could have explained only less than 7% of the
variation in the dependent variable. A number of correlations
were performed, and with the chosen significance level of 5%,
one correlation in 20 might be significant merely by chance.
Therefore, these results must be interpreted with caution until
reproduced by other investigators in larger studies. Neverthe-
less, the fact that similar associations were seen for both dosages
of Mch and SNP minimizes the chance of type 1 errors. Rela-
tively normal apoB levels in the sample might explain the lack
of correlation between LDL particle size and EDV, as the
Québec Cardiovascular Study (21) showed small LDL particles
to be significant predictors of risk of ischemic heart disease only
at plasma apoB levels above 1.2 g/L. Only four subjects had
apoB levels above 1.2 g/L, which was not enough to stratify the
sample according to normal or high levels of apoB.

In conclusion, the inverse associations between apoB and
both EDV and EIDV indicate that apoB might be an early
marker of structural vascular changes in healthy subjects,
whereas HDL seems to be more specifically related to EDV.
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ABSTRACT: The objective of this study was to investigate the
relationship between the composition of FA in serum lipids, a
marker of dietary fat intake, and vascular reactivity using a com-
bination of cross-sectional and intervention approaches. Fifty-six
middle-aged subjects were evaluated in a cross-sectional proto-
col regarding the relationship between the proportion of FA in
serum cholesterol esters and vascular reactivity using measure-
ments of forearm blood flow (FBF) with venous occlusion plethys-
mography during hyperemia. Another 19 middle-aged subjects
were given a rapeseed oil-based diet rich in mono- and polyun-
saturated FA or a control diet rich in saturated FA during two con-
secutive 4-wk periods separated by a 4-wk washout period. In
the cross-sectional protocol, the FA 18:0 and 20:3 were positively
related to resting FBF, whereas an inverse relationship was seen
for the FA 20:5 and 22:6 (P < 0.05–0.01). Opposite relationships
were seen between these four FA and the relative increase in
maximal FBF during hyperemia (P < 0.05–0.01). In the interven-
tion protocol, the saturated diet increased resting FBF, as well as
the relative increase in maximal FBF during reactive hyperemia,
compared to the diet rich in unsaturated FA (P < 0.05). Both the
cross-sectional and intervention data support the view that the
composition of serum FA, which at least partly reflects the quality
of dietary fat, plays a role in determinations of vascular reactivity.

Paper no. L9043 in Lipids 37, 1141–1145 (December 2002).

Lipids are known to have a major impact on the development
of cardiovascular diseases, and serum cholesterol levels were
early identified as a major cardiovascular risk factor (1). That
a high dietary intake of saturated FA is associated with an in-
creased risk of developing coronary heart disease (CHD) is
also well established (2,3). However, no consensus exists
whether saturated FA should be replaced mainly by mono-
unsaturated FA, PUFA, or carbohydrates. Epidemiological
studies investigating the effects of mono- and polyunsaturated
FA have shown divergent results (2). Intervention studies
have shown beneficial lipid-lowering effects (3) but also an
increased susceptibility of lipoproteins to oxidation during in-
terventions with diets rich in PUFA (4,5).

Since the discoveries that the endothelium takes an active
part in the vasodilatory process (6), and that the major substance
secreted from the endothelium responsible for this vasodilatory

process is nitric oxide (NO) (7), much attention has been paid
to measuring the impact of NO on cardiovascular function.

For decades, the increase in forearm blood flow (FBF) seen
during the hyperemic phase following obstruction of blood
flow has been used to evaluate vascular reactivity. Previously,
it was claimed that vascular anatomic changes, such as vascu-
lar hypertrophy, were the major determinants of FBF during
hyperemia (8). However, recent studies have shown that FBF
during hyperemia also is dependent on NO production (9). By
the use of a local infusion of the NO antagonist L-NMMA,
both the peak in FBF that occurs immediately after release of
an arterial occlusion and the following reduction in FBF were
shown to be NO-dependent. Resting FBF was also largely de-
termined by NO production (10).

The purpose of the present study was to investigate the re-
lationship between serum FA composition and vascular reac-
tivity using the postocclusive hyperemia forearm model,
which is in part NO dependent. The study used a dual ap-
proach. First, a population of apparently healthy middle-aged
subjects was studied in a cross-sectional protocol to relate the
FA composition of serum cholesterol esters to vascular reac-
tivity. In this part of the study, the FA composition of serum
cholesterol esters was used as a marker of the quality of fat
ingested over the weeks preceding the investigation (11,12).
In the second part, another group of middle-aged subjects
were given either a diet high in saturated FA or a diet rich in
PUFA in a randomized cross-over fashion. Vascular reactiv-
ity was evaluated in the same way in both the cross-sectional
and the intervention protocols. 

MATERIALS AND METHODS

Cross-sectional protocol: Subjects. The population sample,
recruited from the general population in Uppsala, Sweden,
consisted of 56 healthy subjects (31 men and 25 women; see
Table 1) who ranged in age from 20 to 69 yr (13). None of the
subjects was taking regular medication or had a history of any
disease known to affect the cardiovascular system. In addi-
tion, subjects with a history of any metabolic or other serious
diseases were excluded from the study. None of the women
was on contraceptive pills or estrogen replacement therapy.
Subjects with blood pressure >160/95 mm Hg, fasting hyper-
glycemia (>6.0 mmol/L), or pronounced hypercholes-
terolemia (>8.0 mmol/L) at the investigation were not in-
cluded. Eight of the subjects were smokers.
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Intervention protocol. (i) Subjects. Nineteen healthy sub-
jects (6 female/13 male) aged 50 ± 8 yr with normal or moder-
ately increased body weight and blood lipids participated in the
protocol. Subjects were recruited via posters in nearby compa-
nies. Eligible for the study were men (age 30 to 65) and women
(age 50 to 65) with serum cholesterol <8.0 mmol/L, serum TG
1.3 to 5.0 mmol/L, fasting blood glucose <6.0 mmol/L, dia-
stolic blood pressure <95 mm Hg, and body mass index <30
kg/m2. Exclusion criteria were treatment for CHD; liver, kid-
ney, or thyroid disease; diabetes mellitus; hypertension; estro-
gen replacement therapy; and regular acetyl salicylic acid med-
ication. Two subjects were smokers. All subjects were asked to
maintain their habitual lifestyles during the study.

(ii) Study design. The protocol was conducted using a ran-
domized cross-over design. Two consecutive 4-wk diet peri-
ods were separated by a 4-wk washout period. The two diets
tested were a rapeseed oil-based (RO) diet rich in monoun-
saturated FA and α-linolenic acid and a control (SAT) diet
with a high proportion of saturated FA. Subjects were ran-
domly assigned to start with one of the two diets. Meaure-
ments of vascular reactivity and determinations of FA com-
position in phospholipids were performed at the end of the
two treatment periods.

The study was approved by the Ethics Committee at Upp-
sala University, and each participant gave informed consent.

(iii) Diets. The fat quality of the two test diets (RO and
SAT) was controlled by supplying fat products and food items
prepared with the fats tested, in combination with dietary ad-
vice to avoid fats from other dietary sources such as fatty dairy
and meat products. The subjects met a nutritionist before and
during the diet periods for dietary advice and instructions on
preparing their diets to ensure good adherence to the diet. Spe-
cially prepared table margarine (without rapeseed oil) for the
SAT diet and ice cream (with rapeseed oil) for the RO diet
were produced in pilot plants by Van den Bergh Foods AB
(Helsingborg, Sweden) and Karlshamns Mejeri AB (Karls-
hamn, Sweden), respectively. Commercial qualities of all
other cooking fats, table margarines, oils, and ice creams were
purchased on the market or obtained from Karlshamns AB
(Karlshamn, Sweden). Lunch meals (five per week, 10 differ-
ent meals), bread (three per day), and cookies (one per day)
prepared with the fats tested were supplied weekly, as well as
free amounts of cooking fat, table margarine (80% fat), and
oil to use for cooking, spreads, and dressings. Double portions
that included the daily supply of food items and an approxi-
mate daily intake of fat products supplied were prepared on
the 12 MJ energy level for each of the 10 d. The test diets were
planned to contain 37 energy percent (E%) fat, 12 E% protein,
and 50 E% of carbohydrates. The composition of the RO diet
was aimed to represent a normal mixed-RO diet composed ac-
cording to dietary recommendations, but with a fat content
corresponding to the average intake of a Swedish population.
The control diet contained saturated fat products instead of
rapeseed oil-based fat products. Two energy levels, 9 and 12
MJ, were prepared, and the energy requirement for each sub-
ject was approximated as 146 kJ/kg body weight. The body

weight of the subjects was checked once a week to avoid
weight changes, and the energy level, together with dietary ad-
vice, was adjusted when needed. Dietary intake was monitored
using 3-d food records (two weekdays and one weekend day)
on five occasions, one at baseline and two during each diet pe-
riod. The dietary food records were analyzed by using the soft-
ware program Stor MATs 4.0 (Rudans Lättdata, Västerås,
Sweden) based on a Swedish-specific food database from the
Swedish National Food Administration (PC-Kost 1996, SLV,
Uppsala, Sweden).

(iv) Measurement of vascular reactivity. The vascular reac-
tivity studies were performed after an overnight fast. The sub-
jects were supine in an air-conditioned room at a constant
temperature (20°C). FBF (measured in mL/min/100 mL
tissue) was measured by venous occlusion plethysmography
(Elekromedicin, Kullavik, Sweden). A mercury-in-Silastic
strain gauge was placed at the upper third of the forearm, which
rested comfortably slightly above the level of the heart. The
strain gauge was coupled to an calibrated plethysmograph. Ve-
nous occlusion was achieved by a blood pressure cuff applied
proximal to the elbow and inflated to 40 mm Hg by a rapid cuff
inflator. Blood flow during reactive hyperemia was measured
after occlusion of the forearm circulation by inflating a cuff in
the upper part of the arm to 200 mm mercury for 5 min. After
release of the cuff, FBF was measured after 5 s to obtain the
maximal blood flow. Blood flow measurements were per-
formed each 20th s thereafter in the cross-sectional study and
at 80 s of hyperemia only in the intervention study. FBF at 80 s
of hyperemia was considered to be a measurement of recovery
after the hyperemic phase. Relative maximal FBF was defined
as maximal FBF minus resting FBF divided by resting FBF.
We previously showed that maximal FBF is more closely re-
lated to the muscarinic-receptor agonist-induced increase in
FBF than to the increase in FBF seen during local infusion of
sodium nitroprusside in the forearm (14). Recalculation of data
using the relative maximal FBF instead of the absolute number
for maximal FBF gave similar results.

The reproducibility of the measurement of resting FBF
was previously evaluated in 10 healthy young volunteers
(14), in whom the investigation was performed before and
after 2 h of i.v. saline infusion, as well as after 2–3 wk. Rest-
ing FBF showed a CV of less than 10%.

Systolic and diastolic blood pressures, as well as heart rate,
were measured in the supine position after 15 min of rest. A
mercury sphygmomanometer was used for the measurements.

(v) Measurements of FA composition in serum lipids. To
analyze the FA composition of the serum cholesterol esters,
serum was extracted with a hexane/isopropanol solution.
Cholesterol esters were separated from the extract by TLC
before interesterification, and the free cholesterol liberated in
the reaction was removed by an aluminum oxide column to
avoid contamination of the GLC column. The percentage
composition of methylated FA was determined by GC (a
25-m NB-351 silica capillary column, i.d. 0.32 mm, phase
layer 0.20 µm) with use of an FID and with helium as carrier
gas. Every 25th sample was a serum control pool. The preci-

1142 L. LIND ET AL.

Lipids, Vol. 37, no. 12 (2002)



sion of the between-series analysis (n = 35) varied from 2
(large peaks) to 10% (smaller peaks) and between successive
GC runs (n = 17) from 0.2 to 5% (CV).

(vi) Statistical analysis. In the cross-sectional study the re-
lationships between continuous variables were evaluated by
linear regression analysis. Interactions between several inde-
pendent variables were examined with stepwise multiple re-
gression analysis. In the intervention study differences be-
tween the diets were evaluated with Student’s paired t-test. A
test for carryover effects was used according to Jones and
Kenward (15). If the carryover test was significant, only data
from the first diet period were used for comparisons of the
two test diets. P < 0.05 was regarded as significant.

RESULTS

Cross-sectional protocol. Basic characteristics of the study
population are given in Table 1. FBF at different time points
during reactive hyperemia are shown in Figure 1. 

In comparing the composition of FA in the serum choles-
terol esters (see Table 2) to the different FBF characteristics,
the proportion of 18:0 was significantly related to both rest-
ing FBF (r = 0.31, P < 0.05) and to FBF at 80 s during hyper-
emia (r = 0.41, P < 0.01). The proportion of 20:3 was also sig-
nificantly related to resting FBF (r = 0.32, P < 0.05). On the
contrary, the proportions of both 20:5 and 22:6 were inversely
related to resting FBF (r = −0.31 and r = −0.37, P < 0.05 and
< 0.01, respectively). Furthermore, the proportion of 22:6 was
correlated to the relative maximal FBF (r = 0.41, P < 0.03).
Although an inverse relationship was seen between the pro-
portion of 20:3 and the relative maximal FBF (r = −0.35, P <
0.05), a positive relationship was seen between this vascular
reactivity variable and the proportion of 20:5 (r = 0.29, P <
0.05). None of the other FA measured were significantly re-
lated to the measured variables evaluating vascular reactivity.

All of the significant associations reported between the
proportions of different FA and indices of vascular reactivity
were still significant after the influences of age and sex were
taken into account in multiple regression analyses. 

Intervention protocol. When serum lipids were measured
at the end of each intervention period, serum LDL cholesterol

levels were significantly higher for the SAT diet compared to
the RO diet (4.33 ± 0.34 vs. 3.85 ± 0.85 mmol/L, P < 0.001).
No significant difference between the two diets was seen for
serum TG levels (1.43 ± 0.96 for the SA diet vs. 1.24 ± 0.65
mmol/L for the RO diet, P = 0.18). 

The relative FA composition of serum phospholipids at the
end of the two diet periods is given in Table 3. In general, the
proportions of saturated FA were higher for the SAT diet than
for the RO diet. The reverse was generally seen for the PUFA,
except that the proportion of 20:3 was significantly higher for
the SAT diet. 

As can be seen in Table 4, no significant differences in
blood pressure were seen between the two diets. However,
there was a nonsignificant tendency for the heart rate to be
higher for the SAT diet than for the RO diet (P = 0.066). 

As can also be seen in Table 4, the resting FBF was signif-
icantly higher for the SAT diet than for the diet rich in PUFA.
FBF at 80 s during hyperemia was also significantly increased
with the SAT diet compared to the RO diet. Although the
maximum FBF during hyperemia did not differ between the
diets, the relative maximal FBF was attenuated with the SAT
diet compared to the RO diet. 
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TABLE 1
Clinical Characteristics of the Subjects in the Two Protocolsa

Cross-sectional Intervention
protocol protocol
(n = 56) (n = 19)

Women/men 25/31 6/13
Age (yr) 50 ± 13 50 ± 8
BMI (kg/m2) 24.8 ± 3.2 24.5 ± 2.6
Serum cholesterol (mmol/L) 5.39 ± 0.94 6.19 ± 1.02
Serum TG (mmol/L) 0.85 ± 0.51 1.40 ± 0.61
Fasting plasma glucose (mmol/L) 4.34 ± 0.42 4.96 ± 0.29
Systolic blood pressure (mm Hg) 123 ± 11 119 ± 11
Diastolic blood pressure (mm Hg) 79 ± 14 72 ± 16
aMean ± SD are given. BMI, body mass index.

FIG. 1. Mean ± SEM for forearm blood flow (mL/min/100 mL tissue) at
different time points during reactive hyperemia following 5 min of oc-
clusion of the forearm in the cross-sectional study. Maximal flow was
measured 5 s after release of occlusion.

TABLE 2
Proportion of FA in Serum Cholesterol Esters 
in the Cross-Sectional Protocola

FA Proportion

14:0 0.9 ± 0.2
15:0 0.2 ± 0.03
16:0 11.3 ± 0.6
16:1n-7 3.7 ± 1.2
18:0 0.9 ± 0.1
18:1n-9 21.7 ± 12.4
18:2n-6 50.0 ± 3.7
18:3n-6 0.8 ± 0.3
18:3n-3 0.9 ± 0.2
20:3n-6 0.7 ± 0.2
20:4n-6 6.6 ± 1.2
20:5n-3 1.9 ± 0.8
22:6n-3 1.0 ± 0.2
aMean ± SD given in percentages.



There were significant carryover effects (especially from
the SAT diet to the second diet period) for resting FBF and
FBF at 80 s during hyperemia. Therefore, for these variables
only the first diet period was used for calculations. 

DISCUSSION

In both the cross-sectional and the intervention protocols of
the present study, the composition of FA in serum lipids was
a major determinant of both resting FBF and vascular reac-
tivity during the hyperemic phase. 

The resting FBF variable has many different determinants.
It is increased in males compared to females, probably due to
the higher forearm muscle mass and the need for an increased
nutrient blood flow in the male forearm. Resting FBF also has
been shown to be governed by NO release, as local infusion
of the NO blocker L-NMMA has been shown to cause a
25–50% decrease in resting FBF (10). Other factors, such as
glucose infusion, euglycemic hyperinsulinemia, or an acute
elevation of FFA by means of intralipid and heparin infusion,
could also increase the resting FBF (16,17). At first glance it
would seem favorable to increase FBF with saturated FA, as
this blood flow characteristic is in part NO dependent. How-

ever, as both the proportions of 18:0 and 20:3 were positively
associated with resting FBF, it seems highly unlikely that this
FA profile would be of any benefit, as this profile has been as-
sociated with the development of CHD (18). 

As could be seen in the intervention part of the present
study, a dietary change can induce changes in the FA profile
in serum. The FA profile in serum cholesterol esters has pre-
viously been found to reflect mainly the quality of fat intake
during the last weeks (11,12). That genetic and metabolic fac-
tors also influence the FA profile cannot be excluded, how-
ever, and could, at least in part, be responsible for the associ-
ations found in the cross-sectional study.

Neither in the cross-sectional study nor in the intervention
was an association found between the absolute level of the
maximal FBF during hyperemia, in part being NO-dependent
(9,19), and FA. However, the relative maximal FBF was at-
tenuated during the SAT diet, and positive relationships were
seen in the cross-sectional study when compared to propor-
tions of some PUFA. Although the relationships described in
the intervention study were mainly because the resting FBF,
and thereby also the relative maximal FBF, were altered, the
relative maximal FBF also is known to be more closely re-
lated to endothelium-dependent vasodilation than to endothe-
lium-independent vasodilation (14). 

A relationship between FA composition and FBF during
the decremental part of the hyperemic phase (FBF at 80 s)
was shown in both the cross-sectional and the intervention
protocols, suggesting that these measurements are governed
by similar mechanisms.

The proportion of FA in the cholesterol esters was mea-
sured in the cross-sectional study, but in the intervention the
the FA in phospholipids were determined. As seen in the ta-
bles, measurements in these two compartments gave different
information on the proportions of the different FA. Measur-
ing FA in cholesterol esters is our usual approach in cross-
sectional studies in which the effects of long-term dietary in-
take are to be evaluated. However, the proportions of long-
chain FA are quite small in that compartment. Therefore, in
the intervention, measurements in phospholipids were used
because the proportions of long-chain FA were higher and
thus the sensitivity to detect a change in these FA would be
better when food intake was altered. The results would, how-
ever, be quite similar with both types of measurements. Sub-
jects with a relative lack of long-chain FA in cholesterol es-
ters would also have a relative shortage of these FA in the
phospholipids, and vice versa.

We recently showed that different FA in serum cholesterol
esters could affect the endothelium in divergent ways in ap-
parently healthy subjects (20). In the experimental setting, di-
vergent effects of different FA also were described. Both oleic
and palmitic acids were shown to impair NO-dependent va-
sodilation, whereas stearic acid did not induce this effect
(21,22). Furthermore, in rats given a diet rich in n-3 PUFA an
improvement in NO-dependent vasodilation was seen (23).
Several mechanisms might be involved in the actions of FA
on vascular function. First, different FA are associated with
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TABLE 3
Relative FA Composition (%) in Serum Phospholipids 
During the Rapeseed Oil-Based Diet (RO) and the Saturated 
FA Diet (SAT) in the Intervention Protocola

FA RO SAT P value

14:0 0.42 ± 0.06 0.55 ± 0.09 <0.001
15:0 0.18 ± 0.04 0.23 ± 0.03 <0.001
16:0 29.5 ± 1.25 29.8 ± 1.24 0.12
16:1n-7 0.57 ± 0.15 0.68 ± 0.16 <0.001
17:0 0.41 ± 0.06 0.43 ± 0.06 0.11
18:0 14.0 ± 1.03 14.3 ± 0.79 0.049
18:1n-9 13.7 ± 1.23 12.8 ± 1.78 0.0016
18:2n-6 22.0 ± 1.52 22.5 ± 1.76 0.18
18:3n-3 0.57 ± 0.12 0.45 ± 0.22 <0.001
20:3n-6 2.82 ± 0.60 3.15 ± 0.51 0.004
20:4n-6 8.12 ± 1.04 8.14 ± 1.25 0.88
20:5n-3 1.79 ± 0.45 1.37 ± 0.37 <0.001
22:5n-3 1.13 ± 0.16 1.10 ± 0.18 0.37
22:6n-3 4.75 ± 0.75 4.48 ± 0.78 0.075
aMean ± SD are given.

TABLE 4
Blood Pressure and Forearm Blood Flow (FBF, mL/min/100 mL tissue)
for the RO Diet and the SAT Diet in the Intervention Protocola

RO SAT P value

Systolic blood pressure (mm Hg) 116 ± 13 118 ± 10 0.27
Diastolic blood pressure (mm Hg) 70 ± 11 72 ± 12 0.22
Heart rate (beats/min) 56 ± 8 58 ± 10 0.066
Resting FBFb 6.4 ± 3.5 7.6 ± 3.5 0.03
Absolute maximal FBF 30.1 ± 6.4 29.4 ± 9.0 0.43
Relative maximal FBFb 4.6 ± 2.0 3.0 ± 1.3 0.02
FBF at 80 sb 4.6 ± 1.7 8.4 ± 3.4 0.002
aMean ± SD are given. For other abbreviations see Table 3.
bIndicates a variable with a carryover effect. Data are from the first diet pe-
riod only.



different degrees of lipid oxidation, a process that could both
inhibit NO formation and transform NO to inactive com-
pounds such as peroxynitrite. Second, FA affect cell mem-
brane fluidity in different ways, altering the permeability and
action of different ion pumps in the membrane. In this way,
transmembrane calcium ion fluxes involved in NO formation
could be altered. Third, FA are involved in the formation of
both vasodilatory and vasoconstrictive prostanoid metabo-
lites, such as prostacycline and thromboxane A2.

These studies support the view emerging from the present
study that the composition of FA is a determinant of vascular
reactivity and that NO, at least in part, is involved in this
process. 
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Sir:

In a recent study (1), Combe and Boué established the indi-
vidual daily intake and identified the origins of α-linolenic
(18:3n-3) acid consumed by a population of women from the
southwestern region of France (Aquitaine). They showed that
vegetable oils contributed only 9% to this intake, the remain-
der coming from animal fats (73%; mainly dairy products)
and vegetable lipids (27%). The total daily intake of 18:3n-3
acid by nonpregnant women (n = 79) was 0.6 ± 0.2 g/p/d (0.8
± 0.3 for pregnant women; n = 61). From these data, it can be
estimated that only ca. 60 mg of α-linolenic acid is attribut-
able to vegetable oils. In the region considered, olive oil is a
significant source of α-linolenic acid, contributing approxi-
mately 25 mg/p/d (1).

