
ABSTRACT: Canola oil is not presently permitted in infant for-
mulations in the United States because of lack of information
concerning the effects of feeding canola oil to the newborn. We
have previously reported a transient decrease in platelet counts
and an increase in platelet size in newborn piglets fed canola
oil for 4 wk, and have confirmed this in the present study. In
canola oil-fed piglets, changes in platelet size and number were
overcome by adding either long-chain saturated fatty acids from
cocoa butter (16:0 and 18:0), or shorter-chain saturates from
coconut oil (12:0 and 14:0). Feeding a high erucic acid rape-
seed (HEAR) oil, with 20% 22:1n-9, led to an even greater
platelet reduction and increased platelet size throughout the 4-
wk trial. Bleeding times were longer in piglets fed canola oil or
HEAR oil compared to sow-reared and soybean oil-fed piglets.
There were no other diet-related changes. Diet-induced platelet
changes were not related to platelet lipid class composition, but
there were fatty acid changes. The incorporation of 22:1n-9 into
platelet phospholipids of piglets fed canola oil was low
(0.2–1.2%), and even for the HEAR oil group ranged from only
0.2% in phosphatidylinositol to 2.4% in phosphatidylserine. A
much greater change was observed in the concentration of
24:1n-9 and in the 24:1n-9/24:0 ratio in platelet sphingomyelin
(SM). The 24:1n-9 increased to 49% in the HEAR oil group com-
pared to about 12% in animals fed the control diets (sow-reared
piglets and soybean oil-fed group), while the 24:1n-9/24:0 ratio
increased from about 1 to 12. Even feeding canola oil, prepared
to contain 2% 22:1n-9, led to a marked increase in 24:1n-9 to
29% and had a 24:1n-9/24:0 ratio of 5. The canola oil/cocoa
butter group, which also contained 2% 22:1n-9, showed a
lower level of 24:1n-9 (20%) and the 24:1n-9/24:0 ratio (3)
compared to the canola oil group. The results suggest that the
diet-related platelet changes in newborn piglets may be related
to an increase in 24:1n-9 in platelet SM, resulting from chain
elongation of 22:1n-9. The inclusion of canola oil as the sole

source of fat in the milk-replacer diets of newborn piglets re-
sulted in significant platelet and lipid changes.
Lipids 33, 1–10 (1998).

The present U.S. Food and Drug Administration regulations
do not permit the inclusion of canola oil in infant formula-
tions (1) because of lack of experimental evidence concern-
ing the effects of feeding canola oil, and specifically erucic
acid (22:1n-9), to the newborn. We have recently shown that
piglets fed milk-replacer diets containing canola oil showed a
transient delay in the rise of platelet numbers and an associ-
ated increase in platelet volume (2). In addition, some veg-
etable oils high in oleic acid (18:1n-9), such as high-oleic acid
sunflower oil (HOAS), a mixture of oils that mimicked canola
oil, and olive oil, also showed these platelet changes. These
platelet changes were overcome by the third week on contin-
uous feeding of these diets, or immediately by adding coconut
oil to canola oil (2). There was no evidence that the lower
platelet counts were associated with increased bleeding times
in piglets fed these diets compared to sow-reared piglets.
However, the question remained as to whether 22:1n-9 could
further decrease platelet counts in the newborn piglet, and
possibly affect bleeding times. The inclusion of these oils into
infant formulations with resultant low platelet count and a
prolonged bleeding time may have serious implications for
the infant, since thrombocytopenia is known to occur in pre-
mature and term infants (3,4).

Previous studies with human test subjects showed that nor-
mal young men given diets containing high-erucic acid rape-
seed (HEAR) oil (39% 22:1n-9) for 22 d had a pronounced
drop in platelet count with a return to normal after discontin-
uation of the diet for 1 wk (5). A similar decrease in platelet
counts was observed in patients suffering from X-linked
adrenoleukodystrophy (ALD) who had received a dietary
mixture of triolein and trierucin (4:1) in order to reduce their
level of plasma very long chain saturated fatty acids, particu-
larly 26:0 (6–8). These patients showed minor bruising, but
no clinical symptoms of bleeding (6), and their platelet counts
returned to normal after discontinuation of the diet (6,7). It is
of interest to note that lower platelet counts are not limited to
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22:1n-9 consumption. Eating fish and/or fish oil diets that
contain high levels of cetoleic acid (22:1n-11), a positional
isomer of erucic acid (22:1n-9), also caused a decrease in
platelet counts and an increase in bleeding times (9–12).

The present study was undertaken to further evaluate the
platelet changes associated with the feeding of milk-replacer
diets containing canola oil. Newborn piglets were either left
with the sow or fed milk-replacer diets containing soybean
oil, canola oil, a canola oil/cocoa butter mixture, or a HEAR
oil for 4 wk. The HEAR oil diet was included to determine
the effect of high levels (20%) of 22:1n-9 on platelets and
bleeding times in newborn piglets. The canola oil/cocoa but-
ter mixture was included to determine if the long-chain satu-
rated fatty acids caused the same ameliorating effect on
platelets as the short-chain fatty acids derived from coconut
oil (2).

MATERIALS AND METHODS

Animals and diets. Newborn Yorkshire male and female
piglets were left with the sow for 1 d prior to allocating them
to one of five dietary groups, balanced for litter and sex. Four
groups of six piglets/diet were fed milk-replacer diets in spe-
cially designed cages (13), and one group of five piglets was
left cross-fostered with one sow. Body weights were mea-
sured at 1 d of age and every 3 d thereafter, and the feed (dry
matter) was adjusted to 7% of body weight/day.

The following dietary oils and oil mixtures were fed: soy-
bean oil obtained from CanAmera Foods Inc. (Toronto, On-
tario, Canada); a mixture (92:2) of canola oil (0.8% 22:1n-9)
and HEAR oil (42.9% 22:1n-9) (both oils obtained from
CanAmera Foods Inc., Altona, Manitoba, Canada) to increase
the level of 22:1n-9 to 2%, the maximum permissible level of
22:1n-9 in canola oil in the United States (1); a mixture of
canola oil, cocoa butter (26% 16:0, 29% 18:0, 38.5% 18:1n-9;
Hershey Canada Inc., Smith Falls, Ontario, Canada), HEAR
oil, and linseed oil in the ratio of 52:40:4:4, which con-
tained about 2% 22:1n-9 and 8% linolenic acid (18:3n-3),
similar to canola oil; and a mixture of HEAR oil and canola
oil (46:54), prepared with a final content of about 20%
22:1n-9. The fatty acid compositions of the dietary oils are
shown in Table 1.

The milk-replacer diets were prepared as described previ-
ously (14) with 25% dietary oil, and all vitamins were added
after the spray-drying process. The vitamin E content was 150
IU/kg diet to avoid vitamin E deficiency in the canola oil-fed
group (15). The dry-milk powders were stored at −20°C until
used. The milk replacers were prepared daily to include 21%
solids and 16% γ-globulin (2). The digestible energy content
of the final milk replacer was 953 kcal/L (16).

Pathology. After 4 wk of experiment, each piglet was
anesthetized within 2 h of removal from the diet with a 5:1
mixture of ketamine hydrochloride (Rogarsetic-Rogar/STB,
Montréal, Québec) and acepromazine maleate (Atravet-Ay-
erst Lab., Montreal, Québec) and killed by exsanguination. A
complete gross pathology was performed on each piglet, and

20 different tissues were sampled for histological analysis.
All tissues were fixed in formalin.

Blood measurements. Blood (0.5 mL) for hematological
measurements was taken from the piglets by orbital sinus
puncture (17) in tubes containing EDTA as anticoagulant. The
blood was throughly mixed with the anticoagulant, trans-
ported at room temperature, and analyzed within 1–2 h for
complete blood count using a Technicon H-2 analyzer (Tech-
nicon Instrument Corp., Tarrytown, NY). Bleeding time mea-
surements were taken using a Simplate II device as described
previously (2).

Platelet isolation. At time of kill, 15 mL of blood was
taken from each piglet in vacutainer tubes containing EDTA.
The whole blood was centrifuged at 150 × g at room temper-
ature for 15 min. The plasma was adjusted to pH 6.5 with 1
M citric acid, and 2 drops of EDTA were added. Traces of red
and white cells were removed by centrifuging the plasma
again at 150 × g at room temperature, followed by 2500 × g
at 4°C for 15 min to remove the platelets. The platelets were
suspended in 1 mL of buffer (20 mM Na2HPO4, 130 mM
NaCl, and 2 mM EDTA at pH 6.5) containing inhibitors (10
µL 4 mM iodoacetamide, 20 µL 4 mM N-ethylmaleimide 
in 50% ethanol, and 10 µL aprotinin containing 10,000
units/mL) and centrifuged at 2500 × g at 4°C for 15 min. The
platelets were then stored at −70°C until analyzed.

Lipid analysis. Total platelet lipids were extracted using
the Bligh and Dyer mixture (18). The total platelet lipids from
each individual piglet were not sufficient to perform a com-
plete lipid class analysis, and therefore, the lipids from two
piglets on the same diet were pooled. All the lipid classes

2 J.K.G. KRAMER ET AL.

Lipids, Vol. 33, no. 1 (1998)

TABLE 1
Fatty Acid Composition of the Dietary Oils

Fatty Sow Soybean Canola HEAR
acids milk oil oila Canola/cocoab oilc

≤14:0 2.1 0.1 0.1 0.1 0.1
16:0 23.2 9.9 5.1 13.1 4.2
16:1n-7 4.6 0.2 0.3 0.4 0.3
18:0 6.1 3.6 2.2 12.6 1.7
18:1n-9 32.4 23.8 50.8 43.0 36.1
18:1n-7 2.8 1.5 2.6 2.2 1.8
18:2n-6 22.9 50.0 22.5 15.0 18.9
18:3n-3 1.1 8.7 9.9 7.7 9.3
20:0 0.2 0.4 0.8 0.8 0.8
20:1n-9 0.6 0.4 2.1 1.4 4.2
22:0 0.1 0.4 0.5 0.3 0.6
22:1n-9 0.1 0 2.0 2.2 20.2
24:0 0.1 0.1 0.2 0.1 0.2
24:1n-9 0.1 0 0.3 0.2 0.7
n-6 PUFAd 1.8 0 0 0 0
n-3 PUFAe 0.7 0 0 0 0
aMixture of canola oil (0.8% 22:1n-9) and high-erucic acid rapeseed (HEAR)
oil (42.9% 22:1n-9) in a ratio of 98:2 to give a final oil with 2% 22:1n-9.
bMixture of canola oil, HEAR oil, linseed oil (49% 18:3n-3), and cocoa but-
ter in a ratio of 52:4:4:40.
cMixture of canola oil and HEAR oil in a ratio of 54:46 to give a final oil with
20% 22:1n-9.
dn-6 PUFA, polyunsaturated fatty acids, includes 20:3n-6, 20:4n-6, 22:4n-6,
and 22:5n-6.
en-3 PUFA, includes 20:5n-3, 22:5n-3, and 22:6n-3.



were separated by three-directional thin-layer chromatogra-
phy (TLC) using silica gel H plates (19). The spots were vi-
sualized with ultraviolet light after spraying the plates with
2′,7′-dichlorofluorescein. The spots were scraped off, methyl
heptadecanoate was added as internal standard, and the lipids
were methylated in the presence of the silica gel using anhy-
drous HCl/methanol (5% by wt) at 80°C for 1 h. The result-
ing methyl esters and dimethyl acetals were analyzed by
gas–liquid chromatography using a 30-m Supelcowax-10
capillary column (Supelco Inc., Bellefonte, PA) (20).

Statistics. The blood data were analyzed using the general
linear models procedure of SAS (21), with terms for litter and
diet as major effects, while the fatty acid data were analyzed
with diet as the major effect.

RESULTS

Growth and health. The piglets fed the milk-replacer diets
gained significantly (P < 0.05) more weight over the 4-wk pe-
riod (from 5.0–6.8 kg) than piglets left with the sow (4.0 ±
0.4 kg). There were some differences in weight gain among
the four milk-replacer diets. After 9 and 12 d on diet, the
HEAR oil group showed the best (1.3 ± 0.08 and 1.9 ± 0.1 kg)
and canola oil the lowest weight gain (0.9 ± 0.08 and 1.3 ±
0.1 kg), but after 4 wk on diet, the soybean oil group showed
best (6.8 ± 0.5 kg) and HEAR oil the lowest weight gain (5.0
± 0.4 kg). No diet-related gross or histological abnormalities
were observed among the piglets. One animal fed the
canola/cocoa butter mixture was euthanized at 12 d of age be-
cause of congenital rectal stricture, and three animals died of
unrelated causes: two fed soybean oil, on days 24 and 27, and
one fed HEAR oil, on day 28.

Platelets. One-day-old piglets had a relatively low platelet
count ranging from 167 to 372 × 109/L with an overall mean
of 285 ± 21 × 109/L (n = 29). The platelet counts in the sow-
reared piglets doubled after 1 wk, and remained high there-
after (Table 2). The platelet counts agreed with published data
for normal newborn (337 ± 79 × 109/L) and adult (578 ± 128
× 109/L) pigs (22,23). The lifetime of pig platelets was re-
ported to be 9–11 d (22). Piglets fed soybean oil showed a
somewhat slower rise in platelet counts after the first 2 wk,
which was, however, not significantly different compared to
sow-reared piglets (Table 2).

Piglets fed canola oil with 2% 22:1n-9 showed an increase
in platelet counts after the first week, but thereafter the counts
were significantly lower throughout the 4-wk trial compared
to the sow-reared control group (Table 2). The addition of
cocoa butter to canola oil enriched the long-chain saturated
fatty acids 16:0 and 18:0 in the dietary oil mixture, resulting
in a significantly higher platelet count than seen with canola
oil alone (Table 2).

The HEAR oil-fed group with 20% 22:1n-9 showed
markedly lower platelet counts throughout the 4-wk trial
(Table 2). Generally, the platelet counts for this group did not
increase above the levels observed at 1 d of age.

Mean platelet volume. The platelet volume decreased in

the sow-reared piglets from 14 to 10 fL per platelet (Table 2).
The decease was slower in the soybean oil and the canola
oil/cocoa butter groups, but at 4 wk on diet, the values were
similar to the sow-reared controls. The platelet volume re-
mained elevated for the canola oil group throughout the 4-wk
trial, and increased significantly in piglets fed the HEAR oil
diet. The platelet volume for the HEAR oil-fed group after 4
wk on diet was greater than 22 fL, the upper limit of discrim-
ination of the H-2 analyzer. There was a significant negative
correlation of platelet size to platelet counts (−0.64; n = 135).

Other hematological parameters. The packed cell volume,
hemoglobin (Hb), and red blood cell counts were significantly
higher in the sow-reared piglets compared to piglets fed the
milk-replacer diets (Table 2). There were no significant differ-
ences among the piglets fed the milk-replacer diets, except for
piglets fed the HEAR oil diet. The HEAR oil group showed
lower values for all these three parameters, and which were sig-
nificant for packed cell volume and Hb. There were generally
no significant diet differences in mean corpuscular volume,
mean corpuscular Hb, mean corpuscular Hb concentration,
prothrombin time, and activated thromboplastin time (Table 2).

Bleeding times. The bleeding time increased in all piglets
with age (Table 3). The increase was most rapid in the HEAR
oil group. After 4 wk on diet, only the HEAR oil and canola
oil groups gave significantly higher bleeding times compared
to the other groups.

Platelet lipids. The platelet lipids were not significantly
different between the dietary groups, and for that reason the
mean for all diets for each of the platelet lipid classes is
shown in Table 4. The major phospholipids were phos-
phatidylcholine (PC) and phosphatidylethanolamine (PE),
with intermediate levels of sphingomyelin (SM) and phos-
phatidylserine (PS), a smaller amount of phophatidylinositol
(PI), and trace amounts of diphosphatidylglycerol. In addi-
tion, the neutral lipids cholesterol, cholesterol esters (CE),
and free fatty acids (FFA) were present. The results were ex-
pressed as percentage of total lipids and compared to results
from human and dog platelets (Table 4).

Platelet phospholipid fatty acids. Each of the four phos-
pholipids showed characteristic fatty acid profiles (Table 5).
Alk-1-enyl ethers were present mainly in PE. All the phos-
pholipids contained about 50% saturated fatty acids, except
PE which had about 30%. PC had the highest concentration
of 16:0, while 18:0 predominated in the other phospholipid
classes. The highest levels of arachidonic acid (20:4n-6) were
present in PE and PI, and the highest levels of C22 polyunsat-
urated fatty acids (PUFA) (22:4n-6, 22:5n-3, and 22:6n-3)
were found in PE and PS.

Sow’s milk consisted mainly of 16:0, oleic acid (18:1n-9),
and linoleic acid (18:2n-6), with small amounts of preformed
long-chain n-6 (1.6%) and n-3 (0.7%) PUFA (Table 1), which
were reflected in the fatty acid profile of the phospholipids
(Table 5). Piglets fed soybean oil in their milk-replacer diets
generally showed increased levels of 18:0 and 18:2n-6 com-
pared to sow-reared piglets, at the expense of 16:0 and
18:1n-9. Despite the fact that soybean oil was rich in 18:2n-6
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and 18:3n-3, the concentration of PUFA derived from these
precursors (i.e., 20:4n-6, 22:4n-6, and 20:5n-3, 22:5n-3, and
22:6n-3, respectively) was generally similar to, or lower than,
that found in sow-reared piglets.

Both canola oil and HEAR oil were high in 18:1n-9 (36
and 51%, respectively), and contained similar levels of

18:2n-6 (~20%) and 18:3n-3 (~9%), but these two groups had
marked differences in their concentration of long-chain mo-
nounsaturated fatty acids of the oleic acid family (n-9)
(Table 1). The feeding of canola oil and HEAR oil generally
resulted in similar changes in platelet phospholipids, except
for the significantly higher levels of 20:1n-9, 22:1n-9, and
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TABLE 2
Hematological Variables of Piglets Left with the Sow or Fed Milk-Replacer Diets (for 4 wk)a

Time on diet (wk) Time on diet (wk)
Diets 0 1 2 3 4 0 1 2 3 4

PCV (g/L) PLT (× 109/L)

Sow-reared 0.27 0.33 0.36a 0.37a 0.36a 281 567a 776a 661a,b 586a

Soybean oil 0.32 0.31 0.32b 0.34a,b 0.32b 264 465a 685a 758a 597a

Canola oil 0.31 0.34 0.31b 0.33b 0.33a,b 292 498a 497b 538b 431b

Canola/cocoab 0.29 0.33 0.32b 0.32b 0.34a,b 298 517a 775a 607a,b 609a

HEARc oil 0.32 0.31 0.31b 0.30b 0.30b 289 224b 321c 340c 229c

SEMd 0.017 0.009 0.011 0.017 0.014 21 51 57 92 41
ANOVAe NS NS ** * * NS ** *** * ***

Hb (g/L) MPV (fL)

Sow-reared 9.3 10.8a,b 12.1a 12.4a 12.1a 14.4 12.2b 9.6c 9.6c 10.3c

Soybean oil 10.7 10.2b,c 10.4b 11.0b 10.3b,c 16.7 11.8b 12.2b,c 13.6b 10.9c

Canola oil 10.6 10.9a 10.1b 10.6bc 10.6b,c 16.1 13.5a,b 13.9b 13.8b 14.3b

Canola/cocoa 10.0 10.8a,b 10.6b 10.6b,c 11.2a,b 15.8 11.7b 10.6b,c 11.5b,c 10.4c

HEAR oil 10.6 10.0c 10.2b 9.6c 9.7c 15.5 15.9a 19.4a 20.7a >22a,f

SEM 0.6 0.3 0.3 0.4 0.4 1.2 0.6 1.6 1.7 0.5
ANOVA NS * ** ** ** NS * *** *** ***

RBC (× 1012/L) MCV (fL)

Sow-reared 4.6 5.3 6.1 6.7a 6.6a 59.1 61.4 59.1 55.3 55.0
Soybean oil 5.4 5.2 5.5 6.0a,b 5.6b 59.3 60.2 58.6 56.7 56.4
Canola oil 5.3 5.8 5.4 5.8b 5.9a,b 58.5 58.6 57.0 56.7 55.6
Canola/cocoa 4.9 5.5 5.5 5.5b 6.0a,b 60.0 60.8 58.4 57.3 57.1
HEAR oil 5.4 5.5 5.5 5.5b 5.5b 58.1 59.0 55.8 54.4 54.7
SEM 0.3 0.2 0.2 0.2 0.2 1.1 0.9 1.1 1.5 1.1
ANOVA NS NS NS * * NS NS NS NS NS

MCH (pg) PT (s)

Sow-reared 20.1 20.3 19.8 18.6 18.4 11.5 9.9 10.2 10.3a 10.1
Soybean oil 19.9 19.8 19.1 18.3 18.3 10.9 10.7 10.3 9.5c 9.5
Canola oil 20.0 18.7 18.7 18.5 18.1 10.7 10.3 10.7 9.5c 10.0
Canola/cocoa 20.4 19.8 19.4 19.2 18.7 11.0 10.2 10.5 10.1a,b 9.9
HEAR oil 19.6 19.1 18.6 17.5 17.8 10.5 10.3 10.0 9.7b,c 11.8
SEM 0.4 0.4 0.4 0.4 0.4 0.6 0.2 0.3 0.2 0.8
ANOVA NS NS NS NS NS NS NS NS * NS

MCHC (g/L) APTT (s)

Sow-reared 341 331 335 336 334 20.5 17.7 15.9 16.5b 18.1
Soybean oil 335 330 326 325 325 20.0 18.5 18.3 20.7a,b 19.1
Canola oil 341 319 328 326 326 20.3 18.7 17.7 15.8b 17.8
Canola/cocoa 341 325 332 335 327 21.8 16.8 17.7 17.2a,b 17.4
HEAR oil 339 324 332 322 325 20.3 17.2 17.8 22.2a 20.4
SEM 4 4 3 5 3 2.1 0.6 0.7 2.0 0.8
ANOVA NS NS NS NS NS NS NS NS * NS
aMeans with different superscript letters a–c are significantly different (P < 0.05). PCV, packed cell volume; Hb, hemoglobin; RBC, red blood cell;
MCH, mean corpuscular Hb; MCHC, mean corpuscular Hb concentration; PLT, platelets; MPV, mean platelet volume; MCV, mean corpuscular
volume; PT, prothrombin time; APTT, activated thromboplastin time.
bA mixture of canola oil and cocoa butter; see Table 1.
cHEAR, high-erucic acid rapeseed.
dSEM, pooled standard error of the mean.
eANOVA, analysis of variance testing for diets; NS, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
fOut of range for the Technicon H-2 analyzer (Technicon Instrument Corp., Tarrytown, NY) settings.



24:1n-9 in piglets fed HEAR oil (Table 5). The highest accu-
mulation of 22:1n-9 in the platelet phospholipids of the
HEAR oil group was found in PS (2.4%), intermediate in PC
and PE (~1%), and lowest in PI (0.2%). With few exceptions,
these two rapeseed oils resulted in increased levels of
18:1n-9, total monounsaturated fatty acids, 18:2n-6 and
18:3n-3 in all platelet phospholipid classes compared to sow-
reared piglets, and decreased levels of 16:0 and total saturated
fatty acids only in PC and PI. Furthermore, long-chain PUFA
derived from 18:2n-6 (18:3n-6, 20:3n-6, 20:4n-6, and
22:4n-6) were lower in PE and PS, while long-chain PUFA
derived from 18:3n-3 (20:5n-3, 22:5n-3, and 22:6n-3) were
higher in all phospholipid classes.

The canola oil/cocoa butter mixture had similar dietary
levels of 22:1n-9 and 18:3n-3 as canola oil, except for the
much higher levels of long-chain saturated fatty acids, 16:0
and 18:0 (Table 1). Feeding this oil to piglets resulted in in-
creased saturated fatty acids in platelet PC and PI, and lower

levels of long-chain n-9 monounsaturated fatty acids in all
phospholipid classes (Table 5). However, the n-6 and n-3
PUFA profile was similar to canola oil, but there was no re-
duction in the levels of 20:4n-6 in platelet PE as observed
with the feeding of canola oil.

The ratio of n-6 to n-3 PUFA metabolites (from 18:2n-6
and 18:3n-3), in all phospholipids, was highest in sow-reared
piglets, intermediate in piglets fed soybean oil, and lowest in
piglets fed the three rapeseed oil type diets (Table 5). The
rapeseed diets included canola oil, the canola oil/cocoa butter
mixture, and HEAR oil. There were no significant differences
in the n-6 to n-3 ratios between the three rapeseed oil-con-
taining groups (Table 5).

Platelet SM fatty acids. Platelet SM consisted mainly of
long-chain saturated fatty acids from 16:0 to 24:0, and n-9
monounsaturated fatty acids, of which nervonic acid
(24:1n-9) was the major fatty acid (Table 6). The total satu-
rated fatty acid content in platelet SM was about 66% in sow-
reared and soybean oil-fed piglets, and decreased progres-
sively with the feeding of canola oil (52%) and HEAR oil
(38%), but remained unaffected with the feeding of the canola
oil/cocoa butter mixture (66%). The decrease in total satu-
rated fatty acids in the canola oil and HEAR oil group was in
response to the marked increase in 24:1n-9 (Table 5). Com-
pared to sow-reared piglets, the relative concentration of
24:1n-9, the elongation product of 22:1n-9, increased by 16
and 35%, respectively, for the canola oil and HEAR oil group.
The ratio of 24:1n-9 to 24:0 increased from about 1 in the sow
and soybean oil group to 3 in the canola/cocoa butter group,
to 5 in the canola group, and to 11 in the HEAR oil group.

Platelet CE and FFA. These two minor neutral lipid
classes closely reflected the dietary fatty acid composition,
and contained only small amounts of C20 and C22 PUFA (data
not included). The accumulation of 22:1n-9 in these two lipid
classes was 5.8 and 10.0% in the HEAR oil group, 1.0 and
1.4% in the canola oil group, and 1.0 and 1.2% in the
canola/cocoa butter group, respectively. In addition, the
HEAR oil group showed significant amounts of 24:1n-9 in
both CE (3.9%) and FFA (2.2%).

DISCUSSION

This report is a continuation of studies to evaluate canola oil
in milk-replacer diets of newborn test animals to determine if
this oil is safe for inclusion into infant formulations. We pre-
viously reported that newborn piglets fed milk-replacer diets
containing canola oil as the only source of fat in the diet
showed a transient delay of 3 wk in the rise of platelet counts,
increased platelet volume, but no increased bleeding times
(2). The results of the present study indicated that newborn
piglets fed canola oil had lower platelet counts and increased
platelet size (Table 2) which were negatively correlated, in-
creased bleeding times (Table 3), and these changes persisted
to 4 wk of age. These platelet changes need clarification and
further testing to determine if the presence of canola oil in
milk replacers constitutes a potential risk for infants. Throm-
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TABLE 3
Bleeding Times (min) of Piglets Left with the Sow 
or Fed Milk-Replacer Diets (for 4 Wk)a

Time on diet (wk)

Diets 0 1 2 3 4

Sow-reared 5.1 3.5c 7.0c 8.7c 10.5b

Soybean oil 3.9 5.6b,c 8.7b 10.8b 10.2b

Canola oil 4.8 6.1b 8.7b 12.0a 11.9a

Canola/cocoab 4.0 5.5b,c 7.9b,c 10.5b 11.4a,b

HEARc oil 4.8 9.6a 10.4a 11.3a,b 12.2a

SEMd 0.6 0.7 0.5 0.4 0.5
ANOVA NS *** *** *** *
aMeans with different superscript letters (a–c) are significantly different (P <
0.05).
bA mixture of canola oil and cocoa butter; see Table 1.
cHEAR, high erucic acid rapeseed.
dSEM, pooled standard error of the mean. NS, P > 0.05; *P < 0.05; ***P <
0.001.

TABLE 4
Interspecies Comparison (% total lipids) of Platelet Lipids

Lipid classa Piglet (4-wk-old) Humanb Dogc

PC 27.3 21.5–28.2 29.1
PE 19.3 13.2–19.1 18.1
PS 9.2 7.9–9.2 9.4
PI 4.0 4.8–8.3 5.0
SM 12.5 9.8–11.4 14.6
DPG 0.4 —d —
C 23.7 18.9–22.2 19.7
CE 1.9 — 0.9
FFA 1.7 — —
aAbbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; PI, phosphatidylinositol; SM, sphingomyelin; DPG,
diphosphatidylglycerol; C, cholesterol; CE, cholesterol esters; FFA, free fatty
acids.
bCalculated from data in Reference 25; range found between three coun-
tries.
cCalculated from data in Reference 26; also reported are lyso PC 1.7%, phos-
phatidic acid 0.2%, and unknown 1.0%.
dNo values reported.
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bocytopenia is know to occur in premature and term infants
(3,4).

The results of our previous study appeared to indicate that
the platelet changes in canola oil-fed piglets were related to
the high content of 18:1n-9, since similar results were ob-
tained with other oils high in 18:1n-9, such as HOAS oil
(76.1% 18:1n-9), a mixture of nonrapeseed oils which mim-
icked the fatty acid profile of canola oil (54.1% 18:1n-9), and
occasionally olive oil (75.5% 18:1n-9) (2). On the other hand,
the addition of cocoa butter to canola oil raised the level of
long-chain saturated fatty acids (16:0 and 18:0), and retained
a high level of 18:1n-9 (43%) (Table 1), while normalizing
the platelet count and size (Table 2). We previously observed
that the addition of coconut oil (rich in 12:0 and 14:0) to
canola oil was effective in restoring normal platelet parame-
ters in piglets, despite the high 18:1n-9 content of 54% (2).
These results suggest that factors other than 18:1n-9 were in-
volved in platelet changes. There appeared to be a lack of di-
etary saturated fatty acids when canola oil was fed, since the
platelet changes were corrected by addition of saturates. The
correction also occurred naturally, at 3–4 wk of age, when
piglets were able to synthesize fatty acids de novo (14). In our
previous study we were unable to determine the contribution
of 22:1n-9 (present at about 2% in the canola oil and oil mix-
ture) to the observed platelet changes, and for this reason we

now included an experimental diet containing an HEAR oil
with 20% 22:1n-9 to test the effect of 22:1n-9.

The HEAR oil group showed marked reduction in platelet
counts, increased platelet size, increased bleeding times, and
decreased hemoglobin throughout the 4-wk trial (Tables 2 and
3). These newborn piglets fed HEAR oil consumed about 3 g
of 22:1n-9/kg body weight/day (16). Similar results were ob-
tained when healthy young men consumed a HEAR oil that
contained 39% 22:1n-9 as the only source of fat in the diet
(5). In these experiments, a pronounced drop in platelet num-
ber was observed with the consumption of about 1.4 g
22:1n-9/kg body weight/day. After 22 d, the diet was discon-
tinued for health concerns, because the platelets dropped
below 120 × 109/L. In that same report, low-erucic acid rape-
seed oil with less than 2% 22:1n-9 did not cause a reduction
in platelet numbers (5). Platelet size was not reported. A sim-
ilar thrombocytopenia was also observed in patients suffering
from ALD, a sex-linked disorder in which very long-chain
saturated fatty acids accumulate in all tissues, after treatment
with “Lorenzo Oil,” a 4:1 mixture of glycerol triolein and
glycerol trierucin (6–8). The consumption of 22:1n-9 in these
children was up to 18 g glycerol trierucin/d (7) or about 0.5 g
22:1n-9/kg body weight/day based on a body weight of 35 kg.
Decreased platelet counts and increased size were directly at-
tributed to dietary 22:1n-9, since its removal from the diet re-
stored platelet numbers and size to normal (7). The authors
performed confirmatory studies to show that these platelet
changes were not spuriously related to EDTA (8). ALD pa-
tients given a high triolein diet did not show symptoms of
thrombocytopenia (7,8). There was no evidence of increased
bleeding times in these patients, but a few patients showed a
tendency to bruise easily (6). Furthermore, platelet reduction
and increased platelet size were not restricted to long-chain
monounsaturated fatty acids of the n-9 family such as erucic
acid (22:1n-9). Consumption of fish, high in oil content and
cetoleic acid (22:1n-11), a positional isomer of 22:1n-9, gave
similar results. Dyerberg and Bang (9) also observed lower
platelet counts, higher platelet volume, and increased bleed-
ing times in adult Eskimos compared to control subjects from
Denmark. Subsequent studies have shown that a high con-
sumption of fish, rich in oil and 22:1n-11, produced similar
platelet changes in healthy human subjects (10–12).

The evidence indicates that 22:1n-9 is involved in platelet
changes; however, the etiology is not known. Bone marrow
appeared to be normal on histological examination. This is in
agreement with our previous piglet study (2) and in ALD pa-
tients (7,8). In addition, Zierz et al. (7) reported that the bone
marrow of ALD patients revealed no evidence of megakary-
ocyte reduction.

Diets were prepared to include 150 IU of vitamin E per kg
diet to ensure that the canola oil- and HEAR oil-fed piglets
had sufficient vitamin E, since we previously observed that
milk-replacer diets containing canola oil required additional
vitamin E (15). The vitamin E levels in liver and heart were
found to be lower in the canola oil and the canola oil/cocoa
butter mixture compared to soybean oil, but the differences
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TABLE 6
Fatty Acid Composition of Platelet Sphingomyelin from Piglets 
Fed Sow Milk or Milk-Replacer Diets (for 4 wk)

Fatty Sow Soybean Canola HEARb

acid milk oil oil Canola/cocoaa oil SEMc

14:0 0.4d 0.4 0.4 0.4 0.3 0.1
16:0 29.7 28.5 23.8 26.0 18.6 1.6
16:1n-7 0.5 0.4 0.5 0.4 0.3 0.1
18:0 10.5 8.8 10.5 17.7 8.4 2.0
18:1n-9 2.2 1.4 3.0 3.0 2.3 0.5
18:1n-7 0.3 0.2 0.5 0.3 0.3 0.1
18:2n-6 0.5 0.5 0.5 0.5 0.4 0.1
20:0 2.2 2.2 1.9 2.8 1.0 0.2
20:1n-9 0.1 0.1 0.1 0.1 0.2 0.04
20:4n-6 1.3 1.0 2.6 4.3 3.3 1.0
22:0 13.9 13.4 8.4 12.1 4.6 1.0
22:1n-9 0.5 0.3 1.2 1.1 1.6 0.2
22:2 0.8 0.4 0.6 0.3 0.3 0.1
23:0 0.6 1.0 0.6 0.6 0.3 0.1
23:1 0.1 0.1 0.2 0.1 0.1 0.02
24:0 9.9 10.6 6.4 6.4 4.6 1.0
24:1n-9 13.6 10.6 29.1 19.7 48.9 2.5
24:1n-7 1.9 0.9 0.9 0.3 0.4 0.1
24:2 7.3 14.4 5.1 2.1 2.0 1.0
25:0 0.2 0.7 0.5 0.2 0.2 0.04
26:0 0.5 0.9 0.3 0.1 0.1 0.06
∑ Sat. 67.5 65.2 52.2 66.0 38.0 2.2
∑ Mono. 19.3 14.1 35.7 25.1 54.3 2.6
24:1n-9/24:0 1.4 1.0 4.6 3.1 12.3 1.2
aA mixture of canola oil and cocoa butter; see Table 1.
bHEAR, high-erucic acid rapeseed.
cSEM, pooled standard error of the mean.
dValues are means of two pools of two animals each.



were generally not significant (results published elsewhere,
24). On the other hand, the HEAR oil group showed signifi-
cantly lower tissue vitamin E levels compared to the soybean
oil group. However, the high dietary vitamin E level included
in the diets of this study ensured adequate tissue vitamin E
levels even in the HEAR oil group when compared to the
sow-reared controls (24). These results support the conclu-
sion of the previous study (15) that rapeseed oils (HEAR
more than canola) appear to contain substances that induce
oxidative stress in the piglets. This oxidative stress may have
damaged platelets and reduced the Hb content, which would
account for their lower levels in rapeseed oil-fed piglets. Fur-
ther studies will be required to determine the mechanism of
platelet changes in the newborn piglet using specific indica-
tors (4).

The platelet lipids were investigated in this study to see if
the platelet changes could be related to specific lipid or fatty
acid changes. The relative proportions of the platelet lipid
classes were not significantly affected, and the composition
was similar to that found in adult humans (25) and dogs (26)
(Table 4). Blomstrand et al. (27) also reported no differences
in platelet lipid class composition between rats fed trierucin
(22% 22:1n-9) or herring oil (12% 22:1n-11) diets for 10 wk,
although they did not present any values.

The accumulation of 22:1n-9 into the structural platelet
lipids was found to be relatively minor even when piglets
were fed the HEAR oil diet which contained 20% 22:1n-9
(Tables 5 and 6). It ranged from 0.2 (PI) to 2.4% (PS). The
minor lipids CE and FFA were an exception. They accumu-
lated larger amounts of 22:1n-9, but these lipids are not con-
sidered to be structural platelet components. In addition, the
accumulation of 22:1n-9 into platelet lipids was negligible in
groups fed oils containing about 2% 22:1n-9, and absent
when oils were devoid of 22:1n-9. Therefore, the level of

22:1n-9 in the platelet lipids does not appear to explain the
observed thrombocytopenia in newborn piglets.

The greatest change in the fatty acid composition of struc-
tural platelet lipids was observed in the 24:1n-9 content of
platelet SM. The 24:1n-9 is derived by chain elongation of
18:1n-9 (28,29), or from dietary 22:1n-9 (30–33), when pre-
sent. The accumulation of 24:1n-9 reached 49% of the total
platelet SM fatty acids in the HEAR oil-fed piglets, compared
to 14% in sow-reared and 11% in soybean oil-fed piglets
(Table 6). Canola oil-fed piglets also showed a marked in-
crease of 24:1n-9 to 29%, while the canola oil/cocoa butter
group showed an intermediate increase to only 20%. Our data
suggest that dietary 22:1n-9 (and 20:1n-9) was effectively in-
corporated into the 24:1n-9 of the SM fraction (30-33) after
an apparent control step, possibly the first step in the chain
elongation of 18:1n-9 to 20:1n-9. This could explain why
canola oil showed very high levels of 24:1n-9 despite only
2% 22:1n-9 in the diet. An increase in dietary saturates
(canola oil/cocoa butter group) showed a moderation in the
elongation of 22:1n-9 to 24:1n-9.

To test this hypothesis, one should evaluate the platelet SM
composition of piglets fed an oil that gave similar platelet
changes as canola oil but was devoid of 22:1n-9, such as
HOAS oil in our previous study (2). We had only reported the
total, not the platelet SM composition in our previous paper
(2), now selectively presented in Table 7. The canola oil-fed
group showed an increase in 24:1n-9 and the 24:1n-9/24:0
ratio in both platelet SM and red blood cell membranes SM,
while the HOAS oil-fed group showed a similar response
only in the red blood cell membranes SM. It should be noted
that the HOAS platelet SM (Table 7) may not be entirely reli-
able because of the limited sample size. The sample size of
red blood cell membrane SM was much larger, and it showed
the increase in 24:1n-9 and the 24:1n-9/24:0 ratio (Table 7),
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TABLE 7
Selected Fatty Acids of Platelet and Red Blood Cells Membrane Sphingomyelin (SM) 
of Sow-Raised Piglets, and Piglets Fed Milk-Replacer Diets Containing Different 
Vegetable Oils (for 4 Wk)a

Diets Platelets Red blood cell membranes 

(% 22:1n-9 in diet) 22:1n-9 24:1n-9 24:1n-9/24:0 22:1n-9 24:1n-9 24:1n-9/24:0

Sow milk 0.5a 13.6 1.4 0.1b 13.7 0.8
Soybean oil 0.3 10.6 1.0 0.1 9.2 0.5
Canola oil (2.0%) 1.2 29.1 4.6 0.2 29.4 2.2
Canola/cocoa (2.2%) 1.1 19.7 3.1 0.2 23.6 1.4
HEARb oil (20.2%) 1.6 48.9 12.3 0.7 49.5 9.5

Sow milkc 0.8c 21.8 1.4 0.1d 15.6 0.6
Soybean oil 0.4 14.9 1.2 tr 10.4 0.5
HOASd oil 1.1 10.2 0.6 0.1 30.1 1.6
Canola oil (1.6%) 0.9 37.6 3.6 0.2 31.3 2.1
aAll values (a–d) are means of atwo pools of two animals each, bfour animals/diet, cone pool of three
animals, and dthree animals/diet.
bHEAR, high-erucic acid rapeseed.
cThis experiment was published previously (Ref. 2), but neither the platelet or red blood cell SM re-
sults were presented.
dHOAS, high-oleic acid sunflower.



which suggests that one can use these fatty acid changes as a
predictor of platelet changes in newborn piglets.

It was not possible to evaluate the changes in platelet SM
due to dietary 22:1n-9 or 22:1n-11 in the other studies, since
the fatty acid composition of platelet SM was either not re-
ported in piglets (34), rats (27) or humans (5–8,10–12,35,36),
or the total platelet fatty acid composition did not include ei-
ther 24:0 or 24:1n-9 (8,12,27,34–36). Dyerberg and Bang (9)
were the only ones who reported 24:0 and 24:1 in total
platelet lipids, and they confirmed the higher values of 24:1
(4.4 vs. 1.1%) and the 24:1/24:0 ratio (14.7 vs. 1.6) in adult
Eskimos compared to Danish control subjects. A recent study
by Jensen et al. (36) in which term infants were fed formulas
containing up to 40% canola oil for 120 d was of interest.
They reported the fatty acid composition of plasma and eryth-
rocyte phospholipid, but not that of platelets, and did not in-
clude 24:0 and 24:1 in their analysis.

The platelet lipids of ALD patients fed the glycerol tri-
olein/trierucin mixture were reported to have a negative cor-
relation of platelet count to total platelet 18:1n-9 (−0.49; P =
0.01), 22:1n-9 (−0.56; P = 0.003) and 24:1n-9 (−0.65; P =
0.0003) (8). Based on these results, the authors concluded that
22:1n-9, but not 18:1n-9, affected the platelet biology, since a
diet high in glycerol triolein did not show changes in platelet
number. The 24:1n-9 was not considered, despite the evi-
dence which showed that both the concentrations and corre-
lations of 24:1n-9 were greater than for 22:1n-9 (Table 1, Ref.
8). It would be expected that the changes would have been
much greater if platelet SM from ALD patients, instead of
total platelet lipids, had been investigated. It was of interest
to note that the plasma SM of the ALD patients showed a
marked increase in 24:1 (from 16.0 to 46.8%), and in the
24:1/24:0 ratio (from 0.6 to 6.1) after consumption of glyc-
erol trierucin, which was much greater than the incorporation
of 22:1 (from 1.38 to 6.21%) into plasma SM (37). This
would support the hypothesis that thrombocytopenia appears
to be related to 24:1n-9, the elongation product of 22:1n-9.
Furthermore, one cannot rule out an additive effect of 24:1n-9
in animals fed a diet low in 18:2n-6 to 18:3n-3 (canola 2.3).
Jensen et al. (38) recently showed that infants fed a formula
with an 18:2n-6 to 18:3n-3 ratio of 4.8 had reduced weights,
and their plasma levels had lower 20:4n-6 and higher 22:6n-3
levels at 120 d of age compared to a formulation having an
18:2n-6 to 18:3n-3 ratio of 44.

In conclusion, a reduction in platelet number and an in-
crease in platelet size and bleeding time were evident in new-
born piglets fed milk-replacer diets containing canola oil as
the only source of fat in the diet. The platelet changes with
canola oil were overcome by the addition of long-chain satu-
rated fatty acids to the diet, which were just as effective as the
shorter-chain fatty acids from coconut oil. HEAR oils showed
marked and consistent platelet and hemoglobin reduction, and
increased platelet size and bleeding times. The greatest lipid
changes were observed in platelet SM fatty acid composition,
which showed a significant increase in 24:1n-9 and in the
24:1n-9/24:0 ratio both for canola oil and HEAR oil. The ad-

dition of cocoa butter to canola oil moderated these fatty acid
changes in platelet SM. The results show significant platelet
and lipid changes in newborn piglets fed milk-replacer diets
containing canola oil as the sole source of fat in the diet,
which was corrected by mixing canola oil with saturated fats
in a 3:2 ratio. Canola oil should be evaluated as part of infant
formula preparations which mimic mother’s milk that con-
tains about 45% saturates (39), similar to that undertaken by
Jensen et al. (38) to test if these adverse effects are removed.
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ABSTRACT: Fatty acid profile of milk fat can be modified by
cow feeding strategies. Our aim was postprandially and after 4
wk to compare the effect of a modified milk fat (M diet) [with
16% of the cholesterolemic saturated fatty acid (C12–16) re-
placed by mainly oleic and stearic acids] with the effect of D
diet, including a conventional Danish milk fat on plasma lipids
and lipoproteins. A side effect of the cow feeding regime was a
5% (w/w) increase in trans fatty acid in M diet. Eighteen sub-
jects were fed for two periods of 4 wk strictly controlled isoen-
ergetic test diets with 40% of energy from total fat and
the same content of dietary cholesterol in a randomized study
with cross-over design. Contrary to expectations, fasting low
density lipoprotein (LDL) cholesterol concentration did not dif-
fer after the experimental periods. However, M diet resulted in
a higher fasting total triacylglycerol concentration compared to
D diet (P = 0.009). Postprandial samples were taken at two dif-
ferent occasions (i) at day 21, after breakfast and lunch and 
(ii) on the last day of the study 2, 4, 6, and 8 h after a fat load.
Postprandial plasma triacylglycerol and chylomicron triacyl-
glycerol showed higher peak values after D diet than M diet (in-
teraction effect, diet × times P < 0.05). In conclusion, M diet did
not lower LDL cholesterol compared to D diet. Thus any cho-
lesterol-lowering effect of oleic and stearic acids may have been
obscured by the high content of cholesterol-raising saturated
fatty acids in milk fat. A higher content of the trans fatty acids in
M diet might have counteracted the cholesterol neutral/decreas-
ing effect and increased plasma triacylglycerol.
Lipids 33, 11–21 (1998).

Dairy products are important nutrient sources contributing
protein of high quality, vitamins, calcium, and zinc. However,
a high intake of milk fat is considered cholesterol-raising as it

contains a large proportion of saturated fatty acids (SFA). Fats
high in SFA raise the plasma cholesterol concentration, al-
though the individual SFA do not contribute equally to this
effect. Fatty acids with a chain length of 4 to 10 carbon atoms
and stearic acid (18:0) previously have not been considered
to affect cholesterol concentrations (1–5). Recent research has
demonstrated a cholesterol-raising effect of 8:0 and 10:0
(6,7). SFA with 20 or more carbon atoms are poorly absorbed
(6). In contrast, palmitic acid (16:0), myristic acid (14:0), and
lauric acid (12:0) are considered cholesterol-raising (2–5,
8–10). Oleic acid is demonstrated to be either neutral or cho-
lesterol-lowering (9,11,12). 

Numerous studies have investigated the effect of extreme
changes of fatty acid composition of the diet, whereas only a
few studies have included realistic changes in fatty acid com-
position of the conventional diet. The purpose of the study
was to monitor the effect on lipoproteins, fasting and post-
prandially in healthy young men, of a modified milk fat com-
pared to a conventional milk fat. 

It is well known that the fatty acid composition of milk fat
can be markedly influenced by the diet, especially by the
amount and fatty acids profile of the fat in the cow’s diet
(13,14). The milk fatty acid profile generally reflects a bal-
ance between fatty acids synthesized de novo in the mammary
gland on the basis of acetic acid originating from ruminal fer-
mentation and fatty acids fed in the diet for the cows and per-
haps modified in the rumen by biohydrogenation. Despite this
complexity, it recently has been shown that the fatty acid pro-
file of milk fat with regard to the major fatty acids can be fore-
cast with good precision on the basis of fatty acids in the
cow’s diet (15). In this study the modification of the milk fat
was a partial substitution of palmitic acid (and to a smaller
extent myristic acid) with oleic acid (and to a smaller extent
stearic acid) by means of a realistic, cost neutral modification
of the feed of the cows. 

SUBJECTS AND METHODS

Eighteen young men were recruited for the study. Their ages
ranged from 21 to 28 yr (mean 25 yr), body weights from 63
to 104 kg (mean 80 kg), and body mass index from 19 to 27
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kg m−2 (mean 24 kg m−2). The subjects had no history of ath-
erosclerotic disease, and all were apparently healthy as as-
sessed by a medical questionnaire. They were all nonsmok-
ers. None took medicine. Most subjects had a moderate phys-
ical activity level (training max. 1–2 h twice a week and/or
daily biking to work). They continued with the same physical
activity throughout the trial. The participant’s habitual diet
was assessed from a 7-d weighed food record. We calculated
energy intake and dietary composition using a national data-
base (National Food Agency, Dankost, Denmark). Habitual
energy intake ranged from 9 to 19 MJ (mean 14 MJ) with
26–42% of energy (E) from fat (mean 32 E%), the ratio of
polyunsaturated fatty acid (PUFA) to SFA was 0.2–0.8 (mean
0.4); intake of cholesterol was 175–665 mg/10 MJ (mean 371
mg/10 MJ), and dietary fiber intake ranged from 1.4 to 3.2
g/MJ (mean 2.4 g/MJ). Two different diets were served in ran-
domized order for 4 wk each. The two intervention periods
were separated by a 2-mon period on habitual diet.

Diets. We served a diet high in conventional Danish butter
(D), which was high in palmitic and low in oleic acid, and a
modified butter (M), which was low in palmitic and high in
oleic acid (for details of the fatty acid composition of the test
butters, see Table 1). The butter was manufactured using two
different bulks of milk produced at the Danish Institute of An-
imal Science (Foulum, Denmark). Forty cows were given a
basal diet ad libitum (mixture of beet roots, grass silage,
crushed barley, and straw) and supplemented with two differ-
ent concentrate mixtures. By use of prediction formulas of
Hermansen (15), the two concentrate mixtures were com-
posed in such a way that they were expected to result in ei-
ther a normal milk fat composition or in a milk fat high in
oleic acid. The normal concentrate mixtures consisted of 94%
soybean meal and 6% saturated fats and were given in an
amount of 4.7 kg/cow/day. The experimental concentrates
consisted of 50% soybean meal and 50% crushed double-low
rape seeds (low in glucosinates and erucic acid) given in an
amount of 3.2 kg/cow/day. After 3 wk of normal concentrates
feeding, the milk was collected for butter production for the
D diet high in palmitic acid. Subsequently, the cows were
given the experimental concentrate for a period of 7 wk, in
which the milk was collected for butter production of the M
diet high in oleic acid.

The fatty acid composition of each test fat was determined
by gas–liquid chromatography (Table 1). The experimental
diets contained 40 E% of fat (30 E% derived from butter and
6.5% from grapeseed oil. The remaining fat content of 3.5%
was contributed by other food items, which were constant and
identical in the two test diets. The analyzed dietary choles-
terol and macronutrient content of the diet high in palmitic
acid (D diet) and the diet high in oleic acid (M diet) are shown
in Table 2. 

The experimental meals consisted of natural and common
food items that were prepared and cooked in customary ways.
The two kinds of test butter were served as spread and incor-
porated in bread, rolls, and cakes. On day 21 of the dietary
periods, the effect of two consecutive realistic meals, break-

fast and lunch with mean 25 g milk fat in each meal, includ-
ing ingredients as just described, was investigated in the 18
subjects.

Dinner dishes, in which grapeseed oil was included, con-
sisted of cooked vegetables and lean meat with pasta, rice, or
mashed potatoes. Rolls, marmalade, orange juice, and tea or
coffee were served for breakfast. Lunch was a cold meal con-
sisting of lean roast beef or fish paté, salad dressing without
fat. Fruit juice, fresh fruit, cakes, and candy were served as
snacks. 

Meal tests. On day 21 of the dietary periods the effect of
two consecutive meals of the test diet, breakfast and lunch
with mean 25 g milk fat in each meal, was investigated in the
18 subjects.

On the last day of the dietary periods, effect of a single
high-fat meal, the butter load, was investigated in eight sub-
jects. The meal consisted of butter, rolls, and cake with butter
incorporated, orange juice, and marmalade. The fat intake of
each test meal was fixed to 1.2 g milk fat/kg body weight,
55% of the energy contribution was derived from fat, 41%
from carbohydrates, and 4% from protein. The energy con-
tent of the test meal ranged from 5.7 to 8.7 MJ (mean 6.7 MJ),
and the content of fat in each test meal ranged from 83 to
126 g (mean 98 g). 

Energy intake was individualized according to the food
records of the subjects. To avoid bias from underreporting,
the calculated energy intake from the records was compared
with the estimated energy requirements for the subjects’ basal
metabolic rate according to body weight, sex, age, and level
of physical activity (16). The experimental diet was com-
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TABLE 1
Fatty Acid Composition of the Two Test Milk Fats

% Fatty acid of total fatty acids

Fatty acids Modified milk fat (M) Danish milk fat (D)

4:0 3.46 3.83
6:0 1.88 2.34
8:0 1.08 1.40
10:0 2.30 3.14
10:1 0.22 0.37
12:0 2.86 4.09
14:0 10.67 12.07
14:1 1.83 1.81
15:0a 1.01 1.45
16:0a 21.13 36.82
16:1n-7 1.71 2.25
17:0a 0.89 1.17
17:1 0.24 0.31
18:0 10.88 7.23
18:1 trans 6.4 1.1
18:1n-9 24.95 15.33
18:1n-7 1.40 0.55
18:2n-6 1.93 1.61
20:0 0.22 0.14
18:3n-3 0.50 0.42
Conj. 18:2b 1.57 0.52
a16:0, 15:0, and 17:0 also include the branched isoforms typical for milk
fat.
bConjugated 18:2 also included 0.20–0.25% 20:0.



posed to reflect the higher of the two energy-intake scores
whenever the two were not identical. 

Duplicate portions of each test diet were collected during
1 wk in each period of the study. For each test diet, portions
were pooled per diet and analyzed by the National Food
Agency of Denmark (Table 2). Analyzed energy content and
nutritional composition of the diets were in good agreement
with calculated values (data not shown). The analyses showed
a general tendency to a lower fatty acid content in the experi-
mental diets than calculated from the fatty acid composition
in the test butters. Lower values in fatty acid content in mixed
diets are a common finding of The National Food Agency of
Denmark. This is probably due to a lower fatty acid content
in some fats [like phospholipids (PL)] than in triacylglycerol
(TAG), degradation of fat, and loss during handling and stor-
age (T. Leth, The National Food Agency of Denmark, per-
sonal oral communication). This is obviously due to degrada-
tion and loss during handling and storage. All foods were pre-

pared and weighed in individual servings in the experimental
kitchen of the Department of Human Nutrition of the Royal
Veterinary and Agricultural University (Frederiksberg, Den-
mark). Lunch was served on weekdays at the Department. All
other dishes were provided daily as a package with instruc-
tions for its preparation. Meals for the weekend were pro-
vided on Fridays. Body weight without heavy clothing was
recorded before lunch three times a week. Physical activity
was restricted, and daily records of tea and coffee intake,
physical activity, illness, and deviation from the protocol
were monitored as described earlier (5,15). The subjects were
highly motivated.

Blood analysis. Fasting samples: Morning blood samples
were taken before each of the two study periods (two samples
before the first and one sample before the second dietary pe-
riod) and on day 21, 26, and 28 of each dietary period. Sam-
pling was performed after at least 12 h of fasting and after 15
min of supine rest. Postprandial samples were taken on two
different occasions in the study periods: (i) on day 21, at 3 h
after breakfast and 3 h after lunch; (ii) on the last day of the
dietary period (day 28) 2, 4, 6, and 8 h after a high butter load
(1.2 g milk fat/kg body weight) of the test fats. The subjects
refrained from heavy physical activity or alcohol intake for at
least 24 h before the sampling. The plasma concentration of
C-reactive protein was assessed to rule out infectious diseases
of the subjects at the time of blood collection. Values were in
the normal range (<5 mg/L) except for one subject. Data from
this occasion were excluded from analysis of plasma lipids
and lipoproteins. Blood for lipid and lipoprotein analysis was
collected in tubes containing EDTA, which were immediately
placed on ice and centrifuged at 3000 × g for 15 min at 4°C.
Plasma for apolipoprotein and fatty acid analysis was stored
at −80°C. Plasma for lipoprotein analysis was stored at 4°C
and analyzed within 48 h. Chylomicrons, very low density
lipoprotein (VLDL) + chylomicron remnants, and low den-
sity lipoprotein (LDL) + high density lipoprotein (HDL) frac-
tions were separated by ultracentrifugation. Chylomicrons
were isolated by carefully overlayering 3 mL of plasma with
2.5 mL of salt solution of density 1.006 kg/L. The ultracen-
trifuge tubes (13 × 64 mm; Polyallomer Bell-Top Quick-Seal
Centrifuge Tubes; Beckman Instruments, Palo Alto, CA)
were centrifuged for 23 min at 20°C at 100,000 × g in an ul-
tracentrifuge (L7-55; Beckman Instruments) using a fixed-
angle rotor (r = 96.1 mm) (50.4 Ti; Beckman Instruments).
The tubes were sliced 45 mm from the bottom, and the top
fraction (Sf > 400) was transferred and adjusted to a total vol-
ume of 5 mL with saline (17). The bottom fraction Sf < 400
was transferred to another UC tube, adjusted to 5.5 mL with
saline of density 1.006 kg/L, and centrifuged for 16 h at 4°C
at 105,000 × g. After tube slicing 30 mm from the bottom, the
top fraction containing VLDL and chylomicron remnants and
the bottom fraction containing LDL + HDL were transferred
to separate tubes and adjusted to a final volume of 5 mL.

Cholesterol and TAG concentrations were assessed by en-
zymatic procedures (Boehringer Mannheim GmbH, Mann-
heim, Germany) on a Cobas Mira analyzer (Roche, Basel,
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TABLE 2
Analyzed Mean Daily Energy Content and Nutrient Composition 
of the Experimental Dietsa

M diet D diet

Protein (g/10 MJ) 68 66
(% of energy) 11.6 11.3

Carbohydrate
(g/10 MJ) 281 283
(% of energy) 47.7 49.2

Total fat
(g/10 MJ) 107 107
(% of energy) 40.5 41.5

Saturated fatty acids (% of total fatty acids)
4:0 2.42 2.56
6:0 1.54 1.76
8:0 0.97 1.13
10:0 2.05 2.69
12:0 2.22 3.12
14:0 8.90 9.73
15:0 0.76 0.95
16:0 22.26 36.09
17:0 0.19
18:0 11.12 7.25
20:0

Monounsaturated fatty acids (% of total fatty acids)
14:1 1.47 1.50
15:1
16:1 1.51 1.12
17:1
18:1 trans 4.28 0.30
18:1 28.88 17.85
20:1

Polyunsaturated fatty acids (% of total fatty acids)
18:2 11.87 13.77
18:3 0.56 0.20
20:2

Cholesterol (mg 10 MJ) 373 386
aAnalyzed values are means of two duplicate portions. Diet D, high in
palmitic acid; Diet M, high in oleic acid collected in two different periods.
Variations between periods were negligible. There was good agreement be-
tween analyzed and calculated values (data not shown). See Table 1 for ab-
breviations.



Switzerland). Total HDL and HDL3 cholesterol concentra-
tions were measured enzymatically after precipitation with
polyethylene glycol (Quantolip; Immuno AG, Vienna, Aus-
tria) (16). HDL2 was calculated by subtracting HDL3 choles-
terol from the total HDL cholesterol. LDL cholesterol was
calculated from the difference of cholesterol in the infranatant
and HDL cholesterol. The concentrations of plasma
apolipoproteins (apo) B and A-1 were determined by im-
munoturbidimetry in a Monarch apparatus (Instrumentation
Laboratories, Lexington, MA) using monospecific polyclonal
antibodies against apo B and A-1 (kits from Orion Diagnos-
tica, Espoo, Finland). Precision was determined by the analy-
sis of internal plasma pool which gave run-to-run coefficient
of variation percentages: TAG 1.75%, total cholesterol 1.6%,
HDL cholesterol 3.61%, HDL3 cholesterol 6.83%, apo A-1
1.46%, and apo B 3.11%. Accuracy was checked using a con-
trol serum of certified value (Quantolip control serum) (Im-
muno AG, Vienna, Austria) (18).

Fatty acid pattern in cholesterol esters (CE) and PL was
determined at the end of each period. The plasma lipids were
extracted into chloroform/methanol (1:1, vol/vol), and the PL
and CE were separated by thin-layer chromatography on pre-
coated silica gel 60 plates (Merck, Darmstadt, Germany) with
hexane, diethyl ether, and acetic acid (80:20:1, by vol) as the
mobile phase. Methyl esters were prepared by transmethyla-
tion catalyzed by BF3 (19). The fatty acid composition was
determined by GC using an HP5880A instrument (Hewlett-
Packard, Palo Alto, CA) with split injection and a 30 m × 0.32
mm fused silica column with a 0.2 µm film of SP2380 (Su-
pelco Inc., Bellefonte, PA). The oven was programmed to in-
crease the temperature at a rate of 2°C/min from 140 to 160°C
and after 2 min to 200°C at 3°C/min. The fatty acids were
identified by comparing retention times with standards of
fatty methyl esters. 

Ethics. The protocol and the aim of the study were fully
explained to the subjects, who gave their written consent. The
research protocol was approved by the Scientific Ethics Com-
mittee of the municipalities of Copenhagen and Frederiksberg
(01-487/93).

Statistical analysis. Because there were no significant dif-
ferences in blood lipids and lipoproteins between the three
samplings (day 21, 26, and 28) from each experimental pe-
riod, a mean value was calculated and used in the statistical
analysis. A paired t-test was used for fasting blood lipid val-
ues to compare the effect of the two diets. Owing to differ-
ences in VLDL cholesterol in habitual values before the two
study periods, a paired t-test comparing differences between
habitual and experimental values was done. To analyze post-
prandial data, repeated measures of analysis of variance
(SPSS Inc., Chicago, IL) with Huynh-Feldt adjustment of de-
grees of freedom were used to assess effect of time, differ-
ence in effect of the experimental fats, and interaction be-
tween effects of time and type of fat during the 0 to 8 h pe-
riod of the day. If a significant interaction between effects of
time and type of fat is found, it means that the mean differ-
ence between the two fats varies with time. The graphs of the

time course will illustrate how the means differ. In the case of
a significant interaction, the tests for type of fat and time ef-
fects are not meaningful, and therefore not reported. If, how-
ever, there is no significant interaction, it means that the two
time courses can be regarded as parallel, and the effects of
time and type of fat can be tested separately.

RESULTS

Effect of experimental diet after 4 wk (fasting samples) fol-
lows: The body weights of the volunteers did not differ
significantly at the end of the two experimental periods; the
body weight was 79.5 ± 2.5 kg (mean ± SEM) on the D diet,
79.4 ± 2.5 kg on the M diet. The fasting mean plasma concen-
trations of total cholesterol, LDL cholesterol, HDL choles-
terol, HDL2-, HDL3- cholesterol, VLDL cholesterol, ratio
LDL/HDL cholesterol, TAG, and the plasma concentrations
of apo A-1, and apo B, and ratio apo A-1 to HDL cholesterol
and ratio apo B to LDL cholesterol for the two diets are given
in Table 3. 

Diet M compared with diet D resulted in 14% (0.14
mmol/L) higher plasma TAG (P < 0.008). No significant dif-
ference was observed between diet D and M for plasma total
cholesterol, LDL, HDL, HDL2, HDL3, LDL/HDL cholesterol
ratio, VLDL cholesterol, and apo A-1, apo B concentrations.
There was no significant difference between the ratios apo
A-1 to HDL cholesterol or ratio apo B to LDL cholesterol
after the test diets, indicating that the size of the HDL and
LDL particles did not differ after the two milk test fats.
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TABLE 3
Fasting Plasma Lipids and Lipoprotein Concentration in 18 Men 
at Habitual Diet and After Four-Week Period on Two Test Dietsa

Habitual dietb M dietc D dietd

Total cholesterole 4.01 ± 0.17 4.24 ± 0.17f 4.31 ± 0.19f

LDL cholesterol 2.67 ± 0.16 2.83 ± 0.15 2.89 ± 0.19f

HDL cholesterol 1.15 ± 0.07 1.13 ± 0.06 1.20 ± 0.06
HDL2 cholesterol 0.21 ± 0.02 0.20 ± 0.03 0.26 ± 0.04
HDL3 cholesterol 0.95 ± 0.04 0.93 ± 0.04 0.93 ± 0.04
VLDL cholesterol 0.19 ± 0.02 0.23 ± 0.03f 0.19 ± 0.02
Total triacylglycerole 0.85 ± 0.06 0.99 ± 0.09 0.85 ± 0.07
LDL:HDL cholesterol 2.47 ± 0.21 2.64 ± 0.15 2.55 ± 0.24
Apo A-1 (mg/L) 1490 ± 47 1401 ± 43f 1437 ± 37
Apo B (mg/L) 903 ± 48 926 ± 45 914 ± 47

Apo A______________
HDL-cholesterol (mg/mmol) 1330 ± 164 1284 ± 135 1268 ± 134f

Apo B______________
LDL-cholesterol (mg/mmol) 340 ± 23 332 ± 23 322 ± 28f

aM = diet with milk fat high in oleic acid.; D = diet with milk fat high in
palmitic acid; apo, apoprotein; LDL, low density lipoprotein; HDL, high den-
sity lipoprotein; VLDL, very low density lipoprotein.
bMean of three samplings, two before the first period and one before the sec-
ond period.
cMean of three samplings (except for one case, samples on one occasion,
from one person were excluded).
dMean of three samplings.
ePlasma lipids and lipoproteins are mmol/L.
fx ± SEM, significantly different from habitual diet P < 0.05.
gx ± SEM, significantly different from D diet P < 0.05.



Diet M compared with habitual diet resulted in 5% (0.23
mmol/L) higher total cholesterol (P = 0.006) and a 17%
higher VLDL cholesterol concentration (P = 0.014). No other
significant differences were observed.

Diet D compared with habitual diet (mean of three deter-
minations) resulted in 7% (0.30 mmol/L) higher total choles-
terol (P = 0.009) and 8% higher LDL cholesterol concentra-
tion (P < 0.035); a corresponding lower ratio apo A-1 to HDL
cholesterol (P < 0.029) and a lower ratio apo B to LDL cho-
lesterol (P < 0.002) were observed after D diet, indicating a
larger size of the HDL and LDL particles. No other signifi-
cant differences were observed. 

The blood lipid levels on habitual diet before the two di-
etary periods (means of one and two samplings, irrespec-
tively) did not differ with exception of VLDL cholesterol (P =
0.007), which was 36% (0.09 mmol/L) lower. However, no
carry-over effect was observed on habitual samples collected
prior to the second period. 

The fatty acid composition of plasma CE and PL in the end
of the test periods is presented in Table 4. In CE diet M re-
sulted in a 59% higher content of 18:1,trans (P = 0.039) and
a tendency to a higher content of 18:1n-7 (P = 0.05) than diet
D. In CE there were no significant differences in 16:0, 18:0,
18:2, or the major fatty acid 18:1n-9 comprising about 56%
after both diets. Conjugated 18:2n-6 was not incorporated in
CE and PL. In PL an 11% lower concentration of the minor
SFA with 15 carbon atoms and a higher 22:6n-3 after the M
diet compared with D diet (P < 0.05) were found. The major

fatty acids were 16:0 (about 25%) and 18:2 (about 20%) and
there were moderate amounts of 18:0 (15–19%), 18:1, and
20:4 (9–10%). In contrast to the CE, other PUFA, dihomo-γ-
linolenic acid (20:3n-6), docosapentaenoic acid (22:5n-3),
and docosahexaenoic acid (22:6n-3) were also present in the
PL fraction. The PUFA comprised totally about 50%, corre-
sponding to the occupancy of the sn-2 position in the PL mol-
ecule.

Postprandial lipemia 3 h after breakfast and 3 h after
lunch. Intake of breakfast and lunch with realistic amounts of
butter (mean 25 g milk fat in each meal) resulted in an in-
crease in total plasma TAG and chylomicron-TAG after 6 h
(Fig. 1A,B) after both D or M diets. From 0 to 6 h there was
an increase in VLDL–TAG (P < 0.001) and in LDL–TAG
(P < 0.005), and a slight decrease in LDL cholesterol and
HDL3 cholesterol (P = 0.03) (Fig. 1C–F). According to the
repeated-measures analysis of variance, there was a differ-
ence in effect of the test butters over time on plasma total
TAG concentration and chylomicron TAG (interaction effect)
(P < 0.05). From Figure 1A and B it appears that M diet
caused a higher plasma total TAG and chylomicron TAG con-
centration than the D diet in the mean level.

Postprandial lipemia after fat load. The butter load either
from D or M diet gave a rise in total plasma TAG and chy-
lomicron and VLDL, LDL, HDL TAG, with the highest mea-
sured value 4 h after the load except for LDL TAG, which
showed a somewhat different pattern (Fig. 2A–E). VLDL
cholesterol increased up to 4 h and fell to lower concentra-
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TABLE 4
Fasting Fatty Acid Composition of Cholesterol Esters and Phospholipids 
After Four Weeks on Experimental Dieta

Cholesterol ester Phospholipid

Fatty acid M diet D diet M diet D diet

12:0 0.16 ± 0.02 0.15 ± 0.01 0.15 ± 0.01 0.13 ± 0.01
14:0 1.10 ± 0.05 1.11 ± 0.04 0.55 ± 0.04 0.50 ± 0.02
15:0 0.30 ± 0.10 0.30 ± 0.01 0.30 ± 0.01a 0.34 ± 0.02
16:0 10.93 ± 0.21 11.13 ± 0.26 25.10 ± 0.44 25.40 ± 0.34
16:1n-7 2.05 ± 0.10 2.10 ± 0.11 0.74 ± 0.02 0.71 ± 0.02
17:0 0.18 ± 0.01 0.18 ± 0.01 0.45 ± 0.01 0.46 ± 0.01
18:0 1.30 ± 0.06 1.28 ± 0.05 13.66 ± 0.20 13.72 ± 0.15
18:1 trans 0.37 ± 0.04a 0.15 ± 0.05 0.68 ± 0.11 0.62 ± 0.11
18:1n-9 16.00 ± 0.44 15.36 ± 0.40 8.87 ± 0.26 8.43 ± 0.26
18:1n-7 1.06 ± 0.02 1.00 ± 0.02 1.34 ± 0.04 1.30 ± 0.03
18:2n-6 55.85 ± 0.44 56.50 ± 0.40 25.79 ± 0.25 26.30 ± 0.37
18:3n-6 0.49 ± 0.03 0.50 ± 0.03 — —
18:3n-3/20:0 0.47 ± 0.01 0.47 ± 0.12 0.17 ± 0.01 0.17 ± 0.02
20:1 — — 0.14 ± 0.01 0.14 ± 0.02
20:2 — — 0.39 ± 0.01 0.39 ± 0.01
20:3n-6 0.71 ± 0.03 0.72 ± 0.03 3.18 ± 0.13 3.22 ± 0.12
20:4n-6 5.66 ± 0.19 5.57 ± 0.17 9.69 ± 0.22 9.67 ± 0.19
20:5n-3 0.47 ± 0.03 0.47 ± 0.03 0.71 ± 0.04 0.70 ± 0.03
22:6n-3 0.64 ± 0.03 0.62 ± 0.03 — —
22:4n-6 — — 0.41 ± 0.01 0.43 ± 0.02
22:5n-6/22:4n-3 — — 0.25 ± 0.02 0.25 ± 0.02
22:5n-3 — — 1.15 ± 0.04 1.15 ± 0.03
22:6n-3 — — 4.56 ± 0.14a 4.36 ± 0.13
aM = diet with milk fat high in oleic acid; D = diet with milk fat high in palmitic acid. aSignificantly
different from D diet P < 0.05.
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FIG. 1. Entry values before and changes after intake of breakfast and lunch, both meals each containing realistic amounts of milk fat (mean 25 g
milk fat) in each meal. M diet contained modified milk fat (solid lines and squares) and D diet (dashed lines and crosses) contained Danish milk fat.
Samplings at hours 0 are fasting values; other values are postprandial. Values are means ± SEM and n = 18. For details of fatty acid composition of
the test fats, see Table 1. A, total (TAG); B, chylomicron TAG; C, very low density lipoprotein (VLDL)–TAG; D, low density lipoprotein (LDL)–TAG;
E, LDL cholesterol; F, high density lipoprotein (HDL2) cholesterol.



tions than fasting values in 8 h (P < 0.001) (Fig. 3A). LDL,
HDL, and HDL3 cholesterol concentrations decreased with
the lowest value measured at 4 h and increased thereafter
(Fig. 3B–D). According to the repeated measures analysis of

variance, there was a difference in effect of the test butters
over time on plasma total TAG concentration and chylomi-
cron TAG (interaction effect) (P < 0.005). From Figure 2A
and B it appears that M diet resulted in higher values of
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FIG. 2. Entry values before a high fat load (1.2 g/milk fat/kg body weight) and changes after intake of M diet (solid lines and squares) and D diet
(dashed lines and crosses). Samplings at hours 0 are fasting values; other values are postprandial. Values are means ± SEM and n = 8. For details of
fatty acid composition of the test butters, see Table 1. See Figure 1 for abbreviations. A, total TAG; B, chylomicron TAG; C, VLDL–TAG; D,
LDL–TAG; E, HDL–TAG.



plasma total TAG concentration and chylomicron TAG than
D diet after 4 h.

A comparison of the plasma TAG elevating effect after 6 h
after the butter load (1.2 g milk fat/kg body weight) with the
effect of two meals with normal amounts of butter did not
show any significant differences. 

There was a positive significant relation between initial
TAG levels and postprandial response after 6 h at the two
meals’ monitoring and after 4 h after the fat load indicated by
positive regression coefficient [β = 1.6 (P < 0.007) and β =
4.3 (P < 0.02), respectively].

DISCUSSION 

This study was designed specifically to compare the effect of
a milk fat with a modified fatty acid composition (higher con-
tent of oleic and stearic acids and lower content of the cho-
lesterol-raising SFA, especially palmitic acid) with conven-
tional Danish milk fat on postprandial and fasting plasma
lipids and lipoproteins in young healthy men. The change in

fatty acid composition in the modified milk fat was obtained
by natural feeding procedures, and the conventional Danish
milk fat had a fatty acid composition typical for the winter
period. 

Contrary to our expectations, the results indicate that M
diet high in oleic acid, enriched in stearic acid, and low in
palmitic acid, and D diet high in palmitic and low in oleic acid
had a similar effect on total cholesterol, LDL cholesterol, and
apo B concentrations. 

Nutritionally a decrease in the cholesterolemic SFA
(C12–C16) and an increase in monounsaturated oleic acid and
eventually stearic acid are assumed desirable (4,5,20). In our
study the fatty acid composition in M butter had a 1.5-fold
lower content of C12–C16 (from 53 to 35 wt%), a 5% higher
18:1n-7trans, and a 1.6-fold higher content of C18 +
C18:1n-9 (from 23 to 36 wt%) compared to normal Danish
butter (D butter). According to Keys’ equation (21), the ex-
pected change in total plasma cholesterol when changing
from diet D to diet M was −0.35 mmol/L (the energy from
trans fatty acid was not included in equation owing to lack of
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FIG. 3. Entry values before a high fat load (1.2 g/milk fat/kg body weight) and changes after intake of M diet (solid lines and squares) and D diet
(dashed lines and crosses). Samplings at hours 0 are fasting values; other values are postprandial. Values are means ± SEM and n = 8. For details of
fatty acid composition of the test butters, see Table 1. See Figure 1 for abbreviations. A, VLDL cholesterol; B, LDL cholesterol; C, HDL cholesterol;
D, HDL3 cholesterol.



knowledge on effect of vaccenic acid, the trans fatty acid
formed in the rumen). However, a relevant statement reported
by Kris-Etherton’s group is that when C12-C16 SFA are high,
the cholesterol-lowering effect of monounsaturated fatty acid
(MUFA) is obscured (12). In this way there may be a thresh-
old value for the ratio between cholesterolemic and beneficial
fatty acid which has to be passed to obtain reduction in
plasma total cholesterol. This might have been the case in
other studies in which a substitution of cholesterolemic SFA
with oleic acid did not result in a decrease in LDL cholesterol
(22,23). In addition, a dietary fatty acid threshold has been
suggested by K.C. Hayes et al. (24), who stated that sensitiv-
ity of plasma cholesterol to palmitic acid is based on the di-
etary C18:2, or C14, i.e., the 18:2/14:0 ratio.

Interestingly, a lowering of plasma lipids by modified milk
fats (protected unsaturated fatty acids were fed to the cows)
was demonstrated by an Australian group (25). Although the
relative percentage modification was rather similar in the
Australian study compared to our study, the absolute oleic
acid and linoleic acid were higher and palmitic acid lower in
the Australian study than in our study (25). In this way the
relative lower SFA may be one of the reasons why the effect
of oleic acid was successfully “expressed” in the above-men-
tioned study. 

An additional explanation of the finding that M diet did not
decrease LDL cholesterol compared with D diet may be the
increased content of trans fatty acids, mainly vaccenic acid
(18:1n-7) in M diet. This increase was a side effect of the
cow-feed manipulation. It has been reported that elaidic acid,
(18:1 trans n-9), a trans fatty acid formed mainly in partial
hydrogenation of vegetable oils, is cholesterolemic (26–28).
However, the effect of the trans fatty acids formed in rumen,
mainly vaccenic acid (18:1 trans n-7) on lipoproteins, is to
our knowledge not examined in experimental studies. 

A side effect of the cow-feed manipulation was an in-
creased content of conjugated linoleic acid (CLA). The ef-
fects of CLA on blood lipids have not been studied specifi-
cally. CLA possess apparent anticarcinogenic and antioxidant
properties (29). Although M diet resulted in significantly
higher CLA postprandially in total TAG than D diet (data not
shown), the CLA were not found in the CE and PL fraction.
This is unexpected as CLA are reported to be readily incor-
porated in PL (29). 

The M diet resulted in higher, fasting total TAG concen-
tration compared with D diet. A TAG-raising effect of beef
tallow compared to olive oil on fasting plasma TAG has been
demonstrated in men (30). Beef tallow has a similar content
of oleic and trans fatty acids as M butter in this study. Oleic
acid, however, has not been shown to increase fasting plasma
TAG. The content of trans FA was 5.3% higher in the milk
fat in M compared to D. For this reason it may be suggested
that the increase in trans fatty acids may have resulted in the
higher plasma TAG after M diet which agrees with observa-
tions by others (27,28,31,32). Although the increase in
plasma TAG does not exceed the range for normal concentra-
tion in plasma, a TAG-increasing effect of dietary fat might

be critical in risk groups in regard to coronary heart disease
(33,34).

A higher postprandial response in total and chylomicron
TAG was observed after M than D diet. It has been suggested
that unsaturated fatty acids generally appear to produce a
greater postprandial TAG response than do saturated fats (35).
This observation agrees with unpublished results by us and
others. However, reports on postprandial lipemea are not con-
sistent (36–38). Dietary intake prior to the postprandial moni-
toring (37,39), amount (40), absorption time (41), and physi-
cal properties of test fat may play a role (36). Finally interac-
tion processes may take place. Although a higher postprandial
TAG response associated with reduced clearance is found in
coronary heart disease patients compared to healthy people, a
relatively high response may not be considered unbeneficial
per se. 

Comparing the two different postprandial experiments, the
massive butter load and the two consecutive meals with butter
in more realistic amounts, there was overall the same tendency
in the effect on blood lipid parameters. The fat load but not the
two meal events increased total HDL TAG and decreased total
HDL cholesterol (HDL3 significantly, and HDL2 borderline
significantly). We speculate if this may be due to a higher cho-
lesteryl ester transfer protein activity during high butter load
in comparison to intake of normal amounts of butter. 

Postprandial fatty acid composition of plasma TAG after a
butter load resembled as expected the fatty acid composition
of test fats (data not shown). Except for a higher increase in
18:1 trans after the M diet, fatty acid composition of plasma
CE did not reflect the difference in fatty acid composition of
the test diets. We suggest that the equal proportion of palmitic
acid in CE in spite of the different proportion in the test but-
ters may be due to a higher rate of endogenous synthesis of
palmitic as suggested previously by us (42) and by others
(43). The rather equal proportion of oleic acid in CE may be
due to elongation and desaturation of palmitic acid to oleic
acid. Although there was a high content of 18:2n-6 in CE after
both diets, conjugated 18:2n-6 was not found in CE or PL
fraction. The somewhat higher content of C15 in D diet was
reflected in the PL.

In regard to feeding strategy the increased content of trans
fatty acids in the modified milk, a side effect of the cow-feed
manipulation, could have counteracted the cholesterol-de-
creasing effect of MUFA. Thus to optimize milk fat in a nu-
tritional way, a different feeding regime has to be used. In this
experiment we fed the cows rapeseed oil rich in unsaturated
fatty acids for the production of modified butter. Obviously
the ability of the cow to completely hydrogenate these fatty
acids in the rumen was exceeded. We hypothesize that a re-
duction of SFA without an increase in trans fatty acids could
have been obtained if we had fed the cows stearic acid instead
of rapeseed oil or rapeseed oil in the form of calcium soaps.
These possibilities should be examined further. 

In conclusion, a diet containing milk fat in which part of
the cholesterol-raising SFA was substituted by MUFA and
stearic acid did not lower total plasma cholesterol and LDL
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cholesterol compared to typical Danish milk fat. The modi-
fied milk fat had an increasing effect on mean postprandial
and fasting plasma TAG concentration. One possible reason
that modified milk fat did not lower cholesterol compared to
Danish milk fat may be that the decreasing effect of MUFA
was obscured by the relatively high content of SFA in milk
fat. The increase in fasting plasma TAG after modified milk
fat might well be explained by the increase of trans fatty
acids. Additional studies will be necessary to clarify effects
of trans fatty acids, especially vaccenic acid, on lipemia and
lipoproteins. 
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Very low density lipoprotein (VLDL) particles are secreted
by the liver and function primarily in the transport of endoge-
nous triacylglycerol (TAG). Elevated VLDL concentrations
lead to hypertriglyceridemia and, in addition, VLDL is the

precursor of low density lipoprotein (LDL), which is the
major carrier of plasma cholesterol. Both hypertriglyc-
eridemia and hypercholesterolemia are major risk factors for
cardiovascular disease (1,2). 

Numerous epidemiological studies suggest that dietary fat
saturation modulates hepatic cholesterol metabolism and
plasma lipoprotein concentrations, which in turn modify an
individual’s cardiovascular disease risk profile. There is a
well-documented association between the intake of saturated
fat (SFA) in the diet, elevated plasma LDL cholesterol levels,
and increased risk of cardiovascular disease (3,4).

Metabolic studies have shown that the type of dietary fat has
significant effects on LDL synthesis and intravascular remod-
eling as well as apo B/E (LDL) receptor-mediated catabolism
(3). Decreased hepatic apo B/E receptor activity with intake of
SFA, as compared to polyunsaturated fatty acids (PUFA), has
been reported in guinea pigs (5–7), as well as other animal
models (8,9). Furthermore, intake of diets containing palm ker-
nel oil (PK) as the source of fat leads to increased LDL flux
compared to intake of PUFA corn oil (CO) (5,6). This increased
LDL flux mediated by SFA could be due to increased VLDL
production, increased rates of VLDL conversion to LDL, or
both. The only reported human study (n = 4) suggests that
dietary SFA increases VLDL apo B flux as well as LDL pro-
duction, but has a minimal effect on VLDL and LDL
catabolism (10). In contrast, animal studies have shown that in
gerbils (11) and in squirrel and cebus monkeys (12) SFA
decreases VLDL–TAG secretion compared to intake of PUFA,
and Groot et al. (13) reported no significant differences in
VLDL–TAG secretion in rats fed palm oil vs. sunflower oil. 

In a study using rhesus monkeys, an attempt was made to
better define the specific effects of different polyunsatu-
rated/saturated (P/S) ratios on lipoprotein metabolism (14).
The authors found that monkeys fed the diet with the lower
P/S ratio exhibited a significant increase in the VLDL-inde-
pendent transport of LDL apo B compared to those fed the
higher P/S ratio indicating the complexity of fatty acid com-
position in regulating LDL apo B transport (14).

Studies in guinea pigs demonstrated that the composition
and amount of SFA alter the rates of hepatic VLDL–TAG and
apo B secretion in the guinea pig by different mechanisms (15).
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ABSTRACT: Studies investigated the effects of dietary fatty acid
composition and saturation on the regulation of very low den-
sity lipoprotein (VLDL) apo B flux, clearance, and conversion to
low density lipoprotein (LDL) in guinea pigs fed semipurified
diets containing 15% (w/w) corn oil (CO), lard (LA), or palm ker-
nel oil (PK). Plasma cholesterol levels were highest with dietary
PK (3.1 ± 1.0 mmol/L) followed by LA (2.4 ± 0.4 mmol/L) and
CO (1.6 ± 0.4 mmol/L) intake. VLDL particles were larger
(P < 0.05) in the LA (78 ± 7 nm) and PK (69 ± 10 nm) groups
compared to animals fed CO (49 ± 5 nm). VLDL-apo B frac-
tional catabolic rates (FCR) were highest in guinea pigs fed the
LA diet (P < 0.05) and VLDL apo B flux, estimated from VLDL
125I-apo B turnover kinetics, were higher in LA compared to PK
or CO fed guinea pigs. In the case of PK consumption, the
kinetic estimates of VLDL apo B flux significantly underesti-
mated rates compared to direct VLDL apo B secretion
measurements and LDL turnover analyses. These data demon-
strate that differences in the composition and amount of
saturated fatty acids have differential effects on VLDL apo B flux,
catabolism, and conversion to LDL which, together with
changes in LDL receptor-mediated catabolism, determine
plasma LDL cholesterol levels in guinea pigs. The data also indi-
cate that kinetic analysis of VLDL metabolism in PK fed animals
is inaccurate possibly due to the presence of a small, nonequi-
librating pool of newly synthesized VLDL which is rapidly
converted to LDL.
Lipids 33, 23–31 (1998)



G. ABDEL-FATTAH ET AL.24

Intake of lard (LA) (rich in long-chain SFA) increased hepatic
VLDL–TAG secretion rates, whereas PK in the diet (rich in
short-chain SFA and higher concentrations of SFA) increased
nascent VLDL apo B production, suggesting increased number
of VLDL particles being secreted by the liver (15). 

Since the majority of LDL apo B in normal humans is
derived from VLDL (16), it is expected that SFA will affect
VLDL metabolism. It has been shown that the mass of VLDL
converted to LDL vs. the amount of VLDL cleared directly
from the plasma compartment varies among normal and hyper-
triglyceridemic individuals (17). It also has been shown that the
presence of apo E in the VLDL affects the rate of VLDL
removal in rabbits (18). Based on these reports on the factors
that influence VLDL channeling (14–18), the present studies
were undertaken to further define the role of dietary SFA on the
synthesis, intravascular remodeling, and catabolism of VLDL
by using an animal model, the guinea pig, that, similar to
humans, transports the majority of cholesterol in LDL (5,6).

The objectives were to determine whether the observed
changes in plasma LDL cholesterol concentrations and flux
(5,6) with intake of SFA are due to increased VLDL production
and increased fractional conversion of VLDL to LDL, and to
investigate how changes in VLDL metabolic channeling deter-
mine plasma LDL cholesterol concentrations. 

MATERIALS AND METHODS

Materials. Agarose was from Gibco-BLR (Grand Island, NY).
Agarose immunodiffusion tablets were purchased from Sigma
Chemical (St. Louis, MO). LDL–Direct column chromatography
was obtained from Isolab (Akron, OH). Radial immunodiffusion
kit was from Bio-Rad (Richmond, CA). Rapid Silver Staining
electrophoresis kit and cyanogen bromide activated sepharose
were purchased from Sigma Chemical.

Diets. Diets were prepared and pelleted by Research Diets,
Inc. (New Brunswick, NJ). All diets were isocaloric (15.9 Kj/g)
and contained identical compositions except for the fat type. Fat
content was 15% (w/w) as either CO, LA, or PK. The fatty acid
compositions of the experimental diets were determined by gas
chromatography (Table 1). The diets were formulated to meet
Nutrition Research Center-specified nutritional requirements of

guinea pigs (5). Plant sterols (0.9 mg sitosterol/g diet) and cho-
lesterol (0.1 mg/g diet) content were normalized for all diets (5,6). 

Animals. Male Hartley guinea pigs from Sasco Sprague-
Dawley (Omaha, NE) weighing between 450–500 g were
randomly assigned to one of the three diet groups for 4 wk prior
to in vivo VLDL kinetic studies or isolation of plasma for elec-
tron microscopic studies. Previous studies have shown that this
time period is sufficient to attain constant plasma cholesterol
levels and a metabolic steady state. All animals consumed
equal amounts of the diets, and there were no differences
between growth rates or final body weights (Table 2). All ani-
mal procedures were conducted in accordance with U.S. Public
Health Service and U.S. Department of Agriculture guidelines,
and experimental protocols were approved by the University of
Arizona Institutional Animal Care and Use Committee.

Electron microscopy. Four animals per dietary group were
fasted overnight and used to isolate plasma VLDL for mea-
surements of VLDL particle size. Plasma VLDL was isolated
by ultracentrifugation at a density of 1.006 g/mL, and washed
once at that density. Centrifugation was performed in a Ti-
50.2 rotor (Beckman Instruments, Palo Alto, CA) for 24 h at
40,000 × g at 15°C. Freshly prepared VLDL was used 1–2 d
after preparation to avoid deterioration of the intact particles
and aggregate formation. Prior to microscopic examination,
samples were dialyzed against a volatile buffer (0.125 M
ammonium acetate, 2.6 mM ammonium carbonates, and 0.26
mM EDTA, pH 7.4) (19). VLDL particles were observed by
negative stain electron microscopy with 2% sodium phospho-
tungstate, filtered through 0.45-mm filter, and adjusted to pH
7.0–7.5. Transmission electron microscope was used (Jeol
100-CX TEM, Tokyo, Japan) with a condenser aperture of
200 mm and accelerating voltage of 80 kV. Negative staining
of the lipoprotein was done on formol-coated copper mesh
grids (200 mesh). Images were taken at  20,000 × (20), and
random photographs within the same grid squares and ran-
dom grid squares were taken. At least one hundred particle
diameters were examined from the negatives of the pho-
tographs, and the size of the VLDL particles was measured by
a ruler under magnifying lens and normalized to the magnifi-
cation factor of the electron microscope. The distribution of
VLDL particle sizes, as well as the mean diameters, were cal-
culated for all three dietary fat groups. 

Preparation and purification of polyclonal antibodies
against apo B-100. Guinea pig LDL was isolated by sequen-
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TABLE 1
Fatty Acid Composition of Semipurified Diets

Fatty Experimental diets
acid Corn oil Lard Palm kernel 
(%) (CO) (LA) (PK)

12:0 0 0 52.4
14:0 0.2 1.6 18.0
16:0 11.6 24.0 8.5
18:0 2.2 13.6 14.0
18:1 25.0 42.3 4.1
18:2 58.4 10.7 1.4
18:3 1.4 1.2 0
20:0 0.4 2.4 0
P/Sa 4.11 0.29 0.02
aP/S, ratio of polyunsaturated to saturated fatty acids

TABLE 2
Characteristics of Guinea Pigs Fed Test dietsa

Diet Body weight Growth Plasma lipids (mmol/L)
(n) (g) (g/d) Triacylglycerol Cholesterol

CO (12) 741 ± 159 9 ± 2 1.12 ± 0.37 1.62 ± 0.44a

LA (12) 754 ± 169 9 ± 2 1.29 ± 0.49 2.41 ± 0.64b

PK (14) 733 ± 220 10 ± 2 1.12 ± 0.54 3.12 ± 1.0c

aData are presented as the mean ± SD for n (number in parentheses) animals
fed CO, LA, or PK. See Table 1 for abbreviations. bValues in the same col-
umn with different superscripts are significantly different (P < 0.01) as
determined by analysis of variance and the Student-Newman-Keuls Multiple
comparisons tests. 
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tial ultracentrifugation within a 1.023–1.075 g/mL density
range. LDL was collected following tube slicing, washed
once at d = 1.075 g/mL, dialyzed against 0.9% NaCl- 0.01%
EDTA buffer, and purified by agarose-heparin column chro-
matography. The purity of LDL was checked by denaturing
polyacrylamide gel electrophoresis (21). Purified LDL (anti-
gen) was concentrated to 1 mg/mL apo B-100 protein. The
recipient sheep was immunized subcutaneously with the anti-
gen (300 mg in complete Freund’s adjuvant) in one dose,
followed by two booster doses (200 mg in incomplete Fre-
und’s adjuvant) every 10 d. After each injection blood
samples were taken to check production of apo B antibodies
using radial immunodiffusion kits (RID; Biorad). Four weeks
after the initial injection, the animal was bled to collect 1 L of
blood. The blood was allowed to clot at room temperature and
the serum kept frozen at −20°C.

To prepare sheep antiguinea pig apo B-100 antibody, serum
from immunized sheep was passed through a guinea pig LDL-
sepharose column. The anti-apo B 100 antibodies, which were
bound to the matrix after washing with 0.1 M phosphate
buffered saline, pH 7.4 were eluted by lowering the pH to 3
using elution buffer (0.2 M glycine/HCL, pH 3) (22). 

Apo B quantification by radial immunodiffusion (RID).
Lipoprotein apo B mass values were determined by RID.
Affinity purified sheep antiguinea pig antibody was incorpo-
rated in 1% Agarose at 50°C and cast as an open gel on an
Agarose (0.2%) precoated glass plate (100 × 100 mm). Each
gel contained approximately 250 mg of affinity column puri-
fied antibody for the RID assay. The polymerized gels were
cured on ice, and 50 µL sample wells were created with a 4-mm
gel punch. Calibrator apo were purified by affinity chromatog-
raphy from ultracentifugally isolated guinea pig LDL, and the
apo concentrations were determined by a modified Lowry pro-
cedure (23). The apoprotein calibrators and samples were
diluted with phosphate buffered saline, loaded into the wells,
and incubated in a humidified 37°C chamber for 24–72 h,
depending on the sample concentrations and the lipoprotein
fraction. Nonspecific proteins were removed by overlaying the
gel with 1-cm stack of filter paper and a glass plate and apply-
ing pressure for 1 h. Gels were washed overnight with buffer
using gentle agitation at room temperature, pressed, and
rewashed with 5% glycerol, rinsed, and dried under a forced
beam of warm air and stained with either Coommassie blue or
silver nitrate (silver-enhanced RID) (24). Diameters of the
immunoprecipitate rings were measured using an RID reader
(Bio-Rad). Linear regression equations were generated for the
standard calibrator curve with X as the concentration of stan-
dards (µg/mL) and Y the diameter squared of the precipitation
rings (mm2). Linear regression correlations were used to calcu-
late apo B concentrations (µg/mL). 

In vivo VLDL kinetics. Guinea pig plasma VLDL was iso-
lated from animals fasted for 12 h by ultracentrifugation at
density 1.006 g/mL, dialyzed against 0.9% NaCl-0.01%
EDTA for 24 h, and concentrated to 0.5 mg/mL protein.
VLDL iodination was carried out according to the methods of
Goldstein et al. (25). 125I-VLDL was used within 2 d after

iodination of lipoproteins to minimize possible radiation oxi-
dation (26). Guinea pigs were fasting 12 h before surgery and
during the first 10 h of the study to avoid interference of
intestinal chylomicrons with isolated VLDL. Measurements
of VLDL-associated radioactivity indicated that only 3–5% of
the radioactivity was accounted for by free iodine, while
95–97% was bound to the VLDL particle as determined by
trichloroacetic acid precipitation. The percentage of labeled
TAG and phospholipids ranged between 15–24% among the
VLDL particles isolated from guinea pigs fed the autologous
diet. Approximately 30–33% of the 125I radioactivity was
associated with apo B-100, and 45–55% of the radioactivity
was associated with non-apo B-100 apo consistent with other
reports (27). Animals were injected with labeled VLDL (35
µg) through an indwelling catheter inserted in the internal
carotid artery, and blood samples were collected for the analy-
sis of plasma VLDL and LDL specific radioactivities.
Approximately 1 mL of blood was collected at 3 (zero time),
10, 20, and 40 min and at 1, 3, 6, 10, 22, and 27 h. Plasma was
separated by low-speed centrifugation, VLDL and LDL iso-
lated by ultracentrifugation, and an aliquot of isolated VLDL
and LDL used to measure apo B mass by RID and radioac-
tivity following isopropanol precipitation (28). Aliquots (170
µL) of VLDL or LDL and unlabeled LDL carrier (30 µL)
were precipitated with an equal volume of 100% isopropanol
(200 µL) and were incubated overnight at 4°C. Samples were
centrifuged for 30 min at 1000 × g, and radioactivity in the
apo B pellet was measured in a gamma counter. Apo B mass
of VLDL and LDL was measured by RID as described above.

Model selection and kinetic analysis. The selected model
for plasma VLDL turnover was the two pool model as de-
scribed by Matthews (29). We used this model because the two-
pool model is routinely used for analysis of plasma lipoprotein
turnover studies in small laboratory animals (5,30,31).

VLDL apo B specific radioactivity was determined as cpm
per µg apo B protein, and plasma VLDL  apo B specific activ-
ity decay curves were resolved into two exponential functions.
VLDL apo B fractional catabolic rate (FCR) values were mea-
sured using a curve-fitting program (JANA, SCI Software,
Lexington, KY), which indicated that the data were best fit with
a two-pool model. Apo B VLDL pool size was determined by
multiplying VLDL apo B (mg/mL), calculated by RID, ×
plasma volume per unit of weight (mL/kg). Plasma volume is
equivalent to 4% total body weight in guinea pigs (32). 

The area under the plasma VLDL apo B specific radioac-
tivity  vs. time curve was calculated using the linear trape-
zoidal rule method (33). When the time interval between 2
points was long (e.g., from 10 to 22 h), the logarithmic trape-
zoidal rule was used (33). Total apo B specific radioactivity
was calculated by the summation of all the measured individ-
ual areas under the specific radioactivity curves.

VLDL apo B production rates were calculated by two dif-
ferent methods. In one method, the production rate (µg/kg·h)
was calculated as a function of VLDL apoB FCR (h−1) ×
VLDL apo B pool size (µg/kg), and the second method
VLDL apo B production rates were calculated by dividing the
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total dose of injected radioactivity (cpm) by the area under the
plasma VLDL apo B specific activity time curve (cpm/µg per
h) and adjusting the value per kg body weight (34).

Statistics. Data are presented as mean ± SD. One-way
analysis of variance was used to assess differences in plasma
cholesterol, TAG, and apo B concentrations among diet
groups; and between VLDL apo B FCR and production rates.
Differences among mean values were evaluated by student-
Newman-Keuls Multiple Comparison Tests and were consid-
ered significant at P < 0.05. Statistical analysis of the kinetic
model was best fitted using a two-pool model (JANA). Lin-
ear regression analysis was used to determine correlation co-
efficients between variables.

RESULTS

Dietary fat effects on plasma lipids and growth rates. There
were no significant differences in the final body weights of
guinea pigs fed the experimental diets (Table 2). Guinea pigs
fed the three test diets had similar growth rates, indicating
equal dietary intakes among groups. There were significant
differences in plasma cholesterol levels with animals fed the
PK diet having the highest levels followed by animals fed the
LA diet, and the lowest plasma total cholesterol concentra-
tions occurred in animals fed the CO-based diet (Table 2). No
differences were observed for plasma TAG concentrations
among dietary treatments.

VLDL particle size. The size distribution of VLDL parti-
cles (Fig. 1) differed for VLDL isolated from the guinea pigs
fed the three types of dietary fat. VLDL particles isolated
from animals fed the CO diet had a smaller average diameter
(49 ± 5 nm) compared to VLDL from LA (78 ± 7 nm) or PK
fed guinea pigs (69 ± 10 nm) (Fig. 1) (P < 0.05). In addition,
the frequency distribution of particles from CO-fed animals

was shifted toward a smaller size and skewed to the left. In
contrast, VLDL isolated from animals fed the PK- and LA-
based diets were more heterogeneous.

In vivo VLDL apo B-100 kinetics. Analysis of VLDL apo B
decay curves (Fig. 2) indicates that the turnover kinetics could
be resolved into biexponential curves. Plasma 125I-VLDL ex-
hibited a significantly faster turnover rate with LA intake, fol-
lowed by the PK and CO diet groups (Fig. 2). The metabolic
parameters for guinea pig VLDL kinetics are summarized in
Table 3. LA intake resulted in a faster VLDL apo B FCR com-
pared to animals fed CO- and PK-based diets. VLDL apo B
pool sizes and flux calculated by multiplying FCR × pool size
were not statistically different among groups (Table 3). 

A positive correlation was found between the mean VLDL
apo B FCR and the mean VLDL particle size for the three diet
groups (r = 0.99, P < 0.05) (Fig. 3), suggesting that the larger
VLDL particles are more rapidly removed from the plasma
VLDL lipoprotein density range compared to smaller parti-
cles.

There was a positive correlation (r = 0.73, P < 0.002) be-
tween VLDL apo B flux and VLDL apo B pool size (Fig. 4)
for animals from all dietary fat groups. Comparable values
were obtained for VLDL apo B flux determined by multiply-
ing FCR × pool size (Table 3), and VLDL flux determined by
dividing the total injected VLDL apo B radioactivity by the
area under the curve (±10%). Values were 1.03 ± 0.40, 2.28 ±
0.93, and 0.88 ± 0.41 mg/kg–h for animals fed CO, LA, and
PK, respectively.

VLDL–LDL precursor–product relationships. In addition
to analysis of plasma VLDL turnover using a two-pool model,
the turnover curves were analyzed to determine VLDL–LDL
precursor–product relationships by analysis of the areas under
the respective specific activity decay curves. Examination of
the precursor–product relationship between plasma VLDL
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FIG. 1. Very low density lipoprotein  (VLDL) particle size distribution of
guinea pigs fed semipurified diets containing 15% (w/w) corn oil (CO:
49 ± 5 nm), lard (LA: 78 ± 7 nm), or palm kernel oil (PK: 69 ± 10 nm).
Values represent percentage distribution of at least 100 particles
counted directly from the negative of electron microscopic images of
isolated mature VLDL particles (CO < LA = PK, P < 0.05).

FIG. 2. Plasma disappearance curves of homologous VLDL isolated
from guinea pigs fed semipurified diets containing 15% (w/w) CO, LA,
or PK injected into animals fed the same diets. The values represent the
mean of VLDL apoprotein (apo) B specific activity presented as per-
centage of injected dose for n = 5 determinations for animals fed CO
and PK and n = 4 for LA fed guinea pigs. See Figure 1 for abbreviations.
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and LDL–apo B specific radioactivity (Fig. 5) indicated that
plasma LDL apo B specific activity reached its peak value at
the intersect with the VLDL specific activity curve, consistent
with LDL apo B being derived from VLDL apo B (35). 

VLDL apo B secretion rates calculated from studies using
guinea pigs fed the same diets and treated with Triton WR
1339 (18) were compared to VLDL apo B flux determined by
125I-apo B turnover to determine whether there were signifi-
cant differences between methods (Table 4). Animals from
the CO and LA groups had similar values for apo B VLDL
flux calculated from either method while the values for ani-
mals from the PK group were significantly lower when flux
was calculated from the VLDL apo B turnover data (Table 4).
These results suggest that apo B flux calculated from turnover
studies is underestimated in animals fed PK diet, and this un-
derestimation could be due to the presence of a rapid turnover
pool of VLDL, which cannot be detected by use of isotopes
as discussed below.

DISCUSSION

The present study tested two SFA with different SFA concen-
tration and different proportions of fatty acid chain length: LA,
rich in palmitic and stearic acids; and PK, rich in lauric and
myristic acids, and compared their effects on VLDL metabo-
lism to intake of polyunsaturated CO, rich in linoleic acid. The
objective of this study was to determine the effects of fats
varying in fatty acid composition and SFA amount on VLDL
synthesis, intravascular remodeling, and catabolism. 

Dietary fat saturation effects on plasma lipids and VLDL
size. The results indicate that intake of PK and LA diets re-
sulted in significantly higher plasma cholesterol levels com-
pared to a CO-based diet. Plasma cholesterol levels decreased
as the proportion of short-chain fatty acids decreased and the
proportion of PUFA increased, similar to reports in humans
(4) and in guinea pigs (5,6). In the guinea pig these effects are
specific to plasma LDL with no significant effects on plasma
HDL cholesterol concentrations (7).

Previous studies have shown that intake of SFA alters LDL
composition and peak density resulting in larger particles
compared to LDL isolated from animals fed CO (5,7). These
changes in LDL composition with changes in dietary fat sat-
uration are similar to the dietary fat-induced changes in
VLDL, the precursor of LDL, observed in this study. Electron
microscopic measurements demonstrated that intake of SFA
resulted in larger VLDL particles. In addition, the particles
were more heterogeneous as indicated by the frequency dis-
tribution. It has been reported that larger (65 ± 20 nm) VLDL
particles are generated with a lipid-rich diet (15% CO, 1.6%
cholesterol) in guinea pigs (36). VLDL can exist as a multi-
disperse population with particles size ranging between 30
and 80 nm (37), and heterogeneity of VLDL metabolism is
thought to be affected by differences in VLDL particle size.
These reports are consistent with the present observation of
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TABLE 3
Metabolic Parameters of 125I-VLDL Turnover Kinetics (two-pool
analysis) in Guinea Pigs Fed Diets Containing 15% CO, LA, or PK
Diets (for 4 wk)a

VLDL kinetic parameters
Diet FCR Pool size Flux 
(n) (pools/h) (mg/kg) (mg/kg-h)b

CO (5) 0.65  ± 0.08a 2.11 ± 0.86 1.39 ± 0.67
LA (4) 1.22 ± 0.37a 1.91 ± 0.98 2.26 ± 1.33
PK (5) 0.98 ± 0.02b 1.09 ± 0.39 1.11 ± 0.50
aData are presented as the mean ± SD for (n) animals. Values in the same col-
umn with different superscripts are significantly different (P < 0.01) as deter-
mined by analysis of variance and the Student-Newman-Keuls Multiple com-
parisons test
bVery low density lipoprotein (VLDL) apoprotein (apo) B flux calculated as
VLDL apo B fractional catabolic rate (FCR) × VLDL apo B pool size. See Table
1 for other abbreviations.

FIG. 3. Correlation between mean VLDL particles size and mean
VLDL apo B fractional catabolic rate (FCR) values for guinea pigs fed
semipurified diets containing 15% (w/w) CO, LA, or PK (r = 0.99,
P < 0.05). See Figure 1 for other abbreviations.

FIG. 4. Correlation between VLDL apo B flux rates (mg/kg·h) and VLDL
apo B pool size (mg/kg) for guinea pigs fed semipurified diets contain-
ing 15% (w/w) CO (●), LA (▲), or PK (■) (r = 0.80, P < 0.002). See Fig-
ure 1 for abbreviations. See Figure 1 for abbreviations.
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variability in VLDL particle size and indicate that variations
in fat quantity as well as dietary fatty acid composition lead
to significant changes in the size distribution of VLDL parti-
cles. These findings suggest that changes in fatty acid com-
position related to chain length and unsaturation can signifi-
cantly affect the interactions of VLDL with the various en-
zymes involved in the delipidation of VLDL and on the
intrinsic metabolic properties of these particles.

In addition, VLDL particle size has a significant effect on
the metabolic fate of VLDL (35). Shames and Havel (38) em-
ployed the concept of kinetic heterogeneity to account for the
fact that in some in vivo kinetic measurements of exogenously
labeled VLDL kinetics the data are interpreted as indicating
direct hepatic LDL secretion which can be due to rapidly me-

tabolized nonequilibrated pools of VLDL subpopulations. As
discussed below, data from the present study suggest that such
heterogeneity due to differential effects of saturated fatty
acids affects these kinetic determinants.

Dietary fat saturation effects on in vivo VLDL kinetics.
SFA of different chain length have differential effects on LDL
metabolism (5–7), as well as on VLDL apo B synthesis and
catabolism (9). The present study measured rates of VLDL
production, catabolism, and intravascular conversion to LDL
to determine effects of dietary fat chain length and saturation
on plasma VLDL metabolism and intravascular remodeling.
From our studies we concluded that, compared to the CO diet,
intake of the LA diet increases VLDL apo B FCR. Increased
direct hepatic removal of VLDL with intake of diets rich in
16:0 has been reported in rhesus monkeys (14). In our study,
VLDL particle size was significantly correlated to VLDL apo
B FCR, suggesting that the larger the VLDL particle, the
shorter residence of the apo B in the VLDL density range: an
observation previously noted for VLDL metabolism in guinea
pigs treated with lovastatin (35). 

Several investigators have suggested that dietary SFA
have differential effects on VLDL–TAG secretion compared
to VLDL apo B production, and we have previously shown
that feeding LA increased VLDL–TAG secretion whereas
intake of PK increased VLDL apo B secretion compared to
CO intake (15). Grundy and Denke (3) suggested that the
higher LDL apo B flux with intake of SFA could be due to
increased VLDL apo B production, decreased VLDL catab-
olism, or increased conversion of VLDL to LDL due to de-
creased apo B/E receptor activity. Data from human studies
suggest that SFA intake increases VLDL synthesis with little
effect on VLDL apo B catabolism (10).

Human and animal studies have consistently demonstrated
that dietary PUFA compared to SFA intake results in higher
plasma LDL turnover (59,39); however, some discrepancies
exist regarding the effects on LDL apo B flux (40). These
studies suggest that intake of SFA decreases LDL catabolism
but does not consistently increase LDL flux.

Studies in guinea pigs have shown that dietary SFA have
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FIG. 5. A representative curve for the precursor–product relationships
between VLDL and LDL as determined from VLDL apo and LDL apo B
specific activity time course for animals fed CO (A), LA (B), or PK (C).
See Figures 1 and 2 for abbreviations.

TABLE 4
Comparison of VLDL Flux Determined from VLDL Apo B secretion
Measurements and from 125I-VLDL Turnover Kinetics of Guinea Pigs
Fed Diets Containing CO, LA, or PK Dietsa

VLDL apo B secretion VLDL 125I-apo B flux 
Diet (mg/kg·h)b (mg/kg·h)c

CO 1.14 ± 0.63b (15) 1.21 ± 0.54 (5)
LA 1.53 ± 0.83b (12) 2.27 ± 1.13 (4)
PK 3.11 ± 1.84a (12) 0.99 ± 0.46 (5)
aData presented as mean ± SD for (n) animals per diet group. Values in the
same column with different superscripts are significantly different as deter-
mined by analysis of variance and the Newman Keules post hoc test
(P < 0.01).
bData for VLDL apo B secretion rates in Triton WR 1339 treated guinea pigs
fed the test diets have been previously reported (Ref. 15) and are presented
here for comparative purposes only.
cValues for VLDL apo B flux are the average flux values calculated from the
two-pool analyses and from the area under the specific activity curve analy-
ses presented in Table 3. See Figures 1 and 3 for abbreviations.
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significant effects on LDL flux, composition, and catabolism
(5,6). These data are consistent with the findings of the pres-
ent study in that the calculated effects of PK intake on VLDL
production were different from LA. PK intake did not in-
crease the calculated VLDL production; however, the higher
plasma LDL cholesterol levels suggest that there is an in-
creased conversion to LDL in agreement with our previous
data on the effects of PK on LDL flux (5,6). In contrast, LA
intake led to a higher VLDL apo B flux and an apparently
higher proportion of direct VLDL catabolism without conver-
sion to LDL which explains the lower plasma LDL choles-
terol concentrations in animals fed LA vs. PK diets.

LA feeding resulted in VLDL particles with faster FCR
values than those VLDL isolated from CO- or PK-fed guinea
pigs. It is possible that VLDL particles from LA-fed guinea
pigs are enriched with apo E which has a greater affinity for
cellular receptors (41), and thus the percentage of VLDL di-
rectly removed from the circulation is greater than the per-
centage converted to LDL. Apo E is necessary for TAG-rich
lipoprotein receptor-mediated uptake and the LDL-receptor
related protein binds apo E-enriched β-VLDL (42). These ob-
servations suggest that VLDL can be catabolized directly
from the circulation through alternative routes, and are in
agreement with the results from the present study in which a
large proportion of VLDL secreted in response to LA feeding
apparently was not converted to LDL but was rather removed
from the circulation although LA intake reduces hepatic LDL
receptors (5,7).

De novo LDL production. Analysis of VLDL conversion
to LDL indicates that VLDL apo B flux in the PK group was
less than LDL apo B flux, suggesting input of LDL apo B
from a source not in equilibrium with the 125I-VLDL apo B
pool. There are two potential explanations to account for this
observation. The first hypothesis is that there is direct de novo
LDL secretion by the liver as proposed from some studies in
animal models (14,43) as well as from lipoprotein kinetics
studies in humans with familial hypertriglyceridemia (16).
However, we have previously shown that there is no direct
LDL secretion in guinea pigs fed the test diets used in this
study (15). Interestingly, Goldberg et al. (44) reported that
there was no direct LDL secretion in cynomolgus monkeys
when the conversion of VLDL to LDL was blocked using
lipoprotein lipase antibodies, even though these authors had
previously suggested the existence of de novo LDL produc-
tion in the same animal model based on in vivo VLDL
turnover studies (45). In liver perfusion studies of cholesterol-
fed guinea pigs, Guo and colleagues (46) found no evidence
of direct LDL secretion, consistent with the results of our pre-
vious in vivo VLDL secretion studies (15). Shames and Havel
(38) have suggested that the apparent dilution of plasma LDL
apo B specific activity relative to VLDL apo B specific activ-
ity could be attributed to kinetic heterogeneity of VLDL apo
B without the requirement of de novo LDL production. Based
on the available evidence (15,38,46), there is no indication of
direct LDL secretion by the liver in the guinea pigs.

The most likely explanation for the observation that LDL

apo B flux is greater than VLDL apo B flux in guinea pigs fed
the PK diet is the presence of a small pool of VLDL particles
with a very rapid FCR that is not detected using the conven-
tional isotope tracers, and consequently the production rate of
VLDL apo B is underestimated (38). In normal and hyper-
lipidemic rabbits, Yamada et al. (18) reported that a large por-
tion of VLDL particles were metabolized very rapidly and did
not contribute to the measured VLDL mass which leads to un-
derestimation of VLDL apo B flux. In agreement with this
thesis, studies in humans have suggested that a portion of
LDL is produced from a pool of VLDL which is very rapidly
converted to LDL (47,48). These findings in part account for
the fact that nascent VLDL apo B secretion was increased
with PK feeding in the guinea pig (15), whereas in the present
studies increased nascent VLDL apo B flux with intake of the
PK diet was not detected with exogenously labeled VLDL.
PK feeding may also be associated with the synthesis of TAG-
poor VLDL particles which are preferentially converted to
LDL and not directly removed from the liver. Oschry et al.
(49) reported that large TAG-rich VLDL particles are re-
moved by direct hepatic uptake, while smaller TAG-poor par-
ticles are converted to LDL. We have previously shown that he-
patic nascent VLDL from animals fed PK diet had less TAG
and more protein compared to nascent VLDL from the CO
group (15), resulting in the formation of cholesterol-enriched
mature VLDL particles which possibly are preferentially con-
verted to LDL, leading to increased LDL production compared
to animals fed CO- or LA- based diets. Interestingly, the rela-
tionship between VLDL apo B secretion rates, measured using
Triton WR 1339 blockage, and VLDL apo B flux, measured
using 125I-VLDL, are comparable for CO- and LA-fed animals. 

These and previously reported data demonstrate that intake
of SFA increases VLDL flux relative to intake of PUFA; and
that varying the amount and composition of SFA has differ-
ential effects on VLDL apo B and VLDL–TAG secretion. A
higher amount of SFA with higher proportion of short-chain
fatty acids (PK diet) increases hepatic VLDL apo B secretion
and increases conversion of VLDL to LDL, resulting in ele-
vated plasma LDL cholesterol concentrations. Compared to
CO, intake of a higher proportion of long-chain SFA as in the
case of LA was associated with an increase in VLDL flux and
possibly an increase in VLDL direct removal with less trans-
port to LDL; therefore, LA invoked a less-significant choles-
terolemic effect compared to PK feeding. In either case, it is
evident that effects of the amount of SFA and differences in
the composition of fatty acids on plasma LDL cholesterol lev-
els are in part due to effects on VLDL production, catabolism,
and conversion to LDL. These modifications in VLDL me-
tabolism together with changes in LDL receptor-mediated
FCR (5–7) are major determinants of dietary fatty acid-medi-
ated changes in plasma cholesterol levels in the guinea pigs. 
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ABSTRACT: Some tetracycline (TC) antibiotics, including TC
and anhydrotetracycline, have been found to enhance specific
binding of low density lipoprotein (LDL) to both LDL receptor-
positive and -negative cells at relatively higher concentrations.
When incubated at 37°C, the ability of LDL receptor-negative
human fibroblasts to bind 125I-LDL was increased from <2 to 45
ng/mg by 170 µM TC. In normal human fibroblasts and Hep G2
cells, 125I-LDL binding was elevated 1.4- to 2-fold by 113 µM
TC. The 125I-LDL binding in the presence of TC was diminished
by both heparin and EDTA. The enhancement by TC was not
observed when 125I-LDL binding was assayed at 4°C. TC en-
hanced LDL binding to paraformaldehyde-fixed Hep G2 cells,
excluding LDL receptor induction in the mechanism. These re-
sults demonstrated that TC enhanced cellular LDL binding
through a process not involving functional LDL receptors.
Lipids 33, 33–38 (1998).

Extensive epidemiologic studies have shown that increased
levels of plasma cholesterol are associated with an increased
risk of cardiovascular diseases, especially coronary artery dis-
eases (1,2). Most of the plasma cholesterol exists as lipopro-
teins, of which low density lipoprotein (LDL) predominates
in humans. LDL supplies peripheral cells, as well as the liver,
with cholesterol through its binding to specific receptors
(LDL receptors) and subsequent internalization and lysoso-
mal degradation (3,4). In experimental animals, approxi-
mately 70% of the total-body uptake of radiolabeled LDL
takes place in the liver by the LDL receptor-dependent path-
way (5,6). Pharmacologically, 3-hydroxy-3-methylglutaryl
CoA reductase inhibitors raise the number of hepatic LDL re-
ceptors and lower plasma cholesterol levels (4,7–9).

The present study has been undertaken to find an agent that
can enhance cellular LDL binding capacity. The searching
from microbial culture extracts has led to the identification of
some tetracycline (TC) antibiotics as active compounds. In
this paper, we describe the effects of several TC antibiotics

on the binding of LDL to cultured cells, including normal and
LDL receptor-negative human skin fibroblasts.

MATERIALS AND METHODS

Materials. TC antibiotics except anhydrotetracycline and
isotetracycline, which were chemically synthesized from TC,
were obtained from Sigma (St. Louis, MO). Dimethylsulfox-
ide or methanol solutions of these agents were used for as-
says with solvent concentration of <1% (vol/vol). Human
skin fibroblasts from a normal subject and from two patients
with homozygous familial hypercholesterolemia (strains MN
and KIK) were generous gifts from Drs. Akira Yamamoto and
Yasuko Miyake, the National Cardiovascular Center, Japan.
The strain MN is defective in the internalization of the sur-
face-bound LDL (internalization-defective) (10–12), and the
strain KIK produces neither functional nor immuno-de-
tectable LDL receptors (LDL receptor-negative) (12). Hep G2
cells were obtained from the Riken Cell Bank, Tsukuba Sci-
ence City, Japan. Macrophage J774 cells were provided by
the Japanese Cancer Resources Bank (Tokyo, Japan). Human
LDL and bovine lipoprotein-deficient serum (LPDS) were
prepared by ultracentrifugation as described by Goldstein et
al. (13). LDL was radioiodinated by the iodine monochloride
method (13) to a specific activity of 200–500 cpm/ng protein.
Oxidized LDL was prepared by incubating LDL with 5 µM
CuSO4 as described previously (14). The concentration of the
lipoproteins is expressed in terms of protein.

Cell culture. Human fibroblasts were maintained in a hu-
midified 5% CO2 incubator at 37°C in dishes (90 mm) con-
taining 6 mL medium A [Eagle’s minimum essential medium
containing 100 units/mL penicillin G, 100 µg/mL strepto-
mycin, 1% (vol/vol) nonessential amino acids (Irvine Scien-
tific, Santa Ana, CA)] supplemented with 10% (vol/vol) fetal
bovine serum. Both Hep G2 cells and J774 macrophages were
grown in medium B (Dulbecco’s modified Eagle’s medium
containing 100 units/mL penicillin G and 100 µg/mL strepto-
mycin) supplemented with 10% fetal bovine serum. For as-
says, human fibroblasts were seeded into six-well tissue cul-
ture plates at a density of 2 × 104 cells/well in 1.5 mL of an-
tibiotic-free medium A (day 0). On days 3 and 5, medium was
replaced with 1.5 mL of fresh medium A containing 10% fetal
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bovine serum. On day 7, each monolayer was used for assay.
Hep G2 cells were seeded into 24-well plates at a density of 3
× 105 cells/well in 0.3 mL of antibiotic-free medium B sup-
plemented with 10% fetal bovine serum. After growth for 24
h, the cells were used for assays. The macrophage J774 cells
were seeded into 24-well plates at a density of 1.5 × 105

cells/well in 0.4 mL of medium B. The next day, medium was
replaced with 0.3 mL of medium B containing 10% LPDS.
After incubation for an additional 24 h, the cells were used
for assays.

Surface binding, internalization, and degradation of 125I-
LDL at 37°C. Each monolayer of fibroblasts was rinsed with
buffer A (137 mM NaCl, 2.7 mM KCl, and 7.9 mM sodium
phosphate, pH 7.4), and then received 1 mL of medium A
containing 10% LPDS and 10 µg/mL 125I-LDL. After incu-
bation at 37°C for 3 h, a portion of the medium was removed
to determine trichloroacetic acid-soluble noniodide radioac-
tivity (degraded 125I-LDL). The remaining monolayer was se-
quentially washed as described by Goldstein et al. (13). Sur-
face binding of 125I-LDL was determined by incubating
washed cells with 1 mL of 10 mg/mL heparin in 10 mM
HEPES, pH 7.4, and 50 mM NaCl at 4°C for 60 min, fol-
lowed by removing an aliquot of the buffer for counting. The
remaining cells were dissolved in 1 mL of 0.2 M NaOH to de-
termine internalized 125I-LDL. In some experiments, washed
cells were directly dissolved in 1 mL of 0.2 M NaOH for de-
termination of cell-associated 125I-LDL. To determine non-
specific binding, internalization, cell association and degra-
dation, cells were incubated with 125I-LDL in the presence of
400 µg/mL of unlabeled LDL. The specific values were cal-
culated by subtracting the radioactivity obtained in the pres-
ence of excess unlabeled LDL from that obtained in its ab-
sence. Nonspecific values were usually <10% of total values.
For determination using monolayers of Hep G2 cells which

had been grown in 24-well plates, cells were incubated with
0.2 mL of medium B containing 10% LPDS and 10 µg/mL
125I-LDL, and the volume of buffers used was reduced to 1/5.

Binding of 125I-LDL to paraformaldehyde-fixed Hep G2
cells at 37°C. Each monolayer of Hep G2 cells grown in 24-
well dishes was treated with 0.2 mL of 1.6% (wt/vol)
paraformaldehyde in buffer A at 4°C for 45 min. This treat-
ment renders cells unable to internalize surface-bound LDL
at 37°C (15). After washing four times with 0.3 mL of 50 mM
Tris-HCl, pH 7.4 containing 150 mM NaCl and 2 mg/mL
bovine serum albumin, the fixed cells received 0.2 mL of
medium B containing 10% LPDS and 10 µg/mL of 125I-LDL.
Cells were incubated at 37°C for 2 h, washed as described
above, and then dissolved in 0.2 mL of 0.2 M NaOH. Non-
specific binding was determined in the presence of an excess
of unlabeled LDL as described above.

Other methods. The incorporation of [14C]oleate into cho-
lesteryl esters and the binding of 125I-LDL at 4°C were deter-
mined as described (13). Cell association and degradation of
oxidized 125I-LDL in macrophage J774 cells were determined
as described previously (14). Protein was determined by the
method of Lowry et al. (16) with bovine serum albumin as a
standard. Antibacterial activity was determined turbidimetri-
cally using Staphylococcus aureus IFO 12732 (17).

RESULTS

When normal human fibroblasts that had been grown in a
medium containing fetal calf serum were incubated with 125I-
LDL at 37°C for 3 h, the cells specifically bound, internal-
ized, and degraded 15, 130, and 164 ng of 125I-LDL per mg
cell protein, respectively. TC enhanced this activity 1.6- to
2.5-fold at a concentration of 113 µM (Fig. 1). Under these
conditions, cholesteryl ester formation, as determined by
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FIG. 1.  Effects of tetracycline (TC) on the surface binding (A), intracellular accumulation (B), and degradation (C) of 125I-low density lipoprotein
(LDL) in three strains of human fibroblasts. Each monolayer of fibroblasts received 125I-LDL (10 µg/mL) and the indicated concentrations of TC.
After incubation at 37°C for 3 h, the amounts of 125I-LDL specifically bound (A), internalized (B), and degraded (C) were determined. Fibroblasts
used were from: ●●, a normal subject; ▲, a patient with the internalization-defective form of familial hypercholesterolemia (MN); ■, a patient with
the receptor-negative form of familial hypercholesterolemia (KIK). Each value represents the average of duplicate determinations.



[14C]oleate incorporation, was elevated 1.4-fold, from 0.261 to
0.369 nmol/3 h/mg cell protein. Similar elevation of 125I-LDL
binding was observed with Hep G2 cells (data not shown). TC also
enhanced 125I-LDL binding to two strains of mutant fibroblasts:
one (MN) with a defect in the internalization of receptor-bound
LDL and the other (KIK) producing neither functional nor immun-
odetectable LDL receptors (Fig. 1). 125I-LDL binding to KIK fi-
broblasts was increased from <2 to 45 ng/mg cell protein by TC at

a concentration of 170 µM. In both MN and KIK cells, the level
internalization of 125I-LDL was as low as the limit of detection,
while in the presence of 113 µM TC the amounts of the internal-
ized 125I-LDL were increased to 75 and 37 ng/mg cell protein,
respectively. The degradation of 125I-LDL was enhanced by TC
in MN fibroblasts but was not prominent in KIK cells (Fig. 1).

EDTA and heparin inhibited cell association (surface bind-
ing plus internalization) of 125I-LDL in both normal and KIK
fibroblasts incubated with TC (Fig. 2). The binding of 125I-
LDL to Hep G2 cells was unaffected by TC at 4°C. This is a
striking contrast to the incubation at 37°C (Fig. 3). When Hep
G2 cells were treated with paraformaldehyde and then sub-
jected to 125I-LDL binding at 37°C, TC enhanced the binding
of 125I-LDL to the fixed cells as well as to intact cells (Fig.
3), suggesting that the TC effect does not involve LDL recep-
tor induction. In addition, the effect of TC to enhance LDL
binding was reversible. Thus, when paraformaldehyde-
treated Hep G2 cells were pretreated with 113 µM TC for 2 h
at 37°C and then washed with buffer to remove TC, 125I-LDL
binding was 15.8 ng/mg cell protein, a value comparable to
that of the fixed cells undergoing no pretreatment (15.0 ng/mg
cell protein). When 125I-LDL (50 µg/mL) was pretreated with
113 µM TC at 37°C for 2 h followed by being subjected to
gel filtration on a Sephadex G-25 column (Pharmacia, Upp-
sala, Sweden) to remove TC, the binding of the pretreated
125I-LDL to Hep G2 cells was 18.5 ng/mg cell protein, which
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FIG. 2.  Effects of heparin and EDTA on the cell association of 125I-LDL
in the presence of TC in normal and LDL receptor-negative fibroblasts.
Each monolayer of fibroblasts received 125I-LDL (10 µg/mL) and indi-
cated concentrations of TC. After incubation at 37°C for 3 h in the ab-
sence or presence of heparin (10 mg/mL) or EDTA (5 mM), the amounts
of 125I-LDL specifically associated to the cells were determined. Each
value represents the average of duplicate determinations. See Figure 1
for abbreviations.

FIG 3.  Effects of TC on the binding of 125I-LDL to intact and
paraformaldehyde-fixed Hep G2 cells at 4 and 37°C. Each monolayer
of Hep G2 cells, either intact or fixed with paraformaldehyde, received
125I-LDL (10 µg/mL) and the indicated concentrations of TC. After incu-
bation at either 4 or 37°C for 2 h, the amounts of 125I-LDL specifically
bound were determined. Each value represents the average of duplicate
determinations. See Figure 1 for abbreviations.



was comparable to the value for the binding of untreated 125I-
LDL (17.0 ng/mg cell protein).

Unlike native LDL, oxidized LDL binds predominantly to
scavenger receptors which recognize a wide variety of nega-
tively charged molecules (18). When the macrophage-like J774
cell line, which expresses scavenger receptors, was incubated
with 113 µM TC, the amounts of cell-associated and degraded
oxidized 125I-LDL were reduced by 40% (Fig. 4), excluding the
possibility that TC enhances the scavenger receptor pathway.

Several TC analogs were tested for their ability to enhance
125I-LDL binding to paraformaldehyde-fixed Hep G2 cells.
The results indicated that compounds with R4-hydrogen, TC,
minocycline, chlortetracycline and anhydrotetracycline, were
effective in enhancing the binding (Fig. 5A). On the other
hand, R4-hydroxy compounds, doxycycline, methacycline
and oxytetracycline, failed to increase the binding. Isotetra-
cycline, which has R4-hydrogen but lacks the complete ring
structure, was less active than TC. Anhydrotetracycline,
which is 17 times less active than TC in antibacterial activity,
was slightly more potent than TC in enhancing LDL binding
(Fig. 5B).

DISCUSSION

In the present study, we have shown that some TC antibodies
enhance the binding of LDL to both LDL receptor-positive

and -negative cells. This effect was observed even with the
paraformaldehyde-treated cells, but it required incubation of
the cells in the presence of TC and LDL at the same time at
37°C but not at 4°C. Neither preincubating cells with TC nor
preincubating LDL with TC enhanced the binding. The activ-
ity of TC analogs was dependent on the substituent of C-5
(see below). These results suggest that the LDL binding acti-
vation by TC is mediated by a specific, temperature-depen-
dent process. One of possible mechanisms would be that a re-
versible modification of LDL (or a cell surface molecule) by
TC leads the LDL (or the molecule) to bind cells (or LDL).
These features are quite different from the effects of 3-hy-
droxy-3-methylglutaryl CoA reductase inhibitors, which in-
duce LDL receptor expression at a transcriptional level (4,9).

The present experiments suggested that the TC enhance-
ment of LDL binding involved a receptor other than the LDL
receptor. There are two classes of multiligand lipoprotein re-
ceptors, the scavenger receptors and LDL receptor-related
protein (19). These receptors bind nonlipoprotein ligands as
well as lipoproteins and appear to participate in a wide vari-
ety of biological processes. Recently, Acton et al. (20,21)
have identified the class B scavenger receptor (SR-BI), which
can bind unmodified, native LDL and high density lipopro-
tein (HDL) as well as oxidized LDL and acetylated LDL.
Like TC-induced LDL binding, the HDL binding to SR-BI
does not accompany degradation of the protein moiety,
whereas cholesteryl esters of the bound HDL is efficiently
transferred to the cells (21). In addition, some proteoglycans
bind lipoproteins including apoE-enriched lipoproteins,
which are then internalized by the LDL receptor-related pro-
tein (19). While there would be the possibility that one (or
some) of these molecules is involved in the TC-promoted
LDL binding, additional studies are required to explore the
detailed mechanism.

The antibacterial activity of TC antibiotics relates to oxy-
gen-bearing groups: ketone or hydroxy at C-1, C-3, C-10,
C-11, and C-12 is essential for antibacterial activity (22). The
carbamoyl group at C-2 and the configuration at C-4, C-5a,
and C-6 positions are also required for the activity. The pre-
sent experiments demonstrated that the C-5 substituents
played a crucial role in enhancing LDL binding. Thus, the
analogs having hydrogen at C-5 were active, while the hy-
droxy-substituted compounds having substantial antibacterial
activity were inactive. These findings demonstrated that the
elevation of LDL binding by TC analogs was not related to
their antibacterial activity. This conclusion was also sup-
ported by the fact that anhydrotetracycline, which was far less
active than TC in antibacterial activity, showed LDL binding-
promoting activity comparable to that of TC.

In preliminary experiments with normal dogs, oral admin-
istration of TC and anhydrotetracycline (3–10 mg/kg, twice
daily) for 2–4 wk caused 10–25% reduction in plasma cho-
lesterol levels. It is likely that cholesterol-lowering effects of
these agents could be explained by the elevation of LDL bind-
ing. The relation between these two events is to be studied
further in detail.
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FIG. 4. Effects of TC on the cell association and degradation of oxidized
125I-LDL in J774 macrophages. Each monolayer of J774 macrophages
received oxidized 125I-LDL (10 µg/mL) and the indicated concentrations
of TC. After incubation at 37°C for 3 h, the amounts of oxidized 125I-
LDL specifically associated to the cells (●) and degraded (●●) were de-
termined. Each value represents the average of duplicate determina-
tions. See Figure 1 for abbreviations.
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FIG. 5.  Antibacterial activity of TC analogs and their effects on the binding of 125I-LDL to paraformaldehyde-fixed Hep G2 cells. (A) Each mono-
layer of paraformaldehyde-treated Hep G2 cells received 125I-LDL (10 µg/mL) and the indicated compounds (110 µM). After incubation at 37°C for
2 h, the amounts of 125I-LDL specifically bound were determined. Each value represents the average of duplicate determinations. (B) The minimum
concentrations of the indicated compounds to inhibit the growth of Staphylococcus aureus were determined in duplicate in brain heart infusion
medium supplemented with 10% (vol/vol) fetal calf serum at 37°C. The activities of the compounds were expressed by taking the activity of TC as
1. Structures of the compounds tested and abbreviations used for them are shown in (C). See Figure 1 for other abbreviations.
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ABSTRACT: This investigation compares the effects of three far-
nesyl pyrophosphate analogs on selected aspects of isoprenoid
metabolism. E,E-α-Hydroxyfarnesylphosphonate was prepared
by an improved variation on a literature synthesis, which also
gave access to the new Z,E-α-hydroxyfarnesyl- and α-hydroxy-
geranylphosphonates. A striking find is that only E,E-α-hydroxy-
farnesylphosphonate induces alteration of RAS processing in in-
tact human-derived leukemia cells and inhibits farnesyl protein
transferase in enzyme assays, while the Z,E-α-farnesyl- and ger-
anylphosphonates are inactive. The inhibitory activity of E,E-α-
hydroxyfarnesylphosphonate is greater in enzyme than intact
cell assays. This active compound does not significantly inhibit
geranylgeranyl protein transferase I or squalene synthase, nor
does it diminish cholesterol synthesis. These results indicate that
the length of the terpenoid chain and olefin stereochemistry
allow selective inhibition of critical enzymes of terpenoid me-
tabolism. Discrimination was observed between inhibition of
farnesyl protein transferase and squalene synthase by E,E-α-hy-
droxyfarnesylphosphonate, even though both enzymes utilize
farnesyl pyrophosphate as their natural substrate.
Lipids 33, 39–46 (1998).

Mutated RAS genes that encode for activated and therefore
transforming RAS proteins are present in a significant per-
centage of human tumors (1). Farnesyl protein transferase
(FPTase) catalyzes the posttranslational farnesylation of both
wild-type and mutated RAS as well as RAS-related proteins
(2–4). RAS isoprenylation is important because this modifi-
cation promotes RAS localization to the cell membrane,
which is essential for RAS’s biological activity (5–7). Cyto-
plasmic RAS proteins are devoid of signal transduction activ-
ity: transformed cells in which activated RAS is subsequently
localized to the cytoplasm revert to the nontransformed phe-
notype. Thus impairment of RAS farnesylation is one strat-
egy to block the transforming activity of mutated RAS genes
and activated RAS proteins.

FTPase inhibitors are being developed by a number of lab-
oratories (8–14). Development of these agents has been facil-

itated by the understanding that RAS and RAS-related pro-
teins contain a consensus carboxy terminus that binds to the
active site of FPTase (15,16). Tetrapeptides homologous to
the carboxy terminus of the RAS proteins are extremely po-
tent competitive inhibitors of FPTase and of RAS farnesyla-
tion in in vitro biochemical assays (8–13,17). However, with-
out modification such oligopeptides are ineffective when
added to intact cells because they are taken up inefficiently
and/or because they are rapidly degraded (8–13). Develop-
ment of FPTase inhibitors also has focused on natural prod-
ucts, such as chaetomellic acid and zaragozic acids, which
have been shown to inhibit FPTase and RAS processing in
vitro but not in intact cells (9).

An alternative approach to inhibit FPTase utilizes nonhy-
drolyzable analogs of farnesyl pyrophosphate that cannot par-
ticipate in the transferase reaction. This strategy has resulted
in the synthesis of α-hydroxyfarnesylphosphonic acid, a com-
pound that inhibits FPTase and has been utilized to determine
the in vitro kinetics of the farnesylation process (18). Expand-
ing upon these such studies (9,18), we have synthesized two
stereoisomeric α-hydroxyfarnesylphosphonic acids and the
corresponding methyl esters and have examined the stereo-
chemical requirements for these compounds to inhibit RAS
processing in intact cells. Specifically, we have assessed the
role of two isomeric farnesyl phosphonates and a geranyl
phosphonate on RAS processing in human-derived leukemia
cell lines. We observed discrimination between inhibition of
FPTase and squalene synthase, which both utilize farnesyl py-
rophosphate as their natural substrate. We have shown that
the most active compound can selectively impair RAS farne-
sylation without greatly interfering with other aspects of iso-
prene metabolism, such as geranylgeranyl protein transferase
I (GGPTase I) or cholesterol synthesis. 

EXPERIMENTAL PROCEDURES

Chemical syntheses. Tetrahydrofuran (THF) was distilled
from sodium/benzophenone while dichloromethane was dis-
tilled from calcium hydride, immediately prior to use. All re-
actions in these solvents were conducted under a positive
pressure of an inert gas. Flash column chromatography was
done on Merck (Rahway, NJ) grade 62 silica gel (230–400
mesh). Nuclear magnetic resonance (NMR) spectra (1H at
300 MHz and 13C at 75 MHz) were recorded with CDCl3 as

Copyright © 1998 by AOCS Press 39 Lipids, Vol. 33, no. 1 (1998)

*To whom correspondence should be addressed at Departments of Internal
Medicine and Pharmacology, C32-I GH, University of Iowa, Iowa City, IA
52242.
E-mail: raymond-hohl@uiowa.edu.
Abbreviations: FPP, farnesyl pyrophosphate; FPTase, farnesyl protein trans-
ferase; GGPTase I, geranylgeranyl protein transferase I; IC50, 50% inhibitory
concentration; NMR, nuclear magnetic resonance; THF, tetrahydrofuran.

Stereochemistry-Dependent Inhibition of RAS
Farnesylation by Farnesyl Phosphonic Acids
Raymond J. Hohla,*, Kriste A. Lewis, Diana M. Cermakb, and David F. Wiemerb

Departments of aInternal Medicine, aPharmacology, and bChemistry, University of Iowa, Iowa City, Iowa 52242



solvent and (CH3)4Si (1H) or CDCl3(13C, 77.0 ppm) as inter-
nal standard. 31P NMR shifts are reported in ppm relative to
85% H3PO4 (external standard). High-resolution and fast
atom bombardment (FAB) mass spectra were obtained on a
ZAB-HF reversed geometry mass spectrometer at the Univer-
sity of Iowa Mass Spectrometry facility. Elemental analyses
were performed by Supersun Technology (Stony Brook, NY). 

Chemical syntheses of the isoprenoid phosphonates.
Scheme 1 shows the structures of the (α-hydroxyfarnesyl)
phosphonate esters (2,3) and phosphonic acids (4,5), along
with the geranyl analogs (6,7). 

(E,E)-3,7,11-Trimethyl-2,6,10-dodecatrienal (1). Farnesol
(2.18 g, 9.80 mmol) was added dropwise over 10 min to a
stirred solution of pyridinium dichromate (19) (5.36 g, 14.3
mmol) and molecular sieve powder (20) (5.36 g) in
dichloromethane (38 mL) under nitrogen at room tempera-
ture. After the resulting brown solution was stirred at room
temperature for 2 h, the reaction mixture was diluted with
ether (20 mL) and filtered through a pad of Celite. The orange
filtrate, combined with repeated ether washings of the pad,
was concentrated in vacuo to a volume of 100 mL. The solu-
tion was passed through silica gel under vacuum filtration, the
silica was rinsed repeatedly with ether, and the filtrate was
concentrated in vacuo to give compound 1 (1.86 g, 86%) as a
yellow oil. This oil was a 10:1 mixture of the 2E,6E and
2Z,6E isomers, respectively. For the major isomer: 1H NMR
δ 10.00 (d, 1H, J = 8.0 Hz), 5.89 (dd, 1H, J = 8.0, 1.2 Hz),

5.05–5.15 (m, 2H), 2.20–2.28 (m, 4H), 2.17 (d, 3H, J = 1.2
Hz), 1.95–2.10 (m, 4H), 1.68 (s, 3H), 1.61 (s, 3H), 1.60 (s,
3H). Most resonances for the minor isomer overlap with those
of the major isomer, but the ratio could be established by in-
tegration of the aldehyde resonances at δ 10.00 and δ 9.92 (d,
1H, J = 8.2 Hz).

(R,S)-Dimethyl [1-hydroxy-3,7,11-trimethyl-2E,6E,10-do-
decatrienyl] phosphonate (2) and (R,S)-dimethyl [1-hydroxy-
3,7,11-trimethyl-2Z,6E,10-dodecatrienyl]phosphonate (3).
To a stirred solution of dimethyl phosphite (2.4 mL, 26 mmol)
in THF (25 mL) was added lithium hexamethyldisilazane (26
mL, 1 M in THF) at −78°C. After the resulting mixture was
stirred for 1 h, compound 1 (5.29 g, 24 mmol) in THF (105
mL) was added via cannula, and the mixture was stirred at 
−78°C for 2 h. The reaction was quenched by addition of 1 M
acetic acid in ether (150 mL) and filtered through a pad of
Celite. The filtrate, combined with repeated ether washings
of the pad, was concentrated in vacuo to give an orange oil.
Purification by flash column chromatography on silica gel
(9:1, ethyl acetate/hexanes) provided a mixture of the iso-
meric phosphonates (6.38 g, 80%), and repeated chromatog-
raphy gave pure E,E-phosphonate 2 and Z,E-phosphonate 3,
each as a yellow oil.

E,E-phosphonate 2: (18) 1H NMR (CDCl3) δ 5.34 (m, 1H),
5.05–5.15 (m, 2H), 4.69 (ddd, 1H, J = 8.7, 8.7, 5.5 Hz), 3.82 (d,
3H, J = 10.4 Hz), 3.80 (d, 3H, J = 10.4 Hz), 2.88 (dd, 1H, J =
7.4, 5.5 Hz), 1.90–2.20 (m, 8H), 1.73 (dd, 3H, J = 3.1, 1.3 Hz),
1.68 (s, 3H), 1.60 (s, 6H); 13C NMR δ 143.5 (d, JCP = 13.8 Hz),
135.6, 131.4, 124.3, 123.5, 119.0 (d, JCP = 3.1 Hz), 65.7 (d, JCP
= 164.2 Hz), 53.6 (d, JCP = 5.8 Hz), 53.5 (d, JCP = 5.5 Hz), 39.7,
39.7, 26.7, 26.2, 25.7, 17.7, 17.1, 16.0; 31P NMR 26.35.

Z,E-phosphonate 3: 1H NMR (CDCl3) δ 5.37 (m, 1H),
5.05–5.15 (m, 2H), 4.68 (ddd, 1H, J = 9.1, 8.7, 5.2 Hz), 3.82
(d, 3H, J = 10.4 Hz), 3.80 (d, 3H, J = 10.4 Hz), 2.65 (dd, 1H,
J = 6.9, 5.3 Hz), 1.95–2.20 (m, 8H), 1.81 (dd, 3H, J = 3.8, 1.3
Hz), 1.68 (s, 3H), 1.60 (s, 6H); 13C NMR δ 144.2 (d, JCP =
14.4 Hz), 136.1, 131.5, 124.2, 123.4, 119.5 (d, JCP = 2.8 Hz),
65.2 (d, JCP = 165.7 Hz), 53.6, 53.5, 39.7, 32.6, 26.7, 26.4,
25.7, 23.5, 17.7, 16.0; 31P NMR 26.43; high-resolution mass
spectrum calculated for C17H31O4PNa 353.1858 (M + Na)+,
found 353.1845.

(R,S)-[1-Hydroxy-3,7,11-trimethyl-2E,6E,10-dodecatri-
enyl]phosphonic acid (4). According to the published proce-
dure (18), phosphonate 2 (110 mg, 0.33 mmol) was treated
with trimethylsilyl bromide (0.195 mL, 1.48 mmol) and
2,4,6-collidine (0.195 mL, 1.48 mmol) in dichloromethane (5
mL) to obtain the corresponding phosphonic acid 4 (54 mg,
54%): 1H NMR [dimethyl sulfoxide (DMSO)] δ 5.00–5.25
(m, 3H), 4.23 (t, 1H, J = 9.5 Hz), 1.80–2.20 (m, 8H), 1.62 (d,
3H, J = 0.4 Hz), 1.60 (d, 3H, J = 0.6 Hz), 1.56 (s, 3H), 1.55
(s, 3H); 31P NMR 25.10.

(R,S)-[1-Hydroxy-3,7,11-trimethyl-2Z,6E,10-dodeca-
trienyl]phosphonic acid (5). Through extension of the proce-
dure described for the E,E isomer (18), phosphonate 3 (67
mg, 0.20 mmol) was treated with trimethylsilyl bromide
(0.107 mL, 0.81 mmol) and 2,4,6-collidine (0.107 mL, 0.81
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mmol) in dichloromethane (3 mL) to give phosphonic acid 5
(45 mg, 74%) as an orange oil: 1H NMR (CDCl3) δ 7.20 (br,
3H), 5.27 (m, 1H), 5.00–5.15 (m, 2H), 4.59 (m, 1H),
1.80–2.20 (m, 8H), 1.73 (s, 3H), 1.64 (s, 3H), 1.56 (s, 6H);
31P NMR 23.51; high-resolution mass spectrum calculated
for C15H26O4P 301.1569 (M − H)−, found 301.1565.

(R,S)-Dimethyl [1-hydroxy-3,7-dimethyl-2E,6-octadi-
enyl]phosphonate (6). In a manner similar to that described for
preparation of phosphonate 2, lithium hexamethyldisilazane
(3.70 mL, 1 M in THF) was added to a solution of dimethyl
phosphite (0.340 ml, 3.70 mmol) in THF (3.5 mL) at
−78°C. After the resulting solution was stirred for 1 h, geranial
(500 mg, 3.28 mmol) in THF (15 mL) was added via cannula
and the mixture was stirred at −78°C for 2.75 h. Standard
workup, as described above, and purification by flash column
chromatography on silica gel (97:3 ethyl acetate/methanol)
provided phosphonate 6 (751 mg, 87%) as a white crystalline
solid: 1H NMR (CDCl3) δ 5.33 (m, 1H), 5.05–5.13 (m, 1H),
4.69 (ddd, 1H, J = 9.1, 4.6, 4.4 Hz), 3.83 (d, 3H, J = 6.7 Hz),
3.79 (d, 3H, J = 6.7 Hz), 2.74 (dd, 1H, J = 6.1, 0.4 Hz),
2.05–2.18 (m, 4H), 1.73 (dd, 3H, J = 3.2, 1.3 Hz), 1.68 (s, 3H),
1.61 (s, 3H); 31P NMR 26.50; high-resolution mass spectrum
calculated for C12H24O4P 263.1421 (M + H)+, found 263.1420.

(R,S)-[1-Hydroxy-3,7-dimethyl-2E,6-octadienyl]phospho-
nic acid (7). Phosphonate 6 (71 mg, 0.27 mmol) was treated
with trimethylsilyl bromide (0.160 mL, 1.21 mmol) and
2,4,6-collidine (0.160 mL, 1.21 mmol) in dichloromethane
(3.2 mL) at 0°C for 30 min and then the reaction was allowed
to warm to room temperature. After 17 h, toluene (5 mL) was
added and all volatiles were removed in vacuo to give a white
oily solid. Water (10 mL) and 1 M HCl was added until pH 2
was obtained. The mixture was extracted with ethyl acetate
(3 × 20 mL), the combined organic extracts were dried over
MgSO4, and then concentrated in vacuo to afford compound
7 (57 mg, 88%) as a white solid: 1H NMR (dimethylsulfox-
ide) δ 9.0–11.5 (br, 1H), 5.05–5.23 (m, 2H), 4.24 (dd, J = 10.1
Hz, 1H), 3.0–3.8 (br, 2H), 1.91–2.10 (m, 4H), 1.64 (s, 3H),
1.60 (d, J = 2.1 Hz, 3H), 1.57 (s, 3H); 31P NMR 21.54. Analy-
sis calculated for C10H19O4P: C, 51.26; H, 8.18. Found: C,
51.13; H, 8.30.

Cell culture. RPMI-8402 cells were grown in RPMI-1640
media supplemented with 10% heat-inactivated fetal calf
serum. Cells were maintained in TI-75 culture flasks at 37°C
in humidified 5% CO2 atmosphere. Trypan blue exclusion
was measured by incubating cells for 5 min with a 1:1
0.4 mg/dL trypan blue solution and counting clear viable and
blue nonviable cells with a hemacytometer. All studies with
the phosphonic acids and esters contained a final dimethyl-
sulfoxide concentration of 0.4% which does not alter the pa-
rameters measured in these studies (data not shown).

Measurement of total RAS. Cells (1 × 107 cells at 1 × 106

cells/mL) in logarithmic phase growth were incubated in
RPMI-1640 media with 10% fetal calf serum supplemented
with the test compounds for 24 to 72 h. Cells were pelleted
by centrifugation at 800 × g for 10 min and washed twice with
cold phosphate buffered saline (140 mM NaCl, 2.7 mM KCl,

8.0 mM Na2HPO4, and 1.5 mM KH2PO4). Cells were resus-
pended in 0.1 mL lysing buffer (20 mM Tris pH = 7.5, 0.1 M
NaCl, 1.0% Nonidet, 0.05 g/dL Na deoxycholate) and vor-
texed intermittently for 30 min. The cell pellets were dounced
10 times and centrifuged at 10,000 × g for 30 min. Protein
content of the supernatant was assayed according to the
method of Lowry et al. (21). Cell lysate containing 100 µg
protein was subjected to electrophoretic fractionation on de-
naturing 15% polyacrylamide gels (SDS-PAGE). An H-ras
standard was loaded to one lane on each gel. The gel slab was
transblotted to Immobilon-Polyvinylidene fluoride (Milli-
pore, Bedford, MA) prior to blocking for 2 h with blocking
buffer [5 mg/dL skim milk, 1 mg/dL bovine serum albumin,
0.01% antifoam A in phosphate buffered saline]. The mem-
brane was then sequentially incubated with NCC-004 anti-
RAS antibody (22,23) in hybridoma supernatant for 2 h, bi-
otinylated rabbit antimouse IgG for 2 h, and avidin-linked
horseradish peroxidase (Vectastain ABC, Vector Labs,
Burlingame, CA) for 30 min. The membrane was washed five
times with 0.1% Tween 20 in phosphate buffered saline be-
tween each incubation. The RAS bands were visualized by
incubation of the membrane with 0.7 mM 3,3-diaminobenzi-
dine and 0.006% H2O2 in 10 mM Tris (pH = 7.5).

Measurement of newly synthesized RAS. Cells were
washed and incubated at 3 × 106 cells/mL in methionine
RPMI-1640 media for 1.5 h with or without test compounds.
[35S]Methionine/cysteine (1180 Ci/mM) was added to a final
concentration of 0.045 mCi/mL. After incubation for 4 h, the
cells were harvested and lysed as described above in the mea-
surement of total RAS section with the exception that 1 g/dL
bovine serum albumin was added to the lysing buffer. Radio-
labeled cell lysate containing 200 µg of protein was pre-
cleared, immunoprecipitated with Y13-259 rat anti-RAS IgG,
and electrophoretically fractionated as described previously
(23). After fixation the gels were dried and exposed to East-
man Kodak (Rochester, NY) XAR5 (X-OMAT) film for 48 h.
With development, the density of the bands corresponded to
the amount of radiolabeled RAS proteins. 

FPTase and GGPTase I assay. Partially purified FPTase
and GGPTase were isolated from bovine brain white matter
by homogenization at 4°C in lysis buffer (50 mM Tris-HCl
(pH = 8.0), 1 mM EGTA, 1 mM MgCl2, 5 mM dithiothreitol,
10 µg/mL aprotinin, 0.5 mM phenylmethylsulfonyl fluoride,
and 2 µg/mL leupeptin) (16). The homogenates were cen-
trifuged at 10,000 × g for 20 min at 4°C. The supernatant was
removed and centrifuged at 100,000 × g for 60 min at 4°C.
The cytosolic protein fraction was removed and stored at
−80°C (24).

Inhibition of FPTase and GGPTase was determined using
the method of Harwood (25) with some modifications. Reac-
tion mixtures, 15.3 µL containing 0.5 µM 3H[FPP] or
3H[GGPP] (12770 dpm/pmole), 5 mM MgCl2, 20 mM Tris-
HCl (pH = 7.5), 2 mM dithiothreitol, 8 µM ZnCl2, 4 µM of
H-ras/wild type (FPTase assay) or 8 µM of H-ras/CVLL (GG-
PTase I assay), without or with selected farnesyl phospho-
nates are set up in a 96-well plate. Reactions are started with
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the addition of 9.7 µL of the bovine brain cytosol containing
either 3.0 mg/mL (FPP) or 18.8 mg/mL (GGPP) of protein
and incubated at 37°C for 60 min. Reactions are terminated
with the addition of 200 µL of 10% HCl in EtOH. Samples
are incubated for an additional 15 min at 37°C to ensure pro-
tein precipitation and enzyme hydrolysis. Samples are filtered
through P-81 filters (Whatman, Maidstone, England) using a
Brandel harvester (Biomedical Research and Development
Laboratories Inc., Gaithersburg, MD). Filters are washed with
EtOH and dried. Scintillation counting enabled determination
of 3H-FPP or 3H-GGPP incorporation into RAS using 3A70
(Research Products International Corp., Mt. Prospect, IL)
cocktail.

Cholesterol synthesis. Radiolabeled acetate incorporation
into cholesterol was measured according to our previously de-
scribed methods (26,27). In brief, RPMI-8402 cells were cul-
tured in 20% lipoprotein-depleted serum. The cells were in-
cubated for 18 h without or with the desired farnesyl phos-
phonate before the addition of 14C-acetate. Four hours later
the amount of radiolabeled cholesterol in the cultures was de-
termined by thin-layer chromatography fractionation of cell
lysates. The amounts of acetate metabolized to cholesterol
were calculated for each cell culture and expressed as per-
centage observed in control cultures. Lovastatin, an inhibitor
of hydroxymethylglutaryl CoA reductase and therefore cellu-
lar cholesterol synthesis, was used as a positive control.

Squalene synthase. Inhibition of squalene synthase activity
was determined using the method of Ciosek et al. (28) with
some modification. Microsomes were isolated from Sprague-
Dawley rats (Harland, Indianapolis, IN) that had been fed a
diet containing 10% cholestyramine for 1 wk. Microsomes
were diluted to 2 mg/mL protein in 275 mM KH2PO4/K2HPO4
(pH = 7.4). Each reaction contained 0.16 mg microsomal pro-
tein in a final volume of 0.5 mL buffer (50 mM
KH2PO4/K2HPO4 (pH = 7.4), 10 mM KF, 1.62 mM NADPH,
and 5 mM MgCl2) containing a final concentration of 22 µM
farnesyl pyrophosphate (FPP) that includes 1.0 µCi of [1-
3H]FPP (15–30 Ci/mM) without and with selected farnesyl
phosphonates. Reactions are started with the addition of [1-
3H]FPP and incubated at 30°C for 60 min under nitrogen. Re-
actions are terminated with the sequential addition of 0.5 mL
40% KOH and 0.5 mL ethanol containing internal standard
14C-squalene (1000 dpm) with carrier squalene (15 µg) and
lanosterol (25 µg). The samples were saponified by heating to
a boil followed by gradual cooling. The mixtures were ex-
tracted twice with 2 mL hexane and the hexane evaporated to
dryness. The residue was dissolved in 30 µL chloroform and
subjected to thin-layer chromatographic separation on LK5D
(Whatman) silica plates with hexane/chloroform/methanol
(30:10:1). Lipids were visualized with iodine vapor. Squalene
and lanosterol bands were scraped and counted in Budget
Solve (Research Products International Corp.) cocktail. Dual
label scintillation counting enabled determination of [1-
3H]squalene and lanosterol synthesis adjusted for extraction
efficiency. (E,E)-(4,8,12-Trimethyl-3,7,11-tridecatrienyli-
dene)bisphosphonic acid, a known inhibitor of mammalian

squalene synthase (IC50 32 nM), was employed as a positive
control (28).

Materials. Farnesol (>99% pure) and geraniol (98% pure)
were obtained from Aldrich (Milwaukee, WI). RPMI-1640
media and fetal calf serum were obtained from the Hy-
bridoma Facility at the University of Iowa. Lovastatin was
kindly provided by Alfred Alberts of Merck, Sharp & Dohme
(Darmstadt, Germany) and was converted to the open acid
prior to use. NCC-004 anti-RAS IgG was kindly provided by
Dr. Setsuo Hirohashi (National Cancer Center, Tokyo), H-ras
standard was kindly provided by Dr. Robert Deschenes (Uni-
versity of Iowa), Y13-259 anti-RAS IgG was from Oncogene
Science (Uniondale, NY), and rabbit antimouse IgG, goat an-
tirabbit IgG, and Vectastain ABC kits were from Vector Labs.

RESULTS

Effects of the isoprenoid phosphonates on RAS processing in
intact cells. To determine the effects of the isoprenoid phos-
phonates on RAS processing, RPMI-8402 cells were incu-
bated with 0, 100, and 200 µM of the phosphonates (Fig. 1)
for 24 h prior to harvesting and lysing. Control cultures con-
tained 0 or 100 µM lovastatin without and with 10 mM
mevalonic acid. Figure 1 is a Western blot of cell lysate
demonstrating that in control cells without lovastatin there is
a couplet of RAS bands that corresponds to farnesylated RAS
proteins. This couplet is a consequence of RAS phosphoryla-
tion and has been described (9). After incubation with 100 or
50 µM lovastatin for 24 h prior to harvesting, there is accu-
mulation of increasing amounts of unmodified RAS protein
that migrates with an apparent higher molecular weight than
does the farnesylated RAS proteins. The effects observed with
lovastatin are reversed with the addition of 5 mM mevalonic
acid. Incubation of cells with the E,E- (4) and Z,E-α-hydroxy-
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FIG. 1. Effects of E,E- and Z,E-α-hydroxyfarnesylphosphonates on RAS
levels in RPMI-8402 cells. This Western blot was developed as de-
scribed in the Experimental Procedures section. Above each lane is
listed the chemical added to the incubation mixture. Cells were incu-
bated without additive chemicals (Control), with lovastatin (LOV) with-
out and with 10 mmolar mevalonic acid (MEV), and the E,E- and Z,E-
isomers of α-hydroxyfarnesylphosphonate. Each lane contains 100 µg
of protein from cell lysate.



farnesylphosphonate (5) isomers for 24 h reveals that the E,E-
isomer 4, but not the Z,E-isomer 5, results in the accumula-
tion of unmodified RAS protein. Mevalonic acid reverses the
effect of E,E-α-hydroxyfarnesylphosphonate in a concentra-
tion-dependent fashion (data not shown).

Incubation of cells with up to 20 µM of either dimethyl
E,E- or dimethyl Z,E-α-hydroxyfarnesylphosphonate (2 and
3) does not result in the accumulation of unmodified RAS
protein (data not shown). Cells maintain viability, assessed as
trypan blue exclusion, to above 90% when incubated with up
to 200 µM of the E,E- (4) and Z,E-α-hydroxyfarnesylphos-
phonates (5). In contrast, above 20 µM concentrations, di-
methyl E,E- or dimethyl Z,E-α-hydroxyfarnesylphosphonate
(2 and 3) are nonspecifically toxic to these cells.

Neither α-hydroxygeranylphosphonate (7) nor its dimethyl
ester (6) displays inhibitory activity for RAS farnesylation in
intact RPMI-8402 cells (data not shown). Both compounds
were tested at up to 200 µM concentrations because toxicity,
assessed by trypan blue exclusion, does not occur. 

Effects of isoprenoid phosphonates on newly synthesized
RAS. Cells were incubated with 0.2 to 20 µM E,E-α-hydroxy-
farnesylphosphonate (4) or 25 µM lovastatin prior to and during
pulsing with radiolabeled methionine. Figure 2 demonstrates that
radiolabeled RAS is detected as both unmodified and farnesy-
lated forms after coincubation of cells with [35S] methionine for
4 h without other added chemicals (control). Cells treated with
25 µM lovastatin contain only unmodified RAS protein because
of the induced depletion of FPP that impairs RAS posttransla-
tional processing. Cells treated with 0.2 µM α-hydroxyfarne-
sylphosphonate (EE) contain similar amounts of unmodified and
farnesylated RAS as do untreated cells. In contrast, cells treated
with either 2.0 or 20 µM α-hydroxyfarnesylphosphonate (EE)
contain only unmodified RAS as do lovastatin-treated cells. This
autoradiograph indicates that treatment of cells with between 0.2
and 2.0 µM α-hydroxyfarnesylphosphonate (EE) would de-
crease farnesylation of newly synthesized RAS by 50%. 

Effects of the isoprenoid phosphonates on FTPase. Figure
3 displays the effects of increasing concentrations of com-
pounds 4 (■) and 5 (▲) on in vitro FTPase activity. The ab-
scissa indicates the concentration of the phosphonates in the
FTPase reaction, and the ordinate indicates dpm of radiola-
beled farnesyl from FPP incorporated into precipitable H-ras
protein as percentage control. Compound 4 inhibits FTPase
with IC50 of approximately 65 nM, whereas compound 5 dis-
plays no FTPase inhibitory activity up to 100 nM concentra-
tions. Compounds 2, 3, 6, and 7 do not inhibit FPTase, at least
up to as high as 500 nM concentrations. 

Effects of the isoprenoid phosphonates on GGPTase I. Fig-
ure 4 displays the effects of increasing concentrations of com-
pound 4 on in vitro GGPTase I activity. The abscissa indicates
the concentration of the phosphonate in the GGPTase I reac-
tion, and the ordinate indicates dpm of radiolabeled geranyl-
geranyl from geranylgeranyl pyrophosphate incorporated into
precipitable mutant H-ras/CVLL protein as percentage con-
trol. Compound 4 slightly inhibits GGPTase I although an
IC50 is not reached even at 50 µM concentrations.

Effects of the isoprenoid phosphonates on cholesterol syn-
thesis and squalene synthase. Table 1 displays the effects of
E,E- (4) and Z,E-α-hydroxyfarnesylphosphonate (5) on cho-
lesterol synthesis in intact cells and squalene synthase in en-
zymatic assay. Neither compound greatly decreased choles-
terol synthesis nor squalene synthase activity in comparison
to control experiments. Lovastatin was used as a positive con-
trol for the cholesterol inhibition assay and (E,E)-(4,8,12-
trimethyl-3,7,11-tridecatrienylidene)-bisphosphonic acid was
used as a positive control for the squalene synthesis assay. 
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FIG. 2. Effects of E,E-α-hydroxyfarnesylphosphonate on newly synthe-
sized RAS levels. RPMI-8402 cells were radiolabeled and 200 µg of pro-
tein from cell lysate immunoprecipitated as described in the Experimen-
tal Procedures section. For this autoradiogram, each lane is labeled as
either Control or with the concentrations of E,E-α-hydroxyfarnesylphos-
phonate (EE) or lovastatin (LOV) used in the incubations.

FIG. 3. Effects of (■), E,E- and (▲), Z,E-α-hydroxyfarnesylphosphonates
on FPTase activity. This assay was performed as described in the Exper-
imental Procedures section. The points are the mean of three experi-
ments and the error bars indicate ±1 standard deviation.
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DISCUSSION

This preparation of the α-hydroxyfarnesylphosphonic acids
employed a sample of farnesal (1) that was known to consist
of a 10:1 mixture of the E,E- and Z,E-isomers. Condensation
of this mixture with the anion of dimethyl phosphite accord-
ing to an improved variation (29) of the procedure reported
by Pompliano et al. (18) (80 vs. 38% yield), gave the ex-
pected mixture of the dimethyl E,E- and dimethyl Z,E-α-hy-
droxyfarnesylphosphonates (2 and 3). Because these olefin
isomers could then be separated by column chromatography,
it was possible to obtain both of the desired olefin stereoiso-
mers of the farnesyl chain length. Each was then indepen-
dently hydrolyzed to the corresponding phosphonic acid (4
and 5). Preparation of the geranyl derivatives was accom-

plished by a parallel set of reactions, giving the dimethyl α-
hydroxygeranylphosphonate (6) and α-hydroxygeranylphos-
phonic acid (7) in very good yields. For the dimethyl esters,
purity was established most readily by analysis of the 1H
NMR spectra and the purity of the phosphonic acids was ver-
ified by analysis of the 31P NMR spectra.

The biological assay results for these compounds demon-
strate that in intact cells, only the E,E- (4) but not the Z,E-α-hy-
droxyfarnesylphosphonate (5) impairs RAS processing. Inhibi-
tion of FPTase by compound 4 is consistent with that reported
by Pompliano et al. (18), but a more dramatic effect is observed
when [35S]methionine incorporation into RAS in intact cells is
measured. The E,E-isomer is a potent inhibitor of the farnesyla-
tion of newly synthesized RAS. Furthermore, the IC50 for the
E,E-isomer (4) to inhibit RAS processing in intact cells is be-
tween 0.2 and 2.0 µM (Fig. 3), whereas IC50 for the E,E-isomer
to inhibit bovine FPTase in enzyme assay is approximately 65
nM (Fig. 4), suggesting that cells may either impede intracellu-
lar localization, metabolically inactivate, or actively extrude
compound 4. Alternatively, the mechanisms that regulate RAS
expression in intact cells (30) may compensate for compound 4
FPTase inhibitory activity. Our further expansion of the original
data (18) with our demonstration that the Z,E-isomer 5 is less
active in both intact cell and enzyme assays also indicates that
competitive interaction with the site of the FPP binding to FP-
Tase is dependent upon the olefin stereochemistry. 

To assess the effect of alkyl chain length on inhibition of
RAS processing in intact cells and in direct FPTase assays, a
C-10 analog (7) of the active E,E-isomer 4 was tested for ac-
tivity. If recognition of the α-hydroxyfarnesyl phosphonate is
dominated by interactions with the phosphoryl group, one
might expect smaller α-hydroxyalkylphosphonates to serve
as competitive inhibitors as well. However, α-hydroxyger-
anylphosphonate (7) did not alter RAS expression in intact
cells nor inhibit FPTase in enzyme assay. Thus competitive
interaction of inhibitors with the site of FPP binding to FPT-
ase is dependent upon alkyl chain length. A parallel impact
of chain length is found with the enzyme GGPTase I, where
the E,E-(α-hydroxyfarnesyl)phosphonate is not an inhibitor.

The dimethyl esters of active FTPase inhibitors should
have increased cell permeability relative to the phosphonic
acids because the esters remain neutral while the acids would
be ionized under assay conditions. If hydrolysis to the parent
acid were to occur within the cells, the dimethyl esters could
interfere with RAS processing to a greater degree than the par-
ent phosphonic acids. However, in our assays, the dimethyl
ester 2 did not impair RAS processing in intact cells nor did it
inhibit FPTase in enzyme assay despite the marked toxicity of
this compound with respect to severely decreasing cell viabil-
ity. The dimethyl ester 3 was similarly toxic to cells, raising
the possibility that such toxicity is a consequence of the esteri-
fication. At the same time, the C-10 dimethyl ester 6 was non-
toxic to cells. These results do not exclude the possibility that
toxicity might be a consequence of detergent activity, as has
been described for other similar compounds, (9) and that the
longer alkyl chain is required for a detergent effect.
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TABLE 1
Effects of Isoprenoid Phosphonates on Cholesterol Synthesis and
Squalene Synthasea

Cholesterol Synthesis Squalene Synthase
(% control) (% control)

Control 100 100
Compound 4 114 94
Compound 5 113 80
Lovastatin 32
Squalene synthase Inhibitor 9.3
aCholesterol synthesis: Compound 4 and Compound 5 were tested at 200
µM. Lovastatin was tested at 1 µM. Squalene synthase: Compound 4 and
Compound 5 were tested at 1 µM. Squalene synthase inhibitor refers to (E,E)-
(4,8,12-trimethyl-3,7,11-tridecatrienylidene)bisphosphonic acid that was
tested at 100 nM. Compound 4 is (R,S)-[1-hydroxy-3,7,11-trimethyl-
2E,6E,10-dodecatrienyl]phosphonic acid. Compound 5 is (R,S)-[1-hydroxy-
3,7,11-trimethyl-2Z,6E,10-dodecatrienyl]phosphonic acid.

FIG. 4. Effects of E,E-α-hydroxyfarnesylphosphonate on geranylgeranyl
protein transferase I activity. This assay was performed as described in
the Experimental Procedures section. The points are the mean of three
experiments and the error bars indicate ±1 standard deviation.
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Ultimately, any clinical application of FPP analogs as FPT-
ase inhibitors will depend on their selectivity for inhibition of
FPTase as compared to the other enzymes in the isoprenoid/cho-
lesterol metabolic pathway (9). The greatest concern is that iso-
prenoid phosphonates will inhibit other enzymes that utilize
FPP as a substrate, such as squalene synthase. Our experiments
clearly show that the active inhibitor 4 is specific for FPTase
over squalene synthase and displays only minimal inhibition of
GGPTase I. The limited inhibition of GGPTase I is particularly
important because GGPTase I and FPTase share α-subunits
(31), and one might speculate that there would be cross-inhibi-
tion of these two enzymes. To ensure valid assays of squalene
synthase inhibition, (E,E)-(4,8,12-trimethyl-3,7,11-trideca-
trienylidene)bisphosphonic acid was employed as a positive
control. Our finding that the E,E-isomer 4 does not inhibit squa-
lene synthase is contrary to the unpublished observation by oth-
ers (9) that this compound inhibits squalene synthase with an
IC50 of 0.63 µM.

Of these findings, the most significant result is that the
E,E-phosphonate 4 completely blocks RAS farnesylation via
inhibition of FPTase, while not reducing overall cholesterol
synthesis in intact cells and not inhibiting squalene synthase
in enzyme assay. Because both FPTase and squalene synthase
utilize FPP as their natural substrate, it may have been rea-
sonable to assume that both enzymes would be affected by
this compound in a parallel fashion. Because this is not the
case, phosphonate analogs of FPP are valuable as selective
inhibitors of the various enzymes of isoprenoid metabolism.

ACKNOWLEDGMENTS

This work was supported by grants from the Roy J. Carver Charita-
ble Trust, Leukemia Society of America, and University of Iowa
Cancer Center. R. Hohl is a recipient of an American Society of
Clinical Oncology Young Investigator Award and a Pharmaceutical
Research and Manufacturers of America Foundation Faculty Devel-
opment Award in Clinical Pharmacology. We thank Sarah Holstein,
Department of Chemistry at the University of Iowa, for preparation
of (E,E)-(4,8,12-trimethyl-3,7,11-tridecatrienylidene)bisphosphonic
acid. The RPMI-8402 cells were provided by M. Diaz, Loyola Uni-
versity.

REFERENCES

1. Bos, J.L. (1989) ras Oncogenes in Human Cancer: A Review,
Cancer Res. 49, 4682–4689.

2. Clark, S. (1992) Protein Isoprenylation and Methylation at Car-
boxy-Terminal Cysteine Residues, Annu. Rev. Biochem. 61,
355–386.

3. Schafer, W.R., and Rine, J. (1992) Protein Prenylation: Genes,
Enzymes, Targets, and Functions, Annu. Rev. Genet. 25,
209–238.

4. Glomset, J.A., and Farnsworth, C.C. (1994) Role of Protein
Modification Reactions in Programming Interactions Between
Ras-Related GTPases and Cell Membranes, Annu. Rev. Cell
Biol. 10, 181–205.

5. Schafer, W.R., Kim, R., Sterne, R., Thorner, J., Kim, S.H., and
Rine, J. (1989) Genetic and Pharmacologic Suppression of
Oncogenic Mutations of Ras Genes of Yeast and Humans, Sci-
ence 245, 379–385.

6. Hancock, J.F., Magee, A.M., Childs, J.E., and Marshall, C.J.
(1989) All Ras Proteins Are Polyisoprenylated But Only Some
Are Palmitoylated, Cell 57, 1167–1187.

7. Jackson, J.H., Cochrane, C.G., Bourne, J.R., Solski, P.A., Buss,
J.E., and Der, C.J. (1990) Farnesol Modification of Kirsten-Ras
Exon 4B Protein Is Essential for Transformation, Proc. Natl.
Acad. Sci. USA 87, 3042–3046.

8. Reiss, Y., Goldstein, J.L., Seabra, M.C., Casey, P.J., and Brown,
M.S. (1990) Inhibition of Purified p21ras Farnesyl-Protein
Transferase by Cys-AAX Tetrapeptides, Cell 62, 81–86.

9. Gibbs, J., Pompliano, D., Mosser, S., Rands, E., Lingham, R.,
Singh, S., Scolnick, E., Kohl, N., and Oliff, A. (1993) Selective
Inhibition of Farnesyl-Protein Transferase Blocks Ras Process-
ing In Vivo, J. Biol. Chem. 268, 7617–7620.

10. Kohl, N., Mosser, S., deSolms, S., Giuliani, E., Pompliano, D.,
Graham, S., Smith, R., Scolnick, E., Oliff, A., and Gibbs, J.
(1993) Selective Inhibition of Ras-Dependent Transformation
by a Farnesyltransferase Inhibitor, Science 260, 1934–1937.

11. James, G., Goldstein, J., Brown, M., Rawson, T., Somers, T.,
McDowell, R., Crowley, C., Lucas, B., Levinson, A., and
Marsters, J. (1993) Benzodiazepine Peptidomimetics: Potent In-
hibitors of Ras Farnesylation in Animal Cells, Science 260,
1937–1941.

12. Garcia, A.M., Rowell, C., Ackermann, K., Kowalczyk, J.J., and
Lewis, M.D. (1993) Peptidomimetic Inhibitors of Ras Farnesyl-
ation and Function in Whole Cells, J. Biol. Chem. 268,
18415–18418.

13. Nigam, M., Seong, C., Qian, Y., Hamilton, A., and Sebti, S.
(1993) Potent Inhibition of Human Tumor p21ras Farnesyltrans-
ferase by A1A2-lacking p21ras CA1A2X Peptidomimetics, J.
Biol. Chem. 268, 20695–20698.

14. Patel, D.V., Schmidt, R.J., Biller, S.A., Gordon, E.M., Robin-
son, S.S., and Manne, V. (1995) Farnesyl Diphosphate-Based
Inhibitors of Ras Farnesyl Protein Transferase, J. Med. Chem.
38, 2906–2921.

15. Schaber, M.D., O’Hara, M.B., Garsky, V.M., Mosser, S.D.,
Bergstrom, J.D., Moores, S.L., Marshall, M.S., Freidman, P.A.,
Dixon, R.A.F., and Gibbs, J.B. (1990) Polysioprenylation of Ras
In Vitro by a Farnesyl-Protein Transferase, J. Biol. Chem. 265,
14701–14704.

16. Moores, S.L, Schaber, M.D., Mosser, S.D., Rands, E., O’Hara,
M.B., Garsky, V.B., Marshall, M.S., Popliono, D.L., and Gibbs,
J.B. (1991) Sequence Determination of Protein Isoprenylation,
J. Biol. Chem. 266, 14603–14610.

17. Lerner, E.C., Quian, Y., Blaskivich, M.A., Fossum, R.D., Vogt,
A., Sun, J., Cox, A.D., Der, C.J., Hamilton, A.D., and Sebti,
S.M. (1995) Ras CAAX Peptidomimetic FTI-277 Selectively
Blocks Oncogenic Ras Signaling by Inducing Cytoplasmic Ac-
cumulation of Inactive Ras-Raf Complexes, J. Biol. Chem. 270,
26802–26806. 

18. Pompliano, D.L., Rands, E., Schaber, M.D., Mosser, S.D., An-
thony, N.J., and Gibbs, J.B. (1992) Steady-State Kinetic Mecha-
nism of Ras Farnesyl:Protein Transferase, Biochemistry 31,
3800–3807.

19. Corey, E.J., and Schmidt, G. (1979) Useful Procedures for the
Oxidation of Alcohols Involving Pyridinium Dichromate in
Aprotic Media, Tetrahedron Lett. 5, 399–402. 

20. Froehlich, M.L., Swartling, D.G., Lind, R.E., Mott, A.W., and
Bergstrom, D.E. (1989) An Improved Synthesis of 3′-Keto-5′-
O-tritylthymidine, Nucleosides Nucleotides 8, 1529–1535.

21. Lowry, O.H., Rosenbrough, N.J., Farr, A.L., and Randall, R.J.
(1951) Protein Measurement with the Folin Phenol Reagent, J.
Biol. Chem. 193, 265–275.

22. Kanai, T., Hirohashi, S., Noguchi, M., Shimoyama, Y., Shimosato,
Y., Noguchi, S., Nishimura, S., and Abe, O. (1987) Monoclonal An-
tibody Highly Sensitive for the Detection of Ras p21 in Im-
munoblotting Analysis, Jpn. J. Cancer Res. (Gann) 78, 1314–1318.

INHIBITION OF RAS FARNESYLATION BY FARNESYL PHOSPHONIC ACIDS 45

Lipids, Vol. 33, no. 1 (1998)



23. Hohl, R.J., and Lewis, K. (1995) Differential Effects of
Monoterpenes and Lovastatin on RAS Processing, J. Biol.
Chem. 270, 17508–17512.

24. Khan, S.G., Hasan, M., and Agarwal, R.J. (1995) A Rapid and
Convenient Filter-Binding Assay for Ras p21 Processing Enzyme
Farnesyltransferase, J. Biochem. Biophys. Methods 30, 133–144.

25. Harwood, H.J., Jr. (1995) Protein Farnesyltranferase: Measure-
ment of Enzymatic Activity in 96-Well Format Using TopCount
Microplate Scintillation Counting Technology, Analyt.
Biochem. 226, 268–278.

26. Hohl, R.J., Larson, R.A., Mannickarottu, V., and Yachnin, S.
(1991) Inhibition of Hydroxymethylglutaryl Coenzyme A Re-
ductase Activity Induces a Paradoxical Increase in DNA Syn-
thesis in Myeloid Leukemia Cells, Blood 77, 1064–1070.

27. Yachnin, S., Golomb, H.M., West, E.J., and Saffold, C. (1983)
Increased Cholesterol Biosynthesis in Leukemic Cells from Pa-
tients with Hairy Cell Leukemia, Blood 61, 50–60.

28. Ciosek, C.P., Magnin, D.R., Harrity, T.W., Logan, J.V.H., Dick-
son, J.K., Gordon, E.M., Hamilton, K.A., Jolibois, K.G., Kun-

selman, L.K., Lawrence, R.M., Mooktiar, K.A., Rich, L.C.,
Slusarchyk, D.A., Sulsky, R.B., and Biller, S.A. (1993)
Lipophilic 1,1-Bisphosphonates Are Potent Squalene Synthase
Inhibitors and Orally Active Cholesterol Lowering Agents in
vivo, J. Biol Chem. 268, 24832–24837. 

29. McEldoon, W.L., and Wiemer, D.F. (1995) Synthesis of Nucle-
oside 3′-Phosphonates via Nucleoside Ketones, Tetrahedron 51,
7131–7148. 

30. Hohl, R.J. (1996) Monoterpenes as Regulators of Malignant Cell
Proliferation, Dietary Phytochemicals in Cancer Prevention and
Treatment, pp. 137–146, Plenum Press, New York.

31. Moomaw, J.F., and Casey, P.J. (1992) Mammalian Protein Ger-
anylgeranyltransferase. Subunit Composition and Metal Re-
quirements, J. Biol. Chem. 267, 17438–17443.

[Received September 4, 1997, and in final revised form and revision
accepted December 12, 1997]

46 R.J. HOHL ET AL.

Lipids, Vol. 33, no. 1 (1998)



ABSTRACT: The metabolic course of four isomeric epoxyfatty
acids derived from oleic-, elaidic-, (Z)-, and (E)-vaccenic acids
in the lactone-producing yeast, Sporidiobolus salmonicolor,
was studied by using the deuterium-labeled precursors. Dihy-
droxy-, hydroxyoxo-, and hydroxy fatty acids as well as γ-lac-
tones were identified as metabolic intermediates. Quantitative
analysis of the label content and estimation of the enantiomeric
composition of the lactones established that, in the first step,
the racemic epoxyfatty acids were enantiospecifically hy-
drolyzed by an epoxide hydrolase. During the subsequent me-
tabolism, the stereochemical orientation of the hydroxy groups
of the dihydroxyfatty acids were modified by an oxidation/re-
duction step. 
Lipids 33, 47–58 (1998).

Epoxyfatty acids can be found in many plants as constituents
of the cutine polymers in green leaves where they are in-
volved in the defense mechanisms of green plants (1–4).
Epoxyfatty acids are derived from unsaturated fatty acids by
double-bond epoxidation, catalyzed either as a main or a side
reaction by a variety of metallo-enzymes, mostly of the cy-
tochrome P-450 type. Enzymes which utilize hydroperoxides
as oxygen source are summarized under the terms “epoxygen-
ases” or “peroxygenase” in the literature. Their activity was
first discovered in spinach (5), but have been found in a vari-
ety of edible plants (6–8). Some authors also have confirmed
the ubiquitous appearance of this kind of enzymatic activity
indirectly while identifying epoxyfatty acids as products of
bacteria, fungi, and mammals (9–13).

Epoxyfatty acids are chiral compounds. Stereochemical
investigations of their formation, performed with microsomes
or purified epoxygenases from Jerusalem artichokes, soy-
beans and broad beans, revealed that enzymatic epoxidation
reactions are enantioselective (14–16). However, the subse-

quent metabolism of epoxyfatty acids is initiated in general
by the hydrolytic cleavage of the oxirane ring, catalyzed by
epoxide hydrolases. These enzymes, active on carboxylic
epoxyfatty acids, were first discovered in a cell-free extract
of the flax rust uredospores (Melampsora lini) (17). The stere-
ospecificity of this enantioselective reaction toward both con-
figural isomers of 9,10-epoxystearic acids was first estab-
lished with an enzyme preparation from a Pseudomonas
strain (18,19). The most detailed studies concerning the regio-
and enantiospecificities of epoxyfatty acid hydrolases were
performed by Blée and Schuber (20–23), using purified soy-
bean enzyme.

Recently, Schöttler and Boland (24,25) have investigated
the importance of a saturated epoxyfatty acid acting as a pre-
cursor in the biosynthesis of γ-dodecanolactone, an important
flavor compound in many fruits. They proved the crucial role
of the enantioselectivity of epoxyfatty acid hydrolases for the
enantiomeric distribution of this γ-lactone in strawberries,
peaches, and nectarines. 

In this paper, we report the stereochemical aspects of the
metabolism of epoxyfatty acids in the lactone-producing
yeast Sporidiobolus salmonicolor. Sporidiobolus salmoni-
color was chosen for the following reasons: The yeast shows
a diverse fatty acid metabolism including a variety of inter-
esting enzymes and is easy to cultivate. Therefore, the yeast
has been used as an appropriate model for metabolic studies
in the field of fatty acids for many years (26–31). The organ-
ism accumulates chiral lactones during its cultivation, which
are in general biosynthesized from unsaturated fatty acids.
These compounds are easy to obtain and to analyze. By using
suitably labeled precursors, here double-bond labeled
racemic epoxy fatty acids, these lactones will conserve stere-
ochemical information by its configuration and labeling
patterns about those enzymes which are involved in the
metabolic pathways of the organism. Starting from deu-
terium-labeled racemic epoxides of (Z)- and (E)-oleates 
and vaccenates (9,10- and 11,12-epoxystearic acid esters),
we are able to give a detailed insight into the β-oxidative
course of these compounds with respect to the biosynthesis
of the important aroma compounds, γ-decalactone and γ-
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dodecalactone. The few examples given above show the
widespread natural occurrence of γ-lactones in popular 
fruits. They may demonstrate the important contribution 
of C10–C12 γ-lactones to the flavor of many foodstuffs. 
For this reason they are produced in ton-scale as flavor
enhancers (fruity notes, such as coconut, apricot, peach, 
etc.) for use in flavor industry (for a recent review, see 
Ref. 32). 

EXPERIMENTAL PROCEDURES

Syntheses. All four deuterium-labeled epoxyfatty acid iso-
mers were synthesized by chemical epoxidation (m-chloro-
perbenzoic acid in CH2Cl2 for 18 h at room temperature) from
the corresponding double-bond labeled monounsaturated
fatty acids or their esters, respectively. The (Z)- and (E)-
monoenoic acids were obtained by reductive deuteration of
the 9-, 11-octadecenoic acids or the 9-, 11-octadecen-1-ols,
respectively, which were synthesized by a C–C-bond forma-
tion between OH-protected ω-alkyn-1-ols and alkylbromides,
followed by deprotection and/or oxidation to the correspond-
ing acids. 

The preparation of the [2H2]-(Z)-epoxyoctadecanoic acids
was described elsewhere (26). The synthesis of the (E)-iso-
mers was performed as follows:

To 0.625 g (14.88 mmol) of LiAlD4 (99% isotopic purity),
dissolved in 25 mL of anhydrous diethylenglycoldimethyl-
ether (diglyme) at 0°C, 1.0 g (3.71 mmol) of the octadecen-1-
ol was added, and the reaction mixture was refluxed for 72 h.
After cooling to 0°C, the reaction was hydrolyzed with 5 mL
of D2O (99% isotopic purity), acidified with 2 M HCl, and
extracted three times using, in total, 100 mL of diethylether.
The combined organic phases were washed with brine, dried
over Na2SO4, and the solvent was evaporated in vacuum. The
product was purified on silica gel to obtain 0.883 g (3.15
mmol) of the pure [2H2]-(E)-octadecen-1-ol. The alcohol was
oxidized to the acid in a two-step procedure, using pyrid-
inumchlorochromate followed by HClO2 as oxidants. The
overall yield was regularly higher than 70% for all isomeric
fatty acids.

Analytical data. [9,10-2H2]-Methyl-(Z)-9,10-epoxyoctade-
canoate: Proton nuclear magnetic resonance (1H NMR)
(CDCl3): δ = 0.86 (t, J = 7 Hz, 3 H, CH3CH2), 1.17–1.48 (m,
22 H, CH2), 1.57 (quint, J = 7 Hz, 2 H, CH2CH2COOCH3),
2.28 (t, J = 7 Hz, 4 H, CH2CD(O)CDCH2), 3.63 (s, 3 H,
CH2COOCH3). Mass spectrum (70 eV), m/z (%): 314 (<1)
[M+], 283 (2) [M+ − CH3O], 265 (1), 247 (<1), 215 (7), 186
(11), 169 (7), 157 (26), 156 (59), 140 (23), 125 (17), 110 (33),
101 (58), 96 (35), 88 (100), 69 (71), 55 (99), 43 (70), 41 (74);
d-content at C(9)/C(10): averaged 93.1%.

[9,10-2H2]-Ethyl-(E)-9,10-epoxyoctadecanoate: 1H NMR
(CDCl3): δ = 0.85 (t, J = 7 Hz, 3 H, CH3CH2), 1.20–1.54 
(m, 22 H, CH2), 1.23 (t, J = 7 Hz, 3 H, CH3CH2O), 1,58
(quint, J = 7 Hz, 2 H, CH2CH2COOCH2CH3), 2.25 (t, J = 
7 Hz, 4 H, CH2CD(O)CDCH2) 4.09 (q, J = 7 Hz, 2 H,
CH2COOCH2CH3). Mass spectrum (70 eV), m/z (%): 329

(<1), 328 (<1) [M+], 311 (<1) [M+ − H2O], 300 (<1), 283 (4)
[M+− C2H5O], 265 (2), 247 (2), 223 (1), 215 (16), 186 (19),
157 (37), 156 (100), 153 (32), 140 (32), 125 (18), 110 (40),
101 (49), 96 (37), 88 (92), 83 (41), 69 (56), 55 (70), 41 (48);
d-content at C(9)/C(10): averaged 93.9%.

[11,12-2H2]-Ethyl-(Z)-11,12-epoxyoctadecanoate:1H
NMR (CDCl3): δ = 0.87 (t, J = 7 Hz, 3 H, CH3CH2),
1.18–1.49 (m, 22 H, CH2), 1.21 (t, J = 7 Hz, 3 H, CH3CH2O),
1.58 (quint, J = 7 Hz, 2 H, CH2CH2COOCH2CH3), 2.22 (t,
J = 7 Hz, 4 H, CH2CD(O)CDCH2) 4.06 (q, J = 7 Hz, 2 H,
CH2COOCH2CH3). Mass spectrum (70 eV), m/z (%): 328
(<1), 283 (2) [M+ − 45], 265 (2), 243 (8), 225 (2), 214 (11),
197 (4), 184 (28), 150 (13), 129 (26), 101 (82), 98 (40), 
88 (100), 82 (41), 69 (66), 55 (99), 41 (71); d-content at
C(11)/C(12): averaged 94.5%.

Synthesis of [11,12-2H2]-Ethyl-(E)-11,12-epoxyocta-
decanoate: 1H NMR (CDCl3): δ = 0.85 (t, J = 7 Hz, 
3 H, CH3CH2), 1.22–1.56 (m, 22 H, CH2), 1.23 (t, J = 7 Hz, 
3 H, CH3CH2O), 1.60 (quint, J = 7 Hz, 2 H, CH2CH2-
COOCH2CH3), 2.24 (t, J = 7 Hz, 4 H, CH2CD(O)CDCH2)
4.10 (q, J = 7 Hz, 2 H, CH2COOCH2CH3). Mass spectrum
(70 eV), m/z (%): 328 (<1) [M+], 310 (<1) [M+ − H2O], 283
(3) [M+ − C2H5O], 265 (2), 243 (7), 225 (2), 214 (9), 197 (4),
184 (28), 165 (10), 150 (11), 129 (27), 101 (80), 98 (40), 88
(100), 69 (68), 55 (99), 41 (63); d-content at C(11)/C(12): av-
eraged 94.1%. The enantiomeric excesses (ee) were calcu-
lated as in Equation 1:

[1]

(concentration of enantiomer E1 > enantiomer E2).
The microorganism S. salmonicolor, a carotinoid pigment-

producing yeast, was obtained from the Deutsche Stamm-
sammlung (Braunschweig, Germany). It is identical to the
yeast ATCC 24259 of the American strain collection. The or-
ganism was cultured and stored (4°C) on wort agar-agar-
slants. For metabolic experiments, the cells of the agar slants
were transferred to a 1-L Erlenmeyer flask under sterile con-
ditions, containing 200 mL of the following medium: 45 g/L
sucrose, 5 g/L lactose, 3.0 g/L MgSO4·7 H2O, 2.5 g/L L-ala-
nine, 2.5 g/L K2HPO4, 2.5 g/L (NH4)2SO4, 0.1 g/L CaCl2·2
H2O in deionized water. The cultures were incubated at
22–24°C on a horizontal shaker (100 rpm). After 96–120 h
incubation (stationary growth phase of the organism tested by
estimating the dry weight of the organisms), 250 mg (0.79
mmol) of racemic 9,10-d2-methyl-(Z)-9,10-epoxyoctade-
canoate and 250 mg (0.76 mmol) 9,10-d2-ethyl-(E)-9,10-
epoxyoctadecanoate were administered to different flasks of
cultured S. salmonicolor during the stationary growth phase
of the organisms. At certain times 10-mL aliquots of the cul-
ture broths were taken and extracted. The formation of degra-
dation products was monitored by gas chromatography–mass
spectrometry (GC–MS) analysis after methylation and silyla-
tion of the etheral extracts. Additional information to the
feeding experiments, the sample work-up as well as the

ee = E1(%) − E2 (%)

E1(%) + E2 (%)
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NMR, achiral and chiral GC–MS studies were previously de-
scribed (26,27). 

RESULTS

Experiments with [9,10-2H2]-(Z)- and [9,10-2H2]-(E)-9,10-
epoxyoctadecanoates. During the course of the fermentation,
both substrates were metabolized to several deuterated dihy-
droxy-, hydroxyoxo-, hydroxyfatty acids and labeled γ-dode-
calactone. These compounds were identified by their promi-
nent fragment ions of their MS-spectra [α-cleavage before
and after trimethylsilyl (TMS)-group rearrangement] and
compared with available reference data (Table 1) (33). Except
for the precursor, no epoxyfatty acids were detected. 

The quantitative course of the metabolite formation is
summarized in Figures 1 and 2. Both substrates were com-
pletely metabolized by 168 h. As main metabolic products,
C14 and C12 dihydroxyfatty acids temporarily accumulated in
the culture broths in concentrations of up to 52 mg/L. There
were apparent differences between the product spectra ob-
tained from both isomeric substrates. After adding the (Z)-
isomeric precursor, significant amounts of labeled 5,6-, and
3,4-hydroxy-oxo fatty acids were formed by the yeast (up to
20 mg/L), carrying the oxo-functionality always in the latter
position of the vicinal hydroxy/oxo group in the alkyl chain
of the acids. After the addition of the (E)-isomer, these acids

could only be detected as trace components (<100 µg/L).
However, only in the experiment starting with the (E)-precur-
sor, up to 30 mg/L of 9,10-dihydroxyoctadecanoate could be
found in the fermentation broth of the organism, representing
the product of the first metabolic step, the hydrolysis of the
oxirane ring of the 9,10-epoxyoctadecanoate. 

Labeled γ-dodecalactone was formed from both isomers
of 9,10-epoxyoctadenoate by the yeast. This chiral compound
was suitable to study stereochemical aspects of the present
metabolic pathway(s) in more detail. The deuterated part of
the lactone conserves stereochemical information in its label-
ing patterns and its enantiomeric composition and was
accordingly analyzed by both achiral and chiral GC–MS
(26,27). 

As shown in Figures 1B and 2B as well as in Table 2, com-
pared to the (Z)-configured isomer, the (E)-configured sub-
strate was the better precursor of γ-dodecalactone [yield: (Z)
= 0.2 mol% vs. (E) = 1.26 mol% after 168 h]. The relative
amounts of one- and twofold deuterated γ-dodecalactone,
which were significantly different from both experiments, ap-
pear to be even more interesting. The formation of high quan-
tities of monodeuterated γ-lactone [about 40–50% of the la-
beled part after addition of (Z)-, and 20–25% after adminis-
tration of (E)-epoxyoctadecanoate] reflects the partial loss of
one deuterium during the biotransformation process of the
epoxy acids to the lactone. The reason for this deuterium re-
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TABLE 1
Identified Metabolic Products of d2-Methyl-(Z)-9,10-epoxyoctadecanoate and d2-Ethyl-(E)-9,10-epoxyoctadecanoate 
as Their Mass Spectra (as methyl esters and as silylated TMS-derivatives), After Incubation of 50 mg (250 mg/L) 
of Each Precursor in Cultures of Sporidiobolus salmonicolor

Precursor EI–MS spectraa

Products m/z (relative intensity)

d2-Methyl-(Z)-9,10-epoxyoctadecanoate

[5,6-2H2]5,6-Dihydroxytetradecanoic acid 389(1),388(2),318(<1),277(1),216(38),215(20),205(15),204(90),172(22),147(17),130(20),
114(21),100(21),83(22),73(100)

[5-2H1]5-Hydroxy-6-oxotetradecanoic acid 330(2),314(4),279(1),256(1),204(100),172(31),130(37),114(26),100(30),73(43)

[3,4-2H2]3,4-Dihydroxydodecanoic acid 377(<1),361(<1),316(<1),287(2),286(3),271(1),249(30),216(89),147(13),104(21),83(18),73(100)

[4-2H1]4-Hydroxy-3-oxododecanoic acid 302(1),286(<1),270(<1),196(1),176(52),134(36),132(28),73(100)

[3,4-2H2]γ-Dodecalactoneb 180(<1),128(3),110(1),102(2),101(3),100(2),98(2),97(3),87(22),
86(10),85(100),83(5),75(7),74(8),57(14),56(15),55(16)

[2-2H1]2-Hydroxydecanoic acidb 260(32),232(4),217(18),216(100),104(24),89(49),73(97)

d2-Ethyl-(E)-9,10-epoxyoctadecanoate

[9,10-2H2]9,10-Dihydroxyoctadecanoic acid 390(<1),389(1),388(2),319(<1),318(<1),314(<1),277(1),216(38),215(20),
205(15),204(90),172(22),147(17),130(20),114(21),100(21),83(22),73(100)

[5,6-2H2]5,6-Dihydroxytetradecanoic acid 389(1),388(2),318(<1),277(1),216(38),215(20),205(15),204(90),172(22),147(17),
130(20),114(21),100(21),83(22),73(100)

[3,4-2H2]3,4-Dihydroxydodecanoic acid 377(<1),361(<1),316(<1),287(2),286(3),271(1),249(30),216(89),147(13),104(21),83(18),73(100)

[3,4-2H2]γ-Dodecalactoneb 180(<1),128(3),110(1),102(2),101(2),100(2),98(2),97(3),87(24),
86(9),85(100),83(5),75(7),74(10),57(16),56(17),55(19)

[2-2H1]-2-Hydroxydecanoic acidb 260(32),232(4),217(18),216(100),104(24),89(49),73(97)
aEI–MS, electron ionization–mass spectrometry.
bOccurred accompanied with its unlabeled isotopomer.



moval could be an oxidation/reduction step at the chirality
center C-4 of the resulting lactone, comparable to the biosyn-
thesis of δ-decalactone in S. salmonicolor (28). This hypoth-
esis was confirmed by the finding that only this regioisomeric
hydroxyoxofatty acid was formed by the yeast which carried
the oxo-group at the latter C-atom of the vicinally arranged
functional group in the carbon chain (Table 1). 

More detailed information about the stereochemical course
of this metabolic pathway to the γ-dodecalactone was ob-
tained by the chiral GC–MS analysis of the isotopomeric lac-
tones (Table 3). The enantiomeric distribution of the d2-la-
beled lactone represents the initial stereochemical orientation
of the latter hydroxy group (at C-10) after the ring-opening of
the epoxide hydrolase and the subsequent β-oxidative degra-
dation. Coming from the (Z)-configured substrate, the d2-lac-
tone was biosynthesized in 77.4% ee (S). When derived from
the (E)-9,10-epoxystearate, the lactone occurred in the oppo-
site configuration [86% ee (R)]. 

The only reasonable explanation of the loss of the label at
the chirality center at C-4 of the lactone is the abstraction of a
deuterium by a dehydrogenase or oxidase which formed the
oxofatty acid. After another reduction step at this carbon, fi-

nally leading to the d1-4-hydroxydodecanoic acid, the ex-
creted d1-labeled lactone product conserved the stereochemi-
cal specificity of this reductive enzymatic activity [The re-
quired cofactor(s) must have been protonated and not deuter-
ated since the medium was based on H2O. Consequently, one
can discriminate between the stereospecificity of the two dif-
ferent pathways to d2- and d1-lactone]. Hence, the (Z)-precur-
sor was metabolized to the (R)-configured d1-γ-dodecalactone
(47.2% ee) opposite to its d2-isotopomer which occurred in
the (S)-configuration. The d1-labeled γ-dodecalactone from
the (E)-configured substrate, on the other hand, was estimated
to possess nearly the identical enantiomeric composition as
its d2-isomer [90.6% ee (R)], isolated from the same culture
at the same time.

Experiments with deuterated [11,12-2H2]-(Z)- and [11,12-
2H2]-(E)-11,12-epoxyoctadecanoates. The experiments with
the racemic d2-(Z)- and d2-(E)-vaccenoates were performed
in the same manner as described above. Again dihydroxy-,
hydroxyoxo-, and hydroxyfatty acids as well as γ-decalactone
as the corresponding lactone were identified as labeled
metabolites from both incubation experiments (Table 4). The
courses of the product formation are presented in Figures 3
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FIG. 1. Time-dependent course of the product formation after addition of 50 mg (250 mg/L)
[9,10-2H2]-methyl-(Z)-9,10-epoxyoctadecanoate to 250-mL shaking-flask cultures of Sporid-
iobolus salmonicolor (stationary growth phase). (A) Substrate and hydroxyfatty acids as prod-
ucts; (B) substrate and lactonic products.
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and 4. The results are roughly comparable to those obtained
from the epoxidized oleic and elaidic acid experiments. Once
more the 5,6-dihydroxyfatty acids were detected in the high-
est concentration of all metabolic products excreted by the
yeast (up to 64 mg/L); even hydroxy-oxo compounds could
be identified in the cultures. As a consequence of the position
of the epoxy group (C11/12) of the utilized precursors, this
time labeled γ-decalactone was produced by S. salmonicolor
as the lactonic compound. Comparable to the above-pre-
sented experiments, the (E)-configured epoxy acid was again
the far better substrate for the production of γ-decalactone
[yield: (Z) 0.46 mol%; (E) = 2.92 mol%) (Table 2)]. Accurate
analytical estimation of the isotopomeric composition re-
vealed that from both precursors mainly the double-labeled γ-
decalactone was produced by the yeast. Nevertheless, the part
of d1-labeled γ-decalactone was obvious. The results of the
chiral GC–MS analysis of the isotopomeric γ-decalactones
are shown in Table 3. In contrast to the unlabeled γ-decalac-
tone which was biosynthesized enantiomerically pure in its
(R)-configuration, the deuterated isomers only occurred with
moderate optical purity, each with an excess of the (R)-enan-
tiomer.

DISCUSSION

The presented results allow us to gain a detailed insight into
the metabolism of isomeric epoxyfatty acids in a yeast for the
first time. Both enantiomers of all four isomeric substrates
were metabolized, and their pathways could be successfully
traced. Some common aspects of their degradation are obvi-
ous:  (i) No chain-shortened epoxyfatty acids could be de-
tected. Therefore, the first metabolic step of the pathway is
the hydrolytic opening of the oxirane ring (accompanied by
the hydrolysis of the ester group of the precursors), resulting
in the formation of dihydroxyfatty acids. Consequently, this
indirectly proves the existence of at least one epoxyhydrolase
in S. salmonicolor which accepts epoxyoctadecanoates as
substrates. (ii) Once included in the β-oxidation cascade, the
C18-dihydroxyfatty acids were successfully degraded by the
separation of two, respectively three acetyl-CoA molecules
and then released into the medium again (5,6- and 3,4-dihy-
droxyfatty acids accumulated in the highest concentration of
all metabolites). For this reason, β-oxidation of these com-
pounds appears to be the “bottleneck” of the metabolism in
total. In contrast to the degradation of 4,5-dihydroxyalkanoic
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FIG. 2. Time-dependent course of the product formation after addition of 50 mg (250 mg/L)
[9,10-2H2]-ethyl-(E)-9,10-epoxyoctadecanoate to 250-mL shaking-flask cultures of Sporidiobo-
lus salmonicolor (stationary growth phase). For (A) and (B) see Figure 1.
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acids, which strictly accumulate in the culture broth as their
5-hydroxy-γ-lactones (no further metabolization) (30), obvi-
ously the 5,6- and the 3,4-dihydroxy compounds were intro-
duced again in the β-oxidation cycle and were completely
metabolized by S. salmonicolor at last. (iii) All of the four
substrates served as precursors in the biosynthesis of deuter-
ated γ-decalactone or γ-dodecalactone, respectively. The cor-
responding γ-lactones were excreted in relatively low
amounts by S. salmonicolor (yields between 0.2–2.9 mol%).
Apparently, the (E)-configured substrates were always the
better precursors with respect to the lactone formation. 
(iv) No intermediates of the pathway from the 3,4-dihydroxy
acids, the potential metabolic precursors of the γ-lactones, to
the corresponding lactones could be detected [this is in con-
trast to the results of Albrecht and Tressl (29), who identified
γ-dec-2-enolactone as an intermediate in the γ-decalactone
formation from ethyl-3,4-epoxydecanoate in S. salmoni-
color]. Here, we are not able to provide more information
about the involved enzymatic steps from the 3,4-dihydroxy
acids to the saturated γ-lactones.

Some additional remarks need to be made about points (iii)
and (iv). The formation of the direct γ-lactone precursor 4-
hydroxyfatty acid from the 3,4-dihydroxyfatty acid strongly
depends on the metabolic sequence and the substrate affinity

of the involved enzymes. A dehydration step of the 3-hydroxy
group, leading to (E)-4-hydroxy-dec-2-enoic acid is known
as a standard reaction step of the fatty acid biosynthesis. For
that, the 3,4-dihydroxy compound must be transferred to an
acyl carrier protein of the fatty acid biosynthesis cycle. After
one enzymatic step (dehydration), it must be released again.
Apart from this, the reduction of the ∆2-double bond is not a
very common reaction in yeasts. Consequently, it seems more
likely that the cyclization of the 3,4-dihydroxy compounds,
leading to the 3-hydroxy-γ-lactone, competes directly with
the further β-oxidation of these compounds which will yield
α-hydroxy acids.

The possibility of the enzyme-catalyzed dehydration of 3-
hydroxy-γ-lactones to (Z)-γ-alk-2-enolactones and the further
reduction to the saturated γ-lactone was established for yeasts
by Fronza et al. (34) and Gatfield et al. (35). Therefore, it
seems likely that S. salmonicolor uses the same biosynthetic
pathway. One cycle of β-oxidation of the 3,4-dihydroxyfatty
acid leads to 2-hydroxyacids (they could be detected in the
broth of S. salmonicolor after adding the epoxyfatty acids).
These compounds are not substrates for further β-oxidation.
Fulco (36) could establish a decarboxylation (α-oxidation) of
long-chain 2-hydroxyfatty acids in a Saccharomyces strain.
Hence, α-oxidation in S. salmonicolor seems possible even
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TABLE 2
Concentration and Relative Amounts of One- and Twofold Labeled γ-Dodecalactone or γ-Decalactone, Respectively, 
Found After Addition of 250 mg/L [9,10-2H2]-Methyl-(Z)-9,10-epoxyoctadecanoate, [9,10-2H2]-Ethyl-(E)-9,10-epoxyoctadecanoate, 
[11,12-2H2]-Ethyl-(Z)-11,12-epoxyoctadecanoate, or [11,12-2H2]-Ethyl-(E)-11,12-epoxyoctadecanoate to Cultures 
of Sporidiobolus salmonicolor [achiral GC–MS coupling (capillary column: DB wax™)]a

Substrate

Time (h)

Product 0 8 24 48 72 95 126 168

γ-Dodecalactone d2-Methyl-(Z)-9,10-epoxyoctadecanoate

Concentration (µg/L) 249 347 379 409 480 543 468 480
Unlabeled (%) 100 98.9 86.7 76.0 63.8 51.8 53.0 56.0
d1-Labeled (%) 0 0.4 8.3 12.4 16.7 22.6 22.2 21.0
d2-Labeled (%) 0 0.7 5.0 11.6 19.5 25.6 24.8 23.0

d-Ethyl-(E)-9,10-epoxyoctadecanoate

Concentration (µg/L) 285 410 920 1507 2019 2209 2402 2058
Unlabeled (%) 100 95.8 52.6 36.7 34.3 32.3 31.9 30.5
d1-Labeled (%) 0 1.2 8.8 10.3 12.2 12.9 12.9 13.4
d2-Labeled (%) 0 5.0 38.6 53.0 53.5 54.8 55.2 56.1

γ-Decalactone d2-Ethyl-(Z)-11,12-epoxyoctadecanoate

Concentration (µg/L) 560 620 990 1420 2010 2530 3040 4520
Unlabeled (%) 100 97.7 90.1 84.1 82.3 81.5 80.5 83.8
d1-Labeled (%) 0 1.0 2.9 4.1 4.5 4.7 5.1 4.6
d2-Labeled (%) 0 1.3 7.1 11.8 13.2 13.8 14.4 11.6

d2-Ethyl-(E)-11,12-epoxyoctadecanoate

Concentration (µg/L) 660 790 1920 6930 8210 8790 9360 9820
Unlabeled (%) 100 95.6 63.6 50.5 55.2 56.2 58.4 61.3
d1-Labeled (%) 0 0.7 6.4 8.1 7.9 7.2 6.9 6.4
d2-Labeled (%) 0 3.7 31.0 41.4 36.9 36.6 34.7 32.3

aGC–MS, gas chromatography–mass spectrometry.



though there is no knowledge of α-oxidation occurring in mi-
croorganisms. Further examination is therefore still needed to
explain the metabolic pathway of unusual oxygenated fatty
acids. 

However, besides the aspects of lactone biosynthesis, the
presented results give access to a better understanding of the
stereospecificity of the enzymes which are involved in the
degradation of epoxyfatty acids. The stereochemical analysis
of accumulated chiral lactones served as an advantageous ap-
proach for this purpose and is well established using chiral
GC capillary columns with chemically modified cyclodextrin
phases (37,38). The interpretation of the analytical data re-
vealed the enantioselectivity of the epoxide hydrolase and the
subsequent β-oxidation to the epoxyfatty acids. Therefore, it
is worthwhile to discuss the results in detail here. 

The d1- and d2-labeled parts of both γ-lactones were opti-
cally active, and each part was obtained having a different
enantiomeric excess. These results prove the existence of at
least one enantiodiscriminating step in the metabolic path-
ways of the racemic epoxides. Interestingly, the d2-γ-dode-
calactone synthesized from d2-(Z)-9,10-epoxystearic acid had
the opposite configuration [77.4% ee (S)] to the d2-γ-dode-
calactone isolated after adding d2-(E)-9,10-epoxystearic acid
[86.0% ee (R)]. This finding indicates that the enantioselec-
tivity of this metabolic pathway depends on the stereochemi-
cal specificity of the epoxyhydrolase (provided that the β-ox-
idation enzymes involved react in the same stereochemical
manner for both substrates). It seems that this enzyme de-
pends strongly on the initial configuration (E- or Z-) of the
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TABLE 3
Relative Distribution of Both Enantiomers of the Deuterium-Labeled
γ-Dodecalactone and γ-Decalactone Isotopomers Formed 168 h 
After Addition of [9,10-2H2]-Methyl-(Z)-9,10-epoxyoctadecanoate,
[9,10-2H2]-Ethyl-(E)-9,10-epoxyoctadecanoate, [11,12-2H2]-Ethyl-
(Z)-11,12-epoxyoctadecanoate, and [11,12-2H2]-Ethyl-(E)-11,12-
epoxyoctadecanoate to Cultures of Sporidiobolus salmonicolor
[chiral GC–MS coupling (capillary column: Lipodex E™)]a

Relative Configuration

amount (R) (S) eeb

(%) (%) (%) (%)

γ-Dodecalactone d2-Methyl-(Z)-9,10-epoxyoctadecanoate

Unlabeled 54.8 42.8 57.2 14.4 (S)
d1-Labeled 21.9 73.6 26.4 47.2 (R)
d2-Labeled 23.3 11.3 88.7 77.4 (S)

d2-Ethyl-(E)-9,10-epoxyoctadecanoate

Unlabeled 29.4 78.4 21.6 56.8 (R)
d1-Labeled 12.5 95.3 4.7 90.6 (R)
d2-Labeled 58.1 93.0 7.0 86.0 (R)

γ-Decalactone d2-Ethyl-(Z)-11,12-epoxyoctadecanoate

Unlabeled 83.5 99.0 1.0 98.0 (R)
d1-Labeled 4.5 73.0 27.0 46.0 (R)
d2-Labeled 12.0 50.3 49.7 0.6 (R)

d2-Ethyl-(E)-11,12-epoxyoctadecanoate

Unlabeled 63.1 98.8 1.2 97.6 (R)
d1-Labeled 6.8 74.1 25.9 48.2 (R)
d2-Labeled 30.1 71.2 28.8 42.4 (R)
aLipodex E (Machery & Nagel, Düren, Germany).
bee = Enantiomeric excess; see Table 2 for other abbreviation.

TABLE 4
Identified Metabolic Products of d2-Ethyl-(Z)-11,12-epoxyoctadecanoate and d2-Ethyl-(E)-11,12-epoxyoctadecanoate 
as Their Mass Spectra (as methyl esters and as silylated TMS derivatives), After Incubation of 50 mg (250 mg/L) 
of Each Substrate to Cultures of Sporidiobolus salmonicolor

Substrate EI–MS Spectra

Products m/z (relative intensity)

d2-Ethyl-(Z)-11,12-epoxyoctadecanoate

[5,6-2H2]5,6-Dihydroxydodecanoic acid 377(<1),361(3),277(6),217(2),204(71),188(66),172(18),
147(15),130(18),114(16),104(14),100(15),98(12),73(100)

[5-2H1]5-Hydroxy-6-oxododecanoic acid 302(2),286(19),274(2),204(80),172(23),158(11),130(38),
114(20),100(22),73(100)

[3,4-2H2]3,4-Dihydroxydecanoic acid 349(<1),333(1),316(<1),288(1),279(1),249(20),188(80),
146(10),104(17),98(13),73(100)

[3,4-2H2]γ-Decalactonea 152(<1),129(1),128(7),114(<1),113(1),111(1),110(1),86(43),85(100),55(5),43(4),41(5)

[2-2H1]2-Hydroxyoctanoic acida 232(14),188(48),104(16),98(15),89(50),73(100)

d2-Ethyl-(E)-11,12-epoxyoctadecanoate

[11,12-2H2]11,12-Dihydroxyoctadecanoic acid 461(<1),445(1),391(<1),361(6),347(1),301(1),288(60),271(4),
188(78),147(21),130(12),104(12),73(100)

[5,6-2H2]5,6-Dihydroxydodecanoic acid 377(<1),361(3),277(6),217(2),204(71),188(66),172(18),
147(15),130(18),114(16),104(14),100(15),98(12),73(100)

[3,4-2H2]3,4-Dihydroxydecanoic acid 349(<1),333(1),316(<1),288(1),279(1),249(20),188(80),
146(10),104(17),98(13),73(100)

[3,4-2H2]γ-Decalactonea 152(<1),129(1),128(8),114(<1),113(1),111(1),110(1),86(47),85(100),55(6),43(4),41(5)

[2-2H1]-2-Hydroxyoctanoic acida 232(14),188(48),104(16),98(15),89(50),73(100)
aOccurred accompanied with its unlabeled isotopomer; TMS, trimethylsilyl. See Table 1 for other abbreviation.



epoxy group in the substrates. Therefore, the epoxy groups of
both enantiomers of the (Z)-substrate (R,S- or S,R-, respec-
tively) were hydrolytically cleaved by a highly stereoselec-
tive attack of water at the (R)-9- or (R)-10-carbons to yield
the (S,S)-9,10-dihydroxystearic acid enantiomer as interme-
diate. In the (E)-configured substrate, on the other hand, the
water mainly either attacked the (S)-10- or the (R)-9-chirality
center to produce the (R,S)-9,10-dihydroxystearic acid. This
clearly demonstrates that in the case of the 9,10-epoxyfatty
acids only one of the two stereocenters of each enantiomeric
epoxy acid was attacked by a water molecule to cleave the
oxirane ring (Fig. 5). Interestingly, these results are compara-
ble with those of Schöttler and Boland (25) and Blée and
Schuber (22) who found that the epoxide hydrolases of straw-
berries and soybeans introduce the water molecule (S)-specif-
ically to racemic (Z)-9,10-epoxystearates. Therefore, epoxide
hydrolases of different organisms seem to share common
stereochemical features. 

Discussing the results of the experiments with the epoxi-
dized (Z)-, and (E)-vaccenic acids, one can say that these pre-
cursors follow the same metabolic sequence as the derivatives
of oleic and elaidic acids. The 11,12-epoxystearates are also

precursors for an important lactonic flavor compound in S.
salmonicolor, the γ-decalactone. However, the analysis of the
enantiomeric composition of the lactone revealed that these
epoxyfatty acids are not the natural endogenous precursors of
γ-decalactone. Unsupplemented cultures of S. salmonicolor
and cultures fed with oleic acid produce exclusively the (R)-
configured lactone [via an (R)-12-hydroxylation of oleic acid,
followed by β-oxidation of the intermediate ricinoleic acid]
(26). Therefore, the degradation of added epoxidized vac-
cenoates should be regarded as an “exogenously induced”
pathway to both enantiomers of γ-decalactone in this yeast.
Both biochemical pathways (via hydroxylation and epoxida-
tion) to lactones should be discussed for future investigations,
especially concerning the γ-decalactone biosynthesis in fruits
and other microorganisms. 

Nevertheless, these results obtained from the 11,12-epoxy
isomers do not allow such an unambiguous interpretation of
the stereochemical orientation of the metabolic pathway as
for the 9,10-epoxy stearates. The d2-γ-decalactone derived
from (Z)-11,12-epoxystearic acid was analyzed to be nearly
racemic [0.6% ee (R)], whereas the d2-γ-decalactone isolated
from cultured S. salmonicolor, fed with the (E)-isomer,
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FIG. 3. Time-dependent course of the product formation after addition of 50 mg (250 mg/L)
[11,12-2H2]-ethyl-(Z)-11,12-epoxyoctadecanoate to 250-mL shaking-flask cultures of Sporid-
iobolus salmonicolor. For (A) and (B) see Figure 1.
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showed only moderate optical purity [42.4% ee (R)]. Addi-
tional to the findings for the 9,10-epoxides, these results also
clearly mark the dependency of the enantioselectivity of the
epoxide hydrolase on the position of the epoxy group in the
fatty acid chain. 

The metabolism of the isomeric 9,10- and 11,12-epoxyoc-
tadecanoic acids in the yeast S. salmonicolor is summarized
in Scheme 1. 
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ABSTRACT: We have examined the biosynthetic pathway of
triacylglycerols containing ricinoleate to determine the steps in
the pathway that lead to the high levels of ricinoleate incorpo-
ration in castor oil. The biosynthetic pathway was studied by
analysis of products resulting from castor microsomal incuba-
tion of 1-palmitoyl-2-[14C]oleoyl-sn-glycero-3-phosphocholine,
the substrate of oleoyl-12-hydroxylase, using high-performance
liquid chromatography, gas chromatography, mass spectrome-
try, and/or thin-layer chromatography. In addition to formation
of the immediate and major metabolite, 1-palmitoyl-2-[14C]rici-
noleoyl-sn-glycero-3-phosphocholine, 14C-labeled 2-linoleoyl-
phosphatidylcholine (PC), and 14C-labeled phosphatidyl-
ethanolamine were also identified as the metabolites. In addi-
tion, the four triacylglycerols that constitute castor oil,
triricinolein, 1,2-diricinoleoyl-3-oleoyl-sn-glycerol, 1,2-dirici-
noleoyl-3-linoleoyl-sn-glycerol, 1,2-diricinoleoyl-3-linolenoyl-
sn-glycerol, were also identified as labeled metabolites in the
incubation along with labeled fatty acids: ricinoleate, oleate,
and linoleate. The conversion of PC to free fatty acids by phos-
pholipase A2 strongly favored ricinoleate among the fatty acids
on the sn-2 position of PC. A major metabolite, 1-palmitoyl-2-
oleoyl-sn-glycerol, was identified as the phospholipase C hy-
drolyte of the substrate; however, its conversion to triacylglyc-
erols was blocked. In the separate incubations of 2-[14C]rici-
noleoyl-PC and [14C]ricinoleate plus CoA, the metabolites were
free ricinoleate and the same triacylglycerols that result from in-
cubation with 2-oleoyl-PC. Our results demonstrate the pro-
posed pathway: 2-oleoyl-PC → 2-ricinoleoyl-PC → ricinoleate
→ triacylglycerols. The first two steps as well as the step of di-

acylglycerol acyltransferase show preference for producing rici-
noleate and incorporating it in triacylglycerols over oleate and
linoleate. Thus, the productions of these triacylglycerols in this
relatively short incubation (30 min), as well as the availability
of 2-oleoyl-PC in vivo, reflect the in vivo drive to produce triri-
cinolein in castor bean.
Lipids 33, 59–69 (1998).

Ricinoleate has many industrial uses; however, the only com-
mercial source of ricinoleate, castor (Ricinus communis L.)
bean, contains the toxin ricin and potent allergens that pose
serious health hazards to growers and processors. Because of
the potential danger of these components in harvest and pro-
cessing, it is desirable to produce ricinoleate in an oilseed of
a transgenic plant lacking these components. The cDNA for
oleoyl-12-hydroxylase, the key enzyme in the biosynthesis of
ricinoleate, has recently been cloned (1). Expression of this
enzyme in transgenic plants resulted in low levels of hydroxy
fatty acids (2) compared to castor oil (20% vs. 90% rici-
noleate in castor). It is therefore important to maximize ex-
pression of the hydroxylase and optimize incorporation of ri-
cinoleate into triacylglycerols to develop transgenic plants
that produce higher levels of ricinoleate. To accomplish this,
it is essential to determine which enzymatic steps drive rici-
noleate into triacylglycerols. It is also crucial to determine
how the oleate supply is maintained for oleoyl-12-hydroxy-
lase, since the final oil contains 5% or less of oleate. 

In order to optimize incorporation of ricinoleate into tria-
cylglycerols in a transgenic plant, the biosynthetic pathway
of triricinolein must be known. Bafor et al. (3) proposed the
biosynthetic pathway of triricinolein from microsomal incu-
bations of oleoyl-CoA which is rapidly incorporated into 2-
oleoyl-phosphatidylcholine (PC), the proposed substrate of
oleoyl-12-hydroxylase (4). We report here the identifications
of some intact metabolites of 2-oleoyl-PC, including the im-
mediate metabolite of oleoyl-12-hydroxylase, 2-ricinoleoyl-
PC, free ricinoleate and triacylglycerols containing rici-
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noleate, using high-performance liquid chromatography
(HPLC) of intact lipids, demonstrating the major biosynthetic
pathway to triricinolein. We also report the identification of
enzymatic steps which drive ricinoleate into triacylglycerols.
The key enzyme in the pathway, oleoyl-12-hydroxylase, has
been characterized recently using both 2-oleoyl-PC (5) as im-
mediate substrate and oleoyl-CoA (6) which is the acyl donor
for biosynthesis of the substrate, 2-oleoyl-PC (3,4).

EXPERIMENTAL PROCEDURES

Microsomal incubation. Microsomes from castor bean were
prepared as described previously (5). In order to keep the en-
zymes active after the microsomes were thawed for use in in-
cubations, antipain-dihydrochloride (5 µg/mL; Boehringer
Mannheim Corp., Indianapolis, IN) was added to the extrac-
tion buffer and microsome suspension buffer during microso-
mal preparation. The microsomal incubation mixture included
in a total volume of 1 mL was: sodium phosphate (0.1 M, pH
6.3), NADH (0.5 mol), ATP (0.5 µmol), MgCl2 (0.5 µmol),
catalase (1000 units), and microsomal fraction of endosperm
from immature castor bean (15 µL, 138 µg of protein). The ra-
dioactive substrate, 1-palmitoyl-2-[1-14C]oleoyl-sn-glycero-3-
phosphocholine (0.125 µCi, 2.16 nmol, 58.0 Ci/mol; DuPont
NEN, Boston, MA) in 20 µL of ethanol was added last into a
screw- capped tube followed by immediate mixing. The mix-
ture was then incubated in a shaking water bath for 30 min at
22°C. The incubation was stopped by addition of 3.75 mL of
chloroform/methanol (1:2, vol/vol). The mixture was again
mixed with 0.63 mL of chloroform and 0.63 mL of water. The
lower chloroform layer containing the lipid extract was dried
and fractionated on a silica HPLC system for the separation of
lipid classes described here. The radioactive 2-ricinoleoyl-PC
was prepared by a microsomal incubation of 2-[1-14C]oleoyl-
PC up to 48 times the incubation mixture given above (48 ×
volume). Then the PC fraction obtained was purified by the C8
HPLC system described here to obtain radioactive 2-rici-
noleoyl-PC. In the study of metabolism of free ricinoleate, ra-
dioactive ricinoleate was added to the incubation (1 h) in place
of radioactive 2-oleoyl-PC as described here, and CoA (0.5
µmol) also was added to the incubation. Radioactive ricinoleate
was prepared by the castor microsomal incubation of radioac-
tive oleoyl-CoA (6), hydrolysis by sodium hydroxide, and pu-
rification by C18 HPLC system of free fatty acids (FFA) (7).
For the purpose of identifying the fatty acid constituents of in-
tact lipids, lipid extracts were hydrolyzed and methylated in
5% HCl/methanol (1 mL) at 80°C for 1 h. The fatty acid methyl
esters (FAME) formed were extracted with 2 × 1 mL of hexane.

HPLC. Different HPLC systems were carried out as de-
scribed previously (5). Radioactive lipids were separated by
HPLC and identified by cochromatography with lipid stan-
dards. The flow rates of eluents of different HPLC systems
were 1 mL/min. Different HPLC systems provided separa-
tions for various products as follows:

(i) Separation of lipid classes: Lipid classes were separated
according to Singleton and Stikeleather (8) by a silica column

(25 × 0.46 cm, 5 µm, Spherisorb S5W; Phase Separations,
Norwalk, CT) with a linear gradient starting at
isopropanol/hexane (4:3, vol/vol) to isopropanol/hexane/water
(4:3:0.75, by vol) in 20 min, then isocratically for 15 min. A
Pre-Sat silica saturation column (25 × 0.46 cm; Alltech Asso-
ciates Inc., Deerfield, IL) was installed between the pump and
injector to saturate the mobile phase with silica before it
reached the analytical column. Free phosphatidylglycerol
(PG), cardiolipin, phosphatidylinositol (PI), and phosphatidic
acid standards were obtained by acidification of their salts
(Sigma Chemical Co., St. Louis, MO) with HCl.

(ii) Separation of PC molecular species: PC molecular
species were separated by a C8 column (25 × 0.46 cm, 5 µm,
Ultrasphere C8; Beckman Instruments Inc., Fullerton, CA) with
a linear gradient of 90–100% methanol (containing 0.1% of
conc. NH4OH) in 40 min. A Pre-Sat silica saturation column
was installed between the pump and injector to prevent the rapid
deterioration of the C8 column by the pH 9.5 mobile phase.

(iii) Separation of FAME: FAME were separated in the
same manner as we previously described (5) using a short C18
column (5 × 0.46 cm, 3 µm, Microsorb MV; Rainin Instru-
ment Co. Inc., Woburn, MA) to save time. A linear gradient
of 90–100% methanol in 15 min was used for 10 min. For the
purpose of identifying the FAME, a regular C18 column (25 ×
0.46 cm, 5 µm, Ultrasphere C18; Beckman) was used (7) with
a linear gradient of 90–100% methanol in 40 min. 

(iv) Separation of FFA: FFA were separated as we reported
previously (7) using a C18 column (25 × 0.46 cm, 5 µm, Ultra-
sphere C18; Beckman) with a linear gradient of 85–100%
methanol (containing 0.05% HAc as ion suppressor) in 40 min.

(v) Separation of acylglycerol molecular species: Acyl-
glycerol molecular species (triacylglycerols and diacylglyc-
erols) were separated by the use of a C18 column (25 × 0.46
cm, 5 µm, Ultrasphere C18; Beckman) with a linear gradient
starting at 100% methanol to 100% isopropanol in 40 min as
we have reported (9). Another linear gradient (9) starting at
100% methanol to methanol/isopropanol (50:50) in 40 min
was used for the identification of 1,2-dioleoyl-sn-glycerol.

Mass spectrometry (MS) by fast atom bombardment (FAB).
Lipids were applied to the probe of a Jeol HX-110 double-fo-
cusing instrument (Tokyo, Japan). Glycerol was added to the
sample to create optimal conditions for FAB ionization. FAB
ionization was performed using xenon gas at 6 keV. Ions were
accelerated out of the ion source at 10 kV. Both positive and
negative ion acquisitions were obtained with the exception of
only negative-ion acquisitions obtained for PI since this com-
pound gave no signal in the positive mode. Mass ranges
scanned were 400–1300 daltons for positive-ion and
200–1300 daltons in the negative-ion mode. Scan speed was 5
s per decade. Ion source temperature was maintained at 37°C. 

Identification of FAME by gas chromatography (GC) and
GC–MS. All FAME were tentatively identified and quanti-
tated with an HP6890 gas chromatograph (Hewlett-Packard
Co., San Fernando, CA) and identities were confirmed by
GC–MS using an HP5970A quadrupole-based mass selective
detector  as previously described (10). Data were analyzed
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using Hewlett-Packard MS ChemStation (DOS series) soft-
ware (HP G1034C).

Thin-layer chromatography (TLC) of phospholipids and
glycolipids. Phospholipids were separated by TLC on silica gel
plates which were first immersed in 100 mM ammonium sul-
fate and dried for 1.5 h at 120°C. Samples were applied to the
plates in a spotting chamber. Separation was with the solvent
system 1-propanol/chloroform/propanoic acid/0.1%(wt/vol)
KCl (3:2:2:1, by vol). Glycolipids were separated on a silica
gel plate in the solvent system chloroform/methanol/conc. am-
monia (13:5:1, by vol). Bands containing lipids to be analyzed
were routinely localized by iodine staining. Lipids were identi-
fied by co-migration with standards and by specific spray
reagents (11). The radioactivity was localized by autoradiogra-
phy with Kodak X-Omat AR film (Eastman Kodak Co.,
Rochester, NY). 

RESULTS AND DISCUSSION

It is generally accepted that oleoyl-12-hydroxylase catalyzes
the reaction from 2-oleoyl-PC to 2-ricinoleoyl-PC in castor
bean. We have previously (5) used the putative substrate, 2-
oleoyl-PC, to characterize oleoyl-12-hydroxylase in micro-
somes from the endosperm of immature castor bean. In the
previous study (5), the enzyme activity of oleoyl-12-hydrox-
ylase was determined by the radioactivity of total ricinoleate
after methanolysis of total lipid in the incubation. In this re-
port, the intact lipid metabolites of 2-[14C]oleoyl-PC have
been identified, and the incorporation of radiolabel in each
metabolite has been quantified in order to follow the label
through the biosynthetic pathway of triacylglycerols contain-
ing ricinoleate.

The castor microsomal incubation of 2-[14C]oleoyl-PC
was performed as previously described (5). Figure 1 shows
the radiochromatogram of the separated lipid classes from the
total lipid extract of the incubation. By using standards, the
radioactive peaks in Figure 1 were identified as follows: peak
1: acylglycerols (neutral lipids) and FFA, 2.7 min (retention
time), 6% of total radioactivity; peak 2: unknown, 13.0 min,
7%; peak 3: phosphatidylethanolamine (PE), 18.2 min, 1%;
peak 4: PC, 29.8 min, 78%; peak 5: 2-ricinoleoyl-PC, 31.1
min, 8%. Many standards of lipid classes were used for iden-
tifications as shown in Figure 1. Radioactive peak 2 in Figure
1 corresponded to digalactosyl diacylglycerol (DGDG) or N-
acyl-PE (NAPE) on this HPLC system; however, it did not
correspond to DGDG or NAPE on TLC. DGDG is synthe-
sized from diacylglycerols by galactosylacyltransferases lo-
cated in the plastid envelope (12), and NAPE is synthesized
from PE and FFA by microsomal NAPE synthase (13). We
have not yet identified the radioactive peak 2 in Figure 1.

Radioactive peak 3 in Figure 1 was identified as PE (tenta-
tively) by HPLC retention time and TLC. However, the MS
of this fraction [17.0–19.0 min in Fig. 1 which included PE
and phosphatidylinositol (PI)] indicated the presence of PI.
The FAB(−) showed the molecular ions, M − H (834 − 1 and
836 − 1), with their relative abundances at m/z 833 (52%) and
835 (27%) which correspond to 1-palmitoyl-2-linoleoyl-sn-
glycero-3-phosphoinositol and 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphoinositol, respectively. Other ions shown were
m/z 671 (11%, M − 163 inositol), 571 (18%, M − 263
linoleoyl), 299 (40%, M − palmitoyl − linoleoyl), 281 (35%,
oleoyl), 279 (60%, linoleoyl), 255 (100%, palmitoyl). The
MS of peak 3 did not indicate the presence of PE. PE and PI
were well separated by TLC as ammonium salts [with their
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FIG. 1.  Separation of lipid classes of total lipid extract from the castor microsomal incubation
with 2-[14C]oleoyl-phosphatidylcholine (PC) using a silica high-performance liquid chro-
matography (HPLC) system (see the Experimental Procedures section, HPLC, i). The radioac-
tive peaks were: (1) acylglycerols and free fatty acids (FFA), retention time 2.7 min; (2) un-
known, 13.0 min; (3) phosphatidylethanolamine (PE), 18.2 min; (4) PC, 29.8 min; (5) 2-rici-
noleoyl-PC, 31.1 min. Retention times of other lipid classes in this HPLC system are also shown
in the figure. MGDG, monogalactosyl diacylglycerol; DGDG, digalactosyl diacylglycerol;
NAPE, N-acyl-phosphatidylethanolamine; PG, phosphatidylglycerol; CL, cardiolipin; PI, phos-
phatidylinositol; PA, phosphatidic acid; PS, phosphatidylserine.



retention factor (Rf) values of 0.47 and 0.23, respectively]
while HPLC did not resolve the free acids well. PE was ra-
dioactive on TLC, and its amount was not high enough to be
detected by MS, while PI was not radioactive on TLC, and
could be detected by MS. The radioactive peak 3 in Figure 1
thus contained radioactive PE together with unlabeled PI.
Thus, the labeled 2-oleoyl-PC was metabolized in part to PE,
but not to PI. The labeled PE could be derived from labeled
diacylglycerols which were abundant in this incubation (as
shown in Scheme 1) by CDP-ethanolamine:1,2-diacylglycerol
ethanolaminephosphotransferase in castor microsomes (14).
The labeled PE also could be synthesized in castor micro-
somes by a base group exchange reaction (15). The biosynthe-
sis of radioactive PI in this incubation was unlikely (16).

Since there was no 2-ricinoleoyl-PC standard available to
us, peak 5 in Figure 1 was identified as follows. Half-minute
fractions of radioactive peaks 4 and 5 in Figure 1 were col-
lected and then hydrolyzed and methylated. HPLC of the ra-
dioactive FAME obtained showed that the radioactive peaks 4
and 5 on Figure 1 corresponded to 2-oleoyl-PC and 2-rici-
noleoyl-PC, respectively. About 1% of peak 4 corresponded
to radioactive 2-linoleoyl-PC. The radioactive peak 5, 2-rici-
noleoyl-PC, was further purified by C8 HPLC as shown in Fig-
ure 2. The radioactive peak 1 (19.8 min) in Figure 2 appeared
to be 1-palmitoyl-2-ricinoleoyl-sn-glycero-3-phosphocholine
by MS. A molecular weight of 776 was shown in MS of
FAB(+). The MS of FAB(−) showed the characteristic nega-
tive ion of PC, 761 (M − CH3

−). The hydrolysis of peak 1 in
Figure 2 by phospholipase A2 (from Naja mocambique mo-
cambique, Sigma P-4034) showed the presence of free [14C]ri-
cinoleate by HPLC in the incubation product. We have thus
identified 1-palmitoyl-2-[14C]ricinoleoyl-sn-glycero-3-phos-
phocholine as the metabolite of 1-palmitoyl-2-[14C]oleoyl-sn-
glycero-3-phosphocholine by oleoyl-12-hydroxylase in castor
microsomes. Since we have previously used 2-oleoyl-PC as
the substrate of oleoyl-12-hydroxylase in the castor microso-
mal incubation (5) and we now identify its immediate metabo-
lite, we have thus proved that 1-acyl-2-oleoyl-sn-glycero-3-
phosphocholine is the substrate of oleoyl-12-hydroxylase in

castor bean. Ricinoleate was mainly or completely made at the
sn-2 position (3).

The only metabolites (fatty acids) of oleate from the sn-2
position of 2-oleoyl-PC were identified previously as rici-
noleate and linoleate (5). Radioactive lipid classes shown in
Figure 1 were hydrolyzed and methylated, and the FAME
formed were separated by HPLC on a 5-cm, C18 column
which resolves the three labeled FAME (5). All lipid classes
contained radioactive ricinoleate, linoleate, and oleate. The
distribution of labeled fatty acids in each lipid class is shown
in Table 1. The PC fraction shown in Table 1 was the combi-
nation of radioactive peaks 4 and 5 in Figure 1 which in-
cluded 2-oleoyl-PC (the substrate), 2-ricinoleoyl-PC, and 2-
linoleoyl-PC. 2-Ricinoleoyl-PC was the major immediate
metabolite of 2-oleoyl-PC. In the microsomal incubation, the
conversion of PC to acylglycerols (neutral lipids) and FFA
strongly favored ricinoleate among the three fatty acids on
the sn-2 position of PC as shown by others (17). The incorpo-
ration of radioactivity into PE also showed preference for ri-
cinoleate. Thus, the biosynthesis of PE likely occurred from
the radioactive 1,2-diacyl-sn-glycerols shown in Scheme 1 by
CDP-ethanolamine:1,2-diacylglycerol ethanolaminephospho-
transferase (14). Since 1,2-diacyl-sn-glycerols were enriched
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FIG. 2. Purification of 2-[14C]ricinoleoyl-PC (peak 1), using a C8 HPLC system (see the Experi-
mental Procedures section, HPLC, ii). Radioactive peaks were: (1) 1-palmitoyl-2-ricinoleoyl-
PC, 17.6 min; (2) 1-palmitoyl-2-linoleoyl-PC, 28.0 min; (3) 1-palmitoyl-2-oleoyl-PC, 31.0 min.
See Figure 1 for abbreviations.

TABLE 1
Radioactive Fatty Acid Composition of Lipid Classes and Acylglycerols
from the Castor Microsomal Incubation of 2-[14C]Oleoyl-PCa

Lipid classes and acylglycerols Ricinoleate Linoleate Oleate

PC 6 3 91
PE 52 4 44
Unknown 6 4 90
Acylglycerols and FFA 63 7 30
FFA 73 5 22
Triricinolein 100 0 0
Diricinoleoyl-linolenoyl-glycerol 100 0 0
Diricinoleoyl-linoleoyl-glycerol 96 4 0
Diricinoleoyl-oleoyl-glycerol 93 0 7
1-Palmitoyl-2-oleoyl-sn-glycerol 0 0 100
aPC, phosphatidylcholine; PE, phosphatidylethanolamine; FFA, free fatty
acid.



in ricinoleate, they were mostly formed after the enzymatic
action of oleoyl-12-hydroxylase and phospholipase A2 which
provide ricinoleate for 1,2-diacyl-sn-glycerol. 1,2-Diacyl-sn-
glycerols can also be formed by phospholipase C hydrolysis
of the three labeled PC shown in Scheme 1, but this reaction
is unlikely since 1-palmitoyl-2-oleoyl-sn-glycerol was identi-
fied as the major labeled metabolite (Fig. 5) while 1-palmi-
toyl-2-ricinoleoyl-sn-glycerol and 1-palmitoyl-2-linoleoyl-
sn-glycerol were not identified. The biosynthesis of PE was
unlikely from the base exchange reaction (15), incorporating
free ethanolamine into PE, because the base exchange reac-
tion would likely reflect the fatty acid composition of PC and
thus not favor ricinoleate. The incorporation of label in the
unknown peak 2 (Fig. 1) showed no fatty acid preference. The
unknown peak 2 (Fig. 1) contained the unchanged diacylglyc-
erol portion of PC which might be derived from PC by phos-
pholipase C or D (18). 

Radioactive FFA in the fraction of acylglycerols and FFA
in Figure 1 (peak 1, 2–5 min) were identified by the C18 HPLC
system for the separation of FFA as shown in Figure 3. Free
ricinoleate, linoleate, and oleate were identified by HPLC
cochromatography with the standards. The FFA represented
about 23% of the radioactivity in this fraction, and the percent-
age radioactivity of each FFA shows that phospholipase A2 fa-
vored release of ricinoleate (Table 1). Although the release of
oleate was not favored in this study, it was much higher than

that of previous studies (3,17) which showed that ricinoleate
was specifically released from PC in castor microsomes. 

The fraction of acylglycerols and FFA in Figure 1 (peak 1,
2–5 min) was cochromatographed with castor oil by the C18
HPLC system to separate molecular species of acylglycerols
as shown in Figure 4. The radioactive triacylglycerols (peaks
1–4 in Fig. 4C) identified were the four major triacylglycerols
in castor oil shown in Figure 4A, triricinolein (peak 1, the
main triacylglycerols in castor oil, 8.5% of the total radioac-
tivity in the fraction of acylglycerols and FFA), diricinoleoyl-
linolenoyl-glycerol (peak 2, 0.8%), diricinoleoyl-linoleoyl-
glycerol (peak 3, 4.0%), and diricinoleoyl-oleoyl-glycerol
(peak 4, 11.9%). The four major triacylglycerols in castor oil
(peaks 1–4, Fig. 4A) were identified by GC and GC–MS of
the FAME after methanolysis of these peaks. The radioactive
peak 5 in Figure 4C at the retention time of 2.9 min corre-
sponded to free ricinoleate and was about 16% of the total ra-
dioactivity in the fraction of acylglycerols and FFA. The ra-
dioactive peaks of free linoleate (3.5 min) and oleate (4.5
min) were not detectable in Figure 4C, and were masked by
other radioactive peaks as shown in Figure 4C. 

Radioactive peak 6 in Figure 4C with retention time 17.3
min, the largest radioactive peak representing 23% of the total
radioactivity in the fraction of acylglycerols and FFA (peak
1, Fig. 1), did not correspond to any acylglycerols and FFA
detectable in castor oil (Fig. 4A) and castor microsomes (Fig.
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4B). The HPLC of the FAME of peak 6 in Figure 4C after
methanolysis showed that the only radioactive fatty acid was
oleate. However, the GC showed equal amounts of palmitate
and oleate only. The radioactive peak 6 in Figure 4C was
coeluted with 1,2-dioleoyl-sn-glycerol as shown in Figure 5
using the linear gradient of 100% methanol to methanol/iso-
propanol (50:50) in 40 min. We have recently reported the
HPLC of 45 synthetic diacylglycerols and triacylglycerols
(9). The relative retention times of 1,3-dioleoyl-glycerol and
1,2-dioleoyl-sn-glycerol were 18.67 and 18.95 min, respec-
tively, and they can be resolved by this HPLC system. The
relative retention time of 1,2-dipalmitoyl-sn-glycerol was
18.97 min and was almost exactly the same as that of 1,2-di-
oleoyl-sn-glycerol. Even though we do not have the standard
of 1-palmitoyl-2-oleoyl-sn-glycerol, it should be coeluted
with 1,2-dioleoyl-sn-glycerol; and the radioactive peak 6 of
Figure 4 was identified as 1-palmitoyl-2-[1-14C]oleoyl-sn-
glycerol, the product of substrate hydrolysis by phospholi-
pase C in castor microsomes. This labeled product also
coeluted with 1,2-dioleoyl-sn-glycerol in the HPLC system
of Figure 5. We can thus infer that phospholipase C activity
toward PC is present in castor bean. The neutral metabolites
(triacylglycerol) of 1-palmitoyl-2-oleoyl-sn-glycerol which

eluted after 1-palmitoyl-2-oleoyl-sn-glycerol were minor, if
any, as shown in Figure 4C. The minor radioactive peaks in
Figure 4C were not identified. The unidentified radioactive
peaks in Figure 4C might be triacylglycerols and diacylglyc-
erols containing labeled ricinoleate, oleate, and/or linoleate.

Increasingly longer microsomal incubations with 2-[1-
14C]oleoyl-PC, up to 2 h, showed as in Figure 6 continuous
increases in the labeling of acylglycerols and FFA (peak 1 of
Fig. 1, including triricinolein), of the unknown (peak 2 of Fig.
1), and of PE (peak 3 of Fig. 1). However, radioactive 2-rici-
noleoyl-PC (peak 5 of Fig. 1) was maximal at 30 min. Clearly,
2-ricinoleoyl-PC is an intermediate in the metabolic pathway.
To further corroborate this, microsomal incubation of the ra-
dioactive 2-ricinoleoyl-PC showed the labeled metabolites,
free ricinoleate, triricinolein, 1,2-diricinoleoyl-3-linoleoyl-
sn-glycerol, and 1,2-diricinoleoyl-3-oleoyl-sn-glycerol as
shown in Figure 7. Radioactive peak 6 in Figure 7 corre-
sponded to 1-palmitoyl-2-oleoyl-sn-glycerol which was the
same as peak 6 in Figure 4. Its origin needs to be investigated.
1-Palmitoyl-2-oleoyl-sn-glycerol was the hydrolyte of 2-
oleoyl-PC by phospholipase C in the incubation.

Incubation with radioactive free ricinoleate also showed the
incorporation of ricinoleate into triacylglycerols. The HPLC
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FIG. 3. HPLC identification of radioactive FFA in the fraction of acylglycerols and FFA (peak 1, Fig. 1) from the cas-
tor microsomal incubation of 1-palmitoyl-2-[14C]oleoyl-sn-glycero-3-phosphocholine, using a C18 HPLC system
(see the Experimental Procedures section, HPLC, iv). The sample was cochromatographed with free ricinoleate (10
µg), linoleate (10 µg), and oleate (5 µg). The radioactive peaks were: (1) ricinoleate, 8.57 min ; (2) linoleate, 23.12
min; (3) oleate, 28.82 min. UV, ultraviolet. See Figure 1 for other abbreviations.



of the fraction of acylglycerols and FFA cochromatographed
with castor oil (Fig. 8) showed the identifications of radioac-
tive triricinolein, 1,2-diricinoleoyl-3-linolenoyl-sn-glycerol,
1,2-diricinoleoyl-3-linoleoyl-sn-glycerol, and 1,2-dirici-
noleoyl-3-oleoyl-sn-glycerol. However, radioactive peak 6 of

Figure 4C (1-palmitoyl-2-oleoyl-sn-glycerol, hydrolyte of the
substrate 2-oleoyl-PC by phospholipase C) was not present in
Figure 8 as expected. No incorporation of free ricinoleate into
triacylglycerols was observed in the incubation without the ad-
dition of CoA. It is interesting that the incorporation of exoge-
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FIG. 4. HPLC identification of radioactive triacylglycerols in the fraction of acylglycerols and FFA (peak 1, Fig. 1)
from the castor microsomal incubation of 1-palmitoyl-2-[14C]oleoyl-sn-glycero-3-phosphocholine, using a C18
HPLC system (see the Experimental Procedures section, HPLC, v). A linear gradient from 100% methanol to 100%
isopropanol in 40 min was used. Peak 1, triricinolein; peak 2, diricinoleoyl-linolenoyl-glycerol; peak 3, dirici-
noleoyl-linoleoyl-glycerol; peak 4, diricinoleoyl-oleoyl-glycerol. Figure 4A was the HPLC profile of castor oil (80
µg) which shows the retention times of triacylglycerols as: (peak 1) 7.94 min, (2) 12.62 min, (3) 14.05 min, (4)
15.79 min. Figure 4B was the HPLC profile of the fraction of acylglycerols and FFA of the lipid extract from the in-
cubation (peak 1, Fig. 1) which was cochromatographed with castor oil (80 µg). The retention times were: (peak 1)
7.95 min, (2) 12.61 min, (3) 14.04 min, (4) 15.75 min. Figure 4C was the radiochromatogram of the same HPLC
run as Figure 4B. The retention times obtained from the radioactive flow detector were: (peak 1) 7.9 min, (2) 12.6
min, (3) 14.0 min, (4) 15.7 min. Peak 5, free ricinoleate (2.9 min); peak 6, 1-palmitoyl-2-oleoyl-sn-glycerol (17.3
min). See Figures 1 and 3 for abbreviations.



nous free ricinoleate into triacylglycerols in the incubation re-
quired CoA while the incorporation of ricinoleate from 2-rici-
noleoyl-PC or 2-oleoyl-PC into triacylglycerols does not. It is
possible that lipids derived from these substrates participate in
acyl exchange reactions as recently described (19). Endoge-
nous CoA was available for the activation of ricinoleate
formed from 2-ricinoleoyl-PC (Scheme 1) while it was not
available for exogenous ricinoleate. We have previously added
CoA to the incubation (5), and it has not made a difference in
the total ricinoleate-containing lipids produced. The radioac-
tivity ratio of peaks 2, 3, and 4 in Figure 8 was similar to the
ratio of peaks 2, 3, and 4 of castor oil of Figure 4A. The ratio
probably reflected the substrate (acyl CoA) specificity of the
diacylglycerol acyltransferase (step 8, Scheme 1) and/or the
availabilities of acyl CoA in castor endosperm in vivo. The ra-
dioactivity of triricinolein (peak 1, Fig. 8) was lower than
those of peaks 3 and 4 in Figure 8 and was probably due to the
depletion of ricinoleoyl CoA used in the biosynthesis of 1,2-
diricinoleoyl-sn-glycerol in the incubation. The radioactive

peak 6 in Figure 8 has not been identified yet and might be 1,2-
diricinoleoyl-sn-glycerol, the intermediate in the pathway
(Scheme 1), according to the elution characteristic of acylglyc-
erols (9). The possible labeled 2-ricinoleoyl-PC (identical rel-
ative retention time) was also shown in the total lipid extract
in the radiochromatogram (not shown) using the HPLC sys-
tem of Figure 1. The incorporation of [14C]ricinoleoyl-CoA
into triacylglycerols in castor microsomes previously has been
reported (3,20). The incorporation of the ammonium salt of
[14C]ricinoleate into triricinolein, diricinoleoyl-acyl-glycerols,
ricinoleoyl-diacyl-glycerols, and ricinoleoyl-acyl-glycerols
has also been recently reported in castor endosperm in vivo
(20). We have shown the phospholipase A2 hydrolysis of 2-ri-
cinoleoyl-PC and the incorporation of ricinoleate from 2-rici-
noleoyl-PC into triacylglycerols in castor microsomes, thus
demonstrating the pathway in vitro: 2-oleoyl-PC → 2-rici-
noleoyl-PC → ricinoleate → triricinolein.

The major biosynthetic pathway from 2-oleoyl-PC to tria-
cylglycerols containing ricinoleate is shown in Scheme 1.
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FIG. 5. HPLC identification of radioactive 1-palmitoyl-2-oleoyl-sn-glycerol in the fraction of acylglycerols and FFA
(peak 1, Fig. 1) from the castor microsomal incubation of 1-palmitoyl-2-[14C]oleoyl-sn-glycero-3-phosphocholine,
using a C18 HPLC system (see the Experimental Procedures section, HPLC, v). The linear gradient was 100%
methanol to methanol/isopropanol (50:50) in 40 min. The sample was cochromatographed with 1,2-dioleoyl-sn-
glycerol (50 µg), and its retention time (20.2 min, peak 1 of UV chromatogram) was the same (20.2 min) as that of
peak 1 of the radiochromatogram. Both the UV chromatogram and radiochromatogram were from the printer of ra-
dioactivity flow detector. See Figures 1 and 3 for abbreviations.



Step 1: oleoyl-12-hydroxylase, by cytochrome b5, NADH,
O2, ATP (21). This step is favored between steps 1 and 2. Step
2: oleoyl-12-desaturase, by cytochrome b5, NADH, O2, ATP
(21). Step 3: phospholipase A2. Step 4: acyl-CoA synthetase,
by ATP, CoA. Step 5: glycerol-3-phosphate acyltransferase,
by acyl-CoA. Step 6: lyso-phosphatidic acid acyltransferase.
Step 7: phosphatidic acid phosphatase. Step 8: diacylglycerol
acyltransferase, by acyl CoA, blocked (completely or par-
tially) when the substrate contains no ricinoleate, in favor of
the formation of triricinolein. Because of the block, 1-acyl-2-
oleoyl-sn-glycerol was accumulated. The conversion of 1,2-
diricinoleoyl-sn-glycerol to PC by CDP-choline:diacylglyc-
erol cholinephosphotransferase was blocked owing to the
presence of membrane-incompatible fatty acid (22). Step 9:
phospholipase C. The hydrolysis of PC at the sn-2 position by
phospholipase A2 favors ricinoleate as shown in Table 1. Re-
moval of ricinoleate from PC has been explained in part by the
action of phospholipid acyl hydrolases in castor microsomes
that display strong preference for releasing ricinoleate from
the sn-1 and sn-2 positions of PC (17). The accumulation of
1,2- diricinoleoyl-sn-glycerol was not significant as shown in
Figure 4C, because it would elute before triricinolein (radioac-
tive peak 1 in Fig. 4C, 7.9 min) and after ricinoleate (peak 5,
2.9 min), and the radioactive peaks at retention times of 3.7

and 4.9 min contained mostly radioactive oleate after the hy-
drolysis of these two peaks. The conversion from 1-palmitoyl-
2-oleoyl-sn-glycerol to 1-palmitoyl-2-oleoyl-3-acyl-sn-glyc-
erols was blocked (completely or partially) and the enzyme,
diacylglycerol acyltransferase, favored the conversion of 1,2-
diricinoleoyl-sn-glycerol to 1,2-diricinoleoyl-3-acyl-sn-glyc-
erols. The diacylglycerol acyltransferase favored the forma-
tion of triricinolein and 1,2-diricinoleoyl-3-oleoyl-sn-glycerol
as shown in Figure 4C. The castor endosperm diacylglycerol
acyltransferase displays a 3- to 4-fold preference for acylating
1,2-diricinoleoyl-sn-glycerol over 1,2-dioleoyl-sn-glycerol
and exhibits low activity toward diacylglycerols with only one
ricinoleate residue (23). In a separate study, the diacylglycerol
acyltransferase showed selectivities for substrates containing
ricinoleate on both 1,2-diricinoleoyl-sn-glycerol and rici-
noleoyl-CoA (24). The accumulation of a large quantity of ra-
dioactive 1,2-diricinoleoyl-3-oleoyl-sn-glycerol in this incu-
bation (Fig. 4C), in contrast to castor oil constituents (Fig.
4A), might be due to the presence of a large quantity of oleoyl-
CoA in the incubation which came from the large quantity of
2-oleoyl-PC as the substrate. In this study, we have produced
metabolic evidence that three enzymatic steps, oleoyl-12-hy-
droxylase, phospholipase A2 and diacylglycerol acyltrans-
ferase, drive ricinoleate into triricinolein. The prolonged and
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FIG. 6. Amounts of lipid classes shown in Figure 1 formed at various times of castor microsomal incubations with 1-palmitoyl-2-[14C]oleoyl-sn-glyc-
ero-3-phosphocholine. Units for y-axes are the pmol of labeled fatty acids in each lipid class derived from [14C]oleate of the substrate. Figure 6A,
acylglycerols and FFA (including triricinolein); Figure 6B, the unknown; Figure 6C, PE; Figure 6D, 2-ricinoleoyl-PC. See Figure 1 for abbreviations.
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FIG. 7. HPLC identification of acylglycerols in the total lipid extract from the castor microso-
mal incubation of 1-palmitoyl-2-[14C]ricinoleoyl-sn-glycero-3-phosphocholine, using a C18
HPLC system (see the Experimental Procedures section, HPLC, v). A linear gradient from 100%
methanol to 100% isopropanol in 40 min was used. The sample was cochromatographed with
castor oil (80 µg). Peak 1, triricinolein (7.8 min); peak 2, diricinoleoyl-linolenoyl-glycerol (12.4
min); peak 3, diricinoleoyl-linoleoyl-glycerol (13.8 min); peak 4, diricinoleoyl-oleoyl-glycerol
(15.6 min); peak 5, ricinoleate (2.9 min); peak 6, 1-palmitoyl-2-oleoyl-sn-glycerol (17.2 min).
See Figures 1 and 3 for abbreviations.

FIG. 8. HPLC identification of acylglycerols in the fraction of acylglycerols and FFA from the cas-
tor microsomal incubation of free [14C]ricinoleate using a C18 HPLC system (see the Experimental
Procedures section, HPLC, v). A linear gradient from 100% methanol to 100% isopropanol in 40
min was used. The sample was cochromatographed with castor oil (80 µg). Peak 1, triricinolein
(8.1 min); peak 2, diricinoleoyl-linolenoyl-glycerol (12.6 min); peak 3, diricinoleoyl-linoleoyl-
glycerol (14.1 min); peak 4, diricinoleoyl-oleoyl-glycerol (15.8 min); peak 5, ricinoleate (2.7 min);
peak 6, may be 1,2-diricinoleoyl-sn-glycerol (3.6 min). See Figures 1 and 3 for abbreviations.



increasing activity of oleoyl-12-hydroxylase and diminishing
activity of oleoyl-12-desaturase throughout development (5)
are also important factors in the production of triacylglycerols
containing ricinoleate.

REFERENCES

1. van de Loo, F.J., Broun, P., Turner, S., and Somerville, C.
(1995) An Oleate 12-Hydroxylase from Ricinus communis L. Is
a Fatty Acyl Desaturase Homolog, Proc. Natl. Acad. Sci. USA
92, 6743–6747.

2. Broun, P., Hawker, N., and Somerville, C.R. (1997) Expression
of Castor and L. fendleri Oleate 12-Hydroxylases in Transgenic
Plants, Physiology, Biochemistry and Molecular Biology of
Plant Lipids (Williams, J.P., Khan, M.U., and Lem, N.W., eds.)
pp. 342–344, Kluwer, Dordrecht. 

3. Bafor, M., Smith, M.A., Jonsson, L., Stobart, K., and Stymne,
S. (1991) Ricinoleic Acid Biosynthesis and Triacylglycerol As-
sembly in Microsomal Preparations from Developing Castor
Bean (Ricinus communis) Endosperm, Biochem. J. 280,
507–514.

4. Moreau, R.A., and Stumpf, P.K. (1981) Recent Studies of the
Enzymic Synthesis of Ricinoleic Acid by Developing Castor
Beans, Plant Physiol. 67, 672–676.

5. Lin, J.T., McKeon, T.A., Goodrich-Tanrikulu, M., and Stafford,
A.E. (1996) Characterization of Oleoyl-12-hydroxylase in Cas-
tor Microsomes Using the Putative Substrate, 1-Acyl-2-oleoyl-
sn-glycero-3-phosphocholine, Lipids 31, 571–577.

6. McKeon, T.A., Lin, J.T., Tanrikulu, M.G., and Stafford, A.E.
(1997) Ricinoleate Biosynthesis in Castor Microsomes, Indus-
trial Crops Products 6, 383–389.

7. Lin, J.T., McKeon, T.A., and Stafford, A.E. (1995) Gradient Re-
versed-Phase High-Performance Liquid Chromatography of Sat-
urated, Unsaturated and Oxygenated Free Fatty Acids and Their
Methyl Esters, J. Chromatogr. A 699, 85–91.

8. Singleton, J.A., and Stikeleather, L.F. (1995) High-Performance
Liquid ChromatographyAnalysis of Peanut Phospholipids. II Ef-
fect of Postharvest Stress on Phospholipid Composition, J. Am.
Oil Chem. Soc. 72, 485–488. 

9. Lin, J.T., Woodruff, C.L., and McKeon, T.A. (1997) Non-Aque-
ous Reversed-Phase High-Performance Liquid Chromatography
of Synthetic Triacylglycerols and Diacylglycerols, J. Chro-
matogr. A 782, 41–48.

10. Tanrikulu, M.G., Stafford, A.E., Lin, J.T., Makapugay, M.I.,
Fuller, G., and McKeon, T.A. (1994) Fatty Acids Biosynthesis
in Novel ufa Mutants of Neurospora crassa, Microbiology 140,
2683–2690. 

11. Kates, M. (1986) Techniques of Lipidology. Isolation, Analysis
and Identification of Lipids, 2nd edn., Vol. 3, part 2 in Laboratory

Techniques in Biochemistry and Molecular Biology, (Burdon,
R.H., and van Knippenberg, P.H., eds.) Elsevier, Amsterdam. 

12. Joyard, J., and Douce, R. (1993) Galactolipid Synthesis, in Lipid
Metabolism in Plants (Moore, T.S., ed.) pp. 215–274. 

13. Chapman, K.D., and Moore, T.S. (1993) Catalytic Properties of
a Newly Discovered Acyltransferase That Synthesizes N-
Acylphosphatidylethanolamine in Cottonseed (Gossypium hir-
sutum L.) Microsomes, Plant Physiol. 102, 761–769. 

14. Sparace, S.A., Wagner, L.K., and Moore, T.S. (1981) Phos-
phatidylethanolamine Biosynthesis in Castor Bean Endosperm,
Plant Physiol. 67, 922–925. 

15. Shin, S., and Moore, T.S. (1990) Phosphatidylethanolamine
Synthesis by Castor Bean Endosperm, a Base Exchange Reac-
tion, Plant Physiol. 93, 148–153.

16. Kinney, A.J. (1993) Phospholipid Head Groups, in Lipid Me-
tabolism in Plants (Moore, T.S., ed.) pp. 259–284, CRC Press,
Boca Raton.

17. Stahl, U., Banas, A., and Stymne, S. (1995) Plant Microsomal
Phospholipid Acyl Hydrolases Have Selectivities for Uncom-
mon Fatty Acids, Plant Physiol. 107, 953–962. 

18. Wang, X., Dyer, J.H., and Zheng, L. (1993) Purification and Im-
munological Analysis of Phospholipase D from Castor Bean En-
dosperm, Arch. Biochem. Biophys. 306, 486–494. 

19. Stobart, K., Mancha, M., Lenman, M., Dahlqvist, A., and
Stymne, S. (1997) Triacylglycerols Are Synthesized and Uti-
lized by Transacylation Reaction in Microsomal Preparations of
Developing Safflower (Carthamus tinctorius L.) Seeds, Planta
203, 58-66.

20. Mancha, M., and Stymne, S. (1997) Remodelling of Triacyl-
glycerols in Microsomal Preparations from Developing Castor
Bean (Ricinus communis L.) Endosperm, Planta 203, 51–57. 

21. Smith, M.A., Jonsson, L., Stymne, S., and Stobart, K. (1992)
Evidence for Cytochrome b5 as an Electron Donor in Ricinoleic
Acid Biosynthesis in Microsomal Preparations from Develop-
ing Castor Bean (Ricinus communis L.), Biochem. J. 287,
141–144.

22. Bafor, M., Jonsson, L., Stobart, A.K., and Stymne, S. (1990)
Regulation of Triacylglycerol Biosynthesis in Embryos and Mi-
crosomal Preparations from the Developing Seeds of Cuphea
lanceolata, Biochem. J. 272, 31–38.

23. Vogel, G., and Browse, J. (1996) Cholinephosphotransferase
and Diacylglycerol Acyltransferase, Plant Physiol. 110,
923–931.

24. Wiberg, E., Tillberg, E., and Stymne, S. (1994) Substrates of Di-
acylglycerol Acyltransferase in Microsomes from Developing
Oil Seeds, Phytochemistry 36, 573–577.

[Received July 7, 1997, and in final revised form November 8, 1997;
revision accepted November 26, 1997]

BIOSYNTHESIS OF RICINOLEOYL-GLYCEROLESTERS 69

Lipids, Vol. 33, no. 1 (1998)



ABSTRACT: Esterification of five positional isomers of
acetylenic fatty acids [viz. 9:1(2a), 11:1(10a), 18:1(6a), 18:1(9a)
and 22:1(13a)] of different chain lengths with n-butanol in n-
hexane in the presence of eight different lipases [Lipozyme IM
20 (Rhizomucor miehei), Lipolase 100T (R. miehei), Novozyme
435 (Candida antarctica), PPL (porcine pancreatic lipase), CCL
(C. cylindracea), PS-D (Pseudomonas cepacia), Lipase A-12 (As-
pergillus niger) and Lipase AY-30 (C. rugosa)] was studied. 2-
Nonynoic acid was not esterified except when catalyzed by the
lipase from C. antarctica (Novozyme 435) to give 42% butyl
ester after 48 h. The lipases from A. niger (Lipase A-12) and C.
rugosa (Lipase AY-30) showed poor biocatalytic behavior in the
esterification of the acetylenic fatty acids studied. 10-Unde-
cynoic acid gave the highest conversion rate of esterification
with each kind of lipase used. 6-Octadecynoic acid showed a
marked degree of resistance to esterification carried out in the
presence of C. cylindracea (CCL), P. cepacia (PS-D), or porcine
pancreatic (PPL) lipase but not significantly in the presence of
the lipases of R. miehei (Lipozyme IM 20), R. miehei (Lipolase
100T), or Novozyme 435. 9-Octadecynoic acid and 13-do-
cosynoic acid were not discriminated and were readily esteri-
fied by the remaining six lipases, but when compared to oleic
acid the acetylenic fatty acids were comparatively much slower
in conversion to the esters.
Lipids 33, 71–75 (1998). 

Lipase-catalyzed esterification of long-chain fatty acids has
become common practice in laboratories for its prominent ad-
vantage over chemical methods owing to the mild conditions
used and the high specificity in product formation. Numerous
reports on this topic describe a large variety of enzymes, sub-
strates and conditions employed (1–6). Knowledge of the
specificity of lipases toward different types of fatty acids is
essential, especially in the metabolic studies carried out in
vivo or in vitro. For example, triglycerides containing short-
chain fatty acids are more readily hydrolyzed by lipases than
triglycerides composed of long-chain fatty acid moieties
(7–9). In the hydrolysis of positional isomers of unsaturated

fatty esters, substrates containing the double bond nearer to
the carboxylate function (between ∆2 and ∆7) were found re-
sistant to hydrolysis in the presence of porcine pancreatic li-
pase (PPL) with the highest discrimination found for the iso-
mer with the double bond in the ∆5 position of the alkyl chain
(10). More recent results showed that lipases from papaya
(Carica papaya) latex discriminate fatty esters containing a
cis-double bond at ∆4, ∆6 and ∆8, but not fatty esters with a
∆9 double bond (11). However, the lipase from Chromobac-
terium viscosum showed preference for the ∆6 olefinic isomer
(12).

Fatty acid or ester substrates containing a ∆9 olefin are
most easily hydrolyzed or esterified by a variety of lipases
(13–16). However, polyunsaturated long-chain fatty acids are
often discriminated depending on their chain length and posi-
tions of the double bonds. This specificity allows particular
fatty acids to be enriched using specific lipases for such
processes (17–19). Most lipase studies have concentrated on
saturated and olefinic fatty acids or esters. There is yet an-
other family of unsaturated fatty acids, namely the acetylenic
fatty acids, which exist in various plants, such as tariric acid
(6-octadecynoic acid) (20) and stearolic acid (9-octadecynoic
acid) (21), which deserve attention. The presence of stearolic
acid in seed oils prompted Bu’lock and Smith (22) to postu-
late that C18 polyacetylenic fatty acids might be formed by
successive dehydrogenation reactions of the fatty acid pre-
cursors (22). Acetylenic fatty acids were found to inactivate
lipoxygenase (23) and stearolic acid was observed to act as a
strong DNA-binding agent (24).

In view of the importance of acetylenic fatty acids in
plants, this paper presents the results of enzymatic esterifica-
tion reactions of some acetylenic fatty acid isomers and ho-
mologues with n-butanol in the presence of different lipases.

MATERIALS AND METHODS

Immobilized lipases from Rhizomucor miehei (Lipozyme IM
20 and Lipolase 100T) and Candida antarctica (Novozyme
435) were gifts from Novo Nordisk A/S (Hong Kong). Li-
pases from C. cylindracea (CCL, type VII, 905 U/mg) and
PPL (type II, 179 U/mg) were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Lipases from Pseudomonas cepacia
(PS-D, type I), Aspergillus niger (Lipase A-12), and C. ru-
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gosa (Lipase AY-30) were gifts from Amano Pharmaceutical
Co. Ltd. (Nagoya, Japan). Methyl 2-nonynoate, oleic acid,
and 10-undecenoic acid were purchased from Aldrich Chem-
ical Co. (Milwaukee, WI). Carrot seeds and high erucic acid
rape seed oil were obtained from local sources. 

Gas–liquid chromatographic analyses were performed on
a Hewlett-Packard (Hewlett-Packard Inc., Palo Alto, CA)
model 5890 instrument equipped with a flame-ionization de-
tector and fitted with a fused-silica capillary column coated
with NukolTM (15 m, 0.53-mm diameter, 0.50-µm film thick-
ness) or with OmegawaxTM (30 m, 0.32-mm diameter, 0.25-
µm film thickness) as stationary phase at a column tempera-
ture of 200oC. Silica gel (type 60, 70–230 mesh, Merck,
Darmstadt, Germany) was used for column chromatography.
13C-nuclear magnetic resonance (NMR) spectra were ob-
tained using a Brucker Avance DPX300 NMR spectrometer
(Brucker, Fallanden, Switzerland) with the sample dissolved
in deuteriochloroform and with tetramethylsilane as internal
reference standard.

Preparation of acetylenic fatty acids. 2-Nonynoic acid was
obtained by alkali hydrolysis of methyl 2-nonynoate. 10-Un-
decynoic acid was prepared from 10-undecenoic acid by the
method described by Khan (25). 6-Octadecynoic acid, 9-oc-
tadecynoic acid, and 13-docosynoic acid were obtained by
similar bromination and dehydrobromination reactions in-
volving 6-octadecenoic acid from carrot seed oil and oleic
acid and 13-docosenoic acid from high erucic acid rape seed
oil, respectively, as described elsewhere (26).

General method for the enzymatic esterification of acetylenic
acid as exemplified by the reaction of 9-octadecynoic acid with
n-butanol in the presence of C. cylindracea lipase. A mixture of
9-octadecynoic acid (25 mg), n-butanol (0.10 mL), n-hexane
(1.2 mL) and C. cylindracea lipase (25 mg) was stirred (800
rpm) at 40°C for definite periods in a glass culture tube. The re-
action mixture was centrifuged, and the n-hexane solution was
loaded on a silica gel (5.0 g) column (12-mm internal diame-
ter). The mixture was eluted with a mixture of n-hexane/diethyl
ether (95:5, vol/vol, 40 mL) to remove the butyl ester. The re-
maining fraction on the column was eluted with a mixture of n-
hexane/diethyl ether (2:3, vol/vol, 120 mL) to isolate the unre-
acted acetylenic fatty acid. The solvent of each fraction was
evaporated under reduced pressure and the weights of the butyl
ester and free acetylenic acid were determined. The results (Fig.
1–6) represent the average of at least two determinations.

Competitive enzymatic esterification reaction of a mixture
of acetylenic acids as exemplified by the reaction with a mix-
ture of 10-undecynoic acid and 9-octadecynoic acid. A mix-
ture of 10-undecynoic acid (30 mg) and 9-octadecynoic acid
(30 mg), n-butanol (0.12 mL), n-hexane (1.6 mL) and PS-D
lipase (18 mg) was stirred at 40°C for 6 or 12 h. The n-butyl
esters and free acetylenic acids were isolated by column chro-
matography as described above. Yields were calculated from
the weight of the butyl esters and the results of the gas–liquid
chromatographic analysis of each isolated fraction. In the
case where the mixture of acetylenic acids is composed of 6-
octadecynoic acid and 9-octadecynoic acid, the relative amount

of each isomer in the resulting mixture of n-butyl esters was
determined from the intensities of the pair of signals (viz.
34.72/34.26, C-2; 64.47/64.54, -COOCH2-; 25.34/24.55,
-COOCH2CH2-; of butyl esters of ∆9/∆6 esters, respectively)
in the 13C NMR spectrum to furnish an average ratio of the
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FIG. 1. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by Candida cylindracea lipase (25 mg) at 40°C.

FIG. 2. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by porcine pancreatic lipase (25 mg) at 40°C.

FIG. 3. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by Pseudomonas cepacia lipase (25 mg) at 40°C.



two positional isomers contained in the isolated butyl ester
mixture.

RESULTS AND DISCUSSION

A total of eight lipases [Lipozyme IM 20 (R. miehei), Lipolase
100T (R. miehei), Novozyme 435 (C. antarctica), CCL (C.
cylindracea), PPL, PS-D (P. cepacia), Lipase A-12 (A. niger),
Lipase AY-30 (C. rugosa)] were used as biocatalysts to study
the rate of esterification between n-butanol and five acetylenic
fatty acids [viz. 9:1(2a), 11:1(10a), 18:1(6a), 18:1(9a), and
22:1(13a)]. (The first number denotes the chain length of the
fatty acid. The number after the colon denotes the number of
unsaturation, the number within the brackets indicates the po-
sition of the unsaturation, and the letter “a” stands for acety-
lene.)

When 2-nonynoic acid [9:1(2a)] was used as the substrate,
none of the lipases used as biocatalysts furnished any butyl
ester even after 48 h of contact time, except with the lipase of
C. antarctica (Novozyme 435), which gave a 42% yield of
the corresponding butyl ester. The poor performance or inac-
tivity of this type of positional isomer with unsaturation at the
∆2 position was similar to that previously observed in the case
of the ∆2 olefinic fatty acids (10), and also for that of 2-thia
fatty acids (27). A plausible reason for such poor conversion
rates was suggested to be the conjugative effect of the unsat-
uration center adjacent to the carboxylic acid group or, in the
case of the 2-thia fatty acids, the electronic effect of the lone
pair of electrons of the sulfur atom (27).

The results of enzymatic esterification of 11:1(10a), 18:1(6a),
18:1(9a), and 22:1(13a) with six different lipases for different re-
action periods are graphically presented in Figures 1–6. In all six
cases studied, 10-undecynoic acid [11:1(10a)] was most readily
esterified. The lipases used appeared not to discriminate or have
any adverse effect on the terminal acetylenic bond. It seemed
that the position of the acetylenic bond from the carboxylic acid
group was of greater importance than the nature of this unsatu-
rated system in affecting the efficiency of the lipase in these re-
actions. 9-Octadecynoic acid [18:1(9a)] and 6-octadecynoic
acid [18:1(6a)] were readily discriminated by CCL (Fig. 1), PPL
(Fig. 2) and PS-D (Fig. 3), which showed that only about 40%
of the 18:1(6a) was esterified after 48 h. By using Lipolase,
Lipozyme or Novozyme, all four acetylenic substrates showed
relatively efficient esterification rates irrespective of the posi-
tion of acetylenic bond in the alkyl chain or difference in chain
lengths (Fig. 4–6). Lipozyme and Novozyme were considered
the most efficient enzymes for esterification where all substrates
were converted to the corresponding butyl ester (>80%) within
a period of 12 h. It must also be stressed that in the case of the
reactions involving Lipozyme and Novozyme, the amount of
catalyst used was only about 15% of the weight of the substrate,
while in the other reactions the amount of lipase used was in a
1:1 ratio by weight of catalyst to substrate. The chain length of
13-docosynoic acid [22:1(13a)] did not cause much discrimina-
tion when compared to 18:1(9a), as the acetylenic bond is re-
motely positioned from the carboxylic function.

To compare the relative rates of esterification between
oleic acid [18:1(9c)] and its acetylenic analogue [18:1(9a)],
four experiments were conducted using the following lipases:
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FIG. 4. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by Rhizomucor miehei lipase (Lipolase 100T; Novo
Nordisk, Hong Kong; 25 mg) at 40°C.

FIG. 5. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by Rhizomucor miehei lipase (Lipozyme IM 20;
Novo Nordisk, Hong Kong; 3.6 mg) at 40°C.

FIG. 6. Time course of esterification of acetylenic acids (25 mg) with
n-butanol catalyzed by Candida antarctica lipase (Novozyme 435;
Novo Nordisk, Hong Kong; 3.6 mg) at 60°C.



CCL, Lipolase 100T, PPL, and PS-D. The results are shown
in Figure 7. In all instances, except for PPL, the rate of esteri-
fication of oleic acid was much faster than for the correspond-
ing acetylenic analogue. When PPL was used, the rates of es-
terification for these substrates appeared to be very similar.

In view of the strong discriminating effects exhibited by PS-
D, three mixtures of fatty acids (mixtures A–C) were used to
test the case. Mixture A consisted of 30 mg each of 11:1(10a)
and 18:1(6a). After 6 h of reaction time, the amounts of butyl
esters of 11:1(10a) and 18:1(6a) were 94.4 and 11.7%; and after
12 h of reaction the yields of the butyl esters were 96.6 and
18.6%, respectively. Mixture B consisted of 30 mg each of
11:1(10a) and 18:1(9a). After 6 h of reaction time, the amounts
of butyl esters of 11:1(10a) and 18:1(9a) were 97.6 and 62.3%;
and after 12 h of reaction the yields of the butyl esters were
99.3 and 78.9%, respectively. These results were in good agree-
ment with results described above for the individual isomer.
Mixture C consisted of 30 mg each of 18:1(6a) and 18:1(9a).
After 6 h of reaction time, the amounts of butyl ester of
18:1(6a) to that of 18:1(9a) as deduced from the relative inten-
sities of signals from the 13C NMR spectrum were in a ratio of
1:6 after 6 h and 1:4 after 12 h of reaction time. This experi-
ment clearly showed that the PS-D was able to discriminate the
fatty acid with the acetylenic bond at different positions albeit
of the same chain length.

Lipase A-12 and Lipase AY-30 performed very poorly as
biocatalysts. Lipase A-12 could esterify 11:1(10a), 18:1(9a)
and 22:1(13a) in yields of only 5, 5, and 24%, respectively,
after 48 h. Lipase AY-30 esterified the same set of fatty acids
in yields of 33, 5, and 20%, respectively, after 48 h. Neither
of these two lipases could esterify 9:1(2a) and 18:1(6a).

It can be concluded from these results that fatty acids con-

taining an acetylenic bond at the ∆2 position of the alkyl chain
are very resistant to esterification by most lipases. Lipases of
A. niger (Lipase A-12) and C. rugosa (Lipase AY-30) are also
poor biocatalysts for esterification. Lipozyme (R. miehei) and
Novozyme (C. antarctica) appeared to be the most efficient
enzymes for esterification, while CCL, PPL, and especially
PS-D showed a significant degree of discrimination toward
positional isomers, such as 18:1(6a) and 18:1(9a).
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ABSTRACT: α-Tocopherol and methyl (9Z,11E)-(S)-13-hy-
droperoxy-9,11-octadecadienoate (13-MeLOOH) were allowed
to stand at 100°C in bulk phase. The products were isolated and
identified as methyl 13-hydroxyoctadecadienoate (1), stereoiso-
mers of methyl 9,11,13-octadecatrienoate (2), methyl 13-oxo-
9,11-octadecadienoate (3), epoxy dimers of methyl linoleate
with an ether bond (4), a mixture of methyl (E)-12,13-epoxy-9-
(α-tocopheroxy)-10-octadecenoates and methyl (E)-12,13-epoxy-
11-(α-tocopheroxy)-9-octadecenoates (5), a mixture of methyl
9-(α-tocopheroxy)-10,12-octadecadienoates and methyl 13-(α-
tocopheroxy)-9,11-octadecadienoates (6), α-tocopherol spiro-
diene dimer (7), and α-tocopherol trimer (8). α-Tocopherol and
13-MeLOOH were dissolved in methyl myristate, and the ther-
mal decomposition rate and the distributions of reaction prod-
ucts formed from α-tocopherol and 13-MeLOOH were ana-
lyzed. α-Tocopherol disappeared during the first 20 min, and
the main products of α-tocopherol were 5 and 6 with the accu-
mulation of 1–4 which were the products of 13-MeLOOH. The
results indicate that the alkyl and alkoxyl radicals from the ther-
mal decomposition of 13-MeLOOH could be trapped by α-to-
copherol to produce 5 and 6. The reaction products of α-toco-
pherol during the thermal oxidation of methyl linoleate were
compounds 6 and 7. Since the radical flux during the autoxida-
tion might be low, the excess α-tocopheroxyl radical reacted
with each other to form 7.
Lipids 33, 77–85 (1998).

The primary products of lipid peroxidation are hydroperox-
ides, which can dissociate into free radicals. Lipid hydroper-
oxides are fairly stable at physiological temperatures, but they
become susceptible to chemical change by transition metals,
heat, and light (1). α-Tocopherol, an antioxidant in foods and
living cells, can suppress further reactions of lipid hydroper-
oxides by donating hydrogen atoms to free radicals (2,3). Free

radical reactions of α-tocopherol take place via the α-tocoph-
eroxyl radical as intermediate (4,5). If a suitable free radical
is present, a nonradical product may be formed from the cou-
pling of the free radical with α-tocopheroxyl radical. The re-
action products of α-tocopherol with lipid-peroxyl radicals
have been reported to be 8a-(lipid-dioxy)-α-tocopherones
(6–10). α-Tocopherol also traps alkyl and alkoxyl radicals to
give alkylated products (11–16). In our previous study (16), we
characterized 8a-alkyldioxy-α-tocopherones, 8a-epoxyalkyl-
dioxy-α-tocopherones, 6-O-alkyl-α-tocopherols, and 6-O-
epoxyalkyl-α-tocopherols as the reaction products of α-
tocopherol during iron-catalyzed decomposition of methyl
(9Z,11E)-(S)-13-hydroperoxy-9,11-octadecadienoate (13-
MeLOOH) under aerobic and anaerobic conditions. The ther-
mal decomposition of hydroperoxides is believed to occur via
homolytic cleavage of the oxygen-oxygen bond to yield a hy-
droxyl radical and an alkoxyl radical (1). Thus, α-tocopherol
can react with these radicals to stop the thermal decomposi-
tion of lipid hydroperoxides. It has been reported that α-
tocopherol can suppress the thermal decomposition of methyl
linoleate hydroperoxides (MeLOOH) and inhibited the for-
mation of volatile and nonvolatile decomposition products
(2,3). However, the reaction mechanisms of α-tocopherol on
thermal decomposition of hydroperoxide are still unclear.

In this study, we have characterized the reaction products
of α-tocopherol during the decomposition of 13-MeLOOH at
100°C under air. A reaction mechanism of α-tocopherol dur-
ing the decomposition of 13-MeLOOH and the autoxidation
of methyl linoleate is discussed based on the reaction prod-
ucts observed in bulk phase of methyl myristate.

MATERIALS AND METHODS

Materials. (2R,4′R,8′R)-α-Tocopherol (Type V) was purchased
from Sigma Chemical Co. (St. Louis, MO) and purified by re-
versed-phase high-performance liquid chromatography
(HPLC) before use (16). γ-Tocopheryl acetate, used as an in-
ternal standard, was prepared by the acetylation of γ-tocopherol
with acetic anhydride in pyridine. Authentic samples of the ox-
idation products of α-tocopherol were prepared as described
previously (16–18). The spirodiene dimer of α-tocopherol
was synthesized following the procedure of Nelan and Robe-
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son (19). (9Z,11E)-(S)-13-Hydroperoxy-9,11-octadecdienoate
(13-LOOH) was prepared by oxidation of linoleic acid (99%
purity; Wako Pure Chemical Industries, Osaka, Japan) with
soybean lipoxygenase-1 (Sigma) (20). The 13-LOOH was
converted to its methyl ester with diazomethane in diethyl
ether and purified by silica gel column chromatography using
a mixture of hexane/diethyl ether. The purity of 13-MeLOOH
was checked by normal-phase HPLC after reduction (21).
The purity of 13-MeLOOH was about 90% of the total
MeLOOH, the remainder being the (E,E)-13- and 9-isomers.
Methyl myristate was purchased from Tokyo Chemical In-
dustry Co. (Tokyo, Japan) and used as received. Methyl
linoleate (Tokyo Chemical Industry Co.) was purified and
made peroxide-free by silica gel column chromatography just
before use (18).

Apparatus. HPLC was performed with a Jasco Trirotar
pump (Japan Spectroscopic Co., Tokyo, Japan) equipped with
a Model GP-A40 gradient programmer. A Jasco Model 875
ultraviolet (UV) detector or a Model 820-FP spectrofluorom-
eter was used as the detector. 1H (200 MHz) nuclear magnetic
resonance (NMR) spectra were recorded on a Gemini 2000
FT NMR spectrometer (Varian Japan Ltd., Tokyo, Japan)
using CDCl3 as the solvent and tetramethylsilane as the inter-
nal standard. Mass spectra (MS) were obtained on a QP-1000
instrument (Shimadzu Co., Kyoto, Japan) operated in the
electron impact (EI) mode with a 70-eV electron beam or in
the chemical ionization (CI) mode with isobutane as the
reagent gas. UV spectra were measured with a Jasco Ubest-
30 spectrophotometer. Infrared (IR) spectra of samples in liq-
uid film were measured on a Perkin-Elmer 2000 Fourier
transform infrared spectrometer (Yokohama, Japan).

Reaction of α-tocopherol with 13-MeLOOH. A mixture of
α-tocopherol (0.10 g, 0.23 mmol) and 13-MeLOOH (0.40 g,
1.2 mmol) in a test tube (1.6 cm in diameter) was incubated
at 100°C for 20 min under air. The products were analyzed
by normal-phase and reverse-phase HPLC. Normal-phase
HPLC was done with a µBondasphere 5 µ Si-100 Å column
(3.9 × 150 mm; Nihon Waters, Ltd., Tokyo, Japan) developed
with hexane/diethyl ether (85:15, vol/vol) at a flow rate of 1.0
mL/min. Compounds were detected by an absorbance at 235
or 268 nm. Reversed-phase HPLC was done with a µBondas-
phere 5 µ C18 100 Å column (3.9 × 150 mm) and a 15-min
linear gradient of acetonitrile/methanol/water (10:88:2, by
vol) to acetonitrile/2-propanol/hexane (30:40:30, by vol) at a
flow rate of 1.0 mL/min. The eluent was monitored by an ab-
sorbance at 240 nm. The several reaction products detected
by HPLC were isolated by preparative HPLC using an Inert-
sil Prep ODS column (10 × 250 mm; GL Sciences Inc.,
Tokyo, Japan) developed with methanol or methanol/ethanol
(1:1, vol/vol) at 5.0 mL/min.

Time-course experiment. α-Tocopherol (2 or 10 mM) and
13-MeLOOH (40 mM) in methyl myristate solution (2 mL)
were placed in a test tube (1.4 cm in diameter) and incubated
at 100°C. Periodically, aliquots of the sample were with-
drawn, dissolved in hexane or ethanol, and injected into
HPLC. The amount of MeLOOH and its reaction products

were determined by normal-phase HPLC with UV detection
(3). α-Tocopherol was determined by reversed-phase HPLC
with fluorescence detection (13). The reaction products of α-
tocopherol were determined by reversed-phase HPLC with
UV detection (18). γ-Tocopheryl acetate was used as the in-
ternal standard. Methyl linoleate (40 mM) with or without α-
tocopherol in methyl myristate was also incubated in the same
condition as described above.

RESULTS

Reaction products of α-tocopherol and 13-MeLOOH. A mix-
ture of α-tocopherol and 13-MeLOOH was reacted at 100°C
for 20 min, and the reaction mixture was analyzed by normal-
phase and reversed-phase HPLC (Fig. 1). In normal-phase
HPLC, the eluent was monitored at 235 or 268 nm. Peaks cor-
responding to 13-MeLOOH and its isomers, a–c, and a prod-
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FIG. 1. High-performance liquid chromatography (HPLC) of the reac-
tion products of α-tocopherol with methyl (9Z,11E)-(S)-13-hydroper-
oxy-9,11-octadecadienoate (13-MeLOOH) at 100°C for 20 min. Nor-
mal-phase HPLC was done with a µBondasphere 5 µ Si-100 column
(3.9 × 150 mm) developed with hexane/diethyl ether (85:15, vol/vol) at
a flow rate of 1.0 mL/min. The eluent was monitored at 235 (A) and 268
nm (B). Reversed-phase HPLC was done with a µBondasphere 5 µ C18
column (3.9 × 150 mm) which was developed with a 15-min linear gra-
dient of acetonitrile/methanol/water (10:88:2, by vol) to acetonitrile/2-
propanol/hexane (30:40:30, by vol) at 1.0 mL/min (C). The eluent was
monitored at 240 nm. Peak 6 was collected and analyzed by normal-
phase HPLC, which was developed with hexane/2-propanol (1000:1,
vol/vol) at 1.0 mL/min (D).



uct peak 1 appeared at 235 nm (Fig. 1A); and two product
peaks, 2 and 3, appeared at 268 nm (Fig. 1B). Peaks a–c were
assigned to the MeLOOH isomers by comparison of the
HPLC behavior with that of the authentic samples (3,21); a,
the (E,E)-13-isomer; b, the (Z,E)-9-isomer; and c, the (E,E)-
9-isomer. Peak 1 was identified as methyl (9Z,11E)-13-hy-
droxy-9,11-octadecadienoate (13-MeLOH) based on the ref-
erence sample prepared by reducing 13-MeLOOH with NaBH4
(3). In addition, other hydroxy isomers were also detected as
peaks d, the (E,E)-13-isomer; e, the (Z,E)-9-isomer; and f, the
(E,E)-9-isomer. 

Peaks 2 and 3 were isolated by preparative reversed-phase
HPLC using methanol as the solvent. Compound 2 showed
absorption maxima at 258, 267, and 279 nm in ethanol, indi-
cating the presence of conjugated triene in the molecule. The
structure of compound 2 was identified as a mixture of methyl
(9Z,11E,13E)-octadecatrienoate (2a) and methyl (9E,11E,13E)-
octadecatrienoate (2b) from the spectral data (Table 1). Com-
pound 3 was identified as methyl (9Z,11E)-13-oxo-9,11-oc-
tadecadienoate (3,22,23) (Table 1).

The reversed-phase HPLC gave peaks corresponding to
the new reaction products, 4–8, and some unknown peaks in

addition to a peak corresponding to compound 2 (Fig. 1C).
Peaks 4, 5 and 6 were isolated by preparative HPLC using
methanol/ethanol (1:1, vol/vol) as the solvent. Compound 4
showed absorption maximum at 234 nm in ethanol. The 1H
NMR spectrum has signals at δ 2.86 and 3.10 due to methin
protons on an epoxy ring and at δ 4.35–4.43 due to two me-
thin protons on an ether bond (Table 1). Thus, the structure of
4 was assumed to be epoxy dimers of methyl linoleate with
an ether bond. Compound 4 might be produced from the re-
action between the 12,13-epoxyalkyl radicals of methyl
linoleate and the 13-alkoxyl radical. However, the isomeric
structures of this compound were not further investigated.

Compound 5 contained two enantiomers of methyl (E)-
(12S,13S)-9-(α-tocopheroxy)-12,13-epoxy-10-octadecenoate
(5a) and two enantiomers of methyl (E)-(12S,13S)-11-(α-to-
copheroxy)-12,13-epoxy-9-octadecadienoate (5b) by UV, IR,
MS, and 1H NMR data and coelution with the authentic sam-
ples (16). Compound 6 was identified as a mixture of methyl
9-(α-tocopheroxy)-10,12-octadecadienoate and methyl 13-
(α-tocopheroxy)-9,11-octadecadienoate by UV, IR, MS, and
1H NMR data (13,18). Compound 6 gave four peaks by nor-
mal-phase HPLC using hexane/2-propanol (1000:1, vol/vol)
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TABLE 1
Spectral Data of Compounds 2–4

2 UV (ethanol) λmax nm (ε) 258 (30500), 267 (40600), 279 (31700)
IR (film) νmax cm−1 2926, 1742, 1464, 1440, 1371, 1254, 1200, 1171, 996, 960
EIMS (70 eV) m/z 292 (M+, 75%), 261 (10), 163 (12), 149 (34), 135 (27), 121 (25), 107 (40), 93

(100), 79 (100), 67 (62), 55 (57)
CIMS (isobutane) m/z 293 ([M + 1]+, 100%)
1H NMRa (CDCl3) δ 0.88 (m, 3H, H-18), 1.30 (br. m, 8H, H-4,-5,-6,-17), 1.35 (m, 4H, H-7,

H-16), 1.62 (m, 2H, H-3), 2.07 (m, 2H, H-8, H-15, 2b), 2.09 (m, 1H,
H-15, 2a), 2.17 (m, 1H, H-8, 2a), 2.30 (t, J = 7.5 Hz, 2H, H-2), 3.67
(s, 3H, OCH3), 5.40 (dt, J = 7.5, 17.2 Hz, 1/2H, H-9, 2a), 5.65 (m, 1H,
H-9,H-14, 2b), 5.69 (dt, J = 7.0, 13.7 Hz, 1/2H, H-14, 2a), 6.07 (m, 3/2H,
H-11, H-12, H-13, 2b), 6.09 (dd, J = 9.1, 14.3 Hz, 1/2H, H-13, 2a), 6.16
(dd, J = 10.6, 15.4 Hz, 1/2H, H-12, 2a), 6.40 (m, 1/2H, H-11, 2a)

3 UV (ethanol) λmax nm (ε) 278 (22800)
IR (film) νmax cm−1 2926, 1742, 1459, 1366, 1260, 996, 962, 870
EIMS (70 eV) m/z 308 (M+, 40%), 278 (10), 237 (7), 209 (7), 177 (27), 151 (88), 135 (28), 99 (55),

95 (58), 81 (100), 67 (55), 55 (56)
CIMS (isobutane) m/z 309 ([M + 1]+, 100%)
1H NMR (CDCl3) δ 0.90 (m, 3H, H-18), 1.31 (m, 14H, H-4, H-5, H-6, H-7, H-16, H-17), 1.63

(m, 4H, H-3, H-15), 2.31 (m, 4H, H-2,  H-8), 2.55 (t, J = 7.4 Hz, 2H, H-14),
3.67 (s, 3H, OCH3), 5.89 (dt, J = 7.7, 10.6 Hz, 1H, H-9), 6.13 (t, J = 11.1
Hz, 1H, H-10), 6.17 (d, J = 15.4 Hz, H-12), 7.49 (dd, J = 11.4,15.3 Hz, 
1H, H-11)

4 UV (ethanol) λmax nm (ε) 234 (18800)
IR (film) νmax cm−1 2936, 1742, 1454, 1186, 986, 894
EIMS (70 eV) m/z 489 (4%), 431 (3), 309 ([OC17H30COOCH3]+, 24), 293

([C17H30COOCH3]+, 65), 277 (20), 151 (29), 149 (36), 123 (22), 109 (32), 99
(71), 95 (67), 81 (95), 67 (66), 55 (100)

CIMS (isobutane) m/z 447 (25%), 325 ([O2C17H30COOCH3]+, 28), 309 ([OC17H30COOCH3]+,
100), 293 ([C17H30COOCH3]+, 85), 277 (16), 239 (20)

1H NMR (CDCl3) δ 0.87 (m, 6H), 1.30 (m, 28H), 1.63 (m, 6H), 1.75–2.19 (m, 6H), 2.30
(t, J = 7.5 Hz, 4H), 2.86 (m, 1H), 3.10 (m, 1H), 3.67 (s, 6H, OCH3),
4.35–4.43 (m, 2H), 5.32–6.50 (m, 6H)

aShifts in parts per million downfield relative to tetramethylsilane. Multiplicities are designated by s, singlet; d, doublet; t,
triplet; m, multiplet; UV, ultraviolet; IR, infrared; EIMS, electron impact mass spectrometry; CIMS, chemical ionization
mass spectrometry; NMR, nuclear magnetic resonance.



as the mobile phase (Fig. 1D), corresponding to an enan-
tiomeric mixture of the (Z,E)-13-isomer (6a), the (R,E,E)- and
(S,E,E)-13-isomers (6b), and a mixture of the (E,Z)- (6c) and
(E,E)-9-isomers (6d) (18). Compound 7 was identified as α-
tocopherol spirodiene dimer, and 8 was α-tocopherol trimer
by comparison of the HPLC behavior with those of the au-
thentic samples (17,19). Scheme 1 shows the structures of
compounds 1–8.

Stability of α-tocopherol. α-Tocopherol (10 mM) was dis-
solved in methyl myristate without or with 13-MeLOOH (40
mM) or methyl linoleate (40 mM), and incubated at 100°C (Fig.
2). Most of the α-tocopherol disappeared during the first 10-min
incubation in the presence of 13-MeLOOH, and during the 6-h
incubation in the presence of methyl linoleate, respectively. On
the other hand, 80% of the α-tocopherol remained during the 6-
h incubation without 13-MeLOOH or methyl linoleate. Thus,
the free radical reaction of α-tocopherol occurred in the reac-
tion mixture containing 13-MeLOOH or methyl linoleate.

Reaction of α-tocopherol during the decomposition of 13-
MeLOOH. 13-MeLOOH (40 mM) in methyl myristate was

heated at 100°C in the absence or presence of two different
concentrations of α-tocopherol (2 and 10 mM). Figure 3 shows
the results of the fate of α-tocopherol and 13-MeLOOH and
the formation of their reaction products. α-Tocopherol at 2 mM
inhibited the decomposition of 13-MeLOOH, but α-tocopherol
at 10 mM accelerated the decomposition. The α-tocopherol at
two concentrations disappeared during the first 20 min. The
main product of α-tocopherol at 2 mM was 6, and those at 10
mM were 5 and 6, respectively. In addition to these products,
compounds 1–4 accumulated in the 2 mM α-tocopherol and
compounds 1–3 in the 10 mM α-tocopherol, respectively.
Table 2 compares the relative product yields of compounds
1–6 from 13-MeLOOH. The reaction products from 13-
MeLOOH in the 10-min reaction mixture containing 10 mM
α-tocopherol could account for 96% of the consumed 13-
MeLOOH.

Reaction of α-tocopherol during the autoxidation of methyl
linoleate. Methyl linoleate (40 mM) in methyl myristate was
incubated at 100°C in the absence or presence of α-tocopherol
(2 and 10 mM). Figure 4 shows the fate of α-tocopherol and
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the formation of the reaction products: MeLOOH, MeLOH in-
cluding 1, conjugated triene compounds including 2, ketodiene
compounds including 3, epoxy dimers of methyl linoleate with

an ether bond including 4, 6-O-alkyl-α-tocopherol (6), and
spirodiene dimer of α-tocopherol (7), during the autoxidation
of methyl linoleate. α-Tocopherol suppressed the formation
of MeLOOH until it was consumed. The reaction products of
α-tocopherol were compounds 6 and 7. Compound 7 was the
major product in the reaction mixture containing 10 mM
α-tocopherol, and the ketodiene compounds also accumulated.
The thermal oxidation of unsaturated lipids could result in car-
bon-carbon linked dimers (13,24–26) and epoxy dimers (18).
However, we did not analyze the dimeric products of methyl
linoleate other than the epoxy dimers of methyl linoleate.

Table 3 compares the relative product yields of α-tocopherol
during the decomposition of 13-MeLOOH and the autoxida-
tion of methyl linoleate. The reaction products from the 10 mM
α-tocopherol during the decomposition of 13-MeLOOH ac-
counted for 48% of the consumed α-tocopherol, but the reac-
tion products during the autoxidation of methyl linoleate ac-
counted only for 5–16% of the consumed α-tocopherol.

DISCUSSION

α-Tocopherol reacts with a variety of free radicals and stops
free-radical chain reactions to form various reaction products.
In the present study, the reaction products of α-tocopherol
during the thermal decomposition of 13-MeLOOH were al-
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FIG. 2. Decomposition of α-tocopherol in bulk phase of methyl myris-
tate. α-Tocopherol (10 mM) in methyl myristate without (●●) or with 40
mM methyl linoleate (▲▲) or 40 mM methyl (9Z,11E)-(S)-13-hydroper-
oxy-9,11-octadecadienoate (■■) was incubated at 100°C under air.

FIG. 3. Reaction of α-tocopherol during the decomposition of methyl (9Z,11E)-(S)-13-hydroperoxy-9,11-octadecadienoate (13-MeLOOH) in methyl myris-
tate. Methyl myristate containing 40 mM 13-MeLOOH was incubated at 100°C in the absence (A) or presence of 2 mM (B) or 10 mM (C) α-tocopherol.
Residual amounts of 13-MeLOOH (●) and α-tocopherol (◆◆), and the reaction products, compound 1 (●●), compound 2 (■■), compound 3 (▲▲), compound
4 (▼▼), compound 5 (■), compound 6 (▲), and compound 7 (▼), in the reaction mixture are shown. Compounds 1–7 are identified in Scheme 1.



most the same as those of α-tocopherol during the iron-cat-
alyzed reactions between α-tocopherol and MeLOOH re-
ported by Gardner et al. (14), Kaneko and Matsuo (15), and
ourselves (16). The main products of α-tocopherol were 6-O-
epoxyalkyl-α-tocopherols (5) and 6-O-alkyl-α-tocopherols
(6) with small amounts of the dimer (7) and the trimer (8).
Besides these products, we found 13-MeLOH (1), conjugated
triene compounds (2), a ketodiene compound (3), and epoxy
dimers of methyl linoleate with an ether bond (4) as the reac-
tion products of 13-MeLOOH (Fig. 1 and Scheme 1).

Decomposition pathways of lipid hydroperoxides depend
markedly on the reaction conditions, and several mechanisms
for lipid hydroperoxide decomposition have been suggested

(1,27,28). According to the bond dissociation energies, the
thermal decomposition of MeLOOH may occur mainly through
the alkoxyl radical (44 kcal/mol) rather than through the per-
oxyl radical (90 kcal/mol). Therefore, decomposition through
the alkoxyl radical is considered to be an important pathway
(1). Hopia et al. (3) have shown that the phenolic antioxi-
dants, α-tocopherol and Trolox, at high concentrations effi-
ciently inhibit the decomposition of MeLOOH at 60°C. They
suggested that the phenolic antioxidants might markedly af-
fect the reaction pathway involving the alkoxyl radical; they
inhibit β-scission of the alkoxyl radical by hydrogen dona-
tion, and the hydrogen donation of antioxidants to the alkoxyl
radical would lead to the formation of MeLOH. On the con-
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TABLE 2
Product Distributions from the Decomposition of 13-MeLOOHa After 10-min Incubationb

Yield (%)c

Sample MeLOOH 1 2 3 4 5 6

13-MeLOOH (40 mM) 90.3 0.2 traced n.d. n.d. n.d. n.d.
+ 2 mM α-tocopherol 94.5 0.3 0.1 0.4 0.6 n.d. 0.6
+ 10 mM α-tocopherol 87.1 1.4 0.8 2.1 trace 4.8 3.3

aMeLOOH, methyl linoleate hydroperoxide.
bThese data are from the experiments described in Figure 3.
cMol% to each theoretical yield based on the starting material.
dTrace amount (less than 0.1 mol%); n.d., not detectable.

FIG. 4. Reaction of α-tocopherol during the autoxidation of methyl linoleate in methyl myristate. Methyl myristate containing 40 mM methyl
linoleate was incubated at 100°C in the absence (A) or presence of 2 mM (B) or 10 mM (C) α-tocopherol. α-Tocopherol (◆◆), methyl linoleate hy-
droperoxides (●), methyl linoleate hydroxy compounds including 1 (●●), conjugated triene compounds including 2 (■■), ketodiene compounds in-
cluding 3 (▲), methyl linoleate dimers containing two extra oxygen atoms including 4 (▼▼), compound 6 (▲), and compound 7 (▼) in the reaction
mixture are shown. Compounds 1–7 are identified in Scheme 1.



trary, the 10 mM α-tocopherol in our study accelerated the
decomposition of 13-MeLOOH and produced reaction prod-
ucts, 1–6 (Fig. 3 and Table 2). Therefore, incubations at
higher temperature result in the immediate loss of α-toco-
pherol, and the resulting α-tocopheroxyl radical may acceler-
ate the decomposition of 13-MeLOOH.

The thermal decomposition of 13-MeLOOH and the reac-
tion with α-tocopherol in methyl myristate are illustrated in

Scheme 2 [proposed mechanism of the thermal decomposi-
tion of methyl (9Z,11E)-(S)-13-hydroperoxy-9,11-octadeca-
dienoate (13-MeLOOH) and the reaction with α-tocopherol
(TOH). LOOH, hydroperoxide; LOO·, peroxyl radical; LOH,
hydroxy compound; LO·, alkoxyl radical; and TO·, the 8a-
carbon radical of TOH]. The first reaction would be the for-
mation of alkoxyl and peroxyl radicals of MeLOOH
(1,23,27). The alkoxyl radicals generally are known for their
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TABLE 3
Product Distributions from the Reaction of α-Tocopherola

Yield (%)b

Incubation
Sample time (min) α-Tocopherol 5 6 7

In 13-MeLOOH (40 mM)
+ 2 mM α-tocopherol 10 3.2 n.d.c 14.8 n.d.
+ 10 mM α-tocopherol 10 20.9 21.9 15.3 0.6

In methyl linoleate (40 mM)
+ 2 mM α-tocopherol 60 10.1 n.d. 3.1 1.7
+ 10 mM α-tocopherol 60 64.0 n.d. 2.1 3.7

180 26.6 n.d. 2.3 9.0
aThese data are from the experiments described in Figures 3 and 4.
bMol% to each theoretical yield based on the starting material.
cn.d., not detectable.
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ability to abstract hydrogens. α-Tocopherol in the reaction
mixture trapped the alkoxyl radicals by hydrogen-atom trans-
fer, giving the α-tocopheroxyl radical and MeLOH (1). Be-
cause of the presence of unsaturation in the hydroperoxides,
other reactions are evidently more competitive than hydrogen
abstraction (1). Alkoxyl radicals of methyl linoleate tend to
rearrange into epoxyallylic radicals, even in the presence of
compounds with a readily abstractable hydrogen, like α-
tocopherol (14–16). In the absence of oxygen, the resulting
epoxyallylic radical is susceptible to a variety of radical com-
bination reactions. In the present study, the epoxyallylic radi-
cals reacted with the α-tocopheroxyl radical to form 6-O-
epoxyalkyl-α-tocopherols (5). If the production of the tocoph-
eroxyl radical is insufficient, the epoxyallylic radicals can react
with the alkoxyl radical of 13-MeLOOH to form dimeric
products. The epoxy dimers of methyl linoleate with an ether
bond (4) appeared in the reaction mixture containing 2 mM
α-tocopherol instead of the formation of 6-O-epoxyalkyl-α-to-
copherols (Fig. 3 and Table 2). The results indicate that the
alkoxyl radical rearrangement to epoxide is an important
pathway in the homolysis of 13-MeLOOH by heat. The con-
version of lipid hydroperoxides to the corresponding lipid ke-
tones usually accounts for a relatively large portion of end
products and they can be derived from hydroperoxides via
alkoxyl radicals (22,23). From 13-MeLOOH, the correspond-
ing oxodiene, methyl 13-oxo-9,11-octadecadienoate (3), was
obtained, and high concentrations of α-tocopherol acceler-
ated the formation of 1 and 3 (Fig. 3). Therefore, we assumed
that the catalytic reactions of α-tocopherol to the alkoxyl rad-
ical might produce MeLOH and ketodiene compounds.

The formation of the peroxyl radical is the other important
pathway of the decomposition of lipid hydroperoxides. Oxi-
dation by higher oxidation states of transition metal ions is a
pathway to form peroxyl radicals (27), but no metal catalyst
is added in this study. The most likely process is that the per-
oxyl radicals might be produced from hydroperoxides by hy-
drogen abstraction; the free radicals, such as peroxyl, alkoxyl,
and α-tocopheroxyl radicals could abstract the hydrogen
atom from hydroperoxides (1). The peroxyl radicals thus
formed should be trapped by the α-tocopheroxyl radical to form
8a-substituted α-tocopherones and epoxy-α-tocopherones
(9,10,18). However, we could not detect such products in the
present system. Since the 8a-alkyldioxy-α-tocopherones have
been reported to be thermolabile (18), the produced toco-
pherones might immediately be decomposed at 100°C. The
decomposition of these products to unidentified secondary
products could account for the low recovery of α-tocopherol
in terms of the products identified (Table 3). Alternatively,
radical elimination of the peroxyl radicals results in the re-
lease of O2 as a leaving group to form carbon-centered radi-
cals (29). The formation of the carbon-centered radicals is
substantiated by the finding that the isomerization of
MeLOOH is accompanied by the exchange of the oxygen
atoms of the hydroperoxy group with atmospheric oxygen
(30). The alkyl radicals produced then react with the α-toco-
pheroxyl radical to form 6-O-alkyl-α-tocopherols (6) (18). In

another pathway, the hydrogen atom of alkyl radical might be
abstracted by the α-tocopheroxyl radical to produce the con-
jugated triene compounds (2). These results suggest that the
elimination reaction of peroxyl radicals might occur during
the thermal decomposition of 13-MeLOOH. 

α-Tocopherol inhibited the autoxidation of methyl
linoleate at 37 and 60°C and produced some reaction prod-
ucts including adducts of the α-tocopheroxyl radical with
methyl linoleate-peroxyl radicals and methyl linoleate-alkyl
radicals (18). When the autoxidation was performed at 60°C
under air-insufficient conditions, the adducts of the α-tocoph-
eroxyl radical with alkyl radicals accumulated, owing to the
radical elimination of the peroxyl radicals followed by the ad-
dition of the α-tocopheroxyl radical. In the present study, α-
tocopherol inhibited the formation of MeLOOH. α-Tocoph-
erol traps the peroxyl radicals to produce hydroperoxide and
α-tocopheroxyl radical (4,5). The resulting hydroperoxide is
decomposed to alkoxyl radical at 100°C, and reacts with α-
tocopheroxyl radical to form the ketodiene. Thus the ketodi-
ene products accumulated in the reaction mixture at 10 mM
α-tocopherol (Fig. 4). The adducts of α-tocopherol with
methyl linoleate-alkyl radicals and spirodiene dimer of α-to-
copherol were the other reaction products (Fig. 4 and Table
3). Because the radical flux of the autoxidation of methyl
linoleate might be very low compared with that of the ther-
mal decomposition of 13-MeLOOH, the produced α-tocoph-
eroxyl radical reacted with each other to form the dimer as
the main product.

In the present study, the main products of α-tocopherol
with 13-MeLOOH were 6-0-epoxyalkyl-α-tocopherol (5) and
6-O-alkyl-α-tocopherol (6), whereas the product at 2 mM of
α-tocopherol was only 6 and the epoxyalkyl radical reacted
with the alkoxyl radical of 13-MeLOOH to form dimeric
products (4). Therefore, the α-tocopheroxyl radical might
prefer to react with alkyl radicals rather than epoxyalkyl radi-
cals of polyunsaturated lipids.
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ABSTRACT: To evaluate skin penetration of various vitamin E
homologs, a 5% solution of either α-tocopherol, α-tocotrienol,
or γ-tocotrienol in polyethylene glycol was topically applied to
SKH-1 hairless mice. After 0.5, 1, 2, or 4 h (n = four per time
point and four per vitamin E homolog), the skin was washed,
the animals killed, the skin rapidly removed, frozen on dry ice,
and a biopsy taken and sectioned: stratum corneum (two up-
permost, 5- µm sections—SC1 and SC2), epidermis (next two
10-µm sections—E1 and E2), papillary dermis (next 100 µm,
PD), dermis (next 400 µm, D), and subcutaneous fat (next 100
µm, SF). SC1 contained the highest vitamin E concentrations per
µ thickness. To compare the distribution of the various vitamin
E forms into the skin layers, the percentage of each form was
expressed per its respective total. Most surprising was that the
largest fraction of skin vitamin E following topical application
was found in the deeper subcutaneous layers—the lowest lay-
ers, PD (40 ± 15%) and D (36 ± 15%), contained the major por-
tion of the applied vitamin E forms. Although PD only repre-
sents about 16% of the total skin thickness, it contains seba-
ceous glands—lipid secretory organs, and, thus, may account
for the vitamin E affinity for this layer. Hence, applied vitamin E
penetrates rapidly through the skin, but the highest concentra-
tions are found in the uppermost 5 microns.
Lipids 33, 87–91 (1998). 

Skin is protected from oxidative stress by a variety of enzy-
matic and nonenzymatic antioxidants (1–5). Among these, vi-
tamin E is generally regarded as the most important lipid-sol-
uble antioxidant and an obvious choice for enhancement of
the antioxidant protection by topical application. 

Vitamin E is a generic description for all tocol and to-
cotrienol derivatives that qualitatively exhibit the biological
activity of α-tocopherol, and is the collective name for the
eight major, naturally occurring molecules, four tocopherols
and four tocotrienols. Tocotrienols differ from tocopherols in
that they have an isoprenoid, instead of a phytyl side chain;
the four forms of tocopherols and tocotrienols differ in the
number of methyl groups on the chromanol nucleus (α- has
three, β- and γ- have two, while δ- has one). 

α-Tocopherol is generally regarded as the most important
lipid-soluble antioxidant in plasma, circulating lipoproteins,
and tissues (6–10), while γ-tocopherol and the tocotrienols
are present in most tissues at much lower concentrations than
α-tocopherol (11–14). Remarkably, however, we found that
tocotrienols represent about 15% of the vitamin E in murine
skin from hairless mice fed a chow diet (15). Earlier reports
suggested that in vitro α-tocotrienol has higher antioxidant
activity than α-tocopherol against Fe2+/ascorbate and
Fe2+/NADPH induced lipid peroxidation in rat liver micro-
somes (16). Therefore, we hypothesized that tocotrienols
might be more effective than tocopherols against oxidative
damage to skin. Our studies demonstrated that a 5% solution
containing TRF (tocotrienol-rich fraction) to the skin of hair-
less mice protected skin from oxidative stress produced by ul-
traviolet light (17) or ozone (18).

Our studies using ozone suggested that the surface of skin
is particularly susceptible to oxidation. When hairless mice
were exposed to 10 ppm ozone for 2 h, it increased skin mal-
ondialdehyde (MDA), depleted topically applied vitamin E,
but not the vitamin E inherent in the skin (18). Next we local-
ized the ozone-caused damage to the various murine skin lay-
ers. Ozone (10 ppm for 2 h) damaged the upper epidermis,
decreasing both vitamins C and E and increasing MDA con-
centrations (19). Notably, antioxidants in the lower layers of
skin were unaffected. Therefore, we undertook assessment of
the antioxidant content of the uppermost skin layer, the stra-
tum corneum (20). Sequential tape strippings of mouse stra-
tum corneum demonstrated that ozone exposures as low as 1
ppm for 2 h on six consecutive days depleted vitamin E, and
5 ppm increased MDA formation in stratum corneum. 

Our studies suggest that skin is quite susceptible to oxida-
tive stress and that the stratum corneum serves as a barrier to
oxidative insults. Since applied vitamin E was readily de-
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pleted by ozone exposure, it was of interest to evaluate how
well various vitamin E homologs penetrate skin. Knowledge
about the topical bioavailabilities and the kinetics of absorp-
tion of a substance is essential for determination of its phar-
macologic potency. The purpose of the present study was to
measure the bioavailability of topically applied α-tocopherol
in comparison with α-tocotrienol and γ-tocotrienol by deter-
mining the localization of each in murine skin at various time
points after topical application.

MATERIALS AND METHODS

Chemicals. All chemicals used were of the highest grade
available. Tocopherol standards were provided by Henkel
Corporation (LaGrange, IL). Dr. Asaf A. Qureshi, University
of Wisconsin (Madison, WI), purified the tocotrienols from
TRF that was kindly provided by PORIM (Palm Oil Research
Institute of Malaysia, Kuala Lumpur, Malaysia).

Animals. The animal care, handling, and experimental pro-
cedures were carried out as described in the animal use proto-
col approved by Animal Care and Use Committee of the Uni-
versity of California, Berkeley. SKH-1 hairless mice (fe-
males, between 8 and 10 wk old; Charles River Laboratories,
Wilmington, MA were kept under standard light and temper-
ature conditions. Food (Harlan Teklad Rodent Diet #1846,
Madison, WI) and water were provided ad libitum. Mice were
anesthetized by an intraperitoneal injection of sodium pento-
barbital (50 mg/kg body weight, NembutalR; Abbott Labora-
tories, North Chicago, IL) and remained anesthetized during
the entire experimental period. 

Vitamin E application. A 5% wt/vol solution of each of the
vitamin E homologs was prepared in polyethylene glycol-400
(PEG; Sigma, St. Louis, MO). Mice were anesthetized, then
a polypropylene plastic ring (2 cm2) was glued onto the ani-
mals’ backs, and the vitamin E solution (40 µL) was applied
(n = four per time point and four per vitamin E form). After
0.5, 1, 2 or 4 h, the treated area was washed as described (21).
Briefly, the skin was rinsed three times rapidly with 300 µL
ethanol/water (95:05) using a pipettor to flush the solution in
and out of the ring surrounding the application site. Based on
our previous experience with solvent extraction of skin (22),
it is unlikely that the ethanol washes changed the barrier per-
meability characteristics. Then, the site was rinsed twice in a
similar manner with water alone and dried with a cotton-
tipped swab. Subsequently, the location of the application site
was marked and the plastic ring removed. The animal was
killed, the skin removed, immediately flattened on dry ice,
and a 6-mm punch biopsy was taken. The frozen biopsy was
sliced parallel to the skin surface with a cryomicrotome
(Kryostat 1720; Ernst Leitz Wetzlar GmbH, Wetzlar, Ger-
many) as described (23). Previously, cryosections of skin
were hematoxylin/eosin stained, following tape stripping, and
examined by microscopy to identify cell morphology of the
individual sections. On the basis of this examination, the epi-
dermis was localized to the first four slices of 5-µm thickness,
and the subsequent 10 sections (10 µm) corresponded to pap-

illary dermis  (PD) (24). In the present study, two 5-µm sec-
tions are labeled stratum corneum (SC1 and SC2), the next
two 10-µm sections are labeled epidermis (E1 and E2), the
next 100 µm are labeled PD, the next 400 µm are labeled der-
mis (D), the remainder (approximately 100 µm) is labeled
subcutaneous fat (SF).

Skin extraction and antioxidant analysis. Tocopherols and
tocotrienols were extracted from skin, as described (25,26).
Briefly, the skin sections were transferred to a tube contain-
ing 2 mL buffer (10 mM phosphate, 130 mM NaCl, 1 mM
EDTA, pH 7.0) and 50 µL butylated hydroxytoluene (1
mg/mL) followed by mixing and the addition of 1 mL of 0.1
M sodium dodecylsulfate, 2 mL ethanol and extraction with
2 mL hexane. An appropriate aliquot was used for high-per-
formance liquid chromatography (HPLC) analysis, as de-
scribed (15). The electrochemical detector was operated with
0.5 V potential, full recorder scale at 50 nA for quantitation
of α-tocopherol, α-, and γ-tocotrienols. The amounts of ap-
plied vitamin E (even the tocotrienols in lower layers) far ex-
ceeded the amounts present in controls tissues (data not
shown). Thus, these inherent vitamin E concentrations were
not subtracted from the data presented here.

Statistical analyses. All statistical analyses were carried
out using SuperAnova (Abacus Concepts, Inc., Berkeley, CA)
for the Macintosh. Analyses included three-factor analysis of
variance with least square means comparisons. A P-value
<0.05 was considered statistically significant. Values are
given as means ± standard deviation of the concentrations in
layers of skin (pmol/cm2/µ) or as the percentage found in a
given layer of total vitamin E recovered (pmol/cm2).

RESULTS

The concentrations (pmol/cm2/µ) of γ-tocotrienol, α-to-
cotrienol, or α-tocopherol after topical application of a 5%
solution for 0.5, 1, 2, or 4 h were measured in murine skin
layers SC, E, PD, D, and SF. Although there was a significant
increase in the concentrations in the layers with time (main
effect, P < 0.001), the relationship between the various vita-
min E forms did not change differently with time, nor did the
vitamin E contents of the layers change differently with time
(no significant interactions). Therefore, for simplicity, the
concentrations of each of the vitamin E forms in each of the
layers were averaged over all time points as shown in Figure
1; the effects of time are shown in Figure 2. The uppermost
layer of the skin (5 µm, SC1) contained the highest γ-to-
cotrienol, α-tocotrienol, and α-tocopherol concentrations of
any of the layers (P < 0.0001 for each of the vitamin E forms).
Furthermore, SC1 α-tocopherol concentrations were signifi-
cantly greater than those of either SC1 γ-tocotrienol
(P < 0.0001) or SC1 α-tocotrienol (P < 0.0001). None of the
vitamin E concentrations in the other layers per µ were sig-
nificantly greater than any other layers, possibly because of
the large standard deviations observed.

The lengths of time that the vitamin E homologs pene-
trated the skin in relationship to the cutaneous layer vitamin
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E are shown in Figure 2. It is clear that at all time points, SC1
contained the highest vitamin E concentrations, except for the
comparison between SC1 at 0.5 and 1 h for α-tocotrienol. 

SC1 contained the highest vitamin E concentrations when
it was expressed per µ. If the thickness of the various skin lay-
ers is taken into account, it is apparent that the lower skin lay-
ers contain appreciable amounts of vitamin E. In order to
compare the distribution of the various vitamin E forms into
the skin layers, the total amount of each form in each of the
layers was summed, then the percentage of each form was ex-
pressed per its respective total. When expressed as a percent-
age, the lowest layers (PD and D) contained the major por-
tion of the applied vitamin E forms (Fig. 3). Although the per-
centage γ-tocotrienol in SC1 (10 ± 5%) was significantly
greater (P < 0.01) than in SC2 (2 ± 1%), E1 (2 ± 2%), or E2
(2 ± 2%), it was significantly less than in PD (40 ± 15%) or D
(36 ± 15%) (P < 0.0001). The SC1 percentage α-tocotrienol
or percentage α-tocopherol was also significantly less than in
PD or D (P < 0.0001).

The distribution into the PD was different for α-tocopherol
compared with the tocotrienols. The percentage PD γ-to-
cotrienol (40 ± 15%) was similar to the fraction found in D
(35 ± 15%); the percentage PD α-tocotrienol (53 ± 19%) was
greater than that found in D (29 ± 16%) (P < 0.0001), while
the percentage PD α-tocopherol (31 ± 6%) was less than that

found in the D (41 ± 8%) (P < 0.0005). In all cases the per-
centage PD vitamin E homolog was greater than that found in
the subcutaneous fat (P < 0.0001), which contained from 11
to 14% of the applied vitamin E. Thus, the penetration of the
various vitamin E forms was rapid through the entire skin. 

DISCUSSION

This study demonstrates that vitamin E applied to the skin is
found in the highest concentrations in the uppermost layers
of skin, if the data is expressed per µ of skin thickness (Fig.
1). It is not unsurprising that this is true whether measured at
0.5 h or up to 4 h (Fig. 2). What is surprising is that the largest
fraction of skin vitamin E following topical application is not
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FIG. 1. Vitamin E content of murine skin after topical application of ei-
ther γ-tocotrienol, α-tocotrienol, or α-tocopherol. The concentrations
(pmol/cm2/µ, mean ± SD, n = 16) of γ-tocotrienol, α-tocotrienol, or α-
tocopherol after topical application of a 5% solution for 0.5, 1, 2, or 4
h were measured in skin layers (α-tocopherol, n = 16 for each layer):
stratum corneum [SC1 (solid bar) γ-tocotrienol, n = 14; α-tocotrienol, n
= 14], SC2 (vertical striped bar) γ-tocotrienol, n = 14; α-tocotrienol, n =
15], epidermis [E1(narrow, slanted, striped bar) γ-tocotrienol, n = 15; α-
tocotrienol, n = 14], E2 (wide, slanted) (γ-tocotrienol, n = 16; α-to-
cotrienol, n =14) papillary dermis [PD cross-hatched bar (γ-tocotrienol,
n = 15; α-tocotrienol, n = 16)], dermis [D (horizontal line bar) (γ-to-
cotrienol, n =15; α-tocotrienol, n = 13)]. Although subcutaneous fat vit-
amin E was measured, the thickness varied, so is not reported per µ. The
average concentrations for all time points are shown. By least square
means comparisons: γ-tocotrienol, α-tocotrienol, α-tocopherol in SC1
were significantly greater than their respective concentrations in any
other layer (P < 0.0001); SC1 α-tocopherol concentrations were signifi-
cantly greater (P < 0.0001) than those of either γ-tocotrienol or α-to-
cotrienol. There were no other significant differences between layers or
between vitamin E forms.

FIG. 2. Vitamin E content of murine skin at various times after topical
application. The vitamin E concentrations from the same samples de-
scribed in Figure 1 are shown for each of the time points (0.5, 1, 2, 4 h).
By three-factor analysis of variance, there was a significant interaction
between time and layer (P < 0.0001), but not with vitamin E form. The
SC 1 vitamin E at 0.5 h was significantly less than for 2 h (P < 0.0001)
or 4 h (P < 0.0001). In none of the other layers did the vitamin E con-
centrations significantly increase with time, although for each of the
layers there was a trend toward increasing concentrations with time.
See Figure 1 for abbreviations. SC1, ■; SC2, ●; ▲, E1; ◆, E2; ■■, PD;
●●,D.



at the surface, but is found in the deeper subcutaneous layers
(Fig. 3).

It should be noted that topical vitamin E application
markedly increased skin vitamin E content. For example, α-to-
copherol contents of untreated mice (n = 8) were: SC1 0.25 ±
0.09 pmol/cm2/µ (Traber, M.G., Rallis, M., and Packer, L., un-
published observations) compared with 534 ± 363 pmol/cm2/µ
reported here; PD were 0.089 ± 0.037 pmol/cm2/µ compared
with 88 ± 27 pmol/cm2/µ reported here, and D were 0.159 ±
0.059 pmol/cm2/µ compared with 29 ± 7 pmol/cm2/µ reported
here. Thus, the application of a 5% α-tocopherol solution re-
sulted in a 200- to 2000-fold increase in the skin α-tocopherol
content. Trivedi et al. (27) proposed that topically applied vita-
min E function as a penetration enhancer. Based on the large
increases of vitamin E content, its rapid penetration and its
well-known properties of increasing fluidity (28), it is not sur-
prising that vitamin E has this effect.

We have calculated, based the thickness of each layer, that
SC1 or SC2 each represents 0.8% of the skin thickness, E1
and E2 represent 1.6%, PD represents 16%, D represents
64%, and subcutaneous fat 15%. Comparing these percent-
ages with those of the distribution of vitamin E homologs,
about 10% of the skin vitamin E was found in SC1, far ex-
ceeding the percentage expected based on its thickness, while
SC2, E1, or E2 contained a fraction of total equivalent to that
expected from its fraction of the total. Most remarkably, PD
represents about 16% of the total skin thickness but contained
40 to 50% of the various vitamin E homologs. This layer con-
tains the sebaceous glands, which are lipid secretory organs,
and, thus, may account for the affinity of this layer for vita-
min E. The D represents about 64% of the thickness of the

skin, but was comparatively unenriched in vitamin E
(30–40% of total). The subcutaneous fat contained about
11–14% of the skin vitamin E and represents about 15% of
the skin thickness. Remarkably, at the earliest time point 0.5
h, significant increases in vitamin E were found in the subcu-
taneous fat (data not shown), suggesting rapid penetration of
the applied vitamin E through the skin.

In part, this study was carried out to evaluate whether to-
cotrienols, which have a higher fluidity (29,30), might more
readily penetrate murine skin. In fact, we found that the dis-
tribution of tocotrienols was somewhat different than that of
α-tocopherol. α-Tocotrienol appeared to accumulate more in
the PD, while a greater fraction of α-tocopherol was present
in the D. It is unknown what regulates tissue concentrations
and whether this represents a real preference of the PD for to-
cotrienols and the D for α-tocopherol.

The high concentration of the applied vitamin E forms in
SC1 is consistent with our observations of the high suscepti-
bility of applied TRF to ozone exposure (18). These data also
emphasize that topically applied vitamin E largely protects
the first few microns of skin. Since oxidative stress depletes
skin oxidants, it is now important to determine whether dam-
age caused by oxidation by ozone at the surface, or ultravio-
let light in deeper layers can be prevented by applied vitamin
E and whether it protects other skin antioxidants and proteins,
lipids, and DNA.

In conclusion, application of either γ-tocotrienol, α-to-
cotrienol, or α-tocopherol to murine skin results in extraordi-
nary increases in stratum corneum vitamin E. If oxidative
stress is applied to the surface of the skin, this level of vita-
min E is sufficient to provide protection, as we have described
in our studies with ozone exposure (18). Vitamin E homologs
penetrated through the entire skin to the subcutaneous fat
layer within the first 0.5 h. It is unclear whether this rapid pen-
etration is into skin cells (keratinocytes or fibroblasts), around
the cells in the skin lipids, or perhaps down the hair follicles
into the deepest layers. It is clear from these studies that PD,
the location of sebaceous glands, has a special affinity for vit-
amin E; the mechanism for this affinity remains to be deter-
mined.
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ABSTRACT: The bile acid concentrations in the serum, liver, bile,
intestines, and feces of 3- and 19-mon-old male and female Nagase
analbuminemic (NA) rats were compared with those in Sprague-
Dawley (SD) rats. There was no significant difference in the bile
acid levels between NA and SD rats. However, increased biosyn-
thesis and pool size of cholic acid (CD) derivatives and decreased
levels of chenodeoxycholic acid (CDCA) derivatives (increased
CA/CDCA ratio) were detected in male NA rats as compared to SD
rats. The CA/CDCA ratio in female NA rats was not different from
that in their SD counterparts. There were no significant differences
between NA and SD rats in the biliary bile flow, bile acid levels in
the small and large intestines, fecal bile acid excretion, bile acid
concentration in the portal and systemic circulation, and in the pool
size of bile acids. The blood lipid concentrations were significantly
higher in the NA rats than in the SD rats. The hepatic levels of lipids
were not significantly different between the two rat strains. In con-
clusion, this study showed that metabolism of bile acids in NA rats
is not significantly affected, and that the hypercholesterolemia
observed in these strains is not related to abnormalities of bile acid
metabolism.
Lipids 33, 93–99 (1998)

Analbuminemic rats established from the normal Sprague-
Dawley (SD) rats (Nihon Clea, Tokyo, Japan) by Nagase et al.
(1,2) (Nagase albuminemic [NA] rats) exhibit several features
resembling human analbuminemia. Analbuminemia of NA rats
is inherited as an autosomal recessive trait. Deficiency or defect
in the albumin mRNA has been reported in hepatocytes of NA
rats (3). This mutant strain is characterized by a marked hy-
poalbuminemia, hypercholesterolemia, mild anemia, hypocal-
cemia, and hyperfibrinogenemia.

Albumin plays a crucial role in the blood transport of bile
acids (BA). Hypoalbuminemic states are frequently associated

with increased plasma level of cholesterol, which is converted
to BA in the liver. In the present study, to investigate the alter-
ations of the BA metabolism during hypercholesterolemia as-
sociated with analbuminemic states, we determined the BA
concentrations in the serum, bile, intestines, and feces in NA
and SD rats.

MATERIALS AND METHODS 

Animals. Three-month-old and 19-mon-old male and female
SD and NA rats (Sasaki Kenkyusho, Tokyo, Japan) were used
in the experiments. The animals were raised in cages at room
temperature (25 ± 1oC), with a humidity of 50–60% and illu-
mination 12 h/day (from 7:00 to 19:00). The rats were kept in
separate cages 2 wk before collection of feces. Food (CE-2;
Nihon Clea) and tap water were given ad libitum.

Sample collections. Rats were laparotomized under pento-
barbital anesthesia (50 mg/kg, i.p.); a polyethylene tube
(PE-10; Clay Adams, Parsipanny, NJ) was inserted into the
bile duct, and bile was collected for 30 min. Blood samples
were then drawn from the portal vein and descending aorta,
and serum was separated by centrifugation at 1,800 × g for 15
min. Thereafter, resection of the liver, small and large
intestines was performed. Feces were collected continuously
during the last 2 d before sacrificing the animals. 

Sample preparations. After adding 25 µg of 7-α, 12-α-
dihydroxy-5β-cholan-24-oic acid to 500 µL of bile samples,
lipid extraction was performed using 40 vol of 99.5% ethanol
for 10 min. The extract was pooled, adjusted to an appropriate
volume, and filtered. The filtrates were used to measure the
concentrations of BA, cholesterol, and phospholipids (PL). 

For the determination of sterol and BA concentrations in
feces, samples were lyophilized and pulverized using a com-
mercial coffee mill. Absolute ethanol was then added to 500
mg of pulverized feces, and the filtrates were pooled and evap-
orated to dryness. Small and large intestines were separately
homogenized with distilled water, and a fixed amount of each
intestinal homogenate (1/30 of the total volume of the small
intestine and 1/5 of the large intestine) was collected and
lyophilized. The small and large intestine extracts were then
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prepared as described above for fecal samples. Lyophilized
samples were then dissolved in 70% ethanol, and triglycerides
(TG) were partition-extracted with n-hexane. After removing
the solvent by evaporation, the residue was used for assaying
BA (4). 

Serum samples were also added to 25 µg of 7-α, 12-α-di-
hydroxy-5β-cholan-24-oic acid, and extracts were prepared
using 10–20 vol of 99.5% ethanol for 1 h. The extracts were
then cooled, filtered, and used for assaying BA. The liver was
resected, weighed, and 1 g of the left lateral lobe was homog-
enized. One-tenth volume of the homogenate was lyophilized,
and extraction of hepatic lipids was performed using 95.5%
ethanol. The extract of the remaining homogenate was
cooled, filtered, and used for the assay of lipids. 

Assays of BA, sterols, PL, and TG. BA were determined
following methods previously described (4,5,8).

Conjugated BA were hydrolyzed enzymatically and then
analyzed by gas chromatography. Sterols in bile and feces were
assayed by gas chromatography (column DB-17; J&W Scien-
tific, Folsom, CA; temperature 240°C) after dissolving the
samples in methyl-ethyl ketone/carbon disulfide (1:1, vol/vol).
Measurements of total cholesterol (TC), free cholesterol (FC),
TG, and PL were carried out as previously described (6,7,9).

Statistical analysis. Data are expressed as the mean ± stan-
dard error. The difference between the means of variables was
calculated by the Student’s t-test. A P < 0.05 was considered
as statistically significant.

RESULTS

Body and liver weights and the blood and hepatic concentra-
tions of lipids (Table 1). The body weight of NA rats was
30–35% lower than that of SD rats of the same age. Little

difference was found in the liver weight between the two
strains, but the liver weight per unit of body weight (g/100 g
body weight) was significantly higher in NA rats than in SD
rats. Serum cholesterol levels were significantly increased in
both female and male NA rats as compared to their SD
counterparts. The degree of hypercholesterolemia was particu-
larly high in the 19-mon-old female NA rats. The serum
concentrations of FC and esterified cholesterol (EC) were
significantly higher in NA rats than in the SD strains. On the
other hand, the percentage of EC included in the TC was de-
creased in NA rats as compared to that observed in SD strains.
No consistent difference in the serum levels of TG was ob-
served between the two animal strains, except for increased
serum TG levels in the 19-mon-old female NA rats as com-
pared to their SD counterparts. NA rats presented higher serum
PL levels than SD rats. The increase rate in cholesterol levels
was proportionally greater than that of PL, resulting in a high
cholesterol/phospholipid ratio (C/P ratio).

The lipid concentration in liver homogenates was not
significantly different between the two strains in most exper-
imental animal groups, except for higher levels of EC in the
19-mon-old male SD rats than in NA rats of the same age and
gender. The hepatic level of EC was significantly lower in
female than in male rats of both strains. This increased
proportionally with age in female rats of both strains. The he-
patic concentration of PL was not correlated with the strain,
sex, or age of rats. 

Bile flow and biliary lipid concentration (Table 2). Bile
flow was decreased in 3-mon-old male NA rats as compared
to their SD counterparts. However, it did not change markedly
in all other groups when expressed per unit weight of the liver.
There was no difference between SD and NA rats in the se-
cretory levels of biliary cholesterol, PL, or BA, except for a
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TABLE 1
Plasma and Liver Lipid Levels in SD and NA Rats

Male Female

3 Mon 19 Mon 3 Mon 19 Mon

SD NA SD NA SD NA SD NA

Number of rats 5 5 5 4 5 5 5 3
Body weight (g) 486 ± 13.1a 340 ± 19.0* 864 ± 14.7 577 ± 22.8* 298 ± 2.6 213 ± 21.6* 509 ± 34.1 338 ± 14.4*
Serum TC (mg/100 mL) 54 ± 2.7 137 ± 7.8* 93 ± 12.3 139 ± 7.1* 70 ± 2.6 184 ± 5.9 87 ± 13.9 288 ± 2.8*

FC (mg/100 mL) 11 ± 0.9 35 ± 2.3* 21 ± 4.2 38 ± 0.8* 15 ± 0.4 46 ± 1.4* 20 ± 2.6 77 ± 2.9*
EC (mg/100 mL) 43 ± 2.3 101 ± 5.6* 72 ± 8.3 100 ± 6.4* 54 ± 2.3 137 ± 4.5* 68 ± 11.4 2.12 ± 4.6*
EC (%) 80 ± 1.3 74 ± 0.4* 79 ± 1.9 72 ± 1.1* 78 ± 0.5 75 ± 0.2* 77 ± 1.1 73 ± 1.1*
TG (mg/100 mL) 100 ± 23.0 147 ± 15.4 117 ± 28.1 94 ± 1..6 57 ± 7.0 110 ± 5.3* 168 ± 50.0 485 ± 116.6
PL (mg/100 mL) 103 ± 5.5 202 ± 12.7* 139 ± 17.1 173 ± 3.7* 136 ± 5.0 256 ± 5.2* 178 ± 25.7 470 ± 22.1*
C/P ratio 0.53 ± 0.02 0.68 ± 0.01* 0.67 ± 0.02 0.80 ± 0.03* 0.52 ± 0.01 0.72 ± 0.02* 0.48 ± 0.02 0.62± 0.03*

Liver weight (g) 17.5 ± 0.93 15.3 ± 1.17 20.6 ± 0.88 19.4 ± 0.48 11.5 ± 0.17 10.6 ± 1.16 14.7 ± 0.94 14.9 ± 0.31
Weight (g/100 g BW) 3.6 ± 0.10 4.5 ± 0.11* 2.4 ± 0.09 3.4 ± 0.11* 3.8 ± 0.03 5.0 ± 0.08* 2.9 ± 0.15 4.4 ± 0.10*
TC (mg/g) 2.56 ± 0.14 2.45 ± 0.08 4.96 ± 0.82 2.64 ± 0.03* 2.08 ± 0.04 2.18 ± 0.05 3.07 ± 0.54 2.70 ± 0.06
FC (mg/g) 1.94 ± 0.08 2.05 ± 0.04 2.67 ± 0.17 2.15 ± 0.06 2.03 ± 0.06 2.02 ± 0.05 2.7 ± 0.37 2.30 ± 0.03
EC (mg/g) 0.61 ± 0.09 0.41 ± 0.05 2.29 ± 0.75 0.50 ± 0.07* 0.04 ± 0.03 0.16 ± 0.01* 0.37 ± 0.20 0.40 ± 0.04
TG (mg/g) 10.6 ± 0.73 12.9 ± 1.00 34.9 ± 10.37 13.4 ± 0.95 7.0 ± 0.60 9.4 ± 0.45* 29.5 ± 5.72 12.8 ± 0.40
PL (mg/g) 34.6 ± 0.46 37.6 ± 1.02* 34.8 ± 0.70 37.8 ± 1.43 35.8 ± 0.95 38.6 ± 0.77 35.2 ± 1.24 37.0 ± 1.24

aMean ± SE. *P < 0.05, compared to corresponding SD rats. SD, Sprague-Dawley rat; NA, Nagase analbuminemic rat; TC, total cholesterol; FC, free choles-
terol; EC, esterified cholesterol; TG, triglycerides; PL, phospholipids; C/P ratio, cholesterol (total)/phospholipid ratio; BW, body weight.
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significant decrease in the secretion of biliary cholesterol and
PL in the 3-mon-old male NA rats and of biliary PL in 19-
mon-old male NA rats as compared to those in the corre-
sponding SD rats. Although the secretory level of each biliary
lipid per animal was significantly lower in female than in male
rats, it was nearly equal in both groups when the secretory ac-
tivity was expressed per unit weight of the liver. With regard
to the BA composition, CA was the most abundant compo-
nent, followed by β-muricholic acid (β-MCA) in males and
CDCA and α- and β-MCA in females. The BA composition
was not significantly different between NA and SD rats, but
the ratio of total CA and CDCA derivatives (CA/CDCA ratio)
was significantly higher in male NA rats than in SD counter-
parts. 

Fecal concentrations of cholesterol and BA (Table 3). The
dietary intake and fecal excretion of cholesterol were lower in
both male and female NA rats than in the corresponding SD
rat groups at the age of 3 mon. However, little difference was
observed between the same groups in 19-mon-old rats. The
cholesterol/coprosterol ratio was almost the same in both
animal strains.

No difference was observed in the rate of fecal BA excre-
tion between SD and NA rats. However, the fecal BA
excretion per gram liver weight was reduced in 19-mon-old
male rats of both strains. This age-associated decrease in the

fecal excretion per gram liver weight was not significant in
female rats. 

Deoxycholic acid, ω-MCA, and hyodeoxycholic acid were
the major fecal BA components. The BA composition was
not different between NA and SD rats. The difference in the
CA/CDCA ratio between female and male rats was signifi-
cant in the NA (higher in males) but not in the SD strain. This
CA/CDCA ratio was higher in the aged rat groups than in
their young counterparts.

Blood concentration of BA (Table 4). Decreased portal BA
concentration and increased portal and systemic CA/CDCA
ratios were observed in 3-mon-old male NA rats as compared
to male SD rats of the same age. No difference was detected
in other groups. The BA concentration in the systemic circu-
lation was lower (male rats, 7%; female rats, 5%) than in the
portal circulation in both NA and SD rats. 

Size and composition of BA pool (Table 5). The BA pool
size was calculated as the sum of the total amount of BA in
bile collected during a 30-min period and the total amount of
BA detected in the small and large intestines. The BA pool
size was smaller in female than in male rats, but it was not sig-
nificantly different between NA and SD rats. The CA/CDCA
ratio was higher in male NA rats than in SD counterparts. No
other substantial differences were observed. 

The distribution of BA in the body was as follows: about
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TABLE 2
Bile Flow and Biliary Lipid Secretion in SD and NA Rats

Male Female
3 Mon 19 Mon 3 Mon 19 Mon

SD NA SD NA SD NA SD NA

Number of rats 5 5 5 4 4 5 5 3
Bile flow (mL/h/rat) 1.58 ± 0.10a 1.27 ± 0.07* 1.60 ± 0.10 1.67 ± 0.10 1.05 ± 0.09 0.84 ± 0.06 0.94 ± 0.03 1.03 ± 0.11
(mL/h/10 g liver) 0.91 ± 0.08 0.86 ± 0.09 0.73 ± 0.01 0.85 ± 0.03 0.91 ± 0.07 0.82 ± 0.07 0.64 ± 0.03 0.69 ± 0.06
TC (mg/h) 0.28 ± 0.02 0.12 ± 0.01* 0.20 ± 0.02 0.21 ± 0.02 0.10 ± 0.03 0.08 ± 0.01 0.13 ± 0.01 0.12 ± 0.01
PL (mg/h) 4.68 ± 0.42 2.39 ± 0.19* 7.1 ± 0.85 5.85 ± 0.68* 2.86 ± 0.51 1.72 ± 0.14 4.11 ± 0.82 3.11 ± 0.25
BA (mg/h) 10.49 ± 1.44 11.30 ± 0.92 14.72 ± 2.54 15.70 ± 1.42 6.76 ± 0.87 7.68 ± 0.56 9.40 ± 0.70 8.70 ± 0.66

BA composition
CA group (%) 53 ± 1.7 71 ± 1.7* 65 ± 0.9 72 ± 1.7** 58 ± 1.8 56 ± 1.9 55 ± 2.8 51 ± 2.9
3-α,7-α,12-α (CA) 48 ± 2.0 63 ± 1.7* 60 ± 0.8 67 ± 1.8** 52 ± 1.7 51 ± 2.0 50 ± 2.8 47 ± 3.1
3-α,12-α1 3 ± 0.4 6 ± 0.5* 4 ± 0.5 4 ± 0.3 4 ± 0.3 3 ± 0.2 3 ± 0.8 3 ± 0.6
3-β,12-α <1 <1 <1 <1 <1 <1 <1 <1
3-α,12-α,7=O 1 ± 0.1 1 ± 0.4 <1 1 ± 0.1 1 ± 0.2 1 ± 0.2 1 ± 0.2 1 ± 0.3
3-α,7-α,12=O <1 <1 <1 <1 1 ± 0.4 1 ± 0.1 1 ± 0.2 1 ± 0.1
3-α,12=O <1 <1 <1 <1 <1 <1 <1 <1

CDCA group (%) 48 ± 1.7 29 ± 1.7* 35 ± 0.9 28 ± 1.7** 42 ± 1.8 45 ± 1.9 45 ± 2.8 49 ± 2.9
3-α,7-α (CDCA) 7 ± 0.9 1 ± 0.2* 4 ± 0.5 3 ± 0.2 13 ± 0.6 10 ± 1.1 13 ± 2.9 8 ± 1.7
3-α,6-β,7-α2 6 ± 0.8 2 ± 0.2* 3 ± 0.3 3 ± 0.2 9 ± 0.7 10 ± 0.5 7 ± 0.9 8 ± 1.3
3-α,6-β,7-β3 16 ± 3.0 15 ± 1.7 16 ± 2.8 9 ± 0.5 7 ± 1.4 12 ± 0.7 11 ± 3.2 12 ± 1.4
3-α,6-α,7-β4 1 ± 0.2 1 ± 0.1 <1 1 ± 0.2 1 ± 0.3 1 ± 0.1 1 ± 0.2
∆22-3-α,6-β,7-β 9 ± 2.9 5 ± 0.5 6 ± 3.0 9 ± 0.8* 4 ± 0.9 4 ± 0.7 3 ± 1.5 12 ± 2.7
3-α,6-α5 5 ± 0.8 4 ± 0.6 3 ± 0.6 3 ± 0.5 4 ± 1.5 4 ± 1.7 5 ± 1.2 3 ± 0.3
3-α,7-β 2 ± 0.1 1 ± 0.1 1 ± 0.2 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.3 1 ± 0.1
3-α 1 ± 0.1 1 ± 0.1 <1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1 1 ± 0.1
3-α,7=O 1 ± 0.1 <1 <1 <1 3 ± 0.4 2 ± 0.2 3 ± 0.6 3 ± 0.2
3-α,6=O <1 <1 <1 <1 1 ± 0.1 1 ± 0.01 1 ± 0.3 1 ± 0.1

CA/CDCA ratio 1.11 ± 0.08 2.45 ± 0.18* 1.85 ± 0.17 2.61 ± 0.23** 1.38 ± 0.10 1.26 ± 0.09 1.26 ± 0.15 1.06 ± 0.13
aMean ± SE. *P < 0.05, compared to corresponding SD rats. **P < 0.01, compared to corresponding SD rats. BA, bile acids; CA, cholic acid; CDCA, chen-
odeoxycholic acid α or β indicates presence and position of OH residue.  Superscripted numbers: 1, DCA; 2, α-muricholic acid (MCA); 3, β-MCA; 4, ω-MCA;
5, hyodeoxycholic acid. See Table 1 for other abbreviations.



A. KAMBE ET AL.96

10% was present in bile, about 80% in the small intestine, and
about 10% in the large intestine. Interestingly, the CA/CDCA
ratio was significantly lower in large intestine and feces than
in bile and small intestine. These findings suggest that ab-
sorption of CA group in the small intestine is predominant in
relation to that of CDCA group. No difference was observed
in the distribution of BA between NA and SD rats.

DISCUSSION

BA are bound primarily to albumin in biological fluids
(10–12) and are eluted from rat liver only when the liver is
perfused with a buffer containing albumin (13). Thus, we
hypothesized that the metabolism of BA would be affected in
NA rats. To demonstrate this, in the present study, we com-
pared the BA metabolism between NA and SD rats (the
parental strain of NA rats). 

The results of our present study showed that there are
insignificant differences between the two rat strains in the rate
of biliary BA secretion, BA concentration in the small and
large intestines, fecal BA excretion, BA concentrations in the

portal and systemic circulations, BA pool size, and in the BA
composition. Increases in the synthesis and in the pool size of
BA of the CA group and decreases in the synthesis and pool
size of BA of the CDCA group (increased CA/CDCA ratio)
were the only abnormalities observed in male NA rats. Thy-
roid hormones previously have been reported to enhance the
synthesis of BA of the CDCA group, and this hormonal activ-
ity may explain the reduced CDCA levels observed in
hypothyroid states (14,15). The blood levels of thyroid
hormones were reported to be significantly lower in male NA
rats than in male SD strains (16), and low levels of thyroid
hormones may explain the increased CA/CDCA ratio
observed in male NA rats.

There were no statistically significant differences between
NA and SD rats in the rate of BA secretion and in the blood
BA levels. The fecal BA excretion indicates the daily amount
of BA synthesis in the liver (4,5). Although we found no
difference in the BA excretion between SD and NA rats, a
previous study suggested that it is high in NA rats (17). The
mechanism of this discrepancy remains to be clarified. On the
other hand, little difference was observed between NA and

Lipids, Vol. 33, no. 1 (1998)

TABLE 3
Fecal Sterol and BA Excretion in SD and NA Rats

Male Female

3 Mon 19 Mon 3 Mon 19 Mon

SD NA SD NA SD NA SD NA

Number of rats 5 5 5 4 5 5 4 3
Diet intake (g/day/rat) 26.5 ± 2.26a 18.7 ± 1.05* 22.4 ± 0.99 22.8 ± 0.75 19.4 ± 0.97 14.1 ± 1.25* 18.3 ± 1.36 20.3 ± 0.67
Feces dry wt (g/day/rat) 6.4 ± 0.43 5.0 ± 0.34* 5.6 ± 0.48 6.3 ± 0.23 4.4 ± 0.11 4.4 ± 0.37 4.5 ± 0.39 5.1 ± 0.09
Fecal sterols (mg/day/rat)
Total 21.6 ± 1.70 10.1 ± 0.69* 12.4 ± 0.62 10.6 ± 0.58 12.3 ± 0.29 9.4 ± 0.74* 8.4 ± 0.70 10.7 ± 0.46
Cholesterol 9.2 ± 0.90 4.9 ± 0.49* 5.4 ± 0.46 5.7 ± 0.27 6.3 ± 0.44 4.7 ± 0.27* 4.4 ± 0.41 6.2 ± 0.10*
Coprostanol 2.5 ± 1.07 5.2 ± 0.25* 7.0 ± 0.63 4.9 ± 0.33* 5.9 ± 0.50 4.7 ± 0.48 4.0 ± 0.31 4.4 ± 0.41

Fecal BA
(mg/day/rat) 10.8 ± 0.84 9.9 ± 0.44 8.3 ± 1.13 7.6 ± 0.95 8.4 ± 0.62 9.0 ± 0.29 9.6 ± 0.83 8.6 ± 1.21
(mg/10 g liver weight) 6.24 ± 0.53 6.58 ± 0.40 4.07 ± 0.69 3.92 ± 0.45 7.35 ± 0.48 7.74 ± 0.45 6.86 ± 1.18 5.70 ± 0.71

BA composition
CA group (%) 32 ± 2.3 38 ± 1.6* 43 ± 2.0 51 ± 3.1 36 ± 1.4 29 ± 1.2* 46 ± 1.8 32 ± 0.8*

3-α,7-α,12-α (CA) 1 ± 0.3 3 ± 0.9 1 ± 0.2 3 ± 0.8 2 ± 0.2 3 ± 0.4 5 ± 0.8 3 ± 0.2
3-α,12-α1 18 ± 1.4 26 ± 0.8* 24 ± 1.3 22 ± 2.9 22 ± 2.0 20 ± 0.5 25 ± 2.3 16 ± 0.8*
3-β,12-α 1 ± 0.2 1 ± 0.3 2 ± 0.4 1 ± 0.4 2 ± 0.2 <1 2 ± 0.5 1 ± 0.3
3-α,12-α,7=O 1 ± 0.3 1 ± 0.3 1 ± 0.3 1 ± 0.7 2 ± 0.4 1 ± 0.4 2 ± 0.2 2 ± 0.5
3-α,7-α,12=O 3 ± 0.3 <1 3 ± 0.2 4 ± 0.5 2 ± 0.2 <1 2 ± 0.3 3 ± 0.3
3-α,12=O 7 ± 1.0 8 ± 0.8 12 ± 1.6 19 ± 0.6* 7 ± 0.5 5 ± 0.5 10 ± 1.4 8 ± 0.6

CDCA group 68 ± 2.3 62 ± 1.6 57 ± 2.0 49 ± 3.1 64 ± 1.4 71 ± 1.2* 54 ± 1.8 68 ± 0.8*
3-α,7-α (CDCA) 1 ± 0.2 1 ± 0.1 <1 1 ± 0.1 1 ± 0.2 2 ± 0.2 2 ± 0.8 <1
3-α,6-β,7-α2 1 ± 0.3 1 ± 0.2 1 ± 0.3 1 ± 0.1 5 ± 0.9 5 ± 0.6 5 ± 0.8 5 ± 0.9
3-α,6-β,7-β3 6 ± 0.6 9 ± 1.4 5 ± 1.2 9 ± 0.8* 4 ± 0.5 9 ± 0.4* 4 ± 0.1 9 ± 0.3*
3-α,6-α,7-β4 23 ± 3.2 16 ± 3.3 16 ± 2.1 16 ± 1.4 15 ± 3.6 13 ± 1.4 12 ± 4.0 15 ± 1.9
3-α,6-α5 30 ± 3.0 27 ± 4.0 27 ± 1.8 14 ± 1.0* 19 ± 4.3 25 ± 2.7 17 ± 3.7 16 ± 3.5
3-α,7-β <1 <1 <1 <1 <1 <1 <1 <1
3-α 6 ± 0.8 3 ± 0.2* 5 ± 0.4 4 ± 0.7 17 ± 0.5 13 ± 0.5* 10 ± 1.5 19 ± 1.4*
3-α,7=O 1 ± 0.1 <1 1 ± 0.1 1 ± 0.2 1 ± 0.1 1 ± 0.1 2 ± 0.1 2 ± 0.1
3-α,6=O 2 ± 0.3 4 ± 0.9 2 ± 0.3 3 ± 0.6 2 ± 0.2 3 ± 0.3 2 ± 0.3 2 ± 0.5

CA/CDCA ratio 0.47 ± 0.05 0.63 ± 0.04* 0.77 ± 0.06 1.05 ± 0.13* 0.57 ± 0.03 0.41 ± 0.02* 0.86 ± 0.06 0.47 ± 0.02*
aMean ± SE. *P < 0.05, compared to corresponding SD rats. See Tables 1 and 2 for abbreviations and Table 2, for further footnotes/explanations.
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SD rats in the BA concentration and composition in the portal
blood, suggesting that BA are probably bound to other
proteins such as lipoproteins in the plasma of NA rats (18). 

The hypercholesterolemia found in NA rats is consistent
with the results reported in previous studies. The age-associated
increase in the serum levels of cholesterol, which were particu-
larly of esterified form, was observed in both male and female
SD rats, but not in male NA rats (7,19). The serum PL level was
also particularly high in NA rats. This was associated with an in-
crease in the C/P ratio due to a more significant increase in the
serum level of cholesterol than that of PL. Serum concentrations
of TG were significantly higher in female NA rats than in the
SD counterparts. Serum TG also tended to be higher in male NA
rats, but their increase was not significant.

The mechanism of hypercholesterolemia associated with
analbuminemia is not clear, but experimental and clinical stud-
ies carried out in the nephrotic syndrome, a kidney disease that
is also associated with decreased plasma levels of proteins and
hypercholesterolemia, suggested that it occurs due to
increased synthesis and/or reduced catabolism of lipoproteins
(20–22). The increased level of cholesterol is downregulated
by its conversion to BA in the liver through the neutral and
acid pathways. The ratio of the two major BA, CA and CDCA,
produced in the liver varies according to the activity of either

of these two pathways. In the present study, neither the pro-
duction of the major BA nor their ratio (CA/CDCA ratio) was
changed in NA rats, suggesting that analbuminemia induces
no major changes in BA metabolism. In addition, previous
studies have shown that the activities of the hepatic enzymes
(i.e., HMG-CoA reductase, the rate-limiting enzyme of cho-
lesterol synthesis; cholesterol 7 α-hydroxylase, the rate-limit-
ing enzyme in BA synthesis), responsible for increasing BA
production in the liver, are not altered in the hypoalbuminemic
states associated with the puromycin-induced nephrotic syn-
drome (23,24). Overall, the results of our present study and
those reported in previous investigations suggest that the
increased levels of cholesterol observed in analbuminemic
conditions do not affect the metabolism of BA.

In contrast to the marked increase in the serum levels of
lipids, little changes were observed in the hepatic lipid con-
centrations of NA rats. This finding differs from that observed
during increased dietary cholesterol intake. In this situation,
the lipid levels in the liver increase significantly as compared
to the blood lipid concentrations (4,25). 

In conclusion, this study showed that the metabolism of
BA is not affected in NA rats. This result suggests that the
hypercholesterolemia observed in these mutant strains is not
related to abnormalities of the BA metabolism.
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TABLE 4
Blood BA Levels in SD and NA Rats

Male Female

3 Mon 19 Mon 3 Mon 19 Mon

SD NA SD NA SD NA SD NA

Number of rats 5 4 5 4 5 5 5 3
Portal vein blood

Serum BA (µ/mL) 46.5 ± 4.42a 32.3 ± 1.75* 36.6 ± 2.07 31.1 ± 3.71 30.8 ± 3.01 29.6 ± 2.82 45.1 ± 7.83 32.1 ± 3.30
BA composition
CA group (%) 53 ± 2.8 63 ± 1.5 60 ± 2.0 67 ± 3.5 50 ± 2.4 46 ± 3.0 57 ± 4.1 47 ± 2.4

3-α,7-α,12-α (CA) 47 ± 3.0 51 ± 2.0 51 ± 1.3 60 ± 3.8 44 ± 2.3 34 ± 3.2 47 ± 3.7 42 ± 2.4
3-α,12-α1 5 ± 1.6 6 ± 0.5 8 ± 1.8 5 ± 0.3 4 ± 0.8 3 ± 0.6 6 ± 1.2 4 ± 0.4
3-β,12-α <1 <1 <1 <1 <1 <1 <1 <1
3-α,12-α,7=O 1 ± 0.2 3 ± 0.6 1 ± 0.1 1 ± 0.4 1 ± 0.2 3 ± 1.3 3 ± 1.7 1 ± 0.3
3-α,7-α,12=O <1 2 ± 0.4* <1 1 ± 0.2 1 ± 0.2 6 ± 0.8 1 ± 0.1 1 ± 0.1
3-α,12=O <1 1 ± 0.2 1 ± 0.2 <1 <1 <1 <1 <1

CDCA group 47 ± 2.8 37 ± 1.5* 40 ± 2.0 33 ± 3.5 50 ± 2.4 54 ± 3.0 44 ± 4.1 53 ± 2.4
3-α,7-α (CDCA) 5 ± 0.8 2 ± 0.3 3 ± 0.7 3 ± 0.8 13 ± 1.5 17 ± 4.9 11 ± 3.2 8 ± 2.1
3-α,6-β,7-α2 7 ± 1.0 3 ± 0.5* 5 ± 0.9 5 ± 0.3 9 ± 0.4 10 ± 1.2 8 ± 0.9 11 ± 1.2
3-α,6-β,7-β3 14 ± 2.1 11 ± 1.3 14 ± 2.4 8 ± 0.5 8 ± 0.3 8 ± 0.8 11 ± 2.2 10 ± 1.5
3-α,6-α,7-β4 2 ± 0.2 7 ± 0.4* 2 ± 0.4 1 ± 0.2 1 ± 0.3 5 ± 1.0 2 ± 0.4 2 ± 0.2
∆22-3-α,6-β,7-β 10 ± 2.7 7 ± 1.1 5 ± 1.3 10 ± 1.7 7 ± 2.0 4 ± 0.5 4 ± 2.0 15 ± 3.2
3-α,6-α5 5 ± 0.8 6 ± 0.5 7 ± 1.2 2 ± 0.4 6 ± 1.4 4 ± 1.5 3 ± 1.2 2 ± 0.1
3-α,7-β 2 ± 0.2 1 ± 0.2 2 ± 0.3 1 ± 0.1 <1 2 ± 1.2 1 ± 0.3 1 ± 0.3
3-α 1 ± 0.1 1 ± 0.2 1 ± 0.2 1 ± 0.1 2 ± 0.1 2 ± 0.2 1 ± 0.2 2 ± 0.2
3-α,7=O 1 ± 0.2 <1 <1 <1 3 ± 0.3 3 ± 1.0 1 ± 0.3 2 ± 0.5
3-α,6=O 1 ± 0.2 <1 1 ± 0.2 <1 1 ± 0.2 <1 1 ± 0.2 <1

CA/CDCA ratio 1.15 ± 0.13 1.74 ± 0.11* 1.56 ± 0.13 2.13 ± 0.34 1.03 ± 0.09 0.86 ± 0.10 1.38 ± 0.22 0.91 ± 0.09
Systemic blood

Serum BA (µg/mL) 3.55 ± 1.42 2.29 ± 0.32 1.89 ± 0.7 2.20 ± 0.4 1.86 ± 0.2 1.48 ± 0.2 2.40 ± 0.4 1.78 ± 0.1
CA/CDCA ratio 1.15 ± 0.10 1.94 ± 0.24* 1.88 ± 0.36 1.50 ± 0.15 1.22 ± 0.08 1.70 ± 0.25 1.11 ± 0.12 0.96 ± 0.07

aMean ± SE. *P < 0.05, compared to corresponding SD rats. See Tables 1 and 2 for abbreviations and Table 2 footnote for further explanations.
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TABLE 5
Pool Size of BA and CA/CDCA Ratio in SD and NA Rats (3 mon)

Male Female
SD NA SD NA

Number of rats 5 5 4 5
Pool size (mg/rat) 57.04 ± 4.90a 51.38 ± 2.49 38.95 ± 2.86 34.30 ± 2.55
Bile (mg/rat/30 min) 5.25 ± 0.72 (9.2%) 5.65 ± 0.46 (11.0%) 3.38 ± 0.44 (8.7%) 3.84 ± 0.28 (11.2%)
Small intestine (mg/rat) 47.92 ± 3.91 (84.0%) 40.24 ± 2.32 (78.3%) 29.48 ± 2.66 (75.7%) 27.85 ± 2.44 (81.2%)
Large intestine (mg/rat) 3.87 ± 0.41 (6.8%) 5.48 ± 0.80 (10.7%) 6.09 ± 0.29 (15.6%) 2.61 ± 0.77 (7.6%)

Bile acid composition (%)
CA group (%) 54 ± 1.2 63 ± 1.4* 59 ± 1.3 53 ± 2.3
3-α,7-α,12-α (CA) 49 ± 1.4 55 ± 1.9* 50 ± 0.9 47 ± 2.4
3-α,12-α1 3 ± 0.5 6 ± 0.6* 5 ± 0.4 4 ± 0.2
3-β,12-α <1 <1 1 ± 0.1 <1
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3-α,6=O <1 <1 <1 <1
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aMean + SE. *P < 0.05, compared to corresponding SD rats. See Tables 1 and 2 for abbreviations and Table 2 footnote for further explanations.



BILE ACID METABOLISM IN ANALBUMINEMIC RATS 99

Levels of Anterior Pituitary Gland and Serum in Nagase Analbu-
minemia Rats, Endocrinol. Jpn. 31, 185–193.

17. Zhang, X., Joles, J.P., Koomans, H.A., Van Tol, A., and Beynen,
A.C. (1992) Excessive Cholesterolemic Response in Analbumine-
mic Rats Fed a Cholesterol-Rich Diet Containing Casein, J. Nutr.
122, 520–527.

18. Aldini, R., Roda, A., Morselli Labate, A.M., Cappelleri, G., Roda,
E., and Barbara, L. (1982) Hepatic Bile Acid Uptake: Effect of
Conjugation, Hydroxy and Keto Groups, and Albumin Binding, J.
Lipid Res. 23, 1167–1173.

19. Uchida, K., Chikai, T., Takase, H., Nomura, Y., Matsubara, T., and
Takeuchi, N. (1990) Age-Related Changes of Bile Acid Metabo-
lism in Rats, Arch. Gerontol. Geriatr. 10, 37–48.

20. Vaziri, N.D., and Liang, K.H. (1996) Down-Regulation of Hepatic
LDL Receptor Expression in Experimental Nephrosis, Kidney
Internat. 50, 887–893.

21. Liang, K., and Vaziri, N.D. (1997) Down-Regulation of Hepatic
Lipase Expression in Experimental Nephrotic Syndrome, Kidney
Internat. 51, 1933–1937.

22. Maugeais, C., Braschi, S., Ouguerram, K., Maugeais, P., Mahot, P.,

Jacotot, B., Darmaun, D., Magot, T., and Krempf, M. (1997)
Lipoprotein Kinetics in Patients with Analbuminemia. Evidence
for the Role of Serum Albumin in Controlling Lipoprotein Metab-
olism, Arterioscler. Thromb. Vasc. Biol. 17, 1369–1375.

23. Vaziri, N.D., and Liang, K.H. (1995) Hepatic HMG-CoA Reduc-
tase Gene Expression During the Course of Puromycin-Induced
Nephrosis, Kidney Internat. 48, 1979–1985.

24. Thabet, M.A.E.H., Challa, A., Chan, J.C.M., Pandak, W.M.,
Heuman, D.M., and Vlahcevic, Z.R. (1993) Studies of Alteration of
Hepatic Cholesterol Metabolism in Puromycin-Induced Nephrotic
Syndrome in Rats, Kidney Internat. 44, 789–794.

25. Uchida, K., Matsubara, T., Ishikawa, Y., and Itoh, N. (1982) Age-
Related Changes in Cholesterol Bile Acid Metabolism and Hepatic
Mixed Function Oxidase Activities in Rats, in Liver and
Aging–1982 (Kitani, K., ed.) Elsevier/North-Holland Biomedical
Press, Amsterdam, pp. 195–210.

[Received July 23, 1997, and in final revised form December 1, 1997;
revision accepted December 2, 1997]

Lipids, Vol. 33, no. 1 (1998)



ABSTRACT: The structure–retention correlation of various C24
bile acid isomers was studied by the addition of methyl β-cy-
clodextrin (Me-β-CD) to mobile phases in reversed-phase high-
performance liquid chromatography (HPLC). The compounds
examined include a series of monosubstituted bile acids related
to cholanoic acids differing from one another in the position
and configuration of an oxygen-containing function (hydroxyl
or oxo group) at the position C-3, C-6, C-7, or C-12 and the
stereochemistry of the A/B-ring fusion (trans 5α-H and cis 5β-
H) in the steroid nucleus. The inclusion HPLC with Me-β-CD
was also applied to biologically important 4β- and 6-hydroxy-
lated bile acids substituted by three to four hydroxyl groups in
the 5β-steroid nucleus. These bile acid samples were converted
into their fluorescence prelabeled 24-pyrenacyl ester deriva-
tives and chromatographed on a Capcell Pak C18 column eluted
with methanol–water mixtures in the presence or absence of 5
mM Me-β-CD. The effects of Me-β-CD on the retentions of each
compound were correlated quantitatively to the decreasing rate
of capacity factors and the relative strength of host–guest inter-
actions. On the basis of the retention data, specific and nonspe-
cific hydrogen-bonding interactions between the bile acids and
the Me-β-CD were discussed.
Lipids 33, 101–108 (1998).

Cyclodextrins (CD) are toroidal-shaped cyclic oligosaccharides
consisting of six to eight D(+)-glucopyranose units connected
by α-(1,4) bonds and are able to include specific guest mole-
cules into their hydrophobic cavity to form inclusion complexes
(1). The stability of the inclusion complexes, i.e., strength of
host–guest interaction, is influenced by the hydrophobic and/or
hydrogen-bonding interactions between the cavity of CD and the
guest molecules, including the shape and the size of the guests
(2–5). By utilizing the properties of inclusion complex forma-
tion of CD, Armstrong et al. (1,3–5) have successfully separated

many recalcitrant pairs of the positional, geometrical, and opti-
cal isomers of bioactive compounds using chromatographic tech-
niques as they fit differently into the cavity of CD (1).

In reversed-phase high-performance liquid chromatogra-
phy (HPLC), CD have been used in two different manners,
either by adding a CD to the mobile phase (6) or by covalently
bonding a CD to a silica gel (4). Of the two methods proposed
in inclusion HPLC, Shimada et al. (6) have reported apparent
superiorities of CD, particularly for β-CD or its methylated
derivative (Me-β-CD), as a mobile phase additive in steroid
analysis. By using the method, they have selectively resolved
many difficult-to-separate pairs of cardiac steroids related to
cardenolides (7,8) and bufadienolides (8,9), estrogens (6,10),
and bile acids (11–14), which overlap one another in conven-
tional HPLC without CD in the mobile phases.

The above findings in inclusion HPLC prompted us to ex-
plore in more detail the relationship between the retentions and
the structures of various bile acid isomers and to compare the re-
sults with that observed in conventional HPLC. In addition, the
retention data are expected to estimate what factors are responsi-
ble for the host–guest interactions of the bile acids with Me-β-
CD and to elucidate the role of oxygen-containing functions in
the complex formation. In this study, inclusion HPLC behavior
induced by adding Me-β-CD in the mobile phases was examined
for a series of monosubstituted bile acids related to 5α- and 5β-
cholanoic acids having an oxygen-containing function (hydroxyl
or oxo group) at the position C-3, C-6, C-7, or C-12 as their fluo-
rescence-labeled 24-pyrenacyl ester derivatives (Scheme 1).
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The inclusion HPLC of biologically important 4β- and 6-hy-
droxylated bile acids substituted by three to four hydroxyl
groups in the 5β-steroid nucleus was also studied.

EXPERIMENTAL PROCEDURES

Materials and reagents. Almost all of the C24 bile acids re-
lated to 5α- and 5β-cholanoic acids having one to four oxy-
gen-containing functions at the positions C-3, C-4, C-6, C-7,
and/or C-12 in the steroid nucleus were taken from our labo-
ratory collection. The fluorescence prelabeling reagent, 1-bro-
moacetylpyrene, was obtained from Wako Pure Industries
Ltd. (Tokyo, Japan). Me-β-CD (heptakis-(2,6-di-D-methyl)-
β-cyclodextrin; mean degree of substitution, 10.5–14.7) and
dicyclohexyl 18-crown-6 ether were available from Sigma
Chemical Co. (St. Louis, MO) and Nakarai Tesque (Kyoto,
Japan), respectively. Prepacked silica cartridges, Sep-Pak
Light (sorbent weight, 120 mg), for solid-phase extraction
were purchased from Waters Associates (Milford, MA).

HPLC. The apparatus used for this work was Hitachi
(Tokyo, Japan) L-6200 and L-6000 pumps equipped with an
L-7610 degasser and an L-1050 fluorescence spectropho-
tometer. A Capcell Pak C18 UG120 column (250 mm × 4.6
mm i.d; particle size, 5 µm; Shiseido; Tokyo, Japan) was used
at ambient temperature.

Methanol–water mixtures, ratios from 92:8 to 80:20
(vol/vol), were used as mobile phases at a flow rate of 1.0
mL/min under an isocratic condition. The effluents from the
column were monitored with the fluorophotometer by using
an excitation wavelength of 370 nm and an emission wave-
length of 440 nm.

Sample preparation. Each of the C24 free bile acids (ca. 200
µg) was converted into the 24-pyrenacyl ester derivative by a
procedure reported by Kamada et al. (15), using 1-bro-
moacetylpyrene as a prelabeling reagent and dicyclohexyl 18-
crown-6 ether as a catalyst. After the reaction, sample solution
was diluted with benzene (5 mL), applied to a preconditioned
Sep-Pak silica cartridge, and washed successively with ben-
zene (5 mL) and benzene/EtOAc (4:1, vol/vol; 5 mL). The de-
sired pyrenacyl ester derivative of a bile acid was then eluted
with methanol/CH3CN (1:9, vol/vol; 10 mL), and an aliquot of
the solution was injected into the HPLC system with an inter-
nal reference standard. The esters of 3α-hydroxy-5β-cholanoic
acid and 3α, 6α, 7α-trihydroxy-5β-cholanoic acid were cho-
sen as internal reference standards for the analysis of mono-
substituted and polyhydroxylated bile acids, respectively.

RESULTS AND DISCUSSION

Preliminary study. Previously, optimal conditions for inclu-
sion HPLC using CD as mobile phase additives have been
studied by Shimada et al. (11–14) for the unconjugates of five
common bile acids (i.e., lithocholic, chenodeoxycholic, ur-
sodeoxycholic, deoxycholic, and cholic acids) and their
glycine- and taurine-amidated, sulfated, and glucuronidated
conjugates. On the basis of these studies, methanol and Me-β-

CD were employed in this study as an organic mobile phase
modifier and as a mobile phase additive, respectively. In addi-
tion, the carboxyl groups of free bile acid samples were con-
verted into their 24-pyrenacyl ester derivatives using dicyclo-
hexyl 18-crown-6 ether and 1-bromoacetylpyrene as precol-
umn labeling reagents, because of the high-sensitivity with
fluorescence detector and of the excellent chromatographic
properties in both conventional and inclusion HPLC (13–15).

When the eluent is low in water percentage (ca. 10%), ex-
cess fluorescence prelabeling reagent and reaction by-prod-
ucts in the 24-pyrenacyl esterification of monosubstituted bile
acids with 1-bromoacetylpyrene do not generally interfere
with the desired bile acid ester peaks of interest, so a prelimi-
nary purification step is avoided. However, with the esters of
more polar polyhydroxylated bile acids, which require a
higher percentage of water in the eluent for good resolution,
the contaminating peaks can often interfere with early-emerg-
ing ester peaks. For this reason, a crude esterification product
was purified by a preconditioned Sep-Pak silica cartridge for
solid-phase extraction prior to HPLC analysis. After washing
the product successively with benzene and benzene–ethyl ac-
etate, the desired bile acid ester was recovered with eluting
methanol/CH3CN (1:9, vol/vol).

The pyrenacyl ester derivatives of bile acids were first
chromatographed on a Capcell Pak C18 column eluting with
methanol/water mixtures (92:8–80:20, vol/vol) and subse-
quently measured with the same eluent system containing 5
mM Me-β-CD. As expected, the presence of 5 mM Me-β-CD
in the eluents did not affect the peak shape and symmetry.
Under the HPLC conditions used, the retentions (i.e., capac-
ity factors) observed for each compound in the absence and
presence of Me-β-CD were expressed as k1′ and k2′ values,
respectively. In order to facilitate a comparison of the effects
of Me-β-CD on the k1′ and k2′ values of each substituent and
to estimate the relative strength of host–guest interactions
from bile acids and Me-β-CD, rk′ and r∆k′ values were pro-
posed in this study.

Thus, the rk′ value is the relative capacity factor (k2′/k1′)
for the same compound, representing the decreasing rate of
retentions induced by adding Me-β-CD (14); the effect of Me-
β-CD on the retention is larger for compounds with a small
rk′ value than for compounds with a large one. On the other
hand, the r∆k′ value is defined as the ratio of the difference in
the capacity factors between the k1′ and k2′ values of the same
compound to that of a reference compound, which reflects a
relative time to pass through the Me-β-CD cavity; alterna-
tively, compounds with a large r∆k′ value are more tightly
complexed with Me-β-CD than compounds with a small one,
indicating the relative strength of the host–guest interactions.
Since the rk′ and r∆k′ values are specific ones for individual
compounds and are not being related to each other, the com-
bined use of the two relative values would be useful for char-
acterizing the structures of unknown bile acids (see below).

Chromatographic behavior of monosubstituted bile acids.
At first, chromatographic behavior of the pyrenacyl ester de-
rivatives of 24 monosubstituted bile acids was examined.
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These compounds differ from one another in the position and
configuration of an oxygen-containing function (hydroxyl or
oxo group) at the position C-3, C-6, C-7, or C-12 and the
stereochemistry of the A/B-ring fusion (5β-H normal and 5α-
H “allo” series) in the steroid nucleus. A methanol/water mix-
ture of 92:8 (vol/vol) was employed as the eluent without or
with 5 mM Me-β-CD. The compounds examined and their re-
tention data are compiled in Table 1. It is noticed here that
since the capacity factors are dependent on both the Me-β-
CD concentration (14) and mobile phase composition (unpub-
lished results; Momose, T., and Iida, T.), the data are essen-
tial for the HPLC conditions used. Typical chromatograms
are also shown in Figure 1.

In conventional HPLC without Me-β-CD in the mobile
phase, the elution orders of the pyrenacyl esters of each group of
monohydroxy and monooxo compounds in the 5α- and 5β-se-
ries on a Capcell Pak C18 column were essentially identical with
those observed previously for the corresponding 4-nitrophthal-
imide methyl esters on a Nova-Pak C18 column (16). However,
slight differences observed in the separation efficiency and the

elution order of some of the isomeric pairs are probably attribut-
able to the differences in the nature of the C18 reversed-phase
columns used and of the ester derivatives at C-24.

By adding 5 mM Me-β-CD to the eluent, the retention of
these compounds responded dramatically to the minor struc-
tural differences in the steroid nucleus, and the observed k2′
values were decreased to a large extent, compared to the cor-
responding k1′ values. The decrease in the retentions observed
for the same compound indicates the formation of host–guest
interactions between the Me-β-CD and the bile acid. Two dif-
ferent mechanisms have accounted for the host–guest interac-
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TABLE 1
Effect of Me-β-CD on the Retention of Monosubstituted Bile Acidsa

5β-Series k ′1
b k ′2

c rk ′d r∆k ′e (∆k ′)f

3α 3.61 1.75 0.48 1.00 (1.86)
3β 3.61 1.38 0.38 1.20 (2.23)
6α 3.71 1.81 0.49 1.02 (1.90)
6β 4.83 2.05 0.42 1.49 (2.78)
7α 5.79 3.59 0.62 1.18 (2.20)
7β 4.79 2.06 0.43 1.47 (2.73)
12α 6.06 5.43 0.90 0.34 (0.63)
12β 5.93 4.57 0.77 0.73 (1.36)
3-Oxo 3.96 1.43 0.36 1.36 (2.53)
6-Oxo 3.79 1.90 0.50 1.11 (2.07)
7-Oxo 4.62 2.82 0.61 0.97 (1.80)
12-Oxo 5.69 4.86 0.85 0.45 (0.83)

5α-Series
3α 4.07 2.25 0.55 0.98 (1.82)
3β 3.61 1.75 0.48 1.00 (1.86)
6α 4.13 2.46 0.60 0.90 (1.67)
6β 6.28 3.29 0.52 1.61 (2.99)
7α 5.47 3.59 0.66 1.01 (1.88)
7β 5.47 2.71 0.50 1.48 (2.76)
12α 5.93 4.95 0.83 0.53 (0.98)
12β 6.50 4.95 0.76 0.83 (1.55)
3-Oxo 3.96 2.17 0.55 0.96 (1.79)
6-Oxo 4.62 2.82 0.61 0.97 (1.80)
7-Oxo 5.47 3.68 0.67 0.96 (1.79)
12-Oxo 6.24 5.28 0.85 0.52 (0.96)

aColumn, Capcell Pak C18 (Shiseido, Tokyo, Japan), mobile phase,
methanol/water (92:8, vol/vol); detection, fluorescence (excitation wave-
length, 370 nm; emission wavelength, 440 nm); the designations 5β- and
5α-series refer to 5β- and 5α-cholanoates, respectively; measured as the 24-
pyrenacyl ester derivatives.
bCapacity factor obtained without methyl-β-cyclodextrin (Me-β-CD) in the
mobile phase.
cCapacity factor obtained with 5 mM Me-β-CD in the mobile phase.
dRelative capacity factor; the k′1 value for the same compound was taken as 1.0.
eRelative ∆k′ value; the ∆k′ value of 3α-hydroxy-5β-cholanoic acid was
taken as 1.0 for the calculation of the r∆k′ values.
fDifference in the k′1 and k′2 values for the same compound.

FIG. 1.  High-performance liquid chromatography (HPLC) chro-
matograms of a mixture of the 24-pyrenacyl ester derivatives of mono-
hydroxylated bile acid isomers eluted by methanol/water (92:8, vol/vol)
(A) without or (B) with 5 mM methyl-β-cyclodextrin (Me-β-CD) in the
mobile phase.



tions (17): a hydrophobic interaction between the inside of
the hydrophobic cavity of a host CD and the hydrophobic face
of a guest molecule, and a hydrogen-bonding interaction be-
tween hydroxyl groups around the rims of the CD and polar
functional groups of the guest molecule. Of the two interac-
tions, the hydrogen-bonding interaction seems to be essential
for the observed changes in the retention of the bile acids, be-
cause the polar and hydrophilic functional groups in the nu-
cleus and the carbonyl group in the side-chain of the solutes
accelerate the formation of strong hydrogen bonds with Me-
β-CD (12,17).

As shown in Figure 2, the following general trends were
observed for the rk′ values in the monosubstituted bile acids.
The effects of Me-β-CD on the rk′ values of analogous com-
pounds are usually similar in both the 5β- and 5α-series, and
the following order of the increasing rk′ values was observed
for each series: 12α- >> 12β- > 7α- > 3α-, 6α- > 6β-, 7β- >
3β-ols; 12- > 7- > 6- > 3-ketones. Retentions of compounds
having a β-oriented hydroxyl group are much more strongly
influenced by Me-β-CD than those of the corresponding α-
epimers. The largest decrease (ca. 50–60%) in the retentions
was observed for 3β-hydroxy compounds (rk′, 0.38 and 0.48),
whereas 12α-hydroxy and 12-oxo compounds (rk′,
0.83–0.90) were slightly affected by Me-β-CD (ca. 10–15%).
In addition, the decrease in retentions was found to be more
prominent in the 5β-series of compounds than in the corre-

sponding 5α-analogs, except for 12α- and 12β-hydroxy com-
pounds. These results imply that in bile acids, β-configura-
tion of hydroxyl groups and shape of the cis-A/B (5β-H) ring
fusion of the steroid nucleus, as well as the position of an oxy-
gen-containing function, are preferentially oriented to fit well
into the Me-β-CD cavity.

On the other hand, inspection of the r∆k′ values revealed
that the relative strength of the host–guest interactions of Me-
β-CD with monohydroxylated bile acids in each of the 5β-
and 5α-series increases in the following order: 12α- << 12β-
< 3α-, 6α- < 3β-, 7α- < 6β-, 7β-ols (Fig. 2). This order of the
r∆k′ values is inconsistent with that observed for the rk′ val-
ues, suggesting that the decreasing rate of retentions is not
necessarily proportional to the relative strength of host–guest
interactions. For example, both 6α-hydroxy-5β-cholanoate
and 7β-hydroxy-5α-cholanoate exhibited very similar rk′ val-
ues of 0.49 and 0.50, respectively, but their r∆k′ values dif-
fered greatly from each other and showed 1.02 and 1.48, re-
spectively. The combined use of the rk′ and r∆k′ values is
therefore useful for characterizing the structures of the types
of bile acids. In each of the 5β- and 5α-series, compounds
having a β-hydroxyl group form more stable inclusion com-
plexes than the corresponding α-isomers, in accord with their
decreasing rate of the retentions as mentioned above. In par-
ticular, 6β- and 7β-hydroxy compounds (r∆k′, 1.47–1.61) ex-
hibit the strongest affinity with Me-β-CD, whereas 12α-hy-
droxy compounds (r∆k′, 0.34–0.53) show the weakest affin-
ity to give the least-stable complexes. In the case of oxo-bile
acids, the complex stability increased in the order of 12- <<
7- < 6- < 3-ketones in the 5β-series and 12- << 3-, 6- and 7-
ketones in the 5α-series. Again, the order of the r∆k′ values
in the 5α-series also differed from that of the rk′ values.

The above finding that compounds having a hydroxyl
group at the A- or B-ring of the steroid nucleus form much
more stable inclusion complexes with Me-β-CD than com-
pounds having an oxygen-containing function at C-12 in the
C-ring can be reasonably explained by suitable spatial dis-
tances between hydroxyl groups and carbonyl groups of the
former, which allow for specific hydrogen bondings with the
Me-β-CD. As illustrated in Figure 3A, assuming that if a bile
acid pyrenacyl ester enters from the less bulky side of the
A/B-ring of the solute into the wider rim of Me-β-CD, hydro-
gen bonds may occur at the two sites: firstly, a hydrogen bond
between a hydroxyl of the steroid nucleus in the solute and
one or two of seven primary hydroxyls (−CH2OH) at the 6′-
position of each glucopyranose moiety, which are situated in
the narrower rim of the Me-β-CD cone; secondly, a hydrogen
bond between a carbonyl group in the side-chain in the solute
and one of secondary hydroxyls (>CHOH) at the 2′- or 3′-po-
sition of each glucopyranose unit, which is located at the
wider rim of the Me-β-CD cone. 

Examination of a molecular model revealed that hydroxyl
groups at the position C-3, C-6, or C-7 in the steroid nucleus
and a carbonyl group in the side-chain of bile acid pyrenacyl
esters are situated in preferred positions, which form easily
the specific hydrogen bonds with a primary 6′-hydroxyl group
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FIG. 2.  Relationship of the (A) relative capacity factor (rk ′) values and
(B) the ratio of the difference in the capacity factors between the k ′1 and
k ′2 values of the same compound to that of a reference compound (r∆k ′)
for monosubstituted bile acids.



(free rotational) at the narrower rim and a secondary 2′- or 3′-
hydroxyl group (fixed) at the wider rim of the Me-β-CD cone,
respectively (Fig. 3B). These compounds would therefore be
held by the two specific hydrogen bonds at both rims of the
Me-β-CD, forming stable complexes. The validity of the above
assumptions is supported by the previous observations in simi-
lar inclusion HPLC studies of polyhydroxylated sterols having
an alkyl side-chain (17) and C24 unconjugated bile acids and
their glycine- and taurine-amidated conjugates (12,14).

In a similar manner, the HPLC behavior of 12-oxygenated
compounds which show the least-stable hydrogen bonds with
Me-β-CD can be interpreted as follows. Concerning the
anomaly of analogous 12α-hydroxy bile acids such as deoxy-
cholic and cholic acid derivatives, previous workers have re-
ported that a steric interaction between the 12α-hydroxyl
group and the carbonyl group of the solutes interferes with
the hydrogen bonding between the carbonyl group of the
solutes and hydroxyl groups of Me-β-CD (12). However, the
restriction of the free rotation of the side-chain by a steric hin-
drance between the functional group at C-12 and the side-
chain appears to be more well-explained than the anomalous
behavior of these compounds. According to our previous
study of bile acids by nuclear magnetic resonance spec-
troscopy (18), they should have a preferential conformation
about the 17(20) bond such that C-21 and C-22 lie pseudo-
equatorially to the rear of the 17(20) bond with the third sub-
stituent (H) on C-20 pseudo-axially to the front, opposing C-
18 (C-22, trans-oriented to C-13). If the presence of a 12-sub-
stituent in the bile acids restricts the free rotation of the
side-chain, the most preferred conformer at the 17(20) bond
is fixed as mentioned above. Such conformation of the side-
chain may interfere with the two hydrogen bonds of the
solutes with Me-β-CD. In fact, a molecular model exhibited

that a hydrogen bonding of the solutes with Me-β-CD is pos-
sible at the one site, either at the wider or narrower rim of the
Me-β-CD cone (Fig. 3C). These compounds would therefore
be held only by one hydrogen bond with Me-β-CD, forming
less-stable complexes. It is, however, noticed here that fur-
ther study is necessary to obtain more precise information on
the hydrogen-bonding mechanism.

Chromatographic behavior of polyhydroxylated bile acids.
In recent years, considerable attention has been focused on
the metabolism of unusual bile acids such as 4β- and 6-hy-
droxylated bile acids (19). These unusual bile acids, most of
which possess a vicinal 3,4- or 6,7-glycol structure, are pre-
sent in significant amounts in biological materials excreted
by patients with hepatobiliary diseases and by newborn in-
fants and in the fetus. The concurrent occurrence of 4β- and
6-hydroxylated bile acids is of keen current interest in bio-
logical and metabolic studies in connection with liver dis-
eases. Although conventional HPLC of the bile acids on a re-
versed-phase column has been reported by Batta et al. (20)
and by us, Iida et al. (21), their inclusion HPLC behavior has
not yet been studied. We performed here additional experi-
ments using various unusual C24 bile acids substituted by
three to four hydroxyls in the 5β-steroid nucleus, in order to
elucidate further what factors are responsible for changing the
retentions of the compounds.

Analogous with the monosubstituted bile acids mentioned
above, the polyhydroxylated bile acids were measured as the
24-pyrenacyl ester derivatives on a Capcell Pak C18 column,
eluting with a methanol–water mixture (80:20, vol/vol) in the
presence or absence of 5 mM Me-β-CD as a mobile-phase ad-
ditive. The retention data for the compounds examined and
typical chromatograms obtained are shown in Table 2 and
Figure 4, respectively.
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FIG. 3.  Conceptual illustration of inclusion complexes between Me-β-CD and monohydroxylated bile acids. See Scheme 1 for abbreviation.



In the absence of Me-β-CD in the mobile phase, four
stereoisomeric 3α,6,7-trihydroxy acids afforded well-resolved
peaks, emerging from the column in the elution order of 3α 6α
7β < 3α 6β 7α < 3α 6β 7β << 3α 6α 7α. Analogously,
3α,6,7,12α-tetrahydroxy stereoisomers follow the same elu-
tion order with that observed for the 3α,6,7-triols, while 3β,6,7-
trihydroxy stereoisomers were eluted in the order of 3β6β7α <
3β6α7β < 3β6β7β < 3β6α7α. Four stereoisomeric 3,6,12α-tri-
hydroxy acids were less strongly adsorbed on the column than
any other 3,6,7-triols, and the following elution order was ob-
served: 3β6β12α < 3α6β12α < 3β6α12α < 3α6α12α. These
elution orders observed on a Capcell Pak C18 column are at
slight variances with those reported previously by Batta et al.
(20) and by us, Iida et al. (21), in which we used different
columns, mobile phases, and/or C-24 ester derivatives. In each
of the stereoisomeric groups, compounds having all α-oriented
hydroxyls had definitely the lowest mobility, because they do
not have a β-substituent which reduces the hydrophobic β-sur-
face area of steroid molecules and increases the polarity of the
molecules, resulting in a decrease in the retentions (22).

Addition of Me-β-CD to the mobile phase resulted in a
considerable reduction of the retentions of 3,4β,7- and 3,6,7-
trihydroxy compounds and caused a significant change in the
elution order of several isomeric pairs due to a combined ef-
fect of Me-β-CD on the retentions of each hydroxyl. How-
ever, the retention data for the polyhydroxylated compounds

did not demonstrate an additive property of each hydroxyl
contribution. Hence, the result probably suggests that nonspe-
cific hydrogen bondings occur between the solutes and the
Me-β-CD (17).

In the inclusion HPLC, the retention (k2′) of the 3,6,7-tri-
hydroxy acids was shortened greatly by ca. 50–70%, com-
pared with those (k1′) observed in the conventional HPLC,
and the observed rk′ and r∆k′ values for these compounds
were 0.26–0.47 and 0.70–1.38, respectively. A comparison of
the rk′ values between two epimeric pairs at the 3-, 6-, or 7-
position in the eight stereoisomeric 3,6,7-triols (12 epimeric
combinations are possible) showed that the β-hydroxy iso-
mers in each combination always have smaller rk′ values than
the corresponding α-epimers and that the difference in the rk′
values between the two epimers is usually larger for the 3β-
and 7β-hydroxy isomers than for the 6β-epimers: e.g.,
3α6α7β vs. 3β6α7β, 0.08; 3α6α7β vs. 3α6β7β, 0.01;
3α6α7α vs. 3α6α7β, 0.11. A similar comparison of the dif-
ference in the r∆k′ values between the two epimeric pairs also
provided additional information for characterizing each of the
eight stereoisomers: e.g., 3α6α7α vs. 3β6α7α, 0.06; 3α6α7α
vs. 3α6β7α, −0.30; 3α6α7α vs. 3α6α7β, 0.28.

Particular interest should be paid for the inclusion HPLC
behavior of 3,4,12α- and 3,6,12α-trihydroxy and 3,4,7α,12α-
and 3α,6,7,12α-tetrahydroxy acids, all of which possess a
12α-hydroxyl group. The retention of all the compounds was
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TABLE 2
Effect of Me-β-CD on the Retention of Polyhydroxylated Bile Acidsa

Position and configuration of hydroxyls
C-3 C-4 C-6 C-7 k ′1 k ′2 rk ′ r∆k ′ (∆k ′)

α β α 9.38 4.41 0.47 1.38 (4.97)
β β α 8.30 3.40 0.41 1.36 (4.90)
α α α 6.54 2.94 0.45 1.00 (3.60)
α α β 3.94 1.35 0.34 0.72 (2.59)
α β α 4.28 1.73 0.40 0.70 (2.55)
α β β 4.67 1.54 0.33 0.87 (3.13)
β α α 6.31 2.50 0.40 1.06 (3.81)
β α β 5.12 1.35 0.26 1.05 (3.77)
β β α 4.46 1.73 0.39 0.76 (2.73)
β β β 5.96 1.54 0.26 1.23 (4.42)

C-3 C-4 C-6 C-7 C-12

α α β α 1.26 0.93 0.74 0.09 (0.33)
α β α α 1.44 1.05 0.73 0.11 (0.39)
β β α 1.52 1.12 0.74 0.11 (0.40)
α β β α 1.54 1.14 0.74 0.11 (0.40)
α β α 1.64 1.23 0.75 0.11 (0.41)
α α α α 2.58 1.95 0.76 0.18 (0.63)
β α α 2.52 1.86 0.74 0.18 (0.66)
β β α α 3.48 2.74 0.79 0.20 (0.74)
α α α 3.02 2.26 0.75 0.21 (0.76)
α β α α 4.35 3.44 0.79 0.25 (0.91)
β α α 5.90 4.61 0.78 0.36 (1.29)
β β α 5.75 4.41 0.77 0.37 (1.34)
α β α 6.92 5.39 0.78 0.42 (1.53)

aAll the compounds examined are of 5β-series; measured as the 24-pyrenacyl ester derivatives; column, Capcell Pak C18;
mobile phase, methanol/water (80:20 vol/vol); detection, fluorescence (excitation wavelength 370 nm; emission wave-
length 440 nm); the ∆k ′ value of 3α,6α,7α-trihydroxy-5β-cholanoic acid was taken as 1.0 for the calculation of the r∆k ′
values; see footnotes to Table 1 for other explanations, abbreviations, and company source.



decreased to a certain extent by Me-β-CD, but the elution
order of each stereoisomeric group was unchanged. Such
anomaly of the 12α-hydroxylated bile acids in the inclusion
HPLC is compatible with those observed for 12-monosubsti-
tuted compounds mentioned above and for deoxycholic and
cholic acid derivatives reported previously (12). Furthermore,
all the 12α-hydroxylated compounds had a nearly constant
rk′ value of 0.76 (n = 13; standard deviation, 0.02; coefficient
of variation, 2.69%), irrespective of the other structural fea-
tures. On the contrary, the r∆k′ values of the 12α-hydroxy-
lated compounds were somewhat influenced by the presence
or absence and the configuration of additional hydroxyls at
the positions C-6 and/or C-7 in the 5β-nucleus and classified

roughly into the three classes of compounds. Those are com-
pounds (r∆k′, 0.09–0.11) having a β-hydroxyl either at the 6-
or 7-position, compounds (r∆k′, 0.18–0.25) having an α-hy-
droxyl either at the 6- or 7-position, and compounds (r∆k′,
0.36–0.42) without both the hydroxyls. The order of the r∆k′
values for the compounds reflects their structural features and
nearly corresponds to that of the k1′ values. The above results
may suggest that essentially there is either no or little effect
of the addition of Me-β-CD on the retention of the 12α-hy-
droxylated compounds.

The reason why the retention of all the 12α-hydroxylated
compounds is decreased by ca. 24% by adding 5 mM Me-β-
CD in the mobile phase (methanol/water, 80:20, vol/vol) may
be attributed to reduction of the retention ability (i.e., parti-
tion coefficient) of the C18-bonded stationary phase in a Cap-
cell Pak column employed. It is known that in inclusion
HPLC, an organic mobile phase modifier such as methanol
forms a weak inclusion complex with a CD (14,23). Analo-
gously, if the stationary phase causes hydrophobic interac-
tions not only with bile acid molecules but also with Me-β-
CD, the solubility of the bile acids into the stationary phase is
reduced. The decrease (ca. 24%) of the capacity factors of the
bile acids in the mobile phase containing 5 mM Me-β-CD
would therefore correspond to that of the retention ability of
the column. Although the usefulness of the inclusion HPLC
in the analysis of naturally occurring bile acids has been re-
ported previously (14), a more detailed study is now being
conducted in these laboratories.

In conclusion, the relationship between retentions and
structures of a variety of monosubstituted and polyhydroxy-
lated bile acid isomers was examined as their 24-pyrenacyl
ester derivatives on a C18 reversed-phase column, eluting
with methanol–water mixtures in the presence or absence of
Me-β-CD. Retentions of all the compounds were decreased
by the addition of Me-β-CD, and the magnitude of the de-
creases depended significantly on the position and configura-
tion of oxygen-containing functions and the stereochemistry
of the A/B-ring fusion in the solutes. The observed changes
in the retentions were found to be essentially ascribed to hy-
drogen- bonding interactions between the functional groups
of both the nucleus and the side-chain in the solutes and hy-
droxyl groups of both the narrower and wider rims in the Me-
β-CD. The retention characteristics reported here provide
much useful information in the understanding of the analysis
of bile acid molecules.

ACKNOWLEDGMENT

We are indebted to Natsumi Suzuki for her technical assistance and
typing the manuscript.

REFERENCES

1. Armstrong, D.W., and DeMond, W. (1984) Cyclodextrin
Bonded Phases for the Liquid Chromatographic Separation of
Optical, Geometrical, and Structural Isomers, J. Chromatogr.
Sci. 22, 411–415.

METHOD 107

Lipids, Vol. 33, no. 1 (1998)

FIG. 4.  HPLC chromatograms of a mixture of the 24-pyrenacyl ester
derivatives of stereoisomeric 3α,6,7-trihydroxylated bile acids eluted
by methanol/water (80:20, vol/vol) (A) without or (B) with 5 mM Me-β-
CD in the mobile phase. See Scheme 1 for abbreviations.



2. Advanced Separation Technologies Inc., (1992) Cyclobond
Handbook, Advanced Separation Technologies Inc., New Jer-
sey, pp. 1–46.

3. Armstrong, D.W., DeMond, W., Alak, A., Hinze, W.L., Riehl,
T.E., and Bui, K.H. (1985) Liquid Chromatographic Separation
of Diastereomers and Structural Isomers on Cyclodextrin-
Bonded Phases, Anal. Chem. 57, 234–237.

4. Hinze, W.L., Riehl, T.E., Armstrong, D.W., DeMond, W., Alak
A., and Ward, T. (1985) Liquid Chromatographic Separation of
Enantiomers Using a Chiral β-Cyclodextrin-Bonded Stationary
Phase and Conventional Aqueous-Organic Mobile Phases, Anal.
Chem. 57, 237–242.

5. Alak, A., and Armstrong, D.W. (1986) Thin-Layer Chromato-
graphic Separation of Optical, Geometrical, and Structural Iso-
mers, Anal. Chem. 58, 582–584.

6. Shimada, K., Masue, T., Toyoda, K., Takani M., and Nambara,
T. (1988) The Utility of Cyclodextrin in Mobile Phase for High-
Performance Liquid Chromatographic Separation of Isomeric
Estrogens, J. Liq. Chromatogr. 11, 1475–1484.

7. Shimada, K., Oe, T., Kanno, C., and Nambara, T. (1988) Utility
of Cyclodextrin in Mobile Phase for High-Performance Liquid
Chromatographic Separation of Cardenolides, Anal. Sci. 4,
377–380.

8. Shimada, K., Oe, T., Hirose, Y., and Komine, Y. (1989) Reten-
tion Behaviour of Cardiac Steroids Using Cyclodextrin in the
Mobile Phase in High-Performance Liquid Chromatography, J.
Chromatogr. 478, 339–347.

9. Shimada, K., Kurata, Y., and Oe, T. (1990) Utility of Cyclodex-
trin in Mobile Phase for High-Performance Liquid Chromato-
graphic Separation of Bufadienolides, J. Liq. Chromatogr. 13,
493–504.

10. Shimada, K., Masue, T., and Chiba, H. (1989) Application of
Inclusion Chromatography to the Determination of in vitro
Metabolites of Estriol, J. Chromatogr. Sci. 27, 557–560.

11. Shimada, K., Komine, Y., and Oe, T. (1989) Chromatographic
Behavior of Bile Acids Using Cyclodextrin in Mobile Phase of
High-Performance Liquid Chromatography, J. Liq. Chro-
matogr. 12, 491–500.

12. Shimada, K., Komine, Y. ,and Mitamura, K. (1990) Retention
Behavior of Bile Acid Derivatives Using Cyclodextrin in the
Mobile Phase in High-Performance Liquid Chromatography, J.
Chromatogr. Sci. 28, 331–335.

13. Shimada, K., Yoshida, H., and Komine, Y. (1991) The Effect of
Organic Modifier in the Mobile Phase on the Separation of Bile
Acids and Its Fluorescent Derivatives in Inclusion Chromatog-
raphy, J. Liq. Chromatogr. 14, 605–617.

14. Shimada, K., Komine, Y., and Mitamura, K. (1991) High-Per-
formance Liquid Chromatographic Separation of Bile Acid
Pyrenacyl Esters with Cyclodextrin-Containing Mobile Phase,
J. Chromatogr. 565, 111–118.

15. Kamada, S., Maeda, M., and Tsuji, A. (1983) Fluorescence
High-Performance Liquid Chromatographic Determination of
Free and Conjugated Bile Acids in Serum and Bile Using 1-Bro-
moacetylpyrene as a Prelabeling Reagent, J. Chromatogr. 272,
29–41.

16. Iida, T., Momose, T., Shinohara, T., Goto, J., Nambara, T., and
Chang, F.C. (1986) Separation of Allo Bile Acid Stereoisomers
by Thin-Layer and High-Performance Liquid Chromatography,
J. Chromatogr. 366, 396–402.

17. West, R.R., and Cardellina II, J.H. (1991) Semi-Preparative Sep-
aration of Polyhydroxylated Sterols Using a β-Cyclodextrin
High-Performance Liquid Chromatography Column, J. Chro-
matogr. 539, 15–23.

18. Iida, T., Tamura, T., Matsumoto, T., and Chang, F. C. (1983)
Carbon-13 NMR Spectra of Hydroxylated Bile Acid Stereoiso-
mers, Org. Magn. Reson. 21, 305–309.

19. Iida, T., Nambara, T., and Chang, F. C. (1995) Synthesis of Un-
common Bile Acids, in Bile Acids in Gastroenterology: Basic
and Clinical Advances, (Hofmann, A.F., Paumgartner, G., and
Stiehl, A., eds.) Kluwer Academic Publishers, Dordrecht, pp.
8–26.

20. Batta, A.K., Aggarwal, S.K., and Salen, G. (1992) High-Perfor-
mance Liquid Chromatography of Bile Acids. Effect of Hy-
droxyl Groups at C-3, 6, 7 and 12 on Bile Acid Mobility, J. Liq.
Chromatogr. 15, 467–478.

21. Iida, T., Chang, F.C., Goto, J., and Nambara, T. (1991) High-
Performance Liquid Chromatographic Behavior of 2-, 4-, and 6-
Hydroxylated Bile Acid Stereoisomers, J. Liq. Chromatogr. 14,
2527–2539.

22. Nambara T., and Goto, J. (1988) High-Performance Liquid
Chromatography, in The Bile Acids: Chemistry, Physiology, and
Metabolism. Vol. 4 (Methods and Applications), (Setchell,
K.D.R., Kritchevsky, D., and Nair, P.P., eds.) Plenum Press,
New York, pp. 43–64.

23. Cserháti, T., Szejtli, J., and Fenyvesi, É. (1988) Reversed-Phase
Thin-Layer Chromatography of Some Chlorophenols in the
Presence of a Soluble β-Cyclodextrin Polymer, J. Chromatogr.
439, 393–403.

[Received August 8, 1997, and in final revised form November 12,
1997; revision accepted November 17, 1997]

108 METHOD

Lipids, Vol. 33, no. 1 (1998)



ABSTRACT: In the wild, nutrients from plants provide for the
requirements of all herbivores and ultimately all animals, yet
little work has been published on how such nutrients change
with environmental conditions. Plant lipids are nutritionally im-
portant for browsing mammals, initially with respect to taste and
palatability, but ultimately how they fulfill a variety of functions.
This study reports on seasonal changes in fatty acid (FA) profiles
of nine plants commonly consumed by two herbivore species
(kudu and impala) in South Africa. The FA composition of the
plants varied with both season and plant species but not with
geographic location. The overall profile of FA provided a maxi-
mum of n-3-essential FA during the transition and wet seasons,
but there was no parallel increase in n-6-essential FA.
Lipids 33, 109–113 (1998).

Browsing mammals in the wild systematically vary the selec-
tion of their food sources with season (1,2), yet little work has
been published on variations in plant nutrient profiles. Sea-
sonal, geographic, or inter/intraspecific variation of plant
composition, in particular those components of nutritional
significance to mammals, has received minimal attention. An
exception to this is that seasonal differences in the mineral
composition of plants have been shown to be significant in
determining the spatial distribution (3) and migratory patterns
(4) of East African herbivores.

Plants react to mammalian predation by production of a
variety of unpalatable compounds (5) and fatty acid (FA)-de-
rived intra-individual plant pheromones (6–10). Similarly,
plants exhibit varying tolerance to insect-induced damage
(11). Lipids contribute greatly to the flavor of a food, thus the
FA composition of leaf lipids may be significant in the con-
sumption patterns adopted by herbivorous mammals. General
mammalian nutritional requirements also vary seasonally
(12–13), with more of the FA and their derivative postdesatu-
ration FA needed during growth, reproduction, and lactation
(14–18). In southern Africa, these periods are usually coinci-
dent with the wet season, which is also the period of most ac-
tive plant growth.

Variation with time of food-plant selection has been noted
for many herbivores but only quantitated for two of the more
common South African browsing herbivore species, the kudu
(Tragelaphus strepsiceros) and the impala (Aepyceros melam-
pus) (1,2). Nine plant species constitute >95% of their food
intake, but the amount of each plant species consumed varies
with both season and mammal species (1,2). The present
work was carried out in a small but geologically diverse re-
serve (Nylsvley, Fig. 1) situated in the subtropical region of
the South African Northern Province highveld at an elevation
of about l000 m.

An initial survey at Nylsvley of the FA profiles of these
plant species showed minimal variation in FA between soil
types, but significant differences dependent on both season
and plant species (19,20). However, the distance between in-
dividual sampling sites was small (<5 km) and this may have
limited any variation reflecting site or soil type.

The purpose of the study reported here was to extend ob-
servations obtained at Nylsvley to a wider geographical area.
Samples were collected from the nine plant species every year
for a 4-yr period, during the same months, but from eight ge-
ologically different regions of the Kruger National Park (Fig.
1, left insert) covering about 250 km2. The Kruger Park itself
spans the subtropical and tropical areas of Mpumalanga
Province lowveld. The average elevation of the park is about
200 m, and it covers an area of more than 300,000 km2.

MATERIALS AND METHODS

The eight sampling sites within the Kruger National Park
were situated within the following geographical/geological
areas, as categorized by the National Parks Board: Mopane
Shrub Veld, Mixed Red Bushwillow–Mopane Veld, Lebombo
Mountain, Knobthorn–Maroela Veld on Basalt and Dolomite,
Mixed Combretum Veld, Mixed Combretum-Acacia Veld,
Silver Clusterleaf-Sicklebush Veld, and Delagoa Thron Veld.

Roughly 50-g samples of leaves were collected at between
l and 2 m above ground level, which approximated the aver-
age browsing heights of the impala and kudu. Samples were
weighed, chopped, and extracted with a mixture of chloro-
form/methanol (2:1,vol/vol) (21). The lipid extracts were
stored at −20°C under nitrogen, and the residual leaf material

Copyright © 1998 by AOCS Press 109 Lipids, Vol. 33, no. 1 (1998)

*Address correspondence at Medical Biochemistry, University of the Wit-
watersrand Medical School, Parktown, 2193, South Africa.
E-mail: 126bruce@chiron.wits.ac.za.
Abbreviation: FA, fatty acid.

COMMUNICATION

Seasonal Changes in Leaf Lipid and Fatty Acid
Composition of Nine Plants Consumed

by Two African Herbivores
Bruce C. Davidson*

Medical Biochemistry, University of the Witwatersrand Medical School, Parktown, 2193, South Africa



was dried and reweighed. Aliquots of the extracts were used
for lipid weight determination. FA methyl esters were prepared
from 20 mg of each lipid sample using BF3 in methanol (22).
Analyses were performed using a Varian 3400 gas chromato-
graph (Varian-Aerograph, Walnut Creek, CA) with 4270 inte-
grator and a 30-m SP2330 capillary column (SMM Instru-
ments, Johannesburg, South Africa) run isothermally at 210°C.

In the Kruger National Park, materials were collected from
the same individual specimens of each tree species at each
sampling time in the different seasons. Wet season was de-
fined as the period from November to April, dry season from
May to August, and transition season from September to No-
vember, inclusive. The exact months of sampling were the
same as those used for the Nylsvley study (19,20), i.e., Janu-
ary, June, and September. The nine plant species were also the
same: Acacia karroo, A. nilotica, A. tortilis, Dichrostachys
cinerea, Burkea africana, Rhus leptodictya, Grewia
flavescens, Euclea natalensis, and Terminalia sericea. Indi-
vidual trees were selected by arbitrary choice of compass di-
rection from each start point and fell within approximately 5 m
either side of a straight line from that point. Where more than

one individual fell within the collection area, the first specimen
was marked and used. Each species was sampled once only per
site per season per year. No sampling trees were lost to fire, an-
imal damage or other causes during the years of the study.

Statistical comparisons were carried out using the Student’s
t-test, as recommended by the Statistical/Research Advisory
Service of the South African Medical Research Council.

RESULTS

Table 1 presents A. karroo dry-season data as a typical exam-
ple of all the species, and shows the variation between the in-
dividual sampling sites on a yearly basis. There were no sig-
nificant differences at P > 0.25 for all species.

Table 2 compares the FA profiles for A. karroo at the dif-
ferent sampling sites within the Kruger Park. There were no
significant differences between the sampling sites, as in all
cases P > 0.25. For the sake of brevity, only data for A. kar-
roo in the dry seasons are shown; however, the same held true
for all the species analyzed irrespective of season or FA class.
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FIG. 1.  Location of Nylsvley Reserve and Kruger National Park within South Africa.

TABLE 1
Effect of Site and Year on the Percentage of Saturated Fatty Acids in
Acacia karroo Across Four Years

Site Year 1a Year 2a Year 3a Year 4a Mean

1 37.2 39.7 39.8 36.1 38.2 ± 1.6
2 37.9 34.1 37.4 34.3 35.9 ± 1.7
3 35.2 38.7 35.1 38.1 36.8 ± 1.6
4 36.9 35.5 39.3 39.9 37.9 ± 1.8
5 37.8 35.6 37.5 35.1 36.5 ± 1.2
6 35.5 36.5 39.1 38.8 37.5 ± 1.5
7 36.4 39.7 39.9 35.1 37.8 ± 2.1
8 34.9 35.7 37.3 38.1 36.5 ± 1.3
Mean 36.7 ± 1.1 37.1 ± 2.0 38.4 ± 1.5 37.1 ± 1.9 37.8 ± 1.5
aEach data point represents n = 1 sample/yr/sampling site, Σ:4. Means shown
± SEM. The P values in all cases were at least >0.25. The data for A. karroo in
dry season are shown as an example. The data for Kruger National Park showed
no significant differences from those of Nyslvley (Refs. 19,20), P > 0.25 in
all cases. Units are saturated fatty acids as percentage of total fatty acids.

TABLE 2
Effect of Sampling Site on the Fatty Acid Types as a Percentage of
Total Fatty Acids of Acacia karroo in Kruger National Park

Total Total mono-
Reserve Site no. saturateda unsaturateda 18:2n-6a 18:3n-3a

Kruger NP 1 38.2 ± 1.6 14.8 ± 3.1 17.1 ± 3.1 41.2 ± 4.3
2 35.9 ± 1.7 11.8 ± 2.6 14.3 ± 3.0 32.4 ± 4.5
3 36.8 ± 1.6 11.7 ± 3.3 12.5 ± 2.7 37.3 ± 3.7
4 37.9 ± 1.8 12.4 ± 4.1 13.5 ± 3.3 32.4 ± 3.8
5 36.5 ± 1.2 10.2 ± 1.7 15.9 ± 2.6 30.6 ± 4.1
6 37.5 ± 1.5 12.8 ± 2.3 13.1 ± 2.8 37.2 ± 4.6
7 37.8 ± 2.1 15.4 ± 2.4 17.6 ± 2.5 31.1 ± 3.7
8 36.5 ± 1.3 15.9 ± 2.6 16.0 ± 2.7 39.4 ± 3.8

Mean 37.8 ± 1.5 13.1 ± 1.9 15.0 ± 1.8 35.2 ± 3.8
Nylsvley Mean 37.2 ± 1.4 11.6 ± 0.8 15.6 ± 1.3 35.8 ± 2.5
aEach data point based on n = 4. Means shown ±SEM. The P values in all cases
were at least >0.25. The mean data for A. karroo for the four dry seasons are
shown as an example. The data for Kruger National Park (NP) showed no sig-
nificant differences from those of Nyslvley (Refs. 19,20), P > 0.25 in all cases.



Figure 2 shows the lipid content (g/100 g leaf matter).
There were changes in total lipid between wet and dry sea-
son, with the amounts increasing across all the species, but
only the changes for B. africana and T. sericea were signifi-
cant at P < 0.10. Generally, the transition-season samples
showed levels of total lipid slightly and nonsignificantly de-
creased compared to wet season.

Figure 3 shows the profiles of the FA for each species
across the three seasons. In general, the saturated fatty acids
(Fig. 3A) increased during dry season (only Acacia karroo
and B. africana decreased) but showed a slight drop during
transition season. The greatest increase between wet and dry
season was shown by T. sericea (29.8 to 56.2 g FA/100 g dry
matter), while the greatest decrease was that of B. africana
(52.4 to 28.1 g FA/100 g dry matter). All differences were sig-
nificant (P < 0.05 at least) except for R. leptodictya, where
there was no significant change. There were fewer significant
differences between wet and transition seasons with A. nilot-
ica and tortilis, D. cinerea, G. flavescens and T. sericea show-
ing no significant change, and the other species showing sign-
ficant decreases.

The monoenoic FA (Fig. 3B) also showed increases be-
tween wet and dry seasons, with the greatest increase occur-
ring for A. tortilis (6.4 to 23.8 g FA/100 g). The only species
not showing an increase was R. leptodictya; however, the de-
crease was not significant. In comparing wet and transition
seasons, four species (A. tortilis, D. cinerea, E. natalensis,
and T. sericea) showed no significant changes, whereas A.
karroo, A. nilotica, and B. africana showed increases signifi-
cant at P < 0.10. Rhus leptodictya monoenoic FA increased,
but P was only <0.10, whereas G. flavescens showed an in-
crease with P < 0.05.

Apart from A. nilotica, A. tortilis, and T. sericea, 18:2n-6
increased markedly in the dry season compared to the wet
season (Fig. 3C). Both A. nilotica (15.7 to 11.3 g FA/100 g)
and T. sericea (16.2 to 13.3 g FA/100 g) showed decreases
significant at P < 0.10, whereas the differences for A. tortilis
and D. cinerea were not significant. The other four species
showed highly significant increases with P < 0.05, and the
greatest change was shown by A. karroo (7.5 to 15.0) g
FA/100 g. When wet and transition seasons were compared,
all the species demonstrated increased levels of 18:2n-6 dur-
ing transition. Only that of A. nilotica was not significant. In
contrast A. karroo, G. flavescens, and E. natalensis showed
changes significant at the P < 0.05 level.

The species showing the greatest decrease in 18:3n-3 in com-
paring wet and dry seasons were G. flavescens (44.3 to 11.6 g
FA/100 g) and T. sericea (43.6 to 17.0 g FA/100 g), and these
were significant at P < 0.01. Only B. africana showed no sig-
nificant change, whereas the other species exhibited decreases
significant at either P < 0.10 or P < 0.05 (Fig. 3D). When
comparing wet and transition seasons, there were few signifi-
cant differences. Only A. karroo and E. natalensis showed in-
creased 18:3n-3 levels, increased with P < 0.05, while G.
flavescens showed a decrease significant only at P < 0.10.

DISCUSSION

The site variation at Nylsvley reflected differences between
soil types, mainly sandy vs. clay, while the variation at Kruger
Park reflected much greater geological and botanical differ-
ences (Fig. 1). Figure 2 shows the variation between seasons
in total lipid across the nine plant species. The dry-season
samples showed higher levels of total lipid, but this may re-
flect the reduced availability of water, for the samples ap-
peared less turgid than those from other seasons. There were
no significant differences at P < 0.05 between the seasons;
however B. africana and T. sericea showed differences be-
tween wet and dry seasons, but only at P < 0.10.

The FA profiles of the nine plant species showed no sig-
nificant variation within a species or within a season when
site, soil type, or location were compared (Tables 1 and 2).
The profiles were thus independent of these parameters even
between reserves over 300 km apart and at markedly differ-
ent altitudes. There were, however, very significant differ-
ences both between plant species and between seasons (Fig.
3). The wet season is the period when metabolic activity is
high but stable, whereas during dry season metabolic activity
is relatively low. The transition period is the period of great-
est change in metabolic activity. The adaptation of the species
to the change from dry to transition appears to have been very
fast, as the data for 18:3n-3 during the transition were very
close to that for the wet season. However, A. karroo and E. na-
talensis both showed levels higher than wet season, whereas
G. flavescens had lower levels of 18:3n-3 during transition.

The most significant FA was cis-C18:3n3 (α-linolenic
acid), the polyunsaturate (polyenoic) precursor of the n-3
series. This FA is the major FA found ln photosynthetic plant
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FIG. 2.  Seasonal variation in lipid content (g/100 g) among the follow-
ing nine plant species: Acacia karroo (Ak), A. nilotica (An), A. tortilis (At),
Dichrostachys cinerea (Dc), Burkea africana (Ba), Rhus leptodictya (Rl),
Grewia flavescens (Gf), Euclea natalensis (En), and Terminalia sericea
(Ts). Data are shown as mean ± SEM, n = 32 (eight sampling sites over
four years). Open bars are wet season, diagonal lines are dry season, and
crosshatch are transition season.



matter (23), and it is interesting that it was this FA that most
rapidly returned to wet-season levels during transition. This
may correlate with a need to produce active photosynthetic
organelles early to maximize energy production capability.

Conversely, the levels of cis-C18:2n-6 (linoleic acid), the n-6
series precursor, increased during dry season and remained ele-
vated during transition. This may reflect that during dry season
there may be a relatively greater removal of 18:3n-3 with the de-
crease in photosynthetic potential, thus leaving an apparently
higher level of 18:2n-6 which is fulfilling a structural role. The
continued higher levels of 18:2n-6 during transition may also re-
flect the need for more structural lipid during rapid leaf growth.

The pattern of species/seasonal differences did not vary
greatly from year to year and appeared to be independent of
variations in actual annual rainfall, at least within the time
scale of these studies. During the period of this study, the ac-
tual rainfall did vary quite considerably, from a low of 13 mm
to a high of 99 mm in January, 2 to 38 mm in June and 0 to
81 mm in September (wet, dry, and transition season collec-

tion months, respectively).
The intraspecies and seasonal differences among the three

Acacia species emphasize that even relatively closely related
species such as the acacias may show distinctly different pat-
terns of FA content and FA change.

Both the kudu and the impala are diurnal browsing feeders
and consume the same nine plant species, but the time spent
browsing varied considerably with season and herbivore
species (1,2). Quantitatively, G. flavescens and D. cinerea
contributed the most to the intakes of these two herbivores;
however, the plants contributing less may be providing nutri-
ents not present in adequate levels in these two main species.

No quantitative data were available as to the contribution
that the seeds of these plant species made to the herbivores’
diets, except that it was sporadic and highly seasonal, being
largely confined to the months from March to May. Given that
the levels of linoleic acid (cis-18:2n-6) are commonly high in
seeds (24), it is possible that they may have provided a source
of this FA, but not on a regular year-round basis.
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FIG. 3.  Seasonal variations in fatty acid profiles among the nine plant species. Open bars are wet season, diagonal lines are dry season, and cross-
hatch are transition season. Species identification is the same as used in Figure 2. Data are shown as mean ± SEM. The P values are relative to wet sea-
son data in all cases. (A) Total saturated fatty acids; (B) total monoenoic fatty acids; (C) cis-C18:2n-6 (linoleic acid); (D) cis-C18:3n-3 (α-linolenic acid).
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ABSTRACT: This study was conducted to determine the effects
of arachidonic acid (AA) supplementation on human immune re-
sponse (IR) and on the secretion of prostaglandin E2 (PGE2) and
leukotriene B4 (LTB4). Ten healthy men (20–38 yr) participated
in the study and lived at the Metabolic Suite of the Western
Human Nutrition Research Center. They were fed a basal diet (57,
27, and 16 energy percentage from carbohydrate, fat, and pro-
tein, respectively, and AA 200 mg/d) for the first 15 d of the study.
Additional AA (1.5 g/d) was added to the diet of six men from day
16 to 65, while the remaining four subjects remained on the basal
diet. The diets of the two groups were crossed-over from day 66
to 115. In vitro indices of IR were examined using blood drawn
on days 15, 58, 65, 108, and 115. Influenza antibody titers were
determined in the sera prepared from blood drawn on days 92
and 115 (23 d postimmunization). AA supplementation caused
significant increases in the in vitro secretion of LTB4, and PGE2,
but it did not alter the in vitro secretion of tumor necrosis factor
α; interleukins 1β, 2, 6; and the receptor for interleukin 2. Nor
did it change the number of circulating lymphocytes bearing
markers for specific subsets (B, T, helper, suppressor, natural
killer) and the serum antibody titers against influenza vaccine.
The opposing effects of PGE2 and LTB4 may have led to the lack
of change in immune functions tested.
Lipids 33, 125–130 (1998).

Studies conducted in cultured cells and animal models show
that n-6 polyunsaturated fatty acids (PUFA) inhibit immune
cell functions (1–10). The results from studies in humans are
mixed. A moderate increase in dietary linoleic acid (18:2n-6,
LA) did not affect human immune response (IR) when dietary
fat was held constant (11–13). But a negative association be-
tween plasma LA concentration and the number of circulat-
ing natural killer (NK) cells has been reported in a group of
elderly individuals (14).

LA is the most abundant dietary n-6 PUFA for humans. It
can be converted to arachidonic acid (20:4n-6, AA) by hu-

mans and several other animal species. AA is the major n-6
fatty acid of the membranes and it is a precursor of the
eicosanoids. It is metabolized by two distinct oxygenase path-
ways. The cyclooxygenase pathway converts AA to
prostaglandins, thromboxanes, and prostacyclins; the lipoy-
genase pathway converts it to leukotrienes. 

In vitro studies show that AA and its metabolic products
can alter a number of lymphocyte and monocyte functions,
including the maturation of immature T cells into helper and
suppressor cells, lymphocyte proliferation, cytokine and anti-
body secretion (15–21). Prostaglandin E2 (PGE2) inhibited a
number of lymphocyte functions in a dose-dependent man-
ner, whereas the leukotriene B4 (LTB4) was stimulatory at
low concentrations and inhibitory at higher concentrations
(22). When eicosanoid synthesis was blocked with inhibitors
of cyclooxygenase and lipooxygenase pathways, addition of
AA still inhibited immune cell functions in vitro (23–27).
Thus, it is not clear if n-6 PUFA inhibit immune cell functions
through eicosanoids or through other mechanisms.

The effects of AA supplementation on both immune cell
functions and eicosanoid synthesis have not been examined
previously in humans, because of concerns regarding its
safety and the nonavailability of natural triglycerides of AA.
An algal source of natural AA triglycerides recently became
available, making human studies of AA supplementation fea-
sible. Use of natural triglycerides of AA permits one to study
its effects on human IR while the total amounts of other di-
etary fatty acids are held constant.

The purpose of this study therefore was to measure
eicosanoid secretion and immune functions in humans given a
supplement of AA while consuming a constant diet. We exam-
ined in vivo antibody production in response to influenza vac-
cine, lymphocyte subsets, and in vitro secretion of PGE2, LTB4,
interleukin (IL) 1β, IL 2, IL 2R, IL 6, and tumor necrosis factor
α using peripheral blood mononuclear cells (PBMNC).

SUBJECTS AND METHODS

Subjects, protocol, and diets. Ten healthy men (20–38 yr)
were selected to participate in the study. All subjects were
nonsmokers, had no history of alcohol or drug abuse, had
moderate exercise levels, had body weights within −10 to
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+20% of ideal body weight, and had chemical and hemato-
logical measurements within normal ranges. The participants
lived and ate all meals at the Metabolic Unit of the Western
Human Nutrition Research Center for 130 d (August 14–De-
cember 22, 1994). A crossover design was used. All subjects
consumed the basal, low-AA, diet during the first 15 d. For
the next 50 d six subjects (group 1) consumed the diet sup-
plemented with AA (1.5 g/d) and the other four (group 2) con-
tinued to consume the basal diet. Diets of the two groups were
switched on day 66, and the new diets were fed for 50 d (days
66–115). Both groups were fed the basal diet for the last 15 d
(days 116–130). Body weights of the subjects were main-
tained constant throughout the study by adjusting the energy
intake and by maintaining a constant physical activity sched-
ule. All subjects walked two miles twice every day. Blood
samples were collected on days 16, 58, 65, 108, and 115.

Basal diet consisted of natural foods and was adequate in all
nutrients. A 5-d rotating menu with three meals and two snacks
every day was used. The proportion of energy from carbohy-
drate, fat, and protein was 57, 27, and 16%, respectively (28).
The energy was equally distributed among the saturated, mo-
nounsaturated, and n-6 PUFA. The basal diet provided 200 mg
AA and 250 mg cholesterol per day. The calculated amount of
vitamin E in the basal diet was two times the Recommended
Daily Allowance. Three grams ARASCO® oil (a gift from
Martek Biosciences Corporation, Columbia, MD) was added
to the diet to provide 1.5 g AA/d. The total fat content of the
two diets was held constant by replacing an equivalent amount
of monounsaturated fat with AA.

Laboratory procedures. Blood was collected by antecu-
bital venipuncture into evacuated tubes containing heparin for
cell culture experiments, or EDTA for lymphocyte phenotypic
analysis, or without anticoagulants for preparation of sera.
Blood samples for all subjects were collected after an
overnight fast, between 0700 and 0800 h.

Secretion of cytokines and eicosanoids. PBMNC were iso-
lated using Histopaque-1077 as previously reported (29). The
culture medium used was RPMI-1640 (Gibco, Grand Island,
NY) containing 10% autologous serum and L-glutamine (2
mmoI/L), penicillin (100 KU/L), streptomycin (100 mg/L),
and gentamicin (20 mg/L). Five hundred µL of the culture
medium containing 5 × 105 PBMNC was inoculated in each
well of a 24-well flat-bottom culture plate. An additional 500
µL of the culture medium with or without the mitogens was
added to each well. 

The production of IL 1β, IL 6, tumor necrosis factor,
PGE2, and LTB4 was stimulated by the addition of
lipopolysaccharide (LPS, 0.5 mg/L), and that of IL 2 and IL
2R was stimulated by adding phytohemagglutinin (PHA, 10
mg/L). Tissue culture media were collected by centrifugation
24 h after stimulation with LPS, and 48 h after PHA. The
media were stored frozen at −70°C until the cytokine and
eicosanoid concentrations were determined. 

ELISA kits for cytokine assays were purchased from T Cell
Diagnostics, Inc. (Cambridge, MA), and those for eicosanoids
from Cayman Chemical Company (Ann Arbor, MI).

Influenza vaccination and serum antibody titers. All sub-
jects were immunized on study day 92 with the trivalent in-
fluenza virus vaccine (Fluzone, 1993–1994 Formula) pur-
chased from Connaught Laboratories Inc. (Swiftwater, PA).
Preimmunization sera were prepared from the blood drawn
on day 92, and the postimmunization sera from the blood
drawn on day 115. The antibody titers were determined at the
Centers for Disease Control using the hemagglutination inhi-
bition assay (30) and the viral strains A/TEXAS/36/91,
A/BEIJING/32/92, and B/PANAMA/45/90ET. Results for
antibody titers are expressed as the geometric means of the
antibody titer, the geometric mean transformations, and the
percentage of subjects with an antibody titer ≥40 or 160.

Lymphocyte phenotypic analysis. Lymphocyte subsets, in-
cluding B (CD19+), T (CD3+), helper (CD3+, CD4+), sup-
pressor (CD3+, CD8+), and NK (CD3−, CD16+, CD56+) cells,
in peripheral blood were determined using the Becton-Dick-
inson Flowcytometer as previously reported (29).

Data analysis. The data were analyzed by an analysis of
variance model using SAS/STAT PROC GLM (31). The
cross-over design model included effects of order, subject
(order), period, and diet, using subject (order) as an error term
for order. The significance of the difference between with and
without AA supplementation was assessed from the P values
for the diet main effects. The data from the two groups were
analyzed separately using a paired t-test when the treatment
was given only during one period, such as immunization with
influenza vaccine. Changes in the variables examined are
considered significant for P <0.05 or otherwise stated.

RESULTS

The mean ± SEM for age (yr), weight (kg), height (cm), and
body mass index (kg/m2) for subjects in groups 1 (n = 6) and
2 (n = 4) were 31.2 ± 3.2 and 32.2 ± 2.9, 73.8 ± 2.4 and 71.0 ±
5.4, 177.4 ± 3.6 and 175.5 ± 1.8, 23.8 ± 1.8 and 23.0 ± 1.3, re-
spectively. The composition of the diets and the average daily
intake of nutrients have been previously reported (28). None
of these parameters was different between the two groups.

Eicosanoid secretion. PGE2 and LTB4 secretion into the
tissue culture medium within 24 h of PBMNC stimulation
with LPS is shown in Table 1. AA supplementation signifi-
cantly (P < 0.05) increased the secretion of both of these
eicosanoids, compared to the values at the end of stabilization
period (day 16). The percentage stimulation of LTB4 secre-
tion with AA supplementation was greater (200–400%) than
that of PGE2 secretion (50–100%). In the group receiving AA
supplementation first (days 16–65), eicosanoid secretions re-
mained elevated 50 d after the discontinuation of the AA sup-
plementation. The amount of PGE2 secreted into the medium
in the absence of LPS (unstimulated cultures) was about 25%
of that secreted in the presence of LPS and was not altered by
AA supplementation (not shown). The amount of LTB4 se-
creted in unstimulated cultures was about 50% of the amount
secreted in the presence of LPS, and it increased significantly
(P < 0.05) with AA supplementation (not shown).
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Cytokine secretion. The effects of AA supplementation on
cytokine secretion are presented in Table 2. The concentra-
tions of IL 1β, IL 6, and tumor necrosis factor α secreted into
the tissue culture media by the PBMNC are in response to
stimulation with LPS, and that of IL 2 and IL 2R are in re-
sponse to stimulation with PHA. Mitogens caused a several-
fold increase in the release of all cytokines tested, compared
to the corresponding cytokine concentrations in the media
from unstimulated cultures, which were below the detection
limits of the assay systems (not shown). AA supplementation
did not alter the secretion of all the cytokines at any time in
the study.

Influenza antibody titers. The pre- and postimmunization
antibody titers for the A/Texas, A/Beijing, and B/Panama
strains of influenza are shown in Table 3. Immunization
caused an approximately 10-fold increase in the serum titer
for B/Panama and 30-fold increase in A/Texas in both the
AA-supplemented and -nonsupplemented groups. The
amount of AA in the diet did not influence the antibody titer
for these two strains. Immunization caused a 19-fold increase
in the antibody titer for A/Beijing in Group 1 (fed low-AA
diet at the time of immunization) and a 9-fold increase in
Group 2 (fed high-AA diet). The apparent difference in the
antibody titers between the two groups for this viral strain
was also evident if the results for antibody titers were ex-
pressed as percentage of subjects with titers ≥40 or 160.
These results suggest an inhibition of A/Bejing antibody pro-
duction by AA supplementation, however, the differences be-
tween the two groups did not attain statistical significance.

Lymphocyte subsets. The percentage and the absolute
numbers for the B, T, helper, suppressor, and NK cells at
study days 16, 65, and 115 are shown in Table 4. AA supple-

mentation did not alter the absolute numbers or the percent-
age of these lymphocytes in circulation. Nor was there an ef-
fect of AA supplementation on the ratio between the helper
and suppressor T lymphocytes. 

DISCUSSION

AA feeding caused significant increase in the in vitro secre-
tion of both PGE2 and LTB4, without any change in a number
of indices of IR tested. These results suggest that either AA
has no effect on IR or it may alter immune functions indepen-
dently of the changes in eicosanoid production. The second
interpretation is consistent with the results from previous stud-
ies with inhibitors of lipoxygenase and cyclooxygenase
(23–27), in which AA inhibited cytokine production in vitro,
even when there was no change in eicosanoid synthesis. This
inhibition could be due to changes in membrane fluidity or re-
ceptor expression. The lack of inhibition of cytokine secretion
by AA in our study may be a function of AA concentration, or
some other differences in experimental conditions. 

Results obtained from in vitro studies have demonstrated
that PGE2 inhibited (17,20,25) and LTB4 stimulated cytokine
production. These opposing effects of PGE2 and LTB4 on cy-
tokine production can also explain our results regarding im-
mune functions. Our study design cannot distinguish between
this and the possibility discussed above. We are not aware of
any studies where the effects on immune cell functions of
adding PGE2 and LTB4 concurrently have been tested. Eval-
uation of such interaction between these two cytokines is im-
portant and needs to be monitored in future studies. 

Our results showing increases in eicosanoid production in
vitro are consistent with the results from in vivo studies show-
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TABLE 1
Dietary Arachidonic Acid Increases in vitro Secretion of Eicosanoids by PBMNC Stimulated with LPSa

Group 1 (n = 6) Group 2 (n = 4)

Eicosanoid Day 15 Day 65 Day 115 Day 15 Day 65 Day 115

PGE2 (ng/mL) 0.81 ± 0.06a 1.25 ± 0.12b 1.11 ± 0.10b 0.53 ± 0.05c 0.47 ± 0.01c 0.87 ± 0.06d

LTB4 (ng/mL) 0.20 ± 0.02a 0.43 ± 0.04b 0.39 ± 0.04b 0.14 ± 0.01c 0.19 ± 0.02c 0.85 ± 0.14d

aData shown are the mean ± SEM for the number of subjects shown. Diet of subjects in Group 1 was supplemented with arachidonic acid from days 16 to
65, and that of Group 2 from days 66 to 115. For each eicosanoid, comparisons were made within each group using a paired t-test, and the numbers bearing
different superscripts within each group are significantly different (P < 0.05). PBMNC, peripheral blood mononuclear cells; LPS, lipopolysaccharide; PGE2,
prostaglandin E2; LTB4, leukotriene B4.

TABLE 2
Dietary Arachidonic Acid Does Not Alter in vitro Secretion of Cytokines by PBMNCa

Group 1 (n = 6) Group 2 (n = 4)

Cytokine Day 15 Day 65 Day 115 Day 15 Day 65 Day 115

TNF α (pg/mL) 309 ± 93 296 ± 79 309 ± 51 299 ± 45 335 ± 85 503 ± 101
IL 1β (ng/mL) 2.99 ± 1.03 4.10 ± 0.87 3.27 ± 0.63 2.99 ± 0.78 3.55 ± 0.98 3.65 ± 0.67
IL 6 (ng/mL) 1.85 ± 0.19 2.07 ± 0.19 2.17 ± 0.15 2.01 ± 0.15 2.19 ± 0.14 2.56 ± 0.25
IL 2 (pg/mL) 376 ± 45 349 ± 27 313 ± 74 272 ± 38 453 ± 14 472 ± 98
IL 2R (nM/mL) 1.34 ± 0.15 1.47 ± 0.01 1.60 ± 0.01 1.37 ± 0.18 1.51 ± 0.10 1.65 ± 0.27
aData shown are the mean ± SEM for the number of subjects shown for each group. Abbreviations: TNF, tumor necrosis factor; IL, interleukin; R, receptor.
Synthesis of IL 2 and IL 2R were stimulated with phytohemagglutinin, while that of the other three cytokines with lipopolysaccharide. Arachidonic acid sup-
plementation did not alter the secretion of all cytokines tested.



ing an increase in AA metabolites in the urine of subjects sup-
plementing their diets with n-6 PUFA (32–35). Results re-
garding immune functions are also consistent with our previ-
ous report from the same study in which we found no changes
in lymphocyte proliferation in response to PHA and Con-
canavalin A, NK cell activity, and delayed hypersensitivity
skin response (28). These results, however, differ from those
of several in vitro studies, which showed inhibition of cy-
tokine production with PGE2 (20,25) and stimulation with
LTB4 (18). As stated earlier, the opposing effects of the two
eicosanoids may have canceled each other. 

The lack of an AA effect on cytokine secretion in our study
could also result from the failure of the mitogens to increase
the synthesis of the receptors for the cytokines. This is un-
likely, because the mitogens and the experimental conditions
used in this study have previously been shown (18,20,29) to
increase the secretion of the cytokines examined in this re-
port. Even in the present study the cytokine secretion was sev-
eralfold higher in the cultures treated with mitogens, com-
pared to the parallel cultures without mitogens. Together
these data indicate that cytokine secretion was increased by

the mitogens, but it was not altered by AA feeding. 
AA feeding did not alter the concentration of serum anti-

body production against the A/Texas and B/Panama strains.
There was a trend toward reduction in antibody produced in
response to A/Beijing strain by AA feeding, but it did not at-
tain significance. This is perhaps due to the small number of
subjects (six in Group 1, and four in Group 2), or the cross-
over study design. We believe a 50-d wash-out period should
have removed most of the AA in Group 1; however, the
amount of eicosanoids produced in this group at day 115 sug-
gests that the wash-out was not complete. Our study design
cannot distinguish whether the residual AA leads to the lack
of difference in antibody production between the two groups,
or AA has no effect on antibody production. There was no
carryover effect for other immune functions tested in the six
subjects in Group 1. Thus, it is safe to assume that AA feed-
ing did not alter cytokine production and the number of phe-
notypically distinct lymphocytes in circulation. 

Our data indicate that the amount, form, and duration of
AA fed had no adverse health effects, as long as the total fat
and vitamin E intakes were maintained constant. Further-
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TABLE 3
Dietary Arachidonic Acid Does Not Alter Serum Influenza Antibody Titersa

Group 1 (n = 6) Group 2 (n = 4)

Strain Index Pre-immun. Post-immun. Pre-immun. Post-immun.

A/Texas GM 0.95 ± 0.20a 2.45 ± 0.09b 0.92 ± 0.15c 2.35 ± 0.31d

GMT 9 285 8 226
% ≥40 17 100 0 100
% ≥160 0 100 0 75

A/Beijing GM 0.80 ± 0.10 2.05 ± 0.32 0.70 ± 0.10 1.68 ± 0.56
GMT 6 113 5 48
% ≥40 0 83 0 50
% ≥160 0 33 0 25

B/Panama GM 1.40 ± 0.48 2.40 ± 0.22 1.08 ± 0.14 2.05 ± 0.15
GMT 25 254 12 113
% ≥40 17 100 0 100
% ≥160 17 83 0 25

aData shown are mean ± SEM for the number of subjects shown for each group. Abbreviations: GM, geometric
mean; GMT, geometric mean transformation. Immunization significantly increased the antibody titers for all
three viral strains in both groups. There was no effect of arachidonic acid supplementation on the antibody titers
for all three strains.

TABLE 4
Dietary Arachidonic Acid Does Not Alter Number of Phenotypically Distinct Lymphocytes in Circulationa

Group 1 (n = 6) Group 2 (n = 4)

Cell type Day 16 Day 65 Day 115 Day 16 Day 65 Day 115

B 109/L 218 ± 36 280 ± 38 260 ± 30 185 ± 93 198 ± 54 208 ± 51
% 12.0 ± 1.3 14.6 ± 1.4 14.3 ± 1.4 10.0 ± 2.3 9.9 ± 2.2 11.5 ± 1.9

T 1012/L 1.3 ± 0.2 1.4 ± 0.2 1.3 ± 0.2 1.4 ± 0.1 1.5 ± 0.1 1.3 ± 0.1
% 73.1 ± 3.4 72.8 ± 3.3 69.3 ± 2.9 77.1 ± 4.1 79.1 ± 4.3 74.5 ± 3.9

Helper 109/L 840 ± 118 897 ± 126 788 ± 87 788 ± 65 801 ± 112 690 ± 36
% 46.3 ± 2.7 45.9 ± 1.6 41.8 ± 1.6 42.5 ± 4.1 42.3 ± 3.8 40.3 ± 3.3

Suppressor 109/L 418 ± 73 497 ± 63 448 ± 71 596 ± 91 657 ± 82 555 ± 78
% 24.5 ± 1.9 25.7 ± 1.3 25.7 ± 1.9 32.5 ± 5.3 36.0 ± 6.0 32.3 ± 4.3

NK 109/L 241 ± 44 223 ± 36 287 ± 51 239 ± 69 190 ± 39 240 ± 75
% 14.7 ± 3.2 12.1 ± 2.0 14.7 ± 2.4 12.4 ± 2.9 10.0 ± 1.8 14.5 ± 3.9

aData shown are the mean ± SEM for the number of subjects shown for each group. Arachidonic acid supplementation did not alter the number or the per-
centage of lymphocytes within each subset.



more, the concurrent increase in PGE2, and LTB4 secretion
had no effect on immune cell functions. These results are con-
sistent with the results from our LA studies, in which several
indices of IR were not inhibited by increase in LA intake as
long as the total fat intake was maintained constant (8,9). To-
gether these studies show that moderate intake of n-6 PUFA
do not inhibit human IR if the diet is adequate in antioxidant
nutrients and the total dietary fat is held constant.
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ABSTRACT: Fourteen healthy volunteers were randomly allo-
cated to receive 4 g highly purified ethyl esters of eicosapen-
taenoic acid (EPA) (95% pure, n = 7) or docosahexaenoic acid
(DHA) (90% pure, n = 7) daily for 5 wk in supplement to their
ordinary diet. The n-3 fatty acids were given with a standard
high- fat meal at the beginning and the end of the supplementa-
tion period. EPA and DHA induced a similar incorporation into
chylomicrons which peaked 6 h after the meal. The relative up-
take of EPA and DHA from the meal was >90% compared with
the uptake of oleic acid. During absorption, there was no signif-
icant elongation or retroconversion of EPA or DHA in total chy-
lomicron fatty acids. The concentration of EPA decreased by
13% and DHA by 62% (P < 0.001) between 6 and 8 h after the
meal. During the 5-wk supplementation period, EPA showed a
more rapid and comprehensive increase in serum phospholipids
than did DHA. DHA was retroconverted to EPA, whereas EPA
was elongated to docosapentaenoic acid (DPA). The postpran-
dial triglyceridemia was suppressed by 19 and 49% after pro-
longed intake of EPA and DHA, respectively, indicating that
prolonged intake of DHA is equivalent to or even more efficient
than that of EPA in lowering postprandial triglyceridemia. This
study indicates that there are metabolic differences between
EPA and DHA which may have implications for the use of n-3
fatty acids in preventive and clinical medicine.
Lipids 33, 131–138 (1998).

n-3 Polyunsaturated fatty acids (FA), especially long-chain
eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic
acid (DHA, 22:6n-3), have antithrombotic, antiinflammatory
and hypolipemic properties (1,2), suggesting that they may
be useful in the prevention and treatment of atherothrombotic
diseases. Postprandial triglyceridemia is thought to play an

important role in atherogenesis (3). Male survivors of my-
ocardial infarction have higher postprandial lipid levels fol-
lowing fat tolerance tests than control subjects (4–6). More-
over, patients with angiographically verified coronary artery
disease displayed larger triglyceride increase and magnitude
of postprandial lipemia as compared to control subjects (6).
Thus, any therapy that lowers postprandial lipemia may be
expected to be antiatherogenic (3,6). 

Daily ingestion of moderate (7) and large amounts (8) of
fish oil for some weeks reduces postprandial lipemia signifi-
cantly, independent of the type of fat present in the test meal
(8). Similar results were obtained after long-term fish oil feed-
ing when a 24-h oral fat-load was administered to mimic nor-
mal eating patterns (9). These studies used mixtures of EPA
and DHA and can therefore not discriminate between possi-
ble separate actions of these FA.

There is growing evidence that EPA and DHA may have
specific, and partly different, effects on lipid metabolism. In
rats, EPA have been shown to decrease serum triglycerides,
probably by induction of mitochondrial oxidation of FA,
whereas DHA did not influence the triglyceride level (10).
Recently, Grimsgaard et al. (11) reported that DHA had a
more pronounced triglyceride-lowering effect than EPA. Con-
centrations of EPA and DHA in serum phospholipids have
also been shown to be divergently associated with high den-
sity lipoproteins (HDL) in humans (12).

EPA and DHA have been given as triglycerides, free fatty
acids, or esters of methanol and ethanol. Ethyl esters (EE) and
triglycerides have been preferred in clinical studies. The ab-
sorption of a mixture of EPA and DHA as EE has been re-
ported to be attenuated and delayed compared to triglyceride-
formulas or free fatty acids (13,14). However, other studies
indicate that mixed EE of both EPA and DHA are apparently
well absorbed and incorporated into blood lipids (15–17). The
purpose of the present study was to investigate the absorp-
tion, FA incorporation, and effect on postprandial triglyc-
eridemia of highly purified EPA or DHA supplemented as EE
in the diet of healthy males. 
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METHODS

Participants. Fourteen healthy normolipemic male employ-
ees at the University of Tromsø (mean age 36.2, range 28–
49) on a traditional Western diet were recruited into the pres-
ent study. They were healthy as determined by medical his-
tory, physical examination, and measurements of blood pres-
sure, hematological variables, blood glucose, serum lipids,
and routine biochemistry. One individual smoked cigarettes.
The exclusion criteria were: regular use of drugs, history of
peptic ulcers, gastrointestinal disturbances likely to influence
absorption, alcoholism, drug abuse, and mental illness. The
subjects were asked to maintain their regular physical activ-
ity and dietary habits throughout the trial. Informed written
consent was obtained from each participant. The study was
approved by the regional board of research ethics.

Experimental design. The study was carried out as a ran-
domized double-blind, parallel trial. After a 2-wk run-in
phase with weekly physical examinations and blood collec-
tions, the participants were randomly allocated at visit 3 to
receive either 4 g/day of EPA (95% pure) or 4 g/day DHA
(90% pure), as EE (Pronova Biocare AS, Oslo, Norway) for
5 wk. The EPA and DHA were given in soft gelatin capsules
with a reddish-brown capsule shell, each containing 1.0 g of
FA. The content of tocopherol was 4–6 IU/capsule, the per-
oxide value <0.020 meq/g and p-anisidine value <35.

Physical examination and blood collection were conducted
weekly during the dietary intervention. Height was measured
at baseline, and body weight was recorded at baseline and
after 5 wk of supplementation using a digital weight with the
subjects wearing light inner clothing. Compliance was as-
sessed by capsule counts and by measurements of serum
phospholipid FA. 

Blood sampling. After 12 h of overnight fasting, blood was
drawn at 8 a.m. from an antecubital vein by using a 19-gauge
needle in a vacutainer system with minimal stasis. Serum was
prepared by clotting whole blood in a glass tube at room tem-
perature for 1 h and then centrifuged at 2000 × g for 15 min.
Aliquots of 1 mL were transferred into sterile cryovials
(Greiner Laboratechnik, Germany), flushed with nitrogen,
and frozen at −70°C until further analysis. Blood for plasma
preparation was collected into vacutainers (Becton Dickin-
son, Meylan Cedex, France) containing disodium EDTA as
anticoagulant (EDTA k3 0.12 mL, 0.34 M per tube). Plasma
was prepared by centrifugation at 2000 × g for 15 min at
22°C, transferred into sterile cryovials in aliquots of 1 mL,
flushed with nitrogen, and stored at −70°C until further analy-
sis.

Fat-tolerance test. A fat-tolerance test was conducted be-
fore (visit 3) and at the end of the dietary supplementation pe-
riod (visit 8). A standard 2.64 MJ (631 kcal) test meal was
prepared as a 375-mL liquid formula containing 28.6 g car-
bohydrate, 22.6 g protein, and 47.0 g fat. The fat was mainly
from cream and milk and comprised 65.4% saturated, 30.9%
monounsaturated, and 3.8% polyunsaturated FA. The test
meals were freshly prepared each morning, served at 8:15

a.m. and consumed over a 10-min period. Individuals allo-
cated to the EPA and DHA groups received four capsules of
EPA and DHA, respectively, with the test meal. The subjects
were given 100 mL of orange juice with the meal, and were
allowed to drink 350 mL calorie-free beverages and eat an
apple during the following 8 h. Blood samples for chylomi-
cron isolation and plasma preparation were collected before
the meal and every second hour during the next 8 h.

Chylomicron (CM) isolation. CM were isolated by overlay-
ering 8 mL plasma with 4 mL of buffer (150 mmol/L NaCl and
1 mmol/L EDTA) in a cellulose nitrate tube (18) and centrifug-
ing in a Beckman SW40 Ti swinging bucket rotor at 20.000
rpm for 1 h at 4°C. The CM were carefully removed by aspira-
tion, divided into three aliquots in cryovials, flushed with nitro-
gen, and frozen at −70°C until further analysis.

FA analysis. Total lipids were extracted from 500 µL serum
according to Folch et al. (19) with phosphatidylcholine dehep-
tadecanoyl added as internal standard (P-5014 Sigma Chemi-
cal Company, St. Louis, MO), chloroform/methanol (2:1,
vol/vol) as the solvent, and butylated hydroxytoluene (75
mg/L) as the antioxidant. Total phospholipids were separated
by solid-phase extraction using NH2 columns (size 3 cc, Ana-
lytichem Bond Elut LRC; Varian, Harbor City, CA) (20), fol-
lowed by transmethylation using boron trifluoride, extracted
into hexane and evaporated to dryness. The fatty acid methyl
esters were dissolved in hexane and analyzed by gas–liquid
chromatography (Shimadzu GC-14 A; Shimadzu Corpora-
tion, Kyoto, Japan), fitted with a capillary column (CP-Sil 88,
length 50 m, i.d. 0.25 mm) obtained from Chrompack Inc.
(Raritan, NJ). Retention times and response factors for each
FA were determined using standards obtained from Nu-Chek-
Prep (Elysian, MN). The results were integrated on a Shi-
madzu C-R4A integrator, and the FA concentrations were re-
ported as µmol/L serum. The intraprocedural coefficients of
variation (n = 10) for 16:0, 18:2n-6, 20:4n-6, 20:5n-3, and
22:6n-3 were 1.4, 1.7, 2.3, 2.3, and 4.3%, respectively. The
unsaturation index was calculated as the sum (in µmol/L) of
all unsaturated FA within serum phospholipids, multiplied by
the number of double bonds in each FA divided by 1000.
Total FA were extracted from 500 µL CM with heptade-
caenoic acid (17:0) as internal standard according to the
above-mentioned procedure. The concentrations of FA in CM
were reported as µmol/L plasma.

Serum lipids. Serum lipids were analyzed on a Hitachi 737
Automatic Analyzer (Boehringer Mannheim, Germany) with
reagents from the manufacturer. Total cholesterol was mea-
sured with an enzymatic colorimetric method (CHOD-PAP)
and HDL cholesterol was assayed by the same procedure after
precipitation of lower density lipoproteins with heparin and
manganese chloride. Triglyceride concentration was deter-
mined with an enzymatic colorimetric test (GPO-PAP).
Apolipoprotein A-1 and apolipoprotein B were measured im-
munochemically by rate nephelometry, using the Array Pro-
tein System from Beckman Instruments Inc. (Brea, CA).

Statistics. Change was calculated as the value obtained
after minus the normally distributed value obtained before in-
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tervention. Paired t-test was applied for changes in normally
distributed variables within a treatment group, whereas un-
paired t-test was used for comparison of changes between
treatment groups. Repeated measures analysis of variance
was performed to assess changes in plasma phospholipid and
postprandial CM FA over time. The postprandial increase in
plasma triglycerides and CM triglycerides were assessed in
two ways. First, we calculated the area under the curve for the
triglyceride concentrations after intake of a standardized fat
meal as the deviation from the basal value integrated over the
sampling time (8 h). Next, the triglyceride response was cal-
culated as the average of the two highest postprandial triglyc-
eride concentrations minus the baseline value. Two-sided P-
values <0.05 were regarded as significant. The SAS statisti-
cal software package was used (21). 

RESULTS

None of the participants experienced discomfort, nausea, or
diarrhea after ingestion of the liquid test meal with addition
of highly purified n-3 FA. The participants did not experience
significant side effects while taking EPA or DHA. All partici-
pants completed the study per protocol. The percentage of
capsules taken was 98 (range 96–100%) in the EPA group and
91 (69–100%) in the DHA group.

The EPA and DHA groups were well balanced with regard
to age, body mass index, and blood lipids (Table 1). During 5
wk of supplementation with EPA or DHA, serum triglyc-
erides decreased by 13.4 ± 17.6% (P = 0.09) and 15.8 ±
19.4% (P = 0.11), respectively. Only minor changes were ob-
served for other lipids and apolipoproteins. 

Absorption of EPA and DHA before prolonged dietary in-
tervention. Figure 1 shows absorption curves for saturated FA
and total n-3 FA in total lipids extracted from CM after a stan-
dard test meal supplemented with 4 g n-3 FA, either as EPA
(n = 7) or DHA (n = 7) (pooled data n = 14 at baseline). While
saturated FA peaked 4 h after the meal, the peak concentra-
tions of polyunsaturated n-3 FA were observed 6 h after the
meal. The increase in EPA and DHA after a standard high fat
meal with the addition of EPA (A) or DHA (B) at baseline are
shown in Figure 2. Ingestion of both EPA and DHA induced
a similar maximal increase in CM FA (8.4-fold and 8.5-fold

increase, respectively) which peaked 6 h after the meal. The
relative uptake of EPA and DHA compared to oleic acid cal-
culated from peak concentrations was 94 and 100% respec-
tively, whereas calculations based on the area under the con-
centration curve resulted in an estimated relative uptake of 91
for EPA and 93% for DHA. In the EPA group, the CM con-
centration of DHA did not change after the meal, and there
was no change in the EPA concentration in the DHA group
(Fig. 2). The clearance pattern for EPA and DHA differed,
since the concentration of EPA decreased by 13.0%
(P = 0.57) from 6 to 8 h after the meal, whereas the corre-
sponding decrease in DHA was 61.9% (P < 0.001). The ratio
between EPA and triglycerides in CM in the EPA group in-
creased from 0.12 6 h after the meal to 0.25 8 h after the meal,
mainly due to decreased levels of CM triglycerides. The cor-
responding ratios between DHA and CM triglycerides in the
DHA group were 0.19 and 0.11, respectively, indicating a se-
lective decrease of DHA from CM particles.

FA in serum phospholipids after prolonged intervention.
Table 2 shows the concentration of FA in serum phospho-
lipids at baseline and changes from baseline after interven-
tion. EPA supplementation caused an increase in n-3 FA at
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TABLE 1
Age, Body Mass Index, and Serum Lipids at Baseline and Changes from Baseline After Dietary Intake
(4 g/d for 5 wk) of Either EPA or DHA 

EPA (n = 7) DHA (n = 7) EPA vs. DHA

Baseline Change Baseline Change

Age (yr) 32.4 (5.0) 40.0 (8.4)
Body mass index (kg/m2) 25.2 (1.8) 0.13 (0.41) 24.5 (2.7) 0.26 (0.38) NS
Total cholesterol (mmol/L) 5.80 (1.16) 0.00 (0.47) 5.34 (0.53) 0.09 (0.34) NS
HDL cholesterol (mmol/L) 1.28 (0.12) 0.05 (0.11) 1.38 (0.26) 0.05 (0.19) NS
Triglycerides (mmol/L) 1.19 (0.53) −0.22 (0.36) 1.04 (0.41) −0.21 (0.31) NS
Apo-A1 (g/L) 1.30 (0.16) −0.02 (0.13) 1.33 (0.11) −0.04 (0.07) NS
Apo-B (g/L) 0.99 (0.21) 0.01 (0.18) 0.89 (0.18) 0.02 (0.07) NS
aValues are means (SD). HDL, high density lipoproteins. Apo-A1, Apolipoprotein-A1. Apo-B, Apolipoprotein B. NS, no
significant difference between groups. EPA, eicosapentaenoic acid. DHA, docosahexaenoic acid.

FIG. 1. Change in total saturated fatty acids (FA) (■) and total n-3 FA
(▲) in chylomicrons after ingestion of a standardized high-fat meal with
the addition of highly purified n-3 FA either as eicosapentaenoic acid
(EPA) or docosahexaenoic acid (DHA). Values are means of pooled data
from the EPA and DHA groups (n = 14).



the expense of n-6 FA. The decrease in linoleic acid (LA;
18:2n-6) was significantly greater after EPA than after DHA
supplementation. The increase in n-3 FA after EPA was due
to a 5.2-fold increase in EPA, and a 2.1-fold increase in do-
cosapentaenoic acid (DPA), whereas the DHA concentration
did not change. DHA supplementation caused a smaller in-
crease in the total concentration of n-3 FA than did EPA (0.7-
and 1.2-fold, respectively), but the difference between the two
groups was not statistically significant. The increase in n-3
FA after DHA was due to 0.9-fold increase in DHA and 0.7-
fold increase in EPA, whereas the DPA concentration did not
change. A modest increase in the unsaturation index was seen
both after EPA and DHA supplementation (0.36 ± 0.47 vs.
0.34 ± 0.53, P = 0.94). The incorporation of DHA in serum
phospholipids after DHA supplementation was delayed com-

pared to the incorporation of EPA after EPA supplementation
(Fig. 3).

Influence of EPA and DHA on postprandial triglyceridemia.
A standard test meal (2.64 MJ) with 4 g n-3 FA was given at the
beginning and at the end of the 5-wk intervention period. Addi-
tion of EPA or DHA with the standard meal at baseline did not
influence postprandial triglycerides or CM triglycerides differ-
ently as determined by the area under the curve or the peak re-
sponse for the triglyceride curves (Table 3). Daily supplementa-
tion with EPA and DHA for 5 wk was associated with a 20 (P =
0.11) and 15% (P = 0.13) decrease in plasma triglycerides, re-
spectively. After the intervention period, the peak response for
plasma triglycerides decreased by 26 (P = 0.04) and 41% (P =
0.02) in the EPA and DHA groups, respectively, whereas the area
under the curve decreased by 19 (P = 0.20) and 49% (P = 0.05),
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FIG. 2. Concentration of EPA (■) and DHA (■■) in plasma chylomicrons after a standard high fat meal with the addition of 4 g of either EPA (A) or
DHA (B). The values are means from seven subjects in each group. See Figure 1 for abbreviations.

TABLE 2
Concentrations of Fatty Acids (µmol/L) in Serum Phospholipids at Baseline and Changes from Baseline After
Dietary Intake (4 g per day for 5 wk) of Either EPA or DHA 

EPA (n = 7) DHA (n = 7) EPA vs. DHA
Baseline Change Baseline Change P-value

Saturated 2168.8 (410.3) 46.1 (230.9) 2098.4 (184.5) 36.5 (112.5) NS
Monounsaturated 395.3 (112.5) 2.8 (71.9) 389.8 (77.5) 18.6 (43.8) NS
Polyunsaturated 1410.0 (219.8) −113.1 (126.3) 1388.0 (114.6) −69.7 (121.4) NS
n-6 Family 1203.3 (228.3) −337.7 (129.3)b 1164.5 (95.4) −214.9 (111.3)c NS

LA 857.6 (150.0) −275.7 (76.1)b 831.0 (90.8) −168.5 (90.6)2 <0.05
AA 240.1 (79.7) −36.7 (44.6)d 226.1 (23.4) −17.3 (42.8) NS

n-3 Family 190.7 (64.9) 229.6 (54.2)b 206.4 (43.9) 146.5 (80.4)c NS
EPA 34.7 (16.9) 180.7 (49.2)b 40.2 (14.4) 29.7 (23.0)d <0.001
DPA 24.8 (10.3) 51.5 (11.3)b 26.6 (4.8) −5.0 (6.6) <0.001
DHA 125.2 (42.8) −0.6 (29.7) 133.1 (28.8) 123.6 (56.8)c <0.001

Unsaturation index 4.49 (0.75) 0.36 (0.47) 4.47 (0.45) 0.34 (0.53) NS
aThe values are means (SD). LA, linoleic acid (18:2n-6). AA, arachidonic acid (20:4n-6). EPA, eicosapentaenoic acid (20:5n-3).
DPA, docosapentaenoic acid (22:5n-3). DHA, docosahexaenoic acid (22:6n-3).
bP < 0.001.
cP < 0.01.
dP < 0.05.



respectively. The differences between groups were not statisti-
cally significant. A similar pattern was seen for CM triglyceride
concentrations (Fig. 4).

DISCUSSION

The present investigation examined the incorporation of EPA
and DHA into CM after ingestion of purified EPA and DHA

separately as EE together with a standard meal. Our data sug-
gest that the enterocytic processing of the ingested fat and
generation of CM do not involve significant elongation or
retroconversion of EPA and DHA. This implies that ingested
EPA and DHA are presented to their target organ(s) or cell(s)
in their original form. Furthermore, DHA is apparently
cleared from CM more efficiently than is EPA.

The relative uptakes from the standard meal of EPA and
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FIG. 3. Time-course changes in serum phospholipid n-3 fatty acid concentration after dietary intake of 4 g per day for 5 wk of EPA (A) or DHA (B).
Values are means. DPA, docosapentaenoic acid. See Figure 1 for other abbreviations.

TABLE 3
The Effect of a Standard Fat Meal on Postprandial Triglyceridemia at Baseline and Changes After Dietary Intake
(4 g EPA and DHA per day for 5 wk)

EPA (n = 7) DHA (n = 7) EPA vs. DHA
Before Change Before Change P-valueb

P-triglycerides (mmol/L) 1.13 (0.44) −0.24 (0.33) 0.94 (0.24) −0.15 (0.24) 0.73
AUC-TG (mmol/L) 1.79 (0.71) −0.34 (0.63) 1.39 (0.33) −0.68 (0.74) 0.38
PR-TG (mmol/L) 0.78 (0.26) −0.20 (0.20)c 0.63 (0.17) −0.26 (0.23)c 0.63
aValues are means (SD). P-triglycerides, plasma concentration of triglycerides. See Table 2 for other abbreviations.
AUC-TG, area under the plasma triglyceride curve during the fat tolerance test. PR-TG, peak response of plasma
triglycerides after the fat tolerance test.
bP-values for between group comparisons of change.
cP < 0.05; P-value for changes within a group.

FIG. 4. Chylomicron triglyceride (TG) concentrations after a standard high-fat meal before (—) and after (–––) a daily intake of 4 g EPA (A) or DHA
(B) for 5 wk. Symbols are means ± SD.



DHA into CM were similar to that of oleic acid. Although the
absorption of EPA and DHA was delayed compared with satu-
rated FA, our data indicate that moderate and therapeutic
amounts given as EE were well absorbed. These observations
contrast with studies where equivalents of only 1.0 g EPA were
given (13,14), and incomplete absorption of EE compared to
triglycerides was observed. In a later study, Nordøy et al. (15)
demonstrated that n-3 FA were equally well absorbed as EE or
triglycerides when given in amounts of 28–40 g with the meal.
Apart from differences in the amount of n-3 FA, the latter study
measured absorption directly by analyzing CM triglycerides,
rather than serum triglycerides, which is more precise. Equal
absorption was further documented in a study showing similar
incorporation of EPA and DHA into blood lipids after daily in-
take of 3.5 g EPA and DHA for 7 wk given either in a triglyc-
eride or an EE formula (16).

It has been suggested, based on results obtained from in vitro
studies, that the EE of n-3 FA are poor substrates for pancreatic
lipase (4,7), and that this lipase has a reduced hydrolyzing ac-
tivity toward trioctadecanoates containing double bonds in the
third to sixth positions from the carboxyl end (22). The first dou-
ble bonds of DHA and EPA are in positions 4 and 5, respec-
tively. However, coingestion of EPA-EE with a meal normal for
the American diet has been found to improve the uptake three-
fold (14). This may partly explain the substantial absorption of
EPA and DHA in our study. A more recent study found that
rates of release of oleic acid and DHA by lipase in vitro differ
only by a factor of six (23). It was suggested that with the very
high pancreatic lipase activity in the intestinal lumen, there
should be little differences between the composition of FA in-
gested and that of FA released. Perhaps the delay in the maxi-
mal incorporation of EPA and DHA into CM compared to satu-
rated FA reflected this difference.

Time-course incorporation of EPA and DHA into serum phos-
pholipids had a different pattern after dietary supplementation
with EPA and DHA. Daily ingestion of EPA caused a prominent
and steep increase of EPA in serum phospholipids which reached
a plateau after 1 wk. In contrast, ingestion of DHA caused a more
gradual increase during the intervention period. In addition to dif-
ferent incorporation into and clearance from CM, this indicates
different metabolism of EPA and DHA. The incorporation pat-
tern for EPA indicates priority of the circulatory pool which
seemed to be in equilibrium with other compartments after 1 wk.

Compared to EPA, more of the ingested DHA seemed to be
channeled into extracirculatory compartments, since we ob-
served a more rapid clearance from the circulation and a de-
creased incorporation of DHA into serum phospholipids. The
mechanism(s) involved is unknown, but the selective decrease
in DHA may suggest a more efficient cleavage of DHA than
EPA by lipoprotein lipase. DHA is selectively enriched in the
central nervous system (24) and is mandatory for normal central
nervous system function. Recently, Anderson et al. (25) demon-
strated incorporation of CM FA, and especially DHA, into the
developing rat brain. They suggested that the brain derives a sig-
nificant fraction of essential FA from CM. Whether this is a spe-
cific mechanism for the developing brain only is not known.

In agreement with previous studies (26,27), dietary EPA
was not metabolized to DHA but caused a prominent increase
in DPA (22:5n-3). The biological significance of the accumu-
lated DPA after dietary EPA remains unknown. DHA supple-
mentation caused a significant increase in EPA, confirming
the retroconversion previously demonstrated both in rats (28)
and humans (27). Thus, DHA may serve as a reservoir for
EPA via partial β-oxidation (29) and saturation of the result-
ing trans-double bond (28).

Long-term intake of fish oil, rich in long-chain FA of the n-3
family (EPA and DHA) is reported to lower postprandial
triglycerides by 30–55% in normolipemic subjects (7–9). The
decrease in postprandial triglycerides by prolonged feeding of
n-3 FA was seen regardless of whether saturated fat or fish oil
was given with the meal (8). Harris and Muzio (9) also reported
a similar decrease in postprandial triglycerides after a 24-h oral
fat-load test, designed to mimic a normal eating pattern. Pro-
longed supplementation of n-3 FA may decrease postprandial
triglyceridemia by diminished absorption, reduced synthesis,
and release into the circulation by enterocytes, or by a more
rapid removal of CM from the circulation. There is no evidence
of diminished absorption (30) or enhanced removal of CM as-
sessed by clearance rates of intravenous administered fat emul-
sions (9). However, fish oils have been reported to reduce
triglyceride synthesis in and secretion from CaCO-2 cells, a
human intestinal cell line (31). A similar inhibitory effect on
the triglyceride synthesis pathway of n-3 fatty acids has also
been observed in hepatocytes (32,33). 

The present study indicates that prolonged intake of DHA is
equivalent to or even more efficient than EPA in reducing post-
prandial triglyceridemia and fasting serum triglycerides. The
postprandial triglyceridemia (area under the curve) was sup-
pressed by 19 and 49% after ingestion of 3.8 g EPA or 3.6 g DHA
daily for 5 wk. However, the present study was underpowered to
detect statistically significant differences between groups. A re-
cent study among 234 healthy subjects found that DHA tended to
decrease serum triglycerides more efficiently than EPA (11). Ex-
perimental studies in perfused rat livers (34), HepG2 cells (35),
and hepatocytes (32,36) support our observation that both EPA
and DHA inhibit triglyceride synthesis and secretion. 

Patients with coronary artery disease have been found to
have high plasma increased plasma concentrations of CM
remnants (37) and postprandial lipemia (6). Fish oils contain-
ing a mixture of EPA and DHA lower postprandial triglyc-
eridemia and thereby CM remnants. To our knowledge, the
present study is the first to examine the separate actions of
EPA and DHA on postprandial triglyceridemia. Our observa-
tions indicate that DHA may be more efficient than EPA in
reducing postprandial CM remnants, but further studies are
needed to establish the possible separate effects on lipid me-
tabolism of the two major n-3 FA.
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ABSTRACT: This report summarizes two studies which investi-
gated the effects of apolipoprotein E (apoE) polymorphism on
the serum total cholesterol (TC) and lipoprotein cholesterol re-
sponses to 8:0 + 10:0 and 12:0 diets (Study I) and 14:0, 16:0,
and 18:0 diets (Study II). Eighteen healthy premenopausal
women (3 apoE 3/2, 12 apoE 3/3, 3 apoE 4/3) in study I and an-
other 18 healthy premenopausal women (4 apoE 3/2, 10 apoE
3/3, 3 apoE 4/3, 1 apoE 4/2) in study II consumed a baseline diet
providing 40 en% total fat, 11 en% 18:2, 15 en% 18:1, 11.5
en% saturated fat for the first week of each 5-wk period. The
experimental diets for both studies provided 40 en% total fat,
13–14 en% as one of five test saturated fatty acids (SFA), 14–16
en% 18:1, and 3–4 en% 18:2. Analysis by apoE phenotypes
showed that both the 8:0 + 10:0 diet and the 12:0 diet in Study
I induced significant increases in serum TC in subjects with dif-
ferent apoE phenotypes with the exception of apoE 3/2 in the
medium-chain triglyceride group. In contrast, in Study II, indi-
viduals with apoE 4/3 consuming the 14:0 diet showed signifi-
cant increases in serum TC, high density lipoprotein-cholesterol
(HDL-C), and HDL2-C, but the same subjects consuming the
16:0 diet showed significant increases in serum TC and low
density lipoprotein-cholesterol. The findings from both studies
indicated serum lipoprotein responses to SFA were different and
the variation of responsiveness may be regulated, at least in
part, by apoE polymorphism, especially when 14:0, 16:0, or
18:0 was consumed.
Lipids 33, 139–148 (1998).

Apolipoprotein E (ApoE) is a major protein constituent of
chylomicrons, very low density lipoprotein (VLDL) and their
remnants and, to a lesser extent, of high density lipoprotein
(HDL) (1). It is also found to function as a ligand for the bind-
ing of lipoproteins to the LDL receptor and apoE receptor (1).
There are three homozygous phenotypes (E 4/4, E 3/3, and E
2/2) and three heterozygous phenotypes (E 4/3, E 3/2, and E
4/2) (2). The different apoE forms have different affinities for

lipoproteins. For example, apoE 2 compared to apoE 3 is as-
sociated less with VLDL, intermediate density lipoprotein
(IDL), and low density lipoprotein (LDL) and more with
HDL, while apoE 4 compared to apoE 3 is associated more
with VLDL, IDL, and LDL and less with HDL (2). In addi-
tion, apoE phenotype is associated with changes in plasma
total cholesterol (TC) and LDL-cholesterol (LDL-C). Among
apoE 2, apoE 3, and apoE 4 phenotypes, individuals with
apoE 2 phenotype tend to have the lowest plasma cholesterol
concentrations while individuals with apoE 4 phenotype have
the highest plasma levels of TC, LDL-C and apoB (3). With
respect to the effect of dietary saturated fatty acids (SFA) on
plasma cholesterol levels, SFA may act differently (4–8). For
example, stearic acid (18:0) seems to be neutral compared to
myristic acid (14:0) and palmitic acid (16:0) because of its
partial conversion to oleic acid (18:1) or poor digestibility (6).
In the general population, apoE polymorphism may account
for some degree of the interindividual variation in plasma TC
and LDL-C (2). In some studies individuals with apoE 4 phe-
notype have a greater LDL-C response to dietary changes in
fat and/or cholesterol intakes than individuals with other apoE
phenotypes (9–14). However, there are few reports elucidat-
ing the effect of varied apoE phenotypes on the response to
dietary SFA changes. The purpose of the present study was to
investigate the effect of apoE polymorphism on the serum TC
and lipoprotein cholesterol responses to different SFA rang-
ing in chain length from 8 to 18 carbons.

MATERIALS AND METHODS

Subjects. The apoE phenotype was determined in a total of 18
healthy premenopausal women recruited from among The
Ohio State University female students in a two-period
crossover study (Study I) and in a total of another 18 healthy
premenopausal women in a three period-crossover study
(Study II), the minimal number needed to detect a 10% mean
difference in serum lipoprotein concentrations between treat-
ments with a standard deviation of 8% by a statistical power
of 0.9. Before starting the study, all subjects in both Study I
and Study II signed a consent form approved by The Ohio
State University Biomedical Human Studies Committee. All
subjects were screened on the basis of information from a
health questionnaire and a physical examination. The sub-
jects’ characteristics including age, weight, ethnic back-
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ground, apoE phenotype, and serum TC concentration at
screening are shown in Table 1.

Diets. The diets in both Study I and Study II were prepared
in a metabolic kitchen in the Department of Human Nutrition
and Food Management at The Ohio State University. Subjects
ate breakfast and dinner in the metabolic dining room and
took out a sack lunch. Weekend meals were also taken out ex-
cept for Saturday night dinner. The baseline diet for both stud-
ies provided 40 en% total fat, 11 en% 18:2, 15 en% 18:1, 11.5
en% saturated fat, and about 323 mg cholesterol. The experi-
mental diets for both studies were formulated to provide 40
en% total fat, 13–14 en% as one of five test SFA (8:0 + 10:0,
12:0, 14:0, 16:0, 18:0), 14–16 en% 18:1, 3–4 en% 18:2, and
about 308–328 mg cholesterol. A basal menu providing 8.3
MJ (about 2000 Kcal) was given initially. Subjects requiring
more food energy to maintain a stable weight were given

extra cookies and cakes made up of fat blends with the same
proportion of fatty acids as the overall diet. Dietary records
of the subjects’ food intake were kept and analyzed using
Food Processor II software (ESHA Research, Salem, OR)
with added data on fatty acid composition of the foods in the
menu. Composites of the rotating 4-d menus were made and
analyzed for specific fatty acid composition by gas–liquid
chromatography (Table 2).

Research design. The protocols for both Study I and Study
II were similar with the exception of participating subjects and
experimental diets. All subjects were randomized into differ-
ent groups using either a two-period (Study I) or three-period
(Study II) crossover design. The baseline diet was fed for 1 wk
and then each dietary treatment lasted 4 wk with a 7-wk
washout period between experimental periods. Blood samples
were obtained by venipuncture after an overnight fast twice
during the last 3 d of the baseline period and two times during
the last 3 d of each feeding period. Depending on the require-
ments of the procedure, either analyses commenced immedi-
ately or serum (or plasma), obtained by centrifugation at 2500
rpm for 20 min at 4°C, was frozen at −80°C for later analysis.

EXPERIMENTAL PROCEDURES

Plasma lipids. The concentrations of TC and triglyceride (TG)
were measured by an enzymatic assay using a commercial kit
(Sigma Chemical Company, St. Louis, MO; procedure#352-
50 and #339, respectively) (15). HDL-C including HDL2-C
and HDL3-C were measured by the same enzymatic proce-
dure as TC. This involved precipitation of and removal by cen-
trifugation of VLDL- and LDL-C by a precipitation reagent
composed of 10 g/L of dextran sulfate and 0.5 M of Mg2+ with
buffer (Sigma Chemical Company; procedure#352-2) (16).
LDL-C was calculated by the Friedewald equation (17).

ApoE phenotyping. ApoE phenotype was determined by
isoelectric focusing (IEF) according to a modification of the
method of Kamboh et al. (18) and Kataoka et al. (19). Plasma
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TABLE 1
Characteristics of Subjects in Study I and Study IIa

Variables Study I Study II
(n = 18) (n = 18)

Age (year) 24 ± 4 (19–33) 28 ± 2 (19–43)

Weight (kg) 62.2 ± 11.7 (40.5–91.8) 61.3 ± 7.4 (50–77)

Serum cholesterol
level at
screening (mg/dL) 167 ± 22 (143–237) 178 ± 9 (122–252)

Ethnic background Caucasian (n = 10) Caucasian (n = 12)
Asian (n = 7) Asian (n = 4)
African-American (n = 1) African-American (n = 2)

Experimental diet MCT diet Myristic acid diet
Lauric acid diet Palmitic acid diet

Stearic acid diet

ApoE phenotype E3/2 (n = 3) E3/2 (n = 4
E3/3 (n = 12) E4/2 (n = 1)
E4/3 (n = 3) E3/3 (n = 10)

E4/3 (n = 3)

aMCT, medium-chain triglyceride; ApoE, apolipoprotein E.

TABLE 2
Daily Energy and Nutrient Intake on Baseline Diet and Five Saturated Fat Dietsa

Dietary variable Baseline MCT Lauric acid Myristic acid Palmitic acid Stearic acid
(all subjects) (n = 17) (n = 18) (n = 17) (n = 16) (n = 18)

Energy (MJ)b 8.1 ± 0.1 8.3 ± 0.1 8.4 ± 0.1 8.5 ± 0.2 8.2 ± 0.1 8.3 ± 0.1
Protein (g)b 72 ± 0 (15%) 73 ± 0 (15%) 73 ± 0 (15%) 74 ± 1 (15%) 73 ± 1 (15%) 74 ± 1 (15%)
Carbohydrate (g)b 225 ± 2 (46%) 230 ± 3 (46%) 231 ± 3 (46%) 229 ± 4 (45%) 225 ± 3 (46%) 227 ± 3 (46%)
Total fat (g)b 86 ± 1 (40%) 89 ± 1 (40%) 89 ± 1 (40%) 91 ± 3 (40%) 87 ± 2 (40%) 89 ± 2 (40%)
Fatty acids (g)c

8:0 + 10:0 (MCT) 1.8 ± 0 (1%) 30.1 ± 0.5 (14%) 1.0 ± 0 (1%) 1.3 ± 0 (1%) 1.5 ± 0 (1%) 0.8 ± 0 (1%) 
12:0 3.6 ± 0 (1.7%) 2.1 ± 0 (1%) 31.4 ± 0.5 (14%) 2.7 ± 0.1 (1%) 3.2 ± 0.1 (2%) 2.4 ± 0 (1%)
14:0 2.3 ± 0 (1%) 1.4 ± 0 (1%) 1.4 ± 0 (1%) 31.1 ± 1.3 (14%) 2.1 ± 0 (1%) 1.1 ± 0 (1%)
16:0 8.2 ± 0.1 (3.8%) 5.9 ± 0.1 (3%) 5.9 ± 0.1 (3%) 6.3 ± 0.2 (3%) 27.8 ± 0.7 (13%) 5.7 ± 0.1 (3%)
18:0 7.9 ± 0.1 (4%) 2.9 ± 0.1 (1%) 2.9 ± 0.1 (1%) 3.5 ± 0.4 (2%) 4.0 ± 0.1 (2%) 28.2 ± 0.9 (13%)
MUFA 32.0 ± 0.4 (15%) 32.8 ± 0.4 (15%) 32.9 ± 0.5 (15%) 31.0 ± 0.9 (14%) 32.8 ± 0.7 (15%) 35.3 ± 0.7 (16%)
PUFA 22.6 ± 0.3 (11%) 7.5 ± 0.1 (3%) 7.5 ± 0.1 (3%) 7.6 ± 0.2 (3%) 7.9 ± 0.2 (4%) 7.5 ± 0.1 (3%)

Cholesterol (mg)b 323 ± 1 316 ± 1 316 ± 1 319 ± 2 328 ± 2 308 ± 2

aMean ± SEM: mean ± standard error of mean. Values in parentheses are calculated values for percentage of food energy provided by the nutrient.
bAnalyzed for daily dietary records using Food Processor II Analyses Software (ESHA Research, Salem, OR).
cAs determined by gas–liquid chromatography. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. See Table 1 for other abbreviation.



samples were delipidated with 100 µL of dithiothreitol solu-
tion containing 0.771% of dithiothreitol and 250 µl of Tween
20 at 4°C for overnight. The IEF was carried out by 7.5%
polyacrylamide gel electrophoresis (PAGE)-3 M urea gel.
The gel was freshly prepared as follows: 7.2 g urea was dis-
solved in 10 mL polyacrylamide solution containing 30 g of
monomer acrylamide and 0.8 g of bis acrylamide per 100 mL
and the final volume was adjusted to 40 mL with deionized
water. The pH gradient was created by adding 0.6 mL Ampho-
line pH 4–6 (Amersham Pharmacia Biotech, Piscataway, NJ)
and 1.2 mL Pharmalyte pH 5–8 (Amersham Pharmacia
Biotech). Before casting, 25 µL of N,N,N′,N′-tetramethylene-
diamine and 500 µL of 10% ammonium persulfate solution
were added to the gel solution. After polymerization, the gel
was placed on an IEF machine (Bio-Phoresis Horizontal Elec-
trophoresis Cell; Bio-Rad Laboratories, Hercules, CA) con-
nected with a Lauda RM6 cooling unit (Brinkmann Instru-
ments, Inc., Westbury, NY) operating at 6°C and thus prefo-
cused for 15 min at voltage of 1500 V, 60 mA, 15 W. The
cathode strip and anode strip were saturated with cathode so-
lution (1 M NaOH) and anode solution (1 M H3PO4), respec-
tively, and strips were laid across the length of the gel as close
to the edge of the gel as possible. After prefocusing, the sam-
ple wicks saturated with a 30 µL sample were located on the
gel near the cathode strip. Then the gel was focused at the volt-
age of 1500 V, 60 mA, 15 W for 30 min. After that, the sam-
ple wicks were removed and the IEF was continued for an ad-
ditional 1.5 h. Then, immunoblotting was conducted accord-
ing to a modification of the method of Kamboh et al. (18).

LDL receptor activity. Degradation and binding of 125I-LDL
by mononuclear cell (MNC) were determined by a modifica-
tion of methods of Ho et al. (20) as described previously by
Park and Snook (21). An aliquot of freshly isolated MNC in
Hank’s buffer (21) was incubated with 125I-LDL (20 µg/mL)
in the presence and absence of a 20-fold excess of unlabeled
LDL at 37°C for 5 h. Degradation values were expressed as
specific degradation which was the difference in degradation in
the presence and absence of a 20-fold excess unlabeled LDL.
Expression of specific degradation was as nanograms of 125I-
LDL protein degraded/106 cells/h. Specific and nonspecific
binding activity of LDL receptors was determined by incuba-
tion of MNC at 4°C with 125I-LDL in the presence and absence
of excess unlabeled LDL for 1 h. Bound counts were expressed
as micrograms of LDL protein bound per 106 cells.

CETP and LCAT activity. The rates of cholesterol ester
transfer (cholesterol ester transfer protein, CETP) and en-
dogenous cholesterol esterification (lecithin-cholesterol acyl
transferase, LCAT) were assessed by the isotopic method of
Channon et al. (22). Briefly, for determination of esterifica-
tion rate, fresh serum was preincubated at 4°C for 1 h with
3H-cholesterol-albumin emulsion; after equilibration of the
added cholesterol and endogenous cholesterol, the mixture
was incubated at 37°C for 3 h. Lipids were extracted, sepa-
rated by thin-layer chromatography, and radioactivity of cho-
lesterol ester and free cholesterol spots was counted by liquid
scintillation. For cholesterol transfer activity, transfer of radi-

olabeled cholesterol ester into VLDL and LDL was measured
first by precipitating the two apoB-containing lipoproteins
from the incubate with dextran sulfate. Then, total radioactiv-
ity in the incubate, in the HDL-containing supernatant, and in
the apoB-containing lipids was measured by liquid scintilla-
tion counting. These data were used to calculate the rate of
transfer of the cholesterol ester.

Statistical analysis. MINITAB statistical software (Minitab
Inc., State College, PA) and the Statistical Analysis System
(SAS; SAS Institute, Cary, NC) were used in the present study
for analysis of serum lipid and lipoprotein responses to dietary
manipulation. The significance of the differences between the
beginning and the end of each period (mean ± SEM) was cal-
culated using the paired t-test in the Minitab statistical soft-
ware. Least squares means, adjusted for unequal subclasses, of
changes in serum TC, TG, and lipoprotein cholesterol levels
from baseline analyzed by apoE phenotypes and experimental
diets were analyzed using the general linear models procedure
of SAS. Two-way analysis of variance (ANOVA) was used to
determine interactions between experimental diets and apoE
phenotypes, as well as their independent effects. In addition,
stepwise regression analysis was conducted to quantify the
contribution of race, diet, and apoE isoforms to the variation in
serum lipid and lipoprotein responses to experimental diets.
The probability of significant difference was defined as
P < 0.05 for all statistical analysis in both Study I and Study II. 

RESULTS

Daily energy and nutrient intake on the baseline diet and five
saturated fat diets is shown in Table 2. The experimental diets
provided similar amounts of poly- and monounsaturated fat
as well as dietary cholesterol, and the baseline diet provided
three times as much 18:2 as the experimental diets and only
half as much saturated fat (Table 2). However, there was no
effect of apoE phenotype on any of the variables when sub-
jects consumed the baseline diet (Table 3). Changes from
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TABLE 3
Variables Measured in Subjects with Different ApoE Phenotypes Con-
suming Baseline Diet in Both Study I and Study II (mean ± SEM)a

Variable ApoE 3/2 ApoE 3/3 ApoE 4/3
(n = 7) (n = 19) (n = 6)

Total cholesterol (mg/dL) 151 ± 11 158 ± 5 153 ± 8
Triglyceride (mg/dL) 65 ± 7 69 ± 8 68 ± 7
LDL-cholesterol (mg/dL) 85 ± 9 92 ± 5 84 ± 7
HDL-cholesterol (mg/dL) 53 ± 4 52 ± 2 56 ± 4
HDL2-cholesterol (mg/dL) 19 ± 3 17 ± 1 20 ± 3
HDL3-cholesterol (mg/dL) 33 ± 1 35 ± 1 35 ± 2
CETP (nmol/mL/h) 22 ± 4 23 ± 1 21 ± 3
LCAT (nmol/mL/h) 50 ± 4 49 ± 2 51 ± 4
Receptor-mediated 125I-LDL
degradation in MNC (ng/h/106 MNC) 12 ± 1 15 ± 1 11 ± 1
Binding of 125I-LDL by MNC
LDL receptor (ng/106 MNC) 15 ± 1 18 ± 1 18 ± 3
aApoE, apolipoprotein E; LDL, low density lipoprotein; HDL, high density
lipoprotein; CETP, cholesteryl ester transfer protein; LCAT, lecithin choles-
terol acyl transferase; MNC, mononuclear cell.



baseline in lipid and lipoprotein concentrations, variables as-
sociated with reverse cholesterol transport, and LDL receptor
activity in MNC in subjects with different apoE phenotypes
consuming both Study I diets (including 12:0 diet and 8:0 +
10:0 diet) and Study II diets (including 14:0, 16:0, and 18:0
diets) are shown in Table 4 and Table 5, respectively. 

Serum changes in lipid and lipoprotein concentrations. In
Study I (Table 4), both the 12:0 diet and 8:0 + 10:0 diet in-
duced significant increases in serum TC in subjects with dif-
ferent apoE phenotypes (with the exception of apoE 3/2 on
8:0 + 10:0 diet). Specifically, the 12:0 diet significantly ele-
vated serum TC, LDL-C, HDL-C, HDL2-C, and HDL3-C in
subjects with apoE 3/3, while the same subjects consuming
the 8:0 + 10:0 diet showed significant increases only in serum
TC and HDL3-C. Serum LDL-C increased and TG decreased
when individuals with apoE 3/2 consumed the 12:0 diet.
There was a trend toward elevated and reduced serum HDL2-
C on the 12:0 diet and 8:0 + 10:0 diet, respectively, in all sub-
jects with different apoE phenotypes. In Study II (Table 4),
individuals with apoE 4/3 consuming the 14:0 diet showed
significant increases in serum TC, HDL-C and HDL2-C, but
the same subjects consuming the 16:0 diet showed significant
increases in serum TC and LDL-C. There were no significant
changes from baseline in lipid and lipoprotein levels when
subjects with different apoE phenotypes consumed the 18:0
diet (with the exception of apoE 3/3).

Changes in variables associated with reverse cholesterol
transport. In comparison to values measured on the baseline
diet, the rate of CETP from HDL to VLDL + LDL tended to
increase on all of the Study II diets (14:0, 16:0, 18:0), but only

the mean increase from baseline in subjects with apoE 3/2 con-
suming the 14:0 diet was statistically significant (Table 5). The
12:0 diet raised the rate of cholesterol ester transfer whereas
the 8:0 + 10:0 diet tended to decrease the rate of cholesterol
ester transfer in all subjects among all apoE phenotypes, but
none of the changes was significant (with the exception of
apoE 3/3 consuming the 12:0 diet). The rate of cholesterol es-
terification (LCAT) increased in subjects with apoE 3/3 and
3/2 consuming the 12:0 diet but tended to decline nonsignifi-
cantly on the 18:0 diet for all apoE phenotypes (Table 5).

Changes in LDL receptor activity in MNC. In Study I
(Table 5), in subjects with apoE 3/3, the rate of receptor-me-
diated 125I-LDL degradation significantly declined on 12:0
diet and increased on 8:0 + 10:0 diet. On the other hand, data
shown in Table 5 illustrate that the 12:0 diet tended to reduce
LDL binding while the 8:0 + 10:0 diet enhanced LDL bind-
ing significantly in subjects with apoE 3/3. In Study II (Table
5), only subjects with apoE 3/3, the most common apoE phe-
notype, consuming the 16:0 diet showed a significant de-
crease in the rate of receptor-mediated 125I-LDL degradation.

Effect of interactions between experimental diets and apoE
phenotypes. In both Study I and Study II, two-way ANOVA
was used to determine interactions between experimental
diets and apoE phenotypes, as well as their independent ef-
fects (Table 6 and Table 7). There were no statistically (P <
0.05) significant interactions between experimental diets and
apoE phenotypes for variables analyzed in both studies al-
though the effect of interactions on LDL-C (P = 0.0669) ap-
proached significance in Study II. However, an analysis of the
independent effects of experimental diets and apoE pheno-
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TABLE 4
Changes from Baselinea in Serum TC, TG, and Lipoprotein Cholesterol Levels 

TC TG LDL-C HDL-C HDL2-C HDL3-C
(mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL)

Study I
MCT diet

E3/2 (n = 3) −3.5 ± 16.2 5.0 ± 5.7 −5.8 ± 5.6 1.2 ± 2.7 −3.3 ± 0.9 4.6 ± 2.8
E3/3 (n = 11) 10.9 ± 4.9 (P = 0.049) 1.1 ± 4.8 10.2 ± 4.8 0.5 ± 1.3 −3.4 ± 1.6 3.9 ± 1.0 (P = 0.0043)
E4/3 (n = 3) 22.1 ± 4.6 (P = 0.041) 5.7 ± 9.4 22.6 ± 8.0 −1.6 ± 1.6 −5.2 ± 0.9 (P = 0.031) 3.6 ± 1.6

Lauric acid diet 
E3/2 (n = 3) 34.6 ± 7.2 (P = 0.041) −11.2 ± 1.1 (P = 0.0098) 29.1 ± 6.0 (P = 0.041) 7.7 ± 4.1 3.0 ± 2.7 4.6 ± 1.4
E3/3 (n = 12) 15.0 ± 5.0 (P = 0.012) −5.3 ± 6.2 11.2 ± 5.0 (P = 0.046) 4.9 ± 1.6 (P = 0.013) 2.3 ± 1.1 (P = 0.050) 2.5 ± 1.0 (P = 0.040)
E4/3 (n = 3) 21.7 ± 5.1 (P = 0.050) 17.2 ± 3.2 (P = 0.033) 14.6 ± 8.7 3.6 ± 3.9 0.7 ± 2.7 2.9 ± 1.7

Study II
Myristic acid diet

E3/2 (n = 4) 13.9 ± 6.4 8.2 ± 12.5 11.1 ± 5.9 0.2 ± 2.5 2.4 ± 3.5 −2.2 ± 3.2
E3/3 (n = 9) 5.3 ± 7.1 −18.4 ± 7.1 (P = 0.032) 2.4 ± 7.7 −0.6 ± 2.8 −1.5 ± 3.4 0.9 ± 2.1
E4/3 (n = 3) 22.6 ± 3.6 (P = 0.025) 14.4 ± 12.1 4.8 ± 5.5 14.9 ± 1.5 (P = 0.010) 10.1 ± 1.5 (P = 0.022) 4.7 ± 2.1

Palmitic acid diet
E3/2 (n = 4) 5.2 ± 3.4 −4.6 ± 8.8 −2.5 ± 3.6 6.5 ± 3.8 4.7 ± 4.9 1.8 ± 2.1
E3/3 (n = 8) 11.5 ± 5.6 3.5 ± 11.3 7.2 ± 3.3 0.3 ± 4.1 3.5 ± 3.3 −1.4 ± 1.2
E4/3 (n = 3) 46.9 ± 10.9 (P = 0.050) −7.2 ± 16.9 44.4 ± 8.9 (P = 0.038) 0.6 ± 3.2 −0.8 ± 4.6 1.4 ± 5.2

Stearic acid diet
E3/2 (n = 4) −18.1 ± 13.7 5.2 ± 16.1 −17.8 ± 10.3 −2.9 ± 2.9 −0.2 ± 2.9 −2.6 ± 2.6
E3/3 (n = 10) −9.2 ± 5.4 −4.7 ± 8.0 −7.4 ± 5.0 0.2 ± 4.5 2.2 ± 2.3 −3.8 ± 1.5 (P = 0.037)
E4/3 (n = 3) 6.1 ± 5.6 4.4 ± 13.9 5.8 ± 3.8 −0.5 ± 1.0 1.9 ± 1.9 −2.4 ± 2.4

aMean ± SEM = mean ± standard error of mean. Significant difference between baseline diet and experimental diet (P value) according to paired t-test. TC, total
cholesterol; TG, triglycerides; LDL-C, low density lipoprotein-cholesterol; HDL-C, high density lipoprotein-cholesterol. See Table 1 for other abbreviation.



types showed that the 8:0 + 10:0 and 12:0 diets in Study I had
significant influences on HDL-C, HDL2-C, CETP, receptor-
mediated 125I-LDL degradation and binding, while the 14:0,
16:0, and 18:0 diets in Study II showed significant effects on
TC, LDL-C, and receptor-mediated 125I-LDL degradation.
With respect to the independent effect of apoE phenotype, the
serum TC and LDL-C responses to the 14:0, 16:0, and 18:0
diets in Study II were regulated by apoE phenotypes. 

Stepwise regression analysis. Race (Asian, African-Amer-
ican, and Caucasian), diet (8:0 + 10:0, 12:0, 14:0, 16:0, and
18:0), and apoE phenotype (E2, E3, and E4) were used in a
stepwise regression analysis as dummy variables. Diet and
apoE phenotype entered the regression model as significant
factors explaining the variation in serum TC, LDL-C, and
125I-LDL degradation responses to experimental diets. The
regression equations were described as follows: (i) change of
TC = 8.65 − 23.28 (18:0) + 23.98 (E4), the partial R2 =
0.2579, 0.1420, and the model R2 = 0.3999; (ii) change of
LDL-C = 3.36 − 16.05 (18:0) + 22.85 (E4), the partial R2 =
0.1826, 0.1663, and the model R2 = 0.3489; (iii) change of
125I-LDL degradation = −1.60 − 6.73 (16:0) + 7.05 (E2), the
partial R2 = 0.1639, 0.1666, and the model R2 = 0.3305.

DISCUSSION

This was a controlled dietary intervention study in which the ef-
fects of apoE phenotypes on serum lipid and lipoprotein re-
sponses to five different SFA diets were investigated. The five
SFA diets were medium-chain triglycerides (MCT) (8:0 + 10:0),

lauric acid (12:0), myristic acid (14:0), palmitic acid (16:0), and
stearic acid (18:0). In order to maximize their individual effects,
these SFA were administered in amounts 2 to 10 times higher
than those typically selected in an American diet.

Recently, considerable evidence has accumulated that sug-
gests that apoE polymorphism may affect the serum lipid and
lipoprotein responses to dietary intervention (5,9–14,23–33).
A summary of a variety of studies of dietary-induced changes
in serum lipids and lipoproteins in relation to apoE phenotype
is shown in Table 8. Some studies demonstrated greater serum
lipid and lipoprotein responses in individuals carrying the
apoE 4 allele (apoE 4/3 or apoE 4/4) (9–14) while others
failed to have the same conclusion (5,23–33). These various
findings can be attributed, at least in part, to differences be-
tween these studies in the subjects’ age and gender, composi-
tion of the baseline diet and experimental diet, content of fat
and/or cholesterol, and the length of the period of dietary in-
tervention. In addition, such characteristics as individual
apoE phenotypes, subject’s individual variation, and/or other
genetic factors may also play a role in the serum lipid and
lipoprotein responses to dietary manipulation. Among those
studies (Table 8), most either modified the amounts of dietary
fat and cholesterol or adjusted the ratio of polyunsaturated fat
to saturated fat. There have been few studies (5) elucidating
the effect of varied apoE phenotypes on the response to ma-
nipulation of dietary SFA. Like most studies (Table 8), how-
ever, the present report also found that subjects with apoE 4/3
showed the greatest lipid and lipoprotein responsiveness to
dietary manipulation but only to certain SFA diets. This re-
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TABLE 5
Changes from Baselinea in Variables Associated with Reverse Cholesterol Transport and LDL Receptor Activity in Mononuclear Cell (MNC)

CETP LCAT Receptor-mediated 125I-LDL Binding of 125I-LDL by
(nmol/mL/h) (nmol/mL/h) degradation in MNC MNC LDL receptors 

(ng/h/106 MNC) (ng/106 MNC)

Study I
MCT diet

E3/2 (n = 3) −1.7 ± 5.9 −1.3 ± 0.3 2.6 ± 2.3 3.7 ± 5.2
E3/3 (n = 11) 0.8 ± 1.2 5.2 ± 5.3 4.9 ± 1.6 (P = 0.014) 4.4 ± 1.8 (P = 0.038)
E4/3 (n = 3) −3.8 ± 4.3 −1.5 ± 9.6 6.7 ± 3.9 5.3 ± 1.8

Lauric acid diet
E3/2 (n = 3) 2.4 ± 1.5 7.3 ± 0.4 (P = 0.0029) −3.3 ± 4.4 −4.1 ± 3.7
E3/3 (n = 12) 5.3 ± 1.4 (P = 0.0033) 7.2 ± 2.1 (P = 0.0057) −2.8 ± 0.8 (P = 0.0052) −2.0 ± 1.4
E4/3 (n = 3) 6.8 ± 2.6 13.8 ± 7.8 −0.5 ± 0.5 0.0 ± 5.2

Study II
Myristic acid diet

E3/2 (n = 4) 6.2 ± 1.5 (P = 0.029) −2.7 ± 5.4 4.8 ± 2.9 −4.5 ± 8.3
E3/3 (n = 9) 8.1 ± 7.1 1.8 ± 9.5 −0.1 ± 2.9 −8.9 ± 4.6
E4/3 (n = 3) 3.8 ± 2.0 12.5 ± 6.7 −0.2 ± 3.2 −4.8 ± 15.2

Palmitic acid diet
E3/2 (n = 4) 4.0 ± 2.5 −1.4 ± 4.5 −0.5 ± 3.9 1.8 ± 0.7
E3/3 (n = 8) 4.6 ± 3.1 −0.4 ± 2.4 −9.7 ± 2.2 (P = 0.0034) −4.3 ± 4.7
E4/3 (n = 3) 22.6 ± 11.7 11.2 ± 15.5 −1.4 ± 5.4 −3.9 ± 2.7

Stearic acid diet
E3/2 (n = 4) 6.9 ± 3.0 −1.6 ± 4.4 5.2 ± 3.3 −2.5 ± 4.6
E3/3 (n = 10) 2.2 ± 2.6 −5.2 ± 3.2 −3.5 ± 1.6 8.1 ± 7.1
E4/3 (n = 3) 3.9 ± 1.8 −7.4 ± 6.6 2.7 ± 5.0 0.9 ± 7.1

aMean ± SEM = mean ± standard error of mean. Significant difference between baseline diet and experimental diet (P value) according to paired t-test. See
Tables 1 and 3 for abbreviations.



sult may be due to the characteristics of the individual SFA,
since SFA may not have the same influence on lipoprotein
metabolism. Interestingly, in this report, there were no effects
of apoE phenotype on any of the variables measured in both
Study I and Study II when subjects consumed a baseline diet
providing higher polyunsaturated fat (Table 2 and Table 3). It
may be possible to hypothesize that the high polyunsaturated
fat diet has its own hypocholesterolemic effect regardless of
apoE phenotypes. In addition, Cobb and Risch (30, Table 8)
reported that the degree of change in dietary saturated fat con-
tent was one of the most significant predictors of responses of
plasma LDL-C to dietary intervention. According to results
from stepwise regression analyses, 14% of the variance in
change of serum TC and 16% of the variance in change of
serum LDL-C were explained by apoE 4/3 phenotype. Al-
though there were Asians and African-Americans in both
Study I and Study II, ethnic difference did not contribute to
serum lipid and lipoprotein (except for TG in Study II) re-
sponses to experimental diets. Therefore, the present study
was a well-controlled feeding study designed to investigate
whether the effects of different SFA on serum TC and
lipoprotein cholesterol depend on the apoE phenotype in
healthy premenopausal women.

Does apoE polymorphism influence SFA-induced serum
lipoprotein responses? It is known that SFA have different

cholesterolemic effects on the serum lipids and lipoproteins
(4–8). The MCT (8:0 + 10:0) are thought not to raise choles-
terol concentrations (4), while myristic acid (14:0) and
palmitic acid (16:0) raise both serum total and LDL-C (4,5).
Stearic acid (18:0) is considered neutral owing to its failure
to increase either serum TC or LDL-C levels because of poor
absorption and possible conversion to oleic acid (18:1) (6,34).
With respect to effects of the apoE phenotypes on lipoprotein
metabolism, it has been known that chylomicron remnants
with apoE 2 on the surface are poorly recognized by recep-
tors which results in accumulation of these particles in plasma
(3), while clearance of chylomicron remnants is more rapid
and cholesterol absorption is more enhanced in individuals
with the apoE 4 phenotype (35,36). Therefore, when taking
apoE polymorphism into account, the magnitude of choles-
terolemic effects described above may not stay the same. In
the present report, changes from baseline showed that both
the 12:0 diet and 8:0 + 10:0 diet induced significant increases
in serum TC in subjects with different apoE phenotypes (with
the exception of apoE 3/2 in the 8:0 + 10:0 group) in contrast
to previous reports suggesting 8:0 + 10:0 was neutral (4). The
16:0 diet significantly raised both serum TC and LDL-C in
subjects with apoE 4/3. It is not clear that the cause of in-
creased atherogenic factors in subjects with apoE 4/3 con-
suming the 16:0 diet is due to the hypercholesterolemic prop-
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TABLE 6
Least Squares Meansa of Changes from Baseline in Serum TC, TG, and Lipoprotein Cholesterol Levels Analyzed by ApoE Phenotypes and Experi-
mental Diets

TC TG LDL-C HDL-C HDL2-C HDL3-C
(mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL)

Study I
ApoE phenotypes

E3/2 15.5 ± 7.0 −3.1 ± 6.6 11.7 ± 6.4 4.5 ± 2.0 −0.1 ± 2.0 4.6 ± 1.3
E3/3 13.5 ± 3.6 −2.6 ± 3.4 11.5 ± 3.3 2.5 ± 1.7 −0.8 ± 1.0 3.3 ± 0.6
E4/3 21.9 ± 7.0 11.4 ± 6.6 18.6 ± 6.4 1.0 ± 2.0 −2.2 ± 2.0 3.2 ± 1.3

Experimental diets
8:0 + 10:0 10.2 ± 4.7 3.6 ± 5.3 9.5 ± 5.3 −0.0 ± 1.6a −4.2 ± 0.9a 4.1 ± 1.1
12:0 23.8 ± 4.7 0.2 ± 5.2 18.3 ± 5.3 5.4 ± 1.6b 2.0 ± 0.9b 3.3 ± 1.1

Main effects
Phenotype NSc NS NS NS NS NS
Diet NS (P = 0.0608) NS NS P = 0.0305 P = 0.0004 NS

Interactionb NS (P = 0.0822) NS NS NS NS NS

Study II
ApoE Phenotypes

E3/2 0.3 ± 4.3a 2.9 ± 10.0 −3.0 ± 4.4a 1.2 ± 2.9 2.3 ± 2.5 −1.0 ± 1.4
E3/3 2.8 ± 2.8a −7.0 ± 6.6 1.3 ± 3.0a 0.9 ± 1.9 1.4 ± 1.7 −1.5 ± 0.9
E4/3 25.2 ± 5.0b 3.8 ± 11.6 18.3 ± 5.1b 4.9 ± 3.3 3.7 ± 2.9 1.2 ± 1.7

Experimental diets
14:0 13.4 ± 5.2a 0.9 ± 5.8 5.5 ± 4.4a,b 4.9 ± 2.7 3.6 ± 2.2 1.3 ± 1.5
16:0 22.0 ± 5.2a −2.8 ± 5.8 17.5 ± 4.5a 3.4 ± 2.7 2.5 ± 2.2 0.3 ± 1.5
18:0 −7.0 ± 5.2b 1.6 ± 5.7 −6.4 ± 4.4b −1.0 ± 2.6 1.2 ± 2.2 −3.0 ± 1.5

Main effects
Phenotype P = 0.0033 NS P = 0.0176 NS NS NS
Diet P = 0.0017 NS P = 0.0035 NS NS NS

Interactionb NS NS NS (P = 0.0669) NS NS NS
aLSMEAN ± SEM = least squares means ± standard error of LSMEAN.
bMain effects of diet and phenotype and interaction were determined by two-way analysis of variance of General Linear Model (GLM) procedure.
cNS = not significant. Values with different superscripts (a,b) within a data set are significantly different (P < 0.05). See Table 4 for other abbreviations.



erty of the palmitic acid (4,5) or the greater responsiveness of
apoE 4 (9–14) or interaction of both. The 18:0 diet tended to
decrease LDL-C concentrations. Taken together, all variations
regarding the cholesterolemic responses to dietary interven-
tion providing enhanced individual SFA may be associated
with the different metabolism of lipoproteins regulated by the
apoE polymorphism. For example, Kesaniemi et al. (36) re-
ported that subjects with apoE 2 showed lower intestinal cho-
lesterol absorption efficiency than those with the apoE 4. Mi-
ettinen et al. (28) also showed that subjects with apoE 2 have
more effective bile acid and cholesterol syntheses, fecal elim-
ination of cholesterol, removal of LDL apoB, and low cho-
lesterol absorption. In the present study, results from statisti-
cal analysis by two-way ANOVA showed that there were no
significant interactions between experimental diets and apoE
phenotypes although the interaction between the saturated
fats in Study II and apoE phenotypes for LDL-C responsive-
ness (P = 0.0669) was close to a significant level (Table 6 and
Table 7). However, with respect to the independent effects of
experimental diets and apoE phenotypes, we found that serum
TC and LDL-C level were independently regulated by apoE
polymorphism: apoE 4/3 increased levels of TC and LDL-C
the most, when subjects consumed the experimental diets in
Study II (14:0, 16:0, and 18:0 diets).

Does apoE phenotype influence parameters related to re-
verse cholesterol transport? In a previous report (37), in
which apoE polymorphism was not taken into account, we
demonstrated that SFA had different effects on HDL-C in
healthy women. For example, the 12:0 diet significantly
raised HDL-C fractions (HDL2-C and HDL3-C), and the con-
centration of HDL2-C declined and HDL3-C increased in
serum when subjects consumed 8:0 + 10:0, while 14:0 and
16:0 diets had no significant effect on the HDL-C fractions
compared to the baseline diet (37). With respect to the influ-
ences of apoE phenotype on this aspect, Martin et al. (31)
found that there was a significant effect of apoE phenotype
on both the HDL-C and CETP responses to a high cholesterol
diet. In their study, subjects with apoE 4/3 had a small in-
crease in CETP and a large increase in plasma HDL-C
whereas the apoE 3/2 subjects showed the opposite associa-
tion (31). In the present study, the 12:0 diet significantly
raised both HDL-C-including HDL fractions and CETP in the
apoE 3/3 group, the most common apoE phenotype. In addi-
tion, no consistencies existed in the experimental diet-in-
duced changes of the rate of LCAT among apoE phenotypes.
Overall, statistical analysis of the independent effects of ex-
perimental diets and apoE phenotypes showed that apoE
polymorphism had no significant influence on parameters re-
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TABLE 7
Least Squares Meansa of Changes from Baseline in Variables Associated with Reverse Cholesterol Transport and LDL Receptor Activity in
Mononuclear Cell (MNC) Analyzed by ApoE Phenotypes and Experimental Diets

CETP LCAT Receptor-mediated 125I-LDL Binding of 125I-LDL by
(nmol/mL/h) (nmol/mL/h) degradation in MNC MNC LDL receptors 

(ng/h/106MNC) (ng/106MNC)
______________________________________________________________________________________________________________________________
Study I
ApoE phenotypes

E3/2 0.3 ± 2.2 3.0 ± 5.4 −0.3 ± 1.9 −0.2 ± 1.8
E3/3 2.8 ± 1.1 6.0 ± 2.8 0.9 ± 1.0 1.2 ± 0.9
E4/3 1.5 ± 2.2 6.1 ± 5.4 3.1 ± 1.9 2.6 ± 1.8

Experimental diets
8:0 + 10:0 −1.7 ± 1.5a 0.6 ± 3.4 4.6 ± 1.3a 4.5 ± 2.1a

12:0 4.8 ± 1.4b 9.4 ± 3.4 −2.2 ± 1.3b −2.0 ± 2.1b

Main effects
Phenotype NSc NS NS NS
Diet P = 0.0075 NS (P = 0.0928) P = 0.0025 P = 0.0460

Interactionb NS NS NS NS

Study II
ApoE phenotypes 

E3/2 5.7 ± 3.0 −1.9 ± 4.0 3.2 ± 1.7a −1.7 ± 5.4
E3/3 4.6 ± 2.0 −1.6 ± 2.7 −4.3 ± 1.2b −1.7 ± 3.6
E4/3 10.1 ± 3.4 5.4 ± 4.6 0.3 ± 2.0ab −2.6 ± 6.2

Experimental diets
14:0 10.0 ± 3.7 2.6 ± 5.0 −3.6 ± 2.1 −1.0 ± 4.1
16:0 6.1 ± 3.6 3.9 ± 4.9 1.3 ± 2.1 −7.2 ± 4.0
18:0 4.4 ± 3.6 −4.7 ± 4.8 1.4 ± 2.1 2.1 ± 4.0

Main effects
Phenotype NS NS P = 0.0093 NS
Diet NS NS NS NS

Interactionb NS NS NS NS
aLSMEAN ± SEM = least squares means ± standard error of LSMEAN.
bMain effects of diet and phenotype and interaction were determined by two-way analysis of variance of General Linear Model (GLM) procedure.
cNS = not significant. Values with different superscripts (a,b) within a data set are significantly different (P < 0.05).
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TABLE 8
Summary of a Variety of Studies of Dietary-Induced Changes in Plasma Lipids and Lipoproteins in Relation to ApoE Phenotype

Investigator,
Subject Diet Period ApoE phenotype showing a significant dietary-induced change in:

date (Ref. no.) TC TG LDL-C HDL-C

Fisher et al., E3/2 (n = 3) Corn oil diet vs. coconut oil diet 18 d NS NS NS NS
1983 (23) E3/3 (n = 5)
Miettinen et al., E2 (n = 6) Low-fat/low-cholesterol 5–6 wk E4a NA E4a E4a, E2 
1988 (9) E4 (n = 10) (150–200 mg/d) vs. 

low-fat/high-cholesterol 
(900 mg/d)

Gylling et al., E2 (n = 8) Low-fat/low-cholesterol (24%, 6 wk E3, E4a NA E3, E4a E2
1989 (10) E3 (n = 9) 210 mg/d) vs. low-fat/high E3, E4a

E4 (n = 12) cholesterol (24%, 880 mg/d)
Tikkanen et al., E3/2 (n = 12) Low-fat/high P/S diet 6 or 12 wk E4/4a NS E4/4a NS
1990 (11) E3/3 (n = 48) vs. usual diet

E4/3 (n = 42)
E4/4 (n = 8)

Savolainen et al., E3/3 (n = 23) Low-fat/low-cholesterol 4 wk E3/3, E4 E3/3 E3/3, E4 E3/3, E4
1991 (24) E4 (n = 21) (25% fat, 240 mg/12.6 MJ)

vs. high-fat/high-cholesterol
(38% fat, 420 mg/12.6 MJ)

Boerwinkle et al., E3/2 (n = 13) Low-cholesterol diet (300 mg/d) 3 wk NS NS NS NS
1991 (25) E3/3 (n = 48) vs. high-cholesterol diet 

E4/3 (n = 10) (1700 mg/d)
Gaddi et al., E3/2 (n = 7) Low-fat/low cholesterol 4 wk E3/3, E4/3 NA E3/3, E4/3 NA 
1991 (26) E3/3 (n = 9) (25% fat, 120–250 mg/d)

E4/3 (n = 4) vs. soy protein diet (25% fat,
<10 mg/d, 15% soy protein)

Uusitupa et al., E3/3 (n = 12) High-fiber diet (29.8 g oat bran 8 wk E3/3a NA E3/3a NA 
1992 (27) E4 (n = 7) or 20.5 g wheat bran)
Miettinen et al., E2 (n = 8) Low-fat/low-cholesterol 5 wk E2, E3, E4 NS E2, E3, E4 E4
1992 (28) E3 (n = 9) (24% fat, 208 mg/d) vs. basal

E4 (n = 12) diet (38% fat, 574 mg/d)
Lehtimaki et al., E3/2 (n = 9) High-cholesterol diet 3 wk E3/2 E3/2 E3/2 E3/2
1992 (12) E3/3 (n = 11) (750 mg/d) vs. usual diet E3/3 E3/3 E3/3 E3/3

E4/3 (n = 13) E4/3 E4/3 E4/3 E4/3
E4/4 (n = 3) E4/4 E4/4 E4/4a E4/4

Jenkins et al., E2 (n = 13) High-fiber diet (6.8 g/1000 kcal 2 wk E2a NS E2a NS
1993 (29) E3 (n = 38) oat bran or wheat bran)

E4 (n = 16) vs. usual diet
Cobb and Risch, E3/2 (n = 13) Low P/S vs. high P/S NA NA NS NA
1993 (30) E3/3 (n = 44)

E4/3 (n = 8)
E4/4 (n = 2)

Martin et al., E3/2 (n = 5) Low-cholesterol diet 35 d NS NS NS E3/3
1993 (31) E3/3 (n = 11) (80 mg/1000 kcal) vs. E4/3

E4/3 (n = 14) high-cholesterol diet
(320 mg/1000 kcal)

Lopez-Miranda E3/2 (n = 17) Cholesterol-lowering diet (26% 4–24 wk E3/2 E4/3 E3/2 E3/2
et al., 1994 (13) E3/3 (n = 94) fat, 201 mg/d) vs. American E3/3 E3/3 E3/3

E4/3 (n = 17) diet (39% fat, 435 mg/d) E4/3 E4/3a E4/3a

Sarkkinen et al., E3/2 or E4/2 Monoene-enriched diet 6 mon NS NA E3/3a NA
1994 (32) (n = 3) (38% fat, S/M/P = 14:18:6)

E3/3 (n = 27) vs. control diet (38% fat, 
E4/3 (n = 10) S/M/P = 18:15:5)

Dreon et al., E3/2 (n = 10) High-fat diet (46%) vs. 6 wk E3/3 E3/3 E3/2, E3/3 E3/3
1995 (14) E3/3 (n = 65) low-fat diet (24%) E4a E4 E4 E4 

E4 (E4/3, 4/4) (n = 28)
Zambon et al., E3/2 (n = 27) Hypolipidemic diet (31% fat, 12 wk NS NS NS NS
1995 (33) E3/3 (n = 48) S/M/P = 7:19:5) vs. basal diet

E4/3 (n = 47) (40% fat, S/M/P = 12:22:6)
Park et al., E3/2 (n = 3) 12:0 + 14:0, 14:0 + 16:0, 4 wk NS NS NS NS
1996 (5) E3/3 (n = 14) 16:0 + 18:0 (39% fat, 

S/M/P = 15:17:7)
aApoE phenotype showing the significantly greatest response. NS = no significant effect of apoE phenotype on the response to dietary manipulation.
NA = not applicable. See Table 4 for other abbreviations. P/S = polyunsaturated/saturated; S/M/P = saturated/monounsaturated/polyunsaturated.



lated to reverse cholesterol transport regardless of experimen-
tal diets, whereas the experimental diets in Study I had sig-
nificant effects on HDL-C and HDL2-C, the 12:0 diet in-
creased their serum levels, and the 8:0 + 10:0 diet lowered
them. We may hypothesize that variations in reverse choles-
terol transport system induced by the dietary manipulation are
regulated not by apoE polymorphism but by certain SFA.

Is experimental diet-induced LDL-receptor mediated LDL
metabolism regulated by apoE polymorphism? Since the
steady-state concentrations of LDL-C in blood are predomi-
nantly a function of the rate of LDL-C production and the ac-
tivity of the LDL-receptor, the SFA fed in cholesterol-con-
taining diets have been found to enhance LDL-C production
and reduce LDL-receptor activity (34). In addition, LDL-re-
ceptor activity in MNC has been shown to reflect the LDL-
receptor activity in liver (38). In both Study I and Study II,
MNC were isolated from fresh fasting blood to detect the
LDL-receptor activity. In Study I, all apoE phenotypes con-
suming the 12:0 diet tended to decrease the receptor-medi-
ated degradation of 125I-LDL in MNC. This reduction may
help explain why the 12:0 diet significantly raised both serum
TC and LDL-C among all apoE phenotypes in the present
study. Surprisingly, the 8:0 + 10:0 diet significantly induced
the elevation of both receptor-mediated degradation and bind-
ing of 125I-LDL in subjects with apoE 3/3 phenotypes. It has
been known that apoE 4 may increase the intrahepatic pool of
cholesterol, downregulate hepatic cholesterol synthesis and
LDL receptor activity, and eventually elevate serum LDL-C
levels, while the reduced binding affinity seen in subjects
with apoE 2 may upregulate LDL receptor activity and in-
crease LDL-C clearance (3,39). In the present study, however,
the independent effect of apoE polymorphism on receptor-
mediated degradation of 125I-LDL in MNC was significant (P
= 0.0093) only when subjects consumed the experimental
diets in Study II (14:0, 16:0, and 18:0 diets) (Table 7). Com-
pared to experimental diets in Study II, the 8:0 + 10:0 and
12:0 diets in Study I seemed to be more responsible for varia-
tion of LDL receptor-mediated degradation (P = 0.0025) and
binding (P = 0.046) of 125I-LDL in MNC (Table 7). It seems
that the effect of apoE polymorphism on the response of re-
ceptor-mediated mechanisms to experimental diets may de-
pend on the characteristics of individual saturated fats.

In summary, serum TC and LDL-C responses to the 14:0,
16:0, and 18:0 diets were regulated, in part, by apoE polymor-
phism, because subjects with apoE 4/3 responded well to the
dietary manipulation providing certain SFA enhanced at lev-
els above usual intake (Table 6). According to findings of the
present report, it is possible to hypothesize that variations in
the serum lipid and lipoprotein responses to dietary interven-
tion providing enhanced individual SFA may be associated
with differences in lipoprotein metabolism regulated in part
by apoE polymorphism. However, since there were only three
or four subjects in either the apoE 3/2 or apoE 4/3 groups par-
ticipating in the present dietary intervention studies (both
Study I and Study II), more controlled studies with larger sub-
ject sample sizes are needed. It is also important to study the

less common phenotypes such as apoE 2/2, apoE 4/4, and
apoE 4/2.
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ABSTRACT: Oxidative modification of low density lipopro-
tein (LDL) plays an important role in the process of atheroscle-
rosis. The susceptibility of LDL to oxidation and the amount of
peroxidation products formed are influenced by the lipoprotein
content of 18:1n-9, 18:2n-6, and the 18:2n-6/18:1n-9 ratio,
which is dependent in part on dietary fatty acids. The purpose
of this study was to determine if changing from a typical Ameri-
can diet to a low-fat, monounsaturate-rich diet (LFMR) would
result in favorable alterations in the fatty acid composition and
oxidative profile of LDL in hypercholesterolemic individuals.
Free-living postmenopausal hypercholesterolemic women who
routinely consumed a diet moderately high in total fat and total
saturates (34 and 11%, respectively) followed an LFMR diet
(26% fat, 6% saturated fat, and 14% monounsaturated fat) for 6
mon. Sixteen postmenopausal hypercholesterolemic women al-
ready following standard low-fat (LF) diets acted as a control for
seasonal variations in serum lipids. LDL from randomly selected
subjects (LF n = 6, LFMR n = 5) was evaluated. LFMR diets re-
sulted in LDL with increased concentrations and percentages of
18:1n-9, reduced 18:2n-6/18:1n-9 ratio, and lower percentages
of 18:2n-6. No significant changes in LDL fatty acids occurred
in the LF group. Conjugated diene lag time increased in both
groups during copper-induced in vitro oxidation. Only the
LFMR group experienced an increase in lipid peroxide lag time
and a decrease in lipid peroxide formation. The LFMR diet was
well tolerated and may be of therapeutic value in the treatment
of hypercholesterolemia. 
Lipids 33, 149–157 (1998).

Oxidative modification of low density lipoprotein (LDL) is
thought to play an important initiating role in the process of
atherosclerosis (1–6). Diets high in monounsaturated fatty

acids (MUFA) have been shown to enrich LDL with oleic
acid and result in lipoprotein particles that are more resistant
to oxidation and produce less conjugated dienes (CD), lipid
peroxides (LP), or malondialdehyde (MDA), relative to LDL
rich in polyunsaturated fatty acids (PUFA) (7–12). The rate
and extent of LDL oxidation during in vitro studies have been
shown to be influenced by the fatty acid content of the
lipoprotein. The amount of LDL oxidative products gener-
ated, and to a lesser extent the oxidative rate, have been posi-
tively associated with the ratio of 18:2n-6 to 18:1n-9,
%18:2n-6, and %PUFA, and inversely correlated with
%18:1n-9 and %MUFA (7,9,11,12). The influence of LDL
fatty acid composition on lag time has been less clear
(7,11,13–15).

To date, experimental diets used to alter the fatty acid com-
position and oxidative profile of human LDL have been rela-
tively high in fat (34–45% energy) and consumed for only a
few weeks. High MUFA diets often have been compared to
high PUFA diets to determine efficacy, so it is not certain if
high MUFA diets actually improve baseline oxidative resis-
tance of LDL. In general, most of the experimental diets em-
ployed in previous studies do not reflect standard therapeutic
practices for treating hypercholesterolemia. Current dietary
guidelines for the prevention of coronary heart disease rec-
ommend that individuals consume <30% energy from fat and
<10% from saturated fat (SFA), with MUFA making up the
majority of dietary fat. The impact of such dietary modifica-
tions on the lipid composition and oxidative susceptibility of
LDL has not been studied. It was the purpose of this investi-
gation to determine if the fatty acid profile and oxidative po-
tential of LDL can be altered when hypercholesterolemic in-
dividuals change from typical American diets to low-fat,
high-MUFA diets.

SUBJECTS AND METHODS

Study design. This study was approved by the Institutional
Review Board of the University of Florida. Thirty-six free-
living healthy postmenopausal hypercholesterolemic women
participated in this study. Twenty subjects habitually consum-
ing a typical American diet (34% fat, 11% saturated fat) were
placed on an experimental low-fat monounsaturate-rich diet
(LFMR) for 6 mon. Sixteen subjects already following a low-
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fat diet (LF) similar to the National Cholesterol Education
Program (NCEP) Step 1 guidelines were asked to continue
following their typical diets. LF subjects were used as cohorts
to monitor seasonal variation in lipids which might confound
the results of the study. LDL was isolated before and after the
experimental diet period from randomly selected subjects in
both groups (LFMR n = 8, LF n = 6). LDL fatty acid com-
position and in vitro formation of CD, LP, and MDA were
determined.

Subjects. Subjects were unpaid volunteers who gave in-
formed consent to participate in the study. These women
ranged in age from 50 to 65 yr, had fasting serum cholesterol
levels between 220 and 300 mg/dL (5.68–7.76 mmol/L), did
not smoke, were free of endocrine disorders, were not on hor-
mone replacement therapy, were not taking medications that
alter blood lipids, and discontinued all vitamin/mineral sup-
plements 3 mon prior to initiation of the study. 

The data from 12 of the participants were not used because
the women were unable to successfully complete the study
due to injury, illness, schedule conflicts, or noncompliance
with the study protocol. Three of these subjects were part of
the randomly selected LFMR subgroup used for the LDL
studies. Therefore, only the results of the subjects who suc-
cessfully completed the study are reported here (LFMR n =
5, LF n = 6).

Diet. The participants were taught how to weigh, measure,
and record all foods and beverages consumed. Subjects com-
pleted 7-d diet records prior to the initiation of the study and
on a monthly basis during the 6-mon experimental diet phase.
The nutrient composition of the initial and 6-mon diet records
were analyzed by computer (Professional Dietitian, Well-
source, Clackamas, OR). The database of the nutritional
analysis program was expanded to include specific processed
foods and information on the dietary fiber and vitamin E con-
tent of foods frequently eaten (16–27). 

A registered dietitian instructed the free-living participants
on their diet protocol, designed individualized daily eating
plans, and provided monthly nutrition classes and counseling
throughout the study. The LF and LFMR daily eating plans
were based on the NCEP Step 1 guidelines as outlined by the
American Heart Association (28). The energy distributions of
the LF and LFMR diets were <30% fat, 50–60% carbohy-
drate, and 15–20% protein. Dietary SFA was limited to <10%
energy, and dietary cholesterol was restricted to <300 mg/d.
Monounsaturated fat comprised 50–60% of the fat in the
LFMR diet. For convenience and to enhance compliance, a
majority of the monounsaturated fat in the LFMR diet was
supplied by a high-oleic acid peanut cultivar developed at the
University of Florida (Gainesville, FL) (29). This peanut con-
tains approximately 76–80% of the lipid as MUFA. Prepack-
aged daily rations of the dry roasted high-oleic peanuts were
given to the participants. Depending upon energy require-
ments, subjects consumed 35–68 g of peanuts per day. Small
amounts of olive oil and canola oil were allowed for cooking
purposes.

Subjects were asked to maintain weight and activity level

throughout the study. Dietary compliance was determined
through monthly telephone conversations and evaluation of
subject’s body weight and diet records.

Isolation of LDL. Approximately 60 mL blood was drawn
from randomly selected subjects after a 12-h fast. Subjects re-
frained from vigorous exercise and alcohol consumption for
24 h prior to donating blood. Serum was isolated, and 1 mL
proteolysis inhibitor (10 mg EDTA, 10 mg merthiolate, and
20 mg sodium azide per 100 mL) was added per 100 mL
serum. A Sorvall OTD-2 ultracentrifuge equipped with a
T865 rotor (Sorvall, Newton, CT) was used to isolate LDL by
sequential density gradient ultracentrifugation of serum (30)
at 4°C under N2. The KBr buffers used during ultracentrifu-
gation contained 0.01% EDTA to prevent oxidation during
the procedure (31). Isolated samples of LDL were dialyzed at
4°C with five changes of N2-flushed phosphate buffered
saline (PBS, pH 7.2) containing 0.01% EDTA.

LDL protein concentration. The protein concentration of
freshly dialyzed LDL was determined in triplicate by the
method of Lowry et al. (32) using bovine serum albumin
(BSA, Sigma Chemical Co., St. Louis, MO ) for the standard
curve. 

LDL fatty acid profile. The lipid from freshly dialyzed
LDL was extracted by a modified method of Bligh and Dyer
(33). During each step of the extraction and methylation
process, samples were flushed with N2 to prevent oxidation
of the lipids. The extract residue was dissolved in chloroform
with 0.05% butylated hydroxytoluene (BHT) and transferred
to 2 mL Pyrex® sample containers with Teflon-lined screw
caps. Samples were flushed with N2 and stored at −70°C until
the fatty acid analysis was performed at the end of the study.
The initial and final LDL samples were methylated (34) and
analyzed at the same time to minimize procedure variability.
Fatty acid methyl esters were analyzed using a Shimadzu GC-
14A gas chromatograph equipped with a flame ionization de-
tector and C-R5A Chromatopac integrator (Shimadzu, Kyoto,
Japan). A DB-225 capillary column, 30 m × 0.25 mm inter-
nal diameter (Alltech Associates, Deerfield, IL), was used at
a constant temperature of 200°C. Duplicate injections were
made for each LDL sample. Fatty acid methyl esters were
identified by comparison of peak retention times with a stan-
dard containing a mixture of fatty acid methyl esters (GLC-
68A; Nu-Chek-Prep, Inc., Elysian, MN). The fatty acid pro-
file was calculated by dividing the area of each peak by the
total area of the fatty acid peaks. The concentrations of indi-
vidual fatty acids were calculated by comparing the mean
area of each peak to the mean peak area of the 17:0 internal
standard (Nu-Chek-Prep). The results were expressed as µg
fatty acid/mg protein.

LDL oxidation studies. An aliquot of each freshly isolated
LDL sample was dispensed into 2 mL polystyrene cryovials
containing sufficient sucrose and EDTA for a final concentra-
tion of 20 and 0.01%, respectively. The samples were flushed
with N2 and stored at −20°C for oxidation experiments to be
conducted at the end of the study. Prior to the oxidation ex-
periments, each subject’s initial and final LDL samples were
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thawed and dialyzed together at 4°C in five changes of N2-
saturated PBS (pH 7.2) without EDTA.

Each LDL sample was diluted with PBS to a concentra-
tion of 50 µg protein/mL. In vitro oxidation of LDL was
induced by adding 5 µM CuSO4 to each sample and incu-
bating at 37°C for 4 h (35). Initial and final LDL samples
were analyzed at the same time. The production of CD 
was continuously monitored at 234 nm for 4 h in a DU-7
spectrophotometer (Beckman, Palo Alto, CA), and measure-
ments were recorded every 5 min. CD concentration was cal-
culated using the extinction coefficient 29,500 L mole−1 cm−1

(7). Lipid peroxides were measured every 30 min by an iodo-
metric method (36). Absorbance was measured at 365 nm
using a Beckman DU-40 spectrophotometer and the LP con-
centration was calculated from the extinction coefficient
24,600 L mole−1 cm−1. MDA was determined every 30 min
by a modification of the method of Tatum et al. (37). Thio-
barbituric acid-MDA adduct was measured using a Perkin
Elmer 204-A fluorimeter (Norwalk, CT) set at an excita-
tion wavelength of 515 nm and an emission wavelength of
553 nm.

Statistical analysis. Statistical analyses were performed on
data from the subgroups (LFMR n = 5, LF n = 6). Results are
expressed as the mean ± standard deviation. The initial and
final group mean values were compared by paired t-test.
Because the LF group was already following a low-fat 
diet and served the purpose as a cohort for determining
potential seasonal lipid variations, comparisons between the
two groups were not made. Correlations were performed be-
tween variables selected “a priori” to assess the impact of spe-
cific variables on LDL fatty acid composition and oxidation.
Statistical analyses were performed using the Microsoft
Excel™ 4.0 (Microsoft Corporation, Redmond, WA) statisti-
cal program.

RESULTS

Diet. The LFMR diet was well-tolerated by the subjects.
Table 1 summarizes the nutrient composition of the diets
consumed by the subjects. Both LF and LFMR subjects
reduced their reported energy intake during the study. The LF
group continued to follow the NCEP guidelines for a low 
fat diet. LFMR subjects successfully modified their eating
habits to meet the dietary guidelines by significantly reduc-
ing the amount of fat, saturated fat, and polyunsaturated 
fat consumed, and maintaining dietary cholesterol intake at
<300 mg/d. 

Overall, both diets provided at least 75% of the RDA for
major vitamins and minerals (data not shown). Dietary fiber
increased in the LFMR group, and Vitamin A and β-carotene
increased in the LF group. The standard deviation was high
for vitamin A, vitamin C, and β-carotene in both groups,
which probably reflects the varying consumption of foods
rich in these nutrients in this free-living population. High-
oleic peanuts contain approximately the same amount of vita-
min E as regular peanuts (7.8 mg α-tocopherol per 100 g edi-
ble portion) (23), and may have contributed to the slight in-
crease in vitamin E in the LFMR diet (P = 0.07). 

The fatty acid composition of the diet consumed by the
LFMR group was significantly altered (Table 2). The ratios
of SFA/UFA, PUFA/MUFA, SFA/fat, and PUFA/fat de-
creased and the ratio of MUFA/fat increased. A significant re-
duction in PUFA/fat was observed only in the LF group.

LDL fatty acid analysis. The fatty acid composition of
LDL was significantly altered in the LFMR group, but did not
change in the LF group (Table 3). The %18:0, %18:2n-6, and
%total PUFA decreased while %18:1n-9 and %total MUFA
increased in the LFMR LDL. The change in the proportion of
LDL MUFA was due to an increase in the concentration of
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TABLE 1
Daily Nutrient Intake of Postmenopausal Hypercholesterolemic Women on Low-Fat (LF) 
and Low-Fat, Monounsaturate-Rich (LFMR) Dietsa

LF baseline LF 6-mon LFMR baseline LFMR 6-mon
Nutrient value value value value

Energy (KJ) 6146 ± 1261 5694 ± 1364* 8970 ± 1615 7816 ± 1372*
Protein (g) 72 ± 16 81 ± 16 85 ± 20 94 ± 11
Carbohydrate (g) 228 ± 53 212 ± 58 279 ± 84 259 ± 60
Alcohol (g) 0.4 ± 0.9 0.3 ± 0.8 5 ± 12 3 ± 7
Total fat (g) 33 ± 13 24 ± 8 76 ± 16 54 ± 7*
Saturated fat (g) 9 ± 5 6 ± 1 22 ± 4 12 ± 2**
Monounsaturated fat (g) 11 ± 4 9 ± 5 26 ± 7 29 ± 4
Polyunsaturated fat (g) 6 ± 2 4 ± 2* 14 ± 5 5 ± 1*
Cholesterol (mg) 145 ± 61 122 ± 27 238 ± 93 144 ± 51
Dietary fiber (g) 16 ± 4 16 ± 2 11 ± 4 24 ± 5**
Vitamin A (µg) 1174 ± 359 2123 ± 951* 1992 ± 967 1307 ± 369
Vitamin C (mg) 136 ± 69 177 ± 70 220 ± 106 266 ± 60
Vitamin E (mg) 3 ± 2 3 ± 2 5 ± 1 8 ± 3
β-carotene (µg) 3412 ± 1949 9668 ± 4955* 8538 ± 4195 4741 ± 1669
aValues represent the mean ± standard deviation. The Seven Day Diet Records from each subject (LF
n = 6, LFMR n = 5) were analyzed prior to the initiation and after 6 mon of the diet phase. *P ≤ 0.05,
**P ≤ 0.01; significantly different from the initial group mean.



16:1n-7 and 18:1n-9, rather than a decrease in 18:2n-6 or total
PUFA (Table 4). As a consequence of the oleic-enrichment of
LFMR LDL, the ratio of 18:2n-6/18:1n-9 was significantly
lower. A nonsignificant trend toward increased fatty acid con-
tent was also observed in the LDL of LFMR subjects. 

LDL oxidative profile. After subjects followed the LF and
LFMR diets for 6 mon, several significant changes in the ox-
idative profile of LDL were noted. Lag time before the onset
of CD formation increased by approximately 10–16 min for
both groups (Table 5). The LFMR group also had a signifi-
cant increase in LP lag time. Figure 1 illustrates the time
course of LDL oxidation and depicts the mean change in ab-
sorbance at 234 nm during CD formation. No change in ox-
idative rate was seen in either group (Table 6). A decrease in
LP production occurred after oleic enrichment of the LFMR
LDL (Table 7). The LFMR diet was also associated with a
trend (P = 0.12) toward lower CD production when the
amount of oxidative product was expressed per mg LDL fatty

acid. No changes in the concentration of oxidation products
were seen in the LDL samples from the LF group. 

DISCUSSION

The LFMR diet effectively increased the percentage and
concentration of 18:1n-9 in LDL and lowered the proportion
of 18:2n-6 and the 18:2n-6/18:1n-9 ratio. The change in the
18:2n-6/18:1n-9 ratio was primarily due to the enrich-
ment of LDL with oleic acid. Although the LFMR diet did
not result in the high proportions of LDL oleic acid associ-
ated with diets containing 30–34% MUFA (9,11,12), the
%18:1n-9 was similar to that elicited by diets supplemented
with olive oil or low-erucic acid rapeseed oil (13,38). The
percentage decrease in the proportion of LDL linoleic acid
and the resulting 18:2n-6/18:1n-9 ratio was also in line with
that reported for diets high in fat and MUFA. Our study shows
that significant modifications in the proportion of oleic and
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TABLE 2
Ratio of Dietary Fatty Acids in Postmenopausal Hypercholesterolemic Women 
on LF and LFMR Dietsa

Dietary fatty LF baseline LF 6-mon LFMR baseline LFMR 6-mon
acid ratio value value value value

SFA/PFA 1.45 ± 0.34 2.04 ± 0.34* 1.82 ± 0.72 2.34 ± 0.42
SFA/UFA 0.53 ± 0.15 0.54 ± 0.18 0.57 ± 0.09 0.34 ± 0.03**
PFA/MFA 0.60 ± 0.12 0.43 ± 0.16 0.55 ± 0.25 0.18 ± 0.04*
SFA/fat 0.27 ± 0.06 0.27 ± 0.06 0.29 ± 0.03 0.21 ± 0.01**
MFA/fat 0.32 ± 0.04 0.38 ± 0.12 0.33 ± 0.05 0.54 ± 0.03**
PUFA/fat 0.19 ± 0.05 0.15 ± 0.02* 0.18 ± 0.6 0.09 ± 0.02*
aValues represent the mean ± standard deviation. The Seven Day Diet Records from each subject (LF
n = 6, LFMR n = 5) were analyzed prior to the initiation and after 6 mon of the diet phase. *P ≤ 0.05,
**P ≤ 0.01; significantly different from the initial group mean. SFA, saturated fatty acid; UFA, unsatu-
rated fatty acid; PFA, polysaturated fatty acid; MFA, monosaturated fatty acid; PUFA, polyunsatu-
rated fatty acid. See Table 1 for other abbreviations.

TABLE 3
LDL Fatty Acid Compositiona of Postmenopausal Hypercholesterolemic Women 
on LF and LFMR Diets

Fatty LF baseline LF 6-mon LFMR baseline LFMR 6-mon
acids value value value value

14:0 0.7 ± 0.3 0.8 ± 0.3 0.5 ± 0.1 0.5 ± 0.2
16:0 24.6 ± 0.9 25.4 ± 2.1 23.7 ± 1.1 23.6 ± 1.2
16:1n-7 1.6 ± 0.4 1.7 ± 0.3 1.0 ± 0.1 1.3 ± 0.3
18:0 11.3 ± 0.6 10.9 ± 1.1 11.9 ± 1.1 10.4 ± 0.8**
18:1n-9 17.4 ± 1.1 17.8 ± 2.2 15.7 ± 1.8 20.5 ± 1.3**
18:2n-6 21.6 ± 3.0 19.9 ± 1.7 25.7 ± 1.9 21.7 ± 3.1**
18:3n-3 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
20:3n-6 2.7 ± 0.3 2.8 ± 0.4 2.4 ± 0.7 2.4 ± 0.6
20:4n-6 8.7 ± 1.3 8.7 ± 1.4 9.1 ± 1.8 9.2 ± 1.8
20:5n-3 0.5 ± 0.2 0.6 ± 0.1 0.5 ± 0.1 0.7 ± 0.5
22:5n-3 0.7 ± 0.2 0.8 ± 0.2 0.6 ± 0.1 0.5 ± 0.1
22:6n-3 2.3 ± 0.5 2.2 ± 0.7 2.0 ± 0.5 2.4 ± 1.8
Total SFA 36.6 ± 1.1 37.1 ± 3.1 36.1 ± 1.5 34.5 ± 0.9
Total MUFA 21.8 ± 1.7 22.3 ± 2.5 19.2 ± 1.9 24.0 ± 1.6*
Total PUFA 36.9 ± 2.9 35.3 ± 1.7 40.5 ± 0.9 37.2 ± 2.1*
aLow density lipoprotein (LDL) fatty acid composition is expressed as percentage of total fatty acid.
Values represent the mean ± standard deviation; LF n = 6, LFMR n = 5. *P ≤ 0.05, **P ≤ 0.01; signif-
icantly different from the initial group mean. MUFA = monounsaturated fatty acid. See Tables 1 and
2 for other abbreviations.



linoleic acid in LDL can be elicited by an LFMR diet. Strong
correlations were observed between LDL %18:1n-9 and the
following: dietary %PUFA (r = −0.825, P ≤ 0.01), dietary
PUFA/MUFA (r = −0.899, P ≤ 0.001), and MUFA/fat (r =
0.943, P ≤ 0.001). Similarly, LDL %18:2n-6 was associated
with the ratio of dietary PUFA and MUFA. Thus, the propor-
tion of dietary PUFA and MUFA may be important factors in-
fluencing the 18:1n-9 and 18:2n-6 content of LDL, indepen-
dent of the actual quantity of dietary fat. 

An unexpected result of the LFMR diet was a trend (P =
0.09) toward lipid enrichment of LDL. The LDL particles
tended to increase in total fatty acid content despite the fact
that LFMR subjects were consuming less dietary fat com-
pared to baseline. Similarly, the LDL-cholesterol/apolipopro-
tein B ratio increased slightly in the LFMR subgroup (1.63 ±
0.14 vs. 1.75 ± 0.46). Although serum LDL-cholesterol de-
creased significantly after subjects followed the LFMR diet,
apolipoprotein B concentrations also tended to decrease (39).
The resulting increase in the ratio of LDL-cholesterol/apo-

lipoprotein B indicates that the diet resulted in slightly fewer
circulating LDL particles, but the lipoprotein tended to con-
tain more cholesterol. It is thought that LDL which is more
lipid-rich and buoyant is less atherogenic while small dense
LDL have been associated with increased oxidative suscepti-
bility (40,41) and atherosclerosis (42,43). Increased oxidative
susceptibility of small dense LDL may be due to the greater
content of linoleic acid, cholesterol ester, and PUFA/vitamin
E in this subfraction (41,44). In other studies, supplementa-
tion with dietary MUFA has resulted in LDL with greater
18:1n-9 concentration and a tendency toward increased fatty
acid content (13). Oleate-enriched diets have also increased
the 18:1n-9 content of small dense LDL, rendering them more
resistant to oxidation (45). In contrast, low-fat diets have re-
duced the lipid content of LDL (46,47) and promoted the con-
version of LDL from pattern A to the more dense pattern B
phenotype in some individuals (46). Because LDL was not
subfractionated in this study and the major lipid classes were
not analyzed, it is unclear exactly how the LFMR diet may
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TABLE 4
LDL Fatty Acid Concentrationa in Postmenopausal Hypercholesterolemic Women 
on LF and LFMR Diets

LF baseline LF 6-mon LFMR baseline LFMR 6-mon
Fatty acid value value value value

14:0 19.8 ± 11.9 21.7 ± 11.6 10.2 ± 3.0 12.4 ± 5.8
16:0 634.2 ± 197.3 677.3 ± 140.0 480.0 ± 66.5 594.6 ± 115.2
16:1n-7 42.2 ± 20.4 46.8 ± 15.0 20.2 ± 1.9 32.4 ± 10.0*
18:0 289.5 ± 86.4 289.2 ± 64.1 243.0 ± 52.6 258.2 ± 37.2
18:1n-9 448.3 ± 132.7 478.8 ± 112.7 316.0 ± 41.1 513.4 ± 85.7**
18:2n-6 556.3 ± 199.2 532.0 ± 117.2 517.6 ± 54.5 552.0 ± 163.2
18:3n-3 11.8 ± 6.2 11.3 ± 4.0 7.2 ± 0.8 10.4 ± 4.3
20:3n-6 68.8 ± 21.1 74.8 ± 19.2 49.4 ± 21.7 59.2 ± 14.1
20:4n-6 218.0 ± 55.4 233.0 ± 66.2 186.0 ± 55.9 226.0 ± 29.0
20:5n-3 13.5 ± 5.0 16.3 ± 6.0 9.4 ± 3.4 15.8 ± 9.1
22:5n-3 18.8 ± 7.3 20.0 ± 3.0 12.0 ± 2.0 13.2 ± 2.8
22:6n-3 58.5 ± 22.2 61.3 ± 30.9 39.0 ± 7.6 55.4 ± 32.3
Total SFA 943.7 ± 294.0 988.7 ± 209.5 733.0 ± 119.3 864.8 ± 151.8
Total MUFA 561.8 ± 169.0 598.0 ± 130.6 387.2 ± 45.9 600.4 ± 102.0*
Total PUFA 946.2 ± 291.8 948.8 ± 214.4 821.0 ± 114.5 931.6 ± 157.7
Total fatty acid 2578.2 ± 789.6 2676.0 ± 548.0 2027.8 ± 271.3 2507.4 ± 413.2
18:2n-6/18:1n-9 1.25 ± 0.24 1.13 ± 0.14 1.65 ± 0.19 1.06 ± 0.17**
aConcentration expressed as µg fatty acid/mg protein. Values represent the mean ± standard devia-
tion. LF n = 6, LFMR n = 5. *P ≤ 0.05, **P ≤ 0.01; significantly different from the initial group mean.
See Tables 1–3 for abbreviations.

TABLE 5
Lag Time Before Formation of Conjugated Diene (CD), Lipid Peroxide (LP), 
and Malondialdehyde (MDA) in LDL from Postmenopausal Hypercholesterolemic 
Women Following LF and LFMR Dietsa

LF baseline LF 6-mon LFMR baseline LFMR 6-mon
Lag time value value value value

CD (min) 39.6 ± 8.3 50.0 ± 10.8* 36.9 ± 8.8 52.7 ± 16.4*
LP (min) 45.9 ± 33.2 62.5 ± 36.7 48.7 ± 26.6 64.3 ± 30.6*
MDA (min) 44.4 ± 39.6 61.1 ± 45.9 63.7 ± 63.7 73.1 ± 60.5
aValues represent the mean ± standard deviation, LF n = 6, LFMR n = 5. LDL samples isolated prior
to initiation of the diet phase and after 6 mon of the diet were diluted to a concentration of 50 µg
protein/mL and incubated with 5 µM CuSO4 at 37°C. Measurements were taken every 5 min for CD
and every 30 min for LP and MDA during the 4-h incubation period. *P ≤ 0.05, **P ≤ 0.01; signifi-
cantly different from the initial group mean. See Tables 1 and 3 for other abbreviations.



have affected the compositional pattern of LDL. However, it
is possible that the relatively high MUFA composition and
moderate dietary fat restriction of the LFMR diet may have
prevented a potentially detrimental shift in LDL lipid compo-
sition from pattern A to pattern B. Additionally, already ex-
isting small dense LDL may have become enriched with oleic
acid, potentially protecting against lipid peroxidation.

Changes in the fatty acid composition of LDL after the
LFMR diet were accompanied by improved oxidative resis-
tance as evidenced by increased CD and LP lag time. Two
studies have also shown that, compared to baseline, lag time
increased after humans (13) or Watanabe heritable hyperlipi-
demic rabbits (WHHL) (48) consumed high-MUFA diets. It
has been proposed that lag time is affected by the ratio of
LDL oleic acid and linoleic acid (15). The reduction in LDL

18:2n-6/18:1n-9 and %18:2n-6 may account for the pro-
longed lag time in the LFMR group, but does not fully ex-
plain the increased lag time in the LF group. Even though
subjects in the LF group were instructed to maintain a con-
stant diet throughout the study, subjects did reduce dietary
PUFA and PUFA/fat, and tended to decrease the ratio of
PUFA/MUFA in their diet. As a consequence LDL %18:2n-6,
%PUFA, and 18:2n-6/18:1n-9 exhibited a downward trend in
the LF group. Pooled data from both groups showed signifi-
cant correlations between lag time and dietary MUFA/fat (r =
0.489) and PUFA/MUFA (r = −0.454). This correlation may
represent the influence of the more oxidatively stable dietary
MUFA or the potential impact of phytochemicals and antiox-
idants associated with sources of dietary MUFA (38,49). Sur-
prisingly, no significant correlations were found between
LDL fatty acid composition and lag time, although there was
a slight inverse relationship between LDL %PUFA and CD
lag time (r = −0.341). No single fatty acid appeared to have a
significant relationship with lag time, which may indicate that
lag time is a product of the overall LDL fatty acid and lipid
composition, and endogenous and dietary antioxidants.

Antioxidant vitamins are known to influence oxidative re-
sistance. The LFMR group had nonsignificant increases in vi-
tamin E intake, both groups tended to consume more vitamin
C, and the LF group had significant increases in dietary vita-
min A and β-carotene. Vitamin E has been shown to inhibit
LDL oxidation when given in relatively high doses (50–53),
but most researchers have found little relationship between
lag time and the content of endogenous vitamin E
(14,15,54–56). Vitamin C is thought to enhance the antioxi-
dant action of α-tocopherol (57), but it is doubtful that the
small dietary increase in this study would have afforded pro-
tection when similar dietary levels have failed to prolong lag
time (58). Abbey et al. (58) demonstrated a reduction in ox-
idative products when subjects were given diets containing
approximately 19 mg of β-carotene, but lag time was not
changed. Since the dietary antioxidant levels in the LF and
LFMR diets were less than in supplementation studies, and
no significant correlations were found between dietary antiox-
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FIG. 1. Formation of conjugated dienes (CD) in LDL from post-
menopausal hypercholesterolemic women before and after 6 month
diet period. LDL samples were diluted to 50 µg protein/mL and incu-
bated with 5 µM CuSO4 at 37°C. The absorbance at 234 nm was mea-
sured every 5 min during a 4 h incubation period, and the results are
expressed as the mean change in absorbance relative to baseline. (A)
Oxidative profile of LDL from LF subjects (n = 6) before (a) and after (b)
the diet period. (B) Oxidative profile of LDL from LFMR subjects (n = 5)
before (a) and after (b) the diet period.

TABLE 6
Rate of Formation of CD, LP, and MDA in LDL from Postmenopausal Hypercholesterolemic
Women on LF and LFMR Dietsa

LF baseline LF 6-mon LFMR baseline LFMR 6-mon
Oxidative rate value value value value

CD/protein/mina 12.8 ±1.6 11.1 ± 1.7 14.7 ± 2.1 15.0 ± 2.1
CD/fatty acid/minb 5.7 ± 3.0 4.3 ± 1.3 7.3 ± 0.9 6.1 ± 1.2
LP/protein/mina 1.7 ± 0.6 1.6 ± 0.5 1.6 ± 0.3 1.4 ± 0.2
LP/fatty acid/minb 0.8 ± 0.7 0.6 ± 0.2 0.8 ± 0.2 0.6 ± 0.2
MDA/protein/mina 1.7 ± 0.6 1.8 ± 0.4 2.1 ± 0.8 1.7 ± 0.9
MDA/fatty acid/minb 0.7 ± 0.4 0.7 ± 0.2 1.1 ± 0.5 0.7 ± 0.5
aValues represent the mean ± standard deviation, LF n = 6, LFMR n = 5. LDL samples isolated prior
to initiation of the diet phase and after 6 mon of the diet were diluted to a concentration of 50 µg
protein/mL and incubated with 5 µM CuSO4 at 37°C. Measurements were taken every 5 min for CD
and every 30 min for LP and MDA during the 4-h incubation period. Oxidative rate is expressed as:
anmol oxidative product/mg LDL protein/min, bnmol oxidative product/mg LDL total fatty acid/min.
See Tables 1, 3, and 5 for abbreviations.



idants and lag time, it is doubtful that vitamins A, C, E, or β-
carotene were the primary cause of increased lag time. How-
ever, because subjects in both groups consumed more plant-
based foods in accordance with the NCEP Step 1 guidelines,
it is possible that an increased consumption of various dietary
antioxidants in combination with alterations in LDL fatty acid
composition may have had a synergistic effect on oxidative
resistance. Abbey et al. (7) observed a significant variation in
lag time after subjects consumed fixed and free diets and hy-
pothesized that this difference may be due to dietary antioxi-
dants. An alternate explanation for the increased lag time in
both groups may be that the endogenous content of LDL an-
tioxidants decreased during storage, even though LDL sam-
ples were stored under N2 at −20°C with 0.01% EDTA.

It has been suggested that a change in LDL fatty acid com-
position may influence oxidative rate, but this was not con-
firmed by this study. Kleinveld et al. (48) reported a signifi-
cant reduction in the rate of oxidation when lipoprotein fatty
acid composition was altered by a high MUFA diet. These in-
vestigators dramatically lowered the proportion of LDL
18:2n-6 and increased 18:1n-9 in WHHL rabbits fed high
amounts of MUFA. The LFMR diet did not alter LDL fatty
acid composition to a similar degree. Even very high MUFA
diets have failed to alter the fatty acid composition of human
LDL to the same extent as seen in WHHL rabbits (9,12,38),
and LDL oxidation rates have not changed (9). Therefore, it
is doubtful that changing from a typical American diet to one
high in MUFA would have sufficient impact on the lipid com-
position of LDL to reduce the rate of lipoprotein oxidation. 

The LFMR diet did result in LDL particles which pro-
duced less LP during in vitro oxidation. Significant correla-
tions were found between LP/protein and the following: LDL
%18:1n-9 (r = −0.815, P ≤ 0.01), LDL %MUFA (r = −0.832,
P ≤ 0.01), and LDL %PUFA (r = 0.877, P ≤ 0.001). These
correlations are in line with the results of other studies
(7,9,11,12). However, MDA and CD production were not sig-
nificantly altered by the LFMR diet. CD formation is a good
marker for the oxidation of PUFA, and is generally a function
of the linoleic and arachidonic acid content of LDL (7,35).

The LFMR diet lowered the proportion of LDL fatty acid as
18:2n-6, but the actual concentration of linoleic acid, arachi-
donic acid, and total PUFA did not change. This may explain
the lack of significant reduction in the amount of CD or MDA
formed during oxidation. 

In conclusion, this study demonstrated that changing from
a typical American diet to a low-fat diet rich in MUFA (26%
fat, 14% MUFA) led to reductions in the 18:2n-6/18:1n-9
ratio of LDL and improvements in the LDL oxidative poten-
tial of hypercholesterolemic postmenopausal women. Alter-
ations in LDL fatty acid composition were correlated with re-
duced LP production during Cu2+-induced oxidation of LDL,
but not to changes in oxidative rate. The LFMR diet was also
associated with prolonged CD and LP lag time, but it was un-
clear if the change in LDL fatty acid composition was solely
responsible for increased oxidative resistance. It is important
to note that these free-living hypercholesterolemic women did
not have to consume excessive amounts of MUFA in order to
change LDL fatty acid composition or improve the oxidative
profile of LDL. Switching from a typical American diet to the
LFMR diet required only a reduction in the intake of SFA and
PUFA and a modest increase in MUFA consumption. These
dietary changes were easily incorporated into each individu-
al’s eating habits, were well tolerated, and provided a degree
of protection against oxidative modification of LDL.
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ABSTRACT: The purpose of this study was to validate the use
of the mesenteric lymph duct cannulated rat to study the ab-
sorption of carotenoids which do not have provitamin A activ-
ity. The absorption of two carotenoids, a hydrocarbon
carotenoid (lycopene) and a xanthophyll carotenoid (cantha-
xanthin), were investigated. In the first experiment, lipid emul-
sions containing lycopene (LYC) or canthaxanthin (CTX) were
continuously infused into the duodenum, and lymph was col-
lected for analysis at 2-h intervals. The time course for absorp-
tion of carotenoids and triacylglycerol (TAG) was similar.
Carotenoids and TAG reached steady-state concentrations in
the lymph by 6 h. There was no evidence for a delayed release
of either carotenoid from the intestine relative to TAG. During a
second experiment, emulsions containing increasing concen-
trations of LYC or CTX (5, 10, 15, 20 µmol/L) were infused. The
LYC and CTX in the lymph increased in a dose-dependent man-
ner. The average efficiency of CTX absorption was 16% while
the efficiency of LYC absorption averaged only 6%. Efficiency
of carotenoid absorption was not related to concentration in-
fused. Finally, to test whether LYC and CTX interact during ab-
sorption both were added to a lipid emulsion at equal concen-
trations (20 µmol/L) and infused. The carotenoids did not signif-
icantly affect each other’s absorption. These results demonstrate
the usefulness of the rat as an animal model to study the absorp-
tion of non-provitamin A carotenoids. 
Lipids 33, 159–163 (1998).

Recently much attention has been given to the possible role
of carotenoids in the prevention and treatment of a wide vari-
ety of illnesses such as heart disease, cancer, and those of
aging such as macular degeneration and cataract formation
(1–3). Because there are differences in the metabolism, trans-
port, and tissue distribution of individual carotenoids, specific
carotenoids may be associated with different diseases. For ex-
ample, lutein and zeaxanthin are found in the macula of the
eye and may be important in prevention of age-related macu-
lar degeneration, while lycopene accumulates in the prostate
and has been associated with reduced risk of prostate cancer

(1). Because of the potential health effects of specific
carotenoids, many without provitamin A activity, we were in-
terested in the use of the mesenteric lymph duct cannulated
rat as an animal model to study the absorption of non-provit-
amin A carotenoids. The lymph duct cannulated rat has been
a useful animal model for studies of lipid absorption and in
the past has been used in studies of β-carotene absorption and
carotenoid conversion to vitamin A (4,5). Because the rat
more efficiently cleaves β-carotene during absorption than
does the human, it may not be an appropriate animal model
for studies of carotenoids with provitamin A activity; how-
ever, it should be a useful model to study carotenoids that are
absorbed intact. 

The present work contains three experiments utilizing ly-
copene (LYC) and canthaxanthin (CTX), two carotenoids
without provitamin A activity. The objective of the first ex-
periment was to establish the time course for absorption of
carotenoids to determine if the release of carotenoid and tria-
cylglycerol (TAG) from the enterocyte is similar. In studies
with humans, the time to maximum plasma concentration of
carotenoid is slower than for TAG when both are consumed
together, suggesting possible discrimination during absorp-
tion (6–8).

The objective of the second experiment was to compare
the efficiency of absorption of a hydrocarbon carotenoid
(LYC) and a xanthophyll (CTX). Chemically, the carotenoids
can be classified as carotenes (containing carbon and hydro-
gen only) or xanthophylls (containing oxygen in addition to
carbon and hydrogen). From limited data, it appears that the
more polar xanthophylls may be handled differently during
absorption than the hydrocarbon carotenoids (9,10). 

The objective of the final experiment was to determine if
LYC and CTX affect each other’s absorption. Because both
carotenoids are lipid-soluble, the potential to interact in the
lumen of the digestive tract or during absorption is great.
There are reports that suggest carotenoids interact during ab-
sorption (11–14).

MATERIALS AND METHODS 

Animals and surgical procedure. Male Holtzman albino rats
obtained from Harlan Sprague Dawley (Indianapolis, IN)
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were used in this study. At the time of surgery the rats
weighed 350–400 g and were consuming a standard labora-
tory diet: Purina Rodent Chow 5001 (Purina Mills, St. Louis,
MO) and water ad libitum. The animal protocol was approved
by The University of Connecticut Institutional Animal Care
and Use Committee. 

A feeding tube was placed into the duodenum, and the
major mesenteric lymph duct was cannulated as previously
described (15). Immediately following surgery, the rats were
placed in a warm dark environment and allowed to recover
approximately 36 h. The rats had access to water and received
a glucose/electrolyte solution (Pedialyte, Ross Laboratories,
Columbus, OH) at 2.5 mL/h during the recovery period via
the duodenal feeding tube. 

Preparation of carotenoid stock solutions. LYC was puri-
fied from tomato paste on a 5% water-weakened alumina col-
umn eluted with hexane/ethyl acetate (95:5, vol/vol). Solvent
was removed under reduced pressure and a stock solution pre-
pared in dichloromethane. A CTX stock solution (Sigma
Chemical, St. Louis, MO) also was prepared with dichloro-
methane. The concentration of carotenoid in each stock solu-
tion was determined by absorption spectroscopy. CTX con-
centration was estimated using the extinction coefficient E at
466 nm (E1%

1 cm = 2200), and LYC concentration was estimated
at 472 nm (E1%

1 cm = 3450) (16). Purity of CTX and LYC was
verified by spectral characteristics and high-pressure liquid
chromatography (HPLC).

Treatment emulsions. The basic emulsion consisted of a
buffer solution (115 mmol/L NaCl, 5.0 mmol/L KCl, 6.8
mmol/L Na2HPO4, and 16.5 mmol/L NaH2PO4), 10 mmol/L
sodium taurocholate (Sigma Chemical), and 1.5% (wt/vol)
olive oil with different concentrations of CTX or LYC. 

To prepare treatment emulsions, olive oil was placed in a
round-bottomed flask, and an appropriate amount of
carotenoid stock solution was added to the oil. The
carotenoid, either CTX or LYC, and olive oil were mixed and
the solvent removed with a stream of nitrogen. Sodium tauro-
cholate and buffer were added to the lipid–carotenoid mix-
ture. The contents of the flask then were emulsified using a
probe sonicator producing approximately 40 watts output for
15 s, repeated four or five times until no lipid droplets were
observed (Branson Sonifier, Model 185; Branson Sonic
Power, Danbury, CT). An aliquot of the emulsion was ex-
tracted three times with hexane and the final concentration of
carotenoid in the emulsion determined by HPLC as described
below for lymph analysis. 

Experiment 1. The time course for absorption of each
carotenoid was determined using three rats per carotenoid.
After a recovery period of 36 h, rats were infused through the
feeding tube (2.5 mL/h) with an emulsion containing 20
µmol/L of either CTX or LYC. Lymph samples were col-
lected at 2, 4, 6, 8, 10, and 12 h after the start of the infusion. 

Experiment 2. To compare the absorption of a hydrocar-
bon carotenoid and a xanthophyll, emulsions with four differ-
ing concentrations of LYC or CTX (5, 10, 15, 20 µmol/L)
were prepared. A total of 24 animals, three rats per treatment,

were intraduodenally infused at 2.5 mL/h for 12 h. Based on
the results of Experiment 1, a sample of lymph collected from
6 to 12 h of infusion was used for analysis. The carotenoid in
these samples therefore represents absorption under steady-
state conditions. 

The results of Experiment 2 were statistically analyzed as
a 2 × 4 factorial experiment, the first factor being carotenoid
type and the second factor being carotenoid concentration.
Because the four concentrations of carotenoid infused were
equally spaced, the linear, quadratic, and cubic relationships
between amount of carotenoid infused and absorption into 
the lymph were statistically tested (see Reference 17 for
description).

The efficiency of absorption for each carotenoid was cal-
culated by dividing the concentration of carotenoid recovered
in the lymph per hour by the concentration of carotenoid in-
fused into the duodenum per hour. 

Experiment 3. To investigate the possible interaction of
LYC and CTX during absorption, the recovery of carotenoid
in the lymph from three treatment emulsions was compared.
Data from LYC (20 µmol/L) and CTX (20 µmol/L) treat-
ments collected in Experiment 2 plus one additional animal
per treatment were used as a measure of absorption of each
carotenoid by itself. Four additional animals were infused
with an emulsion containing both LYC (20 µmol/L) and CTX
(20 µmol/L). The infusion of treatment emulsions and collec-
tion of lymph were the same as described for Experiment 2.
The results for each carotenoid when infused alone were com-
pared to those when they were infused together. Differences
were tested for significance using the Student’s t-test. 

Carotenoid and TAG analysis of lymph. After collection,
lymph was stored at −70°C until analyzed. On the day of
analysis, lymph samples were thawed to room temperature
and total lipid was extracted from the lymph by the method
of Folch et al. (18). To correct for recoveries of carotenoids
during extraction, ethyl β-apo-8′-carotenoate (Fluka,
Ronkonkoma, NY) was added to the lymph as an internal
standard. Carotenoids were analyzed by HPLC using a Wa-
ters C18 Resolve column (15 cm × 3.9 mm; Millipore, Mil-
ford, MA) protected with an Upchurch C18 guard column
(Upchurch Scientific, Oak Harbor, WA) and an isocratic mo-
bile phase consisting of acetonitrile/dichloromethane/meth-
anol/n-butanol/ammonium acetate (90:15:10:0.1:0.1, by vol)
(19). Carotenoids and ethyl β-apo-8′-carotenate were identi-
fied and quantified at a wavelength of 450 nm. 

Lymph samples were diluted 1:10 with deionized water
and TAG determined by an enzymatic assay (Sigma Chemi-
cal Co.).

RESULTS AND DISCUSSION

Carotenoid absorption involves a series of interdependent
steps that include release of carotenoid from the food matrix,
solubilization into mixed bile salt micelles, transfer into the
intestinal mucosal cell, and incorporation into lymphatic
lipoproteins (20–23). While in vitro methods may be used to
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study individual steps in this process, investigation of the
overall process of carotenoid absorption requires the use of a
whole animal system. Unfortunately, animal models that per-
fectly mimic human carotenoid metabolism are not available.
Nevertheless, animal models must be used because only a few
carotenoids have been approved for formulation into products
for ingestion by humans, and methods for direct measurement
of carotenoid absorption in humans are not available. Data
presented here utilize the mesenteric lymph duct cannulated
rat, an animal model used extensively to study the digestion
and absorption of lipids and a potential animal model for in-
vestigation of factors that influence carotenoid absorption. 

In the current study, we chose to investigate LYC and CTX
absorption because previous work has shown these
carotenoids to be absorbed intact and stored in various tissues
by the rat (24). The dose of carotenoid provided to the rats in
the present study was approximately 0.2–1 mg/kg body
weight. This is in the same range as human intervention stud-
ies with β-carotene which provided doses of 0.2–4.3 mg/kg
body weight (25). 

The results of Experiment 1 are shown in Figure 1. The ap-
pearance of LYC and CTX in the lymph coincided with that
of TAG. The concentrations of carotenoids and TAG reached
a plateau or steady-state transport in the lymph by 6 h of con-
tinuous intraduodenal infusion of the carotenoid emulsions. 

The time course for appearance of carotenoids in the
lymph does not support the notion that there is a delayed re-
lease of carotenoids from the intestine relative to other dietary
lipids. In human studies a delayed release of carotenoid by
the enterocyte has been suggested because the time to maxi-
mum plasma concentration after an oral dose of a carotenoid
is slower than the time needed to reach maximum plasma

concentration of TAG or retinyl esters (6,7). This effect in hu-
mans can be explained by clearance of chylomicra by the
liver and reintroduction of carotenoids into very low density
lipoproteins during normal lipoprotein metabolism and is not
the result of discrimination between carotenoids and other di-
etary lipids during absorption. This conclusion is supported
by time-course studies in which individual lipoprotein classes
have been separated. In these studies, carotenoid in the chy-
lomicron fraction was reported to reach a maximum concen-
tration about the same time, by 6 h, as maximum concentra-
tion of chylomicron TAG, while carotenoids associated with
low density lipoproteins and high density lipoproteins reach a
maximum later at 16 to 24 h (8,26). 

In the second experiment, the recoveries of CTX and LYC
in the lymph were compared (Fig. 2). CTX was significantly
(P < 0.01) better absorbed than LYC. Both carotenoids were
absorbed in a concentration-dependent manner. There was a
significant (P < 0.05) linear relationship, for both carotenoids,
between the amount of carotenoid infused and the amount re-
covered in the lymph. The LYC response, as seen in Figure 2,
appears to have some curvature, but this was not statistically
significant and was probably due to normal variation. 

The average efficiency of absorption for CTX was approx-
imately 16% with a range from individual samples of 10 to
20%. The recovery of CTX in the lymph for the lower con-
centration intraduodenally infused averaged 18.5% and for
the highest concentration was 14.4%; however, these values
were not statistically different. 

The efficiency of CTX absorption in the current study is
approximately the same as reported for β-carotene absorption
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FIG. 1. Time course for absorption of canthaxanthin, lycopene, and tri-
acylglycerol in the mesenteric lymph. Lipid emulsions containing 20
µmol/L of carotenoid were continuously infused (2.5 mL/h) into the
duodenum. Shown are the mean ± SD of data collected from three rats
per carotenoid.

Ly
m

ph
 T

ria
cy

lg
ly

ce
ro

l (
µm

ol
/h

) Lym
ph C

arotenoid (nm
ol/h)

Infusion (h)

FIG. 2. Relationship between concentration of carotenoid continuously
intraduodenally infused at the rate of 2.5 mL/h and concentration of
carotenoid recovered per hour in the mesenteric lymph. The lymph
samples were collected from 6 to 12 h after the initiation of infusion.
These samples represent absorption under steady-state conditions. Each
point is the mean ± SD from three individual rats. For both carotenoids,
there was a significant (P < 0.05) linear relationship between the
amount of carotenoid infused and the amount absorbed.

C
ar

ot
en

oi
d 

in
 L

ym
ph

 (
nm

ol
/h

)

Carotenoid Infused (µmol/L)



in the human. Using hospitalized patients with cannulated
thoracic ducts, Goodman et al. (27) presented data suggest-
ing that 10% of an oral dose of radioactive β-carotene was ab-
sorbed into lymph, while Blomstrand and Werner (28) pre-
sented data from a similar study suggesting that 23% of a sim-
ilar dose was absorbed into lymph. Recently using stable
isotope β-carotene-d8, Novotny et al. (29) suggest that 22%
of an oral dose of β-carotene in olive oil was absorbed in
humans.

Under the conditions of the current study, LYC was ab-
sorbed poorly compared to CTX. The efficiency of LYC ab-
sorption ranged from 2 to 8% with an average recovery of
LYC in the lymph of only 6%. The efficiency of absorption
was not significantly affected by concentrations of LYC in-
fused. A study comparing absorption of five carotenoids in
preruminant calves noted poor LYC absorption compared to
other carotenoids (30). Supplementation studies with humans
would also suggest LYC is not efficiently absorbed (31,32). 

In the final study, equal amounts of CTX and LYC were
infused into the duodenum to determine if LYC and CTX af-
fect each other’s absorption. Based on indirect measures of
absorption, there are several studies that suggest carotenoids
interact during absorption. Almost 50 yr ago, by using liver
vitamin A stores as a measure of β-carotene absorption, a
xanthophyll (lutein) was reported to interfere with the absorp-
tion of β-carotene (33). In a more recent study with domestic
ferrets, a negative interactive effect of β-carotene and either
CTX or LYC on serum and tissue accumulation of β-carotene
was observed (11). On the basis of kinetic analysis of serum
carotenoids, two human studies also provide data that suggest
carotenoids interact during absorption (12,13). White et al.
(12) report that β-carotene appeared to inhibit intestinal ab-
sorption of CTX. In a similar human study, when a combined
oral dose of β-carotene and lutein was administered, β-
carotene reduced plasma lutein response by 40% (13).

As seen in Figure 3, LYC and CTX did not significantly
affect each other’s absorption. Lycopene in the lymph when
infused alone was 2.0 ± 0.5 nmol/h compared to 1.6 ± 0.6
nmol/h when infused in equal molar amounts with CTX.
When CTX was provided by itself, lymphatic CTX was 7.4 ±
1.6 nmol/h compared to 8.8 ± 1.9 nmol/h when infused simul-
taneously with LYC. The lack of significant interaction dur-
ing absorption between these carotenoids may be a result of
our choice of carotenoids. Because LYC was so poorly ab-
sorbed, its potential interaction with CTX may be limited.
Also the relative concentrations of CTX and LYC used in the
current study may not have been optimal for interactions.
Using liver vitamin A stores as an index of β-carotene absorp-
tion, High and Day (34) reported that large amounts of lutein
decrease β-carotene absorption, but small amounts had the
opposite effect. Further studies are needed to investigate po-
tential interactions during absorption using a wider range of
concentrations and variety of carotenoids. 

In conclusion, LYC and CTX were absorbed intact by the
rat and appear in the lymph following a similar time course
as other dietary lipids. Both carotenoids were absorbed in a

dose-dependent manner with the xanthophyll (CTX) more ef-
ficiently absorbed than the nonpolar hydrocarbon carotenoid
(LYC). When both carotenoids were infused together, LYC
and CTX did not significantly affect each other’s absorption.
The results of this study demonstrate the usefulness of the rat
as an animal model to study the absorption of non-provitamin
A carotenoids. To our knowledge this is the first report using
the mesenteric lymph duct cannulated rat to study the absorp-
tion of carotenoids other than β-carotene.
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ABSTRACT: Hypercholesterolemia is a consistent feature of
the nephrotic syndrome. However, the mechanisms underlying
this perturbation are unclear. In the present work, we have in-
vestigated different factors that influence hepatic cholesterol
metabolism using the nephrotic rat as a model. The induction
of nephrosis resulted in a severe and sustained hypercholes-
terolemia. However, no effect on the rate-limiting enzyme in
cholesterol synthesis, 3-hydroxy-3-methylglutaryl CoA reduc-
tase, could be detected. Further, plasma lathosterol/cholesterol
ratio, a measure of cholesterol synthesis, was not altered. Also,
plasma levels of mevalonate, both a substrate for cholesteroge-
nesis beyond the rate-limiting step and a marker for cholesterol
synthesis, did not differ between control rats and those with
established hypercholesterolemia. There was no detectable
change in the expression of low density lipoprotein (LDL) re-
ceptor between the two experimental groups. We conclude that
the early increase in cholesterol synthesis reported after the in-
duction of nephrosis is not necessary for the maintenance of hy-
percholesterolemia. Established hypercholesterolemia of the
nephrotic syndrome seems to represent a steady state in which
neither enhanced hepatic cholesterol synthesis nor retarded
LDL cholesterol clearance is of major importance. 
Lipids 33, 165–169 (1998).

Hypercholesterolemia with increased plasma and LDL cho-
lesterol levels is a major lipid abnormality in the nephrotic
syndrome (1–3). As a consequence, this condition carries a
risk for accelerated atherosclerosis and thereby coronary heart
disease and progressive renal damage (4–7). The mechanisms
underlying hypercholesterolemia of the nephrotic syndrome
are complex, which explains the large and partially conflict-
ing body of data reported. While early studies demonstrated a
decrease in the incorporation of 14C-labeled acetate into he-
patic cholesterol in nephrotic rats suggesting a curtailment of
cholesterogenesis (8), cholesterol synthesis as determined by
the incorporation of 3H2O into cholesterol was later found to

be increased in liver slices from nephrotic rats compared to
controls (9). Also, in vivo studies in nephrotic rats have
shown an increased incorporation of 3H2O into hepatic lipids
(10). The increase in cholesterol biosynthesis in the nephrotic
state has been ascribed to an increase in the activity of the
rate-limiting enzyme in this pathway, namely 3-hydroxy-3-
methylglutaryl CoA (HMG-CoA) reductase, and also to a dis-
turbed mevalonate metabolism leading to increased substrate
availability for cholesterol synthesis (11,12). However, in a
study by Thabet and co-workers (13), neither HMG-CoA re-
ductase activity nor the activity of the rate-limiting enzyme
in cholesterol degradation, cholesterol 7α-hydroxylase, was
altered in nephrotic rats. These findings argued against a
marked alteration of hepatic cholesterol synthesis or degrada-
tion as a cause of hypercholesterolemia of the nephrotic syn-
drome. Alternatively, decreased removal of plasma choles-
terol was suggested (13). However, apo-B kinetic measure-
ments in puromycin aminonucleoside (PAN)-treated rats
demonstrated a higher low density lipoprotein (LDL) syn-
thetic rate in nephrotic rats relative to controls, while the frac-
tional catabolic rate was only marginally affected (14). 

In view of these conflicting data, we have in the present
study examined different markers of cholesterol synthesis and
catabolism in PAN-induced nephrotic syndrome, including
the activity of HMG-CoA reductase; plasma levels of lathos-
terol, an indicator of cholesterol synthesis (15); plasma levels
of mevalonate, which is both an indicator of (16) and a sub-
strate for cholesterogenesis; and the expression of hepatic
LDL receptor, which is responsible for the catabolism of cho-
lesterol-rich plasma lipoproteins (17).

EXPERIMENTAL PROCEDURES

Animals. Male Sprague-Dawley rats weighing 200–250 g
were housed in metal cages and maintained on a 12-h
light–dark cycle. The animals were allowed to move freely in
the cages and had free access to standard chow and water
throughout the study.

Nephrosis was induced by a single intraperitoneal injec-
tion of PAN (Sigma Chemical Co., St. Louis, MO) in a dose
of 100 mg/kg body weight. One week after the injection, rats
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were transferred to individual metabolic cages, and urine was
collected for 24 h. Plasma and urine albumin concentrations
were measured by an immunonephelometric method using rat
albumin antibodies (Nordic Immunology, Tilburg, The
Netherlands). Nephrosis was confirmed by the presence of
hyperlipidemia, low plasma albumin, and urine albumin loss
exceeding 250 mg albumin/24 h. The rats were killed 11–12 d
after PAN injection. On the day of sacrifice, blood sampling
was performed by open heart puncture under neuroleptic
anesthesia (Hypnorm®; Janssen Pharmaceutica, Beerse, Bel-
gium) aided by a muscle relaxant (Stesolid®; Dumex Ltd.,
Copenhagen, Denmark).

Analytical procedures. Cholesterol levels were determined
in plasma and liver using a commercially available enzymatic
kit (Boehringer Mannheim, Mannheim, Germany). Liver sam-
ples were homogenized with 4 vol of 10 mmol/L Tris/HCl, pH
7.4 containing 0.25 mol/L sucrose, 1 mmol/L EDTA and 0.2
mmol/L dithiothreitol (Buffer A). The homogenate was then
treated with 20 vol of chloroform/methanol (2:1, vol/vol) and
cholesterol measured in the resulting lipid extract.

Lathosterol was measured by isotope dilution–mass spec-
trometry. Plasma samples were treated with chloroform/
methanol (2:1) and the extract was subjected to C18 column
chromatography (Isolute MF C18; International Sorbent Tech-
nology, United Kingdom). Unesterified lathosterol was eluted
with methanol, derivatized into trimethylsilyl ether and ana-
lyzed by gas chromatography/mass spectrometry using 2H3
lathosterol as internal standard (18). 

Mevalonate levels were determined in plasma and urine
by isotope dilution–mass spectrometry, essentially as de-
scribed (19). In brief, samples were acidified to pH 3.5 using
phosphoric acid, proteins were precipitated with acetone, and
lipids removed by an extraction with cyclohexane. Mevalono-
lactone was extracted into ethylacetate/acetone (2:1, vol/vol)
using a salt-out effect by saturing the aqueous phase with
NaCl. Mevalonolactone was converted to mevalonic acid by
adding 0.5 mol/L NaOH. After derivatization with methyl-
tertiary-butyl-dimethylsilyl-trifluoracetamide, the derivative
was extracted into n-decane and measured by gas–liquid
chromatography/mass spectrometry using 2H3-MVA as inter-
nal standard. 

For the assay of the HMG-CoA reductase activity, 
liver homogenates were centrifuged at 20,000 × g for 15 min
and supernatants recentrifuged at 100,000 × g for 60 min.
Prior to use, the microsomal pellets obtained were sus-
pended in Buffer A to a protein concentration of about
40 mg/mL and stored at −70°C. Microsomal fractions were
thawed and diluted in 20 mmol/L imidazol/HCl (pH 7.4) con-
taining 10 mmol/L DTT, and HMG-CoA reductase activity
was measured as the conversion of [3-14C] labeled HMG-
CoA (NEN DuPont, Boston, MA) to mevalonate, essentially
as described by Brown et al. (20). Tritium-labeled mevalonate
was used as internal standard. The reaction product was puri-
fied by thin-layer chromatography and analyzed for radio-
activity.

LDL receptor expression was measured by a ligand blot

assay. Hepatic membranes were prepared as described in de-
tail elsewhere (21). In brief, frozen liver samples were ho-
mogenized with a polytron in a buffer (50 mmol/L Tris-HCl,
pH 7.5, 2 mmol/L CaCl2, 0.5% Triton x-100 supplemented
with 1 mmol/L leupeptin, 1 mmol/L phenanthroline, and 1
mmol/L phenylmethyl sulfonyl fluoride). After quick sonica-
tion, the homogenates were ultracentrifuged for 10 min and
the supernatants collected and frozen in multiple aliquots at −
70°C. Membrane proteins and molecular weight standards
were separated by SDS polyacrylamide gels (6%) and elec-
trotransferred to nitrocellulose filters. Filters were incubated
with 125I-labeled rabbit β-very low density lipoprotein
(VLDL) and subjected to autoradiography on x-ray film for 3
h at −70°C after aligning molecular weight standard lanes
which had been cut out and visualized by protein staining.
The 120 kD bands corresponding to the receptor protein were
quantified in arbitrary units after background subtraction
using a Bio-imaging analyzer (Fujix BAS 2000; Fuji Photo
Film Co., Tokyo, Japan).

Glomerular filtration rate (GFR) was determined as the en-
dogenous creatinine clearance (mL/min) using the formula:
GFR = Cu × Vu/Cp where Cu is urine creatinine concentration,
Cp is plasma creatinine concentration, and Vu is urine flow
(mL/min) (22). 

Statistical analysis. Data were evaluated by Student’s 
t-test with the level of statistical significance set at P < 0.05.

RESULTS

Treatment of rats with PAN resulted in albuminuria (>250
mg/24 h), hypoalbuminemia, and a mixed hyperlipidemia
with elevations of plasma levels of cholesterol (6-fold) and
triglycerides (20-fold) (Table 1). 

Nephrotic rats displayed a 5-fold increase in plasma levels
of lathosterol, a steroid precursor to cholesterol that has been
suggested to reflect the rate of hepatic cholesterol synthesis
(15,23,24). However, when expressed relative to plasma cho-
lesterol levels, no difference between normal and nephrotic
rats could be disclosed (Table 2). Further, no difference in the
activity of the rate-limiting enzyme in cholesterol biosynthe-
sis (HMG-CoA reductase) could be detected between
nephrotic animals and normal controls (Table 2). 

As shown in Table 3, neither plasma nor urine levels of
mevalonate were altered in nephrotic rats. Also, the induction
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TABLE 1
The Effect of Nephrosis on Plasma Levels of Albumin, Cholesterol 
and Triglycerides as Well as on Urinary Albumin Excretiona

Control rats Nephrotic rats P-value

Plasma albumin (g/L) 21.3 ± 0.3a 4.7 ± 0.5b <0.001
Urinary albumin excretion

(mg/24 h) 1.8 ± 0.4c 322.2 ± 9.2d <0.001
Plasma cholesterol (mmol/L) 2.2 ± 0.1e 13.1 ± 0.8a <0.001
Plasma triglycerides (mmol/L) 1.0 ± 0.04e 20.2 ± 3.2a <0.001
aValues are means ± SEM. a(n = 13), b(n = 18), c(n = 5), d(n = 15), e(n = 11).
Samples were collected on day 11–12 after puromycin aminonucleoside in-
jection.



of nephrosis did not affect the GFR, as reflected by essentially
unchanged plasma creatinine levels (Table 3).

In order to examine whether retarded plasma cholesterol
clearance might contribute to the hypercholesterolemia of
nephrotic syndrome, a major determinant of plasma choles-
terol clearance, namely the LDL receptor expression, was
measured. As shown in Figure 1, no significant difference be-
tween nephrotics and normals was observed. This is in accor-
dance with the finding that hepatic cholesterol levels were
similar in the two experimental groups (Table 2).

DISCUSSION

In the present study, a number of key metabolic markers for
hepatic cholesterol metabolism were examined and found to
be unaltered in rats with PAN-induced nephrotic syndrome,
despite a pronounced hypercholesterolemia. Hypercholes-
terolemia can arise from increased hepatic production and se-
cretion of cholesterol-rich lipoproteins, decreased removal of
cholesterol from the circulation, or a combination of both fac-
tors. An overproduction of lipoproteins has been demon-
strated in perfused livers from nephrotic rats (25). Further-
more, these lipoproteins had a higher content of cholesterol
(26), implying enhanced cholesterol synthesis. These findings
are in accord with earlier in vivo and in vitro studies that
showed an increased incorporation of 3H2O into hepatic cho-
lesterol (9,10). However, the mechanisms underlying this ef-
fect have been a matter of debate. 

It is well-established that the HMG-CoA reductase is rate-
limiting in cholesterol biosynthesis under most experimental conditions (20). The activity of this enzyme has therefore

been considered a good index of the absolute rate of hepatic
cholesterol synthesis (27). As shown in Table 2, HMG-CoA
reductase activity was not significantly different between
nephrotic rats and normal controls, well in line with the re-
sults of Thabet et al. (13). The plasma concentration of the
steroid cholesterol precursor lathosterol has been reported to
be a good indicator of cholesterol synthesis (15,23,24). As
shown in Table 2, plasma lathosterol levels were 5-fold higher
in nephrotic rats compared to controls. However, since lath-
osterol is carried with plasma lipoproteins, changes in the ab-
solute concentrations of lathosterol might merely reflect
changes in the number of lipoprotein particles. In order to cor-
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TABLE 2
The Effect of Nephrosis on Metabolic Markers 
of Cholesterol Metabolisma

Control rats Nephrotic rats P-value

HMG-CoA reductase activity
(pmol/min·mg protein) 414 ± 49a 329 ± 45b N.S

Plasma lathosterol (µmol/L) 1.93 ± 0.33c 10.18 ± 0.95d <0.0001
Plasma lathosterol: cholesterol

ratio (µmol/mmol) 0.81 ± 0.11c 0.84 ± 0.23d N.S
Liver cholesterol (µmol/g liver) 7.9 ± 0.3e 8.6 ± 0.3f N.S
aValues are means ± SEM . N.S, not significant, P > 0.05. a(n = 12), b(n = 14),
c(n = 11), d(n = 13), e(n = 16), f(n = 20). Samples were collected on day
11–12 after  puromycin aminonucleoside injection.

TABLE 3
The Effect of Nephrosis on Plasma Mevalonate Levels, 
Urinary Mevalonate Excretion and Glomerular Filtrationa

Control rats Nephrotic rats
n = 6 n = 6

Plasma mevalonate levels (ng/mL) 11.9 ± 1.7 12.2 ± 1.1
Urinary mevalonate excretion (µg/24 h) 16.5 ± 3.0 16.8 ± 3.4
Glomerular filtration rate (mL/min) 1.1 ± 0.1 0.9 ± 0.1
Plasma creatinine (µmol/L) 48 ± 1 55 ± 2
aValues are means ± SEM. None of the parameters given was significantly
different between the two experimental groups, P > 0.05.

Control rats Nephrotic rats

Lane 1 2 3 4 5 6
Protein loaded (µg) 200 150 100 200 150 100
Receptor expression (arb. units) 253 189 128 229 183 123

FIG. 1. Ligand blot of hepatic low density lipoprotein receptor from
nephrotic rats and normal controls, prepared as described in detail in
the Experimental Procedures section. The 120 kD bands corresponding
to the receptor protein were quantified in arbitrary units after back-
ground subtraction using a bio-imaging analyzer.



rect for this, plasma lathosterol levels were expressed relative
to cholesterol. Indeed, the lathosterol/cholesterol ratio has
been shown to correlate better with the overall rate of choles-
terol biosynthesis than the absolute levels of lathosterol in
plasma (15,24). This ratio was not significantly different
between normal and nephrotic rats (Table 2). Interestingly,
similar results were obtained in patients with glomerular pro-
teinuria (28). 

Of interest is the report that hepatic HMG-CoA reductase
mRNA and HMG-CoA reductase activity showed a transient
increase after the induction of nephrosis in rats by PAN (29).
However, both subsequently reverted to normal despite a per-
sistent hypercholesterolemia. These data suggest that an ef-
fect on the reductase might play a role in initiating, though
not in maintaining, a hypercholesterolemic state.

It has been demonstrated that oxidation, excretion, and re-
moval of mevalonate are decreased in isolated perfused kid-
neys from nephrotic rats compared to controls (12). Also, liv-
ers from nephrotic rats have been shown to synthesize in-
creased amounts of cholesterol from exogenous 14C-labeled
mevalonate (11). These data suggested that an impaired
mevalonate metabolism in nephrosis would increase the de-
livery of this substrate to the liver and thereby stimulate cho-
lesterogenesis (11). However, as shown in Table 3, plasma
mevalonate levels were unaltered in nephrotic rats. Further,
the renal excretion of mevalonate was not different between
the two experimental groups. These data do not support the
hypothesis that the availability of mevalonate for cholesterol
synthesis in the liver is increased in the nephrotic state. The
increase of cholesterol synthesis from exogenous mevalonate
(11) might reflect a general increase in the liver capacity for
lipid synthesis (30). Our findings on mevalonate in nephrotic
rats are in contrast with those in mice with chronic renal fail-
ure where hypercholesterolemia was associated with reduced
urinary excretion of mevalonate and elevated plasma levels
of this precursor (31). It is noteworthy that in our study the
nephrotic rats had normal GFR measured as creatinine clear-
ance (Table 3). The absence of renal failure in these animals
may explain why mevalonate retention did not occur. Alto-
gether, our findings on plasma lathosterol/cholesterol ratio
along with those on mevalonate do not indicate enhanced
cholesterol biosynthesis in established nephrotic hypercho-
lesterolemia.

As shown in Figure 1, the expression of LDL receptor
binding activity was largely unaffected in nephrotic rats com-
pared to controls. Further, the activity of HMG-CoA reduc-
tase was not affected by the nephrotic state (Table 2). It has
been shown that hepatic mRNA levels for LDL receptor and
HMG-CoA reductase seem to be coordinately regulated (32).
Thus, the findings on HMG-CoA reductase activity and LDL
receptor expression were in accord. Further, the lack of effect
of nephrosis on the LDL receptor binding activity is well in
line with the observations of Joven et al. (14), who found no
significant effect of nephrosis on the fractional catabolic rate
of LDL in PAN-treated rats. In a recent study, LDL receptor
expression was found to be decreased in nephrotic rats 30 d

after the induction of nephrosis (33). However, no significant
changes in the receptor expression were seen at earlier time
points despite a pronounced hypercholesterolemia. These
findings, together with our results, suggest that down-regula-
tion of the LDL receptor does not occur early after the induc-
tion of nephrosis but may be a secondary phenomenon in the
course of PAN-induced nephrotic syndrome. 

The data obtained in our study, together with those re-
ported earlier, suggest that the mechanisms that mediate the
initiation of hyperlipidemia of the nephrotic syndrome are
different from those operative when the hyperlipidemia be-
comes established and reaches a steady state. It is plausible
that the hypoalbuminemia characteristic of the nephrotic syn-
drome or some other related factor initially increases the
availability of apolipoproteins with concomitant increases in
hepatic synthesis of cholesterol and triglycerides leading to
hyperlipoproteinemia (25,26,34,35). When a new steady state
is reached, there will be an increased influx of cholesterol into
the liver, largely determined by a concentration-dependent
uptake that does not necessarily involve the LDL receptor. An
increased uptake would down-regulate hepatic cholesterol
synthesis (17) whereby the synthetic rate would revert to nor-
mal. However, since the lipoprotein output is increased
(25,26), the flux of cholesterol from the liver is maintained at
a high level. This would explain the findings on hepatic cho-
lesterol levels, and hepatic cholesterol synthesis, as well as
hepatic LDL receptor expression (Table 2, Fig. 1).

To summarize, using several independent metabolic pa-
rameters, we found no evidence for increased hepatic choles-
terol synthesis in established nephrotic hypercholesterolemia.
Further, a major determinant of LDL cholesterol clearance,
namely the LDL receptor expression, did not appear to be al-
tered in this condition. Taking into account previously pub-
lished data that support enhanced cholesterol synthesis early
in the course of the disease, our results suggest that a sus-
tained increase in cholesterogenesis is not a prerequisite for
hypercholesterolemia which is maintained by other mecha-
nisms. Rather, it appears that the mechanisms that mediate
the initiation of hypercholesterolemia are not necessary for
the maintenance of this condition. Altogether, the results ob-
tained suggest that established hyperlipidemia of the
nephrotic syndrome constitutes a steady state in which nei-
ther enhanced hepatic cholesterol synthesis nor retarded LDL
cholesterol clearance is of major importance.
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ABSTRACT: Weanling rats were fed on high-fat (178 g/kg)
diets which contained 4.4 g α-linolenic (ALA), γ-linolenic, ara-
chidonic (ARA), eicosapentaenoic (EPA), or docosahexaenoic
acid (DHA)/100 g total fatty acids. The proportions of all other
fatty acids, apart from linoleic acid, and the proportion of total
polyunsaturated fatty acids (PUFA) (approximately 35 g/100 g
total fatty acids) were constant, and the n-6 to n-3 PUFA ratio
was maintained as close to 7 as possible. The fatty acid compo-
sitions of the serum and of spleen leukocytes were markedly in-
fluenced by that of the diet. Prostaglandin E2 production was
enhanced from leukocytes from rats fed the ARA-rich diet and
was decreased from leukocytes from the EPA- or DHA-fed rats.
Replacing dietary ALA with EPA resulted in diminished ex vivo
lymphocyte proliferation and natural killer (NK) cell activity and
a reduced cell-mediated immune response in vivo. In contrast,
replacing ALA with DHA reduced ex vivo lymphocyte prolifer-
ation but did not affect ex vivo NK cell activity or the cell-me-
diated immune response in vivo. Replacement of a proportion
of linoleic acid with either γ-linolenic acid or ARA did not af-
fect lymphocyte proliferation, NK cell activity, or the cell-medi-
ated immune response. Thus, this study shows that different n-3
PUFA exert different immunomodulatory actions, that EPA ex-
erts more widespread and/or stronger immunomodulatory ef-
fects than DHA, that a low level of EPA is sufficient to influence
the immune response, and that the immunomodulatory effects
of fish oil may be mainly due to EPA.
Lipids 33, 171–180 (1998).

In recent years there has been great interest in the effects of
different types of dietary fatty acids upon the immune system.
Much of this interest has focused on polyunsaturated fatty
acids (PUFA), partly because the n-6 PUFA arachidonic acid
(ARA; 20:4n-6) is the precursor of prostaglandins and

leukotrienes which have potent pro-inflammatory and im-
munoregulatory properties (see Refs. 1–3 for reviews). ARA
is formed from linoleic acid (18:2n-6), a major component of
vegetable oils such as corn, sunflower, soybean, and safflower
oils; an intermediate in the synthesis of ARA is γ-linolenic
acid (GLA; 18:3n-6). The second reason for the interest in the
immunomodulatory effects of fatty acids is that epidemiolog-
ical studies have found that populations such as Greenland
Eskimos, who consume large quantities of fish oil, which is
rich in the n-3 PUFA eicosapentaenoic acid (EPA; 20:5n-3)
and docosahexaenoic acid (DHA; 22:6n-3), have a very low
incidence of inflammatory and autoimmune disorders (4).
Furthermore, a number of clinical studies have reported that
fish oil supplementation of the human diet has some benefi-
cial effects in acute and chronic inflammatory conditions
(e.g., 5–11) and prolongs the survival of grafts (12). The pre-
cursor of EPA and DHA is α-linolenic acid (ALA; 18:3n-3),
a major component of green plant tissues and of linseed oil.
Interest in the potential clinical effects of oils rich in n-6 or
n-3 PUFA has given rise to a number of investigations of the
effects of fatty acids and dietary oils upon immune cell func-
tions (see 13–19 for reviews). 

Feeding laboratory animals (rats, mice, rabbits, chickens)
diets rich in n-3 PUFA (canola, linseed, fish oils) results in
suppressed ex vivo lymphocyte proliferation (20–27), cyto-
toxic T lymphocyte activity (28–32), and natural killer (NK)
cell activity (26,27,30,33–35). Investigations which have di-
rectly compared the effects of these oils indicate that fish oil
is more suppressive than linseed oil which is, in turn, more
suppressive than canola oil (see 14–18 for references). Diets
rich in n-6 PUFA appear to be either less suppressive than
those containing n-3 PUFA or without effect (see 14–18 for
references). Taken together, these ex vivo observations indi-
cate that consumption of diets containing n-3 PUFA, particu-
larly diets rich in fish oil, may result in immunosuppression
in vivo. Indeed, three studies have reported that feeding labo-
ratory rodents fish oil results in diminished in vivo graft vs.
host and/or host vs. graft responses (36–38); feeding diets rich
in n-6 PUFA [safflower oil (SO) or evening primrose oil] did
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not suppress these responses (38). In addition, one study has
reported that, compared with sunflower oil feeding, linseed
oil reduces the graft vs. host response (27).

Thus, the consumption of diets which contain large
amounts of n-3 PUFA clearly causes immunosuppression
whereas those rich in n-6 PUFA are less suppressive. How-
ever, the oils used in such experiments (e.g., sunflower, saf-
flower, linseed, and fish oils) differ greatly in background
fatty acid composition, in total PUFA content, and in n-6/n-3
PUFA ratio. Because both the level of PUFA and the n-6/n-3
PUFA ratio of the diet have significant effects on immune cell
function (39), the influences of these two characteristics of
the diet on immune cell functions have been difficult to dis-
tinguish in previous studies. Furthermore, most previous stud-
ies did not strictly control the proportions of dietary fatty
acids other than those under study. Palmitic and oleic acids
are now known to influence immune cell function (23,35,
40–42), and the proportions of these fatty acids differ greatly
among diets previously used [e.g., fish oil contains twice as
much palmitic acid as SO (23)]. By using single oils or mix-
tures of two oils, most previous studies investigated the ef-
fects of large amounts of n-3 or n-6 PUFA; the amounts used
often could not be achieved in the human diet. As a result,
there is little information about how much n-3 PUFA needs
to be present to bring about the effects of fish oil. Finally,
whether the immunomodulatory effects of fish oil are due to
EPA or DHA or to both of these fatty acids is not yet clear.
The current study was designed to investigate the immuno-
modulatory effects of specific PUFA (GLA, ARA, EPA,
DHA) fed at the level of 4.4 g/100 g total fatty acids and as
components of diets with very similar background fatty acid
composition and with a near-constant n-6/n-3 PUFA ratio. A
control diet containing approximately 31 g linoleic acid and
4.4 g ALA/100 g total fatty acids was used; the effects of
GLA and ARA were examined by replacing a portion of the
linoleic acid, whereas the effects of EPA and DHA were ex-
amined by replacing ALA. In this way the total PUFA con-
tent and the n-6/n-3 PUFA ratio of the diets were kept as con-
stant as possible.

MATERIALS AND METHODS

Animals and diets. Weanling male Lewis or DA/Lewis rats
(aged 4 wk, weighing between 65 and 80 g) were obtained
from Harlan-Olac, Bicester, Oxfordshire, United Kingdom.
The rats were housed in the Department of Biochemistry,
University of Oxford for a period of 5 (DA/Lewis) or 6
(Lewis) wk prior to sacrifice, during which time they were
given free access to water and to one of five experimental
diets provided by Unilever Research Colworth Laboratory,
Sharnbrook, Bedfordshire, United Kingdom. Each diet con-
tained 178 g/kg lipid. The diets differed according to the pro-
portions of different n-6 and n-3 PUFA they contained; these
proportions were varied by using mixtures of oils containing
triacylglycerols rich in different PUFA (see Table 1). All diets
contained 182 g/kg high-nitrogen casein, 520 g/kg corn

starch, 60 g/kg fiber (Solkafloc), 42 g/kg AIN-76 mineral mix,
12 g/kg AIN-76 vitamin mix, 4 g/kg DL-methionine, 2 g/kg
choline bitartrate, and 170 mg/kg α-tocopherol; the α-tocoph-
erol content of the oil blends was measured and normalized
by the addition of commercial α-tocopherol (Sigma Type V;
Sigma Chemical Co., Poole, Dorset, United Kingdom) to give
an α-tocopherol content equivalent to 80 mg/kg of the final
diet (the diets also contained 90 mg/kg α-tocopherol as a
component of the AIN-76 vitamin mix). The fatty acid com-
position of each diet is shown in Table 2. The diets contained
very similar levels of palmitic (approx. 20 g/100 g total fatty
acids), stearic (approx. 4.0 g/100 g fatty acids), total saturated
(approx. 27 g/100 g fatty acids), oleic (approx. 36 g/100 g
fatty acids), and total PUFA (approx. 35 g/100 g fatty acids).
Furthermore, the ratio of n-6/n-3 PUFA was kept fairly con-
stant (Table 2); thus, in the diets containing GLA or ARA,
these fatty acids partly replaced linoleic acid, whereas in the
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TABLE 1
Proportions of Different Oils Used

Dieta

Oil Control GLA ARA EPA DHA

Canola 28.7 31.0 31.5
High-oleic acid sunflower seed 12.3 16.3
Sunflower seed 16.2 9.8 43.4 43.8
Soybean 23.4 19.9 19.7
Fractionated palm 31.8 29.8 28.0 31.1 29.2
Borage 19.3
ARASCO®b 11.0
DHASCO®b 10.8
Enzymically modified fish 13.2
ag/100 g oil blend; abbreviations: GLA, γ-linolenic acid; ARA, arachidonic
acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
bA gift from Martek Biosciences Corporation (Columbia, MD).

TABLE 2
Fatty Acid Composition of the Diets Used

Dieta

Fatty acid Control GLA ARA EPA DHA

12:0 n.d. n.d. n.d. n.d. 0.4
14:0 0.3 0.3 0.3 0.4 2.0
16:0 22.5 22.2 20.9 20.5 20.3
16:1n-7 0.1 0.2 0.2 2.1 0.2
18:0 4.2 4.0 4.9 4.3 4.4
18:1n-9 36.9 37.0 37.0 32.3 36.4
18:2n-6 30.8 26.0 26.0 31.2 30.8
18:3n-3 4.4 4.4 4.4 0.3 0.1
18:3n-6 n.d. 4.4 n.d. n.d. n.d.
20:4n-6 n.d. n.d. 4.4 n.d. 0.2
20:5n-3 n.d. n.d. n.d. 4.1 n.d.
22:5n-3 n.d. n.d. n.d. 0.3 0.1
22:6n-3 n.d. 0.4 n.d. 0.7 4.4

Total PUFA 35.2 35.2 34.8 36.6 35.6
n-6/n-3 7.0 6.3 6.9 5.8 6.7
ag/100 g total fatty acids; n.d. indicates not detected; PUFA, polyunsaturated
fatty acids. For other abbreviations see Table 1.



diets containing EPA or DHA, these fatty acids replaced ALA
(Table 2). Diets were stored at 4°C and were provided fresh
to the rats every 2 d. Rats were killed in the fed state by an
overdose of CO2. Blood was collected by cardiac puncture
and allowed to clot at room temperature for 1 h; serum was
then collected by centrifugation at 1000 × g. Serum was
stored at −20°C until analysis. Spleen leukocytes were pre-
pared as described elsewhere (23). All procedures involving
animals were approved under the Animals (Scientific Proce-
dures) Act 1986 by the Home Office.

Chemicals. Chemicals and cell culture media and supple-
ments were obtained from the sources described elsewhere
(23,27,35,38). Prostaglandin (PG) E2 concentrations were de-
termined using ELISA kits purchased from Cayman Chemi-
cal Co. (Ann Arbor, MI).

Lipid extraction and fatty acid composition analysis. Lipid
extraction and fatty acid composition analysis were per-
formed as described elsewhere (27), except that fatty acid
methyl esters were prepared by incubation with 14% boron
trifluoride at 80°C for 15 min. 

Analysis of lymphocyte subpopulations. Flow cytometry
was used to measure the presence of various markers on the
surface of freshly-prepared spleen leukocytes. The cells were
stained with monoclonal antibodies to the T-cell receptor (a T
lymphocyte marker), κ-light chain of immunoglobulins (a B
lymphocyte marker), or CD11b/c (a macrophage marker) and
analyzed as described elsewhere (23,27).

Lymphocyte proliferation and NK cell activity. Spleen lym-
phocyte proliferation in response to 5 µg/mL concanavalin A
(Con A) was determined as described elsewhere (23–27); cul-
tures contained 2.5% (vol/vol) autologous serum, and data are
expressed as stimulation index (see 23–27). Spleen leukocyte
NK cell activity toward YAC-1 cells was determined as de-
scribed elsewhere (27).

Measurement of PGE2 concentrations. Spleen leukocytes
were cultured at 37°C in an air/CO2 (19:1) atmosphere in 24-
well culture plates at a density of 5 × 106 cells/well and a total
culture volume of 2 mL in HEPES-buffered Roswell Park
Memorial Institute medium supplemented with 2 mM gluta-
mine, 2.5% (vol/vol) autologous serum, antibiotics (strepto-
mycin and penicillin), and 5 µg/mL Con A. After 48 h of cul-
ture, the medium was collected and PGE2 concentrations
were determined by ELISA, performed according the instruc-
tions of the manufacturers of the kits; samples were diluted
by 1 in 4 before analysis. This assay can measure a minimum
of 29 pg/mL PGE2, and the level of serum present in samples
from cell culture does not interfere with the assay.

Popliteal lymph node (PLN) assay. This in vivo measure of
cell-mediated immunity was performed as described else-
where (27,38). Briefly, a graft vs. host response was elicited
by injecting 6 × 106 lymph node lymphocytes (prepared from
adult male Lewis rats maintained on standard laboratory
chow) subcutaneously into the footpad of one leg of weanling
male DA/Lewis rats which had been fed for 4 wk on the diets
described above. The total injection volume was 0.1 mL and
the cells were resuspended in phosphate-buffered saline

(PBS); the footpad of the control leg was injected with 0.1 mL
PBS. The animals were sacrificed 7 d after injection; during
this time they were fed the same diet that they had been previ-
ously fed. The PLN were dissected out and weighed. Prelimi-
nary experiments indicated that injection of 6 × 106 cells and
sacrifice 7 d postinjection resulted in maximal PLN size (38).
Injection of PBS or of 6 × 106 DA/Lewis lymph node lympho-
cytes did not cause any increase in PLN weight (38).

Data presentation and statistical analysis. Data are means
± SEM of five rats fed each diet. Statistical comparions be-
tween groups were made using one-way analysis of variance
and a post hoc least significant difference test. Spearman lin-
ear rank correlation coefficients, one-way analysis of vari-
ance and post hoc least significant difference tests were de-
termined using SPSS Version 6.0 (SPSS Inc., Chicago, IL);
in all cases a value for P of less than 0.05 was taken to indi-
cate statistical significance.

RESULTS

Rat growth. The diets used in this study were isocaloric, and
there was no difference in food intake among rats fed the dif-
ferent diets (data not shown). Final body weights, and there-
fore the total growth, were not different among rats fed the
different diets (data not shown). Liver and spleen weight and
weights of the epididymal and dorsal wall of abdomen adi-
pose depots did not differ among animals fed the different
diets (data not shown). 

Serum fatty acid composition. The fatty acid composition
of the serum was markedly influenced by that of the diet
(Table 3). There were significant positive linear relationships
between the proportions of each of the major fatty acids in the
diet, except palmitic acid, and the proportions of those fatty
acids in the serum (Table 4). The proportion of linoleic acid
in the serum of rats fed diets containing n-3 PUFA was sig-
nificantly higher than in the serum of rats fed the GLA- or
ARA-rich diets (Table 3); there was a significant (r = 0.651;
P < 0.001) linear relationship between the proportion of DHA
in the diet and the proportion of linoleic acid in the serum.
This is in agreement with previous observations that feeding
rats diets containing fish oil leads to increased linoleic acid
levels in plasma and liver lipids (43). These observations sug-
gest that n-3 PUFA might inhibit the further metabolism of
dietary linoleic acid and/or that n-3 PUFA might increase the
intestinal absorption of linoleic acid. There is some evidence
in support of both these suggestions. For example, DHA is
known to inhibit ∆-6 desaturase, the enzyme responsible for
further metabolism of linoleic acid (44). On the other hand,
feeding rats a fish oil-rich diet has been shown to result in en-
hanced absorption of linoleic acid, at least from some dietary
oils (45). Only the serum of GLA-fed rats contained appre-
ciable proportions of GLA (Table 3); serum from these ani-
mals contained more dihomo-γ-linolenic acid than that from
animals fed the control or ARA diets (Table 3). The propor-
tion of ARA was high in the serum of ARA-fed rats and low
in the serum of rats fed the EPA or DHA diets (Table 3). This

DIETARY LIPIDS AND LYMPHOCYTE FUNCTIONS 173

Lipids, Vol. 33, no. 2 (1998)



is in accordance with observations made following the feed-
ing of an ARA-rich diet to hamsters where ARA levels 
in liver, heart, lung, kidney, testes, and platelets were signifi-
cantly elevated compared with feeding a control diet or a 
diet enriched in EPA (46). Thus, when a significant level 
of ARA is available from the diet, blood and tissue ARA
levels exceed those observed in the absence of significant
levels of ARA in the diet; in the latter situation dietary
linoleic acid is used as a substrate for the synthesis of blood
and tissue ARA. The reduced proportion of linoleic acid 
in the plasma of ARA-fed rats (Table 3) is in accordance with
the reduced proportion of linoleic acid observed in the tissues
of ARA-fed hamsters (46). The serum of EPA-fed rats
contained a high proportion of EPA and DHA, whereas the
serum of DHA-fed rats contained a high proportion of DHA
(Table 3). 

Spleen leukocyte fatty acid composition. The fatty acid
composition of spleen leukocytes was markedly influenced
by that of the diet (Table 5). There were significant positive

linear relationships between the proportions of each of the
PUFA in the diet, except ALA, and the proportions of those
fatty acids in spleen leukocytes (Table 4). The proportion of
linoleic acid in the leukocytes of rats fed diets containing EPA
or DHA was significantly higher than in the leukocytes of rats
fed the GLA- or ARA-rich diets (Table 5); there was a signif-
icant (r = 0.639; P < 0.001) linear relationship between the
proportion of DHA in the diet and the proportion of linoleic
acid in leukocytes. Only leukocytes from GLA-fed rats con-
tained appreciable proportions of GLA (Table 5). These cells
also contained a significantly greater proportion of dihomo-γ-
linolenic acid than cells from rats fed each of the other diets
(Table 5). This observation reflects the availability of GLA,
which is rapidly metabolized to dihomo-γ-linolenic acid. The
proportion of ARA was high in the leukocytes of ARA-fed
rats and low in the leukocytes of rats fed the EPA or DHA
diets (Table 5). This agrees with the study of Whelan et al.
(46) in which feeding an ARA-rich diet to hamsters increased
spleen lipid ARA levels (and reduced spleen lipid linoleic
acid levels, as found in the current study). Leukocytes from
EPA-fed rats contained a relatively high proportion of EPA,
whereas those from DHA-fed rats contained a high propor-
tion of DHA (Table 5). 

Analysis of spleen leukocyte subpopulations. Diet did not
affect the proportions of T lymphocytes (approximately
60%), B lymphocytes (approximately 20%), or macrophages
(approximately 20%) in spleen leukocyte preparations (data
not shown). 

Proliferation of spleen lymphocytes. The proliferation of
spleen lymphocytes from rats fed the EPA- and DHA-rich
diets was significantly lower than that of lymphocytes from
rats fed the control diet (Fig. 1). Maximal proliferation of
lymphocytes from rats fed the DHA-rich diet was 65% that
of lymphocytes from rats fed the control diet (Fig. 1). 

Spleen NK cell activity. The NK cell activity of spleen
lymphocytes from rats fed the EPA-rich diet was significantly
lower than that of lymphocytes from rats fed the control or
the ARA- or DHA-rich diets (Fig. 2). 
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TABLE 3
Effect of Feeding Diets Containing Different PUFA upon the Fatty Acid Composition 
of Rat Seruma

Dietb

Fatty acid Control GLA ARA EPA DHA

16:0 22.9 ± 1.3a,b 24.6 ± 1.3a 20.8 ± 1.2b 20.9 ± 0.5b 22.4 ± 0.8a,b

18:0 11.0 ± 0.7 10.4 ± 0.2 11.8 ± 0.8 11.0 ± 0.4 10.2 ± 0.2
18:1n-9 16.7 ± 1.8a,b 18.7 ± 0.9a 14.9 ± 1.4b,d 12.1 ± 0.4c,d 16.8 ± 0.7a,b

18:2n-6 27.2 ± 0.5a 22.6 ± 0.7b 16.7 ± 0.6c 28.4 ± 0.7a 31.5 ± 0.4d

18:3n-3 1.1 ± 0.1a,b 1.3 ± 0.1a 1.0 ± 0.1b n.d. 0.17 ± 0.01c

18:3n-6 0.13 ± 0.02a 1.9 ± 0.1b 0.18 ± 0.01a n.d. n.d.
20:3n-6 0.05 ± 0.01a 0.5 ± 0.1b n.d. 0.3 ± 0.1a 0.4 ± 0.1a

20:4n-6 13.3 ± 2.3a,c 13.2 ± 1.3a 26.1 ± 2.5b 9.3 ± 1.0c,d 7.9 ± 1.1d

20:5n-3 0.9 ± 0.4a 0.6 ± 0.2a 0.8 ± 0.2a 6.3 ± 0.5b 0.9 ± 0.2a

22:6n-3 1.2 ± 0.2a 0.6 ± 0.1b 0.5 ± 0.1b 1.8 ± 0.2a 4.5 ± 0.6c

aData are mean ± SEM of five animals fed each diet. Values which do not share a superscript letter
are significantly different from one another.
bg/100 g total fatty acids; for abbreviations see Tables 1 and 2.

TABLE 4
Spearman Linear Rank Correlation Coefficients for the Relationships
Between the Proportions of Particular Fatty Acids in the Diet 
and the Proportions of Those Fatty Acids in the Serum 
or Spleen Leukocytesa

Proportion of fatty Proportion of fatty
acid in serum acid in leukocytes

Dietary fatty acid r P r P

Palmitic acid 0.393 NSb −0.151 NS
Oleic acid 0.457 <0.05 −0.402 <0.05
Linoleic acid 0.859 <0.001 0.701 <0.001
ALA 0.819 <0.001 0.364 NS
GLA 0.987 <0.001 0.571 <0.01
ARA 0.822 <0.001 0.764 <0.001
EPA 0.962 <0.001 0.934 <0.001
DHA 0.886 <0.001 0.928 <0.001
aData are for 25 animals.
bNS, not significant; ALA, α-linolenic acid. For other abbreviations see
Tables 1 and 2.



PGE2 production by cultured leukocytes. It is likely that
the bulk of the PGE2 produced in spleen leukocyte cultures is
of macrophage origin (47). The highest level of PGE2 pro-
duction was from spleen leukocytes from rats fed the diet rich
in ARA; this was greater than production by cells from rats
fed the n-3 PUFA-containing diets (Fig. 3). PGE2 production
was lowest in leukocytes from rats fed the EPA- or DHA-rich
diets; this was lower than production by cells from rats fed
each of the other three diets (Fig. 3). There was a significant
correlation between spleen leukocyte ARA levels and ex vivo
PGE2 production (r = 0.738; P < 0.001). This suggests that
the main cause of the differences in PGE2 production among
leukocytes from rats fed different diets is the availability of
substrate.

Graft vs. host response. The PLN assay was used as an
in vivo measure of cell-mediated immunity. PLN weights

were lowest in rats fed the EPA-rich diet (Fig. 4); these were
significantly lower than those in rats fed the control diet.

DISCUSSION

In this study we have compared the effects of feeding rats
high-fat (178 g/kg) diets with a near-constant PUFA content
(35 g/100 g fatty acids) and a near-constant ratio of n-6/n-3
PUFA (approximately 7), but with different long-chain n-6 or
n-3 PUFA. The characteristics of the diets used were selected
so that this study would be of relevance to humans. For ex-
ample, the level of fat in the diet was selected so that fat
would provide approximately 35% of dietary energy, the cur-
rent recommended level for the United Kingdom population
(48). The levels of total saturated fatty acids, monounsatu-
rated fatty acids, and total PUFA were selected so that they
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TABLE 5
Effect of Feeding Diets Containing Different PUFA upon the Fatty Acid Composition 
of Rat Spleen Leukocytes

Dieta

Fatty acid Control GLA ARA EPA DHA

16:0 24.8 ± 1.7 29.6 ± 1.1 26.6 ± 1.6 29.4 ± 0.5 27.1 ± 1.8
18:0 15.8 ± 1.4 18.3 ± 0.9 18.5 ± 1.0 18.1 ± 0.5 18.2 ± 1.0
18:1n-9 10.9 ± 0.3a 12.1 ± 0.2b 11.1 ± 0.7a,b 12.5 ± 0.3b 12.2 ± 0.7a,b

18:2n-6 11.9 ± 0.8a,c 10.7 ± 0.1a 7.9 ± 0.2b 14.6 ± 1.7c,d 16.4 ± 1.2d

18:3n-3 0.4 ± 0.2 n.d. 0.2 ± 0.1 n.d. n.d.
18:3n-6 n.d. 1.2 ± 0.6 n.d. n.d. n.d.
20:3n-6 0.8 ± 0.1a 2.3 ± 0.1b 0.7 ± 0.1a,c 0.9 ± 0.1a 0.4 ± 0.1c

20:4n-6 16.2 ± 0.5a 18.7 ± 0.7b 23.5 ± 1.0c 11.6 ± 0.5d 12.8 ± 0.4d

20:5n-3 0.20 ± 0.06a 0.8 ± 0.5a 0.26 ± 0.01a 2.9 ± 0.2b 0.32 ± 0.04a

22:6n-3 0.7 ± 0.1a 0.4 ± 0.1a 0.4 ± 0.1a 1.3 ± 0.4a 3.8 ± 0.3b

ag/100 g total fatty acids; data are mean ± SEM of five animals fed each diet. Values which do not
share a superscript letter are significantly different from one another.
bFor abbreviations see Tables 1 and 2.

FIG. 1. Effect of feeding diets containing different polyunsaturated fatty
acids (PUFA) upon the proliferation of rat spleen lymphocytes. Values
are mean ± SEM of five animals fed each diet. Values indicated by dif-
ferent symbols are significantly different from one another. GLA, γ-
linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid;
DHA, docosahexaenoic acid.

FIG. 2. Effect of feeding diets containing different PUFA upon the nat-
ural killer cell activity of rat spleen lymphocytes. Values are mean ±
SEM of five animals fed each diet. Values indicated by different sym-
bols are significantly different from one another. For abbreviations see
Figure 1.



approximated those currently recommended for the United
Kingdom diet (11, 14, and 7% of dietary energy, respectively;
48); however, the level of total PUFA actually used was
higher than this. The n-6/n-3 PUFA ratio of 7 was selected so
that it approximated that of the current United Kingdom diet
(approximately 6.5; 49). The control diet contained 31 g
linoleic acid and 4.4 g ALA/100 g total fatty acids. In all diets
the content of long-chain PUFA was maintained at approxi-
mately 4.4 g/100 g fatty acids; therefore, in the experimental
diets GLA and ARA partially replaced linoleic acid, and EPA
and DHA replaced ALA. Importantly, the levels of all fatty
acids other than PUFA were almost identical in all diets.
Therefore, these diets investigate the effect of replacing a por-
tion of dietary linoleic acid with a relatively low level of an-

other n-6 PUFA (either GLA or ARA) without introducing
any other changes in dietary fatty acid composition, total
PUFA content, or n-6/n-3 PUFA ratio. Similarly, these diets
investigate the effect of replacing dietary ALA with another
n-3 PUFA (either EPA or DHA) without introducing any
other changes in dietary fatty acid composition, total PUFA
content, or n-6/n-3 PUFA ratio. Thus, feeding these diets rep-
resents a more strictly controlled situation than does feeding
diets rich in particular oils (e.g., sunflower, safflower, evening
primrose, linseed, fish), since these differ significantly in the
proportions of fatty acids other than those being compared
(e.g., palmitic and oleic acids). In addition, the characteristics
of such oils differ widely. For example, linseed oil contains
50 g ALA/100 g total fatty acids, fish oil contains 25 g EPA
plus DHA/100 g total fatty acids, and n-6 PUFA-rich oils such
as sunflower or SO contain 60 to 85 g linoleic acid/100 g total
fatty acids. Thus, experiments which compare the effects of
feeding these oils are comparing diets with widely differing
n-6/n-3 PUFA ratios and levels of PUFA. For instance, the
n-6/n-3 PUFA ratio in sunflower and SO is greater than 100,
whereas this ratio in linseed and fish oils is approximately 0.3. 

Feeding rats a diet containing 200 g/kg fish oil results in
suppressed ex vivo lymphocyte proliferation (23,26) and NK
cell activity (26,35), and diminishes the graft vs. host re-
sponse in vivo (38). Similar effects of fish oil feeding have
been reported in other species, including mice (25,30,33,
34,37), rabbits (21), chickens (22), and humans (50–52).
Feeding linseed oil to laboratory animals also suppresses
ex vivo lymphocyte proliferation (20–22,27) and NK cell ac-
tivity (27) and diminishes the in vivo graft vs. host response
(27). However, as described above, diets containing fish or
linseed oils as the sole source of fat include very high levels
of n-3 PUFA; the current study investigates the effects of
lower levels of these PUFA. Differential effects of dietary n-3
PUFA were observed. Replacing dietary ALA with either
EPA or DHA decreased lymphocyte proliferation. In contrast,
replacing dietary ALA with EPA, but not with DHA, reduced
NK cell activity and the graft vs. host reponse. These obser-
vations suggest that the suppressive effect of dietary fish oil
upon lymphocyte proliferation might be due to the presence
of both EPA and DHA, whereas the inhibitory effect of fish
oil upon NK cell activity might be due to EPA alone. This
study does not rule out the possibility that higher levels of
DHA in the diet might exert effects upon NK cell activity.
Furthermore, we have not investigated the effect of altering
the ratio of EPA to DHA in the diet; this might be important
in determining the precise effect of long-chain n-3 PUFA and
of different fish oils upon lymphocyte function and cell-me-
diated immunity.

It is unlikely that the differences in lymphocyte function
relate to differences in the populations of cells cultured: diet
did not affect the proportions of T lymphocytes, B lympho-
cytes, or macrophages present in the spleen. This is in accor-
dance with the lack of effect of diets rich in fish oil, evening
primrose oil, or linseed oil upon spleen leukocyte subpopula-
tions (23,27).
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FIG. 3. Effect of feeding diets containing different PUFA upon ex vivo
prostaglandin E2 (PGE2) production by rat spleen leukocytes. Values are
mean ± SEM of five animals fed each diet. Values not sharing a com-
mon symbol are significantly different from one another. For abbrevia-
tions see Figure 1.

FIG. 4. Effect of feeding diets containing different PUFA upon the graft
vs. host response in rats. Values are mean ± SEM of five animals fed
each diet. Values indicated by different symbols are significantly differ-
ent from one another. PLN, popliteal lymph node. For other abbrevia-
tions see Figure 1.



This study also reveals that replacing a proportion of
dietary linoleic acid with another n-6 PUFA, either GLA or
ARA, does not influence spleen lymphocyte proliferation 
or NK cell activity and does not affect the graft vs. host
response. 

The observations made in the current study can be com-
pared with those of some other recent studies (53,54). Jolly
et al. (53) fed mice for 10 d on diets containing 30 g SO/kg,
20 g SO plus 10 g ARA-rich triacylglycerol/kg, 20 g SO plus
10 g EPA-ethyl ester/kg or 20 g SO plus 10 g DHA-ethyl
ester/kg. They found that compared with the SO diet, the
ARA-rich diet did not affect spleen lymphocyte proliferation
in response to Con A. In contrast, both EPA- and DHA-rich
diets suppressed lymphocyte proliferation (by 80%); the two
n-3 PUFA were equipotent. Qualitatively this agrees with the
current study which found no effect of ARA on lymphocyte
proliferation, but a suppressive effect of diets containing ei-
ther EPA or DHA, which were equipotent in their effects
(Fig. 1). However, lymphocyte proliferation was suppressed
by about 30 to 35% in the current study (compared with the
control diet). This quantitative difference in the effects of
EPA and DHA between the two studies could be due to at
least five key differences between the studies. First, the stud-
ies used different levels of n-3 PUFA in the diets; in the cur-
rent study, EPA or DHA constituted approximately 4.4% of
total fatty acids and approximately 1.5% of dietary energy,
whereas in the study of Jolly et al. (53) EPA or DHA made
up approximately 30% of total fatty acids and approximately
2.3% of dietary energy. Second, the total level of fat in the
diets used was different; in the current study the diets con-
tained 178 g fat/kg diet, whereas in Jolly et al. (53) the diets
contained 30 g fat/kg diet. The level of dietary fat has been
shown to influence lymphocyte proliferation (18), and this
makes direct quantitative comparison between the two stud-
ies difficult. Third, the diets used in the two studies differed
greatly in their PUFA content; in the current study PUFA con-
stituted approximately 35% of total fatty acids whereas in the
the study of Jolly et al. (53) PUFA made up 90% of total fatty
acids. Lymphocyte proliferation has been shown to be mark-
edly influenced by the level of PUFA in the diet (39); further-
more, the total PUFA content of the diet influences the effect
of ALA (39), and perhaps other n-3 PUFA, on lymphocyte
proliferation. Fourth, the diets used in the two studies differ
greatly in the ratio of n-6/n-3 PUFA; in the current study the
n-6/n-3 PUFA ratio was kept as constant as possible at ap-
proximately 7, whereas in the study of Jolly et al. (53) the
n-6/n-3 PUFA ratio varied greatly between diets. Although
the exact fatty acid compositions of the diets used were not
given by Jolly et al. (53), sufficient information is available
to indicate that the n-6:n-3 PUFA ratio of the control SO diet
was at least 100, and perhaps as much as 800, while the
n-6/n-3 PUFA ratios of the EPA and DHA diets were approx-
imately 1.7. It is known that lymphocyte proliferation is
markedly influenced by the n-6/n-3 PUFA ratio of the diet
(27,39). Fifth, the exact comparisons being made are differ-
ent between the two studies: in the current study the effect of

replacing an exact amount of one n-3 PUFA (ALA) with the
same amount of another n-3 PUFA (EPA or DHA) without al-
tering any other dietary variable was examined, whereas in
Jolly et al. (53) the effect of replacing a significant amount
(30%) of linoleic acid in a diet almost devoid of n-3 PUFA
with EPA or DHA was examined. Thus, the control diets are
different between the two studies; in the current study the
control diet contained 30 g linoleic acid, 4.4 g ALA, and 35 g
PUFA/100 g total fatty acids and had an n-6/n-3 PUFA ratio
of 7, whereas in the study of Jolly et al. (53) the control diet
contained at least 84 g linoleic acid and PUFA/100 g total
fatty acids and a negligible amount of ALA and had an
n-6/n-3 PUFA ratio of at least 100. These profound differ-
ences most likely explain the quantitative differences in the
effects of EPA and DHA upon lymphocyte proliferation be-
tween the two studies. It seems logical that, since adding
ALA to an n-6 PUFA-rich diet reduces lymphocyte prolifera-
tion (27,39), adding EPA or DHA to an n-6 PUFA-rich diet
(53) will have a greater effect upon lymphocyte proliferation
than replacing ALA with either EPA or DHA (this study).

The lack of an immunological effect of feeding laboratory
rodents diets enriched in ARA (this study; 53) agrees with a
recent study in man, the first study in animals or man to have
examined the effects of dietary ARA on components of the
immune response, which showed no effect of 1.5 g ARA/day
for 50 d on the proliferative response of peripheral blood
mononuclear cells to Con A, phytohemagglutinin, or poke-
weed mitogen (54). Human peripheral blood NK cell activity
was unaffected by the consumption of ARA (54); again this
observation is in agreement with that of the current study
(Fig. 2). The current study observed a lack of effect of ARA
upon the graft vs. host response, an in vivo measure of cell-
mediated immunity (Fig. 4). This also agrees with the human
study (54) which found no effect of the ARA diet on the de-
layed-type hypersensitivity response to seven recall antigens
applied intradermally.

An n-3 PUFA-induced reduction in lymphocyte reactivity
and cell-mediated immunity, although potentially useful in
chronic inflammatory diseases (5–11) and following trans-
plantation (12), could make individuals increasingly suscep-
tible to bacterial and viral infections and to the development
of cancers. Certainly inclusion of high levels of fish oil in the
diet of experimental animals results in increased mortality
following a challenge with Salmonella typhimurium (55),
Staphylococcus aureus (56), or Listeria monocytogenes (57).
However, the current study indicates that n-3 PUFA at the
level of 4.4 g/100 g total dietary fatty acids cause rather mini-
mal immunosuppressive effects. To achieve this level of n-3
PUFA intake, individuals would need to consume between
3.5 and 6 g long-chain n-3 PUFA per day. Since the current
average United Kingdom intake of long-chain n-3 PUFA is
less than 0.2 g/day (49), this would represent a vast increase
in intake, achievable only by supplementation with encapsu-
lated n-3 PUFA. We have not identified the lowest level of
EPA or DHA required to suppress lymphocyte proliferation,
but DHA at the level of 4.4 g/10 g total fatty acids did not af-
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fect NK cell activity or a measure of the in vivo cell-mediated
immune response. The data suggest that a modest increase in
dietary long-chain n-3 PUFA or supplementation of the diet
with relatively low levels of encapsulated fish oil will not
compromise immunity. In agreement with this conclusion,
Meydani et al. (51) reported that supplementation of the diet
of women aged 23 to 33 yr with 2.4 g EPA plus DHA per day
for up to 3 mon did not affect the response of peripheral blood
lymphocytes to Con A or phytohemagglutinin. Similarly, sup-
plementation of the diet with 6 g long-chain n-3 PUFA in the
form of ethyl esters per day for 4 mon did not affect the re-
sponse of peripheral blood lymophocytes to phytohemagglu-
tinin (58). Interestingly, these levels of supplementation with
n-3 PUFA significantly reduce the ex vivo production of pro-
inflammatory cytokines (50–52; see 19 for a review), suggest-
ing that proinflammatory cytokine production is more sensi-
tive than lymphocyte function to n-3 PUFA intervention. 

In the past it has been speculated that effects of dietary n-3
PUFA on immune cell function relate to changes in produc-
tion of eicosanoids, particularly PGE2. PGE2 levels were ele-
vated in the medium of leukocytes from rats fed the ARA-
rich diet and were reduced in that of leukocytes from rats fed
the EPA- or DHA-rich diets (Fig. 3). Thus, differences in
PGE2 production cannot be responsible for the differences in
lymphocyte proliferation observed. This agrees with the out-
comes of a number of in vitro studies which have concluded
that the inhibitory effects of EPA and DHA upon lymphocyte
proliferation are independent of their effects upon PGE2 pro-
duction (59–62). There is also agreement with studies in hu-
mans in which supplementation of the diet with fish oil has
been shown to reduce both lymphocyte proliferation and
PGE2 production (50,51); these studies concluded that the ef-
fect of n-3 fatty acid supplementation on lymphocyte prolif-
eration seems independent of, and is unlikely due to, de-
creases in PGE2 production (50,51). The recent study of Wu
et al. (63) in part also supports this conclusion: these workers
found that feeding monkeys diets containing increased
amounts of ALA resulted in significantly reduced PGE2 pro-
duction but did not affect lymphocyte proliferation. Where
the study of Wu et al. (63) differs from this study and from
that of Jolly et al. (53), as well as from earlier studies in rats
(23,26), mice (25,30,33,34,37), rabbits (21), chickens (22),
and humans (50–52), is in the effect of enrichment of the diet
in EPA plus DHA upon lymphocyte proliferation. Adding
EPA plus DHA to the diet of monkeys significantly reduced
PGE2 production but increased the response of lymphocytes
to mitogens (63). The authors’ explanation for the latter ob-
servation was that the monkeys had also been fed variable
levels of α-tocopherol and so were better able to maintain an-
tioxidant defenses in the face of differing dietary PUFA lev-
els. In the current study, as well as that of Jolly et al. (53), the
levels of antioxidants were constant in all diets.

If long-chain n-3 PUFA do not inhibit lymphocyte prolif-
eration via changes in eicosanoid production, other mecha-
nisms must be identified. The current study did not examine
the possible mechanisms beyond measuring PGE2 concentra-

tions. However, the study by Jolly et al. (53) provides some
insight into how EPA and DHA might act to suppress lym-
phocyte proliferation. These workers observed a marked re-
duction in generation of the intracellular second messengers
diacylglycerol and ceramide in Con A-stimulated cells from
EPA- or DHA-fed mice. Both diacylglycerol and ceramide
are key second messengers in lymphocytes, ultimately giving
rise to transcription factor activation and so regulating gene
expression. The data are suggestive of effects of fish oil-de-
rived n-3 PUFA on intracellular signaling pathways which
control the functional activities of the cells. In agreement with
Jolly et al. (53), we have observed diminished generation of
inositol-1,4,5-trisphosphate in stimulated lymphocytes taken
from rats fed fish oil; this appeared to be due to reduced ac-
tivity of phospholipase C-γ (Sanderson, P., and Calder, P.C.,
unpublished observations). The mechanism(s) of action of
EPA and DHA warrant further examination; in light of the
current study it would seem important to identify the reasons
why these fatty acids exert similar effects upon lymphocyte
proliferation but different effects upon NK cell activity.
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ABSTRACT: We have developed cultures of smooth muscle
cells (SMC) isolated from arterial hypercholesterolemic chicks
(cholesterol-SMC). These cultures are suitable for the study at
the molecular level of the changes in arterial SMC induced by a
cholesterol diet. By using a strong dose of cholesterol (5%) for
10 d, we obtained very proliferative SMC which became foam
cells after 30 d in culture. On the other hand, SMC cultures iso-
lated from control-fed chicks had a lower growth rate than the
SMC ones under the same culture conditions. DNA synthesis
was fourfold greater in cholesterol-SMC than in control-SMC
cultures. Intracellular cholesterol concentrations were the same
in both cholesterol and control SMC during the first 14 d of cul-
ture but afterward increased in differing ways: after 20 d of cul-
ture the cholesterol-SMC increased their cholesterol content to
double the control. We give here the results obtained from
transmission electron microscopy, lipid analysis, proliferation
studies, DNA, RNA and protein synthesis, and then discuss their
implications.
Lipids 33, 181–190 (1997).

Hypercholesterolemia is a known risk factor in arteriosclero-
sis, a complex disease involving prolonged processes in its
evolution (1–4). The contractile-state smooth muscle cell
(SMC) is the only cell type in the arterial media (5,6) and un-
dergoes migration into the intima, proliferation, and abundant
extracellular matrix production during the early stages of ath-
erosclerosis (7,8). 

In cell culture and in atherogenic processes, SMC changes
from a contractile to a synthetic state (9–14). This modula-
tion has been associated with phenotypic changes (15) char-
acterized through cytoskeletal and cytoenzymatic studies
(16,17) and makes the SMC responsive to chemotactic or mi-
togenic stimuli (2,18,19). 

SMC is thought to be crucial in the development of arte-
riosclerotic plaques (20,21). In a rat aortal SMC culture
model—including contractile, synthetic, and transformed

cells—it has been shown that an increase in cholesterol
biosynthesis associated with phenotypic changes (22) plus
dedifferentiation in arterial SMC in vitro are associated with
a decrease in intracellular cholesterol efflux and also a de-
crease in high-affinity binding sites for native high density
lipoprotein (HDL) (23). Other cell-culture models use differ-
ent additional elements in the culture to obtain foam cells
in vitro, such as an elastin substrate (24) or lipid droplets iso-
lated from cultured macrophages (25). Nevertheless, the mo-
lecular event that triggers the transformation of SMC in ded-
ifferentiated and proliferative cells by cholestrol feeding is
not yet completely understood.

Avian models were used in trials of atherosclerosis, and,
in fact, cholesterol feeding has been described elsewhere as
producing atherosclerotic lesions in fowl species (26–29). We
have also used chicks previously to study lipid metabolism
after cholesterol administration (30–33). The aim of this
study was to develop a cell-culture avian model to look into
the effect of a cholesterol diet on the transformation of SMC
in vivo. We show a comparative study between cultures of
SMC isolated from two chick groups: control- and high-cho-
lesterol-feeding chicks. We have examined the morphologi-
cal, molecular, and proliferative changes in arterial SMC in
culture under conditions mimicking such a cholesterol diet
and the reproducibility of our methods.

MATERIALS AND METHODS

Animals. Newborn white leghorn male chicks (Gallus domes-
ticus) were bought from a commercial hatchery and fed ad li-
bitum in a chamber with a daily light cycle from 0900 to 2100
and a controlled temperature of 29–31°C.

Diet and treatment. Different groups of newborn white
leghorn male chicks were used. The control groups were 10-
day-old chicks (C10) and 20-day-old chicks (C20) kept on a
standard diet (Sanders A-00). The treated groups were 10-
day-old chicks fed on the same diet supplemented with 2%
w/w powdered cholesterol mixed homogeneously (Panreac
reagent Barcelona, pure grade; Montplet & Esteban SA,
Barcelona, Spain) (T10-2%) or 5% w/w (T10-5%). This treat-
ment was also assayed with 20-day-old chicks (T20-2% and
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T20-5%). The diets were started at hatching and kept on until
the chicks were killed. Water was available at all times. None
of the chicks died a natural death during the treatment nor de-
veloped any illness.

Lipids analysis. Lipids were extracted by the Bligh–Dyer
method (34). Serum total cholesterol content and intracellular
cholesterol were determined by enzymatic colorimetry
method CHOD-PAD, Cat. No. 290319 (“Test–Combination
cholesterol,” Boehringer Mannheim Chemicals GmbH,
Mannheim, Germany).

Serum triglyceride and intracellular triglyceride contents
were determined by enzymatic colorimetry Test Peridochrom
(“Triglycerides GPO-PAP,” Cat. No. 701904, Boehringer
Mannheim GmbH).

Isolation and culturing of cells. Unless otherwise speci-
fied, at 10 d of age both the control and cholesterol-fed ani-
mals were decapitated and the aortic arch was removed. SMC
explants from the medial layer of the arterial wall were pre-
pared as described before (35,36) with slight modifications as
described below.

Under meticulously sterile conditions, the arteries were
placed in phosphate-buffered saline (PBS) (Flow) pH 7.4 at
37°C containing an antibiotic cocktail composed of penicillin
(100 units/mL), streptomycin (100 µg/mL), and amphotricin
(0.25 µg/mL) (Sigma-Aldrich, Madrid, Spain). The blood
vessels were cleaned of all adipose and connective tissues and
were then cut open longitudinally and incubated in PBS con-
taining type II (1 mg/mL) collagenase and type IIA (0.5
mg/mL) elastase (Sigma) at 37°C for 30 min. The adventi-
tious veins were cleanly stripped and discarded. The endothe-
lium was removed using a paint brush. The artery was then
washed extensively in PBS.

The aortas (100 mg) were cut into uniform-sized pieces of
1 mm2 and then put into 75-cm3 flasks with a small amount
(1 mL) of normal culture medium, consisting of Dulbecco’s
modification of Eagle’s medium (DMEM) supplemented with
D-glucose (4.5 g/L), L-glutamate (0.584 g/L) (Flow), antibi-
otic cocktail, and 20% (vol/vol) fetal calf serum (FCS). The
flasks were allowed to stand with the cap end up, to drain
most of the medium in order to promote tissue adherence. The
explants were maintained in a humidified incubator (5% CO2)
at 37ºC for 24 h. More medium (2 mL) was then added to
cover the explants, and these were checked every day under
an inverted light microscope. Half of the medium was re-
placed every 2–3 d. The cells that grew out from the explants
were detached with 0.05%/0.02% Trypsin/EDTA solution
(Flow), centrifuged at 200 × g for 10 min, resuspended in
complete medium, counted, and seeded into new flasks (first
passage). While in first passage, the cells were fed every day
and maintained prior to subsequent trypsinization and repas-
sage. The medium used for feeding after the first passage was
DMEM with 10% FCS.

Unless otherwise specified, all the experiments were con-
ducted using third- or fourth-passage cells plated at a density
of 2.5 × 106 cells/P-75 tissue culture dish. Cells were deter-
mined to be vascular smooth muscle by their hill-and-valley

configuration at confluence (36) and positive fluorescence
staining for smooth muscle actin and myosin (10).

Examination of cell viability. Trypan blue (Sigma) was
added to the cells with the help of a hemocytometer, and the
flasks were examined with an inverted light microscope
(Olympus Opticals Co. Ltd., Tokyo, Japan) to count live and
dead cells. Cell viability in our cultures was 90%.

Electron microscopy. After the chicks were killed, their
aortic arches were immediately removed and samples were
taken for electron microscope examination. A small segment
was taken from the aortic arch and fixed in 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.4), postfixed in 1.5%
osmium tetroxide in the same buffer, and embedded in epoxy
resin. Ultrathin sections were cut and double-stained with
uranyl acetate and lead citrate and observed under a Zeiss 902
transmission electron microscope (Carl Zeiss, Obercochen,
Germany.

SMC cultures were also prepared for electron microscope
examination. Aortic SMC growing in plastic dishes were
fixed in cacodylate-buffered 2.5% glutaraldehyde (pH 7.2),
postfixed in 1.5% osmium tetroxide, dehydrated in ethanol,
and embedded in Epon 812 (Electron Microscopy Sciences,
Fort Washington, PA). Ultrathin sections were viewed in a
Zeiss 902 Microscope.

Cell proliferation studies. For cell proliferation studies
confluent cultures were trypsinized, and the cells were seeded
into 24-well plates (cel-Cult, Sterilin; Biby Sterilin, Stafford-
shire Stone, England) at a density of 1 × 105 cells/cm3 with
no precoating of the dishes with adhesion factors. The
medium was changed every 24 h after seeding. For all cell
proliferation studies, DMEM with glucose, glutamine, and
antibiotic cocktail (Flow) supplemented with 10% FCS was
used. At different times during the 10-d culture, the cells of
three wells were washed with PBS and trypsinized to yield
single cells. The cells were then pooled and transferred to a
cell counter (Neubauber chamber; Rudolph Brand GmbH
Co., Wertheim, Germany) for counting. Cell viability was
checked by using Trypan blue.

Cell cycle arrest. To arrest cells in G1, we deprived them
of serum for 12 to 48 h. Serum deprivation was carried out by
incubation in DMEM with 0.2% FCS added 12, 24, or 48 h
after the cells were seeded (37).

Measurement of the rates of cell DNA, RNA, and protein
synthesis. To measure the rate of cell DNA synthesis, we in-
cubated the cells (5 × 105 per 25-cm2 flask) for 24 h after in-
oculation to permit their recovery and then synchronized
(0.2% FCS for 48 h) and pulse-labeled for 15 min at various
times with 1 µCi/mL of [3H]-d-thymidine (Amersham Inter-
national, Little Chalfont, Buckinghamshire, England). The
plates were washed five times with ice-cold PBS, and then the
cells were harvested by scraping them with a cell-lifter
(Costar; Corning Coster Corporation, Cambridge, MA) into 3
mL of ice-cold PBS and were centrifuged for 5 min at 220 ×
g; the pellet was resuspended in 0.5 mL of ice-cold PBS, son-
icated, and mixed with a final volume of 10% ice-cold
CCl3COOH. Insoluble material was collected on a Whatman
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GF/C filter (Maidstone, England) and washed extensively
with cold 5% CCl3COOH. The filter was then dried under a
heat lamp, and the radioactivity incorporated was quantitated
in Ready-Safe by liquid scintillation counting (Beckman LS
6000; Beckman Instruments, Inc., Fullerton, CA). The pro-
tein was determined according to Lowry et al. (38).

To measure the rate of RNA synthesis, the cells were
pulsed as described above with 1 µCi/mL of [3H]uridine
(Amersham International) in DMEM medium. The
CCl3COOH-insoluble material was then determined as de-
scribed for DNA.

To measure the rate of cellular protein synthesis [4,5-3H]L-
leucine (1 µCi/mL) incorporation into CCl3COOH-insoluble
material was performed as described for DNA synthesis ex-
cept that a 30-min rather than a 15-min pulse was used. 

Statistical analyses. The significance of differences be-
tween the SMC from cholsterol-fed and control chicks was
computed using the unpaired Student’s t-test. Results are pre-
sented as means ± SEM.

RESULTS 

Outgrowth of the explants. As previously described in the
Materials and Methods section, a simple, fast, and repro-
ducible routine must be established between the removal of
the artery and the outgrowth of the explants.

Smaller explants showed a reduced lag phase prior to out-
growth. When the tissues were cut into uniform 1-mm2 pieces
with a scalpel blade, 80–90% of the explants showed out-
growth after 10 d. Various concentrations of FCS were tested
(5, 10, 20%); 20% FCS gave the best outgrowth from ex-
plants and was used routinely. The outgrowth from explants
was better in 10- than in 20-day-old chick tissue.

Explants prepared using hypercholesterolemic chick arter-
ies gave the shortest lag phase. The migration of SMC from
explants of atherosclerotic tissues occurred 6–7 d after plant-
ing. The lag phase from control explants was 10 d or less. The
migration out of the cells from the explants was much faster
for cholesterol-fed chicks than for control chicks.

Maintenance of the SMC cultures’ life. At the beginning
of the study, tissue samples for preparing the explants were
collected from different vessels (aortic arch and aorto-iliac
bifurcation) to find the best arterial specimen to culture the
SMC. This study was made by comparing the number of days
that the different cultures remained viable. Aorto-iliac bifur-
cation and aortic arch SMC from different groups of control
and treated animals were used. It can be seen in Table 1 that
the SMC cultures from the aortic arches of younger chicks
were kept in culture for longer times than the older ones.
Moreover, Table 1 shows the effect of the proportion of cho-
lesterol fed on the SMC culture life, which was longer with
SMC from 5 than from 2% cholesterol-fed chicks. Results
using SMC cultures from aorto-iliac bifurcation gave the
same results (results not shown). 

Transmission electron microscope analysis. Transmission
electron microscope analysis of the aortas was made to

choose the period of diet treatment because our first aim was
to isolate the SMC prior to intimal thickening, considering
that the effect of a high-cholesterol diet on SMC was a very
early atherogenic process. 

The effect of short-term (10 d) and long-term (20 d) cho-
lesterol feeding on the morphological aspects in aorta tissues
of chicks has been studied. No histological alterations were
observed in aortas after 10 or 20 d of 2% cholesterol feeding
(T10-2% and T20-2%) compared to the control chicks of the
same age (C10 and C20) (results not shown). Nevertheless, the
histology of aortas from chicks fed long term (T20-5%) on 5%
cholesterol was different (Fig. 1A), with a considerable num-
ber of lipid droplets and a focal aggregation of foam cells, re-
sulting in intimal thickening. When 5% cholesterol treatment
was short-term (T10-5%), no lipid droplets accumulated
within 10 d in the aortas (Fig. 1B), similar to what happened
in controls (Fig. 1C). However, we observed two morpholog-
ical changes in T10-5% cells compared to control: first, the re-
laxed aspect of the nuclear membrane (Fig. 1B) comparative
to that of the control (Fig. 1C), and second, the increase of
collagen fiber in the intracellular space (Fig. 1B). All of this
suggests a preliminary indication of a change to a synthetic
state from a contractile state and therefore to a more dediffer-
entiated SMC. Further studies using differentiation markers
will be necessary in order to prove this. 

On the basis of no short-term accumulation of lipid
droplets in the aorta, the short-term treatment chicks (T10-5%)
were chosen for isolating and culturing SMC. Electron mi-
croscopy of the cultured cells was made to compare possible
ultrastructural alterations. After 3- or 4-d culture the cells did
not show any appreciable difference (result not shown), but
after 30 d, whereas the control cells remained normal
(Fig. 2A), the cells from treated chicks (T10-5%) became
more rounded and contained numerous lipid inclusions, like
foam cells (Fig. 2B). Most of the lipid inclusions in the lipid-
loaded SMC were membrane-delimited, and nonmembrane-
bound intracellular lipid inclusions were also present. No
plasma membrane-associated lipid was observed; extracellu-
lar matrix of collagen fibrils and extracellular lipid droplets
were present (Fig. 2B).

Serum lipid analysis. The high-cholesterol diet caused a
significant increase in circulating total cholesterol and triglyc-
erides. Figure 3 shows the profile of serum cholesterol con-
centration of the chicks used in the experiments. As can be
seen, the levels were more than twice as high in chicks after

CHANGES IN CULTURED ARTERIAL SMOOTH MUSCLE CELLS 183

Lipids, Vol. 33, no. 2 (1998)

TABLE 1
Effect of Cholesterol Feeding on the Life of Smooth Muscle Cell 
(SMC) Culturesa

Chicks Days that SMC cultures were maintained

age (d) C T-2% T-5%

10 38 40 80
20 15 14 28

aSMC obtained from control chicks group (C). SMC obtained from chicks fed
on the same diet with 2 (T-2%) and 5% (T-5%) cholesterol. Results are ex-
pressed as the means of five experiments. Variations did not exceed 10%.
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FIG. 1. Electron micrographs of aorta. (A) from T20-5% chicks. Note the presence of smooth muscle cell (SMC)-like foam cells and focal aggrega-
tion in the intima (★), Ld = lipid droplets; (B) from T10-5% chicks, cl = collagen fibers; N = nucleus. Original magnification, ×5.625, scale bar rep-
resents 183 nm; (C) from control chicks; N = nucleus. Original magnification, ×10.500, scale bar represents 350 nm.



10 d of 5% cholesterol feeding compared with those on con-
trol diets. They decreased slightly 5 d afterward but increased
significantly again (fivefold) until day 25 of cholesterol feed-
ing. Figure 3 shows the evolution of triglyceride serum levels
in the controls and those of 5% cholesterol feeding during 25
d after hatching. The levels in cholesterol-fed chickens were
higher than the controls throughout the whole experimental
period.

Intracellular lipid contents in SMC in culture. SMC were
isolated and cultured from C10 and T10-5% chick groups to
obtain two lines of cultures, control-SMC, and cholesterol-
SMC. The maintenance of the two lines of SMC cultures was
identical, as described in the Materials and Methods section.
DMEM and 10% FCS were used. The changes caused in the
SMC triglyceride contents are shown in Figure 4. In the cho-
lesterol-SMC cultures, there was an increase in triglycerides
compared to the control-SMC. The triglyceride concentration
of both the control-SMC and the cholesterol-SMC cultures
increased during the first 18 d but decreased slightly after-
ward.

Although the SMC cholesterol content (Fig. 4) was the
same and constant in both lines of cultures during the first
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FIG. 2. Electron micrographs of SMC after 30 d in culture. (A) SMC iso-
lated from control chicks. (B) SMC isolated from T10-5% chicks. Ultra-
structural morphology of SMC-like foam cells. Ld = lipid droplets; N =
nucleus; cl = collagen fibrils. Original magnification, ×4.500, scale bar
represents 150 nm. For other abbreviation see Figure 1.

FIG. 3. Profiles of concentrations of serum triglycerides (A) and choles-
terol (B) during the postnatal developments of two chick groups: con-
trol (●) and 5% cholesterol feeding (▲). Results are expressed as means
± SEM of five chicks. *P < 0.001, **P < 0.0001.



14 d, the cholesterol-SMC increased afterward, rising to more
than double the control-SMC after 22 d of culture. 

Cell number and proliferation. We tested growth curves of
four different SMC cultures obtained from the aortic arch and
aorto-iliac bifurcation of control chicks and cholesterol-fed
chicks. The growth curves were made by counting the num-
ber of cells. Analysis of growth curves (Fig. 5) showed that
after a lag phase of 12 h the number of cells began to increase
in the same way in the four SMC cultures. Both cholesterol-
SMC from the aortic arches and those from the aorto-iliac bi-
furcation arteries began to increase at approximately double
the rate of the control-SMC cultures. 

Macromolecule synthesis in SMC cultures. Macromolecule
synthesis in synchronized SMC cultures is shown in Figure
6, where the differences in DNA (A), RNA (B), and protein
(C) synthesis can be seen between control-SMC and choles-
terol-SMC cultures. As the maintenance of the two lines of
cultures was the same, the differences in macromolecule syn-

thesis must be due to the transformation of the SMC in vivo
caused by cholesterol feeding. There was a minor effect on
RNA synthesis compared to both DNA and protein synthesis,
both of which increased substantially in the cholesterol-SMC
cultures.

The DNA and protein biosynthesis peak occurred 8 h after
the supplementation with 10% serum, the synthesis of DNA
in cholesterol-SMC becoming fourfold more than that in the
control-SMC cultures.

DISCUSSION

Arterial SMC proliferation is an important early event in ath-
erosclerosis (2). Hypercholesterolemia develops atheroscle-
rotic plaques in roosters fed upon a high-cholesterol diet
(26–29). Thus, in this report we have focused our attention
on developing a model of avian SMC cultures, isolated from
control and cholesterol-fed chicks. These two lines of SMC
were kept in culture under identical conditions to compare the
molecular changes in SMC in the arterial wall in vivo induced
by cholesterol. We have concluded that cholesterol feeding
triggers proliferation of SMC. High-cholesterol blood con-
centration is a known cardiovascular risk factor, and for this
reason a study of the effects of hypercholesterolemia on the
behavior of vascular SMC in culture has been the main aim
of our study.

The aortic arches of male chicks were chosen for this study
for two reasons: first, for the ability of chicks to absorb high
amounts of dietary cholesterol (39,40); and second, because
intimal thickening in the aortas from these hypercholes-
terolemic chicks can be detected after only 20 d (41,42). This
short diet period is very convenient and contrasts with those
reported for other experimental animal models, mainly non-
human primates (43) and rabbits (21), which must be fed a
cholesterol-containing diet for between 1 and 18 mon to ob-
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FIG. 4. Evolution of intracellular concentration of triglycerides (A) and
cholesterol (B) during the period of culture. Control-SMC (●) and cho-
lesterol-SMC (▲). After 10 d of explants, culture cells were seeded out
in 150-cm2 cell culture flasks (approximately 2.5 × 106 cells/flask), in
10 mL of Dulbecco’s modification of Eagle’s medium and 10% fetal calf
serum (FCS). The arrows indicate the 0 d of culture of SMC (first pas-
sage). Results are expressed as means ± SEM of three determinations. 
*P < 0.05, **P < 0.001, ***P < 0.0001. For abbreviation see Figure 1.

FIG. 5. Growth curves of SMC cultures derived from arteries: aortic arch
from C10 (●); aortic arch from T10-5% (▲); aorto-iliac bifurcation from
C10 (●●); aorto-iliac bifurcation from T10-5% (■). Results are expressed
as means ± SEM of three determinations. *P < 0.05, **P < 0.001, 
***P < 0.0001. For abbreviation see Figure 1.



tain an atherosclerotic lesion. The short time of the chicken
model is comparable with that necessary to induce mitotic ac-
tivity in aortas of white carneau pigeons or swine (44,45). The
high serum cholesterol levels observed in 10-day-old control
chicks is normal because newly hatched chickens reabsorb
the yolk during the first week of life (46), thus developing hy-

percholesterolemia, which becomes almost three times higher
in cholesterol-fed chicks. The significantly elevated choles-
terol and triglyceride plasma levels are in accordance with
previously reported plasma lipids levels (39,47).

Our research has shown that medial SMC from chick aorta
undergoes changes in primary culture when it is obtained from
10-day-old chicks fed on a 5% cholesterol diet compared to
SMC cultures from control chicks. Although morphological
and ultrastructural studies of the aortas before the explants for
the cultures were performed did not show any apparent differ-
ences, the behavior of the cells in the cultures was very differ-
ent. The migration of the cells from the explants was much
faster in the cholesterol-SMC than in the control-SMC cul-
tures. In addition, after 4 d in culture, the proliferation rate of
the cholesterol-SMC in culture was twofold compared to the
control-SMC, as measured by the number of cells. This differ-
ence in the proliferation is comparable with that described
elsewhere between human SMC from nonatherosclerotic ar-
teries and atheromatous plaques (48). 

Furthermore, DNA synthesis was four times greater in the
cholesterol-SMC than in the control-SMC in the S phase at
8 h of culture. The change in the DNA synthesis profile ob-
served between the two lines of SMC cultures agrees with the
differences presented in the growth rates of the cultures ex-
pressed by the growth curves and population doubling per
day. These observations are in close accord with the data from
SMC cultures obtained directly from human atheromatous
plaque (49) and with another arteriosclerosis experimental
model made by cultures of SMC derived from atherosclero-
sis-susceptible pigeons (50). Synchronization procedures fre-
quently introduce abnormalities into the cell cycle, particu-
larly with chemical agents such as thymidine and hydrox-
yurea (37), and so we used serum deprivation to arrest the
cells at the start of DNA replication (S phase). Only depriva-
tion for 48 h resulted in satisfactorily synchronized cell cul-
tures. Serum deprivation for 12 or 24 h resulted in randomly
growing cells (nonsynchronized).

The proliferation and DNA synthesis profiles of choles-
terol-SMC are comparable with the tumorogenic properties
found in transformed phenotype SMC of rats in long-term cul-
tures (51,52) and the involvement of mutagen/carcinogen ex-
posure in atherogenesis (53); to establish the effect of choles-
terol feeding we have shown the differences vs. control-SMC. 

Progressive thickening of the intima and development of
atherosclerotic changes can be observed by electron mi-
croscopy after 20 d of 5% cholesterol-feeding chicks (T20-
5%), similar to that which has been found in a previous ac-
celerated arteriosclerosis study (54), which showed a prolif-
eration of spindle-shaped cells and an increase in the amount
of fibrous connective tissue and lipid vacuoles in the cells.
Nevertheless, electron microscopy of the arteries after 10 d of
5% cholesterol feeding (T10-5%) did not yet show any lipid
droplet accumulation. Thus, we report cholesterol treatment
of a period as short as 10 d in the belief that this chick SMC
cultures model is suitable for study at a molecular level for a
very early atherogenesis process. 
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FIG. 6. SMC macromolecule synthesis. SMC were seeded out in 25-cm2

cell culture flasks (approximately 0.5 × 106 cells/flask). Cells were grown
in Dulbecco’s modification of Eagle’s medium supplemented with 10%
(vol/vol) FCS. In log. linear (50% confluence) cultured cells were syn-
chronized by serum deprivation (0.2% FCS during 48 h). For details see
the Materials and Methods section. After the FCS stimulation, the cells
were collected every hour and the [3H]-d-thymidine incorporation into
DNA for 15 min (A); [3H]uridine incorporation into RNA for 15 min (B);
and [4,5-3H]leucine incorporation into proteins for 30 min (C) were de-
termined in control-SMC (●) and cholesterol-SMC (▲). Results are ex-
pressed as means ± SEM of three experiments. *P < 0.05, **P < 0.001,
***P < 0.0001. For abbreviations see Figures 1 and 4.



While we did not find any differences in the concentration
of intracellular cholesterol between control-SMC and choles-
terol-SMC during the first 14 d of culture, we have found
clear differences after 15 d, this amount was doubled in cho-
lesterol-SMC after 20 d. These results are consistent with our
aim of isolating SMC from the arteries prior to the transfor-
mation into foam cells, and they agree well with the electron
microscopy analysis, which showed a very similar morphol-
ogy between arterial control and cholesterol-fed chicks after
10 d of treatment (Fig. 1B,C). Nevertheless, cholesterol-SMC
developed the characteristics of macrophage-like foam cells
after 30 d in culture under the same culture conditions as the
control-SMC (Fig. 2). All of these results demonstrate a
higher interiorization of cholesterol in the cholesterol-SMC
than in the control-SMC cultures. Further studies on choles-
terol metabolism will be necessary to look into this. SMC
in vivo were shown to increase cholesterol biosynthesis sig-
nificantly and decrease the intracellular cholesterol efflux as-
sociated with phenotype changes in SMC in culture (22,23).
In this work, however, we are making a comparison with a
control-SMC which underwent the same phenotype modula-
tion in culture as the cholesterol-SMC. Thus, the changes
found between the two lines of cultures must be due to cho-
lesterol feeding of the chicks, and this suggests that the high-
cholesterol diet might induce changes in the expression of the
genes related to lipid metabolism, or greater expression of the
low density lipoprotein-receptor gene, or perhaps the expres-
sion of a scavenger receptor similar to the ones that convert
macrophages into foam cells (55). In addition, the great
amount of collagen secreted into the cholesterol-SMC cul-
tures (Fig. 1B) may also explain the formation of SMC foam
cells. Collagen binds many molecules (56,57), including oxi-
dized low density lipoprotein (58), which is deposited in col-
lagen-rich tissues such as atherosclerotic plaques. The scav-
enger receptor might compete with collagen for binding oxi-
dized low density lipoprotein (59). In fact, the formation of
characteristic foam cells in arterial smooth muscle cells grow-
ing in cultures was very difficult to achieve except in cells
growing on elastin membranes (24).

Despite all these molecular changes, it is possible that in
feeding the animals with a cholesterol-rich diet we are select-
ing one of two different phenotypes that exist in the normal
chicken aorta (26). This possibility could agree with the mon-
oclonal hypothesis as to the origin of atherosclerotic plaques
(60). In any case, SMC cultures from cholesterol-fed chicks
show a “transformed” SMC and are a good model to study
this and other questions concerning the alterations of the dif-
ferentiated state of SMC caused by a cholesterol-rich diet in
vascular disease. Further studies will be necessary to charac-
terize these SMC cultures and to determine how the choles-
terol-rich diet might cause molecular and genetic changes that
trigger the transformation of the SMC in the atherogenic
process induced by cholesterol.
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ABSTRACT: We investigated the catalytic and kinetic proper-
ties of allene oxide synthase (AOS; E.C. 4.2.1.92) from flaxseed
(Linum usitatissimum L.). Both Michaelis constant and maximal
initial velocity for the conversion of 9(S)- and 13(S)-hydroper-
oxides of linoleic and linolenic acid were determined by a pho-
tometric assay. 13(S)-Hydroperoxy-9(Z),11(E)-octadecadienoic
acid [13(S)-HPOD] as the most effective substrate was con-
verted at 116.9 ± 5.8 nkat/mg protein by the flax enzyme ex-
tract. The enzyme was also incubated with a series of variable
conjugated hydroperoxy dienyladipates. Substrates with a shape
similar to the natural hydroperoxides showed the best reactiv-
ity. Monoenoic substrates as oleic acid hydroperoxides were
not converted by the enzyme. In contrast, 12-hydroperoxy-
9(Z),13(E)-octadecadienoic acid was a strong competitive in-
hibitor for AOS catalyzed degradation of 13(S)-HPOD. The in-
hibitor constant was determined to be 0.09 µM. Based on these
results, we concluded that allene oxide synthase requires con-
jugated diene hydroperoxides for successful catalysis. Studying
the enantiomeric preference of the enzyme, we found that AOS
was also able to metabolize (R)-configurated fatty acid hy-
droperoxides. Conversion of these substrates into labile allene
oxides was confirmed by steric analysis of the stable α-ketol hy-
drolysis products.
Lipids 33, 191–196 (1998).

Allene oxide synthase (AOS; hydroperoxide dehydratase,
E.C. 4.2.1.92) is one of the key enzymes involved in the plant
lipoxygenase pathway. This fatty acid metabolic pathway is
assumed to be present in all plants (1). Formerly, allene oxide
synthase was named “hydroperoxide dehydrase” (2) and,
even before, “hydroperoxide isomerase” when it was first dis-
covered in 1966 (3). Indeed, all three names offer aspects of
the enzyme’s catalytic properties. In plants, AOS is the sec-

ond enzyme in the biosynthetic route leading to the plant
hormone jasmonic acid. The starting substrate, linolenic acid,
is oxygenated by lipoxygenase (LOX; E.C. 1.13.11.12) 
using molecular oxygen to yield 13(S)-hydroperoxy-
9(Z),11(E),15(Z)-octadecatrienoic acid [13(S)-HPOT] (4).
The resulting fatty acid hydroperoxide is dehydrated by AOS
to form an intermediate, extremely labile allene oxide
[12,13(S)-epoxy-9(Z),11,15(Z)-octadecatrienoic acid] (2,5).
This intermediate compound, in turn, is cyclized enantiose-
lectively into 9(S),13(S)-12-oxo-phytodienoic acid by allene
oxide cyclase (6). Consecutive reduction and threefold β-oxi-
dation yield the plant hormone jasmonic acid (4). Due to its
instability, the allene oxide is also hydrolyzed by nucleophils
such as water or methanol (7). The resulting products exhibit
mainly an α-ketol structure [12-oxo-13-hydroxy-9(Z),15(Z)-
octadecadienoic acid], which initially was thought to result
from direct enzymatic isomerization of the hydroperoxide (8).
To a lesser extent, and depending on pH (9), there occurs also
a γ-ketol structure [9-hydroxy-12-oxo-10(E),15(Z)-octadeca-
dienoic acid] during hydrolysis of the allene oxide.

The first AOS described was the enzyme from flaxseed
(Linum usitatissimum L.) (3). The purified enzyme was
proved to be a specialized type of cytochrome P450
(CYP74A) by ultraviolet (UV) spectroscopy (10) and its
amino acid sequence (11). Veldink and coworkers (12) have
described flaxseed AOS to be specific for the 13-regioisomers
of linoleic and linolenic acid hydroperoxides, whereas Feng
and Zimmerman (13) have reported also the conversion of the
9-regioisomers, certainly by about 36-fold decreased maxi-
mal velocity. Baertschi et al. (14) reported that flaxseed AOS
preferentially converted the (S)-enantiomer of a racemic mix-
ture of 13-linolenic acid hydroperoxides. Based on these find-
ings, we attempted to reinvestigate some catalytic properties
of AOS from flaxseed using a broad series of different hy-
droperoxide substrates. In addition, we checked the enan-
tiomeric preference of the enzyme against racemic mixtures
of linoleic and linolenic acid hydroperoxides.

MATERIALS AND METHODS

Chemicals. Linoleic acid (99% pure) and (−)-menthoxychlo-
roformate were purchased from Fluka (Neu-Ulm, Germany).
Linolenic acid (99% pure) and soybean lipoxygenase (type I-
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S, L-8383) were from Sigma (Steinheim, Germany). High-
performance liquid chromatography (HPLC) grade solvents,
hexane, methanol, ethanol, iso-propanol, tetrahydrofuran
(THF), and water were obtained from Merck (Darmstadt,
Germany), and acetic acid from Baker Chemicals (Deventer,
The Netherlands). All other chemicals were of analytical
grade quality; solvents were redistilled before use.

Enzyme preparations. For preparation of AOS flaxseed (L.
usitatissimum L.) (obtained from local market) was homoge-
nized and the fine powder defatted with cold hexane. After
evaporating the solvent in vacuo, the powder (80 g) was
extracted with 800 mL of 0.1 M phosphate buffer (pH 7.0) at
0°C for 1 h. After centrifugation (15000 × g, 20 min), the su-
pernatant was saturated up to 50% with solid ammonium sul-
fate and stirred for 1 h at 0°C. The precipitate was collected
by centrifugation, dissolved in 50 mL of 0.1 M phosphate
buffer (pH 7.0), and dialyzed overnight against the same
buffer. As shown by gas chromatography–mass spectrometry
(GC–MS) analysis of products formed upon incubation, the
hydroperoxide degradation activity was caused by AOS in the
enzyme preparation. We did not detect the aldehydes as
formed by the hydroperoxide lyase-catalyzed cleavage of sub-
strates.

LOX isoenzymes L-2 and L-3b were purified from soy-
bean seeds (Glycine max L. cv. Mapple Arrow) as described
before (15) and freeze-dried after addition of 0.1 M sodium
chloride for storage. Tomato (Lycopersicon esculentum Mill.)
LOX was prepared according to the procedure described (16).

Protein was measured by the bicinchoninic acid method
(17), using bovine serum albumin as standard protein.

Enzyme assay. AOS activity was monitored in a double-
beam recording UV spectrophotometer (DMR21; Carl Zeiss,
Oberkochen, Germany) at 234 nm (18). The assays were con-
ducted at constant ambient temperature (22°C) in 2 mL of 0.1
M Tris-HCl buffer pH 7.4 in a 1-cm path-length quartz cu-
vette. Substrates were taken from 15-mM stock solutions in
ethanol. Additional ethanol was added up to a constant con-
centration of 20 µL per cuvette. Absorbance was recorded for
2 min after addition of 20 µL [for 13(S)-hydroperoxides] or
50 µL [for 9(S)-hydroperoxides], respectively, of the dialyzed
and diluted (1:80) enzyme solution. AOS activity was quanti-
fied as the initial rate of decrease in 234 nm absorbance. One
unit (kat) is defined as conversion of 1 nmol of hydroperox-
ide substrate per second as measured in the photometric assay
using the molar extinction coefficient of 25,000 M−1cm−1 for
all conjugated hydroperoxides. Kinetic data were obtained
from assays that used 0–80 µM substrate concentrations.

For inhibitor assays, 13(S)-hydroperoxy-9(Z),11(E)-
octadecadienoic acid [13(S)-HPOD] (0–60 µM) and 12-
HPOD (0, 0.13, and 0.26 µM; taken from 0.13 mM stock
solution in ethanol) were given individually into the cuvette.
Again, the ethanol concentration was kept constant at 20 µL
in the cuvette by adding additional ethanol when appropriate.
Reaction was started by adding 40 µL of 1:80 diluted enzyme
solution and was measured photometrically.

Preparation of hydroperoxide substrates. Linoleic 

{9(S)-hydroperoxy-10(E),12(Z)-octadecadienoic acid [9(S)-
HPOD] and 13(S)-HPOD} and linolenic {9(S)-hydroperoxy-
10(E),12(Z),15(Z)-octadecatrienoic acid [9(S)-HPOT] and
13(S)-HPOT} acid hydroperoxides were prepared as de-
scribed previously using tomato and soybean LOX (16).

Enantiomeric 9- and 13-HPOD and -HPOT were obtained
by enzymatic oxygenation of the fatty acids with soybean
LOX isoenzymes L-2 and L-3b, respectively. One hundred
mg of fatty acid was dissolved in 5 mL of ethanol and poured
into 300 mL of 0.1 M phosphate buffer (pH 6.5). After the so-
lution was saturated with oxygen, 10 mg of freeze-dried LOX
(L-2 and L-3b, respectively) was added. The oxygenation was
allowed to proceed for 2 h and was then terminated by lower-
ing the pH to 3. After saturation with sodium chloride, the
products were extracted with three portions of diethyl ether.
Products were purified by column chromatography on silica
gel (1 × 20 cm) using hexane/EtOAc/HOAc (85:15:1, by vol)
as eluent. Regioisomers were separated by normal-phase
HPLC on a preparative column (Lichrospher Si 60, 250 × 16
mm, 5 µm; Knauer, Berlin, Germany) with hexane/EtOH/
HOAc (100:2:0.5, by vol) at a flow rate of 7.5 mL/min. Chro-
matography was monitored at 234 nm.

12-Hydroperoxy-9(Z),13(E)-octadecadienoic acid (12-
HPOD) was prepared by singlet oxidation of linoleic acid
(19). A 50 mL solution of 50 mg linoleic acid and 20 mg
methylene blue in methanol was placed in a Pyrex photolysis
well equipped with a side arm that allowed bubbling of oxy-
gen gas through the solution during photolysis (300 W). The
reaction mixture was cooled at −10°C. After photolysis was
completed (24 h), the solvent was removed in vacuo, the
residue was diluted in diethyl ether and purified by column
chromatography on silica gel (1 × 20 cm) using hexane/
EtOAc/HOAc (85:15:1, by vol) as eluent. The pooled hy-
droperoxide fraction was further purified by analytical scale
normal-phase HPLC. Separation was performed on a 250 × 4
mm Eurospher Si 100 column (5 µm, Knauer, Berlin, Ger-
many) with hexane/iso-PrOH/HOAc (100:1:0.1, by vol) as
mobile phase at 1 mL/min flow rate. The UV detector was set
at 205 nm.

For the synthesis of 9-hydroperoxy-10(E)-octadecenoic
acid (9-HPOE) and 10-hydroperoxy-8(E)-octadecenoic acid
(10-HPOE), oleic acid (50 mg) was diluted in 100 mL
dichloromethane and poured into the photolysis well. After
the addition of 2 mg of tetraphenylporphin, the solution was
cooled to −10°C and bubbled through with oxygen. After 24
h of photolysis (300 W), the solvent was removed in vacuo;
product work-up was carried out as described above.

The variable conjugated 3′(Z),5′(E)-7′-hydroperoxides
1b–5b were obtained by soybean LOX-1 oxygenation of the
corresponding 3′(Z),6′(Z)-pentadienes 1a–5a (20). Work-up
procedure of the products was performed as described above.
The substrates for kinetic analyses (0–60 µM in 2 mL of 0.1
M Tris-HCl pH 7.4) were taken from 10 mM ethanolic stock
solutions without further separation of regioisomers (or enan-
tiomers). In the photometric assays, 50 µL of a 1:10 dilution
of the dialyzed flax extract was used.
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Chiral-phase HPLC of fatty acid hydroperoxides was car-
ried out after reduction (NaBH4) and methylation (etheral di-
azomethane) of the purified positional isomers. Enantiomers
were separated by chiral-phase HPLC using a slightly modi-
fied procedure (21) for separation of methylated hydroxy-oc-
tadecadienoates. We used a Chiralcel OB-H column (250 × 4
mm, 5 µm; Daicel, Baker Chemicals) eluted with hexane/iso-
PrOH 100+7 (by vol) at 0.5 mL/min flow rate.

Conversion of fatty acid hydroperoxides with AOS. Hy-
droperoxide samples in 5 mg amounts were incubated at am-
bient temperature with 7 mL of dialyzed flax extract in 100
mL of 0.1 M Tris-HCl buffer pH 7.4 constantly flushed with
nitrogen. The following hydroperoxides were incubated indi-
vidually: 13(S)- and 9(S)-HPOD, 13(S)- and 9(S)-HPOT, and
enantiomeric 9- and 13-HPOD and -HPOT from L-2 and L-
3b oxygenation of linoleic and linolenic acids, respectively.
All products were extracted with diethyl ether after a reaction
time of 15 min and termination with HCl up to pH 3.

For reversed-phase HPLC analysis of substrates and prod-
ucts a Spherisorb ODS2 column (250 × 4 mm, 5 µm; Knauer)
was eluted with THF/methanol/water/HOAc (18:48:33.9:0.1,
by vol) at 0.8 mL/min flow rate. Chromatography was moni-
tored at UV 205 nm.

Steric analysis of ketol products. Steric analysis of the
ketol products was carried out according to the procedure de-
scribed by Hamberg (2). Briefly, 500 µg of the reaction prod-
ucts was taken up in 100 µL dry toluene, 20 µL dry pyridine
and 100 µL (−)-menthoxychloroformate (1 µmol/µL in dry
toluene), and incubated for 3 h at 60°C. The solvents were re-
moved under a stream of nitrogen, and the material was dis-
solved in 300 µL acetic acid and treated with 15 mg KMnO4
at 37°C for 1 h. The solution was diluted with brine and ex-
tracted with diethyl ether; the residue obtained after drying
and evaporation was treated with etheral diazomethane. Au-
thentic (S)-standards of methyl-2-hydroxy-heptanoate and di-
methyl-2-hydroxy-sebacate were prepared by incubation of
linoleic acid with soybean (Sigma) or tomato LOX, respec-
tively. Resulting 13(S)- and 9(S)-HPOD were reduced with
sodium borohydride, derivatized with (−)-menthoxychloro-
formate, cleaved by oxidative ozonolysis and finally methy-
lated. Racemic and (S)-malic acid were also derivatized with
(−)-menthoxychloroformate and methylated. GC analysis was
performed on a Hewlett Packard 5890 series II gas chromato-
graph equipped with a J&W DB-Wax column (15 m × 0.25
mm) (Folsom, CA) programmed from 50°C (3 min) to 240°C
(15 min) at 4°C/min. GC–MS (EI, 70 eV) was performed on
a Finnigan MAT44S (San Jose, CA) directly connected to a
Varian (Palo Alto, CA) Aerograph 1440 gas chromatograph
using identical GC conditions.

RESULTS

AOS kinetics. The spectrophotometric assay as described by
Brash and Song (18) was used. The kinetic data for enzymatic
dehydration of the four fatty acid hydroperoxides under study
are summarized in Table 1. With a maximal initial velocity

Vmax of 116.9 ± 5.8 nkat/mg protein and a Michaelis constant
Km of 8.4 ± 1.2 µM, 13(S)-HPOD was the most effective sub-
strate for flaxseed AOS. The 9-isomeric hydroperoxides re-
acted at comparable Km but reduced Vmax. We did not observe
first-order kinetics for the substrate 13(S)-HPOT, but rather a
sharp maximum of activity around 5 µM substrate that de-
clined rapidly at concentrations higher than 10 µM, suggest-
ing a mixture of overlapping enzymatic activities. This was
probably caused by allene oxide cyclase which is also present
in the flaxseed enzyme preparation (6). Allene oxide cyclase
from corn (Zea mays L.) kernels was most effective at con-
centrations of 3–10 µM 13(S)-HPOT (6) and therefore would
contribute noticeably—in addition to allene oxide hydroly-
sis—to the decline in absorbance at 234 nm. The enzymatic
product, 9(S),13(S)-12-oxo-phytodienoic acid, contributes ab-
sorbance at 234 nm at a lesser extent than 13(S)-HPOT.

Enzymatic conversion of variable conjugated 3′(Z),5′(E)-
7′-hydroperoxides. Conjugated hydroperoxydienes 1b–5b
were obtained by enzymatic oxidation of the corresponding
3′(Z),6′(Z)-dienes 1a–5a with soybean LOX-1 (Scheme 1)
(20). Steric analysis of the hydroperoxy products (see Ref.
20) revealed a 4:1 ratio of 7′- to 3′-hydroperoxides for all sub-
strates. The ratio of (S)- to (R)-enantiomer was about 80:20.
The hydroperoxides were used in the photometric assay with-
out further purification. The kinetic data of AOS catalyzed
dehydration are summarized in Table 2. In this series, hy-
droperoxide 1b is an analogon to 13(S)-HPOD, having a sim-
ilar distal and proximal carbon chain length. Also, it was the
substrate out of this series with lowest Km (6.8 ± 1.0 µM)
which was comparable to 13(S)-HPOD and highest Vmax
(26.7 ± 2.2 nkat/mg protein). Elongation of the distal carbon
chain length (2b) led to depletion of the enzymatic reaction.
When a bulky residue (substrates 4b and 5b) was connected
directly to the conjugated hydroperoxy diene, there was no
conversion of the substrates at all. Only when the cyclohexyl
ring was moved in the distal direction (3b) was the enzymatic
activity restored.
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TABLE 1
Maximal Initial Velocity (Vmax) and Michaelis Constant (Km) 
for the Allene Oxide Synthase Catalyzed Dehydration 
of Fatty Acid Hydroperoxidesa,b

Maximal initial velocity Michaelis constant
Substrate (nkat/mg protein) (µM)

13(S)-HPOD 116.9 ± 5.8 8.4 ± 1.2
13(S)-HPOT n.d. n.d.
9(S)-HPOD 3.3 ± 0.05 3.4 ± 0.4
9(S)-HPOT 3.3 ± 0.17 8.6 ± 1.4
aThe kinetic data were obtained by the photometric assay as described in
detail in the Materials and Methods section. Substrates were used in 0–60
µM concentration in 2 mL 0.1 M Tris-HCl pH 7.4; the dialyzed flaxseed ex-
tract (2 mg/mL protein) was diluted 1:80 and 20 µL (for 13-isomers) or 50 µL
(for 9-isomers) was used. All values are averages of a triplicate.
bAbbreviations: 9(S)-HPOD, 9(S)-hydroperoxy-10(E),12(Z)-octadecadienoic
acid; 13(S)-HPOD, 13(S)-hydroperoxy-9(Z),11(E)-octadecadienoic acid; 9(S)-
HPOT, 9(S)-hydroperoxy-10(E),12(Z),15(Z)-octadecatrienoic acid; 13(S)-
HPOT, 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid; n.d.,
could not be determined.



Inhibition of AOS activity. Photosensitized oxygenation of
linoleic acid yielded a mixture of racemic 9-, 10-, 12-, and
13-hydroperoxy-octadecadienoic acids. Attempts to convert
this crude substrate mixture with the flaxseed extract failed
due to complete inhibition of enzymatic activity. We sup-
posed one of the positional isomers to be responsible for the
inhibition. Consequently, the substrate mixture was separated
by normal-phase HPLC into the four hydroperoxy isomers by
multiple injection. Purified 12-hydroperoxy-9(Z),13(E)-oc-
tadecadienoic acid was tested for its ability to inhibit AOS.
Km and Vmax for the dehydration of 13(S)-HPOD were deter-
mined at different fixed initial concentrations (0, 0.13, and
0.26 mM) of 12-HPOD in the photometric assay. As outlined
in Table 3, increasing amounts of 12-HPOD led to increased
values for Km′, whereas Vmax was not or was only slightly af-
fected. Km′ is indicated as apparent Km in the presence of an
initial concentration [I] of the inhibitor 12-HPOD. A
Lineweaver-Burk plot of the obtained data (Fig. 1) showed
typical criteria of a competitive inhibition: point of intersec-
tion of all three straight lines (0, 0.13, and 0.26 mM 12-

HPOD) at 1/Vmax with the y-axis and intersection at different
−1/Km′ with the abscissa. The inhibitor constant Ki was deter-
mined by a graphical method using secondary plots. Both
types of secondary plots revealed a Ki of 0.09 µM 12-HPOD
for the inhibition of AOS activity against 13(S)-HPOD.

Conversion of enantiomeric fatty acid hydroperoxides. En-
antiomeric preference of AOS was studied using racemic
fatty acid hydroperoxides derived from linoleic and linolenic
acid. Enzymatic synthesis with LOX isoenzymes from soy-
bean resulted in different enantiomeric compositions of the
hydroperoxide products (Table 4). Only L-3b oxygenation
yielded a genuine racemate for both 9- and 13-hydroperox-
ides, while L-2 produced predominantly 13(S)-hydroperox-
ides. Nevertheless, all synthesized substrates were used for
conversion with the flax enzyme extract. The applied enan-
tiomers [9(R,S)- and 13(R,S)-HPOD and -HPOT] were com-
pletely converted by the enzyme within 15 min. Enzymatic
utilization of the substrates was proved by reversed-phase
HPLC and thin-layer chromatography (TLC) analysis after
extraction of the reaction mixture.

In order to prove dehydration of the (R)-hydroperoxides
into the corresponding allene oxides, we studied the stereo-
chemistry of the resulting α-ketol hydrolysis products. It is
known from literature (2) that pure (S)-hydroperoxides are
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SCHEME 1

1a–5a

1b–5b

TABLE 2
Maximal Initial Velocity (Vmax) and Michaelis Constant (Km) 
for the Allene Oxide Synthase Catalyzed Dehydration 
of Variable Conjugated 3′(Z),5′(E)-7′-Hydroperoxidesa

Maximal initial velocity Michaelis constant
Substrate (nkat/mg protein) (µM)

1b 26.7 ± 2.2 6.8 ± 1.0
2b <1 n.d.b

3b 21.7 ± 7.3 21.3 ± 1.1
4b —c —
5b — —
aThe substrate numbers 1b–5b refer to Scheme 1. Details of the photometric
assay are described in the Materials and Methods section. The assay con-
tained 2 mL of 0.1 M Tris-HCl pH 7.4 and 50 µL of the dialyzed flaxseed ex-
tract in a 1:10 dilution, i.e., 10 µg protein per 2 mL cuvette. All values are
averages of a triplicate.
bn.d., could not be determined.
c—, no conversion observed.

TABLE 3
Inhibition of Allene Oxide Synthase Catalyzed Dehydration 
of 13(S)-HPOD by 12-HPODa,b

Concentration Maximal initial velocity Michaelis constant
12-HPOD (µM) (nkat/mg protein) (µM)

0 118.6 ± 4.5 9.4 ± 1.2
0.13 118.6 ± 4.4 24.6 ± 2.0
0.26 108.6 ± 6.7 32.6 ± 3.8
aVmax and Km were obtained in the photometric assay at fixed initial con-
centrations of 12-HPOD (see the Materials and Methods section). All values
are averages of a triplicate.
bAbbreviations: 12-HPOD, 12-hydroperoxy-9(Z),13(E)-octadecadienoic
acid. For other abbreviations see Table 1.



converted via nonenzymatic allene oxide hydrolysis into α-
ketols exhibiting 70:30 (R ) to (S) configuration. Based on this
knowledge, one may expect a 1:1 ratio for α-ketols when ap-
plying racemic substrates. The results from these studies are
summarized in Table 4. As demonstrated for 13-HPOD, the
pure (S)-enantiomer was dehydrated and hydrolyzed into an
α-ketol exhibiting 72:28 (R) to (S) configuration. Increasing
the amount of (R)-hydroperoxides in the substrate mixture up
to 50% of total hydroperoxides increased, in parallel, the
amount of (S)-ketol products from 28 to 51%. A similar ten-
dency was observed with the 13-HPOT substrates (see
Table 4).

When oleic acid hydroperoxides (9- and 10-HPOE) were
incubated with the flaxseed extract, no conversion of the sub-
strates was observed. This was proved by TLC and reversed-
phase HPLC after various incubation procedures (results not
illustrated).

DISCUSSION

We started our substrate studies by reexamining earlier work
by Feng and Zimmerman (13) as well as by Veldink and
coworkers (12). These authors have reported different results
about the efficiency of 9-positional linoleic and linolenic acid
hydroperoxides as substrates for flaxseed AOS. Our data con-
firm utilization of both 9- and 13-isomers by the enzyme, with
the 9-isomer, however, being converted much more slowly.
In fact, AOS reacted about 35 times faster with 13(S)-HPOD
than with 9(S)-HPOD. The affinity of the substrates to the en-
zyme as shown by Km was in the same range for the 13(S)-
and 9(S)-hydroperoxides. The photometric assay we used was
not suitable to determine the kinetic data of 13(S)-HPOT de-
hydration. We suppose this phenomenon to be caused by in-
terference with allene oxide cyclase activity, which was also
present in the enzyme preparation (22).

We extended the substrate investigations to a series of vari-
able conjugated 3′(Z),5′(E)-7′-hydroperoxides. The chosen
substrate feature allowed variations in the distal residue of the
conjugated hydroperoxy diene moiety. Only those substrates
with a shape similar to linoleic acid were converted at con-
siderable rates by flax AOS. 

The two oleic acid hydroperoxides, 9- and 10-HPOE,
which show a monoene hydroperoxy moiety, were not con-
verted into ketol fatty acids by the enzyme extract at all. This
fact demonstrated the requirement of a 2,4-diene system con-
jugated to the hydroperoxy moiety for successful catalysis.
Monoenoic fatty acid hydroperoxides do not serve as sub-
strates for flaxseed AOS.

Interestingly, 12-HPOD was also no substrate for flax
AOS. In fact, there is only one report in the literature about
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FIG. 1. Inhibition of allene oxide synthase catalyzed dehydration of
13(S)-HPOD by 12-HPOD. (A) Michaelis-Menten graph of V against
[13(S)-HPOD] and (B) detail of the Lineweaver-Burk plot 1/V against
1/[13(S)-HPOD] at fixed concentrations of 12-HPOD (●, 0 µM, ●●, 0.13
µM, and ■, 0.26 µM 12-HPOD). Abbreviations: 13(S)-HPOD, 13(S)-hy-
droperoxy-9(Z),11(E)-octadecadienoic acid; 12-HPOD, 12-hydroper-
oxy-9(Z),13(E)-octadecadienoic acid; V, reaction velocity; kat, one unit,
defined as conversion of 1 nmol hydroperoxide molar extinction coeffi-
cient of 25,000 M−1cm−1 for all conjugated hydroperoxides.

TABLE 4
Enantiomeric Composition of Substrates and α-Ketol Products 
in Allene Oxide Synthase Catalyzed Dehydration of Hydroperoxides
from Linoleic (13-HPOD) and Linolenic Acid (13-HPOT)a,b

Substratec α-Ketold

13(S) 13(R) ee 13(S) 13(R) ee
(%) (%) (%) (%) (%) (%)

13(S)-HPOD 98 2 96 28 72 44
13(R,S)-HPODe 72 28 44 33 67 34
13(R,S)-HPODf 50 50 0 51 49 2
13(S)-HPOT 94 6 88 34 66 32
13(R,S)-HPOTe 70 30 40 37 63 26
13(R,S)-HPOTf 50 50 0 43 57 14
aFive mg of each hydroperoxide was incubated with 14 mg of a dialyzed
flaxseed protein extract in 100 mL of 0.1 M Tris-HCl pH 7.4 for 15 min.
13(S)-HPOD and -HPOT substrates contained about 5% of 9-hydroperox-
ides as estimated by analytical normal-phase high-performance liquid chro-
matography (HPLC). All (R,S)-hydroperoxides had been purified by prepara-
tive scale normal-phase HPLC and contained no 9-hydroperoxides.
bAbbreviations: ee, enantiomeric excess. For other abbreviations see
Table 1.
cEnantiomeric composition determined by chiral-phase HPLC (see the Mate-
rials and Methods section).
dEnantiomeric composition determined by the gas chromatographic method
as described in the Materials and Methods section.
eObtained by L-2 oxygenation of fatty acid.
fObtained by L-3b oxygenation of fatty acid.
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the enzymatic conversion of 12-regioisomeric fatty acid hy-
droperoxides. Gardner and coworkers (23) have reported the
cleavage of 12-HPOT by another fatty acid hydroperoxide de-
grading enzyme, hydroperoxide lyase, although the products
of this reaction were not specifically defined. This substrate,
however, also contains a conjugated hydroperoxy-diene moi-
ety. When we incubated substrate mixtures containing 12-
HPOD, we found no utilization of the substrates by the en-
zyme, but rather complete depletion of activity. Kinetic analy-
ses revealed 12-HPOD as a strong competitive inhibitor of
AOS. Like the oleic acid hydroperoxides, 12-HPOD does not
exhibit a conjugated diene moiety. This also indicates the ne-
cessity of a conjugated hydroperoxy diene system for suc-
cessful enzymatic conversion.

In order to prove dehydration of (R)-configurated hydroper-
oxides, mixtures of racemic regioisomeric HPOD and HPOT
were incubated with AOS. By stereochemical analysis of the
ketol hydrolysis products, we demonstrated the formation of
(R)-configurated allene oxides by AOS. Using an excess of en-
zyme activity led to complete utilization of the substrates. This
observation is in agreement with previous findings (14) in
which enantiomeric selectivity for the (S)-enantiomers with
sufficiently small amounts of enzyme has been described. In-
terestingly, a similar selectivity was reported recently for an
enzyme named divinyl ether synthase from garlic bulbs (24).
This activity dehydrated fatty acid hydroperoxides into a di-
vinyl ether moiety. The enzyme reacted much more quickly
with 13(S)-HPOD than with 13(R)-HPOD. 
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ABSTRACT: The objective of this study was to demonstrate
that changing the fatty acid composition of bovine adipose tis-
sue concurrently changed (i) proportions of triacylglycerol
species, (ii) fatty acid composition of triacylglycerol species,
and (iii) positional distribution of the component fatty acids of
the triacylglycerol species. To achieve this, we took advantage
of adipose tissue lipids, from cattle fed in Australia and Japan,
that varied widely in fatty acid composition and melting points.
Treatment groups produced in Australia were cattle fed: a corn-
based diet (MUFA1); a grain-based diet containing whole cot-
tonseed (SFA); a grain-based diet containing protected cotton-
seed oil (PUFA); and a grain-based diet that resulted in high
contents of trans fatty acids (TFA). Treatment groups produced
in Japan (MUFA2 and MUFA3) were diets of unknown compo-
sition fed for over 300 d. The MUFA1, MUFA2, and MUFA3
samples all were rich in monounsaturated fatty acids, varying
only in the proportions of the individual monounsaturates. The
SFA, PUFA, and TFA samples had relatively high concentrations
of stearic acid (18:0), PUFA, and TFA, respectively. Slip points
(indicative of melting points) were 45.1, 41.5, 38.5, 30.7, 28.4,
and 22.8°C, for the SFA, TFA, PUFA, MUFA1, MUFA2, and
MUFA3 groups, respectively (P < 0.05). Triacylglycerols were
separated by high-performance liquid chromatography on a sil-
ver nitrate-impregnated column into sn-1,2,3-saturated fatty
acid triacylglycerol (SSS); [triacylglycerols containing two satu-
rated acids and one trans-monounsaturated fatty acid (SSMt sn-
positions unknown)]; sn-1-saturated, 2-monounsaturated, 3-sat-
urated triacylglycerol (SMS); sn-1-saturated, 2-monounsatu-
rated, 3-trans-monounsaturated triacylglycerol (SMMt);
sn-1-saturated, 2,3-monounsaturated fatty acid triacylglycerol
(SMM); sn-1-saturated, 2-polyunsaturated, 3-trans-monounsatu-
rated triacylglycerol; sn-1,2,3-monounsaturated fatty acid tria-
cylglycerol (MMM); and sn-1-saturated, 2-polyunsaturated, 3-

monounsaturated triacylglycerol. Fatty acid methyl esters of
each triacylglycerol species also were determined, and further
analysis indicated sn-2, and sn-1/3 positions. As the percentage
oleic acid increased in the total lipid extract, the proportions of
SMM and MMM increased (e.g., from 31.4 and 2.4% in the SFA
group to 55.4 and 17.8% in the MUFA3 group). The elevated
18:0 in the SFA group (26%) was reflected in increased percent-
ages of SSS and SSM, and caused an increase in the proportion
of 18:0 in all triacylglycerol species relative to the other treat-
ment groups. The percentage of 18:0 in the sn-1/3 positions was
elevated markedly in the SMS fraction of the SFA group (to
44%); this would account for the high melting point of the fat of
these animals. We conclude that long-term feeding of cattle is
sufficient to produce significant alterations in fatty acid compo-
sition in bovine adipose tissue. Alterations in the fatty acid com-
position of bovine adipose tissue changed both the distribution
and the composition of the triacylglycerol species, which, in
turn, accounted for marked differences in melting points among
treatment groups.
Lipids 33, 197–207 (1998).

There is a renewed interest in the positional distribution of
fatty acids within the triacylglycerol structure, as this appears
to influence the metabolic effects of dietary fatty acids. For
example, stearic acid (18:0) located in the sn-1/3 positions of
triacylglycerols is absorbed poorly (1), which may explain its
hypocholesterolemic nature. Also, there is a greater propor-
tion of palmitic acid (16:0) in the sn-2 position of postpran-
dial plasma, liver, and adipose tissue triacylglycerols in young
piglets fed sow’s milk (enriched with sn-2 16:0) than in pig-
lets fed formula with 16:0 in the sn-1,3 position (2). Finally,
the absorption of long-chain, polyenoic fatty acids apparently
is not affected by positional distribution in triacylglycerols
(3). Rather, the positional distribution of long-chain poly-
enoic fatty acids influences the rate of chylomicron clearance
(4). These results suggest that positional distribution of fatty
acids, in combination with their degree of saturation, could
have a significant impact on the cholesterolemic nature of di-
etary fatty acids.

Cattle raised in Australia for the Japanese market are fed
for long periods of time, and exhibit a high incidence of car-
casses that are unacceptable for hand boning owing to exces-
sively hard fat (5). Certainly, an increase in the adipose tissue
concentration of 18:0 contributes to this problem (5,6). Re-
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cently, it has become apparent that positional distribution of
saturated fatty acids (SFA) also may be important in deter-
mining fat hardness. Placement of 18:0 in the outer position
of triacylglycerols can increase the melting point by as much
as 10°C relative to triacylglycerols with 18:0 solely in the sn-
2 position (7). This may exacerbate the fat hardness problem
in Australian beef production. To address this, lipid samples,
obtained from cattle raised in Australia and Japan under
widely varying production conditions (and differing by more
than 20°C in melting point), were analyzed for proportions of
individual triacylglycerol species and the fatty acid positional
distribution of each of these species.

MATERIALS AND METHODS

Animals. Treatment groups were classified as: three groups
whose fat contained relatively high levels of monounsaturated
fatty acids, MUFA1 (n = 4), MUFA2 (n = 6), and MUFA3
(n = 6); a group whose fat contained relatively high levels of
18:0 (SFA, n = 6); a group whose fat contained relatively high
levels of linoleic acid (18:2n-6) [polyunsaturated fatty acid
(PUFA), n = 4]; and a group whose fat contained relatively
high levels of 18:1t11 [trans fatty acid (TFA), n = 4]. The cat-
tle were fed in either Australia (MUFA1, SFA, TFA, and
PUFA) or Japan (MUFA2 and MUFA3). The MUFA1 cattle
were fed a corn-based diet in southern Australia for approxi-
mately 300 d, whereas the SFA group was fed a grain-based
diet containing approximately 10% whole cottonseed for
>400 d. The PUFA group was fed casein-formaldehyde-pro-
tected cottonseed oil for 100 d, and the TFA cattle were fed a
grain-based diet for 150 d. The diets of the cattle fed in Japan
are unknown, but the cattle were fed these diets for as long as
2 yr postweaning. A typical finishing diet in Japan contains
flaked corn, barley, wheat and/or rice bran, and soybean meal
(8). The MUFA2 cattle were Murray Grey, whereas the
MUFA3 cattle were purebred Japanese Black steers produced
in the Osaka region. The MUFA1, SFA, TFA, and PUFA ani-
mals were typical crossbred Murray Grey, Angus, and Grey
Brahman steers.

Assignment to treatment groups was based on previous
measurements of total fatty acids on stored adipose tissue
samples (Tume, R.K., unpublished observations). Sample
groups were chosen to give as wide a range of fatty acid com-
positions as possible, although the MUFA groups also were
separated based upon differences in breed type and produc-
tion location. Each group represented a distinct location in
Japan and/or a distinct production diet.

Slip points. Subcutaneous adipose tissue was collected
from the loin region of carcasses after overnight chilling.
Lipids were extracted into chloroform/methanol (9). Slip
points were measured to verify that lipid extracts from each
treatment group differed in hardness. Solvents were removed
exhaustively by heating the lipid samples to 60°C under a ni-
trogen jet. The lipids were drawn 1 cm into capillary tubes
while still warm. Triplicate capillary tubes were collected for
each sample. The samples in the capillary tubes were stored

overnight at 4°C, and then placed vertically in a chilled water
bath. The temperature was increased gradually in the water
bath (1–2°C/min), and the temperature at which the lipid
began to move up the capillary tube (slip point) was recorded.
Within-sample variation was less than 1%.

Separation of triacylglycerol species. Triacylglycerols
were separated from the total lipid extracts into molecular
species by silver ion high-performance liquid chromatogra-
phy (HPLC) using the method of Christie (10). Triacylglyc-
erol species were separated on a Nucleosil SA 5-micron sil-
ica column (Waters Corp., Milford, MA) (4.6 × 250 mm) im-
pregnated with 5% silver nitrate using a Waters HPLC
gradient system (Waters Corp.) coupled to an evaporative
light-scattering detector (Varex Mark III; Alltech, Deerfield,
IL). Approximately 30% of the column eluant passed through
the detector, the remainder being split off for collection of in-
dividual fractions. The proportions of each triacylglycerol
species were quantified using Waters Millennium software,
and the mass of each fraction collected was calculated. Owing
to the hardness of the SFA samples, the carousel chamber of
the sample injector (Waters 717 Sampler Injector) was
warmed to the keep the samples in solution prior to injection.
For each animal, the triacylglycerol fractions were collected
from 3–5 separate runs to provide enough lipid in each frac-
tion (approximately 20 µg) to allow for analysis of fatty acid
positional distribution.

Lipase digestion. Lipase digestions were as described
(11,12) with modifications. Whereas Williams et al. (12)
digested approximately 2 mg (2 µmol) lipid with 100–120
units lipase from Rhizopus arrhizus (Boehringer Mannheim,
Indianapolis, IN), we digested at most 20 µg lipid with
200–250 units of lipase. The triacylglycerol fractions were
dried and emulsified in 1 mL of buffer containing 1 mg/mL
Triton X-100, 0.04 M Tris (pH 7.2). Borate (0.05 M) was in-
cluded to reduce positional migration (12). The fractions were
sonicated for 1–2 min to ensure complete emulsification.
One-half of each fraction was transferred to a separate tube,
to which was added approximately 200 units of lipase from
R. arrhizus, which removes only the fatty acids in the sn-1/3
positions (11,12). The fractions were digested with lipase for
60 min at 37°C (increased from 30 min at 22°C; 12). That
portion of the sample which did not receive lipase was incu-
bated under the same conditions. Reactions were terminated
by the addition of 0.5 mL 1 N acetic acid and 3 mL chloro-
form/methanol (2:1, vol/vol). The lipids were extracted three
times with chloroform/methanol. Reaction conditions were
tested with 5 to 200 µg total lipid; reducing the amount of
lipid or digesting for longer periods of time did not increase
enrichment at the sn-2 position.

Trans-methylation. The solvent portion, containing the
lipids, was dried exhaustively under a nitrogen gas jet at 60°C
to eliminate all traces of solvent and acetic acid, and the re-
maining glycerides were trans-methylated by incubating for
30 min at 65°C in 1 mL 0.1 N NaOH in methanol. Lipids
were extracted with 3 × 3-mL vol of hexane. The hexane was
evaporated, and the samples were redissolved in 200 µL
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hexane. A total of 6 to 8 µL of each sample was used for
gas–liquid chromatography for the analysis of fatty acid
methyl esters. Fatty acid methyl esters were separated by gas
chromatography [Shimadzu GC17 (Kyoto, Japan) with
AOC17 autoinjector] using a 50 m × 0.25 mm glass capillary
column (CP-Sil-88, ChromPak, Middleburg, The Nether-
lands) with nitrogen as carrier gas. The initial temperature
was set at 150°C, incrementing at 5°C/min to 235°C and held
at that temperature for 8 min. Fatty acids were identified by
comparison of retention times with standards (Alltech).

The NaOH/methanol methylation procedure does not
methylate nonesterified fatty acids. Therefore, the fatty acid
composition of the lipase-digested and undigested (total) frac-
tions was used to calculate the average composition of fatty
acids in the sn-1/3 positions (12):

average sn-1/3 % = (3 × % fatty acid in total lipids)

− (2 × % fatty acid in sn-2 position) [1]

Statistics. Data were analyzed by single-factor analysis of
variance by the Super Anova program (Abacus Concepts,
Inc., Berkeley, CA), with treatment group as the main effect.
Means were separated by the Fisher’s Protected LSD method

contained in the same software program. Differences between
means were considered significant at P < 0.05. 

RESULTS

Total fatty acid compositions. The SFA group exhibited an
unusually high percentage of 18:0 (26%), whereas the TFA
group had a high concentration of 18:1t11 (11%; Table 1).
Lipids from the MUFA1, MUFA2, and MUFA3 groups con-
tained 49 to 53% oleic acid (18:1), and those of the MUFA1
and MUFA3 groups were especially high in palmitoleic acid
(16:1; >5%). The PUFA group was remarkable for its high
concentration of 18:2 (over 4%), which is unusual for bovine
adipose tissue (13–15).

In general, lipase digestion resulted in an enrichment of
18:1 and 18:2 at the sn-2 position (Table 1). Conversely, 16:0
was enriched primarily at the sn-1/3 positions. As the percent-
age of 18:0 was increased by dietary regimen, the proportion
of 18:0 observed in the sn-1/3 positions increased. The
MUFA2 group was unique in that the sn-2 position was more
enriched in 18:0 than the sn-1/3 positions.

Slip points. As anticipated, slip point temperatures were
highest for the SFA and TFA groups (45.1 and 41.5°C, re-
spectively; Table 1). The PUFA group displayed a relatively
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TABLE 1
Total, sn-2, and Average sn-1/3 Adipose Tissue Fatty Acid Compositions (wt%) and Slip Points (°C) for Each Treatment Group

Fatty acida
Slip

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3 points (°C)

Totalb

MUFA1 1.6 0.6b 23.5 5.2a 1.0c 1.0a,b 10.5c,d 2.5b,c 49.3b,c 2.5b 1.8b,c 0.4 30.7d

MUFA2 1.4 0.6b 22.3 3.9a,b 1.0c 0.7b,c 12.2c 3.4b,c 49.4a,b 1.9c 2.6b 0.5 28.4d

MUFA3 1.3 1.3a 24.2 5.2a 0.4d 1.1a 7.6d 0.7d 52.9a 3.0a 2.0b,c 0.2 22.8e

SFA 1.5 0.1c 24.2 1.6c 1.3b 0.1d 26.1a 2.3c 39.8d 1.0d 1.6c 0.5 45.1a

PUFA 1.8 0.2b,c 23.8 2.8b,c 1.1b,c 0.4c,d 17.7b 3.7b 42.4c,d 1.3d 4.5a 0.2 38.5c

TFA 2.0 0.5b,c 26.3 2.2b,c 1.7a 0.5c 20.0b 11.1a 32.4e 1.0d 2.2b,c 0.1 41.5b

Pooled SD 1.1 0.5 3.7 2.0 0.4 0.4 7.0 3.3 7.7 0.8 1.1 0.5 8.2

sn-2
MUFA1 1.6 0.6a,b 21.5 5.3a,b 0.6 0.7a 10.2c,d 3.0b 51.6c 3.0a 1.5c 0.1
MUFA2 0.6 0.1b 17.4 2.1c 0.1 0.1b 14.4b,c 1.6b,c 59.7a,b 1.0b 2.4b,c 0.1
MUFA3 2.0 1.5a 15.5 5.6a 0.1 0.2a,b 7.6d 0.4c 61.8a 1.4b 3.3b,c 0.2
SFA 2.0 0b 19.9 2.2c 0.3 0b 21.2a 1.9b,c 49.5c,d 0.5b 2.1c 0
PUFA 0.7 0b 17.3 2.3c 0.6 0b 17.2a,b 1.9b,c 53.0b,c 0.4b 6.2a 0
TFA 3.9 0.4b 20.1 2.8b,c 0.5 0.2a,b 15.7b 7.4a 43.3d 0.5b 3.9b 0.6

Pooled SD 2.0 0.8 3.8 2.3 0.5 0.4 5.4 2.5 8.0 1.2 1.9 0.5

Average sn-1/3
MUFA1 1.6a,b 0.1 32.8 4.0a 1.7c,d 1.2a,b,c 12.9c,d 4.5b,c 34.6a 3.6b,c 1.9 0.5
MUFA2 2.9a 1.4 31.8 7.5a 2.6a,b,c 1.7a,b 7.7d 6.9b 28.7a,b 3.8b 2.9 1.4
MUFA3 −0.1a,b 0.8 41.5 4.4a 1.0d 2.5a 7.5d 1.1d 35.0a 6.1a −0.5 0.3
SFA 0.4a,b 0.2 32.6 0.4b 3.2a,b 0.2c 35.5a 3.1c,d 20.1a,b 1.7c 0.6 1.5
PUFA 3.8a 0.7 36.7 3.8a 2.0b,c,d 1.1b,c 18.7b,c 7.2b 21.0a,b 2.9b,c 1.0 0.7
TFA −2.1b 0.6 38.6 0.7b 3.9a 1.0b,c 28.4a,b 18.2a 10.5b 2.0b,c −1.3 −0.9

Pooled SD 3.2 1.2 10.3 3.9 1.3 1.2 12.8 5.7 15.6 2.1 2.6 1.9
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a particu-
lar fatty acid.
bMUFA1, MUFA2, MUFA3, samples containing elevated monounsaturated fatty acids; SFA, samples containing elevated saturated fatty acids; PUFA, sam-
ples containing elevated polyunsaturated fatty acids; TFA, samples containing elevated trans fatty acids; SD, standard deviation.



high slip point (38.5°C). The lowest slip point was exhibited
by the MUFA3 group (22.8°C). The MUFA1 and MUFA2
samples were nearly identical in slip point temperatures.

Proportions of triacylglycerol species. The order of elu-
tion of triacylglycerols from the HPLC column was those
containing: three saturated fatty acids (SSS); two saturated
plus a trans-monounsaturated fatty acid, 18:1t11 (SSMt); two
saturated plus a cis-monounsaturated fatty acid (SMS); one
saturated plus a cis-monounsaturated fatty acid plus a trans-
monounsaturated fatty acid (SMMt) (composition somewhat
variable); one saturated plus two cis-monounsaturated fatty
acids (SMM); one saturated plus a combination of poly-
unsaturated and trans- and cis-monounsaturated fatty acids
(SPMt); three cis-monounsaturated fatty acids (MMM); and
one saturated, one polyunsaturated, and one cis-monounsatu-
rated fatty acid (SPM) (Fig. 1). 

The SMM fraction constituted 47 to 48% of the triacyl-
glycerols for the MUFA1 and MUFA2 groups, and was great-
est (P < 0.05) for the MUFA3 group (55%) (Fig. 2). The
MUFA3 group had the greatest percentage MMM triacylglyc-

erols (nearly 18%). The PUFA group exhibited the highest
proportions of SPM and SPMt. The SFA and TFA groups had
the greatest proportion of SSS triacylglycerols, and the TFA
was especially high in SSMt and SMMt (Fig. 2). The SSMt
fraction eluted prior to the SMS fraction at variable retention
times and was not analyzed other than for total fatty acid
composition.

Fatty acid composition of triacylglycerol species. The
MUFA3 and PUFA groups contained a small percentage of
18:1c9 and vaccenic acid (18:1c11) in their SSS fraction
(Table 2), which should not have been observed and repre-
sents possible contamination within the column. The predom-
inant fatty acid in the SSS fraction was 18:0 for the MUFA3,
SFA, and TFA groups, but was 16:0 for the MUFA1, MUFA2,
and PUFA groups. The PUFA group had a relatively small
percentage of 18:0 in the sn-1/3 positions (15%), but a high
percentage of 16:0 (68%). The SMS triacylglycerol fraction
represented the predominant triacylglycerol species for the
SFA and TFA groups (Fig. 2). This fraction contained the
greatest percentages of 18:0 for the SFA and TFA treatment
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FIG. 1. Chromatograms from high-performance liquid chromatographic separation of triacylglycerol species from lipids extracted from SFA (A) and
MUFA3 (B) adipose tissue tissue samples. Triacylglycerol species were separated on a Nucleosil SA 5-micron silica column (4.6 × 250 mm) im-
pregnated with 5% silver nitrate. Abbreviations: SFA, samples containing elevated saturated fatty acids from long-fed Australian cattle; MUFA3,
samples containing elevated monounsaturated fatty acids from long-fed Japanese Black cattle. Major positional species identified: SSS, sn-1,2,3-
saturated fatty acid triacylglycerol; SSMt, triacylglycerols containing two saturated and one trans-monounsaturated fatty acid; SMS, sn-1-saturated,
2-monounsaturated, 3-saturated triacylglycerol; SMMt, sn-1-saturated, 2-monounsaturated, 3-trans-monounsaturated triacylglycerol; SMM, sn-1-
saturated, 2,3-monounsaturated fatty acid triacylglycerol; SPMt, sn-1-saturated, 2-polyunsaturated, 3-trans-monounsaturated triacylglycerol;
MMM, sn-1,2,3-monounsaturated fatty acid triacylglycerol; SPM, sn-1-saturated, 2-polyunsaturated, 3-monounsaturated triacylglycerol. The iden-
tities of the peaks are indicated below each chromatogram. The SSMt peak was undetectable in this MUFA3 sample. The MUFA3 sample was
eluted several days after the SFA sample, and elution times had changed somewhat.
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groups (Table 3). There was no difference (P > 0.05) in the
percentage 18:0 in the sn-2 position of SMS triacylglycerols
across treatment groups.

The composition of the SMMt fraction of the six sample
types was rather variable in that the 18:1t11 content ranged
from 10 to 23% (Table 4). This HPLC fraction may comprise
a mixture of triacylglycerols; however, they always eluted in
a sharp, discrete peak having a constant retention time. The
MUFA3 group had the lowest percentage TFA in the SMMt
fraction in addition to the lowest abundance of SMMt triacyl-
glycerols (Fig. 2). There was no enrichment of 18:0 in the sn-
1/3 positions in the SMMt fraction. The MUFA3 had an un-
usually high percentage myristic acid (14:0; over 9%) in the
SMMt triacylglycerol fraction.

The SMM triacylglycerols were relatively enriched with
myristoleic acid (14:1), 16:1, and 18:1 (Table 5). There was
an enrichment of 18:1c9 in particular in the sn-2 position,
whereas 16:0 was enriched at the sn-1/3 positions. The SPMt
triacylglycerols (Table 6) were similar in composition to the
SMMt triacylglycerols (Table 4) except for a relatively high
abundance of 18:2 (up to 20%). For most treatment groups,
the 18:2 was located primarily at the sn-2 position. However,
in the PUFA group, there was a uniform distribution of 18:2
between the sn-2 and the sn-1/3 positions.

Monounsaturated cis fatty acids generally were abundant
in the MMM triacylglycerols (Table 7) with the exception of
the TFA group. Although the TFA MMM triacylglycerol peak
eluted with the same retention time as for the other treatment
groups, it contained only 47% 18:1, 1.5% 16:1, and no de-
tectable 14:1. The MMM triacylglycerols from both the
PUFA and TFA groups had relatively high concentrations of
18:1t11 and 18:2.

The composition of the SPM triacylglycerols was analyzed
only for the MUFA1, SFA, and PUFA groups (Table 8). The
SPM triacylglycerols contained approximately one-third SFA
(primarily 16:0), one-third MUFA (18:1c9), and one-third
18:2. The 16:0 was concentrated primarily at the sn-1/3 posi-
tions, whereas the 18:0 was located primarily in the sn-2 po-
sition. There was a uniform distribution of 18:1c9 in the SFA
and PUFA groups, but the sn-1/3 positions were enriched with
18:1c9 in the MUFA1 group. The 18:1c11 was located pri-
marily in the outer sn-positions. The sn-2 position of the SPM
triacylglycerols was particularly enriched with 18:2; and for
the PUFA group, the sn-1/3 positions also contained a high
percentage of 18:2. There was no detectable α-linolenic acid
(18:3) in the SPM fraction. Rather, 18:3 was distributed
thoughout the SMS, SMMt, SMM, and SPMt fractions, where
it was concentrated in the sn-1/3 positions.
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FIG. 1. (continued)
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Recovery of individual fatty acids after HPLC separation
and subsequent methylation and extraction was estimated by
summing the product of the proportions of each triacylglyc-
erol fraction times the percentages of the individual fatty
acids in all fractions. By this calculation, the sum of the 16:0
in the triacylglycerol fractions consistently was approxi-
mately 2 percentage units less than the percentage 16:0 ob-
served in the lipid extracts that had not undergone HPLC sep-
aration (Table 1), and 18:0 was proportionately greater. The
sums of the 18:1c9 proportions in the triacylglycerol fractions
were nearly identical to the percentages listed in Table 1. This
same pattern was observed in the total, sn-2, and sn-1/3 posi-
tions. None of these discrepancies alters the general finding
that 18:0 was enriched in the sn-1/3 positions as its percent-
age increased in the total lipid extract.

DISCUSSION

The mechanism by which changes in fatty acid positional dis-
tribution are accomplished is unknown. Our results indicate
that 16:0 and 18:0 composed up to 20 and 15%, respectively,
of the fatty acids in the sn-2 position, and 18:1c9 constituted
as much as 35% of the sn-1/3 positions. In these samples,

18:2 was preferentially incorporated into the sn-2 position,
but became progressively enriched in the sn-1/3 positions as
the total concentration of 18:2 increased. Thus, the acyltrans-
ferases responsible for triacylglycerol biosynthesis in bovine
adipose tissue exhibit only partial specificity.

In those samples in which 18:0 accumulated, the propor-
tion of 18:0 at the sn-2 and sn-1/3 positions increased perhaps
merely owing to its greater concentration within the cell.
When the concentration of total 18:0 approached 20%, glyc-
erolphosphate acyltransferase and diacylglycerol acyltrans-
ferase placed more 18:0 in the outer positions. Because the
concentration of 16:0 in the sn-1/3 positions generally was
unaffected by the concentration of 18:0 in the samples, and
because 16:0 generally is esterified to the sn-1 position prior
to esterification of fatty acids in the other positions, we can
conclude that enrichment of 18:0 occurred primarily at the sn-
3 location. Jurriens (16) described the triacylglycerol compo-
sition of beef tallow as having a large percentage of triacyl-
glycerols containing one cis double bond (35%, analogous to
the SMS triacylglycerols in this study). Triacylglycerols with
18:0 in the sn-1/3 positions constituted over 40% of their
“SMS” triacylglycerols, and nearly 30% of this fraction con-
tained 18:0 solely in the sn-3 position (16). The samples de-
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SSS                SSMt SMS               SMMt SMM                SPMt MMM                 SPM

FIG. 2. Distribution of triacylglycerol molecular species in bovine subcutaneous adipose tissue lipids from cattle raised under widely varying con-
ditions. Abbreviations: MUFA1, MUFA2, and MUFA3, samples containing elevated monounsaturated fatty acids; PUFA, samples containing ele-
vated polyunsaturated fatty acids; TFA, samples containing elevated trans fatty acids. For other abbreviations see Figure 1. Means within a triacyl-
glycerol fraction with different superscripts (a,b,c,d) are different (P < 0.05). Pooled standard deviations for the SSS, SSMt, SMS, SMMt, SMM, SPMt,
MMM, and SPM fractions are 5.4, 1.8, 9.3, 4.5, 11.4, 2.0, 6.7, and 2.4, respectively.
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TABLE 2
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SSS Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 18:0 18:1c9 18:1c11

Total
MUFA1 16.0a 0 50.1a,b 0.1 1.4a,b 32.1c 0.03 0
MUFA2 4.0b 0 53.8a 0.3 0.4b,c 41.3b,c 0 0
MUFA3 5.9b 0 23.6c,d 0 0c 63.1a,b 5.54 1.72
SFA 6.1b 0.2 30.6b,c,d 0.3 1.1b 61.5a,b 0 0
PUFA 5.8b 0.2 48.3a,b 0.6 2.4a 40.6b,c 1.97 0
TFA 1.8b 0 18.4d 0 0c 79.7a 0 0

Pooled SD 6.9 0.2 20.9 0.4 1.1 23.9 5.22 1.62

sn-2
MUFA1 11.7a 0.2 52.7a 0.3 2.0a 31.6c 0.7 0
MUFA2 1.6b 0 54.2a 0 0b 44.0b 0 0
MUFA3 1.9b 0 23.0b 0 0b 70.2a,b 4.8 0
SFA 3.5b 0.2 29.4b 0.4 1.1a 65.2a,b 0 0
PUFA 2.8b 0.2 38.5a,b 0.3 1.5a 53.3a,b,c 2.7 0
TFA 3.3b 0 14.4b 0 0b 82.2a 0 0

Pooled SD 5.0 0.2 21.1 0.4 1.1 24.7 4.8 0

Average sn-1/3
MUFA1 24.6 −0.3 45.0a,b −0.1 0.3b 33.0a,b −1.3 0
MUFA2 8.7 0 53.1a,b 0.9 1.3b 35.8a,b 0 0
MUFA3 13.8 0 25.1b 0 0b 49.0a,b 6.8 5.1
SFA 11.3 0.2 33.1b 0.4 1.0b 53.9a 0 0
PUFA 12.0 0.1 67.9a 1.1 4.2a 15.3b 0.3 0
TFA −1.1 0 26.3b 0 0b 74.7a 0 0

Pooled SD 16.9 0.3 25.8 1.2 2.3 31.5 6.4 4.9
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1,
TFA, and PUFA) or six (MUFA2, MUFA3, and SFA) animals per treatment group. Some negative values occurred for the av-
erage sn-1/3 means when there was a low abundance of a fatty acid. There was no detectable 17:1, 18:1t11, 18:2 or 18:3
in the SSS fraction. SSS, sn-1,2,3-saturated fatty acid triacylglycerol. For other abbreviations see Table 1.

TABLE 3
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SMS Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3

Total
MUFA1 6.1 0.7a 37.8a 3.6a 1.4 0.6a 17.9c 1.4b,c 29.1c 1.1b 0.1 0.1
MUFA2 3.3 0.2b 34.8a,b 1.9b,c 1.1 0.2b 22.6b,c 1.8b,c 32.0b,c 1.0b,c 0.7 0.1
MUFA3 2.8 0.1b 28.8a,b,c 2.1a,b 1.2 0.1b 24.6a,b,c 0c 38.2a 1.8a 0 0
SFA 2.9 0.1b 23.3b,c 1.3b,c 0.9 0.1b 34.5a,b 0.6b,c 35.4a,b 0.5c 0 0
PUFA 2.5 0.2b 31.0a,b,c 2.0a,b,c 1.5 0.3a,b 25.1a,b,c 2.3b 33.6a,b,c 0.7b,c 0.1 0.2
TFA 2.1 0.1b 18.1c 0.6c 1.7 0.2b 36.8a 5.9a 33.1a,b,c 1.0b,c 0 0

Pooled SD 2.4 0.3 11.5 1.3 0.6 0.3 11.2 2.3 4.8 0.5 0.8 0.2

sn-2
MUFA1 4.3 0.6a 29.9a,b 4.0a 1.2a 0.6a 18.9 0.8b 38.7b 0.9a 0 0b

MUFA2 2.6 0b 31.4a 1.4b 0.4a,b 0b 24.5 0.9b 37.5b 0.6a,b 0.4 0b

MUFA3 3.3 0b 18.5b 1.9b 0b 0b 27.5 0b 47.8a 0c 0.7 0b

SFA 1.7 0.1b 18.1b 1.1b 0.6a,b 0.2b 29.8 0.3b 47.3a 0.3b,c 0.1 0.1a

PUFA 1.5 0.1b 26.5a,b 1.5b 1.2a 0.2b 26.6 3.3a 38.4b 0.4a,b,c 0 0b

TFA 2.0 0b 15.2b 1.0b 0.5a,b 0.1b 30.5 4.5a 45.6a,b 0.1b,c 0 0b

Pooled SD 2.4 0.2 11.3 1.6 0.7 0.3 9.5 2.3 7.4 0.4 0.6 0.1

Average sn-1/3
MUFA1 9.5 1.0 53.4a 2.8 1.7 0.4 16.8b 2.5b,c 9.9b 1.3b,c 0.1 0.1
MUFA2 4.7 0.7 41.6a 2.9 2.6 0.6 18.6b 3.7b 20.9a,b 1.8b,c 1.3 0.2
MUFA3 1.8 0.3 49.4a,b 2.5 3.5 0.2 19.0b 0c 18.8a,b 5.5a −1.4 0
SFA 5.3 0.2 33.5a,b 1.5 1.6 0.1 44.0a 1.2b,c 11.6b 0.9c −0.2 −0.2
PUFA 4.6 0.4 40.1a,b 3.1 2.1 0.7 22.2b 0.3b,c 24.2a 1.4b,c 0.1 0.6
TFA 2.3 0.2 23.7b −0.1 4.1 0.4 49.5a 8.5a 8.1b 2.7a,b 0 0

Pooled SD 7.2 0.6 18.6 2.5 2.0 0.6 19.9 3.9 10.6 2.0 2.7 0.5
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a fatty
acid. SMS, sn-1-saturated, 2-monounsaturated, 3-saturated triacylglycerol. For other abbreviations see Table 1.
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TABLE 4
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SMMt Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3

Total
MUFA1 1.5b 0.3 20.7 2.1a 0.6 0.4a 12.9b,c 21.6a 38.4 1.2a,b 0 0b

MUFA2 0.8b 0.1 24.5 2.0a 0.5 0.1a,b 10.7c 15.8a,b 40.6 1.3a 0.1 3.1a

MUFA3 9.2a 0 20.8 0.5b 0 0b 22.1a 9.8b 37.3 0c 0 0a,b

SFA 1.3b 0.1 18.1 0.6b 0.3 0.2a,b 18.3a,b 16.2a,b 43.4 0.4b,c 0.1 2.2a,b

PUFA 0.2b 0 19.4 1.4a,b 0.6 0.1a,b 13.4b,c 23.4a 36.7 0.8a,b,c 0.3 3.3a

TFA 3.7a,b 0.1 17.8 0.9a,b 0.6 0.4a 19.0a,b 23.2a 32.6 0.6a,c 0.9 0b

Pooled SD 5.2 0.2 9.0 1.0 0.4 0.3 6.4 7.2 8.2 0.7 0.7 1.9

sn-2
MUFA1 1.9 0.1 15.6 2.6a 0b 0.5a 14.2a,b 14.4a,b 49.1 1.2 0 0b

MUFA2 0.3 0.1 21.7 2.5a 0b 0b 11.9b 11.8a,b 47.7 0.3 0.1 3.3a

MUFA3 7.4 0 16.2 0c 0b 0b 22.4a 7.8b 45.9 0 0 0b

SFA 0.8 0.2 14.9 0.6b,c 0.2a,b 0b 20.1a 10.1b 51.2 0.7 0.5 1.1a,b

PUFA 1.2 0 17.4 1.4a,b 0.2a,b 0b 15.9a,b 17.0a,b 44.6 0.2 0 1.8a,b

TFA 3.3 0 16.0 1.0b,c 0.5a 0.3a 17.5a,b 20.7a 38.6 0.7 1.0 0b

Pooled SD 5.1 0.2 9.7 1.2 0.3 0.2 6.5 7.9 10.2 0.7 0.8 2.0

Average sn-1/3
MUFA1 0.7 0.6a 31.1 1.0 1.8a 0.1 10.3 35.8 17.1 1.0b 0 0c

MUFA2 1.8 0.1a,b 30.0 1.0 1.7a 0.2 8.3 23.9 26.6 3.3a 0.1 2.6b,c

MUFA3 12.9 0b 29.8 1.5 0b 0 21.6 13.8 20.1 0b 0 0c

SFA 2.3 −0.2b 24.7 0.5 0.4a,b 0.5 14.8 28.4 27.7 −0.2b −0.6 4.3a,b

PUFA −1.8 0b 23.3 1.4 1.7a 0.2 8.5 36.2 21.1 1.9a,b 0.7 6.4a

TFA 4.7 0.2a,b 21.3 0.7 0.7a,b 0.4 21.9 28.2 20.6 0.3b 0.5 0c

Pooled SD 9.9 0.4 11.5 1.7 1.2 0.5 13.5 15.1 16.2 1.7 0.9 3.1
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a fatty
acid. SMMt, sn-1-saturated, 2-monounsaturated, 3-trans-monounsaturated triacylglycerol. For other abbreviations see Table 1.

TABLE 5
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SMM Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3

Total
MUFA1 1.4 1.2a 22.4 6.4a 0.7 1.1a 6.0b 0.1b 57.4 2.7b,c 0.1 0.1
MUFA2 1.0 1.0a 21.1 4.8a,b,c 0.5 1.1a 5.8b 1.0b 60.0 3.1a,b 0.1 0.2
MUFA3 0.6 0.8a,b 18.6 5.0a,b 0.4 0.9a 5.9b 0b 63.5 3.7a 0.2 0
SFA 0.5 0.2b 15.9 2.3c 0.4 0.4b 11.6a 0.1b 67.1 1.2c 0.2 0
PUFA 0.8 0.5a,b 20.1 3.7a,b,c 0.8 1.0a 7.9a,b 0.3b 62.3 1.9c 0.1 0.1
TFA 1.0 0.2b 18.1 3.1b,c 0.5 0.7a,b 12.6a 3.5a 58.4 1.6c 0 0

Pooled SD 0.6 0.6 6.2 2.4 0.3 0.4 4.1 1.4 7.2 1.1 0.2 0.2

sn-2
MUFA1 2.1 1.9a 12.4 7.7a 0.4 1.3a 4.4c 0.1b 67.4 2.0b 0.1 0
MUFA2 0.7 0.9b 14.1 4.5a,b 0.2 0.9a,b 6.5c 0.8b 68.8 2.1b 0 0.1
MUFA3 0.9 0.9b 12.8 5.1a,b 0.1 0.5b,c 6.9b,c 0b 68.4 3.5a 0.5 0
SFA 1.4 0.1b 7.9 2.5b 0.1 0.2c 10.7a,b 0.1b 76.1 0.4c 0.1 0.1
PUFA 0.5 0.3b 13.6 2.9b 0.3 0.9a,b,c 7.5b,c 0.1b 71.8 1.5b,c 0.1 0.1
TFA 0.3 0.2b 11.9 2.9b 0.2 0.3b,c 13.2a 2.6a 66.9 1.1b,c 0 0

Pooled SD 1.2 0.8 6.4 3.0 0.3 0.5 4.1 1.3 8.3 1.3 0.4 0.2

Average sn-1/3
MUFA1 0.1a,b −0.2c 42.4 4.1a,b 1.3 0.7 9.3a,b 0.1b 37.4 4.1a,b 0.3 0.1
MUFA2 1.6a 1.2a 35.2 5.4a 1.2 1.4 4.4b 1.4b 42.3 5.3a 0.1 0.2
MUFA3 0.1a,b 0.6a,b,c 30.0 4.9a 1.1 1.8 3.9b 0b 53.6 4.1a,b −0.5 0
SFA −1.2b 0.2b,c 31.8 2.0b 1.0 0.6 13.3a −0.1b 49.0 2.7b 0.4 −0.2
PUFA 1.5a,b 0.9a,b 33.2 5.4a 1.6 1.2 8.7a,b 0.7b 43.1 2.6b 0.3 0.3
TFA 2.6a 0.2b,c 30.5 3.3a,b 0.9 1.4 11.5a,b 5.2a 41.5 2.4b 0 0

Pooled SD 7.2 0.6 18.6 2.5 2.0 0.6 19.9 3.9 10.6 2.0 2.7 0.5
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a fatty
acid. SMM, sn-1-saturated, 2,3-monounsaturated fatty acid triacylglycerol. For other abbreviations see Table 1.
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TABLE 6
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SPMt Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3

Total
MUFA1 4.3a 0.5a 14.2 4.1a 0.1a,b 0.6a 9.8b 13.7a 42.0a 2.0a,b 7.9b 0.3
MUFA2 1.2b 0.0b 18.2 3.8a 0.1b 0.4a,b 10.0b 12.6a 44.2a 2.5a 6.0b 0.6
MUFA3 1.8a,b 0b 14.7 2.6a,b 0b 0b 28.5a,b 2.1b 44.7a 1.3a,b 3.9b 0
SFA 0.6b 0b 11.3 0.7b 0.4a,b 0b 33.1a 3.7b 40.3a,b 0.9b 8.6b 0
PUFA 0.9b 0b 20.2 1.0b 0.7a 0b 19.9a,b 6.6a,b 28.4b 0.7b 20.8a 0.3
TFA 0.7b 0b 8.9 0.7b 0b 0b 27.0a,b 8.2a,b 48.3a 0.5b 5.3b 0

Pooled SD 2.0 0.3 8.0 1.8 0.4 0.4 14.8 6.1 9.6 1.0 7.5 0.6

sn-2
MUFA1 5.7a 0.4 12.6 4.1a 0 0 16.9b 4.2a 44.0a 0.3a 11.4a,b 0
MUFA2 0.4b 0 19.5 3.8a 0 0.2 12.7b 4.3a 49.3a 0.9a 8.6b 0
MUFA3 2.0b 0 17.5 1.2b 0 0 30.7a,b 0b 44.9a 0b 3.4b 0
SFA 0.7b 0 8.8 0b 0 0 46.5a 0b 30.5b 0b 13.2a,b 0
PUFA 1.6b 0 15.7 0.7b 0 0 17.9b 4.9a 37.0a,b 1.3a 20.5a 0
TFA 0b 0 8.8 0b 0 0 28.1a,b 4.3a 50.9a 0b 7.7b 0

Pooled SD 2.6 0.3 7.8 2.0 0 0.2 16.8 2.8 10.4 0.9 8.5 0

Average sn-1/3
MUFA1 1.4 0.9 17.4 4.2 0.5a,b 1.9a −4.3 32.6a 38.0a,b 5.3a 0.8b 0.9
MUFA2 2.8 0.1 15.6 3.9 0.2b 0.8a,b 4.5 29.2a 33.9a,b 5.7a 0.9b 1.2
MUFA3 1.3 0 9.2 5.5 0b 0b 24.0 6.4b 44.4a 4.1a 4.8b 0
SFA 0.3 0 16.4 2.3 1.3a,b 0b 6.3 11.1b 59.7a 2.7a,b −0.4b 0
PUFA −0.4 0 29.3 1.8 2.1a 0b 24.0 10.1b 11.0b −0.4b 21.5a 0.9
TFA 2.1 0 9.2 2.2 0b 0b 24.9 16.0a,b 43.1a,b 1.6a,b 0.4b 0

Pooled SD 4.1 1.2 11.9 3.1 1.2 1.0 22.3 15.1 22.9 3.1 10.0 1.9
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a fatty
acid. SPMt, sn-1-saturated, 2-polyunsaturated, 3-monounsaturated triacylglycerol. For other abbreviations see Table 1.

TABLE 7
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the MMM Triacylglycerolsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2 18:3

Total
MUFA1 0.5 1.5a 0.4b 10.3a 0.3a,b,c 1.8a 0.3b 0.5b,c 77.1a 6.1a,b 0.8c 0
MUFA2 0.2 0.9a,b 4.4a,b 7.3a,b,c 0.7a 1.3a,b 6.3b 0.8b,c 71.4a 4.5b 1.8b,c 0
MUFA3 0.3 0.4b,c 2.7a,b 7.9a,b 0.6a,b 0.9a,b,c 3.4b 0c 76.2a 6.9a 0.2c 0
SFA 0 0c 2.8a,b 2.3c 0c 0.5b,c 13.9a,b 0.8b,c 76.0a 1.5c 1.8b,c 0
PUFA 0.1 0.1c 6.0a 4.3b,c 0.1b,c 0.9a,b,c 4.9b 3.1a,b 70.5a 2.6c 7.0a 0
TFA 0 0c 7.9a 1.5c 0c 0c 31.4a 5.5a 46.8b 1.0c 5.7a,b 0

Pooled SD 0.5 0.7 3.5 4.4 0.5 0.7 13.4 2.4 11.7 2.5 3.3 0

sn-2
MUFA1 1.2a 2.6a 1.4b 10.0a 0 1.9a 1.6b 0.9a,b 74.9a 3.0a,b 1.4c 0.5a

MUFA2 0.1b 0.4b 6.7a,b 6.1a,b 0 0.6b 7.4b 0.1b 72.3a 2.8a,b 3.0b,c 0b

MUFA3 0.2b 0.2b 3.4a,b 7.7a,b 0 0.2b,c 6.2b 0b 77.5a 4.0a 0.1c 0b

SFA 0b 0b 2.4b 1.7c 0 0c 14.1a,b 0.5a,b 76.1a 0.7c 4.1a,b,c 0b

PUFA 0.1b 0b 7.7a,b 3.3b,c 0 0.1b,c 7.0b 1.8a 68.5a,b 1.6b,c 9.5a 0b

TFA 0b 0b 9.9a 0c 0 0c 28.6a 0b 52.7b 0c 8.6a,b 0b

Pooled SD 0.7 1.0 4.5 4.5 0 0.7 11.6 1.0 11.8 1.8 4.8 0.3

Average sn-1/3
MUFA1 −0.9 −0.7b −1.5b 10.9 0.9a,b 1.5 −2.4b −0.3b 81.5a 12.7a −0.3a,b 0.4a

MUFA2 0.6 1.8a −0.1a,b 9.6 2.2a 2.6 4.0b 2.1b 69.6a 7.8b,c −0.6a,b 0b

MUFA3 0.5 0.8 1.3a,b 8.2 1.9a,b 2.5 −2.2b 0b 73.6a 12.6a,b 0.3a 0b

SFA 0 0a,b 3.7a 3.5 0b 1.6 13.5a,b 1.4b 75.6a 3.0c −2.6b 0b

PUFA 1.7 0.3a,b 2.6a,b 6.2 0.2b 2.5 0.9b 5.6a,b 74.5a 4.6c 1.9a 0b

TFA 0 0a,b 3.8a 4.5 0b 0 37.0a 16.5a 34.9b 3.1c −0.0a,b 0b

Pooled SD 1.6 1.5 3.3 5.5 1.5 1.7 19.2 6.8 15.3 5.2 2.2 0.5
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1, TFA, and PUFA) or six (MUFA2,
MUFA3, and SFA) animals per treatment group. Some negative values occurred for the average sn-1/3 means when there was a low abundance of a fatty
acid. MMM, sn-1,2,3-monounsaturated fatty acid triacylglycerol. For other abbreviations see Table 1.



scribed by Jurriens (16) most closely resemble the SFA sam-
ples in their large proportions of triacylglycerols containing
zero or one cis double bond. The data from the current study
provide the first detailed description of bovine lipid samples
with substantially more MUFA and consequently lower melt-
ing points, and substantiate an earlier, preliminary report from
this laboratory (17).

The samples obtained from these cattle provided an un-
usual opportunity to investigate fatty acid positional distribu-
tion in bovine lipids. Under typical production conditions in
the United States, cattle are slaughtered at 18 to 20 mon of
age, and dietary treatments are restricted to less than 180 d.
Feeding whole, high-oleic acid, canola rapeseed to cattle for
100 d did not increase the percentage of 18:1 in subcutaneous
adipose tissue, although the MUFA/SFA ratio was increased
significantly (from 0.85 to 0.93; 13). Even after feeding cattle
high-oleic acid sunflower seed for 180 d, the percentage of
18:1 subcutaneous adipose tissue increased only marginally
(from 44.7% in controls to 46.7%) (calculated from 18).

The cattle produced in Australia in the current study either
were fed for very long times (300 d, MUFA1, and >400 d,
SFA) or were fed casein-formaldehyde-protected lipids
(PUFA). The latter have been shown to alter bovine adipose
tissue fatty acid composition markedly (19–21), as the casein-
formaldehyde protection prevents ruminal hydrogenation of
ingested fatty acids. Compared to cattle of similar genotype
raised in the United States and fed corn-based diets for 100 d
(13), the MUFA1 group was enriched with 18:1 (49 vs. 40%)
and 16:1 (5 vs. 3%), and was notably lower in 18:0 (10 vs.
15%). The cattle fed for 180 d in the study of Chang et al. (18)
were intermediate in fatty acid composition; apparently, long-

term feeding of cattle is sufficient to produce significant al-
terations in subcutaneous adipose tissue fatty acid composi-
tion. The TFA group was unusual in that substantial changes
in adipose tissue fatty acid composition were achieved (espe-
cially for 18:0 and 18:1t11) after a relatively short feeding pe-
riod (150 d).

The fatty acid composition of the SFA, PUFA, and TFA
groups suggested that their dietary treatments inhibited the
activity of adipose tissue stearoyl-CoA desaturase. Samples
from these groups were especially low in 14:1, 16:1, 18:1c9
and 18:1c11, all products of the desaturase. The diet of the
SFA group included approximately 10% whole cottonseed,
which contains the cyclopropene fatty acid, sterculic acid.
Sterculic acid inhibits stearoyl-CoA desaturase activity
in vitro by irreversibly binding sulfhydryl groups (22,23). It
has not been possible to demonstrate an effect of dietary
whole cottonseed on adipose tissue fatty acid composition or
desaturase activity in cattle fed whole cottonseed for only 54
(14) or 150 d (24), as compared to >400 d for the SFA group.
Although hydrogenation of sterculic acid by rumen mi-
croflora should have inactivated the inhibitor (25), sufficient
sterculic acid may have been absorbed postruminally to re-
duce desaturase activity in the SFA group. In support of this,
we have demonstrated a marked reduction in microsomal
stearoyl-CoA desaturase activity from adipose tissues of cat-
tle fed casein-formaldehyde-protected cottonseed oil (similar
to that fed the PUFA group; Tume, R.K., and Yang, A., un-
published observations).

The high concentration of MUFA in the MUFA3 group
suggests elevated stearoyl-CoA desaturase activity in adipose
tissue of those animals. We previously sampled animals from
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TABLE 8
Total, sn-2, and Average sn-1/3 Fatty Acid Compositions (wt%) of the SPM Triacylglycerols for the Control, SFA,
and PUFA Treatment Groupsa

Fatty acid

Fraction/group 14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1t11 18:1c9 18:1c11 18:2

Total
MUFA1 4.3 0.4 20.3 2.4a 0b 0 10.3 0 33.5 1.3 27.1b

SFA 0 0 22.7 1.1b 0.8a 0 9.7 0 33.8 1.4 30.2a,b

PUFA 0.5 0 20.2 1.1b 0.5a 0.2 10.4 0 33.6 0.9 32.2a

Pooled SD 3.0 0.4 2.3 0.8 0.4 0.2 2.6 0 1.9 0.6 3.0

sn-2
MUFA1 4.2a 0.3 11.6 2.9a 0 0 13.0 0.3 29.6 0.4 37.1
SFA 0b 0 12.2 0b 0 0 12.6 0 34.0 0 40.9
PUFA 0b 0 13.6 0.4b 0 0 12.3 0 35.2 0.2 37.9

Pooled SD 2.3 0.4 6.0 1.6 0 0 2.9 0.5 3.9 0.5 6.0

Average sn-1/3
MUFA1 4.4 0.8 37.8 1.4 0b 0 4.9 −0.7 41.1 3.1 6.9
SFA 0 0 43.6 3.4 2.5a 0 4.0 0 33.7 4.2 8.6
PUFA 1.6 0 31.8 2.8 1.5a 0.5 8.0 0 30.2 2.4 20.7

Pooled SD 6.2 1.6 12.9 2.4 1.2 0.5 7.6 0.9 8.4 2.0 10.6
aMeans within a column for each fraction without a common superscript are different. Data are means for four (MUFA1,
TFA, and PUFA) or six (MUFA2, MUFA3, and SFA) animals per treatment group. Some negative values occurred for the av-
erage sn-1/3 means when there was a low abundance of a fatty acid. There was no detectable 18:3 in the SPM fraction.
SPM, sn-1-saturated, 2- polyunsaturated, 3-monounsaturated triacylglycerol. For other abbreviations see Table 1.



the same geographical region in Japan (26) and noted extra-
ordinarily elevated levels of 14:1 (2.5%), 16:1 (11%), and
18:1 (55%). Other studies of American Wagyu (27) and
Japanese Black cattle raised in Japan (28) have supported a
genetic basis for the elevated MUFA in this breed type.

In summary, these groups of cattle provided a unique op-
portunity to investigate fatty acid positional distribution in ru-
minant adipose tissue displaying a wide range of fatty acid
compositions. Enrichment with 18:0, particularly in the
sn-1/3 positions, contributed to the high melting points of the
SFA, TFA, and PUFA samples. This may play an important
role in the production of meat products. In Australia, where
beef carcasses are hand-boned, excessively hard fat, particu-
larly in grain-fed cattle at chiller temperatures, can lead to a
larger percentage of carcasses that are unacceptable for bon-
ing (5). Thus, the high melting point of lipids containing 18:0
in the sn-1/3 can have very practical implications.
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ABSTRACT: Thirty soybean germplasm lines representing a
wide distribution of fatty acid compositions were analyzed
stereospecifically by using a chiral column to resolve the sn-1
and sn-3 positions of glycerol. The amounts of each acyl group
on each of the sn positions were plotted vs. the amount of that
acyl group in the triacylglycerols (TAG), and the plots were fit-
ted by linear regression. The deviation of individual data points
from the linear regressions was much greater than observed in
previous studies. This could be attributed to the inclusion of a
number of germplasm lines with elevated or reduced percent-
ages of saturates. The stereospecific distributions could not be
fit with previously suggested mathematical models because the
plots had intercepts that were not allowed by the models. Sta-
tistical tests of the analytical procedure indicated that slight oxi-
dation of or bias against the polyunsaturates had occurred and
that the Grignard deacylation method gave slightly less repre-
sentative analyses of the sn-2 position than pancreatic lipase
deacylation on these TAG.
Lipids 33, 209–216 (1998).

Natural vegetable oils have nonrandom distributions of acyl
groups on the sn-1, -2, and -3 positions of triacylglycerols
(TAG) that can affect their physical properties and oxidative
stability (1). Stereospecific plots of plant lines that differ in
acyl group composition show linear relationships between the
percentages of an acyl group on the sn-1, -2, and -3 positions
and the percentage of that acyl group in the total TAG. This
relation has been shown for several species (2–6). Fatemi and
Hammond (4) suggested that these plots would be helpful in
identifying TAG distribution mutants since such mutants
would yield data points that departed from the linear plots
typical of the species. Lee et al. (7) proposed two mathemati-
cal models to account for the stereospecific distribution of
TAG produced in the oleaginous yeast Apiotrichum curvatum
fed various fatty acid mixtures.

Previous studies of the stereospecific distribution of acyl
groups in oilseed varieties have used the analytical method
developed by Brockerhoff (8) and modified by Christie and

Moore (9). More recently, methods based on separations on
chiral columns (10–14) or by using chiral reagents (15) have
been developed. The mutation breeding program at Iowa
State University (Ames, IA) has generated soybean
germplasm lines with a wider range of acyl compositions than
those examined earlier (4,6), especially with respect to the
concentrations of the saturated acyl groups. This study exam-
ined these mutants by using the chiral column method of Tak-
agi and Ando (11).

MATERIALS AND METHODS

The solvents and reagents were A.C.S. certified grade. Di-
ethyl ether was distilled for daily use in the presence of
lithium aluminum hydride.

Soybean [Glycine max (L.) Merr.] seed from germplasm
lines representing a wide range of fatty acid compositions was
obtained from the Agronomy Department of Iowa State Uni-
versity and Pioneer Hi-Bred International (Johnston, IA).
Fifty to 100 seeds from each germplasm line were split into
two equal parts with a razor blade, and one-half of each seed
was analyzed for fatty acid composition. The half seeds were
crushed with a hydraulic press and extracted with hexane as
described by Hammond (16) and analyzed by gas chromatog-
raphy (GC).  Ten to 16 seeds/line were selected for homo-
geneity of their fatty acid compositions. 

The selected half seeds were ground in a Wiley mill (A.H.
Thomas Co., Philadelphia, PA), and 500 mg of the meal was
extracted with 4–6 mL of hexane overnight at ambient tem-
perature. The hexane was adjusted by evaporation under ni-
trogen to 0.9 mL and applied to a 900-mg Maxi-Clean silica
cartridge (Alltech Associates, Deerfield, IL) that had been
preconditioned with 5 mL of hexane. The cartridge was
treated with 4 mL of 7% diethyl ether in hexane to elute the
TAG, and the solvent was evaporated under nitrogen. A sam-
ple of the TAG was analyzed for fatty acid composition. 

The chiral analysis was based on the method of Takagi and
Ando (11): 50 mg of the remaining TAG was dissolved in 3
mL of diethyl ether and treated with 0.15 mL of 3 M ethyl-
magnesium bromide in diethyl ether. After 1 min, 0.05 mL of
acetic acid in 3.35 mL of 0.4 M boric acid was added, the re-
action mixture was centrifuged, and the reaction products
were extracted with several portions of diethyl ether. The ex-
tract was washed with 3 mL of 2% aqueous sodium bicarbon-
ate solution followed by 3 mL of water, dried with sodium
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sulfate, and evaporated under nitrogen. The residue was dis-
solved in 0.5 mL of toluene and 0.05 mL of pyridine and re-
acted with 40 mg of 3,5-dinitrophenylisocyanate (Fluka
Chemical Corp., Ronkonkoma, NY) overnight at ambient
temperature to form dinitrophenylurethane derivatives
(DNPU). The solvents were evaporated; the residue was then
dissolved in 0.22 mL of chloroform and streaked on a 0.5-mm
Adsorbisil®-Plus 1 silica thin-layer chromatographic (TLC)
plate (Alltech). The plate was developed twice with chloro-
form/acetone (96:4, vol/vol), and the bands were visualized
by spraying with 0.01% Rhodamine 6G in ethanol. The bands
representing the sn-1, sn-3-diDNPU enantiomers and the sn-
2-diDNPU were scraped from the plates separately and eluted
from the silica with diethyl ether. Because the TLC separa-
tion was not as complete as desired, the two bands were
rechromatographed on separate TLC plates as before. The
band representing sn-2-diDNPU was converted to methyl es-
ters and analyzed by GC. The sn-1, sn-3-diDNPU enan-
tiomers were prepared for chiral high-performance liquid
chromatography (HPLC) by dissolving them in 180 µL of
HPLC-grade chloroform and filtering through 0.2-µm filters
(Gelman Acrodisc, Ann Arbor, MI). HPLC separation of the
sn-1 and sn-3-diDNPU enantiomers was accomplished on a
25-cm × 4-mm i.d. Sumichiral OA-4100 column (Sumika
Ltd., Osaka, Japan) in a Shimadzu instrument (Shimadzu,
Kyoto, Japan). The developing solvent was hexane/1,2-
dichloroethane/ethanol (73:22:5, by vol) at 1 mL/min. Peaks
were monitored at 254 nm. The two fractions were freed of
solvent under nitrogen, dissolved in hexane, and prepared for
GC analysis. 

Acyl groups of the DNPU derivatives were converted to
methyl esters by reaction with 1 M sodium methoxide in
methanol for 50–60 min while shaking at 45°C. Methyl es-
ters from other lipids were prepared by reaction at room tem-
perature. GC analyses were performed on a Hewlett-Packard
5890A (Avondale, PA) on a J&W (Deerfield, IL) DB-23 col-
umn (15 m × 0.25-mm i.d.). Oven temperature was 180°C,
inlet and detector 250°C. The peak areas were corrected by
factors calculated according to Ackman and Sipos (17), and
the weight percentages were converted to mole percentages. 

Pancreatic lipase hydrolysis of the TAG by the procedure
of Luddy et al. (18) was applied to 15 of the samples.

All analyses were duplicated, and Microsoft Excel was
used to obtain least squares linear regression, t-test, Z-test,
and analysis of variance.

RESULTS AND DISCUSSION

Plots showing the percentage of a given acyl group on each
of the three glycerol positions vs. the percentage of that acyl
group in the total TAG are shown in Figures 1–5. The data
points in these plots were obtained from the separated DNPU
derivatives. The data were fitted by least-squares linear re-
gression, and the results are given in Table 1. Using a statisti-
cal Z-test on the linear regression residuals and normalizing
them so that the residual mean is zero can identify outliers
from the regression lines. Outliers were defined as falling
more than 1.96 standard deviations from the normalized
mean. By chance, about 5% of the data points should be de-
fined as outliers by this procedure, and for our sample size of
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TABLE 1
Linear Regression Statistics of the Mole Percentage of Acyl Groups at the Three Glycerol Positions vs. the Amount in the Total Triacylglycerol
for 30 Samples of Soybean Oil

Acyl Prob. Prob. No.
group Position Slope slope ≠ 0 y-intercept intercept ≠ 0 R2 outliersd

16:0 sn-1 1.22 ± 0.04a <0.01 3.52 ± 0.66a <0.01 0.97 2
sn-2 0.04 ± 0.01 0.01 1.29 ± 0.24 <0.01 0.21 0
sn-3 1.72 ± 0.04 <0.01 −4.07 ± 0.69 <0.01 0.98 0
Sum 2.98 0.74 

18:0 sn-1 1.24 ± 0.02 <0.01 2.33 ± 0.35 <0.01 0.99 1
sn-2 0.08 ± 0.01 <0.01 0.33 ± 0.08 <0.01 0.85 1
sn-3 1.67 ± 0.02 <0.01 −1.57 ± 0.31 <0.01 1.00 0
Sum 2.99 1.09

18:1 sn-1 0.94 ± 0.04b <0.01 −1.19 ± 0.94 0.22 0.95 1
sn-2 0.97 ± 0.05b <0.01 1.30 ± 1.20 0.29 0.93 2
sn-3 1.12 ± 0.06 <0.01 −0.24 ± 1.44 0.87 0.92 1
Sum 3.02 −0.12 

18:2 sn-1 0.96 ± 0.05 <0.01 −7.09 ± 2.30 <0.01 0.93 0
sn-2 0.15 ± 0.13 0.26 58.62 ± 6.14 <0.01 0.05 2
sn-3 1.82 ± 0.09 <0.01 −49.46 ± 4.15 <0.01 0.94 1
Sum 2.94 2.07

18:3 sn-1 1.06 ± 0.05c <0.01 −0.28 ± 0.37 0.46 0.94 3
sn-2 1.16 ± 0.15c <0.01 0.59 ± 1.11 0.60 0.67 1
sn-3 0.52 ± 0.11 <0.01 0.61 ± 0.81 0.48 0.44 1
Sum 2.74 0.92 

aStandard deviation.
bNot significantly different at the 5% level.
cNot significantly different at the 5% level.
dZ-test statistics—the number of outliers found were within the expected number for the 95% probability level.



30, one or two data points per regression would be expected
to fall outside this limit. Thus, the number of outliers for the
regressions in Table 1 is not greater than the number expected
by chance. 

The palmitate and stearate data in Figures 1 and 2 were fit
well by the linear regression. In agreement with previous

studies (4,6), there was very little saturated acyl group on the
sn-2 positions. The slope of the regression line for palmitate
on the sn-2 position was significantly different from zero, but
this may be because palmitate migrated from the sn-1 and sn-3
positions in proportion to the amounts present in the TAG. In
contrast to earlier studies, which had a much more limited
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FIG. 1. The percentage of palmitate on the sn-1, sn-2, and sn-3 positions of glycerol vs. the percentage of palmitate in
the whole triacylglycerol for Glycine max germplasm lines. 

FIG. 2. The percentage of stearate on the sn-1, sn-2, and sn-3 positions of glycerol vs. the percentage of stearate in the
whole triacylglycerol for Glycine max germplasm lines. 



range for saturated acyl groups than the present study, the re-
gression lines for the sn-1 and sn-3 positions crossed at about
15% for palmitate in the TAG and 8% for stearate. In both in-
stances the percentages for sn-1 were greater than those for
sn-3 at TAG percentages below the crossover points, and the
reverse was true above the crossover points. 

Figures 3, 4, and 5 show the distribution of oleate,
linoleate, and linolenate on the three sn-positions of glycerol.
The data for oleate and the sn-1 and sn-3 positions of linoleate
were fit reasonably well by the linear regressions, but the data
for the sn-2 position of linoleate and all the positions for
linolenate showed considerable scatter not seen in previous
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FIG. 3. The percentage of oleate on the sn-1, sn-2, and sn-3 positions of glycerol vs. the percentage of oleate in the
whole triacylglycerol for Glycine max germplasm lines. 

FIG. 4. The percentage of linoleate on the sn-1, sn-2, and sn-3 positions of glycerol vs. the percentage of linoleate in
the whole triacylglycerol for Glycine max germplasm lines. 



studies. Much of the scatter in this study could be attributed
to the presence of a number of samples with either elevated
or reduced saturate concentrations. For example, samples
with typical saturate concentrations (~10% palmitate and
~4% stearate) had an enrichment of oleate on the sn-3 posi-
tion (data not shown), as reported in previous studies. But in
germplasm lines with elevated stearate, the oleate often was
more enriched on the sn-2 position. In germplasm lines ele-
vated in both palmitate and stearate, the oleate distribution fa-
vored sn-2 > sn-1 > sn-3.  In germplasm lines with reduced
saturates, the oleate was distributed more or less equally
among the three sn-positions.

For linoleate, placement on the sn-2 position was generally
favored, but as reported previously by Pan and Hammond (6),
the regression line for the sn-3 position had a greater slope,
and the linoleate on the sn-3 position equaled that of the sn-2
position at high levels of TAG linoleate. Like the sn-1 and sn-3
regression lines for stearate and palmitate, those for linoleate
crossed, in this instance, at about 49% linoleate in TAG. 

Figure 6 shows the distribution of linoleate on the sn-2 po-
sition for samples having normal, elevated, and reduced levels
of the saturated acyl groups. The samples with typical saturate
levels were fairly well fit by a straight line, but the samples
with elevated saturates deviated to greater ordinate values, and
those with reduced saturates deviated to lower values. The ex-
tent of these deviations was correlated with the TAG saturate
content and the saturate content on the sn-1 position. 

Previous studies showed that linolenate placement was fa-
vored at the sn-1 over the sn-2 or sn-3 positions, but in this
study this was true only for germplasm lines with low or nor-
mal saturate levels (data not shown). Figures 7 and 8 show

how saturate content affected the distribution of linolenate on
the sn-2 and sn-3 positions. In soybean germplasm lines with
elevated saturate contents, the linolenate deviated to lower or-
dinate values on the sn-3 plot and to higher values on the sn-
2 plot. In low and normal saturate samples, the linolenate de-
viated in the opposite directions from samples with elevated
saturates. The sn-1 plot for linolenate showed deviations re-
lated to saturates that were similar to those of the sn-3 plot
(data not shown), but as Figure 5 shows, the scatter for the
sn-1 line was much less than those for sn-2 and sn-3. This
may be because the elevated saturates tended to accumulate
on the sn-3 position preferentially.

Possibly, these deviations from the stereospecific distribu-
tions previously reported resulted from glyceride structure
mutations as predicted by Fatemi and Hammond (4), and
germplasm lines that contained elevated saturates were ac-
companied by mutations in glyceride assembly. But the num-
ber of outliers for each of the regressions shown in Table 1
was not greater than the number expected by chance.

A more likely explanation of the deviations from the linear
regressions was that the inclusion of germplasm lines with un-
usual amounts of saturates revealed normal effects of saturates
on glyceride assembly that were not obvious previously.
Linoleate and linolenate are formed on the sn-2 position of
phosphatidylcholine (19). Possibly, linoleate and linolenate
move from the sn-2 to the sn-1 and sn-3 positions by a coupled
exchange with oleate on the sn-1 and sn-3 position. If the satu-
rates are elevated on the sn-1 and sn-3 positions, there would
be less oleate to effect the exchange. A lack of oleate with
which to exchange would increase the linoleate and linolenate
on the sn-2 position and decrease linoleate and linolenate on
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FIG. 5. The percentage of linolenate on the sn-1, sn-2, and sn-3 positions of glycerol vs. the percentage of linolenate in
the whole triacylglycerol for Glycine max germplasm lines. 



sn-3. Reduced saturate levels would have the opposite effect.
Such mechanisms would explain the observed effects.

Samples rich in palmitate contained significant amounts (up
to 2.4%) palmitoleate (16:1). Palmitoleate concentrations were

approximately equal on the sn-1 and sn-3 positions, but the sn-2
position contained twice as much palmitoleate as sn-1 and sn-3.

Samples rich in stearate also contained significant amounts
(up to 2%) arachidate (20:0). Arachidate was almost exclu-
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FIG. 6. The effect of germplasm lines with various saturate percentages on the percentage of
linoleate on the sn-2 positions of glycerol vs. the percentage of linoleate in the whole triacylglyc-
erol for Glycine max germplasm lines.

FIG. 7. The effect of germplasm lines with various saturate percentages on the percentage of linole-
nate on the sn-2 positions of glycerol vs. the percentage of linolenate in the whole triacylglycerol
for Glycine max germplasm lines.



sively at the sn-3 position. A similar distribution of acyl
groups longer than stearate has been reported for peanut (20).

Theoretically, if there were 0 or 100% of an acyl group pre-
sent in a particular TAG sample then the amount of that acyl
group on three sn positions would have to be either 0 or 100%.
Thus, each of the stereospecific plots must go through 0,0 and
100,100. For a linear plot, only a line with a slope of 1 will pass
through both of these points, so the seemingly linear stereospe-
cific plots observed in some of the figures cannot be linear over
their entire range. Lee et al. (7) proposed two mathematical
models to account for the stereospecific distribution of acyl
groups in TAG. Model 1 assumes that some fraction of the glyc-
erol molecules contains fixed proportions of specific acyl
groups. The acyl group distribution at the sn-1, -2, and -3 posi-
tions of this fraction of the glycerol is controlled by specific en-
zymes that place the acyl groups independently of the total
amount available for esterification. The remainder of the glyc-
erol molecules, not affected by this mechanism, is acylated ac-
cording to the proportion of acyl groups available. This model
gives linear plots over the span in which it can operate. The sec-
ond model was based on chemical kinetics and assumed that the
three glycerol positions were filled in proportion to substrate
concentrations and the affinities of the enzymes filling the three
sn positions. This model is approximately linear over much of
its range but bends to go through 0,0 and 100,100. Neither of
these models fits the present data, primarily because the data for
the sn-3 plots of palmitate, stearate, and linoleate show inter-
cepts on the abscissa that are not possible with these models.

Previous studies showed that for stereospecific plots the
slopes summed to 3 and the intercepts to 0 (4,6). The models

of Lee et al. (7) give a mathematical basis for these observa-
tions. Table 1 shows that although the slopes sum to approxi-
mately 3, the intercepts are considerably greater than zero ex-
cept for oleate. This reflects the greater scatter of these data
compared with previous studies and results from the inclu-
sion of many samples with altered saturate content. 

To check the reliability of the analyses, the average fatty
acid composition of the TAG being analyzed and the average
found for the three sn positions were calculated, and the re-
sults are shown in Table 2. If there were no analytical errors,
these values should agree, but the differences were all statis-
tically significant. The sample means for the saturates and
oleate were greater for the stereospecific analyses than from
the whole TAG, whereas the opposite was true for linoleate
and linolenate. Takagi and Ando (12) reported a bias against
the recovery of polyenoates during the formation of DNPU
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TABLE 2
Sample Means of the Percentage of Fatty Acid Composition for the Orig-
inal TAG Compared with the Average Found on the Three sn Positions

Mean (mole%)a

Acyl Avg. of sn-1, sn-2,
group TAG and sn-3 positions SEMb

16:0 14.20 14.45 0.05
18:0 10.73 11.10 0.04
18:1 22.22 22.35 0.04
18:2 45.53 45.10 0.06
18:3 6.83 6.53 0.06
an = 60. All differences were significant at <2% level.
bStandard error of the mean. TAG, triacylglycerol.

FIG. 8. The effect of germplasm lines with various saturate percentages on the percentage of linole-
nate on the sn-3 positions of glycerol vs. the percentage of linolenate in the whole triacylglycerol
for Glycine max germplasm lines.



derivatives and their conversion to methyl esters. Our results
show considerably better recovery than they reported, and the
small losses of polyenoates that we observed may be caused
by oxidation during TLC and handling.

An analysis of variance for each of the acyl groups in the
30 duplicate samples showed that the standard errors of the
means for each acyl group percentage on each sn-position and
for the whole TAG were small. In general, the hydrolysis and
separation steps did not increase the standard errors over
those for TAG.

The compositions of the sn-2 positions for 15 germplasm
lines were determined by pancreatic lipase hydrolysis as well
as by the analysis of the DNPU derivatives representing the
sn-2 position, and the results are compared in Table 3. A
paired t-test of the means for the two methods showed that
the Grignard deacylation method gave more saturate and less
unsaturate on the sn-2 positions than did the lipase method,
and the differences were significant for palmitate, stearate and
linoleate (P < 0.01). This suggests that slightly more acyl mi-
gration occurred with the Grignard method than with lipase.
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TABLE 3
Comparison of the sn-2 Acyl Group Mole Percentages After Pancre-
atic Lipase Hydrolysis and Grignard Hydrolysis of Soybean Oil
Triacylglycerols

Composition (mole%)a

Pancreatic lipaseb Grignardc

Acyl group sn-2 sn-2

16:0 0.50 1.79
18:0 0.31 1.21
18:1 18.06 17.89
18:2 70.62 68.69
18:3 10.26 10.14

aAverage of 15 samples in duplicate.
bModified method of Luddy et al. (18).
cModified method of Takagi and Ando (11).



ABSTRACT: This is the first report of the application of silver-
ion impregnated high-performance liquid chromatography
(Ag+-HPLC) to the separation of complex mixtures of conju-
gated linolenic acid (CLA) isomers present in commercial CLA
sources and foods and in biological specimens. This method
showed a clear separation of CLA isomers into three groups re-
lated to their trans,trans, cis,trans or trans,cis, and cis,cis config-
uration of the conjugated double-bond system. In addition, this
method separated individual positional isomers of the conju-
gated diene system within each geometrical isomeric group.
Following Ag+-HPLC isolation, gas chromatography (GC)–elec-
tron impact mass spectrometry, and GC–direct deposition-
Fourier transformed infrared spectroscopy were used to confirm
the identity of two major positional isomers in the cis/trans re-
gion, i.e., ∆8,10- and ∆11,13-octadecadienoic acids, which had
not been chromatographically resolved previously. Further-
more, the potential of this method was demonstrated by show-
ing different Ag+-HPLC profiles exhibiting patterns of isomeric
distributions for biological specimens from animals fed a diet
containing a commercial CLA preparation, as well as for a com-
mercial cheese product.
Lipids 33, 217–221 (1998).

“Conjugated linoleic acid (CLA)” is an imprecisely defined
term describing a mixture of octadecadienoic acids (18:2) that
contain a conjugated double-bond system. Interest in CLA
has increased in the last decade with reports that dietary CLA
reduced carcinogenesis (1–4), atherosclerosis (5), and body
fat (6) and provided several other beneficial effects (7–9) in
laboratory animals. However, commercial CLA products fed
to experimental animals are complex mixtures of CLA iso-
mers, many of which have not been identified. To date, there
is no direct evidence as to which isomer or isomers within the
complex CLA mixture are the potentially active components,

other than an assumption that it may be the major isomer,
cis,trans-octadeca-9,11-dienoic acid (c,t-9,11-18:2), found in
milk and dairy products (10).