Olive oil (virgin) and animal fats are a source of unaltered
all-cis-18:3n-3 acid, whereas other vegetable oils are deodor-
ized and contain α-linolenic acid geometrical isomers (α-
LAGI) presenting at least one trans-ethylenic bond (2–5). A
mean proportion of 17% for the latter components (relative to
total 18:3n-3 acids) could be established for different oils
from different countries (5). Thus, consumption of α-LAGI
should not exceed, on average, 5–6 mg/p/d for the population
of Aquitaine women. This quantity would include ca. 2 mg
for each of the trans-9,cis-12,cis-15 and cis-9,cis-12,trans-15
isomers, and 1 mg of both the cis-9,trans-12,cis-15 and trans-
9,cis-12,trans-15 isomers (calculated according to Ref. 5).
Because these isomers are rapidly catabolized (6), only a frac-
tion of these quantities remains for either incorporation into
tissue lipids or further desaturation and elongation to longer
polyunsaturated chains (7). Such trivial amounts indicate that
α-LAGI should not be of major nutritional significance in the
adult population considered and may explain why these iso-
mers could not be detected by gas chromatograph in the adi-
pose tissue of the same population (8). This likely also occurs
in Mediterranean countries with similar diets rich in vegeta-
bles, dairy lipids, and olive oil. However, this should not be
the case in those countries where rapeseed and soybean oils
are the major sources of α-linolenic acid (many European
countries and North America). Even in France, where the use
of rapeseed or soybean oil for deep-frying is forbidden by the
law, exceptions were shown to occur, either in restaurants (9)

or by individual people (10). Thus, the Aquitaine study (1)
may not be representative of the whole French population,
and further studies are required.

On the other hand, the metabolic fate of α-LAGI may be
different in lactating women, as these isomers are directly in-
corporated into milk lipids (10,11). α-LAGI also have been
shown to occur in infant formulas from France and Canada
(12,13), where deodorized α-linolenic acid-containing oils
are added to meet the requirements for 18:3n-3 acid intake,
and they may then be of nutritional importance for neonates,
whether they are fed breast milk or infant formulas. Conse-
quently, in Europe α-LAGI remain of nutritional concern.
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Sir:

In 1995 (1), we published a detailed account of the contribu-
tion of ruminant fats to the daily trans-18:1 acid intake by Eu-
ropean populations. New data on bovine milk consumption
(2) have recently been published by the CNIEL (National
Inter-Professional Center for Dairy Economics) for 15 coun-
tries of the European Union. Some slight trends could be
noted between the two periods for the consumption of dairy
fats in several (Mediterranean) countries; e.g., Italy, Spain,
Greece, and Portugal had higher intakes, whereas other coun-
tries showed a significant decrease in their consumption (e.g.,
Denmark). Also, data were not available for countries such as
Austria, Sweden, and Finland in our previous study.

Moreover, between our earlier study (1) and the present
one, additional data were published on the accurate contents
and profiles of trans-18:1 isomeric acids in bovine milk fats
(e.g., Refs. 3 and 4). The main observation that was made was
the dependence of these parameters on the manner of cattle
feeding, e.g., barn vs. pasture feeding or transition times (barn
to pasture feeding in spring and the reverse in late autumn).
Furthermore, the negative energy balance during early lacta-
tion (ca. the first 10 wk of lactation) or special feeding condi-
tions (e.g., ecological farming, supplementing the feed rations
with fat additions) influence the trans-18:1 contents in milk
fat (5). Hence, some geographical differences may exist, as
cattle-raising habits in different countries may not be the
same. Ireland represents an exception because cows are fed
on pasture throughout the year, causing higher trans-18:1
contents (4). 

In the present assessment, we chose a rounded average
value of 3.7% for the trans-18:1 acid content of milk fat (4),
which should take into account geographical variations as
well as seasonal variations, and a mean content of 50% of
vaccenic acid (6) (trans-11 18:1) relative to total trans-18:1
isomers (it itself varies with the feed). Furthermore, the daily
per capita consumption of dairy fats was multiplied by 0.95
to take into account the proportion of FA in TG. Because the
true values for individual countries may be slightly higher or
lower, we give our data to the first decimal place only [except
for rumenic (cis-9,trans-11 18:2) acid], and we do not con-
sider at the moment the Irish conditions.

For most countries, the daily individual intake of trans-
18:1 isomers from dairy products (Table 1) lies in the narrow
range 1.0–1.6 g/p/d. Lower values are encountered in south-
ern countries (Greece, Spain, and Portugal, 0.7), whereas
higher values are observed in northern countries (Finland and
Sweden: 1.6–1.8). Vaccenic acid evidently follows the same
trends, from a low of 0.3 (Spain) to a high of 0.9 g/p/d (Fin-
land). However, our data for Mediterranean countries are un-
derestimates, as ewe and goat milk fats are nonnegligible di-
etary sources of trans-18:1 isomers in these countries (1). As
an example, 5.9 million of goats are raised in Greece, but only
1.1 million in France. Corresponding data for lactating cows
are 0.17 and 4.06 million (2). The respective human popula-
tions in these countries are 10.5 and 59.0 million inhabitants.

The CNIEL also provides data on the consumption of mar-
garines and similar products, such as low-calorie spreads, but
no reliable data are available for the trans-18:1 acid content
in these foods. This is due to a switch from high- to low-trans
partially hydrogenated vegetable oils being used for the man-
ufacture of margarines in the years 1994–1995 in many Euro-
pean countries (7). On the other hand, trans-18:1 isomers are
still present in foods containing partially hydrogenated veg-
etable oils, but they are so diverse and their trans-18:1 iso-
mer content and profile so variable that a sound estimate can
hardly be made.

Regarding the CLA rumenic acid, which has been quanti-
fied in 2,110 samples of European bovine milk (4), the daily
per capita intakes are also given in Table 1 and have a mean
value of 0.76% relative to total FA (4). This content nearly
agrees with a newer value of 0.74% for French butters (4), but
other French data from different seasons were somewhat
lower (8). This may be attributable to the acid-catalyzed
method employed to prepare FA derivatives in the latter
study. Intakes of this CLA exactly follow the trend for total
trans-18:1 acids as well as for trans-11 18:1 acid. For the 15
countries of the European Union, rumenic acid intake varies
between 0.14 and 0.38 g/p/d, with higher values in the north-
ern countries and lower values in the Mediterranean coun-
tries. Here too, ovine and caprine milks may contribute to
higher rumenic acid intakes in Mediterranean countries (1).
Apart from these particular cases, data in Table 1 may be in-
creased by approximately 10% to take into account the con-
tribution of beef and sheep meat lipids and tallow (1).

Taking mean contents of 5.9% trans-18:1, 3.5% vaccenic
[unpublished data (n = 23)], and 1.4% rumenic acids from
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Ref. 4, for Ireland the daily individual intake in this country
would amount to 1.6, 1.0, and 0.38 g/p/d, respectively.

Possible small differences concerning the average con-
sumption of bovine milk fat for women and men (9) were not
taken into account in this report. 
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TABLE 1
Consumption of Milk (in all its forms), Milk Fat, and Some of Its trans FA by the Populations from 15 Countries of the European Union

European
Belgium/ United Union

Consumption Germany France Italy Netherlands Luxemb. Kingdom Ireland Denmark Greece Spain Portugal Austria Finland Sweden (15)

Milk (kg/p/yr)a 384 406 300 320 328 280 285 344 207 189 199 371 496 450 326
Dairy fat 

(g/p/yr)b 14.2 15.0 11.1 11.8 12.1 10.4 10.5 12.7 7.7 7.0 7.4 13.7 18.4 16.7 12.1
Dairy fat 

(g/p/d) 38.9 41.1 30.4 32.3 33.2 28.5 28.8 34.9 21.1 19.2 20.3 37.6 50.4 45.8 33.0
∑trans-18:1 

g/p/d (99)c 1.4 1.4 1.1 1.1 1.2 1.0 1.6 1.2 0.7 0.7 0.7 1.3 1.8 1.6 1.2
∑trans-18:1 

g/p/d (94)d 1.7 1.5 1.1 1.1 1.4 1.1 1.3 1.7 0.7 0.6 0.6 —e — — —
trans-11-18:1 

g/p/df 0.7 0.7 0.5 0.6 0.6 0.5 1.0 0.6 0.4 0.3 0.4 0.7 0.9 0.8 0.6
CLA (g/p/d)g 0.28 0.30 0.22 0.23 0.24 0.21 0.38 0.25 0.15 0.14 0.15 0.27 0.36 0.33 0.25
aData established by the CNIEL (National Inter-Professional Center for Dairy Economics) for the year 1999. Milk quantities adjusted to a 3.7% fat content
(w/w) and covering all dairy products. kg/p/yr, kilograms per person per year; g/p/d, grams per person per day.
bValue of the preceding row multiplied by 0.037. No wastage is taken into account.
cCalculated from an average total trans-18:1 isomeric acid content of 3.7%; value for Ireland taken as 5.9%.
dValues established in 1995 with data published in 1994 by the CNIEL.
eNot determined in 1995.
fValues based on a 50% content of vaccenic (trans-18:1) acid relative to total trans-18:1 isomers; value for Ireland of trans-11-18:1 taken as 3.5 wt%.
gCLA (cis-9,trans-11-18:2) calculated from an average content of 0.76%; value for Ireland calculated at 1.4%.



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 2002 Steroid Symposium, “Recent Advances in
Steroid Research,” was held at the AOCS Annual Meeting in
Montréal, Canada. This year the symposium held special sig-
nificance, for it hosted the presentation of the first 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
last steroid symposium in Orlando, Florida in 1999, but un-
fortunately, he passed away on December 11, 1998. That

symposium was dedicated to Professor Schroepfer’s memory
and was a memorial symposium.

The first recipient of the G.J. Schroepfer Jr. Award for
steroid research was Professor Geoffrey F. Gibbons of the
Metabolic Research Laboratory at Oxford University. Profes-
sor Gibbons has made major contributions to the steroid field,
and we were pleased with his nomination. Professor Gibbons
was also our keynote speaker at the symposium and thus
made a dual contribution to these proceedings.

As in past symposia, we are indebted to our corporate
partners who helped make the symposium a success:
AstraZeneca Pharmaceutical Co., Pharmacia Centre Source,
and Steraloids, Inc. We appreciate 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 2002 Sterol Symposium
represented an international group of senior and junior scien-
tists. We express here our appreciation to each of them for
their cooperation during the planning process and for their
participation in the symposium. By all accounts, the event
was a success, and we are looking forward to the next steroid
symposium.

Copyright © 2002 by AOCS Press 1151 Lipids, Vol. 37, no. 12 (2002)

2003 G.J. SCHROEPFER JR. MEMORIAL STEROL SYMPOSIUM

Recent Advances in Steroid Research
Presented at the 93rd AOCS Annual Meeting & Expo

in Montréal, Canada, May 2002

Edward J. Parisha, W. David Nesb, and John R. Williamsc

Departments of aChemistry, Auburn University, Auburn, Alabama 36849, bChemistry and Biochemistry, Texas Tech 
University, Lubbock, Texas 79409, and cChemistry, Temple University, Philadelphia, Pennsylvania 19122



ABSTRACT: The origins of cholesterol research can be traced
to prerevolutionary France. The discovery of cholesterol as a sin-
gle substance, present in human gallstones, owes much to the
scientists of l’Académie Française, including Lavoisier, who con-
tributed so much to the emergence of chemistry as a modern sci-
entific discipline. Since that time, cholesterol probably has been
the most intensively scrutinized natural product of all time, and
it has been the subject of Nobel Prizes for several who have stud-
ied its structure, biosynthesis, and regulation. The pace of re-
search into cholesterol shows no sign of diminishing, and recent
discoveries have led to the recognition that the regulation of cho-
lesterol metabolism is intimately linked with that of other meta-
bolic pathways. Details of these interactions are only just emerg-
ing, but it is becoming apparent that under some circumstances
it is difficult to reconcile, in a conventional manner, changes in
regulatory gene expression with corresponding changes in path-
way carbon flux. The present review includes some of our stud-
ies on the roles of the transcription factors sterol regulatory
element-binding protein, liver X-receptor α, and peroxisome
proliferator activated receptor α in the coordination of choles-
terol and fatty acid synthesis and describes how some of the re-
sults obtained can best be interpreted from a Metabolic Control
Analysis perspective of the regulation of pathway carbon fluxes.

Paper no. L9140 in Lipids 37, 1153–1162 (December 2002).

A TRIBUTE TO GEORGE J. SCHROEPFER JR., 
JUNE 15, 1932–DECEMBER 11, 1998

I’d like to begin by saying how deeply honored I am to be the
first recipient of the Schroepfer Medal. The award gives me
particular pleasure, partly for nostalgic reasons, as it takes me
back to my roots in steroid chemistry at the Medical Research
Council Lipid Metabolism Unit at Hammersmith Hospital in
West London. It was here, in 1973, that I first met George
Schroepfer, who was passing through to visit old friends and
acquaintances from the days when he worked as a young
postdoc with George Popják in 1961. And it was at Hammer-
smith that Schroepfer made a major contribution to the mo-
mentous work of Popják and Cornforth in defining the com-

plete stereospecific enzymology of squalene biosynthesis
from mevalonate, work that contributed to the award of the
Nobel Prize in 1975 (1). Popják recognized Schroepfer’s
early contribution to this work in his memoir published in the
Journal of the American Oil Chemists’ Society in 1977 (2).
George pursued his interest in the stereochemistry of enzymic
catalysis during a further postdoctoral period in the labora-
tory of another Nobel Laureate, Konrad Bloch, at Harvard.

His work on the stereospecificity of lipid biosynthesis awak-
ened Schroepfer’s interest in the stereochemistry of steroids,
which was reflected by his lifelong devotion to the study of
oxygenated steroids. Many of those who read his recent monu-
mental review in Physiological Reviews, which ran to 193
pages (3) and which he modestly described as only “fairly com-
prehensive,” have wondered how long a “fully comprehensive”
version would have been. But for George Schroepfer, this work
was never an end in itself. As a clinician, he wanted to know
the answer to the question “Why is a lot of cholesterol bad for
you?” To this end, he devoted considerable effort to the devel-
opment of oxygenated sterols as potential cholesterol-lowering
drugs. As a chemist, George emphasized the need for unam-
biguous specification of steroid structure and rigorous proof of
chemical and radiochemical purity before any conclusions
could be made regarding biological function. He was often
amazed by the slipshod methodology and unsubstantiated
claims of some groups working in this area of research; the
confusion caused by claims for a direct regulatory role for (im-
pure) cholesterol in isolated cells comes to mind here.

Toward the end of George Schroepfer’s life, it was becoming
increasingly clear that oxysterols are important biological lig-
ands for the transcription factor liver X-receptor α (LXRα), but
the enzymology involved in the natural production of these lig-
ands remained obscure. Together with colleagues at the Howard
Hughes Institute, George showed that production of the choles-
terol precursor, mevalonate, was essential for LXRα activation.
The requirement for mevalonate could be spared by 20(S)-
hydroxycholesterol and 22(R)-hydroxycholesterol, substances
that he synthesized and characterized (4). It surely is a great pity
that George’s life was cut short and that he was unable to fully
appreciate how much of his life’s work is now bearing fruit.

HISTORICAL BACKGROUND

Over a period of almost 250 years, cholesterol has been one
of the most intensively studied of all natural products. It is
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only recently, however, that the substance has acquired a fear-
some reputation, surpassed only by that of the Black Death in
medieval Europe. But a lot of cholesterol is not bad for every-
one. It has won the Nobel Prize for several of its more dedi-
cated admirers, and the French chemist Michel Chevreul, to
whom its discovery is normally attributed, lived to the grand
old age of 103. Chevreul isolated cholesterol from human
gallstones in 1815 and was the first to characterize it as a sin-
gle, pure substance (5).

But the history of cholesterol predates even Chevreul. Its
story goes back to the Cemetery of the Innocents in prerevo-
lutionary Paris. In 1786 the Government commissioned the
chemist Antoine Fourcroy, a member of the Academy of Sci-
ences and a colleague of Lavoisier, to report on the condition
of the Innocents’ Cemetery as a potential health risk in view
of its proximity to the nearby marketplace in the quartier des
Halles. Fourcroy himself was an intriguing character who,
following the overthrow of the ancien régime, subsequently
became a member of the revolutionary government. Torn be-
tween his allegiance to his colleagues in the Academy and his
apparatchik-like devotion to the aims of the revolution, he is
often accused of betraying Lavoisier and thus being partly re-
sponsible for Lavoisier’s execution in May 1794 during the
Reign of Terror. But there is evidence that Fourcroy pleaded
with Robespierre, the effective Head of the Revolutionary
Government, to spare Lavoisier and almost ended up with his
own neck on the block for his pains (6). Fourcroy’s report on
the condition of the Innocents’ Cemetery involved an exami-
nation of the fat of putrefied corpses (7). He recognized that
some of the properties of this gras-de-cadavre were similar
to those of the substance that we now know as cholesterol,
which he crystallized from human gallstones in 1789 (8) fol-
lowing the observation by F. Poulletier de la Salle, in 1770,
that gallstone material was alcohol-soluble. It was also simi-
lar, in some respects, to spermaceti. Following Robert Boyle’s
maxim that if you can’t prove that things are different, they
must be the same, Fourcroy classified all these substances 
as “adipocire.” Six years after Fourcroy’s death in 1809,
Chevreul distinguished chemically between these three sub-
stances on the basis of their saponifiability and baptized the
gallstone material cholestérine the following year (9).

Cholesterol’s story now moves eastward across the Rhine.
The German chemists Heinrich Wieland and Adolf Windaus
were awarded Nobel Prizes in 1927 and 1928, respectively, for
their work on the structures of cholesterol and the bile acids.
Windaus was the first to demonstrate the high cholesterol con-
tent of experimental atheroma (10). He also taught chemistry
to several subsequent Nobel Laureates, including the young
Hans Krebs, who was a medical student at Göttingen in 1919
after being discharged from the Imperial German Army at the
end of World War I (11). It turned out, however, that the origi-
nal proposed structure of the steroid nucleus (Fig. 1) was in-
correct. In one of the first demonstrations of the enormous an-
alytical power of X-ray crystallography, the studies of J.D.
Bernal, working in the old Cavendish Laboratory in Cam-
bridge (United Kingdom), showed clearly that the squat struc-

ture suggested by the presence of the quaternary carbon atom
was incompatible with the diffraction pattern obtained (12).
Bernal never won the Nobel Prize, but he was awarded the
Order of Lenin, which, given his political views, probably
gave him a great deal more pleasure and satisfaction (13). The
longer, more streamlined structure of the steroid nucleus that
is familiar to us today was proposed independently by Wieland
and Dane (14) and by Rosenheim and King in 1932 (15) and
confirmed by chemical synthesis and degradation.

The discovery of the correct structure of cholesterol and the
steroids now set the stage for the studies on their biosynthesis
that were carried out mainly in Britain and the United States.
The work of Rudolf Schoenheimer and David Rittenberg at
Columbia was pivotal in this respect. Schoenheimer, who was
of German origin, had worked with Adolf Windaus at Freiberg
in 1926 and was one of the many Jewish intellectuals and
scholars who fled Germany after the election of Hitler as
Chancellor in January 1933. In 1937 Schoenheimer used
deuterated water produced in Urey’s laboratory at Columbia
to show that cholesterol was produced in mammals as a result
of the reductive polymerization of small molecules (16). In
1942, a year after Schoenheimer’s untimely death, Konrad
Bloch, another German emigré who had found refuge at Co-
lumbia, showed that the small monomeric building block was
acetate. Bloch’s later studies showed that acetate was linked
biosynthetically with the cholesterol precursors squalene and
lanosterol (for a review of this work, see Ref. 17). These cru-
cial observations paved the way for the discovery, by Gordon
Gould and his colleagues, that cholesterol feeding in dogs sup-
pressed the reductive polymerization of acetate leading to cho-
lesterol, but not to FA, in liver slices (18). This seminal work
set the scene for the next 50 years’ research on the regulation
of cholesterol synthesis and, in more recent years, the physio-
logical circumstances in which this regulation is integrated
with that of FA synthesis (19). Another recent discovery,
which emphasized the multifunctional role of cholesterol in
nature, is that the proper functioning of the signaling molecule
Hedgehog during vertebrate embryonic development is depen-
dent on its covalent modification by cholesterol (20).

By 1960 it had become clear from the work of several
groups, including those of Gould, Popják, Siperstein, and
Lynen, that HMG-CoA reductase was an early target for the
control of hepatic cholesterogenesis, including that by dietary
cholesterol. Early attempts to reproduce the in vivo effects of
dietary cholesterol in isolated cells to which cholesterol was
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FIG. 1. Original Wieland and Windaus structure of the steroid nucleus.



added in vitro were apparently successful. Real life, unfortu-
nately, is not so simple, and this rather facile concept of di-
rect prokaryote-like feedback inhibition was scotched by
Kandutsch and Chen, who clearly showed that highly puri-
fied cholesterol added to cell cultures in a strictly defined
chemical environment inhibited neither HMG-CoA reductase
nor cholesterol synthesis (21). The original observations were
the result of the potent inhibitory effects of small quantities
of oxygenated sterol impurities present in the cholesterol
added to the culture dishes. This discovery marked the begin-
ning of a long and productive collaboration between the labo-
ratories of Kandutsch and Schroepfer, the results of which
have made a major contribution to our current understanding
of the role of oxysterols in the control of transcription factor
activity. The remainder of this lecture will deal with the tran-
scriptional regulation of cholesterol and FA synthesis and will
be illustrated by some of our own work at the Metabolic Re-
search Laboratory. In particular, I would like to show how
some of our results can best be understood from a Metabolic
Control Analysis (MCA) perspective (22) in describing
changes in overall carbon flux through these pathways. 

TRANSCRIPTIONAL REGULATION OF LIPOGENIC
AND CHOLESTEROGENIC CARBON FLUX

Interactions between sterol regulatory element-binding protein
(SREBP), LXRα, and insulin. Naturally occurring cholesterol
precursors and oxygenated sterol metabolites of cholesterol are
potent activating ligands for the transcription factor LXRα
(4,23,24). In its ligand-bound state, LXRα transcriptionally ac-
tivates several genes involved in the maintenance of whole-
body cholesterol balance such as cholesterol 7α-hydroxylase
(CYP7A1) in the bile acid pathway (24) and ABC-A1 in the
reverse cholesterol transport pathway (25). In mouse liver, ac-
tive LXRα also transactivates the gene encoding SREBP-1c,
another transcription factor responsible for the regulation of a
portfolio of genes encoding enzymes of the lipogenic pathway
(26). Feeding cholesterol in the diet of mice gives rise to an in-
crease in the hepatic concentration of oxysterol ligands of
LXRα (3,27) with resultant effects on target genes including
SREBP-1c (28). The transcription of SREBP-1c is also regu-
lated by insulin in a mechanism by which the insulin signal is
transduced via insulin receptor substrate 1 (IRS-1) and PI 3-
kinase (29–31). This mechanism contributes to the overall
means by which insulin increases de novo FA synthesis (32,33).

Using mice of the SV/129 strain, we have compared the
physiological consequences of changes in hepatic SREBP-1c
expression caused by insulin, on the one hand, and by an
LXRα- and oxysterol-mediated process resulting from choles-
terol feeding, on the other. First, starvation for 24 h (beginning
at the midpoint of the dark phase of the diurnal cycle) followed
by 6 h of refeeding with a high-carbohydrate, low-fat diet 
(34) gave rise, as expected, to a large increase in plasma 
insulin (P < 0.001) (Fig. 2). An increase in the expression of
SREBP-1c mRNA (P < 0.001) accompanied the rise in plasma
insulin levels. There was also a significant increase in the

expression of an SREBP-1c target gene, fatty acid synthase
(FAS) (P < 0.01), which was itself accompanied by an increased
carbon flux through the lipogenic pathway (P < 0.001). This lat-
ter parameter was measured by injecting 3H2O intraperitoneally
in vivo and determining the incorporation of tritium into hepatic
FA 2 h later when the animals were killed. The stoichiometry
between the molar incorporation of 3H2O and the molar incor-
poration of acetyl-CoA has been established (35), so this rela-
tionship can be used to determine the effects of various physio-
logical manipulations on lipogenic carbon flux in vivo.

In the second experiment, mice were fed ad libitum for 7 d
either with the standard, high-carbohydrate diet or with a sim-
ilar diet supplemented with 2% (w/w) cholesterol. Cholesterol
treatment, like insulin, increased the expression of SREBP-1c
mRNA (Fig. 3) (P < 0.01). However, in this case, the increase
in SREBP-1c mRNA gave rise neither to an increased expres-
sion of the SREBP-1c target gene FAS nor to an increased
lipogenic carbon flux. As expected, tritiated water incorpora-
tion into hepatic cholesterol in vivo, a measure of cholestero-
genic carbon flux (36), was virtually abolished by cholesterol
feeding, and there was a large decline in the expression of
mRNA for HMG-CoA reductase, an enzyme with high con-
trol strength for overall pathway flux (37).