Techniques used previously to measure CLA have in-
cluded high-performance liquid chromatography (HPLC) and
gas chromatography (GC). HPLC procedures using C18
(10–13) or silica columns (14) produced inadequate separa-
tion of CLA isomeric mixtures, analyzed as either free fatty
acids (10–12,14) or fatty acid methyl esters (FAME) (13).
The CLA isomers were detected by ultraviolet (UV), which
takes advantage of the conjugated diene chromophore that ab-
sorbs at 234 nm. In GC separations, long capillary columns
with polar liquid phases (e.g., SP 2560, CP-Sil 88, or Supel-
cowax-10) were used (11,15–17). Although several peaks in
the CLA isomeric region were resolved by GC depending on
the column and conditions used, the separation was not com-
plete as evidenced by GC–mass spectrometry (MS) of the 2-
alkenyl-4,4-dimethyloxazoline (DMOX) derivatives (11,16).
In GC separations, CLA positional and geometrical isomers
extensively overlap making their identification difficult, par-
ticularly of the minor components. Neither HPLC nor GC
provided sufficient resolution for all the isomers in complex
CLA mixtures.

We describe here an application of silver-ion HPLC (Ag+-
HPLC) that resolved CLA isomers on the basis of chain
length, double-bond configuration, and position of the conju-
gated diene functional group in the fatty acid chain. For each
CLA positional isomer, the corresponding cis/trans or
trans/cis pair of geometric isomers were not separated by
Ag+-HPLC. The chromatographic resolution of complex mix-
tures of CLA isomers obtained by Ag+-HPLC was substan-
tially better than those reported previously by GC on polar
phases, or by HPLC on C18 or silica columns.

MATERIALS AND METHODS

A mixture of CLA FAME was purchased from Nu-Chek-
Prep, Inc. (Elysian, MN). Several isomers or isomeric mix-
tures of CLA were obtained as free fatty acids from Matreya
Inc. (Pleasant Gap, PA) and from Dr. Michael W. Pariza of
the University of Wisconsin (Madison, WI). Acetonitrile and
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hexane were UV grade. Other solvents were distilled-in-glass
quality. 2-Amino-2-methyl-1-propanol, 95%, was purchased
from Aldrich Chemical Company, Inc. (Milwaukee, WI). A
10% solution of trimethylsilyldiazomethane in hexane was
obtained from TCI America (Portland, OR).

HPLC. HPLC analysis was performed with a Waters 510
solvent delivery system (Waters Associates, Milford, MA), a
Waters 717 plus Autosampler with a 2-mL and 200-µL injec-
tion loop, a Waters 486 tunable absorbance UV detector (233
nm), a Waters fraction collector, and a Waters software pro-
gram (Millennium™ version 2.15.01). A ChromSpher 5
Lipids semipreparative (10 mm i,d. × 250 mm stainless steel;
5 µm particle size) and an analytical (4.6 mm i.d. × 250 mm
stainless steel; 5 µm particle size) silver-impregnated column
were used (Chrompack, Bridgewater, NJ). The solvent flows
were 4.0 and 1.0 mL/min, for the preparative and analytical
columns, respectively. Best resolutions were obtained with a
mobile phase of 0.1% acetonitrile in hexane and isocratic op-
eration. The mobile phase mixture was prepared fresh each
day because the retention volumes of the CLA isomers
changed with time with little loss of resolution. The flow was
commenced for 0.5 h prior to sample injection. Typical injec-
tion volumes were 150–200 µL for the semipreparative col-
umn and 5–15 µL for the analytical column.

Preparation of FAME. The free acids (CLA) were dis-
solved in a screw-cap test tube with 1 mL of 20%
methanol/benzene and reacted with trimethylsilyldia-
zomethane as described (18). Unreacted trimethylsilyldia-
zomethane was removed by adding ca. five drops of acetic
acid with gentle swirling until the yellow color disappeared.
Then 5 mL H2O and 1 mL isooctane were added, and the tube
was capped and shaken for 10 s. The solution was dried over
Na2SO4 and stored for future injection. Test portions of pur-
chased FAME mixtures were dissolved in hexane prior to
Ag+-HPLC analysis.

DMOX derivatives. To a reaction tube, 10–20 mg of
methyl heptadecanoate (17:0) and ca. 1–2 mg of CLA FAME
(collected from semipreparative HPLC column) were added,
and the mixture was hydrolyzed with 1 N KOH/95% ethanol
(19), in order to obtain free fatty acid. The free fatty acids
were added to a screw-cap reaction tube, and a threefold ex-
cess (w/w) of 2-amino-2-methyl-1-propanol was added. The
tube was purged with argon, capped, and heated at 170°C for
0.5 h in an oven. DMOX derivatives were partitioned into pe-
troleum ether as described previously (11).

GC–electron impact mass spectrometry (GC–EIMS). The
GC–EIMS was performed by using a gas chromatograph
(Hewlett-Packard 5890, series II, Palo Alto, CA) coupled to a
mass spectrometer (Autospec Q mass spectrometer) and data
system (OPUS 4000) (Micromass, Manchester, United King-
dom). The GC–MS system utilized version 2.1 BX software.
This system was used with a 100-m CP-Sil 88 capillary col-
umn (Chrompack) described previously (9). The GC–MS
conditions were: splitless injection with helium sweep re-
stored 1 min after injection; injector and transfer lines’ tem-
perature 220°C; oven temperature 75°C for 1 min after injec-

tion, then ramped 20°C/min to 185°C, and held at 185°C for
15 min, 4°C/min to 220oC, and held there for 45 min.

GC–direct deposition Fourier transform infrared
(GC–DD–FTIR) spectroscopy. A Bio-Rad (Cambridge, MA)
Tracer™ GC–FTIR 60A spectrometer system was used. This
system, which was used with a 50 m CP-Sil-88 capillary col-
umn, has been described earlier (20).

Quantitation. The response factors were calculated as
follows. Each response was first determined by GC–DD–
FTIR to have either a cis,cis, a trans,trans, or a cis/trans con-
figuration (21). Quantitation of each cis,cis isomer was calcu-
lated by taking the percentage of that response [R(c,c)i] rela-
tive to the total of all cis,cis responses obtained by
Ag+–HPLC [∑n

1R(c,c)i], and then multiplying this fraction

[R(c,c)i/∑n
1R(c,c)i] by the total amount of cis,cis isomers mea-

sured by GC. Response factors were also determined in this
manner for the trans,trans and the cis/trans isomers.

RESULTS AND DISCUSSION

Figure 1 shows a typical Ag+-HPLC chromatographic sepa-
ration obtained from a commercial CLA mixture. The resolu-
tion depended on the concentration of acetonitrile in hexane
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(3) t,t-9, 11-CLA

(4) t,t-8, 10-CLA

(5) c,t/t,c-11, 13-CLA

(6) c,t/t,c-10, 12-CLA

(7) c,t/t,c-9, 11-CLA

(8) c,t/t,c-8, 10-CLA

(9) c,c-11, 13-CLA

(10) c,c-10, 12-CLA

(11) c,c-9, 11-CLA

(12) c,c-8, 10-CLA
0.0000

0.6200

0.3100

10 20

Time (min)

30

218 METHOD

Lipids, Vol. 33, no. 2 (1998)

FIG. 1. Silver-ion high-performance liquid chromatogram of a commer-
cial conjugated linoleic acid (CLA) standard (Nu-Chek-Prep, Elysian,
MN), using a ChromSpher 5 Lipids analytical column (4.6 mm i.d. ×
250 mm), and 0.1% acetonitrile in hexane as the mobile phase, at a
flow rate of 1 mL/min. The slash between geometric isomers (i.e., c,t/t,c)
means that either or both of the two isomers could be present.
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of the mobile phase, first used by Adlof et al. (22) to separate
isomeric cis and trans 18:1 FAME. At 1% acetonitrile, all the
CLA isomers eluted as a single peak within 1 min. The reso-
lution shown in Figure 1 was obtained with a concentration
of 0.1% acetonitrile in hexane. Twelve peaks eluted, gener-
ally in three groups of four peaks each. The first group was
shown to be trans,trans CLA isomers, while the second and
third groups were cis/trans and cis,cis isomers, respectively.
At 0.2 and 0.3% acetonitrile in hexane, all the peaks emerged
earlier, and there was less resolution between the sets of geo-
metric isomers. Evidence for the identification of the individ-
ual CLA isomers within each group was obtained by compar-
ison with standard CLA isomers, from direct measurements
of the isolated peaks by HPLC using both GC–DD–FTIR and
GC–EIMS spectral techniques, and by simple comparison of
the relative amounts of each isomer within each group.

Identification of the individual CLA isomers. Peaks 3, 7,
and 11 had the same retention volumes as those of the stan-
dards, methyl trans,trans-octadeca-9,11-dienoate (t,t-9,11-
18:2), c,t-9,11-18:2, and c,c-9,11-18:2, respectively. These
standards were obtained from Matreya Inc. as the free fatty
acids which we converted to their FAME. We confirmed the

conjugated double-bond geometry and position, and purity of
these three standards by GC–DD–FTIR and GC–EIMS (21).

The CLA mixture provided by Dr. Pariza was also methy-
lated and analyzed by Ag+-HPLC. This mixture showed
peaks at retention volumes corresponding to peaks 2, 3, 6, 7,
10, and 11 (Fig. 1). Independent GC–EIMS analysis in our
laboratory of Pariza’s CLA mixture showed that this mixture
contained CLA isomers with double bonds only at the ∆9,11
and ∆10,12 positions. These data, in conjunction with
GC–DD–FTIR spectroscopy, GC–EIMS and the relative re-
tention volumes on Ag+-HPLC, indicated that peaks 2, 6, and
10 were due to t,t-10,12-18:2, t/c-10,12-18:2, and c,c-10,12-
18:2, respectively.

Peaks 5 and 8 (Fig. 1) were collected after repeated injec-
tions using a semipreparative Ag+-HPLC column. The
DMOX derivatives of the isolated peaks 5 and 8 were shown
by GC–EIMS to have a conjugated double-bond system at po-
sitions ∆11,13 (peak 5) and ∆8,10 (peak 8). The EIMS evi-
dence for the double-bond position of these two conjugated
octadecadienes with their characteristic fragmentation pat-
terns is shown in Figure 2. The GC–DD–FTIR data were con-
sistent with peaks 5 and 8 both containing isomers with a
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FIG. 2. Gas chromatography–electron impact mass spectrometry spectra of the 2-alkenyl-4,4-dimethyloxazoline derivatives of two CLA isomers
isolated from a commercial CLA mixture which were identified as (A) c,t/t,c-8,10-18:2 and (B) c,t/t,c-11,13-18:2. The trans,trans structures shown
in the figure are only meant to illustrate the m/z assignments. For abbreviations see Figure 1.



cis/trans and/or trans/cis double-bond configuration. This as-
signment was based on characteristic FTIR bands including
those observed at 988 and 949 cm−1 (21,23). A tentative as-
signment of the minor peaks 1, 4, 9, and 12 (Fig. 1) was made
based on a comparison of the retention volume order among
the cis/trans group of isomers, and by the relative abundance
of the CLA FAME present in the cis/trans region.

Application of the Ag+-HPLC method for the quantitation
of a commercial CLA standard. The Ag+-HPLC method was
used in conjunction with GC–EIMS and GC–DD–FTIR to an-
alyze and quantitate the composition of the commercial stan-
dard obtained from Nu-Chek-Prep, Inc. (Fig. 1). The proce-
dure is described in the Materials and Methods section. The
revised composition of the Nu-Chek-Prep standard is shown
in Table 1 and compared to the reported composition (24) of
this material. The results from Table 1 showed that two major
isomers of CLA [∆8,10 (12.3%) and ∆11,13(21.7%)] were
completely missed, and there was an incomplete analysis of
the trans,trans (four isomers totaling 3.6%) and cis,cis iso-
mers (four isomers totaling 2.9%). Erroneous analyses of
commercial CLA mixtures used in feeding trials will result in
misleading interpretations of observed biological response(s)
in animals.

The revised assay (Table 1) reported for the CLA isomers
was consistent with the finding of four similar sets of oxida-
tion products, including four furan fatty acids from the Nu-
Chek-Prep Inc. CLA mixture (9,24). This demonstrated that
these four sets of oxidation products originated from four
CLA positional isomers. It was just reported (25) that four po-
sitional isomers were found in a commercial CLA mixture
using selected ion scanning of the 4-methyl-2,3,4-triazoline-
3,5-dione derivative, but the CLA isomers were not separated
chromatographically.

Application of the Ag+-HPLC separation of CLA isomers
in food and biological specimens. The potential of the Ag+-
HPLC method is illustrated with three examples. Figure 3
shows three additional Ag+-HPLC separations of mixtures
containing CLA isomers. Figure 3A represents the CLA com-
position of a commercial CLA mixture obtained from Natural
Lipids Ltd. (Hovdebygda, Norway) fed to pigs in an experi-
ment reported elsewhere (26), whereas Figure 3B shows the
distribution of CLA isomers present in the total liver lipids of
the pigs fed the above diet; pigs fed the control diet showed
no observable CLA peaks. It is evident from Figures 3A and
3B that the commercial diet and biological matrix contained
many geometric and positional isomers of CLA, some of
which still remain to be identified. Some bioconcentration of
the c,t-9,11-18:2 was evident compared to the dietary distrib-
ution of CLA isomers. A complete composition of CLA iso-
mers in tissue lipids will be presented elsewhere. In addition,
Figure 3C presents a typical CLA distribution found in a com-
mercial cheese product. The only major CLA isomer in
cheese is the c,t-9,11-18:2. Detailed analyses of food prod-
ucts are in progress.

In conclusion, Ag+-HPLC proved to be an excellent
method for the analysis and isolation of most geometric and
positional isomers of CLA. Furthermore, this method allowed
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TABLE 1
Composition (% of total fatty acid methyl esters) of a Commercial
Conjugated Linoleic Acid (CLA) Mixturea

CLA isomers This studyb Nu-Chek-Prep assayc

t,t-11,13-18:2 0.74 —d

t,t-10,12-18:2 1.23 1.3e

t,t-9,11-18:2 1.18 e

t,t-8,10-18:2 0.46 —
c,t/t,c-11,13-18:2f 21.7 —
c,t/t,c-10,12-18:2 29.0 44.0
c,t/t,c-9,11-18:2 29.5 41.0
c,t/t,c-8,10-18:2 12.3 —
c,c-11,13-18:2 0.96 —
c,c-10,12-18:2 0.88 9.5
c,c-9,11-18:2 0.88 1.0
c,c-8,10-18:2 0.20 —
aCommercial CLA mixture was obtained from Nu-Chek-Prep, Inc. (Elysian,
MN) (Ref. 24).
bFor quantitative calculations see the Materials and Methods section.
cThe composition was obtained from Nu-Chek-Prep, Inc. and reported pre-
viously (Ref. 24). It also included 0.7% 18:2n-6.
d—, Not reported.
eRepresents content of both t,t-10,12-18:2 and t,t-9,11-18:2 (Ref. 24).
fThe slash between geometric isomers (i.e., c,t/t,c) means that either or both
of the two isomers could be present.
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FIG. 3. Typical silver-ion high-performance liquid chromatographic
separations. (A) A commercial CLA mixture used in a pig feeding study
(Ref. 26); (B) the CLA composition of the total liver lipids of pigs fed this
CLA mixture (Ref. 26); and (C) the CLA composition of a commercial
cheese product. For abbreviation see Figure 1.



the identification of CLA isomers not separable by other
complementary techniques, such as GC. In combination with
GC–DD–FTIR and GC–EIMS, a more accurate confirmation
of the identity of CLA isomers in commercial and biological
specimens is now possible.
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ABSTRACT: Phospholipase D is an important enzyme in signal
transduction in neuronal tissue. A variety of assays have been
used to measure phospholipase D activity in vitro. The most typ-
ical measure of phospholipase D activity is the production of
phosphatidylethanol in the presence of ethanol. Phos-
phatidylethanol is a product of transphosphatidylation activity
that is considered a unique property of phospholipase D. To
support transphosphatidylation activity, high concentrations of
ethanol may be required. Furthermore, most assays in the litera-
ture utilize a detergent. These extreme conditions, detergent
and ethanol, may alter phospholipase D and hinder the study of
its regulation. In this manuscript we describe an assay that elim-
inates these potentially confounding conditions. It utilizes high
specific activity [3H]butanol as a nucleophilic receptor. This
eliminates the need for high concentrations of alcohol. The sub-
strate is an analog of phosphatidylcholine that contains short-
chain fatty acids, 1,2-dioctanoyl-sn-glycero-3-phosphocholine.
Phospholipase D readily hydrolyzes this substrate in the ab-
sence of detergent. This novel assay should be useful in the fur-
ther characterization of phospholipase D.
Lipids 33, 223–227 (1998).

Phospholipase D is an important enzyme in neuronal signal
transduction (1–3). It is activated by many neurotransmitters
and hormones. In neuronal tissue, phospholipase D activity
specifically hydrolyzes phosphatidylcholine (4–8). This hy-
drolysis leads to the production of phosphatidic acid and
choline. Phosphatidic acid could act as a second messenger
or be hydrolyzed by phosphatases to form diacylglycerol. Di-
acylglycerol activates protein kinase C, which can phospho-
rylate and activate other enzymes. Choline in cells that con-
tain choline acetyltransferase can serve as a precursor to
acetylcholine.

The most typical measure of phospholipase D activity is
transphosphatidylation (6). Usually, this requires a high con-
centration of ethanol, ~400 mM. Furthermore, most in vitro
assays for phospholipase D utilize a detergent, e.g., sodium
oleate or Triton X-100 (5,6,9) . It is not clear whether the de-
tergent is necessary to activate the enzyme or to make the sub-

strate more accessible (10). These extreme conditions, deter-
gent and ethanol, may alter phospholipase D and hinder the
ability to study its regulation. In this paper we describe a
novel assay for phospholipase D that attempts to eliminate
these potentially confounding conditions. It utilizes high spe-
cific activity [3H]butanol as a nucleophilic receptor. This
eliminates the need for high concentrations of alcohol. The
substrate is an analog of phosphatidylcholine that contains
short-chain fatty acids, 1,2-dioctanoyl-sn-glycero-3-phospho-
choline (PC8). Phospholipase D readily hydrolyzes this sub-
strate in the absence of detergent or other cofactors such as
phosphatidylinositol-4,5-bisphosphate and GTPγS. 

MATERIALS AND METHODS

Isolation of microsomal membranes. Crude microsomal
membranes were isolated from whole rat brain. Brains were
homogenized in 10 vol of cold 0.32 M sucrose containing 1
mM EGTA. The crude homogenate was centrifuged for 10
min at 1,000 g. The supernatant was then centrifuged for 30
min at 20,000 g. Finally, the microsomal membranes were
pelleted by centrifugation at 100,000 g for 60 min. The pellet
was then washed with 0.32 M sucrose. The membranes were
resuspended at a concentration of 2 mg protein/mL and stored
at −80°C until use. 

Phospholipase D activity. PC8, stored in chloroform, was
dried under a stream of nitrogen, resuspended in ether, and
then dried again. The lipid was resuspended in 5 mM HEPES,
pH 6.6 and allowed to sit at room temperature for 1 h. At the
the end of this time, the lipids were sonicated for 30 s with a
probe sonicator, at low power, using a 50% duty cycle (Bran-
son Sonifier 250; Danbury, CT). The reaction was initiated by
adding 20 µL of this lipid suspension. Unless otherwise indi-
cated, the assay conditions were: 3.5 mM phospholipid; 50
mM HEPES, pH 6.6; 5 µCi [3H]butanol (15 Ci/mmol; Amer-
ican Radiolabeled Chemical, St. Louis, MO) and 100 µg of
crude membrane protein in a final volume of 120 µL. The ac-
tivity of the enzyme with PC8 as a substrate is linear from 10
to 100 µg of protein. In some experiments the buffer was β-
dimethylglutaric acid or Tris maleate, and in other experi-
ments 10 mM EDTA or a divalent cation was added to the in-
cubation. These different conditions did not affect the activ-
ity of the enzyme. Blanks contained 0.32 M sucrose rather
than membranes. Incubations were carried out for 10 min at
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30°C unless otherwise stated. The reactions were stopped by
adding 3 mL of ice-cold chloroform/methanol (1:2) and 0.7
mL of 1% perchloric acid. The mixture was vortexed for 1
min. The phases were separated by the addition of 1 mL of
1% perchloric acid and 1 mL of chloroform. After vortexing,
the tubes were centrifuged and the upper phase was aspirated.
The lower phase was then washed twice with 2 mL of 1% per-
chloric acid. An aliquot of 500 µL was removed and dried for
thin-layer chromatography. When phosphatidylcholine from
egg yolk was used as substrate, it was dried under a stream of
nitrogen and then resuspended in 36 mM sodium oleate in 5
mM β-dimethylglutaric acid, pH 6.5. This suspension was al-
lowed to sit for 60 min at room temperature. Vesicle forma-
tion was induced by sonicating in a small bath sonicator
(Branson 1200) at 20-s intervals for 10 min. During the inter-
vening 20-s interval, the tube was put on ice. In one experi-
ment the substrate was L-α-dipalmitoyl-[2-palmitoyl-9,10-
3H(N)]phosphatidylcholine (specific activity 2 mCi/mmol). It
was prepared as above except that it was mixed with egg yolk
phosphatidylcholine. 

Thin-layer chromatography was routinely done according
to Liscovitch (11). Whatman LK6 plates (Clifton, NJ) were
dipped in 1.3% potassium oxalate made up in methanol/H2O
(2:3) and allowed to dry at room temperature. Just before use,
the plates were activated by heating at 115°C for 1 h. The mo-
bile phase was the upper layer of a mixture of: ethyl
acetate/isooctane/acetic acid/H2O (13:2:3:10). The thin-layer
chromatography scrapings were counted by scintillation spec-
trometry. Dioctanoyl-phosphatidylbutanol from cold butanol
had the same Rf as dioctanoyl-phosphatidyl[3H]butanol gen-
erated from [3H]butanol (see Fig. 2). 

Materials. Male Sprague Dawley rats were obtained from
ACE Animals (Boyertown, PA) at 150–200 g. [3H]Butanol
(15 Ci/mmol) was obtained from American Radiolabeled
Chemicals; and [3H]dipalmitoyl-glycero-3-phosphocholine
was from New England Nuclear (Boston, MA), sold as L-α-
dipalmitoyl-[2-palmitoyl-9,10-3H(N)] phosphatidylcholine.
Phospholipids, sodium oleate, and dimethylglutaric acid were
obtained from Sigma (St. Louis, MO). Phosphatidylethanol
was obtained from Avanti Polar Lipids (Birmingham, AL). 

RESULTS AND DISCUSSION

PC8 is a good substrate for phospholipase D. The production
of phosphatidylalcohol is considered a reliable index of phos-
pholipase D activity. The availability of high specific activity
radiolabeled alcohol allows the use of novel unlabeled sub-
strates that are not available in radiolabeled form. We have
already used this approach to study the substrate specificity
of neuronal phospholipase D (5). In this manuscript we fur-
ther exploit this advantage to examine the use of short-chain
analogs of phosphatidylcholine as substrates for phospholi-
pase D. In the experiment shown in Figure 1, microsomal
membranes prepared from whole rat brain were incubated
with two different substrates: PC8 (3.5 mM) and phos-
phatidylcholine isolated from egg yolk (2 mM). The accep-

tor, [3H]butanol, was added at a final concentration of 3 µM.
We and many other investigators have shown that optimal ac-
tivity of phospholipase D requires the presence of a detergent
such as sodium oleate (6). Consistent with this finding, when
egg yolk phosphatidylcholine was used as a substrate, deter-
gent was absolutely required for activity. From the data in
Figure 1 it is apparent that PC8 is a better substrate for phos-
pholipase D even in the absence of detergent. 

PC8 is hydrolyzed to phosphatidic acid. The action of phos-
pholipase D would be expected to lead to the production of
phosphatidic acid. Figure 2 shows that there was an increase
in phosphatidic acid in control incubations. This 1,2-dioc-
tanoyl-sn-glycero-3-phosphate had the same Rf as a standard
obtained from Avanti Polar Lipids (Birmingham, AL). Con-
sistent with earlier findings, the greater the production of phos-
phatidylalcohol, the lower the production of phosphatidic acid
(12). This was most apparent in the incubation with 100 mM
butanol.  Ethanol was added at a concentration of 400 mM be-
cause it is a less efficient acceptor than butanol (5). Phos-
phatidylethanol generated from the hydrolysis of PC8 has a
lower Rf than phosphatidylethanol produced from egg yolk.

Phosphatidylbutanol is not produced via a base exchange
enzyme. Phosphatidylbutanol could be formed by the action of
a base exchange enzyme (13). This enzyme normally exchanges
headgroups such as choline or serine. It is active at high pH and
is stimulated by Ca2+. If the base exchange enzyme is active,
choline would be expected to compete with [3H]butanol for
this enzyme. However, choline at a concentration of 1 mM and
in the presence of Ca2+ did not inhibit the production of phos-
phatidyl[3H]butanol at pH 6 through 7.2 (data not shown). At
pH 8.4 it caused a 34% inhibition of phosphatidyl[3H]butanol
production. Furthermore, when [3H]choline was added to the
incubation medium, there was only minimal incorporation
into PC8. These data suggest that the production of phos-
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FIG. 1. The effect of sodium oleate on phospholipase D activity. Each
reaction mixture contained 50 mM dimethylglutaric acid (pH 6.5), 10
mM EDTA, 5 µCi [3H]butanol (15 Ci/mmol), and 100 µg of microsomal
membrane protein. The final concentration of phosphatidylcholine (PC)
from egg yolk was 2 mM, and the final concentration of dioctanoyl-PC
was 3.5 mM. The substrate was prepared by sonicating the phospho-
lipids in the presence and absence of 36 mM sodium oleate (final con-
centration = 6 mM) or buffer. Incubation time was 60 min. Data repre-
sent the mean ± SEM of three determinations.



phatidylbutanol is not due to the base exchange enzyme.
Phospholipase D is affected by the chain length of the

phosphatidylcholine analog. The activity of a phospholipase
D is strongly influenced by the physical form of the substrate.
The phospholipid may be present as a monomer, micelle, or
bilayer. To address this issue, we measured the activity of
phospholipase D against substrates containing fatty acids of
different chain lengths. The data are shown in Figure 3A. All
substrates were prepared such that the final concentration was
4 mM. 1,2-Ditetranoyl-sn-glycero-3-phosphocholine has a
high critical micellar concentration (CMC). It does not form
micelles up to 80 mM (14). Thus, at this concentration the
1,2-ditetranoyl-sn-glycero-3-phosphocholine would be pres-
ent in the monomeric form. There is essentially no phospho-
lipase D activity when this short-chain phosphatidylcholine
is used as substrate. 1,2-Dihexanoyl-sn-glycero-3-phospho-
choline has a CMC of 14 mM but does aggregate to form
small micelles at lower concentrations (15). There is a small
but significant amount of activity when this analog is used as
substrate. The CMC for 1,2-dioctanoyl-sn-glycero-phospho-
choline is approximately 0.25 mM (16). Thus, this substrate
is probably present entirely in the micellar form. The activity
is highest when PC8 is the substrate. 

The foregoing data suggest that micellar structure is im-
portant for the activity of phospholipase D. To investigate this
possibility, we measured phosphospholipase D at a substrate
concentration four times the CMC (Fig. 3B). Under these

conditions a phospholipase D hydrolyzes 1,2-dihexanoyl-sn-
glycero-3-phosphocholine just as well as PC8. However, the
activity against 1,2-ditetranoyl-sn-glycerophosphocholine is
relatively low despite the fact that it is at the CMC. Thus, mi-
cellar structure is important; however, chain length of the
fatty acid also influences the ability of the phospholipid to in-
teract with phospholipase D. The longer-chain analogs may
have the additional ability to act as emulsifiers to enhance ac-
tivity (10). Since the activity was highest with PC8 at the low-
est concentration, additional experiments to characterize
phospholipase D activity were done with this substrate. 

Kinetics of phospholipase D activity. At a substrate con-
centration of 8 mM, the production of phosphatidylbutanol is
linear for at least 40 min (Fig. 4A). The production of phos-
phatidylbutanol began without any apparent lag after the ad-
dition of liposomes. Figure 4B shows production of phos-
phatidylbutanol as a function of substrate concentration using
an incubation time of 10 min. Under these conditions the ap-
parent Km for the PC8 is 1 mM. Maximal activity was ob-
tained at a PC8 concentration of 3.5 mM. The enzyme activ-
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FIG. 2. Mass amount of phosphatidic acid and phosphatidylalcohol pro-
duction. The first three lanes contain 4 mg of standards in the following
order: egg yolk phosphatidylethanol (PEtOH), dioctanoyl-phosphatidyl-
choline (DiC8PC), and dioctanoyl-phosphatidic acid (DiC8PA). The last
four lanes contain samples from standard reaction conditions without
labeled [3H]butanol but with unlabeled alcohol. Each reaction mixture
contained 50 mM HEPES (pH 6.6), 1 mM MgCl2, 25 mM NaF, and 100
µg of microsomal membrane protein. The final concentration of
DiC8PC was 7 mM. The incubation time was 20 min. The lane labeled
Zero contained sample that was not incubated. The lane labeled Con-
trol contained sample that was incubated without alcohol. The concen-
tration of ethanol was 400 µM and the concentration of butanol was
100 µM. The phospholipids were visualized with molybdate phosphate
spray and then photographed. 

FIG. 3. Short-chain analogs of PC as substrates for phospholipase D. (A)
Each reaction mixture contained 25 mM Tris maleate (pH 6.8), 1.25 mM
EGTA, 6 mM MgCl2, 5 µCi [3H]butanol (15 Ci/mmol), and 90 µg of mi-
crosomal membrane protein. The final concentration of PC analog was
4 mM. Incubation time was 10 min. The substrate was prepared by soni-
cating the phospholipids for 30 s in water using a bath sonicator. (B) Each
reaction mixture contained: 50 mM HEPES (pH 6.6), 5 µCi [3H]butanol
(15 Ci/mmol), and 70 µg of microsomal membrane protein. The final
concentration of PC analog was 3.75 times the critical micellar concen-
tration (CMC) for each phospholipid. 1,2-Ditetranoyl-sn-glycero-3-phos-
phocholine, 300 mM; 1,2-dihexanoyl-sn-glycero-3-phosphocholine, 56
mM; 1,2-dioctanoyl-sn-glycero-3-phosphocholine, 1 mM. Incubation
time was 20 min. The substrate was prepared by sonicating and vortex-
ing in 5 mM HEPES, pH 6.6. Data represent the mean ± SEM of three or
four determinations. For other abbreviation see Figure 1.



ity appears to follow classic Michaelis-Menten kinetics. 
The estimated specific activity of the radiolabeled alcohols

obtained from American Radiolabeled Chemicals was 15
Ci/mmol. Each assay contained 5 µCi/120 µL. The actual
concentration of cold alcohol therefore was approximately 3
µM. These data suggest that significant amounts of phos-
phatidylalcohol can be formed even at very low concentra-
tions of alcohol. It is possible that the concentration of alco-
hol is too low to drive the reaction at an optimal rate. To in-
vestigate this issue, microsomal membranes were incubated
with increasing concentrations of butanol while maintaining
a constant specific activity (2 Ci/mmol). There was linear re-
lationship between phosphatidylbutanol production and bu-
tanol concentration but only at concentrations higher than 10
µM (Fig. 5). Thus, at 5 µM the amount of phosphatidylbu-
tanol formed in this particular experiment was 3.5 pmol/mg
protein; at 10 µM the amount of production was 18 pmol/mg
protein. Therefore, these data indicate that there is significant
production of phosphatidylalcohol even at low concentra-
tions; higher concentrations lead to a higher rate of reaction,
proportional to the concentration of butanol.

Ionic and pH dependence of phospholipase D. Phospholi-
pase D has been reported to have a pH optimum of 6.5 or 7.2.

Using the buffer dimethylglutaric acid and the detergent
sodium oleate, Kobayashi and Kanfer (6) reported a pH opti-
mum of 6.5 for microsomal membrane phospholipase D. In
contrast, Chalifa et al. (17) using the same detergent but an-
other buffer, HEPES, found that the pH optimum for phos-
pholipase D in synaptic plasma membranes was 7.2. Figure 6
shows the pH dependence of this enzyme using PC8 as a sub-
strate without any detergent and with HEPES as the buffer.
There was activity in the entire pH range from 6 to 8.4 with a
broad pH optimum between 7.2 and 7.8. Differences in re-
ported pH optima may be due to different detergents used in
the assay (9,18); alternatively these data may suggest the
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FIG. 4. Time course (A) and concentration dependence (B) of phospholi-
pase D activity with dioctanoylphosphatidylcholine as substrate. Each re-
action mixture contained 50 mM HEPES (pH 6.6), 1 mM MgCl2, 5 µCi
[3H]butanol (15 Ci/mmol), and 100 µg of microsomal membrane protein.
The incubation time for the determination of concentration dependence
was 10 min. The substrate concentration in the time-course experiment
was 8 mM. Data represent the mean ± SEM of four determinations.

FIG. 5. Dependence of phospholipase D activity on butanol concentra-
tion. Each reaction mixture contained 50 mM HEPES (pH 6.6) and 100
µg of microsomal membrane protein. High specific activity [3H]butanol
was diluted with unlabeled butanol to make [3H]butanol with a specific
activity of 2 Ci/mmol. This labeled [3H]butanol was added to the reaction
mix to produce different concentrations of butanol. The final concentra-
tion of dioctanoylphosphatidylcholine was 8 mM. The incubation time
was 10 min. Data represent the mean ± SEM. of three determinations.

FIG. 6. The pH dependence of phospholipase D activity. Each reaction
mixture contained 50 mM HEPES (pH 6.6 to 8.4), 1 mM MgCl2, 5 µCi
[3H]butanol (15 Ci/mmol), and 100 µg of microsomal membrane pro-
tein. The final concentration of dioctanoylphosphatidylcholine was 7
mM. The substrate was prepared by sonicating the phospholipids in
H2O. Data represent the mean of two determinations.



presence of multiple isozymes of phospholipase D.
An investigation of the ionic dependence of phospholipase

D was done. Mg2+ has been reported to stabilize the enzyme
(17). Ca2+ has been reported to be both stimulatory and in-
hibitory (19–21). By using this assay, there was a high level
of activity in the absence of any ions. Addition of Ca2+ and
Mg2+ in concentrations ranging from 0.1 µM to 2 mM had
only a mild stimulatory effect that was not significant and not
reproducible (data not shown). Thus, there is no apparent
ionic dependence under these conditions. 

The novelty of this assay is that phospholipase D is active
in the absence of phosphatidyinositol-4,5-bisphosphate. Lis-
covitch et al. (22) and Waksman et al. (23) have reported that
phospholipase D hydrolyzes phosphatidylcholine analogs con-
taining short-chain fatty acids in the 2-position in the absence
of detergent. However, in the former case (22) this hydrolytic
activity was dependent upon the presence of phosphatidyli-
nositol-4,5-bisphosphate. In contrast, Vinggaard et al. (24) re-
ported that phospholipase D hydrolyzes 1,2-didecanoyl-sn-
glycero-3-phosphocholine in the absence of phosphatidylinos-
itol-4,5-bisphosphate. Furthermore, the hydrolytic activity of
phospholipase D against PC8 is not dependent on GTPγS or
ADP ribosylation factor (data not shown). These studies rep-
resent a logical extension of the work of Vinggard et al. (24)
and suggest that phospholipase D can hydrolyze short-chain
analogs of phosphatidylcholine in the absence phosphatidyli-
nositol-4,5-bisphosphate or other cofactors.

In conclusion, the use of [3H]butanol in combination with
the short-chain analog, PC8, represents a novel and poten-
tially very useful method for assaying phospholipase D activ-
ity. PC8 is a very efficient substrate; therefore the assay is
sensitive. The use of [3H]butanol eliminates the need for high
concentrations of alcohol which could affect enzymatic activ-
ity. Thus, this assay could be used to characterize phospholi-
pase D under conditions that more closely reflect the situa-
tion in vivo.
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Dear Editor,

In the dietary management of coronary heart disease (CHD),
there is increasing recognition (1,2) that the traditionally rec-
ommended high carbohydrate, low-fat diet for hypercholes-
terolemia (3) may elicit undesirable blood lipid changes, in-
cluding reductions in high-density lipoproteins and
apolipoprotein A-1, while concurrently elevating triglyc-
erides (TG) and very low density lipoproteins (4–6). Because
of these untoward blood lipid changes induced by high-car-
bohydrate, low-fat diets, substitution of monounsaturated
fatty acids (MUFA) for saturated fats may be a more effec-
tive strategy than substitution of carbohydrate for saturated
fats in order to lower total and low density lipoprotein (LDL)
serum cholesterol levels without adversely influencing high
density lipoprotein, very low density lipoprotein, TG, and
apolipoprotein A-1 (7–9). Most experimental diets have em-
ployed olive oil or canola oil as the MUFA source; however
other MUFA-rich foods such as nuts (10) and avocados (11)
have also been demonstrated to improve blood lipid profiles.
In a recent report to Lipids, O’Byrne et al. (12) have shown
that a low-fat, high-MUFA (14% energy) diet based upon
high-MUFA (76–80%) peanuts improved total and LDL
serum cholesterol levels in 12 postmenopausal women. Al-
though diets based upon MUFA-rich peanuts (Arachis hy-
pogea) should, in theory, be nonatherogenic because they re-
duce total and LDL cholesterol, there is substantial evidence
to indicate that peanut oil, despite its hypolipidemic effects,
is highly atherogenic to animals and possibly to humans as
well.

Although the total MUFA content of peanut oil is high and
can range from 36 to 59%, dependent upon the specific culti-
var (13), it has been shown to be unexpectedly atherogenic
when fed to laboratory animals (monkeys, rabbits, and rats)
as part of a cholesterol-rich or a cholesterol-free diet (13–16).
Because peanut oil can so rapidly produce atherosclerotic le-
sions which have similar biochemical and pathological char-
acteristics to those in human atherosclerosis, it is routinely
used in rabbit models to induce atherosclerosis (17,18). The
reason for the high atherogenicity of peanut oil is unclear;
however, it has been suggested that it may be due to residual
lectins (glycoproteins with high affinity binding to cellular
carbohydrate residues) found in the oil, since peanut oil in-
duces fibromuscular arterial lesions in contrast to other veg-

etable oils which induce fatty lesions (19). Alternatively, the
specific TG structure may also be responsible for its athero-
genicity (20). In native peanut oil, all of the long-chain
polyunsaturated fatty acids are found in the sn-3 position of
glycerol; however, by utilizing a process to randomize the
fatty acids within the TG, the atherogenicity of peanut oil has
been shown to be reduced (21). It should be pointed out that
the randomization process in some cases may also reduce
peanut oil’s lectin content (20,21).

When contrasting olive to peanut oil, rabbits which were
fed peanut oil showed a higher frequency of arterial lesions,
more intimal proliferation, and thicker intimas than did rab-
bits fed olive oil (15). Peanut oil-containing, atherogenic diets
induce a preferential increase in intimal collagen and result in
a characteristic fibromuscular lesion in intimal plaques that is
attributable to the addition of peanut oil to the atherogenic
diet (22,23). It has been suggested that residual peanut lectin
(PNA) found in peanut oil, because of its specificity for D-
galactose residues, may bind arterial smooth muscle cells ex-
pressing these sugar residues and thereby induce its charac-
teristic fibromuscular lesions (19). In support of this concept
are data which have shown that PNA stimulates in vitro vas-
cular smooth muscle cell proliferation and that added lactose
could inhibit the PNA-induced stimulation (24). A similar in
vivo experiment would be able to distinguish if peanut oil’s
atherogenicity is more attributable to its PNA content or to its
specific TG structure.

Although there are no direct epidemiological studies eval-
uating the atherogenic potential of peanut oil, there is sugges-
tive information from India that implicates peanut oil with
higher mortality rates from CHD. In India, wherein vegetable
oils constitute 80% of the per capita fat consumption, there
are regional preferences in the choice of oils, and peanut oil
is preferred in southern states, whereas northern states use
mustard oil (25). In southern India, the mortality rate from
CHD 30 yr ago was reported to be seven times higher than
that in northern India and similar to that in the United States
and England (26,27). A more recent report showed the preva-
lence of CHD to be 61.6% higher in southern Indians com-
pared to their more northerly counterparts (28). It is possible
that one of the factors underlying these regional differences
may be different levels of peanut oil consumption. In contrast
to peanut oil, which is a fairly recent addition to the human
diet, olive oil has been part of the traditional Mediterranean
diet for thousands of years (29) and has been shown both epi-
demiologically (30) and clinically (31) to reduce the risk for
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CHD in subjects living in industrialized countries. These
studies suggest that olive oil may be superior to peanut oil in
terms of its cardiovascular health benefits in such popula-
tions. Until further trials are conducted, it would seem pre-
mature to recommend peanut oil as part of high-MUFA diets
for the management of CHD in Western populations.
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ABSTRACT: The effects of dietary methionine level on the
profiles of fatty acids and phospholipids and on the plasma cho-
lesterol concentration were investigated to confirm whether the
methionine content of dietary proteins is one of the major fac-
tors that cause differential effects on lipid metabolism. The ef-
fect of dietary supplementation with eritadenine, which is
shown to be a potent inhibitor of phosphatidylethanolamine
(PE) N-methylation, was also investigated. Rats were fed six
diets containing casein (100 g/kg) and amino acid mixture (86.4
g/kg) differing in methionine content (2.5, 4.5, and 7.5 g/kg) and
without or with eritadenine supplementation (30 mg/kg) for 14
d. The ratio of arachidonic to linoleic acid of liver microsomal
and plasma phosphatidylcholine (PC) was significantly in-
creased as the methionine level of diet was elevated, indicating
that dietary methionine stimulates the metabolism of linoleic
acid. The PC/PE ratio of liver microsomes and the plasma cho-
lesterol concentration were also increased by dietary methio-
nine. These effects of methionine were completely abolished
by eritadenine supplementation The S-adenosylmethionine
concentration in the liver reflected the methionine level of diet.
These results support the idea that the differential effects of di-
etary proteins on lipid metabolism might be ascribed, at least in
part, to their different methionine contents, and that methionine
might exert its effects through alteration of PE N-methylation.
Lipids 33, 235–242 (1998).

It is confirmed that lipid metabolism can be modified by the
type of dietary proteins. For instance, plant proteins compared
with animal proteins generally lead to lower plasma choles-
terol concentrations (1–4). The metabolism of fatty acids, es-
pecially linoleic acid, also has been shown to be affected by
dietary protein types (5,6). Additionally, the profile of liver
microsomal phospholipid classes, as represented by the ratio
of phosphatidylcholine (PC) to phosphatidylethanolamine

(PE), could be altered by the type of dietary proteins (7). A
number of studies so far reported have suggested that both the
difference in the physicochemical properties and the differ-
ence in the amino acid composition of dietary proteins partic-
ipate in the differential effects on the plasma cholesterol con-
centration. In contrast, the mechanism underlying the differ-
ential effects of dietary proteins on the metabolism of fatty
acids appears to be less understood. Recently we demon-
strated that methionine supplementation of a low-methionine
diet containing soybean protein brought about a significant
increase in the ratio of arachidonic to linoleic acid of liver mi-
crosomes and plasma in rats, suggesting that dietary methio-
nine stimulates the metabolic conversion of linoleic acid into
arachidonic acid (8). The PC/PE ratio of liver microsomes
and the plasma cholesterol concentration also were increased
by methionine supplementation (8). These results suggest that
the methionine content of dietary proteins may have a wide
range of effects on lipid metabolism, and that metabolism of
linoleic acid, phospholipids, and cholesterol may not be inde-
pendent of each other. Furthermore, previous studies have
suggested that dietary methionine level may affect the PC/PE
ratio of liver microsomes through alteration of PE N-methyl-
ation (7,8). If this is true, the effect of dietary methionine on
lipid metabolism would be abolished or suppressed by the in-
hibitor of PE N-methylation. 

In this study, the effects of dietary methionine level on the
composition of fatty acids and molecular species of PC on the
microsomal PC/PE ratio and on the plasma cholesterol con-
centration were investigated to confirm whether the methio-
nine content of dietary proteins is one of the major factors that
cause differential effects on lipid metabolism. The effect of
supplementation with eritadenine, which strongly depresses
PE N-methylation (9), also was investigated to see whether
the effect of methionine can be abolished by eritadenine.

MATERIALS AND METHODS

Animals. Thirty-six male 5-wk-old rats of the Wistar strain
were received at 90–100 g body weight from Japan SLC
(Hamamatu, Japan). The rats were individually housed in
hanging stainless-steel wire cages kept in an isolated room at
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a controlled temperature (23–25°C) and humidity (40–60%).
Lights were maintained on a 12-h cycle (lights on from 0600
to 1800 h). For 5 or 6 d, rats were fed the powdered labora-
tory stock diet as described previously (10). Then, they were
divided into six groups of six rats each with similar mean
weights (~121 g) and allowed free access to the experimental
diets and water for 14 d. The experimental plan was approved
by the Laboratory Animal Care Committee of the Faculty of
Agriculture, Shizuoka University.

Diets. Six diets differing in methionine content (2.5, 4.5,
and 7.5 g/kg diet) and without or with eritadenine were uti-
lized in this study. Table 1 shows the composition of experi-
mental diets without eritadenine. Casein (100 g/kg) and ca-
sein-simulating amino acid mixture (86.4 g/kg) were used as
protein sources. Therefore, the diets were comparable to 20%
casein diet in the amino acid composition except for sulfur
amino acids. The amount of total sulfur amino acids (methio-
nine and cystine) in the diet was maintained to a constant
level on a molar basis, which was equivalent to the amount of
methionine of 8 g/kg diet. Eritadenine was added to the diet
at a level of 30 mg/kg diet at the expense of lactose; this dose
level was shown to be sufficient to elicit maximal effect (10).
The eritadenine was isolated from dried Lentinus edodes
mushroom as reported previously (10). The fatty acid compo-
sition of corn oil used was as follows (wt%): 16:0, 12.2; 18:0,
1.8; 18:1, 32.8; 18:2n-6, 51.4; and 18:3n-3, 1.6.

Tissue collection and fractionation. At the end of the feed-
ing period, non-fasted rats were killed by decapitation under
light anesthesia with diethyl ether between 1200 and 1300 h.
Plasma was separated from heparinized whole blood by cen-
trifugation at 2000 × g for 20 min at 4°C. An aliquot of the
plasma was stored at 4°C until subsequent analyses for plasma

lipid concentrations, and the residual plasma was stored at
−80°C until analyses for phospholipids. After collection of
blood, the whole liver was quickly removed, rinsed in ice-cold
saline, blotted on filter paper, and weighed. The liver was ho-
mogenized in 4 vol (vol/wt) of an ice-cold 10 mM Tris-HCl
buffer (pH 7.4) containing 0.15 M KCl, a modified solution of
Nguyen et al. (11). An aliquot (2 mL) of the homogenate was
stored at −30°C until subsequent analyses for liver lipid con-
centrations. Another aliquot (12 mL) of the homogenate was
centrifuged at 10,000 × g for 12 min at 4°C, and the resultant
supernatants were further centrifuged at 105,000 × g for 60 min
at 4°C to obtain the microsomal fraction as a precipitate. The
microsomes obtained were resuspended in the homogenizing
buffer and stored at −80°C until analyses for phospholipids. 

Lipid analysis. The plasma concentrations of total choles-
terol, high density lipoprotein (HDL) cholesterol, free choles-
terol, triglycerides, and phospholipids were measured enzy-
matically with kits (Cholesterol C-Test, HDL Cholesterol-
Test, Free Cholesterol C-Test, Triglyceride G-Test, and
Phospholipid B-Test, respectively; Wako Pure Chemical,
Osaka, Japan). The difference between total cholesterol and
HDL cholesterol or free cholesterol was assumed to be very
low density lipoprotein (VLDL) + low density lipoprotein
(LDL) cholesterol or esterified cholesterol, respectively. The
total lipids of liver homogenate, liver microsomes, and plasma
were extracted by the method of Folch et al. (12). The choles-
terol, triglycerides, and phospholipids in the extract of liver ho-
mogenate were measured according to Zak (13), Fletcher (14),
and Bartlett (15), respectively. For the determination of phos-
pholipid class composition, the phospholipids in the extract of
liver microsomes were separated into each class by thin-layer
chromatography (TLC) on silica gel 60 (E. Merck, Darmstadt,
Germany) using chloroform/methanol/water (65:25:4, by vol)
as a developing solvent. The bands of each phospholipid class
were visualized in iodine vapor, scraped off the plate, and ana-
lyzed directly for inorganic phosphorus (15). For the determi-
nations of fatty acid and molecular species composition, PC
was likewise separated by TLC from liver microsomes and
plasma, visualized with dichlorofluorescein, scraped off the
plate, and extracted with chloroform/methanol (1:2, vol/vol).
An aliquot of PC was treated with 14% (w/w) BF3/methanol
reagent (Wako Pure Chemical), and fatty acid methyl esters
formed were analyzed by gas–liquid chromatography (GLC)
on a Model GC-17A (Shimadzu, Kyoto, Japan), equipped
with a TC-FFAP capillary column (0.25 mm × 30 m; GL Sci-
ences, Tokyo, Japan). Another aliquot of PC was converted
to diacylglycerol benzoates according to the method of Blank
et al. (16). The diacylglycerol benzoates were analyzed by
high-performance liquid chromatography (HPLC) on a Model
LC-6A system (Shimadzu), equipped with an ODS column
(4.6 × 250 mm, Lichrosorb RP-18; E. Merck), essentially ac-
cording to the method of Blank et al. (16). Since some peaks
consisted of two molecular species, the ratio of two molecu-
lar species was determined by the analysis of fatty acids by
GLC. A representative chromatogram of PC molecular
species by HPLC was shown previously (17).
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TABLE 1
The Composition of the Experimental Diets

Diet
2.5M4.4C 4.5M2.8C 7.5M0.4C

Ingredient (g/kg)
Casein 100 100 100
Amino acid mixa 86.4 86.4 86.4
Cornstarch 489.6 489.2 488.6
Sucrose 200 200 200
Corn oil 50 50 50
Mineral mixb 35 35 35
Vitamin mixb 10 10 10
Choline·Cl 4 4 4
Cellulose 20 20 20
Lactose 1 1 1
L-Methionine 0 2 5
L-Cystine 4 2.4 0

Concentration (g/kg)
Methionine 2.5 4.5 7.5
Cystine 4.4 2.8 0.4

aThe composition was similar to that of casein except that sulfur amino
acids were omitted. The mixture contained the following amino acids
(g/86.4 g): L-Ile, 4.51; L-Leu, 7.75; L-Lys·HCl, 8.27; L-Phe, 4.25; L-Tyr, 4.63;
L-Thr, 3.38; L-Trp, 1.05; L-Val, 5.51; L-His, 2.51; L-Arg·HCl, 3.61; L-Ala,
2.51; L-Asp, 5.75; L-Glu, 17.51; Gly, 1.49; L-Pro, 9.38; L-Ser, 4.25.
bAIN-76 (Oriental Yeast, Tokyo, Japan).



Assay of methionine metabolites and protein. The concen-
trations of S-adenosylmethionine (SAM) and S-adenosylho-
mocysteine (SAH) in the liver were measured with HPLC ac-
cording to Cook et al. (18) with some modifications. Frozen
livers were thawed and homogenized in 4 vol (vol/wt) of ice-
cold 0.5 M perchloric acid, and the homogenates were cen-
trifuged at 10,000 × g for 10 min at 4°C. The resultant super-
natants were filtered through a 0.45-µm Millipore filter
(Nihon Millipore, Tokyo, Japan) and applied to an HPLC col-
umn (Shim-pak CLC-ODS, 6 × 150 mm; Shimadzu) . The
mobile phase was a 100 mM KH2PO4 solution containing 10
mM sodium heptane sulfonate and 3% (vol/vol) methanol.
The flow rate was 1.5 mL/min, and the elution was monitored
at 254 nm. Liver microsomal protein was measured accord-
ing to Lowry et al. (19).

Statistical analysis. Data were analyzed by one-way analy-
sis of variance, and the differences between means were
tested using Duncan’s multiple range test (20) when the F
value was significant. Simple correlation between variables
was calculated by linear regression analysis using mean val-
ues. A P value of 0.05 or less was considered significant.

RESULTS

Growth, food intake, liver weight, and liver lipid concentra-
tions. There was no significant difference in the body weight
gain, food intake, and relative liver weights of animals among
the six groups (Table 2). Dietary methionine level had little
effect on liver lipid concentrations. Eritadenine supplementa-
tion tended to decrease the triglyceride concentration and in-
versely to increase the phospholipid concentration in the liver. 

Plasma lipid concentrations. The plasma total cholesterol
concentration was significantly increased by elevating dietary
methionine level (Fig. 1). In the same manner, plasma con-
centrations of VLDL + LDL cholesterol, HDL cholesterol,
and cholesteryl esters were significantly affected by dietary
methionine level. The plasma concentrations of triglycerides
and phospholipids were not affected by dietary methionine
level. Eritadenine supplementation brought about marked de-
creases in the plasma concentrations of cholesterol and phos-
pholipids, but not triglycerides. In those rats fed eritadenine-
supplemented diets, the hypercholesterolemic effect of di-
etary methionine disappeared completely.

Methionine metabolites and microsomal phospholipids.
The concentration of SAM in the liver was significantly in-
creased by elevating dietary methionine level, whereas the
concentration of SAH was unchanged (Fig. 2). Consequently,
the SAM/SAH ratio was significantly increased by dietary
methionine. Eritadenine supplementation significantly de-
creased the SAM/SAH ratio, which was mainly due to the in-
crease in SAH concentration. The concentration of PC in liver
microsomes was unaffected by dietary methionine level,
whereas the concentration of PE was significantly decreased
by elevating dietary methionine level. Eritadenine supple-
mentation significantly increased the PE concentration and

DIETARY METHIONINE AND FATTY ACID METABOLISM 237

Lipids, Vol. 33, no. 3 (1998)

TABLE 2
Growth, Food Intake, Liver Weight, and Liver Lipid Concentrations in Rats Fed Experimental Dietsa

Diet
−Eritadenine +Eritadenine

2.5M4.4C 4.5M2.8C 7.5M0.4C 2.5M4.4C 4.5M2.8C 7.5M0.4C

Body weight gain (g/14 d) 68 ± 3 67 ± 2 64 ± 2 64 ± 2 70 ± 2 63 ± 3
Food intake (g/14 d) 192 ± 4 192 ± 2 186 ± 3 188 ± 3 193 ± 3 187 ± 4
Liver weight (g/100 g body weight) 4.6 ± 0.1 4.5 ± 0.1 4.4 ± 0.1 4.4 ± 0.1 4.4 ± 0.1 4.4 ± 0.1
Liver lipids (µmol/g liver)
Cholesterol 6.8 ± 0.2c 7.0 ± 0.1b,c 7.3 ± 0.1b,c 7.0 ± 0.3b,c 7.1 ± 0.2b,c 7.4 ± 0.2b

Triglycerides 15.5 ± 1.3b 17.0 ± 0.5b 17.1 ± 1.0b 11.4 ± 0.6c 12.2 ± 0.7c 14.3 ± 1.5b

Phospholipids 28.7 ± 0.4c 28.7 ± 0.6c 29.8 ± 0.6c 31.8 ± 0.7b 30.5 ± 0.6b,c 32.1 ± 0.8b

aValues are mean ± SEM for six rats.  Values in a row with different superscripts are significantly different at P < 0.05.

FIG. 1. Effects of dietary methionine (Met) level and eritadenine (Er) sup-
plementation on plasma lipid concentrations in rats. The circle and its
bar represent mean and SEM, respectively, for six rats. Values with dif-
ferent letters are significantly different at P < 0.05. CHOL, cholesterol;
HDL, high density lipoprotein; VLDL, very low density lipoprotein; LDL,
low density lipoprotein. ●●, −Er; ●, + Er.



consequently significantly decreased the PC/PE ratio. Eri-
tadenine abolished the effect of dietary methionine on the
PC/PE ratio.

Fatty acid and molecular species composition of PC. The
proportion of linoleic acid in liver microsomal PC was signif-
icantly decreased, and conversely the proportion of arachi-
donic acid was significantly increased by elevating dietary
methionine level (Fig. 3). Consequently, the ratio of linoleic
acid metabolites to linoleic acid was significantly increased
by dietary methionine. In the same manner, the proportion of
linoleic and arachidonic acids in plasma PC was influenced
by dietary methionine level. Table 3 shows the fatty acid com-
position of liver microsomal and plasma PC in rats fed diets
without eritadenine. The diets higher in methionine brought
about a decrease in the proportion of palmitic acid and in-
creases in the proportion of 22:5n-6 and 22:6n-3, in addition
to the suppression of linoleic acid metabolism. Table 4 shows
the molecular species composition of plasma PC in rats fed
diets without eritadenine. The diets higher in methionine
caused a significant decrease in the proportion of 16:0-18:2
PC and a significant increase in the proportion of 18:0-20:4
PC. The effects of dietary methionine level on the other PC
molecular species were relatively small. Figure 4 shows the

effects of dietary methionine level and eritadenine supple-
mentation on the proportion of plasma 16:0-18:2 and 18:0-
20:4 PC molecular species. Eritadenine supplementation sig-
nificantly increased the proportion of 16:0-18:2 PC and con-
versely significantly decreased the proportion of 18:0-20:4
PC. In the presence of dietary eritadenine, higher levels of di-
etary methionine potentiated the effect of eritadenine on
plasma PC molecular species. There was a significantly nega-
tive or positive correlation between the concentration of
plasma total cholesterol and the proportion of plasma 16:0-
18:2 or 18:0-20:4 PC, respectively (Fig. 5). 

DISCUSSION

Effects on fatty acid and phospholipid profiles. The conversion
of linoleic acid into arachidonic acid is one of the most impor-
tant metabolisms of fatty acids quantitatively and qualitatively
in higher animals, since arachidonic acid exists in membrane
phospholipids at relatively high levels, and since arachidonic
acid is the predominant precursor for various types of
eicosanoids. In rats, the metabolism of linoleic acid can be
modified by dietary proteins types (5,6), in addition to the other
dietary constituents, such as n-3 fatty acids (21) and cholesterol
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FIG. 2. Effects of dietary Met level and Er supplementation on the con-
centration of Met metabolites (A–C) and microsomal phospholipids
(D–F) in the liver of rats. The circle and its bar represent mean and SEM,
respectively, for six rats. Values with different letters are significantly
different at P < 0.05. Abbreviations: PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; SAH, S-adenosylhomocysteine; SAM, S-adeno-
sylmethionine. See Figure 1 for other abbreviations and symbol legend.

FIG. 3. Effects of dietary Met level and Er supplementation on the pro-
portion of linoleic and arachidonic acids in liver microsomal (A–C) and
plasma (D–F) PC in rats. The circle and its bar represent mean and SEM,
respectively, for six rats. Values with different letters are significantly
different at P < 0.05. Abbreviations: Σn-6, metabolites of 18:2n-6. See
Figures 1 and 2 for other abbreviations. See Figure 1 for symbol legend.



(22). It has been shown that dietary soybean protein as com-
pared with casein suppresses the metabolism of linoleic acid
and consequently decreases the ratio of arachidonic to linoleic
acid of phospholipids (6). However, by what factor of dietary
proteins linoleic acid metabolism is differentially affected has
not yet been fully elucidated. The present study clearly demon-
strated that linoleic acid metabolism is significantly affected by
the dietary level of methionine; low methionine diet led to sup-
pressed metabolism of linoleic acid and conversely high me-
thionine diet stimulated the metabolic conversion of linoleic

acid into arachidonic acid. It is well recognized that the me-
thionine content of soybean protein is considerably lower than
that of casein. Our previous study showed that methionine sup-
plementation of a soybean protein diet caused a significant in-
crease in the arachidonic/linoleic acid ratio of liver microsomal
and plasma PC in rats (8). Thus, the results obtained here, to-
gether with previous results, strongly suggest the idea that the
differential effect of different types of dietary proteins on
linoleic acid metabolism might be attributable to the difference
in their methionine contents.

The conversion of linoleic acid into arachidonic acid is
thought to be regulated by the activity of ∆6-desaturase, the
rate-limiting enzyme of linoleic acid metabolism. Actually, it
was shown that the ∆6-desaturase activity was significantly
lower in rats fed a soybean protein diet than in rats fed a ca-
sein diet (22). Although ∆6-desaturase activity was not mea-
sured in the present study, fatty acid profiles, as represented
by the arachidonic/linoleic acid ratio, suggest that dietary me-
thionine level might affect the enzyme activity. This may be
further supported by the fact that 22:5n-6 and 22:6n-3 were
increased by elevating dietary methionine level, despite
22:4n-6 and 22:5n-3 being unchanged. The enzyme ∆6-de-
saturase is also thought to participate in the formation of
22:5n-6 and 22:6n-3 from 22:4n-6 and 22:5n-3, respectively
(23). It is interesting to know by what mechanism dietary me-
thionine level affects the metabolism of linoleic acid. With
regard to this, there are several reports to provide available
information. For instance, Leikin and Brenner (24–26) have
reported that the activity of ∆5 or ∆6 desaturase might be reg-
ulated by the PC/PE or cholesterol/PC ratio of liver microso-
mal membranes. Consistent with this, She et al. (27) have
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TABLE 3
Effect of Dietary Methionine Level on the Fatty Acid Composition (mol%) of Phosphatidylcholinea

Liver microsomes Plasma
Diet (−eritadenine) Diet (−eritadenine)

Z

14:0 0.6 ± 0.0b 0.5 ± 0.0c 0.4 ± 0.0c 0.9 ± 0.1b 0.9 ± 0.1b 0.6 ±0.0c

16:0 22.6 ± 0.6b 20.5 ± 0.2c 20.4 ± 0.2c 24.6 ± 0.3b 23.5 ± 0.3c 22.3 ± 0.4d

16:1n-7 2.8 ± 0.1b 2.3 ± 0.1c 2.2 ± 0.1c 3.1 ± 0.2b 2.1 ± 0.2c 2.7 ± 0.2b

18:0 16.5 ± 0.5c 18.4 ± 0.6b 19.0 ± 0.3b 14.6 ± 0.7c 17.8 ± 0.7b 16.4 ± 0.4b,c

18:1n-9 5.2 ± 0.1b 4.9 ± 0.1c 4.9 ± 0.1c 11.1 ± 0.8 9.1 ± 0.5 10.0 ± 0.8
18:1n-7 5.4 ± 0.2 5.7 ± 0.0 5.4 ± 0.1 3.6 ± 0.2 3.3 ± 0.0 3.4 ± 0.2
18:2n-6 16.6 ± 0.4b 13.5 ± 0.3c 12.4 ± 0.4c 20.7 ± 0.7b 17.0 ± 0.6c 16.7 ± 0.3c

18:3n-6 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.2 ± 0.0
20:1n-9 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
20:1n-7 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.0
20:2n-6 0.5 ± 0.0 0.5 ± 0.1 0.5 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 0.4 ± 0.1
20:3n-9 0.3 ± 0.0b 0.2 ± 0.0c 0.2 ± 0.0c 0.3 ± 0.1c 0.5 ± 0.1b 0.2 ± 0.0c

20:3n-6 1.2 ± 0.1b 0.9 ± 0.0c 0.8 ± 0.0c 0.7 ± 0.0b 0.5 ± 0.0c 0.5 ± 0.0c

20:4n-6 22.8 ± 0.2b 25.8 ± 0.2c 26.5 ± 0.3c 16.0 ± 0.7c 19.7 ± 0.5b 21.3 ± 0.4b

22:4n-6 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.1c 0.5 ± 0.1b,c 0.7 ± 0.1b

22:5n-6 1.4 ± 0.1c 2.3 ± 0.1b 2.3 ± 0.1b 0.9 ± 0.2c 1.6 ± 0.1b 1.7 ± 0.1b

22:5n-3 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1 0.3 ± 0.0
22:6n-3 2.6 ± 0.1d 3.1 ± 0.1c 3.4 ± 0.1b 1.6 ± 0.1 2.0 ± 0.2 2.1 ± 0.1
∑n-6/18:2n-6 1.6 ± 0.0d 2.2 ± 0.1c 2.5 ± 0.1b 0.9 ± 0.0c 1.3 ± 0.1b 1.5 ± 0.1b

aValues are mean ± SEM for six rats. Within a row of each tissue, values with different superscript letters (b–d) are significantly different at P < 0.05. ∑n-6,
metabolites of 18:2n-6.

TABLE 4
Effect of Dietary Methionine Level on the Molecular Species
Composition (mol%) of Plasma Phosphatidylcholinea

Molecular Diet (−eritadenine)
species 2.5M4.4C 4.5M2.8C 7.5M0.4C

16:0-18:1b 10.8 ± 0.3c 9.1 ± 0.5d 8.4 ± 0.1d

18:0-18:1 1.4 ± 0.3 1.3 ± 0.2 1.3 ± 0.3
18:1-18:1 0.5 ± 0.1d 0.9 ± 0.1c 0.8 ± 0.1c

16:0-18:2 22.2 ± 0.4c 16.8 ± 0.3d 16.3 ± 0.4d

18:0-18:2 9.4 ± 0.1c 7.5 ± 0.3e 8.4 ± 0.1d

18:1-18:2 2.4 ± 0.1c 1.7 ± 0.3d 1.0 ± 0.2e

16:0-20:4 15.7 ± 0.3 16.1 ± 0.6 16.2 ± 0.2
18:0-20:4 18.2 ± 0.4e 21.5 ± 0.4d 24.2 ± 0.7c

18:1-20:4 3.6 ± 0.3 4.1 ± 0.3 4.4 ± 0.2
16:0-22:5 2.1 ± 0.3e 3.9 ± 0.2c 3.0 ± 0.4d

18:0-22:5 2.2 ± 0.2d 4.3 ± 0.4c 3.1 ± 0.3c,d

16:0-22:6 4.5 ± 0.1 4.5 ± 0.2 4.4 ± 0.1
18:0-22:6 3.5 ± 0.1d 4.3 ± 0.2c 4.8 ± 0.2c

aValues are mean ± SEM for six rats.
bFatty acids in the sn-1 and sn-2 positions of phosphatidylcholine are indi-
cated at the left and right sides, respectively. Values in a row with different
superscript letters (c–e) are significantly different at P < 0.05.



shown that feeding a vitamin B6-deficient diet caused de-
creases in both the PC/PE ratio and ∆6-desaturase activity of
rat liver microsomes. Sugiyama et al. (10) also showed that
there was a significantly positive correlation between the
PC/PE ratio and the activity of ∆6 desaturase in rats fed
graded levels of eritadenine. Furthermore, dietary supplemen-
tation with PE or ethanolamine (28,29) and diabetes caused
by streptozotocin (30) have been shown to decrease both the
PC/PE ratio and linoleic acid metabolism in rats. These re-
sults suggest that the activity of ∆6 desaturase can be affected
by various types of dietary treatment through alteration of
liver microsomal phospholipid profile, as represented by the
PC/PE ratio. Previously we demonstrated that in rats fed dif-
ferent types of dietary proteins, the liver microsomal PC/PE
ratio was significantly correlated with the methionine content
of dietary proteins (7). In support of this, the present study
showed that the PC/PE ratio of liver microsomes could be in-
fluenced by the level of dietary methionine. Taken together, it
seems reasonable to consider that dietary methionine level
might affect the metabolism of linoleic acid through alteration
of the PC/PE ratio of liver microsomes in rats.

In the liver of rats, PC is synthesized either by the CDP-

choline pathway or the PE N-methylation pathway, although
the former is thought to be the main pathway (31). On the
other hand, it appears that the PC/PE ratio of liver micro-
somes is regulated mainly by the extent of PE N-methylation
(8). The decreased PC/PE ratio evoked by vitamin B6-defi-
ciency (27) or eritadenine supplementation (9) could be at-
tributable to the increase in hepatic SAH concentration, since
SAH is known to be a potent inhibitor of various types of
methyltransferases, including PE N-methyltransferase. In
contrast, the decreased PC/PE ratio caused by a low methio-
nine diet cannot be ascribed to the change in SAH concentra-
tion (Fig. 2). It is confirmed that PE N-methylation is also in-
fluenced by the hepatic concentration of SAM, the substrate
of the reaction. The Km values for SAM of PE N-methyltrans-
ferase in rat liver microsomes for sequential methylation of
PE were estimated to be 51, 58, and 79 µM, respectively (32).
On the other hand, concentrations of SAM in the liver of rats
fed the low- and high-methionine diets were found to be 60
and 126 µmol/g liver, respectively (Fig. 2). Taking these Km
values and hepatic SAM concentrations into consideration, it
is reasonable to consider that the low-methionine diet might
decrease the extent of PE N-methylation by decreasing he-
patic SAM concentration, thereby leading to an increase in
microsomal PE concentration and a resultant decrease in the
PC/PE ratio. One of the most important findings of this study
is that all of the effects tested of dietary methionine level on
lipid metabolism disappeared completely under the condition
of eritadenine supplementation. Since eritadenine strongly
depresses the PE N-methylation (9), these results are taken to
support the idea that dietary methionine level affects the me-
tabolism of a variety of lipids (e.g., phospholipids, fatty acids,
and cholesterol) through the depression of PE N-methylation. 

Effect on plasma cholesterol concentration. Several re-
ports have shown that methionine supplementation of a low-
methionine diet, e.g., soybean protein diet, increases the
plasma cholesterol concentration in rats (8,33–35). These re-
sults suggest that methionine has a hypercholesterolemic ac-
tion at least under the experimental conditions used, although
methionine also has been shown to have a hypocholes-
terolemic action under different dietary conditions. For in-
stance, it was shown that methionine supplementation of a
cholesterol-enriched low-protein diet, unlike standard or
high-protein diet, resulted in a significant decrease in the
plasma cholesterol concentration in rats (36). The hypercho-
lesterolemic effect of methionine in rats fed a cholesterol-free
diet was confirmed by the present study. However, the mech-
anism by which dietary methionine exerts its hypercholes-
terolemic action is not yet fully elucidated. The present study
clearly demonstrated that the plasma cholesterol-elevating ef-
fect of methionine could be abolished by eritadenine supple-
mentation, suggesting that the stimulation of PE N-methyla-
tion and a resultant increase in the PC/PE ratio of liver micro-
somes might participate in the enhancement of plasma
cholesterol by methionine. In support of this, there was a sig-
nificantly positive correlation between the PC/PE ratio and
the plasma total cholesterol concentration in rats fed different
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FIG. 4. Effects of dietary Met and Er supplementation on the proportion
of 16:0-18:2 (A) and 18:0-20:4 (B) molecular species of plasma PC in
rats. The circle and its bar represent mean and SEM, respectively, for six
rats. Values with different letters are significantly different at P < 0.05.
See Figures 1 and 2 for abbreviations. See Figure 1 for symbol legend.

FIG. 5. Relationship between the plasma total CHOL concentration and
the proportion of 16:0-18:2 (A) or 18:0-20:4 (B) molecular species of
plasma PC in rats fed six experimental diets. The circle and its bar rep-
resent mean and SEM, respectively, for six rats. See Figures 1 and 2 for
abbreviations.



types of dietary proteins (7). However, it is possible that the
stimulation of linoleic acid metabolism and a resultant de-
crease in the proportion of linoleic acid in phospholipids are
more directly associated with the hypercholesterolemic ac-
tion of methionine than the increase in the PC/PE ratio, since
dietary linoleic acid is known to have a hypocholesterolemic
action. In the present study, the depression of linoleic acid
metabolism by the low-methionine diet was found to reflect
mainly in the increase in the proportion of 16:0-18:2 molecu-
lar species of plasma PC (Table 4). This was also the case for
the eritadenine-induced alteration of PC molecular species,
although the extent of the effect of eritadenine was greater
than that of dietary methionine. It was shown that the uptake
rate of reconstituted HDL cholesterol by perfused rat livers
was most stimulated by 16:0-18:2 PC of five PC molecular
species used (16:0-18:2, 16:1-16:1, 18:0-18:2, 18:1-16:0, or
20:1-20:1) for the reconstitution of HDL (37). This PC mole-
cular species-dependent differential uptake of lipoprotein
cholesterol is thought to be mediated by hepatic lipase, since
the hydrolysis of HDL phospholipids by the phospholipase
A1 activity of hepatic lipase is shown to be necessary for the
subsequent uptake of HDL constituents (38), and since the
16:0-18:2 PC is the most preferred substrate for hepatic lipase
(37). The uptake of the other lipoproteins, such as remnants
of chylomicron (39) and VLDL (40), is also supposed to be
mediated by hepatic lipase. Therefore, it is expected that the
treatment to increase the proportion of 16:0-18:2 molecular
species of plasma lipoprotein PC should enhance the choles-
terol uptake of certain types of lipoproteins by the liver.
Along this line, it seems reasonable to consider that dietary
methionine level affects the phospholipid molecular species
composition of plasma lipoproteins, thereby altering the up-
take rate of lipoprotein cholesterol by the liver. This is also
the case for the hypocholesterolemic action of eritadenine. In
support of this, a significantly negative correlation was ob-
served between the proportion of plasma 16:0-18:2 PC and
the plasma total cholesterol concentration in rats fed six diets
differing in methionine level and with or without eritadenine
supplementation (Fig. 5).

Although 18:0-20:4 PC also had a significantly positive
correlation with the plasma cholesterol concentration, it is
currently unclear whether 18:0-20:4 PC exerts as a hypercho-
lesterolemic factor. On the other hand, it has been shown that
soybean protein increased the activity of lipoprotein receptor
for β-VLDL in liver cells of rats fed a cholesterol-enriched
diet (41). Hence, another mechanism is that a low-methio-
nine diet may enhance the activity of lipoprotein receptors,
thereby accelerating the uptake of plasma lipoprotein choles-
terol by the liver. With regard to this, it is interesting that in-
creased fluidity of LDL receptor membranes has been postu-
lated to participate in the increase in LDL receptor activity in
cynomolgus monkeys fed a diet rich in linoleic acid (42).
Therefore, the possibility that dietary methionine level may
affect the proportion of linoleic acid in lipoprotein receptor
membrane phospholipids, in addition to plasma lipoprotein
phospholipids, thereby possibly affecting lipoprotein receptor

activities, cannot be ruled out. The effect of dietary methio-
nine level on the activity of lipoprotein receptors in liver cell
membranes remains to be further investigated.
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ABSTRACT: The addition of long-chain polyunsaturated fatty
acids (LCP: C20, and C22) to infant formula may permit fatty
acid accretion rates similar to breast-fed infants, and may have
long-term outcome benefits, such as improved visual acuity and
cognitive development. Although fish oil may provide a source
of n-3 LCP, sources of n-6 LCP have been more difficult to iden-
tify. The present study evaluates the effects of n-3 and n-6 LCP
derived from single-cell oils on liver, plasma, and brain fatty
acid levels in a neonatal animal model. Newborn rat pups were
suckled for 14 d by dams receiving diets containing n-3 LCP
alone or combinations of n-3 LCP and increasing doses of
linoleic acid (18:2n-6) or arachidonic acid (20:4n-6). Dietary
groups received 2% n-3 LCP and 1, 2, or 5% of either 18:2n-6
or 20:4n-6. The 20:4n-6 source also contained modest levels of
18:2n-6. At the termination of the study, liver, plasma, and brain
were obtained from the rat pups and the phospholipid fatty acid
profiles determined. The results indicate complex interactions
of n-3 and n-6 fatty acids. Groups receiving dietary 20:4n-6 in-
corporated higher levels of n-6 LCP into tissues than did the
groups receiving 18:2n-6. The brain was relatively resistant to
changes in fatty acid composition compared with the liver and
plasma. As expected, tissue n-3 LCP levels were reciprocally re-
lated to n-6 levels. The present results document that single-cell
LCP oils are bioavailable in a neonatal animal model. The use
of 20:4n-6 is a more effective means of supporting n-6 status
than the use of 18:2n-6. These results may have implications for
the addition of LCP to infant formula.
Lipids 33, 243–250 (1998).

The ability of preterm and term infants to elongate and desat-
urate C18 essential fatty acids to long-chain polyunsaturated
fatty acids (LCP) may not be optimal. Plasma and red blood
cell levels of n-3 and n-6 LCP fall following birth in formula-
fed infants, whereas the circulating LCP levels in human
milk-fed infants remain relatively constant or fall to a lesser
extent (1–4). To ensure an adequate supply of LCP, several
published guidelines have indicated that preterm and/or term
infant formula should contain both n-3 and n-6 LCP (5–7).

The incorporation of n-3 LCP into infant formula may be
achieved by the addition of marine oil. However, this is an
unbalanced addition, since most marine oils contain relatively
high levels of n-3 LCP and much lower levels of n-6 LCP (8).
In vitro, the presence of n-3 LCP down-regulates the chain
elongation/desaturation of 18:2n-6 to n-6 LCP, primarily
owing to inhibition of the ∆6 desaturase, resulting in reduced
production of n-6 LCP (9). Therefore, addition of n-3 LCP,
with the only source of n-6 fatty acids being 18:2n-6, may
produce an undesirable reduction in tissue n-6 LCP and a con-
comitant elevation of n-3 LCP. Carlson et al. (10) observed a
reduction in plasma and red blood cell arachidonic acid (AA:
20:4n-6) status in preterm infants receiving a marine oil con-
taining infant formula compared with a nonsupplemented for-
mula. Since 20:4n-6 status may exert a positive effect on
growth in young infants (11), the optimal addition of LCP to
infant formulas would provide a docosahexaenoic acid
(22:6n-3)-rich source of n-3 LCP (to mimic the n-3 profile of
human milk), as well as a source of 20:4n-6.

The present study examines the interaction of n-3 and n-6
fatty acids in suckling pups whose dams received dietary n-3
LCP (2% of total fat) and various levels of either 18:2n-6 or
20:4n-6 (1, 2, or 5%). The ratio of dietary 22:6n-3/20:5n-3
(eicosapentaenoic acid) was 2.3:1.0, similar to the ratio found
in human milk (12). The source of 20:4n-6 and most of the
22:6n-3 was from single-cell oils. Lactating rats received
diets for 14 d, and the suckled pup phospholipid fatty acid
profiles of plasma, liver, and brain were determined [similar
to a model described by Yeh et al. (13)]. 

MATERIALS AND METHODS 

Animals and diets. Sprague-Dawley rats (Harlan, Indianapo-
lis, IN) were housed in a room controlled for temperature (21
± 1°C), humidity (40–50%), and light (lights on 0600–1800
h). The rats were housed in suspended wire mesh cages be-
fore and during the mating period. They were fed a nonpuri-
fied diet (Purina Rat Chow #5001; Ralston Purina, St. Louis,
MO) ad libitum; females continued the same diet during ges-
tation and until postpartum day 2. The rats were mated
(monogamous mating, one male/one female) for a 1-wk pe-
riod. After the mating period, the pregnant females were di-
vided into seven groups (six dams/group). The pregnant rats
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were individually housed in plastic shoe box cages with
ALPHA-driTM bedding (Shepherd Specialty Papers, Inc.,
Kalamazoo, MI) and given free access to food and water.
Body weights were recorded twice weekly.

Newborn pups were delivered naturally and weighed
within 24 h of birth. Purified diets (stored at −70°C under
argon and changed daily) were introduced to the dams on
postpartum day 2. All diets contained 22% casein, 1% cellu-
lose, 4% mineral mix (Bernhart-Tomarelli Salt Mixture), 1%
AIN-76 vitamin mix (both mineral mix and vitamin mix from
United States Biochemical Corp., Cleveland, OH), 0.1%
choline chloride, 56.9% dextrose, and 15% fat. Seven fat
blends were prepared to contain 2% of fat as n-3 LCP in all
blends (22:6n-3/20:5n-3 = 2.3:1.0). This ratio was achieved
by mixing a single-cell oil (Martek Biosciences Corp., Co-
lumbia, MD), rich in 22:6n-3, with menhaden oil. The blends
contained n-3 LCP alone or n-3 LCP plus 1, 2, or 5% 18:2n-6
[linoleic acid (LA)] or 1, 2, or 5% 20:4n-6 (referred to as n-3
LCP, LA1, LA2, LA5, AA1, AA2, and AA5, respectively).
The n-6 fatty acid sources for the diets were peanut oil
(18:2n-6 source) and a 20:4n-6-rich single-cell oil (Martek
Biosciences Corp.). The 20:4n-6 source contained modest
levels of 18:2n-6; therefore, diets AA1, AA2, and AA5 also
contained 18:2n-6. The remainder of the fat was hydro-
genated coconut oil. Table 1 provides the fatty acid profiles
of the diets. On postpartum day 0, the litter size (number
live/number dead) was determined, and on day 7 the pups of
each litter were weighed, sexed, and culled to four males and
four females. On day 15 the pups were weighed, anesthetized
with an intraperitoneal injection of NembutalTM (Abbott Lab-
oratories, North Chicago, IL) (5 mg/100 g body weight), and

blood obtained by cardiac puncture with a 1-mL syringe con-
taining sodium EDTA. Approximately 1.0 mL of blood was
routinely obtained per pup; plasma was collected and pooled
from each litter, and 20 µL of d-α-tocopherol (1.6 mg/mL
EtOH) was added to each tube. The brain, liver, and stomach
contents were obtained from one male pup per litter. The tis-
sues were quickly removed and immediately rinsed in ice-
cold saline. All samples were stored under argon at −70°C
until lipid analysis.

Lipid extraction and analyses. Lipids were extracted from tis-
sues according to the procedure of Folch et al. (14). The tissues
were weighed, distilled water was added (10 mL for every gram
of tissue), and tube contents were homogenized. For analyses of
phospholipid fatty acids, an aliquot of the homogenate (1 mL)
was added to 20 mL of a chloroform/methanol (2:1, vol/vol)
mixture for lipid extraction. Phospholipid classes were separated
from the lipid extracts by thin-layer chromatography using LK6
silica plates (Whatman Inc., Clifton, NJ) and a solvent system
consisting of chloroform/methanol/petroleum ether/acetic
acid/boric acid (40:20:30:10:1.8, vol/vol/vol/vol/wt) (15). Santo-
quinTM (Monsanto Co., St. Louis, MO) was added to the
methanol to act as an antioxidant.

Lipids were methylated and extracted using the method of
Morrison and Smith (16). Fatty acid methyl esters were ana-
lyzed by gas chromatography (Hewlett-Packard Model 5890
gas chromatograph interfaced with an HP 3365 Chemstation;
Palo Alto, CA) using a capillary column (Omegawax, 30 m,
0.32 mm i.d.; Supelco, Bellefonte, PA) and flame-ionization
detection. The following operating parameters were used: col-
umn temperature, 200°C; detector, 250°C; split ratio, 65:1; car-
rier gas, helium. Appropriate standards were analyzed to deter-

244 F.G. BOYLE ET AL.

Lipids, Vol. 33, no. 3 (1998)

TABLE 1
Fatty Acid Profile of Dams’ Dietsa

Fatty acid n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

8:0 2.7 2.8 3.0 3.3 3.6 2.8 2.4
10:0 4.7 4.7 4.5 4.3 4.8 4.3 3.6
12:0 44.9 43.3 41.7 36.8 42.6 39.9 32.5
14:0 19.5 18.6 17.7 15.1 18.1 17.4 14.4
16:0 10.9 10.8 10.7 10.5 10.8 11.3 12.0
16:1 0.5 0.5 0.5 0.5 0.5 0.5 0.5
18:0 11.8 11.3 10.6 9.1 11.4 11.7 11.8
18:1n-9 1.3 3.0 4.7 9.4 2.0 2.8 5.0
18:2n-6 0.1 1.3 2.4 5.6 0.7 1.3 3.1
18:3n-6 —b — — — 0.3 0.5 1.3
18:3n-3 0.1 0.1 0.1 0.1 0.1 0.1 0.1
20:0 0.2 0.2 0.3 0.4 0.2 0.3 0.4
20:1n-9 0.1 0.1 0.2 0.4 0.1 0.2 0.3
20:2n-6 — — — — 0.1 0.1 0.2
20:3n-6 — — — — 0.3 0.5 1.3
20:4n-6 — — — — 1.1 2.2 5.6
20:5n-3 0.7 0.7 0.7 0.6 0.7 0.7 0.7
22:0 0.03 0.2 0.3 0.7 0.2 0.4 0.8
22:5n-3 0.1 0.1 0.1 0.1 0.1 0.1 0.1
22:6n-3 1.6 1.6 1.5 1.5 1.6 1.6 1.6
24:0 — 0.1 0.2 0.4 0.2 0.3 0.8
aLCP, long-chain polyunsaturated fatty acids; n-3 LCP plus 1, 2, or 5% linoleic acid (referred to as LA1, LA2, and LA5);
n-3 LCP plus 1, 2, or 5% arachidonic acid (referred to as AA1, AA2, and AA5); values reported are weight percentage.
b—, Below detection limit.



mine retention times and response factors (Nu-Chek-Prep, Inc.,
Elysian, MN). Fatty acid composition was expressed as the
weight percentage of the total fatty acids. 

Statistics. The means of the seven diet groups were com-
pared by the Student-Newman-Keuls test at the 1% level fol-
lowing a one-way analysis of variance (17). Multiple correla-
tion coefficients (R2) were calculated based on the most par-
simonious multiple nonlinear regression model determined
by stepwise regression. A single nonlinear coefficient,
lambda, was fitted for the prediction model. A concentration
additive model was employed to predict a fatty acid percent-
age in one tissue given the fatty acid composition of plasma.
In this model a linear combination of all the independent vari-
ables was raised to lambda (18). The regression analysis and
fatty acid Student-Newman-Keuls analyses used square root
percentage as the response variable to induce normality and
homogeneity of variance. The reported means and standard
errors have been retransformed back to percentages.

RESULTS

Growth. All pups grew at similar rates with the exception of
the high 18:2n-6 group (LA5). This group had a trend toward
higher body weights at day 7, which reached statistical signifi-
cance at day 15 vs. the other LA groups and the n-3 LCP group
(Table 2). No differences in appearance or activity were noted
in any group.

Stomach content (milk). Pup stomach contents at day 15 of
life contained no particulates indicative of chow consump-
tion, and therefore reflected the composition of their dams’
milk. Stomach contents were generally related to the dams’
diets (Table 3). The LA1, LA2, and LA5 diets of the dams
contained no other n-6 fatty acids, although low levels of n-6
LCP were found in stomach contents. The diets containing
n-6 LCP also contained modest amounts of 18:2n-6; as a re-
sult, the total n-6 level in diets AA1, AA2, and AA5 were
higher than the corresponding LA diets. These differences
were minimized in the pup stomach contents. The total n-6
levels in the stomach contents of the LA groups were 1.66,
2.32, and 5.93% vs. 2.06, 3.30, and 6.50% in the AA groups.

Liver phospholipids. The 18:2n-6 levels in both liver phos-
phatidylethanolamine (PE) and phosphatidylcholine (PC) in-
creased progressively from the basal group through the
groups receiving increasing dietary levels of 18:2n-6 (Table
4). Interestingly, 18:2n-6 levels in AA1–AA5 groups were
lower (significant at P < 0.05, but not at P < 0.01) than the
basal group, even though milk levels of 18:2n-6 were higher
in the AA1–AA5 groups than in the basal group. Hepatic PE
and PC 20:4n-6 levels increased progressively from the basal
group to groups receiving high n-6 fatty acid levels in a dose-
related manner as maternal diet and milk levels of 18:2n-6
and 20:4n-6 increased. Groups whose dams received dietary
20:4n-6 had higher levels of tissue 20:4n-6 than the groups
receiving 18:2n-6. Liver phospholipid levels of 22:6n-3 were

FATTY ACID ACCRETION IN SUCKLED RAT PUPS 245

Lipids, Vol. 33, no. 3 (1998)

TABLE 2
Mean Number of Viable Pups and Weight Gain During Sucklinga

n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

Total pups (number) 13.50 ± 1.41a 13.83 ± 1.14a 13.83 ± 0.87a 13.33 ± 1.45a 13.00 ± 1.69a 14.50 ± 1.06a 12.50 ± 0.56a

Live Pups (number) 13.50 ± 1.41a 13.33 ± 1.52a 13.67 ± 0.95a 12.67 ± 1.41a 13.00 ± 1.69a 13.83 ± 1.30a 12.50 ± 0.56a

Day 1 weight 7.05 ± 0.26a 6.99 ± 0.20a 6.96 ± 0.12a 6.81 ± 0.22a 7.02 ± 0.28a 6.90 ± 0.12a 7.09 ± 0.16a

Day 7 weight 14.29 ± 1.22a 14.78 ± 1.07a 13.86 ± 0.54a 15.54 ± 0.92a 14.76 ± 0.93a 14.48 ± 0.71a 14.48 ± 0.71a

Day 15 weight 31.51 ± 1.04a 31.12 ± 1.54a 32.08 ± 0.65a 37.20 ± 1.26b 34.14 ± 1.51a,b 33.65 ± 0.08a,b 34.06 ± 0.50a,b

aValues reported are means ± SEM (n = 6 litters). Values not bearing the same superscript are different at P < 0.05. For abbreviations see Table 1.

TABLE 3
Pup Stomach Contentsa

Fatty acid n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

10:0 4.39 ± 0.41a 5.34 ± 0.67a,b 6.69 ± 0.62a,b,c 7.18 ± 0.28a,b,c 9.98 ± 0.54c 7.95 ± 1.30b,c 5.84 ± 0.62a,b

12:0 26.0 ± 0.07a,b 27.6 ± 0.04b 27.9 ± 0.03b 23.9 ± 0.09a 28.0 ± 0.04b 28.2 ± 0.07b 25.6 ± 0.04a,b

14:0 21.9 ± 0.03c 20.5 ± 0.04b,c 19.7 ± 0.06b,c 16.1 ± 0.07a 19.0 ± 0.02b 19.0 ± 0.10b 19.0 ± 0.02b

16:0 27.2 ± 0.70c 24.0 ± 0.11b,c 22.8 ± 0.07a,b 19.6 ± 0.05a 21.8 ± 0.04a,b 21.3 ± 0.14a,b 21.7 ± 0.08a,b

16:1n-7 1.10 ± 0.08a,b 1.09 ± 0.07a,b 1.44 ± 0.19b 1.47 ± 0.12b 0.96 ± 0.08a,b 1.09 ± 0.12a,b 0.84 ± 0.07a

18:0 8.65 ± 0.23 8.12 ± 0.37 7.29 ± 0.31 7.27 ± 0.31 7.11 ± 0.26 6.84 ± 0.30 8.14 ± 0.65
18:1n-9 5.60 ± 0.42a 7.10 ± 0.49a 7.15 ± 0.74a 12.7 ± 0.79b 5.47 ± 0.31a 6.17 ± 0.69a 6.05 ± 0.33a

18:2n-6 0.68 ± 0.08a 1.34 ± 0.16b,c 1.98 ± 0.18c,d 5.29 ± 0.33e 1.19 ± 0.16b 1.67 ± 0.20b,c 2.71 ± 0.11d

20:4n-6 0.21 ± 0.02a 0.28 ± 0.03a 0.29 ± 0.02a 0.54 ± 0.02b 0.75 ± 0.03c 1.40 ± 0.07d 3.31 ± 0.10e

20:5n-3 0.17 ± 0.00a 0.20 ± 0.01a 0.21 ± 0.01a 0.28 ± 0.01b 0.22 ± 0.01a 0.27 ± 0.01b 0.31 ± 0.01b

22:4n-6 0.03 ± 0.00a 0.04 ± 0.01a 0.05 ± 0.01a 0.10 ± 0.01b 0.12 ± 0.01b 0.23 ± 0.03c 0.48 ± 0.01d

22:5n-3 0.21 ± 0.01a,b 0.21 ± 0.01a 0.22 ± 0.02a,b 0.30 ± 0.02a,b 0.26 ± 0.02a,b 0.32 ± 0.04b 0.29 ± 0.01a,b

22:6n-3 1.07 ± 0.04 1.12 ± 0.05 1.07 ± 0.03 1.16 ± 0.03 1.12 ± 0.04 1.25 ± 0.05 1.17 ± 0.02
aValues reported are weight percentage and are means ± SEM (n = 6, that is, one representative animal from each of six litters). Values not bearing
the same superscript letters are different at P < 0.01. For abbreviations see Table 1.



also influenced by diet. High levels of dietary 18:2n-6 re-
sulted in modest reductions in liver PE and PC 22:6n-3 lev-
els. Groups receiving dietary 20:4n-6 demonstrated more pro-
nounced effects on hepatic PE tissue 22:6n-3 levels.

Plasma phospholipids. Plasma PC levels of 18:2n-6 in-
creased in a dose-related manner as milk 18:2n-6 increased in
LA1–LA5, whereas PE 18:2n-6 did not respond significantly
to varying dietary levels of 18:2n-6 (Table 5). As in liver, the
inclusion of dietary 20:4n-6 resulted in a reduction of plasma
PE and PC 18:2n-6. Plasma phospholipid 20:4n-6 levels in-
creased dramatically with increasing dietary 20:4n-6 levels.
Plasma PC 20:4n-6 responded with a more pronounced in-
crease to dietary 20:4n-6 than did plasma PE. Plasma 20:4n-6
may be derived from dietary 20:4n-6 or 18:2n-6 (following
desaturation and chain elongation). The relationship of di-
etary 18:2n-6 and 20:4n-6 to plasma 20:4n-6 was assessed to
determine the relative potency of the dams’ dietary 18:2n-6
and 20:4n-6 in supplying pup plasma 20:4n-6. The relative
potency of dietary 20:4n-6 to 18:2n-6 for supplying plasma
20:4n-6 was 5.1:1.0 (95% confidence limits = 3.7–9.2) for
plasma PE and 56.2:1.0 (95% confidence limits = 14.5–356.3)
for plasma PC. Decreases in the plasma PC 22:6n-3 levels oc-
curred as 18:2n-6 and 20:4n-6 were added to the maternal diet
and were related to the n-6 pup stomach contents. Decreases
in 22:6n-3 also occurred in the plasma PE fraction, but were
not related to the dietary level of n-6 fatty acids.

Brain phospholipids. Dietary manipulation did not alter
brain levels of 20:4n-6 and 22:6n-3 at a significance level of

P < 0.01, although marginal statistical significance was ob-
served in a number of groups (for example the PE 20:4n-6
levels of AA1, AA2, and AA5 were all greater than n-3 LCP
at P < 0.05, whereas the PE 22:6n-3 level of group AA5 was
lower than the n-3 LCP group also at P < 0.05). Elevated di-
etary 20:4n-6 consumption resulted in significant alterations
at P < 0.01 in several LCP fractions: PE and PC 22:4n-6 in-
creased while PE 22:5n-3 decreased (Table 6). The ratio of
major brain PE n-6 to n-3 LCP [(20:4n-6 + 22:4n-6)/22:6n-3]
provided additional evidence of dietary control on the rela-
tive proportions of these fatty acids (Fig. 1). Increased levels
of n-6 LCP (both in the dams’ diets and in pup stomachs) re-
sulted in a highly significant increase in this ratio. A similar
effect was noted in brain PC (data not shown). Diet-related
increases in this ratio for liver and plasma (Fig. 1) were pro-
portionally greater than the increase in brain ratio. For exam-
ple, the ratio increased 173% in plasma PE when the n-3 LCP
group was compared to the AA5 group, while only a 57% in-
crease was observed in the same groups in brain. 

Correlation analysis. The relationship between plasma
n-6 fatty acids and both liver and brain 20:4n-6 was evalu-
ated. Plasma PE n-6 fatty acids (18:2n-6, 20:3n-6, and 20:4n-
6) were not significantly predictive of 20:4n-6 levels in either
liver or brain PE or PC. In contrast, plasma PC n-6 fatty acids
(18:2n-6 and 20:4n-6) were highly predictive of liver PE and
PC 20:4n-6, significantly so even after adjusting for plasma
PE n-6 fatty acids (Table 7). Plasma 20:3n-6 was not required
for an optimal correlation. Plasma PC 20:4n-6 was also pre-
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TABLE 4
Pup Liver Phospholipidsa

Fatty acid n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

Phosphatidylethanolamine
16:0 26.6 ± 0.70 26.5 ± 0.62 25.6 ± 1.25 22.9 ± 0.77 24.6 ± 0.47 24.8 ± 0.46 24.8 ± 1.28
18:0 25.1 ± 0.53 26.2 ± 1.18 25.0 ± 0.97 26.8 ± 0.61 26.4 ± 0.44 26.7 ± 0.78 29.4 ± 1.21
18:1n-9 1.11 ± 0.06 1.31 ± 0.07 1.20 ± 0.15 1.17 ± 0.08 1.11 ± 0.21 1.00 ± 0.10 1.27 ± 0.12
18:2n-6 1.22 ± 0.10a,b,c,d 1.27 ± 0.07b,c,d 1.36 ± 0.06c,d 1.64 ± 0.11d 0.95 ± 0.08a,b,c 0.92 ± 0.05a,b 0.87 ± 0.10a

20:3n-6 0.42 ± 0.04 0.41 ± 0.02 0.49 ± 0.07 0.49 ± 0.03 0.42 ± 0.02 0.56 ± 0.06 0.60 ± 0.06
20:4n-6 9.05 ± 0.61a 9.72 ± 0.44a 9.73 ± 0.49a 12.6 ± 0.28b 12.8 ± 0.40b 13.0 ± 0.20b 15.3 ± 0.38c

20:5n-3 0.99 ± 0.10e 0.78 ± 0.11d,e 0.84 ± 0.13d,e 0.58 ± 0.04c,d 0.44 ± 0.06c 0.20 ± 0.01b —b

22:4n-6 0.28 ± 0.04a 0.44 ± 0.05a,b 0.49 ± 0.06a,b,c 0.64 ± 0.19b,c,d 0.61 ± 0.01b,c,d 0.86 ± 0.07c,d 1.00 ± 0.10d

22:5n-6 0.18 ± 0.02 0.22 ± 0.04 0.11 ± 0.05 0.05 ± 0.04 0.17 ± 0.04 0.27 ± 0.02 0.14 ± 0.09
22:5n-3 1.96 ± 0.05a,b 1.93 ± 0.13a,b 2.12 ± 0.12b 1.75 ± 0.11a,b 2.02 ± 0.05a,b 1.81 ± 01.0a,b 1.55 ± 0.09a

22:6n-3 30.1 ± 0.74b 26.3 ± 1.12a,b 27.7 ± 0.67a,b 26.2 ± 1.20a,b 27.1 ± 0.53a,b 25.4 ± 0.46a,b 23.0 ± 1.23a

Phosphatidylcholine
14:0 0.94 ± 0.09 1.34 ± 0.17 1.26 ± 0.21 1.42 ± 0.10 1.16 ± 0.16 1.04 ± 0.10 0.97 ± 0.11
16:0 34.0 ± 0.52 33.9 ± 0.97 34.0 ± 0.71 31.8 ± 0.86 33.3 ± 0.78 32.5 ± 0.43 30.3 ± 0.54
18:0 16.9 ± 0.53a 16.9 ± 0.48a 17.0 ± 1.06a 17.3 ± 0.31a 17.8 ± 0.83a 18.5 ± 0.59a,b 21.1 ± 0.72b

18:1n-9 4.38 ± 0.29c 4.66 ± 0.33c 4.53 ± 0.26c 4.27 ± 0.17c 3.27 ± 0.20b 2.63 ± 0.07b 1.94 ± 0.12a

18:2n-6 2.48 ± 0.21a 3.84 ± 0.35b 4.24 ± 0.17b 5.44 ± 0.17c 2.18 ± 0.17a 1.87 ± 0.06a 1.78 ± 0.22a

20:3n-6 1.10 ± 0.05a 1.20 ± 0.04a,b 1.43 ± 0.06c 1.30 ± 0.05b,c 1.11 ± 0.03a,b 1.17 ± 0.03a,b 1.03 ± 0.02a

20:4n-6 8.51 ± 0.59a 10.0 ± 1.00a,b 10.2 ± 0.28a,b 11.9 ± 0.59b,c 13.7 ± 0.37c,d 15.7 ± 0.29d 19.9 ± 0.60e

20:5n-3 0.81 ± 0.06c 0.66 ± 0.07c 0.73 ± 0.14c 0.44 ± 0.03c 0.13 ± 0.08b — —
22:4n-6 0.17 ± 0.01a 0.16 ± 0.01a 0.17 ± 0.01a 0.23 ± 0.02a,b 0.29 ± 0.02b 0.45 ± 0.05c 0.67 ± 0.03d

22:5n-6 0.16 ± 0.01b 0.10 ± 0.04a,b 0.04 ± 0.03a,b — 0.07 ± 0.05a,b 0.06 ± 0.05a,b 0.16 ± 0.08b

22:5n-3 2.72 ± 0.07b 2.22 ± 0.18a,b 2.31 ± 0.15a,b 1.79 ± 0.13a 2.23 ± 0.14a,b 2.34 ± 0.18a,b 2.00 ± 0.07a,b

22:6n-3 25.6 ± 0.47b 22.2 ± 0.99a,b 21.4 ± 0.74a,b 19.2 ± 1.20a 21.3 ± 1.04a,b 21.4 ± 0.89a,b 19.4 ± 0.46a

aValues reported are weight percentage and are means ± SEM (n = 6, that is, one representative animal from each of six litters). Values not bearing the
same superscript letters are different at P < 0.01. For abbreviations see Table 1.
b—, Below detection limit.



FATTY ACID ACCRETION IN SUCKLED RAT PUPS 247

Lipids, Vol. 33, no. 3 (1998)

TABLE 5
Pup Plasma Phospholipidsa

Fatty acid n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

Phosphatidylethanolamine
14:0 1.23 ± 0.25a,b 1.72 ± 0.22a,b 1.75 ± 0.21a,b 1.92 ± 0.25a,b 2.47 ± 0.39b 2.03 ± 0.31a,b 1.14 ± 0.05a

16:0 11.2 ± 0.56a,b 15.3 ± 0.96b 13.7 ± 1.03a,b 10.8 ± 0.85a 13.1 ± 0.74a,b 12.0 ± 0.59a,b 9.84 ± 0.73a

18:0 15.8 ± 0.53a,b 21.0 ± 1.35c 18.5 ± 1.15b,c 15.9 ± 0.71a,b 14.6 ± 0.76a,b 15.1 ± 0.90a,b 13.5 ± 0.67a

18:1n-9 2.66 ± 0.26a 3.86 ± 0.69 3.24 ± 0.30 2.80 ± 0.35 3.98 ± 0.72 2.65 ± 0.41 2.08 ± 0.27
18:2n-6 1.81 ± 0.17a,b 3.14 ± 0.52b 2.13 ± 0.25a,b 2.60 ± 0.27b 2.09 ± 0.50a,b 1.46 ± 0.22a,b 1.09 ± 0.05a

20:2n-6 0.94 ± 0.16 0.90 ± 0.12 0.83 ± 0.13 0.76 ± 0.10 1.02 ± 0.21 0.84 ± 0.13 0.70 ± 0.08
20:3n-6 3.34 ± 0.55 1.97 ± 0.19 3.04 ± 0.71 2.77 ± 0.39 2.79 ± 0.69 3.00 ± 0.78 1.99 ± 0.56
20:4n-6 7.77 ± 0.42a,b 7.51 ± 0.83a,b 6.94 ± 0.34a 9.55 ± 0.40b 9.69 ± 0.46b 12.7 ± 0.35c 17.5 ± 0.27d

22:3n-6 0.34 ± 0.05a,b 0.67 ± 0.27a,b 1.28 ± 0.32b 1.40 ± 0.26b 1.49 ± 0.27b 1.54 ± 0.42b 0.21 ± 0.07a

22:5n-3 1.19 ± 0.02a 2.93 ± 0.17b,c 3.18 ± 0.28b,c 2.85 ± 0.22b 3.80 ± 0.20c 3.44 ± 0.11b,c 0.88 ± 0.04a

22:6n-3 41.9 ± 0.82c 25.3 ± 1.11a 27.3 ± 1.96a,b 27.1 ± 1.60a,b 30.4 ± 1.56a,b 30.2 ± 0.97a,b 33.9 ± 1.20b

Phosphatidylcholine
14:0 1.77 ± 0.11 1.43 ± 0.16 1.42 ± 0.12 1.25 ± 0.08 1.48 ± 0.07 1.39 ± 0.15 1.24 ± 0.07
16:0 27.8 ± 0.36b 26.1 ± 0.59a,b 26.8 ± 0.36a,b 25.2 ± 0.42a 26.2 ± 0.39a,b 26.7 ± 0.44a,b 25.6 ± 0.36a,b

18:0 19.2 ± 0.27 20.9 ± 0.35 21.1 ± 0.62 21.1 ± 0.45 20.6 ± 0.26 20.8 ± 0.37 20.8 ± 0.24
18:1n-9 10.3 ± 0.84e 7.57 ± 1.10d 6.69 ± 0.45c,d 4.57 ± 0.07b,c 5.37 ± 0.44c,d 3.00 ± 0.28b 1.32 ± 0.12a

18:2n-6 10.3 ± 0.92b 14.7 ± 1.06c 17.8 ± 0.31d 21.3 ± 0.22e 10.2 ± 0.53b 9.23 ± 0.18b 5.68 ± 0.19a

20:2n-6 0.48 ± 0.05b 0.48 ± 0.04b 0.44 ± 0.02b 0.37 ± 0.01b 0.43 ± 0.01b 0.13 ± 0.05a 0.16 ± 0.04a

20:3n-6 1.67 ± 0.11a 1.97 ± 0.17a 1.95 ± 0.08a 2.02 ± 0.05a 2.86 ± 0.07b 3.72 ± 0.07c 3.31 ± 0.11b,c

20:4n-6 7.89 ± 0.53a 9.15 ± 0.89a,b 8.38 ± 0.26a,b 10.2 ± 0.37b 16.2 ± 0.18c 20.0 ± 0.27d 29.7 ± 0.40e

20:5n-3 0.96 ± 0.02c 0.95 ± 0.13c 0.80 ± 0.04c 0.51 ± 0.02b 0.75 ± 0.02c 0.57 ± 0.01b 0.22 ± 0.01a

22:5n-3 0.92 ± 0.02b 0.95 ± 0.11b 0.73 ± 0.03a,b 0.62 ± 0.02a 0.87 ± 0.10a,b 0.72 ± 0.03a,b 0.60 ± 0.02a

22:6n-3 13.9 ± 0.23e 12.6 ± 0.56d,e 10.8 ± 0.40b,c 9.94 ± 0.20a,b 11.7 ± 0.57c,d 10.1 ± 0.14a,b 8.70 ± 0.14a

aValues reported are weight percentages and are means ± SEM (n = 6, that is, n equals pooled plasma from each of six litters). Values not bearing the
same superscript letters are different at P < 0.01. For abbreviations see Table 1.

TABLE 6
Pup Brain Phospholipidsa

Fatty acid n-3 LCP LA1 LA2 LA5 AA1 AA2 AA5

Phosphatidylethanolamine
16:0 7.55 ± 0.23 7.72 ± 0.26 7.58 ± 0.32 7.23 ± 0.25 7.26 ± 0.19 8.46 ± 0.35 7.90 ± 0.14
18:0 22.4 ± 0.62 23.4 ± 0.67 23.3 ± 0.77 23.2 ± 0.49 22.4 ± 0.24 24.6 ± 0.48 23.5 ± 0.62
18:1n-9 7.92 ± 0.15 7.89 ± 0.20 7.63 ± 0.23 7.57 ± 0.32 7.15 ± 0.23 7.72 ± 0.16 7.25 ± 0.18
20:0 0.15 ± 0.01 0.17 ± 0.01 0.16 ± 0.02 0.17 ± 0.01 0.15 ± 0.01 0.16 ± 0.01 0.14 ± 0.01
20:1n-9 0.31 ± 0.01 0.33 ± 0.04 0.29 ± 0.03 0.31 ± 0.02 0.27 ± 0.02 0.28 ± 0.01 0.24 ± 0.02
20:2n-6 0.22 ± 0.05 0.18 ± 0.04 0.13 ± 0.02 0.14 ± 0.02 0.30 ± 0.11 0.19 ± 0.04 0.13 ± 0.03
20:3n-6 0.75 ± 0.11 0.78 ± 0.08 0.74 ± 0.06 0.76 ± 0.06 0.52 ± 0.01 0.62 ± 0.07 0.54 ± 0.12
20:4n-6 12.9 ± 0.26 13.6 ± 0.47 13.6 ± 0.26 14.4 ± 0.56 15.1 ± 0.46 14.9 ± 0.56 15.3 ± 0.65
22:4n-6 3.16 ± 0.12a 3.52 ± 0.22a,b 3.62 ± 0.08a,b 4.31 ± 0.28b,c 4.45 ± 0.16b,c 4.58 ± 0.21b,c 5.05 ± 0.3c

22:5n-6 0.96 ± 0.04 1.04 ± 0.04 0.96 ± 0.04 0.99 ± 0.06 1.16 ± 0.05 1.12 ± 0.06 1.24 ± 0.09
22:5n-3 0.65 ± 0.04c 0.57 ± 0.05b,c 0.54 ± 0.02b,c 0.40 ± 0.04a,b 0.45 ± 0.02b 0.38 ± 0.02a,b 0.26 ± 0.05a

22:6n-3 21.3 ± 0.53 20.3 ± 0.62 20.0 ± 0.50 18.3 ± 1.32 19.9 ± 0.80 17.6 ± 1.07 17.1 ± 0.65
Phosphatidylcholine
10:0 0.17 ± 0.06 0.15 ± 0.08 0.08 ± 0.01 0.17 ± 0.04 0.19 ± 0.11 0.12 ± 0.01 0.16 ± 0.03
14:0 1.60 ± 0.12 1.72 ± 0.06 1.62 ± 0.11 1.32 ± 0.16 1.59 ± 0.17 1.55 ± 0.20 1.59 ± 0.15
16:0 51.9 ± 0.37 53.4 ± 0.26 52.8 ± 0.57 50.8 ± 0.63 52.6 ± 0.88 52.1 ± 1.10 52.9 ± 0.37
16:1n-7 1.02 ± 0.03 1.03 ± 0.04 1.05 ± 0.03 0.90 ± 0.02 1.01 ± 0.06 0.99 ± 0.03 1.01 ± 0.01
18:0 9.51 ± 0.12 9.56 ± 0.13 9.45 ± 0.22 10.0 ± 0.28 9.87 ± 0.42 9.86 ± 0.20 9.55 ± 0.16
18:1n-9 18.3 ± 0.18b 17.5 ± 0.20a,b 17.8 ± 0.24a,b 17.4 ± 0.28a,b 17.3 ± 0.12a,b 17.4 ± 0.29a,b 16.9 ± 0.35a

18:2n-6 0.78 ± 0.03b,c 0.91 ± 0.03b,c 1.02 ± 0.03c 1.00 ± 0.15c 0.62 ± 0.05a,b,c 0.56 ± 0.03a,b 0.43 ± 0.11a

20:1n-9 0.44 ± 0.02 0.41 ± 0.02 0.44 ± 0.01 0.46 ± 0.01 0.42 ± 0.03 0.41 ± 0.02 0.41 ± 0.01
20:2n-6 0.22 ± 0.01 0.21 ± 0.01 0.23 ± 0.01 0.22 ± 0.03 0.16 ± 0.01 0.17 ± 0.03 0.16 ± 0.04
20:3n6 0.55 ± 0.03b 0.53 ± 0.01b 0.57 ± 0.03b 0.53 ± 0.03b 0.44 ± 0.03a,b 0.42 ± 0.03a,b 0.37 ± 0.04a

20:4n-6 5.23 ± 0.29 5.08 ± 0.10 5.10 ± 0.15 5.85 ± 0.53 5.89 ± 0.38 6.58 ± 0.39 6.44 ± 0.32
22:4n-6 0.39 ± 0.02a 0.39 ± 0.01a 0.40 ± 0.02a 0.55 ± 0.06b 0.52 ± 0.03a,b 0.62 ± 0.03b 0.64 ± 0.04b

22:6n-3 3.19 ± 0.17 2.54 ± 0.10 2.65 ± 0.17 2.63 ± 0.22 2.71 ± 0.26 2.78 ± 0.24 2.48 ± 0.19
aValues reported are weight percentage and are means ± SEM (n = 6, that is, one representative animal from each of six litters). Values not bearing the
same superscript letters are different at P < 0.01. For abbreviations see Table 1
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FIG. 1. Mean and SEM of the ratio of (20:4n-6 + 22:4n-6)/22:6n-3 in (A)
brain, (B) liver, and (C) plasma phosphatidylethanolamine (PE); for brain
and liver, n = one representative animal from each of six litters; for
plasma, n = pooled samples from each of six litters. Bars not bearing
the same letters are different at P < 0.01. Abbreviations: LCP, long-chain
polyunsaturated fatty acids; n-3 LCP plus 1, 2, or 5% linoleic acid (re-
ferred to as LA1, LA2, and LA5); n-3 LCP plus 1, 2, or 5% arachidonic
acid (referred to as AA1, AA2, and AA5).

TABLE 7
Predictability of Liver and Brain 20:4n-6 from Plasma PC
n-6 Fatty Acidsa

Plasma
n-6 speciesb

(significant independent Tissue fraction
variables) (dependent variable) R2c

P

18:2n-6, Liver PE 0.87 0.0001
20:4n-6

18:2n-6, Liver PC 0.96 0.0001
20:4n-6

20:4n-6 Brain PE 0.41 0.0002
20:4n-6 Brain PC 0.36 0.0007
aPlasma phosphatidylethanolamine (PE) n-6 fatty acids were not predictive
of liver or brain PE or phosphatidylcholine (PC).
bFatty acids required for optimal correlation.
cAll correlations are positive.

A

B

C

dictive of brain PE and PC 20:4n-6. Because plasma PE n-6
fatty acids were highly correlated with plasma PC n-6 fatty
acids, their effects were confounded and sometimes difficult
to distinguish. Nevertheless, in all four cases, plasma PC n-6
fatty acids were more predictive than plasma PE n-6 fatty
acids of liver and brain PC and PE n-6 fatty acids.

DISCUSSION

This study evaluated the complex interactions of n-6 and n-3
fatty acids in rat pups whose dams received diets containing a

constant level of n-3 LCP and increasing levels of n-6 fatty
acids. We chose rats pups as a model of the human preterm
infant owing to the relative immaturity of the rat pup brain.
The rat pup is born prior to its period of rapid brain growth
(19); the relatively immature brain of the neonatal rat and
subsequent rapid postpartum development may be analogous
to the preterm human infant. The brain maturity of the 14-
day-old pup is, in fact, similar to the term infant (20). The re-
sults of this experiment clearly demonstrate that the source of
20:4n-6 evaluated was bioavailable, being efficiently ab-
sorbed and incorporated into biological membranes. As re-
ported previously (21), changes in maternal dietary fatty acid
composition resulted in more significant fatty acid alterations
of maternal milk, pup plasma, and pup liver than that of pup
brain. The ability of dietary 18:2n-6 (as reflected in pup stom-
ach fatty acid profiles) to influence pup n-6 LCP profiles was
much less pronounced than the ability of 20:4n-6.

n-6 Accretion. The source of dietary 20:4n-6 employed in
the current study contained modest levels of 18:2n-6. The lev-
els of 20:4n-6 added to the maternal diets were designed to
match the added level of 18:2n-6 (1, 2, or 5% of the fat blend).
Owing to the presence of 18:2n-6 and other n-6 fatty acids in
the single-cell oil employed in this study, the total level of di-
etary n-6 was higher for the dams receiving the 20:4n-6 oils
than the groups receiving 18:2n-6 alone. However, when the
stomach contents (milk) of the pups were examined, the total
n-6 fatty acid levels were more closely matched. The striking
differences in fatty acid profiles in some of the tissues exam-
ined (see below) clearly demonstrate that the observed effects
were due to the presence of dietary 20:4n-6 aggressively in-
serted into biological membranes (22), and not to the relatively
modest differences in stomach contents of total n-6 fatty acids. 

Liver and plasma phospholipid 20:4n-6 levels were sub-
stantially higher when pups received preformed n-6 LCP
(AA1–AA5) than when pups received 18:2n-6 as the predom-
inant source of n-6 fatty acid (LA1–LA5). Plasma PC n-6
fatty acids were highly correlated with both liver PE and liver
PC 20:4n-6 levels, suggesting a rapid exchange of fatty acids
between these pools (a modest correlation was also observed
between plasma 20:4n-6 and brain 20:4n-6 levels). In groups



with dams receiving 18:2n-6 as the only source of n-6 fatty
acids, both pup hepatic and plasma 18:2n-6 levels tended to in-
crease in a dose-related manner, while 20:4n-6 levels were sig-
nificantly elevated only in groups receiving high 18:2n-6 lev-
els. As a result of the presence of milk n-3 and n-6 LCP in
LA1–LA5, the chain elongation and desaturation of 18:2n-6 to
n-6 LCP by the pups may have been inhibited, since both n-3
and n-6 LCP can down-regulate elongation and desaturation of
18:2n-6 (9). Even in experimental systems which are not ex-
posed to feedback inhibition, the accretion of hepatic 20:4n-6
from dietary 18:2n-6 is substantially less potent than if pre-
formed 20:4n-6 is provided, as demonstrated by Mohrhauer
and Holman (23) and Whelan et al. (24). Although the n-3 LCP,
LA1, and LA2 groups received relatively low 18:2n-6 levels,
no signs of essential fatty acid deficiency (elevated 20:3n-9)
were observed. Milk in these groups contained sufficient
20:4n-6 to ensure adequate essential fatty acid status (approxi-
mately 0.25 energy percentage, see Ref. 23). 

The present study also documents modest alterations in the
n-6 fatty acid contents of brain phospholipids, with changes
being observed in both PE and PC. Brain 20:4n-6 levels
tended to be elevated in AA1–AA5 compared with the other
groups, although statistical significance was observed only at
a marginal level. Employing a similar model, Jumpsen et al.
(25) evaluated the effects of dietary n-3 and n-6 LCP alone or
in combination; milk LCP levels were within the range of the
present study (25). Neuronal cell PE levels of LCP were not
altered by dietary LCP at a pup age of 2 wk (the same as the
current study), although differences were noted at 1, 3, and 6
wk of age. In addition, no significant differences were found
at any time in neuronal PC 20:4n-6 levels. Mohrhauer and
Holman (26) also studied the effect of increasing doses of
20:4n-6 in rats, but under different experimental conditions
(weanling rat pups receiving various doses of 20:4n-6 ethyl
ester for 100 d by oral gavage). They found no dose-related
plateau of total brain 20:4n-6 levels over a wide range of
20:4n-6 levels (0.007–3.75 energy percentage) that bracketed
the 20:4n-6 levels employed in the current study. 

n-3 LCP accretion and interaction with n-6 fatty acids. Dra-
matic suppression of hepatic and brain 20:4n-6 levels occurs in
weaned rats fed diets high in n-3 LCP and with 18:2n-6 as the
only source of n-6 fatty acids, demonstrating the plasticity of
tissue LCP content of these animals (27,28). The suppression
of n-6 LCP tissue levels may be due to: (i) reduced chain elon-
gation/desaturation rates resulting from n-3 LCP inhibition of
the ∆6 desaturase, or (ii) competition of n-3 LCP for membrane
insertion. Similarly, substantial reductions in hepatic, circulat-
ing, and brain n-6 LCP levels occur in rodent pups whose dams
received diets containing n-3 LCP (fish oil) during pregnancy
and nursing, although the levels of n-3 LCP administered in
these studies were also relatively high (29–31). As expected,
the n-3 LCP accretion in all tissues studied was significantly
higher in LCP-treated groups than in control groups. 

The present experiment provided dietary intervention with
relatively low LCP levels only during the time of suckling, thus
avoiding the prenatal complications of placental transfer of

LCP to the fetus. The results of this experiment clearly demon-
strate the sensitive reciprocal relationship of n-6 and n-3 fatty
acids in liver, plasma, and brain. Although C18 precursors (in
this case, 18:2n-6) may reduce n-3 LCP concentration, the
present data clearly indicate that the provision of dietary n-6
LCP (to the pups) results in more pronounced alterations of n-
3 LCP than does 18:2n-6. The ratio of major brain n-6 to n-3
LCP reflected this interaction, although relative responses were
more pronounced in plasma and liver (Fig. 1). 

Requirements for LCP. Human neonates may not possess
adequate chain elongation/desaturation capacity to support
maximal LCP levels, since both preterm and term formula-
fed infants have lower plasma and red blood cell LCP levels
than breast-fed infants (1–4). Carlson et al. (10) compared
LCP status in preterm infants receiving either a marine oil-
containing formula (20:5n-3 and 22:6n-3) or control formula
for the first year of life. In this study, plasma and red blood
cell 20:4n-6 levels were lower in the marine oil group com-
pared to control, suggesting that n-3 LCP may inhibit 18:2n-6
chain elongation and desaturation to 20:4n-6 or may compete
with n-6 LCP for insertion into phospholipids in human
neonates. Growth parameters were correlated with 20:4n-6
status (11). Several other studies have also demonstrated an
n-3 LCP mediated reduction in 20:4n-6 fatty acid levels in
preterm and term infants, even when the n-3 LCP source high
in 22:6n-3 and low in 20:5n-3 was employed (32,33). Thus, a
more appropriate means of achieving optimal LCP levels may
be to provide both n-3 and n-6 families of fatty acids as LCP.

In conclusion, we have explored the complex interactions
of n-3 LCP with either 18:2n-6 or 20:4n-6 in rapidly growing
neonatal rat pups employing single-cell oils as the primary
source of LCP. Dietary 18:2n-6 was a less effective means of
supplying n-6 LCP for tissue accretion than was preformed
n-6 LCP. These observations were apparent not only in liver
and plasma but, also to a modest extent, in brain. 
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ABSTRACT: Diabetes-induced and age-related proportional
changes in plasma fatty acids of triglycerides (TG), phospho-
lipids (PL), and cholesteryl esters (CE) were investigated using
streptozotocin-induced diabetic and control rats. Among n-6
fatty acids from diabetic rat plasma, increased proportions of
18:2n-6 and 20:3n-6 in all three lipid classes and of 18:3n-6 in
PL at 1–3 months old and in TG at 3–5 months old were ob-
served. The proportions of 20:4n-6 decreased in both PL and
CE, but were unchanged in diabetic TG. Among the n-3 fatty
acids, in the early stage, diabetes caused increases in the pro-
portions of 18:3n-3 in PL and CE and of 20:5n-3 and 22:6n-3 in
TG, while 22:5n-3 was decreased later in the disease course.
These results suggest reduced ∆5-desaturase activities on
20:3n-6 but not on 20:4n-3, while ∆6-desaturase activity on
18:2n-6 was essentially unaffected. Furthermore, the reduction
in ∆9-desaturase activity in diabetic rats may well explain the
decreases in the proportions of 16:1n-7 and 18:1n-7. However,
the proportion of 18:1n-9, another product of ∆9-desaturase,
was significantly increased in CE and PL as compared to the
controls. Thus, there was a discrepancy between our results and
those of earlier studies with respect to the n-9, n-6, and n-3 fatty
acid proportions of plasma lipids in diabetic rats. We also in-
vestigated age-related changes in the proportions of plasma fatty
acids. Although rather small, age-related changes were evident
in both diabetic and control rats.
Lipids 33, 251–259 (1998).

Several studies have shown that changes in the fatty acid
compositions of phospholipid (PL) are observed in both hu-
mans (1–4) and animals (5–18) with diabetes. These alter-
ations in PL have been reported in a variety of tissues includ-
ing the liver, heart, kidney, aorta, and plasma. Decreases in
palmitoleate (16:1n-7) and arachidonate (20:4n-6) and in-
creases in linoleate (18:2n-6) and eicosatrienoate (20:3n-6)
are common in these tissues, due mainly to suppressed ∆9, 
-6, and -5-desaturase activities in diabetes. ∆6-Desaturase
(E.C. 1.14.99.5), the enzyme considered to be responsible for
the first and rate-limiting step in arachidonic acid synthesis,
catalyzes the conversion of 18:2n-6 to 18:3n-6. Its activity

has been found to decrease rapidly in relation to aging in the
rat testes (6) and more slowly in the liver (19–21). The activi-
ties of ∆9, -6, and -5-desaturases have been shown to be de-
pressed in hepatic microsomes of rats with experimentally in-
duced diabetes (10,11,16–18). These previous findings were
obtained mainly from PL of humans and rats with diabetes
mellitus, and the present results indicate that these enzyme
activities are not suppressed in all tissues. Furthermore, some
desaturase activities are undetectable in tissues such as
platelets, endothelial cells, and skin (22–24). Dang et al. (25)
showed an alternative mechanism by which the fatty acids in
erythrocyte membrane PL were changed via decreased incor-
poration of long fatty acids. On the other hand, the propor-
tions of fatty acids in PL were directly affected by the activi-
ties of PL synthetic and degradative enzymes (26,27). Iritani
et al. (28) reported that acyl-CoA synthetase in rat liver ex-
hibited high selectivity for both n-3 and n-6 polyunsaturated
fatty acids and that acyl-CoA:1-acylglycerol 3-phospho-
choline acyltransferase showed acyl-donor selectivity in the
order of 20:4n-6-CoA > 20:5n-3-CoA ≥ 22:6n-3-CoA. Acyl-
CoA:1-acylglycerol 3-phosphate acyltransferase and/or 1-
acylglycerol 3-phosphocholine acyltransferase activities were
reported to be increased in the livers of rats with experimen-
tally induced diabetes, while mitochondrial phospholipase A2
and lysophospholipase activities were decreased in diabetic
rats (29). Changes in the activities of these enzymes on PL
also may contribute to the altered fatty acid composition of
PL from diabetic animals.

Furthermore, in rats with experimental diabetes, elonga-
tion of fatty acid chains may be affected along with changes
in desaturase activities, possibly accounting, in part, for the
altered fatty acid composition. Triglycerides (TG) and cho-
lesteryl esters (CE), as well as PL, are the major components
of plasma lipoproteins. TG in chylomicrons and very low
density lipoproteins are hydrolyzed to fatty acids and glyc-
erol by lipoprotein lipase, an insulin-sensitive enzyme acti-
vated by the apoC-I protein on the lipoprotein surface. The
deacylation and acylation cycles of TG are therefore one fac-
tor potentially affecting the fatty acid composition of plasma
lipids. To date, little attention has been paid to the effects of
the stage of diabetes or aging on changes in the proportions
of fatty acids associated with diabetes. 

This report describes diabetes-induced and age-related
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changes in the fatty acid compositions of three lipid fractions,
TG, PL and CE, in plasma of diabetic and control rats.

MATERIALS AND METHODS 

Animals. Diabetes was induced in male Wistar rats (5-wk old,
initial weight ~124 g; Sankyo Laboservice, Tokyo, Japan) by
administering streptozotocin (STZ; Sigma, St. Louis, MO)
into the tail vein at a dose of 45 mg/kg body weight (30). Con-
trol rats were injected with 50 mM citrate buffer vehicle (pH
4.5). After STZ-administration, the diabetic rats were allowed
access to 5% (wt/vol) sucrose solution for the next 20 h. The
diabetic and age-matched rats were divided into three groups
each, which were then maintained for 1, 3, and 5 mon and
were given ad libitum access to normal laboratory chow and
water until sacrifice.

Plasma glucose level. The plasma glucose levels of the
nonfasted rats were measured by the electrode method using
Antsense (Miles-Sankyo, Tokyo, Japan). Only rats with non-
fasted blood glucose levels of at least 20 mM for the duration
of the experimental period were considered diabetic.

Lipid extraction and separation. After 1, 3, or 5 mon, rats
were anesthetized, and blood was collected by cardiac punc-
ture. Plasma was obtained by centrifugation at 1,000 × g for
10 min at 4°C. Lipids were extracted from the plasma (100
µL) by the method of Folch et al. (31), and redissolved in 100
µL of chloroform/methanol (2:1) containing 0.02% (wt/vol)
butylhydroxytoluene. An aliquot (40 µL) of the lipid solution
was applied on a silica gel G thin-layer chromatography
(TLC) plate (Merck, Darmstadt, Germany) using petroleum
ether/diethylether/acetic acid (82:28:1, by vol) as the solvent.
Three fractions, CE, TG and PL, were separated and identi-
fied on the TLC plates using authentic standards, and were
employed for the fatty acid analyses.

Fatty acid analysis. The silica gel containing the lipid on
the TLC plates was scraped off and inserted into a screw-
capped test tube for methylation. Direct methylation of the
fatty acids was carried out in 5% HCl–methanol (Wako,
Osaka, Japan) or 14% boron trifluoride–methanol (Tokyo
Kasei, Tokyo, Japan) at 90°C for 1 h with 29.3 nmol of 23:0
as the internal standard. Benzene (1 mL) was added to the CE
samples owing to the poor solubility of CE in methanol dur-
ing methylation. The methyl esters thus formed were extracted
with hexane, dried under a N2 stream, and identified and quan-
tified using a gas–liquid chromatograph (Shimadzu GC-15A;
Kyoto, Japan) with an Omegawax™ 320 capillary column
(0.32 mm × 30 m, Supelco; Bellefonte, PA). The column was
isothermally programmed at a temperature of 60°C for the ini-
tial 3 min, followed by a subsequent increase of 7°C/min from
60 to 180°C, then 3°C/min to 220°C, and finally 1°C/min to
255°C. Helium gas was used as the carrier gas at an approxi-
mate flow rate of 40 mL/min at a split ratio of 1:50 at 3 min
after the injection. The injector and detector temperatures were
240 and 250°C, respectively. The sample volume applied to
the column was 2 µL. The peaks were identified by compari-
son of the retention times with the standards of the Supelco 37

component FAME Mix™ or by gas chromatography–mass
spectrometry analysis (JMS-DX 300 mass spectrometer; Jeol,
Tokyo, Japan). At least 26 fatty acid methyl esters from 12:0
to 22:6n-3 could be identified and quantified by comparison
with the internal standard (see Tables 2, 3, and 4). One batch
of the experimental chow contained 5% (w/w) total lipids with
the following molar percentages of fatty acids: 12:0, 0.01%;
14:0, 0.47%; 16:0, 15.7%; 16:1n-7, 0.86%; 18:0, 3.03%;
18:1n-9, 22.8%; 18:2n-6, 50.3%; 18:3n-3, 3.3%; 20:0, 0.30%;
20:1n-9, 1.33%; 20:2n-6, 0.06%; 20:4n-6, 0.05%; 20:5n-3,
0.75%; 22:0, 0.27%; 22:1n-9, 0.07%; 22:2n-6, 0.02%; 24:0,
0.06%; and 22:6n-3, 0.47%. 

Blood analysis. Washed red blood cells (80 µL) from the
rats were lysed by the addition of 0.1 mL of 0.1%(wt/vol)
octylphenoxypolyethoxyethanol. The relative amounts of gly-
cated hemoglobin (HbA1) were determined in duplicate or
triplicate by the affinity chromatography method with an
m-aminophenylboronic acid–agarose column (Pierce, Rock-
ford, IL). Total cholesterol, TG, and PL in the plasma were
quantified enzymatically using commercial kits (Wako,
Osaka, Japan). Each sample was tested in duplicate.

Statistical analysis. Data are presented as means ± SE.
Data from the diabetic and control groups were compared by
analysis of variance, and P < 0.05 was considered statistically
significant.

RESULTS

The STZ-administered rats showed severe hyperglycemia and
significant increases in HbA1 levels at 1, 3, and 5 mon
(Table 1). TG, PL, and total cholesterol levels were signifi-
cantly elevated in diabetic plasma compared to controls.

To analyze the fatty acid alterations in lipid fractions, the
proportions of fatty acids in diabetic plasma were compared
with those obtained from nondiabetic plasma (Tables 2, 3, and
4). Diabetes caused significant increases in the proportions of
TG fatty acids, 18:2n-6 (5.7–14.7%) and 20:3n-6 (0.3–0.5%)
at 1–5 mon, 22:6n-3 (~1.2%) at 1–3 mon, 18:3n-6 (~0.2%) at
3–5 mon, and 20:5n-3 (0.34%) at 3 mon. As some of these
changes were high in percentage but small in magnitude, the
absolute changes are indicated in parentheses. Decreased
proportions of fatty acids as compared to controls were 
found in diabetic rats as follows: 16:1n-7 [−(1.3–3.2%)],
18:1n-7 [−(0.5–1.8%)], 22:3n-6 [−(0.13–0.16%)], and
22:4n-6 [−(0.04–0.05%)] at 1–5 mon; 12:0 [−(0.4–0.5%)],
14:0 [−(0.8–1.2%)], 16:0 [−(2.6–3.4%)], 16:1n-9 
[−(0.3–0.5%)], and 18:1n-9 [−(2.9–3.5%)] at 1–3 mon;
22:5n-3 [−(0.4–0.6%)] at 3–5 mon; 10:0 (−0.3%), 20:2n-6 
(−1.9%), and 24:0 (−0.3%) at 1 mon (Table 2). In diabetic PL,
the proportions of 18:2n-6 (7–8%) and 20:3n-6 (0.4–0.7%) at
1–5 mon; 18:3n-6 (~0.08%, 1–3 mon), 18:3n-3 (0.06%, 1
mon), 22:4n-6 (0.13%, 3 mon), and 18:1n-9 (0.6%, 5 mon)
were significantly increased (Table 3). The following fatty
acids were significantly decreased as compared to the con-
trols: 16:1n-7 [−(0.4–0.6%)] and 20:4n-6 [−(3.2–5.5%)] at
1–5 mon; 14:0 (−0.4%) and 20:2n-6 [−(0.8–1.2%)] at 1–3
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mon; 18:1n-7 [−(1.5–1.8%), 3–5 mon]; 16:1n-9 (−0.2%) and
22:3n-6 (−0.13%) at 1 mon; 20:1n-9 (−0.14%) at 3 mon;
22:1n-9 (−0.18%), 22:4n-6 (−0.13%), 22:5n-3 (−0.1%), and
24:0 (−0.13%) at 5 mon. In diabetic CE, the most striking in-
creases in the proportions of fatty acids were as follows:
18:2n-6 (12–16%), 20:1n-9 (0.04–0.11%), and 20:3n-6
(0.17–0.31%) at 1–5 mon; 18:1n-9 (4.3–4.6%) and 18:3n-3
(0.33–0.44%) at 1–3 mo; 18:0 (4.4%) and 20:0 (0.3%) at 
1 mon, while fatty acids 16:1n-7 [−(1.2–2.2%)] and 20:4n-6 
[−(12–17%)] at 1–5 mon; 12:0 [−(0.8–0.9%)] at 1–3 
mon; 10:0 [−(0.3–0.5%)], 14:0 [−(0.4–0.6%)], 18:1n-7 
[−(0.4–0.6%)], and 22:5n-3 [−(0.03–0.08%)] at 3–5 mon;
18:3n-6 (−0.2%), 22:0 (−0.1%), and 24:0 (−0.2%) at 1 mon;
20:2n-6 (−1.2%) at 3 mon were decreased (Table 4).

Figure 1 shows changes in the fatty acid profiles of the
three lipid fractions from diabetic vs. control rats. Among the
n-6 fatty acids (Fig. 1A–C), significant increases in the pro-
portions of 18:2n-6 and 20:3n-6 were observed in all lipid
fractions from the diabetic animals at all time points. The pro-
portions of 18:3n-6, the product of ∆6-desaturase from
18:2n-6, showed complex changes in the diabetic rats: signif-
icant increases in PL at 1–3 mon and TG at 3–5 mon and a
decrease in CE at 1 mon. In PL and CE, 20:4n-6 was signifi-
cantly reduced over the entire study period, suggesting ∆5-
desaturase activity to be reduced in diabetic rats. However,
20:4n-6 was unchanged in TG. The proportion of fatty acid
22:4n-6 in diabetic TG was clearly decreased at all time
points compared to that in control rats, while that in PL was
increased at 3 mon and then decreased at 5 mon. Thus, pro-
files of the n-6 fatty acids in PL and CE were similar except
for 18:3n-6 at 1 mon. 

Among the n-3 fatty acids (Fig. 1D–F), the proportion of
initial precursor, 18:3n-3, was significantly higher in diabetic
CE (1–3 mon) and PL (1 mon) than in controls, while there
was no significant change in TG. The fatty acids 18:4n-3 and
20:4n-3 were not detected in any lipid fractions examined.
The acid 20:5n-3, the product of ∆5-desaturase, was slightly
but significantly increased in diabetic TG at 3 mon, but no
significant changes were observed at other time points in TG
or the other lipids as compared to the controls. The propor-

tions of 22:5n-3 were decreased in the late stage of diabetes
in all three lipids. The acid 22:6n-3 was significantly in-
creased in TG (1–3 mon), while there were no significant
changes in PL and CE as compared to controls.

Among the n-7 fatty acids, 16:1n-7 was significantly re-
duced in all fractions (Fig. 1G–I), suggesting reduced ∆9-de-
saturase activity in diabetic rats. The elongation product of
16:1n-7, 18:1n-7 was decreased in all three lipid classes at
3–5 mon.

Among the n-9 metabolites, a large increase in 18:0 was
observed only in the diabetic CE at 1 mon. Owing to the high
percentage of 18:1n-9 (23%) in the diet, the proportions of
18:1n-9 in TG from both groups were higher (15–20%) than
those in other lipids. However, 18:1n-9 was decreased in TG
from diabetic rats (1–3 mon), despite polyphagia, as com-
pared to controls. On the contrary, significant increases in the
proportions of 18:1n-9 in CE (1–3 mon) and PL (5 mon) were
observed. The proportion of 20:1n-9, the elongation product
of 18:1n-9, was significantly increased in CE but reduced in
PL of diabetic rats at 3 mon (Table 4). The acid 16:1n-9 was
significantly decreased in diabetic TG (1–3 mon) and PL (1
mon) as compared to controls, whereas CE showed no signif-
icant change. The longer-chain fatty acid 22:1n-9 did not dif-
fer markedly between the two groups (TG and CE).

Significant age-related decreases in the proportions of the
following fatty acids were seen in control TG: 10:0, 12:0,
14:0, 16:0, 16:1n-9, 18:0, and 24:0, while there were signifi-
cant increases in 18:2n-6, 18:3n-3, 22:1n-9, 22:5n-3, and
22:6n-3 (Table 2). In diabetic TG, significant age-related in-
creases were observed in n-3 and particularly n-9 fatty acids,
specifically, 18:1n-9, 18:3n-3, and 22:1n-9. The proportions
of n-3 fatty acids were not increased in control TG, while
those of 18:0, 20:4n-6, 22:5n-3, and 22:6n-3 were signifi-
cantly decreased. The control PL showed significant age-re-
lated reductions in 16:0, 16:1n-9, 18:0, 20:2n-6, and 22:3n-6
and significant increases in 18:1n-7, 18:2n-6, 18:3n-6,
20:1n-9, 20:4n-6, 20:5n-3, and 22:1n-9 (Table 3). In diabetic
PL, significant age-related reductions were seen in 18:0, 20:0,
and 22:5n-3, significant increases in 18:1n-9, 18:2n-6,
20:1n-9, 20:5n-3, and 22:4n-6. The diabetic CE showed age-
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TABLE 1
Comparison of the Levels of Blood Glucose, HbA1 and Plasma Lipid Concentrations in STZ-Induced Diabetic and Control Ratsa

1 Mon 3 Mon 5 Mon

Blood glucose Control 6.84 ± 0.54 (n = 5) 6.46 ± 0.37 (n = 6) 6.30 ± 0.56 (n = 7)
(mM) Diabetic 33.5 ± 1.1 $ (n = 6) 35.5 ± 3.2 $ (n = 5) 30.4 ± 3.1 $ (n = 7)

HbA1 Control 3.28 ± 0.30 (n = 5) 3.04 ± 0.09 (n = 6) 2.82 ± 0.13 (n = 7)
(%) Diabetic 11.9 ± 0.57 # (n = 6) 14.8 ± 0.47 # (n = 5) 12.2 ± 0.56 # (n = 7)

Triglyceride Control 0.67 ± 0.14 (n = 5) 1.55 ± 0.27 (n = 6) 1.49 ± 0.25 (n = 7)
(mM) Diabetic 3.20 ± 1.01 (n = 6) 7.29 ± 2.06 + (n = 5) 7.85 ± 3.73 + (n = 7)

Phospholipid Control 1.29 ± 0.18 (n = 5) 1.62 ± 0.09 (n = 6) 1.77 ± 0.15 (n = 7)
(mM) Diabetic 1.99 ± 0.48 (n = 6) 4.09 ± 0.69 + (n = 5) 4.27 ± 1.36 * (n = 7)

Total cholesterol Control 1.74 ± 0.22 (n = 5) 1.54 ± 0.09 (n = 6) 2.07 ± 0.19 (n = 7)
(mM) Diabetic 3.04 ± 0.40 (n = 6) 6.16 ± 1.88 # (n = 5) 3.69 ± 0.65 (n = 7)

aRats (124 ± 1 g initial weight) were injected (i.v.) with streptozotocin (STZ) at a dose of 45 mg/kg body weight. Values are expressed as means ± SE. Mea-
surement of hemoglobin A1 (HbA1) and blood chemistry analyses were performed in duplicate on number of rats, as indicated in parentheses. #, P < 0.001;
$, P < 0.005; *, P < 0.01; +, P < 0.05 vs. control.
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related reductions in 18:0, 20:0, 20:1n-9, and 22:6n-3, while
18:3n-6 and 20:4n-6 were increased. In control CE, 12:0,
22:0, and 22:6n-3 increased, while 18:1n-7 and 22:5n-3 de-
creased with aging (Table 4). In the late stage of diabetes, the
fatty acid proportions in CE exhibited complex changes not
seen in controls; saturated fatty acids were increased at 1 mon
and then decreased, while unsaturated fatty acids showed the
opposite changes. Monounsaturated acids were elevated at 1
and 3 mon in diabetic rats.

DISCUSSION

We found that rats with STZ-induced diabetes showed char-
acteristic alterations in the proportions of plasma lipid fatty
acids comparable to those in the diabetic rat liver. The pro-
portions of 18:2n-6 and 20:3n-6 in diabetic plasma were in-
creased over the entire experimental period in all three lipids,
while 16:1n-7 and 20:4n-6 were reduced as compared to the
control rats. The levels of 18:3n-6 formed by the action of ∆6-
desaturase on 18:2n-6 decreased significantly in essentially
the same manner as in diabetic PL and CE, showing ∆6-
desaturase activity to be decreased in diabetic rats. Alter-
ations in the fatty acid proportions of microsomal PL in rats
with STZ-induced diabetes have been thoroughly investi-
gated and well described. Direct evidence of fatty acid
changes was obtained from in vitro experiments in which rat
hepatic microsomal ∆9-, ∆6-, and probably ∆5-desaturase ac-
tivities were decreased (10,11,16–18). These decreases in en-
zyme activities led to increases in 18:2n-6, 18:3n-6, and
20:3n-6 and decreases in 16:1n-9 and 20:4n-6 in diabetic
human and rat hepatic PL (1–15). However, the results of the
present study apparently contradict these earlier observations.
We found that while one of the ∆9-desaturase products,
16:1n-7, was significantly decreased in all three lipids in dia-
betic plasma (1–5 mon), another ∆9-desaturase product,
18:1n-9, in CE in the early stage (1–3 mon) and in PL in the
late stage of diabetes (5 mon), was unexpectedly increased.
These findings indicate a discrepancy between diminished
∆9-desaturase activity and an increased proportion of one of
its products. Because the chow given to the experimental rats
contained a rather small amount of 16:1n-7 and an abundance
of 18:1n-9, despite the higher chow intake of 18:1n-9 in the
diabetic rats, the 18:1n-9 change was found to be smaller in
diabetic TG. Furthermore, 18:3n-6, a product of ∆6-desat-
urase, was decreased as expected in CE only at 1 mon while
being unexpectedly increased in PL in the early stage and TG
in the late stage of diabetes, as compared to controls. Dang
et al. (9) observed that the proportions of fatty acids in lipids
isolated from plasma and red cells of rats (more than 2 mon
old) with diabetes (for 2–3 wk) were significantly altered,
while those in platelets and apparently the aorta were un-
changed until a later stage (6 wk). These authors reported a
significant 20:4n-6 increase in TG and significant 20:4n-6 de-
creases in PL and CE in 2–3-wk diabetic rats. Thus, the pro-
portion of 20:4n-6 in diabetic plasma TG is not apparently re-
duced compared to that of controls. However, the mechanism

underlying the stability of these fatty acid levels in plasma
TG is unclear.

Voss et al. (32) have proposed a novel pathway in rat he-
patocytes for the synthesis of 22:6n-3, a route independent of
∆4-desaturase, which involves elongation of 22:5n-3 and ∆6-
desaturation of its product followed by chain shortening via
β-oxidation. ∆6-Desaturase is the rate-limiting enzyme for
the synthesis of 20:4n-6 from 18:2n-6. It is noteworthy that,
despite the significant decrease in the proportion of 22:5n-3
in all three lipid fractions during the late stage of diabetes, the
proportion of 22:6n-3 was significantly increased in TG at
1–3 mon while being unchanged in CE and PL. Furthermore,
neither the proposed ∆6-desaturase product, 24:6n-3, nor
24:5n-3 was detected in our study. ∆5-Desaturase activities
on the n-6 fatty acid 20:3n-6, but not the n-3 fatty acid
20:4n-3, were reduced. One possible explanation is that ∆5-
desaturase exists as two distinct enzymes, as is the case with
∆9- and possibly ∆6-desaturase (33–35).

Elongation of 16:1n-7 to 18:1n-7 was significantly in-
creased in CE and PL of diabetic animals. However, elonga-
tion of 18:1n-9 to 20:1n-9 was decreased in all three lipid
fractions. 

In diabetic rats, there was an overall decrease in the pro-
portions of short-chain saturated fatty acids (10:0–16:0) as
compared to controls. In TG, the proportions of 10:0, 12:0,
14:0, and 16:0 were reduced only in the early stage, whereas
in CE, the proportions of 10:0 and 14:0 decreased in the late
stage. Besides the saturated fatty acids discussed above, in
control TG, the proportions of monounsaturated 16:1n-9 were
age-dependently decreased, whereas the proportions of
18:2n-6 and 22:1n-9, and the n-3 fatty acids 18:3, 22:5 and
22:6, were increased. In diabetic TG, only the proportions of
18:0 and 20:4 showed age-related decreases, while 16:1n-9
and 18:1n-9 were increased, as were the fatty acids of which
the proportions were increased in controls. In control PL,
there were age-related decreases in the proportions of 16:0,
16:1n-9, 18:0, 20:2n-6, and 22:3n-6, the former three also
being seen in control TG, and age-related increases in the pro-
portions of 18:2n-6, 20:1n-9, and 20:5n-3 in both diabetic and
control PL. In CE, only a few fatty acids showed age-related
proportional changes.
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ABSTRACT:  This study compared (i) the relative effects of long-
chain triglycerides (LCT) and medium-chain triglycerides
(MCT), (ii) the influence of amount of MCT, and (iii) the impact
of medium-chain fatty acid position, on plasma and lymphatic
triglycerides and portal vein free fatty acids. The animals were
fed approximately at 250 kcal/kg · day for 20 h. The lymph from
lymphatic duct and blood from portal vein and systemic circu-
lation were collected. The results showed that feeding 100%
MCT for 20 h was sufficiently long to reduce significantly the
level of linoleic acid in portal vein fatty acids and plasma and
lymph triglycerides. However, this alteration induced by MCT
feeding was partially prevented by adding LCT to the diet. The
level of arachidonic acid was significantly reduced in plasma
triglycerides by any of the diets containing medium-chain fatty
acids compared to 100% LCT. When feeding MCT only, palmi-
toleic acid, presumably reflecting de novo lipogenesis, was in-
creased in lymphatic triglycerides and portal vein fatty acids.
Total saturated fatty acids as a total percentage of total fatty
acids were also significantly increased in plasma and lymphatic
triglycerides and portal vein fatty acids. Thus, when linoleic
acid is limiting, the conversion of MCT into long-chain fatty
acids by de novo lipogenesis is likely to be an important meta-
bolic route. Providing LCT with MCT or 2-monodecanoin ap-
pears to limit this pathway.
Lipids 33, 261–266 (1998).

It has long been known that the chain length and position of
dietary fatty acids in the triglyceride structure are two impor-
tant factors that influence lipid metabolism. For instance,
medium-chain triglycerides (MCT) when consumed enterally
are quickly hydrolyzed and rapidly absorbed into the intesti-
nal cells, whereas long-chain triglycerides (LCT) are ab-
sorbed as free fatty acids and 2-monoglycerides after micel-
lar formation (1–3). Moreover, after intestinal absorption,
medium-chain fatty acids travel principally via the portal vein
esterified to albumin, while LCT are largely reesterified in the
intestinal cell into triglycerides by linking free fatty acids to
the 2-monoglyceride and are incorporated into chylomicra to
travel via the lymphatics into the circulation. MCT are also

cleared more rapidly from the circulation compared to LCT.
Given these metabolic differences, MCT can have a number
of benefits in certain clinical situations. 

For instance, a 50:50 physical mixture of LCT and MCT
was found to be superior to 100% LCT emulsion owing to
more rapid metabolic utilization and reduced deposition as
fat in our previous animal study (4). Moreover, when subjects
consumed a transesterified mixture of 50% MCT and 50%
LCT as safflower oil, the mean serum cholesterol concentra-
tions fell as compared to LCT alone (5). It appears that MCT
or medium-chain fatty acids in the 2-position are favorable
for displacing cholesterol-raising fatty acids, because it has
been demonstrated that during reesterification the saturated
long-chain fatty acids esterified to the 2-position raise choles-
terol concentrations more than when esterified to the 1- or 3-
position (5). Recent studies also demonstrate that MCT in-
crease hepatic lipogenic enzyme activity in the liver (6) with
the synthesis of saturated long-chain fatty acids when very
large amounts of MCT are provided with very limited
amounts of LCT or no LCT (7). Therefore, the various poten-
tial metabolic pathways of MCT are not completely known
and could be influenced particularly by the amount of MCT
feeding, the position of medium-chain fatty acids on the glyc-
erol molecule, as well as the presence or absence of LCT.

The present study was designed to compare after enteral
feeding: (i) the different effects of LCT and MCT when given
alone; (ii) the influence of amount of isomolar mixture of
MCT and LCT; and (iii) the impact of medium-chain fatty
acid position on portal vein fatty acid and plasma and lym-
phatic triglyceride fatty acid composition in rats. L-Emental
(Nutrition Medical, Buffalo, MN), a complete enteral nutri-
tion formula, was used as the base feeding solution, because
calories provided by fat are low (only 2.5%) in this diet. All
the fat sources were added into the base feeding solution in
isomolar amounts to reach total calories of approximately 250
kcal/kg · day with 25% of nonprotein from fat. Completely
isocaloric comparison was not possible owing to the lower
caloric content of medium-chain fatty acids and the presence
of only one medium-chain fatty acid in 2-monodecanoin (2-
mono). Animals were constantly fed for 20 h before blood
samples were taken. The free fatty acids and triglyceride fatty
acids were determined in the portal vein, lymphatic fluid, and
plasma, respectively, to help define the effects of absorption
pathway. The results suggest that by feeding MCT only, with
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linoleic acid limiting, the conversion of MCT into long-chain
fatty acids by de novo lipogenesis is likely to be an important
metabolic route. Providing LCT with MCT or 2-mono ap-
pears to limit this pathway. This could be due either to greater
amounts of linoleic acid or lesser amounts of medium-chain
fatty acid or to the combination.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (Taconic Farms, Ger-
mantown, NY), weight 280–300 g, were housed in stainless-
steel wire-bottom cages and exposed to a 12-h light–dark
cycle at ambient temperature for 5 d before experimentation.
Animals were provided with standard laboratory chow and
water ad libitum during this period. The experiment was ap-
proved by the Animal Care Committee of the Beth Israel Dea-
coness Medical Center, which follows guidelines prepared by
the Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources of the National Re-
search Council.

Under ether anesthesia, a silicone catheter (0.025 mm i.d. ×
0.047 mm o.d.; Silastic™, Dow-Corning Laboratories, Corn-
ing, NY) was inserted into the antrum of the stomach and ad-
vanced ~1 cm beyond the pylorus for enteral feeding. The
catheters were tunneled subcutaneously and exteriorized at
the midscapular region and connected to a flow-through
swivel (Instech Laboratories, Philadelphia, PA) that allowed
for uninterrupted infusion and free movement by the rats.
Rats were housed individually in wire-bottomed cages during
recovery and had free access to rat chow diet and tap water.
Normal saline was infused at 2 mL/h through the catheter to
maintain patency of the catheter.

After 24 h of recovery from surgery, the rats were ran-
domly assigned to four different feeding groups. The L-
Emental enteral nutrition (Nutrition Medical) was used as a
base formula. The different fats were added to meet condi-
tions of 25% nonprotein calories provided by fat source at ap-
proximate total of 250 kcal/kg · day. Four different lipids were
included: a commercial sunflower oil (LCT group) (distrib-
uted by Sunfresh Inc., West Seneca, NY), a standard MCT
mixture (Mead Johnson, Evansville, IN) (MCT group), an
isomolar mixture of 50% LCT and 50% MCT (LCT/MCT
group) and an isomolar mixture of 50% LCT and 50% 2-mon-
odecanoic acid (Stepan Company, Maywood, NJ) (LCT/2-
mono group). All the fat sources were in isomolar amounts
based on the calculation from LCT. The fat was provided at
approximately 0.29 g/h in LCT group, 0.30 g/h in MCT
group, and 0.30 g/h in LCT/MCT and LCT/2-mono groups.
Although the different fat sources were controlled at isomolar
amounts, the caloric content per gram of fat in each diet was
slightly different. All the animals were constantly fed with
these diets for 20 h at 2.2 mL/h to reach a steady-fed state. At
the end of feeding, under ether anesthesia all the animals had
a lymph sample collected over one-half hour through silicone
tubing inserted into the lymphatic duct while feeding was
continued and a blood sample (1–1.5 mL) taken from the por-

tal vein by direct venipuncture. During anesthesia, breathing
and muscle tension were monitored. Finally, a systemic blood
sample was collected at sacrifice. All the samples were stored
under nitrogen at −20°C until assay to avoid oxidation of
lipids.

Analysis. The components of plasma triglycerides or free
fatty acids were extracted according to the method reported
by Folch et al. (8) with modification. Systemic plasma (1
mL), portal plasma (0.5 mL), or lymph fluid (0.2 mL) was
mixed with chloroform/methanol (2:1, vol/vol) solution and
water (8 and 1 mL, respectively). Tritridecanoic acid or tride-
canoic acid (C13:0) (Sigma Chemical Co., St. Louis, MO) was
added to each sample before lipid extraction. Triglyceride and
free fatty acids were separated on thin-layer plates using a
mobile phase of petroleum ether/diethyl ether/glacial acetic
acid (80:20:1, by vol), and identified relative to the migration
of standards using dichlorofluorescein spray. The triglyceride
and free fatty acid bands were isolated, hydrolyzed, and
methylated under nitrogen with 14% BF3 in methanol for 45
min in a steam bath in a closed system. The fatty acid methyl
esters were separated using a Hewlett-Packard 5890 series II
gas chromatograph (Palo Alto, CA) after some evaporation
of solvent to reduce the sample size. The column used was a
50-m fused-silica capillary column containing SP-2330 as the
stationary phase with a 0.20-µm film thickness (Supelco,
Bellefonte, PA). The relative mole percentage of individual
fatty acids was identified and quantified using Chem Station
software (Hewlett-Packard) based on the relative responses
of an external standard of pure tridecanoic acid methyl esters
(Nu-Chek-Prep, Elysian, MN). The recovery rate of known
amounts (from approximately 0.005–0.04 µmol/mL) of 10:0
and 18:0 under our assay conditions was 86.5 ± 4.5% and
102.9 ± 4.8% (mean ± SEM), respectively.

Statistics. The data were presented as mean ± SEM. The
significant comparison among four different groups was de-
termined using one-way analysis of variance with LSD as the
post hoc test. Significance was set at P < 0.05.

RESULTS

The free fatty acid profiles in portal vein plasma are listed in
Table 1. No medium-chain free fatty acids were detected in
the portal vein when feeding MCT-containing diets, includ-
ing 100% MCT, 50% MCT, and 50% of 2-mono for 20 h, pre-
sumably owing to the continuous nature of the feeding. How-
ever, feeding with these three medium-chain fatty acid-con-
taining diets significantly increased the amount of palmitoleic
acid (16:1n-7) as compared to the LCT diet (P < 0.01). The
greatest effect was observed in the MCT group, followed by
LCT/2-mono and LCT/MCT groups. These changes in palmi-
toleic acid in the MCT group were associated with the great-
est decreases in linoleic acid (18:2n-6) and arachidonic acid
(20:4n-6). The total free fatty acids in the portal vein were
higher but not significantly so in the MCT group compared to
other groups.

Table 2 lists the changes in triglyceride fatty acids in the
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lymph. Decanoic acid (10:0) was detected in all groups. Al-
though substantially more 10:0 was found in medium-chain
fatty acid-containing groups, there were statistically no signif-
icant differences among all groups owing to the great variabil-
ity of the data. MCT feeding significantly increased the palmi-
toleic acid and oleic acid (18:1n-9) content compared to other
groups (P < 0.05). In contrast, MCT feeding significantly de-
creased the content of linoleic acid. There were no differences
in arachidonic acid, docosahexaenoic acid (22:6n-3) and total
fat content among groups.

The changes in fatty acids in plasma triglycerides are listed
in Table 3. No MCT was detected in the systemic circulation
in any group. MCT feeding led to slight but not significant in-
creases in palmitic acid (16:0), palmitoleic acid, and oleic
acid (18:1n-9) as compared to other groups. The arachidonic
acid content of triglycerides was significantly higher in the
LCT group as compared to the three MCT groups, whereas
linoleic acid was significantly different only from 100%
MCT. The lowest linoleic acid content was in the MCT group,

which was significantly lower than LCT/2-mono and margin-
ally significant when compared to LCT/MCT. The total fatty
acids were not significantly different among groups.

Figure 1 presents the percentage total saturated fatty acids
of the total fatty acids in portal vein and lymph and plasma
triglycerides. The saturated fatty acids (i.e., 12:0, 14:0, 16:0,
and 18:0) in portal vein triglyceride were significantly higher
in the MCT group compared to LCT and LCT/MCT groups.
The total saturated fatty acids as a percentage of total fatty
acids in the lymph triglyceride were significantly higher in the
MCT group as compared to other groups. The total percentage
of saturated fatty acid in plasma triglycerides was also signifi-
cantly higher in the MCT group compared to other groups.

DISCUSSION

In the present study, feeding 100% MCT as the principal lipid
source in the diet for 20 h significantly reduced the level of
linoleic acid in plasma triglycerides in the systemic circulation

MEDIUM CHAIN FATTY ACIDS AND LIPID METABOLISM 263

Lipids, Vol. 33, no. 3 (1998)

TABLE 1
Free Fatty Acid Compositiona in Portal Plasma

Fatty acids LCT (5) MCT (6) LCT/MCT (6) LCT/2-mono (7)

C12:0 5.37 ± 0.96 4.65 ± 1.38 4.87 ± 1.07 3.76 ± 0.62
C14:0 4.21 ± 0.35 4.88 ± 1.03 4.06 ± 0.59 5.09 ± 0.70
C16:0 33.56 ± 2.68 40.88 ± 3.25 34.48 ± 2.70 39.38 ± 2.58
C16:1n-7b 3.07 ± 0.73 13.82 ± 2.56c 5.75 ± 0.99d 10.89 ± 2.02e

C18:0 9.71 ± 0.47 10.35 ± 2.14 9.75 ± 1.33 9.34 ± 0.60
C18:1n-9 10.55 ± 2.68 13.44 ± 3.46 14.28 ± 2.93 12.54 ± 2.80
C18:2n-6f 26.31 ± 3.41 14.79 ± 1.49g 17.61 ± 2.56 23.85 ± 4.25
C20:4n-6f 4.23 ± 0.46 2.02 ± 0.50g 3.31 ± 0.60 4.57 ± 1.13
C22:6n-3 1.52 ± 0.01 1.01 ± 0.27 1.51 ± 0.06 Not detected

Total fath,i 0.05 ± 0.01 0.11 ± 0.02 0.07 ± 0.01 0.07 ± 0.00
aMean ± SEM: percentage calculated as (mol fatty acid/mol total fatty acid) × 100.
bP < 0.01, fP = 0.05, hP = 0.07 by one-way analysis of variance (ANOVA).
cP < 0.05 vs. LCT and LCT/MCT, dP = 0.07 vs. LCT/2-mono, eP < 0.05 vs. LCT.
gP < 0.05 vs. LCT and LCT/2-mono by least significant difference (LSD) test.
iMean ± SEM: µmol/mL. LCT, long-chain triglycerides; MCT, medium-chain triglycerides; 2-
mono, 2-monodecanoin.

TABLE 2
Fatty Acid Composition in Lymph Triglyceride

Fatty acidsa LCT (5) MCT (6) LCT/MCT (6) LCT/2-mono (7)

C10:0 0.03 ± 0.02 3.89 ± 1.98 1.08 ± 0.28 1.96 ± 0.96
C12:0 0.13 ± 0.04 0.34 ± 0.08 0.13 ± 0.01 0.29 ± 0.08
C14:0 0.33 ± 0.07 0.45 ± 0.08 0.39 ± 0.08 0.38 ± 0.10
C16:0 18.54 ± 2.27 18.22 ± 2.24 19.32 ± 2.55 18.28 ± 3.34
C16:1n-7b 0.87 ± 0.33 3.02 ± 0.84c 1.71 ± 0.32 1.00 ± 0.27
C18:0 5.80 ± 1.21 5.36 ± 0.95 5.45 ± 0.72 4.68 ± 0.76
C18:1n-9d 23.80 ± 2.25 36.27 ± 3.22e 23.86 ± 1.80 26.33 ± 1.75
C18:2n-6b 40.89 ± 3.65 23.05 ± 6.96c 38.78 ± 3.47 41.23 ± 2.99
C20:4n-6 4.41 ± 1.29 3.78 ± 0.84 4.09 ± 0.91 2.65 ± 0.95
C22:6n-3 1.39 ± 0.44 1.15 ± 0.32 1.34 ± 0.34 0.89 ± 0.33

Total fatf 2.15 ± 1.22 1.19 ± 0.35 2.03 ± 0.61 1.72 ± 0.84
aMean ± SEM: percentage calculated as (mol fatty acid/mol total fatty acid) × 100.
bP < 0.05, dP < 0.05 by one-way ANOVA.
cP < 0.005 vs. LCT and LCT/2-mono, eP < 0.005 MCT vs. all other groups by LSD test.
fMean ± SEM: µmol/mL. See Table 1 for abbreviations.



to a level one-third that observed in LCT. Moreover, the period
of feeding (20 h) was also sufficient to significantly reduce the
level of arachidonic acid, a principal end-product of linoleic
acid. However, these alterations in linoleic acid induced by
MCT feeding were partially prevented by adding LCT to the
diet. In the current study, when half of MCT was replaced by
LCT, the relative amount of linoleic acid was doubled in
plasma in LCT/MCT as compared to MCT alone, although the
content of linoleic acid was still lower in the LCT/MCT and
LCT/2-mono group compared to the LCT group.

Our results also showed that the constant feeding with
100% MCT did not lead to the appearance of medium-chain
fatty acids in portal vein fatty acids. The three medium-chain
fatty acid-containing diets also did not lead to the appearance
of medium-chain fatty acids in plasma triglycerides. These
results are not consistent with previous findings. It was re-
ported that decanoic acid (10:0) infused alone was essen-
tially transported through the portal system (9). Bougneres
et al. (10) found very high plasma concentrations of octanoic
(8:0) plus decanoic acid (10:0) in full-term and preterm in-
fants 1 h after a single intragastric dose of 2.8 mL MCT/kg

body weight. In healthy adults, MCT also modestly elevated
plasma concentrations of medium-chain fatty acids in
triglycerides after oral administration of MCT oil (11,12).
The following possibilities may contribute to the discrep-
ancy. Most important, feeding parameters were different in
each study. In the present study, the dietary MCT was given
continuously as an emulsion, providing a relatively lower
dose of MCT per unit time, and MCT was mixed with other
nutrients. In the previous studies, MCT was given as either
bolus injection or a higher dose of infusion alone. Therefore,
the levels of MCT transported via the portal system would
be expected to be lower in the present study, and even below
the detectable range, when compared to those in earlier stud-
ies. It is also possible that metabolic transformation of
medium-chain fatty acids by de novo lipogenesis and lym-
phatic transport as a long-chain triglyceride may become an
important pathway under these conditions rather than portal
transportation as medium-chain fatty acids. Certainly, fur-
ther studies are needed to identify directly the different meta-
bolic pathways between the steady-state feeding and the
bolus feeding conditions.
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TABLE 3
Fatty Acid Composition in Plasma Triglyceride

Fatty acidsa LCT (5) MCT (6) LCT/MCT (6) LCT/2-mono (7)

C12:0 Not detected 5.37 ± 4.27 0.29 ± 0.07 0.35 ± 0.06
C14:0 0.46 ± 0.09 1.93 ± 0.61 1.14 ± 0.15 1.45 ± 0.15
C16:0 28.57 ± 3.86 35.60 ± 3.89 24.67 ± 1.85 33.78 ± 3.27
C16:1n-7 6.05 ± 1.77 13.15 ± 3.08 9.02 ± 1.49 10.23 ± 2.83
C18:0 2.11 ± 0.15 3.02 ± 0.94 2.00 ± 0.26 1.73 ± 0.15
C18:1n-9 24.55 ± 3.54 26.93 ± 5.89 22.59 ± 1.87 20.96 ± 1.82
C18:2n-6b 30.14 ± 5.33 9.93 ± 1.57c,d 20.45 ± 2.18 23.11 ± 4.21
C20:4n-6b 5.79 ± 1.39e 3.05 ± 0.69 3.83 ± 0.84 2.76 ± 0.53
C22:6n-3 3.97 ± 0.72 1.82 ± 0.45 1.61 ± 0.19 2.28 ± 0.88

Total fatf 0.38 ± 0.18 0.33 ± 0.13 0.68 ± 0.40 0.17 ± 0.04
aMean ± SEM: percentage calculated as (mol fatty acid/mol total fatty acid) × 100. bP < 0.01
by one-way ANOVA. cP < 0.01 vs. LCT and LCT/2-mono. dP = 0.06 vs. LCT/MCT. eP < 0.05
all by LSD test. fMean ± SEM: µmol/mL. See Table 1 for abbreviations.

FIG. 1. Total saturated fatty acids as a percentage of total fatty acids in portal vein fatty acids,
lymphatic, and plasma triglycerides. *P < 0.05 vs. long-chain triglycerides (LCT) and LCT/2-
monodecanoic acid (2-mono); # P < 0.05 vs. all by one-way analysis of variance with least
significant difference test. MCT, medium-chain triglycerides.



MCT feeding significantly increased the percentage of
total saturated fatty acids in the portal vein fatty acids and
palmitoleic and oleic acids in lymph triglyceride. It is well
recognized that palmitoleic and oleic acids can derive from
both dietary and endogenous origin. However, in the present
study, MCT feeding did not provide these specific long-chain
fatty acids. Although a possible source, it is unlikely that
these two fatty acids were released from adipose tissues,
given that the study was conducted in the fed-state at hyper-
caloric levels and feeding was continuous. Therefore, the
higher levels of these fatty acids in the portal circulation and
lymph are likely to be the results of de novo lipogenesis. Al-
though de novo lipogenesis from MCT has been reported in
premature infants with MCT feeding (13), the synthesis of
fatty acids by this route is costly in terms of energy and is as-
sociated with a thermogenic cost of from 30 to as much as
100% of the MCT content of the diet (14,15). Thus, the pre-
sent data provide further information that the conversion of
MCT into long-chain fatty acids is likely to be an important
route after its ingestion when linoleic acid intake is severely
limited, especially in a well-fed state. However, that the con-
tents of C16 and C18 saturated and monounsaturated fatty
acids in portal vein fatty acids and lymph triglycerides in
LCT/MCT and LCT/2-mono groups were not significantly
different from the LCT group suggested the processes of de
novo lipogenesis from medium-chain fatty acids are modu-
lated by the long-chain fatty acid content of the diets (16–19).

It is also interesting to note that the changes in fatty acid ap-
pearance of palmitoleic acid induced by MCT feeding were
most prominent in the portal vein, followed by the lymph
triglyceride and least apparent in the systemic circulation. Pre-
sumably this endogenous fatty acid is largely synthesized in the
intestine and then transported to some extent as a fatty acid by
the portal vein, and in the lymph as a triglyceride, finally reach-
ing the systemic circulation where fatty acid composition is in-
fluenced by the contributions from hepatic triglyceride produc-
tion. Indeed, the incorporation of octanoic acid into fatty acids
with chain length greater than 12 carbon atoms has been ob-
served in intestinal slices (20,21). However, the relative contri-
bution of liver and intestine to this de novo lipogenesis was not
measured, and certainly the liver also contributes (6).

The percentage of total saturated fatty acids in lymphatic
and systemic triglycerides was significantly higher in the
MCT group when compared to each of the LCT-containing
groups. However, there were no substantial differences found
between LCT/MCT and LCT/2-mono except for the percent-
age of palmitoleic acid in the portal vein. LCT/2-mono in-
creased the proportion of palmitoleic acid compared to
LCT/MCT, although the difference was marginal (P = 0.07).
The LCT/2-mono diet contains similar amounts of 10:0 but
more 10:0 in the 2-position than the LCT/MCT diet. This is
because one-third of the fatty acids in MCT are 10:0, but they
are randomly distributed. The MCT diet would have six times
as many medium-chain fatty acids as the LCT/2-mono diet
but only twice as many 10:0, with two-thirds as many in the
2-position. One might anticipate that 10:0 fatty acids in the 2-

position would be more likely to traverse the lymphatic route
and might be metabolically more active in de novo lipogene-
sis. Although it is possible these differences contributed to
the changes seen in palmitoleic acid in the portal vein, this is
very speculative. Certainly, more study is needed to explore
these possibilities. 

In summary, the present study confirms previous findings
that MCT feeding without linoleic acid appears to rapidly fos-
ter de novo lipogenesis, which might be considered early evi-
dence of essential fatty acid deficiency. Providing LCT with
either MCT or 2-mono effectively limits the former pathway.
Our results thus suggest that continuous feeding is likely to
produce markedly different pathways of medium-chain fatty
acid utilization under conditions of energy surfeit than has
been found with bolus or meal feeding.
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ABSTRACT: Contribution of different gut segments to plant
sterol absorption, adaptation of plant sterol absorption after par-
tial small bowel resection, and effects of gut transplantation (ne-
cessitates extrinsic autonomic denervation and lymphatic dis-
ruption) on plant sterol biodynamics are unclear. We studied
the consequences of massive proximal small bowel resection
and autotransplantation of the remaining ileum on the adaptive
absorption and biodynamics of plant sterols. Dietary, fecal, bil-
iary, hepatic and plasma plant sterols, fecal elimination and ab-
sorption of cholesterol, small bowel morphology, and intestinal
transit were determined before (n = 5) and at 4, 8, and 14 wk
after resection of the proximal 75% of the jejunoileum (n = 15)
and autotransplantation of the remaining ileum (n = 15) or tran-
section (n = 5). Proximal gut resection significantly reduced
cholesterol absorption efficiency; percentage absorption and
biliary secretion of plant sterols; plasma, biliary and hepatic
campesterol-to-cholesterol proportions; and sitosterol propor-
tions in plasma and bile. Autotransplantation of the remaining
ileum further significantly decreased cholesterol absorption effi-
ciency; percentage absorption and biliary secretion of campes-
terol; campesterol proportions in plasma, bile and liver; and
plasma proportions of sitosterol while increasing fecal excre-
tion of neutral and acidic steroids. Plasma proportions of the
two plant sterols, but absorption of just campesterol, were grad-
ually improved with increasing cholesterol absorption and villus
height after proximal gut resection; the same result was ob-
served to a lesser degree after ileal autotransplantation. In addi-
tion, significant positive correlations were found between per-
centage cholesterol and campesterol absorption and the plasma
plant sterol proportions in both proximal resection groups, be-
tween campesterol absorption and ileal villus height in the re-
section group, and between campesterol absorption and intesti-
nal transit time in the autotransplantation group. In conclusion,
plasma campesterol and sitosterol closely reflect absorption of
cholesterol and plant sterols from intact and autotransplanted
ileum during adaptation to proximal gut resection. A loss of
proximal gut absorptive surface impairs cholesterol and
campesterol absorption more than sitosterol absorption, the lat-
ter being apparently less dependent on available jejunal villus
surface area.
Lipids 33, 267–276 (1998).

The major plant sterols normally found in small amounts in
mammalian serum and tissues are campesterol and sitosterol.
Except for differences in the side chain, these plant sterols are
structurally similar to cholesterol with an identical sterol nu-
cleus. Despite the structural similarities, plant sterols are ab-
sorbed to a much lesser extent than cholesterol, campesterol
being absorbed more readily than sitosterol (1,2). The basis
of the discrimination between cholesterol and plant sterol ab-
sorption is unclear, but the process may be mediated by dif-
ferential uptake at the brush border membrane and a greater
rate of cholesterol delivery from mixed micelle to the absorp-
tion site (3). Plant sterols are poorly absorbed from the intes-
tine, are not synthesized endogenously, are poorly esterified
in the liver, and are readily secreted into bile (4,5). They are
detected in plasma only in low concentrations which are pro-
portional to cholesterol absorption efficiency (6). As in
healthy humans, serum plant sterol levels change in parallel
with fractional cholesterol absorption in a variety of patho-
logical conditions, including patients with untreated celiac
disease or gut resections (6–9). Interestingly, at low choles-
terol absorption rates in patients with celiac disease-induced
villous atrophy of the proximal small bowel, the serum
campesterol level is depressed relatively more than that of
sitosterol (8), suggesting that the jejunum has a less central
role in sitosterol absorption than in the absorption of choles-
terol and campesterol.

Under physiological conditions absorption of cholesterol
and plant sterols is believed to occur predominantly in the
proximal small bowel through apical villus cells (10,11). Thus,
removal of the proximal gut offers a useful model to examine
the contribution of different small bowel segments to sterol
absorption in general. On the other hand, after proximal small
bowel resection, gut absorptive surface is reduced and sterol
absorption occurs, abnormally, in the remaining ileum. The
latter undergoes structural and functional adaptation to proxi-
mal small bowel resection, leading to increased absorption per
unit gut length (12). As far as we know, adaptation of plant
sterol absorption after partial small bowel resection has not
been previously studied. Extrinsic denervation, lymphatic dis-
ruption, and ischemia, all necessitated by small bowel trans-
plantation, may interfere with these compensatory changes
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and further decrease overall intestinal absorption following re-
section (13,14). This is highly relevant, because intestinal
transplantation has recently been applied to clinical use among
patients with short bowel syndrome or end-stage intestinal
failure. In our previous studies, 50% proximal resection of
porcine small bowel, and especially autotransplantation of the
remaining ileum, decreased plasma plant sterol-to-cholesterol
proportions, a finding consistent with a loss of the major site
for effective sterol absorption (15). The plasma plant sterol-
to-cholesterol proportions improved gradually after the opera-
tions, campesterol more readily than sitosterol, indicating that
ileal adaptation to plant sterol absorption occurred even after
autotransplantation of the remaining ileum, and differently for
campesterol and sitosterol.

We hypothesized that proximal small bowel resection and
particularly autotransplantation of the remaining ileum would
decrease absorption of campesterol more than of sitosterol.
To this end and to further elucidate factors regulating absorp-
tion and plasma levels of plant sterols, to compare intestinal
absorption of cholesterol, campesterol and sitosterol during
postresectional adaptation of intact and autotransplanted
ileum, and to ascertain whether plasma plant sterols reflect
sterol absorption also under these conditions, plasma, biliary
and hepatic contents, fecal excretion, absorption, and biliary
secretion of plant sterols were determined before and after re-
section of the proximal 75% of the jejunoileum and autotrans-
plantation of the remaining ileum or transection. Finally, the
results were related to different variables of cholesterol bio-
dynamics, small bowel morphology, and intestinal transit. 

The results of the present study suggest first that a loss of
proximal gut absorptive surface impairs cholesterol and
campesterol absorption more than sitosterol absorption. Sec-
ond, ileal autotransplantation in pigs with proximal gut resec-
tion further decreases cholesterol and campesterol absorption.
Third, campesterol absorption in the ileum gradually in-
creases, similarly to that of cholesterol, following massive
proximal gut resection; and plasma campesterol and sitosterol
closely reflect absorption of cholesterol and plant sterols from
intact and autotransplanted ileum during adaptation to proxi-
mal gut resection.

MATERIALS AND METHODS

Experimental animals. Thirty-five growing female pigs pur-
chased from a commercial supplier were housed individually
in a light- and temperature-controlled environment, fed twice
a day at standardized times, and offered water ad libitum.
Standard pig chow (Suomen Rehu OY, Turku, Finland) con-
taining 61.7% (w/w) carbohydrate, 17.0% protein, 3.5% fat,
4.7% crude fiber, and 12.0% aqueous substance was freely
available for 1 h twice a day. Gas–liquid chromatographic
(GLC) measurements of sterols in nonsaponifiable dietary
material using a 50-m-long SE-30 capillary column (Hewlett-
Packard, Palo Alto, CA) revealed that the diet contained 76.7
µg cholesterol, 133.7 µg campesterol, and 341.3 µg β-sito-
sterol per gram of chow. The animals used in this study re-

ceived humane care in compliance with the principles of Lab-
oratory Animal Care and the Guide for the Care and Use of
Laboratory Animals prepared by the Institute of Laboratory
Animal Resources and published by the National Institutes of
Health (NIH publication no. 86-23, revised 1985). An autho-
rization (No. 154613) to perform these experiments was
given by the Provincial Government of Uusimaa in accor-
dance with Finnish legislation.

Surgical procedures. Animals randomly assigned into
transection (n = 5), resection (n = 15), and autotransplanta-
tion (n = 15) groups underwent surgery after an overnight fast
under general anesthesia with endotracheal intubation. A sin-
gle dose of 500 mg ceftriaxone and 100 mg phenylbutazon
were given intramuscularly for antibiotic prophylaxis and
postoperative analgesia, respectively. Animals were kept on a
liquid diet for the first postoperative day, after which the stan-
dard chow was introduced.

In the transection group, the small intestine (1286 ± 60 cm)
was transected 10 cm distal to the ligament of Treitz, in the
middle of the ileum and 5 cm proximal to the ileocecal junc-
tion (Fig. 1). In the resection group, the proximal 75% of the
small intestine was resected 10 cm distal to the ligament of
Treitz after transection of the ileum 5 cm proximal to the ileo-
cecal junction, leaving the distal 25%, or 320 ± 10 cm, of
small bowel functioning. Intestinal continuity was restored
by end-to-end anastomoses. As described in detail previously
(16), orthotopic autotransplantation of the ileum with proxi-
mal small bowel resection was carried out with some modifi-
cations. Briefly, the distal 25%, or 343 ± 7 cm, of the small
bowel was isolated on a vascular pedicle composed of the
branches of the superior mesenteric artery and vein. After the
mesentery to the ileum was freed, the superior mesenteric
vessels were divided, and the graft was perfused via the artery
with cold (4°C) heparinized Ringer’s solution (5000 IU/1000
mL) until the venous effluent was clear. The harvested small
bowel was kept in cold isotonic saline solution, and a proxi-
mal 75% small bowel resection was performed as described
above. Following systemic heparinization, the superior
mesenteric vessels were anastomosed to the aorta and the in-
ferior vena cava below the renal vessels. Total ischemic time
averaged 60.7 ± 2.5 min with no significant differences
among the three subgroups.

Study design. Preoperatively, and at 4, 8, and 14 wk after
resection or transplantation and 14 wk after transection, in-
testinal transit time was measured with carmine red powder
before a 3-d stool collection was performed at the end of an
8-d marker feeding period. Then, after an overnight fast,
blood, gallbladder bile, liver, and small intestinal samples
were obtained under aseptic conditions, and the animals, ex-
cluding those studied preoperatively, were killed with a lethal
injection of thiopental. Five pigs subjected to small bowel re-
section were studied twice: preoperatively and 4 wk after re-
section. Thus, five animals were studied preoperatively; five
resected and five transplanted animals were studied 4 and 8
wk after the operation; and five transected, five resected, and
five autotransplanted animals 14 wk postoperatively. All ani-
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mals were weighed weekly and checked daily for chow
intake.

Analytical methods. Fractional cholesterol absorption was
measured using the double-isotope feeding method (17). For
this and for determining fecal steroids of cholesterol origin,
the pigs were fed capsules containing 0.09 µCi [14C]choles-
terol, 0.25 µCi [3H]sitostanol (Radiochemical Centre, Amer-
sham, United Kingdom), and 200 mg chromic oxide (Orion,
Espoo, Finland) twice a day with each meal for 8 d under
strict supervision. To measure intestinal transit time, the ani-
mals ingested 1 to 2 g of carmine red powder with the first
capsules, and the appearance of the dye in feces was recorded.

Fecal neutral steroids of cholesterol origin, plant sterols,
and bile acids were quantified with GLC on the 50-m-long
SE-30 capillary column (Hewlett-Packard) (18–20). Fecal
chromic oxide, used to correct the fecal flow, was determined
from the 3-d fecal samples according to Bolin et al. (21).

Total (including free and esterified sterols) cholesterol,
campesterol, and sitosterol concentrations in the diet, plasma,
bile, and liver were determined by GLC on the 50-m cross-
linked methyl silicone SE-30 capillary column (Hewlett-
Packard) directly from nonsaponifiable material of respective
lipid extracts (20,22–24). The bile and liver specimens were
flash-frozen in liquid nitrogen and stored at −20°C along with
plasma samples separated by centrifugation until analyzed. A
weighed and homogenized sample of liver (200 mg) or chow
(2000 mg), or an aliquot of plasma or bile (250 µL), was
saponified by a mixture of 10 N KOH in 99.5% ethanol (1:9)
after addition of internal standard 5α-cholestane (Sigma
Chemical Co., St. Louis, MO). After a 2-h saponification, the
mixtures were diluted to a 50% ethanolic solution and ex-
tracted at least twice with hexane, washed with 50% ethanol
to remove adherents, dissolved with hexane/methanol, and
evaporated to dryness. Finally, the sterol contents of the

hexane extracts were quantified as trimethyl silyl ether deriv-
atives. To eliminate the effects of varying cholesterol concen-
trations, plant sterols in plasma, bile, and liver are expressed
in terms of µg/mg of cholesterol. The latter values are called
proportions in the following text.

The small intestinal length was measured along the an-
timesenterial border, and small intestinal tissue samples were
obtained from the proximal jejunum, mid-ileum, and distal
ileum (Fig. 1). Samples were freed from mesentery, cut open
along the mesenteric border, and measured for circumference.
Separate full-thickness biopsies were fixed in formalin and
embedded in paraffin. A pathologist determined villus height
in a single-blind measurement from the villus–crypt junction
to the tip of the villus using periodic acid–Schiff-stained
slides. In every specimen an average of four well-oriented
randomly chosen villi were measured and averaged to give
single values representing mean villus height in the remain-
ing small bowel.

Calculations and data analysis. Fractional cholesterol ab-
sorption was calculated from the difference between fecal and
dietary ratios of [14C]cholesterol and [3H]sitostanol (17).
Total intestinal cholesterol influx was calculated using an in-
direct method as follows (25): intestinal cholesterol influx =
fecal neutral steroids/(1 − fractional cholesterol absorption).
The difference between the intestinal cholesterol influx and
dietary cholesterol equaled the biliary cholesterol secretion.
The intestinal cholesterol influx multiplied by the fractional
cholesterol absorption equaled the absorbed amount of total
cholesterol. Biliary secretion of campesterol and sitosterol
was calculated from their respective ratios to cholesterol, ex-
pressed as µg/mg of cholesterol in fasting pig gallbladder
bile, by multiplying the ratios by the biliary cholesterol se-
cretion (9,25). Fractional plant sterol absorption was calcu-
lated from the biliary plant sterol secretion divided by the
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FIG. 1. Surgical procedures. In the transection group, the small bowel was transected and re-
anastomosed 10 cm distal to the ligament of Treitz, in the middle of the ileum and 5 cm proxi-
mal to the ileocecal valve. In the resection group, the proximal 75% of the small bowel, in-
cluding the jejunum and proximal ileum, was resected after transection of the ileum 5 cm
proximal to the ileocecal junction leaving the distal 25% of the small bowel functioning. In
the autotransplantation group, the remaining distal ileum (shaded) underwent an additional
autotransplantation. The graft mesenteric vessels were anastomosed to the aorta and the infe-
rior vena cava below the renal vessels.



fecal excretion of campesterol and sitosterol, which repre-
sents the minimal absorption of plant sterols, because a small
fraction of absorbed plant sterols may be eliminated as acidic
steroids (26). The small bowel serosal surface area was ob-
tained by multiplying the mean small intestinal circumference
by its length.

Analysis of variance and the unpaired Student’s t-test were
used for comparisons between the groups. Fisher’s protected
least significant difference test was performed for multiple
pairwise comparisons. Correlations were tested by linear re-
gression analysis. The minimal level of statistical significance
was defined as P < 0.05. All values are expressed as mean ±
SEM.

RESULTS

Preoperative body weights (18.6 ± 0.6 kg) and small bowel
lengths (1319 ± 23 cm) were similar in the three operated
groups (data not shown). During the follow-up of 14 wk,
weight gain was 65.0 ± 1.3 kg after transection, 38.6 ± 0.9 kg
after resection, and only 4.8 ± 1.6 kg after transplantation. In
Tables 1 and 2 data are given for all three experimental goups
at 14 wk, and in Figures 2–5 preoperatively, 4, 8, and 14 wk,
respectively, after resection and transplantation. 

Small intestinal adaptation. Small intestinal serosal sur-
face area, decreased by proximal small bowel resection, re-
mained virtually unchanged during the follow-up in both
proximal resection groups (Fig. 2). The values were over two-
fold higher in the resection than in the transplantation group,
but remained about 50% lower than in the transected animals
at 14 wk (Table 1). Villus height of the remaining small bowel

increased markedly between 8 and 14 wk after resection and
was significantly higher than in the transected or transplanted
animals at the end of the study (Fig. 2 and Table 1). Intestinal
transit time was similar in both proximal resection groups but
considerably shorter when compared to the transected con-
trols at the end of the follow-up (Table 1).

Cholesterol biodynamics. Table 1 displays the characteris-
tics of cholesterol biodynamics 14 wk after the operations.
Plasma and hepatic cholesterol contents were highest in the
transected controls and lowest after ileal autotransplantation.
Biliary cholesterol concentration was highest in the transplan-
tation group and lowest in the transected controls. Fractional
and total cholesterol absorption decreased markedly after re-
section and further after autotransplantation of the remaining
ileum. Elimination of neutral and acidic steroids into feces
was significantly increased after resection and even more so
after autotransplantation of the remaining ileum.

Plant sterol biodynamics. Characteristics of plant sterol
biodynamics 14 wk after the operations are shown in Table 2.
In the transected controls, the plasma, biliary, and hepatic
campesterol proportions were 2.2–3.3 times higher than the
respective sitosterol proportions. Percentage absorption and
biliary secretion of campesterol were, respectively, 5.6 and
2.2 times greater than those of sitosterol. When compared to
the transection group at 14 wk, resection had greatly dimin-
ished campesterol proportions in plasma, bile and liver, sitos-
terol proportions in plasma and bile, and biliary secretion and
percentage absorption of both plant sterols. In general, simi-
lar but even more pronounced changes were observed after
transplantation. In both study groups, the decreases were
markedly greater for campesterol than for sitosterol. Thus, the
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TABLE 1
Effects of Massive (75%) Proximal Small Bowel Resection and Autotransplantation 
of the Remaining Ileum on Enteric Physiology and Cholesterol Biodynamicsa

Variable Transection Resection Transplantationb

(mean ± SEM) (n = 5) (n = 5) (n = 5)

Enteric physiology
Small intestinal serosal surface (dm2) 66.1 ± 5.3 33.4 ± 1.9a 16.8 ± 1.2a,b

Small bowel villus height (µm) 569 ± 36 831 ± 15a 448 ± 11a,b

Intestinal transit time (h) 28.9 ± 0.2 22.6 ± 0.7a 21.4 ± 0.5a

Stool weight (g · kg−1· d−1) 11.2 ± 0.8 16.7 ± 1.4a 16.6 ± 1.9a

Cholesterol biodynamics
Plasma cholesterol (mg/dL) 86.4 ± 5.3 62.8 ± 0.7a 47.0 ± 6.3a,b

Biliary cholesterol (mg/dL) 76.6 ± 11 82.3 ± 6.2 114 ± 12a,b

Hepatic cholesterol (mg/100 g) 171 ± 3.1 157 ± 4.9 154 ± 7.6
Cholesterol absorption

Fractional 0.80 ± 0.03 0.27 ± 0.04a 0.10 ± 0.01a,b

Total (mg · kg−1· d−1) 27.5 ± 5.0 11.1 ± 2.2a 4.11 ± 0.5a,b

Intestinal cholesterol fluxes (mg · kg−1· d−1)
Dietary 1.89 ± 0.1 2.45 ± 0.1 2.78 ± 0.3a

Endogenous 31.7 ± 5.3 37.6 ± 3.0 40.4 ± 1.4
Total 33.6 ± 5.4 40.1 ± 3.1 43.2 ± 1.5

Fecal steroid excretion (mg · kg−1· d−1)
Neutral steroids 6.1 ± 0.4 29.0 ± 1.7a 39.1 ± 1.5a,b

Bile acids 21.5 ± 2.6 36.2 ± 4.7 96.6 ± 8.6a,b

aDetermined 14 wk postoperatively.
bSuperscript roman letters as follows: aP < 0.05 from transection in the same row; bP < 0.05 from resection in the same
row.



plasma proportions and percentage absorption of campesterol
in the resected animals exceeded those of sitosterol at the end
of the follow-up.

The plasma, biliary, and hepatic proportions and biliary se-
cretion of campesterol, dramatically decreased by proximal
small bowel resection, gradually increased between 4 and 14
postoperative weeks in the resection group and, to a lesser de-
gree, in the transplantation group (Fig. 3). Similar changes
occurred in plasma sitosterol proportions (Fig. 4). In contrast,
the biliary proportions and secretion of sitosterol tended to be
lower in the resection than in the transplantation group. Un-
expectedly, hepatic sitosterol proportions were not signifi-
cantly decreased in either of the study groups and showed a
significant temporal increase after resection. The campes-
terol/sitosterol proportion ratios in plasma, bile, and liver un-
derwent temporal increases in both proximal resection groups
(Fig. 5). The values were significantly greater after resection
than after transplantation.

Adaptation of sterol absorption. When compared to the
preoperative values, the resection and transplantation groups
showed substantial mean decreases in the percentage absorp-
tion of cholesterol and campesterol, about 10- and 14-fold,
respectively (Fig. 2). The respective decrease was consider-
ably smaller, about twofold, for sitosterol. Percentage absorp-
tion of cholesterol and campesterol, but not of sitosterol, in-
creased gradually after resection and, albeit less so, after
transplantation.

Correlations. Fractional absorption of campesterol was

positively related to villus height and intestinal transit time in
the unresected controls, to villus height in the resection group,
and to intestinal transit time in the transplantation group
(Table 3). Although insignificant and weaker, similar associa-
tions existed for sitosterol. In all the groups studied, plasma
campesterol and sitosterol-to-cholesterol proportions dis-
played significant positive correlations with cholesterol ab-
sorption efficiency, and plasma campesterol proportions with
campesterol absorption efficiency. However, the plasma sitos-
terol proportion was significantly related to fractional sitos-
terol absorption only in the unresected control animals.
Plasma plant sterol proportions were interrelated with biliary
and hepatic plant sterol proportions, with the exception of bil-
iary sitosterol proportions in the transplantation group. In the
transplanted animals with bile acid malabsorption, the higher
the biliary sitosterol secretion, the higher was fecal excretion
of bile acids (Fig. 6). No such association was found between
fecal bile acids and biliary secretion of campesterol (r =
0.166, P = 0.55). However, biliary secretion of sitosterol
showed only weak and insignificant correlation with biliary
bile acid secretion (r = 0.301, P = 0.28). 

DISCUSSION

In principle, the intact upper small intestine appears to be the
major site for effective sterol absorption (10,11). The differ-
ent absorption rates for the individual sterols were actually
high in the control pigs of the present series, which absorbed
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TABLE 2
Effects of Massive (75%) Proximal Small Bowel Resection and Autotransplantation 
of the Remaining Ileum on Biodynamics of Campesterol and Sitosterola

Variable Transectionb Resectionb Transplantationb

(mean ± SEM) (n = 5) (n = 5) (n = 5)

Plasma proportions (µg/mg cholesterol · 102)
Campesterol 1425 ± 101 222 ± 27a 74.3 ± 14a,b

Sitosterol 432 ± 28 158 ± 14a 80.8 ± 9.9a,b

Biliary proportions (µg/mg cholesterol · 102)
Campesterol 4947 ± 449 612 ± 89a 302 ± 87a,b

Sitosterol 2289 ± 267 741 ± 47a 775 ± 73a

Hepatic proportions (µg/mg cholesterol · 102)
Campesterol 1283 ± 77 196 ± 32a 69.7 ± 13a,b

Sitosterol 394 ± 54 269 ± 49 196 ± 47a

Campe/sito proportion ratios
Plasma 3.30 ± 0.10 1.39 ± 0.06a 0.89 ± 0.08a,b

Bile 2.20 ± 0.09 0.82 ± 0.08a 0.37 ± 0.08a,b

Liver 3.57 ± 0.57 0.80 ± 0.17a 0.38 ± 0.03a,b

Biliary secretion (µg · kg−1· d−1)
Campesterol 1573 ± 329 228 ± 31a 124 ± 38a

Sitosterol 724 ± 160 276 ± 17a 314 ± 34a

Fecal excretion (mg · kg−1· d−1)
Campesterol 3.46 ± 0.13 4.78 ± 0.45 5.48 ± 0.63a

Sitosterol 9.15 ± 0.35 11.9 ± 0.85 13.5 ± 1.41a

Percentage absorption
Campesterol 44.6 ± 8.31 4.73 ± 0.37a 2.17 ± 0.44a,b

Sitosterol 7.96 ± 1.81 2.34 ± 0.12a 2.35 ± 0.18a

aDetermined 14 wk postoperatively.
bSuperscript roman letters as follows: aP < 0.05 from transection in the same row; bP < 0.05 from re-
section in the same row.



cholesterol, campesterol, and sitosterol with respective per-
centages of 80–51, 45–19, and 8–4% at different ages. In gen-
eral, these findings are in accord with previous studies in nor-
mal humans and rats, where higher intestinal absorption rates
are reported for cholesterol (~40%) than for campesterol
(~10%) or sitosterol (~5%) (1,2,4,27,28). As far as we know,
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FIG. 2. Adaptation of small intestinal absorptive surface area and sterol
absorption 4, 8, and 14 wk after proximal 75% gut resection (●●) and
autotransplantation (●) of the remaining ileum (mean ± SEM). *P < 0.05
from preoperative, †P < 0.05 from resection, ‡P < 0.05 from the respec-
tive 4- and/or 8-wk value.

FIG. 3. The plasma, biliary, and hepatic proportions and biliary secre-
tion of campesterol 4, 8, and 14 wk after proximal 75% gut resection
(●●) and autotransplantation (●) of the remaining ileum (mean ± SEM).
*P < 0.05 from preoperative, †P < 0.05 from resection, ‡P < 0.05 from
the respective 4- and/or 8-wk value.



campesterol or sitosterol absorption rates have not previously
been presented for pigs. However, the experiments performed
here were primarily aimed at defining whether adaptation of
plant sterol absorption occurs, analogously to that of choles-
terol, after proximal gut resection and autotransplantation of
the remaining ileum, whether this adaptation is different for

the individual plant sterols, and whether plasma plant sterol
proportions reflect their absorption efficiencies during ileal
adaptation. In fact, close associations were demonstrated be-
tween cholesterol absorption efficiency and plasma propor-
tions and absorption of plant sterols after massive proximal
gut resection, with or without autotransplantation of the re-
maining distal small bowel.

The similarity in structure and physiology of the gastroin-
testinal tract of the pig to that of humans makes the pig an ex-
cellent animal model because of the important role of the gut
in lipid metabolism (29). Lipoprotein distribution and com-
position are similar to that of humans, and low density
lipoprotein is the major cholesterol-transporting lipoprotein
in both species (30,31). The physical characteristics and
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FIG. 4. The plasma, biliary, and hepatic proportions and biliary secre-
tion of sitosterol 4, 8, and 14 wk after proximal 75% gut resection (●●)
and autotransplantation (●) of the remaining ileum (mean ± SEM). 
*P < 0.05 from preoperative, †P < 0.05 from resection, ‡P < 0.05 from
the respective 4- and/or 8-wk value.

FIG. 5. Plasma, biliary, and hepatic campesterol/sitosterol proportion
ratios 4, 8, and 14 wk after proximal 75% gut resection (●●) and auto-
transplantation (●) of the remaining ileum (mean ± SEM). *P < 0.05
from preoperative, †P < 0.05 from resection, ‡P < 0.05 from the respec-
tive 4- and/or 8-wk value.



turnover of pig low density lipoprotein resemble those of hu-
mans (30,32). Furthermore, interruption of the enterohepatic
circulation of bile acids with cholestyramine and inhibition
of hepatic cholesterol synthesis with mevinolin result in a de-
crease of plasma cholesterol, whereas enhanced intestinal ab-
sorption of cholesterol increases plasma cholesterol concen-
tration as it does in humans (31,32).

Massive (75%) proximal resection of porcine small bowel
dramatically decreased percentage absorption and biliary se-
cretion of plant sterols, campesterol being affected much
more severely than sitosterol. Because of the marked com-

pensatory increase in cholesterol synthesis, the decrease in
plasma cholesterol was only up to 46%, compared with 95%
for campesterol and 81% for sitosterol concentrations by the
respective absorption reductions of 88, 95, and 71% (Tables
1 and 2). At the end of the study, plasma proportions of
campesterol and sitosterol in the two groups with proximal
gut resection averaged about 13- and 4-fold lower than the
corresponding values in the transection group. The approxi-
mately 15- and 3-fold higher average intestinal absorption of
campesterol and sitosterol in the transection group could well
explain these differences. Previous studies suggest that mu-
cosal sitosterol uptake is well preserved throughout the length
of the entire small intestine, whereas mucosal uptake of cho-
lesterol and campesterol displays a precipitous proximodistal
gradient in the intact small bowel, being most effective in the
proximal jejunum (2,10,11). In agreement with this, the per-
centage absorption of both cholesterol and campesterol de-
creased about 10-fold or more after massive proximal gut re-
section, whereas the calculated fractional absorption of sitos-
terol was reduced relatively little, only about twofold (Fig. 2).
In keeping with our findings, in untreated celiac disease with
villous atrophy of the upper small intestine and low choles-
terol absorption efficiency, serum concentration of campes-
terol is reduced more than that of sitosterol, and improved ab-
sorption during a gluten-free diet increases plasma campes-
terol more than sitosterol (8). Autotransplantation of the
remaining ileum in pigs with proximal gut resection further
decreased the various tissue proportions and absorption of
campesterol (Fig. 3). In contrast, only the plasma proportions
of sitosterol were decreased (Fig. 4). As shown in Table 3,
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FIG. 6. Correlation of fecal bile acid excretion with biliary sitosterol se-
cretion after proximal 75% small bowel resection with autotransplanta-
tion of the remaining ileum. ●●, Week 4; ●, week 8; ●●◗, week 14.

TABLE 3
Correlations of Plasma Proportions and Percentage Absorption of Campesterol and Sitosterol with Villus Height, Transit Time, 
and Different Variables of Cholesterol and Plant Sterol Biodynamicsa

Unresected controls (n = 10) Resection (n = 15) Transplantation (n = 15)

Plasma Plasma Plasma 
proportions Absorption proportions Absorption proportions Absorption
(µg/mg chol) (%) (µg/mg chol) (%) (µg/mg chol) (%)

Variable Campe Sito Campe Sito Campe Sito Campe Sito Campe Sito Campe Sito

Villus height (µm) 0.85b 0.78b 0.71a 0.51 0.94d 0.95d 0.93d 0.34 −0.18 −0.23 −0.12 −0.38
Transit time (h) 0.92c 0.89c 0.75a 0.57 0.35 0.44 0.35 0.05 0.55a 0.53a 0.59a 0.51
Sterol absorption (%)

Cholesterol 0.87b 0.89c 0.82b 0.62 0.83c 0.85d 0.89d 0.39 0.57a 0.59a 0.65b 0.67b

Campesterol 0.74a 0.78b — 0.93d 0.96d 0.95d — 0.41 0.91d 0.90d — 0.43
Sitosterol 0.60 0.66a 0.93d — 0.40 0.47 0.41 — 0.36 0.36 0.43 —

Fecal excretion (mg · kg−1· d−1)
Neutral steroids −0.90c −0.87b −0.67a −0.50 −0.58a −0.61a −0.63a −0.27 −0.32 −0.31 −0.21 −0.53a

Bile acids −0.68a −0.67a −0.50 −0.28 −0.44 −0.41 −0.46 −0.09 −0.20 −0.13 −0.20 −0.27
Plasma proportions (µg/mg cholesterol)

Campesterol — 0.99d 0.74a 0.60 — 0.98d 0.96d 0.40 — 0.97d 0.91d 0.36
Sitosterol 0.99d — 0.78b 0.66a 0.98d — 0.95d 0.47 0.97d — 0.90d 0.36

Biliary proportions (µg/mg cholesterol)
Campesterol 0.98d 0.98d 0.83b 0.73a 0.98d 0.96d 0.91d 0.44 0.80c 0.83c 0.90d 0.20
Sitosterol 0.93d 0.94d 0.78b 0.77b 0.56a 0.62a 0.49 0.59a 0.03 0.10 0.02 0.25

Hepatic proportions (µg/mg cholesterol)
Campesterol 0.99d 0.98d 0.75a 0.63 0.96d 0.94d 0.89d 0.39 0.69b 0.71b 0.54a −0.06
Sitosterol 0.64a 0.64a 0.45 0.24 0.63a 0.68b 0.65c 0.26 0.57a 0.54a 0.52a 0.58a

aAbbreviations: chol, cholesterol; Campe, campesterol; sito, sitosterol.
bSuperscript roman letters as follows: aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001.
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one of the main factors determining plasma levels of plant
sterols, especially that of campesterol, was their absorption
efficiency. The percentage absorption and plasma proportions
of campesterol were reduced more than those of sitosterol;
consequently, the campesterol-to-sitosterol proportion ratios
decreased (Fig. 5). Thus, a loss of proximal gut absorptive
surface, due either to villous atrophy or to small bowel resec-
tion, apparently impairs campesterol absorption more than
sitosterol absorption. Absorption of the latter appears less de-
pendent on available villus surface area and occurs with com-
parable efficiencies in all parts of the small intestine (2). In
fact, the percentage campesterol absorption showed close
positive correlations with villus height in the control and re-
section groups, whereas no such association was found for
sitosterol in any of the groups studied (Table 3).

In the current study, campesterol absorption gradually in-
creased, similarly to cholesterol, following massive proximal
small bowel resection with or without autotransplantation of
the remaining ileum. However, ileal autotransplantation dis-
turbed plant sterol absorption in pigs with proximal gut
resection. The high positive correlation between intestinal vil-
lus height and percentage campesterol absorption in the con-
trol and resected animals indicates that campesterol absorp-
tion, analogously to that of cholesterol (33), changed in par-
allel to available absorptive (villus) surface area in these
growing pigs. The relatively small but significant increase in
campesterol absorption after ileal autotransplantation may re-
flect improved individual ileocyte absorptive capacity (34),
because villus height was not increased in the autotrans-
planted ileum. Moreover, in the absence of villus, enlarge-
ment intestinal transit time appeared as a major factor deter-
mining plant sterol absorption efficiency from the autotrans-
planted ileum (Table 3). In the present study, the adaptive
increase in ileal sterol absorption was blunted by addition of
the ethyl group of sitosterol instead of the methyl group of
campesterol at position 24 in the side chain. Normally, incor-
poration of the ethyl group into the side chain of sterols de-
creases jejunal sterol absorption more than incorporation of
the methyl group (1). Thus, the mechanisms responsible for
the different jejunal absorption rates of individual sterols ap-
pear to regulate sterol absorption also in the ileum during
adaptation to proximal gut resection. These findings accord
well with our previous studies, where 50% proximal resec-
tion of porcine small bowel, and especially autotransplanta-
tion of the remaining ileum, decreased plasma plant sterol-to-
cholesterol proportions, and the plasma plant sterol-to-cho-
lesterol proportions improved gradually after the operations,
campesterol more readily than sitosterol (15).

Importantly, different solubilization properties in the gut
lumen may greatly and unevenly affect intestinal absorption
of cholesterol and plant sterols (3,35). In the present study,
the intraluminal solubilities of different sterols were not
tested, leaving a possibility that the observed changes in ab-
sorption of cholesterol, campesterol, and sitosterol were also
affected by changes in solubilization rather than being solely
due to physical alterations in the gut anatomy. The former

hardly explains the several-fold increase in cholesterol and
campesterol absorption in the resection group (Fig. 2), be-
cause biliary bile acid secretion and composition remain con-
stant in these animals (36), whereas villus height showed
nearly 70% increase (Fig. 2). However, increased deconjuga-
tion and altered composition of intestinal bile acids secondary
to increased bacterial activity could certainly impair overall
sterol absorption especially after transplantation (36).

In man, low cholesterol absorption is associated with in-
creased synthesis and biliary secretion of cholesterol, which
may, in turn, enhance cholesterol-dependent biliary secretion
of plant sterols (37). In the present study in pigs with proxi-
mal gut resection with or without autotransplantation of the
remaining ileum, these associations were not apparent, pre-
sumably owing to the extent of cholesterol malabsorption
(Table 1). The high positive correlation between biliary sitos-
terol secretion and fecal excretion of bile acids in pigs with
ileal autotransplantation-induced bile acid malabsorption is
of particular interest (Fig. 6). A similar association has previ-
ously been reported in patients with gut resection-induced
bile acid malabsorption (9), suggesting that increased hepatic
bile acid synthesis may promote biliary secretion of sitosterol
by reducing hepatic conversion of sitosterol into bile acids
(4). However, in humans this pathway may be nonsignificant,
whereas in some other mammalian species it may be active
(26,38). Interestingly, the hepatic sitosterol proportion was
negatively related to fecal excretion of bile acids (r = −0.514,
P = 0.05) in the pigs with ileal autotransplantation, lending
further support to the conclusion that increased bile acid syn-
thesis may also contribute to increased biliary secretion of
sitosterol. In fact, it is apparent from Figure 6 that the highest
level of fecal bile acid excretion occurred 8 wk after ileal au-
totransplantation, which could certainly explain the relatively
high biliary proportion and secretion of sitosterol measured
at the same time (Fig. 4).

ACKNOWLEDGMENTS

This study was supported by the Clinical Research Institute of
Helsinki University Central Hospital. The authors would like to
thank Orvokki Ahlroos, Pia Hoffström, Leena Kaipiainen, Anja Sa-
lolainen, and Brian Fleming for their expert technical and editorial
assistance.

REFERENCES

1. Heinemann, T., Axtman, G., and Von Bergman, K. (1993) Com-
parison of Intestinal Absorption of Cholesterol with Different
Plant Sterols in Man, Eur. J. Clin. Invest. 23, 827–831.

2. Bhattacharyya, A.K. (1981) Uptake and Esterification of Plant
Sterols by Rat Small Intestine, Am. J. Physiol. 240, G50–G55.

3. Ikeda, K., Tanaka, K., Sugano, M., Vahouny, G.V., and Gallo,
L.L. (1988) Discrimination of Cholesterol and Sitosterol Ab-
sorption in Rats, J. Lipid Res. 29, 1583–1591.

4. Salen, G., Ahrens, E.H., and Grundy, S.M. (1970) Metabolism
of β-Sitosterol in Man, J. Clin. Invest. 49, 952–967.

5. Tavani, D.M., Nes, W.R., and Billheimer, J.T. (1982) The Sterol
Substrate Specificity of Acyl CoA:Cholesterol Acyltransferase
from Rat Liver, J. Lipid Res. 23, 774–781.

6. Tilvis, R.S., and Miettinen, T.A. (1986) Serum Plant Sterols and

ADAPTATION OF ILEAL STEROL ABSORPTION 275

Lipids, Vol. 33, no. 3 (1998)



Their Relation to Cholesterol Absorption, Am. J. Clin. Nutr. 43,
92–97.

7. Miettinen, T.A., Tilvis, R.S., and Kesäniemi, A. (1990) Serum
Plant Sterols and Cholesterol Precursors Reflect Cholesterol Ab-
sorption and Synthesis in Volunteers of a Randomly Selected
Male Population, Am. J. Epidemiol. 131, 20–31.

8. Vuoristo, M., Tilvis, R., and Miettinen, T.A. (1988) Serum Plant
Sterols and Lathosterol Related to Cholesterol Absorption in
Coeliac Disease, Clin. Chim. Acta 174, 213–224.

9. Färkkilä, M.A., Tilvis, R.S., and Miettinen, T.A. (1988) Regula-
tion of Plasma Plant Sterol Levels in Patients with Gut Resec-
tions, Scand. J. Clin. Lab. Invest. 48, 715–722.

10. Borgström, B. (1960) Studies on Intestinal Cholesterol Absorp-
tion in the Human, J. Clin. Invest. 39, 809–815.

11. Sylvén, C., and Nordström, C. (1970) The Site of Absorption of
Cholesterol and Sitosterol the Rat Small Intestine, Scand. J.
Gastroenterol. 5, 57–63.

12. Williamson, R.C., and Chir, M. (1978) Intestinal Adaptation.
Structural, Functional and Cytokinetic Changes, New Engl. J.
Med. 298, 1393–1402.

13. Thompson, J.S., Rose, S.G., Spanta, A.D., and Quigley, E.M.
(1992) The Long-term Effects of Jejunoileal Autotransplanta-
tion on Intestinal Function, Surgery 111, 62–68.

14. Oishi, A.J., and Sarr, M.G. (1995) Intestinal Transplantation:
Effects on Ileal Enteric Physiology, Surgery 117, 545–553.

15. Pakarinen, M.P., Miettinen, T.A., Kuusanmäki, P., and Halt-
tunen, J. (1996) Cholesterol Absorption and Synthesis After Au-
totransplantation of Porcine Ileum, Surgery 120, 822–830.

16. Pakarinen, M., Kuusanmäki, P., and Halttunen, J. (1996) Ileal
Nutritional Function After One-stage Orthotopic Ileum Trans-
plantation in the Growing Pig: Reversal of Lethal Short Bowel
Syndrome, J. Pediatr. Surg. 31, 686–694.

17. Crouse, J.R., and Grundy, S.M. (1978) Evaluation of a Continu-
ous Isotope Feeding Method for Measurement of Cholesterol
Absorption in Man, J. Lipid Res. 19, 967–971.

18. Miettinen, T.A., Ahrens, E.H., and Grundy, S.M. (1965) Quan-
titative Isolation and Gas–Liquid Chromatographic Analysis of
Total Dietary and Fecal Neutral Steroids, J. Lipid Res. 6,
411–424.

19. Grundy, S.M., Ahrens, E.H., and Miettinen, T.A. (1965) Quan-
titative Isolation and Gas–Liquid Chromatographic Analysis of
Total Fecal Bile Acids, J. Lipid Res. 6, 397–410.

20. Miettinen, T.A. (1982) Gas–Liquid Chromatographic Determi-
nation of Fecal Neutral Sterols Using a Capillary Column, Clin.
Chim. Acta 124, 245–248.

21. Bolin, D.W., King, R.P., and Klosterman, E.H. (1952) A Sim-
plified Method for Determination of Chromic Oxide (Cr2O3)
When Used as an Index Substance, Science 116, 634–635.

22. Miettinen, T.A. (1970) Detection of Changes in Human Choles-
terol Metabolism, Ann. Clin. Res. 2, 300–320.

23. Miettinen, T.A., and Koivisto, P. (1983) Non-cholesterol Sterols
and Bile Acid Production in Hypercholesterolaemic Patients
with Ileal Bypass, in Bile Acids and Cholesterol in Health and
Disease (Paumgartner, G., Stiehl, A., and Gerok, W., eds.) pp.
183–187, MTP, Lancaster.

24. Miettinen, T.A. (1988) Cholesterol Metabolism During Keto-
conazole Treatment in Man, J. Lipid Res. 29, 43–51.

25. Miettinen, T.A. (1978) Hyperlipidemia, Bile Acid Metabolism
and Gallstones, Ital. J. Gastroenterol. 10 Suppl. 1, 53–55.

26. Boberg, K.M., Lund, E., Ölund, J., and Björkhem, I. (1990) For-
mation of C21 Bile Acids from Plant Sterols in the Rat, J. Biol.
Chem. 265, 7967–7975.

27. Grundy, S.M., and Mok, H.Y. (1977) Determination of Choles-
terol Absorption in Man by Intestinal Perfusion, J. Lipid Res.
18, 263–271.

28. Vahouny, G.V., Connor, W.E., Subramaniam, S., Lin, D.S., and
Gallo, L.L. (1983) Comparative Lymphatic Absorption of Sito-
sterol, Stigmasterol, and Fucosterol and Differential Inhibition
of Cholesterol Absorption, Am. J. Clin. Nutr. 37, 805–809.

29. Pond, W.G. (1991) Of Pigs and People, in Swine Nutrition
(Miller, E.R., Ullrey, D.E., and Lewis, A.J., eds.) pp. 3–23, But-
tenworth-Heinemann, Boston.

30. Fidge, N. (1973) The Isolation and Properties of Pig Plasma
Lipoproteins and Partial Characterisation of Their Apoproteins,
Biochim. Biophys. Acta 295, 258–273.

31. Huff, M., Telford, D.E., Woodcroft, K., and Strong, W.L. (1985)
Mevinolin and Cholestyramine Inhibit the Direct Synthesis of
Low Density Lipoprotein Apolipoprotein B in Miniature Pigs,
J. Lipid Res. 26, 1175–1186.

32. Marsh, A., Kim, D.N., Lee, K.T., Reiner, J.M., and Thomas,
W.A. (1972) Cholesterol Turnover, Synthesis, and Retention in
Hypercholesterolemic Growing Swine, J. Lipid Res. 13,
600–615.

33. Pakarinen, M., Miettinen. T.A., Lauronen, J., Kuusanmäki, P.,
Raivio, P., Kivistö, T., and Halttunen, J. (1996) Adaptation of
Cholesterol Absorption After Proximal Resection of Porcine
Small Intestine, J. Lipid Res. 37, 1766–1775.

34. Sigalet, D.L., Lees, G.M., Aherne, F., Van Aerde, J.E., Fedorak,
R.N., Keelan, M., and Thomson, A.B. (1990) The Physiology of
Adaptation to Small Bowel Resection in the Pig: An Integrated
Study of Morphological and Functional Changes, J. Pediatr.
Surg. 25, 650–657.

35. Armstrong, M.J., and Carey, M.C. (1987) Thermodynamic and
Molecular Determinants of Sterol Solubilities in Bile Salt Mi-
celles, J. Lipid Res. 28, 1144–1155.

36. Pakarinen, M., Miettinen, T.A., Kuusanmäki, P., Vento, P.,
Kivistö, T., and Halttunen, J. (1997) Effect of Ileal Autotrans-
plantation on Cholesterol, Bile Acids, and Biliary Lipids in Pigs
with Proximal Small Bowel Resection, Hepatology 25,
1315–1322.

37. Miettinen, T.A., and Kesäniemi, Y.A. (1989) Cholesterol Ab-
sorption: Regulation of Cholesterol Synthesis and Elimination
and Within-Population Variations of Serum Cholesterol Levels,
Am. J. Clin. Nutr. 43, 629–635.

38. Boberg, K.M., Einarsson, K., and Björkhem, I. (1990) Apparent
Lack of Conversion of Sitosterol into C24-Bile Acids in Hu-
mans, J. Lipid Res. 31, 1083–1088.

[Received October 2, 1997, and in revised form January 21, 1998;
revision accepted January 28, 1998]

276 M.P. PAKARINEN ET AL.

Lipids, Vol. 33, no. 3 (1998)



ABSTRACT: Diets rich in polyunsaturated fatty acids (PUFA)
are well known to suppress hepatic lipogenic enzymes com-
pared to fat-free diets or diets rich in saturated fatty acids. How-
ever, the mechanism underlying suppression of lipogenic en-
zymes is not quite clear. The present study was undertaken to
investigate whether lipid peroxidation products are involved in
suppression of lipogenic enzymes. Therefore, an experiment
with growing male rats assigned to six groups over a period of
40 d was carried out. Rats received semisynthetic diets contain-
ing 9.5% coconut oil and 0.5% fresh soybean oil (coconut oil
diet, peroxide value 5.1 meq O2/kg oil), 10% fresh soybean oil
(fresh soybean oil diet, peroxide value 9.5 meq O2/kg oil), or
10% thermally treated soybean oil (oxidized soybean oil diet,
peroxide value 74 meq O2/kg oil). To modify the antioxidant
state of the rats, we varied the vitamin E supply (11 and 511 mg
α-tocopherol equivalents per kg of diet) according to a bi-facto-
rial design. Food intake and body weight gain were not influ-
enced by dietary fat and vitamin E supply. Activities of hepatic
lipogenic enzymes were markedly influenced by the dietary fat.
Feeding either fresh or oxidized soybean oil diets markedly re-
duced activities of fatty acid synthase, (FAS), acetyl CoA-car-
boxylase, (AcCX), glucose-6-phosphate dehydrogenase,
(G6PDH), 6-phosphogluconate dehydrogenase, and ATP citrate
lyase (ACL) relative to feeding the coconut oil diet. Moreover,
feeding oxidized soybean oil slightly, but significantly, lowered
activities of FAS, AcCX, and ACL compared to feeding fresh soy-
bean oil. Activities of hepatic lipogenic enzymes were reflected
by concentrations of triglycerides in liver and plasma. Rats fed
the coconut oil diet had markedly higher triglyceride concen-
trations in liver and plasma than rats consuming fresh or oxi-
dized soybean oil diets, and rats fed oxidized soybean oil had
lower concentrations than rats fed fresh soybean oil. The vita-
min E supply of the rats markedly influenced concentrations of
thiobarbituric acid-reactive substances in liver, but it did not in-
fluence activities of hepatic lipogenic enzymes. Because the vi-
tamin E supply had no effect, and ingestion of an oxidized oil
had only a minor effect, on activities of hepatic lipogenic en-
zymes, it is strongly suggested that neither exogenous nor en-
dogenous lipid peroxidation products play a significant role in

the suppression of hepatic lipogenic enzymes by diets rich in
PUFA. Therefore, we assumed that dietary PUFA themselves are
involved in regulation of hepatic lipogenic enzymes. Neverthe-
less, the study shows that ingestion of oxidized oils, regardless
of the vitamin E supply, also affects hepatic lipogenesis, and
hence influences triglyceride levels in liver and plasma.
Lipids 33, 277–283 (1998).

Several studies demonstrated that dietary polyunsaturated
fatty acids (PUFA) suppress hepatic lipogenic enzymes by in-
hibiting enzyme protein synthesis (1,2). However, the mecha-
nisms by which PUFA suppress hepatic lipogenic enzymes
are not completely understood. Some experimental evidence
suggests that the nutritionally important C18 PUFA, linoleic
acid and α-linolenic acid, require ∆6 and ∆5 desaturation to
C20 PUFA to exert their suppressive effect (3,4). According
to a hypothesis of Clarke and Jump (5), those fatty acids in-
teract directly at the genomic level to govern gene transcrip-
tion. On the other hand, a recent study using primary hepatic
monolayer culture indicated that PUFA require oxidative
modification to exert their suppressive effect (6). If primary
or secondary lipid peroxidation products are involved in li-
pogenic enzyme suppression, it might be expected that the ef-
fect of dietary PUFA on enzyme suppression would be modi-
fied by the antioxidant state of the animal. In this respect,
feeding diets enriched with antioxidants could reduce, and
feeding diets with low levels of antioxidants enhance the ca-
pability of dietary PUFA for lipogenic enzyme suppression.
To test this hypothesis, we investigated the effect of PUFA
from soybean oil accompanied by an insufficient and an ex-
cessive vitamin E supply in rats. Additionally, rats which
were fed diets with thermally oxidized soybean oil were stud-
ied to ascertain the results from consumption of increased
concentrations of lipid peroxidation products. According to
the above hypothesis oxidized soybean oil should be a more
potent inhibitor of lipogenic enzymes than fresh soybean oil.

MATERIALS AND METHODS

Animals and diets. Sixty male Sprague-Dawley rats weighing
51 (± 4, SD) g were assigned to six groups of 10 rats each.
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All the rats received a semisynthetic diet consisting of (in
g/kg) casein (200), cornstarch (320), sugar (288), fat (100),
fiber (30), minerals (40), vitamins (20), and DL-methionine
(2). Minerals and vitamins with the exception of vitamin E
were added in sufficient amounts as recommended by the
American Institute of Nutrition (7). The dietary fat and the
vitamin E supply were varied according to a bi-factorial ex-
perimental design. Dietary fats used were (I) a mixture of co-
conut oil and soybean oil (19:1, w/w; coconut oil diet), (II)
fresh soybean oil (fresh soybean oil diet), (III) thermally
treated soybean oil (oxidized soybean oil diet). Peroxide
value (measured iodometrically) of the coconut oil/soybean
oil mixture before inclusion into the diet was 0.8 meq O2/kg,
and that of fresh soybean oil was 3.7 meq O2/kg. Oxidized
soybean oil was prepared by bubbling air through fresh soy-
bean oil at 130°C for 22 h. This treatment elevated the perox-
ide value to 23 meq O2/kg and caused a loss of 83% of α-to-
copherol, 93% of γ-tocopherol, and 38% of γ-tocopherol; per-
centages of PUFA were insignificantly reduced by heat
treatment. Prior to inclusion in the diet, the fats were stan-
dardized to an identical vitamin E activity of 113 mg α-toco-
pherol equivalents per kg by supplementation with all-rac-α-
tocopherol acetate. The fats were included into the diet either
in this form or after supplementation with 7,450 mg all-rac-
α-tocopherol acetate per kg. The calculated vitamin E con-
centrations of the diets were either 11 (low-vitamin E diet) or
511 mg (high vitamin E diet) α-tocopherol equivalents per
kg. For preparing the diet, dietary components were mixed
with water, homogenized, and dried at a temperature of 50°C
for 4 d. During drying, the peroxide values of dietary oils in-
creased. For assessing the peroxide value, aliquots of the diets
were analyzed at different times within the experimental pe-

riod. Average peroxide values of dietary fats over the whole
experimental period are shown in Table 1. The fatty acid com-
position of dietary total lipids and analyzed concentrations of
tocopherols are also given in Table 1. Both the fatty acid com-
position and tocopherol concentrations were not altered by
storage at a temperature of 4°C during the experimental pe-
riod. The experiment lasted 40 d. In order to stimulate activi-
ties of lipogenic enzymes, rats were given free access to food
throughout until killing. Killing was carried out by decapita-
tion after a slight anesthesia.

Analyses. After decapitation, the liver was excised and an
aliquot was homogenized in a buffer containing 0.25 M su-
crose and 0.1 M phosphate (pH 7.4) using a Potter-Elvehjem
homogenizer. Homogenates were centrifuged (105,000 × g
for 1 h at 4°C) and the supernatants were used for enzyme as-
says (8). All the enzymes were assayed by spectrophotomet-
ric methods. Glucose-6-phosphate dehydrogenase (E.C.
1.1.1.49) (9) and 6-phosphogluconate dehydrogenase (E.C.
1.1.1.44) (10) were determined by the rate of NADP reduc-
tion. In the assay of glucose-6-phosphate dehydrogenase, ac-
tivity of 6-phosphogluconate dehydrogenase was inhibited by
maleimide (9). Fatty acid synthase was determined from the
rate of malonyl-CoA-dependent NADPH oxidation after the
liver homogenate has been preincubated in a phosphate-
buffered solution containing dithiothreitol to achieve maxi-
mal enzymatic activity (11). The activity of acetyl-CoA car-
boxylase (E.C. 6.4.1.2) was determined from NADH oxida-
tion in an assay coupled with pyruvate kinase and lactate
dehydrogenase (12). ATP citrate lyase (E.C. 4.1.3.8) was de-
termined from NADH oxidation in an assay coupled with
malate dehydrogenase (13).

For determination of triglycerides, cholesterol, and total
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TABLE 1
Fatty Acid Composition, Tocopherol Concentrations, and Peroxide Values of the Experimental Dietsa

Parameter
CO FSO OSO

Low vitamin E High vitamin E Low vitamin E High vitamin E Low vitamin E High vitamin E
Fatty acids
(mol/100 moles)
6:0 0.5 0.5 — — — —
8:0 7.0 7.0 — — — —
10:0 5.3 5.2 — — — —
12:0 43.1 43.0 — — — —
14:0 16.9 16.9 0.3 0.3 0.3 0.3
16:0 9.7 9.6 10.2 10.2 10.7 10.7
16:1 — — 0.3 0.3 0.3 0.3
18:0 3.6 3.6 3.8 3.8 3.9 3.9
18:1n-9 8.7 8.6 23.9 24.0 24.0 24.0
18:2n-6 5.0 5.0 53.3 53.4 52.7 52.6
18:3n-3 0.6 0.6 8.1 8.1 7.7 7.7

Tocopherols
(mg/kg)

α-Tocopherol 9.1 646 7.1 623 13.2 665
γ-Tocopherol 4.0 4 58.0 58 3.8 4
γ-Tocopherol 3.3 3 27.0 27 13.6 14

Peroxide value
(meq O2/kg oil) 6.1 4.0 9.4 9.6 74 75

aAbbreviations: CO, coconut oil; FSO, fresh soybean oil; OSO, oxidized soybean oil.



fatty acids in liver tissue, lipids were extracted with a
hexane/isopropanol mixture (3:2, vol/vol, containing buty-
lated hydroxy toluene) (14). For determination of liver total
cholesterol and triglycerides, an aliquot of the extract was dis-
solved in Triton X-100 (15). Total cholesterol and triglyc-
erides then were determined using enzymatic reagent kits ob-
tained from Boehringer Mannheim (Mannheim, Germany).
Fatty acids of liver total lipids were converted into methyl es-
ters by transesterification with boron fluoride/methanol
reagent (16). Fatty acid methyl esters were separated by gas
chromatography using a Hewlett-Packard HP 5890A gas
chromatographic system (Taufkirchen, Germany) fitted with
an automatic on-column injector, a flame-ionization detector,
and a CP-Sil 88 capillary column (50 m × 0.25 mm internal
diameter, film thickness 0.2 µm; Chrompack, Middleburg,
The Netherlands). Fatty acid methyl esters were identified by
comparing their retention times with those of individually pu-
rified standards and quantified with heptadecanoic acid
methyl ester as internal standard (17). Concentrations of to-
copherols in liver, oils, and diets were determined by high-
performance liquid chromatography (18). Samples were
mixed with 1 mL 1% pyrogallol solution (in ethanol, ab-
solute) and 150 µL saturated sodium hydroxide solution. This
mixture was heated for 30 min at 70°C, and tocopherols were
extracted three times with n-hexane. Individual tocopherols
were separated using a mixture of n-hexane and 1,4-dioxane
(94:6, vol/vol) as mobile phase and a LiChrosorb Si 60 col-
umn (5 µm particle size, 250 mm length, 4 mm internal di-
ameter; Merck, Darmstadt, Germany) and detected by fluo-
rescence (excitation wavelength: 295 nm, emission wave-
length: 320 nm).

Thiobarbituric acid-reactive substances (TBARS) in liver
were determined by high-performance liquid chromatogra-
phy (19). Liver homogenates were mixed with 1 mL TBA
reagent (10 mM TBA in 0.1 M phosphate buffer, pH 1) and
50 µL of a 0.5% solution of butylated hydroxytoluene (in
ethanol, absolute). This mixture was heated for 45 min at
100°C. TBARS were extracted with n-butanol. The butanol
phase was injected; the column used was a LiChrosorb RP-

18 Cartridge (5 µm particle size, 250 mm length, 4 mm inter-
nal diameter; Merck). A water/acetonitrile mixture (80:20,
vol/vol) was used for elution of TBARS; the fluorescence was
measured at an excitation wavelength of 515 nm and an emis-
sion wavelength of 553 nm. 1,1,3,3-Tetramethoxypropane
was used as standard. Plasma lipoproteins were separated by
stepwise ultracentrifugation (230,000 × g, 20 h, 8°C). Plasma
densities (δ) were adjusted by addition of potassium bromide.
The lipoprotein classes (VLDL, δ < 1.019 kg/L; LDL, 1.019
< δ < 1.063 kg/L; HDL, 1.063 < δ < 1.21 kg/L, where VLDL
= very low density lipoprotein, LDL = low density lipopro-
tein; HDL = high density lipoprotein) were removed from
each tube by suction with a pipette. The concentrations of
triglycerides were measured enzymatically using an autoana-
lyzer (model 704; Hitachi, Tokyo, Japan) and a commercially
available reagent kit (Boehringer Mannheim).

Statistics. Data were treated by analysis of variance. Clas-
sification factors were dietary fat, vitamin E supply and the
interaction of those factors. For statistically significantly F-
values (P < 0.05), means were compared by Fisher’s multiple
range test.

RESULTS

Daily food intake and body weight gains as well as concen-
trations of tocopherols and TBARS are shown in Table 2.
Mean daily food intake and body weight gains were not influ-
enced by either dietary fat or vitamin E supply and hence
were similar within all the groups. Hepatic tocopherol con-
centrations were determined to assess the vitamin E status of
the rats. As expected, hepatic tocopherol concentrations were
markedly influenced by the dietary vitamin E supply. Rats fed
the high-vitamin E diets on average had 13-fold higher toco-
pherol concentrations in liver than rats fed the low-vitamin E
diets. The dietary fat also influenced the vitamin E status of
the rats. Feeding the oxidized soybean oil reduced the toco-
pherol status relative to the other fat sources, regardless of the
dietary vitamin E supply. Among groups receiving the high
vitamin E supplement, rats fed the coconut oil diet had the
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TABLE 2
Food Intake, Growth, and Concentrations of Tocopherols and TBARS in Livera,b

Parameter
CO FSO OSO

Low vitamin E High vitamin E Low vitamin E High vitamin E Low vitamin E High vitamin E
Food intake (g/d) 17.9 ± 1.9 18.2 ± 2.0 17.7 ± 1.8 18.1 ± 1.9 18.1 ± 1.8 18.2 ± 1.5
Body weight gain (g/d) 7.94 ± 0.68 8.18 ± 0.97 7.97 ± 0.81 7.99 ± 0.54 8.23 ± 0.75 8.33 ± 0.62
Total tocopherols in liverk

nmol/g dry matterh,i,j 69 ± 10f 1213 ± 309c 68 ± 10f 662 ± 152d 49 ± 5g 527 ± 98e

nmol/mg total lipidh,i,j 0.29 ± 0.05e 4.92 ± 0.92c 0.34 ± 0.09e 3.00 ± 0.61d 0.25 ± 0.04e 2.60 ± 0.50d

TBARS in liver
pmol/mg dry matteri 282 ± 110b 145 ± 56c 411 ± 183a 167 ± 30c 338 ± 161a,b 144 ± 50c

nmol/mg total lipidh,i 1.28 ± 0.48d 0.56 ± 0.27e 2.01 ± 0.95c 0.76 ± 0.14e 1.76 ± 0.90c,d 0.72 ± 0.27e

aValues represent means ± SD with n = 10 for each group. Means with different superscript letters (c,d,e,f,g) within one row differ significantly by Fisher’s
multiple range test (P < 0.05).
bSignificance of factors: hFat: P < 0.05; ivitamin E: P < 0.05; jfat × vitamin E: P < 0.05. kValues were transferred into their logarithms prior to analyses of
variance. TBARS, thiobarbituric acid-reactive substances. For other abbreviations see Table 1.



highest hepatic vitamin E content. In contrast, among groups
receiving the low vitamin E diets, rats fed fresh soybean oil
and those fed the coconut oil diet were similar on the basis of
absolute tocopherol concentrations; on the basis of tocopherol
concentrations expressed per mg of lipid, rats fed fresh soy-
bean oil even exhibited a slightly higher vitamin E status than
rats fed the coconut oil diet.

Concentrations of hepatic TBARS as an estimate of in vivo
lipid peroxidation were also markedly influenced by vitamin
E supply. Rats fed the low-vitamin E diets had on average 2.3-
fold higher TBARS concentrations than rats fed the high-vit-
amin E diets. The effect of the dietary fat on TBARS concen-
trations was less pronounced. Rats fed the coconut oil diets
had lower concentrations of TBARS than rats fed the soybean
oil diets. The difference was more pronounced on the basis of
concentrations related to hepatic lipids (30%) than in their ab-
solute concentrations (20%). Between rats fed fresh soybean
oil and rats fed oxidized soybean oil, hepatic TBARS concen-
trations did not differ.

Activities of hepatic lipogenic enzymes are shown in Fig-
ure 1. In general, activities of all the lipogenic enzymes were
influenced by the type of fat, whereas the vitamin E supply
did not affect those enzymes. A noticeable difference existed
between rats fed the coconut oil diet and rats fed the soybean
oil diets. Feeding fresh or oxidized soybean oil reduced ac-
tivities of all the lipogenic enzymes by 30 to 50%. Besides
this main effect, there existed significant differences in the
activities of fatty acid synthase, acetyl-CoA carboxylase, and
ATP citrate lyase between rats fed oxidized soybean oil and
those fed fresh soybean oil. Oxidized soybean oil reduced ac-

tivities of those enzymes by 20 to 30% relative to fresh soy-
bean oil. In contrast, activities of glucose-6-phosphate dehy-
drogenase and 6-phosphogluconate dehydrogenase were not
different between rats fed fresh and those fed oxidized soy-
bean oil.

There was a marked effect of the dietary fat on hepatic
triglyceride concentrations, which reflected activities of li-
pogenic enzymes (Table 3). Rats fed the coconut oil diets had
markedly higher triglyceride concentrations than rats fed the
soybean oil diets. Moreover, the rats fed fresh soybean oil had
slightly, but significantly, higher concentrations of triglyc-
erides than rats fed oxidized soybean oil. In parallel with in-
creased triglyceride concentrations, rats fed the coconut oil
diets also had the highest concentrations of total lipids and
fatty acids, and those fed oxidized soybean oil had the lowest
concentrations. The dietary fat also influenced the fatty acid
composition of hepatic total lipids. In rats fed coconut oil, sat-
urated and monounsaturated fatty acids were predominant
whereas rats fed fresh and oxidized soybean oil had high lev-
els of n-6 PUFA. Moreover, rats fed oxidized soybean oil had
lower concentrations of all types of fatty acids in liver than
rats fed fresh soybean oil. The concentration of total choles-
terol was not influenced by the dietary fat and by the vitamin
E supply.

Triglyceride concentrations in plasma and lipoproteins
also reflected activities of hepatic lipogenic enzymes (Table
4). Rats fed coconut oil had markedly higher concentrations
of triglycerides in plasma, VLDL,  and LDL than rats fed soy-
bean oil, and rats fed fresh soybean oil had higher concentra-
tions than rats fed oxidized soybean oil. According to the
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FIG. 1. The effect of dietary fat and vitamin E supply on activities of hepatic lipogenic enzymes (FAS = fatty acid
synthase; AcCX = acetyl-CoA carboxylase; ACL = ATP citrate lyase; G6PDH = glucose-6-phosphate dehydroge-
nase; 6PGDH = 6-phosphogluconate dehydrogenase). Rats were fed diets containing predominantly coconut oil
(CO), fresh soybean oil (FSO), or oxidized soybean oil (OSO). Vitamin E concentrations of the diets were: 11 mg α-
tocopherol equivalents per kg (low-vitamin E diets, solid bars) and 511 mg α-tocopherol equivalents per kg (high-
vitamin E diets, shaded bars). Results are means ± SD with n = 10 for each group. Units of activity are defined as:
nmoles of NADH or NADPH oxidized per mg protein per minute at 37°C for AcCX and FAS, respectively; nmoles
of NADP reduced per mg protein per minute at 37°C for G6PDH and 6PGDH; nmoles of NADH oxidized per mg
protein per minute at 37°C for ACL. Significantly different means between the individual groups are marked by dif-
ferent letters (a,b,c). Statistical effects of factors: Dietary fat, P < 0.05 for all enzymes; vitamin E and vitamin E × di-
etary fat, nonsignificant for all enzymes.



analysis of variance, the vitamin E supply had no significant
effect on concentrations of triglycerides in plasma and
lipoproteins, although in the groups fed fresh and oxidized
soybean oil diets, the group receiving a high vitamin E sup-
plement had slightly higher concentrations in all the lipopro-
teins than those fed diets low in vitamin E.

DISCUSSION

The present study was carried out to investigate whether lipid
peroxidation products are involved in the suppression of li-
pogenic enzyme activity by diets rich in PUFA. The effect of
in vivo lipid peroxidation products was investigated by modi-
fying the vitamin E status of the rats. The effect of exogenous
lipid peroxidation products was investigated by feeding a
thermally treated soybean oil. According to the peroxide val-
ues, the thermally treated soybean oil can be regarded as mod-
erately oxidized. The relatively low level of oxidation of the

oil used had two advantages: First, food intake was not sup-
pressed by intake of lipid peroxidation products. This is an
important demand in studying lipogenic enzymes because the
food intake significantly influences the activities of lipogenic
enzymes (20). In addition, the fatty acid composition of the
oxidized oil was only negligibly different from that of the
fresh soybean oil. Hence, the effect of oxidation products on
lipogenic enzymes could be investigated without being con-
founded by a different fatty acid composition of dietary lipids.
Most of the other studies dealing with dietary lipid peroxida-
tion products used diets containing highly oxidized oils
(21–24). Feeding such diets usually leads to lower consump-
tion of diets containing highly oxidized oils by the animals
than that of nonoxidized control diets, and rats fed highly ox-
idized oils also experience lower digestibility of fatty acids
and lower dietary efficiency (22,23,25–27). Finally, highly
oxidized oils contain less PUFA than the equivalent fresh oils
(21–23,27,28). Therefore, dietary studies on the effects of
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TABLE 3
Concentrations of Hepatic Lipidsa,b

Parameter
CO FSO OSO

Low vitamin E High vitamin E Low vitamin E High vitamin E Low vitamin E High vitamin E
Total lipids (mg/g)f 83.7 ± 22.4c 84.9 ± 28.9c 65.7 ± 9.5d 71.2 ± 7.9c,d 60.4 ± 5.3d 64.4 ± 7.4d

Triglycerides (µmol/g)f 53.9 ± 20.1c 52.2 ± 23.9c 17.5 ± 5.8d 18.1 ± 3.7d 13.6 ± 3.5d 14.0 ± 2.9d

Total cholesterol (µmol/g) 7.15 ± 0.94 6.81 ± 1.38 6.47 ± 0.52 7.12 ± 1.38 6.60 ± 0.68 6.03 ± 0.68
Total fatty acids (µmol/g)f 202 ± 58c 205 ± 70c 163 ± 32c,d 180 ± 28c,d 146 ± 23d 155 ± 22d

SFA (µmol/g)f 96.2 ± 31.9c 97.4 ± 34.3c 58.0 ± 10.5d 63.6 ± 8.2d 52.3 ± 5.5d 54.7 ± 6.0d

14:0f 7.23 ± 2.68c 7.44 ± 2.50c 1.20 ± 0.40d,e 1.47 ± 0.35d 0.87 ± 0.20e 1.05 ± 0.27d,e

16:0f 67.9 ± 27.4c 69.3 ± 32.1c 39.0 ± 9.0d 43.7 ± 7.3d 33.0 ± 5.2d 35.8 ± 5.3d

18:0f 18.6 ± 1.8 17.9 ± 1.6 17.4 ± 1.6 17.9 ± 1.4 18.0 ± 0.9 17.5 ± 1.1
MUFA (µmol/g)f 74.2 ± 26.7c 77.2 ± 36.1c 36.9 ± 12.1d,e 41.9 ± 9.0d 29.2 ± 4.9e 32.7 ± 7.4e

16:1f 15.4 ± 6.0c 16.9 ± 8.6c 5.29 ± 1.93d,e 6.07 ± 1.51d 3.65 ± 0.59e 4.32 ± 0.90e

18:1f 58.5 ± 20.8c 59.8 ± 27.6c 31.7 ± 10.3d 35.8 ± 7.7d 25.5 ± 4.6d 28.3 ± 6.5d

PUFA (µmol/g)f 31.2 ± 0.9d 30.5 ± 1.8d 68.2 ± 9.6c 74.8 ± 13.6c 63.8 ± 11.9c 67.1 ± 10.8c

18:2n-6f 7.89 ± 0.70e 8.42 ± 0.11e 36.4 ± 9.6c,d 40.9 ± 12.2c 30.3 ± 9.9d 33.6 ± 8.7c,d

18:3n-3f 0.24 ± 0.02e 0.27 ± 0.02e 3.03 ± 1.17c 3.32 ± 1.19c 2.09 ± 1.01d 2.62 ± 0.67c,d

20:4n-6f 14.1 ± 1.2d 13.4 ± 1.4d 19.1 ± 0.9c 20.0 ± 1.0c 21.0 ± 1.2c 20.1 ± 2.5c

22:6n-3f 4.10 ± 0.39d 3.89 ± 0.57d 5.98 ± 0.42c 6.40 ± 0.63c 6.42 ± 0.60c 6.04 ± 1.17c

aValues represent means ± SD with n = 10 for each group. Means with different superscript letters (c,d,e,) within one row differ significantly by Fisher’s
multiple range test (P < 0.05).
bSignificance of factors: fFat: P < 0.05. Abbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
For other abbreviations see Table 1.

TABLE 4
Concentrations (mmol/L) of Triglycerides in Plasma and Lipoproteinsa,b

Parameter
CO FSO OSO

Low vitamin E High vitamin E Low vitamin E High vitamin E Low vitamin E High vitamin E

Plasmaf 3.91 ± 1.03c 3.49 ± 0.85c 1.94 ± 0.93e 2.71 ± 0.98d 1.53 ± 0.47e 2.09 ± 0.69d,e

VLDLf 3.35 ± 0.90c 2.95 ± 0.68c 1.59 ± 0.85e 2.28 ± 0.85d 1.22 ± 0.46e 1.70 ± 0.65d,e

LDLf 0.38 ± 0.18c 0.38 ± 0.18c 0.20 ± 0.07d 0.25 ± 0.09d 0.16 ± 0.03d 0.23 ± 0.06d

HDL 0.18 ± 0.05 0.16 ± 0.02 0.15 ± 0.04 0.18 ± 0.08 0.14 ± 0.02 0.16 ± 0.02
aValues represent means ± SD with n = 10 for each group. Means with different superscript letters (c,d,e,) within one row differ significantly by Fisher’s
multiple range test (P < 0.05).
bSignificance of factors: fFat: P < 0.05. Abbreviations: VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein. For
other abbreviations see Table 1.



lipid peroxidation products are usually confounded by differ-
ences in nutritional status, growth rates, and fatty acid com-
position of dietary lipids, between the study groups.

Highly oxidized dietary oils have been reported to enhance
in vivo lipid peroxidation as assessed by elevated levels of
lipid peroxidation products in tissues (22–24). Ingestion of
the moderately oxidized soybean oil in this study did not in-
crease the generation of the malondialdehyde-TBAR adduct
during the TBARS test from liver lipids, suggesting that there
was not a marked increase of lipid peroxidation in vivo, re-
gardless of the dietary vitamin E supply. It seems likely that
an enhanced lipid peroxidation would be reduced by an ele-
vated destruction of tocopherols. Destruction of tocopherols
by peroxides could explain the lower vitamin E status of the
rats fed oxidized soybean oil. Reduced tocopherol levels in
animals fed oxidized oils, as observed in this study, have also
been reported by other investigators (26,28–30). The effects
of dietary fatty acids and vitamin E supply on lipid peroxida-
tion products in liver were not unexpected. Other studies have
also demonstrated reduced in vivo lipid peroxidation by feed-
ing diets rich in saturated and monunsaturated fatty acids
compared to diets rich in PUFA and by supplementing diets
with high levels of vitamin E (31–33).

The present study strongly suggests that neither endoge-
nous nor exogenous lipid peroxidation products play a signif-
icant role in the suppression of lipogenic enzymes by dietary
oils rich in PUFA. This can be concluded from the observa-
tion that the suppression of lipogenic enzymes was com-
pletely independent of the vitamin E supply of the rats, and it
was only slightly different between rats fed fresh and rats fed
oxidized soybean oil. If lipid peroxidation products played an
important role in suppression of lipogenic enzymes, it would
be expected that both low vitamin E supply and ingestion of
an oxidized oil would lead to suppression of lipogenic en-
zymes. Hence, it seems likely that PUFA per se exert a sup-
pressive effect on hepatic lipogenic enzymes. This result
agrees with a study by Iritani et al. (24) that also failed to
demonstrate that autoxidation products of PUFA play a role
in the suppression of lipogenic enzymes. An hypothesis on
how PUFA per se could act on hepatic lipogenic enzymes re-
cently has been given by Clarke and Jump (2,5). Triglyceride
concentrations in liver and plasma reflected activities of he-
patic lipogenic enzymes. Hence, the present study suggests
that the effect of PUFA on triglycerides in liver and plasma is
at least partially due to reduced hepatic lipogenesis. In the
study of Iritani et al. (24), reducing activities of lipogenic en-
zymes by increasing dietary PUFA levels was also associated
with lower concentrations of hepatic triglycerides.

Although the study suggests that lipid peroxidation prod-
ucts do not play a major role in regulation of lipogenic en-
zymes, such products potentially could affect hepatic lipoge-
nesis. Rats fed oxidized soybean oil had lower activities of
some key enzymes involved in lipogenesis than rats fed fresh
soybean oil. As a consequence of reduced lipogenesis, rats
fed the oxidized soybean oil exhibited reduced triglyceride
concentrations in liver and plasma compared to rats fed the

fresh soybean oil. This effect was independent of the vitamin
E supply and TBARS generated from liver lipids, and hence
probably is independent of in vivo lipid peroxidation
processes, e.g., peroxidative damages to unsaturated fatty
acids of membranes. From the results of the present study, the
mechanism underlying reduced activities of lipogenic en-
zymes in rats fed oxidized oil cannot be determined. This phe-
nomenon, however, may be due to general disturbances of en-
ergy production in rats fed oxidized oils. Ingestion of autoxi-
dized oils has been shown to cause profound alterations in
membrane composition and fluidity associated with alter-
ations of some membrane-bound enzymes involved in energy
metabolism (23,31). The study of Iritani et al. (24) did not ob-
serve differences in hepatic lipogenic enzymes and triglyc-
erides between rats fed fresh and rats fed oxidized corn oil.
This suggests that experimental factors other than different
concentrations of primary and secondary lipid peroxidation
products in the oxidized and control diets also may play a role
in this regulatory process.
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ABSTRACT: We examined effects of polyunsaturated fatty
acids (PUFA), their corresponding hydroperoxy fatty acids
(hp-PUFA), as well as various pro- and antioxidants on the
growth of tumor cells in culture. When cultured in RPMI 1640
medium, A-427 and WEHI clone 13 cells were both highly sen-
sitive to hydroperoxy docosahexaenoic acid (hp-DHA), but they
were far less sensitive in minimum essential medium (MEM). In
contrast, A-427 cells were also sensitive to DHA in both culture
media, while WEHI clone 13 cells, as well as other cell lines,
tested in their respective media, were resistant. The lower sensi-
tivity of the cell lines to hp-DHA in MEM-medium was appar-
ently due to a more rapid reduction of hp-DHA to the corre-
sponding hydroxy-DHA in MEM-medium. Addition of glu-
tathione (GSH) to the culture medium abolished the effects of
hp-DHA, but not the effects of DHA, while depletion of intra-
cellular GSH levels by L-buthionine-S,R-sulfoximine strongly
enhanced the cytotoxic effect of hp-DHA, but not the cytotoxic
effect of DHA. α-Tocopherol protected A-427 cells against the
toxic effect of DHA and abolished the induced lipid peroxida-
tion, while it did not protect against the toxic effects of hp-DHA
in A-427 or WEHI clone 13 cells. Ascorbic acid reduced the
cytotoxic effect of DHA, but potentiated the toxic effect of
hp-DHA while selenite essentially abolished the toxicity of both
DHA and hp-DHA. These results indicate that sensitivity of
tumor cell lines to PUFA and their oxidation products depends
on their antioxidant defense mechanisms, as well as culture
conditions, and establishes hp-DHA as a major, but probably
not the sole, metabolite responsible for cytotoxicity of DHA. 
Lipids 33, 285–293 (1998).

Diets enriched in n-3 fatty acids have been shown to delay the
development and growth of experimentally induced tumors
(1,2) and to reduce their invasiveness and metastatic potential

(3). Growth inhibition of several tumor cell lines in culture
has also been reported, indicating a direct cytotoxic effect of
n-3 fatty acids (4–6). Several processes important for growth
control, such as signal transduction (7), gene expression (8)
and eicosanoid metabolism (9–12), may be affected by 
n-3 fatty acids, but the major mechanisms responsible for
inhibition of tumor cell growth remain uncertain. However, 
it has become increasingly clear that oxidation products 
of polyunsaturated fatty acids (PUFA) contribute to their cy-
totoxicity (13–16), and recently deficiencies in cellular an-
tioxidant defense mechanisms were shown to strongly en-
hance the sensitivity of tumor cells to n-3 fatty acids (17–19).
Lipid peroxidation is a radical chain reaction, and the primary
products of lipid peroxidation of PUFA are lipid hydroperox-
ides (20). Therefore, accumulation of hydroperoxides may
amplify lipid peroxidation resulting in a range of products
that may be deleterious to cells (20). Consistent with this,
lipid hydroperoxides added to growth media inhibit cell
growth and/or induce cell death in several different cell lines
(21–27).

In the present study we have compared the effect of sev-
eral PUFA and their hydroperoxy derivatives on the growth
of different tumor cell lines. Among the cell lines tested, only
one is significantly growth-inhibited by PUFA, docosa-
hexaenoic acid (DHA) being one of the most potent. This sen-
sitive cell line is also growth-inhibited by the primary lipid
peroxidation product of DHA, hydroperoxy-DHA (hp-DHA),
indicating that cytotoxicity of n-3 fatty acids may be medi-
ated through the formation of this primary product. This is
further supported by the fact that agents inhibiting lipid per-
oxidation or inactivating hydroperoxides also reduce cytotox-
icity. We also find that cytotoxic effects of PUFA and their
hydroperoxy derivatives may be modulated by factors in
growth media and sera, underlining the importance of stan-
dardization of culture conditions when comparing effects of
fatty acids on cultured cells. 

MATERIALS AND METHODS

Materials. Minimum essential medium with Earle’s salts
without L-glutamine (MEM), Dulbecco’s modified Eagle’s
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medium (DMEM), sodium pyruvate, nonessential amino
acids, Nutritient Mixture F-12 (HAM), L-glutamine, and
trypsin were obtained from Gibco BRL, Life Technologies
(Inchinnan, Scotland). RPMI-1640 medium was from Gibco
BRL and from B.I. Bio Whittaker (Brussels, Belgium). Fetal
bovine serum (FBS) was purchased from Hyclone (Cramling-
ton, England), fetal calf serum (FCS) from Gibco BRL 
and Biological Industries (Kibbutz Beit Haemek, Israel). 
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), 2-thiobarbituric acid (TBA), 1,1,3,3,-tetra-
methoxypropane, glutathione (GSH), α-tocopherol, butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
superoxide dismutase, sodium selenite, L-buthionine-S,R-
sulfoximine (BSO), soybean lipoxidase type I-B, linoleic acid
(LA), α-linolenic acid (α-LNA), γ-linolenic acid (γ-LNA),
eicosapentaenoic acid (EPA), and DHA were obtained from
Sigma (St. Louis, MO). Gentamicin sulfate was from Sigma
and Schering Corp. (Kenilworth, NJ). Diethyl maleate (DEM)
was purchased from Aldrich (Steinheim, Germany). Ascorbic
acid was from E. Merck (Darmstadt, Germany). Hydroper-
oxy fatty acids were prepared by incubating the fatty acids
with soybean lipoxygenase as previously described (27).
They were purified by reversed-phase high-performance liq-
uid chromatography (HPLC), and concentrations calculated
as previously described (27).

Cell cultures. A-427, SK-LU-1, A-172, and A549 were
purchased from American Type Culture Collection (Rock-
ville, MD). WEHI clone 13 fibrosarcoma cell line (WEHI
clone 13) was isolated as described previously (28). A-427
and SK-LU-1 were cultured in MEM supplemented with 10%
(vol/vol) FCS, gentamicin (45 mg/L), L-glutamine (80 mg/L),
sodium pyruvate (1 mM), and nonessential amino acids
(100×, 10 mL/L). A549 was cultured in Nutritient Mixture
F-12 (HAM) with L-glutamine (80 mg/L) supplemented with
10% (vol/vol) FCS and gentamicin (50 mg/L). A-172 was
cultured in DMEM with 4.5 g/L glucose without L-glutamine,
supplemented with 10% (vol/vol) FCS, gentamicin (50
mg/L), L-glutamine (80 mg/L), and sodium pyruvate (1 mM).
WEHI clone 13 was cultured in RPMI-1640 medium contain-
ing 10% (vol/vol) FCS or FBS, 2 mM L-glutamine and 40
µg/mL gentamicin. All cell cultures were maintained in 5%
CO2 at 37°C.

Cell survival assay. Cell survival was measured in 96-well
microplates (Costar 3598) seeding 3000 cells/well except 
for Figure 7 where 1500 cells/well were used. Cells were
allowed to adhere for 4 h before additions were made. Stock
solutions of parent fatty acids, hp-fatty acids, α-tocopherol,
BHA, BHT, and DEM were prepared in ethanol, and the final
ethanol concentration never exceeded 0.38% (vol/vol), which
had no effect on cell survival alone. Stock solutions of GSH,
ascorbic acid, sodium selenite, and BSO were prepared in pu-
rified, sterile water, and the final added water concentration
never exceeded 2.0% (vol/vol), which had no effect on cell
survival alone. Cell survival was measured at the times indi-
cated, using MTT-assay, as previously described (29), mea-
suring absorbance at 588 or 595 nm. Results are from one of

at least two similar experiments with four parallels, and are
given as mean with SD indicated as bars.

Reduction of hp-fatty acid in growth media alone. Hp-EPA
was incubated with the growth media used for culturing A-
427 cells and WEHI clone 13 cells (complete MEM and
RPMI-medium, respectively) in 5% CO2 at 37°C for the indi-
cated time intervals. After incubation, lipids were extracted
essentially according to the method described by Bligh and
Dyer (30). Hp-EPA and hydroxy-EPA were then separated
using reversed-phase HPLC as described in Reference 27.
The peak area of hydroxy-EPA as percentage of the total peak
area of hp-EPA and hydroxy-EPA combined was calculated.
Results are given as mean of three experiments with SD indi-
cated as bars.

Lipid peroxidation assay. The TBA test was used to
measure the end products of lipid-peroxidation (31), mainly
malondialdehyde (MDA). Cells were seeded at a concentra-
tion of 30,000 cells/mL (WEHI clone 13 cells) or 75,000
cells/mL (A-427 cells) in flasks (25 cm2) with 4 mL medium.
After 4 h, the medium was changed, and the cells were prein-
cubated for 24 h with control medium or medium supple-
mented with antioxidant. The medium was then removed and
control medium or medium supplemented with fatty acid
added. After further 44 h, cells were killed by adding 2 mL
20% trichloroacetic acid to the flasks. Then 4 mL of 0.67%
TBA was added, and the TBA test performed as previously
described (32). Absorbance was converted to nmol MDA from
a standard curve generated with 1,1,3,3,-tetramethoxypropane.

GSH assay. Cells were seeded at a concentration of 1.4 ×
106 cells (A-427 cells) or 0.5 × 106 cells (WEHI clone 13
cells) in flasks (75 cm2). After 4 h, medium was replaced 
with control medium or medium enriched with BSO (10 µM)
or DEM (60 µM). After an additional 24 h of incuba-
tion, GSH analysis was performed as described below in 
one of the parallel flasks. In the remaining flasks, medium
was changed to control medium or medium enriched with
DHA (35 µM) or hp-DHA (35 µM). After a further 48 h 
of incubation, the cell layer was rinsed twice with cold phos-
phate buffered saline and harvested by scraping and then
sonicated. The resulting homogenate was used as GSH
source. Total GSH content was assayed using a GSH re-
ductase assay (33). GSH content was quantitated by compari-
son with a standard curve generated with known amounts of
GSH (reduced form), and expressed as nanomoles per mil-
ligram of protein.

Protein content was determined by the BioRad-assay (Bio-
Rad Laboratories, Hercules, CA) using serum albumin as the
standard.

Statistical analysis. If not otherwise stated, statistical
analysis was carried out using one-way analysis of variance
(ANOVA) with Student-Newman-Keuls method for multiple
comparison or Kruskal-Wallis one-way ANOVA on ranks
(when equal variance test failed), with a 0.05 level of signifi-
cance. The analysis was performed using SigmaStat for
Windows version 1.0 (Jandel Scientific Software, Jandel Cor-
poration, Erkrath, Germany).
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RESULTS

Effects of PUFA on growth of different malignant cell lines.
The effects of the n-3 fatty acid DHA on growth of the murine
fibrosarcoma cell line WEHI clone 13, the three human lung
carcinoma cell lines A-427, A549 and SK-LU-1, and the
human glioblastoma cell line A-172 are demonstrated in Fig-
ure 1. As previously shown (19), growth of the A-427 cell
line was significantly inhibited in a time- and concentration-
dependent manner by DHA, while DHA had little or no ef-
fect on growth of the other cell lines. Also γ-linolenic acid
(γ-LNA) and arachidonic acid (AA) inhibited the growth of
A-427 cells to approximately the same extent as DHA, while
α-linolenic acid (α-LNA) and EPA had less effect (Fig. 2).
The growth of the WEHI clone 13, SK-LU-1, A549, and
A-172 cell lines were not affected by any of these fatty acids
(results not shown).

Effects of the corresponding n-6-hydroperoxy fatty acids
on growth of the malignant cell lines and the significance of
growth media and sera. We have previously shown that lipid
peroxidation is involved in the toxicity of DHA to A-427 cells
(19). To investigate whether the toxicity of DHA could be
explained by the primary lipid peroxidation product n-6
hp-DHA, we examined the effect of this product on different
cell lines. Like the parent fatty acids, hp-DHA had no signifi-
cant effect on growth of the SK-LU-1, A549 and A-172 cell
lines (Fig. 3). The same was also the case for hp-γ-LNA,
hp-AA, hp-α-LNA, and hp-EPA (results not shown). As pre-
viously shown (27), all the hp-fatty acids tested inhibited
growth of WEHI clone 13 cells in a time- and concentration-
dependent manner (Fig. 3, results shown for hp-DHA only).

Somewhat surprisingly, A-427 cells seemed less sensitive to
hp-DHA than to DHA (Figs. 1 and 3). Like hp-DHA, the
other hydroperoxy fatty acids inhibited growth of A-427 cells
only slightly, and significantly less than the corresponding
parental fatty acid (results not shown). An exception was
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FIG. 1. Growth curves for the murine fibrosarcoma cell line WEHI clone
13, the three human lung carcinoma cell lines A-427, A549 and SK-LU-
1, and the human glioblastoma cell line A-172 cultured in the presence
of different concentrations of docosahexaenoic acid (DHA). MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. ●●, Con-
trol; ■■, 5 µM; ▲▲, 20 µM; ●, 35 µM; ■, 50 µM.

FIG. 2. Growth curves for the human lung carcinoma cell line A-427
cultured in the presence of different concentrations of γ-linolenic acid
(γ−LNA), arachidonic acid (AA), α-LNA, or eicosapentaenoic acid (EPA).
See Figure 1 for other abbreviations and symbol legend.

FIG. 3. Growth curves for the murine fibrosarcoma cell line WEHI clone
13, the three human lung carcinoma cell lines A-427, A549 and SK-LU-
1, and the human glioblastoma cell line A-172 cultured in the presence
of different concentrations of hydroperoxy (hp)-DHA. See Figure 1 for
other abbreviations and symbol legend.
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hp-α-LNA which inhibited growth of A-427 cells signifi-
cantly more than the parental α-LNA in two out of four ex-
periments (results not shown).

Also the degree of growth inhibition induced by parent
fatty acid in A-427 cells showed some variation between ex-
periments. We discovered that different batches of sera could
explain much, if not all, of the variation in sensitivity between
experiments due to a varying amount of selenium and/or
α-tocopherol between batches (S. Schønberg, unpublished re-
sults). We also found that the synthetic part of the culture
media was of importance for the growth inhibition observed.
To investigate this in more detail, we compared the effect of
DHA and hp-DHA on the growth of A-427 (DHA-sensitive)
and WEHI clone 13 (hp-DHA sensitive) in complete MEM
as well as complete RPMI medium using different batches of
sera. The two batches of sera used in these experiments did
not have any influence on the results (data not shown). Both
the MEM and RPMI-medium used supported growth of the
two cell lines to the same extent. We found that DHA and
hp-DHA were considerably more toxic to A-427 cells when
grown in RPMI medium than its recommended MEM, the ef-
fect of hp-DHA differing more than the effect of DHA (Fig.
4, results shown for hp-DHA only). Accordingly, hp-DHA

was slightly more toxic to A-427 cells than DHA in RPMI
medium (results not shown). Furthermore, hp-DHA was less
toxic to WEHI clone 13 cells when grown in MEM instead of
its standard RPMI medium (Fig. 4). Thus, when grown in the
same medium, the effects of hp-DHA on the two cell lines
were almost identical (Fig. 4). The hp-fatty acid was reduced
to hydroxy fatty acid in a time-dependent way in both media
(Fig. 5). However, the reduction was clearly faster in MEM
compared to RPMI medium. Incubating hp-fatty acid in ster-
ile water for 120 min only gave about 9% reduction (results
not shown). In conclusion, A-427 cells and the WEHI-clone
13 cells are both highly sensitive to hp-DHA when cultured
in RPMI- but not when cultured in MEM.

Effects of different antioxidants and GSH-modulating
agents on DHA and hp-DHA-induced growth inhibition. To
try to identify factors that may influence the toxicity of the
parent fatty acids as well as the hp-fatty acids, we tested the
effects of several antioxidants and GSH-modulating agents
on the hp-DHA-induced growth inhibition in WEHI clone 13
cells and the DHA-induced growth inhibition in A-427 cells
in their respective standard media. As shown in Figure 6, si-
multaneous addition of the GSH completely abolished the ef-
fect of hp-DHA, while GSH had little effect on DHA-induced
growth inhibition. In contrast, the lipid-soluble, chain-break-
ing antioxidant α-tocopherol had no effect on hp-DHA-in-
duced growth inhibition, but abolished the growth inhibitory
effect of DHA almost completely (Fig. 6). The water-soluble
antioxidant ascorbic acid also counteracted the DHA effect,
while it potentiated the effect of hp-DHA (Fig. 6).
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FIG. 5. Reduction of hp-EPA by growth media in the absence of cells.
The hp-EPA was incubated with RPMI-based growth medium (used for
the continuous culture of WEHI clone 13 cells) and MEM-based growth
medium (used for the continuous culture of A-427 and SK-LU-1 cells)
for the indicated time intervals. Lipids were then extracted, and amounts
of hp-EPA and hydroxy-EPA were determined using reversed-phase
high-performance liquid chromatography (HPLC). See Figures 2–4 for
other abbreviations.

FIG. 4. Effect of different concentrations of hp-DHA on WEHI clone 13
cells and A-427 cells grown in both RPMI-based growth medium (used
for the continuous culture of WEHI clone 13 cells) and minimum essen-
tial medium (MEM)-based growth medium (used for the continuous cul-
ture of A-427 and SK-LU-1 cells). See Figures 1 and 3 for other abbrevi-
ations. See Figure 1 for symbol legend.



To further investigate the effects of antioxidant defense
mechanisms, we preincubated the cells with antioxidants or
GSH-modulating agents for 24 h before changing medium
and challenging cells with DHA or hp-DHA for 44 h (Fig. 7).
Preincubation with GSH had no effect on DHA or hp-DHA-
induced toxicity, suggesting that the observed effect of GSH
on hp-DHA-induced toxicity (Fig. 6) may be due to its ability
to reduce the hp-fatty acid into the corresponding hydroxy
fatty acid in the medium (27). We also investigated the im-
portance of the intracellular GSH level and the GSH redox
cycle on the growth inhibitory effect of DHA and hp-DHA
by preincubating cells with BSO, a GSH synthesis inhibitor,
and DEM, a GSH-depleting agent, as well as sodium selenite
which has been shown to increase the activity of the sele-
nium-dependent GSH peroxidase in A-427 cells (19). Fig-
ure 7 shows that preincubation with sodium selenite restored
cell growth almost completely in A-427 cells, somewhat less
in WEHI clone 13. BSO potentiated the effect of hp-DHA
while the effect of DHA was unaffected.

Preincubation with α-tocopherol protected almost com-
pletely against DHA-induced toxicity in A-427 cells, while
the cytotoxic effect of hp-DHA on WEHI clone 13 was unaf-
fected. The same was true for the other lipid-soluble chain-
breaking antioxidants that were included in this set of experi-
ments, BHA and BHT, but to a lesser degree. In contrast,
these lipid-soluble radical scavengers had no effect on hp-
DHA-induced toxicity. Though to a lesser extent, preincuba-
tion with ascorbic acid still protected cells against DHA-in-

duced toxicity, while the hp-DHA-induced toxicity was unaf-
fected (Fig. 7).

Since we have shown that the effect of DHA, and in par-
ticular hp-DHA, depends on the synthetic part of the media,
we also tested whether the media had any influence on the
abolishing or potentiating effects of the antioxidants. This
was done by incubating fatty acid in the presence of GSH,
α-tocopherol, or ascorbic acid with A-427 cells for 44 h. To
test the effect of antioxidants on hp-DHA-induced growth in-
hibition in MEM, we increased the hp-DHA concentration to
70 µM to obtain an effect. The effects of GSH and α-tocoph-
erol on DHA-induced and hp-DHA-induced growth inhibi-
tion were the same in MEM and RPMI-medium. However,
the effect of ascorbic acid varied depending on the growth
medium, ascorbic acid being more protective in MEM than
in RPMI medium (results not shown).

Effect of BSO and DEM on GSH level in A-427 and WEHI
clone 13 cells. To further investigate the role of the intracel-
lular GSH level for the cytotoxic effect of DHA and hp-DHA,
we measured the GSH level after preincubation with BSO and
DEM both before (Table 1) and after (Table 2) challenging
cells with DHA or hp-DHA in their respective media. As
shown in Table 1, after 24-h incubation, BSO reduced the
GSH level in both A-427 and WEHI clone 13 cells. DEM also
reduced the GSH level in WEHI clone 13 cells, but to a lesser
extent than BSO. This difference may explain why preincu-
bation with BSO, but not DEM, potentiated the hp-DHA ef-
fect in WEHI clone 13 cells. In contrast, DEM increased the
GSH level in A-427 cells. An elevation in GSH level induced
by DEM after an initial decrease has also been observed by
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FIG. 6. Effect of various antioxidants on hp-DHA-induced (the WEHI
clone 13 cell line) and DHA-induced (the A-427 cell line) growth inhi-
bition. Fatty acid and antioxidant were added simultaneously, and cell
survival was measured after 44 h using MTT assay. Relative survival was
calculated as optical density (o.d.) (o.d. measured/o.d. control) × 100.
*Significantly different from effects when cells are incubated with fatty
acid alone. See Figures 1 and 3 for other abbreviations.

FIG. 7. Effect of preincubation with various antioxidants and GSH-mod-
ulating agents on hp-DHA-induced (the WEHI clone 13 cell line) and
DHA-induced (the A-427 cell line) growth inhibition. Cells were prein-
cubated for 24 h with the indicated additions before changing to
medium containing hp-DHA (WEHI Clone 13) or DHA (A-427). Cell
survival was measured after further 44 h using MTT assay. Relative sur-
vival was calculated as (o.d. measured/o.d. control) × 100. * Signifi-
cantly different from effects when cells are incubated with fatty acid
alone. See Figures 1, 3, and 6 for other abbreviations.
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others (34). Table 2 shows that when incubating with control
medium for 24 h and then 48 h with the respective growth-in-
hibiting fatty acids, GSH levels in surviving cells of the two
cell lines are not significantly different from the controls.
When preincubating WEHI clone 13 cells with BSO, the GSH
level in the surviving cells is still slightly reduced after 48-h
incubation with hp-DHA (Table 2). When preincubating with
DEM, the surviving WEHI clone 13 cells have regained nor-
mal GSH  level after incubation with hp-DHA (Table 2). The
GSH level in surviving A-427 cells when preincubating with
DEM is not significantly different from the control, while
GSH level when preincubating with BSO is still suppressed
after 48-h incubation with DHA (Table 2). However, as
shown in Figure 7, preincubating with BSO had no influence
on DHA-induced toxicity, suggesting that the intracellular
GSH level is of less importance for DHA-induced toxicity
than hp-DHA-induced toxicity.

Effect of antioxidants on lipid peroxidation. To test
whether the growth inhibitory effect of DHA and hp-DHA
was correlated with an increase in lipid peroxidation prod-
ucts, we measured TBARS in A-427 and WEHI clone 13 cells
incubated with DHA or hp-DHA in their respective media.
When incubating cells with control medium only, TBARS
were not detectable (Table 3). When incubating cells for 24 h
with control medium and then 44 h with DHA or hp-DHA,
the amount of TBARS increased, but was not significantly
different either between cell type (using T-test) or between
hp- and parent-fatty acid (using ANOVA, Table 3). This indi-
cates that the amount of TBARS produced is not correlated to
growth inhibition. We also tested whether the protective ef-
fects of some of the antioxidants were correlated to a reduc-
tion in lipid peroxidation products (Table 3). Preincubating

with α-tocopherol protected A-427 cells against DHA-in-
duced growth inhibition (Fig. 7), and also reduced the amount
of TBARS after DHA exposure in these cells (Table 3). Prein-
cubating WEHI clone 13 cells with α-tocopherol did not pro-
tect against hp-DHA-induced growth inhibition (Fig. 7) and
had no effect on the TBARS level after hp-DHA exposure
(Table 3). However, preincubating cells with sodium selenite,
which protected both cell lines against growth inhibition
(Fig. 7), had no effect on TBARS production in either of the
cell lines after exposure to DHA or hp-DHA, again indicating
that the amount of TBARS produced is not correlated to
growth inhibition.

DISCUSSION

In an effort to elucidate mechanisms of toxicity of PUFA, we
have studied the effects of n-3 and n-6 fatty acids and their hp
derivatives on tumor cell lines. Our results indicate that only
some tumor cell lines are appreciably sensitive to growth in-
hibition by PUFA. Further, the sensitivities vary not only de-
pending on the properties of the cell line, but also depending
upon medium composition. These results underline the im-
portance of standardization of culture conditions when com-
paring sensitivities of different cell lines. However, the varia-
tion in sensitivities of cell lines in culture is not merely an
in vitro culture phenomenon, since a correlation between
in vitro and in vivo sensitivities has been documented (35). 

Although it has become increasingly clear that lipid per-
oxidation induced by PUFA is involved in the cytotoxicity of
such compounds to tumor cells (13–16), the molecular mech-
anisms have remained unclear. In agreement with reports
from other laboratories (6,36), as well as recent work in our
own laboratory (19), we have found that α-tocopherol essen-
tially abolishes lipid peroxidation as well as the inhibitory ef-
fect of DHA on cell growth of A-427 cells. In addition, we
found that ascorbic acid strongly reduces the toxicity of DHA
to A-427 cells, possibly owing to recycling of α-tocopherol
radicals to active α-tocopherol (37). The radical chain-break-
ing property of α-tocopherol prevents further formation of
hp-PUFA (37). Consistent with this, ascorbic acid did not pre-
vent the cytotoxic effect of hp-DHA, in fact, cytotoxicity was
enhanced, the reason for which remains unclear. It is well
known, however, that ascorbic acid may act both as a pro- and
antioxidant depending on the given conditions. In the pres-
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TABLE 1
Effect of 24-h Incubation with BSO and DEM on GSH Level in A-427
and WEHI Clone 13 Cellsa

BSO DEM
Cell line Control (10 µM) (60 µM)

A-427 30.2 ± 2.2 9.2 ± 0.4* 40.4 ± 3.2*
WEHI clone 13 24.8 ± 3.7 9.2 ± 1.6* 15.5 ± 5.6*
aThe values represent the mean ± SD of two separate experiments with each
determination performed in at least triplicate, and are given as nmol GSH/mg
protein. *Significantly different from control. BSO, L-buthionine-S,R-sulfox-
imine; DEM, diethyl maleate; GSH, glutathione.

TABLE 2
Effect of 24-h Preincubation with BSO and DEM and Then 48-h Incubation with DHA or hp-DHA on GSH Level
in A-427 and WEHI Clone 13 Cells, Respectivelya

Preincubation/incubation

Cell line Control/control Control/fatty acidb BSO 10 µM/fatty acidb DEM 60 µM/fatty acidb

A-427 17.9 ± 1.7 16.4 ± 1.1 5.2 ± 0.5* 18.5 ± 2.9
WEHI clone 13 31.6 ± 4.6 38.2 ± 6.9 25.4 ± 5.2* 34.8 ± 2.0
aThe values represent the mean ± SD of two separate experiments with each determination performed in at least triplicate,
and are given as nmol GSH/mg protein.
bDocosahexaenoic acid (DHA) for A-427 and hydroperoxy (hp)-DHA for WEHI clone 13. *Significantly different from con-
trol/fatty acid. See Table 1 for other abbreviations.



ence of iron and hydroperoxide, it may function as a prooxi-
dant by reducing ferric iron to ferrous iron which decompose
hydroperoxide to alkoxyl radicals (37).

We have recently presented evidence that low levels of cel-
lular Se-GSH peroxidase levels may explain the sensitivity to
DHA of at least some tumor cell lines (19). Since hp-PUFA
are known substrates for Se-GSH peroxidase (38), these re-
sults suggested that hp-DHA might be a major cytotoxic
metabolite of DHA. Consistent with this, we have found that
hp-DHA is highly toxic to both A-427 cells and WEHI clone
13 cells. Previously, an HIV-associated GSH peroxidase defi-
ciency in transformed cultured cells was demonstrated to be
associated with increased sensitivity and apoptotic cell death
after exposure to 15-HPETE, probably as a result of reduced
detoxification of 15-HPETE to 15-HETE (22). Together,
these results indicate that Se-GSH peroxidase deficiency
might be a common mechanism of cytotoxicity by PUFA.
This is of considerable interest since tumor cells are fre-
quently deficient in antioxidant defense systems (39,40). Al-
though normal cells are generally insensitive to the cytotoxic
effect of PUFA, the effects of hp-PUFA may not be restricted
to transformed cells, since also normal endothelial cells in
culture are injured by 15-HPETE (23). When cellular GSH
levels are reduced by BSO, the susceptibility of these cells to
15-HPETE-induced injury is enhanced (41). These results are
also consistent with our present observation that reduction of
cellular GSH in tumor cells by BSO increases their sensitiv-
ity to hp-DHA. However, GSH depletion did not enhance the
sensitivity of A-427 cells to DHA. This may indicate that the
GSH level is less critical than the Se-GSH peroxidase activ-
ity, alternatively a part of the toxicity of DHA may be due to
metabolites other than hp-DHA. Interestingly, WEHI clone
13 cells are essentially insensitive to DHA and other PUFA,
but highly sensitive to hp-PUFA. This is somewhat intriguing
since lipid peroxidation, measured as end point formation of

TBARS, is essentially equal in WEHI clone 13 cells and the
A-427 cells and since hp-PUFA are considered to be major
intermediates in the lipid peroxidation process (20). We do
not presently have a good explanation for this observation. It
is possible, however, that this finding may be explained by ki-
netic differences in the lipid peroxidation process in the two
cell lines leading to higher levels of certain transient interme-
diates, such as hp-DHA, in A-427 cells than in WEHI clone
13 cells. 

Differences in the synthetic part of the media were appar-
ently the reason for the lower sensitivity of cells to hp-fatty
acids in MEM compared to RPMI medium, since in all exper-
iments testing the growth inhibitory effect of fatty acids and
their derivatives (Figs. 1–3), the different growth media were
supplied with serum from the same batch. However, sera de-
ficient in important antioxidants like vitamin E and selenium
have been demonstrated to render cultured cells even more
susceptible to oxidative damage (42). We also found that dif-
ferent batches of sera influenced the degree of cytotoxicity
induced by different PUFA and hp-PUFA (R. Nøding, unpub-
lished results). This emphasizes further the importance of a
standardization of culture conditions when comparing effects
of fatty acids on cultured cells. We found that preincubation
with selenium almost totally restored growth in A-427 cells
treated with DHA, and the toxicity of hp-DHA on WEHI
clone 13 cells was also reduced, although to a lesser extent.
The availability of selenium is known to regulate the activity
of Se-GSH peroxidase (43). Consistent with this, we have
previously reported that selenite added to the medium en-
hances Se-GSH peroxidase activity in A-427 cells (19) and
this most likely explains the observed increase in resistance
to both DHA and hp-DHA after addition of selenite to the cul-
ture medium.

The recovery of hp-fatty acid and hydroxy fatty acid was
reduced with time up to about 60 min when incubated with
the RPMI medium, while it remained at approximately the
same level throughout the 120-min incubation period in the
presence of MEM (results not shown). This may suggest that
some of the increased effect of hp-DHA in RPMI medium is
due to metabolites of hp-DHA that are too hydrophilic to be
extracted with the lipids, or that have lost the conjugated dou-
ble bond that gives the absorbance at 235 nm used to detect
the hp- and hydroxy fatty acids.

In conclusion, our results demonstrate that tumor cell lines
vary widely in their sensitivity to growth inhibition and cyto-
toxic effects of PUFA. This variation is apparently an intrin-
sic property of the cells and reflects their ability to withstand
oxidative stress. Although lipid peroxidation products are
clearly responsible for the cytotoxicity, variation in cytotoxi-
city of PUFA among cells in culture is not correlated to the
degree of overall lipid peroxidation measured as the end point
TBARS. Rather, the sensitivity is related to the ability of cells
to detoxify specific peroxidation products, among which hp-
PUFA are the most likely candidates. Furthermore, cytotoxic-
ity of lipid peroxidation products depends upon culture con-
ditions, underlining the importance of standardization of cul-
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TABLE 3
Lipid Peroxidation in Cells Supplemented with Antioxidant 
and/or Fatty Acida

Agents added: MDA (nmol/cell culture)

preincubation/incubation A-427 WEHI clone 13

Control/control NDb ND
Control/DHA 0.8 ± 0.2 1.0 ± 0.5
Control/hp-DHA 1.1 ± 0.3 1.2 ± 0.5
Sodium selenite/control ND ND
Sodium selenite/DHA 0.8 ± 0.2 —c

Sodium selenite/hp-DHA — 1.0 ± 0.4
α-tocopherol/control ND ND
α-tocopherol/DHA ND —
α-tocopherol/hp-DHA — 1.4 ± 0.1
aCells were preincubated for 24 h with control medium or antioxidant be-
fore changing medium to medium with 35 µM DHA, 35 µM hp-DHA, or
control medium as indicated. After a further 44 h, the TBA test was used to
measure the end products of lipid peroxidation. The values represent the
mean ± SD of two to four separate experiments each performed in duplicate
or triplicate.
bND, not detectable, which means <0.25 nmol.
c— Not performed. MDA, malondialdehyde. See Table 2 for other abbrevia-
tions.



ture conditions when comparing the cytotoxicity of PUFA to
different cell lines.

Gonzales et al. (13) showed that feeding fish oil to mice
suppressed the growth of implanted breast carcinoma cells.
They concluded that the growth suppression at least in part
was a function of the accumulation of lipid peroxidation prod-
ucts. However, no clear association has been found between
dietary intake of n-3 fatty acids and the incidence and staging
of breast carcinoma in man (44–46). Differences between
species could explain such discrepancies. However, the data
presented here suggest that differences in the content of hy-
droperoxides and/or secondary peroxidation products could
also explain some of the differences. Our data also suggest
that when examining the effects of fats on carcinogenesis and
cancer growth in experimental animal models, the content of
hydroperoxides and secondary peroxidation products in the
animal chow and oil supplements should be stated in addition
to the fatty acid and total lipid content.
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ABSTRACT: Cytotoxicities of tocopherols (α-T, γ-T, δ-T), their
para (α-TQ, γ-TQ, δ-TQ)- and ortho (Tocored)-quinone oxida-
tion products, the synthetic quinone analog of γ-TQ containing a
methyl group substituted for the phytyl side-chain (TMCQ) and
the synthetic quinone analog of Tocored containing a methyl
group substituted for the phytyl side-chain (PR) were measured
in acute lymphoblastic leukemia cell lines that are drug-sensi-
tive (CEM) and multidrug-resistant (CEM/VLB100). Among toco-
pherols, only δ-T exhibited cytotoxicity. Among para quinones,
α-TQ showed no cytotoxicity, while γ-TQ and δ-TQ were highly
cytotoxic in both CEM and CEM/VLB100 cell lines (LD50 < 10
µM). δ-TQ and γ-TQ were more cytotoxic than the widely stud-
ied chemotherapeutic agent doxorubicin, which also showed se-
lective cytotoxicity to CEM cells. The orthoquinone Tocored was
less cytotoxic than doxorubicin in drug-sensitive cells but more
cytotoxic than doxorubicin in multidrug-resistant cells. Cytotoxi-
city was not a function of the phytyl side-chain since both TMCQ
and PR were cytotoxic in leukemia cells. Cytotoxic para and
ortho quinones were electrophiles that formed adducts with nu-
cleophilic thiol groups in glutathione and 2-mercaptoethanol.
Cytotoxicity was enhanced when the glutathione pool was de-
pleted by preincubation with buthionine-[S,R]-sulfoximine , but
cytotoxicity was diminished by the addition of N-acetylcysteine
to cultures. α-T also diminished the cytotoxicity of para- and or-
thoquinones. Buthionine-[S,R]-sulfoximine did not block the in-
hibitory effect of either N-acetylcysteine or α-T, showing that
these agents did not act solely by maintaining the glutathione
pool as an essential antioxidant system. In conclusion, toco-
pherylquinones represent a new class of alkylating electrophilic
quinones that function as highly cytotoxic agents and escape
multidrug resistance in acute lymphoblastic leukemia cell lines.
Lipids 33, 295–301 (1998).

Tocopherols and tocotrienols have been studied extensively for
their anticarcinogenic potential. Tocotrienols, unlike α-toco-
pherol (α-T), inhibit the proliferation of human breast cancer
cells (1), and it was recently reported that only γ-tocotrienol
and δ-tocotrienol exhibit this effect (2). We found in 1985 that
γ-tocopheryl quinone (γ-TQ), a para quinone metabolite of γ-
tocopherol (γ-T) (Fig. 1), was highly cytotoxic in smooth mus-
cle cells, whereas α-T, γ-T and α-TQ did not exhibit this effect
(3). We recently proposed that several quinone metabolites of
the essential nutrient tocopherol family might have anticarcino-
genic potential and, as naturally occurring compounds, these
quinones might escape the immune surveillance imposed on
xenobiotic quinones such as the chemotherapeutic agents dox-
orubicin and vinblastine by P-glycoprotein expression in mul-
tidrug-resistant tumors (4). This hypothesis was tested with γ-
TQ, doxorubicin, and vinblastine in drug-sensitive acute lym-
phoblastic leukemia cell lines (CEM) and multidrug-resistant
lymphoblastic leukemia cell lines (CEM/VLB100), and we
found that γ-TQ was highly cytotoxic in both CEM and
CEM/VLB100 cells (4). We have now expanded these studies
to compare parent tocopherols (α-T, γ-T, δ-T), para tocopheryl
quinones (α-TQ, γ-TQ, δ-TQ), an ortho quinone 2,7,8-
trimethyl-2-(4,8,12-trimethyltridecyl)-chroman-5,6-dione (To-
cored), and the methyl side-chain analogs 2-(3-hydroxy-3-
methylbutyl)-5,6-dimethyl-1,4-benzoquinone (TMCQ) and
2,2,7,8-tetramethylchroman-5,6-dione (PR) (Fig. 1).

Quinone cytotoxicity is explained either by the formation of
reactive oxidant species through quinone redox cycling or by
the formation of adducts between electrophilic quinones that
act as alkylating agents (Fig. 1) and nucleophilic groups on pro-
teins and DNA (4–8). In the present investigation, we examine
the ability of para- and ortho tocopheryl quinones to form nu-
cleophilic adducts with glutathione and 2-mercaptoethanol.

Quinone cytotoxicity is modified by intracellular glu-
tathione, which functions both as a component of an essential
antioxidant system and as a detoxifying nucleophile that
blocks the formation of cytotoxic quinone adducts with nucle-
ophilic groups on proteins and DNA (4–10). We have there-
fore examined the potential of a synergistic effect on quinone
cytotoxicity with buthionine-[S,R]-sulfoximine (BSO), which
depletes the intracellular glutathione pool by inhibiting γ-glu-
tamyl-cysteine synthetase, the enzyme that catalyzes the rate-

Copyright © 1998 by AOCS Press 295 Lipids, Vol. 33, no. 3 (1998)

*To whom correspondence should be addressed at the Department of Med-
ical Biochemistry, Ohio State University College of Medicine, 333 Hamilton
Hall, 1645 Neil Ave., Columbus, OH 43210.
E-mail: dcornwel@smtp.med.ohio-state.edu.
Abbreviations: ANOVA, analysis of variance; BSO, buthionine-[S,R]-sul-
foximine; CEM, drug-sensitive lymphoblastic leukemia cells; CEM/VLB100,
multidrug-resistant lymphoblastic leukemia cells; FAB MS, fast atom bom-
bardment mass spectrometry; HPLC, high-performance liquid chromatogra-
phy; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
NAC, N-acetylcysteine; PR, 2,2,7,8-tetramethylchroman-5,6-dione; α-T, δ-T,
and γ-T, α-, δ-, and γ-tocopherol; TLC, thin-layer chromatography; TMCQ,
2-(3-hydroxy-3-methylbutyl)-5,6-dimethyl-1,4-benzoquinone; Tocored,
2,7,8-trimethyl-2-(4,8,12-trimethyldecyl)-chroman-5,6-dione; TQ, toco-
pheryl quinone; α-TQ, γ-TQ, and δ-TQ, α-, γ-, and δ-tocopheryl quinone.

Cytotoxicity of Tocopherols and Their Quinones in
Drug-Sensitive and Multidrug-Resistant Leukemia Cells

David G. Cornwella,*, Kenneth H. Jonesb, Zongcheng Jiangc, Laura E. Lantryd,
Peter Southwell-Keelye, Indrajati Koharf, and Donald E. Thorntond

Departments of aMedical Biochemistry, bCell Biology/Neurobiology/Anatomy, cRadiology, and dInternal Medicine, The Ohio
State University, Columbus, Ohio 43210; eDepartment of Organic Chemistry, The University of New South Wales, Sydney,

Australia; and fFaculty of Pharmacy, University of Surabaya, Jawa Timor, Indonesia



limiting step in glutathione synthesis (11). We have also ex-
amined the potential of an antagonistic effect on quinone cy-
totoxicity with N-acetylcysteine (NAC), which may maintain
the glutathione pool or function directly as a detoxifying nu-
cleophile. Finally, we have examined the effect of the antioxi-
dant α-T on the cytotoxicity of γ-TQ, δ-TQ, and PR.

MATERIALS AND METHODS

Materials. Chemicals were obtained from the following
sources: vinblastine from Lilly (Indianapolis, IN); doxoru-
bicin from Cetus (Emeryville, CA); glutathione from Aldrich
(Milwaukee, WI); (d)-δ-T (91.2%, isolated from soybean oil
and containing a minor component, 5.6%, tentatively identi-
fied as γ-T), NAC, BSO, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) from Sigma (St.
Louis, MO); (d)-α-T (99.6%) from Mann Research (New
York, NY); (d)-γ-T (92.6%) from Tama (Tokyo, Japan).

Synthesis of tocopheryl quinones. α-TQ and γ-TQ were
synthesized by oxidation with FeCl3 or AuCl3 from parent to-
copherols as previously described (4). δ-TQ was synthesized
by a modification of the general AgNO3 oxidation procedure
for tocopherols (12). δ-T, 130 mg, and 920 mg of AgNO3
were dissolved in 6 mL of ethanol/water (85:15, vol/vol),

heated at 60–70°C for 30 min, and the products extracted with
diethyl ether. Yields were low in the absence of water, and
overoxidation to red compounds, presumably ortho quinones,
occurred when the water content was increased. δ-TQ was pu-
rified (yield 30%) on a silica gel 60 column using petroleum
ether (bp 35–60°C)/diethyl ether (1:1, vol/vol). Fractions
were monitored on a silica gel 60 thin-layer chromatography
(TLC) plate (Rf α-TQ, 0.460; γ-TQ, 0.408; δ-TQ, 0.330). δ-
TQ was identified by an 1H nuclear magnetic resonance spec-
trum (CDCl3, 250 MHz) characteristic of a paratocopheryl
quinone (4) containing two aromatic protons at 6.35 ppm.
Fast atom bombardment mass spectrometry (FAB MS) m/z
[relative intensity] showed 418 [M]+ [5], 402 [100], 401 [24]
and no higher mass fragments. Tocored, PR and TMCQ were
prepared as previously described (13,14).

Synthesis of thiol adducts. A modification of the procedure
used previously with γ-TQ and glutathione (4) was adapted
for sequential Michael addition and oxidation using δ-TQ and
glutathione (15). δ-TQ, 0.4 mmol, was dissolved in methanol,
cooled to 0°C, and 0.6 mmol glutathione in 1.2 mL water
added dropwise with stirring. A yellow-brown precipitate
formed initially and then changed to a white precipitate which
dissolved in 1 mL water. Additional δ-TQ, 0.4 mmol dis-
solved in 2.5 mL methanol, was added dropwise with stirring.
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FIG. 1. Structural formulas for quinones and tautomeric methides showing (arrows) positions
available for nucleophile addition.



Methanol was removed, the precipitate dissolved in water, re-
precipitated overnight with acetone, then redissolved in water.
The products were separated by preparative high-perfor-
mance liquid chromatography (HPLC) on a Vydac C4 column
as described previously for the glutathione adduct of γ-TQ
(4), and individual fractions identified by FAB MS.

A procedure described for the synthesis of a benzo[α]pyrene-
7,8-quinone thiol adduct (16) was adapted for the synthesis of a
PR/2-mercaptoethanol adduct. 2-Mercaptoethanol, 20 µL, was
added to a 10-mL solution of 1.6 mg PR dissolved in 50 mM
phosphate buffer (pH 7) containing 8% dimethyl sulfoxide. The
reaction mixture was analyzed by TLC on silica gel 60 using di-
ethyl ether/petroleum ether (3:1, vol/vol) and by FAB MS.

Cells. Cell lines were purchased from CENTOCOR
(Malvern, PA). The multidrug-resistant cell line, CEM/VLB100,
is derived from the drug-sensitive CEM line and has the classic
multidrug-resistant phenotype of overexpression of the mdrl
gene and its product P-glycoprotein (4). Cells were grown from
frozen stocks (−140°C) in suspension cultures or spinner flasks
with medium containing RPMI 1640, 10% fetal bovine serum
(heat-inactivated), 200 mM L-glutamine, and 0.5 µg/mL peni-
cillin–streptomycin, at 37°C and 5% CO2. The viability of cells
at the start of the experiment was greater than 95% by Trypan
blue exclusion.

Cytotoxicity studies were carried out in 96-well microtiter
plates with 1 × 105 cells/culture well in 200 µL of complete
medium. Tocopherols and quinones were dissolved in ethanol,
diluted 1:6 with medium, and 12 µL added to each well. Other
vehicles for addition such as incorporation into lipoproteins or
liposomes were not explored. Control cultures received diluted
ethanol alone with no effect on viability. Doxorubicin was dis-
solved in 0.9% saline, NAC was dissolved in medium (pH ad-
justed to 7.4), and BSO was dissolved in phosphate-buffered
saline. Cultures were incubated for 24 h. Some cultures were
preincubated with BSO for 18 h.

Viability assays. Cell viability was measured by the ab-
sorbance of blue Formazan produced in viable cells from the
reduction of MTT by mitochondrial dehydrogenases (4,17,18),
and cytotoxicity was estimated as diminished viability (de-
creased Formazan absorbance). MTT is used routinely in
studies on the effects of BSO and NAC on quinone cytotoxi-
city (9). Cells grown in spinner flasks grew vigorously and
generated almost twice as much Formazan in the MTT assay
as cells grown in suspension cultures. However, the same pat-
terns of relative toxicity were obtained with both cell prepa-
rations. Each data point represents the absorbance from a sin-
gle culture well; 6–12 replicate cultures per dose were used
in each experiment. MTT was dissolved in phosphate-
buffered saline (5 mg/mL), added to cell suspensions (100
µg/well), and incubated for 4 h. The supernatant was re-
moved, Formazan precipitate dissolved in dimethyl sulfox-
ide, and absorbance measured by dual filter at either 490 or
570 nm, reference filter 630 nm, using a microplate reader
(Dynatech MR 7000, Chantilly, VA). Tocopherols, quinones,
and other agents did not reduce MTT to Formazan in the ab-
sence of viable CEM and CEM/VLB100 cells.

The validity of the MTT assay for viability in cultures
treated with TQ was established in a previous study by a com-
parison with the Neutral Red assay (4), and confirmed in the
present study by cell counts (hemocytometer) of viable cells
(Trypan blue exclusion). Data (mean ± SD as percentage of
control) for cell count and Formazan absorbance, respec-
tively, were: 10 µM α-T, 100 ± 12 and 100 ± 4; 50 µM α-TQ,
84 ± 15 and 83 ± 6; 1 µM γ-TQ, 93 ± 7 and 90 ± 14; 5 µM γ-
TQ, 46 ± 12 and 27 ± 18; 10 µM γ-TQ, 8 ± 5 and 9 ± 5. 

Statistics. Data from 3 to 10 experiments per treatment proto-
col were analyzed. Main effects for cell line, agent, and concen-
tration and their interactions were calculated by two- and three-
way analyses of variance (ANOVA). Post-hoc comparisons
where appropriate used the highly conservative Scheffe test.

RESULTS

Cytotoxicity of tocopherols and of tocopheryl quinones com-
pared to doxorubicin. The cytotoxicity of tocopherols was
compared in drug-sensitive CEM and multidrug-resistant
CEM/VLB100 leukemia cell lines using the MTT assay.
Among parent tocopherols, only δ-T showed dose-dependent
cytotoxicity and was cytotoxic in both cell lines (Table 1).

The cytotoxicity of TQ was then compared to that of dox-
orubicin in the drug-sensitive CEM and multidrug-resistant
CEM/VLB100 leukemia cell lines. As expected, doxorubicin
was more cytotoxic in CEM than CEM/VLB100 cells (Table
2). In contrast to doxorubicin, however, γ-TQ, δ-TQ, Tocored,
and PR were equally cytotoxic in both the drug-sensitive and
multidrug-resistant CEM cell lines in a dose-dependent man-
ner. Unlike doxorubicin or the other TQ, α-TQ was not cyto-
toxic in either cell line. Analysis of the dose–response data
showed that γ-TQ and δ-TQ were highly cytotoxic (LD50 be-
tween 1 and 10 µM) and that 1 µM δ-TQ was more cytotoxic
than 1 µM γ-TQ. 

The ortho quinone Tocored and its methyl side-chain ana-
log PR were cytotoxic in both cell lines (Table 2). Tocored
was less cytotoxic than either γ-TQ or δ-TQ. The difference
in cytotoxicity between Tocored and PR compared to α-TQ
was particularly striking in that neither ortho quinones nor α-
TQ forms classic Michael adducts with nucleophiles. How-
ever, ortho quinones will form tautomeric quinone methides,
and these reactive compounds may form adducts with nucle-
ophiles; structural formulas for these quinones and tautomeric
quinone methides showing (arrows) positions available for
nucleophile addition are shown in Figure 1. PR (methyl side-
chain) was more cytotoxic than Tocored (phytyl side-chain)
(Table 2). The reason for this difference was not apparent
since we found in another experiment (data not shown) that
TMCQ, the methyl side-chain analog of γ-TQ (Fig. 1) was
somewhat less cytotoxic than γ-TQ (F 15.01, P 0.0002) with
a structure/concentration interaction (F 11.00, P < 0.0001)
only at the 10 µM concentration.

Synthesis of nucleophile adducts of para- and ortho-
quinones. We have synthesized monoglutathion-S-yl adducts
of menadione (5) and γ-TQ (4) and shown that these adducts
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are, like other fully substituted glutathion-S-yl quinones (15),
not cytotoxic agents. Studies with quinone adducts
(6–8,15,19) predict that δ-TQ, with one less methyl group
substitution than γ-TQ, will react even more rapidly than γ-
TQ with thiols. The reactivity of δ-TQ was similar to 1,4-ben-
zoquinone (15), with δ-TQ in excess glutathione depleting δ-
TQ and rapidly forming a derivative with the appropriate
molecular weight (FAB MS) for the monosodium salt of the
monoglutathion-S-yl hydroquinone, m/z 748 [M + H]+. The
monoglutathion-S-yl hydroquinone was reoxidized by slowly
adding excess δ-TQ, and a single product separated by HPLC.
The product had the appropriate molecular weight (FAB MS)
for the diglutathion-S-yl hydroquinone, m/z 1031 [M + H]+.
Purified hydroquinones did not reoxidize on standing.

Ortho quinones are in equilibrium with their tautomeric
quinone methides (Fig. 1), which may both dimerize and form
adducts with nucleophiles (7,8,16). Tocored is a reactive
quinone that decomposed in alcohol solution to several com-
pounds visualized on TLC (Rf 0.69, 0.53). PR dimers had been

described previously (13). A new product (Rf 0.27) was formed
when PR (Rf 0.52) reacted with 2-mercaptoethanol. FAB MS
identified the hydroquinone adduct of PR and 2-mercap-
toethanol, m/z 299 [M + H]+. These studies showed that cyto-
toxic para- and ortho tocopheryl quinones shared a common
property in their ability to react with thiol nucleophiles. 

Thiol status and cytotoxicity. BSO alone had no effect on
the viability of CEM cells. Data (mean ± SD as percentage of
control) for Formazan absorbance were: media alone, 100 ±
5.7; 50 µM BSO, 102 ± 6.6. BSO increased the cytotoxicity of
several TQ in CEM cell cultures (Table 3). Increasing concen-
trations of BSO enhanced the cytotoxicity of both γ-TQ and δ-
TQ in the middle range of the quinone doses tested. δ-TQ was
more cytotoxic than γ-TQ (Table 2), and the maximum BSO
effect was found with 10 µM γ-TQ and 5 µm δ-TQ. Similarly,
PR was less cytotoxic than para quinones (Table 2), and the
maximal effect with BSO was found with 50 µM PR. As ex-
pected, BSO had no effect when the quinone concentrations
were lower than their cytotoxic levels, nor did BSO add to the

298 D.G. CORNWELL ET AL.

Lipids, Vol. 33, no. 3 (1998)

TABLE 1
Effects of Tocopherols on Viabilitya in CEM and CEM/VLB100 Leukemia Cells

Tocopherol concentration (µM)

1 10 50 100 1 10 50 100

Agent CEM CEM/VLB100

α-Tb 97 ± 4 100 ± 4 81 ± 8 110 ± 10 90 ± 12 92 ± 2 106 ± 19 119 ± 2
γ-Tb 100 ± 7 97 ± 7 106 ± 6 110 ± 13 85 ± 9 88 ± 10 82 ± 13 88 ± 10
δ-Tb 94 ± 9 100 ± 8 96 ± 7 84 ± 7 76 ± 18 89 ± 7 69 ± 24 56 ± 26
aViability estimated as relative Formazan absorbance (mean ± S.D. in percentage). Cytotoxicity is reciprocal of viability.
bThree-way analysis of variance (ANOVA) (213 points) showed: cytotoxicity dose-dependent (F 6.00, P 0.0001); cytotoxic-
ity structure-dependent (F 21.55, P < 0.0001) with δ-T cytotoxicity greater than either α-T or γ-T (P < 0.001), which did not
differ from each other. Abbreviations: CEM, drug-sensitive lymphoblastic leukemia cells; CEM/VLB100, multidrug-resistant
lymphoblastic leukemia cells; α-T, γ-T, and δ-T, α-, γ-, and δ-tocopherol.

TABLE 2
Effects of Doxorubicin (DOX) and Tocopheryl Quinones (TQ) on Viabilitya in CEM and CEM/VLB100 Leukemia Cells

Concentration (µM)

1 10 50 100 1 10 50 100

Quinone CEM CEM/VLB100

DOXb 60 ± 16 48 ± 19 28 ± 16 22 ± 15 100 ± 14 94 ± 20 78 ± 17 59 ± 19
α-TQc 90 ± 8 85 ± 14 83 ± 6 76 ± 4 87 ± 2 93 ± 5 83 ± 3 86 ± 1
γ-TQc 90 ± 14 15 ± 8 9 ± 3 8 ± 4 86 ± 18 17 ± 4 16 ± 4 13 ± 5
δ-TQc 74 ± 17 14 ± 5 11 ± 2 14 ± 4 64 ± 9 21 ± 2 13 ± 2 15 ± 2
Tocoredd 113 ± 23 86 ± 11 47 ± 6 22 ± 9 92 ± 5 98 ± 8 66 ± 8 25 ± 3
PRd 108 ± 28 23 ± 17 6 ± 1 7 ± 2 77 ± 12 13 ± 4 6 ± 2 8 ± 1
aSee Table 1 for this footnote.
bTwo-way ANOVA (187 points) showed: DOX more cytotoxic in CEM than CEM/VLB100 cells (F 61.43, P < 0.0001); cyto-
toxicity dose-dependent (F 74.09, P < 0.0001); cell line/dose interaction (F 19.54, P < 0.0001) with DOX cytotoxicity
greater in CEM at 10, 50, and 100 µM.
cThree-way ANOVA (284 points) showed: cytotoxicity dose-dependent (F 603.31, P < 0.0001); cytotoxicity structure-de-
pendent (F 357.69, P < 0.0001); structure/dose interaction (F 76.96, P < 0.0001) with δ-TQ more cytotoxic than γ-TQ and
α-TQ at 1 µM, δ-TQ and γ-TQ more cytotoxic than α-TQ at all other doses, and no difference in α-TQ cytotoxicity at all
doses.
dThree-way ANOVA (96 points) showed: quinone cytotoxicity not affected by cell line (F 1.26, P 0.2656); cytotoxicity
dose-dependent (F 167.63, P < 0.0001); cytotoxicity structure-dependent (F 126.80, P < 0.0001) with PR more cytotoxic
than TR; structure/dose interaction (F 27.21, P < 0.0001) with 50 and 100 µM TR differing from medium and each other (P
< 0.01), and 10, 50 and 100 µM PR differing from medium but not each other (P < 0.01). PR, 2,2,7,8-tetramethylchroman-
5,6-dione; Tocored, 2,7,8-trimethyl-2-(4,8,12-trimethyldecyl)-chroman-5,6-dione. For other abbreviations see Table 1.



cytotoxicity of the quinone when very high cytotoxic concen-
trations of quinone were tested. Unlike γ-TQ and δ-TQ, α-TQ
was not cytotoxic (Table 2) and 50 µM BSO had no effect on
cell viability with α-TQ even at a 100-µM α-TQ concentration.

NAC alone had no effect on the viability of CEM cells.
Data (mean ± SD as percentage of control) for Formazan ab-
sorbance were: media alone, 100 ± 8.4; 0.5 mM NAC, 103 ±
6.2; 1 mM NAC, 103 ± 8.1. NAC had an effect on the cyto-
toxicity of γ-TQ and δ-TQ in CEM cell cultures (Table 4). In-
creasing concentrations of NAC diminished the cytotoxicity
of 5 µM γ-TQ and 2.5 µM δ-TQ. NAC had no effect on higher
concentrations of these quinones, which were very cytotoxic.
Another study (data not shown) found that 1 mM NAC de-
creased the cytotoxicity of 2.5 and 5 µM δ-TQ in CEM cell
cultures pretreated with 50 µM BSO (F 80.89, P > 0.0001).
NAC/BSO data are consistent with a mechanism involving
the detoxification of alkylating quinones through the forma-
tion of quinone NAC adducts rather than simply maintaining
the glutathione pool as an essential antioxidant system. 

α-T status and cytotoxicity. α-T alone had no effect on vi-
ability (Table 1), but α-T had a profound effect on the cyto-
toxicity of TQ in CEM cultures. Increasing concentrations of

α-T diminished the cytotoxicity of both γ-TQ and δ-TQ
(Table 5). α-T also diminished the cytotoxicity of δ-TQ
(Table 5) in cells pretreated with 50 or 100 µM BSO. A final
experiment (data not shown) found that 100 µM α-T also di-
minished the cytotoxicity of PR in cells pretreated with 50
µM BSO (F 22.11, P < 0.0001). Another study (data not
shown) found that α-TQ, the oxidation product of α-T, had
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TABLE 3
Buthionine-[S,R]-sulfoximine (BSO) Diminishes Viabilitya in CEM Cells
Treated with TQ

Quinone (µM)

BSO (µM) 1 5 10 50 100

α-TQb

0 100 ± 8 104 ± 8 102 ± 6 75 ± 13 71 ± 7
0.5 99 ± 11 99 ± 8 104 ± 5 77 ± 8 76 ± 6
5.0 99 ± 10 99 ± 8 103 ± 8 75 ± 9 76 ± 5

50.0 96 ± 7 104 ± 5 99 ± 3 71 ± 12 71 ± 7

γ-TQc

0 103 ± 6 95 ± 9 64 ± 8 6 ± 1
0.5 100 ± 8 92 ± 8 61 ± 6 3 ± 2
5.0 99 ± 2 86 ± 12 50 ± 8 5 ± 1

50.0 106 ± 4 87 ± 10 36 ± 13 5 ± 1

δ-TQd

0 101 ± 6 55 ± 18 11 ± 2 9 ± 1
0.5 102 ± 6 42 ± 12 9 ± 3 10 ± 1
5.0 100 ± 7 33 ± 11 10 ± 2 11 ± 1

50.0 101 ± 7 29 ± 12 9 ± 3 10 ± 1

PRe

0 102 ± 8 99 ± 6 82 ± 16 16 ± 9
0.5 98 ± 6 103 ± 7 53 ± 32 10 ± 6
5.0 95 ± 13 102 ± 4 25 ± 17 6 ± 1

50.0 96 ± 14 106 ± 4 8 ± 2 6 ± 1
aSee Table 1 for this footnote.
bTwo-way ANOVA (198 points) showed: cytotoxicity not affected by BSO (F
1.02, P 0.3862) and no α-TQ/BSO interaction (F 0.51, P 0.9066).
cTwo-way ANOVA (370 points) showed: cytotoxicity enhanced by BSO (F
8.28, P <0.0001); a γ-TQ/BSO interaction (F 7.46, P < 0.0001) with 5 and
50 µM BSO affecting 10 µM γ-TQ.
dTwo-way ANOVA (715 points) showed: cytotoxicity enhanced by BSO (F
6.07, P 0.0004); a δ-TQ/BSO interaction (F 16.66, P < 0.0001) with 0.5, 5,
and 50 µM BSO affecting 5 µM δ-TQ.
eTwo-way ANOVA (205 points) showed: cytotoxicity enhanced by BSO (F
26.60, P < 0.0001); a PR/BSO interaction (F 21.74, P < 0.0001) with 0.5, 5,
and 50 µM BSO affecting 50 µM PR. For abbreviations see Tables 1 and 2.

TABLE 4
N-Acetylcysteine (NAC) Enhances Viabilitya in CEM Cells Treated
with TQ

Quinone (µM)

NAC (mM) 2.5 5.0 10 50

γ-TQb

0 40 ± 14 6 ± 2 4 ± 1
0.5 52 ± 10 8 ± 2 5 ± 1
1.0 72 ± 17 19 ± 9 8 ± 2

δ-TQc

0 49 ± 12 23 ± 12 8 ± 4 4 ± 1
0.5 54 ± 9 20 ± 7 8 ± 4 8 ± 2
1.0 61 ± 8 24 ± 6 8 ± 4 12 ± 1
aSee Table 1 for this footnote.
bTwo-way ANOVA (412 points) showed: cytotoxicity diminished by NAC (F
94.10, P < 0.0001); a γ-TQ/NAC interaction (F 25.73, P < 0.0001) with 0.5
and 1 mM NAC affecting 5µM γ-TQ and 1 mM NAC affecting 10 µM γ-TQ.
cTwo-way ANOVA (1011 points) showed: cytotoxicity diminished by NAC (F
43.42, P < 0.0001); a δ-TQ/NAC interaction (F 15.09, P < 0.0001) with 1 mM
NAC affecting 2.5 and 50 µM δ-TQ. For abbreviations see Tables 1 and 2.

TABLE 5
α-T Enchances Viabilitya in CEM Cells Pretreated with/without BSO
and then Treated with TQ

Quinone (µM)

α-T (µM) 2.5 5 10

γ-TQb

0 15 ± 10 6 ± 4
50 46 ± 9 10 ± 5

100 75 ± 11 44 ± 12

δ-TQc

0 50 ± 17 19 ± 8 9 ± 4
50 66 ± 16 31 ± 12 11 ± 2

100 74 ± 19 42 ± 11 16 ± 3

δ-TQ (50 µM BSO)d

0 44 ± 9 14 ± 3 8 ± 3
100 80 ± 19 59 ± 20 23 ± 6

δ-TQ (100 µM BSO)d

0 36 ± 6 14 ± 1 9 ± 2
100 76 ± 9 27 ± 3 15 ± 1
aSee Table 1 for this footnote.
bTwo-way ANOVA (634 points) showed: cytotoxicity diminished by α-T (F
271.97, P < 0.0001); a γ-TQ/α-T interaction (F 39.08, P < 0.0001) with 50
µM α-T affecting 5 µM γ-TQ and 100 µM α-T affecting 5 and 10 µM γ-TQ.
cTwo-way ANOVA (1068 points) showed: cytotoxicity diminished by α-T (F
263.26, P < 0.0001); a δ-TQ/α-T interaction (F 23.54, P < 0.0001) with 50
µM α-T affecting 2.5 and 5 µM δ-TQ and 100 µM α-T affecting 2.5, 5, and
10 µM δ-TQ.
dCells preincubated with 50 or 100 µM BSO. Three-way ANOVA (889
points) showed: cytotoxicity enhanced by increasing concentration of BSO
(F 72.83, P < 0.0001); cytotoxicity diminished by α-T (F 193.44, P < 0.0001);
a δ-TQ/α-T interaction (F 159.38, P < 0.0001) with 100 µM α-T diminishing
the cytotoxicity of 2.5 and 5 µM δ-TQ. For abbreviations see Tables 1–3.



no effect on δ-TQ (F 0.70, P 0.4966). α-T/BSO data show
that α-T does not exert its effect simply by maintaining the
glutathione pool as an essential antioxidant system.

DISCUSSION

Physiologic concentrations (<1 µM) of α-TQ have been
found in serum (20). High or pharmacologic concentrations
(>1 µM ) of several TQ metabolites are cytotoxic in acute
lymphoblastic leukemia cell lines, with cytotoxicity decreas-
ing in the order δ-TQ > γ-TQ > Tocored. Furthermore, δ-TQ
and γ-TQ are more cytotoxic in acute lymphoblastic leukemia
cells than the widely studied chemotherapeutic agent doxoru-
bicin. The comparison between TQ and doxorubicin is strik-
ing, with doxorubicin being much less cytotoxic in multidrug-
resistant CEM/VLB100 cells. Our results with TQ identify a
new class of cytotoxic quinones that escape multidrug resis-
tance without the necessity of other agents and strategies to
overcome the multidrug-resistance effect. 

Trace amounts of a number of TQ and quinone oxides
have been found in cells, tissues, and tissue cultures (20–25).
Several early studies showed that both α-T and γ-T were me-
tabolized to their para quinones after ingestion or intraperi-
toneal injection in rats (21–24). After 27 h, liver contained
4% of labeled α-T as α-TQ and 1% of labeled γ-T as γ-TQ.
α-T is also metabolized to Tocored in cell cultures that gener-
ate nitric oxides (26,27). Studies on the chemotherapeutic po-
tential of pharmacologic concentrations of many metabolites
of tocopherol oxidation are indeed warranted.

The cytotoxic TQ are electrophilic alkylating agents that
form Michael adducts and quinone methide adducts with nu-
cleophilic thiol groups. We propose that alkylation reactions
with electrophilic TQ contribute to their cytotoxicity. α-TQ is
not an alkylating agent, nor is it cytotoxic in our cell lines.
Reactive oxidant species may contribute to TQ cytotoxicity,
but the large step-function between α-TQ and γ-TQ cytotoxi-
city and the small difference between γ-TQ and δ-TQ cyto-
toxicity are not predicted from the effect of reduction poten-
tials alone on the generation of reactive oxidant species. TQ
are a new and interesting series of compounds to be included
in the continuing discussion of mechanisms for the cytotoxic-
ity of antitumor quinones (4,6–8).

Data that show BSO enhances and that NAC inhibits TQ
cytotoxicity are consistent with many studies on the detoxifi-
cation of quinones through the formation of fully substituted
adducts with the nucleophiles glutathione and NAC
(4–10,15). Detoxification by cellular thiols would help to ex-
plain why physiologic concentrations of γ-TQ, δ-TQ and To-
cored are not in vivo cytotoxic agents.

Data showing that α-T inhibits γ-TQ and δ-TQ cytotoxic-
ity could be interpreted as evidence for reactive oxidant
species cytotoxicity. However, TQ are reduced by NADH +
H+ and FADH2 (14) and by DT-diaphorase [NAD(P)H:
quinone-acceptor oxidoreductase; E.C. 1.6.99.2] (28), an en-
zyme induced by phenolic antioxidants (29). The induction of
DT-diaphorase by α-T should be explored. Hydroquinones are

not alkylating electrophiles, and α-T may induce the reduc-
tion of alkylating TQ or prevent the autoxidation of hydro-
quinones to alkylating quinones. The body retains α-T selec-
tively (30). For example, the α-T/γ-T ratio ranges from 6.5 in
human serum (31) to 70 in mouse liver (32), and the protec-
tive effect of α-T in tissue cultures is found at α-T/γ-T ratios
in the 10 to 20 range (Table 5). High α-T/γ-T ratios may help
to explain why physiologic concentrations of γ-TQ are not cy-
totoxic in vivo.

Our data show that δ-T is the only parent tocopherol that is
cytotoxic in leukemia cells. δ-T is oxidized to the most cyto-
toxic alkylating quinone, δ-TQ, suggesting that δ-T cytotoxic-
ity is the result of oxidation. Recent studies show that γ- and
δ-tocotrienols, unlike α-tocotrienol, are cytotoxic in several
tumor cell lines (1,2). These data could be explained by the
oxidation of γ- and δ-tocotrienols to alkylating quinones. The
biological properties of these quinones should be explored.
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ABSTRACT: The Neurospora crassa cel (fatty acid chain elon-
gation) mutant has impaired fatty acid synthase activity. The cel
mutant requires exogenous 16:0 for growth and converts 16:0
to other fatty acids. In contrast to wild-type N. crassa, which
converted only 42% of the exogenous [7,7,8,8-2H4]16:0 that
was incorporated into cell lipids to unsaturated fatty acids, cel
converted 72%. In addition, cel contains higher levels of
18:3∆9,12,15 than wild-type, and synthesizes two fatty acids,
20:2∆11,14 and 20:3∆11,14,17, found at only trace levels in wild-
type. Thus, the ∆15-desaturase activity and elongation activity
on 18-carbon polyunsaturated fatty acids are higher for cel than
wild-type. This altered metabolism of exogenous 16:0 may be
directly due to impaired flux through the endogenous fatty acid
biosynthetic pathway, or may result from altered regulation of
the synthesis of unsaturated fatty acids in the mutant.
Lipids 33, 303–306 (1998).

The filamentous fungus Neurospora crassa is a model system
for the study of fatty acid metabolism. Several mutants in the
fatty acid biosynthetic pathway exist; one such mutant is cel
(fatty acid chain elongation). The N. crassa cel mutant has a
defective cytosolic fatty acid synthase complex, with the
complex containing only 2% of the wild-type content of 4′-
phosphopantetheine prosthetic groups (1). The cel mutant
synthesizes only minor amounts of fatty acid de novo, and re-
quires exogenous fatty acids for normal growth. The optimal
supplement is 16:0, an end-product of the fatty acid synthase,
which allows near wild-type growth rates (2). In a key study
using cel, fatty acid biosynthesis was first demonstrated to
also occur in mitochondria by a prokaryotic-type fatty acid
biosynthetic complex utilizing acyl carrier protein (3), a find-
ing later confirmed (4).

In wild-type N. crassa, exogenous 16:0 is utilized only to
a limited extent for the synthesis of unsaturated fatty acids
(5). Previous studies of cel have given conflicting reports on
the proportion of unsaturates in the mutant (2,6). If the fatty
acid composition of cel is similar to wild-type N. crassa, it is

likely to differ from wild-type in metabolism of exogenous
16:0 to unsaturated fatty acids. This study was undertaken to
compare cel to wild-type in fatty acid composition and ex-
ogenous 16:0 metabolism.

EXPERIMENTAL PROCEDURES

Neurospora crassa strains were obtained from the Fungal Ge-
netics Stock Center (Kansas City, KS). Conidia (1 × 105) of
wild-type strain 74-OR8-1 a or the mutant strain cel a (FGSC
#819) were inoculated into liquid Vogel’s medium N contain-
ing 30 µM [7,7,8,8-2H4]16:0 (98%; Cambridge Isotope Lab-
oratories, Andover, MA). Cultures were incubated for 48 h at
34°C, with a single change of medium 24 h after inoculation,
as described (5).

Cultures were harvested by filtration, lipids extracted, and
fatty acids analyzed as previously described (7). Gas chro-
matography–mass spectrometry was used to identify fatty
acid derivatives (20:2∆11,14 and 20:3∆11,14,17) and to determine
the metabolic fate of the [7,7,8,8-2H4]16:0 (5). The percent-
age of each fatty acid which was deuterated was obtained
from selective ion monitoring mass spectrometry data and,
with the relative mass of each fatty acid, was used to calcu-
late the percentage of total fatty acid which was derived de
novo and from the supplement.

RESULTS AND DISCUSSION

The major fatty acids synthesized by vegetative cultures of
wild-type N. crassa are 16:0, 18:0, 18:1∆9, 18:2∆9,12, and
18:3∆9,12,15. Neurospora crassa grown with supplemental
[2H4]16:0 for 2 d had a typical fatty acid composition profile
(composite of Fig. 1A and B, described below). Fatty acid
profiles of cel grown with [2H4]16:0 differed from wild-type;
cel had higher levels of 18:3 (26% of total fatty acids, com-
pared to 6% in wild-type) and of total polyunsaturates (70%,
compared to 57%). In addition, 20:2∆11,14 and 20:3∆11,14,17

made up 5% of the total fatty acid mass in cel, but these were
detectable at only trace levels in wild-type.

By incubating the cultures with [2H4]16:0 throughout the
culturing period, we were able to determine the fraction of
fatty acids synthesized both de novo and from the deuterated
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supplement. We compared fatty acids synthesized de novo
and from exogenous [2H4]16:0 in wild-type and cel (Fig. 1).
Wild-type synthesized the majority of its fatty acid de novo
(Fig. 1A), with smaller amounts obtained from the supple-
ment (Fig. 1B). Wild-type converted 42% of the exogenous
[2H4]16:0 to unsaturates, comparable to the amount we ob-
served earlier (37%) for a shorter uptake period (5). As ex-
pected, cel, because of its impairment in fatty acid biosynthe-
sis, synthesized considerably less fatty acid de novo (Fig. 1C)
than did wild-type (Fig. 1A). The majority of cel’s fatty acids
were obtained from the exogenous [2H4]16:0 (Fig. 1D). The
cel mutant converted 72% of the [2H4]16:0 to unsaturates. It
also utilized more of the [2H4]16:0 added to the medium in
its lipids; cel incorporated 22% of the exogenous fatty acid
into lipids, whereas wild-type incorporated only 14%, sug-
gesting that less of the supplement enters the β-oxidation
pathway in cel. Wild-type utilizes exogenous 16:0 preferen-
tially for incorporation into triacylglycerols, and for elonga-
tion to longer-chain saturates (5). The cel mutant contained
less triacylglycerol than wild-type (7% of total fatty acid vs.

18% for wild-type), but cel did not preferentially incorporate
supplemental 16:0 into triacylglycerols (7% of fatty acid de-
rived from the supplement, vs. 33% for wild-type). In addi-
tion, a greater proportion of the supplemental 16:0 incorpo-
rated into triacylglycerols had been converted to unsaturated
fatty acids than in wild-type (Fig. 2).

The profiles of the fatty acids made by cel both de novo
and from the supplement were similar (compare Figs. 1C, D),
suggesting that, unlike wild-type (Figs. 1A, B), cel utilizes
fatty acids obtained from the supplement similarly to fatty
acids synthesized de novo. The single exception is the lower
proportion of 18:1∆9 relative to the other fatty acids derived
from the supplement, compared to fatty acids synthesized by
cel de novo. This effect is similar to that noted for wild-type
(compare Fig. 1A, B, and Ref. 5). The cel mutant also pro-
duced a higher proportion of 18:3∆9,12,15, 20:2∆11,14 and
20:3∆11,14,17, whether synthesized de novo or from the sup-
plement, than did wild-type. The higher proportion of
18:3∆9,12,15 indicates efficient desaturation of the 18:2∆9,12

once formed.
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FIG. 1. Fatty acids synthesized by Neurospora crassa de novo and from supplemental [7,7,8,8-2H4]16:0. (A) Fatty acids synthesized de novo and
(B) from exogenous [2H4]16:0 by wild-type; (C) fatty acids synthesized de novo, and (D) from [2H4]16:0 by cel. Cultures were grown for 2 d in
presence of supplement, with the medium replenished after 1 d. 2H incorporation into individual fatty acids was determined by gas chromatogra-
phy–mass spectrometry (GC–MS) (selective ion monitoring), and used to calculate the fraction of total fatty acids derived from supplement. The
fraction synthesized de novo was calculated by difference from the total. Data are presented as the fraction (out of 1.0) of the total fatty acid mass
present in lipid extracts of the cultures. Values shown are averages ± SE for three wild-type cultures and six cel cultures. Average total fatty acid in
wild-type cultures, 1440 ± 290 µg, and in cel, 264 ± 21 µg. 



Our earlier observation that exogenous 16:0 is poorly uti-
lized for desaturation by wild-type, which has been confirmed
here, suggested the presence of two pools of 16:0 in N. crassa
(5): one that is used for synthesis of saturated fatty acids and
one that leads into the unsaturated fatty acid pathway. Since
the [2H4]16:0 is elongated to [9,9,10,10-2H4]18:0, an isotope
effect on desaturation (18:0 to 18:1∆9) was considered as part
of the reason for limited desaturation. However, lower levels
of desaturation were also observed with 16:0 labeled in other
positions. Although the isotope effect may have affected the
fatty acid composition in wild-type  cultures fed [2H4]16:0,
exogenous 16:0, regardless of label position, was used pref-
erentially for synthesis of saturated fatty acids while endoge-
nously produced 16:0 was used for saturated and unsaturated
fatty acids. On the other hand, because cel growth is depen-
dent on supplemental fatty acid, cel must use exogenous 16:0
to produce saturated and unsaturated fatty acids in order to
grow. We have found (Goodrich-Tanrikulu, M., Stafford,
A.E., and McKeon, T.A., unpublished results), after feeding
16:0 labeled with deuterium in either the 2- or 16-position,
that the isotope effect alters fatty acid composition in cel.

The production of the longer-chain polyunsaturated fatty
acids 20:2∆11,14 and 20:3∆11,14,17 in Neurospora has not pre-
viously been reported (although they have been observed to
be produced by cel; S. Brody, personal communication). The
proportions of these fatty acids are also at least in part subject
to culturing conditions, contributing as much as 20% of the
total fatty acid in cel (not shown). The production of the
longer-chain polyunsaturates presumably occurs by elonga-
tion of 18:2∆9,12 and 18:3∆9,12,15. In the yeast Saccharomyces
cerevisiae, elongases are located in microsomes and mito-
chondria (8,9); various elongase systems optimally utilize
fatty acid substrates ranging from 12 to 18 carbons (10). The
formation of these fatty acids may be an indirect consequence
of increased elongation activity of cel. We suspect that in-

creased elongase activity is a mechanism for increasing the
fatty acid biosynthetic capabilities of cel, assuming the elon-
gases have some activity on short-chain fatty acids. Although
cel derives the majority of its fatty acid from supplemental
16:0, the remaining fatty acid synthesized de novo is presum-
ably derived from a combination of residual activity of the
impaired cytosolic fatty acid synthase, mitochondrial fatty
acid synthesis, and elongase activity. Elovson (1) assayed cel
fatty acid synthase activity in vitro and found activity higher
than expected based upon the content of 4′-phosphopante-
theine in the impaired fatty acid synthase; however, the assay
(based on oxidation of NADPH) would not have distin-
guished among these activities. Assays designed to distin-
guish among these activities will allow an estimate of the rel-
ative contributions of each to total fatty acid biosynthetic ca-
pability in cel.
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ABSTRACT: Cellular lipids were extracted from three species
of Oomycete plant pathogens (Pythium ultimum, Phytophthora
infestans, and Ph. capsici) and analyzed via normal-phase high-
performance liquid chromatography with flame-ionization de-
tection. The most abundant polar lipids in each of the three
species were the polar membrane lipids, phosphatidylethanol-
amine (PE), phosphatidylcholine, and a phosphosphingolipid
that eluted soon after PE. Structural analysis via mass spectrome-
try and nuclear magnetic resonance spectrometry revealed that
the phosphosphingolipid was ceramide phosphorylethanol-
amine (Cer-PE). The most abundant molecular species of Cer-PE
in P. ultimum had a molecular weight of 670.5, contained an
unusual 19-carbon branched triunsaturated sphingoid (C19-∆4,
8, 10, 9-methyl long-chain base) and palmitic acid as the amide-
linked fatty acid. The most abundant molecular species of Cer-
PE in Ph. infestans had a molecular weight of 714.5, contained a
common 16-carbon 1,3 di-OH sphingoid, and erucic (cis 13-do-
cosenoic, C22-∆13) acid as the amide-linked fatty acid. The Cer-
PE in Ph. capsici comprised a mixture of each of the two molec-
ular species found in P. ultimum and Ph. infestans. 
Lipids 33, 307–317 (1998).

Formerly classified as fungi, the Oomycetes have so many
physiological and biochemical peculiarities that they have re-
cently been placed in a separate kindom, the Stramenopila
(1). Unlike most fungi, the cell walls of Oomycetes contain
no chitin, and instead contain structural carbohydrate poly-
mers composed of glucans (2). Pythiaceous members of the
Oomycetes (including the Phytophthora and Pythium species
of this study) are unable to synthesize sterols and do not re-
quire them for growth, but must obtain sterols in their host or
environment because sterols are necessary for their sexual re-

production (3,4). For this reason, fungicides that inhibit er-
gosterol biosynthesis are not effective against Oomycetes.
There are several reports that certain Oomycetes contain high
levels of an unusual sphingophospholipid, ceramide amino-
ethylphosphonate. This unusual sphingophospholipid was re-
ported to occur in P. prolatum (5), Ph. parasitica (5), and Ph.
infestans (6,7).

Our laboratory has recently developed sensitive high-per-
formance liquid chromatography (HPLC) methodologies to
quantitatively analyze phospholipids and other lipids in mi-
croorganisms (8,9). This study was undertaken to employ the
tools of modern HPLC methodology to rigorously reinvesti-
gate the occurrence and structure of phosphosphingolipids in
three plant pathogenic species of Oomycetes, P. ultimum, Ph.
infestans, and Ph. capsici. These species infect many agricul-
tural commodities and cause considerable economic losses.

EXPERIMENTAL PROCEDURES

Growth of Oomycetes. Pythium ultimum (ATCC 26083) from
the American Type Culture Collection (Rockville, MD) was
maintained on potato dextrose agar at 25°C. Mycelium for
lipid isolation was prepared by inoculating 20-mL aliquots of
a liquid asparagine–sucrose medium (10) in petri dishes (9
cm in diameter, 2 cm in depth) with a mycelial plug, 7 mm in
diameter, taken from the growing edge of a culture. The
dishes were incubated for 48 h at 25°C with shaking on a gy-
ratory shaker at 60 rpm. Mycelium was harvested by filtra-
tion on glass fiber filters, washed with water, and freeze-dried.

Phytophthora infestans (A1 strain) was obtained from Dr.
W. Fry (Cornell University, Ithaca, NY) and was maintained
on pea juice agar, prepared by autoclaving 283 g of frozen
peas in 1 L of distilled water and filtering through cheese-
cloth. Agar (20 g) was added to the filtrate, which was auto-
claved again before pouring culture plates. Mycelium for
lipid isolation was prepared as described above for P. ultimum
except that cultures were grown for 20 d before harvesting
the mycelium.

Phytophthora capsici (ATCC 15399) from the American
Type Culture Collection was maintained on V-8 juice agar,
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pH 7.0, containing 200 mL V-8 juice, 4 g CaCO3, and 20 g
agar per liter. Mycelium for lipid isolation was prepared as
described above for P. ultimum except that cultures were
grown for 96 h before harvesting the mycelium.

Lipid extraction and mild alkaline hydrolysis. Lyophilized
hyphae (200 mg) were homogenized in chloroform/meth-
anol/water (8 mL/16 mL/4.8 mL) with a Polytron Homoge-
nizer (Brinkmann, Westbury, NY), and lipids were extracted
with chloroform/methanol (11). Some lipid samples were
subjected to mild alkaline hydrolysis by evaporating the
solvent under N2, adding about 5 mL of 1.5 M methanolic
KOH/10 mg lipid, heating the mixture to 70°C for 30 min,
acidification to pH 2, and reextraction of the hydrolysate with
chloroform/methanol. 

Analytical normal-phase HPLC. The lipids were separated
and quantified using a method similar to one we have used for
hopanoid analyses in other species (9). The column was a
LiChrosorb 5 Si 60 (3 × 100 mm) from Chrompack, Inc. (Rar-
itan, NJ), with a flow rate of 0.5 mL/min. The solvents were:
A, hexane; B, isopropanol; and C, 0.04% triethylamine in
water (C was prepared fresh daily). The linear gradient
timetable was: at 0 min, 100/0/0; at 5 min, 95/5/0; at 10 min,
85/15/0; at 15 min, 40/60/0; at 53 min, 40/51/9; at 68 min,
40/51/9; at 73 min, 40/60/0; at 78 min, 100/0/0; at 100 min,
100/0/0; (%A/%B/%C, respectively). The HPLC system con-
sisted of an Isco (Lincoln, NE) Model 2350 pump, an Isco
Model 2360 gradient programmer, and a Tremetrics (Austin,
TX) Model 945 flame-ionization detector (FID). 

Semipreparative normal-phase HPLC. For purification of
milligram quantities of ceramides, 10–20 mg of total lipid ex-
tract was injected in a volume of 1 mL on a column (10 × 250
mm, LiChrosorb 10 micron Silica 60A, packed by Phe-
nomenex, Torrance, CA). The flow rate was 5.0 mL/min, and
the ternary gradient was identical to that described above. The
HPLC pumping system and detectors were also identical to
those described above, except that the column effluent was
split, using a Valco T (VICI Valco, Houston, TX), so that 10%
of the flow entered the detector and 90% was collected. 

Reverse-phase HPLC. Ceramide phosphorylethanolamine
(Cer-PE) was purified by semipreparative normal-phase
HPLC and analyzed by reverse-phase HPLC using a
LiChrosorb 7 RP18 column (3 × 100 mm, Chrompack) and a
mobile phase consisting of methanol/acetonitrile/water,
88:6:6, by vol, at a flow rate of 0.5 mL/min. The HPLC
pumping system and detectors were as described above. 

Mass spectrometry (MS). Liquid chromatography
(LC)/MS measurements were performed on a Fisons Quattro
SQ mass spectrometer (Beverly, MA) coupled to a Hewlett-
Packard 1090 HPLC (Palo Alto, CA). The HPLC was oper-
ated with the same conditions as the reverse-phase HPLC
method just described. The flow rate was 0.5 mL/min with
approximately 12 µL/min of the eluant split post-column and
directly introduced into the mass spectrometer. The analyte
was ionized by electrospray ionization with detection of neg-
ative ions. The ion source was at 100°C, and the instrument
scanned from 50–1000 m/z at 2.0 s/scan.

A Jeol HX-110 mass spectrometer (Peabody, MA) was em-
ployed for all other mass spectrometric measurements. The in-
strument was operated with 10 kV acceleration and detection
of positive or negative ions. Mass resolution was 1000 (10%
valley) except for high mass accuracy measurements where
the resolution was 10,000 (10% valley). Analyte was ionized
by fast atom bombardment (FAB) with a Xe beam and 3-ni-
trobenzyl alcohol matrix. For collisionally activated dissocia-
tion (CAD) measurements, helium was used as the target at a
sufficient pressure to attenuate the primary beam to 30% of its
original intensity. Linked scanning at constant B/E (magnetic
field/electric field) provided spectra of the product ions. For
high mass accuracy measurements, manual peak-matching
was performed using a suitable calibrant with a mass similar
to that of the unknown.

The sphingolipids were hydrolyzed by dissolution of a
small amount in 3 N methanolic HCl and heating at 70°C for
4 h. FAB of the entire solution was performed for determina-
tion of the sphingoid and ceramide moieties. The fatty acid
methyl esters were extracted with methylene chloride and an-
alyzed by gas chromatography (GC)/MS to determine the
fatty acid components, using a Hewlett-Packard 5970 for
those of P. ultimum and a Hewlett-Packard 5890 GC con-
nected to a Finnigan SSQ7000 (Sunnyvale, CA) for those of
Ph. infestans and Ph. capsici. The analyses employed a J&W
DB-5 column (30 m, 0.25 mm i.d., 0.025 mm film thickness;
Folsom, CA), which was heated from 50 to 285°C at 8°C/min
while the mass spectrometer scanned from 50 to 800 m/z.

Nuclear magnetic resonance (NMR) spectrometry. The
NMR analyses were performed on a Bruker AMX500 spec-
trometer (Billerica, MA) at 25°C. The two-dimensional (2D)
spectrum correlation spectroscopy experiment was acquired
with 2K by 512 points which were zero-filled to make up 
a 2K × 2K set of data points. The projections along the 
two axes were from one-dimensional 1H NMR data collected
separately.

All experiments were repeated at least two times, and the
data presented are the mean of duplicate samples from one
experiment. 

RESULTS

The yield of total lipid extract was 12–16 mg lipid per 200
mg dry weight of mycelia of P. ultimum, 17–20 mg lipid per
200 mg dry weight of mycelia of Ph. infestans, and 7–8 mg
lipid per 200 mg dry weight of mycelia of Ph. capsici.

The total lipid extracts from each of the three organisms
were analyzed with an analytical normal-phase HPLC–FID
system (Fig. 1). The major phospholipids were phospha-
tidylethanolamine (PE) and phosphatidylcholine (PC). The
chromatogram of Ph. infestans lipids contained an unidenti-
fied peak at a retention time of 47.3 min; because this peak
was resistant to mild alkaline hydrolysis, it was postulated to
be a sphingolipid (probably a ceramide) and was labeled
Cer 1. The chromatogram of P. ultimum lipids contained PE,
PC, and an unidentified peak at a retention time of 48.3 min
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that was also resistant to mild alkaline hydrolysis. Thus it was
also postulated to be a sphingolipid and was labeled Cer 2.
The chromatogram of Ph. capsici lipids contained PE, PC,
and unidentified peaks at the retention times of 47.3 and 48.3
min that were tentatively labeled Cer 1 and Cer 2. 

To purify milligram quantities of Cer 1 and Cer 2 for struc-
tural analysis, we scaled up the above analytical normal-
phase HPLC system to the semipreparative level, injecting
larger samples (10–20 mg, in 1 mL) of total lipid extracts
from each of the three species (Fig. 2). The semipreparative
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FIG. 1. Analytical normal-phase high-performance liquid chromatography–flame-ionization detector (HPLC–FID)
chromatograms of the lipid classes in mycelial lipid extracts of (A) Pythium ultimum, (B) Phytophthora infestans,
and (C) Ph. capsici. Abbreviations: PE, phosphatidylethanolamine; PC, phosphatidylcholine; Cer 1 and Cer 2,
ceramide-1 and -2.



chromatograms (Fig. 2) were very similar to those obtained
with corresponding samples at the analytical level (Fig. 1).
By using this system, several milligrams each of PE, PC, and
Cer 1 from Ph. infestans and Ph. capsici and of Cer 2 from P.
ultimum and Ph. capsici were purified.

Most phospholipid and sphingolipid classes that have been
purified by normal-phase HPLC can be separated into their
individual molecular species by reinjecting them in an appro-
priate reverse-phase HPLC system (12). When samples of pu-
rified PE and PC were injected in this reverse-phase system,

multiple peaks of individual molecular species were observed
with each (data not shown). To attempt to separate the molec-
ular species of Cer 1 and Cer 2, we injected the four purified
samples from the semipreparative normal-phase HPLC into
an analytical reverse-phase HPLC system (Fig. 3). In this
chromatographic system, injection of purified Cer 1 from
both Ph. infestans and Ph. capsici yielded a major peak with
a retention time of 27.8 min. Injection of purified Cer 2 from
P. ultimum and Ph. capsici yielded a major peak with a reten-
tion time of 13.8 min. Because the chromatograms of the two
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FIG. 2. Semipreparative normal-phase HPLC–FID chromatograms of the lipid classes in
mycelial lipid extracts of (A) Pythium ultimum, (B) Phytophthora infestans, and (C) Ph. capsici.
Abbreviations are defined in Figure 1.

A

B

C
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FIG. 3. Analytical reverse-phase
HPLC–FID chromatograms of the
molecular species of ceramides in the
three species: (A) Cer 1 peak from
Phytophthora infestans, (B) Cer 1
peak from Ph. capsici, (C) Cer 2 peak
from Pythium ultimum, and (D) Cer 2
peak from Ph. capsici.



Cer 1 samples each show only one major peak and because
the retention times are identical, it is likely that the samples
contain the same major component. Similarly, because the
two Cer 2 samples each only have one major peak, they ap-
parently only contain one major molecular species; and be-
cause the retention times for these are identical, it is likely
that their chemical structures are identical.

The Cer 1 and Cer 2 samples isolated by semipreparative
normal-phase HPLC were then analyzed by electrospray
LC/MS, using the above reverse-phase HPLC system, to
determine the molecular weight of the major sphingolipid
molecular species in the lipid fractions. The LC/MS chro-
matograms were similar to those from the reverse-phase
HPLC–FID analyses shown in Figure 3. The mass spectra of
the major components which corresponded to the intense
peaks in Figure 3 are shown in Figure 4. The molecular
weights of these components are readily determined as the
negative ion electrospray produces the deprotonated molecu-
lar ions. In summary, the molecular weight of the major com-
ponent in P. ultimum is 670.4 Da; in Ph. infestans, it is 714.5
Da; and in Ph. capsici, the major components are 670.4 and

714.5 Da. This supports the proposition that the sphingolipids
in Ph. capsici are identical to those found in P. ultimum and
Ph. infestans. 

The FAB mass spectra, Figure 5, of the sphingolipid frac-
tions, isolated by semipreparative normal-phase HPLC, con-
firmed the molecular weights of the major components. The
mass spectrum for the P. ultimum sphingolipid shows the pro-
tonated molecular ion at m/z 671.4 while the Ph. infestans
sphingolipid has m/z 715.5 as the protonated molecular ion.
Additionally, the peaks at m/z 141 lower are seen in each of
these spectra at m/z 530.4 and 574.5, respectively. This is in-
dicative of loss of phosphorylethanolamine from the molecu-
lar ion (13). In the case of Ph. capsici, both the m/z 671.4 and
715.5 peaks and the m/z 530.4 and 574.5 peaks are observed. 

Additional structural information was obtained from the
FAB mass spectra of the total hydrolysate solution and is
summarized in Schemes 1 and 2 (spectra not presented). The
P. ultimum sphingolipid hydrolysate showed a major peak at
m/z 433.3 which would correspond to the hydrolytic loss of a
16:0 fatty acid chain from the sphingolipid. An additional
peak at m/z 310.3 shows further loss of phosphorylethanol-
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FIG. 4. Liquid chromatography–mass spectrometry electrospray analysis of (A) Pythium ultimum, (B) Phytophthora infestans, (C) Ph. capsici Cer 1,
and (D) Ph. capsici Cer 2. The mass spectra of the major components were obtained using a micromass quadrupole mass spectrometer operating
in the negative ion mode. For abbreviations see Figure 1.



amine leaving m/z 310.3 as the protonated molecular ion of
the sphingoid. The FAB mass spectrum of the Ph. infestans
hydrolysate solution showed a major peak at m/z 395.3. 
This corresponds to the hydrolytic loss of a 22:1 fatty acid

from the sphingolipid. The other significant hydrolysis
product m/z 272 reflects further loss of phosphorylethanol-
amine. The Ph. capsici hydrolysate showed both pairs of
hydrolysis products, further reinforcing the supposition 

SPHINGOLIPIDS IN OOMYCETES 313

Lipids, Vol. 33, no. 3 (1998)

FIG. 5. The fast atom bombardment mass spectra of the sphingolipid fractions of (A) Pythium ultimum, (B) Phytophthora infestans, (C) Ph. capsici
Cer 1, and (D) Ph. capsici Cer 2. The mass spectra were obtained using a Jeol HX-110 double focusing mass spectrometer (Peabody, MA) operating
in the positive ion mode. Fractions were prepared in a 3-nitrobenzyl alcohol matrix. For abbreviations see Figure 1.

SCHEME 1 SCHEME 2

3N HCl/methanol, 70°C 3N HCl/methanol, 70°C

3N HCl/methanol, 70°C3N HCl/methanol, 70°C



that the sphingolipids in P. ultimum and Ph. infestans are both
present in Ph. capsici. 

The GC/MS analysis of the hydrolysate extract gave qual-
itative information on the fatty acid components of the sphin-
golipids. For P. ultimum the methyl esters of 14:0, 16:0, 18:0,
18:1, 20:0, and 20:1 were detected. For Ph. infestans the
methyl esters of 16:0, 18:0, 22:0, and 22:1 fatty acids were
found. 

Strong structural evidence is provided by the accurate
mass measurements of the sphingolipids and their hy-
drolysates. Table 1 summarizes the data showing the mea-
sured mass, the proposed formula, and the difference between
the expected and measured mass. Mass errors of less than
0.001% are generally considered a good match. The differ-
ence in composition between the protonated molecular ion of
the P. ultimum sphingolipid and the peak corresponding to the

loss of m/z 141 almost exactly accounts for loss of phospho-
rylethanolamine. This strong indication of loss of phospho-
rylethanolamine is also shown for the Ph. infestans sphin-
golipid fragments. Similarly, the assignments of the hy-
drolysate products are very near the measured values. All of
the assignments in Table 1 are within 0.00055% of the pro-
posed masses, giving strong support for the proposed struc-
tures (Scheme 3).

The connectivity in these sphingolipids is further eluci-
dated by the CAD spectra of the various molecular ions.
These CAD spectra provide a fingerprint of the molecule and
are a sensitive indicator of molecular structure. The major
ions resulting from the fragmentation of the molecular ions
are shown in Table 2. The notation is similar to that used in
Pivot et al. (14). These data provide clear evidence of the con-
nectivity of the various moieties mentioned in the above re-
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TABLE 1
Summary of High-Resolution Accurate Mass Measurements

Measured mass Proposed formula Measured mass − calculated mass × 100 (%)
Calculated mass

Pythium ultimuma

671.5136 (M + H)+ C37H72O6N2P 0.00012
669.4983 (M − H)− C37H70O6N2P 0.00017
530.4919 (M − PE)+ C35H64O2N −0.00034
140.0111 (PE)− C2H7O4NP −0.00012

P. ultimum hydrolysate
433.2819 (M + H)+ C21H42O5N2P −0.00029
310.2729 (M + H)+ C19H36O2N −0.00055

Phytophthora infestans
715.5748 (M + H)+ C40H80O6N2P −0.00008
574.5532 (M − PE)+ C38H72O2N −0.00054

Ph. infestans hydrolysate
395.2658 (M + H)+ C18H40O5N2P −0.00043
272.2601 (M + H)+ C16H34O2N 0.00042

aPE, phosphatidylethanolamine.

SCHEME 3

−

−



sults. Based on these CAD spectra and the above data, the
structures of the Cer 1 and Cer 2 can be assigned with cer-
tainty and are shown in Scheme 3. Additionally the CAD
spectra of Cer 1 and Cer 2 from Ph. capsici are essentially the
same as these shown here, proving that the sphingolipids in
Ph. capsici have the same structure as those in Ph. infestans
and P. ultimum (Scheme 3). 

The only ambiguities which are unresolved by the above
MS analyses are in the position of the three double bonds and
branching in the P. ultimum sphingoid moiety. Proton NMR
was used to address this point and provide further evidence
for the proposed structures.

The positions of the olefinic groups along the sphingoid (or
sphingatriene) chain were determined in a 2D NMR spectrum
correlation spectroscopy experiment (15) that was carried out
on a 500 MHz NMR spectrometer. In this experiment, signals
arising from protons three bonds apart are correlated in the 2D
map as shown in Figure 6. There are two sets of signals in the
2D plot. The diagonal peaks running from the top right corner
of the figure to the bottom left end are essentially the same as
the normal one-dimensional proton NMR signals that are also
shown on the top as well as left side of the 2D plot. The off-
diagonal peaks indicate the connectivities among neighboring
proton species. Horizontal and vertical dashed lines are drawn
on the 2D spectrum to assist with these correlations. For ex-
ample, the long vertical line at 5.34 ppm at the olefinic me-
thine proton (8 on the structure) shows two correlations to 1.69
and 2.16 ppm as highlighted by the two horizontal dashed
lines. As indicated on the left side of the figure, these corre-
spond to the methylene 7 and methyl group at 19. The rest of
the correlations are assigned in a similar fashion, as indicated
with several dashed lines on the spectrum, and identify the P.
ultimum sphingoid as a C19-∆ 4,8,10, nine-methyl-long chain
base. A summary of the proton chemical shift assignment for
the sphingoid (or sphingatriene) side chain is given in Table 3.
The J coupling between the protons across the double bond
for pairs 4–5 and 10–11 is 15.3 Hz—indicative of trans con-
figuration of the two olefins. We could not accurately measure
the J coupling between 8–9 (CH3) owing to severe overlap 
and weak coupling. Thus, we could not determine its configu-
ration.

Based on the above structural information, Cer 1 and Cer 2
appear to be molecular species of Cer-PE, with proposed
structures shown in Scheme 3. The analytical HPLC data pre-
sented in Figure 1 were used for the quantitative analysis of
each of the lipid classes in the lipid extracts of the three
species (Table 4). To accomplish this quantification, several
samples of each of the major peaks purified by semiprepara-
tive HPLC (Fig. 2) were injected, and the FID was calibrated
to convert peak area to mass in the range of 1–50 µg for each
of the major lipid classes. The levels of total lipids and non-
polar lipids varied significantly among the three species. Al-
though no attempt was made to quantify the individual non-
polar lipid classes, they appeared to be mostly triacylglycerol,
with some free fatty acids, and several other minor unidenti-
fied peaks. For P. ultimum and Ph. infestans the most abun-
dant polar lipid class was PC, followed by PE, and then Cer-
PE. For Ph. capsici, the most abundant polar lipid class was
PE, followed by PC, and then Cer-PE. 
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TABLE 2
The Collisionally Activated Dissociation Spectra of Cer 1 and Cer 2

Ion mode (M + H)+ (M − H)− Y U Y − B Y − F − H2O XPO4H3 XPO4

Cer 1 Positive 715.5 573 362 236 142
Negative 713.5 501 140

Cer 2 Positive 671.5 530 280 274 142
Negative 669.4 419 140

X
O

P

O

OH
O

HN
F

U

Y

B

FIG. 6. The two-dimensional nuclear magnetic resonance spectrum cor-
relation spectroscopy of Pythium ultimum ceramide phosphorylethanol-
amine.



DISCUSSION

This study is the first report of the occurrence of Cer-PE in a
eukaryotic microorganism. It is also the first report of a 19-
carbon-9-methyl-triunsaturated (∆4, 8, 10) long chain base in
a microbial sphingolipid. Several reports of the lipid compo-
sition of P. ultimum (16–18) failed to identify any sphin-
golipids. One of these reports noted the presence of a double
peak of PE and several other unidentified phospholipid peaks,
any of which could have been Cer-PE (16). 

The current study now brings into question earlier reports
of the occurrence of ceramide aminoethylphosphonate
(CAEP) in P. prolatum (5), Ph. palmitovora (5), and Ph. in-
festans (6,7). In the cases of P. prolatum and Ph. palmitovora,
it is not possible to comment on whether these species con-
tain CAEP or Cer-PE, since these species were not examined
in our current study. However, for Ph. infestans, all of the rig-

orous battery of mass spectral and NMR data that was em-
ployed in this study point to the occurrence of only Cer-PE
(and no CAEP was detected). The two previous reports of
CAEP in Ph. infestans (6,7) did not employ MS or NMR, and
instead, the structural identification was based mainly on
cochromatography of the hydrolyzed polar head group with
commercial standards of aminoethylphosphonate. In one of
the previous reports of CAEP in Ph. infestans (6) the major
fatty acid moiety of CAEP was reported to be arachidonic
acid. However, in the current study we found that erucic acid
(cis-13-docosenoic, C22-∆13) was the most abundant fatty
acid in the Cer-PE of Ph. infestans. The identification of ara-
chidonic acid in CAEP in the previous study (6) was per-
formed by gas–liquid chromatography with packed columns.
It is not known whether the arachidonic acid identified in the
previous study could be adequately separated from erucic
acid with the technique used. However, because the identifi-
cation of erucic acid in Cer-PE in the current study is based
on capillary gas–liquid chromatography with mass spectral
analysis, we feel quite confident that this is the major fatty
acid in the Cer-PE of Ph. infestans. 

Ceramide phosphorylinositol (Cer-PI) was recently re-
ported to be the major sphingolipid in Ph. capsici (14,19,20)
and Ph. parasitica (21). Inositol sphingolipids such as these
have been reported to occur in yeast and fungi (22,23). In our
current study we did not see any evidence for the occurrence
of Cer-PI or other inositol sphingolipids as major membrane
lipids in P. ultimum, Ph. infestans, or Ph. capsici. While it is
possible that Cer-PI is present in Ph. parasitica but absent
from Ph. infestans and P. ultimum, we have no explanation
for the failure to detect Cer-PI in Ph. capsici in our study ex-
cept for the possibility of (i) differences in lipid composition
between individual isolates, (ii) differences in the growth con-
ditions, or (iii) differences in extraction procedures used in
our study as compared to others (14,19,20).

Although this study is the first report of the occurrence of
Cer-PE in a eukaryotic microorganism, Cer-PE has been re-
ported to occur in Sinotaia histrica, a freshwater snail (24)
and three genera of anaerobic Bacteroides (25). 

The unusual 19-carbon-9-methyl-triunsaturated (∆4, 8, 10)
long chain base (sphingoid) that was found in the Cer-PE in
P. ultimum (Scheme 3) has also been reported to occur in the
glucosylceramides of Asterias amurensis, a starfish (26), and
Ophidiaster ophidiamus, a sea star (27). Two fungal species,
Lentinus edodes and Schizophyllum commune, have been re-
ported to contain a somewhat similar 19-carbon-9-methyl, di-
unsaturated (∆4, 8) long chain base in their glucosylce-
ramides (28,29).

The subcellular localization and physiological significance
of Cer-PE in Oomycetes are not known. However, because
most of the sphingolipids in other species [including inositol
sphingolipids in yeast (30), glucocerebrosides in plants (31),
and sphingomyelin in animal cells (32)] are all localized in
the plasma membrane, it is reasonable to expect that most of
the Cer-PE in Oomycetes is localized in the plasma mem-
brane. Cer-PE would be expected to be resistant to phospho-
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TABLE 3
The Proton Chemical Nuclear Magnetic Resonance Shift Assignments
for the Pythium ultimum Sphingatriene Sidechain

Position 1H chemical shift Position 1H chemical shift
on structure (ppm) on structure (ppm)

3 4.09 10 6.02
4 5.51 11 5.57
5 5.76 12 2.08
6 2.08 13 1.38
7 2.17 14–17 1.3
8 5.32 18 0.88
9

–CH–CH–CH=CH–CH2–CH2–CH=C–CH=CH–CH2–CH2–(CH2)4–CH3

NH OH CH3

19

2     3     4     5      6      7      8    9   10   11    12    13                18

TABLE 4
Quantitative Analysis (mg/g dry wt) of Ceramides and Other 
Lipid Classes in Pythium ultimum, Phytophthora infestans,
and Ph. capsici a

Lipid classb Pythium ultimumb Phytophthora infestans Ph. capsici

Nonpolar lipids 38.3 86.9 28.7
Polar lipids
CL trace trace trace
PE 9.44 5.29 3.66
Cer-PE 1 n.d. 3.03 1.39
Cer-PE 2 4.72 trace 0.84
PI trace trace trace
PC 12.6 6.71 2.93
Total lipids 65.1 102.0 37.5
aQuantification is based on the normal-phase high-performance liquid chro-
matograms reported in Figure 1. Standard curves of each lipid class, injected
as several concentrations, were used to calculate the mass of each lipid class.
bAbbreviations: n.d., not detected; CL, cardiolipin; Cer-PE 1 and 2, ceramide
phosphorylethanolamine 1 and 2, with structures shown in Scheme 3; PI,
phosphatidylinositol; PC, phosphatidylcholine. For other abbreviation see
Table 1.



lipases A1, A2, and B, since these enzymes hydrolyze the
fatty acid–oxygen ester bonds and there are no such bonds in
Cer-PE. Since many plants (including potatoes and tomatoes,
major hosts of Ph. infestans) contain high levels of phospho-
lipase B [also called lipolytic acyl hydrolase (7)], the local-
ization of Cer-PE in the plasma membrane could help protect
the membrane from hydrolysis by plant phospholipase B.
However, certain hydrolytic enzymes that are also common
in certain plant tissues, phospholipase C and D, would pre-
sumably be capable of hydrolyzing Cer-PE.

The pathway leading to Cer-PE remains to be elucidated.
Nevertheless, the discovery of Cer-PE as a novel class of
sphingolipid found in Phytophthora and Pythium species but
not in plants or mammals prompts the speculation that en-
zymes involved in biosynthesis of these lipids may represent
potential biochemical targets for the discovery of new agri-
cultural fungicides (Stramenopilocides).
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ABSTRACT: The membrane lipids of a deep-sea hydrothermal
vent archaea, Thermococcus hydrothermalis, were isolated, pu-
rified, and structurally characterized. On the basis of acid
methanolysis and spectroscopic studies, the polar lipids,
amounting to 4.5% (w/w) of the dry cells, comprised diphytanyl
glycerol diethers and dibiphytanyldiglycerol tetraethers, in a
45:55 ratio. No cyclopentane ring was present in the tetraethers.
From the neutral lipids, accounting for 0.4% (w/w) of the dry
cells, besides low amounts of di- and tetraethers occurring in a
free form, four acyclic tetraterpenoid hydrocarbons, di- and tri-
unsaturated were identified. All were structurally related to ly-
copane. The presence of these hydrocarbons provides some ev-
idence that lycopane, widely distributed in oceans, could be
derived, at least partially, from the hydrocarbons synthesized
by some thermophilic Archaea. Finally, analysis of the uninoc-
ulated culture medium indicates that fatty acid derivatives and
some steroid and triterpenoid compounds identified in the li-
pidic extract of the archaea originated from the culture medium.
Lipids 33, 319–326 (1998).

All Archaea, including the halotolerant species, are character-
ized by the presence of isopranyl glycerol ether lipids in their
membranes (1–6). Two types of complex ether lipids occur
generally in Archaea: the diphytanyl glycerol diether, i.e., 2,3-
di-O-phytanyl-sn-glycerol 1 and the dibiphytanyl diglycerol
tetraether, i.e., 2,3,2′,3′-tetra-O-dibiphytanyl-di-sn-glycerol 2
(Scheme 1). In these latter, the C40 isoprenoid chains derive
from ω,ω′ linkages of two O-phytanyl residues.

In the Archaea of the thermoacidophilic group, a typical fea-
ture is the presence of cyclopentane rings in the C40 chains (1).
It has been suggested that the macrocycle and the cyclopentane
rings occurring in tetraethers enhance the rigidity of the mem-
branes of the microorganisms that are able to grow at elevated
temperatures (7,8). However this assumption was reconsidered
when new archaea, including some Thermococcales isolated
from marine hydrothermal vent environments, were shown to

contain very low amounts of dibiphytanyl diglycerol tetraethers
with cyclopentane rings (2,9,10). In these cases, it has been
proposed that the polar groups of the ether lipids, extensively
enriched in carbohydrates, would ensure the rigidity of the
membranes and reduce their permeability (11).

Within the Thermococcales, the genus Thermococcus is rep-
resented by eight species and some new isolates recognized
from their morphological, physiological, and molecular features
(12–20). The type species, T. celer, exhibits a rather simple lipid
composition with phosphatidylmyoinositol ester of phytanyl di-
ether being the most abundant lipid (2) but, in sharp contrast, T.
chitonophagus is characterized by a more complex composition
in core lipids with the presence of diphytanyl glycerol diether
and acyclic and monocyclic dibiphytanyl diglycerol tetraether
derivatives (16). Recently, we examined T. hydrothermalis, a
new hyperthermophilic heterotrophic archaeal species isolated
from a deep-sea hydrothermal vent on the East Pacific Rise, for
its neutral lipid and ether lipid composition.

MATERIALS AND METHODS

Materials. Silica gels for column chromatography (CC) (silica
gel 60, 70–230 mesh) and thin-layer chromatography (TLC)
(silica gel PF) were from Merck (Darmstadt, Germany). In-
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frared (IR) spectra were recorded from carbon tetrachloride so-
lutions in NaCl cells (0.1 mm), using a Perkin-Elmer 1420
(Norwalk, CT) spectrometer. 13C nuclear magnetic resonance
(NMR) spectra were obtained from deuterochloroform solu-
tions, with tetramethylsilane as internal reference, on a Bruker
250 spectrometer (Wissenbourg, France). Standard trans,trans-
lycopadiene was isolated from the green microalga Botryococ-
cus braunii as previously described (21), and lycopane stan-
dard was prepared by catalytic reduction of trans,trans-lycopa-
diene (21). 6,10,14-Trimethyl pentadecan-2-one was prepared
via ozonolysis of phytol (21). Standards of isopropyl esters
were synthesized by refluxing (1 h) myristic, palmitic, and
oleic acids in propan-2-ol, added with a few drops of acetyl
chloride to generate hydrochloric acid. Concentration of the re-
action mixtures under reduced pressure afforded the pure iso-
propyl esters. Standards of fatty acid methyl esters were pre-
pared by refluxing separately (1 h) corresponding fatty acids in
methanol, added with a few drops of acetyl chloride to gener-
ate HCl. Concentration of the reaction mixtures under reduced
pressure afforded the pure methyl esters. Standards of ether
lipids were obtained from Caldariella.

Microorganism origin and culture conditions. The strain
AL662T was isolated from an active chimney and was recov-
ered from a hydrothermal site on the East Pacific Rise. On the
basis of phenotypic and phylogenetic analyses and
DNA/DNA relatedness, this strain was recognized as a new
species of the genus Thermococcus and the name T. hy-
drothermalis was adopted (19). Growth medium contained
the following nutrients per liter of sea water: tryptone (1 g)
(from Biokar Diagnostics, Beauvais, France), yeast extract (4
g) (from Bio-Springer, Maisons-Alfort, France), cystine (5 g)
(from Merck), and sea salt (30 g) (from Europrix, Lens,
France). The archaea was grown at 79°C for 23 h at pH 6.8
under N2. The cells were harvested by centrifugation. The
yield was approximately 1.7 g lyophilized cells/I.

Lipid extraction and fractionation. A first extraction of the
lipids was performed on the lyophilized archaeal biomass (10
g), using dichloromethane/methanol (2:1, vol/vol; 450 mL)
with stirring at room temperature, 2 × 18 h. The combined ex-
tracts were fractionated, after concentration under reduced
pressure, by CC on silica gel in the proportion of 15 g silica
for 180 mg lipids. Neutral lipids were first eluted by 305 mL
chloroform. Polar lipids were recovered by elution with 1220
mL of acetone and then with 305 mL methanol. Neutral lipids
were separated into five fractions (frs. I–V) by CC on silica
gel (12 g), using heptane (45 mL; fr. I), heptane/diethyl ether
(19:1, vol/vol; 60 mL; fr. II), heptane/diethyl ether (23:2,
vol/vol; 75 mL; fr. III), heptane/diethyl ether (17:3, vol/vol;
115 mL; fr. IV), and diethyl ether (45 mL; fr. V). The residual
biomass from the first extraction was further extracted with
380 mL of chloroform/methanol/water (1:2:0.8, by vol),
buffered with sodium acetate, according to the Bligh and
Dyer procedure (22), 2 × 3 h. To the combined supernatants,
60 mL of chloroform and 48 mL of water were added to gen-
erate a biphasic system; the chloroform phase was concen-
trated under reduced pressure.

The presence of lipids in the starting culture medium was
also examined by extraction of 40 g lyophilized fresh medium
with 500 mL dichloromethane/methanol (2:1, vol/vol), 2 × 18
h. The combined crude extracts were separated on silica gel
CC by elution with chloroform, acetone, and methanol, and
the culture medium neutral lipids were further separated into
five fractions by silica gel as above.

Methanolysis of polar lipid fractions. Acetone and methanol
eluates and Bligh and Dyer extract were separately subjected
to acid methanolysis (20 mL of dry methanol/HCl, 1 N), at
100°C for 18 h in closed tubes. The reaction mixture was ex-
tracted with dichloromethane and then diethyl ether, and the
organic phases were washed with water until neutrality. Frac-
tionation of the concentrated extracts by preparative silica gel
TLC using heptane/diethyl ether/methanol (4:1:1, by vol) as
eluent afforded fatty acid methyl esters (Rf = 0.66), glycerol
diether (Rf = 0.34), and diglycerol tetraether (Rf = 0.19). Di-
phytanyl glycerol diether 1 and dibiphytanyl diglycerol
tetraether 2 were analyzed by fast atom bombardment–mass
spectrometry (FAB–MS) (Micromasse ZAB-SEQ; Manches-
ter, England) in positive mode via inclusion of the products in
a nitrobenzyl alcohol matrix and addition of lithium chloride to
provide ionized [M + Li]+ species. Diphytanyl glycerol diether,
1: FAB–MS (low resolution): [C43H88O3 + Li]+, observed m/z
659.7, calculated m/z 660.1. Dibiphytanyl diglycerol tetraether,
2: FAB–MS (high resolution): [C86H172O6 + Li]+, observed m/z
1308.3344, calculated m/z 1308.3313.

Fatty acid methyl esters. These were identified by gas
chromatography–mass spectrometry (GC–MS) analysis with
an HP 5890 chromatograph coupled with an HP 5989 mass
spectrometer (Hewlett-Packard, Evry, France) and coinjec-
tion with standards. The chromatograph was equipped with a
CPSil-5CB fused-silica capillary column (25 m × 0.25 mm)
coated with polydimethylsiloxane (Chrompack, Middleburg,
The Netherlands). The temperature program was from 150 to
300°C (4°C/min).

Neutral lipid analyses. Neutral lipid fractions, fractions
I–V, were analyzed by GC–MS (same spectrometer and
CPSil-5CB column). The temperature programs were as fol-
lows: fraction I from 140 to 300°C (4°C/min); fractions II–V,
from 100 to 300°C (4°C/min).

Diphytanyl glycerol diether 1 and dibiphytanyl diglycerol
tetraether 2 were identified as free compounds in fraction IV
by silica gel TLC, using heptane/diethyl ether/methanol
(4:1:1, by vol) as eluent, and by comparison of their solvent
front solvent ratio values (Rf = 0.34 and Rf = 0.19, respec-
tively) with those of standards.

Ratios and amounts of the compounds were evaluated by
weighing (ether lipids) and/or GC analyses with an internal
standard (lycopane and lycopadiene, fatty acid methyl esters).

Catalytic reduction of C40 hydrocarbons. Hydrocarbons (2
mg) dissolved in 5 mL heptane were reduced with H2 (25
atm), in the presence of catalytic amounts of rhodium (5%)
on charcoal, at 40°C for 24 h. Then the catalyst was removed
by filtration and the products analyzed by GC–MS (same con-
ditions as for fr. I). Lycopane was identified by coinjection
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and comparison of its mass spectrum with that of an authen-
tic standard.

Ozonolysis. Fraction I (2 mg), dissolved in 2 mL
dichloromethane was treated by ozone at −78°C until the
characteristic blue color of ozone persisted. The excess ozone
was then removed by bubbling nitrogen into the cold solution
and thereafter the ozonides formed were reduced with tri-
phenylphosphine (3 mg). The resulting solution was allowed
to warm to room temperature and, after concentration under
reduced pressure, directly analyzed by GC–MS (CPSil-5CB
column; temperature programmed from 80 to 300°C,
4°C/min).

Dimethyl disulfide (DMDS) adduction. DMDS adducts were
prepared as previously described (23). A portion of fraction I
(2 mg) was treated in 100 mL of n-heptane by addition of 100
mL of DMDS and 1.2 mg of iodine in 20 mL of diethyl ether.
The reaction was carried out in a 10-mL closed tube and kept
for over 48 h at 50°C. Thereafter, 200 mL n-heptane was added
to the reaction mixture, and the excess of iodine was reduced
by treatment with 200 mL of an aqueous solution of 5%
Na2SO3. After recovery of the organic phase, the aqueous
phase was extracted for a second time with 200 mL n-heptane.
The combined extracts were concentrated under a stream of ni-
trogen and immediately analyzed by GC–MS; the temperature
was programmed from 240 to 300°C at 4°C/min.

RESULTS

Lipids extracted from the dry archaeal biomass with
dichloromethane/methanol accounted for 4% of the dry weight.
Silica gel CC allowed us to fractionate this extract into neutral
lipids by elution with chloroform (accounting for 10% of the
total extract) and polar lipids by elution with acetone (7.5%) and
methanol (70%). Additional lipids were obtained from the ex-
tracted biomass by the procedure of Bligh and Dyer (22). They
accounted for 0.9% of the dry weight. Acid methanolysis of the
residual biomass did not furnish any other lipidic material.

Polar lipids. The polar lipid eluates and the Bligh and Dyer
extract were submitted to acid methanolysis in order to release
ether lipids in a free form. From the methanol-eluted fraction
and the Bligh and Dyer extract, three bands were detected by
silica gel TLC (Rf values: 0.66, 0.34, and 0.19) and separated
by preparative TLC. FAB–MS analyses (at low and high reso-
lutions), IR and 13C NMR spectroscopies, and comparison with
literature data (24) allowed us to establish that compounds ex-
hibiting Rf values of 0.34 and 0.19 on TLC plates were diphy-
tanyl glycerol diether 1 and dibiphytanyl diglycerol tetraether 2,
respectively. Moreover, a comparison of the 13C NMR spectrum
of the compound exhibiting the lowest Rf with literature data
relative to 13C NMR of cyclopentane-containing tetraethers
(24,25) established clearly that no cyclopentane ring occurs in
the tetraethers of T. hydrothermalis. Dibiphytanyl diglycerol
tetraether 2 accounted for ca. 43 and 63 wt% of the ether lipids
of the methanol-eluted fraction and the Bligh and Dyer extract,
respectively.

The farther eluted compounds (Rf = 0.66) consisted in low

amounts of fatty acid methyl esters. Through GC–MS analysis,
palmitate (16:0, 42.5%), oleate (18:1 cis ∆9, 17.5%), stearate
(18:0, 15%), laurate (12:0, 7.5%), palmitoleate (16:1 cis ∆9,
5%), and myristate (14:0, 5%) were the main fatty acid compo-
nents identified.

No ether lipid could be detected from the hydrolysis of the
acetone-eluted fraction. In this case, only fatty acid methyl es-
ters were isolated. They exhibited a composition similar to that
found for the methanol-eluted fraction and the Bligh and Dyer
extract. All these methyl esters were also obtained from the acid
methanolysis of the polar lipidic fractions of the culture medium
extract. This indicates that they are not biosynthesized by the
archaea.

On a whole, the ether lipids recovered from methanolyses
and purified by TLC accounted for 0.32% of the dry biomass,
dibiphytanyl diglycerol tetraether 2 showing a slight predomi-
nance (55%).

Neutral lipids. Table 1 shows results concerning the fraction-
ation of the neutral lipids by silica gel CC and the composition
of the different fractions.

Fraction I exclusively contained hydrocarbons. GC–MS
analysis showed the presence of a range of normal chain hydro-
carbons (unsaturated C16 and C18, saturated C16 to C36) and four
C40 isoprenoid compounds. Formation of DMDS adducts of the
C16 and C18 alkenes, followed by GC–MS analysis of these
products, allowed us to identify four n-hexadecenes (∆2, ∆3,
∆4, and ∆5) and five n-octadecenes (∆2, ∆3, ∆4, ∆5, and ∆6).
The analysis of the neutral lipids isolated from the fresh culture
medium showed, however, the presence of all these normal hy-
drocarbons. Thus, only the C40 isoprenoid compounds can be
considered as metabolites of the Thermococcus strain.

Two C40H78 and two C40H76 hydrocarbons, with two and
three degrees of unsaturation, respectively, were identified (Fig.
1). Catalytic reduction of fraction I led to a single C40H82 com-
pound other than the nonarchaeal normal alkanes; this hydro-
carbon was found to coelute on GC analysis with lycopane
(2,6,10,14,19,23,27,31-octamethyldotriacontane), an acyclic
tetraterpane. The formation of lycopane through hydrogenation
was confirmed by the similarity of its mass spectrum with the
one of an authentic standard. The C40 hydrocarbons in fraction I
thus correspond to two tetradehydrolycopanes (lycopadienes;
35 and 27% of the C40 mixture) and two hexadehydrolycopanes
(lycopatrienes; 24 and 14% of the C40 mixture).

DMDS adducts of the unsaturated C40 afforded a very com-
plex mixture of derivatives which did not allow us to determine
the position of the unsaturations; instead, this was achieved by
means of ozonolysis of the C40 dienoic and C40 trienoic mix-
ture. GC–MS analysis of the compounds obtained from the re-
ductive degradation of the ozonides indicated the formation of
the 6,10-dimethyl undecan-2-one 3 and 6,10,14-trimethyl pen-
tadecan-2-one 4 in a 4:1 ratio (Scheme 2). The nature of these
ketones and the relative percentages of the dienic and trienic hy-
drocarbons strongly suggested that unsaturations occur at posi-
tions 14 and 18 in the lycopadienes and at positions 10, 14, and
18 in the lycopatrienes. (Nevertheless, ozonolysis does not
allow for the identification of double-bond stereochemistry.)
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Furthermore, the major lycopadiene was found to coelute on
GC analysis with the trans,trans-lycopadiene 5, unsaturated at
position C-14 and C-18 and previously isolated from a fresh-
water green  microalga, Botryococcus braunii (21). Moreover,
both compounds exhibited the same mass spectrum, thus
demonstrating similar structures; the mass spectra of the de-
rived lycopane, archaeal trans, trans-lycopadiene, and one ly-

copatriene are shown in Figure 2. Based on ozonolysis and on
the identification of this C40 diene, the second diene should cor-
respond to the trans, cis- or cis, cis-lycopadiene. The stereo-
chemistry of the C40 trienes has not been determined. On the
whole, the hydrocarbons structurally related to lycopane ac-
counted for 54% of fraction I and ca. 0.04% of the dry archaeal
biomass.

Based on IR and GC–MS analyses, fraction II was shown
to comprise mainly a series of saturated and monounsaturated
n-C14, n-C16, and n-C18 fatty acid isopropyl esters and low
amounts of squalene. All these compounds were identified in
the neutral lipids isolated from the culture medium extract, thus
precluding an archaeal origin. Similarly, phytol, cholesterol, 4-
cholesten-3-one, sitosterol and α-amyrin, all found in trace
amounts in the more polar CC fractions, were shown to origi-
nate from the culture medium.

Finally, TLC of fractions III and IV revealed the presence
of free diphytanyl glycerol diether 1 and dibiphytanyl diglyc-
erol tetraether 2 in very low amounts.

DISCUSSION

The ether lipids of T. hydrothermalis are characterized by a
slight dominance of dibiphytanyl diglycerol tetraethers over
diphytanyl glycerol diethers. Similar ether lipid profiles have
been reported to occur in several Archaea of the order of
Thermococcales, including some Thermococcus species
(6,27,28). It was considered that the tetraether/diether ratio
tends to increase with the temperature of growth and could be
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TABLE 1
Composition of Neutral Lipids Extracted from the Archaeal Biomassa

Column Percentage Percentage
chromatography of neutral of dry
fraction lipids weight Compositionb

I 20.0 0.08 Normal hydrocarbons:
(unsaturated C16*–C18*,
saturated C16*–C36*),
C40 isoprenoid hydrocarbons

II 22.5 0.09 Fatty acid isopropyl esters*,
squalene*

III 10.0 0.04 Phytol*, DGD 1
IV 8.7 0.03 DDT 2, steroids*, triterpenoids*
V 11.3 0.05 Steroids*, triterpenoids*
aIn addition to archaeal compounds (ether lipids, lycopadienes, and lycopatrienes), these fractions
contain large amounts of nonarchaeal lipids (indicated by * in the Table) originating from the cul-
ture medium. Regarding nonarchaeal hydrocarbons, note that the growth medium contained a high
amount of yeast extract; and normal hydrocarbons from C10 to C39 are known to occur commonly
in yeasts (26). Moreover, the growth medium is composed of 40 g of nutrients per liter. Accord-
ingly, even if the nutrients contain very low levels of lipidic contaminants, the latter should be pres-
ent in substantial amounts when compared to the lipids of the archaea (ca 1.7 g of dry biomass
containing less than 1 mg of free ether lipids and ca. 0.7 mg of lycopadienes and lycopatrienes
from 1 L of culture). Moreover, to avoid cell lysis, the archaeal biomass was not washed after cen-
trifugation, so nonarchaeal lipids may have been adsorbed on the cells. Additionally, lipids from
the culture medium may have been incorporated by Thermococcus hydrothermalis as xenobiotic
compounds.
bDGD 1 = diphytanyl glycerol diether, DDT 2 = dibiphytanyl diglycerol tetraether.
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qualified as a temperature-related adaptative feature. How-
ever, as suggested by some authors (6), the exclusive pres-
ence of diethers in some other species of this genus precludes
the use of the tetraether/diether ratio as a criterion for classifi-
cation of this hyperthermophilic Archaea. Furthermore, no
cyclopentane ring occurs in the tetraethers. Accordingly, as
previously suggested for other Archaea isolated from deep-
sea hydrothermal vent environments (11), it is very likely that
the polar head groups of the ether lipids reinforce the mem-
brane rigidity of these microorganisms growing at elevated
temperatures in such environment.

Trace amounts of free diphytanyl glycerol diether and dibi-
phytanyl diglycerol tetraether were detected in the neutral
lipids of T. hydrothermalis. This occurrence has previously
been noticed for some other Archaea (29–32). However, the
most important feature observed from neutral lipid analysis
in this species is the identification of hydrocarbons struc-
turally related to lycopane. To date, some hydocarbons have
been clearly identified only in two groups of Archaea. Thus,
in halophilic archaea, squalene and hydrosqualenes have been
identified, and C15, C20, C25 and C30 isoprenoids in
methanogens (8,31,33–35). The presence of compounds ex-
hibiting a low polarity, which may thus correspond to hydro-
carbons but for which the structure was not examined, has
been previously reported in a very limited number of cases in
the lipids of thermoacidophilic Archaea (29,36,37). The
tetraterpenoid hydrocarbons, lycopadienes, and lycopatrienes
identified in T. hydrothermalis arise, based on the structure of

the central part of these molecules, from the tail-to-tail con-
densation of two diterpene derivatives. In sharp contrast, the
C40 chains of the tetraethers are formed via a head-to-head
linkage of two phytanyl residues. Two different biosynthetic
pathways for the production of C40 isoprenoid chains seem
therefore to coexist in T. hydrothermalis. The taxonomic
value of these C40 hydrocarbons with a lycopane-type skele-
ton in Archaea, especially in the order of Thermococcales, re-
mains to be established. To date, the dominant hydrocarbon
of T. hydrothermalis had been identified only in a freshwater
green microalga, Botryococcus braunii (21).

Unsaturated hydrocarbons show a well-known and general
trend to be reduced into alkanes during the first step of fos-
silization in surface sediments. Accordingly, the occurrence
of lycopane-related hydrocarbons in an Archaea is important
from a geochemical point of view. Indeed, it is well docu-
mented that lycopane is widely distributed in oceans—con-
centrations up to 1.5 ng/L of seawater have been measured
(38)—and its presence in some marine sediments has been
noted (39–42); its origin, however, remains unknown.

The identification of potential geochemical precursors of
lycopane in T. hydrothermalis gives some support to a previ-
ous assumption for an archaeal origin of this biomarker (39).
In this respect, it is important to note that lycopane and ar-
chaeal ether lipids have been found together in a same sedi-
ment (43). The present finding does not rule out, however, a
photoautotrophic source for lycopane (38), especially in oxic
marine waters.
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FIG. 1. Gas chromatographic trace of the C40 isoprenoid compounds. ●, C40:2 isoprenoid; ▲, C40:3 isoprenoid.
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FIG. 2. Mass spectra of trans,trans-lycopadiene (A), first eluted lycopatriene (see Fig. 1) (B), and lycopane (C).
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ABSTRACT: The cellular slime mold Polysphondylium pal-
lidum was grown upon Escherichia coli B/r, and the fatty acid
compositions of total lipids obtained from vegetative amebae
and aggregation-competent cells were compared. Fatty acids
isolated from vegetative cells included C-17 and C-19 cyclo-
propane fatty acids and also straight-chain, saturated fatty acids.
The cyclopropane fatty acids were derived from the ingested
bacteria. Development of amebae to aggregation-competent
cells was accompanied by a substantial decrease in saturated
cyclopropane fatty acids and a concomitant increase in unsatu-
rated fatty acids and unsaturated cyclopropane fatty acids,
mostly as 18:3 (5,9,12). We report here the fatty acid composi-
tion and identify the occurrence of ∆5 desaturation of cyclo-
propane fatty acids, namely, 9,10-methylene 5-hexadecenoic
acid and 11,12-methylene 5-octadecenoic acid. These fatty
acids have not been reported previously in the related species
Dictyostelium discoideum, which also feeds on E. coli B/r and
has ∆5-desaturation activity.
Lipids 33, 327–332 (1998).

A wild-type strain (WS320) of the cellular slime mold Poly-
sphondylium pallidum grows upon Escherichia coli B/r as a
food source; lack of food (starvation) triggers a well-charac-
terized pattern of development which begins with the aggre-
gation of individual amoebae and culminates in a multicellu-
lar fruiting body. Polysphondylium pallidum is an excellent
model system for study of cell–cell interactions. Knowing the
fatty acid composition is the first step in obtaining informa-
tion with regard to membrane fluidity in relation to the
cell–cell interaction. Many unusual fatty acids have been
found in cellular slime molds, and the unsaturation patterns
of fatty acids in Dictyostelium discoideum have been reported
(1–3), but only a few chemical studies have been published
on the fatty acids of a related species P. pallidum (4).

Cyclopropane fatty acids have been mainly noted in E. coli
(5), and are formed by a postsynthetic modification of the un-
saturated fatty acids of membrane phospholipids (6). The re-
action involves the addition of a CH2 group from S-adenosyl-

methionine to the double bond of a fatty acid to form the cy-
clopropane ring. To determine the membrane components of
the cells involved in cell–cell interactions, we have now ana-
lyzed the fatty acids of P. pallidum. In this study, we deter-
mined the fatty acid composition and identified ∆5 desatura-
tion in C-17 and C-19 cyclopropane fatty acids that also have
a cyclopropane ring at ∆9 and ∆11 positions, respectively.
These fatty acids have not been reported in D. discoideum,
which also feeds on bacteria and has ∆5 desaturation.

EXPERIMENTAL PROCEDURES

Cell culture. Cells of P. pallidum strain WS320 were cultured
with or without E. coli B/r as described previously (7,8) to the
density of 2–5 × 106 cells/mL. At this stage, cells were har-
vested as vegetative cells (t0). To obtain aggregation-compe-
tent cells (t6.5), vegetative cells were washed with 17 mM
phosphate buffer (pH 6.2) and resuspended at a density of 1 ×
107 cells/mL and incubated for 6.5 h. The food source bac-
terium, E. coli B/r, was cultured in Luria-Bertani medium at
37°C, 150 rpm for at least 20 h to be a stationary phase.

Chemical materials. Silica gel plates for thin-layer chro-
matography (TLC) were purchased from E. Merck (Darmstadt,
Germany). Hydrazine hydrate was from Wako Pure Chemical
Industries Ltd. (Osaka, Japan). Dimethyl disulfide and pyrroli-
dine were supplied from Nacalai Tesque (Kyoto, Japan). All
other chemicals were of the highest grade available.

Preparation of lipids and fatty acids. Total lipids were ex-
tracted by the method of Bligh and Dyer (9) from the vegeta-
tive-growth phase and 6.5-h starved wet cells as described
above. Alkaline methanolysis of the total lipids released ester-
linked fatty acids as methyl esters. The total fatty acid methyl
esters (FAME) were separated according to the degree of un-
saturation by argentation TLC (AgTLC) on a silica gel plate
with a solvent system of chloroform/ethanol (99:1, vol/vol).
After the plate had been developed, it was dried and sprayed
with acetone/water (4:1, vol/vol) containing 0.01% primuline.
The spots were detected under ultraviolet light. Each FAME
was extracted with a mixture of hexane, methanol, and 500
mM NaCl in water (2:1:1, by vol) from the silica gel that had
been scraped from the plate, dried, and then redissolved in
hexane. 

Derivatization and mass spectrometry. FAME were then
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analyzed by gas chromatography (GC) (model 263-30; Hi-
tachi, Tokyo, Japan) using a flame-ionization detector and
capillary column (CPS-1; 50 m × 0.25 mm, i.d.; Quadrex,
New Haven, CT). The separated FAME were identified by
comparing their retention times with those of authentic stan-
dards and by GC–MS, and were quantitated with a data ana-
lyzer (Chromato-Integrator D-2500; Hitachi) as previously
described (10). Hydrogenation was carried out in glacial
acetic acid with PtO2 as a catalyst at room temperature for 6
h (11). The position of the double bond in the FAME was de-
termined by the pyrrolidine method (12), and by an I2-cat-
alyzed reaction for the formation of the adducts with dimethyl
disulfide (DMDS) according to a minor modification (13) of
the procedure of Shibahara et al. (14). Pyrrolidine adducts
and DMDS adducts were analyzed on a slightly polar HP-5
column (30 m × 0.32 mm, i.d.; Hewlett-Packard, Palo Alto,
CA) in a Hewlett-Packard HP-5890 gas chromatograph cou-
pled to a JMS-AX500 mass spectrometer (Jeol, Tokyo,
Japan). The column temperature was increased from 260 to
300°C and from 230 to 330°C at a rate of 2°C/min for the
pyrrolidine adducts and DMDS adducts, respectively. Hy-
drazine-reduced and hydrogenated fatty acids were analyzed
by GC and GC–MS as described above.

RESULTS AND DISCUSSION

The lipid compositions from the cellular slime mold P. pal-
lidum were examined at the different stages of development
by two-dimensional TLC to see the changes in the composi-
tion of membrane lipids occurring during cell aggregation.
We obtained 21–31 mg of total lipids from 1 × 109 cells by
the method of Bligh and Dyer (9). The major phospholipid
classes were shown to be phosphatidylethanolamine, phos-

phatidylcholine, phosphatidylinositol, and phosphatidic acid.
These results are essentially the same with those of D. dis-
coideum (15). For further analysis, total lipids were extracted
from cells at both the growth and aggregation-competent
phases, and subjected to alkaline methanolysis. In mixed cell
suspensions, D. discoideum and P. pallidum form common
aggregates, but the two cell types are sorted out within the ag-
gregate during the aggregation-competent stage (16). This
suggests that some membrane components may be involved
in cell recognition during the aggregation-competent stage.

The resultant FAME were fractionated by AgTLC which
separates the subcomponents according to the degree of un-
saturation, and we were able to detect saturated, monoenoic,
dienoic, and trienoic fractions in the cellular slime mold P.
pallidum.

We analyzed the monoenoic fraction by a capillary GC
(Fig. 1A) and by the pyrrolidine method (12) to determine the
positions of double bonds. The mass spectra of the pyrroli-
dide derivatives of these acids disclosed the unexpected pres-
ence of two dienoic-like fatty acids in a monoenoic fraction
(Fig. 1 A, peaks 1 and 2), which had co-migrated with cis-
monoenoic fatty acids on an above-mentioned AgTLC plate.
The pyrrolidine method enabled us to estimate peaks 1 and 2
as 17:2(5,9) and 19:2(5,11), respectively (data not shown). To
confirm the position of the double bond, we subjected the
monoenoic fraction to an I2-catalyzed reaction for the forma-
tion of the adducts with DMDS (13,14). Figure 2 shows the
mass spectra of the DMDS adducts of peak 1 and 2 methyl
esters, respectively. The mass spectra indicated only ∆5 de-
saturation in peaks 1 and 2. If the reaction had been incom-
plete, other typical fragment ions that implicate the desatura-
tion must have appeared at other positions (i.e., ∆9 or ∆11);
actually, no other typical fragmentation was detected. To clar-
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FIG. 1. Gas chromatograms of methyl esters of a monoenoic fraction. (A) Before hydrazine reduction, (B) after hydrazine reduction, and (C) after
hydrogenation in glacial acetic acid of a hydrazine-reduced monoenoic fraction.



ify the inconsistency between these results, the monoenoic
fraction was subjected to a hydrazine reduction, which re-
duces double bonds without geometrical or positional isomer-
ization (14), to test whether a standard material (9,12-oc-
tadecadienoic fatty acid) can be reduced. It could. It was al-
most completely reduced to the saturated octadecanoic acid.
The hydrazine-reduced monoenoic fraction was then sub-
jected to capillary GC (Fig. 1). Peaks 1 and 2 shifted to the
positions of cyclopropane or monoenoic acids, but not the sat-
urated acids (Fig. 1B, peaks 1′ and 2′). 

To clarify the issue further, we measured the mass spectra
of peaks 1′ and 2′ reduced with hydrazine (data not shown).
The results were similar to those recorded for cis-cyclo-
propane fatty acids described previously (17), and we there-
fore speculated that peaks 1 and 2 were cyclopropane
monoenoic fatty acids. A method used to confirm the identity
of this estimated structure was a combined procedure: a
monoenoic fraction was reduced with hydrazine (14), and
then subjected to hydrogenation in glacial acetic acid (11).
Any cyclopropane fatty acid esters before the hydrogenation
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FIG. 2. Mass spectra of dimethyldisulfide (DMDS) adducts of peaks 1 (A) and 2 (B) acid methyl esters. Fragmenta-
tion scheme of DMDS adducts of these fatty acids is also indicated. 



would now be a mixture of branched-chain and straight-chain
fatty acid esters (11). Mass-spectral analysis of the mixture of
branched-chain acid esters permits assignment of the position
of the methyl groups: the position, that is, of the cyclopropane
ring in the parent acids (11). Figure 1C shows a capillary GC
trace of FAME from a hydrazine-reduced, hydrogenated
monoenoic fraction. Peaks 1′ and 2′ shifted, respectively, to
peaks 1′′ and 2′′, the positions of the branched-chain fatty
acids, although about 15% of peaks 1′ and 2′ shifted to the
saturated fatty acids. The partial mass spectra of peaks 1′′ and
2′′ are shown in Figure 3. The origins of the most common

peaks in these spectra are summarized in Table 1. The loca-
tion of the cyclopropane ring via the branch location is indi-
cated by ions a, a+1 which were formed by α cleavage to the
points of branching and abstraction of one hydrogen. The re-
sulting characteristic sets of two adjacent peaks 14 mass units
apart are easily recognized and used to establish the points of
branching as shown by Figure 3 and Table 1. These results
(Fig. 3 and Table 1) enabled us to identify peaks 1′ and 2′ cis-
9,10-methylene hexadecanoic acid and cis-11,12-methylene
octadecanoic acid. Finally, we conclude that peaks 1 and 2 in
Figure 1 are all cis-9,10-methylene hexadeca-5-enoic acid
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FIG. 3. Partial mass spectra of peaks 1” and 2” after hydrogenation in glacial acetic acid. Origins of the most common peaks in these spectra are
summarized in Table 1. (A) The branched-acid esters derived from 9,10-methylene hexadecanoic acid. (B) The branched-acid esters derived from
11,12-methylene octadecanoic acid.



and all cis-11,12-methylene octadeca-5-enoic acid, and the
scheme is shown in Figure 2. The percentage of these fatty
acids in total fatty acids increased in the cells that had been
starved for 6.5 h in shaken suspension without bacteria (Table
2), but not in just-harvested cells of bacterially grown, vege-
tative growth-phase cells, indicating that all cis-9,10-methyl-
ene hexadeca-5-enoic acid and all cis-11,12-methylene oc-
tadeca-5-enoic acid are actual metabolites of this organism. 

To clarify the origin of these cyclopropane fatty acids, we
also analyzed the fatty acids of axenically grown cells. Under
these conditions, Polysphondylium cells grow normally and
make aggregates. We could not, however, detect any cyclo-
propane fatty acids in the axenically grown cells (Fig. 4). The
most reasonable explanation is that P. pallidum took saturated
cyclopropane fatty acids from bacteria and converted them
into unsaturated cyclopropane fatty acids using an endoge-
nous ∆5 desaturase. This idea is supported by C-17 and C-19
cyclopropane fatty acids being the major lipid components of
E. coli. We analyzed the fatty acid compositions of E. coli B/r
and obtained results that were similar to previous reports (5). 

On the other hand, it is known that D. discoideum wild-
type strain, which contains ∆5-desaturated fatty acids, is also
able to grow upon bacteria, and contains only saturated cy-
clopropane fatty acids but not desaturated ones (1), although
we could not explain from where the difference between D.
discoideum and P. pallidum was derived. In contrast, there are
reports describing the inhibition of fatty acid ∆5- and ∆6-de-
saturation in liver microsomes of rats which were fed with
baobab seed oil containing cyclopropane fatty acids but not
heated oil practically devoid of cyclopropane fatty acids (18).
Figure 1 shows that Polysphondylium contains an equal
amount of 16:1 (5) and 16:1 (9). Taken together, it is specu-
lated that P. pallidum cells have ∆5 desaturase whose speci-
ficity was not reported before. Cyclopropane fatty acids are

one of the major types of fatty acids found in E. coli and other
bacteria. These acids are formed by a postsynthetic modifica-
tion of the unsaturated fatty acids of membrane phospho-
lipids. Many functions have been proposed for cyclopropane
fatty acids. However, E. coli Cfa-mutants completely defec-
tive with a cyclopropane synthetase grew and survived under
various environmental stresses similar to strains which are
able to synthesize cyclopropane fatty acids originally (19). It
is not known, at present, whether the desaturation of cyclo-
propane fatty acids during aggregation is necessary or not.

Finally, it may be meaningful to address an evolutionary
significance: when an organism feeds on some other organ-
ism as a new food source, the organism may be not able to
employ a previously unencountered metabolite (in this case,
cyclopropane), but during a long time the organism might ac-
quire an ability (by addition of a new gene to the genome) to
employ an ingested metabolite useful for the cells. The above
result may be a mechanism promoting evolution. Although
the obtained characteristics may have only a subtle effect on
the survival of the cells, the mechanism may promote addi-
tion of a particular gene to a given species.
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TABLE 1
The Origins of the Most Common Peaks

Designation
in figures Origin m/z

a CH3OCO(CH2)n+a 157, 171
185, 199

a + 1 Rearrangement of one and 158, 172
two hydrogens from the 186, 200
remainder of the
molecule to a

b CH3OCO(CH2)nCH+ 185, 199
 213, 227
CH3

c Formed predominantly by 153, 167
elimination of CH3OH 181, 195
from b

d Due to elimination of 135, 149
H2O from c 163, 177

an, Indicates the position of branching.

TABLE 2
Fatty Acid Compositions of Polysphondylium pallidum Total Lipida

Composition (%)
Fatty acids t0 t6.5

12:0 0.2 trace

14:0 5.4 0.3

16:0 19.0 2.7

16:1(5) 0.1 0.6

16:1(9) 0.4 0.5

16:2(5.9) 1.1 2.4

17:0 0.8 0.7

cycl7:0 20.8 10.7

17:1(9) 0.1 0.2

cycl 7:1(5) 4.5 9.9

17:2(5,9) 0.2 1.2

17:3(5,9,12) 0.5 1.3

18:1(9) 1.1 0.9

18:1(11) 4.9 13.0

18:2(5,9) 1.7 0.6

18:2(5,11) 3.0 6.5

18:3(5,9,12) 12.5 25.8

cycl9:0 17.7 10.7

cycl9:1(5) 2.9 9.3

Othersb 3.1 2.7
aThe above data were indicated by relative % (w/w) to the total lipid ex-
tracted from swollen cells. Vegetative stage cells (t0) and aggregation com-
petent cells (t6.5) were analyzed according to the Experimental Procedures
section.
bIndicates several unidentified minor components.
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FIG. 4. Mass spectra of total fatty acid methyl esters of axenically grown
cells (A) and bacterially grown cells (B). Arrows indicate the positions
of the C17 cyclopropane fatty acid, 9,10-methylene hexadeca-5-enoic
acid (closed) and C19 cyclopropane fatty acid, 11,12-methylene oc-
tadeca-5-enoic acid (open), respectively. In axenically grown cells, we
could not detect any cyclopropane fatty acids, although we can see
small peaks at the positions of closed arrow. The positions of C17 cy-
clopropane fatty acid and 9,10-methylene hexadeca-5-enoic acid are
identical with those of 17:1 and 17:2.



ABSTRACT: In recent years, defects of bile acid synthesis
caused by disorders of peroxisome biogenesis have led to in-
creased interest in C27 bile acids. In humans, while the majority
of bile acids are C24 carboxylic acids, the presence of increased
concentrations of C27 bile acids and their metabolites in heredi-
tary diseases associated with peroxisomal dysfunction can serve
as a useful marker for the intensity of the metabolic disorder.
Our present studies describe an efficient method for the rapid
hydrolysis of C27 and C24 bile acid conjugates using a commer-
cial microwave oven. The advantages of this method include
freedom from racemization, minimal activation, mild reaction
conditions, and the highly stereocontrolled nature of the reac-
tion, thus allowing for free bile acid recovery in high yield. For
example, when (25R) 3α,7α,12α-trihydroxy-5β-cholestan-26-
oyl taurine, a major compound present in the bile of Alligator
mississippiensis, was deconjugated with 4% NaOH/diethylene
glycol or 1 M LiOH/propylene glycol in the microwave oven
for 4–6 min, 3α,7α,12α-trihydroxy-5β-cholestan-26-oic acid
(THCA) was obtained in 81% yield with retention of configura-
tion at C-25. It is suggested that present studies will be helpful
in delineating the absolute stereochemistry of 3α,7α,12α-trihy-
droxy-5β-cholestanoyl-CoA oxidase, the peroxisomal enzyme
that catalyzes the first step in the oxidation of THCA.
Lipids 33, 333–338 (1998).

Several genetic diseases, including disorders of peroxisome
biogenesis such as Zellweger syndrome, have been described
(1–3) in which abnormal bile acid metabolism is characteris-
tic of the primary defect (4,5). The presence of abnormally
high plasma levels of 3α,7α,12α-trihydroxy-5β-cholestan-
26-oic acid (THCA) and of 3α,7α-dihydroxy-5β-cholestan-
26-oic acid in Zellweger syndrome has resulted in increased
interest in these C27 bile acid intermediates and their intact

conjugates which are usually absent or present in very low
concentrations in normal humans (4,5).

In mammals, the naturally occurring bile acids are C24
carboxylic acids which are formed from cholesterol in the
liver. After their biosynthesis, their sidechain is amidated
with glycine or taurine to form N-acyl conjugates which are
secreted into the bile and stored in the gallbladder (6–8).
However, in order to analyze them by gas–liquid chro-
matography (GLC), it is necessary to carry out the hydroly-
sis of the C24 and C27 amide bonds to give C24 and C27 free
carboxylic acids. Hydrolysis of bile acid amides has tradi-
tionally been carried out by vigorous saponification in
[15% NaOH/50% aqueous ethanol at 115–120°C,10 h in a
Parr bomb, Compound I, Scheme 1, and Compound I,
Scheme 2 (9)]. These drastic reaction conditions are unsuit-
able because many broken-down products are produced
leading to decreased yield. Also, such reaction conditions
frequently lead to isomerization of the stereogenic center at
C25 in the taurine or glycine conjugates of THCA (Com-
pound III, Scheme 2) (9,10). The commercially available
bacterial enzyme, bile salt hydrolase or cholylglycine hy-
drolase (CGH), has been utilized in hydrolyzing an unacti-
vated and sterically unhindered amide bond of tauro- and
glyco-conjugates of the normally occurring C24 bile acids
(Compound I, Scheme 1) (11). A careful and systematic
study on the relationship of chemical structure (nuclear or
sterically hindered side chain) to the enzymatic hydrolysis
of conjugated bile salts recently has been reported by Huij-
ghebaert and Hofmann (12). These results as well as the re-
port of Batta et al. (13) suggest that a sterically hindered
amide bond or alteration of the length of the side chain in
bile acid conjugates causes significant resistance to hydrol-
ysis by CGH (12–15). For example, this enzyme has been
found to be ineffective in cleaving the taurine and glycine
conjugates of THCA (Compound III, Scheme 2) (16), a
major C27 bile acid found in patients with Zellweger syn-
drome (4,5) as well as a normal component in the bile of
Alligator mississippiensis (17,18). Further studies by Whit-
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ney and Vessey (19) and Kimura et al. (20) have demon-
strated that C23 nor-cholyltaurine and ursodeoxycholylsar-
cosine are resistant to hydrolysis by CGH.

Our interest in the hydrolysis of bile acid amides stems
from ongoing research on the microwave-induced organic
reactions of bile acids and bile alcohols (18,21–24). This
paper describes an efficient method for the rapid hydrolysis
of C24 and C27 amidated bile acids using a commercial mi-
crowave oven (MW). This methodology, which recently
has been used for saponification, acetylation, amidation of
free bile acids, and rapid hydrogenation of unsaturated
sterols and bile alcohols (18,21–25), will be shown to hy-
drolyze the amidated C24 and C27 bile acids with high yield
and with a high degree of purity. For example, the taurine
conjugate of 25R diastereomer of THCA (C27 amidated bile
acid) when subjected to microwave heating conditions
yielded a single diastereoisomer of the C27 bile acid with
retention of original configuration (Compound II, Scheme
2).

EXPERIMENTAL PROCEDURES

Melting points. These were determined on a Thermolyne appa-
ratus (model MP-12600; Dubuque, IA) and are uncorrected.

Thin-layer chromatography (TLC) was performed in silica
gel G plates (0.25 mm thickness, Brinkmann). The spots were
detected with phosphomolybdic acid (3.5% in isopropanol)
and sulfuric acid (10%).

Fourier transform infrared spectra were determined in
CHCl3 on a Perkin-Elmer model 421.

Optical measurements. The circular dichroism measure-
ments were carried out on a Jasco-500A (Manchester, Eng-
land) spectropolarimeter at 24°C, under a stream of high-pu-
rity, dry N2. The coefficient of dichroic absorption, ∆ε, was
calculated from the molar ellipticity [Θ] by the following
equation: Θ = 3300 ∆ε. Both the Θ and ∆ε are expressed in
degree × cm2 × dmol−1 (26).

Positive ion fast atom bombardment mass–spectrometry
(FAB–MS). Direct probe mass spectrum analysis of the con-
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jugated bile acids was performed by FAB mass spectrometer
using a ZAB-1F instrument (VG, Manchester, England)
equipped with a standard FAB-source as described previously
(26,27). In the FAB mode (positive ions), the sample was dis-
solved in thioglycerol, and a small aliquot (1 to 2 µL) was
placed on the mass spectrometer direct probe. After insertion
into the mass spectrometer, the sample was bombarded with
a neutral atom beam of xenon with approximately 6 kV of
translational energy.

GLC. Capillary GLC analysis of bile acid methyl esters (as
the trimethyl silyl derivatives) was performed on Hewlett-
Packard model No. 4890 (Palo Alto, CA) (equipped with a
flame-ionization detector) and a split column injector using a
CPsil 5 (CB) WCOT capillary column (25 m × 0.22 mm with
0.13-mm film thickness) as described previously
(18–22,26,27). Helium was used as a carrier gas at a flow rate
of 20.2 mL/min (135 kPa).

The MW used in these experiments was a domestic
Whirlpool Commercial Microwave (model number 3600XS;
Whirlpool Corporation, Benton Harbor, MI) operating at 2450

MHz (maximum power: 650 watts). The reactions described in
this study were carried out in Erlenmeyer flasks or scintillation
vials covered with a funnel or watch glass at ambient pressure
in the MW as described previously (18–25). Taurocholic acid
(3α,7α,12α-trihydroxy-5β-cholan-24-oyl taurine), taurochen-
odeoxycholic acid, glycoursodeoxycholic acid, glycocholic
acid, and CGH (E.C. 3.5.1.24) were purchased from Sigma
Chemical Company (St. Louis, MO) (Product No. C-4018).
Taurine conjugates of THCA (Compound I, Scheme 2) were
isolated from the bile of A. mississippiensis (17,18).

Isolation and characterization of 3α,7α,12α-trihydroxy-5β-
cholestan-26-oyltaurine. Gallbladder bile of A. mississippien-
sis (5 mL) was deproteinized (17,18) with 12 mL of methanol,
the supernatant decanted and evaporated, and the greenish-yel-
low residue thus obtained was dissolved in 0.5 mL of methanol
and applied on a 20 × 20 cm preparative TLC silica gel G plate
and developed twice with CHCl3/CH3OH/CH3COOH/H2O
(26:8:4:2, by vol) showing two major components with Rf val-
ues of 0.45 and 0.39. The less polar component had mobility as
the taurine conjugate of the 25R diastereoisomer of 3α,7α-di-
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hydroxy-5β-cholestan-26-oic acid and the more polar compo-
nent had mobility as the taurine conjugate of the 25R di-
astereoisomer of THCA (Compound I, Scheme 2). The in-
frared spectrum in chloroform (Scheme 2, Compound I, Rf
0.39) gave a broad band at 3420 cm−1, indicative of OH and
NH groups and a strong peak of the amide bond at 1650 cm−1.
The FAB mass spectrum of the nonderivatized native molecule
of the taurine conjugate of THCA gave only one significant
peak at m/z (602, 100%) which is [M + Na]+ for the structure
shown in Scheme 2, Compound I. The protonated and depro-
tonated molecules of this amide were also observed at m/z (580,
10%) and (578, 8%), respectively. The chirality at C-25 was
assigned as R on the basis of circular dichroism spectra
(∆ε195 = −0.58 degree × cm2 × dmol−1) as described by Dayal
et al. (26).

Representative procedure for the hydrolysis of bile acid con-
jugates by MW. The procedure described below was applied to
all of the following conjugated bile acids: taurocholic acid, tau-
rochenodeoxycholic acid, glycocholic acid, glycochenodeoxy-
cholic acid, glyco- and tauroursodeoxycholic acids and taurine
conjugate of THCA (Compound I, Scheme 2). Approximately
the same substrate–reagent and substrate–solvent ratios were
used in each case. The deconjugations of taurocholic acid and
taurine conjugate of THCA (Schemes 1,2) are described below.

(i) 3α,7α,12α-Trihydroxy-5β-cholan-24-oic acid (from
Compound I, Scheme 1): Cleavage of the amide bond in
3α,7α,12α-trihydroxy-5β-cholan-24-oyltaurine (Compound
I, Scheme 1) involved heating a solution of the bile salt (50
mg dissolved in 2 mL of 4% NaOH/diethylene glycol (or 1
M LiOH solution (eight equivalents) in propylene glycol in
an Erlenmeyer flask covered with an inverted funnel (or
sealed Teflon vessel) in a commercial MW for 3–4 min. Com-
pletion of the reaction was monitored by TLC and GLC.
Workup of the reaction mixture involved acidifying to pH 2
with 10% HCl and extracting with 20 mL of ether twice. The
ether layer was then dried over anhydrous MgSO4 and filtered
and, following solvent removal, yielded 43 mg of solid
residue (86%). The authenticity of cholic acid was proven by
comparison of its physical characteristics, TLC, infrared, and
GLC–MS with those of an authentic reference standard
(18,21–23).

In certain cases a saturated solution of Ba(OH)2 also was
used for 4–7 min for hydrolysis, but the reactions were not
cleaner as compared to using a saturated solution of LiOH for
the same reaction.

(ii) (25R) THCA (from Compound I, Scheme 2):
3α,7α,12α-trihydroxy-5β-cholestan-26-oyltaurine (15 mg)
was deconjugated with 5% NaOH/diethylene glycol (0.5 mL)
in the MW for 4–5 min according to the general protocol de-
tailed above to afford THCA (Compound III, Scheme 2), in
86% yield. After crystallization with ethyl acetate/acetone
(95:5, vol/vol) at 0°C this material provided colorless prisms
(mp 181–183°C, lit. mp 180–182°C) (17,18,28). This crys-
talline material was found by TLC analysis using silica gel G
plates and a solvent system of chloroform/acetone/methanol
70:50:10, by vol; developed twice), to have one component

only with Rf = 0.41. This compound had identical TLC, GLC,
infrared spectra, and showed identical mass spectral fragmen-
tation patterns which agreed with that obtained from A. mis-
sissippiensis (17). 1H Nuclear magnetic resonance (CDCl3 +
CD3OD) 400 MHz d: 0.68 (s, 3H, Me − 18), 0.89 (s, 3H, Me
− 19), 0.97 (d,J = 6.5 Hz, 3H, Me − 21), 1.15 (d,J = 6.5 Hz,
3H, Me − 27), 3.40 (m, 1H, H − 3), 3.85 (br s, 1H, H − 7),
3.95 (br s, 1H, H − 12), 3.45 (m, 1H, 25 − H). The chirality at
C-25 was assigned as R on the basis of the circular dichroism
spectra (∆ε212 = −0.174 degree × cm2 × dmol−1) and was
found to be in agreement with the x-ray diffraction studies de-
scribed previously (18,28).

Some of the reactions also were carried out in sealed 5-mL
capacity Teflon vessels. In such experiments, the reagents
were thoroughly mixed in the Teflon vessel, the lid screwed
on tightly, and the mixture heated in the oven for 90–120 s.
After the heating was complete, the vessel was left to stand in
the oven for 5 min to reduce the pressure in the vessel. Then
the vessel was removed from the oven and cooled to room
temperature, unscrewed, and worked up as described in the
Experimental Procedures section.

We must emphasize that great care is to be exercised when
adopting the microwave technique to new reactions in sealed
or open vessels. Longer reaction times and chemical reactions
using larger volumes of reactants must be avoided because
these conditions generate very high pressures in the Teflon
vessels and may result in an explosive reaction.

DISCUSSION

Recently, several laboratories, including our own, have reported
the use of MW for rapid organic synthesis (18,21–25,29–36).
We have reported rapid and efficient saponification, deacetyla-
tion, hydrogenation, and esterification reactions of bile acids
and sterols (21–25). More recently Bose and his coworkers
(29,30) have utilized microwave technology for the hydrolysis
of peptides using dihydrogen phosphate (pH < 2.8). Mi-
crowave-induced vapor phase hydrolysis of proteins and a
rapid hydrolysis of phosphoanhydride bonds in nucleotide
triphosphates also have been reported recently (37,38). In this
report we have further expanded the usefulness of the MW
technique for the rapid hydrolysis of C24 and C27 bile acid con-
jugates (Schemes 1,2). This method provides rapid, convenient,
and inexpensive access to very high temperatures and pres-
sures, leading to a dramatic decrease in reaction times and in-
creased yields. As shown in Schemes 1 and 2, the bile acid con-
jugates were hydrolyzed in 4–6 min, and the free bile acids
were isolated in almost quantitative yields (see Experimental
Procedures section).

CGH isolated from Clostridium perfringens is routinely
used by many laboratories to deconjugate bile salts prior to
GLC (11–14,39). This enzyme has been found to be ineffec-
tive in the hydrolysis of the taurine conjugate of the 25R and
25S diastereomer of THCA (12,13). Furthermore, drastic al-
kaline hydrolytic conditions yield a mixture of diastereomers
(Compound III, 25R/25S = 55/45, Scheme 2) that are diffi-
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cult to separate on a preparative scale (9,10,16,28). In con-
trast, complete hydrolysis of the taurine conjugate of THCA,
(25R) 3α,7α,12α-trihydroxy-5β-cholestan-26-oyltaurine, was
achieved in 3–4 min in the MW (Compound I, Scheme 2)
with the retention of configuration. Of particular importance
was the fact that only the original diastereomer of THCA was
isolated from the reaction mixture, indicating that heating the
substrate in the MW effectively split the amide linkage of the
taurine conjugate of THCA without isomerizing the stere-
ogenic center at C-25 (Compound II, Scheme 2).

THCA (Compound I, Scheme 2), the major component of
the bile of A. mississippiensis (17), is a key intermediate in
the biosynthesis of cholic acid from cholesterol (8–10,40). In
human bile, the natural isomer is (25R)-THCA, while both
conjugates of (25R)- and (25S)-THCA have been found to be
excreted in urine in patients with Zellweger syndrome (5,40).
Furthermore, the enzyme 5β-cholestane-3α,7α,12α-triol-27-
hydroxylase, responsible for the formation of THCA, has
been found to have R absolute stereochemistry (40). There-
fore, the retention of absolute configuration at C-25 via the
rapid hydrolysis of the 27-amide bond may be helpful in de-
lineating the absolute stereochemistry of the peroxisomal en-
zyme, 3α,7α,12α-trihydroxy-5β-cholestanoyl-CoA oxidase
(THCA-CoA oxidase) that catalyzes the first step in the oxi-
dation of THCA.

In summary, our present studies illustrate the great useful-
ness of microwave technology in providing rapid and high-
yielding hydrolysis of bile acid amides. Recent studies by
Setchell et al. (41) have elucidated a new and unique inborn
error in bile acid conjugation involving a deficiency in ami-
dation. The present methodology may further help in the rapid
identification and diagnosis of this and other inborn errors of
bile acid metabolism. Our laboratory is currently investigat-
ing such hydrolytic reactions utilizing microwaves.
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ABSTRACT: Procedures for structural analysis of fatty acids
are reviewed. The emphasis is on methods that involve gas
chromatography–mass spectrometry and, in particular, the use
of picolinyl ester and dimethyloxazoline derivatives. These
should be considered as complementing each other, not simply
as alternatives. However, additional derivatization procedures
can be of value, including hydrogenation and deuteration, and
preparation of dimethyl disulfide and 4-methyl-1,2,4-triazoline-
3,5-dione adducts. Sometimes complex mixtures must be sepa-
rated into simpler fractions prior to analysis by gas chromatog-
raphy–mass spectrometry. Silver ion and reversed-phase high-
performance liquid chromatography are then of special value.
In particular, a novel application of the latter technique, involv-
ing a base-deactivated stationary phase and acetonitrile as mo-
bile phase, is described that is suited to the separation of fatty
acids in the form of picolinyl ester and dimethyloxazoline de-
rivatives, as well as methyl esters.
Lipids 33, 343–353 (1998).

The common fatty acids of animal and plant origin have even-
numbered chains of 16 to 22 carbon atoms, with zero to six
double bonds of the cis configuration; methylene-interrupted
double-bond systems predominate. Nature provides countless
exceptions, however, and odd- and even-numbered fatty acids
with up to nearly 100 carbon atoms exist. In addition, double
bonds can be of the trans configuration, acetylenic and allenic
bonds occur, and there can be innumerable other structural
features, including branch points, rings, oxygenated func-
tions, and many more (1,2). More than a thousand different
fatty acids of natural origin must exist, as well as others pro-
duced as artifacts when fats are used in commerce and in
cooking, for example.

It is essential to have simple, rapid methods for determina-
tion of fatty acid structures. In particular, new methods in-
volving gas chromatography–mass spectrometry (GC–MS),
GC linked to Fourier-transform infrared spectroscopy (FTIR),
and silver ion and reversed-phase high-performance liquid
chromatography (HPLC) are available, among others. I de-
scribed the current state of the methodology in a recent re-

view (3). This paper is much less comprehensive in its cover-
age of the literature, and it lays particular emphasis on those
GC–MS methods that the author has found especially useful.
All of the derivatization procedures described utilize readily
available reagents and have simple glassware requirements,
so they should be accessible to most laboratories. 

MASS SPECTROMETRY OF PICOLINYL ESTER 
AND DIMETHYLOXAZOLINE DERIVATIVES

General comments. Fatty acids are usually analyzed by GC
as methyl ester derivatives, but their mass spectra rarely con-
tain ions indicative of structural features; the positions of dou-
ble bonds in the aliphatic chain, for example, cannot be deter-
mined. Instead, the carboxyl group must be derivatized with
a reagent containing a nitrogen atom. When the molecule is
ionized in the mass spectrometer, the nitrogen atom, not the
alkyl chain, carries the charge, and double-bond ionization
and migration are minimized. Radical-induced cleavage oc-
curs evenly along the chain and gives a series of relatively
abundant ions of high mass from the cleavage of each C-C
bond. When a double bond or other functional group is
reached, diagnostic ions tend to occur. The first useful nitro-
gen-containing derivatives, i.e., pyrrolidides, were described
more than 20 yr ago, and their mass spectral properties were
reviewed by Andersson (4). Although they give useful spec-
tra and should not be discounted, most analysts now prefer
either picolinyl (3-hydroxymethylpyridinyl) ester or 4,4-di-
methyloxazoline (DMOX) derivatives. A definitive review of
mass spectral fragmentation properties of such compounds
has been published by Harvey (5), and other reviews have ap-
peared (6,7). Here, I will concentrate on practical applications
of the derivatives to structure determination of natural fatty
acid mixtures as opposed to mechanistic concepts.

Both picolinyl ester and DMOX derivatives have their
merits in MS terms, and neither should be neglected. Each has
advantages for particular types of fatty acid, and they are best
considered as complementary.

In choosing a derivative for MS, good chromatographic
properties are also important. One advantage of DMOX de-
rivatives is that they are only slightly less volatile than methyl
esters; they can be subjected to GC analysis on polar station-
ary phases under comparable conditions and give equivalent
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resolution (8). Picolinyl esters, on the other hand, require col-
umn temperatures about 50˚C higher than methyl esters (9),
meaning initially that they had to be separated on nonpolar
phases, which gave relatively poor resolution. With the intro-
duction of new polar phases that are stable to high column
temperatures and have low-bleed characteristics for MS
analysis, such as BPX-70™ (SGE Europe Ltd. Milton
Keynes, United Kingdom) (10,11) or even some of those of
the Carbowax type, such as Supelcowax 10™ (Supelco UK,
Poole, United Kingdom) (12), the problem of GC resolution
of picolinyl esters is greatly lessened and only very long chain
fatty acids (>C20) tend to cause problems.

Picolinyl esters must be prepared from free fatty acids, and
intact lipid or methyl ester samples must first be hydrolyzed.
The author (unpublished) then prepares the acid chloride by
reaction with oxalyl chloride overnight and reacts this with 3-
hydroxymethylpyridine in dichloromethane to form the picol-
inyl ester. Alternatively, a mild quantitative method devel-
oped for derivatizing sensitive polyunsaturated fatty acids
containing epoxy groups may be preferred, involving an imi-
dazolide intermediate (13). Dry solvents and fresh reagents
are required because the reactions are sensitive to moisture.

DMOX derivatives are prepared in a simple one-pot reac-
tion. Lipids are reacted with 2-amino-2-methyl-1-propanol in
a nitrogen atmosphere at 180°C [2 h for free acids (14), or

18 h for methyl esters (15,16) and intact lipids (17)]. Unfor-
tunately, we have often observed incomplete reaction and ap-
pearance of an intermediate that elutes later from GC columns
(and gives a mass spectrum almost identical to that of the re-
quired derivative). The prolonged high temperature required
for the preparation of DMOX derivatives gives cause for con-
cern, and there must be some risk to polyunsaturated fatty
acids or any other compound with a labile functional group.
However, the only important problem reported to date was
with trans-3-hexadecenoic acid, common in plant photosyn-
thetic tissue, which was found to have isomerized largely to
cis-2-hexadecenoic acid during the reaction (18). Although
an alternative two-step reaction has been described, it uses a
strong acid as catalyst and may not be safer (14).

Saturated and branched-chain fatty acids. The mass spec-
trum of the picolinyl ester derivative of 14-methylhexade-
canoic acid is illustrated in Figure 1. It is typical in that it has
prominent ions at m/z = 92, 108, 151 (the McLafferty ion),
and 164, which are all fragments about the pyridine ring. The
molecular ion (m/z = 361) is easily distinguished and is al-
ways odd-numbered, because of the presence of the nitrogen
atom, but most other ions are even-numbered. In interpreting
such spectra, the simplest approach is to start with the molec-
ular ion and progress downward, as if one were unzipping the
molecule one methylene group at a time. Thus, there is loss
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of a methyl group to m/z = 346, and a further methylene to
m/z = 332. Then there is a gap of 28 amu to m/z = 304, repre-
senting loss of the carbon 14 with the associated methyl
group, affording definitive identification. Finally a series of
ions is observed 14 amu apart for loss of successive methyl-
ene groups. There is little sign of the complex rearrangement
ions that can be found with such fatty acid derivatives as
methyl esters, in which minor changes in ion intensities must
be used in an attempt to identify branch points, so interpreta-
tion of spectra can be very difficult. 

The mass spectrum of the DMOX derivative of this acid is
also illustrated in Figure 1. Prominent ions at m/z = 113 and
126 are invariably seen, the former representing cleavage be-
tween carbons 2 and 3 (the McLafferty ion). With DMOX de-
rivatives of saturated fatty acids, the fragments of higher mo-
lecular weight are often in relatively low abundance and have
been magnified here. The molecular ion (m/z = 323) is easily
recognized, as is the loss of the terminal methyl group (m/z =
308). Then there is a series of ions 14 amu apart for loss of
successive methylene groups, but nothing that defines the loss
of the methyl group on carbon 14. This is one of a few in-
stances where picolinyl esters are demonstrably greatly supe-
rior to DMOX derivatives. However, when methyl groups are
further from the terminal end of the molecule, some small dif-

ferences in intensity are seen that it is claimed may be used
for diagnostic purposes (14). The author is not convinced that
such small differences will have practical value with un-
known compounds.

Unsaturated fatty acids. As an example, the mass spec-
trum of the picolinyl ester of 11-octadecenoic acid is illus-
trated in Figure 2. There is a large molecular ion (m/z = 373),
and then an ion at m/z = 358 representing loss of the terminal
methyl group, followed by a series of ions 14 amu apart for
cleavage at successive methylene groups. When a double
bond is reached, there is a gap of 26 amu (between m/z = 262
and 288). This gap can sometimes be difficult to locate pre-
cisely, but a further distinctive feature of clear diagnostic
value is two abundant ions 14 amu apart, representing cleav-
age on the distal side of the double bond at m/z = 302 and 316
in this instance (5,19,20). In practice, these two ions can be
picked out for identification purposes even when isomeric
fatty acid derivatives are imperfectly resolved by GC. Forma-
tion of the ions has been rationalized in mechanistic terms as
an initial abstraction of allylic hydrogens on each side of the
double bond with the production of conjugated diene systems,
which form relatively stable ions (5,19). Similar series of ions
are seen in most monoenes, but it is advantageous to have ac-
cess to spectra of authentic standards when the double bond
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line derivative (B).



is close to either end of the molecule to avoid any confusion
(20). For example, when the double bond is closer to the car-
boxyl group, the second ion of the two is relatively more
abundant.

In the case of the DMOX derivative of vaccenic acid, il-
lustrated also in Figure 2B, the molecular ion is at m/z = 335,
and there are characteristic ions at m/z = 320, 306, 292, 278,
and so forth for the loss of each successive methylene group.
A gap of 12 amu, instead of the usual 14, between m/z = 224
(C-10) and 236 (C-11) is indicative of a double bond between
carbons 11 and 12. Although interpretation of the spectrum
differs in principle from that with picolinyl esters, the result
is equally clear. The author (unpublished) has mass spectra
for DMOX derivatives of the complete series of octadecenoic
acid isomers, and again it is apparent that anomalies can arise
when the double bond is close to either end of the molecule.
Indeed, it has been demonstrated that odd-numbered ions may
be found in spectra of polyunsaturated fatty acids with dou-
ble bonds in positions 4 to 6 (21).

Similar principles apply to interpretation of spectra from
polyunsaturated fatty acids. As an example, the mass spec-
trum of the picolinyl ester of 5,9,12-octadecatrienoic acid, a
common constituent of the seed oils of conifers, is illustrated
in Figure 3. The molecular ion is at m/z = 369, and again there

is a regular series of ions 14 amu apart until the double bond
in position 12 is reached, recognized by the gap of 26 amu be-
tween m/z = 272 and 298. As a practical point with polyenes,
a double bond on carbon atom n is sometimes more easily dis-
tinguished from a gap of 40 amu between carbons n − 1 and
n + 1, in this instance from m/z = 258 to 298. The double
bonds in positions 9 and 5 are recognized by gaps of 26 amu
between m/z = 232 and 258 and between m/z = 178 and 204,
respectively. However, an even more characteristic feature for
a bis-methylene-interrupted diene is an ion at m/z = 219 (ac-
tually 218 + 1, which unusually is odd-numbered). This has
been found in a number of fatty acids with 5,9-double bonds
(22–26), including those in sponges, and analogous ions are
found with other bis-methylene interrupted dienes (27).

The mass spectrum of the DMOX derivative of 5,9,12-
octadecatrienoic acid is also illustrated in Figure 3B. In 
this instance, the double bonds in positions 9 and 12 are
recognized by gaps of 12 amu between m/z = 194 and 206 
and m/z = 234 and 246, respectively. The base peak is at m/z
= 180 and represents a cleavage between carbons 7 and 8, 
i.e., at the center of the bis-methylene-interrupted system, 
and is a key diagnostic ion for this feature (15,17,28). Analo-
gous ions are present for DMOX derivatives of other fatty 
acids containing bis-methylene-interrupted systems (author,
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FIG. 3. Mass spectrum of 5,9,12-octadecatrienoic acid as the picolinyl ester (A) and dimethyl-
oxazoline derivative (B).



unpublished). DMOX derivatives also give excellent 
spectra when conjugated double-bond systems are present
(15,29).

From the practical standpoint of identification of unknown
unsaturated fatty acids, the author has observed that DMOX
derivatives tend to give spectra which are easier to interpret,
provided the GC peak contains a single fatty acid. With
poorly resolved peaks, picolinyl esters are often best, pro-
vided there is access to standard spectra. Again, this illus-
trates that the two types of derivatives complement each
other.

Cyclic fatty acids. The picolinyl esters of cyclopropanoid
fatty acids gave distinctive spectra with a diagnostic ion that
included the first carbon of the ring, and unusually were odd-
numbered (30). In contrast, the mass spectra of the DMOX
derivatives of cyclopropyl fatty acids appear to be much less
distinctive. They lack a diagnostic odd mass ion, correspond-
ing to that of the picolinyl esters, and essentially resemble the
spectra of monoenes (as is the case for methyl esters), the
only differences being the relative intensities of certain ions
(7,31). Although it has been argued that these minor differ-
ences can be used diagnostically, there is evidence to contra-
dict this (6). In contrast, both types of derivative gave defini-
tive spectra for cyclopropenoid fatty acids. For example, the
picolinyl ester derivatives gave mass spectra with diagnostic
ions representing cleavage beta to the ring on each side (32).
Similarly, characteristic ions were obtained with DMOX de-
rivatives (33). With the DMOX derivative of sterculic acid, a
gap of 10 amu between ions at m/z = 196 and 206 (carbons 8
and 9) located the cyclopropene ring between carbons 9 and
10 (33).

Both picolinyl ester (34) and DMOX derivatives (35) gave
excellent spectra with natural cyclopentenoid fatty acids, en-
abling identification of a number of novel components in cer-
tain seed oils. When a double bond occurred also in the
aliphatic chain, the expected mass spectral features were pres-
ent and located its position, but there were no ions to indicate
the position of a double bond in the ring and this remains an
unsolved problem in MS. Similarly, the complex range of
cyclic fatty acids, with internal 5- and 6-membered rings and
double bonds in many different positions, which are formed
by free-radical mechanisms when vegetable oils are heated to
high temperatures as during frying of food or the commercial
physical refining process, has been characterized both as
DMOX and picolinyl ester derivatives (36–42). Here DMOX
derivatives may be marginally better.

SOME ANCILLARY MASS SPECTROMETRIC 
TECHNIQUES

Hydrogenation. Catalytic hydrogenation is a simple proce-
dure that provides invaluable structural information regard-
ing fatty acid identity, when combined with GC or GC–MS
analysis. Some needlessly complex procedures are sometimes
described, but details of a convenient practical procedure are
available (43). At its simplest, hydrogenation is used merely

to determine the chain length of components. By eliminating
all unsaturated centers in fatty acid methyl esters from most
samples of natural origin, a simple set of peaks is obtained for
the saturated even-numbered homologous series and can be
compared with authentic standards. However, the presence of
anomalous peaks may be an indication of novel structures. In
samples of animal origin, small amounts of odd-chain fatty
acids may be detected in the GC trace, together with methyl-
branched fatty acids, usually iso- closely followed by anteiso-
isomers, which can be identified as described above. Simi-
larly, this technique was of great value in characterizing the
cyclic fatty acids in the papers cited above. It is best carried
out with methyl esters prior to conversion to picolinyl ester
or DMOX derivatives.

Deuteration. Deuteration has been used since the early
days of MS of lipids as a means of locating double bonds, but
the value of the procedure for structure determinations was
limited with methyl ester derivatives, as the wide range of re-
arrangement ions formed led to some scrambling of the deu-
terium atoms in the alkyl chain. However, by using nitrogen-
containing derivatives, which give clean radical-induced frag-
mentations with minimal rearrangement, most problems have
been eliminated.

Deuteration with deuterium gas and Wilkinson’s catalyst
[tris(triphenylphosphine)rhodium(I) chloride] is usually em-
ployed for the purpose, including in the author’s laboratory,
and can be recommended. Gaseous deuterium is available
commercially in small cylinders, or it can be generated in situ
by reaction of deuterium chloride with sodium borodeuteride
(44). It is essential to have a good excess of deuterium so that
the reaction goes rapidly to completion, otherwise some iso-
merization of the double bonds and scrambling of the hydro-
gen atoms is possible (author, unpublished). Again, the reac-
tion is best carried out with methyl esters prior to conversion
to picolinyl ester or DMOX derivatives.

The technique was first used in conjunction with pyrroli-
dide derivatives and has also been used with DMOX deriva-
tives, but picolinyl esters appear best for the purpose, as they
give cleaner radical-induced fragmentations with fewer re-
arrangement ions. Also, they give more abundant ions of high
molecular weight with saturated fatty acids. Lie Ken Jie and
Choi (45) were first to demonstrate this with mono- to
hexaenoic fatty acids and for some acetylenic fatty acids (46).
On mass spectral analysis, clear diagnostic ion fragments
were obtained that permitted the determination of the posi-
tions of the original double bonds in the alkyl chain.

As an example, the mass spectrum of the picolinyl ester of
12-oxo-octadec-9-enoic acid is shown in Figure 4 (11). In ad-
dition to the ions characteristic of picolinyl esters, there was a
small molecular ion (m/z = 387). The gap of 26 amu between
m/z = 234 and 260 was diagnostic for the double bond, the gap
of 28 amu between the base ion at m/z = 274 and the promi-
nent ion at m/z = 302 represented fragmentation involving loss
of the 12-oxo group. However, it was noted that in this in-
stance cleavage occurred alpha (as opposed to beta as is more
normal) to the oxo group, presumably because of the directing
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influence of the double bond in position 9. This could greatly
hinder interpretation of the spectra of unknowns, so deu-
teration was performed. The mass spectrum of picolinyl 
9,10-d2,12-oxo-octadecanoate is also illustrated in Figure 4.
Now, the base peak at m/z = 264 represents cleavage beta to
the oxo group, with a gap of 28 amu between ions at m/z = 278
and 306 for the loss of the oxo group. Gaps of 15 (rather than
14) from m/z = 234 to 249 and from 249 to 264 confirm the
presence of deuterium atoms on carbons 9 and 10. 

Such methodology enabled identification of 15 novel fatty
acids of this type in milk fat and cheese (11). It was also in-
valuable for characterizing the cyclic fatty acids produced in
heated vegetable oils, enabling location of double bonds both
in the aliphatic chain and in the ring structures, both with pi-
colinyl ester and DMOX derivatives (36,37), and for fatty
acids with two bis-methylene-interrupted double-bond sys-
tems from a sponge (26).

Dimethyl disulfide adducts. A large number of further
reagents that involve addition to a double bond have been de-
scribed, but the only one to have stood the test of time in-
volves preparation of dimethyl disulfide adducts. A single
reagent and a one-step reaction are required for the prepara-
tion, which is carried out simply by dissolving the methyl

ester of the fatty acid in dimethyl disulfide with a trace of io-
dine (47). Adduct formation is entirely stereospecific, pre-
sumably by trans addition, so that threo- and erythro-deriva-
tives are formed from cis- and trans-isomers, respectively.
Although the different geometrical isomers have indistin-
guishable spectra, they are eluted separately from GC
columns containing either polar or nonpolar phases, that de-
rived from the cis-isomer eluting first (48). 

The reaction has proved especially useful for monoenes
(see Ref. 3 for a full list of references). Dienoic fatty acids
present more of a problem for the technique, partly because
comparatively high temperatures are required for GC analy-
sis, but mainly from complications in the reaction with di-
methyl disulfide. There is no problem when double bonds are
separated by more than four carbon atoms, but methylene-in-
terrupted double bonds give products with thietane, tetrahy-
drothiophene, and tetrahydrothiopyran structures (4-, 5-, and
6-membered rings) (49,50). However, such compounds can
give characteristic and diagnostic spectra, so that the technique
continues to have some practical value. Only conjugated fatty
acids cannot be analyzed usefully by this means (50). 

Fatty acids with a bis-methylene-interrupted double-bond
system, as in a 5,9-diene systems, are common constituents
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FIG. 4. Mass spectra of picolinyl 12-oxo-octadec-9-enoate (A) and 9,10-d2,12-oxo-octade-
canoate (B) (redrawn from Ref. 11).



of marine sponges and of seed oils in many species of Gym-
nosperms. Reaction of these with dimethyl disulfide under ap-
propriate conditions gives a 5-membered cyclic thioether with
methylthio groups on the carbons immediately adjacent to the
ring as illustrated in Scheme 1 (50). These compounds give
characteristic spectra permitting location of the double bonds,
and many different demospongic acids of this type have been
identified in this way, including some containing bromine
atoms and methyl branches in addition to the 5,9-double-bond
system (51,52).

Diels-Alder adducts for conjugated double bonds. As
shown in Scheme 2, a useful derivative specific for determi-
nation of double-bond positions in conjugated dienes is to
form the Diels-Alder adduct of the fatty acid methyl ester by
reaction with the reagent 4-methyl-1,2,4-triazoline-3,5-dione
(53). Such derivatives have excellent mass spectrometric
properties, enabling determination of structures in such sam-
ples as commercial conjugated linoleic acid (CLA) (53,54)
and metabolites formed from this in animal tissues (55). It
was also used to establish the absence of conjugated double-
bond systems in cyclic dienes produced in heated vegetable
oils (37).

SIMPLIFICATION OF COMPLEX MIXTURES 
PRIOR TO ANALYSIS BY GC–MS

Reversed-phase HPLC. When samples are subjected to
GC–MS in the form of picolinyl esters or DMOX derivatives,
there may be loss of resolution, and minor components may
not give definitive spectra. Sometimes, natural mixtures are

so complex that it is unreasonable to expect adequate resolu-
tion. In such circumstances, some subdivision into simpler
fractions by chromatographic means is desirable. Also, if a
technique such as deuteration is to be used, it must be applied
to relatively pure compounds.

Reversed-phase HPLC [reviewed by Nikolova-Damya-
nova (56)] is a mild method in that it is carried out at ambient
temperature and involves only liquid–liquid interactions. The
principle is well known in that separation is based both on the
chain length and degree of unsaturation of components, each
double bond reducing the retention time by the equivalent of
about two methylene groups. It was one of the first techniques
to be used for micropreparative separation of picolinyl esters
per se in 1987 (57). In this instance, a stationary phase of the
octadecylsilyl type was employed with a gradient of water/
pyridine/acetic acid into methanol and evaporative light-scat-
tering detection. The polar mobile phase was necessary to
overcome the attraction between residual silanol groups on
the stationary phase and the nitrogen moiety of the derivative. 

New deactivated stationary phases of the octadecylsilyl
type are now available that permit elution of basic compounds
as sharp peaks without addition of ionic species to the mobile
phase. Figure 5 illustrates a separation of picolinyl ester de-
rivatives, prepared from borage oil, on a column of Hichrom
RPB™ (Hichrom Ltd., Reading, United Kingdom) using ace-
tonitrile only as the mobile phase with a flow gradient of 0.5
to 1.5 mL/min (author, unpublished). If the column tempera-
ture is kept constant, the elution times are highly repro-
ducible, facilitating automated fraction collection. In this in-
stance, evaporative light-scattering detection was used for
convenience, but ultraviolet detection should also be possible
by using the specific absorbance of the pyridine ring. By
avoiding water as a component of the mobile phase, it is easy
to recover fatty acid derivatives from fractions that are col-
lected. It is noteworthy that the 18:1 derivative eluted before
rather than after 16:0, as is more usual in reversed-phase
HPLC.

Methyl esters and DMOX derivatives can be chro-
matographed under comparable conditions, except that corre-
sponding components elute a little earlier than for picolinyl
esters. Again, ultraviolet detection should be possible, but at
206 nm.

Silver ion HPLC. Silver ion chromatography has been
widely used for separation of fatty acid derivatives, and the
technique has been reviewed comprehensively (58,59). Only
a few papers relating to the main theme of this review will be
cited here. The principle is well known, and involves tran-
sient formation of polar charge-transfer complexes so that
components are separated by degree of unsaturation. In addi-
tion, it can be used to separate fatty acids with cis- from trans-
double bond, at the same time providing confirmatory evi-
dence as to geometry, and to separate positional isomers. 

Until recently the most useful manifestation was silver ion
thin-layer chromatography, but silver ion HPLC affords more
efficient separations and cleaner fractions in microprepara-
tive applications. The author’s approach was to convert a
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commercial ion-exchange column (Nucleosil 5SA™;
Hichrom Ltd., Reading, United Kingdom) to the silver ion
form by the simple process of pumping water through the col-
umn into which silver nitrate was introduced via the rheodyne
valve, before the water was replaced by organic solvents of
decreasing polarity (60). Pre-silvered columns are now avail-
able commercially (Chromspher Lipids™ from Chrompack
BV, Netherlands).

It should be noted that methyl and other simple esters of
fatty acids must be used for this technique, and not DMOX
derivatives or picolinyl esters. Apparently, the nitrogen-con-
taining moieties are held so strongly that they cannot be re-
covered from the column (3).

For group separations of components differing in degree
of unsaturation, satisfactory resolution of fatty acid deriva-
tives into fractions with zero to six cis double bonds was
achieved on silver-loaded Nucleosil™ 5SA columns by using
binary gradient elution schemes. For example, good resolu-
tion was obtained with a gradient of dichloromethane/1,2-
dichloroethane (1:1, vol/vol) to dichloromethane/1,2-di-
chloroethane/methanol/acetonitrile (47:47:3:3, by vol), as
illustrated in Figure 6 (23,24,26). An evaporative light-
scattering detector was employed with a stream-splitter in-
serted to enable collection of samples. In this example, seven
fractions were collected, some differing according to geome-
try and others according to position, as well as to the number
of double bonds. This procedure has been applied to many
complex natural mixtures as fatty acid methyl esters, as a
means of simplification before proceeding to structural analy-
sis by GC–MS. For example, in studies of sponges (23,24,
26), up to 10 fractions were collected, and subsequent analy-
sis by GC–MS revealed as many as a hundred fatty acids in-
cluding cyclic and mono- and multimethyl-branched isomers,
as well as methylene- and multimethylene-interrupted unsat-

urated components of several different biosynthetic families.
Many of these were minor components that would have been
hidden by more abundant fatty acids if this simplification step
were not undertaken. My recent review (3) should be con-
sulted for a full list of applications.

If the HPLC separation is carefully optimized and the type
of fatty acid derivative is chosen correctly, much better reso-
lution is possible, and individual positional, as well as config-
urational, isomers can be separated. Phenacyl derivatives of
fatty acids were used in early work on separation of positional
isomers, the choice being determined by a requirement for ul-
traviolet detection. However, it has become evident that these
are especially useful in that formation of a chelate complex
between a silver ion, a double bond, and the additional car-
bonyl moiety of the phenacyl moiety facilitated separation of
positional isomers; indeed, p-methoxyphenacyl esters may
prove to be even better (61). Among many applications that
could be cited is the work on structure determination of cyclic
fatty acids formed in heated vegetable oils (36,37).

In conclusion, this has been a selective review of the pres-
ent methodology for structural analysis of fatty acids, but it is
my experience that those procedures discussed are adequate
for most purposes. Some important techniques have been ne-
glected here. For example, GC coupled to FTIR is an enor-
mously powerful technique that has been well utilized in
some laboratories. Similarly, nuclear magnetic resonance
spectroscopy can give valuable structural information, but at
present it requires relatively large amounts of fatty acids in a
pure state. The GC–MS methods described above can give
satisfactory results with submilligram amounts of lipid.
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FIG. 5. Separation of picolinyl esters prepared from borage oil by reversed-phase high-performance liquid chromatography (HPLC). A column of
Hichrom RPB™ (250 × 4.6 mm; Hichrom Ltd., Reading, United Kingdom) was employed with acetonitrile as mobile phase, with the flow rate pro-
grammed from 0.5 to 1.5 mL/min over 30 min, and held at this for a further 5 min. The temperature of the column was maintained at 20°C. The
sample (5 µL) was injected in a solution of acetone/acetonitrile (1:9, vol/vol). An evaporative light-scattering detector was used.
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FIG. 6. Silver ion HPLC of methyl esters from the sponge Hymeniacidon sanguinea. A column (4.6 × 250 mm) of
Nucleosil™ 5SA was utilized in the silver ion form, and a gradient of dichloromethane/dichloroethane (1:1, vol/vol)
to dichloromethane/dichloroethane/acetonitrile/methanol (47:47:3:3, by vol) was utilized with evaporative light-
scattering detection. Fraction 1 = saturated; 2 = trans-monoenes; 3 = cis-monoenes; 4 = dienes; 5 = 5,9-dienes; 6 =
trienes and tetraenes; 7 = pentaenes and hexaene. (Reproduced from Ref. 23 with the permission of Comparative
Biochemistry and Physiology.)
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ABSTRACT: Seeds of oat (Avena sativa L.) were recently
shown to contain significant quantities of a new hydroxy acid,
(15R)-hydroxy-(9Z),(12Z)-octadecadienoic acid (trivial name,
avenoleic acid). In the present work, avenoleate was found to
be mainly (63%) localized in the glycolipid fraction of oat seed
lipids. Fractionation of the glycolipids by thin-layer chromatog-
raphy and reversed-phase high-performance liquid chromatog-
raphy revealed the presence of a main molecular species which
accounted for 20% of the total avenoleate content of oat seeds.
Structural studies by chemical methods and mass spectrometry
demonstrated that the avenoleate-containing glycolipid was a
galactolipid assembled of one molecule of avenoleic acid, two
molecules of linoleic acid, two molecules of D-galactose, and
one molecule of glycerol. Degradation of the new galactolipid
by chemical and enzymatic methods demonstrated the local-
ization of acyl chains, i.e., linoleate at sn-1 and linoleoyl-
avenoleate at sn-2. Nuclear magnetic resonance spectroscopy
gave independent support for this structure and also demon-
strated that the two galactoses formed an α-D-galactopyranosyl-
1-6-β-D-galactopyranosyl moiety which was bound to the 
sn-3 position. Based on these experiments, the new galacto-
lipid could be formulated as 1-[(9′Z),(12′Z)-octadecadienoyl]-
2-[(15″R)-{(9′″Z),(12′″Z)-octadecadienoyloxy}-(9″Z),(12″Z)-oc-
tadecadienoyl]-3-(α-D-galactopyranosyl-1-6-β-D-galactopyranosyl)-
glycerol. Quantitatively, the amount of the avenoleate-con-
taining galactolipid was of the same order of magnitude as those
of individual molecular species of digalactosyldiacylglycerol
containing nonoxygenated acyl chains. The content of the new
galactolipid in oat seeds was 0.5–0.6 mg per g of seed.
Lipids 33, 355–363 (1998).

A new oxylipin, i.e., 15(R)-hydroxy-(9Z),(12Z)-octadeca-
dienoic acid, was recently isolated from seeds of oat (Avena
sativa L.) (1). The trivial name “avenoleic acid” was given to
the new hydroxy acid. Quantitative determination of ave-
noleic acid in oats showed a content of 0.6–0.7 mg per g of

dry seed (1). Avenoleic acid was also present in seeds of wild
oats (A. fatua) (Hamberg, M., and Hamberg, G., unpublished
observations); however, it was not detectable in seeds of bar-
ley, rye, or wheat (1). Avenoleic acid is chemically related to
ricinoleic acid. Both compounds possess a homoallylic alco-
hol group, and in both compounds the alcohol group is lo-
cated at a position that in the corresponding nonhydroxylated
compound can undergo desaturation. Thus, oleate, precursor
of ricinoleate [(12R)-hydroxyoleate], can be transformed into
linoleate by desaturation at C-12/C-13 whereas linoleate, the
putative precursor of avenoleate [(15R)-hydroxylinoleate],
can be transformed into α-linolenate by desaturation at
C-15/C-16. Interestingly, two enzymes catalyzing hydroxyla-
tion and desaturation of oleate, i.e., oleoyl 12-hydroxylase
from Ricinus communis and n-6-oleoyl desaturase from Arab-
idopsis, have been shown to be homologous (2). It seems pos-
sible that the putative linoleoyl 15-hydroxylase responsible
for biosynthesis of avenoleate from linoleate is related to n-3-
linoleoyl desaturase involved in the formation of α-linolenic
acid from linoleic acid.

The present paper is concerned with the localization of
avenoleic acid in lipids of oat seeds and with the isolation of
an unusual galactolipid which serves as a quantitatively im-
portant storage form of avenoleic acid in oat seeds. The struc-
ture of the new galactolipid was determined by chemical,
physical, and enzymatic methods.

EXPERIMENTAL PROCEDURES

Plant material. Seeds of oat (A. sativa L., cv. Vital) were ob-
tained from Svalöf Weibull, Svalöv, Sweden.

Chemicals. Lipase from Rhizopus arrhizus was purchased
from Boehringer Mannheim (Mannheim, Germany). D-Glu-
cose, D-galactose, L-galactose, methyl α-D-galactopyran-
oside, and methyl β-D-galactopyranoside were obtained from
Sigma Chemical Co. (St. Louis, MO). S-(+)-2-Butanol was
purchased from Aldrich Chemical Co. (Gillingham, United
Kingdom). A mixture of methyl α- and β-D-glucopyranosides
was prepared by refluxing D-glucose in methanol/concen-
trated hydrochloric acid (2.6:0.4, vol/vol) for 1 h. Digalacto-
syldiacylglycerol from wheat flour was purchased from
Sigma Chemical Co. This material was subjected to prepara-
tive reversed-phase high-performance liquid chromatography
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(RP-HPLC) [solvent: methanol/water (95:5, vol/vol)] to pro-
vide a major molecular species having an effluent volume of
89.4–98.4 mL. Alkaline hydrolysis of this material afforded
linoleic acid as the sole fatty acid, demonstrating that the par-
ent galactolipid was identical to 1,2-dilinoleoyl-3-(α-galac-
topyranosyl-1-6-β-galactopyranosyl)-glycerol.

Methyl 3-(8′-carbomethoxyoctanoyloxy)-hexanoate. To a
solution of methyl 3-hydroxyhexanoate (2 mmol) and pyri-
dine (0.5 mL) in toluene (5 mL) was added 8-carbomethoxy-
octanoyl chloride (2.2 mmol). The mixture was stirred at
23°C for 18 h and subsequently extracted with hexane. The
hexane layer was washed with dilute NaOH and taken to dry-
ness. Purification by SiO2 chromatography and preparative
thin-layer chromatography (TLC) (solvent system A) af-
forded methyl 3-(8′-carbomethoxyoctanoyloxy)-hexanoate
which was pure as judged by gas–liquid chromatography
(GLC) analysis. The Fourier-transform infrared (FT-IR)
spectrum (film) showed bands at inter alia 2936, 2860, and
1739 cm−1 (ester carbonyls). Mass spectrometric analysis
showed prominent ions at m/z 299 (2%; M − 31; loss of
·OCH3), 257 (5; M − 73; loss of ·CH2–COOCH3), 185 [100;
CH3OOC–(CH2)7–C≡O+], 145 [37; M − 185; loss of
CH3OOC–(CH2)7–(CO)·], and 128 [48; M − 202; elimination
of CH3OOC(CH2)7–COOH]. As expected, alkaline hydroly-
sis of an aliquot of the diester resulted in the formation of 3-
hydroxyhexanoic acid and azelaic acid as determined by gas
chromatography–mass spectrometry (GC–MS).

Chemical methods. Acetylation was carried out by treat-
ing samples with acetic anhydride/pyridine (1:1, vol/vol) at
23°C for 15 h. Alkaline hydrolysis was performed by treat-
ment with 0.2 M NaOH in 80% aqueous ethanol under an at-
mosphere of argon at 23°C for 18 h. Oxidative ozonolysis (3)
was performed as described.

Method for identification of carbohydrate. For identifica-
tion of carbohydrate, the galactolipid sample (1.8 mg) was
dissolved in methanol (2.6 mL), and concentrated hydrochlo-
ric acid (0.4 mL; final concentration of HCl, ca. 5%) was
added. The mixture was refluxed for 2 h. One-tenth of the
residue obtained after evaporation was trimethylsilylated and
analyzed by GLC and GC–MS. The remaining material was
dissolved in water (2.6 mL), and concentrated hydrochloric
acid (0.4 mL; final concentration of HCl, ca. 5%) was added.
The mixture was refluxed for 2 h, taken to dryness, tri-
methylsilylated, and analyzed by GLC and GC–MS.

Steric analysis of galactose. Configurational assignment
of galactose was performed by modification of the method de-
scribed by Gerwig et al. (4). Thus, samples of galactolipid or
D- or L-galactose (10 µmol) were heated at 85°C under argon
for 1 h with S-(+)-2-butanol (450 µL) and concentrated hy-
drochloric acid (50 µL). The mixtures were taken to dryness
under a stream of argon and trimethylsilylated. Separation of
the trimethylsilyl (Me3Si) derivatives of the diastereomeric
S-(+)-2-butyl-galactopyranosides was carried out by GLC
using a methyl silicone capillary column operated at 190°C.
The retention times of the derivatives of the two anomers of
D-galactose were 8.57 and 10.50 min whereas the retention

times recorded for the derivatives of the anomers of L-galac-
tose were 8.98 and 9.90 min. The α- and β-configurations of
the anomers were not determined (4).

Enzymatic hydrolysis. Galactolipid (1.3 mg) was dissolved
in 0.2 mL of chloroform/methanol (2:1, vol/vol) containing 3
mg of Triton X-100. The solvent was removed under a stream
of argon, and 1 mL of 0.04 M Tris buffer pH 7.7 was added to
the residue. After careful vortex mixing, a clear solution was
obtained. Lipase from R. arrhizus (2500 units) was added and
the mixture was stirred at 23°C for 1 h. The mixture was acid-
ified to pH 3 and extracted with 6 mL of chloroform/methanol
(2:1, vol/vol). An aliquot of the extracted material was esteri-
fied, trimethylsilylated, and analyzed by GLC and GC–MS.
The lysolipid was isolated by TLC using solvent system D.

Extraction of lipids from oat seeds. Batches of oat seeds
were ground in an electric rotating knife coffee mill and the
powder (10 g) was homogenized with an Ultra-Turrax (Janke
& Kunkel, Staufen, Germany) in chloroform/methanol (2:1,
vol/vol; 100 mL) containing 2,6-di-tert-butyl-4-methylphe-
nol (1 mg). The mixture was filtered through cheesecloth and
centrifuged at 1200 × g for 10 min. The supernatant was taken
to dryness in vacuo and the residue subjected to open column
SiO2 chromatography.

Preparation of galactolipid B1. For large-scale prepara-
tions of galactolipid B1, the major avenoleate-containing
galactolipid in oat seeds, batches of oat seed powder (100 g)
were homogenized in acetone (1 L) containing 2,6-di-tert-
butyl-4-methylphenol (10 mg). The mixture was centrifuged
and the supernatant taken to dryness. The residue (weight,
3.0–3.2 g) was subjected to SiO2 chromatography (column,
25 g of SiO2; elution with 300 mL of chloroform followed by
400 mL of acetone). The residue obtained after evaporation
of the fraction eluted with acetone (280–330 mg) was dis-
solved in methanol (5 mL) and subjected to preparative RP-
HPLC. Effluent containing galactolipid B1 (75–83 mL) was
collected and taken to dryness. The specimen of galactolipid
B1 thus obtained (25–39 mg) contained contaminants and was
further purified by preparative TLC (solvent system B) fol-
lowed by a second step of RP-HPLC. In this way galactolipid
B1 was obtained as a semitransparent solid (10–14 mg). The
preparation was homogenous upon TLC analysis (solvent
system B; Rf = 0.34; reference, 1,2-dilinoleoyl-3-(α-galac-
topyranosyl-1-6-β-galactopyranosyl)-glycerol, Rf = 0.28).

Preparation of the acetate of galactolipid B1. Galactolipid
B1 (20 mg) was treated with acetic anhydride (1 mL) and
pyridine (1 mL) at 23°C for 18 h. The residue obtained fol-
lowing evaporation (24 mg) was subjected to preparative
straight-phase HPLC to provide the pure acetate of galac-
tolipid B1 as a colorless oil (19.5 mg; 10.8–12.5 mL effluent).

Quantitative determination of avenoleic acid in lipid frac-
tions of oat seeds. Methyl 17-hydroxystearate (124.7 µg) was
added to the lipid fraction to be analyzed and the mixture was
subjected to alkaline hydrolysis. Material obtained after ex-
traction was methyl-esterified and trimethylsilylated and ana-
lyzed by GLC (temperature, 230°C). The amount of avenoleic
acid was calculated from the areas of the peaks correspond-
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ing to the Me3Si derivatives of methyl avenoleate (retention
time, 8.2 min) and 17-hydroxystearate (retention time, 10.5
min) and from the amount of the 17-hydroxystearate internal
standard added.

Chromatographic and instrumental methods. TLC was car-
ried out with precoated plates (Kieselgel 60, 0.25 mm) from
E. Merck (Darmstadt, Germany). The following solvent sys-
tems were used: A, ethyl acetate/hexane (7:93, vol/vol); B,
chloroform/methanol/water (50:10:1, by vol); C, chloro-
form/methanol/water/acetic acid (50:10:1:1, by vol); D, chlo-
roform/methanol/water (50:20:2, by vol). Material was located
by spraying with 2′,7′-dichlorofluorescein and viewing 
under ultraviolet light. RP-HPLC was performed with a col-
umn of Nucleosil C18 100-7 (250 × 10 mm) purchased from
Macherey-Nagel (Düren, Germany). If not otherwise indi-
cated, methanol at a flow rate of 4 mL/min was used as the
mobile phase. The detector was set at 210 nm. Straight-phase
HPLC was carried out with a column of Nucleosil 50-5 (200 ×
4.6 mm; Macherey-Nagel). The solvent system used was 2-
propanol/hexane (5:95, vol/vol) and the flow rate was 1.5
mL/min. GLC was performed with a Hewlett-Packard model
5890 gas chromatograph (Avondale, PA) equipped with a
methyl silicone capillary column (length, 25 m; film thickness,
0.33 µm). Helium at a flow rate of 25 cm/s was used as the car-
rier gas. GC–MS was carried out with a Hewlett-Packard
model 5970B mass selective detector connected to a Hewlett-
Packard model 5890 gas chromatograph. Infrared spec-
troscopy was carried out with a Perkin-Elmer model 1650 FT-
IR spectrophotometer (Norwalk, CT).

Electrospray (ES) MS. Positive- and negative-ion ES mass
spectra were recorded on an AutoSpec OATOFFPD mass
spectrometer (5) (Micromass, Manchester, United Kingdom)
equipped with a conventional ES interface. Samples were in-
troduced in a methanol solution at a flow rate of 2 µL/min,
and the interface was tuned on the (M + Na)+ or (M − H)− ion.
Low resolution (2000 Resolution, 10% valley definiton) mass
spectra were recorded over a m/z range of 2000–100 at a rate
of 15 s/decade. Accurate mass measurements were made at
moderately high resolution (5000 Resolution, 10% valley de-
finition) by voltage scanning at a rate of 15 s/scan; the mass
range scanned was just sufficient to include two calibrant ion
peaks on either side of the ion of interest.

Nuclear magnetic resonance (NMR) spectroscopy. A
Bruker DMX-600 instrument (Karlsruhe, Germany) was used
for the NMR analyses. Deuteriobenzene was used as the sol-
vent. Proton NMR spectra were recorded at 600 MHz and 13C
spectra at 150 MHz. Analyses included double-quantum fil-
tered two-dimensional correlaton spectroscopy (DQF-
COSY), total correlation spectroscopy (TOCSY), 13C-het-
eronuclear single-quantum correlation spectroscopy, and 13C-
heteronuclear multiple bond correlation spectroscopy
(HMBC), all recorded with 512 × 8192 data points, t1max =
70–85 ms, t2max = 560 ms. The TOCSY spectrum was
recorded with an unusually long mixing time, i.e., 2 s. The
13C-HMBC spectrum was recorded with a 1H-13C J-evolu-
tion delay of 80 ms. Scalar coupling constants were measured

from the 1D 1H NMR spectrum and the DQF-COSY spec-
trum. Chemical shifts are referred to tetramethylsilane.

RESULTS

Detection and isolation of galactolipid B1. Total lipids ob-
tained from 10 g of oat seeds were subjected to open column
chromatography using SiO2 (20 g) as the adsorbent. Elution
was accomplished with chloroform (300 mL), acetone (400
mL), and methanol (400 mL). An aliquot (10 mL) of each
fraction was removed for quantitative determination of
avenoleate. As seen in Table 1, the main part (62–63%) of the
total amount of avenoleic acid was present in the glycolipid
fraction eluted with acetone. Of total acyl chains in this frac-
tion, 16.6–18.5% were identical to avenoleate.

An aliquot of the material present in the glycolipid frac-
tion (Table 1) was subjected to TLC using solvent system C.
As reference, 1,2-dilinoleoyl-3-(α-galactopyranosyl-1-6-β-
galactopyranosyl)-glycerol was used. Several bands, labeled
A–H, were visualized by spraying with dichlorofluorescein
(Table 2). The materials forming these bands were eluted with
chloroform, subjected to alkaline hydrolysis, and analyzed by
GLC following methyl-esterification and trimethylsilylation.
Material in band A, which cochromatographed with the refer-
ence and was essentially devoid of avenoleate, was provision-
ally identified as digalactosyldiacylglycerol containing only
nonhydroxylated acyl chains. Hydrolysis of material in band
B liberated a fatty acid mixture containing 33.1% avenoleate,
suggesting the identity of this material with glycolipid con-
taining one avenoleate and two nonhydroxylated fatty acid
residues. Hydrolysis of material forming the less intense
bands C and D afforded a fatty acid mixture comprising a
higher proportion (41.2–47.8%) of avenoleate.

In another experiment, an aliquot of the glycolipid fraction
was subjected to TLC, and the amounts of avenoleate present
in band B and in the remaining zones of the plate were sepa-
rately determined. It was found that the amount of avenoleate
associated with band B accounted for 46% of the total amount
of avenoleate present in the glycolipid fraction.

Analysis of material forming band B by RP-HPLC showed
two components, i.e., galactolipid B1 (68%; effluent volume,
72.0–77.0 mL) and galactolipid B2 (32%; effluent volume,
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TABLE 1
Separation of Lipids from 10 g of Oat Seeds by SiO2 Chromatography

Weight Avenoleic acida Avenoleic acidb

Experiment Eluent (mg) (mg) total fatty acids

1 Chloroform 231 1.48 (29%) 0.009
Acetone 74 3.24 (63%) 0.185
Methanol 142 0.41 (8%) 0.031

2 Chloroform 250 1.52 (29%) 0.008
Acetone 64 3.19 (62%) 0.166
Methanol 148 0.46 (9%) 0.030

aDetermined by gas–liquid chromatography (GLC) using methyl 17-hydroxy-
stearate as internal standard.
bRatio between avenoleic acid and total fatty acids as determined by GLC.



86.5–94.6 mL). Alkaline hydrolysis performed on galac-
tolipid B1 produced avenoleic acid (33.7%) and linoleic acid
(66.3%), suggesting that galactolipid B1 contained one ester-
bound avenoleate and two ester-bound linoleates. Hydrolysis
of galactolipid B2 produced avenoleic acid (34.2%), palmitic
acid (13.5%), linoleic acid (31.8%), and oleic acid (20.5%).
Obviously, galactolipid B2 was due to more than one molecu-
lar species, probably a mixture of two compounds contain-
ing: 1 avenoleate + 1 linoleate + 1 oleate, and 1 avenoleate +
1 linoleate + 1 palmitate. This material was not further char-
acterized.

IR and mass spectrometric analysis of galactolipid B1. The
FT-IR spectrum of galactolipid B1 showed absorption bands
at inter alia 3408 (OH), 2927 (CH2), 1733 (ester carbonyl),
1653 (C=C), 1071 (C–O), and 916 cm−1 (type 1 band of sug-
ars: ring vibration). Acetylation of galactolipid B1 by treat-
ment with acetic anhydride/pyridine abolished the hydroxyl
absorption band and produced a strong absorption band at
1752 cm−1 (ester carbonyl). In addition, the FT-IR spectrum
of the acetate of galactolipid B1 showed prominent bands at
2929 (CH2), 1653 (C=C), 1371 (CH3), 1223 (asymmetric
stretching of C–O–C of acetate), 1069 (symmetric stretching
of C–O–C of acetate), and 911 cm−1 (type 1 band of sugars:
ring vibration). 

The negative-ion ES mass spectrum of galactolipid B1 re-
vealed an intense ion at m/z 1217.8 corresponding to the 
(M − H)− ion. Accurate mass measurements gave an m/z
value of 1217.835 compatible with the chemical formula
C69H117O17. The positive-ion ES mass spectrum of galac-
tolipid B1 showed an intense ion at m/z 1241.8 corresponding
to the (M + Na)+ ion. Accurate mass measurement gave an
m/z value of 1241.828 compatible to within 1 ppm of the
chemical formula C69H118O17Na. The data mentioned thus
strongly indicated that the empirical formula of galactolipid
B1 was C69H118O17, i.e., identical to the formula calculated
for a molecule assembled of one avenoleate, two linoleates,
one glycerol, and two galactose residues.

Identification of the carbohydrate moiety of galactolipid
B1. Galactolipid B1 was subjected to acid methanolysis as
well as acid hydrolysis, and the trimethylsilylated products
were analyzed by GLC and GC–MS. GLC analysis (column
temperature, 200°C) of the acid methanolysis product of
galactolipid B1 showed peaks due to methyl linoleate (reten-
tion time, 10.08 min) and to the Me3Si derivative of methyl

avenoleate (22.99 min). In addition, four peaks due to the car-
bohydrate moiety of galactolipid B1 were observed with re-
tention times of 4.46 (63%), 5.05 (27%), 5.36 (4%), and 6.35
min (6%). As references, the Me3Si derivatives of the follow-
ing carbohydrates were used: anomers of D-glucopyranose
(retention times, 6.06 and 8.33 min), anomers of D-galactopy-
ranose (5.36 and 6.35 min), anomers of methyl D-glucopyran-
oside (5.43 and 5.85 min), methyl α-D-galactopyranoside
(4.46 min), and methyl β-D-galactopyranoside (5.05 min).
The mass spectrum recorded on the peak eluting at 4.46 min
in the analysis of the acid methanolysis product of galac-
tolipid B1 was identical to that of the Me3Si derivative of
methyl α-D-galactopyranoside and showed a prominent ion
at m/z 361 [3%; M − (31 + 90); loss of ·OCH3 + Me3SiOH],
217 (26; Me3SiO+=CH–CH=CH–OSiMe3), 204 [100;
(Me3SiO–CH=CH–OSiMe3)+ or its equivalent], 147 (18;
Me3SiO+=SiMe2), and 133 (CH3O–CH=O+SiMe3). Weak
ions indicating the molecular weight were observed at m/z
482 (0.04; M+) and 435 (0.1; M+ − (15 + 32); loss of ·CH3 +
CH3OH). In the same way, the mass spectrum recorded on 
the material eluting at 5.05 min in the analysis of the acid
methanolysis product of galactolipid B1 was identical to 
that of the Me3Si derivative of authentic methyl β-D-
galactopyranoside.

GLC analysis of the material obtained following acid hy-
drolysis of galactolipid B1 showed peaks at 5.36 (37%) and
6.35 min (63%), cochromatographing with the Me3Si deriva-
tives of the anomers of D-galactopyranose. The mass spectra
recorded on the materials produced from galactolipid B1 were
identical to those recorded on the corresponding peaks of the
Me3Si derivatives of the two anomers of D-galactopyranose.

Configurational assignment of the galactopyranose moi-
eties of galactolipid B1 was accomplished by GLC analysis
of the trimethylsilylated S-(+)-2-butyl galactopyranoside ob-
tained by treatment of galactolipid B1 (10 µmol) with S-(+)-
2-butanol/concentrated hydrochloric acid (9:1, vol/vol). GLC
performed using a column temperature of 190°C demon-
strated two major peaks coinciding with the peaks of
trimethylsilylated S-(+)-2-butyl D-galactopyranoside (8.57
and 10.50 min) but separated from the peaks of the corre-
sponding derivative of L-galactopyranoside (8.98 min and
9.90 min). The identity of the derivatives was confirmed by
MS. Thus, the mass spectra of the earlier-eluting derivative
obtained from galactolipid B1 and D-galactose were identical
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TABLE 2
Separation of Glycolipid Fraction from SiO2 Chromatography 
by Thin-Layer Chromatographya

Band

A B C D E F G H

Intensity Strong Strong Medium Medium Medium Weak Weak Weak
Rf value 0.30 0.40 0.46 0.57 0.66 0.80 0.87 0.96
Avenoleic acidb <0.8 33.1 47.8 41.2 7.2 9.2 3.9 3.8
aSolvent system C (described in the Experimental Procedures section); reference, 1,2-dilinoleoyl-3-
(α-galactopyranosyl-1-6-β-galactopyranosyl)-glycerol, Rf = 0.30.
b(Avenoleic acid/total fatty acids) × 100 as determined by GLC. For abbreviation see Table 1.



and showed prominent ions at m/z 451 [0.2%; M+ − 73; 
loss of CH3–CH2–CH(O·)–CH3], 419 (1; M+ − (15 + 90); 
loss of ·CH3 + Me3SiOH), 361 [6; M+ − (73 + 90)], 
305 (4), 217 (19; Me3SiO+=CH–CH=CH–OSiMe3), 
204 [100; (Me3SiO–CH=CH–OSiMe3)+ or its equiva-
lent], 175 [CH3–CH2–CH(CH3)–O–CH=O+SiMe3], 147 (18;
Me3SiO+=SiMe2), 129 (6; CH2=CH–CH=O+SiMe3), and 73
(41; Me3Si+).

From these data, combined with the results of the mass-
spectrometric analysis of galactolipid B1, it was concluded
that galactolipid B1 contained two D-galactopyranose
residues.

Identification of the acyl chains of galactolipid B1. As al-
ready mentioned, alkaline hydrolysis performed on galac-
tolipid B1 liberated avenoleic acid (33.7%) and linoleic acid
(66.3%), suggesting the presence in galactolipid B1 of one
avenoleate and two linoleates. Assuming that two of the fatty
acid residues were esterified to the sn-1 and sn-2 positions of
the glycerol backbone, it was conceivable that the third acyl
chain was esterified either to the alcohol group of the
avenoleate residue (structure A in Scheme 1) or to one of the
alcohol groups of the galactose residues (structures B and C).
To distinguish between these possibilities, a sample (1 mg) of
galactolipid B1 was treated with acetic anhydride/pyridine
and subjected to oxidative ozonolysis. Analysis of the esteri-
fied product by GLC showed the presence of one major oxi-
dation product which was identified as methyl 3-(8′-car-
bomethoxyoctanoyloxy)-hexanoate by its retention time and
its mass spectrum using the authentic compound as reference.
Methyl 3-acetoxyhexanoate was undetectable in spite of

scrupulous search using temperature programming from
100°C with the authentic compound as reference. On the
basis of these results, it was concluded that galactolipid B1
contained one linoleate residue and one linoleoyl-avenoleate
residue esterified to glycerol (structure A, Scheme 1).

Localization of acyl chains in galactolipid B1. Lipase from
R. arrhizus catalyzes selective hydrolysis of the ester bond at
sn-1 of galactolipids (6). To identify the acyl chain which was
esterified at sn-1 of galactolipid B1, a sample of the galac-
tolipid was treated with lipase from R. arrhizus. An aliquot of
the hydrolysis product was esterified, trimethylsilylated, and
subjected to GLC (230°C). A major peak (96%; 4.1 min)
coeluting with methyl linoleate, and a minor peak (4%; 8.2
min) coeluting with the Me3Si derivative of methyl ave-
noleate were observed. Analysis by GC–MS confirmed the
identities of these compounds. The remaining part of the
product obtained following the lipase treatment was subjected
to TLC using solvent system D. This analysis showed that
galactolipid B1 (Rf = 0.68) had been completely hydrolyzed
and converted to a major (Rf = 0.44) and a minor (Rf = 0.29)
lysolipid. The proportion of the less abundant material was
reduced when smaller amounts of enzyme were used or when
Triton X-100 was excluded from the reaction mixture. The
nature of this material was not further investigated. Part of
the major lysolipid was subjected to alkaline hydrolysis to af-
ford a 1:1 mixture of avenoleic acid and linoleic acid. In
another experiment, the major lysolipid was acetylated and
subjected to oxidative ozonolysis. Analysis of the esterified
product by GLC demonstrated the presence of methyl 3-(8′-
carbomethoxyoctanoyloxy)-hexanoate and the absence of
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methyl 3-acetoxyhexanoate. This result demonstrated that the
lysolipid retained the linoleoyl-avenoleate residue. On the basis
of these findings, it was concluded that galactolipid B1 con-
tained a linoleate residue esterified at the sn-1 position and a
linoleoyl-avenoleate residue esterified at the sn-2 position
(Scheme 2). In Scheme 2, letters A, B, and C indicate acyl
chains, i.e., linoleate esterified to sn-1 of glycerol, avenoleate
esterified to sn-2 of glycerol, and linoleate esterified to the C-15
alcohol group of avenoleate, respectively; Gal = galactose.

Analysis of galactolipid B1 by NMR. NMR spectroscopy
was used in order to verify the structure of galactolipid B1 es-
tablished by chemical and enzymatic methods and MS
(Scheme 2). A challenging problem in the NMR analysis was
posed by the question, whether the linoleate (A) and
linoleoyl-avenoleate (C-B) residues of Scheme 2 were con-
nected to sn-1 and sn-2, respectively, or vice versa, since the
acyl chains A and B differ chemically only at a position re-
mote from the glycerol moiety. The 1H NMR resonances of
the methylene protons at position 2 of acyl chains A, B, and
C were assigned by a 13C-HMBC spectrum, correlating the
13C NMR signals of the C-1 carbons with the protons on both
sides of the ester bonds. The spectral region with the cross
peaks C-1 to H2-2 for all three acyl chains is shown in the
lower panel of Figure 1. The figure shows that the 13C chemi-
cal shifts of the carboxy groups are well resolved, but for the
three C-2 methylene groups only the 1H chemical shift of acyl
chain A was clearly different from those of the acyl chains B
and C. Furthermore, the 1H chemical shifts of the protons
within each methylene group are indistinguishable. The mul-
tiplet fine structure of the H2-2 (C) resonance is much better
resolved than for the H2-2 (A) and H2-2 (B) resonances. Quite
generally, narrower lineshapes were observed for the
linoleoyl residue C than for the other acyl chains, and broader
signals were observed for the carbohydrate and glycerol moi-
eties. This effect may be explained by reduced mobility
caused by intermolecular hydrogen bonds transiently formed
between the hydroxyl groups of different molecules in the
apolar solvent used. The 1H and 13C NMR signals from the 4,
5, 6, and 7 positions of acyl chains A, B, and C were indistin-
guishable (Table 3). For the protons at positions 13 to 17, the
1H NMR signals of the avenoleoyl chain (B) could be re-
solved from the corresponding signals from the linoleoyl
chains (A and C). To determine whether the H2-2 (A) or the
H2-2 (B) resonance belongs to the avenoleoyl chain requires
the correlation of the H2-2 signals with the H-13 signals. This
correlation was obtained by a TOCSY experiment recorded

with a very long mixing time (2 s), using the scalar proton–
proton couplings for magnetization transfer within each acyl
chain. The cross peak between the resolved H-13 resonance
of the avenoleoyl chain and the H2-2 resonance of the same
acyl chain is identified by a horizontal rectangle in the upper
panel of Figure 1. The locations of the corresponding cross
peaks of the acyl chains A and C are identified by an oval and
a vertical rectangle, respectively. The 1H chemical shift of the
H2-2 signal of the avenoleate residue revealed in this experi-
ment matched the 1H chemical shift observed with the 13C-
HMBC cross peak at 173.8 ppm, but not the 1H chemical shift
of the cross peak at 173.6 ppm (Fig. 1). The match is compli-
cated by the different cross peak multiplicities and lineshapes
of the TOCSY and 13C-heteronuclear single-quantum corre-
lation spectroscopy cross peaks. Thus, the H2-2 resonance of
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TABLE 3
1H and 13C Nuclear Magnetic Resonance Data for Galactolipid B1

a

Carbon Carbon
number 1H 13C number 1H 13C

Glycerol 14(A) 2.16 28.3
1 4.54, 4.46 63.6 14 (B) 2.49, 2.38 33.2
2 5.37 71.3 14 (C) 2.15 28.3
3 4.02, 3.80 68.7 15 (A, C) 1.40 30.4

15 (B) 5.19 73.8
Acyl chainsb 16 (A, C) 1.34 32.5
1(A) — 173.6 16 (B) 1.63, 1.51 36.7
1 (B) — 173.8 17 (A, C) 1.34 23.6
1 (C) — 173.2 17 (B) 1.43, 1.37 30.7
2 (A) 2.27 34.9 18 (A, C) 0.96 14.9
2 (B) 2.29 35.1 18 (B) 0.94 14.7
2 (C) 2.29 35.4
3 (A, B) 1.71 26.1 Galactosesc

3 (C) 1.68 25.8 1 (I) 4.13 104.3
4–7 (A–C) 1.25–1.45 30.2–30.4 1 (II) 5.12 100.3
8 (A, B) 2.16 28.2 2 (I) 3.67 74.5
8 (C) 2.15 28.2 2 (II) 4.13 70.9
9 (A, C) 5.56 76.4 3 (I) 4.08 80.2
9 (B) 5.56 76.0 3 (II) 4.05 70.6
10 (A, C) 5.56 78.4 4 (I) 3.75 74.6
10 (B) 5.56 78.7 4 (II) 4.15 69.8
11 (A–C) 2.96 26.8 5 (I) 3.68 72.8
12 (A, C) 5.56 78.4 5 (II) 3.52 64.0
12 (B) 5.56 79.0 6 (I) 4.21, 3.62 68.0
13 (A, C) 5.56 76.4 6 (II) 3.79, 3.73 63.2
13 (B) 5.64 73.3
aSpectra were recorded in deuteriobenzene at 36°C.
bLetters A, B, and C refer to acyl chains as indicated in Scheme 2.
cRoman numerals I and II refer to galactose residues as indicated in
Scheme 2.



acyl chain C appears as a quartet in the 13C-HMBC spectrum
but as a triplet in the TOCSY spectrum. Furthermore, the H-
13 (B)–H2-2 (B) cross peak in the TOCSY spectrum appears
asymmetric with higher intensity toward the low ppm end of
the cross peak and a larger total width than the C-1 (B)–H2-2
(B) cross peak in the 13C-HMBC spectrum. However, there is
clearly no cross peak intensity at 2.26 ppm, which would be
expected if the match were with the H2-2 (A) resonance. The
H2-2 resonance of acyl chain A appears at a lower ppm value
in the TOCSY spectrum, as illustrated by the cross peak be-
tween the degenerate protons 9, 10, 12, 13 and the H2-2 reso-
nance (identified by an oval in Fig. 1). The successful corre-
lation of the H-13 (B) with the H2-2 (B) resonance, which was
nontrivial because of the long distance between the protons,
completes the assignment of the avenoleoyl acyl chain to the
position 2 of the glycerol moiety. 

The 13C-HMBC experiment further confirmed that the di-
saccharide residue was bound at the terminal position of the
glycerol moiety. Analysis of vicinal 1H-1H coupling constants

recorded on acetylated galactolipid B1 showed that the galac-
tose ring proximal to the glycerol moiety is a β-anomer and
that the terminal galactose ring is an α-anomer (Table 4).

Quantity of galactolipid B1 in oat seeds. On the basis of
the facts that 63% of the total amount of avenoleic acid of oat
seeds was present in the glycolipid fraction obtained by SiO2
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FIG. 1. Assignment of the acyl chains by nuclear magnetic resonance (NMR). Top panel: spec-
tral region from the total correlation spectroscopy (TOCSY) experiment showing the 1H-1H
cross peaks between H-13 in the δ1 dimension and H2-2 in the δ2 dimension for the acyl chains
A–C of Scheme 2. The chemical shifts of all protons involved in the cross peaks are indicated
in the margins. The oval, the horizontal box, and the vertical box identify the location of the
H-13–H2-2 cross peak for the acyl chain A, B, and C, respectively. Bottom panel: spectral re-
gion from the 13C heteronuclear multiple bond correlation spectroscopy (HMBC) spectrum
showing the 13C-1H cross peaks between C-1 in the δ1 dimension and H2-2 in the δ2 dimen-
sion for the acyl chains A–C. Note that the multiplet fine structures of the H2-2 resonances in
the δ2 dimension are different in the TOCSY and 13C-HMBC spectrum because of additional
1H-13C couplings in the 1H NMR multiplets of the 13C-HMBC spectrum and different, mixed
lineshapes in both experiments.

TABLE 4
1H-1H Coupling Constants in the Galactose Rings 
of Acetylated Galactolipid B1

a

Protons J, galactose I J, galactose II
(carbon number) (Hz) (Hz)

1-2 7.9 3.7
2-3 10.6 10.9
3-4 3.5 3.2
4-5 1.0 1.0
5-6 5.4, 7.5 6.2, 6.9
6-6 10.2 11.2

aRoman numerals I and II indicate galactose residues which are proximal
and distal, respectively, to the glycerol moiety.



chromatography, that 46% of avenoleic acid of the glycolipid
fraction was associated with band B found upon TLC, and
that 68% of avenoleic acid of band B was associated with
galactolipid B1 isolated by RP-HPLC, it was concluded that
20% of the total amount of avenoleate of oat seeds was asso-
ciated with galactolipid B1. On the basis of the previously de-
termined content of avenoleic acid in oat seeds, i.e., 593–725
µg/g (1), and the molecular weights of avenoleic acid (296)
and galactolipid B1 (1218), it was further calculated that the
amount of galactolipid B1 in oat seeds was 0.5–0.6 mg/g.

The quantitative relationship between galactolipid B1 and
digalactosyldiacylglycerol, the major galactolipid of oat seeds
(7,8), was determined in the following way. An aliquot of the
material present in the glycolipid fraction isolated by SiO2
chromatography (10 mg; see Table 1) was subjected to TLC
using solvent system C. The zones corresponding to digalac-
tosyldiacylglycerol (Rf = 0.30) and galactolipids B1 + B2 (Rf =
0.40) were recovered, and methyl 17-hydroxystearate (124.7
µg) was added as an internal standard. The two samples were
subjected to alkaline hydrolysis and the methyl-esterified and
trimethylsilylated products analyzed by GLC. From the
relative amounts of fatty acids in the two fractions, making
correction for the presence of three acyl chains per molecule
of galactolipid in the galactolipid B sample, it was found 
that the amount of galactolipids B1 + B2 was 26% of the
amount of digalactosyldiacylglycerol. Because galactolipid
B1 constituted 68% of galactolipids B1 + B2, it was calculated
that the percentage of galactolipid B1 relative to digalactosyl-
diacylglycerol was 18%. Digalactosyldiacylglycerol in oat
seeds exists as a mixture of molecular species, the major ones
being molecules containing two linoleates (37%) and one
linoleate plus one palmitate (31%) (9). From these percent-
ages it was apparent that the amount of galactolipid B1 in oat
seeds was of the same order of magnitude as those of previ-
ously recognized molecular species of digalactosyldiacyl-
glycerol. Oat seed lipids have been thoroughly studied

(7–10), and it was surprising that galactolipid B1 and related
avenoleate-containing galactolipids had not been previously
observed.

DISCUSSION

Avenoleic acid, a new oxylipin present in oat seeds (1), was
found to be largely localized in the galactolipid fraction of oat
seed total lipids. Fractionation of the galactolipids by TLC
and HPLC afforded a major molecular species (galactolipid
B1) which accounted for 20% of the avenoleate content of oat
seeds. Chemical methods and MS revealed that galactolipid
B1 was assembled of linoleoyl-avenoleate, linoleate, galac-
tose, and glycerol. An enzymatic method demonstrated that
the linoleoyl-avenoleate residue was positioned at sn-2 and
the linoleate residue at sn-1. NMR spectroscopy confirmed
these results and also showed that the proximal and distal
galactopyranosyl residues had the β and α configurations, re-
spectively. Steric analysis of diastereomeric S-(+)-2-butyl
galactopyranoside derivatives by GLC demonstrated that the
galactopyranosyl residues of galactolipid B1 had the D ab-
solute configurations. From these data, the new galactolipid
was assigned the structure 1-[(9′Z),(12′Z)-octadecadienoyl]-2-
[(15″R)-{(9′″Z),(12′″Z)-octadecadienoyloxy}-(9″Z),(12″Z)-
octadecadienoyl]-3-(α-D-galactopyranosyl-1-6-β-D-galac-
topyranosyl)-glycerol (Scheme 3).

Galactolipids containing oxygenated fatty acids are rare.
To the best of our knowledge, the only previous examples are
galactolipids containing 12(R),13(S)-dihydroxy-5(Z),8(Z),-
10(E),14(Z),17(Z)-eicosapentaenoic acid (11) and 5-hydroxy-
12-oxo-6(E),8(E),10(E)-dodecatrienoic acid (12) isolated
from the red alga Gracilariopsis lemaneiformis. Another un-
usual feature of the oat seed galactolipid was its content of an
estolide, i.e., an acylated, not free, hydroxy acid residue. Ri-
cinoleic acid [12(R)-hydroxy-9(Z)-octadecenoic acid], to
which avenoleic acid is structurally related, is present in its
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nonacylated form in the triacylglycerol fraction of castor oil;
however, the occurrence of acylated ricinoleate residues
(mono-, di-, and triestolides) in lipids from ergot oil has been
described (13).

Galactolipid-bound linoleate undergoes desaturation into
α-linolenate in the presence of linoleate n-3 desaturase (14).
In our ongoing studies of the biosynthesis of avenoleate in
preparations of oat seeds, attention is being paid to the possi-
bility that galactolipid-bound linoleate may serve as the sub-
strate for the putative linoleate 15-hydroxylase.
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ABSTRACT: Owing to increasing evidence showing the im-
portance of lipid peroxidation in oxidative stress in vivo, the
role and evaluation of antioxidants have received much atten-
tion. Ginkgo biloba extract (GBE), well-known as an efficient
drug against diseases induced by free radicals, has been sug-
gested to exert its effect by antioxidant action. A method was
established to determine the activity of GBE as a hydrogen
donor by stoichiometric and kinetic studies, and GBE was com-
pared with several other antioxidants such as α-tocopherol,
propyl gallate, and two kinds of flavonoids which are found in
GBE, quercetin, and kaempferol. It was found that there were
6.62 × 1019 active hydrogens in 1 g of GBE. Stoichiometric stud-
ies showed that one molecule of α-tocopherol reacted with one
molecule of galvinoxyl radical. For quercetin, kaempferol and
propyl gallate, the experimental stoichiometric numbers were
4.0, 1.9, and 3.1, respectively. The rates of reaction of antioxi-
dants with galvinoxyl in ethanol were determined spectropho-
tometrically, using a stopped-flow technique. The second-order
rate constant, k2, obtained at 25°C was 0.13 (g/L)−1s−1 for GBE
and 5.9 × 103, 2.1 × 103, 1.2 × 104, and 2.4 × 103 M−1s−1 for
quercetin, kaempferol, propyl gallate, and α-tocopherol, re-
spectively. The second-order rate constant, k2′, on the molar
basis of active hydroxyl groups in the tested substances ob-
tained at 25°C decreased in the order of propyl gallate > α-to-
copherol > quercetin > GBE ≈ kaempferol. This is the first study
on GBE as an antioxidant which reports both stoichiometric and
kinetic results.
Lipids 33, 365–370 (1998).

Extracts from the leaves of Ginkgo biloba trees have been used
therapeutically in China from ancient times and in Western
countries such as France and Germany from the 1960s for the
treatment of atherosclerotic diseases of peripheral vascular and
cerebrovascular insufficiency (1). The well-defined but com-
plex product consists of two major groups of substances,
flavonoid glycosides and terpenoids (2,3). The flavonoid frac-
tion is composed of three flavonols, quercetin, kaempferol and
isorhamnetin, which are linked to a sugar (2,4,5). The terpenoid
fraction is composed of ginkgolides and bilobalides (6). The
antioxidant action has been claimed to be one of the molecular
mechanisms underlying the beneficial effects of Ginkgo biloba

extract (GBE). GBE has been reported to scavenge superoxide
(7) and hydroxyl radicals (8,9), to quench peroxyl radical
(10,11), and to interact with nitric oxide (12) produced from
cell or biochemical reaction systems. GBE attenuates oxidative
stress in macrophages, endothelial cells, and cardiomyocytes
(13–15). It was also reported that hydroxyl radical-induced
apoptosis and death in rat cerebellar neuronal cells could be
prevented by GBE (16,17). The antioxidant activity of GBE
has been attributed to the free radical-scavenging activity of
the flavonoid fraction in GBE, and confirmed experimentally
(18).

However, because GBE is a mixture, it is difficult to eval-
uate the antioxidant effectiveness of GBE and to compare the
scavenging and inhibiting effects of GBE on free radicals and
lipid peroxidation with those of other antioxidants. It is im-
portant to understand the behavior of GBE as an antioxidant
and to find a way to measure the rates at which it reacts with
radicals. The lack of published studies on the efficiency and
kinetics of GBE prompted us to carry out the present work. 

For comparison, we studied several other well-known an-
tioxidants that are pure chemicals and whose antioxidant ac-
tivity is ascribed to the phenolic hydroxyl groups. Two of
them are quercetin and kaempferol, the two main flavonoids
in GBE and the most important flavonoids studied as antioxi-
dants. A third is propyl gallate, a polyphenol used as a food
additive. Another is α-tocopherol, an important chain-break-
ing antioxidant that has been extensively studied in vitro and
in vivo. In the present work, we have established a method to
determine the stoichiometric number of active phenolic hy-
droxyl groups. Furthermore, we used a stopped-flow tech-
nique to measure the reaction rate constants for related an-
tioxidants with galvinoxyl.

MATERIALS AND METHODS 

Reagents. Galvinoxyl, quercetin, and n-propyl gallate were
obtained from Wako Pure Chemical Co. Ltd. (Osaka, Japan).
Kaempferol was purchased from Aldrich Chemical Co. Ltd.
(Milwaukee, WI) GBE was provided by Takehaya Co., Ltd.
(Tokyo, Japan). α-Tocopherol was kindly supplied by Eisai
Company Ltd. (Tokyo, Japan). All of the substances were dis-
solved in ethanol and used as received. Ethanol was of ana-
lytical reagent grade. Experiments were always performed on
freshly made up solutions. The structures of tested substances
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are shown in Scheme 1.
Stoichiometric study. Galvinoxyl, a stable phenoxyl radi-

cal, has a strong absorption peak at 428 nm in ethanol. It can
be reduced by hydrogen-donating free-radical scavengers and
has been used to assess the antioxidative activity of various
compounds (19,20). The reaction of galvinoxyl with a hydro-
gen-donating antioxidant is represented by Equation 1:

G· + XOH → GH + XO· [1]

where G· is the galvinoxyl radical, XOH, the hydrogen-do-
nating free-radical scavenger, GH, the reduced galvinoxyl,
and XO·, the corresponding radical derived from XOH. 

On the basis that one galvinoxyl molecule reacts with one
active hydroxyl group, we can determine the quantity of ac-
tive phenolic hydrogens in the reaction with galvinoxyl by the
absorbance decrease of galvinoxyl in the reaction solution
under the condition of [G·] > [XOH], which allows all of the
XOH to take part in the reaction with galvinoxyl. The stoi-
chiometric factor may be calculated as follows from the de-
crease in absorbance of galvinoxyl and the concentration of
XOH. 

From the definition of molar absorption of a substance
(Equation 2), Equation 3 can be obtained for the reaction in
Equation 1:

A = ε C l [2]

(A: absorbance; ε: molar extinction coefficient; C: concentra-
tion, l: cell length);

∆N = V ∆A/(ε l) [3]

where, ∆N is the molar quantity of galvinoxyl reduced in the

reaction solution, ∆A is the absorbance difference of galvi-
noxyl at 428 nm between the initial and the end reaction, and
V is the reaction volume.

Here we assume that one mole of XOH reacts with n moles
of galvinoxyl. In Equation 1, where XOH is consumed com-
pletely Equation 4 can be obtained:

∆N = n V Cx [4]

where Cx is the concentration of XOH (for pure substances, c
is expressed as mol/L; for GBE, c is in g/L).
From Equations 3 and 4, the stoichiometric number of radi-
cals trapped by each antioxidant, n, is given by Equation 5. 

n = ∆A/(ε l Cx) [5] 

In our experiments, the concentration of galvinoxyl was
set at 10 µmol/L (final concentration). For pure compounds,
the concentrations were set between 0.1–2 µmol/L (final con-
centration). The concentration of GBE was selected as 0–0.02
g/L so that considerable galvinoxyl would remain at the end
of reaction. The reaction was started by mixing the galvinoxyl
ethanol solution with the hydrogen-donating compound
ethanol solution. The decrease in absorbance of galvinoxyl at
428 nm was traced for 20 min after mixing by using a spec-
trophotometer (DU 640; Beckman, Fullerton, CA) at 25°C.

Kinetic study. A stopped-flow spectrophotometer (RA-
2000; Photal Otsuka Electronics, Osaka, Japan) equipped with
an advanced data acquisition and processing system was used
for the fast reaction kinetics. Kinetic runs were carried out
under pseudo-first-order conditions, [XOH] » [G·]. The reac-
tion was monitored at 428 nm, the absorption maximum for
galvinoxyl in ethanol. Appropriate volumes of the reactants
were taken in two cells: cell A containing galvinoxyl in
ethanol, and cell B containing test substance in ethanol. All ki-
netic runs were performed with a sweep-time longer than 10
half-lives of the corresponding reaction. The data acquisition
system acquired absorbance vs. time data and computed the
rate constants from log (At − A∞) vs. time plots, where At and
A∞ correspond to the absorbances at time t and infinite time
(after completion of the reaction), respectively. Each kinetic
run was performed five times, and the average first-order rate
constants, k1, were evaluated. The measurements were per-
formed at 25°C.

RESULTS 

Molar extinction coefficient of galvinoxyl. Galvinoxyl was
stable in ethanol. Its molar extinction coefficient was deter-
mined as 1.50 × 105 M−1 cm−1 at 428 nm in ethanol. 

Stoichiometric studies of tested substances in the reaction
with galvinoxyl. In Figure 1 we see that the fall in absorbance
attributable to galvinoxyl (10 µmol/L) at 428 nm was propor-
tional to the concentrations of the antioxidant (inset is an ex-
ample of time course in the reaction between quercetin and
galvinoxyl). Excellent linear correlation was obtained in plots
for all the antioxidants studied. By using Equation 5, n values
could be determined. The value used for ε for galvinoxyl at
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428 nm in Equation 5 was 1.50 × 105 M−1 cm−1, and the cell
length, l, was 1 cm. The slopes of the lines in Figure 1 corre-
spond to n/εl, from which n was calculated (Table 1). The n
value for GBE was determined as 1.1 × 10−4 mol/g, meaning
1 g GBE could react with 1.1 × 10−4 mol galvinoxyl. In other
words, there are 1.1 × 10−4 mol (6.62 × 1019 molecules ) of
active phenolic hydroxyl groups (OH) in 1 g GBE on the
basis that one molecule of galvinoxyl reacts with one active
OH. Similarly, the results show that quercetin, kaempferol,
propyl gallate, and α-tocopherol contain 4.0, 1.9, 3.1, and 1.0
mole active hydrogens per mole, respectively, to reduce galvi-
noxyl.

Kinetic study of tested substances in the reaction with
galvinoxyl by stopped-flow spectrophotometer. The kinetics
of the oxidation of tested substances by galvinoxyl was car-

ried out by following the decrease in absorbance of galvi-
noxyl at 428 nm. The concentration of galvinoxyl radical was
always more than five times lower than those of tested sub-
stances (in the case of GBE, the number of active OH groups
was taken into account) to obtain the pseudo-first-order rate
constant, k1. The second-order rate constant, k2, may be cal-
culated from the k1 values by using Equation 6:

−d [G·]/dt = k1 [G·]= k2 [XOH] [G·] [6]

Figure 2 is a typical time course of the decrease in ab-
sorbance at 428 nm when an ethanol solution of galvinoxyl is
mixed with that of an antioxidant. The theoretical curve b fits
very well with an experimentally obtained curve a which in-
creased rapidly and then decreased. A typical plot of log (At −
A∞) vs. time (curve c) gives a pseudo-first-order rate constant.
The first-order rate constants observed at 428 nm were linearly
dependent on the concentrations of the substances tested (Fig.
3). The plots of k1 against the concentrations of tested sub-
stances yielded the second-order rate constants k2 (Eq. 6) for
quercetin, kaempferol, propyl gallate, and α-tocopherol in the
reaction with galvinoxyl. These data are also summarized in
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FIG. 1. Plots of absorbance falls of galvinoxyl at 428 nm against con-
centrations of hydrogen-donating antioxidants. Upper abscissa repre-
sents the concentration of Gingko biloba extract (GBE) whereas lower
abscissa represents concentrations of pure compounds tested. Line a:
quercetin; b: propyl gallate; c: GBE; d: kaempferol; and e: α-tocopherol.
Data points represent means ± SD of five individual experiments.

TABLE 1
Stoichiometric Numbers and the Second-Order Rate Constants for the Reactions Between
Galvinoxyl and Antioxidants

GBE Quercetin Kaempferol Propyl gallate α-tocopherol

n 1.1 × 10−4 a 4.0 1.9 3.1 1.0
k2

b 0.13c 5.9 × 103 2.1 × 103 1.2 × 104 2.4 × 103

k2′ b 1.2 × 103 1.5 × 103 1.1 × 103 3.9 × 103 2.4 × 103

aMol active hydroxyl groups/g.
bSecond-order rate constant for molecule (k2) and per active hydrogen (k2′) in M−1 s−1.
c(g/L)−1 s−1. GBE, Gingko biloba extract.

FIG. 2. Representative experiment of the pseudo-first-order study. Galvi-
noxyl (20 µmol/L ethanol) was mixed with propyl gallate (0.4 mmol/L
ethanol) (curve a). Curve b is a theoretical fit to curve a. A typical log
plot vs. time is also shown (curve c) which gives a pseudo-first-order
rate constant of 2.4 s−1. See the Methods section for the definition of
log (At − A∞).



Table 1. The k2 value obtained for GBE was 0.13 (g/L)−1 s−1.
For the pure substances, the values decreased in the order of
propyl gallate > quercetin > α-tocopherol > kaempferol.

We may rewrite Equation 1 in the following form by tak-
ing the stoichiometric factor into consideration:

G· + (1/n) XOH → GH + (1/n) XO· [7]

and rewrite Equation 6 as Equation 8:

−d [G·]/dt = k1 [G·]= (1/n) k2 [XOH] [G·]= k2′[XOH] [G·] [8]

where k2′ = k2 /n. The term k2′ may be defined as the rate con-
stant of a single active hydroxyl group in the hydrogen-do-
nating compound.

The rate constants k2 and k2′ may be considered as the total
reactive potential and the average reactive potential of a sin-
gle active hydroxyl group, respectively, for these reactions.
From k2′, we may compare the relative reactivities of active
hydroxyl groups in different substances or mixtures of sev-
eral substances like GBE. The results in Table 1 reflect that
the active phenolic hydrogen of GBE has a similar reactivity
to that of quercetin and kaempferol and a slightly smaller re-
activity than that of α-tocopherol and propyl gallate. 

DISCUSSION

The previous suggestion (20) that galvinoxyl reacts with phe-

nolic antioxidant by a hydrogen atom abstraction was con-
firmed by our result that one molecule of galvinoxyl reacted
with one molecule of α-tocopherol. The potency of antioxi-
dant will be discussed below in terms of both stoichiometric
and kinetic factors.

As expected from Equation 5, the decline in absorbance
attributable to galvinoxyl by every antioxidant was directly
proportional to the concentration of the antioxidant over the
concentration range selected. If a higher concentration of an
antioxidant than that of galvinoxyl was selected, the reduc-
tion of galvinoxyl was saturated (data not shown). A prelimi-
nary experiment was carried out to determine the range of
GBE concentration in which the plot was linear. The stoichio-
metric study gave the number of active hydroxyl groups in 1
g of GBE as 1.1 × 10−4 mol. The stoichiometric numbers (n)
of the tested pure substances in the reaction with galvinoxyl
were determined experimentally as 4.0, 1.9, 3.1, and 1.0 for
quercetin, kaempferol, propyl gallate, and α-tocopherol, re-
spectively. We may consider the numbers strictly or theoreti-
cally as 4, 2, 3, and 1 for these compounds reacting with
galvinoxyl. These values indicate that in the reaction with
galvinoxyl in ethanol, quercetin provides four of its five hy-
droxyl groups, kaempferol two of its four hydroxyl groups,
and that all of the three hydroxyl groups of propyl gallate take
part in the reaction. The stoichiometric number of α-toco-
pherol for the reaction with peroxyl radicals is two (21,22),
rather than one observed for galvinoxyl. This difference may
be ascribed to the fact that α-tocopherol reacts with the first
peroxyl radical to donate its hydrogen, and the resulting α-to-
copheroxyl radical reacts with the second peroxyl radical to
give an adduct (23), whereas α-tocopheroxyl radical does not
react with galvinoxyl.

For measuring antioxidant potentials, the total antioxidant
activity (TAA) or the Trolox-equivalent antioxidant activity
(TEAC) has been reported by Rice-Evans et al. (24–28) as
measuring the concentration of Trolox solution with an equiv-
alent antioxidant potential to a standard concentration of the
compound or the mixture under investigation. The TEAC or
TAA reported for quercetin, kaempferol, gallic acid, and α-
tocopherol were 4.7, 1.3, 3.0, and 1.0 (24–28), respectively,
which gave the order of antioxidant potential as quercetin >
gallic acid > kaempferol > α-tocopherol. Our stoichiometric
studies gave the order quercetin (4) > propyl gallate (3.1) >
kaempferol (1.9) > α-tocopherol (1.0). The orders obtained
by using different methods are in accord. However, the TAA
method was designed to compare the ability of a hydrogen-
donating antioxidant to scavenge ABTS·+ radical, which is
generated from the reaction of 2,2′-azinobis-(3-ethylbenzoth-
iazoline-6-sulfonic acid) (ABTS) with ferrylmyoglobin radi-
cal species (29), with that of Trolox. The value of TAA or
TEAC may be considered as the same as the stoichiometric
factor defined in the text because TAA or TEAC for Trolox is
set at 1.0. In fact, our result showed that the TAA or TEAC
values of gallic acid and α-tocopherol are equal to their stoi-
chiometric numbers. The TAA or TEAC values of quercetin
and kaempferol are not strictly the same as the stoichiometric
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FIG. 3. Linear plots of first-order rate constants (k1) as a function of con-
centrations of the antioxidant tested. Upper abscissa represents the con-
centration of GBE whereas lower abscissa represents concentrations of
pure compounds tested. Line a: propyl gallate; b: quercetin; c: α-toco-
pherol; d: kaempferol; and e: GBE. The data points represent means ±
SD of five individual experiments. The measurements were carried out
at 25°C. See Figure 1 for abbreviations.



numbers we determined, but they are similar. Here we may
say that the antioxidant activity defined by Rice-Evans is ac-
tually the number of active OH groups of substances.

Whether a certain substance acts as a radical scavenger
may be revealed by determining the rate constant for reaction
with a specific radical. Although stoichiometric number de-
termines the duration of the inhibition period or lag time, the
rate constant can indicate the extent of oxidation inhibition,
that is, how much the antioxidant reduces the rate of oxida-
tion. The results obtained from our kinetic studies and sum-
marized in Table 1 show that the total reactive potentials of
pure substances decrease in the order propyl gallate >
quercetin > α-tocopherol > kaempferol, but we could not
compare GBE with the pure chemicals. Based on the average
reactive potential, however, the reactivity of GBE could be
compared with those of the pure compounds, and the results
in Table 1 show that the reactivity of phenolic hydroxy groups
decreases in the order of propyl gallate > α-tocopherol >
quercetin > GBE ≈ kaempferol. 

Structure–activity relationships have been used to explain
the role and potency of flavonoids as antioxidants (25,30,31).
On the basis of spectral and kinetic evidence for the forma-
tion and decay of flavonoid aroxyl radicals, there are three
mainly chemical criteria for flavonoids as effective antioxi-
dants: (i) the o-dihydroxy structure in the B ring confers
higher stability to the radical formed and participates in elec-
tron delocalization; (ii) a 2,3-double bond in conjugation with
the 4-oxo function in the C ring contributes through partici-
pation in electron delocalization from the B ring; and (iii) the
3- and 5-OH groups with 4-oxo function in A and C rings pro-
vide maximal radical scavenging potential. Quercetin, satis-
fying all three criteria, shows higher reactivity than
kaempferol with a lone B-ring hydroxyl group in the 4′ posi-
tion. A catechol moiety in ring B, required for good scaveng-
ing activity, has also been confirmed by van Acker et al. (32)
from quantum chemical explanation and electron spin reso-
nance data on spin densities. They also showed the impor-
tance of intramolecular hydrogen bonding (32). Propyl gal-
late was found to possess the highest reaction potential with
galvinoxyl among the substances studied. This activity could
also be ascribed to the catechol moiety. The phenoxyl radical
derived from polyphenol in the reaction with galvinoxyl
could be stabilized by hydrogen bonding with an adjacent
phenolic hydroxyl as well as by the aromatic ring (32,33); this
stabilization promotes polyphenols to react with more galvi-
noxyl radicals, giving a stoichiometry greater than 1.

The order in relative activities of quercetin and α-tocopherol
is reversed in the total reactive potential and the average reac-
tive potential. This reversal indicates that the total activity of
scavenging galvinoxyl of α-tocopherol is lower than that of
quercetin, whereas the activity of the phenolic hydroxyl group
of α-tocopherol is higher than that of the active hydroxyl
groups of quercetin. The hydroxyl group activity of GBE is
equal to that of kaempferol and lower than those of propyl gal-
late, α-tocopherol, and quercetin. [The two reactive potential
orders of pure compounds (k2 and k2′ in Table 1) are different

from their TAA order (25) or our stoichiometric order.]
The antioxidative potentials compared here are the reac-

tivities of substances toward galvinoxyl radical. To under-
stand the whole activity of GBE as an antioxidant will be very
complex because GBE may act not only by scavenging radi-
cals but also (i) by chelating metal ions via the phenolic o-di-
hydroxy structure of the flavonoids, although it has been rec-
ognized that the antioxidative and lipid peroxidation-inhibit-
ing potential of flavonoid predominantly resides in the
radical-scavenging capacity rather than the chelation of met-
als (34,35) or (ii) by regenerating α-tocopherol through re-
duction of the α-tocopheroxyl radical. To act as a hydrogen-
donating antioxidant is one of the mechanisms not only for
GBE but also for flavonoids such as quercetin and
kaempferol. Furthermore, the total antioxidant efficiency of
radical-scavenging antioxidants is determined not only by
their reactivities toward radicals but also by other factors such
as fate of antioxidant-derived radicals, interactions with other
antioxidants, and physical factors such as location and mobil-
ity at the microenvironment (36).

In conclusion, we have reported the quantity of active hy-
droxyl groups in GBE and in other pure substances which are
contained in GBE or well-known antioxidants in the reaction
with galvinoxyl. Taking the stoichiometric number into con-
sideration, we have compared the second-order rate constant
of GBE with other pure substances on the molar basis of ac-
tive hydroxyl groups. We propose that the method devised in
this study will be a useful one to evaluate and understand sto-
ichiometrically and kinetically the antioxidative activity of
hydrogen-donating compounds, pure substances, or mixtures.
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ABSTRACT: Mitochondrial outer membranes were prepared from
livers of rats that were in the normal fed state, starved for 48 h, or
made diabetic by injection of streptozotocin. Membranes were
also prepared from starved late-pregnant rats. The latter three con-
ditions have previously been shown to induce varying degrees of
desensitization of mitochondrial overt carnitine palmitoyltrans-
ferase (CPT I) to malonyl-CoA inhibition. We measured the fluo-
rescence polarization anisotropy of two probes, 1,6-diphenyl-
1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene-p-toluenesulfonate (TMA-DPH) which,
when incorporated into membranes, report on the hydrophobic
core and on the peripheral regions of the bilayer, respectively. The
corresponding polarization indices (rDPH and rTMA-DPH) were cal-
culated. In membranes of all three conditions characterized by
CPT I desensitization to malonyl-CoA, rDPH was decreased,
whereas there was no change in rTMA-DPH, indicating that CPT I is
sensitive to changes in membrane core, rather than peripheral,
lipid order. The major lipid components of the membranes were
analyzed. Although significant changes with physiological state
were observed, there was no consistent pattern of changes in gross
lipid composition accompanying the changes to membrane fluid-
ity and CPT I sensitivity to malonyl-CoA. We conclude that CPT I
kinetic characteristics are sensitive to changes in lipid composi-
tion that are localized to specific membrane microdomains.
Lipids 33, 371–376 (1998).

Under most physiological conditions, carnitine palmitoyl-
transferase of the mitochondrial outer membrane (CPT I ) cat-
alyzes the reaction at which most of the control over β-oxida-
tion of fatty acids is exerted (1–3). In the liver, this is particu-
larly pertinent under basal conditions and during the onset of
ketogenic states, whereas control over the pathway shifts to
step(s) proximal to CPT I during the early phase of the rever-
sal of these conditions. The property of CPT I that makes it
possible for the reaction it catalyzes to exert such a level of
control is its inhibition by malonyl-CoA (4). This inhibition
diminishes its activity sufficiently in vivo so that, coupled with
the efficient removal of the product (acylcarnitine) by its trans-

port into the mitochondria (or the lumina of other membrane
systems), it makes the reaction virtually unidirectional. Al-
though this role of malonyl-CoA is central to the regulation of
the rate of fatty acid oxidation in the liver (4–6), the decrease
in the hepatic concentration of malonyl-CoA observed in ke-
togenic states, e.g., starvation, diabetes (7–11), does not ap-
pear to be sufficient by itself to ensure that the rate of acylcar-
nitine formation is increased to the extent required during the
establishment of maximal rates of ketogenesis, even when the
availability of fatty acid substrate has been maximally
achieved (11). The additional feature of malonyl-CoA inhibi-
tion that enables full activation of ketogenesis to occur is the
severalfold desensitization of CPT I to malonyl-CoA inhibi-
tion that occurs during the development of ketogenic condi-
tions (12–15). This has been demonstrated through the moni-
toring of changes of different parameters in vivo during the
onset of the pharmacological effects of streptozotocin-induced
diabetes (16) and starvation (11). Conversely, studies in which
the fate of fatty acids specifically directed to the liver in vivo
(17) were monitored during the refeeding of starved rats (18)
or insulin treatment of diabetic rats (19) have shown that only
when the sensitivity of CPT I to malonyl-CoA is reestablished
is the control of CPT I over the rate of acylcarnitine formation
recovered.

In all instances, the changes in CPT I sensitivity to malonyl-
CoA occur over a relatively slow time scale, requiring several
hours for completion. This has been confirmed most recently
through studies in vivo (11,18,20) and on cultured rat liver cells
treated with insulin (21). This time scale has prompted us previ-
ously to suggest (5,6,22) that it is changes in the properties of
the membrane (e.g., in the order of the membrane lipids) and
the consequent alterations in the interactions between protein
and membrane that mediate the changes in CPT I kinetic char-
acteristics. This suggestion was made in light of previous data
which showed that the changes in CPT I sensitivity observed in
mitochondria isolated from rats in different physiological states
can be mimicked in vitro by temperature- or chemically induced
modulation of outer membrane lipid bilayer fluidity (23–25). In
general, conditions that increase membrane fluidity in vitro re-
sult in decreased malonyl-CoA sensitivity of CPT I. A plausible
basis for this strong effect of outer membrane fluidity on CPT I
has recently been obtained through the elucidation of the topol-
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ogy of the protein within the membrane (26,27). However, di-
rect demonstration that changes in membrane fluidity actually
occur in vivo in parallel with changes in the sensitivity of CPT I
to malonyl-CoA has not hitherto been available.

MATERIALS AND METHODS

Animals. Wistar rats (A. Tuck & Sons, Battlesbridge, Kent,
United Kingdom) were either fed ad libitum on a standard
laboratory chow diet (see Ref. 11 for details) or starved for
48 h. Diabetes was induced by intraperitoneal injection of
streptozotocin (60 mg/kg body weight); the animals were
used 4 d later when their blood glucose was >20 mM. Rats
used in the pregnant state were mated when they weighed
about 180–200 g, and their pregnancy was allowed to proceed
to day 19, when they were starved for 24 h before being used.

Preparation of mitochondrial outer membranes. These were
prepared as described previously (28). Briefly, a crude prepara-
tion of mitochondria was obtained by differential centrifugation
of liver homogenates prepared in a medium containing 300 mM
sucrose, 5 mM Tris, 1 mM EGTA (pH 7.4 at 0°C). The mito-
chondria were further purified on self-forming Percoll gradients
as described (28). After washing, the mitochondria were swollen
in hypotonic medium and homogenized lightly to release outer
membrane vesicles which were further purified by incubation
with cytochrome C-Sepharose to minimize inner membrane con-
tamination. Although, as expected, this resulted in the loss of
some outer membrane material, routinely it increased the enrich-
ment of monoamine oxidase (outer membrane marker) over that
of cytochrome oxidase (inner membrane) by >50-fold compared
to that in intact mitochondria. After high-speed sedimentation at
100,000 × g for 45 min, membranes were finally resuspended in
a buffer containing 150 mM KCl, 5 mM Tris, and 1 mM EGTA
(pH 7.4 at 0°C) and frozen at −80°C until used.

Measurement of fluorescence anisotropy. The probes 1,6-
diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammoni-
umphenyl)-6-phenyl-1,3,5-hexatriene-p-toluene sulfonate
(TMA-DPH) were used. They were dissolved in tetrahydrofu-
ran to a concentration of 2 mM and then dispersed in degassed
phosphate-buffered saline (pH 7.1) to give a final concentra-
tion of 2 µM. The solutions were purged for 20 min with nitro-
gen gas to remove the tetrahydrofuran and mixed with equal
volumes of membrane suspensions prepared in the same
medium. The final protein concentration was 0.7 mg
protein/mL. The mixture was kept at 37°C, and fluorescence
(excitation at 360 nm, emission at 430 nm) was measured at
30-min intervals over the following 2 h, to ensure attainment
of stable readings. A Perkin-Elmer fluorimeter (EL-5),
equipped with a 400-mm filter, temperature-controlled cell
holder and polarizer, was used. Fluorescence was measured
with the emission polarizer in the vertical (I*) and horizontal
(Iz) positions. The intensities of the fluorescence by mem-
branes incubated without either of the probes were subtracted
from the corresponding experimental values before calculation
of the fluorescence polarization index, r, as defined by Equa-
tion 1 (29):

r = (I* − GIz) / (I* + 2GIz) [1]

where G (the correction factor for instrument polarization) is
the ratio of the vertical and horizontal polarized emission com-
ponents with the excitation polarizer in the horizontal position.
Routinely, the value of G was always very close to unity.

Lipid analyses. These were performed as described by
Christie (30). Aliquots of membrane suspensions containing
0.4–1.0 mg protein were homogenized by hand, using a 10-mL
glass–glass homogenizer, in 5 mL chloroform/methanol (3:2,
vol/vol) to which had been added 100 µL of D,L-α-phos-
phatidyl-N,N-dimethylethanolamine, dipalmitoyl as standard.
After the addition of a further 4 mL of chloroform, the samples
were rehomogenized to ensure full extraction of total lipids.
The extract was washed with 2.25 mL of 0.88% KCl and left
on ice for 30 min. The organic phase was collected, dried under
nitrogen at 40°C, solubilized in 0.5 mL methanol, and taken to
dryness under nitrogen. The lipids were finally stored in 1 mL
of chloroform under nitrogen at −20°C. Samples were filtered
(polytetrafluoroethylene, 0.45 µm) and dried to <100 µL for
injection onto a high-performance liquid chromatography col-
umn (10 cm × 5 mm) packed with Spherisorb™ 3-µ silica
(Hichrom Ltd., Reading, Berkshire, United Kingdom). The sol-
vent systems used and the mass detection of the eluted lipids
were as described previously (30). Calibration curves for the
major lipid classes were constructed using purified lipids and
were used to quantitate individual lipids in the samples after
correction for losses calculated from the recovery of phos-
phatidyl-N,N-diethanolamine, dipalmitoyl. The fractions con-
taining the main lipid classes were collected and their con-
stituent fatty acids quantified by gas chromatography after for-
mation of their methyl esters using standard methods (30).

Enzyme assays. The activity of CPT I in purified mitochon-
drial outer membrane preparations was measured exactly as de-
scribed (28). The concentration of malonyl-CoA required to
achieve 50% inhibition of CPT I activity was calculated from a
series of activity measurements conducted in the presence of in-
creasing concentrations (1–200 µM) of malonyl-CoA. Marker
enzyme activities were also measured as described (28).

Materials. DPH and TMA-DPH were obtained from Mol-
ecular Probes Inc. (Cambridge Bioscience, Cambridge,
United Kingdom). Solvents (high-performance liquid chro-
matography grade) were obtained from Fisher Scientific UK
(Loughborough, Leicestershire, United Kingdom). Percoll,
cytochrome C, cholesterol and phospholipid standards, and
phosphatidyl-N,N-dimethylethanol-amine, dipalmitoyl were
obtained from Sigma (Poole, Dorset, United Kingdom). 

RESULTS AND DISCUSSION

Many instances are documented in the literature of the desensi-
tization of hepatic CPT I to malonyl-CoA in starvation and di-
abetes. To test the hypothesis that a link exists in vivo between
mitochondrial outer membrane lipid order and CPT I sensitiv-
ity to malonyl-CoA, we prepared purified outer membranes of
mitochondria isolated from normal-fed, 48 h-starved, and 4-d

372 V.A. ZAMMIT ET AL.

Lipids, Vol. 33, no. 4 (1998)



streptozotocin diabetic rats. In addition, we studied membranes
isolated from 24-h starved 20-d pregnant rats, as in (31) and
found that CPT I in mitochondria isolated from the livers of
these animals (in which the metabolic demands placed by the
fetuses result in pronounced starvation effects) is extremely in-
sensitive to malonyl-CoA. The relative sensitivities of CPT I to
malonyl-CoA inhibition in membranes prepared from rats in
these four conditions were expressed as IC50 values (concen-
tration of inhibitor required to achieve 50% inhibition of CPT I
activity; see the Materials and Methods section) in Table 1.

The fluidity of the acyl chain core of the membranes and
of the outer regions of the leaflets of the bilayer was assessed,
respectively, by the measurement of the fluorescence polar-
ization of two probes: (i) DPH, a rodshaped probe which par-
titions between the two acyl chain layers of the membrane
core, and (ii) a charged derivative of DPH, namely, TMA-
DPH which, by virtue of its positively charged tertiary am-
monium group, partitions with this group alongside the phos-
pholipid headgroups in the membrane, with its aliphatic chain
alongside the outer regions of the acyl chains of the bilayer
(32). Consequently, TMA-DPH monitors the fluidity of the
outer regions of the membrane leaflets (33).

The polarization indices (r values) for the two probes (cal-
culated as described in the Materials and Methods section) in
the four types of membrane studied are also given in Table 1.
The value of rDPH is decreased in membranes from rats in all
the ketogenic states studied, compared to that for membranes
from normal-fed rats. Preliminary experiments established
that the value of rDPH for mitochondrial outer membranes was
decreased by approximately 0.01 of a unit when membranes
were fluidized by incubation with 20 mM-benzyl alcohol (not
shown)—a treatment which mimics the magnitude of the ef-
fects of starvation with respect to the desensitization of CPT I
to malonyl-CoA (23). Conversely, when the order of the mi-
tochondrial outer membrane lipids was increased by lowering
the incubation temperature from 37 to 30°C, rDPH increased
by about the same amount [c.f. (34,35) for plasma mem-

brane]. The data in Table 1 indicate that decreases in the sen-
sitivity of CPT I to malonyl-CoA are accompanied by in-
creases in fluidity of the membrane core lipids (decreased
rDPH value) induced by the same physiological condition. By
contrast, rTMA-DPH was invariant for membranes from differ-
ent physiological states, suggesting that differences in the re-
striction of the movement of this probe in the more peripheral
regions of the bilayer are not significant in membranes pre-
pared from the range of physiological conditions studied.
Consequently, CPT I kinetic characteristics appear to respond
primarily to changes in membrane core lipid order, as would
be expected from the existence of its two highly hydrophobic
transmembrane segments (26).

Membrane lipid composition changes associated with
changes in fluidity. The motion of the DPH molecule within
membranes can be described as wobbling within a double
cone about axes which lie in the plane of the membrane. This
motion is influenced mainly by the hindrance offered to free
molecular wobbling and, to a lesser extent, by dynamic con-
siderations, with lipid order being the most important influ-
ence (36). Since membrane proteins have to undergo confor-
mational changes in order to achieve optimal catalytic activ-
ity and regulatory function, the rate of shift between
conformations and the probability of the attainment of these
conformations would be expected to be affected by the hin-
drance offered by membrane lipids (i.e., their fluidity). This
is particularly applicable to CPT I which appears to undergo
large conformational changes upon interaction with malonyl-
CoA, as evidenced by its hysteretic behavior (23,24,37,38)
and the ability of malonyl-CoA and other enzyme ligands to
render it very resistant to proteolysis (39,40). We have re-
cently shown that CPT I is likely to adopt a highly folded and
compact conformation, as evidenced by its remarkable resis-
tance to proteolysis in intact mitochondria (26). Moreover,
loss of the extreme N-terminus of the protein is sufficient to
disrupt both catalytic activity and malonyl-CoA sensitivity of
the enzyme (26). Therefore, it would be anticipated that re-
striction of the motion of the enzyme molecule would favor
malonyl-CoA sensitivity (27).

Three aspects of membrane lipid composition are particu-
larly important in determining the molecular order of the acyl
chains that make up the hydrophobic core of membranes: (i)
the cholesterol/phospholipid ratio; (ii) the phospholipid head
group composition, and (iii) the degree of saturation of the
acyl chains (41). All these parameters potentially affect the or-
dered packing of the hydrocarbon (acyl) chains. Thus, choles-
terol rigidifies membrane lipids above their transition temper-
ature as it intercalates perpendicularly to the plane of the mem-
brane, whereas phospholipids differ in their ability to achieve
tight packing by virtue of the respective properties of their dif-
ferent headgroups. Of the three main phospholipids, phos-
phatidylethanolamine (PE) is capable of the closest packing of
its acyl chains because of its small neutral headgroup. By con-
trast, the negatively charged headgroup of phosphatidylinosi-
tol (PI) packs much less readily, whereas the packing ability
of phosphatidylcholine (PC) is intermediate. The more tightly
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TABLE 1
Values of Fluorescence Polarization Indices r for DPH and TMA-DPH
Incorporated into Mitochondrial Outer Membranes Prepared from
Livers of Rats in Different Physiological Conditionsa

IC50 for malonyl-
Animals rDPH rTMA-DPH CoA (µM)

Fed (n = 4) 0.079 ± 0.005 0.121 ± 0.007 14 ± 2

48-h-starved (n = 4) 0.071 ± 0.008 0.131 ± 0.006 39 ± 3*

Streptozotocin- 0.069 ± 0.002* 0.121 ± 0.001 42 ± 5*
diabetic (n = 4)

20-d pregnant , 0.057 ± 0.006* 0.122 ± 0.007 71 ± 12*
24-h starved (n = 5)

aThe IC50 values for CPT I inhibition by malonyl-CoA are also given. Values
are means (± SEM) for the number of determinations on separate membrane
preparations indicated in parentheses. Values significantly different from
those for fed, normal animals (P < 0.05) are indicated by asterisks. Abbrevia-
tions: DPH, 1,6-diphenyl-1,3,5-hexatriene; TMA-DPH, 1-(4-trimethylammo-
niumphenyl)-6-phenyl-1,3,5-hexatriene-p-sulfonate.



the headgroups of the constituent phospholipids (and hence
the attached acyl chains) are packed, the higher the molecular
order (rigidity) of the membrane lipids. The relative packing
ability of the three phospholipid classes is illustrated by the
large differences in capacity of artificial membranes made
from the respective lipids to swell to accommodate water mol-
ecules (PI>PC>PE, 4:2:1) (41). Consequently, low PE/PC and
high PI/PC ratios both result in looser packing of the acyl
chains (i.e., fluidization of the core of the membrane). Finally,
increased unsaturation of the acyl chains (decreased saturation
index, see legend to Table 3) would also be expected to flu-
idize membranes, as cis-double bonds antagonize ordered
packing, although previous observations have suggested that
there is little correlation between the saturation index of the
component fatty acyl chains of phospholipids and the fluidity
of naturally occurring membranes (see below).

The lipid composition of the purified outer membrane
vesicles prepared from rats in the four conditions studied is
given in Tables 2 and 3. The data indicate that the decreases
in rDPH (increased fluidity) observed for membranes in which
CPT I is less sensitive to malonyl-CoA are not accompanied
by marked or consistent changes in the gross lipid composi-
tion of the membranes.

Diabetic rats and rats starved for 48 h. The only signifi-
cant change observed for membranes prepared from these two
groups of rats was a 50% decrease in their cholesterol content
compared to membranes from normal, fed rats. Neither the
relative contents of the different classes of phospholipids nor
the overall saturation indices of the component acyl chains
were altered by starvation or streptozotocin-induced diabetes.
However, as expected from the well-established effects of in-
sulin deficiency to decrease ∆6 desaturase activity (42–45),
the 20:4/18:2 ratio was markedly decreased (Table 3). More-
over, even if the decrease in the already low cholesterol con-
tent of these membranes had any fluidizing effect in mem-
branes from diabetic rats, it would be expected to be antago-
nized by the decrease in PI content of these membranes. The
latter was expected from the fact that short-term streptozo-

tocin treatment is known to result in decreased myoinositol
content in the liver and other tissues (46,47).

Starved pregnant rats. Membranes prepared from these
animals showed the largest decrease in rDPH and, correspond-
ingly, the largest increase in the IC50 value for malonyl-CoA
(Table 1). However, this increased fluidity appeared not to be
related to changes in either overall cholesterol content of the
membrane or the saturation index of the component acyl
chains of the phosphoplipids. However, there was an increase
in the PI/PE ratio from a value of 0.34 in membranes of con-
trol animals to 0.74 in membranes obtained from starved
pregnant rats. As already mentioned, such a change in the
head group composition of phospholipids would be expected
to result in increased fluidity of the membrane. However, only
starved pregnant rats showed this change. Indeed, in diabetic
rats the PI content decreased (see preceding paragraph). Late
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TABLE 2
Lipid Composition of Mitochondrial Outer Membranes Prepared from
Livers of Rats in Different Physiological Statesa

Animals

Fed Starved Diabetic Pregnant
Lipid (n = 3) (n = 5) (n = 3) starved (n = 3)

Cholesterol 4.3 ± 1.0 2.2 ± 0.5* 2.3 ± 0.7* 4.0 ± 0.1
PC 60.5 ± 4.5 58.3 ± 2.5 64.9 ± 1.5 61.7 ± 2.8
PE 25.7 ± 1.7 29.0 ± 0.3 29.2 ± 0.9 19.7 ± 1.4*
PI 9.5 ± 2.5 8.8 ± 1.8 3.5 ± 0.3* 14.5 ± 3.3*
PS 1.0 ± 0.4 0.5 ± 0.4 0.5 ± 0.5 0.5 ± 0.3
CL 0.5 ± 0.1 0.9 ± 0.4 0.5 ± 0.4 0.5 ± 0.4
SM 1.8 ± 0.5 1.2 ± 0.6 0.5 ± 0.4 0.7 ± 0.4
aValues are expressed as means of the percentage composition (± SEM) for the
number of separate outer membrane preparations analyzed. Those that are sig-
nificantly different from “fed” values (P < 0.05) are indicated by asterisks. Ab-
breviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phos-
phatidylinositol; PS, phosphatidylserine; CL, cardiolipin; SM, sphingomyelin.

TABLE 3
Fatty Acid Composition (%) of the Acyl Chains of the Major Phospho-
lipids of Mitochondrial Outer Membranes Prepared from Livers of
Rats in Different Physiological Conditions

Animals

Fed 48-h starved Diabetic Pregnant
(n = 3) (n = 5) (n = 3) starved (n = 3)

PC
16:0 26.4 ± 2.1 26.3 ± 1.7 32.5 ± 3.9 31.8 ± 0.9
18:0 16.2 ± 2.5 14.5 ± 5.7 17.1 ± 2.1 28.8 ± 0.4*
18:1 8.1 ± 1.5 5.3 ± 0.6 7.0 ± 0.8 6.8 ± 0.3
18:2 16.8 ± 1.5 14.9 ± 1.2 23.7 ± 0.7* 12.7 ± 0.2*
20:4 19.8 ± 2.1 26.3 ± 1.5 12.4 ± 2.1* 11.6 ± 1.6*
22:6 7.8 ± 0.8 6.2 ± 0.6 6.0 ± 1.5 3.2 ± 1.0*
Sat. index 0.27 0.23 0.35 0.61
18:1/18:0 0.50 0.37 0.40 0.24
20:4/18:2 1.18 1.77 0.52 0.91

PE
16:0 27.9 ± 1.5 24.7 ± 2.0 32.9 ± 0.6 26.5 ± 2.6
18:0 18.3 ± 1.1 22.4 ± 0.6 19.6 ± 0.8 32.2 ± 2.5*
18:1 5.3 ± 1.4 3.7 ± 0.4 4.0 ± 0.4 5.2 ± 0.6
18:2 9.3 ± 2.1 9.8 ± 1.3 15.5 ± 1.3* 9.8 ± 1.7
20:4 13.3 ± 4.4 18.2 ± 3.0 11.8 ± 1.5 12.0 ± 2.7
22:6 15.4 ± 2.9 11.4 ± 2.2 14.1 ± 1.7 5.6 ± 0.6*
Sat. index 0.27 0.29 0.31 0.55
18:1/18:0 0.29 0.17 0.20 0.16
20:4/18:2 1.43 1.85 0.76 1.22

PI
16:0 19.1 ± 2.5 9.9 ± 2.0* 26.9 ± 7.0 7.2 ± 1.7*
18:0 36.5 ± 1.5 42.6 ± 1.3 36.5 ± 4.7 47.9 ± 2.0*
18:1 1.5 ± 0.3 1.1 ± 0.3 3.7 ± 1.5 4.1 ± 0.4*
18:2 2.5 ± 2.0 37.3 ± 2.8 21.9 ± 1.7* 23.2 ± 1.5*
20:4 34.6 ± 2.0 37.3 ± 2.8 2.1 ± 0.3 2.3 ± 0.2
22:6 3.2 ± 1.0 2.6 ± 0.4 2.1 ± 0.3 2.3 ± 0.2
Sat. index 0.34 0.31 0.54 0.47
18:1/18:0 0.04 0.03 0.10 0.09
20:4/18:2 13.8 13.8 3.7 7.0

aOnly the major fatty acyl species are listed. Values are means (± SEM). Sta-
tistically significantly different values (compared to controls, P < 0.05) are
indicated by asterisks. The saturation (Sat.) index is defined as the number of
saturated acyl chains divided by the sum of each unsaturated chain multi-
plied by its number of double bonds. For abbreviations see Table 2.



pregnancy is characterized by hyperinsulinemia and insulin-
resistance (48,49), as well as by other specific hormonal
changes (e.g., high levels of progesterone and placental lacto-
gen) which, in addition to inducing changes in insulin signal-
ing (50,51) may exert their own effects on fatty acid and
phospholipid metabolism. This may explain the very marked
changes in mitochondrial outer membrane lipid composition
observed in the liver of pregnant animals. 

In all the membrane preparations studied, sphingomyelin
(which occurs in association with cholesterol) and cardiolipin
(a mainly inner membrane lipid) were present only in trace
concentrations (0.5–1.0%). In particular, we could not con-
firm the changes in sphingomyelin content of membranes de-
scribed (52) for 48-h-starved and streptozotocin-diabetic rat
liver mitochondrial outer membranes. However, it is to be
noted that the preparations used in Reference 52 appear to
have contained inordinately high amounts of cholesterol and
sphingomyelin for the mitochondrial outer membrane (see,
e.g., Ref. 53), suggesting that the apparent increase in sphin-
gomyelin content may have resulted from the use of less pure
preparations of mitochondrial outer membranes. 

The results of this study have shown that the relationship
between mitochondrial outer membrane fluidity and desensi-
tization of CPT I to malonyl-CoA, previously deduced from
in vitro studies (23), also occurs in vivo. Membranes isolated
from liver mitochondria of animals displaying a wide range
of CPT I sensitivity to malonyl-CoA display an equally wide
(inverse) range of fluidity of the core of the membrane (ac-
cessed by DPH). However, these parallel changes in the two
parameters are not accompanied by a consistent pattern of
changes in gross lipid composition of the membranes. It is
noteworthy that a lack of correlation of saturation index of
the acyl chain components of phospholipids and of the lipid
molecular order has been observed previously for several
other types of cell membrane (see, e.g., Ref. 54). Changes in
the fluidity of the core of the lipid bilayer sensed by the trans-
membrane segments of CPT I may be associated with
changes in composition that are more subtle than can be dis-
cerned by gross analysis of membrane lipids, possibly be-
cause of the specialized distribution of the enzyme within the
mitochondrial contact sites (55). Transmembrane segments
of integral membrane proteins are known to favour
helix–helix packing in preference to interaction with the hy-
drophobic core of the membrane (56). CPT I has two closely
located transmembrane segments (26), the packing of which
may be affected specifically by the microdomain in which the
enzyme resides (55). It would appear from our data that
changes in the composition of these lipids may occur in par-
allel to those that occur in the bulk of the membrane lipids
and which are reflected in changes in DPH fluorescence.
However, any specific changes that occur in the vicinity of
CPT I do not appear to be reflected in the gross lipid compo-
sition of the isolated mitochondrial outer membranes.
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ABSTRACT: An extracellular lipase, active on water-insoluble
triacylglycerols, has been isolated from Penicillium cyclopium.
The purified enzyme has a molecular mass of 29 kDa by gel fil-
tration and SDS-polyacrylamide gel electrophoresis. It hy-
drolyzes emulsions of tributyrin, trioctanoin, and olive oil at the
same rate as pancreatic lipase and shows very low activity
against partial acylglycerols (monooctanoin and dioctanoin)
and methyl esters. It is stable at 35°C for 60 min and has maxi-
mal activity in a pH range of 8–10. Hydrolysis of triacylglyc-
erols by P. cyclopium lipase is inhibited by detergents such as
Triton X-100. Comparison of the sequence of the 20 first amino
acid residues of P. cyclopium triacylglycerol lipase with other
Penicillium lipases indicates a high homology with previously
characterized lipases produced by P. expansum and P. solitum
which are enzymes of comparable size and substrate specificity.
Conversely, homology between P. cyclopium lipase and P. sim-
plicissimum lipase, a nonspecific lipolytic enzyme, is low. Peni-
cillium cyclopium triacylglycerol lipase shows no homology
with P. camembertii lipase which is specific to monoacylglyc-
erol and diacylglycerol.
Lipids 33, 377–384 (1998). 

Lipases (triacylglycerol hydrolases, E.C. 3.1.1.3) are found in
all organisms (1). Early studies with pancreatic lipase have
shown that enzyme activity is related to the physical state of
the substrate (2,3). Pancreatic lipase binds to the lipid–water
interface and hydrolyzes water-insoluble tributyrin and triolein
or water-soluble triacetin and tripropionin at concentration be-
yond the solubility limit. This particular mode of action was
originally proposed to distinguish between lipases and nonspe-
cific carboxylesterases which show maximal activity on aque-
ous dispersion of water-soluble short-chain triacylglycerols.
These observations have led to the speculative proposal that li-
pase activity could result from conformational changes of the
enzyme protein upon binding at interface, a phenomenon
known as interfacial activation (4–6). In recent years, the eluci-
dation of the three-dimensional structure of mammalian pan-

creatic lipase as well as lipases from microorganisms such as
Mucor miehei, Geotrichum candidum and, more recently, from
Pseudomonas cepacia have confirmed that these lipases are
serine enzymes in which access of triacylglycerol to the cat-
alytic site is impaired by an amphiphilic α-helical peptide seg-
ment (lid) that lies over the catalytic site (7–12). Further stud-
ies have provided evidence that lipases crystallized in the pres-
ence of substrate analog or covalently bound to a serine-specific
inhibitor show conformational rearrangements which include
movement of the lid giving free access to the catalytic site
(13–17). However, structural and catalytic studies with cuti-
nase from Fusarium solani (18) and with lipase from guinea
pig pancreas which contain a mini-lid structure have chal-
lenged the classical distinction between lipases and nonspecific
esterases and called for a reassessment of the structure–func-
tion relationships of triacylglycerol-hydrolyzing enzymes with
respect to interfacial activation, substrate specificity, and con-
formational changes (19–22).

Lipases also have received a great deal of interest because
of the potential applications of these enzymes in many indus-
trial domains. The molecular and biochemical properties of
lipases isolated from a large variety of microorganisms, in-
cluding fungi of the Penicillium species such as P. expansum
(23), P. solitum (P. sp. UZLMA-4) (24,25), P. simplicissimum
(26), P. camembertii (27), P. citrinum (28,29), and P. crusto-
sum (30) have been reported. The primary structure of P.
camembertii lipase has been established (31). In the case of
P. cyclopium, several reports indicate that this fungus pro-
duces various types of lipolytic enzymes with preference for
triacylglycerol or partial acylglycerol, respectively (32–35).

In this report, we describe the biochemical characteriza-
tion of an extracellular lipase produced by P. cyclopium which
specifically hydrolyzes triacylglycerol in the alkaline pH
range. A comparison between P. cyclopium triacylglycerol li-
pase and other Penicillium lipases based on molecular mass,
substrate specificity, and sequence of the first 20 amino acid
residues is presented in this communication.

MATERIALS AND METHODS

Microorganism and cultivation. The Penicillium strain was
isolated from walnut in our laboratory and identified as P. cy-
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clopium. The strain was maintained in Sabouraud medium
(Merck, Nogent-sur-Marne, France) and produced extracellu-
lar lipolytic activity. Lipase production was estimated with
the tributyrin assay each day during cultivation. The medium
used for highest lipase production consisted of 2% corn steep
(Roquette, Lille, France) with 1% commercial olive oil. This
medium was adjusted to pH 6 with NaOH and sterilized at
120°C for 20 min. Cultivation was carried out at the constant
temperature of 25°C, without shaking, in 1-L Erlenmeyer
flasks containing 100 mL of medium to which was added 1
mL of spore suspension containing around 102 spores. After
5 d, lipase activity sharply increased fourfold and, 2 d later,
the mycelia were separated by filtration. The culture filtrate
was used as enzyme source for lipase purification.

Assay of lipase activity. Lipase activity was determined titri-
metrically with the pH-stat method by using an emulsion of
tributyrin (tributanoylglycerol), trioctanoin (trioctanoylglyc-
erol) purchased from Fluka (Saint-Quentin-Fallavier, France),
or commercial olive oil. All triacylglycerols were previously
chromatographed on a silica gel column (2 × 30 cm) developed
in hexane/diethyl ether (95:5, vol/vol). Monooctanoin and
dioctanoin were separated chromatographically from a mixture
of acylglycerols obtained by incomplete hydrolysis of trioc-
tanoin by Candida cylindracea lipase (Meite Sangyo, Nagoya,
Japan) as follows: 10 g of trioctanoin was mixed with 400 mg
of crude enzyme suspended in 60 mL of 2.5 mM phosphate
buffer pH 7 and incubated at 30°C. After 2 h, the pH was raised
to 10 with NaOH, and the reaction mixture was extracted twice
with 60 mL of diethyl ether. The extract was evaporated and
analyzed by thin-layer chromatography (TLC) and reversed-
phase liquid chromatography (RP-HPLC). TLC was performed
on silica gel plates (20 × 10 cm). The hexane/diethyl
ether/acetic acid mixture (80:20:1, by vol) was used for plate
development. Acylglycerols were visualized by spraying with
9 M H2SO4 followed by heating at 120°C. Analytical RP-
HPLC of the acylglycerol mixture was performed on a Shi-
madzu Liquid Chromatography System (Shimadzu, Kyoto,
Japan) equipped with a C18 Beckman column (0.4 cm internal
diameter × 25 cm). The solvent used for elution of the column
was the acetone/acetonitrile mixture (60:40, vol/vol). Under
the conditions used for triacylglycerol hydrolysis, the relative
proportions of monooctanoin, dioctanoin, and trioctanoin in the
acylglycerol mixture were 12:38:50, respectively. Acylglyc-
erols were separated by chromatography on a silica gel column
(2 × 30 cm). Trioctanoin and dioctanoin were recovered from
the column with 500 mL of the hexane/diethyl ether mixture
(95:5 and 50:50, vol/vol, respectively). Monooctanoin was
eluted by washing the column with 500 mL of diethyl ether.
Purity of each acylglycerol fraction was checked by TLC and
HPLC. Other substrates, namely, methyl butyrate and methyl
propionate, were purchased from Fluka and used without fur-
ther purification.

Lipase activity against tributyrin was determined at 30°C
and pH 8 as follows: 0.2 mL of tributyrin was suspended under
stirring in 20 mL of 2.5 mM Tris buffer pH 8 with 100 mM
NaCl. Kinetics of hydrolysis were zero-order within the first 5

min of the reaction. The rate of the reaction was measured at
constant pH by adding 20 mM NaOH. Activity against long-
chain triacylglycerol (olive oil) was determined at pH 9 with
20 mL of substrate emulsion prepared in a blender (Sofraca
Turmix, Vitrolles, France) by mixing 40 mL of olive oil with
400 mL of a 10% solution of gum acacia in distilled water. No
bile salt was added. Finally, activity against monooctanoin,
dioctanoin, or trioctanoin was determined under the same con-
ditions as above but with 25, 50, and 200 µL of substrate, re-
spectively. Assays were performed in duplicate and averaged.
In all cases, results of duplicate assays differed by less than 5%.
Activity was expressed as lipase units. One lipase unit corre-
sponds to the release of one microequivalent of fatty acid per
minute under standard assay conditions.

Determination of protein concentration. Protein concentra-
tion in culture filtrate and lipase samples was estimated with
the colorimetric method of Lowry et al. (36) using serum albu-
min as standard protein. In chromatography experiments, the
protein content of fractions was routinely estimated by mea-
suring absorbance at 280 nm.

Purification. After 1 wk cultivation of P. cyclopium, the cul-
ture broth from eight flasks was separated from the mycelia by
filtration. The average lipolytic activity of the filtrate (650 mL),
determined with the standard tributyrin assay, was 210 units
per mL. No lipase was released by washing mycelia with dis-
tilled water after filtration. Detergent that might interfere in the
following purification steps was not used during extraction.
Proteins of the ice-cold filtrate were precipitated with solid am-
monium sulfate at 80% saturation. Insoluble proteins were col-
lected by centrifugation and resuspended in a minimal volume
of 25 mM Tris buffer pH 7.5. The protein solution (30 mL) was
placed on a G 75 Sephadex column (Pharmacia Biotech, Saint-
Quentin-Fallavier, France) (2.5 × 100 cm) in the same Tris
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FIG. 1. Gel filtration of a crude sample of Penicillium cyclopium lipase.
Proteins of the culture broth were separated by precipitation with am-
monium sulfate and filtered through a Sephadex G 75 column (2.5 ×
100 cm) in 25 mM Tris buffer pH 7.5 at 4°C . Flow rate: 15 mL per hour.
Fraction volume: 3 mL. Void volume (Vo) of the column: 93 mL. Lipase-
containing fractions (59 to 74) were pooled for further separation by
ion-exchange chromatography. ■: Absorbance at 280 nm; ●: lipase ac-
tivity against tributyrin (units per mL). 



the end of the migration, proteins were transferred onto a
PVDF membrane using the Mini Transblot Electrophoretic
Transfer Cell (Biorad,Vitry-sur Seine, France). Proteins were
identified on the membrane by staining with the Ponceau-S
dye (Sigma, Saint-Quentin-Fallavier, France) followed by
washing with distilled water. Amino acid analysis was per-
formed with a Beckman 6300 Amino Acid Analyzer (Palo
Alto, CA) after 24-h hydrolysis of the protein in 6 M HCl at
110°C. Another sample (5 µg) of lipase was prepared under
the same conditions for amino terminal sequence analysis.
Analysis was performed with an Applied 470 A gas-phase se-
quencer (Biosystem, Foster City, CA).

Effect of temperature and pH on lipase stability and activ-
ity. Thermal stability of P. cyclopium lipase was studied by
incubating purified enzyme (0.1 mg per mL) in 25 mM Tris
buffer pH 8 with 100 mM NaCl at temperatures ranging from
25 to 45°C. Residual activity against tributyrin was deter-
mined on 10 µL aliquots after 15 and 60 min incubation. The
effect of pH on lipase activity was investigated by measuring
the rate of hydrolysis of tributyrin at 30°C at pH from 5 to10.

RESULTS AND DISCUSSION

Molecular and biochemical characterization of P. cyclopium
lipase. Purified P. cyclopium lipase contains one single pro-
tein as indicated by SDS-PAGE electrophoresis and IEF (Fig.
4). The isoelectric point of the enzyme is about 5.1. Analysis
of P. cyclopium lipase by RP-HPLC (Fig. 5) shows one major

protein eluted with acetonitrile/water (55:45, vol/vol) to-
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FIG. 2. Ion-exchange chromatography of P. cyclopium lipase. Lipase
fractions from the Sephadex G 75 column were pooled and placed on a
DEAE-Sephadex column (2 × 10 cm) equilibrated at 4°C in 25 mM Tris
buffer at pH 7.5. The column was washed with 100 mL of buffer to sep-
arate nonadsorbed proteins. Stepwise elution was carried out by suc-
cessive passage of 100 mL of NaCl solution in buffer at the concentra-
tion of 60, 80, 100 and 500 mM, respectively. Flow rate: 60 mL per
hour. Fraction volume: 5 mL. Dotted line: stepwise NaCl gradient. See
Figure 1 for abbreviation and symbols.

FIG. 3. Gel filtration of partially purified P. cyclopium lipase. The en-
zyme sample was a pool of lipase fractions collected from the DEAE-
Sephadex column and concentrated by ultrafiltration. Chromatography
was performed on a column (2.5 × 100 cm) of Sephadex G 75 in 25 mM
Tris buffer at pH 7.5 with 100 mM NaCl. Flow rate: 15 mL per hour.
Fraction volume: 2.3 mL. Fractions 75 to 85 were pooled, concentrated
to a final volume of 5 mL by ultrafiltration, and stored at −20°C. See Fig-
ure 1 for abbreviation and symbols.

TABLE 1
Purification of Penicillium cyclopium Triacylglycerol Lipase 

Total protein Total activitya Specific activity Yield Purification 
Step (mg) (units) (units mg−1) (%) (fold)

Culture filtrate 1592 136,500 86 100 1
Ammonium sulfate 536 96,900 180 71 2
Sephadex G 75 59 87,200 1,478 63 17
DEAE-Sephadex 15 54,000 3,600 39 41
Sephadex G 75 6 48,000 8,000 35 93
aActivity determined against tributyrin.

buffer at 4°C. From the elution diagram (Fig. 1), it appears that
all lipase activity against tributyrin emerged in one peak eluted
with 1.9 void volume. Lipase-containing fractions were pooled
and submitted to ion-exchange chromatography on a DEAE-
Sephadex column (Pharmacia Biotech) (2 × 10 cm) at 4°C in
the same Tris buffer. The column was washed with 100 mL of
buffer, and adsorbed proteins were eluted by stepwise increase
of NaCl concentration in Tris buffer. All lipase recovered from
the column was eluted with 60 mM NaCl (Fig. 2). Lipase frac-
tions were pooled, concentrated to 5 mL by ultrafiltration (Am-
icon membrane PM10; Millipore S.A., Saint-Quentin-en Yve-
lines, France), and filtered through a Sephadex G 75 column
(2.5 × 100 cm) at 4°C in 25 mM Tris buffer with 100 mM NaCl
(Fig. 3). Specific activity of lipase and enzyme recovery at each
step of purification are shown in Table 1. Purified lipase was
concentrated to 3 mL by ultrafiltration and kept at −20°C for
months without loss of activity. 

Gel electrophoresis and isoelectric focusing (IEF). Homo-
geneity of the purified enzyme was checked using 12% poly-
acrylamide gel electrophoresis with 1% SDS (SDS-PAGE).
IEF was performed in the pH range 3–10. In both cases, pro-
teins were detected with the silver staining method. The SDS-
PAGE gel was also stained with Coomassie Blue. The molecu-
lar mass of P. cylopium lipase was estimated by SDS-PAGE
and by gel filtration on a G 75 Sephadex column (2.5 × 100 cm)
carried out in 25 mM Tris buffer pH 7.5 with 100 mL NaCl. 

Analytical RP-HPLC. The purified lipase preparation was
analyzed under conditions previously described (37). Elution
was achieved with a linear gradient (total volume: 70 mL) from
2 to 72% acetonitrile in 0.1% trifluoroacetic acid in water at a
flow rate of 1 mL per min. Proteins were detected at 230 nm.

Carbohydrate detection, amino acid composition, and
amino terminal sequence determination. The method of
Zacharius et al. (38) was used to detect carbohydrate in the
purified enzyme. A sample of lipase for amino acid analysis
was prepared as follows: P. cyclopium lipase (15 µg) was sub-
mitted to SDS-PAGE electrophoresis as described above. At



gether with minor contaminants absorbing at 230 nm. The
acetonitrile concentration required for lipase elution is indica-
tive of the strong affinity of P. cyclopium lipase for the hy-
drophobic phase. Actually, under the same chromatographic
conditions, M. miehei lipase is eluted with 40% acetonitrile.

The molecular mass of P. cyclopium lipase was estimated
to be around 28 kDa by SDS-PAGE (Fig. 4, diagrams 1 and
2) and 29 kDa by gel filtration (not shown). No carbohydrate
was detected in the protein. The amino acid composition of P.
cyclopium lipase is reported in Table 2 together with other
Penicillium lipases for the sake of comparison. Values in
Table 2 show large similarities in amino acid composition of
P. cyclopium and P. expansum lipases, in particular with re-
spect to the content of hydrophobic residues. As shown by the
curves of Figure 6, purified P. cyclopium lipase is stable at
30°C and pH 8 and loses about 10% activity after 1 h incuba-
tion at 35°C at the same pH. The stability of the enzyme de-
creases markedly at 40°C. Activity is fully lost after 10-min
incubation at 45°C.

The pH activity dependence curve (Fig. 7) indicates that
the activity of the enzyme sharply increases from pH 5 to pH
8 and remains constant from pH 8 to pH 10.

The activity of P. cyclopium lipase against tributyrin (Fig.
8A) and olive oil (Fig. 8B) was determined in the presence of
increasing concentrations of sodium taurodeoxycholate,
sodium taurocholate, or SDS. It appears from the curves that
lipase activity is not affected by sodium taurodeoxycholate at
concentrations below 8 mM and that the inhibitory effect of
sodium taurocholate or SDS is dependent on the triacylglyc-
erol used as substrate, as observed earlier in the case of pan-
creatic lipase (39,40). Moreover, hydrolysis of emulsified
tributyrin or olive oil was fully inhibited by Triton X-100

(Fig. 9) and by other detergents such as Brij 35, Tween 20, or
Tween 80 (not shown). 

Substrate specificity. Rates of hydrolysis of tributyrin, tri-
octanoin, olive oil, monooctanoin, dioctanoin, methyl propi-
onate, and methyl butyrate by purified P. cyclopium lipase are
listed in Table 3. It can be observed that the enzyme is highly
active against all triacylglycerols and shows very low activity
against partial acylglycerols or monoesters. Further, the spe-
cific activity of P. cyclopium lipase, measured against tribu-
tyrin (8000 units per mg) and medium- or long-chain triacyl-
glycerols, is in the same range as that of mammalian pancre-
atic lipases. 

Several groups (32–35) reported that three extracellular
lipolytic enzymes are produced by P. cyclopium. Amounts of
each of the enzymes depend upon cultivation conditions of the
mold. So far, these lipases have been identified and character-
ized only by their specific activity against various ester sub-
strates. Lipase I and Lipase II are proteins with molecular mass
around 30 kDa and act specifically on triacylglycerols and par-
tial acylglycerols, respectively. Lipase III hydrolyzes p-nitro-
phenyl laurate and rapidly releases glycerol from triacylglyc-
erols in serum in the presence of Triton X-100. Lipase III is a
dimer of molecular mass of 108 kDa. Our results show that li-
pase isolated from the cuture medium is identical with Lipase I.

For the first time, we have determined the amino terminal
sequence of P. cyclopium lipase over 20 amino acid residues.
This sequence is presented in Table 4 together with the corre-
sponding sequence of other Penicillium lipases and lipases
from M. miehei (41) and Rhizopus delemar (42). This offers
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FIG. 4. Analytical gel electrophoresis and isoelectric focusing of P. cy-
clopium lipase. (1) and (2): SDS-polyacrylamide gel electrophoresis. Pu-
rified lipase (a) and reference proteins (b) were detected with Coomassie
Blue (1) or with the silver staining method (2). Both analyses were per-
formed with 5 µg of protein. (3): Isoelectric focusing. Proteins were de-
tected as in (2). See Figure 1 for abbreviation.

FIG. 5. Analytical reversed-phase liquid chromatography of purified P.
cyclopium lipase. A sample of purified lipase (30 µg in 50 µL) was chro-
matographed at room temperature. Elution was achieved with a linear
gradient from 2 to 72% acetonitrile in 0.1% trifluoroacetic acid in water
(total volume: 70 mL) at a flow rate of 1 mL per min. No protein was
eluted at concentration of acetonitrile below 30%. Ordinates: ab-
sorbance at 230 nm. Abscissae: percentage of acetonitrile.



the opportunity to compare the triacylglycerol-hydrolyzing li-
pase produced by P. cyclopium with lipases previously isolated
from other Penicillium species, on a structural basis. From the
alignment of the sequences, P. cyclopium lipase is homologous
to lipases from P. expansum and P. solitum (Table 4), with 15
out of the 20 residues at the N-terminus conserved in the three
proteins. Conversely, it may be noticed that only three residues
of alanine of the amino terminal region of these three enzymes
are conserved in P. simplicissimum lipase, at positions 1, 3,
and 14. On the other hand, only two residues of the amino ter-
minal sequence of P. camembertii lipase, namely, valine at po-
sition 2 and serine at position 5, are common with P. expan-

sum lipase. Penicillium camembertii lipase shows no homol-
ogy with lipases from P. cyclopium or P. solitum. Moreover,
lipases from P. cyclopium, P. expansum, and P. solitum have a
molecular mass in the 25–35 kDa range and comparable sub-
strate specificity, with preference for tributyrin and olive oil,
with a tributyrin/olive oil rate ratio of 2. Instead, lipase from
P. simplicissimum has been characterized as nonspecific with
the capacity to hydrolyze each of the three ester bonds of tri-
olein (26), and lipase from P. camembertii is specific for
monoacylglycerols and diacylglycerols and has no activity on
triacylglycerols (27). Then, from the comparison of the mole-
cular and biochemical properties and amino-terminal amino
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TABLE 2
Amino Acid Composition of P. cyclopium Triacylglycerol Lipase.
Comparison with Other Penicillium Lipases

Amino acid composition (mol%)

Amino acid P. cyclopium P. expansum P. simplicissimum P. camembertii

Gly 13.2 10.3 15.3 8.9
Ser 9.2 7.1 7.5 7.6
Asp + Asn 10.1 11.0 9.3 11.4
Glu + Gln 7.5 8.3 9.5 7.1
Lys 4.5 4.9 6.6 4.4
Arg 3.1 4.1 6.0 2.7
Tyr 4.3 3.3 2.7 5.6
His 2.3 2.8 5.4 2.4
Trp n.d.a n.d.a 1.4 2.7
Ala 9.9 11.2 9.8 11.4
Thr 7.6 9.0 5.8 8.0
Pro 3.6 4.1 6.7 5.7
Cys n.d.a n.d.a 2.2 3.1
Val 6.7 6.8 6.1 9.4
Ile 5.5 5.3 1.5 3.0
Leu 6.9 7.4 2.5 7.9
Met 1.5 0.5 1.7 0.2
Phe 4.1 3.9 3.6 4.4
an.d., Not determined.

FIG. 6. Thermal stability of P. cyclopium lipase. The purified enzyme
(0.1 mg per mL in 2.5 mM Tris buffer pH 8 with 100 mM NaCl) was in-
cubated at 25, 30, 35, 40 and 45°C, and residual activity was measured
on 10 µL after 15 and 60 min with the standard tributyrin assay. ●●:
Residual activity after 15 min incubation; ●: residual activity after 60-
min incubation. Residual activity is expressed as percentage of initial
activity. See Figure 1 for abbreviation.

FIG. 7. Effect of pH on P. cyclopium lipase activity. Hydrolysis of tria-
cylglycerol substrate (emulsified tributyrin) was measured potentiomet-
rically under standard conditions, at constant pH ranging from pH 5 to
pH 10. Correction was made for butanoic acid ionization at pH below
6 and for nonenzymatic hydrolysis of tributyrin at pH above 8. Activity
is expressed as percentage of hydrolysis at pH 8 (100%). See Figure 1
for abbreviation.



acid sequence, it appears that triacylglycerol lipases (Lipase I)
from P. cyclopium, P. solitum, and P. expansum belong to the
same lipase gene family. Since no structural data are presently
available for P. cyclopium lipase II, a comparison between Li-
pase I and Lipase II is not yet possible. From previous reports
(32–35) and from our experience (data not shown), it appears
that the relative amounts of lipases of types I and II produced
by P. cyclopium are dependent upon the cultivation conditions.
In this respect, notice can be made that the production by P.
camembertii of an extracellular triacylglycerol-hydrolyzing
enzyme has never been reported. More work then remains to
be done to know if all fungi of the Penicillium species can pro-
duce both types of lipases and how production of these en-
zymes is regulated at the gene level. 
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ABSTRACT: We tested the hypothesis that aggregated lipopro-
tein(a) [Lp(a)] is avidly taken up by macrophages. Lp(a) was iso-
lated by sequential centrifugations and gel chromatography
from a patient with high plasma levels of Lp(a) who was being
treated with low density lipoprotein (LDL)-apheresis. Aggre-
gated Lp(a) was prepared by mixing native Lp(a) with 2.5
mmol/L CaCl2, and 54% of the 125I-Lp(a) aggregated after inter-
acting with CaCl2. The binding and degradation of aggregated
Lp(a) in macrophages were 4.6- and 4.7-fold higher than those
of native Lp(a), respectively. An excess amount of LDL did not
inhibit either increase. Cholesterol esterification in macro-
phages was markedly stimulated by aggregated Lp(a), and
macrophages were transformed into foam cells. Cytochalasin B,
a phagocytosis inhibitor, strongly inhibited the degradation and
cholesterol esterification (78 and 83%, respectively). These find-
ings suggested that aggregation may be partially involved in
Lp(a) accumulation, thereby contributing to the acceleration of
atherosclerosis.
Lipids 33, 385–392 (1998).

Lipoprotein(a) [Lp(a)] is now recognized as a strong indepen-
dent risk factor for coronary artery disease (CAD). This
unique lipoprotein consists of low density lipoprotein (LDL)-
like particles containing apolipoprotein B-100 and highly
negatively charged apolipoprotein(a) [apo(a)] (1). The apo(a)
moiety is formed by three different structural domains having
high homology with kringle 4, 5, and the protease domain of
plasminogen (2). The kringle 4 domain in apo(a) is present in
a sequence consisting of various numbers of multiple copies,
thereby giving rise to different sizes of apo(a) isoform and
consequently of Lp(a) (3,4). In subjects with high plasma lev-
els of Lp(a), apo(a) isoforms of smaller size or smaller num-
ber of kringle 4 domains is commonly observed (5–7).

Histochemical studies suggest that Lp(a) contributes to the
occurrence of CAD by accelerating atherosclerotic lesions

through accumulation in the arterial wall (8–10). The obser-
vation of colocalization of Lp(a) with cholesteryl ester-rich
cells (foam cells) in atherosclerotic lesions strongly supports
this notion. Despite these data, previous in vitro studies were
unable to demonstrate significant internalization and degra-
dation of native Lp(a) by cultured macrophages (11–13). Un-
like other lipoproteins, Lp(a) possesses a unique property of
self-aggregation under in vitro condition. In addition, Hoff et
al. (14) showed that in human atherosclerotic lesions apo(a)
is present in some possibly aggregated forms. These findings
suggest a possibility that aggregation of Lp(a) is related to the
mechanism of foam cell formation.

In the present study, to address this issue, we tested
macrophage uptake of Ca2+-induced Lp(a) aggregates, a
model of self-aggregation of Lp(a) (15).

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM)
without CaCl2 was obtained from Gibco Laboratories (Grand
Island, NY). Bovine serum albumin (BSA) was purchased
from Intergen Company (Purchase, NY). Fetal bovine serum
(FBS) was obtained from Cansera International Inc. (Rexdale,
Ontario, Canada). Sephacryl 400 HR, premade 4–15% gradi-
ent polyacrylamide Phast Gel for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and a sil-
ver stain kit for PAGE were obtained from Pharmacia LKB
Biotechnology Inc. (Uppsala, Sweden). Na125I (100 mCi/mL
of iodide) and [9,10(n)-3H]oleic acid (370 GBq/mmol) were
purchased from Amersham International plc. (Bucks, United
Kingdom). Silica gel on aluminum sheets for thin-layer chro-
matography was obtained from Merck (Darmstadt, Ger-
many). An apo(a) phenotype analyzing kit was purchased
from Sanwa Chem. Co. (Tokyo, Japan).

Isolation of mouse peritoneal macrophages. Macrophages
were elicited by intraperitoneal injection of 2 mL of thiogly-
colate medium 4 d before harvesting. The macrophages were
plated in 12-well tissue culture plates (area/well = 4.5 cm2) at
a density of 1.0 × 106 cells in 1 mL of DMEM containing FBS
(20%), streptomycin (0.1 mg/mL), and penicillin (100 U/mL).
Plated macrophages were then incubated for 2–3 h at 37°C in
a humidified-air incubator (95% air, 5% CO2). After incuba-
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tion, they were washed twice with serum-free DMEM to re-
move any contaminating lymphocytes and platelets. Before
the cellular assay, the macrophages were incubated for 24 h
at 37°C in 1 mL of DMEM containing lipoprotein-deficient
serum (5 mg/mL), streptomycin (0.1 mg/mL), and penicillin
(100 U/mL) (medium A). 

Preparation and iodination of lipoproteins. LDL (d =
1.020 to 1.050) was isolated by preparative ultracentrifuga-
tions from fresh plasma of a healthy young male (16). These
were dialyzed against 0.15 mol/L NaCl (pH 7.4) containing
Na2EDTA (0.3 mmol/L) followed by sterilization using a
0.45 µm-filter and stored at 4°C. Lp(a) was isolated from a
patient who was being treated with LDL-apheresis. The
Lp(a) which adsorbed to the apheresis column was eluted
with NaCl solution (0.5 mol/L) and collected in the presence
of Na2EDTA (1 mg/mL) and aprotinin (100 kallikrein-inac-
tivating units/mL) immediately after LDL-apheresis. The so-
lution containing Lp(a) was subjected to sequential ultracen-
trifugations to isolate the density fraction of 1.050 < d <
1.120 g/mL. To separate Lp(a) from high density lipoprotein
and LDL, this density fraction was filtered on Sephacryl 400
HR (2.5 × 90 cm) at a flow rate of 120 mL/h with 1 mol/L
NaCl and 5 mmol/L Tris-HCl (pH 7.4) containing Na2EDTA
(1 mg/mL) and NaN3 (0.01%) (buffer A). For the present
study, only Lp(a) from a 63-year-old female patient with high
levels of plasma Lp(a) (127 mg/dL) was used unless men-
tioned otherwise. The purity of Lp(a) was monitored by
SDS-PAGE under a nonreduced condition. Isolated Lp(a)
was stored at 4°C in buffer A and was extensively dialyzed
against 0.15 mol/L NaCl and 5 mmol/L Tris-HCl (pH 7.4)
containing 0.3 mmol/L Na2EDTA before iodination. One day
before the experiments were performed, isolated Lp(a) was
labeled with Na125I using the iodine monochloride procedure
of MacFarlane (17) as modified by Bilheimer et al. (18). 
Free iodine was removed by subsequent dialysis against 200-
fold volumes of calcium-free DMEM three times. The
specific activities of labeled Lp(a) were 400 to 700 cpm/ng
of protein.

Preparation of aggregated Lp(a). Aggregated Lp(a) was
made by mixing 1 mL of native Lp(a) with 2.5 mmol/L CaCl2
in calcium-free DMEM according to the method of Yashiro
et al. (15). To determine the extent of Lp(a) aggregation, 125I-
Lp(a) mixed with 2.5 mmol/L CaCl2 in calcium-free DMEM
was pipetted into 1.5 mL microtubes and centrifuged imme-
diately at 10,000 rpm for 10 min. The percentage of 125I-
Lp(a) which precipitated was determined by counting the ra-
dioactivity in the supernatant before and after mixing with
CaCl2. Fifty-four percent of the 125I-Lp(a) aggregated under
this condition. In our experiments a mixture of aggregates and
remaining soluble material was provided for cells, because
the precipitated Lp(a) aggregates were difficult to resuspend
in DMEM.

Evaluation of aggregated Lp(a) morphology. The size and
degree of aggregated Lp(a) after mixing native Lp(a) with 2.5
mmol/L CaCl2 in calcium-free DMEM were examined using
transmission electron microscopy (TEM) after negative stain-

ing with 2% Na-phosphotungstate (19). The area and diame-
ter profile of aggregates were quantified using NIH Image
Version 1.52 (Wayne Rasband, National Institutes of Health,
Research Service Branch, NIMH, Washington, D.C.). These
results were expressed as the mean ± SD.

Binding of 125I-Lp(a). The binding assays of lipoproteins
with macrophages were carried out at 4°C essentially as de-
scribed by Innerarity et al. (20). Macrophage monolayers
were washed once with serum-free DMEM, then twice with
calcium-free DMEM containing BSA (0.2%), streptomycin
(0.1 mg/mL), and penicillin (100 U/mL) (medium B), and
cooled to 4°C with medium B. The medium was then re-
moved, and 1 mL of medium B containing indicated concen-
trations of native or aggregated 125I-Lp(a) with or without a
20-fold excess of corresponding unlabeled Lp(a) was added.
After incubation at 4°C for 4 h, the cells were washed four
times with 1 mL/well of ice-cold phosphate-buffered saline
(PBS) containing 0.2% BSA and once with 1 mL/well of ice-
cold PBS; the first wash was allowed to sit 10 min before pro-
ceeding with the remaining three washes in rapid succession
as described by Haberland et al. (21). Then, after washing
them, each cell sheet was lysed with 0.5 mL of 0.1 N NaOH,
and the radioactivity was measured. An aliquot of the lysate
was removed to determine cellular protein by the method of
Lowry et al. (22). 

Degradation of 125I-Lp(a). The degradation experiments
were performed essentially as described by Goldstein et al.
(23). Macrophage monolayers were washed once with serum-
free DMEM then twice with medium B. Medium B contain-
ing indicated concentrations of native or aggregated 125I-
Lp(a) with or without a 20-fold excess of the corresponding
unlabeled Lp(a) was added to the cells. Cells were then re-
turned to the 37°C incubator for 5 h. Proteolytic degradation
of 125I-Lp(a) was measured by assaying the amount of 125I-
labeled trichloroacetic acid-soluble (noniodide) material
formed by the cells and excreted into the medium. Each cell
sheet was lysed after washing, and protein content was mea-
sured as described for the binding assays. 

Incorporation of [3H]oleate into cholesteryl esters. To
assay cholesterol esterification in macrophages, the incorpo-
ration of [3H]oleate into cellular cholesteryl [3H]oleate was
determined as described by Miyazaki et al. (24). The
[3H]oleate was conjugated with BSA as described by Brown
et al. (25). Macrophage monolayers were washed once with
serum-free DMEM then twice with medium B. Each well was
incubated with 0.1 mmol/L of [3H]oleate (10,000 dpm/nmol)
in the presence of indicated concentrations of aggregated
Lp(a) in 1.0 mL of medium B. After a 5-h incubation, cells
were washed five times with 1.0 mL of ice-cold PBS and ex-
tracted twice with 0.5 mL of hexane/isopropanol (3:2,
vol/vol). The extract was evaporated to dryness, resuspended
with 200 µL of isopropanol, spotted on a silica gel thin-layer
plate, and developed in hexane/diethyl ether/methanol/acetic
acid (85:20:1:1, by vol). A band corresponding to cholesteryl
oleate was cut out, and the radioactivities were measured.
Each cell sheet was lysed after washing, and protein was mea-
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sured as described for the binding assays. All assays were per-
formed in triplicate.

Oil Red O staining. Macrophages (5 × 105 cells) were plated
on 11-mm circular coverslips within a 12-well tissue culture
plate. Each coverslip received 1.0 mL of medium A and was
incubated at 37°C for 24 h. Then 1.0 mL of medium B contain-
ing 100 µg protein/mL of native or aggregated Lp(a) was added
to the cells. After incubation at 37°C for 15 h, the cells were
stained with Oil Red O, followed by counter-staining with
Mayer’s hematoxylin, as described by Brown et al. (25). The
coverslips were mounted face-down on glass microscope slides
using pre-warmed, liquefied 20% glycerol. The stained cells
were photographed with a Nikon photomicroscope (Nippon
Kogaku K.K., Tokyo, Japan) at 250× magnification.

Apo(a) isoform phenotype determinations. Apo(a) isoform
phenotyping was performed with SDS-PAGE of plasma from
peripheral venous blood under reducing conditions followed
by immunoblotting using a commercially available apo(a)
isoform analyzing kit (Sanwa Chem. Co.). This analysis basi-
cally follows the method of Abe and Noma (26). Using the
terminology proposed by Utermann et al. (5), the various iso-
forms of apo(a) have been designated according to the elec-
trophoretic mobility relative to that of apolipoprotein B-100.

Lipid analysis. Plasma Lp(a) was quantified using the
latex-enhanced turbidimetric immunoassay by the method de-
scribed by Abe et al. (27). Total cholesterol, free cholesterol,
phospholipids, and triglycerides were determined using stan-

dard enzymatic kits (28). Protein was measured by the
method of Lowry et al. (22).

RESULTS

Morphology of aggregated Lp(a). To assess the morphology
of aggregated Lp(a), we subjected native Lp(a) and these ag-
gregates to TEM after negative staining. As shown in
Figure 1, native Lp(a) particles after isolation are monomeric
and did not coalesce. In contrast, aggregated Lp(a) consisted
of numerous monomeric particles. The mean profile area and
diameter of Lp(a) aggregates were 3.7 ± 1.2 × 104 nm2 and
255.0 ± 9.4 nm, respectively.

Concentration dependency of binding and degradation of
Lp(a). Figures 2A and 2B illustrate the binding of native and
aggregated 125I-Lp(a) to macrophages held at 4°C. Specific
binding for native 125I-Lp(a) reached saturation, and 0.49 µg
protein of 125I-Lp(a) was bound per mg cell protein when 200
µg/mL lipoprotein was added. In contrast, for aggregated
125I-Lp(a), specific binding was markedly enhanced com-
pared with that for native 125I-Lp(a), and there was a greater
than 4.6-fold increase in binding when 200 µg/mL lipopro-
tein was added [2.27 µg protein/mg cell protein for aggre-
gated Lp(a)].

Figures 2C and 2D illustrate the degradation of native 
and aggregated 125I-Lp(a) in macrophages at 37°C. Reflect-
ing enhanced binding, specific degradation for aggregated
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FIG. 1. Morphology of native and aggregated lipoprotein(a) [Lp(a)]. Aggregated Lp(a) was made by mixing native Lp(a)
with 2.5 mmol/L CaCl2 in calcium-free Dulbecco’s modified Eagle’s medium. Samples of native Lp(a) (A) and aggre-
gated Lp(a) (B) were examined by transmission electron microscopy after negative staining with 2% Na-phospho-
tungstate.
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125I-Lp(a) was markedly elevated, and the extent of degrada-
tion was 4.7-fold higher than that of native 125I-Lp(a) when
200 µg/mL lipoprotein was added [8.13 µg protein/mg cell
protein for aggregated Lp(a) and 1.70 µg protein/mg cell pro-
tein for native Lp(a)].

To test whether the LDL receptor is involved in the uptake
of native or aggregated Lp(a), we examined the extent to which
unlabeled native LDL competed for the binding and degrada-
tion of native or aggregated 125I-Lp(a). As shown in Figure 3,
native LDL inhibited, although incompletely, the binding and
degradation of native 125I-Lp(a) (57 and 60%, respectively) at
a 20-fold excess concentration. On the other hand, very little
competition was observed with native LDL at a concentration
20-fold in excess of that of aggregated 125I-Lp(a) both in the
binding and degradation (9 and 10%, respectively).

Stimulation of cholesteryl ester synthesis by aggregated
Lp(a). Consistent with the results of degradation, cholesteryl
ester synthesis in macrophages was markedly enhanced by
aggregated Lp(a), and 16.4 ± 1.2 nmol of [3H]oleate was in-
corporated into cholesteryl ester per milligram of cell protein
(Fig. 4). On the other hand, native Lp(a) showed almost no
stimulation of cholesteryl ester synthesis. This considerable
difference in intracellular cholesterol accumulation also was
confirmed by Oil Red O staining. As shown in Figure 5, in
the presence of aggregated Lp(a), massive lipid droplets were
observed in the cytoplasm indicating the transformation of

macrophages into foam cells. In contrast, there was very little
lipid deposition in the presence of native Lp(a). These find-
ings strongly indicated that aggregated Lp(a) could lead
macrophages to change into foam cells and that the process
of aggregation may play an important role in the mechanism
of Lp(a) deposition in macrophages.
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FIG. 2. Concentration dependency of the binding and degradation of
native or aggregated Lp(a). Macrophage monolayers were incubated
with the indicated concentrations of native or aggregated 125I-Lp(a) with
or without a 20-fold molar excess of the corresponding unlabeled Lp(a),
respectively. Cellular binding or degradation was analyzed after incu-
bation at 4°C for 4 h or at 37°C for 5 h, respectively. Specific binding or
degradation (x) of native or aggregated 125I-Lp(a) was defined as total
binding or degradation (●) minus nonspecific binding or degradation
(●●) seen in the presence of the corresponding unlabeled Lp(a). Each
data point represents the mean value of three experiments with the in-
dicated SD. See Figure 1 for abbreviation.

FIG. 3. Ability of unlabeled native low density lipoprotein (LDL) to com-
pete for the binding or the degradation of native or aggregated
125I-Lp(a). Macrophage monolayers were incubated with 5 µg pro-
tein/mL of native or aggregated 125I-Lp(a) and the indicated concentra-
tions of native LDL. Cellular binding or degradation was analyzed after
incubation at 4°C for 4 h or at 37°C for 5 h, respectively. The results
were expressed as percentages of the (A) binding or (B) degradation of
native or aggregated 125I-Lp(a) in the absence of native LDL. In the bind-
ing study, the 100% values for native and aggregated 125I-Lp(a) were
0.10 and 0.32 µg protein/mg cell protein, respectively. In the degrada-
tion study, the 100% values for native and aggregated 125I-Lp(a) were
0.18 and 0.47 µg protein/mg cell protein, respectively; ●●, represent the
total binding and degradation of native 125I-Lp(a); ●, represent the total
binding and degradation of aggregated 125I-Lp(a). Each data point rep-
resents the mean value of three experiments with the indicated SD. See
Figure 1 for other abbreviation.

FIG. 4. Concentration dependency of cholesterol esterification induced
by aggregated Lp(a). Macrophage monolayers were incubated with 0.1
mmol/L [3H]oleate and increasing concentrations of native (●●) or ag-
gregated 125I-Lp(a) (●). After incubation at 37°C for 5 h, the cellular
content of cholesteryl [3H]oleate was determined. Each data point rep-
resents the mean value of three experiments with the indicated SD. See
Figure 1 for abbreviation.
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Effects of cytochalasin B on degradation and cholesterol
esterification induced by aggregated Lp(a) in macrophages.
There have been several reports showing that aggregated
lipoproteins can be avidly uptaken by macrophages by phago-
cytosis. To determine the involvement of this process in the
enhanced uptake of aggregated Lp(a) observed, phagocytic
inhibitor cytochalasin B was employed. As shown in Figures
6A and 6B, in case of aggregated 125I-Lp(a), cytochalasin B
dramatically inhibited degradation and cholesterol esterifica-
tion by 78 and 83%, respectively, but no significant inhibition
was observed in that of native 125I-Lp(a), suggesting that the
phagocytosis is involved in the internalization of aggregated
Lp(a) by macrophages.

Cholesterol esterification induced by aggregation of Lp(a)
of two phenotypes. We compared the rate of cholesterol ester-
ification obtained with two Lp(a) of different phenotypes to
observe if there is a significant difference between them.
Lp(a) were isolated from two patients treated with LDL-
apheresis. The patient with the S3/B isoform is the same from
whom all data presented above were obtained. The patient
with the S3/S2 isoform was a 75-year-old female with high
levels of plasma Lp(a) (47 mg/dL). The extent of Lp(a) ag-
gregation of the two phenotypes was almost equivalent (54
vs. 49%). As shown in Table 1, aggregates of S3/B-Lp(a)
were 2.6-fold larger in profile area than those of S3/S2-Lp(a)
(n = 20, P < 0.012, S3/B vs. S3/S2, analysis of variance). In
addition the former induced 2.4 times more cholesterol ester-
ification than the latter.

DISCUSSION

This is the first study showing that Ca2+-induced Lp(a) aggre-
gates, a model of self-aggregation of Lp(a), were avidly up-
taken by macrophages, possibly by phagocytosis, leading to

the transformation of macrophages into cholesteryl ester-rich
foam cells.

Documented in vitro modifications of Lp(a) that may lead
to the formation of macrophage-derived foam cells are mal-
ondialdehydration (29), oxidation (30), and association with
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FIG. 6. Effects of cytochalasin B on (A) degradation and (B) cholesterol
esterification induced by aggregated Lp(a) in macrophages. (A)
Macrophage monolayers were incubated with 50 µg protein/mL of na-
tive or aggregated 125I-Lp(a) with or without 10 µg/mL of cytochalasin B
at 37°C for 5 h. After incubation, the amount of 125I-labeled
trichloroacetic acid-soluble material in the medium was determined.
The 100% values for native and aggregated 125I-Lp(a) were 1.12 and
3.80 µg protein/mg cell protein/5 h, respectively. (B) Macrophage
monolayers were incubated with 0.1 mmol/L [3H]oleate and 50 µg pro-
tein/mL of native or aggregated Lp(a) in the presence or absence of 10
µg/mL of cytochalasin B at 37°C for 5 h. After incubation, the cellular
content of cholesteryl [3H]oleate was determined. The 100% values for
native and aggregated Lp(a) were 0.63 and 6.35 nmol of cholesteryl
oleate/mg cell protein/5 h, respectively. The results were expressed rel-
ative to the amount of 125I-Lp(a) degraded or cholesteryl oleate formed
in the presence of cytochalasin B. ■■, 10 µL DMSO/mL medium. ■, 10
µg of cytochalasin B in 10 µL DMSO/mL medium. Each bar repre-
sents the mean value ± SD of three experiments. See Figure 1 for abbre-
viation.

FIG. 5. Appearance of Oil Red O-stained macrophages observed under light microscope; 5 × 105 cells plated on
11-mm circular coverslips incubated with 100 µg protein/mL of native (A) or aggregated Lp(a) (B) at 37°C for 15 h.
The cells on the coverslips were then washed with phosphate buffered saline and stained with Oil Red O as de-
scribed in the Materials and Methods section.
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extracellular matrix (31). Lp(a) modified in such ways has
been shown to be internalized through a scavenger pathway.
However, all these studies were conducted with the focus on
proposed mechanisms of LDL-induced lipid deposition, and
did not focus on the unique property of Lp(a), i.e., self-aggre-
gation. Although aggregated Lp(a) might not precipitate in
circulation in vivo, one cannot rule out the possibility that it
might undergo aggregation in an atherosclerotic milieu. In
fact, Hoff et al. (14) characterized tissue Lp(a) extracted from
human atherosclerotic lesions and found that some of the tis-
sue Lp(a) formed aggregates. Similar to our results, Tertov
et al. (32) demonstrated, using Lp(a) isolated from a patient
with CAD, that aggregates formed after 6-h incubation under
cell culture conditions induced massive lipid deposition in
macrophages, indicating a significant role of self-aggregation
in cellular uptake of Lp(a). Taking these findings and our data
into consideration, it can be said that aggregation may be re-
lated to the mechanisms of Lp(a) accumulation in the artery
wall, or may even be a crucial step for accelerating the devel-
opment of atherosclerotic lesions.

At the present time, the metabolism of native Lp(a) is still
unclear. Studies with cultured cells (33), partially purified re-
ceptors (34), and transgenic mice overexpressing the LDL re-
ceptor (35) provided evidence of a specific binding of Lp(a)
to the LDL receptor. Our findings that LDL in excess concen-
tration inhibited the binding and degradation of native Lp(a)
in macrophages are consistent with the findings of previous
studies and support the significant role of the LDL receptor in
native Lp(a) metabolism. On the other hand, the failure of
LDL to inhibit the binding and degradation of aggregated
Lp(a) indicated that the LDL receptor was not involved in the
metabolism of aggregated Lp(a). This is possibly because
conformational changes of apo(a) and/or Lp(a) induced by
aggregation sterically hinder the receptor binding domain of
apolipoprotein B-100 in Lp(a) from interacting with the LDL
receptor of macrophages. Earlier, Yashiro et al. (15) reported
that monomeric LDL can bind to Ca2+-induced aggregated
Lp(a) under in vitro conditions. This evidence raises the pos-
sibility that aggregated Lp(a) internalization was not inhib-
ited because of LDL sequestration by aggregated Lp(a). How-

ever, this is unlikely because monomeric LDL showed little
binding to aggregated Lp(a) in the culture medium used in
these experiments (data not shown). Although the precise rea-
son for this is not known, a higher ionic strength of the
medium compared with that of previously reported interact-
ing solutions (15) may inhibit the ionic binding between LDL
and aggregated Lp(a).

As shown in the results, the inhibition of aggregated Lp(a)
uptake by cytochalasin B suggested that a phagocytic path-
way was possibly involved in its metabolism. Several reports
have suggested that Fc receptor, one of the phagocytosis-pro-
moting receptors, is related to enhanced uptake of modified
LDL such as immune complexes of aggregated LDL or oxi-
dized LDL (36,37). Therefore, we tested the contribution of
the Fc receptor to the uptake of aggregated Lp(a) using heat-
aggregated gamma globulin as a competitor. Although the re-
sults were not shown in the results section, the Fc receptor
was only slightly involved in the uptake of aggregated Lp(a).
Cholesterol esterification in macrophages was reduced by
15% in the presence of heat-aggregated gamma globulin. This
is consistent with the previous report by Khoo et al. (36)
using vortex-induced aggregated LDL, and suggested that ag-
gregated Lp(a) may be taken up via non-Fc receptor-medi-
ated phagocytosis.

Recently, a novel endocytic pathway such as sequestration
or macropinocytosis has been proposed for the mechanism of
macrophage uptake (38,39). These pathways are actin-depen-
dent and inhibited by cytochalasin as phagocytosis is. There-
fore, we cannot rule out the possibility that such pathways are
associated with the aggregated Lp(a) metabolism observed in
this study. To better understand the precise mechanism by
which aggregated Lp(a) is taken up by macrophages, further
studies will be needed.

It has been already reported for LDL that self-aggregation
is one of the important steps leading to foam cell formation
of macrophages (40). Therefore, a comparison of cholesterol
esterification between aggregated LDL and Lp(a) may be
valuable. However, a direct comparison cannot be made be-
cause, unlike Lp(a), LDL does not undergo self-aggregation
by calcium as reported by Yashiro et al. (15). Although many
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TABLE 1
Comparison Between Two Lp(a)a and Their Aggregates

Incorporation of [3H]oleate
Profile area into CE

Lp(a) Composition (wt%) of aggregatesb induced by aggregatesc

phenotype Pro PhL Cho TG CE (× 104 nm2) (nmol/mg cell protein)

S3/B 26.3 20.2 11.4 5.2 36.9 3.7 ± 1.2 1.68 ± 0.09
S3/S2 30.7 19.8 9.8 4.1 35.6 1.4 ± 0.4 0.69 ± 0.02
aLp(a), lipoprotein(a); Pro, protein; PhL, phospholipids; Cho, free cholesterol; TG, triglycerides; CE,
cholesteryl esters.
bThe profile areas of aggregates were quantified after mixing native Lp(a) with 2.5 mmol/L CaCl2 in
calcium-free Dulbecco’s modified Eagle’s medium under transmission electron microscopy.
cMacrophage monolayers were incubated with 20 µg cholesterol/mL of aggregated Lp(a) in the pres-
ence of 0.1 mmol/L [3H]oleate at 37°C for 5 h. After incubation, the [3H]oleate incorporation into
cholesteryl esters was determined as described in the Materials and Methods section. Each value
represents the mean value ± SD of three sets of experiment from the same donor, except composi-
tion of Lp(a).



different aggregation models have been proposed for LDL
(32,40–44), it is meaningless to compare these models with
ours because results obtained using different aggregation
models may be biased by different properties of aggregates
derived from the method used.

In this study, the ability of Lp(a) of two different pheno-
types to stimulate cholesterol esterification in macrophages
was also examined, and we found a significant difference be-
tween them. This difference might be a clue for explaining
differences in atherogenicity between Lp(a) phenotypes as
previously suggested (45–47); however, our data are too pre-
liminary to justify a conclusion. To clarify this issue, further
studies using a greater number of donors and Lp(a) pheno-
types must be performed.

The present study proposed one potential mechanism by
which Lp(a) accumulates in the artery wall, and thereby sup-
ports the significant role of Lp(a) in atherosclerotic diseases.
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ABSTRACT: The protective role of selenium (Se), given as a
Se-rich yeast, selenomethionine or selenomethionine + vitamin
E supplement, toward changes in lipid, peroxide, and fatty acid
distribution in tissues of streptozotocin-induced diabetic rats,
was investigated, after 24 wk of disease. Diabetes increased
liver thiobarbituric acid-reactive substances and conjugated di-
enes; Se supplement completely corrected these changes. In
kidney, as in heart, the peroxide levels were not significantly
changed by diabetes. In diabetic rat liver, a significant drop in
triglycerides and phospholipids (P < 0.05 ) was observed; this
was modulated by Se + vitamin E supplementation. Se + vita-
min E supplementation also inhibited the decrease in 18:2n-6
and the increase in 22:6n-3 observed in liver of diabetic rats,
changes which reflect altered glycemic control. In kidney,
heart, and aorta, diabetes produced some changes in lipid con-
tent and fatty acid distribution, especially an increase in heart
triglycerides which was also corrected by the Se supplement.
Se supplementation to diabetic rats also increased 18:0 ether-
linked alcohol, 20:4 n-6, and 22:5 n-3 in cardiac lipids. In aorta,
Se + vitamin E significantly increased 20:5 n-3. These polyun-
saturated fatty acids are precursors, in situ, of prostaglandin I2
(PGI2) and PGI3 which may protect against cardiovascular dys-
function. In kidney, conversely, Se decreased 20:4 n-6, the pre-
cursor of thromboxane A2 implicated in diabetic glomerular in-
jury. Thus Se, and more efficiently Se + Vitamin E supplementa-
tion, in experimental diabetes could play a role in controlling
oxidative status and altered lipid metabolism in liver, thereby
maintaining favorable fatty acid distribution in the major tissues
affected by diabetic complications.
Lipids 33, 393–399 (1998).

Diabetes mellitus is associated with characteristic vascular
complications. The capillaries, arterioles and large arteries can
be affected, leading to clinical manifestations of micro- or
macroangiopathy (1). Lipid abnormalities such as hyper-
triglyceridemia (2) and fatty acid distribution changes (3)
could participate in the development of vascular lesions in di-

abetes. However, hyperglycemia alone has been reported to
have a causal link with diabetic microangiopathy complica-
tions (4). The toxicity of glucose has been confirmed by stud-
ies on nonenzymatic glycosylation of proteins, on the polyol
pathway, and on autooxidation of sugars and sugar-adduct pro-
teins. These products and oxidized unsaturated lipids generate
free radicals and may induce an oxidative stress in vivo possi-
bly indicating a common pathway linking diverse mechanisms
for the pathogenesis of vascular diabetic complications (5).
However, to confirm the importance of oxidative stress in this
pathology, it is important to show that its inhibition prevents
or delays abnormalities in diabetic tissues.

In previous studies, we have shown that antioxidant sup-
plementation could modulate platelet hyperactivity and fatty
acid changes and also delay cataract development in diabetic
rats (6). More recently, we have shown that a pharmacologic
dose of vitamin E could decrease cholesterol in the aorta of
diabetic rats (7) and that a selenium (and more efficiently a
selenium + vitamin E) supplement delayed renal lesions in
streptozotocin-induced diabetic rats (8). This study was un-
dertaken to show whether selenium, a constituent of glu-
tathione peroxidase and selenoproteins with antioxidant prop-
erties (9), along with vitamin E could modulate peroxide and
lipid levels in different diabetic rat tissues.

MATERIALS AND METHODS

Animals and treatments. Seventy-six male Sprague-Dawley
rats (Charles River, Saint Aubin les Elbeuf, France) with ini-
tial body weight of 525 ± 80 g were used for the study. Sixty-
four rats were injected iv with 30 mg/kg streptozotocin dis-
solved in a buffer (7). All rats with glycemia >2.5 g/L were
considered diabetic. Six rats died 48 h after streptozotocin in-
jection. Twelve rats were used as a control group and injected
with buffer alone (Group C). Before experimentation, all rats
were fed with a standard laboratory chow (A04 from UAR,
Villemoison sur Orge, France) containing selenium (Se) at
200 µg/kg of diet, and had a normal blood selenium of 524 ±
14.5 µg/L. A week after streptozotocin injection, all rats re-
ceived a diet according to the current recommendations for
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diabetes (6). Briefly, the diet contained 15% protein, 52% car-
bohydrate, and 33% lipid in percentages of total calories. The
lipids were a mixture of butter and hydrogenated coconut,
canola, and sunflower oils (4, 1.7, 7, and 4.5 g/100 g of diet,
respectively). The ratio of polyunsaturated/saturated fatty
acids was 1. Purified diet without supplementation contained
20 µg of Se and 9.6 mg of vitamin E per 100 g of diet [vita-
min E consisted of 5 mg of α-tocopherol acetate from a vita-
min mixture added to basal diet (ICN, Aurora, OH), and 4.6 mg
of natural tocopherols (α, β, γ) from the vegetable oils]. Dia-
betic rats were separated into four groups. Group D (14 rats)
received the purified diet without supplementation as given
to the control group. The other groups received the same diet
supplemented either with Se-rich yeast (i.e., Selenion; Cellife
Intern No. 4537; Montrouge, France) (63.2 mg/100 g of diet
for 14 rats, group: DSel), with selenomethionine (194.5
µg/100 g, for 14 rats, group: DSm), or with a double supple-
mentation, i.e. selenomethionine + α-tocopherol acetate
(Sigma, Isle d’Abeau, France) (194.5 µg/100 g and 62.5
mg/100 g, respectively, for 16 rats, group: DSmE). The ele-
mental Se in the three groups was 78.2 µg/100 g of diet. Dia-
betic rats were injected subcutaneously four times per week
with 3.2 IU ultra-slow insulin (Novo, Boulogne, France).
After 24 wk of diet, following a fast of 7 h and 24 h of insulin
deprivation, blood was removed from the jugular vein of each
rat and the animals were sacrificied by iv pentobarbital injec-
tion. The different organs (liver, heart, aorta, and kidney)
were quickly collected, surrounding adipose tisssue was care-
fully removed, and the tissues were lyophilized.

Biochemical determinations. Tissue lipids were extracted
by the technique of Folch et al. (10), and total cholesterol lev-
els were evaluated in accurately measured aliquots of
lyophilized lipid tissue extract according to the technique of
Omodeo Sale et al. (11). Phospholipids and triglycerides were
determined by enzymatic kits: Biomérieux (Marcy l’Etoile,
France), and Merck (Darmstadt, Germany). Aorta vitamin E
was measured in lipid extracts by high-performance liquid
chromatography (7). Kidney, heart, and liver vitamin E levels
were determined using the same technique preceded by a
saponification step according to the technique reported by Rit-
tenmaier and Schuep (12) with some modifications (7). Tissue
Se was determined by atomic electrothermal absorption spec-
troscopy with a Varian model Spectra AA 300 (Tokyo, Japan)
(8). Thiobarbituric acid-reactive substances (TBARS) and con-
jugated dienes were measured in aliquots of lipid extract (8).

Fatty acid distribution in lipid extracts was studied. Fatty
acids were transesterified using BF3-methanol by the tech-
nique of Morrison and Smith (13) and purified by thin-layer
chromatography on silica gel G with a solvent composed of
petroleum ether and diethyl ether (90:30, vol/vol.). The spots
of methylated fatty acids were revealed by a spray of dichlo-
rofluorescein dissolved in ethanol/acetone (1:1, vol/vol).
Fatty acid methyl ester distribution was studied by gas–liquid
chromatography. Liver and heart fatty acid methyl esters were
separated on an Intersmat instrument IGC 120 DFL (Courtry,
France) using a flame-ionization detector on a semi-capillary

column Restek CRTX 2330 (30 m × 0.52 mm) (Restek Cor-
poration, Bellefonte PA). The oven temperature was 85°C at
injection and was maintained for 10 min, then raised by
4°C/min to 235°C. Injector and detector temperatures were
260 and 230°C, respectively. Helium was used as carrier gas
under a pressure of 0.6 bars. Kidney and aorta methylated
fatty acids were obtained as described before and gas–liquid
chromatographic  analysis was performed on a Carlo Erba
HRCG 5160 instrument (Milan, Italy) and a capillary column
SP 2340 (30 m × 0.32 mm) (Supelco Company, Bellefonte,
PA). The oven temperature was 90°C for 1 min at injection
and raised by 6°C/min to 145°C, 2°C/min to 200°C , then
3°C/min to 220°C and isothermal maintained for 17 min. 

Statistical analysis. Unpaired Student’s t-test preceded by
analysis of variance was used to evaluate the significance of
differences.

RESULTS

Tissue lipids levels are reported in Table 1. Liver phospho-
lipids and triglycerides significantly decreased in group D, di-
abetic rats without supplements compared to group C, con-
trols (P < 0.05). This decrease of phospholipids was pre-
vented only in group DSmE, diabetic rats supplemented with
selenomethionine and α-tocopherol acetate. Triglyceride lev-
els were more than three times less in group D than in group
C. A double supplementation with Se + vitamin E restored
the liver triglyceride level in group DSmE nearly to that in
group C, the control. The different lipids in heart and kidney
were not significantly changed in diabetic animals supple-
mented or not with Se; only a significant increase in heart
triglycerides for diabetic rats without supplements (group D)
compared to controls was noted (P < 0.05). Results for tissue
peroxides, evaluated by measurement of TBARS and conju-
gated dienes, are given in Figure 1. A significant increase in
TBARS was noted in the hepatic tissue of group D, diabetic
rats without supplements compared to controls (P < 0.05); an-
tioxidant supplementation decreased this effect. Heart and
kidney tissues presented higher TBARS levels than liver, but
these were not significantly changed in diabetic groups com-
pared to group C (controls). For conjugated dienes, we ob-
served the same effects in liver tissue as for TBARS: a signif-
icant increase in diabetic rats without supplements compared
to controls (P < 0.05), corrected by Se supplementation.
These compounds were also higher in heart and kidney than
in liver but were not significantly changed by the disease.

Tissue antioxidant concentrations are given in Figure 2.
Liver vitamin E level was very significantly decreased in
(group D) compared to controls (group C) (P < 0.0005); this
was completely corrected in the group DSmE. Vitamin E con-
centrations in group DSmE were very significantly increased
compared to group D (P < 0.0005). Liver Se level in group D
was only slightly decreased compared to group C. In Se-sup-
plemented diabetic groups, liver Se increased significantly
compared to groups C (control) and D (diabetic rats without
supplements). In heart, vitamin E and Se levels were lower
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than those observed in liver in all groups. Heart vitamin E level
was significantly increased in group DSmE (diabetic rats sup-
plemented with selenomethionine + α-tocopherol acetate) com-
pared to groups C (control), D (diabetic rats without supple-
ments), DSel (diabetic rats with Se-rich yeast) (P < 0.005,
P < 0.0005, P < 0.0005, respectively). Concerning heart Se con-
centration, a significant increase was observed, as for liver, in
all diabetic Se-supplemented groups. Kidney tissue had a lower

vitamin E level compared with the other tissues studied; this
was not changed by disease, nor supplementation. On the con-
trary, kidney had a higher Se content than did other tissues. Dia-
betes did not modify kidney Se level, but the Se supplementa-
tion very significantly increased kidney Se content in diabetic
groups (P < 0.0005). 

Changes in liver fatty acid distribution are given in Table 2.
A significant decrease in linoleic acid (18:2 n-6) was observed
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FIG. 1. (A) Tissue thiobarbituric acid-reactive substances (TBARS) and
(B) conjugated diene levels in control rats (C) and diabetic rats without
supplements (D); and diabetic rats supplemented with a Se-rich yeast
(DSel), selenomethionine (DSm), or selenomethionine + vitamin E
(DSmE). Values are means ± SD for 7 to 11 animals in each group. Sym-
bols denote statistically significant differences vs. C, control group * = P
< 0.05; vs. unsupplemented diabetic rats, group D † = P < 0.05.

FIG. 2. Tissue vitamin E (A) and Se (B) levels in control and diabetic rats
(C, D) and diabetic rats supplemented with a Se-rich yeast (DSel), se-
lenomethionine (DSm), or selenomethionine + vitamin E (DSmE). Values
are means ± SD for 7 to 11 animals in each group. The symbols denote
statistically significant differences vs. control group C, * = P < 0.05, 
** = P < 0.01, *** = P < 0.0005; vs. unsupplemented diabetic rats, group
D † , ††, †††; and vs. DSel, ø, øø, øøø idem. Vitamin E and Se levels in
kidney are reprinted by permission of Blackwell Science Inc. from Douil-
let, C. et al. A selenium supplement associated or not with vitamin E de-
lays early renal lesions in experimental diabetes, Proc. Soc. Exp. Biol.
Med. 21, 323–331.

TABLE 1
Tissue Lipid Levels (nmol/mg tissue) in Control and Diabetic Rats Fed with a Purified Diet or the Same Diet
Supplemented with Seleniuma

Groups C D DSel DSm DSmE

Phospholipids
Liver 80.4 ± 2b 67.0 ± 3c 65.9 ± 2c 66.6 ± 2c 70.3 ± 2c

Heart 51.0 ± 1b 49.8 ± 1.6b 47.8 ± 2b 48.9 ± 2b 49.3 ± 1b

Kidney 63.8 ± 2b 70.9 ± 5b 61.1 ± 3b 60.7 ± 2b 62.0 ± 2b

Cholesterol
Liver 23.9 ± 1b 20.6 ± 4b 17.6 ± 1b 18 ± 1b 20.3 ± 2b

Heart 10.9 ± 0.2b 10.4 ± 0.3b 10.6 ± 0.3b 10.6 ± 0.4b 10.3 ± 0.2b

Kidney 57.9 ± 1b 57.8 ± 3b 56.7 ± 3b 57.2 ± 2b 58.6 ± 2b

Aorta
Triglycerides
Liver 280 ± 37b 83 ± 20c 125 ± 23c 141 ± 18b 207 ± 64b

Heart 4 ± 0.5b 4.8 ± 0.8c 3.4 ± 0.6b 2.7 ± 0.4b 3.5 ± 0.6b

Kidney 3.6 ± 0.4b 3 ± 0.4b 3.2 ± 0.7b 2.6 ± 0.3b 2.3 ± 0.2b

aValues are means ± SD of 7–11 rats in each group. b,cValues not bearing the same superscript letters in the same row are
significantly different from each other at P < 0.05. Abbreviations: C, control; D, diabetic rat with no supplements; DSel, di-
abetic rat supplemented with Se-rich yeast; DSm, diabetic rats supplemented with selenomethionine; DSmE, diabetic rat
supplemented with selenomethionine + vitamin E.



in groups D, DSel, and DSm (diabetic rats supplemented with
selenomethionine) compared to group C (P < 0.05); this de-
crease was corrected in group DSmE. A significant increase in
dihomo-γ-linoleic acid (20:3n-6) was noted in all diabetic
groups compared to control group C. A decrease in linolenic
acid (18:3n-3) (P < 0.05) and docosapentaenoic acid (22:5n-3)
associated with an increase in docosahexaenoic acid (22:6n-3)
(P < 0.05) were observed in diabetic groups compared to group
C except for group DSmE, which was supplemented with both
selenomethionine and α-tocopherol acetate. 

Changes in cardiac fatty acids are shown in Table 3. In rat
heart tissue, diabetes induced a significant decrease in arachi-
donic acid (20:4n-6) and docosapentaenoic acid (22:5n-3)
(P < 0.05) compared to control. These changes in diabetic rats
were prevented by Se supplementation. Moreover, an increase
in ether-linked 18:0 alcohol was observed in all diabetic Se-sup-
plemented rat groups compared to control group C, but this was
only significant in groups DSm and DSmE (P < 0.05).

Changes in kidney fatty acids are indicated in Table 4. Con-
versely, in kidney, a significant increase in 20:4n-6 was noted in
Group D (diabetic rats with no supplementation) compared to C,
which was corrected in groups DSm and DSmE. We also ob-
served in this tissue a significant decrease in monounsaturated
fatty acids (18:1n-9 + 18:1n-7) and a significant increase in
22:6n-3 in all diabetic groups compared to control group C. 

Fatty acid changes in aorta are noted in Table 5. An increase in
ether-linked 18:0 alcohol was observed in diabetic Se-supple-
mented groups compared to control group C but, as in heart, this
was only significant in groups DSm (supplemented with selenome-
thionine) and DSmE (supplemented with selenomethionine and α-
tocopherol acetate). A significant increase in 20:3n-6 was noted in
all diabetic groups compared to control group C. In group DSmE,
20:5n-3 also was significantly increased (P < 0.05) compared to
groups D (unsupplemented) and C (control). Moreover, 22:5n-3
and 22:6n-3 were increased in the diabetic groups compared to C,
but this was significant only for groups DSel and DSmE (P < 0.05). 
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TABLE 2
Main Liver Fatty Acids (%) and Main Fatty Acid Changes in Control and Diabetic Rats Fed with a Purified Diet
or the Same Diet Supplemented with Seleniuma

Fatty acids C D DSel DSm DSmE

16:0 22.3 ± 0.56b 20.9 ± 0.71b 21.4 ± 0.70b 22.2 ± 1.33b 22.2 ± 0.54b

18:0 8.3 ± 0.62b 9.5 ± 0.60b 8.3 ± 0.25b 8.3 ± 0.29b 8.6 ± 0.72b

18:0 DMA 2.6 ± 0.5b 3.6 ± 0.4b 3.3 ± 0.5b 3 ± 0.5b 3 ± 0.6b

18:1(n-9 + n-7) 19.9 ± 1.05b 18.8 ± 1.04b 21.3 ± 0.54b 20.3 ± 0.81b 19.3 ± 1.4b

18:2n-6 22.9 ± 0.72b 20.2 ± 0.75c 19.3 ± 0.86c 19.3 ± 1.0c 21.9 ± 0.75b

20:3n-6 0.6 ± 0.04b 1.1 ± 0.0c 0.9 ± 0.05c 1.0 ± 0.08c 0.9 ± 0.08c

20:4n-6 11.2 ± 0.99b 13.8 ± 0.7b 12.9 ± 0.73b 12.9 ± 0.82b 12.4 ± 0.95b

22:4n-6 0.40 ± 0.02b 0.4 ± 0.04b 0.3 ± 0.02b 0.4 ± 0.07b 0.3 ± 0.03b

18:3n-3 1.1 ± 0.07b 0.6 ± 0.05c 0.6 ± 0.06c 0.7 ± 0.09c 0.8 ± 0.08c

20:5n-3 0.2 ± 0.02b 0.2 ± 0.06b 0.2 ± 0.01b 0.2 ± 0.02b 0.2 ± 0.02b

22:5n-3 0.6 ± 0.07b 0.4 ± 0.04c 0.4 ± 0.03c 0.5 ± 0.08b 0.4 ± 0.03c

22:6n-3 2.5 ± 0.22b 3.4 ± 0.26c 3.3 ± 0.12c 3.2 ± 0.25c 2.8 ± 0.24b

aValues reported are weight percentage and are means ± SD (n = 7–13 rats in each group). b,cValues not bearing the same
superscript letters in the same row are significantly different from each other at P < 0.05. DMA: dimethyl acetal. For other
abbreviations see Table 1.

TABLE 3
Main Heart Fatty Acids and Main Fatty Acid Changes in Control and Diabetic Rats Fed with a Purified Diet
or the Same Diet Supplemented with Seleniuma

Fatty acids C D DSel DSm DSmE

16:0 13 ± 0.43b 13.4 ± 0.55b 14.8 ± 1.10b 12.3 ± 0.44b 12.6 ± 0.41b

18:0 18.3 ± 0.94b 19.2 ± 1.36b 19.6 ± 0.64b 19.4 ± 0.37b 18.8 ± 0.74b

18:0 DMA 0.4 ± 0.03b 0.4 ± 0.05b 0.5 ± 0.10b,d 0.7 ± 0.16c,d 0.6 ± 0.08c,d

18:1(n-9 + n-7) 15.7 ± 1.07b 17.4 ± 1.41b 14.8 ± 1.60b 13.7 ± 0.98b 15.1 ± 1.16b

18:2n-6 21.7 ± 0.47b 22.8 ± 0.66b 20.6 ± 0.57b 21.7 ± 0.8b 21.2 ± 0.8b

20:3n-6 0.3 ± 0.04b 0.4 ± 0.03b 0.4 ± 0.05b 0.5 ± 0.04b 0.5 ± 0.08b

20:4n-6 15.8 ± 0.74b 12.9 ± 1.13c 14.5 ± 0.86b 15.8 ± 0.56b 14.7 ± 0.85b

22:4n-6 0.6 ± 0.06b 0.6 ± 0.04b 0.6 ± 0.04b 0.7 ± 0.04b 0.7 ± 0.06b

18:3n-3 0.5 ± 0.03b 0.5 ± 0.09b 0.4 ± 0.04b 0.4 ± 0.03b 0.5 ± 0.04b

20:5n-3 0.06 ± 0.00b 0.07 ± 0.00b 0.08 ± 0.01b 0.08 ± 0.02b 0.08 ± 0.01b

22:5n-3 1.3 ± 0.1b 0.9 ± 0.1c 1.2 ± 0.1b 1.5 ± 0.1b 1.4 ± 0.1b

22:6n-3 5.3 ± 0.5b 5.1 ± 0.7b 6 ± 0.5b 5.9 ± 0.4b 6.1 ± 0.4b

aValues reported are weight percentage and are means ± SD (n = 7–13 rats in each group). b–dValues not bearing the same
superscript letters in the same row are significantly different from each other at P < 0.05. For abbreviations see Tables 1
and 2.



DISCUSSION

Two forms of Se supplementation were utilized in the present
work: a selenium-rich yeast representing a natural organic-
bound form, and selenomethionine. Previous studies showed
that the Se-rich yeast steadily increased plasma selenium (14)
and prevented secondary myocardial infarction (15). Supple-
mentation with selenomethionine was studied, as the major
Se constituent of yeast, to determine whether it had biologi-
cal activity.

Se supplementation in streptozotocin-diabetic rats provoked
a significant increase of this element in liver, heart, and kidney,
but this increase only occurred in aorta when Se was given in
association with vitamin E. Se-cysteine is an active site of glu-
tathione (GSH) peroxidase. GSH peroxidase has antioxidant
activity since it catalyzes the conversion of hydroperoxides to
stable nonradical products (9). One could hypothesize that a Se
increase in tissue could prevent oxidative damage. In diabetic
rats, serum oxidative markers are raised (16). Hence, it seemed

interesting to observe changes in lipids, polyunsaturated fatty
acids (targets for peroxidation), and peroxide levels in different
tissues, after Se supplementation.

In the present study, a significant decrease in liver lipid
levels, especially triglycerides, was observed in diabetic rats
without supplements compared to controls. In contrast, he-
patic triglycerides have been reported to accumulate after
only a few hours in experimental diabetes; this correlated
with ketosis and was partially reversed by insulin treatment
(17). In our study, diabetic rats were treated with insulin for a
long period (24 wk), to avoid ketoacidosis or hyperosmolar-
ity, and fed with a lipid-rich diet. Decrease in liver triglyc-
erides, observed in this study, could be a result of these hor-
monal and dietary changes. It has been reported that chronic
deficiency of insulin provokes a lowering of triglyceride syn-
thesis (18). Both selenium and vitamin E have been associ-
ated with insulin-like properties (19,20). In the present study,
Se supplementation tended to normalize liver triglyceride lev-
els. Moreover, in group DSmE, triglyceride levels were close
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TABLE 4
Main Kidney Fatty Acids and Main Fatty Acid Changes in Control and Diabetic Rats Fed with a Purified Diet
or the Same Diet Supplemented with Seleniuma

Fatty acids C D DSel DSm DSmE

16:0 30.4 ± 1.25b 27.8 ± 2.16b 28.2 ± 0.83b 27 ± 1.39b 28.6 ± 0.87b

18:0 28.4 ± 1.51b 26.7 ± 0.91b 28.7 ± 1.26b 30 ± 0.93b 30.7 ± 1.34b

18:0 DMA 0.3 ± 0.03b 0.3 ± 0.05b 0.3 ± 0.04b 0.3 ± 0.03b 0.3 ± 0.04b

18:1(n-9 + n-7) 18 ± 0.84b 15.7 ± 0.69c 15.5 ± 0.60c 15.6 ± 0.81c 14.2 ± 0.82c

18:2n-6 10.6 ± 0.6b 12.4 ± 0.93b 11.5 ± 0.69b 11.8 ± 0.76b 11.1 ± 0.77b

20:3n-6 0.16 ± 0.01b 0.18 ± 0.02b 0.18 ± 0.01b 0.18 ± 0.02b 0.21 ± 0.02b

20:4n-6 8 ± 1.04b 13.2 ± 1.58c,d 11.9 ± 1.26c,d 11.5 ± 1.44b,d 10.6 ± 0.71b,d

22:4n-6 1.2 ± 0.21b 1.1 ± 0.16b 1 ± 0.16b 1 ± 0.16b 1.2 ± 0.14b

18:3n-3 0.09 ± 0.01b 0.07 ± 0.00b 0.09 ± 0.01b 0.08 ± 0.01b 0.09 ± 0.01b

20:5n-3 0.04 ± 0.01b 0.03 ± 0.00b 0.04 ± 0.00b 0.05 ± 0.01b 0.05 ± 0.00b

22:5n-3 0.05 ± 0.01b 0.04 ± 0.01b 0.04 ± 0.00b 0.04 ± 0.01b 0.04 ± 0.01b

22:6n-3 0.10 ± 0.01b 0.2 ± 0.03c 0.2 ± 0.02c 0.15 ± 0.02c 0.2 ± 0.02c

aValues reported are weight percentage and are means ± SD (n = 7–13 rats in each group). b–dValues not bearing the same
superscript letters in the same row are significantly different from each other at P < 0.05. For abbreviations see Tables 1
and 2.

TABLE 5
Main Aorta Fatty Acids and Main Fatty Acid Changes in Control and Diabetic Rats Fed with a Purified Diet
or the Same Diet Supplemented with Seleniuma

Fatty acids C D DSel DSm DSmE

16:0 21 ± 0.72b 19.2 ± 0.4b 20.2 ± 1.1b 18.4 ± 1.1b 19.5 ± 0.5b

18:0 9.4 ± 0.7b 11.8 ± 1b,d 12.2 ± 0.6c,d 11.3 ± 0.5b,d 13.2 ± 0.8c,d

18:0 DMA 0.9 ± 0.1b 1.2 ± 0.2b,d 1.3 ± 0.2b,d 1.3 ± 0.1c,d 1.6 ± 0.04c,d

18:1(n-9 + n-7) 33.6 ± 1.6b 32.9 ± 1.2b 31.6 ± 1.3b 31.8 ± 1.4b 30.9 ± 1.4b

18:2n-6 19.1 ± 1b 17.4 ± 1.1b 15 ± 0.7c 16.2 ± 1.5b 14.3 ± 0.9c

20:3n-6 0.16 ± 0.02b 0.20 ± 0.03b 0.24 ± 0.03c 0.22 ± 0.01c 0.26 ± 0.03c

20:4n-6 6.4 ± 0.08b 9.1 ± 1.1b 10 ± 0.9b 9.1 ± 0.4b 10.4 ± 1b

22:4n-6 0.95 ± 0.1b 1.34 ± 0.2b,d 1.35 ± 0.2b,d 1.29 ± 0.1b,d 1.4 ± 0.2c,d

18:3n-3 0.2 ± 0.02b 0.22 ± 0.02b 0.2 ± 0.02b 0.18 ± 0.03b 0.2 ± 0.02b

20:5n-3 0.04 ± 0.01b 0.03 ± 0.00b 0.02 ± 0.00b 0.05 ± 0.01b,d 0.09 ± 0.04c,d

22:5n-3 0.18 ± 0.02b 0.23 ± 0.001b,d 0.26 ± 0.00c,d 0.27 ± 0.02c,d 0.28 ± 0.04c,d

22:6n-3 0.42 ± 0.06b 0.65 ± 0.03c,d 0.64 ± 0.02c,d 0.52 ± 0.02b,d 0.65 ± 0.06c,d

aValues reported are weight percentage and are means ± SD (n = 7–13 rats in each group). b–dValues not bearing the same
superscript letters in the same row are significantly different from each other at P < 0.05. For other abbreviations see Tables
1 and 2.



to control. The large increase in liver TBARS observed in di-
abetic rats could promote DNA and protein alterations (21),
inducing changes in the enzyme activities implicated in lipid
metabolism. In Se- supplemented diabetic rats, these alter-
ations could be partly diminished. This point would be wor-
thy of further study.

Liver phospholipid levels also decreased in all diabetic rats,
supplemented whether with selenium or not. As seen with
triglycerides, this decrease could be a result of altered liver
phospholipid synthesis, or perhaps due to liver peroxide lev-
els. It has been reported that lipid peroxidation stimulates ex-
pression of phospholipase A2 in liver which preferentially hy-
drolyzes peroxidized phospholipids (22). In group DSmE
(supplemented with selenomethionine and α-tocopherol ac-
etate) only, liver phospholipid loss was weakly prevented, per-
haps because membrane phospholipid unsaturated fatty acids
are highly susceptible to oxygen free-radical attack (23).

An increase in triglycerides and cholesterol in rat my-
ocardium was reported after streptozotocin injection but was
completely corrected by insulin after 8 wk of diabetes (24).
Under our experimental conditions, after 24 wk of diabetes,
an increase in heart triglycerides persisted in group D. Accu-
mulation of cholesterol and triglycerides in the left ventricle
and septum in diabetic patients has been associated with car-
diomyopathy (25). Thus, decrease in heart triglyceride ob-
served in diabetic Se-supplemented rats after 24 wk could
represent a protective effect of selenium on cardiac function. 

Concerning liver antioxidant and peroxide levels, diabetes
induced a large decrease in vitamin E which tended to be pre-
vented with Se supplementation and was completely cor-
rected in group DSmE. In contrast, liver Se decreased slightly
in group D (diabetic rats with no supplementation) compared
to control group C but was significantly increased in all Se
supplemented groups;  this increase was amplified by con-
comitant vitamin E administration as observed previously in
plasma and platelets (26). In liver, TBARS and conjugated
dienes were increased in group D compared to group C. Se or
Se + vitamin E supplementation in diabetic rats significantly
decreased liver TBARS. The same effect of selenium and vit-
amin E was also observed in liver of rats submitted to a diet
inducing oxidative stress (27). Liver conjugated dienes were
also reduced by antioxidant supplements. TBARS partly re-
flect generation of malondialdehyde (MDA), a cytotoxic alde-
hyde, formed in the peroxidative degradation of membrane
lipids. The excretion of urinary MDA-conjugated metabolites
(28) was reported as being increased in diabetic rats (29). Ac-
celerated detoxification of MDA by liver in Se- and vitamin
E-supplemented rats may play a role in the preservation of
oxidative status and polyunsaturated content of other tissues.

Diabetes under our conditions of diet and insulin treatment
did not change Se or vitamin E levels in heart and kidney, nor
consequently peroxide levels measured as TBARS and con-
jugated dienes. However, basal peroxide levels are more ele-
vated in these tissues than in liver. This could reflect a de-
creased capacity to destroy these compounds, perhaps in rela-

tion to a relatively weak vitamin E content and lower activity
of antioxidant enzymes than in liver. 

For tissue fatty acid distributions in diabetic rats (groups
D, DSel, DSm), the main changes were observed in liver: a
decrease in 18:2n-6 associated with an increase in 20:3n-6
which could suggest an upregulation of ∆-6 desaturase by in-
sulin as described (3). The decrease in 18:2n-6 was prevented
by Se + vitamin E supplementation. In the liver of diabetic
rats, a decrease in fatty acids of the n-3 series was observed:
18:3n-3, 22:5n-3, whereas, paradoxically, the 22:6n-3 was in-
creased compared to control, except for group DSmE. In-
crease in 22:6n-3 has been associated with insufficient meta-
bolic control (30).

In heart, an increase in ether-linked 18:0 alcohol in groups
DSm and DSmE compared to C and D could indicate an im-
proved possibility for long-term preservation of cardiac func-
tion. There has been a proposed link between lethal ischemic
damage to myocardial tissue and plasmalogen degradation
(31). Plasmalogen ethanolamine has also been described as
the storage form of myocardial arachidonic acid (32). In-
creased plasmalogen through Se supplementation could help
to maintain the myocardium. In the same way, a significant
decrease in 20:4n-6 in group D (unsupplemented), compared
to C, was also noted which disappeared in groups DSel, DSm,
and DSmE. Prostacyclin is the major prostaglandin formed
from arachidonic acid in the heart of most animals (33).
Prostacyclin increases coronary flow, and protects my-
ocardium in vivo from ischemic damage (34). Se treatment
tended also to increase polyunsaturated fatty acids of the n-3
series in heart and aorta, 22:5n-3 and 20:5n-3, respectively.
The latter of these may serve as the precursor of PGI3, a va-
sodilator and a platelet antiaggregant (35). 

In the kidney, diabetes mainly induced a significant in-
crease in 20:4n-6. This increase was partially reduced by Se
supplementation. This observation could partly explain the
delay in development of renal lesions in diabetic streptozo-
tocin-induced rats treated with vitamine E (8). Elevation of
20:4n-6 could play a role in the formation of thromboxane
A2, implicated in diabetic glomerulopathy (36).

In conclusion, in streptozotocin-induced diabetic rats, Se
or Se+ vitamin E supplementation for 24 wk normalized lipid
metabolism in liver and enhanced its capacity to destroy per-
oxidant compounds as observed before in vitro in liver slices
(37). The effects of this supplementation were to modulate
fatty acid composition in heart, kidney, and aorta and thus to
help maintain normal tissue functions in situ. The treatment
of diabetic patients with free radical scavengers such as Se
and vitamin E with the aim of reducing oxidative stress is a
question for further study. 
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ABSTRACT: As chronic consumption of a diet devoid of n-3
fatty acid induced modification of neurotransmission pathways
in the frontal cortex of rats, plasmalogen alteration could occur
in this area. Because of the propensity to facilitate membrane
fusion, plasmenylethanolamine (PmE), a major plasmalogen of
brain, may be involved in synaptic transmission. Female rats
were fed diet containing peanut oil [(n-3)-deficient diet] through
two generations. Two weeks before mating, half of the female
rats of the second generation received a diet containing peanut
oil and rapeseed oil (control group). The distribution and acyl
composition of major phospholipids, phosphatidylethanol-
amine and PmE, were measured in the frontal cortex, striatum,
and cerebellum of the male progeny of the two groups at 60 d
of age. The n-3 polyunsaturated fatty acid (PUFA) deficiency
had no effect on the distribution of phospholipids in all brain
regions but affected their acyl composition differently. The level
of 22:6n-3 was significantly lower and compensated for by
higher levels of n-6 fatty acids in all regions and phospholipids
studied. However, docosahexaenoic acid, being more concen-
trated in the PmE of frontal cortex, is also more decreased in the
n-3-deficient rats compared to the striatum. By contrast, stria-
tum PmE has retained more 22:6n-3 than PmE of the other re-
gions. In addition, the increase of n-6 PUFA was significantly
lower in frontal cortex PmE compared to the striatum and cere-
bellum PmE. In association with altered neurotransmission ob-
served in frontal cortex of n-3-deficient rats, our results suggest
that frontal cortex PmE might be more affected in chronically α-
linolenic-deficient rats. However, by retaining 22:6n-3, stria-
tum PmE could be most resilient. 
Lipids 33, 401–407 (1998).

Polyunsaturated fatty acids (PUFA) derived from the n-6 or
n-3 series of fatty acids (FA) are fundamental components of
the structural membrane lipids of the brain. They are derived
from the essential FA precursors, linoleic (18:2n-6) and
α-linolenic acids (18:3n-3), which must be obtained from an
exogenous source, i.e., the diet. It has been previously shown
that a chronic dietary n-3 PUFA deficiency dramatically al-
ters the FA composition of brain membranes, decreasing brain
levels of n-3 PUFA which are compensated for by increased
amounts of n-6 PUFA. This diet also altered learning ability
in rats (1–7). Moreover, it has been shown that a lesion of
dopaminergic neurons disturbed brain integrative functions,
i.e., learning and memory, cognitive functions, and reinforce-
ment processes (8–10). On the assumption that impairment of
this neuronal system can occur as a result of this specific diet
deficiency, Delion et al. (11) evaluated the influence of a diet
deficient in α-linolenic acid on neurotransmission in the dif-
ferent regions under serotoninergic and dopaminergic regula-
tion: frontal cortex and striatum. Chronic dietary α-linolenic
acid deficiency led to a reduced docosahexaenoic acid
(DHA), or 22:6n-3, level in these two cerebral regions (11),
as already described by Bourre et al. (3) in the whole brain.
However, a modification of several specific factors of the
dopaminergic and the serotoninergic neurotransmission was
observed only in the frontal cortex, a region which may be
more specifically affected by the FA composition of the diet.
The level of DHA in control rats was found to be slightly
higher in the frontal cortex than in the striatum (11), which
could make the frontal cortex more sensitive to a n-3 PUFA
deficiency. PUFA, specifically DHA, are fundamental com-
ponents of ethanolamine glycerophospholipids (EGP). Plas-
malogens, as a subclass of EGP, are often not distinguished
from diacyl components, even though they constitute 50% of
EGP total levels and about 17% of total phospholipids in
brain. These ether-lipids exhibit a different molecular struc-
ture as compared to diacylphospholipid. They are character-
ized by the presence of 1-O-alk-1′-enyl ether (vinyl ether)
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linkage at the sn-1 position as compared to the 1-O-acyl ester
linkage present in diacylphospholipids. Furthermore, the sn-2
hydroxyl group is usually esterified to highly unsaturated FA
such as 20:4n-6 and 22:6n-3. Cellular functions of plasmalo-
gens are poorly understood. However, several hypotheses
have been proposed. Because of reactivity of the alkenyl ether
bond of plasmalogens with singlet oxygen and other reactive
oxygen species, plasmalogens may function as effective an-
tioxidants (12,13). They may be a reservoir of PUFA that
serve as precursors or modulators in eicosanoid production
(14–16). In addition, the high vinyl ether content of mem-
brane phospholipids seems to be a ubiquitous characteristic
of electrically active tissues such as heart and brain (17).
Their presence in significant amounts in these tissues suggests
that they may be involved in the regulation of transmembrane
ion movements. Indeed, specific interactions of plasmalogens
with membrane proteins have been observed, i.e., rabbit
skeletal muscle calcium ATPase (18) and Na+/K+ ATPase
(19). Moreover, plasmenylethanolamine (PmE), the major
brain plasmalogen, is abundant in several subcellular mem-
branes which undergo rapid membrane fusion, e.g., synaptic
vesicles and plasma membranes (20). Because of the greater
propensity of this phospholipid to adopt a hexagonal phase,
vesicles containing PmE undergo fusion six times more
rapidly than those containing phosphatidylethanolamine (PE).
This suggests that PmE may be involved in membrane fusion,
a process occurring during synaptic transmission (21). On the
basis of these previous experiments, we hypothesized that
plasmalogens play a role in neurotransmission processes.
Thus, the aim of this study was to evaluate the influence of
chronic dietary n-3 PUFA deficiency on plasmalogens in dif-
ferent brain regions under monoaminergic regulation by de-
termining whether modifications could be obtained in their
composition in parallel with changes in neurotransmission
observed in the frontal cortex of rats deficient in n-3 PUFA.
Accordingly, we measured the distribution and FA composi-
tion of major phospholipids of the brain, i.e., PE and PmE in
rats chronically fed a diet deficient in n-3 PUFA. These com-
ponents were studied in frontal cortex, striatum, and cerebel-
lum. This last region was chosen as a reference area since it
is poor in monoaminergic innervation (22).

MATERIALS AND METHODS

Animals and diets. The experimental protocol was in accor-
dance with the procedure previously described by Delion
et al. (11) and was detailed as follows: two generations of fe-
male Wistar rats (Laboratoire de Nutrition et Sécurité Ali-
mentaire, Jouy-en-josas, France) were fed all their life a diet
containing 6% fat as African peanut oil specifically deficient
in α-linolenic acid. This deficient diet provided around 1200
mg of linoleic acid but less than 6 mg of linolenic acid per
100 g of diet. Two weeks before mating, at 8 wk of age, fe-
male rats originating from the second generation of the α-
linolenic acid-deficient rats were divided into two equal
groups. The first group continued to receive the deficient diet,

and the second a diet in which peanut oil was replaced by a
60/40% mixture of peanut oil and rapeseed oil. The latter
(control) diet provided the same amount of linoleic acid as
the deficient diet and also around 200 mg of α-linolenic acid
per 100 g of diet [(n-6)/(n-3) = 6]. Diets were consumed 
ad libitum by both groups. At weaning, the male progeny
(third generation) of these groups of female rats received the
same diet as their respective dams until sacrifice. Each mea-
surement was realized on 6 male rats per group. Animals were
killed at 60 d of age. The composition of diets and the
composition in FA are reported in Tables 1 and 2. This pro-
tocol was in compliance with applicable guidelines from
“Ministère de l’Agriculture, France.”

Isolation of different brain regions. The animals were
anesthetized with diethyl ether and infused with 0.9% saline
sodium. The brain regions from each rat were rapidly re-
moved and dissected, and the frontal cortex, striatum, and
cerebellum were weighed and frozen at −80°C until use. Each
tissue from each rat was homogenized in 10 vol of Tris-HCl
buffer, pH 7.4.

Lipid analyses. Total lipids were extracted according to the
method of Bligh and Dyer (23). A part of total lipid extract
was used for total phosphorus (Pi) determination and another
part for separation of the phospholipid classes by thin-layer
chromatography (TLC) on precoated silica gel 60 plates (E.
Merck, Darmstadt, Germany), as described by Owens (24).
The method is based on the lability of plasmalogens toward
mercuric chloride. Lipid samples containing around 250
nmoles of lipid phosphorus were fractionated by TLC. The
plates were then developed in freshly prepared chloro-
form/methanol/water/acetic acid (65:43:3:1, by vol). In order
to separate PmE and PE, the left lipid track of the chromato-
gram was sprayed with 5 mM mercuric chloride in 10 mM
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TABLE 1
Diet Composition

Composition (g/kg diet)

Control (n-3) Deficient

Casein 220 220
DL-Methionine 1.6 1.6
Cornstarch 432.4 432.4
Saccharose 216 216
Cellulose 20 20
Mineral mixturea 40 40
Vitamin mixtureb 10 10
Peanut oilc 23.6 60
Rapeseed oilc 36.4 —
aComposition of mineral mixture (mg/kg diet): CaHPO4·2H2O, 15200;
K2HPO4, 9600; CaCO3, 7200; NaCl, 2760; MgO, 800; MgSO4·7H2O, 3600;
FeSO4·7H2O, 340; ZnSO4·H2O, 200; CuSO4·H2O, 40; NaF, 32;
CrK(SO4)2·H2O, 20; (NH4)6Mo7O24·4H2O, 8; KI, 1.6; CoCO3, 8;
Na2SeO3·5H2O, 20.
bComposition of vitamin supplement, triturated in dextrose (mg/kg diet):
retinyl acetate, 10; cholecalciferol, 0.0625; acetate all-rac-α-tocopherol, 50;
menadione, 1; thiamine HCl, 10; riboflavin, 10; nicotinic acid, 45; D-cal-
cium pantothenate, 30; pyridoxine HCl, 10; inositol, 50; D-biotin, 0.2; folic
acid, 2; cyanocobalamin, 0.0135; L-ascorbic acid, 100; p-aminobenzoic
acid, 50; choline chlorhydrate, 750.
cTotal dietary lipids: 6 g/100 g diet.



acetic acid, while the remainder of the chromatogram was
screened. After being evaporated to dryness under a stream
of nitrogen for 1 h, the plates were developed in the second
dimension with chloroform/methanol/water (60:35:8, by vol).
The chromatogram was allowed to dry and then sprayed with
diphenylhexatriene (Sigma Chemical, St. Louis, MO) to lo-
cate phospholipid spots under ultraviolet light. Appropriate
blank areas also were marked. Each spot was scraped off into
tubes containing appropriate chloroform/methanol (2:1,
vol/vol) solvents. Phospholipid fractions were extracted with
chloroform/methanol (2:1) and then quantified for phospho-
rus content using the procedure of Bartlett (25) modified by
Böttcher (26). Results are expressed in nmoles/100 nmoles of
Pi. To determine the FA composition of the phospholipids
studied, around 600 nmoles of Pi were used to separate the
different phospholipids by the procedure described above. FA
were saponified and then methylated with 6% methanolic sul-

furic acid. Separation of fatty acid methyl esters was done by
capillary gas chromatography on a Hewlett-Packard model
N 5890 gas chromatograph (Hewlett-Packard, Palo Alto, CA)
equipped with a flame-ionization detector and a capillary
column (length, 50 m; diameter, 0.25 mm; CP-Sil 88; Chrom-
pack, Les Ulis, France). The oven temperature was pro-
grammed to rise from 170 to 230°C at a rate of 2°C/min. The
injector temperature was 230°C and the detector temperature
270°C. Peaks were integrated by a programmable integrator-
calculator (D 2500A chromato-integrator; Merck, Nogent sur
Marne, France). The relative concentration of each FA was
expressed as percentage of identified FA equal or greater than
16 carbon atoms for tissue samples. For statistical analyses, a
one-way analysis of variance (ANOVA) was performed, and
comparisons of means were determined using the Student’s
t-test. Values between control and deficient rats were consid-
ered significantly different when P < 0.05.

RESULTS

Weights of body and brain regions. The difference in mean
body weight of the deficient (248 ± 8 g) and control (246 ± 8
g) groups was not significant (P > 0.05, ANOVA) at the time
of the study. The dietary α-linolenic acid deficiency had no
effect on the brain region weight of the animals. The weights
in control vs. deficient rats were 272 ± 45 vs. 239 ± 26 mg,
50 ± 9 vs. 53 ± 8 mg, and 275 ± 25 vs. 288 ± 7 mg in frontal
cortex, striatum, and cerebellum, respectively. The difference
was not significant (P > 0.05, ANOVA).

Proportions of phospholipids classes (Table 3). Analysis
of phospholipid composition in all three areas studied con-
cerned only PE and PmE. The EGP levels, i.e., sum of PE and
PmE levels, were similar for the three brain regions in the
control group but the proportions of PE and PmE in this phos-
pholipid class varied according to the region. In frontal cor-
tex and striatum, PE levels were slightly higher than PmE lev-
els and represented 55 and 52% of EGP levels, respectively.
In contrast, cerebellum contained higher amounts of PmE
than PE, since data showed PE levels about 47% of EGP total
levels. In all brain regions studied, the proportions of PE and
PmE were not modified by the n-3-deficient diet. 

Fatty acid composition of PE (Table 4). In control rats,
total PUFA levels were rather similar between the three re-
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TABLE 2
Fatty Acid Composition of Dietary Lipids

Composition (mg/100 mg fatty acids)

Fatty acida Controlb (n-3) Deficientc

16:0 8.1 9.9
18:0 2.4 3.1
20:0 0.9 1.2
22:0 1.2 1.8
24:0 0.6 0.8
∑ SFA 13.1 16.8
16:1n-7 1.1 0.0
18:1n-9 60.9 60.8
18:1n-7 0.0 0.0
20:1n-9 1.1 1.1
∑ MUFA 60.2 61.9
18:2n-6 21.2 21.3
∑ (n-6) PUFA 21.2 21.3
18:3n-3 3.6 <0.1
∑ (n-3) PUFA 3.6 <0.1
∑ (n-6) + (n-3) 24.8 21.3
(n-6)/(n-3) 5.9 >213
PUFA, mg/100 g diet

18:2n-6 1196 1201
18:3n-3 203 <6

aAbbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids.
bAfrican peanut–rapeseed oil mixture (60.5%–39.5%).
cAfrican peanut oil.

TABLE 3
Phosphatidylethanolamine (PE) and Plasmenylethanolamine (PmE) Composition
(nmoles/100 nmoles Pi) in the Frontal Cortex, Striatum, and Cerebellum 
of Rats Fed Either a Control or a n-3 PUFA-Deficient Dieta

Phospholipid Frontal cortex Striatum Cerebellum

classes Control Deficient Control Deficient Control Deficient

PE 16.5 ± 1.9 16.1 ± 1.3 16.3 ± 2.9 16.6 ± 1.6 13.2 ± 2.5 14.9 ± 2.6
PmE 13.5 ± 1.8 13.8 ± 1.7 14.8 ± 1.3 13.7 ± 1.5 15.2 ± 2.0 16.5 ± 1.7
EGP 29.9 ± 1.6 29.8 ± 2.4 31.1 ± 3.5 30.5 ± 2.8 28.4 ± 3.1 31.4 ± 3.2
aValues represent means ± SD, for six animals/group. Pi, total phosphorus; PE, phosphatidyl-
ethanolamine; PmE, plasmenylethanolamine; EGP, ethanolamine glycerophospholipids. For other
abbreviation see Table 2.



gions, i.e., 31% in the frontal cortex and striatum and 36% in
the cerebellum. However, the relative distribution of n-3 and
n-6 PUFA varied from one brain area to another. The PUFA
composition of frontal cortex and striatum PE did not differ
significantly, but great differences were observed between
cerebellum and the other two regions. The cerebellum was
significantly enriched in 22:6n-3 compared to the other re-
gions, by 46% (P < 0.05) and by 76% (P < 0.01) compared to
frontal cortex and striatum, respectively, and the proportions
of n-6 PUFA were less than the striatum, by 22% (P < 0.05). 

Differences in FA composition of PE between the two di-
etary groups involved principally the PUFA. DHA levels
were significantly decreased in all three regions compared to
controls (P < 0.001). The decrease was significantly higher in
cerebellum than in the striatum and in the frontal cortex, i.e.,
78% in the cerebellum, 71% (P < 0.01) in the striatum, and
73% in the frontal cortex (P < 0.05). In the deficient group,
the reduction in DHA was compensated for by the increase in
level of n-6 PUFA including 22:5n-6, 22:4n-6, and 20:4n-6.
The largest change occurred for 22:5n-6 for all brain regions
studied. The overall results were that the total (n-6 + n-3)
PUFA level in the deficient group was equivalent to that of
the control group only in the striatum and the cerebellum.
Total PUFA levels in the frontal cortex were significantly
increased in the deficient group compared to the control 
group (P < 0.01), by 37%. Highest 22:5n-6/22:6n-3 ratio was
observed in the frontal cortex compared to striatum and cere-
bellum in the deficient group. Although increased,
20:4n-6/22:6n-3 and 22:5n-6/22:6n-3 ratios were lower in the
cerebellum of deficient rats than in the other two regions.

Fatty acid composition of PmE (Table 5). In the control
group, PUFA proportions were dramatically different for each
region. The level was significantly higher in the frontal cor-
tex than in the striatum and the cerebellum (P < 0.01). DHA
was the major fatty acid in frontal cortex PmE, since levels
were significantly higher than in the striatum and the cerebel-
lum by 31% (P < 0.05) and 33% (P < 0.01), respectively.
Oleic acid (18:1n-9) was the predominant FA in striatum and
cerebellum, and the level was 44% (P < 0.001) higher in the
cerebellum than in the frontal cortex. So, in contrast with PE,
significant differences were observed between frontal cortex
and striatum in FA composition of PmE in control group.
They involved 22:6n-3 and 18:1n-9. 

n-3 PUFA deficiency induced profound modifications in
PUFA proportions. As expected, DHA levels were signifi-
cantly lower in the PmE of all regions for the deficient group,
but the decrease was significantly greater in the frontal cortex
and cerebellum PmE, i.e., 81 and 79%, respectively, than in
the striatum (74%) (P < 0.01). Moreover, the increase of n-6
PUFA, which compensated for the low levels of n-3 PUFA,
was significantly lower in the frontal cortex (P < 0.05) com-
pared to the other two regions, i.e., 66, 82, and 85% increases
were measured in the frontal cortex, striatum, and cerebel-
lum, respectively. Total (n-6 + n-3) PUFA levels did not vary
significantly in frontal cortex and cerebellum PmE, whereas
this value increased significantly in striatum (P < 0.01). 

In frontal cortex, as in cerebellum, the increase of n-6
PUFA was significantly higher in PE than in PmE in the defi-
cient group (P < 0.001), whereas in the striatum, n-6 PUFA
levels were increased in the same proportions in PE and PmE.
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TABLE 4
Acyl Chain Composition (% of identified fatty acids) of PE in the Frontal Cortex, Striatum, 
and Cerebellum of Rats Fed Either Control or n-3 PUFA-Deficient Dieta

Frontal cortex Striatum Cerebellum

Acyl chain Control Deficient Control Deficient Control Deficient

16:0 10.5 ± 0.9 7.9 ± 2.2 10.7 ± 2.0 9.7 ± 3.2 9.6 ± 1.5 10.1 ± 1.4
18:0 41.6 ± 1.7 34.1 ± 1.4c 36.0 ± 6.5 35.7 ± 2.4 32.8 ± 0.8 31.6 ± 1.5
∑ SFA 52.7 ± 2.3 42.7 ± 2.7b 48.7 ± 4.5 46.5 ± 5.3 43.0 ± 2.7 42.6 ± 2.3
18:1n-9 12.1 ± 1.3 10.7 ± 1.9 15.9 ± 3.3 12.8 ± 1.9 15.4 ± 1.4 14.9 ± 2.3
18:1n-7 2.2 ± 0.3 2.2 ± 0.1 2.1 ± 1.4 1.8 ± 1.1 3.8 ± 1.0 2.7 ± 1.0
∑ MUFA 16.3 ± 1.7 14.8 ± 0.9 20.5 ± 2.5 16.3 ± 1.6a 20.9 ± 2.3 18.2 ± 1.5
18:2n-6 0.5 ± 0.1 0.4 ± 0.1 1.4 ± 0.4 0.5 ± 0.2a 0.8 ± 0.3 0.7 ± 0.3
20:4n-6 11.4 ± 1.1 15.6 ± 0.5c 11.8 ± 0.4 14.4 ± 2.5 9.6 ± 1.0 11.0 ± 0.5a

22:4n-6 2.8 ± 0.3 4.8 ± 0.4c 3.8 ± 2.2 4.2 ± 0.7 2.7 ± 0.4 5.0 ± 0.6c

22:5n-6 0.9 ± 0.2 16.6 ± 1.6c 1.1 ± 0.9 13.3 ± 3.1c 0.7 ± 0.3 15.3 ± 1.5c

∑ (n-6) PUFA 15.7 ± 1.7 37.6 ± 1.8c 18.4 ± 3.5 32.6 ± 5.9b 14.3 ± 0.9 33.2 ± 1.8c

22:6n-3 14.4 ± 2.6 3.8 ± 0.5c 11.9 ± 1.9 3.4 ± 0.5c 21.0 ± 2.6 4.6 ± 0.7c

∑ (n-3) PUFA 14.8 ± 2.2 4.1 ± 0.7c 12.2 ± 2.0 3.9 ± 0.5c 21.4 ± 2.4 5.2 ± 0.7c

(n-6) + (n-3) 30.6 ± 3.4 41.8 ± 2.5b 30.6 ± 5.2 36.6 ± 5.9 35.7 ± 3.2 38.4 ± 2.4
(n-6)/(n-3) 1.0 ± 0.2 9.2 ± 1.2c 1.5 ± 0.2 8.4 ± 1.9c 0.7 ± 0.1 6.6 ± 0.2c

20:4n-6/22:6n-3 0.8 ± 0.1 4.1 ± 0.4c 1.0 ± 0.2 4.2 ± 0.6c 0.5 ± 0.1 2.4 ± 0.3c

22:5n-6/22:6n-3 0.06 ± 0.01 4.37 ± 0.47c 0.20 ± 0.10 3.79 ± 0.56c 0.03 ± 0.01 3.30 ± 0.16c

aValues represent means ± SD for six animals/group. See Tables 2 and 3 for abbreviations. ∑ (n-6) PUFA: sum of linoleic
series. ∑ (n-3) PUFA: sum of linolenic series. (n-6) + (n-3): sum of linoleic and linolenic series. Minor fatty acids of the sum
as 16:1n-9, 16:1n-7, 17:0, 18:3n-3, 20:0, 20:1n-9, 20:1n-7, 20:3n-9, 20:3n-6, 20:5n-3, 22:0, 22:1n-9, 24:0, and 22:5n-3
have been excluded from the table. aSignificant difference from the control group at the level of P < 0.05. bSignificant dif-
ference from the control group at the level of P < 0.01. cSignificant difference from the control group at the level of P <
0.001.



DISCUSSION

It appeared from the study that a chronic n-3 PUFA-deficient
diet altered the PUFA composition of PmE and PE differently
in the three brain regions.

Delion et al. (11) have reported that the proportions of dif-
ferent phospholipid classes in frontal cortex, striatum, and
cerebellum were not modified by α-linolenic acid deficiency.
However, these authors did not analyze the composition of
plasmalogen phospholipids, important constituents in cere-
bral membranes. The role of these ether-lipids has not been
well established, but their high concentrations in the brain tis-
sue suggest an involvement in cerebral function. We analyzed
plasmalogen content in the same regions and with the same
animal model as Delion et al. (11), i.e., frontal cortex, stria-
tum, and cerebellum in rats fed control diet and rats fed n-3
PUFA-deficient diet. Plasmalogen composition already has
been analyzed in the whole rat brain (17), in the grey matter,
white matter, and myelin in human brain (27), but no infor-
mation is available on the distribution and acyl composition
of plasmalogen of different brain regions. It appeared from
this study that the proportions of EGP were similar in the
three brain regions and were in accordance with proportions
already observed in the whole rat brain (17). However, we
showed that PmE and PE levels varied from one region to an-
other, essentially from cerebellum to the other two regions. It
has been previously shown that PmE are particularly enriched
in the white matter and myelin (28,29). It can be speculated
that PmE levels obtained in various regions of the central ner-
vous system depend on the degree of myelination and propor-
tion of white matter of the region. This explains the relatively

high values of PmE for cerebellum, which contained larger
amounts of white matter compared to striatum and frontal
cortex. It is already interesting to note that the FA composi-
tion of cerebellum EGP differs from the FA composition of
EGP observed in striatum and frontal cortex in control group.
The great differences concerned PmE which contained larger
amounts of monounsaturated fatty acids and low levels of n-6
PUFA compared to the other two regions. Almost 40% of
cerebellum PmE contained oleic acid (18:1n-9) esterified in
position sn-2. It is believed that plasmalogen species with
18:1 acyl chains participate exclusively in the activity of
oligodendrial cells and myelin sheets (30). 

PUFA composition of PE did not differ between the two
regions under monoaminergic regulation, i.e., frontal cortex
and striatum in the control groups, but marked differences
were observed in PUFA composition of PmE: a greater pro-
portion of DHA was found in the frontal cortex than in the
striatum. Delion et al. (11) have demonstrated the greater
richness of DHA in this region, and our study indicates the
more specific implication of plasmalogen content. The pres-
ent study also showed that the different cerebral regions stud-
ied seemed to have a specific need for n-6 and n-3 PUFA. It
is interesting to note that striatum EGP are rich in n-6 PUFA
and poor in n-3 PUFA compared to those present in the frontal
cortex and cerebellum. By contrast, cerebellum EGP con-
tained higher proportions of n-3 PUFA than n-6 PUFA. The
proportions of n-6 PUFA were lowest in the cerebellum EGP.
In the frontal cortex, n-6 PUFA and n-3 PUFA were equally
distributed in the PE and in the PmE, but PUFA were present
in larger amounts than in the other two regions. This area con-
tained a higher concentration of 22:6n-3 compared to the
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TABLE 5
Acyl Chain Composition (% of identified fatty acids) of PmE in the Frontal Cortex, Striatum, and Cerebellum of
Rats Fed Either Control or n-3 PUFA-Deficient Dieta

Frontal cortex Striatum Cerebellum

Acyl chain Control Deficient Control Deficient Control Deficient

16:0 7.5 ± 1.8 8.5 ± 2.6 5.1 ± 2.2 2.6 ± 1.5 3.6 ± 1.7 5.9 ± 3.5
18:0 3.1 ± 1.9 4.9 ± 2.2 2.3 ± 1.0 2.7 ± 0.6 2.7 ± 1.1 2.8 ± 0.2
∑ SFA 10.7 ± 3.7 16.3 ± 4.1 8.8 ± 2.7 7.7 ± 1.9 7.2 ± 2.6 9.3 ± 3.2
18:1n-9 21.4 ± 1.8 17.8 ± 2.9 33.4 ± 6.1 24.3 ± 2.6a 38.0 ± 2.8 38.2 ± 5.9
18:1n-7 1.8 ± 0.6 1.7 ± 0.6 3.5 ± 2.1 2.6 ± 0.7 4.9 ± 2.7 2.6 ± 1.1
∑ MUFA 25.6 ± 2.4 21.6 ± 3.5 39.2 ± 6.9 27.8 ± 2.9a 45.8 ± 1.9 43.2 ± 4.7
18:2n-6 0.7 ± 0.3 1.0 ± 0.5 0.7 ± 0.3 0.3 ± 0.2 0.5 ± 0.1 1.5 ± 0.7a

20:4n-6 20.6 ± 0.3 21.8 ± 2.1 19.7 ± 2.4 24.5 ± 1.0b 13.4 ± 0.9 15.7 ± 0.9b

22:4n-6 9.6 ± 0.8 12.8 ± 1.0b 9.3 ± 2.5 13.4 ± 1.5a 7.8 ± 0.4 11.8 ± 2.2b

22:5n-6 1.2 ± 0.4 18.2 ± 3.3c 1.0 ± 0.4 18.4 ± 2.0c 0.6 ± 0.1 12.5 ± 1.6c

∑ (n-6) PUFA 32.8 ± 1.5 54.4 ± 5.5c 31.3 ± 4.9 57.0 ± 3.7c 23.2 ± 0.8 42.8 ± 4.4c

22:6n-3 28.5 ± 2.1 5.4 ± 0.8c 21.8 ± 4.0 5.3 ± 0.8c 21.4 ± 0.5 4.5 ± 1.0c

∑ (n-3) PUFA 29.1 ± 1.9 6.7 ± 1.3c 22.4 ± 3.5 5.8 ± 0.4c 22.6 ± 1.3 5.6 ± 1.1c

(n-6) + (n-3) 62.0 ± 0.8 61.0 ± 5.8 51.7 ± 5.5 62.9 ± 4.4a 45.8 ± 1.0 48.4 ± 5.4
(n-6)/(n-3) 1.1 ± 0.1 8.3 ± 1.4c 1.4 ± 0.2 9.9 ± 1.1c 1.0 ± 0.1 7.8 ± 1.1c

20:4n-6/22:6n-3 0.7 ± 0.1 4.0 ± 0.6c 0.9 ± 0.1 4.6 ± 0.6c 0.6 ± 0.1 2.8 ± 0.3c

22:5n-6/22:6n-3 0.04 ± 0.01 3.30 ± 1.41c 0.12 ± 0.10 3.45 ± 0.37c 0.02 ± 0.01 2.80 ± 0.33c

aValues represent means ± SD for six animals/group. Abbreviations as in Tables 2 and 3. Minor fatty acids of the sum as
16:1n-9, 16:1n-7, 17:0, 18:3n-3, 20:0, 20:1n-9, 20:1n-7, 20:3n-9, 20:3n-6, 20:5n-3, 22:0, 22:1n-9, 24:0, and 22:5n-3
have been excluded from the table. aSignificant difference from the control group at the level of P < 0.05. bSignificant dif-
ference from the control group at the level of P < 0.01. cSignificant difference from the control group at the level of P <
0.001.



striatum, and highest levels of DHA were observed particu-
larly in PmE.

Dietary n-3 PUFA deficiency did not modify plasmalogen
proportions in the three brain regions. This diet seemed to
have no influence on the synthesis of these phospholipids.
However, this deficiency induced marked changes in FA con-
tent of PmE and PE. In all areas and phospholipids studied,
our results showed a reduced 22:6n-3 level and compensatory
higher levels of n-6 FA, essentially 22:5n-6 and 22:4n-6, in
the deficient group. These results have been previously ob-
served in the whole brain (12) and in total phospholipids of
the same cerebral regions (11). In a recent study, this has been
confirmed in the brain phosphatidylcholine, -ethanolamine
and -serine of n-3-deficient rats. The proportion of 22:6n-3
was partially compensated for by an increase in the 22:5n-6
level (31). However, no studies have been performed on the
effect of this diet in the FA composition of PmE and PE sepa-
rately in brain. Our study showed that the total (n-6 + n-3)
PUFA level could be increased or maintained according to the
phospholipid and to the cerebral region. This specific phe-
nomenon has not been observed in total phospholipids (11).
Moreover, frontal cortex and striatum underwent different
changes not only in PmE but also in PE. The decrease in DHA
was significantly greater (P < 0.05) in frontal cortex PmE
(81%) than in the striatum PmE (74%). This decrease level
was similar in PE of these two regions. The increase of n-6
PUFA which compensated for the loss of n-3 PUFA was sig-
nificantly lower (P < 0.01) in frontal cortex PmE (66%) than
in PE of this region (140%), whereas in the striatum, n-6 lev-
els were increased in the same proportions in PE and PmE,
i.e., 94% in PE and 92% in PmE. In addition, this increase
was significantly lower in the frontal cortex PmE than in the
striatum PmE (P < 0.05) and in the cerebellum PmE (P <
0.01). On the basis of these observations, we could hypothe-
size that frontal cortex might be more specifically affected by
n-3 PUFA deficiency than striatum. The frontal cortex con-
tained a higher concentration of 22:6n-3 compared to the
striatum, particularly in PmE. In deficient group, n-6 PUFA
were incorporated preferentially in PE of the frontal cortex in
comparison with PmE of this same region and with PmE of
the other regions. This could correspond to the greater need
for n-3 PUFA in frontal cortex PmE. The n-3 diet-induced de-
ficiency in DHA may have modified the physicochemical
properties of plasmalogen in the frontal cortex. By contrast,
striatum could be most resilient to a n-3 deficiency by retain-
ing more 22:6n-3 in PmE than frontal cortex. The decrease in
DHA was significantly lower than that in frontal cortex (P <
0.01) and cerebellum (P < 0.05). So, striatum could be least
affected by the n-3 PUFA deficiency.

A link has already been established between DHA and
plasmalogen in human brain. DHA deficiency has been a con-
stant finding in early-onset peroxisomal disorders in brain
(32). These diseases are characterized by severe deterioration
of the central nervous system. In addition, patients with im-
paired peroxisomal biogenesis have a deficient plasmalogen
synthesis. Treatment with pure DHA ethyl ester of two pa-

tients with peroxisomal disease has increased the erythrocyte
levels of 18:0 plasmalogen in both patients (33). This obser-
vation suggests a cause–effect relationship between the DHA
deficiency and the defective plasmalogen synthesis in peroxi-
somal disorder. DHA is, in fact, an important factor in cere-
bral development, and it appears that this specific role could
be linked to its presence in plasmalogen. Moreover, the
ethanolamine plasmalogens are decreased in plasma mem-
brane phospholipid in affected regions in Alzheimer’s disease
(34). The characteristic symptoms of this disease are progres-
sive loss of memory and cognitive function. Behavior studies
have shown that cognitive processes are altered in a dietary
α-linolenic acid deficiency rat model. Enrichment of frontal
cortex with plasmalogen species with 22:6n-3 acyl chains
could be in accordance with a specific implication for this
phospholipid in learning and cognitive functions. 

In conclusion, in association with neurotransmission
changes occurring only in the frontal cortex and not in the
striatum, we show different modifications of the acyl compo-
sition of PmE and PE of the frontal cortex and the striatum.
Different changes in plasmalogen composition of cerebral
membranes in frontal cortex compared to striatum could con-
tribute to alterations in synaptic transmission. In frontal cor-
tex, PmE might be more affected by the n-3 deficient-diet.
The striatum seems to be most resilient to the deficiency by
retaining more 22:6n-3 than the two other areas in PmE. 

We did not observe any modification of the proportions of
PmE in the frontal cortex of deficient rats. However, PmE is
concentrated in synaptic membranes. Studies focused on
these membranes should provide more precise analysis, and
we expect that changes in phospholipid composition will be
observed specifically in these membranes.

DHA is preponderant in synaptic membranes (35) which
are particularly rich in plasmalogens. DHA could have an in-
fluence on the mechanisms of neurotransmission through
plasmalogen mediation. Studies focused on these synaptoso-
mal membranes should determine whether the changes ob-
served in frontal cortex plasmalogen relate specifically to
these synaptic membranes.
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ABSTRACT: The previous studies showed that dietary 18:2 c,t
isomers could be chain-elongated and desaturated to produce
unusual 20:4 isomers. The present study was undertaken to de-
termine the minimal amount of 18:2n-6 required to suppress
the chain elongation and desaturation of 18:2 c,t isomers in the
lactating and neonatal rats when animals were fed 15% partially
hydrogenated canola oil diet containing 1.72% energy as 18:2
c,t isomers and varying amounts of free 18:2n-6. These diets
induced marginal essential fatty acid (EFA) deficiency states
(0.56% energy 18:2n-6) to EFA adequacy (2.56% energy
18:2n-6). After feeding for 50 d, the female animals were mated
with males by overnight pairing. After conception, the lactating
rats were killed, together with one pup from each dam, at term
and day 26 of lactation. Two unusual 20:4 isomers in both
maternal and neonatal liver phospholipids were identified 
as 20:4∆5c,8c,11c,14t and 20:4∆5c,8c,11c,15t, which were
derived from 18:2∆9c,12t and 18:2∆9c,13t, respectively. The
results showed that 18:2n-6 at about 2.0% of total energy in
maternal diet was required to block the production of
20:4∆5c,8c,11c,14t and 20:4∆5c,8c,11c,15t in the maternal
liver, whereas 18:2n-6 at about 2.5% of total energy in mater-
nal diet was required to suppress production of these unusual
20:4 isomers in the neonatal liver. 
Lipids 33, 409–416 (1998).

The health effects of dietary trans fatty acids in humans are
controversial. Dietary trans isomers of oleic acid (18:1n-9)
have been shown to raise serum low density lipoprotein cho-
lesterol and lower high density lipoprotein cholesterol (1–3).
Some epidemiological studies have suggested that high in-
take of trans fatty acids may be a significant risk factor in de-
velopment of cardiovascular disease (4–7). However, other
studies have not proved a health risk associated with their in-
take (8–11).

Several isomers of linoleic acid (18:2n-6) present in 
the Western diet are formed during refining or partial
hydrogenation of vegetable oils. These isomers in the par-
tially hydrogenated vegetable oil mainly include 18:2∆9c,13t,

18:2∆9c,12t, and 18:2∆9t,12c, with the former being most
abundant (12,13). We have previously found that human
adipose tissue contains these 18:2 isomers and has a similar
isomeric distribution as that in partially hydrogenated veg-
etable oils (14). We also have demonstrated that 10% of the
breast milk samples of 198 Canadian lactating women have
as much as 1.7% of total milk fat as these 18:2 isomers (15).
Interest in these 18:2 c,t isomers is related to their possible
inhibition of synthesis of arachidonic acid (20:4n-6) and
formation of unusual 20:4 isomers via chain elongation and
desaturation pathway (16,17). Subsequently, the unusual iso-
mers of 20:4n-6 may, via lipoxygenase and cycloxygenase
pathways, serve as precursors of uncommon eicosanoids 
with unknown structures and functions (18). In fact, dietary
18:2∆9c,13t and 18:2∆9c,12t, via processes similar to the
conversion of 18:2n-6 to 20:4n-6, have been shown to be de-
saturated and elongated to form 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t in the rat liver, respectively (19). 

Trans fatty acids may interfere with biosynthesis of long-
chain polyunsaturated fatty acids (20). One study showed 
that human infant birth weight was inversely correlated to
trans fatty acids in cord blood (21). Both 18:2∆9c,13t and
18:2∆9c,12t seem to be ideal substrates for ∆6 desaturase and
compete for this desaturation and elongation pathway with
18:2n-6 since their first double bond is at ∆9 position and is
in cis configuration. Thus, high dietary intake of these iso-
mers may increase the requirement of 18:2n-6, especially dur-
ing early life when adequate synthesis of very long chain
polyunsaturated fatty acids such as 20:4n-6 and docosa-
hexaenoic acid (22:6n-3) is essential for normal brain devel-
opment. On the other hand, dietary 18:2n-6 should exhibit an
inhibitory effect on the production of unusual 20:4 isomers.
The present study was therefore undertaken to determine the
minimal amount of dietary 18:2n-6 required to suppress the
chain elongation and desaturation of these unusual 20:4 iso-
mers in the neonatal and lactating rats fed partially hydro-
genated canola oil (PHCO). 

MATERIALS AND METHODS

Diet. The animals were fed one of six diets containing either
15% canola oil (Diet F) or PHCO (Diet A) with supplementa-
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tion of free 18:2n-6 at 0.25% energy (Diet B), 0.50% energy
(Diet C), 1.25% energy (Diet D), and 2.00% energy (Diet E).
The other ingredients in the diets were, in g/kg, cornstarch,
288; sucrose, 243; casein, 235; cellulose, 32; AIN-76 mineral
mix, 35; AIN-76A vitamin mix, 10; choline bitartrate, 4; and
DL-methionine, 3. The diets were prepared biweekly and
stored at −4°C. The fatty acid composition of each diet was
determined using gas–liquid chromatography (GLC, Table 1)

Animals. Female Wistar rats (200 g) were randomly di-
vided into six groups and housed individually in an animal
house maintained at 23°C with 12-h light and dark cycles.
Diets and water were provided ad libitum. The females were
mated with male rats by overnight pairing. The animals were
fed one of six diets prior to pregnancy (50 d) and through ges-
tation (21 d) and lactation (26 d). The litter size varied from
8–13 pups. The lactating rats were killed at day 26 of lacta-
tion under carbon dioxide anesthesia. One neonate from each
dam was killed at term and day 26 of lactation. The maternal
and neonatal livers were removed, washed with saline, and
immediately frozen in liquid nitrogen and stored at −80°C. 

Lipid separation. Total lipids of maternal and neonatal
liver were extracted using chloroform/methanol (2:1, vol/vol)
containing 0.02% butylated hydroxytoluene (Sigma Chemi-
cal, St. Louis, MO) as an antioxidant. L-Phosphatidylcholine
(diheptadecanoyl) was added as an internal standard to an
aliquot of the total lipid extract to quantify total phospholipids
(PL). Lipid classes were separated by neutral lipid thin-layer
chromatography (TLC; 20 × 20 cm plate precoated with 250

µm silica gel 60A; Macherey-Nagel, Duren, Germany) using
a developing solvent system of hexane/diethyl ether/acetic
acid (80:20:1, by vol). PL band was recovered from the TLC
plate, and its fatty acids were converted to the corresponding
fatty acid methyl esters (FAME) using 14% boron trifluoride
in methanol (Sigma Chemical) under nitrogen gas.

Fatty acid analysis. FAME were analyzed by GLC using a
SP-2560 flexible fused silica capillary column (100 m × 0.25
mm i.d., 20 µm film thickness; Supelco, Inc., Bellefonte, PA)
in a Hewlett-Packard 5890 Series II gas chromatograph (Palo
Alto, CA). The column temperature was programmed from
180 to 220°C at a rate of 1°C/min and then held for 20 min.
Injector and detector temperatures were set at 250°C. Hydro-
gen gas was used as the carrier gas at a column head pressure
of 15 psi.

Determination of 18:1 trans, 18:2 trans, and 20:4 trans iso-
mers. The total 18:1 trans fatty acids were determined using
AgNO3-TLC in conjunction with capillary GLC as described
previously (15,22). The geometric and positional isomers of
18:2 trans were identified and determined as described by
Ratnayake and Pelletier (12). Determination and identifica-
tion of 20:4 isomers were made as we previously described
(19). In brief, the total FAME from the liver PL were saponi-
fied and acidified to the free fatty acids and then converted to 
2-alkenyl-4,4-dimethyloxazoline (DMOX) derivatives (23).
The double-bond positions were confirmed by GLC/mass
spectrometry analysis of DMOX derivative. GLC separation
of the DMOX derivatives was performed in the same
SP-2560 capillary column, and helium was the carrier gas.
Mass spectra of the DMOX derivatives were obtained 
on a VG Analytical MS system (Model 7070 EQ; VG
Analytical, Manchester, England) equipped with an 11/250
data system interfaced to a Varian GC (Model Vista 6000;
Varian Associates, Palo Alto, CA) operated at an ionization
energy of 70 eV. Mass DMOX spectra of 20:4∆5c,8c,11c,15t
and 20:4∆5c,8c,11c,14t have been reported in detail else-
where (19).

RESULTS

Fatty acid composition of dietary fats. The fatty acid compo-
sition (g/kg diet) of the six diets is summarized in Table 1.
Diets A–E had similar fatty acid composition except for
18:2n-6, which was increased from 2.6 to 14.1 g/kg diet.
Dietary 18:2n-6 as percentage of total energy was 0.56% in
Diet A, 0.81% in Diet B, 1.06% in Diet C, 1.81% in Diet D,
and 2.56% in Diet E. The 18:1 t isomer in Diets A–E was 33.3
g/kg diet (7.17% energy), whereas 18:1n-9 was 73.1 g/kg diet
(15.74% energy). The total 18:2 c,t isomers accounted for 8.0
g/kg diet (1.72% energy), with 18:2∆9c,13t being a major iso-
mer followed by 18:2∆9t,12c and 18:2∆9c,12t. 

Food consumption, body and organ weights. Maternal rats
fed different diets with varying levels of 18:2n-6 supplemen-
tation consumed similar amounts of food (18.1–20.8 g dry
weight/rat/d). However, maternal rats in Group A fed PHCO
diet appeared to gain less body weight than the rest of the
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TABLE 1
Fatty Acid Composition (g/kg diet) of Dietary Fats

Dieta

Fatty acid A B C D E F

16:0 8.4 8.4 8.4 8.4 8.4 8.6
18:0 10.1 10.1 10.1 10.1 10.1 3.8
20:0 0.4 0.4 0.4 0.4 0.4 1.1
22:0 0.4 0.4 0.4 0.4 0.4 <0.1
Total saturates 19.2 19.2 19.2 19.2 19.2 13.5

16:1n-7 0.3 0.3 0.3 0.3 0.3 0.4
18:1n-9 73.1 73.1 73.1 73.1 73.1 83.5
Other 18:1 10.4 10.4 10.4 10.4 10.4 4.9
20:1n-9 1.4 1.4 1.4 1.4 1.4 2.9
22:1n-9 0.5 0.5 0.5 0.5 0.5 0.5
Total monounsaturates 85.7 85.7 85.7 85.7 85.7 92.2

18:2n-6 2.6 4.2 5.5 9.3 14.1 30.9
18:3n-3 <0.1 <0.1 <0.1 <0.1 <0.1 10.9
18:1t 33.3 33.3 33.3 33.3 33.3 <0.1
18:2∆9t,12t 0.4 0.4 0.4 0.4 0.4 <0.1
18:2∆9c,12t 1.6 1.6 1.6 1.6 1.6 <0.1
18:2∆9t,12c 1.9 1.9 1.9 1.9 1.9 0.3
18:2∆9c,13t 2.1 2.1 2.1 2.1 2.1 0.3
Total 18:2c,t 8.0 8.0 8.0 8.0 8.0 0.6
aDiet A, 15% partially hydrogenated canola oil (PHCO; 0.56% energy
18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO
+ 0.50% energy 18:2n-6; Diet D, 15% PHCO + 1.25% energy 18:2n-6; Diet
E, 15% PHCO + 2.00% energy 18:2n-6; and Diet F, 15% canola oil (refer-
ence diet).



groups although a significant difference was not found statis-
tically (Table 2). 

Fatty acid composition of maternal liver and brain PL.
The fatty acid composition of maternal liver at day 26 

of lactation is shown in Table 3. In contrast to that ob-
served with feeding the canola oil diet (Diet F), the feeding
PHCO diet (Diet A) led to the incorporation of 18:1 trans
and 18:2 trans fatty acids in maternal liver PL (Table 3).
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TABLE 2
Food Intake and Body Weight Gaina

Groupb

A B C D E F

Maternal
Food intake (g/d) 20.0 ± 1.5 19.0 ± 1.0 18.8 ± 0.7 18.1 ± 0.7 19.6 ± 1.7 20.8 ± 1.2
Body weight (g)
Initial 183 ± 7 185 ± 12 183 ± 7 186 ± 7 191 ± 14 182 ± 7
Final 302 ± 27 324 ± 23 314 ± 31 310 ± 18 318 ± 13 322 ± 25

Neonatal body weight (g)
At term 5.4 ± 0.5 5.9 ± 0.6 5.6 ± 0.7 6.8 ± 0.6 5.3 ± 0.5 6.7 ± 0.4
At day 26 64.9 ± 10.3 60.3 ± 6.6 69.7 ± 4.9 65.8 ± 4.9 68.9 ± 3.9 61.7 ± 8.9

aData are mean ± SD/n = 6.
bDiet A, 15% PHCO (0.56% energy 18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO + 0.50%
energy 18:2n-6; Diet D, 15% PHCO + 1.25% energy 18:2n-6; Diet E, 15% PHCO + 2.00% energy 18:2n-6; Diet F, 15%
canola oil. See Table 1 for abbreviations.

TABLE 3
Fatty Acid Composition (% total) of Liver Phospholipids of Maternal Rats Fed PHCO with Varying Level of 18:2n-6 Supplementa

Groupb

Fatty acids A B C D E F

16:0 9.68 ± 0.22a 8.14 ± 0.80b 8.23 ± 1.01b 7.63 ± 0.92b 9.31 ± 2.61a 10.75 ± 1.06a

18:0 21.83 ± 0.99 24.18 ± 1.54 23.43 ± 1.31 23.74 ± 1.03 23.25 ± 2.21 30.48 ± 1.31

16:1n-9 0.18 ± 0.04a 0.12 ± 0.03b 0.12 ± 0.04b 0.08 ± 0.04b 0.08 ± 0.04b 0.13 ± 0.03b

16:1n-7 0.53 ± 0.13a 0.41 ± 0.08a 0.42 ± 0.18a 0.27 ± 0.07b 0.27 ± 0.18b 0.21 ± 0.03b

18:1n-9 12.48 ± 2.00a 8.45 ± 1.79b 9.37 ± 1.22a,b 7.28 ± 1.27b 6.93 ± 2.45b 5.16 ± 0.83c

18:1n-7 1.57 ± 0.12 1.61 ± 0.30 1.57 ± 0.21 1.54 ± 0.16 1.41 ± 0.16 1.69 ± 0.15
Other 18:1c 1.88 ± 0.14a 1.54 ± 0.18b 1.46 ± 0.17b 1.35 ± 0.12b 1.20 ± 0.28b 0.22 ± 0.05c

20:1n-9 0.17 ± 0.02b 0.19 ± 0.03a,b 0.16 ± 0.04b 0.14 ± 0.03b 0.14 ± 0.04b 0.22 ± 0.02a

20:3n-9 4.85 ± 0.55a 2.81 ± 1.18b 1.99 ± 0.79b 0.53 ± 0.31c 0.59 ± 0.29c 0.02 ± 0.04d

18:2n-6 6.95 ± 1.32a 5.41 ± 1.53a,b 6.47 ± 1.26a,b 4.83 ± 1.40b 6.30 ± 2.11a,b 7.75 ± 0.95a

20:3n-6 1.35 ± 0.18a 1.29 ± 0.33a 1.34 ± 0.41a 0.78 ± 0.36b 0.87 ± 0.43b 0.66 ± 0.15b

20:4n-6 17.32 ± 2.66c 23.48 ± 2.98b 24.04 ± 2.77a,b 29.65 ± 1.53a 28.17 ± 2.91a 25.28 ± 0.63a,b

22:4n-6 0.14 ± 0.02c 0.21 ± 0.04b 0.24 ± 0.05b 0.38 ± 0.07a,b 0.63 ± 0.34a 0.10 ± 0.05c

22:5n-6 1.83 ± 0.75c 3.28 ± 1.15b,c 2.62 ± 0.69c 3.90 ± 0.46b 7.18 ± 2.90a <0.01

18:3n-3 0.06 ± 0.04b 0.03 ± 0.04b 0.03 ± 0.04b 0.04 ± 0.03b 0.07 ± 0.04b 0.13 ± 0.02a

20:5n-3 0.23 ± 0.03b 0.01 ± 0.01d 0.09 ± 0.01c <0.01 <0.01 0.94 ± 0.14a

22:5n-3 0.25 ± 0.06b 0.13 ± 0.10c 0.15 ± 0.11c 0.15 ± 0.08c 0.14 ± 0.09c 0.98 ± 0.21a

22:6n-3 4.68 ± 0.73b 5.11 ± 0.72b 4.36 ± 0.79b 4.25 ± 0.78b 4.11 ± 1.32b 11.06 ± 0.62a

18:1t 7.86 ± 0.36 8.18 ± 1.11 8.62 ± 1.03 9.18 ± 0.87 7.34 ± 1.55 <0.01
18:2∆9t,12t 0.06 ± 0.00 0.02 ± 0.03 0.04 ± 0.03 0.07 ± 0.05 <0.01 <0.01
18:2∆c,12t 0.18 ± 0.02a 0.16 ± 0.02a 0.17 ± 0.02a 0.15 ± 0.02a 0.11 ± 0.05b <0.01
18:2∆9t,12c 0.68 ± 0.11a 0.47 ± 0.11b 0.42 ± 0.11b 0.25 ± 0.05c 0.20 ± 0.07c <0.01
18:2∆(9c,13t/8t,12c) 0.28 ± 0.06a 0.19 ± 0.05a 0.19 ± 0.04a 0.13 ± 0.02b 0.11 ± 0.05b <0.01

20:2∆8c,14c 0.06 ± 0.04a <0.01 <0.01 <0.01 0.01 ± 0.02b <0.01
20:3∆5c,8c,14c 0.13 ± 0.02a 0.05 ± 0.05b <0.01 <0.01 <0.01 <0.01
20:3∆5c,8c,11c 0.32 ± 0.03a 0.32 ± 0.06a 0.29 ± 0.08a 0.10 ± 0.03b 0.17 ± 0.09b 0.01 ± 0.04c

20:4∆5c,8c,11c,15t 0.35 ± 0.08a 0.20 ± 0.09a,b 0.18 ± 0.07b 0.02 ± 0.04c 0.02 ± 0.03c <0.01
20:4∆5c,8c,11c,14t 0.50 ± 0.07a 0.40 ± 0.12a,b 0.36 ± 0.14b 0.10 ± 0.10c 0.05 ± 0.06c <0.01
aData are mean ± SD/n = 6.
bDiet A, 15% PHCO (0.56% energy 18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO + 0.50% energy 18:2n-6; Diet D, 15%
PHCO + 1.25% energy 18:2n-6; Diet E, 15% PHCO + 2.00% energy 18:2n-6; Diet F, 15% canola oil. Means in the same row with different superscript let-
ters (a–d) differ significantly at P < 0.05. See Table 1 for abbreviations.



Among 18:2 unusual isomers, the relative proportions 
of 18:2∆(9c,13t/8t,12c), 18:2∆9c,12t, 18:2∆9t,12c, and
18:2∆9t,12t were lower in the maternal liver PL than in the
dietary PHCO. On the other hand, the proportion of these
18:2 trans isomers incorporated into the liver PL was differ-
ent from that in the diet, with 18:2∆9t,12c being highest fol-
lowed by 18:2∆(9c,13t/8t,12c). The feeding of PHCO diet
(Diet A) also led to the formation of two unusual 20:4 iso-
mers, namely, 20:4∆5c,8c,11c,15t and 20:4∆5c,8c,11c,14t,
which collectively accounted for 0.85% of total liver PL.
These isomers were not observed in Diet F, the reference diet.
Supplementation with unesterified 18:2n-6 suppressed the
formation of these two unusual 20:4 isomers in the maternal
liver PL (Figs. 1 and 2; Table 3). The ratio of 20:3n-9 to
20:4n-6 in the liver PL of Group A maternal rats was 0.28, in-
dicating borderline essential fatty acid (EFA) deficiency (24). 

In addition, supplementation of dietary free 18:2n-6 (Diets
B–E) did not result in an increase in the content of 18:2n-6
and 20:3n-6 in the maternal liver PL. However, it increased
the metabolites of 18:2n-6 with four or more double bonds,
including 20:4n-6, 22:4n-6, and 22:5n-6 (Table 3). In con-
trast, supplementation with dietary 18:2n-6 generally de-
creased the content of n-3 metabolites, mainly 20:5n-3,
22:5n-3, and 22:6n-3 in the maternal liver PL. Similarly, the
content of monounsaturated fatty acids including 18:1n-9,
16:1n-9, and 16:1n-7 was decreased with supplementation of
dietary 18:2n-6.

Feeding Diet A (PHCO) did not lead to the formation 
of the two unusual 20:4 isomers, 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t, in the brain PL of maternal rats. How-
ever, feeding PHCO (Diet A) increased the amount of 20:3n-9

in the brain PL. Supplementation with increasing amounts of
dietary 18:2n-6 gradually decreased 20:3n-9 formation while
increasing 20:4n-6, 22:4n-6, and 22:5n-6 in the maternal
brain PL, but the levels of docosahexaenoic acid (22:6n-3)
were unaffected (data not shown).

Fatty acid composition of neonatal liver and brain PL at
day 26 of lactation. After feeding Diet A (PHCO) to the ma-
ternal rats, a higher incorporation of 18:1 trans and 18:2 trans
fatty acids was observed in the neonatal liver PL at day 26 of
lactation than that found in the maternal PL (Tables 3 and 4).
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FIG. 1. The C20 region of gas chromatograms of the fatty acid methyl esters from the liver phospholipids of rats fed
partially hydrogenated canola oil (PHCO). Peak identification: 1, 20:3n-9; 2, 20:3∆5c,8c,14c; 3, 20:3∆5c,11c,14c;
4, unknown; 5, 20:3n-6; 6, 20:4∆5c,8c,11c,15t; 7, 20:4∆5c,8c,11c,14t; 8, 20:4n-6. Diet A, 15% (PHCO; 0.56%
energy 18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO + 0.50% energy 18:2n-6; Diet
D, 15% PHCO + 1.25% energy 18:2n-6; Diet E, 15% PHCO + 2.00% energy 18:2n-6; and Diet F, 15% canola oil.

FIG. 2. Effect of dietary 18:2n-6 on biosynthesis of unusual 20:4 iso-
mers (sum of 20:4∆5c,8c,11c,15t and 20:4∆5c,8c,11c,14t) in the ma-
ternal liver. Data are expressed as mean ± SD/n = 6. Diet A, 0.56% en-
ergy 18:n-6; Diet B, 0.81% energy 18:2n-6; Diet C, 1.06% energy
18:2n-6; Diet D, 1.81% energy 18:2n-6; Diet E, 2.56% energy 18:2n-6.



Dietary supplementation with unesterified 18:2n-6 in the ma-
ternal diet increased most of the longer-chain n-6 metabolites
in the neonatal liver PL (20:4n-6, 22:4n-6, and 22:5n-6) ex-
cept for 20:3n-6, which decreased. In contrast to the maternal
liver, supplementation with dietary 18:2n-6 did not decrease
the longer-chain n-3 metabolites. Instead, 22:6n-3 was in-
creased in the liver PL of pups from the dams fed Diet E.
Similar to that found in the maternal liver PL, supplementa-
tion of the maternal diet with 18:2n-6 decreased the incorpo-
ration of 18:2∆(9c,13t/8t,12c), 18:2∆9c,12t, 18:2∆9t,12c, and
18:2∆9t,12t in the neonatal liver PL. Among these unusual
18:2 isomers, 18:2∆9t,12c exhibited the highest incorpora-
tion followed by 18:2∆(9c,13t/8t,12c) and 18:2∆9c,12t
(Table 4). Compared with the maternal PL, feeding Diet A
(PHCO) to the lactating rats produced a greater amount of
20:4∆5c,8c,11c,15t and 20:4∆5c,8c,11c,14t in the neonatal
liver PL (Table 4). In addition, supplementation of the mater-
nal diet with 18:2n-6 gradually decreased the biosynthesis of
these two 20:4 isomers in the neonatal rats (Fig. 3). The ratio
of 20:3n-9 to 20:4n-6 in the liver PL of neonatal rats whose
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TABLE 4
Fatty Acid Composition (% total) of Liver Phospholipids of Neonatal Rats from the Dam Fed PHCO with Varying Levels of 18:2n-6 Supplementa

Groupb

Fatty acids A B C D E F

16:0 10.34 ± 0.80b 11.13 ± 0.95b 8.67 ± 0.57b 9.66 ± 0.62b 11.20 ± 0.68b 14.29 ± 0.55a

18:0 13.94 ± 1.48c 13.06 ± 1.19c 16.58 ± 1.48b 18.20 ± 1.97a,b 20.46 ± 0.33a 20.22 ± 1.81a

16:1n-9 0.60 ± 0.05a 0.57 ± 0.10a 0.59 ± 0.05a 0.30 ± 0.15b 0.18 ± 0.05c <0.01
16:1n-7 0.12 ± 0.02a 0.08 ± 0.05a 0.12 ± 0.01a 0.02 ± 0.05b 0.08 ± 0.02a <0.01
18:1n-9 15.67 ± 1.54a 16.96 ± 1.99a 12.24 ± 1.32b 8.78 ± 1.36c 7.88 ± 0.48c 8.79 ± 0.72c

18:1n-7 2.79 ± 0.20b 3.88 ± 0.35a 2.32 ± 0.25b,c 2.01 ± 0.23c 1.40 ± 0.07d 3.23 ± 0.32a

Other 18:1c 4.79 ± 0.47a 4.05 ± 0.17a 3.42 ± 0.48b 2.37 ± 0.33c 1.40 ± 0.19d 0.29 ± 0.05e

20:1n-9 0.37 ± 0.03b 0.30 ± 0.03b 0.32 ± 0.02b 0.19 ± 0.04c 0.19 ± 0.01c 0.79 ± 0.19a

20:3n-9 7.85 ± 0.40a 6.38 ± 0.31b 5.42 ± 0.18c 1.76 ± 0.45d 0.63 ± 0.09e 0.14 ± 0.03f

18:2n-6 6.72 ± 0.22c 8.49 ± 0.31b 8.25 ± 0.43b 5.53 ± 0.96c 6.69 ± 0.56c 10.15 ± 0.68a

20:3n-6 1.28 ± 0.09b 1.36 ± 0.12b 1.60 ± 0.08a 0.87 ± 0.16c 0.46 ± 0.08d 0.73 ± 0.09c

20:4n-6 9.55 ± 0.97e 8.75 ± 0.69e 15.42 ± 1.25d 24.52 ± 1.56b 28.19 ± 0.64a 19.90 ± 0.93c

22:4n-6 0.12 ± 0.01d <0.01 0.16 ± 0.00c 0.38 ± 0.05b 0.85 ± 0.08a 0.17 ± 0.01c

22:5n-6 1.71 ± 0.31c 1.39 ± 0.27c 2.75 ± 0.30b 6.03 ± 1.00a 7.32 ± 0.88a 0.03 ± 0.07d

18:3n-3 0.06 ± 0.04c 0.03 ± 0.06c 0.02 ± 0.03c 0.02 ± 0.03c 0.10 ± 0.02b 0.34 ± 0.06a

20:5n-3 0.09 ± 0.01b 0.08 ± 0.01b <0.01 <0.01 <0.01 1.37 ± 0.28a

22:5n-3 <0.01 <0.01 <0.01 0.14 ± 0.09c 0.25 ± 0.03b 1.29 ± 0.15a

22:6n-3 2.18 ± 0.37c 1.60 ± 0.16d 2.11 ± 0.13c 2.28 ± 0.24c 3.35 ± 0.21b 12.90 ± 0.55a

18:1t 11.20 ± 0.86a 9.81 ± 0.61a,b 11.79 ± 0.26a 11.73 ± 0.43a 6.76 ± 0.66b <0.01
18:2∆9t,12t 0.17 ± 0.23a,b 0.26 ± 0.24a <0.01 <0.01 0.07 ± 0.11b <0.01
18:2∆9c,12t 0.38 ± 0.03a 0.40 ± 0.03a 0.29 ± 0.06b 0.25 ± 0.05b 0.11 ± 0.01c <0.01
18:2∆9t,12c 1.53 ± 0.09a 1.68 ± 0.09a 1.08 ± 0.10b 0.54 ± 0.16c 0.20 ± 0.02d 0.10 ± 0.06e

18:2∆(9c,13t/8t,12c) 0.77 ± 0.07a 0.79 ± 0.07a 0.45 ± 0.10b 0.25 ± 0.07c 0.13 ± 0.01d <0.01

20:2∆8c,14c 0.22 ± 0.06a 0.18 ± 0.02a 0.13 ± 0.01b <0.01 0.01 ± 0.02c <0.01
20:3∆5c,8c,14c 0.33 ± 0.04a 0.16 ± 0.10c 0.26 ± 0.01b 0.09 ± 0.05d <0.01 <0.01
20:3∆5c,8c,11c 0.38 ± 0.05c 0.31 ± 0.04c 0.63 ± 0.06a 0.45 ± 0.05b 0.26 ± 0.07d 0.12 ± 0.02e

20:4∆5c,8c,11c,15t 0.66 ± 0.06a 0.56 ± 0.05b 0.43 ± 0.05c 0.19 ± 0.03d <0.01 0.01 ± 0.03e

20:4∆5c,8c,11c,14t 0.74 ± 0.13a 0.84 ± 0.20a 0.62 ± 0.07b 0.37 ± 0.07a 0.02 ± 0.03d 0.02 ± 0.05d

aData are mean ± SD/n = 6.
bDiet A, 15% PHCO (0.56% energy 18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO + 0.50% energy 18:2n-6; Diet D, 15%
PHCO + 1.25% energy 18:2n-6; Diet E, 15% PHCO + 2.00% energy 18:2n-6; Diet F, 15% canola oil. Means in the same row with different superscript let-
ters (a–f) differ significantly at P < 0.05. See Table 1 for abbreviation.

FIG. 3. Effect of dietary 18:2n-6 on biosynthesis of unusual 20:4 iso-
mers (sum of 20:4∆5c,8c,11c,15t and 20:4∆5c,8c,11c,14t) in the
neonatal liver at term and day 26 of lactation. Data are expressed as
mean ± SD/n = 6. Diet A, 0.56% energy 18:n-6; Diet B, 0.81% energy
18:2n-6; Diet C, 1.06% energy 18:2n-6; Diet D, 1.81% energy 18:2n-6;
Diet E, 2.56% energy 18:2n-6.



mothers had been fed Diets A and B was 0.82 and 0.73, re-
spectively, suggesting induction of EFA deficiency. Further
increases in the proportion of dietary 18:2n-6 in the maternal
diet (C–E) gradually decreased the ratio to less than 0.4 (24).

As observed in the maternal rats, 20:4∆5c,8c,11c,15t
and 20:4∆5c,8c,11c,14t were not detected in the brain PL 
of neonatal rats at day 26 of lactation. Supplementation of
dietary 18:2n-6 increased 22:4n-6 and 22:5n-6 without af-
fecting the level of 20:4n-6. In contrast, the inclusion of
unesterified 18:2n-6 in the diets decreased both 20:3n-9 
and 22:6n-3 in the brain PL of neonatal rats (data not
shown).

Fatty acid composition of neonatal liver and brain PL at
term. Feeding Diet A (PHCO) to the maternal rats also re-
sulted in an incorporation of 18:1 trans and 18:2 trans fatty
acids in the neonatal liver at term. However, the degree of in-
corporation of these isomers in the neonatal liver PL at term

was less than that at day 26 of lactation but more than that in
the maternal liver PL (Table 5). Similarly, the longer-chain
n-6 metabolites in the neonatal liver PL at term increased with
supplementation of dietary 18:2n-6 in the maternal diet ex-
cept for 20:3n-6 (Table 5). Compared with that in the mater-
nal liver PL, a similar amount of 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t also was found in the neonatal liver PL at
term. Supplementation with 18:2n-6 at the level of 2.0% en-
ergy in the maternal diet completely blocked the production
of these two unusual isomers (Fig. 3; Table 5).

The change caused by supplementation of varying levels
of 18:2n-6 in the brain PL of neonatal rat at term was similar
to that observed at day 26 of lactation. The ratio of 20:3n-9 to
20:4n-6 in the liver PL of Group A, B, and C neonatal rats at
term was more than 0.4, and supplementation of dietary
18:2n-6 in the maternal diet gradually decreased the ratio to
the level less than 0.1 (24).
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TABLE 5
Fatty Acid Composition  (% total) of Liver Phospholipids of Neonatal Rats  (at term) from the Dam Fed PHCO 
with Varying Levels of 18:2n-6 Supplementa

Group*

Fatty acids A B C D E F

16:0 17.71 ± 0.42b 16.72 ± 0.82b,c 15.99 ± 2.46b,c 15.83 ± 1.14c 16.35 ± 0.66b,c 19.80 ± 0.65a

18:0 16.22 ± 0.63a 14.82 ± 1.22b 17.81 ± 3.22a 15.59 ± 1.43a,b 15.61 ± 1.08a,b 17.67 ± 2.51a

16:1n-9 3.39 ± 0.28a 3.42 ± 0.30a 2.50 ± 0.56b 3.26 ± 0.45a 1.62 ± 0.73c 2.65 ± 0.43b

16:1n-7 1.63 ± 0.18a 1.45 ± 0.10a 0.99 ± 0.22b 1.51 ± 0.20a 0.81 ± 0.33b 1.25 ± 0.16a

18:1n-9 23.02 ± 1.08a 23.54 ± 2.21a 18.16 ± 1.59b 19.61 ± 1.25b 16.35 ± 3.54b,c 14.45 ± 0.75c

18:1n-7 3.84 ± 0.23 3.49 ± 0.28 3.30 ± 0.38 3.51 ± 0.25 3.05 ± 0.48 3.37 ± 0.25
Other 18:1c 1.77 ± 0.11a 1.90 ± 0.29a 1.32 ± 0.17b 1.48 ± 0.59a,b 1.12 ± 0.17b 0.22 ± 0.03c

20:1n-9 0.18 ± 0.12 0.34 ± 0.09 0.17 ± 0.27 0.16 ± 0.09 0.25 ± 0.17 0.25 ± 0.14
20:3n-9 6.57 ± 0.37a 5.64 ± 0.56b 5.41 ± 0.43c 2.64 ± 1.27d 2.13 ± 0.45e 1.20 ± 0.36f

18:2n-6 3.67 ± 0.27b 3.29 ± 0.35b 4.98 ± 0.43a,b 4.08 ± 0.60b 6.02 ± 0.61a 5.68 ± 0.50a

20:3n-6 0.61 ± 0.04b 0.54 ± 0.05b 0.79 ± 0.07a 0.07 ± 0.61c 0.06 ± 0.79c 0.71 ± 0.07a

20:4n-6 7.92 ± 0.34c 8.56 ± 0.82c 12.72 ± 0.58b 13.98 ± 1.51b 19.13 ± 3.60a 15.58 ± 0.89a

22:4n-6 <0.01 0.47 ± 0.12c 0.72 ± 0.31b 0.65 ± 0.07b 1.06 ± 0.42a 0.67 ± 0.05b

22:5n-6 1.34 ± 0.04e 2.19 ± 0.22d 2.97 ± 0.45c 4.22 ± 0.63b 6.58 ± 1.74a 0.72 ± 0.13f

18:3n-3 <0.01 0.04 ± 0.06 <0.01 0.03 ± 0.04 <0.01 <0.01
20:5n-3 <0.01 0.04 ± 0.02b 0.06 ± 0.03b 0.05 ± 0.04b 0.04 ± 0.02b 0.74 ± 0.07a

22:5n-3 <0.01 <0.01 <0.01 <0.01 <0.01 0.54 ± 0.05
22:6n-3 2.32 ± 0.14c 1.86 ± 0.17c 2.76 ± 0.13b,c 2.09 ± 0.31c 3.44 ± 0.89b 11.29 ± 0.94a

18:1t 2.08 ± 0.12b 2.87 ± 0.98a 2.43 ± 1.30a,b 1.90 ± 0.24b 2.73 ± 0.53a <0.01
18:2∆9t,12t <0.01 <0.01 <0.01 0.19 ± 0.18 <0.01 <0.01
18:2∆9c,12t 0.27 ± 0.19a,b 0.39 ± 0.09a 0.05 ± 0.11c 0.36 ± 0.04a 0.19 ± 0.21b <0.01
18:2∆9t,12c 1.25 ± 0.07a 1.12 ± 0.11a 0.76 ± 0.10b 0.80 ± 0.07b 0.24 ± 0.25c 0.05 ± 0.12d

18:2∆(9c,13t/8t,12c) 0.73 ± 0.04a 0.78 ± 0.12a 0.48 ± 0.05b 0.49 ± 0.11b 0.07 ± 0.17c <0.01

20:2∆8c,14c 0.20 ± 0.13a 0.23 ± 0.05a 0.21 ± 0.21a 0.06 ± 0.06b <0.01 <0.01
20:3∆5c,8c,14c <0.01 0.17 ± 0.05 <0.01 <0.01 <0.01 <0.01
20:3∆5c,8c,11c 0.05 ± 0.09b 0.25 ± 0.04a 0.33 ± 0.08a 0.15 ± 0.09a,b 0.20 ± 0.11a,b <0.01
20:4∆5c,8c,11c,15t 0.28 ± 0.02a 0.18 ± 0.10b 0.04 ± 0.08c 0.11 ± 0.10b <0.01 <0.01
20:4∆5c,8c,11c,14t 0.45 ± 0.02a 0.40 ± 0.11a 0.27 ± 0.06b 0.14 ± 0.10c <0.01 <0.01
aData are mean ± SD/n = 6.
bDiet A, 15% PHCO (0.56% energy 18:2n-6); Diet B, 15% PHCO + 0.25% energy 18:2n-6; Diet C, 15% PHCO + 0.50% energy 18:2n-6; Diet D, 15%
PHCO + 1.25% energy 18:2n-6; Diet E, 15% PHCO + 2.00% energy 18:2n-6; Diet F, 15% canola oil. Means in the same row with different superscript let-
ters (a–f) differ significantly at P < 0.05. See Table 1 for abbreviation.



DISCUSSION

Many geometric and positional isomers of 18:2n-6 are formed
during partial hydrogenation of vegetable oils (12,13) or
during the deodorization of oils (25,26); 18:2∆9c,13t,
18:2∆9c,12t, and 18:2∆9t,12c are the major trans isomers of
18:2n-6. A significant amount of these isomers is present in
margarine and other dietary fats (12). The present results sup-
port the previous observation that some of these 18:2 isomers
can be chain-elongated and desaturated to form unusual 20:4
isomers in the rats fed PHCO. This occurred not only in male
rats (19) but also in neonatal and pregnant/lactating rats fed
PHCO diet. Two unusual 20:4 isomers, 20:4∆5c,8c,11c,15t
and 20:4∆5c,8c,11c,14t, have been previously identified and
are most likely derived from two corresponding precursors,
18:2∆9c,13t and 18:2∆9c,12t, via alternating sequence of de-
saturation, chain elongation, and desaturation (19).

It is known that dietary 18:2n-6 exhibits an inhibitory
effect on production of unusual 20:4 isomers in the liver
because 18:2 c,t isomers and 18:2n-6 compete for the same
desaturase and elongase pathways (27). In a study by Holman
et al. (17), the formation of these unusual 20:4 isomers 
was extensive and was even more than 20:4n-6 in the liver 
PL of rats fed partially hydrogenated soybean oil. How-
ever, the partially hydrogenated soybean oil used in their
study contained very low 18:2n-6 (<0.08% of total fatty
acids) and should be regarded as an EFA-deficient diet (28).
In another study (19), it was found that 18:2∆9c,13t and
18:2∆9c,12t were metabolized to 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t, respectively, even under sufficient intake
of 18:2n-6 (1.46% energy). This led us to determine the mini-
mal amount of dietary 18:2n-6 required to completely sup-
press chain-elongation and desaturation of 18:2 c,t isomers.
As shown in Figure 1, it is clear that formation of unusual
20:4 isomers in the rats fed PHCO is inversely associated
with dietary supplementation of 18:2n-6. The present results
suggest that 18:2n-6 at about 2.0% of total energy is required
to block completely the production of 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t in the maternal liver PL (Fig. 2), whereas
18:2n-6 intake at about 2.5% of total energy in the maternal
diet is minimal to suppress synthesis of these unusual 20:4
isomers in the neonatal rats (Fig. 3).

In parallel with formation of 20:4∆5c,8c,11c,15t and
20:4∆5c,8c,11c,14t in both neonatal and maternal rats of
Group A (0.56% energy 18:2n-6) fed PHCO diet, the ratio of
20:3n-9 to 20:4n-9 was relatively higher (maternal rats: 0.28;
neonatal rats: 0.82), indicating a marginal EFA deficiency in
maternal rats and EFA deficiency in neonatal rats (24). When
18:2n-6 in maternal diet was increased to 1.06% total energy
(Diet C), the ratio was correspondingly reduced to 0.10 in ma-
ternal rats while in the neonatal rats it was only reduced to
0.35, indicating the level of 18:2n-6 in diet C was not ade-
quate for neonatal rats but it was adequate for maternal rats
fed PHCO diet with supplementation of 0.50% energy
18:2n-6. The present data demonstrated clearly not only that
20:4 trans isomers were formed but also that the requirement

for dietary 18:2n-6 was increased in rats fed PHCO diet, par-
ticularly the neonatal rats.

The present study, together with previous work (19), has
demonstrated clearly that formation of unusual 20:4 isomers
is possible in the rats fed PHCO when dietary 18:2 is well
above 0.6% energy recommended by the National Research
Council for EFA adequacy (29). However, it still remains un-
clear whether these unusual 20:4 isomers can be precursors
of uncommon eicosanoids and exert physiological effect de-
spite being quantitatively minor (18). However, a trans iso-
mer of 22:6n-3 derived from a mono trans isomer of linolenic
acid (18:3n-3) via desaturation and elongation system has
been found to incorporate into the retina of rats (30) and con-
sequently alter the electroretinography (31). 

The examination of incorporation pattern of all 18:2 c,t
isomers into the liver PL indicates a preferential accumula-
tion of 18:2∆9t,12c to 18:2∆9c,13t and 18:2∆9c,12t. This ob-
servation was in agreement with many previous studies
(27,32,33). In a study using deuterium labeling, 18:2∆9t,12c
was found to incorporate into the mouse liver several times
faster than 18:2∆9c,12t (27). However, the mechanism in-
volved remains poorly understood. Perhaps a lower accumu-
lation of 18:2∆9c,13t and 18:2∆9c,12t than 18:2∆9t,12c is
due to their faster catabolic rate. In fact, only the former two
isomers but not the latter can be desaturated and elongated to
form corresponding longer-chain metabolites. This is most
likely because the ∆6 desaturase recognizes an 18:2 isomer
with the first double bond at ∆9 position with a cis configura-
tion better than the other isomers (34). 

In conclusion, the present study was the first to determine
the minimal amount of dietary 18:2n-6 required for complete
suppression of chain-elongation and desaturation of the geo-
metric and positional isomers of 18:2n-6 in the neonatal and
lactating rats fed a PHCO diet. The present results indicate
that dietary 18:2n-6 intake at the recommended 0.6% energy
for EFA adequacy is insufficient to inhibit biosynthesis of un-
usual 20:4 isomers derived from 18:2 c,t isomers. In view of
the higher requirement for longer-chain polyunsaturated fatty
acids during fetal/neonatal development, the overconsump-
tion of partially hydrogenated vegetable oils containing a sig-
nificant amount of 18:2 c,t isomers should be questioned al-
though the physiological effect of these unusual 20:4 isomers
remains undetermined at the present time. 
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ABSTRACT: This study evaluated the effects of conjugated
linoleic acids (CLA) on tissue fatty acid composition and ex vivo
prostaglandin E2 (PGE2) production in rats given diets varying in
n-6 and n-3 fatty acids.  Four groups of rats were given a basal
semipurified diet (AIN-93G) containing 70 g/kg of added fat for
42 d.  The fat treatments were formulated to contain CLA (0 vs.
10 g/kg of diet) and n-6 (soybean oil having an n-6/n-3 ratio of
7.3) and n-3 fatty acids (menhaden oil + safflower oil having an
n-6/n-3 ratio of 1.8) in different ratios in  a 2 × 2 factorial de-
sign. Fatty acids in liver, serum, muscle, heart, brain, spleen,
and bone (cortical, marrow, and periosteum) were analyzed by
capillary gas–liquid chromatography. The various dietary lipid
treatments did not affect growth; however, CLA improved feed
efficiency. The CLA isomers were found in all rat tissues ana-
lyzed although their concentrations varied.  Dietary CLA de-
creased the concentrations of 16:1n-7, 18:1, total monounsatu-
rates and n-6 fatty acids, but increased the concentrations of n-
3 fatty acids (22:5n-3 and 22:6n-3), and saturates in the tissues
analyzed.  Ex vivo PGE2 production in bone organ culture was
decreased by n-3 fatty acids and CLA.  We speculate that CLA
reduced the concentration of 18:1 fatty acids by inhibiting liver
∆9-desaturase activity.  The fact that CLA lowered ex vivo PGE2
production in bone organ culture suggests that these conjugated
fatty acids have the potential to influence bone formation and
resorption.
Lipids 33, 417–425 (1998).

Conjugated linoleic acids (CLA) are positional and geometric
isomers of linoleic acid that occur naturally in several foods
but are highest in dairy products and beef (1). The CLA iso-
mers have been suggested to possess potent beneficial health
and biological effects (2–6). CLA isolated from extracts of
grilled ground beef were found to exhibit anticarcinogenic ac-
tivity against chemically induced skin cancer in mice (7). Re-
cent experiments on prostate cancer cell lines demonstrated
that CLA isomers are incorporated into cell lipids and that
CLA compared to linoleic acid decreased cell proliferation

(8). Further, CLA were reported to reduce prostaglandin E2

(PGE2) concentration in rat serum and spleen (9).
CLA isomers become enriched in tissue and cell lipids

when administered in a diet or supplemented in a cell culture
medium (8–10).  As CLA incorporates into membrane phos-
pholipids, it may compete in elongation and desaturation
steps with other unsaturated fatty acids that are precursors of
arachidonic acid (the precursor of PGE2), and such competi-
tion in arachidonate synthesis may alter eicosanoid biosyn-
thesis (11,12).  The cis-9, trans-11 isomer of CLA was pref-
erentially incorporated into the membrane phospholipids of
mice (13) and rats (14), suggesting that cis-9, trans-11 is the
biologically active isomer. Therefore, CLA may exert physi-
ological effects by altering the formation of phospholipid-de-
rived hormones, e.g., eicosanoids, or by modifying the signal
transduction system (15).

This laboratory recently reported that milk fat stimulated
bone formation rate in growing chicks possibly by modulat-
ing ex vivo PGE2 production in bone (16). Having a concen-
tration up to 30 mg CLA/g fat (17), milk fat is a primary di-
etary source of CLA. With regard to bone metabolism, PGE2

is recognized as a mediator of bone formation and bone re-
sorption in vivo (18). Although CLA recently has been shown
to affect PGE2 production (9) and to modulate cytokine pro-
duction (19), the purpose of the present investigation was
twofold: first, to quantify the effects of CLA on the fatty acid
composition of tissue lipids in the presence of relatively high
dietary n-6 or n-3 fatty acids; second, to document that CLA
could alter PGE2 production in mammalian bone in the pres-
ence of dietary lipids varying in an n-6/n-3 fatty acid ratio.

MATERIALS AND METHODS

Animals and diets.  Forty male weanling rats (21-d-old, mean
body weight 46 ± 2.0 g; Harlan Sprague-Dawley, Indianapo-
lis, IN) were housed in individual cages under a 12-h light-
dark cycle. Animal care was in compliance with applicable
guidelines from the Purdue University (West Lafayette, IN)
policy on animal care and use. The rats were randomly as-
signed to four groups and fed ad libitum the basal diet (AIN-
93G without fat; Dyets, Inc., Bethlehem, PA) with one of the
following fat treatments at 70 g/kg (Table 1): soybean oil
(SBO, diet rich in n-6 fatty acids); soybean oil + CLA
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(SBOC); menhaden oil + safflower oil mixture (MSO, men-
haden/safflower = 56:44 weight basis, diet rich in n-3 fatty
acids); MSO + CLA (MSOC).  The CLA was added at 10 g/kg
at the expense of the SBO or MSO. All dietary lipids were
stored at –80°C before use.  Four 49-d-old rats were used in a
preliminary study to evaluate the acute enrichment of tissues
with CLA. Two rats were fed SBO and the other two SBOC,
and the rats on the SBOC diet also were administered CLA in-
tragastrically twice (0.5 g CLA mixed with 0.5 g SBO, at day
six and eight) before being killed after 9 d of feeding. Fresh

diets were mixed every 14 d, and all the diets were kept at
–20°C until fed.  Food cups were refilled three times weekly
and feed consumption measured at the same time. Body
weights were recorded weekly and feed efficiency (total gram
weight gain/total gram feed consumed) calculated for each
treatment group.

Sample collections. After 42 d of feeding (9 d of feeding
for the four rats in the preliminary study), the rats were killed
and tissue samples (liver, heart, thigh muscle, spleen, femur,
blood, and brain) collected for lipid analysis. Blood was col-
lected by bleeding from axillary vessels.  All samples were
kept on ice at the time of collection and then frozen at –20°C.
Serum was separated by centrifuging the clotted (room tem-
perature) blood at 1200 × g for 20 min (Beckman GS-6; Palo
Alto, CA) and stored at –20°C until analyzed.

Analysis of fatty acids.  Lipids in the diet and tissue sam-
ples were extracted with chloroform/methanol (2:1, vol/vol).
Fatty acid methyl esters (FAME) were prepared from dietary
lipids by transesterification using boron trifluoride (BF3) in
methanol (14%, w/w; Supelco Inc., Bellefonte, PA). Cortical
bone, freed of periosteum and marrow, was cooled with liq-
uid nitrogen and pulverized to a fine powder with a mortar
and pestle, placed in 7 mL methanol, and sonicated for 10 min
to extract lipids (16). Lipids extracted from rat tissue samples
were methylated (sodium methoxide) as follows: sample was
dissolved in dry toluene (1 mL) in a test tube with a Teflon-
lined screw cap, 0.5 M sodium methoxide in anhydrous
methanol (2 mL) added, the solution maintained at 50°C for
10 min, and glacial acetic acid (0.1 mL) added followed by
deionized water (5 mL).  The FAME were extracted into
hexane (2 × 3 mL), dried over anhydrous sodium sulfate, and
filtered.  For comparison, lipids from several replicate sam-
ples were methylated using BF3-methanol. All FAME were
analyzed using a gas chromatograph (HP 5890 series II, au-
tosampler 7673, HP 3365 ChemStation; Hewlett-Packard
Co., Avondale, PA) equipped with a DB 225 or DB 23 col-
umn (30 m, 0.53 mm i.d., 0.5 µm film thickness; J&W Scien-
tific Co., Folsom, CA) and operated at 140°C for 2 min, tem-
perature programmed 1.5°C/min to 198°C and held for 7 min.
The injector and flame-ionization detector temperatures were
225 and 250°C, respectively.  FAME were identified by com-
parison of their retention times with authentic standards
[GLC-422, CLA (UC-59-A and UC-59-M); Nu-Chek-Prep,
Elysian, MN; CLA (Cat# 1245, c-9,t-11 and Cat# 1181, t-9,t-
11); Matreya Inc., Pleasant Gap, PA] and FAME prepared
from menhaden oil (Matreya Inc.).

Ex vivo PGE2 production.  PGE2 production by bone organ
cultures was performed as previously described (16,20).
Shafts from the right tibia and femur bones were removed and
carefully flushed with 0.9% NaCl to remove marrow cells.  A
section of bone shaft was immersed in 20 mL of Hank’s bal-
anced salt solution (Sigma Chemical Co., St. Louis, MO) and
incubated with shaking for 2 h at 37°C. After incubation, the
bone culture medium was collected and stored at –80°C until
analyzed for PGE2 by radioimmunoassay. Values for PGE2

were expressed per unit of bone wet or dry weight.
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TABLE 1
Fatty Acid (wt%) and Ingredient Composition of the Diets Given
to Ratsa,b,c

Dietary lipid treatmentsd

Fatty acid SBO SBOC MSO MSOC

12:0 (lauric) Trace Trace 0.08 0.03
14:0 (myristic) 0.20 0.19 3.64 3.07
15:0 (pentadecylic) n.d.e n.d. 0.34 0.29
16:0 (palmitic) 10.32 8.80 12.19 10.23
16:1n-7 (palmitoleic) 0.09 Trace 4.83 4.05
17:0 (margaric) 0.07 Trace 0.41 0.35
18:0 (stearic) 4.63 3.96 3.11 2.60
18:1 (octadecenoic) 23.18 19.75 12.25 10.47
18:2n-6 (linoleic) 52.84 45.33 36.67 32.38
18:3n-3 (α-linolenic) 7.26 6.24 1.03 0.85
18:4n-3 (stearidonic) n.d. n.d. 1.89 1.64
18:2(c-9,t-11/t-9,c-11) n.d. 6.52 n.d. 7.11
18:2(t-10,c-12) n.d. 6.84 n.d. 7.34
18:2(c-9,c-11/c-10,c-12) n.d. 0.55 n.d. Trace
18:2(t-9,t-11/t-10,t-12) n.d. 0.42 n.d. 0.43
20:0 (arachidic) 0.35 0.34 0.27 Trace
20:1n-9 (gondoic) 0.16 n.d. 0.73 0.65
20:4n-6 (arachidonic) n.d. n.d. 0.42 0.35
20:5n-3 (eicosapentaenoic) n.d. n.d. 8.02 6.72
22:0 (behenic) 0.47 0.42 Trace Trace
22:5n-3 (docosapentaenoic) n.d. n.d. 1.51 1.27
22:6n-3 (docosahexaenoic) n.d. n.d. 8.57 7.20
SATf 16.04 13.71 20.04 16.57
MONOg 23.44 19.75 17.81 15.17
PUFAh 60.09 51.57 58.10 50.41
n-6 PUFA 52.84 45.33 37.09 32.73
n-3 PUFA 7.26 6.24 21.01 17.67
n-6/n-3 7.28 7.27 1.77 1.85
aThe semipurified basal diet contained the following (g/kg): casein, 200; corn
starch, 397.486; DYETROSE, 132; sucrose, 100; cellulose, 50; L-lysine, 3;
choline bitartrate, 2.5; salt mix, 35; vitamin mix, 10.
bSalt mix provided (mg/kg diet): CaCO3, 12495; K2HPO4, 6860; C6H5O7K3 ⋅
H2O, 2477; NaCl, 2590; K2SO4, 1631; MgO, 840; C6H5O7Fe, U.S.P., 212.1;
ZnCO3, 57.75; MnCO3, 22.05; CuCO3, 10.5; KIO3, 0.35; Na2SeO4, 0.359;
(NH4)2MoO4 ⋅H2O, 0.278; Na2O3Si ⋅9H2O, 50.75; CrK(SO4)2 ⋅12H2O, 9.625;
LiCl, 0.609; H3BO3, 2.853; NaF, 2.223; NiCO3, 1.113; NH4VO3, 0.231. 
cVitamin mix provided (mg/kg diet): thiamine HCl, 6; riboflavin, 6; pyridoxine
HCl, 7; niacin, 30; calcium pantothenate, 16; folic acid, 2; biotin, 0.2;
cyanocobalamin (B-12) (0.1%), 25; vitamin A palmitate (500,000 IU/g), 4000;
vitamin E acetate (500 IU/g), 75; vitamin D3, 1000; vitamin K1, 0.75.
dDietary treatments included soybean oil (SBO), or menhaden oil + safflower oil
(MSO) and with (+) or without (–) conjugated linoleic acids [CLA; 41.9%
18:2(c-9,t-11/t-9,c-11), 44.3% 18:2(t-10,c-12), 13.6% 18:2(t-9,t-11/
t-10,t-12), and <1% 18:2(c-9,c-11/c-10,c-12)]. Total fat content in each diet
was 70 g/kg of diet and CLA was added (10 g/kg of diet) at the expense of SBO
or MSO.
en.d., not detected (peak detection at 10 ng).
fSAT, total saturated fatty acids.
gMONO, total monounsaturated fatty acids.



Statistical analysis. Data were statistically analyzed by a
one-way or two-way analysis of variance, and where signifi-
cant differences were found, a Tukey’s range test was per-
formed at a probability of P < 0.05 (SAS software package
for UNIX; SAS Institute Inc., Cary, NC). Variation between
treatment groups was expressed as the pooled standard error
of the mean (SEM).

RESULTS

Body weights between the four treatment groups were not sig-
nificantly different throughout the feeding period. Final mean
body weights at 42 d ranged from 305–313 g (average weight
gain in grams: 260 ± 8 SBO, 264 ± 4 SBOC, 267 ± 9 MSO, 263
± 5 MSOC). Feed efficiency (total grams weight gain/total
grams feed consumed), however, was significantly improved
(P < 0.01) in rats fed CLA compared with those not given CLA
(0.42 vs. 0.39). Dietary levels of n-6 and n-3 fatty acids did not
influence mean body weights nor feed efficiencies.

Upon analysis of FAME by gas chromatography, the
sodium methoxide method gave superior results for CLA iso-
mer distribution compared with those obtained by the BF3

method.  The latter tended to overestimate the concentrations
of 18:2(c,c) and 18:2(t,t) but underestimate those for 18:2(c-9,
t-11/t-9,c-11) and 18:2(t-10,c-12). Therefore, all rat tissue
fatty acid values reported herein were obtained by the sodium
methoxide method.

The short-term feeding and gavage of rats with CLA en-
riched cortical bone (femur and tibia) with 18:2(c-9,t-11/t-9,
c-11) and 18:2(t-10,c-12). The CLA content reached 2.57% of
the total fatty acids in 9 d of treatment (data not shown). The
enrichment of CLA in bone was accompanied by an increase
in n-3 fatty acids, primarily 18:3n-3, and a decrease in 16:0.

After 42 d of feeding, CLA isomers were detected in femur
(cortical bone, marrow, and periosteum), brain, heart, liver,
muscle, serum, and spleen in rats given CLA (Table 2). The
concentration of CLA isomers varied across the rat tissues an-
alyzed with bone containing the greatest amounts.  For bone,
CLA were highest in bone periosteum (5.46% of total fatty

acids), while only trace amounts were detected in brain. The
18:2(c-9,t-11/t-9,c-11) and 18:2(t-10,c-12) isomers were incor-
porated into all tissues of rats given CLA independent of the
n-6 and n-3 fatty acid content of the diet. In contrast, the 18:2(t-9,
t-11) isomer was only observed in bone marrow and perios-
teum. Liver, serum, bone, marrow, and periosteum had more
18:2(c-9,t-11/t-9,c-11) than 18:2(t-10,c-12), while spleen, mus-
cle, and heart had more 18:2(t-10,c-12).

Significant differences in tissue fatty acid composition
were observed between the dietary treatment groups. For ex-
ample, rats given CLA had lower concentrations of 16:1n-7,
18:1, 18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, and total monoun-
saturates in liver regardless of the level of n-6 and n-3 fatty
acids in the diet (Table 3). Total liver n-6 fatty acid concen-
tration was lower in the MSOC group compared to that in the
MSO group, but it was not different between the SBO and
SBOC groups. The concentrations of 22:5n-3, 22:6n-3, and
total saturates were increased by CLA in liver of rats inde-
pendent of the n-6 and n-3 fatty acid treatments. However,
CLA increased the concentration of 18:0 in liver of rats given
the n-6 but not n-3 fatty acid diet. CLA had a similar effect
on serum and spleen fatty acid composition (data not shown)
compared with liver except that the concentrations of 18:2n-6,
18:3n-6, 20:2n-6, and 18:0 were not affected.

When given CLA, the fatty acid composition of rat skele-
tal muscle (Table 4) and heart (data not shown) showed simi-
lar changes, that is, decreased 16:1n-7, 18:1, and total mo-
nounsaturates. Both tissues had increased 22:5n-3, but heart
contained reduced concentrations of 18:0 and 22:6n-3. The
biceps femoris of rats given diets rich in n-3 fatty acids (MSO
and MSOC) had increased 20:5n-3 and 22:6n-3, but lower
20:4n-6 and total n-6 fatty acid concentrations. 

Rat brain fatty acid composition was least affected by 42 d
of CLA feeding. CLA decreased 16:1n-7 and 20:2n-6, but in-
creased 22:5n-3, 22:5n-6 in rats given the n-6 fatty acid treat-
ment (data not shown). The total n-3 fatty acid concentration
was greatest in brain of rats on the MSO and MSOC treat-
ments. Total monounsaturates, saturates, and polyunsaturated
fatty acids (PUFA) were not affected by either CLA or n-6
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TABLE 2 
Tissue Level of CLA Isomers in Ratsa

n-6 PUFA + CLA n-3 PUFA + CLA

CLA CLA CLA CLA CLA CLA
Tissue (c-9,t-11/t-9,c-11) (t-10,c-12) (t-9,t-11/t-10,t-12) (c-9,t-11/t-9,c-11) (t-10,c-12) (t-9,t-11/t-10,t-12)

Femur cortical bone 1.03 ± 0.20 0.81 ± 0.13 n.d.b 0.95 ± 0.13 0.86 ± 0.12 n.d.
Femur marrow 2.02 ± 0.03 1.34 ± 0.05 0.16 ± 0.01 2.13 ± 0.20 1.46 ± 0.20 0.19 ± 0.01
Femur periosteum 2.31 ± 0.06 1.98 ± 0.08 0.12 ± 0.04 2.86 ± 0.13 2.42 ± 0.13 0.18 ± 0.04
Brain Tracec Trace n.d. Trace Trace n.d.
Heart 0.31 ± 0.02 1.42 ± 0.05 n.d. 0.32 ± 0.02 1.34 ± 0.03 n.d.
Liver 0.95 ± 0.05 0.69 ± 0.03 n.d. 1.45 ± 0.15 0.70 ± 0.09 n.d.
Muscle 0.68 ± 0.15 1.32 ± 0.12 n.d. 0.56 ± 0.10 1.19 ± 0.06 n.d.
Serum 1.06 ± 0.13 0.78 ± 0.09 n.d. 1.08 ± 0.10 0.53 ± 0.10 n.d.
Spleen 0.67 ± 0.04 1.30 ± 0.03 n.d. 0.76 ± 0.07 1.24 ± 0.04 n.d.
aThe enrichment of CLA in tissues is expressed as wt% ± SEM.
bn.d., not detected.
cTrace, less than 0.01% of total fatty acids. See Table 1 for abbreviations.



and n-3 fatty acids.  Generally, rats fed high n-3 fatty acids
(MSO and MSOC) had more 16:1n-7, 20:3n-6, 20:5n-3,
22:5n-3, and 22:6n-3.  In contrast, rats fed high n-6 fatty acids
(SBO and SBOC) had higher 20:2n-6, 20:4n-6, and 22:4n-6.
The 18:2n-6 concentration in brain was not affected by the
fatty acid treatments.

Consumption of CLA lowered the concentrations of
20:3n-6, 22:6n-3, and total n-6 in cortical bone (Table 5). The
rats given n-3 fatty acids (MSO and MSOC) had higher con-
centrations of 16:0, 20:5n-3, 22:5n-3, 22:6n-3, total n-3, and
saturates but lower 18:1, 18:3n-3, 22:4n-6, total n-6, and mo-
nounsaturates compared to those given n-6 fatty acids (SBO
and SBOC).  In bone marrow of rats supplemented with CLA,
the concentrations of 12:0, 14:0, 16:0, and total saturates were
higher while those for 16:1n-7, 18:1, 18:2n-6, 20:2n-6, 20:3n-6,
22:5n-6, total monounsaturates, PUFA, and n-6, were lower
(Table 6). The n-3 fatty acid diets (MSO and MSOC) resulted
in higher 12:0, 14:0, 15:0, 16:0, 16:1n-7, 17:0, 20:3n-6,
20:5n-3, 22:5n-3, 22:6n-3, total saturates, and n-3, but lower
18:1, 18:2n-6, 20:2n-6, 20:4n-6, 22:4n-6, total monounsatu-
rates, PUFA, and n-6 concentrations in marrow. A CLA–
PUFA interaction influenced the 18:3n-6, 18:3n-3, 20:1n-9,
and 22:6n-3 concentrations in bone marrow.  The periosteum

of rats given CLA had higher 12:0, 14:0, 16:0, and total satu-
rates but lower 18:1, 18:2n-6, total monounsaturates, PUFA,
and n-6 (Table 7). Rats given n-3 fatty acids compared with
those on the n-6 fatty acid diets (SBO and SBOC) had
higher 14:0, 15:0, 16:0, 16:1n-7, 20:1n-9, 20:3n-6, 20:5n-3,
22:5n-3, 22:6n-3, total saturates, and n-3 although lower
12:0, 18:1, 18:2n-6, 18:3n-3, 20:2n-6, 20:4n-6, 22:4n-6,
22:5n-6, total monounsaturates, PUFA, and n-6 concentra-
tions in periosteum.

In rats, CLA and n-3 fatty acids both reduced ex vivo PGE2

production (Table 8). The ex vivo PGE2 production by bone
organ cultures from rats given n-3 fatty acids (MSO and
MSOC) was lower than the values from those given n-6 fatty
acids (SBO and SBOC).  Interestingly, CLA consumption by
rats further reduced ex vivo PGE2 production in bone (femur
and tibia) independent of n-6 and n-3 fatty acid intake.

DISCUSSION 

The results from the feeding experiment showed that neither
CLA nor n-6 and n-3 fatty acids (SBO high in n-6 and MSO
high in n-3 fatty acids) influenced final body weight or weight
gain of the rats. However, feed efficiency was significantly
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TABLE 3 
Fatty Acid Composition (wt%) of Liver from Rats Fed Different Dietary Lipid Treatmentsa

Dietary groupb

SBO MSO Pooled ANOVA P value

Fatty acid CLA + CLA – CLA + CLA – SEM CLA PUFA CLA × PUFA

14:0 0.45n 0.49n 0.72m 0.56m 0.06 NSc 0.0070 NS
16:0 21.37n 21.45n 23.77m 22.41m 0.34 NS 0.00010 NS
16:1n-7 1.43n,y 2.65n,x 2.51m,y 2.95m,x 0.27 0.0070 0.0200 NS
17:0 0.30n 0.26n 0.38m 0.39m 0.03 NS 0.0020 NS
18:0 14.42A 11.72B 11.63B 11.77B 0.53 0.0300 0.0200 0.01
18:1 10.81m,y 14.69m,x 9.27n,y 10.93n,x 0.65 0.0004 0.0006 NS
18:2n-6 18.14y 19.78x 17.24y 18.69x 0.61 0.0200 NS NS
18:3n-6 0.24m,y 0.28m,x 0.17n,y 0.21n,x 0.01 0.0010 0.0001 NS
18:3n-3 0.66B 0.89A 0.22C 0.22C 0.05 0.0400 0.0001 0.046
20:2n-6 0.48m,y 0.54m,x 0.23n,y 0.30n,x 0.03 0.0300 0.0001 NS
20:3n-6 0.88n,y 0.93n,x 1.08m,y 1.21m,x 0.04 0.0400 0.0001 NS
20:4n-6 19.21A 18.30A 6.74B 8.45B 0.59 NS 0.0001 0.04
20:5n-3 0.37n 0.41n 5.68m 5.70m 0.10 NS 0.0001 NS
22:4n-6 0.61m 0.52m n.d.n n.d.n 0.03 NS 0.0001 NS
22:5n-6 0.13m 0.04m n.d.n n.d.n 0.04 NS 0.0300 NS
22:5n-3 2.29n,x 1.60n,y 5.06m,x 4.01m,y 0.11 0.0001 0.0001 NS
22:6n-3 5.94n,x 4.77n,y 11.92m,x 10.86m,y 0.47 0.0300 0.0001 NS
18:2(c-9,t-11/t-9,c-11) 0.95B n.d.C 1.45A n.d.C 0.08 0.0001 0.0060 0.006
18:2(t-10,c-12) 0.69x n.d.y 0.70x n.d.y 0.04 0.0001 NS NS
SAT 36.53x 33.91y 36.50x 35.14y 0.55 0.002 NS NS
MONO 12.24m,y 17.34m,x 11.78n,y 13.88n,x 0.89 0.0006 0.0400 NS
PUFA 48.95 48.06 48.33 49.64 0.74 NS NS NS
n-6 PUFA 39.70A 40.39A 25.45C 28.85B 0.57 0.002 0.0001 0.02
n-3 PUFA 9.26m,x 7.67m,y 22.88n,x 20.80n,y 0.51 0.002 0.0001 NS
n-6/n-3 4.31A 5.31A 1.12C 1.39B 0.12 0.0001 0.0001 0.01
aMean values for liver fatty acid composition (n = 6) within a row having different superscripts (m,n for PUFA effect; x, y for CLA effect; A, B, C for interac-
tion effect) are significantly different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treatments allowed for
an n = 12 in the statistical analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (–) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of SBO or MSO.
cNS, not significant. See Table 1 for other abbreviations.



improved for rats given CLA independent of the dietary n-6
and n-3 fatty acid treatments. Our results corroborate those of
Chin et al. (21) who observed that CLA given to rats im-
proved feed efficiency.  Sugano et al. (9) also found that CLA
feeding to rats did not influence growth, but an experiment in
mice revealed that CLA reduced body weights without influ-
encing feed disappearance (22). Unfortunately, the authors of
study in mice did not measure feed wastage (22) which could
have explained the discrepancy in food disappearance and the
50% depression in growth.

CLA was reported to reduce the catabolic response from
immune stimulation in animals without adversely affecting
immune function (23,24). Cytokines and PGE2 (21) are be-
lieved to mediate this catabolic response, and recently, CLA
was found to lower in vivo and ex vivo production of cy-
tokines in rats (9,19). The present investigation with rats is
consistent with other findings that dietary CLA did not affect
body weight but decreased feed consumption to improve feed
efficiency. Further research is needed to characterize the bio-
chemical and physiological actions of CLA on energy metab-
olism.

The pattern of CLA enrichment in rats showed certain tis-
sue selectivity for the various isomers.  For example, liver,
serum, bone, marrow, and periosteum contained more 18:2(c-9,
t-11/t-9,c-11) than 18:2(t-10,c-12), the two predominant iso-

mers. Spleen, muscle, and heart, however, contained more
18:2(t-10,c-12) than the 9,11 isomer. Furthermore, only trace
amounts of 18:2(c-9,t-11/t-9,c-11) and 18:2(t-10,c-12) were
detected in brain. To our knowledge this is the first report
demonstrating that CLA are found in bone tissue. Surpris-
ingly, concentrations of CLA in bone tissues (cortical, mar-
row, and periosteum) were the highest of all tissues analyzed.
Moreover, the various isomers of CLA incorporated into bone
tissue lipids equally well for diets high in n-6 or n-3 fatty
acids.

The fatty acid composition of rat tissues was significantly
modified by the dietary lipids. The effects of dietary n-6 and
n-3 enrichment (SBO and MSO, respectively) on fatty acid
composition of bone in rats were similar to the results in
chicks we have reported previously (20). Linoleate (18:2n-6)
and its chain elongation and desaturation products (20:4n-6,
22:4n-6, and 22:5n-6) were higher in liver, spleen, serum,
muscle, heart, bone (marrow and periosteum), and brain in
rats given SBO. CLA consumption decreased the concentra-
tions of 16:1n-7, 18:1, total monounsaturates, and n-6, but in-
creased those for 22:5n-3, 22:6n-3, total n-3, and saturates in
most tissues analyzed. CLA decreased the concentration of
18:2n-6 in bone marrow and periosteum, 18:3n-6, 20:2n-6,
20:3n-6, 22:5n-6 in marrow, and 20:3n-6 in cortical bone.
Further, CLA decreased the ratio of n-6/n-3 in liver, brain,
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TABLE 4 
Fatty Acid Composition (wt%) of Muscle (biceps femoris) from Rats Fed Different Dietary Lipid Treatmentsa

Dietary groupb

SBO MSO Pooled ANOVA P value

Fatty acid CLA + CLA – CLA + CLA – SEM CLA PUFA CLA × PUFA

14:0 0.66 0.78 0.84 0.85 0.08 NS NS0 NS
16:0 21.96 21.62 23.36 22.41 0.30 NS NS0 NS
16:1n-7 1.17y 2.74x 1.71y 2.28x 0.20 0.020 NS00 NS
17:0 0.13n 0.15n 0.28m 0.31m 0.01 NS 0.00010 NS
18:0 12.73 10.38 11.47 11.56 0.32 NS00 NS00 NS
18:1 9.91B 16.63A 7.44B 9.76B 0.52 0.0003 0.0002 0.046
18:2n-6 25.30m 25.03m 19.67n 19.86n 0.23 NS00 0.0001 NS
18:3n-3 0.68B 1.31A n.d.C 0.06C 0.05 0.0040 0.0001 0.02
20:3n-6 0.37 0.41 0.44 0.46 0.02 NS00 NS NS
20:4n-6 12.50A 10.67A 4.41B 5.09B 0.27 NS00 0.0001 0.03
20:5n-3 n.d.n n.d.n 1.74m 1.80m 0.03 NS00 0.0001 NS
22:4n-6 0.83m 0.07m 0.10n 0.05n 0.03 NS 0.0001 NS
22:5n-6 0.46m 0.43m n.d.n n.d.n 0.02 NS 0.0001 NS
22:5n-3 3.11x 2.32y 2.90x 2.51y 0.09 0.004 NS NS
22:6n-3 8.07n 6.32n 23.66m 22.24m 0.63 NS 0.000100 NS
18:2(c-9,t-11/t-9,c-11) 0.68x n.d.y 0.56x n.d.y 0.05 0.0001 NS0 NS
18:2(t-10,c-12) 1.32x n.d.y 1.19x n.d.y 0.03 0.0001 NS NS
SAT 35.48n,x 32.94n,y 35.96m,x 35.14m,y 0.21 0.001 0.005 NS
MONO 11.08m,y 19.37m,x 9.15n,y 12.04n,x 0.70 0.0007 0.00300 NS
PUFA 51.33 47.34 52.92 52.06 0.80 NS NS NS
n-6 PUFA 39.46A 37.39B 24.62C 25.45C 0.25 NS 0.0001 0.009
n-3 PUFA 11.86n 9.95n 28.30m 26.61m 0.68 NS 0.0001 NS
n-6/n-3 3.37m 3.83m 0.87n 1.02n 0.16 NS 0.0001 NS
aMean values for muscle fatty acid composition (n = 6) within a row having different superscripts (m,n for PUFA effect; x, y for CLA effect; A, B, C for inter-
action effect) are significantly different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treatments allowed
for an n = 12 in the statistical analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (–) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of SBO or MSO. See Tables 1 and 3 for other abbreviations.



spleen, and serum of rats given MSO. The relative sparing of
n-3 fatty acids in rats given CLA might be explained as either
an increase in the utilization of n-6 or a conservation of n-3
fatty acids. The increase of total saturates in liver, marrow,
periosteum, spleen, muscle, and serum of rats consuming
CLA could indicate a depression of desaturase activity.  Since
liver is a major organ for fatty acid synthesis in mammals, and
we observed a decrease of 18:1n-9 in rat tissues (liver, mar-
row, and periosteum), one would speculate that CLA affects
the saturates/monounsaturates ratio by inhibiting liver ∆9-de-
saturase activity as proposed by Lee et al. (10).

The n-3 fatty acid treatment (MSO) significantly reduced
ex vivo PGE2 production in bone organ culture (tibia and
femur) compared to the n-6 dietary treatment (SBO). In bone,
dietary CLA lowered ex vivo PGE2 production beyond that of
n-3 fatty acid feeding.  Sugano et al. (9) also reported that the
concentration of PGE2 in spleen tended to be reduced by
CLA.  Dietary supplementation with CLA may impact bone
modeling in the young since PGE2 mediates bone formation
and bone resorption (18). Recent work from our laboratory
demonstrated that modulation of ex vivo PGE2 production in

bone with dietary lipids was associated with changes in bone
formation rate (16,20). PGE2 is a potent agent regulating both
bone modeling and remodeling, but its effect in bone may be
concentration-dependent. For example, Raisz and Koole-
mans-Beynen (25) showed that PGE2 inhibits matrix forma-
tion at high concentrations in bone organ culture. However,
at lower doses, PGE2 can stimulate bone formation in vitro
and in vivo (26–29). Therefore, excessive production of PGE2

may adversely affect bone modeling, and a lower level of
PGE2 is believed to stimulate bone formation in animals fed
diets containing moderate levels of n-6 fatty acids. Chicks fed
a diet containing a lower n-6/n-3 fatty acid ratio demonstrated
reduced PGE2 production in bone that was accompanied by
an increased bone formation rate when compared with those
given a higher n-6/n-3 ratio (20).  Although different mecha-
nisms may be operative for CLA and n-3 fatty acids to reduce
ex vivo PGE2 production, the fact that both fatty acids low-
ered PGE2 by cultured bone may be significant in understand-
ing their potential effects on bone health.

In summary, supplementing the diets of rats with CLA led
to differences in CLA enrichment in various tissues, with
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TABLE 5 
Fatty Acid Composition (wt%) of Femur Cortical Bone from Rats Fed Different Dietary Lipid Treatmentsa

Dietary groupb

SBO MSO Pooled ANOVA P value

Fatty acid CLA + CLA – CLA + CLA – SEM CLA PUFA CLA × PUFA

14:0 1.43 1.08 1.30 1.43 0.16 NS NS0 NS
15:0 0.27n 0.31n 0.41m 0.51m 0.04 NS 0.0010 NS
16:0 27.78n 26.06n 28.66m 30.18m 1.12 NS 0.040 NS
16:1n-7 1.64 2.52 2.08 2.66 0.40 NS0 NS00 NS
17:0 0.30 0.14 0.13 0.20 0.12 NS NS0 NS
18:0 9.76 7.96 8.47 9.42 0.50 NS NS NS
18:1 18.65m 16.09m 11.69n 13.83n 1.23 NS 0.002 NS
18:2n-6 12.36 15.49 11.72 12.64 1.28 NS NS NS
18:3n-4 2.65 3.28 3.54 1.27 0.89 NS NS NS
18:3n-3 0.61m 1.15m n.d.n n.d.n 0.16 NS 0.0001 NS
20:2n-6 0.40 0.68 0.42 0.34 0.11 NS NS NS
20:3n-6 0.23y 0.89x 0.72y 0.88x 0.16 0.02 NS NS
20:4n-6 7.91 9.28 6.87 8.59 0.80 NS NS NS
20:3n-3 0.83 0.90 1.31 0.44 0.36 NS NS NS
20:5n-3 0.75n 0.54n 2.76m 2.52m 0.16 NS 0.0001 NS
22:0 0.15 0.25 0.36 0.14 0.12 NS NS NS
22:1n-9 0.34 0.16 0.37 0.08 0.21 NS NS NS
22:4n-6 2.45m 2.62m 1.33n 1.48n 0.30 NS 0.002 NS
22:5n-3 0.58n 0.80n 3.16m 3.10m 0.15 NS 0.0001 NS
22:6n-3 0.64n,y 11.12n,x 3.35m,y 4.14m,x 0.20 0.00700 0.0001 NS
18:2(c-9,t-11/t-9,c-11) 1.03x n.d.y 0.95x n.d.y 0.13 0.0001 NS NS
18:2(t-10,c-12) 0.81x n.d.y 0.86x n.d.y 0.09 0.0001 NS NS
SAT 39.70n 35.80n 39.34m 41.88m 1.33 NS 0.046 NS
MONO 20.63m 18.77m 14.14n 16.56n 1.49 NS 0.0100 NS
PUFA 29.42y 36.73x 35.18y 35.40x 1.77 0.049 NS NS
n-6 PUFA 23.36m,y 28.95m,x 21.06n,y 23.93n,x 1.71 0.02 0.048 NS
n-3 PUFA 3.41n 4.50n 10.58m 10.20m 0.35 NS 0.0001 NS
n-6/n-3 7.33m 6.74m 1.99n 2.35n 0.85 NS 0.0001 NS
aMean values for femur cortical bone fatty acid composition (n = 5) within a row having different superscripts (m, n for PUFA effect; x, y for CLA effect; A, B,
C for interaction effect) are significantly different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treat-
ments allowed for an n = 10 in the statistical analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (–) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of SBO or MSO. See Table 1 for other abbreviations.



brain having the lowest concentrations of isomers but bone
tissue containing the highest. Furthermore, CLA influenced
the fatty acid composition of rat tissues leading to reduced
18:1 in liver, muscle, heart, and bone (marrow and perios-
teum).  The data on tissue fatty acid composition presented
here suggest that CLA may affect the formation of 18:1n-9
and metabolism of n-6 and n-3 fatty acids. Consistent with
the hypothesis that CLA modifies arachidonate-derived
eicosanoid production, we observed that CLA depressed ex
vivo PGE2 production in bone organ cultures. The reduction
in PGE2 by CLA might be explained as a competitive inhibi-
tion of n-6 fatty acid formation (30) that would lower sub-
strate availability for cyclooxygenase. Since PGE2 is a potent
agent that stimulates both bone formation and resorption, re-
search on CLA will be relevant to understanding the potential
role of essential fatty acids in bone biology.
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TABLE 6 
Fatty Acid Composition (wt%) of Femur Bone Marrow from Rats Fed Different Dietary Lipid Treatmentsa

Dietary groupb

SBO MSO Pooled ANOVA P value

Fatty acid CLA + CLA – CLA + CLA − SEM CLA PUFA CLA × PUFA

12:0 0.21n,x 0.14n,y 0.27m,x 0.21m,y 0.01 0.0002 0.0002 NS
14:0 2.37n,x 1.76n,y 3.24m,x 2.90m,y 0.11 0.0004 0.0001 NS
15:0 0.25n 0.23n 0.35m 0.37m 0.01 NS 0.0001 NS
16:0 29.15n,x 25.17n,y 31.48m,x 28.32m,y 0.51 0.0001 0.0001 NS
16:1n-7 4.12n,y 4.94n,x 5.02m,y 6.10m,x 0.38 0.02 0.01 NS
17:0 0.21n 0.19n 0.30m 0.32m 0.01 NS 0.00010 NS
18:0 6.53 6.39 7.15 6.74 0.39 NS NS NS
18:1 18.89m,y 23.07m,x 14.95n,y 18.11n,x 0.42 0.0001 0.0001 NS
18:2n-6 22.73m,y 24.63m,x 18.52n,y 19.62n,x 0.48 0.006 0.0001 NS
18:3n-6 0.17C 0.25A 0.17C 0.21B 0.01 0.0001 0.003 0.003
18:3n-3 1.78A 2.13A 0.50B 0.42B 0.10 NS 0.0001 0.04
20:1n-9 0.19B 0.25A 0.20B 0.24A 0.01 0.0001 NS 0.007
20:2n-6 0.62m,y 0.82m,x 0.54n,y 0.60n,x 0.04 0.002 0.0004 NS
20:3n-6 0.24n,y 0.36n,x 0.42m,y 0.49m,x 0.03 0.01 0.0002 NS
20:4n-6 4.68m 5.75m 3.76n 3.80n 0.41 NS 0.002 NS
20:5n-3 0.13n 0.06n 1.44m 1.82m 0.13 NS 0.0001 NS
22:4n-6 0.77m 0.96m 0.27n 0.26n 0.06 NS 0.0001 NS
22:5n-6 0.07y 0.14x 0.07y 0.13x 0.02 0.01 NS NS
22:5n-3 0.58n 0.58n 2.06m 2.27m 0.16 NS 0.0001 NS
22:6n-3 0.59C 0.59C 2.49B 3.30A 0.20 0.047 0.0001 0.048
18:2(c-9,t-11/t-9,c-11) 2.02x n.d.y 2.13x 0.10y 0.11 0.0001 NS NS
18:2(t-10,c-12) 1.34x n.d.y 1.46x 0.08y 0.11 0.0001 NS NS
18:2(t-9,t-11/t-10,t-12) 0.16x n.d.y 0.19x n.d.y 0.01 0.0001 NS NS
SAT 38.73n,x 33.87n,y 42.80m,x 38.86m,y 0.48 0.0001 0.0001 NS
MONO 23.32m,y 28.40m,x 20.32n,y 24.63n,x 0.70 0.0001 0.000100 NS
PUFA 32.35m,y 36.27m,x 30.24n,y 32.95n,x 0.93 0.002 0.008 NS
n-6 PUFA 29.27m,y 32.91m,x 23.74n,y 25.10n,x 0.77 0.004 0.0001 NS
n-3 PUFA 3.08n 3.36n 6.50m 7.85m 0.43 NS 0.0001 NS
n-6/n-3 9.87m 9.83m 3.84n 3.26n 0.49 NS 0.0001 0.01
aMean values for femur bone marrow fatty acid composition (n = 6) within a row having different superscripts (m, n for PUFA effect; x, y for CLA effect; A, B,
C for interaction effect) are significantly different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treat-
ments allowed for an n = 12 in the statistical analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (–) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of SBO or MSO. See Tables 1 and 3 for other abbreviations.
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TABLE 7 
Fatty Acid Composition (wt%) of Femur Bone Periosteum from Rats Fed Different Dietary Lipid Treatmentsa

Dietary groupb

SBO MSO Pooled ANOVA P value

Fatty acid CLA + CLA – CLA + CLA − SEM CLA PUFA CLA × PUFA

12:0 0.15m,x 0.09m,y 0.17n,x 0.14n,y 0.02 0.01 0.03 NS
14:0 1.65n,x 1.12n,y 2.57m,x 2.33m,y 0.12 0.004 0.0001 NS
15:0 0.18n 0.14n 0.28m 0.31m 0.02 NS 0.0001 NS
16:0 25.68n,x 22.18n,y 28.42m,x 24.97m,y 0.54 0.0001 0.0001 NS
16:1n-7 2.80n 2.77n 3.94m 4.57m 0.30 NS 0.0001 NS
17:0 0.21B,C 0.16C 0.31A,B 0.38A 0.03 NS 0.00010 NS
18:0 8.38 8.92 7.86 8.29 0.47 NS NS NS
18:1 17.14m,y 20.70m,x 13.46n,y 17.10n,x 0.63 0.0001 0.0001 NS
18:2n-6 25.38m,y 28.16m,x 20.85n,y 22.54n,x 0.60 0.001 0.0001 NS
18:3n-3 1.69A 2.07A 0.50B 0.42B 0.10 NS 0.0001 0.04
20:1n-9 n.d.n n.d.n 0.10m 0.18m 0.03 NS 0.0001 NS
20:2n-6 0.25m 0.26m 0.14n 0.15n 0.04 NS 0.01 NS
20:3n-6 0.27n 0.30n 0.34m 0.42m 0.04 NS 0.02 NS
20:4n-6 5.43m 6.88m 2.93n 2.94n 0.47 NS 0.0001 NS
20:5n-3 n.d.C n.d.C 1.30B 1.72A 0.08 0.01 0.0001 0.01
22:4n-6 0.81m 0.73m 0.36n 0.33n 0.09 NS 0.0002 NS
22:5n-6 0.28m 0.20m n.d.n 0.10n 0.06 NS 0.002 NS
22:5n-3 1.41n 1.44n 2.01m 2.00m 0.13 NS 0.0003 NS
22:6n-3 3.25n 3.53n 7.46m 8.98m 0.62 NS 0.0001 NS
18:2(c-9,t-11/t-9,c-11) 2.31x n.d.y 2.86x n.d.y 0.13 0.0001 NS NS
18:2(t-10,c-12) 1.98x n.d.y 2.42x n.d.y 0.13 0.0001 NS NS
18:2(t-9,t-11/t-10,t-12) 0.12x n.d.y 0.18x n.d.y 0.04 0.0003 NS NS
SAT 36.25n,x 32.61n,y 39.61m,x 36.43m,y 0.52 0.0001 0.0001 NS
MONO 19.94m,y 23.47m,x 17.50n,y 21.85n,x 0.81 0.0001 0.0200 NS
PUFA 38.76m,y 43.57m,x 35.88n,y 39.61n,x 1.17 0.002 0.008 NS
n-6 PUFA 32.42m,y 36.52m,x 24.62n,y 26.48n,x 0.86 0.003 0.0001 NS
n-3 PUFA 6.34n 7.05n 11.26m 13.12m 0.72 NS 0.0001 NS
n-6/n-3 5.29m 5.28m 2.24n 2.06n 0.28 NS 0.0001 NS
aMean values for femur bone periosteum fatty acid composition (n = 6) within a row having different superscripts (m, n for PUFA effect; x, y for CLA effect; A,
B, C for interaction effect) are significantly different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treat-
ments allowed for an n = 12 in the statistical analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (–) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of SBO or MSO. See Tables 1 and 3 for other abbreviations.

TABLE 8
Effect of Dietary CLA and PUFA Treatments on PGE2 Production (mean ± SE) in Bone Organ Culturea

Dietary groupsb

SBO MSO ANOVA P value

Tissue CLA + CLA − CLA + CLA − CLA PUFA CLA × PUFA

Tibia, ng/g (dry weight) 19.1 ± 2.1m,y 42.9 ± 11.6m,x 6.6 ± 2.6n,y 15.8 ± 2.0n,x 0.02 0.007 0.25

Tibia, ng/g (wet weight) 17.6 ± 1.5m,y 34.5 ± 8.8m,x 5.0 ± 1.7n,y 12.8 ± 1.3n,x 0.02 0.003 0.35

Femur, ng/g (dry weight) 21.2 ± 3.6m,y 30.8 ± 4.7m,x 6.6 ± 0.8n,y 16.0 ± 4.3n,x 0.02 0.002 0.98

Femur, ng/g (wet weight) 19.8 ± 3.6m 25.7 ± 4.2m 5.6 ± 1.1n 14.5 ± 4.3n 0.06 0.004 0.69
aMean values for ex vivo prostaglandin E2 (PGE2) production (n = 6) having different superscripts (m, n for PUFA effect; x, y for CLA effect) are significantly
different by two-way ANOVA and Tukey’s studentized range test (P < 0.05). The factorial design of dietary treatments allowed for an n = 12 in the statistical
analysis of main effects.
bDietary treatments included SBO, or MSO and with (+) or without (−) CLA. Total fat content in each diet was 70 g/kg of diet, and CLA was added (10 g/kg of
diet) at the expense of kSBO or MSO. See Tables 1 and 3 for other abbreviations.
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ABSTRACT: The influence of various dietary marine oils and
olive oil on fatty acid composition of serum and platelets and
effects on platelets and serum lipids were investigated as part of
an extensive study of the effects of these oils on parameters as-
sociated with cardiovascular/thrombotic diseases. Healthy vol-
unteers (266) consumed 15 mL/d of cod liver oil (CLO); whale
blubber oil (refined or unrefined); mixtures of seal blubber oil
and CLO; or olive oil/CLO for 12 wk. In the CLO, seal oil/CLO,
and whale oil groups, serum levels of eicosapentaenoic acid
(EPA) were increased. In platelets, EPA was increased in the
CLO, seal/CLO, and olive oil/CLO groups. The localization of
n-3 polyunsaturated fatty acids in the triacylglycerols did not
seem to influence their absorption. Intake of oleic acid is poorly
reflected in serum and platelets. No significant differences in
triacylglycerols (TG), total cholesterol, or high density lipopro-
tein cholesterol were observed, even though TG were reduced
in the CLO, CLO/seal oil, and whale oil groups. Mean platelet
volume increased significantly in both whale oil groups and the
CLO/olive oil group. Platelet count was significantly reduced in
the refined whale oil group only. Lipopolysaccharide-stimulated
blood tended to generate less thromboxane B2 in CLO,
CLO/seal, and CLO/olive groups. The whale oils tended to re-
duce in vivo release of β-thromboglobulin. In conclusion, in-
take of various marine oils causes changes in platelet mem-
branes that are favorably antithrombotic. The combination of
CLO and olive oil may produce better effects than these oils
given separately. The changes in platelet function are directly
associated with alterations of fatty acid composition in platelet
membranes.
Lipids 33, 427–436 (1998).

In the 1970s, Bang, Dyerberg, and coworkers (1–3) suggested
that the low incidence of death attributable to coronary heart
disease among Greenland Eskimos was due to their high intake
of n-3 polyunsaturated fatty acids (PUFA) derived from fish
and other seafoods. These studies created the basis for the great
increase in the interest in cardiovascular benefits of fish oils,
and the effects of the consumption of fish and fish oils have
been examined in various important biological systems.

Dietary supplementation with fish and fish oils is reported to
modify platelet and leukocyte function in several ways. Sug-
gested modes of action are through their modulation of
eicosanoid synthesis (4–6) and reduction in plasma triacylglyc-
erol (TG) concentration (for review see Ref. 7). n-3 Fatty acids
as a dietary supplement decrease platelet aggregation and release
thromboxane A2 (TxA2). Another mechanism for the effect of n-
3 PUFA has been suggested to be associated with the change in
fluidity by incorporation of PUFA in the cell membranes and an
influence on the activities of membrane-associated enzymes or
receptors (8). Because of variable results, additional human clin-
ical studies are still needed.

Attention has been directed on n-3 PUFA, although it was ev-
ident from Bang and Dyerberg’s studies that the traditional Es-
kimo diet consists of substantial quantities of meat and blubber
from seals and whales (1). The fat composition of seal, and of
whale in particular, differs significantly from that of fish (9). In
marine mammals eicosapentaenoic acid (EPA, 20:5n-3) and do-
cosahexaenoic acid (DHA, 22:6n-3) are found mainly in the sn-
1 and sn-3 positions of the TG, whereas in fish these fatty acids
are positioned in sn-2 (10,11). However, the diet of Greenland
Eskimos also differs from the Western diet in other respects, es-
pecially in the intake of saturated fatty acids (2). The favorable
disease pattern in Eskimos may be caused by the combination of
a diet low in saturated fat together with high n-3 PUFA intake,
but the beneficial effects of this diet also may be due to compo-
nents other than the fatty acids. A previous study in our labora-
tory indicated that oils from the blubber of seal and whale have
beneficial effects on some selected parameters thought to play a
role in cardiovascular disease, and it was hypothesized that the
effect of whale oil is not mediated by n-3 fatty acids alone (12).
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The so-called Mediterranean diet is characterized, among
other things, by a moderately low intake of PUFA and by a
high intake of monounsaturated fatty acids from olive oil.
Since Mediterranean populations have shown a low mortality
from cardiovascular diseases, which is negatively correlated
to the percentage of dietary energy supplied by monounsatu-
rated fatty acids (13,14) in addition to findings of favorable
effects of n-3 fatty acid supplementation to a diet rich in olive
oil (15), it was of major interest to include olive oil in this di-
etary study.

With the traditional diets of Mediterranean populations
and Greenland Eskimos in mind, we have focused on the ef-
fects of marine oils and olive oil on important parameters
concerning the physical and functional properties of blood
platelets. Platelets play an essential role in arterial thrombosis
and atherosclerosis, but the mechanisms for the effects of di-
etary oils on platelet function are not well understood. In this
controlled study we investigated whether any of the dietary
oils contributed to changes in structural order (membrane flu-
idity) of the platelets and related membrane fluidity to platelet
function by measuring eicosanoid production thromboxane
[(TXB2 and prostaglandin E2) (PGE2)] and release of the α-
granule protein β-thromboglobulin (β-TG) from platelets. In
addition, we have related these results to plasma lipids and to
the corresponding fatty acid composition in serum and
platelets and compared the changes in fatty acid patterns of
serum and platelet membranes to the composition of the di-
etary oils. The results are also discussed in relation to the in-
tramolecular TG structures of the oils.

MATERIALS AND METHODS

Subjects and dietary protocol. Healthy volunteers (266) liv-
ing in Tromsø, Norway (124 women and 149 men), aged 16–
69 yr (median 36), were randomly selected to consume 15
mL/d of cod (Gadus morhua) liver oil (CLO), olive (Olea eu-
ropea) oil (extra virgin), refined (steam refined by heating to
170°C with N2) and unrefined oil from the blubber of minke
whale (Balaenoptera acutorostrata), mixtures of CLO and
harp seal (Phoca groenlandica) blubber oil (1:1, vol/vol) and
CLO and olive oil (1:1, vol/vol), and no oil (control group).
Table 1 shows the number of subjects in each group and some
characteristics of the groups regarding distribution of gender,

age, and smoking habits. The oils were a supplement to their
normal dietary habits, and the subjects were counseled to con-
tinue eating their regular diet. The study was double-blinded
for the groups given various dietary oils. No placebo oil was
given in the control group, and the study of this group could
thus not be blinded to volunteers or investigators. The seven
groups were run in parallel for a period of 12 wk. The proce-
dures followed were in accordance with the Helsinki declara-
tion of 1964 as revised in 1989.

The fatty acid composition of the dietary oils, determined
by gas–liquid chromatography as described shortly, is given
in Table 2. There were no changes detected during storage
over the period of 12 wk. The vitamin E concentrations of the
oils were analyzed according to Lie et al. (16) and were as
follows: CLO: 1.52 mg/g; olive oil: 0.23 mg/g; refined whale
oil: 0.17 mg/g; whale oil: 0.25 mg/g; seal oil/CLO: 1.38 mg/g;
and olive oil/CLO: 0.85 mg/g.

Blood sampling. Blood samples were taken before the start
of the study, after 8 wk, and after 12 wk of supplementation.
The data after 12 wk of supplementation are presented in this
work. The participants were informed not to drink alcohol or
perform any strenuous exercise for 48 h prior to each blood
sampling. They fasted overnight, and all the blood samples
were taken between 8:00 and 10.00 A.M. Venous blood (25
mL) was drawn into a plastic syringe with a 19-gauge needle
and immediately distributed into serum tubes or tubes contain-
ing anticoagulants as specified for each procedure described.

Mean platelet volume (MPV) and platelet counts. MPV
and platelet counts were measured in whole blood anticoagu-
lated with Na2-EDTA (final concentration 0.2%) with a Coul-
ter Counter (STRK, Luton, England).

Platelet preparation. Platelet-rich plasma was obtained by
centrifugation of citrated blood (5 mL, final concentration of
Na3-citrate: 0.38%) at 180 × g for 15 min at room tempera-
ture with the brake off. For fatty acid analysis, the platelets
were washed once in 0.15 mol/L NaCl, centrifuged at 1500 ×
g for 10 min and resuspended in 0.15 mol/L NaCl. The
platelet preparations were kept at −70°C until extraction of
the fatty acids was performed for the gas chromatographic
analysis. For membrane fluidity studies, the platelet pellets
were washed twice with 0.15 mol/L NaCl, centrifuged at
1500 × g for 10 min and resuspended in potassium phosphate
buffer (0.01 mol/L, pH 7.4). The platelet suspensions were
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TABLE 1
Characteristics of the Test Groups Regarding Smoking Habits, Age, and Sex

Number of Age Smokers
Oil consumed females/males (yr)a (% )

Control (n = 38) 20/18 29.0 (21–57) 18
CLOb (n = 37) 14/23 33.0 (20–59) 22
Olive oil (n = 34) 18/16 38.0 (16–66) 26
Whale oil, refined (n = 39) 17/22 36.0 (20–69) 21
Whale oil (n = 40) 17/23 36.5 (22–59) 40
Seal oil/CLO (n = 40) 21/19 35.0 (21–64) 28
Olive oil/CLO (n = 38) 17/21 34.5 (22–59) 39
aAge data are median and total range.
bCLO = cod liver oil.



frozen at −70°C until anisotropy measurements were per-
formed (17). Before labeling with the fluorescent probe, the
suspensions were sonicated in an MSE sonicator (Sussex,
United Kingdom) (high power, setting 4, 10 s × 2 with 10-s
interval, on ice). The platelet preparations were adjusted to a
final optical density of 0.03 at 600 nm to minimize the effect
of light scattering on the anisotropy measurements (18).
Platelet counts were performed both in whole blood and in
platelet-rich plasma.

Fatty acid analysis. The fatty acids were extracted from
serum and platelet membrane preparations using chloro-
form/methanol (1:1 vol/vol; Merck, Darmstadt, Germany) by
a modified method of Folch and coworkers (19), esterified
with 2 mL boron trifluoride in methanol (Supelco, Bellefonte,
PA) at 100°C for 90 min (20). Fatty acid methyl esters
(FAME) were analyzed by capillary gas–liquid chromatogra-
phy using a Fisons Carlo Erba 8340 gas chromatograph
(Carlo Erba, Rodano, Italy). FAME were separated on a 50-m
× 0.25-mm CP-Sil 88 (FAME) capillary column with 0.2 µm
film thickness (Chrompack, Middelburg, Holland) after split-
less injection of a 1-µL sample at a column temperature of

80°C. The operating conditions were as follows: The initial
temperature was maintained for 1 min and then raised by
20°C/min to 160°C, followed by a gradient of 2°C/min to
177°C and 20°C/min to 230°C, and it was kept there for 15
min. The injector and the flame-ionization detector tempera-
tures were 250 and 270°C, respectively. The carrier gas was
hydrogen, with an inlet pressure of 110 kPa. The fatty acid
composition is expressed as percentage FAME with respect
to the total peak surface (area/area).

Analysis of the stereochemistry of TG in the marine oils.
The positional distribution of EPA (20:5n-3) and DHA (22:6
n-3) in CLO, seal blubber, and whale blubber oils was ana-
lyzed by high-resolution 13C nuclear magnetic resonance
spectroscopy as previously described (21).

Measurements of platelet membrane fluidity. The mem-
brane fluidity was assessed by measurements of steady-state
fluorescence anisotropy (rS) of 1-(4-trimethylammoni-
umphenyl)-6-phenyl-1,3,5-hexatriene, p-toluenesulfonate
(TMA-DPH; Molecular Probes. Inc., Eugene, OR) (22–24).
A stock solution of TMA-DPH in N,N-dimethylformamide
(Uvasol®; spectroscopy grade, Merck) was prepared at a con-
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TABLE 2
Fatty Acid Profile of the Dietary Oils (wt/wt% of total fatty acids)a

Whale Whale oil
Fatty acid CLO Olive oil (refined) (crude) Seal/CLO Olive/CLO

14:0 3.9 0.0 5.9 6.2 4.9 2.4
15:0 0.3 0.0 0.4 0.4 0.6 0.2
16:0 9.9 11.1 9.6 9.8 9.4 10.5
18:0 1.9 2.0 1.8 1.9 1.4 2.0
20:0 0.2 0.3 0.0 0.2 0.1 0.1
22:0 0.1 0.1 0.0 0.0 0.0 0.1
Saturated 16.1 13.6 17.6 18.5 16.4 15.3

14:1 0.3 0.0 0.0 0.3 0.0 0.2
16:1n-7 8.1 0.6 9.6 9.6 10.6 5.4
18:1n-9 21.3 77.4 21.9 23.0 20.7 43.3
20:1n-9 11.7 0.6 17.0 16.9 10.7 7.2
22:1n-11 6.5 0.0 10.7 10.6 5.0 3.9
24:1 0.5 0.0 0.3 0.3 0.2 0.3
MUFA 48.6 78.6 59.5 60.7 47.2 60.3

16:2 0.4 0.0 0 4 0.3 0.5 0.3
18:2n-6 1.8 6.0 1.4 1.8 1.7 3.4
20:2n-6 0.3 0.1 0.4 0.4 0.4 0.2
18:3n-6 0.1 0.0 0.3 0.3 0.1 0.1
18:3n-3 1.3 0.7 1.2 1 2 1.3 1.1
16:4 0.1 0.0 0.0 0.1 0.2 0.1
18:4n-3 2.7 0.0 1.7 1 7 3.0 1.7
20:4n-6 0.4 0.0 0.3 0.2 0.3 0.2
20:4n-3 0.7 0.0 0.9 0.9 0.6 0.4
20:5n-3 9.5 0.0 3.9 3.3 7.7 5.8
21:5n-3 0.4 0 0 0 2 0.2 0.4 0.3
22:5n-3 1.0 0.0 1.7 1.7 2.2 0.6
22:6n-3 13.5 0.0 5.9 4.2 11.3 7.8
PUFA 32.2 6.8 18.3 16.3 29.7 22.0
n-3 PUFA 29.1 0.7 15.5 13.2 26.5 17.7

Total 96.8 98.7 95.9 95.7 97.6 97.4
aMUFA = monounsaturated fatty acids; PUFA = polyunsaturated fatty acids. For other abbreviation, see Table 1.



centration of 10 mmol/L, stored at −20°C and diluted before
use. The diluted platelet preparation (2 mL) was incubated for
10 min at 37°C in the dark with TMA-DPH at a final concen-
tration of 1.0 µmol/L. The rs measurements were carried out
with a Perkin-Elmer LS 50 Luminescence Spectrometer
(Buckinghamshire, United Kingdom) equipped with polariz-
ers. The measurements were made at excitation and emission
wavelengths of 360 and 430 nm, respectively, with slit widths
of 5 nm in both excitation and emission. The rS-value for each
sample is an average of five readings (integration time, 10 s),
measured at a constant temperature of 37.0 ± 0.1°C, con-
trolled with a digital thermometer. The rS is automatically cal-
culated from the following equation:

[1]

where rS is the corrected anisotropy, and IVV and IHV are the
emission intensities of vertically polarized light parallel and
perpendicular to the plane of excitation, respectively. Like-
wise, IVH and IHH are the emission intensities of horizontally
polarized light perpendicular and parallel to the plane of ex-
citation. Fluorescence anisotropy values are inversely related
to the rotational rate of the probe in the membrane, thus low
anisotropy values indicate high fluidity of the membrane.

Lipids in serum. Serum samples were analyzed for TG, cho-
lesterol, and high density lipoprotein (HDL) cholesterol using
commercially available enzyme kits from Boehringer
(Mannheim, Germany) in combination with an RA-1000 auto-
matic analyzer (Technion RA-100; Bayer Norway, Hagan,
Norway).

Quantitation of β-TG. β-TG was measured in heparinized
plasma with a β-TG radioimmunoassay kit according to the
manufacturer’s instructions (Kodak Clinical Diagnostics Ltd.,
Amersham, United Kingdom). At 45 ng/mL the within-assay
coefficient of variation (CV) was 7.5%, and the between-
assay CV was 9.9–15.3% in the range 19.6–108 ng/mL.

Stimulation of whole blood in vitro. Lipopolysaccharide
(LPS; Escherichia coli 026:B6; Difco, Detroit, MI) was
added to heparinized blood (1.0 mL) to a final concentration
of 5 ng/mL, followed by incubation at 37°C in an incubator
shaker (180 rpm) for 2 h. The stimulation was stopped by
adding 0.1 mL 2% Na2-EDTA/mL blood, and the blood was
immediately centrifuged at 1400 × g for 10 min. The plasma
was pipetted off and frozen at −70°C until quantitation of
TxB2 and PGE2 was performed.

Quantitation of TxB2. TxB2, the stable metabolite of TxA2,
was measured in plasma of LPS-stimulated blood with a TxB2
enzyme immunoassay system (Biotrak, Amersham, United
Kingdom), as described by the manufacturer. The cross reac-
tivities to related compounds were: 2,3-dinor-TxB2: 60.50%;
2,3-dinor-6-keto-prostaglandin F1α: <0.40%; 6,15-diketo-
13,14-dihydro-PGF1α; <0.01%; 11-dehydro-TxB2, 0.10%; 6-
keto-PGE2, <0.01%; PGD2, 0.18%; PGE2, <0.01%; PGFlα,
1.6%; PGF2α, 0.06%; and arachidonic acid (AA), <0.01%. The
sensitivity of this assay was 3.6 pg/mL, and the within and be-

tween assay CV were 2.5–9.2% (range 21.4–254 pg/mL) and
9.9–13.9% (range 46.2–222 pg/mL), respectively.

Quantitation of PGE2. PGE2 was measured in plasma of
LPS-stimulated blood in a PGE2 [125I] RIA (radioimmunoas-
say) Kit (Du Pont, NEN Research Products, Boston, MA).
The following compounds have been tested for cross reactiv-
ity: PGEl, 30%; 13,14-dihydro-15-keto-PGE2, 0.02%; PGA2,
0.8%; PGF1α, 0.7%; TxB2, 0.01%; PGF2α, 0.9%; AA, 0.01%;
13,14-dihydro-15-keto-PG2α, 0.005%; PGA1; 0.08%; PGB2,
0.07%; 6-keto-PGF1α, 1%; linoleic acid, 0.002%; and PGD2,
0.3%. The sensitivity of the system was 4.4 pg/mL.

Measurements of antioxidant capacity. Antioxidant capac-
ity was measured in citrated plasma by enhanced chemilumi-
nescent assay as described elsewhere (25). The enhanced
chemiluminescent immunoassay signal reagent and horserad-
ish peroxidase conjugate were obtained from Amersham Inter-
national (Amersham, United Kingdom). The signal reagent
consisted of assay buffer and tablets A and B containing lumi-
nol, enhancer, and oxidant. The tocopherol analog standard,
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), was obtained from Aldrich (Gillingham, United King-
dom). Chemiluminescence was measured in a Biocounter
(Schaesberg, The Netherlands) (Lumac/3M, M2010, Switzer-
land).

Statistical analysis. The data are presented as mean ± stan-
dard error of mean (SEM). Differences between gender
groups in baseline values of various parameters were deter-
mined by Student’s unpaired t- or Mann-Whitney U-test. For
each parameter tested, the differences between the values be-
fore and after intake of dietary oils were calculated within the
groups. One-way analysis of variance followed by Dunnett’s
t-test was used for simultaneous, multiple comparisons of the
test groups with the control group. When data are presented
as percentages, statistical analysis was performed on absolute
values, unless otherwise stated. Correlations were calculated
by means of the Spearman’s rank correlation coefficient (r).
P-values <0.05 were considered as statistically significant.
All analyses were performed on an Apple Macintosh using
StatView™ SE+ Graphics version 1.04 statistical software
(Abacus Concepts Inc., Berkeley, CA).

RESULTS

Baseline characteristics. Statistical analysis (one-way analy-
sis of variance and Dunnett’s t-test) of baseline characteris-
tics in the different groups of oils showed that TG in the
whale oil group were significantly higher than the values ob-
served in the control group (P < 0.05). For the other clinical
and biochemical variables, there were no significant differ-
ences between the groups of oils.

Comparisons of differences in clinical and biochemical
characteristics between the gender groups showed that men
had higher mean values for age (37.9 and 34.3 yr for men and
women, respectively), TG (1.5 ± 0.1 and 1.1 ± 0.1 mmol/L),
and cholesterol (6.3 ± 0.1 and 5.7 ± 0.1 mmol/L). Women had
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significantly higher HDL cholesterol (1.6 ± 0.03 and 1.2 ±
0.03 mmol/L) and TxB2 values (12.5 ± 0.6 and 10.5 ± 0.5
ng/mL) than men.

Fatty acid composition in serum. The composition of total
fatty acids in serum before and after 12 wk of supplementa-
tion with different dietary oils is given in Table 3. After 12
wk of daily intake, CLO and the mixture of CLO and seal oil
both produced highly significant rises (P < 0.01) in serum
EPA (20:5n-3), by 188 and 115%, respectively, and DHA
(22:6n-3), by 56 and 50%. The same groups experienced a
significant reduction (50–60%) of dihomo-γ-linolenic acid
(20:3n-6) compared with the control group. The changes in
EPA (110% increase, P < 0.01) and dihomo-γ-linolenic acid
(43% decrease, P < 0.05) levels were also seen in the whale
oil group. In addition, we observed an increase in the serum
concentration of oleic acid (18:1n-9) in the group given olive
oil (from 18.8 to 20.8%), but this change was not statistically
significant.

There was a dose–response relationship between the rela-
tive contents of n-3 fatty acids in the various dietary oils and
the change in total n-3 fatty acids in serum.

Fatty acid composition in platelets. When comparing the
baseline fatty acid composition of serum (Table 3) and
platelets (Table 4), we found that the relative composition of
fatty acids did not differ much for all except three fatty acids:
There were striking differences between stearic acid (18:0),
linoleic acid (18:2n-6), and AA (20:4n-6) in serum and
platelets. The relative contents of these fatty acids were as
follows: 7.5 and 20.4% (18:0), 31.6 and 6.1% (18:2n-6), and
4.9 and 18.1% (20:4n-6) for serum and platelets, respectively.
The strongest positive correlation between fatty acids in
serum and platelets was found for 20:5n-3 (r = 0.84,
P < 0.0001).

Table 4 shows that in all three groups given CLO (CLO
alone or in mixtures with seal oil or olive oil) the concentra-
tion of EPA in platelet membrane preparations was signifi-
cantly raised (by 118, 92, and 64%, respectively). In addition,
in the CLO group, there were increases in 22:5n-3 and 22:6n-3
and a reduction in the relative content of AA (20:4n-6) by
21%.

Intramolecular fatty acid distributions in the marine oils.
Distribution of the main n-3 PUFA in the TG molecule in the
oils of marine origin was dependent on their source. Nuclear
magnetic resonance data showed that 81% of EPA and 93.7%
of DHA were localized in sn-1/3 positions of the TG in minke
whale oil. Corresponding values for harp seal oil were 97.7
and 98.1%, and for CLO 58.2 and 22.3% for EPA and DHA,
respectively.

Serum lipids. Neither the TG, total cholesterol, nor the
HDL-cholesterol concentrations in any of the groups were
significantly altered after 12 wk of supplementation with di-
etary oils, even though the TG were reduced by 10–12% in
the CLO, CLO/seal, and whale oil groups (data not shown).
Although men and women differed in baseline values of the
serum lipids, no difference was observed between the two
groups concerning effects of the oils when tested separately.

Still, there was a strong trend to reduction of TG in the CLO
and seal/CLO groups in women.

Platelet membrane fluidity. The rS of the platelet mem-
brane preparations labeled with TMA-DPH was unchanged
after intake of marine oils and olive oil (data not shown).

MPV and platelet counts. MPV increased in both whale oil
groups as well as in the CLO/olive oil group after 12 wk of
dietary supplementation (Fig. 1), with the most pronounced
effect in the refined whale oil group with a rise from 8.7 to
9.4 µm3 (8%, P < 0.01). Baseline values of MPV correlated
negatively with platelet counts (r = −0.41, P < 0.0001). The
platelet count was significantly reduced only in the refined
whale oil group (7%, P < 0.01).

Platelet products. TxA2 is generated mainly from platelets
in LPS-stimulated blood, and the measurement of its stable
metabolite TxB2 showed no significant changes after intake
of dietary oils, both when the results were analyzed for the
two genders together and separately. However, there was a
tendency to reduction in all groups given CLO: TxB2 was re-
duced by 39, 34, and 28% in the CLO, seal/CLO, and
olive/CLO groups, respectively.

There were significant changes in the concentration of
PGE2 (P < 0.01) in all the groups given CLO [CLO only
(28%) or CLO in mixture with seal oil (22%) or olive oil
(32%)] when compared with the control group. However, the
rise in PGE2 was most pronounced in the control group
(81%), so that the significant changes in PGE2 in those three
groups mean less rise in the concentrations of PGE2 when
compared with the control group.

The release of β-TG from platelets was not affected by any
of the dietary oils (data not shown), even though the whale
oils tended to reduce the concentrations of β-TG from 7.59 ±
0.41 to 6.43 ± 0.43 ng/mL (15%) in the unrefined whale oil
group and from 7.63 ± 0.49 to 5.84 ± 0.34 ng/mL (23%) in
the group receiving refined whale oil.

Antioxidant capacity. Analyses of antioxidant capacity in
citrated plasma were preliminary studies and only performed
on a limited number of samples in some of the test groups.
There were no significant changes in the antioxidant capacity
following supplementation with CLO, whale oil, or olive oil.
In the control group (n = 15), the antioxidant capacities were
564 ± 34 (before) and 550 ± 35 µmol/L (after 12 wk). The
baseline values were significantly (P < 0.0001) higher in men
(628 ± 24 µmol/L, n = 30) than in women (464 ± l5 µmol/L,
n = 30), as revealed by Student’s unpaired t-test.

DISCUSSION

The main interest in the present work was to investigate the
effects on physical and functional properties of platelets and
possibly find any associations between the parameters mea-
sured and the fatty acid composition in serum and platelets.
Changes in the distribution of total serum fatty acids partly
reflected the fatty acid composition of the ingested dietary
oils as seen in Tables 3 and 4. Serum ordinarily contains low
levels of EPA (20:5n-3) and DHA (22:6n-3), but after admin-
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istration of oils rich in these fatty acids, the levels were in-
creased by more than 100%. Previous results showed an even
stronger effect of similar oils on the levels of EPA and DHA,
and in addition, whale oil induced a significant increase in
these fatty acids (12). Compared to the high concentrations
of n-3 PUFA in CLO and seal oil, the high content of mo-
nounsaturated fatty acids in the whale oils did not seem to in-
fluence the distribution of fatty acids in serum to the same ex-
tent. This may be due to the relatively high concentration of
oleic acid (18:1n-9) already present in our regular diet.