It might be argued that these results with cholesterol feed-
ing merely confirm what has been known for many years in
other mammalian species and serve to highlight the long-
established fact that the effects of dietary cholesterol are
specific for the hepatic cholesterogenic pathway. De novo li-
pogenic carbon flux from labeled acetate was apparently unaf-
fected (18,40). Yet a paradox remains: What possible physio-
logical purpose is served by an increased expression of
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FIG. 2. Effects of starvation and refeeding on the lipogenic gene expres-
sion and pathway flux. Mice were starved for 24 h beginning at the mid-
point of the dark phase of the diurnal cycle. They were then either killed
(open bars) or fed ad libitum for 6 h and killed (solid bars) (n = 4 in each
group). In each group, at the end of the test period, some animals were
injected i.p. with 3H2O (1 mCi) 2 h before killing (n = 4 in each group).
Portions of the livers were used for measurement of fatty acid synthase
(FAS) mRNA (columns 2) (37) and sterol regulatory element-binding
protein-1c (SREBP-1c) mRNA (columns 1) (38). Measurement of the in-
corporation of 3H2O into hepatic total FA (columns 3) was carried out
as described previously (39). Immediately before killing, the animals
were anesthetized with pentobarbital and a blood sample was taken for
measurements of plasma insulin and the specific radioactivity of the
plasma water. Values are presented as the mean ± SEM for each group.



SREBP-1c mRNA when flux through a major pathway (lipo-
genesis) normally controlled by SREBP-1c target genes re-
mains unchanged? The answer to this question may be found
in terms of the posttranslational processing of SREBP-1c. The
product of SREBP-1c mRNA translation is an immature tran-
scription factor, which becomes active only following prote-
olytic cleavage (19,41). The increased expression of hepatic
SREBP-1c mRNA following insulin administration either in
vivo (30) or in vitro (33), which results in an increased li-
pogenic carbon flux (Fig. 2), was accompanied by an increase
in the concentration of the mature form of SREBP (32). How-
ever, in the present work, immunoblotting of liver extracts
from the cholesterol-fed mice did not show any change in the
concentration of the mature form of SREBP-1c, despite the in-
creased SREBP-1c mRNA expression (Fig. 3). This effect in
mice appears to differ from the effects of cholesterol feeding
in the liver of hamster, in which the mature form of SREBP-
1c was reduced (42). Interestingly, the expression of SREBP-
1c mRNA was not increased in the liver of the cholesterol-fed
hamster (42), in contrast to that in the mouse (Fig. 3).

It has been established for some time that SREBP cleav-
age is sensitive to the sterol content of the intracellular mem-
branes housing the proteolytic cleavage machinery (for
reviews, see Refs. 19,41). In particular, mixtures of choles-
terol and 25-hydroxycholesterol suppress the maturation of
SREBP-1a in HeLa cells (43). In the absence of sterols, a spe-
cific peptide, SCAP (SREBP cleavage-activating protein) in-
teracts with SREBP in the endoplasmic reticulum (ER) and
escorts it to the Golgi, which houses the two proteases re-
quired for cleavage to give the mature form of SREBP that
enters the nucleus (reviewed in Ref. 41) (Fig. 4). Sterols in
some way prevent the transfer of the SCAP-SREBP complex
from the ER to the Golgi, so maturation can no longer take
place. It might be expected therefore that an increase in the
sterol content of hepatic ER membranes following cholesterol

feeding would suppress the maturation of SREBP-1c and lead
to a decreased activation of its target genes. Previous experi-
ments in the hamster have shown such a decrease in the nu-
clear forms of hepatic SREBP-1c and SREBP-2 following
cholesterol feeding (42).

We have shown that hepatic SREBP-1c does not respond
to cholesterol feeding in this manner in the mouse. In this
species, in contrast to what occurs in the hamster, SREBP-1c
mRNA expression increases but cleavage of the immature
transcription factor remains unchanged. In the mouse, we pro-
pose that the upregulation of transcription and thus transla-
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FIG. 3. Effects of dietary cholesterol on lipogenic gene expression and
pathway flux. Mice were fed for 7 d with either a standard high-carbo-
hydrate, low-fat diet (open bars) (37) or an identical diet containing 2%
(w/w) cholesterol (solid bars). At the midpoint of the dark phase of the
cycle, some animals from each group were killed and the livers re-
moved for measurement of SREBP-1c mRNA (columns 1) (38) and FAS
mRNA (columns 2) (37) (n = 4 in each group). Other animals were in-
jected i.p. with 3H2O (1 mCi) and killed 2 h later (n = 4 in each group)
(columns 3). Values are presented as the mean ± SEM. For abbrevia-
tions see Figure 2.

FIG. 4. Regulation and control of the SREBP-1c pathway by cholesterol
and insulin in mouse liver. Insulin and cholesterol both increase SREBP-
1c transcription but by different mechanisms. Cholesterol also results in
a decreased cleavage of immature SREBP-1c, which imposes a con-
straint on the production of the mature transcription factor. The net ef-
fect of an increased transcription and translation coupled with a de-
creased cleavage ensures a constant production of the mature transcrip-
tion factor and thus constant lipogenic carbon flux. In the absence of a
constraint on cleavage, an insulin-mediated increase in transcription
gives rise to an increased production of the mature transcription factor
and an increased lipogenic carbon flux. IRS-1, insulin receptor sub-
strate-1; PI 3-K, phosphatidylinositol 3-kinase; LXRα, liver X-receptor α;
ER, endoplasmic reticulum; for other abbreviation see Figure 2.



tion of SREBP-1c following cholesterol feeding compensate
for an incipient sterol-mediated constraint on SREBP-1c mat-
uration. The resulting constancy of mature SREBP-1c ensures
a constant rate of target gene activation, including FAS, and
thus a constant or only minimally reduced rate of lipogenic
carbon flux (Figs. 3 and 4). This compensatory response in
the mouse protects SREBP-1c-mediated regulation of meta-
bolic pathways from interference by dietary cholesterol and
ensures that the exogenous cholesterol response is restricted
to cholesterogenic gene transcription only. In a previous study
in mice, it is of interest that, although cholesterol feeding led
to an almost fivefold increase in SREBP-1 mRNA expression,
the expression of a target gene, FAS, was marginally de-
creased (44). In the liver of the hamster, however, dietary
cholesterol was unable to activate hepatic LXRα and thus
transcription of its target genes, including SREBP-1c and
CYP7A1 was not increased (28). The inability of dietary
cholesterol to upregulate the transcription and thus the trans-
lation of SREBP-1c in the hamster via a LXRα-mediated
mechanism means that there is no opposition to the choles-
terol-imposed constraint on cleavage, so the concentration of
the mature form of SREBP-1c decreases. However, although
there do not appear to be any reports of changes in hepatic
FAS gene expression following cholesterol feeding in the
hamster, rates of hepatic FA synthesis appear not to change
(45).

In the liver of the rat, cholesterol feeding actually upregu-
lated total lipogenic carbon flux (46) despite the previous con-
clusion (40) based on the use of 14C-acetate only. It would be
of considerable interest to determine whether the nuclear
form of SREBP-1c increases under these conditions in the rat.
If this is the case, then cholesterol feeding may produce suffi-
cient LXRα ligands so that activation of SREBP-1c transcrip-
tion outstrips the constraints on SREBP-1c peptide cleavage.
Cytochrome P450 is required for the formation of LXRα lig-
ands from dietary cholesterol (for a review, see Ref. 3), and it
is of interest that, in the rat, administration of the P450
inhibitor ketoconazole prevented the cholesterol-mediated
increase in de novo hepatic FA synthesis (cholesterol only:
11.2 ± 2.0 µmol 3H2O/h/g; cholesterol plus ketoconazole: 5.7
± 1.3 µmol 3H2O/h/g, n = 6, P < 0.05) (Gibbons, G.F., and
Pullinger, C.R., unpublished work).

It may turn out that, in any species, the ability to maintain
equilibrium in SREBP-1c-regulated pathways following a
high-cholesterol diet may depend on the magnitude of the re-
sponse mounted through LXRα. This response may itself be
determined by changes in the P450-mediated production of
LXRα-ligands.

PEROXISOME PROLIFERATOR-ACTIVATED 
RECEPTOR αα (PPARαα) DEFICIENCY RESULTS 
IN ABNORMAL INSULIN REGULATION 
OF SREBP-1c

Another transcription factor, besides LXRα and the SREBP
family, that contributes to hepatic lipid homeostasis, is

PPARα, which targets genes involved in the regulation of FA
oxidation (for reviews, see Refs. 47,48). We have previously
utilized PPARα-knockout mice to study the role of PPARα in
the regulation of SREBP-dependent metabolic pathways in
the liver (37). Normal mice showed an insulin-dependent cir-
cadian periodicity of lipogenesis in the liver that was abol-
ished under conditions of PPARα deficiency. The circadian
rhythm of cholesterogenesis was also abolished, although the
precise role of insulin, if any, in the regulation of cholesterol
synthesis is not clear. In the PPARα-knockout mice, abolition
of these rhythms was accompanied by a significant attenua-
tion of the normal diurnal variations of expression of the
mRNA for FAS and HMG-CoA reductase, both of which
failed to increase following the increase in plasma insulin that
accompanied the start of feeding at the onset of the dark phase
of the cycle (37). This apparent lack of response to insulin,
particularly of the lipogenic pathway, raised the possibility
that SREBP-1c was abnormally regulated under conditions of
PPARα deficiency. To test this, we determined the expression
of SREBP-1c mRNA in the livers of the normal and PPARα-
deficient mice at the midpoint of the dark phase of the cycle.
SREBP-1c expression was compared with expression of FAS
mRNA and lipogenic carbon flux (measured by 3H2O incor-
poration in vivo) in the two genotypes. Figure 5 shows that,
despite the similarity in plasma insulin concentrations and the
pattern of food intake (37), the expression of SREBP-1c
mRNA was significantly decreased in the liver of PPARα-
knockout compared to normal animals (P < 0.01) and that this
difference was accompanied by a relative decrease in the ex-
pression of FAS mRNA (P < 0.05) and of lipogenic pathway
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FIG. 5. Peroxisome proliferator-activated receptor α (PPARα) deficiency
results in abnormal regulation of SREBP-1c mRNA expression and li-
pogenic carbon flux. Groups of normal (solid bars) and PPARα-knock-
out (open bars) mice were killed at the midpoint (sixth hour) of the dark
phase of the diurnal cycle. The livers were removed and portions used
to measure the concentration of the mRNA for SREBP-1c (columns 1)
and FAS (columns 2) (n = 4 in each group). At the same times other
groups of mice were injected i.p. with 3H2O (1 mCi) and killed 2 h later.
The livers were removed for measurement of 3H2O incorporation into
FA (columns 3) (37). Immediately before killing, the animals were anes-
thetized with pentobarbital and blood samples taken from the descend-
ing vena cava. These were used for measurements of the plasma insulin
concentration (columns 4) and for the specific radioactivity of plasma
water. The values are presented as means ± SEM. For abbreviations see
Figure 2.



flux (P < 0.05). Other insulin-dependent metabolic pathways
in the liver also respond abnormally to starvation and refeed-
ing in PPARα-knockout mice (38), and under these condi-
tions, the knockout mice show many of the metabolic charac-
teristics of insulin resistance.

PPARαα DEFICIENCY LEADS TO AN UNCOUPLING 
OF HMG-CoA REDUCTASE mRNA EXPRESSION 
FROM CHOLESTEROGENIC CARBON FLUX

The diurnal rhythm studies showed that PPARα deficiency
led to an abolition of the normal variations of cholesterogenic
carbon flux and HMG-CoA reductase mRNA expression.
However, compared to the normal mice, carbon flux in the
PPARα knockout mice was maintained at a constantly high
level, whereas HMG-CoA reductase mRNA remained con-
stantly low (Fig. 6). Thus, compared to the normal mice, a
higher rate of cholesterogenic carbon flux was supported by a
lower expression of reductase mRNA. In other words, the
functional efficiency of reductase mRNA expression for cho-
lesterol synthesis was higher in the livers of the PPARα-
knockout mice than in the normal livers (34). SREBP-2 is
generally considered to be a more important transcriptional
activator of cholesterogenic genes, including HMG-CoA re-
ductase, than is SREBP-1 (19). However, it is apparent from
Figure 6 that there was no diurnal periodicity of SREBP-2
mRNA expression in either of the two mouse genotypes. Nor
was there any difference in expression between the wild-type
and the knockout mice.

It is well known that diurnal variations in cholesterogene-
sis and HMG-CoA reductase activity in rodents are associ-
ated with the changing pattern of food intake over the 24-h
cycle (49,50), although the precise role of insulin is obscure.
More extreme changes in food intake occur during starvation
followed by refeeding, and these changes are again associ-
ated with parallel changes in cholesterogenic carbon flux 
and HMG-CoA reductase activity. We wanted to determine
whether reductase expression and cholesterogenesis re-
sponded abnormally to starvation and refeeding under condi-
tions of PPARα deficiency as appeared to be the case over the
diurnal cycle. To investigate this problem, mice of both geno-
types were starved for 24 h (beginning at the midpoint of the
dark phase of the diurnal cycle) and then either killed or refed
ad libitum for a further 6 h. Normally fed mice of both geno-
types were also tested at this point as controls (at the end of
the dark phase of the cycle). Figure 7 shows that, following
24-h starvation of the normal mice, the expression of reduc-
tase mRNA decreased and then increased after refeeding.
Similar changes also occurred in the rates of cholesterogenic
fluxes, although the amplitudes of these changes were some-
what greater. In the liver of the PPARα-knockout mice, how-
ever, although the amplitudes of the changes in cholestero-
genic carbon flux were similar to or even higher than those in
the normal mouse, there was very little or no change in the
expression of reductase mRNA during starvation and refeed-
ing. In particular, despite a sixfold increase in cholesterogenic
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FIG. 6. Uncoupling of HMG-CoA reductase mRNA expression from
cholesterogenic carbon flux in the livers of PPARα-knockout mice. Nor-
mal (control) and PPARα-knockout mice were killed at the midpoints
(sixth hour) of the dark phase (solid bars) or of the light phase (open
bars) of the diurnal cycle. The livers were removed, and the expression
(A) of HMG-CoA reductase and (B) of SREBP-2 mRNA was determined
(34) (n = 10 in each group). For measurement of hepatic cholesterogen-
esis, other groups of mice (C) were injected with 3H2O at the sixth hour
of either the dark phase or the light phase and killed 2 h later (n = 12 in
each group). The values are presented as the means ± SEM of each
group. Reproduced from Reference 34 with permission. For abbrevia-
tions see Figures 2 and 5.



flux during refeeding, there was no change whatever in reduc-
tase mRNA expression.

Thus, the amounts of reductase mRNA required to support
a given rate of carbon flux varied considerably in the livers of
the knockout mice, whereas those in the wild-type remained
relatively consistent (Table 1). Also, in the fed and refed
states, the observed rates of cholesterogenesis in the livers of
the knockout mice were supported by a lower level of reduc-
tase mRNA expression than those in the wild-type. In other
words, the efficiency of reductase gene expression for cho-
lesterogenic pathway flux was greater in the knockout than
the wild-type animal (Table 1). Similar to the situation over
the diurnal cycle, starvation and refeeding had little or no ef-
fect on the expression of SREBP-2 mRNA (Fig. 7). 

To ascertain whether the abnormal responses of HMG-CoA
reductase mRNA in the PPARα-deficient mice described
above were associated with an abnormal response to dietary
cholesterol, mice of both genotypes were fed a diet enriched
in cholesterol (2% w/w). In mice of both genotypes, HMG-
CoA reductase mRNA expression was decreased to the same
extent, as was cholesterogenic flux (34). Again, similar to the
wild-type mice, cholesterol feeding increased SREBP-1c
mRNA, but there was no change in the concentration of the
mature form of the transcription factor.

MCA OF CHOLESTEROL SYNTHESIS

The above observations of uncoupling between reductase ex-
pression and cholesterogenic carbon flux in the PPARα-
knockout mice easily could be dismissed by assuming that,
under these conditions, reductase is not “rate-limiting” for
cholesterol synthesis. This is a somewhat facile explanation
and begs a definition of exactly what is meant by the expres-
sion “rate-limiting step.” It is generally assumed that, within
intact cells, “rate-limiting steps” are saturated with substrate
and the supply of substrate for this step never becomes limit-
ing for pathway flux. Furthermore, a quantitative relationship
is considered to exist between the activity (or amount) of a
rate-limiting enzyme and overall pathway flux. In other
words, within a given pathway, changes in the activity (or
amount) of a rate-limiting enzyme account for all of the
changes in overall flux through the pathway. These assump-
tions have never been rigorously tested for HMG-CoA reduc-
tase, and the many instances in which experimental evidence
suggests otherwise have been conveniently sidelined. On the
other hand, evidence from a large number of experiments car-
ried out in many areas of metabolic regulation suggests that
overall pathway flux is determined by a number of steps, and
the contribution of each step to changes in overall flux is de-
fined by its “control strength” or “flux-control coefficient”
(22). This concept, embodied in the MCA approach to the
question of flux regulation, has been used successfully to ex-
plain the regulation of several pathways, including glycogen
synthesis (51) and may be of universal applicability in the in-
terpretation of functional genomic data (52) and in biotech-
nology and medicine (53). This approach also forces one to
consider the effects, on the regulation of a particular pathway,
of simultaneous changes in flux through other pathways,
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FIG. 7. Changes in cholesterogenic carbon flux are not accompanied
by changes in the expression of HMG-CoA reductase mRNA during
starvation and refeeding of PPARα-knockout mice. Groups of normal
(open bars) and PPARα-deficient (solid bars) mice were starved for 24 h
beginning at the midpoint of the dark phase of the diurnal cycle. Some
mice in each group (n = 4) were killed. Others were fed ad libitum and
killed 6 h later (n = 4). Livers were removed for measurement of
SREBP-2 mRNA and HMG-CoA reductase mRNA. Identical groups of
mice were used for measurement of 3H2O incorporation into hepatic
cholesterol (n = 4 in each group; see legend to Fig. 2). Values are pre-
sented as the mean ± SEM for each group. Reproduced from Reference
34 with permission. For abbreviations see Figures 2 and 5.



particularly those that provide and compete for common sub-
strates.

A classic example of this situation relates to the supply and
demand for the pool of acetyl-CoA in the cytosol of the cell.
This pool is the common source of lipogenic and cholestero-
genic carbon. One of the factors that determines supply of cy-
tosolic acetyl-CoA is the activity of ATP:citrate lyase. This en-
zyme converts citrate, emerging from the mitochondrion, into
cytosolic acetyl-CoA and oxaloacetate. Inhibition of ATP:cit-
rate lyase with hydroxycitrate in cultured hepatocytes leads to
a shortage of cholesterogenic precursor acetyl-CoA and a de-
creased cholesterogenic carbon flux. Under these conditions
the Vmax of reductase, measured under substrate-saturating
conditions, increased twofold (54). This experiment suggests
that reductase is not saturated with substrate in the intact cell
and that enzymes affecting HMG-CoA substrate availability,
such as ATP:citrate lyase, have, in terms of MCA, a high flux
control coefficient for cholesterogenic pathway flux. Under
these conditions, the Vmax or capacity of reductase increases
in an attempt to maintain cholesterogenic flux through the
pathway. This is an analogous response to an increased LDL
receptor capacity, which arises from a decreased availability
of extracellular LDL cholesterol and which serves as a com-
pensatory response to an incipient decline in cellular choles-
terol influx. By the same token, an increased reductase activ-
ity does not always equate with an increased cholesterogenic
pathway flux but reflects a compensatory response to a de-
creased substrate supply. Under these conditions of reduced
substrate supply, the efficiency of reductase for maintaining
cholesterol carbon flux is diminished.

Again, because lipogenesis and cholesterogenesis compete
for the same common pool of acetyl-CoA, any change in li-
pogenic carbon flux may affect the availability of acetyl-CoA
for cholesterol production. This is particularly true in organs
such as the liver where the FA pathway is the “fat cat” and
consumes 10 times more substrate than cholesterogenesis. In
other lipogenic tissues, such as adipose tissue and lactating
mammary gland, the cholesterol pathway faces even greater
competition. In the latter organ, although flux into cholesterol
is 10-fold lower than in the liver, HMG-CoA reductase ca-
pacity, or Vmax (measured under substrate-saturating condi-
tions in a cell-free preparation) is threefold higher (55). Re-
ductase needs to operate at this high capacity simply to pump
a small quantity of carbon into the cholesterol pathway in the
face of a huge competitive demand for acetyl-CoA to meet
the needs of FA synthesis for milk TAG production. In this

tissue therefore, the efficiency of reductase action for choles-
terol synthesis is diminished. The demands of the lipogenic
pathway for acetyl-CoA by the lactating mammary gland can
be reduced by including fat in the diet. This manipulation also
reduces de novo lipogenesis. Under these conditions, the rate
of cholesterol synthesis does not change but remains exactly
the same as that on a high-carbohydrate diet. Under these new
circumstances, when a competing constraint has been par-
tially alleviated, reductase has to work less hard to achieve a
given flux, and its capacity, or Vmax, decreases accordingly
(55). The efficiency of reductase for cholesterol synthesis is
now increased. Other similar compensatory effects in the cho-
lesterol pathway for changes in flux through the lipogenic
pathway have also been reported in hepatocytes (36).

To use an analogy for the effects of these changes in sub-
strate availability, the efficiency of breathing at a Mt. Everest
base camp, where atmospheric oxygen availability is limited,
is obviously less than that at sea level. At high altitudes,
breathing rates increase simply to maintain a constant supply
of oxygen to the tissues. For an athlete competing in a track
event at lower altitudes, a similar increase in breathing rate
would obviously increase tissue oxygen supply in response to
a greater demand by the exercising muscles. This rather mun-
dane example serves to illustrate the fundamental principle
that changes in the Vmax of an enzyme can serve two pur-
poses, depending on the physiological environment in which
it has to operate: either to maintain flux homeostasis (regula-
tion) or to change pathway flux (control).

The general concept of the metabolic efficiency of an en-
zyme is also applicable to transcription of the gene that en-
codes it. In this case, it is valid to refer to the functional effi-
ciency of gene expression in terms of the amount of mRNA
required to support a given flux rate through a pathway in dif-
ferent physiological, nutritional, or genetic environments. In
the present work, when the PPARα gene was deleted, a given
expression of HMG-CoA reductase mRNA supported a
higher rate of cholesterol pathway flux than when PPARα
was intact. This increased functional efficiency of reductase
expression may have resulted from an increased availability
of cytosolic acetyl-CoA arising from a decreased pathway
flux of acetyl-CoA into FA in the PPARα-knockout mouse
(Fig. 5). It has also been noted recently that deletion of the
LXRα gene was associated with an increased expression of
cholesterogenic genes including HMG-CoA reductase. How-
ever, this increase was not accompanied by an increase in the
rate of cholesterogenesis (44) and it is possible that, under
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TABLE 1
Efficiencya of HMG-CoA Reductase mRNA Expression for Cholesterogenic Carbon Fluxb

Fed Starved Refed

Wild-type KO Wild-type KO Wild-type KO

0.84 ± 0.21 1.64 ± 0.24 0.58 ± 0.08 0.40 ± 0.10 0.67 ± 0.19 2.08 ± 0.20
aMeasured as µmol 3H2O incorporated per unit mRNA.
bDuring the fed/starved/refed transition in wild-type and peroxisome proliferator-activated receptor
α-deficient (KO) mice.



conditions of LXRα deficiency, cholesterogenic genes mount
a concerted compensatory response to maintain pathway flux
in the face of a constraint in substrate supply.

The general principle of MCA also can be adopted to ex-
plain the increased transcription of SREBP-1c mRNA as a
compensatory response to the constraints on SREBP-1c pep-
tide cleavage imposed by cholesterol feeding in the mouse.
The unchanged concentration of mature SREBP-1c is the re-
sult of these two opposing effects and ensures that lipogenic
flux in mouse liver remains unchanged or only minimally de-
creased (Fig. 3). Responses such as this may reflect the bio-
logical equivalent of the physicochemical principle of Le
Chatelier: “When a constraint is placed upon a system, the
system reacts in a manner which tends to remove the con-
straint.” In any event, it is becoming clear that changes at
every level of regulation and control from that of the gene to
that of the activity of its ultimate product may serve to main-
tain metabolic equilibrium rather than to change metabolic
flux when physiological, nutritional, or genetic constraints are
imposed on an organism.
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ABSTRACT: A ubiquitously expressed member of the cy-
tochrome P450 superfamily, CYP51, encodes lanosterol 14α-
demethylase, the first step in the conversion of lanosterol into
cholesterol in mammals. The biosynthetic intermediates of lanos-
terol 14α-demethylation are oxysterols, which inhibit HMG-
CoA reductase and sterol synthesis in mammalian cells in vitro.
These oxysterols (5α-lanost-8-en-3β,32-diol and 3β-hydroxy-
5α-lanost-8-en-32-al) are efficiently converted into cholesterol
in vitro and are generally considered to be natural cholesterol
precursors. When added to hepatocytes in high concentrations,
besides their conversion into cholesterol, they are also rapidly
metabolized into more polar sterols and into steryl esters. The
15α- and 15β-hydroxy epimers of 5α-lanost-8-en-3β-ol are also
rapidly metabolized into more polar sterols and steryl esters but
are not converted efficiently into cholesterol. Polar sterol for-
mation from all these oxysterols is dependent on an active form
of cytochrome P450. Oxysterols are potent regulators of the ac-
tivities of transcription factors of the sterol regulatory element-
binding protein family and of liver X-receptor α. It is proposed
that the rapid, cytochrome P450-dependent metabolism of nat-
urally occurring regulatory oxysterols provides a route for their
deactivation so that they become incapable of affecting gene
transcription. Inhibition of cytochrome P450 by the drug keto-
conazole prevents the inactivation of such oxysterols, leading
to a prolonged suppression of hepatic HMG-CoA reductase in
vivo and in vitro.

Paper no. L9141 in Lipids 37, 1163–1170 (December 2002).

Early experiments designed to determine the stereochemistry
of cholesterol biosynthesis from mevalonic acid showed that
the 15α-hydrogen of lanosterol (Scheme 1) was stereospecif-
ically removed (1), resulting in the formation of 5α-lanosta-
8,14,24-trien-3β-ol (IV, Scheme 1) (for reviews, see Refs.
2,3). The conjugated 8,14-diene is the immediate steroidal
product of lanosterol 14α-demethylation, a process that in
both mammalian liver and yeast was shown to require an ac-
tive form of cytochrome P450 (4,5). Subsequent work
showed that of the more than 1,000 known members of the
cytochrome P450 superfamily, only this particular type is
ubiquitously expressed throughout the animal and plant king-
doms (6,7) and is now known as CYP51 (8). The C-32 oxy-

gen-functionalized lanosterol derivatives 5α-lanost-8-en-
3β,32-diol (II) and 3β-hydroxy-5α-lanost-8-en-32-al (III,
Scheme 1) are obligatory intermediates in the cytochrome
P450-dependent removal of the 14α-methyl group (9,10), and
these oxysterols are now generally considered to be natural
cholesterol precursors (11). On the other hand, the 15α- and
15β-hydroxy epimers of lanost-8-en-3β-ol (V and VI,
Scheme 1) are poor precursors of cholesterol and are proba-
bly not natural intermediates (9).

The seminal work of Kandutsch and colleagues showed
convincingly that certain types of oxygenated sterol deriva-
tives, rather than cholesterol itself, were potent inhibitory reg-
ulators of de novo sterol biosynthesis in vitro (12,13) and that
an important target enzyme was HMG-CoA reductase. Sub-
sequent work, summarized in the review by Schroepfer (14),
related oxysterol structure to inhibitory potency. More re-
cently, the discovery of the sterol regulatory element-binding
protein (SREBP) family of transcription factors by Brown,
Goldstein, and their colleagues (reviewed in Refs. 15,16) pro-
vided an explanation for the inhibitory action of oxysterols,
particularly 25-hydroxycholesterol, on several cholestero-
genic enzymes, including HMG-CoA reductase. Thus, inter-
ference with the proteolytic maturation of SREBP by oxy-
sterols prevented the formation of the transcriptionally active
N-terminal peptide of SREBP so that target genes were not
activated. Later work demonstrated that other oxysterols reg-
ulated gene transcription by virtue of their role as activating
ligands for the transcription factor liver X-receptor α (LXRα)
(17–20). Target genes for activated LXRα include those in-
volved in the regulation of whole-body cholesterol balance
such as SREBP (21), cholesterol 7α-hydroxylase (CYP7A1)
(19), and the cholesterol transporter ABCA1 (22).

Despite the potency with which oxysterols regulate gene
transcription by the SREBP and LXRα pathways, there re-
mains uncertainty concerning the structure(s) of the naturally
occurring regulatory oxysterols and the enzymology involved
in their biosynthesis and metabolism. This paper revisits some
of our previous work in this area (23–26), which suggests that
the oxygenated, naturally occurring cholesterol precursors II
and III (Scheme 1) may have a regulatory role, either as in-
hibitors of SREBP maturation or as activating ligands for
LXRα. This paper will also reassess the results of some of
our original studies on the regulation of cholesterol biosyn-
thesis (27,28) in terms of factors that affect the steady-state
concentration and turnover of natural regulatory oxysterols.
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MATERIALS AND METHODS

Preparation of the tritium-labeled sterols functionalized at C-
32 was carried out by acetolysis of 3β-acetoxy-5α-lanostan-
7α,32-oxide (23). Sterols functionalized at C-15 were pre-
pared from 3β-hydroxy-5α-lanost-7-en-15-one (29) and were
labeled with tritium at C-16 (30).

The formation of polar and nonpolar sterol products of the
functionalized lanostenols by cells cultured in vitro was de-
termined by solvent extraction of the total lipids followed by
TLC (23). The metabolism of the labeled 15-hydroxy epimers
of lanost-8-enol by subcellular fractions of rat liver was de-
termined as described in Reference 25. Characterization of
the polar sterols was carried out by GC–MS.

Measurement of HMG-CoA reductase activity in cell cul-
tures was carried out using the method described by Gibbons et
al. (23). Isolation of the microsomal fraction from rat liver was
carried out as described by Marco de la Calle et al. (27). Mea-
surement of HMG-CoA reductase activity in rat liver micro-
somes was carried out using the method of Brown et al. (31).

Rats (250–300 g) treated with ketoconazole received the
drug intragastrically in 0.1 M HCl (1.5 mL of a 4.0 mg/mL
solution). The drug was administered at different times (1, 6,
12, 17, and 24 h) before injection (i.p.) of 3H2O (0.2 mL, 4.0
mCi), and the animals were killed 1 h later. The livers were
removed and a portion was used for determination of tritium
incorporation into sterols (27). The remainder was used for
preparation of microsomes (see above).

Experiments using live animals were carried out in accor-
dance with British Government Home Office-approved pro-
cedures under the authority of project licence number PPL
3001446.

RESULTS
Oxysterol precursors of cholesterol inhibit HMG-CoA reduc-
tase. The cholesterol precursors II and III (Scheme 1) were

added to primary cultures of mouse fetal liver cells at concen-
trations ranging from 0 to 45 µM for 12 h. Cells from some of
the flasks were harvested at this time, and HMG-CoA reduc-
tase activity was determined. To the remaining flasks was
added [14C]acetate for a further 2 h, and the cells were
harvested for measurement of sterol and fatty acid (FA)

1164 G.F. GIBBONS

Lipids, Vol. 37, no. 12 (2002)

SCHEME 1

FIG. 1. Inhibition of (A) sterol synthesis and (B) HMG-CoA reductase by
32-functionalized lanost-8-enols in fetal liver. 5α-Lanost-8-en-3β,32-
diol (open bars) and 3β-hydroxy-5α-lanost-8-en-32-al (solid bars) were
added to cultures of mouse fetal liver at concentrations ranging from
0–45 µM (23) for 12 h. The cultures were then either harvested and used
for measurement of HMG-CoA reductase activity (B) or cultured for a
further 2 h in the presence of [1-14C]acetate (A). Measurements of
HMG-CoA reductase and acetate incorporation into sterols and FA were
carried out as described in Reference 23.

A

B



synthesis (23). Figure 1 shows that HMG-CoA reductase ac-
tivity was inhibited by low concentrations of both II and III.
Concentrations required for 50% inhibition of reductase were
6.7 and 4.9 µM, respectively. The overall rates of sterol syn-
thesis from [14C]acetate were somewhat more sensitive to in-
hibition by the 32-oxygenated lanostenols than were HMG-
CoA reductase activities, particularly at the higher end of the
concentration range (Fig. 1).

The experiment described above was repeated using a line
of Chinese hamster lung (Dede) cells in which case the cells
were cultured for 6 h in the presence of the sterols (0–12 µM)
before assay of HMG-CoA reductase. As with the fetal liver
cells, [14C]acetate was added to some flasks for a further 2 h
to measure rates of FA and sterol synthesis (23). The in-
hibitory effects of the sterols are shown in Figure 2. The rates
of sterol synthesis and HMG-CoA reductase activities were
somewhat more sensitive to inhibition by the 32-oxygenated

sterols in the Dede cells than in the primary liver cell cultures.
In this case, concentrations required for 50% inhibition of re-
ductase were 2.8 and 1.4 µM for II and III (Scheme 1), re-
spectively. Again, in the Dede cells, the overall rates of sterol
synthesis were more susceptible to inhibition than HMG-CoA
reductase. A mutant strain of Dede cells (A2-1) selected for
resistance to the metabolic effects of 25-hydroxycholesterol
was also resistant to the inhibitory effect of the 32-oxy-
genated lanostenol derivatives on HMG-CoA reductase
activity (23,24). Similar inhibitory effects of the lanostenol
derivatives on rates of sterol synthesis and HMG-CoA reduc-
tase activities were also observed in L-cells, a subline of
mouse fibroblasts (23). Like the Dede cells, HMG-CoA
reductase activity was more sensitive to inhibition in the L-
cell line than in the primary liver cell culture (concentrations
required for 50% inhibitions were 2.5 and 2.8 µM for II and
III, respectively).
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FIG. 2. Inhibition by 32-functionalized 5α-lanost-8-enols of (A) sterol
synthesis and (B) HMG-CoA reductase activity in Chinese hamster lung
cells. Sterols as described in the caption of Figure 1 were incubated with
Chinese hamster lung cells for 6 h. The cells were subsequently treated
as described in the caption to Figure 1.

FIG. 3. Cholesterogenic and noncholesterogenic metabolism of oxy-
genated lanost-8-enols (A) and lanost-7-enols (B), The ∆7 and ∆8

isomers of labeled 5α-lanosten-3β,32-diol (32-ol), 3β-hydroxy-5α-
lanost en-32-al (32-al), 5α-lanosten-3β,15α-diol (15α-ol) and 5α-lanos-
ten-3β,15β-diol (15β-ol) were incubated with fetal mouse liver cultures
for 12 h. Metabolic products were separated and quantified as de-
scribed in Reference 23.

TABLE 1
Metabolism of 3H-Labeled C-32-Oxygenated Lanostenolsa by L-Cells and Primary Cultures of Fetal Liver

Cholesterol Polar sterols Nonpolar sterols
L-cells Liver L-cells Liver L-cells Liver

Precursor sterol (ng/mg protein)
5α-Lanost-8-ene 3β,32-diol 182 643 ND 1960 368 2630
3β-Hydroxy-5α-lanost-8-en-32-al 109 116 ND ND 352 1532
5α-Lanost-7-ene 3β,32-diol 127 131 33 2153 729 3509
3β-Hydroxy-5α-lanost-7-en-32-al 27 38 63 22 305 2005

aThe values are adapted from those shown in Table IV of Reference 23. The labeled sterols were incubated for 5 h, and the
labeled metabolites were separated by TLC. ND = not detected.

A A

B B



Oxygenated lanosterol derivatives are rapidly metabolized
by noncholesterogenic pathways. The C-32 functionalized
lanostenol derivatives II and III (Scheme 1) were labeled
with tritium (9) and added to cultures of mouse fetal liver
cells for 12 h (23). Their metabolism to cholesterol and to
noncholesterol products was determined at the end of this pe-
riod. Similar experiments were carried out with the ∆7 iso-
mers of these derivatives. Figure 3 shows that, although these
substances were converted, as expected, into cholesterol, they
were converted much more efficiently into nonpolar sub-
stances with the chromatographic properties of steryl esters.
Alkaline hydrolysis of these substances yielded labeled mate-
rials with the same properties as the substrates, adding further
support for their esterified nature (results not shown). The la-
beled C-32 alcohols were also extensively converted into
more polar substances with the chromatographic properties
of lanostenetriols. To determine whether these metabolic pat-
terns were characteristic of noncholesterogenic as well as
cholesterogenic oxygenated lanostenol derivatives, we uti-
lized the labeled 15α- and 15β-hydroxyl epimers of 5α-
lanost-8-en-3β-ol and 5α-lanost-7-en-3β-ol, which we had
previously shown to be much poorer cholesterol precursors
than the naturally occurring 32-functionalized derivatives (9).
Again, all these labeled compounds were extensively esteri-
fied to nonpolar derivatives, and three of them were converted
even more efficiently into more polar sterols, which sug-
gested the introduction of a further oxygen function (Fig. 3).

Similar experiments using mouse fibroblasts (L-cells) in-
stead of fetal liver cells showed that, in this case, cholesterol
was relatively a much more important metabolite of the C-32-
functionalized lanost-8-enols (Table 1). The capacity of L-
cells to esterify these labeled substances was decreased com-
pared to that of the primary liver cells, and the capacity for
polar sterol formation was almost abolished.

Oxidative metabolism of oxygenated lanostenols is depen-
dent on cytochrome P450. Although L-cells and fetal liver
cells were broadly similar in their ability to convert the ∆7 and
∆8 C-32 alcohols into cholesterol, in most cases polar sterol
formation from these substances in the former cells was vir-
tually abolished. Since many types of cytochrome P450 are
more highly expressed in the liver than in nonhepatic tissues,
we considered the possibility that the formation of polar
sterols in the liver was a cytochrome P450-dependent process.
To test this idea, we examined the effects of gas mixtures con-
taining carbon monoxide (CO), a broad-range P450 inhibitor,
on polar sterol formation from the labeled 15α-hydroxy and
15β-hydroxy epimers of 5α-lanost-8-en-3β-ol in subcellular
fractions of rat liver (25). Our previous studies with this sys-
tem used GC–MS to investigate the nature of the polar mate-
rials. The fragmentation patterns suggested that the polar
structures consisted of 5α-lanostenetriols in which the third
hydroxyl group was situated at C-7 (results not shown). Fig-
ure 4 shows that replacement of N2 with CO in gas mixtures
containing oxygen resulted in a 50–60% decrease in the rate
of oxidative metabolism of both the 3β,15α and 3β,15β
lanostenediols, suggesting the involvement of cytochrome

P450. Another cytochrome P450 inhibitor, ketoconazole, also
inhibited the metabolism of the C-32-functionalized lanost-
8-enols into more polar sterols by cholesterogenically com-
petent subcellular fractions of rat liver (32). Under similar
conditions, when [14C]mevalonate was the sterol precursor,
ketoconazole caused the accumulation of labeled sterols more
polar than cholesterol, including the cholesterol precursor 3β-
hydroxy-5α-en-32-al (II, Scheme 1) (28).

Inhibition of cytochrome P450 in vivo and in vitro sup-
presses hepatic HMG-CoA reductase activity and sterolo-
genic carbon flux. In view of the above inhibitory effects of
CO, suggestive of the participation of cytochrome P450 in the
oxidative metabolism of oxysterol regulators of HMG-CoA
reductase, we determined the effects of administering the po-
tent cytochrome P450 inhibitor ketoconazole on hepatic
HMG-CoA reductase activity and carbon flux through the
sterol pathway in intact animals (27) and in hepatocyte cul-
ture (28). In the experiments with intact animals, a solution
of ketoconazole was administered intragastrically to groups of
animals, and the animals were killed at various times thereafter.
At each time point, 1 h before killing, 3H2O was injected in-
traperitoneally. The livers were removed from the animals and
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FIG. 4. Carbon monoxide inhibits the oxidative metabolism of the la-
beled (A) 15α- and (B) 15β-hydroxy epimers of 5α-lanost-8-enol. Tri-
tium-labeled 5α-lanost-8-en-3β,15α-diol (A) and 5α-lanost-8-en-
3β,15β-diol (B) were incubated with subcellular fractions of rat liver for
45 min in the presence of gas mixtures consisting of nitrogen plus oxy-
gen (9:1 vol/vol, ●) or carbon monoxide plus oxygen (9:1 vol/vol, ▲).
The oxidative products (lanostenetriols) were separated and quantified
by TLC as described in Reference 25.



a portion was used for preparation of microsomes for the assay
of the expressed (i.e., dephosphorylated) and total (phosphory-
lated plus dephosphorylated) forms of HMG-CoA reductase
(31). The remainder was used for isolation of the 3H-labeled
nonsaponifiable lipid and cholesterol-containing fractions (27).
The 3H content of these fractions was determined, and the val-
ues were used as a measure of carbon flux through the sterol
pathway (33). Figure 5 shows that at as little as 2 h after keto-
conazole administration, both HMG-CoA reductase activity and
sterologenic carbon flux were decreased. These activities re-
mained suppressed for a further 10 h after which time suppres-
sion was abolished. At 24 h following ketoconazole treatment,
there was an “overshoot” of HMG-CoA reductase activities and
sterol carbon flux such that these values were significantly
greater than those immediately before treatment. Addition of
ketoconazole (0–2 µM) directly to primary cultures of rat hepa-
tocytes also gave rise to a suppression of HMG-CoA reductase
activity (28), showing that the hepatic effects observed in vivo
were not an indirect result of ketoconazole action.

Chronic exposure of the liver to ketoconazole induces
CYP51 activity. In the experiments with intact rats described
above, samples of the hepatic microsomes were used to assay
lanosterol 14α-demethylase activity as measured by the amounts

of labeled cholesterol produced from [14C]lanosterol. At 24 h
following ketoconazole treatment, when HMG-CoA reduc-
tase activity was significantly increased, cholesterol forma-
tion from [14C]lanosterol was also increased, suggesting an
induction of 14α-demethylase (CYP51) activity (27). Also,
in subcellular fractions of rat liver capable of cholesterol syn-
thesis from [14C]mevalonic acid, there is usually some accu-
mulation of label in lanosterol. The proportion of such label
was significantly decreased in liver fractions from rats that
had consumed ketoconazole in the diet for the previous 24 h.
Finally, in the livers of rats that had been continually pre-
treated with the drug (2 doses) over the previous 48 h, an
acute dose of ketoconazole (2 h) was not so effective as sup-
pressing sterol synthesis and lanosterol 14-α demethylation
compared with that in nonpretreated animals (27).

DISCUSSION

The functional role of a species of cytochrome P450 during
lanosterol 14α-demethylation was first described in mam-
malian liver in 1973 (4) and in yeast the following year (5).
Since that time the enzyme involved, lanosterol 14α-
demethylase (P45014DM), has been the subject of increasing
scrutiny, particularly in view of its role as a target enzyme for
the azole group of antibiotics (34,35). The enzyme is encoded
by CYP51 (8), the only member of the cytochrome P450 su-
perfamily that is ubiquitously expressed in all the biological
phyla (6). The importance of CYP51 is further emphasized
by the finding that in mammals, the C-32-oxygenated inter-
mediates of lanosterol 14α-methylase (II and III, Scheme 1),
which are natural cholesterol precursors (2,9,10), are potent
inhibitors of sterol synthesis and HMG-CoA reductase activ-
ity in mammalian cells (23; reviewed in Ref. 11). The imme-
diate steroidal product of lanosterol 14α-demethylase is 5α-
lanosta-8,14,24-trien-3β-ol (2,3). Steroids containing the con-
jugated ∆8,14 diene grouping are potently active stimulators
of meiosis in oocytes (36,37) and also play a role as activat-
ing ligands for the transcription factor LXRα (17). Oxysterols
suppress cholesterol synthesis by interfering with the proteo-
lytic cleavage of the immature transcription factor SREBP-2
(16) to give a mature form that normally enters the nucleus
and transactivates a large portfolio of cholesterogenic genes,
including HMG-CoA reductase (15,38). It is likely that inter-
ference with SREBP-2 maturation is the means by which the
oxygenated cholesterol precursors II and III suppress HMG-
CoA reductase in vitro. However, in some cases, the rapidity
with which effects are observed (e.g., Fig. 5) might suggest a
mechanism in addition to that which involves changes in gene
expression. In this respect, a recent report (39) has suggested
that oxysterols in some way shift the balance of cellular cho-
lesterol from the cell membrane to the endoplasmic reticu-
lum. This may result in increased degradation of HMG-CoA
reductase. Whether substances II and III (Scheme 1) play a
natural regulatory role in vivo is more controversial, although
III accumulates in cells during conditions in which HMG-
CoA reductase becomes suppressed (11,40,41). If, as seems
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FIG. 5. Time course of the effects of ketoconazole on hepatic HMG-
CoA reductase activity and sterologenesis. Rats were treated intragastri-
cally with a solution of ketoconazole and killed at various times later.
One hour before killing, the rats were injected intraperitoneally with
3H2O (4 mCi). Parts of each liver were used to prepare microsomes to
measure the expressed (i.e., dephosphorylated) and total (phosphory-
lated plus dephosphorylated) forms of HMG-CoA reductase (31). The
remaining liver was used to measure 3H2O incorporation into non-
saponifiable lipids (sterologenesis). (●) Expressed activity of HMG-CoA
reductase; (▲) total activity of HMG-CoA reductase; (■) 3H2O incorpo-
ration into nonsaponifiable lipids. Values marked * and ** are signifi-
cantly different (P < 0.05 and P < 0.01) from the corresponding zero
time control value.



likely, they do play a natural regulatory role, then the activity
of CYP51 may be crucial in determining their steady-state
concentration. In this respect, an accumulation of the C-32
aldehyde III (Scheme 1) decreases the catalytic activity of
CYP51, leading to an accumulation of its substrate lanosterol
(23,42). CYP51 is also regulated transcriptionally by SREBP-
2, and this process is inhibited by oxysterols such as 25-
hydroxycholesterol (6). Oxysterols of diverse structure are
also activating ligands for the transcription factor LXRα
(17,40). Although the C-32-oxygenated cholesterol precur-
sors have not yet been tested for biological potency in this re-
spect, such a role would provide a link between the regula-
tion of cholesterol synthesis and regulation of bile acid pro-
duction via CYP7A1, an LXRα target gene.

The availability of systems for the rapid inactivation of
regulatory molecules is an obvious prerequisite for control of
their effective concentration within the cell. Such mecha-
nisms must exist for all natural oxysterol regulators of
SREBP cleavage and LXRα activation. The present review
shows that the liver has an extraordinarily high capacity for
converting sterols such as this to more polar sterols via a
mechanism that involves cytochrome P450 (Fig. 4, Scheme
1). The structure(s) of these more polar sterols remains a matter
for conjecture. Nevertheless, it has been reported that intro-
duction of a third hydroxyl group into certain active oxysterol
inhibitors of HMG-CoA reductase decreases their inhibitory
potency (44,45), an effect that is also shown following 7α-
hydroxylation of 27-hydroxycholesterol by CYP7B (46).
Multiple hydroxylation of the cholesterol side chain also de-
creases the potency of the resultant triols as activating ligands
for LXRα (43).