It has been suggested that the stereochemistry of TG mol-
ecules may influence the digestion and absorption of fatty
acids (26). The n-3 PUFA are located mainly in the outer po-
sitions sn-1 and sn-3 of the TG in seal and whale oil, whereas
in TG from CLO the sn-2 position is enriched in n-3 PUFA.
The present long-term study does not indicate differences in
absorption of n-3 PUFA from oil of marine mammals or fish
oil. Christensen et al. (27) demonstrated that the digestibility
and lymphatic absorption in rats of n-3 PUFA from native ma-
rine oils were not significantly influenced by the localization
of the n-3 PUFA within the TG. These findings, however, do
not exclude possible differences in digestibility and absorp-
tion rates of n-3 PUFA from different sources. In a study in
humans it was suggested that finwhale oil (with EPA mainly
in positions sn-1/3) may provide a moderately more available
source of dietary EPA than herring oil (EPA mainly in sn-2),
as there was observed a higher average accumulation of EPA
in platelet phospholipids after whale oil consumption (28).
However, retroconversion from DHA (higher level in the

whale oil) to EPA may have contributed to these effects (28).
In addition, the short duration (10 d) of the study and the low
number of subjects (n = 3) must be taken into account. The
changes in DHA levels in serum and platelets following in-
take of DHA-containing oils were considerably lower than
corresponding values for EPA, supporting differences in di-
gestion and incorporation of these fatty acids, as shown by
others (29).

The highly significant, positive correlation between EPA
in serum and platelets indicates that the relative content of
EPA in platelets is strongly dependent on the availability and
the fact that EPA appears to be easily incorporated into phos-
pholipids. Even though the serum concentration of AA
(20:4n-6) was not altered significantly after intake of CLO,
the increase in n-3 PUFA in platelets seemed to occur at the
expense of AA. However, the fatty acid composition of phos-
pholipids in platelets reflects the fatty acid composition of
total fatty acids in serum only to some extent.

One objective of this work was to study whether the vari-
ous dietary oils have any effect on platelet membrane fluidity.
The oils had no observed influence on the physical properties
of the platelet membrane, and thus membrane fluidity was not
associated with alterations in platelet membrane fatty acid
composition. This is supported by other studies on human
platelets (30, 31), whereas rat platelets have shown increased
membrane fluidity under the influence of a marine oil diet
(32). Possibly, the modifications of the fatty acid pattern in
our study were not extensive enough to alter the membrane
fluidity, but this could also be due to mechanisms which are
able to buffer changes in fatty acid composition and maintain
the physical properties in the hydrocarbon region measured
by the fluorescent probe. These findings may also be a conse-
quence of the low sensitivity of the TMA-DPH fluorescence
anisotropy technique.

In human intervention studies, the most consistent effect
of n-3 PUFA on the plasma lipid profile is that they lower the
level of TG in both normolipidemic and hyperlipidemic sub-
jects (7), apparently by reducing hepatic TG synthesis and se-
cretion of very low density lipoprotein TG (33–35). Even
though our results did not show significant reductions in any
of the groups, the oils with the highest relative contents of
n-3 PUFA had the most pronounced reducing effects on the
TG concentrations.

The overall results from several fish oil studies (7) showed
that normolipidemic subjects responded to n-3 fatty acids
with essentially no change in total or low density lipoprotein
cholesterol and a slight rise in HDL cholesterol, which is con-
sistent with the findings of our study. Women have a more fa-
vorable lipid pattern than men, including higher HDL choles-
terol levels (36), but despite gender differences in baseline
values in the present study there were no sex-related differ-
ences in serum lipids in response to the dietary oils. Lipid data
from numerous fish oil studies reviewed by Harris (7) show a
mean value of total cholesterol in control groups at about 4.8
mmol/L (range of means 3.4–6.2 mmol/L), and one might ask
if the high level of total cholesterol (6 mmol/L) found in our
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FIG. 1. Mean platelet volume (MPV) before and after 12 wk of supple-
mentation with dietary oils. Values are means ± SEM. MPV was mea-
sured with a Coulter Counter in whole blood anticoagulated with
Na2-EDTA. MPV was significantly raised in both whale oil groups
(**P < 0.01) and the group given a mixture of olive oil and cod liver oil
(CLO) (*P < 0.05), tested by one-way analysis of variance and Dunnet-
t’s t-test for comparisons of the test groups with the control group.



study reflects high cardiovascular risk in the population of
northern Norway (37). More likely, the high cholesterol con-
centrations reveal the tendency of people with known moder-
ately high cholesterol levels and a familial history of coro-
nary heart disease to volunteer in such studies.

TxB2 is the main oxygenated end product of the cyclooxy-
genase pathway in platelets and can be regarded as a parame-
ter of platelet functionality. A nonlinear relationship has been
demonstrated between the reduction of Tx production and re-
duction of platelet aggregation (38). It has been shown that
more than 90% inhibition of Tx is necessary to obtain some
inhibition of platelet aggregation (38). For practical reasons
no aggregation measurements were done in the present study,
but the reduced (not significantly) TxB2 production (30–40%)
observed in the CLO groups may indicate no severe impair-
ment of the platelet aggregation caused by TxB2. Previous
studies have shown 30–65% reductions (17,39) in TxB2 pro-
duction in response to dietary marine oils, but in the study of
Østerud et al. (17) only whale oil reduced the TxB2 signifi-
cantly. In several other in vivo and in vitro assays, dietary n-3
PUFA reduced eicosanoid synthesis significantly (40). We
have used weak LPS stimulation of whole blood as a model
for the reactivity of blood platelets, and we believe that this
ex vivo system may reflect the weak stimuli for aggregation
found in most in vivo conditions more than does measurement
of maximally stimulated TxB2 formed in serum. Thus the Tx
production probably reflects the platelets’ ability to be acti-
vated in this model system.

PGE2, the other cyclooxygenase product measured, was
clearly increased in all groups, including the control group
during the period of 12 wk. Plasma was analyzed in bulk after
each blood sampling, within 1 wk after the start of the dietary
supplementation and within 3 wk after the end of the study.
This difference in storage time may be the cause of the change
observed. Nevertheless, when the results are adjusted for
changes in the control group, the pattern is similar to the
changes seen in TxB2, with significant reductions in all CLO
groups. As for TxB2, although not significant, this may be
connected to the observed reduction of 20:4n-6 in platelets in
the CLO group.

For both TxB2 and PGE2, the measured values of the
2-series of these eicosanids may be overestimated owing to
cross reactivity in the assay with the corresponding 3-series
compounds. This could also possibly explain the failure to see
any differences in TxB2 and PGE2 after intake of dietary oils.

Platelet factor 4 and β-TG are both released from the α-
granules of platelets upon activation and correlate closely
with the platelet aggregation score (41). In our study the β-
TG concentration in plasma from LPS-stimulated whole
blood was reduced in both whale oil groups (15–23%), but
the changes were not statistically significant.

A reduction in platelet number associated with increased
platelet volume has been observed in subjects given about 10
g of n-3 fatty acids as salmon oil per day (42). In our study
the whale oils had the most pronounced effect on these
platelet parameters. Large platelets are reported to be more

reactive than small platelets (43) and are believed to be an in-
dependent risk factor for myocardial infarction (44). How-
ever, the reduced platelet number and slightly increased
platelet size induced by fish oil supplements have been asso-
ciated with reduced responsiveness to some aggregating ago-
nists (45). It has repeatedly been observed in one individual
that intake of marine oils over several months is associated
with an increase in MPV and a decrease in platelet count. This
is followed by a transient increase in platelet count and de-
crease in MPV after end of marine oil intake (Østerud, B., un-
published data); and interestingly, 4–6 wk after end of marine
oil intake, there is a rise in MPV and a decrease in platelet
count which resembles the platelets before intake of marine
oils. Since the platelets from this person in their normal con-
dition are large (MPV 11.0–11.5) and highly reactive, we be-
lieve that it is unlikely that the rise in MPV induced by ma-
rine oils is related to higher reactivity of platelets but may
rather reflect alteration of the platelet membrane by unknown
mechanisms.

Preliminary measurements do not indicate any differences
between the oil groups regarding effect on the antioxidant ca-
pacity in plasma measured by enhanced chemiluminescent
assay. Thus, the low levels of antioxidants present in the vari-
ous oils did not seem to influence the antioxidant capacity.
The supplement of PUFA may lead to enhanced oxidation of
the fatty acids in plasma and possibly reduce the antioxidants
buffering these reactions. However, this needs to be further
investigated before any conclusions can be drawn.

In summary, EPA and DHA, both from marine fish and
mammals, induced increases in the serum concentrations of
the corresponding fatty acids as well as their relative contents
in platelets. The absorption and incorporation of EPA were
dependent on its availability. The present study indicates that
none of the dietary oils induced changes in the plasma lipids,
although oils containing CLO tended to induce reductions in
the TG concentration. CLO, seal/CLO and olive/CLO also
produced significant reductions in PGE2 and a strong ten-
dency toward reduction of TxB2 generation in plasma of LPS-
stimulated whole blood. β-TG, however, was not affected by
any of the oils. In spite of alterations in fatty acid composi-
tion in the platelets in some of the groups, we observed no
changes in platelet membrane fluidity. MPV was significantly
increased and platelet counts reduced by dietary supplemen-
tation with refined and unrefined whale oils. Olive oil alone
as a dietary supplement did not have significant effects on any
of the parameters measured in this study. The doses of the di-
etary oils in this study (corresponding to 1.5 g EPA and 2.1 g
DHA per day in the CLO group) were rather low compared
both to other studies and to the complete diet of Greenland
Inuits and Mediterranean populations. Based on the in vivo
parameters measured (β-thromboglobulin, MPV, and platelet
count), the whale oils and to some degree the combination of
olive oil and CLO may have the best anticoagulant effect.
These oils are also found to have antiinflammatory effects
(Østerud, B., unpublished data).

The intake of fatty acids through the ordinary diet is not
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adjusted for in this study. Possible relationships between the
complete diet of the subjects and the parameters measured in
the present study may give further explanation to some of the
observations, and investigations are in progress in our group.
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ABSTRACT: Arachidonic acid (AA) in the diet can be effi-
ciently absorbed and incorporated into tissue membranes, re-
sulting in an increased production of thromboxane A2 by
platelets and increased ex vivo platelet aggregability. Results
from previous studies have shown that AA is concentrated in
the membrane phospholipids of lean meats. However, the con-
centration of AA in the visible fat portion of meats also may be
significant despite being ignored in most studies. The aim of this
study was to accurately quantitate the AA content of visible fat
and the lean portion of beef, lamb, pork, chicken, duck, and
turkey. The visible fat of meat contained a significant quantity
of AA, ranging from 20 to 180 mg/100 g fat, whereas the AA
content of the lean portion of meat was lower, ranging from 30
to 99 mg/100 g lean meat. Beef and lamb meats contained
lower levels of AA in both the visible fat and lean portion than
that from the other species. The highest level of AA in lean meat
was in duck (99 mg/100 g), whereas pork fat had the highest
concentration for the visible fats (180 mg/100 g). The lean por-
tions of beef and lamb contained the higher levels of n-3
polyunsaturated fatty acids (PUFA) compared with white meats
which were high in AA and low in n-3 PUFA. The present data
indicate that the visible meat fat can make a contribution to di-
etary intake of AA, particularly for consumers with high intakes
of fat from pork or poultry meat.
Lipids 33, 437–440 (1998).

The major cause of premature death in Western society is oc-
clusive vascular disease, and the high dietary fat intake of mod-
ern societies has been implicated as one of the major dietary
causes. In particular, saturated fats raise blood cholesterol lev-
els, whereas polyunsaturated fatty acids (PUFA) lower blood
cholesterol (1–3). Although, the PUFA are seen to be benefi-
cial in this respect, there is concern that the Western diet may
have an excessively high ratio of n-6/n-3 PUFA (4). This di-
etary imbalance is believed to cause an imbalance in the ratio
of n-6/n-3 PUFA in the tissue membranes. Arachidonic acid
(AA) is an essential n-6 PUFA which can be derived either
from linoleic acid (18:2n-6) or directly from the diet, and it is
the precursor of a multitude of vasoactive eicosanoids. It has
been proposed that elevated tissue AA leads to increased pro-
duction of thromboxane and leukotrienes, associated with

thrombotic disease, arthritis, asthma, and psoriasis (5). Ferretti
et al. (6) confirmed that 1.5 g/d of AA fed to 10 healthy male
volunteers for 50 d led to a significant increase in metabolites
of thromboxane A2 and prostacyclin; however, these changes
were not associated with increased platelet aggregation (7).
Consumption of either red or white meat leads to increased lev-
els of AA in plasma lipids (8).

We have previously calculated the AA content of the Aus-
tralian diet based on the premise that all the AA in meat was
found in the lean portion of the meat rather than the fat (9). In
the past, most analytical studies have ignored the concentra-
tion of AA in visible fat of meat, perhaps because the level
was too small to be significant when compared with the
higher proportion of AA found in the lean portion of meat.
The aim of this study was to examine the concentration of AA
in both the visible fat and lean portion of meats commonly
consumed in Australia. To achieve this, we have determined
AA and other fatty acid concentrations in both visible fat and
lean portions of beef, lamb, pork, chicken, duck, and turkey.

MATERIALS AND METHODS

Samples. All samples were purchased fresh from the local
market and kept at −20°C for 4 d. The retail cut of meats in-
cluded lamb chop, pork chop, T-bone steak, and turkey,
chicken and duck drumsticks. Each type of meat was obtained
from three different shops. The lean portion used was ob-
tained from the flesh where all visible fat was trimmed off.
Likewise, all the lean portion was trimmed from the fat por-
tion, in order to avoid cross contamination. The fat of the
poultry samples was obtained from underneath the skin
whereas the fat from the beef and lamb was solid white visi-
ble fat. Before lipid extraction, all samples were chopped
manually into fine pieces to increase the surface area of the
samples exposed to solvent during lipid extraction. 

Lipid analysis. The analytical procedures followed were
those used previously to determine the lipid and fatty acid
content of lean meat (10,11), with the following exceptions:
5-g samples of lean meat were analyzed here compared with
10-g previously, and tricosanoic acid (23:0) was used as an
internal standard here compared with heptadecanoic acid pre-
viously (10). The chopped samples, approximately 1 g of vis-
ible fat and 5 g of lean portion of the meat from the six differ-
ent species, were extracted with chloroform/methanol (2:1,
vol/vol) containing 10 mg/L of butylated hydroxytoluene.
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After storage of the samples overnight at 4°C, each sample
was filtered, rinsed with an additional volume of extracting
solvent, and partitioned against 0.2 vol of 0.9% NaCl solu-
tion until the lower phase was clear. This was evaporated
under vacuum and the lipids transferred to a volumetric flask.
The total lipid content was determined gravimetrically on an
aliquot of this extract (10). The methyl esters of fatty acids of
the total lipid extract were prepared by saponification of an
exact amount of lipid (about 10 mg lipid for lean portion and
16 mg lipid for the fat portion lipid) together with 0.25 mg
for the lean sample and 0.1 mg for the fat sample of tri-
cosanoic acid (23:0) using KOH (0.68 mol/L in methanol)
followed by transesterification with BF3 in methanol (10).
The 23:0 internal standard was used in preference to 17:0 be-
cause it is not present in meat samples, whereas 17:0 is a com-
ponent of meat fat, particularly from ruminants (12). The AA
content was determined by comparison of peak areas with
that of the 23:0 internal standard. The fatty acid methyl esters
were separated by capillary gas–liquid chromatography using
a 50 m × 0.32 mm (i.d.) fused silica column bonded phase
column (BPX70; SGE, Melbourne, Australia) with helium as
carrier gas at a flow rate of 43 cm/s. The column oven was
maintained at 125°C for 3 min and increased at a rate of
8°C/min to 220°C, and this temperature was maintained for
the duration of the run. Fatty acids were identified by com-
parison with standard mixtures of fatty acid methyl esters, and
the results were calculated using response factors derived
from chromatographing standards of known composition
(Nu-Chek-Prep, Elysian, MN).

Statistics. Results are shown as mean ± SD. The differ-
ences in AA content between the lean and fat portion were
tested by t-test, with P < 0.05 being considered significant.

RESULTS AND DISCUSSION

The percentage of total lipids in the visible fat portion of the
meat cuts ranged from 54 to 84 g/100 g, with turkey contain-
ing the least and beef containing the most lipid among the six
species. The lipid content of lean meats ranged from 1 g/100
g in turkey to 4.2 g/100 g in lamb meat (Tables 1 and 2).

Visible fat of ruminants had a lower n-6 proportion (<3%)
compared with nonruminants (>11%). The lean portion of ru-
minant meats was lower in total PUFA (<17%) and in the pro-
portion of n-6 PUFA (<11%) than the other meats. Lean por-
tions from duck and turkey were particularly high in PUFA
(>34%) and the n-6 fraction (>30%). In both the lean tissue
and visible fat of all meats, there was a higher proportion of
n-6 than n-3 PUFA. However, beef and lamb had a notably
higher n-3 level in the lean tissue than the poultry and pork
and a much lower n-6/n-3 ratio in lean and fat tissue than did
the subcutaneous fat of poultry and pork (<2 compared with
>9). These differences in n-3 PUFA levels in red and white
meat are reflected in the serum phospholipid fatty acid of sub-
jects consuming red and white meats (8). No long-chain n-3
PUFA were detected in the visible fat samples (<0.01% total
fatty acids) and only trace amounts of long-chain n-6 PUFA.
AA was present at levels from 0.03 to 0.3% in the fat tissue
from the samples. Lean beef contained the highest proportion
of n-3 PUFA (6.4%) followed by 3.7% in lean lamb and 1.4
to 3.0% in the white meats (Tables 1 and 2). 

The principal fatty acid of interest in this study is the n-6
PUFA, AA. Figure 1 shows the concentration of AA in both
visible fat and lean portions of the meats, which ranged from
21 to 180 mg/100 g for the visible fats and from 27 to 99
mg/100 g for the lean meats. This showed that AA was sig-
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TABLE 1
Fatty Acid Composition, Total Lipid and Arachidonic Acid Content of Lean Meats

Fatty acid Beef Lamb Pork Chicken Duck Turkey

Total saturated 41.3 ± 0.7a 45.6 ± 1.4 36.2 ± 0.6 32.8 ± 0.7 35.1 ± 3.0 37.2 ± 2.3
Total monounsaturated 42.0 ± 4.0 44.0 ± 3.3 42.8 ± 4.1 46.7 ± 1.1 30.4 ± 5.8 28.0 ± 7.7
Total n-6 10.2 ± 2.0 6.6 ± 1.6 19.5 ± 3.8 18.5 ± 1.6 31.4 ± 3.1 31.6 ± 4.8
18:2n-6 5.6 ± 1.1 4.9 ± 1.3 14.4 ± 3.4 14.4 ± 1.7 18.2 ± 3.4 18.6 ± 4.4
20:2n-6 0.6 ± 0.1 0.2 ± 0.0 0.5 ± 0.1 0.3 ± 0.1 0.6 ± 0.2 0.6 ± 0.3
20:3n-6 0.8 ± 0.2 0.2 ± 0.0 0.4 ± 0.0 0.5 ± 0.1 0.7 ± 0.1 0.8 ± 0.2
20:4n-6 3.0 ± 0.6 1.2 ± 0.3 3.6 ± 0.3 2.5 ± 0.3 9.3 ± 1.8 9.2 ± 0.9
22:4n-6 0.2 ± 0.1 0.1 ± 0.0 0.4 ± 0.1 0.6 ± 0.1 1.8 ± 0.2 1.9 ± 0.3
22:5n-6 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.7 ± 0.3 0.5 ± 0.0

Total n-3 6.4 ± 1.6 3.7 ± 0.7 1.4 ± 0.2 1.9 ± 0.1 2.9 ± 0.4 3.0 ± 0.8
18:3n-3 1.8 ± 0.5 2.0 ± 0.4 0.6 ± 0.1 0.9 ± 0.2 0.6 ± 0.1 0.5 ± 0.1
20:5n-3 1.7 ± 0.3 0.7 ± 0.2 0.2 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.2
22:5n-3 2.5 ± 0.7 0.7 ± 0.1 0.5 ± 0.0 0.5 ± 0.1 1.2 ± 0.2 1.2 ± 0.4
22:6n-3 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.3 ± 0.0 0.9 ± 0.1 1.0 ± 0.3

n-6/n-3 1.6 ± 0.1 1.8 ± 0.2 13.9 ± 2.4 9.6 ± 0.4 10.7 ± 0.4 10.8 ± 1.7
Total lipidb 1.4 ± 0.2b 4.2 ± 1.0 2.0 ± 0.3 2.3 ± 0.5 1.7 ± 0.3 1.0 ± 0.1
20:4n-6c 28 ± 5c 39 ± 13 54 ± 5 43 ± 10 99 ± 38 74 ± 29
aMean ± SD, n = 3, analyzed in duplicate; wt% of total fatty acids.
bg/100 g.
cmg/100 g.



nificantly (P < 0.05) more concentrated in visible fat than in
lipids of the lean portion of the meats for pork, chicken and
duck, although as a percentage the AA was only a minor con-
stituent in the visible fat (<0.3%) compared with 1.2–9.0% in
the lean meat (Tables 1 and 2). The total AA concentrations
in both the fat and lean portions of lamb and beef were lower
than in the pork and poultry samples. The richest fat source
of AA was the pork fat (180 ± 8 mg/100 g). The AA concen-
tration of lean duck varied from 62 to 137 mg/100 g (mean ±
SD; 99 ± 38), and there was also generally more variation in
the fatty acid composition of lean duck meat than for the other
lean meats. While we don’t have an explanation for this re-
sult, it is possible that there are differences in fatty acid com-
position between muscle types in ducks (that is, the site on
each drumstick) or that the duck samples analyzed were from
animals fed diets with different proportions of n-6 PUFA. The
AA concentrations from lean meat obtained in this study were
in agreement with the values reported by Mann et al. (9).

In the present study, we found that AA concentration in the

visible fat of meat cuts was greater than in the lean portion in
four of six species examined. The likely reason that AA was
not reported in visible fats of meat previously is because the
proportion of AA (percentage of total fatty acid) is very low in
visible fat of meat (0.03 to 0.3% of total fatty acids) and there-
fore difficult to accurately measure even using capillary
gas–liquid chromatography. In a separate study, we found that
more than 80% of the AA was in the triacylglycerols from sim-
ilar meat fats (D. Li and A. Sinclair et al., unpublished data). 

Previous data from our group reported that the dietary AA
intake of Australians was between 100–200 mg/d (9). This
estimate was based on the AA values from raw meat and cal-
culated assuming that AA was only found in lean meat. The
present data, which indicate that visible fat contains AA,
could alter the dietary intake data depending on which meat a
consumer favored. In the case of beef and lamb consumers,
there would be little difference between dietary AA intakes
with and without fat-trimming of the meat since the AA lev-
els are about the same in the fat and the lean. On the other
hand, the dietary AA intake would be expected to be higher
than previously reported for consumers who primarily ate
pork, chicken, duck, and turkey. For example, a person who
consumed 100 g beef which included 10% visible fat would
have an AA intake of 28 mg compared with an intake of 29
mg from 100 g lean beef (without visible fat), while a person
who consumed 100 g pork with 10% visible fat would have
an AA intake of 67 mg compared with an intake of only 55
mg from 100 g lean pork (without visible fat). These figures
are only approximate since they do not take into account the
possible losses of PUFA which can occur following cooking
(13) or losses due to fat dripping from meat following cook-
ing.

In conclusion, this study shows that meat fats do contain a
significant proportion of AA compared with the lean meat.
Therefore, calculation of dietary intakes of AA need to take
account of the AA content of both the visible and lean por-
tion of meat. 
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TABLE 2
Fatty Acid Composition, Total Lipid and Arachidonic Acid Content of Lean Meats

Fatty acid Beef Lamb Pork Chicken Duck Turkey

Total saturated 48.7 ± 6.7a 52.6 ± 3.6 35.3 ± 3.5 31.1 ± 0.6 30.3 ± 0.6 33.6 ± 0.5
Total monounsaturated 41.9 ± 6.7 34.5 ± 2.5 43.8 ± 1.0 52.6 ± 2.1 54.0 ± 0.7 43.1 ± 1.3
Total n-6 1.1 ± 0.1 2.1 ± 0.1 16.8 ± 4.3 11.9 ± 2.1 12.6 ± 0.4 18.7 ± 0.7
18:2n-6 1.0 ± 0.1 1.9 ± 0.1 15.7 ± 4.2 11.6 ± 2.1 12.2 ± 0.4 18.2 ± 0.5
20:2n-6 0.1 ± 0.0 0.1 ± 0.0 0.7 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:3n-6 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
20:4n-6 0.03 ± 0.01 0.04 ± 0.02 0.29 ± 0.04 0.11 ± 0.03 0.19 ± 0.01 0.28 ± 0.10

Total n-3b 0.6 ± 0.1 1.2 ± 0.1b 1.3 ± 0.3 1.0 ± 0.1b 0.8 ± 0.1b 1.2 ± 0.0b

18:3n-3 0.6 ± 0.1 1.1 ± 0.1 1.1 ± 0.3 1.0 ± 0.1 0.8 ± 0.1 1.2 ± 0.0
n-6/n-3 1.9 ± 0.1 1.7 ± 0.1 12.9 ± 1.2 11.5 ± 1.2 16.7 ± 2.7 15.2 ± 0.8
Total lipidc 84.1 ± 1.1 81.6 ± 3.8 69.4 ± 7.0 66.4 ± 3.3 76.5 ± 9.8 54.7 ± 4.5
20:4n-6d 21 ± 9 31 ± 12 180 ± 8 74 ± 28 137 ± 16 102 ± 19
aMean ± SD, n = 3, analyzed in duplicate; wt% of total fatty acids.
bIncludes 20:5n-3.
cg/100 g.
dmg/100 g.

FIG. 1. Arachidonic acid (AA) levels of lean and visible fat of common
Australian meats (mg/100 g). Results are shown as the mean ± SD;
*P < 0.05, ***P < 0.001 (t-test). 
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ABSTRACT: L-Cycloserine has been shown specifically to
lower brain cerebroside levels in vivo, but the extent to which
the decrease in whole brain cerebroside content reflects lower
myelin cerebroside levels is not known since a substantial por-
tion of cerebroside is found in nonmyelin membranes. The pres-
ent report demonstrates that chronically administered cycloser-
ine lowers the proportion of cerebroside in rat brain myelin. Cy-
closerine-induced decrease of myelin cerebroside should
provide a useful tool in investigating the role of cerebroside in
maintaining myelin stability.
Lipids 33, 441–443 (1998).

Galactosylceramide (GalCer; cerebroside) is highly enriched
in brain membranes as compared with other tissue mem-
branes and constitutes a significant portion of the lipid in
myelin (1). Although the specific role of GalCer in myelin has
not been firmly established, the high levels suggest that Gal-
Cer significantly contributes to the organization of myelin,
presumably through its interaction with other lipids and/or
proteins in myelin. 

Mouse mutants unable to synthesize GalCer have proven
useful in answering some questions regarding the role of
galactosphingolipid in myelination and myelin structure
(2,3). However, these mouse models have several disadvan-
tages as a tool to investigate the interaction of cerebroside
with other myelin components; the foremost disadvantage is
that sulfatide, synthesized from GalCer and a myelin compo-
nent at levels ~25% of GalCer levels, is also absent in the
GalCer-deficient mice, which precludes distinguishing the
specific effects that the absence of GalCer has on myelin
structure. An alternative experimental paradigm could be use-
ful in overcoming disadvantages of these mouse models. 

L-Cycloserine is an inhibitor of serine palmitoyltransferase
(3-ketodihydrosphingosine synthase) (E.C. 2.3.1.50) (4), the
first step in the synthesis of sphingolipids. Chronic, subcuta-
neous cycloserine injections in 16-d-old mice significantly low-
ered levels of whole-brain GalCer as compared to controls, al-
though the level of other brain sphingolipids was not signifi-

cantly altered (5). Because a substantial portion of the brain
GalCer is present in nonmyelin membranes (1,6), the cycloser-
ine-induced decrease in brain GalCer could reflect lower levels
of GalCer in nonmyelin membranes or in myelin or in both
groups of membranes. If this cycloserine treatment decreased
myelin GalCer levels as observed with the level of whole brain
GalCer, the experimental protocol could be used to investigate
the role of myelin GalCer in myelin structure. In the present
study, we asked whether chronic treatment of rats with L-cy-
closerine specifically decreases the concentration of myelin
GalCer in a manner analogous to the cycloserine-induced de-
crease of whole-brain GalCer. 

MATERIALS AND METHODS

Female Wistar rats, 16 d old (Charles River Laboratories,
Wilmington, MA) received a daily subcutaneous injection
(100 mg/kg of body weight) of L-cycloserine (Sigma Chemi-
cal Co., St. Louis, MO) in phosphate-buffered saline, pH 7.
Control rats received a daily injection of phosphate-buffered
saline. After 7 d, rats were killed; the brain was removed;
medulla oblongata, pons and cerebellum were discarded; and
the remaining portion of the brain was weighed and frozen. 

Myelin was isolated (7,8), and aliquots were lyophilized and
used to determine total weight of myelin isolated and total
myelin protein (9,10). Lipids were extracted (11) from the re-
maining myelin, and an aliquot of the lipid fraction was used
to quantitate lipid phosphorus (12) which included glyc-
erophospholipids and sphingomyelin. To quantitate GalCer and
sulfatide, the remaining lipid fraction was subjected to alkaline
methanolysis (8), and lipids in the CHCl3 fraction were chro-
matographed on an activated silica gel thin-layer plate (Fisher
Scientific, Philadelphia, PA) using CHCl3/CH3OH/H2O
(55:27:4, by vol). GalCer and sulfatide were subsequently vi-
sualized with I2, and silica gel areas binding these lipids were
scraped from the plate. Lipids, without extraction from the sil-
ica gel, were reacted with fluorescamine (Sigma Chemical Co.)
and quantitated using spectrofluorometry (13). 

Data for the control and cycloserine-treated rats were ob-
tained from six individual rats in each group and are ex-
pressed as means ± SEM. Statistical difference between cy-
closerine-treated and corresponding control data was deter-
mined using an unpaired Student’s t-test. 
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RESULTS AND DISCUSSION

With the notable exceptions of the medulla oblongata and pons,
relatively little myelin deposition had taken place in rat brain
when cycloserine treatment was initiated at 16 d of age. Since a
significant amount of myelin deposition in medulla oblongata and
pons would have resulted in an apparent higher level of myelin
cerebroside in cycloserine-treated rats (assuming the level of cere-
broside in preformed myelin is not affected by cycloserine treat-
ment), these regions were excluded in this study. The cerebellum
was not used to expedite the handling of the tissue.

Table 1 lists the effects of cycloserine treatment in 16-d-old
rats injected subcutaneously with L-cycloserine for seven con-
secutive days. Body and brain weight were slightly, but signifi-
cantly, lower (14 and 7%, respectively; P < 0.001) as compared
to control rats. In contrast, the amount of brain myelin recov-
ered from cycloserine-treated rats was dramatically reduced
(51%; P < 0.001) compared to controls. A lower rate of in-
crease in body and brain weight during the critical period of
developmental myelination has been correlated with a decrease
in the accumulation of brain myelin, as in the case of undernu-
trition; however, based on the small differences in brain and
body weight between cycloserine-treated and control rats, the
accumulation of brain myelin in cycloserine-treated rats, when
compared to the accumulation of brain myelin in control rats,
was dramatically lower than expected (14). 

Compared with myelin from control rats, the total myelin
lipid phosphate, i.e., phospholipid component of the myelin
lipid, and the total myelin protein from cycloserine-treated
rats were diminished in brain myelin. However, compared
with myelin from control rats, the quantity of myelin isolated
from cycloserine-treated rats was also diminished and to the
same extent as the relative decrease in cycloserine-treated rats
of myelin phospholipid and protein. The fact that the relative
decreases of myelin phospholipid and protein parallel the rel-
ative decrease in the quantity of myelin isolated from cy-
closerine-treated rats suggests that the lower amount of

myelin phospholipids and protein reflect the diminished
myelin accumulation in cycloserine-treated rats. Neverthe-
less, the apparently unchanged level of total phospholipids in
myelin in cycloserine-treated rats does not preclude the pos-
sibility that the levels of individual phospholipid classes are
altered as a result of the altered GalCer level in myelin. Simi-
larly, the absence of any significant change in total protein
levels in brain myelin of cycloserine-treated rats compared to
controls does not rule out changes in individual myelin pro-
tein levels. Myelin sulfatide levels in cycloserine-treated rats
were decreased slightly but not significantly as compared to
levels in control rats.

The GalCer level in brain myelin from cycloserine-treated
rats was decreased significantly compared to levels in control
rats, analogous to the whole-brain GalCer levels in cycloser-
ine-treated mice (4). The partial inhibition of cerebroside syn-
thesis could have resulted in the unexpected dramatic de-
crease of brain myelin deposition in cycloserine-treated rats.
Baumann (15) proposed that a minimal level of specific
myelin components, including GalCer, might be required for
the deposition of stable myelin. Thus, it is possible that the
cycloserine treatment diminished the synthesis of GalCer to a
level which was insufficient for the amount of myelin deposi-
tion observed in control rats. The fact that the relative level
of sulfatide in myelin was not significantly affected by cy-
closerine treatment, even though GalCer is the precursor to
sulfatide, suggests that the regulation of myelin sulfatide lev-
els is not necessarily linked to myelin GalCer levels. 

These data demonstrate that the chronic, subcutaneous in-
jection of 16-d-old rats with L-cycloserine, analogous to the
mouse (5), results in a significant decrease in the proportion
of GalCer in brain myelin. Thus, this report extends earlier
observations by demonstrating that myelin GalCer is specifi-
cally reduced by cycloserine treatment. An experimental par-
adigm utilizing cycloserine could prove useful in delineating
the role of GalCer in maintaining myelin structure through its
interaction with myelin components. 
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TABLE 1
Effects of Cycloserine Administration on Body and Brain Weight and the Deposition and Composition of Myelina

Control Cycloserine-treated Decrease (%)

Body weight (g) 56.0 ± 2.2 48.2 ± 0.8a 14
Brain weight (g) 1.18 ± 0.02 1.10 ± 0.02a 7 
Myelin isolated (mg/brain) 15.3 ± 0.4 7.8 ± 0.6a 51
Myelin lipid P (µg) 1202 ± 108 594 ± 65b 51
Myelin protein (µg) 2852 ± 219 1492 ± 141b 48
Myelin lipid P (µg)/myelin protein (µg) 0.42 0.40c 5
Myelin GalCer (µg)/100 µg myelin lipid P 9.39 ± 0.38 6.20 ± 0.70a 34
Myelin sulfatide (µg)/100 µg myelin lipid P 3.09 ± 0.22 2.91 ± 0.29c 6
aExperimental rats received a daily injection of L-cycloserine in buffer. Control rats were injected with buffer. After 7 d, rats
were killed; the brain was removed; myelin was isolated; and aliquots were used to quantitate myelin weight, lipid phos-
phorus (glycerophospholipids and sphingomyelin), and protein. GalCer and sulfatide were isolated and quantitated from
the remaining myelin. Data from control and cycloserine-treated rats (6 rats/group) are expressed as means ± SEM. Statisti-
cal difference between cycloserine-treated and corresponding control data was determined using an unpaired Student’s
t-test. aP < 0.001;  bP < 0.01; cNot significant.
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ABSTRACT: To understand the role of free fatty acid (FFA) in-
corporation in the accumulation of lipids in the adipocyte and
ultimately in the development of obesity, 13C nuclear magnetic
resonance was used to study lipid metabolism in differentiating
preadipocytes. The incorporation of 13C=O-labeled FFA into
cellular lipids in primary cultured rat preadipocytes and 3T3L1
preadipocytes at different stages of differentiation was moni-
tored by the 13C carbonyl chemical shift. Significant incorpora-
tion of palmitic acid into phosphatidylcholine in both the α and
β acyl chain positions was found in cells at early stages of dif-
ferentiation. At later differentiation stages or after extended in-
cubation periods, most of the 13C=O signals were found in the
triacylglycerol (TG) molecules. Unsaturated 13C=O-labeled acyl
chains were detected in the TG molecules when cells were in-
cubated with saturated 13C=O-labeled FFA, indicating that in-
tracellular dehydrogenation had occurred in the 13C=O-labeled
palmitoyl chain. By using 13C-labeled methyl myristate as an
internal intensity reference, incorporation of 13C FFA into each
acyl chain position of the major intracellular lipids was deter-
mined quantitatively.
Lipids 33, 449–454 (1998).

Circulating fatty acids can exist in esterified [e.g., triacylglyc-
erols (TG) in lipoprotein particles] or unesterified forms [free
fatty acids (FFA) bound to serum albumin]. In addition to act-
ing as signal transducers and regulators of gene expression
(1), FFA serve as an important energy source either for direct
oxidation or for lipid synthesis and storage. Adipocytes are
the major reservoir of FFA storage and release (2,3). 

The applicability of 13C nuclear magnetic resonance
(NMR) spectroscopy for investigating adipose tissue
metabolism, both in vitro and in vivo, has been demonstrated
(4–7). More recently, 13C NMR analysis of perfused cultured
3T3L1 adipocytes (2) documented the utility of 13C=O-la-
beled FFA as substrates for monitoring lipid metabolism.
These studies were all performed on adipose tissue or fully

differentiated adipocytes, and the observed 13C signals were
exclusively from TG molecules. 

In vivo 13C NMR studies have limitations in spectral reso-
lution and, in some cases, sensitivity. The alternative proce-
dure of studying cell extracts by 13C NMR permits optimal
resolution and sensitivity for a given mass of lipid, as sam-
ples can be signal-averaged for long time periods in stable or-
ganic solutions. The latter approach is advantageous espe-
cially when the cell numbers per experiment are limited (as is
often the case in studies of primary cultured cells) or when
the incubation time with FFA is short (see below).

We examined incorporation of 13C -labeled FFA into the
lipids of differentiating preadipocytes by obtaining 13C NMR
spectra of cellular lipid extracts. With the high spectral reso-
lution obtained, the incorporation of exogenous FFA into both
phospholipids and TG was detected, and the specificity of the
esterification reaction with respect to acyl chain position was
studied. De novo acyl chain dehydrogenation of the TG-in-
corporated 13C-labeled FFA both at the α and β positions was
also detected. Such dehydrogenation occurred in both rat and
3T3L1 preadipocytes, but was more significant in the latter.

EXPERIMENTAL PROCEDURES

Cell preparation and differentiation. Male 3-mon-old Fischer
344 rats (Harlan Sprague-Dawley) were acclimatized for 1 wk
and then were decapitated under CO2 analgesia. The caudal
portion of perirenal fat depots, which contains little brown fat
(8), was removed and digested in collagenase as described pre-
viously (9). Stromal-vascular cells were isolated by centrifu-
gation at 800 × g for 10 min and were plated in basal medium
with α minimum essential Eagle’s medium supplemented with
10% fetal bovine serum, penicillin (100 units/mL) and strep-
tomycin (100 µg/mL). After 12 h, a period during which no
cell replication occurs (10), the attached cells were trypsinized
and replated in basal medium at a density of 4 × 104 cells/cm2

in 25 cm2 flasks. Replating permits separation of preadipo-
cytes in the stromal-vascular fraction from other cell types.
We have shown that 95% of cells isolated by this procedure
are preadipocytes (9,11). After 1 d, the basal medium was
changed, and then for another 2 d, cells were cultured in basal
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medium by which time they were confluent. After this, cells
were cultured in an enriched differentiation medium contain-
ing 10 µg/mL insulin, 10 µM glucose, 5 µL/mL Intralipid 10%
(Miles Laboratory, North Chicago, IL), and 20% Nuserum
(Collaborative Research, Bedford, MA), which promotes pre-
adipocyte differentiation (9). In most experiments, cells were
exposed to this medium for 2 d to achieve partial differentia-
tion; in some experiments, cells were exposed for longer peri-
ods to increase the percentage of cells with extensive lipid ac-
cumulation before incubation with FFA.

NIH 3T3L1 cells were cultured as described previously
(12). Briefly, DMEM supplemented with 10% calf serum and
antibiotics was used to culture cells until confluence. The
cells were then treated with DMEM containing methyl-
isobutylxanthine (120 µg/mL), dexamethasone (0.39 µg/mL),
and insulin (10 µg/mL) to induce differentiation. Two days
later, methylisobutylxanthine was removed, and cells were
maintained in DMEM + 10% fetal calf serum containing in-
sulin (2.5 µg/mL) for 6 d.

Sample preparation. When cells were ready for the FFA
incubation experiments, a solution containing 13C=O-labeled
FFA (10 mM, mole FFA/mole bovine serum albumin = 5) was
added to the culture medium (final concentration of FFA = 1
mM) during a regular medium change. Cell cultures were har-
vested by removing the medium, washing three times with
phosphate-buffered saline buffer, and scraping off the cells in
methanol. After the cells were extracted by the Folch method,
the organic phase containing the lipids was dried under N2,
redissolved in deuterated chloroform (CDCl3), and covered
with dry N2 in the NMR tube to prevent oxidation during
NMR experiments. Vacuum drying was not used to prevent
the loss of low boiling-point lipids.

Chemicals. 13C=O-labeled FFA (palmitic acid and myristic
acid) and CDCl3 were purchased from Cambridge Isotope Lab-
oratory (Cambridge, MA). Tripalmitin was purchased from
Nu-Chek-Prep (Elysian, MN). Mixed acyl chain TG (1,2-di-
palmitoyl-3-oleoyl-rac-glycerol and 1,3-dipalmitoyl-2-oleoyl-
rac-glycerol, ~99%) were purchased from Sigma (St. Louis,
MO). The BF3-methanol kit (5 mL/ampule) was purchased
from Supelco (Bellefonte, PA). All other organic solvents
(methanol, hexane, benzene, and chloroform) were high-per-
formance liquid chromatographic grade and purchased from
Aldrich (Milwaukee, WI). 13C=O-labeled methyl myristate
was synthesized as follows: 5 mg of 13C=O-labeled myristic
acid was dissolved in 5 mL of benzene in a 25-mL test tube; 5
mL of dry methanol was added, followed by 5 mL of BF3 in
methanol (Supelco). The tube was covered with Teflon tape
and a screw cap, then heated for 30 min at 100°C in an alu-
minum heating block. After cooling, 5 mL of deionized water
was added and the methyl myristate, a long-chain methyl ester,
extracted with hexane. The solvent was evaporated under a N2
stream. The reaction yield was usually near 95%, and thin-layer
chromatography (hexane/ethyl ether/acetic acid = 80:20:1) was
used to check purity. There was no detectable FFA on the thin-
layer chromatography plate. The methyl myristate was recrys-
tallized in hexane at 4°C.

NMR methods. 13C NMR spectra were obtained at 125
MHz on a Bruker DMX-500 spectrometer (Billerica, MA). A
5-mm triple resonance probe was used to minimize the sam-
ple volume (~0.5 mL). A 90° pulse width (12 µs), 1H decou-
pling with the inverse-gated Waltz-16 sequence, and a pulse
interval of 7.0 s were used for all spectra. All NMR experi-
ments were performed at 12°C to minimize solvent evapora-
tion during the data acquisition period. The center peak of sol-
vent (CDCl3) in the 13C NMR spectrum was used as an inter-
nal chemical shift reference (77.0 ppm). All spectra were
acquired with 8000 scans (rat cells), 4000 scans (3T3L1
cells), or 1000 scans (pure TG). Spectra were processed with-
out linebroadening to optimize resolution. The integrated in-
tensities had an experimental uncertainty of <5%.

To study FFA incorporation quantitatively, an internal in-
tensity reference is needed. Ideally, this molecule would have
a carbonyl signal with a resonance frequency close to, but not
overlapping, the carbonyls of phosphatidylcholine (PC), TG,
and other acylated common lipids or the carbonyls of FFA.
For this purpose, we chose methyl myristate which has a
chemical shift at 174.5 ppm in CDCl3 at 12°C. However, the
spin-lattice relaxation time (T1) of the 13C=O in this molecule
(8.5 s) is longer than the values usually found in TG and PL
(1–2 s). To achieve quantitative measurements with minimal
experimental times, we first acquired a spectrum of a lipid ex-
tract with the internal integral reference using a 50-s pulse in-
terval to achieve equilibrium intensities for every resonance;
in this experiment, the integrated intensity is in direct propor-
tion to the concentration of the nucleus. Then, we repeated
the experiment with the same sample at a 7-s pulse interval.
It was found that the lipid signal (per internal reference inten-
sity) was 4.2 times higher in spectra with a 50-s pulse inter-
val than that with a 7-s pulse interval because of attenuation
of the reference signal with the longer T1. Thus, 4.2 was used
as a calibration factor to calculate the lipid quantities obtained
from the integrated intensities from the 13C spectrum ob-
tained with a 7-s pulse interval.

RESULTS AND DISCUSSION

Effects of stage of differentiation on FFA incorporation. Dif-
ferentiating preadipocytes take up and metabolize FFA
rapidly, and the amount of lipid accumulated depends on the
extent of differentiation. Cultures usually contain a mixture
of cells at various stages of differentiation. Because the gen-
eral features of the 13C NMR spectra of lipid extracts are
likely to depend on the extent of cell differentiation, cells
used in this study were first examined under phase contrast
microscopy and categorized into four different stages accord-
ing to the extent of lipid accumulation (see Table 1). Cells at
a specific stage of differentiation were then studied by 13C
NMR as a function of incubation time. 

The 13C NMR spectra of lipid extracts from rat perirenal
cells at various stages of differentiation [Table 1 (rows A–C)]
incubated with 13C=O-labeled palmitic acid for 5 h are shown
in Figure 1. Signals from naturally abundant lipids in these
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cell extracts were too weak to be detected in our spectra, and
only the spectral region containing the signals from 13C=O-
labeled lipids is presented. [The lack of signals from 13C-en-
riched carbons in other spectral regions also implies that there
was not significant acyl chain elongation of the 13C=O FFA
during the incubation period (within 24 h) as discussed in a
previous study (2).] Each carbonyl signal in the 13C NMR
spectra represents a specific carbonyl group with 13C=O en-
richment. By comparison with chemical shifts of known indi-

vidual lipids (TG, PC, and FFA) under the same experimental
conditions (not shown), the lipid mixture in the cell extract
was identified as PC and TG as designated in Figure 1a. The
FFA signal in CDCl3, which resonates ~2–5 ppm downfield
from the carbonyl signals of PC and TG, was not detected in
these experiments. This finding is in agreement with previous
reports that the intracellular concentrations of FFA are very
low in living cells (13–15). [The chemical shift of pure FFA
in dry CDCl3 has been reported to be about 180 ppm (17).
However, lipid extracts from tissue contain trace amounts of
water and inorganic salts that are very difficult to remove. Be-
cause the chemical shifts of C=O in FFA are very sensitive to
ionization conditions, these minor components might shift the
C=O resonance.] The different acyl chains are designated
PC(1) (α chain esterified at the sn-1 position), PC(2) (β chain
at the sn-2 position), TG(1,3) (α chains at the sn-1 and sn-3
positions), and TG(2) (β chain at the sn-2 position). The α
chains esterified at the sn-1 and sn-3 13C=O of TG with the
same FFA cannot be discriminated by this technique. 

The intensities of carbonyl signals in Figure 1 indicate that
the 13C=O incorporation among different lipids was not
uniform, even among different acyl chain positions in the
same lipid class. In most cases, when cells were incubated
with 13C-labeled palmitic acid, the signal intensity ratio of
TG(1,3)/TG(2) was close to 2.0, demonstrating nearly equal
incorporation of label among the three acyl chains in the TG
molecule. On the other hand, the PC(1)/PC(2) intensity ratio
was significantly higher than 1.0, demonstrating a preferen-
tial incorporation of palmitic acyl chains into the sn-1 carbon.
Figure 1 also shows that with 5 h of incubation, cells at ear-
lier stages of differentiation incorporated more 13C=O-la-
beled FFA into PC than those at later stages, in which most
of the 13C=O carbonyl signals were detected in the TG frac-
tion. NMR spectra were also obtained after various incuba-
tion times using cells having an initially similar stage of dif-
ferentiation (Table 1, row D). Spectra of lipid extracts of
cells (pooled from six animals) harvested at different time
points after the FFA/bovine serum albumin incubation
showed differences in incorporation of 13C=O groups
(Fig. 2). After incubation for 1 h, the 13C=O carbonyl signals
were detected in both PC and TG, with slightly more incor-
poration into TG (Fig. 2a). Note that this spectrum is similar
to that in Figure 1b. As incubation time increased, there was
a gradual increase in the TG signal intensity and a corre-
sponding decrease in PC intensity. At 24 h, intense TG sig-
nals were seen, whereas the PC signals were nearly unde-
tectable (Fig. 2e). These results show that the exogenous
FFA is stored mainly in the TG pool, provided the incuba-
tion time is long enough, in agreement with previous results
(3). The spectrum at 24 h also showed a broad, low-intensity
signal slightly downfield from PC(1) peak in this spectrum
(Fig. 2e). This signal may represent phospholipids other than
PC, as shorter incubation times favor the incorporation of ex-
ogenous FFA into PC which turn over more rapidly than
other phospholipids, but later transacylation processes may
convert them to other species such as phosphatidylethanol-
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TABLE 1
The Stages of Differentiationa of Cells as Observed by Phase Contrast
Microscopy at the Time When FFA/BSA Incubation Was Initiatedb

Sample S1 S2 S3 S4

A 80 20 0 0
B 30 70 0 0
C 15 70 15 0
D 30 65 4.5 0.5
E 2 72 25 1
aCell morphology changes with the amount of lipid accumulated. We arbi-
trarily divided differentiation into four stages: S1, rounded cells with faint
dark stripling; S2, a dozen clear droplets seen inside cells under high-power
magnification; S3, larger doubly refractive droplets, more than six droplets
in each cell; S4, one to six lipid droplets visible under low power magnifica-
tion. 
bBecause incubation with free fatty acid/bovine serum albumin (FFA/BSA)
affects the intracellular lipid accumulation process, and hence possibly the
stages of differentiation, therefore, the state of cell differentiation was deter-
mined only at the beginning of the incubation (error ±15%).

FIG. 1. 13C nuclear magnetic resonance (NMR) spectra of the carbonyl
region showing the distribution of 13C-enriched carbonyl groups de-
tected in extracts of differentiating rat perirenal cells after incubation
with 13C=O-labeled palmitic acid/bovine serum albumin for 5 h. Spec-
tra a, b, and c correspond to different stages of differentiation as shown
in Table 1, and are representative of observations from three to six re-
peated experiments. Peaks are designated as PC(1)/PC(2) for phos-
phatidylcholine at the sn-1/sn-2 (α,β) position, and TG(1,3)/TG(2) for
triacylglycerol at the sn-1,3/sn-2 (α,β) positions. Peaks marked with (*)
near the main peak of TG(1,2) and TG(2) are from dehydrogenated acyl
chains (see Results and Discussion section).



amine with slower turnover rates (16). Further work is re-
quired to clarify this.

The distribution of the incorporated 13C=O groups be-
tween PC and TG was obtained by comparing the integral in-
tensities of total PC signals (α + β) vs. that of TG (α + β) as a
function of incubation time. The linear decrease of the PC/TG
intensity ratio (Fig. 3, upper trace) showed that cells at early
stages of differentiation tended to incorporate a higher pro-
portion of exogenous FFA into the PC fraction (relative to
TG) at early time points. Such incorporation decreased at later
time points. This could indicate that the incorporated 13C=O-
labeled palmitoyl chain in PC tends to be replaced with unla-
beled (also presumably mainly unsaturated) FFA during the
deacylation/reacylation process. 

In the spectra of the more differentiated cells (Fig. 1b and
c) or of cells incubated for longer intervals with FFA (Fig.
2c–e), there were small signals (designated *) near the main
TG(1,3) and TG(2) peaks. The intensities of these minor sig-
nals varied with the lipid composition in the medium and the
extent of differentiation. The minor peaks were usually more
intense in differentiating 3T3L1 cells and cannot be inter-
preted as naturally abundant background signals (Fig. 4a). To
identify the molecules giving rise to these signals, we ob-
tained 13C NMR spectra of TG with mixed saturated and un-
saturated acyl chains (Fig. 4b–d). [Although palmitoleic acid
is mostly likely the product of desaturation, TG with mixed
chains of palmitic and palmitoleic acids were not commer-
cially available. Since TG containing olefinic chains at ∆9 po-
sitions have similar 13C=O resonances when the acyl chains
are varied from 16 to 18 (18), we used the oleoyl chain as a
model for the palmitoleoyl chain.] With an oleoyl chain at the

sn-2 position, a small upfield shift in the TG(2) was detected
compared to that of tripalmitin. With oleoyl esterified at the
sn-3 position, the TG(1,3) peak was split into two peaks of
identical intensity with a lower chemical shift for the unsatu-
rated chain (17,18). The signals representing the unsaturated
acyl chains in the model systems corresponded well to the
lower-frequency peaks in the cell extract (designated *). This
implies that there is intracellular conversion of the saturated
acyl chain of 13C=O-labeled palmitoyl chains to unsaturated
acyl chains. Such detection of intracellular acyl chain dehy-
drogenation by NMR has never been reported, probably be-
cause of limitations in signal resolution. 

The more extensive dehydrogenation in 3T3L1 cells com-
pared to primary rat preadipocytes seems to be related to sub-
strate availability in the cell culture medium and also to how
the cells obtain FFA for lipid storage. 3T3L1 cells have a high
capacity for de novo synthesis FFA from glucose and contain
16-carbon FFA (16:0 and 16:1), whereas rat cells use predom-
inantly exogenous FFA and contain 18-carbon (18:0 and
18:1) as the major FFA components in their TG fractions. In
addition, in our experiments, 3T3L1 cells were cultured in a
high-glucose medium without lipid supplementation, whereas
rat preadipocytes were cultured in medium supplemented
with a lipid emulsion (mostly polyunsaturated TG). There-
fore, 3T3L1 cells probably have a higher tendency than rat
preadipocytes to convert the TG-incorporated 13C=O-labeled
16:0 to 16:1, because of the need to have unsaturated chains.

Quantitation of FFA incorporation into intracellular lipid
pools by NMR. To date, quantitation of incorporation of FFA
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FIG. 2. The 13C NMR spectra of lipid extracts of rat perirenal cells at
various incubation times. The cells were at an early stage of differentia-
tion corresponding to the data shown in Table 1 (row D). The spectra
shown (traces a–e) are representative of cells incubated with 13C=O-la-
beled palmitic acid/bovine serum albumin for (a) 1 h; (b) 3 h; (c) 7 h; (d)
11 h; and (e) 24 h, respectively. Peaks are designated as in Figure 1. See
Figure 1 also for abbreviations.

FIG. 3. The distribution of incorporated 13C-enriched carbonyl in the
PC fraction vs. TG fraction estimated by the integral intensity of [PC(1)
+ PC(2)]/[TG(1,3) + TG(2)] from NMR signals. The symbols represent
results for cells in early stages of differentiation [(■■), Table 1 (row D)]
and a later stage of differentiation [●●, Table 1 (row E), see below]. The
solid lines represent the schematic trends of PC/TG distributions as the
incubation time increased. See Figure 1 for abbreviations.



into intracellular lipid pools has been achieved only with 14C
isotopically labeled molecules (3). To determine the site of
labeling of a specific FFA, each presumed lipid component
has to be separated by a chromatographic method before
counting. 13C NMR represents a method for obtaining this in-
formation without assumptions concerning the identity of the
lipids involved or purification of each lipid. 

Each signal in the NMR spectrum can be quantified in an
absolute sense by comparison of its integrated peak intensity
with that of a suitable standard, as discussed in the NMR
methods section. In our experiments, 50 µg of 13C=O-labeled
methyl myristate (50 µL ethanol solution; 1 mg/mL) was
added during the Folch extraction of highly differentiated cul-
tures (Table 1, row E). These cells showed 13C=O signals
mainly in the TG(1,3) and TG(2) carbonyls. Unlike the re-
sults for the less differentiated cells which showed high PC
incorporation at early incubation time points (Fig. 2), the net
incorporation of 13C=O FFA in the PC fraction within the 1-h
incubation period was very low. Within 24 h, only a weak
PC(1) signal [but not PC(2)] was detected (Fig. 5). The distri-
bution of 13C=O FFA incorporation between PC and TG was
obtained by comparing the integrated intensities of the total
PC signals vs. that of TG. Data are shown in Figure 3 (lower
trace). There was a slight increase in the PC/TG ratio as the
incubation time increased from 1 to 5 h, followed by a grad-
ual decrease to a lower level. These results show that the in-
corporation of exogenous FFA into the PC and TG fractions

is controlled by different kinetic mechanisms, depending on
the stage of differentiation. Further investigations are needed
to understand the enzymatic pathways responsible for this.

By comparing the integrated peak intensities of the lipids
with that of the internal reference peak, the amount of 13C=O-
labeled palmitic acid in the TG (α + β) was found to increase
rapidly and linearly with incubation time. Within the same
time period, incorporation into the PC(1) only increased
slightly, and the PC(2) carbonyl was below the limit of detec-
tion (Fig. 6). At the end of the 24-h incubation, the peak in-
tensities corresponded to ~1 µmole of 13C=O-labeled palmi-
toyl in the lipids [TG(1,3) + TG(2) + PC(1)], which represents
~20% of the total 13C=O-labeled exogenous FFA added. 

Although high-resolution 13C NMR spectroscopy has been
applied to the study of adipose tissue previously, to our
knowledge this work presents the first NMR study of differ-
entiating preadipocytes. With the capability to probe cellular
FFA metabolism at the molecular level, this NMR protocol
provides a tool for evaluating the influence of environmental
variables on the rate and magnitude of fat storage.
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FIG. 4. The spectra of pure TG with different acyl chains compared with
lipid extracts from differentiating 3T3L1 cells; (a) lipid extract from dif-
ferentiating 3T3L1 cells (dominated by cells at stage 4, incubated with
13C=O-labeled palmitic acid); (b) pure tripalmitin; (c) pure 1,3-rac-di-
palmitoyl-2-oleoylglycerol; (d) pure 1,2-rac-dipalmitoyl-3-oleoylglyc-
erol. Peak designation is the same as in Figure 1. Spectrum in (a) is rep-
resentative of six parallel cell cultures. See Figure 1 for abbreviation.

FIG. 5. 13C NMR spectra of lipid extracts from differentiating rat perire-
nal cells at various incubation times with a 13C=O-labeled methyl
myristate internal reference standard. The spectra shown are represen-
tative of cells incubated for (a) 1 h; (b) 3 h; (c) 7 h; (d) 11 h; and (e) 24 h,
respectively. The same amount of internal reference was added to each
culture flask. To optimize signal/noise ratio, the number of culture flasks
(25 cm2) used for each spectrum was: (a, b) 3; (c) 2; (d, e) 1. Peaks are
designated as in Figure 1. See Figure 1 for abbreviations.
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FIG. 6. The quantitative incorporation of 13C=O-labeled palmitoyl
chains into the TG(1,3), TG(2), and PC(1) positions, represented by ■■,
●●, and ▲▲, respectively, as a function of incubation time. See Figure 1
for abbreviations.



ABSTRACT: In this study, the effects of caffeine on lipopro-
tein lipase (LPL) gene expression were investigated in the 3T3-
F442A preadipocyte cell line during the adipocyte differentia-
tion process by determining LPL enzymatic activity and its mes-
senger RNA (mRNA) level. The results demonstrate that caffeine
acts on the gene expression of LPL, an early marker of adipocyte
differentiation. It has a biphasic action: it increases gene expres-
sion in terms of mRNA when it is added to preadipocytes dur-
ing the early stage of differentiation, but this is accompanied by
a reduction of enzymatic activity. On the other hand, when caf-
feine is added for long periods during differentiation and/or
when it is added to mature adipocytes, it induces marked inhi-
bition of mRNA levels, correlated with a marked reduction of
secreted enzymatic activity. The inhibitory effect of caffeine on
LPL mRNA level can be reproduced by theophylline, a phos-
phodiesterase inhibitor, and by dibutyryl cyclic AMP, a non-
metabolizable analog of cyclic AMP. However, the effect of caf-
feine and theophylline lasts longer than that of cyclic AMP, sug-
gesting that a mechanism other than inhibition of cyclic AMP
hydrolysis may be involved in the action of caffeine.
Lipids 33, 455–460 (1998).

Lipoprotein lipase (LPL) is an enzyme, mainly synthesized by
adipose tissue and muscle, which plays a central role in the me-
tabolism of triglyceride-rich plasma lipoproteins (1). It hy-
drolyzes exogenous (chylomicrons) and endogenous triglyc-
erides (very low density lipoproteins) by generating free fatty
acids and monoglycerides, using apolipoprotein CII as cofac-
tor. A dysfunction of LPL could also be involved in the devel-
opment of obesity, since this enzyme directs the distribution of
dietary lipids toward adipose tissue for their subsequent stor-
age or toward muscle where they are used as energy substrates.

The synthesis, maturation, and secretion of LPL are regu-
lated transcriptionally or post-transcriptionally in a tissue-spe-
cific manner via complex mechanisms during development
and in response to nutritional and hormonal variations (2,3).

Previous studies have emphasized that insulin is the hor-
mone which predominantly regulates the activity of adipocytic

LPL. Under certain physiological or pathophysiological con-
ditions associated with an increase in the insulin level (post-
prandial period, obesity), an increase in LPL activity is ob-
served in adipose tissue (4), whereas defects in insulin secre-
tion, both in nontreated insulin-dependent diabetes and in
postabsorptive and postprandial states, are correlated with a
low LPL protein level (5). Many possible mechanisms of LPL
regulation at posttranscriptional and posttranslational levels
have been reported (6).

Adipose tissue from rats fasted overnight exhibits a de-
creased LPL catalytic activity (7), suggesting that this enzyme
is also regulated by intracellular cyclic AMP (cAMP) content.
The accumulation of cAMP has been shown to inhibit li-
pogenic enzymes such as glycerol phosphate dehydrogenase
(8) in mouse adipocytes. Agonists known to increase cellular
cAMP, such as isoproterenol (9) or epinephrine (10), induced a
marked decrease of LPL enzyme activity in rat adipocytes in
primary culture. However, the actual target of this regulation
remains unclear, since in some cases the level of LPL mRNA
has been found to be decreased (9), increased (7), or unaffected
(10) depending on the model used and on the experimental con-
ditions. Inhibition of the translation process of LPL mRNA by
epinephrine has been related to the first 50 (1601–1650) nu-
cleotides in the 3′ untranslated region of the messenger (11).

The cAMP signaling pathway can be regulated in several
ways. For example, the antilipolytic action of insulin on
adipocytes has been suggested to act either by stimulation of
cGMP-inhibited cAMP phosphodiesterase activity (12) or by
down-regulation of the β3 adrenergic receptor (13). This
might in part explain some of the action of insulin on LPL
gene expression.

Under appropriate culture conditions, the 3T3-F442A
preadipocyte cell line differentiates into adipocytes according
to a process similar to that which occurs during the develop-
ment of adipose tissue (14). Lipoprotein lipase is considered
to be a specific marker of the differentiation of the 3T3-F442
preadipocyte cell line (15). This cell line is therefore an ex-
cellent model to study the action and mechanisms of effec-
tors on LPL gene expression either during differentiation or
on fully differentiated adipocytes which possess the features
of highly specialized cells.

In the present study, we used caffeine, which is known to
inhibit phosphodiesterase activity (16), to define the actual
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role of intracellular cAMP on LPL gene expression. We
showed that chronic treatment of 3T3-F442A cells by caf-
feine induced a marked decrease in heparin-releasable LPL
activity in preadipocytes, as well as in fully differentiated
adipocytes. In contrast, caffeine increased the level of LPL
mRNA at an early stage of differentiation, but decreased the
LPL mRNA level in mature adipocytes, suggesting that mul-
tiple targets are involved in mediating the cAMP effect.

EXPERIMENTAL PROCEDURES

Cell culture. 3T3-F442A cells were obtained through the
courtesy of Dr. Howard Green (Harvard Medical School,
Boston, MA) (14). Cells were seeded on tissue culture dishes
(Falcon, Polylabo, Strasbourg, France) at a density of 103

cells/cm2 in Dulbecco-Vogt modified Eagle’s medium con-
taining 25 mM glucose supplemented with 5% calf serum
(from Gibco, Life Technologies, Cergy Pontoise, France), 5%
fetal calf serum (from Dutscher, Dominique Dutscher, Bru-
math, France), a 0.7% penicillin/streptomycin mixture, 25
mM NaHCO3 and 40 µM d-biotin from Sigma (Sigma
Aldrich, Saint Quentin Fallavier, France). The medium was
changed every 2 d. One day before confluence, cell cultures
were washed and then cultured in Dulbecco-Vogt modified
Eagle’s medium containing 10% fetal calf serum and 20 nM
insulin for the time indicated in the legends of the figures.
Adipocyte conversion was achieved 10 to 12 d following con-
fluence and checked by inverse phase microscopy (Nikon,
Nikon France s.a., Champigny sur Marne, France). To release
membrane-bound lipoprotein lipase, 100 µg/mL heparin was
added to each flask, and the cells were incubated at 37°C for
40 min. The remaining cells were washed with phosphate-
buffered saline at 4°C and treated with guanidium thiocyanate
for RNA isolation.

RNA analysis. Total RNA was extracted using the method
of Chomczynski and Sacchi (17) and total RNA (10 µg) ana-
lyzed by Northern blot as previously described (18). The blots
were hybridized with a murine LPL cDNA probe labeled with
[α-32P]-dCTP by random priming (Amersham kit; Amersham
Life Science, Les Ulis, France). In order to standardize the
amount of mRNA in each line, blots were hybridized again
with a 28S RNA probe labeled with [γ32P]-ATP by T4
polynucleotide kinase. The intensities of the bands corre-
sponding to LPL mRNA and the internal control, 28S rRNA,
were measured by scanning densitometry of the autoradi-
ograms. The relative amounts of LPL transcripts were quanti-
fied by calculating the ratio of the LPL-band integrated den-
sities to those of 28S rRNA.

Lipoprotein lipase activity. The enzymatic activity was as-
sayed by a modification of the technique of Nilson-Ehle and
Ekman (19). Briefly, labeled and unlabeled trioleine (triacyl-
glycerol emulsion), stored in benzene and chloroform, respec-
tively, were mixed to obtain 7 mg (7.92 µmoles) of triacyl-
glycerol with a specific activity around 10 × 106 cpm per
µmole. Lysolecithin [0.3 mg (0.6 µmoles)] was then added.
Solvents were removed under a nitrogen stream, followed by

evaporation under reduced pressure. The emulsion was per-
formed after adding 2.4 mL of 0.2 M Tris-HCl buffer pH 8.0
and 1.2 mL of 1% (w/v) bovine serum albumin on icebath by
a Sonicator 100W model n°M72405 (Bioblock Scientific, Il-
lkirch, France) at a setting of 3.5, which corresponds to a gram
force of at least 1.5 g. Intervals of 40 s for a total of 3 min were
applied. After sonication, 0.3 mL of heat-inactivated human
serum and 0.3 mL of 4% bovine serum albumin in 0.2 M Tris-
HCl pH 8.0 were added, and the substrate was shaken in a vor-
tex mixer for 15 s. LPL assays were carried out in borosilicate
glass tubes by mixing 100 µL of the trioleine substrate and 100
µL of the sample. The mixture was vortexed again for 15 s and
agitated at 37°C for 60 min. The reaction was stopped by sub-
merging the glass tubes into an ice bath, and the fatty acids re-
leased were isolated by a partition system of 3 mL of
methanol/chloroform/heptane (1.41:1.25:1, by vol) and 1 mL
of 0.1 M tetraborate buffer pH 10.5. After vigorous shaking
for 15 s on a vortex mixer, the mixture was centrifuged for 15
min at 3,000 × g, and a 1-mL aliquot of the methanol/water
phase was counted. Blank incubations, corrections, and calcu-
lations were performed as described by Nilson-Ehle and
Ekman (19). LPL activity is expressed as milli-units (mU/mg
of cellular protein), which represent the release of 1 nmol of
fatty acid per min and per mg of cellular protein.

The protein content was assayed according to the method
of Lowry et al. (20), and the triacylglycerol level was deter-
mined on lipid extracts by an enzymatic technique
(Boehringer Mannheim Automated analysis kit; Boehringer
Mannheim, Meylan, France). All statistical comparisons were
performed using Student’s test.

RESULTS

When 3T3-F442A cells were cultured in fetal calf serum in
the presence of insulin, they started a process of adipocytic
differentiation which included progressive accumulation of
lipid droplets rich in triacylglycerol (Fig. 1). This process was
slow at the beginning of differentiation from day 4 to day 7
and jumped abruptly after day 11, when the triacylglycerol
level was increased sixfold. Treatment of the cells by caffeine
affected neither the pattern of triacylglycerol content during
the differentiation process (Fig. 1) nor the morphological
changes (not shown).

The LPL gene is expressed early in the process of
adipocyte differentiation. Its expression is obvious after 4 d
of treatment by insulin, and secreted LPL activity was maxi-
mal after 7 d, plateaued for 11 d, and slightly decreased at 14
d (Fig. 2A). The steady-state level of LPL mRNA progres-
sively increased from day 4 to day 11, then remained un-
changed until 14 d (Fig. 2B), suggesting a progressive loss of
translational efficiency of the mRNA throughout the differ-
entiation process. When the cells were induced to differenti-
ate in the presence of caffeine, secreted LPL activity was
greatly reduced (Fig. 2A). In contrast, its mRNA increased to
a greater extent in the presence of caffeine than in control
cells from day 4 to day 9 and then fell abruptly at day 11 and
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remained low at day 14 (Fig. 2B). These effects of caffeine
are dose-dependent, with a maximal effect from 0.5 mM caf-
feine (not shown).

Since caffeine did not affect either the triacylglycerol con-
tent or the morphological changes, it is unlikely that it accel-
erates the adipocyte differentiation process. Our observations
support the idea that the caffeine effect is different at different
levels of differentiation. To determine whether there was any
relationship between the growth status of the culture and the
action of caffeine, we determined the expression of LPL
mRNA in 3T3-F442A preadipocytes and differentiated 3T3-
F442A adipocytes at various times from 2 to 12 d after the
onset of differentiation by insulin (Fig. 3A). At the very be-
ginning of differentiation (days 0 to 5), caffeine exposure for
9 d stimulates induction of LPL mRNA and, in contrast, the
presence of caffeine in the medium of differentiating cells in-
hibits the further induction of LPL mRNA by about 50% when
added for 9 d at day 12. Therefore, during the differentiation
process the caffeine effect is the sum of various effects on a
number of important but unknown phases in adipocyte differ-
entiation resulting in the level of LPL expression observed.

A possible cellular target of caffeine is the phosphodi-
esterase enzymes which hydrolyze cyclic nucleotide
monophosphates. We therefore performed experiments by
treating cells for 9 d with theophylline, another phosphodi-
esterase inhibitor (16). Theophylline exhibited the same pat-
tern of action as caffeine (Fig. 3B). These findings suggest
that the cAMP pathway is involved in the regulation of LPL
gene expression. The action of caffeine and theophylline was
therefore compared to that of cAMP on this regulation in fully
differentiated cells (Fig. 4). When 3T3-F442A cells were in-
cubated for 48 h with the cAMP analog, dibutyryl cAMP
(db-cAMP), LPL mRNA levels decreased twofold, but this
inhibition was transient, reaching baseline values within 7 d
after addition of dibutyryl cAMP, in contrast with the effects
of caffeine and theophylline, which remained potent after 7

d.

DISCUSSION

When confluent preadipocytes were incubated in the presence
of insulin, they were induced to differentiate and accumulate
triacylglycerol (14). Maximal differentiation was achieved
after 11 d of insulin treatment. LPL has been shown to be one
of the early genes induced during this process (15). Our re-
sults confirm this early induction, since maximal activity was
found after 7 d (Fig. 1). In contrast, the cellular LPL mRNA
level continued to increase after 11 d, suggesting a decrease
in translational efficiency. This might be an indirect effect via
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FIG. 1. Effect of caffeine on triacylglycerol content during 3T3-F442A
cell differentiation. Confluent 3T3-F442A cells were induced to differ-
entiate by 20 nM insulin on day 0. Open bars: insulin alone. Black bars:
insulin plus 500 µM caffeine. Results are expressed as the mean ± SD
of two independent experiments, each performed in duplicate.

FIG. 2. Time course of the effect of caffeine on lipoprotein lipase (LPL)
gene expression during 3T3-F442A cell differentiation. Confluent cells
were exposed to 20 nM insulin to stimulate differentiation. Caffeine
(500 µM) was added on day 0. (A) Secreted LPL activity was measured
at the time indicated, as described in the Experimental Procedures sec-
tion. The asterisks indicate values that differed significantly by at least P
< 0.05 (treated cells vs. control). (B) Lipoprotein lipase mRNA level.
Total mRNA was extracted and analyzed by Northern blotting as de-
scribed in the Experimental Procedures section. The results are ex-
pressed as amount of LPL mRNA after correcting for the 28S rRNA sig-
nal and expressed in arbitrary units. Results are the mean ± SD of two
independent experiments performed in duplicate. Open bars: insulin-
treated cells. Black bars: insulin plus 500 µM caffeine-treated cells. The
asterisks indicate values that differed significantly by at least P < 0.05
(treated cells vs. control).



induction of other transactivators such as peroxysome prolif-
erator-activated receptors or CAAT enhancer binding protein
family members (21).

The addition of caffeine to the culture medium markedly
decreased the secretion of LPL activity in both 3T3-F442A
cells, undergoing adipocyte differentiation (Fig. 2), and in
fully differentiated cells (Fig. 4). The main action of caffeine
is to block cAMP degradation by inhibiting phosphodi-
esterase activity (16). It was therefore not surprising to ob-
serve that the caffeine effect can be mimicked by theo-
phylline, another phosphodiesterase inhibitor, or by dibutyryl
cAMP itself (Fig. 4). Our results are in agreement with the
suggestion that inhibition of LPL activity induced by epi-
nephrine is due to increased cellular cAMP (10). In fully dif-
ferentiated 3T3-F442A cells, cAMP regulates the transcrip-
tion of several major adipose genes, but acts solely as an an-
tilipogenic agent since it does not elicit any loss in adipose

characteristics (22). In addition, during differentiation of
these cells, cAMP does not affect the morphological changes
characteristic of the differentiation process (23). 

There are still a number of uncertainties concerning the ac-
tual role of the cAMP/protein kinase A (PKA) pathway in
LPL gene expression (10,24). In our experimental data, we
demonstrated a clear biphasic effect of caffeine on LPL
mRNA level, i.e., a marked increase when the drug is pro-
vided during the differentiation process and a decrease when
the drug is added when adipocytes reached maturity. Since
LPL activity is decreased in both conditions, this suggests
that, in 3T3-F442A cells, LPL is regulated by cAMP at both
transcriptional and post-transcriptional levels at least during
the differentiation process. In addition, we cannot exclude
that LPL mRNA turnover could be regulated. A post-tran-
scriptional inhibition of LPL mRNA translation has been ob-
served in epinephrine-treated 3T3-F442A cells as well as ma-
ture 3T3 L1 cells (25), and this effect has been related to the
first 50 (1601–1650) nucleotides of the 3' untranslated region
of the messenger (11).

The situation concerning mature adipocytes is reminiscent
of that observed in adipose tissue of rats fasted overnight, a
condition of very high cellular cAMP content (7). After fast-
ing, the majority of LPL is located in a highly inactive form in
rough endoplasmic reticulum. Only mature, fully glycosylated
LPL can be secreted from adipocytes (26). In addition, dimer-
ization of LPL is essential for activity (6), and a study in 3T3-
F442A cells demonstrated that LPL became a dimer after core
glycosylation and transfer to the Golgi apparatus (27).

Our results suggest that caffeine stimulates LPL gene tran-
scription at the onset of adipocyte differentiation and de-
creases LPL gene transcription in mature adipocytes. In addi-
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FIG. 4. Inhibitory effect of intracellular dibutyryl cyclic AMP (db-cAMP)
level on steady-state of LPL mRNA level. Fully differentiated 3T3-F442A
adipocytes were incubated in the presence of 500 µM caffeine, 70 µM
theophylline (Theo), 10 µM db-cAMP, or vehicle alone (control) for 48
h or 7 d. LPL mRNA was determined as in Figure 2B. Data obtained by
densitometric scanning were corrected for differences in RNA loading
by using the 28S rRNA signal and expressed as a percentage of control.
Results are the mean ± SD of two experiments in duplicate The aster-
isks indicate values that differed significantly by at least P < 0.05 (treated
cells vs. control). For abbreviations see Figure 2

FIG. 3. Effect of chronic exposure of 3T3-F442A cells to caffeine and
theophylline on adipose differentiation. 3T3-F442A cells cultured in de-
fined medium with 20 nM insulin were exposed to caffeine (500 µM)
(A) or theophylline (7 · 10−4 M) (B) for 9 d at different times after the
onset of differentiation. Control cells were incubated for the same time
with vehicle alone. LPL mRNA determination was performed as in Fig-
ure 2B. Results correspond to the ratio of LPL mRNA level in caffeine-
or theophylline-treated cells compared to the corresponding control
cells. Results are the mean ± SD of two independent experiments per-
formed in duplicate.The asterisks indicate values that differed signifi-
cantly by at least P < 0.05 (treated cells vs. control). For abbreviation
see Figure 2.



tion, the inhibitory effect of caffeine might start very soon in
the differentiation process since it was more potent when caf-
feine was added for 9 d after day 2 than when it was added
for 9 d at later stages (compare Figs. 2B and 3A). Caffeine is
supposed to exert its action via an increase in cAMP level. A
variety of genes induced by cAMP share a conserved motif in
their transcriptional control sequence, referred to as the
cAMP response element (CRE). Such a sequence has been
described in the rat LPL promoter (28), where CRE binds the
CRE-binding protein CREB which is directly phosphorylated
by PKA (29). Phosphorylation of CREB stimulates the tran-
scriptional activity of several genes. This effect is mediated
through the interaction with the ubiquitous P300/CBP
(CREB-binding protein) coactivator family (29,30). The in-
hibitory effect of the cAMP/PKA pathway might occur via
two pathways, i.e., a direct inhibitory effect of cyclic AMP
response element modulator, a negative counterpart of the
CREB family, or an indirect effect, buffering the P300/CBP
family members which decreases the transcriptional effi-
ciency of the genes requiring P300/CBP, such as fos/jun (31).

Other mechanisms may also be involved in the action of
caffeine. Mobilization of Ca2+ ions from the sarcoplasmic
reticulum compartment by caffeine has been described in my-
ocardial cells (32). The actual physiological significance of
the mechanisms of action of caffeine on LPL gene expression
and their impact on the various levels of regulation appear
quite complex and therefore require further investigation.
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ABSTRACT: Potential antiproliferative effects of tocotrienols,
the major vitamin E component in palm oil, were investigated
on the growth of both estrogen-responsive (ER+) MCF7 human
breast cancer cells and estrogen-unresponsive (ER−) MDA-MB-
231 human breast cancer cells, and effects were compared with
those of α-tocopherol (αT). The tocotrienol-rich fraction (TRF)
of palm oil inhibited growth of MCF7 cells in both the presence
and absence of estradiol with a nonlinear dose-response but
such that complete suppression of growth was achieved at 8
µg/mL. MDA-MB-231 cells were also inhibited by TRF but with
a linear dose-response such that 20 µg/mL TRF was needed for
complete growth suppression. Separation of the TRF into indi-
vidual tocotrienols revealed that all fractions could inhibit
growth of both ER+ and ER− cells and of ER+ cells in both the
presence and absence of estradiol. However, the γ- and δ-frac-
tions were the most inhibitory. Complete inhibition of MCF7
cell growth was achieved at 6 µg/mL of γ-tocotrienol/δ-
tocotrienol (γT3/δT3) in the absence of estradiol and 10 µg/mL
of δT3 in the presence of estradiol, whereas complete suppres-
sion of MDA-MB-231 cell growth was not achieved even at
concentrations of 10 µg/mL of δT3. By contrast to these in-
hibitory effects of tocotrienols, αT had no inhibitory effect on
MCF7 cell growth in either the presence or the absence of estra-
diol, nor on MDA-MB-231 cell growth. These results confirm
studies using other sublines of human breast cancer cells and
demonstrate that tocotrienols can exert direct inhibitory effects
on the growth of breast cancer cells. In searching for the mech-
anism of inhibition, studies of the effects of TRF on estrogen-
regulated pS2 gene expression in MCF7 cells showed that
tocotrienols do not act via an estrogen receptor-mediated path-
way and must therefore act differently from estrogen antag-
onists. Furthermore, tocotrienols did not increase levels of
growth-inhibitory insulin-like growth factor binding proteins
(IGFBP) in MCF7 cells, implying also a different mechanism
from that proposed for retinoic acid inhibition of estrogen-re-
sponsive breast cancer cell growth. Inhibition of the growth of
breast cancer cells by tocotrienols could have important clini-

cal implications not only because tocotrienols are able to in-
hibit the growth of both ER+ and ER− phenotypes but also be-
cause ER+ cells could be growth-inhibited in the presence as
well as in the absence of estradiol. Future clinical applications
of TRF could come from potential growth suppression of ER+
breast cancer cells otherwise resistant to growth inhibition by
antiestrogens and retinoic acid.
Lipids 33, 461–469 (1998).

Tocopherols and tocotrienols, collectively known as vitamin
E, are lipid-soluble compounds that are often present as nat-
ural components in vegetable oils. Structurally, these com-
pounds are similar, except that tocotrienols have an unsatu-
rated side chain with three double bonds whereas the tocoph-
erols have a fully saturated side chain (1). In their function as
antioxidants, they are important for the protection of unsatu-
rated lipids against peroxidation, particularly in biomem-
branes (2), by a mechanism resulting mainly from their abil-
ity to donate phenolic hydrogens to lipid-free radicals (3–5).
Whereas the vitamin E fraction of most common vegetable
oils contains mainly tocopherols, palm oil is a rich source 
of tocotrienols, with refined palm oil containing 133 mg 
α-tocopherol (αT), 130 mg α-tocotrienol (αT3), 204 mg 
γ-tocotrienol (γT3), and 45 mg δ-tocotrienol (δT3) per kg of
oil (6).

Experimental studies both in vitro and in vivo have sug-
gested that tocotrienols may possess anticancer properties
(7,8). Unlike many other fats and oils, palm oil does not en-
hance the yield of chemically-induced mammary tumors
when fed to rats at high levels (20% w/w fat) in a semipuri-
fied diet (9–11). Evidence that this effect is related to the vit-
amin E fraction of the palm oil [tocotrienol-rich fraction
(TRF)] was shown in our recent study (12) where chemically-
induced mammary tumors were more numerous in rats fed vi-
tamin E-free palm oil than in those animals fed palm oil con-
taining vitamin E. Furthermore, addition of the vitamin E
fraction of palm oil to a corn oil diet increased the median la-
tency period and reduced both tumor incidence and tumor
yield in a dose-dependent manner (12). 

This inhibitory action of tocotrienols on breast tumor
growth in vivo could result either from direct effects on the
growth of the tumor cells themselves or from indirect sys-
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temic interactions. Studies on the growth of MDA-MB-435
human breast cancer cells in vitro have demonstrated that the
TRF of palm oil can inhibit directly the growth of these cells
whereas αT did not have any such effect (13). However, the
MDA-MB-435 cells lack estrogen receptors, and estrogen is
known to play an important role in the growth of many breast
cancer cells in vivo (14,15) and in vitro (16,17). Thus, the
work presented here extends these cell culture studies to com-
pare the effects of tocotrienols on the growth of human breast
cancer cells which possess estrogen receptors and which are
estrogen-responsive for growth with those cells which lack
estrogen receptors. 

Growth of the ER+ MCF7 human breast cancer cell line is
regulated in vitro by estrogens (16,18) and offers a suitable
model system in which to study the effects of tocotrienols.
Separate sublines of MCF7 cells show different sensitivities
to estrogen for growth, but the MCF7McGrath subline (19) is
so dependent on estrogen for growth that it is unable to pro-
liferate to any large extent in the absence of estrogen (16).
However, recent studies have shown that growth of these cells
is regulated also by complex interactions with growth factors
of which one major mitogenic component would appear to be
the insulin-like growth factors (IGF) (17,20). Growth regula-
tion by the IGF system is itself complex since there are two
ligands (IGFI and IGFII), two receptors (IGFIR and IGFIIR),
and at least six high-affinity extracellular binding proteins
(IGFBP 1-6) (21), and it would appear that estrogen can alter
the expression of several of these components in breast cancer
cells including IGFII (22), IGFIR (23), and IGFBP (24).
Growth inhibitory effects in estrogen-responsive human
breast cancer cells could thus result either from a direct an-
tagonism of estrogen action at the estrogen receptor level (25)
as found for antiestrogens such as tamoxifen and ICI 182,780
(26,27) or from interactions in growth factor pathways such
as changing levels of IGFBP (28). The work presented here
describes the effects of the TRF of palm oil and of individual
tocotrienols on the growth of estrogen-responsive MCF7Mc-
Grath human breast cancer cells, on pS2 gene expression as a
molecular marker of estrogen action (29), and on levels of se-
creted IGFBP. 

MATERIALS AND METHODS

Materials. Plastic tissue culture dishes, growth media, and
fetal calf serum (FCS) were all purchased from Gibco BRL
(Paisley, Scotland). Zaponin and isoton were purchased from
Coulter Electronics (Harpenden, England). Hybond mem-
branes were bought from Amersham International (Amer-
sham, England). 17-β-Estradiol was purchased from Ster-
aloids (Croydon, England). The TRF and individual αT3, γT3,
and δT3 fractions were obtained from the Palm Oil Research
Institute of Malaysia (PORIM). The αT was obtained from
Sigma Chemical Company (Croydon, England) at a purity of
approximately 95%. 

Isolation of TRF and individual tocotrienols. Extraction of
the TRF from palm oil has been described by Sundram and

Gapor (30). In brief, palm oil fatty acid distillate was con-
verted into methyl esters by esterification. The methyl esters
were then removed by distillation, leaving a vitamin E con-
centrate. This was further concentrated by crystallization and
passed through an ion-exchange column to give 60–70% pure
vitamin E. Further purification was achieved by washing and
then drying the concentrate followed by a second molecular
distillation stage. The final purity of the vitamin E prepara-
tion, TRF, was 95–99%, its composition being (w/w) αT
32%, αT3 25%, γT3 29%, and δT3 14%.

Individual tocotrienols were separated by thin-layer chro-
matography and further chromatographed repeatedly until a
purity of about 90% (highest available) was obtained.

Culture of stock cells. The MCF7 McGrath human breast
cancer cells were kindly provided by Dr. K. Osborne at pas-
sage number 390 (19). Stock cells were grown as monolayer
cultures in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 5% FCS, 10−8 M estradiol, and 10 µg/mL
insulin in a humidified atmosphere of 10% carbon dioxide in
air at 37°C. 17-β-Estradiol was dissolved in ethanol and di-
luted 1:10,000 in culture medium. Insulin was dissolved in 6
mM HCl and diluted 1:1,000 in culture medium. MDA-MB-
231 human breast cancer cells were obtained from the Amer-
ican Tissue Culture Collection (Manassas, VA). Stock cells
were grown as for MCF7 cells but with the omission of estra-
diol and insulin. Cells were subcultured at weekly intervals
by suspension with 0.06% trypsin/0.02% EDTA (pH 7.3).

Cell growth experiments. Cells were suspended from stock
plates by treatment with phenol red-free 0.06% trypsin/0.02%
EDTA (pH 7.3), added to an equal volume of phenol red-
free RPMI1640 medium containing 5% dextran-charcoal
treated FCS (DCFCS) (31), and counted on a hemacytometer.
Cells were then added to the required volume of phenol red-
free RPMI1640 medium containing 5% DCFCS at a concen-
tration of 0.2 × 105 cells/mL and plated in monolayer in 0.5-
mL aliquots into 24-well plastic tissue culture dishes. After 24
h, the medium was changed to phenol red-free RPMI1640
medium with 5% DCFCS supplemented with the appropriate
concentrations of TRF, αT, individual tocotrienol fractions,
with or without estradiol. Both TRF and αT were dissolved in
dimethyl sulfoxide, estradiol in ethanol, and all were diluted
1:10,000 in culture medium. Control cultures contained the
same volume of dimethyl sulfoxide or ethanol vehicle alone.
The culture medium was changed routinely every 3–4 d.

Cell counting. Cells were washed rigorously in situ with
phosphate-buffered saline (PBS) in order to wash off non-
adherent dead cells and were then lysed in 0.5 mL 0.01 M
HEPES buffer/1.5 mM MgCl2 plus 2 drops of zaponin solu-
tion for 5 min. The nuclei released were counted in isoton 
on a Coulter counter. All cell counts were carried out in 
triplicate on triplicate dishes and results calculated as the
mean ± standard error. P values were determined using
Student’s t-test for two-samples assuming unequal variance
[by standard software packages Minitab and Microsoft 
Excel (Microsoft Corp., Redmond, WA)]. Viability of 
adherent cells was determined using the standard try-
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pan blue dye exclusion assay technique and performing cell
counts on a hemacytometer.

RNA analysis by Northern blotting. Cells were plated onto
9-cm plastic tissue culture dishes in 16-mL aliquots of phenol
red-free RPMI1640 medium with 5% DCFCS. After 24 h, the
medium was changed to phenol red-free RPMI1640 medium
containing 5% DCFCS with or without 10−8 M estradiol or 8
µg/mL TRF. After a further 6 d, cells were washed in situ with
PBS, harvested into ice-cold PBS using a rubber policeman
and pelleted by centrifugation. Whole cell RNA was prepared
by the guanidinium cesium chloride method (32). Aliquots of
RNA (20 µg) were subjected to electrophoresis in 1.5%
agarose-formaldehyde gels (32). RNA was transferred onto
Hybond-N membrane and hybridized to 32P-labeled cDNA
probes for pS2 and 36B4 exactly as described previously (29).
The pS2 DNA probe was a 300-base pair Pst1 fragment from
pS2 cDNA (29). The 36B4 DNA probe was a 220-base pair
Pst1 fragment which acted as a control since 36B4 mRNA is
not regulated by estrogen (33). 

Western ligand blotting of IGFBP. Cells were plated onto
3.5-cm plastic tissue culture dishes in 2.5-mL aliquots of phe-
nol red-free RPMI1640 medium supplemented with 5%
DCFCS. After 24 h, the medium was changed to phenol red-
free RPMI1640 medium with 5% DCFCS and supplemented
with 10−8 M estradiol or with 6 µg/mL of αT, αT3, γT3, or
δT3 as required. After a further 6 d, the medium was changed
to serum-free medium: cells were washed three times with

phenol red-free RPMI1640 medium and incubated in 0.5 mL
of serum-free medium per dish (phenol red-free RPMI1640
medium with 15 mM HEPES buffer, 0.25% bovine serum al-
bumin, and any supplements of estradiol or vitamin E as
above) for a further 24 h. Medium conditioned by the cells
was collected, cellular material removed by centrifugation,
and medium stored at −70°C. Cells remaining on each dish
were counted as described above.

Aliquots of the conditioned media were run on polyacryl-
amide gel electrophoresis, loading into each well the volume
of conditioned medium equivalent to 105 cells. Aliquots of
conditioned media were each mixed with an equal volume of
gel sample buffer (26 mM Tris-HCl (pH 6.8), 2% sodium do-
decyl sulfate (SDS), 10% glycerol, 0.01% bromophenol
blue), heated to 100°C for 2 min, and proteins separated by
15% polyacrylamide-SDS gel electrophoresis. Proteins were
transferred onto Hybond-C extra membrane by semidry West-
ern blotting in 48 mM Tris, 39 mM glycine, 1.3 mM SDS,
20% methanol. Western blots were hybridized to 125I-IGFI as
described by Hossenlopp and coworkers (34). 125I-IGFI was
prepared by the iodogen method (35).

RESULTS

Effect of TRF and αT on cell growth. Initial experiments were
designed to determine the effect of TRF on the growth of
MCF7McGrath human breast cancer cells. Figure 1A shows
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FIG. 1. Effect of the tocotrienol-rich fraction (TRF) of palm oil (A) or α-tocopherol (B) on regu-
lation of the growth of estrogen-responsive ER+ MCF7McGrath human breast cancer cells in
monolayer culture. Cells were grown for (A) 12 d or (B) 10 d in 24-well dishes in RPMI1640
medium lacking phenol red but containing 5% dextran-charcoal treated fetal calf serum
(DCFCS) and increasing concentrations of either TRF or α-tocopherol (αT) in either the ab-
sence (open circles and dotted lines) or presence (closed circles and solid lines) of 10−8 M
estradiol. Plating densities of the cells were (A) 1.34 ± 0.01 × 104 cells per dish for the experi-
ment in the absence of estradiol, and 2.41 ± 0.08 × 104 cells per dish for the experiment in the
presence of estradiol; (B) 0.43 ± 0.02 × 104 cells per dish for the experiment in the absence of
estradiol, and 0.64 ± 0.01 × 104 cells per dish for the experiment in the presence of estradiol.
Error bars represent the standard error of triplicate dishes. Where no bars are seen, the error
was too low for visual display.
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that TRF inhibited the growth of these estrogen-responsive
cells both in the absence and in the presence of estradiol, and
in a dose-dependent manner. On its own, TRF inhibited cell
growth at concentrations of 0.5 µg/mL (P = 0.031), 1 µg/mL
(P = 0.04), 2 µg/mL (P = 0.027), 5 µg/mL (P = 0.018), and 8
µg/mL (P = 0.009). At 8 µg/mL TRF, cell numbers at 12 d
fell below the plating density of the cells (P = 0.002). In the
presence of 10−8 M estradiol, TRF was also able to inhibit cell
growth at concentrations of 0.5 µg/mL (P = 0.04), 3 µg/mL
(P = 0.01), 5 µg/mL (P = 0.002), and 8 µg/mL (P = 0.005),
but cell numbers remained above plating density in all cases.
In contrast to these results with TRF, Figure 1B shows that
αT had no effect on growth of MCF7McGrath human breast
cancer cells at any concentration tested from 0.5–10.0 µg/mL
in either the absence or in the presence of 10−8 M estradiol
(after 10 d at 10 µg/mL αT, in the absence of estradiol P =
0.421 and in the presence of estradiol P = 0.535).

These results are in line with previous studies using ER−
MDA-MB-435 human breast cancer cells (13) where cell
growth was similarly shown to be inhibited by TRF but not by
αT. However, since these previous studies were based on dif-
ferent cell biological criteria, control experiments were re-
peated here using ER− MDA-MB-231 human breast cancer
cells for direct comparison. Figure 2A shows that after 10 d,
TRF inhibited cell growth at concentrations of 2 µg/mL (P =
0.003), 5 µg/mL (P = 0.002), 8 µg/mL (P = 0.001) and 10
µg/mL (P = 0.0001) but in all cases cell growth remained sub-
stantial and cell numbers well above plating density. However,
at 20 µg/mL, TRF was able to inhibit MDA-MB-231 cell
growth and reduce cell numbers below plating density (P =

0.057) (data not shown). In contrast, αT had no effect on
growth of MDA-MB-231 cells at any concentration up to 10
µg/mL (Fig. 2B) or indeed even at 20 µg/mL (data not shown).

Effect of individual tocotrienols on cell growth. Further ex-
periments studied the effects on cell growth of individual to-
cotrienol fractions (α-, γ-, and δ-) in order to determine which
of the fractions were effective or most effective in inhibiting
the cell growth. These results are shown in Figures 3 and 4.
For MCF7McGrath cells, γT3 and δT3 were the most effec-
tive of the fractions at inhibiting cell growth in the absence of
estradiol (Fig. 3) and did so in a dose-dependent manner after
both 7 and 14 d in culture. Already after 7 d, γT3 showed
highly significant inhibitory effects at concentrations from 4
µg/mL (P = 0.001) to 6 µg/mL (P = 0.002). At 6 µg/mL γT3,
cell growth was completely suppressed with cell numbers
even falling below the plating density (0.130 ± 0.086 × 105

cells on day 0; 0.057 ± 0.002 × 105 cells on day 7; 0.021 ±
0.076 × 105 cells on day 14). δT3 also inhibited cell growth
after 7 d at concentrations from 4 µg/mL (P = 0.03) to 6
µg/mL (P = 0.007). Again, at 6 µg/mL δT3, cell growth was
completely suppressed with cell numbers even falling below
the plating density (0.078 ± 0.005 × 105 cells on day 0; 0.069
± 0.046 × 105 cells on day 7; 0.040 ± 0.014 × 105 cells on day
14). αT3 had no inhibitory effect on growth of MCF7Mc-
Grath cells after 7 d in culture (at 4 µg/mL P = 0.569; at 5
µg/mL P = 0.482; at 6 µg/mL P = 0.249) and had only a small
inhibitory effect after 14 d in culture at concentrations of 5
µg/mL (P = 0.038) and 6 µg/mL (P = 0.022).

In the presence of estradiol, MCF7McGrath cell growth
was inhibited most strongly by δT3 (Fig. 3) (after 14 d, P val-
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FIG. 2. Effect of the tocotrienol-rich fraction (TRF) of (A) palm oil or (B) αT on regulation of the
growth of estrogen-insensitive ER− MDA-MB-231 human breast cancer cells in monolayer cul-
ture. Cells were grown for 10 d in 24-well dishes in RPMI1640 medium lacking phenol red
but containing 5% DCFCS and increasing concentrations of either TRF or αT in the absence of
estradiol. Cells were plated together in one experiment for A and B at a density of 1.05 ± 0.19
× 104 cells per dish. Error bars represent the standard error of triplicate dishes. Where no bars
are seen, the error was too low for visual display. See Figure 1 for abbreviations.
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ues were 1 µg/mL P = 0.009; 2 µg/mL to 6 µg/mL P < 0.001).
At a concentration of 10 µg/mL (data not shown), all three
fractions could inhibit cell growth after 7 d (αT3 by 63%, γT3
by 32%, δT3 by >100%) and after 14 d (αT3 by 61%, γT3 by
14%; δT3 by >100%). At 10 µg/mL, δT3 reduced cell num-
bers below plating density (P = 0.008 after 7 d; P = 0.001
after 14 d).

Parallel comparisons using ER− MDA-MB-231 cells
showed that cell growth could be inhibited by all three to-
cotrienol fractions but most markedly by the δT3 (Fig. 4).
However, even at concentrations of 10 µg/mL (data not
shown), cell numbers did not fall below plating density.

Cell viability. Where cell numbers in monolayer culture
fell below plating density implying cell death, trypan blue vi-
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FIG. 3. Effect of individual tocotrienols on regulation of the growth of estrogen-responsive ER+
MCF7McGrath human breast cancer cells in monolayer culture. Cells were grown for (A) 7 or
(B) 14 d in 24-well dishes in RPMI1640 medium lacking phenol red but containing 5% DCFCS
and increasing concentrations of α-tocotrienol (αT3) (●,●●), γ-tocotrienol (γT3) (■,■■), or δ-
tocotrienol (δT3) (▲,▲▲) in either the absence of estradiol (−E) (open symbols, dotted lines) or the
presence of 10−8 M estradiol (+E) (closed symbols, solid lines). Cells were plated at a density
of 1.06 ± 0.08 × 104 cells per dish for the −E + αT3 experiment, of 1.30 ± 0.08 × 104 cells per
dish for the −E + γT3 experiment, of 0.78 ± 0.05 × 104 cells per dish for the −E + δT3 experi-
ment, and of 2.44 ± 0.21 × 104 cells per dish for the entire +E experiment with αT3, γT3, and
δT3. Error bars represent the standard error of triplicate dishes. Where no bars are seen, the
error was too low for visual display.

FIG. 4. Effect of individual tocotrienols on regulation of the growth of estrogen-insensitive ER−
MDA-MB-231 human breast cancer cells in monolayer culture. Cells were grown for (A) 7 or
(B) 14 d in 24-well dishes in RPMI1640 medium lacking phenol red but containing 5% DCFCS
and increasing concentrations of αT3 (●,●●), γT3 (■,■■), or δT3 (▲,▲▲) in the absence of estra-
diol. Cells were plated together for the entire experiment at a density of 0.99 ± 0.08 × 104

cells per dish. Error bars represent the standard error of triplicate dishes. Where no bars are
seen, the error was too low for visual display. See Figure 1 for abbreviation.
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ability counts were carried out in order to ascertain the viabil-
ity of remaining adherent cells. MCF7McGrath human breast
cancer cells grown without estradiol but with 10 µg/mL TRF
showed a viability count of 98.8 ± 1.2% for cells remaining
attached to the dish after 12 d (cf. Fig. 1A). Growth of MCF7
cells with 6 µg/mL of individual tocotrienol fractions in the
absence of estradiol (cf. Fig. 3) gave viability counts after 7 d
of 91.9 ± 2.4% for αT3, 89.1 ± 1.3% for γT3, 94.3 ± 3.1% for
δT3, and after 14 d of 78.4 ± 4.1% for αT3, 72.0 ± 2.7% for
γT3, 73.9 ± 3.9% for δT3. To test further for the viability of
remaining adherent cells, a recovery experiment was per-
formed in which cells were grown for 7 d with 6 µg/mL of ei-
ther αT3 or δT3 followed by a further 7-d recovery period
with estradiol. The results shown in Figure 5 demonstrate that
cells exposed for 7 d to tocotrienol were subsequently still ca-
pable of regrowth in monolayer culture when tocotrienol was
removed and estradiol added back.

Regulation of pS2 mRNA. In order to investigate any es-

trogen antagonist properties of TRF, effects of TRF were
studied on pS2 mRNA levels. pS2 is an estrogen-regulated
gene whose expression can be inhibited at the estrogen recep-
tor level by antiestrogens and estrogen antagonists (29). At
the concentrations tested, TRF (8 µg/mL) did not reduce the
levels of pS2 mRNA either in the presence or in the absence
of estradiol (Fig. 6). 36B4 mRNA is not regulated by estro-
gen, and levels of this mRNA are given to control for unequal
loading of RNA samples. When comparisons were made of
relative levels of pS2 mRNA to 36B4 mRNA, TRF was found
to have no effect on pS2 mRNA levels either in the presence
or in the absence of estradiol.

Regulation of IGFBP. Levels of IGFBP have also been
shown to be altered by estrogen in estrogen-responsive
human breast cancer cells, and this may have a functional role
in growth regulation (24). Results given in Figure 7 show that
IGFBP2 (32 kDa) and IGFBP4 (24 kDa) are the two major
binding proteins secreted from MCF7McGrath cells, as re-
ported previously (36). Levels of these IGFBP were not in-
creased by γT3 or δT3.

DISCUSSION

The ability of the TRF of palm oil to inhibit mammary car-
cinogenesis in animal studies (5–12) is of potential impor-
tance for cancer prevention and treatment, but the mechanism
remains unresolved even to the extent of knowing whether
the action is directly on the tumor cells or indirectly via sys-
temic interactions. The results of this study demonstrate that
the TRF of palm oil can inhibit the growth of estrogen-re-
sponsive MCF7McGrath as well as estrogen-insensitive
MDA-MB-231 human breast cancer cells in vitro and further-
more that MCF7 cell growth can be inhibited by TRF irre-
spective of the presence or absence of estradiol. These data
confirm other recent studies using other sublines of ER−
(13,37) and ER+ (38–40) breast cancer cells and suggest that
the inhibition of tumor growth found in vivo could result, at
least in part, from direct inhibitory effects on the growth of
the cancer cells.

Comparison between growth of MCF7 and MDA cells
shows that the inhibitory growth responses to tocotrienols dif-
fer in the two cell lines. Growth of MDA-MB-231 cells gave
an inhibitory response which was linear with respect to in-
creasing concentrations of tocotrienol whereas the MCF7 cell
response was nonlinear. Thus, tocotrienols have greater in-
hibitory effects at low concentration on the MDA cells but at
higher concentrations on the MCF7 cells. The 10-d growth of
MDA cells (Fig. 2) could be suppressed by one doubling
(3.96 × 105 to 1.98 × 105 cells/dish) by 3 µg/mL TRF, where-
as 12-d growth of MCF7 cells (Fig. 1) in the presence of
estradiol required 4 µg/mL TRF for suppression by one dou-
bling (6.29 × 105 to 3.15 × 105 cells/dish). However, complete
suppression of growth was achieved at lower concentration
of TRF for the MCF7 cells. The growth of the MCF7 cells
showed 100% growth inhibition with 8 µg/mL of TRF irre-
spective of the presence of estradiol, whereas the MDA cells
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FIG. 5. Recovery of MCF7McGrath cell growth following a 7-d expo-
sure to αT3 or δT3. MCF7McGrath human breast cancer cells were
grown in monolayer culture for 14 d in 24-well dishes in RPMI1640
medium lacking both phenol red and estradiol but containing 5%
DCFCS and either 6 µg/mL αT3 (−E + alpha) (open circles, dotted lines)
or 6 µg/mL δT3 (−E + delta) (open triangles, dotted lines). Parallel dishes
of cells were grown as above for 7 d but then for a further 7 d in
RPMI1640 medium with 5% DCFCS and 10−8 M estradiol without to-
cotrienol (solid circle, solid line for 7 d with αT3, 7 d recovery with
estradiol; solid triangle, solid line for 7 d with δT3, 7 d recovery with
estradiol). Error bars represent the standard error of triplicate dishes.
Where no bars are seen, the error was too low for visual display. See
Figure 1 for abbreviation.
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showed only 44% growth inhibition at this concentration, re-
quiring 20 µg/mL TRF for 100% growth inhibition. Separa-
tion of the TRF into individual tocotrienols α-, γ- and δ- re-
vealed that the γ- and δ-fractions were the most inhibitory to
breast cancer cell growth and again showed the same differ-
ences in response in the two cell lines. The 7-d growth of
MDA-MB-231 cells (Fig. 4A) could be suppressed by one
doubling (1.95 × 105 to 0.98 × 105 cells/dish) by 2 µg/mL
δT3, whereas 7-d growth of MCF7 cells (Fig. 3A) in the pres-
ence of estradiol needed 5 µg/mL δT3 for suppression by one
doubling (1.66 × 105 to 0.83 × 105 cells/dish). However, com-
plete suppression of MCF7 cell growth was achieved at con-
centrations of 6 µg/mL γT3/δ3 in the absence of estradiol and
at 10 µg/mL δT3 in the presence of estradiol, whereas for
MDA-MB-231 cell growth complete suppression of growth
was never achieved even at 10 µg/mL concentrations of the
most inhibitory δT3 component.

It is interesting that TRF (8 µg/mL) and γT3/δT3 (6 µg/mL)
could inhibit MCF7McGrath cell growth such that cell num-
bers were decreased below the plating density since this im-
plies cell death. It would now be interesting therefore to de-
termine whether tocotrienols can induce apoptotic pathways
in the ER+ cells, as has already been described in breast can-
cer cells for hormone ablation (41), antiestrogen treatment
(42,43), antagonism of IGF pathways (44), and administra-
tion of other cytotoxic agents (45,46). 

Although it is often stated that αT is the most active form
of vitamin E in inhibiting growth of cells (47), none of the
breast cancer cells showed any sensitivity to αT in either
these or other (13,39) studies. This emphasizes the impor-
tance of tocotrienols to growth inhibition of breast cancer
cells. The reasons for the high sensitivity of breast cancer
cells to tocotrienols are unknown but could relate either to
permeability of the breast epithelial cell membrane to to-
cotrienols or to metabolism of tocotrienol within the breast
cells (13). Alternatively, there may prove to be a pathway im-
portant specifically for breast cancer cell proliferation which
is highly sensitive to tocotrienols. Inhibition of smooth mus-
cle cell proliferation by vitamin E has been suggested to occur
through alteration of protein kinase C activity (47) which
could result from the antioxidant properties of vitamin E (48).
Tocotrienols have been reported to affect lipid parameters, in
particular linoleic acid metabolism (49), and it is known that
linoleic acid plays a role in mammary epithelial cell growth
and differentiation (50; unpublished personal data). Within
estrogen-responsive breast cancer cells, another potential
pathway of growth inhibition could be through antagonism of
estrogen action, in a mechanism analogous to that character-
ized for growth inhibition by antiestrogens (25–27). Estrogen
is known to act via an intracellular receptor protein which
functions as a ligand-activated transcription factor (25), and
it is now well established that the partial antiestrogen tamox-
ifen can act by interfering with transcriptional activation by
the estrogen receptor and that the pure antiestrogens ICI
164,384 and ICI 182,780 can act by preventing dimerization
and DNA binding of estrogen receptors (26,27). The TRF of

palm oil was clearly able, in the present studies, to inhibit
growth of the MCF7McGrath cells in the presence of estro-
gen. In the absence of estrogen, TRF could also have acted to
antagonize the action of residual estrogen in the cell or estro-
gen memory effects (51). However, TRF appeared to be un-
able to alter expression of the estrogen-regulated pS2 gene in
MCF7McGrath cells, which is a well-established marker of
estrogen receptor-mediated action (29) (Fig. 6). Furthermore,
if TRF were acting on cell growth in the absence of estrogen
to inhibit residual estrogen effects, it would be expected that
TRF would act in a concentration-dependent manner such
that lower levels of TRF would be needed to inhibit growth
in the absence than in the presence of estrogen. Clearly this
was not the case since inhibition of MCF7McGrath cell
growth was found to require similar concentrations of TRF in
the absence and in the presence of estrogen. The overall evi-
dence would suggest therefore that tocotrienols do not act by
an estrogen receptor-mediated mechanism.

An alternative mechanism for growth inhibition by TRF
could relate to IGFBP (Fig. 7). Recent reports have empha-
sized the importance not only of estrogen but also of the in-
sulin-like growth factors in breast cancer cell growth (20).
IGFBP can influence the interaction between IGF and their
receptors and so play an important role in mediating IGF reg-
ulation of breast cancer cell growth (20). It is thus possible
that TRF could inhibit breast cancer cell growth by increas-
ing production of inhibitory IGFBP in an analogous mecha-
nism to that proposed for growth inhibition by retinoic acid
in breast cancer cells (52). The growth inhibitory γT3 and
δT3, however, did not appear to increase levels of IGFBP in
these studies.

Inhibition of the growth of breast cancer cells by to-
cotrienols could have important clinical implications not only
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FIG. 6. Effect of the tocotrienol-rich fraction (TRF) of palm oil on ex-
pression of pS2 mRNA in MCF7McGrath human breast cancer cells.
Northern blot of whole cell RNA from cells grown for 6 d in monolayer
culture with 5% DCFCS alone (−) (track 1), with 10−8 M estradiol (+E)
(track 2), with 8 µg/mL TRF (+TRF) (track 3) or with both 10−8 M estra-
diol and 8 µg/mL TRF (+E + TRF) (track 4). The blot was probed for ex-
pression of the estrogen-regulated pS2 mRNA and also a control non-
estrogen-regulated 36B4 mRNA to control for any unequal RNA load-
ings. Positions of the mRNA are indicated by arrows. See Figure 1 for
other abbreviation.



because tocotrienols are able to inhibit the growth of both
ER+ and ER− phenotypes but also because estrogen-respon-
sive cells could be inhibited in the presence as well as in the
absence of estrogen. Unfortunately the molecular mechanism
of the growth inhibition remains unknown and will need fur-
ther work to elucidate. However, from a clinical perspective,
it will also be of interest to determine whether breast cancer
cells can develop resistance to this pathway of growth inhibi-
tion by TRF. A major problem in the therapy of breast cancer
results from the ability of the tumor cells to develop resis-
tance (14,15) to growth inhibition by estrogen withdrawal
(53), antiestrogen administration (54), and retinoic acid (55).
It will be very important to determine whether growth inhibi-
tion by TRF is also subject to development of resistance or
not. Tocotrienols could offer an alternative clinical approach
to growth suppression of breast cancer cells resistant to other
regimes of therapy.
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ABSTRACT: The influence of dietary supplementation with
20:4n-6 on uptake and turnover of deuterium-labeled linoleic
acid (18:2n-6[d2]) in human plasma lipids and the synthesis of
desaturated and elongated n-6 fatty acids from 18:2n-6[d2] were
investigated in six adult male subjects. The subjects were fed
either a high-arachidonic acid (HIAA) diet containing 1.7 g/d or
a low-AA (LOAA) diet containing 0.21 g/d of AA for 50 d. Each
subject was then dosed with about 3.5 g of 18:2n-6[d2] as the
triglyceride (TG) at 8:00 A.M., 12:00, and 5:00 P.M. The total
18:2n-6[d2] fed to each subject was about 10.4 g and is approx-
imately equal to one-half of the daily intake of 18:2n-6 in a typ-
ical U.S. male diet. Nine blood samples were drawn over a 96-
h period. Methyl esters of plasma total lipid (TL), TG, phospho-
lipid, and cholesterol ester were analyzed by gas chromatogra-
phy–mass spectroscopy. Dietary 20:4n-6 supplementation did
not affect uptake of 18:2n-6[d2] in plasma lipid classes over the
4-d study period nor the estimated half-life of 24–36 h for
18:2n-6[d2]. The percentages of major deuterium-labeled de-
saturation and elongation products in plasma TL, as a percent-
age of total deuterated fatty acids, were 1.35 and 1.34%
18:3n-6[d2]; 0.53 and 0.50% 20:2n-6[d2]; 1.80 and 0.92%
20:3n-6[d2] and 3.13 and 1.51% 20:4n-6[d2] for the LOAA and
HIAA diet groups, respectively. Trace amounts (<0.1%) of the
22:4n-6[d2] and 22:5n-6[d2] metabolites were present. Plasma
TL concentration data for both 20:3n-6[d2] and 20:4n-6[d2]
were 48% lower (P < 0.05) in samples from the HIAA diet group
than in samples from the LOAA diet group. For a normal adult
male consuming a typical U.S. diet, the estimated accumula-
tion in plasma TL of 20:4n-6 synthesized from 20 g/d (68
mmole) of 18:2n-6 is 677 mg/d (2.13 mmole). Dietary supple-
mentation with 1.5 g/d of 20:4n-6 reduced accumulation of
20:4n-6 synthesized from 20 g/d of 18:2n-6 to about 326 mg/d
(1.03 mmole).
Lipids 33, 471–480 (1998).

The effect of dietary arachidonic acid (AA) (20:4n-6) on
linoleic acid (18:2n-6) metabolism is of interest because of
their precursor–product relationship and the biological impor-

tance of these two fatty acids. Eicosanoids produced from
20:4n-6 are involved in the regulation of a variety of important
physiological functions (1,2). Constriction of arterial vessels,
increased platelet aggregation, and decreased bleeding times
are examples of effects associated with 20:4n-6 that may have
a negative impact on cardiovascular disease and strokes. There
is also some concern that a diet might become prothrombotic if
the n-6/n-3 balance is disrupted by a diet rich in 20:4n-6 (1,3).
An early study involving humans reported that feeding 6 g/d of
20:4n-6 ethyl esters produced a potentially adverse increase in
platelet sensitivity to the aggregation agent ADP (4). A recent
study that used diets supplemented with 1.5 g/d of 20:4n-6 for
50 d found no effect on bleeding time or platelet aggregation
(5) and a general lack of significant physiological effects due
to dietary 20:4n-6 supplementation (5–8). For example, no ef-
fect was observed on immune response, apoprotein, serum
triglyceride, total cholesterol, or lipoprotein levels (6,7). A
large increase in the 20:4n-6 content of plasma, but not platelet,
phospholipids (PL) (6) and a large increase in the eicosanoid
metabolites of urine samples (8) were observed. 

Metabolism of 18:2n-6 and 20:4n-6 has been studied indi-
vidually in animal models, but studies that have examined the
influence of dietary 20:4n-6 on the metabolism of 18:2n-6 are
limited to animal and in vitro studies. Dietary 20:4n-6 sub-
stantially increases the 20:4n-6 content of animal tissue and
human plasma PL at the expense of 18:2n-6 (6,9,10). Adding
20:4n-6 to rat liver microsome preparations did not depress
desaturation in vitro of 18:2n-6 to 18:3n-6 (11). However, ad-
dition of 20:4n-6 to kidney cells slightly depressed 6-desat-
urase activity (12). Addition of 20:4n-6 to cultured cells in-
creased conversion of 18:2n-6 to 20:4n-6 in several, but not
all, cell lines (13,14). Stable isotope tracer methods have been
used to show that dietary 18:3n-6, 20:3n-6, and 20:4n-6 re-
duced the synthesis of 20:4n-6 from 18:2n-6 in rats fed low-
fat diets (15). Isotope tracer methods have not been used in
humans to investigate whether dietary 20:4n-6 inhibits desat-
uration and elongation of 18:2n-6 or influences the uptake and
disappearance of 18:2n-6 into lipid classes. The objective of
this study was to investigate if supplementation of a typical
U.S. diet with dietary 20:4n-6 has an influence on the synthe-
sis, acyltransferase selectivity, uptake, and turnover of n-6[d2]
fatty acids in adult male subjects fed tracer doses of deu-
terium-labeled linoleic acid (18:2n-6[d2]).
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EXPERIMENTAL PROCEDURES

Study design. Six Caucasian male subjects between the ages
of 20 and 39 yr were housed in a metabolic ward. Medical
histories, physical examinations, and clinical blood profile
data indicated that the subjects were in good health and had
no history of congenital ailments. The subjects’ height/weight
ratios, blood pressures, fasting serum cholesterol, and triglyc-
eride concentrations were within normal ranges. Body
weights, fasting serum total cholesterol, and total lipid (TL)
concentrations are summarized in Table 1. Institutional ethi-
cal 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.

The subjects were provided diets that contained 1.7 g/d of
20:4n-6 [high AA (HIAA)] or 0.21 g/d of 20:4n-6 [low AA
(LOAA)]. ARASCO oil (3 g/d), provided by Martek Bio-
science Corp. (Columbia, MD), was added as the source of
20:4n-6 in the HIAA. An equal amount of high oleic saf-
flower oil (3 g/d) was added to the LOAA. The subjects were
fed these diets for 50 d prior to the deuterated 18:2n-6[d2] iso-
tope experiment. As shown in Table 2, the fatty acid compo-
sitions of the diets were similar except for 20:4n-6. The
20:4n-6 content of the total dietary fat was 0.2% (LOAA) and
2.0% (HIAA). The ARASCO oil contained 0.025% tocoph-
erol and 0.025% ascorbyl palmitate as antioxidants. The
peroxide value was 0.4 meq/kg. Analysis by gas chromatog-
raphy (GC), GC–mass spectrometry (MS), and thin-layer
chromatography (TLC) detected only traces of oxidation
products. The fatty acid composition of the ARASCO oil
(wt%) was: 0.5, 14:0; 0.2, 15:0; 11.1, 16:0; 0.5, 17:0; 10.6,
18:0; 8.7, 9c-18:1; 0.2, 11c-18:1; 6.5, 18:2n-6; 3.8, 18:3n-6;
0.9, 20:0; 0.4, 20:1n-9; 0.6, 20:2n-6; 0.6, 5,11,14-20:3; 2.5,
20:3n-6; 49.7, 20:4n-6; 1.6, 22:0; 1.2, 24:0; and 0.2%,
22:4n-6. Detailed information on the study design and diet
compositions has been described previously (16). 

All meals were prepared from weighed food portions and
their consumption monitored. Duplicate meals were collected
and analyzed for fatty acid composition. Values for total fat,

protein, and carbohydrate were obtained by analysis of diet
composites and were similar to calculated values based on
food composition data in U.S. Department of Agriculture
Handbook 8 (17). No significant changes in the subjects’
weights were observed during the controlled diet period, in-
dicating a stable energy balance. 

Preparation of deuterated trilinoleylglycerol. A 100-g
triglyceride (TG) sample containing cis-9,cis-12-octadeca-
dienoic-12,13-d2 acid (18:2n-6[d2]) was prepared directly
from Crepis alpina oil as described previously (18). The C.
alpina oil contained 76% crepenynic acid, which is an
“enyne” 18-carbon fatty acid with a cis double bond at the 9
position and a triple bond at the 12 position. The triple bond
of crepenynic acid was reduced to a dideuterio-olefinic bond
with Lindlar catalysis and deuterium gas. The TG product
was purified by silica gel chromatography and contained 86%
cis-9,cis-12-octadecadienoic acid, 3.5% cis,trans-octadeca-
dienoic acid isomers, 5% oleic acid, 1% stearic acid, 4%
palmitic acid, and 0.5% myristic acid. Residual crepenynic acid
was not detected by GC or MS methods at a detection limit
of 0.005%. The isotopic purity of the 18:2n-6[d2] was 79%
d2, 4% d1, 17% d0.

Stable isotope study. After a 12-h overnight fast, about 5 g
of TG containing 3.5 g of 18:2n-6[d2] was mixed with 100 g
of no-fat yogurt and fed to each subject at 8:00 A.M., 12:00,
and 5:00 P.M. as part of their meals. The subjects were pro-
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TABLE 1
Plasma Lipid Concentrations and Total Deuterium-Labeled Trilinoleylglycerol Fed

Plasma lipidsa

Subject Body weight Triglyceride Cholesterol Total lipid 18:2n-6[d2]

(Code—Diet) (kg) (mg/dL) (mg/dL) (mg/dL) (mg/kg)b

HL 1 -LOAA 74.5 43.9 114 247 142
HL 3 -LOAA 67.7 41.8 138 219 158
HL 7 -LOAA 66.8 65.6 147 276 158
HL 2 -HIAA 61.8 45.4 164 321 157
HL 8 -HIAA 73.6 205.1 174 489 144
HL10 -HIAA 85.0 69.6 150 330 121
amg of methyl ester/100 mL of plasma.
bmg 18:2n-6[d2] fed per kg of body weight after correction for isotopic and chemical purity. Abbreviations: LOAA, low
arachidonic acid; HIAA, high arachidonic acid.

TABLE 2
Fatty Acid Composition of Diets

LOAA HIAA Difference
Fatty acid (g/d) (g/d) (g/d)

Saturates 21.8 22.4 −0.6
t-18:1 5.4 5.4 0.0
c-18:1 31.1 29.1 +2.0
18:2n-6 20.1 20.6 −0.5
18:3n-3 1.5 1.6 −0.1
20:4n-6 0.2 1.7 −1.5
Other 3.0 3.4 −0.4
Unknown 1.3 2.0 −0.7 
Total weight 84.4 86.2 +1.8
aDiets: 2800 total calories; 27.1–27.8 energy percentage (en%) total fat, 15
en% protein, 57 en% carbohydrate. For abbreviations see Table 1.



vided a fat-free snack at 8:00 P.M.. The total weight of deuter-
ated 18:2n-6[d2] fed to each subject was about 10.4 g and re-
placed about 10 g of total fat containing 2 g of 18:2n-6 in the
diets consumed on the day of the study. The total amount of
deuterated 18:2n-6[d2] fed per kg of body weight is given in
Table 1 for each subject. A multiple dose procedure was used
to maintain a relatively constant concentration of 18:2n-6[d2]
in plasma lipids over an 8-h time period in order to enhance
the amount of n-6 desaturated and elongated fatty acid prod-
ucts synthesized from 18:2n-6[d2]. Blood samples (ca. 14 mL
each) were collected by venipuncture at 0, 4, 8, 12, 24, 36,
48, 72, and 96 h.

Analysis of plasma lipid fatty acids. Plasma TL were ex-
tracted with 2:1 chloroform/methanol (19). Preparative TLC
was used to isolate TG, cholesterol ester (CE), and PL from
plasma lipids (20,21). Known weights of triheptadecanoin,
cholesteryl heptadecanoate, and diheptadecanyl-sn-phos-
phatidylcholine (Applied Science, State College, PA) were
added as internal standards to the TL extract. The 17:0 inter-
nal standard data were used to calculate the concentrations
(µg/mL) of deuterated and nondeuterated fatty acids in the
plasma lipid classes. Methyl esters of the isolated lipid classes
were prepared by heating the samples with a 5% HCl-
methanol solution (22).

Plasma lipid methyl esters were analyzed by GC–MS
methods. The Hewlett-Packard gas chromatograph (model
5890; Palo Alto, CA) was equipped with a Supelcowax 10
fused-silica column (30 m × 0.25 mm; Supelco Inc., Belle-
fonte, PA) and temperature-programmed from 165 to 265°C
at 5°C/min with a 20-min final hold. The mass spectrometer
used was a Hewlett-Packard model 5988A quadrupole mass
spectrometer system and was operated in a positive chemical
ionization mode with isobutane as the ionization reagent. The
GC–MS methodology utilized selected ion monitoring of the
appropriate ion masses for the fatty acid in each GC peak. The
areas for each of the ion masses monitored were obtained by
integration of the peaks. The specific operating conditions
and computer-assisted storage and processing of the MS data
have been described previously (23,24). 

Weight data for isotope-labeled and nonlabeled fatty
methyl ester derivatives of the plasma lipid samples were cal-
culated from the known weight of 17:0 added as an internal
standard prior to conversion of the lipid classes to their
methyl esters. 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 determined by adding known weights of
18:2n-9[d2], 20:3n-6[d2], and 20:4n-6[d2] to TG, PL, and CE
samples isolated from plasma samples drawn from other
study subjects who had not been fed 18:2n-6[d2]. The weight
for each of the deuterated fatty esters added was equal to
about 0.57% of the total unlabeled fatty acids in the samples.
Standard deviations were based on three replicate analyses.
The range for the standard deviations for the deuterated fatty
acids added to TG, PL, and CE was 0.005 to 0.008%. 

Statistical analysis and calculations. Data were analyzed
with the SAS-PC statistical software package from Statistical
Analysis System Institute, (Cary NC). A two-tailed, unpaired
t-test was used to test for significant differences between data
from subjects fed the LOAA and HIAA diets (25).

The time-course curves, obtained by plotting the deuterated
fatty acid data for the nine samples collected between 0 and 96
h, were used to calculate a total area value for the concentra-
tions (µg/mL plasma) of the deuterated fatty acids and their
metabolites, as described previously (26,27). The µg/mL total
area data were converted to µg/mL/g of 18:2n-6[d2] fed and
corrected for small differences in the amounts of 18:2n-6[d2]
fed to the subjects. The total area values were used to calculate
the relative concentrations of 18:2n-6[d2] and the dideuterated
n-6 fatty acid products in plasma lipids. The percentage of
18:2n-6[d2] converted to 20:4n-6[d2] was calculated by di-
viding the µg/mL/g 20:4n-6[d2] area values by the area val-
ues for 18:2n-6[d2]. Percentage enrichment was calculated by
dividing the deuterated fatty acid µg/mL data by the sum of
the unlabeled plus deuterated fatty acid g/mL data. 

RESULTS

Plasma lipid composition. The fatty acid compositions of
plasma lipid classes from the six subjects used in this study
are summarized in Table 3. The plasma data for this subset of
subjects are similar to the data for the entire study group of
10 subjects (6). Plasma TG samples from the three subjects
receiving the AA-supplemented diet, contained 2.1% AA
compared to 1.0% AA for the LOAA diet subjects. The pos-
sibility of less conversion of 18:2n-6 to 20:4n-6 is suggested
by the higher percentage of 18:2n-6 (20.9 vs. 22.5%) in the
plasma TG of the HIAA diet group. As expected, the percent-
age of 20:4n-6 in plasma PL from the HIAA diet group was
higher than for the LOAA diet subjects (15.7 vs. 11.6%). The
CE fraction for samples from subjects fed the HIAA diet was
higher (14.8 vs. 8.0%) in 20:4n-6 and 5.1% lower in 18:2n-6
than for CE from subjects fed the LOAA diet. The increases
in 20:4n-6 percentages of PL and CE were compensated for
by a decrease in 18:2n-6 and 18:1n-9 percentages. 

Uptake and turnover. The percentages of 18:2n-6[d2] in
the total 18:2n-6 of plasma TG, PL, and CE samples collected
over 96 h are plotted in Figure 1. The curves represent the av-
erage of data from three subjects and are nearly identical.
There were no significant differences between the percentage
enrichment time-course curves for individual subjects within
and across diet groups. The variation for percentage enrich-
ments in the plasma TG 4-, 8-, and 12-h samples for the
LOAA and HIAA diet groups is due to the differences in ab-
sorption and clearance of chylomicron TG by individual sub-
jects. The differences (see Table 3) between the 18:2n-6 and
20:4n-6 composition of the plasma lipid classes for subjects
fed the LOAA and HIAA diets did not affect the 18:2n-6[d2]
percentage enrichment data. These results show that dietary
20:4n-6 supplementation did not influence uptake and
turnover of 18:2n-6[d2] in plasma TL, TG, PL, and CE. Max-
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imum concentrations of 18:2n-6[d2] occurred 12 h after the
first dose and 4 h after the last dose of 18:2n-6[d2] was fed.
The half-life for 18:2n-6[d2] in TL was between 24 and 36 h. 

The average recovery of 18:2n-6[d2] as a percentage of the
total dose fed was 17% (range 10–27%). Percentage recovery
was calculated from the sum of the 18:2n-6[d2] concentra-
tions in the 4- to 12-h plasma TL sample and a total plasma
volume equal to 40 mL plasma per kg of body weight. Per-
centage recovery was directly related to plasma TG concen-
tration. The lower percentage recoveries were observed for
subjects with lower TG concentrations, and this relationship
is likely related to plasma TG clearance rates. These percent-
age recovery data are only approximate because the sampling
times were not frequent enough to ensure that samples con-

taining the maximal enrichment of 18:2n-6[d2] were col-
lected. Variation in the percentage recovery data was not re-
lated to the 20:4n-6 content of the diet or the concentrations
of 18:2n-6[d2] and n-6[d2] fatty acid metabolites that accu-
mulated in plasma PL and CE.

The time-course curves shown in Figure 2 provide a com-
parison of percentage enrichment data and concentration
(µg/mL of plasma) data for 20:4n-6[d2] in plasma TL. The
percentage enrichment of 20:4n-6[d2] in the 36- to 96-h sam-
ples from the LOAA diet group were about 85% higher than
for the same time samples from the HIAA diet group. Isotopic
dilution by endogenous 20:4n-6 is responsible for the differ-
ence between the percentage enrichment and µg/mL data. The
area concentrations for 20:4n-6[d2] in total plasma of the
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TABLE 3
Percentage Composition of Major Fatty Acids in Plasma Lipids from Subjects in the LOAA and HIAA Diet Groups

LOAA diet groupa (n = 3) HIAA diet group (n = 3)

Fatty acid TG PL CE TL TG PL CE TL

16:0 22.0 ±-2.6 23.9 ± 1.0 13.4±0.8 20.9 ± 0.5 20.0 ± 2.3 22.0 ± 3.4 13.1 ± 1.5 19.6 ± 0.6
16:1 4.6  ± 0.8 1.2 ± 0.2 1.9 ± 0.4 2.1 ± 0.2 3.9 ± 1.2 0.8 ± 0.1 2.0 ± 0.3 1.8 ± 0.2
18:0 2.6  ± 0.1 13.1 ± 0.9 1.1 ± 0.1 7.3 ± 0.2 4.4 ± 1.6 16.1 ± 1.0 1.1 ± 0.1 8.0 ± 1.5
18:1 44.1 ± 1.7 17.9 ± 1.1 20.4 ± 1.4 23.1 ± 0.4 40.5 ± 1.2 15.0 ± 1.8 19.1 ± 1.4 22.7 ± 2.5
18:2n-6 20.9 ± 3.8 23.0 ± 1.2 51.9  ± 2.1 32.0 ± 1.6 22.5 ± 0.1 21.6 ± 1.1 46.8 ± 3.4 30.0 ± 1.6
18:3n-6 0.4 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.2 0.1 ± 0.0 0.4 ± 0.1 0.2 ± 0.1
18:3n-3 0.7 ± 0.1 0.2 ± 0.1 0.3 ± 0.0 0.3 ± 0.1 1.1 ± 0.3 0.2 ± 0.0 0.4 ± 0.1 0.5 ± 0.1
20:2n-6 0.3 ± 0.1 0.3 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 0.4 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 0.3 ± 0.0
20:3n-6 0.2 ± 0.1 2.2 ± 0.2 0.4 ± 0.0 1.2 ± 0.1 0.3 ± 0.1 1.9 ± 0.5 0.4 ± 0.2 1.0 ± 0.2
20:4n-6 1.0 ± 0.5 11.6 ± 1.1 8.0 ± 0.9 8.0 ± 0.7 2.1 ± 0.1 15.7 ± 1.9 14.8 ± 2.4 10.8 ± 2.2
22:4n-6 0.2 ± 0.1 0.6 ± 0.1 0.0 ± 0.0 0.3 ± 0.1 0.5 ± 0.2 0.8 ± 0.2 0.0 ± 0.0 0.5 ± 0.0
22:6n-3 0.1 ± 0.1 1.9 ± 0.1 0.3 ± 0.1 1.1 ± 0.1 0.3 ± 0.3 2.1 ± 0.3 0.3 ± 0.1 1.0 ± 0.2
Other 2.9 ± 0.1 4.2 ± 1.4 1.8 ± 0.4 3.2 ± 0.4 3.7 ± 0.7 3.5 ± 0.8 1.6 ± 0.3 3.4 ± 1.0
aValues as %, mean, n = 3, ± standard deviation. TG, triacylglycerol; PL, phospholipid; CE, cholesterol ester; TL, total lipids. For other abbreviations see
Table 1. Boldface type indicates data for fatty acids that were the most influenced by diet.

FIG. 1. Time-course curves for percentage enrichment of 18:2n-6[d2] in plasma lipid classes
of subjects from high arachidonic acid (HIAA) and low arachidonic acid (LOAA) diet groups.
Each point is the average of data from three subjects. The error bars represent standard errors.
Error bars are not shown when less than width of the symbols.



LOAA diet group subjects were 35% higher than for subjects
in the HIAA diet group. For the HIAA subjects, the µg/mL
data underestimate the effect of the dietary 20:4n-6 supple-

mentation on depression of 20:4n-6[d2] accumulation because
TL concentrations for the subjects in the HIAA group aver-
aged 35% higher than for the LOAA diet group. The curve la-
beled “adjusted” represents the HIAA diet group data that
were adjusted to compensate for differences in the plasma TL
concentrations for subjects from the two diet groups. The dif-
ference in the concentration time-course curves provides a
better estimate for the effect of dietary 20:4n-6 on 20:4n-6[d2]
accumulation than percentage enrichment data since the
µg/mL data are independent of exogenous 20:4n-6.

The results in Figure 2 show that dietary 20:4n-6 supple-
mentation depressed 20:4n-6[d2] levels in plasma TL. The
curve shapes for the percentage enrichment and the µg/mL
plasma lipid curves are similar and show that uptake and
turnover of 20:4n-6[d2] in plasma TL were not significantly
affected by dietary 20:4n-6 supplementation. The decrease in
20:4n-6[d2] concentration between 48 and 96 h was small and
indicates that there was conservation of 20:4n-6[d2]. Maxi-
mal concentrations of 20:4n-6[d2] occurred at 36 to 48 h after
the first dose and 28 to 40 h after the last dose of 18:2n-6[d2]
was fed.

Data are summarized in Table 4 for plasma TG, PL, and
CE samples that contained the maximal concentrations and
maximal percentage enrichments for 18:2n-6[d2] and its three
major fatty acid metabolites. Both the percentage enrichment
data in Table 4 for 18:2n-6[d2] and the time-course data in
Figure 1 were similar for subjects within the same diet group
and between diet groups. The variability for the maximal con-
centration (µg/mL) data for all of the deuterium-labeled fatty
acids was closely related to the variability in lipid class con-
centrations of the subjects. Overall, the maximal percentage
enrichment for the 18:3n-6[d2] was the least consistent. The
18:3n-6[d2] percentage enrichment data for TG samples were
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FIG. 2. Time-course curves for percentage enrichment and concentra-
tion of 20:4n-6 in plasma total lipid of subjects from LOAA (■) and
HIAA (▲) diet groups Each point is the average of data from three sub-
jects. The error bars represent standard errors. The curve labeled “ad-
justed” (●) represents HIAA diet group data adjusted to compensate for
differences in plasma total lipid concentrations for subjects from the
two diet groups. See Figure 1 for abbreviations.

TABLE 4
Concentration of Deuterated Fatty Acids at Maximum Percentage Enrichment in Plasma Lipid Classes 

LOAA diet group HIAA diet group

Lipid class Timea (h) Fatty acid Range %b Range %b

(µg/mL) (avg ± SD) (µg/mL) (avg ± SD)

TG 12 18:2n-6[d2] 54.5–83.6 28.7 ± 4.5 79.6–369.3 23.5 ± 2.9
8–12 18:3n-6[d2] 0.6–1.2 29.3 ± 4.5 ** 0.5–1.1 19.8 ± 3.5 **
12–24 20:3n-6[d2] 0.1–0.3 9.5 ± 1.7 0.2–0.5 7.5 ± 4.5
12–24 20:4n-6[d2] 3.5–5.9 2.1 ± 0.6 * 0.3–6.3 0.9 ± 0.6 *

PL 24 18:2n-6[d2] 19.0–28.6 13.8 ± 0.5 20.3–32.3 14.0 ± 0.8
12–24 18:3n-6[d2] 0.03–0.16 12.4 ± 4.6 0.02–0.11 13.9 ± 7.1
36–72 20:3n-6[d2] 0.7–1.2 5.4 ± 0.5 0.4–0.8 3.9 ± 1.7
36–72 20:4n-6[d2] 0.9–1.6 1.6 ± 0.2 ** 0.8–1.9 0.9 ± 0.4 **

CE 24–36 18:2n-6[d2] 4.6–19.2 8.3 ± 1.4 21.3–34.7 8.0 ± 0.9
24–36 18:3n-6[d2] 0.07–0.20 11.6 ± 7.9 * 0.02–0.26 3.4 ± 2.2 *
48–72 20:3n-6[d2] 0.08–0.18 5.5 ± 1.3 0.04–0.12 3.6 ± 2.6
48–72 20:4n-6[d2] 0.29–1.07 2.6 ± 1.2 * 0.20–1.20 0.8 ± 0.7 *

TLc 12 18:2n-6[d2] 135–180 14.4 ± 1.6 177–405 15.6 ± 1.2
12 18:3n-6[d2] 1.0–2.2 15.9 ± 3.1 ** 2.5–3.0 22.3 ± 2.1 **
72 20:3n-6[d2] 1.6–1.9 5.6 ± 0.2 ** 0.8–1.3 3.3 ± 1.4 **
72 20:4n-6[d2] 1.8–3.9 1.6 ± 0.5 ** 1.5–2.5 0.5 ± 0.1 **

aA range for the sample time (h) indicates that maximum concentration of the deuterium-labeled fatty acids occurred at different times.
b% = mean % enrichment (n = 3)  ± standard deviation.** LOAA vs. HIAA data significantly different at P < 0.05; * significant difference at P < 0.1.
cConcentration data for TL do not equal total for TG, PL, and CE because data are for samples collected at different times. For abbreviations see Tables 1 and 3.



significantly lower (19.8 vs. 29.3%) for the HIAA diet group
compared to the LOAA group subjects. Enrichment data for
20:4n-6[d2] was significantly lower in TL, TG, PL, and CE
samples from the HIAA diet group than for the LOAA group. 

The major elongation and desaturation products of
18:2n-6[d2] are 20:2n-6[d2], 18:3n-6[d2], 20:3n-6[d2], and
20:4n-6[d2]. These labeled fatty acids could be measured with
an accuracy of ± 10% or better when they were present at 0.4
µg/mL or higher. The concentrations of 22:4n-6[d2] and
22:5n-6[d2] were generally about 10-fold lower (0.04
µg/mL), and the relative analytical error was about ±20%.
The amount of 22:3n-6[d2] in these samples was very small
and could only be qualitatively measured. Dideuterated 24-
carbon fatty acid products were not detected. 

Acyltransferase selectivity. The distribution of n-6[d2]
fatty acid metabolites among the three major plasma lipid
classes (TG, PL, and CE) is shown in Figure 3, where data
are presented as area concentration per gram of 18:2n-6[d2]
fed (µg/mL/g 18:2n-6[d2] fed). Note that these data do not
compensate for differences between plasma lipid concentra-
tions of individual subjects and should not be used to estimate
the percentage of n-6[d2] fatty acids synthesized from
18:2n-6[d2]. The concentration data shown in Figure 3 are
useful for determining the relative differences in the selectiv-
ity for incorporation of each n-6[d2] fatty acid metabolite into
individual plasma lipid classes.

The relative distribution patterns for the n-6[d2] fatty acids
in TG, PL, and CE are similar for subjects fed the LOAA and
HIAA diets except for 20:4n-6[d2]. These data in Figure 3
show that 18:3n-6[d2] was selectively incorporated into TG
and almost totally excluded from PL; 20:3n-6[d2] was selec-
tively incorporated into PL compared with TG and CE; incor-
poration of 20:4n-6[d2] into PL and CE was much greater
than for TG; and 20:2n-6[d2] was selectively incorporated
into TG and PL relative to CE. Comparison of the LOAA and
HIAA 20:4n-6[d2] data suggests that the lower concentration
of 20:4n-6[d2] in CE for subjects fed the HIAA diet was com-
pensated for by a higher concentration of 20:4n-6[d2] in TG.
The selectivity of PL and CE for 20:3n-6 and 20:4n-6 is simi-
lar to the selectivity observed when subjects were fed a pulse
dose of 20:3n-6[d2] (28).

The distribution patterns for n-6[d2] fatty acids in plasma
PL were similar for the LOAA and HIAA diet groups. The
CE n-6[d2] fatty acid data for the two diet groups were also
not different. These results show that dietary 20:4n-6 supple-
mentation had little influence on the selectivity of PL and
lecithin:cholesterol acyltransferase (LCAT) for these n-6 fatty
acids. The patterns for the TG data for subjects from the
LOAA and HIAA diet groups suggest that dietary 20:4n-6
may have inhibited incorporation of n-6[d2] fatty acid
metabolites into PL and CE.

Desaturation and elongation. The n-6[d2] fatty acid prod-
ucts in plasma TL, TG, PL, and CE are plotted in Figure 4 as
a percentage of the total deuterated fatty acids. The percent-
ages were calculated from time-course curve µg/mL total area
data. The percentage 18:2n-6[d2] (not shown) was >90% of

the total [d2] fatty acids in all plasma lipid classes. The per-
centage data in Figure 4 compensate for the differences in
plasma lipid concentration between the two groups of sub-
jects, and the metabolite data can be directly compared. Un-
like the concentration data in Figure 3, these percentage data
cannot be used to compare enzyme selectivity because the
percentages are normalized values calculated from the total
deuterated fatty acids in a specific lipid class. 

The small percentage values for the n-6[d2] fatty acids
present in plasma lipids suggest that the amounts of these fatty
acids synthesized over the 4-d study period were small. The
sum for all the n-6[d2] fatty acid percentages was less than 10%
of the 10.4 g of 18:2n-6[d2] fed per subject. These results show
dietary 20:4n-6 supplementation depressed the percentage
18:3n-6[d2] in TG by 65% (P < 0.07), 20:3n-6[d2] in PL by
26% (P < 0.1), and 20:4n-6[d2] in CE by 52% (P < 0.14). In
plasma TL from subjects fed the HIAA diet, the percentage of
20:3n-6[d2] was reduced by 48% (P < 0.005), and 20:4n-6[d2]
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FIG. 3. Area concentrations for deuterated n-6 fatty acid metabolites in
plasma triglyceride, phospholipid, and cholesterol ester of subjects fed
LOAA (A) and HIAA (B) diets. Each bar is the average of data from three
subjects. The error bars represent standard deviations. Data plotted are
for the total areas under the time-course curves per mL of plasma per g
of 18:2n-6[d2] fed. For abbreviations see Figure 1.



was reduced by 52% (P < 0.05%). The total plasma lipid data
show that accumulation of 20:3n-6[d2] in the LOAA diet
group was 0.88% higher than in the HIAA diet group (1.80
vs. 0.92%) over the 4-d study period. Accumulation of
20:4n-6[d2] was 1.62% higher in the LOAA diet group than
in the HIAA group (3.13 vs. 1.51%) and represents a 52% de-
pression of 20:3n-6 and 20:4n-6 accumulation by the 1.5 g/d
of 20:4n-6 added to the HIAA diet. Thus the percentage data
in Figure 4 show a 52% reduction in 20:4n-6[d2] accumula-
tion. This result should and does agree well with the 58% re-
duction in 20:4n-6[d2] concentration calculated from the
µg/mL area data in Figure 2 after adjusting the data for dif-
ferences in plasma lipid concentrations. 

DISCUSSION

Uptake and turnover. The curves for percentage enrichment
of 18:2n-6[d2] in the major lipid classes of plasma (Fig. 1) are
evidence that the 7.5-fold (1.5 g/d) higher content of 20:4n-6
in the LOAA and HIAA diets did not measurably affect the
mechanisms responsible for uptake and turnover of 18:2n-6.
The curve shapes in Figure 2 for percentage enrichment and
concentration of 20:4n-6[d2] in plasma TL were similar and
indicate that supplementation with 20:4n-6 may have slightly
increased 20:4n-6[d2] turnover rates. Maximal incorporation
of 20:4n-6[d2] occurred 36–48 h after the first dose of 18:2n-
6[d2] (also see Table 4). Subtraction of the 4 h required for
absorption indicates that 32 to 44 h is the approximate time
required for maximal accumulation of the 20:4n-6[d2] syn-
thesized from 18:2n-6[d2]. The concentrations of 20:4n-6[d2]

in the 48-, 72-, and 96-h samples were not greatly different,
suggesting turnover of 20:4n-6[d2] was slow. These results
from human subjects suggest that 20:4n-6 is conserved by re-
cycling and are consistent with the results from rats fed
18:2n-6[d2] (29).

However, when 20:4n-6[d2] was fed to other subjects in
these same diet groups, the estimated half-life for 20:4n-6[d2]
in plasma TL and PL was 36 to 44 h compared to 24–36 h for
18:2n-6[d2] (30). Also, in the 20:4n-6[d2] study, the percent-
age enrichment time-course curves for the total lipid and PL
declined from a maximum at 8 and 12 h respectively, and di-
etary 20:4n-6 supplementation had no significant effect on
turnover. The results from the 20:4n-6[d2] study suggest that
20:4n-6 is not conserved more strongly than 18:2n-6 and that
turnover of 20:4n-6 is not significantly slower than for 18:2n-6.
The implication is that in the 18:2n-6[d2] study, the synthesis
of 20:4n-6[d2] from 18:2n-6[d2] rather than incorporation is
largely responsible for the plateau in 20:4n-6[d2] that oc-
curred between 36 and 96 h. In effect, accumulation of
20:4n-6[d2] was approximately equal to disappearance of
20:4n-6[d2]. These results suggest that 20:4n-6[d2] synthesis
was regulated to replace loss of 20:4n-6[d2]. 

The approximately threefold lower 20:4n-6[d2] percentage
enrichment in plasma TL from the HIAA diet group subjects
was less than expected based on the ratio of 20:4n-6 in the
diets. The predicted difference for percentage enrichment is
about 17-fold for the following reasons. Isotopic dilution
from exogenous 20:4n-6 should have reduced the percentage
enrichment of 20:4n-6[d2] for the HIAA diet group by 8.5-
fold (0.21 vs. 1.7 g/d), and the concentration of 20:4n-6[d2]
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FIG. 4. Percentage of n-6 fatty acid elongation and desaturation products of 18:2n-6[d2] in plasma lipid classes of
subjects from LOAA (■) and HIAA (■■) diet groups. Each bar is the average of data from three subjects. The error
bars represent standard deviations. Percentage data are calculated from total-area-under-the-time-course curve
concentration data. See Figure 1 for abbreviations.



in plasma TL was about 50% lower. The lower-than-predicted
difference in the percentage enrichment data suggests that ac-
cumulation of exogenous 20:4n-6 was restricted compared
with accumulation of 20:4n-6[d2] synthesized from
18:2n-6[d2]. The threefold difference between the 20:4n-6[d2]
percentage enrichment data correlated well with the threefold
difference for percentage 20:4n-6 in plasma total lipid com-
position data (Table 3). This correlation also suggests that ac-
cumulation of dietary 20:4n-6 was restricted in subjects from
the HIAA diet group.

Acyltransferase selectivity. The n-6[d2] fatty acid metabo-
lite data in Figure 3 show a large difference between the con-
centrations of the various n-6[d2] fatty acid metabolites in-
corporated into the three major plasma lipid classes. These
differences are related to fatty acid chain length, number of
double bonds, and double bond position. Since both 18:3n-6
and 20:3n-6 have three double bonds located at the same po-
sition relative to the terminal methyl group, chain length is
the structural difference responsible for the preferential in-
corporation of 18:3n-6[d2] into TG and the preferential incor-
poration of 20:3n-6[d2] into PL. The concentrations of
20:3n-6[d2] and 20:4n-6[d2] in PL were similar. These results
suggest that the additional double bond at the 5-carbon posi-
tion in 20:4n-6 has little effect on PL acyltransferase selectiv-
ity. The 5-cis double bond is the only difference between the
structure of these two fatty acids, and it is likely responsible
for the preferential incorporation of 20:4n-6[d2] into CE rela-
tive to 20:3n-6[d2]. Exclusion of 20:2n-6[d2] from CE is of
interest because LCAT is highly selective for 18:2n-6[d2], and
the only structure difference between these two fatty acids is
chain length. Comparison of the distribution pattern for
20:4n-6[d2] in plasma TG, PL, and CE from subjects fed the
LOAA and HIAA diets suggests that the transfer of
20:4n-6[d2] to CE from PL by LCAT was partially diverted
into TG. 

Desaturation and elongation. The n-6[d2] fatty acid (Table
4) precursors of 20:4n-6[d2] are synthesized from 18:2n-6[d2]
by the following sequence: 6-desaturation → chain elonga-
tion → 5-desaturation. The maximal concentration for deuter-
ated 18:3n-6 and 20:3n-6 in plasma lipid classes was low,
which is consistent with 6-desaturase as the rate-limiting step.
Qualitatively, these results with male subjects indicate that
accumulation of 20:4n-6 synthesized from 18:2n-6 in humans
is much lower than in rats and mice. The times for maximal
incorporation (Table 4) show distinct differences for the times
required to accumulate the various labeled fatty acid metabo-
lites in TG, PL, and CE. The time required for synthesis and
incorporation of 20:3n-6[d2] and 20:4n-6[d2] into PL and CE
is approximately 36 h since maximal incorporation of
18:2n-6[d2] occurred at 12 h and maximal incorporation of
20:n-4 occurred at 48 h.

The HIAA diet group percentage enrichment data for sev-
eral n-6[d2] fatty acid metabolites are significantly lower than
data for the LOAA group. However, much of the difference
is due to the greater isotopic dilution by the higher percent-
age of unlabeled 20:4n-6 (Table 3) in plasma lipids from the

HIAA subjects rather than from reduced conversion of
18:2n-6[d2] to n-6[d2] metabolites. These results illustrate
that percentage enrichment data must be interpreted cau-
tiously. These single-point data do not provide a valid quanti-
tative estimate of the amount of 18:2n-6[d2] converted to
these intermediates because the times for maximal incorpora-
tion of the individual fatty acids are different and subject-de-
pendent. Also note that the data in Table 4 for total plasma
lipid should not be compared with the sums for the individual
lipid class data because the time of maximal incorporation for
the various metabolites occurs at different times. 

In contrast to the percentage enrichment data in Table 4 for
single time-point samples, the percentage data in Figure 4
represent a weighted contribution of all samples collected
over the 4-d study period. The influences of differences be-
tween plasma lipid class concentration (see Table 3) and the
unlabeled fatty acid contents of the lipid classes are removed
by normalizing the total deuterated fatty acid µg/mL data to a
100% basis. However, differences between percentage values
still represent differences in the concentrations. Thus, con-
version of the µg/mL deuterated fatty acid data to relative per-
centage provides a useful approach to estimate the percentage
of 18:2n-6[d2] fed that was converted to 20:4n-6[d2] and incor-
porated into plasma lipids. The percentage data for 18:3n-6[d2]
and 20:2n-6[d2] in plasma total lipids show that total accumula-
tion of these fatty acids was nearly identical and indicate that δ-6
desaturation and elongation were not influenced by dietary
20:4n-6. These results are consistent with rat liver microsome
in vitro results that showed exogenous 20:4n-6 and 20:5n-3 did
not depress desaturation of 18:2n-6 to 18:3n-6 (11). The per-
centage data for PL, CE, and TL are consistent with the conclu-
sion that the HIAA diet significantly depressed accumulation of
20:3n-6[d2] and 20:4n-6[d2] synthesized from 18:2n-6[d2].

Estimate of 20:4n-6 synthesis. The following calculations
assume that the 20:4n-6[d2] incorporated into plasma TL re-
flects 20:4n-6[d2] synthesis and that turnover rates for 18:2n-6
and 20:4n-6 are similar. This last assumption is supported
by results from other subjects in these same diet groups that
were fed 20:4n-6[d2] (30). For the purpose of this estimate,
the first step is to use the percentage of 18:2n-6[d2] converted
to 20:4n-6[d2] over the 4-d study period to calculate the mg/d
of 20:4n-6 synthesized per g of 18:2n-6. For subjects fed the
LOAA diet, the percentage conversion of 18:2n-6[d2] to
20:4n-6[d2] was 3.13 ± 0.44% (Fig. 4) of the 18:2n-6[d2] in
total plasma lipid. A conversion of 3.13% indicates 325 mg
of 20:4n-6[d2] was synthesized from the 10.4 g of 18:2n-6[d2]
fed over the 4-d study period, or 31.3 mg of 20:4n-6[d2] per g
of 18:2n-6[d2] fed. By extrapolation, the accumulation of
20:4n-6 synthesized from the 20 g/d of 18:2n-6 in the LOAA
diet is equal to 626 mg/d. Similar calculations based on 1.51
± 0.89% conversion of 18:2n-6[d2] for the subjects fed the
HIAA diet indicate accumulation of 302 mg/d of 20:4n-6 syn-
thesized from 18:2n-6.

Results for subjects fed the LOAA diet suggest that accu-
mulation of 20:4n-6 synthesized from 18:2n-6 is 2–3 times
higher than the 20:4n-6 content of typical U.S. diets and that
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relatively little dietary 20:4n-6 is necessary to meet require-
ments. These estimates based on the accumulation of 20:4n-6
synthesized from 18:2n-6 are consistent with estimates based
on studies of vegetarians and the postulate that the require-
ment for 20:4n-6 is approximately 500 mg/d (31). The 324
mg/d difference for the amount of 20:4n-6 synthesized from
20 g/d of 18:2n-6 represents a 52% reduction in total 20:4n-6
accumulation by subjects fed the HIAA diet. This 52% reduc-
tion is similar to the 58% depression based on the 20:4n-6[d2]
area concentration data shown in Figure 2. These estimates
for 20:4n-6 synthesis compare well with an estimate of 440
mg/d based on data from an earlier 2-d study using a single
dose of deuterated 18:2n-6 (27).

Results presented here for the metabolism part of this AA
study show that a relatively large increase in dietary 20:4n-6
intake had little effect on uptake and turnover, acyltransferase
selectivity, and the accumulation of 18:3n-6[d2] and
20:2n-6[d2] synthesized from 18:2n-6[d2]. These metabolic re-
sults are consistent with the lack of significant effects from the
clinical part of this study (5–7) and with the lack of toxicity ef-
fects in rats fed about 1.2 g of 20:4n-6/d/kg body weight for 90
d (32). The only significant physiological effect observed was
an increase in the urinary metabolites of thromboxane and
prostaglandin I2 when diets were supplemented with 20:4n-6
(8). The only significant metabolic effect of 20:4n-6 supple-
mentation was the depression (about 50%) in plasma TL of the
deuterated 20:3n-6 and 20:4n-6 synthesized from 18:2n-6[d2].
This depression was less than expected based on the 8.5-fold
difference in the 20:4n-6 ratio in the diets and was inversely re-
lated to the approximately twofold increase in the 20:4n-6 con-
tent of plasma PL. The inhibition of 20:4n-6 accumulation was
in marked contrast with the sevenfold stimulation of
20:4n-6[d2] synthesis from 20:3n-6[d2] (28). Overall, these re-
sults show that moderate fluctuation in dietary 20:4n-6 intake
would not be expected to have a major effect on n-6 fatty acid
metabolism. 
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ABSTRACT: The effects of dietary monounsaturated fatty acid
(MUFA) and polyunsaturated fatty acid + MUFA/saturated fatty
acid (PUFA + MUFA/SFA) ratio on plasma and liver lipid con-
centrations were studied. In experiment I, when rats were fed
with 40% fat (energy%, PUFA/SFA ratio 1.0) and 1% (w/w)
cholesterol (C) diets for 21 d, a large amount of MUFA (28.1 en-
ergy%, PUFA + MUFA/SFA = 5.7) in the diet was found to in-
crease the plasma total C, triacylglycerol (TAG), and phospho-
lipid (PL) as compared with the low-MUFA diet (7.0 energy%,
PUFA + MUFA/SFA = 1.4). The plasma very low density
lipoprotein (VLDL)-C, VLDL-TAG, VLDL-PL, and low density
lipoprotein (LDL)-C increased significantly in the high-MUFA
diet group, but high density lipoprotein (HDL)-C did not change
significantly. The high-MUFA diet resulted in greater accumula-
tion of liver C but lesser accumulation of TAG. In experiment II,
when dietary SFA was fixed at a certain level (13.2 energy%;
PUFA + MUFA/SFA = 2.0), rats given a larger amount of MUFA
(23.1 energy%; PUFA/MUFA = 0.2; MUFA/SFA = 1.8) showed
higher plasma and liver C levels than did the low-MUFA diet
(7.7 energy%; PUFA/MUFA = 2.5; MUFA/SFA = 0.6). When
PUFA was fixed at a certain level (24.4 energy%), there was not
a significant difference in the plasma C level between the high-
and low-MUFA dietary groups (PUFA + MUFA/SFA = 4.8 and
8.4), but the higher PUFA + MUFA/SFA diet, which was high in
MUFA/SFA ratio, significantly decreased the plasma HDL-C and
TAG levels. However, when MUFA content was fixed at a cer-
tain level (16.4 energy%), no significant difference was ob-
served between the two groups with different PUFA/SFA ratios
of 0.2 and 4.1, but liver C level was raised in the higher
PUFA/SFA diet. It appears that the PUFA/SFA ratio alone is un-
suitable to predict the change of plasma C level, because a large
amount of dietary MUFA may lead to an increase of plasma and
liver lipids in rats. It seems that the prerequisites for keeping 
low plasma and liver C are (i) low MUFA/SFA ratio, (ii) high
PUFA/MUFA ratio, and (iii) PUFA + MUFA/SFA ratio not to
exceed 2.
Lipids 33, 481–487 (1998).

Among the dietary factors which can affect the plasma
cholesterol (C) level, the amount of dietary C and the amount
and the degree of saturation of fatty acids are perhaps more
important than the others (1,2). A significant relationship be-
tween dietary fat, plasma lipid levels, and coronary heart dis-
ease is reported by many epidemiologists worldwide (3–7).
During the last three decades many investigators have re-
ported that polyunsaturated fatty acids (PUFA) decrease and
saturated fatty acids (SFA) increase the plasma total C and
low density lipoprotein (LDL)-C levels in humans (8–11) as
well as in animals (12–16). However, monounsaturated fatty
acids (MUFA), such as oleic acid, were once considered to
have no effect on plasma C levels (17). Hence, the PUFA/SFA
ratio has frequently been used in predicting the choles-
terolemic effect of dietary fat. Diets with higher PUFA/SFA
ratios were found to have stronger hypocholesterolemic ef-
fect than those with lower PUFA/SFA ratios (8–18). 

However, since 1985, studies by Mattson and Grundy (19)
and Grundy (20) and some other investigators (21–23) have
reported that when MUFA-rich safflower oil or olive oil is
supplemented to the diet or replaced by SFA, serum C and
LDL-C levels decrease but high density lipoprotein (HDL)-C
level does not show any decrease in human subjects. There-
fore, it seems that MUFA may be better than PUFA in pre-
venting or treating atherosclerosis (19–23). Sirtori et al. (24)
reported that olive oil diet does not appear to reduce the
plasma total C level in the same way as corn oil diet in high-
risk patients. Becker et al. (25) also found that a MUFA-rich
diet does not affect the plasma total C, triacylglycerol (TAG),
LDL-C, and HDL-C levels when compared with an SFA-rich
diet in normolipidemic men. Ginsburg et al. (26) concluded
that a decrease in the plasma total C level in human subjects
during consumption of the MUFA diet occurs in response to
the removal of SFA from the diet. A meta-analysis of 27 trial
studies, carried out by Mensink and Katan (27), showed that
the replacement of carbohydrates by MUFA results in a nega-
tive but nonsignificant coefficient on the plasma total C and
LDL-C concentrations. Perez-Jimenez et al. (28) studied
lipoprotein concentrations in normolipidemic males consum-
ing two high-fat diets, similar in their fatty acid composition
but prepared using two different plant oils: virgin olive oil
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and refined high-MUFA sunflower oil. When the two MUFA
diets were compared, significantly higher concentrations of
total C and LDL-C were noted with the consumption of the
olive oil-rich diet.

In the present study, we emphasized the effect of the
PUFA + MUFA/SFA ratio of the dietary fat, as well as the
PUFA/SFA ratio, on plasma and liver lipid levels in rats. In
experiment I, two oil mixtures of different fatty acid satura-
tion, with the same PUFA/SFA ratio of 1.0 but a different
PUFA + MUFA/SFA ratio of 1.4 or 5.7, were given to sepa-
rate groups of rats. In experiment II, PUFA, MUFA, or SFA
of the dietary fat was fixed at a certain level for each of three
pairs of rat groups, respectively, and then the PUFA +
MUFA/SFA ratio was changed as described in the Materials
and Methods section for the three pairs of rat groups. The ef-
fects of these test diets on the plasma and liver lipid concen-
trations were studied. 

MATERIALS AND METHODS 

Animals. In experiment I, 30 male Wistar rats (Laboratory
Animal Center, College of Medicine, National Taiwan Uni-
versity, Taipei, Taiwan), each weighing about 200 g, were
used for the study. The rats were divided into two groups of
12 rats in each on the basis of their weight. On day 7, 14, and
21, four rats in each group were sacrificed. The remaining six
rats were used as a control group (day 0); they were fed with
commercially available rat chow (Rodent laboratory chow
5001; Purina Co., St. Louis, MO) and were sacrificed before
the experiment. Rats were housed individually in stainless
steel, wire-bottomed cages and were given a diet and water
ad libitum during the different dietary periods. The food con-
sumption per group and the individual body weights were
measured every 2 d. 

In experiment II, 36 male Wistar rats, each weighing about
160 g, were divided into six groups of six rats each. The test
diets in this study were fed to the rats for a period of 21 d.

Diet and feeding protocol. Each group was fed the same
basic, semisynthetic powdered diet which differed only in its
fatty acid content. The experimental diet contained (w/w): 1%
C, 4% salt mixture (AIN-76, ICN Biomedicals Inc., Costa
Mesa, CA), 1% vitamin mixture (AIN76, ICN), 3% methyl
cellulose, 20% casein, 51% cornstarch, and 20% fat. The dif-
ferent fat mixtures were prepared with various ratios of soy-
bean oil, coconut oil, palm oil, sunflower oil, and olive oil as
shown in Tables 1 and 2. Each diet supplied 15% of total en-
ergy as protein, 45% as carbohydrate, and 40% as fat. In ex-
periment I, both diet 1 and diet 2 had PUFA/SFA ratios of 1.0,
but diet 1 had a PUFA + MUFA/SFA ratio of 1.4 and diet 2
had a PUFA + MUFA/SFA ratio of 5.7 (Table 1). In experi-
ment II, the first two diets (diet 1 and diet 2) had approxi-
mately the same amount of PUFA, but diet 1 had a PUFA +
MUFA/SFA ratio of 4.8 and diet 2 had a PUFA + MUFA/SFA
ratio of 8.4. The next two diets (diet 3 and diet 4) had the
same MUFA level, but the PUFA + MUFA/SFA ratios were
1.0 and 7.6, respectively. The last two diets (diet 5 and diet 6)

had the same SFA level, therefore, the same PUFA +
MUFA/SFA ratio (2.0), but the MUFA/SFA ratios were 1.8
and 0.6, respectively (Table 2).

The pattern of fatty acids of these mixed oils (soybean oil,
coconut oil, palm oil, sunflower oil, and olive oil) was ana-
lyzed by high-performance liquid chromatography (29) for
verification of correct PUFA/SFA and PUFA + MUFA/SFA
ratios. 

Sample collection and analysis. Fasting blood samples
were taken by decapitating rats on days 0, 7, 14, and 21 in ex-
periment I or on day 21 in experiment II. The plasma (1 mg
EDTA/mL) was stored at 4°C before analysis. Liver was ex-
cised, weighed, and frozen until analysis. Feces were pooled
from a group during the last 3 d of the experimental period
and then dried at 75°C to a constant weight, ground into a fine
powder, and stored in a vacuum desiccator.

In experiment I, plasma very low density lipoprotein
(VLDL), LDL, and HDL were obtained with ultracentrifuga-
tion at density 1.006, 1.063, and 1.21 g/mL, respectively. In
experiment II, plasma HDL-C level was determined by a
commercial kit that uses a precipitation-enzymatic method
(Boehringer Mannheim Co., Meylan, France). Total plasma
and liver lipids were determined by the method of sulfophos-
pho-vanillin reaction (30). Plasma and lipoprotein C and TAG
were determined by a commercial kit enzymatic method
(Boehringer Mannheim Co.). Plasma and lipoprotein phos-
pholipid (PL) were determined by using bioMérieux (Marcy-
l’Etoile, France) enzyme kit.

Liver TAG was determined by the method of Soloni (31).
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TABLE 1
Fatty Acid Composition of Oil Used in Test Diets in Experiment I

Fatty Diet 1a Diet 2b

acids (%) (%)

6:0 0.1 —c

8:0 2.0 —
10:0 2.0 —
12:0 15.6 —
14:0 7.1 0.2
16:0 10.8 11.2
18:0 3.6 3.5

Subtotald 41.2 (16.5) 14.9 (6.0)

16:1 0.1 0.6
18:1 17.3 69.7

Subtotald 17.4 (7.0) 70.3 (28.1)

18:2 36.5 13.4
18:3 4.9 1.4

Subtotald 41.4 (16.6) 14.8 (6.0)

PUFA/SFA ratio 1.0 1.0
MUFA/SFA ratio 0.4 4.7
PUFA/MUFA ratio 2.4 0.2
PUFA + MUFA/SFA ratio 1.4 5.7
aDiet 1 (low MUFA diet): 68.5% soybean oil + 31.5% coconut oil.
bDiet 2 (high MUFA diet): 12.3% soybean oil + 87.7% olive oil.
c—, not detectable.
dEach value in the parentheses is the energy%. PUFA, polyunsaturated fatty
acids; MUFA, monounsaturated fatty acids; SFA, saturated fatty acids.



Liver PL was analyzed by the method of Stewart (32). Liver
C was determined by the method of Abell et al. (33).

Feces were extracted with petroleum ether (1:10, wt/vol)
and filtered. The neutral steroid content of the filtrate was de-
termined by the method of Abell et al. (33). Another portion
of feces was extracted with alcohol (1:5, wt/vol), and then al-
cohol was evaporated. The residue was suspended in petro-
leum ether (1:2.5, wt/vol), shaken, centrifuged, and the liquid
phase was discarded. The remaining precipitate was analyzed
for the acid steroid content by the method of Weber (34).

Statistical analysis. The data between two groups were
compared by analysis of variance (ANOVA). Student’s t-test

was used whenever a statistically significant difference be-
tween the two groups was shown by ANOVA. All data are
presented in tables and figures as mean ±SD. 

RESULTS

In experiment I, the growth of rats in both groups was not dif-
ferent in each of the experimental periods. Figure 1 shows the
plasma total C, TAG, and PL contents at the end of the feed-
ing period. It is clear that when the PUFA/SFA ratio was fixed
at 1.0, with 1% C supplement, the high PUFA + MUFA/SFA
ratio (5.7, diet 2) showed significantly higher plasma total C,
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TABLE 2
Fatty Acid Composition (%) of Oil Used in Test Diets in Experiment II

PUFA fixed MUFA fixed SFA fixed

Fatty acids Diet 1a Diet 2a Diet 3a Diet 4a Diet 5a Diet 6a

6:0 —b — — — — 0.1
8:0 — — — — — 1.3
10:0 — — — — — 1.3
12:0 — — 0.4 — 0.2 10.3
14:0 1.4 — 1.1 — 0.6 5.1
16:0 11.6 6.8 43.5 7.9 28.3 11.0
18:0 4.2 3.9 3.9 3.8 3.7 3.8

Subtotalc 17.2 (6.9) 10.7 (4.3) 48.9 (19.6) 11.7 (4.7) 32.8 (13.1) 32.9 (13.2)

16:1 0.2 — — 0.2 0.3 0.2
18:1 22.4 28.3 40.7 40.8 57.5 19.0

Subtotalc 22.6 (9.0) 28.3 (11.3) 40.7 (16.3) 41.0 (16.4) 57.8 (23.1) 19.2 (7.7)

18:2 53.0 61.0 10.4 47.2 9.2 42.2
18:3 7.2 — — 0.2 0.3 5.7

Subtotalc 60.2 (24.1) 61.0 (24.4) 10.4 (4.2) 47.4 (19.0) 9.5 (3.8) 47.9 (19.2)

PUFA/SFA ratio 3.5 5.7 0.2 4.1 0.3 1.5
MUFA/SFA ratio 1.3 2.6 0.8 3.5 1.8 0.6
PUFA/MUFA ratio 2.7 2.2 0.3 1.2 0.2 2.5
PUFA + MUFA/SFA ratio 4.8 8.4 1.0 7.6 2.0 2.0
aDiet 1: 100% soybean oil; Diet 2: 100% sunflower oil; Diet 3: 100% palm oil; Diet 4: 26% olive oil + 74% sunflower oil;
Diet 5: 53% palm oil + 47% olive oil; Diet 6: 21% coconut oil + 79% soybean oil.
b—, not detectable.
cEach value in the parentheses is the energy%. For abbreviations see Table 1.

FIG. 1. Changes in the concentrations of plasma lipids during the different feeding periods in experiment I. Diet 1 (▲▲): PUFA + MUFA/SFA = 1.4;
Diet 2 (■■): PUFA + MUFA/SFA = 5.7. Asterisks indicate significant difference from diet 1 period by the Student’s t-test (*P < 0.05; **P < 0.01). Re-
sults are shown as mean ± SD (n = 4). PUFA, polyunsaturated fatty acids; MUFA, monounsaturated fatty acids; SFA, saturated fatty acids.



TAG, and PL than the lower PUFA + MUFA/SFA ratio (1.4,
diet 1) during the last period of the experiment (P < 0.01).
Figure 2 shows that plasma VLDL lipids were significantly
higher in the high-MUFA group (diet 2) (P < 0.01), whereas
the effect was less in HDL lipids. At the same time, high
MUFA (diet 2) significantly increased the LDL-C and
LDL-PL contents after the 21-d feeding periods (P < 0.05).
In addition, as shown in Figure 3, liver C, TAG, and PL con-
tents increased in both low- and high-MUFA diets. The high-
MUFA diet resulted in greater accumulation of liver C but
lesser accumulation of TAG.

In experiment II, the effects of different PUFA +
MUFA/SFA, MUFA/SFA, or PUFA/MUFA ratios on the
plasma lipid contents are shown in Table 3. When PUFA was

fixed at a certain level, the difference in plasma total C and
PL levels between the two dietary groups (PUFA +
MUFA/SFA = 4.8 and 8.4) was not significant, but the higher
PUFA + MUFA/SFA diet, which was high in MUFA/SFA
ratio, showed a significant decrease in the plasma HDL-C and
TAG. When SFA was fixed at a certain level, a high-MUFA
diet (diet 5, PUFA/MUFA = 0.2) showed a significant in-
crease in plasma total C, TAG, PL, and total lipid (P < 0.01)
as compared with the low-MUFA diet (diet 6, PUFA/MUFA
= 2.5). But when MUFA was fixed at a certain level, no sig-
nificant difference was observed between the two groups with
different PUFA/SFA ratios of 0.2 and 4.1 (P > 0.05). As
shown in Table 4, when either MUFA or SFA was fixed at a
certain level, rats given higher ratios of MUFA/SFA (diet 4
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FIG. 2. Changes in the concentrations of plasma lipoprotein lipids after the 21-d feeding periods in experiment I.
Diet 1: PUFA + MUFA/SFA = 1.4; Diet 2: PUFA + MUFA/SFA = 5.7. Matching letters (a–e) indicate a significant dif-
ference between mean values by Student’s t-test (a–c, P < 0.01; d,e, P < 0.05). Each bar represents the mean ± SD
(n = 6). Abbreviations: C, cholesterol; TAG, triacylglycerol; PL, phospholipid; VLDL, very low density lipoprotein;
LDL, low density lipoprotein; HDL, high density lipoprotein. For other abbreviations see Figure 1.

FIG. 3. Changes in concentrations of liver lipids during the different feeding periods in experiment I. Diet 1 (▲▲): PUFA + MUFA/SFA = 1.4; Diet 2
(■■): PUFA + MUFA/SFA = 5.7. Asterisks indicate significant difference from diet 1 period by the Student’s t-test (*P < 0.05; **P < 0.01). Results are
shown as mean ± SD (n = 4). For abbreviations see Figure 1.



and diet 5) showed significantly higher liver C levels (P <
0.05). However, when PUFA was fixed at a certain level, liver
lipids were not found to differ significantly in both groups
which had different PUFA + MUFA/SFA ratios (4.8 and 8.4).
The liver TAG level was not found to differ significantly
among each dietary group in experiment II.

Fecal neutral and acidic steroids of the rats in experiment
II are shown in Table 5. The results showed that when MUFA
was fixed at a certain level, the high SFA group (diet 3, 19.6
energy%) excreted more neutral and acidic steroids, whereas,
when PUFA or SFA was fixed at a certain level, a high-MUFA
diet showed higher fecal neutral and acidic steroids.

DISCUSSION

By keeping the PUFA/SFA ratio of dietary fat at 1.0, we ob-
served that higher dietary MUFA increased plasma total C,
TAG, and PL levels (Fig. 1), as well as liver total C content
(Fig. 3) in rats. The hypocholesterolemic effect of MUFA was
not observed. The plasma lipids of the VLDL fraction were
also increased in high-MUFA diet (Fig. 2). Even when PUFA
or SFA was fixed at a certain level, rats given higher ratios of
MUFA/SFA showed higher C levels (Table 3). It seems that

the PUFA/SFA ratio alone is unsuitable to predict the change
of plasma C level, because the MUFA tends to increase
plasma C level under our experimental conditions.

In this study, we did not observe the hypocholesterolemic
effect of a high-MUFA diet in rats as reported by Grundy and
his associate (19,20). When PUFA/SFA was fixed at 1.0, we
found that the high-MUFA diet (PUFA, 6; MUFA, 28; SFA, 6
energy%; PUFA + MUFA/SFA = 5.7) increased both plasma
and liver C contents in rats as compared with the low-MUFA
diet (PUFA, 17; MUFA, 7; SFA, 17 energy%; PUFA +
MUFA/SFA = 1.4) in experiment I. Grundy (20) suggested
that a liquid diet rich in MUFA (PUFA, 8; MUFA, 28; SFA, 4
energy%; PUFA/SFA = 2.0; PUFA + MUFA/SFA = 9.0) ap-
peared to be at least as effective in lowering plasma C in hu-
mans as compared with the high-SFA diet (PUFA, 7; MUFA,
8; SFA, 25 energy%; PUFA/SFA = 0.28; PUFA + MUFA/SFA
= 0.6). In another study, Mattson and Grundy (19) reported
that, as compared with the high-SFA diet (PUFA, 4; MUFA,
16; SFA, 20 energy%; PUFA/SFA = 0.2; PUFA + MUFA/SFA
= 1), the high-MUFA diet (PUFA, 7; MUFA, 29; SFA, 3 en-
ergy%; PUFA/SFA = 2.3; PUFA + MUFA/SFA = 12) lowered
plasma LDL-C in normotriglyceridemic patients, but did not
lower the plasma total C level in hypertriglyceridemic pa-
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TABLE 3
Effects of Difference in PUFA + MUFA/SFA, MUFA/SFA, or PUFA/MUFA Ratios on Plasma Lipids (mg/dL) in Experiment IIa

PUFA fixed MUFA fixed SFA fixed

Plasma lipids Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6

Total cholesterol 150.9 ± 11.9 197.6 ± 54.1 203.3 ± 46.2 215.2 ± 85.1 338.8 ± 92.8c 129.5 ± 30.0c

HDL-cholesterol 40.5 ± 9.3a 29.2 ± 5.5a 39.3 ± 8.2 31.8 ± 5.7 32.2 ± 4.7 33.3 ± 6.2
Triacylglycerol 61.5 ± 1.1b 49.2 ± 8.6b 64.3 ± 25.2 61.4 ± 10.4 61.7 ± 11.4d 42.5 ± 6.8d

Phospholipid 94.8 ± 11.4 96.8 ± 5.3 115.1 ± 5.9 105.1 ± 14.0 133.4 ± 24.3e 83.7 ± 5.7e

Total lipid 316.3 ± 28.2 375.4 ± 83.5 396.4 ± 40.8 383.9 ± 98.5 573.0 ± 133.7f 252.8 ± 26.9f

PUFA/SFA ratio 3.5 5.7 0.2 4.1 0.3 1.5
MUFA/SFA ratio 1.3 2.6 0.8 3.5 1.8 0.6
PUFA/MUFA ratio 2.7 2.2 0.3 1.2 0.2 2.5
PUFA + MUFA/SFA ratio 4.8 8.4 1.0 7.6 2.0 2.0
aDiets are described in Table 2. HDL, high density lipoprotein. For other abbreviations see Table 1. Matched superscripts (a–f) indicate a significant differ-
ence between mean values (a, P < 0.05; b–f, P < 0.01) by Student’s t-test. Results are shown as mean ± SD (n = 6 in all groups).

TABLE 4
Effects of Difference in PUFA + MUFA/SFA, MUFA/SFA, or PUFA/MUFA Ratios on Liver Lipids (mg/g) in Experiment IIa

PUFA fixed MUFA fixed SFA fixed

Liver lipids Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6

Cholesterol 69.9 ± 7.6 68.4 ± 10.6 57.4 ± 8.8a 75.5 ± 6.7a 81.0 ± 5.5c 68.9 ± 8.2c

Triacylglycerol 115.5 ± 14.4 89.7 ± 24.6 93.8 ± 18.3 92.9 ± 14.2 104.9 ± 19.1 116.3 ± 25.0
Phospholipid 29.6 ± 1.7 30.1 ± 2.1 29.3 ± 1.9 28.0 ± 2.4 27.4 ± 2.8d 31.2 ± 1.2d

Total lipid 213.9 ± 17.4 199.3 ± 39.2 176.1 ± 27.8b 209.2 ± 22.4b 225.2 ± 26.0 212.5 ± 32.3

PUFA/SFA ratio 3.5 5.7 0.2 4.1 0.3 1.5
MUFA/SFA ratio 1.3 2.6 0.8 3.5 1.8 0.6
PUFA/MUFA ratio 2.7 2.2 0.3 1.2 0.2 2.5
PUFA + MUFA/SFA ratio 4.8 8.4 1.0 7.6 2.0 2.0
aDiets are described in Table 2. Matched superscripts (a–d) indicate a significant difference between mean values (a, P < 0.01; b–d, P < 0.05) by Student’s t-
test. Results are shown as mean ± SD (n = 6 in all groups). For abbreviations see Table 1.



tients. It might be the effect of a low SFA content rather than
the high MUFA content of the safflower oil diet (high-MUFA
diet), when compared to the high-SFA diet (coconut oil or
palm oil) which induced higher plasma C levels. In addition,
the high-MUFA diet used by Mattson and Grundy (19) had a
very high PUFA + MUFA/SFA ratio of 9 or 12, but our diets
of high PUFA + MUFA/SFA ratio (5.7, 7.6, or 8.4) did not
lower plasma and liver C in experiments I and II. To exclude
the effect of changing the amount of PUFA, MUFA, and SFA
at the same time, we fixed the amount of PUFA, MUFA, or
SFA when comparing a set of two test diets (experiment II)
and found that plasma and liver C levels were raised in higher
MUFA/SFA diets (Tables 3 and 4). With human subjects, we
reported previously that when the dietary PUFA/SFA ratio
was fixed at 1.0, those subjects given a diet with a PUFA +
MUFA/SFA ratio of 4.5 showed significantly higher plasma
TAG, VLDL-TAG, LDL-TAG, and LDL-C levels than 
those subjects given a diet with a PUFA + MUFA/SFA ratio
of 1.5 (35).

We have observed repeatedly in rat experiments that when
the PUFA/SFA ratio was fixed at 1.0, diets rich in MUFA re-
sulted in greater accumulation of liver C (Fig. 3). Similar re-
sults were also obtained by Peifer et al. (36), Beynen (37),
Bulur et al. (38), and Spady and Dietschy (39). It is worth-
while to notice that when the amount of SFA was fixed at a
certain level, the higher ratio of PUFA/MUFA (diet 6,
PUFA/MUFA = 2.5, MUFA/SFA = 0.6) lowered plasma total
C, TAG, and PL and liver C (Tables 3 and 4), and when the
amount of MUFA was fixed at a certain level (16.4 energy%),
the high-PUFA diet (diet 4, PUFA + MUFA/SFA = 7.6,
PUFA/MUFA = 1.2, MUFA/SFA = 3.5) resulted in the same
plasma C level but higher liver C level than did the high-SFA
diet (diet 3, PUFA + MUFA/SFA = 1.0, PUFA/MUFA = 0.3,
MUFA/SFA = 0.8) (this experiment was repeated twice). The
reason that diet 4, which is high in PUFA, resulted in in-
creased liver C may be its high MUFA/SFA ratio, unlike diet
6 or diet 3. It seems that the prerequisites for keeping low
plasma and liver C are (i) low MUFA/SFA ratio, (ii) high

PUFA/MUFA ratio, and (iii) PUFA + MUFA/SFA ratio not to
exceed 2.

When the amount of PUFA was fixed at a higher level
(24.4 energy%, diet 1 and diet 2), the plasma and liver lipids
were less affected by changing the amounts of SFA and
MUFA.

The present study indicated that a large amount of dietary
MUFA supplemented with 1% C may raise plasma and liver
C levels in rats, and the PUFA + MUFA/SFA ratio, if not to
exceed 2, may be more suitable to predict the change of
plasma lipids than the PUFA/SFA ratio.
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ABSTRACT: WAY-121,898 is an inhibitor of pancreatic choles-
teryl ester hydrolase (pCEH). After confirming its in vitro po-
tency and relative lack of a major effect on acyl-CoA:choles-
terol acyltransferase (ACAT), it was found that this compound
lowers plasma cholesterol in cholesterol-fed, but not chow-fed,
rats. Measures of liver cholesteryl ester content and the direct
determination of cholesterol absorption (lymph–fistula model)
show that inhibition of cholesterol absorption is at least one
mechanism for the observed cholesterol lowering. However,
WAY-121,898 was also active when administered parenterally
to cholesterol-fed rats, and in cholesterol-fed hamsters choles-
terol-lowering occurred with oral dosing despite no change in
cholesterol absorption, suggesting other modes of action possi-
bly relating to inhibition of liver CEH. Combination treatment
in cholesterol-fed rats with the ACAT inhibitor CI-976 resulted
in a greater-than-additive reduction in plasma cholesterol, im-
plying that both pCEH and ACAT may play a role in cholesterol
absorption in this species. In rabbits, WAY-121,898 prevented
the rise in plasma cholesterol due to the feeding of cholesteryl
ester but not in rabbits fed (free) cholesterol. In guinea pigs, the
compound induced an increase in adrenal cholesteryl ester
mass. Taken together, the overall profile in these animal models
suggests that WAY-121,898 inhibits more than just the intesti-
nal (lumenal) pCEH, and that the role of this enzyme in choles-
terol metabolism may be different within and across species,
the former depending upon the dietary cholesterol load.
Lipids 33, 489–498 (1998).

Pancreatic, bile acid-dependent cholesteryl ester hydrolase
(pCEH, E.C. 3.1.1.13) is secreted into the small intestine
where it catalyzes the hydrolysis of dietary cholesteryl esters
and other acylated lipids. However, several observations sug-
gest that the role of pCEH extends beyond that of simply hy-
drolyzing dietary lipids. Immunolocalization of pCEH within
intestinal cells has been demonstrated (1), and cultured CaCo-2
cells bind and internalize pCEH (2,3), suggesting an extralu-
menal site of action for the enzyme. Cholesterol absorption

and/or cholesterol esterifying activity in the intestine are de-
creased in pancreatic fistula rats (4,5), pancreatectomized rats,
(6), and in rats perfused with pancreatic fluid previously treated
with antibody to pCEH (7). In addition, isolated entero-
cytes from common bile duct-cannulated rats exhibit a
marked decrease in the ability to esterify cholesterol, which
can be restored by the addition of pCEH (8). It has been pro-
posed based on these and other experiments that pCEH, in ad-
dition to its role in lipid hydrolysis, may catalyze cholesteryl
ester formation after uptake of the enzyme into the mucosal
cells (1,8–11). Data support a role for pCEH in the uptake of
both unesterified cholesterol (3,11) and cholesteryl ester into
intestinal cells, the latter independent of ester hydrolysis (12).
Thus, pCEH may be involved at several steps or sites during
cholesterol absorption (i.e., cholesteryl ester hydrolysis, cho-
lesteryl ester synthesis, uptake of unesterified and esterified
cholesterol). 

If the above putative functions of pCEH are correct, it sug-
gests that pharmacologic inhibition of this enzyme might lead
to inhibition of cholesterol absorption and thereby a reduc-
tion in plasma cholesterol concentration. Indeed, preliminary
evidence suggests that WAY-121,898, a novel carbamate, po-
tently and selectively inhibits pCEH in vitro and inhibits cho-
lesterol absorption in vivo in rats, dogs, and quail (13–16).
The purpose of the present study was to confirm the prelimi-
nary observations in rats (i.e., efficacy and mechanism of ac-
tion), and to extend these findings by determining the activity
of WAY-121,898 in other possibly more relevant animal mod-
els in which more plasma cholesterol is transported in low den-
sity lipoprotein (LDL). In addition, since rat liver can also syn-
thesize and possibly secrete a bile salt-dependent CEH (17,18),
it was of interest to compare oral and parenteral routes of ad-
ministration of WAY-121,898. Finally, we determined whether
co-administration with CI-976, an inhibitor of acyl-CoA:cho-
lesterol acyltransferase (ACAT) (19,20), would result in addi-
tive effects with regard to plasma cholesterol reduction. Intesti-
nal ACAT has also been strongly implicated in the esterifica-
tion of dietary cholesterol (21,22). Overall, the results suggest
fundamental species differences in the response to WAY-
121,898 and the possible existence of extra-intestinal sites of
action. Moreover, it seems likely that both pCEH and ACAT
may play a role in cholesterol absorption in rats.
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MATERIALS AND METHODS

Both compounds (WAY-121,898 and CI-976) were synthesized
in the Department of Chemistry, Parke-Davis Pharmaceutical
Division. The spectral data for WAY-121,898 (i.e., nuclear
magnetic resonance, mass spectrum, CHN analysis) were con-
sistent with the proposed structure (13). The in vitro inhibitory
effects of WAY-121,898 on pCEH activity were assessed by
using the porcine enzyme (0.0025 U/mL final concentration;
Calbiochem, La Jolla, CA). The substrate was a micellized
lipid suspension composed of [3H]cholesteryl oleate (2
µCi/mL), 1 mM lysophosphatidylcholine, 40 mM cholate, and
0.01 mM cholesteryl oleate dispersed in a buffer of 150 mM
NaCl, 1 mM EDTA and 20 mM 2-(N-morpholino) ethanesul-
fonic acid, pH 6.0. The substrate was prepared by combining
aliquots of 100 mM sodium cholate in chloroform/methanol
(2:1, vol/vol), 100 mM lysophosphatidylcholine in chloro-
form/methanol (2:1, vol/vol), 1 mM cholesteryl oleate (in chlo-
roform), and a volume of [3H]cholesteryl oleate. Solvents were
removed by evaporation under a stream of N2. The dried lipids
were resuspended in the appropriate volume of buffer to yield
the desired final concentrations of lipids. The pCEH (32.7
IU/mg) was dissolved at a concentration of 0.1 mg/mL in the
same buffer as that used for substrate. A more dilute lipase so-
lution (0.15 µg/mL) was used for the assay. The assay was per-
formed at room temperature. Five microliters of the test com-
pound, dissolved in ethanol at a concentration 40-fold greater
than the final desired test concentration, was added to individ-
ual wells of a 96-well plate. The assay wells without test com-
pound received the same volume of ethanol alone. One hun-
dred microliters of carboxyester lipase (0.15 µg/mL) was added
to each well. The assay reaction was begun by the addition of
100 µL of substrate and stopped 10 min later by the addition of
20 µL of 1 N HCl. For quantitation of the substrate and lipoly-
tic products, the contents of each well were transferred to glass
high-performance liquid chromatography autosampler vials
(12 × 32 mm) and combined with 0.6 mL of ethyl acetate/ace-
tone (2:1, vol/vol). The vials were capped, vortexed twice, and
lightly centrifuged for 5 min. The organic phase was trans-
ferred to clean autosampler vials and dried under a stream of
nitrogen followed by vacuum dessication for at least 1 h. The
dried extracts were dissolved in 50 µL of dioxane and then fur-
ther diluted with 150 µL of isooctane. The [3H]-labeled lipids
were then quantitated by high-performance liquid chromatog-
raphy as previously described (23). The possible effect of
WAY-121,898 on microsomal ACAT activity was also deter-
mined by using the assay of Field and Salome (24) with livers
from cholesterol-fed rats, as described previously (20). In these
assays dimethylsulfoxide was used as the drug vehicle, and the
concentration required to inhibit enzyme activity 50% (IC50)
was calculated (Dose-Effect Analysis with Microcomputers,
Chou and Chou, BIOSOFT Software, Cambridge, United
Kingdom). 

Male, Sprague-Dawley rats (200–225 g, Charles River,
Portage, MI) were fed either normal chow or chow supple-
mented with 0.5% cholic acid, 5.5% peanut oil, and varying

amounts of cholesterol (0 to 1.5%). Golden Syrian hamsters
(males, 90–110 g) were fed normal chow or chow containing
cholesterol (0.06%) and hydrogenated coconut oil (10%)
(25). Hartley guinea pigs (males, 450–500 g) were fed nor-
mal chow, and New Zealand white rabbits (males, 1.6–1.8 kg)
were fed chow supplemented with 5% corn oil and either
0.5% cholesterol or 0.87% cholesteryl oleate (both contain-
ing 0.5% sterol). In all experiments, the drugs (WAY-121,898
or CI-976) were mixed into the diet to provide the indicated
doses, unless otherwise stated. In one experiment a compari-
son was made between oral (gavage and diet-admix) and par-
enteral (subcutaneous, SC) drug administration. The vehicle
for oral gavage was carboxymethylcellulose (CMC, 1.5%)
and Tween 20 (0.2%) in water. SC dosing utilized an ethanol/
PEG-200 (10:90, vol/vol) vehicle. Drugs and diets were initi-
ated at the same time and continued for 1 wk (cholesterol-fed
rats), 2 wk (chow-fed animals, cholesterol-fed hamsters), or 5
wk (cholesterol-fed rabbits). Plasma lipids and liver choles-
teryl esters were measured by standard methods described
previously (20).

Although liver cholesteryl ester content correlates well
with measures of cholesterol absorption (26), cholesterol ab-
sorption was measured directly in rats by determining the rate
of appearance of cholesterol and cholesteryl esters into
mesenteric lymph after a single bolus of drug into a duodenal
cannula (20). A lipid emulsion was then infused, which was
prepared by dissolving 200 mg of cholesterol and 250 mg of
egg phosphatidylcholine in chloroform. After removal of the
chloroform by evaporation under N2 and vacuum, 5 g saf-
flower oil, 100 mg sodium taurocholate, and 100 mL of saline
were added and the entire mixture was emulsified by sonica-
tion. The rate of infusion into the duodenum was 2.5 mL/h.
In hamsters the dual-isotope method of Turley et al. (26) was
used to measure cholesterol absorption, with the following
modifications. Telezol (tiletamine/zolazepam, 40 mg/kg) was
used as anesthetic instead of ether, and intravenous injections
were into the jugular vein instead of the femoral. In this ex-
periment the hamsters were fed a chow diet supplemented
with 0.2% cholesterol and 10% hydrogenated coconut oil. In-
tralipid (Kabi Pharmacia Inc., Clayton, NC) was used as the
intravenous (IV) vehicle for injection of the [3H] cholesterol,
and medium-chain triglyceride oil (Mead Johnson Nutrition-
als, Evansville, IN) was used as a vehicle to orally dose the
[14C] cholesterol, as described (26). Percentage cholesterol
absorption was calculated from the percentages of the oral
[14C] and intravenous [3H] doses remaining in plasma 72 h
after isotope administration.

RESULTS

WAY-121,898 inhibited rat liver ACAT and porcine pCEH
with IC50 values of 47 µM and 650 nM, respectively (Fig. 1).
Thus, this compound was at least 70-fold more potent against
pCEH compared to ACAT based upon these assays. With re-
gard to the ACAT inhibitor used in this study, CI-976, we
have shown that the IC50 for ACAT inhibition using rat liver
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microsomes is 180 nM, and this compound has no effect on
pCEH up to 100 µM (20). CI-976 also inhibits the rabbit (20)
and hamster (25,26) ACAT enzyme. Clark et al. (27) have
also reported that WAY-121,898 not only lacks significant in-
hibitory activity against ACAT but also does not inhibit other
serine hydrolases, including pancreatic triglyceride lipase. 

In our laboratory WAY-121,898 was first evaluated in nor-
mal, chow-fed animals using diet-admix drug administration.
Plasma total cholesterol concentrations were unchanged in
rats at doses of 50, 100, and 200 mg/kg, but plasma triglyc-
erides were significantly decreased (at 50 and 100 mg/kg).
Liver cholesteryl esters decreased at the highest dose (Table
1). In a separate experiment (data not shown), we used oral
gavage and an olive oil vehicle rather than diet-admix. Again,
plasma cholesterol was unchanged, and plasma triglycerides
were reduced 27, 49, and 55% at doses of 25, 50, and 100
mg/kg, respectively. Thus, in chow-fed rats, efficacy with re-
spect to triglyceride-lowering was improved with the oil ve-

hicle, but cholesterol-lowering was still not observed. In
chow-fed hamsters, in contrast to rats, WAY-121,898 lowered
plasma cholesterol by 20 and 31% at 10 and 30 mg/kg (diet-
admix). Plasma triglycerides remained unchanged while liver
cholesteryl esters tended to decrease in all dose groups, with
significance reached at the intermediate dose of 30 mg/kg.
Other modes of drug administration (gavage using different
vehicles) were not evaluated in chow-fed hamsters. 

Since both ACAT and pCEH have been implicated as play-
ing a role in the absorption of exogenous (dietary) cholesterol, it
was of interest to determine whether inhibitors of these enzymes
would prevent diet-induced hypercholesterolemia, and further-
more, at what level of dietary cholesterol optimal efficacy would
be observed. To this end, groups of rats were fed varying
amounts of cholesterol and dosed orally with the drugs for 2 wk
(50 mg/kg). Plasma cholesterol in controls increased steadily
from about 50 mg/dL (chow alone) to almost 300 mg/dL in both
experiments (from 1 to 1.5% dietary cholesterol, Table 2). Both
drugs failed again to alter plasma cholesterol in the absence of
added cholesterol, but they blunted the rise in plasma cholesterol
with increases in dietary cholesterol load. However, with WAY-
121,898, efficacy (percentage changes compared to controls)
plateaued at 0.4% dietary cholesterol (about a 50% reduction),
whereas with CI-976 efficacy continually increased with increas-
ing dietary (and plasma) cholesterol up to about 70%. 

Based upon the foregoing results in cholesterol-fed rats, fur-
ther experiments were conducted with WAY-121,898 using 0.4%
cholesterol to examine changes in the mode of drug administra-
tion and in the drug route. By using this amount of dietary cho-
lesterol, gavage administration with an aqueous suspension ve-
hicle was less effective than diet-admix for lowering plasma cho-
lesterol (Fig. 2). Plasma triglyceride levels were unchanged, and
gavage with an oil vehicle did not improve efficacy (data not
shown). In the same experiment, plasma cholesterol was also re-
duced when WAY-121,898 was administered subcutaneously. In
fact, at 50 mg/kg, cholesterol-lowering using the SC route
(–39%) exceeded that for the oral route (–19%, −11%). 

Since both CI-976 and WAY-121,898 appeared to affect
diet-induced hypercholesterolemia, combination treatment
using both drugs in the same animals was attempted using
0.4% dietary cholesterol. At a dose of approximately 25
mg/kg, CI-976 and WAY-121,898 reduced plasma cholesterol
by 27 and 10%, respectively, but the combination resulted in
a 46% reduction (Fig. 3). 
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FIG. 1. Inhibition curve for WAY-121,898 against porcine pancreatic cho-
lesteryl ester hydrolase (pCEH). Each point represents the mean of tripli-
cate determinations. The concentration required to inhibit enyzme activ-
ity 50% (IC50) is indicated.

TABLE 1 
Effect of WAY-121,898 Plasma Lipids (mg/dL) and Liver Cholesteryl Ester Content (mg/g) in Normal, Chow-Fed Rats and Hamstersa

Species Group Dose Plasma cholesterol Plasma triglycerides Liver cholesteryl esters

Rat Controls 0 57 ± 4 135 ± 12 973 ± 121
WAY-121,898 50 56 ± 2 115 ± 10 767 ± 45
WAY-121,898 100 66 ± 4 91 ± 10* 672 ± 82
WAY-121,898 200 60 ± 3 94 ± 8* 518 ± 35*

Hamster Controls 0 146 ± 11 261 ± 22 460 ± 67
WAY-121,898 10 127 ± 5 249 ± 15 312 ± 50
WAY-121,898 30 125 ± 6 265 ± 19 280 ± 28*
WAY-121,898 100 108 ± 6 227 ± 10 370 ± 41

aValues represent the mean ± SEM (n = 6/group); *P < 0.05 vs. controls.

IC50 = 0.65 µM



In order to study the mechanism of action of WAY-
121,898, rats were fitted with duodenal and mesenteric lymph
cannulas to measure lymphatic cholesteryl ester output dur-
ing active lipid absorption. After a single oral dose of WAY-
121,898 (30 mg/kg), the rise in cholesteryl ester output was
blunted significantly, whereas the output of triglycerides was
unaffected (Fig. 4). Lymphatic unesterified cholesterol, which
was a small percentage of the total, was unaffected by drug
treatment (data not shown).

It was next determined whether WAY-121,898, like CI-976
(26), is efficacious in hamsters, an animal species with more
LDL-cholesterol (LDL-C) compared to the rat. After chronic
drug treatment (10 d) with WAY-121,898, the animals were
injected IV with [3H] cholesterol and then orally gavaged with
[14C]cholesterol. Percentage cholesterol absorption was 45%
in controls, and unaffected by WAY-121,898 at doses of 30
and 100 mg/kg (Table 3). In a second experiment, even a dose

of 200 mg/kg failed to affect cholesterol absorption (data not
shown). Despite this apparent lack of effect on cholesterol ab-
sorption, however, plasma cholesterol and liver cholesteryl
ester concentrations were reduced in cholesterol-fed ham-
sters. Plasma triglycerides were unchanged. 

Previously it was reported that cholesterol derived from
cholesteryl ester is preferentially absorbed over free choles-
terol in rabbits, and that an inhibitor of pCEH (cellulose sul-
fate) can inhibit cholesterol absorption in rabbits (28). To con-
firm these data, WAY-121,898 was dosed orally (gavage,
CMC suspension) to rabbits fed chow supplemented with
corn oil and either cholesterol or cholesteryl oleate for 5 wk.
Plasma cholesterol increased 17-fold upon feeding choles-
terol, and 15-fold with cholesteryl oleate (Fig. 5). WAY-
121,898 had no effect on plasma cholesterol in cholesterol-
fed rabbits, but significantly decreased plasma cholesterol by
42% in rabbits fed the cholesteryl oleate. There were no drug-
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TABLE 2 
Effect of Increasing Dietary Cholesterol Load (%) on Plasma Cholesterol Levels (mg/dL) in Rats Treated with WAY 121,898 and CI-976a

WAY-121,898 CI-976 

Dietary cholesterol Control Treated % Control Treated %

0.0 59 ± 3 55 ± 2 –7 62 ± 4 60 ± 1 –4
0.1 87 ± 5 78 ± 2 –11 93 ± 2 68 ± 4 –27
0.2 104 ± 8 75 ± 3* –28 100 ± 7 73 ± 3 –28
0.3 122 ± 10 90 ± 5 –26 139 ± 14 73 ± 2* –47
0.4 177 ± 13 90 ± 6* –49 148 ± 8 82 ± 3* –44
0.5 184 ± 20 101 ± 10* –45 171 ± 21 83 ± 5** –52
1.0 284 ± 25 135 ± 7** –53 265 ± 58 83 ± 5** –69
1.5 293 ± 38 139 ± 12** –53 273 ± 35 79 ± 4** –71

aValues represent the mean ± SEM (n = 6/group); *P < 0.05; **P < 0.01.

FIG. 2.  Reductions in plasma cholesterol by WAY-121,898 in cholesterol-fed rats. The drug was
administered either orally (A, gavage and diet-admix) or by daily subcutaneous injection (B, par-
enteral dosing) in rats fed chow supplemented with peanut oil, cholic acid, and cholesterol (0.4%)
for 1 wk. Numbers above the drug-treated groups (closed bars) are percentage changes from con-
trol (open bars). *P < 0.05, **P < 0.01, ***P < 0.001.



induced changes in liver total, free or cholesteryl ester con-
centrations in any group (data not shown).

To address the specificity of WAY-121,898 and its possi-
ble extraintestinal sites of action, we evaluated the compound
in guinea pigs for changes in adrenal cholesteryl ester mass.
The adrenal gland contains a well-described microsomal
CEH (29), and the guinea pig has been used in many studies
evaluating the potential adrenal toxicity of xenobiotics
(30–32). Although WAY-121,898 reduced plasma cholesterol
by 16% under these conditions, it produced a significant in-
crease in adrenal cholesteryl ester mass (Fig. 6).

DISCUSSION

The present study represents an attempt to use an in vivo
pharmacologic approach toward understanding the possible
role(s) of pCEH in cholesterol absorption. This was made
possible by the disclosure of a potent and relatively selective
inhibitor of pCEH, WAY-121,898 (13). In our routine screens
(porcine pCEH and rat liver ACAT), this compound was ap-
proximately 70-fold more potent against pCEH compared to
ACAT. We did not examine activities against pCEH from
other species in the present study. Our IC50 value for WAY-
121,898 against porcine pCEH (650 nM) is somewhat higher
than that reported by the group at Wyeth-Ayerst for the
bovine enzyme (200 nM) (13), yet lower than the value found
by Gallo et al. (33) for rat pCEH (2 µM, or 24-fold higher
than rat ACAT IC50). In vitro data are lacking for inhibition
of pCEH from hamster or rabbit pancreas (i.e., other species
used for in vivo efficacy). This should be considered when
interpreting the in vivo data. However, it has been established

that there is a high degree of homology at the primary se-
quence level for pCEH across species (34). Moreover, WAY-
121,898 clearly inhibited the absorption of cholesteryl esters
in rabbits, and unlike CI-976 (25), it lowered plasma choles-
terol in cholesterol-fed hamsters. These in vivo data suggest
that the compound inhibits rabbit and hamster pCEH. Lastly,
it should be noted that we did not determine the activity of
WAY-121,898 against ACAT from species other than rat. It
seems unlikely that WAY-121,898 would lack significant in-
hibitory activity against rat ACAT (27) yet be a potent in-
hibitor of hamster and rabbit ACAT since it did not lower
plasma cholesterol in cholesterol-fed rabbits as would be ex-
pected of an ACAT inhibitor. Nonetheless, direct proof that
WAY-121,898 lacks activity against rabbit or hamster ACAT
would require further in vitro evaluation. 

Besides taking advantage of the discovery of WAY-
121,898, we also utilized a potent and specific ACAT in-
hibitor, CI-976 (19), for comparative purposes in our study.
CI-976 inhibits ACAT (or ACAT “subtypes”) in both en-
docrine and lipoprotein-producing tissues, although it is
somewhat more potent in the latter (20,35). It has been shown
to inhibit cholesterol absorption in cholesterol-fed rats (20)
and hamsters (25,26). Based upon our observations using
WAY-121,898 (pCEH inhibitor) and CI-976 (ACAT in-
hibitor), we have arrived at several conclusions. First, since
WAY-121,898 did not lower plasma cholesterol in normal,
chow-fed rats, it is tempting to conclude that pCEH is not in-
volved in the reabsorption of biliary (endogenous) cholesterol.
However, CI-976 (20) and other ACAT inhibitors (36) are also
not hypocholesterolemic in chow-fed rats. Therefore, the cur-
rent pharmacologic approach suggests at least three possibili-
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FIG. 3.  Effect of CI-976 (acyl-CoA: cholesterol acyltransferase inhibitor) and WAY-121,898 (pan-
creatic cholesteryl ester hydrolase inhibitor) singly and in combination on plasma cholesterol in
cholesterol-fed rats. The compounds were administered by diet-admix (0.025%) to rats receiving
0.04% dietary cholesterol for 1 wk. Numbers above the drug-treated groups (closed bars) are the
percentage changes from control (open bars). **P < 0.01.



ties: (i) very little cholesterol esterification is occurring in
chow-fed rats in lipoprotein-producing organs, (ii) another en-
zyme besides ACAT or pCEH (or ACAT subtype not sensitive
to CI-976) is catalyzing intestinal esterification of biliary cho-
lesterol, or (iii) the compounds are not potent enough to answer
the question as to which enzyme is important. The fact that cho-
lesterol absorption is normal in both pCEH knockout mice (37)
and ACAT knockout mice (35) seems to support the first two
possibilities. However, the disrupted gene in the ACAT knock-
out was originally cloned from macrophages, and more recent

ACAT inhibitors with improved bioavailability lower plasma
cholesterol in chow-fed rats (38). So it is possible that another
ACAT-related protein or ACAT subtype exists in the intestine
of these animals which catalyzes the formation of cholesteryl
esters in chow-fed rats. The modest reduction (30%) in plasma
triglycerides in chow-fed rats with WAY-121,898 is an unex-
pected finding. The lymph–fistula data would argue against an
effect on triglyceride absorption, as would the report that WAY-
121,898 does not inhibit pancreatic triglyceride lipase in vitro
(27). Thus, one would have to postulate that inhibition of the
bile salt-dependent CEH in the liver might alter hepatic triglyc-
eride metabolism. Clearly, further experiments are also required
to support this hypothesis.

Another finding in this study is that inhibition of pCEH by
WAY-121,898 inhibits the absorption of exogenous choles-
terol in rats. This was demonstrated directly using the rat
lymph–fistula model, coupled with experiments in which
diet-induced hypercholesterolemia was inhibited by drug
treatment. These data therefore confirm the preliminary re-
ports that WAY-121,898 is efficacious in rats fed cholesterol,
and that its mechanism of action includes inhibition of cho-
lesterol absorption (13,15,16). They are also consistent with
reports of other pCEH inhibitors that inhibit cholesterol ab-
sorption in rats (39–44) and are unlikely due to a unique side
effect in rats treated with WAY-121,898. However, these ob-
servations are at variance with the mouse pCEH knockout
data (37), and thus suggest major species differences. Effi-
cacy with WAY-121,898 was maximal at a dietary cholesterol
load of 0.4%, but with CI-976 efficacy continued to improve
with increases in dietary cholesterol. One interpretation of
this observation may be that at high levels of dietary choles-
terol in the rat (i.e., >0.5%) esterification may be driven more
by ACAT than by pCEH, as first suggested by Heider et al.
(45) based on rabbit experiments. At a dietary cholesterol
load of 0.4%, it could be postulated that both enzymes play a
role in cholesterol absorption since an additive effect was ob-
served with WAY-121,898 and CI-976 in combination in the
cholesterol-fed rat model. Interestingly, Bhat and Brockman
(12) have previously suggested a role for both pCEH and
ACAT in cholesterol absorption based upon experiments with
rat intestinal sacs (12). Our in vivo rat data using both in-
hibitors in combination seems to support their hypothesis that
pCEH catalyzes the “flip-flop” of cholesterol, via the ester,
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FIG. 4.  Effect of a single dose of WAY-121,898 on the lymphatic out-
put (transport) of cholesteryl esters (A) and triglycerides (B) in rats with a
mesenteric lymph fistula. After collecting basal lymph for 2 h the com-
pound (●●) or vehicle alone (●) was injected directly into the duodenum
via a cannula, and lymph was collected hourly. Each point represents
the mean of two animals.

TABLE 3 
Efficacy of WAY-121,898 in Cholesterol-Fed Hamstersa

Group

WAY-121,898

Efficacy parameter Control 30 mg/kg 100 mg/kg

Plasma cholesterol (mg/dL) 413 ± 29 308 ± 33* 291 ± 23*
Plasma triglycerides (mg/dL) 448 ± 42 399 ± 34 380 ± 47
Cholesterol absorption (%) 45.2 ± 2.1 48.4 ± 4.0 39.8 ± 4.2
Liver cholesteryl esters (mg/g) 8.7 ± 0.9 7.9 ± 0.9 5.1 ± 1.0*
aValues are the mean ± SEM (n = 6/group); *P < 0.05.



across the villus membrane into the intestinal cell where
ACAT catalyzes reesterification. 

The effects of WAY-121,898 were distinctly different in
the hamster compared to the rat. Unlike the rat, we observed
cholesterol-lowering in animals on a chow diet (100 mg/kg),
and the cholesterol-lowering in animals fed cholesterol was
not due to inhibition of cholesterol absorption. Although CI-
976 does not lower plasma cholesterol in chow-fed hamsters
(25), other ACAT inhibitors are active (46), so under these
conditions both ACAT and pCEH may play a role in choles-
terol absorption. In cholesterol-fed hamsters, ACAT in-
hibitors, including CI-976, lower plasma cholesterol in part
by inhibiting cholesterol absorption (25,26). Therefore,
ACAT and not pCEH may mediate cholesterol esterification
in the intestine of cholesterol-fed hamsters. The efficacy due
to WAY-121,898 could be due to inhibition of liver CEH or
CEH in plasma which has been shown to modify lipoprotein
composition and structure (47). Such changes could alter
lipoprotein clearance. We favor this possibility since liver
cholesteryl ester concentrations were actually decreased in
hamsters by WAY-121,898 rather than increased as would be
expected by inhibiting liver CEH. Such a mechanism also
may pertain to the efficacy we observed after parenteral dos-
ing in cholesterol-fed rats.

In contrast to cholesterol-fed rats and hamsters, we ob-
served no change in plasma cholesterol after WAY-121,898
treatment in cholesterol-fed rabbits, suggesting that the puta-
tive mechanisms discussed above whereby CEH might alter
plasma cholesterol are not operative in this species. This lack
of hypocholesterolemic activity in cholesterol-fed rabbits,

which is in marked contrast to the potent effects observed
with CI-976 and other ACAT inhibitors (45,48), could be due
in part to the fact that rabbit liver contains no detectable CEH
activity or mRNA, and intestinal CEH in rabbits is low and
variable (49). Likewise, Field (22) could find no evidence for
an intestinally-derived CEH in rabbit intestine. Thus, there
seems to be a distinct difference between rats and rabbits with
regard to responses to WAY-121,898, and not surprisingly the
bulk of the data in the literature supporting a role for pCEH is
largely derived from the rat. Although pCEH seems to play
no role in cholesterol absorption in rabbits, WAY-121,898 did
appear to inhibit the hydrolysis and subsequent absorption of
dietary cholesteryl ester. Inhibition of cholesteryl ester ab-
sorption was also inhibited in pCEH knockout mice (37), and
it seems reasonable to suggest that inhibition of ester hydrol-
ysis by WAY-121,898 would likely be observed in other
species as well. For example, a suicide inhibitor of pCEH in-
hibits cholesteryl ester absorption, or more properly, the ab-
sorption of cholesterol derived from dietary cholesteryl ester,
in rats (50). Thus, it now seems indisputable that pCEH plays
a primary role in the absorption of cholesteryl esters. 

Although WAY-121,898 showed no adverse effects in our
animal experiments, we did observe an increase in adrenal
cholesteryl ester content after drug treatment in chow-fed
guinea pigs. This suggests to us that the drug reached the
adrenal gland to inhibit cholesteryl ester hydrolysis. Whether
this would ultimately result in adrenal dysfunction is un-
known, but mobilization of stored esters could theoretically
be compromised with drug treatment. Despite this finding, it
has been reported that this compound reduces the cholesterol
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FIG. 5.  Effect of WAY-121,898 on plasma cholesterol in rabbits fed either cholesterol (CF) or cholesteryl ester (CEF). *P
< 0.05 vs. CEF controls.



content, presumably cholesteryl esters, of the aorta in choles-
terol-fed quail (16). Such differences between tissues may be
due to differences in drug uptake or to differences between
the CEH enzymes in these tissues. Regardless, these observa-
tions again underscore the variety of responses to WAY-
121,898 across species, and point to the need for further clar-
ification of the role(s) of pCEH in cholesterol metabolism.
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ABSTRACT: The effect of cabbage extract on cholesterol me-
tabolism was studied in Donryu rats subcutaneously implanted
with an ascites hepatoma cell line (AH109A). The hepatoma-
bearing rats exhibited hypercholesterolemia induced by increas-
ing cholesterogenesis in the host liver and decreasing steroid ex-
cretion into feces. The cabbage extract intake or administration
reduced serum cholesterol level and enhanced fecal bile acid
excretion and cholesterol 7α-hydroxylase activity, the rate-limit-
ing enzyme of bile acid biosynthesis, in the microsomal fraction
of the liver. Furthermore, S-methyl-L-cysteine sulfoxide, a com-
ponent of cabbage, could mimic the effect of cabbage extract
when orally administered. These results suggest that cabbage
suppresses hypercholesterolemia responding to hepatoma
growth by upregulating cholesterol catabolism and that S-
methyl-L-cysteine sulfoxide in cabbage is one of the factors sup-
pressing hypercholesterolemia in the hepatoma-bearing rats.
Lipids 33, 499–503 (1998).

Many dietary factors have been shown to influence serum cho-
lesterol (Ch) levels. Rats have been used as an experimental
animal in many studies on Ch metabolism. However, it has
generally been necessary to use a high dose of Ch plus cholic
acid (1,2) in order to induce exogenous hypercholesterolemia.
Another approach in the rat has been to induce the develop-
ment of solid hepatomas (3). In humans and animals, he-
patoma induces abnormal serum lipid metabolism, particularly
an increase in serum total Ch (T-Ch) levels (3–5). We have re-
ported that rats subcutaneously implanted with an ascites he-
patoma cell line of AH109A show a slight decrease in high
density lipoprotein (HDL)-Ch and an enormous increase in the
very low density lipoprotein plus low density lipoprotein
(VLDL + LDL)-Ch, which result in endogenous hypercholes-
terolemia (6) and hypertriglyceridemia (7,8) during growth of
the hepatoma. The hepatoma-induced hypercholesterolemia is
shown to be induced by an increased cholesterogenesis in the
host liver and a decreased steroid excretion into feces (7).

In general, vegetable diets were reported to have a hy-
polipidemic activity (9,10), and cabbage was reported to have
a positive influence on the cholesterol metabolism by decreas-
ing an atherogenicity index [(T-Ch) − (HDL-Ch)/HDL-Ch]
(11). In the present study, we examined the effect of cabbage
extract treatment on endogenous hypercholesterolemia and
Ch metabolism in hepatoma-bearing rats. 

EXPERIMENTAL PROCEDURES

Animals and diets. Male Donryu rats (4 w of age) were ob-
tained from NRC Haruna (Gunma, Japan). They were kept on
a stock pellet diet (CE-2; CLEA Japan, Tokyo, Japan) for 4 d
and on a 20% casein diet (20C) containing 5% corn oil (12)
for another 7 (experiment 1) or 10 (experiment 2) d in an air-
conditioned room with an 8:00 A.M. to 8:00 P.M. light cycle.
Cabbage was obtained from a local market in Fuchu, Tokyo,
and cabbage extract was prepared as follows. Washed cabbage
was put into a juicer, centrifuged, and then filtered through a
Toyo No. 2 filter paper (Advantec Toyo Co., Tokyo, Japan) to
obtain cabbage extract. The extract was given to rats either by
addition of its freeze-dried sample to the 20C diet at 1.3% in
experiment 1, or oral administration in experiment 2. In ex-
periment 1, rats were divided into three groups of similar body
weight; two of the groups received a subcutaneous implanta-
tion of 5 × 105 AH109A cells (ascites hepatoma cell line, ob-
tained from Institute of Development, Aging and Cancer, To-
hoku University, Sendai, Japan) suspended in phosphate-
buffered saline to produce solid tumor in the back, as
described previously (6). Rats of each of these groups were
given either 20C or 20C supplemented with 1.3% freeze-dried
cabbage extract. Animals of the third group received a subcu-
taneous sham injection of phosphate-buffered saline alone in-
stead of AH109A as the normal control and were given the
20C. In experiment 2, rats were divided into three groups of
similar body weight, and all received an implantation of
AH109A. All the animals were given the 20C for another 14
d. One group was orally administered the cabbage extract (1
mL/100 g body weight/d), and another one with an aqueous
solution of S-methyl-L-cysteine sulfoxide (SMCS, obtained
from Research Organics Inc., Cleveland, OH; 25 mg/mL/100
g body weight/d). The control group was given distilled water
(1 mL/100 g body weight/d) alone. All the administrations
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were conducted once a day at 9:00 A.M. for 14 d. The content
of SMCS was reported to be 590 mg/100 g in cabbage (13).
Thus, the dose of 25 mg/100 g body weight/d is calculated to
be approximately equivalent to that of 1.3% freeze-dried cab-
bage extract diet intake per day or 1 mL/100 g body weight/d
of the cabbage extract. The animals were deprived of their
diets at 9:00 A.M. on the scheduled days but allowed free ac-
cess to water until decapitation 4 h later. Blood was collected
and left to clot at room temperature for 2–4 h to obtain serum.
The liver and hepatoma were quickly removed, washed with
cold 0.9% NaCl, blotted on filter paper, weighed, and provided
for various analyses.

Lipid analyses. Total lipids were extracted according to the
procedure of Folch et al. (14) from the liver. After aliquots of
the chloroform phase had been dried, Ch (15) and TG (16)
concentrations were determined as described (17). Serum
lipoproteins were separated into VLDL + LDL and HDL frac-
tions by the precipitation method (6). The total Ch of unfrac-
tionated serum (T-Ch) and HDL (HDL-Ch) was enzymati-
cally determined with a commercial kit (Wako Pure Chemi-
cal Industries, Osaka, Japan), and the difference between
T-Ch and HDL-Ch was regarded as (VLDL + LDL)-Ch.

Hepatic lipid syntheses. Total fatty acids (FA) and Ch syn-
theses were measured using liver slices (100–120 mg) and 37
kBq/µmol/assay of [1-14C]acetic acid (2.04 GBq/mmol;
Amersham International, Buckinghamshire, United King-
dom) as described previously (7,18).

Fecal steroid excretion. Feces were collected for 2 d before
sacrifice (days 12–14). Neutral sterols and bile acids were ex-
tracted according to the method of Yamanaka et al. (19), then
enzymatically determined with commercial kits (Wako Pure
Chemical Industries) as described previously (7,20).

Microsomal cholesterol 7α-hydroxylase (Ch 7α-H) activity.
Liver samples weighing 2 g were homogenized in 0.1 M phos-
phate buffer (pH 7.4), and microsomal fractions were obtained
by ultracentrifugation in a Hitachi RP83T rotor (Tokyo, Japan)
at 40,000 rpm for 1 h at 4°C. Aliquots of the microsomal frac-
tions were incubated for 40 min in 0.1 M phosphate buffer (pH
7.4) containing 111 kBq/0.2 µmol/assay of [7α-3H(N)]Ch (814

GBq/mmol; NEN Research Products, Boston, MA), and the
enzyme activity was evaluated by counting [3H]water as de-
scribed previously (21).

Statistical analysis. Data were analyzed by a one-way
analysis of variance (ANOVA). When F values were signifi-
cant (P < 0.05), differences were inspected by Duncan’s mul-
tiple-range test.

RESULTS

In experiment 1, the effect of cabbage extract on the Ch me-
tabolism was first examined in AH109A-bearing rats treated
by supplementation of a freeze-dried cabbage extract to a 20C
diet. As shown in Table 1, body weight gain, food intake, and
liver weight were significantly reduced by bearing solid he-
patoma, but the cabbage extract intake had no significant ef-
fects on these parameters and hepatoma weight (the hepatoma
group vs. the hepatoma + cabbage group), except for liver
weight that was decreased by the extract. The hepatic TG
level was reduced in the hepatoma-bearing rats, whereas the
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TABLE 1
Initial Body Weight, Body Weight Gain, Food Intake, Liver and Hepatoma Weights, Hepatic
Lipid Levels, and Hepatic Lipid Syntheses in Normal and Hepatoma-Bearing Ratsa

Hepatoma
Measurement Normal Hepatoma + cabbage

Initial body weight (g) 121 ± 2 122 ± 3 122 ± 2
Body weight gain (g/14 d) 104 ± 4b 80 ± 3c 71 ± 6c

Food intake (g/14 d) 250 ± 6b 214 ± 5c 198 ± 12c

Liver weight (g) 10.6 ± 0.4b 9.5 ± 0.6c 7.8 ± 0.2d

Hepatoma weight (g) — 23.0 ± 3.0 29.3 ± 4.0
Hepatic lipid levels (µmol/g liver)

Triglyceride 21.3 ± 2.6b 10.1 ± 1.1c 10.1 ± 1.3c

Cholesterol 3.7 ± 0.0 3.4 ± 0.2 3.7 ± 0.1
Hepatic lipid syntheses (dpm × 104/2 h/g liver)

Fatty acid 7.9 ± 2.1 8.0 ± 4.1 4.1 ± 1.4
Cholesterol 2.4 ± 0.5b 15.2 ± 3.1c 11.7 ± 1.7c

aEach value represents the mean ± SEM for six rats.
b,c,dSignificantly different at P < 0.05 by Duncan’s multiple-range test.

FIG. 1. Effect of cabbage extract on serum cholesterol (Ch) levels in he-
patoma-bearing rats. Each value represents the mean of six rats. Verti-
cal bars indicate standard errors. When the F value was significant at P
< 0.05, the means were inspected by Duncan’s multiple-range test.
a,b,cValues not sharing a common letter are significantly different. T-Ch,
total cholesterol; HDL, high density lipoprotein; VLDL, very low den-
sity lipoprotein; LDL, low density lipoprotein.



hepatic Ch was unchanged by bearing hepatoma. Cabbage ex-
tract exerted no influences on these two parameters. Changes
in serum Ch levels are illustrated in Figure 1. Both T-Ch and
(VLDL + LDL)-Ch levels were significantly increased by
bearing hepatoma, and these elevations in the hepatoma-bear-
ing rats were suppressed by the cabbage extract intake. The
HDL-Ch level was significantly decreased in the hepatoma-
bearing rats, but no change was observed between the he-
patoma and the hepatoma + cabbage groups. Table 1 also
shows the hepatic FA and Ch syntheses by liver slices. No
significant changes were seen in FA synthesis among the
three groups, while the Ch synthesis was significantly en-
hanced in the hepatoma-bearing rats. However, the cabbage
extract intake did not affect the Ch synthesis. Fecal steroid
excretion and Ch 7α-H activity in the microsomal fraction of
the host liver are shown in Figure 2. The excretion of neutral
sterols and bile acids into feces, as well as the Ch 7α-H activ-
ity, the rate-limiting enzyme of bile acid biosynthesis, were

reduced by bearing hepatoma, and reductions in bile acid ex-
cretion and the enzyme activity were partially restored by the
intake of cabbage extract.

Since SMCS, a component of cabbage, was reported to re-
duce the serum Ch level in Ch-loaded rats (22,23), we next in-
vestigated its effect on Ch metabolism in the hepatoma-bearing
rats. In this experiment, the cabbage extract and SMCS solu-
tion were administered orally, because a slight (though not sig-
nificant) reduction in food intake was observed in feeding the
cabbage extract-supplemented diet in experiment 1 (as seen in
Table 1). As shown in Table 2, body weight gain, food intake,
liver and hepatoma weights, and hepatic Ch level were un-
changed among these three groups. The hepatic TG level was
significantly elevated in rats receiving SMCS compared with
the other two groups. The serum Ch levels are illustrated in
Figure 3. It was confirmed that the serum T-Ch and (VLDL +
LDL)-Ch levels were reduced in cabbage extract-administered
rats (the hepatoma + cabbage group) when compared with con-
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FIG. 2. Effect of cabbage extract on fecal steroid excretion (A) and microsomal cholesterol 7α-hydroxylase (Ch 7α-H) activity (B) in hepatoma-
bearing rats. Each value represents the mean of six rats. Vertical bars indicate standard errors. When the F value was significant at P < 0.05, the
means were inspected by Duncan’s multiple-range test. a,b,cValues not sharing a common letter are significantly different.

TABLE 2
Initial Body Weight, Body Weight Gain, Food Intake, Liver and Hepatoma Weights, Hepatic
Lipid Levels, and Hepatic Lipid Syntheses in Hepatoma-Bearing Ratsa

Hepatoma Hepatoma
Measurement Hepatoma + cabbage + SMCS

Initial body weight (g) 184 ± 4 184 ± 4 185 ± 2
Body weight gain (g/14 d) 82 ± 6 76 ± 5 80 ± 8
Food intake (g/14 d) 246 ± 8 245 ± 7 244 ± 14
Liver weight (g) 10.7 ± 0.5 10.5 ± 0.4 10.8 ± 0.4
Hepatoma weight (g) 12.8 ± 2.5 14.0 ± 2.1 15.1 ± 3.4
Hepatic lipid levels (µmol/g liver)

Triglyceride 13.5 ± 1.0b 13.4 ± 0.7b 19.3 ± 2.7c

Cholesterol 4.1 ± 0.1 3.9 ± 0.1 4.2 ± 0.1
Hepatic lipid syntheses (dpm × 104/2 h/g liver)

Fatty acid 8.4 ± 1.2 9.8 ± 1.5 8.8 ± 1.2
Cholesterol 5.6 ± 1.4 5.8 ± 1.1 7.4 ± 1.2

aEach value represents the mean ± SEM for six rats.
b,cSignificantly different at P < 0.05 by Duncan’s multiple-range test. SMCS, S-methyl-L-cysteine sulfoxide.



trol rats (the hepatoma group), and similar reduction was ob-
served in the SMCS-administered rats (the hepatoma + SMCS
group). The hepatic FA and Ch syntheses were not affected by
either the cabbage extract or SMCS administration (Table 2),
while fecal bile acid excretion and Ch 7α-H activity in liver
microsome were significantly enhanced in both the cabbage ex-
tract- and SMCS-administered rats (Fig. 4).

DISCUSSION

The present study investigated the effect of cabbage extract
treatment on serum Ch and Ch metabolism in rats with he-

patoma. The serum T-Ch level in the hepatoma-bearing state
is significantly higher than that in the normal state (6–8). Re-
sults of this work show that the cabbage extract treatment sig-
nificantly decreased this elevated serum T-Ch level, and that
the decrease was due to significant reduction of the (VLDL +
LDL)-Ch level in hepatoma-bearing rats. Treating the he-
patoma-bearing rats with cabbage extract could stimulate the
fecal excretion of bile acids and the microsomal activity of
Ch 7α-H. The hypocholesterolemic action of cabbage extract
may be due, at least in part, to a stimulation of bile acid ex-
cretion, and this stimulation may be the result of an increased
Ch 7α-H activity in the liver microsomal fraction. The com-
ponent(s) in cabbage which has the hypocholesterolemic ac-
tivity in the hepatoma-bearing state is unknown. SMCS,
which was identified by Morris and Thompson (24) as a con-
stituent of a number of species of Cruciferae plants such as
cabbage, cauliflower and broccoli, was reported to suppress
hypercholesterolemia in Ch-loaded rats (22,23). So, we com-
pared the actions of SMCS with those of cabbage extract in
hepatoma-bearing rats. Results demonstrated that the effects
of SMCS mimicked those of the cabbage extract in serum Ch,
fecal bile acid excretion, and Ch 7α-H activity. These results
suggest that SMCS is one component in cabbage which sup-
presses hypercholesterolemia in the hepatoma-bearing rats.
Mechanism by which SMCS stimulates Ch 7α-H activity is
unclear at present. SMCS has been recently reported to re-
duce serum Ch level in alloxan-induced diabetic rats (25).
Thus, SMCS is suggested to be a strong hypocholesterolemic
agent in endogenous hypercholesterolemic models as well as
Ch-loaded, exogenous hypercholesterolemic ones.

In conclusion, cabbage extract has a hypocholesterolemic
activity in hepatoma-bearing rats, and SMCS is one of the
chemical entities in cabbage. The mechanism by which
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FIG. 3. Effect of cabbage extract on serum Ch levels in hepatoma-bear-
ing rats. Each value represents the mean of six rats. Vertical bars indi-
cate standard errors. When the F value was significant at P < 0.05, the
means were inspected by Duncan’s multiple-range test. a,bValues not
sharing a common letter are significantly different. SMCS, S-methyl-L-
cysteine sulfoxide. See Figure 1 for other abbreviations.

FIG. 4. Effect of cabbage extract on fecal steroid excretion (A) and microsomal Ch 7α-H activity (B) in hepatoma-bearing rats. Each value repre-
sents the mean of six rats. Vertical bars indicate standard errors. When the F value was significant at P < 0.05, the means were inspected by Dun-
can’s multiple-range test. a,bValues not sharing a common letter are significantly different. See Figures 2 and 3 for abbreviations.



SMCS stimulates Ch 7α-H activity is unknown, and further
studies are needed. 
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ABSTRACT: Human erythrocytes in the circulation undergo
dynamic oxidative damage involving membrane lipid peroxida-
tion and protein aggregation during aging. The present study
was undertaken to determine the effect of n-3 fatty acid supple-
mentation on lipid peroxidation and protein aggregation in the
circulation and also the in vitro susceptibility of rat erythrocyte
membranes to oxidative damage. Wistar male rats were fed a
diet containing n-6 fatty acid-rich safflower oil or n-3 fatty acid-
rich fish oil with an equal amount of vitamin E for 6 wk. n-3
Fatty acid content in erythrocyte membranes of rats fed fish oil
was significantly higher than that of rats fed safflower oil. The
degree of membrane lipid peroxidation and protein aggregation
of rats fed fish oil was not significantly higher than that of rats
fed safflower oil when the amounts of phospholipid hydroper-
oxides, thiobarbituric acid-reactive substances, and detergent-
insoluble protein aggregates were measured. When isolated
erythrocytes were oxidized under aerobic conditions in the
presence of Fe(III), the degree of membrane lipid peroxidation
of erythrocytes from rats fed fish oil was increased to a greater
extent than that of rats fed safflower oil, whereas the degree of
membrane protein aggregation of both groups was increased in
a similar extent. Hence, n-3 fatty acid supplementation did not
affect lipid peroxidation and protein aggregation in membranes
of circulating rat erythrocytes, and the supplementation in-
creased the susceptibility of isolated erythrocytes to lipid perox-
idation, but not to protein aggregation, under the aerobic con-
ditions. If a sufficient amount of vitamin E is supplied, n-3 fatty
acid supplementation may give no undesirable oxidative effects
on rat erythrocytes in the circulation.
Lipids 33, 505–512 (1998).

Fish oils which contain high amounts of the n-3 fatty acids,
eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid
(22:6n-3), have been suggested to decrease the risk of devel-

oping cardiovascular diseases and cancer (1). Epidemiologi-
cal studies have shown an apparent beneficial effect of fish
intake in reducing mortality from heart disease (2). On sup-
plementation of n-3 fatty acids, arachidonic acid (20:4n-6) in
phospholipids of cell membranes in various tissues of animals
is replaced by these n-3 fatty acids (3,4).

Fish oils containing highly unsaturated n-3 fatty acids are
readily susceptible to autoxidation under aerobic conditions
(5). Glavind et al. (6) have reported that lipid peroxides ap-
pear in the plaque of human atheroma and that the degree of
atheroma correlates with the extent of lipid peroxidation of
the plaque. Since those initial observations, lipid peroxida-
tion products have been considered to be related to various
disorders in humans including atherosclerosis, diabetes, burn
injury, and retinopathy (7). In relation to possible undesirable
effects of fish oil intake, several studies have been done. Stud-
ies on human urine (8,9) and plasma (10–14) have shown that
levels of lipid peroxidation products were slightly increased
in persons eating a diet with high fish oil content. Studies on
experimental animals have shown a decrease in tissue vita-
min E content (15–17) and an increase in in vitro susceptibil-
ity to lipid peroxidation of tissues on n-3 fatty acid supple-
mentation (15–22).

Our previous studies have shown that human erythrocytes
in the circulation undergo dynamic oxidative damages includ-
ing membrane lipid peroxidation (23) and protein aggrega-
tion (24) during aging. Membrane protein aggregation leads
to aggregation of cell surface carbohydrate chains of band 3
glycoprotein resulting in recognition by anti-band 3 autoanti-
body (25). This process may be related to clearance of oxida-
tively damaged senescent erythrocytes by macrophages (26).
It is important to elucidate whether the increased unsatura-
tion of fatty acids in erythrocyte membranes makes them
more susceptible to lipid peroxidation and protein aggrega-
tion in the circulation, and whether lipid peroxidation pre-
cedes induction of protein aggregation. The present study was
undertaken to determine the effect of n-3 fatty acid supple-
mentation on lipid peroxidation and protein aggregation of
rat erythrocyte membranes in the circulation, and to clarify
whether protein aggregation results from lipid peroxidation.
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It was found that n-3 fatty acid supplementation did not af-
fect lipid peroxidation and protein aggregation of rat erythro-
cyte membranes in the circulation. The supplementation in-
creased the susceptibility of isolated erythrocytes to lipid per-
oxidation but produced little change in the susceptibility to
protein aggregation under aerobic conditions.

MATERIALS AND METHODS

Materials. ADP was obtained from Oriental Yeast Company
(Tokyo, Japan). Phosphatidylcholine (egg yolk) and phos-
phatidylethanolamine (egg yolk) were obtained from Nippon
Fats and Oils Liposome Company (Tokyo, Japan). Phospha-
tidylcholine hydroperoxide (PCOOH) and phosphatidyl-
ethanolamine hydroperoxide (PEOOH) were prepared just
before use according to the method previously described (27).
Peroxide values of PCOOH and PEOOH were estimated to
be 1380–1680 and 770–840 neq/mg, respectively. Cyto-
chrome c and luminol were purchased from Sigma Chemical
Company (St. Louis, MO) and Wako Pure Chemical Indus-
tries (Osaka, Japan), respectively. Thiobarbituric acid (TBA)
and Silica gel 60 for thin-layer chromatography were ob-
tained from Merck (Darmstadt, Germany). Phenylmethyl-
sulfonyl fluoride and diisopropyl fluorophosphate were
obtained from Sigma. Octaethylene glycol n-dodecyl mono-
ether (C12E8) was from Nikko Chemical Company (Tokyo,
Japan).

Animals and diets. Sixteen 4-wk-old Wistar male rats
weighing 50–70 g were supplied by Japan Laboratory Ani-
mals Inc. (Tokyo, Japan). Four animals were housed together
in a stainless steel cage in a room of controlled temperature
at 23 ± 1°C, humidity at 55 ± 5%, and lighting of 12 h
dark–light cycle. The animals were allowed free access to
food. The animals were fed a normal solid diet, Clea rodent
diet CE-2 containing 4.5% soybean oil and 7.0 mg% vitamin
E (Clea Japan Corp., Tokyo, Japan) during 1 wk for acclima-
tization. Rats were divided into two groups of eight animals
each, and each group was fed a diet with safflower oil or with
fish oil for 6 wk. Weights of rats after feeding were
350–450 g. A powdered diet with AIN-76 composition, in
which corn oil was replaced by cornstarch, and whose vita-
min E content was 4.56 mg% (Oriental Yeast Company), was
stored at 4°C before use. Safflower oil and fish oil with the
fatty acid composition shown in Table 1 were stored at −20°C
before use. Each oil contained 32.5 mg% vitamin E. Peroxide
and acid values of safflower oil were 1.1 neq/mg and 0.2, re-
spectively, and those of fish oil were 1.2 neq/mg and 0.2, re-
spectively. Diets for feeding were freshly prepared every day
by uniformly mixing 427.5 g of the powdered AIN-76 diet,
22.5 g of each oil (5% by weight), and 62.5 mL of deionized
water. The overall content of vitamin E in both diets was
equal at 5.93 mg% dried solid.

Erythrocyte preparation. At the end of the feeding period,
eight rats of each diet group (six for lipid and protein aggre-
gate analysis and two for vitamin E analysis) were anes-
thetized with an air/diethyl ether mixture, and blood (10–12

mL) was collected over citrate-phosphate-dextrose by cardiac
puncture. Blood was immediately centrifuged at 320 × g and
4°C for 10 min to remove plasma and buffy coats. Erythro-
cytes were washed four times by centrifugation at 650 × g and
4˚C for 5 min with Ca2+- and Mg2+-free Dulbecco’s phos-
phate-buffered saline (DPBS) to make a cell pellet.

In vitro oxidation of isolated rat erythrocytes. Oxidation
of erythrocytes was carried out according to the method pre-
viously described (28). Five milliliters of an erythrocyte sus-
pension in DPBS (40% hematocrit) was mixed with an equal
volume of a solution of an iron catalyst ADP/Fe(III) (a mix-
ture of 3.4 mM ADP and 0.2 mM FeCl3 in isotonic saline) and
incubated under aerobic conditions at 37°C for 90 min. The
cells were pelleted by centrifugation, washed twice with
DPBS(−) and twice with isotonic saline to make a cell pellet.

Determination of hemoglobin. To 10 µL of the erythrocyte
pellet was added 3.0 mL of water, and the lysate was cen-
trifuged at 9,600 × g for 20 min. Absorbance of the super-
natant at 523 nm was measured, and the hemoglobin concen-
tration was calculated using a molecular extinction coefficient
of 7,880 and a molecular weight of 64,000 (28).

Determination of vitamin E. Vitamin E contents of eryth-
rocytes from two rats of each diet group were determined by
high-performance liquid chromatography (HPLC) according
to the method previously described (29). The amount of vita-
min E in the sample was estimated by comparing the peak
area with those of the calibration curve of the standard dl-α-
tocopherol. Vitamin E content in erythrocytes was expressed
per g hemoglobin.

Fatty acid composition of phospholipids of erythrocyte
membranes. Erythrocytes were lysed and extracted with chlo-
roform/methanol (2:1, vol/vol). The phospholipid fraction 
on silica gel thin-layer chromatography was methylated with
3% hydrochloric acid/methanol and analyzed by gas chroma-
tography using an Hitachi G-5000 gas chromatograph
(Tokyo, Japan) equipped with a fused-silica capillary column
DB-225 (0.25 mm i.d. × 30 m) (J&W Scientific Company,
Inc., Folsom, CA) and a flame-ionization detector with he-
lium as a carrier gas.

Lipid peroxidation products in erythrocyte membranes. To
1.0 mL of the erythrocyte pellet, 1.0 mL of water was added
and the mixture was left for 15 min. To the lysate, 11 mL of
2-propanol was added and the mixture was shaken occasion-
ally for 1 h, after which 7 mL of chloroform was added to the
mixture and shaken occasionally for another hour. The or-
ganic layer (18 mL) was collected by centrifugation at 1,500
× g for 15 min, filtered through a glass wool column, and 17
mL was isolated (30). The layer was divided into two 8-mL
fractions. Both fractions were evaporated at below 30°C to
dryness for determination of PEOOH, PCOOH, and TBA-re-
active substances (TBARS). The amounts of lipid peroxida-
tion products were expressed per g hemoglobin. 

PEOOH and PCOOH. Contents of PCOOH and PEOOH
in the lipid fraction of erythrocyte membranes were deter-
mined by a HPLC-chemiluminescence method (27,31). The
lipid fraction was dissolved in 5.0 mL of chloroform/

506 K. ANDO ET AL.

Lipids, Vol. 33, no. 5 (1998)



methanol (2:1, vol/vol) and washed twice with 1 mL of 0.05
M KCl to obtain 3.5 mL of the organic layer. A 3.0-mL por-
tion of the organic layer was evaporated to dryness at below
30°C and redissolved in 50 µL of chloroform/methanol (1:9,
vol/vol). A 40-µL portion of this extract was analyzed. The
amounts (neq) of PCOOH and PEOOH were determined by
comparing their peak areas with a calibration curve of the
peak areas of the standard solutions of PCOOH and PEOOH
(0–100 neq).

TBARS. TBARS in the lipid fraction of erythrocyte mem-
branes were determined according to the method previously
described with added butylated hydroxytoluene (BHT) and in
the absence and presence of EDTA (23,32). The lipid fraction
of membranes was suspended in 0.9 mL of water for analysis.

Protein aggregates in erythrocyte membranes. C12E8-in-
soluble protein aggregates in erythrocyte membranes were
isolated according to the method previously described
(24,33). The amounts of protein in erythrocyte membranes
and isolated aggregates were determined by the Lowry
method (34). SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) of SDS-solubilized aggregates was done by the
method of Laemmli (35) using 10% polyacrylamide gel under
reducing conditions. The gel was stained by Coomassie bril-
liant blue R-250.

Statistical analysis. Data were analyzed by the Student’s
t-test.

RESULTS

Two groups of Wistar male rats were fed a diet with 5% saf-
flower oil or 5% fish oil for 6 wk. Fatty acid compositions of
safflower and fish oils are shown in Table 1. As expected, saf-
flower oil was rich in n-6 fatty acids (n-6 total: 78.0%, and
n-3 total: 0.3%) and fish oil was rich in n-3 fatty acids (n-6
total: 1.3%, and n-3 total, 26.5%). While the unsaturation
index (the sum of the percentages of individual fatty acids ×
number of double bonds) of the fish oil was equal to that of
the safflower oil, the peroxidizability index, (the sum of the
percentages of individual fatty acids × number of active
methylenes) of the fish oil was higher than that of safflower
oil, indicating that fish oil may be more readily peroxidized.
Both diets contained an equal amount (5.93 mg% dried diet)
of vitamin E; the safflower oil diet had 1.5 mg vitamin E/g
polyunsaturated fatty acids and the fish oil diet had 4.3 mg vi-
tamin E/g polyunsaturated fatty acids. Erythrocytes were iso-
lated from each of six rats of both rat groups. Fatty acid com-
positions of phospholipids of erythrocyte membranes of both
rat groups were determined (Table 2). It was found that phos-
pholipids of erythrocytes of rats fed safflower oil contained
higher amounts (39.0%) of n-6 fatty acids than those of rats
fed fish oil (13.0%), and those of rats fed fish oil contained
higher amounts (22.3%) of n-3 fatty acids than those of rats
fed safflower oil (1.9%). Both the unsaturation index and the
peroxidizability index of the erythrocyte membrane phospho-
lipids from rats fed a diet containing fish oil were higher than
those from rats fed a diet containing safflower oil. Vitamin E

content of erythrocytes was estimated to be 12% lower in two
rats fed fish oil (10.3 and 10.5 µg/g hemoglobin) than in two
rats fed safflower oil (11.6 and 12.0 µg/g hemoglobin).

Contents of phospholipid hydroperoxides, PCOOH and
PEOOH, in erythrocyte membranes of both rat groups were
determined by an HPLC-chemiluminescence method (27,31).
Representative HPLC chromatograms are shown in Figure
1A. When the mean content of these phospholipid hydroper-
oxides of six rats of both the groups were compared (Fig. 2A),
no significant differences between two groups were observed.
Concentrations of PCOOH and PEOOH of both rat groups
were lower than 0.7 nmol/g hemoglobin. The TBARS in
erythrocyte membranes of both rat groups were estimated.
TBA assay of Ohkawa’s procedure at pH 3.5 was performed
in the presence of BHT in order to prevent lipid peroxidation
while heating under the acidic assay conditions (23,32). It has
been claimed that the TBA assay in the presence of EDTA re-
flects exclusively malonaldehyde derivatives that liberate
malonaldehyde under the assay conditions, and that the assay
in the absence of EDTA reflects not only malonaldehyde de-
rivatives but also the derivatives of alka-2,4-dienals and alk-
2-enals (32,36). Representative absorption spectra of the TBA
assay mixtures of erythrocyte membranes shown in Figure 3A
indicate that absorption spectra from both rat groups were
similar to that of standard TBA red pigment without disturb-
ing colored pigments. When the mean values of contents of
TBARS of six rats of two rat groups were compared (Fig.
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TABLE 1
Fatty Acid Composition of Safflower Oil and Fish Oila

Fatty acid Safflower oil Fish oil

14:0 5.8
16:0 6.9 16.4
16:1n-7 0.1 5.9
17:0 1.2
18:0 2.4 3.9
18:1n-9 12.3 15.8
18:1n-7 3.4
18:2n-6 78.0 1.3
18:3n-3 0.3 1.4
20:1n-9 1.2
18:4n-3 3.1
20:5n-3 9.6
22:1n-9 2.7
22:5n-3 2.2
22:6n-3 10.2
Unknown 15.9

Total saturated fatty acid 9.3 27.3
Total MUFA 12.4 29.0
Total n-6 PUFA 78.0 1.3
Total n-3 PUFA 0.3 26.5
Total n-6 + n-3 PUFA 78.3 27.8
UI 168 168
PI 78 114
aExpressed as percentages (w/w) of total fatty acids present. Abbreviations:
UI, unsaturation index (sum of percentages of individual fatty acids × num-
ber of double bonds); PI, peroxidizability index (sum of percentages of indi-
vidual fatty acids × number of active methylenes); MUFA, monounsaturated
fatty acids; PUFA, polyunsaturated fatty acids.



4A), no significant differences between the groups were ob-
served. Contents of the substances in the presence of EDTA
of both rat groups were estimated to be about 2 nmol/g
hemoglobin, and those of the substances in the absence of
EDTA of both rat groups were estimated to be much higher at
35 nmol/g hemoglobin. Hence, erythrocyte membranes of rats
fed fish oil did not show enhanced lipid peroxidation in the
circulation as compared to rats fed safflower oil.

Membrane protein aggregates insoluble in detergent C12E8,
whose presence indicates oxidative damage to erythrocyte
membranes (24,33), were obtained from erythrocytes of both
rat groups. The aggregates were solubilized with SDS, and
their protein contents were measured (Fig. 5A). Contents of
the aggregates of erythrocytes from rats fed fish oil were simi-
lar to those from rats fed safflower oil. SDS-PAGE of the ag-
gregates from both rat groups revealed a similar pattern (Fig.
6A). Erythrocyte membranes of rats fed fish oil did not exhibit

increased oxidative protein aggregation in the circulation
when compared to the membranes of rats fed safflower oil.

Erythrocytes from the two rat groups were oxidized
in vitro at 37°C for 90 min in the presence of ADP/Fe(III)
(28) under aerobic conditions. Figure 1B shows representa-
tive HPLC chromatograms of PCOOH and PEOOH, and Fig-
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TABLE 2
Fatty Acid Composition of Phospholipids of Erythrocyte Membrane 
of Rats Fed a Diet Containing Safflower Oil or Fish Oila

Safflower oila Fish oila

Fatty acid Meanb ± SD Meanb ± SD Pc

14:0 0.2 ± 0.1 0.3 ± 0.2 0.263
15:0 0.3 ± 0.2 0.3 ± 0.0 0.758
16:0 26.2 ± 1.3 30.2 ± 1.3 0.000
16:1n-7 0.5 ± 0.1 0.9 ± 0.6 0.167
17:0 0.3 ± 0.0 0.6 ± 0.0 0.000
17:1 n-7 0.1 ± 0.0 0.2 ± 0.0 0.000
18:0 17.7 ± 1.2 13.4 ± 0.3 0.000
18:1n-9 4.8 ± 0.2 7.7 ± 0.6 0.000
18:1n-7 3.8 ± 0.2 4.2 ± 0.1 0.002
18:2n-6 7.4 ± 0.4 1.6 ± 0.1 0.000
18:3n-6 0.1 ± 0.0 0.1 ± 0.0 0.570
20:0 0.2 ± 0.0 0.3 ± 0.1 0.279
20:1n-12 0.0 ± 0.0 0.1 ± 0.0 0.000
20:1n-9 0.1 ± 0.0 0.3 ± 0.0 0.000
20:2n-6 0.3 ± 0.1 0.1 ± 0.0 0.011
20:3n-6 0.5 ± 0.1 0.3 ± 0.2 0.186
20:4n-6 28.2 ± 0.6 10.7 ± 0.5 0.000
20:5n-3 0.0 ± 0.0 11.4 ± 0.8 0.000
22:0 1.0 ± 1.2 0.8 ± 1.6 0.529
22:1n-9 0.4 ± 0.6 0.3 ± 0.3 0.584
22:2n-6 0.1 ± 0.1 0.1 ± 0.1 0.089
22:4n-6 2.6 ± 0.2 0.1 ± 0.1 0.000
23:0 0.0 ± 0.0 0.1 ± 0.1 0.046
22:5n-3 0.4 ± 0.1 3.8 ± 0.3 0.000
22:6n-3 1.4 ± 0.1 7.1 ± 0.4 0.000
24:0 1.9 ± 0.2 2.4 ± 0.4 0.015
24:1n-9 1.5 ± 0.2 2.6 ± 0.3 0.000

Total saturated fatty acid 47.8 48.4
Total MUFA 11.2 16.3
Total n-6 PUFA 39.0 ± 0.8 13.0 ± 0.6 0.000
Total n-3 PUFA 1.9 ± 0.1 22.3 ± 1.3 0.000
Total n-6 + n-3 PUFA 40.8 35.3
UI 162 183
PI 110 131
aExpressed as percentages (w/w) of total fatty acids present.
bValues are means for six rats.
cSignificance of difference by Student’s t-test between data for safflower oil-
and fish oil-fed rats. For abbreviations see Table 1.

FIG. 1. Representative chromatograms of high-performance liquid chro-
matography-chemiluminescence assay of phosphatidylcholine hy-
droperoxide (PCOOH) and phosphatidylethanolamine hydroperoxide
(PEOOH) in rat erythrocyte membranes. (A) Membranes of erythrocytes
of a rat fed a diet containing safflower oil (S) or fish oil (F); (B) mem-
branes of erythrocytes of a rat fed a diet containing S or F which were
oxidized in vitro with ADP/Fe(III) at 37°C for 90 min.



ure 2B shows the concentrations of PCOOH and PEOOH
from six rats of both rat groups. The hydroperoxide levels of
both rat groups were extensively increased by the in-vitro aer-
obic oxidation, and the degree of the increase of the group fed
fish oil was higher than that fed safflower oil. Figure 3B
shows representative absorption spectra of the TBA reaction
mixtures, and Figure 4B shows the mean levels of TBARS of
six rats of both groups. The levels of TBARS in the presence
and absence of EDTA of both groups were increased by oxi-
dation, and the levels of the rat group fed fish oil were in-
creased more. The TBARS of the rat group fed fish oil were
increased over that of the safflower-fed group twofold in the
assay without EDTA and fivefold in the assay with EDTA.
The results indicate that fish oil supplementation caused en-
hanced in vitro susceptibility to lipid peroxidation of erythro-
cyte membranes. C12E8-insoluble membrane protein aggre-
gates were obtained from erythrocytes of both rat groups oxi-
dized in vitro. The amount of aggregates from both rat groups
was increased by the oxidation, and the increased levels of
the rat group fed fish oil was similar to those of the rat group
fed safflower oil (Fig. 5B). SDS-PAGE of the aggregates
from both rat groups revealed a similar pattern (Fig. 6B).
Erythrocyte membrane proteins of both rat groups were simi-
larly aggregated by the in vitro oxidation, and the degree of
aggregation did not correspond to the degree of lipid peroxi-
dation of membrane.

DISCUSSION

Wistar rats were fed a diet containing safflower oil or fish oil
with an equal amount of vitamin E, which was carefully pre-
pared to prevent lipid peroxidation before feeding. n-3 Fatty
acid content of isolated erythrocyte membranes of rats fed
fish oil was significantly higher than that of rats fed safflower

ERYTHROCYTE OXIDATION BY DIETARY FISH OIL 509

Lipids, Vol. 33, no. 5 (1998)

FIG. 2. Contents of PCOOH (striped bars) and PEOOH (open bars) in
rat erythrocyte membranes. (A) Membranes of erythrocytes of rats fed a
diet containing S or F. (B) Membranes of erythrocytes of rats fed a diet
containing S or F which were oxidized in vitro with ADP/Fe(III) at 37°C
for 90 min. Mean values ± SD for six rats are given. *P < 0.01; **P <
0.02; ***P < 0.001; ****P < 0.001. Hb, hemoglobin; for other abbrevia-
tions see Figure 1.

FIG. 3. Representative absorption spectra of thiobarbituric acid (TBA)
reaction mixtures with and without EDTA of rat erythrocyte membranes.
(A) Membranes of erythrocytes of a rat fed a diet containing S or F; (B)
membranes of erythrocytes of a rat fed a diet containing S or F which
was oxidized in vitro with ADP/Fe(III) at 37°C for 90 min. For abbrevia-
tions see Figure 1.

FIG. 4. Contents of TBA-reactive substances (TBARS) in the TBA assay
with (striped bars) and without EDTA (open bars) of rat erythrocyte
membranes. (A) Membranes of erythrocytes of a rat fed a diet contain-
ing S or F; (B) membranes of erythrocytes of a rat fed a diet containing S
or F which was oxidized in vitro with ADP/Fe(III) at 37°C for 90 min.
Mean values ± SD for six rats are given. *P < 0.001; **P < 0.001; ***P <
0.02; ****P < 0.001. For abbreviations see Figures 1 and 3.



oil. When lipid peroxidation products, phospholipid hydroper-
oxides, and TBARS of isolated erythrocyte membranes were
determined, the degree of membrane lipid peroxidation of iso-
lated erythrocytes with high n-3 fatty acid content was similar
to that of erythrocytes with low n-3 fatty acid content. In the
studies on TBARS, great attention was paid to prevent lipid
peroxidation under the aerobic conditions of the assay. The
assay was always conducted in the presence of antioxidant
BHT (32,36), and a modified Ohkawa’s method at pH 3.5 with
and without EDTA (23,32) was employed. In this study, it is
conceivable that water-soluble TBARS in membranes may be

released into plasma while in the circulation or into the
medium during the isolation of membranes, and such losses
could not be determined. However, it seems unlikely that a
large amount of water-soluble TBARS was released from
membranes because a substantial amount of TBARS in the
erythrocyte membranes oxidized in vitro stayed in the mem-
branes (Figs. 3B and 4B). Vitamin E in membranes of eryth-
rocytes with high n-3 fatty acid content was slightly decreased
when compared with that of erythrocytes with low n-3 fatty
acid content, indicating that vitamin E was consumed to pre-
vent lipid peroxidation of n-3 fatty acids during the circula-
tion, as has been suggested in earlier studies (15–22). It was
found in this study that the amount of vitamin E supplemented
was high enough to prevent lipid peroxidation of erythrocyte
membranes in the circulation. The degree of membrane pro-
tein aggregation, as assessed by detergent C12E8-insoluble ag-
gregates (24,33) and SDS-PAGE of the aggregates, was simi-
lar between erythrocytes with high and low n-3 fatty acid con-
tents. Hence, fish oil supplementation that caused high n-3
fatty acid content in erythrocyte membranes did not cause in-
creased lipid peroxidation and protein aggregation while in the
circulation. The results indicate that n-3 fatty acid supplemen-
tation did not increase the oxidative damage of circulating rat
erythrocyte membranes, which may be reasonably explained
by the fact that the oxygen pressure in the rat vasculature is
lower than atmospheric. A sufficient supply of vitamin E pre-
vents oxidative damage to erythrocytes with high n-3 fatty
acid content in the circulation.

The degree of membrane lipid peroxidation of erythro-
cytes with high n-3 fatty acid content was increased under
aerobic conditions with Fe(III) ion to a higher extent than that
of erythrocytes with low n-3 fatty acid content, indicating that
the n-3 fatty acid supplementation increased the susceptibil-
ity of erythrocyte membranes to lipid peroxidation under aer-
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FIG. 5. Amount of detergent-insoluble protein aggregates in rat erythro-
cyte membranes. (A) Membranes of erythrocytes of rats fed a diet con-
taining S or F; (B) membranes of erythrocytes of rats fed a diet contain-
ing S or F which were oxidized in vitro with ADP/Fe(III) at 37°C for 90
min. Mean values ± SD for six rats are given. *P < 0.001; **P < 0.001.
C12E8, octaethyleneglycol n-dodecylmonoether; for other abbreviations
see Figure 1.

FIG. 6. SDS-polyacrylamide gel electrophoresis of detergent-insoluble protein aggregates in rat erythrocyte mem-
brane. (A) Membranes of erythrocytes of rats fed a diet containing S or F; (B) membranes of erythrocytes of rats fed a
diet containing S or F which were oxidized in vitro with ADP/Fe(III) at 37°C for 90 min. All the aggregates of six rats
of each group were electrophoresed. Bands were visualized by staining with Coomassie brilliant blue R-250. Pro-
tein molecular-weight-marker (Iwaki Glass Corporation, Chiba, Japan) was used for indication of the protein posi-
tions of molecular weight. For abbreviations see Figure 1.



obic conditions. The amount of vitamin E present in mem-
branes under these conditions may be too small to prevent ox-
idation of membranes with high n-3 fatty acid content. The
increased susceptibility to lipid peroxidation, which was
tested under the artificial aerobic conditions, does not reflect
the circulation conditions of the erythrocytes in vivo. The de-
gree of membrane protein aggregation of erythrocytes with
high vs. low n-3 fatty acid content was increased to a similar
extent by the in vitro oxidation, indicating that oxidative
membrane protein aggregation did not correspond to lipid
peroxidation, and that lipid peroxidation was not a causative
factor for membrane protein aggregation.

Several studies suggesting undesirable effect of dietary n-
3 fatty acid intake for humans have appeared. Measurement
of human urinary and plasma levels of lipid peroxidation
products in relation to increased n-3 fatty acid intake has been
carried out. Daily urinary TBARS levels in humans fed a diet
containing n-3 fatty acids for 40–50 d are slightly increased
(8,9), but the same authors suggested the increase was caused
by the lipid peroxidation products formed in food before its
consumption (8). The present authors have shown in previous
studies that human urinary TBARS levels of each subject eat-
ing regular Japanese food exhibited a 1.5–3-fold variation
daily and 2–3-fold variation within a day (37), suggesting that
the urinary TBARS level is not a good index for lipid peroxi-
dation studies of the whole human body. Several reports show
that high intakes of n-3 fatty acids led to increased human
plasma TBARS and lipid hydroperoxide levels (10–14).
However, in most of these studies (10,11,13) the TBA assay
was carried out without addition of BHT, and TBARS could
be produced during the aerobic assay procedures. Further-
more, TBARS in serum or plasma are usually very low and
could not yet be identified (38). Hackett et al. (39) strongly
argued that the TBA asssay of plasma is not reliable. By con-
trast, Kinsella (40) has suggested that intake of n-3 fatty acid
preparations which contain vitamin E should not exert any
deleterious effects via peroxidation when adequate levels of
vitamin E are consumed (40).

Studies on experimental animals supplemented with n-3
fatty acids have shown a decrease in vitamin E content and an
increased susceptibility to in-vitro lipid peroxidation of tissues
(15–22). Supplementation of herring oil to rats increased
TBARS levels in liver microsomes and susceptibility to
in vitro lipid peroxidation (19). Supplementation of menhaden
oil to rats increased TBARS levels in heart and liver and their
susceptibility to in vitro lipid peroxidation (20). In most of
these previous studies (19–21), the TBA assay was carried out
without addition of any antioxidants, and there is a possibility
that artifactual lipid peroxidation took place during the assay
under aerobic conditions.

In conclusion, n-3 fatty acid supplementation did not affect
lipid peroxidation and protein aggregation in rat erythrocyte
membrane and may not enhance dynamic oxidative damages
of the cells. It is likely that if a sufficient amount of vitamin E
is supplied, n-3 fatty acid supplementation does not bring
about undesirable effects in relation to lipid peroxidation.
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ABSTRACT: Artificially reared infant rats were used to deter-
mine the effects of long-chain polyunsaturated fatty acid (LCP-
UFA) supplementation on blood and tissue concentrations of
arachidonic acid (AA) and docosahexaenoic acid (DHA). Be-
ginning at 7 d of age, infant rats were fed for 10 d with rat milk
formulas supplemented with AA at 0, 0.5 and 1.0%, or supple-
mented with DHA at 0, 0.5 and 1.0% of total fatty acid. The
supplementation of AA increased accretion of the fatty acid in
tissue and blood phospholipids with a maximum increase of 9%
in brain, 15% in liver, 25% in erythrocytes, and 43% in plasma
above the values of unsupplemented infant rats. Rat milk for-
mula containing 1.0% of AA had no added benefits over that
containing 0.5% of AA. The supplementation of DHA increased
phospholipid DHA by a maximum of 24% in brain, 87% in
liver, 54% in erythrocytes, and 360% in plasma above the un-
supplemented control. The increase in tissue and blood DHA
was concentration-dependent on formula fatty acid. Brain phos-
phatidylcholine and phosphatidylethanolamine were similarly
enriched with AA and DHA by supplementation of the corre-
sponding fatty acids. In general the observed increase of AA was
accompanied by a decrease in 16:0, 18:1n-9, and/or 18:2n-6,
whereas the increased DHA was associated with a reduction of
18:1n-9, 18:2n-6, and/or 20:4n-6. Clearly, infant rats were more
responsive to DHA than AA supplementation, suggesting a great
potential of dietary manipulation to alter tissue DHA concen-
trations. However, the supplementation of DHA significantly
decreased tissue and blood AA/DHA ratios (wt%/wt%), whereas
there was little or no change in the ratio by AA supplementa-
tion. Although the physiological implications of the levels of AA
and DHA, and AA/DHA ratios achieved under the present ex-
perimental conditions are not readily known, the findings sug-
gest that artificial rearing could provide a suitable model to in-
vestigate LCPUFA requirements using various sources of AA and
DHA in rats.
Lipids 33, 513–520 (1998).

Long-chain polyunsaturated fatty acids (LCPUFA), espe-
cially arachidonic acid (AA, 20:4 n-6) and docosahexaenoic
acid (DHA, 22:6n-3) are found in high concentrations in
neural tissues and retina (1–3). Although precise functions of
LCPUFA are not completely understood, AA and DHA are
currently considered essential for growth, development, and
maturation of fetuses and infants (4–6). In addition, inade-
quate DHA level has been associated with impaired visual
acuity, learning ability, and neural functions (7–11). Thus, ad-
equate provision of LCPUFA and their precursors to ensure
optimal growth and development of infants is obviously criti-
cal (6,12).

Human milk, which contains various concentrations of AA
and DHA, is the preferred source of LCPUFA (13). Most
infant formulas, on the other hand, are devoid of AA and DHA
(13), but do contain linoleic acid (LA, 18:2n-6) and
α-linolenic acid (LN, 18:3n-3), the precursors of LCPUFA
(14). Preterm infants fed commercially available formulas had
AA and DHA concentrations in plasma and erythrocytes that
were lower than those of breast-fed counterparts (5,15,16).
Similar relationships between infant formula feeding and
blood LCPUFA levels were noted in full-term infants. Term
infants fed conventional formulas were unable to maintain
concentrations of blood AA and DHA seen in breast-fed in-
fants during postnatal development (5,15,17–19). Coincident
with the difference in plasma and erythrocyte DHA levels, the
formula-fed infants had poorer visual acuity, slower informa-
tion processing ability, and impaired neural functions com-
pared to breast-fed infants (8–12). In an attempt to promote
accretion of LCPUFA, DHA in the form of fish oil or LN in
vegetable oil has been supplemented to infant formulas
(16,18–22). Fish oil added to formula increased DHA in
plasma and erythrocytes to a level comparable to that of breast
feeding (16,21). Vegetable oil (e.g., soybean oil and canola oil)
rich in LN also increased DHA levels in plasma and erythro-
cytes (10,18,22), and the extent of the increase was inversely
related to LA/LN ratios in the diet (14,23). However, the max-
imum level of DHA achieved by dietary LN fell short of that
observed in infants fed fish oil-supplemented formula or breast
milk (20,23). Interestingly, the supplementation of DHA or
LN in formulas has been shown to improve visual acuity and
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neural functions to various degrees (10,12,19), although such
benefits were not observed in other studies (22,24,25). It
should be stressed that fish oil supplementation resulted in a
reduction of AA in blood which was accompanied by growth
retardation of preterm infants (26). Nonetheless, when fish oil
high in DHA but low in eicosapentaenoic acid (EPA, 20:5n-3)
was used in formula supplementation, no such adverse effects
on blood AA concentration and growth were observed (9,16).

Despite these observations there are concerns about the
usefulness of fish oil to provide DHA for infants because of
the potential deleterious effect of EPA (3). EPA may compete
with AA for production of different series of prostaglandins
and leukotrienes leading to metabolic abnormalities (27). The
present study was therefore undertaken to test the use of mi-
crobial oils rich in either AA or DHA but devoid of EPA as
sources of LCPUFA for infant rats. To this end, an artificial
rearing (AR) model of infant rats was used throughout the
study. The postnatal brain growth spurt in rats corresponds to
the rapid growth of human brain during the perinatal period
(28). Thus, the AR infant rats provide a useful model to study
brain metabolism and development of preterm infants. One
of the major advantages of the AR model is the precise con-
trol of quantity and composition of milk formula provided to
each pup (29). Moreover, the model has been proven suitable
for studying metabolic consequences or nutrient requirements
of neonates by altering the composition and amount of milk
(29–31). The results demonstrated that supplementation of
AA and DHA was effective in enriching the respective fatty
acids in blood and tissue phospholipids.

MATERIALS AND METHODS

Animals and artificial rearing. Pathogen-free pregnant
Sprague-Dawley rats at 14 d of gestation were purchased from
Harlan Sprague-Dawley (Indianapolis, IN) and housed in in-
dividual plastic containers. They were fed ad libitum a nonpu-
rified diet (Purina Rat Chow, Ralston Purina, St. Louis, MO)
and had access to water at all times. For each study, newborns
from four pregnant rats were delivered naturally, culled to 10
pups per dam within 12 h of birth, and were nourished by their
dams until the beginning of AR. At 7 d of age, one to two
weight-matched rat pups from each litter were assigned to one
of three AR groups. In Study 1, the pups were fed rat milk for-
mulas (RMF) that contained 0, 0.5, or 1.0% AA as total fatty
acids by weight. In Study 2, the pups received RMF which
contained 0, 0.5, or 1.0% DHA. Ten of the remaining pups
comparable to those in the AR groups were assigned to one of
the four dams. They were suckled by the dam throughout the
lactating period and were used as models for growth rates. For
artificial feeding, infant rats were anesthetized with diethyl
ether for 90 s in a chamber for the purpose of permanent place-
ment of intragastric cannulas using the nonsurgical technique
of Hall (32). The cannulas were connected to plastic syringes
on an infusion pump for automatic feeding for 15 min each
hour (30). All pups were weighed daily, and AR care was pro-
vided, including antiseptic dressing, cleansing of the perianal

area, and stimulation to eliminate (30). The daily milk intake
of artificially reared rats was adjusted to match the growth rate
of the mother-reared pups. The animal protocol was reviewed
and approved by The Pennsylvania State University Animal
Care and Use Committee.

RMF. RMF were prepared essentially according to the
method of Auestad et al. (33). The formulas were modified
from RMS-2A formula and were composed of carbohydrate,
protein, fat, vitamins, and minerals that closely resembled
those of rat milk (33). All formulas contained 11.8% fat (w/w)
consisting of fat from milk formula base (3.4%), medium-
chain triglyceride (2.0%), and corn oil (microbial oil + corn
oil = 6.4%) (30). Microbial oils (Martek Bioscience, Colum-
bia, MD) provided sources of n-6 and n-3 LCPUFA. Micro-
bial oil A (triglyceride oil produced by Mortierella alpina)
contained 17.7% AA, 16.3% 16:0, 15.1% 18:0, 23.4% 18:1n-
9, 11.5% 18:2n-6, and small percentages of other fatty acids,
but no DHA and EPA. Microbial oil B (triglyceride oil pro-
duced by Crypthecodinium cohnii) contained 41.9% DHA,
15.5% 14:0, 19.1% 16:0, 13.8% 18:1n-9, and small percent-
ages of other fatty acids, but no AA and EPA. In Study 1, mi-
crobial oil A was added at the expense of corn oil to make
RMF variations in AA concentrations of 0, 0.5, or 1.0%. Mi-
crobial oil B was used in Study 2 to prepare formulas contain-
ing 0, 0.5, or 1.0% DHA. All RMF were degassed with nitro-
gen and allocated for storage at −20°C. The formulas were re-
homogenized daily before feeding.

Lipid extraction and fatty acid analysis. Infant rats were
artificially fed for 10 d. At 17 d of age, the pups were anes-
thetized with pentobarbital (Anpro Pharmaceutical, Arcadia,
CA) (5 mg/100 g body weight) for collection of blood by car-
diac puncture. Livers and brains were excised, rinsed in 0.9%
NaCl, blot-dried on filter paper, frozen in liquid nitrogen, and
then stored at −80°C for subsequent lipid analysis. Plasma
and erythrocytes were prepared by centrifugation and wash
procedures described previously (34).

For analyses of fatty acids, lipid extracts were prepared
from plasma, erythrocytes, brain, and liver according to the
extraction procedures of Folch et al. (35), using chloro-
form/methanol (2:1, vol/vol) containing 50 µg butylated hy-
droxytoluene as the antioxidant. Lipid extracts were then sub-
jected to thin-layer chromatographic separation of lipid classes
using silica G plates and a hexane/ethyl ether/acetic acid
(80:20:1, by vol) solvent (36). The phospholipid band remain-
ing at the origin of the plate was scraped into an ampule for
transmethylation by using 12% boron trifluoride in methanol
(wt/vol) (37). The methylated fatty acids were analyzed by gas
chromatography (Model 5980 Series II; Hewlett-Packard,
Palo Alto, CA) equipped with an SP-2330 fused-silica capil-
lary column (30 m × 0.25 mm i.d., 20 µm film; Supelco, Belle-
fonte, PA) and a flame-ionization detector. The gas chromato-
graphic conditions were the same as those described elsewhere
(38). For fatty acid analysis of phospholipid species, the lipid
extracts were separated into phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) by thin-layer chromatography
using silica G plates and a solvent mixture of chloro-
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form/methanol/petroleum ether (bp 35–60°C)/acetic acid
/boric acid (40:20:30:10:1.8; vol/vol/vol/vol/wt) as described
in a previous study (39). The isolated individual phospholipids
were transmethylated and analyzed by gas chromatography
(38). Fatty acid proportions were expressed as wt% of total
fatty acid. The absolute content of individual fatty acids was
measured by the addition of free heptadecanoic acid as an in-
ternal standard prior to transmethylation (34).

Statistical analysis. Data are expressed as means ± SD.
The significant difference in comparing three dietary treat-
ments was analyzed by one-way analysis of variance. Tukey’s
pairwise comparisons (40) using Minitab Statistical software
(Minitab, State College, PA) was applied to determine where
the difference existed.

RESULTS

Artificially reared infant rats grew at the same rate as the
mother-reared counterparts. At the onset of the artificial feed-
ing on day 7 of life, mean body weight for three groups of in-
fant rats fed AA- supplemented formulas were 15.5 ± 1.0 g,
16.0 ± 1.1 g, and 15.7 ± 1.0 g compared with 15.3 ± 0.8 g for
mother-reared offspring. After 10 d of feeding (i.e., at 17 d of
age) the mean body weights of 28.7 ± 1.7 g, 29.0 ± 0.8 g, and
29.1 ± 2.0 g were not different from 29.6 ± 1.4 g of the
mother-reared infant rats with the same age. Similarly, there
was no difference in body weight between a mother-reared
and artificially reared infant rats before and after the feeding
of DHA-supplemented formulas.

Fatty acid analyses of RMF revealed that the actual weight
percentage of AA (i.e., 0, 0.46, and 0.93%) and DHA (i.e., 0,
0.51, and 0.94%) in the formulas were close to the targeted
levels of 0, 0.5, and 1.0% (Table 1). There was no difference
in other fatty acids among the three formulas supplemented
with DHA. Similarly, the wt% of other fatty acids were main-
tained constant except stearic acid (18:0) in the AA-supple-
mented formulas. All formulas contained medium-chain fatty
acids (i.e., 8:0 and 10:0), although they were lower in DHA-
supplemented than AA-supplemented formulas. Overall, the

unsupplemented formulas contained major fatty acids, except
18:3n-3, similar to those of rat milk from various sources
compiled by Auestad et al. (33). The absence of 18:3n-3 in
the present formulas was designed to minimize the contribu-
tion of n-3 LCPUFA by endogenous synthesis.

The first series of experiments determined the effects of
AA supplementation on blood and tissue fatty acid composi-
tion of phospholipids. As shown in Table 2, AA supple-
mented at 0.5 and 1.0% increased AA equally in plasma by
35–43% above the level of unsupplemented formula. The in-
creases were accompanied by a lower weight percentage of
16:0 and 18:1n-9 than that of unsupplemented. The concen-
trations of DHA in plasma were not altered by AA supple-
mentation. The AA supplementation also enriched the AA
level in erythrocytes by 20–25% as compared with control
unsupplemented infant rats, but lowered the weight percent-
ages of 16:0, 18:0, and 18:1n-9. The erythrocyte DHA level
was higher in supplemented than unsupplemented animals.

In the brain, the weight percentage of AA in phospholipids
was 9% higher in the AA-supplemented groups at either 0.5
or 1.0% AA than in the unsupplemented group (Table 3).
There were slight, but significant reductions in DHA by the
two levels of AA supplementation. The weight percentages
of 18:2n-6, 22:4n-6, and 22:5n-6 were lower in 0.5% AA-sup-
plemented than in unsupplemented infant rats. All other brain
fatty acids remained unchanged. The weight percentages of
AA in liver phospholipids of infant rats fed supplemented for-
mulas (both at 0.5 and 1.0%) were 10–15% higher than the
control (Table 3). AA supplementation had no effect on
weight percentage of liver DHA or other fatty acids. Brain PE
contained markedly higher concentrations of AA and DHA
than PC (Table 4). AA supplementation increased AA accre-
tion in both phospholipid species with greater percentages in-
creases in PC (i.e., 21–25% above the control) than those in
PE (i.e., 5–8% above the control). The AA supplementation
did not alter weight percentages of brain DHA, 16:0, 18:0,
and 18:1n-9, but lowered 18:2n-6 and increased 22:4n-6 and
22:5n-6 in PC. In PE, the increase in weight percentage of AA
was accompanied by a reduction in 16:0 and 18:0 when the
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TABLE 1
Fatty Acid Composition of Rat Milk Formulas Supplemented with Arachidonic or Docosahexaenoic Acida

Formula Formula

Fatty acid 0% AA 0.5% AA 1.0% AA 0% DHA 0.5% DHA 1.0% DHA

8:0 8.5 ± 0.7 8.3 ± 1.2 7.8 ± 1.7 5.9 ± 1.4 5.9 ± 1.1 7.0 ± 0.8
10:0 7.3 ± 0.4 8.0 ± 1.0 7.0 ± 0.6 4.6 ± 0.3 5.0 ± 0.5 4.7 ± 0.2
12:0 1.1 ± 0.2 1.3 ± 0.3 1.2 ± 0.3 1.0 ± 0.3 1.0 ± 0.1 1.1 ± 0.1
14:0 3.5 ± 0.6 4.2 ± 1.3 4.0 ± 1.0 3.4 ± 1.1 3.5 ± 0.2 3.6 ± 0.5
16:0 15.8 ± 1.2 16.9 ± 2.8 16.7 ± 1.9 16.2 ± 2.0 16.1 ± 0.4 16.0 ± 1.0
18:0 3.9 ± 0.6a 5.7 ± 1.3b 5.6 ± 0.8b 5.3 ± 1.1 5.2 ± 0.2 5.2 ± 0.6
18:1n-9 21.5 ± 0.5 21.9 ± 1.4 22.3 ± 0.9 23.6 ± 0.3 23.1 ± 0.5 22.9 ± 0.3
18:2n-6 35.2 ± 2.2 30.9 ± 3.4 32.6 ± 3.3 38.8 ± 5.9 38.6 ± 1.1 37.4 ± 2.2
20:4n-6 — 0.46 ± 0.03a 0.93 ± 0.04b — — —
22:6n-3 — — — — 0.51 ± 0.01a 0.94 ± 0.05b

aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each supplement with different superscript roman letters in the
same row are significantly different at P < 0.05. AA = arachidonic acid, DHA = docosahexaenoic acid.



formula was supplemented with 1.0% AA. The weight per-
centage of DHA was not affected, but the weight percentages
of 22:4n-6 and 22:5n-6 were slightly increased by the AA
supplementation. Consequent to the AA supplementation,
AA/DHA ratios were increased in plasma and brain total
phospholipids but were not changed in erythrocyte and liver
total phospholipids or in brain PC and PE (Tables 2–4).

In the second series of experiments, RMF supplemented
with DHA were fed to artificially reared infant rats. The sup-
plementation of DHA markedly increased accretion of DHA
in plasma phospholipids to 2.7–4.6-fold of the unsupple-
mented level (Table 5). The increase in DHA was accompa-
nied by reduction of 18:0 (4–10 wt%), 18:1n-9 (13–16 wt%),
and 16:0 (11 wt% only at high DHA-supplemented group).
The weight percentage of plasma AA was not affected by the
supplementation. Erythrocyte DHA levels were 27–54%
higher in infant rats fed formula supplemented with DHA than
the control (Table 5). There was a concomitant reduction in
weight percentages of 18:2n-6 (5–8%) and AA (7–13%). No
other fatty acids were affected by the DHA supplementation.

The supplementation of DHA also enhanced the accretion
of DHA in tissue phospholipids. In the brain, weight percent-
ages of DHA of the supplemented animals were 20–24%
higher than those of unsupplemented counterparts (Table 6).

Brain AA, 16:0, 18:0, and 18:2n-6 levels were not changed
by DHA supplementation, but there were significant de-
creases in weight percentages of 18:1n-9 and 22:4n-6. Liver
phospholipid DHA levels were highly enriched by the DHA
supplementation (Table 6). In the supplemented groups,
weight percentages of DHA were 45–81% higher than those
of unsupplemented infant rats. On the other hand, the weight
percentages of 18:1n-9 and 18:2n-6 were lower in the supple-
mented than in the unsupplemented group. There were no dif-
ferences in AA, 16:0, and 18:0 among the groups. A similar
trend of changes in fatty acid composition of brain PC and PE
was noted. In PC, DHA supplementation increased weight
percentages of DHA by 17–33% with little changes in the
other fatty acids (Table 7). The enrichment of DHA in PE was
more pronounced than in PC and was accompanied by slight
but significant reduction in 18:1n-9, 18:2n-6, AA and
22:4n-6.

The supplementation of DHA in formulas reduced
AA/DHA ratios in blood and tissues. This reduction resulted
from increased DHA together with either decreased or un-
changed AA. The most pronounced decrease in the ratio was
seen in plasma, followed by erythrocyte phospholipids. The
ratios decreased from 8:1 in the control to 3:1 and 2:1 in the
supplemented groups in plasma, and from 6:1 in the control
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TABLE 2
Fatty Acids of Plasma and Erythrocyte Phospholipids in Infant Rats Fed Formulas Supplemented with AAa

Plasmaa Erythrocytea

Fatty acid 0% AA 0.5% AA 1.0% AA 0% AA 0.5% AA 1.0% AA

16:0 28.5 ± 1.5a 26.8 ± 1.7a,b 24.9 ± 1.5b 32.6 ± 2.1a 29.4 ± 2.1b 29.2 ± 2.5b

18:0 25.2 ± 2.1 24.3 ± 1.1 24.4 ± 0.9 13.7 ± 0.2a 12.5 ± 1.0b 12.2 ± 1.3b

18:1n-9 9.6 ± 0.9a 8.2 ± 0.5b 8.5 ± 0.6b 10.9 ± 0.6a 9.3 ± 0.2b 8.4 ± 2.6b

18:2n-6 24.5 ± 2.8 25.3 ± 2.0 25.9 ± 2.9 9.7 ± 0.5a,b 10.8 ± 1.0a 9.4 ± 0.5b

20:4n-6 7.4 ± 0.7a 9.9 ± 0.8b 10.5 ± 1.4b 18.0 ± 1.0a 21.6 ± 0.9b 22.4 ± 1.6b

22:4n-6 0.3 ± 0.5 0.4 ± 0.4 0.4 ± 0.5 1.8 ± 1.5 2.9 ± 0.3 2.9 ± 0.2
22:5n-6 — — — 1.7 ± 0.2a 2.3 ± 0.3b 2.3 ± 0.5b

22:6n-3 2.3 ± 0.5 2.8 ± 0.8 2.4 ± 0.3 4.5 ± 0.4a 6.2 ± 1.0b 6.4 ± 1.1b

AA/DHA 3.3 ± 0.8a 3.7 ± 1.0a,b 4.4 ± 0.7b 4.0 ± 0.2 3.6 ± 0.5 3.6 ± 0.5
aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for plasma or erythrocyte with different superscript roman letters
in the same row are significantly different at P < 0.05. For abbreviations see Table 1.

TABLE 3
Fatty Acids of Brain and Liver Phospholipids in Infant Rats Fed Formulas Supplemented with AAa

Brain Liver

Fatty acid 0% AA 0.5% AA 1.0% AA 0% AA 0.5% AA 1.0% AA

16:0 33.9 ± 0.9 35.6 ± 0.6 35.0 ± 1.1 20.2 ± 1.3 19.2 ± 1.7 20.8 ± 1.8
18:0 21.6 ± 0.4 22.1 ± 0.7 21.8 ± 1.0 25.8 ± 2.8 24.6 ± 1.5 26.6 ± 2.9
18:1n-9 14.4 ± 0.1a 15.1 ± 0.2b 14.7 ± 0.4a,b 11.2 ± 1.6 10.5 ± 1.3 11.0 ± 1.4
18:2n-6 1.3 ± 0.1a 1.2 ± 0.03b 1.3 ± 0.1a,b 17.9 ± 2.5 17.7 ± 2.7 15.7 ± 2.6
20:4n-6 13.8 ± 0.4a 15.0 ± 0.4b 15.1 ± 0.5b 13.9 ± 0.7a 16.0 ± 0.8b 15.2 ± 0.6b

22:4n-6 2.4 ± 0.1a 2.1 ± 0.1b 2.0 ± 0.9a,b 0.9 ± 0.3 1.4 ± 0.4 1.1 ± 0.4
22:5n-6 1.4 ± 0.2a 1.1 ± 0.1b 1.3 ± 0.1a 1.3 ± 0.8 1.1 ± 0.8 0.8 ± 0.4
22:6n-3 8.3 ± 0.4a 6.5 ± 0.7b 7.5 ± 0.6c 6.1 ± 0.9 7.0 ± 1.8 5.5 ± 1.3
AA/DHA 1.3 ± 0.03a 1.4 ± 0.1b 1.4 ± 0.1b 2.4 ± 0.4 2.4 ± 0.6 2.8 ± 1.4
aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each tissue with different superscript roman letters in the same
row are significantly different at P < 0.05. For abbreviations see Table 1.



to 4:1 and 3:1 in the supplemented infant rats in erythrocytes
(Table 5). The ratios in the liver decreased from the unsup-
plemented 4:1 to 3:1 and 2:1 in the supplemented groups
(Table 6). There was slight but significant reduction of the ra-
tios in brain total phospholipids, PC, and PE (Tables 6 and 7).

The increased weight percentages of AA and DHA in tis-
sue and blood resulting from the supplementation of the cor-
responding AA and DHA in milk formulas led to significant
changes in the absolute amounts of the fatty acids. In infant
rats who received unsupplemented formula, absolute amount
of total fatty acids in phospholipids of plasma was 1.03 ± 0.86
mg/mL, of erythrocytes 0.52 ± 0.05 mg/mL, of brain 9.03 ±
0.57 mg/g, and of liver 2.97 ± 0.33 mg/g. The concentrations
were not altered in those fed formulas supplemented with ei-
ther AA or DHA.

DISCUSSION

Long-chain polyunsaturated fatty acids, especially DHA, have
been suggested as conditionally essential and should be pro-
vided to infants (41,42). Although infants are capable of de-
saturation and elongation of LN and LA to form DHA and
AA, respectively (14,43), the synthesis may not be sufficient
to meet AA and DHA requirements during the rapid phase of

growth and development in infants (20,23,43). Supplementa-
tion of DHA in formula has been proven effective in enrich-
ing and maintaining DHA levels in the circulation to levels
that are achieved by breast-feeding (16,19–21). More impor-
tantly, the supplementation of DHA improved visual function
to a greater extent than LN supplementation in preterm infants
(44,45). However, the effectiveness of LN supplementation in
improving visual acuity is controversial. Makrides et al. (46)
and Jorgensen et al. (11) have independently demonstrated
that infants fed formulas with LN levels as high as or higher
than human milk had lower visual acuity than that of breast-
fed counterparts. To the contrary, most recent studies of Aues-
tad et al. (22) and Innis et al. (24,25) showed that there was
no difference in visual acuity in infants fed either breast milk
or formula containing LN. Clearly, the benefits of n-6 and n-3
fatty acid supplementation require further investigation. In this
context, it is pertinent to point out that supplementation of
DHA from various sources has been extensively investigated
in human infants (12,16,18,22), and newborn animals
(30,47–49). The present study was designed to evaluate the
potential use of Microbial oil A, rich in AA but devoid of
DHA and EPA, and Microbial oil B, rich in DHA but devoid
of AA and EPA, to enrich LCPUFA in infant rats.

The results clearly demonstrated that supplementation of
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TABLE 4
Fatty Acids of Brain Phosphatidylcholine and Phosphatidylethanolamine in Infant Rats 
Fed Formulas Supplemented with AAa

Phosphatidylcholinea Phosphatidylethanolaminea

Fatty acid 0% AA 0.5% AA 1.0% AA 0% AA 0.5% AA 1.0% AA

16:0 61.6 ± 0.7 60.3 ± 1.2 60.4 ± 1.2 10.4 ± 0.6a 10.0 ± 0.6a,b 9.5 ± 0.5b

18:0 8.5 ± 0.4 8.7 ± 0.4 8.4 ± 0.3 34.9 ± 0.8a 33.4 ± 1.6a 31.8 ± 0.7b

18:1n-9 18.2 ± 0.5 18.4 ± 0.1 18.1 ± 0.2 9.4 ± 0.5 9.3 ± 0.5 8.9 ± 0.5
18:2n-6 1.8 ± 0.02a 1.3 ± 0.1b 1.4 ± 0.1b 0.7 ± 0.04 0.7 ± 0.1 0.7 ± 0.1
20:4n-6 3.9 ± 0.1a 4.7 ± 0.5b 4.8 ± 0.7b 17.2 ± 0.6a 18.2 ± 0.8b 18.6 ± 0.4b

22:4n-6 0.4 ± 0.04a 0.4 ± 0.1a,b 0.5 ± 0.1b 5.5 ± 0.2a 5.7 ± 0.2a 6.3 ± 0.2b

22:5n-6 0.2 ± 0.03a 0.2 ± 0.1a,b 0.3 ± 0.1b 2.3 ± 0.1a 2.4 ± 0.2a 2.9 ± 0.2b

22:6n-3 1.2 ± 0.1 1.4 ± 0.3 1.5 ± 0.4 17.5 ± 0.9 18.0 ± 1.1 19.1 ± 1.8
AA/DHA 3.2 ± 0.2 3.4 ± 0.5 3.4 ± 0.5 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1
aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each phospholipid with different superscript roman letters in
the same row are significantly different at P < 0.05. For abbreviations see Table 1.

TABLE 5
Fatty Acids of Plasma and Erythrocyte Phospholipids in Infant Rats Fed Formulas Supplemented with DHAa

Plasmaa Erythrocytea

Fatty acid 0% DHA 0.5% DHA 1.0% DHA 0% DHA 0.5% DHA 1.0% DHA

16:0 22.4 ± 0.6a 22.2 ± 1.3a 19.9 ± 1.6b 32.4 ± 1.3 33.7 ± 1.0 33.6 ± 0.7
18:0 27.2 ± 0.6a 26.0 ± 0.7b 24.6 ± 0.7c 15.8 ± 0.7 15.7 ± 0.4 15.8 ± 0.5
18:1n-9 8.8 ± 0.4a 7.6 ± 0.8b 7.4 ± 0.5b 10.5 ± 0.4 10.5 ± 0.3 10.2 ± 0.2
18:2n-6 28.3 ± 1.1 29.0 ± 1.2 29.4 ± 2.3 13.2 ± 0.5a 12.1 ± 0.6b 12.5 ± 0.3b

20:4n-6 10.6 ± 0.6 10.3 ± 1.0 11.8 ± 1.1 19.4 ± 1.8a 18.0 ± 0.8a 16.9 ± 0.4b

22:4n-6 0.5 ± 0.1 0.5 ± 0.04 0.4 ± 0.1 1.0 ± 0.1 0.9 ± 0.03 0.8 ± 0.2
22:6n-3 1.2 ± 0.1a 3.3 ± 0.8b 5.4 ± 0.4c 3.4 ± 0.4a 4.4 ± 0.4b 5.3 ± 0.4c

AA/DHA 7.9 ± 0.7a 3.3 ± 0.6b 2.2 ± 0.2c 5.7 ± 0.2a 4.2 ± 0.3b 3.2 ± 0.2c

aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each plasma or erythrocyte with different superscript roman
letters in the same row are significantly different at P < 0.05. For abbreviations see Table 1.



AA increased accretion of the fatty acid in total phospholipids
of plasma, erythrocytes, brain and liver (Tables 2, 3). Similar
increases in brain PE and PC were observed (Table 4). The
extent of increase of AA, however, was relatively small, rang-
ing from ≤9% for brain, ≤15% for liver, ≤25% for erythro-
cytes, to ≤43% for plasma above the values of the infant rats
fed unsupplemented formula. Furthermore, an increase in AA
content from 0.5 to 1.0% in milk formulas did not further in-
crease tissue and blood accretion of AA. The increase of AA
in most cases was accompanied by a decrease in 18:2n-6,
18:1n-9, and/or 16:0. DHA provided in milk formulas was ef-
fective in enriching the fatty acid in the circulation and tis-
sues (Tables 5–7), and the extent of the increase above the
control was greater than that of AA enrichment. Phospholipid
DHA was increased up to 360% in plasma, 87% in liver, 54%
in erythrocytes, and 24% in brain above that of the unsupple-
mented group. There was a concomitant reduction of 18:1n-9,
18:2n-6, and/or 20:4n-6 associated with these changes. More-
over, the accretion of DHA increased with increasing DHA
content in milk formulas in almost all tissue and blood phos-
pholipids. The reason for the different degree of enrichment
between AA and DHA is not known. Contrary to LA and LN,
both AA and DHA are not readily oxidized for energy (7). In-

stead, they are mostly esterified to glycerolipids (50). There-
fore, the competition between β-oxidation and incorporation
into complex lipids may not explain the difference. It is pos-
sible that phospholipids in various blood components and tis-
sues are initially saturated with AA more than DHA, and the
degree of saturation may determine the incorporation of LCP-
UFA into phospholipids. This notion is supported by the facts
that weight percentages of AA are higher than weight per-
centages of DHA in plasma, erythrocytes, brain, and liver of
unsupplemented infant rats. Thus, the data indicate that in-
fant rats are more responsive to dietary supplementation of
DHA than AA, suggesting a great potential of dietary manip-
ulation to alter tissue DHA concentrations.

Coinciding with the disproportionate incorporation of di-
etary AA and DHA into tissues and blood, DHA supplemen-
tation significantly decreased the ratio of AA/DHA, whereas
there was little or no change in the ratio by AA supplementa-
tion. Although the beneficial effects of DHA enrichment on
retinal and neural functions have been widely recognized
(7–9), the consequences of the decrease in AA/DHA ratio re-
sulting from DHA supplementation is not known. It is rea-
sonable to hypothesize that a decrease in the ratio may be
deleterious to infant growth as has been shown by Carlson
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TABLE 6
Fatty Acids of Brain and Liver Phospholipids in Infant Rats Fed Formulas Supplemented with DHAa

Braina Livera

Fatty acid 0% DHA 0.5% DHA 1.0% DHA 0% DHA 0.5% DHA 1.0% DHA

16:0 35.2 ± 1.4 34.2 ± 0.4 35.0 ± 1.6 21.0 ± 0.9 21.8 ± 0.4 21.2 ± 1.2
18:0 25.3 ± 0.5 24.1 ± 0.9 24.4 ± 0.5 27.9 ± 0.5 27.1 ± 0.7 28.0 ± 1.2
18:1n-9 13.3 ± 0.2a 12.8 ± 0.4b 11.8 ± 0.2b 9.0 ± 0.8a 7.9 ± 0.7a,b 7.5 ± 0.6b

18:2n-6 1.7 ± 0.1 1.8 ± 0.1 1.7 ± 0.1 16.8 ± 0.9a 15.4 ± 1.5a,b 14.3 ± 0.7b

20:4n-6 12.2 ± 0.6 13.3 ± 0.9 13.3 ± 0.6 16.0 ± 0.5 16.3 ± 1.2 17.3 ± 1.5
22:4n-6 0.2 ± 0.01a 0.2 ± 0.01b 0.1 ± 0.1b 0.8 ± 0.01 0.7 ± 0.1 0.9 ± 0.2
22:5n-6 1.2 ± 0.03 1.2 ± 0.1 1.2 ± 0.01 0.9 ± 0.3 1.2 ± 0.4 1.1 ± 0.8
22:6n-3 8.8 ± 0.9a 10.6 ± 0.7b 10.9 ± 0.8b 4.2 ± 0.1a 6.1 ± 0.1b 7.6 ± 1.0c

AA/DHA 1.4 ± 0.1a 1.3 ± 0.02b 1.2 ± 0.1b 3.9 ± 0.2a 2.7 ± 0.2b 2.3 ± 0.4b

aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each tissue with different superscript roman letters in the same
row are significantly different at P < 0.05. For abbreviations see Table 1.

TABLE 7
Fatty Acids of Brain Phosphatidylcholine and Phosphatidylethanolamine in Infant Rats 
Fed Formulas Supplemented with DHAa

Phosphatidylcholinea Phosphatidylethanolaminea

Fatty acid 0% DHA 0.5% DHA 1.0% DHA 0% DHA 0.5% DHA 1.0% DHA

16:0 60.2 ± 0.1a 61.2 ± 0.4b 59.7 ± 0.6b,c 7.7 ± 0.3 7.8 ± 0.2 7.4 ± 0.4
18:0 10.0 ± 0.2 9.8 ± 0.4 9.5 ± 0.7 28.2 ± 0.7 27.6 ± 0.6 27.9 ± 1.0
18:1n-9 17.7 ± 0.3a 17.3 ± 0.2a,b 16.9 ± 0.6b 7.9 ± 0.5a 7.5 ± 1.0a,b 6.6 ± 0.5b

18:2n-6 1.6 ± 0.1a 1.4 ± 0.01b 1.6 ± 0.1a,b 1.8 ± 0.5a 1.7 ± 0.7a 1.0 ± 0.1b

20:4n-6 3.7 ± 0.1a 3.4 ± 0.1b 4.3 ± 0.6c 24.0 ± 0.4a 22.9 ± 0.4b 22.5 ± 0.6b

22:4n-6 0.3 ± 0.01 0.3 ± 0.02 0.3 ± 0.1 6.9 ± 0.1a 6.4 ± 0.3b 6.4 ± 0.1b

22:5n-6 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 2.1 ± 0.1 2.2 ± 0.1 2.1 ± 0.1
22:6n-3 1.2 ± 0.6a 1.4 ± 0.6b 1.6 ± 0.6c 18.7 ± 1.2a 21.9 ± 1.2b 24.0 ± 1.5c

AA/DHA 3.1 ± 0.1a 2.4 ± 0.1b 2.7 ± 0.2b 1.3 ± 0.1a 1.1 ± 0.1b 0.9 ± 0.1c

aValues (wt%) are means ± SD for four samples. Fatty acids included only major saturated and unsaturated (n-9, n-6, and
n-3) species, and hence did not add up to 100%. Values for each phospholipid with different superscript roman letters in
the same row are significantly different at P < 0.05. For abbreviations see Table 1.



et al. (26), who found that preterm infants fed formula sup-
plemented with fish oil had increased DHA and decreased AA
levels of plasma and erythrocytes which were accompanied
by poor growth. Therefore, any attempt to increase accretion
of LCPUFA must take into consideration the balance between
n-3 and n-6 fatty acids. Whether this can be achieved by si-
multaneous supplementation of AA and DHA is currently
under investigation.

It is worth noting that, although supplementation of DHA
consistently enriched the fatty acids in blood and tissues, the
degree of enrichment of DHA in plasma and erythrocytes was
markedly higher than that of brain total phospholipids, PE,
and PC. If one examines the adequacy of DHA accretion in
brain, the levels of fatty acid determined in plasma or eryth-
rocytes may not serve as a completely accurate index. This
notion is in agreement with a recent suggestion by Innis (41)
that AA and DHA in circulating lipids are not a good index
of organ LCPUFA status. Since circulating lipid, especially
erythrocyte phospholipid AA and DHA, has been widely used
to reflect LCPUFA status in infants (41,51,52), further stud-
ies to establish the validity for use of erythrocyte lipids are
warranted.

Despite the significant increase in accretion of AA and
DHA in brain phospholipids, it is not known whether the lev-
els achieved under the present experimental conditions are
adequate for growth and development since optimal concen-
trations of LCPUFA have not been established (7). The re-
quirements of AA and DHA for infants, estimated from ei-
ther milk fatty acid composition or infant blood lipid profile,
have been suggested but none has been agreed on (7). The
present study shows that an AR system using AA and DHA
derived from microbial sources for supplementation may pro-
vide a useful model to establish LCPUFA requirements for
infants.
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ABSTRACT: The effects of conjugated linoleic acid (CLA) on
the levels of chemical mediators in peritoneal exudate cells,
spleen and lung, and the concentration of immunoglobulins in
mesenteric lymph node and splenic lymphocytes and in serum
were examined in rats. After feeding diets containing either 0
(control), 0.5 or 1.0% CLA for 3 wk, there was a trend toward a
reduction in the release of leukotriene B4 (LTB4) from the exu-
date cells in response to the dietary CLA levels. However, CLA
did not appear to affect the release of histamine. A similar dose-
response pattern also was observed in splenic LTB4, lung LTC4
and serum prostaglandin E2 levels, and the differences in these
indices between the control and 1.0% CLA groups were all sta-
tistically significant. The reduction by CLA of the proportions of
n-6 polyunsaturated fatty acids in peritoneal exudate cells and
splenic lymphocyte total lipids seems to be responsible at least
in part for the reduced eicosanoid levels. Splenic levels of im-
munoglobulin A (IgA), IgG, and IgM increased while those of
IgE decreased significantly in animals fed the 1.0% CLA diet.
This was reflected in the serum levels of immunoglobulins. The
levels of IgA, IgG, and IgM in mesenteric lymph node lympho-
cytes increased in a dose-dependent manner, while IgE was re-
duced in those fed the higher CLA intake. However, no differ-
ences were seen in the proportion of T-lymphocyte subsets of
mesenteric lymph node. These results support the view that CLA
mitigates the food-induced allergic reaction.
Lipids 33, 521–527 (1998).

Conjugated linoleic acid (conjugated derivatives of linoleic
acid, CLA) exerts diverse physiological effects most of which
are favorable to human health. A range of studies has shown
a marked alleviating effect of CLA on mammary carcinogen-
esis (1–4). The mechanism underlying this effect is not yet
well understood (5), but continued intake of CLA is not nec-
essarily required for suppression of carcinogenesis (6,7).
When considering the diverse effects of CLA, it is reasonable
that eicosanoids are involved in the mechanism. The influ-

ence of CLA on the metabolic processes leading from linoleic
acid to arachidonic acid and, hence, eicosanoids appears to
be related to their desirable effects, since CLA tended to re-
duce the tissue level of prostaglandin E2 (PGE2), a putative
candidate for a cancer-promoting effect of dietary n-6 polyun-
saturated fatty acids (PUFA) (8). In addition, there is a possi-
bility that CLA itself serves as substrate of enzymatic systems
for eicosanoid production, as it is shown to undergo desatura-
tion and elongation similar to linoleic acid (9), although it is
unknown whether these metabolites could be converted to ei-
cosanoids. 

Since the food allergic reaction can readily be modified by
the type of dietary PUFA, either n-6 or n-3 (10,11), it is inter-
esting to know if CLA could modify it. The clinical symptom
of food allergy is induced by the production of chemical me-
diators such as histamine and leukotriene (LT) and PG trig-
gered by allergen-specific immunoglobulin (Ig)E (12,13). Our
previous studies showed a reduction by CLA of the serum
PGE2 level (8), which is one of the typical chemical media-
tors in the allergic reaction (12,13). In this context, Belury
and Kempa-Steczko (14) showed that CLA reduces the pro-
portion of linoleic acid dose-dependently in hepatic phospho-
lipid and suggested this may result in modified arachidonate-
derived eicosanoid production by extrahepatic tissues. More
recently, Wong et al. (15) reported that CLA modulates cer-
tain aspects of the immune defense such as lymphocyte pro-
liferation in mice, although the effect was not always repro-
duced possibly because of the dependence on the duration of
the feeding period. In the present study, we measured the pro-
duction of chemical mediators and the level of Ig in rats fed
different levels of CLA, either 0.5 or 1.0%.

MATERIALS AND METHODS

Preparation of CLA. CLA was prepared according to the
method described by Ip et al. (16). In brief, 50 g of linoleic
acid, purity >99% (Sigma Chemical Co., St. Louis, MO) was
dissolved in 290 g of ethylene glycol containing 15 g of
NaOH and heated at 180°C for 2 h under nitrogen. After cool-
ing to room temperature, the content was adjusted to pH 4 and
extracted with n-hexane. The hexane layer was washed with
5% NaCl, dehydrated with 3-A molecular sieves (Nacalai
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Tesqu, Kyoto, Japan) and dried in a rotary evaporator under
nitrogen. The purity of CLA was measured by gas–liquid
chromatography (Shimadzu GC-17A, Kyoto, Japan) using a
Supelcowax 10 column (0.32 mm × 60 m, film thickness, 0.25
µm; Supelco Inc., Bellefonte, PA). Column temperature was
raised from 150 to 220°C at a rate of 4°C/min. The identifica-
tion of peaks was carried out by the equivalent chain length
method (17) and gas chromatography–mass spectrometry
(Jeol Auto MS 50, Tokyo, Japan). The purity of CLA prepa-
ration was 80.7% with the following composition in percent-
age: 9c,11t/9t,11c, 29.8; 10t,12c, 29.6; 9c,11c, 1.3; 10c,12c,
1.4; 9t,11t/10t,12t, 18.6; linoleic acid, 5.6; and others, 13.7.

Animals and diets. The animal experiment adhered to the
Kyushu University guidelines for the care and use of labora-
tory animals. Male, 4-wk-old Sprague-Dawley rats were ob-
tained from Japan Charles River (Atsugi, Japan) and housed
individually in a room with controlled temperature and light
(20–23°C and lights on 0800–2000 h). After acclimation for
4 d, rats were divided into three groups of 10 rats which were
given free access to the experimental diets. The diets were
prepared according to the recommendation of the American
Institute of Nutrition (AIN-93G diet) (18). The basal diet con-
tained the following ingredients, in g/100 g diet: cornstarch
39.8; casein, 20.0; dextrinized cornstarch, 13.2; sucrose, 10.0;
soybean oil, 7.0; AIN-93 mineral mixture, 3.5; AIN-93 vita-
min mixture, 1.0; L-cystine, 0.3; choline bitartrate, 0.25; cel-
lulose, 5.0; tert-butylhydroquinone, 0.002; and either linoleic
acid, 1.0; linoleic acid (Control) and CLA, 0.5 and 0.5; or
CLA, 1.0. Thus, LA or CLA was added at the expense of soy-
bean oil in the AIN-93G diet. The fatty acid composition cal-
culated from the composition of individual oils is given in
Table 1. Body weight and food intake were recorded every
other day. After 3 wk of feeding, five rats were used for col-
lection of the exudate cells and the remaining five rats for
other analyses. Blood was withdrawn from the abdominal
aorta under light diethyl ether anesthesia and tissues were im-
mediately excised. 

Preparation of peritoneal exudate cells (PEC). The
method described by Matsuo et al. (19) was adopted for the
preparation of PEC. Tyrode buffer, consisting of 137 mM
NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4·2H2O, 1 mM
MgCl2·6H2O, 12 mM NaHCO3, 1.8 mM CaCl2·2H2O, 5.6

mM D-glucose and 0.1% bovine serum fraction V
(Boehringer Mannheim GmbH, Mannheim, Germany), pH
7.4, was injected into the rat peritoneal cavity (6 mL/100 g
body weight), and the abdomen was gently massaged for 2
min. Then, the cavity was opened, and the buffer containing
PEC was recovered with a plastic pipet. The fluid was cen-
trifuged at 200 × g for 5 min at 4°C. The supernatant was dis-
carded and the cell pellet was resuspended in Tyrode buffer. 

Measurement of leukotriene B4 (LTB4) and histamine.
LTB4 was measured as described elsewhere (20–22). PEC
(2 × 106 cells) were suspended in Tyrode buffer containing 5
mM calcium ionophore A23187 (Sigma Chemical Co.). After
incubating for 20 min at 37°C, 50 mL of the acetonitrile/
methanol mixture (6:5, vol/vol) and 50 ng of PGB2 (Sigma
Chemical Co.), as the internal standard, were added. The mix-
ture was kept at −20°C for 30 min and then centrifuged at
1,000 × g for 10 min. The supernatant was filtered through a
4-GV 0.22 µm filter (Millipore Corp., Tokyo, Japan). LTB4
was measured by reversed-phase high-performance liquid
chromatography (HPLC) (SCL-10A; Shimadzu Co., Kyoto,
Japan) equipped with an ODS-A column (150 × 6.0 mm, 5
µL particle size; YMC, Kyoto, Japan). A mixture of acetoni-
trile/methanol/water (30:25:45, by vol) containing 5 mM
CH3COONH4 and 1 mM disodium EDTA, pH 5.6, was used
as a mobile phase with a flow rate of 1.1 mL/min. LTB4 and
PGB2 were detected by absorbance at 280 nm (SPD-10A;
Shimadzu Co.). Quantitation of LTB4 was achieved by com-
paring the peak area of LTB4 with that of PGB2. Histamine
content in the culture supernatant was measured fluorometri-
cally (19,23). The intracellular content of histamine also was
measured after disrupting the cells by sonication.

Preparation of spleen and mesenteric lymph node (MLN)
lymphocytes. Spleen and MLN were excised immediately
after withdrawing blood from the aorta, and the tissues were
immersed in RPMI 1640 medium (Nissui Pharmaceutical
Co., Tokyo, Japan) (24,25). The lymphocytes were rinsed
three times with the RPMI 1640 medium and filtered to
remove tissue scum. To remove fibroblasts, cell suspension
was incubated for 30 min at 37°C. Then, 5 mL of the result-
ing cell suspension was layered on 4 mL of Lympholyte-Rat
(Cedarlane, Hornby, Canada) and centrifuged at 1,500 × g for
30 min. The lymphocyte band at the interface was recovered,
and the cells were rinsed again. The lymphocytes were cul-
tured in 10% fetal bovine serum (Intergen, Purchase, NY) in
RPMI 1640 medium at a cell density of 2.5 × 106 cells/mL
with or without 2.5 µg/mL of lipopolysaccharide (Bacto
lipopolysaccharide B, Escherichia coli 026:B6; Difco Labo-
ratories, Detroit, MI). After incubation at 37°C for 24 and 
72 h, the concentrations of IgA, IgG, IgM, and IgE were
measured by an enzyme-linked immunosorbent assay
(ELISA) (26).

T-cell population analysis. Spleen and MLN lymphocytes
were analyzed as CD4+- and CD8+-cells by using fluorescein-
labeled mouse anti-CD4 (W3/25, mouse IgG1) or phycoery-
thrin-labeled mouse anti-CD8 (MRC OX-8, mouse IgG1)
(both from Serotec Ltd., Kidlington, Oxford, United King-
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TABLE 1
Fatty Acid Composition of Dietary Fata

Group

Fatty acid Control 0.5% CLA 1.0% CLA

16:0 9.1 9.0 9.0
18:0 3.2 3.42 3.2
18:1 20.4 20.3 20.1
CLA — 6.4 12.9
18:2 59.7 53.6 47.4
18:3 7.5 7.5 7.4
aFatty acid composition was calculated from the composition of individual
component fats, soybean oil, linoleic acid, and conjugated linoleic acid
(CLA).



dom) (23,25). The stained lymphocytes were fixed with 2%
paraformaldehyde and analyzed with the EPICS Profile II
flowcytometer (Coulter Electronics Ltd., Luto, United King-
dom).

Measurement of serum and culture supernatant Ig by
ELISA. Measurements of total Ig were executed using sand-
wich ELISA methods (24,25). Goat anti-rat IgE, rabbit anti-
rat IgG (Fab')2, goat anti-rat IgM (all from Biosoft, Paris,
France), and mouse anti-rat IgA (Zymed Lab, San Francisco,
CA) were used to fix respective Ig. These antibodies were di-
luted 1,000 times with 50 mM carbonate-bicarbonate buffer
(pH 9.6), and each well of 96-well plates was treated with 100
µL of the solution for 1 h (2 h for IgA) at 37°C. After block-
ing with 300 µL of the blocking solution overnight at 4°C,
each well was treated with 100 µL of the diluted serum or cul-
ture supernatant for 1 h (2 h for IgA) at 37°C. Bound IgA was
detected by reacting stepwise with 100 µL of peroxidase
(POD)-conjugated rabbit anti-rat IgA (1,000 times dilution;
Zymed) at 37°C for 2 h, IgG with 100 µL of POD-conjugated
rabbit anti-rat IgG (Fab')2 (2,000 times dilution; Cappel, West
Chester, PA), and IgM with 100 µL of POD-conjugated goat
anti-rat IgM (1,000 times dilution, Cappel) at 37°C for 1 h.
Wells were rinsed three times with Tween 20 in phosphate-
buffered saline between each step. After incubation at 37°C
for 15 min with 100 µL of 1.5% oxalic acid, absorbance at 415
nm was measured with an MPR-A4i ELISA reader (Tosoh,
Tokyo, Japan). The bound IgE was detected by reacting with
biotin-conjugated mouse anti-rat IgE (2,000 times dilution;
Betyl, Montgomery, TX) followed by POD-conjugated avidin
(5,000 times dilution, Zymed Lab) at 37°C for 1 h.

Statistical analysis. Data were analyzed by one-way anal-
ysis of variance followed by Duncan’s new multiple-range
test to identify significant differences (27). Values in the text
are means ± SE.

RESULTS

Growth performance and tissue weight. As shown in Table 2,
there was no difference in food intake and growth of rats for
3 wk among the groups. Thus, the feed efficiency also was
comparable among the groups (mean values 0.41 to 0.42).
Among tissues weighed, there was a tendency of increasing
liver weight and decreasing perirenal adipose tissue weight
by dietary CLA and the difference between the linoleic acid
and 1.0% CLA groups was significant.

Release of chemical mediators from PEC. PEC isolated
from rats fed linoleic acid or CLA were incubated with or
without calcium ionophore A23187, and the concentrations
of histamine and LTB4 were measured in the medium. The
content of histamine in the cells also was measured to esti-
mate the cellular histamine contents. As shown in Figure 1,
the effect of CLA on the release of histamine in PEC was di-
verse, and there was no significant difference in any of the pa-
rameters measured. However, the amounts of histamine
stored in the cells tended to decrease with an increasing di-
etary level of CLA. There was a trend toward a reduction in

LTB4 release in response to the dietary level of CLA, but the
difference was not significant.

Tissue eicosanoid levels. The effect of CLA on LTB4 and
LTC4 levels of spleen and lung is shown in Figures 2 and 3,
respectively. CLA dose-dependently reduced the level of
splenic LTB4, and the difference between the control and 1%
CLA groups was significant. No effect of CLA on the splenic
LTC4 level was observed. However, the concentration of
LTC4 in lung was reduced significantly by CLA even at the
0.5% dietary level. A trend of the dose-dependent reduction
of LTB4 also was observed, but the difference was not signif-
icant. The results of the levels of spleen and serum PGE2 are
summarized in Figure 4. CLA significantly reduced the con-
centration of serum PGE2, while there was no effect of CLA
on the splenic level of PGE2.

Fatty acid compositions of PEC and splenic lymphocyte
lipids. The PUFA composition of PEC and spleen lympho-
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FIG. 1. Effect of dietary conjugated linoleic acid (CLA) on histamine
content and release (A) and leukotriene B4 (LTB4) release (B) in rat peri-
toneal exudate cells. Means ± SE of five rats. Histamine release was
measured in the presence and absence of calcium ionophore A23187.
Total, total amounts of histamine in the cells; Spontaneous, the amount
of histamine released during incubation without calcium ionophore
A23187; Activated, the amount of histamine which was released from
the cells when treated with A23187.

FIG. 2. Effect of dietary CLA on the concentration of splenic (A) LTB4
and (B) leukotriene C4 (LTC4). Mean ± SE of five rats. Values without a
common letter are significantly different at P < 0.05. For abbreviations
see Figure 1.



cyte total lipids is shown in Table 3. There was a dose-depen-
dent reduction by dietary CLA of all n-6 PUFA, 18:2, 20:3,
20:4 and 22:4 in PEC lipids, while there was no difference in
the proportion of n-3 PUFA, 22:6 among the groups. A clearer
change in these n-6 PUFA was shown in splenic lymphocyte
total lipids, and the reduction of 20:4n-6 was significant on a
1.0% CLA diet. Docosahexaenoic acid also tended to de-
crease with dietary CLA. The decreasing trend of all PUFA
in CLA-fed rats was mainly attributable to a moderate in-
crease in major saturated fatty acids, and oleic acid tended to
decrease similar to PUFA (data not shown).

Serum thiobarbituric acid value. The concentration of
thiobarbituric acid-reactive substance in serum was not modi-
fied by dietary CLA, and the values were within 4.1 to 5.5
ng/mL serum in all groups of rats.

Serum Ig levels. As shown in Figure 5, CLA increased the
concentration of IgA, IgG and IgM, while decreasing that of
IgE in serum. The difference between the control and 1.0%
CLA groups was significant in these Ig.

Ig levels in spleen and MLN lymphocytes. Table 4 shows

the Ig levels in the medium of rat spleen and MLN lympho-
cytes cultured for 72 h with or without lipopolysaccharide. Ir-
respective of the presence or absence of lipopolysaccharide,
CLA showed no detectable effects on the Ig levels in spleen
lymphocytes except for those of IgM after incubation with
lipopolysaccharide, where CLA increased it in a dose-depen-
dent manner. Under the similar situation, CLA increased the
concentration of IgA, IgG, and IgM in MLN lymphocytes.
The magnitude of the increase was particularly marked at the
dietary CLA level of 1.0%. In contrast, there was a signifi-
cant reduction of the IgE level when the cells from rats fed a
1% CLA diet were incubated with lipopolysaccharide in com-
parison with the control. A similar response to CLA also was
observed even when these cells were incubated for 24 h (data
not shown). 

Subsets of MLN lymphocytes. The proportion of T-lympho-
cyte populations of MLN was analyzed as CD4+ and CD8+

subsets. There were no effects of CLA on their relative pro-
portions (CD4+/CD8+ ratio; 2.6 ± 0.3, 2.4 ± 0.2, and 2.8 ± 0.1
for the control, 0.5% CLA, and 1.0% CLA, respectively). 
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TABLE 2
Effects of CLA on Growth and Tissue Weights of Ratsa

Group

Parameter Control 0.5% CLA 1.0% CLA

Initial body weight (g) 102 ± 1 101 ± 1 102 ± 1
Final body weight (g) 170 ± 2 166 ± 3 162 ± 4
Food intake (g/day) 19.1 ± 0.2 18.9 ± 0.3 18.6 ± 0.3
Tissue weight (g/100 g body weight)

Liver 4.17 ± 0.09a 4.11 ± 0.09a,b 4.54 ± 0.07b

Kidney 0.85 ± 0.03 0.86 ± 0.03 0.87 ± 0.05
Perirenal adipose tissue 1.41 ± 0.07a 1.09 ± 0.09a,b 0.97 ± 0.14b

Heart 0.40 ± 0.02 0.34 ± 0.04 0.34 ± 0.04
Lung 0.48 ± 0.02 0.52 ± 0.02 0.49 ± 0.01
Spleen 0.22 ± 0.01 0.22 ± 0.01 0.25 ± 0.02
Brain 0.66 ± 0.02 0.70 ± 0.01 0.70 ± 0.01
Testis 0.96 ± 0.04 0.87 ± 0.10 1.00 ± 0.03

aMean ± SE of 5 rats. Control group received 1.0% linoleic acid; 0.5% CLA group, 0.5% each of
linoleic and CLA; and 1.0% CLA group, 1.0% CLA, respectively. Values without a common super-
script letter (a,b) are significantly different at P < 0.05. For abbreviation see Table 1.

FIG. 3. Effect of dietary CLA on the concentration of lung (A) LTB4 and
(B) LTC4. Mean ± SE of five rats. Values without a common letter are
significantly different at P < 0.05. For abbreviations see Figures 1 and 2.

FIG. 4. Effect of dietary CLA on the concentration of (A) serum and (B)
spleen prostaglandin E2 (PGE2). Mean ± SE of five rats. Values without a
common letter are significantly different at P < 0.05. For other abbrevi-
ation see Figure 1.



DISCUSSION

The pathway from linoleate to arachidonate and then eicosa-
noids is crucial to a range of metabolic diseases (28,29). Food
allergy is one such disorder, and it is known that some eico-
sanoids are involved as chemical mediators in the manifesta-
tion of clinical symptoms of hypersensitivity (12,13). The in-
hibitors of LT production have now been clinically adopted
(30,31). However, less is known of the effect that food com-
ponents exert on this process. Although several food compo-
nents have been shown to reduce eicosanoid production

in vitro, in most cases it is practically unsatisfactory because
of the limited efficacy (21,22). The results of the present
study showed that CLA effectively controlled the production
of LTB4, LTC4, and PGE2. CLA significantly reduced LTC4
production in the lung but not in the spleen. A similar tissue-
specific reduction of LTC4 was observed in rats given sesamin
and α-tocopherol simultaneously, while in the spleen LTB4
but not LTC4 was reduced (21,22). These observations sug-
gest a complex interaction between dietary fat and antioxi-
dants in the LT-producing system.

Numbers of animal studies showed that dietary PUFA ef-
fectively modify the production of eicosanoids, and there is
an interaction between n-6 and n-3 PUFA (32). PUFA of the
n-3 family suppress the production of eicosanoids from ara-
chidonic acid and exert a substantial suppressing effect on
carcinogenesis in breast and colon (33,34). However, the an-
ticarcinogenic effect of n-3 PUFA is far less than that of CLA
(2–4). Eicosanoid production is known to be dependent on
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TABLE 3
Effects of CLA on Polyunsaturated Fatty Acid Compositions 
of Peritoneal Exudate Cells and Spleen Lymphocyte 
Total Lipids of Ratsa

Group

Cells and fatty acid Control 0.5% CLA 1.0% CLA

(wt%)

Peritoneal exudate cells
18:2n-6 5.5 5.3 4.2
20:3n-6 0.8 0.7 n.d.
20:4n-6 12.7 11.3 9.0
22:4n-6 5.6 5.3 4.2
22:6n-3 0.6 0.6 0.5
CLA
9t,11c/9c,11t n.d. 0.1 0.2
10t,12c n.d. 0.2 0.2

Spleen lymphocytes
18:2n-6 12.2 ± 0.8 10.4 ± 0.9 9.3 ± 0.9
20:3n-6 1.6 ± 0.2 1.3 ± 0.3 0.9 ± 0.1
20:4n-6 20.2 ± 0.8a 15.4 ± 1.3a,b 14.7 ± 1.7b

22:4n-6 2.5 ± 0.1 2.0 ± 0.2 1.9 ± 0.2
22:6n-3 1.2 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
CLA
9t,11c/9c,11t 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0
10t,12c n.d. 0.2 ± 0.0 0.2 ± 0.0

aValues are means of two pooled samples from two and three rats each for
the exudate cells, and means ± SE of three, five, and five rats for control,
0.5% CLA, and 1.0% CLA, respectively. Values without a common super-
script letter (a,b) are significantly different at P < 0.05; n.d., not detected. For
other abbreviation see Table 1.

FIG. 5. Effect of dietary CLA on the concentration of serum immuno-
globulins (Ig). Mean ± SE of five rats. Values without a common lettter
(a,b) are significantly different at P < 0.05. For abbreviation see Figure 1.

TABLE 4
Effects of CLA on the Immunoglobulin Production in Splenic and Mesenteric Lymph Node Lymphocytes of Ratsa

Without lipopolysaccharide With lipopolysaccharide

Immunoglobulin Control 0.5% CLA 1% CLA Control 0.5% CLA 1% CLA

Spleen (ng/mL)
IgA 3.75 ± 1.23 4.83 ± 0.99 3.78 ± 0.96 9.74 ± 2.45 13.6 ± 3.27 8.30 ± 2.50
IgG 51.0 ± 4.6 53.8 ± 2.3 61.5 ± 2.8 68.1 ± 2.4 71.9 ± 1.9 74.4 ± 1.9
IgM 223 ± 22 228 ± 6 246 ± 9 311 ± 9A 348 ± 8B 394 ± 6C

IgE n.d. n.d. n.d. n.d. n.d. n.d.
Mesenteric lymph node (ng/mL)

IgA 1.65 ± 0.13a 4.78 ± 1.77b 5.05 ± 0.10b 2.91 ± 0.23A 8.72 ± 0.90B 22.3 ± 0.7C

IgG n.d. 3.08 ± 0.69a 28.1 ± 4.38b n.d. 4.64 ± 0.11A 31.9 ± 4.1B

IgM 1.86 ± 0.34a 4.74 ± 0.50a 96.6 ± 13.4b 2.85 ± 0.44A 6.36 ± 0.48B 122 ± 9C

IgE 3.81 ± 0.32 4.02 ± 0.33 3.64 ± 0.47 4.81 ± 0.17A 4.52 ± 0.29A 3.74 ± 0.21B

aMeans ± SE of five rats. Values without a common superscript letter (A,B,C,a,b,c) are significantly different at P < 0.05. The lymphocytes were incubated
with or without lipopolysaccharide for 72 h, and the concentration of immunoglobulins (Ig) in the supernatant was measured; n.d., not detected.



the substrate availability (35). CLA reduced the proportion of
n-6 PUFA including arachidonic acid in the immune cells as
observed in the liver and other tissues (8,14). Because of the
limited availability of PEC samples for fatty acid analysis,
they were analyzed as two pooled samples from two and three
rats each. Though the number of analysis may not permit us
to draw a definite conclusion, it seems likely that fatty acid
composition of PEC also responded similarly as in spleen
lymphocytes. This reduction was at least responsible for the
reduced production of LT and PG in these cells. CLA may af-
fect metabolic interconversion of fatty acids in the liver that
may ultimately result in modified fatty acid composition and
arachidonate-derived eicosanoid production in extrahepatic
tissue (14). However, more direct participation of the metabo-
lites of CLA cannot be ruled out (9,36). Therefore, the pres-
ent study added possible usefulness of CLA for controlling
the allergic reaction caused by food. Since the effect of CLA
on Ig production differed between MLN lymphocytes and
spleen lymphocytes, the analysis of the fatty acid composi-
tion of the former cells may provide a clue to understanding
the mechanism of action.

In contrast to the eicosanoid production, the level of his-
tamine released from PEC, which reflects the mast cell de-
granulation by a receptor-independent pathway, apparently
was not modified by CLA and more directly the fatty acid
composition of membrane phospholipids. Engels et al. (37)
observed that the type of dietary fats and thus the change in
the fatty acid composition of mast cell phospholipids did not
influence the cell degranulation process. CLA is reported to
be incorporated into triglyceride more preferably than phos-
pholipids in tumor cells (7). Thus, CLA may not substantially
influence the fatty acid composition of membrane phospho-
lipids and hence, the structure and function of the membrane.
In such a situation, the degranulation of the mast cells may
not be modified largely.

An interesting observation is that CLA regulates the Ig
production class specifically. Food allergy reaction is initi-
ated by the production of allergen-specific IgE (12,13). IgA,
in contrast, serves as an antiallergic factor by interfering with
the intestinal absorption of allergen, and IgG also works as an
antiallergic factor through the competition with binding of al-
lergen to the receptor on the surface of the target cells such as
mast cells and basophiles (12,13). CLA increased the produc-
tion of IgA and IgG, while reducing that of IgE in lympho-
cytes, in particular MLN lymphocytes irrespective of the
presence or absence of lipopolysaccharide, a cell activator.
The response of splenic lymphocytes to CLA was less clear
except for a slight but significant increase in IgM after
lipopolysaccharide activation. However, the response pattern
similar to MLN lymphocytes was observed in serum, indicat-
ing that CLA can modify the Ig levels preferably even on a
whole-body basis. Bile acids (24) and unsaturated fatty acids
(25) also regulate antibody production class specifically, but
in a manner contrasted from that of CLA. These compounds
may promote the allergic response through an increase in IgE
production and a reduction in IgA and IgG production. It is

plausible that the production of IgE and of IgA and IgG are at
least reciprocally regulated. Thus, in addition to the favorable
effect on the eicosanoid production, CLA was expected to
mitigate the food allergic reaction.

The amounts of CLA ingested by rats of the present study
corresponded to approximately 30 and 60 mg/100 g body
weight for 0.5 and 1.0% CLA diets, respectively. These
amounts were pharmacological when extrapolated to human,
18 and 36 g/60 kg body weight/day. However, as in the case
of weight reduction in man, approximately 3 g/d for 2 to 3
mon, a prolonged ingestion may produce a favorable effect
even at a lower dose. A long-term trial with a lower dietary
level of CLA merits further study.

In conclusion, CLA produced a situation favorable for mit-
igation of food allergic reaction. Since the effect was seen at
a dietary level as low as 0.5 or 1.0%, it is likely that CLA can
strongly regulate multiple metabolic processes. Thus, the
clinical application of CLA is warranted. Studies with immu-
nized animals will provide more direct information regarding
this issue.
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ABSTRACT: Ceramides and 1,2-diacylglycerol have been
demonstrated in intracellular signaling pathways. A method of
simultaneous mass determination of ceramides and 1,2-diacyl-
glycerol in tissues was developed using the Iatroscan which
combines thin layer chromatography and flame ionization de-
tection (TLC/FID) techniques. Because of relatively low amounts
of these components in tissues, the fraction of nonpolar lipids,
which included ceramides and glycerides, was eluted with
chloroform/acetone mixture (3:1, vol/vol) through a silicic acid
column to eliminate the polar phospholipids. Development of
Chromarods was carried out using three solvent systems in a
four-step development technique. The relationship of the peak
area ratio to weight ratio compared with cholesteryl acetate
added as an internal standard was linear. The amount of ce-
ramides increased with incubation of rat heart homogenate and
human erythrocyte membranes in the presence of sphin-
gomyelinase (E.C. 3.1.4.12). The Iatroscan TLC/FID system pro-
vided a quick and reliable assessment of ceramides and 1,2-di-
acylglycerol.
Lipids 33, 529–532 (1998).

Ceramides and 1,2-diacylglycerol (DAG) are involved in nu-
merous important biological processes (1–3). The activation
of protein kinase C, induced by 1,2-DAG, plays an important
role in transmembrane signaling systems. Ceramide genera-
tion, resulting chiefly from sphingomyelin hydrolysis, consti-
tutes a signal transduction pathway that mediates cytokines
and tumor necrosis factor-α (4,5). Ceramide production has
been reported to induce NF-κB, a stress response transcrip-
tion factor (6). The ultimate effects of the stimulation of the
sphingomyelin pathway are the induction of cell differentia-
tion and apoptotic death (7). Sphingolipid metabolites involv-
ing ceramides inhibit the activity of protein kinase C (8).
Therefore, 1,2-DAG, a physiological endogenous activator of
protein kinase C, may oppose this ceramide-related action.

The Iatroscan combines the resolution efficacy of thin-
layer chromatography (TLC) with the possibility of quantifi-
cation by flame-ionization detection (FID) (9). We report here
the simultaneous quantitation of 1,2-DAG and ceramides
from rat heart with the use of the Iatroscan in a study of the
significance of the two lipids in the myocardium. The quanti-
tation of 1,2-DAG using the TLC/FID procedure was re-
ported by us (10) and others (11,12). For the quantitative mea-
surement of tissue ceramides, radiolabeled sphingomyelin
(13) and diglyceride kinase (14) are usually utilized. Deriva-
tives from ceramides have been determined by high-perfor-
mance liquid chromatography (HPLC) (15) and gas-liquid
chromatography (16). Direct measurements of ceramides and
1,2-DAG by HPLC (17) and TLC (18) have recently been
reported.

MATERIALS AND METHODS

Materials. Ceramides (type III, type IV, N-palmitoyl-D-sphin-
gosine, and N-lignocerol-DL-dihydrosphingosine), 1,2-di-
oleoyl-rac-glycerol (diolein), triolein, oleic acid, cardiolipin
from bovine heart, and sphingomyelinase (E.C. 3.1.4.12)
from Bacillus cereus were purchased from the Sigma Chemi-
cal Co. (St. Louis, MO). Cholesteryl acetate, cholesterol, and
butylated hydroxytoluene were obtained from Wako Chemi-
cal Co. (Osaka, Japan). All other chemicals were of analyti-
cal reagent grade. Male Sprague-Dawley rats weighing ap-
proximately 300 g were used in the experiments unless other-
wise mentioned (Nihon SLC Inc., Hamamatsu, Japan). 

Instrumentation. Sample analyses were carried out with
the Iatroscan MK-5 TLC/FID analyzer (Iatron Lab. Inc.,
Tokyo, Japan) under the following conditions: flow rate of
hydrogen, 160 mL/min; flow rate of air, 2000 mL/min; scan
speed, 30 s/scan. Silica-gel, 75 µm precoated thin-layer rods
(Chromarods-SIII; Iatron Inc.) were used in sets of 10. Peak
areas were calculated using a potentiometric recorder (Chro-
matocorder 12; System Instruments, Tokyo, Japan) connected
to the analog output of the Iatroscan.

Lipid extraction. Animals were anesthetized with sodium
pentobarbital (50 mg/kg, intraperitoneally). Heart was rapidly
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excised and washed thoroughly with cold saline and then
frozen immediately in liquid nitrogen and lyophilized. The
lyophilized tissue samples corresponding to 12–14 mg were
homogenized, in 5 mL of a chilled chloroform/methanol mix-
ture (2:1, vol/vol) containing 0.01% butylated hydroxy-
toluene as an antioxidant and cholesteryl acetate (0.08 mg per
tube) as an internal standard, with a motor-driven glass–glass
homogenizer kept in ice. The homogenate was chilled on ice
30 min and then filtered through a paper filter (Type 1; Toyo
Roshi Inc., Tokyo, Japan). The filtrate was evaporated to dry-
ness under a stream of nitrogen at 40°C. The dry residue was
dissolved in 1000 µL of a chloroform/acetone mixture (3:1,
vol/vol) and applied to 0.5-mL silicic acid (minus 350 mesh
size; Bio-Rad, Richmond, CA) column (20 mm × 5.5 mm)
equilibrated with chloroform. Ceramides, neutral lipids, and
free fatty acids were eluted with 6 mL of the chloroform/ace-
tone mixture. The elution with this solvent mixture has been
reported to result in the effective resolution of ceramide com-
ponents (19,20). The eluate was concentrated under a nitro-
gen stream at 40°C and then dissolved in 20 µL chloroform.

Chromarod development and scanning. One microliter of
the lipid extracts was applied carefully to the Chromarods
with a Hamilton syringe. The first development was carried
out in a solvent system of chloroform/methanol/H2O
(57:12:0.6, by vol) until the solvent front had migrated ap-
proximately 2.5 cm. The rods were air-dried at room temper-
ature for 10 min and then subjected to the second develop-
ment in 1,2-dichloroethane/chloroform/acetic acid (46:6:0.05,
by vol) until the solvent front had migrated approximately
9 cm. The second development was repeated (third devel-
opment). The fourth development was carried out in
n-hexane/diethyl ether/acetic acid (98:1:1, by vol) until the
solvent front had migrated approximately 11.5 cm. The Chro-
marods were then dried at 50°C and scanned in the Iatroscan
MK-5. Each sample was analyzed with three Chromarods,
and the results were averaged. 

The action of sphingomyelinase. We determined the
production of ceramides in the homogenate from rat heart 
and human erythrocyte membranes in the presence of sphin-
gomyelinase. The fresh tissue from rat heart was homoge-
nized with glass-Teflon™ homogenizer in the reaction buffer.
Erythrocytes were washed with ice-cold phosphate-buffered
saline and disrupted by freezing and thawing 
in lysis buffer containing 20 mM Tris-HCl, pH 7.5. The lysate
was centrifuged for 30 min at 20,000 × g at 4°C. The result-
ing pellet (membrane fraction) was washed five times in lysis
buffer. The heart homogenate and erythrocyte membrane
preparation were incubated at 37°C in reaction buf-
fer containing 100 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 0.1%
Triton X-100 (final volume, 200 µL), and neutral 
and magnesium-dependent sphingomyelinase from Bacillus
cereus (final 300 mU/mL). The reaction was stopped 
by the addition of 5 mL of the chloroform/methanol mix-
ture (2:1, vol/vol) containing hydroxytoluene and cho-
les-teryl acetate, and lipids were extracted as mentioned
above.

RESULTS AND DISCUSSION

In the present study, most of the phospholipids including car-
diolipin were excluded in the more nonpolar lipid compo-
nents separated by silicic acid column chromatography; see
TLC separation (Fig. 1). This polar separation on a silicic acid
column was necessary to avoid overloading the Chromarods.

The four-time development procedure using three kinds of
solvent systems described in the Materials and Methods sec-
tion resolved a standard mixture of ceramides, 1,2-diolein,
cholesteryl acetate, cholesterol, triolein, and oleic acid (Fig.
2A). Figure 2B shows an Iatroscan TLC/FID chromatogram
of rat heart neutral lipids. The four kinds of ceramides, which
differed in stereospecificity (D- and L-forms) and in hydroxy
and nonhydroxy fatty acids, were not resolved in this system.
This was determined by spiking the rat heart homogenate
neutral lipid fraction with ceramide type III and type IV,
palmitoyl-D-sphingosine and lignocerol-DL-dihydrosphingo-
sine and by observing no resolution of the ceramide peak. 
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FIG. 1. Thin-layer chromatography (TLC) analysis of lipids. (1) Cardi-
olipin, (2) ceramides (type IV), (3) ceramides (type III), (4) nonpolar frac-
tion separated by a silicic acid column with chloroform/acetone (3:1,
vol/vol) from rat heart, (5) crude lipid extracts from rat heart. TLC was
performed on silica gel plates (20 cm × 20 cm, Kieselgel 60 F254 from
Merck, Darmstadt, Germany). The first development was in chloro-
form/methanol/H2O (57:12:0.6, by vol) to 5 cm; the second develop-
ment was in 1,2-dichloroethane/chloroform/acetic acid (46:6:0.05, by
vol) to 14 cm. Spots were visualized by spraying the plates with 40%
sulfuric acid and heating at 150°C for 30 min. (a) Phospholipids, (b)
cholesterol, (c) triglycerides.



The recovery of type III ceramides, 1,2-diolein, choles-
terol, and triolein by the extraction involving the silicic acid
column was determined by comparing the response to cho-
lesteryl acetate. The ratio of these compounds to cholesteryl
acetate was 90.4 ± 6.9, 112.8 ± 12.9, 105.8 ± 8.7, and 110.2 ±
3.4%, respectively (n = 6, mean ± SD). The intraassay coeffi-
cient of variation was 7.7, 11.5, 8.2, and 3.1%, respectively.

Standard solutions were prepared for all the lipid classes,
and the area response was calculated relative to cholesteryl
acetate, chosen as the internal standard. The peak area ratios
to cholesteryl acetate were compared with the weight ratios
to cholesteryl acetate and are shown in Figure 3. The calcu-
lated regression equations yielded y = 1.275x − 0.011 and y =
0.876x − 0.033 for ceramides and 1,2-DAG, respectively. The
relationship of the peak area ratio to weight ratio compared
with cholesteryl acetate was linear.

With the Iatroscan TLC/FID procedure, it was found that
the ceramides and 1,2-DAG contents in the rat hearts
amounted to 0.759 ± 0.038 µg/mg dry weight and 0.384 ±
0.059 µg/mg dry weight (n = 6, mean ± SD), respectively,
corresponding to 0.173 ± 0.009 and 0.0875 ± 0.0134 µg/mg
wet weight, respectively. The value of 1,2-DAG was similar
to our previous finding (10), and the value of ceramides was
consistent with the content in rat liver (21). The ratio of ce-
ramide content to 1,2-DAG was twice the level found in
skeletal muscle in which a diglyceride kinase assay was used
(22). This discrepancy may be attributed to differences in tis-
sues or methods.

To examine the effect of sphingomyelinase on the amount
of ceramides and 1,2-DAG, the heart homogenate and erythro-
cyte membranes were incubated in the presence of sphin-
gomyelinase for 60 min. The homogenate of rat heart in Tris
buffer contained a 10-fold amount of ceramides compared with
the values of tissues frozen by liquid nitrogen even before in-
cubation, probably due to production of ceramides in the buffer
by the homogenization procedure. Incubation in the presence
of sphingomyelinase produced increased ceramide levels at 30
min, but the concentration decreased at 45 and 60 min. This
would suggest a further degradation of the ceramides produced
and the exhaustion of sphingomyelin as a source (Fig. 4). This
was consistent with the fact that sphingomyelin, which was es-
timated using the TLC/FID procedure (23), had almost disap-
peared (data not shown). Exposure to sphingomyelinase gener-
ated a large amount of ceramides in the erythrocyte membrane
preparations, similar to those observed in the rat heart ho-
mogenate (Fig. 4). The ceramide levels reached a sixfold in-
crease at 45 min. The 1,2-DAG levels also increased despite a
lack of change in the cholesterol levels.

Ceramides, which were first discovered in brain tissue,
have recently been identified as a putative cellular messenger
(1), as has 1,2-DAG (3). The intense interest in these lipids
makes a quantitative and simultaneous determination of their
levels in cells and tissues desirable. Radiolabeled precursors,
followed by lipid extraction and TLC separation, have been
used for this purpose but have not provided quantitative data,
and care must be taken regarding the choice of the labeled pre-
cursor (13). Alternatively, the mass determination of ce-
ramides and 1,2-DAG using diglyceride kinase as described
by Preiss et al. (14) has frequently been achieved. However,
the method involves several procedures such as lipid extrac-
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FIG. 2. (A) TLC–flame-ionization detection (FID) separation of the stan-
dard lipids. The peaks are as follows: a, cholesteryl acetate; b, triolein;
c, oleic acid; d, cholesterol; e, 1,2-diolein; f, ceramides (type III). (B)
TLC/FID separation of a tissue sample from a rat heart. The peaks are as
follows: a, cholesteryl acetate as an internal standard; b, triglycerides;
c, fatty acids; d, cholesterol; e, 1,2-DAG; f, ceramides. 1,2-DAG, 1,2-
diacylglycerol; for other abbreviation see Figure 1.

FIG. 3. Calibration curves. These lines indicate the relationship between
the weight ratios and the peak area ratios of ceramides (CER), 1,2-di-
olein (DAG), cholesterol (CHOL), triolein (TAG), and oleic acid (FA)
compared to cholesteryl acetate by the FID response. Data represent
mean values from duplicate samples.



tion, labeling with radioactive phosphate by the enzyme, reex-
traction, separation by TLC, and quantitation of radioactivity.
The Iatroscan TLC/FID system provided a quick and reliable
mass assay of ceramides and 1,2-DAG in animal tissues. Al-
though it is of interest to determine the sources of ceramides
and 1,2-DAG, a mass assay is not helpful in this respect.
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FIG. 4. Changes in ceramides (A), 1,2-DAG (B), and cholesterol (C) in
homogenates from rat heart (●●) and erythrocyte membranes (●) in the
presence and absence of sphingomyelinase (SMase) from Bacillus
cereus (300 mU/mL). Data represent mean values from duplicate sam-
ples. The experiment was performed twice with similar results. For ab-
breviation see Figure 2.



ABSTRACT: A gas chromatographic–mass spectrometric
(GC–MS) method using a PoraPLOT Q column was developed
for the analysis and identification of the volatile products pro-
duced by the action of hydroperoxide lyase (HPLS) upon 13-hy-
droperoxylinoleic or 13-hydroperoxylinolenic acids. The devel-
oped procedure required no derivatization, was not affected by
the presence of water, did not require cryogenic conditions to
be maintained during injection, and allowed for the quantita-
tion of most products. An acetone powder preparation of
Chlorella pyrenoidosa cells was triturated with borate buffer
pH = 8.0, and the mixture centrifuged at 12,000 × g. The super-
natant and pellet were assayed for HPLS activity by GC–MS
analysis of the volatile products given by linoleic acid hydroper-
oxide. The data showed that the majority of HPLS activity re-
sides in the pellet fraction, and that the primary volatile compo-
nent was pentane, with smaller amounts of 2-(Z)-pentene and
1-pentene being produced. The fact that HPLS activity resides
in the water-insoluble fraction of the acetone powder suggests
that HPLS from Chlorella is a membrane-associated enzyme.
This investigation also determined that a spectrophotometric
assay using alcohol dehydrogenase for measuring HPLS activity
was not specific, but measured enzymatic activity other than
HPLS. 
Lipids 33, 533–538 (1998).

Membrane-associated enzyme fatty acid hydroperoxide lyase
(HPLS) cleaves linolenic or linoleic acid hydroperoxy deriv-
atives 1 and 2, respectively. HPLS from higher plants cleaves
at the C–C bond adjacent to the hydroperoxide function that
is proximal to the carboxy carbon to produce C12 oxo-alde-
hyde 3 and hexanal 4, and hexenals 6 and 8 (Scheme 1). In
crude systems the corresponding reduced hexanol 5 or
hexenols 7 and 9 often are detected. HPLS derived from
algae, mushroom, and grass cleaves fatty acid hydroperox-
ides at the C–C bond adjacent to the hydroperoxide function
distal to the carboxyl carbon to form C13 oxo-aldehyde 10 and
a C5 fragment that varies with enzyme source (1). For exam-

ple, HPLS from the microalga Chlorella will produce pentane
11 and 2-(Z)-pentene 14 (2), whereas HPLS from the blue-
green microalga Oscillatoria and from grass produces pen-
tanol, 12, and 1-pentene-3-ol, 13 (3,4). Whereas HPLS in
higher plants is membrane-associated, HPLS in Chlorella and
Oscillatoria is reported to be water-soluble (2–4).

Although most studies involving HPLS are directed to-
ward an understanding of lipid metabolism and the physio-
logical role of HPLS products, there are also potential indus-
trial uses for this enzyme. For example, the short-chain
volatile products from the above reactions are major contrib-
utors to the characteristic fresh odor of many green-leaf plants
and fruits that are of importance to the fragrance and flavor
industry. On the other hand, the long-chain HPLS products,
oxo-carboxylic acids, can be oxidized to dicarboxylic acids
and used to produce polyamides similar to nylon 13,13.

Recently, we reported a procedure for immobilizing HPLS
that was isolated from a partially purified aqueous extract of
Chlorella (5). HPLS activity was assayed by a published
method using 2 as substrate (6). This method is based on the
ability of aldehyde 10 to serve as a substrate for yeast alcohol
dehydrogenase (ADH) and thereby cause the oxidation of the
ADH cofactor NADH. By following the oxidation of NADH
spectrophotometrically, a crude or a partially purified enzyme
extract could be assayed for HPLS activity. Doubts, however,
arose about the actual presence of Chlorella HPLS when the
expected oxo-carboxylic acid product 10 could not be identi-
fied. Accordingly, an alternative method was devised for the
identification, isolation, and quantification of the volatile
short-chain oxidation products formed from 2 by HPLS.

There are several prior reports concerning the analysis of
short-chain HPLS oxidation products. One method measured
volatile aldehydes by high-performance liquid chromato-
graphic (HPLC) analysis of their 2,4-dinitrophenylhydrazone
derivatives (7). Identification of the short-chain HPLS reac-
tion products directly has been achieved by GC analysis of
headspace volatiles, while the semivolatile products required
solvent extraction (2–4,7–9). GC analysis was done with
columns that separated the products based on their polarity.
Accordingly, reported polar and apolar volatile products such
as those expected from HPLS cleavage (Scheme 1) were
poorly resolved.

Copyright © 1998 by AOCS Press 533 Lipids, Vol. 33, no. 5 (1998)
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In this study, a GC–MS method using a porous polymer
column (PoraPLOT Q) was evaluated for its ability to
separate standard compounds of different polarity and volatil-
ity that are expected from the action of HPLS on hydroperox-
ides 1 or 2. The main advantage of this column is that com-
pounds are separated primarily by size, rather than polarity 
or boiling point. Accordingly, both polar and apolar HPLS
volatile oxidation products were resolved. After determin-
ing optimal conditions for separating the expected products,
the method was used to assay HPLS activity in water-
soluble and insoluble protein fractions from Chlorella
pyrenoidosa.

MATERIALS AND METHODS

Chemicals and materials. Soybean lipoxygenase Type 1-B,
linoleic acid, ADH, and NADH were purchased from Sigma
Chemical (St. Louis, MO). Water was purified to a resistance
of 18 MΩ-cm using a Barnstead (Dubuque, IA) NANOpure
system. Pentane, 1-pentene, pentanol, 1-hexene,1-penten-3-
ol, hexanal, 2-(E)-hexenal, and hexanol were purchased from
Aldrich Chemical (Milwaukee, WI). All other reagents were
of the highest purity available. Hydroperoxide 2 was pro-
duced as described previously (5). Chlorella cells were dis-
rupted using cold acetone to give an acetone powder as re-
ported previously (10).

Enzyme extraction and purification. Water-soluble en-
zymes were extracted and partially purified from the acetone
powder as reported earlier (5). Further purification and mo-
lecular weight estimation of the partially purified enzyme ex-
tract was done with a Sephadex G-75 column (2.5 × 48 cm)
eluted with potassium phosphate 50 mM (pH 7.0), collecting
2.8-mL fractions. The molecular weight standards (Sigma)
were: aprotin (6.5 kDa), cytochrome c (12.4 kDa), carbonic

anhydrase (29 kDa), albumin (66 kDa), and blue dextran
(2,000 kDa).

Headspace analysis. Typically, 4 g of acetone powder ob-
tained from Chlorella cells was mixed with 20 mL 0.2 M bo-
rate buffer (pH 8.0) and centrifuged at 12,000 × g. The super-
natant was removed, and the pellet was resuspended and cen-
trifuged (12,000 × g) five additional times. The pellet was
divided equally, and each portion was suspended in 20 mL of
buffer. One portion was boiled for 10 min to give the control
preparation. The fraction to be assayed for HPLS activity was
loaded into a 60-mL gas syringe and connected to a closed
three-way Luer-lock stopcock (syringe A on Scheme 2). A
40-mL aliquot of an aqueous solution of 2 (250 µM) was
loaded into a second 60-mL gas syringe (syringe B on
Scheme 2), leaving a headspace of 5 mL. Before allowing the
contents of both syringes to mix, a 10-µL aliquot of hexane
in methanol (1.5 µL hexane/mL methanol) was added through
the septum on the three-way stopcock (see Scheme 2) as an
internal standard. The contents of syringe A were dispensed
into syringe B through the stopcock, and the mixture was al-
lowed to stand for 30 min at room temperature. Afterward, 1
mL of gas headspace was removed by syringe through the
septum and manually injected into the GC–MS. After analy-
sis, 2 mL of hexane was added to the reaction mixture for ex-
traction of less volatile products, and 1 µL of the organic layer
was injected into the GC–MS.

GC–MS of volatiles. Analysis of headspace volatiles was
performed with a Hewlett-Packard (HP, San Fernando, CA)
5890 Series II Plus GC equipped with an HP 5972 Series
mass detector set to scan from m/z 35 to m/z 400 at 1.2 scans
per second and a PoraPLOT Q column coated with styrene-
divinylbenzene polymer (25 m × 0.32 mm × 8 µm) (Chrom-
pack, Raritan, NJ). The following oven temperature profile
was used to elute the products: 50 (3 min) to 160°C (5 min)
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at 15°C/min; to a final temperature of 250°C (5 min) at
15°C/min. All injections were splitless with the injector and
detector set at 250°C, using He as carrier gas at 1 mL/min.
For GC–MS analyses of the products in the hexane layer the
oven temperature profile was: 180 (10 min) to 250°C (5 min)
at 15°C/min.

Isolation and analysis of 10. Semipreparative purification
of the C13-oxo carboxylic acid methyl ester was done on a
Waters (Milford, MA) LC Module 1 HPLC equipped with a
Lichrosorb 5 µ Diol Column (25 × 1 cm) from Phenomenex
(Torrance, CA) using a linear gradient of hexane/0.5% iso-
propanol to hexane/2% isopropanol (30 min). Detection of
products was made with a Waters 996 Photodio Array Detec-
tor set to monitor at 276 and 233 nm and a Varex MK III Light
Scattering Detector from Alltech Associates (Deerfield, IL).
The fractions with absorption at 276 nm were collected and
analyzed by GC–MS: column HP-5MS (30 m × 0.25 mm); 80
(5 min) to 230°C (10 min) at 10°C/min. The 1H nuclear mag-
netic resonance (NMR) spectra of the products were obtained
using a Varian (Palo Alto, CA) Unity + 400 MHz NMR in-
strument.

RESULTS AND DISCUSSION

GC–MS assay. One unique property of the porous polymer
column used in this study is its ability to separate polar and
apolar products. Separation of C1 to C7 compounds is accom-
plished with little or no influence of compound polarity; com-
pounds are separated primarily on the basis of size. However,
column elution temperatures are much higher than the boiling
points of the volatiles and because of this, products in the
C3–C5 range are trapped on the column head even at a 50°C
column temperature. Accordingly, multiple injections of large
sample volumes can be made without compromising com-
pound resolution until the minimum sensitivity of the instru-
ment is reached, approximately 10−10 g of sample. Figure 1
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FIG. 1. Gas chromatography–mass spectrometry (GC–MS) of the headspace volatiles in a standard mixture (see the Results and Discussion section)
using a PoraPLOT Q column with a temperature program described in the Materials and Methods section.



shows a chromatogram for a headspace injection of a mixture
of standard compounds similar to the short-chain products ex-
pected from the oxidation of 1 or 2 with HPLS. Because the
standards had different volatilities, the standards were injected
by taking different amounts of headspace from three separate
sample vials in order to obtain similar peak sizes. In the first
vial 1 µL of acetone, ethanol, 1-pentene, pentane, and hexane
were dissolved in 1 mL methanol. From the headspace of this
vial was taken 100 µL for injection. The second vial contained
1 µL of pure 1-penten-3-ol, hexanal, and 2-(E)-hexanal, and
200 µL of the headspace was taken for injection from this vial.
The third vial contained 1 µL of pure 1-pentanol and 1-hexa-
nol, and 400 µL of the headspace was injected. Peak shape and
retention times of the standards from consecutive injections of
the three mixtures were identical to those obtained from a sin-
gle injection of the same volume of each vial. Acetone and
ethanol were included because traces were present in the ace-
tone powder and partially purified enzyme extracts. Among
the compounds injected, pentanol and hexanol were the more
difficult to detect because they tend to elute as broad peaks at
low concentration. For the same reason, the resolution of 2-
(E)-hexenal and 2-(E)-hexenol also was poor.

Previous work (2) identified pentane as the major volatile
product from the action of Chlorella HPLS on 2 by compari-
son of its retention time with a standard. In that study an ac-
tive alumina column was used for GC headspace analysis.
This column gave effective separation of light hydrocarbons
(C1–C5), whereas large hydrocarbons or polar material eluted
only with difficulty. Because water interacts strongly with
alumina columns, precautions need to be taken with regard to
the water content of samples to avoid variations in eluate re-
tention times. In another study (3), pentanol was the only

short-chain product reported from the reaction of Oscillatoria
HPLS with 2. In that study a Carbowax 20M column was
used for the detection of pentanol. Other GC analyses of
volatiles from grass and germinating soybean seedling HPLS
cleavage of 2 also used polar or intermediate polarity columns
(4,8). These latter columns, however, require a minimum op-
erating temperature of at least 40°C, but at this temperature
apolar short hydrocarbon fragments, such as pentane, are not
retained. More recently Salch et al. (9) used an HP-5MS low-
polarity GC column with a mass detector for the detection of
pentane and 2-(Z)-penten-1-ol and 1-penten-3-ol. This col-
umn can elute both polar and apolar compounds, but we
found that ethanol and pentane were not resolved even when
cryogenic conditions were used. Also, injection of large sam-
ple amounts required cryogenic cooling to avoid peak broad-
ening. As Figure 1 shows, a PoraPLOT column can resolve
the mixture of polar and apolar C5 and C6 volatile products
such as those expected from the interaction of HPLS with 1
or 2 with no need for subambient or cryogenic cooling when
large volumes are injected. An added benefit of the column is
that it is not affected by water or oxygen, which allows for di-
rect injection of aqueous headspace samples.

By using the air-tight system described in the Materials
and Methods section, shown in Scheme 2, the headspace of
an active HPLS acetone powder, a heat-treated powder con-
trol, and the supernatant from a buffer wash of the active
powder were assayed for HPLS activity using the PoraPLOT
Q column. Injection of the headspace from the active acetone
powder reaction, with hexane as internal standard, showed
the presence of three peaks with retention times and mass
spectra that corresponded to pentane, 2-(Z)-pentene, and 1-
pentene (Fig. 2A and inset). Pentane yields were between 5

536 METHOD

Lipids, Vol. 33, no. 5 (1998)

FIG. 2. (A) GC–MS of the headspace volatiles from the reaction of 40 mL of 2 (250 µM) with 2
g of hydroperoxide lyase-active acetone powder from Chlorella pyrenoidosa; (B) control reac-
tion. For structure of 2 see Scheme 1; for abbreviation see Figure 1.



and 10%. Although detectable amounts of pentane also are
present in the heat-treated powder control (Fig. 1B) and the
buffer-washed supernatant (data not shown), the control lev-
els of pentane were always below 3% of the amount found
using the HPLS-active acetone powder. In our product analy-
sis the presence of 2-(Z)-pentene could be attributed to small
amounts of 1 contaminating 2. However, the source of the 1-
pentene is unclear. 2-(Z)-Pentene and a third unidentified
product that was presumed to be 2-(E)-pentene were detected
previously in Chlorella HPLS reactions when the substrate
was 1 (2). Our analysis of the headspace showed that no E-
isomer was formed.

To determine whether less volatile and more polar alco-
hols or aldehydes were produced, the reaction mixture was
extracted with hexane, and 1 µL of the hexane phase was in-
jected in the GC–MS. No alcohol products were detected. Al-
though small amounts of hexanal were found in the product
mixtures, this compound also was detected in the control and
is presumed to be formed by nonenzymatic degradation of 2. 

Additional confirmation for the presence of the products
resulting from HPLS activity in the acetone powder pellet
was obtained by semipreparative HPLC isolation of the non-
volatile products of the reaction. The latter were extracted
from the aqueous phase with ether and then methylated. A
collected HPLC fraction with ultraviolet absorption at 276 nm
gave a single peak by GC–MS with the following mass
spectrum: 238 [M]+; 207 [M − CH3O]+; 206 [M − CH3OH]+;
188 [M − H2O − CH3OH]+; 178; 149; 121; 119; 109; 95;
[CH2CH=CHCH=CHCHO]+; 81 [CH=CHCH=CHCHO]+;
68; and 55. This spectrum corresponds to the published spec-
trum of 10 (2,3,9,11). 1H NMR of the same fraction furnished
the following chemical shifts in ppm. In parentheses are the
number of protons, multiplicity, coupling constants, and car-
bon assignments: δ = 9.60 (1H, d, J12,13 = 7.90 Hz, C13); 6.15
(1H, dd, J11,12 = 15.2 Hz, C12); δ = 7.43 (1H, ddd, J10,11
=11.53 Hz, J9,11 = 0.92 Hz, C11), δ = 6.26 (1H, ddt, J9,10 =
10.80 Hz, J8,10 = 0.55 Hz, C10); δ = 5.98 (1H, dt, J8,9 = 7.87
Hz, C9); δ = 3.70 (3H, s, ester methyl); δ = 2.30 (4H, m,
C2,8); δ = 1.62 (2H, m, C3); δ = 1.45 (2H, m, C7); δ = 1.34
(6H, m, C4–6). These data match the spectrum recently re-
ported by Salch et al. (9) for 13-oxo-9-(Z), 11-(E)-trideca-
dienoic acid. 

A recent report showed that under anaerobic conditions
lipoxygenase can cause the cleavage of 1 to produce 10 and a
mixture of 2-(Z)-penten-1-ol and 1-pentene-3-ol. However,
no pentane was found in this reaction (9). In our studies with
Chlorella, pentane was the major volatile detected from the
acetone powder pellet. Whether the reaction was conducted
under an atmosphere of oxygen or nitrogen, no difference in
the products was observed (results not shown). These data
suggest that HPLS activity is the major route to the oxo-prod-
uct 10 and pentane. 

Spectrophotometric assay. HPLS activity has been moni-
tored spectrophotometrically at 234 nm by following the loss
of the conjugated diene chromophore of 2 or the increase at
280 nm when oxo-acid 10 is the main product. To improve

the specificity of this assay a linked assay has been devised
that couples ADH to HPLS. ADH reduces the aldehydes pro-
duced by HPLS to alcohols and in the process oxidizes
NADH. Thus HPLS activity can be followed by the decrease
in absorption at 340 nm (6). We reported earlier that a par-
tially purified water-soluble protein fraction derived from the
supernatant of C. pyrenoidosa and fusca gave the expected
decrease in absorption at 234 nm and the decrease at 340 nm
when 2 and ADH/NADH were present (5,7). However, a
more careful examination of the ADH/NADH assay revealed
that the reaction of the water-soluble protein fraction with 2
and NADH has the same kinetic profile in the presence or ab-
sence of ADH. Because only traces of the ADH/NADH-re-
duced alcohol derivative of 10 can be detected in organic ex-
tracts of this reaction and because the level of volatile organ-
ics is comparable to the background levels in heat-treated
controls, these results indicate that the spectrophotometric
assay was detecting an enzyme activity that was not HPLS.
These results were obtained even after further purification of
the water soluble extract from C. pyrenoidosa by DEAE
Sepharose CL-6B columns and gel filtration, where the major
protein present had a molecular weight of 46 kDa and maxi-
mal activity at pH 6.5, properties similar to those reported
previously for HPLS from C. pyrenoidosa and Oscillatoria
(2,3). 

In conclusion, the use of GC–MS with a PoraPLOT Q col-
umn allowed the development of a method that requires no
derivatization, was not affected by the presence of water, did
not require cryogenic conditions to be maintained during in-
jection, and allowed for the quantitation of most of the ex-
pected volatile products from the action of HPLS upon 1 or
2. Moreover, the data obtained by using this method show that
HPLS resides in the water-insoluble fraction obtained from
C. pyrenoidosa acetone powder. HPLS activity in an aqueous
extract of C. pyrenoidosa acetone powder could not be con-
firmed by the ADH/NADH assay, and the nature of the prod-
ucts arising from the degradation of 2 by enzymatic activity
in the aqueous is under study. 
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ABSTRACT: Pigs were fed a commercial conjugated linoleic
acid (CLA) mixture, prepared by alkali isomerization of sun-
flower oil, at 2% of the basal diet, from 61.5 to 106 kg live
weight, and were compared to pigs fed the same basal diet with
2% added sunflower oil. The total lipids from liver, heart, inner
back fat, and omental fat of pigs fed the CLA diet were analyzed
for the incorporation of CLA isomers into all the tissue lipid
classes. A total of 10 lipid classes were isolated by three-direc-
tional thin-layer chromatography and analyzed by gas chroma-
tography (GC) on long capillary columns and by silver-ion high-
performance liquid chromatography (Ag+-HPLC); cholesterol
was determined spectrophotometrically. Only trace amounts
(<0.1%; by GC) of the 9,11-18:2 cis/trans and trans,trans iso-
mers were observed in pigs fed the control diet. Ten and twelve
CLA isomers in the diet and in pig tissue lipids were separated
by GC and Ag+- HPLC, respectively. The relative concentration
of all the CLA isomers in the different lipid classes ranged from
1 to 6% of the total fatty acids. The four major cis/trans isomers
(18.9% 11 cis,13 trans-18:2; 26.3% 10 trans,12 cis-18:2; 20.4%
9 cis,11 trans-18:2; and 16.1% 8 trans,10 cis-18:2) constituted
82% of the total CLA isomers in the dietary CLA mixture, and
smaller amounts of the corresponding cis,cis (7.4%) and
trans,trans (10.1%) isomers were present. The distribution of
CLA isomers in inner back fat and in omental fat of the pigs was
similar to that found in the diet. The liver triacylglycerols (TAG),
free fatty acids (FFA), and cholesteryl esters showed a similar

pattern to that found in the diet. The major liver phospholipids
showed a marked increase of 9 cis,11 trans-18:2, ranging from
36 to 54%, compared to that present in the diet. However, liver
diphosphatidylglycerol (DPG) showed a high incorporation of
the 11 cis,13 trans-18:2 isomer (43%). All heart lipid classes,
except TAG, showed a high content of 11 cis,13 trans-18:2,
which was in marked contrast to results in the liver. The rela-
tive proportion of 11 cis,13 trans-18:2 ranged from 30% in the
FFA to 77% in DPG. The second major isomer in all heart lipids
was 9 cis,11 trans-18:2. In both liver and heart lipids the rela-
tive proportions of both 10 trans,12 cis-18:2 and 8 trans,10 cis-
18:2 were significantly lower compared to that found in the
diet. The FFA in liver and heart showed the highest content of
trans,trans isomers (31 to 36%) among all the lipid classes. The
preferential accumulation of the 11 cis,13 trans-18:2 into car-
diac lipids, and in particular the major phospholipid in the inner
mitochondrial membrane, DPG, in both heart and liver, appears
unique and may be of concern. The levels of 11 cis,13 trans-
18:2 naturally found in foods have not been established.
Lipids 33, 549–558 (1998).

Interest in conjugated linoleic acid (CLA) has increased in
the past decade as a result of reports of several health benefits
related to its consumption. CLA has been reported to protect
against cancer (1–8) and atherosclerosis (9,10). In addition,
CLA has been reported to decrease body fat while increasing
muscle (11,12) and bone mass (13). However, commercial
CLA preparations are mixtures of several positional and geo-
metric isomers of conjugated octadecadienoic (18:2) acid.
Not all the isomers in these mixtures have been resolved chro-
matographically, and the active isomer(s) has (have) not been
identified. It has been assumed that 9 cis,11 trans-18:2 is the
active isomer, because it is the major isomer present in milk,
dairy products and meats (14–18). A recent epidemiological
study in Finland, which appears to support this assumption,
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found a significant inverse gradient between milk intake 
and incidence of breast cancer in 4,697 initially cancer-free
women over a 25-yr follow-up period (19).

A number of studies reported the presence of CLA isomers
in human adipose tissue (20,21), bile (22), blood (15,23–25),
and milk (15). CLA isomers were incorporated into both tis-
sue total neutral lipids (5,7,26,27) and total phospholipids
(1,2,5,7,26–28), as well as cancer tissue (2) of animals fed
CLA diets. Only one recent study presented the content of
CLA isomers in the different liver phospholipids of rats fed
CLA (28). An accurate assessment of CLA content has so far
been prevented, firstly, because acid-catalyzed methylation
procedures, which may isomerize the conjugated cis/trans to
trans,trans 18:2 isomers (29), were used in the analysis of
CLA isomers (1,2,5,7,16,18,20,26,28); secondly, by the lack
of chromatographic methods to separate all the individual
CLA isomers. We have just reported a silver-ion high-perfor-
mance liquid chromatography (Ag+-HPLC) method which
clearly separated for the first time four isomers—11 cis,13
trans-18:2, 8 trans,10 cis-18:2, 9 cis,11 trans-18:2, and 10
trans,12 cis-18:2—that were found in a commercial CLA
preparation, plus the corresponding four cis,cis and four
trans,trans isomers (30, and references cited therein).

In the present communication, we report for the first time
the distribution of CLA isomers in the tissues of pigs fed a
commercial CLA mixture at 2% of the diet. The CLA isomers
were separated by both gas chromatography (GC) and Ag+-
HPLC as their fatty acid methyl esters (FAME). The identity
of major CLA isomers was confirmed by GC-direct deposi-
tion (DD)-Fourier transform infrared (FTIR) spectroscopy
and GC-electron ionization mass spectrometry (EIMS). Adi-
pose lipids generally showed the same distribution of the iso-
mers fed. Liver phospholipids showed an increase of 9 cis,11
trans-18:2 isomer, while in heart phospholipids an increase
of 11 cis,13 trans-18:2 isomer was found. Diphosphatidyl-
glycerol (DPG) in both liver and heart lipids showed a
uniquely characteristic incorporation of 11 cis,13 trans-18:2.

MATERIALS AND METHODS

Animals and tissues. Pigs (Landrace boar by Landrace ×
Large White sow) were fed a basal diet (barley, wheat, soy-
bean meal, and canola meal) supplemented with either 2%
added sunflower oil or a CLA mixture (Natural Lipids Ltd.,
Hovdebygda, Norway), from 61.5 to 106 kg live weight, as
described elsewhere (12). The CLA content of the commer-
cial product was 55.4% of the total FAME, and the distribu-
tion of CLA isomers is included in Table 2 (see below). The
total fat content of the diet, which included the 2% added test
oil, was 3.2% on a dry matter basis. Eight pigs from each diet
were selected for total lipid analysis. At time of slaughter,
liver, heart, inner back fat, and omental fat were removed, and
portions were immediately frozen and maintained at −70°C
until analyzed. 

Separation of lipid classes and preparation of FAME.
Liver and heart tissues were pulverized at dry ice temperature

(31), and the total lipids were extracted with chloroform/
methanol (1:1, vol/vol). All the lipid classes were separated
on thin-layer plates by three-directional thin-layer chroma-
tography (TLC) using silica gel H plates (32). For each tis-
sue, two TLC plates were used to separate 3-mg portions of
total lipids each, to ensure sufficient material was available
for analysis of the minor lipid classes. To each isolated lipid
class (combined from the two TLC plates), a known amount
of methyl heptadecanoate (17:0) was added as an internal
standard to permit quantitation of the lipids. The lipid classes,
in the presence of silica gel, were methylated using sodium
methoxide (Supelco, Inc., Bellefonte, PA) for 15 min at 50°C
to avoid isomerization of CLA isomers (29), except free fatty
acids (FFA) and sphingomyelin (SM); FFA were methylated
with diazomethane (33) and SM (because of N-acyl fatty
acids) with 5% anhydrous HCl/methanol (w/w) for 1 h at
80°C (34). The resultant FAME were purified by TLC using
hexane/diethyl ether/acetic acid (85:15:1, by vol) before
analysis by GC and Ag+-HPLC. Back fat and omental fat
were methylated directly with sodium methoxide, and the re-
sultant FAME were purified by TLC. Cholesterol was deter-
mined spectrophotometrically as described previously (35).

GC. The total FAME of each individual lipid class from
the pig tissues investigated were analyzed by GC (model
5890; Hewlett-Packard, Palo Alto, CA), equipped with a
flame-ionization detector. A CP-Sil 88 fused-silica capillary
column (100 m × 0.25 mm i.d. × 0.2 µm film thickness;
Chrompack, Bridgewater, NJ) was used, and H2 was the car-
rier gas at a split ratio of 1:15 (29). The column was operated
at 150°C for 2 min, then temperature-programmed at 1°C/min
to 200°C, followed by a second temperature program at
5°C/min to 215°C, and finally held for 20 min at 215°C; the
total run time was 75 min.

HPLC. The total FAME mixtures were separated on a
ChromSpher 5 Lipids (4.6 mm i.d. × 25 cm stainless steel; 5-
µm particle size) silver-impregnated column (Chrompack),
as described recently (30). The mobile phase was 0.1% ace-
tonitrile in hexane, prepared fresh each day. The column was
operated isocratically at room temperature for 1 h prior to the
initial injection of the day. The flow rate of the mobile phase
was 1.1 mL/min, and detection was by ultraviolet at 233 nm.
If the HPLC column required regeneration, it was flushed
with 1% acetonitrile for 4 h, followed by 1 h with 0.1% ace-
tonitrile. The FAME of each lipid class from all eight pigs
were combined for the HPLC analyses. Duplicate HPLC
analyses were performed but they were identical, and there-
fore, no standard errors were calculated. The limited data de-
rived in this study suggest that the response of the different
CLA isomers measured at 233 nm was accurate relative to
one another. There was generally good agreement in the rela-
tive distribution of CLA isomers between GC and Ag+-HPLC
results.

Derivatives of 4,4-dimethyloxazoline (DMOX). Total tis-
sue FAME were hydrolyzed to their FFA using 1 N KOH in
95% ethanol (33). The FFA were placed into a 1-mL screw
cap reaction tube with a Teflon liner, and a threefold excess

550 J.K.G. KRAMER ET AL.

Lipids, Vol. 33, no. 6 (1998)



of 2-amino-2-methyl-1-propanol was added. After purging
with argon, the reaction vial was heated for 0.5 h at 170°C.
The DMOX derivative was then partitioned into petroleum
ether as described previously (36). The reaction product was
finally taken up in a minimal amount of isooctane for subse-
quent GC-EIMS and GC-DD-FTIR analyses.

GC-EIMS and GC-DD-FTIR. The equipment and operat-
ing conditions used for the GC-EIMS (37) and GC-DD-FTIR
(30,38) are given elsewhere. For GC-EIMS, a 100-m CP-Sil
88 column was used, whereas a 50-m CP-Sil 88 column was
used for the GC-DD-FTIR work.

RESULTS

Lipid class composition. The inclusion of CLA in the diet of
pigs, fed from 61.5 to 106 kg live weight, did not significantly
alter the liver and heart lipid class composition, except for
cardiac triacylglycerol (TAG) (Table 1). Heart TAG in pigs
fed CLA showed a decrease which was not significant be-
cause of the large animal-to-animal variation. Characteristic
differences evident between liver and heart lipids were related
to the content of phosphatidylcholine (PC), diphosphatidyl-
glycerol (DPG), FFA, and cholesteryl ester (CE). PC, FFA,
and CE were lower, and DPG was higher in heart compared
to liver lipids (Table 1). There were no diet effects on the total
free cholesterol and CE content in liver and heart lipids. The
heart contained less free and esterified cholesterol compared
to the liver (Table 1).

Separation of CLA isomers by GC. The fatty acid compo-
sition of liver, heart, inner back fat, and omental fat lipids was
determined by GC using a long capillary column (100 m)
with a polar liquid phase (CP-Sil 88), as demonstrated previ-
ously for milk analysis (29). The CLA region of the GC chro-

matogram that is bracketed between linoleic (18:2n-6) and ar-
achidonic (20:4n-6) acids is presented (Figs. 1 and 2) in order
to show the position of CLA isomers in relation to neighbor-
ing FAME present in tissue lipids. The CLA diet (Fig. 1A)
and selected tissue lipid classes of pigs fed CLA (Fig. 1B–D
and Fig. 2A–D) are shown. On this GC column, all the CLA
isomers eluted between linolenic acid (18:3n-3) and 20:2n-6,
a relatively clear region in the GC chromatogram of tissue
FAME, with two exceptions. A small (<0.1%) unidentified
peak marked “x” (Figs. 1A and 2A) was observed in the GC
chromatograms of all lipid classes of pigs fed the control
diets, and was also found in the dietary commercial CLA oil.
Therefore, minor peak “x” was presumably a combination of
an unknown non-CLA and CLA isomer; peak “x” was not in-
cluded in Table 2. In addition, 21:0, found only in SM,
coeluted with the 8 cis,10 cis-18:2 peak. The GC column was
used to separate the cis/trans CLA isomers into four peaks in
the order: 9 cis,11 trans-18:2 plus 8 trans,10 cis-18:2 (tailing
peak); a minor component tentatively identified as 9 trans,11
cis-18:2; 11 cis,13 trans-18:2; and 10 trans,12 cis-18:2. The
three major cis/trans peaks were identified by GC-DD-FTIR
and GC-EIMS as their DMOX derivatives. The minor
cis/trans peak was identified as 9 trans,11 cis-18:2 based on
comparison with the 9 cis,11 trans-18:2 commercial standard
mixture from Matraya Inc. (Pleasant Gap, PA), which con-
tained trace amounts the 9 trans,11 cis-18:2 isomer (21). The
cis,cis CLA isomers also separated into four peaks (Figs. 1
and 2). The cis,cis configuration was established by GC-DD-
FTIR, and the molecular weight was established by GC-
EIMS as the DMOX derivative. The elution order of the po-
sitional cis,cis CLA isomers by GC (8,10; 9,11; 10,12; and
11,13) was determined by comparison with Ag+-HPLC re-
sults (vide infra) and found to be the opposite of the latter.
The trans,trans CLA isomers separated into two peaks: 11
trans,13 trans-18:2; and 8 trans,10 trans-18:2, 9 trans,11
trans-18:2 plus 10 trans,12 trans-18:2. The trans,trans con-
figuration was confirmed by GC-DD-FTIR and the molecular
weight and double-bond positions by GC-EIMS.

Separation of CLA isomers by Ag+-HPLC. The Ag+-HPLC
method, just developed (30), was applied to the separation of
FAME CLA isomers in the diet (Fig. 1A’) and pig tissue lipid
classes (Fig. 1B’–D’, and Fig. 2A’–D’). Ultraviolet detection
at 233 nm selectively identified FAME with a conjugated
double-bond system. Ag+-HPLC was used to separate the
cis/trans CLA isomers into four major peaks in the order: 11
cis,13 trans-18:2, 10 trans,12 cis-18:2, 9 cis,11 trans-18:2,
and 8 trans,10 cis-18:2; see Figures 1 and 2. The structures
of all four cis/trans CLA isomers were identified by GC-DD-
FTIR and GC-EIMS as their DMOX derivatives, and by com-
parison with known standards (30). The trans,trans CLA iso-
mers eluted first from the silver ion column. The structures of
four trans,trans isomers were established by comparison to
known and/or standard mixtures of CLA isomers (30); see
Figures 1 and 2. Based on the absorption at 233 nm, there
were another four unidentified peaks of FAME in this region,
including the shoulder on 8 trans,10 trans-18:2. Infrared and

DISTRIBUTION OF CLA ISOMERS IN PIG TISSUE LIPIDS 551

Lipids, Vol. 33, no. 6 (1998)

TABLE 1
Composition (% of total lipids) of Liver and Heart Lipid Classes 
of Pigs Fed Control or CLA Diets as Determined by GCa

Lipid Liver Heart

class Control CLA SDb Control CLA SD

PC 46.9c 50.5 5.3 39.8 40.5 4.5
PE 24.2 23.7 1.4 22.4 24.4 3.3
PS 4.4 4.4 0.5 3.9 3.7 0.7
PI 7.5 7.3 0.9 5.8 5.8 0.7
DPG 3.2 3.2 0.6 14.6 15.3 2.0
SM 2.9 2.7 1.0 2.4 3.0 0.7
TAG 4.7 4.9 1.2 10.4 6.6 6.0
FFA 3.4 2.0 1.0 0.8 0.6 0.3
CE 1.6 1.3 0.3 <0.1 <0.1

Cholesterold 3.60 3.70 1.05 2.20 2.02 0.58
aCLA, conjugated linoleic acid; PC, phosphatidylcholine; PE, phospha-
tidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; DPG,
diphosphatidylglycerol (cardiolipin); SM, sphingomyelin; TAG, triacylglyc-
erol; FFA, free fatty acid; CE, cholesteryl ester; GC, gas chromatography.
bPooled standard deviation (SD).
cMean of six pigs/diet.
dCholesterol expressed as µg/g wet weight.



mass spectral confirmation of these isomers is in progress. In
the cis,cis region four peaks were separated which eluted in
the same order as those of the trans,trans and cis/trans CLA
isomers (30) (Figs. 1 and 2).

There may be slight differences in the distribution of CLA
isomers between the GC and the Ag+-HPLC chromatograms
in Figures 1 and 2. There were two reasons for this difference.
(i) One of eight available GC chromatograms was selected for
display (Figs. 1 and 2) and may not reflect the average distri-
bution, whereas for the Ag+-HPLC, only a single chromato-

gram was available after the FAME for the same lipid class
from all eight pigs on the CLA diet were combined. (ii) Other
still unidentified minor components or metabolites of these
complex mixtures may also be eluting in the CLA region of
the Ag+-HPLC chromatogram.

CLA content in pig tissues fed the control diet. Pigs fed the
control diet showed relatively small peaks (<0.1%) corre-
sponding in retention time to 9 cis,11 trans-18:2, 9 trans,11
trans-18:2, and unknown “x” on the GC chromatogram (chro-
matogram not shown). CLA isomers in tissues from control
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FIG. 1. Partial profiles obtained by gas chromatography (GC) (A to D) and silver-ion high-per-
formance liquid chromatography (Ag+-HPLC) (A’ to D’) of the conjugated linoleic acid (CLA)
mixture fed to pigs (A,A’), and of CLA isomers found in selected tissues of pigs fed the CLA
diet: omental fat (B,B’), liver triacylglycerols (TAG) (C,C’), and heart TAG (D,D’). The GC re-
gion selected was between linoleic (18:2n-6) and arachidonic (20:4n-6) acids. All known fatty
acids and CLA isomers were labeled; “x” is an unknown in the GC chromatogram which was
also found in the chromatograms of both the dietary CLA mixture and the tissues of pigs fed
the control and CLA diets. The letters c and t refer to the cis and trans CLA isomers. The elu-
tion order of the cis,cis CLA isomers is: 8,10-, 9,11-, 10,12-, and 11,13-18:2.



animals were only confirmed by their relative retention time
on GC. The concentrations of the CLA isomers in the lipids
of pigs fed the control diet were too low under our experi-
mental conditions to be detected by ultraviolet at 233 nm after
Ag+-HPLC separation.

CLA isomeric distribution in the diet and adipose tissue.
The CLA preparation, included at 2% by weight in the diet,
contained 81.7% cis/trans CLA isomers, based on Ag+-HPLC
analyses. The reported values are expressed as percentages of
total CLA content. The relative concentrations of the four
cis/trans CLA isomers were found by Ag+-HPLC to be:
18.9% 11 cis,13 trans-18:2; 26.3% 10 trans,12 cis-18:2;
20.4% 9 cis,11 trans-18:2; and 16.1% 8 trans,10 cis-18:2.
The GC results of the diet are included in Table 2. The total

trans,trans and cis,cis CLA contents were 10.1 and 7.4%, re-
spectively. The inner back fat and omental fat (Figs. 1B and
1B’) showed a similar distribution of CLA isomers as that
found in the dietary CLA oil.

Total CLA content in tissue lipid classes. The total CLA
content in all the tissue lipid classes is shown in Table 2 (last
column). The total CLA content was highest in liver TAG
(6%) and lowest in liver SM (1%). Back fat showed a higher
accumulation of total CLA than omental fat (Table 2). The
major phospholipids, PC and PE (phosphatidylethanolamine),
incorporated between 2.8 and 5.8% of total CLA. The re-
maining phospholipids incorporated between 1.5 and 4% of
total CLA. DPG, which is a major phospholipid in inner mi-
tochondrial membranes of liver and heart, accumulated about
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FIG. 2. Partial GC (A to D) and Ag+-HPLC (A’ to D’) chromatograms of selected liver and heart
lipid classes of pigs fed the CLA diet: liver phosphatidylcholine (PC) (A,A’), heart PC (B,B’),
heart diphosphatidylglycerol (DPG) (C,C’), and liver free fatty acids (FFA) (D,D’). For other ab-
breviations see Figure 1.



2% of total CLA. The highest relative content of trans,trans
CLA isomers was found in the FFA fraction (Table 2); see
liver FFA chromatogram (Figs. 2D and 2D’).