It is likely that hepatic cholesterol balance is normally
maintained, at least in part, by the steady-state concentration
of natural oxysterol regulators operating via SREBP-2 matu-
ration or by activation of LXRα. These oxysterols originate
during both de novo cholesterol synthesis and cholesterol me-
tabolism (14), and their effective concentration would be de-
termined by the balance of their production and degradation.
The present review provides evidence that cytochrome P450
is required for the oxidative degradation of oxysterols. Inter-
ference with this natural regulatory process in the liver by in-
hibition of cytochrome P450 might be expected to lead to ab-
normalities of de novo cholesterol synthesis. Thus, inhibition
of hepatic cytochrome P450 action in vivo by ketoconazole
led acutely to a downregulation of HMG-CoA reductase and
sterologenic carbon flux (Fig. 5), possibly by preventing the
inactivation of natural endogenous oxysterol regulators. Sim-
ilar conditions in hepatocytes give rise to an accumulation of
3β-hydroxylanost-8-en-32-al (28) and, probably, to other nat-
ural oxysterols. Chronic administration of ketoconazole in-
duces P45014DM, as evidenced by the increased lanosterol
14α-demethylase activity (27), and it is likely that other
members of the cytochrome P450 family such as CYP7A are
similarly induced under these conditions (47). Such an effect
would explain the enhanced hepatic HMG-CoA reductase ac-

tivity and sterologenic carbon flux observed 24 h following
ketoconazole treatment that would result from an increased
P450-mediated oxidative degradation of endogenously pro-
duced oxysterols. It is also of interest that chronic treatment
of HepG2 cells with ketoconazole also gave rise to an in-
creased HMG-CoA reductase activity, possibly via a similar
mechanism (48).
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ABSTRACT: Cycloartenol synthase from Arabidopsis thaliana
and lanosterol synthase from Trypanosoma cruzi and Pneumo-
cystis carinii were expressed in yeast, and their subcellular distri-
bution in the expressing cells was compared. Determination of
enzymatic (oxidosqualene cyclase, OSC) activity and SDS-PAGE
analysis of subcellular fractions proved that enzymes from T.
cruzi and A. thaliana have high affinity for lipid particles, a sub-
cellular compartment rich in triacylglycerols, and steryl esters,
harboring several enzymes of lipid metabolism. In lipid particles
of strains expressing the P. carinii enzyme, neither OSC activity
nor the electrophoretic band at the appropriate M.W. were de-
tected. Microsomes from the three expressing strains retained
some OSC activity. Affinity of enzymes from A. thaliana and T.
cruzi for lipid particles is similar to that of OSC of Saccharomyces
cerevisiae, which is mainly located in this compartment. A differ-
ent distribution of OSC in yeast cells suggests that they differ in
some structural features critical for the interaction with the sur-
face of lipid particles. Computer analysis supports the hypothesis
of the structural difference since OSC from S. cerevisiae, A.
thaliana, and T. cruzi lack or contain only one transmembrane
spanning domain (a structural feature that makes a protein poorly
inclined to associate with lipid particles), whereas OSC from P.
carinii possesses six transmembrane domains. In the strain ex-
pressing cycloartenol synthase from A. thaliana, the accumula-
tion of lipid particles largely exceeded that of the other strains.

Paper no. L9150 in Lipids 37, 1171–1176 (December 2002).

Oxidosqualene cyclases (OSC) are crucial enzymes of sterol
biosynthesis in eukaryotes as they transform 2,3-oxidosqua-
lene, the last acyclic precursor of the metabolic path, into a
variety of cyclized products (1,2). These enzymes contribute
to maintaining the physiological balance between precursors
and end products of sterol biosynthesis by effectively chan-
neling oxidosqualene into the metabolic path, thus preventing
accumulation of acyclic precursors within the cell. In the last
few years a great effort has been made to unravel questions
of homeostasis and intracellular trafficking of sterols and
sterol precursors and of the complex metabolic interactions
among the different steps of sterol biosynthesis. An essential
result of this effort was the determination of subcellular

localization of enzymes involved in the late steps of biosyn-
thesis and of those responsible for steryl ester formation. In
yeast (Saccharomyces cerevisiae), the picture of the subcellu-
lar distribution is almost complete, as localization of many
enzymes has been identified, including squalene epoxidase
(Erg1p) (3), sterol-∆24-methyltransferase (Erg6p) (4), OSC
(Erg7p) (5), sterol C-24(28) reductase (Erg4p) (6), and steryl
ester synthases Are1p and Are2p (7). Three of these enzymes,
namely, Erg1p, Erg6p, and Erg7p, are located (Erg1p and
Erg7p almost exclusively) in the so-called lipid particles, a
compartment containing high levels of triacylglycerols and
steryl esters and harboring several enzymes of lipid metabo-
lism (8,9). Taking advantage of these studies, we considered
using yeast mutants expressing OSC of other eukaryotes as
models for studying the subcellular distribution of these en-
zymes. In the present work we compared the subcellular dis-
tribution of three OSC expressed in yeast: cycloartenol syn-
thase from Arabidopsis thaliana, lanosterol synthase from
Trypanosoma cruzi, and lanosterol synthase from Pneumo-
cystis carinii. The first two enzymes already have been char-
acterized, cloned, and expressed in yeast (10,11); the cloning
and the expression of lanosterol synthase from P. carinii in
yeast are reported here for the first time. The work also aimed
to (i) evaluate whether the high affinity of yeast lanosterol
synthase for lipid particles (5) is common to other oxidosqua-
lene cyclases, (ii) recognize any structural features responsi-
ble for the addressing of OSC to subcellular compartments,
and (iii) evaluate whether the possible propensity of other
OSC expressed in yeast to accumulate into lipid particles
could be used for their purification and characterization.

EXPERIMENTAL PROCEDURES 

Strains and culture conditions. The strains S. cerevisiae
SMY8[pSM60.21] (MATa erg7::HIS3 hem1::TRP1 ura3-52
trp1-∆63 LEU2::CAS1 his3-∆200 ade2 Gal+), SMY8[pBJ1.21]
(MATa erg7::HIS3 hem1::TRP1 ura3-52 trp1-∆63 LEU2::OSC
T. cruzi his3-∆200 ade2 Gal+), and SMY8[pBJ4.21] (MATa
erg7::HIS3 hem1::TRP1 ura3-52 trp1-∆63 LEU2::OSC P.
carinii his3-∆200 ade2 Gal+) were used throughout this study.
Cells were grown aerobically to the early stationary phase at
30°C in YPD medium containing 1% yeast extract (Oxoid,
Basingstoke, England), 2% peptone (Oxoid), 2% glucose
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(Merck, Darmstadt, Germany), and supplemented with heme
(13 µg/mL, added from a stock solution of 1.3 mg/mL heme in
1:1 ethanol/10 mM NaOH) and 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 the
expression, cells (1 mL of inocula per 100 mL of expression
medium) were grown for 48–72 h in 1% yeast extract, 2% pep-
tone, 2% galactose, and 13 µg/mL heme.

Cloning and characterization of a P. carinii lanosterol syn-
thase. A BLAST search (http://biology.uky.edu/Pc/) for puta-
tive OSC sequences uncovered the partially sequenced P.
carinii cDNA S18F10. Dr. Charles Staben kindly provided
the clone, which was completely sequenced on both strands
using vector-derived primers and synthetic oligonucleotides
corresponding to the cDNA sequence. To facilitate yeast ex-
pression, restriction sites for subcloning into expression vec-
tors were introduced by PCR (40 cycles of 95°C for 30 s,
56°C for 30 s, 72°C for 4 min). The S18F10 plasmid was used
as a template with the oligonucleotides Pca7.3 (gggtcga-
caaaaatgatttatgggtatcc) and Pca7.4 (ccgcggccgctaaggttc-
taaatattacc) and Pfu high-fidelity polymerase (Stratagene, La
Jolla, CA) in the reaction. The resulting 2.2 kbp fragment was
subcloned into the integrative, galactose-inducible yeast ex-
pression vector pRS305GAL (12) and the high-copy, galac-
tose-inducible yeast expression vector pRS426GAL (13) to
generate pBJ4.21 and pBJ4.22, respectively. These constructs
and a positive control plasmid expressing S. cerevisiae lanos-
terol synthase (12) from pRS305GAL were transformed into
the S. cerevisiae lanosterol synthase mutant SMY8 (12) to test
for genetic complementation and into the S. cerevisiae squa-
lene synthase/lanosterol synthase double mutant LHY4 (13)
to accurately quantify triterpene alcohol production. Comple-
mentation was tested on 1% yeast extract, 2% peptone, and
2% galactose supplemented with 13 mg/L hemin chloride. A
preparative-scale (1-L culture) incubation with substrate was
conducted essentially as described previously (13). A 40%
slurry of LHY4[pBJ4.22] yeast cells in 100 mM potassium
phosphate (pH 6.2) buffer was lysed using a French press, 
and then the slurry was diluted to 20% with the same buffer
and incubated with 50 mg of racemic oxidosqualene (14)
(final concentration: 1 mg/mL oxidosqualene, 1% Triton
X-100) for 24 h at 25°C. Triterpene alcohols were isolated as
described (13). The crude triterpene alcohol product was
chromatographed (5:1 hexane/methylene chloride) on silica
gel to provide 11 mg (44% yield) of pure triterpene alcohol.

Isolation of yeast subcellular fractions. Lipid particles were
obtained at high purity by the method of Leber et al. (4).
Briefly, yeast cells were grown in expression medium to the
late exponential phase and converted to spheroplasts (15).
Spheroplasts were washed twice with 20 mM potassium phos-
phate buffer (pH 7.4) containing 1.2 M sorbitol and then ho-
mogenized in breaking buffer containing 10 mM morpholine
ethanesulfonic acid (MES)/Tris (pH 6.9)/12% Ficoll 400/0.2
mM EDTA/1 mM phenylmethylsulfonyl fluoride (PMSF) at a
final concentration of 0.5 g of cell wet weight per mL. The ho-
mogenate was centrifuged at 5,000 × g for 5 min, and the
resulting supernatant was overlaid with breaking buffer and

centrifuged for 1 h at 28,000 rpm (100,000 × g) in a Beckman
SW-28 swing-out rotor. The floating layer was collected from
the top of the gradient and subjected to two additional sequen-
tial flotation steps in (i) 10 mM MES/Tris (pH 6.9)/8% Ficoll
400/0.2 mM EDTA, and (ii) 10 mM MES/Tris (pH 6.9)/0.25
M sorbitol/0.2 mM EDTA at 28,000 × g for 30 min each. The
floating layer from the top of the last gradient contained lipid
particles at high purity.

For the preparation of microsomes, yeast cells were grown
in expression medium and converted to spheroplasts (15).
Spheroplasts were homogenized in 10 mM Tris/HCl (pH
7.4)/0.6 M mannitol, and the homogenate was centrifuged for
30 min at 20,000 × g. The resulting supernatant was cen-
trifuged at 30,000 × g for 30 min. To obtain highly purified
30,000 × g microsomes, the respective pellet was subjected
to two additional washing steps by suspension in 10 mM
Tris/HCl (pH 7.5) and centrifugation at 30,000 × g.

Characterization of subcellular fractions. Protein was quan-
tified by the method of Lowry et al. (16) using BSA as a stan-
dard. Proteins of microsomal and cytosolic fractions were
precipitated from the aqueous phase with TCA (10% final con-
centration) and solubilized in 0.1% SDS/0.1% NaOH. Prior to
protein analysis of the lipid particle fraction, samples were
delipidated: Nonpolar lipids were extracted with 2 vol of diethyl
ether, the organic phase was withdrawn, residual diethyl ether
was removed under a stream of nitrogen, and proteins were pre-
cipitated from the extracted aqueous phase as described above.

SDS-PAGE was carried out by the method of Laemmli
(17) on 10% SDS-polyacrylamide gel. Protein was precipi-
tated with 10% TCA, washed twice with ethanol/diethyl ether
(1:1, vol/vol), and dissolved in dissociation buffer. Prior to
precipitation of protein in the lipid particle fraction, samples
were delipidated as described. Protein bands on the gel were
stained with Coomassie Brilliant Blue B.

Incorporation of [2-14C]acetate into sterols. Sterol bio-
synthesis in whole yeast cells was followed by incorporation of
[2-14C]acetate into nonsaponifiable lipids as described (18).
Briefly, washed cells (10–20 × 106 cells) were suspended in 
5 mL of 25 mM KH2PO4/NaOH buffer (pH 6.5) containing 1%
galactose and 0.1 mg/mL Tween 80, incubated with 2 µCi 
[2-14C]acetate (50 mCi/mM), and shaken for 3 h at 30°C. Cells
were then harvested by centrifugation and saponified in 50%
ethanol containing 15% KOH for 2 h at 80°C. Nonsaponifiable
lipids were extracted twice with 1 mL light petroleum and sepa-
rated on silica gel plates (Merck) using n-hexane/ethyl acetate
(85:15, vol/vol) as developing solvent and authentic standards
of ergosterol, lanosterol, dioxidosqualene, oxidosqualene, and
squalene. Radioactivity in separated bands was measured using
a System 2000 Imaging Scanner (Packard, Downers Grove, IL).

OSC assay. [14C]3S-2,3-Oxidosqualene was prepared as
described in Reference 5. OSC activity in total yeast ho-
mogenate (6 mg protein/mL), lipid particles (0.03 mg
protein/mL), and microsomes (0.5 mg protein/mL) was deter-
mined as described elsewhere (18). Briefly, 0.5 mL of the
different subcellular fractions was incubated with [14C]-
3S-2,3-oxidosqualene (2000 cpm, 25 µM) in the presence of
Tween 80 (0.2 mg/mL) and Triton X-100 (1 mg/mL) in 10
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mM MES/Tris (pH 6.9) and 0.2 mM EDTA for 30 min at
35°C under vigorous shaking. The reaction was stopped by
adding 1 mL of 15% KOH in methanol, and lipids were
saponified at 80°C for 30 min. The nonsaponifiable lipids
were extracted twice with 1 mL of light petroleum and sepa-
rated on silica gel plates using dichloromethane as develop-
ing solvent. Radioactivity in 2,3-oxidosqualene and lanos-
terol (or cycloartenol) was counted using a System 2000
Imaging Scanner (Packard). The amount of product formed
was used to calculate the enzyme activity.

In silico sequence analysis. Determination of hypo-
thetical transmembrane spanning domains was performed 
with HMMTOP 2.0 on-line software (http://www.enzim.hu/
hmmtop/server) (19,20). Hydrophobicity analysis was per-
formed according to Kyte and Doolittle (21) with a window
size of 15 amino acids.

RESULTS

Characterization of a P. carinii OSC cDNA and development
of a yeast expression strain. The 2.3-kbp S18F10 cDNA clone
(GenBank accession number AF285825) encodes a predicted
720-residue protein that is 57–62% identical to known lanos-
terol synthases and 50–57% identical to known cycloartenol
synthases. This clone genetically complemented the sterol
auxotrophy in the lanosterol synthase mutant SMY8 when ex-
pressed from the GAL1 promoter, consistent with the cDNA
encoding a functional lanosterol synthase. Triterpene alcohol
isolated from an in vitro reaction was shown to be lanosterol
by NMR. Key 1H NMR (400 MHz) signals were within 0.007
ppm of literature values (22) for lanosterol: δ 0.687 (C-18,
3H, s), 0.808 (C-29, 3H, s), 0.873 (C-30, 3H, s), 0.909 (C-21,
3H, d, J = 6.4 Hz), 0.980 (C-19, 3H, s), 0.998 (C-28, 3H, s),
1.599 (C-27, 3H, s), 1.681 (C-26, 3H, s), 3.23 (C-3, 1H, m),
5.10 (C-24, 1H, m). The alcohol product was acetylated and
analyzed by GC as previously described (13). Lanosteryl ace-
tate was the sole triterpenyl acetate observed; neither parkeyl
acetate nor cycloartenyl acetate was present at detectable lev-
els (<1% of lanosteryl acetate if any). No unidentified signals
suggesting other triterpene products were observed. These ex-

periments establish that P. carinii clone S18F10 encodes a
lanosterol synthase.

Expression of active OSC in cell culture. The level of ex-
pression of cycloartenol and lanosterol synthases in different
strains were evaluated by incorporation of [14C]acetate into
nonsaponifiable lipids extracted from cells grown under aero-
bic conditions. In strains expressing lanosterol synthases from
T. cruzi and P. carinii, the bulk of radioactivity accumulated
into ergosterol, indicating that the expressed enzymes per-
fectly complemented the yeast lanosterol synthase activity. In
strains expressing cycloartenol synthase, a major fraction of
radioactivity was entrapped by cycloartenol and compounds
co-chromatographing with 4-monomethyl sterols such as cy-
cloeucalenol and obtusifoliol (Table 1, Fig. 1), while a minor
fraction of radioactivity accumulated into a compound co-
chromatographing with ergosterol. The negligible level of ra-
dioactive oxidosqualene in all three expressing strains indi-
cated that the ability of the expressed enzymes to channel
their substrate into the metabolic path is comparable with that
of the wild-type strain.

Subcellular distribution of OSC expressed in yeast. Subcel-
lular distribution of activity of the different OSC expressed in
yeast was compared with that of a wild-type strain (Table 2).
In strains expressing enzymes from A. thaliana and T. cruzi,
distribution was comparable with that of the wild-type: The en-
richment relative to the homogenate indicates a clear prefer-
ence of the expressed OSC for the lipid particles compartment,
even though some activity was retained in microsomes to a
higher extent than in the wild-type. No activity was detected in
lipid particles of the strain expressing lanosterol synthase from
P. carinii. The homogenate was as active as that of the other
expressing strains, and the enrichment of the activity in micro-
somes was comparable and not so high as to support the hy-
pothesis of the preference for the endoplasmic reticulum. The
enzyme might then not be properly shaped for insertion in lipid
particles as suggested by computer analysis (Table 3).

In the strain expressing cycloartenol synthase, production
of lipid particles largely exceeded the production of the other
strains, as judged by (i) the total amount of proteins recov-
ered in lipid particles (Table 2) and (ii) the thickness of the
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TABLE 1
Incorporation of [14C]Acetate into Nonsaponifiable Lipids of Different Strainsa

4,4-Dimethyl 4-Monomethyl 4,4-Desmethyl
Strain Squalene Oxidosqualene sterolsb sterolsb sterolsb

FL100c

(wild-type) 2.0 ND 13.6 — 84.4
Expressor

A. thaliana ND ND 22.5 61.1 16.4
Expressor

T. cruzi 8.1 2.1 12.3 — 77.9
Expressor

P. carinii 10.4 1.5 4.7 — 83.5
aResults are the mean values of two separate experiments with duplicate incubations each. The maximum deviation from
the mean was less than 10%. ND, not detectable; A. thaliana, Arabidopsis thaliana; T. cruzi, Trypanosoma cruzi; P. carinii,
Pneumocystis carinii.
bNonsaponifiable extract contains free sterols and sterols from steryl esters.
cData from Reference 5.



lipid floating layer recovered at the end of gradient centrifu-
gation passages (see the Experimental Procedures section).

Protein pattern of subcellular fractions isolated from ex-
pressing strains. The protein content of lipid particles and mi-
crosomes isolated from the three expressing strains was ana-
lyzed by SDS-PAGE. Results confirmed the high preference
of cycloartenol synthase from A. thaliana and lanosterol syn-
thase from T. cruzi for yeast lipid particles, as indicated by
the intense protein bands at 86 and 101 kDa, respectively
(Fig. 2). In lipid particles of the strain expressing cycloartenol
synthase, the enzyme represents the large majority of pro-
teins. No band at 83 kDa, the predicted M.W. of lanosterol
synthase of P. carinii, was visible among the proteins from
the lipid particles of the strain expressing enzyme of P. carinii
(Fig. 2). In microsomal preparations, protein bands corre-
sponding to OSC were barely detectable.

In silico sequence analysis. Computer analysis revealed
that OSC from A. thaliana and S. cerevisiae (8) lack trans-
membrane (TM) spanning domains, and OSC from T. cruzi
contains only one hypothetical TM domain (Table 3). Inter-

estingly, six TM domains were present in the OSC from P.
carinii. Structure prediction seems to agree with the observa-
tion that proteins lacking TM domains are highly inclined to
associate with the phospholipid monolayer of lipid particles,
whereas proteins containing multiple TM domains may
hardly interact with the organelle surface (8). 

DISCUSSION

The phylogenetic position of P. carinii has been controver-
sial, and the presence of lanosterol synthase in P. carinii sup-
ports the view that this pathogen is a fungus rather than an
amoeba. Fungi, animals, and kinetoplastid protists share a
sterol biosynthetic route through lanosterol, whereas plants
and numerous other protists (e.g., Naegleria, Dictyostelium,
and Euglena) make sterols from cycloartenol. The yeast strain
expressing the P. carinii OSC, described here for the first
time, will allow convenient screening for derivatives of
known OSC inhibitors active on the P. carinii lanosterol syn-
thase without cultivation of the pathogen. The heterologous
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FIG. 1. Incorporation of [14C]acetate into nonsaponifiable lipids of the strain expressing cycloartenol synthase from Arabidopsis thaliana. Cells
were cultured aerobically as described in the Experimental Procedures section. Nonsaponifiable lipids were then chromatographed on silica gel
plates (see Experimental Procedures section) with authentic references of ergosterol (1), obtusifoliol (2), cycloeucalenol (3), cycloartenol (4), dioxi-
dosqualene (5), oxidosqualene (6), and squalene (7).

TABLE 2
Enzymatic Activity of Oxidosqualene Cyclase (OSC) in Homogenate 
and Subcellular Fractions of Different Strainsa

Production of lipid Specific OSC activitya

particles (µg protein/g (nmol/h/mg protein)

Strain wet weight cells) Homogenate Lipid particles Microsomes 30,000 × g

FL100
(wild-type) 2.97 2.96b 686 (232)b 5.11 (1.7)b

Expressor
A. thaliana 58.7 5.38 808.9 (150) 25.1 (4.66)

Expressor
T. cruzi 15.6 2.19 267.8 (122) 13.9 (6.35)

Expressor
P. carinii 12.8 4.21 No activity 22.0 (5.22)

aOSC activity was measured in the presence of 1 mg/mL Triton X-100. Results are the means of two sep-
arate experiments with duplicate incubations each. The maximum deviation from the mean was 10%.
Numbers in parentheses are enrichment over the homogenate. For other abbreviations see Table 1.
bData from Reference 5.
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expression system will also be useful for high-throughput
screening of unbiased chemical libraries for potential
chemotherapeutic agents.

The P. carinii lanosterol synthase conserves residues
known to be catalytically essential in S. cerevisiae lanosterol
synthase [Asp456 (23), His146 (23), His234 (23), Tyr410
(24), and Val454 (25)]. These similarities between the P.
carinii and S. cerevisiae lanosterol synthases probably under-
lie the observation that several established lanosterol synthase
inhibitors also inhibit P. carinii growth (26), consistent with
the two enzymes employing similar catalytic motifs. 

Cycloartenol synthase from A. thaliana and lanosterol syn-
thase from T. cruzi expressed in yeast S. cerevisiae showed a
high propensity to associate with yeast lipid particles, as demon-
strated by the high specific OSC activity of lipid particles
prepared from the expressing strains and by the results of SDS-
PAGE analysis of subcellular fractions. The affinity of the ex-
pressed enzymes for yeast lipid particles is similar to that of the
endogenous yeast lanosterol synthase, which has recently been
recognized as a peculiar protein of this subcellular compartment
(5). It was suggested (8) that the preferential occurrence of a
protein in the surface monolayer surrounding lipid particles
depends on the lack or paucity of transmembrane spanning
domains, a structural feature that seems shared by OSC of 

Arabidopsis and Trypanosoma. Distribution of OSC from S.
cerevisiae, A. thaliana, and T. cruzi in yeast cells provides indi-
rect evidence of the structural similarity of the different eukary-
otic cyclases, suggesting that they are properly shaped for the
insertion in oil body-like organelles. The high sequence homol-
ogy between the above-mentioned OSC and squalene hopene
cyclase of Alicyclobacillus acidocaldarius, the structure of
which was solved a few years ago (27,28), reinforces the view
of the OSC as proteins shaped for association with lipid parti-
cles. The bacterial membrane protein, in fact, belongs to the so-
called monotopic proteins, membrane proteins that are shaped
so as to submerge from one side of the membrane into the non-
polar part of the phospholipid bilayer without protruding
through it (28). If the OSC are similarly shaped, their preferen-
tial association with lipid particles might be easily described by
the “budding model,” recently proposed for the formation of
lipid particles from endoplasmic reticulum in yeast (8). Accord-
ing to this model, lipid particles arise from droplets of neutral
lipids formed between the two leaflets of the endoplasmic retic-
ulum membrane bilayer. After reaching a certain size, droplets,
wrapped with the outer phospholipid leaflet of the endoplasmic
reticulum, bud off, carrying proteins associated with the outer
leaflet. Undoubtedly, the monotopic-shaped proteins have a
high probability of remaining associated with the phospholipid
monolayer during such a budding process. 

The absence of OSC activity in lipid particles of the strain
expressing the enzyme of P. carinii suggests that the enzyme
is not properly shaped for association with lipid particles.
Computer analysis seems to support the structural hypothesis,
since OSC from S. cerevisiae, A. thaliana, and T. cruzi have
no or few transmembrane domains, whereas lanosterol syn-
thase from P. carinii possesses six transmembrane domains
(Table 3), a structural feature that makes a protein poorly in-
clined to associate with lipid particles (8).