Relative CLA isomeric distribution in liver lipids. The dis-
tribution and standard deviation (SD) data for CLA isomers
determined by GC are presented in Table 2. The relative com-
position of CLA isomers in liver lipids is summarized graphi-
cally in Figure 3 in order to compare it to that present in the
dietary CLA oil used. The sum of 9 cis,11 trans-18:2 and 8
trans,10 cis-18:2 was increased in liver PC and PE and de-
creased in DPG, SM, and FFA. The neutral lipids (TAG and
CE) and the minor phospholipids (phosphatidylserine and
phosphatidylinositol) showed no selectivity in the incorpora-
tion of these two CLA isomers compared to the diet. No fur-
ther conclusions could be made on these data because these
two CLA isomers were not separated by GC. To evaluate the
effects of each of these two individual isomers, see the Ag+-
HPLC results (Fig. 4). On the other hand, 11 cis,13 trans-18:2
accumulated in DPG, where its relative concentration in-
creased to 40%, compared to about 20% in the CLA oil. The
10 trans,12 cis-18:2 isomer was relatively low in all liver
lipids compared to its level in the diet. The content of the four
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TABLE 2
Relative Composition (%) Determined by GC of CLA Isomersa in Diet, Liver, and Heart Lipid Classes, and Inner Back Fat 
and Omental Fat of Pigs Fed a CLA Diet

CLA isomers

Tissues 10t,12t
Diet 9c,11t 9t,11t Total

Classesb 8t,10c 9t,11c 11c,13t 10t,12c 8c,10c 9c,11c 10c,12c 11c,13c 11t,13t 8t,10t CLA (%)c

Diet 35.3 0.8 19.9 24.9 1.2 2.7 3.5 1.6 1.5 8.7 32.9

Liver
TAG 33.2 ± 1.2d 1.6 ± 0.3 21.6 ± 1.4 16.0 ± 1.2 2.5 ± 0.6 3.8 ± 0.7 2.1 ± 0.2 2.1 ± 0.1 4.4 ± 0.3 11.7 ± 1.1 6.0 ± 0.4
PC 48.7 ± 1.4 1.6 ± 0.4 16.1 ± 1.0 15.2 ± 1.0 1.4 ± 0.2 4.3 ± 0.5 0.9 ± 0.2 1.9 ± 0.2 4.1 ± 0.5 4.8 ± 0.4 3.2 ± 0.2
PE 53.9 ± 2.7 1.4 ± 0.4 15.5 ± 1.2 9.4 ± 0.7 1.7 ± 0.2 1.8 ± 0.3 1.0 ± 0.3 1.8 ± 0.3 5.4 ± 0.8 6.4 ± 0.5 2.8 ± 0.2
PS 39.9 ± 3.0 1.1 ± 0.6 11.9 ± 1.0 9.7 ± 1.3 1.3 ± 0.9 3.4 ± 1.4 0.6 ± 0.2 1.7 ± 0.7 11.4 ± 2.5 10.2 ± 0.8 1.6 ± 0.2
PI 38.3 ± 4.2 4.0 ± 1.2 12.1 ± 1.1 8.2 ± 0.9 3.4 ± 1.0 5.1 ± 1.1 1.3 ± 0.3 2.6 ± 0.4 6.2 ± 1.0 15.0 ± 1.9 1.9 ± 0.2
DPG 17.9 ± 1.2 1.2 ± 0.9 36.9 ± 5.8 8.1 ± 2.3 1.7 ± 1.1 3.9 ± 1.1 0.9 ± 0.7 3.5 ± 1.1 6.2 ± 1.3 11.5 ± 3.4 1.5 ± 0.2
SM 25.3 ± 2.9 5.0 ± 0.8 10.4 ± 1.1 10.4 ± 1.1 —e 1.2 ± 0.6 1.7 ± 0.4 3.6 ± 0.7 9.8 ± 0.2 31.1 ± 3.4 1.0 ± 0.1
FFA 19.0 ± 2.7 3.4 ± 0.7 11.1 ± 1.6 14.5 ± 1.1 2.7 ± 0.7 4.3 ± 0.4 2.3 ± 0.5 3.8 ± 0.5 7.7 ± 0.8 23.1 ± 2.5 2.9 ± 0.2
CE 31.1 ± 2.2 3.3 ± 1.4 15.4 ± 1.1 13.7 ± 1.5 1.8 ± 0.9 3.8 ± 1.8 1.4 ± 0.7 2.0 ± 0.9 6.7 ± 2.4 17.9 ± 3.2 3.5 ± 0.4

Heart
TAG 26.5 ± 3.5 2.1 ± 0.7 25.7 ± 4.3 12.1 ± 0.6 1.5 ± 0.4 4.8 ± 0.5 2.1 ± 0.1 4.0 ± 0.5 7.0 ± 1.0 12.6 ± 1.8 3.6 ± 0.4
PC 25.1 ± 2.1 0.7 ± 0.2 55.5 ± 4.3 6.2 ± 0.3 0.4 ± 0.2 1.4 ± 0.3 0.7 ± 0.1 3.7 ± 0.5 3.3 ± 0.9 2.5 ± 1.1 5.8 ± 0.4
PE 29.7 ± 2.4 0.8 ± 0.3 42.2 ± 3.8 6.8 ± 0.8 1.0 ± 0.3 1.3 ± 0.3 0.8 ± 0.2 3.0 ± 1.1 6.9 ± 1.1 5.0 ± 1.0 2.8 ± 0.2
PS 24.1 ± 4.5 0.7 ± 0.3 34.3 ± 3.1 6.5 ± 1.3 2.4 ± 1.3 3.5 ± 0.7 0.5 ± 0.2 4.6 ± 0.7 10.2 ± 0.9 8.5 ± 1.0 4.1 ± 0.5
PI 18.7 ± 2.4 1.6 ± 0.5 40.0 ± 3.6 8.3 ± 2.4 2.3 ± 0.4 3.1 ± 0.4 1.1 ± 0.3 4.7 ± 0.5 9.5 ± 2.7 9.3 ± 1.4 3.6 ± 0.3
DPG 7.2 ± 1.4 1.1 ± 0.5 65.1 ± 4.8 4.5 ± 1.0 0.1 ± 0.1 2.0 ± 0.4 0.3 ± 0.02 4.8 ± 0.4 9.6 ± 1.1 4.4 ± 2.2 1.9 ± 0.2
SM 14.8 ± 5.5 <0.05 38.3 ± 9.3 6.1 ± 2.1 —e 1.7 ± 0.6 <0.05 4.0 ± 1.1 15.8 ± 5.7 19.3 ± 8.0 1.8 ± 0.5
FFA 10.9 ± 1.4 2.0 ± 1.2 25.1 ± 3.0 10.7 ± 1.1 0.6 ± 0.3 4.9 ± 0.4 0.9 ± 0.5 6.8 ± 0.7 13.4 ± 1.4 17.8 ± 3.6 3.2 ± 0.2

Back fat 38.7 ± 5.2 1.9 ± 0.3 20.5 ± 3.4 17.1 ± 3.2 1.2 ± 0.3 3.1 ± 0.5 2.5 ± 0.5 1.7 ± 0.3 2.0 ± 0.4 10.7 ± 1.5 4.7 ± 0.4

Omental 
fat 36.1 ± 1.4 1.8 ± 0.7 20.7 ± 3.6 17.9 ± 3.2 1.1 ± 0.6 3.5 ± 0.4 2.8 ± 0.4 1.8 ± 0.4 2.1 ± 0.3 11.6 ± 1.8 2.9 ± 0.5

aThe identification of the major CLA isomers was confirmed by spectroscopic analyses and comparison with Ag+-HPLC. The peak between 11c,13c-18:2 and
11t,13t-18:2, labeled “x” in Figures 1A and 2A, was not included because it was also present in controls.
bFor abbreviations see Table 1.
cPercentage of total CLA isomers in the total fatty acid methyl ester composition of each lipid class.
dValues are means ± SD (n = 8).
eThe concentration of 8c,10c-18:2 could not be quantitated in the SM fraction using this GC column because this CLA isomer coeluted with 21:0 present in SM.

FIG. 3. Quantitative comparison of CLA isomeric distributions deter-
mined by GC for the different liver lipid classes that had been previ-
ously isolated by thin-layer chromatography (TLC). Relative amounts (y
axis) are expressed as percentages of total CLA. The CLA isomers are
shown (x axis) in the GC elution sequence. Total cc represents the total
of four minor cis,cis CLA isomers. The distribution of the CLA isomers
in the diet is included for comparison. PE, phosphatidylethanolamine;
PS, phosphatidylserine; PI, phosphatidylinositol; SM, sphingomyelin;
CE, cholesteryl ester. For other abbreviations see Figures 1 and 2.



cis,cis CLA isomers was low in liver lipids. Their total con-
centrations were combined for presentation in Figure 3. The
trans,trans isomers appeared to accumulate in liver lipids: 11
trans,13 trans-18:2 into phosphatidylserine and SM, and the
mixture of the three trans,trans CLA (10,12-, 9,11-, and 8,10-
18:2) isomers into SM, FFA, and CE (Fig. 3). The increase of
trans,trans CLA isomers in SM was due to the acid
(HCl/methanol) methylation (29) required to hydrolyze the
N-acyl fatty acids.

The distribution of the major cis/trans CLA isomers in all
the liver lipid classes, identified by Ag+-HPLC, is presented
in Figure 4. The results indicate that 9 cis,11 trans-18:2 was
the major isomer in all liver lipids, except DPG, which
showed a marked increase in 11 cis,13 trans-18:2. Further-
more, most liver lipid classes showed markedly lower levels
of 8 trans,10 cis-18:2, and in some lipid classes lower levels
10 trans, 12 cis-18:2 compared to the distribution found in
the CLA diet.

Relative CLA isomeric distribution in heart lipids. Con-
trary to the liver lipids, the heart showed a high content of
the 11 cis,13 trans-18:2 CLA isomer in all lipid classes, ex-
cept TAG, as determined by both GC (Fig. 5) and Ag+-HPLC
(Fig. 6). The accumulation was highest in cardiac DPG, in
which the relative concentration of the 11 cis,13 trans-18:2
isomer reached 77% of the total CLA (HPLC results). The
second major isomer in heart lipids was 9 cis,11 trans-18:2.
The heart lipids showed much lower levels of 8 trans,10 cis-
18:2 and 10 trans,12 cis-18:2 compared to those found in the
CLA diet (Fig. 6). The content of the cis,cis CLA isomers
was not increased in the heart (Fig. 5), whereas the
trans,trans CLA isomers appeared to accumulate relative to
the CLA diet, especially in heart FFA (Fig. 5). Again the
trans,trans content in the SM fractions should be viewed
with caution because SM had to be methylated with
HCl/methanol (29).

DISCUSSION

Improved separation of CLA isomers. By using optimal con-
ditions, the long polar GC capillary column (100 m SP-Sil 88)
separated 10 peaks attributed to CLA (Figs. 1 and 2). Some
isomers coeluted, and their complete assignments were not
possible, even using GC-DD-FTIR and GC-EIMS. However,
identification of the CLA isomers became possible after the
development of a new Ag+-HPLC method (30). Ag+-HPLC
was used to separate trans,trans, cis/trans, and cis,cis CLA
positional isomers found in the diet and pig tissues (Figs. 1
and 2). The CLA isomers were identified by comparison to
known CLA mixtures and by GC-DD-FTIR and GC-EIMS as
their DMOX derivatives (30). Some GC assignments were
also confirmed by spiking the samples with known CLA stan-
dards. A systematic comparison of the relative intensities of
the CLA isomers in the Ag+-HPLC and GC chromatograms
permitted the identification of the isomers resolved by GC. A
good example was the one for heart lipids in which the
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FIG. 4. Quantitative comparison of the four major cis/trans CLA isomers
in the different liver lipid classes and the diet determined by Ag+-HPLC.
Relative amounts (y axis) are expressed as percentage of total cis/trans
CLA isomers. The distribution of the cis/trans CLA isomers in the diet
are included for comparison. For abbreviations see Figures 1–3.

FIG. 5. Quantitative comparison of CLA isomeric distribution deter-
mined by GC for the different heart lipid classes that were previously
isolated by TLC. For abbreviations see Figures 1–3.

FIG. 6. Quantitative comparison of the four major cis/trans CLA isomers
in the different heart lipid classes and the diet determined by Ag+-HPLC.
For abbreviations see Figures 1–3.



trans,trans, cis/trans, and cis,cis 11,13-18:2 were the major
CLA isomers in both the Ag+-HPLC (Fig. 2B’) and GC (Fig.
2B) chromatograms. 

Previous studies reporting the CLA content in animal tis-
sues have not adequately resolved the CLA isomers, which is
now possible using the Ag+-HPLC method (30). The litera-
ture results were presented as 9 cis,11 trans-18:2 (1,2), total
CLA (5,39), or total CLA in total neutral lipids and total
phospholipids without (7,26) or with (27,28) some isomer
identification. In one study the distribution of CLA isomers
in the liver lipid classes was reported (28). Furthermore, in
many studies, acid-catalyzed methylation procedures were
used (1,2,5,7,13,16,18,20,26,28) to prepare FAME for GC
analysis, which generally increased the content of trans,trans
CLA isomers due to double-bond isomerization (29). That
left much of the data on CLA incorporation difficult to inter-
pret other than a general knowledge of total CLA levels. For
example, Sugano et al. (28), who recently reported the CLA
distribution in liver lipid classes of rats fed a 1% CLA prepa-
ration for 2 wk, methylated the isolated lipid classes with
BF3/methanol, which significantly increased the trans,trans
CLA content in all lipid classes. Therefore, the reported CLA
composition likely included artifacts: (i) the trans,trans iso-
mers were reported as the major isomer in DPG (or cardi-
olipin), phosphatidylserine, phosphatidylinositol,  and PE
(28), and (ii) we suspect that one CLA isomer, 9 cis,11 cis-
18:2, was mislabeled in liver DPG (Ref. 28, Fig. 2E). Based
on our data (Fig. 2 C and C’), it is presumably 11 cis,13 trans-
18:2. However, as noted earlier, the incorporation of total
CLA isomers into hepatic phospholipids, which in their study
ranged from 0.8 to 4.5% (28), was generally similar in mag-
nitude to that found in pig liver phospholipids (1.0 to 3.2%,
Table 2).

Distributions of CLA isomers into pig tissue lipids. This is
the first report showing the accurate separation of CLA iso-
mers found in individual tissue lipid classes from test animals
fed CLA. Work is still in progress on the identification of
CLA metabolites in pig tissues, and hence was not included
in this publication. The total CLA content in pig tissue lipids
ranged from 1 to 6%, depending on the tissue and lipid class
(Table 2). Generally, the CLA content was higher in the neu-
tral lipids such as TAG, CE, and FFA (3–6%) than in phos-
pholipids such as SM and DPG (1–2%). However, the
changes in tissue CLA incorporation appeared to have had no
effect on the quantitative lipid class composition in the liver
and heart of pigs fed this CLA mixture, except possibly car-
diac TAG (Table 1).

Our results indicate that the relative absorption of all the
CLA isomers was similar, since there was generally no dif-
ference between the distribution of CLA isomers in the com-
mercial CLA preparation fed to pigs and in inner back fat,
omental fat, liver TAG, and heart TAG. Sugano et al. (28)
measured the lymphatic recovery and CLA isomeric compo-
sition of the lymph fluid in the rat and found that total CLA
was absorbed less (~55%) than linoleic acid (70–80%). How-
ever, the composition data included a high trans,trans con-

tent, presumably generated during methylation with
BF3/methanol. By ignoring their trans,trans content in the di-
etary emulsion and the lymph fluid, the relative distribution
of the remaining CLA isomers was similar before and after
absorption, which is consistent with our results. The feeding
of CLA was reported to decrease subcutaneous fat and in-
crease lean meat (11,12). However, this physiological change
was not accompanied by any change in the distribution of
CLA isomers in the inner back fat (subcutaneous fat).

Liver and heart each showed a uniquely characteristic dis-
tribution of CLA isomers even though both tissues received a
generally similar CLA distribution, as evidenced by their re-
spective TAG composition. The reason for the observed dif-
ferences in relative accumulation of the different CLA iso-
mers in the tissues lipid classes is not clear. The tissue fatty
acid composition is a dynamic system constantly receiving,
metabolizing, oxidizing, and incorporating dietary fatty acids.
The accumulation of 11 cis,13 trans-18:2 could be due to
slower metabolism of this isomer or preferential incorpora-
tion. On the other hand, the low content of both 10 trans,12
cis-18:2 and 8 trans,10 cis-18:2 could be due to rapid metab-
olism or selective discrimination. Metabolites of CLA iso-
mers were shown to occur in animal tissues (40,41). In fact,
Sébédio et al. (42) found that 10,12-18:2 was metabolized to
8,12,14-20:3 and 5,8,12,14-20:4 in essential fatty acid-defi-
cient rats. This would indicate that 10 trans,12 cis-18:2 was
metabolized.

The contents of FFA in both liver and heart lipids were less
than 3 and 1%, respectively (Table 1). However, in the FFA
fractions, the relative concentrations of the trans,trans CLA
isomers were more than 30% of the total CLA isomers (Fig.
2D’) compared to 10% in the diet. These results suggest that
the trans,trans CLA isomers were metabolized more slowly
than the corresponding cis/trans CLA isomers. This result is
similar to that observed when rats were fed a diet rich in eru-
cic acid, which accumulated in the cardiac FFA fraction (31).
This was partially due to the slower rate of metabolism of eru-
cic acid compared to other fatty acids (43).

Significance of the unique distribution of CLA isomers into
pig tissue lipids. The information available to date does not
permit drawing a definitive conclusion regarding the favorable
or adverse biological activity of any of the CLA isomers. To
our knowledge, there are no studies in which individual syn-
thetic CLA isomers have been evaluated in biological systems.
The only study in which a natural extract (from fried ground
beef) was used exhibited anticarcinogenic properties (44).

If 9 cis,11 trans-18:2 is assumed to be the active CLA iso-
mer, then the incorporation/accumulation of the 11 cis,13
trans-18:2 CLA isomer into heart phospholipids, and particu-
larly DPG in both heart and liver, could be viewed with con-
cern. DPG is found principally in the inner mitochondrial
membrane and is intrinsically involved in many of the en-
zymes of bioenergetics of mitochondria; see reviews (45,46).
The incorporation of 11 cis,13 trans-18:2 into mitochondrial
DPG could adversely affect the activity of key enzymes in
mitochondrial energetics, because DPG is firmly imbedded in
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many of these enzymes (45). A marked decrease in the
linoleic acid content of inner mitochondrial DPG could also
affect enzyme activity. In fact, Sugano et al. (28) showed that
feeding CLA to rats produced a significant decrease of
linoleic acid from 69.6 to 54.7% in liver DPG. However, we
did not find a change in the content of linoleic acid in pig liver
(control 75% vs. CLA 73%) or heart (control 85% vs. CLA
86%) DPG fed the CLA diet (the complete fatty acid compo-
sition will be published elsewhere). We also did not find any
gross pathological abnormalities in this pig study (12). It
should be noted that specific mitochondrial functions have
not yet been evaluated.

The large epidemiological study conducted in Finland (19)
indirectly supports the conclusion that 9 cis,11 trans-18:2 is
the active isomer, because this is the major CLA isomer in
milk. We have reexamined milk and dairy products using the
new Ag+-HPLC method (30) and confirmed that 9 cis,11
trans-18:2 is the major CLA isomer in milk (Sehat, N., pri-
vate communication). Based on this assumption, it might be
prudent to revise commercial CLA preparations to exclude
the 11 cis,13 trans-18:2 CLA isomer as a major component.

On the other hand, if we assume that 9 cis,11 trans-18:2 is
not the only active isomer in CLA preparations, then the in-
corporation of 11 cis,13 trans-18:2 into cardiac and DPG
lipids (this study), and/or the desaturation and elongation of
10 trans,12 cis-18:2 in essential fatty acid-deficient rats (42),
could be viewed as beneficial. Certainly many of the feeding
trials, which included several CLA isomers, have also shown
anticarcinogenic (1–8) and other beneficial responses (9–13).
Pariza et al. (47) reported that 9 cis,11 trans-18:2 was metab-
olized to 11 cis,13 trans-20:2, and the latter exhibited similar
biological activity to that of CLA isomeric mixtures. This is
most interesting, since the configuration of 11 cis,13 trans-
20:2 from the carboxyl group to the conjugated system is
identical to that of 11 cis,13 trans-18:2. 

There is a definite need for further feeding studies using
pure CLA isomers to clarify these issues. 
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ABSTRACT: The purpose of this study was to examine the ef-
fect of dietary docosahexaenoic acid (DHA), in the absence of
eicosapentaenoic acid, on human immune response (IR). A 120-
d study with 11 healthy men was conducted at the Metabolic Re-
search Unit of the Western Human Nutrition Research Center.
Four subjects (control group) were fed the stabilization or basal
diet (15, 30, and 55% energy from protein, fat, and carbohydrate,
respectively) throughout the study; the remaining seven subjects
(DHA group) were fed the basal diet for the first 30 d, followed
by 6 g DHA/d for the next 90 d. DHA replaced an equivalent
amount of linoleic acid; the two diets were comparable in their
total fat and all other nutrients. Both diets were supplemented
with 20 mg d-α-tocopherol acetate per day. Indices of IR were
examined on study day 22, 30, 78, 85, 106, and 113. Addition of
DHA at moderately high levels did not alter the proliferation of
peripheral blood mononuclear cells cultured with phytohemag-
glutinin or concanavalin A, or the delayed hypersensitivity skin
response. Also, additional DHA did not alter the number of T cells
producing interleukin 2 (IL2), the ratio between the helper/sup-
pressor T cells in circulation, or the serum concentrations of im-
munoglobulin G, C3, and interleukin 2 receptor (IL2R). DHA sup-
plementation, however, caused a significant (P = 0.0001) de-
crease in the number of circulating white blood cells which was
mainly due to a decrease in the number of circulating granulo-
cytes. The number of lymphocytes in peripheral circulation was
not affected by Dietary DHA enrichment, but the percentage of
lymphocytes in white blood cells increased because of a reduc-
tion in granulocyte numbers. None of these indices was changed
in the control group. Our results show that when total fat intake
is low and held constant, DHA consumption does not inhibit
many of the lymphocyte functions which have been reported to
be inhibited by fish oil consumption.
Lipids 33, 559–566 (1998).

Both the amount and type of dietary fat modulate human im-
mune response (IR). A reduction in total fat intake enhances

several indices of IR, and the converse occurs with an in-
crease in dietary fat (1–4). A moderate increase in the con-
sumption of the n-6 polyunsaturated fatty acids (PUFA),
linoleic acid (LA), or arachidonic acid did not lower the
human IR when total fat intake was maintained constant
(1,2,5). But n-6 PUFA lowered human IR when its addition
to the diet caused an increase in the total fat intake (4). The
addition of n-3 PUFA from fish oil or flaxseed oil also re-
duced several aspects of the human IR (6–19). Since total fat
intake was not kept constant in most of these studies, it is dif-
ficult to determine if the decline in IR was due to the amount
or the type of fat, or a combination of the two factors. Because
fish oils cause a decrease in IR, their use has been explored in
the management of autoimmune disorders (20–24).

Fish oils contain a variable mixture of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), along with
many other fatty acids, cholesterol, heavy metals, and chlori-
nated hydrocarbons. It is not known if the decline in IR
caused by the fish oils is due to EPA, DHA, both, or some
other factors. Purified esters of EPA lowered several aspects
of the IR in humans (13,14,19). In vitro studies conducted
with human (25) and rat lymphocytes (26) and in vivo studies
in rats (27) showed that DHA esters/salts also inhibit immune
cell functions. Until recently, purified DHA was not available
for human use, and no studies regarding its effects on human
IR have been done. Studies with DHA are important, because
it is the major n-3 fatty acid in tissues, and the body tends to
conserve it over EPA. Such studies are now possible with the
availability of DHASCOTM oil (a gift from Martex Corpora-
tion, Columbia, MD), which contains 40% DHA as natural
triacylglycerol. 

The purpose of this study was to examine the effect of a
moderately high intake (6 g/d) of DHA (in the absence of
EPA) on human immunocompetence, while dietary fat was
held constant. To avoid increased oxidative stress from the
consumption of DHA, 20 mg d-α-tocopherol acetate was
added to the diets daily. We examined the effect of feeding
DHASCOTM oil (15 g/d) for 83 d on several indices of im-
mune status [complete and differential blood cell count, lym-
phocyte phenotypic analysis and in vitro proliferation, serum
immunoglobulin G (IgG), C3, and interleukin 2 receptor
(IL2R)] in healthy men. In previous studies with dietary fish
oil these indices were found to be altered.
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MATERIALS AND METHODS

Subjects and study design. The study protocol was approved
by the Human use committees of the University of California
at Davis, and the USDA committee (Houston, TX). Twelve
healthy men were selected for the study after a physical and
clinical examination by a licenced physician. The study lasted
for 120 d (April 1 to July 29, 1996) although no immunologi-
cal tests were conducted after d 113, because of other sched-
uled procedures. Subjects lived at the Metabolic Research
Unit of the Western Human Nutrition Research Center for the
duration of the study, except when going for daily walks (2 ×
2 miles) or other scheduled outings. They consumed only
those foods prepared by the staff of the Metabolic Research
Unit, and were under constant supervision. Subjects were di-
vided into two groups: a control group of four was fed the sta-
bilization or basal diet for all 120 d of the study; the remain-
ing eight subjects (DHA group) were fed the basal diet for the
first 30 d of the study and a DHA-supplemented diet for the
last 90 d. One subject from the DHA group did not complete
the study; hence, data from only seven subjects were evalu-
ated to determine the effects of DHA on IR.

Both diets were intended to provide 15, 30, and 55% en-
ergy from protein, fat, and carbohydrates, respectively. As
shown in Table 1, the analyzed compositions of each of the
two diets were not different from one another or from the
planned values. Diets composed of natural foods, except
DHA and vitamin E, were fed in a 5-d rotating menu, com-
prising three meals and a post-dinner snack. Body weights of
the subjects were maintained within 2% of their initial
weights throughout the study, by adjusting their energy intake
if necessary. For the DHA-supplemented group, 15 g of
DHASCOTM oil was incorporated by replacing an equivalent
amount of safflower oil; all other foods were identical be-
tween the two diets. The DHASCOTM oil, purified from an
alga, contains 40% DHA as triacylglycerol. It also contains
12:0 (3.8%), 14:0 (13.5), 16:0 (11.5%), 18:0 (1.2%), 18:1n-9
(27.9), and the balance as minor components. The main ef-
fect of incorporating 15 g DHASCOTM oil by replacing an

equivalent amount of safflower oil was to replace 6 g linoleic
acid (LA) with the same amount of DHA. The DHASCOTM

oil was kept in sealed containers at −20°C, and all open bot-
tles were flushed with nitrogen before returning to the refrig-
erator. It was served only in cold foods such as yogurt, dips,
or salads. Thus, the chances of DHA oxidation were mini-
mized. Dietary composites from each of the 5-d menus for
both diets were analyzed for macronutrients. The micronutri-
ent content of the diets was calculated using USDA Hand-
book 8 (28); all nutrients were at or above the recommended
dietary allowances and were not different between the two
diets. Diets contained about one recommended dietary al-
lowance of vitamin E from natural foods (calculated using
values from USDA Handbook 8) and were supplemented
with an additional 20 mg/d of d-α-tocopherol acetate (Bron-
son Pharmaceutical, St. Louis, MO).

Laboratory procedures. Blood samples were collected be-
tween 7: 00 and 8:00 A.M. after an overnight fast on study
days 22, 30, 78, 85, 106, and 113, by antecubital venipunc-
ture into evacuated tubes containing heparin for cell culture
experiments, EDTA for blood cell count and phenotypic
analysis, and no anticoagulant for preparation of sera.

Blood cell count and lymphocyte phenotypic analysis. For
each blood draw, a complete and differential cell count was
performed by using a Serono Baker Automated system
(model 9000 diff; Allentown, PA). Phenotypic analysis for B
(CD19+), T (CD3+), helper (CD3+, CD4+), suppressor
(CD3+, CD8+), natural killer (CD3-,CD16+, 56+), and cyto-
toxic T (CTL; CD3+, CD16+, 56+) cells was done by using
Becton-Dickinson FACStar flow cytometer (San Jose, CA) as
previously reported (5). The numbers of lymphocytes produc-
ing IL2 were also determined with the flow cytometer, using
instructions and reagents provided by Becton-Dickinson. The
lymphocytes were activated by mixing 500 µL of whole
blood with 500 µL RPMI-1640, containing 10 µg brefeldin
A, 25 ng phorbol 12-myristate 13-acetate, and 1 µg iono-
mycin. An unstimulated tube containing only blood and
brefeldin was used as a control. The tubes were incubated at
37°C in 5% CO2 for 4 h. The T-cell surface antigen (CD3+)
was stained for 30 min with R-phycoerythrin-Cyanin5-CD3
monoclonal antibody. The cells were incubated for 10 min in
Facs Lysing Solution to lyse the red cells. The cells were then
centrifuged and resuspended in Facs Permeabilizing Solution.
After a 10-min incubation period, 2 mL of phosphate buffered
saline was added, the cells centrifuged, and the supernatant
discarded. The pellet was stained with fluorescent-conjugated
intracellular IL2 monoclonal antibody and incubated for 30
min. The cells were washed once with phosphate buffered
saline and resuspended in 1% paraformaldehyde. The number
of IL2-producing cells was analyzed with a flow cytometer
with gating on the CD3+ cells.

Proliferation of peripheral blood mononuclear cells
(PBMNC). PBMNC were isolated using Histopaque-1077 as
previously reported (5,6) and cultured in RPMI-1640 contain-
ing 10% autologous serum. One hundred microliters of the
culture medium containing 1 × 105 PBMNC were inoculated
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TABLE 1
Nutrient Composition of Experimental Dietsa

Energy %
Nutrient DHA diet Control diet

Protein 15.2 ± 1.3 14.6 ± 1.2
Carbohydrate 53.9 ± 6.0 56.4 ± 6.8
Fat, total 30.9 ± 4.3 29.0 ± 3.8
Saturated 8.9 ± 0.9 8.1 ± 0.9
Monounsaturated 9.2 ± 0.7 9.2 ± 0.8
n-6 Polyunsaturated 6.5 ± 0.8 8.5 ± 0.7
n-3 Polyunsaturated 2.8 ± 0.1 1.1 ± 0.1
Trans 1.9 ± 0.3 2.1 ± 0.3
P/S ratio 1.2 1.1
Cholesterol (mg/d) 360 360

aData shown are the mean ± SD of five dietary composites from five differ-
ent menu days. Polyunsaturated/saturated (P/S) ratio and cholesterol levels
are calculated and not analyzed; hence, SD is not shown for these variables.
DHA, docosahexaenoic acid.



in each well of a 96-well flat-bottom culture plate. An addi-
tional 100 µL of the culture medium with or without the mi-
togens was added to each well. The mitogens used were phy-
tohemagglutinin (PHA) and concanavalin A (Con A). Both
PHA and Con A were used at three concentrations; final con-
centrations (mg/L) in the culture media were 2.5, 5, and 10.
PBMNC were cultured for a total of 72 h; [3H] thymidine, 37
K becquerel (Bq), in 50 µL, was added to each well during
the last 24 h. PBMNC were collected on filter strips, and the
radioactivity was determined using a Packard β-gas counter.
[3H] thymidine incorporation into cellular DNA (Bq/1000
cells) was used as the index of PBMNC proliferation.

Delayed type hypersensitivity (DTH) skin response and the
serum IgG, C3, and IL2R. DTH response to seven recall anti-
gens was assayed by intradermally injecting 0.1 mL of each
antigen solution into the forearm. The antigens used were tu-
berculin purified-protein derivative (1 international test unit),
mumps (4 complement-fixing test units), tetanus toxoid
(1:100, vol/vol dilution of a solution containing 4 floccula-
tion units/0.5 mL), candida (1:100, vol/vol dilution), tri-
chophyton (1:30, vol/vol dilution), streptokinase streptase
(100 KU/L), and coccidioidin (bioequivalent to U.S. refer-
ence coccidioidin 1:100, provided by the Office of Biologics,
Food and Drug Administration, Washington, DC). The anti-
gens were diluted with a diluent containing, per liter, 3 mL
normal human serum and 9 g sodium chloride. Tuberculin pu-
rified-protein derivative, mumps, and tetanus toxoid were
supplied by Connaught Laboratories Inc. (Swiftwater, PA).
Candida (Dermatophyton O), trichophyton, and the antigen
diluent were obtained from Hollister Stier (Spokane, WA).
Streptokinase streptase and coccidioidin were purchased from
Behringwereke A.G. (Marburg/Lahn, Germany, and Berkeley
Biologicals (Berkeley, CA), respectively. Response to these
antigens was determined by measuring mean induration di-
ameters (mm) at 48 h after injections. Induration diameters
with less than 4 mm were scored negative. Data are reported
as the mean sum of induration diameters for all positive re-
sponses (induration score) and the number of positive re-
sponses to the seven antigens (antigen score).

Serum IgG and C3 concentrations were determined using
a nephelometer as previously reported (6). Serum IL2R was
quantified by using an ELISA kit purchased from Im-
munotech (Westbrook, ME). 

Data analysis. For both dietary groups, two determinations
of IR were made at the end of stabilization, middle, and end
of the intervention periods (d 23, 30, 78, 85, 106, and 113).
Means of the two measurements are shown in the Results sec-
tion. A repeated measure of analysis of variance model was
used to determine the effects of DHA on the indices of IR
tested. A univariate, split-plot approach was taken using SAS
PROC MIXED (29). Contrasts were constructed for compar-
isons among the stabilization and intervention periods, and in
cases for which responses were linear, the control and DHA
group slopes were compared. Changes in the parameters ex-
amined are considered significant for P < 0.05 unless other-
wise stated.

RESULTS

The mean ± SEM for age (yr), weight (kg), and body mass
index (kg/m2) for subjects in DHA group (n = 7) and control
group (n = 4) were 33.1 ± 1.8, 78.6 ± 4.2, 23.7 ± 0.8, and 33.3
± 3.1, 74.7 ± 4.2, 23.1 ± 1.1, respectively. None of these phys-
ical characteristics was different between the two groups.

The average daily energy intake for all subjects was 11.7
MJ (2800 Kcal), and was not different between the two
groups. The total fat intake was also similar between the two
groups. Fatty acid composition of the two diets is shown in
Table 2. Fatty acids other than DHA, linoleate, laurate, and
myristate were not different between the two diets. The DHA
diet contained 6.5 wt% of DHA, while the control diet con-
tained less than 0.1% of it. Since DHA was incorporated by
replacing equivalent amount of LA, the control diet contained
6.7% more LA than the DHA diet. The laurate and myristate
contents of the DHA diet were approximately twice their lev-
els in the basal diet, but they were still only 1.3 and 4.3% of
the total fatty acids, respectively.

Effect of DHA on circulating white blood cells (WBC). The
number of total circulating WBC, along with their differenti-
ation into granulocytes or polymorphonuclear leukocytes
(PMN), monocytes, lymphocytes, and various subsets of lym-
phocytes is shown in Table 3. This table shows that in the
DHA group the number of circulating total WBC decreased
by 10%, from the end of stabilization period (day 30) to the
end of the intervention period (day 113). This decrease in
WBC numbers was statistically significant (P = 0.0001). The
decrease in WBC in the DHA group was primarily due to a
decrease in the number of PMN, which were reduced by 21%
(P = 0.0001). The decrease in the number of circulating PMN
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TABLE 2
Fatty Acid Composition (wt%) of Experimental Dietsa

FAME DHA diet Control diet

12:0 (laurate) 1.3 ± 0.1 0.7 ± 0.1*

14:0 (myristate) 4.3 ± 0.3 2.2 ± 0.4*

16:0 (palmitate) 16.6 ± 0.7 16.3 ± 0.7

16:1n-9 0.7 ± 0.2 0.9 ± 0.2

18:0 (stearate) 7.1 ± 0.5 7.5 ± 0.4

18:1t, all isomers 6.2 ± 0.5 7.0 ± 0.5

18:1n-9 (oleate) 26.6 ± 0.8 26.0 ± 0.7

18:1n-7 1.7 ± 0.1 2.0 ± 0.1

18:1n-5 1.5 ± 0.2 2.1 ± 0.4

18:2tt & 19:0 0.5 ± 0.1 0.6 ± 0.1

18:2n-6 (linoleate) 21.6 ± 1.2 28.3 ± 1.0*

18:3n-3 (linolenate) 2.6 ± 0.2 3.2 ± 0.1

22:0 (behenate) 0.2 ± 0.0 0.2 ± 0.0

20:5n-3 (eicosapentaenoate) 0.4 ± 0.1 0.3 ± 0.1

22:6n-5 (docosahexaenoate) 6.5 ± 0.22 >0.1 ± 0.1*

Total 98.0 ± 0.4 97.2 ± 0.3

Unknowns 2.0 ± 0.2 2.8 ± 0.1
aData shown are mean ± SEM (n = 5). *Significantly different between two
diets (P < 0.05). FAME, fatty acid methyl esters. See Table 1 for other abbre-
viation.



was also evident if these cells were expressed as percentage
of the total WBC. The temporal changes in the number of cir-
culating WBC and PMN for both the control and DHA groups
are shown in Figure 1. This figure shows that the reduction in
WBC and PMN numbers in the DHA group was evident
within 50 d of DHA supplementation. 

Table 3 also shows that the number of monocytes in the
DHA group also decreased; however, it did not reach statisti-
cal significance. The number of total WBC, PMN, and mono-
cytes in the control group, and that of lymphocytes in both
groups remained unchanged throughout the study. The per-
centage of lymphocytes in the DHA group was increased (P
= 0.0001) with DHA supplementation, because of the reduc-
tion in granulocytes in this group. DHA supplementation did
not affect the number of B, total T, helper T, suppressor T,
helper/suppressor ratio, CTL, or natural killer cells in circula-
tion. The number of T cells producing IL2 was about 40% in
both groups, and was not changed by DHA supplementation.

Effect of DHA feeding on PBMNC proliferation. Table 4
contains data regarding the proliferation of PBMNC cultured
with three different concentrations of PHA and Con A. At the
suboptimal concentration of PHA (2.5 mg/L), proliferation in
both groups was higher at day 113, compared to the corre-
sponding values at day 30. However this increase was not sta-
tistically significant and was not due to DHA intake. At this
PHA concentration, PBMNC proliferation values at study day
78 for the DHA and control groups were 10.7 ± 1.4, and 9.2
± 1.6, respectively, and were not different from the corre-
sponding values at study day 30 (Table 4). PBMNC prolifera-
tion did not change at PHA concentration of 5 or 10 mg/L, or
at any of the concentrations of Con A, throughout the study.

Effect of DHA on DTH skin response and serum concen-

trations of IgG, C3, and IL2R. Table 5 contains the data for
both the groups regarding the immune indices listed above.
Both the induration and antigen scores on day 113 were lower
than at day 30 in both groups; however, none of these de-
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TABLE 3
Effect of DHA Feeding on Circulating White Blood Cellsa

DHA group (n = 7) Control group (n = 4)

Cell type Study day 30 Study day 113 Study day 30 Study day 113

WBC1 5.11 ± 0.52 4.62 ± 0.44* 5.60 ± 0.51 5.53 ± 0.77
PMN1 2.81 ± 0.38 2.21 ± 0.28* 3.01 ± 0.44 3.08 ± 0.61
% of WBC 53.70 ± .50 47.50 ± .10* 52.35 ± 4.25 53.90 ± 3.90

Monocytes1 0.36 ± 0.04 0.31 ± 0.04 0.45 ± 0.04 0.46 ± 0.07
% of WBC 6.90 ± 0.71 6.44 ± 0.59 7.80 ± 0.70 7.91 ± 0.73

Lymphocytes1 2.00 ± 0.18 2.12 ± 0.21 2.17 ± 0.17 2.05 ± 0.15
% of WBC 39.50 ± 2.89 46.20 ± 2.85* 39.87 ± 3.91 38.15 ± 3.52

B (CD19+)1 0.20 ± 0.05 0.22 ± 0.05 0.22 ± 0.03 0.20 ± 0.03
T (CD3+)1 1.45 ± 0.14 1.59 ± 0.16 1.79 ± 0.26 1.63 ± 0.18
% producing IL2 39.15 ± 3.86 37.30 ± 1.93 44.95 ± 5.95 43.75 ± 3.45

Helper (CD3+, 4+)1 0.89 ± 0.08 0.94 ± 0.09 1.07 ± 0.15 0.91 ± 0.07
Suppressor (CD3+, 8+)1 0.55 ± 0.06 0.58 ± 0.08 0.64 ± 0.06 0.61 ± 0.07

NK (CD3-, 16+, 56+)1 0.25 ± 0.04 0.24 ± 0.04 0.25 ± 0.13 0.20 ± 0.07
CTL (CD3+,16+, 56+)1 0.06 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.01
aWBC, white blood cells; PMN, polymorphonuclear leukocytes; CD, cluster designation; NK, nat-
ural killers; and CTL, cytotoxic T. Data shown are mean ± SEM for the number of subjects shown.
Study day 30 and 113 correspond to the end of stabilization and intervention dietary periods, re-
spectively. Although data are shown only for the end of the stabilization and intervention periods,
data from study days 22,30,78,85,106, and 113 were all used to determine dietary effects using re-
peated measures of analysis of variance (ANOVA). Superscript(*) indicates significant change with
DHA feeding (P = 0.0001), and superscript 1 indicates cell number × 10−9/L blood. NK, See Table 1
for other abbreviations.

FIG. 1. Docosahexaenoic acid (DHA) feeding decreases the
number of circulating white blood cells (WBC) and polymor-
phonuclear leukocytes (PMN). Data shown are the mean ± SEM
for the number of subjects shown. The P values shown were ob-
tained by analysis of variance.



creases was statistically significant, and could not be attrib-
uted to DHA feeding. These changes were primarily due to a
reduction in response to tetanus antigen. At day 30, six of the
subjects in the DHA group tested positive for this antigen,
with an induration (mean ± SEM) of 12.7 ± 2.4 mm. How-
ever, at day 113, only three of the subjects tested positive for
this antigen in the DHA group, with an induration of 9.5 ± 0.5
mm. In the control group, all four subjects tested positive for
tetanus on day 30, with an induration of 12.2 ± 2.4 mm. Only
three subjects in the control group tested positive on day 113,
with an induration of 8.0 ± 1.5 mm. It is possible that dietary
enrichment or enrichment with DHA reduced the induration
due to tetanus; however, because not all subjects responded
to this antigen, we did not have adequate power to test the sig-
nificance of the reduction in this response. Serum levels of
IgG, C3, and IL2R were not affected by either diet (Table 5).

DISCUSSION

We examined if supplementation of diets with DHA triacyl-
glycerol would lower human IR, as previously reported with
fish oil supplementation. In contrast to most of the previous
studies with fish oils, we maintained total fat intake constant,
supplemented DHA in the absence of dietary EPA, and en-
sured adequate vitamin E intake by additional supplementa-

tion of d-α-tocopherol acetate at 20 mg/d. All these factors
are important in evaluating the effects of n-3 PUFA on human
IR.

Dietary DHA enrichment did not lower lymphocyte pro-
liferation or the DTH skin response in the present study un-
like results reported in a number of human studies in which
fish oils or purified EPA were added to the diets without ad-
justment for the extra fat intake (8–14). There was no change
in the number of lymphocytes producing IL2 or in the ratios
between helper and suppressor T cells, as reported by others
using EPA (8,13). Neither did DHA feeding alter the serum
levels of IgG, C3, and IL2R. We believe the low and constant
fat content of our experimental diets is the most likely reason
why DHA did not inhibit the indices of IR as previously
found by others with fish oils or EPA. It is likely that in stud-
ies with fish oils the increase in both total fat and n-3 PUFA
contributed to the inhibition of IR.

Fish oils also contain EPA, which inhibits IR in humans
(13,14,19), and it may be a more potent inhibitor than DHA.
About 9% of the dietary DHA is retroconverted to EPA in hu-
mans (30,31). DHA supplementation raised its concentration
from 1.8 to 8.1 wt% of plasma fatty acids, and that of plasma
EPA from 0.38 to 3.39 wt% in the subjects included in our
current study (32). Whether this amount of EPA is adequate
to inhibit IR, or it is metabolized differently from the dietary
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TABLE 4
DHA Feeding Does Not Alter the Proliferation (Bq/1,000 cells) of PBMNC
Cultured with Mitogensa

DHA group (n = 7) Control group (n = 4)

Mitogen (mg/L) Study day 30 Study day 113 Study day 30 Study day 113

PHA, 2.5 10.20 ± 0.97 13.61 ± 1.09 8.80 ± 1.00 12.56 ± 0.98

PHA, 5 13.65 ± 0.82 14.26 ± 0.83 13.37 ± 0.70 14.29 ± 1.11

PHA, 10 13.90 ± 0.92 14.47 ± 0.74 13.63 ± 0.75 15.20 ± 0.74

Con A, 2.5 6.24 ± 0.35 6.13 ± 0.45 5.55 ± 1.02 5.36 ± 0.76

Con A, 5 8.70 ± 0.43 8.52 ± 0.47 7.72 ± 0.89 7.95 ± 0.67

Con A, 10 10.08 ± 0.48 9.43 ± 0.46 9.04 ± 0.76 8.66 ± 0.95
aData shown are mean ± SEM for the number of subjects shown for each group. Study days 30 and
113 correspond to the end of stabilization and intervention dietary periods, respectively. PHA, phy-
tohemagglutinin; Con A, concanavalin A; Bq, becquerel; and PBMNC, peripheral blood mononu-
clear cells. None of these variables was altered by DHA supplementation as determined by repeated
measures of ANOVA using data from study days 22, 30, 78, 85, 106, and 133. See Tables 1 and 3
for other abbreviations.

TABLE 5
DHA Feeding Does Not Alter DTH Response, and Serum Concentrations of IgG, C3, IL2Ra

DHA group (n = 7) Control group (n = 4)

Study day30 Study day 113 Study day 30 Study day 113

Induration (mm) 39.4 ± 4.6 33.4 ± 6.4 35.1 ± 4.2 23.8 ± 1.3
Antigen Score 3.2 ± 0.4 3.0 ± 0.4 3.0 ± 0.4 2.5 ± 0.6
IgG (µmol) 86.0 ± 8.4 91.6 ± 8.4 85.1 ± 3.7 93.0 ± 8.2
C3 (µmol) 9.9 ± 0.4 9.8 ± 0.4 11.4 ± 1.5 11.8 ± 0.9
IL2R (nmol) 188.0 ± 17.1 189.3 ± 17.5 170.4 ± 15.3 195.1 ± 45.6
aDTH, delayed type hypersensitivity skin response; IgG, immunoglobulin G; C3, complement frac-
tion 3; IL2R, interleukin 2 receptor. Data shown are mean ± SEM for the number of subjects shown
for each group. Study days 30 and 113 correspond to the end of stabilization and intervention di-
etary periods, respectively. Antigen score refers to the number of antigens tested positive at 48 h after
the application of 7 recall antigens. None of the variables was altered by DHA supplementation. See
Table 1 for other abbreviation.



EPA is unknown. With the exception of a decrease in arachi-
donic acid, the plasma concentration of other fatty acids was
not changed with DHA feeding (32). The modest increase in
vitamin E intake in our study may also have prevented the in-
hibition of IR by DHA, as others (15) have shown that very
high doses of α-tocopherol (200 mg/d) can overcome the in-
hibition of IR caused by fish oils (15 g/d). The amount of
DHA in our study is comparable to the total of EPA and DHA
provided from 15 g of fish oil; however, we provided only
10% of the vitamin E provided by these workers. 

Which of the three factors (total fat, EPA, vitamin E) dis-
cussed above is more important cannot be answered from our
study design. Regardless of the mechanisms involved, our re-
sults show that if total fat intake is maintained constant, a mod-
erately high intake of DHA as triacylglycerol does not inhibit
several indices of human IR that have previously been reported
to be inhibited by fish oils, purified EPA, or flaxseed oil.

Our results do show a significant decrease in the number
of circulating PMN in the subjects fed the DHA-containing
diet. We are aware of only one human study with n-3 fatty
acids where such effects have been reported in abstract form
(33). Results from our current study regarding the number of
circulating PMN contrast our recent findings with arachidonic
acid feeding (5), where we found significant increase in their
number in peripheral blood in the group fed arachidonic acid-
containing diet. These opposing effects of DHA and arachi-
donic acid on the number of circulating PMN are consistent
with their many other opposing effects on several physiologi-
cal functions. The concept of dietary fats affecting the forma-
tion or maturation of WBC is relatively new and poorly un-
derstood. However, there are reports showing the inhibition
of tumor development in animals fed diets supplemented with
n-3 fatty acids (34,35). Results from a recent study by other
investigators (36) showed that the number of colony-forming
units–granulocyte macrophage in the bone marrow increased
twofold in rats fed diets containing DHA, compared to the
corresponding numbers in the rats fed a control or n-6 PUFA
diet. If all of these colony-forming units attained maturation
and their release into blood was proportional to their numbers
in the marrow, then the number of PMN and monocytes
should be higher in the blood of DHA-fed rats than those in
the control or n-6 PUFA diet-fed rats. Unfortunately, these
workers did not perform blood cell counts. The decrease in
the number of PMN in drawn blood as seen in our study and
the increase in the colony-forming units in the bone marrow
of rats seem inconsistent; however, these two results become
consistent if DHA blocks the migration of these cells from
bone marrow to blood or increases their margination in the
circulation. Of course, the differences could be simply due to
species differences, but still it is important that future studies
in this area monitor both colony-forming units in bone mar-
row and the number of granulocytes and monocytes in blood. 

Colony-forming units are the precursors of both mono-
cytes and PMN, yet we found significant decrease in the num-
ber of circulating PMN only. A close look at our data in Table
3 suggests that the number of circulating monocytes also de-

creased in the subjects fed the DHA-containing diet, but this
decrease did not attain statistical significance. We may not be
able to detect the change in the number of circulating mono-
cytes, because of their relatively small numbers compared
with PMN numbers. Results from the rat study suggest that
this is the most likely explanation for our results with PMN
and monocytes. However, other explanations such as the ef-
fect of DHA on PMN proliferative and storage pools, their
apoptosis and egress from bone marrow could also explain
our results. The number of lymphocytes, which are derived
from a different progenitor cell than the PMN and monocytes,
was not affected by DHA feeding. Actually, lymphocytes as a
percentage of WBC increased because of the decrease in
PMN count. Thus, it seems that DHA effect was specific for
granulocytes or for granulocyte-monocytes. 

The number of circulating PMN is influenced by a number
of hormones, growth factors, toxins, and cytokines. We are
not sure of the mechanisms by which DHA caused the de-
crease in the number of circulating PMN. We did monitor the
concentrations of cortisol, T3, and T4 in the sera of our study
subjects (not shown); none of these hormones changed in
both groups during the study. Feeding diets containing fish
oil to healthy subjects decreased leukotriene B4 (LTB4) pro-
duction by isolated neutrophils and monocytes (12), and
LTB4 is known to enhance neutrophil chemotaxis and dia-
pedesis (37). It is possible that increased intake of DHA re-
duced LTB4 production in our study, which may have medi-
ated the decrease in the number of circulating PMN. 

It is possible that some of the effects observed in this study
were due to a reduction in LA intake rather than the increase
in DHA intake. The intake of LA was decreased by about 7
g/d in the high DHA diet compared to the basal diet. The sub-
jects on the high DHA diet were still receiving more than 20
g/d LA, an amount that will flood the fatty acid metabolic acid
pathways and is well above any known requirements for LA.
The plasma LA content in the basal and high DHA diets fed
subjects was 39 and 36%, respectively. The difference be-
tween the two groups was not statistically significant. The
basal diet contained less than 50 mg DHA per day, and the
high DHA diet had 6 g/d. Thus, it is unlikely that any of the
changes in immune functions were due to a 20% reduction in
LA intake. These were most likely the result of increase in
DHA intake. 

Although the PMN counts decreased by 21%, the residual
counts were still within the clinically normal ranges. The sub-
jects fed the high DHA diet did not show an increase in the
rate of infections or any other health problems. The risk for
infections may increase, if the subjects had a marginal PMN
count prior to DHA supplementation, or if a high amount of
DHA was consumed for an extended period of time. DHA
may also inhibit other aspects of human IR, if it is added to
diets high in total fat or low in n-6 PUFA and/or antioxidant
nutrients. These questions need to be addressed in future stud-
ies. Until more information is available, people supplement-
ing their diets with DHA should have a periodic evaluation of
their immune status.
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ABSTRACT: In this study, we examined the effect of dietary
arachidonic acid (AA) and sesame lignans on the content and
n-6/n-3 ratio of polyunsaturated fatty acid (PUFA) in rat liver
and the concentrations of triglyceride (TG) and ketone bodies
in serum. For 4 wk, rats were fed two types of dietary oils: (i)
the control oil diet groups (CO and COS): soybean oil/perilla
oil = 5:1, and (ii) the AA-rich oil group (AO and AOS): AA ethyl
esters/palm oil/perilla oil = 2:2:1, with (COS and AOS) or with-
out (CO and AO) 0.5% (w/w) of sesame lignans. Dietary AA and
sesame lignans significantly affected hepatic PUFA metabolism.
AA content and n-6/n-3 ratio in the liver were significantly in-
creased in the AO group, despite the dietary total of n-6 PUFA
being the same in all groups, while AOS diet reduced AA con-
tent and n-6/n-3 ratio to a level similar to the CO and COS
groups. These results suggest that (i) dietary AA considerably af-
fects the hepatic profile and n-6/n-3 ratio of PUFA, and (ii) di-
etary sesame lignans reduce AA content and n-6/n-3 ratio in the
liver. In the AO group, the concentration of acetoacetate was
significantly increased, but the ratio of β-hydroxybutyrate/ace-
toacetate was decreased. On the other hand, the AO diet in-
creased the concentration of TG in serum by almost twofold as
compared to other groups. However, the AOS diet significantly
reduced serum TG level as compared to the AO group. In addi-
tion, the AOS diet significantly increased the acetoacetate level,
but reduced the  β-hydroxybutyrate/acetoacetate ratio. These
results suggest that dietary sesame lignans promote ketogenesis
and reduce PUFA esterification into TG. This study resulted in
two findings: (i) sesame lignans inhibited extreme changes of
the n-6/n-3 ratio by reducing hepatic PUFA content, and (ii) the
reduction of hepatic PUFA content may have occurred because
of the effects of sesame lignans on PUFA degradation (oxida-
tion) and esterification.
Lipids 33, 567–572 (1998).

Sesame lignans (sesamin and episesamin) are compounds
found in sesame seeds and sesame seed oil. They have multi-
ple biological functions such as antioxidative activity (1,2),
anticarcinogenicity (2), antihypertensive effect (3,4) in rats,

and alleviation of hepatic injury caused by alcohol or carbon
tetrachloride (5) in mice. Sesame lignans also affect lipid me-
tabolism, inhibit cholesterol absorption from the intestine, re-
duce 3-hydroxy-3-methyl-glutaryl CoA reductase activity in
liver microsomes (6,7), and affect the incorporation of
linoleic acid into lipid subfractions (8) in rats. They also in-
crease the content of dihomo-γ-linolenic acid (DGLA) by the
inhibition of ∆5 desaturase activity in the Mortierella alpina
fungus and rat liver microsomes (9,10). In human studies, it
has been reported that sesame lignans have hypocholes-
terolemic effects (11). 

In our previous studies, we reported that sesame lignans
inhibited ∆5 desaturation from DGLA (n-6) to arachidonic
acid (AA, n-6), but not from 20:4n-3 to eicosapentaenoic acid
(EPA, n-3) in cultured rat hepatocytes (12) and in vivo (13).
We also found that sesame lignans increased the content of
n-6 fatty acids, especially AA, but decreased the content of
n-3 fatty acids, especially EPA, in rat liver, when EPA-rich
diet was given (13). Consequently, the n-6/n-3 ratio in vivo
was significantly reduced in the EPA-rich group but returned
to almost the original level when administered with sesame
lignans (13). This is because EPA and AA compete for incor-
poration into triglyceride (TG) and phospholipid (14), and a
decrease in EPA content may lead to an increase in AA con-
tent in the liver. Both EPA and AA are polyunsaturated fatty
acids (PUFA) and precursors of eicosanoids, but some func-
tions of eicosanoids from EPA and AA are competitive (15).
In addition, epidemiological and clinical studies have shown
that the n-6/n-3 PUFA ratio in plasma is associated with the
frequency of thrombosis occurring (16,17). Therefore we can
assume that the ratio of n-6/n-3 in vivo is important.

AA is one of the major PUFA in cell membrane phospho-
lipids and also the precursors of eicosanoids such as 2 series’
prostaglandin and 4 series’ leukotriene, which have various
functions including regulation of the immune system. AA is
maintained at a constant level in normal condition in vivo. It
was recently shown that breast milk contains AA which con-
tributes to infant development (18), and there are several stud-
ies about AA in milk formula. Moreover, additional studies
reported on the effects of dietary AA in humans (19).

This study is a part of a study examining the effect of
dietary sesame lignans on hepatic PUFA metabolism and the

Copyright © 1998 by AOCS Press 567 Lipids, Vol. 33, no. 6 (1998)

*To whom correspondence should be addressed at Institute of Environmen-
tal Science for Human Life, Ochanomizu University, 2-1-1, Otsuka, Bunkyo-
ku, Tokyo 112, Japan. E-mail: sawada@cc.ocha.ac.jp
Abbreviations: AA, arachidonic acid; ANOVA, analysis of variance; DGLA,
dihomo-γ-linolenic acid; EPA, eicosapentaenoic acid; HOB, β-hydroxybu-
tyrate; PUFA, polyunsaturated fatty acid; TG, triglyceride.

The Metabolism and n-6/n-3 Ratio of Essential Fatty Acids
in Rats: Effect of Dietary Arachidonic Acid and a Mixture

of Sesame Lignans (sesamin and episesamin)
Rumi Umeda-Sawada*, Megumi Ogawa, and Osamu Igarashi

Institute of Environmental Science for Human Life, Ochanomizu University, Tokyo 112, Japan



n-6/n-3 ratio of essential fatty acid in vivo. In this report, we
will focus on the effect of dietary AA and sesame lignans on
fatty acid metabolism compared to that of EPA and sesame
lignans which we reported in our past study (13). To investi-
gate the effect of dietary AA and sesame lignans on PUFA
metabolism in rats, the content of PUFA in the liver was de-
termined and the n-6/n-3 ratio of PUFA was also examined.
Furthermore, to study effects of dietary AA and sesame lig-
nans on the hepatic metabolism of PUFA with respect to their
oxidation and secretion as TG, the concentration levels of
serum TG and ketone bodies were determined.

MATERIALS AND METHODS

Materials. Sesame lignans (a mixture of sesamin and epi-
sesamin, 47:53, w/w) prepared from refined sesame seed oil
and purified by the method of Fukuda et al. (20) were kindly
donated by Suntory Ltd. (Osaka, Japan). AA ethyl esters (pu-
rity > 99%) were also donated by Suntory Ltd. Soybean oil
and palm oil were provided by Ajinomoto Co., Inc. (Tokyo,
Japan). Perilla oil was provided by Ohta Oil Co. (Okazaki,
Japan). 

Animals and diets. All experiments were approved by the
Animal Experimentation Ethics Commitee of Ochanomizu
University. Three-week-old male Wistar rats were purchased
from Nippon Clea Co. (Tokyo, Japan). The rats were initially
fed on a commercial diet (CE-2; Nippon Clea Co.) for 1 wk.
The animals, weighing an average of 98 g, were then divided
into four groups of six animals each. They were housed indi-
vidually in an air-conditioned room at 23 ± 1°C with a 12-h
light–dark cycle and were given experimental diets (15 g/d,
1–7 d; 20 g/d, 8–17 d; 25 g/d, 18–28 d) and water ad libitum
for 4 wk. The basal diet prepared according to the standards
given by the American Institute of Nutrition (AIN) (21) was
provided by Eisai Co. (Tokyo, Japan), containing the follow-
ing percentage of ingredients according to weight: casein, 20;
glucose, 25; sucrose, 25; cornstarch, 15; filter paper, 5; AIN
mineral mixture, 3.5; AIN vitamin mixture, 1; choline bitar-
tate, 0.2; DL-methionine, 0.3. The test diets were prepared by
mixing 5% (w/w) experimental oil mixtures with the basal
diet. These oil mixtures were prepared: (i) the control oil diet
groups (CO and COS): soybean oil/perilla oil = 5:1 and (ii)
AA-rich oil groups (AO and AOS): AA ethyl esters/palm
oil/perilla oil = 2:2:1. Each of the two diets was then split into
two groups: with (COS and AOS) or without (CO and AO)
0.5% (w/w) of sesame lignans. The percentage of AA in AO
and AOS diets is the same as that of EPA in the EPA-rich oil
group in our previous study (13). The level of total n-6 PUFA
is the same in all groups. The fatty acid compositions of these
dietary oils are shown in Table 1.

Lipid analyses. Lipids were extracted from the livers of the
rats by the method of Folch et al. (22). TG extracted from the
liver was separated by thin-layer chromatography by the
method of Skipski et al. (23). Margaric acid (17:0), as an in-
ternal standard, was added to the lipid extracts which was
then methylated using HCl-methanol by the method men-

tioned in our previous paper (24) to measure the content of
fatty acids in tissues. The fatty acid methyl esters were then
measured by gas–liquid chromatography (Perkin-Elmer Au-
toSystemGC, Palo Alto, CA) on a Rascot Silliar 5CP capil-
lary column (0.25 mm × 50 m; Nihon Chromato Works Ltd.,
Tokyo, Japan) as described previously (24). The TG in serum
was measured by a commercial kit (Wako Pure Chemical In-
dustries., Ltd., Osaka, Japan). Acetoacetate and β-hydroxy-
butyrate (HOB) in serum were measured enzymatically by
another commercial kit (ketone test SANWA; Sanwa kagaku
kenkyusho Co., Ltd., Nagoya, Japan).

Statistical analysis. All values are expressed as means ±
SD. Significance of the difference between dietary treatments
(P < 0.05) was determined by analysis of variance (ANOVA).
Interaction between dietary AA and sesame lignans was in-
vestigated by two-way factorial ANOVA. Analyses were per-
formed using a StatView (system 4.02) computer package
(Abacus Concepts, Inc., Berkeley, CA).

RESULTS

PUFA content in the liver. Table 2 shows the effect of dietary
AA and sesame lignans on PUFA contents in the liver. The
AO diet significantly increased AA (20:4n-6) content, show-
ing that a relatively large amount of external AA has been in-
corporated into the liver. However, the AOS diet reduced AA
content to a level similar to the CO and COS groups. The
COS diet increased DGLA (20:3n-6) level while the AO and
AOS diets significantly increased 22:4n-6 level. The AO diet
also significantly increased total n-6 PUFA content, despite
dietary n-6 PUFA levels being the same in all groups. On the
other hand, the AOS diet reduced total n-6 PUFA content to a
level similar to the CO and COS groups. EPA (20:5n-3) con-
tent was reduced by the COS, AO, and AOS diets. EPA con-
tent in the CO, AO, and AOS groups was lower than that in
the CO group. No significant differences were observed in
18:3n-3 content between the CO and AO groups, despite the
difference in dietary 18:3n-3 level in the two diets. The AO
and AOS diets reduced docosahexaenoic acid (22:6n-3) con-
tent. The n-6/n-3 ratio in the CO group was 2.69 (Table 1),
but after dietary treatment, the ratio increased slightly to 3.78.
A similar result was also obseved in the COS group. On the
other hand, the n-6/n-3 ratio in the AO group was increased
by over twofold, from 3.62 to 7.58 while the n-6/n-3 ratio in
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TABLE 1
Fatty Acid Composition of Dietary Oilsa

16:0 18:0 18:1n-9 18:2n-6 18:3n-3 AA 20:4n-6

CO and COS
Soybean oil/perilla 
oil = 5:1 9.53 3.44 22.6 46.3 17.2

AO and AOS
AA/palm oil/perilla 
oil = 2:2:1 18.8 2.12 18.5 6.66 12.9 40.0

aValues are expressed as percentage of weight. AA, arachidonic acid; CO,
control oil diet; COS, CO + sesame lignans; AO, AA-rich oil diet; AOS, AO
+ sesame lignans.



the AOS group significantly reduced to 5.95, which is a level
similar to the CO and COS groups.

Below are the results of two-way factorial ANOVA. AA
content was significantly affected by both dietary AA (P <
0.0001) and sesame lignans (P = 0.001), and the interactional
effect of dietary AA and sesame lignans was significant (P =
0.0002). Total n-6 PUFA was also significantly affected by
both dietary AA (P = 0.0432) and sesame lignans (P =
0.0001), and the interactional effect of dietary AA and sesame
lignans was significant (P = 0.0134). The n-6/n-3 PUFA ratio
was significantly affected by dietary AA (P < 0.0001), and
the interactional effect of dietary AA and sesame lignans was
significant (P = 0.0157).

PUFA composition of liver TG. Table 3 shows PUFA com-
position of TG fraction in the liver. The AO diet significantly
increased the proportion of AA (20:4n-6). However, the AOS
diet reduced the proportion of AA level. By using the two-
way factorial ANOVA, the proportion of AA was signifi-

cantly affected by dietary AA (P < 0.0001), and the interac-
tional effect of dietary AA and sesame lignans was signifi-
cant (P = 0.0002).

Concentrations of serum TG. Table 4 shows the effect of
dietary AA and sesame lignans on the concentration of serum
TG. The AO diet significantly increased a level of TG. How-
ever, the AOS diet reduced it to a level similar to the CO and
COS groups. As for the results of two-way factorial ANOVA,
serum TG level was significantly affected by both dietary AA
(P = 0.0006) and sesame lignans (P = 0.0002).

Concentrations of ketone bodies. Table 5 shows the effect
of dietary AA and sesame lignans on the concentration of ke-
tone bodies (acetoacetate and HOB) in blood. The COS and
AOS diets slightly increased the total of ketone bodies as
compared to the CO diet. The COS, AO, and AOS diets also
increased acetoacetate concentration as compared to the CO
diet, and an extreme increase was seen in the COS and AOS
groups. On the contrary, the COS, AO, and AOS diets re-
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TABLE 2
Effect of Dietary Arachidonic Acid and Sesame Lignans on Fatty Acid Content in the Livera

Diet

Fatty acid CO COS AO AOS

18:2n-6 28.3 ± 7.27a 15.9 ± 2.16b 3.85 ± 0.64c 2.99 ± 0.24c

18:3n-6 0.53 ± 0.17a 0.16 ± 0.04b 0.45 ± 0.11a 0.10 ± 0.03b

20:3n-6 0.69 ± 0.14a 1.20 ± 0.27b 0.61 ± 0.17a 0.42 ± 0.10a

20:4n-6 29.8 ± 5.05a 32.5 ± 3.16a 71.7 ± 14.0b 42.2 ± 1.64a

22:4n-6 0.37 ± 0.12a 0.33 ± 0.06a 3.81 ± 1.07b 1.43 ± 0.21c

Total n-6 PUFA 59.7 ± 12.0a 50.1 ± 5.24a 82.0 ± 16.1b 47.6 ± 1.83a

18:3n-3 4.02 ± 1.29a 0.92 ± 0.20b 2.82 ± 0.73a 0.55 ± 0.08b

20:5n-3 0.84 ± 0.17a 0.20 ± 0.05b 0.47 ± 0.19c 0.03 ± 0.03b

22:5n-3 1.60 ± 0.19 1.45 ± 0.20 2.00 ± 0.50 1.83 ± 0.48
22:6n-3 9.13 ± 1.27a 9.08 ± 1.14a 5.50 ± 1.16b 5.68 ± 1.12b

Total n-3 PUFA 15.8 ± 1.79a 11.8 ± 1.45b 11.0 ± 2.18b,c 8.24 ± 1.52c

n-6/n-3 3.78 ± 0.61a 4.27 ± 0.33a 7.58 ± 1.09b 5.95 ± 1.24c

aResults are expressed as µmol/g tissue and are means ± SD (n = 6). The significance of differences
between the dietary treatments was analyzed by analysis of variance. Mean values with different su-
perscript letters within a given row are significantly different (P < 0.05). PUFA, polyunsaturated fatty
acids. See Table 1 for other abbreviations.

TABLE 3
Fatty Acid Composition of Rat Liver Triglyceridea

Diet

Fatty acid CO COS AO AOS

18:2n-6 16.2 ± 2.53a 10.1 ± 2.77b 2.83 ± 0.75c 2.34 ± 0.35c

20:3n-6 n.d. n.d. n.d. n.d.
20:4n-6 4.85 ± 1.55a 9.10 ± 2.09a,c 22.6 ± 4.49b 13.7 ± 5.14c

22:4n-6 n.d.a n.d.a 0.58 ± 0.32b 0.47 ± 0.14b

18:3n-3 3.22 ± 0.85a 1.67 ± 0.64b 1.88 ± 0.29b 0.90 ± 0.15c

20:5n-3 0.39 ± 0.24 0.19 ± 0.17 0.45 ± 0.30 1.10 ± 1.89
22:5n-3 0.25 ± 0.15 0.31 ± 0.14 0.21 ± 0.06 0.26 ± 0.10
22:6n-3 0.24 ± 0.18a 0.47 ± 0.14b 0.24 ± 0.13a 0.29 ± 0.17a,b

aResults are expressed as percentage of weight. See Table 2 footnote. n.d., not detected. See Table 1
for abbreviations.



duced HOB, especially in the COS and AOS groups. The
ratio of HOB/acetoacetate was reduced by the COS, AO, and
AOS diets, particularly by the COS and AOS diets. 

Below are the results of two-way factorial ANOVA. Total
of ketone bodies was significantly affected by dietary sesame
lignans (P = 0.0029). Acetoacetate was significantly affected
by dietary sesame lignans (P < 0.0001), and the interactional
effect of dietary AA and sesame lignans was significant (P =
0.0274). HOB was significantly affected by dietary sesame
lignans (P < 0.0001), and the interactional effect of dietary
AA and sesame lignans was significant (P = 0.0262). The
ratio of HOB/acetoacetate was significantly affected by both
dietary AA (P < 0.0001) and sesame lignans (P < 0.0001),
and the interactional effect of dietary AA and sesame lignans
was significant (P < 0.0001).

DISCUSSION

This study is a part of our investigation into the effect of di-
etary sesame lignans on hepatic PUFA metabolism and n-6/n-
3 ratio of PUFA in vivo. The aim of this study was to investi-
gate the effect of dietary AA and sesame lignans on PUFA
metabolism and the ratio of n-6/n-3 PUFA in rat. In this study,
we examined the effect of AA and sesame lignans on the con-
tent and n-6/n-3 ratio of PUFA in rat liver, the concentrations
of TG, and ketone bodies in serum.

Dietary AA and sesame lignans significantly affected he-
patic PUFA metabolism. The contents of sesamin and epi-
sesamin in the liver in the COS and AOS groups were less
than 1 µg/g liver (data not shown). AA content and n-6/n-3
ratio in the liver were significantly increased in the AO group,
despite the total of dietary n-6 PUFA being the same in all
groups (Table 2). This result suggested that hepatic n-6/n-3

ratio was affected not only by the n-6/n-3 ratio in dietary oil
but also by the PUFA profile in the diet. However, AOS diet
reduced AA content and n-6/n-3 ratio to a level similar to the
CO and COS groups (Table 2). These results suggest that
(i) dietary AA considerably changes the hepatic PUFA pro-
file and n-6/n-3 ratio and (ii) dietary sesame lignans reduce
AA content and n-6/n-3 ratio in the liver. In addition, two-
way factorial ANOVA showed significant interactional effect
of dietary AA and sesame lignans on AA content and n-6/n-3
ratio in the liver. In our past study (13), we examined the di-
etary effects of EPA and sesame lignans. We found that (i) di-
etary EPA significantly increased EPA content and reduced n-
6/n-3 ratio in the liver and (ii) dietary sesame lignans reduced
EPA content and increased n-6/n-3 ratio. Similar results were
observed in our present study. From the results of the two
studies, we might consider that sesame lignans inhibit ex-
treme changes of n-6/n-3 ratio and function to bring it close
to the appropriate n-6/n-3 ratio in vivo. We assumed that
sesame lignans maintain the appropriate n-6/n-3 ratio, not
only from a decrease by n-3 fatty acid-rich diet but also from
an increase by n-6 fatty acid-rich diet. This regulating effect
is especially significant on the excess of EPA and AA, which
are the intermediate metabolites of PUFA and precursors of
eicosanoids. 

We have already confirmed that sesame lignans reduce the
contents of EPA in the liver (13), but have no effect on intesti-
nal absorption of EPA and AA (25). Moreover, we can also
consider that sesame lignans do not accelerate PUFA trans-
portation into the peripheral tissues, because the peripheral
tissue PUFA content was not increased by dietary sesame lig-
nans (13,25). Consequently, it is probable that sesame lignans
alter hepatic PUFA metabolism.

Free fatty acids are activated to acyl-CoA in the liver, and
then (i) esterified into TG and phospholipid or (ii) changed
via acetyl-CoA to CO2 and H2O by β-oxidation or 
(iii) changed to ketone bodies. Ketone bodies, which are the
degraded products of free fatty acid in liver, are the general
term for acetone, acetoacetate, and HOB. They are used as an
energy source, substituting for glucose. If abnormal metabo-
lism occurs, excess ketone bodies will be produced and re-
leased into blood and urine, finally leading to ketoacidosis.
Ketone bodies in the blood are in the form of acetoacetate and
HOB. Acetoacetate and HOB can be interconverted with each
other through the function of HOB dehydrogenase. From our
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TABLE 4
Effect of Dietary Arachidonic Acid and Sesame Lignans
on Concentration of Triglyceride in Seruma

Groups Triglyceride

CO 0.99 ± 0.17a

COS 0.59 ± 0.15a

AO 1.92 ± 0.54b

AOS 0.92 ± 0.34a

aResults are expressed as mg/mL. See Table 2 footnote. See Table 1 for ab-
breviations.

TABLE 5
Effect of Dietary Arachidonic Acid and Sesame Lignans on Concentrations of Ketone Bodiesa

Diet

CO COS AO AOS

Total ketone body 1201.2 ± 25.5a 1225.9 ± 1.64b 1212.1 ± 9.00a,b 1225.8 ± 1.96b

Acetoacetate 229.4 ± 20.7a 678.5 ± 176.7b 384.3 ± 43.6c 614.8 ± 116.4b

β-Hydroxybutyrate 982.8 ± 15.4a 547.4 ± 175.8b 827.8 ± 42.5c 611.0 ± 115.5b

β-Hydroxybutyrate/acetoacetate 4.31 ± 0.43a 0.92 ± 0.57b 2.19 ± 0.35c 1.06 ± 0.39b

aResults are expressed as µmol/L. See Table 2 footnote. See Table 1 for abbreviations.



former results, we can consider that sesame lignans alter
plasma fatty acids by enhancing fatty acid degradation sys-
tem. If sesame lignans really accelerated this system, ketoge-
nesis rates should be promoted. In this study, we examined
the concentration of ketone bodies in the rats’ blood so as to
investigate the relationship between dietary sesame lignans
and the capacity for fatty acid degradation.

Although total ketone body concentration was slightly in-
creased in the COS and AOS groups, the changes were small
(Table 5). This might be because the rats used in this study
were normal, and the total ketone bodies in blood was kept at
a normal level. In the AO group, the concentration of acetoac-
etate was significantly increased, but HOB/acetoacetate ratio
decreased (Table 5). On the other hand, the concentration of
TG in serum increased by almost twofold in the AO group as
compared to the other groups (Table 4). However, the AOS
diet significantly reduced the serum TG level as compared to
the AO group (Table 4). In addition, the AOS diet signifi-
cantly increased the acetoacetate level but reduced the
HOB/acetoacetate ratio (Table 5). The two-way factorial
ANOVA showed significant interactional effects between di-
etary AA and sesame lignans which affects the levels of ace-
toacetate and HOB and the HOB/acetoacetate ratio. Also, AA
composition of liver TG was affected by dietary sesame lig-
nans (Table 3). 

Several studies have demonstrated that fibric acid deriva-
tives such as clofibrate and bezafibrate enhance peroxisomal
β-oxidation which is responsible for the increased production
of ketone bodies in rat livers (26–28). It has also been re-
ported that dietary fenofibrate, one of the fibric acid deriva-
tives, increased hepatic ketogenesis but decreased secretion
of TG (29). Furthermore, it has also been demonstrated that
the ratio of HOB/acetoacetate is decreased by clofibrate (30)
and fenofibrate (29). Esterification of fatty acids into TG de-
pends on the level of fatty acid in tissues. Moreover, this fatty
acid level affects ketogenesis. Therefore, it is considered that
fibric acid derivatives regulated ketogenesis and esterification
of fatty acid into TG.

The results of our present study suggest that the effect of
sesame lignans on the hepatic PUFA metabolism might be
similar to that of fibric acid derivatives. It also suggests that
(i) a large amount of AA is incorporated into the liver by di-
etary AA, thus stimulating the esterification into TG and
slightly promoting ketogenesis, but (ii) dietary sesame lig-
nans promote ketogenesis and reduce PUFA esterification
into TG. As a result, we may conclude that sesame lignans af-
fect hepatic metabolism of PUFA between PUFA degradation
(oxidation) and esterification.

This study yields two important findings: (i) sesame lig-
nans inhibited extreme changes of n-6/n-3 ratio by reducing
hepatic PUFA content, and brought it close to the appropriate
n-6/n-3 ratio in vivo, and (ii) the reduction of hepatic PUFA
content may have occurred because sesame lignans acted at
some point between PUFA degradation (oxidation) and ester-
ification. At present, several studies are in process concern-
ing the appropriate n-6/n-3 ratio in vivo. However, it is diffi-

cult to regulate the n-6/n-3 ratio by the intake of various di-
etary oils because by using supplements and health foods
there is a risk of excessive intake of n-6 or n-3 fatty acids,
such as AA or EPA. Therefore, it is valuable to find that
sesame lignans have a stabilizing effect on the balance of
n-6/n-3 in vivo. 
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ABSTRACT: Different soluble dietary fibers known to alter
cholesterol metabolism were fed to golden Syrian hamsters, and
their specific impact on lipoproteins, biliary bile acid profile,
and fecal sterol excretion was evaluated. Semipurified diets
containing 20% fat; 0.12% cholesterol; and 8% of psyllium
(PSY); high (hePE) and low (lePE) esterified pectin; or high
(hvGG) and low (lvGG) viscous guar gum were fed for 5 wk.
Compared to control, PSY caused a significant reduction in
plasma cholesterol (2.9 ± 0.5 vs. 5.5 ± 0.5 mmol/L), whereas
hePE, lePE, hvGG, or lvGG had no apparent effect on plasma
lipids. Hepatic total and esterified cholesterol were substantially
decreased with PSY, pectin and guar gum, whereby PSY pro-
duced the most pronounced effect. Distinctive changes existed
in the bile acid profile related to the different fibers. In contrast
to pectin and guar gum, PSY caused a significant increase in the
cholate:chenodeoxycholate and the glycine:taurine conjuga-
tion ratio. Pectin and guar gum did not alter daily fecal neutral
sterol excretion while PSY caused a 90% increase due to a
higher fecal output. Daily fecal bile acid excretion and total
fecal bile acid concentration were significantly increased by
PSY, whereas hePE, lePE, hvGG, and lvGG revealed no or only
minor effects. Taken together, the disparate hypocholes-
terolemic effects of PSY, pectin, and guar gum on cholesterol
and bile acid metabolism in the hamster are possibly related to
different physicochemical properties, e.g., viscosity and suscep-
tibility to fermentation, affecting the fiber-mediated action in
the intestine.
Lipids 33, 573–582 (1998).

Water-soluble fiber sources such as psyllium (PSY), pectin
(PE), and guar gum (GG) have been shown to exert a choles-
terol-lowering effect in humans and in different experimental
animals (1,2). Although recent studies have attempted to elu-
cidate the primary mechanism(s) responsible for the choles-
terol-lowering effect, distinct actions of specific fibers have

not been completely defined (3–9). Suggested mechanisms
by which dietary soluble fibers lower cholesterol include an
interruption of the enterohepatic circulation of bile acids, with
an enhanced fecal excretion stimulating bile acid synthesis, a
decrease in cholesterol absorption, or the production of
volatile fatty acids, e.g., propionic acid in the cecum inhibit-
ing hepatic cholesterol synthesis.

In a series of studies using the guinea pig as a model, Fer-
nandez et al. (4–6) showed that the hypocholesterolemic ac-
tion by different types of fiber is greatly influenced by the
level of dietary cholesterol. For instance, PE had a substantial
cholesterol-lowering effect with a high cholesterol diet and a
more moderate effect with low dietary cholesterol. In con-
trast, GG was more effective with low rather than high dietary
cholesterol, whereas PSY revealed similar hypocholesterol-
emic effects with either low- or high-cholesterol diets. Re-
cently, Fernandez (1) has shown that different primary mech-
anisms specific to each type of fiber seem responsible for the
observed effects of PSY, PE, or GG. Whereas PE and PSY
stimulated hepatic cholesterol 7α-hydroxylase activity, the
key enzyme in bile acid synthesis, GG had no effect. PE re-
duced cholesterol absorption independent from dietary cho-
lesterol, GG did so only with high dietary cholesterol,
whereas PSY did not affect cholesterol absorption (1). Stud-
ies with rats have shown that PSY and PE caused an increase
in the bile acid pool size, altered bile acid composition, and
increased cholesterol 7α-hydroxylase activity (10,11).

In previous studies with Syrian hamsters, a commonly
used animal model because of similarities with human cho-
lesterol and bile acid metabolism (12–14), we have found
contrasting effects of PE, GG, and PSY when hamsters were
fed a lithogenic diet high in dietary cholesterol (0.4%).
Whereas PSY significantly reduced plasma, hepatic, and bil-
iary lipids mainly by increasing the fecal excretion of bile
acids, PE and GG demonstrated only minor effects in that
hamster study (15).

The present study was designed to further compare the
lipid-lowering effectiveness of PE, GG, and PSY using a
moderate level of dietary cholesterol (0.12%) and to elucidate
whether physicochemical properties such as viscosity and de-
gree of esterification (DE) affect the hypolipidemic capacity
of PE and GG. Therefore, two types of GG, a high and low
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viscous GG, and two varieties of PE differing in DE and vis-
cosity were tested. 

MATERIALS AND METHODS

Animals. Male golden Syrian hamsters (SASCO, Omaha, NE)
weighing 62 ± 2 g were randomly assigned to six diet groups
(n = 10 per group). Hamsters were housed in groups of 3–4
per cage in a temperature-controlled environment under a
12-h light–dark cycle (lights on 1800 h) with free access to
water and semipurified diets. All experimental protocols and
procedures were approved by the Animal Care and Use Com-
mittee at the University of Kiel, Germany. 

Diets and feeding procedures. Hamsters were fed semipuri-
fied diets containing 20% fat, 0.12% dietary cholesterol, and
10% cellulose to ensure normal bowel function and to prevent
the lethal enteritis “wet tail.” Diets were fed for 5 wk. The basal
composition of the diets was, in g/kg dry weight: casein 200,
wheat starch 288, glucose 150, cellulose 100, fat 200, mineral
mix 46, vitamin mix 12, cholesterol 1.2, choline chloride 3. The
dietary fat blend (in g/kg: palm stearin 88, olive oil 48, butter
40, sunflower oil 24) resembled the typical German fat intake
with a polyunsaturated/saturated ratio of 0.32. The composi-
tions of the Ausman-Hayes mineral mix (F8530 BioServ,
Frenchtown, NJ) and the Hayes-Cathcart vitamin mix were de-
tailed previously (16). In the fiber-supplemented diets, 8% sup-
plements of the tested dietary fiber sources were added at the
expense of wheat starch. The dietary fiber sources were PSY
husks, two varieties of PE, a high-esterified pectin (hePE) with
a DE of 69%, and a low-esterified pectin (lePE) with a DE of
34% and two types of GG, a high viscous (hvGG) and a low
viscous guar gum (lvGG). The viscosities of the GG measured
in 1% solutions were 6014 mPa·s for hvGG and 22 mPa·s for
lvGG. The viscosities of the PE measured in 2% solutions were
71 mPa·s for hePE and 185 mPa·s for lePE. All viscosities were
measured in preheated solutions (85°C for 10 min) at 25°C
with increasing shear rates using a Bohlin Rheometer (Bohlin
Instruments, Mühlacker, Germany). PSY was kindly supplied
by Kellogg Company (Battle Creek, MI) and hePE, lePE,
hvGG, and lvGG by Danisco Ingredients (Grindsted Division,
Quickborn, Germany). Hamsters were given free access to
food, and the actual food consumption was recorded daily.
Body weights were monitored on a weekly basis.

Necropsy. After 5 wk, hamsters were housed individually
in wire-bottomed cages and fasted overnight (18 h) and then
exsanguinated under anesthesia using a gaseous mixture of
CO2/O2 (50:50). Blood samples were drawn into EDTA-wet-
ted syringes by cardiac puncture and the liver was excised,
blotted, and weighed. A portion of the liver was removed and
frozen for hepatic cholesterol analysis. Immediately after re-
moval of the intact cecum, the pH of the cecal contents was
measured using a spear-tip pH electrode. The total contents
were then collected by gentle finger-stripping of the cecum,
weighed, homogenized, and deep-frozen in liquid nitrogen.
Gallbladder bile was aspirated, weighed, and analyzed for bil-
iary lipids and bile acid composition.

Plasma lipid and lipoprotein analysis. Blood samples from
six hamsters were drawn upon arrival (baseline) to establish
basal plasma lipids randomly and from all hamsters (n = 10
per diet) after 5 wk. Plasma was separated immediately by
centrifugation at 5,000 × g for 10 min. Plasma total cholesterol
(TC) and triacylglycerol (TG) concentrations were determined
by enzymatic assays (Sigma kit #352 and #336, respectively;
Sigma Chemicals, Deisenhofen, Germany). Plasma lipopro-
teins (n = 5–6 hamsters per diet) were isolated by sequential
ultracentrifugation (17) by using a L7-65 ultracentrifuge and a
50.4 Ti rotor (Beckman Instruments, Munich, Germany) and
plasma pooled from two hamsters. A preservative solution
(final concentration in plasma: 1 mM benzamidine, 0.04%
EDTA, 0.005% gentamycin sulfate, 0.05% NaN3) was added
to protect lipoproteins from enzymatic degradation. Three
fractions were isolated based on the following densities: very
low density lipoprotein (VLDL) (d < 1.006 kg/L), low density
lipoprotein (LDL) (1.006 < d < 1.055 kg/L), high density
lipoprotein (HDL) (1.055 < d < 1.21 kg/L). With the excep-
tion of VLDL, lipoprotein fractions were dialyzed against 0.15
mol/L NaCl, 0.04% EDTA, and 0.05% NaN3 at 4°C for
24–36 h. TC, free cholesterol (FC), TG, and phospholipid (PL)
concentrations were determined using enzymatic assays (#352
for TC and #336 for TG; Sigma Chemicals and Wako Free
Cholesterol C kit for FC and Wako Phospholipid B kit for PL,
Wako Chemicals, Düsseldorf, Germany). Protein concentra-
tion was determined by a modification of the Lowry procedure
(18). To verify the density cut-points and to check for cross-
contaminations, LDL and HDL apolipoproteins were sepa-
rated by gradient SDS-polyacrylamide gel electrophoresis
(4–20%), and stained with Coomassie Brilliant Blue. No
traces of apolipoprotein apoB100 could be detected in the HDL
fractions (data not shown).

Hepatic cholesterol analysis. Cholesterol concentrations
were analyzed after extraction with chloroform/methanol fol-
lowing the procedure described in detail previously (19). TC
was determined enzymatically (using Sigma kit #352) and FC
was analyzed using high-performance liquid chromatography
(HPLC). Esterified cholesterol (EC) concentrations were cal-
culated as the difference between TC and FC.

Bile analysis. Gallbladder bile lipids were isolated using a
modified Folch extraction (20). Biliary cholesterol and PL
were determined enzymatically in an aliquot of the chloro-
form phase (Wako Free Cholesterol C kit for biliary choles-
terol and Wako Phospholipid B kit for PL, Wako Chemicals).
Biliary bile acids were analyzed in an aliquot of the
methanol/KCl phase as taurine and glycine conjugated bile
acids using an isocratic HPLC method as previously de-
scribed in detail (19). Total bile acid concentration was calcu-
lated as the sum of individual bile acids (taurine and glycine
conjugates of cholate, chenodeoxycholate, deoxycholate, and
lithocholate) as measured by HPLC.

Determination of fecal neutral sterols and bile acids. Fecal
samples were collected over a 3-d period during wk 4 from
six randomly selected hamsters per diet group to measure
fecal bile acid and neutral sterol excretion. Fecal sterols were
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analyzed in an oven-dried fecal sample using a modification
of the method of Suckling et al. (21) as previously detailed
(19). Neutral sterols were determined by gas chromatography
as described in detail previously (22). Fecal total bile acids
were determined according to the micro method described by
Czubayko et al. (23) with some minor modifications. Bile
acids were methylated using methanolic-HCL (Supelco,
Deisenhofen, Germany) prior to conversion to their trimethyl-
silyl ethers using Sylon HTP (Supelco). The trimethylsilyl de-
rivatives were evaporated under nitrogen and resuspended in
n-decane (Sigma Chemicals) and centrifuged for 10 min to
settle the precipitates. A 1-µL sample was injected. Bile acids
were separated and quantified by gas chromatography using a
capillary column (DB1, 30 m, 0.25 mm i.d. and 0.25 µm film
thickness; J&W Scientific, Mainz, Germany). The column
was operated at 200°C hold for 1 min and then gradually in-
creased to 220, 240, and 280°C. Injector temperature and de-
tector were set at 280°C. Helium was used as carrier gas at a
flow rate of 150 kPa. Bile acid standards included 5β-cholanic
acid (internal standard), ursodeoxycholic acid, lithocholic
acid, deoxycholic acid, cholic acid, chenodeoxycholic acid,
hyodeoxycholic acid (all from Sigma Chemicals), and 5β-
cholanic acid-3α-ol and 5β-cholanic acid-3α-7α-diol-12-one
(Steraloids, Wilton, NH).

The daily cholesterol intake was calculated based on data
of the daily food intake during wk 4. Daily cholesterol intake
in µmol/d was as follows: control, 20.7; hePE, 22.5; lePE,
22.5; hvGG, 22.5; lvGG, 24.0; and PSY, 25.8. The apparent
neutral sterol absorption was calculated as: dietary choles-
terol intake per day − fecal excretion of neutral sterols
(µmol/d). The total sterol balance was calculated as dietary
cholesterol intake per day − [fecal excretion of neutral sterols
(µmol/d) + fecal excretion of bile acids (µmol/d)].

Statistical analysis. Statistical differences were calculated
using a one-way analysis of variance (ANOVA). When sig-
nificant F ratios were found, individual means were further
compared by the Bonferroni-Dunn post-hoc test utilizing the
SuperANOVA statistical software package (Version 1.11;

Abacus Concepts Inc., Berkeley, CA). Differences were con-
sidered significant at P < 0.05. Results were expressed as
means ± SD.

RESULTS

Body weight gain and cecal weight. Food consumption, final
body weights, and weight gain were not affected by the sup-
plementation of PE and GG. Total body weight gain was sig-
nificantly lower in PSY-fed hamsters compared to all other
diet groups (Table 1). Weights of the cecum, the cecal wall,
and the cecal content were significantly higher in PSY-fed
hamsters (+211, +150, and +270%, respectively, compared to
control) compared to hamsters fed the control or PE- and GG-
enriched diets. Cecal pH was not significantly altered in ham-
sters fed the PE-, GG-, or PSY-enriched diets, suggesting no
acidic conditions possibly because the hamsters were fasted
for 18 h and therefore no active fermentation took place
(Table 1).

Plasma lipids and lipoproteins. After 5 wk, TC concentra-
tions were significantly lower in PSY-fed hamsters compared
to all other diets (Fig. 1). TG concentrations were decreased
significantly by 42% in PSY-fed hamsters compared to con-
trol (Fig. 1). No significant differences in TC and TG were
observed between the control and hePE, lePE, hvGG, and
lvGG diets although TC was 10% reduced by hePE. PSY sig-
nificantly decreased VLDL-, LDL-, and HDL-cholesterol by
75, 47, and 38%, respectively. Whereas lePE, hvGG, and
lvGG had no effect, hePE decreased VLDL-, LDL-, and
HDL-cholesterol by 20, 22, and 28%, compared to control,
but these reductions did not reach the level of significance
(Table 2). The LDL/HDL ratio was not altered by any of the
different dietary fibers. 

PSY significantly affected the composition of VLDL and
LDL (Table 3). In the VLDL fraction, significantly higher rel-
ative percentages of TG and lower percentages of FC and EC
and PL were found. In the LDL fraction, the relative percent-
ages of EC and PL were significantly decreased by 21 and
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TABLE 1
Food Intake, Total Weight Gain, Cecal Weights, and pH of the Cecal Content in Hamsters Fed Diets 
Containing 8% of Different Types of Pectin, Guar Gum, or Psylliuma,b

Total body g/100 g body wt

Food intakec weight gain Cecum Cecal Cecal Cecal
(g/d) (g) weight wall content pH

Control 15 ± 3a,b 77 ± 7a 0.9 ± 0.1a 0.38 ± 0.08a 0.51 ± 0.13a 7.13 ± 0.06a,b

8% Pectin
hePE 15 ± 3a,b 83 ± 10a 1.4 ± 0.2b 0.56 ± 0.20b 0.84 ± 0.24a 7.12 ± 0.16a,b

lePE 17 ± 4a 86 ± 7a 1.2 ± 0.3a,b 0.44 ± 0.08a,b 0.76 ± 0.28a 7.15 ± 0.10a,b

8% Guar gum
hvGG 16 ± 3a,b 89 ± 12a 1.2 ± 0.2a,b 0.45 ± 0.09a,b 0.76 ± 0.23a 7.15 ± 0.12a,b

lvGG 15 ± 3a,b 82 ± 11a 1.2 ± 0.2a,b 0.46 ± 0.09a,b 0.76 ± 0.18a 7.07 ± 0.06a

8% Psyllium 14 ± 2b 63 ± 10b 2.8 ± 0.5c 0.95 ± 0.16c 1.89 ± 0.45b 7.27 ± 0.16b

aValues are mean ± SD, n = 10 per diet; hePE, high-esterified pectin; lePE, low-esterified pectin; hvGG, high viscous guar
gum; lvGG, low viscous guar gum.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way analysis of variance
(ANOVA) and the Bonferroni/Dunn test.
cHamsters received 25 g food (25 g wet weight = 13.9 g dry weight).



23%, respectively, while the percentages of TG and protein
were significantly increased with PSY (Table 3).

Hepatic cholesterol accumulation. Liver weights of ham-
sters fed the PE- and GG-supplemented diets did not differ
significantly compared to control. In contrast, liver weights

of PSY-fed hamsters were significantly lower compared to all
other diets (Table 4). A significant reduction of hepatic TC
and EC occurred with hePE, lePE, hvGG, lvGG and PSY,
whereby PSY caused the most pronounced effects. Whereas
hePE and hvGG reduced TC by 29 and 23%, respectively,
PSY caused a 89% decrease in hepatic TC. In contrast, only
minor reductions of 10–20% in hepatic TC were found with
lePE and lvGG. Hepatic FC concentrations did not differ be-
tween hamsters fed hePE, lePE, hvGG, and lvGG compared
to control while PSY produced a significant decrease in FC
compared to other diets. Whereas in livers from PSY-fed
hamsters, EC accounted for only 31% of TC, 88–91% of total
hepatic cholesterol was present in the form of cholesteryl es-
ters in hamsters fed the control or PE- and GG-supplemented
diets (Table 4).

Biliary lipids. The molar percentage of biliary cholesterol
was significantly reduced by 57% in hamsters fed PSY (2.3 ±
0.4 mol% in controls vs. 1.0 ± 0.2 mol% with PSY). HePE
and hvGG caused a modest but insignificant decrease (−17%)
while lePE and lvGG had no effect (data not shown). PSY
and, to a lesser extent, hvGG produced a significant increase
(+7 and +3%, respectively) in the molar percentages of bil-
iary bile acids (88.4 ± 1.1, 90.4 ± 1.8, and 94.0 ± 1.2 mol% in
control, PSY-, and hvGG-fed hamsters, respectively).

Bile acid profile. Changes in the bile acid profile of gall-
bladder bile were distinctive for each dietary fiber (Table 5).
The most evident changes were seen in the relative percent-
ages of taurochenodeoxycholic and glycocholic acid. All di-
etary fibers except lvGG significantly reduced taurochen-
odeoxycholic acid although by a different extent, and PSY
also caused a decrease in glycochenodeoxycholic acid. In fact,
cheno conjugates were decreased by 68% with PSY. The rela-
tive percentage of glycocholic acid was significantly expanded
from 40% in control to 55% in PSY-fed hamsters, while this
bile acid was not significantly affected by hePE, lePE, hvGG,
and lvGG (Table 5). As a result of the observed changes in the
bile acid profile, the cholate/chenodeoxycholate ratio was dra-
matically increased from 2.1 ± 0.3 in control hamsters to 7.2 ±
0.8 with PSY feeding. In contrast, PE and GG had no substan-
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FIG. 1. Plasma (A) total cholesterol and (B) triacylglycerol concentra-
tions of hamsters fed diets containing 8% supplements of different
pectins, guar gums, or PSY. Values are mean ± SD (n = 10 per diet). Bars
with different letters were significantly different (P < 0.05) using one-
way analysis of variance (ANOVA) and the Bonferroni-Dunn test. hePE,
high-esterified pectin; lePE, low-esterified pectin; hvGG, high viscous
guar gum; lvGG, low visous guar gum; PSY, psyllium.

TABLE 2
Plasma Lipoprotein Cholesterol and Triacylglycerol Concentrations of Hamsters Fed Diets 
Containing 8% of Different Types of Pectin, Guar Gum, or Psylliuma,b

Cholesterol (mmol/L) Triacylglycerol (mmol/L)

VLDL LDL HDL VLDL LDL HDL

Control 1.07 ± 0.33a 0.77 ± 0.42a 3.70 ± 0.52a 2.43 ± 0.93a,b 0.06 ± 0.01a 0.12 ± 0.04a

8% Pectin
hePE 0.86 ± 0.17a 0.60 ± 0.06a,b 3.40 ± 0.28a 2.35 ± 0.33a,b 0.06 ± 0.01a 0.11 ± 0.01a

lePE 1.09 ± 0.39a 0.78 ± 0.07a 3.50 ± 0.43a 2.71 ± 0.95a 0.08 ± 0.02a 0.11 ± 0.02a

8% Guar gum
hvGG 1.03 ± 0.20a 0.71 ± 0.24a,b 3.53 ± 0.40a 2.75 ± 0.47a 0.07 ± 0.02a 0.11 ± 0.01a

lvGG 0.84 ± 0.36a 0.81 ± 0.19a 3.58 ± 0.43a 2.32 ± 1.03a,b 0.09 ± 0.01a 0.13 ± 0.03a

8% Psyllium 0.27 ± 0.03b 0.41 ± 0.15b 2.28 ± 0.26b 1.30 ± 0.12b 0.14 ± 0.05b 0.12 ± 0.01a

aValues are mean ± SD, n = 5–6 per diet. VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high
density lipoprotein. See Table 1 for other abbreviations.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonfer-
roni/Dunn test.



tial effects on this ratio (Fig. 2). While GG and PSY decreased
the percentage of taurodeoxycholic acid, glycodeoxycholic
acid was significantly increased by PSY and PE but not by GG
(Table 5). In control hamsters, 36% of bile acids were conju-
gated with taurine, while PSY, hePE, lePE, and hvGG de-
creased taurine conjugation. Again, PSY had the most pro-

nounced effect leading to a reduction in taurine conjugated
bile acids of more than 50%. As a result, the glycine/taurine
conjugation ratio was 2.8 times higher in gallbladder bile from
PSY-fed compared to control hamsters (Fig. 2). HePE, lePE,
and hvGG also expanded this ratio, but this increase was not
statistically significant.
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TABLE 3
Composition of VLDL and LDL from Hamsters Fed Diets Containing 8% of Different Types of Pectin, Guar Gum, or Psylliuma,b

VLDL composition (%) LDL composition (%)

EC FC TG PL Protein EC FC TG PL Protein

Control 11 ± 4a 7 ± 1a 60 ± 6a 14 ± 2a 8 ± 1a 34 ± 2a 9 ± 2 6 ± 2a 22 ± 2a 28 ± 1a

8% Pectin
hePE 9 ± 1a,b 6 ± 1a,b 65 ± 2a,b 13 ± 1a 8 ± 1a 32 ± 3a,b 9 ± 2 7 ± 1a 21 ± 1a,b 30 ± 1a,b

lePE 9 ± 1a 6 ± 1a,b 63 ± 2a,b 14 ± 1a 8 ± 1a,b 32 ± 3a,b 9 ± 1 7 ± 2a 22 ± 1a,b 30 ± 1a,b

8% Guar gum
hvGG 8 ± 1a,b 6 ± 1a,b 66 ± 2b,c 12 ± 1a 8 ± 1a 31 ± 1a,b 9 ± 1 7 ± 1a 23 ± 2a 30 ± 2a,b

lvGG 8 ± 1a,b 5 ± 1a,b 64 ± 2a,b 13 ± 2a 7 ± 1a,b 29 ± 2b,c 10 ± 1 7 ± 1a 23 ± 2a 30 ± 1a,b

8% Psyllium 5 ± 1b 4 ± 1b 72 ± 1c 8 ± 1b 9 ± 1b 27 ± 4c 8 ± 1 17 ± 2b 17 ± 5b 31 ± 2b

aValues are mean ± SD, n = 5–6 per diet; EC, esterified cholesterol; FC, free cholesterol; TG, plasma triacylglycerols; PL, phospholipids. See Tables 1 and 2
for other abbrevations.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonferroni/Dunn test.

TABLE 4
Liver Weight and Hepatic Cholesterol Concentrations in Hamsters Fed Diets Containing 8% Supplements 
of Different Types of Pectin, Guar Gum, or Psylliuma,b

Liver weight Total cholesterol Free cholesterol Esterified cholesterol

(g/100 g body wt) (µmol/g) (µmol/g) (% TC) (µmol/g) (% TC)

Control 4.7 ± 0.2a 92.8 ± 13.2a 8.6 ± 1.5a,b 9 ± 2a 84.2 ± 13.4a 91 ± 2a

8% Pectin
hePE 4.7 ± 0.3a 65.9 ± 9.2b 8.0 ± 0.4b,c 12 ± 2a 57.9 ± 9.1b 88 ± 2a

lePE 4.5 ± 0.3a 75.1 ± 12.7b 8.8 ± 0.6a,b 12 ± 2a 66.4 ± 12.7b 88 ± 2a

8% Guar gum
hvGG 4.5 ± 0.3a 71.9 ± 9.8b 8.8 ± 0.6a,b 12 ± 1a 63.0 ± 9.4b 88 ± 1a

lvGG 4.5 ± 0.3a 75.7 ± 13.1b 9.0 ± 0.5a 12 ± 2a 66.7 ± 13.0b 88 ± 1a

8% Psyllium 3.6 ± 0.5b 10.5 ± 1.5c 7.2 ± 0.5c 69 ± 3b 3.3 ± 1.6c 31 ± 11b

aAll values are mean ± SD, n = 10 per diet; TC, plasma total cholesterol. See Table 1 for other abbreviations.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonfer-
roni/Dunn test.

TABLE 5
Bile Acid Profile of Gallbladder Bile from Hamsters Fed Diets Containing 8% Supplements 
of Different Types of Pectin, Guar Gum, or Psylliuma,b

mol% of total bile acids

TCAc GCAc TCDCAc GCDCAc TDCAc GDCAc

Control 18.7 ± 3.0a 39.5 ± 3.9a 10.8 ± 2.9a 18.1 ± 2.2a,b 5.6 ± 1.0a 5.9 ± 1.9a

8% Pectin
hePE 16.2 ± 2.3a,b 44.7 ± 2.7a 6.5 ± 1.0b 17.0 ± 1.7b 4.8 ± 0.9a,b 10.0 ± 1.8b

lePE 15.9 ± 3.4a,b 44.7 ± 4.1a 6.6 ± 1.8b 16.9 ± 1.5b 4.7 ± 1.0a,b,c 10.0 ± 1.8b

8% Guar gum
hvGG 16.5 ± 5.6a,b 43.0 ± 4.7a 7.8 ± 2.9b,c 19.6 ± 1.9a 3.6 ± 0.7c 8.8 ± 2.9a,b

lvGG 18.2 ± 3.1a 41.4 ± 5.2a 9.7 ± 2.2a,c 20.4 ± 1.5a 3.6 ± 0.7c 5.9 ± 0.5a

8% Psyllium 11.5 ± 3.2b 55.2 ± 3.4b 1.5 ± 0.3d 7.8 ± 0.7c 4.1 ± 0.7b,c 19.6 ± 4.0c

aValues are mean ± SD, n = 10 per diet.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonfer-
roni/Dunn test.
cTCA, taurocholic acid; GCA, glycocholic acid; TCDCA, taurochenodeoxycholic acid; GCDCA, glycochenodeoxycholic
acid; TDCA, taurodeoxycholic acid; GDCA, glycodeoxycholic acid. Taurolithocholic and glycolithocholic acids were only
present in traces (<1% of total bile acids). See Table 1 for other abbreviations.



Fecal excretion of neutral sterols and bile acids. The daily
fecal weight was significantly increased by 138% in PSY-fed
hamsters compared to all other diets. In contrast, hePE, lePE,
hvGG, and lvGG had only a modest effect on fecal weight

(Table 6). The moisture content of the fecal samples was not
different. Fecal neutral sterol excretion expressed per gram
feces was not different between diet groups (Table 6). How-
ever, the daily excretion of neutral sterols was significantly
higher in PSY-fed hamsters compared to all other diets owing
to the higher fecal output. The bulk of neutral sterols was
composed of coprostanol and cholesterol whereas other
sterols were only present in small concentrations (Table 6).
The fecal concentration of cholesterol was three times higher
in PSY-fed hamsters compared to controls while coprostanol
was decreased by 55%, suggesting a diminished intestinal
breakdown of cholesterol. In contrast, PE and GG revealed
no striking changes in the fecal neutral sterol profile.

Fecal total bile acid concentration (expressed per gram
feces dry weight) was significantly increased in PSY-fed ham-
sters compared to all other diets (Table 7). PE and GG had no
effect on the fecal bile acid concentration. Daily fecal bile
acid excretion was more than four times higher in PSY-fed
compared to control hamsters. HePE and hvGG caused a
slight but not significant increase, whereas lePE and lvGG
had no effect on daily fecal bile acid excretion (Table 7). Dis-
tinct changes in the excretion of individual bile acids were
apparent (Table 7). There was a significant increase in deoxy-
cholic acid with PSY while lePE, hvGG, and lvGG seemed to
reduce the excretion of deoxycholic acid compared to fecal
samples of control hamsters. The excretion of lithocholic acid
was lower with all fiber supplements compared to control, but
this effect was only significant with lePE and lvGG. Other ob-
served differences were a greater excretion of 12-ketolitho-
cholic acid in hamsters fed the fiber supplements compared
to controls. However, owing to the large variation, these in-
creases were not significant. In addition, substantial changes
in the bile acid excretion profile existed when expressed as
percentage of total bile acids. Again, PSY caused the most
pronounced alterations. There was a significant decrease in
the percentage of lithocholic acid from 41 ± 6% in control to
18 ± 2% in PSY-fed hamsters. In contrast, the percentage of
deoxycholic acid was increased from 30 ± 5% in controls to
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FIG. 2. Cholic acid/chenodeoxycholic acid ratio and glycine/taurine
conjugation ratio in gallbladder bile of hamsters fed diets containing
8% supplements of different pectins, guar gums, or PSY. Values are
mean ± SD (n = 10 per diet). Bars with different letters were significantly
different (P < 0.05) using one-way ANOVA and the Bonferroni-Dunn
test. See Figure 1 for abbreviations.

TABLE 6
Fecal Excretion of Neutral Sterols in Hamsters Fed Diets Containing 8% Supplements 
of Different Types of Pectin, Guar Gum, or Psylliuma,b

Fecal
Total neutral sterol

weight excretion Distribution of neutral sterols (µmol/g)

(g/d) (µmol/d) (µmol/g) Cholesterol Coprostanol Cholestanol Other sterolsc

Control 0.8 ± 0.1a 8.5 ± 1.2a 10.6 ± 2.1 1.5 ± 0.7a 7.1 ± 1.7a 0.33 ± 0.18 1.7 ± 0.27a

8% Pectin
hePE 1.1 ± 0.3a 9.3 ± 3.7a 8.2 ± 1.6 3.6 ± 2.2a,b 3.5 ± 1.3b 0.10 ± 0.14 1.0 ± 0.26b

lePE 1.1 ± 0.2a 9.0 ± 2.4a 8.3 ± 1.0 1.5 ± 0.6a 4.9 ± 1.3a,b 0.35 ± 0.18 1.5 ± 0.16a

8% Guar gum
hvGG 1.0 ± 0.2a 8.1 ± 1.8a 8.2 ± 1.7 2.0 ± 0.9a 4.2 ± 1.4a,b 0.35 ± 0.08 1.5 ± 0.30a

lvGG 1.1 ± 0.2a 9.0 ± 1.2a 8.3 ± 1.4 1.7 ± 0.7a 4.8 ± 1.9a,b 0.31 ± 0.17 1.5 ± 0.37a

8% Psyllium 1.9 ± 0.1b 16.1 ± 5.0b 8.4 ± 2.8 4.5 ± 1.4b 3.2 ± 2.8b n.d. 0.82 ± 0.15b

aAll values are mean ± SD, n = 6 per diet; n.d., not detected.
bMeans in a column with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonfer-
roni/Dunn test.
cOther sterols include coprostanone, cholestanone, stigmasterol, stigmastanol.



66 ± 6% with PSY while hePE had no effect and lePE, hvGG,
and lvGG caused a slight decrease. Other changes were a sig-
nificantly lower percentage of hyodeoxycholic acid with PSY
and a higher percentage of 12-ketolithocholic acid with PE
and GG.

Taking into account the daily cholesterol intake during wk
4, the apparent neutral sterol (cholesterol) absorption was ob-
viously moderately depressed by PSY (Fig. 3). The calculated
total sterol balance was +9.5 µmol/d in controls and was not
altered by PE and GG, while a negative balance (−2.4
µmol/d) was found in hamsters fed PSY (Fig. 3).

DISCUSSION

Although the cholesterol-lowering effect of PE, GG, and PSY
is well established in experimental animals and human sub-
jects, the mechanism(s) involved remain to be elucidated
(1,24). Physicochemical properties such as viscosity, fer-
mentability, or binding capacity of bile acids have received
much attention and are thought to affect the hypocholes-
terolemic action of soluble fibers though the supporting evi-
dence is inconsistent. Particularly, the putative action of the
fibers in the small intestine may play a major role in regulat-
ing cholesterol and bile acid metabolism by altering absorp-
tion of dietary or biliary cholesterol and reabsorption of cir-
culating bile acids. 

In the present study the effects of PE, GG, and PSY on
lipoproteins, bile acid profile, and particularly on fecal sterol
excretion were further investigated utilizing the hamster,
which is a common model to study diet-induced hypocholes-
terolemic effects (12–14). In previous studies with hamsters
fed 0.4% dietary cholesterol, PSY significantly lowered
plasma lipids by increasing the fecal excretion of bile acids,
whereas PE and GG failed to demonstrate a distinct lipid-low-
ering effect (15,25). To exclude that an excessive dietary cho-
lesterol intake could possibly overwhelm possible fiber-
mediated effects because the amount of dietary cholesterol
clearly affects the metabolic response of different fibers (1),
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TABLE 7
Fecal Excretion of Bile Acids in Hamsters Fed Diets Containing 8% Supplements of Different Types 
of Pectin, Guar Gum, or Psylliuma,b

Total bile acid
excretion Distribution of individual fecal bile acids (µmol/g)

(µmol/d) (µmol/g) LCAc DCAc CDCAc Hyo-DCAc UDCAc keto-LCAc

Control 2.7 ± 0.9a 3.3 ± 1.3a 1.37 ± 0.52a 1.05 ± 0.55a 0.12 ± 0.03 0.36 ± 0.16 0.12 ± 0.04 0.33 ± 0.18
8% Pectin

hePE 3.7 ± 1.1a 3.5 ± 0.7a 1.04 ± 0.22a,b 1.07 ± 0.17a 0.11 ± 0.13 0.43 ± 0.08 0.18 ± 0.10 0.64 ± 0.22
lePE 2.9 ± 1.0a 2.7 ± 0.5a 0.75 ± 0.13b 0.60 ± 0.25a 0.02 ± 0.05 0.38 ± 0.18 0.25 ± 0.09 0.67 ± 0.25

8% Guar gum
hvGG 3.3 ± 0.7a 3.4 ± 0.7a 0.97 ± 0.22a,b 0.75 ± 0.25a 0.19 ± 0.04 0.54 ± 0.09 0.25 ± 0.07 0.69 ± 0.19
lvGG 2.7 ± 0.7a 2.5 ± 0.5a 0.75 ± 0.11b 0.52 ± 0.18a 0.12 ± 0.02 0.37 ± 0.11 0.13 ± 0.02 0.52 ± 0.12

8% PSY 12.1 ± 1.5b 6.3 ± 0.6b 1.12 ± 0.13a,b 4.12 ± 0.44b 0.12 ± 0.10 0.21 ± 0.15 0.19 ± 0.08 0.48 ± 0.11
aAll values are mean ± SD, n = 6 per diet.
bIn a column, means with different superscripts are significantly different (P < 0.05) using one-way ANOVA and the Bonferroni/Dunn test.
cCDCA, chenodeoxycholic acid; DCA, deoxycholic acid; hyo-DCA, hyodeoxycholic acid (5β-cholanic acid-3α,6α-diol); 12-keto-LCA, 12-ketolithocholic
acid (5β-cholanic acid-3α-ol-12-one); LCA, lithocholic acid; UDCA, ursodeoxycholic acid. See Table 1 for other abbreviations.

FIG. 3. Apparent cholesterol excretion (µmol/d) and total sterol balance
(µmol/d) in hamsters fed diets containing 8% supplements of different
pectins, guar gums, or PSY. Values are mean ± SD (n = 6 per diet). Bars
with different letters were significantly different (P < 0.05) using one-
way ANOVA and the Bonferroni-Dunn test. Apparent cholesterol ab-
sorption = cholesterol intake (µmol/d) − fecal excretion of neutral sterols
(µmol/d). Cholesterol intake (µmol/d) was: control, 20.7; hePE, lePE and
hvGG, 22.5; lvGG, 24.0 and PSY, 25.8. Total sterol balance = choles-
terol intake (µmol/d) − [fecal excretion of neutral sterols (µmol/d) + fecal
excretion of bile acids (µmol/d)]. See Figure 1 for abbreviations.



in the present study, diets containing a moderate level of di-
etary cholesterol (0.12%) were applied.

Again, 8% PSY significantly altered lipoprotein and bile
acid metabolism, while the different types of PE (hePE and
lePE) and GG (hvGG and lvGG) produced no substantial
lipid-lowering effect. This lack of a potent hypocholes-
terolemic action of PE and GG could possibly be related to
several aspects. First, adding these highly fermentable fibers
to a diet already rich in nonfermentable cellulose (10%) could
have resulted in a dilution of the expected effects of either PE
or GG in the intestine, although this assumption seems rather
unlikely because PSY caused a significant hypolipidemic ef-
fect with changes in lipoprotein and bile acid composition and
excretion.

Second, it seems plausible that PE and GG were partially
hydrolyzed, diminishing their physicochemical properties and
attenuating their hypocholesterolemic potential. In fact, PE
and GG are both highly fermentable and are usually almost
completely degraded. Evidently, PSY is less rapidly and only
partially fermented, whereas PE and possibly GG completely
disappear in the human gut (28). Normally, the fermentation
of soluble fibers is subject of the colonic microflora and takes
place in the cecum and colon. Possibly, because of the dis-
tinctive digestive tract of the hamster (e.g., cheek pouches,
pregastric and gastric pouch), a pregastric fermentation of PE
and GG could have occurred (26,27). Therefore, it seems pos-
sible that GG and PE, but apparently not PSY, were already
hydrolyzed and sufficiently degraded in the rumen-like
forestomach. The action of PSY seems not to be impaired by
pregastric fermentation, indicating that PSY, PE and GG dif-
fer in their physicochemical properties, e.g., in their fermen-
tation capacity. These differences in the fermentative break-
down seem to relate to their hypocholesterolemic potential
and could explain the disparate response on cholesterol me-
tabolism of PSY vs. PE and GG in hamsters. However, the
forestomach microflora is poorly defined, and the known bac-
terial populations do not hydrolyze PE or GG (29). Also, res-
idence time of digested food in the forestomach seems rather
short, reducing the effectiveness of a pregastric fermentation
(30). Taken together, a pregastric fermentation of PE and GG
seems speculative unless part of the colonic microflora has
settled in the pregastric pouch because of the known co-
prophagy. To clearly prove this hypothesis, fermentation end
products (short-chain fatty acids or lactic acid) need to be an-
alyzed in the forestomach contents. Whereas PSY clearly ex-
panded the intestinal volume (increase in the cecal content),
PE and GG revealed no effect on cecal weight, further sup-
porting the theory of a pregastric breakdown.

A third explanation for the lack of effect could be that 8%
PE and GG, unlike 8% PSY, might not have been efficient
enough to produce changes in lipoprotein or bile acid metab-
olism although studies using rats and guinea pigs have clearly
demonstrated lipid-lowering effects with similar or even
lower doses of PE and GG (3,5,6,31). In contrast, previous
hamster studies have also shown more equivocal effects of
PE and GG on cholesterol metabolism (32,33).

The lipid-lowering potential of PE and GG has been attrib-
uted to physicochemical properties such as degree of esterifi-
cation and/or viscosity (27,34). In line with previous findings
(34), hePE was somewhat more effective in lowering plasma
cholesterol than lePE (−10 vs. −4%) even though the viscos-
ity of hePE was lower compared with lePE (71 vs. 184
mPa·s). However, the two types of GG which differed in their
viscosity (6014 and 22 mPa·s) did not reveal different effects
on lipoproteins, bile acid profile, and sterol excretion. A pre-
vious hamster study also could not demonstrate a consistent
effect of different viscosities on the lipid-lowering action of
GG (27). Therefore, the present data do not clarify the impact
of the degree of esterification or viscosity on the hypocholes-
terolemic effect of PE and GG.

PSY impressively reduced the plasma cholesterol and TG,
which is in line with previous findings from studies with vari-
ous animal models including the hamster (5,7,8,35,36). PSY
not only caused a 75% reduction in plasma VLDL-cholesterol
but also affected the composition of VLDL and LDL by de-
creasing the relative EC content and increasing the relative pro-
portion of TG which has also been shown previously (4). These
compositional changes could possibly indicate a modified pro-
duction of VLDL and conversion to LDL particles, suggesting
that the hypocholesterolemic effect of PSY occurs at multiple
metabolic sites including the regulation of lipoprotein synthe-
sis and catabolism as demonstrated previously (1,4).

Increased excretion of bile acids and neutral sterols due to
impaired reabsorption of bile acids and diminished choles-
terol absorption is thought to be the major determinant for the
cholesterol-lowering action of soluble fibers. In fact, PSY ac-
celerated bile acid removal, resulting in a 348% increase in
daily bile acid excretion mainly as deoxycholic acid. Report-
edly, PSY does not bind bile acids in vitro (35). However, our
data clearly demonstrate that bile acid excretion is signifi-
cantly enhanced by PSY. Although the physicochemical
mechanisms involved are not fully understood, it is likely
that, during the enteric gelation of PSY bile acids and prefer-
entially taurine conjugated bile acids were entrapped. PSY
also expanded daily total neutral sterol excretion (89% in-
crease) which may indicate increased losses of endogenous
cholesterol or an inhibition of cholesterol absorption. It was
found that PE and GG inhibited cholesterol absorption espe-
cially in animals fed high-cholesterol diets (1) whereas PSY
had no effect on cholesterol absorption (1,8,37). However, the
present data suggest that cholesterol absorption was moder-
ately inhibited by PSY. The entrapment of bile acids within
the viscous matrix formed in the intestinal lumen could pos-
sibly disturb micelle formation, leading to a diminished cho-
lesterol absorption. In humans, PSY has been shown to de-
crease cholesterol absorption efficiency (38). The calculated
total sterol balance was markedly altered with PSY mainly
owing to the increase in bile acid excretion. The positive
sterol balance in control hamsters (+9.5 µmol/d) was shifted
toward a negative balance in PSY-fed hamsters (−2.4
µmol/d), suggesting stimulated bile acid synthesis. Indeed, a
PSY-induced up-regulation of the hepatic 7α-hydroxylase ac-
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tivity, the key enzyme in bile acid synthesis, has recently been
demonstrated in rats, hamsters, and guinea pigs (1,7,11). Sub-
sequently, there is an increased demand for FC in the liver
which can be attained by raising the hepatic de novo synthe-
sis of cholesterol via stimulation of the HMG-CoA reductase
activity or by stimulating the liver uptake of lipoprotein cho-
lesterol by up-regulating the LDL-receptor activity. All of
these alterations have been documented after PSY supple-
mentation (1,7,9,11).

Another point to consider is the significant changes in the
circulating bile acid profile induced by PSY and, to a minor
degree, by hePE and lePE. PSY produced a predominant
cholate profile with a 40% increase in glycocholate while
taurochenodeoxycholate and glycochenodeoxycholate were
decreased by 86 and 57%, respectively. As a result, the
cholate/cheno ratio increased from 2.1 in controls to 7.2 in
PSY-fed hamsters. In addition, PSY also increased the
glycine/taurine conjugation ratio by impressively expanding
the pool of glycine conjugated bile acids. Recirculating bile
acids are known as potent inhibitors of hepatic bile acid syn-
thesis by down-regulating cholesterol 7α-hydroxylase activ-
ity dependent on their hydrophobicity. Since chenodeoxy-
cholate is more hydrophobic than cholate, a cheno-rich bile
acid profile will inhibit bile acid synthesis more than a pre-
dominant cholate profile. The PSY-induced changes in the
bile acid profile reflect a reduced hydrophobicity and an in-
crease in hydrophilic bile acids (cholate). Moreover, PSY
seems to remove selectively taurine conjugated bile acids
(mostly taurocheno). As suggested, the composition of indi-
vidual bile acids may be more important than the total con-
centration of the recirculating bile acid pool in regulating bile
acid and cholesterol synthesis (39). Therefore, both the quali-
tative changes (decrease in chenodeoxycholate with concomi-
tant reduction in hydrophobicity) and the quantitative changes
(increased fecal bile acid excretion) in the bile acid pool pro-
duced by PSY favored a stimulation of bile acid synthesis.
Taken together, these findings are consistent with the hypoth-
esis of previous studies (11,36), demonstrating that PSY in-
fluences cholesterol and bile acid metabolism by affecting the
enterohepatic circulation of the bile acid pool.

In summary, the present disparate findings further empha-
size that the cholesterol-lowering action of PE, GG, and PSY
results from distinct mechanisms specific to each fiber. In par-
ticular, the action of soluble fibers in the intestine, i.e., alter-
ations of enterohepatic circulation of bile acids and changes
in composition of the bile acid pool seem to play the major
role in regulating cholesterol metabolism. The disparate ef-
fects of PSY, PE, and GG found in the present study are pos-
sibly related to different physicochemical properties of these
fibers affecting intestinal viscosity and susceptibility to fer-
mentation (especially in the forestomach) and therefore the
fiber-mediated action in the intestine. Both increased fecal
bile acid excretion and changes in bile acid profile produced
by PSY seem to be the most important determinants of stimu-
lating hepatic bile acid synthesis which is most likely the
major mechanism through which PSY lowers cholesterol.
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ABSTRACT: The effect of dietary cyanidin 3-O-β-D-glucoside
(C3G), a typical anthocyanin pigment, on the generation of thio-
barbituric acid reactive substances (TBARS) during serum for-
mation ex vivo and susceptibility of serum to further lipid per-
oxidation was studied in rats. Rats were fed a diet containing
C3G (2 g/kg) for 14 d. Feeding C3G resulted in a significant de-
crease in generation of TBARS during serum formation. The
serum from the C3G-fed group showed a significantly lower
susceptibility to further lipid peroxidation provoked by 2,2′-
azobis(2-amidinopropane)hydrochloride or Cu2+ than that of
the control group. No significant differences were observed in
serum phospholipid, triglyceride, esterified cholesterol, and free
fatty acid concentrations between the control and the C3G-fed
groups. Concentrations of endogenous antioxidants remaining
in the serum after blood coagulation were not affected by the
C3G feeding. These results demonstrate that feeding C3G in-
creases the ex vivo oxidation resistance of the serum without
affecting serum endogenous antioxidant levels, and reduces the
TBARS generated during serum formation without changing the
concentrations of serum lipids.
Lipids 33, 583–588 (1998).

The production of active oxygen species, such as hydroxyl
radicals, superoxide anion radicals, and singlet oxygen and
other radicals, is believed to be involved in carcinogenesis,
mutagenesis, aging, and atherosclerosis (1–6). Endogenous
antioxidants are presumed to protect cells against active oxy-
gen species (1,5–9), and there is an increasing interest in the
in vivo protective function of natural antioxidants contained
in dietary plants (10–12). We previously reported that edible
beans have antioxidative activity in vitro (13), although these
food items had not been recognized previously as having an-
tioxidant activity. Among the beans tested, the antioxidant ac-
tivity of colored pea beans (Phaseolus vulgaris L.) was re-
markable, suggesting that pigments contained in the seed coat
had a potential role as dietary antioxidants. Three antho-
cyanin pigments, pelargonidin 3-O-β-D-glucoside, cyanidin
3-O-β-D-glucoside (C3G) and delphinidin 3-O-β-D-glucoside

(D3G), were isolated from red and black beans (P. vulgaris
L.), and identified as antioxidants in vitro (14–16). Among
the isolated pigments, C3G (Scheme 1) had significant an-
tioxidant activity (15) and scavenging activity against hy-
droxyl radicals and superoxide in vitro (16). Therefore, it
seemed possible that C3G may also act as a potent antioxi-
dant in vivo.

Recently, the “French paradox,” a low incidence of coro-
nary heart disease and atherosclerosis despite eating a high-
fat diet, has been suggested to relate to phenolic compounds
contained in red wine. These may act as in vivo inhibitors of
low density lipoprotein (LDL) oxidation (17–20). Red wine
contains a large amount of anthocyanins, such as D3G, petu-
nidin 3-O-β-D-glucoside, malvidin 3-O-β-D-glucoside and
C3G derived from grape skin (21,22), indicating that these
anthocyanin pigments may also exert an inhibitory effect
upon the oxidation of LDL. 

C3G is widely distributed in the human diet through crops,
beans, fruits, vegetables and red wines (23), suggesting that
humans can ingest considerable amounts of C3G from plant-
based diets daily. In general, anthocyanin pigments are stable
in acidic conditions, but are unstable and rapidly broken down
in neutral conditions (24). Due to this instability at neutral
pH, anthocyanins have not been recognized as antioxidants
(24). However, we have recently demonstrated in in vitro
studies that C3G has antioxidant activity (15) and the capac-
ity to scavenge hydroxyl radicals and superoxide under phys-
iological conditions (16). There have been no prior studies as
to whether feeding C3G could improve the in vivo antioxi-
dant status of animals. In addition, it has not been clarified in
animals whether C3G is effectively absorbed or accumulated
in tissues.
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In the present study, we evaluated the effect of C3G, which
is an anthocyanin with antioxidant activity, ex vivo lipid per-
oxidation, and oxidation resistance of liver and serum 
in rats.

MATERIALS AND METHODS

Chemicals. 2,2′-Azobis(2-amidinopropane) hydrochloride
(AAPH), ascorbic acid, and reduced glutathione (GSH) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). α-Tocopherol was obtained from Eisai Co. (Tokyo,
Japan). C3G (purity: more than 95%) was purified using the
commercial food coloring material (San Red No. 5F; San-Ei
Gen F.F.I., Inc., Osaka, Japan) derived from violet corn (Zea
mays L.) using previously described high-performance liquid
chromatography (25). The structure and purity were con-
firmed by 1H  and 13C nuclear magnetic resonance, fast atom
bombardment mass spectra, ultraviolet–visible infrared spec-
tra before use.

Animals and diets. Five-week-old male Wistar rats (~105 g;
Japan SLC Inc., Hamamatsu, Japan) were used and housed in-
dividually in stainless-steel wire-mesh cages at 23 ± 0.3°C
with a 12-h light cycle. Rats were allowed free access to water
and a semipurified diet. All animals were fed the control diet
containing (wt%): casein, 25; mineral mixture (AIN93G-MX)
(26), 3.5; vitamin mixture (AIN93-VX) (26), 1; choline chlo-
ride, 0.2; corn oil, 5; cellulose powder, 4; and the remainder
carbohydrate (sucrose/starch = 1:2) for 7 d before the experi-
ment. C3G (2 g/kg diet) was added in place of sucrose. Rats
were maintained in accordance with the Guidelines for Ani-
mal Experimentation of Nagoya University.

Experimental design and tissue preparation. Ten rats were
divided into two groups and fed the control diet (control
group) or the control diet containing 0.2% C3G (C3G group)
for 14 d. After 14 d of feeding, the rats were killed by decapi-
tation. After the collected blood had sat at room temperature
for 5 min for coagulation, the serum was obtained by centrifu-
gation at 1,600 × g for 15 min at 4°C. The separation of serum
was finished within 30 min. The serum was immediately
stored at −80°C until assayed. The liver was rapidly excised
after being perfused with physiological saline. The liver was
kept at −80°C until assayed. These conditions were standard-
ized for all the animals.

Measurement of oxidation resistance of the serum. The
serum was oxidized at 37°C by incubation with AAPH or
CuSO4 (27,28). The final concentrations of AAPH and
CuSO4 were 25 mM and 500 µM, respectively. During incu-
bation, aliquots were taken at specific intervals, and lipid per-
oxidation was stopped by the addition of butylated hydroxy-
toluene at a final concentration of 60 µM. The degree of oxi-
dation was immediately measured by the thiobarbituric acid
reactive substances (TBARS) assay (29). The measurement
of oxidation resistance of the serum was performed within 1
wk after killing the rats.

Measurement of oxidation resistance of liver homogenate.
Frozen liver (0.5 g) was homogenized in 20 vol of 20 mM

phosphate buffer (pH 7.4) using a Potter-Elvehejm homoge-
nizer, and the homogenate was oxidized at 37°C by incuba-
tion with AAPH (final concentration, 5 mM). During incuba-
tion, aliquots were taken at specific intervals, and butylated
hydroxytoluene was added to them at the final concentration
of 60 µM. The degree of oxidation was immediately mea-
sured by TBARS assay (30). The measurement of oxidation
resistance of the liver was performed within 1 wk after killing
the rats.

Measurement of protein concentration of liver homogenate.
The protein concentration of the liver homogenate was deter-
mined using a BCA Protein Assay Kit (Pierce, Rockford, IL).

Measurement of antioxidants. The α-tocopherol concen-
tration in the serum was measured by high-performance liq-
uid chromatography according to the method of Ueda and
Igarashi (31). The ascorbic acid concentration in the serum
was measured according to the method of Yamamoto et al.
(32). The GSH concentration in the serum was measured
using a commercial assay kit (GSH-400; Oxis International,
Inc., Portland, OR). The serum uric acid concentration was
measured using a commercial assay kit (Uric acid B-Test
Wako; Wako Pure Chemical Industries, Ltd.) by the colori-
metric method of Kabasakalian et al. (33). Serum antioxidant
concentrations were measured within 1 mon after killing 
the rats.

Measurement of serum lipids. Serum phospholipid (34),
triglyceride (35), total cholesterol (36), and free cholesterol
(36) were measured by enzymatic assay with commercial
assay kits (Phospholipid C-test, triglyceride G-test, Choles-
terol E-test, Free cholesterol E-test, respectively; Wako Pure
Chemical Industries, Ltd.). Serum esterified cholesterol con-
centrations were calculated by subtracting the concentration
of free cholesterol from that of the total cholesterol. Serum
free fatty acid was measured by a colorimetric method with a
commercial assay kit (NEFA-test; Wako Pure Chemical In-
dustries, Ltd.) (37). Serum lipid concentrations were mea-
sured within 1 mon after killing the rats. 

Statistical analysis. All results were expressed as the
means ± SE. Data were compared using Student’s t-test. Prob-
ability values < 0.05 were considered significant.

RESULTS

Effect of dietary C3G on body weight gain, food intake, and
liver weight. Body weight gain after 14 d, food intake, and
liver weight of the rats in the C3G group were not signifi-
cantly different from those in the control group (data not
shown), suggesting that feeding C3G did not cause serious
toxicity in rats.

Effect of dietary C3G on serum TBARS concentration and
the susceptibility of the serum to lipid peroxidation. Figure
1A shows the concentration of TBARS generated during for-
mation of serum from rats in the control and C3G groups. The
serum TBARS concentration was slightly but significantly
lower in the C3G group (82% of the control group) than in
the control group. Figure 1B and C show the time course of
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TBARS generation in serum exposed to AAPH or CuSO4.
The serum obtained from the C3G group showed significantly
less oxidation compared with that from the control group
throughout the 7-h incubation when the lipid peroxidation
was induced by AAPH (Fig. 1B). In the presence of CuSO4,
lipid peroxidation of the serum from the C3G group was also
inhibited by 67 and 52% after 7- and 24-h incubation, respec-
tively, compared with that from the control group (Fig. 1C).

Effect of dietary C3G on serum lipid concentrations. The
serum lipid concentrations in the control and C3G groups are
shown in Table 1. No significant difference was observed for
the phospholipid, triglyceride, esterified cholesterol, and free
fatty acid concentrations between the control and the C3G
groups. Total and free cholesterol concentrations in the C3G
group were significantly lower than those in the control
group. 

Effect of dietary C3G on serum antioxidant concentra-
tions. Serum antioxidant concentrations of the rats in the con-
trol or C3G groups are shown in Table 2. No significant dif-
ferences between the sera from control and C3G groups were
observed in the concentrations of α-tocopherol, GSH, ascor-
bic acid, and uric acid. 

Effect of dietary C3G on liver protein, TBARS concentra-
tion, and the susceptibility of liver homogenate to lipid per-
oxidation. The liver protein concentrations in rats from the
control and C3G groups were 148.6 ± 5.1, 153.1 ± 5.9 mg/g
wet weight, respectively, which were not significantly differ-
ent. The TBARS generated in the liver homogenates from the
control or C3G groups are shown in Figure 2A. No signifi-

cant difference in the TBARS concentration was observed be-
tween the control and C3G groups in the liver. Figure 2B
shows the time course of TBARS generation of the liver ho-
mogenate exposed to AAPH. The susceptibility of liver to
lipid peroxidation was not affected by the C3G feeding when
the lipid peroxidation was induced in liver homogenate by
AAPH.

DISCUSSION

Recently, the antioxidant activity of phenolic phytochemicals
has been widely investigated (38–40). However, antho-
cyanins, which are included in the phenolic phytochemicals,
are unstable in neutral conditions, and therefore we believe
that anthocyanins would not have antioxidant activity. We
have demonstrated in an in vitro study that C3G has both an-
tioxidant activity (15) and the capacity for scavenging hy-
droxyl radicals and superoxide (16). C3G is one of the most
prevalent anthocyanins in a plant-based daily diet, but the
in vivo effectiveness has been uncertain. Therefore, we tried
to determine whether C3G ingested by animals would act as
an antioxidant in vivo.

In this study, the concentration of TBARS generated dur-
ing serum formation was significantly lower in the C3G group
than in the control group, and C3G feeding resulted in a sig-
nificant resistance of the serum against further lipid peroxida-
tion induced by AAPH or Cu2+. The reduction in the serum
TBARS concentration and the increase in the oxidation resis-
tance of the serum observed in the C3G group are not due to
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FIG. 1. Effect of cyanidin 3-O-β-D-glucoside (C3G) feeding on the serum thiobarbituric acid
reactive substance (TBARS) concentration (A) and the susceptibility of the serum to lipid per-
oxidation induced by 2,2′-azobis(2-amidinopropane)hydrochloride (AAPH) (B) or CuSO4 (C)
in rats. The serum from the control or C3G group was incubated at 37°C with AAPH (25 mM)
or CuSO4 (500 µM). During the incubation at specified intervals, the TBARS concentration in
the medium was measured. Values are means ± SE for five rats. *Significantly different (P <
0.05) from the control value. **Significantly different (P < 0.05) from the control value at the
respective incubation times. ***Significantly different (P < 0.01) from the control value at the
respective incubation times.

TABLE 1
Effect of Cyanidin 3-O-β-D-glucoside (C3G) Feeding on the Serum Lipids in Ratsa

Triglyceride Phospholipid Cholesterol (mg/100 mL) Free fatty acid
Group (mg/100 mL) (mg/100 mL) Total Free Esterified (meq/100 mL)

Control 121.8 ± 6.9 276.5 ± 6.3 107.6 ± 3.9 28.0 ± 2.0 79.6 ± 4.1 0.30 ± 0.03
C3G 109.0 ± 6.9 259.8 ± 6.8 90.6 ± 2.9* 19.4 ± 1.1* 71.2 ± 2.0 0.34 ± 0.03
aValues are means ± SE for five rats. *Significantly different (P < 0.01) from the control value.



the decrease in serum lipids such as phospholipids, triglyc-
erides, and free fatty acids. Frei et al. (27) reported that the
esterified cholesterol fraction was very sensitive to oxidation
induced by AAPH in human plasma. In this study, the serum
concentration of esterified cholesterol was not affected at all
by C3G feeding. These results indicate that dietary C3G re-
duces the generation of TBARS during serum formation and
increases the oxidation resistance of the serum without chang-
ing the serum lipid concentrations. 

The effect of red wine consumption on the susceptibility
of plasma and LDL to ex vivo lipid peroxidation has been re-
ported (20,41). Fuhrman (41) reported that the total polyphe-
nols in the plasma LDL fraction were elevated fourfold after
2 wk of red wine consumption in humans, and the elevation
was associated with a significant decrease in LDL suscepti-
bility to lipid peroxidation. Red wine contains a large amount
of anthocyanins such as C3G (21,22), indicating that the pig-
ments may contribute to the inhibitory effect on oxidation of
LDL. The measurement of C3G and related compounds in the
serum and lipoproteins is not routinely available, but further
studies are in progress to accomplish this.

The serum contains an array of antioxidants, such as ascor-
bic acid, α-tocopherol, uric acid, and GSH. These antioxi-
dants decrease the rate of lipid peroxidation during the acti-
vation of platelets when blood clots to form serum. In this
study, no significant differences between the control and the
C3G groups were observed in the concentrations of these
physiological antioxidants left in serum, suggesting that C3G
feeding did not affect the concentrations of serum antioxi-
dants in rat plasma prior to blood coagulation. Nardini et al.

(42) reported that the α-tocopherol concentration in the
plasma and lipoproteins was significantly higher in rats fed
caffeic acid compared to that in the control rats, and the pur-
ported antioxidant action of caffeic acid in vivo may be re-
lated to both its direct antioxidant properties as well as the
sparing effect on α-tocopherol. The antioxidant action of
C3G, however, seems to be due to a direct antioxidant effect,
since a sparing effect on endogenous antioxidants was not ap-
parent. 

In contrast to the findings in rat serum, TBARS generation
during homogenation of liver concentration and the suscepti-
bility of the liver homogenate to lipid peroxidation were not
affected by C3G feeding in rats. The liver ascorbic acid, α-
tocopherol, and glutathione concentrations were also not af-
fected by C3G feeding. Because the liver contains a sufficient
amount of antioxidants (for example, liver in the C3G group
rats had ascorbic acid; 172.2 ± 7.1 µg/g liver, α-tocopherol;
47.6 ± 2.6 µg/g liver, and GSH; 1.8 ± 0.1 mg/g liver) and an-
tioxidative enzymes (glutathione peroxidase, catalase, super-
oxide dismutase, etc.), it may be difficult to modulate the liver
antioxidant capacity by C3G feeding. It is also possible that
unmetabolized C3G is not present in rat liver and thus could
not influence lipid peroxiation there.

Anthocyanin pigments are widely distributed in the human
diet through seeds, fruits, and vegetables. Red wine also con-
tains anthocyanins derived from grape skin. Therefore, hu-
mans ingest significant amounts of anthocyanin pigments
from a plant-based diet. In the present study, we have demon-
strated for the first time that oral administration of C3G is as-
sociated with antioxidant activity in rats. We have recently
reported that C3G was able to react with peroxyl radicals, and
then converted itself to the oxidation products, 4,6-dihy-
droxy-2-O-β-D-glucosyl-3-oxo-2,3-dihydrobenzofuran and
protocatechuic acid (25). Protocatechuic acid can also scav-
enge free radicals, suggesting that C3G would produce
another radical scavenger by the reaction of C3G with bio-
logical radicals in vivo. Further studies are under way to
demonstrate that these oxidation reactions of C3G occur
in vivo, and to find evidence for the oxidized metabolites or
C3G in animals.
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ABSTRACT: The protective effect of a vitamin E analog, phos-
phatidylchromanol [1,2-diacyl-sn-glycero-3-phospho-2′-(hy-
droxyethyl)-2’,5’,7’,8’-tetramethyl-6’-hydroxychroman; PCh],
against oxidative hemolysis of human erythrocytes was exam-
ined and was compared with those of vitamin E (α-tocopherol)
and 2,2,5,7,8-pentamethyl-6-chromanol (PMC). These three
compounds at 50 µM protected the erythrocytes from hemoly-
sis, when erythrocyte suspension (10%, vol/vol) was incubated
with a water-soluble radical generator, 2,2′-azobis(2-amidino-
propane)-dihydrochloride (75 mM). When erythrocyte suspen-
sion was oxidized after pretreatment with these compounds (50
µM) for 30 min followed by washing, PCh protected about 54%
of erythrocytes from the hemolysis, while α-tocopherol pro-
tected only about 16% of the cells and PMC did not show any
protective effect. During preincubation, α-tocopherol, PMC,
and PCh were incorporated into the cells at the concentration
of 12.6, 3.7, and 16.3 nmol/mg protein, respectively. Moreover,
PCh was found in the ghost membrane fraction at a 20% higher
level than α-tocopherol, and no PMC was detected in this frac-
tion. These results indicate that phosphatidyl group in PCh acts
as an excellent carrier of chromanol moiety into cells as well as
an anchor within membranes more efficiently than phytyl group
in α-tocopherol. PMC seems to be slightly anchored within
membranes because of the lack of hydrophobic side chain. The
excellent antihemolytic activity of PCh is likely to be caused by
its accumulation within erythrocyte membranes.
Lipids 33, 589–595 (1998).

Increasing evidence suggests that free radical-induced oxida-
tive damages lead to various pathological events including
coronary heart disease, cancer, and aging (1). In particular,
lipid peroxidation in biological membranes has attracted

much attention in relation to the deterioration of membrane
structure and impairment of enzymatic functions (2). Much
interest exists in the possibility that antioxidants reduce the
risk of such degenerative diseases by inhibiting free radical-
induced oxidative damage (3). Therefore, several studies have
examined both natural and synthetic antioxidants for the inhi-
bition of lipid peroxidation in membrane systems.

In phospholipid bilayers of biomembranes, the primary de-
fense against free radical-induced oxidative damages involves
vitamin E (α-tocopherol) (4,5), and the presence of specific
binding sites for α-tocopherol in erythrocyte membranes was
demonstrated (6,7). α-Tocopherol consists of two structural
domains. One is a chromanol group, responsible for radical
scavenging ability, and the other is phytyl side chain, which
is required for anchoring the chromanol group within phos-
pholipid bilayers (8). It has been accepted that the phytyl side
chain of α-tocopherol facilitates the incorporation of α-
tocopherol into biomembranes and arranges its chromanol
group on a suitable site for scavenging chain-carrying lipid
peroxyl radicals in phospholipid bilayers (9,10). Thus, the
phytyl side chain of α-tocopherol has an important role in its
antioxidant activity in the membranes.

In previous papers, we described a new synthetic vitamin
E analog, phosphatidylchromanol [1,2-diacyl-sn-glycero-3-
phospho-2′-(hydroxyethyl)-2′,5′,7′8′-tetramethyl-6′-hydroxy-
chroman (PCh), Scheme 1], which contains phosphatidyl
moiety as the substitute for phytyl chain (11). Its antioxidant
abilities in bulk oils and phospholipid bilayers were also ex-
amined by comparing them with those of α-tocopherol and
2,2,5,7,8-pentamethyl-6-chromanol (PMC) (11–14). PCh is
expected to act as an effectively protective reagent against ox-
idative cellular injury, because phosphatidyl group seems to
possess high affinity for cellular phospholipid bilayers and
has been actually regarded as a suitable and nontoxic carrier
of pharmaceuticals into cells (15). The aim of this study is to
elucidate the action of PCh as a protective reagent against ox-
idative damages mediated by lipid peroxidation in biomem-
branes.

Free radical-induced deterioration of erythrocyte mem-
branes and resulting hemolysis serve as a good model for
studying the oxidative damage in biomembranes (16–26). It
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has been well studied that free radicals attack erythrocyte
membranes to induce peroxidation of lipids and proteins and
eventually cause hemolysis (18–23). Therefore, the oxidative
hemolysis of erythrocytes induced by free radicals is a well-
defined model to estimate the antioxidative action of α-
tocopherol and its analogs in biomembranes. In the present
study, human erythrocytes were oxidized by a water-soluble
radical generator, and the protective effect of PCh on the lipid
peroxidation and hemolysis was investigated and was com-
pared with those of α-tocopherol and PMC.

MATERIALS AND METHODS

Chemicals. 2,2′-Azobis(2-amidinopropane)-dihydrochloride
(AAPH) and 3,5-di-tert-butyl-4-hydroxytoluene (BHT) were
obtained from Wako Pure Chemical Co. (Osaka, Japan). dl-
α-Tocopherol and PMC were obtained from Eisai Co.
(Tokyo, Japan). Probucol [4,4′-(isopropylidenedithio)bis(2,6-
di-tert-butylphenol)] was from Sigma Chemical Co. (St.
Louis, MO). All other chemicals used were of reagent grade.
PCh was synthesized enzymatically from 2,5,7,8-tetramethyl-
6-hydroxy-2-(hydroxyethyl)chroman and phosphatidyl-
choline and purified as described previously (11).

Preparation of human blood plasma and erythrocytes.
Blood was taken from healthy volunteers and then was put
into tubes containing EDTA, disodium salt (1 mg/mL).
Plasma and erythrocytes were separated by centrifugation at
1000 × g for 20 min at 4°C. Erythrocytes were washed three
times with 5 vol of the phosphate buffered saline (PBS). The
buffy coat was carefully removed with each wash. At the last
washing, the cells were centrifuged exactly at 1000 × g for 20
min to obtain packed cells with a constant volume.

Assay for oxidative hemolysis. Oxidative hemolysis of ery-

throcytes was performed as reported by Miki et al. (22) with
a slight modification. Washed erythrocytes (0.5 mL) were
suspended in 4 vol of PBS. Antioxidants, except for PCh,
were added to the cell suspension as ethanol solution. The
final ethanol concentration in the suspension was less than
0.5% (vol/vol), which had no effect on erythrocytes. Since
PCh was only slightly soluble in ethanol, it was dispersed in
PBS with a vortex mixer for 1 min followed by ultrasonic ir-
radiation with an ultrasonicator (Model B1210J-DTH; Bran-
son, Tokyo, Japan) for 30 s and then added to the erythrocyte
suspension. After preincubation of this suspension at 37°C
for 5 min, 2.5 mL of 150 mM AAPH dissolved in PBS was
added to the suspension. Oxidation was carried out in the dark
at 37°C under air with continuous shaking. When erythro-
cytes were oxidized after pretreatment with antioxidants,
washed erythrocytes (1 mL) were suspended in 9 vol of PBS.
Then antioxidant was added at the concentration of 50 µM in
the suspension. After preincubation of this suspension at
37°C for 30 min, erythrocytes were washed three times with
10 mL of PBS. Washed erythrocytes were oxidized by the
same aforementioned procedure. In both cases, oxidation was
carried out in the dark at 37°C under air with continuous
shaking. At specific intervals, the reaction mixture (0.1 mL)
was withdrawn, diluted with 4 vol of PBS, and centrifuged
(2000 × g for 5 min). The absorption of the supernatant at 540
nm was measured (absorption A). Similarly, the reaction mix-
ture (0.1 mL) was treated with 4 vol of 0.1% Triton X-100 so-
lution to yield complete hemolysis, and the absorption of the
supernatant after centrifugation was measured at 540 nm (ab-
sorption B). Percentage hemolysis was calculated from the
ratio of the readings, (absorption A/absorption B) × 100.

Oxidation of ghost membranes. Ghost membranes were
prepared from erythrocytes by the method of Dodge et al.
(27), after 25 mL of erythrocyte suspension (10%, vol/vol)
was preincubated with each antioxidant (50 µM) at 37°C for
30 min, followed by washing three times with PBS (25 mL).
The phospholipid concentration in the ghost membrane was
calculated from the phosphorus content according to the
method of Bartlett (28). Ghost membranes were suspended in
PBS containing 0.5 mM diethylenetriaminepentaacetic acid
(DTPA) at the concentration of 1 mM. The ghost membrane
suspension (0.5 mL) was preincubated at 37°C for 5 min. Ox-
idation was initiated by adding 80 mM AAPH (0.5 mL) dis-
solved in PBS containing 0.5 mM DTPA. The reaction mix-
ture was incubated at 37°C with continuous shaking in the
dark. After 4 h of incubation, the reaction mixture (0.1 mL)
was withdrawn and 0.1 mL of 10 mM BHT in ethanol was
added. The lipids were extracted three times by the method
of Bligh and Dyer (29). The lipid portion was evaporated with
nitrogen gas, and the residue was dissolved in the mixture of
methanol and water (95:5, vol/vol, 0.1 mL) for high-perfor-
mance liquid chromatographic (HPLC) analysis of phospho-
lipid hydroperoxides (PL-OOH) (30). Sample (10 µL) was in-
jected into an octylsilyl column (TSK gel OCTYL-80Ts col-
umn, 6 × 150 mm; TOSOH, Tokyo Japan) and eluted with
methanol/water (92.5:7.5, vol/vol). The hydroperoxides were
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detected by ultraviolet absorption at 235 nm. The concentra-
tion of PL-OOH was calculated from the standard curve of
phosphatidylcholine hydroperoxides. Standard phosphatidyl-
choline hydroperoxides were prepared as described previ-
ously (30).

Determination of antioxidants in erythrocytes and ghost
membranes. After preincubation of 15 mL of erythrocyte sus-
pension (10%, vol/vol) with each antioxidant (50 µM) for 30
min at 37°C, erythrocytes were washed three times with PBS
(15 mL) and centrifuged at 1000 × g for 20 min. Then a
hexane/ethanol mixture (4:1, vol/vol, 4 mL) containing 25
µM BHT and water (2 mL) was added to washed erythrocytes
(0.5 mL). They were mixed with a vortex mixer for 30 s and
were sonicated for 1 min followed by centrifugation at 1500
× g for 5 min. Hexane layers obtained from repeated extrac-
tion for three times were collected and evaporated with nitro-
gen gas. The residue was dissolved in the mixture of acetoni-
trile and chloroform (6:4, vol/vol, 0.1 mL) for the analysis of
α-tocopherol, or in n-hexane (0.1 mL) for the analysis of
PMC and PCh. α-Tocopherol was quantified by HPLC on an
octylsilyl column (TSK gel OCTYL 80Ts, 4.6 × 100 mm;
TOSOH) with acetonitrile/water (99:1, vol/vol) as an eluent
at a flow rate of 1.2 mL/min. PMC was determined by HPLC
on an aminopropylsilyl column [YMC Pack A-612(NH2), 4.6
× 100 mm; Yamamura Chemical Laboratories, Kyoto, Japan]
with hexane/isopropanol (99:1, vol/vol) as an eluent at a flow
rate of 1.0 mL/min. For HPLC analysis of PCh, an amino-
propylsilyl silica column (Shim-Pack FLC-NH2, 4.6 × 50
mm; Shimadzu Co., Kyoto, Japan) was used with hexane/iso-
propanol/10% phosphoric acid (70:30:0.5, by vol) as an elu-
ent at a flow rate of 2.0 mL/min. In each determination, the
eluent was monitored fluorometrically at an excitation wave-
length of 298 nm and an emission wavelength of 325 nm
using a Shimadzu RF-10A (Shimadzu Co.). The respective
concentration was calculated from the standard curve of the
authentic compounds.

Measurement of protein. Protein was determined by the
method of Bradford (31) using bovine serum albumin as a
standard.

RESULTS

Effects of antioxidants on free radical-induced hemolysis of
human erythrocytes. Oxidative hemolysis was induced by a
water-soluble azo compound, AAPH. Incubation of erythro-
cyte suspension with 75 mM AAPH at 37°C resulted in time-
dependent hemolysis with an induction period (Fig. 1). In
order to estimate the antihemolytic potency of α-tocopherol,
PMC and PCh, erythrocyte suspensions were coincubated
with each compound (50 µM) and AAPH (75 mM). α-
Tocopherol and PMC were added to erythrocyte suspension
as ethanol solution, while PCh was added as aqueous disper-
sion in PBS. These compounds retarded the occurrence of he-
molysis and suppressed its percentage (Fig. 1A, coincubation
experiment). α-Tocopherol and PCh exhibited nearly the
same inhibitory effects and were more efficient than PMC. In

a separate experiment, erythrocyte suspension was oxidized
after pretreatment with each compound for 30 min, followed
by washing three times to avoid the interference by unincor-
porated antioxidants (preincubation experiment). In this case,
PMC had no protective effect (Fig. 1B). In contrast to PMC,
α-tocopherol and PCh protected against hemolysis signifi-
cantly even after pretreatment followed by washing. It should
be noted that PCh was much more effective than α-tocopherol
in suppressing the hemolysis of erythrocytes in the preincu-
bation experiment, although little difference was observed be-
tween the two compounds in the coincubation experiment.

In addition to α-tocopherol analogs, we investigated the
protective effects of BHT and probucol on oxidative hemoly-
sis of erythrocytes in the preincubation experiment (Fig. 2).
When preincubation was carried out in the absence of antiox-
idant, most of the erythrocytes were subjected to lysis after
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FIG. 1. Effect of coincubation (A) and preincubation (B) of erythrocyte
suspension with α-tocopherol, 2,2,5,7,8-pentamethyl-6-chromanol
(PMC), or 1,2-diacyl-sn-glycero-3-phospho-2′-(hydroxyethyl)-2′,5′,7′,8′-
tetramethyl-6′-hydroxychroman (PCh) on 2,2′-azobis(2-amidino-
propane)-dihydrochloride (AAPH)-induced oxidative hemolysis of ery-
throcytes. (A) Erythrocyte suspension (10%, vol/vol) in phosphate
buffered saline (PBS) (pH 7.4) was incubated with AAPH (75 mM) and
α-tocopherol or α-tocopherol analogs (50 µM). (B) Erythrocyte suspen-
sion (10%, vol/vol) in PBS (pH 7.4) was preincubated with α-tocopherol
or α-tocopherol analog (50 µM) for 30 min followed by washing three
times. After washing, the suspension was incubated with AAPH (75
mM). Each point represents the mean ± the standard deviation of three
separate experiments. (■), No addition; (●), α-tocopherol; (▲), PMC;
(◆), PCh.



incubation with AAPH (75 mM) for 4 h (control experiment).
Probucol showed no significant protection similar to PMC,
while α-tocopherol and BHT lowered the hemolysis to 83.8
± 9.0% and 88.1 ± 9.8%, respectively. PCh exhibited a re-
markable resistance to hemolysis, and the percentage of he-
molysis was 46.0 ± 8.3%. 

Incorporation of α-tocopherol, PMC, and PCh into human
erythrocytes and their ghost membranes. In order to clarify
the reason for the marked difference in antihemolytic potency
among the three α-tocopherol analogs, the amounts of α-
tocopherol and its analogs incorporated into erythrocytes and
those accumulated within ghost membrane were measured
after incubation for 30 min at 37°C (Table 1). Endogenous α-
tocopherol was found at the level of 0.2 and 2.7 nmol/mg pro-
tein in erythrocytes and erythrocyte membrane fraction, re-
spectively. The presence of endogenous α-tocopherol is likely
to cause the induction period which was observed when ery-
throcytes without treatment of any antioxidants were exposed
to AAPH (Fig. 1). When erythrocytes were incubated with α-
tocopherol, PMC, or PCh at 50 µM, these compounds were
incorporated into the cells at the concentration of 12.6 ± 0.7,
3.7 ± 0.2, and 16.3 ± 0.5 nmol/mg protein, respectively. In
ghost membranes, PMC was not found, although α-tocoph-
erol and PCh were found at 84.4 ± 6.2 and 101.0 ± 2.3
nmol/mg protein, respectively.

Effect of concentration of PCh in the pretreatment medium
and pretreatment time on its antihemolytic activity. In order
to study the antihemolytic action of PCh, the relationship be-
tween the concentration of PCh in the preincubation medium
and its inhibitory effect against the hemolysis of erythrocyte
was examined. The protective effect was increased with the

elevation of the concentration up to 50 µM, reaching a plateau
above 50 µM (Fig. 3A). The protective effect of PCh was en-
hanced with the increase of pretreatment time for up to 30
min, reaching a plateau for more than 30 min (Fig. 3B). Thus,
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FIG. 2. Effect of preincubation of erythrocyte suspension with α-toco-
pherol, PMC, PCh, BHT, or probucol on AAPH-induced oxidative he-
molysis of erythrocytes. Erythrocyte suspension (10%, vol/vol) in PBS
(pH 7.4) was preincubated with each antioxidant (50 µM) for 30 min
followed by washing three times. After washing, the suspension was in-
cubated with AAPH (75 mM) for 4 h. Bars represent the mean ± the stan-
dard deviation of three separate experiments. Asterisks indicate signifi-
cant differences between control and antioxidant treatment: *, P < 0.05;
**, P < 0.01. See Figure 1 for abbreviations.

TABLE 1
Incorporation of α-Tocopherol Analogs into Erythrocytesa

Concentration of antioxidant
(nmol/mg protein)

Ghost membrane
Analog Erythrocytes fraction

No addition (0.19 ± 0.01)b (2.68 ± 0.09)
α-Tocopherol 12.6 ± 0.7 84.4 ± 6.2
PMC 3.7 ± 0.2 (0.21 ± 0.07) n.d.c (2.62 ± 0.10)
PCh 16.3 ± 0.5 (0.22 ± 0.03) 101.0 ± 2.3 (2.74 ± 0.13)
aEach value represents the mean ± the standard deviation of triplicate analyses.
bValues in parentheses are the concentration of endogenous α-tocopherol.
cNot detected. PMC, 2,2,5,7,8-pentamethyl-6-chromanol; PCh, 1,2-diacyl-sn-
glycero-3-phospho-2′-(hydroxyethyl)-2′,5′,7′,8′-tetramethyl-6′-hydroxychroman.

FIG. 3. Effect of the concentration (A) and the pretreatment time (B) of
PCh on the protection of AAPH-induced oxidative hemolysis of erythro-
cytes. (A) Erythrocyte suspension (10%, vol/vol) in PBS (pH 7.4) was
preincubated with PCh for 30 min followed by washing three times. (B)
Erythrocyte suspension (10%, vol/vol) in PBS (pH 7.4) was incubated
with PCh (50 µM) for specific time followed by washing three times. In
both cases the suspension was incubated with AAPH (75 mM) for 4 h.
Each point represents the mean ± the standard deviation of three sepa-
rate experiments. See Figure 1 for abbreviations.



an optimal concentration and an optimal time in the pretreat-
ment of PCh appeared in the inhibition of oxidative hemoly-
sis. 

Oxidation of ghost membrane prepared from α-tocoph-
erol-, PMC-, or PCh-pretreated erythrocytes. The ghost
membranes prepared from erythrocytes after preincubation
with each compound for 30 min were subjected to the oxida-
tion initiated by AAPH. PL-OOH were accumulated as the
primary products of ghost membrane peroxidation as shown
in Figure 4. A lower amount of PL-OOH was accumulated in
the pretreated ghost membranes. The membranes pretreated
with PCh accumulated a lower amount of PL-OOH, as com-
pared with those pretreated with α-tocopherol and PMC. This
indicates that the resistance of erythrocyte membranes to free
radical-induced lipid peroxidation was enhanced by the pre-
treatment of erythrocytes with α-tocopherol and α-tocopherol
analogs, particularly PCh.

DISCUSSION

The above results show that PCh acts as a potent protector
against oxidative cell injury in human erythrocytes and that
its protective effect is superior to those of α-tocopherol and
PMC. α-Tocopherol, PMC, and PCh are homologs of 2,5,7,8-
tetramethyl-6-chromanol with phytyl side chain, methyl
group, and phosphatidyl group, at the 2-position, respectively
(Scheme 1). Although their structures are identical except for
the substituents at the 2-position, their antioxidant effects
seem to be much different from one another in a heteroge-
neous system because of their inherent physical properties.

We have reported that α-tocopherol, PMC, and PCh gave
almost the same peroxyl radical-scavenging activity in homo-

geneous solution (11). On the other hand, α-tocopherol
showed the longest induction period among the three com-
pounds in phosphatidylcholine liposomes, probably owing to
their different location in phospholipid bilayers (11,13,14), in
which we have proposed that chromanol moiety in PCh is lo-
cated at the interface between aqueous phase and lipid bilay-
ers (13), analogous with the polar head group of phospho-
lipids. It is reasonable that the difference in their antioxidant
activities is, at least in part, derived from location and mobil-
ity of each analog in phospholipid bilayers. However, in in-
tact cells the incorporation and retention of antioxidant within
cellular membranes are also important factors in its activity.
PCh is expected to possess high affinity for cellular mem-
branes because of its nature as phospholipid that is a major
component of cellular membrane bilayers. Therefore, this
study is focused on the action of PCh in cellular membranes
as compared with those of α-tocopherol and PMC.

The order of antihemolytic activity of the three compounds
in the preincubation experiment appeared to be correlated with
their amounts incorporated into erythrocytes. The local concen-
trations of α-tocopherol and PCh in erythrocytes were much
higher than that of PMC (Table 1), indicating that α-tocopherol
and PCh are effectively incorporated into erythrocytes. PMC
could hardly be retained within the ghost membrane fraction in
spite of the incorporation into the cells to some extent (32,33).
These results indicate that phytyl chain and phosphatidyl moi-
ety can act as an anchor to retain a chromanol moiety within
membranes. α-Tocopherol and PCh incorporated into the mem-
branes should play a role in preventing hemolysis by protecting
the oxidation of membrane lipids. In fact, we found that the
ghost membranes prepared from erythrocytes pretreated with
α-tocopherol analogs elevated the resistance to free radical-in-
duced lipid peroxidation (Fig. 4).

The existence of the α-tocopherol selective uptake system
in red blood cells has been reported (6,7). Kaneko et al. (34)
demonstrated that α-tocopherol was well incorporated into cul-
tured cell because of the high affinity of its phytyl group with
cell membranes. The fact that PCh was found in a higher
amount than α-tocopherol in pretreated erythrocytes and their
ghost membranes indicates that the affinity of phosphatidyl
group with cell membranes is higher than that of phytyl group.
Shuto et al. (15) reported that nucleoside analogs containing a
phosphatidyl residue possess a high affinity for cell mem-
branes, resulting in the penetration into cells. Furthermore, a
phosphatidyl derivative of genipin, which is a water-soluble
compound having some pharmacological activities, was found
to exhibit the enhanced cytotoxicity in spite of the weak cyto-
toxicity of genipin itself (35). Therefore, it is concluded that a
phosphatidyl group in PCh acts as an excellent carrier and an-
chor of chromanol group in erythrocyte membranes.

After the treatment of erythrocytes with α-tocopherol and
PCh for 30 min, the concentrations of α-tocopherol and PCh
reached similar levels, which were 66 and 74 times in the
cells, and 31 and 37 times in the ghost membranes greater
than endogenous α-tocopherol concentration, respectively
(Table 1). However the inhibition of AAPH-induced hemoly-
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FIG. 4. AAPH-induced oxidation of α-tocopherol analog-pretreated
ghost membranes. Erythrocyte suspension (10%, vol/vol) in PBS (pH
7.4) was preincubated with α-tocopherol, PMC, or PCh (50 µM) for 30
min, followed by washing three times, and then the ghost membranes
were prepared by the method of Dodge et al. (27). The suspension of
ghost membranes containing 0.5 µmol of phospholipids was incubated
with AAPH (75 mM) for 4 h. Bars represent the mean ± the standard de-
viation of three separate experiments. Asterisks indicate significant dif-
ferences between no treatment and α-tocopherol analog treatment: *, P
< 0.05; **, P < 0.01. See Figure 1 for abbreviations.



sis by the treatment with PCh was much greater than that by
the treatment with α-tocopherol (Figs. 1 and 2). Thus, the
marked difference in antihemolyic potency between α-
tocopherol and PCh cannot be fully explained by their cellu-
lar concentrations. Free radicals generated from AAPH are
known to attack erythrocyte membranes from the outside to
induce lipid peroxidation in membrane phospholipids
(18–23). The chromanol moiety of PCh seems to be located
at the interface of the membrane and scavenges aqueous radi-
cals rather than lipophilic radicals efficiently, while α-tocoph-
erol mainly scavenges chain-carrying lipid peroxyl radicals
in the hydrophobic region of membranes (13,14). The ability
of PCh in scavenging aqueous radicals seems to be of great
advantage to suppress their attacks on erythrocyte membranes
and resulting in hemolysis.

Enormous amounts, as compared to endogenous α-tocoph-
erol, of α-tocopherol and PCh incorporated into ghost (Table
1) did not result in efficient inhibition of AAPH-induced for-
mation of PL-OOH (Fig. 4) but prevented efficient hemolysis
(Fig. 1 and 2). However, it might be possible that the exoge-
nous antioxidant prevents not only lipid peroxidation but also
protein oxidation that was also observed in AAPH-induced
oxidation of ghost membranes (18,22), resulting in effective
prevention of hemolysis (Figs. 1 and 2).

Although PMC was incorporated into erythrocytes to some
extent, it was not retained in ghost membrane fraction (Table
1). PMC can not be anchored because of the lack of long
chain and may be transferred freely without orientation in the
membrane (9,35,36); hence it may penetrate into cytosol eas-
ily. No inhibition on the oxidative hemolysis by PMC appears
to be due to inability to be retained within the membranes.
Niki et al. (32) reported that the mobility of PMC was quite
high within and between liposomal membranes. Furthermore,
they have shown that the antioxidant activity of chromanols
was elevated with decreasing length of side chain in the oxi-
dation of plasma low density lipoprotein (36). Thus, PMC,
having no long side chain, can transfer easily from erythro-
cytes to outside of cells, resulting in less effective oxidative
hemolysis of human erythrocytes.

The efficiency of antioxidants in the heterogeneous phase is
determined by not only their radical-scavenging activity but
also their physical properties, such as local concentration and
mobility in the microenvironment (36). The present results ob-
tained from antihemolytic activity suggest that the ability both
to be incorporated into the cells and to be retained within the
membranes should be involved in the factors responsible for
the action of antioxidant in biomembranes. It is clear that phos-
phatidyl moiety makes an antioxidant molecule easier to be in-
serted into cellular membranes. Phosphatidyl derivatives may
be promising compounds in the prevention or cure of cellular
oxidative damage-related diseases.
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ABSTRACT: We have reported that the peroxyl radicals de-
rived from methyl eicosapentaenoate (20:5n-3) are more polar
than those from methyl linoleate (18:2n-6) since the former per-
oxyl radicals have at least two molecules of oxygen in a mole-
cule while the latter peroxyl radical has one. This lowers the
oxidizability for 20:5n-3 in aqueous Triton X-100 micelles by
enhancing the termination reaction rate for peroxyl radicals and
by reducing the rate of propagation since there may be more
polar peroxyl radicals derived from 20:5n-3 at the surface than
within the micelle core. In this study, we measured the effect of
three antioxidants, di-tert-butyl-4-methylphenol (BHT),
2,2,5,7,8-pentamethyl-6-chromanol (PMC) and 2-carboxy-
2,5,7,8-tetramethyl-6-chromanol (Trolox), on the oxidation of
lipids in aqueous micelle. Antioxidants give a clear induction
period during oxidation of 18:2n-6 initiated with a water-solu-
ble radical initiator, and its induction length decreases in the
order of BHT > PMC > Trolox. This is consistent with the pro-
posed location of three antioxidants: being in the core of mi-
celle, at the surface, or in aqueous phase, respectively. How-
ever, BHT does not inhibit the oxidation of 20:5n-3 efficiently,
and its rate of oxidation is slower than that observed in the oxi-
dation of 18:2n-6, supporting the idea that polar peroxyl radi-
cals derived from 20:5n-3 are preferentially located at the sur-
face of the micelle. Similar results were obtained when oxida-
tion was initiated with a lipid-soluble radical initiator except
antioxidants had lesser effect on the oxidation rate of 20:5n-3.
Lipids 33, 597–600 (1998).

The oxidizability of polyunsaturated fatty acids in homoge-
neous solution is known to be dependent on the number of
bisallylic positions available for oxidation (1– 4). In contrast,
the oxidizability of polyunsaturated fatty acids in aqueous mi-
celles is reported to decrease with an increasing number of

bisallylic sites (5,6). We have confirmed this interesting ob-
servation by comparing the oxidation kinetics of methyl
eicosapentaenoate (20:5n-3) and methyl linoleate (18:2n-6)
in both homogeneous solution and aqueous micelles (7). It
has been suggested that the peroxyl radicals derived from
20:5n-3 are more polar than those from 18:2n-6 since the for-
mer peroxyl radicals contain two molecules of absorbed oxy-
gen while the latter peroxyl radicals have one (7). Therefore,
we hypothesized that the polar peroxyl radicals derived from
20:5n-3 are likely to diffuse from the core to the micelle sur-
face, and this lowers the oxidizability for 20:5n-3 in aqueous
micelles by enhancing the termination reaction rate for polar
peroxyl radicals derived from 20:5n-3 and by reducing the
rate of propagation since there is less oxidizable 20:5n-3 at
the surface than the micelle core. 

To obtain additional evidence to support this hypothesis,
we have measured the effects of antioxidants on the oxidation
of 20:5n-3 and 18:2n-6 in aqueous micelles. We have chosen
2,6-di-tert-butyl-4-methylphenol (BHT), 2,2,5,7,8-pen-
tamethyl-6-chromanol (PMC), and carboxy-2,5,7,8-tetra-
methyl-6-chromanol (Trolox) as antioxidants for comparison
since it is reported that BHT preferentially locates in the core
of micelle (8,9), PMC resides at the micelle surface (10), and
Trolox remains essentially in aqueous phase (11). BHT, PMC,
and Trolox can trap two molecules of peroxyl radical per mol-
ecule (12), and the rate constants for H-atom abstraction of
these antioxidants by peroxyl radicals are 1.4 × 104, 3.8 × 106,
and 1.1 × 106 M−1s−1, respectively (13), indicating that BHT
has the lowest activity as measured in homogeneous solution.

Figure 1 shows the rate of oxygen uptake during oxidation
of 2 mM 18:2n-6 (or 20:5n-3) initiated with the water-soluble
radical initiator, 2,2′-azobis(2-amidinopropane)dihydrochlo-
ride (AAPH; 4 mM), in the presence or absence of 5 µM an-
tioxidant (BHT, PMC, or Trolox) in 50 mM Tris-HCl buffer
(pH 7.4) containing 10 mM Triton X-100 under aerobic con-
ditions at 37°C. The micelles were prepared as follows: Ap-
propriate amounts of 18:2n-6 (or 20:5n-3) in benzene (and, if
necessary, appropriate amounts of antioxidants and/or lipid-
soluble initiator) were placed in a glass flask. The solvent was
removed on a water aspirator and then on a vacuum pump fol-
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lowed by the addition of 50 mM Tris-HCl buffer (pH 7.4) con-
taining 10 mM Triton X-100. If necessary, AAPH was added to
the flask. Reaction mixtures were shaken vigorously, were trans-
ferred to a reaction vessel, and oxygen concentrations within
micellar suspension were monitored using an oxygen electrode. 

The rate of oxygen uptake during the oxidation of 18:2n-6
in the absence of antioxidants was greater than that for 20:5n-3
under equivalent conditions (Fig. 1), and this is consistent with
our previous observation (7). The addition of antioxidants to
18:2n-6 micelle retarded the rate of oxygen uptake. After the
consumption of antioxidant (data not shown), the rate of oxy-
gen uptake was similar to that observed in the absence of an-
tioxidant; the period of inhibited oxidation is called the induc-

tion period. It is noteworthy that all antioxidants gave a clear
induction period. The length of induction period produced by
the addition of test antioxidants decreased in the order of BHT
> PMC > Trolox. This order is consistent with the reported
preferential location of the three antioxidants, BHT within the
micelle core (8,9), PMC at the surface of micelle (10), and
Trolox in aqueous phase (11), suggesting that Trolox trapped
peroxyl radicals produced by the water-soluble radical initiator
while BHT scavenged only peroxyl radicals which migrated
into the micelle core. The decay of antioxidants during the in-
duction period was measured using a reversed-phase high-per-
formance liquid chromatograph equipped with an electrochem-
ical detector. The results are summarized in Figure 2 where 2
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FIG. 1. Aerobic oxidation of 2 mM (A) 18:2n-6 and (B) 20:5n-3 initiated with 4 mM water-soluble 2,2′-azobis(2-
amidinopropane)dihydrochloride (AAPH) in the absence [no inhibitor (IH)] or presence of 5 µM antioxidants in 50
mM Tris-HCl buffer (pH 7.4) containing 10 mM Triton X-100 at 37°C. Reproducibility was excellent in at least two
independent measurements. PMC, 2,2,5,7,8-pentamethyl-6-chromanol; BHT, 2,6-di-tert-butyl-4-methylphenol;
Trolox, 2-carboxy-2,5,7,8-tetramethyl-6-chromanol.

A B

FIG. 2. Consumption of antioxidants during the aerobic oxidation of 2 mM 18:2n-6 (●) or 20:5n-3 (●●) initiated
with 2 mM water-soluble AAPH in the presence or absence of 5 µM antioxidants in 50 mM Tris-HCl buffer (pH 7.4)
containing 10 mM Triton X-100 at 37°C. (A) BHT and (B) PMC were measured by a reversed-phase high-perfor-
mance liquid chromatograph equipped with an electrochemical detector (700 mV) using an octylsilyl column (5
µm, 4.6 × 150 mm; Wako, Osaka, Japan) with 50 mM NaClO4 in methanol/water (4:1, vol/vol) as the mobile phase
(0.8 mL/min). (C) Trolox was measured in the same system except using 50 mM NaClO4 in methanol/water (1:1,
vol/vol) as the mobile phase. Reproducibility was excellent in at least two independent measurements. See Figure 1
for abbreviations.
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mM AAPH was used instead of 4 mM in Figure 1 to retard the
relative consumption of antioxidants. The rate of disappearance
of antioxidants during the oxidation of 18:2n-6 in aqueous mi-
celle decreased in the order of BHT > PMC > Trolox. This
again is consistent with the presumed distribution of antioxi-
dants within micelles.

On the other hand, BHT did little to inhibit the oxidation
of 20:5n-3 in aqueous micelles while Trolox and PMC were
more efficient (Fig. 1). Thus, as expected, the rate of disap-
pearance of BHT during the oxidation of 20:5n-3 was much
smaller than that observed for 18:2n-6 oxidation. These re-
sults strongly suggest that polar peroxyl radicals derived from
20:5n-3 are not located within the micelle core where BHT
resides, but rather are at the surface of the micelle which was
suggested in a previous kinetic study (7).

It is important to demonstrate that the three antioxidants
used in this study were of good quality. Table 1 gives the ki-
netic parameters of the three antioxidants measured during
aerobic oxidation of 150 mM 18:2n-6 in acetonitrile initiated
with 2 mM 2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN),
a lipid-soluble radical initiator, in the presence or absence of
20 µM antioxidants at 37°C; the induction period; the rate of
oxidation during induction period; and rate of propagation
measured as the rate of oxidation after the complete consump-
tion of antioxidants. BHT, PMC, Trolox, and α-tocopherol
gave essentially the same induction period as previously re-
ported (12). Values for rate of propagation were nearly equiv-
alent under the experimental conditions, indicating an ab-
sence of contamination. Values for rate of oxidation during
induction period for PMC, Trolox, and α-tocopherol were
similar and about 20 times less than that for BHT as was pre-
viously observed (13). 

Figure 3 shows the rate of oxygen uptake during the aero-
bic oxidation of 2 mM 18:2n-6 and 20:5n-3 initiated with 2

mM AMVN, a lipid-soluble radical initiator, in the presence
or absence of 2 µM antioxidant (BHT, PMC, or Trolox) in 50
mM Tris-HCl buffer (pH 7.4) containing 10 mM Triton X-
100 at 37°C. The rate of oxygen uptake during oxidation of
18:2n-6 in the absence of antioxidant was much faster than
that for 20:5n-3 at similar conditions, which is consistent with
our previous data (7). BHT within the micelle core inhibited
the oxidation of 18:2n-6 in aqueous micelles initiated with
the lipid-soluble radical initiator but it did not efficiently sup-
press the oxidation of 20:5n-3 in aqueous micelles. As a con-
sequence, the rate of BHT consumption observed in 18:2n-6
oxidation was much greater than that observed in 20:5n-3 ox-
idation as shown in Figure 4, where 4 µM antioxidants are
used instead of 2 µM in Figure 3 to retard the relative con-
sumption of antioxidants. In contrast, PMC located at the sur-
face of the micelle inhibited oxidation of both 18:2n-3 and
20:5n-3 in aqueous micelles and gave a clear induction pe-
riod although the inhibition of 20:5n-3 oxidation was less
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TABLE 1
Aerobic Oxidation of 150 mM Methyl Linoleate in Acetonitrile
Initiated with 2 mM AMVN in the Presence or Absence
of 20 µM Antioxidants at 37°Ca

Antioxidant tinhb (s) Rinh
c (nM/s) Rp

d (nM/s)

BHT 4320 483 711
PMC 4980 23 819
Trolox 4500 48 849
α-Tocopherol 4560 26 824
None 786
aRate of chain initiation = 8.76 (nM/s).
bInduction period.
cRate of oxidation during the induction period.
dRate of propagation. BHT, 2,6-di-tert-butyl-4-methylphenol; PMC,
2,2,5,7,8-pentamethyl-6-chromanol; Trolox, 2-carboxy-2,5,7,8-tetramethyl-
6-chromanol; AMVN, 2,2′-azobis(2,4-dimethylvaleronitrile).

FIG. 3. Aerobic oxidation of 2 mM (A) 18:2n-6 and (B) 20:5n-3 initiated with 2 mM lipid-solu-
ble 2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN) in the absence (no IH) or presence of 2 µM
antioxidants in 50 mM Tris-HCl buffer (pH 7.4) containing 10 mM Triton X-100 at 37°C. Re-
producibility was excellent in at least two independent measurements. See Figure 1 for abbre-
viations.
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clear. These results again support the view that polar peroxyl
radicals formed from 20:5n-3 should relocate to the surface
of the micelle rather than stay within the micelle core. 

It is interesting that Trolox was consumed at a greater rate
than was BHT (Fig. 4) despite that AMVN is expected to be
located in the micelle. The peroxyl radicals produced from
AMVN are low molecular weight compounds containing two
polar function groups, cyano and peroxyl groups. Therefore,
they are likely to be polar enough to migrate to the aqueous
interface where Trolox is active. 

In summary, we have demonstrated that the polar peroxyl
radicals derived from 20:5n-3 should be located at the surface
of the micelle by comparing the effects of three different an-
tioxidants which have different site reactivities in aqueous
micelles. Migration of the polar peroxyl radicals derived from
20:5n-3 to the surface of the micelle should lower the oxidiz-
ability for 20:5n-3 by enhancing the termination reaction rate
for polar peroxyl radicals and by reducing the rate of propa-
gation since there is less oxidizable 20:5n-3 at the surface
than in the micelle core.
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FIG. 4. Consumption of antioxidants during the aerobic oxidation of 2 mM 18:2n-6 (●) or 20:5n-3 (●●) initiated
with 2 mM lipid-soluble AMVN in the presence or absence of 4 µM antioxidants in 50 mM Tris-HCl buffer (pH 7.4)
containing 10 mM Triton X-100 at 37°C. Antioxidants were measured as described in Figure 3. Reproducibility was
excellent in at least two independent measurements. See Figure 2 for abbreviation.
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ABSTRACT: Sphingosine N-acyltransferase (ceramide syn-
thase, E.C. 2.3.1.24) was solubilized from bovine liver mitochon-
drion-rich fraction with n-octyl β-D-thioglucoside as the deter-
gent and partially purified by sequential chromatography on
columns of DE-32, shingosine affinity, and Sepharose CL-6B.
The partially purified preparation migrated on SDS-polyacry-
lamide gel electrophoresis as two major protein bands of 62 and
72 kDa. The molecular mass of the enzyme estimated by gel fil-
tration was 240–260 kDa, suggesting that the partially purified
enzyme is present in a subunit form or simply has an aggregative
nature. The specific activity of the final preparation for the con-
densation of sphingosine with stearoyl-CoA increased by 98.7-
fold compared with the starting material. The optimal pH value
for the ceramide synthesis was 7.5. The partially purified enzyme
had an apparent Km of 146 µM and a Vmax of 11.1 nmol/min/mg
protein for stearoyl-CoA. The Km and Vmax values toward sphin-
gosine were 171 µM and 11.3 nmol/min/mg protein, respec-
tively. Interestingly, sphinganine was also a good substrate for
this enzyme, and the Km and Vmax values were 144 µM and 8.5
nmol/min/mg protein, respectively.
Lipids 33, 601–605 (1998).

Ceramide biosynthesis begins by the formation of sphinganine
(dihydrosphingosine) from serine and palmitoyl-CoA. Addi-
tion of a fatty acyl chain to sphinganine yields dihydrocer-
amide, which appears to precede the introduction of the 4,5-
trans-double bond of sphingosine. These steps have been
shown to take place at the cytosolic surfaces of the endoplas-
mic reticulum (1,2). However, there is also evidence for cer-
amide biosynthesis by the direct condensation of sphingosine
with fatty acyl-CoA. This system has been studied with micro-
somes from rodent brain and liver (3–5). One of the important
unresolved issues in ceramide synthesis therefore concerns
whether the sphingosine and sphinganine N-acyltransferases
both are identical and located only in microsomes. Another
pathway involves the condensation of sphingosine with free
fatty acid catalyzed by the reverse reaction of the lysosomal

ceramidase that hydrolyzes ceramide to sphingosine and free
fatty acid (6,7). Thus, the enzymic mechanism for ceramide
synthesis is still poorly understood, largely because of the re-
sistance to solubilization and the labile enzyme activity.

We became interested in the ceramide synthase activity in
the mitochondrial fraction, because the enzyme activity was
enriched in the mitochondria of mouse brain (4). Our recent
study (8) confirmed that the specific activity (2.6 ± 0.18 U/mg
protein) of mitochondrial fraction from bovine brain was 1.6
times that of the microsomal fraction. Here we report the par-
tial purification and characterization of a sphingosine N-acyl-
transferase from bovine liver mitochondrial fraction. This
study suggests that the sphingosine N-acyltransferase also
catalyzes N-acylation of sphinganine and participates in cer-
amide synthesis in this organelle.

MATERIALS AND METHODS

Materials. The following materials were commercially ob-
tained: D-sphingosine, DL-erythro-dihydrosphingosine
(sphinganine), fatty acyl-CoA, aprotinin, 3-[(3-cholamido-
propyl) dimethylammonio]-1-propanesulfonate (CHAPS),
and concanavalin A (Con A) from Sigma Chemical Co. (St.
Louis, MO); leupeptin and antipain from Peptide Institute
(Osaka, Japan); n-octyl β-D-thioglucoside (OTG), phenyl-
methanesulfonyl fluoride (PMSF), 3,3′-diaminobenzidine
tetrahydrochloride, Triton X-100, horseradish peroxidase,
and celite from Wako Pure Chemical Co. (Osaka, Japan);
DE-32 from Whatman (Maidstone, England); and Sepharose
CL-6B from Pharmacia Biotech (Uppsala, Sweden).

Preparation of sphingosine-coated celite. Sphingosine
affinity column material was prepared according to the
method of Boulanger et al. (9). Briefly, 20 mg of sphingosine
in 20 mL chloroform was mixed with 10 g dried celite, and
the solvent was evaporated at 37°C under a nitrogen stream.
The lipid matrix was treated with 10 vol 100 mM Tris-HCl
buffer (pH 7.4)/1% glycine at room temperature overnight.
The sphingosine celite was washed with cold buffer B prior
to use as the column material.

Subcellular fractionation. Fresh bovine liver was obtained
from a local slaughterhouse and immediately rinsed with cold
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saline. The tissue (1 kg) was cut into pieces and homogenized
in 5 vol 20 mM Tris-HCl buffer (pH 7.4)/0.15 M NaCl/0.25
M sucrose (buffer A). After centrifugation at 1,000 × g for 10
min, the precipitate was removed, and the supernatant was
centrifuged at 5,000 × g for 20 min. The precipitate was sus-
pended with 5 vol buffer A, and the suspension was cen-
trifuged again at 5,500 × g for 15 min. The resulting precipi-
tate was collected and used as the mitochondrial fraction.

Solubilization and purification of ceramide synthase. All
steps were performed at 4°C. (i) Solubilization of ceramide
synthase: the mitochondrial pellet was suspended in 10 vol of
buffer A containing 2 µg/mL antipain, 20 µg/mL aprotinin, 5
µg/mL leupeptin, 2 mM EDTA, 2 mM PMSF, and 50 mM
OTG. The suspension was stirred for 2 h and then centrifuged
at 10,000 × g for 45 min. To the precipitate was added 5 vol
the same buffer, and the suspension was stirred for 1 h and
centrifuged. These supernatants were combined and dialyzed
against 20 mM Tris-HCl buffer (pH 7.8) for 16 h. (ii) DE-32
chromatography: the dialysate was applied to a column (5 ×
20 cm) of DE-32, preequilibrated with 20 mM Tris-HCl
buffer (pH 7.8). The proteins were eluted with a linear gradi-
ent of NaCl in the Tris buffer from 0 to 1.25 M at a flow rate
of 42 mL/h (fraction volume, 9 mL/tube). The active fractions
(tube No. 80-115) were collected and concentrated on a PM-
10 membrane (Amicon Co., Beverly, MA). The concentrate
was dialyzed against 20 mM Tris-HCl buffer (pH 7.4)/0.15
M NaCl (buffer B) for 16 h. (iii) Sphingosine affinity column
chromatography: the dialysate was applied to a column of
sphingosine-coated celite (1.6 × 10 cm), preequilibrated with
buffer B. After washing the column with buffer B, the ad-
sorbed proteins were eluted with a linear gradient of KI in
buffer B from 0 to 1.5 M at a flow rate of 18 mL/h (fraction
volume, 2 mL/tube). The highest enzyme activity was eluted
at 0.45 M KI. The active fractions (tube No. 16-20) were col-
lected and concentrated on a PM-10 membrane. The concen-
trate was dialyzed against buffer B for 16 h. (iv) Gel filtration
on Sepharose CL-6B: the dialysate was applied to a column
(1.6 × 40 cm) of Sepharose CL-6B, preequilibrated with
buffer B containing 1 mM OTG/10% glycerol. The proteins
were eluted with the same buffer at a flow rate of 13 mL/h
(fraction volume, 2 mL/tube). The active fractions were col-
lected and enzymatically characterized.

Assay of ceramide synthase. Ceramide synthase activity
was determined as described previously (8). Briefly, D-sphin-
gosine (800 nmol) in 100 µL of 20 mM Tris-HCl buffer (pH
7.4)/0.1% Tween 20 and stearoyl CoA (400 nmol) in 100 µL
of 20 mM Tris-HCl buffer (pH 7.4) were placed in a 12 × 100
mm screw-cap test tube. The suspension was further diluted
with the Tris buffer to a final volume of 450 µL. The enzyme
reaction was started by adding 200 µL of enzyme solution
plus 100 µL of liposome suspension (170–200 µg lipids). The
liposomes were prepared by using the lipids derived from the
mitochondrial membrane. The addition of liposome prepara-
tion increased the specific activity of solubilized ceramide
synthase by 2.3-fold (8). After incubation at 37°C for 90 min,
the enzyme reaction was terminated by adding 3 mL of chlo-

roform/methanol (2:1, vol/vol). The mixture was shaken and
centrifuged. A 2-mL portion of the lower layer was with-
drawn and mixed with chloroform/methanol (2:1, vol/vol)
and 10% (wt/vol) ammonium sulfate (1 mL each). The mix-
ture was shaken and centrifuged. The lower layer was with-
drawn and evaporated to dryness. The dried sample was al-
lowed to react at 65°C for 15 min with benzoyl chloride and
pyridine. The benzoylated ceramide was detected by high-
performance liquid chromatography on a silica column with
10% 2-propanol in n-hexane as mobile phase.

Determination of protein. Protein concentration was deter-
mined by the method of Lowry et al. (10), using bovine serum
albumin as reference.

Gel electrophoresis and sugar chain staining. Samples
were analyzed by electrophoresis on a 12% SDS-polyacry-
lamide gel under unreducing conditions (11). The separated
proteins were stained with Coomassie Brilliant Blue R. For
the sugar chain staining (12), proteins were transferred from
the gel to a nitrocellulose membrane, using a semidry elec-
troblot system (Sartoblot; Sartorius Co., Göttingen, Ger-
many). The membrane was incubated at 25°C for 10 min with
2% bovine serum albumin in 50 mM Tris-HCl buffer (pH
7.4)/0.2 M NaCl and subsequently for 30 min with 50 µg/mL
Con A in the Tris buffer. After washing, the membrane was
further incubated for 30 min with 50 µg/mL peroxidase in the
Tris buffer. After washing, peroxidase reaction was carried
out at 25°C with 0.06% 3,3′-diaminobenzidine tetrahy-
drochloride and 0.01% H2O2 in the Tris buffer. 

Enzyme unit. One unit (U) was defined as the amount of
enzyme which forms 1 nmol of stearoylsphingosine per min
at 37°C.

RESULTS AND DISCUSSION

Solubilization of enzyme activity. Prior to purification experi-
ments, we examined the effects of various detergents on the
solubilization of ceramide synthase activity from the mito-
chondrial fraction (Fig. 1). Although Triton X-100 most ef-
fectively solubilized the mitochondrial proteins, it inhibited
the enzyme activity in a concentration-dependent manner.
CHAPS was at least a better detergent than Triton X-100 for
solubilization of the mitochondrial proteins. However, the
solubilized enzyme activity was very low (0.03 U/mg protein
at 50 mM CHAPS). OTG was able to solubilize ceramide
synthase (0.15 U/mg protein at 50 mM OTG) without solubi-
lization of a large bulk of the mitochondrial proteins. Evi-
dence in endoplasmic reticulum suggests that ceramide syn-
thesis occurs on the cytoplasmic face (12). OTG might solu-
bilize effectively the ceramide synthase that associates
weakly with the outer side of the membranes. From these re-
sults, we used 50 mM OTG upon the solubilization of cer-
amide synthase. The buffered detergent also contained the
following protease inhibitors: antipain, aprotinin, leupeptin,
EDTA, and PMSF. As shown in Figure 2, these protease in-
hibitors greatly effected the stability of solubilized enzyme
activity.
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Enzyme purification. Table 1 summarizes the results of a
typical purification of ceramide synthase from bovine liver
mitochondrion-rich fraction. Buffered OTG containing the
protease inhibitors solubilized the enzyme activity with yield
of 82.7%. The OTG extract was next applied to a DE-32 col-
umn. At this stage, the enzyme was purified 10.5-fold from
the starting mitochondria with yield of 67.4%. The enzyme
fraction was subsequently bound to a sphingosine-celite col-
umn and eluted by increasing KI gradient from 0 to 1.5 M
(Fig. 3). The eluate exhibited a 75.3-fold increase in the spe-
cific activity. The column was able to be used several times
for the purification of this enzyme. Gel filtration on Sepharose
CL-6B yielded two peaks of ceramide synthase activity
(Fig. 4). One minor activity appeared as the initial pass-
through fraction, while the other major activity was estimated
in fractions having the molecular masses of 240–260 kDa.
The latter active fraction was collected and concentrated. The
final enzyme preparation did not contain the affinity column
material, celite, and had a specific activity of 14.8 U/mg pro-
tein and a 98.7-fold purification. The low purification factor
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FIG. 1. Effects of various detergents on the solubilization of ceramide
synthase activity from bovine liver mitochondria. Mitochondrial pellet
was suspended in 10 vol buffer containing various concentrations of (A)
Triton X-100, (B) CHAPS, or (C) OTG. The suspension was stirred at 4°C
for 2 h, and then centrifuged at 10,000 × g for 45 min. The protein con-
centration (●●) and ceramide synthase activity (●) were determined as
described in the Materials and Methods section. The data represent the
mean of duplicate experiments.

FIG. 2. Effects of protease inhibitors on the stability of the ceramide syn-
thase activity solubilized from the mitochondrial pellet. Ceramide syn-
thase was solubilized with (A) buffered n-octyl β-D-thioglucoside (OTG)
alone (A) or (B) buffered OTG containing antipain, aprotinin, leupeptin,
EDTA, and phenylmethanesulfonyl fluoride. After centrifugation, the
enzyme activity was determined as described in the Materials and
Methods section. Each bar represents the mean ± SD of triplicate exper-
iments.

TABLE 1
Purification of Ceramide Synthase from Bovine Livera

Step Total Total Specific
protein activity activity Purification Yield

(mg) (U) (U/mg) (-fold) (%)

Mitochondria 2580 387 0.15 1 100
OTG extractb 1526 320 0.21 1.40 82.7
DE-32c 165 261 1.58 10.5 67.4
Sphingosine-celite 2.81 31.8 11.3 75.3 8.22
Sepharose CL-6Bd 1.04 15.4 14.8 98.7 3.98
aThe starting material was 1 kg bovine liver. Enzyme activity was determined
as described in the Materials and Methods section. One unit (U) is defined
as 1 nmol stearoylsphingosine formed/min.
bWako Pure Chemical Co. (Osaka, Japan).
cWhatman (Maidstone, England).
dPharmacia Biotech (Uppsala, Sweden).

FIG. 3. Sphingosine affinity column chromatography. Column proce-
dures were as described in the Materials and Methods section. ●●, ab-
sorbance at 280 nm; ●, enzyme activity.



may be partly caused by the labile enzyme activity. Although
the ceramide synthase activity was higher in the presence of
liposomes, we failed to keep the enzyme activity stable at low
temperatures. An additional method is needed for stabilizing
the enzyme activity.

Physicochemical properties of the partially purified en-
zyme. Analysis of the enzyme preparation on 12% SDS-poly-
acrylamide gel electrophoresis under unreducing conditions
revealed two major protein bands of 62 kDa and 72 kDa
(Fig. 5). To assess whether these proteins have oligosaccha-
ride chains, they were transferred to a nitrocellulose sheet and
detected by the Con A-peroxidase method (12). The two pro-
tein bands were bound to Con A and stained by peroxidase
reaction. A minor band of 69 kDa was also observed (data not
shown). The different molecular mass of this enzyme, deter-
mined on gel filtration (Fig. 4) and on SDS-polyacrylamide
gel electrophoresis (Fig. 5), suggests that the ceramide syn-
thase was present in the buffer solution as a subunit form, or
simply in aggregated form with these proteins. Such a high-
molecular-weight nature of the enzyme has been observed in
gel filtration of the preparation solubilized from rat liver mi-
crosomes (5).

Substrate specificity and other enzymic properties of the
partially purified enzyme. The influence of pH on the ce-
ramide synthase activity was examined, using sphingosine
and stearoyl-Co A as substrates. As shown in Figure 6, the
enzyme activity was maximal at pH 7.5: more than 70% of
the maximal activity was obtained over the pH range 7.0–8.0.
Substrate specificity of the partially purified enzyme was also
determined with various acyl (C6–C22)-CoA and sphingosine
or with stearoyl-CoA and sphinganine as substrates (Table 2).
CoA esters having regular chain (C16–C18) were good sub-
strates. Very long chain (C22) or short chain (C6–C12) de-
creased the function as substrate. The observed substrate
specificity is adequate, when considering the majority of
stearoyl- and palmitoyl-chains in naturally occurring cer-

amides. The partially purified enzyme could form dihydrocer-
amide with stearoyl-CoA and sphinganine as substrates. The
Km values determined for sphingosine and sphinganine were
almost identical (171 and 144 µM). However, when the latter
substrate was utilized, the putative dihydroceramide dehydro-
genase present in the mitochondria still awaits definitive en-
zymological characterization. There is also some evidence for
ceramide synthesis by reversal of ceramidase (6,7). The par-
tially purified enzyme had no ceramidase activity at pH 4.5,
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FIG. 4. Sepharose CL-6B chromatography. Column procedures were as
described in the Materials and Methods section. ●●, absorbance at 280
nm; ●, enzyme activity.

FIG. 6. Effect of pH on the purified enzyme activity. Enzyme activity
was determined using stearoyl-CoA and sphingosine as substrates.
Buffers used: ●●, phosphate buffer; ●, Tris-HCl buffer. The data repre-
sent the mean of duplicate experiments.

kDa
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FIG. 5. Molecular mass determination of the purified enzyme on SDS-
polyacrylamide gel electrophoresis. About 5 µg of the final preparation
was applied on a 12% gel as described in the Materials and Methods
section. Molecular mass markers: 97 kDa, phosphorylase b; 66 kDa,
bovine serum albumin; 42 kDa, aldolase; 30 kDa, carbonic anhydrase;
and 20 kDa, soybean trypsin inhibitor.



when examined using stearoylsphingosine as substrate (data
not shown). Thus, the partially purified enzyme may partici-
pate in the mitochondrial ceramide (dihydroceramide) syn-
thesis. To better understand the mechanism of ceramide syn-
thesis, purification of the mitochondrial enzyme to a homoge-
neous state and also the purification of ceramide synthase
from the microsomal fraction are needed.

The next step following ceramide formation is the biosyn-
thesis of sphingomyelin (13) or glucosylceramide (14) in
Golgi compartments. The transportation mechanism of cer-
amide is not known at present. Saposin D is a candidate for
the ceramide-transporting protein, because of its ability to
form a complex with ceramide (15). However, saposins A–D
are mainly localized in lysosomes and activate the degrada-
tion of several sphingolipids by acid hydrolases (for review,
see Refs. 16 and 17). Recently, we purified a ceramide-bind-
ing protein from bovine brain cytosol fraction, whose N-ter-
minal amino acid sequence was completely different from
those of saposins A–D (Kihara, T., Soeda, S., and Shimeno,
H., unpublished work). If the novel binding protein present in
cytosol acts as a ceramide transporter, the pathway that cer-
amide is directly synthesized from sphingosine and acyl-CoA
on the mitochondrial compartments and followed by the
transportation to another compartment to form glycosphin-
golipids or to function as a lipid mediator of signal transduc-
tion (18,19) will be acceptable. We are currently examining
the physiological function of the ceramide-binding protein.
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TABLE 2
Substrate Specificity of the Purified Ceramide Synthasea

Kinetic parameter

Substrate Km (µM) Vmax (U) Vmax/Km

Sphingosine (500 µM) plus
Hexanoyl-Co A [C6:0] 522 1.88 0.0036
Lauroyl-Co A [C12:0] 358 1.75 0.0049
Palmitoyl-Co A [C16:0] 141 7.68 0.0545
Stearoyl-Co A [C18:0] 146 11.11 0.0761
Behenoyl-Co A [C22:0] 299 2.53 0.0085
Oleoyl-Co A [C18:1] 180 7.25 0.0403

Stearoyl-Co A (500 µM) plus
Sphingosine 171 11.33 0.0663
Sphinganine 144 8.54 0.0593

aEnzyme activity was determined as described in the Materials and Methods
section, using various concentrations (10–800 µM) of substrates. Kinetic pa-
rameters were obtained from Lineweaver-Burk plot analyses. Km and Vmax
were calculated from the plot x and y intercepts, respectively. The data rep-
resent the mean of duplicate experiments.



ABSTRACT: N-Acylphosphatidylserines have been isolated
from intact and injured tissues, but the participation of such
acidic phospholipids in membrane aggregation and fusion has
not been demonstrated. We have synthesized N-stearoylphos-
phatidylserine (NSPS) and examined divalent-cation-induced
aggregation of NSPS-liposomes, which leads to membrane
destabilization and fusion. The purified lipid was characterized
by its chromatographic and spectroscopic (infrared and 1H nu-
clear magnetic resonance) properties and by its chemical degra-
dation pattern. Aggregation of unilamellar NSPS-liposomes was
studied as a function of calcium and magnesium concentration.
The ability of calcium and magnesium to induce vesicle aggre-
gation is higher for phosphatidylserine (PS)-liposomes (thresh-
old concentration 1.5 mM for calcium and 4.6 mM for magne-
sium) than for NSPS-liposomes (threshold concentration 2.8
mM for calcium and 6.6 mM for magnesium). The irreversibility
of the aggregation reactions after adding EDTA suggests that
vesicle fusion might occur in the presence of calcium and mag-
nesium. Preliminary studies, based on mixing of both lipid and
internal aqueous contents, show that fusion rather than aggre-
gation of NSPS-liposomes occurs in the presence of calcium
ions. The tendency of NSPS-liposomes to aggregate at higher
cation concentrations than PS-liposomes suggests that N-acyla-
tion of phosphatidylserine protects the membrane against de-
generative damage caused by aggregation and fusion. 
Lipids 33, 607–616 (1998).

Amide-linked fatty acids occur in nature mainly in sphin-
golipids as part of their ceramide (N-acylsphingosine) back-
bone. In contrast, the primary amino groups of glycerophos-
pholipids, such as phosphatidylethanolamine (PE) and phos-
phatidylserine (PS), are not usually N-acylated. Nevertheless,
N-acylphosphatidylethanolamines (NAPE) were originally
detected in wheat flour (1), and the occurrence of these phos-
pholipids as natural constituents is now well established.

Their presence has been demonstrated in microorganisms
(2–4), in cotyledons of cottonseeds (5), in higher plants (6,7),
in fish brain and spinal cord (8), in the granular cells from pig
epidermis (9), in dog brain (10), in bovine erythrocytes (11),
in degenerating baby hamster kidney cells (12), in infarcted
canine myocardium (13), and in ischemic brain of immature
rats after decapitation (14). Moreover, N-acylphosphatidyl-
serines (NAPS) have been identified in sheep erythrocytes
(15), in the central nervous system of freshwater fish (8), and
in bovine brain (16). It has also been reported that NAPS ac-
cumulate in the bacterium Rhodopseudomonas sphaeroides
when it is grown in 20 mM Tris (17–19), but Schmid et al.
(20) established the identity of this lipid as phosphatidyl-Tris
rather than NAPS.

Both NAPE and NAPS are negatively charged lipids with
one more hydrophobic chain than the more common glyc-
erophospholipids. N-Acyl phospholipids are found only in
measurable amounts in mammalian tissues in normal physio-
logical conditions. However, they can accumulate under con-
ditions of degenerative change involving disintegration or di-
gestion of membranes, although their natural occurrence never
surpasses 20% of the total phospholipid content. This can
occur as the result of normal metabolism, e.g., as in the granu-
lar cells of the epidermis (12,21) and, possibly, in certain pop-
ulations of erythrocytes (22) or as the result of ischemic injury
(8,16), infarction (13), cancer (23), or other pathological con-
ditions (22). Since N-acyl derivatives may appear only after
cell death, when degenerative changes begin (14), they may
be detected only in small amounts, if at all, in healthy cells.
Nevertheless, in some pathological conditions there are mea-
surable amounts of such derivatives before death.

More recently, Hansen et al. (24,25) have shown the dose-
dependent glutamate-induced formation of NAPE and 
N-acyl-ethanolamines (NAE) mediated by the N-methyl-D-
aspartate receptor in primary cultures of mouse neocortical
neurons. Because primary cultures of cerebral cortical neu-
rons provide a sensitive and well-characterized in vitro
model for investigation of the excitotoxic action of amino
acids such as glutamate, the authors suggest that NAPE and
NAE are formed during neuronal death, that these com-
pounds may be a defense mechanism after the exposure of
the neurons to glutamate, and that these compounds may be
used as markers of neurotoxicity. Furthermore, the formation
of NAE by injured neurons may induce apoptosis in neigh-
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boring neurons, which reduces the impact of a local neuronal
injury within the brain.

Different biological properties have been attributed to
NAPE, to NAPS, and to their alkylacyl analogs. The effect of
the two N-acylated phospholipids on the activity of delipi-
dated and solubilized lysosomal glucocerebrosidase, a lipid-
requiring enzyme, is opposite (26,27). NAPE was reported
(22) to lower serum triacylglycerols in rats made hyper-
lipidemic through oral administration of Triton WR-1339. 
1-Alkyl-2-acyl-glycerophospho(N-acyl)PE show antineoplas-
tic activity (28). 1-Alkyl- and 1-acyl-2-acetyl-glycerophos-
pho(N-acetyl)PE act as inhibitors of the platelet-activating
factor (1-alkyl-2-acetyl-glycerophosphocholine) (22).

It has been postulated that NAPE protect the membrane by
stabilizing the lipid bilayer and by maintaining cell compart-
mentalization following tissue damage (22). This premise is
based on data from animal systems that demonstrate the ac-
cumulation of NAPE only in degenerative conditions (13,14)
and from biophysical studies of aqueous dispersions of
NAPE, which indicate that these lipids stabilize a bilayer con-
formation where nonlamellar phases would otherwise be fa-
vored (22,29,30). Nevertheless, we have also established the
influence of NAPE on the fusion properties of phospholipidic
vesicles used as models of biomembranes (31). 

Although N-acylation converts nonbilayer unsaturated PE
into a bilayer lipid, the addition of Ca2+ can reverse the bi-
layer-stabilizing effect. Thus, NAPE may be involved in
membrane fusion, induced by Ca2+, responsible for the dis-
ruption of the sarcolemma. This hypothesis is corroborated
by the following findings: (i) the discovery of a calcium-de-
pendent acyl-transferase in membrane cells (32,33), (ii) the
presence of N-acylated glycerophospholipids in heart cells
after myocardial infarct (13), and (iii) the proposal by Post
and co-workers (34,35) that cellular degradation in myocar-
dial infarct could be the result of an increase in intracellular
Ca2+ due to ischemia.

Even though NAPSs have been isolated from natural
sources and prepared via semisynthetic procedures, there are
no published data on the participation of such acidic phospho-
lipids in membrane processes like permeability and fusion.
The present paper deals with the synthesis and characteriza-
tion of the N-stearoyl derivative of PS (NSPS) and examines
the calcium- and magnesium-induced aggregation of NSPS-
liposomes, which leads to fusion. Our results suggest that
N-acylation of PS protects the membrane against damage by
aggregation and fusion, since it eliminates the free fatty acids
that destabilize membrane structure and since NSPS-lipo-
somes have been found to aggregate at higher cation concen-
trations than PS-liposomes. 

MATERIALS AND METHODS

Chemicals. Egg lecithin (65%; Merck A.G., Darmstadt, Ger-
many) for synthesis was purified by aluminum oxide column
chromatography and thin-layer chromatography (TLC) before
use. L-Serine and stearoyl chloride, used in the synthesis of

PS and NAPS respectively, and dipalmitoyl PS, used as stan-
dard for analytical TLC, were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). The fluorophore-labeled phospho-
lipids, N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-PE (NBD-PE)
and N-(lissamine Rhodamine B sulfonyl)-PE (Rh-PE) 
were obtained from Avanti Polar Lipids (Birmingham, AL).
TbCl3 · 6H2O and dipicolinic acid (DPA), used in the mixing
assay for the aqueous content, were from Ventron (Seymour,
Stockport, England) and Sigma, respectively. All other
reagents were of analytical grade. Water was twice-distilled
(Millipore systems), and all organic solvents were redistilled
before use.

Preswollen CM-cellulose (CM 52, sodium form; What-
man, Maidstone, England), used to purify PS, was suspended
in methanol and decanted several times to remove small fibers
before use. Columns were packed as described by Rouser (36)
for DEAE-cellulose, and were provided with a glass wool
plug and some glass beads on top of the bed in order to avoid
disturbance of the adsorbent during solvent changes. Before
applying the lipids, methanol was removed by eluting with 3
bed volumes of chloroform/methanol (1:1, vol/vol) and 7 bed
volumes of chloroform. The lipid was applied to the column
dissolved in chloroform (≤50 mg lipid/mL) with a maximal
amount of 5 mg lipid/mL of bed volume. The column was
eluted with 3, 20, 3, 3, and 9 bed volumes of chloroform/
methanol (vol/vol) 1:0, 4:1, 7:3, 3:2, and 1:1, respectively.
The flow rate was 0.48 mL/min. The column was reused after
washing with 10, 3, and 7 bed volumes of methanol, chloro-
form/methanol (1:1, vol/vol) and chloroform, respectively. 

Analytical TLC was performed on layers of silica gel G
(Sil G-25) purchased from Macherey-Nagel Düren (Düren,
Germany). Preparative TLC was carried out on 1-mm thick
layers prepared with silica gel H obtained from Merck (TLC-
Kieselgel 60H, 15 µm). Samples were made visible with io-
dine, by spraying with ninhydrin or ammonium molybdate in
H2SO4 or by charring.

Enzymes. Streptomyces species phospholipase D (E.C.
3.1.4.4.) Class VII was purchased from Sigma.

Synthesis of PS. PS was obtained by PC transphosphatidy-
lation with Streptomyces sp. phospholipase D (37) in the pres-
ence of L-serine. Peroxide-free diethyl ether (4.32 mL) was
added to 100 mg of dry PC and the mixture was sonicated (50
W for 1 min). Enzyme (70.3 U) and 2.6 g of L-serine were in-
troduced into the reaction vessel, dissolved in 7.3 mL of 0.2
M acetate buffer pH 5.6 (40 mM CaCl2), and the sonicated
PC/diethyl ether solution plus 3 additional mL of diethyl ether
were added. The reaction vessel was deaerated with N2. The
reaction was carried out at 30 ± 1ºC under continuous stir-
ring; the extent of the transphosphatidylation reaction was
checked by TLC (Table 1, solvent systems 1 and 2) at differ-
ent times. After 6 h, the reaction was stopped by the addition
of 14.6 mL of 0.1 M EDTA pH 5.6 and the mixture was
stirred for 10 min. Diethyl ether was removed under vacuum
and PS was extracted, first with a mixture of 14.6 mL of
CHCl3/MeOH (2:1, vol/vol) and then with 1.46 mL of water.
The lower layer was collected and further extracted three
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times with 14.7 mL of CHCl3. The combined organic extracts
were concentrated in a vacuum evaporator. PS was redis-
solved in CHCl3 and dried by anhydrous Na2SO4. The prod-
uct was purified by CM-cellulose column chromatography
and checked by 1H nuclear magnetic resonance (NMR) and
infrared (IR). Lipid concentrations were determined by phos-
phorus analysis (38).

Synthesis of NSPS. NAPS have been synthesized elsewhere
by acylation of bovine brain PS with fatty acid imidazolide
(16) in 45% yield, after purification with TLC. The yields of
their synthesis with fatty acid anhydride (18,19) were about
5% after purification by silicic acid column chromatography.
The synthesis using the carbonyldiimidazole derivative of
oleic acid (20) yielded 56% of NAPS after purification by
TLC. Finally, NSPS has been synthesized by reacting PS with
stearoyl chloride, analogous to NAPE synthesis (3), but the
purification procedures and yields were not reported.

In the present study, PS was converted to NSPS following
essentially the method proposed by Dawson et al. (6) for
NAPE synthesis. Stearoyl chloride (0.157 mmol) and Et3N
(0.158 mL), used as catalyst, were added to 48 mg of PS dis-
solved in 19 mL of ethanol-free CHCl3. The reaction mixture
was deaerated under N2 and stirred for 90 min. The reaction
was stopped by addition of 5% HCl to hydrolyze the
remaining stearoyl chloride. The triethylammonium chlor-
ide formed was removed by six washes in water, and the
organic phase was dried by anhydrous Na2SO4. NSPS was
purified by preparative TLC on silica gel H using first
CHCl3/MeOH/NH3 (28%) (Table 1, solvent system 4) and
then hexane/diethyl ether/formic acid (Table 1, solvent sys-
tem 6) as eluents. The product was extracted from the adsor-
bent with CHCl3/MeOH/H2O (10:21:10). Chloroform and
water were added to the eluate to give a final ratio of
20:21:20, and the lower layer was removed and dried. The
amide bond was detected by IR and 1H NMR. Gas–liquid
chromatography (GLC) was used to confirm the incorpora-
tion of the third fatty acid chain.

IR spectra. These were obtained from a film of lipid chlo-
roform solutions (approximately 5 mg/mL) on KCl crystals
by using a Perkin-Elmer 687 IR spectrophotometer. All spec-
tra were recorded at room temperature against a KCl crystal
reference.

NMR spectra. 1H NMR (200 MHz) spectra were recorded
on a Varian XL-200 spectrometer operating in the Fourier
transform mode. Samples (15–25 mg lipid/mL) were mea-
sured in 5 mm o.d. sample tubes at room temperature. Typi-
cally, 200–300 scans were averaged. CDCl3 was used as sol-
vent and for field frequency locking purposes. Chemical
shifts are expressed in parts per million (ppm) downfield from
tetramethylsilane, which was used as the internal standard.

Fatty acids analysis. Fatty acids were converted into fatty
acid methyl esters (FAME) and analyzed by GLC on a Perkin-
Elmer 990 gas chromatograph equipped with a flame-ioniza-
tion detector. Data were obtained with a 2 m × 2 mm i.d. col-
umn packed with 15% polymeric ethylene glycol succinate
as stationary phase on Chromosorb W (100–120 mesh; Johns-
Manville, Denver, CO). Helium at 30 mL/min was used as
carrier gas. Injector, column, and detector temperatures were,
respectively, 230, 188, and 250°C. Samples were applied as
hexane solutions.

Preparation of liposomes. Liposomes were prepared by a
classical method. NSPS was dissolved in CHCl3, and the sol-
vent was evaporated under a stream of nitrogen gas to deposit
a lipid film on the wall of a glass test tube. Final traces of
residual solvent were removed under vacuum for 12 h. Multi-
lamellar vesicles were prepared by vortexing the dried lipid
film (0.5 mg/mL) with 20 mM Tris-HCl buffer (pH 7.4) con-
taining 100 mM NaCl and 0.1 mM EDTA. Small unilamellar
vesicles were prepared by sonication of the phospholipid sus-
pensions for 20 min (with intervening periods of 30 s every
90 s) in a Braun Labsonic 2000 probe sonifier equipped with
a 9.5-mm probe, operating at 48 W. During sonication the
suspension was kept at 45°C under a nitrogen stream. Tita-
nium particles and possible undispersed lipids were removed
by centrifugation. It was verified by TLC that the lipid did not
suffer degradation due to sonication. Before use, the liposome
dispersion was passed through a 0.45 µm filter.

Assay of vesicle aggregation. Vesicle aggregation was
monitored by continuous measurements of the turbidity of the
liposome suspensions at 400 nm for 2 min. The optical den-
sity changes were monitored with a Hewlett-Packard 8540A
ultraviolet/visible spectrophotometer equipped with a Peltier
temperature control cell and continuous stirring. The NSPS
concentration for the aggregation assay was 0.05 mg/mL.
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TABLE 1
Rf Values in Thin-Layer Chromatographya (TLC) of N-Stearoyl-phosphatidylserine (NSPS) and Its Precursors in Different Solvent Systems

Solvent systemb

Sample 1 2 3 4 5 6 7

PC 0.31 ± 0.03 0.46 ± 0.03 0.30 ± 0.02 — — — —
PS 0.53 ± 0.07 0.14 ± 0.01 0.21 ± 0.04 0.10 ± 0.02 0.52 ± 0.02 0 0.11 ± 0.02
NSPS — — 0.36 ± 0.05 0.26 ± 0.06 0.89 ± 0.07 0 0.41 ± 0.03
Stearic acid — — — 0.44 ± 0.05 — 0.46 ± 0.05 0.46 ± 0.05
Stearoyl chloride — — — 0.39 ± 0.06 — 0.41 ± 0.06 0.37 ± 0.05
aAdsorbent: Silica gel G (Merck).
bSolvent systems: 1, chloroform/methanol/acetic acid/water (50:25:7:3, by vol); 2, chloroform/methanol/ammonium hydroxide (28%) (50:25:6); 3,chloro-
form/methanol/water (65:25:4); 4, chloroform/methanol/ammonium hydroxide (28%) (65:25:5); 5, chloroform/methanol/acetone/acetic acid/water
(50:20:10:10:5); 6, hexane/diethyl ether/formic acid (40:10:1); 7, chloroform/methanol/ammonium hydroxide (28%) (40:10:1). The data represent the mean
± SD of at least five determinations. PC, phosphatidylcholine; PS, phosphatidylserine.



Measurements were performed at 20°C before and after the
addition of small aliquots of concentrated calcium and mag-
nesium salt solutions to the liposome suspensions. In order to
avoid initial bubbling problems or the formation of large vesi-
cles, we report the increments of absorbance after 20 s of
cation addition. The threshold concentrations (ct) for the ag-
gregation process were calculated as described by Ohki (39).

Light-scattering measurements. The size distribution of
unilamellar phospholipid vesicles, with or without added di-
valent ions, was analyzed by dynamic light scattering using a
PCS41 optics unit (Malvern Autosizer IIc) and a 5-mW He-
Ne laser (Spectra Physics) at an excitation wavelength of 633
nm. The data were collected with a Malvern 7032N 72 data
channel correlator, and the mean hydrodynamic diameter was
calculated from a cumulant analysis of the intensity autocor-
relation function. The possible reversibility of the aggrega-
tion reaction was verified by adding EDTA to the aggregated
vesicles at six times the concentration of divalent ions and
measuring the size again after 2 min of incubation.

Assay of vesicle fusion. The fusion of vesicles induced by
calcium ions was measured by monitoring the mixing of the
lipid and mixing of the internal aqueous contents using fluo-
rescent probes. 

Lipid mixing was measured, using a modification of the
fluorescence resonance energy transfer assay of Struck et al.
(40), to show the fusion of liposomal membranes. Two popu-
lations of small unilamellar NSPS vesicles were prepared:
one with NBD-PE and Rh-PE at 1 and 0.5 mole%, respec-
tively, with respect to the total lipid at the membrane (0.05
mg/mL) and the other without fluorescent probes. The fluo-
rescence-labeled liposomes and a ninefold excess of unla-
beled vesicles were mixed at 20°C to study the dilution of the
fluorescent lipids by continuous monitoring of the decrease
in energy transfer from NBD-PE to Rh-PE using a Kontron
SFM 25 spectrofluorimeter at excitation and emission wave-
lengths of 440 and 536 nm, respectively. Maximal fluores-
cence was determined using reference liposomes containing
0.1% NBD-PE and 0.05% Rh-PE. Measurements were per-
formed at 20°C for 2 min after the addition of small aliquots
of a concentrated CaCl2 solution to the liposome suspensions.
Light-scattering controls were performed using unlabeled
vesicles. The percentage of maximal fluorescence was calcu-
lated as:

[1]

where Ft = fluorescence intensity at time t; F0 = fluorescence
intensity at zero time; FT = fluorescence intensity in the pres-
ence of 0.7% of Triton X-100. R and S represent the same
measurements for reference liposomes and light-scattering
controls, respectively (41).

A modification of the method of Nir et al. (42) was used
for mixing assay for the aqueous contents. Three populations
of unilamellar vesicles (0.05 mg lipid/mL) were prepared in
the following solutions: (i) 10 mM TbCl3·6H2O/100 mM ni-

trilotriacetic acid/20 mM Tris-HCl buffer (pH 7.4), (ii) 100
mM DPA/20 mM NaCl/20 mM Tris-HCl buffer (pH 7.4) and
(iii) 5 mM TbCl3·6H2O/50 mM nitrilotriacetic acid/50 mM
DPA/10 mM NaCl/20 mM Tris-HCl buffer (pH 7.4). After
vesicle preparation, nonentrapped material was separated by
gel filtration of 0.4 mL of the liposomal suspension on a
Sephadex G-50 (Pharmacia Biotech, Uppsala, Sweden) col-
umn (200 × 10 mm) previously equilibrated with 100 mM
NaCl/0.75 mM EDTA/20 mM Tris-HCl buffer (pH 7.4). Li-
posomes were eluted by the solution used in the equilibration
process, and 1.6 mL of liposomes free of nonentrapped mate-
rial was collected. TbCl3 and DPA vesicles were mixed in a
1:1 molar ratio at a final lipid concentration of 0.05 mg/mL
for the fusion assay in a 100 mM NaCl/20 mM Tris-HCl
buffer (pH 7.4). Fluorescence measures were performed at
20°C for 2 min after the addition of small aliquots of a con-
centrated CaCl2 salt solution to the liposome suspensions in a
Kontron SFM 25 spectrofluorimeter at an excitation wave-
length of 276 nm. The emission fluorescence was measured
at 545 nm using a 530 cut-off filter to eliminate the contribu-
tion of light scattering. The value for 100% fusion was deter-
mined using the reference liposomes prepared with solution
(iii). Light-scattering controls were performed using unla-
beled vesicles. The percentage of fusion was calculated in the
same way as for the lipid mixing assay. 

Negative stain electron microscopy. Control NSPS lipo-
somes were prepared in 20 mM Tris-HCl buffer (pH 7.4) con-
taining 100 mM NaCl and 0.1 mM EDTA. To check the fu-
sion of NSPS liposomes, an aliquot of control liposomes was
incubated with Ca2+ (3 mM) for 2 min and then with EDTA
(16 mM) for 1 h. Vesicle fusion was monitored by negative
stain electron microscopy of liposome suspensions before and
after the addition of calcium and EDTA. A drop of the lipo-
some suspension was placed on a copper grid (400 mesh) for
90 s. Then buffer and liposome excess were drawn off and
quickly replaced by a drop of 2% ammonium molybdate so-
lution (pH 7.4). Finally, after 30 s the bulk of the heavy metal
solution was also drawn off. Thoroughly dry grids were ex-
amined in a Hitachi MT-600 electron microscope at an accel-
eration of 75 kV. 

RESULTS

Synthesis and characterization of NSPS. N-Acylserine phos-
pholipids occur as derivatives of 1,2-diacylglycerol and ex-
hibit the configuration indicated in Scheme 1. Sequential
degradation of these phospholipids can produce N-acylserine
lysophospholipids, glycerophospho-(N-acyl)serine and N-
acylserine. Thus, the synthesis of N-acylserine phospholipids
can be accomplished by converting PC to PS through a
transphosphatidylation reaction and by acylation of serine
phospholipids with fatty acyl chloride.

The conversion of PC to PS by Streptomyces sp. phospho-
lipase D proceeded with 87% yield. Crude PS was found to
contain the by-product phosphatidic acid and PC, and was
thus purified by TLC. Purified PS was obtained in 49.5%

% maximal fluorescence =  

Ft − St

FT − ST
−

F0 − S0

FT − ST
Rt − St

RT − ST
−

F0 − S0

FT − ST

×100
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yield and was identified by TLC (Table 1), by IR (Fig. 1) and
1H NMR (Table 2). The IR and NMR spectra were identical
to those reported in the literature (15,22,43). The analysis of
purified PS by GLC showed that the fatty acid composition
of PS and PC was the same (Table 3). This result indicates
that the enzyme does not prefer any particular molecular
species of PC during the transphosphatidylation process. 

Synthesis of NSPS proceeded with 82% yield. NSPS was
checked by TLC (Table 1), IR (Fig. 1), NMR (Table 2), and
GLC (Table 3). The increase in stearic acid for NSPS, as re-
vealed by FAME analysis, is consistent with the molar ratio
1:2 for the excess stearic acid/total fatty acids in PS, indicat-
ing that fatty acids at the sn-1 and sn-2 positions of the NSPS
are the same as in PS and that the excess stearic acid corre-
sponds to the third acyl chain incorporated owing to the acy-
lation process. Although the IR spectrum of NSPS was simi-
lar to that of PS, the strong absorption bands at 1660 cm−1

(C=O stretch of the secondary amide), 1530 cm−1 (NH defor-
mation), and 3380 cm−1 (NH stretch) indicated the presence
of an amide bond in the molecule. 

NSPS was obtained in 39% yield after purification by
preparative TLC on silica gel H plates, using two solvent sys-
tems as indicated in the Materials and Methods section. Crude
NSPS was contaminated by a considerable amount of stearic
acid, since stearoyl chloride was used in excess in the acyla-
tion reaction, and by some remaining PS. The purification
step using chloroform/methanol/ammonium hydroxide (28%)
(65:25:5) as solvent system eliminates all PS, but NSPS still
contained small amounts of stearic acid since the spots were
lengthened and there was a slight overlap. Stearic acid was
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SCHEME 1

TABLE 2
Chemical Shift Valuesa of 1H Nuclear Magnetic Resonance (NMR) 
of PC, PS, and NSPS

PC PS NSPS
Class of protons δH (ppm)a δH (ppm)a δH (ppm)a

–CH3 0.89 0.89 0.89
–CH2– 1.25 1.25 1.25
(CH3)3C–O–CO — — —
–COCH2CH2– 1.61 1.61 1.61
–CH2CH=CHCH2– 2.01 2.01 2.01
–COCH2– 2.29 2.29 2.29
–(CH=CH)-CH2–(CH=CH)– 2.80 2.80 2.80
CH–NH–CO–O– 2.95 — —
–N(CH3)3

+ 3.33 — —
–CH2N(CH3)3

+ 3.80 — —
PO–OCH2–CH (N,CO) 3.85 3.80 3.80
OH–CH2–OP — 4.15 4.08
–CH2O–P–OCH2- 4.15 — —
–CH2OCO 4.35 4.35 4.35
–CHNH — — 4.44
–CHNH2 — 4.45 —
–NH — — 4.83
CHOCO 5.23 5.24 5.24
–CH=CH– 5.34 5.34 5.34
POH — — —
CHCl3(residual) 7.26 7.26 7.26
–NH+

3 — 8.2 —
–COOH — — —

aSpectra were obtained from lipids dissolved in deuteriochloroform to a final
concentration of approximately 10–15 mg lipid/mL and required 200 tran-
sients. 1H NMR  spectra were acquired by using a Geminis-200 spectrome-
ter operating at 200 MHz in the Fourier transform mode at room tempera-
ture. Chemical shift values are expressed in parts per million (ppm) relative
to tetramethylsilane at 0 ppm. The underlined values correspond to the char-
acteristic shifts of each lipid. For abbreviations see Table 1.



eliminated by another TLC run using hexane/diethyl ether/
formic acid (40:10:1) as eluent.

The NSPS IR spectrum was similar to that found in the lit-
erature for NAPS isolated from sheep erythrocytes (15) and
bovine brain (16), or prepared by chemical acylation of
palmitoyl-oleoyl-PS (20,22). Chemical shift data for the 1H
NMR spectrum of NSPS are summarized in Table 2 and are
consistent with those found in the literature for N-oleoyl-
(palmitoyloleoyl)PS (20,22). 

Calcium- and magnesium-induced vesicle aggregation.
Aggregation of NSPS-liposomes was studied in the presence
of the divalent cations calcium and magnesium (Fig. 2). In
the simplest interpretation, the initial rate of change in the op-
tical density (increments of absorbance 20s after cation addi-
tion) of the liposome solutions measures the rate of aggrega-
tion of two vesicles. The sigmoidal plots, obtained when the
turbidity changes of NSPS-liposomes 20s after cation addi-
tion were plotted vs. increasing concentrations of the two di-
valent ions, show clear differences in the ability of these
cations to induce aggregation of NSPS-liposomes. For con-

centrations below 6 mM, calcium was found to be more ef-
fective than magnesium in inducing NSPS-liposomes’ aggre-
gation, but above 6 mM magnesium was more effective. The
effectiveness of both cations is higher for PS-liposomes
(threshold concentration 1.5 mM for calcium and 4.6 mM for
magnesium) than for NSPS-liposomes (threshold concentra-
tion 2.8 mM for calcium and 6.6 mM for magnesium), sug-
gesting that N-acylation of PS protects the membrane against
aggregation during any degenerative process.

The calcium-threshold concentrations for aggregation of
PS (1.5 mM) and NSPS (2.8 mM) are of physiological rele-
vance since the cytosolic level of calcium in unexcited cells
(typically 0.1–0.2 µM) is several orders of magnitude lower
than the concentration in the extracellular medium or in the
sarcoplasmic reticulum. However, this level can be raised
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FIG. 1. Infrared spectra of phosphatidylcholine (A), phosphatidylserine
(PS) (B), and N-stearoylphosphatidylserine (NSPS) (C). General absorp-
tion bands: (i) 2750–2950 cm−1 (CH stretching of CH2); (ii) 1370–1450
cm−1 (CH bending of CH3); (iii) 1090–1240 cm−1 [(RO)2(OH)P=O and
(RO)2PO2

− stretching].

TABLE 3
Percentage of the Total Fatty Acids Content

Percentage of the total fatty acidsa

Sample C16:0 C18:0 C18:1 C18:2 Others

PC 35.8 ± 0.8 12.5 ± 0.9 30.2 ± 0.2 19.1 ± 1.0 2.4 ± 0.2
PS 36.1 ± 1.1 12.1 ± 0.2 30.5 ± 0.6 18.6 ± 1.5 2.7 ± 0.2
NSPS 24.5 ± 0.1 41.2 ± 1.2 19.8 ± 2.2 12.6 ± 0.6 1.9 ± 0.1
aFatty acid contents were determined by gas–liquid chromatography (GLC)
of the fatty acid methyl esters produced via transmethylation. Data represent
the mean ± SD of at least three determinations. GLC was performed on a
Perkin-Elmer 990 gas chromatograph equipped with flame-ionization detec-
tor. Data were obtained with a 2 m × 2 mm i.d. column packed with 15%
polymeric ethylene glycol succinate as stationary phase on Chromosorb W
(100-120 mesh). Helium at 30 mL/min was used as carrier gas. Injector, col-
umn, and detector temperatures were, respectively, 230, 188, and 250°C.
Samples were applied as hexane solutions. For abbreviations see Table 1.

FIG. 2. Influence of calcium and magnesium concentrations on the ag-
gregation state of NSPS-liposomes. Turbidity changes were plotted vs.
[Ca2+] (●●,▼▼) and [Mg2+] (●,▼). The phospholipid vesicle concentra-
tion was 0.05 mg/mL of 20 mM Tris-HCl buffer (pH 7.4), containing 100
mM NaCl and 0.1 mM EDTA. Measurements were performed at 20°C.
(●●,●) PS control, and (▼▼,▼) NSPS. For abbreviations see Figure 1.



abruptly by transiently opening calcium channels in the
plasma membrane or an intracellular membrane, following
ischemia under conditions of degenerative change involving
disintegration and/or digestion of membranes. In this way, N-
acylation of PS would delay aggregation and fusion processes
due to cytosolic calcium increase. 

Particle size analysis and aggregation irreversibility. The
state of aggregation of unilamellar NSPS-liposomes induced
by the divalent cations calcium and magnesium was also
monitored by photon correlation spectroscopy. The results are
summarized in Figure 3. The initial size of NSPS-liposomes
prepared by sonication was in the range of 29–43 nm, but the
particle size increases in the presence of both cations. After
addition of EDTA to the aggregated vesicles only partial re-
versibility of NSPS-liposomes’ aggregation occurred, since
the liposomes did not return to the initial size, indicating that
divalent ions induce the formation of irreversible aggregates.
The irreversibility of the aggregation reactions after adding
EDTA suggests that vesicle fusion might occur in the pres-
ence of either cation. Systematic aggregation and fusion stud-
ies using different NAPS liposomes are now in progress. 

Calcium-induced NSPS-liposome fusion. Preliminary stud-
ies, based on mixing analysis for both lipid and internal aque-
ous contents (Fig. 4), show that fusion rather than aggrega-
tion of NSPS-liposomes occurs in the presence of calcium
ions. Figure 4A shows the percentage of fusion of NSPS-li-
posomes following lipid mixing after the addition of various
Ca2+ concentrations (1, 2, 3, and 4 mM). The increase in lipid
mixing depended on calcium concentration in the medium.
Mixing was inappreciable when 1 mM calcium was used,
whereas the extent of lipid mixing was of 60, 75, and 90% 2
min after the addition of 2, 3, and 4 mM of calcium, respec-
tively.

The results obtained when the mixing of the internal aque-
ous content was monitored are shown in Figure 4B. Aqueous
mixing was also a function of calcium concentration, but at
the same calcium concentration the extent of fusion measured
following mixing of aqueous contents was always lower than
the extent of fusion measured by lipid mixing; the mixing of
aqueous contents was less than 10% with 2 mM calcium. 

The increase in fusion with increasing calcium concentra-
tion in the medium correlates well with the calcium-induced
aggregation shown by turbidimetric assays. The lower mix-
ing for the internal aqueous content can be explained in two
ways. First, in lipid mixing measurements there may be a con-
tribution of fusion and semifusion processes. On the other
hand, the lower internal aqueous contents mixing can be ex-
plained by a loss of fluorescence due to the leakage of encap-
sulated Tb-DPA complex into the EDTA-containing medium. 

To confirm the fusion of NSPS-liposomes, transmission
electron micrographs were obtained before and after the cor-
relative incubation of control liposomes with 3 mM calcium
and 16 mM EDTA. The increase in the size of the vesicles in-
cubated with the divalent cation (Fig. 5) again demonstrates
the calcium-induced fusion of NSPS-liposomes.

DISCUSSION

Membrane fusion is a key event in the functioning of a living
organism. Thus, membrane fusion occurs in a very specific
and highly controlled fashion, and specific modulators deter-
mine when and where membrane fusion occurs. Membrane
fusion is an extremely complex process, and many primary
and secondary factors are involved in its induction and regu-
lation. A large number of different fusogenic lipids have been
proposed to be specifically involved in membrane fusion. The
presence of significant amounts of type II nonbilayer-prefer-
ring lipids in any biomembrane, and the fact that their phase
preference can be triggered and membrane fusion induced by
biological fusion factors, strongly suggest a central role for
type II nonbilayer-preferring lipids in biomembrane fusion
(44).

NAPS have been isolated from normal tissues (8,15,16);
but it is not possible to rule out their formation postmortem,
like NAPE (14). Although we have shown the participation
of the parent compounds NAPE  in membrane processes, like
permeability and fusion (29,31), there are no published re-
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FIG. 3. Effect of calcium and magnesium on NSPS-liposome size. The
state of aggregation of NSPS liposomes was monitored by photon corre-
lation spectroscopy in the presence of 3 mM calcium (A) and 6 mM
magnesium (B). Vesicle diameter was measured before and after addi-
tion of divalent cation. The reversibility of the aggregation reaction was
followed by vesicle size analysis after EDTA addition, at six times the
concentration of divalent ions, to the aggregated vesicles. For abbrevia-
tion see Figure 1.



sults on the participation of NAPS in such processes. Never-
theless, the group of Casal (45) has shown differences in the
phase behavior between the parent compound N-methylated
phosphatidylserine and PS, and they have indicated that N-
methyl-phosphatidylserine is also unusual in its interactions
with metal ions, but results on this latter aspect have not been
published. We have synthesized NSPS to examine divalent
cation-induced aggregation of NSPS-liposomes as a previous
step for membrane fusion. The conversion of egg transphos-
phatidylated PS to NSPS proceeded with 82% yield and, after
purification by preparative TLC on silica gel H plates using
two solvent systems, NSPS was obtained in 39% yield.

The purified NSPS was characterized by its chromato-
graphic and spectroscopic (IR and 1H NMR) properties and

by chemical degradation. Although the IR spectrum of NSPS
was similar to that of PS, the strong absorption bands at 1660
cm−1 (C=O stretch of the secondary amide), 1530 cm−1 (NH
deformation), and 3280 cm−1 (NH stretch) were indicative of
the presence of an amide bond in the molecule. Besides this,
the NSPS IR spectrum was similar to that found in the litera-
ture for the NAPS isolated from sheep erythrocytes (15) and
bovine brain (16), or prepared by chemical acylation of
palmitoyl-oleoyl-PS (20,22). In addition, chemical shift data
obtained from the 1H NMR spectrum of NSPS are consistent
with those found in the literature for N-oleoyl(palmitoy-
loleoyl)PS (20,22). On the other hand, the increase in stearic
acid for NSPS with respect to egg transphosphatidylated PS,
found by FAME analysis, agrees with the incorporation of
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FIG. 4. Ca2+-induced fusion of NSPS small unilamellar vesicles. (A) Lipid mixing; (B) internal aqueous contents mixing. Ca2+ [1 mM (●●), 2 mM (●),
3 mM (▼▼), and 4 mM (▼)] was added at t = 0 to a vesicle suspension of 0.05 mg lipid/mL. Fluorescence measures were done at 20°C. The percent-
age of maximal fluorescence at 536 nm (A) and at 545 nm (B) was calculated as described in the Materials and Methods section. For abbreviation
see Figure 1.

FIG. 5. Transmision electron micrographs of NSPS vesicles before (A) and after (B) their incubation with calcium (3 mM) for 2 min and then with
EDTA (16 mM) for 1 h. Bar: 100 nm (A) and 400 nm (B).



this fatty acid in the third chain by the acylation process.
These results indicate that the synthesized molecules are in-
deed NSPS.

The aggregation of NSPS-liposomes was studied in the
presence of calcium and magnesium. Clear differences were
found in the effectiveness of these cations in inducing aggre-
gation of NSPS-liposomes. The threshold concentrations of
these divalent ions were 2.8 mM for Ca2+ and 6.6 mM for
Mg2+; thus Mg2+ is much less potent than Ca2+ in inducing
aggregation of NSPS-liposomes. The analysis of NSPS-lipo-
somes by photon correlation spectroscopy shows a size in-
crease in the presence of divalent cations calcium and mag-
nesium, which agrees with the aggregation process observed
turbidimetrically. The fact that the liposomes do not return to
their initial size, after addition of EDTA to the aggregated
vesicles, indicates that the divalent cations induce the forma-
tion of irreversible aggregates and suggests that vesicle fu-
sion rather than mere aggregation might occur. Vesicle fusion
was demonstrated by transmission electron microscopy and
by the experiments showing both lipid and aqueous contents
mixing when calcium cations were added to NSPS-lipo-
somes. Nevertheless, the comparison of the results of photon
correlation spectroscopy and those of lipid and internal aque-
ous contents mixing shows that not all aggregates led to fused
vesicles. The addition of EDTA to the aggregated vesicles re-
moves the higher aggregates, but all the remaining ones are
still larger than the initial liposomes, indicating that the size
of liposomes does not return to the initial value. On the other
hand, the extension of fusion 2 min after calcium 3 mM addi-
tion is lower than 60%. 

The calcium threshold concentration obtained by us for the
aggregation of egg transphosphatidylated PS-liposomes is
similar to that reported for aggregation (46) and fusion (47)
in 0.1 M NaCl of unilamellar bovine brain PS vesicles. This
indicates that the PS headgroup is responsible for aggrega-
tion and fusion and, thus, our PS constitutes a good tool to
study the physiological consequences of PS acylation. The
threshold concentrations of calcium and magnesium ions for
aggregation of PS-liposomes were 1.5 mM and 4.6 mM, re-
spectively, indicating that Ca2+ binds to PS more strongly
than Mg2+. This difference in the threshold concentrations
correlates well with the results reported for the interaction of
calcium and magnesium with bovine brain PS (48,49).

The effectiveness of calcium and magnesium cations in in-
ducing vesicle aggregation and fusion is higher for PS-lipo-
somes than for NSPS-liposomes. Since we have studied the
effect of calcium and magnesium on the aggregation and fu-
sion properties of only one type of NAPS, it may be too early
to speculate on the effect of such acidic phospholipids on
membrane processes. However, it is likely that N-acylation of
PS provides a double protective effect against degerative
damage of membranes through aggregation and fusion mech-
anisms, since N-acylation decreases the sensitivity of PS to
calcium and magnesium ions and removes free fatty acids,
which have fusogenic properties. This result is consistent
with the postulated protective role for N-acyl derivatives of

PE (2,29,30), since, like N-acyl deriv atives of PE, NSPS
helps to stabilize a bilayer conformation under conditions in
which fusion may be favored. Moreover, this postulated pro-
tective effect is consistent with the defense mechanism postu-
lated by Hansen et al. (24,25) for the synthesis of NAPE re-
lated to the neuronal death induced by the exposure of cul-
tured cerebral cortical neurons to glutamate. 
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ABSTRACT: The major alkenes of the haptophytes Isochrysis
galbana (strain CCAP 927/14) and Emiliania huxleyi (strains
CCAP 920/2 and VAN 556) have been identified by nuclear
magnetic resonance spectroscopy and by mass spectrometric
analysis of their dimethyl disulfide adducts. The dominant
alkene in I. galbana is (22Z)-1,22-hentriacontadiene, with 1,24-
hentriacontadiene and 1,24-tritriacontadiene present in much
lower abundance; (22Z)-1,22-hentriacontadiene also occurs in
E. huxleyi (strain CCAP 920/2), together with (2Z,22Z)-2,22-
hentriacontadiene (the major hydrocarbon) and (3Z,22Z)-3,22-
hentriacontadiene. Minor abundances of 2,24-hentriacontadi-
ene and 2,24-tritriacontadiene are also present in this strain. In
contrast, the dominant alkene in E. huxleyi (strain VAN 556) is
(15E,22E)-1,16,23-heptatriacontatriene with the related alka-
triene 1,15,22-octatriacontatriene also present and (22Z)-1,22-
hentriacontadiene occurring as a minor component. From struc-
tural relationships (15E,22E)-1,15,22-heptatriacontatriene is
proposed to derive from the same biosynthetic pathway as that
of the characteristic C37 alkenones which occur in both E. hux-
leyi and I. galbana. The C31 and C33 dienes likely derive from
chain extension and decarboxylation of (Z)-9-octadecenoic acid
or (Z)-7-hexadecenoic acid, using a pathway analogous to that
elucidated previously in the chlorophyte Botryococcus braunii.
Therefore, long-chain dienes and trienes, which can co-occur
in haptophytes, may have distinct biosynthetic pathways.
Lipids 33, 617–625 (1998).

The Haptophyta (= Prymnesiophyta) are a distinct phylum of
photosynthetic eucaryotes found throughout the oceans and
in certain fresh waters (1). They constitute a high proportion
of marine biomass, certain species forming enormous blooms
observable from space (1). The characteristic C37 alkenones
observed in certain species, such as Emiliania huxleyi, are

typically amongst the most abundant lipids of Quaternary ma-
rine sediments (2), and the relative abundances of the compo-
nents with different degrees of unsaturation are used as a
paleo-sea surface temperature proxy (Uk

37 and Uk′
37) (3,4).

Haptophytes can also contain significant abundances of C31
and C33 alkadienes in addition to C37 and C38 alkatrienes
(5–7). However, the diene components have not been reported
in those marine sediments where alkenones occur in high
abundance and the C37 and C38 hydrocarbons may or may not
be present (2). Indeed, in a study of the Black Sea, C31 dienes
were abundant in surface particulates but disappeared with
depth and were absent from the bottom sediment. In the same
sediments the alkenones were in high abundance and a C37
and a C38 triene were still present (8).

Although the positions of the double bonds in haptophyte
alkenones are known and their stereochemistry has been es-
tablished as trans (9), the long-chain alkenes have not been
characterized. Therefore, as part of a wider investigation into
the reasons for the differing labilities of long-chain lipids to
biodegradation, we have fully elucidated the structures of the
major haptophyte alkenes. 

EXPERIMENTAL PROCEDURES

Culture conditions. Isochrysis galbana (CCAP 927/14) was
cultured in artificial seawater medium (F/2). Emiliania hux-
leyi strains CCAP 920/2 and VAN 556 were cultured in fil-
tered (0.6 µm) pasteurized seawater. All cultures were kept
under continuous aeration and light and were harvested at sta-
tionary phase after confirmation that the cultures were axenic.

Hydrocarbon isolation. Freeze-dried cells (5–10 g) were
extracted using ultrasonication in 2:1 dichloromethane/meth-
anol, the solvent being removed by rotary evaporation. The
hydrocarbon fraction was isolated from the extract using sil-
ica gel column chromatography (~5 g silica) and eluting with
hexane (5 column volumes). The fraction was purified further
by silica gel thin-layer chromatography (TLC; Rf = 0.95–1.0),
developing with hexane.

Gas chromatography (GC). GC was carried out using a
Carlo Erba 5300 instrument equipped with a polysiloxane
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capillary GC column (CP Sil 5CB, 50 m, 0.12 µm film, 0.32
mm i.d.; Chrompack, The Netherlands), using hydrogen as
carrier gas. The temperature program was 40 (isothermal 2
min)–250°C at 12°C min−1, 250–300°C at 4°C min−1 (iso-
thermal 30 min). Dimethyl disulfide adducts were analyzed
under similar conditions, utilizing an HT-5 GC capillary col-
umn (25 m, 0.1 µm film, 0.32 mm i.d.; SGE, Victoria, Aus-
tralia); the temperature program was 40 (isothermal 2
min)–250°C at 12° min−1, 250–370°C at 4° min−1 (isothermal
30 min). Quantitation of the alkenes was undertaken using
flame-ionization detection with n-tricosane (99%; Sigma,
Dorset, United Kingdom) as internal standard.

GC–mass spectrometry (GC–MS). GC–MS of the hydro-
carbon fractions was undertaken in electron impact (EI) mode
(70 eV, scan time 1 s; m/z 50 to 750) using a Finnigan MAT
4500 instrument and helium as carrier gas. GC conditions
were as above.

Nuclear magnetic resonance (NMR) spectroscopy. NMR
analyses were carried out on a Jeol GX400 spectrometer oper-
ating at 400 MHz for 1H and 100 MHz for 13C. Samples were
analyzed in deuterochloroform and the resulting free induc-
tion decays were processed with the Jeol processing program
SpecNMR using a Gaussian window function (GF = 0.5, BF =
−0.2 for 1H and GF = 2.0, BF = −0.3 for 13C). In some cases
the free induction decay was zero-filled four times to 131,072
data points and a Gaussian window applied for resolution en-
hancement (GF = 1.0, BF = −1.5). Spectra were referenced to
the solvent (7.26 ppm for 1H and 77.0 ppm for 13C).

Formation of dimethyl disulfide (DMDS) adducts. Ali-
quots of total hydrocarbon fractions were adducted following
the method of Carlson et al. (10). In brief, samples dissolved
in hexane (0.2 mL) were added to DMDS (0.2 mL) and a so-
lution of iodine in diethyl ether (6 mg in 0.1 mL). After 12 h
at 40°C, sodium thiosulfate (5% aqueous; 1 mL) was added
and the adducts extracted into hexane.

Catalytic hydrogenation. An aliquot of the I. galbana
(CCAP 927/14) hydrocarbon fraction dissolved in hexane (5
mL) was hydrogenated over PtO2 (1 mg), 2 h, at 20°C. After
filtration the product was analyzed by GC and GC–MS. An
aliquot was coinjected with a standard C5 to C40 n-alkane mix
(CP-6A; PolyScience, Evanston, IL).

Diimide reduction. To the hydrocarbon fraction of E. hux-
leyi (VAN 556) in diethyl ether (1 mL) was added a methanol
solution of copper sulfate (0.04 mg in 0.4 mL) followed by
hydrazine hydrate (0.05 mL). The reaction mixture was left
open to the air and stirred at room temperature (1 h) prior to
being quenched by addition of water (5 mL). The hydrocar-

bon products were recovered by extraction with diethyl ether
(2 × 5 mL). The combined extracts were dried (MgSO4) and
the solvent removed by rotary evaporation. The product was
purified by flash chromatography using hexane as eluant, an-
alyzed by GC–MS, and then adducted with DMDS before
analysis by GC–MS. 

Standard compounds. Authentic alkene standards for
NMR comparisons were obtained from either the Aldrich
Chemical Company (Dorset, UK) [(E)-2-heptene, (E)-3-hep-
tene, (Z)-3-heptene, (E)-7-tetradecene, (Z)-9-heneicosene, 1-
heptadecene] or Lancaster Synthesis Ltd. (Lancashire, UK)
[(Z)-2-heptene].

RESULTS AND DISCUSSION

Isochrysis galbana (CCAP 927/14). The hydrocarbons of I.
galbana (CCAP 927/14) are dominated by a single compo-
nent (Table 1; Fig. 1), assigned by GC–MS as a C31 diene (M+

at m/z 432; 10% of base peak intensity). Three minor compo-
nents, two C31 dienes and a C33 diene, are also present
(Table 1).

The 1H NMR spectrum of the major diene displays an in-
tense signal at 1.25 ppm as a result of aliphatic CH2 groups
and a terminal alkyl methyl group at 0.88 ppm. Three charac-
teristic mutually coupling vinylic resonances are observed at
5.81 ppm (1-H, ddt, J = 10.3, 17.1, and 6.6 Hz), 4.99 ppm (1-
H, ddt, J = 17.1, 2.2, 1.7 Hz), and 4.92 ppm (1-H, ddt, J =
10.3, 2.2, 1.2 Hz) representing a terminal double bond, which
are in accord with those recorded for the terminal double
bond in 1-heptadecene (Table 2). Another set of vinylic reso-
nances integrating for two hydrogens is observed at 5.35 ppm.
The highly second-order nature of this multiplet is character-
istic of a disubstituted double bond flanked by similar hydro-
carbon groups representing an AA′XX′X″X′′′ system. Com-
parison of the appearance of the chemical shift with that ob-
served in (Z)-9-heneicosene and (E)-7-tetradecene (Fig. 2)
clearly indicates that the double bond has cis stereochemistry
(Table 3) and confirms a previous report indicating that 
the vinylic hydrogens in such molecules are deshielded in 
the cis relative to the trans isomer (11). Spectral analysis 
of the vinylic hydrogens in the highly second-order
AA′XX′X″X′′′system possessing either a cis or a trans dou-
ble bond was simulated using the computer program Laocoön
(12). In the case of the cis isomer, the splitting pattern was
reproduced using 3JA,A′ = 11.0 Hz, 3JA,XX′ and 3JA′,X″X′′′ = 
6.1 Hz, 4JA,X″X′′′ and 4JA′,XX′ = −1.2 Hz and 2JX,X′ and 2JX″,X′′′
= 12.0 Hz (sign not determined). In the case of the trans iso-
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TABLE 1
Long-Chain Alkene Abundances in Haptophyte Algae (mg/g dry weight alga)

31:2∆1,22 31:2∆2,22 31:2∆3,22 31:2∆1,24 31:2∆2,24 33:2∆1,24 33:2∆2,24 37:3∆1,15,22 38:3∆1,16,23

Isochrysis galbana (CCAP 927/14) 1.90 tracea 0.10 0.02
Emiliania huxleyi (CCAP 920/2) 0.71 2.2 0.79 0.07 0.06
E. huxleyi (VAN 556) 0.10 4.40 0.60
aTrace component (<0.01 mg/g dry weight alga).



mer, the splitting pattern was reproduced using similar values
to those for the cis isomer but increasing 3JA,A′ to 16 Hz and
4JA,X″X′′′ and 4JA′,XX′ to −1.4 Hz. Comparison of the allylic
hydrogen resonances in 1-heptadecene, (Z)-9-heneicosene,
and (E)-7-tetradecene (Fig. 3) reveals differences in splitting
patterns and in chemical shifts. Of particular note is a
deshielding effect of the double bond in the order trans <
cis < terminal (Table 4). The allylic hydrogen resonances in
the I. galbana diene clearly comprise a composite arising
from allylics next to a terminal double bond and a cis-substi-
tuted double bond in the middle of a long hydrocarbon chain
(Table 4; Fig. 3).

Comparison of the sp2 hybridized resonances in the 13C
NMR spectra of the diene with those in (Z)-9-heneicosene,
(E)-7-tetradecene, and 1-heptadecene clearly confirms the
presence of the terminal double bond (resonances at 114.1
and 139.3 ppm) and the cis-substituted double bond (reso-
nance at 129.9 ppm) (Table 5). As observed for the midchain
vinylic hydrogens in the 1H NMR spectra, a cis-substituted
double bond in such molecules also has a small but signifi-
cant deshielding effect on the 13C chemical shift of the mid-
chain vinylic carbons.

The presence of the terminal double bond is confirmed and
the position of the cis double bond identified as at C-22 from
the mass spectrum of the DMDS adduct (Table 6, Fig. 4A,
and Scheme 1, the fragmentation scheme for DMDS adducts
of haptophyte alkadienes) with diagnostic ions at m/z 620
(M+) and also at m/z 61 (A+), 173 (D+), 399 [(C − 48)+; i.e.,
C − CH3SH] and 465 [(B − 94)+; i.e., B-DMDS] (c.f. refer-
ence 10) giving the structure of the major component as
(22Z)-1,22-hentriacontadiene (Scheme 2A). The double
bonds of the minor C31 component (Table 1) are at C-1 and
C-24, characteristic ions being m/z 620 (M+), 61 (A+), 145
(D+), 465 [(B − 94)+] and 427 [(C − 48)+] (Table 6). Likewise,
the double bond positions in the minor C33 diene (Table 1) are
also at C-1 and C-24, characteristic ions being m/z 648 (M+),
61 (A+), 173 (D+), 493 [(B − 94)+] and 427 [(C − 48)+]
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FIG. 1. Gas chromatograms of hydrocarbon fractions isolated from (A)
Isochrysis galbana (CCAP 927/14), (B) Emiliania huxleyi (CCAP 920/2),
(C) E. huxleyi (VAN 556).

FIG. 2. Partial 1H nuclear magnetic resonance (NMR) spectra compar-
ing the mid-chain vinylic resonances in hydrocarbons from Isochrysis
galbana and Emiliania huxleyi and in two alkene standards.

ppm

1,16,23



(Table 6). A mass spectrum of the DMDS adduct of the small-
est C31 diene was not recorded.

The straight-chain nature of the C31 dienes was confirmed
by hydrogenating an aliquot of the I. galbana hydrocarbon
fraction. GC–MS analysis of the product reveals two prod-
ucts, the major product being n-hentriacontane and the minor
product, n-tritriacontane, as confirmed by coinjection with an
n-alkane standard mixture.

Emiliania huxleyi (CCAP 920/2). The hydrocarbon com-
position of E. huxleyi (CCAP 920/2) comprises four C31 di-
enes and a single C33 diene (Table 1; Fig. 1).

Initial 1H NMR analysis of the hydrocarbon fraction indi-
cates aliphatic moieties with an intense resonance at 1.25 ppm
(CH2 groups) and a terminal alkyl methyl at 0.88 ppm along
with the presence of a vinylic methyl group at 1.60 ppm in

the major isomer and hence a C-2 double bond. This is ac-
companied by the characteristic second-order multiplet for
the two vinylic hydrogens of a cis-substituted double bond
(5.35 ppm) in the middle of the hydrocarbon chain as ob-
served in the major I. galbana diene. Partially overlapping
this multiplet is an extremely complicated series of reso-
nances arising from the hydrogens attached to the C-2 double
bond. Comparison of the chemical shifts and splitting patterns
of these hydrogens and the vinylic methyl group with those
in (Z)-2-heptene and (E)-2-heptene indicates that the C-2 dou-
ble bond is also cis (Table 2). Thus, the terminal vinylic
methyl group appears at 1.60 ppm in the diene, which agrees
with that observed in (Z)-2-heptene but is significantly differ-
ent from that of 1.63 ppm observed in (E)-2-heptene. Further-
more, the splitting pattern observed for the vinylic methyl is
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TABLE 2
Comparison of ∆1 and ∆2 Vinylic 1H Nuclear Magnetic Resonances

Chemical shift, Coupling constants
δ (ppm), multiplicity J (Hz)

Compound(22Z)-1,22-Hentriacontadiene 4.99, ddt, 1-Htrans
2Jgem = 2.2, 3J1,2 = 17.1, 4J1,3 = 1.7

4.92, ddt, 1-Hcis
2Jgem = 2.2, 3J1,2 = 10.3, 4J1,3 = 1.2

5.81, ddt, 2-H 3Jtrans = 17.1, 3Jcis = 10.3, 3J2,3 = 6.6

(2Z,22Z)-2,22-Hentriacontadiene 5.43, m, 2-Ha 3J2,3 = 10.8, 4J2,4 = −1.6, 3J1,2 = 6.1
5.38, m, 3-Ha 3J2,3 = 10.8, 3J3,4 = 6.8, 4J1,3 = −1.4

(15E,22E)-1,15,22-Heptatriacontatriene 4.99, ddt, 1-Htrans
2Jgem = 2.2, 3J1,2 = 17.1, 4J1,3 = 1.7

4.92, ddt, 1-Hcis
2Jgem = 2.2, 3J1,2 = 10.2, 4J1,3 = 1.2

5.81, ddt, 2-H 3Jtrans = 17.1, 3Jcis = 10.2, 3J2,3 = 6.6

1-Heptadecene 4.99, 1-Htrans
2Jgem = 2.2, 3J1,2 = 17.1, 4J1,3 = 1.7

4.92, 1-Hcis
2Jgem = 2.2, 3J1,2 = 10.2, 4J1,3 = 1.2

5.81, 2-H 3Jtrans = 17.1, 
3Jcis = 10.2, 3J2,3 = 6.6

(Z)-2-Heptene 5.43, m, 2-Ha 3J2,3 = 10.8, 4J2,4 = −1.6, 3J1,2 = 6.1
5.38, m, 3-Ha 3J2,3 = 10.8, 3J3,4 = 6.8, 4J1,3 = −1.4

(E)-2-Heptene 5.40, m, 2-Ha 3J2,3 = 15.1, 4J2,4 = −0.8, 3J1,2 = 6.6
5.42, m, 3-Ha 3J2,3 = 15.1, 3J3,4 = 6.6, 4J1,3 = −2.5

aRelative signs of coupling constants given.

TABLE 3
Comparison of Mid-chain Vinylic 1H Nuclear Magnetic Resonances 
Including Relative Signs of Coupling Constants

Compound Chemical shift, δ (ppm), multiplicity, J (Hz)

(22Z)-1,22-Hentriacontadiene 5.35, m, 3J22,23 = 11.0, 3J21,22 = 3J23,24 = 6.1
4J21,23 = 4J22,24 = −1.2, 22-H and 23-H

(2Z,22Z)-2,22-Hentriacontadiene 5.35, m, 3J22,23 = 11.0, 3J21,22 = 3J23,24 = 6.1
4J21,23 = 4J22,24 = −1.2, 22-H and 23-H

(15E,22E)-1,15,22-Heptatriacontatriene 5.38, m, 3J15,16 = 3J22,23 = 16.0,
3J14,15 = 3J16,17 = 3J21,22 = 3J23,24 = 6.1,
4J14,16 = 4J15,17 = 4J21,23 = 4J22,24 = −1.4,
15-H, 16-H, 22-H and 23-H

(Z)-9-Heneicosene 5.35, m, 3J9,10 = 11.0, 3J8,9 = 3J10,11 = 6.1,
4J8,10 = 4J9,11 = −1.2,
9-H and 10-H

(E)-7-Tetradecene 5.38, m, 3J7,8 = 16.0, 3J6,7 = 3J8,9 = 6.1,
4J6,8 = 4J7,9 = −1.4,
7-H and 8-H



almost identical to that in (Z)-2-heptene but is completely dif-
ferent from that in (E)-2-heptene (Table 4). To interpret the
complicated splitting patterns associated with the hydrogens
on the C-2 double bond, we carried out decoupling experi-
ments on both the diene and (Z)-2-heptene (Fig. 5). Irradiation
of the vinylic methyl collapses 2-H basically into a doublet 

(J ca. 11 Hz) and 3-H into a doublet of triplets (J ca. 11 and 7
Hz), although for the diene the doublet of triplets is partially
obscured by the midchain vinylics. In both cases a strong
second-order roofing effect is observed. Similarly, irradiation
of the allylic hydrogens collapses 2-H into a doublet of quar-
tets (J ca. 11 and 7 Hz), and 3-H into a doublet of quartets 
(J ca. 11 and 1 Hz), both sets of multiplets again showing a
strong second-order roofing effect. Simulation of the appear-
ance of the vinylic hydrogens and vinylic methyl using the
program Laocoön (12) not only confirmed the preceding in-
terpretations but also allowed a more realistic estimation of
the allylic coupling constants. Furthermore, the simulation re-
vealed a long-range five-bond coupling from 1-H3 to 4-H2 (Ta-
bles 2 and 4). The appearance of the allylic hydrogens is in
agreement with a composite of signals derived from the al-
lylics next to the midchain double bond, as in (Z)-9-hen-
eicosene, and those next to the C-2 double bond, as in (Z)-2-
heptene, albeit with a slight shielding effect (Fig. 3).

In addition to those resonances associated with the major
isomer, a set of multiplets associated with one of the minor
components and characteristic of a terminal double bond as
observed in I. galbana, is also clearly present.

The 1H NMR data (Tables 2 and 3) indicate therefore that
the major E. huxleyi (CCAP 920/2) diene contains two cis-
substituted double bonds, one at C-2 and the other somewhere
in the middle of the chain. One of the minor dienes possesses
a terminal double bond.

These conclusions are supported by 13C NMR studies. The
C-2 and C-3 chemical shifts (123.6 and 130.9 ppm) in the
major diene were compared with those recorded for (Z)-2-
heptene and (E)-2-heptene (Table 5). Excellent agreement
was obtained between the diene and (Z)-2-heptene, with small
but significant differences in chemical shift being observed
for (E)-2-heptene. Weaker signals attributable to a terminal
double bond in one of the minor dienes are clearly observable
at 114.1 and 139.3 ppm.
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FIG. 3. Partial 1H NMR spectra comparing the allylic resonances (ex-
cluding methyl groups) in haptophyte hydrocarbons and in four alkene
standards. For abbreviations see Figure 2.

TABLE 4
Comparison of Allylic 1H Nuclear Magnetic Resonances Including Relative Signs 
of Coupling Constants

Compound Chemical shift, δ (ppm), multiplicity, J (Hz)

(22Z)-1,22-Hentriacontadiene 2.03, m, 3-H2
2.01, m, 21-H2 and 24-H2

(2Z,22Z)-2,22-Hentriacontadiene 1.60, m, 3J1,2 = 6.1, 4J1,3 = −1.4, 5J1,4 = ±1.0, 1-H3
2.02, m, 3-H2, 21-H2 and 24-H2

(15E,22E)-1,15,22-Heptatriacontatriene 2.03, m, 3-H2
1.96, m, 14-H2, 17-H2, 21-H2 and 24-H2

(Z)-9-Heneicosene 2.01, m, 8-H2 and 11-H2

(E)-7-Tetradecene 1.96, m, 6-H2 and 9-H2

1-Heptadecene 2.04, m, 3-H2

(Z)-2-Heptene 1.60, m, 3J1,2 = 6.1, 4J1,3 = −1.4, 5J1,4 = ±1.0, 1-H3
2.03, m, 4-H2

(E)-2-Heptene 1.63, m, 3J1,2 = 6.6, 4J1,3 = −2.5, 5J1,4 = ±1.0, 1-H3
1.95, m, 4-H2

ppm



The mass spectra of the DMDS adducts indicate that the
major C31 diene and two of the minor C31 isomers have a
double bond at C-22, with ions at m/z 173 (D+) and 399 [(C −
48)+] (Table 6). The position of the second double bond in the
major isomer is confirmed as C-2 from ion m/z 75 (A+) and
as C-1 in one of the minor C31 isomers from ion m/z 61 (A+)
(Tables 1 and 6). Thus, the major C31 diene in E. huxleyi
(CCAP 920/2) is (2Z,22Z)-2,22-hentriacontadiene (Scheme
2B) and the second-most abundant is (22Z)-1,22-hentriacon-
tadiene, identical to the major component in I. galbana
(Table 1, Fig. 1 and Scheme 2A). The adduct mass spectrum
of the third-most abundant C31 diene possesses an ion at m/z
89 (A)+, indicating a double bond at C-3. The least abundant
C31 diene has double bonds in the C-2 and C-24 positions, in-
dicated by ions m/z 75 (A+), 145 (D+), 451 [(B − 94)+] and
427 [(C − 48)+] (Table 6), as has the C33 alkadiene indicated
by ions m/z 75 (A+) , 173 (D+), 479 [(B − 94)+] and 427 [(C −
48)+] (Table 6).

Following the GC–MS studies of the DMDS adducts, we
re-analyzed the 1H NMR spectrum of the hydrocarbon frac-
tion with a view to confirming the structure of 3,22-hentria-
contadiene and determining the geometry of the C-3 double
bond. Comparison of a minor triplet at 0.952 ppm (J = 7.6
Hz), representing 1-H3, with those in (Z)-3-heptene and (E)-
3-heptene, indicates cis stereochemistry as the result of a sub-
tle difference in chemical shift. In (Z)-3-heptene this is at
0.955 (t, J = 7.5 Hz) and in (E)-3-heptene at 0.963 (t, J = 7.5
Hz). Therefore, this isomer is (3Z,22Z)-3,22-hentriacontadi-
ene (Scheme 2C).

Emiliania huxleyi (VAN 556). The alkene distribution of
E. huxleyi (VAN 556) is dominated by a C37 triene (Table 1,
Fig. 1) together with lesser abundances of a C38 triene and a
C31 diene (Table 1). The 1H NMR spectrum of the triene dis-
plays an intense resonance at 1.25 ppm (CH2 groups), a ter-
minal alkyl methyl at 0.88 ppm, and illustrates the presence
of a terminal double bond with resonances at 4.92, 4.99, and
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TABLE 5
Vinylic 13C Nuclear Magnetic Resonances

Compound Chemical shift, δ (ppm)

(22Z)-1,22-Hentriacontadiene 114.1, C-1
139.3, C-2
129.9, C-22 and C-23

(2Z,22Z)-2,22-Hentriacontadiene 123.6, C-2
130.9, C-3
129.9, C-22 and C-23

(15E,22E)-1,15,22-Heptatriacontatriene 114.1, C-1
139.3, C-2
130.3 and 130.4, C-15, C-16, C-22
and C-23

1-Heptadecene 114.1, C-1
139.3, C-2

(Z)-9-Heneicosene 129.9, C-9 and C-10

(E)-7-Tetradecene 130.4, C-7 and C-8

(Z)-2-Heptene 123.6, C-2
130.9, C-3

(E)-2-Heptene 124.6, C-2
131.7, C-3

TABLE 6
Mass-to-charge Ratio (% relative abundance) of Key Ions in Mass Spectra of Dimethyl Disulfide (DMDS) 
Derivatives of Alkene Isomers from Haptophyte Algae

m/z (% abundance relative to base peak)

Compound xa ya za A+ D+ (B − 94)+ (C − 48)+ (C − 94)+ (M − 141)+ M+ Base peak

31:2∆1,22 0 19 8 61(100) 173(68) 465(18) 399(57) 353(22) 479(6) 620(2) 61
31:2∆2,22 1 18 8 75(70) 173(86) 451(20) 399(45) 353(40) 479(10) 620(2) 54
31:2∆3,22 2 17 8 89(55) 173(83) 437(20) 399(20) 353(37) 479(11) 620(2) 54
31:2∆1,24 0 21 6 61(100) 145(52) 465(17) 427(39) 381(5) 479(8) 620(1) 61
31:2∆2,24 1 20 6 75(63) 145(45) 451(11) 427(18) 381(19) 479(4) 620(1) 54
33:2∆1,24 0 21 8 61(100) 173(34) 493(15) 427(32) 381(29) 507(5) 648(1) 61
33:2∆2,24 1 20 8 75(31) 173(38) 479(12) 427(17) 381(15) 507(5) 648(1) 54
aSee Scheme 1 for interpretation.



5.81 ppm (Table 2). A second-order multiplet, representing
four hydrogens and hence two double bonds in the middle of
the hydrocarbon chain, is observed at 5.38 ppm. The chemi-
cal shift is in accord with a trans double bond (Table 3), al-
though a clear comparison of the splitting pattern with that
observed for the vinylic hydrogens in (E)-7-tetradecene was
not immediately obvious. Zero-filling of the free induction
decays and application of a window function for resolution
enhancement produced a significantly improved splitting pat-
tern comparable with that seen in (E)-7-tetradecene and
markedly different fron that derived from (Z)-9-heneicosene
processed in the same manner (Fig. 6).

The trans nature of the internal double bonds was con-
firmed by analyzing the chemical shifts of the allylic hydro-

gens. Separate multiplets were observed for the hydrogens al-
lylic to the terminal double bond (2.03 ppm), as observed in
1-heptadecene, and for those allylic to the internal double
bonds (1.96 ppm), as observed in (E)-7-tetradecene (Fig. 3).

13C NMR chemical shifts for the sp2 hybridized carbons
(Table 5) also accord with a terminal double bond (114.1 and
139.3 ppm) and two midchain trans double bonds (130. 3 and
130.4 ppm).

Although the DMDS-adducted C37 triene can be observed
by high-temperature GC–MS, the instability of the high-mass
fragment ions (>m/z 655) did not allow the molecular ion or
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FIG. 4. Mass spectra of dimethyl disulfide (DMDS) adducts of (A) (22Z)-
1,22-hentriacontadiene from I. galbana (CCAP 927/14) and (B)
(15E,22E)-1,15,22-heptatriacontadiene from diimide reduction of major
C37 triene in E. huxleyi (VAN 556). For abbreviations see Figure 1,
Scheme 1, and Tables 6, 7.

SCHEME 1

SCHEME 2

FIG. 5. Partial 1H NMR spectra and decoupled spectra comparing the
vinylic resonances in the E. huxleyi (CCAP 920/2) hydrocarbons with
those in (Z)-2-heptene. For abbreviations see Figure 2.

ppm ppm



certain key fragment ions to be observed. Therefore, the sam-
ple was examined by desorption chemical ionization using
ammonia as collision gas, giving a pseudo-molecular ion at
m/z 814 (MNH4

+) corresponding to a molecular weight for
the DMDS-adducted C37 alkatriene of 796 Da.

An aliquot of the hydrocarbon fraction was reduced with
diimide (13–15) in order to assign the positions of the inter-
nal double bonds, an approach used successfully in the struc-
tural elucidation of the acyclic triterpenoid botryococcene
(16). Although the reduction is not entirely chemoselective,
the product mixture comprises predominantly hydrocarbons
derived from terminal double bond reduction. The reduced
mixture was subsequently adducted with DMDS and ana-
lyzed by GC–MS. The major adducted diene has a spectrum
with principal fragment ions at m/z 704 (M+), 257(A+) and

(D+), 351 [(B − 96)+; i.e., B − 2CH3SH] and [(C − 96)+], 399
[(B − 48)+] and [(C − 48)+] (Table 7; Fig. 4B) indicating a C37
alkadiene with double bonds located symmetrically at C-15
and C-22, giving the structure of the major triene as
(15E,22E)-1,15,22-heptatriacontatriene (Scheme 2D). This
approach also showed the internal double bond positions of
the reduced C38 alkatriene to be at C-15 and C-22 (Table 7).
It is likely that the geometry of the double bonds in this com-
ponent is trans, by analogy with the C37 alkatriene.

The minor C31 diene component is (22Z)-1,22-hentriacon-
tadiene, assigned by retention time comparison with the com-
ponent derived from I. galbana and from mass spectral inter-
pretation of the fragmentation of the DMDS adduct.

Biosynthetic relationships. The cis geometry and the n-9
(ω9) position of unsaturation in the most abundant dienes
(Table 1) is strong evidence that these lipids derive from (Z)-
9-octadecenoic acid (oleic acid), followed by chain elonga-
tion and decarboxylation, as has been elucidated for the
chlorophyte alga Botryococcus braunii (17). The diene iso-
mers with n-7 (ω7) unsaturation may derive from elongation
and decarboxylation of (Z)-7-hexadecenoic acid, though such
a pathway is still to be demonstrated.

In contrast, the positions and geometry of nonterminal un-
saturation in the C37 triene (and by analogy the C38 triene)
correspond to those in the C37 (and C38) haptophyte alka-
dienone (6), so these components likely share a common
biosynthesis. The full details of such a pathway are still un-
known and should be determined. However, whatever this
pathway may be, it is highly probable that in haptophytes the
long-chain alkatrienes and the co-occurring alkadienes have
distinct biosynthetic pathways.
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ABSTRACT: The fatty acid composition of a Pseudomonas sp.
(Alteromonas) and its host, the dinoflagellate Ostreopsis lentic-
ularis, vectors in ciguatera fish poisoning, has been studied. The
major fatty acids in O. lenticularis were 16:0, 20:5n-3, and
22:6n-3, but 18:2n-6, 18:3n-3, and 18:n-3 were also identified.
In contrast to other dinoflagellates, 18:5n-3 was not detected in
O. lenticularis. Even-chain fatty acids such as 9-16:1, 11-18:1,
and 13-20:1 predominated in the Pseudomonas sp. from O.
lenticularis, but 16–20% of (E)-11-methyl-12-octadecenoic acid
was also identified. The chirality of the latter was confirmed by
total synthesis (28% overall yield) starting from oxacyclotride-
can-2-one. The fatty acid compositions of two other Pseudo-
monas species, from the palytoxin-producing zoanthids Pa-
lythoa mamillosa and P. caribdea, were also studied and were
similar to that of the Pseudomonas sp. from O. lenticularis. The
possibility of using some of these fatty acids as chemotaxo-
nomic lipids in identifying marine animals that consume toxic
dinoflagellates or zoanthids is discussed. 
Lipids 33, 627–632 (1998).

Ostreopsis lenticularis (Dinophyceae) Fukuyo 1981 is a toxic
benthic dinoflagellate partially responsible for the production
of ciguatoxins directly related to ciguatera fish poisoning (1).
Of the different bacterial flora (e.g., Agrobacterium, Alcali-
genes, Pseudomonas, and Vibrio) associated with O. lenticu-
laris, bacteria from the genus Pseudomonas (Alteromonas)
were required for the development of toxicity in cultured Os-
treopsis (2). Palytoxin, one of the most potent nonprotein tox-
ins known, is produced by the zoanthids Palythoa caribdea
and P. mamillosa (3,4). Palytoxin hemolytic activity has been
detected in extracts of the dinoflagellates O. lenticularis,
Gambierdiscus toxicus, and Prorocentrum concavum, as well
as in bacteria associated with O. lenticularis grown in pure

culture (5). Similarly, palytoxin hemolytic activity was de-
tected in extracts of bacteria from the genus Pseudomonas
isolated from the Caribbean zoanthids P. caribdea and P.
mamillosa (6). There is no report in the literature on the fatty
acid composition of O. lenticularis nor that of its most impor-
tant symbiont, the unusual bacterium Pseudomonas sp. (2).
Therefore, herein we report the fatty acid composition of both
O. lenticularis and its associated bacterium Pseudomonas sp.
In addition, we report the fatty acid composition of two other
bacterial strains, isolated from the palytoxin producing Pa-
lythoa species P. caribdea and P. mamillosa, which we
demonstrate share a similar fatty acid profile as the Pseudo-
monas sp. from O. lenticularis. This fatty acid analysis is im-
portant since the idea of using specific signature fatty acids
for monitoring toxic dinoflagellate blooms, such as the ones
implicated in ciguatera fish poisoning, is quite attractive. 

The fatty acid composition of several toxic dinoflagellates,
such as Gymnodinium catenatum, has been reported before
(7,8). The principal fatty acids in dinoflagellates are consid-
ered to be 16:0, 20:5n-3, and 22:6n-3, followed by 14:0,
16:1n-7, and 18:2n-6. In addition, a rare 18:5n-3 fatty acid,
considered by many as a characteristic fatty acid of dinofla-
gellates, has also been reported (7). 

MATERIALS AND METHODS

General experimental procedures. Fatty acid methyl esters
were analyzed using a gas chromatograph equipped with a
fused silica nonpolar capillary column (30 m × 0.32 mm i.d.)
containing either methyl silicone (SE-54; Supelco Inc., Belle-
fonte, PA) or poly(dimethylsiloxane) (SPB-1; Supelco Inc.)
with He as carrier gas. Analyses were performed using the
following conditions: initial temperature, 130°C; rate of in-
crease, 3°C/min; final temperature, 260°C. Samples were also
analyzed by gas chromatography–mass spectrometry
(GC/MS) at 70 eV equipped with a 30 m × 0.25 mm special
performance capillary column (HP-5MS) of polymethylsilox-
ane crosslinked with 5% phenyl methylpolysiloxane. High-
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resolution mass spectral data were recorded in a VG Au-
toSpec high-resolution mass spectrometer.

Culturing of O. lenticularis. Ostreopsis lenticularis
Fukuyo 1981 was isolated from the coastal waters of south-
west Puerto Rico in November of 1989 and has been kept in
continuous clonal culture since that time (1). Erd-Schrieber
(ES) medium was used for the maintenance of these cultures
(9). Clonal cultures of O. lenticularis were established by
carefully passing individual cells isolated from the surfaces
of field-sampled macroalgae through a series of filtered sea-
water washes using sterile Pasteur pipettes and depression
slides. After four cell washings, an individual cell was placed
in a test tube with 5 mL of sterile seawater and 25% ES
medium. After approximately 3 wk, the dinoflagellate cells
were microscopically checked and transferred to 25 mL of
sterile seawater and 50% ES media. Following an additional
3 wk, these cultures were transferred to 100 mL of seawater
and 100% ES media. The process of increasing volume was
then gradually continued until the desired volume for main-
taining the clonal culture was reached. For maintenance pur-
poses, these cultures were continuously transferred to fresh
media after 15 to 20 d of growth. Dinoflagellates, harvested
from their respective suspensions by filtration (glass fiber fil-
ters; Gelman, Fisher Scientific, Cayey, Puerto Rico), were
also extracted in distilled methanol and the extracts subse-
quently evaluated for their toxicity in white Swiss mice using
reported procedures (10).

Isolation and identification of associated bacteria. Sterile
samples of the harvested dinoflagellate cell suspensions were
serially diluted and streaked on Zobell agar plates for aerobic
incubation at 23–25°C. Zobell blood agar was used for the
growth of fastidious bacteria in aerobic and anaerobic condi-
tions. Isolates were identified at least to generic level (11,12).
Characterization was done by routine biochemical and antibi-
otic tests modified for marine bacteria. The API 20E system
(Analytab Products, Plainview, NY) was also used for char-
acterization, as recommended by MacDonell et al. (13) for
marine isolates. The microorganism associated with the toxi-
city was identified as a Pseudomonas sp. (10).

Palythoa associated bacteria. Zoanthid species P. caribdea
and P. mamillosa were sampled on shallow reef flats at La Par-
guera, on the southwest coast of Puerto Rico. Samples for bac-
teriological analyses were obtained aseptically in the field
using sterile bags and gloves. Zoanthid samples were returned
to the laboratory, cleaned of foreign material, rinsed with ster-
ile artificial water (calcium and magnesium free), and homog-
enized. Homogenized samples were serially diluted, streaked
on marine agar (Difco, Fisher Scientific) enriched with 0.1%
starch (MA+), and incubated aerobically at 27°C. Colony iso-
lation was started after 48 h of incubation and isolates stored
on MA+ slants for subsequent identification. Isolated marine
bacteria obtained from zoanthid homogenates were identified
to genus and when possible to species using standard bio-
chemical tests in conjunction with Gram and flagellar stains,
motility, antibiotic susceptibility, and the API 20E system as
described above (11–13). Both P. caribdea and P. mamillosa

shared associated bacterial strains from the genus Pseudo-
monas sp. Analysis of the Palythoa-like hemolytic activity of
extracts from both of these associated bacterial strains indi-
cated that they produced palytoxin when grown in pure cul-
ture in the absence of their Palythoa hosts.

The presence of toxic, hemolytic activity in the extracts of
cultured zoanthid-associated bacterial flora was detected
using a hemolysis neutralization assay (14). Extracts were
tested for their hemolytic activity in microtiter Elisa plates
preblocked with sterile filtered 1% bovine serum albumin in
a phosphate buffered saline solution. Plates inoculated with
white Swiss mice red cells in the presence and absence of ex-
tracts being tested were covered and incubated at 37°C for
6 h. Results of the hemolysis assay were assessed visually. 

Fatty acid isolation. The biomass thus obtained from ei-
ther O. lenticularis (300–600 mg) and the Pseudomonas bac-
terial strains (100–120 mg) was separated by centrifugation
of the cultured liquid (6000 r.p.m. for 20 min), and the lipids
were extracted with chloroform/methanol (1:1, vol/vol) af-
fording 30–50 mg of total lipids, which were methylated with
1.0 M HCl in methanol, resulting in typically 3–5 mg of fatty
acid methyl esters. 

Permanganate/periodate oxidation. A stock oxidant solu-
tion of sodium metaperiodate (10 mM) and KMnO4 (2.5 mM)
in H2O was prepared. This solution (1 mL) together with 1 mL
K2CO3 solution (180 mM) was added to the methyl esters (1
mg) in t-butanol (2 mL), and the mixture was shaken thor-
oughly at room temperature for 1 h. At the end of this time, the
reaction mixture was acidified with one drop of concentrated
H2SO4, and excess oxidant was destroyed with NaHSO3. The
reaction mixture was extracted thoroughly with ether (3 × 4
mL), the organic layer was dried over Na2SO4, and the ether
removed in a stream of N2. The acids thus obtained were
methylated with 1.0 M HCl/MeOH for GC analysis.

2-Methyldodecanedioic acid dimethyl ester. GC/MS m/z
(relative intensity) M+ 272(0.1), 241(3), 227(1), 213(9),
199(7), 185(12), 167(6), 153(10), 126(10), 112(36), 98(34),
88(100), 83(23), 74(24), 69(36), 57(25), 55(63). 

3-Methyloxacyclotridecan-2-one. To a solution of oxacy-
clotridecan-2-one (1.10 g, 5.6 mmol) in 10 mL of tetrahydro-
furan at −78°C was added dropwise a solution of lithium di-
isopropylamide (LDA) (5.8 mmol) in 5 mL of tetrahydrofu-
ran prepared from diisopropylamine (0.8 mL, 5.8 mmol) and
n-butyllithium (1.2 mL, 5.8 mmol) in hexane. After the mix-
ture was stirred at −78°C for 20 min, methyl iodide (0.35 mL,
5.6 mmol) was added, and the reaction mixture was stirred at
−78°C for 2 h. The reaction mixture was quenched with a sat-
urated NH4Cl solution (20 mL), and extracted with benzene
(3 × 30 mL). The organic phase was successively washed
with a 0.1 M HCl solution (1 × 10 mL), a saturated NaHCO3
solution (1 × 30 mL), a saturated NaCl solution (1 × 50 mL),
and finally dried over Na2SO4. After rotoevaporation, 0.95 g
(79% yield) of a colorless oil was obtained. Infrared (IR)
(neat) υmax 2927, 2861, 1724, 1465, 1350, 1230, 1169, 1057
cm−1; 1H NMR (CDCl3, 300 MHz) δ 4.28 (1H, m, H-13), 4.01
(1H, m, H-13), 2.51 (1H, m, H-3), 1.62 (4H, m, CH2),
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1.28–1.40 (14H, m, CH2), 1.13 (3H, d, J = 6.9 Hz, CH3); 13C
nuclear magnetic resonance (NMR) (CDCl3, 75 MHz) δ
177.0 (s, C-2), 64.4 (t, C-13), 39.7 (d, C-3), 33.7 (t), 27.5 (t,
C-12), 26.5 (t), 26.5 (t), 25.5 (t), 25.2 (t), 24.8 (t), 24.1 (t),
17.6 (q, CH3); GC/MS m/z (relative intensity) M+ 212(4),
194(4), 166(2), 151(3), 139(9), 138(17), 126(7), 112(17),
110(16), 98(33), 97(35), 83(61), 74(85), 69(62), 55(100);
high-resolution mass spectrometry calcd for C13H24O2
212.1776, found 212.1769. 

12-Hydroxy-2-methyldodecanal. To 3-methyloxacyclotri-
decan-2-one (0.56 g, 2.6 mmol), in 20 mL dry toluene at 
−78°C, and under N2, 3 mL diisobutylaluminum hydride (1.0
M, 3 mmol) was slowly added over a 10-min period. The re-
action mixture was stirred at −78°C for 2 h, subsequently
quenched with a saturated NH4Cl solution, and finally stirred
for 1 h at room temperature. After this time the reaction mix-
ture was filtered under vacuum, and washed with excess ether.
The organic washings were evaporated in vacuo to give 12-
hydroxy-2-methyldodecanal (0.48 g, 2.2 mmol) for an 85%
yield. IR (neat) υmax 3600–3100 (OH), 2940, 2856, 2724,
1728 (CHO), 1468, 1168, 1060 cm-−1; 1H NMR (CDCl3, 300
MHz) δ 9.61 (1H, d, J = 2 Hz, CHO), 3.60 (2H, t, J = 6.6 Hz,
H-12), 2.30 (1H, m, H-2), 1.67–1.51 (4H, m, CH2), 1.40–1.20
(15H, m, CH2), 1.07 (3H, d, J = 6.9 Hz, CH3); 13C NMR
(CDCl3, 75 MHz) δ 205.8 (s, C-1), 63.0 (t, C-12), 46.3 (d,
C-2), 32.8 (t), 30.6 (t), 29.5 (t), 29.5 (t), 29.4 (t), 26.9 (t), 25.7
(t), 13.3 (q, CH3); GC/MS m/z (relative intensity) M+ 214(1),
172(1), 138(2), 125(1), 111(4), 97(14), 83(21), 69(31),
58(100), 55(58). 

(Z)- and (E)-11-methyl-12-octadecen-1-ol. To a stirred
suspension of 1-hexyltriphenylphosphonium bromide (0.41
g, 0.96 mmol) in 10 mL tetrahydrofuran was added 0.4 mL of
n-butyllithium (2.5 M, 0.96 mmol) in hexane at 0°C over 10
min. The reaction mixture was stirred for an additional 10 min
at 0°C before adding dropwise 12-hydroxy-2-methyldode-
canal (0.20 g, 0.95 mmol) in 5 mL dry tetrahydrofuran. After
2 h, the reaction was quenched with a saturated NH4Cl solu-
tion (15 mL), and the reaction mixture was extracted with
ether (3 × 50 mL). The organic phase was washed with a sat-
urated NaCl solution (1 × 20 mL), dried over MgSO4, and
concentrated in vacuo. The crude product was purified
through silica gel column chromatography eluting with
hexane/ether (8:2, vol/vol), which finally afforded 0.18 g
(69% yield) of a 9:1 ratio of (Z)- and (E)-11-methyl-12-oc-
tadecen-1-ol as a colorless oil. Spectral data for the (Z) iso-
mer is presented below. IR (neat) υmax 3600–3150 (OH),
2999, 2951, 2920, 2850, 1466, 1383, 1067, 725 cm−1; 1H
NMR (CDCl3, 300 MHz) δ 5.29 (1H, m, Jcis = 11 Hz, H-13),
5.09 (1H, brt, Jcis = 11 Hz, H-12), 3.63 (2H, t, J = 6.5 Hz,
H-1), 2.40 (1H, m, H-11), 2.00 (2H, m, H-14), 1.54 (2H, m,
H-2), 1.40–1.20 (20H, m, CH2), 0.90 (3H, d, J = 6.6 Hz,
CH3), 0.89 (3H, brt, J = 6.8 Hz, CH3); 13C NMR (CDCl3, 75
MHz) δ 136.4 (d, C-12), 128.3 (d, C-13), 63.0 (t, C-1), 37.6
(t), 32.8 (t), 31.6 (d, C-11), 31.5 (t), 29.8 (t), 29.6 (t), 29.4 (t),
27.5 (t), 27.4 (t), 25.7 (t), 22.5 (t), 21.4 (q, C-19), 14.0 (q,
C-18); GC/MS m/z (relative intensity) M+ 282(15), 264(1),

250(1), 183(5), 165(5), 140(28), 125(28), 109(21), 97(30),
95(33), 83(61), 69(98), 67(38), 57(45), 55(100). 

(Z)- and (E)-11-methyl-12-octadecenoic acid. To a solu-
tion of 11-methyl-12-octadecen-1-ol (0.11 g, 0.39 mmol) in 5
mL of dry dimethyl formamide was added a solution of pyri-
dinium dichromate (1.56 g, 4.15 mmol) in 2 mL of dry di-
methyl formamide. The reaction mixture was stirred at room
temperature for 20 h, poured into 50 mL of H2O, and ex-
tracted with ether (3 × 70 mL). The ethereal layers were com-
bined and washed with a solution of NH4Cl (30 mL), dried
over MgSO4, and concentrated in vacuo. The resulting oil
was purified by column chromatography eluting first with
hexane/ether (8:2, vol/vol) and finally with ether to give 0.07
g (62%) of a 9:1 mixture of (Z)- and (E)-11-methyl-12-oc-
tadecenoic acid. Spectral data for the (Z) isomer is presented
below. IR (neat) υmax 3003, 2965, 2923, 2851, 1714, 1461,
1258, 1101, 1017 cm−1; 1H NMR (CDCl3, 300 MHz) δ
5.34–5.24 (1H, m, Jcis = 10.5 Hz, H-13), 5.10 (1H, brt, Jcis =
10.5 Hz, H-12), 2.40 (1H, m, H-11), 2.34 (2H, t, J = 7.5 Hz,
H-2), 2.00 (2H, m, H-14), 1.62 (2H, m, H-3), 1.29–1.20 (20H,
m, CH2), 0.90 (3H, d, J = 6.6 Hz, CH3), 0.86 (3H, brt, J = 6.8
Hz, CH3); 13C NMR (CDCl3, 75 MHz) δ 178.3 (s, C-1), 136.3
(d, C-12), 128.2 (d, C-13), 37.4 (t), 33.7 (d, C-11), 31.5 (t),
31.4 (t), 29.7 (t), 29.6 (t), 29.5 (t), 29.4 (t), 29.3 (t), 29.1 (t),
28.9 (t), 27.4 (t), 27.3 (t), 24.6 (t), 22.4 (q, C-19), 13.9 (q,
C-18); GC/MS m/z (relative intensity) M+ 296(4), 264(1),
197(3), 179(6), 140(19), 125(20), 112(9), 97(24), 95(11),
83(48), 69(92), 67(22), 57(37), 55(100).

RESULTS

Fatty acid composition of O. lenticularis. The fatty acid com-
position of O. lenticularis, as well as that of its associated
Pseudomonas sp., is presented in Table 1. Fatty acids ac-
counted for 2–3% of the extracted biomass. As expected, the
major fatty acids in O. lenticularis were 16:0, 20:5n-3, and
22:6n-3, which accounted for more than 50% of its fatty acid
composition. Considerable amounts (23%) of the polyunsatu-
rated fatty acids 18:2n-6, 18:3n-3 and 18:4n-3 were also iden-
tified. In contrast to other dinoflagellates (7), the fatty acid
18:5n-3 was not detected in O. lenticularis. More than 99%
of the fatty acids from O. lenticularis were even-chain fatty
acids.

Fatty acid composition of Pseudomonas sp. Even-chain
monounsaturated fatty acids predominated in the Pseudo-
monas sp. from O. lenticularis (Table 1). For example, the
biosynthetically related monounsaturated fatty acids 9-16:1,
11-18:1, and 13-20:1 accounted for more than 54% of the
total fatty acids from this strain. The (Z)-11-octadecenoic acid
was the most abundant monounsaturated fatty acid (40%), but
small amounts of (E)-11-octadecenoic acid were also iden-
tified. These acids were characterized as methyl esters 
by GC/MS, and the double-bond positions were determined
by dimethyl disulfide derivatization (15), as well as by
KMnO4/NaIO4 oxidation.

The unusual methyl-branched fatty acid 11-methyl-12-oc-
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tadecenoic acid (1, Scheme 1) was also identified in the
Pseudomonas sp. from O. lenticularis by a combination of
GC retention times of the methyl ester [equivalent chain
length (ECl) = 18.06], MS, catalytic hydrogenation, and di-
methyl disulfide derivatization as we previously described for
this same acid from a Vibrio bacterium (16). In this work, the
double-bond position at C-12 in 1 was further confirmed by

KMnO4/NaIO4 oxidation followed by esterification. Methyl
11-methyl-12-octadecenoate cleaved under these conditions,
and after esterification, to 2-methyldodecanedioic acid di-
methyl ester and methyl hexanoate. The mass spectrum of 2-
methyldodecanedioic acid dimethyl ester also confirmed the
methyl substitution at C-11 in 1, since it displayed a base peak
at m/z 88 (McLafferty rearrangement), resulting from an ad-
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TABLE 1
The Fatty Acid Composition of the Dinoflagellate Ostreopsis lenticularis
and Associated Pseudomonas Species

Relative abundance (w/w)

Fatty acids O. lenticularis Pseudomonasa Pseudomonasb Pseudomonasc

12:0 — 0.7 — 6.0
14:1 0.9 — — —
14:0 5.9 0.2 0.3 0.2
9-16:1 1.8 1.4 1.0 1.2
16:0 36.0 3.3 2.7 9.7
17:0 — 0.5 0.5 0.5
9,12,15-18:3 4.4 — — —
6,9,12,15-18:4 9.8 — — —
9,12-18:2 9.2 1.2 — 1.7
9-18:1 9.8 — — —
11-18:1 1.2 40.0 49.5 43.9
11t-18:1 — 0.6 0.5 4.8
18:0 2.0 18.4 18.7 4.0
11-Me-12t-19:1 0.4 17.4 16.6 21.9
11-19:1 — 1.0 1.3 5.5
5,8,11,14,17-20:5 10.8 — — —
13-20:1 — 12.9 8.0 0.5
15-20:1 — 0.2 — —
20:0 — 1.0 0.8 —
21:1 — 1.2 — —
4,7,10,13,16,19-22:6 7.1 — — —
22:0 0.4 — — —
24:0 0.2 — — —
aIsolated from O. lenticularis.
bIsolated from P. mamillosa. Traces of 13-18:1 and 19:0 were also detected.
cIsolated from P. caribdea. Traces of 11-16:1 was also detected.
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ditional 2-methyl substitution in one of the α carbons of the
fragmentation product. 

While all of the above data confirm 11-methyl-12-octade-
cenoic acid (1) as the most probable structure, the double-
bond stereochemistry, i.e., Z or E, still needed to be deter-
mined. The 11-methyl-12-octadecenoic acid (1) was initially
reported in Byrsocarpus coccineus seed oil (17), and more re-
cently in Mycobacterium fallax (18), and in a Vibrio algi-
nolyticus (16). In the aforementioned bacteria, the C-12 dou-
ble-bond stereochemistry was not defined, but in B. coccineus
it was determined as E (17). In order to unequivocally deter-
mine the double-bond stereochemistry in our 11-methyl-12-
octadecenoic acid (1), as well as to establish reference ECL
values for the methyl esters of the Z and E isomers of 1, we
undertook the first total synthesis of 11-methyl-12-octade-
cenoic acid (1, Scheme 1). Our synthetic scheme, which is
probably the shortest possible for this compound (four steps),
was planned to afford the Z isomer as the main product, but
enough E isomer should be formed so as to permit careful
GC/MS studies. The synthesis started with commercially
available oxacyclotridecan-2-one, which was α-methylated
with lithium diisopropylamide and methyl iodide in a 79%
yield. Reduction of 3-methyloxacyclotridecan-2-one with di-
isobutylaluminum hydride in toluene at −78°C afforded, in
an 85% yield, initially a lactol which opened to 12-hydroxy-
2-methyldodecanal. The aldehyde was subsequently coupled,
in a Wittig reaction, with 1-hexyltriphenylphosphonium bro-
mide and n-butyllithium, affording (Z)- and (E)-11-methyl-
12-octadecen-1-ol in a 9:1 ratio, respectively. Final oxidation
with pyridinium dichromate, in dimethyl formamide, afforded
a mixture of (Z) and (E)-11-methyl-12-octadecenoic acid (1)
in a 62% yield. The methyl esters of 1 were then prepared for
comparative GC studies. Careful nonpolar capillary GC coin-
jection of synthetic methyl (Z)-11-methyl-12-octadecenoate
(ECL = 17.92) and methyl (E)-11-methyl-12-octadecenoate
(ECL = 18.06) with the fatty acid methyl ester mixture from
the bacterium Pseudomonas sp. established the natural acid
as (E)-11-methyl-12-octadecenoic acid. It is interesting to
point out that methyl (Z)-11-methyl-12-octadecenoate elutes
before methyl octadecanoate (18:0) in nonpolar capillary GC.
These retention times are important for future reference inas-
much as fatty acid methyl ester analyses are frequently used,
as an aid, in bacterial identification. 

Fatty acid composition of bacteria from Palythoa. The
fatty acid composition of two unusual strains of Pseudomonas
sp., isolated from the zoanthids P. mamillosa and P. caribdea
is also presented in Table 1. Fatty acids from these Pseudo-
monas species also accounted for 2–3% of the extracted bio-
mass. The fatty acid composition of P. caribdea has been re-
ported (19). A striking similarity in the fatty acid composi-
tion of these two strains to the Pseudomonas sp. from O.
lenticularis was observed. In the two Pseudomonas from Pa-
lythoa, the monounsaturated fatty acids 9-16:1, 11-18:1, and
13-20:1 were also particularly abundant (64–58%), while the
saturated fatty acids 14:0, 16:0, and 18:0 accounted for an-
other significant amount (14–22%) of the total fatty acid com-
position. The only significant difference between these two
Pseudomonas strains is that the bacterium from P. caribdea
had more 12:0 and less 18:0, as well as some 9,12-18:2, as
compared to the Pseudomonas sp. from P. mamillosa. (Table
1). A very interesting finding is that both strains also con-
tained (E)-11-methyl-12-octadecenoic acid (16–22%), which
was characterized as we described above. 

DISCUSSION

There are several important considerations that can be drawn
from this study. One interesting conclusion is that Pseudo-
monas associated with toxin-producing marine organisms,
such as O. lenticularis and Palythoa, seem to have a similar
fatty acid profile, with a fatty acid biochemistry centered
around (Z)-11-octadecenoic acid (Scheme 2). The first total
synthesis of 11-methyl-12-octadecenoic acid, a key fatty acid
in these bacteria, was also accomplished. GC retention times
of methyl (Z)- and (E)-11-methyl-12-octadecenoate are pre-
sented as reference for further literature comparisons. The
fatty acid profile of O. lenticularis, important vector in ciguat-
era fish poisoning in this area of the Caribbean, is also pre-
sented for the first time. While, in general, O. lenticularis has
a similar fatty acid composition comparable to most toxic di-
noflagellates, it is devoid of the polyunsaturated fatty acid
18:5n-3. 

The (E)-11-methyl-12-octadecenoic acid probably origi-
nated, in these Pseudomonas, from 11-octadecenoic acid, via
S-adenosylmethionine methylation, as was demonstrated be-
fore for M. fallax (18). Likewise, the presence of (E)-11-oc-
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tadecenoic acid in these bacteria is probably the result of a
cis-trans isomerization (20). Whether (Z)-11-octadecenoic
acid or (E)-11-octadecenoic acid, or both, are precursors 
to (E)-11-methyl-12-octadecenoic acid is still a matter of
speculation. 

Some caution, however, should be taken concerning the
identification of the bacterial strains associated with O. lentic-
ularis and the two Palythoa species. The conventional micro-
biological techniques employed are frequently imprecise
when used to identify marine bacteria. As noted in the Results
section, the three strains examined in this study were found
to be from the genus Pseudomonas. The precise identification
of these strains requires further genetic analyses, and such
studies are now in progress. Irrespective of this, all three
strains produced toxic material when grown in pure culture
and have the same signature fatty acids. 

Whether we can use a simple fatty acid methyl ester analy-
sis to verify the transmission of toxins from O. lenticularis to
ciguatoxic fish remains to be seen. Perhaps, and even more
important, is the possibility of using some of these fatty acids
as biomarkers for toxicity in marine microalgae and bacteria.
We have presented here a basis for such a comparison, but di-
rect identification of some signature fatty acids, such as (E)-
11-methyl-12-octadecenoic acid, in ciguatoxic fish still re-
mains to be done. One particular problem is the small
amounts of O. lenticularis, and its symbiotic bacteria, in fish.
Work is in progress elucidating the fatty acids of toxin-pro-
ducing bacteria in the marine environment.
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ABSTRACT: Epoxidation of the double bond in methyl oleate,
octadec-11E-en-9-ynoate, ricinoleate (12-hydroxy-octadec-9Z-
enoate), iso-ricinoleate (9-hydroxy-octadec-12Z-enoate), and
12-oxo-octadec-9Z-enoate with potassium peroxomonosulfate
(oxone, 2 KHSO5.KHSO4.K2SO4) in the presence of trifluo-
roacetone or methyl pyruvate gave the corresponding mono-
epoxy derivatives. Reaction of Oxone® with methyl linoleate
and octadeca-9Z,11E-dienoate furnished the corresponding
diepoxystearate derivative. Methyl 9,12-dioxo-octadec-10Z-
enoate was obtained when a C18 furanoid fatty ester (methyl
9,12-epoxy-9,11-octadecadienoate) was treated with Oxone®.
The yield of these reactions was very high (85–99%), and the
epoxy derivatives were readily isolated by solvent extraction.
The products were identified by spectroscopic methods.
Lipids 33, 633–637 (1998).

Various oxidants, such as m-chloroperoxybenzoic acid (m-CPBA),
magnesium monoperoxyphthalate hexahydrate (MMPP) and
urea-hydrogen peroxide (UHP), are used to oxidize olefinic com-
pounds to the corresponding epoxy derivatives (1–5). m-CPBA is
the epoxidizing agent most often used in fatty acid chemistry.
However, due to the shock-sensitive and explosive nature of
m-CPBA during transportation, this reagent is now shipped in
about 60–70% concentration in the presence of m-chlorobenzoic
acid and water, which act as stabilizers. Another drawback of
using m-CPBA for the epoxidation of unsaturated fatty esters is
the need to remove m-chlorobenzoic acid and excess m-CPBA
by washing with dilute sodium sulfite solution. During the wash-
ing of the reaction product mixture with sodium sulfite, the mix-
ing of the various phases causes an emulsion to be formed, which
requires long standing time for the organic layer to be clearly sep-
arated from the aqueous solution. In view of this practical prob-
lem, we decided to investigate the use of potassium peroxomono-
sulfate (Oxone®, DuPont Corp.; 2 KHSO5.KHSO4.K2SO4) as an
epoxidation reagent instead. Oxone® generates dioxiranes in situ
in the presence of ketones (such as acetone, trifluoroacetone, and
methyl pyruvate). Dioxiranes are reported to be powerful epoxi-

dation species with high reactivity toward both electron-rich and
electron-deficient olefins (6,7).

In this report we present the results of the epoxidation of a
number of mono- and diunsaturated fatty esters and unsaturated
oxygenated fatty esters by dioxiranes generated in situ
(Scheme 1).
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MATERIALS AND METHODS

Thin-layer chromatography (TLC) was performed on micro-
scope glass slides coated with silica gel G (ca. 0.1 mm thick),
and a mixture of n-hexane/diethyl ether in various proportions
was used as the developer. Components on the micro-plates
were viewed by exposing them to iodine vapor. Column chro-
matographic separation was performed on silica gel (Merck,
Darmstadt, Germany; type 60, 230–400 mesh ASTM) as
the adsorbent and by gradient elution with a mixture of
n-hexane/diethyl ether as the mobile phase. Infrared (IR)
spectra were recorded on a Bio-Rad (Hercules, CA) FTS-7
FT-IR spectrometer. Samples were run as neat films on KBr
discs. Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance DPX300 (300 MHz) Fourier-
transform NMR spectrometer (Bruker, Fallanden, Switzer-
land) from solutions in deuteriochloroform (CDCl3) (0.2–0.3
mM) with tetramethylsilane (TMS) as the internal reference
standard. Chemical shifts are given in δ-values in ppm down-
field from TMS (δTMS = 0 ppm). 

Methyl oleate (1) and methyl linoleate (3) were purchased
from Aldrich Chemical Co. (Milwaukee, WI). Methyl oc-
tadeca-9Z,11E-dienoate (5) and methyl octadec-11E-en-9-
ynoate (7) were synthesized according to procedures de-
scribed elsewhere (8,9). Methyl ricinoleate (methyl 12-hy-
droxy-octadec-9Z-enoate, 9) and methyl iso-ricinoleate
(methyl 9-hydroxy-octadec-12Z-enoate, 11) were isolated
from Ricinus communis (castor) and Wrightia tinctoria seed
oils, respectively (10). Methyl 12-oxo-octadec-9Z-enoate
(13) and 2,5-disubstituted furanoid fatty ester (15) were syn-
thesized as described elsewhere (11). Potassium peroxymono-
sulfate (Oxone®) was purchased from Aldrich Chemical Co. 

Epoxidation of methyl oleate (1), methyl linoleate (3),
methyl octadeca-9Z,11E-dienoate (5) and methyl octadec-
11E-en-9-ynoate (7), as exemplified by compound 5 with
potassium peroxymonosulfate in the presence of trifluoroace-
tone (Scheme 1). A mixture of methyl octadeca-9Z,11E-
dienoate (5, 0.1 g, 0.34 mmol), acetonitrile (3 mL), and aque-
ous disodium EDTA (Na2EDTA) solution (2 mL, 4 × 10−4 M)
was stirred for 2 min at room temperature. The reaction mix-
ture was cooled to 0–5°C, and trifluoroacetone (0.2 mL) was
added via a precooled syringe. Sodium hydrogencarbonate
(0.13 g, 1.54 mmol) and Oxone® (0.31 g, 0.5 mmol) were
then added and the reaction mixture was stirred for 1.5 h at
0–5°C. Water (50 mL) was added and the reaction mixture
was extracted with diethyl ether (3 × 50 mL). The ethereal ex-
tract was washed with water (20 mL) and dried over anhy-
drous sodium sulfate. The filtrate was evaporated to give
methyl 9,10Z;11,12E-diepoxystearate (6, 0.11g, 99%). In-
frared (IR) (neat): 1740 (s, ester C=O, str.), 1463 (m), 1436
(m), 1198 (m), 1172 (m, C-O-C), 898 (m, E-epoxy ring), and
835 (w, Z-epoxy ring) cm−1; 1H (NMR) (CDCl3, δΗ) 0.88 (t,
J = 6.7 Hz, 3H, CH3), 1.26–1.63 (m, 22H, CH2), 2.31 (t, J = 7.5
Hz, 3H, 2-H2), 2.64–2.77 (m, 2H, 9-H and 12-H), J9,10 = 4.1
Hz), 2.87–3.03 (m, 2H, 10-H and 11-H, J11,12 = 2.1 Hz), and
3.66 (s, 3H, COOCH3); 13C NMR (CDCl3, δC) 14.06 (C-18),

22.56 (C-17), 24.88 (C-3), 25.85/25.89 (C-14) , 26.70 (C-7),
28.07, 28.58, 29.01, 29.06, 29.08, 29.13, 29.17, 29.22,
31.58/31.64 (C-13), 31.72 (C-16), 34.05 (C-2), 51.48
(COOCH3), 54.76, 55.42, 55.62, 55.66, 56.36, 56.60, 57.75
(C-9, C-10, C-11, C-12, epoxy carbons) and 174.30 (C-1).

Methyl 9,10-Z-epoxystearate (2) from methyl oleate (1).
Yield: 99%; IR (neat): 1740 (s, ester C=O, str.), 1196 (m) and
1171 (m, C-O-C) cm−1; 1H NMR (CDCl3, δH) 0.88 (t, J = 6.5
Hz, 3H, CH3), 1.21–1.65 (m, 26H, CH2), 2.31 (t, J = 7.5 Hz,
2H, 2-H2), 2.88 (m, 2H, 9-H and 10-H), and 3.66 (s, 3H,
COOCH3); 13C NMR (CDCl3, δC) 14.11 (C-18), 22.69 C-17),
24.92 (C-3), 26.58 (C-12), 26.63 (C-7), 27.82 (C-8), 27.86
(C-11), 29.05 (C-4), 29.20, 29.24, 29.36, 29.56, 29.58, 31.88
(C-16) , 34.08 (C-2), 51.44 (COOCH3), 57.19/57.24 (C-9, C-
10) and 174.25 (C-1).

Methyl 9,10-Z;12,13-Z-diepoxystearate (4) from methyl
linoleate (3). Yield: 99%; IR (neat): 1740 (s, ester C=O, str.),
1458 (m), 1437 (m), 1168 (m, C-O-C) and 890 (m, epoxy ring)
cm−1; 1H NMR (CDCl3, δH) 0.90 (t, J = 7.0 Hz, 3H, CH3),
1.30–1.68 (m, 20H, CH2), 1.70–1.80 (m, 2H, 11-H2), 2.30 (t,
J = 7.5 Hz, 2H, 2-H2), 2.96–3.0 (m, 2H, 9-H, and 13-H, J9,10
= 4.2 Hz), 3.04–3.14 (m, 2H, 10-H and 12-H, J12,13 = 4.2 Hz)
and 3.66 (COOCH3); 13C NMR (CDCl3, δC) 13.99 (C-18),
22.59 (C-17), 24.89 (C-3), 26.17, 26.28, 26.44 (C-7, C-15),
27.91 [C-11, confirmed by C-H homonuclear correlation
spectroscopy (COSY)], 29.03, 29.17, 29.30, 31.69 (C-16),
34.03 (C-2), 51.42 (COOCH3), 54.19, 54.33, 54.34 (C-10, C-
12), 56.66, 56.70, 56.95, 56.99 (C-9, C-13) and 174.18 (C-1).

Methyl 11,12-E-epoxy-octadec-9-ynoate (8) from methyl
octadec-11E-en-9-ynoate (7). Yield: 85%; IR (neat) 2250 (m,
C=C), 1740 (s, C=O, str.) and 890 (m, epoxy ring) cm−1; 1H
NMR (CDCl3, δH) 0.88 (t, J = 7.0 Hz, 3H, CH3), 1.29–1.64
(m, 20H, CH2), 2.19 (t, J = 6.8 Hz, 2H, 8-H2 ), 2.30 (t, J = 7.4
Hz, 2H, 2-H2 ), 3.01 (m, 1H, 12-H), 3.07 (d, J = 17 Hz, 1H,
11-H) and 3.66 (s, 3H, COOCH3); 13C NMR (CDCl3, dC)
14.06 (C-18), 18.71 (C-8), 22.57 (C-17), 24.89 (C-3), 25.64
(C-14), 28.32, 28.62, 28.76, 28.99, 29.03, 31.72 (C-16), 34.03
(C-2), 45.73 (C-11, confirmed by C-H COSY), 51.43
(COOCH3), 60.60 (C-12, confirmed by C-H COSY), 76.75
(C-10, confirmed by long-range C-H COSY), 84.48 (C-9,
confirmed by long-range C-H COSY) and 174.18 (C-1).

Reaction of methyl octadeca-9Z,11E-dienoate (5) with m-
CPBA (Scheme 2). A mixture of compound 5 (0.16 g, 0.544
mmol), dichloromethane (10 mL), m-CPBA (0.15 g, 0.85
mmol) was stirred for 1 h. Dichloromethane (50 mL) was then
added and the reaction mixture was washed with aqueous
sodium sulfite solution (5%, 3 × 10 mL). The organic extract
was washed with water (20 mL) and dried over anhydrous
sodium sulfate. The filtrate was evaporated and silica column
chromatographic separation (using a mixture n-hexane/di-
ethyl ether, 95:5, vol/vol as eluent) of the residue gave a mix-
ture (90% total yield) of methyl 9,10-Z-epoxy-octadec-11E-
enoate (17) and methyl 11,12-E-epoxy-octadec-9Z-enoate
(18). Spectral analysis was conducted on the mixture of com-
pounds 17 and 18. IR (neat): 1741 (s, C=O, str.), 1457 and
1436 cm−1. 1H-NMR (CDCl3, δH) 0.88 (t, J = 7.0 Hz, 3H,
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CH3), 1.18–1.64 (m, 20H, CH2), 2.07 (q, J = 6.7 Hz, 2H, 13-H2
of 17), 2.20 (m, 2H, 8-H2 of 18), 2.30 (t, J = 7.5 Hz, 2H, 2-H2 ),
2.81 (tt, J = 27 Hz, 1H, 12-H of 18), 3.04 (m, 1H, 9-H of 17 and
12-H of 18), 3.34 (m, 10-H of 17 and 11-H of 18), 3.66 (s, 3H,
COOCH3), 5.04 (t, J = 9.0 Hz, 1H, 10-H of 17), 5.30 (t, J = 6.5
Hz, 1H, 11-H of 17), 5.70 (tt, J = 7.7 Hz, 1H, 9-H of 18) and 5.92
(tt, J = 6.9 Hz, 1H, 12-H of 17); 13C NMR (CDCl3, δC) 14.01
(C-18), 22.54 (C-17), 24.83 (C-13), 26.22, 27.86 (C-8 of 18),
28.71, 28.90, 28.95, 28.99, 29.04, 29.09, 29.16, 31.62/31.69 (C-
16), 32.51 (C-13 of 17), 33.98 (C-2), 51.36 (COOCH3), 54.35
(C-12 of 18), 57.12 (C-9 of 17), 58.71(C-10 of 17), 60.11 (C-11
of 18), 123.96 (C-11 of 17), 127.14 (C-10 of 18), 136.19 (C-9 of
18), 138.02 (C-12 of 17) and 174.17 (C-1). 

Preparation of methyl 11,12-E-epoxy-octadec-9Z-enoate
(18). A mixture of methyl 11,12-E-epoxy-octadec-9-ynoate (1.2
g, 3.89 mmol, obtained by epoxidation of methyl octadec-11E-
en-9-ynoate (methyl santalbate) as described elsewhere (9),
Lindlar catalyst (15 mg) and ethyl acetate (10 mL) were shaken
with hydrogen (90 mL of hydrogen was taken up in 4 h). The
solvent was evaporated under reduced pressure, water (25 mL)
was added, and the reaction mixture was extracted with diethyl
ether (3 × 50 mL). The ethereal layer was dried over sodium sul-
fate. The filtrate was evaporated, and column chromatographic
separation of the residue using a mixture of n-hexane and diethyl
ether (9:1, vol/vol as eluent) afforded methyl 11,12-E-epoxy-oc-
tadec-9Z-enoate (18, 90%). IR (neat) 1740 (s, C=O,str.), 1456
and 1435 cm−1. 1H-NMR (CDCl3, δH) 0.88 (t, J = 6.0 Hz, 3H,
CH3), 1.20–1.64 (m, 20H, CH2), 2.20 (m, 2H, 8-H2 ), 2.31 (t, J =
7.5 Hz, 2H, 2-H2 ), 2.81 (m, 1H, 12-H), 3.34 (dd, J11,12 = 1.4 Hz,
1H, 11-H), 3.67 (s, 3H, COOCH3), 5.04 (t, J = 9.0 Hz, 1H, 10-
H) and 5.66 (tt, J = 7.7 Hz, 1H, 9-H); 13C NMR (CDCl3, δC)
14.06 (C-18), 22.57 (C-17), 24.91 (C-3), 25.91 (C-14), 27.69 (C-
8), 28.98, 29.07, 29.10, 29.53, 31.75 (C-16), 32.08 (C-13), 34.07
(C-2), 51.46 (COOCH3), 54.45 (C-11, confirmed by C-H
COSY), 60.21 (C-12, confirmed by C-H COSY), 127.17 (C-10,
confirmed by C-H COSY), 136.32 (C-9, confirmed by C-H
COSY) and 174.33 (C-1).

Reaction of Oxone® in the presence of methyl pyruvate with
methyl 12-hydroxy-octadec-9Z-enoate (9), methyl 9-hydroxy-oc-
tadec-12Z-enoate (11), methyl 12-oxo-octadec-9Z-enoate (13)
and methyl 9,12-epoxy-octadeca-9,11-dienoate (15), as exempli-
fied by the epoxidation reaction of compound 13. A mixture of
methyl 12-oxo-octadec-9Z-enoate (13, 0.2 g, 0.65 mmol), ace-
tonitrile (6 mL), aqueous Na2EDTA solution (4 mL, 4 × 10−4 M),
and methyl pyruvate (0.66 g, 0.65 mmol) was stirred for 2 min
at room temperature. Sodium hydrogencarbonate (0.26 g, 3.1
mmol) and Oxone® (0.61 g, 0.99 mmol) were added, and the re-
action mixture was stirred for 45 min. Water (50 mL) was added

and the reaction mixture was extracted with diethyl ether (2 × 50
mL). The organic layer was washed with water (20 mL) and
dried over anhydrous sodium sulfate. The filtrate was evaporated
to give methyl 9,10-Z-epoxy-12-oxostearate (14, 0.2 g, 95%). IR
(neat): 1740 (s, ester C=O, str.), 1717 (s, C=O str.) and 1173
cm−1. 1H NMR (CDCl3, δH) 0.88 (t, J = 7.0 Hz, 3H, CH3),
1.20–1.60 (m, 20H, CH2), 2.31 (t, J = 7.4 Hz, 2H, 2-H2 ), 2.47 (t,
J = 7.3 Hz, 2H, 13-H2), 2.60–2.66 (dd, J = 5.3 Hz, 2H, 11-H2 ),
2.98 (m, 1H, 9-H), 3.28 (m, 1H, 10-H) and 3.66 (s, 3H,
COOCH3); 13C NMR (CDCl3, δC) 14.03 (C-18), 22.49 (C-17),
23.55 (C-14), 24.88 (C-3), 26.40 (C-7), 27.97 (C-8), 28.83,
29.00, 29.14, 29.26, 31.58 (C-16), 34.03 (C-2), 41.61 (C-11, con-
firmed by C-H COSY), 43.33 (C-13), 51.46 (COOCH3), 52.33
(C-10), 56.49 (C-9), 174.23 (C-1) and 208.48 (C-12).

Methyl 9,10-Z-epoxy-12-hydroxystearate (10) from methyl ri-
cinoleate (9). Yield: 90%; IR (neat): 3449 (s, OH), 1740 (s, C=O,
str.), 1460 (m), 1437 (m), 1201 (m) and 1174 (m) cm−1; 1H NMR
(CDCl3, δH) 0.88 (t, J = 6.6 Hz, 3H, CH3), 1.21–1.83 (m, 20H,
CH2), 2.31 (t, J = 7.5 Hz, 2H, 2-H2), 2.92 (m, 1H, 9-H), 3.14 (m,
1H, 10-H), 3.66 (s, 3H, COOCH3) and 3.87 (m, 1H, CHOH); 13C
NMR (CDCl3, δC) 14.09 (C-18), 22.63 (C-17), 24.89 (C-3),
25.55/25.63 (C-14), 26.42 (C-7), 27.91 (C-8), 28.04, 29.02,
29.17, 29.30, 29.32, 31.84 (C-16), 34.05 (C-2), 34.84/35.24 (C-
11), 37.46/37.82 (C-13), 51.46 (COOCH3), 54.55/55.38 (C-10),
56.37/57.19 (C-9), 69.97/70.78 (C-12) and 174.29 (C-1). 

Methyl 12,13-Z-epoxy-9-hydroxystearate (12) from methyl
iso-ricinoleate (11). Yield: 90%; IR (neat) 3454 (s, OH), 1739
(s, C=O, str.), 1462, 1437, 1251 cm−1; 1H NMR (CDCl3, δH)
0.90 (t, J = 6.9 Hz, 3H, CH3), 1.20–1.76 (m, 24H, CH2), 2.00 (O-
H, D2O exchangeable), 2.30 (t, J = 7.5 Hz, 2H, 2-H2), 2.95 (m,
2H, 12-H and 13-H), 3.60 (m,1H, CHOH) and 3.66 (s, 3H,
COOCH3); 13C NMR (CDCl3, δC) 14.03 (C-18), 22.64 (C-17),
24.31 (C-11), 24.94 (C-3), 25.69/26.29 (C-7), 27.81 (C-14),
29.09, 29.25, 29.48, 31.74/31.99 (C-16), 34.11 (C-2), 37.54 (C-
8, C-10), 51.49 (COOCH3), 57.17/57.36 (C-12), 57.48/57.88 (C-
13), 71.13/71.54 (C-9) and 174.32 (C-1) as supported by data
from Tulloch and Mazurek (12).

Methyl 9,12-dioxo-octadec-10Z-enoate (16) from methyl
9,12-epoxy-octadeca-9,11-dienoate (15). Yield: 90%; IR (neat):
1736 (s, C=O, ester, str.), 1700 (s, C=O, oxo, str.), 1609 (m), 1437
(m) and 1395 (m) cm−1. 1H NMR (CDCl3, δH) 0.88 (t, J = 6.8
Hz, 3H, CH3), 1.29–1.32 (m, 12H, CH2), 1.74–1.81 (m, 6H,
CH2), 2.29 (t, J = 7.5 Hz, 2H, 2-H2), 2.53 (t, J = 7.1 Hz, 4H, 8-
H2 and 13-H2), 3.66 (s, 3H, COOCH3) and 6.31 (s, 2H, 10-H and
11-H); 13C NMR (CDCl3, δC) 14.04 (C-18), 22.49 (C-17), 23.39,
23.49 (C-7, C-14), 24.88 (C-3), 28.79, 28.89, 28.93, 29.03, 31.60
(C-16), 34.04 (C-2), 42.48, 42.60 (C-8, C-13), 51.44 (COOCH3),
135.56, 135.79 (C-10, C-11), 174.24 (C-1), 203.03 and 203.07
(C-9 and C-12). Similar data were reported elsewhere (3).

RESULTS AND DISCUSSION

Treatment of the various unsaturated fatty esters with Oxone®

in the presence of either trifluoroacetone or methyl pyruvate
afforded the corresponding epoxides in very high yields as
summarized in Scheme 1. The NMR spectral properties of
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methyl 9,10-Z-epoxystearate (2) and those of methyl 9,10-
Z;12,13-Z-diepoxystearate (4) from methyl oleate and methyl
linoleate, respectively, were similar to those reported in the
literature (2,13). From the results of the 13C NMR analysis of
the products, it was apparent from the shifts of the epoxy car-
bon nuclei that the reaction of oxone with methyl linoleate
was not stereoselective. Seven signals (in the region of δC
54.19–56.99) instead of four were found in the spectrum for
the shifts of the epoxy carbon atoms. It was possible to dif-
ferentiate the signals for the C-10/C-12 epoxy carbon nuclei
from those originating from the C-9/C-13 epoxy carbon
atoms by the C-H COSY technique.

Epoxidation of the conjugated 9-Z,11-E-diene ester (com-
pound 5) with m-CPBA gave a mixture of mono-epoxy
olefinic esters (compounds 17 and 18, see Scheme 2) only.
Compounds 17 and 18 could not be further epoxidized by m-
CPBA. However, when the same substrate (compound 5) was
reacted with Oxone® in trifluoroacetone, both double bonds
in the substrate were readily epoxidized to give the corre-
sponding Z,E-epoxy derivative (6) in almost quantitative
yield. Compound 6 comprised a mixture of stereoisomers as
reflected by the seven signals arising from the shifts of the
epoxy carbon atoms (C-9, C-10, C-11, and C-12) which ap-
peared at δC 54.76–57.75. In an effort to identify the various
carbon chemical shifts of the mixture of compounds 17 and
18, it was necessary to synthesize one of these positional iso-
mers. Compound 18 was prepared by semihydrogenation of
methyl 11,12-E-epoxy-octadec-9-ynoate, which was obtained
by m-CPBA epoxidation of methyl santalbate as reported
elsewhere (14). By comparing the results of the shifts of the
critical carbon atoms in the 13C NMR spectrum of compound
18, it was possible to identify many of the carbon signals aris-
ing from compounds 17 and those belonging to compound 18.

The reactions involving methyl ricinoleate (9) , iso-ricin-
oleate (11), and methyl 12-oxo-octadec-9Z-enoate (13) with
Oxone® were carried out in the presence of methyl pyruvate
instead of trifluoroacetone. Reactions with Oxone® in methyl
pyruvate were as effective and high yielding as those ob-
served when conducted in the presence of trifluoroacetone.
Methyl ricinoleate (9) reacted with Oxone® to give methyl
9,10-Z-epoxy-12-hydroxystearate (10). Of great interest was
the reaction of methyl iso-ricinoleate (11) with Oxone® in
methyl pyruvate. This reaction gave exclusively the corre-
sponding epoxy-hydroxystearate derivative (12), which was
identified by the IR absorption at 3454 cm−1 for the stretch-
ing vibration of the O-H group, the shifts of the epoxy pro-
tons at δH 2.95 (12-H and 13-H), and from the shifts of the
carbon nuclei at δC 57.17/57.36 (C-12) and 57.48/57.88 (C-
13). Unlike the reaction of methyl iso-ricinoleate with
m-CPBA, the reaction with Oxone® in the presence of methyl
pyruvate did not give rise to the frequently reported tetrahy-
drofuranyl derivative (methyl 9,12-epoxy-13-hydroxy-
stearate). In the reaction of methyl iso-ricinoleate with
m-CPBA, the hydroxy group acts as a nucleophile in an in-
tramolecular cyclization reaction involving the dimethylene
interrupted hydroxy-epoxy intermediate (1,15). The latter re-

action is catalyzed by the presence of a weak acid (chloroben-
zoic acid) which is found in m-CPBA (as a stabilizer or by-
product). While in the case of Oxone® with methyl pyruvate,
the presence of sodium hydrogencarbonate prevents the
epoxy group from being protonated and thus preventing the
cyclisation reaction to occur as observed in the case of
m-CPBA.

Reaction of methyl 12-oxo-octadec-9Z-enoate (13) with
Oxone® furnished the corresponding epoxy-oxo derivative
(14), which was confirmed by the spectral data. By using C-H
COSY technique, the shift of the C-11 carbon atom was
shown to correspond to the signal at δC 41.61. This value was
erroneously assigned in an earlier study by us when the same
substrate was epoxidized with m-CPBA under concomitant
ultrasonic irradiation (15). Ring-opening reaction of a C18
2,5-disubstituted furanoid fatty ester (compound 15) with
Oxone® furnished methyl 9,12-dioxo-octadec-10Z-enoate
(16) in 90% yield. The Z-configuration of the double bond
was confirmed from the following physical data: a singlet at
δH 6.31 (2H, 10-H, 11-H) and carbon shifts at δC 135.56,
135.79 (C-10, C-11).

It can be concluded from the above results that Oxone® is
a stronger epoxidizing agent than m-CPBA. Oxone® in the
presence of trifluoroacetone or methyl pyruvate converts all
double bonds into the corresponding epoxides including con-
jugated diene systems and in the case of methyl iso-ricin-
oleate (a dimethylene interrupted hydroxy-olefin ester) epox-
idation with Oxone® yields exclusively the corresponding
epoxy-hydroxy derivative. Furthermore, the isolation of the
epoxy derivatives from reactions involving Oxone® is a facile
procedure resulting in high product yield.
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ABSTRACT: A Callyspongia sp. collected by SCUBA off Bar-
won Heads, Australia, has afforded two new polyacetylenic
lipids, callyspongynes A and B, the structures of which were as-
signed by spectroscopic analysis and chemical derivatization.
Lipids 33, 639–642 (1998).

Polyacetylenic lipids represent a class of natural product
common to marine sponges, with many examples reported in
recent years of this structure class varying in chain length,
degrees of unsaturation, and biological activity (antimicro-
bial, antitumor, antifungal, and antiviral). Sponge genera
known to feature polyacetylenic lipids include Petrosia
(1–8), Cribrochalina (9–12), Tetrosia (13), Xestospongia
(14,15), Siphonochalina (16), Reniera (17), Haliclona (18),
and Callyspongia (19). This latter observation together with
our recent experience in isolating novel lipids from a south-
ern Australian Callyspongia sp. (20) prompted an investiga-
tion of the lipid content of another Callyspongia sp. in our
collection. This report describes the results of a chemical
analysis of a Callyspongia sp. collected by SCUBA at ~30 m
depth off Barwon Heads (Victoria, Australia).

EXPERIMENTAL PROCEDURES

All solvents were redistilled before use. Rapid silica filtra-
tions were carried out using Kieselgel 60 silica gel loaded
into a sintered glass funnel and eluted under low vacuum.
Solid phase extraction was carried out using Alltech Maxi-
clean silica 900 mg cartridges (Alltech Corp., Deerfield, IL)
attached to luer lock syringes. High-performance liquid chro-
matography (HPLC) was performed on an ISCO 2350 sol-
vent delivery system (ISCO Corp., Lincoln, NE) equipped
with a rheodyne injector, Waters 401 differential refractome-
ter and Spectra Physics 200 programmable UV/VIS wave-
length detector, and recorded on either Chart V3.2 data col-
lection package using an AD Instruments Mac Lab/2E oper-
ating on an Apple Macintosh LC; or a Data Acquisition
Plotting and Analysis (DAPA) package operating on an Ipex

286PC unit under DOS 5.0. Thin-layer chromatography was
carried out on Machery-Nagel Duren Alugram Sil G/UV254
plates and visualized by both short (254 nm)- and long (365
nm)-wavelength ultraviolet light, as well as spraying with 5%
vanillin in H2SO4/H2O (50% wt/vol) and heating at 100°C
for 2–5 min. Chiroptical measurements [α]D were obtained
on a Jasco DIP-1000 digital polarimeter in a 100 mm × 2 mm
cell. Infrared (IR) spectra were acquired on a Perkin-Elmer
1600 Fourier transform IR spectrophotometer. Nuclear mag-
netic resonance (NMR) experiments were performed on ei-
ther a Varian Inova 400, Varian Unity 300, or a Varian Unity
plus 400 spectrometer in the solvents indicated, with 1H
NMR referenced to residual solvent resonances and 13C
NMR to carbon resonances.

Electrospray ionization (ESI) (1:1 acetonitrile/water matrix)
mass spectra were acquired on a Micromass Quattro II mass
spectrometer at the cone voltages indicated. Electron impact
ionization (EI) (70 eV) mass spectra were acquired on a JEOL
ax-505H mass spectrometer. High-resolution ESI (1:1 acetoni-
trile/water matrix) mass measurements were recorded on a
Bruker BioApex 47E FT mass spectrometer at a cone voltage
of 100 kV. Gas chromatography/mass spectrometry (MS)
analysis was performed on a Hewlett-Packard 5890 gas chro-
matograph with mass selective detector MSD HP 5970 MS and
a split/splitless injector for capillary columns, using a fused-
silica column, 25 m × 0.2 mm HP–5 (cross-linked 25% phenyl-
methyl silicone, 0.33 mm film thickness).

Collection, extraction, and isolation. A marine sponge
Callyspongia sp. (class Demonspongia: order Haplosclerida:
family Callyspongidae) (32.5 g) was collected by SCUBA
(−30 m) off Barwon Heads. The sponge was diced, steeped
in ethanol, and stored at −18°C until required, and a voucher
specimen (registry number F77048) deposited with the Mu-
seum of Victoria. The decanted ethanol extract was concen-
trated in vacuo and partitioned into CH2Cl2-, methanol-, and
H2O-soluble fractions. The CH2Cl2-soluble fraction was fur-
ther partitioned with CH3CN, and the CH3CN-soluble mater-
ial fractionated by rapid silica filtration (10% stepwise gradi-
ent from hexane to ethyl acetate) followed by HPLC (2
mL/min elution with 15% ethyl acetate/hexane through a
Phenomenex 5 µ silica 250 × 10 mm column) (Phenomenex,
Torrance, CA) to yield a mixture of callyspongynes (24 mg,
0.074%) as a colorless oil. [α]D−3.9° (c = 0.24 CHCl3);
EIMS (70 eV) mass spectrum m/z 492 (1%, minor homolog),
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464 (4%, major homolog), 446(1), 421 (2), 381 (1), 279 (2),
252(5), 187 (10), 173 (15), 95 (56), 54 (100); high-resolution
EIMS m/z 464.4035 (C33H52O requires 464.4021); ESI (+)
m/z 493 (minor homolog, M + H), 465 (major homolog, M +
H); IR (film) νmax 3300, 2900 cm−1; 1H, 13C and two-dimen-
sional NMR see Table 1.

Derivatization. A solution of dicyclohexylcarbodiimide
(1.5 eq in 15 mL of dry CH2Cl2) was added to a solution of
callyspongynes (1 eq, 9 mg in 0.5 mL of dry CH2Cl2) con-
taining 4-dimethylaminopyridine (1 mg) and either (R)- or
(S)-α-methoxy-α-(trifluoromethyl)phenylacetic acid (MTPA)
(1.5 eq, 3.5 mg), and the solution was stirred for 16 h at 25°C.
The reaction product obtained from standard aqueous workup
was purified by HPLC (2 mL/min elution with 15% ethyl ac-

etate/ hexane through a Phenomenex 5 µ silica 250 × 10 mm
column) to yield the (R)-MTPA (6 mg, 66%) and (S)-MTPA
(7 mg, 77%) esters, respectively. Selected ∆δ(S-R) 1H NMR
shifts for the Mosher esters are shown in Figure 2.

RESULTS AND DISCUSSION

Solvent partitioning of the ethanol extract of the Callyspon-
gia sp. followed by rapid silica filtration and silica HPLC
yielded a mixture of callyspongynes as optically active col-
orless oil. Examination of the NMR data (see Fig. 1) revealed
resonances consistent with a secondary alcohol [1H: δ 4.84
(dd); 13C: 62.8 (d) ppm], as well as a disubstituted [13C:
(80.2) (2s) ppm] and two monosubstituted acetylenes [1H: δ
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FIG. 1. 1H (CDCl3, 400 MHz) and an expansion of the selected homonuclear correlation spectroscopy nuclear
magnetic resonance spectra of callyspongynes.



2.56 (d); 13C: 74.0 (d) and 83.3 (s) ppm; and 1H: δ 3.06 (dd);
13C: 80.3 (d) and 81.1 (s) ppm]. These observations were
further substantiated by IR absorptions (3300 and 2900
cm−1). The NMR data also established the presence of cis [1H:
δ 5.99 and δ 5.44 Jcis = 10.6 Hz; 13C: 146.2 (d) and 107.2 (d)
ppm] and trans [1H: δ 5.60 and δ 5.90 Jtrans = 15.1 Hz; 13C:
128.0 (d) and 134.7 (d) ppm] 1,2-disubstituted double bonds.
Analysis of the two-dimensional NMR data (Table 1 and Fig.
1) established the terminal structure fragments and positioned
the remaining acetylenic functionality within an unbranched
carbon chain. ESI MS revealed the presence of two homologs,
an observation confirmed by both direct insertion and gas
chromatography EI MS. High-resolution EIMS provided ex-
perimental evidence for the molecular formula of the major
component callyspongyne A (1) (C33H52O), and by compari-
son defined a molecular formula for the minor homolog
callyspongyne B (2) (C35H56O). Repeated efforts to analyze
fragmentation patterns and employ tandem mass spectrome-
try techniques failed to unambiguously position the disubsti-
tuted acetylenic unit along the carbon chain (Fig. 2). 

Application of the advanced Mosher method (21) for as-
signment of absolute stereochemistry required preparation of
the diastereomeric MTPA esters of the callyspongyne mix-
ture, and comparison of the resulting NMR spectra. The ∆δ
values as depicted in Figure 2 were diagnostic for a 3R ab-
solute stereochemistry. This assignment of absolute stereo-
chemistry to the callyspongynes when considered in conjunc-
tion with the experimentally measured -ve optical rotation
was consistent with the absolute stereochemistry assigned to
acetylenic lipids possessing a common C1 to C7 subunit re-
ported from other marine sponges (1–5).

Although callyspongynes A and B (1 and 2) incorporate
terminal acetylenic functionalities common to other poly-
acetylenic lipids from marine sponges, the isolated “central”
acetylenic functionality is uncommon. The ecological role of
such novel unsaturated lipids in marine sponges remains un-
known, although in at least one instance it has been specu-
lated that they serve as chemical defense agents to both the
sponge itself and to predatory nudibranches (8).
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ABSTRACT: It has been reported that both n-3 and n-6 oc-
tadecatrienoic acids can increase hepatic fatty acid oxidation
activity. It remains unclear, however, whether different enzymes
in fatty acid oxidation show a similar response to n-3 and n-6
octadecatrienoic acids. The activity of hepatic fatty acid oxida-
tion enzymes in rats fed an oil mixture rich in α-linolenic acid
(18:3n-3) and borage oil rich in γ-linolenic acid (18:3n-6) was
therefore compared to that in rats fed an oil mixture rich in
linoleic acid (18:2n-6) and a saturated fat (palm oil) in this
study. Linseed oil served as the source of 18:3n-3 for the oil
mixture rich in this octadecatrienoic acid and contained 30.6%
18:3n-3 but not 18:3n-6. Borage oil contained 25.7% 18:3n-6
and 4.5% 18:3n-3. Groups of seven rats each were fed diets
containing 15% various fats for 15 d. The oxidation rate of
palmitoyl-CoA in the peroxisomes was higher in rats fed a fat
mixture rich in 18:3n-3 (3.03 nmol/min/mg protein) and borage
oil (2.89 nmol/min/mg protein) than in rats fed palm oil (2.08
nmol/min/mg protein) and a fat mixture rich in 18:2n-6 (2.15
nmol/min/mg protein). The mitochondrial palmitoyl-CoA oxi-
dation rate was highest in rats fed a fat mixture rich in 18:3n-3
(1.93 nmol/min/mg protein), but no significant differences in
this parameter were seen among the other groups (1.25–1.46
nmol/min/mg protein). Compared to palm oil and fat mixtures
rich in 18:2n-6, a fat mixture rich in 18:3n-3 and borage oil sig-
nificantly increased the hepatic activity of carnitine palmitoyl-
transferase and acyl-CoA oxidase. Compared to palm oil and a
fat mixture rich in 18:2n-6, a fat mixture rich in 18:3n-3, but
not fats rich in 18:3n-6, significantly decreased 3-hydroxyacyl-
CoA dehydrogenase activity. Compared to palm oil and a fat
mixture rich in 18:2n-6, borage oil profoundly decreased mito-
chondrial acyl-CoA dehydrogenase activity, but a fat mixture
rich in 18:3n-3 increased it. 2,4-Dienoyl-CoA reductase activity
was significantly lower in rats fed palm oil than in other groups.
Compared to other fats, borage oil significantly increased ∆3,∆2-
enoyl-CoA isomerase activity. Activity was also significantly
higher in rats fed 18:2n-6 oil than in those fed palm oil. It was
confirmed that both dietary 18:3n-6 and 18:3n-3 increased fatty
acid oxidation activity in the liver. These two dietary octadeca-
trienoic acids differ considerably, however, in how they affect
individual fatty acid oxidation enzymes. 
Lipids 33, 647–654 (1998).

We demonstrated previously that dietary fats rich in n-3 oc-
tadecatrienoic acid (α-linolenic acid) increased the fatty acid
oxidation rate through both the mitochondrial and peroxiso-
mal pathways in liver homogenates in rats (1,2). We also
showed that dietary α-linolenic acid increased the hepatic ac-
tivity of enzymes in the β-oxidation pathway, including car-
nitine palmitoyltransferase, acyl-CoA dehydrogenase, acyl-
CoA oxidase, enoyl-CoA hydratase, 3-ketoacyl-CoA thiolase,
∆3,∆2-enoyl-CoA isomerase, and 2,4-dienoyl-CoA reductase,
but unexpectedly decreased 3-hydroxyacyl-CoA dehydroge-
nase activity. Fish oil containing very long-chain n-3 polyun-
saturated fatty acids has been amply demonstrated to increase
the mitochondrial (3,4) and peroxisomal (4–7) fatty acid oxi-
dation rate in rat liver. It is thus plausible that various n-3
polyunsaturated fatty acids can increase hepatic fatty acid ox-
idation in the rat. By contrast, we (1,2) previously showed
that a dietary fat rich in 18:2n-6 (safflower oil) only slightly
but inconsistently increased hepatic mitochondrial and perox-
isomal fatty acid oxidation activity. Takada et al. (8), how-
ever, demonstrated that a dietary fat (of fungal origin) rich in
γ-linolenic acid (18:3n-6) significantly increased the peroxi-
somal fatty acid oxidation rate and carnitine palmitoyltrans-
ferase activity in rat liver. Thus, it is plausible that both n-3
and n-6 octadecatrienoic acids can increase hepatic fatty acid
oxidation activity. It remains unclear, however, whether dif-
ferent enzymes in fatty acid oxidation show a similar re-
sponse to n-3 and n-6 octadecatrienoic acids. We therefore
compared the effect of dietary α- and γ-linolenic acids on the
activity of different hepatic fatty acid oxidation enzymes
using linseed and borage oils as the sources of these linolenic
acids in the rat. 

MATERIALS AND METHODS

Materials. [1-14C]Palmitic acid was purchased from Amer-
sham International (Bucks, United Kingdom). [1-14C]Palmi-
toyl-CoA and nonradiolabeled palmitoyl- and linoleyl-CoA
were prepared according to the method of Kawaguchi et al.
(9). Acetyl-CoA was prepared by acylating CoA with acetic
anhydride, acetoacetyl-CoA with diketene, and crotonyl-CoA
with crotonic anhydride. Sorboyl-CoA, trans-2-octenoyl-
CoA, and trans-3-hexenoyl-CoA were prepared using the
mixed anhydride method (10). Malonyl-CoA was purchased
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from Sigma Chemical Co. (St. Louis, MO). Bovine serum al-
bumin fraction V (essential fatty acid-free) was purchased
from Boehringer Mannheim GmbH (Mannheim, Germany).
Linseed oil rich in α-linolenic acid was purchased from
Nakarai Tesque (Kyoto, Japan). Palm and safflower oils were
the gift of Nisshin Oil Co. (Tokyo, Japan). Borage oil rich in
γ-linolenic acid was donated by Nippon Synthetic Chemical
Industry Co. (Osaka, Japan).

Animals and diets. Male Sprague-Dawley rats obtained
from Charles River Japan (Kanagawa, Japan) were housed in-
dividually in animal cages in a room with controlled temper-
ature (20–22°C), humidity (55–65%), and lighting (light on
from 07:00 to 19:00 h), and fed a commercial nonpurified diet
(Type NMF; Oriental Yeast Co., Tokyo, Japan). Fat content
of the nonpurified diet was 5.2% and its fatty acid composi-
tion was (in wt%): 16:0, 14.8; 16:1n-7, 2.1; 18:0, 2.7;
18:1n-9, 22.2; 18:2n-6, 44.5; 18:3n-6, 0.1; 18:3n-3, 6.2;
20:4n-6, 1.1; 20:5n-3, 3.0; 22:4n-6, 0.1; 22:5n-6, 0.2;
22:5n-3, 0.4; 22:6n-3, 2.7. After 7 d of acclimatization, rats
were fed purified experimental diets. The composition of the
experimental diet was (in wt%): fat, 15; casein, 20; corn-
starch, 15; sucrose, 43; cellulose, 2; mineral mixture (11), 3.5;
vitamin mixture (11), 1; DL-methionine, 0.3; and choline
bitartrate, 0.2. Animals were fed a diet containing palm oil; a
fat mixture (18:2 oil) composed of palm and safflower oils
(12:88, w/w); another fat mixture (18:3n-3 oil) composed of
linseed, palm, and safflower oils; and tripalmitin (54:39:2:5,
by wt), and borage oil for 15 d. The composition of polyun-
saturated fatty acid was the sole variable, and the total
polyunsaturated fatty acid content was the same in fat mix-
tures rich in 18:2n-6 or 18:3n-3 and a fat rich in 18:3n-6 (bor-
age oil) (Table 1). We followed our institute’s guidelines in
laboratory animal care and use. 

Enzyme assays. At the termination of the experimental pe-
riod, rats were anesthetized lightly using diethylether and
bled from the abdominal aorta, and livers were quickly ex-
cised. About 3 g each of liver was homogenized with 7 vol of
0.25 M sucrose and centrifuged at 500 × g for 10 min. The su-
pernatant was recentrifuged at 9000 × g for 10 min to isolate

mitochondria. The mitochondrial fraction was washed twice
with 0.25 M sucrose containing 1 mM EDTA and 3 mM Tris-
HCl (pH 7.0) and finally suspended in the same medium to
give a protein concentration of 20–25 mg/mL. Mitochondrial
and peroxisomal fatty acid oxidation rates were measured
using a 500 × g supernatant fraction of liver homogenates,
with [1-14C]palmitoyl-CoA (0.2 mM) as a substrate, accord-
ing to the method of Mannaerts et al. (12) as detailed else-
where (1). The supernatant fraction of liver homogenates ob-
tained after centrifugation at 500 × g for 10 min was used to
measure fatty acid oxidation enzyme activity except in the
case of acyl-CoA dehydrogenase (E.C. 1.3.99.3). Because
acyl-CoA dehydrogenase is primarily a mitochondrial en-
zyme (13) and the assay using the 500 × g supernatant frac-
tion as an enzyme source gave an extremely high blank value,
this enzyme was assayed in an isolated mitochondrial frac-
tion as an enzyme source. Carnitine palmitoyltransferase
(E.C. 2.3.1.21) activity was measured using both the 500 × g
supernatant and mitochondrial fractions. Carnitine palmitoyl-
transferase, acyl-CoA dehydrogenase, and acyl-CoA oxidase
(E.C. 1.3.3.6) activities were measured according to the meth-
ods of Markwell et al. (14), Dommes and Kunau (15), and
Hashimoto et al. (16) using palmitoyl-CoA as a substrate.
Enoyl-CoA hydratase (E.C. 4.2.1.17) activity, using crotonyl-
CoA and trans-2-octenoyl-CoA substrates (17), and 3-hy-
droxyacyl-CoA dehydrogenase (E.C. 1.1.1.35)(18) activity
using acetoacetyl-CoA substrate were analyzed according to
the method of Osumi and Hashimoto (17). Sorboyl-CoA for
2,4-dienoyl-CoA reductase (E.C. 1.3.1.34) (19) and trans-3-
hexenoyl-CoA for ∆3,∆2-enoyl-CoA isomerase (E.C. 5.3.3.8)
(20) were used as substrates in assaying activity. The activity
of succinate dehydrogenase (E.C. 1.3.99.1) (21), a marker en-
zyme for mitochondria, was measured in both the 500 × g su-
pernatant and mitochondrial fraction to calculate mitochondr-
ial recovery from the 500 × g supernatant (1). The activities
of fatty acid synthetase (22), malic enzyme (E.C. 1.1.1.40)
(23), glucose 6-phosphate dehydrogenase (E.C. 1.1.1.49)
(24), and pyruvate kinase (E.C. 2.7.1.40) (25) were measured
using a 9000 × g supernatant fraction of liver homogenate as
an enzyme source as detailed elsewhere (1,2,26). Mitochon-
drial and peroxisomal oxidation rates of fatty acid were mea-
sured using nonfreeze-thawed enzyme preparations on the
day rats were sacrificed. Other enzymes were assayed in en-
zyme preparations that had been stored at −40°C up to 10 d.

Lipid analysis. Commercial enzyme kits obtained from
Wako Pure Chemical (Osaka, Japan) were used in assaying
serum concentrations of cholesterol (Cholesterol C-test
Wako) and free fatty acid (NEFA C-test Wako). Serum and
liver lipids were extracted and purified (27). Triacylglycerol
and phospholipid contents in the lipid extract were deter-
mined as described elsewhere (28,29). Cholesterol content in
the liver lipid extract was analyzed enzymatically as detailed
elsewhere (29). Triacylglycerol and phospholipid in the liver
lipid extract were separated by thin-layer chromatography,
and the fatty acid composition of these lipid molecules was
determined using gas–liquid chromatography (28).
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TABLE 1
Fatty Acid Composition of Dietary Fats

Fatty acids Palm 18:2n-6 18:3n-3 Oilb Borage
(wt%) oil Oila (fat mixture) oil

16:0 45.3 11.6 11.6 10.7
16:1n-7 0.1 — — 0.4
18:0 4.4 2.7 2.7 3.4
18:1n-9 39.1 16.1 16.4 16.5
18:2n-6 9.4 69.1 38.6 38.7
18:3n-6 — — — 25.7
18:3n-3 0.3 0.2 30.6 4.5

Total PUFAc 9.7 69.3 69.2 68.9
aMixture of palm and safflower oils (12:88, w/w).
bMixture of linseed, palm, and safflower oils, and tripalmitin (54:39:2:5, 
by wt).
cPUFA, polyunsaturated fatty acids.



Statistical analysis. The examination of significant differ-
ences of means with a pooled estimate of variance was estab-
lished according to the methods of Snedecor and Cochran
(30) for one-way classifications as detailed elsewhere (31). 

RESULTS

There were no significant differences in average food intake
and growth among the groups of rats fed different dietary fats
(Table 2). Liver weight was significantly lower in rats fed
18:2n-6 oil than in those fed palm and borage oils. But no sig-
nificant difference in this parameter was detected between
rats fed 18:2n-6 oil and 18:3n-3 oil.

Effect of dietary α- and γ-linolenic acids on hepatic palmi-
toyl-CoA oxidation rate and fatty acid oxidation enzyme activ-
ity. Owing to the considerable differences detected in liver
weight among groups, the effect of dietary fats on hepatic en-
zyme was estimated comparing both specific (nmol/min/mg
protein) and total (µmol/min/100 g body weight) activity. Al-
though only the value for specific activity is presented in each
table and figure, similar results regarding the effect of α- and
γ-linolenic acids on enzyme activity were confirmed when it
was expressed as total activity. Compared to palm and 18:2n-6
oils, an oil mixture rich in α-linolenic acid and borage oil rich
in γ-linolenic acid significantly increased specific and total ac-
tivities of hepatic peroxisomal palmitoyl-CoA oxidation rate
(Fig. 1), carnitine palmitoyltransferase, and acyl-CoA oxidase
activity (Table 3). Compared to palm and 18:2n-6 oil, 18:3n-3
oil significantly increased specific and total activities of
mitochondrial acyl-CoA dehydrogenase, whereas borage oil
greatly decreased them. By contrast, dietary α-linolenic acid
greatly reduced 3-hydroxyacyl-CoA dehydrogenase activity,
but borage oil left it unchanged. Mitochondrial oxidation rate
was significantly higher in rats fed 18:3n-3 oil than in the other
groups regardless of the way the value was expressed. Com-
pared to other fats, borage oil failed to increase the specific
and total activities in the mitochondrial fatty acid oxidation
rate, however. Enoyl-CoA hydratase and 3-ketoacyl-CoA thi-
olase activities were highest in rats fed 18:3n-3 oil, but one-
way analysis of variance showed no significant difference in
the specific and total enzyme activities among groups. 2,4-
Dienoyl-CoA reductase activity was significantly lower in rats
fed palm oil than in other groups. Compared to other fats, bor-

age oil significantly increased ∆3,∆2-enoyl-CoA isomerase ac-
tivity. Activity was also significantly higher in rats fed 18:2n-6
oil than in those fed palm oil. 
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TABLE 2
Growth Parameters and Liver Weight of Rats Fed Various Fats

Dietary fata ANOVAb

Palm oil 18:2n-6 Oil 18:3n-3 Oil Borage oil F value Significance

Body weight
Initial (g) 152 ± 3 152 ± 2 151 ± 1 151 ± 2 0.06 N.S.
Final (g) 280 ± 7 276 ± 5 280 ± 5 275 ± 5 0.216 N.S.
Growth (g/15 d) 128 ± 5 124 ± 5 128 ± 5 124 ± 3 0.242 N.S.

Food intake (g/d) 21.7 ± 1.0 20.1 ± 0.5 29.9 ± 0.7 19.6 ± 0.8 1.68 N.S.
Liver weight (g/100 g body weight) 5.32 ± 0.10d 4.82 ± 0.06c 5.08 ± 0.11c,d 5.29 ± 0.11d 5.73 P < 0.01
aValues for dietary fats are means ± SE of seven rats.
bANOVA, analysis of variance; N.S., not significant. Values with unlike roman superscript letters (c,d) differ significantly at
P < 0.05.

FIG. 1. Effect of α- and γ-linolenic acids on palmitoyl-CoA oxidation in
rat liver homogenate. Values are means ± SE of seven determinations
made on separate animals. a, b: Values with unlike letters differ signifi-
cantly at P < 0.05. (A) Mitochondrial β-oxidation; analysis of variance
(ANOVA), F value = 13.9 (P < 0.01). (B) Peroxisomal β-oxidation;
ANOVA, F value = 11.0 (P < 0.01).



Effect of dietary α- and γ-linolenic acid on enzyme activity
in fatty acid synthesis. Although differences were not always
significant, activity of enzymes in fatty acid synthesis was
higher in rats fed palm oil than in those fed various polyunsat-
urated fats (Fig. 2). Activity was comparable, however, among
rats fed different polyunsaturated fats, with some exceptions.

Effect of dietary α- and γ-linolenic acid on serum and he-
patic lipid levels. Compared to palm oil, dietary fats rich in
polyunsaturated fatty acid reduced serum triacylglycerol con-
centration (Table 4). The extent of reduction was exaggerated
in rats fed fats rich in α- or γ-linolenic acids. Although no sig-
nificant difference among groups was detected, serum choles-
terol concentration tended to be lower in rats fed 18:3n-3 oil
and borage oil than in those fed palm and safflower oils. Serum
phospholipid concentrations were comparable among rats fed
polyunsaturated fats and were significantly lower than in rats
fed palm oil. Serum free fatty acid concentrations were also
lower in rats fed polyunsaturated fats than in those fed palm
oil, and the greatest decrease was detected with borage oil. He-
patic triacylglycerol concentrations were the same among rats
fed various polyunsaturated fats and were significantly lower
than in rats fed palm oil. Hepatic cholesterol concentration in
rats fed borage oil was the lowest among groups and was sig-
nificantly less than in those fed palm and 18:2n-6 oils. Com-
pared to palm and 18:2n-6 oils, 18:3n-3 oil also reduced this
parameter, and the difference between rats fed 18:2n-6 oil be-
came statistically significant. Hepatic phospholipid concentra-
tions were significantly higher in rats fed 18:2n-6 and 18:3n-3
oils than in those fed palm and borage oils.

Effect of dietary α- and γ-linolenic acid on liver lipid fatty
acid composition. Compared to palm oil, dietary polyunsatu-

rated fats increased the proportion of polyunsaturated fatty
acids in triacylglycerol and phospholipid (Table 5). As phos-
pholipid is a major component of biomembranes, unsatura-
tion of this lipid molecule should remain constant to maintain
the fluidity of biological membranes under the different nutri-
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TABLE 3
Effects of α- and γ-Linolenic Acids on Fatty Acid Oxidation Enzyme Activities in Rat Liver

Enzymes, enzyme sources, Dietary fata ANOVA

and substrates Palm oil 18:2n-6 Oil 18:3n-3 Oil Borage oil F value Significance

(nmol/min/mg protein)

Carnitine palmitoyltransferaseb

500 × g 3.41 ± 0.10f 3.93 ± 0.24f 6.63 ± 0.52h 5.13 ± 0.16g 22.5 P < 0.01
Mitochondria 14.1 ± 0.40f 15.6 ± 0.89f 23.9 ± 0.55h 20.3 ± 0.43g 55.7 P < 0.01

Acyl-CoA dehydrogenase
16:0-CoA substrate 58.6 ± 3.7g 56.8 ± 2.1g 70.6 ± 5.4h 25.0 ± 1.0f 38.3 P < 0.01
18:2-CoA substrate 36.5 ± 0.7g 33.3 ± 2.5g 49.4 ± 8.2h 16.8 ± 0.7f 9.58 P < 0.01

Acyl-CoA oxidaseb 3.00 ± 0.13f 2.89 ± 0.06f 4.53 ± 0.18g 4.10 ± 0.26g 21.9 P < 0.01
Enoyl-CoA hydratase

Crotonyl-CoA substrate 3070 ± 114 3258 ± 191 3895 ± 206 3372 ± 366 1.88 N.S.
t-2-Octenoyl-CoA substrate 1499 ± 82 1491 ± 57 1721 ± 95 1474 ± 121 1.49 N.S.

3-Hydroxyacyl-CoA dehydrogenasec 180 ± 17g 212 ± 14g 54.3 ± 3.1f 192 ± 12g 35.6 P < 0.01
3-Ketoacyl-CoA thiolasec 90.1 ± 5.7 87.4 ± 5.8 106 ± 13 84.4 ± 4.3 1.62 N.S.
2,4-Dienoyl-CoA reductased 5.02 ± 0.36f 7.02 ± 0.52g 9.98 ± 1.22g 8.95 ± 0.42g 7.74 P < 0.01
∆3,∆2-Enoyl-CoA isomerasee 31.0 ± 1.6f 39.2 ± 1.6g 35.4 ± 0.7f,g 43.0 ± 2.0h 11.1 P < 0.01
aValues are means ± SE (7 rats/group). Carnitine palmitoyltransferase activity was measured using both 500 × g supernatant and mitochondrial fractions as
enzyme sources. Acyl-CoA dehydrogenase activity was measured using a mitochondrial fraction as an enzyme source. Activity of other enzymes was as-
sayed using a 500 × g supernatant as an enzyme source.
bPalmitoyl-CoA was used as substrate.
cAcetoacetyl-CoA was used as substrate.
dSorboyl-CoA was used as substrate.
etrans-3-Hexenoyl-CoA was used as substrate. Values with unlike roman superscript letters (f–g) differ significantly at P < 0.05. For abbreviations see Table 2.

FIG. 2. Effect of α- and γ-linolenic acids on enzyme activity in fatty acid
synthesis in the rat liver. Values are means ± SE determinations made
on separate animals. a, b, c: Values with unlike letters differ significantly
at P < 0.05. (A) Fatty acid synthetase activity; ANOVA, F value = 3.1 (P
< 0.05). (B) Glucose 6-phosphate dehydrogenase activity; ANOVA: F
value = 15.5 (P < 0.01). (C) Malic enzyme activity; ANOVA, F value =
5.54 (p < 0.01). (D) Pyruvate kinase activity; ANOVA, F value = 19.1 (P
< 0.01).



tional conditions. Although only a limited amount of polyun-
saturated fatty acids is available in the diet containing palm
oil, in the present study, hepatic phospholipid but not triacyl-
glycerol retained considerable amounts of polyunsaturated
fatty acids. Therefore, the extent of the increase in the pro-
portion of polyunsaturated fatty acids attributable to dietary
polyunsaturated fats was exaggerated in the hepatic triacyl-
glycerol fraction compared to the phospholipid fraction. Even
though borage oil contained considerable amounts of γ-
linolenic acid, this fatty acid represented only a minor pro-
portion both in triacylglycerol and phospholipid. Compared
to fat mixtures rich in linoleic acid, dietary fats rich in γ-
linolenic acid did not increase the sum of n-6 fatty acid con-
centrations in these lipid fractions. A dietary fat rich in α-

linolenic acid increased the proportion of n-3 fatty acid (α-
linolenic acid) in triacylglycerol and eicosapentaenoic and
docosahexaenoic acids in phospholipid at the expense of n-6
fatty acid. 

DISCUSSION

We previously demonstrated that, compared to saturated fats
(palm and coconut oils) and safflower oil, perilla and linseed
oils rich in a-linolenic acid (63% α-linolenic acid for perilla
oil and 56% for linseed oil) increased mitochondrial and per-
oxisomal fatty oxidation rates in the rat liver (1,2). We also
showed that, compared to safflower and palm oils, perilla and
linseed oils increased the hepatic activity of various enzymes

TABLE 5
Effect of α- and γ-Linolenic Acids on Fatty Acid Composition of Triacylglycerol and Phospholipid in Rat Liver

Triacylglycerol Phospholipid

Fatty acid
Dietary fata ANOVAb Dietary fata ANOVAb

(wt%) Palm oil 18:2n-6 Oil 18:3n-3 Oil Borage oil F value Significance Palm oil 18:2n-6 Oil 18:3n-3 Oil Borage oil F value Significance

14:0 1.92 ± 0.24e 1.05 ± 0.11d 0.78 ± 0.07d 0.98 ± 0.09d 12.5 P <0.01 0.32 ± 0.02f 0.23 ± 0.01e 0.18 ± 0.01d 0.23 ± 0.01e 35.3 P < 0.01

16:0 30.1 ± 0.8 25.4 ± 1.0 27.4 ± 1.5 29.4 ± 1.5 2.89 N.S. 18.3 ± 0.4f 17.0 ± 0.5d,e 16.5 ± 0.2d 17.6 ± 0.2e,f 5.92 P < 0.01

16:1n-7 11.0 ± 1.0e 5.27 ± 0.63d 4.68 ± 0.66d 4.16 ± 0.57d 18.1 P <0.01 1.42 ± 0.11e 0.55 ± 0.04d 0.49 ± 0.03d 0.46 ± 0.05d 49.5 P < 0.01

18:0 3.83 ± 0.24e 3.21 ± 0.10d 3.99 ± 0.12e 3.89 ± 0.17e 4.30 0.01 < P < 0.05 25.9 ± 0.3d,e 25.1 ± 0.3d 27.0 ± 0.6e 26.6 ± 0.4e 3.69 0.01 < P < 0.05

18:1n-9 48.7 ± 0.70e 28.4 ± 0.6d 28.7 ± 1.4d 27.4 ± 1.0d 107 P < 0.01 9.78 ± 0.41e 4.68 ± 0.11d 4.08 ± 0.13d 4.65 ± 0.19d 122 P < 0.01

18:2n-6 3.78 ± 0.33d 32.8 ± 0.8f 23.6 ± 1.9e 20.6 ± 1.3e 97.9 P < 0.01 6.95 ± 0.17e 10.8 ± 0.3f 13.3 ± 0.3g 5.82 ± 0.16d 162 P < 0.01

18:3n-6 0.10 ± 0.01d 0.61 ± 0.06e 0.26 ± 0.02d,e 3.52 ± 0.26f 140 P < 0.01 0.11 ± 0.01d 0.16 ± 0.01e 0.10 ± 0.00d 0.84 ± 0.03f 451 P < 0.01

18:3n-3 0.28 ± 0.02d 0.28 ± 0.01d 8.34 ± 0.94e 0.90 ± 0.09d 70.1 P < 0.01 0.12 ± 0.05d 0.00 ± 0.00d 0.57 ± 0.06f 0.23 ± 0.02e 38.0 P < 0.01

20:3n-6 0.03 ± 0.02d 0.22 ± 0.02e 0.10 ± 0.02d,e 1.31 ± 0.09f 178 P < 0.01 1.07 ± 0.04e 0.55 ± 0.03d 1.34 ± 0.07f 1.17 ± 0.02e 58.6 P < 0.01

20:4n-6 0.14 ± 0.04d 1.43 ± 0.14e 0.51 ± 0.07d 5.13 ± 0.45f 90.1 P < 0.01 25.9 ± 0.8d 30.1 ± 0.14f 22.8 ± 0.4d 31.2 ± 0.2f 66.5 P < 0.01

20:5n-3 0.02 ± 0.00d 0.03 ± 0.00d 0.47 ± 0.11e 0.07 ± 0.02d 15.3 P < 0.01 0.16 ± 0.01d 0.05 ± 0.00d 2.34 ± 0.15e 0.06 ± 0.01d 225 P < 0.01

22:4n-6 0.07 ± 0.02d 0.66 ± 0.07e 0.12 ± 0.01d 1.70 ± 0.17f 70.4 P < 0.01 0.49 ± 0.02e 1.22 ± 0.07f 0.32 ± 0.02d 1.54 ± 0.03g 203 P < 0.01

22:5n-6 0.07 ± 0.01d 0.30 ± 0.03e 0.07 ± 0.01d 0.70 ± 0.06f 72.5 P < 0.01 2.13 ± 0.18e 4.70 ± 0.38f 0.14 ± 0.02d 5.60 ± 0.19g 117 P < 0.01

22:5n-3 0.01 ± 0.00d 0.03 ± 0.01d 0.52 ± 0.12e 0.07 ± 0.01d 16.6 P < 0.01 0.17 ± 0.02d 0.14 ± 0.01d 1.44 ± 0.09e 0.20 ± 0.03d 186 P < 0.01

22:6n-3 0.03 ± 0.01d 0.29 ± 0.03e 0.54 ± 0.08f 0.20 ± 0.02e 22.1 P < 0.01 7.09 ± 0.27f 4.74 ± 0.34e 9.42 ± 0.28g 3.84 ± 0.12d 90.1 P < 0.01

Total PUFA 4.52 ± 0.38d 36.7 ± 0.9e 34.5 ± 3.2e 34.2 ± 2.2e 60.8 P < 0.01 44.2 ± 0.8d 52.4 ± 0.3f 51.7 ± 0.5e,f 50.5 ± 0.4e 47.4 P < 0.01

n-6 Fatty acid 4.19 ± 0.37d 36.0 ± 0.9f 24.7 ± 2.0e 33.0 ± 2.1f 88.6 P < 0.01 36.7 ± 0.81d 47.5 ± 0.4e 38.0 ± 0.4d 46.1 ± 0.4e 111 P < 0.01

n-3 Fatty acid 0.33 ± 0.03d 0.63 ± 0.02d 9.87 ± 1.19e 1.24 ± 0.09d 58.6 P < 0.01 7.54 ± 0.28e 4.93 ± 0.35d 13.8 ± 0.5g 4.32 ± 0.14d 175 P < 0.01
aValues are means ± SE of seven rats.
bFor abbreviations see Tables 1 and 2. Values with unlike roman superscript letters (d–g) differ significantly at P < 0.05. Comparisons were made between groups of rats fed different
fats within fatty acid type.
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TABLE 4
Effect of α- and γ-Linolenic Acids on Serum and Liver Lipid Concentrations in the Rat

Dietary fata ANOVAb

Palm oil 18:2n-6 Oil 18:3n-3 Oil Borage oil F value Significance

Serum lipids (µmol/dL)
Triacylglycerol 333 ± 31e 240 ± 32d 164 ± 12c 168 ± 10c 11.5 P < 0.01
Cholesterol 367 ± 31 345 ± 15 298 ± 17 301 ± 29 1.98 N.S.
Phospholipid 362 ± 26d 302 ± 7c 303 ± 8c 309 ± 19c 3.10 0.01 < P < 0.05
Free fatty acid 224 ± 11e 195 ± 18d,e 162 ± 16c,d 140 ± 12c 6.39 P < 0.01

Liver lipids (µmol/g)
Triacylglycerol 65.1 ± 11.2d 34.3 ± 4.1c 26.2 ± 2.8c 30.6 ± 3.0c 7.85 P < 0.01
Cholesterol 6.09 ± 0.44d,e 6.19 ± 0.19e 5.36 ± 0.14c,d 4.90 ± 0.11c 5.83 P < 0.01
Phospholipid 37.3 ± 1.1c 41.6 ± 1.5d 41.7 ± 0.7d 37.9 ± 0.7c 4.30 0.01 < P < 0.05

aValues are means ± SE of seven rats.
bFor abbreviations see Table 2. Values with unlike roman superscript letters (c–e) differ significantly at P < 0.05.



in the β-oxidation pathway, including carnitine palmitoyl-
transferase, acyl-CoA dehydrogenase, acyl-CoA oxidase,
enoyl-CoA hydratase, 3-ketoacyl-CoA thiolase, 2,4-dienoyl-
CoA reductase, and ∆3,∆2-enoyl-CoA isomerase, but unex-
pectedly decreased 3-hydroxyacyl-CoA dehydrogenase ac-
tivity. A fat mixture composed of safflower and perilla oils
containing α-linolenic acid at a level as low as 20% still ef-
fectively increased the mitochondrial and peroxisomal fatty
acid oxidation rate and the activity of certain enzymes in the
fatty acid oxidation pathway (2). This result was essentially
confirmed in the present study in rats fed a fat mixture con-
taining 30% α-linolenic acid from linseed oil.

Takada et al. (8) demonstrated that, compared to soybean
oil, mold oil originating from a Mucor circinelloides and rich
in n-6 octadecatrienoic acid (γ-linolenic acid) increased the
peroxisomal fatty acid oxidation rate and carnitine palmitoyl-
transferase activity in the rat liver. The present study demon-
strated that, compared to palm oil and a fat mixture rich in
linoleic acid, a plant-originated oil rich in γ-linolenic acid
(borage oil) also effectively increased the activity. It is there-
fore conceivable that dietary γ-linolenic acid, like α-linolenic
acid, has a physiological activity to enhance hepatic β-oxida-
tion in the rat liver. The present study, however, indicated that
differences existed between n-3 and n-6 octadecatrienoic
acids in the physiological activity affecting hepatic β-oxida-
tion enzyme. Accordingly, dietary fat rich in α-linolenic acid
enhanced both the mitochondrial and peroxisomal fatty acid
oxidation rate whereas fat rich in γ-linolenic acid enhanced
the peroxisomal, but not the mitochondrial, fatty acid oxida-
tion rate. Our present study confirmed our previous finding
(2) that dietary α-linolenic acid reduced 3-hydroxyacyl-CoA
dehydrogenase activity in the rat liver. Borage oil rich in
γ-linolenic acid, however, did not reduce this enzyme activity
in the present study. In addition, α-linolenic acid enhanced
mitochondrial acyl-CoA dehydrogenase activity, but borage
oil profoundly reduced it. 

Acyl-CoA oxidase is presumed to regulate peroxisomal
fatty oxidation (13). Consistent with this assumption, an in-
crease of peroxisomal palmitoyl-CoA oxidation by dietary
fats rich in γ- and α-linolenic acids was associated with in-
creased acyl-CoA oxidase activity in the liver homogenate.
Carnitine palmitoyltransferase is regarded as a key enzyme
regulating mitochondrial fatty acid oxidation (13,32). Even
though dietary γ-linolenic acid, like α-linolenic acid, in-
creased carnitine palmitoyltransferase activity, it did not in-
crease the mitochondrial palmitoyl-CoA oxidation rate in the
liver homogenate. There are two carnitine palmitoyltrans-
ferases in mitochondria, one in the outer mitochondrial mem-
brane (carnitine palmitoyltransferase I) and the other in the
inner mitochondrial membrane (carnitine palmitoyltrans-
ferase II). Freezing-thawing of mitochondria inactivates car-
nitine palmitoyltransferase I but not transferase II (32), mean-
ing that the transferase activity we measured spectropho-
tomerically using a freeze-thawed 500 × g supernatant or
mitochondrial fraction most likely represents transferase II
activity (32). We previously demonstrated (1) that, compared

to palm and safflower oils, perilla oil rich in α-linolenic acid
increased both the carnitine palmitoyltransferase activity
measured spectrophotomerically using freeze-thawed enzyme
preparations (mitochondria and a 500 × g supernatant) and
the activity measured radiochemically using intact mitochon-
dria, which represents carnitine palmitoyltransferase I activ-
ity. We did not measure carnitine palmitoyltransferase I ac-
tivity using intact mitochondria in our present study, so it is
possible that dietary γ-linolenic acid increased carnitine
palmitoyltransferase II but not I activity in the liver, thus fail-
ing to enhance the mitochondrial fatty acid oxidation rate.
The determination of the transferase I activity using intact mi-
tochondria as an enzyme source in rats fed γ-linolenic acid is
therefore required to clarify this point. 

Our present study confirmed the previous observation (2)
that dietary α-linolenic acid decreased 3-hydroxyacyl-CoA
dehydrogenase activity even though this polyunsaturated
fatty acid increased both the mitochondrial and peroxisomal
palmitoyl-CoA oxidation rates in liver homogenates. Several
enzyme molecules possess 3-hydroxyacyl-CoA dehydroge-
nase activity in the rat liver (18,33,34). Some evidence (2) in-
dicates that mitochondrial 3-hydroxyacyl-CoA dehydroge-
nase specific to short-chain acyl-CoA is the enzyme responsi-
ble for the reduction by dietary α-linolenic acid of
3-hydroxyacyl-CoA dehydrogenase activity in the rat liver.
Dietary γ-linolenic acid did not reduce 3-hydroxyacyl-CoA
dehydrogenase activity, but did decrease mitochondrial acyl-
CoA dehydrogenase activity measured with palmitoyl-CoA
and linoleoyl-CoA substrates in the present study. This re-
duced enzyme activity may account for the failure of dietary
γ-linolenic acid to increase the mitochondrial β-oxidation rate
in the rat liver despite the fact that this dietary fat increased
carnitine palmitoyltransferase activity. Six distinct acyl-CoA
dehydrogenase species differing in substrate specificity have
been isolated and characterized (35,36). Four catalyze the first
step of the mitochondrial β-oxidation cycle for fatty acids
with different chain lengths. These correspond to short-,
medium-, long-, and very long-chain acyl-CoA dehydroge-
nases. The remaining species are involved in oxidizing
branched-chain amino acids. We used long-chain fatty acyl-
CoA substrates in our present study to measure acyl-CoA
dehydrogenase activity in mitochondria, so it is at least
probable that dietary γ-linolenic acid reduced the activity of
acyl-CoA dehydrogenase species specific to a long-chain
acyl-CoA substrate. It is also possible, however, that dietary
γ-linolenic acid affects the activity of both long chain 
acyl-CoA dehydrogenase and of other acyl-CoA dehydroge-
nase species in the rat liver. Acyl-CoA dehydrogenase activ-
ity will have to be measured using a variety of acyl-CoA sub-
strates differing in chain length to clarify this point in future
studies.

The degradation of unsaturated fatty acids via the β-oxida-
tion pathway to yield acetyl-CoA requires the involvement of
auxiliary enzymes (2,4-dienoyl-CoA reductase and ∆3,∆2-
enoyl-CoA isomerase) in addition to those required for the β-
oxidation of saturated fatty acids (13,37). It is therefore rea-
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sonable to expect that dietary polyunsaturated fatty acids in-
crease the activity of these enzymes. In fact, compared to
palm oil, various polyunsaturated fats significantly increased
hepatic activity of these enzymes in the present study except
for one occasion (∆3,∆2-enoyl-CoA isomerase in rats fed
18:3n-3 oil).

The role of the peroxisome proliferator-activated receptor
(PPAR), a member of the nuclear receptor superfamily, in reg-
ulating lipid metabolism has been well demonstrated (38–40).
After activation, PPAR is heterodimerized with retinoid × re-
ceptor (RXR), a member of another nuclear receptor super-
family, binds to peroxisome proliferator response element
(PPRE) of a target gene, and modifies its expression. Various
types of PPAR (α, γ1, γ2, and δ) have been identified in ro-
dents and humans. PPARα is highly expressed in liver and
may play a crucial role in regulating lipid metabolism in this
tissue. So far, PPRE has been identified as the promoter of
genes of various peroxisomal and mitochondrial fatty acid ox-
idation enzymes including acyl-CoA oxidase, peroxisomal bi-
functional enzyme, medium chain acyl-CoA dehydrogenase
and 3-hydroxy-3-methylglutaryl-CoA synthase, and it has
been demonstrated that the expression of these genes is under
the control of PPAR. Göttlicher et al. (41) and Keller et al.
(42) have demonstrated that natural fatty acids are activators
of PPAR to induce gene expression. These studies demon-
strated that polyunsaturated fatty acids activate PPAR more
than do saturated and monounsaturated fatty acids. More re-
cent studies (43,44) indicate that fatty acids and eicosanoids
are ligands of PPAR to induce its DNA binding and expres-
sion of target genes. It is therefore plausible that PPAR-medi-
ated effects may account for dietary α- and γ-linolenic acids
having different effects on only some of the hepatic fatty acid
oxidation enzymes. It has been reported, however, that vari-
ous polyunsaturated fatty acids including linoleic, α-
linolenic, γ-linolenic, arachidonic, eicosapentaenoic, and do-
cosahexaenoic acids are equally effective in activating PPAR,
despite the fact that dietary linoleic, α-linolenic, and
γ-linolenic acids differ considerably in how they affect he-
patic fatty acid oxidation rate and fatty oxidation enzymes in
our present and previous studies (1,2). Present knowledge
concerning the PPAR signaling pathway therefore does not
necessarily explain the data obtained with rats fed various
polyunsaturated fat diets. 

Evidence supports the assumption that fatty acid synthesis
and oxidation rates in the liver are inversely regulated under
different nutritional and pathological conditions (45–48). We
previously demonstrated, however, that dietary α-linolenic
acid, compared to linoleic acid, did not affect enzyme activ-
ity in the hepatic fatty acid synthetic pathway even though
this octadecatrienoic acid increased mitochondrial and perox-
isomal fatty acid oxidation (1,2). Compared to fat mixtures
rich in linoleic acid, borage oil rich in γ-linolenic acid and a
fat mixture rich in α-linolenic acid increased fatty acid oxida-
tion activity in the liver but were essentially ineffective in
modulating enzyme activity in fatty acid synthesis. It is there-
fore reasonable to assume that enzymes in fatty acid oxida-

tion and synthesis are not necessarily reciprocally regulated
in rats fed different fats.

In conclusion, we have shown that dietary α-linolenic acid
induced hepatic β-oxidation activity in both peroxisomal and
mitochondrial pathways, and dietary γ-linolenic acid in the
form of borage oil increased peroxisomal but not mitochon-
drial β-oxidation activity. The effects of dietary α- and
γ-linolenic acids on hepatic enzyme activities in the β-oxida-
tion pathway were also found to differ considerably from one
other. 
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ABSTRACT: Previously, we demonstrated that several veg-
etable oils that included low-erucic rapeseed oil markedly
shortened the survival time (by ~40%) of stroke-prone sponta-
neously hypertensive (SHRSP) rats as compared with perilla oil,
soybean oil, and fish oil. We considered that a factor other than
fatty acids is toxic to SHRSP rats, because the survival time-
shortening activity could not be accounted for by the fatty acid
compositions of these oils. In fact, a free fatty acid (FFA) frac-
tion derived from lipase-treated rapeseed oil was found to be
essentially devoid of such activity. A high-oleate safflower
oil/safflower oil/perilla oil mixture exhibited a survival time-
shortening activity comparable to that of rapeseed oil, but the
activity of this mixed oil was also reduced by lipase treatment.
A partially hydrogenated soybean oil shortened the survival
time by ~40%, but a FFA fraction derived from lipase-treated
partially hydrogenated soybean oil shortened it by 13% com-
pared with soybean oil. Fatty acid compositions of the rapeseed
oil and a FFA fraction derived from lipase-treated rapeseed oil
were similar, but those of hepatic phospholipids of rats fed the
oil and FFA were slightly but significantly different. These re-
sults support the interpretation that the survival time-shortening
activity exhibited by some vegetable oils is due to minor com-
ponents other than fatty acids, and that an active component(s)
were produced in or contaminated soybean oil during the par-
tial hydrogenation processes.
Lipids 33, 655–661 (1998).

Perilla seed oil and fish oil rich in n-3 fatty acids have benefi-
cial effects on animals used as models of chronic diseases of
the elderly (1). Perilla oil prolonged the survival time of Don-
ryu rats (a conventional strain) and stroke-prone sponta-
neously hypertensive (SHRSP) rats (a model of human
stroke) by ~10 and ~15%, respectively, compared with saf-
flower oil (2,3). The observed beneficial effects of these oils
were attributed to their low n-6/n-3 ratios. Rapeseed oil (low-
erucic) had been assumed to be beneficial for chronic diseases
because of its relatively high oleate and α-linolenate, and low

linoleate contents. Dietary rapeseed (low erucic) and olive
oils were very effective for the secondary prevention of coro-
nary heart disease (4). Unexpectedly, however, rapeseed oil
shortened the survival time of SHRSP rats (by 40%) com-
pared with soybean, safflower, perilla and fish oils (5–7).

Although an old-type rapeseed contained very high
amounts of erucic acid and thyrotoxic sulfur compounds, oil
made from a newly developed strain of rapeseed (double-low)
contains much lower amounts of these compounds. However,
Vles et al. (8) reported that even the double-low rapeseed oil
induced myocardial necrosis in Sprague-Dawley rats. Subse-
quently, the incidence of myocardial necrosis was attributed
to the unique fatty acid composition of double-low rapeseed
oil because the incidence was positively correlated with oleic
and α-linolenic acids and negatively correlated with saturated
fatty acids (9). In regard to survival time-shortening activity,
the positive and negative correlations observed for myocar-
dial necrosis were not applicable because perilla oil, which
prolonged the survival time of SHRSP rats, contained a simi-
lar proportion of saturated fatty acids and a higher proportion
of α-linolenic acid than rapeseed oil (6).

The survival time-shortening activity was not restricted to
rapeseed oil; other high-oleate vegetable oils such as high-
oleate safflower, high-oleate sunflower, and olive oils were also
active in this respect. A high-oleate content by itself was not
responsible for the survival-time shortening activity because
lard and a microbial oil containing 36-39% oleic acid were rel-
atively safe in this animal model, and evening primrose oil con-
taining as little as 15% oleic acid exhibited activity similar to
that of the oils which reduced longevity. Therefore, the ob-
served survival time-shortening activities of these vegetable
oils could not be accounted for by their unique fatty acid com-
positions. We postulated the presence in these oils of a factor(s)
that are toxic to SHRSP rats (6). Here, we report that FFA frac-
tions derived from some of these oils had a lower survival time-
shortening activity, which may help in identifying and devel-
oping the means to eliminate the active component(s).

MATERIALS AND METHODS

Diets and animals. A conventional basal diet containing 2.7%
(w/w) oil (CE-2; Clea Japan Co., Ltd., Tokyo, Japan) was
made of fish meal, soybean meal, defatted powdered milk,
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wheat flour, corn, wheat bran, alfalfa meal, a vitamin mixture,
and a mineral mixture. This basal diet was mixed with a veg-
etable oil or a derived free fatty acid (FFA) fraction in a 9:1
weight ratio. The final oil content was 12.7 wt% (29 energy
%). The following vegetable oils, commercially available for
human use, were used; rapeseed (low-erucic), soybean, saf-
flower (high-linoleate), high-oleate safflower, perilla, sesame,
and partially hydrogenated soybean (melting point: 30°C)
oils. The source for the preparation of oleic acid ethyl ester
(Wako Pure Chemical Industry, Osaka, Japan) is unclear. The
fatty acid composition of the diets is shown in Table 1. Diets
supplemented with these oils were kept at 4°C for less than 1
mon. Diets were replaced every 2 d to keep the peroxide val-
ues of the fed diets below 100 meq/kg. 

A conventional strain of SHRSP rats, which were kindly pro-
vided by Dr. T. Suzuki (Kinki University School of Medicine,
Osaka, Japan), was used in the experiment shown in Figure 1
and a specific pathogen-free (SPF) strain of SHRSP rats, which
were purchased from Seack Yoshitomi Co. (Fukuoka, Japan),
was used in other experiments. Blood pressure was measured
every 2 wk using a photoelectric tail-cuff procedure after pre-
warming the rats at 35°C for 5 min in a thermostatic cage
(Model UR5000; Ueda Manufacturing Co. Ltd., Tokyo, Japan).
Male littermates were, as far as possible, equally distributed in
different dietary groups. Rats were weaned to the conventional
diet (CE-2) at 3 wk of age, and the test diets were given from 4
wk of age. The diet and 1% NaCl solution were given ad libi-
tum. In the experiment shown in Figure 1, rats were kept in an
air-conditioned room at 23 ± 3°C. In other experiments, rats
were kept in a room specified for SPF animals; temperature and
humidity were 23 ± 2°C and at 50 ± 2%, respectively.

Lipase and detergent treatment of vegetable oils. Vegetable
oils and a partially hydrogenated soybean oil were dissolved at
4°C in polyvinyl alcohol solution (4.5 L) containing 1.8%
polyvinyl alcohol 117 and 0.2% polyvinyl alcohol 205 (kindly
provided by Kuraray Co., Ltd., Osaka, Japan). Sucrose fatty
acid ester (2%) was used only for the preparation of detergent-
treated hydrogenated soybean oil without added lipase (Exper-
iment 3, Table 3). Then 0.1 M phosphate buffer, pH 8.0 (3 L),
with or without 0.1% (wt/vol) Lipase AY 30 (90,000 I.U./3 g/3
L; Amano, Nagoya, Japan), was added and the mixture was
stirred at room temperature or 35°C for 1 wk. Triacylglycerols
in rapeseed oil, partially hydrogenated soybean oil, and a mix-
ture of high-oleate safflower oil/safflower oil/perilla oil were
hydrolyzed to FFA in 90.6, 86.3, and 91.7% of the total ester
bonds, respectively. After the reaction, hexane (7.5 L) and
NaCl (3 kg) were added, the hexane layer was separated, and
the solvent was evaporated under reduced pressure to obtain
FFA fractions or detergent-treated oils.