In the strain expressing cycloartenol synthase, the produc-
tion of lipid particles largely exceeded that of the other strains.
This result, together with the comparison of protein patterns
of subcellular fractions prepared from different strains, might
shed new light on the question of the driving force leading to
the production of lipid particles in yeast. In the strain express-
ing cycloartenol synthase, in fact, the large majority of lipid
particle proteins is represented by cycloartenol synthase; the
enrichment over the homogenate is so high that the elec-
trophoretic protein pattern of lipid particles looks like that of
the final steps of a purification process. Our hypothesis is that
the overexpression of a protein highly inclined to associate
with lipid particles, such as cycloartenol synthase, forces the
cell to accumulate the compartment material associated with
the protein. An additional driving force could result, in the
strain expressing cycloartenol synthase, from the formation of
cycloartenol instead of lanosterol. The experiments with la-
beled acetate indicate that the channeling of cycloartenol into
ergosterol biosynthesis is difficult in this strain, resulting in an
accumulation of cycloartenol and possibly other intermediates
of sterol biosynthesis. These precursors, bearing “extra”
methyl groups compared to ergosterol, the final product, are
considered less effective than the final product as membrane
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TABLE 3
Characterization of Different OSC

Transmembrane Occurrence
spanning Hydrophobicity in

Protein domainsa domain ≥2b lipid particles

OSC S. cerevisiae 0c 1 (C terminal)c Present
OSC A. thaliana 0 0 Present
OSC T. cruzi 1 1 (N terminal) Present
OSC P. carinii 6 1 (N terminal) Absent
aTransmembrane spanning domains predicted by HMMTOP 2.0 (19,20).
bHydrophobicity index from Kyte and Doolittle plots (21), window size 15
amino acids.
cData from Reference 8. S. cerevisiae, Saccharomyces cerevisiae; for other
abbreviations see Tables 1 and 2.

FIG. 2. SDS-PAGE analysis of proteins of lipid particles and microsomes
isolated from yeast strain expressing cycloartenol synthase from A.
thaliana (At) and lanosterol synthase from Trypanosoma cruzi (Tc) and
Pneumocystis carinii (Pc). Lanes 1, 2, and 3, 10 µg of lipid particles from
expressors At, Tc, and Pc, respectively; lanes 4, 5, and 6, 30 µg of
30,000 × g microsomes from expressors At, Tc, and Pc, respectively.



reinforcers, as inferred from a study on comparative proper-
ties of cholesterol and its precursors as growth factors for
sterol auxotrophs (29). A strain accumulating these inter-
mediates may be induced to accumulate the lipid particle
compartment for storing, as ester derivatives, possible mem-
brane-weakening compounds. The above observations are in
agreement with the cited “budding hypothesis” suggested by
Daum for the formation of lipid particles in yeast (8).

The overexpression of three OSC in yeast was a useful tool
for comparing their structural/functional properties and shed
new light on the process of lipid particle formation in yeast.
Results of the work suggested also that lipid particles may be
regarded as a natural enrichment device for purifying eukary-
otic OSC through their expression in yeast. 
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ABSTRACT: The sterol composition of Pneumocystis carinii,
an opportunistic pathogen responsible for life-threatening pneu-
monia in immunocompromised patients, was determined. Our
purpose was to identify pathway-specific enzymes to impair
using sterol biosynthesis inhibitors. Prior to this study, choles-
terol 15 (ca. 80% of total sterols), lanosterol 1, and several phy-
tosterols common to plants (sitosterol 31, 24α-ethyl and
campesterol, 24α-methyl 30) were demonstrated in the fungus.
In this investigation, we isolated all the previous sterols and
many new compounds from P. carinii by culturing the microor-
ganism in steroid-immunosuppressed rats. Thirty-one sterols
were identified from the fungus (total sterol = 100 fg/cell), and
seven sterols were identified from rat chow. Unusual sterols in
the fungus not present in the diet included, 24(28)-methyl-
enelanosterol 2; 24(28)E-ethylidene lanosterol 3; 24(28)Z-eth-
ylidene lanosterol 4; 24β-ethyllanosta-25(27)-dienol 5; 24β-eth-
ylcholest-7-enol 6; 24β-ethylcholesterol 7; 24β-ethylcholesta-
5,25(27)-dienol 8; 24-methyllanosta-7-enol 9; 24-methyl-
desmosterol 10; 24(28)-methylenecholest-7-enol 11; 24β-
methylcholest-7-enol 12; and 24β-methylcholesterol 13. The
structural relationships of the 24-alkyl groups in the sterol side
chain were demonstrated chromatographically relative to au-
thentic specimens, by MS and high-resolution 1H NMR. The hy-
pothetical order of these compounds poses multiple phytosterol
pathways that diverge from a common intermediate to generate
24β-methyl sterols: route 1, 1 → 2 → 11 → 12 → 13; route 2, 1
→ 2 → 9 → 10 → 13; or 24β-ethyl sterols: route 3, 1 → 2 → 4
→ 6 → 7; route 4, 1 → 2 → 5 → 8 → 7. Formation of 3 is con-
sidered to form an interrupted sterol pathway. Taken together,
operation of distinct sterol methyl transferase (SMT) pathways
that generate 24β-alkyl sterols in P. carinii with no counterpart
in human biochemistry suggests a close taxonomic affinity with
fungi and provides a basis for mechanism-based inactivation of
SMT enzyme to treat Pneumocystis pneumonia. 

Paper no. L9139 in Lipids 37, 1177–1186 (December 2002).

The sterols of Pneumocystis carinii, an opportunistic
pathogen responsible for life-threatening pneumonia in im-
munocompromised patients, have been studied extensively
and found to be unusual structurally (1–4). An important pe-

culiarity of this fungus is the presence of several phytosterols
as well as a high level of cholesterol. Lanosterol, the central
intermediate in the biosynthesis of phytosterols and choles-
terol, was detected in P. carinii (3). A lanosterol-based path-
way is consistent with this organism being a fungus (5). Sev-
eral distinct pathways of sterol biosynthesis can occur that in-
volve transformation of the lanosterol side chain. The
evolutionary history of these pathways and the response of
enzymes along the pathway to sterol biosynthesis inhibitors
(SBI) is of considerable interest since P. carinii recently was
proposed to have a close phylogenetic affinity to advanced
fungal forms, particularly the Ascomycetes (6,7), and to be
resistant to common antifungal SBI that target 14α-demethy-
lase activity (8). Another peculiarity is that 24-ethyl sterols, a
characteristic of plant biochemistry (5), were found in P.
carinii (Table 1). In fungi, as in plants (9), 24-ethyl sterols
can function as membrane inserts (10,11) or act as intermedi-
ates to steroid hormones that control sexual reproduction
(12). The configuration of the 24-ethyl group of P. carinii
sterols has not been determined to date but is tacitly assumed
to be β-oriented (1). 

Sterol evolution in fungi proceeded down a different path
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TABLE 1
Sterol Composition of Pneumocystis carinii as Reported
in the Literature

Sterol (trivial name) References

Cholest-5-enol (cholesterol) 1 2 4
24α-Methylcholest-5-enol (campesterol) 1 2 4
24β-Methylcholest-7-enol (fungisterol) 1 4
24α-Ethylcholest-5-enol (sitosterol) 1 2 4
24-Ethylcholest-7-enol 1 2 4
24(28)Z-Ethylidenecholest-7-enol 1 4
24(28)-Methylenelanost-8-enol (eburicol) 3
24(28)Z-Ethylidenelanosterol (pneumocysterol) 3
24-Methylcholesta-5,24-dienol (24-methyldesmosterol) 4
24(28)-Methylenecholest-7-enol 4
24-Ethylcholesta-5,24-dienol 4
Cholesta-8,14,24-trienol 4
Cholesta-8,24-dienol (zymosterol) 4
Cholesta-5,24-dienol (desmosterol) 1
24-Methylcholesta-5,7,22-trienol (ergosterol) 1
24-Ethylcholesta-5,22-dienol (stigmasterol) 1 2
24-Methylcholesta-5,22-dienol (brassicasterol) 1
4,4,14-Trimethylcholesta-8,24-dienol (lanosterol) 2 3



from plants. For fungi, two extreme categories of sterol struc-
ture modification exist. In category I, represented by the prim-
itive fungi consisting of the Chytridomycetes and Oomycetes,
cholesterol and 24-ethylidene sterol are the major sterols,
whereas in category II, consisting of the most advanced fungi
and represented by the Ascomycetes and Basidiomycetes, 24β-
methyl sterols are the major sterols (13–15). 24(28)-Ethylidene
sterols occur variably in fungi, with the E-geometry synthe-
sized by primitive forms (12,16) and the Z-geometry synthe-
sized by advanced forms (17). When a sterol auxotroph, Sac-
charomyces cerevisiae strain GL7, was fed fucosterol
[24(28)E-ethylidene] and isofucosterol [24(28)Z-ethylidene],
the cells reduced stereoselectively only the 24(28)Z-ethyli-
dene side chain to produce a 24β-ethyl sterol (18), suggesting
that 24β-ethyl sterols can also be a characteristic of the fun-
gal sterol mixture. For plants, two extreme categories of sterol
side chain structure exist. In category I, represented by less-
advanced plants, including the algae, the major sterols con-
tain a 24β-methyl group. In category II, the major sterols of
advanced plants, represented by vascular plants, contain a
24α-ethyl group (4,19). Cholesterol with a 24-hydrogen atom
is usually a minor sterol in plants. The differences in sterol
C-methylation patterns in fungi and plants suggest that the
evolutionary history of the sterol methyl transferase (SMT)
enzyme contributed to the evolution of P. carinii and can pro-
vide a basis for rational drug design. 

In this investigation we analyzed the sterol composition of
a mixed population of P. carinii trophic and cyst forms iso-
lated from rat-infected lung, determined the sterol composi-
tion of the rat chow, and deduced the evolution of an SMT
that constitutes the phytosterol pathway from less-advanced
to more-advanced fungi. Our findings of a unique sterol pro-
file for P. carinii compared to the sterol profiles described for
related fungi raised certain important questions. What is the
endogenous sterol pathway in this organism? Can the sterol
composition of the species reveal something about its evolu-
tionary history? At what stage of development are these
sterols actually synthesized, and how do they function during
membrane assembly and in sexual reproduction? What role
does oxygen from the lungs play in controlling sterol biosyn-
thesis and sterol absorption during infection? What group of
SBI or complexing agents can be used to treat the disease? In
the present investigation, we have explored the answers to the
first two questions. A second paper is forthcoming that will
address the latter questions. 

MATERIALS AND METHODS

Fungal cultures. Mixed life-cycle preparations of P. carinii f.
sp. carinii, consisting of approximately 80% trophic forms
and 20% cystic forms, were isolated from lungs of cortico-
steroid-immunosuppressed rats and purified from host contam-
inants by a series of gravity sedimentation steps and by mi-
crofiltration as described previously (20,21). The animals
were fed balanced rat chow (Teklad type LM-485 sterilizable
rat chow; Harlan, Madison, WI) and hyperchlorinated water.

Pneumocystis was isolated from infected lungs ca. 8 to 10 wk
postinoculation when the animals were moribund with the
disease. Approximately 900 µg of fresh fungal culture repre-
senting 1.2 × 1010 cells was used to establish the sterol com-
position. 

Sterol analysis. Total sterols were extracted and separated
from the neutral lipids after saponification and analyzed ini-
tially by GLC (3% SE-30 packed column operated isother-
mally at 245°C) and reversed-phase HPLC [Phenomenex 25-
cm semipreparative (10-µm) column eluted with methanol at
ambient temperature]. The chromatographs were attached to
a multiple-wavelength diode array detector (Agilent 1100 se-
ries) to monitor each of the fractions by the peak purity
method (22). The 4,4-dimethyl, 4-monomethyl, and 4,4-
desmethyl sterols in the nonsaponifiable lipid fraction (NSF)
were separated by analytical TLC (Alltech silica gel plates,
250 µm) and Rf values for individual compounds were deter-
mined using two developments with benzene/diethyl ether
(85:15, vol/vol). Sterol mixtures eluted from the TLC plate
were injected into the high-performance liquid chromato-
graph to resolve compounds for GC–MS and 1H NMR analy-
sis (22). Data from the GLC, HPLC, and 1H NMR analyses
were used for quantification of the individual components.
Authentic specimens used as reference samples were part of
our steroid collection (18,19,22–26). Retention times of
sterols in GLC are relative to the retention time of cholesterol
(RRTc). 

The instrumentation and techniques for the GLC (Hewlett-
Packard 5890 series II) and HPLC (Agilent 1100 series) have
been described earlier (22–24). Mass spectra were obtained
by GC–MS using a Hewlett-Packard 6890 gas chromatograph
coupled to a 5973 mass selective detector. 1H NMR spec-
troscopy was performed at 500 MHz at ambient temperature
on a Varian Unity Inova 500, in CDCl3, with tetramethylsilane
as internal standard. 

RESULTS

Previous investigations of the sterol content of P. carinii re-
vealed the presence of 18 sterols in the organism tentatively
identified by GC–MS and HPLC (Table 1) (1–4). In one re-
port, the published gas–liquid chromatogram of the total
sterol fraction showed at least 23 peaks that corresponded to
sterols (2), suggesting that several additional sterols could be
present in the sterol mixture. In none of the earlier studies was
the configuration at C-24 of the 24-alkyl group in the sterol
side chain determined. Several ∆7-sterols not present in rat
lung controls were common to all the investigations (24-
methylcholest-7-enol, 24(28)-ethylcholest-7-enol, and 24-
ethylidenecholest-7-enol), suggesting that these sterols are
formed endogenously (1–3). Alternatively, the ∆5-sterols
campesterol and sitosterol, identified in rat lungs not infected
with P. carinii, are assumed to be of dietary origin (2). 

We found, as others reported (1–3), that the cells of P.
carinii contained predominantly cholesterol (ca. 80% of the
total sterol). In addition, a substantial amount (ca. 20%) of
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phytosterol was detected in the organism (Table 2). All the
sterols reported by earlier investigators, except for stigmasterol
and brassicasterol, were detected, as well as 13 additional
sterols that eluted in GLC (Fig. 1A and  Table 2). Some 24-
alkyl sterols coeluted in GLC, particularly sterols that occurred
as C-24 epimers. The 29 sterols detected in GLC could be
grouped into two series based on the metabolism of the ∆24-
bond: as a 24-desalkyl series (24-hydrogen) and as a 24-alkyl
(24-methyl or 24-ethyl). The two series of compounds gave rise
to paths a and b, respectively, as shown in Figure 2. By using
TLC fractionation of the NSF to separate sterols based on the
degree of C-4 substitution (22), a total of ten 4,4-dimethyl,
three 4-monomethyl, and sixteen 4-desmethyl sterols were de-
tected. Of the ten 4,4-dimethyl sterols, only three (1, 2, and 4)
were reported previously (2,3). Of the 4-desmethyl sterols, two
pairs of 24-alkyl sterols were found to be an epimeric mixture:
24-methylcholesterol and 24-ethylcholesterol. The absolute
amounts and the percent compositions of each of these sterols
are given in Table 2. On a per cell basis, the amount of total
sterol was calculated to be 108 fg/cell. The minor sterols in the
sterol mixture were also estimated from the gas–liquid chro-

matogram (Fig. 1), based on the absence of cholesterol, to high-
light their contribution to sterol synthesis in P. carinii. 

Cholesta-5,7,24-trienol 21, a 4-desmethyl sterol, was iden-
tified for the first time in the organism. Its structure was sup-
ported by a comparison of its elution time and mass spectrum
to the elution time and mass spectrum of an authentic speci-
men (23). A maximum absorption at λmax 282 nm in the UV
spectrum of the sample is characteristic of a ∆5,7-steroid (22).
All the other sterols eluting in HPLC exhibited end-absorp-
tion UV spectra, except for compound 23. Its spectrum con-
tained a fingerprint at 248 nm characteristic of a ∆8,14-diene
steroid (22), consistent with the assigned structures reported
in Table 2. The presence of common 24-methyl sterols found
in yeast (26) and of unusual 24-alkylated ∆24(25)-sterols, such
as 24-methyl desmosterol and 24-ethylidenelanosterol, found
in the fungus Gibberella fujikuroi (25), were detected in vary-
ing amounts in the sterol mixture (Table 2). 

Three 24-alkyl sterols in the 4-desmethyl fraction were
isolated from the initial HPLC separation to assess the con-
figurational purity at C-24: 24-methylcholesterol, 24-ethyl-
cholesterol, and 24-ethylcholest-7-enol. The two 24-ethyl
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TABLE 2
Analysis of P. carinii Total Sterols

Amount Percentage of total sterol
Sterol (trivial name) Structurea RRTc Rf M+ (µg/mg of cells) without cholesterol 

4,4,14-Trimethylcholesta-8,24-dienol (lanosterol) 1 1.29 0.50 426 0.017 6
24(28)-Methylenelanost-8-enol (eburicol) 2 1.42 0.50 440 0.003 1
24(28)E-Ethylidenelanosterol 3 1.64 0.50 454 0.006 2
24(28)Z-Ethylidenelanosterol (pneumcysterol) 4 1.60 0.50 454 Traceb Trace
24β-Ethyl-25(27)-dehydrolanosterol 5 1.56 0.50 454 Trace Trace
24β-Ethylcholest-7-enol (schottenol) 6 1.36 0.30 414 0.031 11
24β-Ethylcholest-5-enol (clionasterol) 7 1.26 0.30 414 0.008 3c

24β-Ethylcholesta-5,25(27)-dienol 8 1.23 0.30 412 0.003 1
24-Methyllanosta-7,24-dienol 9 1.69 0.50 440 0.003 1
24-Methylcholesta-5,24-dienol
(24-methyldesmosterol) 10 1.23 0.30 398 Trace Trace

24(28)-Methylenecholest-7-enol 11 1.18 0.30 398 0.003 1
24β-Methylcholest-7-enol (fungisterol) 12 1.21 0.30 400 0.048 17
24β-Methylcholest-5-enol (epicampesterol) 13 1.12 0.30 400 0.022 82
24,25-Dihydrolanosterol 14 1.22 0.50 428 Trace Trace
Cholest-5-enol (cholesterol) 15 1.00 0.30 386 1.120 NCd

14-Norlanosterol 16 1.29 0.50 412 Trace Trace
4α-Methylcholesta-8,24-dienol 17 1.17 0.46 398 Trace Trace
Cholesta-8,24-dienol (zymosterol) 18 1.05 0.30 384 Trace Trace
Cholest-8-enol 19 1.06 0.30 386 0.003 1
Cholesta-7,24-dienol 20 1.10 0.30 384 0.003 1
Cholesta-5,7,24-trienol 21 1.07 0.30 382 Trace Trace
Cholesta-5,24-dienol (desmosterol) 22 1.04 0.30 384 Trace Trace
24(28)-Methylenelanosta-8,14-dienol 23 1.42 0.50 424 Trace Trace
14-Nor-24(28)-methylenelanost-8-enol 24 1.43 0.50 426 0.006 2
4α-Methyl-24(28)-methylenecholest-8-enol 25 1.31 0.46 412 0.003 1
24(28)-Methylenecholest-8-enol (fecosterol) 26 1.14 0.30 398 0.003 1
4α-Methyl-24(28)Z-ethylidenecholest-8-enol 27 1.45 0.46 426 0.003 1
24(28)Z-Ethylidenecholest-8-enol 28 1.32 0.30 412 0.006 2
24(28)Z-Ethylidenecholest-7-enol 29 1.41 0.30 412 0.056 20
24α-Methylcholest-5-enol (campesterol) 30 1.12 0.30 400 0.022 8c

24α-Ethylcholest-5-enol (sitosterol) 31 1.23 0.30 414 0.034 12c

aStructure of sterols is shown in Figure 2.
bTrace, less than 1% of the total sterol.
cThe ratio of epimers was determined by HPLC or 1H NMR.
dNC, not considered. As shown in Figure 1, cholesterol constitutes ca. 80% of total sterol.



sterols possessed similar M.W. (M+ 414), suggesting one dou-
ble bond in the molecule. They were isolated from HPLC in
sufficient amounts for 1H NMR analysis. In the case of the 24-
ethyl sterol, with a chromatographic behavior and fragmenta-
tion pattern of 24-ethylcholest-7-enol, the 1H NMR spectrum
[H18 (0.531, s), H19 (0.791, s), H21 (0.926, d, 6.4), H26
(0.828, d, 6.9), H27 (0.807, d, 6.9), H29 (0.851, t, 7.4)] sup-
ported the structure with a 24β-ethyl group. Based on the sig-
nals for C-29 and C-21 in the 1H NMR, the 24-ethylcholest-7-
enol was epimerically pure at C-24. In contrast to the configu-
ration of the 24-ethyl group of 24-ethylcholest-7-enol, the
sample with chromatographic behavior and a fragmentation
pattern consistent with the structure 24-ethylcholest-5-enol was
found by 1H NMR to be a mixture of 24α/β-ethylcholesterol in
a 4:1 ratio of 24α/β-ethyl. Peaks in the 1H NMR detected for
the mixture of sterols were as follows: H18 (0.679/0.679, s),
H19 (1.009/1.009, s), H21 (0.921, d, 6.4/0.914, d, 6.6), H26
(0.834, d, 6.9/0.830, d, 6.9), H27 (0.812, d, 6.9/0.810, d, 6.9),
H29 (0.845, t, 7.4/0.853, t, 7.4). The doublet for H21 and the
triplet for H29 of the pair of 24-ethyl epimers sitosterol/

clionasterol is characteristic of an α/β-ethyl group configura-
tion (22,26). The 24-methyl sterol isolated from the initial
HPLC (Phenomenex reversed-phase C18 column eluted with
methanol at ambient temperature) as a single component was
insufficient for 1H NMR; therefore, it was chromatographed
further using a reversed-phase TSK gel C18 column (eluted
with acetonitrile/isopropanol at 4°C) to separate the pair of
24α/β-methyl sterols (23). The chromatographic mobility of
the 24-methyl sterols relative to the elution of campesterol and
24-epicampesterol standards indicated an epimeric mixture of
24-methycholesterols in a 1:1 ratio of 24α/24β-methyl.

Four 4,4-dimethyl sterols eluting late in GLC, between 23
and 26 min (Fig. 1), possessed M.W. and fragmentation pat-
terns suggesting a series of 24-ethyllanostanoid isomers (M+

454) and a 24-methyllanostanoid (M+ 440) (Fig. 3). Standards
of the three 24-ethyl sterol isomers were prepared by incubat-
ing the soybean SMT with 24(28)-methylene lanosterol (27),
whereas standards of 24-methyllanostanoids were prepared in
our study of ergosterol biosynthesis in G. fujikuroi (25). The
plant SMT converted 24(28)-methylene lanosterol to a mixture
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FIG. 1. GC analysis (a total ion current chromatogram) of the nonsaponifiable lipids extracted
from Pneumocystis carinii (A) or rat chow (B). Inset A-1 shows the GC trace corresponding to
the hexane-extractable product of lanosterol used by the recombinant soybean sterol methyl
transferase (SMT) (see text for details of the experiment). The sterols in the GC trace in Panel B
labeled a to g are discussed in the Results section of the text. 



of three 24-ethyl sterol isomers as shown in Figure 1, inset A-1.
In a related study, 24(28)-methylene cycloartenol was con-
verted to the same set of 24-ethyl sterol isomers. The individ-
ual enzyme-generated products were purified by HPLC, and the
olefins were characterized by GC–MS and 1H NMR (23,27).

The sterol composition of rat chow is a mixture of choles-
terol and phytosterols, including 24-methylcholesterol and
24-ethylcholesterol. Major compounds eluting in GLC, as
shown in Figure 1B, and their mass spectra (M.W., M+) are
as follows: a, cholesterol (M+ 386); b, campesterol (M+ 400);
c, campestanol (M+ 402); d, stigmasterol (M+ 412); e, sitos-
terol (M+ 414); f, sitostanol (M+ 416); and g, isofucosterol

(M+ 412). The ingredients listed for rat chow include soybean
meal, wheat, cane, oats, alfalfa, fish, beets, wheat germ, corn,
menadione dimethylpyrimidinol sulfite, and brewer’s yeast,
among other things. The source of phytosterols in the rat chow
is plant material, and the source of cholesterol is likely fish.
The amount of sterol in the rat chow was estimated at 0.43 mg
sterol/g chow. The 24-methylcholesterol and 24-ethylcholes-
terol components of the rat chow were isolated from the sterol
mixture by HPLC, and the configuration at C-24 was deter-
mined by 1H NMR and HPLC using a TSK gel C18 column.
The 24-ethyl group in sitosterol was found to be pure 24α-
ethyl, whereas the “campesterol” sample, considered to be
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FIG. 2. Hypothetical sterol pathway for P. carinii.



epimerically pure 24α-methyl (2), was found to be a mixture
of campesterol (24α-methyl) and 24-epicampesterol (24β-
methyl) in a ca. 2:1 mixture, consistent with the reported pu-
rity of 24-ethyl and 24-methyl sterols from vascular plants (28). 

DISCUSSION

The aim of these studies was to identify as many sterols as
possible from P. carinii in order to establish a reasonable

sterol biosynthetic pathway for the organism after which its
evolution could be considered and enzymes could be identi-
fied and targeted for rational drug design. Investigation of the
sterol composition of P. carinii revealed interesting and note-
worthy differences in comparison to related yeasts such as
Saccharomyces cerevisiae (12). In contrast to S. cerevisiae
and other yeasts, which usually contain predominantly ergos-
terol, P. carinii was found to contain cholesterol to about 80%
of the total sterols. The enzymatic systems responsible for
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FIG. 3. Mass spectra of sterols detected  in P. carinii by GC–MS. The mass spectrum reported in Panel A is for the GC peak at 23.7 min [relative re-
tention time of cholesterol (RRTc) = 1.56], Panel B is for the GC peak at 24.4 min (RRTc = 1.60), Panel C is for the GC peak at 25.0 min (RRTc =
1.64), and Panel D is for the GC peak at 25.7 min (RRTc = 1.69). 



conversion of lanosterol to cholesterol accept a variety of
closely related substrates, which have allowed many phytos-
terols structurally similar to cholesterol and to its intermediates
to be detected in the organism. Eight intermediates that lie in
the pathway between lanosterol and cholesterol were detected
in the organism, suggesting an endogenous pathway to choles-

terol: path a in Figure 2. The ability of an advanced fungus to
synthesize and accumulate high levels of cholesterol was un-
expected. However, cholesterol can accumulate in yeast cells.
For instance, S. cerevisiae cultured anaerobically will absorb
cholesterol from the medium and use the 24-desalkyl sterol as
a bulk membrane insert replacing ergosterol (29). Anaerobic
conditions are known to downregulate the postsqualene path-
way in yeast, thereby upregulating sterol auxotrophy and per-
mitting uptake of sterol from the medium (30). When deprived
of oxygen, P. carinii growing as a parasite in the rat lung can
mimic S. cerevisiae cultured anaerobically and absorb a signif-
icant amount of cholesterol synthesized by the host and phy-
tosterol derived from the rat chow in a nondiscriminate manner.
When the fungus is provided adequate oxygen, the organism
can synthesize a portion of its cellular sterol by an
acetate–mevalonate pathway (1,31). The degree to which cho-
lesterol enters the organism may reflect a downregulation of
phytosterol synthesis. This condition can affect whether the or-
ganism will resist treatment with a sterol biosynthesis inhibitor. 

The P. carinii SMT catalyzing lanosterol 1 and 24(28)-
methylenelanosterol 2 to phytosterols (32) is considered to be
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FIG. 4. Alignment of plant and fungal SMT. Sequences were aligned with the AlignX program (Vector NTI suite; Informax, Bethesda, MD). Region
I, corresponding to the sterol binding domain, and Region II, corresponding to the AdoMet binding domain, are boldface. Complete amino acid se-
quences for each species of SMT are available in the GenBank corresponding to the following accession numbers: 1, CAA52308; 2, AAC26626; 3,
CAB16897; 4, CAB97289; 5, AAK54439; 6, AAC34988; 7, AAC34989; 8, AAC34951; 9, T03848; 10, AAG28462; 11, CAA61966; 12, AAB62809;
13, AAB04057; 14, AAB62812; 15, AAC04265; 16, AAB37769. For abbreviation see Figure 1.

FIG. 5. Dendrogram constructed for fungal and plant SMT. Boldface
numbers refer to the grouping of SMT based on sequence homology.
Sequence alignments of these enzymes are given in Figure 4. For abbre-
viation see Figure 1.



a key enzyme in fungi since it is not synthesized by animal
systems. The enzyme also has attracted attention because of
its regulatory role in phytosterol synthesis, thereby serving as
a target for drug therapy (33). Indeed, as we will report else-
where (Cushion, M.T., and Nes, W.D., unpublished report),
the inhibitors of SMT action 24-aminolanosterol and 25-aza-
lanosterol tested with P. carinii (33) were potent inhibitors in
a cytotoxicity assay based on an ATP-driven bioluminescent
reaction (6). Moreover, 24(R,S),25-epiminolanosterol, a po-
tent inhibitor of SMT catalysis (33), was found to impair
SMT action in whole cells of P. carinii (4). 

Phytosterols of fungi are assumed to be of the 24β-alkyl
series; therefore, the presence of 24α-alkylsterols in P. carinii
must be of dietary origin. Ten phytosterols with a 24-ethyl
group were identified in the cells. Of these phytosterols, the
∆25(27)-olefins such as clerosterol 8 are unique to plants (5).
Both ∆24(28)Z-ethylidene and ∆24(28)E-ethylidene sterols have
been detected in fungi, but their co-occurrence with the
∆25(27)-olefin is unique to P. carinii. The C-24 configuration
of 24-ethyl sterols from P. carinii showed a pattern similar to
fungi (15), in which the 24β-ethyl stereochemistry is associ-
ated with a pathway routed through either a ∆24(28)Z-ethylidene
or a ∆25(27)-olefin to a ∆24(28)- or ∆25(27)-reductase-type en-
zyme (Fig. 2, paths b3 and b4), whereas sterols lacking these
specific pathways have a 24α-ethyl stereochemistry. Unlike
plants that can isomerize the ∆24(28)-bond to the ∆24(25)-posi-
tion and in turn reduce the ∆24(25)-bond of a 24-methylsterol
to either the 24α- or 24β-configuration, fungi are known to
reduce only the ∆24(25)-bond or the ∆24(28)-bond in the 24-
methyl and 24-ethyl series to the 24β-methyl configuration.
The presence of two distinct double bond series, ∆24(28)- and
∆24(25)- attached initially to a 24-methyllanostane skeleton
implies the existence of two separate biosynthetic pathways
to 24β-methylcholesterol (Fig. 2, paths b1 and b2). Although
the immediate precursor of 24β-methyl cholesterol in the b1
pathway was not detected, the isolation of the corresponding
∆5,7-sterol in the cholesterol series suggests that the 24-alkyl
compound is actually synthesized under physiological condi-
tions. 

Phylogenetic analyses based on sequence data for enzymes
that constitute the sterol pathway of P. carinii are limited.
From a comparison of the deduced amino acid sequence with
that currently available, it appears that the SMT from P.
carinii encodes an array similar to SMT enzymes from fungi
and plants and belongs to the AdoMet-dependent methyl
transferase superfamily (Fig. 4). As shown in the dendrogram
in Figure 5, the SMT have a close evolutionary relationship
to one another, with three classes based on sequence identity:
In Group 1, the P. carinii gene shares at least 49 to 52% iden-
tity with other fungal ERG6 genes, in Group 2, the P. carinii
gene shares 37 to 40% identity with the plant SMT genes con-
sidered to catalyze “SMT2” activity (catalyze the second C1-
transfer), and in Group 3, the P. carinii gene shares 32 to 38%
identity with plant homologs that catalyze “SMT1” activity
(catalyze the first C1-transfer). Pairwise sequence compar-
isons of the ERG6 gene from S. cerevisiae or P. carinii with

related genes revealed a highly conserved hydrophobic region
rich in aromatic amino acids, referred to as Region I, (Fig. 4)
containing a signature motif Y81EYGWX86 not present in
other AdoMet-dependent methyl transferases. As each of
these enzymes uses zymosterol (cholest-8,24-dienol) as the
sterol acceptor molecule, the aromatic-rich domain of Region
I, spanning amino acids 78 to 91, has been proposed to be in-
volved in substrate binding and possibly product formation
by stabilizing intermediate carbenium ions generated during
sterol C-methylation (34). Recent work from this laboratory
has confirmed the role of Region I as part of the sterol bind-
ing site by chemical affinity labeling and site-directed muta-
genesis experiments (34–36). A second highly conserved do-
main recently shown to be a part of the AdoMet binding site
by photoaffinity labeling and site-directed mutagenesis ex-
periments using the S. cerevisiae SMT spans amino acids 127
to 137 (Marshall, J.A., and Nes, W.D., unpublished report).
We refer to this domain as Region II. Sequence homology
analyses (37) and the structure of several AdoMet-dependent
methyl transferase enzymes have been reported (38), support-
ing Region II as a wall of the AdoMet-binding site for the
SMT. In a 3-D perspective of the crystal structures of
AdoMet-dependent methyl transferases, a similar folding pat-
tern with the central parallel β-sheet surrounded by α-helices
is observed. Although no information is available to date on
the crystal structure of an SMT, all share with at least one
other family member a minimum of 32 to 91% sequence iden-
tity over the entire length of the protein, ranging from 336 to
383 amino acids, and strongly indicate that SMT maintain
similar 3-D conformations (39). One key feature of many
AdoMet-dependent methyl transferase enzymes is the struc-
tural arrangement of their catalytic domain. This domain is
built around a Rossman fold, and it appears from the sequence
alignment that SMT contain this domain at or near Region II.
Regions I and II identified in the ERG6p gene are always
found in the same order on the polypeptide chain and are sep-
arated by comparable intervals in SMT sequences. Evidence
for a common fold and similar secondary structure in SMT is
provided by the degree of shared amino acid identity and the
fact that all family members align without large gaps connect-
ing secondary structure elements (Bujnicki, J.M., and Nes,
W.D., unpublished report). The sequence alignment data for
the catalytic motifs of SMT, independent of the apparent sub-
strate specificity, are consistent with P. carinii having a close
phylogenetic association with yeast forms of the ascomyce-
tous fungi.

The two sequence-related classes of plant SMT proteins
catalyzing the first (SMT1) and second (SMT2) C1-transfer
reactions and their strict specificity for cycloartenol and
24(28)-methylene lophenol, respectively, suggest their roles
in distinct enzymatic steps in the pathway (40). A similar dis-
tinction for operation of the successive two-stage C-methyla-
tion activity in the SMT pathway of fungi is not observed,
suggesting that a SMT1 and SMT2 are not required in the
pathway of 24-ethyl sterols synthesized by fungi. The SMT
from the yeast S. cerevisiae prefers zymosterol as substrate,
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whereas P. carinii prefers lanosterol as substrate to catalyze
the first C1-transfer reaction (32,33). The substrate specificity
of the SMT for zymosterol or lanosterol has influenced the
order of intermediates in the pathway, which can affect fun-
gal sensitivity to C-methylation inhibitors (33). To explain
the evolution in substrate specificity and the C-methylation
activities that gave rise to more efficient SMT, we propose
that a few amino acid substitutions in the topology of the ac-
tive site occurred that affected catalytic competency and sub-
strate channeling, as recently evidenced in site-directed mu-
tagenesis experiments related to directed evolution of the
SMT (35,36). 
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ABSTRACT: Because dehydroepiandrosterone (DHEA) has a
wide variety of weak beneficial effects in experimental animals
and humans, we searched for metabolites of this steroid in the
hope of finding more active compounds that might qualify for
the title “steroid hormone.” Incubation of DHEA with rat liver
homogenate fortified with energy-yielding substrates resulted in
rapid hydroxylation at the 7α-position of the molecule and sub-
sequent conversion to other 7-oxygenated steroids in the se-
quence DHEA → 7α-hydroxyDHEA → 7-oxoDHEA → 7β-hy-
droxyDHEA, with branching to diols, triols, and sulfate esters.
The ability of these metabolites to induce the formation of liver
thermogenic enzyme activity increased from left to right in that
sequence. A total of 25 different steroids were characterized,
and at least six additional structures that are currently under
study were produced from DHEA. 7-OxoDHEA is more effec-
tive than DHEA in enhancing memory performance in old mice
and in reversing the amnesic effects of scopolamine.

Paper no. L9137 in Lipids 37, 1187–1191 (December 2002).

The study of naturally occurring steroids has been so extensive
and has been conducted by such intellectually and experimen-
tally gifted investigators that one might assume that there are
no more interesting steroids to be found. However, as was the
case when John Horgan (1) erroneously decreed in 1996 that
we had reached the “twilight of the Scientific Age,” many in-
teresting structures are still to be found among the steroids.

This essay deals with steroids derived metabolically from
dehydroepiandrosterone (DHEA) (1, see Scheme 1), which is
produced in the adrenals, testes, ovaries, and brain (2,3) and
serves as an intermediate in the biosynthesis of testosterone
and estrogens from cholesterol. In humans the adrenal glands
are the main source of DHEA and of its sulfate ester
(DHEAS), which is the main circulating form of this steroid.
The prenatal adrenals are very active in synthesizing this
steroid, but the fetal zone of the gland atrophies after birth
and the synthesis is renewed in the zona reticularis at about 7
yr of age (adrenarch). The blood plasma concentration of
DHEAS peaks at about 20 to 30 yr of age, when it reaches
200 to 500 µg/100 mL—10 times the concentration of gluco-
corticoids (2). The concentration in blood plasma of women
is somewhat lower. As humans age, blood DHEAS concen-

trations decrease so that at ages 70–80 the amount is only
about 10% that in the prime years.

Orally administered DHEA exerts several beneficial effects
in animals apart from its role in the formation of androgens and
estrogens. It decreases obesity (4–8), decreases blood choles-
terol (8–10), decreases blood sugar in diabetic animals (11),
enhances the activity of the immune system (12,13), inhibits
tumor development (14,15), and improves memory (16,17).
DHEA has been found to have some limited beneficial effects
in human subjects (18–27).

The suitability of DHEA as a therapeutic agent in humans
is limited because of the large doses required and because it
increases blood testosterone when given to women. The large
amounts (ca. 0.5% of the diet) needed to obtain effects in ani-
mals and the fact that no receptor for DHEA has been isolated
indicate that, in the systems that respond, DHEA may be act-
ing as a precursor of a more active steroid just as it is a pre-
cursor of androgens and estrogens. We therefore initiated a
search for possible metabolites of DHEA in the hope of find-
ing more active steroids that would be more selective in their
metabolic effects. That such a search requires a suitable assay
system was clearly stated by Allen and Doisy in 1923 when
they sought the substance responsible for their newly discov-
ered estrogen activity: “Without a practicable test, the search
for any hormone is obviously a very haphazard and uncertain
task” (28). Such a “practicable test” for the DHEA problem
was developed in our laboratory.

The suggestion, in 1958, from two different research groups
(29,30) that mitochondrial glycerophosphate dehydrogenase
(GPDH) could oxidize NADH generated by glycolysis using a
pathway that skipped the mitochondrial phosphorylation site
between NADH and ubiquinone at once indicated that this sys-
tem (glycerophosphate shuttle) would be thermogenic. The
best-known thermogenic agent in homeotherms is the thyroid
hormone (31,32), which ipso facto increases the metabolic cost
of work (33,34). We found that feeding desiccated thyroid sub-
stance increased liver mitochondrial GPDH 20-fold above that
in normal animals and that thyroidectomy greatly decreased the
enzyme (35,36). When DHEA was demonstrated to decrease
metabolic efficiency (4) and to be thermogenic (37), we found
that it too induced the formation of increased amounts of liver
GPDH (38,39). Elsewhere (38,40) we have pointed out that
sending electrons from glycolytically generated cytosolic
NADH directly to ubiquinone could decrease metabolic
efficiency only about 5%, whereas efficiency is decreased
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about 35% in hyperthyroid subjects (33,34). We have described
a system involving GPDH and malic enzyme in liver that can
shunt electrons from the tricarboxylic acid cycle, bypassing the
first phosphorylation site, and thus decrease metabolic effi-
ciency by one-third. We had demonstrated earlier (41) that re-
ducing equivalents generated in the tricarboxylic acid cycle di-
rectly reduce oxalacetate to form malate, which is transported
from the mitochondria to the cytosol. In liver, malic enzyme
converts malate to pyruvate, which can recirculate to the mito-
chondria. The NADPH generated is used to reduce dihydroxy-
acetone phosphate to glycerophosphate (42), the substrate for
the dehydrogenase located on the mitochondrial membrane.

Muscle has high GPDH activity, and if a system exists to
transfer reducing equivalents from mitochondria to the cy-
tosol in that tissue, it could account for the increased energy
cost of work by hyperthyroid subjects (34). We are currently
searching for such a possible transport mechanism.

We have used the induction of these two enzymes as an
assay for DHEA-like activity of a large number of new steroids

we have synthesized (38,39,43–47). In a parallel study we have
examined the metabolic conversion of DHEA to related steroid
structures (48). By following the conversion at short and fre-
quent time intervals, it is possible to deduce the sequence by
which DHEA moves on to become more active molecules.

Metabolic conversions of DHEA. Many investigators have
studied the conversion of DHEA to a variety of metabolites.
Usually a specific tissue fraction was used as the enzyme source,
and only a few products were identified. We examined the con-
version of DHEA to neutral free steroids as well as to acidic and
neutral conjugated molecules in whole-liver homogenates so
that the different types of relevant enzymes in different or-
ganelles or cell compartments could have access to all metabo-
lites as they were formed, as might be the case in the intact liver.
The product of one organelle can be the substrate for another.

The first experiments were conducted with 1 µg of DHEA
(Humanetics Corp., Chanhassen, MN) per 40 mg of liver ho-
mogenized in isotonic medium to retain mitochondrial struc-
ture (48). The incubation mixture contained NADPH and malic
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acid to provide reducing power for the P450 oxidoreductase.
After various incubation times, samples were removed, ex-
tracted with 50% acetonitrile, then with acetonitrile with
methanol, and the solvents were evaporated. Detailed descrip-
tions of the extraction, fractionation, and analytical procedures
are presented elsewhere (48,49).

All analyses by HPLC–MS were conducted after selecting
columns and solvents that permitted separation of individual
compounds in each of the fractions (48,49). External and in-
ternal standards of known, synthesized steroids defined reten-
tion times, recoveries, and fragmentation patterns.

Table 1 lists 25 compounds produced from DHEA that
were isolated from the incubation mixtures and identified;
their structures are depicted in Scheme 1. Steroids 1 to 4 read-
ily form 3β-sulfate esters. The diol and triols formed are sus-
ceptible to sulfation at either the 3β- or 17β-positions.

We were astonished that nearly all the DHEA-related struc-
tures that have been found in nature were produced in these in-
cubations. It is clear from Figure 1 that 7α-hydroxyDHEA was
the first product formed from DHEA. Nearly 10% of the added
DHEA accumulated as the 7α derivative in the first 2 min; very
small amounts of 7-oxoDHEA, but no 7β derivative, were
formed in that interval. 7α-HydroxyDHEA reached a peak at
10 min and then declined as it was convered to 7-oxoDHEA and
other metabolites. After 5 min of incubation, 7β-hydroxyDHEA
was as abundant as the 7-oxo steroid, and small amounts of 7-
oxodiol and 3β,7α,17β-triol were present. The addition of pyru-
vate to keep cytosolic NAD+ in the oxidized state retarded the
hydroxylation and the formation of other metabolites.

In liver homogenate supplemented with lactate and NADH,
7α-hydroxyDHEA was again the early product (Fig. 2). Despite
the presumed continued production, the total amount declined
as it was converted first to 7-oxoDHEA, then to 7β-hydroxy
DHEA and the two triols. In incubations with DHEA as sub-
strate, small amounts of sulfate esters were formed; much larger
amounts were formed when the starting steroid was 7-oxo
DHEA, 7β-hydroxyDHEA, or 7β-triol. Among the metabolites
still to be characterized, there is evidence for glucuronides and
possibly acyl esters.

The specific ability to induce the liver thermogenic en-
zymes, mitochondrial sn-glycerol-3-phosphate dehydrogenase
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TABLE 1 
Steroids Formed from Dehydroepiandrosterone by Rat Liver
Homogenate

Number Steroid

1 3β-Hydroxyandrost-5-en-17-one (DHEA, starting steroid)
2 3β,α-Dihydroxyandrost-5-en-17-one
3 3β-Hydroxyandrost-5-ene-7,17-dione
4 3β,7β-Dihydroxyandrost-5-en-17-one
5 Androst-5-ene-3β,7β,17β-triol
6 Androst-5-ene-3β,17β-diol
7 11β-Hydroxyandrost-4-ene-3,17-dione
8 Androst-5-ene-3β,7α,17β-triol
9 3β,17β-Dihydroxyandrost-5-en-7-one

10 3β-Sulfooxyandrost-5-en-17-one
11 3β-Sulfooxy-7α-hydroxyandrost-5-en-17-one
12 3β-Sulfooxyandrost-5-ene-7,17-dione
13 3β-Sulfooxy,7β-hydroxyandrost-5-en-17-one
14 3β,7α-Dihydroxyandrost-5-ene-17β-sulfate
15 3β-Sulfooxyandrost-5-ene-7α,17β-diol
16 3β-Sulfooxy-17β-hydroxyandrost-5-en-17-one
17 3β-Hydroxy-17β-sulfooxyandrost-5-en-7-one
18 3β,7β-Dihydroxyandrost-5-ene-17β-sulfate
19 3β-Sulfooxyandrost-5-ene-7β,17β-diol
20 Androst-5-ene-3β,7β,16α,17β-tetrol
21 Androst-4-ene-3,17-dione
22 17β-Hydroxyandrost-4-en-3-one (testosterone)
23 11β,17β-Dihydroxyandrost-4-en-3-one
24 3β,16α-Dihydroxyandrost-5-en-17-one
25 Androst-5-ene-3β,16α,17β-triol
26 1,3,5(10)Estratriene-3,17β-diol (estradiol)

FIG. 1.  Yield of metabolites from 1 µg of dehydroepiandrosterone (DHEA)
and homogenate from 40 mg of rat liver in 1 mL final volume. The iso-
tonic medium was fortified with 2 mM malic acid, MgSO4, and glucose
6-phosphate each at 1 mM, and ATP and NADPH each at 25 µM, incu-
bated at 37°C and sampled at the times indicated. AET, androstene trial.

FIG. 2.  Metabolites produced from liver homogenate. Conditions are as
in Figure 1, except that 2 mM lactate replaced malate and NADH re-
placed NADPH. For abbreviations see Figure 1.



and cytosolic malic enzyme, increases in the order DHEA →
7α-hydroxyDHEA → 7-oxoDHEA → 7β-hydroxyDHEA. At
low steroid concentrations in the diet, 7-oxoDHEA induces
levels of enzyme activity equivalent to those produced by
three to four times as much DHEA (44). The activity of 7α-
hydroxyDHEA falls between these two, whereas 7β-hydroxy-
DHEA is considerably more active than 7-oxoDHEA. An-
drost-5-ene-3β,7β,17β-triol and 3β,7β,16α-trihydroxyan-
drost-5-en-17-one are about as active as 7β-hydroxyDHEA.
The comparisons must be made within a given experiment be-
cause the responses vary between different batches of rats.

7-OxoDHEA is also more active than DHEA as an en-
hancer of memory performance and in its ability to abolish
the amnesic effect of scopolamine (50).  
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ABSTRACT: Sharks are the most dangerous predators of people
in the sea, resulting in people being mauled and killed each
year. A shark repellent could help to diminish this danger. The
aglycone of the shark repellent pavoninin-5, (25R)-cholest-5-
en-3β,15α,26-triol (5a), was synthesized from diosgenin (9). Re-
moving mercury from the Clemmensen reduction of 9 gave a
higher yield of (25R)-cholest-5-en-3β,16β,26-triol, 10a, and was
also more environmentally friendly. Attempted methods for the
transposition of the C-16β hydroxyl to the 15α position are de-
scribed. A successful method for this transposition via the 15α-
hydroxy-16-ketone, 8a, using the Barton deoxygenation reac-
tion on the 16-alcohol 14b, is reported.

Paper no. L9136 in Lipids 37, 1193–1195 (December 2002).