Lipid analysis. SHRSP rats (n = 6) in the rapeseed oil, soy-
bean oil or partially hydrogenated soybean oil group were
used for lipid analysis after 60 d of feeding. The SHRSP rats
were anesthetized with pentobarbital (Nembutal, 50 mg/kg,
i.p.; Dainabot, Osaka, Japan) after fasting for 18 h. Blood
samples were collected from an abdominal vein using a sy-
ringe containing 3.8% (wt/vol) sodium citrate, and plasma
was prepared by low-speed centrifugation. The thoracic aorta
was excised, and the attached fat tissues were removed with
the aid of a microscope. Samples were kept frozen at −80°C
until lipid analysis. The total lipids were extracted from the
samples according to the method of Bligh and Dyer (10), and
triacylglycerols and phospholipids were separated by silica
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TABLE 1
Fatty Acid Composition of the Experimental Dietsa (% of total fatty acids)

Ethyl oleate/ Hydrogenated FFA from FFA from FFA from
soybean oil soybean oil lipase-treated lipase-treated lipase-treated

Fatty acidsb Soybean oil Rapeseed oil perilla oilc (HSO) rapeseed oild mixed oild,e HSOd Sesame oil

14:0 0.3 0.3 0.8 0.9 0.6 0.3 0.4 0.3
16:0 12.2 7.8 9.6 13.1 10.4 9.2 11.1 10.6
16:1 0.3 0.4 0.5 1.0 0.4 0.4 0.5 0.5
18:0 3.5 2.0 2.1 5.3 2.3 2.0 6.0 4.2
c18:1 22.5 49.8 50.3 31.8 50.3 48.0 36.4 35.3
t18:1 n.d.f n.d. n.d. 14.1 n.d. n.d. 15.6 n.d.
tt18:2 n.d. n.d. n.d. 0.9 n.d. n.d. 1.8 n.d.
18:2n-6 51.6 27.9 26.7 27.3 27.0 27.3 22.2 44.6
18:3n-3 6.6 7.7 6.8 1.5 3.5 9.2 2.7 1.2
20:0 0.4 0.5 0.4 0.3 0.8 0.3 0.4 0.4
20:1 0.6 1.5 0.5 0.8 0.9 1.3 0.7 0.7
20:5n-3 0.6 0.6 0.7 1.3 1.1 0.6 0.6 0.6
22:0 0.4 0.3 0.4 0.6 1.3 0.3 0.5 0.3
22:1 0.2 0.3 0.4 0.4 0.4 0.3 0.2 0.4
22:6n-3 0.8 0.8 0.8 0.7 1.0 0.8 0.9 0.9
aFatty acids are designated by the number of carbons; the number of double bonds, and the position of the first double bond numbered from the methyl ter-
minus is indicated as n-3 or n-6, and cis or trans isomers are designated as c or t.
bNinety grams of conventional diet that contained 2.7% oil was mixed with 10 g of oil or of free fatty acids (FFA) fraction from lipase-treated oils.
cOleic acid ethyl ester/soybean oil/.perilla oil mixture was prepared by mixing oleic acid ethyl ester (57.2%), soybean oil (27.8%), and perilla oil (14.8%).
dSee Materials and Methods section for the preparation of FFA fractions from lipase-treated oils.
eThis mixed oil consisted of high-oleate safflower (75%), safflower (12.5%), and perilla oils (12.5%).
fn.d., not detected.



gel thin-layer chromatography (TLC). Petroleum ether/diethyl
ether/acetic acid (80:30:1, by vol) was used as the developing
solvent. Spots were located under a ultraviolet light after plates
were sprayed with 0.005% (wt/vol) primuline solution (Nacalai
Tesque Co., Kyoto, Japan) and the lipids were extracted from
the adsorbent using Bligh and Dyer mixture. Fatty acids were
analyzed as methyl esters by gas–liquid chromatography on a
capillary column coated with DB-225 (0.2 mm, 30 m length;
J&W Scientific, Folsom, CA), using heptadecanoic acid as an
internal standard. Column temperature was programmed from
165 to 205°C at a rate of 3°C/min, then to 210°C at a rate of
1°C/min, and then to 222°C at a rate of 0.5°C/min. Injector and
detector temperatures were both 250°C. The trans- and cis-
18:1 contents were determined using AgNO3–TLC in conjunc-
tion with gas–liquid chromatography. The AgNO3-TLC analy-
ses were performed on precoated silica gel TLC plates that had
been immersed in a 10% (wt/vol) solution of AgNO3 in ace-
tonitrile, dried horizontally, and activated at 110°C for 1 h. The
plates were developed with 0.75% ethanol in chloroform. The
lipid bands were sprayed with primuline solution and then
identified under an ultraviolet UV light. The separated fractions
were scraped off the plate, and the lipids were extracted with
chloroform/hexane (1:1, vol/vol) and analyzed by gas–liquid
chromatography (7,11).

Statistical analysis. Data are presented as means ± SD.
Statistical analysis of the survival time data was performed
by log-rank and Wilcoxon signed rank method (a nonpara-
metric method) using a computer program JMP 3.0, Statistic
Made Visual (SAS Institute, Cray, NC). Statistical analysis of
other data was performed by analysis of variance using Bon-
ferroni’s multiple comparison or repeated measures analysis
of variance (Stat View J-4.11; Abacus Concepts Inc., Berke-
ley, CA).

RESULTS

Effect of oils and derived FFA fractions on survival time of
SHRSP rats. Rats in all groups grew normally, and there were
no differences in average body weights (data not shown) and
systolic blood pressures (Fig. 1) among the rats in the rapeseed
oil, soybean oil, and partially hydrogenated soybean oil groups
and rats fed the FFA derived from lipase-treated rapeseed oil up
to 13 wk of age. Rapeseed oil shortened the survival time of
SHRSP rats by 35% compared to soybean oil (Fig. 2). In con-
trast, the FFA fraction derived from lipase-treated rapeseed oil
did not exhibit such a survival time-shortening activity, although
fatty acid compositions were not altered significantly by the li-
pase-treatment (Table 1). Partially hydrogenated soybean oil
was as detrimental as rapeseed oil (Experiment 1, Table 2, and
Fig. 2). When a triolein/soybean oil/perilla oil mixture with the
same fatty acid composition as that of rapeseed oil was fed to
SHRSP rats, the survival time of this mixed oil group was be-
tween those of the rapeseed oil and soybean oil groups (6). Sim-
ilarly, the survival time of the oleic acid ethyl ester/soybean
oil/perilla oil mixture group was between the rapeseed oil and
soybean oil groups (Experiment 1, Table 1). 

To minimize the standard deviation among experiments,
we changed in subsequent experiments from using a conven-
tional strain of SHRSP rats kept in a temperature-controlled
room to SPF SHRSP rats kept in temperature, humidity, and
light-controlled conditions. The difference in the mean sur-
vival times between the rapeseed oil and soybean oil groups
was smaller in SPF SHRSP (Experiment 2, Table 2) than in
the conventional SHRSP rats (Experiments 1, Table 2); the
former had a higher blood pressure (~40 mm Hg) and ap-
peared to be more sensitive to dietary conditions (e.g., 1%
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FIG. 1. Systolic blood pressure of stroke-prone spontaneously hyperten-
sive (SHRSP) specific pathogen-free (SPF) rats under 1% NaCl loading.
A diet containing 10% (w/w) rapeseed oil (RO), hydrogenated soybean
oil (HSO), soybean oil (SO), or a FFA fraction derived from lipase-
treated rapeseed oil (FFA-Rap) was fed to SHRSP rats from 4 wk of age.
The differences among the dietary groups were not significant in the re-
peated measures ANOVA.

FIG. 2. Survival time-shortening activities of some vegetable oils and a
free fatty acid (FFA) derived from lipase-treated rapeseed oil. Diets sup-
plemented with different oils were fed to SHRSP rats (conventional)
from 4 wk of age. NaCl solution (1%) was given ad libitum as drinking
water. Partially hydrogenated soybean oil (HSO, n = 11), rapeseed oil
(Rap, n = 11), soybean oil (Soy, n = 10), and a FFA derived from lipase-
treated rapeseed oil ( FFA-Rap, n = 11) were examined. Results of statis-
tical analysis were presented in Experiment 1, Table 2. For other abbre-
viations see Figure 2.



NaCl loading). Despite the differences in substrains of SHRSP
and in animal care conditions, a statistically significant differ-
ence was observed in the mean survival times between the soy-
bean oil and rapeseed oil groups. Previously, we noted that a
mixed oil (75% high-oleate safflower oil, 12.5% perilla oil, and
12.5% safflower oil) with a fatty acid composition similar to
that of rapeseed oil shortened the survival time by 45% com-
pared to soybean oil (6). A FFA fraction obtained by lipase
treatment of the same mixture was essentially devoid of the sur-
vival time-shortening activity (Experiment 2, Table 2). The sur-
vival times of sesame oil and soybean oil groups were similar
but tended to be shorter than that of rats fed the FFA fraction
derived from a lipase-treated mixed oil (Experiment 2, Table 2,
and Fig. 3). Previously, we noted that both hydrogenated soy-
bean and rapeseed oils had survival time-shortening activities
comparable to that of rapeseed oil (7). The FFA fraction de-
rived from lipase-treated hydrogenated soybean oil prolonged
the survival time compared with rapeseed oil. However, the
survival time of rats fed the FFA fraction derived from lipase-

treated hydrogenated soybean oil was significantly shorter than
that of rats fed the FFA fraction derived from lipase-treated
mixed oil (Experiment 2, Table 2). 

The lipase treatment used for the preparation of FFA frac-
tions involves both lipase and detergent action. The subse-
quent experiments (Experiment 3, Table 2) examined whether
detergent treatment without added lipase removes the pre-
sumed survival time-shortening factor. Rapeseed and partially
hydrogenated soybean oils were treated with detergents in the
absence of lipase. The detergent treatment alone did not re-
duce the survival time-shortening activity of the oils (Experi-
ment 3, Table 2).

Effect of oils and derived FFA fractions on tissue lipid
composition. Lipid contents in plasma, aorta, liver, and heart
were determined for the rats fed the rapeseed oil, FFA derived
from lipase-treated rapeseed oil, partially hydrogenated soy-
bean oil, or soybean oil. No significant difference was ob-
served in the contents of plasma cholesterol, plasma triacyl-
glycerols, plasma phospholipids, aortic cholesterol, aortic
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TABLE 2
Survival Times of Conventional or SPF SHRSP Rats Fed Different Oils Under 1% NaCl Loadinga

Dietary group and number of animals

Rapeseed oil Soybean oil Hydrogenated soybean FFA from lipase-treated Oleic acid ethyl ester/
Experiment 1 (Rap) (Soy) oil (HSO) rapeseed oil soybean oil/perilla oil
(SHRSP, conventional) (n = 11) (n = 10) (n = 11) (FFA-Rap) (n = 11) (n = 11)

Survived Day (±SD) 104 ± 3 160 ± 11 100 ± 2 145 ± 13 118 ± 6
P value by log-rank 0.0000 vs. Rap 0.1285 vs. Rap 0.0000 vs. Rap 0.0485 vs. Rap
Wilcoxon 0.0000 vs. Rap 0.2348 vs. Rap 0.0000 vs. Rap 0.0905 vs. Rap
Log-rank 0.0000 vs. Soy 0.0000 vs. Soy 0.0028 vs. Soy
Wilcoxon 0.0000 vs. Soy 0.0000 vs. Soy 0.0018 vs. Soy
Log-rank 0.0000 vs. HSO 0.0027 vs. HSO
Wilcoxon 0.0000 vs. HSO 0.0032 vs. HSO
Log-rank 0.0957 vs. FFA-Rap
Wilcoxon 0.0239 vs. FFA-Rap

Rapeseed oil Soybean oil Sesame oil FFA from lipase-treated FFA from lipase-treated
Experiment 2 (Rap) (Soy) (Ses) hydrogenated soybean oil mixed oil
(SHRSP, SPF) (n = 11) (n = 11) (n = 11) (FFA-HSO) (n = 11) (n = 11)

Survived Day (±SD) 106 ± 3 130 ± 11 129 ± 8 124 ± 2 143 ± 3
P value by log-rank 0.0433 vs. Rap 0.0005 vs. Rap 0.0000 vs. Rap 0.0013 vs. Rap
Wilcoxon 0.0335 vs. Rap 0.0002 vs. Rap 0.0000 vs. Rap 0.0002 vs. Rap
Log-rank 0.6535 vs. Soy 0.7857 vs. Soy 0.7839 vs. Soy
Wilcoxon 0.1069 vs. Soy 0.0707 vs. Soy 0.0606 vs. Soy
Log-rank 0.9260 vs. Ses 0.0404 vs. Ses
Wilcoxon 0.4678 vs. Ses 0.0012 vs. Ses
Log-rank 0.0000 vs. FFA-HSO
Wilcoxon 0.0001 vs. FFA-HSO

Rapeseed oil Soybean oil Detergent-treated Detergent-treated
Experiment 3 (Rap) (Soy) rapeseed oil hydrogenated soybean oil
(SHRSP, SPF) (n = 9) (n = 9) (Det-Rap) (n = 10) (n = 9)

Survived Day (±SD) 105 ± 3 121 ± 8 102 ± 2 98 ± 2
P value by log-rank 0.0278 vs. Rap 0.0105 vs. Rap 0.0234 vs. Rap
Wilcoxon 0.0466 vs. Rap 0.0329 vs. Rap 0.0225 vs. Rap
Log-rank 0.0057 vs. Soy 0.0003 vs. Soy
Wilcoxon 0.0165 vs. Soy 0.0020 vs. Soy
Log-rank 0.2621 vs. Det-Rap
Wilcoxon 0.5667 vs. Det-Rap
aSPF, specific pathogen-free; SHRSP, stroke-prone spontaneously hypertensive rats.



phospholipids, liver phospholipids, liver neutral lipids, heart
phospholipids, and heart neutral lipids among the four dietary
groups (data not shown). The fatty acid compositions of tis-
sue phospholipids are shown in Tables 3 and 4. Trans fatty
acids were found in significant amounts only in the hydro-
genated soybean oil group, and the compositions of other
fatty acids in tissue phospholipids were affected relatively lit-
tle by these diets. Interestingly, in plasma phospholipids and

hepatic phospholipids, the proportion of arachidonic acid was
significantly higher in the group fed the FFA derived from li-
pase-treated rapeseed oil than in the group fed the rapeseed
oil (Tables 3 and 4). In contrast, no significant differences in
fatty acid compositions among the four dietary groups were
observed in the aortic phospholipids and triacylglycerols of
all tissues examined (data not shown).

DISCUSSION

No survival time-shortening activity was observed in the FFA
fractions from lipase-treated rapeseed oil (Fig. 1 and Experi-
ment 1, Table 2) and mixed oil having a fatty acid composi-
tion similar to that of rapeseed oil (Experiment 2, Table 2).
The chemical forms of the oils were different, e.g., triacyl-
glycerol vs. free fatty acid, but fatty acid compositions were
similar. Triacylglycerols are absorbed as 2-monoacylglyc-
erols and FFA after pancreatic lipase hydrolysis, and the ab-
sorption rate of FFA is known to be higher than that of tria-
cylglycerols (12). In the present experiments, no statistical
differences were observed in tissue lipid contents and growth
rates between the groups fed oils and those fed the FFA frac-
tions derived from the lipase-treated oils. Our interpretation
is that the presumed toxic factor(s) in these oils were inacti-
vated by the lipase or they were hydrolyzed to a more hy-
drophilic compound(s) that remained in the detergent layer,
or both. Lipase action was probably involved to obtain FFA
fractions essentially devoid of survival time-shortening activ-
ity, because the activity was not diminished by treating oils
with detergent-containing buffer without lipase. 

The presumed toxic factor(s) in rapeseed oil could not be
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FIG. 3. Survival time-shortening activities of some vegetable oils and
FFA fractions derived from lipase-treated oils. Rapeseed oil (Rap, n =
11), soybean oil (Soy, n = 11), sesame oil (Sesame, n = 11), a FFA de-
rived from lipase-treated partially hydrogenated soybean oil (FFA-HSO,
n = 11), and a FFA derived from lipase-treated mixed oil (FFA-Mix, n-
11) were fed to SHRSP rats (SPF). Results of statistical analysis were pre-
sented in Experiment 2, Table 2. For other abbreviations see Figure 1.

TABLE 3
Fatty Acid Composition of Plama Phospholipids in SHRSP Rats (% of total fatty acids)

Dietary group and number of animals

Rapeseed FFA from Hydrogenated Soybean
oil lipase-treated soybean oil oil

Fatty acids (n = 6) rapeseed oil (n = 6) (n = 6)

14:0 0.3 ± 0.2 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
16:0 20.9 ± 0.9 21.3 ± 0.8 20.0 ± 1.7 21.1 ± 1.3
16:1 1.1 ± 0.5 1.5 ± 0.5 1.3 ± 0.5 1.3 ± 0.4
18:0 29.3 ± 2.7a 28.2 ± 0.7b 24.4 ± 1.3b 29.8 ± 1.5a

c18:1 10.5 ± 1.5a 8.6 ± 0.5a 8.6 ± 2.6b 6.7 ± 1.4b

t18:1 n.d.a trace 6.1 ± 0.6a n.d.
18:2n-6 10.9 ± 1.4a,b 9.7 ± 0.5b 12.4 ± 1.4a 12.7 ± 1.6a,b

18:3n-6 0.2 ± 0.2 0.4 ± 0.4 0.2 ± 0.5 0.3 ± 0.2
18:3n-3 0.4 ± 0.2 0.5 ± 0.2 0.6 ± 0.4 1.2 ± 0.9
20:0 0.4 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.2
20:3n-6 0.7 ± 0.4b 0.6 ± 0.1b 1.5 ± 0.8a 1.0 ± 0.5a,b

20:4n-6 14.9 ± 1.4a,b 18.4 ± 1.4a 13.1 ± 1.8b 15.3 ± 1.2b

22:0 0.9 ± 0.5 0.7 ± 0.1 0.8 ± 0.2 0.7 ± 0.1
22:4n-6 0.4 ± 0.3 0.5 ± 0.2 0.9 ± 0.1 0.7 ± 0.3
22:5n-3 0.4 ± 0.5 0.3 ± 0.3 1.0 ± 0.3 0.9 ± 0.3
22:6n-3 3.7 ± 0.9 4.1 ± 0.5 5.0 ± 1.4 3.9 ± 0.5
24:0 1.9 ± 0.4 1.7 ± 0.2 1.9 ± 0.5 1.8 ± 0.2
24:1 3.1 ± 0.8a 2.9 ± 0.4a 1.9 ± 0.5b 1.6 ± 0.4b

PL level (mg/dL) 68.6 ± 9.0 70.3 ± 4.1 68.6 ± 9.5 71.6 ± 6.9
an.d., not detected; PL, phospholipids; for other abbreviations see Tables 1 and 2. Values with different roman superscripts
are significantly different from each other at P < 0.05.



eliminated or inactivated by partial hydrogenation (7). Unex-
pectedly, partially hydrogenated soybean oil exhibited a survival
time-shortening activity similar to rapeseed oil, suggesting that
a toxic factor(s) are generated in or contaminate partially hydro-
genated soybean oil during the process of production (Fig. 1 and
Ref. 7). The survival time of rats fed the FFA fraction derived
from lipase-treated partially hydrogenated soybean oil was sig-
nificantly shorter than that of rats fed the FFA fraction derived
from a mixture of high-oleate safflower oil/safflower oil/perilla
oil (Table 2), suggesting that trans fatty acids may be partially
responsible for the survival time-shortening activity. The lipase
treatment was also effective for the preparation of FFA fraction
from hydrogenated oils (Table 2).

Several other studies have shown or suggested the exis-
tence of minor components other than triacylglycerol in rape-
seed oil. Among sulfur compounds, isothiocyanates and oxa-
zolidinethione do not appear to be responsible for the survival
time-shortening activity, because butyl isothiocyanate (8
mg/kg of soybean oil), phenethyl isothiocyanate (1 mg/kg),
and allyl isothiocyanate (1 mg/kg) did not shorten the survival
time at concentrations comparable to those in rapeseed oil (5).
Rapeseed oil has a significantly higher phytosterol content
than soybean oil (13). However, unsaponifiable compounds
from rapeseed oil did not exhibit survival time-shortening ac-
tivity and no significant amounts of phytosterols were found

in tissue lipids (data not shown). We suggest that the toxic
factor(s), if any, are different from those described above and
are sensitive to lipase action.

Mean survival time of experimental animals has not been
a common endpoint for the determination of the safety or nu-
tritional adequacy of fats and oils. By using this measure, we
raised a question on the safety of some of the common oils
and oil products in human nutrition, although the applicabil-
ity of the results to human nutrition is entirely unknown. Be-
sides shortened survival time, we observed accelerated renal
injury in SHRSP rats fed rapeseed oil and partially hydro-
genated oil (Miyazaki, M., Watanabe, S., Oikawa, T.,
Morazumi, K., Fuzinami, T., and Okuyama, H., unpublished
data). Other groups have also raised questions on the safety
of some common vegetable oils using different endpoints; for
example, increased mortality after injection of iron into
piglets fed a rapeseed oil-supplemented, tocopherol-restricted
diet (14), and reduced platelet counts in piglets fed rapeseed
oil- or high-oleate vegetable oil-supplemented diets (15,16).
The problem of myocardial necrosis reported in rapeseed oil-
fed Sprague-Dawley rats remains unresolved (8,9). The li-
pase-treatment and successful preparation of FFA fraction es-
sentially devoid of survival time-shortening activity of the
original oils described in this paper may help in solving these
unresolved problems raised by other laboratories.
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TABLE 4
Fatty Acid Composition of Hepatic Phospholipids in SHRSP Ratsa (% of total fatty acids)

Dietary group and number of animals

Rapeseed FFA from Hydrogenated Soybean
oil lipase-treated soybean oil oil

Fatty acids (n = 6) rapeseed oil (n = 6) (n = 6) (n = 6)

14:0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
16:0 16.1 ± 1.2 14.9 ± 1.0 16.5 ± 0.8 16.45 ± 0.5
16:1 0.2 ± 0.1a 0.2 ± 0.1a 0.3 ± 0.0a 0.1 ± 0.1b

18:0DMAb 0.1 ± 0.1 0.2 ± 0.1 0.0 ± 0.1 0.2 ± 0.0
18:1DMA 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.1
18:0 27.8 ± 1.8a 26.6 ± 1.1a 23.4 ± 0.6b 28.9 ± 1.5a

c18:1 9.1 ± 0.7a 7.9 ± 0.8a 8.3 ± 0.9a 4.7 ± 1.0b

t18:1 n.d. n.d. 4.0 ± 0.9a n.d.
18:2n-6 11.8 ± 0.4b 11.4 ± 0.8b 13.8 ± 1.2a 14.5 ± 1.5a

18:3n-6 0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1
18:3n-3 0.4 ± 0.1a 0.3 ± 0.0a,b 0.2 ± 0.0c 0.3 ± 0.0b

20:0 0.3 ± 0.1a 0.2 ± 0.0a 0.1 ± 0.0b 0.1 ± 0.0b

20:1 0.3 ± 0.0a 0.2 ± 0.1a,b n.d. 0.1 ± 0.0b,c

20:3n-6 0.3 ± 0.2 0.1 ± 0.1 0.1 ± 0.2 0.2 ± 0.3
20:4n-6 21.8 ± 2.8b 27.4 ± 0.8a 20.3 ± 1.3b 23.1 ± 1.2b

20:5n-3 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.0
22:0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.3 ± 0.0
22:4n-6 0.1 ± 0.1 0.1 ± 0.0 0.2 ± 0.1 0.2 ± 0.0
22:5n-6 0.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.2 0.2 ± 0.1
22:5n-3 0.6 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.6 ± 0.2
22:6n-3 8.7 ± 0.5a,b 10.1 ± 0.8a 9.9 ± 1.5a,b 8.4 ± 0.5b

24:0 0.6 ± 0.1b,c 0.5 ± 0.0c 0.7 ± 0.0a,b 0.8 ± 0.1a

24:1 0.5 ± 0.1a 0.5 ± 0.1a 0.3 ± 0.0b 0.2 ± 0.1b

PL level (mg/g liver) 19.2 ± 0.7 21.9 ± 1.4 18.7 ± 2.2 20.4 ± 4.2
aValues with different roman superscripts are significantly different from each other at P < 0.05.
bDMA, dimethylacetal. For other abbreviations see Tables 1–3.
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ABSTRACT: We previously found that docosahexaenoic acid
(DHA) intake prevents aggression enhancement at times of
mental stress. In the present study we investigated changes in
aggression under nonstressful conditions. Forty-six students of
two universities took either DHA-rich fish oil capsules contain-
ing 1.5 g DHA (DHA group: 13 males and 9 females) or control
oil capsules containing 97% soybean oil plus 3% of another fish
oil (control group: 11 males and 13 females) for 3 mon in a dou-
ble-blind fashion. At the start and end of the study they took an
aggression-estimating test (P-F Study) without a stressor compo-
nent. DHA (5.9 to 8.5%, P < 0.001) and eicosapentaenoic acid
(0.7 to 1.5%, P < 0.001) increased in red blood cell phospho-
lipids in the DHA group, while linoleic acid increased slightly
(8.3 to 9.1%, P < 0.002) in the soybean oil control group. In the
control group, measured aggression levels decreased from 34.8
to 29.4% (P < 0.005), whereas they remained stable in the DHA
group (33.5 to 33.8%). The intergroup differences (−5.4 vs.
0.3%) were marginally significant (P ≤ 0.05). Aggression levels
were stable in the DHA group whether there was stressor (as
previously shown) or not. This effect of DHA appears to be in-
teresting, considering the reported association between a low
intake of n-3 fatty acids and depression.
Lipids 33, 663–667 (1998).

Several epidemiological studies (1,2) have suggested that a
higher intake of fish appears to be associated with a lower in-
cidence of coronary heart disease. Dietary intervention with
fatty fish (3) or α-linolenic acid (4), one of the n-3 fatty acids,
has also reduced the total mortality in secondary prevention
trials. In the intervention trial with fish (3), reduction in death
rates was attributed to a decreased incidence of fatal arrhyth-
mia, because fatal myocardial infarctions were significantly
reduced in the fish-eating group compared with the nonfish-
eating group, although the total incidence of myocardial in-
farction was similar between the two groups.

A recent intervention trial with n-3 long-chain fatty acids
in survivors of coronary heart disease found that the standard
deviation of all normal RR intervals in 24-h Holter record-
ings significantly increased in an n-3 fatty acid group com-
pared with controls ingesting olive oil capsules (5). This find-
ing is important because an increase in parasympathetic tone
reflected by an increased standard deviation of RR intervals
is associated with a higher ventricular fibrillation threshold
and fewer episodes of ventricular fibrillation (6). Indeed, Sell-
mayer et al. (7) have successfully reduced ventricular prema-
ture complexes with fish oil in a placebo-controlled double-
blind study. However, there have been few mechanistic stud-
ies on antiarrhythmic effects of fish (8,9). Taking into account
that hostility may be a significant risk factor for CHD and ar-
rhythmia (10), it is important to investigate whether fish oils
might modulate hostility or aggression.

Hibbeln and Salem (11) have proposed an interesting hy-
pothesis about n-3 fatty acids and depression. They have sug-
gested that societies consuming large amounts of n-3 fatty
acids appear to have low rates of major depression, and pos-
tulated that docosahexaenoic acid (DHA), one of the long-
chain n-3 fatty acids, may reduce the development of depres-
sion. Consequently, the study of psychological effects of n-3
fatty acids has become rather important. 

In our previous study (12) using university students as sub-
jects, we showed that administration of DHA-rich fish oil pre-
vented enhancement of aggression at times of mental stress.
To investigate the effect of DHA on aggression further, we
conducted a similar study under nonstressful conditions. In
the present study we carefully chose the timing of psycholog-
ical testing to avoid the confounding influence of any acade-
mic examinations.

SUBJECTS AND METHODS

Subjects. The purpose and plan of the present study was ex-
plained to two classes of university students to recruit volun-
teers; one was a fourth-year class at Toyama Medical and
Pharmaceutical University and the other was a third-year class
at Kogakkan University. Fifty-nine nonsmoking students of

Copyright © 1998 by AOCS Press 663 Lipids, Vol. 33, no. 7 (1998)

*To whom correspondence should be addressed at Research Institute of
Wakan-Yaku, Toyama Medical and Pharmaceutical University, 2630 Sugi-
tani, Toyama-shi, Toyama, 930-0194, Japan.
Email: hamazaki@ms.toyama-mpu.ac.jp
Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid;
RBC, red blood cells.

Docosahexaenoic Acid Does Not Affect Aggression
of Normal Volunteers Under Nonstressful Conditions.

A Randomized, Placebo-Controlled, Double-Blind Study
Tomohito Hamazakia,*, Shigeki Sawazakia, Yoko Nagaob, Toyomi Kuwamoric,

Kazunaga Yazawad, Yutaka Mizushimaa, and Masashi Kobayashia
aFirst Department of Internal Medicine, Toyama Medical and Pharmaceutical University, Toyama-shi, Toyama, bKogakkan
University, Ise-shi, Mie, cToyama Womens Junior College, Toyama-shi, Toyama, and dSagami Chemical Research Center,

Sagamihara-shi, Kanagawa, Japan



Toyama Medical and Pharmaceutical University [21–30 yr of
age (median 22), 16 males and 15 females] and Kogakkan
University (20–22 yr of age, 14 males and 14 females) volun-
teered to enter two parallel trials. None of the subjects had par-
ticipated in the previous study (12). They were in good health
as determined by history and physical examinations conducted
by physicians 3 mon before the trial. They did not suffer from
any chronic illness including alcoholism and were not taking
any medicines regularly. They were allocated to either the con-
trol or the DHA group in a double-blind manner; randomiza-
tion was stratified according to site and sex (Table 1). Written
informed consent was obtained from each subject, and the
study was approved by the Pharmacy and Therapeutics Com-
mittee (a subcommittee of the ethics committee) of Toyama
Medical and Pharmaceutical University.

Study design. The design of the present study was very sim-
ilar to our previous one (12). The present study was performed
in the two universities on the same protocol. All subjects were
asked to maintain their body weights and physical activity lev-
els and to consume their habitual diets during the study. They
were instructed to take 10 capsules per day containing DHA-
rich fish oil (for the DHA group, 1.5 g DHA/day) or control
oil (the control group) for 13 wk. Three or four capsules were
taken after each meal. Each capsule contained 300 mg of oil
with 0.3% α-tocopherol. The fish oil used for the DHA group
contained 49% DHA and 7% eicosapentaenoic acid (EPA) and
was essentially odorless. The control oil was a mixture of 97%
soybean oil and 3% of another fish oil (concentrated sardine
oil containing 32% EPA and 16% DHA) that had been only
partially deodorized. The detailed fatty acid composition of
the oils is shown elsewhere (13).

At the starting point of the study and at the end (13 wk af-
terward), subjects were asked to come to their own universi-
ties in the early morning without having breakfast and to re-

frain from drinking alcoholic beverages during the previous
day. Blood was taken from fasting subjects. After breakfast
they were asked to take psychological tests and to complete a
food frequency questionnaire for the previous 4 wk. At the
end of the study they were also asked to guess what their cap-
sules had contained. Of 22 control subjects, 10 said they were
receiving control capsules, 6 said DHA capsules, and 6 were
unsure. Of 20 subjects taking DHA capsules, 7 thought they
were taking control capsules, 9 thought DHA, and 4 were un-
sure. Thus 45% of subjects in each group had correctly sur-
mised their treatment group.

The major difference between the present study and the
previous one was timing. The present study started in July
(during summer vacation) and ended in October in the same
school year. The two check points were carefully chosen so
that no important exams were scheduled within 30 d from any
check points at either university.

Psychological tests. Two tests were employed. One was P-F
Study, originally developed by Rosenzweig (14). We used the
adult form of a Japanese version (15). This test consisted of 24
pictures illustrating frustration. Subjects were asked to look at
those pictures and describe their first reactions (replies) with a
couple of sentences. The frequency of appearance of their re-
actions to others was calculated as extraggression (%). The
other test was a Japanese version (16) of Cook and Medley hos-
tility scale (17). This test consisted of 87 questions, 50 of which
were selected for measurement of hostility. Rating of these two
tests was blindly done by three testers independently through-
out the study. On rare occasions of discrepancy in ratings of P-
F Study among the three testers, they discussed their scorings
so as to reach a consensus.

Fatty acid analysis. The fatty acid composition of the total
phospholipid fraction of red blood cells (RBC) was deter-
mined as described previously (18) with slight modification.
Briefly, packed RBC from EDTA-anticoagulated blood were
washed twice with saline. Total lipids were extracted by the
method of Folch et al. (19). The total phospholipid fraction
was separated by thin-layer chromatography, and its fatty acid
composition was analyzed by gas chromatography after trans-
methylation (20).

Food analysis. Food intake was calculated, from two sets
of food frequency questionnaires completed at the start and
end of the study, with our own software. This software was a
program of Kishokun (a food questionnaire program, Kan’ei-
shuppan, Okayama, Japan) modified for local use.

Exclusion of subjects. According to the exclusion criteria
determined prior to the trial (<70% capsule intake, and >3 kg
changes in body weights), some subjects were excluded be-
fore the double-blind code was broken except for the exclu-
sion step based on the DHA concentration of RBC (Table 1).
Some subjects in the DHA group whose DHA concentration
did not increase after capsule administration were excluded
(Table 1). This step was performed by investigators who did
not know the results of P-F Study and Cook and Medley hos-
tility scale and applied to the DHA group only, after the code
was broken and the DHA concentration of RBC was available.
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TABLE 1
The Number of Subjects at the Start and the Exclusion of Subjectsa

Control group DHA group

Toyama Kogakkan Toyama Kogakkan

Exclusion step M F M F M F M F

Subjects at randomization 8 8 7 7 8 7 7 7

Dropoutsb −2 −1 −2

Significant body weight −1 −1
changes (|∆| > 3 kg) (+3.5 kg) (+4 kg)

Insufficient capsule
intake (<70%) −1 −1 −1

Decrease in red blood
cell DHA (applied to
DHA group only)c −1 −2

Final number 7 8 4 5 7 5 6 4
aThe exclusion was performed before the double-blind code was broken. M,
male; F, female; DHA, docosahexaenoic acid.
bFour of the five dropouts were due to personal reasons and the other (con-
trol male) was due to intolerance to capsules (gastrointestinal disorder).
cThe exclusion at this step was performed without knowing the results of
psychological tests after the double-blind code was broken.



Statistical analysis. Data are expressed as mean ± SD.
Statview (Japanese version 4.5; Abacus Concepts, Berkeley,
CA) was used for statistical analysis. A paired t-test was used
for intragroup comparisons of the end and start of the study.
Intergroup differences (the differences between intragroup
differences of the two groups) were analyzed by an unpaired
t-test. Site effect-adjusted P-values were calculated by two-
way analysis of variance with the following two factors: sites
and capsules. Baseline values of the two groups were com-
pared by using an unpaired t-test. Differences with P < 0.05
were considered significant. 

RESULTS

One subject in the control group complained of gastrointesti-
nal disorder and dropped out before the study was completed.
Subjects who completed the study complained of no serious
adverse effects of capsules, and could not infer the kind of
their own capsules more correctly than by chance. Excluded
subjects are listed in Table 1. 

Changes in the fatty acid composition of the total phospho-
lipid fraction of RBC are shown in Table 2. In the control
group, linoleic acid increased; the increase was small but sta-
tistically significant. In the DHA group, DHA and EPA in-
creased over time, whereas arachidonic acid decreased. 

Averaged daily intakes of fatty acids from food are shown
in Table 3. There were no significant differences between the
two groups at the start. 

Changes in Cook and Medley hostility scale were not sig-
nificant in either the control group (33.3 ± 11.4 to 31.9 ±
10.2%, n = 24) or the DHA group (38.8 ± 13.4 to 37.5 ±
16.2%, n = 22). This was true in both universities (data not
shown).

Changes in extraggression (P-F Study) are shown in Table
4. Extraggression significantly decreased over time in the
control group at both Toyama and Kogakkan, whereas it re-
mained stable in the DHA group. The intergroup differences
were significant (P < 0.05) by two-way analysis of variance;
however, an unpaired t-test showed a tendency toward de-
creased extraggression in the control group compared with
the DHA group (P = 0.05). 

DISCUSSION

Recently, suggestions of a relationship between low n-3 fatty
acid intake and increased incidence of depression (11) have
been further strengthened by the findings of Adams et al. (21)
that the ratio of RBC phospholipid arachidonic acid to EPA
correlates significantly with severity of depression. Interest-
ingly, our previous study (12) suggested an aggression-stabiliz-
ing effect of DHA administration under the stress of university
examinations. This effect might prevent students from experi-
encing wider variances of mental reactions to stressful events
and thus from mental exhaustion. This effect may also be ap-
plicable to prevention of arrhythmia. As described in the intro-
duction, it has been suggested that the intake of n-3 fatty acids
prevents life-threatening arrhythmias. Aggressive behaviors
are associated with decreased parasympathetic nervous system
activity, which is linked with decreased brain serotonin func-
tion (10). Also, parasympathetic tone is important for preven-
tion of ventricular fibrillation (6). Consequently, if DHA ad-
ministration stabilizes the brain serotonergic function as postu-
lated by authors of previous studies (11,12,22), this effect may
contribute to the antiarrhythmic effects of fish oils.

Extraggression in the control group was significantly
lower at the end of the study. This finding was contrary to our
previous study (12), in which controls exhibited increased ex-
traggression over time. The major difference between the two
studies consists in the absence of extremely important exams
7–10 d after the last psychological tests in the present study.
Consequently, the presence or absence of mental stress may
have contributed to the radically different result. In general,
the presence of a stressor increases the degree of aggression
(23,24). Actually, hostility (the Multiple Affect Adjective
Checklist) and aggression (the Adjective Rating Form) scales
of nondrinkers were higher than those of moderate drinkers
when subjects were not provoked, whereas, after provocation,
both scales increased in the two groups, and those of moder-
ate drinkers became higher than for nondrinkers (24). Thus, it
is possible that the results obtained from the psychological
testing methods without stressor as performed in the present
study were different from the previous results (12). The re-
sults of the present study therefore do not necessarily contra-
dict our previous finding that DHA reduced aggression in a
normal population under significant stress.

We chose identical control capsules with those used before
(12) to facilitate the comparison of the two studies. In the pre-
vious study (12) the control oil did not change the fatty acid
composition of the total plasma phospholipid fraction, but
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TABLE 2
Changes (mol%) in the Fatty Acid Composition of the Total Phospho-
lipid Fraction of Red Blood Cells (mean ± SD)a

Control group (n = 22)b DHA group (n = 22)

Fatty acid Start End Start End

16:0 23.3 ± 2.5 23.2 ± 2.5 22.6 ± 2.8 22.3 ± 1.5
18:0 14.9 ± 1.0 14.9 ± 1.3 14.8 ± 1.1 14.6 ± 0.8
18:1 11.6 ± 0.8 12.0 ± 1.1 12.0 ± 1.0 12.2 ± 1.1
18:2 8.3 ± 0.7 9.0 ± 0.9c,e 8.5 ± 0.8 8.3 ± 0.9
20:4 9.5 ± 1.0 9.1 ± 1.9 9.4 ± 1.0 8.8 ± 0.6c,f

20:5 0.77 ± 0.27 0.66 ± 0.23 0.71 ± 0.19 1.35 ± 0.36d,f

22:6 (DHA) 4.8 ± 1.0 4.6 ± 1.1 4.8 ± 0.9 7.0 ± 1.0d,f

aBasically, there were no marked differences between the two universities,
therefore data from the two universities were combined. There were no sig-
nificant differences between the two groups at baseline.
bTwo blood samples from Kogakkan University were lost during transporta-
tion.
cSignificantly different from baseline, P < 0.001.
dSignificantly different from baseline, P < 1 × 10−9; however, P was theoreti-
cally null for DHA, since subjects with decreased DHA contents were ex-
cluded beforehand.
eIntragroup differences were significantly different from the other group; P <
0.001.
fIntragroup differences were significantly different from the other group; P <
0.001. For abbreviation see Table 1.



RBC fatty acids were not measured. In that study, extraggres-
sion increased in the control group under stressful conditions.
However, in the present study (Table 2), linoleic acid concen-
trations in the RBC phospholipid fraction increased over time
in the control group, but plasma fatty acids were not mea-
sured. Although the daily intake of linoleic acid did not in-
crease in the control group even after taking capsule lipids
into consideration, the ratio of the intakes of linoleic acid to
total lipids tended to increase from 0.20 to 0.22 (Table 3, P =
0.08). This increment might partly explain the changes in
linoleic acid in control RBC.

We did not anticipate any changes in extraggression in the
control group. We carefully planned the timing of psycholog-
ical testing. The study started at the beginning of summer va-
cation of the universities, and ended at the middle of the se-
mester that was more than 1 mon away from any important

exams. Therefore, stress levels for students appeared alike be-
tween the two check points. At least it is highly unlikely that
students felt less stress at the end of the study. Then, why did
measured extraggression decrease in the control group? It is
possible that habituation to testing could account for such a
decline, but this would not explain the failure of a drop in
measured extraggression in the DHA group. 

If we look at intergroup changes instead of intragroup dif-
ferences, we may ask the following question: Is there any pos-
sibility that a difference in extraggression between the two
groups was merely a chance finding? The intergroup differ-
ences in extraggression were not significant either in Toyama
subgroup alone or in Kogakkan (Table 4). Besides, the plain
sum of the two subgroups without consideration of the site
effect showed only a marginally significant difference (P =
0.05) by unpaired t-test. Considering the number of compari-
son tests, the intergroup difference in extraggression may be
a chance finding. Finally, we found at the end of our study
that 45% of each treatment group had correctly identified
their assignment but it is not possible to determine whether
this could have further biased the testing result. Consequently,
it is prudent to treat the intragroup changes in extraggression
cautiously in the control group. The results of the Cook and
Medley hostility scale partly support the null hypothesis
about changes in extraggression.

In conclusion, the administration of DHA does not change
extraggression in university students in the absence of mental
stress related to examinations. Whether these findings would
be applicable to patients undergoing the stress of a life-threat-
ening disease such as myocardial infarction will be deter-
mined with further study. 
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TABLE 3
Averaged Daily Intakes of Lipids and Energy (mean ± SD)a

Control group (n = 24) DHA group (n = 22)

Item Start End Start End

g/d
Total lipids 66.9 ± 35.7 57.3 ± 20.1 67.5 ± 25.1 55.7 ± 21.2b

Linoleic acid (18:2) 12.8 ± 6.8 12.9 ± 5.1 11.5 ± 4.4 10.1 ± 4.6
EPA (20:5) 0.088 ± 0.099 0.144 ± 0.098c 0.107 ± 0.102 0.319 ± 0.111d

DHA (22:6) 0.022 ± 0.024 0.043 ± 0.024d 0.026 ± 0.025 1.529 ± 0.028d

Linoleic acid/total lipids 0.20 ± 0.04 0.22 ± 0.05 0.18 ± 0.05 0.18 ± 0.04

kJ/d
Total energy 9.19 ± 3.92 8.34 ± 3.23 8.07 ± 1.97 7.25 ± 2.00
aLipid and energy intakes were assessed by food frequency questionnaires at the start and end of the
study. There were no significant differences between the two sites; therefore, data were combined.
Food intake of the last 4 wk was requested at each check point. Data at the end of the study contain
lipids from capsules. There were no significant differences in any data between the two groups at the
start.
bSignificantly different from baseline, P < 0.005.
cSignificantly different from baseline, P < 0.002.
dSignificantly different from baseline, P < 0.001. EPA, eicosapentaenoic acid, for other abbreviations
see Table 2.

TABLE 4
Changes in Extraggression After 3 mon of Capsule Administration
(mean ± SD)

Intragroup
Start End difference

Toyama subgroup
Control (n = 15) 33.5 ± 7.7 30.2 ± 10.6a −3.3 ± 5.9
DHA (n = 12) 36.4 ± 10.7 35.1 ± 10.6 −1.3 ± 5.7

Kogakkan subgroup
Control (n = 9) 37.0 ± 11.2 28.1 ± 13.2a −8.9 ± 10.9
DHA (n = 10) 30.1 ± 13.2 32.3 ± 16.5 2.2 ± 15.3b

Total
Control (n = 24) 34.8 ± 9.1 29.4 ± 11.4c −5.4 ± 8.4
DHA (n = 22) 33.5 ± 12.0 33.8 ± 13.3 0.3 ± 11.0d

aSignificantly different from the starting values, P < 0.05.
bTended to be different from the corresponding values of the control group,
P = 0.09.
cSignificantly different from the starting values, P < 0.005.
dSignificantly different (P < 0.05) from the control group by two-way analy-
sis of variance but not significantly different (P = 0.05) by unpaired t-test. For
abbreviation see Table 1.
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ABSTRACT: The degree of fat hydrogenation and the trans
fatty acid content of the diet affect the fatty acid composition of
membranes, and the amount and the activity of some mem-
brane enzymes. We describe the effects of four isocaloric diets
containing either sunflower oil (SO, 0% trans), fish oil (FO,
0.5% trans), partially hydrogenated fish oil (PHFO, 30% trans),
or highly hydrogenated fish oil (HHFO, 3.6% trans) as fat
sources on the lipid composition and the trans fatty acid con-
tent of rat hepatic microsomes. We also describe the effect of
these diets on the cytochrome P-450 content and on the
aminopyrine N-demethylase, aniline hydroxylase, and UDP-
glucuronyl transferase microsomal activities. Cytochrome P-450
content was dependent on the degree of unsaturation of the
diet, being higher for the FO-containing diet and lower for the
HHFO diet. Aminopyrine N-demethylase activity also corre-
lated with the degree of unsaturation of the diet as did the cy-
tochrome P-450 content did (FO > SO > PHFO > HHFO). Ani-
line hydroxylase activity appeared to be independent of the de-
gree of unsaturation of the dietary fat, but correlated with the
trans fatty acid content of the diet, which was also reflected in
the trans content of the microsomal membranes. UDP-glu-
curonyl transferase activity was higher for the FO-containing
diet than for the SO diet, showing intermediate values after the
PHFO and HHFO diets. 
Lipids 33, 669–673 (1998).

It has been proposed that several membrane functions are de-
pendent on the lipid composition of the membrane (1,2), and
that dietary fat intake can modify, to some extent, the compo-
sition and the biochemical activity of cellular membranes (3,4).
The cytochrome P-450 hepatic microsomal mixed-function ox-
idase system (MFOS) plays a vital role in the biotransforma-
tion of a wide variety of drugs and foreign compounds and of
some endogenous substances such as steroids and eicosanoids
(5). The MFOS components are membrane-bound molecules,
and the microsomal lipid environment, which is readily influ-

enced by different dietary fatty acids, plays an important role
in the enzyme regulation of the system (6,7).

Partially hydrogenated and highly hydrogenated vegetable
and marine oils (mainly fish oil) are widely used for the
preparation of margarines and shortenings for human foods
and animal feed (8). Hydrogenation provides oils better sta-
bility against oxidation and facilitates mixture with other
food components (9). However, this chemical process forms
variable and, under some conditions, high amounts of posi-
tional and/or geometric trans fatty acids isomers (10). The
biological effects of trans fatty acids have been a matter of
controversy (11,12), and concerns about their consumption
and biological effects arose from the “unnatural” origin of
these isomeric fatty acids (13). Partially hydrogenated fish oil
(PHFO) and highly hydrogenated fish oil (HHFO) are widely
used in some South American and European countries for the
manufacture of cheap margarines and industrial fats, and as
components of diverse food items. The complex fatty acid
composition of fish oils (FO) (more than 20 different n-11,
n-9, n-7, n-6, and n-3 fatty acids can be identified) allows the
formation of a great variety of trans isomers, especially when
the oil is subjected to partial hydrogenation (14).

As biochemical information concerning the effects of
PHFO and HHFO and the role of trans fatty acid isomers on
the activity of MFOS components is scarce, we studied in the
rat the effect of a synthetic diet containing these hydro-
genated products as the fat source on the fatty acid composi-
tion of hepatic microsomal membranes, on the cytochrome
P-450 content of these membranes, and on the activity of
some enzymes related to MFOS. Results are compared to the
effect of a vegetable oil and of a nonhydrogenated FO.

MATERIALS AND METHODS

Materials. Components of the synthetic diet were purchased
at the local market. Commercial sunflower (SO), refined FO
(sardine oil), PHFO, and HHFO (both prepared from sardine
oil) were provided by Watts Alimentos (Santiago, Chile).
Solvents and salts were purchased from Merck Chile (Santi-
ago, Chile). Fatty acid standards (cis and trans) for gas chro-
matography and reagents for fatty acid methyl ester prepara-
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tion and for enzyme assays were obtained from Sigma Chem-
icals (St. Louis, MO).

Methods. Peroxide value, the cholesterol content, the un-
saponifiable matter, the free acidity, the melting point, and the io-
dine value of the oils were assessed according to AOAC Official
methods (15). Isocaloric (16 kJ/g) synthetic diets were prepared
according to Saito et al. (16) with some minor modifications. The
total fat content was always 15.5% w/w: 0.5% w/w was provided
by SO to avoid essential fatty acid deficiency, and the remaining
15% was either SO, FO, PHFO, or HHFO. Four groups (n = 8)
of 70 day-old male Wistar rats (Biocronogen, Santiago, Chile)
weighing 200–230 g and previously fed with the standard labora-
tory chow were separated in individual cages and fed with one of
the four experimental diets for 40 d. Animals were maintained
under light/dark cycles of 12 h and with water ad libitum. Ani-
mal weight and diet consumption were determined daily and reg-
istered. No significant changes were observed in the weight gain
and in the diet consumption when the different experimental
groups were compared. At the end of each experimental period,
animals were sacrificed by cervical dislocation, and hepatic mi-
crosomes were prepared by ultracentrifugation according to Lake
(17). Purity of microsomal preparation was determined assessing
glucose-6-phosphatase activity (E.C. 3.1.3.9) according to
Gierow and Jergil (18). The treatment and the managing of ani-
mals were approved by INTA’s Review Board.

Microsomal lipids were extracted with methanol/chloro-
form (2:1, vol/vol) according to Bligh and Dyer (19). Micro-
somal cytochrome P-450 content was assessed as described
by Omura and Sato (20). Aminopyrine N-demethylase cy-
tochrome P-450 associated activity was measured through the
reagent of Nash (21), and aniline hydroxylase-cytochrome
P-450 associated activity was assessed through the formation
of p-aminophenol according to Lake (17). UDP-glucuronyl
transferase activity (E.C. 2.4.1.108) was assayed according
to the method of Dannenberg and Zakim (22).

Total trans fatty acid content of the different oils used for
the diets’ formulations was assessed by infrared spectroscopy
according to AOCS method Cd 14-61 (23). Gas chromatog-
raphy of microsomal fatty acids (cis and trans) was per-
formed in a Hewlett-Packard 5890 series II Plus gas chro-
matograph (Palo Alto, CA) with split injector and flame-ion-
ization detector, and using an SP-2560 (Supelco, Inc.,
Bellefonte, PA) capillary column (100 m × 0.25 mm i.d.). The
column temperature was raised from 140 to 240°C at
2°C/min and then was maintained at 240°C for 20 min. The
injector temperature was 240°C, and the detector temperature
was 260°C. Hydrogen was used as carrier gas.

Statistical analysis. Results are expressed as mean ± SD.
Statistical significance of differences between mean values
was assessed by analysis of variance coupled with Duncan’s
multiple-range test at the 5% level of significance (24).

RESULTS 

Table 1 shows the chemical and physical characterization of
the oils used for the diet preparation. The low peroxide value,

unsaponifiable matter, and free acidity of the four oils guar-
antee their quality as suitable fats for the study. As the cho-
lesterol content of the four oils was very different due to their
origin and/or processing (no cholesterol for vegetable oil,
high cholesterol for FO, and intermediate values for PHFO
and HHFO due to hydrogenation), its content was adjusted in
each oil to that of FO to avoid metabolic differences due to
the sterol. The melting point of each oil correlated with the
degree of hydrogenation, low for SO and FO and high for
HHFO. The iodine value also agrees with the degree of hy-
drogenation of the oils being high for FO due to its high
polyunsaturation, and low for HHFO. As expected, SO and
FO showed low content of trans fatty acids. HHFO, as a re-
sult of the drastic reduction of its unsaturation due the strong
hydrogenation, also showed a low trans content. However,
for PHFO, 30% of the total fatty acids contained trans unsat-
urations. 

Table 2 shows the cis and trans fatty acid isomers that can
be identified under our experimental conditions in the micro-
somal membranes after the different dietary fats. For diets
containing PHFO and HHFO, there were increases in the con-
tent of saturated (SAFA) and monounsaturated (MUFA) fatty
acids of microsomal membranes when compared to the SO
and FO diets. However, feeding rats with PHFO and HHFO
reduced the content of polyunsaturated fatty acids (PUFA) of
microsomes. The trans fatty acid content of microsomal
membranes of the dietary groups fed different diets showed
some differences. While membranes from rats fed SO, FO,
and HHFO showed very low content of trans isomers, mem-
branes from animals fed with PHFO showed a significantly
higher amount of isomeric fatty acids. Trans fatty acids pre-
sent in the PHFO-containing diet were incorporated into mi-
crosomal membranes. As the biological behavior of trans
fatty acids has been compared to the behavior of SAFA (25),
in Table 2 are also presented the SAFA + trans content of mi-
crosomal membranes and the ratio MUFA + PUFA/SAFA +
trans. There was a decrease in the microsomal unsaturated
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TABLE 1
Chemical and Physical Characterization of the Oils 
Used in the Experimental Diets

Analysisa SO FO PHFO HHFO

Peroxide value
(meq/kg) 2.1 ± 0.2 5.8 ± 0.3 4.9 ± 0.2 1.5 ± 0.2

Cholesterol
(mg/100 g) 0.0 488.1 ± 28.6 321.2 ± 21.3 254.3 ± 14.5

Unsaponifiable 
matter 4.7 ± 0.6 8.7 ± 1.3 6.1 ± 0.8 5.5 ± 0.4

Free acidity
(µg KOH/g) 56.3 ± 5.2 110.5 ± 8.6 67.8 ± 4.8 167.8 ± 9.7

Melting point
(ºC) 6.0 ± 2.0 21.0 ± 3.0 29.0 ± 2.0 49.0 ± 3.0

Iodine value 112.0 ± 5.2 221.0 ± 7.6 125.5 ± 4.5 8.3 ± 0.8
Trans content

(%) n.d. 0.50 ± 0.0 30.2 ± 4.3 3.6 ± 0.5
aResults represent the average of eight assays ± SD; n.d.: not detected. SO,
sunflower oil; FO, fish oil; PHFO, partially hydrogenated fish oil; HHFO,
highly hydrogenated fish oil.



fatty acids/SAFA ratio as a consequence of feeding animals
the PHFO- and the HHFO-containing diets. 

The cytochrome P-450 content of microsomal membranes
(Fig. 1A) showed good correlation with the degree of unsatu-
ration of the oils used for the diets preparation (i.e., iodine
value, Table 1), a higher content of the hemoprotein corre-
sponding to the FO-containing diet and a lower content to the
HHFO diet. The cytochrome P-450 content of microsomal
membranes from rats fed the SO- and PHFO-containing diets,
which had relatively similar iodine values, was the same. Fig-
ure 1 also shows the activity of two cytochrome P-450 de-
pendent membrane-bound enzymes (aminopyrine N-
demethylase, Fig. 1B, and aniline hydroxylase, Fig. 1C), and
the activity of an enzyme not associated with cytochrome
P-450 (UDP-glucuronyl transferase, Fig. 1D) in response to
the different oil-containing diets. Aminopyrine N-demethy-
lase activity agreed, as did the cytochrome P-450 content,
with the degree of unsaturation of the diet, showing a higher
activity for FO and a lower activity for HHFO, and exhibit-
ing intermediate values for SO and PHFO diets. However,
when the effect of the different diets on the aniline hydroxy-
lase activity was analyzed, different results were obtained.
The activity of this enzyme showed no correlation with the
degree of unsaturation of the oils, but was associated with the

trans fatty acid composition of microsomal membranes. The
most important difference in the microsomal membrane fatty
acid composition was observed for the PHFO diet, i.e., the
higher trans content and the lower MUFA + PUFA/SAFA +
trans ratio. Aniline hydroxylase activity was significantly
higher in microsomes from rats fed the PHFO diet when com-
pared to the other oil-containing diets assayed. UDP-glu-
curonyl transferase activity showed significant differences
when the effect of the SO diet and that of the FO diet were
compared. The activity of the enzyme after the PHFO and
HHFO diets showed intermediate values when compared to
the activity after the SO or the FO diet, (Fig. 1D). 

DISCUSSION

It has been demonstrated that variation in dietary fatty acids
produces corresponding variations in the fatty acid composi-
tion of phospholipids of the microsomal membranes (26) and,
thus, alters the membrane structure and fluidity, resulting in
changes in the activity of MFOS enzymes (5). Our results
confirmed these observations, but we also demonstrated that
isomeric trans fatty acid content of diets is reflected in the
trans fatty acid composition of microsomes. As communi-
cated by Saito and Yamagushi (7), we also observed that the
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TABLE 2
Microsomal Fatty Acid Composition After the Different Oil-Containing Dietsa

Fatty acidb SO FO PHFO HHFO

C14:0 0.15 ± 0.02 0.30 ± 0.07 0.25 ± 0.02 0.45 ± 0.16
C16:0 12.60 ± 0.54 15.99 ± 2.16 18.03 ± 0.47 18.66 ± 2.76
C18:0 22.28 ± 1.47 19.47 ± 1.21 24.59 ± 0.62 24.21 ± 1.41
C24:0 0.48 ± 0.11 0.25 ± 0.04 0.49 ± 0.05 0.35 ± 0.10
Total SAFA 35.51 ± 0.53 36.01 ± 0.87 43.36 ± 0.29 a,b 43.67 ± 1.10 a,b
C16:1 0.43 ± 0.20 1.02 ± 0.23 0.16 ± 0.02 2.20 ± 0.45
C18:1n-9 3.83 ± 0.28 4.50 ± 0.38 8.01 ± 0.30 10.89 ± 1.31
C18:1n-7 2.08 ± 0.14 1.65 ± 0.31 1.82 ± 0.15 3.63 ± 0.66
C24:1 0.07 ± 0.04 0.32 ± 0.08 0.21 ± 0.02 0.14 ± 0.07
Total MUFA 6.41 ± 0.16 7.49 ± 0.25 10.20 ± 0.12 a,b 16.86 ± 0.62 a,b
C18:2n-6 11.35 ± 0.67 4.59 ± 0.31 10.34 ± 0.24 6.01 ± 1.82
C18:3n-3 0.49 ± 0.11 0.27 ± 0.01 0.26 ± 0.06 0.22 ± 0.02
C18:3n-6 0.28 ± 0.09 0.05 ± 0.01 0.15 ± 0.06 0.26 ± 0.04
C20:2n-6 0.93 ± 0.31 0.41 ± 0.04 0.58 ± 0.04 0.62 ± 0.04
C20:3n-6 1.04 ± 0.23 0.72 ± 0.08 1.37 ± 0.14 1.93 ± 0.20
C20:4n-6 33.45 ± 1.59 17.76 ± 1.22 16.01 ± 0.51 17.72 ± 2.27
C20:5n-3 n.d. 9.27 ± 1.46 1.89 ± 0.03 0.92 ± 0.41
C22:4n-6 1.10 ± 0.40 0.24 ± 0.13 0.11 ± 0.09 0.44 ± 0.13
C22:5n-3 0.70 ± 0.22 2.26 ± 0.12 1.44 ± 0.18 0.48 ± 0.19
C22:6n-3 7.81 ± 1.74 19.14 ± 2.97 11.45 ± 0.48 9.54 ± 1.75
Total PUFA 57.15 ± 0.57 54.71 ± 0.63 43.60 ± 0.18 a,b 38.14 ± 0.68 a,b
C16:1n-7t 0.07 ± 0.05 0.11 ± 0.09 0.96 ± 0.05 0.05 ± 0.01
C18:1 n-7t 0.18 ± 0.10 0.33 ± 0.38 0.79 ± 0.42 0.36 ± 0.14
C18:1 n-9t 0.13 ± 0.12 n.d. 0.31 ± 0.14 n.d.
C20:1 n-9t n.d. n.d. 0.04 ± 0.03 n.d.
Total trans 0.38 ± 0.09 0.44 ± 0.23 2.10 ± 0.16 a,b 0.41 ± 0.08
SAFA + trans 35.89 36.45 45.46 44.08
MUFA + PUFA
SAFA + trans

1.77 1.70 1.18 1.25

aExpressed as percentage of methyl esters. SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyun-
saturated fatty acids. See Table 1 for other abbreviations.
bResults represent the average of eight analyses ± SD; n.d., not detected. a, Difference from SO-containing diet; P < 0.05.
b, Difference from FO-containing diet, P < 0.05.



FO-containing diet increased the cytochrome P-450 content and
the aminopyrine N-demethylase activity. In addition to these
observations, we have also demonstrated a correlation between
the degree of unsaturation of the diet and the cytochrome P-450
content, and the aminopyrine demethylase activity of microso-
mal membranes. Saito and Yamagushi (7) observed that the ani-
line hydroxylase activity of hepatic microsomes remains un-
changed after feeding rats with diets containing lard, soybean
oil, or sardine oil as the fat source. Diets were different in their
degree of unsaturation, but all contained low amounts of trans
fatty acids. In our experimental design, results demonstrated
that this is also valid for the SO-, FO-, and HHFO-containing
diets. However, we observed a high microsomal activity for ani-
line hydroxylase after the PHFO containing diet. If we discard
the effect of the degree of unsaturation of the diet on the activ-
ity of the enzyme, which appears to be valid for the SO-, FO-
and HHFO-containing diets, it can be inferred that the high
trans content of the PHFO containing diet, which is also re-
flected in the higher trans composition of microsomes from an-
imals fed the PHFO diet, may be affecting the aniline hydroxy-
lase activity. Saito and Yamagushi (7) did not analyze the fatty
acid composition of microsomal membranes.

On the other hand, Yang et al. (27) observed that a 5% FO-
containing diet significantly increased the activity and the
amount of UDP-glucuronyl transferase when compared to
corn oil, showing correlation between the activity of the en-
zyme, the fat content of the diet, and the degree of unsatura-

tion of the fat. Our results show significant differences for the
UDP-glucuronyl transferase activity with the different diets
assayed. The activity of the enzyme is reduced by reducing
the degree of unsaturation of the diet. The activity of the en-
zyme with the FO diet is higher than the activity assayed after
the SO diet, a result which is similar to that of Yang et al. (27)
when comparing the effect of FO with corn oil which, such
as SO, is less unsaturated than FO. However, these authors
did not assay the effect of hydrogenated fats on the activity
of the enzyme. According to their observation on the effect
of the degree of dietary fat unsaturation on the UDP-glu-
curonyl transferase activity, a reduction should be expected
in the activity of the enzyme after the PHFO- and the HHFO-
containing diets when compared to the FO diet. Our results
confirmed this assumption for the HHFO diet but not for the
PHFO diet. Therefore, it can be inferred that other dietary
factors and/or membrane components, different than the lipid
composition of the diet and/or the fatty acid composition of
the microsomal membranes, may be regulating the microso-
mal UDP-glucuronyl transferase activity. The total amount
of sterols (cholesterol plus cholesterol-hydrogenated prod-
ucts) consumed by the animals may be a matter of concern.
To our knowledge, the effect of partial or high hydrogenation
of FO on its cholesterol content has not been studied. As diets
were supplemented with cholesterol up to the amount con-
tained in unhydrogenated FO, we cannot disregard possible
effects of the cholesterol-hydrogenated products on the enzy-
matic parameters assayed. 
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ABSTRACT: This study was conducted to investigate the ef-
fects of dietary cyclic fatty acid monomers (CFAM), contained
in heated fat from a commercial deep-fat frying operation, on
rat liver enzyme activity. A partially hydrogenated soybean oil
(PHSBO) used 7 d (7-DH) for frying foodstuffs, or 0.15% methyl-
ated CFAM diets was fed to male weanling rats in comparison
to a control group fed a nonheated PHSBO (NH) diet in a 10-
wk experiment. All diets were isocaloric with 15% fat. Animals
fed either CFAM or 7-DH diets showed increased hepatic con-
tent of cytochrome (cyt.) b5 and P450 and increased activity of
(E.C. 1.6.2.4) NADPH-cyt. P450 reductase in comparison to the
control rats. In addition, the activities of (E.C. 2.3.1.21) carni-
tine palmitoyltransferase-I and (E.C. 1.1.1.42) isocitrate dehy-
drogenase were significantly decreased when compared to that
of rats fed the NH diet. A significantly depressed activity of (E.C.
1.1.1.49) glucose 6-phosphate dehydrogenase was also ob-
served for these animals compared to the control rats fed NH
diet. Moreover, liver and microsomal proteins were significantly
increased when CFAM or 7-DH diets were fed to animals in
comparison to controls while liver glycogen was decreased sig-
nificantly in experimental groups of rats. The results obtained in
this study indicate that the CFAM in the diet from either syn-
thetic sources or used fats increase the activity of liver enzyme
systems that detoxify them.
Lipids 33, 675–681 (1998).

Numerous studies in the literature have indicated that when di-
etary fats are heated at high temperatures, such as in deep frying,
harmful substances are formed (1–4). Among the toxic com-
pounds generated from the deep-fat frying process are carbonyl,
cyclic monomer, and dimer derivatives (5,6). Other studies have
reported that fats obtained from restaurants and those prepared
during frying experiments are not significantly damaged by heat-
ing during normal use unless they are abused (7–10). 

However, it has been generally accepted that nutritionally
harmful materials are present in the oxidized or polymeric por-

tions of heated fats. Iwaoka and Perkins (11) showed that when
small quantities (about 1%) of purified methyl ω-(2-alkyl cy-
clohexyl) carboxylic acids (CFAME) were fed to rats with low-
level protein diets (8–10% casein), the CFAME decreased
weight gains and feed consumption in these animals compared
to controls. Liver enlargement with accumulation of lipid was
detected in animals fed 0.15% CFAME in their diets. In addi-
tion, there are reports in the literature that toxic compounds
formed during deep-fat frying may cause deleterious effects on
rats when ingested through heated fats (12–14). The complete
isolation and purification of cyclic fatty acid monomers
(CFAM) were accomplished by Rojo and Perkins (15,16) as
well as Sébédio et al. (17).

Even though previous studies have focused on isolating
compounds that are generated in fats upon deep frying and
feeding them to rats to determine their fate (13,18), little at-
tention has been paid to studying the effects of cyclic com-
pounds contained in heated fats from a commercial deep-fry-
ing operation on liver enzyme activity when such fats are fed
to rats. Therefore, the present study focused on determining
the effects of CFAM present in partially hydrogenated soy-
bean oil (PHSBO) commercially used for 7 d on (7-DH) for
frying foodstuffs as well as a diet which contained hydro-
genated CFAM methyl esters on rat liver enzyme activity. 

MATERIALS AND METHODS 

Animals, diets, and procedures. Male Sprague-Dawley wean-
ling rats (50–60 g) were purchased from Harlan Sprague-
Dawley Inc. (Indianapolis, IN) and were maintained on the
standard Harlan Teklab 7001 4% mouse rat diet for 1 wk in
steel wire-mesh cages. All animals (10 animals in each group)
were then assigned into three groups: a control group of rats
[nonheated (NH)] fed a diet containing nonheated PHSBO
and two experimental groups fed diets containing either
PHSBO used 7 d for frying foodstuffs (7-DH) or CFAME.
The animals were randomly assigned as previously described
(19). Animals were sacrificed by decapitation with a guillo-
tine after a 12-h fast. The following procedures were em-
ployed: protein determination according to Lowry et al. (20);
total liver lipid extraction according to Folch et al. (21); liver
glycogen measurement according to Lo et al. (22) modified
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by Lamboni (23); liver mitochondria and microsomes were
prepared according to Lake (24); microsomal cytochrome
(cyt.) b5 and P450 contents and NADPH-cyt. P450 reductase
activity were carried out according to Lake (24); carnitine
palmitoyltransferase-I (Cpt-I) activity according to McGarry
et al. (25); glucose 6-phosphate dehydrogenase activity in the
31,000 × g supernatant fluid by the use of a Sigma Kit (Sigma
Co., St. Louis, MO); and isocitrate dehydrogenase (ICDH)
activity in the liver homogenate by the use of a Sigma Kit.
The experimental groups of rats (CFAM and 7-DH) had free
access to food and tap water as did their controls fed the NH
diet.

The CFAM used in the present feeding study were pre-
pared from linseed oil by heating, urea fractionation of the
corresponding methyl esters, hydrogenation, and preparative
high-performance liquid chromatography (15). 

The isolation and determination of CFAM from the used
oil were carried out according to the procedure described by
Rojo and Perkins (15) as well as by Sébédio et al. (17). The
CFAM were determined in the PHSBO sample that had been
used 7 d for frying foodstuffs. After hydrogenation of the cor-
responding methyl esters with platinum oxide as catalyst and

urea fractionation, the fraction not forming urea adducts was
isolated. This fraction is a polar fraction and contained the
CFAME materials. An aliquot of 250 µL of phenanthrene so-
lution (0.50 mg/mL) was added to the fraction containing the
CFAME as an internal standard. A Hewlett-Packard 5890
(Palo Alto, CA) gas–liquid chromatograph was used with 24
psi H2 as carrier gas. The column used for the analysis was a
CPSIL 88 column (60 m × 0.25 mm × 0.20 µm (Chrompack
Inc., Raritan, NJ), and the conditions were as follows: 160°C
(0), increased by 2°C/min to 220°C.

The composition of the fats fed as part of the diets was as
previously shown (19, Table 1). The diet composition fed to
animals for the 10-wk duration of the experiment is described
in Table 1. In the present study the animals were fed a fiber-
free diet; it has been reported that such diets can increase the
toxic effects of a variety of compounds.

Statistical analysis of data. Data were analyzed by analy-
sis of variance for a completely randomized design using the
StatView statistical software package (StatView SE + Graph-
ics; 1988 Abacus Concepts, Inc., Berkeley, CA). When F tests
detected significance (P < 0.05), pairwise comparisons of
means among groups were performed by Fisher’s protected
least significant difference.

RESULTS 

Feed efficiency, weight gain. In comparison with the control
group of rats, the feed efficiency (Table 2) of animals fed a
0.15% CFAME diet did not show any significant difference.
However, three rats in the group fed the CFAM diet exhibited
considerable hair loss and showed signs of dermatitis. The
rats fed the 7-DH diet did not show any significant difference
in feed efficiency compared to controls or to the CFAME diet
group of rats. When rats were fed CFAM or 7-DH diets, their
weight gains were not significantly different from the control
group of animals fed NH diet (Table 2).

CFAME. The PHSBO used 7-DH contained 0.16% by
weight of CFAM. Gas–liquid chromatography indicated that
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TABLE 1
Diet Composition (g/kg diet)

NH 7-DH CFAM

Caseina 150 150 150
Dextrose anhydrous 650 650 650
Vitamin mixturea 10 10 10
Mineral mixturea 40 40 40
Fat PHSBO (NH) 150 0 148.5
FAT 7-DH 0 150 0
Cyclic fatty acids 0 0 1.5
aFrom Harlan Teklad (Madison, WI). NH = Control group of rats fed diet con-
taining nonheated partially hydrogenated soybean oil (PHSBO); 7-DH =
group of rats fed diet containing PHSBO used 7 d for frying foodstuffs;  CFAM
= group of rats fed diet containing cyclic fatty acid monomers.

TABLE 2
Several Parameters of Control and Experimental Ratsa

Group

Item NH 7-DH CFAM

Weight (g) 273.24 ± 25.81 257.23 ± 18.4 270.07 ± 25.18
Feed efficiency
(g gain/g feed) 0.234 ± 0.001 0.238 ± 0.001 0.239 ± 0.002

Liver weight/body weight
ratio (mg/g) 3.21 ± 0.04 3.2 ± 0.06 3.23 ± 0.04

Liver protein (mg/g) 235.89 ± 22.46 479.13 ± 16.12b 460 ± 15.22b

Microsomal protein (mg/g) 30.39 ± 1.10 60.40 ± 1.23b 63.15 ± 1.34b

Liver lipid (mg/g) 57.73 ± 1.58 70.80 ± 1.27b 70.17 ± 1.00b

Lipid/protein ratio 1.06 ± 0.11 0.60 ± 0.02b 0.62 ± 0.02b

Liver glycogen (mg/g) 10.65 ± 0.66 6.77 ± 0.40b 6.75 ± 0.64b

aValues are means ± SEM. NH = control group of rats fed diet containing nonheated partially hydrogenated soybean oil
(PHSBO) (n = 10).  7-DH = group of rats fed diet containing PHSBO used 7 d for frying foodstuffs (n = 11).  CFAM = group
of rats fed 0.15% cyclic fatty acid monomers diet (n = 11).
bP < 0.0001 when compared to the control animals fed NH diet. 



the pattern of cyclic compounds present in the 7-DH was the
same as that identified earlier (Rojo and Perkins 1987) with
the aid of gas chromatography–mass spectrometry. The reten-
tion times of the isomers comprising the mixture of CFAME
in the 7-DH were identical to that in the standard CFAME
profiles (26).

Lipid, protein, and glycogen. Rats fed 0.15% CFAME or
7-DH diets (Table 2) showed significant increases (P <
0.0001) in liver lipid content compared to the control animals.
In addition, small fat droplet infiltration in liver cells was ex-
tensive in the group of rats fed CFAME diet while only a few
(3,4) of the livers of rats fed the 7-DH diet showed the same
condition by microscopy.

The protein content of the microsomal fractions (Table 2)
increased significantly (P < 0.0001) in rats fed the 0.15%
CFAME diet as well as those fed the 7-DH diet compared to
the control animals. There was no significant difference in mi-
crosomal protein when the CFAM diet group of rats was com-
pared to that of the 7-DH group. 

The liver glycogen (Table 2) measured in both experimen-
tal groups (CFAME and 7-DH) was significantly decreased
(P < 0.0001) compared to control animals. No significant dif-
ference was found in liver glycogen content in either the
7-DH or CFAME group of rats.

Microsomal cyt. b5 and P450. The contents of microsomal
cyt. b5 and P450 (Table 3) were significantly increased (P <
0.0001) in rats fed the 0.15% CFAME diet as well as those

fed the 7-DH diet compared to control animals fed the NH
diet. No significant difference was noticed for the microso-
mal cyt. contents when the CFAME diet group of rats was
compared to those fed the 7-DH diet. 

Enzymatic activities. (i) NADPH-cyt. P450 reductase. The
activities of the P450 mixed function oxidase enzyme mea-
sured in liver microsomes of rats fed either the CFAME or 7-
DH diets were significantly increased (P < 0.0001) compared
to the control group of rats fed the NH diet. The increased ac-
tivity observed for animals fed the CFAME diet was signifi-
cantly different (P < 0.05) from that measured for the group
of rats fed the 7-DH diet (Fig. 1). 

(ii) CPT-I. The CPT-I activity measured for rats fed either
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TABLE 3
Hepatic Microsomal Cytochromes Contents of Control
and Experimental Ratsa

Group

Item NH 7-DH CFAM

Cytochrome b5content 0.37 ± 0.01 0.84 ± 0.04b 0.73 ± 0.06b

Cytochrome P450 content
(nmol/mg micr. protein) 1.03 ± 0.03 1.97 ± 0.08b 1.86 ± 0.11b

aValues are means ± SEM; micr. = microsomal. NH = control group of rats
fed diet containing nonheated partially hydrogenated soybean oil (PHSBO),
(n = 8). 7-DH = group of rats fed diet containing PHSBO used 7 d for frying
foodstuffs (n = 11). CFAM = group of rats fed 0.15% cyclic fatty acid
monomers diet (n = 11).
bP < 0.0001 when compared to the control animals fed NH diet.

FIG. 1. NADPH-cytochrome P450 reductase activity in liver microsomes of rats fed NH, 7-DH,
and CFAME diets. NH = group of rats fed diet containing nonheated partially hydrogenated
soybean oil (PHSBO). 7-DH = group of rats fed diet containing PHSBO used 7 d for frying
foodstuffs. CFAME = group of rats fed diet containing cyclic fatty acid monomer methyl esters.
aP < 0.0001 when compared to the control group of rats fed NH diet. bP < 0.05 when com-
pared to NH.



CFAM or 7-DH diets was significantly decreased (P < 0.01)
compared to the control group of rats fed the NH diet. The ac-
tivity of the CFAM group of rats was not significantly different
from that measured for the 7-DH diet group of rats (Fig. 2).

(iii) ICDH. The activity of ICDH was significantly de-
creased (P < 0.05) in liver homogenates when rats were fed

either CFAM or 7-DH diets in comparison to the control
group of rats fed NH diet (Fig. 3). There was no significant
difference in the CFAM diet group of rats compared to the 
7-DH diet group. 

(iv) Glucose 6-phosphate dehydrogenase. The activity of
D-glucose 6-phosphate:NADP-oxidoreductase measured in
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FIG. 2. Carnitine palmitoyltransferase-I activity in liver mitochondria of rats fed NH, 7-DH,
and CFAME diets. aP < 0.01 when compared to the control group of rats fed NH diet. See Fig-
ure 1 for abbreviations.

FIG. 3. Isocitrate dehydrogenase activity in liver of rats fed NH, 7-DH, and CFAME diets.
bP < 0.05 when compared to the control group of rats fed NH diet. See Figure 1 for abbrevia-
tions.



the liver of rats fed either CFAME or 7-DH diets showed in
each case significantly depressed activity (P < 0.0001) com-
pared to the control group of rats fed NH diet (Fig. 4). There
was no significant difference when the CFAME diet group of
rats was compared to that fed the 7-DH diet. 

DISCUSSION 

Lamboni and Perkins (19) reported that rats fed the 7-DH diet
grew at a slightly slower rate than those fed CFAME. This
may be due to the oxidation products generated in the oil
upon heating since the CFAM group of rats grew less than
control animals but more than the group of rats fed 7-DH diet.
The liver weight/body weight ratio was increased in the group
of animals fed either CFAM or 7-DH diets. The difference
was not significant but did suggest an increase in liver size of
those animals fed either CFAME or 7-DH diets. It can be in-
ferred that the used fat contained products that could be at-
tributed in part to CFAM which may have induced an in-
creased liver weight. Indeed, by feeding rats an approximate
amount of CFAM as was present in the used oil, similar in-
creases in liver weights were observed. The significantly (P <
0.0001) increased liver protein in groups CFAM and 7-DH
compared to the control rats fed the NH diet suggests that less
protein was being used for somatic growth and more retained
in the liver of those animals. This increase of protein in liver
of rats fed either CFAM or 7-DH diets may be a response of
the body to cope with the adverse metabolic effects of CFAM
contained in the used PHSBO diet. The increased content of
microsomal protein, discussed previously, suggests an in-
creased rate of protein synthesis to aid in the increased partic-

ipation of the mixed-function oxidase enzymes involved in
xenobiotic detoxification. In addition, it has been reported
that there is liver damage in animals fed either CFAME or
7-DH diets compared to the control group of rats (26). This
liver damage observed may contribute to the high protein
level measured for those animals in liver and microsomal
fractions.

Furthermore, the lipid/protein ratio (Table 2) of animals
fed either CFAME or 7-DH diets clearly confirmed the large
amount of protein being retained or produced compared to
that of lipid in liver tissue of the same group of rats. The mi-
crosomal cyt. P450 and b5 contents (Table 3) of rats fed either
CFAM or 7-DH diets were significantly increased (P <
0.0001) in each case compared to control animals fed NH
diet. This clearly demonstrates the effects (elevated levels of
detoxifying enzymes) of the components generated in the 7-
DH oil as well as that of CFAM. Besides the increased con-
tent of liver microsomal cyt. P450, the activity of NADPH-cyt.
P450 reductase was also significantly increased (P < 0.0001)
in rats fed either CFAM or 7-DH diets compared to the con-
trol animals. This suggests an active detoxification in the liver
of compounds such as CFAM ingested either in the diet or
those generated along with other compounds in the 7-DH oil
during the deep-frying process. The decreased NADPH-cyt.
P450 reductase activity of the CFAM diet-fed rats was com-
pared to those fed the 7-DH diet (Fig. 1). The data clearly sug-
gested that compounds other than CFAM also were generated
in the used oil and that they exerted their effects in conjunc-
tion with the CFAM. This could explain the highest activity
measured for animals fed the 7-DH diet in comparison to
those fed the CFAM diet. In addition, these results showed an
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FIG. 4. Glucose 6-phosphate dehydrogenase activity in liver of rats fed NH, 7-DH, and CFAME
diets. aP < 0.0001 when compared to the control group of rats fed NH diet. See Figure 1 for
abbreviations.



apparent dose response of the toxic compounds suggesting
that liver microsomal content of cyt. b5 or P450 is dependent
upon the concentration of the components generated in the oil
during heating (19). The reductase is known to receive elec-
trons from NADPH through FAD and FMN. This suggests
that NADPH was being used during the detoxification process
by the P450 mixed-function enzyme. Indeed, the activity of
glucose-6-phosphate dehydrogenase measured in the liver
31,000 × g supernatant fluid was significantly depressed (P <
0.0001) when rats were fed either CFAM or 7-DH diets in
comparison to the control group of rats fed the NH diet (Fig.
4 ). These results indicate that large amounts of NADPH were
being produced and that the excess of the reducing equivalent
NADPH inhibited the activity of the enzyme discussed previ-
ously (19). 

The decreased activity of CPT-I measured in rats fed ei-
ther CFAM or 7-DH diets in comparison to the control ani-
mals fed the NH diet (Fig. 2) is compatible with the possibil-
ity that less long-chain fatty acids were being degraded via
the mitochondrial β-oxidation pathway and more fatty acids
were being incorporated into triglycerides.

The highly significant decrease in liver glycogen (Table
2), which was measured when rats were fed either CFAM diet
or 7-DH diet, suggests increased glycolytic activity, leading
to the formation of pyruvate which would subsequently be
converted to acetyl-CoA via the pyruvate dehydrogenase
complex enzyme in the mitochondrial matrix. The acetyl-
CoA formed could undergo oxidative degradation through the
tricarboxylic acid (TCA) cycle or might be utilized for the
biosynthesis of long-chain fatty acids such as palmitic acid
via fatty acid synthase.

The decreased activity of ICDH, which was measured
when rats were fed either CFAM or 7-DH diets (Fig. 3), sug-
gests an impairment of TCA cycle enzyme activity in the
presence of CFAM and supports our previous finding (19). If
the TCA cycle is impaired, acetyl CoA oxidation would be
impaired. It could therefore be inferred that cyclic compounds
and other oxidation products which were generated in the fat
during the commercial deep-frying process were in part re-
sponsible for the impairment of ICDH in the mitochondrial
TCA cycle.

Heated fats exert generalized nutritional toxic effects on
rat morphology and physiology and these mechanisms are not
yet completely understood. Siess et al. (27) reported an in-
creased activity of NADPH-cyt. P-450 reductase in female
Wistar rats fed for 4 wk a semisynthetic diet containing dif-
ferent quantities of cyclic monomers isolated from linseed oil.
In a related study of oil/olestra blends, heated soybean oil was
used. No statistical differences were found in the physiologi-
cal responses to the heated or unheated oil (28).
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ABSTRACT: In an effort to reduce the deleterious nutritional
effects of oxidation products generated in heated fats, a par-
tially hydrogenated soybean oil (PHSBO) used 7 d (7-DH) for
frying foodstuffs was obtained from a commercial deep-fat fry-
ing operation. The used fat was treated with magnesium silicate
(T-7DH). Isocaloric diets containing 15% of either 7-DH or
T-7-DH fats were prepared and fed to male weanling rats for 10
wk in a pair-feeding experiment and compared to control rats
fed nonheated PHSBO (NH). Animals fed the 7-DH diet showed
higher liver enzyme cytochrome b5 and P450 activity than the
T-7DH diet compared to the NH group, suggesting a positive
effect of the treatment. These results suggested the presence
of lower amounts of harmful compounds in the diet contain-
ing the heated used oil which had been treated with the active
adsorbent.
Lipids 33, 683–687 (1998).

Fried foods taste good and appeal to most people in our twen-
tieth-century society and are readily available through fast-
food restaurants. Numerous studies state that dietary heated
fats contain harmful substances (1–4) that may cause delete-
rious effects when fed to laboratory animals. Previously,
Crampton et al. (5) reported that the primary cause of the
lowered nutritive value of diets containing thermally poly-
merized linseed oil was the presence of one or more dimeric
fatty acid radicals which are in some way inimical to the well-
being of the animals fed such fats. Moreover, their deleteri-
ous effects could well be aggravated since they were pro-
duced at the expense of unsaturated fatty acids.

Other studies (6–8) have reported adverse biological ef-
fects of heated and oxidized fats such as enlargement or fatty
necrosis of liver, retarded growth, hair loss and dermatitis
when such fats were fed to rats. 

Although it has been generally accepted that growth-de-
pressing and other nutritionally harmful materials are present
in the oxidized or polymeric portion of heated fats, none of the

studies focused on a direct way to alleviate the deleterious ef-
fect of heated edible oils observed when such fats are fed to
laboratory animals. The present study will focus on treating
heated fats with the aid of an active filter aid and compare its
effects on rat liver enzyme activity with those of the non-
treated used oil. The heated fat, a partially hydrogenated soy-
bean oil (PHSBO) used 7 d (7-DH) for frying foodstuffs, was
obtained from a commercial restaurant deep-fat frying opera-
tion. The composition of the heated oils has previously ap-
peared (8). The activities of the following enzymes were in-
vestigated: NADPH-cytochrome (cyt.) P450 reductase, carni-
tine palmitoyltransferase (CPT), isocitrate dehydrogenase
(ICDH), and glucose 6-phosphate dehydrogenase 

MATERIALS AND METHODS

Animals, diets, and procedures. Male weanling Sprague-
Dawley rats (50–60 g) from Harlan Sprague-Dawley Inc. (In-
dianapolis, IN) were housed in steel wire-mesh cages and
maintained on a standard chow diet for 1 wk. All animals
were then assigned into three groups: a control group (NH)
fed a diet containing nonheated PHSBO and two experimen-
tal groups fed diets containing either PHSBO used 7 d for fry-
ing foodstuffs (7-DH) or 7-DH treated one time with 10%
magnesium silicate (T-7DH). Animals were assigned to cages
by complete randomization (wherein cage locations are as-
signed at random) as described by Lamboni (8) Animals of
the experimental groups were pair-fed (wherein the control
animal was fed only the amount consumed by the experimen-
tal animal. There was therefore a 1-d time lag in their corre-
sponding diets for 10 wk of the experiment). The composi-
tion of the diets fed to the rats is described in Table 1.

The following procedures and determinations were carried
out: protein determination according to Lowry et al. (9); total
liver lipid according to Folch et al. (10); liver glycogen ac-
cording to Lo et al. (11) as modified by Lamboni (12); micro-
somal cyt. b5 and P450 contents and NADPH-cyt. P450 reduc-
tase activity according to Lake (13); CPT-I activity according
to McGarry et al. (14); glucose 6-phosphate dehydrogenase
activity in the 31,000 × g supernatant fluid by the use of a
Sigma Kit (Sigma Chemical Co., St. Louis, MO); ICDH ac-
tivity in the liver homogenate by the use of a Sigma Kit. 
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The treatment of the used heated fat was done by adding
10% magnesium silicate to the hot fat (150°C) while stirring
and then filtering under vacuum through No. 42 Whatman fil-
ter paper (Maidstone, England). Gel permeation chromatog-
raphy was performed to check the amount of polymers re-
moved from the treated used oil (T-7DH) in comparison to
the nontreated 7-DH oil. This assay was performed on the oils
fed to animals by using a Waters (Milford, MA) 501 high-per-
formance liquid chromatography pump, a Waters 410 differ-
ential refractometer, and a series of size-exclusion columns
(two columns of Ultrastyragel 500A, 30 cm, Part # 10571,
Waters; and two columns # H10 XH0066 with G1000 HXL,
30 cm; Supelco, Inc., Bellefonte, PA). Tetrahydrofuran was
used as mobile phase, and the rate was 0.7 mL/min while the
pressure was 1.5 × 103 psi.

Statistical analysis of data. Analysis of variance for a com-
pletely randomized design was carried out using the StatView
statistical software package (StatView SE + Graphics; 1988 Aba-
cus Concepts, Inc., Berkeley, CA). When significant (P < 0.05)
F-tests were detected, pairwise comparisons of mean among
groups were performed by Fisher’s protected least significant
difference.

RESULTS

Gel permeation chromatography of the oils. The analysis of
the oils fed to rats showed that the nonheated (NH) PHSBO
contained 100% triglycerides and no polymers. In contrast,
the 7 d used oil had more polymers (about 9.9%) while the 7
d used oil which was treated with a synthetic magnesium sili-
cate showed a lower polymer content (about 4%). 

Weight gain, feed efficiency, liver weight/body weight
ratio. The results in Table 2 indicate that rats fed 7-DH diet
did not show any significant difference in feed efficiency
among groups. Animals fed the 7-DH diet, however, lost hair
and showed signs of dermatitis. The hair loss seen in the
T-7DH group was evidenced by some hair deposited under
individual cages of those animals. 

A significant (P < 0.05) increase in the liver weight/body
weight ratio for animals fed the 7-DH diet (Table 2) compared
to rats fed the control NH diet was noted. There was no sig-
nificant difference between the 7-DH and the T-7DH groups
in terms of liver weight/body weight ratio. 

Protein, lipid, glycogen. Animals fed the 7-DH diet
showed an increased (P < 0.0001) liver protein content com-
pared to those fed the NH diet (Table 2). The increase ob-
served when animals were fed the T-7DH diet was signifi-
cantly different (P < 0.001) from that of control rats. 

After 10 wk of pair-feeding rats with their respective diets,
the liver microsomal protein content significantly increased
in the 7-DH rats (P < 0.0001) while no significant difference
was observed in those fed the T-7DH diet compared to those
fed the NH diet (Table 2). When the nontreated oil diet group
of animals was compared to those on the treated diet, the in-
crease observed in the former group was significantly (P <
0.0001) different.

The liver lipid content of animals fed the 7-DH or T-7DH
diets was significantly increased (P < 0.0001) compared to
the control group. The liver lipid content of rats pair-fed the
7-DH diet was significantly increased (P < 0.01) compared to
those pair-fed with the treated oil diet (T-7DH).

Rats pair-fed the 7-DH diet showed that the 15% 7-DH
diet induced the lowest lipid/protein ratio (P < 0.01) although

684 E.G. PERKINS AND C. LAMBONI

Lipids, Vol. 33, no. 7 (1998)

TABLE 1
Diet Composition

NH 7-DH T-7DH

(g/kg diet)
Caseina 150 150 150
Dextrose anhydrous 600 600 600
Celluloseb 50 50 50
Vitamin mixturea 10 10 10
Mineral mixturea 40 40 40
Fat PHSBO (NH) 150 0 0
Fat 7-DH 0 150 0
Fat T-7DH 0 0 150
aFrom Harlan Teklad (Madison, WI).
bFrom Solka-Floc (James River Corporation, Berlin, NH). NH, control group
of rats fed diet containing nonheated partially hydrogenated soybean oil
(PHSBO); 7-DH, group of rats fed diet containing PHSBO used 7 d for frying
foodstuffs; T-7DH, group of rats fed diet containing 7-DH oil treated with
magnesium silicate. 

TABLE 2
Several Parameters of Control and Experimental Rats in a Pair-Feeding Experimenta

Group

Item NH 7-DH T-7DH

Feed efficiency (gram gain/gram feed) 0.232 ± 0.004 0.232 ± 0.003 0.232 ± 0.005
Liver weight/body weight ratio (mg/g) 2.75 ± 0.05 2.95 ± 0.02b 2.894 ± 0.06
Liver protein (mg/g) 392.65 ± 7.44 593.22 ± 17.50a 487.09 ± 25.84c

Microsomal protein (mg/g) 30.51 ± 1.01 56.47 ± 1.55a 30.60 ± 1.32f

Liver lipid (mg/g) 63.88 ± 1.69 79.66 ± 1.86a 72.86 ± 2.07c,e

Lipid/protein ratio 0.98 ± 0.02 0.81 ± 0.04d 0.92 ± 0.05
Liver glycogen (mg/g) 11.03 ± 0.78 6.32 ± 0.34a 8.81 ± 0.56d,e

aValues are means ± SEM and n = 10 for each group. aP < 0.0001 when compared to the control an-
imals fed NH diet. bP < 0.05 when compared to the control group. cP < 0.001 when compared to
the control animals. dP < 0.01 when compared to the control rats. eP < 0.01 when T-7DH is com-
pared to 7-DH diet group. fP < 0.0001 when T-7DH is compared to the 7-DH diet group of rats. See
Table 1 for abbreviations.



there was not any significant decrease in the T-7DH group
compared to the controls (Table 2).

In another pair-feeding experiment, decreased liver glyco-
gen of animals fed the 7-DH diet was significantly different
(P < 0.0001) from the control animals while the significance
level was at P < 0.01 for the T-7DH group (Table 2). The liver
glycogen of the T-7DH group of rats was different (P < 0.01)
than that of the 7-DH group.

Microsomal cyt. b5 and P450. Rats pair-fed the 7-DH diet
showed a highly significant increase (P < 0.0001) in the cyt.
b5 compared to the control group of rats fed the NH diet while
the difference observed for the T-7DH group of animals was
not statistically significant (Table 3). The value for the treated
oil group compared to the untreated oil was significantly de-
creased (P < 0.0001).

Liver microsomal cyt. P450 content for the group of rats
fed the 15% 7-DH diet was greatly increased (P < 0.0001)
compared to the control group pair-fed a 15% NH diet. It was
also increased (P < 0.0001) when compared to the T-7DH
group of animals (Table 3).

NADPH-cyt. P450 reductase. The NADPH-cyt. P450 reduc-
tase of rats fed the experimental diets showed an increased level
of activity compared to the control group. The increase was sig-
nificant at P < 0.0001 for the 15% 7-DH diet group of rats and
at P < 0.01 when the used oil had been treated with magnesium
silicate (Fig. 1). The activity of the 7-DH diet group of animals
was higher than that of the T-7DH group (P < 0.0001).

CPT-I. A significant decreased activity (P < 0.01) of CPT-I
was noted when rats were pair-fed the 7-DH diet in compari-
son with the control animals. Feeding the T-7DH diet to rats
did not result in any statistically significant difference com-
pared to the control group of rats (Fig. 2). The lower activity
of CPT-I observed for the 7-DH diet group of rats was not sig-
nificantly different from those fed the T-7DH diet.

ICDH. Decreased activity of the ICDH was observed when
rats were pair fed the 15% 7-DH diet, and the results were sig-
nificantly different (P < 0.05) from the control animals. Feed-
ing 15% of the T-7DH diet to rats did not result in any signif-
icant difference with the control group of rats (Fig. 3). No sig-
nificant difference was noted when the 7-DH diet group of
rats was compared to the group of rats fed the T-7DH. 

Glucose 6-phosphate dehydrogenase. The activity of D-
glucose 6-phosphate:NADP-oxidoreductase measured in the
liver of rats fed the 7-DH diet was depressed compared with
a control group of rats fed the NH diet (P < 0.0001). Rats fed
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TABLE 3
Hepatic Microsomal Cytochromes Content of Control and Experimental Rats in a Pair-Feed-
ing Experimenta

Group

Item NH 7-DH T-7DH

Cytochrome b5 content 0.46 ± 0.02 0.75 ± 0.08a 0.49 ± 0.03b,c

(nmol/mg micr. protein)

Cytochrome P450 content 1.04 ± 0.03 1.68 ± 0.08a 1.15 ± 0.06b,c

(nmol/mg micr. protein)
aValues are means ± SEM and n = 10 for each group; micr. = microsomal. aP < 0.0001 when com-
pared to the control animals fed NH diet. bNonsignificant when compared to the control NH. cP <
0.0001 when T-7DH is compared to the 7-DH diet group of rats. See Table 1 for abbreviations.

FIG. 1.  NADPH-cytochrome P450 reductase activity in liver micro-
somes of rats fed NH, 7-DH, and T-7DH diets. NH = control group of
rats fed diet containing nonheated partially hydrogenated soybean oil
(PHSBO); 7-DH = group of rats fed diet containing PHSBO used 7 d for
frying foodstuffs; T-7DH = group of rats fed diet containing 7-DH oil
treated with magnesium silicate. aP < 0.0001 when compared to the
control group of rats fed NH diet; bP < 0.01 when compared to NH; cP
< 0.0001 when compared to 7-DH group of rats.

FIG. 2.  Carnitine palmitoyltransferase-I activity in liver mitochondria of
rats fed NH, 7-DH, and T-7DH diets. aP < 0.01 when compared to the
control group of rats fed NH diet. See Figure 1 for abbreviations.



the T-7DH diet also had significantly depressed activity com-
pared to controls (P < 0.01) (Fig. 4).

DISCUSSION 

The results of the present study indicated that fats heated at
deep-frying temperatures contain levels of lipid oxidation
products and polymeric compounds which were decreased by
treatment with a synthetic filter aid. When diets containing
such treated fats were fed to rats, the results showed that such
treatment decreased the deleterious nutritional effects shown
by the untreated heated fats. Oils used for deep frying as well
as the compounds generated in used oils caused a generalized
increase in the content and activity of the liver detoxification
enzymes when ingested. Significance at P < 0.05 for the
group of rats fed the nontreated heated PHSBO (7-DH group)
in comparison to the control (NH) group was noted. The non-
treated oil group of rats developed enlarged livers while the
treated oil group did not. Treatment of the used oil with a syn-
thetic filter aid had a positive effect on improving the nutri-
tional parameters of the oil when fed to rats. In addition, the
nonsignificant increased liver protein (Table 2) measured for
the treated oil diet group of rats compared to the control ani-
mals was highly significant when the untreated oil diet was
fed. This further confirms that the deleterious effects of oxi-
dation products and the positive effects of the treatment of the
7 d used oil decreased the amount of such oxidation products
from the used oil. The increase in liver protein observed for
the 7-DH diet group of rats may be a way of coping with the
adverse metabolic effects of heated fats (14). Although the
liver lipid content was significantly increased in both experi-
mental groups of rats, the increase was less in the T-7DH
group of animals than the group fed the 7-DH diet, suggest-
ing again that the treatment had an effect in reducing the ac-
cumulation of lipid in the liver. The lipid/protein ratio mea-
sured in this study for all groups confirms this.

In addition to the positive effects of the treatment assigned
to the used oil, the cyt. b5 and P450 contents (Table 3) of the

group of rats fed the T-7DH increased less than the significant
increase in the 7-DH diet group of animals compared to the
control NH. This further suggests that some of the components
generated in the used oil had been reduced by the magnesium
silicate treatment of the used oil and thus decreased its toxic
effects. Therefore, less cyt. P450 had been formed in the liver
microsomes of the T-7DH diet group of rats due to less toxic
substrates leading to a less extensive detoxification process in-
volving the enzyme NADPH-cyt. P450 reductase, with activity
proportional to the content of cyt. P450 of the microsomal frac-
tion (Fig. 1). Cyt. b5 acts as an electron donor to cyt. P450 and
is reduced either by NADPH-cyt. P450 reductase or by another
microsome-bound flavoprotein NADH-cyt. b5 reductase
which is specific for NADH (15,16).

The activity of CPT-I (Fig. 2) in animals fed the treated oil
diet suggests a better oxidation of long-chain fatty acids than
when the used oil was not treated with synthetic magnesium
silicate as indicated by the significant decreased activity of
CPT-I in the 7-DH group. A possible accumulation of fatty
acids into triglycerides and phospholipids for the group of rats
fed the 7-DH diet could be an explanation for the fatty livers
reported in the literature when such heated fats were fed to
laboratory animals. The liver glycogen content of animals fed
the 7-DH diet was significantly decreased (Table 2), suggest-
ing an increased glycolytic activity with subsequent forma-
tion of more acetyl-CoA than that of the T-7DH diet group.

The statistically nonsignificant decreased activity (Fig. 3)
of ICDH of animals fed the T-7DH diet compared to the con-
trol group contrasted with the statistically significant decrease
in the nontreated 7-DH diet group, suggesting that there might
be recovery of the impairment of the enzyme in the treated
group. The treatment of used oil might be responsible for the
positive effects on recovering the ICDH activity. Previously,
Yoshioka et al. (17) reported a decreased activity of succinate
dehydrogenase when rats were fed autoxidized safflower oils,
and they attributed this impairment to the high carbonyl value
detected in the oils.
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FIG. 3.  Isocitrate dehydrogenase activity in liver of rats fed NH, 7-DH,
and T-7DH diets. bP < 0.05 when compared to the control group of rats
fed NH diet. See Figure 1 for abbreviations.

FIG. 4.  Glucose 6-phosphate dehydrogenase activity in liver of rats fed
NH, 7-DH, and T-7DH diets. cP < 0.001 when compared to the control
group of rats fed NH diet. dP < 0.01 when compared to the control. See
Figure 1 for abbreviations.



Even though significant depressed activity of glucose 6-
phosphate dehydrogenase was measured in both experimen-
tal groups of rats compared to the control group (Fig. 4), the
activity in the T-7DH group was less than that of the untreated
7-DH group. This suggests less production of NADPH in the
7-DH group through the pentose phosphate pathway when it
is necessary for fatty acid synthesis and for the P450 mixed-
function oxidase system. This is supported by the increased
activity of the NADPH-cyt. P450 reductase (Fig. 1). Reduced
synthesis of fatty acid in the treated oil group of rats could
explain the fact that there was no fatty liver in the T-7DH diet
group of rats while it was noted in the group of rats fed the
nontreated oil diet (7-DH group). The highly increased activ-
ity of NADPH-cyt. P450 reductase measured for the 7-DH
group of rats confirms the increased utilization of NADPH to
cope with the high level of toxic compounds ingested by rats
when they are fed such fats. Treatment of the used oil re-
moved a portion of the toxic components generated during
the heating process of the oil by adsorption and thus allevi-
ated the level of toxicity of the fat. 
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ABSTRACT: The effects of lemon flavonoids, as crude
flavonoids prepared from lemon juice, were investigated in dia-
betic rats. The oxidative stress of eriocitrin (eriodictyol 7-O-β-
rutinoside) and hesperidin (hesperetin 7-O-β-rutinoside) on
streptozotocin-induced diabetic rats was investigated. Diabetic
rats were given a diet which contained 0.2% crude flavonoids,
0.2% eriocitrin, and 0.2% hesperidin. After the 28-d feeding pe-
riod, the concentration of the thiobarbituric acid- reactive sub-
stance in the serum, liver, and kidney of diabetic rats adminis-
tered crude flavonoids, eriocitrin, and hesperidin significantly
decreased as compared with that of the diabetic group. The lev-
els of 8-hydroxydeoxyguanosine, which is exchanged from de-
oxyguanosine owing to oxidative stress, in the urine of diabetic
rats administered eriocitrin and hesperidin significantly de-
creased as compared with that of the diabetic rat group. Crude
flavonoids, eriocitrin, and hesperidin suppressed the oxidative
stress in the diabetic rats. These results demonstrated that di-
etary lemon flavonoids of eriocitrin and hesperidin play a role
as antioxidant in vivo.
Lipids 33, 689–695 (1998).

Flavonoid compounds are widespread in the plant kingdom
and are present in citrus fruits. Flavonoids in citrus fruits,
known as bioflavonoids or vitamin P, exhibit beneficial ef-
fects on capillary permeability and fragility. These com-
pounds have been investigated regarding their physiological
function such as anti-inflammatory, anticarcinogenic, and an-
titumor activities (1–3). We have isolated antioxidative
flavonoid glycosides from lemon fruit and identified erio-
citrin (eriodictyol 7-O-β-rutinoside) of the flavanone glyco-
side (4), and 6,8-di-C-β-glucosyldiosmin and 6-C-β-gluco-
syldiosmin of the C-glucosylflavones (5). The flavonoid con-
tent in lemon fruit was analyzed; and hesperidin (hesperetin
7-O-β-rutinoside), also known as vitamin P, and eriocitrin
were abundantly found. Eriocitrin had stronger antioxidative
activity than the other citrus flavonoid compounds and was
abundantly present in lemon and lime fruits, although hes-
peridin is widely distributed the among citrus fruits (6). 

Much attention has been focused on the involvement of
oxidative stress of active oxygen and free radicals in aging
and disease. The active oxygen species have been proposed
as the attacking agents on polyunsaturated fatty acids in cell
membranes. Lipid peroxidation is suspected to be strongly as-
sociated with aging and carcinogenesis (7). Antioxidants in
food are expected to prevent diseases caused by oxidative
stress (8,9). It is important to determine how antioxidants in
food are metabolized in vivo and how antioxidant metabolites
function in vivo. We had reported the metabolic pathway of
eriocitrin by human intestinal bacteria for the exploration of
antioxidative mechanism of eriocitrin in vivo (10). Oxidative
modification of various proteins and lipids in plasma is found
in diabetes (11). Diabetes mellitus is associated with in-
creased lipid peroxidation, which may contribute to long-term
tissue damage and increased oxidative stress as assessed by
plasma hydroperoxides. Oxidative stress is an early state in
the disease pathology and may contribute to the development
of complications (12). Investigation of the pathophysiology
of the secondary complications of diabetes is increasingly fo-
cusing on the role of oxidative stress in its initiation and pro-
gression (13). There is now ample evidence supporting the
involvement of reactive oxygen species in this disease.  

In this study, we examined whether dietary lemon
flavonoids suppress oxidative stress in vivo, and determined
whether these compounds are useful in the prevention of dia-
betic complications caused by oxidative stress. Oxidative
stress was induced in rats using streptozocin (STZ), which is
toxic to β-cells and is widely used for the induction of experi-
mental diabetes mellitus (14). The protective effects of the
lemon flavonoids eriocitrin and hesperidin, as well as crude
flavonoids (CF) prepared from lemon juice, on oxidative
stress were then determined.

EXPERIMENTAL PROCEDURES

Materials and chemicals. CF were prepared from lemon juice
(4). This was applied to a Cosmosil 75C 18-OPN ODS col-
umn (Nacalai Tesque, Inc., Kyoto, Japan), which was washed
with water and successively eluted with 100% methanol. The
eluate was concentrated under reduced pressure and
lyophilized. The lyophilized powder containing CF was ex-
amined for flavonoid glycosides content by high-performance
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liquid chromatography according to the method of Miyake et
al. (6). The CF (1.00 g) contained eriocitrin (385 mg), hes-
peridin (182 mg), 6,8-di-C-β-glucosyldiosmin (72.2 mg),
narirutin (25.0 mg), and diosmin (22.0 mg). Eriocitrin was
prepared from lemon peel extract (4), and the purity was
greater than 99.0% as determined by high-performance liquid
chromatography. Hesperidin was obtained as a reagent-grade
chemical from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). The chemical structures of eriocitrin and hesperidin
are shown in Scheme 1.

Animals and diets. Five-week-old male Wistar strain rats
(Japan SLC, Ltd., Hamamatsu, Japan) were individually
housed in stainless-steel cages with screen bottoms. The ani-
mals were kept under controlled conditions with a 12-h light/
dark cycle (0800–2000 light) and at 22–24°C. All rats were
fed commercial CE-2 pellets (Crea Japan, Ltd., Tokyo, Japan)
and water ad libitum. Diabetes was induced in ether-anes-
thetized rats by the administration of STZ (60 mg/kg) as a
freshly prepared solution (50 mg/mL) in saline via intraperi-
toneal injection. Diabetic rats were fed on CE-2 pellets and
water ad libitum for 48 h after the administration of STZ. The
increase of glucose content in urine of diabetic rats was
checked by a commercial glucose kit (TES-Tape, Shionogi
Pharmaceutical Company, Ltd., Tokyo, Japan). Three addi-
tional groups of diabetic rats were fed water ad libitum and
CE-2 pellets containing CF, eriocitrin, or hesperidin for 28 d.

This experiment was carried out with five groups of five
rats. The control group was the nondiabetic rat group (C),
which had not received STZ. Diabetic rats were randomly as-
signed to four groups of five animals: a diabetic group fed

CE-2 pellets (D); a diabetic group fed CE-2 pellets contain-
ing 0.2% CF (S+CF); a diabetic group fed CE-2 pellets con-
taining 0.2% eriocitrin (D+ERI); and a diabetic group fed CE-
2 pellets containing 0.2% hesperidin (D+HES). The feeds
were prepared by mixing CE-2 pellets with the powder of CF,
eriocitrin, and hesperidin. The food intake (g) of individual
rats was measured daily. Body weight of the rats was mea-
sured weekly.

Tissue collection and processing. After 27 d on diet, rats
were placed in individual metabolic cages in order to collect
urine for 24 h. The collected urine was used to determine
8-hydroxydeoxyguanosine (8-OHdG).

After feeding the rats for 27 d, they were fasted for 10 h.
On day 28 the rats were then anesthetized with ether, blood
was collected into tubes by cardiac puncture, and the livers
and kidneys were removed and stored at −80°C. Liver and
kidney tissues were homogenized twice in 10 vol of 50 mM
sodium phosphate buffer (pH 7.4) at 4°C for 15 s. The ho-
mogenate was filtered through cheesecloth, and the filtrate
was centrifuged at 1,900 × g for 5 min. The supernatant was
used for various measurements. Blood was centrifuged at
1,900 × g for 10 min to obtain serum.

The serum, the supernatant of homogenized liver and kid-
ney, and the urine of rats were stored at −80°C and processed
for biochemical measurements within 2 wk.

Measurement of thiobarbituric acid-reactive substances
(TBARS). The serum TBARS concentration was determined
by the method of Yagi (15) and is expressed as nmol of mal-
ondialdehyde per mL of blood. The liver and kidney TBARS
concentrations were measured by the method of Uchiyama
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and Mihara (16) using a homogenate prepared by homoge-
nizing 1 g of frozen rat liver and kidney (a section from the
main lobe) with 9 mL of 1.15% KCl.

Determination of 8-OHdG. Rat urine was centrifuged at
1,900 × g and the precipitate was removed. The content of 8-
OHdG in the urine was measured using the 8-OHdG enzyme-
linked immunosorbent assay kit (Japan Institute for Control
Aging, Fukuroi City, Japan) (17,18). Creatinine content in the
urine was measured using commercial kits (Wako Pure
Chemical Industries, Ltd.) (19).

Measurement of antioxidative enzyme activities and glu-
tathione. The supernatants of homogenized liver and kidney
were analyzed for their antioxidant enzyme activities and
content of glutathione. Superoxide dismutase (SOD) activity
was measured by the xanthine/xanthine oxidase/nitro-blue
tetrazolium system (20), and the catalase (CAT) activity was
measured by a spectrophotometric method, following a de-
crease in absorbance at 240 nm and 25°C, due to hydrogen
peroxide decomposition (21). Glutathione peroxidase (GSH-
Px) activity was measured using the procedures of Lawrence
and Burk (22) with t-butyl hydroperoxide as the substrate, fol-
lowing the decrease in absorbance of NADPH at 340 nm.
Glutathione S-transferase (GST) activity was assayed by mea-
suring the conjugation of reduced glutathione (GSH) with
1-chloro-2,4-dinitrobenzene (23). The content of GSH was
measured by an enzymatic method (24). Protein content was
measured using a commercial protein assay kit (Bio-Rad Pro-
tein Assay, Bio-Rad Laboratories, Richmond, CA). 

Lipid analyses. Total cholesterol and triglyceride in the

serum were enzymatically measured using commercial kits
(cholesterol E-test and triglyceride  E-test, respectively; Wako
Pure Chemical Industries, Ltd.).

Statistical analyses. All values were expressed as mean ±
S.E. (n = 5). The data for each of the five groups were statis-
tically analyzed by Duncan’s multiple-range test, and signifi-
cant differences in the means were P < 0.05.

RESULTS AND DISCUSSION

General features of diabetic animals. As shown in Figure 1,
the growth rate of the STZ-induced diabetic rat group (D) was
slower than that of the nondiabetic rat group (C), as indicated
by the smaller body weight increase during the 28-d period.
The growth curves of the diabetic rat groups administered
lemon flavonoids as CF, eriocitrin, and hesperidin (D+CF,
D+ERI, and D+HES) also showed a slower growth rate than
that of the nondiabetic rat group (C). The average food intake
of the diabetic rat groups (D, D+CF, D+ERI, and D+HES) in 1
d was greater than that of the nondiabetic rat group (C). As
shown in Table 1, the volume of urine and the glucose level in
serum and urine of the diabetic rat groups (D, D+CF, D+ERI,
and D+HES) were higher than those for the nondiabetic rat
group (C). The decrease in body weight gain, the increase in
food intake, the high volume of urine, and the high glucose lev-
els in blood and urine for the STZ-induced diabetic rats are typ-
ical symptoms of diabetes (25). There was no improvement in
these symptoms for the diabetic rats after the administration of
lemon flavonoids such as the CF, eriocitrin, and hesperidin.
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FIG. 1. Effect of dietary lemon flavonoids on body weight gain (A) and food intake (B) of diabetic rats. Diet groups
(A) were: nondiabetic group (●●; C), diabetic group (●, D), diabetic group administered crude flavonoids (▲▲; D+CF),
diabetic group administered eriocitrin (■■; D+ERI), diabetic group administered hesperidin (■, D+HES). Values are
means ± SEM of five rats per group. Lines or bars that do not share a common lowercase letter are significantly dif-
ferent at P < 0.05. 



The liver and kidney weights (% body weight) for the dia-
betic rat group (D) were higher than those of the nondiabetic
rat group (C) because of the hypertrophy of the liver and kid-
ney caused by the STZ induction (Table 1). These are typical
symptoms of diabetic rats (25). The kidney weights for the
diabetic rat groups administered CF (D+CF) and hesperidin
(D+HES) were not different from those of the diabetic rat
group (D). However, kidney weights for rats fed eriocitrin
(D+ERI) were significantly lower than for the diabetic rat
group (D) (P < 0.05). The eriocitrin of lemon flavonoids may
play an important role for improvement of the hypertrophy of
the kidney in the diabetic rats. With respect to the liver
weights, there were no differences among the diabetic rat
groups. The levels of triglyceride and total cholesterol in the
serum of the diabetic rats had been reported to be greatly ele-
vated (25). The level of triglyceride in the serum of the dia-
betic rat groups administered lemon flavonoids (D+ERI and
D+HES) was lower than in the diabetic rat group (D) but
there was no significant difference (P < 0.05). Hesperidin de-
creases the triglyceride in the blood of rats fed fat (26). Eri-
ocitrin and hesperidin may suppress the triglyceride in the
blood of diabetic rats. There was no difference among the di-
abetic rat groups in the level of total cholesterol in serum.

TBARS levels of liver, kidney, and serum.  The changes in
the TBARS of the liver, kidney, and serum of diabetic rats
after the administration of the lemon flavonoids are summa-
rized in Figure 2. There was a significant increase in the
TBARS of the liver, kidney, and serum in the diabetic rat
group (D) compared to the control group. However, the
TBARS levels of the liver, kidney, and serum in the diabetic
rat groups administered lemon flavonoids (D+CF, D+ERI,
and D+HES) were significantly decreased compared to the
TBARS of the diabetic rat group (D). The increase of malon-
dialdehyde, caused by lipid peroxidation, in tissue and blood
of STZ-induced diabetic rats has been previously reported
(13,27). The increased levels of TBARS, the reactive sub-
stance of malondialdehyde and TBA, resulted in  increased
levels of oxygen free radicals which attacked the polyunsatu-
rated fatty acids in cell membranes and caused lipid peroxi-
dation. STZ can also give rise to oxygen free radicals because

of the increase in blood glucose levels in diabetes (14). An
amino-carbonyl reaction, the so-called Maillard reaction, oc-
curs in vivo as well as in vitro and is associated with the
chronic complications of diabetes mellitus and aging in
human beings (28). In particular, long-lived proteins such as
lens crystallins, collagens, and hemoglobin may react with re-
ducing sugars thus undergoing dehydration, rearrangement,
cleavage, and polymerization reactions to produce advanced
glycation end products (13,28). Lemon flavonoids of the CF,
eriocitrin, and hesperidin affected the suppression of lipid ox-
idation in the liver, kidney, and serum. We postulated that
these flavonoids play a role as free radical scavengers in vivo
and prevent the development of complications associated
with diabetes.

Determination of 8-OHdG in rat urine. Lipid peroxidation
may play an important role in carcinogenesis, and there is
speculation that oxidative damage can occur in DNA during
the peroxidative breakdown of the membranes’ polyunsatu-
rated fatty acids (8). It is reported that mutation in mitochon-
drial DNA is caused by oxygen radicals and hydroxy radicals
that oxidize 2′-deoxyguanosine to 8-OHdG (29). In STZ-in-
duced diabetic rats, STZ stimulated H2O2 generation and
caused DNA fragmentation (30). Since 8-OHdG has contin-
ued to serve as a good biomarker for the estimation of oxida-
tive damage in DNA, we determined 8-OHdG in the urine of
diabetic rats using the monoclonal antibody against 8-OHdG
(17,18). The levels of total 8-OHdG over 24 h in the urine of
diabetic rats and of 8-OHdG relative to creatinine content in
the urine are shown in Figure 3. There was a significant in-
crease of 8-OHdG in the urine of the diabetic rat group (D)
compared to the control group. However, the level of
8-OHdG in the urine of the diabetic rat groups administered
eriocitrin (D+ERI) and hesperidin (D+HES) significantly de-
creased compared to 8-OHdG of the diabetic rat group (D).
The diabetic rat group administered the lemon CF (D+CF) did
not have a significant decrease, but showed a tendency to de-
crease. The effects on total 8-OHdG for 24 h and 8-OHdG rel-
ative to creatinine content were almost the same. CF, erio-
citrin, and hesperidin suppressed the generation 8-OHdG in
the urine of the diabetic rats. This result suggests that the di-

692 Y. MIYAKE ET AL.

Lipids, Vol. 33, no. 7 (1998)

TABLE 1
Effect of Lemon Flavonoids on Liver, Kidney, Serum, and Urine of Diabetic Ratsa

Rat groups
C D D+CF D+ERI D+HES

Liver weight (% body weight) 3.95 ± 0.18a 5.30 ± 0.50b 5.42 ± 0.18b 5.19 ± 0.33b 5.08 ± 0.47b

Kidney weight (% body weight) 0.68 ± 0.02a 1.29 ± 0.13b 1.16 ± 0.05b,c 1.09 ± 0.03c 1.14 ± 0.10b,c

In serum (mL/100 mL)
Glucose 170.6 ± 10.8a 532.9 ± 60.5b 609.3 ± 75.4b 521.1 ± 46.2b 559.7 ± 75.4b

Total cholesterol 42.6 ± 5.29a 81.8 ± 25.7b 77.6 ± 14.3b 74.8 ± 7.03b 79.7 ± 15.5b

Triglyceride 36.1 ± 3.96a 247 ± 77.3b 202 ± 45.7b 142 ± 71.7b 143 ± 34.7b

In urine
Glucose (mL/100 mL) 0.07 ± 0.03a 10.92 ± 1.40b 9.81 ± 1.64b 11.09 ± 1.37b 9.47 ± 1.07b

Volume (mL/24 h) 10.6 ± 2.4a 136.7 ± 17.5b 151.0 ± 24.3b 114.3 ± 57.3b 115.0 ± 20.6b

aValues are means ± SEM of five rats per group. Values within the same row that do not share a common superscript roman letter are significantly different at
P < 0.05. Abbreviations: C, nondiabetic group; D, diabetic group; D+CF, diabetic group administered crude flavonoids, (CF); D+ERI, diabetic group admin-
istered eriocitrin; D+HES, diabetic group administered hesperidin.



etary lemon flavonoids eriocitrin and hesperidin play a role in
scavenging the free radicals generated by oxidative stress in vivo.

Influence of antioxidative enzyme activities. A consider-
able body of clinical and experimental evidence suggests the

involvement of free radical-mediated oxidative processes in
the pathogenesis of diabetic complications (13). The increase
in the production of free radicals can result from the hyper-
glycemia-induced enhancement in glucose autoxidation, pro-
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FIG. 2. Effect of lemon flavonoids on liver (A), kidney (B), and serum (C) thiobarbituric acid-re-
active substances (TBARS) of diabetic rats, measured in terms of malondialdehyde. Values are
means ±SEM of five rats per group. Values within the same panel that do not share a common
lowercase letter are significantly different at P < 0.05. MDA, malondialdehyde; for abbrevia-
tions see Figure 2.

FIG. 3. Effect of lemon flavonoids on the total 8-hydroxydeoxyguanosine (8-OHdG) levels in a 24-h period (ng/24
h) (A) and on the content of 8-OHdG relative to the content of creatinine (ng/mg of creatinine) (B) in the urine of di-
abetic rats. Values are means ± SEM of five rats per group. Values within the same panel that do not share a com-
mon lowercase letter are significantly different at P < 0.05. For other abbreviations see Figure 1.



tein glycation, and subsequent oxidative degradation of gly-
cated protein (28). The glutathione antioxidant system plays a
fundamental role in cellular defense against reactive free radi-
cals and other oxidant species (31). It consists of GSH and an
array of functionally related enzymes. If the diabetic state is as-
sociated with a generalized increase in tissue oxidative stress,
it may be reflected in changes of the tissue glutathione antioxi-
dant system. The activities of the antioxidative enzymes SOD,
CAT, GST, and GSH-Px in diabetic rats fed CF, eriocitrin, and
hesperidin are shown in Table 2. The activities of SOD and
GST in the liver and that of SOD and CAT in the kidney were
not different among the rat groups. The activity of GSH-Px in
the liver and kidney and of GST in kidney for the diabetic rat
groups administered lemon flavonoids (D+CF, D+ERI, and
D+HES) increased when compared with the non-diabetic rat
group (C) and the diabetic rat group (D). GSH-Px and GST
work together with GSH during the decomposition of hydro-
gen peroxide or other organic hydroperoxides (31). The lemon
flavonoids eriocitrin and hesperidin may function to increase
the concentration of these enzymes as well as the antioxidative
activity in vivo. The activities of CAT and the content of GSH
in the liver for the diabetic rat group (D) decreased when com-
pared with the nondiabetic rat group (C). However, the activi-
ties for the diabetic rat groups administered lemon flavonoids
(D+CF, D+ERI, and D+HES) were higher than for the diabetic
rats (D). The content of GSH consumed by oxidative stress in
the diabetic rats suggests that administration of the lemon
flavonoids afforded an improvement. 

CF in lemon fruit contained many compounds such as
flavonoids and phenolic compounds. Eriocitrin and hes-
peridin, present in CF of lemon, had a strong suppressing ef-
fect on oxidative stress as evidenced by decreased levels of
TBARS and 8-OHdG in tissues of diabetic rats. These results
suggest that dietary lemon flavonoids eriocitrin and hes-
peridin may play a role in preventing the development of dia-
betes and be useful in preventing diseases caused by oxida-
tive stress.
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ABSTRACT: Groups of Atlantic salmon parr (mean initial
weight 9.5 g) were fed three diets, the first containing no to-
copherol supplement, the others supplemented with either all-
rac-α-tocopherol (A-T) or RRR-γ-tocopherol (G-T). Tocopherol
concentrations in the liver, serum, testes, kidney, brain, gill,
muscle, and perivisceral fat were measured after 36 wk. Despite
a higher dietary intake of G-T, compared to A-T, deposition of
γ-tocopherol (γT) was less efficient than of α-tocopherol (αT) in
most tissues except in the perivisceral fat, an adipose tissue. In
fish fed the G-T diet, the γT/αT ratio was highest in the perivis-
ceral fat and lowest in the liver, indicating that the liver is the
most discriminatory organ for retaining αT as compared to γT,
and the perivisceral fat is more suitable for the storage of γT. A
negative correlation (P < 0.01) was observed between the γT/αT
ratio and the corresponding tissue phospholipid content, sug-
gesting that γT is less efficiently deposited compared to αT in
the phospholipid-rich membranes which are presumed to be
the functional site for lipid antioxidants in vivo. During re-
stricted intake of αT, the liver and muscle exhibited the greatest
reduction of this tocopherol among the tissues analyzed. The
presence of minimal αT in the muscle from fish fed the tocoph-
erol-unsupplemented diet led to greater susceptibility to lipid
peroxidation after frozen storage than was the case for muscle
containing higher concentrations of either αT or γT. However,
both αT and γT were effective stabilizers of salmon muscle
lipids during frozen storage.
Lipids 33, 697–704 (1998).

Tocopherols are powerful in vivo antioxidants which are inti-
mately associated with lipids of cell membranes and are pos-
tulated to exert wide-ranging effects on aging, cancer, arthri-
tis, platelet aggregation, and prostaglandin synthesis (1,2).
Natural plant tocopherols include alpha (αT), beta (βT),

gamma (γT), and delta (δT) forms, but αT is widely believed
to be the most biologically efficacious form of vitamin E in
animals. In humans consuming diets abundant in both αT and
γT, tissues are preferentially enriched with αT rather than γT
(3), and the reasons for the discrepancy of incorporation in
animal tissues of these two most abundant plant tocopherols
have been actively researched. In studies on rats, intestinal
absorption rates and tissue uptake after absorption for the two
tocopherols were reportedly similar, but γT disappeared faster
than αT from the tissues after 24 h through a once-obscure
mechanism (4,5). In normal human subjects, αT and γT are
similarly absorbed at the intestinal level, yet mechanisms in-
volving the action of a hepatic αT-binding protein result in
the reduction of plasma γT concentration by 24 h (6). How-
ever, while the existence of the αT-binding protein in the he-
patocyte (7,8) may explain the greater prevalence of circulat-
ing αT, it does not fully account for why γT, once it has
reached the tissues, is not retained to the same degree as αT.
Behrens and Madere (9) inferred that although γT is able to
reach the different organ tissues in the rat, it is unable to bind
to membrane structures with as high an affinity as αT, sug-
gesting that molecular specificity at the site of antioxidant ac-
tivity in the tissues may well be one of the crucial factors.

The hypothesized functional site of tocopherols in the cell
lies within the lipid components of cell membranes (10). The
phytyl chain facilitates incorporation and retention of tocoph-
erols in membranes, with the hydroxy group optimally posi-
tioned for scavenging free radicals (11). Recently, fluores-
cence spectroscopy techniques provided evidence that αT is
wholly embedded within the phospholipid-rich membrane bi-
layer with the chromanol head oriented toward the polar in-
terfacial region (10,12). In highly active biological cells, αT
concentrates in the membranous components where it inhibits
peroxidative damage to the unsaturated lipids within the
membrane bilayer (13). Cell membranes are complex struc-
tures, and specificity for incorporation of different forms of
related compounds is no doubt rigorously controlled. It is
therefore provocative to speculate that biodiscrimination for
αT and γT may exist at the level of incorporation within cell
membrane lipids rather than merely from the total tissue lipid
pool. Marine fish phospholipids are characterized by a high
(35–45%) amount of long-chain polyunsaturated fatty acids,
particularly docosahexaenoic acid (14). Although αT is the
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major tocopherol found in lipids of marine fish (15), our re-
cent data verified that γT can be deposited along with αT in
Atlantic salmon (Salmo salar) muscle lipids (16,17). A feasi-
ble approach to gaining insight into this matter of membrane
distribution of tocopherols is to relate the proportions of the
γT to the αT to the tissue phospholipid content in different
salmon organs. We presumed that if discrimination between
incorporation of these tocopherols in the membrane lipid bi-
layer does not occur, the γT/αT ratio would remain similar in
various tissues despite varying phospholipid contents.

Diets for cultured Atlantic salmon are usually supple-
mented with tocopherol, solely in the αΤ form. Other than
in vivo antioxidant-related functions, membrane-bound αT
reduces postmortem lipid oxidation in fish products by stabi-
lizing membrane lipids (16,18,19). In rainbow trout, adequate
tocopherol intake improved the sensory quality of the fillets
(20), thus affecting the quality, and ultimately the marketabil-
ity, of the fish product.

The objectives of this experiment were to compare the de-
position of dietary all-rac-α-tocopherol  and RRR-γ-tocoph-
erol  in various tissues of Atlantic salmon in relation to tissue
phospholipid content, and to examine the pattern of tocoph-
erol depletion in tissues during restricted intake of these two
tocopherols. Another objective was to determine if dietary γT
deposited in the muscle functions similarly to αT in provid-
ing oxidative stability to the muscle after frozen storage at 
−40°C for 6 mon.

MATERIALS AND METHODS

Fish and diets. Atlantic salmon parr (9.5 g average initial
weight) were randomly distributed into tanks (50 fish/tank)
containing 200 L fresh water maintained at 2 L/min flow rate
and an average temperature of 16 ± 2°C. The photoperiod was
automatically set at 12 h of light. Feeding to satiety during
the lighted period was done by hand twice daily except on
weekends when fish were fed only once per day. 

The formulations of the three semipurified diets were the
same except for tocopherol supplementation as shown in
Table 1. All-rac-α-tocopherol was obtained from US Bio-
chemical Corporation (Cleveland, OH) and RRR-γ-tocoph-
erol from Sigma (St. Louis, MO). Test diets were steam-pel-
leted in a laboratory pellet mill (California Pellet Mill, San
Francisco, CA) and stored in sealed plastic containers at 
−35°C. Feed rations sufficient for about 7 d were thawed at
one time. The test diets had similar moisture (8%), protein
(43%), and lipid (15%) contents.

After 36 wk on the experimental diets, six fish were ran-
domly selected from each treatment, stunned with a blow to
the head, and then weighed. Blood was collected using he-
parinized vials (Becton-Dickinson, Rutherford, NJ) and cen-
trifuged for 5 min to separate the serum for collection. The
liver, brain, gill, kidney, and portions of the white muscle and
perivisceral fat (an adipose tissue surrounding the gastroin-
testinal tract) were then rapidly excised and weighed. Preco-
cious maturation was observed in more than 90% of the males

sampled at 36 wk, and testes from these mature individuals
were also collected for lipid and tocopherol analyses. Since
individual organ weights were occasionally too small for to-
copherol analysis, tissue samples from two individuals in the
same treatment were combined for each replicate analysis. 

Lipid extraction and tocopherol analyses. Immediately
after excision and weighing, the tissues were transferred to a
test tube containing 18 mL hexane/isopropanol (3:2, vol/vol),
homogenized, and extracted for total lipids following the
method of Hara and Radin (21). 

Total lipid extracts were quantitatively dissolved in hexane
and tocopherol contents of the diets, and tissues were deter-
mined by high-performance liquid chromatography with flu-
orescence detection following the AOCS method (22). The
high-performance liquid chromatography system consisted of
a Partisil 5 µm column (11 cm × 4.7 mm; Whatman, Clifton,
NJ) equipped with a guard column, a Waters (Milford, MA)
U6K Injector, a Waters 6000A Solvent Delivery System, a
Waters 420 AC Fluorescence Detector with 280 excitation
and 338 nm emission filters, and a Perkin-Elmer (Norwalk,
CT) LCI-100 Laboratory Computing Integrator. The isocratic
mobile phase was hexane/isopropanol (99.5:0.5, vol/vol) at
1.5 mL/min flow rate. Peaks were identified by comparing re-
tention times with those of authentic αT and γT standards or
by coinjecting the tocopherol standard with the lipid sample.
Quantitation was achieved by reading sample peak areas
against linear regression lines plotted for standard solutions
of the tocopherols. 
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TABLE 1
Composition of the Test Dietsa

Feed ingredient Amount (w/w%)

Casein 32.5
Gelatin 4.0
Herring meal 12.0
Krill meal 3.0
Dextrin 11.0
Starchb 11.5
Celufil 3.7
Amino acid mixc 0.7
Vitamin mixtured 2.5
Mineral mixturee 5.0
Herring oilf 14.0
aTocopherol contents by analysis were 6 mg αT/kg for the nontocopherol-
supplemented diet (no-T), 36 mg αT/kg for the all-rac-α-tocopherol-supple-
mented diet (A-T), and 15 mg αT/kg + 78 mg γT/kg for the RRR-γ-tocoph-
erol-supplemented diet (G-T).
bContains 8% cornstarch and 3.5% pregelatinized starch.
cSupplied 0.5% DL-methionine and 0.2% L-phenylalanine.
dSupplied vitamins at the following levels (IU or mg/kg diet): vitamin A, 8000
IU; vitamin D3, 3000 IU; vitamin K, 40; thiamin, 50; riboflavin, 70; d-cal-
cium pantothenate, 200; d-biotin, 1.5; folic acid, 20; vitamin B12, 0.15;
niacin, 300; pyridoxine, 30; inositol, 500; ascorbic acid, 50; choline chlo-
ride, 5000.
eSupplied minerals at the following levels (mg element/kg diet): manganese,
40; iron, 50; copper, 15; zinc, 100; magnesium, 398; iodine, 5; cobalt, 15;
sodium, 985; fluorine, 4.5; phosphorus, 2900; potassium, 2500.
fTo the weighed herring oil (14 w/w% of the diet), 0.015% of tocopherol
supplement was added to the A-T diet (DL-α-tocopherol) and G-T diet (D-γ-
tocopherol) prior to incorporation of the oil with the dry ingredients. In the
no-T diet, Celufil (US Biochemicals, Cleveland, OH) replaced tocopherol.



Analysis of lipid composition. The percentage composition
of tissue lipids from fish fed the supplemented diet (G-T) was
determined using a TH-10 Mark III TLC/FID Iatroscan (thin-
layer chromatography with flame-ionization detection; Iatron
Laboratories, Tokyo; Canadian Agent Scientific Products and
Equipment, Rexdale, Ontario, Canada) attached to an SP-
4200 computing integrator. The lipid sample was spotted onto
silica gel-coated quartz rods (Chromarods SIII) and devel-
oped in a solvent system consisting of hexane/chloroform/iso-
propanol/formic acid (80:14:1:0.2, by vol) for 50 min. The
analytical conditions for quantitation of lipid classes followed
the method of Parrish and Ackman (23). Standards used for
identification and quantitation of lipid class peaks in the sam-
ple were tripalmitin, cholesterol, 1,2-dipalmitoyl-3-phos-
phatidylcholine, cholesteryl palmitate (Serdary Research
Laboratories, London, Ontario, Canada), and palmitic acid
(Nu-Chek-Prep, Elysian, MN). Standard curves for each lipid
type were plotted by chromatographing known quantities of
the standards in the same solvent system and on the same rods
as those used for tissue lipid samples.

Oxidative susceptibility of the muscle. The oxidative sus-
ceptibility of the muscle was determined by the 2-thiobarbi-
turic acid-reactive substances (TBARS) test according to
Woyewoda et al. (24) using 1,1,3,3-tetraethoxypropane
(Sigma, St. Louis, MO) to make up the malonaldehyde stan-
dard solution. Intact muscle samples from six fish were stored
for 6 mon at −40°C prior to the TBARS test. At the end of 6
mon, tocopherol levels in the muscle samples were not re-
measured since drastic decreases in tocopherols were not ex-
pected under this storage condition. Ackman and Timmins
(25) reported that no dramatic decreases in αT content of
smoked salmon fillets occurred within 12 wk of storage at 
−10°C. Since the storage temperature in this new experiment
was lower and the muscles were not exposed to treatments
(e.g., brining and smoking) which would potentially degrade
tocopherols, the content of the muscles should not signifi-
cantly differ from the values determined prior to storage.

Statistical analysis. Differences in means of tissue lipid
content and TBARS values were determined by one-way
analysis of variance and Tukey’s test, and the relationship be-
tween tissue tocopherol and phospholipid content was deter-
mined by regression analysis using Systat 5.2 (Evanston, IL).

RESULTS AND DISCUSSION

No unexplained fish mortalities or gross pathological symp-
toms were observed during the feeding trial. After 36 wk, the
average weight of fish was 85 g, and no remarkable differ-
ences in specific growth rate were observed between dietary
treatments. 

Table 2 shows the lipid contents of various tissues of At-
lantic salmon after 36 wk on the experimental diets, and Table
3 shows that lipid class composition of the tissues from the
fish fed the G-T diet. There were no significant differences in
lipid content of the tissues of fish from the different dietary
treatments except in the perivisceral fat. Fish used in this ex-

periment were judged lean at sacrifice, considering the low
lipid content of white muscle tissue. Salmon do not deposit
much fat in fresh water but do so after smolting into salt water
when dietary fat can be raised to 27–29% of the diet, result-
ing in over 16% fat in market fish.

Phospholipids, sterols, and triacylglycerols were the major
components in all tissues. The perivisceral fat contained small
amounts of phospholipids and extremely high levels of tria-
cylglycerols, a characteristic of its function as major tissue
depot for lipid reserves. The gill lipids exhibited a large pro-
portion of triacylglycerol probably originating from fatty sup-
portive tissues of the gill arch.

Comparative tissue distribution of αT and γT. Despite a
100% higher dietary concentration of γT compared to αT
(Table 1), the tissue γT content of the G-Tfed fish were lower
than αT in tissues from the all-rac-α-tocopherol supple-
mented diet (A-T)-fed fish in the liver, serum, kidney and
testes, whereas no difference was seen in the brain tissue
(Fig. 1). Muscle and gill γT contents were slightly higher than
those of αT although this difference was less pronounced than
the proportions of the dietary tocopherol concentrations. Only
the perivisceral fat γT concentration greatly exceeded (almost
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TABLE 2
Lipid Contentsa (%) of Tissues, Wet Weight, in Atlantic Salmon 
Fed no-T, A-T, or G-T Diets

Diet group

Tissue no-T A-T G-T

Brain 7.8 ± 0.2 7.9 ± 0.3 7.3 ± 0.1
Gill 14.8 ± 1.3 14.4 ± 0.5 13.4 ± 0.3
Kidney 6.3 ± 0.6 6.2 ± 0.5 7.0 ± 0.5
Liver 3.0 ± 0.4 3.9 ± 0.9 2.9 ± 0.2
Muscle 1.7 ± 0.1 1.5 ± 0 1.6 ± 0.0
Perivisceral fat 92.1 ± 0.2b 95.5 ± 0.4c 92.7 ± 1.0b,c

Serum (mg/mL) 18.4 ± 0.9 18.2 ± 1.3 18.9 ± 1.8
Testes 2.1 ± 0.3 1.9 ± 0.3 2.1 ± 0.8
aThe no-T and G-T diets contained some α-tocopherol derived from the di-
etary ingredients. Mean ± SEM followed by different superscripts (b,c) within
one row are significantly different (P < 0.05), n = 2 or 3; each n is a pooled
sample from two fish. See Table 1 for abbreviations.

TABLE 3
Composition of Lipids (%) from Tissues of Atlantic Salmon 
Fed the γ-Tocopherol Dieta

Lipid class

Tissue Triacylglycerol Sterol Phospholipid

Brainb 2.4 ± 0.5 19.4 ± 0.3 77.2 ± 0.2
Gill 90.8 ± 1.5 1.7 ± 0.4 8.4 ± 1.1
Kidney 61.9 ± 2.8 4.8 ± 0.2 33.3 ± 2.7
Liver 18.6 ± 4.0 6.6 ± 0.9 74.8 ± 3.2
Muscle 35.1 ± 2.1 3.7 ± 0.7 62.2 ± 2.0
Perivisceral fat 98.7 ± 0.2 0.4 ± 0 0.9 ± 0.2
Serum 39.2 ± 1.9c 8.3 ± 0.1 52.5 ± 2.0
Testes 7.5 ± 1.3 17.7 ± 0.2 74.8 ± 1.2
aValues are mean ± SD of 2–3 lipid extracts.
bThe brain contained 1.3% free fatty acids, a value higher than in other
samples.
cIncludes both sterol esters and triacylglycerols.



400%) that of αT in the corresponding tissue of the (A-T)-fed
fish. It is thus apparent that γT is preferentially stored in the
adipose tissue, and its accumulation in the total lipids of criti-
cal tissues in Atlantic salmon is inferior to that of αT. This
difference in tissue distribution of αT and γT is interesting
because previous reports have shown that adipose tissue to-
copherol constitutes little more than an inactive reserve of this
compound. In humans, more than 90% of adipose tissue to-
copherols is largely dissolved in the lipid droplet within the
cell rather than in the surrounding membrane and therefore
unavailable for immediate use (26). Furthermore, adipose αT
is not rapidly released back into the bloodstream after αT sup-
plementation in humans is halted (27). In guinea pigs, Mach-
lin et al. (28) also found that adipose tissue tocopherol is not
readily available for maintaining plasma tocopherol levels
and preventing signs of vitamin E deficiency, thereby having
no immediate nutritional value and simply representing a tis-
sue depot with slow turnover rate. In a similar context, it is
likely that γT stored in the adipose tissue of Atlantic salmon
is biochemically inactive as opposed to αT found in the criti-
cal tissues.

In fish fed the G-T diet containing primarily γT and mini-
mal αT, different tissues had varying affinities for the two to-
copherols (Fig. 1). The γT/αT ratio (Fig. 2) was lowest in the
liver, highest in the perivisceral fat, and the other tissues ex-
hibited intermediate values. These results emphasized the im-
portance of the liver in selecting αT over γT in Atlantic
salmon. Similarly the fact that the γT/αT ratio was higher in
the perivisceral fat than in the diet indicated preferential stor-
age of γT in the depot organ as opposed to αT which distrib-
uted largely within critical tissues. The perivisceral fat is
mostly triacylglycerol that would derive both fatty acids and
tocopherols from the circulating chylomicrons (8). The gills
are also rich in triacylglycerols and they have the next-high-

est ratio (Fig. 2). Other body sites may acquire their lipids
from very low density lipoprotein after the discrimination
process screens out and excretes tocopherols other than alpha.
The relationship between the γT/αT ratio and tissue phospho-
lipid content showed a trend of decreasing ratio with increas-
ing tissue phospholipid content (Fig. 3). A greater accumula-
tion of αT compared to γT in phospholipid-rich tissues sug-
gests that preference for αT over γT in Atlantic salmon
tissues appears to be governed at the level of incorporation in
the lipid bilayer of membrane structures. The difference in
their incorporation at sites close to the phospholipids in cell
membranes may impact heavily on their in vivo antioxidant
activities.
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FIG. 1. Concentrations (µg/g lipid) of tocopherols in selected tissues of
fish fed no supplemental tocopherol (No-T), or supplemented with α-
tocopherol (A-T), or supplemented with γ-tocopherol containing a small
proportion of alpha (G-T), after 36 wk. P. fat, perivisceral fat.

FIG. 2. Ratio of γT/αT in the G-T diet and in selected tissues of the fish
fed the G-T diet for 36 wk. See Figure 1 for abbreviations.

FIG. 3. Correlation between γT/αT ratio and phospholipid contents (%)
from tissues of fish fed the G-T diet for 36 wk (r2 = 0.77; n = 26; P <
0.01); B (brain), G (gill), F (perivisceral fat), K (kidney), L (liver), M (mus-
cle), S (serum), T (testes). See Figure 1 for other abbreviations.



Erickson et al. (29) found that the αT concentration in
milk was at least three times higher in the lipid of the fat glob-
ule membrane than in the lipid inside the fat globule. During
lipid oxidation, tocopherol associated with the membrane was
lost more rapidly than that found inside the fat globule, im-
plying its greater role in determining the oxidative stability of
milk. Correspondingly, the distribution of αT within the lipid
bilayer of cell membranes is now well established. Krishna-
murthy and Bieri (30) and Gruger and Tappel (13) were some
of the early investigators who observed that tocopherols in
active biological cells concentrate largely in phospholipid-
rich cellular regions, e.g., mitochondria and microsomal frac-
tions. Buttris and Diplock (31) also verified that the inner and
outer mitochondrial and microsomal membrane sections were
the major tocopherol-containing sites, implying the specific
localization of tocopherols in membrane regions particularly
liable to oxidative attack. In 1989, Gomez-Fernandez et al.
(12) used fluorescence spectroscopy techniques to determine
the position of tocopherol within phospholipid vesicles based
on tocopherol’s intrinsic fluorescence and the quenching ac-
tion of membrane probes, e.g., 5-doxylstearate (5-NS), 16-
doxylstearate (16-NS), and acrylamide. Acrylamide, a water-
soluble quencher with very low capacity to penetrate the
phospholipid bilayer was inefficient in quenching αT located
in the fluid membrane. On the other hand, 5-NS and 16-NS,
probes known to be located at a graded series of depths from
the surface of the bilayer, were both effective, 5-NS more
than 16-NS, in quenching the fluorescence of αT. It is thus
clear that αT lies embedded within the phospholipid bilayer
with its chromanol head located near the polar region of the
membrane. Fukuzawa et al. (10) further clarified that no in-
teraction takes place between the hydroxyl group in the chro-
manol head of αT and the polar interfacial region, indicating
that the hydrophobic chromanol head is poorly exposed at the
surface. No analogous studies were done for γT. Since γT has
one methyl group less than αT in the chromanol head, it is
highly probable that molecular discrimination of incorpora-
tion in membrane lipid bilayers exists between the two to-
copherols due to their different steric structures in the chro-
manol region. The presence of more methyl substituents in
the chromanol region should increase lipophilic properties,
thereby making αT the more soluble tocopherol in lipid sub-
strates (32). Interestingly, a recent report showed α-to-
cotrienol as a more potent scavenger of peroxyl radicals in li-
posomes compared to αT, presumably due to a difference in
vitamin E-membrane interactions conferred by the hydrocar-
bon tails (33). Unsaturation in the tail of αT gives rise to an
altered three-dimensional molecular structure in α-tocotrienol
which may profoundly affect the orientation and organization
of membrane phospholipids and result in different antioxidant
potencies between the two vitamin forms (33).

The scatter of the points in Figure 3 strongly suggests the
involvement of other mechanisms of biodiscrimination be-
tween γT and αT which take place at the cellular level in re-
sponse to the diverse metabolic functions of various tissues.
For instance, Ackman and Cormier (15) found that metaboli-

cally active dark muscle in cod was richer in αT than the
white muscle tissue, since confirmed for Atlantic salmon (34).
In this new experiment, the liver and testes exhibited similar
proportions of tissue phospholipids, but the γT/αT ratios dif-
fered by about 75% (Fig. 2). Also, the muscle showed a
higher γT/αT ratio (ca. 3) than would have been expected
from the relatively high phospholipid content, possibly due to
γT deposition in neutral lipid of adipocytes attached to con-
nective tissue (35,36), as well as the redirection of essential
αT from muscle phospholipids into phospholipids of other
and more critical tissues. Hamre and Lie (34) suggest that
each organ may have unique combinations of mechanisms by
which they take up lipids and tocopherols from plasma.

As already pointed out (7,8), another discriminatory mech-
anism relates to the existence of an αT-specific factor, which
is reportedly present in the rat, but not yet studied in fish.
Catignani and Bieri (37) were the first to report the presence
of a tocopherol-binding protein in rat liver which was specific
for, but not necessarily limited to, αT since α-tocotrienol and
γT also exhibited minimal competitive effects. The protein, a
30 kDa αT-binding protein, exists uniquely to the hepatocyte
in the rat, and regulates plasma tocopherol concentration by
preferentially incorporating the αT into nascent very low den-
sity lipoproteins (8). Another αT-binding protein of molecu-
lar mass 14.2 kDa was also recently identified and suspected
to be responsible for the intracellular transport and distribu-
tion of αT in all tissues including the liver (38). Although the
existence of a 30 kDa αT-binding protein in fish liver has not
yet been verified, our data suggest that an analogous protein
exists in Atlantic salmon liver since this organ appeared to be
the most biased tissue for accumulating αT.

The interrelationships between tissue phospholipids, αT-
specific protein factor, or other mechanisms which collec-
tively result in biodiscrimination between αT and γT distrib-
ution in Atlantic salmon tissues require further investigation.
Nevertheless, the greater accumulation of γT in adipose tis-
sue compared to αT, and the negative correlation obtained be-
tween γT/αT and tissue phospholipid content suggest that in-
ferior structural compatibility of γT in the phospholipid-rich
membrane bilayer, compared to that of αT, may partly explain
the distribution pattern of the two tocopherols in Atlantic
salmon tissues.

Tissue αT distribution. The tissue lipid tocopherol content
from all fish groups after 36 wk on the experimental diets is
shown in Figure 1. The nontocopherol supplemented diet
(no-T)-fed fish showed the lowest amounts of αT in lipids of
all tissues examined, while the (G-T)-fed fish exhibited only
somewhat higher tissue αT content. The (A-T)-fed fish ex-
hibited the highest αT content in all tissues analyzed. 

To establish which of the tissues of Atlantic salmon were
prone to lose tocopherol during restricted intake of this com-
pound, the ratios of tocopherol content of the (A-T)- and
(no-T)-fed fish (calculated as [αT content of A-T]/[αT con-
tent of no-T]) were determined for each of the tissues exam-
ined (Fig. 4). These ratios reflect the magnitude of tocopherol
loss in the tissues of the no-T-fed fish. After a period of low
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tocopherol intake and almost 900% weight gain, the (no-T)-
fed fish still retained appreciable quantities of tocopherol in
certain tissues such as the testes. The brain is another tissue
that tenaciously retained tocopherol during the period of low
tocopherol intake in Atlantic salmon (Fig. 4). Clearly, the dif-
ferent tissues of Atlantic salmon have variable ability for re-
tention and deposition of tocopherols during a period of re-
stricted intake of this compound. The liver showed the great-
est disparities, indicating its function as a major depot organ
for tocopherol which is likely mobilized during periods of de-
privation (Fig. 4), a result similar to that obtained by Cowey
et al. (39) in rainbow trout. Although the muscle showed
moderate loss of tocopherol (Fig. 4), it accounts for at least
50% of the fish weight, and therefore lost greater actual
amounts of tocopherol compared to the liver. Cowey et al.
(40) suggested the possibility that tocopherol is translocated
from the muscle of rainbow trout to other more critical organs
during the deprivation periods. This also applies to Atlantic
salmon in this experiment where drastic decreases in liver and
muscle tocopherols probably reflect transport into the devel-
oping testes from the precocious males, since the testes ex-
hibited the highest concentration of tocopherol among the tis-
sues of the (no-T)-fed fish, and the least margin of difference
in tocopherol concentration among the tissues of the (no-T)-
and (A-T)-fed fish (Fig. 4). Lie et al. (41) reported a similar
scenario for female Atlantic salmon where a net transport of
tocopherol from peripheral tissues to the gonads occurred
during vitellogenesis, thus protecting the reproductive organ
from critical tocopherol deficiency status at the expense of
the other organs. 

The pattern of tissue tocopherol depletion observed in At-
lantic salmon follows that generally observed for other ani-
mal models. In rats, significant amounts of tocopherol loss
from the liver occurred when dietary intake of this compound
was minimal (42). In contrast, tocopherol stores in the ner-
vous system tissues and brains of rats and dogs declined

slowly during restricted intake (43,44). Bieri (42) speculated
that the kinetics of tissue tocopherol depletion in rats may be
affected by the respective amounts of labile and bound to-
copherol present in the particular organ. 

Oxidative susceptibility of the muscle. In Atlantic salmon,
the liver and muscle exhibited drastic decreases in tocopherol
concentrations during restricted intake of this compound, im-
plying mobilization of their tocopherol stores toward other
and more critical tissues. As the muscle constitutes the con-
sumable portion of the fish, tocopherol loss from this organ
may adversely affect the postmortem quality of the resultant
fish flesh product. Salmon farming is an international and in-
tensively competitive industry where quality has only com-
paratively recently superseded maximal growth as a major
concern (45,46).

Sigurgisladottir et al. (16) reported that with experimental
Atlantic salmon fillets containing more γT than αT, TBARS
values were lower after a forced oxidation test than for fillets
containing only a smaller amount of αT. In this new experi-
ment, the presence of minimal αT in the muscle from fish fed
the no-T diet exposed the tissue to significantly greater sus-
ceptibility to lipid peroxidation after frozen storage at −40°C
for 6 mon than was the case for muscle containing higher con-
centrations of either αT or γT (Fig. 5). Muscle samples from
the G-T treatment exhibited tissue αT levels that were closer
to the no-T rather than to those from the A-T treatments, yet
the muscle TBARS values were significantly better than that
of the no-T treatment and corresponded more closely with
those of the A-T treatments. Thus, the significant drop in ox-
idative susceptibility of the G-T muscle samples compared to
the control was most likely due to the presence of γT. The re-
sults of this experiment confirm the reports of Sigurgisladot-
tir et al. (16,17) that γT improves the oxidative stability of At-
lantic salmon muscle. 

Frozen storage of natural fish muscle does not halt natural
biochemical processes such as loss of αT content and of its
protective effect on lipids. There are, however, seasonal ef-
fects, probably linked to sexual maturity or food availability,
that can at times lead to very rapid loss of αT and consequent
rancidity even in a lean species such as sole (47). Our view
that storage of muscle samples for 6 mon at −40°C would not
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FIG. 4. Ratios of tissue αT concentrations in tissues of the (A-T)- and
(no-T)-fed fish after 36 wk. See Figure 1 for abbreviations.

FIG. 5. Thiobarbituric acid-reactive substances in salmon fillets from
the different dietary treatments expressed as mg malonaldehyde
(MDA)/kg flesh. See Figure 1 for abbreviations.



lead to an excessive reduction in αT or γT may have been op-
timistic. A recent study of artificially fed caged Atlantic
mackerel Scomber scombrus (48) mentioned a storage study
of frozen salmon muscle (−30°C) that did show an increase
in TBARS over 6 mon (details not available). Unfortunately
the authors of this study on mackerel enriched in γT appear to
have carried out the storage on homogenized muscle samples,
thus maximizing exposure to oxygen in this notoriously oxi-
dation-sensitive species (49). Our earlier frozen storage study
(25) on smoked mackerel and salmon was carried out on in-
tact muscle tissue, as was the procedure here. The composi-
tion of farmed salmon muscle differs in one important aspect
from the muscle composition of our experimental fish.
Farmed salmon muscle usually contains two pigments, asta-
xanthin and canthaxanthin (50). The former is the basis of the
natural color of wild Atlantic salmon. Like carotene itself,
such carotenoids can protect highly unsaturated fatty acids
against oxidation, and carotene operates effectively in con-
junction with αT (51).

The protective effects of dietary αT on maintaining the ox-
idative quality of fish flesh products have already been
demonstrated for species such as rainbow trout and channel
catfish (18,20). O’Keefe and Noble (18) reported reduced ox-
idative rancidity of frozen stored (−10°C) channel catfish fed
100 mg αT/kg diet or higher concentrations, and suggested
that longer storage periods may require higher concentrations
of dietary tocopherol (up to 400 mg/kg diet) to maintain ac-
ceptable fillet quality. The critical dietary αT levels which af-
ford oxidative stability to the resultant fillets may relate to the
quality of dietary lipids, since a diet containing a high n-3
polyunsaturated fatty acids content and a low tocopherol con-
tent resulted in rancid flavor development in Atlantic salmon
fillets (19).

Most of the above-published results dealt with αT as the
dietary ingredient. Except for Sigurgisladottir et al. (16,17)
and Hamre and Lie (34), there appear to be no previous re-
ports on the deposition of other tocopherols in salmon mus-
cle, particularly of γT and its potential role in preserving the
oxidative quality of fish-food products. This study confirms
that dietary intakes of either αT or γT by Atlantic salmon
were effective in maintaining the oxidative stability of the
muscle tissue. Moreover, the low level of αT in the diet of the
(G-T)-fed fish appeared to be adequate for the health of grow-
ing fish of this size. The no-T diet contained only half as
much αT, derived from the marine animal products in the
diet, and the fish fed this diet showed no adverse effects de-
spite the inclusion of highly unsaturated fatty acids in the diet.
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ABSTRACT: The production of B-ring and side-chain oxy-
sterols was evaluated in meat from chickens fed diets differing
by the kind of oil or fat added. The effect of supplementary lev-
els of natural antioxidants, as α-tocopherol and β-carotene, on
the meat cholesterol oxidative stability was also studied. Lard,
sunflower and olive oil were used as dietary fat. Raw and
cooked meats were analyzed for oxysterols, and cholesterol was
also quantified. Oxysterol analyses were carried out by com-
bining the use of solid-phase extraction, thin-layer chromatog-
raphy, capillary gas chromatography, and capillary gas chro-
matography–mass spectrometry. Oxysterols were detected
within the 0.1–0.5 µg/g range in raw meat. Cooking increased
the oxysterol content of the meat, and levels as high as 5 µg/g
muscle tissue were observed. B-Ring oxysterols were mainly
produced: the α- and the β-epoxycholesterols, the 7α- and 7β-
hydroxycholesterols, and the 7-ketocholesterol. The results
showed that the meat from the chickens fed the olive oil-based
diet containing α-tocopherol at 200 mg/kg of diet presented the
best cholesterol oxidative stability. A positive effect could not
be found for dietary β-carotene administered at levels of 15 and
50 mg/kg of diet. Furthermore, a significant decrease in the tis-
sue cholesterol content was observed with the olive and the
sunflower oil-based diets.
Lipids 33, 705–713 (1998).

Food oxidation affects the quality and the safety of the human
diet by generating compounds having biological activities
that could adversely affect health (1–3). Unsaturated lipids
are particularly susceptible to oxidation, and the mechanism
has been thoroughly studied and well documented in the lit-
erature (4). Lipid oxidation is responsible for quality deterio-
ration of muscle foods and results in the formation of lipid
hydroperoxides which decompose into secondary products
such as aldehydes, alcohols, ketones, and short-chain car-

boxylic acids (5–7). Cholesterol is also prone to oxidation,
producing a wide variety of cholesterol oxides, termed oxy-
sterols (8). Cholesterol oxidation may proceed by the same
mechanisms described for lipid oxidation or can be initiated
by free radicals generated during lipid oxidation (8).

Oxidized lipids and cholesterol oxides are implicated in
the enhancement of atherosclerosis (9,10). Oxysterols are
well absorbed from the diet and are transferred into choles-
terol-rich lipoproteins such as very low density lipoproteins,
low density lipoproteins (LDL), and chylomicrons (11,12).
Oxysterols have been detected in LDL and in atheromatous
plaque (13,14). They can modify cell membrane fluidity and
permeability and inhibit cholesterol biosynthesis by suppress-
ing hydroxy methyl glutaryl-CoA reductase activity. They
also are cytotoxic, immunosuppressant and affect the produc-
tion of prostacyclin by endothelial cells, cause apoptosis, and
inhibit cellular cholesterol efflux (15–17). All these deleteri-
ous effects support the hypothesis that oxysterols are involved
in atherosclerosis (9,15).

A variety of cholesterol oxides have been detected in cho-
lesterol-rich foods, such as spray-dried egg powder, meat and
meat products (18,19). Storage, cooking, and processing pro-
cedures increase the oxysterol level in foods as a result of in-
creased cholesterol and lipid oxidation (18,19). One way to
increase the oxidative stability of lipids and cholesterol in
foods is to increase the amounts of natural antioxidants such
as α-tocopherol (vitamin E) or β-carotene in the diet. Feed-
ing diets supplemented with α-tocopherol to animals like
chickens, cows, and pigs resulted in vitamin accumulation in
the animal muscle (20,21) and better oxidative stability under
prooxidative conditions such as storage and cooking (20,21).
Meat from pigs and calves fed such diets had reduced choles-
terol oxidation when stored or cooked (22,23).

Few reports about antioxidant effects of β-carotene-sup-
plemented diets have been published. The results were not so
convincing as those reported for α-tocopherol, and a lack of
protective action of β-carotene has been reported (24). In the
present work, broiler chickens were fed one of four diets sup-
plemented with various amounts of α-tocopherol and β-
carotene. Lard (rich in saturated fatty acids), sunflower oil
(rich in 18:2n-6 and 18:3n-3), and olive oil (rich in 18:1n-9)
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were used as dietary fat. The study was focused on choles-
terol oxidation and levels in raw and cooked broiler meat and
evaluated the extent to which these parameters were affected
by the dietary natural antioxidants and the unsaturation of the
dietary fat. Interest in this meat arises from the increasing pro-
duction of poultry in the United States, Asia, and Europe (25).
The results of this study relate directly to the quality and the
safety of poultry meat.

MATERIALS AND METHODS

Animals. Four experiments were carried out. For each experi-
ment, 280 eight-day-old female broiler chicks of the Ross
strain were used. They were placed in 24 flat-deck cages of 1
square meter each. The chicks were raised according to rou-
tine practices in terms of light and temperature. Except for
the first experiment, each experiment lasted 6 wk and con-
sisted of three dietary treatments, differing by the fat type in-
cluded in the basal diet and by the amount of antioxidant sup-
plemented (Table 1). At the end of each experiment, the
chickens were slaughtered and legs were separated, vacuum
packed, and stored at −20ºC until needed for processing.
Analyses were performed within 2 mon. Thighs were thawed
and processed for cholesterol and oxysterol analyses. The
composition of the basal diet was maize (50.56%), soybean
meal (39.58%), fat (6.00%), calcium carbonate (1.00%), di-
calcium phosphate (2.00%), salt (0.40%), DL-methionine
(0.16%), vitamins and minerals (0.40%).

Meat cooking. Broiler thighs were cooked in polyethylene
bags. Samples were placed in a water bath at 85ºC until the
inside temperature reached 80ºC (50 min). Samples were im-
mediately processed for cholesterol and cholesterol oxides
analyses after cooking.

Cholesterol oxides determination. Raw and cooked meat
from the four experiments were analyzed for the following
cholesterol oxides: cholest-5-ene-3β,7α-diol (7α-hydroxy-
cholesterol), cholest-5-ene-3β,7β-diol (7β-hydroxycholes-
terol), 3β-hydroxycholest-5-en-7-one (7-ketocholesterol),
5,6α-epoxy-5α-cholestan-3β-ol (α-epoxycholesterol), 5,6β-
epoxy-5β-cholestan-3β-ol (β-epoxycholesterol), cholest-
5-en-3β,20-diol (20α-hydroxycholesterol), 5α-cholestane-
3β,5,6β-triol (triol), and cholest-5-en-3β,25-diol (25-hydrox-
ycholesterol) using a method developed by García-Regueiro

and Maraschiello (26). 19-Hydroxycholesterol (5-cholestene-
3β-19-diol) (50 µg), used as the internal standard, and butyl-
ated hydroxytoluene (BHT) (0.002%) were added to 20 g of
meat prior to extraction. Lipid extraction was carried out ac-
cording to the procedure of Folch et al. (27). The total extract
(~1 g) was successively passed through silica and Florisil®
columns (Varian Associates, Palo Alto, CA) of 10 g. Thin-
layer chromatography permitted further purification of cho-
lesterol oxides and their separation from cholesterol. The de-
tection, identification, and quantification of oxysterols as
trimethylsilyl ether derivatives were performed by using cap-
illary gas chromatography (cGC) in the solvent-venting mode
with flame ionization detection as described earlier (26). A
fused-silica open tubular capillary column (30 m × 0.25 mm
i.d.) coated with 5% phenylmethylsilicone and with a film
depth of 0.25 µm (J&W Scientific, Folsom, CA) was used.
An initial column temperature of 220°C was programmed at
a rate of 5°C/min to 310ºC, which was held for 25 min (26).
Peaks were identified by using relative retention times
(Table 2). Oxysterols detected by cGC were confirmed by
using cGC–mass spectrometry in the single-ion monitoring
mode (26). Table 2 lists the major abundant ions characteriz-
ing trimethylsilylether-oxysterol derivatives and the charac-
teristic ions chosen for selected ion monitoring.

Check on the production of artifactual cholesterol oxides.
To 20 g of meat sample was added 20 mg of cholesterol,
which was nearly twice the cholesterol content initially pres-
ent. This sample and another of 20 mg of cholesterol alone
were subjected to the entire procedure, with 50 µg of 19-hy-
droxycholesterol being added as internal standard to both
samples prior to extraction. This experiment was to determine
artifactual oxysterol production during sample processing.

Cholesterol determination. Fat (50 mg) extracted from
meat by the procedure of Folch et al. (27) was saponified for
cholesterol determination as described earlier (28). The cGC
procedure was modified; the column is described in the pre-
ceding paragraph. Helium was the carrier gas at a head pres-
sure of 2.0 bar. The initial column temperature of 240ºC was
programmed at a rate of 12.5ºC/min to 310ºC, which was held
for 4 min. Solvent-venting injection was used (28). Choles-
terol was determined in raw and cooked meat with 5α-
cholestane as the internal standard.

Statistics. Within each dietary group and for each experi-
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TABLE 1
Experiment Descriptions

Dietary treatment Experiment I Experiment II Experiment III Experiment IV

Fat Lard Lard Sunflower oil Olive oil

Basal Basal Basal Basal Basal

Basal + α-tocopherol — Basal + 200 mg α-tocopheryl Basal + 200 mg α-tocopheryl Basal + 200 mg α-tocopheryl
acetate/kg of diet acetate/kg of diet acetate/kg of diet

Basal + β-carotene Basal + 15 mg/kg Basal + 50 mg Basal + 15 mg Basal + 15 mg 
β-carotene β-carotene/kg of diet β-carotene/kg of diet β-carotene/kg of diet



ment, each determination was carried out on independent sam-
ples of raw and cooked meat. A least-squares analysis using
the GLM (General Linear Models) from SAS (29) was carried
out including the dietary treatment and the nature of the sam-
ple (raw or cooked) as fixed effects. Correlation analysis were
performed with the CORR procedure from SAS (29).

RESULTS

The thigh samples from the four experiments were analyzed
for B-ring (7α-hydroxycholesterol, 7β-hydroxycholesterol, α-
epoxycholesterol, β-epoxycholesterol, cholestanetriol, 7-keto-

cholesterol) and side-chain cholesterol oxides (20α-hydroxy-
cholesterol, 25-hydroxycholesterol) and cholesterol itself.

Cholesterol oxides in raw broiler meat. Tables 3 to 6 show
the cholesterol oxide content in raw meat for the four experi-
ments and their respective three dietary treatments (basal,
basal plus α-tocopherol, basal plus β-carotene). Cholesterol
oxides resulting from the B-ring oxidation of cholesterol were
the main products, i.e., 7-hydroxyisomers, epoxyisomers and
7-ketocholesterol. Total oxysterol concentrations within the
range of 0.1 µg/g muscle tissue were quantified. Cholesterol
oxides were not detected in all samples, as shown in Table 7.
Low concentrations (<0.1 µg/g) of 20α-hydroxycholesterol
were detected in a limited number of raw-meat samples from
the sunflower oil experiment. Triol and 25-hydroxycholes-
terol were not detected (Tables 3–7). There were no signifi-
cant differences in total oxysterol concentrations in raw meat
between each dietary treatment in spite of an obvious de-
crease shown by the dietary group supplemented with α-to-
copherol within each experiment (Tables 3–6). The groups
fed α-tocopherol also showed a decrease in the frequency of
the oxysterol occurrence (Table 7). When the results obtained
from all the control groups were compared, the muscle from
the experiment with sunflower oil contained significantly
higher amounts of oxysterols than the muscle from experi-
ments with lard and sunflower oil (Table 8). This was also
observed for the groups fed α-tocopherol. The groups supple-
mented with β-carotene had no significant differences be-
tween them (Table 8). In conclusion, total amounts of oxy-
sterols reported were lower than 0.5 µg/g, and the ratio of
total amount of oxysterol to cholesterol ranged from 0.003 to
0.10% (Table 8).

Cholesterol oxides in cooked broiler meat. When cooked
and raw meats were analyzed and compared, a marked in-
crease in the cholesterol oxides content was noted for each
experiment and for each dietary treatment (Tables 3–6). The
production of B-ring cholesterol oxides contributed to the
overall oxysterol increase. This result is reflected in Table 9
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TABLE 2
Relative Retention Timesa Used for Identification of Oxysterols 
by Capillary Gas Chromatography and Major Abundant Ions 
Characterizing Trimethylsilyl Ether Cholesterol Oxides

Oxysterols RRT Mass spectral ionsb (m/z)

7α-Hydroxycholesterol 0.938 546 458 457 456
19-Hydroxycholesterol1 1 366 354 353 352
7β-Hydroxycholesterol 1.026 546 458 457 456
β-Epoxycholesterol 1.044 474 459 445 384
α-Epoxycholesterol 1.058 474 459 384 366
20α-Hydroxycholesterol 1.089 462 461 281 201
Triol 1.130 546 456 404 403
25-Hydroxycholesterol 1.174 546 456 327 131
7-Ketocholesterol 1.181 514 472 367 131
aRelative retention time (RRT) = (retention time of solute)/(retention time of
19-hydroxy cholesterol).
bIons chosen for identity confirmation by mass spectrometry are bold and
underlined.
cCapillary gas chromatographic retention time of 19-hydroxycholesterol was
18.09 ± 0.27 min (mean ± relative standard deviation), calculated from
seven consecutive manual injections. Abbreviations: 7α-Hydroxycholes-
terol, cholest-5-ene-3β,7α-diol; 7β-hydroxycholesterol, cholest-5-ene-
3β,7β-diol; β-epoxycholesterol, 5,6β-epoxy-5β-cholestan-3β-ol; α-epoxy-
cholesterol, 5,6α-epoxy-5α-cholestan-3β-ol; 20α-hydroxycholesterol,
cholest-5-en-3β,20-diol; triol, 5α-cholestane-3β,5,6β-triol; 25-hydroxy-
cholesterol, cholest-5-en-3β,25-diol; 7-ketocholesterol, 3β-hydroxy-
cholest-5-en-7-one.

TABLE 3
Experiment I (lard diet with or without β-carotene): Cholesterol Oxides 
in Raw and Cooked Broiler Meata

Raw meatb Cooked meatb

Basal Basal + β-carotene Basal Basal + β-carotene SE

7α-Hydroxycholesterol <0.01 0.02 0.45 0.45 0.06
7β-Hydroxycholesterol 0.01 0.05 0.76 0.78 0.10
β-Epoxycholesterol n.d. 0.03 0.74 0.62 0.07
α-Epoxycholesterol n.d. n.d. 0.11 0.20 0.04
20α-Hydroxycholesterol n.d. n.d. n.d. n.d. —
Triol n.d. n.d. n.d. 0.05 0.02
25-Hydroxycholesterol n.d. n.d. n.d. n.d. —
7-Ketocholesterol <0.01 0.01 0.54 0.79 0.09
Total oxysterols 0.02a 0.11a 2.58a 2.86a 0.29
aBroiler chickens were fed a diet containing lard. Basal: broilers fed the basal diet only. Basal + β-
carotene: broilers fed the basal diet supplemented with 15 mg β-carotene/kg of diet. For each dietary
treatment n = 6 for raw and cooked meat.
bResults are expressed as least square means (LS means) values in µg/g tissue for oxysterols. SE, stan-
dard error of the LS means; n.d., not detected. For other abbreviations, see Table 2. Superscript roman
letter (a) indicates significant difference (P < 0.05).



which presents the sum of the α- and β-epoxycholesterol, the
sum of the 7α- and 7β-hydroxycholesterol, and the sum of the
three C7-oxysterols for raw and cooked meat. Triol was de-
tected in some cooked samples at mean values lower than 0.1
µg/g (Tables 3, 4, 6, and 7). Some cholesterol oxides were de-
tected in all of the samples analyzed, particularly in the ex-
periment with sunflower oil (Table 7). In some cases, the 20α-
hydroxycholesterol and the 25-hydroxycholesterol were de-
tected but only in a couple of samples from the groups fed the
basal diet and those supplemented with β-carotene (Tables 4,
5, and 7). The experiment with sunflower oil generally
yielded the highest values for total oxysterol content (4.62 for
the basal group and 4.63 µg/g for the β-carotene-supple-
mented group; see Table 5). In the experiments with lard and
sunflower oil, the dietary groups supplemented with α-to-
copherol had significantly less cholesterol oxidation (Tables
4,5). The groups fed the basal diet and the groups supple-
mented with β-carotene did not differ significantly (Tables
3–6). No significant differences were detected between the
dietary treatments with olive oil. In summary, cooked meat
had an increased ratio of oxysterol to cholesterol when com-

pared with raw meat. When the experiments were compared,
the diet supplemented with sunflower oil yielded significantly
higher total amounts of oxysterols than the three other exper-
iments (Table 8). Dietary α-tocopherol reduced the total
oxysterols and the ratio of total oxysterol to cholesterol
(Table 8).

Oxidation ratios. In raw meat, the 7α-isomer was the pre-
dominant alcohol and the β-epoxide was the predominant
epoxide (Tables 3–6). In cooked meat, the β-epoxide and the
7β-hydroxycholesterol were the predominant isomers as
shown in Table 9. 7α-Hydroxycholesterol predominated only
in a few cases (Table 9).

The production of artifactual oxysterols. As described ear-
lier, our procedure permits the detection of oxysterol concen-
trations at the ng/g level (26). No oxysterol peaks were de-
tected at the respective relative retention times when choles-
terol-spiked samples were analyzed by cGC. The absence of
artifactual oxysterols was confirmed by cGC–mass spectrom-
etry in the single-ion monitoring mode, meaning that artifac-
tual oxysterols, if present, could be generated at levels below
the sensitivity range of the procedure and would minimally
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TABLE 4
Experiment II (lard diet with or without antioxidants): Cholesterol Oxides in Raw and Cooked Broiler Meata

Raw meatb Cooked meatb

Basal + Basal + Basal + Basal +
Basal β-carotene α-tocopherol SE Basal β-carotene α-tocopherol SE

7α-Hydroxycholesterol 0.09 0.06 0.12 0.15 0.78 0.43 0.79 0.19
7β-Hydroxycholesterol 0.06 n.d. 0.05 0.11 1.07 0.12 0.46 0.14
β-Epoxycholesterol 0.07 0.09 0.08 0.07 0.62 0.21 0.27 0.09
α-Epoxycholesterol 0.03 0.02 0.02 0.03 0.22 0.06 0.13 0.04
20α-Hydroxycholesterol n.d. n.d. n.d. — 0.05 n.d. 0.03 0.02
Triol n.d. n.d. n.d. — 0.06 n.d. 0.02 0.02
25-Hydroxycholesterol n.d. n.d. n.d. — n.d. n.d. n.d. —
7-Ketocholesterol 0.13 n.d. 0.11 0.11 0.89 0.15 0.59 0.14
Total oxysterols 0.37a 0.17a 0.37a 0.37 3.70a 0.96b 2.52a 0.45
aBroiler chickens were fed a diet containing lard. Basal: broilers only fed the basal diet. Basal + α-tocopherol: broilers fed the basal diet supplemented with
200 mg α-tocopherol/kg of diet. Basal + β-carotene: broilers fed the basal diet supplemented with 50 mg β-carotene/kg of diet. For each dietary treatment 
n = 12 for raw and n = 8 for cooked meat.
bSee footnote b in Table 3 for statistical treatment and abbreviations. Different superscript roman letters (a,b) indicate significant differences (P < 0.05).

TABLE 5
Experiment III (sunflower oil with or without antioxidants): Cholesterol Oxides in Raw and Cooked Broiler Meata

Raw meatb Cooked meatb

Basal + Basal + Basal + Basal +
Basal β-carotene α-tocopherol Basal β-carotene α-tocopherol SE

7α-Hydroxycholesterol 0.21 0.14 0.18 0.87 0.50 1.41 0.18
7β-Hydroxycholesterol 0.11 0.01 n.d. 1.50 0.83 1.08 0.19
β-Epoxycholesterol 0.07 0.01 n.d. 0.84 0.50 0.72 0.11
α-Epoxycholesterol 0.05 0.01 n.d. 0.39 0.21 0.51 0.05
20α-Hydroxycholesterol 0.01 0.01 0.05 n.d. n.d. 0.14 0.04
Triol n.d. n.d. n.d. n.d. n.d. n.d. —
25-Hydroxycholesterol n.d. n.d. n.d. n.d. n.d. n.d. —
7-Ketocholesterol 0.09 0.03 0.05 1.01 0.55 0.89 0.12
Total oxysterols 0.53a 0.22a 0.27a 4.62a 2.58b 4.63a 0.48
aBroiler chickens were fed a diet containing sunflower oil. Basal, Basal + α-tocopherol: see Table 4, footnote a. Basal + β-carotene: broilers were fed the
basal diet supplemented with 15 mg β-carotene/kg of diet. For each dietary treatment n = 8 for raw and cooked meat.
bSee footnote b in Table 3 for statistical treatment and abbreviations. Different superscript roman letters (a,b) indicate significant differences (P < 0.05).



contribute to the overestimation of results. Furthermore, the
amounts of cholesterol oxides obtained in raw meat agreed
with those reported by Zubillaga and Maerker (30). Artifact
production was minimized by taking strict precautions such
as using butylated hydroxytoluene (0.002%) during the ex-
traction procedure, avoiding elevated temperatures (>40ºC)
during sample handling, and storing at low temperatures for
very short periods. The Folch extracts were stored at −40ºC
for less than 48 h. After the solid-phase extraction step, the
purified extract is unstable and more susceptible to oxidation
due to the loss of BHT during the solid-phase extraction. The
purified extract obtained after this extraction was stored
overnight at −40ºC.

Cholesterol in raw and cooked meat. The cholesterol lev-
els in raw and cooked meat are listed in the Table 8. Within
each experiment, cholesterol concentrations in raw meat did
not significantly differ between dietary treatments. On the
other hand, raw meat in the experiments with sunflower and
olive oil gave a significantly reduced cholesterol content
when compared with the experiment using lard (Table 8). Val-
ues ranging from 63.31 to 65.20 mg/100 g of muscle tissue
and from 60.99 to 70.83 mg/100 g of muscle tissue were mea-
sured for the two experiments with lard. Cholesterol values
from 55.00 to 57.48 mg/100 g of muscle tissue and from
49.10 to 51.10 mg/100 g of muscle tissue were measured for
the experiments with sunflower and olive oils, respectively.

TABLE 7
Frequency of Oxysterol Occurrence Within Each Experiment and for Each Dietary Treatmenta

Experiment IIb Experiment IIIb Experiment IVb

Basal + Basal + Basal + Basal + Basal + Basal +
Basal α-tocopherol β-carotene Basal α-tocopherol β-carotene Basal α-tocopherol β-carotene

Raw meat

7α-Hydroxycholesterol 0.50 0.33 0.42 0.63 0.50 0.75 0.25 0.25 0.38
7β-Hydroxycholesterol 0.17 0.00 0.25 0.63 0.13 0.13 0.25 0.00 0.25
β-Epoxycholesterol 0.42 0.42 0.42 0.50 0.13 0.00 0.25 0.13 0.63
α-Epoxycholesterol 0.25 0.17 0.17 0.38 0.13 0.00 0.00 0.00 0.25
20α-Hydroxycholesterol 0.00 0.00 0.00 0.13 0.13 0.25 0.00 0.00 0.00
Triol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25-Hydroxycholesterol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7-Ketocholesterol 0.33 0.00 0.33 0.75 0.25 0.38 0.25 0.00 0.13

Cooked meat

7α-Hydroxycholesterol 0.75 0.75 0.88 1.00 1.00 1.00 0.75 0.50 0.88
7β-Hydroxycholesterol 0.88 0.38 0.75 1.00 1.00 1.00 0.75 0.75 0.75
β-Epoxycholesterol 0.88 0.50 0.75 0.88 0.88 0.88 0.75 0.75 1.00
α-Epoxycholesterol 0.75 0.17 0.38 1.00 1.00 1.00 0.25 0.38 0.50
20α-Hydroxycholesterol 0.17 0.00 0.25 0.00 0.00 0.25 0.00 0.00 0.00
Triol 0.08 0.00 0.13 0.00 0.00 0.00 0.13 0.00 0.00
25-Hydroxycholesterol 0.00 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.00
7-Ketocholesterol 0.88 0.17 0.75 1.00 1.00 1.00 1.00 0.75 1.00
aFrequency was calculated as follows: (number of samples wherein the given oxysterol was detected)/(total number of samples).
bFor experimental parameters and abbreviations, see Tables 2–6.
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TABLE 6
Experiment IV (olive oil with or without antioxidants): Cholesterol Oxides in Raw and Cooked Broiler Meata

Raw meatb Cooked meatb

Basal + Basal + Basal + Basal +
Basal β-carotene α-tocopherol Basal β-carotene α-tocopherol SE

7α-Hydroxycholesterol 0.10 0.04 0.08 0.55 0.14 0.56 0.16
7β-Hydroxycholesterol 0.02 n.d. 0.04 0.35 0.36 0.59 0.14
β-Epoxycholesterol 0.03 0.01 0.15 0.31 0.32 0.61 0.12
α-Epoxycholesterol n.d. n.d. 0.05 0.03 0.07 0.17 0.04
20α-Hydroxycholesterol n.d. n.d. n.d. n.d. n.d. n.d. —
Triol n.d. n.d. n.d. 0.03 n.d. n.d. 0.01
25-Hydroxycholesterol n.d. n.d. n.d. 0.01 n.d. n.d. 0.005
7-Ketocholesterol 0.02 n.d. 0.01 0.54 0.29 0.55 0.14
Total oxysterols 0.12a 0.05a 0.32a 1.82a 1.18a 2.47a 0.50
aBroiler chickens were fed a diet containing olive oil. Basal, Basal + α-tocopherol, Basal + β-carotene: for details of these experiments, see footnote a in
Table 5.
bSee footnote b in Table 3 for statistical treatment and abbreviations. Superscript roman letter (a) indicates significant difference (P < 0.05).



These results showed that dietary unsaturated oils decreased
tissue cholesterol levels. The increase in the cholesterol con-
tent of cooked meat could be explained by the loss of mois-
ture (Table 8, lines 3 and 4; Ref. 18).

DISCUSSION

Oxidation can occur in the A and B cholesterol rings and also
in the cholesterol side chain (8). In this study, B-ring choles-
terol oxides, i.e., the 7α- and 7β-hydroxycholesterol, the 7-
ketocholesterol, and the α- and the β-epoxide, were the main
ones detected in raw and cooked meat. The presence of these
oxysterols in raw meat at low concentrations and low fre-
quency might result from mild lipid oxidation occurring dur-
ing the period between slaughter and the vacuum packaging
of thigh samples. Monahan et al. (22) also observed minimal
cholesterol oxidation in raw pork stored at −20ºC. Lipid oxi-
dation was reported not to be totally inhibited at −20ºC, and
the storage of chicken thigh meat at −20ºC during 150 d min-
imally increased thiobarbituric acid values (22,31). The oxi-
dation process principally affects the polyunsaturated fatty
acids of the muscle membrane phospholipids (32). In raw
meat, initiation can be caused by generation of hydroxyl radi-
cals (·OH) or a myoglobin-derived radical (5,6,33). This lat-
ter compound is the major catalyst of lipid oxidation in raw
chicken meat (31). Autoxidation of oxymyoglobin occurs at
−20ºC (34). The generation of alkoxy and peroxy radicals
from lipid hydroperoxides in the presence of ferrous and fer-
ric ions can lead to the formation of 7α- and 7β-cholesterol
hydroperoxides (35,36). The C7-oxysterols detected in raw
meat could be the result of the thermal decomposition of cho-
lesterol hydroperoxides in the gas chromatograph system
(37). The predominance of 7α-hydroxycholesterol in raw
meat is not consistent with radical-mediated cholesterol oxi-
dation, suggesting another origin. The predominance of 7α-
hydroxycholesterol over its β-isomer was reported earlier
(8,38). Cooking increases lipid oxidation, which leads to the
formation of characteristic flavors (7). This study showed that
cooking increased the concentration of oxysterols by a factor
of 10 compared with raw meat. B-Ring cholesterol oxides
were produced in essentially all the samples (Table 7). An in-
crease in cholesterol oxide production is likely the conse-
quence of accelerated lipid oxidation (23). At high tempera-
tures, the 7α- and the 7β-cholesterol hydroperoxides result-
ing from radical attack on cholesterol decompose into their
respective alcohols and, by dehydration, yield the 7-ketocho-
lesterol. Recently, Nielsen et al. (39) showed that 7-ketocho-
lesterol can also be produced by free radical-induced dehy-
drogenation of the 7-alcohols. The 7α-cholesterol hydroper-
oxide epimerizes to the quasi-equatorial substituent at high
temperatures (40). Epimerization of the 7α-hydroxycholes-
terol to the 7β−derivative is also possible (8). The predomi-
nance of the 7β-isomer observed in the majority of the cases
(Table 9) accounts for radical-mediated cholesterol oxidation
(8). Cholesterol epoxidation was marked by β-stereo-
selectivity (Table 9). The increased epoxidation could be ex-
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plained by exposing cholesterol to increasing amounts of
H2O2 and lipid hydroperoxides, as evidenced by α/β epoxide
ratios ranging from 1:3 to 1:10 and favoring the β-isomer
(Table 9 and Refs. 35,41,42). β-Epoxycholesterol is more la-
bile than its α isomer, and that could account for some re-
duced ratios at high temperature and acidic pH (Table 8)
(42,43). Sevanian and McLeod (35) suggested that the attack
on cholesterol by peroxyl radical, originated from the polyun-
saturated fatty acids of phospholipids, involves preferentially
the β-face (35). Moreover, the cholesterol hydroperoxides are
cholesterol-epoxidizing agents (44). The hydration of both
epoxides gives the triol which was detected in only a few
samples in this study (8).

Diet influences the composition of the muscle membrane
fatty acids (20). Lin et al. (20) reported that neutral lipids are
more affected than polar ones and that the ratio of unsaturated
to saturated membrane fatty acids increased with dietary fat
unsaturation. Cholesterol oxidation increases with the unsat-
uration of liposomal membrane fatty acids (35). Different di-
etary fat unsaturation had no effect on cholesterol oxidative
stability in raw meat (Table 8). On the other hand, in cooked
meat the highest production of oxysterols in the sunflower oil-
based diet is probably caused by an higher proportion of
polyunsaturated fatty acids in the muscle membrane. The
lower unsaturation of lard and olive oil could account for less
cholesterol oxidation observed in meat from those groups
(Table 8). Lin et al. (20) reported that meat from broiler
chickens fed olive oil had a better oxidative stability during
refrigerated and frozen storage. This was related to the accu-
mulation in muscle tissue of oleic acid, which is less suscep-
tible to oxidation.

Although differences in the effects of natural antioxidants
were not significant in raw meat, the groups supplemented
with α-tocopherol showed reduced amounts of cholesterol
oxides in cooked meat, suggesting a protective effect (Table
8 and Refs. 20,21). Supplemental α-tocopherol increased the
lipid oxidative stability and, as a consequence, reduced the
production of oxysterols during cooking. In the sunflower oil-

based diet, in spite of the beneficial action of the α-tocoph-
erol, the production of cholesterol oxides remained high dur-
ing cooking and was comparable to the levels detected for the
control groups on the lard- and olive oil-based diets (Table 8).
The high unsaturation level of the sunflower oil diet reduced
the antioxidative action of the α-tocopherol administered at
200 mg/kg of diet. Besides a low extent of unsaturation, olive
oil also contains polyphenols that are potent antioxidants
(45). The possible presence of these molecules in muscle tis-
sues could have contributed to the better cholesterol oxida-
tive stability observed for the three dietary groups fed the
olive oil (Tables 6 and 8). 

In raw meat, the groups supplemented with β-carotene
showed similar and sometimes higher oxysterols values when
compared with their respective control group, indicating no
protective action against cholesterol oxidation or possibly a
prooxidant effect (Tables 3–6). Increasing the levels of sup-
plemental β-carotene also did not influence the total oxysterol
levels in cooked meat (Table 8). King et al. (24) also observed
the lack of effect of supplemental β-carotene and found that
it was not as well absorbed as α-tocopherol and acted as a
prooxidant at 25 mg/kg of diet, as indicated by thiobarbituric
acid-reactive substance values in nonheated meat, but not in
heated meat. No studies on the effects of dietary β-carotene
on cholesterol oxidation have been reported in the literature.
Another finding from this study is that the unsaturation grade
of the diet significantly decreases the cholesterol levels in the
muscle tissues, the lowest levels being achieved with the olive
oil-based diet (Table 8). The administration of α-tocopherol
and β-carotene did not influence the cholesterol levels within
each dietary group.

In conclusion, the present study demonstrated that cook-
ing increased the content of B-ring oxysterols in broiler meat
to concentrations as high as 5 µg/g. Cholesterol oxidation was
greatly influenced by dietary fat unsaturation. A decrease in
the cholesterol content of muscle tissue was also observed
when the broilers were fed diets containing unsaturated fats.
The dietary administration of α-tocopherol at 200 mg/kg of
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TABLE 9
Ratios and Sums of Cholesterol Oxides (epoxides and C7-oxysterols)a

Experiment Ib Experiment IIb Experiment IIIb Experiment IVb

Basal + Basal + Basal + Basal + Basal + Basal + Basal +
Basal β-carotene Basal α-tocopherol β-carotene Basal α-tocopherol β-carotene Basal α-tocopherol β-carotene

Sums
Epoxides (raw meat) — 0.03 0.10 0.11 0.10 0.12 0.02 0.05 0.03 0.01 0.15
Epoxides (cooked meat) 0.85 0.82 0.84 0.27 0.40 1.23 0.71 1.23 0.34 0.39 0.78
7 Hydroxy + keto 

(raw meat) 0.02 0.08 0.15 0.06 0.17 0.32 0.15 0.18 0.12 0.04 0.12
7 Hydroxy + keto 

(cooked meat) 1.75 2.02 2.74 0.70 1.84 3.38 1.88 3.38 1.44 0.79 1.70
Ratios

β/α-Epoxides 
(cooked meat) 6.7 3.1 2.8 3.5 2.1 2.1 2.4 1.4 10.3 4.6 3.6

7β/7α (cooked meat) 1.7 1.7 1.4 0.3 0.6 1.7 1.7 0.8 0.6 2.6 1.1
a7 Hydroxy: 7-hydroxyisomers; keto, 7-ketocholesterol; 7α, 7α-hydroxycholesterol; 7β, 7β-hydroxycholesterol. Results expressed in µg/g muscle tissue.
bFor experimental parameters and abbreviations, see Tables 2–6.



diet increased the cholesterol oxidative stability, whereas β-
carotene at 15 and 50 mg/kg of diet did not manifest any pro-
tective effect. Oxysterols have been shown to be absorbed
from the diet and accumulate in LDL and could contribute to
the atherogenic properties of oxidized LDL (9–11,46). In the
United States, studies have estimated a mean intake of 20 g
of poultry meat per day and a consumption of 216 g of cooked
red meat per day for heavy meat consumers (47,48). The pre-
sent work shows that a meat less likely to generate oxysterols
during cooking was obtained by the combined use of dietary
olive oil and α-tocopherol in poultry feed. Decreased dietary
ingestion of oxysterols may reduce their accumulation in
human LDL and limit their possible pathological action on
the arterial wall (49).
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ABSTRACT: The antioxidant effects of α- and γ-tocopherols
were evaluated in a model system based on the autooxidation of
purified sunflower oil (p-SFO) triacylglycerols at 55°C for 7 d.
Both tocopherols were found to cause more than 90% reduction
in peroxide value when present at concentrations >20 ppm.
α-Tocopherol was a better antioxidant than γ-tocopherol at con-
centrations ≤40 ppm but a worse antioxidant at concentrations
>200 ppm. Neither α- nor γ-tocopherol showed a prooxidant ef-
fect at concentrations as high as 2000 ppm. The amount of to-
copherols consumed during the course of oxidation was posi-
tively correlated to the initial concentration of tocopherols, and
the correlation was stronger for α- than for γ-tocopherol. This
correlation suggested that, besides reactions with peroxyl radi-
cals, destruction of tocopherols may be attributed to unknown
side reactions. Addition of FeSO4, as a prooxidant, caused a 12%
increase in the peroxide value of p-SFO in the absence of to-
copherols. When tocopherols were added together with FeSO4,
some increase in peroxide value was observed for samples con-
taining 200, 600 or 1000 ppm of α- but not γ-tocopherol. The
addition of FeSO4, however, caused an increase in the amount
of α- and γ-tocopherols destroyed and led to stronger positive
correlations between the amount of tocopherols destroyed dur-
ing oxidation and initial concentration of tocopherols. No syner-
gistic or antagonistic interaction was observed when α- and 
γ-tocopherols were added together to autooxidizing p-SFO.
Lipids 33, 715–722 (1998).

Lipid oxidation is one of the most detrimental quality param-
eters for lipids rich in polyunsaturated fatty acids (PUFA).
Vegetable oils have different susceptibilities to oxidative
degradation due to differences in fatty acid composition and
in their contents of known and unknown antioxidant/prooxi-
dant components. α- and γ-Tocopherols are the major natural
antioxidants in most vegetable oils acting, via numerous bio-
chemical and biophysical mechanisms, as efficient scav-

engers of active oxygen species and free radicals (1). Al-
though it is well accepted that tocopherols act as antioxidants
mainly by inhibiting free radical propagation via donation of
phenolic hydrogens to peroxyl radicals, the absolute and rela-
tive antioxidant potency of the different tocopherols varies
depending on temperature, composition of lipids, concentra-
tion of tocols used, and experimental setup (1–3).

The chemical structures of α-tocopherol (5,7,8-trimethyl
tocol) and γ-tocopherol (7,8-dimethyl tocol) support a hydro-
gen-donating power in the order α > γ (1,4), but a reversed
order (γ > α) of antioxidant activity was obtained when the
two tocopherols were compared in various lipid systems
(2,5–11). The relatively low potency of α-tocopherol, com-
pared to γ-tocopherol, was attributed to possible participation
of its tocopheroxyl radical in a number of propagative reac-
tions (reviewed in Ref. 1). We tested the effects of α- and γ-
tocopherols (at concentrations of 0–2000 ppm) on the devel-
opment of peroxides in purified sunflower oil (SFO) and rape-
seed oil (RSO) (containing no tocopherols, no iron or copper,
and no pigments) after incubation at 55°C for 1–7 d, but nei-
ther tocopherol showed any prooxidant effect even at the very
high concentrations used (12). These experiments suggested
that α-tocopherol is not a prooxidant per se but may act as a
prooxidant synergist (or co-prooxidant) when present at high
concentrations together with known prooxidants such as tran-
sition metal ions, lipid peroxides, or other oxidizing agents.

In this paper, we report results from an investigation on the
antioxidant activities of α- and γ-tocopherols against peroxi-
dation of purified sunflower oil (p-SFO) triacylglycerols.
p-SFO, free from anti- and prooxidant species that would in-
fluence the results of tocopherol action, was used because it
is a rich source of the highly oxidizing linoleic (cis-9, cis-12-
octadecadienoic) acid and was prepared by alumina column
chromatography of commercial SFO. The effects of 1–2000
ppm of α- and γ-tocopherols on the stability of p-SFO were
investigated using peroxide value (PV) measurements. Se-
lected α- and γ-tocopherol concentrations (200, 600, and
1000 ppm) were used to study the effects of inclusion of fer-
rous sulfate on the antioxidant performance of the two tocols.
Differences in antioxidant potency between individually
added α- and γ-tocopherols and their mixtures were also
investigated.
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MATERIALS AND METHODS

Materials and reagents. A commercial sample of SFO was
used for the study of effects of tocopherols. A sample of high-
oleic sunflower oil (HOSO), obtained as a gift from Dr. Maha
Misbah (Unilever Research, Vlaardingen, The Netherlands),
and a commercial sample of RSO were used, together with
SFO, for an intercomparison study on the effects of oil purifi-
cation on its stability. The fatty acid composition, calculated
iodine values, and α- and γ-tocopherol levels of these oils are
described in Table 1. Alumina used for column chromatogra-
phy (neutral Al2O3, 70–120 mesh, Art. 1077) and tocopherol
standards (isomer kit, Art. 15496) were purchased from
Merck (Darmstadt, Germany). According to the manufac-
turer, the tocopherols were from the d-form (RRR) and were
95% pure [by high-performance liquid chromatography
(HPLC)]. Sea sand and ferrous sulfate heptahydrate
(FeSO4·7H2O) were from Sigma Chemical Co. (St. Louis,
MO). All other solvents and chemicals, of reagent grade or
better quality, were obtained from local suppliers and were
used without further purification.

Oil purification. SFO, HOSO, and RSO were purified from
antioxidants and from trace metals and other prooxidants via
adsorption chromatography to yield p-SFO, purified HOSO
(p-HOSO), and purified RSO (p-RSO) triacylglycerol frac-
tions. A glass column (40 × 2.5 cm i.d.), plugged with glass
wool, was packed with 250 g of alumina (activated at 100°C
for 8 h and then at 200°C for 12 h) suspended in n-hexane,
capped with sea sand, and conditioned by prewashing with

200 mL of n-hexane. The oil (100 mL) was dissolved in an
equal volume of hexane and passed through the column,
which was then washed with 200 mL of n-hexane. The chro-
matographic column was wrapped with aluminium foil to pre-
vent light-induced oxidations during the purification process,
and triacylglycerols were collected in an aluminum foil-
wrapped flask. Analysis of the purified oils by thin-layer chro-
matography (Merck precoated silica gel 60 thin-layer chro-
matographic plates, 0.25 mm layer thickness and chloro-
form/diethyl ether; 90:10, vol/vol) showed that they are
composed mainly of triacylglycerols together with minor
amounts of sterol esters (results not shown). The purified oils
were found to contain undetectable amounts of tocopherols
(HPLC, <0.5 ppm), peroxides (FeSCN colorimetric, <0.6
mequiv O2/kg oil) and iron and copper (atomic absorption
spectroscopy, <0.01 and <0.001 ppm, respectively). The
method is especially easy and fast (1 h) and gives a good re-
covery (ca. 80%) of triacylglycerols that are practically free
of all minor components except for sterol esters. 

Autooxidation experiments and stability measurements.
Different oxidation experiments were performed. First the
stabilities of samples of SFO, HOSO, RSO and their purified
triacylglycerol fractions (p-SFO, p-HOSO and p-RSO, re-
spectively) were compared. Thereafter, p-SFO was chosen for
the following experiments: (i) studies of antioxidant effects
of α- and γ-tocopherols at 1, 2, 4, 7, 20, 40, 70, 100, 200, 400,
700, 1000, 1500, and 2000 ppm levels, (ii) the effects of in-
clusion of 50 ppm of ferrous ion on the antioxidant perfor-
mance of α- and γ-tocopherols used at 200, 600, and 1000
ppm levels, and (iii) the differences in the antioxidant effect
between individual tocopherols and of mixtures thereof. Fer-
rous sulfate was added to the purified oils as solution in
ethanol, and ethanol was later removed by evaporation under
vacuum. Tocopherols were added to the oil-containing vials
(vide infra) as solutions in hexane, and hexane was evapo-
rated under a stream of nitrogen.

Portions of oil samples (ca. 1 g) were oxidized in 6-mL
borosilicate glass vials (40 × 22 mm; Chromacol Ltd., Lon-
don, United Kingdom) at 55°C in a thermostated oven in the
dark. Vials were taken from the oven and cooled in a dessica-
tor before samples were taken for analysis. Experiments were
performed twice, and each sample was incubated and ana-
lyzed in duplicate. The stability of the oxidized samples was
evaluated by measuring PV by a modified ferric thiocyanate
method (14). The protection factor (PF) was calculated for
different α- and γ-tocopherol concentrations as follows:

PF = (PVcontrol − PVsample)/PVcontrol [1]

Analysis of residual tocopherols. The amount of residual
α- and γ-tocopherols in thermooxidized oils was quantified
by HPLC analysis on a Hibar pre-packed LiChrosorb NH2
column (25 cm × 4 mm i.d., particle size 5 mm; Merck). The
mobile phase was n-heptane/methyl tert-butyl ether/tetrahy-
drofuran/methanol (79:20:1:0.1, by vol) at a flow rate of 1.0
mL/min. The system consisted of an HPLC pump (Pharmacia
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TABLE 1
Fatty Acid Composition, Calculated Iodine Values, and Tocopherol
Levels of the Oils Used in This Study

Sunflower Rapeseed High-oleic
oil oil sunflower oil

(SFO) (RSO) (HOSO)

Fatty acids (relative wt%)a

Palmitic (16:0) 6.4 5.2 4.0
Stearic (18:0) 4.1 2.0 2.3
Oleic (18:1) 25.2 60.8 81.5
Linoleic (18:2) 62.7 22.4 10.1
Linolenic (18:3) 0.1 6.9 0.1
Othersb 1.5 2.7 2.0

Calculated iodine valuec 130.5 109.1 87.8

Tocopherol levels (ppm)d

α-Tocopherol 526 224 445
γ-Tocopherol 7 341 20

aFatty acids were analyzed as methyl ester derivatives by gas chromatogra-
phy: column, NB-351 (25 m × 0.32 mm i.d., 0.2 mm film, Nordion Ltd.,
Helsinki, Finland), column temperature: 160°C (2 min), 4°C/min, 240°C (5
min); injector temperature: 240°C; and flame ionization detector tempera-
ture: 260°C.
bOther minor fatty acids include: 14:0, 16:1, 20:0, 20:1, 22:0, 22:1, 24:0,
and 24:1.
cIodine values were calculated according to the following AOCS (13) for-
mula: iodine value = % 18:1 × 0.860 + % 18:2 × 1.732 + % 18:3 × 2.616.
dTocopherols were analyzed by high-performance liquid chromatography as
explained in the Materials and Methods section.



LKB Biotechnology, Uppsala, Sweden), a 10-µL injection
loop, and a Merck F-1050 fluorescence spectrophotometer.
The peaks were detected at an excitation wavelength of 295
nm and an emission wavelength of 320 nm. Peaks were
recorded and integrated using the JCL 6000 chromatography
data system (Jones Chromatography, Mid-Glamorgan, United
Kingdom) and the amounts of α- and γ-tocopherols were
quantified against references used as external standards.

Analysis of the polymerized materials. To study the effects
of α- and γ-tocopherols on polymerization of the oils after
removal from the oven, the vials were allowed to stay in a
dark cupboard for 4 wk. Then dimers and polymers were an-
alyzed by high-performance size exclusion chromatography
(HPSEC) essentially as described by Hopia et al. (15). Specif-
ically, portions of the oxidized oils were dissolved in tetrahy-
drofuran to a concentration of ca. 20 mg/mL and analyzed in
an HPSEC system consisting of an HPLC pump (Pharmacia
LKB Biotechnology), a Rheodyne injector fitted with a 20-
µL sample loop (Cotati, CA), and a Waters refractive index
detector (Waters Associates, Milford, MA) thermostated to
35°C. The separation was performed on two (100- and 50-Å)
columns (PLGEL 30 × 0.8 cm i.d.; Polymers Laboratories
Inc., Amherst, MA) connected in series. The mobile phase
was HPLC-grade tetrahydrofuran (Merck) stabilized with
0.025% butylated hydroxytoluene (BHT) and was used at a
flow rate of 0.8 mL/min. Peaks were recorded and integrated
using the JCL 6000 chromatography data system, and quanti-
tation of each lipid class was based on peak areas assuming
equal detector response.

Statistical analysis. Differences between different treat-
ments were evaluated statistically by an analysis of variance
procedure, the general linear model supported by the statisti-
cal analysis system (16). Statements in the text referred to as
significant apply to a 5% significance level.

RESULTS AND DISCUSSION

The model system. To understand certain mechanistic parts of
the lipid oxidation process, one should use simple predictive
model systems. Under specified conditions, these models
should be able to provide the user with a reasonable predic-
tion of a specific problem. Important factors to be considered
and perhaps controlled include: (i) relative levels and chemi-
cal nature of substrates, anti- and prooxidants, synergists and
physicochemical modifiers (17), (ii) temperature, which acts
directly by affecting rates of different reactions or indirectly
by affecting relative solubility of various reactants, and
(iii) oxygen tension as determined by surface-to-volume ratio
and by solubility, which is influenced by temperature and vis-
cosity of the reaction mixture.

Purified triacylglycerols are the most valid models to study
oxidation of vegetable oils (18). Purified triacylglycerol frac-
tions must be prepared from vegetable oils to provide the nat-
ural complexity of fatty acid distribution and to the eliminate
anti- and prooxidant species normally present in the oils.
Apart from having a similar fatty acid composition, purified

triacylglycerols also exhibit a viscosity approximately similar
to that of their oils of origin. The other important factors to
be considered in autooxidation models are the reaction tem-
perature and the dimensions of the reaction vessel. A temper-
ature of 55°C was used to minimize thermal decomposition
of hydroperoxides (19). The borosilicate glass vials used as
reaction vessels enabled fair oxidation of control oils and
were easy to use owing to their small size and their dispos-
able nature.

Before the start of the actual experiments, the oxidative
stabilities of p-SFO, p-RSO and p-HOSO triacylglycerols
were compared to those of their unpurified precursors. Re-
sults on PV measurements after incubation of the six oils at
55°C for 7 d (Fig. 1) indicated that both the fatty acid compo-
sition (Table 1) and the nonglyceride components are impor-
tant for oil stability. The importance of the degree of fatty acid
unsaturation in the stability of these oils is obvious when
comparing p-SFO, p-RSO, and p-HOSO triacylglycerols. The
great difference in stability between the nonpurified oils and
their purified fractions emphasizes the importance of nontri-
acylglycerol constituents as natural oxidation inhibitors in
vegetable oils. Tocopherols are generally accepted as the
major natural antioxidants in plant oils although other pheno-
lic compounds, which may be more potent as antioxidants,
are present in some oils, e.g., olive (20) and sesame (21).

p-SFO was chosen as a model substrate for this study for
two main reasons: (i) SFO is one of the important sources of
dietary linoleic acid, and results to be gained on its stabiliza-
tion may find some nutritional applications; and (ii) owing to
its higher iodine value (Table 1), p-SFO is much more suscep-
tible to oxidation than p-RSO and p-HOSO (Fig. 1) and may
therefore serve as a potential illustrative substrate for studies
on structure–activity relationships among tocopherols.

Effects of α- and γ-tocopherols on peroxidation of p-SFO.
Figure 2 shows a plot of the PF against the concentration
(1–2000 ppm) of α- and γ-tocopherols in p-SFO. Results in-
dicate that both α- and γ-tocopherols acted as very efficient
antioxidants and almost completely inhibited the peroxida-
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FIG. 1. The oxidative stability of purified (p-SFO, p-RSO, and p-HOSO)
and nonpurified (SFO, RSO, and HOSO) sunflower, rapeseed and high-
oleic sunflower oils, respectively. (For details on purification, see the
Materials and Methods section.)
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tion of p-SFO during the 7 d of oxidation when present at con-
centrations above 20 ppm (PF ≈ 1.00). These results are in ac-
cordance with previous findings that concentrations as low as
11 ppm of γ-tocopherol in p-RSO were enough to cause a
marked inhibition of peroxide and secondary product forma-
tion (18). Further details on the differences between α- and γ-
tocopherols can be summerized as follows: (i) α-tocopherol
was significantly more effective than γ-tocopherol at low con-
centrations (1–20 ppm), (ii) both tocopherols were equally ef-
fective within the concentration range 40–200 ppm, and
(iii) γ-tocopherol was sightly more effective than α-tocoph-
erol at concentrations greater than 200 ppm and the difference
became significant at concentrations higher than 1000 ppm. 

The most interesting finding from this experiment is, how-
ever, the absence of any prooxidant effect for either α- or γ-
tocopherols even at the very high concentrations used. Sev-
eral investigators demonstrated that tocopherols (particularly
α-tocopherol) act as prooxidants when present in high con-
centrations in autooxidizing lipids (e.g., 9, 22–24). Huang
et al. (22), using stripped corn oil as substrate, and Terao and
Matsushita (23), using methyl linoleate as substrate, de-
scribed the prooxidant effect they observed for high concen-
trations of α-tocopherol as an “initial” prooxidant effect that
was not observed at later stages of oxidation. To check if a
prooxidant effect becomes evident after a longer period of ox-
idation, samples containing 500, 1000, and 2000 ppm tocoph-
erols were stored in a dark cupboard for 4 wk after the 7 d of
incubation in the oven. Analysis of dimers and polymers by
HPSEC showed no signs of polymerization in samples con-
taining either α- or γ-tocopherols, although the controls con-
tained ca. 55% total dimers and polymers (Fig. 3). In conclu-
sion, both α- and γ-tocopherols were very efficient inhibitors
of PUFA peroxidation in the dark at 55°C for 7 d and after-
ward at room temperature for 4 wk, even when present at very

high concentrations. That this conclusion is in contradiction
with previous reports (9,22–24) may be attributed to differ-
ences in experimental conditions, interpretation of results,
and possibly the absence of a standardized definition of a
prooxidant. 

Antioxidant effects of α- and γ-tocopherols in absence and
presence of ferrous ions. The role of transition metal ions
(such as as iron, copper, cobalt, nickel, manganese, etc.) in cat-
alyzing peroxidation reactions in fats and oils is well docu-
mented (25–27) despite lack of precise knowledge of the
mechanism(s) involved. In this experiment, PV of p-SFO con-
trols containing 50 ppm of ferrous were ca. 12% higher than
those of controls without this salt (PV ≈ 1200 mequiv/kg oil).

Figure 4A shows the PV of samples of p-SFO containing
200, 600, and 1000 ppm of α- and γ-tocopherols upon oxida-
tion for 7 d in the presence or absence of 50 ppm of ferrous
ions. γ-Tocopherol was slightly less effective as an antioxi-
dant than α-tocopherol at 200 ppm but was significantly more
effective at higher concentrations, in agreement with results
from the previous experiment (Fig. 2). In addition, PV for
samples containing α-tocopherol were significantly higher, in
the order 200 < 600 < 1000 ppm, whereas differences in PV
between samples containing 200, 600, or 1000 ppm of γ-to-
copherol were minor. The presence of iron caused a signifi-
cant enhancement of the perooxidation of p-SFO containing
600 or 1000 ppm of α-tocopherol and a very minor increase
in the PV of p-SFO containing γ-tocopherol. The presence of
ferrous sulfate significantly enhanced the rates of losses of
both tocopherols (Fig. 4B), and the losses were much greater
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FIG. 2. Effects of adding α- and γ-tocopherols on the stability of p-SFO.
Oil samples containing 1–2000 ppm of α- or γ-tocopherol were incu-
bated in the dark at 55°C for 7 d. Peroxide values were measured, and
a protection factor was calculated as explained in the Materials and
Methods section. α-Tocopherol is significantly more effective than γ-to-
copherol in the concentration range 1–20 ppm, and γ-tocopherol is sig-
nificantly more effective than α-tocopherol in the concentration range
1000-–2000 ppm (P < 0.05). For abbreviation see Figure 1.

FIG. 3. Typical parts of high-performance size exclusion chromatograms
showing formation of polymers, dimers, and oligomers in (A) control
samples of p-SFO and (B) samples of p-SFO containing 500, 1000, or
2000 ppm of either α- or γ-tocopherols, upon incubation at 55°C for 7
d and then at room temperature for 4 wk. For abbreviation see Figure 1.



for α- than for γ-tocopherol. Data presented in Figure 5
clearly demonstrate that the amounts of tocopherols con-
sumed have high positive correlations with the initial concen-
trations of tocopherols added. The correlations for both α-
and γ-tocopherols were much higher in the presence of fer-
rous (y = 29.86 + 0.470 x, R2 = 0.981; and y = 2.22 + 0.326 x,
R2 = 0.998 for α- and γ-tocopherols, respectively) than in its
absence (y = 11.61 + 0.211 x, R2 = 0.981; and y = 6.85 +
0.157 x, R2 = 0.991 for α- and γ-tocopherols, respectively).
Despite these iron-induced differences in peroxide formation
and tocopherol consumption, both α- and γ-tocopherols were
still very efficient antioxidants even when present at 1000
ppm in the presence of 50 ppm of ferrous ions.

The difference in antioxidant activity between α- and γ-to-
copherols can be explained by considering the theory of “An-
tioxidant Strength and Efficiency” as explained and used by
Marinova and Yanishlieva (28). The finding that α-tocoph-
erol was consumed more quickly than γ-tocopherol (Fig. 4B)
is in agreement with difference in redox potentials (+0.273,
and +0.348 V, respectively, Ref. 29) which implies that α-to-
copherol is a stronger hydrogen-donor and is more vulnera-
ble to oxidation than γ-tocopherol. Hence, α-tocopherol can
participate easily in side reactions (reactions other than those
with peroxyl radicals) which might have negative effects on
the lipid peroxidation rate at certain time points. Participation
of α-tocopherol in side reactions makes it a less efficient an-
tioxidant than its γ-homolog. The high positive correlations
between the initial amount of tocopherols in the oxidized oils
and the rates of tocopherol consumption (Fig. 5) support the
assumption that tocopherols are consumed not only in antiox-
idation reactions but also in first-order side reactions, the rates
of which are much greater for α- than for γ-tocopherols. Data
showing a decrease in the effectiveness of α-tocopherol with
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FIG. 4. Effects of concentration of added α- or γ-tocopherols (200, 600,
or 1000 ppm) on (A) the peroxidation of p-SFO and (B) the consump-
tion of tocopherols in the absence (solid bar) and presence (hatched
bar) of of 50 ppm of ferrous ions as FeSO4·7H2O. Bars marked by dif-
ferent letters (a–g) are significantly different (P < 0.05).

FIG. 5. Correlation between the concentration of added α- or γ-tocopherols (200, 600, or 1000
ppm) and the amount of tocopherols consumed in the absence and presence of ferrous sulfate
heptahydrate.
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increasing concentrations due to side reactions were also ob-
tained and discussed by Yanishlieva and Marinova (30).

An evaluation of the importance of side reactions for α-
and γ-tocopherol antioxidant activity can be achieved by con-
sidering the lipid oxidation reactions in samples containing
or lacking these antioxidants (see Scheme 1, a theoretical rep-
resentation of major oxidation pathways in systems composed
of PUFA and tocopherols). When high tocopherol concentra-
tions are still available, reactions given by Equations 2 and 9
will dominate over those given by Equations 3 and 5, result-
ing in inhibition of PUFA oxidation. The slight decrease in
antioxidant efficiency observed for high α-tocopherol con-
centrations (1000–2000 ppm) is not yet explainable. It was
suggested (see literature review in Ref. 1) that this effect is
due to reactions 7 and 8 of tocopheroxyl radicals (TO·) with
unperoxidized lipids and their hydroperoxides, respectively.
Studies on the kinetics of the abstraction of hydrogen by the
TO· from fatty acids or from lipid hydroperoxides showed
that these reactions have significantly very low rates (in the
order of some 10−1 M−1s−1) compared to reaction of α-to-
copherol with peroxyl radicals (in the order of some 105–106

M−1s−1) and TO· coupling reactions (Eq. 13 of Scheme 1) (see
literature review in Ref. 1). The availability of residual to-
copherols at these points of oxidation provides further evi-
dence that the previously mentioned mechanism cannot ex-
plain the decrease in antioxidant activity at high concentra-
tions of α-tocopherol. This interpretation implies that a net
prooxidant effect on the oxidation of PUFA will not be ob-
served until all the tocopherol is consumed (Eqs. 8 and 10 of
Scheme 1). The high positive correlation between tocopherol
consumption and initial tocopherol concentration (Fig. 5)

may be attributed to self-oxidation and formation of some
prooxidant species by reaction with oxygen (10). It has been
reported by Doba et al. (31) that oxygen reacts very slowly
with TO·, and they suggested that oxygen has no effect of α-
TO· decay. However, the relevance of the reaction of α-TO·
radical with oxygen in our model cannot be evaluated and re-
quires further investigations. 

The relative importance of different tocopherol-consum-
ing reactions seem to be affected markedly by their structure
and concentration, degree of fatty acid unsaturation, avail-
ability of oxygen and its diffusion kinetics, temperature and
presence of other antioxidants or prooxidants (e.g., metal
salts). Although the presence of FeSO4 did not cause the to-
copherols to show any prooxidant effect in our model system,
its inclusion enhanced the rate of peroxidation in samples
containing higher concentrations of α-tocopherol and led to a
very rapid consumption of both α- and γ-tocopherols. Many
reviews (32–36) were published on the prooxidant effects of
iron and other transition metal traces on PUFA peroxidation,
but interactions between metals and tocopherols are not yet
precisely understood. According to these reviews, low-va-
lency-state metals are more effective prooxidants owing to ei-
ther or both of following mechanisms: (i) they can generate,
via formation of metal-oxygen transition complexes, active
oxygen species (e.g., O2·− and HO2·):

O2 + Mn+ → [M(n+1)+ ----O2) → O2·− + M(n+1)+ [15]

(ii) they can generate radicals via degradation of hydroperox-
ides by Fenton and Fenton-like reactions:

AOOH + Mn+ → AO· + OH− + M(n+1)+ [16]

LOOH + Mn+ → LO· + OH− + M(n+1)+ [17]

It was previously suggested that free radical species gener-
ated by these reactions can destroy the tocopherols:

Mn+1 + O2·− + TOH → TO· + HO2· + Mn+ [18]

Moreover, tocopherols and TO· are able to reduce metal ions
to lower state valences which will recycle reactions 15–17
(37–39):

TOH + M(n+1)+ → TO· + H+ + Mnn+ [19]

TO· + M(n+1)+ → TO+ + Mnn+ [20]

Reactions 19 and 20 may be responsible, at least in part, for
the enhanced tocopherol destruction observed in this study. A
comparison of the prooxidant effects of FeSO4 and hemoglo-
bin showed that organic forms of iron may be more active than
inorganic forms as prooxidants (40). The prooxidant effects of
trace metal ions are determined by their electronic configura-
tion, valency state, and type of associated ligands (27). Thus,
the form in which trace metal ions occur in vegetable oils and
the mechanism by which they propagate oils’ oxidation in the
presence and absence of tocopherols and other minor con-
stituents are important areas for further research.

Mixed vs. individual addition of α- and γ-tocopherols. Be-
cause vegetable oils contain a mixture of natural α- and γ-to-
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Initiation TOH + initiator → TO· [2]
LH + initiator → L· [3]

Propagation L· + O2 → LOO· [4]
LOO· + LH → LOOH + L· [5]

TO· + O2 → unknown products [6]
TO· + LH → TOH + L· [7]

TO· + LOOH → TOH + L· [8]

Antioxidation LOO· + TOH → LOOH + TO· [9]
LOO· + TO· → TO.OOL [10]

Chain branching LOOH → LO· + ·OH [11]
2 LOOH → LOO· + H2O + LO· [12]

Termination TO· + TO· → TO.TO [13]
LO2· + L· → LOOL [14]

Abbreviations: TOH = tocopherol molecule, TO· = tocopheroxyl radi-
cal, LH = unsaturated fatty acid, L· = fatty acid alkyl radical, LOO· =
fatty acid peroxyl radical, LOOH = fatty acid hydroperoxide, TO.OOL
= tocopheroxy-fatty acid peroxyl adduct, LO· = fatty acid alkoxyl radi-
cal,  OH·= hydroxyl radical, TO.TO  = tocopherol dimer, LOOL = di-
fatty acid peroxide.

SCHEME 1



copherols, one of the aims of this study was to investigate
whether α- and γ-tocopherols will synergize or antagonize
each other’s effect when present in mixtures. The effects of
mixing α- and γ-tocopherols on the stability of p-SFO were
tested in a Latin-square design using combinations of 100,
300, and 500 ppm levels of each tocopherol (Table 2). Similar
to the results obtained in the previous experiments, addition of
α- and γ-tocopherols in mixtures to p-SFO triacylglycerols
significantly inhibited their rate of peroxidation (PV =
16.4–57.4 mequiv O2/kg oil, Table 2) compared to the controls
(PV = 1004 mequiv O2/kg oil). Figure 6A compares the pro-
tective effects of mixtures containing 100, 300, or 500 ppm
concentrations of each tocol with those containing 200, 600,
or 1000 ppm levels of either tocol alone. The mixture contain-
ing 100 ppm of α-tocopherol together with 100 ppm of γ-to-
copherol was also more effective than 200 ppm of either α- or
γ-tocopherol alone. The stability of mixtures containing 300
or 500 ppm of each tocol was intermediate between those con-
taining γ-tocopherol alone or α-tocopherol alone at 600 or
1000 ppm levels, respectively. These results (Fig. 6A) also
show that the mixture containing 100 ppm of α-tocopherol and
100 ppm of γ-tocopherol had the highest antioxidant activity
among all other mixtures, and that higher concentrations of
the mixed tocopherols are less effective in inhibiting peroxide
formation than mixtures containing lower concentrations of
mixed tocopherols. This finding suggests possible synergism
between α- and γ-tocopherols when they are present at rela-
tively low concentrations. Buttner (41) showed quite elegantly
that antioxidants with large differences in redox potentials
(e.g., α-tocopherol and ascorbate) show a pecking order, or hi-
erarchy, for free radical reactions. Omura (42) showed that the
BHT and butylated hydroxyanisole pair act synergistically be-
cause BHT can regenerate butylated hydroxyanisole from its
radicals. Determination of residual tocopherols (Fig. 6B)
showed that, although α-tocopherol was consumed more
quickly than γ-tocopherol, γ-tocopherol co-oxidized with its
α-homolog and that complete consumption of α-tocopherol
was not a prerequiste for the oxidation of γ-tocopherol. Per-
centage losses of α-tocopherol were slightly higher in mix-
tures than in samples containing this tocol alone, and an oppo-
site trend was observed for γ-tocopherol (Fig. 6B). This effect
was, however, not enough to qualify α-tocopherol to act as a
strong regenerator of its γ-homolog. Obviously, the hierarchy
in the case of α- and γ-tocopherols is not significant to allow
the type of synergism that was observed for BHT and BHA.

In conclusion the work conducted in this study revealed
that γ-tocopherol is a more efficient antioxidant than α-to-
copherol possibly because of the latter’s ability to participate
in reactions other than those with peroxyl radicals, especially
in the presence of trace metal ions. It was further found that
α- and γ-tocopherols may synergize each other when present
in concentrations less than 200 ppm but not when present at
higher concentrations. Interestingly, no prooxidant effect was
observed for α-tocopherol at all concentrations tested
(1–2000 ppm) and in the presence of ferrous ions. Work is 
in progress to study the differences between α- and γ-tocoph-
erols in influencing the molecular nature of hydroperoxides
and their degradation products using methyl linoleate model
system. 
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TABLE 2
Effect of Mixing Tocopherols on Peroxide Valuea of p-SFO 
After 7 d of Oxidation

γ-Tocopherol α-Tocopherol concentration

concentration (ppm)

(ppm) 100 300 500

100 16.4 30.4 38.1
300 28.1 35.4 51.1
500 28.2 46.8 57.4
aExpressed in milliequivalents O2/kg oil. For abbreviation see Table 1.

FIG. 6. Comparison between the effects of (A) mixed (solid bar) vs. in-
dividually added α-tocopherol (hatched bar) or γ-tocopherols (shaded
bar) on peroxidation of p-SFO triacylglycerols; (B) mixed (solid bar) vs.
individually added α- or γ-tocopherol (hatched bar) on residual tocoph-
erols during the peroxidation of p-SFO. Bars marked by different letters
(a–g) are significantly different (P < 0.05).
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ABSTRACT: A new conjugated trans,trans-diunsaturated
acetylenic acid (17%), found for the first time in nature as a
main component of the seed oil of Tanacetum (Chrysanthe-
mum) corymbosum, was shown to be octadeca-8t,10t-dien-12-
ynoic acid. Another already known naturally occurring
acetylenic acid, crepenynic acid (10%), was found also in the
seed oil. The structure of this new unusual fatty acid was con-
firmed by chromatographic (thin-layer chromatography, gas
chromatography, high-performance liquid chromatography)
and spectroscopic (infrared, ultraviolet, mass spectrometry)
methods by using different chemical derivatizations (deutera-
tion, preparation of picolinyl ester, dimethyloxazoline, and
maleic anhydride adduct).
Lipids 33, 723–727 (1998).

Seed oils of a large number of species of Asteraceae have
been studied previously and found to contain a range of un-
usual fatty acids, e.g., ∆3 trans (1), ∆5 cis (2), ∆6 cis (3), con-
jugated (4,5), acetylenic (6,7), epoxy (8,9) and hydroxy (10)
acids, and these have been reviewed elsewhere (11–14).
Tanacetum (Chrysanthemum), a genus of the Asteraceae, is
less studied with respect to the fatty acid composition of the
seed oils. Useful representatives of the genus Chrysanthemum
are known. Chrysanthemum parthenium (feverfew) is an or-
namental medicinal herb, believed to be antiseptic and used
as an antidote, aperient, carminative, sedative, and vermifuge
for hysteria and parturition. Chrysanthemum cinerarifolium
(pyrethrum or Dalmatian insect flower) is cultivated for the
dried inflorescences, which are used in the manufacture of in-
secticides and parasiticides (15). Chrysanthemum coronar-
ium (16) has been reported to contain epoxy (vernolic and
coronaric) acids as seed oil components. 

In continuation of our exploration of the potential of less
common oil seeds, fatty acids from seeds of Tanacetum

corymbosum, an ornamental plant growing in Germany, were
investigated by means of chromatographic and spectroscopic
methods. Two unusual fatty acids were identified.

EXPERIMENTAL PROCEDURES

Seeds. Seeds of T. (Chrysanthemum) corymbosum were a
generous gift of the Botanic Gardens (University of Münster,
Münster, Germany).

Extraction of seed oil. The ground seeds were extracted at
room temperature by grinding with a mortar and pestle in pe-
troleum ether (boiling range, 40–60°C) containing 0.001%
butylated hydroxytoluene (BHT).

Preparation of fatty acid methyl esters (FAME). Mixed
FAME were prepared by transesterification of the seed oil
with 2.0 M sodium methoxide in methanol (17).

Deuteration. Methyl esters of unsaturated fatty acids were
subjected to deuteration with deuterium gas and Wilkinson’s
catalyst (18,19). The methyl ester (up to 2 mg) and Wilkin-
son’s catalyst (5 mg) in dioxane (1 mL) were degassed with
helium in a tube fitted with a Teflon-lined septum. The vessel
was purged with 5 vol of deuterium with constant stirring and
then was left with an atmosphere of deuterium at 60°C for 2
h. The solvent was removed in a stream of nitrogen, and the
deuterated ester was obtained by adsorption chromatography
on a small column of FlorisilTM (0.5 g; Sigma Chemical Co.,
Poole, United Kingdom), eluted with hexane/acetone (96:4,
vol/vol). It was converted to the picolinyl ester for analysis
by gas chromatography–mass spectrometry (GC–MS).

Preparation of picolinyl esters. The free acids (1 mg), pre-
pared by hydrolysis with 0.1 M ethanolic potassium hydrox-
ide, were converted to the acid chlorides by reaction with ox-
alyl chloride (0.5 mL) at ambient temperature overnight. Ex-
cess reagent was removed in a stream of nitrogen, and the
product reacted immediately with a solution (0.5 mL) of 3-
hydroxymethylpyridine in dichloromethane [20 mg/mL;
stored over beads of molecular sieve—type 4A (Fisher Sci-
entific, Loughborough, United Kingdom)]. After 1 h at ambi-
ent temperature, the solvent was evaporated, the product
taken up in isohexane (5 mL), and washed with water (2 × 2
mL). The hexane solution was dried over anhydrous sodium
sulfate; then the solvent was evaporated. The product was dis-
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solved in isohexane containing BHT (50 ppm) for analysis by
GC–MS.

Preparation of dimethyloxazoline (DMOX) derivatives.
DMOX derivatives were prepared by heating the free acid
with 2-amino-2-methyl-1-propanol at 180°C for 2 h (20).

Preparation of maleic anhydride adduct. The mixed
FAME (14 mg) of T. corymbosum were added to maleic an-
hydride (20 mg) in toluene and refluxed under nitrogen for 2
h. The solvent was removed by vacuum evaporation, and the
residue was dissolved in n-hexane, washed with distilled
water,  and dried with anhydrous sodium sulfate (21). 

Thin-layer chromatography (TLC). To obtain additional
information on unusual components in oils, analytical TLC
of oils and of FAME was carried out on a 0.25-mm layer of
Silica gel G (Merck, Darmstadt, Germany), using a solvent
system of n-hexane/diethyl ether [70:30, vol/vol (oil) or
80:20, vol/vol (FAME)]. Spots were visualized by spraying
with phosphomolybdic acid (5% in ethanol) and heating at
100°C. 

Capillary gas–liquid chromatography (GLC). Capillary
GLC analysis of FAME was carried out using a Perkin-Elmer
8310 Gas Chromatograph equipped with a flame-ionization
detector and a 30 m × 0.25 mm DB 23 capillary column
(J&W Scientific, Folsom, CA) under the following condi-
tions. The oven temperature was programmed to increase
from 160 to 230°C at 2°C/min, and held at this point for 5 min
before cooling down again to 160°C. The split/splitless injec-
tor temperature was 250°C, and the flame-ionization detector
temperature was 270°C. Hydrogen was the carrier gas at a
flow rate of 1.0 mL/min (head pressure 180 kPa H2). Split in-
jection was used with a split ratio of 50:1. Components were
quantified by electronic integration. Identification of FAME
was confirmed by comparison of equivalent chain lengths
(ECL) with those of standards or of FAME from previously
known seed oils.

GC–MS. The derivatives were submitted to GC–MS with
a Hewlett-Packard 5890 Series II plus gas chromatograph
(Palo Alto, CA) attached to an HP model 5989 MS Engine.
The latter was used in the electron impact mode at 70 eV with

a source temperature of 250°C. The GC was fitted with on-
column injection. For picolinyl ester and DMOX derivatives,
a capillary column of fused silica coated with Supelcowax
10TM (25 m × 0.25 mm, 0.25 µm film; Supelco UK, Poole,
United Kingdom) was used. After holding the temperature at
80°C for 3 min, the oven temperature was increased by tem-
perature-programming at 20°C/min to 180°C, then at 2°C/min
to 280°C, where it was held for 15 min. Helium was the car-
rier gas at a constant flow rate of 1 mL/min, maintained by
electronic pressure control.

High-performance liquid chromatography (HPLC). An
HPLC instrument was used that consisted of a Philips (Cam-
bridge, United Kingdom) PU 4100 Gradient Pumping Sys-
tem, Philips PU 4026 Refractive Index Detector, Rheodyne
7125 Injector, and Gilson 201 Fraction Collector. Preparative
separations of FAME (100–200 µg in 10 µL) were carried out
on two Shandon Hypersil C18 columns (250 × 4 mm, 5 mi-
cron particles; Phase Separations Ltd., Macclesfield, United
Kingdom) connected in series at ambient temperature.
Methanol/water (90:10, vol/vol) at a flow rate of 1.0 mL/min
was used as the mobile phase (22).

Ultraviolet (UV) absorption spectroscopy. UV spectra
were determined from solutions of the seed oil in n-hexane,
using a Philips UNICAM PU 8720 UV/VIS Scanning Spec-
trophotometer, with a focusing attachment, to confirm the
presence of any conjugated fatty acids.

Fourier transform infrared spectroscopy (FTIR). FTIR
spectra were determined from oil films on sodium chloride
cells using a Perkin-Elmer PARAGON 1000 FTIR spectrom-
eter (Beaconsfield, United Kingdom) with a focusing attach-
ment to check the presence of any unusual (trans unsaturated
or oxygenated) fatty acids.

RESULTS AND DISCUSSION 

Extraction of the seeds of T. corymbosum with petroleum
ether yielded 16.7% oil. TLC of the seed oil and of the mixed
FAME did not reveal any oxygenated fatty acids. The fatty
acid composition of the seed oil and the chromatographic sep-
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TABLE 1
Fatty Acid Composition and GLC Separation Characteristics of Fatty Acid Methyl Esters
in the Seed Oil of Tanacetum corymbosum (Asteraceae)

Fatty acid GLC area (%) RRTa ECL on DB 23

16:0 4.2 1.0000 16.00
17:0 0.3 1.2618 16.9
18:0 1.6 1.5818 18.00
18:1∆9c 4.5 1.6691 18.22
18:1∆11c 0.6 1.6952 18.29
18:2∆9c,12c 58.3 1.8836 18.76
18:3∆9c,12c,15c 0.2 2.0964 19.30
20:0 0.3 2.3691 20.00
18:2∆9c,12a 10.1 2.4636 20.20
18:3∆8t,10t,12a 17.8 4.1164 23.62
Others 2.1
aRRT, relative retention time; GLC, gas–liquid chromatography; ECL, equivalent chain length; DB23
(J&W Scientific, Folsom, CA); c, cis; t, trans; a, acetylene.



aration characteristics on a DB 23 capillary column are pre-
sented in Table 1.

As can be seen from Table 1, GLC analysis of the methyl es-
ters of mixed fatty acids of T. corymbosum seed oil revealed two
unusual components along with more common fatty acids. The
first unusual component (10.1%) had an ECL value of 20.20 on
the DB 23 column. The second fatty ester (17.8%) had an ECL of
23.63. GLC separation of the FAME of T. corymbosum seed oil
is illustrated in Figure 1. Tentative identification of the proposed
methyl crepenynate in T. corymbosum seed oil was based on the
appearance of a single peak, following coinjection into GLC with
Crepis sibirica seed oil FAME, known to contain crepenynic acid,
and this was subsequently confirmed by GC–MS.

The FTIR spectrum of the T. corymbosum seed oil exhib-
ited characteristically strong trans absorption at 983.3 cm−1,
which is indicative of a conjugated trans double-bond group
(23,24). The UV spectrum of the oil showed two maxima at
267.3 and 278.3 nm which were also characteristic of a con-
jugated trans,trans diunsaturated acetylenic acid (5,25,26), in
comparison with those of Valeriana pyrenaica and Impatiens
parviflora seed oils known to contain α-eleostearic and α-
parinaric acids, respectively (Fig. 2). 

The presence of the conjugated trans,trans unsaturation in
the unknown ester was further indicated by the fact that the
GLC peak of this compound only decreased strongly (more
than 50%) after reaction of the mixed FAME of T. corymbo-
sum seed oil with maleic anhydride, indicating that the un-
known fatty acid had formed a maleic anhydride adduct by
the Diels-Alder reaction. The UV spectrum of the compound
after reaction with maleic anhydride was changed markedly,
giving two new strong maxima at 241.1 and 248.1 nm.

Preparative separation of mixed methyl esters by reversed-
phase HPLC gave four fractions (Fig. 3), and the composi-
tion of each was determined by GLC on a DB 23 column. The
unknown ester was enriched in Fraction I with a content of
91% (Table 2). Fraction II consisted mainly of methyl
crepenynate (66.1%) in addition to the unknown ester
(25.9%). Fraction III contained only methyl linoleate. The
main constituents of Fraction IV were methyl oleate (77.3%)
and cis-vaccenate (9.6%). The unknown ester from Fraction I
was deuterated for study by GC–MS.

The structures of the two unusual fatty acids were deter-
mined by MS of various derivatives. The mass spectrum of
the methyl ester of the component believed to be crepenynate
gave a molecular ion at m/z = 292 and several abundant frag-
ments closely resembling those published for this fatty acid.
The mass spectra of methyl esters did not provide a fragmen-
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FIG. 1. Gas–liquid chromatogram (GLC) of total fatty acids of Tanace-
tum corymbosum seed oil separated on a DB 23 column (J&W Scien-
tific, Folsom, CA) as their methyl esters.

FIG. 2. Ultraviolet (UV) spectra of the seed oils. A: T. corymbosum
(λ max = 267.3; 278.3 nm), B: Valeriana pyrenaica (λmax = 261.2; 270.9;
282.2 nm) and C: Impatiens parviflora (λmax = 280.1; 291.7; 305.0;
319.7 nm). See Figure 1 for other abbreviation.

FIG. 3. Separation of the mixed fatty acid methyl esters of T. corymbo-
sum seed oil by reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC) on two columns of Shandon Hypersil C18 (Phase Sepa-
rations Ltd., Macclesfield, United Kingdom) connected in series. I–IV,
Fractions I–IV.



tation pattern suitable for characterization of structure be-
cause of the ionization of double and triple bonds, resulting
in their migration (27). However, the picolinyl ester and
DMOX derivatives of this fatty acid had spectra identical to
that of authentic crepenynate with ions diagnostic for the po-
sitions of the double and triple bonds (28).

The second methyl ester gave a molecular ion at m/z = 290.
The mass spectra of the picolinyl ester and DMOX deriva-
tives of this acid are illustrated in Figure 4A and 4B. The for-
mer has the expected molecular ion at m/z = 367. There is a
gap of 76 amu between m/z = 220 and 296, equivalent to
C6H4, but this does not indicate precisely where each double
and triple bond is located, other than between carbons 8 to 13.
The mass spectrum of the DMOX derivative has the expected
molecular ion at m/z = 329, and it is evident that the conju-
gated system lies somewhere between carbons 7 and 13, but
the exact position cannot be fixed definitively. Indeed, it could
be argued from the gap of 12 amu between m/z = 168 and 180
that the first double bond is in position 7. It seems possible
that the high temperature required to prepare the DMOX de-
rivative may have caused isomerization.

As none of the derivatives of the unknown gave mass spec-
tra which were interpretable unequivocally in terms of the po-
sitions of the double and triple bonds, the methyl ester was
subjected to deuteration with Wilkinson’s catalyst and con-
verted to the picolinyl ester for analysis by MS. The spectrum
is illustrated in Figure 4C. The molecular ion is at m/z = 383
as expected. A series follows of ions 14 amu apart, represent-
ing cleavage at successive methylene groups to m/z = 312.
The next ion is at m/z = 296, a loss of 16 amu or CD2, and
there is a similar gap to m/z = 280. The next series of ions at
m/z = 265, 250, 235, and 220 are 15 amu apart, equivalent to
a loss of CHD. The remaining ions are 14 amu apart. The ions
15 amu apart illustrate where single bonds were present in the
original molecule, i.e., positions 8 and 10, while those 16 amu
apart locate the triple bond, i.e., position 12.

Together with the spectroscopic evidence, the data con-
firmed that the unknown was octadeca-8t,10t-dien-12-ynoic
acid, which has not been reported in nature. It seems plausi-

ble that crepenynic acid (octadeca-9c-en-12-ynoate), which
was also identified in the oil, is an intermediate in the biosyn-
thesis of the new acid, but little appears to be known of the
biosynthesis of conjugated fatty acids.
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TABLE 2
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aHPLC, high-performance liquid chromatography; FAME, fatty acid methyl
ester; see Table 1 for other abbreviations.

FIG. 4. The mass spectrum of different derivatives of octadeca-8,10-
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ABSTRACT: Reaction of C60 fullerene with dialkyl bromo-
malonate (where the alkyl groups consist of short-, medium-,
and long-saturated chains or unsaturated long chains) in the
presence of sodium hydride gives [6,6]-bridged mono-adducts
of methanofullerene. The spectroscopic properties of such
fullerenoid lipids are reported.
Lipids 33, 729–732 (1998).

The reactivity and chemical derivatization of fullerenes have
drawn keen and continuous attention after discovery of a
method for bulk production (1). A large range of functional-
ized fullerenes has been prepared for material and pharma-
ceutical applications (2–6). For instance, methanofullerene
derivatives bearing the salts of carboxylic acids possess in-
hibitory activity against human immunodeficiency virus pro-
tease (7,8). The biological activity of water-soluble fullerenes
has also been explored, with results showing structural de-
pendence of DNA cleavage, cytotoxicity, and enzyme in-
hibitory activities including human immunodeficiency virus-
protease inhibition (9). However, limited attention has been
given to the functionalization of fullerene with groups con-
taining long-chain ester functions. The synthesis of a C60
fullerene containing three fatty acids was described by Mu-
rakami et al. (10), who studied the multibilayer structure and
the electronic properties of this compound. Bingel (11) re-
ported the synthesis of diethyl methanofullerene dicarboxyl-
ate by Michael addition of a stabilized α-halocarbanion to
fullerenes followed by intramolecular subsitution of the halo-
gen.

In this paper we describe the synthesis of various dialkyl
1,2-[6,6]-methano-[60]-fullerene dicarboxylate derivatives
containing saturated and unsaturated alkyl groups (com-
pounds 1–14), which are novel lipid molecules with an extra-
ordinary large nonpolar spherical carbon cage unit (the buck-
minsterfullerene system) and two ester functions with pro-
truding alkyl chains of varying chain lengths (saturated and
unsaturated) (Scheme 1). The synthesis of compound 7, con-
taining a C18 alkyl chain, was recently reported (12).

MATERIALS AND METHODS

Infrared (IR) spectra were recorded on a Bio-Rad (Richmond,
CA) FTS-7 FT-IR spectrometer. Samples were run as mulls
or neat films on KBr discs. Ultraviolet spectra were recorded
on a Hewlett-Packard Diode Array Spectrophotometer, model
8452A (Hewlett-Packard, Palo Alto, CA). Nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Avance
DPX300 (300 MHz) Fourier transform NMR spectrometer
(Bruker, Fallanden, Switzerland) from solutions in deuteri-
ochloroform (CDCl3) with tetramethylsilane as the internal
reference standard. Chemical shifts are given in δ-values in
ppm downfield from tetramethylsilane (δTMS =  0 ppm). Mass
spectral analyses were carried out on Finnigan MAT-LCQ [at-
mospheric pressure chemical ionization (APCI)] (Finnigan
Corp., San Jose, CA). Microanalyses were performed by But-
terworth Laboratories Ltd. (Middlesex, United Kingdom).

Bromomalonic acid was prepared from malonic acid by
the procedure described by Yankwich and Stivers (13). Di-
ethyl bromomalonate was prepared from diethyl malonate as
described elsewhere (14). n-Butanol, n-hexanol, n-octanol, n-
nonanol, n-decanol, n-octadecanol, 10-undecen-1-ol, methyl
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oleate, and linoleate were purchased from Aldrich Chemical
Co. (Milwaukee, WI). Octadec-6-enoic acid and erucic acid
[22:1(13c)] were isolated from carrot and rapeseed oil, re-
spectively. Octadec-6-ynoic, octadec-9-ynoic, and docos-13-
ynoic acids were prepared by bromination–dehydrobromina-
tion reaction of the corresponding olefinic esters as described
elsewhere (15). The unsaturated and long-chain alcohols were
prepared by lithium aluminum hydride reduction from the
corresponding fatty acids or methyl esters. C60 fullerene was
purchased from Lancaster Synthesis Ltd. (Eastgate, Lan-
cashire LA3 3DY, United Kingdom) or from Materials and
Electrochemical Research Corp. (Tucson, AZ).

General method for the preparation of dialkyl bromomal-
onate intermediates as exemplified by the synthesis of distearyl
bromomalonate. A solution of dicyclohexylcarbodiimide (0.47
g, 2.3 mmol) in dichloromethane (10 mL) was added to a mix-
ture of bromomalonic acid (0.2 g, 1.1 mmol), 1-octadecanol
(0.53 g, 2.0 mmol), and dichloromethane (10 mL) over a pe-
riod of 1 h at room temperature. The reaction mixture was
stirred for 16 h and then filtered. The precipitate collected on
the filter paper was washed with n-hexane (20 mL). The com-
bined organic solution was evaporated under reduced pressure.
The residue was chromatographed on a silica gel (30 g) col-
umn using a mixture of n-hexane/diethyl ether (95:5, vol/vol)
to give distearyl bromomalonate (0.5 g, 59%).

General method for the preparation of dialkyl 1,2-[6,6]-
methano-[60]-fullerene dicarboxylate derivatives as exempli-
fied by the synthesis of distearyl 1,2-[6,6]-methano-[60]-
fullerene dicarboxylate (7). A mixture of distearyl bromomal-
onate (0.28 g, 0.4 mmol), sodium hydride (0.98 g, 2.1 mmol),
and toluene (10 mL) was stirred at room temperature for 10
min. A solution of C60 fullerene (150 mg, 0.21 mmol) in
toluene (110 mL) was added, and the reaction mixture was
stirred for 16 h at room temperature. The color of the reaction
mixture changed from purple to wine red. Water (50 mL) was
added and the reaction mixture was extracted with chloroform
(2 × 30 mL). The combined organic extract was washed with
water (30 mL) and dried over anhydrous sodium sulfate. The
filtrate was evaporated under reduced pressure. The residue
was stirred with diethyl ether (50 mL), and precipitate (unre-
acted C60 fullerene, 41 mg) was filtered. The filtrate was
evaporated under reduced pressure and the residue was dis-
solved in toluene (3 mL). The toluene solution was loaded
onto a silica gel (30 g) column in n-hexane. The column was
eluted with a mixture of toluene/n-hexane 1:9 vol/vol (100
mL) to remove traces of C60 fullerene (purple band). The
polar wine-red colored product was subsequently eluted with
a mixture of diethyl ether/n-hexane (0.5:99.5, vol/vol) (500
mL) to give distearyl 1,2-[6,6]-methano-[60]-fullerene dicar-
boxylate (104 mg, 69% yield based on reacted fullerene). 

Selected spectroscopic and mass spectral data of the syn-
thesized compounds 1, 2, 7, 11, and 13. (i) Diethyl 1,2-[6,6]-
methano-[60]-fullerene dicarboxylate (1): λmax (CH2Cl2)
252, 318 nm; IR (mull, cm−1): 2983, 2929, 2855, 1748, 1463,
1442, 1429, 1296, 1265, 1238, 1096, 528; 1H NMR (CDCl3,
δH , J/Hz) 1.49 (t, J = 7.1, 6H, CH3), 4.57 (q, J = 7.1, 4H); 13C

NMR (CDCl3, δC) 14.25 (CH3), 53.43 (methano bridge),
63.42 (COOCH2), 71.60 (C60-sp3 C), 139.04, 140.95, 141.92,
142.22, 142.99, 143.02, 143.08, 143.89, 144.62, 144.69,
144.89, 145.19, 145.26, 145.24 (C60-sp2 C), 163.61 (C=O);
mass spectral analysis (APCI): m/z 879.1 (M+); microanaly-
sis: found C, 90.76, H, 1.42 (C67H10O4, calcd. C, 91.57, H,
1.15). 

(ii) Dibutyl 1,2-[6,6]-methano-[60]-fullerene dicarboxyl-
ate (2): λmax (CH2Cl2) 254, 286, 326 nm; IR (mull, cm−1):
2962, 2929, 2868, 1745, 1462, 1429, 1266, 1233, 1206, 1186, 
1177, 1063, 755, 527; 1H NMR (CDCl3, δH , J/Hz) 1.01 (t, J
= 7.5, 6H, CH3), 1.48–1.58 (m, 4H, CH2), 1.79–1.88 (m, 4H,
CH2), 4.50 (t, J = 6.6, 4H, COOCH2-); 13C NMR (CDCl3, δC)
13.69 (CH3), 19.16 (CH2CH3), 30.54 (CH2CH2CH3), 52.36
(methano bridge), 67.19 (COOCH2), 71.65 (C60-sp3 C),
139.01, 140.95, 141.91, 142.21, 142.89, 143.01, 143.08,
143.88, 144.61, 144.68, 144.88, 145.18, 145.26, 145.35 (C60-
sp2 C), 163.71 (C=O); mass spectral analysis (APCI): m/z
935.1 (M+); microanalysis: found C, 91.22, H, 1.93
(C71H18O4, calcd. C, 90.17, H, 2.14).

(iii) Distearyl 1,2-[6,6]-methano-[60]-fullerene dicar-
boxylate (7): λmax (CH2Cl2) 254, 288, 326 nm; IR (neat, cm−1):
2969, 2922, 2851, 1746, 1463, 1428, 1266, 1233, 1205, 755,
526; 1H NMR (CDCl3, δH , J/Hz) 0.88 (t, J = 6.7, 6H, CH3),
1.25-1.59 (m, 60H, CH2), 1.84 (quintet, J = 7 Hz, 4H,
COOCH2CH2), 4.49 (t, J = 6.5, 4H, COOCH2); 13C NMR
(CDCl3, δC) 14.15 (CH3), 22.72, 26.03, 28.62, 29.27, 29.39,
29.65, 29.70, 29.75, 31.95 (CH2), 52.47 (methano bridge),
67.50 (COOCH2), 71.70 (C60-sp3 C), 139.00, 140.96, 141.93,
142.22, 143.00, 143.02, 143.09, 143.89, 144.61, 144.70,
144.89, 145.19, 145.27, 145.40 (C60-sp2 C), 163.73 (C=O);
mass spectral analysis (APCI): m/z 1327.5 (M+); microanaly-
sis: found C, 86.91, H, 4.64 (C99H74O4, calcd. C, 89.56, H,
5.62).

(iv) Dilinoleyl 1,2-[6,6]-methano-[60]-fullerene dicar-
boxylate (11): λmax (CH2Cl2) 258, 280, 326 nm; IR (cm−1):
3007, 2925, 2853, 1748, 1558, 1507, 1540, 1232, 1092, 754,
526; 1H NMR (CDCl3, δH , J/Hz) 0.89 (t, J = 6.8, 6H, CH3),
1.29–1.37 (m, 64H, CH2), 1.84 (quintet, J = 7 Hz, 4H, CH2),
2.01–2.08 (m, 8H, CH2), 2.77 (t, J = 6.0, 4H, CH2), 4.49 (t, J
= 6.6, 4H, COOCH2), 5.34–5.37 (m, 8H, olefin); 13C NMR
(CDCl3, δC) 14.11 (CH3), 22.59, 25.66, 26.00, 27.23, 28.60,
29.23, 29.28, 29.36, 29.55, 29.70, 31.54 (CH2), 52.44
(methano bridge), 67.45 (COOCH2), 71.68 (C60-sp3 C),
127.90, 128.08, 130.02, 130.23 (CH=CH of linoleyl), 138.99,
140.94, 141.91, 142.20, 142.99, 143.01, 143.09, 143.88,
144.60, 144.65, 144.69, 144.88, 145.18, 145.26, 145.37 (C60-
sp2 C), 163.69 (C=O); mass spectral analysis (APCI): m/z
1319.3 (M+); microanalysis: found C, 90.40, H, 5.18
(C99H66O4, calcd. C, 90.11, H, 5.04).

(v) Di-9-octadecynyl 1,2-[6,6]-methano-[60]-fullerene di-
carboxylate (13): λmax (CH2Cl2) 254, 294, 324 nm; IR (cm−1):
2953, 2927, 1746, 1463, 1428, 1266, 1233, 1205, 1186, 1114,
711, 526; 1H NMR (CDCl3, δH , J/Hz) 0.88 (t, J = 6.7, 6H,
CH3), 1.27–1.49 (m, 44H, CH2), 1.84 (quintet, J = 7 Hz, 4H,
CH2), 2.13 (t, J = 7.9, 8H, C≡C-CH2), 4.49 (t, J = 6.6, 4H,
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COOCH2); 13C NMR (CDCl3, δC) 14.15 (CH3), 18.77, 18.79
(C≡C-CH2), 22.68, 25.91, 28.59, 28.90, 29.00, 29.15, 29.19,
29.24, 31.86 (CH2), 52.42 (methano bridge), 67.43
(COOCH2), 71.66 (C60-sp3 C), 80.08, 80.37 (C≡C acetylene),
138.98, 140.94, 141.90, 142.20, 142.98, 143.00, 143.08,
143.87, 144.59, 144.64, 144.67, 144.87, 145.16, 145.25,
145.36 (C60-sp2 C), 163.67 (C=O), mass spectral analysis
(APCI): m/z 1319.5 (M+); microanalysis: found C, 88.87, H,
4.99 (C99H66O4, calcd. C, 90.11, H, 5.04).

DISCUSSION

The cyclopropanation of C60 fullerene by reaction with bro-
momalonates in the presence of an auxiliary base is a reliable
method of fullerene functionalization. This approach allows
the exclusive formation of [6.6]-bridged adducts to be
formed. By controlling the reaction time and the amount of
bromomalonate, mono adducts can be obtained. However, it
is also possible to form higher adducts (bis up to hexakis)
with a stereochemically defined addition pattern using tem-
plate activation with 9,10-dimethylanthracene (11,16–19).

In the synthesis of the dialkyl 1,2-[6,6]-methano-[60]-
fullerene dicarboxylate derivatives (compounds 1–14), the
procedure described by Bingel (11) was adopted with a slight
modification. Instead of treating dialkyl malonates with
bromine to form the dialkyl bromomalonates, it was essential
to prepare bromomalonic acid first and then esterify the latter
with saturated or unsaturated fatty alcohols to yield the corre-
sponding dialkyl bromomalonates (61% average yield). This
approach ensured that the alkyl chains containing unsaturated
centers would not be brominated when unsaturated dialkyl
malonates were used as substrates. 

C60 fullerene was then treated with the respective dialkyl
bromomalonates in the presence of sodium hydride at room
temperature in toluene to give the requisite dialkyl 1,2-[6,6]-
methano-[60]-fullerene dicarboxylate derivatives (35–69%
yield, based on reacted C60 fullerene). While our work was in
progress, a recent publication described a similar reaction for
the preparation of compounds 1 and 7 by the direct treatment
of C60 fullerene with malonate in the presence of CBr4 and
diazabicyclo[5.4.0]undec-7-ene (12).

The diethyl (1), dibutyl (2), dihexyl (3), and dinonyl (5)
1,2-[6,6]-methano-[60]-fullerene dicarboxylates are dark-
brown solids with very high melting points (>240, 210–211,
177–179, and 153–159°C, respectively). The dioctyl and the
longer chain saturated and unsaturated dialkyl 1,2-[6,6]-
methano-[60]-fullerene dicarboxylate analogs (compounds 4,
6–14) are viscous liquids which cannot be crystallized from
organic solvents. C60 fullerene is very insoluble in common
organic solvents such as acetone, diethyl ether and tetrahy-
drofuran, but the dialkyl 1,2-[6,6]-methano-[60]-fullerene di-
carboxylates are readily soluble in diethyl ether and chlori-
nated solvents. Such a difference in the solubility between
C60 fullerene and the functionalized fullerene molecule facil-
itated the isolation and purification of the requisite products

from the reaction mixture. It was necessary to remove as
much of the unreacted C60 fullerene as possible prior to pu-
rification of the requisite product by column chromatography.
The mass spectral analysis (APCI technique) gave the exact
molecular mass unit (M+) for the various products. However,
we were unable to recrystallize the products isolated by col-
umn chromatography before submission to microanalysis.
Some of the results from the microanalysis were slightly off
the mark, which reflected the possible presence of some im-
purities (unreacted C60 fullerene).

The 1H and 13C NMR spectral analyses of these com-
pounds (1–14) were conducted in solutions of deuteriochlo-
roform. The proton shift of the methylene group adjacent to
the carboxylate function appeared in the region of δH
4.49–4.57. The shifts of the remaining protons of the alkyl
chain were characteristic and comparable to those observed
in the alkyl chain of fatty esters or fatty alcohols.

The 13C NMR spectral analysis of the products showed
14–15 signals for the sp2 carbon nuclei of the fullerene cage
(region of δC 138–145). The signal at δC 71 (2 carbon equiva-
lent, sp3 carbons) was due to the shifts of the carbon atoms at
the junction of the [6,6]-fused rings of the fullerene and to
which the cyclopropane system is attached. The shift of the
carbon of the methano bridge of the cyclopropane ring ap-
peared at about δC 52 . The presence of the carboxylate
groups was evident from the signals at δC 163. The shifts of
the remaining carbon atoms (methylenic, olefinic, and
acetylenic) were found in their respective chemical shift re-
gions. From these results we are able to show that long- and
short-chain, saturated and unsaturated dialkyl malonate de-
rivatives of C60 fullerene can be successfully synthesized.
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ABSTRACT: To obtain a specific antiserum for use in enzyme-
linked immunosorbent assay (ELISA) of 3-carboxy-4-methyl-5-
propyl-2-furanpropanoic acid (CMPF), we prepared a hapten-
carrier conjugate in which the CMPF hapten was linked to a car-
rier protein through the 5-(1-hydrazopropyl) group. The antisera
raised against this antigen in guinea pigs had excellent speci-
ficity for CMPF, showing little cross-reactivity with closely re-
lated compounds and no significant cross-reactivities with other
furan compounds. The results indicated that a specific anti-
serum to CMPF could be produced by an antigen whose CMPF
moiety is linked to a carrier protein through a position remote
from the inherent functional groups. A standard curve of CMPF
by ELISA using a chemiluminescence system showed a high
sensitivity and a linearity in the range of 5–100 ng/mL.
Lipids 33, 733–736 (1998). 

The furan fatty acids first shown in fish by Glass et al. (1,2)
were later detected in extremely small quantities in a variety
of animals (3,4), and, to a lesser extent, in plant sources (5)
and marine bacteria (6). In human feeding experiments, the
correlation of furan fatty acid intake with urofuranic acid ex-
cretion (7) suggested that the furan fatty acids might be de-
graded to urofuranic acids (4). Binding of many acidic drugs
and hormones to serum albumin is decreased in patients with
renal failure (8–11). A number of endogenous ligand sub-
stances in uremic serum inhibit the binding of drugs to serum
proteins (12–16). In particular, 3-carboxy-4-methyl-5-propyl-
2-furanpropanoic acid (CMPF) (Scheme 1) in an endogenous,
ligand is tightly bound to serum protein (17,18) and, there-

fore, the concentration of CMPF in uremic plasma is not sig-
nificantly decreased by hemodialysis (19). Recently, it was
suggested that CMPF inhibits transport of thyroxine into he-
patocytes in uremia (20), inhibits the active uptake of thyrox-
ine into anterior pituitary cells (21), and enhances drug inhi-
bition of thyroxine binding in serum (22). Analysis of CMPF
has previously been performed by gas chromatographic (23),
and gas chromatographic–mass spectrometric techniques
(24), as well as by high-performance liquid chromatography
(19) but these methods require sample preparation and can be
inconvenient for routine screening of many samples. There-
fore, we have tried to develop a sensitive enzyme-linked im-
munosorbent assay (ELISA) for CMPF. 

In the present study, we prepared CMPF–protein conjugate
as an immunogen used for the production of a specific anti-
serum and an assay antigen, toward the development of a sen-
sitive ELISA for CMPF by chemiluminescence system .

EXPERIMENTAL PROCEDURES

Reagents. 2,2-Dimethyl-1,3-dioxane-4,6-dione was pur-
chased from Kodak Company (Rochester, NY). Bovine
serum albumin (BSA) Fr. VI and ovalbumin (OVA) were
from Sigma Chemical Co. (St. Louis, MO). Silica gel 60 G
and 60 HF254 were supplied by Merck (Darmstadt, Germany).
Anti-guinea pig IgG antibody-alkaline phosphatase conjugate
was obtained from Chemicon International Inc. (Temecula,
CA) and Lumiphos 530 {containing 4-methyl-4(3-phos-
phatephenyl)spiro[1,2-dioxetane-3,2′-adamantane] disodium
salt (3.3 × 10−4 M), magnesium chloride (8.0 × 10−4 M),
cetyltrimethylammonium bromide (1.13 × 10−3 M), and fluo-
rescein surfactant (5.6 × 10−5 M) in 2-amino-2-methyl-1-
propanol buffer (0.75 M, pH 9.6)} from Wako Pure Chemi-
cals (Osaka, Japan). Other general reagents of analytical
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grade were obtained from Nakarai Tesque (Kyoto, Japan).
CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid
methyl ester (CMPM), 3-carboxy-4-methyl-5-(1-hydrox-
ypropyl)-2-furanpropanoic acid (CMHF), 3-carboxy-4-methyl-
5-(1-propenyl)-2-furanpropanoic acid (CMEF), 3-carboxy-4-
methyl-5-(1-oxopropyl)-2-furanpropanoic acid methyl ester
(CMFM), and 3-carboxy-4-methyl-2-furanpropanoic acid
(CMF) used for the examination of cross-reactivities of anti-
CMPF antiserum were prepared according to the methods of
Pfordt et al. (25) in our laboratory. 

Spectroscopic analyses of furan propanoic acids. Ultravi-
olet (UV) spectra of methanol solutions were taken on a Hi-
tachi U3200 spectrophotometer (Tokyo, Japan) and infrared
(IR) spectra on Shimadzu spectrometer IR-406 (Tokyo,
Japan). Proton nuclear magnetic resonance (1H NMR) spec-
tra were obtained on a JEOL JNMF X-100 (Tokyo, Japan).

Synthesis of hapten: 3-Carboxy-4-methyl-5-(1-oxopropyl)-
2-furan propanoic acid, CMOF (2). To a solution of CMFM
(1; 500 mg) in methanol (10 mL) was added 1 M sodium hy-
droxide (5.0 mL), and the mixture was allowed to stand at
room temperature for 12 h. The reaction mixture was concen-
trated to 3.0 mL; to this was added 2 M hydrochloric acid (5.0
mL), and the resulting solution was extracted with chloroform
(3 × 20 mL), washed with water (25 mL), dried over anhy-
drous sodium sulfate, and then the resulting solution was
evaporated to dryness under reduced pressure. The residue
was purified by preparative thin-layer chromatography on sil-
ica gel 60 HF254 plates using chloroform/methanol (5:1,
vol/vol) as a solvent. The product (Rf = 0.1) was eluted with
chloroform/methanol/water (20:10:1, by vol) to give CMOF
(2, 300 mg) as a colorless amorphous substance. UV (λmax
275 nm). 1H NMR (acetone-d6) δ: 2.78 (2H, m, CH2CH2COOH),
3.36 (2H, m, CH2CH2COOH). IR νmax cm−1: 1710 (aliphatic
COOH), 1690 (olefinic COOH).

3-Carboxy-4-methyl-5-(1-hydrazopropyl)-2-furan-
propanoic acid, CMZF (3). To a solution of CMOF (2, 100
mg) in methanol (3.0 mL) was added hydrazine hydride (100
mg) and this was allowed to stand at room temperature for 2
h. The resulting solution was evaporated to dryness under re-
duced pressure, the residue was purified by preparative thin-
layer chromatography on silica gel 60 HF254 to give CMZF
(3, 40 mg) as an oily product. UV (λmax 278 nm). 1H NMR (di-
methylsulfoxide-d6) δ:1.92 (3H, s ,4-CH3), 2.55 (2H, m,
CH2CH2COOH), 3.55 (2H, m, CH2CH2COOH). IR νmax cm−1:
1710 (aliphatic COOH), 1690 (olefinic COOH).

Preparation of antigens: CMZF–BSA conjugate (4a). To a
solution of BSA (50 mg) in 0.2 M phosphate buffer (pH 6.8,
5.0 mL) were added CMZF (3, 30 mg) in methanol (0.5 mL)
and 2 wt% aqueous glutaraldehyde (0.5 mL), and the reaction
mixture was stirred at 4°C overnight. 

The resulting solution was dialyzed against water (3 × 2 L)
and then lyophilized to give CMZF-BSA conjugate (4a, 38
mg). Measurement of UV absorbance at 285 nm in aqueous so-
lution of the hapten, BSA, and the conjugate revealed that 23
moles of CMZF (3) were coupled to each mole of BSA.

CMZF–OVA conjugate (4b). To a solution of OVA (5 mg)

in 0.1 M phosphate buffer (pH 6.8, 1.0 mL) were added
CMZF (3, 3 mg) in methanol (0.15 mL) and 2 wt% aqueous
glutaraldehyde (50 µL). The procedure that followed was car-
ried out as described above to obtain a solution of CMZF-
OVA conjugate (4b, 4 mg).

Immunization. Three male guinea pigs were used for im-
munization. CMZF–BSA conjugate (0.5 mg) was dissolved
in sterile isotonic saline (0.25 mL) and emulsified with
Freund’s complete adjuvant (0.25 mL). This emulsion was in-
jected at multiple sites over the scapulae and in the back. This
procedure was repeated at intervals of 2 wk for 2 mon and
then once a month. The guinea pigs were bled 10 d after the
booster injection. The sera were separated by centrifugation
at 800 × g for 20 min and stored at −80°C.

ELISA. Fifty microliters of CMZF–OVA conjugate (1
µg/mL) in 0.1 M sodium phosphate-buffered saline (pH 7.2)
(PBS) was added to each well of a 96-well microtiter plate
(Sumilon MS-K, Sumitomo Bakelite Co., Tokyo, Japan) and
incubated at room temperature for 3 h. Unbound conjugate was
removed from the plate with four washes of PBS containing
0.5 wt% Tween 20 (PBS/Tween). To block the unoccupied
solid phase to minimize nonspecific binding, 0.1 wt% casein
solution in PBS (PBS/casein, 0.22 mL) was added, and the
mixture was incubated at room temperature for 2 h. The wells
were washed with PBS/Tween (4 × 0.22 mL ) and 50 µL of a
2000-fold diluted antiserum with PBS/casein was incubated
with a standard solution of CMPF (0–200 ng/mL) in PBS (50
µL) at 4°C overnight. The solution was removed and the wells
were washed as before. Anti-guinea pig IgG antibody-alkaline
phosphatase (1:5000 dilution, 50 µL) was added to each well,
and the plate was incubated at room temperature for 1 h. Un-
bound antibody–enzyme conjugate in solution was removed,
and each well was washed as before. Lumiphos 530 (60 µL)
was added to each well, and the light counts were measured by
a Luminous CT-9000D microplate reader (Dia-itoron Co.,
Ltd.).

Specificity. The cross-reactivities were examined by calcu-
lating the ratio of the quantity of CMPF to the quantity of re-
lated compounds corresponding to 50% inhibition of solid
phase antigen binding to the antiserum.

RESULTS AND DISCUSSION 

To prepare an immunogen for the production of a specific an-
tiserum to CMPF, we synthesized a CMPF hapten which
could be coupled to a carrier protein without affecting the
functional groups of CMPF, which are important antigen de-
terminants in the CMPF molecule. The starting material, 2,2-
dimethyl-1,3-dioxane-4,6-dione, was transformed into a
methyl ester (1) in four steps (25). Next, as indicated in
Scheme 2, upon treatment with sodium hydroxide, CMFM (1)
was hydrolyzed to furnish the dicarboxylic acid (2). Conden-
sation of CMOF (2) with hydrazine produced the hydrazone
derivative (3). Linking of CMZF (3) to BSA and OVA was
accomplished using glutaraldehyde as a cross-linking reagent.
We have therefore successfully prepared CMZF-protein con-
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jugates (4a and 4b) with intact functional groups in CMPF.
The UV spectra of two hapten–protein conjugates and two
proteins demonstrate that a sufficient number of hapten mole-
cules were attached to each protein. 

Three immunized guinea pigs yielded antisera exhibiting
binding activity to CMPF. High binding activity of CMPF
was present in all antisera 5 mon after the primary immuniza-
tion. Titers were determined by measuring the ability of di-
luted antiserum to bind 50% of solid phase antigen. The typi-
cal standard curve of CMPF was constructed with a 2000-fold
diluted antiserum with PBS/casein using a solid phase anti-
gen. Chemiluminescence intensity was measured while the
concentrations of competing CMPF were varied from 0–200

ng/mL. The binding inhibition curve for quantitation was ob-
tained at 5–100 ng/mL as shown in Figure 1. The detection
limit of CMPF by ELISA using chemiluminescence system
was 10-fold higher than that by ELISA using colorimetric
system (data not shown). 

The cross-reactivity of antiserum to CMPF analogs was
calculated by the method of Abraham (26). Table 1 indicates
that the antiserum is highly specific for CMPF. The antiserum
raised against the CMZF–BSA conjugate exhibited 31.2% of
cross-reactivity with CMEF and 15.2% of cross-reactivity
with CMHF. The cross-reactivities of CMEF and CMHF were
due to the close similarity of the structures of these com-
pounds to CMPF by the use of the 1-oxopropyl group for cou-
pling to carrier protein. The antiserum showed low cross-re-
activity with CMF (8.7%), indicating that the antiserum also
recognizes the 5-side chain. Furthermore, the antiserum ex-
hibited no significant cross-reactivities with CMFM (<0.01%)
and other furan compounds (<0.01%). The antibody particu-
larly recognizes functional groups of CMPF remote from the
1-oxopropyl group which is linked to the carrier. The anti-
serum strongly discriminates CMPM from CMPF. It is gener-
ally accepted that conjugation of an antigenic carrier through
positions on a hapten distal to their functional groups would
elicit antibodies of greater specificity than those raised by
conjugation through the carboxyl acids as the inherent func-
tional group in CMPF. Our results demonstrated that the anti-
serum was highly specific to CMPF with minimal cross-reac-
tivity to the closely related urofuran compounds. 

The utilization of this sensitive ELISA for determination
of CMPF in biological fluids will be the subject of a future
communication.
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ABSTRACT: 9-Hydroxy-traumatin, 9-hydroxy-12-oxo-10E-
dodecenoic acid, was isolated as a product of 13S-hydroperoxy-
9Z,11E-octadecadienoic acid as catalyzed by enzyme prepara-
tions of both soybean and alfalfa seedlings. This suggested that
9Z-traumatin, 12-oxo-9Z-dodecenoic acid, was being converted
into 9-hydroxy-traumatin in an analogous manner to the previ-
ously identified enzymic conversion of 3Z-nonenal and 3Z-hex-
enal into 4-hydroxy-2E-nonenal and 4-hydroxy-2E-hexenal, re-
spectively. Other metabolites of 13S-hydroperoxy-9Z,11E-oc-
tadecadienoic acid were similar for both soybean and alfalfa
seedling preparations, and they are briefly described.
Lipids 33, 745–749 (1998).

A plant wound-healing hormone, traumatic acid (2E-
dodecenedioic acid), was identified almost 50 years ago (1).
It is certain that this compound arises from 12-oxo-9Z-
dodecenoic acid (9Z-traumatin) through the hydroperoxide
lyase chain cleavage of either 13S-hydroperoxy-9Z,11E-
octadecadienoic acid (13S-HPODE) or 13S-hydroperoxy-
9Z,11E,15Z-octadecatrienoic acid into a six-carbon aldehyde
and 9Z-traumatin followed by aldehyde oxidation and dou-
ble-bond rearrangement of the latter [see reviews on the hy-
droperoxide lyase pathway (2–4)]. More recently, the wound-
healing properties of 12-oxo-10E-dodecenoic acid (10E-trau-
matin) were reported (5). 

This author is unaware of any report of an in-chain hy-
droxylated form of 9Z- or 10E-traumatin as a product of the
lipoxygenase pathway. In this work, 9-hydroxy-12-oxo-10E-
dodecenoic acid (9-hydroxy-traumatin) was identified as a
product of 13S-HPODE metabolism by both alfalfa and soy-
bean seedlings.

MATERIALS AND METHODS

Enzyme preparations and reaction conditions. Two grams of
seeds, either soybeans (Glycine max cv Williams) or alfalfa

(Medicago sativa), were germinated on moistened Kimpac
(Kimberly-Clark, Corp., Neenah, WI) for 3 d at room temper-
ature. The washed seedlings were Polytron-homogenized for
30 s in 20 mL 50 mM Na phosphate buffer (pH 7.0) with or
without 0.5% Triton X-100. The homogenates were cen-
trifuged at 8,000 × g for 15 min. The floating oleosome layer
was removed by aspiration. A final concentration of 1 mM
13S-HPODE served as a substrate and was added as a 4% so-
lution in methanol. Although the supernatant solution was
used “as is” in some experiments, the yield of 9-hydroxy-trau-
matin was very low under these conditions. The yield im-
proved after the enzyme solution was diluted 10-fold with 50
mM phosphate buffer (pH 7.0), and all results presented here
utilized the 10-fold diluted supernatant solutions (total reac-
tion volume of 20 mL). After addition of 13S-HPODE, the re-
action was permitted to proceed for 20 min at 25°C with mag-
netic stirring. A larger-scale experiment (150 mg 13S-
HPODE substrate) was completed essentially as a scaled-up
version of the smaller incubations. That is, a 10-fold diluted
supernatant prepared from soybean seedlings was incubated
with 1 mM 13S-HPODE in 50 mM phosphate buffer (pH 7.0)
for 20 min at 25°C with magnetic stirring (total reaction vol-
ume of 480 mL). All reactions were terminated by adjusting
the pH to 4.0 with 1 M oxalic acid, and extracting with a 3-
fold volume of CHCl3/MeOH (2:1, vol/vol). The preparation
of 13S-HPODE was described previously (6). 

Preparation of derivatives and thin-layer chromatography
(TLC) isolation. The extracted products were methyl-esteri-
fied by a short exposure (ca. 15 s) to CH2N2 in diethyl
ether/MeOH (9:1, vol/vol). A short exposure to CH2N2 was
important to minimize side reactions often observed with
aldehydes [see review (6)]. 

For direct analysis of the total reaction mixture by gas
chromatography–mass spectrometry (GC–MS), the solvent
was removed from the methyl esters and trimethylsilyloxy
ethers (OTMSi) were prepared as described (6). In certain ex-
periments the product methyl esters (equivalent to 1 mg of
13S-HPODE originally added as substrate) were first treated
with SnCl2 to reduce residual 13S-HPODE to the correspond-
ing hydroxyl derivative, and this reduction was followed by
the preparation of OTMSi derivatives. For reduction, a quan-
tity of 3.8 mg SnCl2·2H2O (Aldrich Chemical, St. Louis, MO)
in 0.64 mL pyridine/MeOH (1:1, vol/vol) was added for a 1 h
reaction time. Pyridine was an essential ingredient in the re-
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duction in order to minimize acid-catalyzed reactions caused
by SnCl2. Reduction products were extracted by adding a 3-
fold volume of CHCl3/H2O (2:1, vol/vol) followed by wash-
ing the CHCl3 layer twice with H2O. 

For purification of methyl 9-hydroxy-traumatin, the tech-
nique of “chemical” chromatography was utilized. First, the
methyl-esterified product mixture was separated by TLC
using Silica Gel 60 F254 precoated plates from Merck (20 cm
× 20 cm × 0.25 mm) and diethyl ether/hexane (7:3, vol/vol)
as developing solvent. GC–MS monitoring revealed that the
methyl 9-hydroxy-traumatin migrated as a partially pure sub-
stance between Rf = 0.2 and 0.4. The silica scraped from this
portion of the plate was extracted with ethyl acetate, and the
solvent was evaporated with a stream of N2. Next, the dried
sample was silylated with OTMSi reagent, and then separated
by TLC using hexane/diethyl ether (7:3, vol/vol). Methyl 9-
OTMSi-traumatin was detected as an ultraviolet-absorbing
band at Rf = 0.38, and this derivative was extracted from the
scrapings by ethyl acetate giving pure methyl 9-OTMSi-trau-
matin as assessed by GC–MS and proton nuclear magnetic
resonance (1H NMR).

Spectral methods. GC–MS was accomplished with a
Hewlett-Packard Model 5890 (Palo Alto, CA) gas chromato-
graph interfaced with a Model 5971 mass selective detector
operating at 70 eV. The capillary column used was a Hewlett-
Packard HP-5MS cross-linked 5% phenyl methyl silicone,
0.25 mm × 30 m, film thickness 0.25 µm. The methyl-esteri-
fied–OTMSi derivatives were separated by temperature pro-
gramming from 160 to 260°C at a rate of 5°C/min then held
at 260°C for 10 min (He flow rate = 0.67 mL/min).

Methyl 9-OTMSi-traumatin (in CDCl3 solution) was ex-
amined by 1H NMR utilizing a Bruker model ARX-400 spec-
trometer (400 MHz) (Karlsruhe, Germany). 

RESULTS AND DISCUSSION

When either a soybean or alfalfa supernatant preparation was
used “as is” to catalyze the transformation of 13S-HPODE,
only a trace amount of 9-hydroxy-traumatin (methyl ester, 9-
OTMSi ether) was observed by GC–MS. However, after a 10-
fold dilution of the seedling extracts, methyl 9-OTMSi-trau-
matin was readily analyzed. One of two possibilities for the
reduced amount of 9-hydroxy-traumatin produced by the
undiluted preparation was the facile reaction of 9-hydroxy-
traumatin with protein sulfhydryl and amino groups in the rel-
atively concentrated enzyme solution. Another was the possi-
bility of artifact production from the relatively larger amount
of unreacted 13S-HPODE extracted from the diluted reaction
mixture. To eliminate this latter possibility, residual 13S-
HPODE was reduced in a portion of the product mixture with
SnCl2 in MeOH/pyridine (pyridine was included to suppress
acid-catalyzed reactions), and this mixture was compared
with the unreduced product (Fig. 1). There was little differ-
ence in the relative abundance of 9-hydroxy-traumatin in the
two samples (based on ion abundance); the slightly smaller
amount in the reduced sample could easily be attributed to ad-

ditional sample handling. As seen in Figure 1, the principal
products observed as arising from free-radical decomposition
of 13S-HPODE were isomeric 13-oxo-9,11-tridecadienoic
acid and 13-oxo-9,11-octadecadienoic acid. Authentic metab-
olites, not due to free-radical decomposition of 13S-HPODE,
were also tentatively identified by their electron impact mass
spectra (EIMS) compared with the literature. Most of these
metabolites have been described in soybean before
(7,11,12,16,17–20), with the exception of 9-hydroxy-trau-
matin and one isomeric epoxyhydroxyoctadecenoic acid.
However, the latter compound, 11,12-epoxy-13-hydroxy-9-
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FIG. 1. Gas chromatography–mass spectrometry (GC–MS) analysis of 9-
hydroxy-traumatin and other metabolites of 13S-hydroperoxy-9Z,11E-
octadecadienoic acid (13S-HPODE) (as methyl esters/trimethylsilyloxy
ethers) as produced by a soybean seedling preparation (10-fold diluted
supernatant). Top: residual hydroperoxides reduced by SnCl2 before
analysis; bottom: unreacted 13S-HPODE was not reduced before analy-
sis. Tentative identification was from literature mass spectra as follows
(as methyl esters/trimethylsilyloxy ethers): A, traumatin (7); B, 13-oxo-
9,11-tridecadienoic acid (9Z,11E and 9E,11E isomers) (8); 9-hydroxy-
traumatin (this report); C, 13-hydroxy-9Z,11E-octadecadienoic acid (9);
D, 9-hydroxy-10E,12Z-octadecadienoic acid (9); E, 13-hydroxy-9E,11E-
octadecadienoic acid [spectrum the same as C (9)]; F, 13-oxo-9,11-oc-
tadecadienoic acid (9Z,11E or 9E,11E) (10); G, 9-oxo-10,12-octadeca-
dienoic acid (10); H, 12,13-epoxy-11-hydroxy-9-octadecenoic acid
(11); I, overlapping peaks of isomeric H and 9,10-epoxy-11-hydroxy-
12-octadecenoic acid (11,12); J, 11,12-epoxy-13-hydroxy-9-octadece-
noic acid (13); K, isomeric 9,10-epoxy-13-hydroxy-11-octadecenoic
acid (14); L, 12,13-epoxy-9-hydroxy-10-octadecenoic acid (15); M,
12,13-epoxy-9-oxo-10-octadecenoic acid and 9,10-epoxy-13-oxo-11-
octadecenoic acid (Gardner, H.W., unpublished data); N, isomeric
9,10,13-trihydroxy-11-octadecenoic acid, 9,12,13-trihydroxy-10-oc-
tadecenoic acid, and 11,12,13-trihydroxy-9-octadecenoic acid (16); O,
isomeric dihydroxyoxooctadecenoic acid (16).



octadecenoic acid, has been identified as a product of Vicia
faba peroxygenase/epoxygenase (21). Isomeric oxodihydrox-
yoctadecenoic acids and trihydroxyoctadecenoic acids are
presumed to arise from epoxide hydrolase (22) action on
epoxyoxooctadecenoic acids and epoxyhydroxyoctadecenoic
acids, respectively. The positional isomers of epoxyhydroxy-
octadecenoic acid and epoxyoxooctadecenoic acids observed
by their mass spectra indicated a mixed reaction mechanism
of: (i) alkoxyl radical rearrangement (23) (e.g., the 13-hy-
droperoxide gives rise to 12,13-epoxides) and (ii) peroxyge-
nase oxidation of double bonds (19,21) of either hydroxyoc-
tadecadienoic acid or oxooctadecadienoic acid (e.g., the 13-
hydroperoxide affords 11,12-epoxides and/or 9,10-epoxides
from epoxidation of the 9- and 11-double bonds). The epoxy-
oxooctadecenoic acids were ascertained to be both 12,13- and
9,10-epoxides by treatment with BF3–MeOH followed by
GC–MS of their methoxy-OTMSi derivatives as described
previously (23). The products observed as a result of 13S-
HPODE metabolism by alfalfa seedling extracts were remark-
ably similar to soybean, the only observable difference being
the relative abundance of metabolites (data not shown). No
evidence could be found for the previously reported γ-ketol
(24). Also not detected in the product mixtures of either soy-
bean or alfalfa seedlings were ketols from allene oxide syn-
thase-catalyzed reactions. It is known from previous work
that expression of allene oxide synthase in soybean seedlings
is comparatively low (25).

When control extracts were incubated without added 13S-
HPODE, it was interesting to find traces of 9-hydroxy-trau-
matin present. Based on the abundance of the principal frag-
ment ion (m/z 157), the controls had at least 12-fold less 9-
hydroxy-traumatin present at the expected GC retention time
(Fig. 2). In one control 9-hydroxy-traumatin was not detected
(data not shown). According to the literature (e.g., Ref. 7), the
activity of hydroperoxide lyase, the enzyme that cleaves 13S-
HPODE into 9Z-traumatin and hexanal, is improved by de-
tergent. However, when seedlings were homogenized with
0.5% Triton X-100 in buffer, the production of 9-hydroxy-
traumatin was not significantly increased, compared to the
preparation without detergent (data not shown). 

9-Hydroxy-traumatin was easily isolated by a two-step
TLC procedure affording about 0.3 mg from a mixture ob-
tained from a reaction using 150 mg 13S-HPODE catalyzed
by a soybean seedling preparation. The first step involved
TLC isolation of the methyl-esterified mixture, including 9-
hydroxy-traumatin (methyl ester), using diethyl ether/hexane
(7:3, vol/vol). After derivatization by OTMSi reagent, the
chromatographic properties of methyl 9-OTMSi-traumatin
were changed considerably from the other components of the
mixture, permitting facile TLC isolation by hexane/diethyl
ether (7:3, vol/vol). Since it is highly unlikely that the chro-
matographic properties of coeluting compounds would be
identical after a specific derivatization, we have found this
method of “chemical chromatography” to be useful. Depend-
ing on the functional groups present on the compound of in-
terest, a variety of other reagents, such as NaBH4 reduction,

chromic acid oxidation etc., has been utilized in other re-
search.

The methyl 9-OTMSi-traumatin isolated by “chemical
chromatography” was examined by 1H NMR (400 MHz,
CDCl3): δ 0.109 (9H, m, H-9-OTMSi), 1.30 and 1.60 (12H,
m, H-3 to H-8), 2.29 (2H, t, H-2), 3.66 (3H, s, H-OMe), 4.35
(1H, dt, H-9), 6.25 (1H, ddd, J9,11 = 1.6 Hz, J11,12 = 8 Hz,
J10,11 = 15.5 Hz, H-11), 6.78 (1H, dd, J9,10 = 4.5 Hz, J10,11 =
15.5 Hz, H-10), 9.56 (1H, d, J11,12 = 8 Hz, H-12). The cou-
pling, J10,11 = 15.5 Hz, proved that the double bond was 10E.

The methyl ester/OTMSi derivative of 9-hydroxy-
traumatin gave the following EIMS m/z (rel. int.): 314 [M]+

(0.3), 299 [M − Me]+ (2), 285 [M − CHO]+ (10), 270 
[M − CHO −Me]+ (2), 267 [M − MeOH − Me]+ (2), 230 (4),
157 [M −(CH2)7COOMe]+ (100), 129 (17), 73 [trimethyl-
silyl]+ (91). The OTMSi derivative was subjected to NaBH4
reduction in MeOH followed by treatment with OTMSi
reagent affording the bis OTMSi derivative with the 
following EIMS m/z (rel. int.): 373 [M − Me]+ (0.7), 357 
[M − MeO]+ (2), 298 [M −TMSiOH]+ (2), 285 [M −
CH2OTMSi]+ (12), 259 [M −CH=CHCH2OTMSi]+ (3), 231
[M − (CH2)7COOMe]+ (89), 147 (23), 73 [trimethylsilyl]+
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FIG. 2. GC–MS ion chromatograms (m/z 157 [M − (CH2)7COOMe]+,
285 [M − CHO]+, and 299 [M − Me]+) showing the elution of 9-hy-
droxy-traumatin (as methyl ester/trimethylsilyloxy ether) with ion abun-
dances illustrated. All treatments utilized supernatant preparations di-
luted 10-fold with buffer. Panel A, soybean seedling preparation treated
with 1 mM 13S-HPODE; panel B, soybean supernatant preparation con-
trol without 13S-HPODE; panel C, alfalfa seedling preparation treated
with 1 mM 13S-HPODE; panel D, alfalfa supernatant preparation con-
trol without 13S-HPODE. For abbreviations see Figure 1.



(100). The preceding NaBH4-reduction product was further
treated with H2 and Pd on CaCO3 catalyst in MeOH for 1 h.
The hydrogenated product was treated with OTMSi reagent
and subjected to EIMS m/z (rel. int.): 359 [M − MeO]+ (0.7),
333 [M − MeOH − Me]+ (2), 259 [M − (CH2)3OTMSi]+ (56),
233 [M − (CH2)7COOMe]+ (14), 143 [M − (CH2)7COOMe −
TMSiOH]+ (100), 73 [trimethylsilyl]+ (68). In summary, the
1H NMR data combined with GC–MS of various derivatives
left little doubt that the original compound was 9-hydroxy-
traumatin.

Although the pathway of 9-hydroxy-traumatin was not di-
rectly demonstrated, it is likely that 9Z-traumatin, the hy-
droperoxide lyase-catalyzed product, is the precursor. Con-
clusive proof must await the direct testing of 9Z-traumatin as
a substrate. Because 9Z-traumatin readily isomerizes in most
plant extracts into 10E-traumatin, it would be desirable to de-
velop a synthetic method to produce the substrate of interest. 

The oxidation is proposed to occur in a manner analogous
to the conversion of 3Z-nonenal and 3Z-hexenal into 4-hy-
droxy-2E-nonenal and 4-hydroxy-2E-hexenal, respectively
(Fig. 3). In the conversion of 3Z-nonenal to 4-hydroxy-2E-
nonenal, the first step is oxygenation of 3Z-nonenal to 4-hy-
droperoxy-2E-nonenal by lipoxygenase (and possibly 3Z-

alkenal oxygenase) (26,27). Although the oxidation of 3Z-
nonenal is an n-6 oxidation typical of the reactions completed
at alkaline pH values by soybean lipoxygenase-1 with its nor-
mal polyunsaturated fatty acid substrates, at neutral pH val-
ues soybean lipoxygenase-2 and -3, as well as lipoxygenase-
1, are capable of using the carboxylic end of the molecule as
a signal to oxygenate at C-9 (4). The second step involves a
dual pathway, whereby, the 4-hydroperoxide is reduced to the
4-hydroxide by hydroperoxide-dependent peroxygenase. In
the process of reduction, this enzyme also utilizes the oxida-
tion potential of the hydroperoxide to oxidize 3Z-nonenal to
3,4-epoxynonanal, which undergoes rearrangement into a
second molecule of 4-hydroxy-2E-nonenal (28). Examination
of the stereochemistry of the 4-hydroxyl of 4-hydroxy-2E-
nonenal showed that the product was nearly racemic (26,28),
probably because of the dual nature of the biosynthetic path-
way. However, it was shown that the first product, 4S-hy-
droperoxy-2E-nonenal, could be formed in fairly high chiral
purity by oxidizing 3Z-nonenal with purified soybean lipoxy-
genase isozymes (26). The stereoconfiguration of the 9-hy-
droxyl of 9-hydroxy-traumatin was not examined in this study
because it was not expected to be instructive considering the
crude enzyme preparations utilized. Such preparations would
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FIG. 3. Proposed reaction scheme of 9-hydroxy-traumatin biosynthesis from 9Z-traumatin, compared with known pathways in the formation of
analogous hydroxylated aldehydes (not shown is the formation of 4-hydroxy-2E-nonenal from 3Z-nonenal originating from hydroperoxide lyase
cleavage of the 9-hydroperoxide of linoleic acid). Peroxygenase performs a dual function of reducing the hydroperoxides formed from 9Z-trau-
matin, 3Z-hexenal or 3Z-nonenal, as well as epoxidizing a second molecule of 9Z-traumatin, 3Z-hexenal or 3Z-nonenal affording 9,10-epoxy-12-
oxododecanoic acid, 3,4-epoxyhexanal or 3,4-epoxynonanal, respectively, which subsequently rearrange into a second molecule of hydroxylated
product (28).
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be expected to be composed of enzymes catalyzing the dual
pathway, that is, oxygenase(s) and hydroperoxide-dependent
peroxygenase.

The question of physiological significance is most inter-
esting. Certainly, the oxidation product of 10E-traumatin,
traumatic acid, as well as 10E-traumatin itself, have plant
wound-healing properties. Currently, the physiological effect
of 9-hydroxy-traumatin is unknown, but this compound
should be a reactive molecule similar to its analog, 4-hy-
droxy-2-nonenal, which is known to have multiple effects on
organisms, including responses known to be indicative of
lipid signals (29–31).
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ABSTRACT: The 1O2 quenching rate constants (kQ) of α-toco-
pherol (α-Toc) and carotenoids such as β-carotene, astaxanthin,
canthaxanthin, and lycopene in liposomes were determined in
light of the localization of their active sites in membranes and
the micropolarity of the membrane regions, and compared with
those in ethanol solution. The activities of α-Toc and
carotenoids in inhibiting 1O2-dependent lipid peroxidation (rec-
iprocal of the concentration required for 50% inhibition of lipid
peroxidation: [IC50]−1) were also measured in liposomes and
ethanol solution and compared with their kQ values. The kQ and
[IC50]−1 values were also compared in two photosensitizing sys-
tems containing Rose bengal (RB) and pyrenedodecanoic acid
(PDA), respectively, which generate 1O2 at different sites in
membranes. The kQ values of α-Toc were 2.9 × 108 M−1s−1 in
ethanol solution and 1.4 × 107 M−1s−1 (RB system) or 2.5 × 106

M−1s−1 (PDA system) in liposomes. The relative [IC50]−1 value
of α-Toc in liposomes was also five times higher in the RB
system than in the PDA-system. In consideration of the local
concentration of the OH-group of α-Toc in membranes, the
kQ value of α-Toc in liposomes was recalculated as 3.3 × 106

M−1s−1 in both the RB and PDA systems. The kQ values of all
the carotenoids tested in two photosensitizing systems were al-
most the same. The kQ value of α-Toc in liposomes was 88
times less than in ethanol solution, but those of carotenoids in
liposomes were 600–1200 times less than those in ethanol so-
lution. The [IC50]−1 value of α-Toc in liposomes was 19 times
less than that in ethanol solution, whereas those of carotenoids
in liposomes were 60–170 times less those in ethanol solution.
There were no great differences (less than twice) in the kQ and
[IC50]−1 values of any carotenoids. The kQ values of all
carotenoids were 40–80 times higher than that of α-Toc in
ethanol solution but only six times higher that of α-Toc in lipo-
somes. The [IC50]−1 values of carotenoid were also higher than

that of α-Toc in ethanol solution than in liposomes, and these
correlated well with the kQ values.
Lipids 33, 751–756 (1998).

α-Tocopherol (α-Toc) and carotenoids have recently been im-
plicated in the prevention of or protection against serious human
health disorders such as cancer and heart disease. These effects
have been attributed in part to their antioxidant properties. 

Singlet oxygen (1O2) has aroused much interest as a biolog-
ical oxidant. It is generated in a variety of biological systems
and by photosensitization by the absorption of light. Many
studies have shown that α-Toc and carotenoids scavenge 1O2,
but in most of these studies a homogeneous solution such as
ethanol (EtOH), not membranes, has been used (1–6). It is im-
portant to know the antioxidant properties and activities of the
compounds on 1O2 in membranes, because these compounds
are located in membranes in biological systems. Recently, we
reported the kinetics and dynamics of 1O2 scavenging by α-Toc
in liposomes (7,8). Here we examined the 1O2-scavenging rate
constants (kQ values) of carotenoids such as β-carotene (β-
Car), astaxanthin, canthaxanthin, and lycopene in model mem-
branes using phosphatidylcholine liposomes and compared
them with that of α-Toc. 1O2 was site specifically generated in
liposomes by photosensitization with two photosensitizers;
water-soluble Rose bengal (RB), which generates 1O2 at the
membrane surface, and lipid soluble pyrenedodecanoic acid
(PDA), which becomes located in an inner region of the mem-
branes where 1O2 is generated. We also measured the inhibitory
activities of carotenoids and α-Toc on 1O2-dependent peroxi-
dation of egg yolk phosphatidylcholine in liposomes and EtOH
solution and compared the results with their kQ values. Their
antioxidant dynamics and kinetics in membranes were inter-
preted based on our results with respect to the membrane local-
izations of the antioxidants and the local concentrations and
mobilities of their active moieties in the membranes.

MATERIALS AND METHODS

Materials. α-Toc was a gift from Eisai Co. (Tokyo, Japan).
Astaxanthin and canthaxanthin were kindly provided by
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Hoffman-La Roche, Basel, Switzerland. β-Car was purchased
from Sigma Chemical Co. (St. Louis, MO). Lycopene was
supplied by Kagome Co. (Tochigi, Japan). Butylhydroxy-
toluene (BHT), 12-(1-pyrene)-dodecanoic acid (PDA),
stearylamine (SA), and N-2-hydroxyethylpiperazine-N′-2-
ethanesulfonic acid (HEPES) were obtained from Wako Pure
Chemical Industries (Tokyo, Japan). Dimyristoylphos-
phatidylcholine (DMPC) and egg yolk phosphatidylcholine
(egg PC) were products of Nippon Oil and Fats Co. (Tokyo,
Japan). The fatty acid composition (mol%) of egg PC was
33.1 palmitate, 1.2 palmitoleate, 11.6 stearate, 30.0 oleate,
15.5 linoleate, 3.3 arachidonate, and 5.3 docosahexaenoate.
Diethylenetriaminepentaacetic acid (DTPA) was from
Nakalai Tesque Co. (Kyoto, Japan). RB was from Kanto
Chemicals (Tokyo, Japan) and 1,3-diphenyl-isobenzofuran
(DPBF) was from Tokyo Chemical Co., Tokyo. All other
reagents were of analytical grade.

Preparation of liposomes and photosensitized oxidation.
Liposomes were prepared as described previously (7). For
studies on PDA-sensitized photooxidation, a solution of
α-Toc, carotenoids, DMPC or egg PC in chloroform with
or without SA, and PDA was evaporated with a stream of
nitrogen under reduced pressure. For measurement of the rate
constant of 1O2 scavenging, a solution of DPBF in EtOH was
further added to the resulting thin film, which was then re-
evaporated. The thin film was dispersed in 10 mM HEPES
buffer (pH 7.0) containing 0.5 mM DTPA in a vortex mixer
and ultrasonicated in a Bransonic bath (Yamato, Tokyo,
Japan) at 40°C for 2 min (positively charged liposomes) or
20 min (neutrally charged liposomes). For studies on RB-sen-
sitized photooxidation, a solution of RB in HEPES buffer (pH
7.0) was added to the dispersed sample before sonication. The
liposome suspension was placed at a distance of 4 cm from a
85-W halogen-tungsten lamp (Toshiba JD 100W 110V
85WN-E) and photoirradiated at 1564 lumen at 37°C.

Calculation of the 1O2 scavenging rate constants (kQ) of
carotenoids and α-Toc. The kQ values were determined by the
method of Young et al. (9) by measuring the inhibition by
carotenoids or α-Toc of photooxidation of DPBF, a specific
1O2 trap. To exclude the participation of the lipid radical
chain reaction, we used DMPC liposomes which are in a liq-
uid crystalline state at 37°C. 1O2 was generated at the mem-
brane surface using RB in SA-DMPC liposomes, because
negatively charged RB interacts at the membrane surface of
these positively charged liposomes (8). PDA generated 1O2
in the inner region of the membrane irrespective of the mem-
brane charge (7). The calculated values of kQ in DMPC lipo-
somes were revised taking account of the local concentrations
of reactants, all of which were assumed to be present in mem-
branes.

Quantitation of hydroperoxides of egg PC (PC-OOH). The
rate of lipid peroxidation was measured by quantitating PC-
OOH formation, which was followed by HPLC with a ultra-
violet-detector at 234 nm (10). After incubation, 20 µL of the
reaction mixture was subjected to HPLC in a Hitachi L-6000
apparatus. A reversed-phase column (YMC-Pack A-212 C8;

Yamamura Chemical Lab.,  6 × 150 mm) was used and devel-
oped with methanol/H2O/triethylamine (95:5:0.01, by vol) at
a rate of 1 mL/min.

RESULTS AND DISCUSSION

Values for the rate constants (kQ) of α-Toc and carotenoids
for scavenging 1O2 in DMPC liposomes and EtOH solution
were measured by the technique of Young et al. (9) using
Equations 1 and 2:

S0/Sα-T = 1 + (kQ/kd) [α-Toc] [1]
S0/SCar = 1 + (kQ/kd) [Car] [2]

where S0 and Sα-T or SCar denote the slopes of first-order plots
of disappearance of DPBF in the absence and presence of α-
Toc or carotenoids. [Car] refers to the concentration of all
carotenoids. The rate of deactivation of 1O2 (kd) is the rate
constant for natural decay of 1O2 to 3O2. The kd value of 1O2
in liposomes has not yet been determined. We used the kd val-
ues in EtOH solution (8.3 × 104 s−1) (11) and tert-BuOH (3.0
× 104 s−1) (12) for the RB system and PDA system, respec-
tively, because 1O2 is generated at a polar membrane surface
in the RB system and a hydrophobic membrane inner region
in the PDA system. The micropolarity of the environment
around the OH-groups of α-Toc in liposomes close to the
membrane surface was inferred to be equal to that in EtOH
(13), in which the dielectric constant is higher than that in
tert-BuOH. Table 1 shows the kQ values for carotenoids and
α-Toc in EtOH solution and liposomes. β-Car, astaxanthin,
and canthaxanthin showed similar kQ values. The kQ of ly-
copene obtained in the photoirradiation systems (data not
shown) was about 10 times less than that reported in the sys-
tem using endoperoxides (EP) such as 3,3′-(1,4-naphthyli-
dene)dipropionate (4), which is known to generate only 1O2.
Lycopene would be unstable on exposure to light. The kQ val-
ues of carotenoids in liposomes in the RB system were recal-
culated using the kd value in tert-BuOH, and were almost the
same as those in the PDA system (Table 1). The active site of
β-Car, which is at the center of the conjugated polyene chain,
is reported to be localized in the hydrophobic region (14,15)
where 1O2 is also highly localized irrespective of its genera-
tion site because of its higher solubility in the hydrophobic
region than in the polar region (16), resulting in similar kQ
values of carotenoids calculated using the kd value in tert-
BuOH in either photosensitizing system.

The kQ values in liposome membranes were revised taking
account of the concentrations of reactants in membranes.
Their concentrations in liposome membranes were 242 (SA-
DMPC liposomes) and 266 (DMPC liposomes) times those
in the bulk phase, as calculated from the volume of mem-
branes assuming that the volume of one DMPC molecule is
1253 Å3 (17). The revised kQ values are shown in Table 1.

The inhibitory effects of carotenoids and α-Toc on 1O2-de-
pendent lipid peroxidation in EtOH solution and liposomes
were compared. The rate of PC-OOH formation was higher
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in liposomes than in EtOH solution (data not shown) as re-
ported previously (7). α-Toc and carotenoids inhibited the for-
mation of egg PC-OOH by photoirradiation in a concentration
dependent manner. Their concentrations for 50% inhibition of
the initial rate of lipid peroxidation (IC50) were measured in
EtOH solution and liposomes. Table 2 shows the activities of
the compounds for inhibiting 1O2-dependent lipid peroxidation
as reciprocals of IC50 value: [IC50]−1. Higher [IC50]−1 values

indicate higher antioxidant activity. β-Car, astaxanthin, and
canthaxanthin showed similar [IC50]−1 values. The order of
lipid peroxidation-inhibiting activities was: all carotenoids ex-
amined > α-Toc > BHT in both EtOH solution and liposomes.
These values were well correlated with the order of their kQ
values. The [IC50]−1 value of lycopene (data not shown) was
about 10-fold less than those of other carotenoids, like its kQ
value, possibly because of its lability to light.
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TABLE 1
Rate Constants (kQ) of α-Toc, Carotenoids and BHT for Scavenging 1O2 Generated with RB, PDA, and EP in EtOH Solution and Liposomesa

kQ (M−1s−1)

EtOH Liposomes

Average EP RB PDA Averageh EP
RB PDA (RB + PDA)/2 Reportedb,c Apparentd Apparente Rev.f Apparente Rev.g (RB + PDA)/2 Estimatej

α-Toc 3.6 × 108 2.1 × 108 2.9 × 108 3.0 × 108b 3.4 × 109 1.4 × 107d 6.6 × 108 2.5 × 106 3.3 × 106i 3.5 × 106

β-Car 1.3 × 1010 1.0 × 1010 1.2 × 1010 1.4 × 1010b 14.4 × 109 5.2 × 109 2.1 × 107e 4.5 × 109 1.7 × 107 1.9 × 107 2.3 × 107

Canthaxanthin 1.3 × 1010 1.4 × 1010 1.4 × 1010 2.1 × 1010b 12.5 × 109 4.5 × 109 1.8 × 107e 4.5 × 109 1.7 × 107 1.8 × 107 2.7 × 107

Astaxanthin 2.4 × 1010 2.1 × 1010 2.3 × 1010 2.4 × 1010b 12.7 × 109 4.6 × 109 1.9 × 107e 5.1 × 109 1.9 × 107 1.9 × 107 2.0 × 107

BHT 8.2 × 106 3.4 × 106c 9.7 × 107 3.5 × 107 1.4 × 105e 5.9 × 104

aThe concentrations of carotenoids, α-Toc, and BHT were 2.5–15 µM, 25–100 µM, and 0.1–3 mM, respectively. The concentrations of DPBF, RB, and PDA
were 250, 5, and 250 µM, respectively. The concentrations of other reactants in the liposome systems were 5 mM DMPC with or without 0.5 mM SA, and
10 mM HEPES buffer (pH 7.0) containing 0.5 mM DTPA. The EtOH solution and liposomes were photoirradiated for ~30 s, in RB system and ~8 min in PDA
system at 37°C.
bReference 4.
cReference 5.
dValues calculated using the kd value in EtOH (8.3 × 104 s−1).
eValues calculated using the kd value in tert-BuOH (3.0 × 104 s−1).
fValues in liposomes revised considering that the local concentrations of reactants were 242 times higher than in the bulk phase in the RB system (SA-DMPC
liposomes).
gValues in liposomes revised considering that the local concentrations of reactants were 266 times higher than in the bulk phase in the PDA system (DMPC
liposomes).
hAveraged values of revised values for RB and PDA except the value of α-Toc.
ikQ of α-Toc = kQ (RB) × 4/34 × 100/50 or kQ (PDA) × 20/34 × 100/50.
jkQ (liposomes: EP) = kQ (EtOH: EP) × kQ (liposomes: Average)/ kQ (EtOH: Averaged). Abbreviations: α-Toc, α-tocopherol; BHT, butyl hydroxytoluene; RB,
Rose bengal; PDA, 12-(1-pyrene) dodecanoic acid; EP, endoperoxide; β-car, β-carotene; DPBF, 1,3-diphenyl-isobenzofuran; DMPC, dimyristoyl-phos-
phatidylcholine; SA, stearylamine; HEPES, N-2-hydroxyethylpiperazone-N ′-2-ethanesulfonic acid; DTPA, diethylene triaminepentaacetic acid; kQ, rate con-
stant for quenching 1O2.

TABLE 2
Activities of α-Toc, Carotenoids, and BHT for Inhibiting Lipid Peroxidation Induced by 1O2 Generated
with RB and PDA in EtOH Solution and Liposomesa

[IC50]−1 (103 M−1)

EtOH Liposomes
RB system RB system PDA system

Apparent Rev.b Apparent Rev.c

α-Toc 13.5 172 0.71 196 0.74
β-Car 83.3 333 1.38 1477 5.6
Canthaxanthin 236 333 1.38 2933 11.0
Astaxanthin 238 476 1.97 2960 11.1
BHT 0.063 4.5 0.019 6.9 0.026
aThe concentrations of carotenoids, α-Toc, and BHT were 0.1–50 µM, 0.5–200 µM, and 0.025–50 mM, respectively. The
concentrations of RB and PDA were 5 and 250 µM, respectively. The concentrations of other reactants in the liposome sys-
tems were 5 mM PC with or without 0.5 mM SA, and 10 mM HEPES buffer (pH 7.0) containing 0.5 mM DTPA. The EtOH
solution and liposomes were photoirradiated for ~60 and ~6 min, respectively, in RB system, and ~180 min in PDA system
at 37°C.
bRevised values in SA-egg liposomes calculated assuming that the concentration of antioxidants in the membrane phase
was 242 times that in the bulk water phase.
cRevised values in egg liposomes calculated assuming that the concentration of antioxidants in the membrane phase was
266 times that in the bulk water phase. egg PC, egg phosphatidylcholine; IC50, concentration at which 50% inhibition oc-
curs; for other abbreviations see Table 1.



Table 3 shows the ratios of the kQ values in the RB system
to those in the PDA system for α-Toc and carotenoids and
their relative activities for inhibiting lipid peroxidation in
EtOH solution and liposomes. There was little difference in
the kQ values in the RB system and PDA system in EtOH
solution. But in liposomes, the kQ value for α-Toc in the RB
system was about five times greater than that in the PDA sys-
tem, although the kQ values for carotenoids were almost the
same in the two photosensitizing systems. The relative activ-
ity of α-Toc in inhibiting lipid peroxidation in liposomes in
the RB system was also five times greater than that in the
PDA system but there was no appreciable difference in the
activities of carotenoids for inhibiting lipid peroxidation in
the RB system and PDA system. These results were well cor-
related with results on the kQ values in the RB and PDA sys-
tems. The OH-groups of α-Toc are mainly localized in the re-
gion close to the membrane surface (18–22), so their concen-
tration in this region, where 1O2 is generated by RB, is higher
than their concentration postulated by assuming that they are
uniformly distributed in the membrane. This would explain
the relatively higher kQ value in the RB system (1.4 × 107 M−
1s−1). On the contrary, PDA generates 1O2 in the hydrophobic
region where the concentration of the OH-groups of α-Toc is
lower than that postulated as described above, resulting in rel-
atively lower kQ values in the PDA system (2.5 × 106M−1s−1).
Takahashi et al. (19) reported that α-Toc scavenges lipid rad-
icals close to the membrane surface more effectively than
those in deep regions of the bilayer membrane and also effec-
tively scavenges radicals attacking from outside the mem-
branes. On the contrary, the quenching sites of carotenoids
are localized in the hydrophobic region (14,15) where the
concentration of 1O2 is also high irrespective of its generation
site, because 1O2 is more soluble in the hydrophobic region
than in the polar region (16). Thus, the kQ values of all
carotenoids were similar irrespective of the photosensitizer. 

The kQ value of α-Toc in liposomes was recalculated
as 3.3 × 106 M−1s−1 in both the RB and PDA systems from
Equation 3 in consideration of the local concentrations of the
OH-groups of α-Toc in membranes, which were assumed to
be about 0, 50, and 50% in the polar zone (10 Å), hydrogen
belt (4 Å), and hydrophobic core (20 Å) of DMPC liposomes,
respectively (18–22).

S0/Sα-T = 1 + (kQ/kd) [OH-group of α-Toc] [3]

where [-OH group of α-Toc]RB = [α-Toc] · [(10 + 4 + 20)/4] ·
[50/100] and [-OH group of α-Toc]PDA = [α-Toc] · [(10 + 4 +
20)/20] · [50/100]. The recalculated kQ values for α-Toc may
be similar in the RB and PDA systems, because the OH-
groups of α-Toc in the region closed to the membrane surface
are supposed to have higher reactivity but lower mobility than
those in the inner membrane region from consideration of the
findings (i) that the kQ value of α-Toc in homogeneous solu-
tion is higher in solvents with higher dielectric constants
(7,18) and (ii) that the chromanol moiety of α-Toc is near the
membrane surface and its mobility is restricted, possibly by
hydrogen bonding of its OH-groups with ester carbonyl moi-
eties of membrane PC (18, 23).

The revised kQ values in liposomes for α-Toc and
carotenoids were 88 and 600–1200 times lower, respectively,
than those in EtOH solution (Table 4). The lower kQ values in
liposomes than in EtOH solution may have been due to the
lower diffusion rates of reactants in membranes than in EtOH
solution and to their lateral diffusion in membranes but their
three-dimensional diffusion in EtOH solution.

The kQ values of carotenoids were about 40–80 times that
of α-Toc in EtOH solution, but only six times that of α-Toc
in liposomes (Table 4). The mobilities of carotenoids would
be suppressed more than that of α-Toc in membranes, result-
ing in greater decreases in their kQ values than that of α-Toc
in liposomes than in EtOH solution. The [IC50]−1 values for
carotenoids were also decreased more than that for α-Toc in
liposomes than in EtOH solution (Table 5), consistent with
results on their kQ values. The membrane structure may in-
hibit the interaction of 1O2 with carotenoids more strongly
than with α-Toc and BHT, resulting in greater reduction in kQ
and [IC50]−1 values for carotenoids than for α-Toc and BHT
in the membrane system. 

The order of the ratios of [IC50]−1 values in liposomes to
those in EtOH solution, that is, [IC50]−1 (liposomes)/[IC50]−1

(EtOH), was BHT (radical scavenger) > α-Toc (radical scav-
enger and 1O2 quencher) > carotenoids (1O2 quencher) (Table
5). Some radical-type active oxygens generated by the minor
reaction (Type I action) of RB photoirradiation would partici-
pate in the progress of lipid peroxidation more in liposomes
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TABLE 3
Ratios of the kQ Values and the Relative Activities for Inhibiting Lipid
Peroxidation in the RB System to Those in the PDA System in EtOH
Solution and Liposomes

RB system/PDA system

Ratio of activity for
Ratio of kQ value inhibiting lipid peroxidationa

EtOH Liposomes Liposomes

α-Toc 1.7 5.6 5.4
β-Car 1.3 1.2 1.4
Canthaxanthin 0.93 1.1 0.71
Astaxanthin 1.1 1.0 1.0
aActivity relative to that of astaxanthin: [IC50]−1/[IC50]−1(astaxanthin). For ab-
breviations see Tables 1 and 2.

TABLE 4
Ratios of kQ Values in Liposomes to Those in EtOH Solution
and Those of Carotenoids to Those of α-Toc

Ratio of kQ value

Liposomes/EtOH Carotenoid/α-Toc

EtOH Liposomes

α-Toc 1/88a,b 1b 1.0a

β-Car 1/632b 41b 5.8b

Canthaxanthin 1/778b 48b 5.6b

Astaxanthin 1/1211b 79b 5.8b

BHT 1/58b

akQ of α-Toc in liposomes: 3.3 × 106 M−1s−1.
bAverage kQ values in the RB and PDA systems. For abbreviations see
Tables 1 and 2.



than in EtOH solution, because PC molecules are ordered and
packed in membranes that are suitable for progression of the
radical chain reaction.

Since photoirradiation systems are reported to generate
small amounts of active oxygens other than 1O2, we at-
tempted to estimate the liposomal kQ values of α-Toc and
carotenoids in the EP system, which generates only 1O2. The
kQ values for α-Toc and carotenoids have been measured by
the EP method in EtOH solution (4,5) but not in liposomes
because EP is heat-labile and so cannot be used in the lipo-
some system. We estimated the liposomal kQ values in the EP
system using the reported kQ value in EtOH solution in the
EP system (4,5) from Equation 4,

[4]

where kQ (EtOH: EP) is the reported kQ value in EtOH solu-
tion in the EP system (4,5), and kQ (liposome: Average) and
kQ (EtOH: Average) are the averaged kQ values obtained by
photoirradiation with RB and PDA in liposomes and EtOH
solution, respectively, except that we took the kQ (liposome:
Average) for α-Toc as 3.3 × 106 M−1s−1(Table1). The esti-
mated kQ values in liposomes in the EP system shown in
Table 1 were about 90 (α-Toc) and 600–1200 (carotenoids)
times less than those in EtOH solution.

The kQ values for quenching 1O2 in membranes of α-Toc
and carotenoids and their activities for inhibiting 1O2-depen-
dent lipid peroxidation obtained in this study reflect their an-
tioxidant properties in biological systems better than those in
homogeneous solution. Considerations of the antioxidant
properties and functions of α-Toc and carotenoids suggest
that their physicochemical behaviors in membranes may be
particularly important.

We show for the first time that the following factors are
important in influencing the kQ and [IC50]−1 values of α-Toc
and carotenoids in membranes: (i) the concentrations of an-
tioxidants, which are concentrated in membranes, (ii) the
membrane localizations of active groups of antioxidants and
their local concentrations in membranes, (iii) the solubility
and generation site of 1O2 in membranes, depending on the
localization of photosensitizers in the surface or inner region,
and (iv) the mobility of antioxidants in membranes, which is
lower than that in EtOH solution.
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ABSTRACT: The interactive effect of high dietary levels of oxi-
dized cholesterol on exogenous cholesterol and linoleic acid me-
tabolism was examined in male 4-wk-old Sprague-Dawley rats
given high-cholesterol diets. The rats were pair-fed purified diets
free of or containing either 0.5% cholesterol alone or both 0.5%
cholesterol and 0.5% oxidized cholesterol mixture (containing
93% oxidized cholesterol) for 3 wk. Hepatic 3-hydroxy-3-methyl-
glutaryl CoA reductase activity was reduced in rats given choles-
terol alone or both cholesterol and oxidized cholesterol. How-
ever, hepatic cholesterol 7α-hydroxylase activity was lowered
only when rats were given both cholesterol and oxidized choles-
terol, although dietary cholesterol increased this activity. Reflect-
ing this effect, acidic steroid excretion was lowest among the
groups of rats given cholesterol and oxidized cholesterol. On the
other hand, the activity of hepatic ∆6 desaturase, a key enzyme
in the metabolism of linoleic acid to arachidonic acid, was in-
creased in rats given both cholesterol and oxidized cholesterol,
although dietary cholesterol alone lowered its activity. As a re-
sult, the ∆6 desaturation index, 20:3n-6 + 20:4n-6/18:2n-6, in
liver and serum phospholipids tended to be higher in the group
fed both cholesterol and oxidized cholesterol than in the one fed
cholesterol alone. Thus, dietary oxidized cholesterol significantly
modulated exogenous cholesterol metabolism and promoted
linoleic acid desaturation even when it was given at high levels
together with a high cholesterol diet.
Lipids 33, 757–764 (1998). 

Recently, it has been shown that endogenous oxidized
cholest-5-en-3β-ol (cholesterol derivatives) are formed dur-
ing oxidative modification of low density lipoprotein (1–3).
Some of these may be sources of oxidized cholesterol in the
walls of arteries, because oxidized low density lipoprotein is
taken up by macrophages via scavenger receptors. Many oxi-
dized cholesterol derivatives are biologically deleterious

agents potentially influencing vital physiological and bio-
chemical processes. There is evidence from in vivo studies
that oxidized cholesterol exhibits toxic actions (4). On the
other hand, cholesterol in various common foods is also sus-
ceptible to reactions with oxygen under mild conditions,
yielding a wide range of oxidation products in high levels
during processing and storing of foods. In fact, high levels of
oxidized cholesterol have been detected in various processed
foods such as egg (total level of oxidized cholesterol,
1.3–4151 µg/g), dairy (0.19–1037 µg/g), meat (0.6–4878
µg/g), marine fish (5.2–287 µg/g) and miscellaneous
processed (1.1–147.8 µg/g) products (5). Therefore, oxidized
cholesterol in tissues could be partly exogenously absorbed
from the diet. Peng et al. (6) assumed that the rate of absorp-
tion of oxidized cholesterols is not significantly different from
that of cholesterol. We also observed that approximately 30%
of oxidized cholesterol was absorbed into lymph when oxi-
dized cholesterol was orally administered in rats (7). In addi-
tion, numerous studies showed that oxidized sterols influence
specific key enzymes in cholesterol and fatty acid metabolism
in in vitro bioassay (4). On the other hand, we observed di-
etary oxidized cholesterol disturbed growth and modulated
cholesterol and fatty acid metabolism in in vivo studies (8,9). 

Thus, dietary oxidized cholesterol appears to specifically
modify various parameters of lipid metabolism, although di-
etary cholesterol also affects cholesterol and linoleic acid me-
tabolism. Notwithstanding the significance of deleterious ac-
tivities of oxidized cholesterol derivatives, only limited infor-
mation concerning the interactive effect of dietary oxidized
cholesterol on exogenous cholesterol and linoleic acid metab-
olism in vivo is available, particularly during consumption of
large amounts of it. Therefore, we sought to know how high
dietary levels of oxidized cholesterol modulate exogenous
cholesterol and linoleic acid metabolism in rats fed high-cho-
lesterol diet, because commonly consumed foods contain ox-
idized cholesterol along with unoxidized cholesterol.

MATERIALS AND METHODS

Chemicals. 3-Hydroxy-3-methyl[1-14C]glutaryl-coenzyme A
(HMG-CoA; 55 mCi) was purchased from Amersham Inter-
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national, plc, (Buckinghamshire, United Kingdom). [1-
14C]Linoleic acid (53 mCi/mmol) and [4-14C] cholesterol (51
mCi/mmol) were produced by New England Nuclear,
(Boston, MA), and purified by thin-layer chromatography as
described previously (9) prior to use. 

Animals and diets. Twenty-four male Sprague-Dawley rats
(4-wk old), purchased from Seiwa Experimental Animals
(Fukuoka, Japan) and housed individually in stainless steel
mesh cages, were given a nonpurified diet (type NMF; Orien-
tal Yeast Co., Tokyo, Japan) and acclimated for 4 d in an air-
conditioned room with controlled temperature and reversed
light and dark cycle (20–23°C and lights on 1700 to 0500).
Rats were then divided into three groups of six rats each; one
group was fed a cholesterol-free diet (Chol-free group), the
second was fed a diet with 0.5% added cholesterol alone,
(Chol group) and the third was fed a diet with a mixture of
both 0.5% cholesterol and 0.5% oxidized cholesterol mixture
(Chol + Ox Chol group). Diets were prepared according to
the recommendations of the American Institute of Nutrition
(10), and contained by weight percentage: casein, 20; saf-
flower oil (Rinoru Oil Co., Nagoya, Japan), 5; mineral mix-
ture (AIN76), 3.5; vitamin mixture (AIN76), 1.0; choline
bitartrate, 0.2; DL-methionine, 0.3; cellulose, 5.0; cornstarch,
15; sodium cholate, 0.25; and sucrose to 100. Cholesterol
(0.5%) or both cholesterol (0.5%) and oxidized cholesterol
mixture (0.5%) were added at the expense of sucrose. An ox-
idized cholesterol mixture was prepared from pure cholesterol
by heating as described previously (9). The preparation con-
tained by weight percentage: cholesterol, 8.2; cholest-5-en-
3β,7α-diol, 5.5; cholest-5-en-3β,7β-diol, 18.2; 5,6α-epoxy-
5α-cholestan-3β-ol, 2.9; 5,6β-epoxy-5β-cholestan-3β-ol, 9.0;
5α-cholestan-3β,5,6β-triol, 5.7; 3β-hydroxycholest-5-en-7-
one, 22.0; cholest-5-en-3β,25-diol, 3.8; and unknown oxi-
dized sterols, 23.5. Experimental diets were prepared weekly,
packed in a pouch containing an oxygen adsorbent and stored
at 4°C to avoid peroxidation. Diets were changed every day,
and body weight and food intake were recorded daily. The
Chol-free and Chol groups were given diets at the level con-
sumed by the Chol + Ox Chol group because dietary oxidized
cholesterol caused a significant reduction in food intake.
After 3 wk, rats were killed by decapitation at 1000 for the
measurement of liver enzyme activities and serum and liver
lipids. The liver was excised immediately, frozen with liquid
nitrogen, and kept at −80°C until analyzed. Blood serum was
prepared by centrifugation after allowing blood to clot at
room temperature. Feces were collected for 2 d, beginning 10
d before killing, and lyophilized. 

Analyses. The activities of HMG-CoA reductase, choles-
terol 7α-hydroxylase, and ∆6 desaturase of liver microsomes
were measured according to the procedure reported previ-
ously (9). The concentration of microsomal protein was de-
termined by the method of Lowry et al. (11). Total liver and
serum lipids were extracted by method of Folch et al. (12) and
analyzed for the concentrations of cholesterol, triglyceride,
and phospholipids (13). Serum high density lipoprotein
(HDL)-cholesterol was measured using a commercially avail-

able kit (HDL C-test, Wako Pure Chemicals, Osaka, Japan).
Liver and blood lipoperoxides were also analyzed by the
methods of Yagi (14) and Ohkawa et al. (15) as thiobarbituric
acid-reactive substances (TBARS), although complete
lipoperoxide values were not always shown by this method.
The fatty acid compositions of liver and serum phospholipids
were analyzed as their methyl esters by gas–liquid chro-
matography (Shimadzu gas chromatograph GC-8APF, Kyoto,
Japan) on 10% Silar 10C column (3 mm × 2 m) after phos-
phatidylcholine (PC) and phosphatidylethanoleamine (PE)
were separated by thin-layer chromatography (16) and deriva-
tized. The concentration and composition of acidic steroids
excreted in feces were also analyzed by gas–liquid chro-
matography using a 3% AN-600 column (3 mm × 2 m) as de-
scribed previously (17). The concentrations of oxidized cho-
lesterol in liver, serum, and feces were quantified by capillary
gas–liquid chromatography (Shimadzu gas chromatograph
GC-14A) using ULBON HR-1 column (0.25 mm × 50 m, liq-
uid phase thickness, 25 µm; Shinwa Chemical Industries,
Ltd., Kyoto, Japan) under the conditions described previously
(18).

Statistical analysis. Data were expressed as mean ± SE of
six animals. The exact nature of the differences (P < 0.05)
among the groups was determined by Duncan’s new multi-
ple-range test (19). 

RESULTS

Growth parameters and liver weight. No statistically signifi-
cant differences among groups were observed in body weight
gain according to the type of diet (Table 1). However, the rel-
ative liver weight at the time of killing was significantly
higher in the Chol group than in the Chol-free or Chol + Ox
Chol group.

Concentrations of liver and serum lipids. The concentra-
tion of liver cholesterol was significantly lower in the Chol +
Ox Chol group than in the Chol group, although its level was
significantly higher than that of Chol-free group (Table 2).
The liver triglyceride level in the Chol + Ox Chol group sig-
nificantly decreased compared to the Chol group, and its level
tended to be lower than for the Chol-free group. Contrary to
these effects, the concentration of liver phospholipids was
significantly higher in the Chol + Ox Chol group than in the
Chol group, although its level was comparable to that of
Chol-free group. Reflecting such modulation, the choles-
terol/phospholipid ratio in the Chol + Ox Chol group (1.85 ±
0.13) was significantly lower than in the Chol group (3.78 ±
0.19), although the ratio was significantly higher than for the
Chol-free group (0.34 ± 0.07).

On the other hand, the diet containing both cholesterol and
oxidized cholesterol, as compared to cholesterol alone, sig-
nificantly lowered the concentration of serum cholesterol
(Table 3). Moreover, the concentration of serum HDL-cho-
lesterol was significantly lowered in both the Chol and the
Chol + Ox Chol groups compared with the Chol-free group,
and its level tended to be lower in the Chol + Ox Chol group
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than the Chol group. However, the HDL-cholesterol/total
cholesterol ratio was same for the Chol + Ox Chol and the
Chol groups (Chol-free, 64 ± 3; Chol, 24 ± 3; Chol + Ox Chol
28 ± 2%). Although a significant difference was not observed
in the concentrations of serum triglyceride and phospholipids,
the concentrations in the Chol + Ox Chol group tended to be
lower than in both the Chol-free and Chol groups. 

Key enzyme activities of liver microsomes. Figure 1 shows
the specific activities of HMG-CoA reductase, cholesterol
7α-hydroxylase, and ∆6 desaturase of liver microsomes. The
HMG-CoA reductase activities in both the Chol and Chol +
Ox Chol groups were significantly lower than that in Chol-
free group; however, there was no difference between the
Chol and the Chol + Ox Chol groups, although the activity
tended to be lower in the Chol + Ox Chol group than in the
Chol group. The cholesterol 7α-hydroxylase activity was sig-
nificantly higher in both the Chol and the Chol + Ox Chol
groups than in the Chol-free group; however, the activity in
Chol + Ox Chol group was significantly lower than in the
Chol group. On the other hand, the ∆6 desaturase activity in
the Chol or the Chol + Ox Chol group was significantly de-
creased compared to the Chol-free group; however, the activ-
ity in the Chol + Ox Chol group was significantly higher than
in the Chol group.

Fatty acid profiles of liver. Table 4 shows the fatty acid

compositions of liver phospholipids. Dietary cholesterol sig-
nificantly increased the proportion of palmitoleic, oleic, di-
homo-γ-linolenic, and linoleic acids and decreased those of
stearic acid in PC and PE. Arachidonic acid in PE rather in-
creased while decreasing in PC; docosahexaenoic acid in PE
was not significantly altered while decreasing in PC. Reflect-
ing the modulation in the fatty acid composition, the ratio of
∆6 desaturation index (20:3n-6 + 20:4 n-6)/18:2 n-6  was sig-
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TABLE 1
Effects of Dietary Oxidized Cholesterol on Growth Parameters in the Rats Given High-Cholesterol Dieta

Initial Weight gain Food intake Liver weight
Groups body wt (g) (g/10 d) (g/d) (g/100 g body weight)

Chol-free 113 ± 1 158 ± 8 18.1 ± 0.6 5.41 ± 0.21b

Chol 113 ± 1 171 ± 2 18.4 ± 0.2 6.93 ± 0.09c

Chol + Ox Chol 113 ± 1 162 ± 1 17.9 ± 0.3 5.80 ± 0.07b

aData are presented as mean ± SE for six rats in each group. 
b,c Values without a common superscript letter are significantly different at P < 0.05. Abbreviations: Chol-free, cholesterol-
free diet; Chol, 0.5% cholesterol diet; Chol + Ox Chol, both 0.5% cholesterol and 0.5% oxidized cholesterol diet.

TABLE 2
Effect of Dietary Oxidized Cholesterol on Liver Lipid Concentrations  in the Rats Given High-Cholesterol Dietsa

Total cholesterol Triglyceride Phospholipid
Groups (mg/g) (mg/g) (mg/g)

Chol-free 5.68 ± 0.81b 68.2 ± 10.6b,c 16.8 ± 0.4c

Chol 57.8 ± 2.1d 76.6 ± 11.3c 15.3 ± 0.4b

Chol + Ox Chol 32.3 ± 2.2c 43.9 ± 3.8b 17.5 ± 0.2c

aData are presented as mean ± SE for six rats in each group. 
b–d Values without a common superscript letter are significantly different at P < 0.05. For abbreviations see Table 1.

TABLE 3
Effect of Dietary Oxidized Cholesterol on Serum Lipid Concentrations in the Rats Given High-Cholesterol Dietsa

Total cholesterol HDL-cholesterol Triglyceride Phospholipid
Groups (mg/dL) (mg/dL) (mg/dL) (mg/dL)

Chol-free 97.7 ± 5.2c 62.5 ± 1.5d 154 ± 21 111 ± 8
Chol 194 ± 12d 47.2 ± 4.1b 146 ± 25 92.6 ± 12.2
Chol + Ox Chol 142 ± 14d 39.1 ± 2.6b 126 ± 5 84.2 ± 10.1
aData are presented as mean ± SE for six rats in each group. 
b–dValues without a common superscript letter are significantly different at P < 0.05. For abbreviations see Table 1.

FIG. 1. Effect of dietary oxidized cholesterol on the activities of key en-
zymes in cholesterol metabolism and linoleic acid desaturation in rats
given high-cholesterol diets. Values are presented as mean ± SE for six
rats in each group. Values without the same letter are significantly dif-
ferent at P < 0.05. Open bars: cholesterol-free dietary group; solid bars,
0.5% cholesterol-added grouip; grey bar, both 0.5% cholesterol and
0.5% oxidized cholesterol mixture-added group.



nificantly decreased in the Chol group compared to the Chol-
free group. Contrary to this observations, the reduction of the
ratio was moderate when the rats were given both cholesterol
and oxidized cholesterol because the effect on the proportions
of these fatty acids was small. Therefore, the index was
higher in the Chol + Ox Chol group than in the Chol group,
particularly in PC. A similar tendency was also observed in
liver PE and serum PC fatty acid compositions. 

Contents of oxidized cholesterols in liver and serum. Table
5 shows the concentration of major oxidized cholesterol de-
rivatives in the liver and serum. Dietary oxidized cholesterol
elevated cholesterol derivative levels in liver. Cholest-5-en-
3β, 7α-diol; 5,6α-epoxy-5α-cholestan-3β-ol and 5,6β-epoxy-
5β-cholestan-3β-ol; 5α-cholestan-3β,5,6β-triol; and 3β-hy-
droxycholest-5-en-7-one were detected only in the Chol + Ox
Chol group, whereas cholest-5-en-3β,7β-diol was detected
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TABLE 4 
Fatty Acid Compositions of Liver and Serum Lipidsa

Fatty acids (wt%) Ratio
Groups 16:0 16:1 18:0 18:1 18:2n-6 20:3n-6 20:4n-6 22:6n-3 (20:3 + 20:4)/18:2

Liver
Phosphatidylcholine

Chol-free 21.4 ± 0.7c 3.4 ± 0.4b 11.4 ± 1.2c 8.1 ± 0.3b 11.8 ± 0.4b 0.6 ± 0.0b 34.6 ± 0.9c 5.3 ± 0.6c 3.0 ± 0.1d

Chol 19.9 ± 0.4c 5.7 ± 0.3d 8.2 ± 0.3b 12.9 ± 0.6d 18.5 ± 0.9d 2.7 ± 0.3d 28.6 ± 1.4b 1.6 ± 0.2b 1.7±0.2b

Chol + Ox Chol 18.0 ± 0.3b 4.6 ± 0.3c 10.7 ± 1.1bc 9.9 ± 0.4c 15.7 ± 0.6c 1.6 ± 0.2c 34.0 ± 0.8c 2.9 ± 0.2c 2.3 ± 0.1c

Phosphatidylethanolamine
Chol-free 20.9 ± 0.7c 0.3 ± 0.0b 14.2 ± 1.0c 6.0 ± 0.4b 3.8 ± 0.5b 0.4 ± 0.0b 36.6 ± 1.0b 14.1 ± 0.6d 10.3 ± 0.9c

Chol 17.6 ± 0.4b 2.2 ± 0.2d 11.1 ± 1.1b 10.8 ± 0.8c 7.7 ± 0.4d 1.3 ± 0.2c 40.9 ± 0.9c 4.5 ± 0.5b 5.6 ± 0.3b

Chol + Ox Chol 18.2 ± 0.7b 1.3 ± 0.1c 13.4 ± 1.3c 9.5 ± 0.9c 5.6 ± 0.6c 0.9 ± 0.2c 39.3 ± 1.8bc 8.2 ± 0.5c 7.6 ± 1.0b

Serum
Phosphatidylcholine

Chol-free 24.6 ± 1.7 1.1 ± 0.2b 15.4 ± 1.2c 8.6 ± 1.1b 16.5 ± 1.5b 0.7 ± 0.0b 24.4 ± 3.4 0.2 ± 0.1 1.7 ± 0.3
Chol 22.3 ± 1.1 2.5 ± 0.2c 11.6 ± 1.0b 13.3 ± 1.2c 26.5 ± 0.9d 2.6 ± 0.4d 21.7 ± 2.1 0.2 ± 0.1 1.1 ± 0.1
Chol + Ox Chol 21.7 ± 1.1 2.8 ± 0.3c 10.7 ± 0.9b 10.9 ± 1.3bc 20.7 ± 1.5c 1.3 ± 0.2c 26.6 ± 3.7 0.1 ± 0.0 1.4 ± 0.3

aData are presented as mean ± SE for six rats in each group. 
b-–dValues without a common superscript letter are significantly different at P < 0.05. For abbreviations see Table 1.

TABLE 5
Effect of Dietary Cholesterol on Sterol Composition of Liver in the Rats Given High-Cholesterol Dietsa

Group
Component Chol-free Chol Chol + Ox Chol

Liver (µg/g)
Cholesterol 7,405 ± 828c 56,555 ± 609e 2,147 ± 1,930d

7α-Hydroxycholesterol n.df n.d 48.1 ± 6.1
7β-Hydroxycholesterol 59.7 ± 5.4c 151 ± 48.7c 432 ± 33.1d

5β-Epoxycholesterol n.d. n.d. 106 ± 32.9
5α-Epoxycholesterol n.d. n.d. 60.0 ± 12.3
Cholestanetriol n.d. n.d. 98.1 ± 21.8
7-Ketocholesterol n.d. n.d. 42.2 ± 11.3
Unknown steroidsb 87.2 ± 16.7c 75.4 ± 33.9c 796 ± 157d

Serum (mg/dL)
Cholesterol 113 ± 5.5c 198 ± 11.5d 163 ± 19.2d

7α-Hydroxycholesterol n.d. n.d. 0.5 ± 0.1
7β-Hydroxycholesterol 1.0 ± 0.1c 0.9 ± 0.2c 2.8 ± 0.4d

5β-Epoxycholesterol n.d. n.d. 2.7 ± 0.5
5α-Epoxycholesterol n.d. n.d. 1.1 ± 0.2
Cholestanetriol n.d. n.d. 1.5 ± 0.4
7-Ketocholesterol n.d. n.d. 1.8 ± 0.6
Unknown steroidsb 1.8 ± 0.2c 0.6 ± 0.2c 12.7 ± 1.3d

aData are presented as means ± SE for six rats in each group. Cholesterol, cholest-5-en-3β-ol; 7α-hydroxychol-esterol,
cholest-5-en-3β, 7-α-diol; 7β-hydroxy-cholesterol, cholest-5-en-3β, 7β-diol; 5β-epoxycholesterol, 5,6β-epoxy-5β-
cholestan-3β-ol; 5α-epoxycholesterol, 5,6α-epoxy-5α-cholestan-3β-ol; cholestanetriol, 5α-cholestan-3β,5,6β-triol; 7 keto-
cholesterol, 3β-hydroxycholest-5-en-7-one.
bComposed of more than 20 compounds. Mainly plant sterols in the non cholesterol and cholesterol-added groups, whereas
oxidized cholesterols in addition to plant sterols in the oxidized cholesterol group.
c–eValues without a common superscript letter are significantly different at P < 0.05. 
fNot detected. For other abbreviations see Table 1.



even in the rats given no oxidized cholesterol. In addition, the
concentration of cholest-5-en-3β,7β-diol in the Chol group
was higher than that in the Chol-free group. The same
changes were also observed in serum, although the level of
cholest-5-en-3β,7β-diol was same level between the Chol-
free and the Chol groups. 

Fecal steroid excretion. Table 6 summarizes between
groups data for composition of fecal steroids. Although the
weight of dried feces was comparable between groups, the
fecal excretion of neutral steroids in the Chol + Ox Chol
group was the highest among the three groups. The excretion
of cholesterol and unknown neutral steroids was significantly
higher in the Chol + Ox Chol group than the Chol group. The
concentration of coprostanol in feces of the Chol + Ox Chol
group was higher than other two groups.

In contrast, dietary oxidized cholesterol significantly low-
ered the excretion of acidic sterols, the value in the Chol +
Ox Chol group being lower than in both the Chol and Chol-
free groups. The composition of acidic sterols was also modi-
fied by dietary oxidized cholesterol, and the ratio of sec-
ondary to primary bile acids (deoxycholic acid/cholic acid
and lithocholic acid/chenodeoxycholic acid) in the Chol + Ox
Chol group was significantly increased compared to that ob-
served in the rats fed the cholesterol-only supplement.

TBARS value of blood and liver. Figure 2 shows the con-
centrations of blood and liver lipoperoxides measured as
TBARS. The TBARS values of blood and liver significantly
increased after feeding the diet containing both cholesterol
and oxidized cholesterol compared to either the cholesterol-
free diet, or that which cholesterol alone was added. The

value of the Chol group was lower than that of the Chol-free
group although this difference was not statistically significant.

DISCUSSION

Our previous observations indicated that dietary oxidized
cholesterol modulates some parameters of lipid components
and metabolism accompanying aging (8,9). The present study
also showed that high dietary levels of oxidized cholesterol
disturbed exogenous cholesterol metabolism and modified
various parameters of lipid metabolism when rats were fed
high-cholesterol diets. 
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TABLE 6
Effect of Dietary Oxidized Cholesterol on Fecal Acidic and Neutral Steroid Excretion in the Rats
Given High-Cholesterol Dietsa

Group
Chol-free Chol Chol + Ox Chol

Dried fecal weight (g/d) 1.47 ± 0.09 1.50 ± 0.05 1.41 ± 0.07
Neutral steroids (mg/d)
Coprostanol 0.07 ± 0.02d 0.45 ± 0.06d,e 0.87 ± 0.24e

Cholesterol 3.87 ± 0.16d 33.40 ± 2.11e 62.69 ± 4.94f

Unknown steroidsb 3.21 ± 0.17d 6.27 ± 0.29e 21.62 ± 1.67f

Total neutral steroids 7.15 ± 0.16d 40.11 ± 2.32e 85.17 ± 6.65f

Acidic steroids (mg/d)
Lithocholic 0.28 ± 0.10d 0.41 ± 0.12e 0.89 ± 0.09f

Deoxycholic 6.92 ± 0.61 6.32 ± 1.22 5.52 ± 0.54
Chenodeoxycholic 0.50 ± 0.15d 0.70 ± 0.09f 0.66 ± 0.16e

Hyodeoxycholic + ursodeoxycholic 0.95 ± 0.16d 1.41 ± 0.25d,e 1.99 ± 0.21e

Cholic 8.82 ± 0.63d,e 11.48 ± 0.74e 5.04 ± 0.48d

α-Muricholic 2.51 ± 0.15d 4.39 ± 0.49e 1.22 ± 0.07d

β-Muricholic 1.98 ± 0.13d 2.02 ± 0.07e 1.90 ± 0.09d

Unknownsc 2.82 ± 0.80e 1.48 ± 0.24d 2.29 ± 0.46d

Total acidic steroids 23.04 ± 0.80d 26.82 ± 1.84e 17.68 ± 0.9d

Deoxycholic/Cholic 0.82 ± 0.11d,e 0.57 ± 0.10d 1.11 ± 0.21e

Lithocholic/Chenodeoxycholic 0.48 ± 0.24d 0.56 ± 0.13d 1.15 ± 0.16e

Total steroids (mg/d) 30.2 ± 0.8d 66.9 ± 2.5e 102.8 ± 7.4f

aData are presented as mean ± SE for six rats in each group.
bComposed of more than 20 components including oxidized cholesterols and plant sterols and their metabolites.
cComposed of more than five unknown components.
d–fValues without a common superscript letter are significantly different at P < 0.05. For abbreviations see Table 1.

FIG. 2. Effect of dietary oxidized cholesterol on blood and liver thiobarbi-
turic acid-reactive substances (TBARS) values in rats given high choles-
terol diets. Values are presented as mean ± SE for six rats in each group.
Values without the same letter are significantly different at P < 0.05. MDA,
malondialdehyde. For abbreviations see Figure 1.



Relative liver weight in the Chol + Ox Chol group was sig-
nificantly lower compared to the Chol group, although food
intake and weight gain of rats were not different due to the
paired-feeding protocol. In addition, the color of the livers of
rats fed oxidized cholesterol (dark-red) was different from
that of the rats of other groups (Chol-free group, bright-red;
Chol group, whitish-red). We previously observed that dietary
oxidized cholesterol increased hepatic glutamic pyruvic
transaminase levels (9). Thus, dietary oxidized cholesterol
may exert deleterious effects against hepatic function, as var-
ious oxidized cholesterol derivatives exhibit toxic action in
bioassay (4). However, more detailed studies on this toxic ef-
fect of dietary oxidized cholesterol on hepatic function are re-
quired because whether the in vitro toxic property of oxidized
cholesterol is the same or similar to the effect in vivo has not
yet been determined. 

The concentration of liver cholesterol in the Chol + Ox
Chol group was significantly decreased compared to the Chol
group. Moreover, the same tendency was shown in serum
cholesterol level. These depressive effects on cholesterol of
liver and serum may be due to the large excretion of choles-
terol in feces. In fact, we observed that oxidized cholesterol
inhibited the absorption of cholesterol from the intestines in a
previous study (20). In addition, the reduction of sterol
biosynthesis may also affect the concentration of liver cho-
lesterol, as reduction of the hepatic HMG-CoA reductase ac-
tivity was observed when rats were fed diets containing ei-
ther both cholesterol and oxidized cholesterol or cholesterol
alone. Various oxidized cholesterol derivatives have been
shown to be potent inhibitors of sterol biosynthesis in vitro
(21,22). In the limited information about in vivo studies, Erik-
son et al. (23) observed that HMG-CoA reductase activity
was inhibited by perfusion of the liver with cholest-5-en-3β,
25diol. Vargas et al. (24) also reported that hepatic HMG-
CoA reductase activity in laying hens was suppressed by
feeding an oxidized cholesterol mixture. These observations
were consistent with the present results.

Despite dietary cholesterol increasing cholesterol 7α-hy-
droxylase activity, this enzyme was inhibited by dietary oxi-
dized cholesterol, although this activity may partly be low-
ered by the promotion of cholesterol excretion in feces. The
hydroxylase activity has also been shown to be inhibited by
oxidized cholesterol in an other in vivo study (25). Therefore,
this inhibitory action may be partly caused by the competi-
tive inhibition of cholesterol binding to liver microsomal cy-
tochrome P-450 by oxidized sterols as suggested by Böstrom
(25). The decrease of the hydroxylase activity by dietary oxi-
dized cholesterol may be associated with the reduction in
fecal acidic steroids excretion. The change in composition of
fecal acidic steroids also indicates a differential effect of oxi-
dized cholesterol on enzymes involved in bile acid conver-
sion as reported previously (26,27). Moreover, oxidized cho-
lesterol can be converted to unusual acidic steroids by intesti-
nal bacteria, yielding oxidized cholesterol derivatives with
increased toxicity. In fact, there was an increase in the ratio
of secondary to primary bile acids in the rats fed oxidized

cholesterol. This modulation might be a factor in colon can-
cer because deoxycholic and lithocholic acids are known to
have potent promoter properties (28,29).

On the other hand, the hepatic ∆6 desaturase activity was
significantly higher in the Chol + Ox Chol group than in the
Chol group, although the ∆6 desaturase activity was sup-
pressed by dietary cholesterol as reported previously (30).
These results were consistent with the observation of
Hochgraf et al. (31), although they gave oxidized linoleic acid
to rats. As a result, the desaturation index of linoleic acid ex-
pressed as the ratio of (20:3n-6 + 20:4n-6/18:2n-6) in the
Chol + Ox Chol group tended to increase in liver PC, PE, and
serum PC compared to the Chol group. This modulation may
be caused by increased fluidity of hepatic microsomes accom-
panying a decreased cholesterol/phospholipid ratio as
Hochgraf et al. reported (31). 

Thus, oxidized cholesterol modulated key enzymes in the
metabolism of cholesterol as well as polyunsaturated fatty
acids in liver microsomes. Unesterified oxidized cholesterol
derivatives may exert various deleterious actions on hepatic
lipid metabolism shortly after being incorporated into the
cells as demonstrated by Brown and Goldstein (32), although
it is generally believed that cells acquire exogenous choles-
terol by two mechanisms, diffusional transfer (33) and recep-
tor-mediated endocytosis (32). 

Dietary oxidized cholesterol influenced the levels of triglyc-
eride and phospholipid in the liver and serum. The same ten-
dency was observed in plasma but not in liver of chicks given
oxidized cholesterol (34). On the other hand, the concentration
of liver cholesterol ester was lower in the rats given both cho-
lesterol and oxidized cholesterol than in those given cholesterol
alone, although these data were not shown. Some in vitro stud-
ies (35,36) found that oxidized cholesterol derivatives stimu-
lated the fatty acyl-CoA:cholesterol acyltransferase activity in
cultured cells and isolated microsomes. However, this did not
occur in microsomes from bovine adrenal cortex and murine
macrophage-like cells (37,38). The apparent inhibition of acyl-
CoA:cholesterol acyltransferase activity by dietary oxidized
cholesterol may be observed in this experimental condition be-
cause the enzyme in our experiment was saturated with sterol
substrate as Smith and Johnson suggested (4), although our re-
sult was consistent with the latter.

The TBARS value of blood and liver was higher in Chol +
Ox Chol group than in the other two groups. Although the in-
teraction of oxidized cholesterol derivatives such as hy-
droperoxycholesterols with the TBA reagent cannot be ex-
cluded, it is possible that oxidized sterols stimulate the for-
mation of free radicals in the tissues leading to reaction with
coexisting fatty acids to form TBARS. 

In conclusion, the present results demonstrated diverse ef-
fects of a high dietary level of oxidized cholesterol on exoge-
nous cholesterol and linoleic acid desaturation when rats were
fed a high-cholesterol diet. Emanuel et al. (39) reported that
oxidized cholesterol derived from foodstuffs elevated oxi-
dized cholesterol levels in human plasma. These oxidized
cholesterol derivatives may have deleterious effects on lipid
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metabolism, as observed in the present study. Our experimen-
tal conditions may not necessarily reflect usual diets because
the level of oxidized cholesterol in the experimental diet was
very high compared to a natural diet. Therefore, further stud-
ies are needed to confirm the current results under more phys-
iological conditions. However, these observations help eluci-
date how high dietary levels of oxidized cholesterol modulate
exogenous cholesterol metabolism and linoleic acid desatura-
tion when high-consuming a cholesterol diet.
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ABSTRACT: A viscous hydrocolloid (guar gum, GG; 2.5% of
the diet) or a steroid sequestrant (cholestyramine; 0.5% of the
diet) was included in semipurified diets containing 0.2% cho-
lesterol to compare the cholesterol-lowering effects of each
agent in rats. In the present model, GG significantly lowered
plasma cholesterol (−25%), especially in the density < 1.040
kg/L fraction, whereas cholestyramine was less potent. Bile acid
fecal excretion significantly increased only in rats fed
cholestyramine, similar to the cecal bile acid pool; the biliary
bile acid secretion was accelerated by GG, but not their fecal
excretion, whereas GG effectively enhanced neutral sterol ex-
cretion. As a result, the total steroid balance (+13 µmol/d in the
control) was shifted toward negative values in rats fed the GG
or cholestyramine diets (−27 or −50 µmol/d, respectively). Both
agents induced liver 3-hydroxy-3-methylglutaryl-CoA reduc-
tase, but cholestyramine was more potent than GG in this re-
spect. The present data suggest that, at a relative low dose in
the diet, GG may be more effective than cholestyramine in low-
ering plasma cholesterol by impairing cholesterol absorption
and by accelerating the small intestine/liver cycling of bile
acids, which is interestingly, accompanied by reduction of bile
acid concentration in the large intestine.
Lipids 33, 765–771 (1998).

Several studies have indicated that the dietary intake of non-
starch polysaccharides can lower circulating cholesterol lev-
els in humans as well as in experimental animals (1–3). Vari-
ous compounds have been documented: cereal brans, gums,
resistant starch, or compounds displaying sequestrant proper-
ties such as cholestyramine (a resin) or β-cyclodextrin (4–7).
Guar gum (GG) has been shown to be particularly effective
as a cholesterol-lowering agent: in the small intestine this
neutral galactomannan has the capacity to form gels which
may trap organic materials such as bile acids or sterols (8).
GG, a hydrocolloid, is not markedly digested in the upper part
of the digestive tract, but is extensively broken down in the

large intestine by the host microflora, yielding short-chain
fatty acids (SCFA) that are soon absorbed.

The cholesterol-lowering effect of fermentable carbohy-
drates may be explained by various mechanisms: (i) impair-
ment of cholesterol absorption in the small intestine, (ii) bind-
ing of bile acids by hydrocolloids, with subsequent interrup-
tion of the enterohepatic bile acid cycling and increased fecal
steroid excretion (9–11), (iii) impairment of the passive reab-
sorption of bile acids in the large intestine by insolubilizing
these compounds (luminal pH acidification, entrapping to
various insoluble structures, bacterial dehydroxylation into
apolar metabolites), and (iv) production of specific metabolic
effects, especially in the liver on lipid metabolism.

Previous investigations have established that the choles-
terol-lowering effect of dietary fibers depends on their capac-
ity to accelerate the fecal excretion of steroids and on their
fermentability (12). The question was raised whether hydro-
colloids such as GG could act, to some extent, as steroid se-
questrants in the digestive tract. Both GG and cholestyramine
produce greater fecal sterol excretion (13) and, in human sub-
jects, increase bile acid synthesis (14). But in contrast to
cholestyramine, GG is devoid of ion-exchange capacity and,
in some experiments, hydrocolloids and cholestyramine
showed contrasting effects on bile acid excretion (15).

The aim of the present work was to examine whether GG
exerts effects different from those of cholestyramine on the
enterohepatic bile acids cycling and on the control of plasma
cholesterol and liver metabolism.

MATERIALS AND METHODS 

Animals and diets. Male Wistar rats (IFFA-CREDO, l’Ar-
bresle, France) weighing approximately 150 g were fed for
21 d semipurified diets distributed as a moistened powder.
The control diet contained the following (in g/kg diet): casein
(L. François, Paris, France), 150; corn oil, 100; cholesterol,
2; wheat starch, 678; mineral and vitamin mixes (Usine d’Al-
imentation Rationnelle, Villemoisson/Orge, France), 60 and
10, respectively (Table 1). The first experimental group con-
tained 25 g of GG/kg diet at the expense of wheat starch, and
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the second contained 5 g cholestyramine/kg diet. GG flour
(Meyproguar) of high MW (≈2 × 106) was purchased from
Meyhall (Kreuzlingen, Switzerland). Two animals were
housed per cage and maintained in temperature-controlled
rooms (22°C), with the dark period from 2000 to 0800 h. Rats
were maintained and handled according to the recommenda-
tions of the Institutional Ethics Committee (Clermont-Fer-
rand University). The body weight of rats was recorded every
48 h during the experimental period; food intake and fecal ex-
cretion were recorded over three 2-d periods throughout the
last 10 d.

Sampling procedures. Rats were killed at the end of the
dark period, at which time cecal fermentations are still very
active. They were anesthetized with sodium pentobarbital (40
mg/kg) and maintained at 37°C. An abdominal incision was
made, and blood (1 mL) was drawn from both the portal vein
and the abdominal aorta. The blood of each animal was
placed in plastic tube containing heparin and centrifuged at
10,000 × g, for 5 min. After centrifugation, plasma was re-
moved and kept at +4°C for lipid and lipoprotein analysis.
After blood sampling, the cecal content was removed and
weighed; two samples of it were transferred to microfuge
tubes and immediately frozen at −20°C. 

The small intestine was clamped at the pylorus and the
ileal-cecal junction, removed, stripped of mesentery and fat,
and weighed. The small intestine was halved to facilitate han-
dling, and the content of each section was emptied into a
preweighed tube by finger stripping and then frozen at −20°C.
A portion of liver was freeze-clamped and stored at −80°C
for the measurement of liver lipids. Two grams of liver were
homogenized in 4 mL of an ice-cold buffer 1 (50 mmol/L
Tris-hydrochloride, 250 mmol/L sucrose, 50 mmol/L EDTA,
2 mmol/L dithiothreitol, and 2 µmol/L leupeptin, pH 7.2)
with a Potter-Elvejhem homogenizer (Braun, Melsungen,
Germany) at moderate speed. The homogenate was first cen-
trifuged at 10,000 × g (15 min, 4°C); the resulting supernatant
was then centrifuged at 100,000 × g (60 min, 4°C). Pellets
were resuspended in 2 mL of chilled buffer 1. The centrifuga-
tion procedure was repeated, and the resulting pellets were
homogenized in 1 mL of buffer 2 (sucrose, 100 mmol/L;
KCL, 50 mmol/L; K phosphate, 40 mmol/L; EDTA, 30
mmol/L; dithiothreitol, 1 mmol/L; pH, 7.2). The microsomal
preparation was stored at −80°C until measurement of 3-hy-
droxy-3-methylglutaryl-CoA (HMG-CoA) reductase activity.

The microsomal content of proteins was determined using the
Pierce BCA reagent kit (Interchim, Montluçon, France).

Surgical procedure. In a separate series of anesthetized
rats, a mid-line laparotomy was performed and the bile duct
was exposed and ligated distally. The bile duct was then
catheterized with a PE10 polyethylene catheter (Biotrol,
Paris, France), and bile was allowed to drain for 30 min and
then collected for two 30-min periods into preweighed vials
cooled on ice. Bile volume was determined gravimetrically. 

Analytical procedures. SCFA concentrations were mea-
sured by gas–liquid chromatography after ethanolic extrac-
tion of samples on supernatants (8,000 × g, 5 min at 4°C) of
cecal content. Bile acid analysis was conducted either directly
on bile, or from cecal content, small intestine content or feces
extracted by a two-step procedure. For this purpose, 1-vol
sample was first dispersed in 10 vol of ethanolic KOH (0.5
M) using a Polytron disintegrator (Lucerne, Switzerland) and
extracted at 70°C for 2 h, then 1 vol of this suspension (typi-
cally 2.5 mL) was redispersed in 4 vol of ethanolic KOH and
reextracted at 70°C for 2 h. Bile acids were quantified using
the reaction catalyzed by the 3-(α-hydroxysteroid dehydroge-
nase (E.C. 1.1.1.50; Sigma, St. Louis, MO). Sterol analysis
was conducted by gas–liquid chromatography. Neutral
steroids were extracted three times with 1 mL of hexane from
a 100-µL aliquot of the alkaline ethanolic extract. After addi-
tion of 5-α-cholestane as an internal standard, the solvent was
evaporated under a stream of N2 and the residue dissolved in
hexane. Portions (0.5 µL) of this extract were injected into a
gas chromatograph (Delsi 330, Paris, France) equipped with
a 12 m × 0.25 mm (i.d.) fused-silica capillary column (BP10;
SGE, Villeneuve-St.-Georges, France) and a flame-ionization
detector. Helium was used as a carrier gas, and the sterols
were separated isothermally at 260°C. Sterols were calculated
from the peak areas relative to the peak area of the internal
standard. Triglycerides (Biotrol, Paris, France) and total cho-
lesterol (BioMérieux, Charbonnières-les-Bains, France) were
determined in plasma and bile (only cholesterol) by enzy-
matic procedures.

Plasma lipoproteins were separated on a density gradient
by preparative ultracentrifugation (16), in a TST 41.14 swing-
ing-bucket rotor (Kontron, Zürich, Switzerland) at 100,000 ×
g for 36 h (15°C). Because of low level of plasma low den-
sity lipoprotein and the partial overlapping of high density
lipoprotein (HDL)1 and HDL2 fractions in rats, only two
fractions were considered: the fraction of density < 1.040
kg/L (chiefly triglyceride-rich lipoproteins, together with
some low density lipoprotein) and the fraction of density >
1.040 kg/L (HDL). The cholesterol content of each fraction
was determined by the method described above. Liver triglyc-
eride and cholesterol were extracted and analyzed as de-
scribed by Mazur et al. (17), and a control serum (Biotrol-33
Plus) serving as the control of analysis accuracy was treated
similar to samples.

Enzyme activities. The activity of HMG-CoA reductase
(E.C. 1.1.1.34) was determined on microsomal fractions as
described by Wilce and Kroone (18). Labeled mevalonolac-
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TABLE 1
Composition (g/kg) of the Experimental Diets

Diet group Control Guar gum Cholestyramine

Wheat starch 678 653 673
Casein 150 150 150
Corn oil 100 100 100
Cholesterol 2 2 2
Guar gum 0 25 0
Cholestyramine 0 0 5
Mineral mixture 60 60 60
Vitamin mixture 10 10 10



tone was separated from unreacted HMG-CoA by column
chromatography using AG1-X8 resin (200–400 mesh, for-
mate form; BioRad, Paris, France). Specific radioactivity of
the enzyme was expressed in pmole of [3-14C]HMG-CoA
transformed in [14C]mevalonolactone per min per mg of mi-
crosomal protein, after correcting for recovery of [3H]meva-
lonolactone from the column. 

Calculation and data analysis. The cecal pool was calcu-
lated as: cecal concentration (mmol/L) × cecal content vol-
ume (mL). Values are given as the means ± SEM and, where
appropriate, significance of difference (P < 0.05) between
mean values was determined by analysis of variance coupled
with the student Newman-Keuls’ Test. 

RESULTS

Effects of diets on body weight, cecal development, cecal pH,
and cecal fermentations. As indicated in Table 2, there were
no significant differences in body weight between control rats
and rats fed 2.5% GG or 0.5% cholestyramine.The cecal
weight was significantly enhanced in rats fed the GG diet
(+72%) with a similar increase of cecal wall weight. Only the
GG diet caused an acidification of the cecal content (pH 6.60
compared to 7.00 for control rats). Rats fed the GG diet had
cecal SCFA concentration of 135 mmol/L, compared to about
90 mmol/L for rats adapted to the control or the cholestyra-
mine diet. Similarly, the total SCFA pool was significantly
enhanced only in rats fed GG diet (+178% compared to the
control); futhermore, there was a higher molar proportion of
propionate in rats fed GG (38%, vs. 24 and 29% for the con-
trol and cholestyramine-fed rats, respectively).

Effects of diets on biliary secretion and fecal excretion of
acidic and neutral sterols. As shown in Table 3, the biliary
flow was higher (not significantly) in rats fed the GG diet than
in the control rats, and the biliary bile acid secretion was sig-
nificantly enhanced only in rats fed GG (+36% above the con-
trol values). Futhermore there was a significant increase in
biliary cholesterol excretion (+60% above the control values)
in rats fed GG diets and a slight increase with rats fed a
cholestyramine diet. The bile acid content of small intestines
in rats fed GG and cholestyramine diets was slightly higher
than in the control rat (about +35%). The cecal pool of bile

acids in rats adapted to the GG diet was similar to that found
in control rats (14.8 µmol); but it was significantly increased
in rats fed the cholestyramine diet (18 µmol). There was a
substantial excretion of sterols (chiefly coprostanol) amount-
ing to 61 µmol/d in the control diet, 123 µmol/d in the GG
diet, and 106 µmol/d in the cholestyramine diet. Coprostanol
excretion was significantly enhanced in rats fed the GG and
cholestyramine diets (87 and 71 µmol/d, respectively, vs. 39
µmol/d for the control diet). Taking into account the daily
cholesterol intake (116–131 µmol/d), it appears that the sterol
net absorption was markedly lowered by GG and cholestyra-
mine (8 and 11 µmol/d, respectively, vs. 55 µmol/d for the
control); as a result, the apparent cholesterol digestibility was
reduced (6 and 9% for GG and cholestyramine diets, respec-
tively, compared to 47% for the control diet). Fecal bile acid
excretion was enhanced only with the cholestyramine diet
(+45% compared to the control diet). Furthermore, total
steroid excretion was significantly enhanced with GG and
cholestyramine diets (+53 and +62%, respectively). The total
steroid balance (Fig. 1) was +13 µmol/d in the control diet;
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TABLE 2
Effects of the Diets on the Final Body Weight and Cecal Digestive Parametersa

Diet group Control Guar gum Cholestyramine

Final body weight (g) 323 ± 10 307 ± 6 322 ± 7
Cecal weight (g) 2.24 ± 0.16a 3.77 ± 0.32b 2.71 ± 0.18a

Cecal wall weight (g) 0.63 ± 0.01a 0.85 ± 0.03b 0.69 ± 0.05a

Cecal pH 7.00 ± 0.07a 6.60 ± 0.03b 7.11 ± 0.06a

Cecal SCFA concentration (mM) 91 ± 7a 135 ± 9b 88 ± 6a

Cecal SCFA pool (µmol) 114 ± 6a 318 ± 10b 118 ± 5a

Molar ratio of cecal SCFA
(acetate/propionate/butyrate) (62:24:12) (46:38:16) (62:29:10)

aEach value is the mean ± SEM, n = 10. Values within a row that are not followed by a common su-
perscript letter are significantly different (P < 0.05). SCFA, short-chain fatty acid.

FIG. 1. The steroid balance is referred to as: cholesterol intake − total
steroids excretion. Each value is the mean ± SEM, n = 10. Bars not shar-
ing a common letter are significantly different (P < 0.05).



whereas it was negative for GG and cholestyramine diets 
(−27 and −50 µmol/d, respectively).

Effects of diets on plasma and liver lipids concentration
and HMG-CoA reductase activity. As shown in Table 4, the
plasma cholesterol concentration was significantly decreased
in rats fed the GG and cholestyramine diets compared to con-
trol rats (−25 and −13%, respectively); there was no signifi-
cant triglyceride-lowering effect. In rats fed the control diet
(0.2% of cholesterol), the major part of plasma cholesterol
was found in the density < 1.040 kg/L (Fig. 2). GG effectively
lowered cholesterol in this fraction (−51%), but cholestyra-
mine was less effective (−30%). The cholesterol of density >
1.040 kg/L fraction was not significantly modified by any of
the diet conditions. Furthermore GG and cholestyramine diets
decreased cholesterol concentration in the liver. HMG-CoA
reductase activity significantly increased with the GG and
cholestyramine diets (+86 and +339% vs. the control, respec-
tively). Liver triglycerides were not significantly affected.

DISCUSSION

Numerous studies have demonstrated that soluble fibers like
GG exert a cholesterol-lowering effect in human or animal
models (19,20) when there is a substantial dietary supply of
cholesterol ranging from 0.2 to 1% (21,22). Similarly, in this
present study by using 0.2% cholesterol diets, GG signifi-
cantly lowered plasma cholesterol concentration (−25%), but
cholestyramine was apparently less effective (−13%). The
cholesterol-lowering effect of GG is probably connected to
its ability to elevate the viscosity in the small intestine lumen
(2,23), which results in a decreased intraluminal mixing or
increased thickness of the unstirred water layer (2,13). Such
changes would affect cholesterol absorption, hence neutral
sterol excretion. Bile acid-binding capacity is questionable
for GG since it is devoid of suitable polar groups (–NH3

+,
–COOCa+) and of polysaccharidic cavity (or helical struc-
ture) to include steroids; nevertheless, some data in vitro sug-
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TABLE 3
Effects of the Diets on Bile and Intestinal Bile Acid Concentration, 
and on the Fecal Excretion of Steroidsa

Diet group Control Guar gum Cholestyramine

Bile
Bile flow (mL/h) 1.06 ± 0.08a 1.26 ± 0.32a 0.95 ± 0.12a

Bile acid flux (µmol/h) 39 ± 4a 53 ± 5b 33± 4a

Cholesterol flux (µmol/h) 0.45 ± 0.05a 0.72 ± 0.09b 0.68 ± 0.07b

Small intestine
Bile acid pool (µmol) 16.5 ± 1.4a 22.4 ± 3.2b 25.7 ± 4.0b

Cecum
Bile acid concentration (mM) 9.3 ± 0.8a 4.4 ± 0.6b 8.3 ± 0.6a

Bile acid pool (µmol)b 14.8 ± 1.4a 14.0 ± 1.7a 18.0 ± 1.2b

Fecal excretion
Neutral sterols (µmol/d) 61 ± 6a 123 ± 10b 106 ± 4b

Cholesterol/coprostanol (%) 36:64 29:71 33:67
Bile acids (µmol/d) 42 ± 2a 35 ± 2a 61 ± 4b

Total steroids (µmol/d) 103 ± 8a 158 ± 12b 167 ± 13b

Cholesterol intakec − neutral
sterol excretion (µmol/d) 55 ± 3a 8 ± 5b 11 ± 3b

aEach value is the mean ± SEM, n = 10. Values within a row that are not followed by a common su-
perscript letter are significantly different (P < 0.05).
bThe cecal bile acid pool (µmol) was calculated: [bile acid] × cecal content, namely the difference
between total cecal weight and the cecal wall weight.
cCholesterol intake was (in µmol/d): 116 ± 3 (control), 131 ± 5 (guar gum), and 117 ± 6 (cholestyra-
mine).

TABLE 4
Effects of the Diets on Lipid Metabolism Parametersa

Diet group Control Guar gum Cholestyramine

Plasma
Cholesterol (mM) 1.94 ± 0.06c 1.45 ± 0.05a 1.69 ± 0.04b

Triglyceride (mM) 2.25 ± 0.36b 1.94 ± 0.21b 1.49 ± 0.19a

Liver
Cholesterol (mg/g liver) 5.6 ± 0.5b 3.6 ± 0.5a 3.1 ± 0.4a

Triglyceride (mg/g liver) 10.0 ± 1.2 8.3 ± 0.5 8.9 ± 1.5
Microsomal HMG-CoA reductase

(pmol/min·mg protein) 20 ± 2a 37 ± 5b 85 ± 7c

aEach value is the mean ± SEM, n = 10. Values within a row that are not followed by a common su-
perscript letter are significantly different (p < 0.05). HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA.



gest that this capacity does exist for GG (14). On the other
hand, bile-acid binding by cholestyramine is effective (24),
but it binds a relatively small portion of trihydroxy bile acids
which dissociate to varying extents from the sequestrants in
the terminal ileum (25).

Notably in this study, fecal bile acid excretion did not sig-
nificantly increase in rats fed the GG diet, although their bil-
iary secretion (+36%) did increase, which is contrary to re-
ports, particularly in hamster or guinea pig models, indicat-
ing that bile acid excretion is more responsive to dietary
hydrocolloids than sterol excretion (15,21). The fact that fecal
bile acid excretion was not elevated by GG probably reflects
a lower availability of exogenous cholesterol, since GG ap-
parently lowers cholesterol absorption.

GG diets also may increase both biliary secretion and in-
testinal bile acid pools (26–28). In the present experiments,
the cecal bile acid pool was not enlarged in rats fed the GG
diet, compared to fiber-free control rats, in spite of a higher
rate of hepatic secretion. With higher levels of GG in the diet
(5% or higher), this cecal pool was significantly increased,
even if the fecal bile acid excretion was marginally increased
(22). More efficient bile acid recovery in the small intestine
is needed. Bile acid recovery and biosynthetic pathways are
coordinately regulated and could be responsive to the size of
the bile acid pool in enterohepatic circulation (29). Some data
support the view that ileal bile acid transport could be in-
creased with dietary fermentable carbohydrates (22,30). The
mechanisms involved in this adaptive response could be ei-
ther the hypertrophy of the ileal mucosa, along with an elon-

gation of small intestine (31,32) affording higher capacity of
reabsorption or upregulation of the ileal transporter, which is
activated by cholic acid (33). The fact that an intestinal bile
acid pool increase elicited by GG represents an effective stim-
ulus is unproven. The large intestine also contains a notice-
able bile acid pool (22) of which most is insolubilized due to
several factors (acidic luminal pH, high Ca concentration,
binding on microorganisms) and the remainder is reabsorbed
by a passive (but relatively efficient) process. With its effec-
tiveness depending on its capacity to impair bile acid reab-
sorption from the large bowel along with small intestine re-
absorption (34), cholestyramine increases the bile acid cecal
pool and the fecal excretion rate, greater than the control. 

In control rats, dietary cholesterol drastically subdued
HMG-CoA reductase basal activity, but GG and cholestyra-
mine significantly activated this enzyme. Although the acti-
vation was greated with cholestyramine than with GG,
cholestyramine was less effectively hypocholesterolemic in
the present model. In rats adapted to 0.3% cholesterol diets,
hepatic cholesterolgenesis could be reactivated in pectin- or
psyllium-fed rats (35). Acceleration of the enterohepatic
cycling of bile acids with GG may tend to counteract HMG-
CoA reductase activation (36), which could explain more-
effective cholesterol-lowering with GG than with cholestyra-
mine even though the fecal excretion of bile acids was lower
with GG than with cholestyramine. Another difference be-
tween GG and cholestyramine is that GG is broken down to
SCFA by the large intestine microflora. In fact, with the rela-
tively low GG level used in the present experiment, it seems
unlikely that SCFA make a major contribution to liver metab-
olism, although some specific effects of propionate on lipid
metabolism have been proposed (37). Also, soluble fibers
such as those in GG tend to limit the postprandial increase of
insulin (38,39), which is an important factor in the regulation
of HMG-CoA reductase activity (40). 

In conclusion, it appears that, in the present rat model fed
low-cholesterol diets, a moderate percentage of GG (2.5%)
may be more effective than 0.5% cholestyramine to lower
plasma cholesterol. The fact that GG mainly affects the cho-
lesterol digestive balance and lowers bile acid availability in
the large intestine is enlightening by suggesting that an accel-
erated bile acid transfer from the ileum to the large intestine
is not the unique mechanism whereby fibers stimulate bile
acid secretion by the liver, in parallel to activation of choles-
terol 7α-hydroxylase. Accordingly, Pandak et al. (41) postu-
lated the existence of a factor likely to downregulate the liver
cholesterol 7α-hydroxylase (possibly an intestinal peptide)
that would be secreted or absorbed from the intestine in the
presence of bile acids; whether fibers could interfere with
such a process awaits further investigation. Also, this study
suggests that bile acid reabsorption may be increased along
with enlargement of the intestinal pool, even in the presence
of viscous compound such as GG; it is still unproven if this
reflects enhanced passive reabsorption along the small intes-
tine or some upregulation of ileal transport. Bile acids are
considered as potential initiators of colonocyte proliferation
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FIG. 2. Changes in cholesterol concentration of lipoprotein fractions, in
control rats and rats adapted to guar gum or cholestyramines. Each
value is a mean ± SEM of three pools of rat plasma representing 10 ani-
mals per pool. The fractions with a density lower than 1.040 kg/L corre-
spond chiefly to triglyceride-rich lipoproteins, with a minor contribu-
tion of low density lipoprotein. The fractions with a density higher than
1.040 kg/L correspond essentially to high density lipoprotein. Bars not
sharing a common letter are significantly different (P < 0.05).



(42,43), and some concerns have been raised about the risk of
increasing bile acid transfer into the colon for the purpose of
plasma cholesterol-lowering, especially with high-fat diets.
In this respect, moderate concentrations of GG seem interest-
ing because they combine effective cholesterol-lowering and
limited transfer of bile acids into the colon. Nevertheless,
even if this transfer were to be increased, fermentable hydro-
colloids would also elicit processes in the large intestine
(acidification, adsorption, in situ reabsorption) which tend to
maintain luminal bile acids at a low level.
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ABSTRACT: Sphingomyelin (SM) and cholesterol (Chol) are
major surface lipid constituents of plasma lipoproteins. We in-
vestigated the effects of SM and Chol on the plasma clearance
of lipid emulsions as a model for lipoprotein particles in rats.
The presence of Chol facilitated the removal of emulsion parti-
cles from plasma, whereas SM delayed particle removal. Prein-
jection of lactoferrin, an inhibitor of the apolipoprotein E (apoE)
receptor, revealed that the differences in clearance of emulsions
were due to the differences in affinity for the apoE receptor.
Measurement of apolipoprotein binding suggested that the bal-
ance of apoE and apoC (apoC-II and apoC-III) bound to emul-
sions caused the difference in plasma clearance of emulsion
particles. That is to say, SM in the emulsion surface decreased
binding of apoE, which led to a longer circulation of emulsion
particles in plasma. Chol, on the other hand, decreased the ratio
of apoC to apoE, which may have promoted emulsion uptake
through the apoE receptor. We also examined in vitro lipolysis
using immobilized lipoprotein lipase (LPL) in a heparin affinity
column. Lipolysis rates were significantly reduced by the incor-
poration of SM into the emulsion surface, but not by the incor-
poration of Chol, indicating that SM in the lipoprotein surface is
an important lipid component regulating LPL-mediated lipoly-
sis. Our results suggest that the presence of SM and Chol in the
lipoprotein surface plays an important role in the circulation be-
havior and LPL-mediated lipolysis of lipid emulsions through
their effect on the selectivity of plasma protein binding. 
Lipids 33, 773–779 (1998).

Lipid emulsions composed of triacylglycerol (TG) and phos-
phatidylcholine (PC) have been routinely used in parenteral
nutrition for almost 30 yr. Recently, lipid emulsions were
used as drug carriers in drug delivery systems (1). For exam-
ple, the delivery of prostaglandin E1 in injectable lipid emul-
sions has been proven, and is commercially available (2,3).
However, it is likely that this type of emulsion is rapidly me-
tabolized by lipoprotein lipase (LPL) and is readily taken up
by the liver after intravenous injection. Because the release of

drugs in blood is considered to depend on both the lipolysis
of TG and the clearance of the particles from plasma, control
of these metabolic processes is necessary in order to improve
lipid emulsions as injectable drug carriers. 

Emulsion droplets have a size and lipid composition simi-
lar to chylomicrons and have also been used as models for
plasma lipoproteins. The metabolism of protein-free lipid
emulsions in rats is comparable to that of chylomicrons (4,5).
On entering the plasma, lipid emulsions rapidly acquire
apolipoproteins, such as apoA-I, C-II and E, from circulating
lipoproteins. It is thought that apoC-II is an activator of LPL,
and apoE is necessary for recognition by lipoprotein recep-
tors. On the other hand, an inhibitory effect on hepatic uptake
through apoE-specific receptors by apoC-I, C-II, and C-III
has been reported (6–11). The metabolism of lipid emulsions
can be affected by the selective binding of these apolipopro-
tein to lipid particles. 

Within a blood compartment, TG-rich lipoproteins are
converted into remnants through the hydrolysis of TG by LPL
(12). These remnants are subsequently taken up by the liver,
although hepatic removal appears to be accomplished by sev-
eral overlapping mechanisms (13). Lipolysis of TG in chy-
lomicrons produces cholesterol (Chol)-enriched remnant par-
ticles (14). Presumably, the amount of Chol in the lipoprotein
surface is an important factor influencing the metabolism of
lipoproteins. In addition, differences in sphingomyelin (SM)
content among plasma lipoproteins (15–19) may affect both
lipolysis by LPL at endothelial sites and recognition by
lipoprotein receptors. However, minimal information is avail-
able on the physiological role of SM in lipoprotein metabo-
lism. We assume that the lipid composition of lipoproteins or
lipid emulsions plays a crucial role in the metabolism of the
particles. In other words, it must be possible to regulate both
the clearance from plasma and triolein (TO) lipolysis of arti-
ficial lipid emulsions by modulating the lipid composition of
an emulsion surface. 

Experimental emulsions often contain liposome-like parti-
cles (20), which may affect the metabolism of emulsions. In
this study, we prepared isolated emulsions without liposomes
and evaluated the effects of Chol and SM in the emulsion sur-
face on the lipolysis and clearance from plasma in rats. The
selectivity of apolipoprotein binding was estimated, and its
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relevance to plasma clearance is discussed in this paper.
These results are useful both for the deeper understanding of
lipoprotein metabolism and for the development of improved
lipid-emulsion drug carriers. 

EXPERIMENTAL PROCEDURES

Materials. Egg yolk PC was kindly provided by Asahi Kasei
Co. (Tokyo, Japan). The purity (over 99.5%) was determined
by thin-layer chromatography. Egg yolk SM, Chol, and TO
were obtained from Sigma Chemical Co. (St. Louis, MO) and
were used without purification. Fatty acid-free bovine serum
albumin and sodium heparin were obtained from Sigma. Cho-
lesteryl 1-pyrenedecanoate was purchased from Molecular
Probes Inc. (Eugene, OR). Bovine lactoferrin was purchased
from Wako Pure Chemicals (Kyoto, Japan). Heparin affinity
columns (HiTrap® Heparin, 1 mL) were obtained by Pharma-
cia Biotech (Uppsala, Sweden). 

Preparation of emulsions. We prepared lipid emulsions by
the method described previously (20) using a high-pressure
emulsifier (Nanomizer; Nanomizer Inc., Tokyo, Japan).
Briefly, PC, Chol, SM and a fluorescent probe, cholesteryl 1-
pyrenedecanoate, were mixed in chloroform. After evapora-
tion of the solvent, the mixture was dried in a vacuum, resus-
pended in 30 mL of buffer [10 mM Tris-HCl, 150 mM NaCl,
1 mM EDTA, and 0.01% (wt/vol) NaN3] and successively
emulsified [under a pressure of 1000 kg/cm2 for 6 min, at
60°C for TO–PC, TO–PC/SM (2:1) emulsions; 15 min, at
30°C for TO–PC/Chol (3:2) emulsions]. After removing con-
taminating vesicles by ultracentrifugation, homogeneous
emulsion particles were obtained. We confirmed the complete
separation of emulsion particles from vesicles by 31P nuclear
magnetic resonance spectra in the presence of praseodymium
as described previously (20). All types of emulsion particles
were characterized by determining their particles size and
lipid composition. The weight-averaged particle size of each
emulsion was 110 ± 20 nm as determined from quasi-elastic
light-scattering measurements (Photal LPA-3000/3100; Ot-
suka Electronic Co., Osaka, Japan). Phospholipid concentra-
tion was determined by the phosphorus assay according to the
method of Bartlett (21). SM concentration was determined by
thin-layer chromatography. The concentration of Chol was
determined using enzymatic assay kits free cholesterol E-test
Wako obtained from Wako Pure Chemicals. As a result, we
confirmed that the surface lipid composition of isolated emul-
sions was the same as the surface lipid composition of start-
ing lipid mixtures.

In vivo experiments. Emulsions were labeled with a fluo-
rescent probe, cholesteryl 1-pyrenedecanoate, in phosphate-
buffered saline (8.1 mM Na2HPO4, 1.5 mM KH2PO4, 136.9
mM NaCl, 2.7 mM KCl, pH 7.4). The probe to TO molar ratio
was 1:500. Male Wistar rats (Shimizu Laboratory Supplies
Co., Ltd.) weighing approximately 200 ± 20 g were fasted
overnight. Rats were anesthetized with sodium pentobarbital
(Nembutal; Abbott Laboratories, Chicago, IL), and fluores-
cence-labeled emulsions were injected into the exposed

femoral vein as a bolus of 25-µmol emulsion TO (ca. 22 mg
TO) in 0.5 mL irrespective of emulsion composition and size.
Blood samples of 250 µL were collected from the carotid vein
at different time points and immediately centrifuged to sepa-
rate the plasma. To remove the proteins in plasma, 600 µL of
chloroform/methanol 1:1 (vol/vol) was added to 100 µL of
each plasma sample. The fluorescence intensity of the solvent
phase was measured by an Hitachi (Tokyo, Japan) F-4500
spectrofluorometer. Plasma emulsion concentration was
calibrated by the fluorescence intensity of known concentra-
tion of emulsions. TO concentration in plasma was deter-
mined through enzymatic assay by the TG-G test Wako
(Wako Pure Chemicals). The plasma clearances of emulsion
particles and emulsion TO were simulated with a mono-
exponential curve-fitting program. The initial concentration
at time zero was estimated by extrapolating from the fitting
curve. The concentration of emulsion particles and emulsion
TO remaining in plasma were represented as a percentage of
the initial blood concentration. The plasma clearances
obtained by fluorescence probe and enzymatic assay were
consistent with those measured using radiolabeled glycerol
tri[1-14C]oleate and 1, 2-3H-cholesteryl hexadecylether (re-
sults not shown).

Apolipoprotein binding. Binding amounts of apoC-II,
C-III, and E to lipid emulsions were determined by the ultra-
centrifugation method as described previously (22). Human
plasma was centrifuged for 1.5 h at 27,000 rpm in a Beckman
(Fullerton, CA) SW 28 rotor to remove the chylomicron-con-
taining top fraction. Emulsions were incubated with chylomi-
cron-free plasma for 20 min at 37°C. The final concentration
of emulsion TO was 3.2 mM, which corresponded to the ini-
tial emulsion concentration in plasma immediately after the
injection in in vivo experiments. The mixtures were ultracen-
trifuged for 20 min at 32,000 rpm in a Beckman SW 50.1
rotor. The equilibrium concentration of apolipoprotein in the
bottom fraction was determined in single radical immuno-
diffusion assay plates, purchased from Dai-ichi Pure Chemi-
cals (Tokyo, Japan). The amounts of apoC-II, C-III, and 
E binding were calculated from the difference between 
the apolipoprotein concentration before and after ultracen-
trifugation. 

Lipolysis assay with heparin affinity column. Purified
bovine milk LPL suspended in 3.8 M ammonium sulfate, 0.02
M Tris-HCl, pH 8.0, was purchased from Sigma Chemical
Co. LPL solution was prepared according to the previously
described methods (23). LPL was immobilized in a heparin
affinity column. Emulsions (final concentration of TO was 1
mM) in 3 mL of Tris-HCl buffer [4% fatty acid-free bovine
serum albumin, 180 mM Tris-HCl, 100 mM NaCl, 1 mM
EDTA, 0.01% (wt/vol) NaN3, pH 8.5] containing 30 vol% of
human plasma were circulated through the affinity column
(1.65 µg, LPL) at 1.2 mL/min using a peristaltic pump. The
temperature was kept constant at 37°C by a thermostat. Free
fatty acids (FFA) released during circulation were measured
at the indicated times by the enzymatic colorimetric reagent,
NEFA C (Wako Pure Chemicals). 
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RESULTS

Effect of Chol and SM on plasma clearance of emulsion par-
ticles. Figure 1A shows plasma clearance after injection of
fluorescence-labeled emulsions. We prepared three types of
labeled emulsions: TO/PC (control); TO–PC/Chol (molar
ratio, 3:2); and TO–PC/SM (2:1). Approximately 60% of the
injected control emulsions was detected in the plasma 1 h
after injection. TO–PC/Chol emulsions disappeared more
rapidly than the control emulsions, with only 20% of the in-
jected emulsions remaining after 1 h. In contrast, the removal
of emulsion particles was delayed when SM was incorporated
into the surface. Two hours after emulsion injection, 25.1 ±
3.9 and 51.0 ± 5.9% of TO–PC and TO–PC/SM (2:1) emul-
sions remained in plasma, respectively. SM has a significant
effect on emulsion clearance. 

To elucidate the difference in plasma clearances caused by
Chol or SM in the emulsion surface, we investigated the ef-
fects of lactoferrin (70 mg/kg rat) on emulsion removal from
plasma. In previous studies, lactoferrin was shown to selec-
tively block the apoE-mediated uptake of chylomicrons and
very low density lipoproteins in rats (24–26). This lactoferrin
effect has been attributed to an arginine/lysine-rich sequence

at position 25-31 that resembles the binding site (amino acids
142–148) of apoE (27). Figure 1B shows plasma clearance of
injected emulsions with preinjection of lactoferrin 1 min prior
to emulsion injection. The presence of lactoferrin had little
effect on the clearance of control emulsions, while the clear-
ance of TO–PC/Chol emulsions was delayed effectively.
Also, the presence of lactoferrin had almost no effect on the
clearance of TO–PC/SM emulsions. Thus, all types of emul-
sions were removed from plasma at similar rates in the pres-
ence of lactoferrin. 

Apolipoprotein binding to lipid emulsions. In artificial
lipid emulsions as well as in TG-rich lipoproteins, the bind-
ing of exchangeable apolipoprotein to the surface of lipid par-
ticles plays a crucial role in their metabolism. To investigate
the effect of the lipid composition of the emulsion surface on
the binding behavior of apolipoprotein, we examined the
binding of apoC-II, C-III, and E to the three emulsion types
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FIG. 1. Plasma clearance of lipid emulsions in rats without (A) or with
(B) preinjection of lactoferrin. ●●, triolein (TO)–phosphatidylcholine (PC)
(control); ●, TO–PC/sphingomyelin (SM) (2:1 molar ratio); ■■,
TO–PC/cholesterol (Chol) (3:2) emulsions. Concentration of emulsion
particles is represented as percentage of dose. Initial concentration at
time zero was estimated by extrapolating from a fitting curve. Data rep-
resent the mean ± SD of five or six rats.

FIG. 2. Effects of SM and Chol on apolipoprotein (apo) binding to emul-
sions. Open bar, TO–PC (control); dotted bar, TO–PC/Chol (3:2 molar
ratio); closed bar, TO–PC/SM (2:1) emulsions. Experiments on two sep-
arate preparations were performed in duplicate, each giving similar re-
sults. PL, phospholipids. See Figure 1 for other abbreviations.