Surveys by the National Geographic Society have shown that
“shark” is the most feared word in the English language,
probably as a result of the movie Jaws. This fear is well
founded since sharks as a group are the most dangerous
predators to humans in the sea.

Certain species of fish are known to kill other fish in the
same tank without any traumatic device. These fish have spe-
cial secretory cells that emit ichthyotoxic substances, and thus
they are called ichthyocrinotoxic fish (1–3). Paradachirus
pavoninus, a sole that lives in the tropical region of the west-
ern Pacific and eastern Indian Ocean, is an ichthyotoxic fish.
The secretion from P. pavoninus has been isolated, separated,
and characterized as pavoninins 1–6 (Scheme 1) (4). These
shark-repelling pavoninins are ichthyotoxic steroids, N-acetyl-
glucosaminides. It is believed that pavoninins are potent cell
disrupters that should have important pharmacological prop-
erties. The toxicity of these steroid glycosides is believed to
relate to their surfactant properties. The steroid backbone is
considered to be the hydrophobic region, whereas the N-
acetyl-D-glucosamide sugar is hydrophilic. The synthesis of
pavoninin-1 (1) (5) and the aglycones of pavoninin-1 (1a) and
-2 (2a) have been reported (6). In this article, we report our
efforts to synthesize the aglycone of pavoninin-5 (5a). 

Figure 1 outlines a retrosynthetic analysis of pavoninin-5
(5). The N-acetyl glycosamine (7) may be added to the agly-
cone 5a to yield pavoninin-5. The aglycone 5a can be pre-
pared from the intermediate 15α-hydroxy-16-ketone (8). This

can be prepared from the commercially available diosgenin
(9).

RESULTS AND DISCUSSION

The structure of pavoninin-5 aglycone (5a) may be described
as cholesterol with two additional hydroxyl groups at C-15α
and C-26. A logical starting material for the synthesis of 5a is
the commercially available 9, which has functionality in po-
sitions suitable for conversion to 5a. Zinc and hydrochloric
acid reduction of 9 afforded the 3β,16β,26-triol, 10a, in 85%
yield. This is a significant improvement over the original
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SCHEME 1

FIG. 1. Retrosynthesis of pavoninin-5 (5). TBDMS, tert-butyldi-
methylsilyl.



Clemmensen reduction since the yield of 10a is higher, 85 vs.
~60% previously (7). That mercury is not used in the reduc-
tion renders the reaction more environmentally friendly (8). 

The 3β,16β,26-triol 10a was selectively protected as the
3β,26-bissilyloxy ether 10b (9). Oxidation of the unprotected
alcohol in 10b with pyridinium chlorochromate afforded the
16-ketone 11 (Fig. 2).

A number of methods were used in attempts to α-hydrox-
ylate 11 into 8a in one step. The first method utilizing the
Davis reagent (10,11), was unsuccessful, probably owing to
the large size of the Davis reagent, which prevented it from
approaching the substrate. To reduce the steric congestion in
this hydroxylation reaction, the second method used a small
reagent, dimethyldioxirane (12). Again the reaction was un-
successful. 

Because of the difficulty of direct hydroxylation of 11, we
proposed another route to synthesize 12, through silyl enol
ether (13) (Fig. 4). Treatment of 11 with lithium diisopropyl-
amide (LDA) yielded the thermodynamic enolate. After many
attempts, the silyl enol ether 12 was finally synthesized by
using the method of Corey and Gross (14). Adding lithium
hexamethyldisilazane to the solution of 11 and trimethylsilyl
chloride at −78°C, followed by addition of redistilled triethyl-
amine, then quenching the reaction with saturated NaHCO3,
afforded the enol ether 12. The structure of 12 was confirmed
by 1H NMR, which showed the chemical shift of 15-H at 4.6. 

Enol ether 12 was not purified because it is sensitive to sil-
ica gel. Oxidation of 12 with dimethyldioxirane at −78°C
probably forms the labile α-epoxysilyl ether 13, which

decomposes in the presence of acid to afford the α-hydroxy
ketone 8a (Fig. 3). The 1H NMR spectrum of 8a showed a
coupling constant between 15-H and 14-H of 12 Hz, which
indicates the 15-H should be in the β position (Fig. 4). The
formation of this structure may be explained by steric reasons.
The large groups at the C-13β and C-17β positions shielded
the β face, causing the oxidant to attack the α face and result-
ing in the 15α-hydroxy-16-ketone 8a.

The next step was the deoxygenation of the C-16 ketone.
Attempts to prepare the thioketal of 8a were unsuccessful.
One can rationalize the failure to form a thioketal as being
due to steric congestion. Efforts to carry out a Wolff–Kishner
reduction also were unsuccessful. A survey of the literature
revealed an absence of a description of the deoxygenation of
α-hydroxy ketones.

Owing to the failure of direct deoxygenation of 8a, we
planned to reduce the 16-position carbonyl group to a hy-
droxyl group, then deoxygenate the alcohol using the Barton
reaction (15). We proposed this scheme because the hydroxyl
group in the Barton reaction functions as a nucleophile to at-
tack carbon disulfide, which can avoid the steric congestion
of the C-16 position. First we had to protect the hydroxyl
group in the 15α-position. Our initial choice was the methyl
group as the protecting group because it had the smallest
steric size, and we did not want the protecting group at the
15-position to block the Barton reaction in the later step.

Because of the sensitivity of the 15β hydrogen in 8a, we
used CH3I and silver oxide under neutral, mild methylating
conditions to protect the hydroxyl group. The C-16 ketone of
the methyl ether 8b was reduced to a mixture of 16α and -β
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FIG. 2. Synthesis of C-16 ketone (11). PCC, pyridinium chlorochromate;
DMF, dimethylformamide; for other abbreviation see Figure 1.

FIG. 3. Formation of α-hydroxy ketone (8a). LHMDS, lithium hexa-
methy/disilazane; TMSCl, trimethylsilyl chloride; TMS, trimethylsilyl;
for other abbreviations see Figure 1.

FIG. 4. Coupling constant between 14α-H and 15β-H in 8a is 10–12
Hz.

FIG. 5. Synthesis of pavoninin-5 aglycone (5a). MEM, methoxy-
ethoxymethyl; AIBN, 2,2′-azobisisobutyronitrile; TBAF, tetrabutylam-
monium fluoride; for other abbreviation see Figure 1.



alcohols (14a) by sodium borohydride. The Barton reaction
on 14a first afford a thioester, which on radical reduction gave
the desoxy methyl ether 5b (see Scheme 4). Unfortunately,
the methyl ether could not be cleaved without the concomi-
tant cleavage of the TBDMS groups (16). The meth-
oxyethoxymethyl (MEM) group was chosen as a protecting
group (17) because it is easier to cleave MEM ether than
methyl ether. The hydroxy group in 8a was first protected
using MEM chloride to afford the MEM ether, 8c. Then, as
for the methyl ether, the ketone was reduced with sodium
borohydride and the resulting alcohols were deoxygenated by
the Barton reaction to give the MEM ether, 5c. The general
method for cleavage of a MEM group is to use anhydrous
zinc bromide in dry methylene chloride (17), but in this reac-
tion, ZnBr2 again cleaved the TBDMS group as well. This
now constitutes a successful route for the synthesis of
pavoninin-5 aglycone, 5a, in 10 steps with 12% overall yield.

To selectively cleave the MEM group in 5c without affect-
ing the TBDMS (Fig. 4), bromodimethylborane (18) was used
and yielded the 3β,26-bissilyloxy protected ether 5d. The pro-
tected ether 5d is a suitable substrate for the attachment of N-
acetylglucosamine at C-15α, and removal of the protecting
groups should afford the shark-repelling 26-desacetyl-
pavoninin-5 (4).

We report the first synthesis of pavoninin-5 aglycone, 5a,
in 10 steps in 12% overall yield. An improved method for the
reductive cleavage of diosgenin, 9, was exploited. α-Hydroxy
ketones were found to be resistant to the usual ketone deoxy-
genation methods. A way around this problem using Barton’s
method of deoxygenation of alcohols was developed. A re-
gioselective method for the 1,2 transposition of an alcohol in
a five-membered ring was devised.
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ABSTRACT: Steroidal dienones represent a significant class of
compounds that are useful intermediates in the further function-
alization of the steroid nucleus. Their chemical synthesis can
be problematic owing to the lack of a simplified method of
preparation and the occurrence of impurities that can be diffi-
cult to remove. We have endeavored to develop new methods
of chemical synthesis of cholest-4,6-dien-3-one that would
yield a product of high purity.

Paper no. L9153 in Lipids 37, 1197–1200 (December 2002).

Steroidal 4,6-dien-3-ones are an important class of steroids
that have been useful as intermediates in the synthesis of a
variety of ring A and B modified steroids (1–10). During our
studies on the synthesis of steroidal inhibitors of estrogen
synthase (aromatase), we required a quantity of cholest-4,6-
dien-3-one (1) for use as a model compound in our synthesis
work. Typical literature syntheses of this compound required
a multistep reaction sequence for the preparation of a purified
sample. Other shortened procedures provided mixtures of
products that would require extensive chromatographic pu-
rification or produce only poor yields of product. In the pres-
ent work, we endeavored to develop new synthetic ap-
proaches to this compound that would make this product
more readily available for experimental use.

METHODS OF ORGANIC SYNTHESIS

The synthesis of cholesta-4,6-dien-3-one (1) has been re-
ported by many research groups (2,11–13). Tachibana (2)
treated cholesta-4,6-dien-3β-ol with various oxidizing agents
[e.g., 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, and pyri-
dinium chlorochromate (PCC)] to give 50–85% yields
(Scheme 1). Unfortunately, the starting material cholesta-4,6-
dien-3β-ol is not easy to obtain; it requires many steps to be
synthesized from commercially available steroids. Sond-
heimer et al. (11) found that cholesterol could be oxidized to
1 directly by means of manganese dioxide (MnO2). This
method is interesting and facile but gives only a 27% yield.
Wettstein (12) and Djerassi (13) also reported that cholesterol
could be oxidized under the Oppenauer conditions with 
p-quinone as the hydrogen acceptor to afford 1 in one step.
This reaction also gives poor yields (<50%). The reaction 
of steroidal-4-en-3-ones with chloranil (tetrachlorobenzo-

quinone) also gives steroidal-4,6-dien-3-ones in good yields
(4). However, steroidal-4-en-3-ones may require an addi-
tional synthesis. 

In the present work we developed new procedures to yield
1 in high purity. In our first attempt, using commercially
available cholesterol as a starting material, we designed the
chemical synthesis shown in Scheme 2 (where DMF = di-
methylformamide and NBS = N-bromosuccinimide). In the
last step, treatment of the bromide with base (2,4,6-
trimethylpyridine, collindine; 1,5-diazabicyclo[4.3.0]non-5-
ene, DBN; or 1,8-diazabicyclo[5.4.0]undec-7-ene, DBU) re-
sulted in elimination of HBr to produce the products 1 and
cholest-4-en-3-one (2) as a mixture. The enone 2 is difficult
to remove and would require chromatographic separation.

We then turned our attention to the approach shown in
Scheme 3. Again using cholesterol as a starting material, we
treated the final dibromide (in the last reaction) with base
(collidine, DBN, or DBU) and again observed a mixture of
reaction products (1 and 2).

Using methods modified from the literature (14,15), we
completed the synthesis shown in Scheme 4. This procedure
resulted in the formation of 1 as the only product in high yield
(90%). However, a synthesis of several steps was required.

To reduce the number of steps during the preparation of 1,
we focused our efforts on the use of manganese dioxide to
yield 1 directly from cholesterol (Scheme 5). This type of re-
action had been described previously for the direct conver-
sion of steroidal 5-en-3β-ols to 4,6-dienones (11). Using cho-
lesterol as a starting material, we were able to produce 1 in
modest yields ranging from 11 to 21%.

The results obtained using manganese dioxide were encour-
aging. We then explored the use of similar reagents to improve
the yield of 1. One reagent, chromium dioxide (Magtrieve™,
product brochure; Aldrich Chemical Co., Milwaukee, WI) was
described as a more effective reagent than manganese dioxide
in many organic reactions (16). When cholesterol was treated
with Magtrieve, 1 was produced in good yields (Scheme 6).
Using acetonitrile as a solvent resulted in the formation of 1 in
74% yield. In addition to the major product 1, a small quantity
of 7-hydroxycholest-4-en-3-one was produced. This polar
product was easily removed by silica gel column chromatogra-
phy to yield purified 1. We feel this procedure is the most effi-
cient preparation of 1 currently available.

In conclusion, we feel the results presented herein provide
useful information concerning the chemical synthesis of
cholest-4,6-dien-3-one (1). In addition, we have attempted to
develop novel and efficient approaches to the synthesis of 1
that will be efficient and give 1 in good yields.
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ABSTRACT: Previous attempts at separating nonpolar lipid es-
ters (including wax esters, sterol esters, and methyl esters) have
achieved only limited success. Among the several normal-phase
methods tested, a single recent report of a method employing
an alumina column at 30°C with a binary gradient system was
the most promising. In the current study, modification of the
alumina method by increasing the column temperature to 75°C
improved the separation of standards of wax esters and sterol
esters. Elevated column temperature also enhanced the separa-
tion of FAME with differing degrees of unsaturation. Evidence
was also presented to indicate that the method similarly sepa-
rated phytosterol esters, based on their levels of unsaturation.
With the increased interest in phytosterol- and phytostanol ester-
enriched functional foods, this method should provide a tech-
nique to characterize and compare these products. 

Paper no. L9154 in Lipids 37, 1201–1204 (December 2002).

Numerous HPLC methods have been reported for the separa-
tion of polar and nonpolar lipids (1,2). Approaches to the sep-
aration of nonpolar lipid classes have included the use of Diol
(3,4), cyanopropyl (CN) (5,6), and alumina (7) columns.
Among the nonpolar lipid classes, wax esters (a wax ester is
defined as a FA esterified to a fatty alcohol) and sterol esters
(including phytosterol fatty acyl esters) have proven to be the
most difficult to separate, and the evidence reported in the lat-
ter alumina method (with a column temperature of 30°C) in-
dicates that it is the most promising one (7). While employ-
ing the alumina method to separate grain seed extracts that
were high in both wax esters and phytosterol esters, we noted
that when the temperature of the alumina column was in-
creased (up to 75°C) the separation between wax esters and
sterol esters was enhanced. In addition, the phytosterol esters
were subfractionated into several distinct peaks that appeared
to be related to the degree of unsaturation. With the increased
interest in phytosterol- and phytostanol-ester enriched func-
tional foods, this method should provide a way to character-
ize and compare the types of sterol esters in these products.

MATERIALS AND METHODS

Lipid standards and jojoba oil were purchased from Sigma
Chemical Co. (St. Louis, MO). Benecol and Take Control

margarines were purchased from local grocers and were ex-
tracted with hexane (150 mg sample per 30 mL hexane),
rinsed in a separatory funnel with an equal volume of water,
dried under N2, and redissolved in hexane (with 0.01% BHT)
for HPLC injection. CookSmart, a phytosterol ester-enriched
cooking oil, was purchased on-line from Procter & Gamble
(Cincinnati, OH) during a limited test-market period. Corn
fiber oil (unrefined) was extracted as previously described (3).

Alumina HPLC method. All HPLC analyses were per-
formed with a Hewlett-Packard Model 1100 HPLC with au-
tosampler, column heater, and detection by both an HP Model
1100 diode-array UV-vis detector (Agilent Technologies, Col-
legeville, PA) and a Sedex Model 55 Evaporative Light Scat-
tering Detector (Richard Scientific, Modesto, CA) operated at
30°C and a nitrogen gas pressure of 2 bar. For alumina col-
umn separations, the column was an Aluspher Al 100, 5 µm
column (125 × 4 mm), packed in a LiChroCART cartridge
(Merck KGaA, Darmstadt, Germany). The binary gradient
had a constant flow rate of 0.6 mL/min with Solvent A =
hexane/THF, 1000:1, and Solvent B = isopropanol. The gra-
dient timetable was as follows: at 0 min, 100% A/0% B; at 10
min, 100%A/0% B; at 20 min, 95%A/5% B; at 21 min, 100%
A/0% B; and at 60 min, 100%A/0% B.

Other HPLC methods. A LiChrosorb 7 µm Diol column, a
LiChrosorb Si 60 column, and a LiChrosorb CN column (all
packed in ChromSep 3 × 100 mm cartridge columns by
Chrompack, Raritan, NJ) were compared using the same gra-
dient method except that the flow rate was decreased to 0.4
mL/min to compensate for the smaller column diameter. 

RESULTS AND DISCUSSION

Standards of hydrocarbon (squalene), wax ester (stearyl
stearate), and sterol ester (cholesterol stearate) were separated
at a column temperature of 25°C (Fig. 1) using an Aluspher
column and a gradient method very similar to that reported
by Nordbäck and Lundburg (7). A fourth standard, methyl
stearate, was also included in this mixture, and it appeared as
a shoulder that preceded the peak of sterol ester. Increasing
the column temperature to 50°C enhanced the separation of
all four components, and further increasing it to 75°C had lit-
tle effect on the first three peaks but increased the retention
time of cholesterol stearate from about 6 to about 9 min.

Samples of four phytosterol ester-rich food products were
injected into the HPLC system using this alumina method at
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75°C (Fig. 2), and the major components in each were TAG,
eluting as a broad peak at 17 to 20 min. The chromatograms ob-
tained for all four samples also contained multiple peaks in the
retention time region of 7 to 16 min, and these peaks appeared
to be subfractions of phytosterol esters. Benecol, a spread con-
taining phytostanol (completely saturated phytosterols obtained
by hydrogenating phytosterols) esters, had a major peak at 8
min, and TakeControl, another spread containing phytosterol
esters, had a major peak at about 12 min. CookSmart (a phytos-
terol ester containing cooking oil that was test-marketed for a
short time by Procter & Gamble) had a major peak at about 10
min. Corn fiber oil (3), which contains both phytosterol and
phytostanol esters, had major peaks at 10 and 12 min. The
Benecol and TakeControl chromatograms indicate that multiple
peaks of phytosterol esters may be separated based on the de-
gree of unsaturation, partially eluting in order of increasing
number of carbon-carbon double bonds in the esters.

Jojoba oil is an unusual seed oil that contains no TAG, and
the storage form of lipid in the oil is entirely wax esters (20-
and 22-carbon FA esterified to 20- and 22-carbon fatty alco-
hols) (8). The chromatogram of jojoba oil contained a major
broad peak at 5 min (Fig. 2), similar to that of the wax ester
standard in Figure 1.

Various FAME were then injected in the 75°C alumina
method (Fig. 3). A mixture of methyl esters of four saturated
FA (myristate, palmitate, stearate, and arachidate) eluted as a
single peak at about 5 min. A second mixture of 18-carbon
methyl esters of stearate, oleate, linoleate, and linolenate
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FIG. 1. Effect of column temperature on the separation of nonpolar lipid
standards, separated on an alumina column (Aluspher Al 100, 5 µm, 4
× 125 mm, 0.6 mL/min solvent flow rate) with a binary gradient mobile
phase. Abbreviations: a = squalene, b = stearyl stearate, c = methyl
stearate, and d = cholesterol stearate, each at 0.5 µg per injection. 

FIG. 2. Separation of nonpolar ester-rich samples with the alumina col-
umn method at 75°C. (A) Benecol (65 µg lipid injected), (B) Take Con-
trol (40 µg lipid), (C) CookSmart (69 µg lipid), (D) corn fiber oil (165 µg
lipid), and (E) jojoba oil (7 µg lipid). The solid line indicates the reten-
tion time range for wax esters. The dashed line indicates the retention
time range for sterol esters, and the double solid line indicates the re-
tention time region for TAG elution.



exhibited peaks for each at 5, 6, 7, and 8 min, respectively, as
detected with both the ELSD and the UV at 205 nm. The UV
chromatogram verifies the increased signal of these four 18-
carbon FAME, with increasing number of carbon-carbon dou-
ble bonds. As conjectured for phytosterol esters in Figure 2,
these FAME data (Fig. 3) similarly appear to demonstrate a
separation based on the number of carbon-carbon double
bonds (degree of unsaturation) of these esters. 

Various cholesteryl fatty acyl esters were then injected to
investigate their separation with this same elevated tempera-
ture alumina method (Fig. 4). A mixture of cholesteryl esters
of stearate, oleate, linoleate, and linolenate exhibited peaks at
about 8, 9, 10, and 12 min, respectively, as detected by both
the ELSD (Fig. 4A) and UV205 nm detection (Fig. 4B). Cho-
lesteryl palmitate eluted at a retention time nearly identical to
cholesteryl stearates; as with the FAME (Fig. 3), the separa-
tion of cholesteryl esters correlated with the degree of unsat-
uration. 

Because of the temperature-enhanced separation of non-
polar lipid classes displayed with the alumina column (Fig.
1), we then investigated the hypothesis that a similar temper-
ature-enhanced separation of these same standards could be
achieved with three other popular “normal-phase” columns.
Increasing the temperature of the silica column caused two

effects: (i) It progressively increased the retention time of the
FAME, and (ii) it worsened the separation of the wax ester
and sterol ester at 50°C and slightly improved their separa-
tion at 75°C. Of these three types of esters, wax esters and
sterol esters occur naturally in many types of plant and ani-
mal material. Elevated temperatures with the silica column
did not significantly improve the separation of these natural
esters (Fig. 5). FAME are rarely found in natural samples and
are most often obtained by chemically methylating FFA. The
temperature-enhanced separation of FAME on the silica col-
umn warrants further investigation.

Two other popular normal-phase columns, CN and Diol
columns, were then evaluated to determine whether elevated
temperature could increase the separation of nonpolar esters,
as observed with the alumina (Fig. 1–4) and Si (Fig. 5)
columns. With the CN or Diol columns, standards of wax
ester, sterol ester, and FAME had nearly identical retention
times, and increasing the column temperature had very little
effect on the retention time of these three types of esters (the
retention time of all of these three ester classes  with both
columns was about 2 min; data not shown). 

Besides Nordbäck and Lundburg (7), the only previous re-
port of the HPLC of lipids via an alumina column was a
method for the separation of cholesterol oxides with a column
consisting of 16% alumina/84% silica (9).

This alumina method at 75°C appears to separate nonpolar
esters via typical normal-phase separation in order of increas-
ing polarity, and it also appears to separate compounds of
nearly identical polarity based on the degree of unsaturation
(retention time is longer for each additional carbon-carbon
double bond). Although the ability of the alumina method to
separate nonpolar lipid esters based on degree of unsaturation
appears to have similarities to the type of separation of unsat-
urated compounds that is achieved by silver ion chromatog-
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FIG. 3. Separation of FAME with the alumina column method at 75°C.
(A) injection of saturated FAME. The injected mixture contained methyl
myristate, methyl palmitate, methyl stearate, and methyl arachidate,
with 0.5 µg of each component per injection. (B) Injection of C-18 satu-
rated and unsaturated FAME. The injected mixture contained methyl
myristate (a), methyl oleate (b), methyl linoleate (c), and methyl linole-
nate (d), with 0.5 µg of each component per injection. Detection via
ELSD. (C) Same components as B with detection via UV at 205 nm. 

FIG. 4. Separation of cholesteryl esters with the alumina column
method at 75°C. (A) Injection of standards, 0.5 µg each, of cholesteryl
stearate (a), cholesteryl oleate (b), cholesteryl linoleate (c), and choles-
teryl linolenate (d) with detection via ELSD. (B) Same components as A
with detection via UV at 205 nm. 



raphy (10), separation of free and derivatized FA, based solely
on degree of unsaturation, was also previously described
using normal-phase silica HPLC (11). 

With the current high level of interest in the cholesterol-
lowering properties of phytosterol and phytostanol esters
(12), this new method provides a technique to compare intact
esters in various natural and semisynthetic products.

Although it should be possible to separate molecular species
of phytosterol and phytostanol esters via reversed-phase
HPLC, as has been successfully achieved with TAG (1), we
are not aware of any similar reverse-phase methods that have
been published to separate phytosterol ester molecular
species. 
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FIG. 5. Effect of column temperature on the separation of nonpolar lipid
standards, separated on a silica column (LiChrosorb Si 60-5, 5 µm, 3 ×
100 mm, 0.4 mL/min solvent flow rate) with a binary gradient mobile
phase. For abbreviations see Figure 1. 
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