FIG. 3. Plasma clearance of emulsion particles and emulsion TO. ●●, Emulsion particle concentration of injected
dose as determined by fluorescence measurement. ●, TO concentration of injected dose determined by enzymatic
assay. Initial concentrations at time zero of emulsion particles and emulsion TO were estimated by extrapolating
from a fitting curve. (A) TO–PC (control); (B) TO–PC/Chol (3:2); (C) TO–PC/SM (2:1), (D): TO–PC (diameter is 200
nm) emulsions. Data represent the mean ± SD of five or six rats. See Figure 1 for abbreviations.
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in human serum. Figure 2 shows the effect of Chol and SM
on the amount of apolipoprotein binding per surface phospho-
lipid. Incorporation of SM into the emulsion surface drasti-
cally reduced the amount of apoE binding, while only a slight
decrease was observed in the case of Chol incorporation. On
the other hand, the amounts of apoC-II binding to
TO–PC/Chol and TO–PC/SM emulsions were about one-
third and one-half of the control values, respectively. We also
found that the binding behavior of apoC-III was similar to
that of apoC-II, with Chol reducing the binding of apoC more
effectively than SM.

Plasma clearance of emulsion TO. In metabolic processes
of lipid emulsions, the emulsion core, namely TO, is hy-
drolyzed by LPL on endothelial cells. We investigated the
plasma clearance of core TO as well as that of emulsion par-
ticles (Fig. 3). Emulsion TO was removed from plasma by
two processes: (i) the lipolysis of TO at the endothelial sur-
face of capillaries, and (ii) the uptake of emulsion particles
by the organs. Consequently, the difference between TO and
emulsion particle concentration corresponds to the fraction of
lipolysis in vivo. For control emulsions, TO in cores disap-
peared from plasma faster than the emulsion particles, indi-
cating a significant degree of TO lipolysis in plasma. For
TO–PC/Chol (3:2) and TO–PC/SM (2:1) emulsions, the small
difference in clearance of emulsion particles and TO indicates
minimal hydrolysis of emulsion TO by LPL. The rapid up-
take of emulsion particles affects the lipolysis of emulsion
TO. To determine the relationship between the clearance of
emulsion particles and the amount of lipolysis in vivo, we ex-
amined the metabolism of large emulsion particles (diameter:
200 nm) composed of TO and PC in rats. As shown in Figure
3D, large emulsion particles were removed from plasma as

rapidly as TO–PC/Chol (3:2) emulsions, and TO lipolysis was
reduced to a level similar to TO–PC/Chol (3:2) emulsions.

Lipolysis in vitro. We measured FFA released during cir-
culation of emulsions through immobilized LPL in a heparin
affinity column. This lipolysis assay has the advantage of ex-
cluding the effects of particle-uptake by the organs as occurs
in vivo, and allows the comparison of LPL activity with dif-
ferent emulsions. Figure 4 shows the time course of FFA re-
leased during lipolysis with LPL in a heparin affinity column.
TO–PC/Chol (3:2) emulsions and large emulsion particles
were hydrolyzed at rates similar to control emulsions, al-
though both emulsions had low susceptibility to LPL in vivo.
In contrast, as shown in Figure 4, lipolysis was negligible in
TO–PC/SM (2:1) emulsions. This suggests that the key com-
ponent in the lipoprotein surface regulating lipolysis was not
Chol but SM. The presence of Chol is a determinant of early
liver-uptake (Fig. 1), but has little influence on LPL activity
(Fig. 4). 

DISCUSSION

Phospholipid liposomes coexist with emulsion particles in
commercially produced lipid emulsions and sonicated emul-
sions composed of TG and PC (28–32). We have shown the
coexistence of liposomes and emulsion particles on the basis
of a monolayer/bilayer equilibrium (33). To evaluate the emul-
sion kinetics in rats, it is necessary to separate excess lipo-
somes completely, otherwise, coexisting liposomes may dis-
tort the clearance of emulsions through association with
apolipoprotein or by other mechanisms. We prepared isolated
lipid emulsions by ultracentrifugation and confirmed the ab-
sence of liposomes by the nuclear magnetic resonance method.
As shown in Figure 1A, about 60% of the injected TO–PC
(control) emulsions remained in rat plasma at 1 h after injec-
tion, which is compatible with results reported by Redgrave
et al. (34) using isolated emulsions without liposomes. 

We discovered that surface Chol promotes the removal of
emulsions from plasma, while SM delays clearance of emul-
sions. In addition, the removal of TO–SM emulsions was
slower than that of TO–PC/SM (2:1) emulsions (two hours
after injection, 57.1 ± 9.4% of TO–SM emulsions remained in
plasma.). Lipid emulsions in blood are mainly subject to up-
take by the reticuloendothelial system and by apoE-recogniz-
ing receptors. Lactoferrin inhibits the apoE-mediated interac-
tion of lipoproteins in vivo (24–26). Figure 1B suggests that
the difference in emulsion removal (Fig. 1A) is due to the dif-
ference in the affinity with the apoE-mediated receptor. In fact,
SM in the emulsion surface inhibited apoE binding to emul-
sions (Fig. 2) and delayed emulsion uptake by the liver. On the
other hand, Chol in the emulsion surface decreased the ratio
of apoC to apoE on the emulsions (Fig. 2) and promoted apoE-
mediated uptake. The ratio of apoE to apoC correlated better
with lipoprotein uptake than the absolute apoE content (13).
Chol-containing emulsions are cleared from plasma rapidly
because of a decrease in the inhibition effect of apoC on the
apoE function. SM and Chol are lipid components regulating

776 I. ARIMOTO ET AL.

Lipids, Vol. 33, no. 8 (1998)

FIG. 4. Released free fatty acid (FFA) during lipolysis with lipoprotein li-
pase (LPL) in heparin affinity column. ●●, TO–PC (control); ●,
TO–PC/SM (2:1, molar ratio); ■■, TO–PC/Chol (3:2). ■, TO–PC (diame-
ter is 200 nm) emulsions. The mixtures of plasma and emulsions in Tris
buffer were circulated through the immobilized LPL attached with
columns. Temperature was 37°C. TO concentration of lipid emulsions
was 1 mM. Each value is a mean of duplicated determinations. See Fig-
ure 1 for other abbreviations.



the circulation time of emulsion particles in plasma through
their effect on the selectivity of apolipoprotein binding.

Apolipoprotein are thought to interact surface PC layers
with nestled helices. Apolipoprotein binding is likely to be
reduced by the increase in the order of phospholipid layer. We
proposed that either SM or Chol increases the order of emul-
sion surface and thereby reduces the total apolipoprotein
binding to the lipid surface. The mechanism of the modula-
tion of apolipoprotein binding in Chol- or SM-containing
emulsions remains to be fully clarified. We have, however,
obtained data indicating that the binding of apoC-II is regu-
lated predominantly by the acyl chain order of surface lipids,
whereas surface properties other than the acyl chain order
may be important for the binding of apoE (Saito, H., and Ari-
moto, I., unpublished data). These differences in binding be-
havior may lead to differentials binding to emulsions depend-
ing upon the incorporation of Chol or SM.

Within a blood compartment, TG-rich lipoproteins are
converted into remnants through the hydrolysis of core TG
by LPL, and concomitantly become enriched in Chol at the
lipoprotein surface (14). These remnants are subsequently
taken up by the liver, although the precise mechanism of
recognition is still unclear. Our results suggest that Chol en-
richment resulting from TG hydrolysis reduces the binding of
apoC to chylomicrons and leads to a rapid uptake through the
apoE receptor and a termination of lipolysis by LPL. In addi-
tion, it may be possible that chylomicrons are metabolized
and taken up by the liver more rapidly than very low density
lipoproteins because the former contain little SM at the parti-
cle surface. Our results reveal physiologically significant evi-
dence that the circulation behavior of lipoprotein particles is
regulated by the lipid composition in the lipoprotein surface. 

Emulsion TG is hydrolyzed by LPL located at the surface
of the capillary endothelium before the lipid particles are
taken up by organs. Lipolysis of lipid emulsions in vivo has
been evaluated by the difference between the clearance of TO
and emulsion particles (34,35) and by considering the com-
petition between lipolysis and organ uptake. That is to say, if
the uptake of the particles by organs is very rapid, LPL at en-
dothelial sites will be unable to fully hydrolyze emulsion TG
because the concentration of LPL substrate in plasma is de-
creasing too quickly.

As shown in Figure 3, the concentration of particles and
TO of TO–PC/Chol (3:2) emulsions decreased concurrently
in rat plasma. But it seems that Chol does not inhibit enzy-
matic activity; it promotes the removal of particles from
plasma, resulting in a reduced amount of lipolysis. In fact,
large emulsion particles which were removed rapidly from
plasma appeared to show a low level of lipolysis (Fig. 3). To
examine this in detail, LPL activity was determined in exper-
imental conditions under which emulsion particles were cir-
culating at all times without removal. As shown in Figure 4,
we measured the lipolysis of different emulsions by using im-
mobilized LPL in a heparin affinity column. This revealed
that TO–PC/Chol (3:2) emulsions and large emulsions (diam-
eter: 200 nm) were hydrolyzed at rates similar to the control

emulsions. This supports the hypothesis that lipid particles
which are rapidly removed from plasma are lipolyzed only to
a limited extent in vivo. We also found that only SM-contain-
ing emulsions inhibited LPL susceptibility (Fig. 4). This is
consistent with data in Figure 1 showing that SM decreased
the lipolysis of TO despite the lengthy circulation of emul-
sion particles in the blood. From these results, it was con-
cluded that SM is an important factor in regulating LPL ac-
tivity in lipoprotein metabolism. On the contrary, Chol, which
is a major component of plasma lipoproteins, was subject to
enzymatic reaction in almost the same pattern as the control
(Fig. 4). This is consistent with results showing that kinetic
parameters of the LPL reaction were not affected by the addi-
tion of Chol (22). 

ApoC-II is a well-known activator of LPL (36,37), and
apoC-III exhibits an inhibitory effect upon LPL-mediated
lipolysis (36). In these studies, however, apoC-III interfered
with apoC-II in the activation of LPL only when the apoC-III
concentration was extremely high compared with the physio-
logical concentration (36). In addition, Wang et al. (38) have
reported that apoC-II concentration is neither a determining
factor in the in vivo hydrolysis of TG-rich lipoproteins nor a
factor in the expression of hypertriglyceridemia. Also, very
little apoC-II is required to maximally activate LPL (23,36,
39). The decrease in apoC binding by Chol and SM, there-
fore, is thought to have minimal influence on the LPL-medi-
ated lipolysis. We recently showed that the inhibition of TO
lipolysis by SM is attributed both to low affinity for, and re-
duced catalytic activity of, LPL on emulsion particles con-
taining the phospholipid (23). Our results suggest that the
content of Chol or SM in the plasma lipoprotein surface plays
different roles in the regulation of clearance from plasma and
the susceptibility to LPL in lipoprotein metabolism. 

Emulsions of defined composition and metabolic behavior
are of value not only to mimic plasma lipoproteins, but also
to be vehicles for the delivery of lipophilic drugs to targeted
organs. We found that emulsions containing SM were less
susceptible to LPL and were very slow to be taken up by the
liver after intravenous injection. Emulsions containing SM
may, therefore, be appropriate carriers of lipophilic drugs
which must circulate in the blood for a long time without hy-
drolysis of the core lipid. Chol-containing emulsions, on the
other hand, would be useful for the rapid accumulation of
lipophilic drugs in organs (mainly liver). 

ACKNOWLEDGMENTS

This study was supported in part by a Grant-in-Aid for Scientific Re-
search from the Japanese Ministry of Education, Science, Sports and
Culture; by a fund from the Human Science Foundation of Japan; by
a grant from Research Fellowships of the Japan Society for the Pro-
motion of Science for Young Scientists; by a grant from the San-Ei
Gen Foundation for Food Chemical Research; and by a grant from
the Cosmetology Research Foundation.

REFERENCES

1. Mizushima, Y., and Hoshi, K. (1993) Recent Advances in Lipid

PLASMA CLEARANCE AND LIPOLYSIS OF LIPID EMULSIONS 777

Lipids, Vol. 33, no. 8 (1998)



Microsphere Technology for Targeting Prostaglandin Delivery,
J. Drug Target 1, 93–100.

2. Otomo, S., Mizushima, Y., Aihara, H., Yokoyama, K., Watan-
abe, M., and Yanagawa, A. (1985) Prostaglandin E1 Incorpo-
rated in Lipid Microspheres (Lipo PGE1), Drugs Exp. Clin. Res.
11, 627–631.

3. Yamaguchi, T., Fukushima, Y., Itai, S., and Hayashi, H. (1995)
Rate of Release and Retentivity of Prostaglandin E1 in Lipid
Emulsion, Biochim. Biophys. Acta 1256, 381–386.

4. Hultin, M., Carneheim, C., Rosenqvist, K., and Olivecrona, T.
(1995) Intravenous Lipid Emulsions: Removal Mechanisms as
Compared to Chylomicrons, J. Lipid Res. 36, 2174–2184.

5. Maranhao, R.C., Tercyak, A.M., and Redgrave, T.G. (1986) Ef-
fects of Cholesterol Content on the Metabolism of Protein-Free
Emulsion Models of Lipoproteins, Biochim. Biophys. Acta 875,
247–255.

6. Kowal, R.C., Herz, J., Weisgraber, K.H., Mahley, R.W., Brown,
M.S., and Goldstein, J.L. (1990) Opposing Effects of
Apolipoproteins E and C on Lipoprotein Binding to Low Den-
sity Lipoprotein Receptor-Related Protein, J. Biol. Chem. 265,
10771–10779.

7. Swaney, J.B., and Weisgraber, K.H. (1994) Effect of Apo-
lipoprotein C-I Peptides on the Apolipoprotein E Content and
Receptor-Binding Properties of Beta-Migrating Very Low Den-
sity Lipoproteins, J. Lipid Res. 35, 134–142.

8. Sehayek, E., and Eisenberg, S. (1991) Mechanisms of Inhibition
by Apolipoprotein C of Apolipoprotein E-Dependent Cellular
Metabolism of Human Triglyceride-Rich Lipoproteins Through
the Low Density Lipoprotein Receptor Pathway, J. Biol. Chem.
266, 18259–18267.

9. Windler, E., Chao, Y.-s., and Havel, R.J. (1980) Regulation of
the Hepatic Uptake of Triglyceride-Rich Lipoproteins in the Rat.
Opposing Effects of Homologous Apolipoprotein E and Indi-
vidual C Apoproteins, J. Biol. Chem. 255, 8303–8307.

10. Windler, E., and Havel, R.J. (1985) Inhibitory Effects of C
Apolipoproteins from Rats and Humans on the Uptake of
Triglyceride-Rich Lipoproteins and Their Remnants by the Per-
fused Rat Liver, J. Lipid Res. 26, 556–565.

11. Weisgraber, K.H., Mahley, R.W., Kowal, R.C., Herz, J., Gold-
stein, J.L., and Brown, M.S. (1990) Apolipoprotein C-I Modu-
lates the Interaction of Apolipoprotein E with β-Migrating Very
Low Density Lipoproteins (β-VLDL) and Inhibits Binding of β-
VLDL to Low Density Lipoprotein Receptor-Related Protein, J.
Biol. Chem. 265, 22453–22459.

12. Osborne, J.C.J., Bengtsson Olivecrona, G., Lee, N.S., and Olive-
crona, T. (1985) Studies on Inactivation of Lipoprotein Lipase:
Role of the Dimer to Monomer Dissociation, Biochemistry 24,
5606–5611.

13. Cooper, A.D. (1997) Hepatic Uptake of Chylomicron Remnants,
J. Lipid Res. 38, 2173–2192.

14. Miller, K.W., and Small, D.M. (1983) Surface-to-Core and In-
terparticle Equilibrium Distributions of Triglyceride-Rich
Lipoprotein Lipids, J. Biol. Chem. 258, 13772–13784.

15. Ben Yashar, V., and Barenholz, Y. (1991) Characterization of
the Core and Surface of Human Plasma Lipoproteins. A Study
Based on the Use of Five Fluorophores, Chem. Phys. Lipids 60,
1–14.

16. Subbaiah, P.V., Davidson, M.H., Ritter, M.C., Buchanan, W.,
and Bagdade, J.D. (1989) Effects of Dietary Supplementation
with Marine Lipid Concentrate on the Plasma Lipoprotein Com-
position of Hypercholesterolemic Patients, Atherosclerosis 79,
157–166.

17. Subbaiah, P.V., and Liu, M. (1993) Role of Sphingomyelin in
the Regulation of Cholesterol Esterification in the Plasma
Lipoproteins. Inhibition of Lecithin-Cholesterol Acyltransferase
Reaction, J. Biol. Chem. 268, 20156–20163.

18. Windler, E.E., Preyer, S., and Greten, H. (1986) Influence of

Lysophosphatidylcholine on the C-Apolipoprotein Content of
Rat and Human Triglyceride-Rich Lipoproteins During Triglyc-
eride Hydrolysis, J. Clin. Invest. 78, 658–665.

19. Gupta, A.K., and Rudney, H. (1992) Sphingomyelinase Treat-
ment of Low Density Lipoprotein and Cultured Cells Results in
Enhanced Processing of LDL Which Can Be Modulated by
Sphingomyelin, J. Lipid Res. 33, 1741–1752.

20. Saito, H., Nishiwaki, K., Handa, T., Ito, S., and Miyajima, K.
(1995) Comparative Study of Fluorescence Anisotropy in Sur-
face Monolayers of Emulsions and Bilayers of Vesicles, Lang-
muir 11, 3742–3747.

21. Bartlett, G.R. (1959) Phosphorus Assay in Column Chromatog-
raphy, J. Biol. Chem. 234, 466–468.

22. Saito, H., Minamida, T., Arimoto, I., Handa, T., and Miyajima,
K. (1996) Physical States of Surface and Core Lipids in Lipid
Emulsions and Apolipoprotein Binding to the Emulsion Surface,
J. Biol. Chem. 271, 15515–15520.

23. Arimoto, I., Saito, H., Kawashima, Y., Miyajima, K., and
Handa, T. (1998) Effects of Sphingomyelin and Cholesterol on
Lipoprotein Lipase-Mediated Lipolysis in Lipid Emulsions, J.
Lipid Res. 39, 143–151.

24. Callow, M.J., Mortimer, B.C., and Redgrave, T.G. (1993)
Charge Effects on Chylomicron Clearance in Rats, Biochem.
Mol. Biol. Int. 29, 913–919.

25. van Dijk, M.C., Ziere, G.J., Boers, W., Linthorst, C., Bijster-
bosch, M.K., and van Berkel, T.J. (1991) Recognition of Chy-
lomicron Remnants and β-Migrating Very Low Density
Lipoproteins by the Remnant Receptor of Parenchymal Liver
Cells Is Distinct from the Liver Alpha 2-Macroglobulin-Recog-
nition Site, Biochem. J. 279, 863–870.

26. Rensen, P.C., van Dijk, M.C., Havenaar, E.C., Bijsterbosch,
M.K., Kruijt, J.K., and van Berkel, T.J. (1995) Selective Liver
Targeting of Antivirals by Recombinant Chylomicrons—A New
Therapeutic Approach to Hepatitis B [See Comments], Nat.
Med. 1, 221–225.

27. Huettinger, M., Retzek, H., Eder, M., and Goldenberg, H. (1988)
Characteristics of Chylomicron Remnant Uptake into Rat Liver,
Clin. Biochem. 21.

28. Férézou, J., Nguyen, T.L., Leray, C., Hajri, T., Frey, A.,
Cabaret, Y., Courtieu, J., Lutton, C., and Bach, A.C. (1994)
Lipid Composition and Structure of Commercial Parenteral
Emulsions, Biochim. Biophys. Acta 1213, 149–158.

29. Hajri, T., Ferezou, J., and Lutton, C. (1990) Effects of Intra-
venous Infusions of Commercial Fat Emulsions (Intralipid 10 or
20%) on Rat Plasma Lipoproteins: Phospholipids in Excess Are
the Main Precursors of Lipoprotein-X-Like Particles, Biochim.
Biophys. Acta 1047, 121–130.

30. Komatsu, H., Handa, T., and Miyajima, K. (1994) Comparative
Estimation of the Liposomal Content of Phosphatidylcholine
Triolein Emulsions Using Fluorescence Quenching and H
NMR, Chem. Pharm. Bull. 42, 1715–1719.

31. Rotenberg, M., Rubin, M., Bor, A., Meyuhas, D., Talmon, Y.,
and Lichtenberg, D. (1991) Physicochemical Characterization
of Intralipid Emulsions, Biochim. Biophys. Acta 1086, 265–272.

32. Westesen, K., and Wehler, T. (1992) Physicochemical Charac-
terization of a Model Intravenous Oil-in-Water Emulsion, J.
Pharm. Sci. 81, 777–786.

33. Handa, T., Saito, H., and Miyajima, K. (1990) Phospholipid
Monolayers at the Triolein-Saline Interface: Production of Mi-
croemulsion Particles and Conversion of Monolayers to Bilay-
ers, Biochemistry 29, 2884–2890.

34. Redgrave, T.G., Vassiliou, G.G., and Callow, M.J. (1987) Cho-
lesterol Is Necessary for Triacylglycerol-Phospholipid Emul-
sions to Mimic the Metabolism of Lipoproteins, Biochim. Bio-
phys. Acta 921, 154–157.

35. Handa, T., Eguchi, Y., and Miyajima, K. (1994) Effects of Cho-
lesterol and Cholesteryl Oleate on Lipolysis and Liver Uptake

778 I. ARIMOTO ET AL.

Lipids, Vol. 33, no. 8 (1998)



of Triglyceride/Phosphatidylcholine Emulsions in Rats, Pharm.
Res. 11, 1283–1287.

36. Jackson, R.L., Tajima, S., Yamamura, T., Yokoyama, S., 
and Yamamoto, A. (1986) Comparison of Apolipoprotein 
C-II-Deficient Triacylglycerol-Rich Lipoproteins and Trioleoyl-
glycerol/Phosphatidylcholine-Stabilized Particles as Sub-
strates for Lipoprotein Lipase, Biochim. Biophys. Acta 875,
211–219.

37. Tajima, S., Yokoyama, S., and Yamamoto, A. (1984) Mecha-
nism of Action of Lipoprotein Lipase on Triolein Particles: Ef-
fect of Apolipoprotein C-II, J. Biochem. 96, 1753–1767.

38. Wang, C.S., McConathy, W.J., Kloer, H.U., and Alaupovic, P.

(1985) Modulation of Lipoprotein Lipase Activity by
Apolipoproteins. Effect of Apolipoprotein C-III, J. Clin. Invest.
75, 384–390.

39. Andersson, Y., Lookene, A., Shen, Y., Nilsson, S., Thelander,
L., and Olivecrona, G. (1997) Guinea Pig Apolipoprotein C-II:
Expression in E. coli, Functional Studies of Recombinant Wild-
Type and Mutated Variants, and Distribution on Plasma
Lipoproteins, J. Lipid Res. 38, 2111–2124.

[Received February 13, 1998, and in final revised form May 12,
1998; revision accepted June 8, 1998]

PLASMA CLEARANCE AND LIPOLYSIS OF LIPID EMULSIONS 779

Lipids, Vol. 33, no. 8 (1998)



ABSTRACT: In studies of bovine plasma lipoproteins, apo-
lipoprotein E (apoE) was not found associated with α-lipopro-
teins isolated over a broad range of densities. However, studies
of cerebrospinal fluid (CSF) lipoproteins from other mammals
have shown that apoE is a major apolipoprotein associated with
high density lipoprotein, a fact that prompted us to determine if
this were also the case in bovine CSF. CSF samples were ob-
tained from animals with a surgically implanted catheter. Most
analyzed samples were obtained from cows at various stages of
the postpartum period; however, a few samples also were ob-
tained at term or during pregnancy. Analyses of isolated ultra-
centrifugal fractions by polyacrylamide gel electrophoresis re-
vealed the presence of two apo, with the expected molecular
weights for apoE and apoA-I. By using both matrix-assisted laser
desorption mass spectrometry and microsequencing tech-
niques, we demonstrated that these apo are indeed apoE and
apoA-I.
Lipids 33, 781–786 (1998).

The Shores (1) were the first to report on a novel apolipopro-
tein (apo) enriched in arginine amino acids and associated
with very low density lipoproteins (hydrated densities less
than 1.006 g/mL) in both humans and cholesterol-fed rabbits
(2). They referred to this protein as the “arginine-rich protein.”
Subsequently, Swaney et al. (3), in their studies of lipopro-
teins, reported that a similar protein with a molecular weight
of 35,000 was present on rat high density lipoprotein (HDL)
(hydrated densities between 1.063 and 1.21 g/mL). This pro-
tein has since been designated apoE. In a variety of mammals,
apoE is associated with α-lipoproteins, particularly those hav-
ing hydrated densities within the low density lipoprotein
(LDL) (hydrated densities between 1.020 and 1.063 g/mL)
density range. This occurs when the ultracentrifugally isolated
LDL is electrophoretically heterogeneous, i.e., the fractions
contain both α- and β-lipoproteins (4–9). In most cases
(8–11), the protein moiety of these α-lipoproteins contains

apoA-I as the major apo, and apoE is one of the minor apo.
Notable exceptions are rat α-migrating LDL which can be
heavily enriched in apoE (12). By contrast, bovine α-LDL do
not contain any discernible amounts of this apo (10).

With the onset of lactation, the concentration of choles-
terol in bovine plasma can increase rapidly within 2 wk from
50 to over 300 mg/dL (13,14), due exclusively to changes in
the levels of the main carrier of cholesterol, α-lipoproteins
(10,15), with roughly 30% having hydrated densities between
1.020 and 1.063 g/mL (10). These α-lipoproteins, being ele-
vated in concentrations throughout a wide range in density,
have proven suitable for detailed characterization (10). When
separated on a density gradient, compositional differences in
the fractions were observed in both the lipid and protein moi-
eties, but a protein corresponding in molecular weight to
apoE was not detected in any of the fractions (10). Cordle
et al. (16) also were unable to detect apoE in their studies of
bovine plasma lipoproteins. However, an apo having a mo-
lecular weight between 36,000 and 40,000 was found associ-
ated with triacylglycerol-rich lipoproteins which are present
in low concentrations in bovine plasma (17,18). To detect this
protein the lipoproteins had to be isolated from large plasma
volumes (17,18). Grummer et al. (18) in their studies pro-
posed this protein to be apoE. Subsequent to these studies,
two groups have published the sequence for bovine apoE
based on analyses of hepatic cDNA (19,20).

In contrast to plasma where apoA-I is the major apo asso-
ciated with HDL, Roheim et al. (21) in their studies of cere-
brospinal fluid (CSF) HDL found that both apoE and apoA-I
were the predominant apo. Pitas et al. (22) later reported
apoE to be associated with lipoproteins within the HDL den-
sity range, primarily HDL2 (hydrated densities between 1.090
and 1.121 g/mL) in canine CSF and HDL3 (hydrated densi-
ties between 1.121 and 1.21 g/mL) in human CSF.

MATERIALS AND METHODS

Two sets of CSF samples were obtained from nine cows,
which were part of the research herd at the experimental sta-
tion of Texas A&M in Beeville, Texas. The initial set was ob-
tained from six crossbred (Bos taurus × B. indicus; 1/2 Angus
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× 1/4 Brahman × 1/4 Hereford), first-calf heifers 28–30 mon
of age. Heifers in various stages of the peripartum and post-
partum periods were maintained in lots measuring 25 × 9 m
and fed hay and concentrate to maintain late pregnant and
lactating females in excellent body condition (23). The sec-
ond set consisted of CSF obtained postpartum (between 11
and 53 d) from three pluriparous crossbred (Brahman × Here-
ford, F1) cows, 8 to 10 yr of age, and maintained as described
above. Twelve samples, six from each of two cows, were
drawn on different days, and four samples were obtained
from a third cow on four other days.

Sampling and preparation of CSF. Indwelling third ven-
tricle cannulae were installed surgically with animals under
halothane anesthesia as previously described (24). Samples
were taken with a tuberculin syringe before, during, and after
parturition as determined by the experimental protocol. Sam-
pling intervals ranged from 1 min to 6 h. Aseptic technique
was employed at all times. A solution (50 µL) containing
EDTA (37.2 g/L) and the oxytocinase inhibitor, phenanthro-
line (1 g/L), was added to each collection vial. Vials were
then turned upside down, allowing the fluid to run off and
residual fluid to dry on the walls. Samples were immediately
placed on ice, within 30 min frozen at −70°C until assayed,
and then sent to the University of California at Los Angeles
(Los Angeles, CA) where they were centrifuged in a tabletop
centrifuge for 15 min. The recovered volumes varied from
0.5 to 2.0 mL. Two pools were formed from samples in the
initial set to obtain baseline lipid data on whole CSF as well
as ultracentrifugally isolated lipoproteins. Pools consisted of
samples drawn either at parturition or between the 17th and
21st day postpartum. In the case of a sixth cow, from which
three samples were obtained (in the third trimester, at parturi-
tion and at 5 d of postpartum), only ultracentrifugal isolation
of CSF lipoproteins was done, as was the case for samples re-
ceived in the second set.

Enzymatic analyses of CSF lipids. Concentrations of cho-
lesterol and triacylglycerol in CSF samples were measured at
490 nm using a Vmax Microplate Reader (Molecular Devices
Corp., Sunnyvale, CA). Triacylglycerol analyses were done
by mixing 600 µL of Sigma enzymatic reagent (Sigma Chem-
ical Co., St. Louis, MO) with 100 µL of samples or diluted
standards of 10- and 20-fold to concentrations of 20 and 10
mg/dL, respectively. Cholesterol analyses were done by mix-
ing 600 µL of an enzymatic reagent, prepared as described by
Puppione and Charugundla (25), with 40 µL of sample. Stan-
dards were diluted 16-fold to a concentration of 12.5 mg/dL.
Measured volumes were dispensed into 1.0-mL tubes using a
Cavro 190 IQ pipetter/dispenser (Cavro Scientific Instru-
ments, Sunnyvale, CA). Following incubation at 37°C, 175
µL aliquots of the solution were dispensed in triplicate into 96
“Flat bottom” well plates (Costar, Cambridge, MA) that were
then read in the plate reader. From the absorbance values of
the standards, the concentrations were calculated on an IBM
PS/2 computer using software from Molecular Devices. The
dispensing of the incubated enzymatic solutions was done
with a Biomek 2000 (Beckman Instruments, Fullerton, CA).

Isolation of CSF lipoproteins. The density of the CSF sam-
ples was raised to 1.21 g/mL by mixing a concentrated NaBr
solution (density = 1.316 g/mL) in the proportions of 1 part
sample to 2 parts NaBr solution. Total volume in each tube
consisted of 6 mL of this mixture and 2 mL of a NaBr solu-
tion having a density of 1.21 g/mL. Lipoproteins were iso-
lated using a 50 Ti Beckman rotor (Beckman Instruments).
Ultracentrifugation was done at 40,000 rpm for 24 to 30 h 
and at 16°C. The top 0.5 to 1.0 mL was recovered from each
tube. All salt solutions used for ultracentrifugation contained
Na2EDTA (0.04%), NaN3 (0.05%), and Gentamycin
(0.005%). The densities of salt solutions, prepared according
to Lindgren (26), and of the infranates were measured at 26°C
using a DMA 02D Mettler/Paar Densitometer (Graz, Austria)
to an accuracy of ± 0.0002 g/mL.

Electrophoretic analyses. Centricon-10 concentrators
(Amicon, Inc., Beverly, MA) were used both to concentrate
the lipoproteins to approximately eightfold over concentra-
tions in the CSF and to reduce the salt concentration with
0.196 molal NaCl as solvent. Apolipoproteins were separated
on 12.5% polyacrylamide minigels with 1% sodium dodecyl
sulfate in the buffer, prepared as described by Weber and Os-
borne (27) modifying the procedures of Laemmli (28).
Human apo A-I, carbonic anhydrase, ovalbumin, and albu-
min were run as standards. Gels were stained with Coomassie
Brilliant Blue R-250, destained with an aqueous methanolic
(45% MeOH) containing 10% acetic acid, and dehydrated in
a Model 583 gel dryer (BioRad, Richmond, CA) after re-
maining in water overnight. Then scans were taken with a
Color One Scanner (Apple Computer, Inc., Cupertino, CA).

Microsequencing of CSF apo. Proteins were resolved on a
12.5% polyacrylamide gel (Bio-Rad Mini Protean) and
stained with Amido Black 10B (29). After destaining, the
bands were excised from the gel with a razor blade and pre-
pared for trypsin digestion according to Jenö et al. (30). The
gel slices were prepared for trypsin digestion by preincuba-
tion in three solutions for short periods: twice for 15 min in
40% aqueous n-propanol; twice for 15 min in 50% aqueous
acetonitrile, 50 mM triethylammonium bicarbonate (pH 8.5);
and for 1 min in 50 mM triethylammonium bicarbonate (pH
8.5). Then 50 µL of the same buffer containing 1 µg of
trypsin was added and the digestion proceeded overnight at
37°C . After removing the supernatant, the gel slices were ex-
tracted twice with 0.1% aqueous trifluoroacetic acid at 55°C.
The pooled supernatants and extracts were resolved by re-
versed-phase high-performance liquid chromatography
(Hewlett-Packard 1090L, Palo Alto, CA) as described by
Fischer et al. (29). The absorbance of column fractions (ca.
100 µL) was measured at 210 nm, and major fractions were
analyzed by matrix-assisted laser desorption mass spectrom-
etry (MALD–MS) (32) on a Bruker Reflex time-of-flight
mass spectrometer (Karlsruhe, Germany) in the reflector
mode as described in detail elsewhere (31). By using an au-
tomated PE Procise 494 Protein Sequencer (Applied Biosys-
tems, Foster City, CA) (32), chemical sequence analyses of
selected peptide fraction were carried out.
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RESULTS

Lipid concentrations in bovine CSF. To analyze for CSF
lipids, two separate pools were prepared using samples ob-
tained at parturition and postpartum (days 17–21). Choles-
terol levels, which were low for both pools, were twofold
higher during the postpartum period (11 ± 0.04 µg/mL) than
at parturition (5 ± 0.17 µg/mL). Triacylglycerols were not de-
tected in these pools.

CSF apo distribution. Lipoproteins were isolated ultracen-
trifugally from bovine CSF at a density of 1.21 g/mL. Analy-
ses of isolated fractions by SDS-polyacrylamide gel elec-
trophoresis (PAGE) revealed two apo in all of the 15 samples
which were obtained 2 wk or longer postpartum. One of the
apo comigrated with human apoA-I (MW 28,000) (Fig. 1).
The other apo with mobility intermediate to ovalbumin and
carbonic anhydrase was calculated to have a molecular
weight of 38,000 and was seen as a doublet, suggesting that
this protein had undergone posttranslational glycosylation
similar to what has been described for human apoE (33). The
38 K apo was not always observed when samples obtained
around the peripartum period were analyzed. As can be seen
from Figure 1, the amount of protein observed for the 11th
day postpartum was lower than at the other times. But in
other cases (data not shown) in which the 28 K apo was
clearly seen, the 38 K apo was either absent or present in low
amounts. In the only cow from which CSF was drawn during
pregnancy and at term, no detectable amounts of the 38 K
band were detected during pregnancy and a faint band was
observed at term. The 38 K apo band also was not detected
when lipoproteins from a pool of three CSF samples obtained
at parturition from three cows were analyzed.

Sequencing of the major apo in bovine CSF. Two proce-
dures were used separately to identify the two apo in bovine
CSF. Initially, the apo were separated by PAGE, and the two
bands noted above were excised from the gel. Following in-

cubation with trypsin, as described in the Materials and Meth-
ods section, tryptic fragments were separated by high-perfor-
mance liquid chromatography. Molecule masses of major
fractions were determined by MALD-MS which revealed the
presence of tryptic fragments predicted to be derived from
bovine apoE and bovine apoA-1. To confirm this assignment,
three of the apoE fragments were chemically sequenced and
found to be in agreement with published data derived from
cDNA analysis (19,20). Tryptic digestion of bovine apoA-I
yielded seven fragments, and sequence data were obtained on
two of these. These data are summarized in Tables 1 and 2.

DISCUSSION

Studies of various mammals have shown that the major site
of synthesis of apoE is the liver (35–39), with additional syn-
thesis occurring in extrahepatic tissue, including the brain
(35–39). Brzozowska et al. (20) found this also to be true for
the bovine. In addition to the brain, other extrahepatic sites
of synthesis were the small intestine, lung, kidney, and mam-
mary gland (20). Recently Ndikum-Moffor et al. (40) identi-
fied the corpus luteum as site of bovine synthesis of both
apoE and apoA-I.

The extent to which apoE and apoA-I participate in lipid
homeostasis in the CSF remains to be demonstrated. Concen-
tration of CSF lipids is quite low, contrary to that in plasma.
Pitas et al. (22) reported that the cholesterol value range was
2.1–6.6 µg/mL in human CSF and had mean values of 9–10
µg/mL in canine CSF. In our study of bovine CSF, the cho-
lesterol concentrations were comparable to canine levels dur-
ing the postpartum period and intermediate to human values
at parturition.

Because apoE had not been detected in association with
HDL in bovine plasma, we wanted to determine whether
lipoproteins containing apoE could be isolated from bovine
CSF. Analyses by PAGE revealed a 38,000 molecular weight
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FIG. 1. Distribution of bovine cerebrospinal fluid (CSF) apolipoproteins in ultracentrifugally isolated fractions. Stan-
dards are in lanes 1 and 8.  Distributions for fractions isolated from postpartum CSF are in lanes 2 through 7. Days
postpartum are listed at the bottom of the various lanes; apo, apolipoprotein.
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protein. We then utilized MALD-MS and microsequencing
techniques, basing our analyses on published sequences ob-
tained from analysis of cDNA, to identify both apoE and
apoA-I. Prior to our studies, there were other reports on the
presence of apoE in bovine CSF. Using commercially avail-
able bovine CSF as a source of lipoproteins for studying the
development of nerve cells, Bellosta et al. (41) reported that
PAGE analysis revealed a protein band that the authors iden-
tified as being apoE, presumably based on its mobility. In a
postmortem study of bovine CSF lipoproteins, Jones et al.
(42) and Hochstrasser et al. (43), using two-dimensional gels,
found apoE to be elevated in animals afflicted with bovine

spongiform encephalopathy. In our study of live normal
cows, we were able to observe apoE by PAGE after the
lipoproteins had been isolated ultracentrifugally and concen-
trated approximately eightfold.

Our strategy for the characterization of the bovine CSF
apo on ultracentrifugally isolated lipoproteins included the
determination by MALD-MS of molecule masses of tryptic
fragments, which were matched to the masses of hypotheti-
cal tryptic fragments that can be generated from bovine
apoA-I and apoE. For selected fragments, we also determined
the amino acid sequence by automated Edman degradation.
Both sets of data were found to be in excellent agreement, al-
lowing identification of these apo.

Microsequencing techniques also were used by Ndikum-
Moffor et al. (40) to identify apoE and apoA-I secreted by ex-
plant cultures of bovine corpus luteal slices. In their study,
they found that apoE mRNA was expressed only during days
2 and 3 of the estrous cycle, but apoA-I mRNA levels did not
vary throughout the cycle. During pregnancy, these authors
(40) found that apoA-I mRNA was expressed, with higher
levels toward the later stages. ApoE mRNA, however, was
not expressed during pregnancy. In our study, most of the
PAGE analyses were done on samples obtained 2 wk or later
postpartum. However, in the few samples obtained during the
peripartum period, apoA-I was always observed, but not
apoE. Because the brain is considered to be the synthesis  site
of the apoE associated with CSF lipoproteins, hormonal
changes taking place following the delivery of the calf might
influence the synthesis of apoE in the brain of the cow. Sup-
raphysiological doses of estrogen were given to rodents to
understand how hormonal changes might be affecting apoE
and influencing its possible role in the development of
Alzheimer’s disease (44,45). The brains of rats and mice were
found to respond to 17-β estradiol by increasing the synthe-
sis of both apoE and the corresponding mRNA (44,45). It is
yet undetermined if physiological hormonal changes in cows
are affecting levels of CSF lipoproteins containing apoE. 
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ABSTRACT: The effects of estivation on the phospholipid-spe-
cific fatty acid composition of mitochondrial membranes in the
hepatopancreas of the terrestrial snail Cepaea nemoralis were
investigated. The fatty acid composition of all phospholipids
was significantly altered in snails estivating for 6 wk, indicating
that substantial remodeling occurs. The most profound changes
occurred in cardiolipin (CL). CL of estivating snails was 13-fold
more saturated, contained 9-fold more monoenes, and had 45%
fewer polyenes than in active snails. These differences were
due, in part, to a reduction in linoleic acid (18:2n-6) content of
CL from estivators. As in mammals, CL of active snails appears
to preferentially incorporate 18:2n-6, which accounts for 60%
of the acyl chains in this phospholipid. This proportion was re-
duced by 50% in estivators. Changes in the fatty acyl content of
other phospholipids of estivating snails included increased
monoenes in phosphatidylethanolamine (PE) and phosphatidyl-
inositol, reduced ratios of n-3/n-6 polyenes in PE and phos-
phatidylcholine (PC), and an increased n-3/n-6 ratio in phos-
phatidylserine (PS). Arachidonic acid (20:4n-6) levels were re-
duced in PS but increased in CL and PC. Taken together, these
alterations to fatty acid composition are consistent with de-
creased biological activity of membrane-related processes
which occur in conjunction with the reduction of mitochondrial
aerobic metabolism observed during estivation.
Lipids 33, 787–793 (1998).

Depression of basal metabolic rate is a common physiologi-
cal strategy, allowing organisms to prolong the duration of
their tolerance of suboptimal environmental conditions (1,2).
Profound metabolic rate depression occurs during hiberna-
tion, torpor, and estivation. Suppression of mitochondrial
respiration is a key component of strategies to reduce basal
metabolic rate. Indeed, in hibernating ground squirrels,
electron transfer is inhibited by 70 to 80% at the site of
ubiquinol/cytochrome c1, and adjustments of mitochondrial
membrane composition are implicated in the mediation of this
reduction (3). Changes to mitochondrial membrane composi-
tion have been studied in mammalian hibernators (4). How-
ever, hibernation and torpor are characterized by reductions
in both metabolic rate and body temperature, and thus it is
difficult to attribute changes of membrane phospholipid com-

position to either of these parameters. Several authors have
attempted to overcome the confounding effects of tempera-
ture and metabolic rate reduction by comparing membrane
compositional changes in active and quiescent overwintering
animals (5,6), thus controlling for responses induced by low-
ered temperature. Nonetheless, interspecies differences still
remain. Estivation, however, provides a superior model for
studies of this nature. It typically occurs during environmen-
tal drought as a means to avoid desiccation (1). Metabolic rate
reduction occurs in the absence of temperature change or sig-
nificant cellular water loss. The extent of metabolic depres-
sion in estivators is at least as great as that observed during
hibernation and torpor. Estivating terrestrial snails, for exam-
ple, typically undergo a metabolic rate reduction of 85% (2).

As the functional mileu of the electron transport chain and
many of the transporters and channels associated with oxida-
tive phosphorylation, the mitochondrial membranes represent
a potentially powerful site for the regulation of metabolism.
Mitochondrial membranes are composed principally of pro-
teins and phospholipids, and the function of many of the pro-
teins associated with the membranes is responsive to, and in
many cases dependent upon, surrounding phospholipids (7,8).
Altering the composition of associated phospholipids can ef-
fect large changes in protein function (7). Modifications 
to the phospholipid environment include substitution of 
one phospholipid species for another, and/or modification of
the acyl chains of particular phospholipids. Previously, we
demonstrated that changes in the absolute and proportional
amounts of individual phospholipids were altered in estivat-
ing snails. Here, we present results which indicate that a phos-
pholipid-specific fatty acid remodeling occurs in mitochon-
drial membranes which is consistent with reduced rates of
metabolic functions during estivation.

MATERIALS AND METHODS

Experimental animals. Several Cepaea nemoralis were col-
lected in early summer, kept in terraria in the laboratory for
ca. 6 wk, and fed a diet of “iceberg” lettuce. A group of these
snails was removed to a dry terrarium, and food was withheld
to induce estivation which lasted for 6 wk.

Mitochondrial isolation. Hepatopancreas from active or
estivating snails was excised and immersed in 10 vol of mito-
chondrial isolation buffer (100 mM sucrose, 20 mM Hepes),
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0.5% bovine serum albumin (BSA), pH 7.5), and homoge-
nized by three passes with a Potter-Elvehjem homogenizer
(Fisher Scientific Ltd., Whitby, Ontario, Canada). Ho-
mogenates were centrifuged at 150 × g for 10 min and the pel-
let discarded. The remaining supernatant was centrifuged at
5000 × g for 10 min, and the pellet “washed” by repeating this
step twice. This procedure consistently gave a recovery of ca.
85% of mitochondria (9).

Purity of the mitochondrial preparation and recovery of
mitochondria did not differ significantly (P > 0.05) between
active and estivating snails based on the distribution of cy-
tochrome c oxidase (mitochondrial marker), peroxidase (per-
oxisomal marker), and the proportional content of the phos-
pholipid sphingomyelin (used to mark nonmitochondrial
membranes, including nuclear membrane, endoplasmic retic-
ulum, and lysosomal and plasma membranes). Recoveries of
total cytochrome oxidase activities in the “mitochondrial frac-
tion” of active and estivating snails were 82.4 ± 5.1 and
88.8 ± 4.0% (n = 4), respectively. Only 3.5 ± 1.0% of total
peroxidase activity was recovered in the mitochondrial frac-
tion of active snails, and 3.8 ± 0.8% (n = 4) in estivating
snails. The proportional content of sphingomyelin in the mi-
tochondrial fraction was 2.4 ± 1.5% (n = 7) in active snails
and 4.2 ± 1.5% (n = 8) in estivators. 

Total mitochondrial lipids were extracted by the method
of Bligh and Dyer (10). Phospholipids were separated from
neutral lipids and each other by thin-layer chromatography
and methylated, as in Holub and Skeaff (11). Bands were vi-
sualized by using dichlorofluorescein. There were no band
overlaps. An internal standard (17:0) was added to the phos-
pholipid fatty acids prior to methylation. Individual fatty
acids from each phospholipid fraction were separated and
identified by gas chromatography using a reversed-phase DB-
225 fused silica column (J&W Scientific, Folsom, CA) as de-
scribed by Glémet and Ballantyne (12).

A small sample (1 g) of the diet (lettuce) was homogenized
in 50 mM imidazole buffer using three 10-s bursts with a
Polytron PT10 unit (Kinematica GmbH, Luzern, Switzer-
land). Lipid extraction of the homogenate was as above. Indi-
vidual fatty acids were separated and quantified as above.

Chemicals. Chemicals were obtained from the Sigma
Chemical Co. (St. Louis, MO) or Fisher Scientific Ltd. and
were of the highest purity available. The fatty acid standard
was obtained from Nu-Chek Prep Inc. (Elysian, MN) and was
augmented by the addition of a menhaden extract.

Statistical analysis. Proportional phospholipid fatty acid
compositional data were arcsine transformed where necessary
to normalize the data and were compared by using Student’s
t-tests. P-values were adjusted (based on the number of tests
made and degrees of freedom) to compensate for the use of
multiple t-tests in comparing the fatty acid compositions of
each phospholipid from active and estivating snails (13).

RESULTS

The snail diet (lettuce) was composed primarily of three fatty

acids, 16:0, 18:2n-6 and 18:3n-3, which combine to account
for 83% of total fatty acids (Table 1). 18:2n-6 was the most
abundant fatty acid in lettuce, at almost 42% of total. Lettuce
contained a large proportion (64%) of 18-carbon fatty acids,
a lower proportion (29%) of 16-carbon fatty acids, and trace
amounts of 14, 20, 22 and 24-carbon fatty acids.

Phospholipids from hepatopancreas mitochondria of ac-
tive snails contained lower proportions (47%) of 18-carbon
fatty acids than dietary lettuce, and greater proportions of
their elongation products, especially 20-carbon fatty acids
(37%). Some of the most common fatty acids in hepatopan-
creas mitochondrial phospholipids of active snails are 18:2n-6
(18%), 18:3n-3 (8%), and 20:4n-6 (18%) (Table 2).

The fatty acid composition of mitochondrial phospholipids
was altered dramatically in estivating snails (Table 2). The
proportion of 18:2n-6, 18:3n-3, and 18:4n-3 decreased by 60,
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TABLE 1
Percentages of Individual Fatty Acids in Lettuce 
(average of two determinations)a

Fatty acid Amount (mol %)

Nonessential
14:0 0.82
14:1 0.12
16:0 25.04
16:1 3.65
18:0 1.81
18:1 1.92
20:0 0.40
20:1 0.41
22:0 0.88
22:1 0.93
24:0 1.27
24:1 0.73

n-3 Polyunsaturated
18:3n-3 15.92
18:4n-3 2.69
20:3n-3 0.24
22:5n-3 0.32
22:6n-3 0.11

n-6 Polyunsaturated
18:2n-6 41.93
20:2n-6 0.86
20:3n-6 n.d.
20:4n-6 0.23
22:2n-6 n.d.
22:4n-6 n.d.
22:5n-6 0.48

Total 100

Total saturates 30.21
Total monoenes 7.75
Total polyenes 62.76
n-3 Polyenes 19.26
n-6 Polyenes 43.50
n-3/n-6 0.44
Mononenes/polyenes 0.12
Unsaturation index 157.33
Chain length 17.00
an.d., Not detectable.



61, and 63%, respectively, in hepatopancreas mitochondria of
estivating snails. 18-carbon fatty acids constituted only 30%
of total fatty acids in estivators, compared with 47% in active
snails (see above). These changes were offset by greater pro-
portions of shorter chain fatty acids (14- and 16-carbons) and
longer chain (22-carbons) fatty acids, which increased from
10 to 18% and from 5 to 9%, respectively. The phospholipid
fatty acids of estivating snails contained significantly more
monoenes and fewer polyenes. The reduced polyene content
of mitochondrial membranes from estivators resulted primar-
ily from a lower content of n-3 fatty acids, the proportional
occurrence of which was reduced by 51%.

The greatest differences between the fatty acid composi-
tion of active and estivating snail mitochondria occur in the
major constituent phospholipids of the mitochondrial mem-
branes [phosphatidylcholine ((PC), phosphatidylethanol-
amine (PE) and cardiolipin (CL), which constitute 37.7, 35.2,

and 11.4% of total phospholipids in mitochondria from the
hepatopancreas of active snails (14)]. Perhaps the most pro-
found alterations of fatty acid composition occurred in CL
(Table 3). A 50% reduction in 18:2n-6 content was observed
in CL which, in combination with a 57% decrease in 18:3n-3,
accounted for a 55% decrease in the total polyene content of
CL from estivating, compared to active, snails. While poly-
ene levels decreased, saturated fatty acids increased 13-fold,
and monoenes increased 9-fold. This resulted in a 33% reduc-
tion in CL unsaturation index.

Unsaturation index was not altered during estivation in any
other phospholipid species. However, in PE, the proportion
of monoenes increased 48%, due in part to an almost fourfold
increase in 16:1 content (Table 4). Membranes of estivators
contained 43% fewer n-3 polyenes, largely due to significant
reductions in 18-carbon n-3 fatty acids. This resulted in a low-
ering, by 43%, of the n-3/n-6 ratio in estivating snail mito-
chondria.
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TABLE 2
Percentages of Individual Fatty Acids in Cardiolipin 
of Hepatopancreas Mitochondria from Active 
and Estivating Cepaea nemoralisa

Fatty acid Active (n = 7) Estivating (n = 8)

Nonessential
14:0 0.27 ± 0.14 5.26 ± 2.35
14:1 0.49 ± 0.43 2.60 ± 0.87
16:0 0.86 ± 0.23 9.07 ± 2.46
16:1 0.78 ± 0.42 12.18 ± 3.64
18:0 0.60 ± 0.31 5.96 ± 2.41
18:1 1.32 ± 0.47 5.59 ± 2.06
20:1 0.08 ± 0.04 2.70 ± 0.65b

23:0 0.11 ± 0.05 3.33 ± 1.47b

18:3n-3 20.58 ± 0.87 8.85 ± 2.04b

18:4n-3 8.57 ± 1.45 4.07 ± 1.64
20:3n-3 0.63 ± 0.08 n.d.
20:5n-3 0.18 ± 0.07 1.14 ± 0.89
22:5n-3 n.d. 0.19 ± 0.19
22:6n-3 n.d. 0.34 ± 0.20

n-6 Polyunsaturated
18:2n-6 60.19 ± 1.67 29.68 ± 5.84b

20:2n-6 0.85 ± 0.08 1.31 ± 0.29
20:3n-6 0.71 ± 0.13 1.25 ± 0.17
20:4n-6 3.67 ± 0.27 5.11 ± 0.98b

22:2n-6 n.d. 0.11 ± 0.11

Total 100 100

Total saturates 1.85 ± 0.48 24.75 ± 6.29b

Total monoenes 2.67 ± 0.64 23.07 ± 4.69b

Total polyenes 95.48 ± 1.11 52.18 ± 9.40b

n-3 Polyenes 29.99 ± 1.43 14.58 ± 3.98
n-6 Polyenes 65.49 ± 1.85 37.60 ± 6.34b

n-3/n-6 0.46 ± 0.03 0.37 ± 0.09
Monoenes/polyenes 0.03 ± 0.01 0.81 ± 0.31
Unsaturation indexc 240.76 ± 2.91 161.64 ± 22.52b

Chain lengthd 17.23 ± 0.04 17.16 ± 0.20
aValues are presented as means ± SE; n.d. = not detectable.
bSignificantly different from active values, α = 0.0034.
cUnsaturation index = ∑mi·ni; where mi is the mole percentage and ni is the
number of C–C double bonds in fatty acid “i”.
dMean chain length = ∑fi·ci; where fi is the mole fraction and ci is the num-
ber of carbon atoms in fatty acid “i”.

TABLE 3
Percentages of Individual Fatty Acids in Phosphatidylethanolamine 
of Hepatopancreas Mitochondria from Active and Estivating 
Cepaea nemoralisa–d

Fatty acid Active (n = 7) Estivating (n = 8)

Nonessential
14:0 1.74 ± 0.76 2.37 ± 0.71
14:1 1.30 ± 0.36 2.00 ± 0.64
16:0 2.56 ± 0.20 4.70 ± 0.71
16:1 1.67 ± 0.34 6.25 ± 0.84b

18:0 15.28 ± 0.90 9.36 ± 0.58b

18:1 4.76 ± 0.24 3.84 ± 0.62
20:0 0.45 ± 0.11 0.57 ± 0.09
20:1 3.26 ± 0.15 4.20 ± 0.23
23:0 0.82 ± 0.09 1.37 ± 0.16b

n-3 Polyunsaturated
18:3n-3 4.06 ± 0.22 1.24 ± 0.23b

18:4n-3 1.26 ± 0.19 0.43 ± 0.07b

20:3n-3 3.42 ± 0.63 1.10 ± 0.30
20:4n-3 0.08 ± 0.08 0.74 ± 0.27
20:5n-3 2.34 ± 0.28 2.20 ± 0.42
22:5n-3 0.31 ± 0.08 0.29 ± 0.13
22:6n-3 0.45 ± 0.02 0.85 ± 0.14

n-6 Polyunsaturated
18:2n-6 10.41 ± 0.79 5.10 ± 0.40b

20:2n-6 7.91 ± 0.17 10.14 ± 0.58
20:3n-6 3.60 ± 1.21 5.68 ± 0.77
20:4n-6 27.59 ± 1.87 28.49 ± 1.71
22:4n-6 2.12 ± 0.07 3.09 ± 0.18b

22:5n-6 4.58 ± 0.29 5.99 ± 0.17

Total 100 100

Total saturates 20.85 ± 1.62 18.37 ± 1.45
Total monoenes 10.99 ± 0.21 16.29 ± 1.51b

Total polyenes 68.16 ± 1.49 65.34 ± 2.71
n-3 Polyenes 11.93 ± 0.87 6.84 ± 0.49b

n-6 Polyenes 56.22 ± 1.26 58.50 ± 2.33
n-3/n-6 0.21 ± 0.02 0.12 ± 0.01b

Monoenes/polyenes 0.16 ± 0.01 0.26 ± 0.04b

Unsaturation indexc 243.85 ± 6.90 247.84 ± 8.22
Chain lengthd 18.91 ± 0.07 18.97 ± 0.11
a–dSee Table 2 for footnotes.



No statistically significant changes to proportions of satu-
rates, monoenes, or polyenes were observed in any other
phospholipids. However, PC showed a similar decrease
(51%) in n-3 fatty acid content in estivators (Table 5). This
occurred primarily through significant reductions to 18:3n-3,
18:4n-3, and 20:3n-3 contents during estivation. The n-3/n-6
ratio of PC from estivating snails was thus decreased by 56%.

PC was the only phospholipid to show a change in aver-
age fatty acid chain length between experimental groups. PC
from mitochondria of estivating snails contained longer fatty
acyl chains on average than in active snails.

The n-3/n-6 polyene ratio appeared to be 4.5-fold greater
in phosphatidylserine from estivating snails (Table 6), though
a relatively large standard error made this statistically in-
significant at α = 0.0034. The altered value of the n-3/n-6
ratio was largely due to a statistically significant 50% de-
crease in 20:4n-6 and a concomitant, but not significant, 2.6-
fold increase in 18:3n-3.

In phosphatidylinositol (PI), only 20:1 and 16:1 content
were altered in estivators (Table 7). Proportions of both in-
creased, which was reflected in a doubling of the proportion
of monoenes in PI, though this was also not significant at α =
0.0034.

Arachidonic acid (20:4n-6) was present in trace amounts
in lettuce (Table 1), but occurred as a major constituent fatty
acid of all phospholipids, except for CL, where it accounted
for less than 4% of total fatty acids in active snails. 20:4n-6
was enriched 70% in PC during estivation, while PS 20:4n-6
content decreased by 52%.

DISCUSSION

The phospholipid composition of mitochondrial membranes
from C. nemoralis hepatopancreas is dramatically altered dur-
ing estivation. Many aspects of this remodeling indicate a re-
duced biological activity of the mitochondrion during estiva-
tion, when metabolic rate is reduced to about 15% of normal
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TABLE 4
Percentages of Individual Fatty Acids in Phosphatidylcholine 
of Hepatopancreas Mitochondria from Active and Estivating 
Cepaea nemoralisa–d

Fatty acid Active (n = 7) Estivating (n = 8)

Nonessential
14:0 0.45 ± 0.14 1.18 ± 0.63
14:1 1.95 ± 1.25 0.98 ± 0.45
16:0 7.32 ± 0.38 6.64 ± 0.28
16:1 1.45 ± 0.56 2.57 ± 0.68
18:0 2.38 ± 0.12 4.06 ± 0.40b

18:1 13.93 ± 0.88 11.22 ± 1.14
20:0 0.32 ± 0.03 0.50 ± 0.10
20:1 3.37 ± 0.39 4.60 ± 0.40
23:0 0.21 ± 0.18 0.10 ± 0.05

n-3 Polyunsaturated
18:3n-3 8.14 ± 0.44 2.37 ± 0.50b

18:4n-3 2.83 ± 0.47 1.00 ± 0.15b

20:3n-3 3.77 ± 0.44 1.70 ± 0.12b

20:4n-3 n.d. 0.12 ± 0.09
20:5n-3 1.35 ± 0.20 0.90 ± 0.15
22:6n-3 1.10 ± 0.16 2.35 ± 0.58

n-6 Polyunsaturated
18:2n-6 19.69 ± 1.05 9.09 ± 0.62b

20:2n-6 12.62 ± 0.42 16.11 ± 0.64b

20:3n-6 2.53 ± 0.44 4.58 ± 0.67
20:4n-6 12.36 ± 0.59 21.01 ± 0.91*b

22:2n-6 n.d. n.d.
22:4n-6 0.39 ± 0.03 0.60 ± 0.04
22:5n-6 3.65 ± 0.22 8.24 ± 0.66b

Total 100 100

Total saturates 10.77 ± 0.44 12.48 ± 1.13
Total monoenes 20.70 ± 1.30 19.38 ± 1.50
Total polyenes 68.53 ± 1.64 68.14 ± 2.06
n-3 Polyenes 17.28 ± 1.16 8.50 ± 0.67b

n-6 Polyenes 51.26 ± 1.59 59.64 ± 2.22
n-3/n-6 0.34 ± 0.03 0.15 ± 0.02b

Monoenes/polyenes 0.31 ± 0.03 0.29 ± 0.03
Unsaturation indexc 222.82 ± 3.90 246.51 ± 6.74
Chain lengthd 18.33 ± 0.08 19.03 ± 0.12b

a–dSee Table 2 for footnotes.

TABLE 5
Percentages of Individual Fatty Acids in Phosphatidylserine 
of Hepatopancreas Mitochondria from Active and Estivating 
Cepaea nemoralisa–d

Fatty acid Active (n = 7) Estivating (n = 8)

Nonessential
14:0 0.45 ± 0.24 3.07 ± 1.54
14:1 0.93 ± 0.45 2.56 ± 0.90
16:0 7.26 ± 0.80 7.51 ± 2.31
16:1 2.14 ± 0.61 4.92 ± 1.94
18:0 25.40 ± 1.40 20.15 ± 4.56
18:1 5.96 ± 0.50 7.77 ± 2.08
20:0 1.34 ± 0.41 2.40 ± 0.45
20:1 11.07 ± 2.33 5.55 ± 1.79
23:0 0.14 ± 0.11 0.78 ± 0.36

n-3 Polyunsaturated
18:3n-3 9.57 ± 0.47 25.35 ± 9.71
18:4n-3 2.06 ± 0.47 1.70 ± 0.68
20:3n-3 0.57 ± 0.33 n.d.
20:5n-3 0.26 ± 0.13 n.d.
22:6n-3 0.19 ± 0.10 2.35 ± 0.58

n-6 Polyunsaturated
18:2n-6 2.95 ± 0.55 3.03 ± 0.91
20:2n-6 2.03 ± 0.35 1.49 ± 0.70
20:3n-6 2.17 ± 0.41 1.43 ± 0.47
20:4n-6 23.87 ± 1.32 11.34 ± 1.35b

22:4n-6 0.16 ± 0.06 n.d.
22:5n-6 1.49 ± 0.25 0.85 ± 0.30

Total 100 100

Total saturates 34.60 ± 0.89 33.91 ± 5.58
Total monoenes 20.10 ± 1.60 20.81 ± 4.62
Total polyenes 45.30 ± 1.34 45.29 ± 9.87
n-3 Polyenes 12.64 ± 0.85 27.13 ± 9.94
n-6 Polyenes 32.67 ± 1.64 18.16 ± 2.31b

n-3/n-6 0.40 ± 0.04 1.84 ± 0.70
Monoenes/polyenes 0.45 ± 0.04 0.75 ± 0.20
Unsaturation indexc 181.18 ± 3.97 167.04 ± 23.87
Chain lengthd 18.24 ± 0.09 16.93 ± 0.42
a–dSee Table 2 for footnotes.



(1,2). These changes are consistent with the inhibition of cer-
tain mitochondrial membrane-bound proteins, a stabilizing of
the bilayer, and a reduced propensity toward hexagonal phase
formation.

Perhaps the most dramatic changes to constituent fatty
acids occurred in CL, a unique phospholipid which typically
is found exclusively in the mitochondrial inner membrane (7).
CL is found in close association with certain mitochondrial
proteins, including the mono-, di-, and tricarboxylate carriers,
and also carnitinepalmitoyl translocase, cytochrome c oxi-
dase, ADP/ATP exchanger, and phosphate transporter (7).
Many of these proteins do not function, or function submaxi-
mally, in its absence. In many cases, the ability of CL to stim-
ulate protein function is dependent upon its fatty acyl compo-
sition (7,15,16). For example, several studies have demon-
strated a specific requirement of the respiratory chain enzyme
cytochrome c oxidase for CL with 18:2n-6 acyl chains. In rats
fed diets deficient in 18:2n-6, which results in CL 18:2n-6

being replaced with other fatty acids (17), mitochondrial
function (18), and cytochrome c oxidase activity (15) are both
decreased by as much as 50%. This loss of activity has been
shown to result directly from the presence of 18:2n-6-defi-
cient CL, as activity can be fully recovered when delipidated
cytochrome c oxidase is reconstituted with 18:2n-6/18:2n-6
CL (15). In estivating Cepaea, cytochrome c oxidase activity
is reduced by 85% (14). This could be mediated in part by the
significant reduction of CL 18:2n-6 content. As in mammals,
Cepaea CL was particularly enriched in 18:2n-6, which ac-
counted for 60% of all fatty acids in CL of active snails. The
18:2n-6 content of CL from estivating Cepaea decreased by
50%. A similar decrease in CL 18:2n-6 content in rats fed an
18:2n-6-deficient diet results in a 26% decrease in cyto-
chrome c oxidase activity (15), suggesting that, during esti-
vation, the reduced 18:2n-6 content of CL may play a role in
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TABLE 6
Percentages of Individual Fatty Acids in Phosphatidylinositol 
of Hepatopancreas Mitochondria from Active and Estivating 
Cepaea nemoralisa–d

Fatty acid Active (n = 7) Estivating (n = 8)

Nonessential
14:0 0.80 ± 0.45 4.68 ± 1.65
14:1 0.62 ± 0.32 1.39 ± 0.70
16:0 24.07 ± 0.94 19.05 ± 2.36
16:1 2.61 ± 0.58 7.89 ± 1.51b

18:0 26.45 ± 0.89 23.67 ± 1.18
18:1 4.95 ± 1.00 7.46 ± 1.05
20:0 1.16 ± 0.10 0.93 ± 0.20
20:1 2.60 ± 0.15 5.36 ± 0.73b

23:0 0.20 ± 0.10 0.19 ± 0.16
n-3 Polyunsaturated

18:3n-3 4.21 ± 0.26 2.67 ± 0.41
18:4n-3 1.12 ± 0.16 0.94 ± 0.45
20:3n-3 1.01 ± 0.26 0.51 ± 0.27
20:4n-3 n.d. n.d.
20:5n-3 0.67 ± 0.11 0.43 ± 0.17
22:6n-3 0.09 ± 0.06 0.30 ± 0.12

n-6 Polyunsaturated
18:2n-6 2.32 ± 0.30 1.05 ± 0.35
20:2n-6 1.63 ± 0.24 1.57 ± 0.20
20:3n-6 2.52 ± 0.49 2.48 ± 0.57
20:4n-6 22.59 ± 0.77 18.03 ± 2.68
22:4n-6 0.04 ± 0.04 0.14 ± 0.6
22:5n-6 0.32 ± 0.13 1.27 ± 0.42

Total 100 100

Total saturates 52.68 ± 1.64 48.52 ± 2.89
Total monoenes 10.78 ± 1.41 22.10 ± 2.31
Total polyenes 36.54 ± 1.58 29.38 ± 4.05
n-3 Polyenes 7.10 ± 0.37 4.85 ± 0.88
n-6 Polyenes 29.44 ± 1.31 24.54 ± 3.42
n-3/n-6 0.24 ± 0.01 0.20 ± 0.04
Monoenes/polyenes 0.30 ± 0.04 0.98 ± 0.29
Unsaturation indexc 142.42 ± 4.74 131.04 ± 14.64
Chain lengthd 17.86 ± 0.05 17.62 ± 0.25
a–dSee Table 2 for footnotes.

TABLE 7
Percentages of Individual Fatty Acids in Phosphatidylinositol 
of Hepatopancreas Mitochondria from Active and Estivating 
Cepaea nemoralisa–d

Fatty acid Active (n = 7) Estivating (n = 8)

14:0 0.80 ± 0.45 4.68 ± 1.65
14:1 0.62 ± 0.32 1.39 ± 0.70
16:0 24.07 ± 0.94 19.05 ± 2.36
16:1 2.61 ± 0.58 7.89 ± 1.51b

18:0 26.45 ± 0.89 23.67 ± 1.18
18:1 4.95 ± 1.00 7.46 ± 1.05
18:2n-6 2.23 ± 0.30 1.05 ± 0.35
18:3n-3 4.21 ± 0.26 2.67 ± 0.41
18:4n-3 1.12 ± 0.16 0.94 ± 0.45
20:0 1.16 ± 0.10 0.93 ± 0.20
20:1 2.60 ± 0.15 5.36 ± 0.73b

20:2n-6 1.63 ± 0.24 1.57 ± 0.20
20:3n-6 2.52 ± 0.49 2.48 ± 0.57
20:4n-6 22.59 ± 0.77 18.03 ± 2.68
20:3n-3 1.01 ± 0.26 0.51 ± 0.27
20:4n-3 n.d. n.d.
20:5n-3 0.67 ± 0.11 0.43 ± 0.17
22:0 n.d. n.d.
22:1 n.d. n.d.
22:2n-6 n.d. n.d.
23:0 0.20 ± 0.10 0.19 ± 0.16
22:4n-6 0.04 ± 0.04 0.14 ± 0.6
22:5n-6 0.32 ± 0.13 1.27 ± 0.42
22:5n-3 n.d. n.d.
22:6n-3 0.09 ± 0.06 0.30 ± 0.12
24:0 n.d. n.d.
24:1 n.d. n.d.

Total 100 100

Total saturates 52.68 ± 1.64 48.52 ± 2.89
Total monoenes 10.78 ± 1.41 22.10 ± 2.31
Total polyenes 36.54 ± 1.58 29.38 ± 4.05
n-3 Polyenes 7.10 ± 0.37 4.85 ± 0.88
n-6 Polyenes 29.44 ± 1.31 24.54 ± 3.42
n-3/n-6 0.24 ± 0.01 0.20 ± 0.04
Monoenes/polyenes 0.30 ± 0.04 0.98 ± 0.29
Unsaturation indexc 142.42 ± 4.74 131.04 ± 14.64
Chain lengthd 17.86 ± 0.05 17.62 ± 0.25
a–dSee Table 2 for footnotes.



the observed reduction of cytochrome c oxidase activity. The
activities of other CL-requiring mitochondrial membrane pro-
teins which have specific interactions with 18:2n-6 acyl
chains (7,15,16) may be similarly suppressed.

The altered fatty acyl composition of CL changes the mo-
lecular geometry of this phospholipid, and thus its functional
properties in the membrane (19,20). CL of estivating snails
was threefold more saturated, contained ninefold more mono-
enes, and had 45% fewer polyenes than that of active snails.
Thus, the unsaturation index of CL from estivating snails was
33% reduced from control values. The more highly saturated
CL found in estivating snails effects changes in the molecular
geometry of CL which decrease its propensity to form non-
lamellar structures, like the inverse hexagonal (HII) phase
(19,20). HII phase-favoring phospholipids affect the structure
and physical properties of membranes (8,21–23). These, in
turn, can modulate the function of specific membrane proteins
(24), an interaction illustrated by the requirement of a mini-
mal proportion of hexagonal phase-preferring lipids for
proper function of membrane-bound proteins, like rhodopsin
in the visual system (25).

Other modifications to mitochondrial membrane composi-
tion during estivation also suggest greater bilayer stability.
The mitochondrial membranes of estivating snails are charac-
terized by an increased proportion of monoenes in PE. They
also contain lower proportions of the HII phase-preferring
phospholipids, PE and CL (14). The other major constituent
of mitochondrial membranes, PC, shows an increased aver-
age acyl chain length. Taken together, these changes suggest
that membrane remodeling during estivation selects against
HII phase-preferring phospholipids, resulting in the adoption
of a more stable lamellar phase in the phospholipid bilayer of
estivators. HII phase-preferring phospholipids are known to
be important in a number of biological functions which are
key to anabolic and catabolic processes, including trafficking
of membrane fragments and proteins, fusion, and mitochon-
drial contact sites (8,24,26–29). The compositional changes
which lower the tendency for formation of nonbilayer struc-
tures in mitochondrial membranes appear to be related to the
depressed metabolism, and therefore reduced rates of these
processes in estivating Cepaea.

Other aspects of the phospholipid compositions of mito-
chondria from estivatings snails are typical of those observed
in association with reduced metabolic rates. The proportional
content of monoenes in CL, PE, and PI was greater in estivat-
ing snails, due to the replacement of polyenes, like 18:2n-6
and 18:3n-3, with 16:1 and 18:1. Similarly, increased propor-
tions of phospholipid monoenes have been shown to correlate
strongly with reduced metabolic rates in other organisms
(30,31). The specific mechanism underlying this correlation
remains unknown, and the effects of phospholipid incorpora-
tion of monoenes are complicated. While modeling studies in-
dicate that greater incorporation of monoenes in the sn-1 posi-
tion can induce looser packing arrangements (32), di-
monoenoic phospholipids are better able to form highly
ordered phases than di-polyenoic phospholipids (22). Thus,

the neighboring fatty acyl chain will determine how increased
monounsaturation affects phospholipid properties. The impact
of increased monoene incorporation in PE, PI, and CL on
membrane bilayer stability is, therefore, uncertain without po-
sitional information. The reported association between mono-
enes and metabolic rate in various systems is, however, an in-
teresting phenomenon that warrants further investigation.

The n-3/n-6 ratio of membrane phospholipid fatty acids
was reduced in estivating snails, primarily due to decreased
proportions of 18:3n-3 and 18:4n-3 in PE and PC. Similarly,
lower proportional contents of n-3 polyenes are characteristic
of the mitochondrial membranes of animals with lower meta-
bolic rates (30,31). This has been demonstrated allometrically
in mammals (31) and through comparisons of reptiles with
mammals (30). In contrast, higher levels of n-3 polyunsatu-
rated fatty acids are associated with superior recovery from
postischemia reperfusion in rat heart (33), when oxygen lev-
els may be expected to be abnormally high. Thus, the signifi-
cance of phospholipid n-3 content may be related to the cel-
lular oxygen concentrations which characterize different
metabolic rates and physiological states. Lower relative lev-
els of n-3 polyenes in estivating snails thus appear to be re-
lated to the metabolic rate reduction in these animals.

Changes in phospholipid fatty acid composition induced
by estivation may not be attributable solely to the effects of
elongation or desaturation. Mitochondria of estivating snails
contain fewer phospholipids than those of active animals.
These phospholipids do not appear to be lost from the cell
(14). This suggests that phospholipids may be removed from
the mitochondria and sequestered elsewhere in the cell (14).
We have observed that a significant reduction in total mito-
chondrial phospholipid content occurs during estivation. Pref-
erential removal of specific phospholipid or fatty acid species
from the membrane thus provides a mechanism for altering
phospholipid-specific fatty acid composition which is inde-
pendent of elongating and desaturating processes.

In summary, the dramatic changes in phospholipid-specific
fatty acid composition demonstrated here are consistent with
profound reductions in the rates of membrane-associated
processes during estivation. These results also suggest that
estivating snails are a valuable model for studies of the rela-
tionship between metabolic rate and mitochondrial membrane
composition. The results of this study should be extended to
vertebrate estivators and to investigations of the functional
properties of mitochondrial and cellular membranes during
estivation.

ACKNOWLEDGMENTS

We wish to thank Amy Bourns and Jason McLeod for their assis-
tance in the laboratory. This work was supported by a Natural Sci-
ences and Engineering Research Council operating grant to JSB.

REFERENCES

1. Guppy, J., Fuery, C.J., and Flanigan, J.E. (1994) Biochemical
Principles of Metabolic Depression, Comp. Biochem. Physiol.
109B, 175–189.

792 J.A. STUART ET AL.

Lipids, Vol. 33, no. 8 (1998)



2. Hand, S.C., and Hardewig, I. (1996) Downregulation of Cellu-
lar Metabolism During Environmental Stress: Mechanisms and
Implications, Annu. Rev. Physiol. 58, 539–563.

3. Brustovetsky, N.N., Amerkhanov, Z.G., Popova, E. Yu., and
Konstantinov, A.A. (1990) Reversible Inhibition of Electron
Transfer in the Ubiquinol:Cytochrome c Reductase Segment of
the Mitochondrial Respiratory Chain in Hibernating Ground
Squirrels, FEBS Lett. 263, 73–76.

4. Geiser, F., McAllen, B.M., and Kenagy, G.J. (1994) The Degree
of Dietary Fatty Acid Unsaturation Affects Torpor Patterns and
Lipid Composition of a Hibernator, J. Comp. Physiol. B 164,
299–305.

5. Farkas, T., Nemecz, G.Y., and Csengeri, I. (1984) Differential
Response of Lipid Metabolism and Membrane Physical State by
an Actively and Passively Overwintering Planktonic Crus-
tacean, Lipids 19, 436–442.

6. Pruitt, N.L. (1988) Membrane Lipid Composition and Overwin-
tering Strategy in Thermally Acclimated Crayfish, Am. J. Phys-
iol. 254, R870–R876.

7. Hoch, F.L. (1992) Cardiolipins and Biomembrane Function,
Biochim. Biophys. Acta 1113, 71–133.

8. Carruthers, A., and Melchoir, D.L. (1986) How Bilayers Affect
Membrane Protein Activity, TIBS 11, 331–335.

9. Stuart, J.A., and Ballantyne, J.S. (1996) Subcellular Organiza-
tion of Intermediary Metabolism in the Hepatopancreas of the
Terrestrial Snail, Cepaea nemoralis—A Cytosolic β-Hydroxy-
butyrate Dehydrogenase, J. Exp. Zool. 274, 291–299.

10. Bligh, E.G., and Dyer, W.J. (1959) A Rapid Method of Total
Lipid Extraction and Purification, Can. J. Biochem. Physiol. 37,
911–917.

11. Holub, B.J., and Skeaff, C.M. (1987) Nutritional Regulation of
Cellular Phosphatidylinositol, Meth. Enzym. 141, 234–244.

12. Glémet, H.C., and Ballantyne, J.S. (1995) Influences of Envi-
ronmental Salinity on the Structure and Function of Gill Mito-
chondrial Membranes of an Osmoconforming Invertebrate,
Crassostrea virginica, Mar. Biol. 121, 673–683.

13. Hochberg, Y., and Tamhane, A.C. (1987) Multiple Comparison
Procedures, John Wiley and Sons, New York, pp. 450.

14. Stuart, J.A., Gillis, T.E., and Ballantyne, J.S. (1998) Composi-
tional Correlates of Metabolic Depression in the Mitochondrial
Membranes of Estivating Snails, Am. J. Physiol. (in press).

15. Yamaoka-Koseki, S., Urade, R., and Kito, M. (1991) Cardiolip-
ins from Rats Fed Different Dietary Lipids Affect Bovine Heart
Cytochrome c Oxidase Activity, J. Nutr. 121, 956–958.

16. Schlame, M., Horvath, L., and Vigh, L. (1990) Relationship Be-
tween Lipid Saturation and Lipid–Protein Interactionin Liver
Mitochondria Modified by Catalytic Hydrogenation with Refer-
ence to Cardiolipin Molecular Species, Biochem. J. 265, 79–85.

17. Yamaoka, S., Urade, R., and Kito, M. (1990) Cardiolipin Mo-
lecular Species in Rat Heart Mitochondria Are Sensitive to Es-
sential Fatty Acid-Deficient Dietary Lipids, J. Nutr. 120,
415–421.

18. Yamaoka, S., Urade, R., and Kito, M. (1988) Mitochondrial
Function in Rats Is Affected by Modification of Membrane
Phospholipids with Dietary Sardine Oil, J. Nutr. 118, 290–296.

19. Seddon, J.M., Kaye, R.D., and Marsh, D. (1983) Induction of

the Lamellar-Inverted Hexagonal Phase Transition in Cardi-
olipin by Protons and Monovalent Cations, Biochim. Biophys.
Acta 734, 347–352.

20. Sankaram, M.B., Powell, G.L., and Marsh, D. (1989) Effect of
Acyl Chain Composition on Salt-Induced Lamellar to Inverted
Hexagonal Phase Transitions in Cardiolipin, Biochim. Biophys.
Acta 980, 389–392.

21. Cullis, P.R., Hope, M.J., and Tilcock, C.P.S. (1986) Lipid Poly-
morphism and the Roles of Lipids in Membranes, Chem. Phys.
Lipids 40, 127–144.

22. Williams, W.P., Sanderson, P.W., Cunningham, B.A., Wolfe,
D.H., and Lis, L.J. (1993) Phase Behaviour of Membrane Lipids
Containing Polyenoic Acyl Chains, Biochim. Biophys. Acta,
1148, 285–290.

23. Epand, R.M., Epand, R.F., Ahmed, N., and Chen, R. (1991) Pro-
motion of Hexagonal Phase Formation and Lipid Mixing by
Fatty Acids with Varying Degrees of Unsaturation, Chem. Phys.
Lipids 57, 75–80.

24. Epand, R.M. (1990) Relationship of Phospholipid Hexagonal
Phases to Biological Phenomena, Biochem. Cell. Biol. 68,
17–23.

25. Brown, M.F. (1994) Modulation of Rhodopsin Function by
Properties of the Membrane Bilayer, Chem. Phys. Lipids 73,
159–180.

26. Ellens, H., Siegel, D.P., Alford, D., Yeagle, P.L., Boni, L., Lis,
L.J., Quinn, P.J., and Bentz, J. (1989) Membrane Fusion and In-
verted Phases, Biochemistry 28, 3692–3703.

27. Yeagle, P.L., and Bentz, J. (1989) Physiological Levels of Di-
acylglycerols in Phospholipid Membranes Induce Membrane
Fusion and Stablize Inverted Phases, Biochemistry 28,
3703–3709.

28. Massari, S., Folena, E., Ambrosin, V., Schiavo, G., and
Colonna, R. (1991) pH-Dependent Lipid Packing, Membrane
Permeability and Fusion in Phosphatidylcholine Vesicles,
Biochim. Biophys. Acta 1067, 131–138.

29. Ardail, D., Privat, J.-P., Egret-Charlier, M., Levrat, C., Lerme,
F., and Louisot, P. (1990) Mitochondrial Contact Sites: Lipid
Composition and Dynamics, J. Biol. Chem. 265, 18797–18802.

30. Brand, M.D., Chien, L.-F., Ainscow, E.K., Rolfe, D.F.S., and
Porter, R.K. (1994) The Causes and Functions of Mitochondrial
Proton Leak, Biochim. Biophys. Acta 1187, 132–139.

31. Porter, R.K., Hulbert, A.J., and Brand, M.D. (1996) Allometry
of Mitochondrial Proton Leak: Influence of Membrane Surface
Area and Fatty Acid Composition, Am. J. Physiol. 269,
R1213–R1224.

32. Applegate, K.R., and Glomset, J.A. (1991) Effect of Acyl Chain
Unsaturation on the Packing of Model Diacylglycerols in Simu-
lated Monolayers, J. Lipid Res. 32, 1645–1655.

33. Damaison, L., Sergiel, J.P., Moreau, D., and Grynberg, A.
(1994) Influence of the Phospholipid n-6/n-3 Polyunsaturated
Fatty Acid Ratio on the Mitochondrial Oxidative Metabolism
Before and After Myocardial Ischemia, Biochim. Biophys. Acta
1227, 53–59.

[Received September 19, 1997, and in final revised form and ac-
cepted June 8, 1998]

REMODELING OF PHOSPHOLIPID FATTY ACIDS 793

Lipids, Vol. 33, no. 8 (1998)



ABSTRACT: The relationship between the biosynthesis of long-
chain fatty acids and their distribution in the key organs of hy-
pertension is of considerable interest because of their role in the
production of vasoactive eicosanoids and their effects on mem-
brane properties. The present study analyzed the fatty acid com-
positions of the total lipids in the kidney, aorta, heart, and hepa-
tocytes of 1-, 3-, and 6-mon-old spontaneously hypertensive rats
(SHR) and their normotensive controls, Wistar Kyoto rats (WKY)
by capillary gas chromatography . The major changes concerned
the polyunsaturated fatty acids (PUFA). The percentage of arachi-
donic acid (AA) was significantly greater in the 1-mon-old SHR
kidney than in the WKY kidney, but it was lower at 3 and 6 mon.
The percentage of eicosapentaenoic acid was very low in the
SHR kidney. The results for the aorta were similar, with marked
decreases in 18:2n-6 and 18:3n-3 in SHR aged 1 and 6 mon. De-
spite a higher proportion of 18:2n-6 and AA at 6 mon, there was
no major change in the SHR heart lipids. The fatty acid spectrum
in the liver provides additional evidence for the previously re-
ported inhibition of desaturase activities in SHR. Thus, this study
shows that the PUFA composition is modified differently in dif-
ferent tissues in SHR, and this may be related to the pathogene-
sis of hypertension in these animals.
Lipids 33, 795–801 (1998).

Both humans and animals suffering from genetic hyperten-
sion have abnormal fatty acid metabolism (1–7). The synthe-
sis of polyunsaturated fatty acids (PUFA) in the liver of spon-
taneously hypertensive rats (SHR) differs significantly from
that of normotensive Wistar Kyoto (WKY) rats, depending
on the age of the animals and the pathogenesis of hyperten-
sion (7–9). The activities of liver microsomal desaturases,
which are key enzymes in PUFA synthesis, are greatly re-
duced, and this becomes more severe once the rats are hyper-
tensive (after 3 mon of age) than during the prehypertensive
period. These abnormalities may be linked to the altered
membrane properties and functions that occur in hyperten-
sion (3,10,11), as membrane viscosity can be affected by

small changes in fatty acid composition (12). Ollerenshaw et
al. (13) showed that the erythrocyte membranes of patients
with essential hypertension have a reduced linoleic acid (LA)
content, while the arachidonic acid (AA) and oleic acid con-
tents are above normal in subjects consuming similar diets.

Abnormalities of fatty acid metabolism may have implica-
tions for the local synthesis of eicosanoids, which depends
greatly on the availability of C20 PUFA precursors (dihomo-
γ-linolenic acid, DGLA, 20:3n-6; AA, 20:4n-6; eicosapen-
taenoic acid, EPA, 20:5n-3), arriving via the circulation. Their
release from membrane phospholipids (PL) is the rate-limit-
ing step in the synthesis of vasoactive eicosanoids involved
in the regulation of blood pressure. These include thrombox-
ane A2, derived from AA, which is a powerful vasoconstric-
tor; prostaglandin E2 and prostaglandin I2, derived from the
same precursor, which have the opposite effect; and
prostaglandin E1, derived from DGLA (14–18). 

Consequently, the relationship between changes in liver
PUFA synthesis and the PUFA status of organs in SHR in-
volved in the pathology of hypertension has to be considered.
The present work examines the distribution of PUFA in several
tissues involved in hypertension, the heart (19), kidney (20–22)
and thoracic aorta (23,24), as well as in the isolated hepatocytes
of SHR and WKY rats. Measurements were made on rats aged
1, 3, and 6 mon to detect changes linked to the pathogenesis of
hypertension (before 3 mon of age) and the blood pressure.

MATERIALS AND METHODS

Male SHR and WKY normotensive rats aged 3 or 11 wk were
purchased from Iffa Credo (Domaine des Oncins, L’Arbresle,
France), and fed ad libitum on a commercial standard diet
(Souriffarat, UAR, Villemoisson Sur Orge, France; weight in
g/kg pellets: protein 210; carbohydrate 535; fat 40; cellulose
45; moisture content 115; ash 55; minerals 27.8; vitamins:
retinol 16,000 IU/kg, cholecalciferol 2,000 IU/kg, vitamin E
500 mg/kg; fatty acid composition of fat (% wt/wt of total):
palmitic acid, 16:0: 10.1; palmitoleic acid, 16:1n-7: 0.9;
stearic acid, 18:0: 2.7; oleic acid, 18:1n-9: 26.9; LA, 18:2n-6:
49.2; linolenic acid, 18:3n-3: 0.2; others: 10.0) and given tap
water ad libitum. The schedule was 12 h dark/12 h light.

The systolic blood pressure of prewarmed, conscious rats
was measured before killing, using a tail pulse transducer
(M+M Electronic Inc., Basel-Müncheenstein, Switzerland).
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Blood pressure was determined for each animal by taking the
average of five measurements. 

Groups of four animals from each strain aged 1, 3, and 6
mon were anesthetized with sodium pentobarbital (Sanofi,
Paris, France). Hepatocytes were prepared by the method of
Seglen (25) and suspended in Krebs-Henseleit bicarbonate
buffer containing 1% fatty acid-free bovine serum albumin.
Hearts, kidneys, and thoracic aortas were quickly removed,
weighed and frozen. They and the isolated hepatocytes were
stored at −80°C until analysis. They were cut into thin slices,
homogenized in 15 mL chloroform/methanol (2:1, vol/vol ).
Total lipids were extracted by the method of Folch et al. (26),
saponified, and methylated by heating in 14% boron trifluo-
ride in methanol at 80°C for 20 min (27). Fatty acid methyl
esters were then extracted with 2 mL isooctane, separated by
gas–liquid chromatography (Packard, model 417 gas–liquid
chromatograph equipped with a flame–ionization detector and
a 30-m capillary glass column coated with Carbowax 20M),
and identified by their relative retention times (fatty acid stan-
dards: gas–liquid chromatography model mixture reference
standards; Nu-Chek-Prep, Elysian, MN). Results (mole %)
were expressed as arithmetic means with standard errors
(mean ± SE) for each group.

Statistical significance of differences between means was
assessed using the Student’s t test. Values were considered
significant when P < 0.05 and very significant when P < 0.01.

RESULTS

Systolic blood pressure. SHR blood pressures (mm Hg) were
significantly higher (135 ± 4 at 1 mon, 221 ± 8 at 3 mon, and
232 ± 10 at 6 mon) than those of WKY at all three ages stud-

ied: 107 ± 6 (1 mon), 141 ± 7 (3 mon), and 146 ± 8 (6 mon).
Blood pressure became abnormally high in SHR at the age of
2 mon (about 150 mm Hg). Hypertension was definitively es-
tablished at the age of 3 mon (221 ± 8 mm Hg) and remained
more or less constant thereafter.

Fatty acid composition of kidney total lipids. The fatty acid
composition of the kidney total lipids is shown in Table 1. At
each age, changes were seen between the SHR and WKY
groups. At 1 mon of age, kidneys from the SHR had lower
amounts of 18:2n-6 (16.5 vs. 18.3 mole %), 18:3n-3 (0.35 vs.
0.66 mole %), and less 20:5n-3 (0.50 vs. 0.77 mole %) com-
pared to the WKY rats, but higher levels of 20:4n-6 (26.6 vs.
20.4 mole %). The 3 mon-old SHR had a higher concentra-
tion of LA (18.1 vs. 16.0 mole %) than the WKY rats, but
there was no significant difference in their AA contents. The
3-mon-old SHR had significantly lower levels of 22:5n-3 (do-
cosapentaenoic acid, DPA) than the WKY kidneys (0.43 vs.
0.53 mole %), but interestingly there were no differences in
the levels of docosahexaenoic acid (DHA, 22:6n-3) in these
tissues at this age. The 6 mon-old SHR had lower concentra-
tions of AA (21.2 vs. 26.0 mole %), 22:5n-6 (0.15 vs. 0.48
mole %), EPA (0.15 vs. 0.75 mole %), DPA (0.36 vs. 0.82
mole %), and DHA (1.78 vs. 3.41 mole %) than WKY rats of
the same age. SHR had significantly more 18:0 (8.8 vs. 7.2
mole %) than the WKY at the age of 1 mon, less 18:0 at the
age of 3 mon, and significantly more 16:0 (23.2 vs. 20.0 mole
%) and 18:1n-9 (15.8 vs. 12.6 mole %) than WKY at 6 mon.

The PUFA/saturated fatty acid (SFA) ratio decreased in
SHR with age, while it increased in WKY. The 18:2n-6 con-
centration tended to increase with age in SHR, whereas
20:4n-6 decreased. The corresponding fatty acids of the n-3
family changed similarly. With respect to WKY rats, 20:4n-6
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TABLE 1
Fatty Acid Composition of Kidney Total Lipidsa

1 mon 3 mon 6 mon

Fatty acid WKY SHR WKY SHR WKY SHR

16:0 25.59 ± 1.08 24.30 ± 0.57 22.20 ± 0.25 22.25 ± 0.33 20.03 ± 0.34 23.17 ± 0.42c

16:1n-7 4.99 ± 0.57 3.44 ± 0.72 3.90 ± 0.32 4.39 ± 0.44 2.41 ± 0.48 3.20 ± 0.40
18:0 7.23 ± 0.40 8.83 ± 0.57b 11.22 ± 0.15 10.21 ± 0.46b 11.73 ± 1.16 12.60 ± 0.35
18:1n-9 14.91 ± 0.52 12.72 ± 0.90b 12.73 ± 1.04 11.81 ± 0.57 12.63 ± 1.53 15.76 ± 0.74b

18:2n-6 18.29 ± 1.08 16.50 ± 0.40 16.08 ± 0.10 18.11 ± 0.28c 19.04 ± 0.76 18.63 ± 0.46
18:3n-3 0.66 ± 0.12 0.35 ± 0.04b 0.43 ± 0.06 0.49 ± 0.07 0.50 ± 0.08 0.52 ± 0.04
20:1n-9 0.07 ± 0.03 0.07 ± 0.02 0.16 ± 0.02 0.08 ± 0.00c 0.15 ± 0.08 0.17 ± 0.01
20:2n-6 0.34 ± 0.06 0.35 ± 0.04 0.20 ± 0.07 0.27 ± 0.02 0.28 ± 0.04 0.29 ± 0.03
20:3n-6 0.74 ± 0.05 0.92 ± 0.11 0.83 ± 0.03 0.75 ± 0.05 0.66 ± 0.09 0.60 ± 0.04
20:4n-6 20.35 ± 0.96 26.57 ± 1.43c 26.54 ± 1.43 25.93 ± 0.73 25.97 ± 2.67 21.22 ± 0.94b

20:5n-3 0.77 ± 0.04 0.50 ± 0.05c 0.67 ± 0.09 0.48 ± 0.04b 0.75 ± 0.13 0.15 ± 0.02c

22:4n-6 0.40 ± 0.05 0.44 ± 0.09 0.51 ± 0.03 0.48 ± 0.06 0.83 ± 0.22 0.56 ± 0.03b

22:5n-6 0.33 ± 0.13 0.08 ± 0.06b 0.10 ± 0.02 0.10 ± 0.03 0.48 ± 0.20 0.15 ± 0.04b

22:5n-3 0.42 ± 0.16 0.43 ± 0.06 0.53 ± 0.03 0.43 ± 0.02c 0.82 ± 0.34 0.36 ± 0.04b

22:6n-3 3.12 ± 0.32 3.46 ± 0.29 2.94 ± 0.11 3.13 ± 0.24 3.41 ± 0.71 1.78 ± 0.18b

SFA 33.08 33.13 33.42 32.46 31.75 35.77
PUFA 45.40 49.59 48.82 47.04 52.74 44.23
PUFA/SFA 1.37 1.50 1.46 1.45 1.66 1.24

aValues (mol %) are given as mean values ± SEM for four rats.
b,cSignificantly different from the value for the WKY control group at P < 0.05, P < 0.01, respectively. Abbreviations: WKY, Wistar Kyoto; SHR, sponta-
neously hypertensive rat; SFA, total saturated fatty acids; PUFA, total polyunsaturated fatty acids.



was higher and 18:2n-6 lower in 3-mon-old than in younger
rats, and the opposite occurred in the 6-mon-old rats.

Fatty acid composition of aorta total lipids. The fatty acid
composition of aorta total lipids is shown in Table 2. The
most important changes in the fatty acid composition in this
tissue concerned LA, AA, and EPA. There was a highly sig-
nificant decrease in LA (to 13.1) and in EPA and a slight in-
crease in AA in 1-mon-old SHR as compared to WKY. By the
time the rats had reached 3 mon 20:4n-6 was significantly el-
evated (3.6%) in SHR, while adrenic acid (22:4n-6) and DHA
were only slightly higher in SHR than in WKY. Six-mon-old
SHR had significantly lower LA (22.7%) and 18:3n-3 (1.1%)
than WKY (30.0 and 1.5%) and slightly higher AA. The SHR
had significantly more 16:1n-7 (5.8%) and 18:1n-9 (22.3%)
at 1 mon than did WKY (4.1 and 19.9%), but they had signif-
icantly less 18:1n-9 (27.4%) at the age of 3 mon than did
WKY (32.2%). The SHR had significantly more 16:0 and
16:1n-7 (24.8 and 9.9%) than WKY (21.3, 8.0%) at 6 mon.

The PUFA/SFA ratio increased greatly at the age of 6 mon
in both strains. In relation to age, the fatty acid profiles for both
strains were similar, in spite of a smaller increase in 18:1n-9 in
SHR at 3 mon than in WKY, and a smaller increase in 18:2n-6
at 6 mon. The fatty acid profile of 6-mon-old WKY was very
different from that of SHR and of the younger WKY rats.

Fatty acid composition of heart total lipids. The fatty acid
composition of heart total lipids is shown in Table 3. Levels
of 18:3n-3, 20:5n-3 and 22:6n-3 were similar in the SHR and
WKY groups at all time periods studied. Levels of the n-6
fatty acids showed no major difference between these two
groups at 1 and 3 mon of age except that SHR aged 3 mon had
significantly lower 22:5n-6 and 22:5n-3 than WKY. By 6 mon
of age, 20:4n-6 and the C22 fatty acids were significantly
higher in the SHR, compared to the WKY group. In contrast,

the levels of the 20:2n-6 and 20:3n-6 fatty acids were
markedly reduced in this tissue from the SHR group.

The PUFA/SFA ratio increased in SHR with age. With re-
spect to the effect of age, the amounts of 18:2n-6 were signif-
icantly lower and those of 22:6n-3 significantly higher in 6
mon-old WKY than in 1- and 3-mon-old rats. Stearic acid
tended to increase with age, while 18:1n-9 remained un-
changed. SHR had a similar profile, except that 20:4n-6 was
higher at 6 mon than at the two other ages. 

Fatty acid composition of hepatocyte total lipids. The fatty
acid composition of hepatocyte total lipids is shown in Table
4. In this tissue, the major changes in the fatty acid levels be-
tween SHR and WKY groups were observed at the age of 3
mon, whereas there was no significant difference between 1
mon-old SHR and WKY for any of the fatty acids. At 3 mon
of age, the SHR showed marked increases in the levels of
18:2n-6 (23.8 vs. 18.0 mole %), 18:3n-3 (0.8 vs. 0.4 mole %),
and 22:6n-3 (7.5 vs. 6.5 mole %) compared to the WKY he-
patocytes. In contrast, levels of 20:4n-6 (16.4 vs. 22.8 mole
%) and its precursor fatty acid, 20:3n-6 (0.5 vs. 0.8 mole %),
were lower in this group compared to the WKY animals. He-
patocytes from 3 mon-old SHR had significantly lower 16:0
(23.5 vs. 25.7 mole %) and 18:0 (8.8 vs. 13.3 mole %) than
WKY, but more 18:1n-9 (13.5 vs. 7.3 mole %).

The PUFA/SFA ratio was higher in 3- and 6-mon old SHR
than in WKY. Most of the differences in the fatty acid profiles
of the two strains affected 18:2n-6 and 20:4n-6. LA was much
higher and 20:4n-6 lower in 3-mon-old SHR than in WKY. The
amount of 18:2n-6 increased regularly with age in WKY, while
that of 20:4n-6 decreased. There was also a sharp decrease in
18:0 and a sharp increase in 18:1n-9 in 3-mon-old SHR. 

Changes in the distribution of C20 PUFA and their C18 pre-
cursors in WKY and SHR organs. Considering changes in C20
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TABLE 2
Fatty Acid Composition of Aorta Total Lipidsa

1 mon 3 mon 6 mon

Fatty acid WKY SHR WKY SHR WKY SHR

16:0 29.06 ± 1.36 30.54 ± 2.09 29.62 ± 0.78 29.80 ± 0.59 21.35 ± 0.57 24.80 ± 0.52c

16:1n-7 4.12 ± 0.31 5.84 ± 0.36c 8.20 ± 0.62 9.46 ± 0.53 8.01 ± 0.30 9.92 ± 0.58b

18:0 11.50 ± 0.49 10.42 ± 0.56 7.36 ± 0.61 6.24 ± 0.37 3.71 ± 0.67 3.71 ± 0.26
18:1n-9 19.92 ± 0.41 22.27 ± 0.77b 32.18 ± 0.76 27.44 ± 0.91c 25.58 ± 0.65 26.59 ± 1.97
18:2n-6 18.04 ± 1.11 13.13 ± 0.61c 15.84 ± 0.68 16.18 ± 0.48 30.03 ± 1.94 22.75 ± 0.89c

18:3n-3 0.79 ± 0.05 0.61 ± 0.11 0.83 ± 0.05 0.79 ± 0.05 1.46 ± 0.18 1.06 ± 0.07b

20:1n-9 0.43 ± 0.16 0.22 ± 0.09 0.35 ± 0.05 0.28 ± 0.02 0.31 ± 0.03 0.16 ± 0.03b

20:2n-6 0.41 ± 0.04 0.38 ± 0.06 0.16 ± 0.01 0.25 ± 0.02c 0.23 ± 0.01 0.19 ± 0.03
20:3n-6 0.63 ± 0.11 0.56 ± 0.09 0.14 ± 0.01 0.21 ± 0.04 0.21 ± 0.02 0.21 ± 0.05
20:4n-6 7.36 ± 0.98 8.06 ± 1.53 1.61 ± 0.06 3.65 ± 1.03b 4.10 ± 0.46 5.43 ± 1.17
20:5n-3 0.15 ± 0.05 0.03 ± 0.03b 0.09 ± 0.02 0.13 ± 0.06 0.16 ± 0.02 0.13 ± 0.03
22:4n-6 1.26 ± 0.27 1.30 ± 0.15 0.34 ± 0.02 0.61 ± 0.18 0.34 ± 0.05 0.47 ± 0.07
22:5n-6 1.49 ± 0.36 1.66 ± 0.80 0.10 ± 0.03 0.13 ± 0.03 0.19 ± 0.07 0.51 ± 0.18
22:5n-3 0.86 ± 0.04 1.01 ± 0.37 0.27 ± 0.02 0.43 ± 0.16 0.62 ± 0.50 0.90 ± 0.22
22:6n-3 2.20 ± 0.26 2.17 ± 0.59 0.69 ± 0.10 1.16 ± 0.34 1.94 ± 0.18 1.57 ± 0.40

SFA 40.56 40.96 36.98 36.04 25.06 28.51
PUFA 33.10 28.90 20.05 23.52 39.27 33.22
PUFA/SFA 0.82 0.70 0.54 0.65 1.57 1.16

aValues (mol %) are given as mean values ± SEM for four rats.
b,cSignificantly different from the value for the WKY control group at P < 0.05, P < 0.01, respectively. For abbreviations see Table 1.



and C18 PUFA profiles in WKY and SHR organs, LA in aorta
and kidney of SHR (1 and 6 mon) was lower than in WKY. It
was higher in the SHR heart (6 mon), hepatocyte (1 and 3
mon) and kidney (3 mon). The AA was usually higher in the
SHR aorta and heart (at 6 mon) than in WKY. It was higher
in the SHR kidney during the prehypertensive period (1 mon),
but the amounts in the kidney and hepatocytes of adult SHR

were similar to or less than those in WKY. Linolenic acid was
also lower in SHR than in WKY during the prehypertensive
period (1 mon), particularly in the SHR aorta and kidney, but
it was markedly higher in the SHR hepatocytes (3 mon). EPA
was quite often lower in SHR organs than in WKY, particu-
larly in the SHR aorta (1 mon), kidney (1 and 6 mon), and he-
patocytes (6 mon).

798 M.-C. DELACHAMBRE ET AL.

Lipids, Vol. 33, no. 8 (1998)

TABLE 3
Fatty Acid Composition of Heart Total Lipidsa

1 mon 3 mon 6 mon

Fatty acid WKY SHR WKY SHR WKY SHR

16:0 15.31 ± 1.27 15.46 ± 0.64 12.54 ± 0.45 12.90 ± 0.89 14.49 ± 0.39 13.05 ± 0.64b

16:1n-7 1.72 ± 0.60 1.67 ± 0.31 1.22 ± 0.05 1.34 ± 0.09 1.10 ± 0.12 1.27 ± 0.24
18:0 11.72 ± 1.47 12.06 ± 1.40 13.77 ± 0.80 13.33 ± 0.58 14.68 ± 1.75 11.68 ± 1.70
18:1n-9 9.79 ± 1.14 10.56 ± 0.56 9.61 ± 0.41 9.86 ± 0.38 10.86 ± 1.35 10.01 ± 1.15
18:2n-6 28.18 ± 1.36 27.86 ± 1.52 30.47 ± 0.71 30.57 ± 0.94 24.02 ± 1.43 26.01 ± 1.51
18:3n-3 0.50 ± 0.10 0.45 ± 0.04 0.28 ± 0.02 0.29 ± 0.01 0.35 ± 0.04 0.42 ± 0.05
20:1n-9 0.21 ± 0.02 0.22 ± 0.04 0.16 ± 0.01 0.15 ± 0.04 0.20 ± 0.02 0.18 ± 0.04
20:2n-6 0.36 ± 0.04 0.33 ± 0.02 0.26 ± 0.03 0.23 ± 0.04 0.26 ± 0.02 0.19 ± 0.02b

20:3n-6 0.47 ± 0.04 0.47 ± 0.01 0.33 ± 0.02 0.33 ± 0.04 0.27 ± 0.01 0.24 ± 0.02b

20:4n-6 17.08 ± 1.10 16.71 ± 0.49 16.86 ± 0.58 17.12 ± 0.60 16.17 ± 0.87 20.29 ± 1.57b

20:5n-3 0.20 ± 0.05 0.18 ± 0.01 0.26 ± 0.03 0.18 ± 0.04 0.13 ± 0.02 0.12 ± 0.02
22:4n-6 1.08 ± 0.12 0.94 ± 0.12 0.86 ± 0.14 1.02 ± 0.23 0.78 ± 0.03 0.83 ± 0.07b

22:5n-6 0.81 ± 0.14 0.87 ± 0.12 0.65 ± 0.10 0.41 ± 0.07b 0.64 ± 0.27 1.28 ± 0.04b

22:5n-3 1.86 ± 0.17 1.67 ± 0.11 2.25 ± 0.11 1.94 ± 0.04b 2.50 ± 0.11 2.58 ± 0.13
22:6n-3 10.12 ± 0.79 9.95 ± 0.25 10.26 ± 0.26 10.04 ± 0.50 13.19 ± 0.58 11.63 ± 1.36

SFA 27.03 27.52 26.31 26.22 29.17 24.72
PUFA 60.65 59.41 62.48 62.12 58.30 63.58
PUFA/SFA 2.24 2.16 2.37 2.37 2.00 2.57

aValues (mol %) are given as mean values ± SEM for four rats.
b,cSignificantly different from the value for the WKY control group at P < 0.05, P < 0.01, respectively. For abbreviations see Table 1.

TABLE 4
Fatty Acid Composition of Hepatocyte Total Lipidsa

1 mon 3 mon 6 mon

Fatty acid WKY SHR WKY SHR WKY SHR

16:0 19.61 ± 1.30 19.97 ± 0.60 25.72 ± 0.14 23.55 ± 0.71b 21.69 ± 2.70 20.22 ± 2.00
16:1n-7 0.81 ± 0.50 1.03 ± 0.10 2.70 ± 0.32 2.48 ± 0.32 1.61 ± 0.20 1.55 ± 0.30
18:0 15.30 ± 1.30 14.32 ± 1.10 13.30 ± 0.16 8.83 ± 0.81c 14.92 ± 1.20 13.96 ± 0.90
18:1n-9 10.20 ± 1.50 10.81 ± 1.50 7.28 ± 1.68 13.51 ± 1.32c 10.88 ± 0.70 9.55 ± 2.60
18:2n-6 13.95 ± 1.20 15.77 ± 1.10 18.04 ± 0.64 23.81 ± 1.20c 18.68 ± 1.30 18.27 ± 1.30
18:3n-3 0.32 ± 0.01 0.42 ± 0.00 0.38 ± 0.02 0.77 ± 0.06c 0.53 ± 0.10 0.44 ± 0.10
20:1n-9 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
20:2n-6 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
20:3n-6 0.77 ± 0.10 0.85 ± 0.20 0.80 ± 0.06 0.50 ± 0.04c 0.67 ± 0.10 0.59 ± 0.10
20:4n-6 22.99 ± 1.10 20.44 ± 0.90 22.81 ± 1.14 16.44 ± 1.61c 21.82 ± 2.50 21.50 ± 1.80
20:5n-3 0.68 ± 0.20 0.58 ± 0.10 0.52 ± 0.09 0.46 ± 0.08 0.58 ± 0.20 0.40 ± 0.20
22:4n-6 0.71 ± 0.10 1.14 ± 0.40 0.00 ± 0.00 0.00 ± 0.00 0.53 ± 0.20 2.19 ± 1.30b

22:5n-6 1.34 ± 0.20 1.23 ± 0.70 0.38 ± 0.06 0.45 ± 0.10 0.89 ± 0.20 1.01 ± 0.60
22:5n-3 2.23 ± 0.30 2.64 ± 0.50 1.46 ± 0.04 1.62 ± 0.08 1.15 ± 0.10 1.92 ± 0.20b

22:6n-3 11.10 ± 0.70 10.80 ± 1.20 6.51 ± 0.22 7.48 ± 0.48b 6.06 ± 0.70 8.40 ± 0.40b

SFA 34.91 34.29 39.02 32.38 36.61 34.18
PUFA 54.09 53.87 50.89 51.52 50.91 54.72
PUFA/SFA 1.55 1.57 1.30 1.59 1.39 1.60

aValues (mol %) are given as mean values ± SEM for four rats.
b,cSignificantly different from the value for the WKY control group at P < 0.05, P < 0.01, respectively. For abbreviations see Table 1.



DISCUSSION

The proportions of fatty acids which are associated with
membrane structure or which may be involved in the regula-
tion of blood pressure (such as 18:2n-6, 20:3n-6, 20:4n-6 and
20:5n-3) were altered in SHR animals, compared to the levels
of these fatty acids observed in tissues from the WKY group.
These alterations do not reflect different nutritional status, as
we did not observe differences in food consumption between
WKY and SHR groups during the experiment. Similarly, no
significant body weight difference appeared between the two
groups of rats during the entire experiment, as shown in our
previous studies (7,8).

The kidney cannot convert 18:2n-6 to 18:3n-6 in either
normotensive or hypertensive rats (28), so that the precursors
of series 1 and 2 prostaglandins (20:3n-6 and 20:4n-6) need
to be provided via the circulation from the liver, the major site
of fatty acid desaturation and elongation. The high content of
20:4n-6 in the kidneys of 1-mon-old SHR suggests that this
fatty acid, or its ∆6 desaturated precursor, is highly incorpo-
rated. Alternatively, substantially less AA may be released by
phospholipases A2 and C in SHR. Okamoto et al. (22)
showed that the AA content of the phospholipids (PL) in-
creases with aging in SHR. Our findings on the fatty acid
composition of total lipids in the kidney do not reflect such
change, as the amount of AA was lower in SHR than in WKY
aged 3 and 6 mon. This apparent difference may be explained
by the results of Murthy et al. (29), who showed that PL acyl-
transferase activity is lower in the SHR kidney than in WKY,
suggesting greater acylation of PUFA to the triglycerides
rather than the PL fraction. However, our results agree with
our previous results (7,8) showing that more arachidonate is
synthesized by hepatocytes in 1-mon-old SHR than in WKY
and that liver microsomal n-6 ∆6 and ∆5 activities decrease
in SHR with age.

The kidney of SHR also contains less 20:5n-3 at all ages
from 1 mon to 6 mon. At 1 mon, the higher proportion of AA
in SHR kidney might contribute to an increase of the ratio
n-6/n-3 PUFA. In spite of a conversion into vasodilatory
eicosanoid (prostaglandin I2), AA is a precursor for
eicosanoids with potent vasoconstrictor effects, like throm-
boxane A2 and isoprostanes, while DGLA and EPA are the
precursors of the vasodilators prostaglandins E1 and I3 but not
of any known vasoconstrictors. Consequently, the SHR kid-
ney seems to contain a higher proportion of one type of
eicosanoid precursor (AA) during the prehypertensive period
(before 3 mon) and lower proportions of vasodilator precur-
sors of other eicosanoids (DGLA and EPA) when there is hy-
pertension (after 3 mon). DGLA could also inhibit the con-
version of AA to vasoactive leukotrienes via its 15-hydroxy
derivative (30). On the other hand, several experiments have
shown that the capacity to synthesize vasodilator
prostaglandins in SHR was impaired in vivo (31) and that
SHR do not produce more prostaglandin I2 than WKY rats
(32). Consequently, PUFA could be involved in blood pres-
sure regulation indirectly or even independently of the

prostanoid system, via their influence on the biosynthesis of
diradylglycerols and phospatidic acid, key intracellular mes-
sengers involved in the mediation of agonist-induced vascu-
lar smooth muscle cell contraction (33). Thus, an imbalance
in the distribution of PUFA in the kidney of 1-mon-old SHR
might contribute to the development and to the maintenance
of hypertension in these rats. On the other hand, the lower
level of DPA observed in SHR kidney at 3 mon of age is not
followed by a decrease of its DHA metabolite, suggesting that
the ∆4 desaturation system is not altered. Nevertheless, the
significant fall in proportion of DPA observed in 6-mon-old
SHR was associated with a subsequent fall of DHA.

Although the proportion of AA in the mesenteric vessels
of SHR is lower than in controls (34), the fraction of AA in
the SHR aorta is higher than in controls at 1 and 3 mon. These
results are similar to those for the kidney and indicate that the
SHR aorta has the potential to synthesize more cyclooxyge-
nase products than the aorta of age-matched WKY or may un-
dergo changes in the incorporation of PUFA in the sn-2 posi-
tion of membrane phospholipids. This is in agreement with
previous data showing an increased synthesis of AA metabo-
lites by SHR aortic vascular segments in vitro taken from rats
that had been hypertensive for 2–3 mon (35). The sharp de-
creases in the proportions of LA and α-linolenic acid in the
SHR aorta at 1 and 6 mon of age are in agreement with the
results of Dominiczak et al. (11) in cultured vascular smooth
muscle cells from the stroke-prone SHR. The change may
contribute to the reduced membrane fluidity of vascular
smooth muscle in hypertensive rats (11).

Relatively little information is available on the effect of
hypertension on PUFA metabolism in the heart. Lipid alter-
ations, like PL deficiency and lower mass of associated fatty
acids, have been reported for newborn SHR heart myocytes
(36), suggesting that intrinsic factors, probably genetically
determined, are active in the first few days of life in the ab-
sence of any neurohumoral regulation or hemodynamic
stress. The present study shows that these alterations seem to
disappear after weaning, as the heart proportions of 18:2n-6,
20:4n-6, 20:3n-6, and 20:5n-3 in SHR and WKY were simi-
lar at the ages of 1 and 3 mon. Nevertheless, the proportions
of 18:2n-6 and 20:4n-6 were higher in 6-mon-old SHR than
in WKY. It has been reported that cardiac performances were
more impaired with age in hypertensive rats than in age-
matched normotensive animals, and that young SHR exhib-
ited normal or greater cardiac performances than WKY (37).
The decreased cardiac performance with age might be related
to changes in membrane lipid composition, which could have
a number of effects on receptor function, transport proteins,
electrolyte balance, eicosanoid production, enzyme activities,
mitochondrial respiration, and/or other membrane-associated
processes. The lower cytoplasmic fatty acid-binding proteins
in the SHR heart (38) could contribute to an alteration in heart
PL turnover, leading to the storage of n-6 PUFA. 

We have previously reported that the ∆6 and ∆5 desaturase
activities in the liver microsomes of 3-mon-old SHR are inhib-
ited (9). The results from the present study support these obser-
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vations, with higher liver 18:2n-6 and lower liver 20:4n-6 pro-
portions in 1- and 3-mon-old SHR than in their homologous
WKY. But the transformation of radiolabeled linoleate by iso-
lated hepatocytes does not correlate with these results (7); it
was consistently higher in hepatocytes from SHR than in
those from WKY aged 1 mon, and similar in hepatocytes
from rats aged 3 and 6 mon. These discrepancies suggest that
the cellular metabolism of newly formed AA is altered. These
changes were associated with elevated 18:3n-3 in 3-mon-old
SHR, which may influence the balance between n-3 and n-6
essential fatty acids metabolism in the SHR liver, as the con-
version of 18:2n-6 to 20:4n-6 is known to be inhibited by
18:3n-3 (39,40). 

In conclusion, these results show that the PUFA composi-
tion of the organs and tissues involved in hypertension, like
the kidney, heart and aorta, is influenced by local factors,
which change with the age of the animal, and does not solely
reflect their provision via the circulation. The different fatty
acid proportions in the SHR organs and tissues studied may
alter tissue function, the range of the prostaglandins being
produced, and the synthesis of key intracellular messengers.
Nevertheless, the changes observed in fatty acid composition
of total lipids can result partially from changes in lipid class
composition across the studied tissues, and in that way, such
data can only be interpreted with caution. It is now necessary
to investigate the fatty acid profiles of lipid classes—particu-
larly of different types of PL—and how these changes can in-
fluence the PUFA cascade. In particular, the synthesis of the
vasodilatory epoxyeicosatrienoic acids, recently demon-
strated in smooth muscle (41), heart (42) and kidney (43),
may be of significance in hypertension. Whether dietary
PUFA might correct local imbalances and be useful for treat-
ing hypertension is worthy of further study.
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ABSTRACT: The identity of a previously unrecognized conju-
gated linoleic acid (CLA) isomer, 7 trans, 9 cis-octadecadienoic
acid (18:2) was confirmed in milk, cheese, beef, human milk,
and human adipose tissue. The 7 trans, 9 cis-18:2 isomer was
resolved chromatographically as the methyl ester by silver
ion–high-performance liquid chromatography (Ag+–HPLC); it
eluted after the major 9 cis, 11 trans-18:2 isomer (rumenic acid)
in the natural products analyzed. In the biological matrices in-
vestigated by Ag+–HPLC, the 7 trans, 9 cis-18:2 peak was gener-
ally due to the most abundant minor CLA isomer, ranging in con-
centration from 3 to 16% of total CLA. By gas chromatography
(GC) with long polar capillary columns, the methyl ester of 7
trans, 9 cis-18:2 was shown to elute near the leading edge of the
major 9 cis, 11 trans-18:2 peak, while the 4,4-dimethyloxazo-
line (DMOX) derivative permitted partial resolution of these two
CLA isomers. The DMOX derivative of this new CLA isomer was
analyzed by gas chromatography–electron ionization mass spec-
trometry (GC–EIMS). The double bond positions were at ∆7 and
∆9 as indicated by the characteristic mass spectral fragment ions
at m/z 168, 180, 194, and 206, and their allylic cleavages at m/z
154 and 234. The cis/trans double-bond configuration was es-
tablished by GC–direct deposition–Fourier transform infrared as
evidenced from the doublet at 988 and 949 cm−1 and absorp-
tions at 3020 and 3002 cm−1. The 7 trans, 9 cis-18:2 configura-
tion was established by GC–EIMS for the DMOX derivative of
the natural products examined, and by comparison to a similar
product obtained from treatment of a mixture of methyl 8-hy-
droxy- and 11-hydroxyoctadec-9 cis enoates with BF3 in
methanol.
Lipids 33, 803–809 (1998).

The major conjugated linoleic acid (CLA) isomer present in
cow milk (1–9), human milk (10,11), cheese (2,3,5,12–16),
beef (17), and human adipose tissue (18,19) was reported to be
9 cis, 11 trans-octadecadienoic acid (18:2), or rumenic acid.
CLA is a collective term referring to all conjugated geometric
and positional isomers of 18:2. Parodi (1) determined the major
9 cis, 11 trans-18:2 isomer in milk by a combination of gas
chromatography (GC) and argentation thin-layer chromatogra-
phy, partial hydrazine reduction, and ozonolysis. In addition to
the 9 cis, 11 trans-18:2, Ha et al. (2) reported seven more CLA
isomers (10 cis, 12 trans-18:2; 10 trans, 12 cis-18:2; 11 cis, 13
cis-18:2; 9 cis, 11 cis-18:2; 10 cis, 12 cis-18:2; and 9 trans, 11
trans-18:2/10 trans, 12 trans-18:2) in cheese based on compar-
ing equivalent chain length data with published results (20),
and GC–chemical ionization mass spectrometry of the fatty
acid methyl esters (FAME). Recently, Lavillonnière et al. (16)
identified five additional minor CLA isomers in cheese (8 cis,
10 trans-18:2; 8 cis, 10 cis-18:2; 8 trans, 10 trans-18:2; 11
trans, 13 trans-18:2; and 11?,13?-18:2). They partially reduced
the CLA mixture with hydrazine, isolated the resulting mono-
unsaturated fatty acids by silver nitrate thin-layer chromatogra-
phy and identified the fatty acids by gas chromatography–elec-
tron ionization mass spectrometry (GC–EIMS) as their 4,4-di-
methyloxazoline (DMOX) derivatives. These authors also
evaluated the total CLA mixture by GC–EIMS.

In the past decade, unequivocal identification of CLA iso-
mers was very limited for the following reasons. Firstly, in al-
most all reports, the identifications of GC peaks were solely
based on comparing observed GC retention times with those
of ill-defined commercial CLA mixtures, without indepen-
dent confirmation of provisional assignments by chemical or
spectroscopic methods. Secondly, acid-catalyzed methylation
procedures, which were reported to increase trans,trans CLA
isomers (8), were not avoided. Thirdly, even with 100-m GC
capillary columns, the resolution of all the CLA isomers has
not been achieved (16,21). Therefore, other confirmatory
techniques were necessary to identify CLA isomers. Diagnos-
tic ions in the EI mass spectra observed for a mixture of the
4-phenyl-1,2,4-triazoline-3,5-dione adducts (22) were suc-
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cessfully used to identify double-bond positions in CLA mix-
tures. GC–EIMS with selected ion monitoring was used to
suggest the presence of different CLA isomers in an unre-
solved mixture of four 4-methyl-1,2,4-triazoline-3,5-dione
adducts of CLA (23). Full mass scan data allowed the identi-
fication of individual isomers in conjugated fatty acid mix-
tures resolved by GC of 4-methyl-1,2,4-triazoline-3,5-dione
derivatives (24). Reconstructed ion profiles of the isomer-spe-
cific ions for CLA DMOX were used to distinguish between
the signals of different CLA isomers in the present study. This
permitted the determination of double-bond positions for par-
tially resolved CLA isomers. Recently, we modified a silver
ion–high-performance liquid chromatography (Ag+–HPLC)
method by Adlof et al. (25). For the first time, using the mod-
ified method, we separated 12 geometric and positional CLA
isomers found in a commercial mixture (15). This proved to
be an essential complementary chromatographic technique
for the identification of CLA isomers.

In the present communication, a newly identified CLA iso-
mer found in milk, cheese, beef, human milk, and adipose tissue
matrices was resolved as the FAME derivative by Ag+–HPLC,
and as the DMOX derivative by GC. This CLA isomer was iden-
tified as 7 trans, 9 cis-18:2 by GC–EIMS and GC-direct deposi-
tion-Fourier transform infrared (GC–DD–FTIR) spectroscopy.
The trans,cis geometry was established by GC–EIMS for the
DMOX derivative of the natural products examined, and by
comparison with a known 7 trans, 9 cis-18:2 product.

MATERIALS AND METHODS

A mixture of CLA isomers was purchased from Nu-Chek-
Prep, Inc. (Elysian, MN). Several pure CLA isomers were ob-
tained as their free fatty acids from Matreya Inc. (Pleasant
Gap, PA). Acetonitrile and hexane were ultraviolet grade.
Other solvents were distilled-in-glass quality. 2-Amino-2-
methyl-1-propanol (95%) was purchased from Aldrich Chem-
ical Company, Inc. (Milwaukee, WI). A 10% solution of
trimethylsilyldiazomethane (TMS-DAM) in hexane was ob-
tained from TCI America (Portland, OR). Anhydrous
NaOCH3/methanol was purchased from Supelco, Inc. (Belle-
fonte, PA). Cow milk was available from a previous study (9).
Cheese and beef products were purchased locally. The bio-
logical specimens were human subcutaneous adipose tissues.
They were a gift from Dr. H.J. Boehles (Johann-Wolfgang-
Goethe University Clinic, Frankfurt, Germany) and were ob-
tained from a group of male and female children, aged 1–13
yr, with inguinal hernia. Human milk was a gift from Dr. G.
Jahreis (Friedrich Schiller University, Jena, Germany).

Lipid extraction. Milk lipids were extracted using a modi-
fied Folch procedure as described previously (8). Cheese was
extracted with diethyl ether/petroleum ether (1:1) after ho-
mogenization with ethyl alcohol in the presence of potassium
oxalate. The total cheese lipids were then dried over anhy-
drous Na2SO4. Beef lipids were extracted with chloro-
form/methanol as described previously (26). Human adipose
tissue was extracted as described previously (19).

Preparation of FAME. The total lipids from milk, cheese,
beef, and human adipose tissue (20–70 mg) were methylated
using anhydrous NaOCH3/methanol (15). The FAME were
analyzed directly by GC and Ag+–HPLC. The free fatty acids
were methylated with a 10% trimethylsilyldiazomethane as
described previously (15,27).

Ag+–HPLC. The HPLC equipment and conditions were
the same as described previously (15). A ChromSpher 5
Lipids semipreparative (10 mm i.d. × 250 mm stainless steel;
5 µm particle size) and an analytical (4.6 mm i.d. × 250 mm
stainless steel; 5 µm particle size) silver impregnated columns
were used (Chrompack, Bridgewater, NJ). The mobile phase
was 0.1% acetonitrile in hexane and was operated isocrati-
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FIG. 1. Partial gas chromatography–electron ionization mass spectrom-
etry (GC–EIMS) chromatogram of conjugated fatty acid 4,4-dimethylox-
azoline (DMOX) derivatives from human adipose tissue showing the re-
constructed ion profiles for m/z 333 (top); and m/z 234 and 262 (bot-
tom). In the cis/trans region, the first two peaks (m/z 234) were due to 7
cis, 9 trans-18:2, 7 trans, 9 cis-18:2, respectively, and the third one (m/z
262) was due to 9 cis, 11 trans-18:2.



cally. The flow rates were 4.0 mL/min and 1.0 mL/min, for
the semipreparative and analytical columns, respectively. De-
tection was at 233 nm. 

DMOX derivatives. DMOX derivatives were prepared as
described previously (15,28,29). 

Instrumentation. The GC (8), GC–EIMS (15,28), and
GC–DD–FTIR (30) instruments and conditions were given
previously. 

RESULTS AND DISCUSSION

The m/z 333 GC–EIMS ion profile for the DMOX derivatives
of fatty acids from human adipose tissue (Fig. 1 top) showed
the presence of a small peak emerging just ahead of that of
the major 9 cis, 11 trans-18:2 isomer. A similar m/z 333 GC-
EIMS ion profile was observed for the fatty acid DMOX de-
rivatives of all other natural matrices investigated. The mass
spectrum for this new peak is shown in Figure 2 for cow milk.
The EI mass spectrum of the new compound exhibited an

abundant molecular ion at m/z 333, characteristic of 18:2
DMOX derivatives. An abundant ion at m/z 126, followed by
a homologous series of ions separated by gaps of 14 mass
units, with intervals of 12 mass units found between m/z 168
(C6) and 180 (C7), and between m/z 194 (C8) and 206 (C9),
indicated the presence of two double bonds at ∆7 and ∆9. In
addition, the mass spectrum showed two favorable allylic
cleavage ions at m/z 154 and 234, supporting a 7,9-18:2 struc-
ture. The abundant ion at m/z 152 is due to an anomaly (31),
which remains unexplained. The reconstructed ion profile for
the characteristic allylic ion m/z 234 showed two peaks due
to 7,9-18:2 isomers that eluted before the one at m/z 262 for
the 9 cis, 11 trans-18:2 isomer in Fig. 1 (bottom). The possi-
ble geometric configuration of the two 7,9-18:2 isomers will
be discussed below. These results demonstrated that the first
two eluting peaks (m/z 234) did not arise from the adjacent
major 9 cis, 11 trans-18:2 isomer (m/z 262). Techniques, such
as GC equivalent chain length (2), and partial hydrazine re-
duction followed by GC separation of the resultant 18:1 iso-
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FIG. 2. GC–EIMS spectrum of the DMOX derivative of 7 trans, 9 cis-18:2 from cow milk. For abbreviations see Figure 1.



meric mixtures (16), did not identify the 7,9-18:2 isomer in
cheese. A possible reason for the latter is that the 7 trans-18:1
FAME coeluted with the 6 and 8 trans-18:1 FAME, and the 7
trans-18:1 DMOX coeluted with the 9 trans-18:1 DMOX,
even on long polar capillary columns (32).

The geometric configuration of the 7,9-18:2 DMOX deriv-
atives was established by GC–DD–FTIR, as shown for cheese
in Figure 3. The observed IR spectrum exhibited the charac-
teristic doublet for conjugated cis/trans dienes at 988 and 949
cm−1 and absorptions at 3020 and 3002 cm−1 (19,33). The IR
spectrum of 7,9-18:2 was similar to that of 9 cis, 11 trans-
18:2. However, FTIR was not able to distinguish between a
cis,trans or a trans,cis configuration.

Ag+–HPLC was shown to separate the different
trans,trans, cis/trans, and cis,cis CLA isomers of 8,10-18:2,
9,11-18:2, 10,12-18:2, and 11,13-18:2 (15), and is shown for
comparison in Figure 4 (top). The 7,9-18:2 isomer in the nat-
ural matrices investigated was clearly separated by
Ag+–HPLC, eluting in the cis/trans region after the major 9
cis, 11 trans-18:2 peak, and was generally the most abundant
of the minor CLA positional isomers. Figure 4 shows typical
Ag+–HPLC separations for cow milk, cheese, beef, and
human adipose tissue and human milk. The relative elution
position of this peak is consistent with a cis/trans configura-
tion found by IR for this compound. To demonstrate that this

peak was not due only to the 8 trans, 10 cis-18:2 isomer (Fig.
4, top), which eluted at about the same retention volume as
that of the cis/trans 7,9-18:2 peak (Fig. 4, bottom five chro-
matograms), a representative cheese sample was fractionated
as FAME by semipreparative Ag+–HPLC. The fraction en-
riched in the cis/trans 7,9-18:2 isomer was further analyzed
as the DMOX derivative by GC–EIMS. The results obtained
were similar to those shown in Figures 1 and 2, thus confirm-
ing the double bond positions of this new isomer. The differ-
ence in retention time between the 8 trans, 10 cis-18:2 and
trans/cis 7,9-18:2 was also demonstrated chromatographi-
cally by coinjecting increasing amounts of a commercial CLA
mixture (Fig. 5A) added to a beef fat extract (Fig. 5B). With
increased amounts of the commercial CLA mixture, the 8
trans, 10 cis-18:2 emerged as the more abundant and before
the 7,9-18:2 CLA isomer in the coinjected mixture (Fig. 5,
bottom). These data do not indicate the presence or absence
of the 8 trans, 10 cis-18:2 isomer in the natural products
investigated.

The absolute configuration of the 7,9-18:2 isomer was es-
tablished by using two methods. The DMOX derivatives of
geometric CLA isomers were separated by GC (19); the 9 cis,
11 trans-18:2 eluted before the 9 trans, 11 cis isomer (19).
Based on this evidence, the first of the two m/z 234 peaks in
Fig. 1 (bottom) was due to 7 cis, 9 trans-18:2, while the sec-
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FIG. 3. Gas chromatography–direct deposition–Fourier transform infrared (GC–DD–FTIR) spectrum of 7 trans, 9 cis-18:2 DMOX derivative from
cheese. For other abbreviation see Figure 1.



ond, more abundant, peak was due to 7 trans, 9 cis-18:2. Fur-
ther independent confirmation was obtained from a mixture
of methyl 8-hydroxy- and 11-hydroxyoctadec-9-cis-enoates
treated with BF3, as reported previously (28). The products
of this reaction included two 7,9-18:2 isomers: 7 trans, 9 cis-
18:2 and 7 trans, 9 trans-18:2 (28). Analysis of this mixture
as DMOX derivatives by GC showed that the 7 trans, 9 cis-
18:2 coeluted with the peak of the new CLA isomer (data not
shown), thus establishing its identity. A similar result was
also found for the 7 trans, 9 trans-18:2 (vide infra).
Ag+–HPLC did not separate the cis/trans geometric isomers.

In addition, Figure 1 is also consistent with the presence of
trace levels of 7 trans, 9 trans-18:2, 7 cis, 9 trans-18:2, and 7
cis, 9 cis-18:2, based on the GC–EIMS reconstructed ion pro-
file of the allylic ion m/z 234 for the DMOX derivatives of
human adipose tissue. This recontructed ion profile permitted
the identification of the 7 trans, 9 trans-18:2 isomer that was

not resolved by GC. Furthermore, the last eluting trans, trans
Ag+–HPLC peak observed for the different specimens investi-
gated had the same retention volume as that of the 7 trans, 9
trans-18:2 product of the BF3 reaction with methyl 8-hydroxy-
octadec-9-cis-enoate. This result was consistent with the pres-
ence of a trace of 7 trans, 9 trans-18:2 in these matrices. The
identities of minor CLA isomers will need to be fully con-
firmed by direct measurements. The relative abundance of the
7 trans, 9 cis-18:2 isomer in a few select examples of natural
products was determined by Ag+–HPLC (Table 1).

In conclusion, a new CLA isomer was found in milk (cow
and human), cheese, beef, and human adipose tissue, and it
was generally prominent among the minor CLA isomers
ranging in concentration from 3 to 16% of the total CLA iso-
mers. This CLA isomer would therefore also be expected in
all ruminants and dairy products, and in humans and animals
that consume them. The isomer was shown to be 7 trans, 9
cis-18:2 based on GC–EIMS, GC–DD–FTIR and Ag+–HPLC
results. These results emphasize the need to use the most
polar GC columns available, such as long CP-Sil 88 or
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FIG. 4. Silver ion–high-performance liquid chromatography
(Ag+–HPLC) chromatograms of a commercial conjugated linoleic acid
(CLA) mixture containing 12 CLA isomers and of cow milk, cheese,
beef, human adipose tissue, and human milk. Concentration-dependent
variations in resolution were observed between the 9,11-18:2 and the
7,9-18:2 cis/trans isomers, but the elution sequence was not altered.

FIG. 5. Ag+–HPLC chromatographic distinction between the 7 trans, 9
cis-18:2 isomer found in total beef fat and the 8 trans, 10 cis-18:2 iso-
mer present in a commercial CLA mixture. Coinjection of these mix-
tures indicated that 7 trans, 9 cis-18:2 elutes after 8 trans, 10 cis-18:2.
For abbreviations see Figure 4.



SP2560 capillary columns, to resolve as many CLA isomers
as possible (21). Furthermore, we found it essential to con-
firm the identity of CLA isomers by GC–EIMS as their
DMOX derivatives. Optimal GC conditions (21) allowed the
resolution of 7 trans, 9 cis-18:2 and 9 cis, 11 trans-18:2 as
DMOX derivatives. Erroneous conclusions may result if CLA
assignments are solely based on chromatographic retention
times. Ag+–HPLC will become a necessary complementary
method for the identification of the different geometric and
positional CLA isomers including those present at trace lev-
els (15). The 7 trans, 9 cis-18:2 isomer in biological matrices
and dairy products may arise by desaturation of the 7 trans-
18:1 as demonstrated by Pollard et al. (34). 
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TABLE 1
Amount of 7,9-18:2 FAME Isomer, Relative to Total CLA FAME, in
Natural Products as Determined by Ag+–HPLCa

CLA Isomers (% of total CLA)

Natural product 9c,11t 7t,9c Other c/t Total t/t

Human milkb 79.7–84.0 5.9–9.9 4.3–7.3 3.8–6.4
Cow milkb 82.1–86.8 2.8–5.3 4.2–6.2 4.6–6.4
Sheep milk 86.0 6.0 2.7 5.3
Cheesec 80.0–83.5 4.6–11.1 1.6–5.8 5.8–9.2
Beef 74.8 15.8 4.8 4.2
Human adipose tissueb 83.2–87.4 2.9–5.1 1.8–2.0 6.6–10.5
aAbbreviations: FAME, fatty acid methyl ester; CLA, conjugated linoleic acid;
Ag+–HPLC, silver ion–high-performance liquid chromatography.
bRanges obtained for five different samples.
cRanges obtained for five types of cheese. 
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ABSTRACT: The type and amount of lipophilic antioxidants
in plasma of hyperlipidemic patients are of great importance
since they play a central role in preventing deleterious oxida-
tion of blood lipids and proteins. Isolation and quantitation of
lipophilic antioxidants from hyperlipidemic plasma samples
meet great obstacles because of increased levels of various in-
termediary lipid products. This study was designed to develop a
rapid and efficient extraction and separation procedure for si-
multaneous analysis of ubiquinone-9 and -10 as well as α-, δ-,
and γ-tocopherol isomers. The levels of ubiquinone-10, α- and
γ-tocopherol were analyzed in human plasma samples using
high-performance liquid chromatography. Lipid extraction was
performed by petroleum ether/methanol/water. After phase sep-
aration, ubiquinone was reduced to ubiquinol by sodium boro-
hydride and the lipids were separated on a C18 column. A bi-
nary gradient with solvents containing lithium perchlorate was
used, and an electrochemical detector was employed for quan-
titation. This procedure was also efficient for the analysis of an-
tioxidant lipids in samples containing a large number of accu-
mulated and interfering lipid intermediates. Thus, the procedure
described here is useful for efficient and rapid quantitation of
ubiquinones and tocopherols in human plasma samples, espe-
cially those originating from hyperlipidemic patients.
Lipids 33, 811–815 (1998).

Ubiquinone (UQ) is an obligatory constituent of the mito-
chondrial respiratory chain and, consequently, a well-studied
lipid (1). During recent years, an additional function for UQ
has been discovered: this lipid in its reduced form (ubiquinol)
is the only endogenously synthesized lipid-soluble antioxidant
in animal tissues (2). UQ is also found in blood, associated
with low and high density lipoproteins (3,4). Since the antiox-
idant function is dependent on the reduced state of the lipid,
an enzymatic mechanism is obviously present both in blood
and in various cells for regeneration of the oxidized form
(5,6). The blood antioxidant level is important in preventing
cholesterol oxidation, preventing damage during reperfusion
injury and also in ameliorating inflammation (7,8).

α-Tocopherol, the major lipid-soluble antioxidant present
in blood, originates from the diet (9). In contrast to various tis-

sues where ubiquinol is the dominating antioxidant, the con-
centration of α-tocopherol in the blood is 10 times higher than
that of UQ (10). While α-tocopherol inhibits lipid peroxida-
tion by quenching LOO· radicals, ubiquinol has been consid-
ered to influence both the initiation and propagation steps (2).

The use of high-performance liquid chromatography
(HPLC) has considerably improved the separation and quan-
titation of UQ in various lipid extracts. Because UQ cannot
be subjected to alkaline hydrolysis (11), an efficient extrac-
tion procedure was difficult to find since those that are used
are time-consuming and cannot be applied to a large number
of samples. Various chromatographic procedures have been
employed to purify the samples and analyze the amount of
UQ by using an ultraviolet (UV) detector to monitor the ab-
sorbing carbon-carbon double bonds of the isoprenoid side-
chain or the characteristics of the benzoquinone ring (12–14).
However, a large number of lipid metabolites, present in hy-
perlipidemic blood, absorb UV light at low wavelengths and
prevent simultaneous quantitation of both UQ and tocopher-
ols. Methods are additionally available which avoid most of
these obstacles, such as coupled-column liquid chromatogra-
phy (15,16), but these are time-consuming and necessitate
special equipment.

In this study, we describe a rapid extraction procedure fol-
lowed by a separation of the reduced UQ and tocopherols by
reversed-phase HPLC using a binary gradient. In this system,
by using an electrochemical detector, a broad range of lipid
soluble antioxidants can be analyzed simultaneously. An ad-
ditional advantage of the procedure is that the numerous lipid
metabolites in the hyperlipidemic blood do not interfere with
the quantitation of the antioxidant lipids.

MATERIALS AND METHODS

Chemicals. All solvents used in this study were obtained from
Merck (Darmstadt, Germany) and were of HPLC grade. UQ
and tocopherols used in the standard mixture or employed as
internal standards were obtained from Sigma Chemical (St.
Louis, MO). The other chemicals were pro analysis grade
(Merck).

Plasma samples. The material examined consisted of 18
hyperlipidemic and 21 control samples. After overnight fast-
ing, venous human blood samples were collected in he-

Copyright © 1998 by AOCS Press 811 Lipids, Vol. 33, no. 8 (1998)

*To whom correspondence should be addressed.
E-mail: Eeva-Liisa.Appelkvist@kfc.ki.se
Abbreviations: HPLC, high-performance liquid chromatography; UQ,
ubiquinone; UV, ultraviolet.

METHOD

Analysis of Ubiquinone and Tocopherol Levels
in Normal and Hyperlipidemic Human Plasma

Yiyi Zhanga, Mats Erikssonb, Gustav Dallnera, and Eeva-Liisa Appelkvista,* 
aDivision of Medical Cell Biology, Clinical Research Center, Novum, and bMetabolism Unit, Center for Metabolism and Endocrinology,

Department of Medicine, Karolinska Institutet at Huddinge University Hospital, S-141 86 Huddinge, Sweden



parinized vacutainers. EDTA-containing tubes were equally
efficient. The tubes were centrifuged immediately to prepare
plasma, which was stored at −80°C prior to use in the various
experiments. No antioxidants were added to the samples.

Lipid extraction. Samples of plasma (0.2 mL) were taken
for lipid extraction; and 5-µL internal standards (2 nmol δ-
tocopherol and 1 nmol UQ-9) dissolved in chloroform/meth-
anol (2:1, vol/vol), 0.2 mL distilled water, 3.6 mL methanol,
and 2.4 mL petroleum ether (boiling point 40–60°C) were
added. The samples were vortexed vigorously for 30 s and
centrifuged at 800 × g for 5 min to obtain phase separation.
The upper solvent phase was transferred into another tube
and dried under nitrogen. 

HPLC analysis. The lipid residue was dissolved in 0.1 mL
chloroform/methanol (2:1, vol/vol) and 2 µL 0.5 M sodium
borohydride (dissolved in 0.2% NaOH) was added to a final
concentration of 10 mM to reduce the UQ. This was required
for determination of the total amount of UQ-10 with the elec-
trochemical detector. The sample was vortexed for 5 s and in-
cubated at room temperature for 10 min. Then 20 µL of this
mixture was analyzed by HPLC (Shimadzu LC-6A with 
C-R4A Chromatopac system; Shimadzu, Tokyo, Japan). UQ
and tocopherols were separated using a reversed-phase Mi-
crosorb C-18 column (3 µm, 4.6 mm × 10 cm; Rainin Instru-
ment Co. Inc., Woburn, MA) (17). The column was protected
by using a filter (Rheodyne 0.5 µm × 3 mm, Cotah, CA). A bi-
nary gradient was employed with a flow rate of 1.5 mL/min,
from the initial 90% methanol/water (9:1, vol/vol) (A solvent)
to 100% methanol/2-propanol/n-hexane (2:1:1, by vol) (B sol-
vent). Both solvents contained 20 mM lithium perchlorate as
an electrolyte and were degassed with helium. During the first
5 min, 90% A and 10% B solvents were employed. Between
5 and 15 min, a linear gradient was applied up to 50% B sol-
vent; between 15 and 23 min, the B concentration was addi-
tionally increased to 53%; and between 23 and 26 min, a step
gradient was used to reach 100% B concentration. During an
additional 4 min, only B solvent was utilized. The levels of
UQ and tocopherols were monitored with an electrochemical
detector (Shimadzu L-ECD-6A) applying a potential of + 0.7
V vs. Ag/AgCl. The peak areas of compounds were compared
to the peak areas of standard compounds with known concen-
trations. The peak areas were calculated using the computer
programme of C-R4A Chromatopac (Shimadzu).

For comparison, UQ was also analyzed in all samples by
injecting the lipid extract into the HPLC using a reversed-
phase system with a C-18 Hypersil ODS column, (3 µm, 4.6
mm × 6 cm; Hewlett-Packard, Böblingen,Germany) (14). In
this system, UQ was detected by UV absorption at 275 nm.
The absorbance value of 0.04 AUFS corresponding to the
recorder full scale was used for detection. Before injection,
ferric chloride (final concentration 0.25 mM) was added to the
samples in order to determine the total oxidized UQ-10 pool.
A linear gradient was started with 100% methanol/water (9:1,
vol/vol) and continued to 100% methanol/2-propanol/n-
hexane (2:1:1, by vol) during a time course of 15 min.

The recovery studies demonstrated a range of 89–96%. In

a separate series, aliquots of the same sample were quanti-
tated at 8–12 different occasions. The recoveries were calcu-
lated by using internal standards. The difference between the
samples did not exceed 8%.

RESULTS

The concentration of UQ can be determined by HPLC using
its UV absorption at 210 nm based on the presence of double
bonds. Organic compounds containing double bonds gener-
ally exhibit high absorption peaks in the UV region because
the electrons in unsaturated bonds are easily excited. Because
the carbon-carbon double bonds in the isoprenoid side-chain
of UQ are numerous, this method has a high sensitivity. To-
copherols have rather high absorption peaks at this wave-
length but other lipophilic compounds have similar retention
times. A more specific but less sensitive approach is to use
UV detection at 275 nm, which is the absorbance maximum
for UQ in the oxidized form. Tocopherols have at this wave-
length very low absorption and cannot be quantified. In nor-
mal human plasma, UQ-10 could be easily quantitated at this
wavelength (Fig. 1A). In various types of hyperlipidemic
conditions, however, a large number of additional absorbing
peaks appeared on the chromatogram, eliminating the possi-
bility of identification and quantitation of UQ (Fig. 1B).

By using appropriate conditions, as described in the Mate-
rials and Methods section, complete isolation and analysis of
both tocopherols and UQ could be performed. In this proce-
dure, the lipids were extracted by a mixture of petroleum
ether and methanol. After phase separation, the phospholipids
were removed, as they partitioned to the methanol phase. The
extraction of neutral lipids was complete and rapid. As com-
parison, the samples were also extracted with prolonged treat-
ment with chloroform/methanol (2:1, vol/vol) and also with
ethanol. With all three procedures, the recoveries were iden-
tical. It is of utmost importance to use an appropriate concen-
tration of sodium borohydride (Table 1). Low concentrations
of the reducing agent were unsufficient to reduce UQ com-
pletely, whereas at high concentrations α-tocopherol was
markedly degraded. The highest concentrations tested also
caused breakdown of UQ. The optimal range was found to be
5–10 mM. 

By designing an efficient gradient system and using an
electrochemical detector, HPLC separation of a mixture con-
taining standards of δ-, γ-, and α-tocopherols, as well as UQ-
9 and UQ-10, resulted in a complete separation of all con-
stituents (Fig 2A). When the same hyperlipidemic plasma as
that shown in Fig. 1B was analyzed using an electrochemical
detector, the two plasma tocopherols, the γ- and α-forms,
were well separated (Fig. 2B). They were also distinguish-
able from the δ-form which was added as an internal stan-
dard. In the same gradient system, UQ-10 was eluted after 22
min, well separated from the internal standard, UQ-9. A very
similar HPLC pattern was obtained when a large number of
plasma samples originating from patients suffering from dif-
ferent types of hyperlipidemic conditions were investigated.
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Also, normolipidemic plasma samples in this system exhib-
ited a similar pattern as the hyperlipidemic ones but the lipid
amounts were lower (Fig. 2C). The reliability of the method
employed is demonstrated in Table 2. Analyses of plasma
samples from 18 hyperlipidemic patients and 21 control sub-
jects showed that the plasma levels of UQ-10 as well as α-
and γ-tocopherols were significantly higher in hyperlipidemic
patients compared to control subjects.

DISCUSSION

Recent developments concerning the antioxidant function of
UQ have created a considerable interest in the quantitation of
this lipid. Because of the low blood levels of UQ and the
presence of other components with similar chromatographic
properties, UQ isolation and quantitation is still a difficult
task. The large number of lipid metabolites which accumu-
late in human blood in various hyperlipidemic conditions
causes interference, not only when UV absorption is used to
detect the double bonds but also when the absorbing charac-
teristics of the benzoquinone ring are utilized. However, nor-
mal human blood, free from accumulating pathological lipid
products, can be studied by using UV detection at 275 nm.

Petroleum ether efficiently extracted the lipids from vari-
ous blood samples. In the presence of methanol, partition of
the solvent phases was obtained providing a simple way of
removing the phospholipids. In this way, the sample prepara-
tion required less than 10 min. We used sodium borohydride
to reduce UQ to ubiquinol, which could be detected with high
sensitivity using an electrochemical detector. When fresh
samples are analyzed, the degree of reduction in the in vivo
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FIG. 1. Analysis of plasma ubiquinone (UQ) with high-performance liquid chromatography using ultraviolet absorption at 275 nm. (A) Normal
human plasma. (B) Human plasma from a hyperlipidemic patient. Elution times: 1, δ-tocopherol; 2, γ-tocopherol; 3, α-tocopherol; 4, UQ-9; 5,
UQ-10. The individual peaks were identified by comparing the retention times with those of the standards.

TABLE 1
Effect of Sodium Borohydride on the Reduction 
of α-Tocopherol and Ubiquinone

NaBH4
Final concentration Recovery (%)

(mM) α-Tocopherol Ubiquinone

0 100 2
0.5 100 45
1.0 100 95
5.0 100 100

10 100 100
100 91 100
200 66 87
500 5 27



state can also be investigated. In earlier studies, we found 
that about 60% of blood UQ is in reduced form. Upon stor-
age, the extent of reduction is decreased (18). The difference
between the amounts of ubiquinol, analyzed with and with-
out sodium borohydride treatment, can be used for the cal-

culation of the amount of the oxidized form of UQ. Since
only the reduced UQ is effective as an antioxidant, the redox
state of this lipid is often of great physiological interest
(19,20).

The two main types of redox lipids present in blood are

814 METHOD

Lipids, Vol. 33, no. 8 (1998)

FIG. 2. Separation and quantitation of redox lipids from hyperlipidemic human plasma. The procedure used is described in the Materials and
Methods section. The gradient pattern of B solvent [methanol/2-propanol/n-hexane (2:1:1, by vol)] is given as a straight line. (A) Separation of stan-
dards. (B) Chromatography of lipid extract from plasma sample of a hyperlipidemic patient (also shown in Fig. 1B). Chromatography of a nor-
molipidemic plasma sample. 1, δ-tocopherol; 2, γ-tocopherol; 3, α-tocopherol; 4, UQ-9, 5, UQ-10. For abbreviation see Figure 1.



UQ and tocopherols. Certain species possess only one domi-
nant UQ homolog with a specific isoprenoid side-chain
length, but in many cases an additional minor component,
differing by one isoprene, coexists (21). In the case of to-
copherols, the α-form is dominant, but the γ-form is often ad-
ditionally present. When internal standards, comprising UQ
with a different chain length and δ-tocopherol (which is prac-
tically absent in animal tissues), were included in the blood
sample, the HPLC procedure employed separated all the five
components well. The procedure described could be used in
various studies to investigate the distribution and function of
the two major classes of lipid-soluble antioxidants.

A range of chromatographic separations has previously
been employed to remove contaminating lipid intermediates
and to allow quantitation of UQ at the wavelength of 210 nm
(21). The specificity of measurements, based on the analysis
of the benzoquinone ring (275 nm), is considerably higher.
This method is less sensitive than that using the absorption at
210 nm, but the relatively low background obtained repre-
sents an additional advantage. In this way, detection with an
UV detector is a useful procedure in many cases. In blood
samples with accumulated lipid intermediates, the utilization
of an electrochemical detector is the only practical useful
procedure.
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TABLE 2
Plasma Levels of Lipophilic Antioxidants in Hyperlipidemic Patients
and Control Subjectsa

Patients Control subjects

Ubiquinone-10 1.54 ± 0.59 0.75 ± 0.51b

α-Tocopherol 69.5 ± 17.3 38.4 ± 11.6b

γ-Tocopherol 10.9 ± 6.4 3.3 ± 1.1b

aThe values are given as µmol/L. The results are means ± SD (n = 18 for hy-
perlipidemic and n = 21 for control plasma samples).
bP < 0.001 (Student’s t-test).



ABSTRACT: We analyzed fetal calf, newborn calf, horse, and
adult cow sera for conjugated linoleic acid (CLA). All sera sam-
ples contained CLA, but the amounts varied. The predominant
isomer was cis-9,trans-11 CLA but some samples appeared to
contain substantial amounts of an isomer with the retention time
of trans-10,cis-12 CLA.
Lipids 33, 817–819 (1998).

CLA is the acronym for a class of positional and geometric
conjugated dienoic isomers of linoleic acid. The term was
coined by Ha et al. (1) when they reported biological activity
(i.e., anticarcinogenic activity) associated with CLA isolated
from grilled ground beef or produced from linoleic acid by
base-catalyzed isomerization. Since then, substantial interest
has developed in the biochemical actions of CLA and its po-
tential application to foods, feeds, and pharmaceuticals (2).

While numerous isomers have been described in various
commercial CLA products (3,4), the major isomer in the diet
is c-9,t-11 CLA (where c = cis and t = trans) (5) because dairy
products are the major dietary source of CLA, and virtually
all the CLA in dairy products is present as the c-9,t-11 isomer
(6). Only small amounts of the t-10,c-12 CLA isomer are ob-
served in dairy products (7). McGuire et al. (8) reported that
human milk also contains mostly c-9,t-11 CLA with only
small amounts of the t-10,c-12 CLA isomer. The c-9,t-11
CLA is also the major isomer in beef products, but beef con-
sistently appears to contain the t-10,c-12 CLA isomer as well,
in varying levels (5).

Given the prominence of the c-9,t-11 CLA isomer in the
diet and especially in dairy products, this isomer may be the
most biologically active form of CLA (5). However, it is im-
portant to note that this assumption has not been proved. We
are utilizing cultured mammalian cells in our investigation of
this issue (9). Since bovine and/or horse sera are commonly
added to cell culture media, we undertook an investigation of
the natural occurrence of CLA isomers in these products sold
for cell culture use.

Five lots of fetal calf sera, three lots of newborn calf sera,
and three lots of horse sera were purchased from commercial
sources (Table 1, footnote a). Sera were also obtained from
four cows maintained at the Dairy Forage Research Center,
University of Wisconsin (UW)–Madison (Madison, WI). The
sera were analyzed for CLA as described (5). Briefly, sera
samples were extracted with chloroform/methanol (2:1) and
methylated with 4% HCl in methanol at 60°C for 20 min.
Heating to 60°C, as opposed to 80°C (7), substantially re-
duces isomerization artifact with this methylation procedure
(5; Park, Y., and M. Pariza, unpublished observations). Addi-
tionally only trace amounts of the t-9,t-11 isomer were some-
times detected.

Methyl esters of fatty acids were analyzed with gas chro-
matography and identified by comparison with CLA standard
prepared in this laboratory. The procedure utilizes a Hewlett-
Packard 5890 series II (Palo Alto, CA) fitted with a flame-ion-
ization detector and 3396A integrator. A Supelcowax-10 (Su-
pelco, Bellefonte, PA)  fused-silica capillary column (60 m ×
0.32 mm i.d., 0.25 µm film thickness) was used and oven tem-
perature was programmed from 50 to 185°C, increased 20°C
per min, held for 80 min, increased 2°C per min to 225°C, and
held for 60–100 min. This method has been validated with in-
dividually synthesized authentic CLA isomer standards (10).

The results are shown in Table 1. Total CLA in the com-
mercial fetal and newborn calf sera ranged from
0.181–0.495% of fatty acids, which is in general agreement
with the levels of total CLA usually reported for dairy and
beef fat (5–8, unpublished observations). The mean total CLA
content from the UW–Madison cows was 0.151%. Interest-
ingly, the horse sera samples exhibited substantial variation.
Sample 1 contained exceptionally high levels of total CLA
whereas samples 2 and 3 were considerably lower (Table 1).

Both the c-9,t-11 CLA isomer and a peak with the reten-
tion time of the t-10,c-12 CLA isomer were detected in all of
the commercial fetal and newborn calf sera, and in horse
serum sample 1 (Table 1). In general the putative t-10,c-12
isomer content in these sera samples appeared to be higher
than expected based on dairy fat analyses (5–8, and unpub-
lished observations). By contrast the only isomer detected in
the sera of the UW–Madison cows and in horse sera samples
2 and 3 was c-9,t-11 CLA.
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The data of Table 1 beg the question of the source of the
putative t-10,c-12 isomer in the commercial sera samples. It
is well documented that linoleic acid is converted to c-9,t-11
CLA by several species of rumen bacteria (11–16) and by a
strain of Lactobacillus reuteri isolated from rat colon (17).
Verhulst et al. (18) reported that Propionibacterium acnes
converts linoleic acid to t-10,c-12 CLA, but to what extent
this finding pertains to the data of Table 1 is unclear.

Evidence exists for the generation of c-9,t-11 CLA by
mammalian enzymes: a double bond can be introduced into
vaccenic acid (t-11-octadecenoic acid) by the action of ∆-9
desaturase, to generate c-9,t-11 CLA (19,20). Also, c-9,t-11
CLA may be generated in situ via carbon-centered free radi-
cal oxidation (21). However, to our knowledge there is no
known mechanism whereby the t-10,c-12 CLA isomer might
be generated by mammalian enzymes. Moreover, the appar-
ent finding of exceptionally high total CLA and putative
t-10,c-12 CLA in horse serum sample 1 is intriguing in that
the horse has a hind-gut fermentation area, where long-chain
fatty acid absorption is expected to be minimal.

The commercial bovine sera used in developing the data
of Table 1 were from fetal or newborn calves, whereas the
UW–Madison cows were adult animals. The horse sera sam-
ples in Table 1 likely also came from adult animals (personal
communication from the supplier, Sigma Chemical Co., St.
Louis, MO). Hence, possibly undefined nutritional and/or
physiological factors, as well as age, may be involved in the
apparent accumulation of the t-10,c-12 CLA isomer in sera.

We are currently exploring these possibilities.
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ABSTRACT: Peanut oil is unexpectedly atherogenic for rats,
rabbits, and primates. The lesions it produces are more fibrous
than fatty. The mechanism underlying the atherogenicity of
peanut oil has been elusive. Randomization of peanut oil reduces
significantly its atherogenic properties, but native and random-
ized peanut oils have similar rates of lipolysis, and rats fed the
two oils absorb and transport lipids in a similar fashion. Peanut
oil differs from other oils in having a relatively high lectin con-
tent, and the randomization process markedly reduces the lectin
content as well. The biologically active lectin of peanut oil has
an affinity for glycoproteins found specifically on arterial smooth
muscle cells. Peanut lectin has been shown to stimulate growth
of smooth muscle and pulmonary arterial cells. Vigorous wash-
ing of peanut oil reduces its lectin content by 46%. Compared to
rabbits fed cholesterol and peanut oil, rabbits fed cholesterol and
washed peanut oil exhibited less severe atherosclerosis in the aor-
tic arch (by 9%) and in the thoracic aorta (by 31%). The data sug-
gest that peanut oils’ endogenous lectin may contribute signifi-
cantly to its atherogenic properties.
Lipids 33, 821–823 (1998).

Peanut oil has been shown to be unexpectedly atherogenic
when fed to rats (1,2), rabbits (3), or monkeys (4,5) on an
atherogenic diet. Peanut oil is more atherogenic than corn oil
even when fed as part of a cholesterol-free atherogenic diet
(6). Steiner and Dayton (7) found that a diet containing
50–75% ground peanuts was hypercholesterolemic and hy-
perlipoproteinemic for rabbits, resulting in some aortic su-
danophilia. We found that when peanut oil was randomized
(autointeresterified) it became significantly less atherogenic
for rabbits (8) and vervet monkeys (5). The aortic lesions of
the rabbits fed peanut oil contain a relatively small amount of
lipid and are characterized by thick, fibromuscular plaques. 

The unexpected atherogenicity of peanut oil and its rever-
sal by randomization could not be ascribed to its triglyceride
structure since the five principal triglycerides of native
(mol%) and randomized (mol%) peanut oil (listed respec-
tively, as follows) contained oleic and linoleic acids almost
exclusively (9): OOO (16.3) and OOL (15.9); OLO (11.8) and
OOO (13.1); OOL (9.1) and OLL (9.6); POO (8.0) and OLO
(7.9); PLO (7.6) and POO (5.3); OLL (6.6) and LOL (4.8)

where O = oleic acid; L = linoleic acid; P = palmitic acid. Our
recent studies (10) suggest that the presence of palmitic acid
at the sn-2 position of a triglyceride increases its atherogenic
potential, but the principal fatty acids present at the sn-2 po-
sition of peanut oil are linoleic and oleic. Lipolysis rates of
peanut oil, randomized peanut oil, and corn oil are similar
(11). Lymphatic absorption of cholesterol is the same in rats
fed native or randomized peanut oil (12,13). We began to in-
vestigate the possibility that peanut lectin might predispose
this oil to become atherogenic. We found that peanut oil had
22% greater lectin-like activity than soybean oil, 129% more
than corn oil, and 57% more than randomized peanut oil (14).

MATERIALS AND METHODS

Male, New Zealand White rabbits (8/group), initial weight
3–3.5 kg, were fed a diet containing 92% commercial ration,
6% oil, and 2% cholesterol. This diet was chosen so that re-
sults would be comparable to earlier studies (3,8). After 60 d
the rabbits were bled under light anesthesia, then killed, and
livers and aortas removed. Serum total cholesterol and
triglycerides were analyzed using commercial kits (Sigma,
St. Louis, MO). Aliquots of liver were homogenized in chlo-
roform/methanol 2:1 (15), and the lipid extract was analyzed
for free and total cholesterol (16) and triglycerides (17). Aor-
tas were graded visually on a 0–4 scale (18).

Peanut oil (10 L) was mixed with 5 L of phosphate-buffered
saline (pH 7.3) for 2 h then separated by centrifugation. The
washed peanut oil (8 L) was mixed with 1.6 L high- purity
water for 2 h then separated by centrifugation. Lectins present
in the oils were determined as described previously (14) using
the method of Lotan et al. (19) in which various concentrations
of phosphate-buffered saline extracts of the oils are used to ag-
glutinate human erythrocytes. Presence of lectins in the oils
was verified by polyacrylamide gel electrophoresis (20).
Lectin-like activity (µg/kg) of the oils used was: corn oil, 24.0;
peanut oil, 55.0; and washed peanut oil, 29.5.

RESULTS AND DISCUSSION

Necropsy results are given in Table 1. There were no signifi-
cant differences in any parameter. Effects of the fats on ather-
osclerosis are presented in Table 2. Severity of aortic arch ath-
erosclerosis in rabbits fed peanut oil was 17% greater than
that seen in corn oil and 10% greater than in rabbits fed
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washed peanut oil. Severity of atherosclerosis in the thoracic
aorta of rabbits fed peanut oil was 36% greater than in those
fed corn oil and 44% greater than in those fed washed peanut
oil (P < 0.05, Mann-Whitney test). The oils used in this ex-
periment were analyzed for lectin-like activity, which in
peanut oil was 129% higher than in corn oil and 86% higher
than in washed peanut oil. The presence of lectin-like activity
provides a rational reason for the atherogenicity of peanut oil.
That activity is reduced significantly during the randomiza-
tion process as is the oil’s atherogenicity. 

Sanford and Harris-Hooker (21) showed that peanut lectin
stimulated growth of smooth muscle and pulmonary arterial
cells but not aortic endothelial cells. The structure of peanut
lectin has recently been described by Banerjee et al. (22).
Peanut lectin exhibits a specificity for D-galactose residues and
preferentially for the β-D-Gal(1-3)D-Gal-NAC sequence which
occurs on arterial smooth muscle cells. Peanut lectin, in the
presence of hypercholesterolemia, could enhance proliferation
of arterial smooth muscle cells. Testing the effects of peanut
lectin added to atherogenic diets containing other oils would
be of interest.
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TABLE 1
Necropsy Results. Rabbits Fed 2% Cholesterol and 6% Corn Oil (CO), Peanut Oil (PNO),
or Washed Peanut Oil (WPNO) (for 60 d)a

Group
CO PNO WPNO

Number 8/8 7/8 8/8

Weight gain (g) 694 ± 126 585 ± 101 691 ± 71
Liver weight (g) 128 ± 6 120 ± 7 125 ± 6
Liver as body weight % 4.36 ± 0.16 4.21 ± 0.19 4.28 ± 0.19
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Cholesterol 85.2 ± 8.6 99.9 ± 14.8 92.5 ± 9.0
Triglycerides 3.06 ± 0.68 2.03 ± 0.37 2.55 ± 0.61

Liver lipids (mmol/100 g)
Cholesterol 1.88 ± 0.12 1.67 ± 0.11 1.89 ± 0.20
Ester % 66.0 ± 2.8 64 ± 3.3 65 ± 4.7
Triglycerides 0.07 ± 0.006 0.05 ± 0.003 0.06 ± 0.003

aData ± SEM.
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Group
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(24.0)a (55.0)a (29.5)a

Aortic arch 3.25 ± 0.27 3.79 ± 0.15 3.44 ± 0.18
Thoracic aorta 2.00 ± 0.33 2.71 ± 0.26b 1.88 ± 0.26b

aLectin-like activity, µg/kg.
bP < 0.05 using the Mann-Whitney test. All values ± SEM. See Table 1 for
abbreviations.
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ABSTRACT: From the water-insoluble lipid fraction of the
methylene chloride/methanol extract of the starfish Cosmaste-
rias lurida, two new glucosylceramides together with a known
glucosylceramide, ophidiacerebroside E, were isolated by chro-
matographic procedures and characterized by spectroscopic
(1H and 13C nuclear magnetic resonance, mass spectrometry)
methods. The new compounds were identified as (2S, 3R, 4E,
8E, 10E)-1-(β-D-glucopyranosyloxy)-3-hydroxy-2-[(R)-2-hydrox-
yheptadecanoyl)amino]-9-methyl-4,8,10-octadecatriene (3) and
(2S,3R,4E,8E,10E)-1-(β-D-glucopyranosyloxy)-3-hydroxy-2-[(R)-
2-hydroxyoctadecanoyl)amino]-9-methyl-4,8,10-octadecatriene (4).
Lipids 33, 825–827 (1998).

Among echinoderms, glycosphingolipids and sphingosine de-
rivatives have been isolated from starfish (1,2), sea urchin (3),
and sea cucumber (4). To date, the structures which have been
elucidated contain a 2-hydroxy fatty acid chain, the doubly un-
saturated sphingosine 4,8-sphingadiene as well as the saturated
phytosphingosine 4-hydroxysphingosine, and one hexose unit
(characteristic of glucosylceramides) or more than one hexose
units (characteristic of ceramide oligosaccharides). Five cyto-
toxic glucosylceramides containing a novel sphingosine base
2-amino-1,3-dihydroxy-9-methyl-4,8,10-octadecatriene were
isolated from the starfish Ophidiaster ophidianus (5).

As for the constituents of Cosmasterias lurida Philippi, a
very common starfish collected in cold waters off the Patag-
onian coast of Argentina, we have described the isolation and
the determination of structure of two novel steroidal mono-
glycoside sulfates (6) and four new sulfated asterosaponins
(7). In this paper we report on the isolation and characteriza-
tion of glucosylceramides from the starfish C. lurida.

MATERIALS AND METHODS

Fresh specimens of C. lurida were collected at San Antonio
Oeste, Río Negro, Argentina, and identified by Dr. Alejandro

Tablado from the Museo de Ciencias Naturales “Bernardino
Rivadavia,” Buenos Aires, Argentina, where a voucher speci-
men is preserved (No. 31231). The animals (14 specimens, 4
kg wet weight) were kept frozen until worked up. The frozen
animals were homogenized in methylene chloride/methanol
(1:2, vol/vol) (5 L) and centrifuged. After concentration in
vacuo, the residue was partitioned between H2O and ethyl ac-
etate/n-buthanol (2:1, vol/vol), and the organic layer was con-
centrated and chromatographed on a silica gel column using
methylene chloride/methanol/water (8:1.3:0.1, by vol) as the
eluent followed by recrystallization from methanol to give
the crude glucosylceramide mixture CL-1 (125 mg, 0.003%).
Normal-phase thin-layer chromatography (TLC) was per-
formed on silica gel F254 (Merck, Darmstadt, Germany) with
methylene chloride/methanol/ethyl acetate/water (8.5:1.5:2:0.1,
by vol). Reversed-phase TLC was performed on C18 silica gel
60 F254 with methanol. 1H nuclear magnetic resonance
(NMR) spectra were recorded in a Bruker AC-200 (Karl-
sruhe, Germany) spectrometer. Chemical shifts are listed in δ
(ppm) relative to tetramethylsilane employed as internal stan-
dard. Coupling constants (J) are presented in Hz. 13C NMR
spectra are full decoupled. Gas chromatography–mass spec-
trometry (GC–MS) analyses were performed on a VG TRIO-
2 (Manchester, United Kingdom) instrument. Fast atom bom-
bardment mass spectra (FABMS) were registered in a VG-
ZAB BEQ spectrometer. Preparative high-performance liquid
chromatography (HPLC) was carried out in a Micromeritics
chromatograph (Norcross, GA) with a solvent delivery sys-
tem model 750, a Thermo Separation Products refractive
index detector (Fremont, CA), and a Phenomenex Ultracarb
ODS 20 column (250 × 10 mm, 5µ) (Torrance, CA) eluting
with absolute methanol at a flow rate of 3.0 mL/min.

RESULTS AND DISCUSSION

A water-insoluble lipid fraction, which was obtained from the
methylene chloride/methanol extract of the starfish C. lurida,
was treated with organic solvents followed by normal-phase
column chromatography to give the fraction CL-1, showing a
single spot on normal-phase and three spots on reversed-
phase TLC. CL-1 exhibited the characteristic signals of a
sphingosine-type glucosylceramide possessing 2-hydroxy
fatty acid and β-glucopyranose moieties in the 1H  and 13C
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NMR spectra (Table 1). Before separation of the mixture CL-
1 into individual glucosylceramides, the fatty acid con-
stituents and long-chain base moieties of these molecular
species were investigated. CL-1 was methanolized with
methanolic hydrochloric acid to yield a mixture of fatty acid
methyl esters (FAME) and a mixture of long-chain base
(LCB) together with methyl-D-glucopyranoside (8).

The FAME mixture exhibited 1H and 13C NMR signals
due to normal 2-hydroxy FAME including a monounsaturated
compound. Analysis of the FAME mixture by GC–MS
showed the presence of eight compounds (FAME 1–8); they
were characterized as methyl (2R)-hydroxy-pentadecanoate, 
-hexadecanoate, -heptadecanoate, -octadecanoate, -do-
cosanoate, -tricosanoate, -tetracosanoate, and -tetracosenoate
by comparing their spectral data with those reported (9). The
position of the double bond in methyl-(2R)-hydroxy-tetra-
cosenoate (FAME-8) was determined by GC–MS analysis of
the dimethyl disulfide derivative (10) according to peaks at
m/z 490 (M+), 317, and 173. The double bond in FAME-8 was
considered to have (Z) configuration as indicated by the sig-
nal observed at δ 27 ppm in the 13C NMR spectrum of the
FAME mixture due to the methylene carbons next to the
olefinic carbons (11). Thus, the fatty acid composition of CL-1
was characterized as shown in Scheme 1, by the FAME,
methyl-glucopyranoside (1), and acetylated LCB (2).

Mixture of FAME. 1H NMR (CDCl3): δ 0.87 (t, J = 6.3 Hz,
3H, terminal CH3), 1.25 (bs, long chain -CH2-), 3.77 (s, 3H,
COOCH3), 4.17 (m, 1H, H-2). 13C NMR (CDCl3): δ 14.2
[(CH2)nCH3], 27.0 (CH2CH=CHCH2), 52.5 (COOCH3), 70.6
[CH(OH)], 130.0 (CH=CH), 176.0 (COOCH3). 

The LCB mixture was acetylated to give the LCB acetate

mixture Ac-LCB and analyzed by GC–MS, showing the pres-
ence of (2S, 3R, 4E, 8E, 10E)-2-acetamido-1,3-diacetoxy-9-
methyl-4,8,10-octadecatriene (2) as the major component
(Scheme 1) as determined by comparing MS, 1H NMR, and
optical rotation data with those reported for ophidiacerebro-
sides containing the same base (5).

2-Acetamido-1,3-diacetoxy-9-methyl-4,8,10-octadeca-
triene (2). Gas–liquid chromatography retention time 22.0
min. 1H NMR (CDCl3): δ 0.87 (t, J = 6.9 Hz, 3H, terminal
CH3), 1.25 [bs, 8H, (CH2)4CH3)], 1.69 (s, 3H, CH3-19), 1.95
(s, 3H, CH3CO), 2.12 (s, 6H, CH3CO), 4.04 (dd, J = 12.3, 3.3
Hz, 1H, H-1a), 4.31 (dd, J = 12.3, 5.2 Hz, 1H, H-1b), 4.41 (m,
1H, H-2), 5.30 (t, J = 7.3 Hz, 1H, H-3), 5.35 (m, 2H, H-4, H-
8), 5.57 (dt, J = 15.0, 6.4 Hz, 1H, H-11), 5.75 (dt, J = 15.3,
6.6 Hz, 1H, H-5), 5.99 (d, J = 15.0 Hz, 1H, H-10). MS m/z =
435 (M+), 375 (M−60), 336, 256, 243, 144.

CL-1 (90 mg) was separated repeatedly by reversed-phase
HPLC into four major fractions 3–6 each displaying a single
peak on reversed-phase HPLC (Table 2). Fractions 3, 4, and
6 revealed single molecular ion peaks in their negative fast
atom bombardment mass spectra, but fraction 5 exhibited
three molecular ion peaks. Each fraction was methanolized
and the FAME analyzed by GC–MS; a single FAME was de-
tected from fractions 3 (FAME-3), 4 (FAME-4) and 6
(FAME-7), and three kinds of FAME were obtained for frac-
tion 5 [FAME-5 (33%), FAME-6 (18%), and FAME-8
(39%)]. In taking the molecular masses of the four fractions
and the fatty acid components into account, the LCB compo-
nent of 3, 4, 5, and 6 must be assigned as 2-amino-1,3-dihy-
droxy-9-methyl-4,8,10-octadecatriene. Accordingly, only

826 COMMUNICATION

Lipids, Vol. 33, no. 8 (1998)

TABLE 1
1H and 13C Nuclear Magnetic Resonance Chemical Shifts of CL-1
and Glucosylceramides 3, 4, and 6 in CD3OD

Carbon 1H (mult.)/(Hz) 13C

1a 3.70 (dd, J = 10.2, 3.3) 69.9
1b 4.11 (dd, J = 10.2, 5.4)
2 3.98 (m) 54.4
3 4.13 (bt, J = 7.3) 72.1a

4 5.52 (dd, J = 15.3, 7.3) 131.8
5 5.75 (dt, J = 15.3, 6.4) 132.7
6 2.15 (m) 33.0
7 2.08 (m) 35.5
8 5.34 (t, J = 7.0) 127.8
9 — 134.1

10 6.03 (d, J = 15.5) 135.2
11 5.55 (dt, J = 15.5, 6.4) 130.9
19 1.70 (s) 175.5
1′ — 72.3a

2′ 3.98 (m) 12.8
1′′ 4.2 (d, J = 7.7) 105.4
2′′ 3.20 (dd, J = 8.8, 7.7) 74.9
3′′ b 78.2a

4′′ b 71.3
5′′ b 78.3a

6′′a 3.66 (dd, J = 11.3, 4.2) 62.5
6′′b 3.86 (bd, J = 11.3)
aAssignments may be reversed.
bSignals superimposed with the solvent.

SCHEME 1

TABLE 2
Masses, High-Performance Liquid Chromatography RT and Negative
FABMS of Glucosylceramides from Cosmasterias lurida

Fraction Mass (mg) RT (min) Negative FABMSa (m/z)
3 1.8 15.5 738 (M-H), 576 (M-H-glucose)
4 12.6 23.4 752 (M-H), 590 (M-H-glucose)
5 16.0 51.2 808 (M1-H),646 (M1-H-glucose)

822 (M2-H), 660 (M2-H-glucose)
834 (M3-H), 672 (M3-H-glucose)

6 5.2 63.8 836 (M-H), 674 (M-H-glucose)
aRT, retention time; FABMS, fast atom bombardment mass spectra.



three fractions are homogeneous, and they are assigned to
compounds 3, 4, and 6 (Scheme 2). As glucosylceramides 3,
4 and 6 differed only in the chain length of their α-hydroxy
fatty acid constituents, they showed the same characteristic
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-octadecatriene
ceramide possessing a (2R)-hydroxy fatty acid (Table 1). The
assignment of 1H NMR signals was determined by 1H–1H
correlation spectroscopy and 1H NMR decoupling experi-
ments. The conjugated diene structure was also supported by
an ultraviolet band at 225 nm. Glucosylceramides 3 and 4 are
new compounds, and compound 6 (ophidiacerebroside E) has
been reported previously as a minor component in the starfish
O. ophidianus (5). The natural occurrence of the ceramide
present in glucosylceramide 4 was recently reported as the 1-
sulfate derivative from the bryozoan Watersipora cucullata
(12).
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ABSTRACT: Heating or freezing leads to loss in infectivity of
oocysts of Cryptosporidium parvum toward neonatal BALB/c
mice and is reflected in the profile of the polar lipid fatty acids.
Upon loss of infectivity, the ratio of polar lipid to neutral lipid
fatty acid decreased and the relative proportions of 18:1n-9 also
decreased; proportions of 18:2n-6 and 20:5n-6 increased,
whereas the proportions of 16:0 remained constant with freez-
ing. During these investigations, a novel fatty acid, 10-OH 18:0,
was discovered in the glycolipid fraction. The identification of a
fatty acid unique to species of Cryptosporidium was thought to
provide a specific biomarker for this organism. Cryptosporid-
ium also demonstrated fluctuations in absolute quantities of 10-
OH 18:0 with events that lead to loss of infectivity. This led to
the presumed correlation of this biomarker with infectious Cryp-
tosporidium. The 10-OH 18:0 was putatively localized at the
sn-2 position of phosphatidylethanolamine. High-performance
liquid chromatography/electrospray ionization mass spectrom-
etry revealed that the 10-OH 18:0 existed principally in the free
fatty acid form. Herein, we establish that the free fatty acid 10-
OH 18:0 was, in actuality, an artifact of the procedures for sam-
ple preparation.
Lipids 33, 829–833 (1998).

A major problem in the potable water industry is the detec-
tion, identification, and determination of the presence of in-
fectious protozoan parasites. Cryptosporidium is of special
concern as it is widespread in surface water samples, has ex-
treme resistance to disinfection by chlorine, completes its in-
fectious cycle only in human or mammalian hosts, and is po-
tentially fatal to immunocompromised individuals who be-
come infected (1). Successful methods must be highly
sensitive, as the presence of as few as 10–30 oocysts may ini-
tiate infections. The method must also be highly specific to
Cryptosporidium, sufficiently rapid so as to be potentially

useful to the water industry, and provide an indication of via-
bility/infectivity. To date, existing methodologies for the de-
tection of C. parvum oocysts in drinking water are not satis-
factory (2). With the discovery that freezing C. parvum
oocysts at –70°C, which renders them noninfectious to neona-
tal BALBC/c mice (3), induced shifts in the polar lipid/neu-
tral lipid ratio, a shift in fatty acid composition, a decrease in
cholesterol, and a loss in an unusual fatty acid 10-hydroxy
stearic acid (10-OH 18:0) (4), a potentially quantitative bio-
marker was proposed. Identification of this fatty acid as
unique to species of Cryptosporidium would provide a signa-
ture lipid biomarker (SLB) in complex environmental matri-
ces such as water distribution system biofilms. For this rea-
son, the focus of the assay was shifted to the highly unusual
fatty acid, 10-OH 18:0. Previous investigators had shown that
the traces of 10-OH 18:0 were localized at the sn-2 position
of phosphatidylethanolamine (PE) (5). However, the com-
bined efforts of parent/derived fragment ion mass spectrome-
try and high-performance liquid chromatography/electro-
spray ionization/mass spectrometry (HPLC/ESI/MS) by R.S.
Burkhalter and C.A. Smith revealed that the 10-OH 18:0 ex-
isted in the free fatty acid form (6). Free fatty acids are ex-
tremely unusual in nature and the potential of 10-OH 18:0 as
a unique “signature” was explored. Unfortunately, subsequent
experimental evidence revealed the true origin of 10-OH
18:0. The 10-OH 18:0 was found to be an extractable compo-
nent of the disposable rubber pipette bulbs used during purifi-
cation and was not found as a lipid component of Cryp-
tosporidium oocysts. 

MATERIALS AND METHODS

Chemicals. All reagents were of analytical grade. The stan-
dards (3-hydroxy eicosanoic acid, 12-hydroxy stearic acid,
and 6-hydroxy stearic acid) were purchased from Matreya
(Pleasant Gap, PA). Chromatography-grade solvents of chlo-
roform, methanol, acetone, and water were also used (4,5).

Rubber bulbs. Amber rubber bulbs (2-mL, catalog number
14065B; Fisher Scientific Co., Pittsburgh, PA) were utilized
with glass pipettes to transfer solutions. 
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Parasites. Oocysts of C. parvum used in this study were
purified from calf feces as previously described (4,5). 

Lipid extraction. Membrane filter retentates or lyophilized
sediments were extracted at room temperature and atmos-
pheric pressure with the one-phase chloroform/meth-
anol/phosphate buffer (50 mM, pH 7.4), 1:2:0.8 by vol, sol-
vent system as previously described (7–9). All solvents were
of gas chromatography grade and obtained from Baxter Sci-
entific Products (McGaw Park, IL). All glassware was
washed in a 10% (vol/vol) Micro cleaner solution (Baxter Di-
agnostics, Deerfield, IL), rinsed five times with tap water and
then five times in deionized water. The glassware was then
heated overnight in a muffle furnace at 450°C. Glass filter
loaded samples were extracted in separatory funnels contain-
ing the chloroform/methanol/phosphate buffer, 1:2:0.8 single
phase extractant 4 h before adding chloroform and deionized
water (final solvent ratios, chloroform/methanol/ phosphate
buffer/water; 1:1:0.4:0.5 by vol) to form two phases. The organic
phase was then collected and dried under a stream of N2 at 37°C. 

Purification of lipids. The total lipid extract was dissolved
in chloroform (~ 0.5 mL) and separated using a silicic acid
column (10-cm column length, 0.5-cm inner diameter,
100–200 mesh particle size). Each sample was loaded onto
the column in a minimal volume of chloroform (100–200 µL)
and then eluted in batches with 5 mL of chloroform, 5 mL
acetone, and 5 mL of methanol so as to elute neutral, glyco-,
and polar lipids, respectively (9). Prepacked silicic acid
columns (Burdick and Jackson inert solid phase extraction
system #7054G; Muskegon, MI) are also a commercial alter-
native. Bulk elution of the neutral lipids with chloroform was
followed by recovery of the free fatty acids in acetone or gly-
colipid fraction. For each fraction, the solvent was removed
under a stream of nitrogen. The lipids were stored at –20°C
until analysis. 

HPLC/ESI/MS. The acid 10-OH 18:0 migrates in reverse-
phase high-performance liquid chromatography (C-18 All-
tech Altima 5 µm particle size, 150 mm in length, 1 mm di-
ameter column; Deerfield, IL) with a mobile phase consisting
of methanol/ultrapure water/aqueous ammonia (100:6:1) at a
flow rate of 50 µL/min with a retention time of 12–14 min
typical of hydroxylated free fatty acids (3-OH 20:0). In con-
trast, PE elutes at 20–22 min under these conditions. Those
components eluting with a retention volume typical of free
fatty acids were nebulized into the ESI inlet of either the VG
(Micromass Inc., Beverly, MA) Quattro II triple quadrupole
mass spectrometer or the Micromass Platform II single
quadrupole mass spectrometer. Analyses were performed in
the negative mode of ionization so as to promote fragmenta-
tion resulting from cleavage of the two-acyl functionalities
with charge retention on the free fatty acids formed through
acyl cleavage. Initially, elevated cone voltages were utilized
so as to promote fatty acyl cleavage from intact phospho-
lipids. However, upon realizing that the biomarker of interest
existed in the free fatty acid form, low orifice voltages were
utilized so as to promote “soft” ionization. Tuning was per-
formed such that maximum sensitivity was attained while

achieving a minimum of unit resolution at a m/z value of 300
atomic mass units (a.m.u.) (resolution = 300). For the present
study, resolution values of between 750 and 1,000 easily ful-
filled this criterion. Narrow mass scans in the continuum
mode of data acquisition were performed over a mass range
spanning 320 to 270 a.m.u. at a scan rate of 0.4 s with a inter-
scan delay of 0.1 s. Alternatively, selected ion monitoring of
mass 299 could be utilized, which provided increased sensi-
tivity. The continuum mode of data acquisition was utilized
as this is the only means to obtain “true” signal averaging. 

Mass spectral optimization studies found no significant gain
in sensitivity upon the addition of organic bases. This is advan-
tageous, as reverse-phase columns are generally not stable at
pH values greater than 9. Addition of water to methanol re-
sulted in a slight loss in sensitivity with model synthetic com-
pounds. The initial mobile phase of methanol/water/aqueous
ammonia was utilized so as to resolve free fatty acids from PE.
As it will be explained later, the establishment that the novel
biomarker was indeed present as a free fatty acid and that no
PE species were present in the glycolipid fraction lends itself
to a variation of the chromatographic conditions. Conversion
to a mobile phase consisting of 100% methanol would be more
efficient in that the analysis time would be reduced with a slight
gain in sensitivity. Tuning in the negative mode of ionization
may vary. But for the present study, the voltage applied across
the capillary was −2.13 kV, the high voltage lens was set at 0.2
kV, and the initial cone voltage was set at −22 V so as to pro-
mote “soft” ionization. The nitrogen drying gas and nebulizing
gas flow rates were set at 300 and 25 L/h. respectively. The
temperature of the ESI source was set at 120°C. The photomul-
tiplier detector was set to its maximum gain value. 

Extracted ion chromatograms at a m/z value of 299 were
monitored. Ion currents for 299 in the 11–14 min range were
diagnostic of 10-OH 18:0 in the free fatty acid form. Ion cur-
rents in the range of interest were averaged with background
subtraction resulting in a diagnostic mass spectrum.

RESULTS

Evidence that the 10-OH 18:0 is a free fatty acid. As previ-
ously stated, earlier investigators found the 10-OH 18:0 lo-
calized at the sn-2 position of PE (5). However, utilization of
the derivative ion scanning of specific parent ion capabilities
of the triple quadrupole mass spectrometer in the negative
ionization mode did not support this. Examination of those
parent ions that result in a fragment ion corresponding to 10-
OH 18:0 revealed no parents which could correspond to PE
or any possible phospholipid. Secondly, neutral loss mass
scans for a neutral loss of 141 of the acetone fraction in the
positive mode of ionization revealed that this fraction con-
tained no detectable quantities of PE species. PE was found
to be located in the methanol (polar lipid) fraction through
neutral loss mass scans. The retention behavior of 10-OH
18:0 on the HPLC/ESI/MS system was described in the ex-
perimental section. The acid 10-OH 18:0 was found to co-
elute in the free fatty acid region (12–14 min) of the chro-
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matogram with a synthetic standard of 3-OH 20:0. Elution of
the free hydroxylated fatty acids as a class was clearly re-
solved from PE which eluted as a class at 20–22 minutes. Ad-
ditional evidence as to the true nature of 10-OH 18:0 was sup-
plied through examination of the ion current for a m/z value
of 299 at both high and low orifice voltages. At high orifice
voltages, the ion current for 10-OH 18:0 was found to be over
two orders of magnitude less than at low orifice voltages (1.63
× 108 peak height units at −22 V vs. 8.53 × 105 peak height
units for −200 V). With synthetic phospholipids, the −200 V
cone voltage was found to maximize the dissociation of the
acyl groups of phospholipids resulting in a maximal ion cur-
rent for the fatty acyl constituents at maximal orifice voltage
settings. Lower cone voltages (−22 V) resulted in maximal
ion currents for the intact molecular species. This observation
provided additional evidence that 10-OH 18:0 existed as an
intact molecular species and was not acylated to any phos-
pholipid. The combined evidence of parent ion MS, neutral
loss mass scans, HPLC retention behavior, and effects of vari-
ation of the orifice voltage clearly established 10-OH 18:0 ex-
isted not as an acyl constituent of PE but as a free fatty acid. 

Evidence that the free fatty acid is an eighteen-carbon fatty
acid with a hydroxyl functionality localized at the 10 position.
Theoretically, several fatty acids could produce a m/z value
of 299 in the negative ion mode of operation. Obviously, any
monohydroxylated 18-carbon fatty acid with the hydroxyl
group at positions 2–17 would yield a deprotonated molecu-
lar ion at 299. Other possibilities include but are not limited
to a 17-carbon monoenoic fatty acid with a sulfhydryl (-SH)
substituent as well as the polyenoic fatty acid 20:6n-3. Un-
ambiguous assignment of the free fatty acid as 10-OH 18:0
was accomplished through comparison of the parent/deriva-
tive ion mass spectrum of 10-OH 18:0 with synthetically
available standards (6-OH 18:0 and 12-OH 18:0). The first
quadrupole acted as the mass filter, allowing only ions with a
m/z value of 299 to pass into the second mass analyzer. Colli-
sion-induced dissociation (CID) of the parent molecule was
accomplished in the hexapole collision chamber between the
first and third quadrupoles in the presence of 0.5 Torr of argon
at a collision energy of 30 eV. Diagnostic fragments were
monitored by scanning the third quadrupole mass analyzer.
Hydroxylated fatty acids produced low-energy CID fragment
ions which were indicative of hydroxy-substituted fatty acids
as a class at a m/z value of 281 (loss of H2O from the hydroxyl
moiety) and at a m/z value of 253 (loss of formic acid). Non-
hydroxylated free fatty acids (palmitic acid) do not undergo
any significant fragmentation under similar conditions. The
site of the hydroxy functionality was confirmed to be in the
10 position through the examination of two charge-remote
fragment ions that overlapped at a m/z value of 141 for 10-
OH 18:0. The two charge-remote fragmentation processes
were confirmed through examination of the daughter ion
spectra of two other mid-chain, branched hydroxylated fatty
acids, 6-OH and 12-OH 18:0, under identical conditions.
Analogous peaks expected and observed for 12-OH 18:0 were
at m/z values of 113 and 169. For 6-OH 18:0, fragment ions

at m/z values of 197 and 85 were observed. The nature of the
two charge-remote fragmentation events has been discussed
(10). However, to summarize, fragmentation of hydroxylated
fatty acids under low-energy conditions leads to fragmenta-
tion events that are distinct from previously published high-
energy CID processes (11). Also, those low-energy CID frag-
ments which are produced are indicative of hydroxylated fatty
acids as a class as well as of the site of hydroxysubstitution.

Sources of 10-OH 18:0. The identification of a fatty acid
unique to species of Cryptosporidium by Schrum et al. (5) was
critical to the application of this technique toward complex en-
vironmental matrices. However, conventional GC/MS method-
ologies lack the sensitivity necessary for use of this technique
as a method capable of detecting an infectious dose of Cryp-
tosporidium. It was hoped that through the application of the
more sensitive technique of ESI MS, a more sensitive assay
might result. Also, through the identification of those endoge-
nous 10-OH 18:0 acylated phospholipids, a great deal of speci-
ficity to the assay should be gained. Identification of the 10-OH
18:0 as a free fatty acid as opposed to an acylated component of
PE was initially thought to be a fortuitous event as hydroxylated
free fatty acids are extremely rare in nature. The free fatty acid
nature of the biomarker was subsequently exploited for expedi-
tious recovery and analysis by HPLC/ESI/MS with the expected
gains in method sensitivity and specificity. 

It was only after many repetitions of this assay that the true
origin of 10-OH 18:0 was discovered. Quantities of 10-OH
18:0 extracted from oocysts of Cryptosporidium fluctuated
wildly. Occasionally, no 10-OH 18:0 was detected from ex-
tracted oocysts of Cryptosporidium. The random appearance
of 10-OH 18:0 in one of our sample blanks was the first indi-
cation that this compound was generated through sample han-
dling. The observation of free 10-OH 18:0 in a sample blank
was initially thought to have arisen from some interfering
contaminant. However, formation of the trimethylsilyl ether
adduct of the methyl ester of the sample blank resulted in an
analyte possessing chromatographic behavior and a mass
spectrum identical to that analyte previously described by
Schrum et al. (5) as 10-OH 18:0. 

An additional benefit of adapting the identification of the
target analyte to HPLC/ESI/MS was the decrease in sample
handling. This should result in a much more rapid assay with
less risk of sample contamination due to the decrease in sam-
ple handling. The extraction procedures are simple and
straightforward. The method involves the liquid/liquid extrac-
tion of organic soluble lipids followed by the class fractiona-
tion of neutral, glyco-, and polar lipids over silicic acid
columns. The simplicity of the assay eased the efforts to lo-
calize the source of contamination once 10-OH 18:0 was re-
alized to be an artifact of sample isolation and preparation. 

All organic solvents (methanol, chloroform, acetone) used
in the assay were concentrated from an initial volume of 100
mL to a final volume of 100 µL and injected onto the
HPLC/ESI/MS system. Only HPLC-grade solvents were used
for the extraction and fractionation of samples. All organic
solvents were found to contain no 10-OH 18:0. The 10 mL of
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phosphate buffer used in the liquid/liquid extraction proce-
dures was extracted by the method of Bligh and Dyer (8), as
was 10 mL of Millipore (Milford, MA) water. They, too, were
found to contain no 10-OH 18:0. This eliminated the source
of contamination as arising from the solvents utilized for ex-
traction and fractionation.

Those soaps and sterilization agents utilized to clean glass-
ware were also examined; 1 mL of Fisherbrand solvent-free
concentrator, 1 mL of Fisherbrand vesphenne II, and 1 mL of
a 1:1 (vol/vol) mixture of the two were extracted by the
method of Bligh and Dyer (8). No 10-OH 18:0 was identified
from any of these three samples.

The disposable amber rubber pipette bulbs (Fisherbrand 14
065B) were then examined. A set of five rubber bulbs was ex-
tracted, and all were found to contain authentic free acid 10-
OH 18:0. This was confirmed through both HPLC/ESI/MS
analysis and GC/MS separation and identification of the
trimethylsilyl ether adducts of the methyl ester of 10-OH 18:0.

So as to eliminate the possibility that 10-OH 18:0 was also a
lipid component of Cryptosporidium species as well as the rub-
ber bulb, two samples of 1 × 108 oocysts of Cryptosporidium
previously found to contain 10-OH 18:0 were extracted. At no
time were disposable rubber bulbs utilized. Both sets of experi-
ments were found to contain no detectable quantities of 10-OH
18:0 through HPLC/ESI/MS and GC/MS analysis when dispos-
able rubber bulbs were not used in the manipulations. This es-
tablished that the target analyte was not an interfering contami-
nant but an artifact of the sample preparation procedures. 

DISCUSSION

The putative occurrence of such an unusual component as 10-
OH 18:0 in Cryptosporidium (4,5) led us to investigate the
complex native form of this fatty acid in C. parvum. When
the new studies by R.S. Burkhalter and C.A. Smith showed
that the 10-OH 18:0 was a free fatty acid and not as an ester
in PE (6), it was then realized that the fast atom bombardment
(FAB) mass spectrum of PE presented by Schrum et al. (5)
actually provided no evidence supporting the presence of 10-
OH 18:0 as an acyl constituent in PE. This spectrum was ob-
tained under positive ionization conditions, which will not
produce fragment ions corresponding to fatty acyl con-
stituents. Positive-ion FAB MS should provide protonated
molecular ions and diglyceride ions after loss of the polar
head group as a neutral species. FAB MS performed in the
negative ion mode of operation would be expected to gener-
ate fatty acids with charge retention after acyl cleavage. In
short, the fragment ion at 299 in the positive ion FAB mass
spectrum of the major PE did not correspond to a fatty acyl
constituent 10-OH 18:0. The enzymatic hydrolysis of PE re-
covered by thin-layer chromatography and subsequent deriva-
tization with electron-withdrawing groups for negative ion
detection by GC/MS (6) achieved the sensitivity to detect 10-
OH 18:0, but the 10-OH 18:0 was apparently added during
the preparation as a contaminant and was not in the PE. 

When adaptation of HPLC/ESI/MS techniques revealed
10-OH 18:0 to be a free fatty acid, the putative signature be-

came even more unique. Efforts were focused to characterize
the target analyte of interest more completely and to establish
lower limits of detection. Difficulty in producing a calibra-
tion curve for oocyst number vs. content of 10-OH 18:0 be-
came a major problem. This was rationalized as being due to
sample heterogeneity after microscopic examination of the
preparations showed the oocysts clumped together and at-
tached to fibers that were in these purified fecal preparations.
The clumping increased with storage at 4°C. Difficulty in dis-
persing the oocysts reproducibly was thought to be the prob-
lem. Unfortunately, the random nature of the appearance of
the 10-OH 18:0 prevented the appearance of the analyte in a
sample blank until many repetitions were performed. Clearly
when examining for traces of specific analytes such as found
in 10–30 oocysts, comprehensive blank analyses which test
for each step of the procedure must be rigorously performed.
If repeated controls of lipids from a bacterium known not to
contain 10-OH 18:0 had been utilized, the artifact might have
been detected earlier. 

Lipid biomarkers and Cryptosporidium oocyst infectivity.
There is reproducible evidence of a correlation between loss of
infectivity and oocyst metabolism in C. parvum. R. Fayer (per-
sonal communication; USDA, ARS, LPSI Parasite Immunol-
ogy Laboratory, Beltsville, MD) has shown a direct correlation
between the loss in amylopectin content of C. parvum oocysts
and infectivity to BALB/c neonatal mice. There is a greater
than threefold decrease in polar lipid fatty acids (PLFA) (from
3.8 to 0.75 pmoles/103oocysts) with a shift in patterns (4). With
loss of infectivity by freezing there is a striking decrease in the
proportion of 18:1n-9c, an increase in 18:2n-6 and 20:3n-6 with
little change in the proportion of 16:0. During freezing of C.
parvum oocysts, the phospholipids and cholesterol decrease,
polyenoic PLFA accumulate, and polyenoic fatty acids in the
polar lipids and neutral lipids increase. Lipid shifts have been
shown to be excellent markers for the nutritional/physiological
status in bacteria (12). Identification of lipid shifts with infec-
tivity is a tool that will be useful in research studies of infectiv-
ity, but overlap in lipid composition with algae and other com-
ponents of drinking water community requires that the oocytes
be highly purified before analysis prior to use as a monitoring
system for infectious Cryptosporidium. Patterns of PLFA of
purified oocysts can used to differentiate between C. parvum
and the nonhuman pathogens C. baileyi, C. serpentis, and C.
muris (6).
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Sir:

At the last American Oil Chemists’ Society meeting in
Chicago, May 10–13, 1998, there was a formal discussion pe-
riod after a day-long series of presentations on conjugated
linoleic acid (CLA) attended by about 100 participants. One of
the topics discussed was the possible naming of the major CLA
isomer, cis-9, trans-11-octadecadienoic acid—found in milk,
other dairy products, and meats of ruminant animals—as ru-
menic acid. The name rumenic acid has been proposed by Peter
W. Parodi and is supported by a number of other scientists.

There was extensive debate on this topic. CLA is a mixture
of many positional and geometrical isomers of conjugated oc-
tadecadienoic acids both in natural products and in commer-
cial preparations. In natural products, the predominant isomer
(≥80% of total CLA) is cis-9, trans-11, whereas in commer-
cial preparations the number and proportion of the isomers can
vary widely depending on the conditions of preparation.

The major arguments presented against naming any CLA
isomer were: (i) the term CLA has been in common use for
nearly two decades; (ii) cis-9, trans-11 appears also to be
formed outside the rumen by desaturation of trans-11-18:1;
(iii) the active isomer has yet to be identified; (iv) there ap-
pears to be evidence that cis-9, trans-11 isomer may not be the
only active CLA isomer, therefore; how shall we name them?

On the other hand, the major arguments for naming cis-9,
trans-11-octadecadienoic acid rumenic acid were: (i) this is
the major naturally occurring conjugated fatty acid in milk,
other dairy products, and meats from ruminants; (ii) a major
natural component can be named regardless of whether any
biological activity has been ascribed to it; (iii) the name
would avoid the misconception that it is a CLA having a
methylene-interrupted double bond system, and (iv) it is an

easy name, associated with the major place of origin, and may
thus be less confusing.

Additional names were suggested, such as bovinic acid.
However, there was agreement that this name did not encom-
pass the broad spectrum of natural products containing cis-9,
trans-11-octadecadienoic acid, for example, from sheep and
other ruminants.

There was no complete consensus, but half the participants
said they would use the new name in their future publications.
We therefore recommend naming cis-9, trans-11-octadeca-
dienoic acid as rumenic acid.
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ABSTRACT: Linoleate is oxygenated by manganese-lipoxy-
genase (Mn-LO) to 11S-hydroperoxylinoleic acid and 13R-
hydroperoxyoctadeca-9Z,11E-dienoic acid, whereas linoleate
diol synthase (LDS) converts linoleate sequentially to 8R-hy-
droperoxylinoleate, through an 8-dioxygenase by insertion 
of molecular oxygen, and to 7S,8S-dihydroxylinoleate, through
a hydroperoxide isomerase by intramolecular oxygen trans-
fer. We have used liquid chromatography–mass spectrometry
(LC–MS) with an ion trap mass spectrometer to study the 
MSn mass spectra of the main metabolites of oleic, linoleic, 
α-linolenic and γ-linolenic acids, which are formed by Mn-LO
and by LDS. The enzymes were purified from the culture broth
(Mn-LO) and mycelium (LDS) of the fungus Gaeumannomyces
graminis. MS3 analysis of hydroperoxides and MS2 analysis of
dihydroxy- and monohydroxy metabolites yielded many frag-
ments with information on the position of oxygenated carbons.
Mn-LO oxygenated C-11 and C-13 of 18:2n-6, 18:3n-3, and
18:3n-6 in a ratio of ~1:1–3 at high substrate concentrations.
8-Hydroxy-9(10)epoxystearate was identified as a novel metab-
olite of LDS and oleic acid by LC–MS and by gas chromatogra-
phy–MS. We conclude that LC–MS with MSn is a convenient
tool for detection and identification of hydroperoxy fatty acids
and other metabolites of these enzymes.
Lipids 33, 843–852 (1998).

Mass spectrometry (MS) has been extensively used for analy-
sis of oxygenated metabolites of arachidonic and linoleic

acids, which are formed by lipoxygenases, prostaglandin H
(PGH) synthases, and cytochromes P450. These metabolites
are prostaglandins and thromboxanes, leukotrienes, lipoxins,
hydroxyeicosatetraenoic acids (HETE), allene oxide, jas-
monic acid, regioisomeric epoxides, vicinal diols, and hy-
droxy fatty acids (1–3). Mass spectrometric analysis of eico-
sanoids and lipoxins has mainly been performed by gas
chromatography (GC)–MS, which provides structural infor-
mation and can be used to quantify metabolites in minute
amounts (4,5). 

GC–MS has some drawbacks. It requires derivatization,
and it is not suitable for direct analysis of many labile
metabolites, e.g., hydroperoxy fatty acids. In recent years, liq-
uid chromatography (LC)–MS has become a routine method
thanks to robust ionization techniques, e.g., electrospray ion-
ization (ESI) or atmospheric pressure chemical ionization
(APCI) (4,6). Many fatty acid metabolites have already been
studied by LC–MS (4,7–13). 

In this report we use LC–MS with MSn to study the fatty
acid metabolites of two unique enzymes: linoleate diol
synthase (LDS) with ferriheme (15) and linoleic acid 13R-
lipoxygenase (Mn-LO) with a manganese metal center (16).
These enzymes were isolated from mycelium (LDS) and from
the culture broth (Mn-LO) of the “take-all” fungus (Gaeu-
mannomyces graminis), which is a devastating pathogen of
wheat (14).

LDS converts linoleate sequentially to 8R-hydroperoxyli-
noleate (8-HPODE) through an 8-dioxygenase by insertion of
molecular oxygen (17,18) and to 7S,8S-dihydroxylinoleate
(7,8-DiHODE) through a hydroperoxide isomerase by in-
tramolecular oxygen transfer (19,20). LDS will also oxy-
genate oleic and α-linolenic acids, but not γ-linolenic acid
(18). The reaction mechanism of LDS has features in com-
mon with PGH synthases, e.g., formation of ferryl intermedi-
ates and a tyrosyl radical during catalysis (21).

Mn-LO metabolizes linoleic acid to 11S-HPODE and to
13R-HPODE (16,22). Its oxygenation mechanism thus differs
from iron lipoxygenases (22). Mn-LO will also oxidize α-
and γ-linolenic acids but not oleic acid (16). The oxygenation
of unsaturated C18 fatty acids by Mn-LO and by LDS is sum-
marized in Table 1. These oxylipins have been characterized
mainly by GC–MS (16–18,22). 
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Wheelan et al. (8) systematically performed low-energy
fast atom bombardment tandem MS2 of monohydroxy substi-
tuted oleic, linoleic, linolenic, and arachidonic acids. ESI and
tandem MS have also been used for MS2 analysis of HETE
and dihydroxyeicosatetraenoic acids, epoxyeicosatrienoic
acids, and certain hydroperoxides of linoleic and arachidonic
acids (7,9–12). Structurally informative and abundant prod-
uct ions were formed by fragmentation processes, which were
influenced by the position of the hydroxy and epoxy groups
and by the double bonds.

The first aim of the present study was to evaluate LC–MS
with MSn as a tool for analysis of hydroperoxy-, hydroxy- and
dihydroxy-substituted linoleic acids, which are formed by two
novel enzymes, Mn-LO and LDS. The interpretation of the
mass spectra of the linoleate hydroperoxides was not straight-
forward without comparison with structurally related com-
pounds. We therefore studied some of the metabolites in
deuterated methanol/water and performed a systematic study
of different unsaturated C18 fatty acid metabolites, which are
formed by Mn-LO and LDS. MS3 spectra of hydroperoxy fatty
acids and MS2 spectra of mono- and dihydroxy fatty acids
were found to provide sufficient information for identification.

MATERIALS AND METHODS

Materials. Mn-LO and LDS were purified to homogeneity as

described (15,16). The acids 18:1n-9 (99%) and 18:3n-3
(99%) were from Merck (Darmstadt, Germany); 18:2n-6
(99%) and 18:3n-6 (99%) were from Sigma (St. Louis, MO)
and Nu-Chek-Prep (Elysian, MN), respectively. The labeled
compounds [1-14C]18:2n-6 (55 Ci/mol) and [1-14C]18:1 (55
Ci/mol) were from Amersham Corp. (Amersham, United
Kingdom). The compounds 8R-HPODE, 8R-HODE, and
7S,8S-DiHODE were prepared and characterized as described
(18). Compounds 11S-HPODE, 13R-HPODE, 13R-HPOTrE,
11S-HPOTrE(n-6), and 13R-HPOTrE(n-6) were prepared
from biosynthesis with Mn-LO as described (16,22). Hy-
droperoxy fatty acids were reduced to alcohols with NaBH4
(16). C2H3O2H (99.5%) and 2H2O (99.5%) were from Merck.

Incubations with Mn-LO or LDS. Fatty acids (0.25 mM)
were incubated with purified Mn-LO or purified LDS as de-
scribed (15,16). Radiolabeled fatty acids were used in some
experiments. After extractive isolation (without acidification
of Mn-LO metabolites) on octadecasilane silica (SepPak/C18;
23), the metabolites were either separated by thin-layer
chromatography (18) or directly analyzed by LC–MS with a
reversed-phase–high-performance liquid chromatography
(RP–HPLC) column. 

LC–MS analysis. The pump for HPLC was from Thermo
Separation Products (SpectraSYSTEM P2000; San Jose, CA)
equipped with a degasser (Uniflow Degasys DG-1310,
Tokyo, Japan). The column contained octadecasilane silica (5
µm, 250 × 2 mm or 150 × 2 mm; Kromasil 5 C18 100A, Phe-
nomenex, Torrance, CA) and a guard column (Opti-Gard, 1
mm C18; Optimize Technologies, Oregon City, OR). The
RP–HPLC columns were eluted with methanol/water/acetic
acid, 80:20:0.01, at 0.2 mL/min. The effluent first passed an
ultraviolet detector (Kratos Spectroflow 757, Ramsey, NJ)
equipped with an integrator (Merck Hitatchi D-2500, Tokyo,
Japan) and then into an ion trap mass spectrometer (LCQ;
Finnigan MAT, San Jose, CA), where it was subject to APCI
or ESI. The vaporizer temperature for APCI was 450°C. The
targets for automatic gain control were usually set at 5 × 107

for full MS and at 1 × 107 for MSn. For ESI the capillary tem-
perature was usually 230°C. Negative ions were monitored
and prostaglandin F1α (Upjohn, Kalamazoo, MI) was used for
tuning. Compounds in methanol/water, 1:1, or in deuterated
methanol/water were infused into the mass spectrometer with
a syringe pump at a rate of 50–100 ng per min (10–20
µL/min). 

GC–MS analysis. Capillary GC–MS was performed with
an ion trap mass spectrometer (ITS 40, Finnigan) as described
(23). Methyl ester, trimethylsilyl ether, and chlorohydrin de-
rivatives were prepared as described (23,24).

RESULTS 

General observation and nomenclature. APCI–MS resulted in
fragmentation of the hydroperoxides (M) with three strong sig-
nals, [M − 1]−, [M − 19]− and [M − 17]−, which corresponded
to the carboxylate anion of the hydroperoxide ([M − H]−), a
fragment due to loss of water from the carboxylate anion of the
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TABLE 1
Overview of the C18 Fatty Acid Metabolites Formed by Mn-LO 
and by LDS

Fatty acid Mn-LO LDS

18:0 Not a substrate Not a substrate
18:1n-9 Not a substrate 8R-HPOME

7S,8S-DiHOME
8-Hydroxy-9(10)epoxy-
stearic acida

18:2n-6 11S-HPODE 8R-HPODE
13R-HPODE 7S,8S-DiHODE

18:3n-3 11S-HPOTrEb 8R-HPOTrE
13R-HPOTrE 7S,8S-DiHOTrE

18:3n-6 11S-HPOTrE(n-6) Not a substrate
13R-HPOTrE(n-6)

aIdentified in this study.
bIdentified in this study and tentatively in Reference 16. Other metabolites
were identified by gas chromatography–mass spectrometry and chemical
methods as described (Refs. 16,17,22). Arachidonic acid is oxygenated 
neither by LDS nor by Mn-LO (Refs. 16,17). Abbreviations: Mn-LO, man-
ganese lipoxygenase; LDS, linoleate diol synthase; 8R-HPOME, 8R-hy-
droperoxy-9Z-octadecenoic acid; 7S,8S-DiHOME, 7S,8S-dihydroxy-9Z-oc-
tadecenoic acid; 11S-HPODE, 11S-hydroperoxy-9Z,12Z-octadecadienoic
acid; 8R-HPODE, 8R-hydroperoxy-9Z,12Z-octadecadienoic acid; 13R-
HPODE, 13-hydroperoxy-9Z,11E-octadecadienoic acid; 7S,8S-DiHODE,
7S,8S-dihydroxy-9Z,12Z-octadecadienoic acid; 11S-HPOTrE, 11S-hy-
droperoxy-9Z,12Z,15Z-octadecatrienoic acid; 8R-HPOTrE, 8R-hydro-
peroxy-9Z,12Z,15Z-octadecatrienoic acid; 13R-HPOTrE, 13-hydroperoxy-
9Z,11E,15Z-octadecatrienoic acid; 7S,8S-DiHOTrE, 7S,8S-dihydroxy-
9Z,12Z,15Z-octadecatrienoic acid; 11S-HPOTrE(n-6), 11S-hydroperoxy-
6Z,9Z,12Z-octadecatrienoic acid; 13R-HPOTrE(n-6), 13-hydroperoxy-
6Z,9Z,11E-octadecatrienoic acid.



hydroperoxide ([M − H − H2O]−), and the carboxylate anion of
the corresponding alcohol ([M − H − O]−). The reduction of the
hydroperoxide to the alcohol might be due to the high tempera-
ture (450°C) of the APCI source. In contrast, ESI–MS usually
showed only two of these signals, [M − 1]− and [M − 19]−. For
convenience, the carboxylate anion [M − 1]− is often desig-
nated A−. This carboxylate anion was subject to MS2 (or
MS/MS) analysis, i.e., A− was first isolated in the ion trap and
then subjected to collision-induced fragmentation, and the full
mass spectrum of the daughter ions was recorded. This proce-
dure was designated MS2 A → full-scan. By analogy, MS3or
(MS/MS/MS) A → B → full-scan designates isolation and col-
lision-induced fragmentation of m/z A−, isolation of one of its
daughter ions m/z B−, collision-induced fragmentation of m/z
B− and recording of a mass spectrum of the daughter ions of
B−. For hydroperoxides, MS2 A → full-scan yielded mainly
m/z [A − 18]−, whereas MS3 A → [A − 18] → full-scan yielded
a mass spectrum usually with many intense ions. Some ions
were formed by loss of CO2 and/or water, whereas other frag-
ments appeared to be formed by cleavage in the vicinity of the
oxygenated carbon.

APCI or ESI of mono- and dihydroxy fatty acid metabo-
lites yielded essentially similar results. MS2 A → full-scan
provided sufficient fragmentation for structural identification.
All compounds showed loss of water, loss of CO2, or a com-
bination of the two. The metabolites with an 8-hydroxy group
formed a typical ion (m/z 157) by α-cleavage of the C-8-C-9-
bond with transfer of a proton to the unsaturated side, whereas
cleavage of the C-8-C-7 bond was not noticed. 7,8-Dihydroxy
metabolites were fragmented both between C-9 and C-8 and
between the hydroxyl carbons (C-7 and C-8) with transfer of
a proton to the unsaturated side. The bisallylic hydroxy
metabolites formed two informative ions containing the car-
boxy group, which differed by 28 amu. They were apparently
due to α-cleavage with proton transfer to the adjacent double
bond, and both could be further fragmented by loss of carbon
dioxide. Finally, MS2 A → full-scan of microgram amounts
of metabolites sometimes resulted in a mass spectrum with
an intense negative ion at m/z [A + 1]. This might be due to
too high a setting of the automatic gain control target causing
“space charge,” since reanalysis of smaller amounts of mater-
ial yielded a mass spectrum without the negative ion at m/z
[A + 1].

LDS and oleic acid. RP–HPLC and LC analysis of
metabolites of 18:1n-9 formed by LDS is shown in Figure 1.
The two major metabolites eluted at 9.5 and 10.5 min, respec-
tively. GC–MS analysis of the first eluting compound, marked
I, showed it to be 7S,8S-dihydroxy-9Z-octadecenoic acid
(7,8-DiHOME). The second eluting metabolite (II) was iden-
tified as 8-hydroxy-9(10)epoxystearate (see below). Small
amounts of a mixture of 8R-hydroperoxy-9Z-octadecenoic
acid (8-HPOME) and 8R-hydroxy-9Z-octadecenoic acid
(8-HOME) eluted after about 18 min (data not shown) as
judged from ESI–MS and MS2 analysis with signals at m/z
313 (100%) and 295 (313 − 18; about 5%) due to 8-HPOME,
and m/z 297 (30%) due to 8-HOME. 

8R-HOME (Mw 298). MS2 297 → full-scan yielded two
strong signals, m/z 279 (297 − 18) and 157. The signal at m/z
157 is also present in the corresponding mass spectrum of
8-HODE, and it is likely due to O=CH–(CH2)6–COO−, which
might be formed by α-cleavage between C-8 and C-9 with
transfer of a proton to the unsaturated fragment.

7S,8S-DiHOME (Mw 314). MS2 313 → full-scan showed
signals, inter alia, at m/z 295 (313 − 18), 277 (295 − 18), 251
(295 − 44, loss of CO2), 233 (251 − 18), 197, 173 [possibly
due to CHO–CHOH–(CH2)5–COO− formed by α-cleavage],
155 (173 − 18), 143 [possibly OCH–(CH2)5–COO−], and 137
(155 − 18). This MS2 spectrum is shown in Figure 2A. The
structure of 7,8-DiHOME was confirmed by GC–MS (17).

8-Hydroxy-9(10)epoxystearic acid (Mw 314). MS of this
metabolite, marked II (Fig. 1), showed a strong signal at m/z
313 (A−), which suggested a molecular weight of 314. The
carboxylate anion at m/z 313 shifted to 314 in deuterated
methanol/water, which suggested that the metabolite con-
tained one hydroxyl group and possibly an epoxy group. MS2

313 → full-scan yielded m/z 295 (313 − 18), 277 (295 − 18),
187 [possibly O=CH–CHOH–(CH2)6–COO− formed by
α-cleavage between C-9 and C-10], 171, 157 [possibly
O=CH–(CH2)6–COO−], and 141 as some of the most intense
signals (Fig. 2B). In deuterated methanol/water, MS2

314 → full-scan yielded signals at m/z 296 and 295, 278 and
277, and in the lower mass range m/z 188 [possibly
O=CH–CHO2H–(CH2)6–COO−], 171, 157, 158, and 142.
One deuterium atom was thus retained in the large carboxyl-
group containing fragment (m/z 187) and to some extent in
the small fragments (m/z 157 and 158).

GC–MS analysis of the trimethylsilyl ether methyl ester
derivative yielded a mass spectrum at a C value of 20.5 with
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FIG. 1. Liquid chromatography–mass spectrometry (LC–MS) analysis of
major metabolites formed by linoleate diol synthase (LDS) and oleic acid.
Trace A shows total ion current (TIC), trace B, a mass chromatogram (m/z
313) of the carboxylate anion of 7S,8S-dihydroxy-9Z-octadecenoic acid
(7,8-DiHOME), and trace C, TIC of MS2 313 → full-scan. The peak with
7,8-DiHOME is marked I. The peak marked II was found to contain 8-
hydroxy-9(10)epoxystearic acid. For explanation of MS2 see text.



signals, inter alia, at m/z 385 (M+ − 15), 369 (M+ − 31), 353,
311 [M+ − 89, loss of ·OSi(CH3)3], 293 (311 − 18), 259, 245
{80%; possibly [(CH3)3Si–O–CH2–(CH2)6–COOCH3]+},
197, 169 (40%), and in the lower mass range at m/z 141, 129,
95, and 73 (base peak). The mass spectrum is shown in Fig-
ure 2C. Both the LC–MS and GC–MS analyses were thus

consistent with an epoxy alcohol. For further confirmation,
chlorohydrin adducts were prepared. The chlorohydrin and
methyl ester trimethylsilyl ether derivative of this metabolite
yielded two regioisomeric compounds (C value 22.4 and
22.6). Both spectra showed signals, inter alia, at m/z 245
{[(CH3)3Si–O–CH2–(CH2)6–COOCH3]+}, and at 383 [M+ −
125, possibly loss of HCl and ·OSi(CH3)3], which were con-
sistent with hydroxyl groups at C-8 and either C-9 or C-10
and chlorine at either C-10 or C-9. The LC–MS and GC–MS
analysis of the metabolite and the formation of these chloro-
hydrins suggested that it was an epoxy alcohol, 8-hydroxy-
9(10)epoxystearic acid.

LDS and linoleic acid. LDS metabolized linoleic acid to
7,8-DiHODE as the main metabolite and to only small
amounts of 8-H(P)ODE as shown in Figure 3. An epoxy al-
cohol could not be detected. 8-HODE and 8-HPODE eluted
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FIG. 2. LC–MS and gas chromatography–mass spectrometry (GC–MS)
analysis of the two major LDS metabolites of oleic acid. (A) MS2 analy-
sis of the carboxylate anion (m/z 313) of 7,8-DiHOME (MS2 313 → full-
scan), which is marked I in Figure 1. (B) MS2 analysis of metabolite II in
Figure 1 (MS2 313 → full-scan). The inset shows the proposed structure
of metabolite II, 8-hydroxy-9(10)epoxystearate. (C) GC–MS analysis of
the methyl ester trimethylsilyl ether (TMS) derivative of metabolite II
with electron impact ionization. The inset shows this derivative of 8-hy-
droxy-9(10)epoxystearic acid. For other abbreviations see Figure 1.

FIG. 3. LC–MS analysis of major metabolites formed by LDS and
linoleic acid. (A) Chromatogram with TIC. The peaks containing 7S,8S-
dihydroxy-9Z,12Z-octadeadienoic acid (7,8-DiHODE) and 8R-
hydro(pero)xy-9Z,12Z-octadecadienoic acid [8-H(P)ODE] are marked
in the figure. (B) Electrospray–MS (ESI–MS) analysis of the material in
the peak marked 7,8-DiHODE. (C) ESI–MS analysis of the material in
the peak marked 8-H(P)ODE. See Figure 1 for other abbreviations.



together on RP–HPLC. LC–MS analysis suggested that this
peak contained 8-HPODE and 8-HODE in approximately a
3:1 ratio as judged from the intensities of m/z 311 and 293
(311 − 18), and of m/z 295, respectively (Fig. 3C). We con-
firmed that ESI–MS analysis of 8-HPODE did not generate a
signal at m/z 295. 

8R-HPODE (Mw 312). ESI–MS showed a strong signal at
m/z 311 (A−) and a weaker signal at m/z 293 (311 − 18). 
MS2 311 → full-scan yielded m/z 293 (311 − 18) and 
275 (293 − 18) as main signals. MS3 311 → 293 → full-
scan showed trivial signals due to losses of water, CO2, and
water plus CO2. The MS3 spectrum is shown in Figure 4A.
Signals were also noted at m/z 223 [293 − 70, possibly 
loss of CH3(CH2)3CH], 195 [293 − 98, possibly loss of
CH3(CH2)4CH=CH2], 183 [293 − 110, possibly loss of
CH3(CH2)4CH=CH2–CH], 171 [unidentified; isobaric with
CH3–C(=O)–(CH2)6–COO−], 163, 153 (171 − 18), 127
(171 − 44), and 111. Many of these fragments might conceiv-
ably be explained by collision-induced dehydration of 8-
HPODE to 8-ketolinoleate (m/z 293) in the ion trap. MS2

analysis of 8-ketolinoleate (MS2 293 → full-scan) will be
needed to confirm this. In deuterated methanol/water,
ESI–MS showed signals at m/z 312 (311 + 1) and 293 
(312 − 19, loss of 2HHO), whereas MS2 312 → full-scan
yielded m/z 294 (312 − 18) and a weak signal at 275 
(294 − 19), indicating different fragmentation mechanisms in
MS and in MS2. 

8R-HODE (Mw 296). APCI–MS of 8-HODE showed m/z
295 (A−) and weak signals at m/z 277 (295 − 18) and 157
[possibly O=CH–(CH2)6–COO−], whereas ESI–MS mainly
showed signals at m/z 295 and 157. MS2 295 → full-scan
yielded strong signals at m/z 277, 157, and weak signals at
251 (295 − 44), 182, and 139 (157 − 18). The mass spectrum
is shown in Figure 4B. 

In deuterated methanol/water, MS2 296 → full-scan
yielded m/z 157 and 277 as the main signals, and a weak sig-
nal at 252 (296 − 44). These results suggest that deuterium of
the hydroxy group was not retained in the fragment m/z 157
[cf. 8-hydroxy-9(10)epoxystearate above]. 

7S,8S-DiHODE (Mw 312). The mass spectrum was
dominated by m/z 311 (A−), but a signal was also noted at m/z
293 (311 − 18). MS2 311 → full-scan yielded signals at 
m/z 293 (311 − 18), 275 (293 − 18), 173 [possibly due to
OCH–CHOH–(CH2)5–COO−], 155 (possibly 173 − 18), 143
[possibly OCH–(CH2)5–COO−], and 137 (155 − 18). This
MS2 spectrum is shown in Figure 4C. MS3 311 → 293 full-
scan showed signals, inter alia, at m/z 275 (293 − 18), 257
(275 − 18; possibly due to loss of water from the carboxyl
group), 249 (293 − 44), 177, and 143. 

In deuterated methanol/water, MS of 7,8-DiHODE showed
signals as expected from a compound with two hydroxyl
groups at m/z 313, 294 (313 − 19), and 275 (294 − 19). MS2

313 → full-scan yielded m/z 294, 276 (294 − 18), 275 (294 −
19), 174 [possibly OCH–CHO2H–(CH2)5–COO−], and 156
(174 − 18). The intensities of m/z 276 and 275 appeared to
vary with the collision energy. MS3 313 → 294 → full-scan

yielded m/z 276 (294 − 18), 258 (276 − 18), 250 (294 − 44),
177, and 143. 

LDS and α-linolenic acid. LDS metabolized 18:3n-3 to
one major metabolite, 7S,8S-dihydroxy-9Z,12Z,15Z-octade-
catrienoic acid (7,8-DiHOTrE), so efficiently that its pre-
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FIG. 4. MSn of the carboxylate anions of metabolites of LDS and linoleic
acid. (A) MS3 analysis of the carboxylate anion (m/z 311) of 8-HPODE
(MS3 311 → 293 → full-scan). (B) MS2 analysis of the carboxylate anion
(m/z 295) of 8-HODE (MS2 295 → full-scan). The inset shows the struc-
tural formula of 8-HODE where R designates CH=CH–(CH2)4CH3. (C)
MS2 analysis of the carboxylate anion (m/z 311) of 7,8-DiHODE (MS2

311 → full-scan). For abbreviations see Figures 1 and 3.



cursor [8R-hydroperoxy-9Z,12Z,15Z-octadecatrienoic acid 
(8-HPOTrE)] could not be detected. 

7S,8S-DiHOTrE (Mw 310). MS2 309 → full-scan showed
signals at m/z 291 (309 − 18), 273 (291 − 18), 247 (291 − 44),
173 [possibly OCH–CHOH–(CH2)5–COO−], 155 (possibly
173 − 18), 143 [possibly OCH–(CH2)5–COO−], and 137 (pos-
sibly 155 − 18). The MS2 spectra of 7,8-DiHOME, 7,8-
DiHODE, and 7,8-DiHOTrE differed mainly in relative in-
tensities of the main ions in the lower mass range. 

Mn-LO. Like many other lipoxygenases, Mn-LO will oxy-
genate 18:2n-6, 18:3n-3, and 18:3n-6 but not 18:1n-9
(Table 1). Significant amounts of corresponding alcohols
could not be detected. Mn-LO can convert the 11S-hydroper-
oxy fatty acids to 13R-hydroperoxy fatty acids (22). We will
focus on the 11-hydroperoxy metabolites of Mn-LO, since
13S-hydroperoxy fatty acid metabolites are well-known prod-
ucts of soybean lipoxygenases and have been studied by MS2

(8,9,12).
Mn-LO and linoleic acid. The two metabolites, 11S-

HPODE and 13R-HPODE, which are formed from 18:2n-6
by Mn-LO, were separated by RP–HPLC as shown by the
inset in Figure 5A. As judged from the total ion current, 11S-
HPODE and 13R-HPODE were formed in a ratio of ~1:3.

11S-HPODE (Mw 312). APCI–MS showed signals at m/z
311 (A−), 295 (possibly due to reduction of 11-HPODE to 11-
HODE in the APCI source) and 293 (311 − 18), whereas the
corresponding analysis with ESI–MS yielded 311 (base peak)
and a strong signal at 293 (311 − 18; Fig. 5A). MS2 311 →
full-scan yielded m/z 293 (311 − 18) as the main ion and sig-
nals at 267 (311 − 44), 197, and 183 (unidentified) (Fig. 5B).
MS3 311 → 293 → full-scan yielded several fragments as
shown in Figure 5C with signals, inter alia, at m/z 275 (293 −
18), 249 (293 − 44), 233 (293 − 44 − 18), 195 (293 − 98, pos-
sibly loss of C12–C18 and a hydrogen), 177 (possibly 195 −
18), 167, 153, 151 (possibly 195 − 44), 141, and 123 (possi-
bly 167 − 44). A few fragments might be visualized as de-
rived from the carboxylate side chain of an 11-keto-linoleic
acid intermediate (m/z 293) and formed by α-cleavage, e.g.,
m/z 195 by cleavage between C-11 and C-12 with transfer of
a proton to the unsaturated C-12. The ion at m/z 167 might
conceivably be formed by cleavage between C-11 and C-10
with transfer of a proton to C-11.

11S-HODE (Mw 296). APCI–MS showed signals at m/z
295 (A−) and 277 (295 − 18), whereas the latter ion was weak
in ESI–MS. MS2 295 → full-scan yielded many frag-
ments (Fig. 5D). In addition to m/z 277 (295 − 18) and 251
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FIG. 5. LC–MS analysis of 11S-hydroperoxy-9Z,12Z-octadecadienoic acid (11S-HPODE) and formed by manganese lipoxygenase (Mn-LO). (A) MS
of 11-HPODE. The inset shows separation of 11-HPODE and 13-hydroperoxy-9Z,11E-octadecadienoic acid (13-HPODE) by reversed-phase–high-
performance liquid chromatography–mass spectrometry. (B) MS2 analysis of the carboxylate anion (m/z 311) of 11-HPODE (MS2 311 → full-scan).
(C) MS3 analysis of the carboxylate anion (m/z 311) of 11-HPODE (MS3 311 → 293 → full-scan). (D) MS2 analysis of the carboxylate anion (m/z
293) of 11S-hydroxy-9Z,12Z-octadecadienoic acid (11-HODE) (MS2 293 → full-scan) with a low collision energy (24%). For other abbreviation
see Figure 1.



(295 − 44), signals were noted at 197 [A− − 98, possibly
OCH–CH=CH–(CH2)7COO−], 195 (weak, collision energy-
dependent signal), 179 (possibly 197 − 18), 171, 153 (possi-
bly 197 − 44), 151, and 141 [unidentified; this signal was 
also noted in the corresponding mass spectrum of 11-
HOTrE(n-6)]. In deuterated methanol/water, ESI–MS of
[2H2]11-HODE yielded m/z 296, 252 (296 − 44), and 233
(252 − 19). MS2 296 → full-scan yielded m/z 278 (296 − 18)
with a variable and less intense signal at 277 (296 − 19), 252
(296 − 44), 197, 198, 180, 170, 141, and 142. 

13R-HPODE (Mw 312). APCI–MS yielded three strong
signals [m/z 311 (A−), 295 and 293], whereas ESI–MS mainly
showed the signals at m/z 311 and 293. MS2 311 → full-scan
yielded m/z 293 (100%), but also intense signals at 267 (311
− 44), 195, and 171. MS3 311 → 293 → full-scan yielded sev-
eral strong signals, e.g., m/z 275 (293 − 18), 249 (293 − 44),
195, 179, 177, 141, and, in the lower mass range, 113. When
13-HPODE was dissolved in deuterated methanol/water, the
MS signal with ESI was obtained at m/z 312, as expected, and
MS2 312 → full-scan yielded a signal at m/z 293 (loss of
2HHO). ESI–MS2 spectra of linoleic acid hydroperox-
ides formed by soybean lipoxygenase (presumably mainly
13S-HPODE) has been published (9), and our analysis of
13R-HPODE with MS2 311 → full-scan and MS3 311 → 293
→ full-scan yielded many identical fragments also in the
lower mass range.

13R-HODE (Mw 296). The mass spectrum of 13-HODE
was similar to that reported with low-energy fast bombard-
ment tandem MS (8). For a comparison, MS2 295 (A−) →
full-scan yielded signals, inter alia, at m/z 277 (A− − 18), 195
(A− − 100, possibly due to loss of O=CH–C5H11), and 179. In
deuterated methanol/water, MS2 296 → full-scan yielded m/z
277, 196, 180, and 179. The signal at m/z 196 indicated a pro-
ton transfer from the hydroxy substituent as reported by
Wheelan et al. (8).

Mn-LO and α-linolenic acid. The increase in light absorp-
tion at 235 nm during incubation of 0.25 mM 18:3n-3 with
Mn-LO (0.5 µg) at room temperature is shown in Figure 6A.
LC–MS analysis after 1 and 4 min incubation indicated that
11-HPOTrE and 13-HPOTrE were formed in a ratio of ~1:2.
11-Hydroperoxy metabolites will be converted to 13-hy-
droperoxy metabolites by Mn-LO, and it is therefore essen-
tial to have excess of substrate present in order to trap the 11-
hydroperoxy intermediate (22). 

11S-HPOTrE (Mw 310). MS2 309 → full-scan yielded m/z
291 (309 − 18; 100%). MS3 309 → 291 → full-scan yielded
many fragments as shown in Figure 6B, e.g., m/z 273 (291 −
18), 247 (291 − 44), 211, 203, 195, 165, 177 (195 − 18), 165,
151, 149, and 139.

11S-HOTrE (Mw 294). MS2 293 → full-scan yielded strong
signals at m/z 275 (293 − 18), 249 (293 − 44), 213, 197 [base
peak; likely OCH–CH=CH–(CH2)7–COO−], 177, and 151
(169 − 18) as shown in Figure 6C. In addition, signals were
noted at m/z 179 (possibly 197 − 18), 169, 167, and 153 (possi-
bly 197 − 44). Many signals in the lower mass range were also
present in the corresponding mass spectrum of 11S-HODE.
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FIG. 6. Metabolism of α-linolenic acid by Mn-LO. (A) Increase in light
absorption at 235 nm due to formation of 13-hydroperoxy-9Z,11E,15Z-
octadecatrienoic acid (13-HPOTrE) during incubation of Mn-LO and
18:3n-3. The insets show the TIC from LC–MS analysis of 11Z-hy-
droperoxy-9Z,12Z,15Z-octadecatrienoic acid (11-HPOTrE) and 13-
HPOTrE formed after 1 and 4 min of incubation (marked a and b). Peak
I contains 11-HPOTrE and peak II 13-HPOTrE. (B) MS3 analysis of the
carboxylate anion (m/z 309) of 11-S-HPOTrE (MS3 309 → 291 → full-
scan). (C) MS2 analysis of the carboxylate anion (m/z 293) of 11-hy-
droxy-9Z,12Z,15Z-octadecatrienoic acid (MS2 293 → full-scan). For
other abbreviations see Figures 1 and 5.



13R-HPOTrE (Mw 310). APCI–MS yielded m/z 309 (A−),
293, and 291 (309 − 18). The signal at m/z 293 was not noted
during ESI–MS. MS2 309 → full-scan yielded mainly m/z
291 (309 − 18), and many weak signals, e.g., 273, 247, 209,
and 197, which were in agreement with a MS2 analysis of
13S-HOTrE (9). MS3 309 → 291 → full-scan yielded strong
signals at m/z 273 (291 − 18), 262, 247 (291 − 44), 221, and
177. 

Mn-LO and γ-linolenic acid. The two Mn-LO metabolites
of 18:3n-6 were separated by RP–HPLC and analyzed by
LC–MS with ESI. The total ion current indicated that 11-
HPOTrE(n-6) and 13-HPOTrE(n-6) were formed in ratio of
~1:1. 

11S-HPOTrE(n-6) (Mw 310). MS2 309 → full-scan yielded
m/z 291 (309 − 18; 100%). MS3 309 → 291 → full-scan
yielded many fragments, e.g., m/z 273 (291 − 18), 247 (291 −
44), 229 (291 − 44 − 18), 225, 175, 170, 149, 139, and 125. A
comparison with the corresponding mass spectrum of 11-
HPODE shows that some nontrivial fragments of 11S-
HPOTrE(n-6) were decreased by 2 amu, e.g., m/z 175 and m/z
149.

11S-HOTrE(n-6) (Mw 294). MS2 293 → full-scan yielded
m/z 275 (293 − 18), 249 (293 − 44), 231 (293 − 44 − 18), 195
(weak), 177 (possibly 295 − 18), 167, 151 (possibly 195 −
44), 141, and 123 (possibly 167 − 44). The presence of m/z
177 and 167 in the MS2 spectrum of 11-HOTrE(n-6) and m/z
179 and 169 in the corresponding mass spectrum of 11-
HODE suggests that these fragment pairs contain the car-
boxylate side chains and are formed by α-cleavage as dis-
cussed above. 

13R-HPOTrE(n-6) (Mw 310). MS2 309 → full-scan
yielded m/z 291. MS3 309 → 291 → full-scan yielded signals
at m/z 273 (291 − 18), 247 (291 − 44), 193, 177, 165, and in
the lower mass range 123 and 113. 

13R-HOTrE(n-6) (Mw 294). MS2 293 → full-scan showed
a strong signal at m/z 275 (293 − 18) and a weaker signal at
193 [293 − 100, possibly α-cleavage with proton transfer to
the unsaturated side chain (9)]. This MS2 spectrum was simi-
lar to that reported for 13S-HOTrE(n-6) (9).

DISCUSSION

The two most well-characterized fatty acid dioxygenases are
lipoxygenases of plants and animals and PGH synthases of
mammals (1,2). The fungus G. graminis contains two unique
dioxygenases, which seem to be related to lipoxygenases and
to PGH synthases, respectively. Mn-LO oxidizes linoleic, α-
linolenic, and γ-linolenic acids at C-11 and at C-13, whereas
LDS oxidizes oleic, linoleic, and α-linolenic acids at C-8 to
hydroperoxy metabolites, which then can be isomerized by
LDS to 7,8-dihydroxy metabolites (Table 1). We report here
the LC–MS analysis of these oxylipins and some new obser-
vations on the two enzymes.

Mn-LO formed hydroperoxides with virtually no forma-
tion of the corresponding alcohols. LDS appeared to form
only small amounts of 8-hydroxy fatty acids in comparison

with 8-hydroperoxy and 7,8-dihydroxy fatty acids. LDS con-
tains heme (16), which might reduce hydroperoxides to alco-
hols, and formation of significant amounts of 8-hydroxy fatty
acids was therefore not unexpected. 

LC–MS analysis of the fatty acid hydroperoxides formed
by purified Mn-LO and by purified LDS allowed structural
identification. MS yielded the carboxylate anion, and MS2 of
the carboxylate anion showed mainly loss of water. However,
MS3 analysis (MS3 A → [A − 18] → full-scan) yielded an ex-
tensive fragmentation, which could be used to identify the 8-,
11-, and 13-hydroperoxy metabolites. For example, 8-
HPODE showed characteristic ions with high intensity at m/z
183 and 171, 11-HPODE at m/z 177 (195 − 18) and 151 (195
− 44), and 13-HPODE at m/z 179 and 113. The mechanism of
the collision-induced fragmentation of hydroperoxides dur-
ing MS3 analysis (MS3 A → [A − 18] → full-scan) remains
to be determined. The structure of the dehydrated hydroper-
oxide anion (m/z [A − 18]−), which is isolated in the ion trap,
is unknown, but it might be the anion of the corresponding
keto compound. It will therefore be of interest to perform
MS2 analysis (MS2 A → full-scan) of 8- and 11-ketolinoleate
to determine similarities in fragmentation with the MS3 frag-
mentation of 11-HPODE and 8-HPODE indicated below
[Scheme 1; R designates CH3(CH2)4].

APCI and ESI yielded similar results with the hydroxy and
dihydroxy fatty acids, but the hydroperoxides were partly re-
duced to alcohols during APCI. ESI is a milder ionization
technique, and we used ESI for analysis of hydroperoxides.
Mn-LO converted 18:2n-6, 18:3n-3, and 18:3n-6 to 11-hy-
droperoxy and 13-hydroperoxy metabolites. 18:3n-3 is me-
tabolized twice as fast as 18:2n-6, and much faster than
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18:3n-6 (16). When the fatty acid substrates are consumed,
11-hydroperoxy metabolites are converted to 13-hydroperoxy
metabolites by Mn-LO (22). Under conditions with substrate
excess, we found that Mn-LO converted 18:2n-6, 18:3n-3,
and 18:3n-6 to 11-hydroperoxy and 13-hydroperoxy fatty
acid metabolites in relative amounts (as judged from ion in-
tensities), which ranged from almost 1:1 (18:3n-6) to 1:3
(18:2n-6) as judged from LC–MS analysis. 

We also performed LC–MS analysis of the corresponding
8-, 11-, and 13-hydroxy fatty acids. MS2 analysis (MS2 A →
full-scan) yielded characteristic mass spectra, and the struc-
ture of many nontrival fragments could be deduced. 13-
HODE showed strong signals at m/z 195 and 179, whereas
11-HODE showed characteristic ions, inter alia, at m/z 179
and 169. These ions might be formed by cleavage at either
side of C-11 (Scheme 2).

All the 8-hydroxy fatty acids yielded one fragment (m/z
157) due to α-cleavage between C-8 and C-9 and transfer of
a proton to the unsaturated side chain (Scheme 3).

The 7,8-diols also formed fragments based on (-cleavage
between C-8 and C-9 with proton transfer to C-9, e.g., m/z
173. Cleavage also occurred between the hydroxyl groups
(m/z 143) as illustrated by Scheme 4. The analysis of [2H3]-
derivatives supported this fragmentation. 

A new finding was that oleic acid was oxidized by LDS to
an epoxy alcohol along with 7,8-dihydroxyoleic acid as major
metabolites. Recent work on the catalytic mechanism of LDS
suggests many similarities with PGH synthases. LDS and
PGH synthases will form two ferryl oxygen intermediates and
a tyrosyl radical during catalysis as judged from stopped flow
experiments and electron paramagnetic resonance spectrome-
try (2,21). One of these ferryl oxygen intermediates can ap-
parently catalyze two reactions with oleic acid as a substrate,
viz., hydroxylation at C-7 of 8-HOME to 7,8-dihydroxyoleic
acid or epoxidation of the double bond of 8-HOME to 8-hy-
droxy-9(10)epoxystearic acid. We could not detect epoxida-
tion of any other fatty acids by LDS. 

In summary, LC–MS with MSn was found to be conve-
nient for studies on the metabolism of fatty acids by Mn-LO
and LDS. This method may also be valuable for analysis of

related metabolites in other biological systems. Biosynthesis
of 8-HODE has also been reported by Laetisaria arvalis, As-
pergillus nidulans, and Leptomitus lacteus (25–27) and by rat
liver micromes (23). 11-HODE and bisallylic HETE are
formed from linoleic and arachidonic acids by rat and human
hepatic microsomes and by recombinant human cytochromes
P450 (23,28–30). LC–ESI–MS with MS2 and MS3 options
might be useful for analysis of hydroxy and hydroperoxy fatty
acids and structurally related metabolites from many differ-
ent sources. 
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ABSTRACT: Phospholipase D (E.C. 3.1.4.4.) was detected in
isolated bovine rod outer segments (ROS) and its properties de-
termined. The enzyme activity was assayed using either a soni-
cated microdispersion of 1,2-diacyl-sn-[23H]glycerol-3-phos-
phocholine (PC), or [14C]ethanol. Using [3H]PC and ethanol as
a substrate, we were able to detect the hydrolytic properties as
well as the transphosphatidylation reaction catalyzed by phos-
pholipase D (PLD): formation of [3H]phosphatidic acid and
phosphatidylethanol [3H]PtdEt; whereas with [14C]ethanol or
[3H]glycerol in the absence of exogenous PC, only transphos-
phatidylation reactions were detected (formation of [14C]PtdEt
or [3H]phosphatidylglycerol, respectively). The use of varying
concentrations of [3H]PC and 400 mM of ethanol gave an ap-
parent Km value for PC of 0.51 mM and a Vmax value of 111
nmol × h−1 × (mg protein)−1. The activity was linear up to 60
min of incubation and up to 0.2 mg of protein. The optimal
ethanol concentration was determined to be 400 mM, with an
apparent Km of 202 mM and a Vmax value for ethanol of 125
nmol × h−1 × (mg protein)−1. A clear pH optimum was observed
around 7. PLD activity was increased in the presence of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propane-sulfonate or
sodium deoxycholate and inhibited with Triton X-100. The en-
zyme activity was also activated in the presence of Ca2+ or
Mg2+ (1 mM) although these ions were not required for measur-
ing PLD activity. The high specific activity of PLD found in pu-
rified ROS compared to the activity found in other subcellular
fractions of the bovine retina suggests that this enzymatic activ-
ity is native to ROS. The present report is the first evidence of
PLD activity associated with photoreceptor ROS.
Lipids 33, 853–860 (1998).

The retinal rod photoreceptor is a highly specialized structure
in visual transduction. The outer segment of this cell under-
goes dynamical renewal and shedding of the disc membranes
(1). While new discs are added at the base of the rod outer
segments (ROS), old discs at the apical tip are phagocytized

by the retinal pigment epithelium (2,3). The metabolism of
lipids in ROS is quite distinct from that of protein, especially
when considering their turnover rates. ROS phospholipids are
renewed by membrane as well as by molecular replacement
(3). This molecular replacement could involve the exchange
of entire molecules mediated by exchange proteins from out-
side the ROS (4), and molecular retailoring such as fatty acid
exchange and modification of base groups (5).

A special feature of ROS membranes is their particular
lipid composition, very rich in long- and very long chain
polyunsaturated fatty acids in their phospholipids (6,7). The
metabolism of these ROS phospholipids and their role in the
photoreceptor physiology have not yet been clearly defined.

Several enzymatic activities involved in lipid metabolism
and molecular retailoring of phospholipids, such as phos-
phatidate phosphohydrolase (PAPase) (8), phospholipase A2
(9–13), acyltransferase (14), phospholipase C (15,16), diacyl-
glycerol (DG) kinase and phosphoinositide kinases (17,18)
and phosphatidylethanolamine N-methyltransferase (19),
have been described in ROS.

In view of the dynamic role of phospholipids in membrane
function, we decided to study the properties of enzymatic
modification to their polar portion in ROS. We speculate that
the base exchange enzymes and phospholipase D (PLD) could
be responsible for the biological transformation of protein mi-
croenvironments, probably regulating membrane function by
modification of the polar head group of phospholipids (20).

PLD is the enzyme responsible for the hydrolysis of phos-
phatidylcholine (PC) which leads to the generation of choline
and phosphatidic acid (PA). PA can be further hydrolyzed by
phospholipase A2 to form the proposed second messenger
lysophosphatidic acid, or by PAPase to form DG. Both en-
zymes responsible for the hydrolysis of PLD products have
been extensively characterized in ROS (8–13). In the last few
years PLD has been implicated in novel signal transduction
pathways, as described in eukaryotic cells, and, moreover,
PLD is regulated by small G proteins (21,22), protein ki-
nase(s) (23,24), and PLD activation has also been implicated
in intracellular traffic of membranes (25,26).

This paper demonstrates the first evidence that PLD activ-
ity is present in isolated ROS membranes and determines ki-
netic parameters of the enzyme as well as other aspects of
transphosphatidylation reactions in ROS.
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MATERIALS AND METHODS

[2-3H]Glycerol (14.5 Ci/mmol) and [14C]ethanol (4.5 Ci/mol)
were supplied by New England Nuclear DuPont (Boston,
MA). Phosphatidylethanol (PtdEt) standard was purchased
from ICN Biomedicals (Costa Mesa, CA). PLD from cabbage
and all other chemicals not specifically mentioned were ob-
tained from Sigma Chemicals (St. Louis, MO).

Isolation of purified ROS. Fresh bovine eyes were obtained
from a local abattoir (Trans Link, General Cerri, Argentina)
and stored in crushed ice within 10 min of the animal’s death.
Bovine eyes were dark-adapted for 1–2 h. All subsequent pro-
cedures were conducted under dim red light and carried out
at 2–4°C. The preparation containing crude ROS was then pu-
rified by discontinuous density gradient centrifugation as de-
scribed by Kühn (27). This procedure gave ROS (band I) re-
tained at the 0.84/1.00 M density interface, broken ROS con-
taminated with mitochondria and rod inner segments (band
II), retained at the 1:00/1.14 M density interface, and a pellet
composed of non-ROS membranes. The purity of ROS mem-
brane preparation (band I) was controlled by the ratio of ab-
sorbance at 278 and 500 nm after solubilization in a 70 mM
potassium phosphate buffer (pH 7) containing 1% of
Emulphogene. Values of 2.3 ± 0.2 were typically obtained for
this ratio. Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (28) was also used to check the purity of the mem-
branes. Even in heavily overloaded gels, rhodopsin consituted
85% of photoreceptor membrane proteins. Thin-layer chro-
matography of photoreceptor membrane lipids in overloaded
plates showed no cardiolipin, suggesting nondetectable cont-
amination with mitochondria. On the other hand, an enrich-
ment in long- and very long chain polyunsaturated fatty acid
esterified to dipolyunsaturated molecular species in PC was
observed as a characteristic in bovine ROS (6,7). Purity of
populations of ROS in particular batches was determined by
assaying marker enzyme activities in all fractions of the gra-
dient, as previously described by Roque and Giusto (19).
NADPH-cytochrome c reductase (microsomal marker) and
cytochrome c oxidase activities were measured in band I,
band II, and the pellet of the gradient. The mitochondrial
marker enzyme was enriched in band II and pellet, whereas
cytochrome c reductase was very low in band I and presented
the highest activity in the pellet. These results led us to con-
firm that band I (purified ROS) was only slightly contami-
nated by either microsomes or mitochondria (less than 5%).

Preparation of other subcellular fractions. The crude mito-
chondrial and microsomal fractions were obtained from the
remainder of the retinas, which were homogenized in a Potter-
Elvehjem homogenizer with 0.32 M sucrose in 50 mM Tris-
HCL (pH 7.4) with 1 mM EDTA to a final volume of 10%.
Homogenization was performed by 10 up-and-down strokes
by means of a motor-driven Teflon pestle. The homogenates
were centrifuged at 1,000 × g for 15 min and resuspended to
produce the crude nuclear pellet. The pooled supernatants
were then spun at 11,500 × g for 20 min and washed twice to
produce a crude mitochondrial pellet. The supernatants were

centrifuged at 130,000 × g for 45 min to produce microsomes
as a pellet and the cytosol as the supernatants.

Preparation of radioactive substrate. The [3H]PC was ob-
tained from bovine retinas. These were incubated for 2 h at
37°C with 10 µCi/retina of [2-3H]glycerol (14.5 Ci/mmol) as
previously described (29). Lipids were extracted from the tis-
sue according to Folch et al. (30). [3H]PC was isolated by
one-dimensional thin-layer chromatography on silica gel H
using chloroform/methanol/water (65:25:4, by vol) and eluted
therefrom according to Arvidson (31). To assess the purity of
[3H]PC, we rechromatographed it by two-dimensional thin-
layer chromatography according to the method of Rouser et
al. (32). Radioactive [3H]PC had a specific activity of 0.1–0.2
Ci/ mol.

Preparation of PtdEt standard. PtdEt standard was pre-
pared from egg lecithin with cabbage PLD, according to a
published procedure, with slight modifications (33). The reac-
tion mixture contained 1.3 mM egg PC, 0.1 M sodium acetate
buffer, (pH 5.6), 38 mM CaCl2, 0.5 mM sodium dodecyl sul-
fate, 3 M ethanol, and 300 µg of cabbage PLD, in a total vol-
ume of 1 mL. After 2 h of incubation at 30°C, the reaction was
stopped with chloroform/methanol (2:1, vol/vol), and the
lipids were extracted and processed according to Folch et al.
(30). Extract was evaporated to dryness under nitrogen, the
residue dissolved with chloroform and then applied to a col-
umn of 1 g of heat-activated silicic acid. Lipids were eluted
with 40 mL of chloroform/methanol (97:3 vol/vol), chloro-
form/methanol (47:3 vol/vol), chloroform/methanol (22:3
vol/vol), and chloroform/methanol (2:1 vol/vol). PtdEt was
present in the following eluates: chloroform/methanol (47:3
vol/vol) and chloroform/methanol (22:3 vol/vol). Our standard
preparation showed the same Rf as PtdEt standard from ICN
Biomedicals.

Enzyme assay. ROS PLD activity was determined by mea-
suring the formation of [3H]PtdEt and [3H]PA from [3H]PC.
[3H]PC was dried under a stream of nitrogen and resuspended
in assay buffer; this aqueous microdispersion was sonicated
until the solution became clear. The standard incubation mix-
ture contained: 1 mM [3H]PC (0.15 Ci/mol), added as previ-
ously described, 40 mM HEPES (pH 6.8), 25 mM KF, 400
mM ethanol, and 200 µg of ROS membrane protein in a total
volume of 250 µL. The assay mixture was sonicated, in a son-
ication bath, for 30 s prior to incubation. The assays were car-
ried out for 60 min at 37°C. Reactions were terminated by the
addition of 5 mL of chloroform/methanol (2:1, vol/vol). The
lipids were then extracted according to Folch et al. (30) and
were washed using an upper phase containing 0.1 M sulfuric
acid (34). Blanks were prepared identically, except that chlo-
roform/methanol was added to the membranes before adding
the substrate. Alternatively, blanks were prepared by using
membranes boiled for 5 min and incubated as described above.
Both blank preparations yielded similar values of activity (less
than 2% of the activity observed in the experimental samples);
hence, the first preparation was used on a regular basis.

Transphosphatidylation reactions in ROS were studied by the
production of [14C]PtdEt or [3H]phosphatidylglycerol (PG)
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using [14C]ethanol or [3H]glycerol as substrate, respectively. The
transphosphatidylation assay contained 5 µCi of [14C]ethanol
(4.5 Ci/mol) or 5 µCi [3H]glycerol (14.5 Ci/mol) in 40 mM
HEPES (pH 6.8), 25 mM KF, 2 mM sodium oleate, and 200 µg
of ROS membrane protein in a total volume of 250 µL.

Isolation of lipids. PA and PtdEt were separated by one-di-
mensional thin-layer chromatography on silica gel H and de-
veloped with chloroform/methanol/acetone/acetic acid/water
(50:15:15:10:5, by vol), up to 70% of the plate (35). When
[3H]PC was used as substrate, the chromatogram was rechro-
matographed up to the top of the plate using hexane/diethyl
ether (70:30, vol/vol) as the developing solvent, to separate
the neutral lipids. PG was separated by one-dimensional thin-
layer chromatography on silica gel H using chloroform/ace-
tone/methanol/acetic acid/water (50:20:10:10:5, by vol).
Lipids were visualized by exposure of chromatograms to io-
dine vapors, and were then scraped off the plate into vials for
counting by liquid scintillation.

Other methods. Radioactivity corresponding to lipids was
determined in a liquid scintillation spectrometer after the addi-
tion of 0.35 mL of water and 5 mL of 4% Omnifluor in
toluene/Triton X-100 (t-octylphenoxypoly ethoxyethanol; 4:1,
vol/vol).

Proteins were determined according to the method of
Bradford (36), and lipid phosphorus by the method of Rouser
et al. (32).

RESULTS

Effect of time and protein concentration on PLD activity. PLD
activity was detected in ROS preparations using a sonicated
microdispersion of [3H]PC obtained from bovine retinas as de-
cribed above, either in the presence of 400 mM ethanol, or
[14C]ethanol or [3H]glycerol without exogenous PC. The pro-
duction of [14C]PtdEt was protein concentration- and time-de-
pendent, i.e., it was linear up to 60 min of incubation and up to
200 µg of protein in the incubation medium. [3H]PG produc-
tion was linear up to 200 µg of protein in the reaction mixture.

Effect of pH on PtdEt formation. To determine the optimal
pH for PLD activity, ROS membranes were incubated at 37°C
for 60 min with 1 mM [3H]PC, 3 mM {3-[(3-cholamido-
propyl)dimethylammonio]-1-propane sulfonate} (CHAPS), 1
mM dithiothreitol, 25 mM KF, 0.2 mM CaCl2, and 400 mM
ethanol, using different buffers in order to provide a range of
pH between 6 and 9 (Fig. 1). Maximal activity was observed
around pH 7. However, activity at lower and higher pH value
was 50% of the activity observed at the optimal pH.

Effect of Mg2+and Ca2+ on ROS PLD activity. To deter-
mine whether PLD activity was Mg2+-dependent, ROS mem-
branes were incubated with 1 mM [3H]PC, 25 mM KF, 1 mM
dithiothreitol, 3 mM CHAPS, and 400 mM ethanol as a func-
tion of Mg2+ concentrations (0–8 mM). The controls (0 mM
Mg2+) were incubated in the presence of 5 mM EDTA. PtdEt
production was maximal at 1 mM of Mg2+ (Fig. 2). PA pro-
duction was less than 15% of the PtdEt generated at every
Mg2+ concentration assayed. PtdEt and PA production de-

creased drastically (40% of the production observed at 1 mM
Mg2+) at higher concentrations of this ion.

To determine the optimal concentration of Ca2+ for PLD
activity, ROS membranes were incubated under the condi-
tions decribed above in the presence of increasing concentra-
tions of Ca2+ (0–8 mM) (Fig. 2). The controls (0 mM Ca2+)
were incubated in the presence of 5 mM EGTA. At 1 mM of
Ca2+ the highest PA and PtdEt production was detected, and
PLD activity was significantly inhibited (30% of the activity
observed at 1 mM Ca2+) as the concentration of this ion in-
creased. PA production was less than 10% of PtdEt produc-
tion at every Ca2+ concentration assayed.

Effect of PC concentration on ROS PLD activity. PtdEt
formation increased as the PC concentration in the mixture
increased. The production of PtdEt was linear up to 1 mM of
PC concentration (Fig. 3A). PA generated by PLD activity
also increased and was linear up to 1 mM of PC (Fig. 3B).
The data obtained from Figures 3A and 3B (PtdEt and PA
production) were plotted into a Lineweaver-Burk plot (Fig.
3C). The Vmax was 111 nmol × h−1 × (mg protein)−1, and the
apparent value of Km was 0.51 mM.

Effect of ethanol concentration on ROS PLD activity. The
effect of varying ethanol concentrations on PtdEt, and PA for-
mation was studied. The optimal ethanol concentration for
PtdEt formation was 400 mM. At higher ethanol concentra-
tions, product generation was inhibited. The Lineweaver-
Burk plot, constructed with data from the sum of PtdEt and
PA, shows an apparent Km of 202 mM and a Vmax of 125 nmol
× h−1 × (mg protein)−1.
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FIG. 1. Rod outer segment (ROS) phospholipase D (PLD) activity as a
function of pH. Purified ROS membranes (200 µg) were incubated with
25 mM KF, 1 mM dithiothreitol (DTT), 1 mM [3H]phosphatidylcholine
(PC), 3 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fate (CHAPS), 0.2 mM CaCl2, and 400 mM ethanol in the following
buffers: 40 mM Tris-maleate (pH 6–7.5); 40 mM Tris-HCl (pH 8–9). The
activity is expressed as the mean ± SD of four or five independent sam-
ples. Other abbreviation: PtdEt, phosphatidylethanol.



PLD activity in the presence of oleic acid and detergents.
The activators employed in this study include Triton X-100,
CHAPS, sodium deoxycholate (NaDOC), polyoxyethylenesor-
bitanmonooleate (Tween 80), and sodium oleate (Fig. 4). Only
CHAPS and NaDOC were found to significantly activate PLD
from ROS membranes. Maximal stimulation (300% increase)
occurred around the critical micelle concentration (CMC) of
CHAPS, that is, 5 mM, although an important activation oc-
curred below its CMC (50% increase). When NaDOC was
added to the incubation mixture, the maximal stimulation oc-
curred at its CMC (2.5 mM). Tween 80 only stimulated PLD
activity at very low detergent concentrations (0.1 mM),
whereas Triton X-100 slightly inhibited PLD activity (by 5%
with respect to the control) at every concentration assayed.

Sodium oleate has been reported as a possible activator of
PLD activity in rat brain (35). For PLD from ROS mem-
branes, the oleic acid concentration required for maximal ac-
tivation was 2 mM (27% increase). But the stimulation was
less pronounced than in the presence of certain detergents
(CHAPS and NaDOC) at similar concentrations. (Fig. 4).

When assays were carried out using [3H]PC as substrate,
CHAPS, 3 mM (0.2%, wt/vol), was the chosen activator be-
cause it producd a 50% increase and because this tensioactive
agent is widely used in the study of visual protein systems
(37). The maximal activation with CHAPS (300% increase
with respect to control) was observed around its CMC.

PLD activity in ROS and retinal fractions. Table 1 shows
the specific activities of PLD in fractions obtained by frac-
tionation of crude ROS and retina. Crude ROS, obtained by
shaking the retina in a 40% sucrose buffer solution, diluting
and centrifuging, were layered onto a discontinuous sucrose
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FIG. 2. ROS PLD activity as a function of Mg2+ and Ca2+ concentrations.
Purified ROS membranes (200 µg) were incubated with 25 mM KF, 1 mM
DTT, 1 mM [3H]PC, 3 mM CHAPS, and 400 mM ethanol, in the presence
of 40 mM HEPES (pH 6.8) and varying concentrations of MgCl2 or CaCl2.
The activity is expressed as the mean ± SD of three independent samples.
PA, phosphatidic acid; for other abbreviations see Figure 1.

FIG. 3. ROS PLD activity as a function of PC concentration. Purified
ROS membranes (200 µg) were incubated in 40 mM HEPES (pH 6.8),
25 mM KF, 1 mM DTT, 3 mM CHAPS, 0.2 mM CaCl2, 400 mM ethanol,
and varying concentrations of [3H]PC. (A) PtdEt formation as a function
of PC concentration. The activity is expressed as the mean ± SD of four
or five independent samples. (B) Effect of PC concentration on PA pro-
duction. The activity is expressed as the mean ± SD of four or five inde-
pendent samples. (C) Double reciprocal plot of the data from plots A
and B (the sum of PA plus PtdEt) were made according to Lineweaver
and Burk to obtain apparent Km and Vmax values. For abbreviations see
Figures 1 and 2.



gradient. Band I, obtained at the 0.84/1.00 M interface, con-
tained purified ROS and showed the highest specific activity
of PLD with respect to band II (1.00/1.14 M interface) and
pellet. In addition, marker enzyme activities were also as-
sayed in all fractions, with the purpose of determining possi-
ble mitochondrial or microsomal contamination of ROS
membranes (band I) of the gradient. Whereas the mitochon-
drial marker enzyme (cytochrome c oxidase) was enriched in
band II and pellet [60 and 35 nmol × min−1 × (mg protein)−1,
respectively], the cytochrome c reductase activity (the micro-
somal marker enzyme) was very low in band I and band II
[0.5 and 1 nmol × min−1 × (mg protein)−1, respectively] and
presented the highest activity in the pellet [3.6 nmol × min−1

× (mg protein)−1]. These results demonstrated that band I (pu-
rified ROS) was only slightly contaminated with microsomes
or mitochondria (lower than 5%) (19).

Table 1 also shows the specific activities of PLD in crude
nuclear fraction (P1), crude mitochondrial fraction (P2), mi-
crosomal fraction and cytosolic fraction, obtained from the
subcellular fraction of the remainder of the retina. The nuclear
pellet contained not only a heterogeneous population of nuclei
and tissue fragments but also an aggregation of mitochondria,
derived from the photoreceptor inner segment, fragmental
outer segments, and isolated photoreceptor terminals (pedicle
synaptosomes). The crude mitochondrial fraction also con-
tained fragmented photoreceptor outer segments and synaptic
pedicles together with many free mitochondria, conventional
nerve-ending particles, peroxisomes, lysosomes and occa-
sional bipolar terminals (38). PLD activity was determined
with exogenous [3H]PC by measuring [3H]PtdEt and [3H]PA
production. The microsomal fraction showed the highest PLD

specific activity. The activity found in band I (purified ROS)
was as high as 60% of the activity present in microsomes.

DISCUSSION

PLD activity has been described and characterized in a great
number of mammalian tissues (39–41). It has also been pro-
posed that such enzymatic activity could be implicated in
multiple processes such as membrane intracellular trafficking
(21,42), generation of second messengers such as PA, DG and
lysophosphatidic acid (20), choline supply for acetylcholine
synthesis in rat brain (43) and exocytic hormone release in
pancreatic islet cells (44), and participation in events occur-
ring during neutrophil activation (45) and in leukemic cell
differentiation (46), among many other cellular events.

The present work demonstrates the presence of PLD activ-
ity in isolated ROS from bovine retinas. The activity of PLD
observed in ROS [50 nmol × h−1 × (mg protein)−1] is in agree-
ment with that described for rat brain synaptosome (34). In
our ROS membranes, prepared by discontinuous sucrose gra-
dient centrifugation, the activity of PLD was as high as 66%
of that found in microsomes. It has been shown that ROS
membranes present minimal contamination, with cytochrome
c reductase a microsomal marker enzyme (19). This indicates
that PLD activity is located in ROS and does not constitute a
contamination from other fractions. The majority of contami-
nants in ROS preparations arise from excessively vigorous
homogenization procedures employed too early during the
isolation process, with subsequent steps often not able to
completely separate ROS from contaminants because of en-
trapped particles. The method used to obtain our ROS prepa-
rations involves gentle homogenization, and the buffer used
has moderate ionic strength, thus allowing us to retain the sol-
uble and peripheral protein of the ROS.
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FIG. 4. Effect of detergents and sodium oleate on ROS PLD activity. The
reaction mixture contained 200 µg of ROS protein, 40 mM HEPES (pH
6.8), 25 mM KF, 1 mM DTT, 0.2 mM CaCl2, 1 mM [3H]PC, and the in-
dicated concentration of sodium oleate, sodium deoxycholate
(NaDOC), CHAPS, t-octylphenoxypolyethoxyethanol (Triton X-100), or
polyoxyethylenesorbitanmonooleate (Tween 80). The percentage of ac-
tivity is presented as the mean ± SD of five or six independent samples.

TABLE 1
Phospholipase D Activity in Rod Outer Segment (ROS) Membranes
and Retinal Subcellular Fractionsa

nmol PtdEt × h−1 ×
Fraction (mg protein)−1 Protein (mg)

Band I (0.84/1.00 M interface) 40 ± 5.2 2.54
Band II 29 ± 0.31 0.88
Pellet 27 ± 0.98 3.90
Crude ROS 22 ± 1.9 9.98
Total homogenate 51 ± 6.8 210.00
P1 (crude nuclei) 22 ± 1.09 92.36
P2 (crude mitochondria) 35 ± 5.92 19.40
Microsomal 59 ± 6.02 14.23
Cytosolic 25 ± 1.47 65.64
aBand I (purified ROS), band II, and pellet of the gradient and retinal subcel-
lular fractions were obtained as described in the Materials and Methods sec-
tion. In every fraction assay, the reaction mixture contained 200 µg of pro-
tein, 40 mM HEPES (pH 6.8), 25 mM KF, 1 mM dithiothreitol, 0.2 mM CaCl2,
1 mM [3H] phosphatidylcholine, 3 mM 3-[(3-cholamidopropyl)dimethylam-
monio]-1-propanesulfonate, and 400 mM ethanol in a total volume of 250
µL. The enzymatic activity is expressed as the mean ± SD of four indepen-
dent samples. Typical protein content of total homogenate from 10 retinas
was 210 mg. PtdEt, phosphatidylethanol.



We have also established that the optimal pH for PLD ac-
tivity is 7.0, and this value agrees with the findings of Kanoh
et al. (40). The presence of ions such as Mg2+ and Ca2+ stim-
ulates PLD activity. The optimal concentration was 1 mM for
both ions. At 1 mM of Ca2+, PtdEt production was increased
by 44% with respect to the control (5 mM EGTA). In the pres-
ence of 1 mM Mg2+, the activity was increased by 50% with
respect to the control (5 mM EDTA). However, enzymatic ac-
tivity was clearly detected in the absence of these ions [50–60
nmol × h−1 × (mg protein)−1].

When the enzyme was assayed with increasing PC concen-
trations, the maximal activity was detected at 1 mM PC, the ap-
parent value of Km for PC being 0.51 mM and the Vmax being
111 nmol × h−1 × (mg protein)−1. The effect of increasing
ethanol concentrations was examined, and the Km for ethanol
was 202 mM (for the sum of PtdEt and PA). Vmax values, ob-
tained with ethanol [125 nmol × h−1 × (mg protein)−1], are in
agreement with the Vmax values obtained with PC. These val-
ues of Km are similar to those of Kobayashi and Kanfer (35)
for synaptosomal brain PLD.

ROS PLD was investigated in the presence of natural or
synthetic tensioactive agents, of which the most effective in
activating the enzyme were CHAPS and NaDOC. Oleic acid
was a poor activator of ROS membrane PLD when [3H]PC
was used as a substrate. However, oleic acid is the most ef-
fective activator for synaptosomal PLD in rat brains (35).
Kanoh et al. (40) have studied brain PLD activity from dif-
ferent species (bovine, rat, and rabbit), and they found that
PLD activity in bovine brain is poorly detected when enzyme
activity is assayed in the presence of oleic acid or Triton
X-100. These findings are in accordance with our findings on
PLD activation in bovine ROS. Triton X-100, a nonionic de-
tergent, which does not usually break protein–protein interac-
tions, did not affect ROS PLD activity. Stimulation of PLD
activity in ROS is very important (300% increase) in the pres-
ence of CHAPS, a zwitterionic detergent, or in the presence
of NaDOC (250% increase), a bile salt-like anionic detergent
that is denaturing and effective at breaking protein–protein
interactions. Whether the stimulatory effect of detergents,
such as CHAPS and NaDOC, on the PLD activity is due to
direct action on the enzyme or on the substrate cannot be dis-
tinguished from the present experiments. We also propose
that mild perturbations of the membrane at the microenviron-
ment of the enzyme do not interfere with its activity; on the
contrary, this effect activates the enzyme.

To study transphosphatidylation reactions, characteristic
of most PLD (32), ROS membranes were incubated in the
presence of [14C]ethanol or [3H]glycerol in order to obtain
[14C]PtdEt or [3H]PG, respectively. [14C]PtdEt production
was time- and protein concentration-dependent. These assays
were carried out in the presence of oleic acid as activator be-
cause in the absence of exogenous PC, oleic acid was effec-
tive in allowing measuring of the enzymatic activity.

Base exchange enzymes and PLD have a common charac-
teristic: their capacity to modify the polar portion of phospho-
lipids. Fliesler and Anderson (48) demonstrated the existence

of base exchange enzymes in retina, and they suggested their
presence in ROS. The presence of both enzyme activities,
PLD and base exchange, could play an important role in phos-
pholipid metabolism in vertebrate photoreceptors, as well as
in the lipid–protein interactions in ROS membranes.

Bazán et al. (49) have suggested that in photoreceptor
membranes the pool of PA may arise from phospholipid
degradation by a PLD. In addition, PA is the precursor of DG,
and this neutral lipid may participate in the fusion of synaptic
vesicles to presynaptic membranes during neurotransmission
(50). Furthermore, PA breakdown by PAPase has been clearly
demonstrated in ROS (6). It is interesting to speculate that PA,
produced by PLD, in ROS may be involved in a signal trans-
duction mechanism, and that it could then be hydrolyzed by
PAPase to yield DG. DG has been established as an intracel-
lular second messenger, and it has been demonstrated recently
that DG is capable of activating a novel characterized ROS
protein kinase C isozyme (51).

Fusion mechanisms between disc membranes and plasma
membrane have been described in ROS (52), and the implica-
tion of several PLD isozymes regulated by small G proteins
in the membrane fusion processes (21,42,45,47) is well
known. On the other hand, the presence of small G proteins
in ROS (53,54) provides a starting point for further studies
aimed at understanding the regulation and physiological func-
tions of PLD in photoreceptor membranes.
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ABSTRACT: The esterification of five medium- and long-chain
acetylenic alcohols (2-nonyn-1-ol, 10-undecyn-1-ol, 6-octade-
cyn-1-ol, 9-octadecyn-1-ol, and 13-docosyn-1-ol), seven
olefinic alcohols (cis-3-nonen-1-ol, 10-undecen-1-ol, cis-6-oc-
tadecen-1-ol, cis-9-octadecen-1-ol, trans-9-octadecen-1-ol,
trans-9, trans-11-octadecadien-1-ol, cis-9,cis-12-octadecadien-
1-ol), and four short-chain unsaturated alcohols (allyl alcohol,
3-butyn-1-ol, 3-pentyn-1-ol, and cis-2-penten-1-ol) with pen-
tanoic or stearic acid in the presence of various lipase prepara-
tions was studied. With the exception of 2-nonyn-1-ol, where
Lipase AY-30 (Candida rugosa) was used as the biocatalyst, the
esterification of C11, C18, and C22 acetylenic alcohols with pen-
tanoic acid appeared to be generally unaffected by the presence
of an acetylenic bond in the alcohol as relatively high yields of
the corresponding esters (78–97%) were obtained. However,
medium- and long-chain olefinic alcohols were discriminated
by Lipase AY-30, Lipolase 100T (Rhizomucor miehei), and es-
pecially by porcine pancreatic lipase (PPL), when esterification
was conducted with pentanoic acid. Esterification of medium-
and long-chain acetylenic or olefinic alcohols with a long-chain
fatty acid, stearic acid, was very efficient except when Lipase
AY-30 and Lipolase 100T were used. Short-chain unsaturated
alcohols were much more readily discriminated. 3-Pentyn-1-ol
and 3-butyn-1-ol were difficult (<5% yield) to esterify with pen-
tanoic or stearic acid in the presence of Lipase AY-30 and PPL,
respectively. Very low yields (<26%) of esters were produced
when 3-butyn-1-ol and 3-pentyn-1-ol were reacted with pen-
tanoic or stearic acid, when catalyzed by lipase from Candida
cylindracea. No reaction took place between 3-butyn-1-ol and
stearic acid in the presence of Lipase AY-30. Esterification of
short-chain acetylenic and olefinic alcohols was most efficiently
achieved with Lipolase 100T (Rhizomucor miehei), Lipozyme
IM20 (Rh. miehei), or Novozyme 435 (Candida antarctica) as
the biocatalyst.
Lipids 33, 861–867 (1998).

Lipase as a biocatalyst in the esterification of fatty acids and
in the hydrolysis of fatty esters has been extensively studied.
Lipase specificity toward their substrates is important for
metabolic studies, for synthesis of structured lipids, and for
the isolation of useful fatty acids. Several review articles have

been published detailing the wide variety of enzymes, sub-
strates, and conditions used to accomplish such transforma-
tions (1–3), e.g., the lipase from Brassica napus L. discrimi-
nates against cis-4 and cis-6 unsaturated fatty acids and also
against secondary and tertiary alcohols (4), while the lipase
from Candida parapsilosis shows a high activity in the pres-
ence of esters with long-chain fatty acids and particularly un-
saturated fatty acids with a cis-9 double bond (5). 

The lipase reaction selectivity on the alcohol moiety of es-
ters during hydrolysis and on the discrimination of different
types of alcohols during esterification has also been reported.
Most of these studies have focused on the chain length of sat-
urated, methyl-branched, aromatic, and cyclic alcohols
(6–12). Olefinic fatty alcohols are found in extracts of marine
sponges, fish, and plants, e.g. , cis-3-nonen-1-ol and cis-3, cis-
6-nonadienol are volatile components detected in watermelon
(Citrillus vulgaris). These compounds are biosynthetic prod-
ucts derived from linoleic and linolenic acids, respectively
(13,14). Long-chain fatty alcohols are synthesized in the brain
from the corresponding long-chain fatty acid which is re-
duced by microsomal aldehyde reductase (15). The accumu-
lation of C18 fatty alcohols in human breast cancer cells
(MCF-7 cell line) suggests a deviation from the ordinary lipid
metabolism in normal breast epithelial cells (16).

Because fatty alcohols are important in biological systems,
this work investigated the effects that the unsaturation centers
in fatty alcohols have on the alcohols’ esterification rates to
short- and long-chain fatty acids when various lipases or lipase
preparations are used as biocatalysts. We recently reported the
effects of the acetylenic bond in long- and medium-chain fatty
acids in lipase-catalyzed esterification reactions with n-butanol:
we showed that different lipases are able to discriminate
acetylenic fatty acids according to the position of the triple
bond in the alkyl chain of the fatty acid molecule (17). 

MATERIALS AND METHODS

Immobilized lipases from Rhizomucor miehei (Lipolase 100T
and Lipozyme IM 20) and Candida antarctica (Novozyme
435) were gifts from Novo Nordisk A/S (Hong Kong). Li-
pases from Candida cylindracea (CCL, type VII, 905 µ/mg)
and porcine pancreatic lipase (PPL, type II, 179 µ/mg) were
purchased from Sigma Chemical Co. (St. Louis, MO). Li-
pases from Pseudomonas cepacia (PS-D, type I) and Candida
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rugosa (Lipase AY-30) were gifts from Amano Pharmaceuti-
cal Co. Ltd. (Nagoya, Japan). Allyl alcohol, 3-butyn-1-ol, cis-
2-penten-1-ol, 3-pentyn-1-ol, cis-3-nonen-1-ol, 10-undecen-
1-ol, 10-undecenoic acid, methyl 2-nonynoate, pentanoic
acid, linoleic acid, oleic acid, and stearic acid were purchased
from Aldrich Chemical Co. (Milwaukee, WI). cis-6-Octade-
cenoic and erucic acids were isolated from carrot and rape-
seed oil, respectively. trans-9, trans-11-Octadecadienoic acid
was prepared as described elsewhere (18).10-Undecynoic, 6-
octadecynoic, 9-octadecynoic, and 13-docosynoic acids were
synthesized by bromination–dehydrobromination reaction of
the corresponding olefinic fatty acids as described elsewhere
(19,20).

2-Nonyn-1-ol, 10-undecyn-1-ol, 6-octadecyn-1-ol, 9-octade-
cyn-1-ol, 13-docosyn-1-ol, cis-9-octadecen-1-ol, cis-9,cis-12-
octadecadien-1-ol, and trans-9,trans-11-octadecadien-1-ol were
obtained by lithium aluminum hydride reduction of the corre-
sponding methyl esters (21). cis-6-Octadecen-1-ol was prepared
by semihydrogenation of 6-octadecyn-1-ol over Lindlar cata-
lyst (22). trans-9-Octadecen-1-ol was obtained by isomeriza-
tion of cis-9-octadecen-1-ol with p-toluenesulfinic acid (23).

13C nuclear magnetic resonance (NMR) spectra were ob-
tained using a Bruker Avance DPX300 NMR spectrometer
(Bruker, Fallanden, Switzerland) with the sample dissolved
in deuteriochloroform. Gas–liquid chromatographic analyses
were performed on a Hewlett-Packard (Hewlett-Packard In-
corp., Palo Alto, CA) model 5890 instrument equipped with
a fused silica capillary column coated with NukolTM (Supelco
Inc., Bellefonte, PA) (15 m, 0.53 mm diameter, 0.50 µm film
thickness) as stationary phase at a column temperature of
200°C.

General method for the enzymatic esterification of
acetylenic and olefinic alcohols as exemplified by the reaction
of 9-octadecyn-1-ol with 1-pentanoic acid in the presence of
CCL. A mixture of 9-octadecyn-1-ol (25 mg, 0.093 mmol),
pentanoic acid (12.3 mg, 0.12 mmol), n-hexane (1.2 mL), and
CCL (25 mg) was stirred at 40°C for 24 h in a glass culture
tube. The reaction mixture was centrifuged to remove the li-
pase, and the n-hexane solution was loaded on a silica gel (6.0
g, 230–400 mesh; E. Merck, Darmstadt, Germany) in an n-
hexane column (12 mm i.d.). The column was eluted with a
mixture of n-hexane/diethyl ether (95:5 vol/vol, 50 mL). The
eluate was evaporated under reduced pressure to give only 9-
octadecynyl pentanoate (30 mg, 92%). The product was identi-
fied by gas–liquid chromatographic analysis and confirmed by
NMR spectroscopic analysis. The results are graphically pre-
sented in Figures 1–7. Each bar represents the average percent-
age yield from at least two determinations. (Note: in the case
of the esterification of short-chain alcohols with pentanoic acid,
the eluate containing the esters after silica column chromatog-
raphy was evaporated at atmospheric pressure.) In all other
similar experiments, the amount of the respective fatty alcohol
used was 25 mg, lipase 25 mg, and the amount of pentanoic or
stearic acid was in 30% excess of the molar equivalent of the
fatty alcohol.

Competitive enzymatic esterification of C18 olefinic alco-

hols with a mixture of pentanoic and stearic acids in the pres-
ence of PPL as exemplified by the reaction involving cis-6-
octadecen-1-ol. A mixture of cis-6-octadecen-1-ol (40 mg,
0.15 mmol), pentanoic acid (15 mg, 0.15 mmol), stearic acid
(40 mg, 0.14 mmol), n-hexane (1.6 mL), and PPL (30 mg)
was stirred at 40°C for 24 h. The mixture of cis-6-octadecenyl
pentanoate and stearate esters was isolated by column chro-
matography as described above. The ratio of each component
was estimated from the relative intensities observed for the
shifts of the C-2 carbon nuclei of the pentanoate and stearate
esters in the 13C NMR spectrum. The shift of the C-2 nucleus
of cis-6-octadecenyl pentanoate appeared at δC 34.13, while
the shift of the C-2 nucleus of cis-6-octadecenyl stearate ap-
peared at δC 34.43. 

The results of the competitive esterification experiment in-
volving cis-6-octadecen-1-ol, cis-9-octadecen-1-ol, trans-9-
octadecen-1-ol, cis-9,cis-12-octadecadien-1-ol, and trans-
9,trans-11-octadecadien-1-ol are presented in Figure 5.

RESULTS AND DISCUSSION

A total of seven lipase preparations [Lipase AY-30 (C. ru-
gosa), Lipolase 100T (R. miehei), PPL, CCL, PS-D (P. cepa-
cia), Lipozyme IM 20 (R. miehei), Novozyme 435 (C. antarc-
tica)] were used as biocatalysts in studying the esterification
process. 

In order to establish a general reaction time for the esteri-
fication for the proposed unsaturated alcohols with pentanoic
or stearic acid, the esterification of cis-9-octadecen-1-ol with
pentanoic or stearic acid was first studied over a period of 6,
12, 18, 20, 24, 30, 40, and 50 h using the various lipases. In
each case the esterification process showed a gradual increase
of ester formation. Generally, esterification of cis-9-octade-
cen-1-ol was more sluggish (about 23% after 12 h) with pen-
tanoic acid than with stearic acid (about 60% after 12 h).
However, after 20–24 h of reaction at 40°C, the esterification
process reached a steady state. Little or no further esterifica-
tion was observed when the reaction time was extended from
24–50 h, when a yield of about 95% of each ester was ob-
tained. From this study it was concluded that a 24-h reaction
period would be an ideal reaction time to study the esterifica-
tion of the various acetylenic and olefinic alcohols with pen-
tanoic or stearic acid.

The results of the esterification of acetylenic alcohols with
pentanoic acid are given in Figure 1. 2-Nonyn-1-ol [9:1(2a)]
[Note: The chain length of the alcohol is denoted by the first
number, the number following the colon indicates the num-
ber of unsaturated center(s) present in the chain, the number
within the brackets gives the position of the unsaturated cen-
ter from the hydroxy function, and the letter (a = acetylene, c
= cis, t = trans, and e = ethylenic) describes the type of unsat-
urated center(s) involved.] was significantly discriminated
(43% yield), when Lipase AY-30 was used as the biocatalyst.
This observation indicated that the effect of the acetylenic
bond on the electronic nature of the hydroxy function seemed
to affect the catalytic property of the enzyme. Lipase AY-30
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therefore could be considered as sensitive or discriminating
against a propargyl system. 

The esterification of the C11, C18, and C22 acetylenic alco-
hols with pentanoic acid in the presence of the other lipases
appeared to be only slightly affected by the acetylenic bond
in the alcohol as relatively high yields (78–97%) of esters
were obtained. The presence of an acetylenic bond, irrespec-
tive of its position in the alkyl chain of the alcohol, did not
seem to interfere significantly with the rate of esterification.

The esterification of seven olefinic alcohols [viz. 9:1(3c),
11:1(10e), 18:1(6c), 18:1(9c), 18:1(9t), 18:2(9t,11t), and
18:2(9c,12c)] with pentanoic acid was investigated next, and
the results are shown in Figure 2. In the presence of Lipase AY-
30, the esterification of 9:1(3c), 11:1(10e), and 18:1(9t) gave
comparatively low yields (28, 40, and 48%, respectively) of the
corresponding esters, while the remaining unsaturated C18 al-
cohols were esterified in good yields (60–75%). Lipolase 100T
seemed to discriminate the monounsaturated C18 fatty alcohols,
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FIG. 1. Esterification yields of acetylenic fatty alcohols with pentanoic acid catalyzed by vari-
ous lipases after 24 h. a = acetylene; PPL, porcine pancreatic lipase, and CCL, Candida cylin-
dracea (Sigma Chemical Co., St. Louis, MO); PS-D, Pseudomonas cepacia, and Lipase AY-30,
Candida rugosa (Amano Pharmaceutical Co. Ltd., Nagoya, Japan); Lipolase 100T, Lipozyme
IM20, and Novozyme 435 (Novo Nordisk A/S, Hong Kong).

FIG. 2. Esterification yields of olefinic fatty alcohols with pentanoic acid catalyzed by various
lipases after 24 h. c = cis; t = trans; e = ethylenic. See Figure 1 for other abbreviations and
company sources and locations.



but not the medium (C9, C11) and long-chain alcohols (C18)
containing two double bonds (methylene-interrupted or conju-
gated). Of interest was the result of the esterification conducted
in the presence of PPL: the medium-chain olefinic alcohols
[9:1(3c) and 11:1(10e)] were readily esterified, but the C18 and
C22 unsaturated alcohols yielded only 29–50% of the corre-
sponding pentanoate esters. Esterification of the olefinic alco-
hols in the presence of the other lipases furnished high yields
of the pentanoate esters (average yield of 93%).

When the same sets of acetylenic and olefinic alcohols
were subjected to esterification with stearic instead of pen-

tanoic acid, the yields of the esters obtained were also gener-
ally very high (average 93%) for most lipases. Some signifi-
cant discrimination was observed for Lipase AY-30 and Lipo-
lase 100T: the yields of the stearate esters fluctuated between
26–86% (Fig. 3 and 4). 

To further investigate the apparent differences in the abil-
ity of PPL to esterify olefinic C18 alcohols with short-vs.
long-chain fatty acids, a competitive esterification reaction
was carried out with each of the following alcohols [18:1(6c),
18:1(9c), 18:1(9t), 18:2(9t,11t), and 18:2(9c,12c)] using a
mixture of pentanoic and stearic acids. The resulting mixture
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FIG. 3. Esterification yields of acetylenic fatty alcohols with stearic acid catalyzed by various
lipases after 24 h. See Figure 1 for abbreviations and company sources.

FIG. 4. Esterification yields of olefinic fatty alcohols with stearic acid catalyzed by various
lipases after 24 h. See Figures 1 and 2 for company sources and abbreviations.



of pentanoate and stearate esters was isolated by silica col-
umn chromatography. The ratio of the pentanoate to stearate
esters was estimated from the intensities of the signals arising
from the shifts of the C-2 carbon atoms of the ester mixture.
The shift of the C-2 nucleus of the pentanoate ester appeared
at δC 34.13, while the shift of the C-2 nucleus of the stearate
ester appeared at δC 34.43. The amounts in percentage yield
based on the individual fatty acid used are shown in Figure 5.

In each case the amount of stearate ester was two- to three-
fold higher than that of the pentanoate ester. These results
confirmed the initial observation that PPL favored the esteri-
fication of long-chain fatty acids (e.g., stearic acid) over
short-chain fatty acids (e.g. pentanoic acid) with C18 olefinic
alcohols.

To assess the effects of short-chain unsaturated alcohols
on the rate of esterification with pentanoic and stearic acids,
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FIG. 6. Esterification yields of short-chain unsaturated alcohols with pentanoic acid
catalyzed by various lipases after 24 h. See Figures 1 and 2 for abbreviations and
Figure 1 for company sources.

FIG. 5. Comparison of relative yields obtained from porcine pancreatic lipase-catalyzed esteri-
fication reaction between pentanoic and stearic acids with long-chain olefinic C18 fatty alco-
hols after 24 h. See Figure 2 for abbreviations.



four unsaturated alcohols [3:1(2e), 4:1(3a), 5:1(3a), and
5:1(2c)] were selected. The results of the lipase-catalyzed es-
terification of such short-chain unsaturated alcohols with pen-
tanoic or stearic acid are presented in Figures 6 and 7, respec-
tively. The most striking feature in this study was seen in the
case of Lipase AY-30, which was able to esterify 3:1(2e),
4:1(3a), and 5:1(2c) with pentanoic acid in yields varying
from 27–51%. However, 5:1(3a) was not esterified with pen-
tanoic acid in the presence of Lipase AY-30, and when pen-
tanoic acid was replaced by stearic acid, only 3:1(2e) and
5:1(2c) were esterified in low yields (13 and 26%, respec-
tively).

When PPL was used as the biocatalyst, 4:1(3a) was not es-
terified with pentanoic acid, and only 5% yield of the ester
was obtained when pentanoic acid was replaced by stearic
acid in this reaction. Low yields of ester production were
found for 4:1(3a) and 5:1(3a) when CCL lipase was used. The
other remaining lipases showed no difficulty in catalyzing the
esterification of the short-chain unsaturated alcohols with ei-
ther pentanoic or stearic acid.

From these results it is difficult to rationalize the precise
mechanism involved in the enzymes during the esterification
process. However, the data point to the fact that some of the
lipases are relatively sensitive to the acetylenic or olefinic
bonds, especially where this unsaturation is adjacent to the
hydroxy function. Also, PPL appears to behave particularly
sensitively toward short-chain fatty acid (pentanoic acid) dur-
ing the esterification of such substrate with olefinic C18 fatty
alcohols, probably due to the less well-bound nature of the
short-chain fatty acid to the pancreatic lipase as compared to
long-chain fatty acids, such as stearic acid.

This study concludes that medium- and long-chain
acetylenic and olefinic alcohols are generally readily esterified

in the presence of the seven lipase preparations studied, except
in the case of PPL which shows discrimination against olefinic
long-chain (C18) alcohols. Short-chain (C3–C5) acetylenic or
olefinic alcohols are best esterified with either pentanoic or
stearic acid when catalyzed by Lipolase 100T, Lipozyme IM20,
or Novozyme 435. 
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ABSTRACT: Docosahexaenoic acid (DHA) is an n-3 fatty acid
beneficial to several human conditions including inflammation
and autoimmune disease. To better understand the effect of
DHA on immunity, we monitored the rise in cytosolic free cal-
cium, interleukin 2 receptor (IL2R) expression, and proliferation
of splenic lymphocytes triggered with three different stimuli in
the presence or absence of DHA. We found that 10 µg DHA/mL
suppressed concanavalin A-induced mitogenesis and the mixed
lymphocyte reaction while concurrently enhancing prolifera-
tion stimulated with anti-Thy-1 antibodies. Proliferation, as
measured by [3H]thymidine incorporation after 2 to 5 d of cul-
ture, was affected by DHA, but earlier activation effects such as
elevation of cytosolic free calcium and IL2R expression were
not altered. These results imply that DHA incorporated into
membrane phospholipids differentially affects the activity of dis-
tinct membrane-bound receptors and signaling molecules. This
result suggests that DHA may be used to modulate immune re-
sponses selectively, e.g., to suppress undesired autoimmunity
while maintaining protective immunity.
Lipids 33, 869–878 (1998).

There is considerable interest in long-chain n-3 polyunsatu-
rated fatty acids (PUFA) as natural agents to control autoim-
munity and destructive inflammatory responses. The two n-3
PUFA of greatest interest are docosahexaenoic acid (DHA,
22:6∆4,7,10,13,16,19) and eicosapentaenoic acid (20:5∆5,8,11,14,17),
best recognized as components of oil from cold-water fish.
DHA and eicosapentaenoic acid have similar although not
identical activities, including suppression of arachidonic acid
(AA, 20:4∆5,8,11,14) metabolism and reduction of cancer growth
(1,2). Their effects on immune cell function are puzzling and
controversial, however. The predominant, but by no means ex-
clusive, opinion is that they suppress lymphocyte proliferation
and macrophage activation (3). The mechanisms of action of 
n-3 fatty acids are not well understood and may include effects
on eicosanoid production, lipid peroxidation, and membrane

structure. The influence of DHA on membrane structure is of
particular interest to us because membranes are fundamental to
all cells and provide an opportunity for DHA (in membranes) to
participate in very diverse biological processes.

One likely reason for variable effects of n-3 PUFA on im-
mune cells is the complexity of the immune system itself. The
lymphocyte lineage is divided into T and B lymphocytes; T
lymphocytes may be further distinguished (subdivided) by the
expression of the membrane proteins CD4 and CD8. Lym-
phocytes may be immature or mature; they may be naïve or
memory cells, depending on whether they have been exposed
to antigen; and they may be driven by cytokines to distinct
differentiation states, such as in the Th1/Th2 paradigm. There
is substantial evidence that different cell types have distinct
stimulation and costimulation requirements (4–6) and use
nonidentical, though perhaps overlapping, signaling path-
ways (7–9). Thus, the outcome of membrane enrichment with
n-3 fatty acids will depend on several variables, including the
nature of the target cell, the presence of accessory cells, and
the type, magnitude, and multiplicity of stimuli.

To use n-3 PUFA rationally and effectively to improve
human health, we need a clearer understanding of their effects
on immune function. In this report we focus on the effect of
DHA on splenic T lymphocyte proliferation. T lymphocytes
play key roles in immunity, orchestrating as well as imple-
menting immune responses. We have chosen DHA for study
because it is the longest, most unsaturated fatty acid found in
abundance in nature and because of cells’ propensity to retain
this fatty acid in membrane phospholipids at the expense of
n-6 and n-9 fatty acids (10). Membranes enriched in DHA
display significant changes in membrane structure and func-
tion, including increased permeability and fusibility, forma-
tion of putative lipid microdomains, and alterations in mem-
brane proteins (11–16). Because of the importance of the
plasma membrane in lymphocyte activation, DHA-induced
alterations in membrane structure may modulate lymphocyte
function. We predict, furthermore, that DHA will have dis-
parate effects on T cells activated through different mem-
brane-associated receptors. Here we explore the importance
of the triggering stimulus (lectin, alloantigen, and monoclonal
anti-Thy-1 antibody) on modulation of lymphocyte activation
and proliferation by DHA.
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MATERIALS AND METHODS

Reagents. RPMI 1640 and Hanks’ balanced salt solution were
purchased from Gibco (Grand Island, NY), fetal bovine
serum (FBS) and bovine calf serum were obtained from Hy-
Clone Labs (Logan, UT), concanavalin A (Con A) was pur-
chased from Pharmacia (Piscataway, NJ), and all other cell
culture reagents were obtained from Sigma Chemical Co. (St.
Louis, MO). Anti-CD90 (anti-Thy-1.2; clone 30H12) and
anti-CD25 [anti-IL2Rα; clone AMT13; phycoerythrin-la-
beled and fluorescein isothiocyanate (FITC)-labeled] were
bought from Boehringer-Mannheim Biochemicals (Indi-
anapolis, IN), anti-CD90 (anti-Thy-1; clone G7; unlabeled
and FITC-labeled) was purchased from PharMingen (San
Diego, CA), and anti-rat immunoglobulin G (IgG) (R-3756)
was obtained from Sigma Chemical Co. Fluo-3 was obtained
from Calbiochem (LaJolla, CA), fatty acids were purchased
from Nu-Chek-Prep (Elysian, MN), [methyl-3H]thymidine (2
Ci/mmole) was bought from Amersham Corp. (Arlington
Heights, IL), and BetaMax ES scintillation fluid was pur-
chased from ICN Biochemicals (Costa Mesa, CA).

Mice. Young adult BALB/c and C57BL/6 male mice were
purchased from Harlan Sprague-Dawley (Indianapolis, IN) and
provided standard rodent chow (#5001; Purina, Richmond, IN)
and water ad libitum. They were used in an approved protocol,
housed in the AAALAC-accredited Animal Facility at the Indi-
ana University—Purdue University at Indianapolis School of
Science, and euthanized under the guidelines of the 1993 Amer-
ican Veterinary Medical Association Panel on Euthanasia. 

Preparation of fatty acid-enriched media. To enrich
medium with fatty acids from an ethanolic stock, commercial
fatty acids in hexane were evaporated under a stream of ni-
trogen and then dissolved at levels of 25 to 100 mg/mL
ethanol. The fatty acids were added gradually to RPMI 1640
medium supplemented with 100 units penicillin/mL, 100 µg
streptomycin/mL, 25 mM HEPES buffer, and 2 mM gluta-
mine (“supplemented RPMI”) also containing 50 µM 2-mer-
captoethanol and 5% FBS (“complete medium”), with mix-
ing on a stir plate. The control medium received a compara-
ble amount (0.05%) of ethanol vehicle only. The media were
sterilized by filtration through 0.22-µm Millipore filters (Mil-
ford, MA) and used immediately. Ethanolic fatty acid stocks
were covered with foil and stored at −20°C. 

In some experiments, DHA-enriched medium was pre-
pared by the method described by Spector and Hoak (17).
Briefly, ≤5 mg of DHA in 5 mL hexane was added to Celite
(0.1 mmol fatty acid per g Celite) and evaporated to dryness
under nitrogen. The dried, DHA-coated Celite was mixed
with supplemented RPMI containing 1% (wt/vol) bovine
serum albumin (BSA) to produce the desired DHA concen-
tration(s); in experiments shown here, the final DHA concen-
tration was 50 µg/mL of BSA-containing RPMI. DHA was
transferred from the Celite to the BSA in the medium by stir-
ring the suspension, protected from light, at room tempera-
ture for 30 min. Celite was removed by centrifugation (20
min, 1360 × gmax, 4°C), and the medium was sterilized by fil-

tration through a 0.22-µm Millipore filter. Medium was cov-
ered in foil and stored frozen. FBS and 2-mercaptoethanol
were added to make complete medium just prior to use.

Cell cultures. Spleens were teased into single-cell suspen-
sions, cell viability was measured by trypan blue exclusion, and
the cells were resuspended at 5 × 106 cells/mL of complete
medium (described above). As indicated in the Results section,
complete medium was supplemented with DHA or AA, either
complexed to BSA or in ethanol. For Con A stimulation, 5 ×
105 BALB/c spleen cells/well were cultured in triplicate wells
in 96-well flat-bottomed plates with various Con A concentra-
tions in a final volume of 200 µL/well. For anti-Thy-1 stimula-
tion, 5 × 105 BALB/c spleen cells were cultured in triplicate
wells with 0 to 25 µg anti-Thy-1 (30H12 or G7) per mL of com-
plete medium. With both Con A and anti-Thy-1 stimuli, the cul-
tures were incubated for 48 h under standard culture conditions
(in a 37°C, humidified, 5% CO2 incubator), and [3H]thymidine
(0.5 µCi/well) was present during the last 4 h of incubation. Cul-
tures were harvested onto glass-fiber filters with an automated
cell harvester (Cambridge Technology, Watertown, MA), and
radioactivity incorporated into DNA and present on the filters
was measured by liquid scintillation counting in an LS1801 beta
counter (Beckman Instruments, Fullerton, CA).

For primary mixed lymphocyte cultures, single-cell sus-
pensions of C57BL/6 splenocytes were treated with 40 µg
mitomycin C/mL for 30 min at 37°C, washed three times in
Hanks’ balanced salt solution, and resuspended at 5 × 106

cells/mL of complete medium plus DHA complexed to BSA
or BSA alone. Five hundred thousand BALB/c responder
splenocytes, prepared as described in the paragraph above,
were mixed in triplicate wells with an equal number of mito-
mycin C-treated C57BL/6 stimulator splenocytes in a total
volume of 200 µL/well. The plates were incubated for 5 d
under standard culture conditions, with 0.5 µCi/well of
[3H]thymidine present during the last 24 h of incubation. The
cultures were harvested onto filters, and radioactivity present
on the filters was measured as described above. For secondary
mixed lymphocyte cultures, ~1 × 108 naïve BALB/c spleno-
cytes were cultured with mitomycin C-treated C57BL/6
splenocytes at a ratio of 10:1 in 60 mL of medium (either
DHA-enriched or control medium) in two 75-cm2 stationary
flasks for 10 d, at which time the cells were harvested and
washed by centrifugation (500 × gmax, 10 min) in Hanks’ bal-
anced salt solution. The cells were restimulated for 3 d with
mitomycin C-treated C57BL/6 splenocytes in 96-well plates
as described above. [3H]Thymidine (0.5 µCi/well) was added
during the last 24 h of incubation, and radioactivity incorpo-
rated into DNA was measured as usual.

Intracellular free calcium. Fluo-3/AM was reconstituted in
dimethylsulfoxide to a concentration of 1 µg/µL and stored cov-
ered with foil at −20°C. BALB/c spleen cells were cultured at a
concentration of 5 × 106 cells/mL for 2 h in control or DHA-
supplemented medium. Cells (1 × 106) from culture were resus-
pended in 1 mL of supplemented RPMI medium without serum,
and 5 µL of fluo-3/AM was added to the cells, which were then
incubated for 30 min in a humidified 37°C incubator with 5%
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CO2. In some tubes, G7 monoclonal anti-Thy-1 antibodies (4
µg) were added concurrently with the fluo-3/AM. After incuba-
tion, the tubes were placed in the sampling station of a Coulter
Epics Elite ESP flow cytometer (Miami, FL) and immersed in a
beaker containing 37°C water. By using forward and side scat-
ter, a gate was established around the viable lymphocyte popu-
lation; 525-nm fluorescence emission from the cells was mea-
sured for approximately 1 min to obtain baseline readings. Data
collection was then paused, either 10 µg of Con A or 11.5 µg of
anti-rat IgG (to crosslink cell surface-bound anti-Thy-1 antibod-
ies) was added to the cells to stimulate an increase in intracellu-
lar free calcium, and data collection was resumed for an addi-
tional 9 min. Baselines were established so that 90% of the cells
before stimulation were at or below the baseline. The percent-
age of cells responding was determined by measuring the per-
centage of cells above the baseline at 2 min after addition of the
stimulus (i.e., at the maximal response).

Interleukin 2 receptor (IL2R) expression. Five million
spleen cells contained in 1 mL were placed in each well of a
24-well plate and were incubated under standard culture con-
ditions with 2 µg Con A/mL or 2 µg G7 anti-Thy-1 antibody
per mL of control (ethanol alone) or ethanolic DHA-supple-
mented medium. After 24 h, the cells were harvested by cen-
trifugation (340 × gmax, 10 min), resuspended in supple-
mented RPMI, and counted with a hemocytometer; viability
was checked by trypan blue exclusion. One million cells were
added to 1 mL of 0.1 M methyl α-D-mannopyranoside in sup-
plemented RPMI containing 15% bovine calf serum and in-
cubated at 4°C for 30 min. The cells were centrifuged at 340
× gmax for 5 min, the supernatant was discarded, and 1 mL of

a solution containing 2 µg/mL of phycoerythrin- or FITC-la-
beled anti-CD25 (IL2R α chain) antibody in phosphate
buffered saline was added to the pellet. The cells were incu-
bated for 30 min at 4°C and then analyzed by flow cytometry.
By using forward and side scatter, gates were set to exclude
debris; the percentage of IL2R+ cells was calculated with Im-
muno 4 software (Coulter Corp.), which compares the fluo-
rescence of stimulated vs. unstimulated spleen cells.

Statistical methods. Student’s t-test was used to compare
two means, and analysis of variance was used for multisam-
ple analyses. A probability P ≤ 0.05 was the criterion for sta-
tistical significance, i.e., accepting that measured values were
not the same.

RESULTS

DHA suppresses Con A mitogenesis and the mixed lympho-
cyte reaction. Our objective was to explore the effect of DHA
on early activation events and the subsequent proliferation of
lymphocytes triggered with qualitatively and quantitatively
different stimuli. To establish the DHA dose for subsequent
experiments, we measured Con A-stimulated lymphocyte
proliferation as a function of DHA concentration in culture
medium (Fig. 1A). As anticipated from our previous work
(18) and that of other investigators (19,20), DHA inhibited
proliferation in a dose-dependent fashion. At 10 µg DHA/mL,
lymphoproliferation was ~80% of control (ethanol vehicle
only); the inhibition was reproducible and statistically signif-
icant but not so severe that proliferation was undetectable. We
initially tested DHA delivered bound to BSA; because the
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FIG. 1. Docosahexaenoic acid (DHA) decreases concanavalin A (Con A)-stimulated proliferation in a dose-depen-
dent fashion without grossly altering the peak response. (A) Splenocytes (5 × 105 cells/well) were cultured for 2 d
with 1.5 µg Con A/mL in medium supplemented with various DHA concentrations (as shown on the abscissa) or in
the ethanol vehicle alone. [3H]Thymidine (0.5 µCi/well) was present during the last 4 h of incubation. The data are
expressed as means ± SD (n = 3); some error bars are smaller than the symbol. (B) Splenocytes (5 × 105 cells/well)
were cultured with 2 µg Con A/mL in the presence (■) or absence (●●) of 10 µg DHA/mL; there were no medium
changes after the cultures were established. Cultures were harvested every day for 4 d, and [3H]thymidine was pres-
ent for the last 4 h of incubation. The data are expressed as means ± SD (n = 3). The asterisk denotes a significant
difference between DHA-supplemented and control cultures (P < 0.05, analysis of variance).



two fatty acid addition methods produced comparable results,
for technical convenience most experiments except mixed
lymphocyte reactions were performed with 10 µg DHA/mL,
delivered in ethanol. Figure 1B also demonstrates that DHA
does not grossly alter the temporal kinetics of Con A-induced
mitogenesis. The peak incorporation of [3H]thymidine was
on culture day 2, whether the culture contained control
medium or medium supplemented with 10 µg DHA/mL. The
decreased [3H]thymidine incorporation on days 3 and 4 rep-
resents a combination of nutrient exhaustion (the medium is
not replenished during the culture period) and normal down-
regulation of the response, and thus all subsequent measure-
ments were made on or before the second culture day.

When we explored the inhibitory effect of DHA on cells
stimulated with various Con A concentrations (Fig. 2), we ob-
served that inhibition was more pronounced at higher (≥4
µg/mL) than lower (<1 µg /mL) Con A concentrations. In the
representative experiment shown in the main portion of Fig-
ure 2, the level of proliferation stimulated by 0.5 µg Con
A/mL in the presence of DHA was ~78% of control, whereas
with 4 µg/mL, proliferation in DHA was ~33% of control. In
a series of three experiments, DHA was slightly but signifi-
cantly more inhibitory than AA (17 and 5% inhibition for
DHA vs. AA, respectively; Fig. 2, inset), even though, at 10
µg/mL, the molar concentration of AA (33 µM) exceeded that
of DHA (30.5 µM). To further explore this phenomenon, in
the following experiments we test two other stimuli, allo-
geneic cells and monoclonal antibodies to Thy-1. Although
the three stimuli may share some signaling pathways, the sig-
nals they induce are not identical (21,22).

Figure 3 summarizes results obtained when BALB/c
splenocytes were cultured with allogeneic (C57BL/6) spleno-
cytes, inactivated with mitomycin C, in the presence and ab-
sence of DHA. The primary response after 5 d of mixed lym-
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FIG. 2. DHA preferentially inhibits lymphoproliferation triggered by
high Con A concentrations. Main figure: Splenocytes (5 × 105 cells/well)
were cultured for 2 d in various Con A concentrations without fatty acid
addition (●●) or with 10 µg/mL of arachidonic acid (AA) (▲) or DHA (■)
added in ethanol. [3H]Thymidine (0.5 µCi/well) was added during the
last 4 h of incubation, after which the cells were harvested and the in-
corporated radioactivity was measured by scintillation counting. Each
symbol is the mean ± SD of triplicate wells; the graph is one represen-
tative experiment from three performed with control, AA- and DHA-
supplemented media, and from >20 performed with DHA-supple-
mented and control media. Inset: The means ± SE of three independent
experiments are shown for splenocytes cultured in the presence of 10
µg/mL of DHA or AA. The data are expressed as percentage of control
(y-axis) for ease of presentation. Results for two Con A doses, 0.5 and
4.0 µg/mL, are shown to illustrate the greater fatty acid effect at higher
Con A concentrations. The asterisk denotes greater inhibition of prolif-
eration by DHA compared to AA (P < 0.05, analysis of variance). For
abbreviations see Figure 1.

FIG. 3. Secondary mixed lymphocyte reactions are dramatically inhib-
ited by DHA. (A) For the primary response, BALB/c splenocytes (5 × 105

cells/well) were cultured for 5 d with mitomycin C-inactivated C57BL/6
splenocytes (1:1) in microtiter wells with (solid bars) and without
(hatched bars) bovine serum albumin-bound DHA at 50 µg/mL;
[3H]thymidine (0.5 µCi/well) was added for the last 24 h of incubation.
(B) For the secondary response, BALB/c splenocytes were stimulated with
mitomycin-inactivated C57BL/6 splenocytes at a ratio of 10:1 for 10 d in
75-cm2 flasks with and without DHA supplementation, harvested, and
restimulated for 3 d with mitomycin C-treated C57BL/6 stimulators as in
the primary culture, with (solid bars) and without DHA (hatched). Pri-
mary and secondary cultures included unstimulated controls, the cpm of
which have been subtracted as background from the cpm shown. The
data are presented as means ± SE for 8 (primary response) and 5 (sec-
ondary response) experiments. For abbreviation see Figure 1.



phocyte culture was, on average, unaffected by DHA,
whereas the secondary response, obtained by culturing
splenocytes with stimulators in the presence or absence of
DHA for 10 d and then restimulating under the same condi-
tions, was drastically reduced by DHA. In fact, secondary re-
sponses in DHA-enriched medium were at the same levels as
the primary response, that is, there was no evidence that anti-
gen-specific clones had been expanded. Because of limited
cell recovery we did not test secondary cultures established
in the opposite medium, i.e., control cells restimulated in
DHA-supplemented medium, and so on. DHA-induced sup-
pression of the secondary mixed lymphocyte reaction was
much more striking than that observed with Con A mitogene-
sis. Medium for mixed lymphocyte cultures was prepared
with additional BSA (beyond that present in the FBS) to aid
in fatty acid delivery, but we adjusted the amount of DHA ap-
propriately; that is, 50 µg DHA/mL of BSA-supplemented
medium produced the same inhibition of Con A-stimulated
proliferation as 10 µg DHA/mL delivered in ethanol (data not
shown). Although there was a small, not unexpected increase
in background proliferation associated with the BSA supple-
ment, the main differences between the mixed lymphocyte re-
action and the Con A-stimulated mitogenesis were the nature
of the stimulus and the duration of culture.

DHA enhances anti-Thy-1-induced proliferation. If culture
duration, not the stimulus, were the determining factor in the
effect of DHA, then DHA in a 2-d culture stimulated with
something other than Con A should produce results similar to
those seen for Con A (Fig. 2). We chose, as the alternative stim-
ulus, antibody to Thy-1. Thy-1 is a glycosylphosphatidylinosi-
tol-linked glycoprotein implicated in T lymphocyte activation
(23), through which signaling is accomplished via pathways

overlapping with but not identical to those associated with Con
A and T cell antigen receptors (21,22,24,25). Figure 4 demon-
strates that, unlike Con A, anti-Thy-1-stimulated lymphocyte
proliferation is augmented by the presence of DHA. With 3 to
6 µg anti-Thy-1/mL added at the beginning of culture, maxi-
mal proliferation was enhanced approximately twofold by
DHA. This result was observed for two different anti-Thy-1 an-
tibodies, G7 and 30H12, and in the absence of a crosslinking
antibody. 30H12 is generally not stimulatory in the absence of
crosslinking anti-IgG, however, DHA did augment the low
level of proliferation triggered by 30H12 alone. We have re-
produced this finding 10 times, both in BSA-supplemented and
BSA-unsupplemented DHA-enriched media. This result also
rules out extended culture periods as a critical component of
the action of DHA, with the reservation that DHA-mediated
suppression, but not enhancement, may require prolonged cul-
ture. Thus, we conclude that at least one aspect of the effect of
DHA on proliferation is related to the stimulus.

DHA does not affect elevation of cytosolic free calcium or
IL2R expression. Because the measure of proliferation,
[3H]thymidine incorporation 2 to 5 d after culture initiation,
is late with respect to cells’ first exposure to DHA, we were
interested in monitoring earlier activation events. Our goal
was to approximate where along the timeline from receptor
occupation to thymidine incorporation (i.e., cell cycling)
DHA exerts its influence. Two events were examined, cal-
cium mobilization and IL2R expression, occuring within min-
utes and hours, respectively, of activation. 

Table 1 demonstrates that the presence of DHA does not
affect the percentage of splenocytes responding to either Con
A or anti-Thy-1 by increasing intracellular free calcium. Ap-
proximately one-third to 40% of splenocytes respond to these
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FIG. 4. In contrast to other stimuli, anti-Thy-1 evokes greater lymphoproliferation in the pres-
ence of DHA. Splenocytes (5 × 105 cells/well) were cultured in 10 µg DHA/mL (■) or ethanol
vehicle alone (●●), with various concentrations of monoclonal anti-Thy-1 antibodies G7 (A) or
30H12 (B). A secondary crosslinking anti-IgG was not used in either case. [3H]Thymidine was
added for the last 4 h of the 48-h culture period. The data shown are means ± SD for triplicate
wells; one representative experiment is shown for each antibody.



T cell stimuli, consistent with the approximate proportion of
T cells in mouse spleen. Table 2 shows that the peak calcium
levels (average intensity of fluo-3 fluorescence 2 min after
stimulation) were the same and elevated cytosolic free cal-
cium was sustained equivalently (9 min after stimulation) in
DHA-supplemented and control groups. The data are pre-
sented as ratios of stimulated/baseline to allow compilation
of individual experiments. The mean numerical values for
sustained fluorescence in anti-Thy-1-stimulated cells with and
without DHA were 3.67 and 4.30, respectively, but statistical
analysis suggested no significant difference (P = 0.09, Stu-
dent’s t test). Thus, there is no reason a priori to suspect that
the effect of DHA on splenocyte proliferation is caused by al-
tered calcium mobilization, an early activation event. 

Expression of the IL2R α chain (CD25) is a lymphocyte
activation marker detected several hours after cell triggering,
but one that is dependent upon early activation events for rele-
vant gene transcription. IL2R expression is not necessarily in-
duced in parallel with other hallmarks of activation, such as
elevated cytosolic calcium and IL2 synthesis (26). Thus, IL2R
expression is an independent measure of the effects of DHA.

In Table 3 we present the results of experiments in which
splenocytes were cultured with Con A or anti-Thy-1 in the
presence or absence of DHA. After 24 h, IL2R expression
was measured by flow cytometry with fluorescent antibodies
to CD25. The data indicate that DHA does not affect IL2R
expression on splenocytes stimulated with either Con A or
G7. The percentage of IL2R+ cells and the mean channel fluo-
rescence, an indication of surface receptor density, were
equivalent in the presence and absence of DHA. Compared to
Con A, anti-Thy-1 treatment led to fewer IL2R+ splenocytes,
with a lower receptor density per cell (Table 3), and less in-
corporation of [3H]thymidine (Fig. 4), whereas the percent-
age of cells mobilizing calcium in response to anti-Thy-1 was
greater than for Con A (Table 1), consistent with other reports
dissociating intracellular free calcium responses from IL2R
expression (26).

DISCUSSION

In this report we demonstrate that the activating stimulus dic-
tates whether DHA has a suppressive or enhancing effect on
lymphocyte proliferation. This result may help to reconcile
apparently conflicting reports on the action of this fatty acid,
and it implies that DHA may be used to modulate immune re-
sponses selectively. In addition, the data we show here are
consistent with the effect of DHA being expressed late, i.e.,
during cell cycling, rather than during early activation events.

We entertained two interpretations for the differential ef-
fect of DHA on responses to low vs. high Con A doses and to
mitogen or alloantigen vs. anti-Thy-1. First, there may be dis-
parate populations responding; second, the stimulus (signal-
ing pathway) may dictate the effect of DHA. These are, how-
ever, not mutually exclusive hypotheses; in fact, the disparate
responses of various cell types imply differences in signaling.
Evidence suggestive of multiple responding cell populations
dates back decades ago when it was observed that purified T
cell populations responded within a narrow, high Con A dose
range, whereas T cells supplemented with adherent splenic or
peritoneal exudate cells proliferated at lower Con A doses
(27), indicating either multiple populations (the T cell popu-
lation responding to low Con A doses required accessory
cells) or one responding population requiring costimulation
when the Con A dose was limiting. Even disease states yield
clues for disparate populations responding to different Con A
doses; lymphocytes from patients with light atopic dermatitis
showed reduced Con A reactivity at low Con A concentra-
tions (28). We have determined that DHA does not signifi-
cantly alter the proportion of T (Thy-1+) and B (surface im-
munoglobulin-positive) cells in unstimulated cultures (18), or
the percentage of CD4+ and CD8+ T cells in Con A-stimu-
lated cultures (preliminary data not shown). However, our re-
sults in Figure 3 strongly suggest that development of im-
munologic memory, as modeled by the secondary mixed lym-
phocyte reaction, is severely decreased by DHA. Naïve and
memory T cells are a good example of different responding
cell “types” with different signaling requirements. In contrast
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TABLE 1
DHA Does Not Alter the Percentage of Lymphocytes That Elevate Cal-
cium in Response to Mitogena

Calcium-mobilizing cells (%)

Stimulus Control DHA+

Con A 34.0 ± 3.7 33.4 ± 2.3
Anti-Thy-1 40.5 ± 3.6 39.6 ± 3.7
aFresh splenocytes were incubated for 2 h in docosahexaenoic acid-supple-
mented (DHA+) or control medium, washed, and loaded with the calcium-
sensitive fluorescent probe fluo-3. The percentage of cells with fluorescence
intensity above baseline after mitogen addition [calcium-mobilizing cells (%)]
was measured by flow cytometry. For anti-Thy-1 stimulation, the fluo-3-loaded
cells were pretreated with the G7 monoclonal anti-Thy-1 antibody, baseline
fluorescence was measured, and crosslinking anti-rat IgG was then added to
induce calcium mobilization. The percentage of cells responding with cal-
cium mobilization was calculated at the peak of the response, 2 min after stim-
ulus addition. The data are presented as means ± SE for three separate experi-
ments; there were no significant differences between control and DHA+ cells
(Student’s t-test). Con A, concanavalin A; IgG, immunoglobulin G.

TABLE 2
DHA Does Not Affect the Calcium Levels Achieved in Response to
Mitogena

Peak level Sustained level

Stimulus Control DHA+ Control DHA+

Con A 6.87 ± 1.09 6.42 ± 0.12 5.84 ± 0.46 5.12 ± 0.45
(P = 0.70) (P = 0.37)

Anti-Thy-1 4.57 ± 0.17 4.18 ± 0.43 4.30 ± 0.23 3.67 ± 0.16
(P = 0.44) (P = 0.09)

aCells described in Table 1 were analyzed for relative calcium levels (mean
fluorescence channel) at baseline, the peak response (2 min after stimulus
addition), and sustained response (after 9 min of stimulation). The data are
presented as -fold fluo-3 fluorescence increase, i.e., the ratio of mean fluo-
rescence channel after stimulation to mean fluorescence channel of the
baseline. Statistical analyses revealed no significant differences between
control and DHA+ groups (Student’s t-test, n = 3 separate experiments). For
abbreviation see Table 1.



to memory cells, naïve T cells respond well to Con A, dis-
playing elevated intracellular calcium and proliferation (29),
are strictly dependent upon costimulation, especially through
CD28/B7-2 interactions (5), and do not use IL12 in place of
CD28/B7-2 ligation (30); naïve CD4+ cells are not activated
by IL15, and naïve CD8+ T cells require exposure to their
specific restricting class I major histocompatibility complex
molecule to survive (4).

If memory cells have a lower threshold for activation, as
suggested by this evidence, is DHA modulating the magni-
tude of the signal perceived by lymphocytes? That is, does
DHA potentiate responses and thereby deliver superoptimal
signals from mitogens and alloantigens, and bring weak sig-
nals (anti-Thy-1) into the optimal range? The data do not
argue strongly for this interpretation. Neither the Con A dose-
response curve (in the 0.25–1.0 µg/mL range) nor the anti-
Thy-1 dose-response curve is left-shifted, as one would pre-
dict for potentiation. The sizable percentage of cells respond-
ing to anti-Thy-1 by elevating cytosolic free calcium or
expressing CD25 suggests that anti-Thy-1 is not a weak sig-
nal in need of potentiation. Finally, the cells showing the most
dramatic difference in DHA inhibition, naïve and memory T
cells, have significant physiological differences beyond mere
antigen dose preference.

The stimulus dose is not unimportant, however. Lympho-
cytes are stimulated to proliferate at low Con A concentra-
tions but undergo apoptosis at high Con A concentrations
(32). Not unexpectedly, intracellular activation events follow
dose-dependent kinetics, e.g., substrates including ERK1,
ERK2 and c-jun, are tyrosine-phosphorylated in a Con A
dose-dependent fashion (32). Whereas binding of increasing
amounts of Con A to the cell surface is a hyperbolic function,
the resultant cellular responses are more complicated, i.e.,
sigmoidal, implying cooperativity (interaction) between re-
ceptors and other membrane proteins (33). Con A binds to
and sequentially redistributes multiple sets of cell surface re-

ceptors, which are distinguished by the Con A concentration
required for redistribution (first set, low dose; second set, high
dose) (34). Con A receptors are present in small clusters,
which bind succinyl-Con A (a dimeric rather than tetrameric
form of the lectin) with high affinity, and co-existing large ag-
gregates, which bind Con A with only low affinity (35). Ulti-
mately, at very high Con A concentrations, competition be-
tween lectin molecules for the limiting number of surface re-
ceptors reduces Con A-induced receptor crosslinking and
precludes a proliferative cell response.

What action of DHA may concurrently decrease mitogene-
sis and alloreactivity and increase responses through Thy-1?
Viewing our results from the standpoint of the effect of DHA
on membrane structure, we suggest that phospholipids con-
taining DHA may act as annular lipids around membrane re-
ceptors, influencing receptor function; or may induce mem-
brane microdomains into which membrane proteins, glycopro-
teins, and glycolipids may be selectively recruited or excluded.
The potential scenario with DHA and Thy-1 is particularly in-
teresting from a membrane structure standpoint. Thy-1 is a
glycoprotein found on murine thymocytes and T cells, neu-
rons of several species, fibroblasts, and rat mast cells (36), and
is involved in T lymphocyte activation (23), inhibition of neu-
rite outgrowth (37), and mast cell triggering (38). However,
Thy-1 is lipid-linked, and therefore its signaling ability must
be related to its ability to cluster with appropriate transmem-
brane proteins. Indeed, Thy-1 is found complexed with a 100
kDa transmembrane protein (39), as well as tyrosine kinases
and a tyrosine phosphatase (40–42), in membrane domains
poorly soluble in nonionic detergents. One may argue that the
detergents used to isolate Thy-1 or the detergent-resistant do-
mains, or the antibodies used to aggregate Thy-1 for cell acti-
vation, create an artificial Thy-1/domain association (43,44).
However, the observation that most glycosylphosphatidylinos-
itol-linked proteins (in contrast to transmembrane proteins)
preferentially partition with certain lipids (cholesterol, sphin-
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TABLE 3
DHA Does Not Affect Interleukin 2 Receptor Expression on Splenocytesa

Positive cells (%) Mean fluorescence channel

Stimulus Control DHA+ Control DHA+

Con A 49.7 ± 7.7b 54.0 ± 6.7b 1.04 ± 0.08c 1.08 ± 0.10c

3.01d 2.3d

G7 29.1 ± 4.4b 28.5 ± 4.1b 0.76 (0.75–0.76)e 0.80 (0.76–0.84)e

1.68d 1.52d

aSplenocytes were stimulated with Con A or G7, or left unstimulated, in the presence (DHA+) or ab-
sence (Control) of DHA. After 24 h, the cells were harvested and stained with FITC- or phycoery-
thrin-labeled anti-CD25 (to detect interleukin 2 receptor) for 30 min on ice. The viable cell popula-
tion was gated, and fluorescence intensity was measured with a Coulter Elite ESP flow cytometer.
Data from the background (stained, unstimulated cells) and experimental (stained, stimulated cells)
were loaded into Coulter’s Immuno 4 data analysis software, and the background histogram was au-
tomatically subtracted from experimental histograms to produce “Positive cells (%).”
bMean ± SE (n = 3–4 separate experiments).
cMean ± SE (n = 3 separate experiments, phycoerythrin-labeled anti-CD25).
dSingle experiment, FITC-labeled anti-CD25.
eMean (range), n = 2 separate experiments, phycoerythrin-labeled anti-CD25. There were no signifi-
cant differences (Student’s t-test) between DHA+ and control groups having multiple samples. For
other abbreviations see Table 1.



golipids, saturated fatty acids) during detergent extraction
(45,46), implies that these proteins prefer a membrane envi-
ronment different from other membrane proteins. Further-
more, functional lipid-linked Thy-1 and nonfunctional trans-
membrane Thy-1 (engineered with the transmembrane and cy-
toplasmic domains of NCAM-140) are found naturally
clustered in distinct domains (47), strongly implying that
membrane lipid domain formation may be a key element in
regulating Thy-1 function. We have reported that DHA-con-
taining phospholipids interact poorly with cholesterol, induc-
ing the membrane to segregate into DHA-rich/cholesterol-
poor and DHA-poor/cholesterol-rich domains (14). Thus,
there is good reason to believe that membrane enrichment with
DHA will induce lipid microdomain formation that promotes
or stabilizes detergent-resistant (cholesterol-rich) domains. We
speculate that its lipid anchor will cause Thy-1 to associate
preferentially with select (cholesterol-rich) domains induced
by DHA, thereby favoring Thy-1’s interaction with signaling
proteins and enhancing lymphoproliferation.

Much of the confusion surrounding n-3 fatty acids’ effects
on lymphocytes arises from technical differences in the ex-
periments performed: free vs. esterified fatty acids, cell type,
species, stimulus, and assay method. Free fatty acids obliter-
ated the spike of intracellular free calcium (release from in-
tracellular stores) in T cell lines (48,49); but once esterified
into phospholipids, fatty acids did not affect intracellular
stores but instead depressed the sustained calcium elevation,
purportedly by activating the plasma membrane Ca2+-ATPase
and enhancing calcium extrusion (50,51). In our experiments,
we expect that even the 2-h fatty acid exposure will produce
significant esterification of DHA into phosphatidylethanol-
amine. In the myeloid leukemia T27A, for example, we found
esterified DHA present after 2 h at almost one-third of the 24-
h (plateau) level (52). Our results with normal mouse spleno-
cytes agree in part with those of Chow et al. (50), in that the
initial spike of cytosolic free calcium is unaffected by DHA
enrichment; we did not, however, observe a depression of sus-
tained calcium levels. These studies also differ with respect
to stimuli and monitoring methods. Stimuli included anti-
CD3 (49,50), Con A (48) (current study), and anti-Thy-1 (cur-
rent study); fluorescence methods included flow cytometry
(51) (current study), spectrofluorimetry (48–50), and the fluo-
rophores Indo-1 (51), fura-2 (48–50), and fluo-3 (current
study). The same argument that experimental differences may
lead to different outcomes applies to the measurement of
IL2R. Khalfoun et al. (19) found increased CD25 expression
on phytohemagglutinin-stimulated human lymphocytes cul-
tured in vitro for 72 h with DHA, whereas we did not detect
such a difference in samples from a different lymphoid tissue
of a different species, stimulated with different mitogens, and
tested at a much earlier time. Our study is more similar to that
of Calder and Newsholme (53), who stimulated rat lympho-
cytes with Con A for 48 h and found no difference in IL2R
expression in the presence and absence of DHA.

Because DHA does not alter cytosolic free calcium eleva-
tion or IL2R expression but does affect [3H]thymidine incor-

poration, it is tempting to speculate that DHA affects cell cy-
cling. Progression through the cell cycle is coordinated with
phosphatidylcholine synthesis to allow net phospholipid accu-
mulation during S phase (54); interestingly, the incorporation
of excess DHA into phosphatidylcholine instead of its usual
phospholipid species, phosphatidylethanolamine, is associated
with reduced cell proliferation (52). We have recently reported
the apparent block or prolongation of S phase in DHA-treated
Con A-activated lymphocytes (18), consistent with reports of
n-3 fatty acid inhibition of S phase in cancer cells (55,56). This
area is clearly ripe for more extensive study.

Overall, our data suggest that DHA may inhibit or enhance
lymphocyte proliferation depending upon the stimulus used to
elicit the response. We cannot at this point fully rule out that it
is the magnitude of the signal rather than the particular mem-
brane receptor(s) involved that is key to the differential effects
of DHA, although, for reasons stated earlier, we favor the dis-
parate membrane receptor theory. The possibility that enrich-
ment of membrane phospholipids with DHA influences the
protein and lipid composition of membrane domains associ-
ated with cell signaling is a very attractive one. A final consid-
eration is that, although Con A and anti-Thy-1 both target T
cells, the T cell subset responding to each stimulus may not be
identical. We are currently exploring whether DHA influences
the development or maintenance of Th1 and Th2 cells, two
functionally disparate T cells thought to have different activa-
tion requirements. Armed with more complete information on
the effects of DHA on T lymphocytes, we will be in a better
position to utilize DHA to control immune responses.
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ABSTRACT: We have compared the effects of three different
margarines, one based on palm oil (PALM-margarine), one based
on partially hydrogenated soybean oil (TRANS-margarine) and
one with a high content of polyunsaturated fatty acids (PUFA-
margarine), on serum lipids in 27 young women. The main pur-
pose of the study was to test if replacement of trans fatty acids in
margarine by palmitic acid results in unfavorable effects on
serum lipids. The sum of saturated fatty acids (12:0, 14:0, 16:0)
was 36.3% of total fatty acids in the PALM-diet, the same as the
sum of saturated (12:0, 14:0, 16:0) (12.5%) and trans (23.1%)
fatty acids in the TRANS-diet. This sum was 20.7% in the PUFA-
diet. The content of oleic acid was 37.9, 35.2, and 38.6%, re-
spectively, in the three diets, whereas linoleic acid amounted to
16, 13.5, and 27.3%, respectively. Total fat provided 30–31%
and the test margarines 26% of total energy in all three diets. The
subjects consumed each of the diets for 17 d in a Latin-square
crossover design. There were no significant differences in total
cholesterol, low density lipoprotein (LDL)-cholesterol and
apolipoprotein B (apoB)  between the TRANS- and the PALM-
diets. High density lipoprotein (HDL)-cholesterol and apoA-I
were significantly higher on the PALM-diet compared to the
TRANS-diet whereas the ratio of LDL-cholesterol to HDL-cho-
lesterol was lower, although not significantly (P = 0.077) on the
PALM-diet. Total cholesterol, LDL-cholesterol, and apoB were
significantly lower on the PUFA-diet compared to the two other
diets. HDL-cholesterol was not different on the PALM- and the
PUFA-diets but it was significantly lower on the TRANS-diet
compared to the PUFA diet. Compared to the PUFA-diet the ratio
of LDL- to HDL-cholesterol was higher on both the PALM- and
the TRANS-diets whereas apoA-I was not different. Triglycerides
and lipoprotein (a) were not significantly different among the
three diets. We concluded that nutritionally, palmitic acid from

palm oil may be a reasonable alternative to trans fatty acids from
partially hydrogenated soybean oil in margarine if the aim is to
avoid trans fatty acids. A palm oil-based margarine is, however,
less favorable than one based on a more polyunsaturated veg-
etable oil.
Lipids 33, 879–887 (1998).

Partially hydrogenated vegetable oils constitute a major in-
gredient in margarine production. Such oils contain a number
of geometrical (cis-trans) and positional isomers of mono-
and diunsaturated fatty acids and saturated fatty acids. The
content of trans unsaturated octadecenoic (C18) fatty acids in
margarines varies from 10.7 to 30.1% (1), and margarine is
the most important single source of trans fatty acids in, for
example, the Norwegian diet. 

Trans fatty acids from partially hydrogenated vegetable oil
increase serum total and low density lipoprotein (LDL) cho-
lesterol (2–9), decrease high density lipoprotein (HDL) cho-
lesterol (4,5), and increase lipoprotein (a) [Lp(a)] (6,9–11) in
humans. Replacement of trans fatty acids by less atherogenic
fatty acids in margarines is therefore desirable. 

Palm oil, unlike soybean oil, can be used without hydro-
genation to achieve a certain hardness of margarine products
because of its semisolid texture at room temperature. Palm oil
consists of 50% saturated and 50% unsaturated fatty acids and
has a content of 43.8% palmitic acid and 10.6% linoleic acid
(12). From the literature it appears that the effects of palmitic
acid and palm oil on blood lipids are controversial. Hegsted
et al. (13) reported that palmitic acid is cholesterol-increas-
ing, but less so than myristic acid. Nestel et al. (6) found no
difference in total and LDL cholesterol when an elaidic acid-
rich diet was compared to one rich in palmitic acid. Ng et al.
(14) found a palm oil diet not to be hypercholesterolemic in
Malaysian volunteers. In a later study Ng et al. (15) found
that dietary palmitic and oleic acids exert similar effects on
serum cholesterol and lipoprotein profiles in normocholes-
terolemic men and women. Marzuki et al. (16) found no sig-
nificant difference in effect on total, LDL, and HDL choles-
terol when palm oil was compared to soybean oil. Choudhury
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et al. (17) suggest that C16:0 is not always a cholesterol-in-
creasing fatty acid. They found no significant differences be-
tween palm olein and olive oil. On the other hand, Temme
et al. (18) found a significant rise in total serum cholesterol
with a diet rich in palmitic acid compared to one rich in oleic
acid. One study in primates also indicated that palmitic acid
increases total cholesterol (19).

As far as we know, no study has been published where 
the effects of palm oil on serum lipids have been directly
compared to those of partially hydrogenated soybean oil
(PHSO). In this study we compared the effects of three test
margarines on serum lipids and Lp(a). One margarine with 
a high content of PHSO (TRANS-margarine), one of similar
hardness but consisting of 80% palm oil (PALM-margarine),
and one high in polyunsaturated fatty acids (PUFA-mar-
garine). The aim of the study was to test whether palmitic 
acid can replace trans fatty acids in margarine without pro-
ducing unfavorable effects on blood lipids and to see how a
palm oil-based margarine compared nutritionally to one high
in PUFA.

MATERIALS AND METHODS

Participants and their baseline characteristics. Thirty female
home economics students were recruited in a strictly con-
trolled dietary study. Criteria for inclusion were that the par-
ticipants should be reliable and have a regular meal pattern.
One person had been operated on for thyroid cancer (about
three-quarters of the gland removed) and one had hypothy-
roidism. Both were well-regulated on thyroid hormone ther-
apy. Two had a previous diagnosis of thrombosis and one of
these had a lack of protein-S. Otherwise all participants were
in good health with no history of diabetes, anemia, renal, he-
patic or gastrointestinal disturbances, hypertension or intoler-
ance, and all had normal dietary habits. None was taking any
medication known to affect serum lipids except for oral con-
traceptives. We had no screening criteria with regard to smok-
ing habits, age, physical activity, or body weight. All partici-
pants were requested to maintain their regular lifestyles and
especially their usual extent of physical activities throughout
the study. They were asked to abstain from alcohol consump-
tion during the study period. In addition they were asked to
report in a diary any deviation from their usual behavior. 

Two persons withdrew during the study, and one partici-
pant had not fasted before blood sampling and this person
also had problems with compliance and was excluded from
the study. Thus, data from 27 subjects with a mean age of 27
yr (SD 5.8, yr range 19–42 yr) were evaluated. Seven of the
women were taking oral contraceptives and 10 were smokers.
Baseline levels of serum lipids and lipoproteins are presented
in the Results section.

The average weight of the participants was 77.5 kg (SD 13
kg) ranging from 56.4 to 100 kg, and the body mass index
(BMI) ranged from 20 to 36 kg/m2 (mean 26.5 kg/m2, SD 4.1
kg/m2). Four persons had a BMI above 30. Eliminating the
data of these four participants from the statistical analysis

caused negligible changes in blood parameters except for
total serum cholesterol (see below). 

The protocol and the objective of the study were explained
to the subjects in detail, and they gave their informed consent
before entering the study. No payment was given except for
free food during the study. The study protocol was approved
by the Regional Committee for Ethics in Biomedical Re-
search of Norway. 

Habitual diet. The participants filled in a quantitative food
frequency questionnaire (20) designed to cover the habitual
diet, and each questionnaire was thoroughly checked. The
calculated average amount of total fat in the habitual diet was
found to be 31% of energy (SD 5.7%). The mean daily intake
of saturated fatty acids, monounsaturated fatty acids, and
PUFA was 29, 26, and 13.9 g, respectively, and the intake of
linoleic and α-linolenic acids was 10.4 and 1.4 g, respec-
tively. The calculated mean intake of cholesterol was 259
mg/d (SD 141 mg/d).

Study design. The study ran from January to March 1996,
during periods of 17 d. Studies have demonstrated new stable
levels of serum lipids and lipoproteins within 14 d on a con-
trolled diet (21–23). Each person received the three diets in a
sequence determined by assignment to one of six possible se-
quences as directed by a Latin-square design. The participants
were fed simultaneously, and all three diets were fed in the
three periods. The study was designed as an intraindividual
crossover comparison of the effects on blood lipids of the
three diets. In this way, variation due to residual effects of the
previous diet or to drift of variables over time could be mini-
mized. After the end of the test period, the participants
crossed over to the next diet with a wash-out period of 1 wk.
During this week the subjects returned to their normal eating
habits.

Body weight without heavy clothes was monitored twice a
week and read to the nearest 0.1 kg. Body height was mea-
sured without shoes and read to the nearest 0.1 cm. BMI was
calculated as weight (kg)/height2 (m)2. Dietary compliance
was checked daily by interview and diaries. 

Test margarines. We used three different margarines in our
study. We wanted to test a hard zero-trans margarine contain-
ing palm oil (PALM-margarine) with a hard margarine con-
taining a high amount of trans fatty acids from PHSO
(TRANS-margarine). The PALM-margarine was produced
from 80% palm oil, 11% soybean oil and 9% rapeseed oil, and
the TRANS-margarine from 56% PHSO, 34% refined rape-
seed oil and 10% refined soybean oil. The third margarine
was a commercial soft highly polyunsaturated margarine
consisting of coconut oil, palm oil, refined sunflower oil and
refined rapeseed oil (PUFA-margarine). Because of its high
content of sunflower oil, this margarine contained more vita-
min E than the other two (205 mg/kg vs. 81 and 100  mg/kg
in the PALM- and the TRANS-margarines, respectively).

The fatty acid compositions of the three margarines are
given in the Results section. The margarines were produced by
the addition of water, vitamin A, vitamin D, NaCl, aroma (di-
acetyl, 0.002%), β-carotene as color, and emulsifier (soybean
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lecithin, 0.3%). The PALM-margarine contained 16% water,
the TRANS-margarine 15.7%, and the PUFA-margarine 18%.

Experimental test diets. The three diets were based on a
7-d menu and were calculated by using a computer-based, nu-
trient calculation program. They were designed to have the
same nutrient composition except for the fatty acids and for
the tocopherol content. The diets were calculated to contain
15.6 energy percent (E%) protein, 34 E% fat, and 50.4 E%
carbohydrate. The fat from the background diet was calcu-
lated to supply a minimal amount of 6 E% while the test fat
was planned to amount to 28 E%. The fat from the back-
ground diet came from meat, fish, dairy products, and cere-
als. The menu for the three experimental diets contained the
same basic food items and differed only in the source of test
margarine used for spreading, baking, and cooking. The test
fats were also incorporated into the menus in several foods
including bread, buns, porridge, and sauces.

Dinner was prepared and served under supervision in a
dining room at the college from Monday through Friday. All
meals including weekend meals were prepared at school.
Supper and breakfast for the next day were sent home. Each
Friday, weekend meals were packaged for home consump-
tion. Perishable food was sent in frozen condition. During the
controlled feeding periods, no foods other than those in the
menu were allowed. If the participants lost weight or were
hungry, they were allowed to eat buns with the same fat and
energy composition as the rest of the diet. Coffee, tea, and
mineral water with artificial sweeteners were allowed ad libi-
tum. Initial daily caloric intake for each individual was calcu-
lated from estimates of energy requirements based on weight
and height (24). Each diet was assigned a color code and an
energy level. All foodstuffs were weighed for each individual
subject. The subjects were supplied with free food to meet
100% of their mean daily energy requirements. The diet was
calculated to contain 89.5 g fat per 10 MJ, of which 74 g de-
rived from the margarines and 16 g from the background diet.
The participants were informed before entering the study that
they would be given three different types of fat in three dif-
ferent periods and that the type of fat would first be identified
after the study.

Chemical analysis. Duplicate portions corresponding to a
daily energy intake of 8.5 MJ were taken of the three diets.
After homogenization and freeze-drying, the homogenates
corresponding to seven consecutive days were pooled into
one portion and kept frozen at −20°C until analyzed. The ni-
trogen content was determined by the Kjeldahl technique.
The factor used for conversion of nitrogen content to protein
was 6.25. The content of total fat was determined by chloro-
form–methanol extraction (25). The metabolizable energy
content of the diets was determined as described by Anders-
son et al. (26).

For analysis of fatty acid composition, the lipid fractions
of the duplicate portions were isolated by Soxhlet extraction
of about 5 g of freeze-dried homogenates from each series.
The solvent used was diethyl ether, analytical grade, and the
extraction time was 4 h. Quantitatively, the lipid recovery was

almost the same as extraction with the more polar solvent
mixture chloroform–methanol (25). The fatty acids of the re-
spective fat extracts were converted to methyl esters by the
BF3 method (27) and analyzed by gas chromatography as de-
scribed in an earlier study (9).

The cholesterol content in the test fats and the ho-
mogenates was determined on the lipid extract as trimethylsi-
lyl ether derivatives by gas chromatography (28). 5β,3α-
Cholestanol was used as internal standard, and the separation
between cholesterol, tocopherols, and plant sterols was ac-
ceptable on the nonpolar DB-5 capillary column used (30 m
× 0.25 mm) (Alltech Associates, Inc., Deerfield, IL).

Blood sampling and analyses. Blood samples were taken
after an overnight fast, before breakfast at the end of each pe-
riod. A second fasting blood sample was taken from nine sub-
jects that prolonged the experimental periods by one day. For
these nine subjects the mean of the two values was used. Dur-
ing the start of the first period, baseline samples were taken.
Serum was obtained by low-speed centrifugation within 1 h
of venipuncture and stored at −70°C until analyzed. 

Serum cholesterol and serum triglycerides were measured
by enzymatic methods (29,30) using automated analyzer
equipment (Hitachi 737; Hitachi Limited, Tokyo, Japan).
LDL cholesterol was calculated using the equation of Friede-
wald et al. (31).

Serum HDL cholesterol was measured by an essentially
similar enzymatic technique (29) after precipitation of the
LDL fraction with dextran sulfate and magnesium chloride
(Technicon Reagent T 0.1-2801-56, Tarrytown, NY). Serum
apolipoprotein (apo) A-1 (Orion Diagnostika, Espoo, Fin-
land) and serum apoB (Behringwerke Ag, Marburg, Ger-
many) were both quantified immunoturbidimetrically using a
seven-point standard curve and an automated enzyme ana-
lyzer (Cobas Fara; Hoffman-La Roche, Basel, Switzerland)
essentially according to the manufacturer’s instructions.
Serum Lp(a) was quantified by a commercial kit [TintElize
Lp(a); Biopool AB, Umeå, Sweden)] according to the manu-
facturer’s instructions. The coefficients of variation were as
follows: total cholesterol, 2%; HDL cholesterol, 5%; triglyc-
erides, 3%; apoA-I, 6.3%; apoB, 5.5%, and Lp(a), 7.7%, at
100 mg/L, and 2.7% at 400 mg/L. 

All lipid analyses were performed at the Clinical Chem-
istry Department and Clinical Research Unit, Ullevaal Uni-
versity Hospital, Oslo, Norway.

Statistical methods. Data were analyzed by repeated-
measures analysis of variance for a crossover trial. When 
the analysis indicated a significant effect of diet (P < 0.05),
the Bonferroni method was used for a pairwise comparison
between the three diet groups. P values <0.05 were con-
sidered significant. All P-values are two-tailed. Plasma Lp(a)
had a skewed distribution and was log transformed before
pairwise comparisons were performed. Correlation coeffi-
cients (Pearson) between levels of serum lipids and apo 
are presented when suitable. Data analysis was per-
formed using the statistical package SPSS 8.0 (SPSS Inc.,
Chicago, IL).
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RESULTS

Dietary compliance. Two persons left the study after the first
period because of illness. One participant had not fasted be-
fore blood sampling and also had problems with dietary com-
pliance during the last period and was therefore excluded.
Thus, of the 30 volunteers who entered the study, 27 com-
pleted according to schedule. 

Compliance with the diets was judged by direct observa-
tion of consumption of weekday dinner, and by evaluation of
food diaries. All 27 participants complied well, and only very
small deviations from the diet were noted, e.g., one partici-
pant left out apples from the menu three times. The fasting
body weights were significantly reduced (P < 0.01) during the
first two periods (mean loss 1.9 and 0.47 kg, respectively).
The weight loss was almost entirely confined to the four par-
ticipants with BMI >30, who lost between 1.7 and 7 kg dur-
ing the study period. In order to adhere to the “intention to
treat” principle, the data from all 27 participants are given,
but in addition the data were calculated after omission of the
data from the four subjects with BMI >30.

Test diets. The three test margarines and the duplicate por-
tions of the diets were analyzed, and the energy and protein
contents were found to be identical in the three diets
(Table 1). The energy contribution from fat was analyzed to
be 31% in the PALM-diet, 30.1% in the TRANS-diet, and
30.4% in the PUFA-diet. This was slightly less than the cal-
culated 34 E%. The PALM-diet contained 79.8 g fat per 10
MJ, the TRANS-diet 79.2 g fat, and the PUFA-diet 79.2 g fat
per 10 MJ.

All three diets were very low in cholesterol; it was slightly
lower in the TRANS-diet (67 mg/10 MJ) than in the PALM-
diet (103 mg/10 MJ) and PUFA-diet (94 mg/10 MJ). The
composition of fatty acids in margarines and duplicate por-
tions of the diets is shown in Table 2. The PALM-diet con-
tained 0.3% trans fatty acids, and the TRANS-diet 23.1%
trans fatty acids, corresponding to 7% of energy.

The sum of the cholesterol-increasing saturated fatty acids
(12:0, 14:0, and 16:0) in PALM-diet was the same (36%) as
the sum of trans fatty acids and 12:0, 14:0, and 16:0 in the
TRANS-diet. The PUFA-margarine had a content of 21% of
14:0–16:0 saturated fatty acids. The E% from 12:0, 14:0, 16:0

and trans fatty acids was in PALM-diet, TRANS-diet and
PUFA-diet, 11, 11 and 6, respectively. The sums of cis 18:2
and 18:3 in the PALM-diet and the TRANS-diet were identi-
cal, 18%. 

Serum lipids and apo. Table 3 shows concentrations of
total, LDL, and HDL cholesterol, apoB, apoA-1, and triglyc-
erides at baseline and after the three different test diets.
Table 4 shows the mean differences among the three diets and
their statistical significance probabilities. Serum total and
LDL cholesterol at baseline were higher than expected when
compared to those on the experimental diets. This apparant
discrepancy could be due to underestimation by the food fre-
quency questionnaire of the fat intake, to the higher relative
content of saturated fat and of cholesterol in the habitual diet,
and to the fact that the experimental period started shortly
after the Christmas holiday season. 

There were no significant differences in total cholesterol,
LDL cholesterol, and apoB between the TRANS- and the
PALM-diets. HDL cholesterol and apoA-I were significantly
higher on the PALM-diet compared to the TRANS-diet, while
the ratio of LDL to HDL-cholesterol was lower on the PALM-
diet, although this difference failed to reach statistical signifi-
cance (P = 0.077). 

Total cholesterol, LDL cholesterol, and apoB were signifi-
cantly lower on the PUFA-diet compared to the other two
diets. HDL cholesterol was not different on the PALM- and
the PUFA-diets but was significantly lower on the TRANS-
diet compared to the PUFA diet. The ratio of LDL to HDL
cholesterol was higher on both the PALM- and the TRANS-
diets compared to the PUFA-diet, although the difference be-
tween the PALM- and the PUFA-diets was significant only
after exclusion of the four subjects with BMI >30 (P = 0.063
for n = 27 and 0.001 for n = 23). ApoA-I was not different on
the PALM- and the TRANS-diets compared to the PUFA-diet. 

Triglycerides and Lp(a) were not significantly different
among the three diets. The Pearson coefficient of correlation
between the baseline levels of apoB and LDL was 0.41 (P =
0.04) and between apoA and HDL was 0.73 (P < 0.01). The
Pearson coefficient of correlation between the levels of apoB
and LDL on the PALM-diet was 0.48 (P = 0.01) and between
apoA-I and HDL was 0.86 (P < 0.01). The Pearson coefficient
of correlation between the levels of apoB and LDL on the
TRANS-diet was 0.28 (P = 0.16) and between apoA-I and
HDL was 0.91 (P < 0.01). The Pearson coefficient of correla-
tion between the levels of apoB and LDL on the PUFA-diet
was 0.49 (P = 0.01) and between apoA-I and HDL was 0.87
(P < 0.01).

DISCUSSION 

In this study we wanted to test whether palm oil could replace
PHSO in margarine without causing unfavorable effects on
serum lipids. Trans fatty acids in the TRANS-margarine were
replaced by an equal amount of saturated fatty acids, mostly
palmitic acid, in the PALM-margarine, and the sum of 12:0,
14:0, and 16:0 saturated fatty acids was equal to the sum of
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TABLE 1
Content of Energy and Nutrients of Duplicate Portions 
of the Test Dietsa

PALM-diet TRANS-diet PUFA-diet

Energy (MJ) 8.40 8.35 8.48
Protein (E%) 17.7 17.1 17.2
Fat (E%) 31.0 30.1 30.4
Carbohydrate (E%) 51.3 52.8 52.4
Cholesterol (mg) 86 56 80
aPortions corresponding to an estimated intake of 8.5 MJ/d were analyzed.
Abbreviations: PALM-diet, diet using a hard zero-trans margarine containing
palm oil; TRANS-diet, diet using a hard margarine containing a high amount
of trans fatty acids from partially hydrogenated soybean oil; PUFA-diet, diet
using a soft highly polyunsaturated margarine; E%, energy percentage.



the same fatty acids and trans fatty acids in the TRANS-mar-
garine. The content of cis PUFA and cis monounsaturated
fatty acids was approximately the same in the PALM- and the

TRANS-diets. The results show that the PALM-diet increases
HDL cholesterol compared to the TRANS-diet without having
any significant effect on LDL cholesterol, leading to a slightly
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TABLE 2
Fatty Acid Composition of the Test Margarines and the Corresponding Diets

Fatty acid composition (% of total fatty acids)

Fatty acid PALM-marg PALM-diet TRANS-marg TRANS-diet PUFA-marg PUFA-diet

8:0 0.2
10:0 0.2
12:0 0.2 0.5 0.2 0.5 3.2 2.6
14:0 0.9 1.6 0.2 1.0 1.4 1.8
16:0 37.2 33.9 8.7 11.0 12.5 15.8
16:1c 0.1 0.4 0.2 0.4 0.1 0.4
17:0 0.1 0.2 0.1 0.1 0.1
18:0 4.0 5.3 8.6 8.8 3.0 4.4
18:1t 0.1 27.0 22.6 0.2
18:1c 38.6 37.9 34.8 35.2 39.8 38.6
18:2t/ca 0.1 1.0 0.4 0.2 0.3
18:2c 15.6 16.0 13.6 13.5 30.8 27.3
18:3c 1.9 2.4 4.2 4.7 6.1 6.1
18:3t/cb 0.2 0.4 0.6
20:0 0.4 0.4 0.4 0.3 0.4 0.2
20:1t 0.1 0.1 0.2
20:1c 0.4 0.6 0.7
22:0 0.1 0.2 0.3 0.3 0.6 0.3
22:1c 0.1 0.1 0.2

Sum trans fatty acids 0.2 0.3 28.4 23.1 0.8 0.5
Sum 12:0, 14:0, 16:0, and trans fatty acids 38.5 36.3 37.5 35.6 17.9 20.7

E% from 12:0, 14:0, 16:0 11.2 3.8 6.1
E% from trans fatty acids 0.1 7.0 0.2
E% from cis MUFA 11.8 10.6 11.7
E% from PUFA 5.7 5.5 10.2
aInclude trans,cis and cis,trans.
bInclude trans,cis,cis and cis,cis,trans. MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; for other abbreviations see Table 1.

TABLE 3
Serum Lipid and Lipoprotein Levels at Baseline and at the End of the Three Dietary Test Periodsa

Baseline PALM-diet TRANS-diet PUFA-diet

Total cholesterol (mmol/L) 5.30 ± 0.93 4.74 ± 0.66 4.61 ± 0.70 4.45 ± 0.64
(5.28 ± 0.99) (4.75 ± 0.71) (4.56 ± 0.72) (4.36 ± 0.64)

LDL cholesterol 3.26 ± 0.87 2.90 ± 0.75 2.88 ± 0.70 2.61 ± 0.65
(3.22 ± 0.91) (2.89 ± 0.80) (2.80 ± 0.71) (2.50 ± 0.65)

HDL cholesterol 1.58 ± 0.40 1.47 ± 0,32 1.32 ± 0.29 1.43 ± 0.28
(1.66 ± 0.36) (1.53 ± 0.29) (1.38 ± 0.27) (1.5 ± 0.24)

LDL/HDL cholesterol 2.27 ± 0.98 2.09 ± 0.73 2.26 ± 0.73 1.88 ± 0.65
(2.07 ± 0.75) (2.02 ± 0.75) (2.13 ± 0.65) (1.74 ± 0.56)

Triglycerides (mmol/L) 1.03 ± 0.50 0.90 ± 0.42 0.92 ± 0.39 0.89 ± 0.36
(0.90 ± 0.37) (0.81 ± 0.30) (0.86 ± 0.25) (0.78 ± 0.28)

ApoB (g/L) 1.24 ± 0.28 1.11 ± 0.22 1.11 ± 0.22 1.04 ± 0.23
(1.2 ± 0.29) (1.11 ± 0.23) (1.10 ± 0.21) (0.81 ± 0.29)

ApoA-1 (g/L) 1.89 ± 0.33 1.78 ± 0.27 1.70 ± 0.26 1.75 ± 0.25
(1.91 ± 0.32) (1.83 ± 0.25) (1.74 ± 0.26) (1.80 ± 0.24)

Lp(a) (mg/L) 313 ± 314 309 ± 300 340 ± 339 326 ± 355
(309 ± 323) (308 ± 314) (342 ± 358) (331 ± 375)

aValues are given as mean ± SD. Two sets of data are presented, one that includes all subjects (n = 27) and one set (in
parentheses) where four subjects with body mass indices >30 have been omitted (n = 23). LDL, low density lipoprotein;
HDL, high density lipoprotein; apoB, apolipoprotein B; Lp(a), lipoprotein (a); for other abbreviations see Table 1.



more favorable ratio of LDL to HDL cholesterol. The results
indicate that, from a nutritional point of view, palm oil may
be used as a substitute for PHSO in margarine, which could
contribute to a reduced content of trans fatty acids in food
products. As expected, a margarine in which saturated fatty
acids corresponding to 20% of total fatty acids were replaced
by PUFA (the PUFA-margarine) had more favorable effects
on blood lipids than the other two test margarines.

The 27 participants in this study were all young women.
The diets were given in random order, and the women went
into the study at different points in their menstrual cycles. Yu
et al. (32) analyzed data from 18 studies, and their results in-
dicate that the total and LDL cholesterol responses to dietary
fatty acids for women and men are quite similar with the pos-
sible exception of HDL cholesterol. They found that unsatu-
rated fatty acids may increase HDL cholesterol in men but not
in women. In relation to our results this may indicate that the
difference in HDL cholesterol between the PALM- and the
PUFA-diets (Table 4) may have been slightly overestimated
compared to what we might have seen if men had been stud-

ied. Otherwise, the results presented should be valid for both
men and women.

We had no exclusion criteria concerning the BMI. Four in-
dividuals had a BMI above 30 but the others were within
85–120% of desirable BMI (≤25). It is difficult to maintain
body weight in a metabolic study when BMI is over 30
(strong overweight). Judd et al. (8) included only subjects
who were within 85–120% of BMI ≤25 in their study. Brus-
saard et al. (22) had six participants in their experiment who
lost weight, between 3 and 7 kg. The data from these partici-
pants did not affect the conclusions from the experiment. The
four participants in our study who were overweight with BMI
>30 lost significant weight during the study period, in partic-
ular during the first period. Exclusion of these four persons
from the calculations resulted in higher total cholesterol on
the PALM-diet than on the TRANS-diet (mean difference 0.20
mmol/L, P = 0.058). Otherwise the results were not altered. 

We did not find any significant difference between the
PALM-diet and the TRANS-diet on the effect on LDL choles-
terol. This result is in accordance with that reported by Nestel
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TABLE 4
Differences in Serum Lipid and Lipoprotein Levels Between the Dietary Test Periodsa

Mean differences P valueb 95% Confidence interval

Total cholesterol (mmol/L)
PALM-TRANS 0.12 (0.20) 0.449 (0.058) −0.08, 0.32 (−0.01, 0.41)
PALM-PUFA 0.31 (0.40) 0.002 (0.00) 0.11, 0.51 (0.20, 0.59)
TRANS-PUFA 0.19 (0.20) 0.005 (0.017) 0.05, 0.34 (0.03, 0.36)

LDL cholesterol (mmol/L)
PALM-TRANS 0.02 (0.10) 1.000 (0.647) −0.17, 0.21 (−0.10, 0.30)
PALM-PUFA 0.29 (0.38) 0.006 (0.000) 0.07, 0.51 (0.17, 0.59)
TRANS-PUFA 0.27 (0.28) 0.000 (0.000) 0.14, 0.40 (0.13, 0.43)

HDL cholesterol (mmol/L)
PALM-TRANS 0.15 (0.16) 0.003 (0.006) 0.05, 0.25 (0.04, 0.27)
PALM-PUFA 0.03 (0.03) 1.000 (1.000) −0,05, 0.12 (−0.07, 0.14)
TRANS-PUFA −0.11 (−0.12) 0.000 (0.000) −0.17, −0.06 (−0.18, −0.06)

LDL/HDL cholesterol
PALM-TRANS −0.21 (−0.11) 0.077 (0.204) −0.43, 0.02 (−0.31, 0.10)
PALM-PUFA 0.19 (0.28) 0.063 (0.001) −0,01, 0.39 (0.09, 0.47)
TRANS-PUFA 0.39 (0.38) 0.000 (0.000) 0.26, 0.53 (0.24, 0.53)

Triglycerides (mmol/L)
PALM-TRANS −0.05 (−0.05) 0.155 (0.236)c −0.13, 0.02 (−0.13, 0.03)
PALM-PUFA 0.03 (0.03) 0.448 (0.444)c −0.05, 0.12 (−0.05, 0.12)
TRANS-PUFA 0.09 (0.08) 0.112 (0.154) −0.01, 0.18 (−0.02, 0.18)

ApoB (g/L)
PALM-TRANS −0.003 (0.02) 1.000 (1.000) −0.05, 0.04 (−0.03, 0.06)
PALM-PUFA 0.07 (0.08) 0.008 (0.001) 0.02, 0.12 (0.03, 0.14)
TRANS-PUFA 0.07 (0.07) 0.000 (0.001) 0.03, 0.11 (0.02, 0.11)

ApoA-I (g/L)
PALM-TRANS 0.08 (0.09) 0.008 (0.01) 0.02, 0.15 (0.02, 0.16)
PALM-PUFA 0.03 (0.03) 1.000 (1.000) −0.06, 0.13 (−0.07, 0.13)
TRANS-PUFA −0.05 (−0.06) 0.251 (0.181) −0.12, 0.02 (−0.14, 0.02)

Lp(a) (mg/L)d

PALM-TRANS −0.03 (0.04) 0.320 (0.346)c −0.11, 0.05 (−0.13, 0.06)
PALM-PUFA −0.02 (−0.02) 0.501 (0.559)c −0.09, 0.05 (−0.08, 0.05)
TRANS-PUFA 0.01 (−0.02) 0.715 (0.613)c −0.07, 0.10 (−0.07, 0.11)

aTwo sets of data are presented, one that includes all subjects (n = 27) and one set (in parentheses) where four subjects with
body mass indices >30 have been omitted (n = 23).
bAdjustment for multiple comparisons: Bonferroni.
cNot Bonferroni-adjusted.
dLog transformed data. For abbreviations see Tables 1 and 3.



et al. (6). In that study no significant difference in total or in
LDL cholesterol was found with an elaidic acid-rich diet
(18:1 trans, 7 E%) in 27 mildly hypercholesterolemic men
compared to a palmitic acid diet. Our PALM-diet, like that of
Nestel et al., contained very little myristic acid, which is the
most potent cholesterol-increasing fatty acid (14,32–36). Judd
et al. (8) observed significantly higher total cholesterol and
also higher, but not significantly, LDL cholesterol on a satu-
rated fat diet (12:0, 14:0, and 16:0) compared to a high trans
(6.6 E%) diet. Mensink and Katan (4) found a significant in-
crease in total and LDL cholesterol on a saturated fat diet
compared to trans-fatty acid diet. The saturated fat diets in
both of these two studies contained higher amounts of lauric,
myristic, and palmitic acids than the trans diets. Wood et al.
(37) did not find a difference in total or LDL cholesterol be-
tween crude palm oil and a trans fatty acid-rich margarine.
The difference in palmitic acid corresponded approximately
to that of trans fatty acids in the two diets. The diets differed,
however, both in oleic and linoleic acids, and their results (37)
therefore cannot be directly compared to ours. Our results in-
dicate that 18:1 trans fatty acids have an LDL cholesterol-in-
creasing effect similar to that of palmitic acid.

Hayes and Khosla (38) suggested that the effect of 16:0 may
vary depending on the amount of cholesterol in the diet. They
suggested that when cholesterol intake was <300 mg/d in nor-
mocholesterolemic subjects the serum cholesterol response to
dietary palmitic acid was negligible. At intakes of dietary cho-
lesterol >400 mg/d (38), the serum cholesterol increased, prob-
ably because of down-regulation of the LDL receptor and prob-
ably maximizing very low density lipoprotein secretion. The
results from our study indicate, however, that 16:0 is hyper-
cholesterolemic even at cholesterol intake <300 mg/d. 

As expected, total and LDL cholesterol were significantly
lower on the PUFA-diet than on the PALM-diet. This is in ac-
cord with the results of several previous studies (39–41).
Wardlaw and Snook (39) compared a diet rich in saturated
fatty acids (butter) to corn and sunflower oils. When the in-
take of saturated fatty acids was reduced, a significant lower-
ing in total and LDL cholesterol was observed. Cox et al. (40)
studied the effect of butter, coconut oil, and safflower oil on
serum lipids. Total and LDL cholesterol were significantly
lower on the diet containing safflower oil and coconut oil
compared to butter. Abbey et al. (41) exchanged saturated
fatty acids with MUFA (raw almonds) and also with PUFA
(walnuts). On both diets there was a significant reduction in
total and LDL cholesterol.

Also compared to the TRANS-diet, the PUFA-diet reduced
total and LDL cholesterol. This is in accord with the results
of previous studies (4,5,42). Wood et al. (42) compared but-
ter to hard and soft margarines. Soft margarine reduced total
and LDL cholesterols significantly compared to hard mar-
garine (trans fatty acids) and butter. In the studies of Mensink
and Katan (4) and of Zock and Katan (5) trans fatty acids
were found to increase total and LDL cholesterols signifi-
cantly compared to oleic and linoleic acids, respectively. 

Several reports indicate that 18:1 trans fatty acids decrease

HDL cholesterol compared to saturated fat or to oleic acid
(4,5,43,44). Also partially hydrogenated fish oil has a similar
HDL cholesterol-decreasing effect (9). This HDL cholesterol-
lowering effect was also observed in this study in that the
lowest HDL cholesterol and apoA-I were observed on the
TRANS-diet. The higher LDL to HDL cholesterol ratio ob-
served on the TRANS-diet was mainly due to this effect on
HDL cholesterol. Others have also noted the increasing effect
of trans fatty acids on the LDL to HDL cholesterol ratio
(4,43), which suggests that palm oil may be preferable to
PHSO when considering the effects on the LDL/HDL ratio. 

As a mechanism for the HDL-reducing effect of trans fatty
acids, an increase in activity of cholesteryl ester transfer pro-
tein has been suggested (45,46). Increased activity of this en-
zyme may contribute to a rise in LDL cholesterol and a de-
crease in HDL cholesterol (46). 

We found the highest HDL cholesterol on the PALM-diet
although the difference between the PALM-diet and the
PUFA-diet was not significant. Also others have found that
HDL cholesterol may be significantly increased with intake
of palmitic acids compared to oleic- or elaidic-rich diets
(6,37,47). On the basis of available evidence (48–51), it may
be assumed that the combined LDL cholesterol-increasing
and HDL cholesterol-lowering effects of trans fatty acids
contribute to increased risk for coronary heart disease, and it
may be prudent to limit the use of partially hydrogenated veg-
etable oils in margarine production. 

In this study we did not find any significant effect of trans
fatty acids (7 E%) on Lp(a). A number of studies recently
demonstrated that trans fatty acids increase Lp(a) when fed
at a level of 7 E% or more (6,9–11). In an earlier study we
also found increased levels of Lp(a) in young men after in-
take of a diet with PHSO (8.5 E% trans fatty acids) or a diet
with partially hydrogenated fish oil (8 E% trans fatty acids)
compared to a butter diet (9). In a smaller recent study the in-
creasing effect on Lp(a) with partially hydrogenated fish oil
did not reach significant level, presumably because of lack of
power (52). As in the present study only women participated
in that study, and it cannot be excluded that the effect of trans
fatty acids on Lp(a) is more pronounced in men.

In conclusion, the results from our study indicate that,
from a nutritional point of view, palm oil may be a reasonable
alternative to PHSO in margarine production if the aim is to
avoid trans fatty acids while maintaining the same degree of
hardness. As expected, both margarines based on these oils
were found to have less favorable effects on blood lipids than
a more PUFA-rich soft margarine.
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ABSTRACT: Severe iron deficiency affects lipid metabolism.
To investigate whether moderate iron depletion also alters lipid
variables—including lipid levels in serum and liver, hepatic li-
pogenesis, and fatty acid composition indicative of an impaired
desaturation—we carried out experiments with rats fed 9, 13,
and 18 mg iron/kg diet over a total of 5 wk. The study also in-
cluded three pair-fed control groups and an ad libitum control
group, fed with 50 mg iron/kg diet. The iron-depleted rats were
classified as iron-deficient on the basis of reduced serum iron,
hemoglobin concentration, and hematocrit. All moderately
iron-deficient rats had significantly lower cholesterol con-
centrations in liver and serum lipoproteins than their pair-fed
controls. Rats with the lowest dietary iron supply had higher
concentrations of hepatic phosphatidylcholine (PC) and phos-
phatidylethanolamine (PE), lower activities of glucose-6-phos-
phate dehydrogenase, malic enzyme and fatty acid synthase,
and higher triacylglycerol concentrations in serum lipoproteins
than the corresponding pair-fed control rats. Moderate iron de-
ficiency also depressed the serum phospholipid level. More-
over, several consistent significant differences in fatty acid com-
position of hepatic PC and PE occurred within moderate iron
deficiency, which indicate impaired desaturation by ∆-9 and
∆-6 desaturases of saturated and essential fatty acids. We con-
clude that lipid variables, including cholesterol in liver and
serum lipoproteins as well as fatty acid desaturation, reflect the
gradations of iron status best and can be used as an indicator of
the degree of moderate iron deficiency.
Lipids 33, 889–895 (1998).

Iron deficiency is a nutritional problem of worldwide impor-
tance, greatly contributing to human and animal morbidity.
Experiments with animal models during the past decades
have revealed a strong relationship between dietary iron and
lipid metabolism. Some investigators have observed lipemia
when anemia was produced by iron-deficient diets (1–3).
Moreover, hepatic lipogenesis measured by means of 14C-
glucose incorporation was altered in livers of severely iron-
deficient chicks and rats (2,3), and the fatty acid composition
of tissues changed as a result of nutritional iron depletion

(4–7). However, within these experiments, the results from
one study often contradicted those from another. Many of
these reports used either bleeding or diets with a maximum of
6 mg iron/kg to characterize metabolic defects associated
with severe iron deficiency. However, moderate iron defi-
ciency is more widespread than severe anemia. Only some
single experiments point to the fact that moderate iron deple-
tion also causes hyperlipemia (2), depresses hepatic lipogen-
esis (2), and increases essential fatty acids in rat tissues (4).

The objectives of the present study were to evaluate the ef-
fects of different degrees of moderate dietary iron depletion,
by using diets with iron concentrations ranging from 9 to 18
mg iron/kg, on lipid concentrations of serum and lipoproteins,
the liver lipid concentrations, the activities of hepatic li-
pogenic enzymes, and the fatty acid composition of individ-
ual liver phospholipids. Several investigations on iron-in-
duced changes in lipogenesis utilized incorporation of labeled
glucose into triacylglycerols (3,8), whereas enzymes involved
in lipogenesis have been scarcely investigated in view of iron
deficiency. One aspect of this study dealt with the effect of
moderate iron deficiency on some enzymes involved in lipo-
genesis.

Many early iron deficiency studies did not take into con-
sideration the fact that animals deficient in micronutrients
often reduce voluntary food intake. Iron deficiency is there-
fore generally combined with an energy deficiency, which has
been shown to affect lipid metabolism markedly. To eliminate
differences in food intake we assigned iron-adequate pair-fed
groups to each iron-deficient group.

MATERIALS AND METHODS

Animals and diets. In this experiment, weaned male specific
pathogen-free Sprague-Dawley rats (WIGA GmbH, Sulzfeld,
Germany) with an average body weight of 40 ± 2 g were fed
diets moderately depleted of iron for 5 wk. For that purpose,
the rats were divided into seven groups of 12 each. Three of
these groups were made moderately iron-deficient by provid-
ing diets containing 9, 13, and 18 mg iron/kg. The iron sup-
plementation of those diets was selected in such a way that
disturbances in lipid metabolism were just detectable. The ex-
periment included three pair-fed control groups and an ad li-
bitum group, fed with 50 mg iron/kg diet that has been shown
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to provide rats with adequate iron (9). The basal diet had 2.6
mg/kg iron and was adjusted to the experimental dietary iron
concentrations by supplementation with iron as FeSO4·7H2O.
All the other components of the diet remained constant. The
composition of the basal semisynthetic diet is given in
Table 1. The diet was prepared from natural feedstuffs. All
diets were fortified with recommended amounts of vitamins
and minerals according to Reeves and coworkers (9). Rats
were housed individually in a controlled environment, in
Macrolon cages (Becker GmbH, Castrop-Ruxel, Germany) in
a room maintained at 24°C with a humidity of 60%. All rats
were kept under conditions of controlled lighting with a daily
12-h light/dark cycle and had free access to drinking water
(double-distilled water, supplemented with 0.14 g/L sodium
chloride to adjust osmolarity to that of tap water). Care and
treatment of rats followed recommended guidelines (10). At
the end of the experimental period of 5 wk, 12 h after the last
feeding, the rats were killed by decapitation after light anes-
thesia with diethyl ether. Blood for hematological measure-
ments was collected into EDTA-coated vials. Blood for
determination of serum iron and lipoproteins was collected
into untreated tubes. The liver and brain were promptly ex-
cised. Serum and tissue samples were stored at −80°C until
analyzed.

Iron analyses. Iron concentration in serum was measured
directly by aspirating a dilute solution (1:5) into the flame of
the atomic absorption spectrometer. Iron concentration of
each sample was calculated from standard curves using vari-
ous dilutions of an iron standard solution (1000 ± 2 mg/L)
from Merck (Darmstadt, Germany). All specimens were ana-
lyzed in duplicate. The coefficient of variation for duplicate
analyses was typically below 2%.

Hematological measurements. Hematological variables in-
cluding erythrocyte count, hematocrit, and hemoglobin con-

centration were determined with a Coulter Counter and a he-
moglobinometer (Coulter Electronics GmbH, Krefeld, Ger-
many).

Lipid extraction and analysis. Liver lipids were extracted
with a hexane/isopropanol mixture (3:2, vol/vol, containing
butylated hydroxytoluene as antioxidant) as described by
Hara and Radin (11). Hepatic phospholipids were separated
by high-performance liquid chromatography as described by
Eder and coworkers (12) and collected with a fraction collec-
tor (model 201; Gilson, Villiers le Bel, France). Hepatic phos-
pholipids separated by high-performance liquid chromatogra-
phy were methylated with boron fluoride/methanol reagent
(13). Fatty acid methyl esters were separated by gas chroma-
tography using a Hewlett-Packard HP 5890 gas chromato-
graphic system (Hewlett-Packard, Taufkirchen, Germany),
fitted with an automatic on-column injector, a flame ioniza-
tion detector, and a CP-Sil 88 capillary column (50 m × 0.25
mm internal diameter, film thickness 0.2 µm; Chrompack,
Middleburg, The Netherlands). The oven temperature pro-
gram used was as described by Eder and Kirchgessner (14).
The detector temperature was 300°C. Fatty acid methyl esters
were identified by comparing their retention times with those
of individual purified standards and quantified with heptade-
canoic acid methyl ester as internal standard (15). The
amounts of individual hepatic phospholipids [phosphatidyl-
choline (PC) and phosphatidylethanolamine, diacyl (PE)]
were calculated by the amount of their bound fatty acids. For
measurement of liver total triacylglycerols and total choles-
terol, liver lipids were extracted with hexane/isopropanol
(3:2, vol/vol) and then dissolved in a chloroform/Triton
X-100 mixture (1:1, vol/vol) as described by De Hoff et al.
(16). After evaporating the chloroform under vacuum, total
triacylglycerols and total cholesterol were determined by
adding test reagents for fully enzymatic spectrophotometric
assay of triacylglycerols (Merck, ref. 14354) and cholesterol
(Boehringer, Mannheim, Germany, ref. 816302).

Activities of lipogenic enzymes. Approximately 4 g of liver
was homogenized in 10 mL of 0.25 M sucrose solution (in 0.1
M phosphate buffer, pH 7.4) using a Potter-Elvehjem homog-
enizer. Homogenates were centrifuged (105,000 × g for 1 h at
4°C), and the supernatants were used for enzyme assays. All
the enzymes were assayed by spectrophotometric methods.
Glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49) (17),
6-phosphogluconate dehydrogenase (E.C. 1.1.1.44) (18), and
malic enzyme (E.C. 1.1.1.40) (19) were determined by the
rate of NADP reduction. In the assay of glucose-6-phosphate
dehydrogenase, activity of 6-phosphogluconate dehydroge-
nase was inhibited by maleimide (17). Fatty acid synthase
was determined by the rate of malonyl-CoA-dependent
NADPH oxidation (20). Citrate cleavage enzyme (E.C.
4.1.3.8) was determined from NADH oxidation (21). 

Serum lipids and lipoproteins. Blood was allowed to clot
for at least 30 min before centrifugation. Serum samples were
obtained by centrifugation at 4°C for 10 min at 1100 × g.
Lipoproteins in serum as very low density lipoproteins
(VLDL; density < 1.006 kg/L), low density lipoproteins
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TABLE 1
Composition of Basal Dieta

Ingredient g/kg diet

Casein 200
Cornstarch 328
Sucrose 300
Fiber (cellulose) 30
Soybean oil 50
Coconut oil 30
Vitamin mixtureb 20
Mineral mixturec 40
DL-Methionine 2
aBasal diet analyzed had 2.6 mg/kg iron.
bVitamins/kg diet: 4000 IU all-trans retinol; 1000 IU cholecalciferol; 150 mg
all-rac-α-tocopherol; 1.47 mg menadione sodium bisulfite; 5 mg thiamine
hydrochloride; 7.20 mg riboflavin; 6 mg pyridoxine hydrochloride; 15 mg
Ca pantothenate; 30 mg nicotinic acid; 1.38 g choline chloride; 0.2 mg folic
acid; 0.2 mg D-biotin; 25 mg cyanocobalamin; sucrose to 20 g.
cMinerals/kg diet: Na2HPO4·2H2O, 3.15 g; KH2PO4, 3.82 g; KCl, 4.77 g;
MgCl2·6H2O, 4.24 g; CaCO3, 12.49 g; NiSO4·6H2O, 4.48 mg;
ZnSO4·7H2O, 131.9 mg; CuSO4·7H2O, 23.6 mg; MnSO4·5H2O, 30.8 mg;
KI, 0.26 mg; Na2MoO4·2H2O, 0.28 mg; Na2SeO3·5H2O, 0.50 mg;
CrCl3·6H2O, 9.61 mg; NH4VO3, 0.23 mg; Na2SiO3·5H2O, 37.76 mg;
H3BO3, 2.86 mg; NaF, 2.21 mg; (CH3COO)2Pb·3H2O, 0.73 mg; sucrose to
40 g.



(LDL; density 1.006–1.063 kg/L) and high density lipopro-
teins (HDL; density 1.063–1.210 kg/L) were separated by the
method of Kupke and Wörz-Zeugner (22) using density gra-
dient ultracentrifugation with a Beckman air-driven ultracen-
trifuge and an A-100 fixed angle rotor at 100,000 × g for 2.5 h
(Beckman Instruments, Palo Alto, CA). The adjustment of the
density of serum with KBr solution to separate HDL was
done according to a method of Terpstra et al. (23). According
to adjustment of the density of serum, lipoproteins at the top
of the tube were aspirated with a Beckman Airfuge Tube
Fractionator (Beckman Instruments) and removed. The
lipoprotein fractions at the bottom of the tubes were analyzed
enzymatically for total cholesterol, triacylglycerols, and phos-
pholipids by using an autoanalyzer (Hitachi 704, Boehringer,
Mannheim, Germany) and Boehringer kit reagents.

Statistical analysis. The effect of iron concentration in the
diet was evaluated by analysis of variance and compared for
statistical significance (P < 0.05) by Fisher’s multiple range
test. All data in the present text are expressed as means ± SD.

RESULTS

Weight gain and iron status. Weight gain, food intake, and
iron status of iron-deficient and iron-adequate rats are shown
in Table 2. Rats receiving 9 mg iron/kg diet had a lower body
weight gain than the corresponding pair-fed controls, and
daily food intake was depressed compared to the ad libitum-
fed control group. Body weight gain and food intake of the
groups fed 13 or 18 mg iron/kg diet did not differ from their
pair-fed controls and the ad libitum-fed group, respectively.
All iron-dependent hematological parameters, including he-
moglobin concentration, hematocrit, and iron concentration
in serum, decreased markedly by week 5 in rats on the iron-
deficient diets, demonstrating that the moderate iron defi-
ciency was well developed 5 wk after the experiment started.
Iron status did not differ between iron-adequate groups.

Liver lipids. The hepatic triacylglycerol concentration was
unaffected by moderate dietary iron depletion (Table 3). The
most striking difference in hepatic lipids was a lower choles-
terol concentration in iron-deficient rats compared to their
corresponding pair-fed controls. Concentrations of phospho-

lipids (PC and PE) were elevated in rats fed 9 mg iron/kg diet
compared to all the other groups.

Activities of hepatic lipogenic enzymes. Rats receiving 9
mg iron/kg diet had lower activities of glucose-6-phosphate
dehydrogenase, malic enzyme, and fatty acid synthase than
their corresponding pair-fed controls, whereas animals sup-
plied with 13 and 18 mg iron/kg diet had enzyme activities
near the control values (Table 3). The activities of 6-phospho-
gluconate dehydrogenase and citrate cleavage enzyme de-
pended primarily on food intake and were reduced in livers
of rats with the lowest iron supply and their pair-fed controls
relative to all the other groups.

Serum lipids and lipoproteins. Iron deficiency led to con-
siderable alterations in serum lipid and lipoprotein concen-
trations (Table 4). Rats receiving 9 mg iron/kg diet had 
a higher concentration of triacylglycerols in serum than their
corresponding pair-fed controls. This elevation was primarily
due to an increase in VLDL and LDL triacylglycerols, where-
as triacylglycerol concentration in HDL remained unchanged.
Triacylglycerols in serum and lipoproteins of the other iron-
restricted groups and control groups did not differ. Cholesterol
concentration in serum varied markedly with the dietary iron
intake, and was reduced in all iron-inadequate rats compared
to the corresponding pair-fed and ad libitum controls. The re-
duction of serum cholesterol level was caused by reduced
VLDL, LDL and HDL cholesterol. Iron-inadequate rats with-
out any reduction in food intake (groups fed 13 and 18 mg
iron/kg diet) had a lower phospholipid concentration in serum
and the lipoproteins than their pair-fed controls, whereas the
phospholipid levels of rats receiving 9 mg iron/kg diet did not
differ from their pair-fed controls.

Fatty acid composition of hepatic phospholipids. Iron de-
ficiency influenced considerably the fatty acid composition of
individual phospholipids, and the most striking differences
were depressed proportions of total and individual monoun-
saturated fatty acids in PC and PE (Table 5). In agreement
with total liver lipids, the proportions of total saturated fatty
acids in hepatic PC and PE did not differ between the groups.
Iron-deficient rats had higher proportions of 18:2n-6 in
hepatic PC and PE than their pair-fed controls, and slightly
decreased levels of 20:4n-6 (Table 6). Therefore, the ratio be-
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TABLE 2
Body Weight Gain, Food Intake, and Iron Status of Moderate Iron-Deficient Rats and Their Pair-Fed Controlsa,b

Group/iron supplyc

Parameter Fe − 9d Fe + PF9e Fe − 13d Fe + PF13e Fe − 18d Fe + PF18e Fe + ad libitum

Body weight gain (g) 226 ± 13g 265 ± 7f 286 ± 33e 294 ± 16d,e 306 ± 15d 301 ± 22d,e 292 ± 27d,e

Food intake (g/d) 15.3 ± 1.4e 15.3 ± 0.1e 17.3 ± 2.1d 17.3 ± 0.9d 18.0 ± 1.0d 17.6 ± 1.3d 17.2 ± 1.4d

Serum iron (µmol/L) 18.6 ± 4.8d 52.7 ± 5.6f 25.1 ± 7.9d 54.8 ± 4.3f 36.2 ± 7.0e 59.6 ± 14.0f 58.2 ± 13.3f

Hemoglobin (g/L) 66.3 ± 8.4g 152 ± 4.9d 96.6 ± 12.5f 150 ± 10.2d 121 ± 21.4e 146 ± 10.2d 145 ± 21.0d

Hematocrit (%) 22.6 ± 2.8g 44.3 ± 1.2d 31.7 ± 4.4f 44.0 ± 3.1d 37.6 ± 6.3e 43.8 ± 3.2d 43.5 ± 5.5d

aData are means ± SD, n = 12 for each group.
bMeans were compared by Fisher’s multiple range test; means not sharing a common roman superscript letter are significantly different at P < 0.05.
cFe− means iron-deficient groups, Fe+ means iron-adequate groups, PF means control group pair-fed to the iron-deficient group.
dFe − 9, Fe − 13, Fe − 18 mean iron-deficient groups fed 9, 13, or 18 mg iron/kg diet.
eFe + PF9, Fe + PF13, Fe + PF18 mean iron-adequate groups (50 mg iron/kg diet) pair-fed to the iron-deficient groups.



tween 20:4n-6 and 18:2n-6 in PC and PE was markedly de-
creased by dietary iron deficiency. There were also some iron-
induced alterations in n-3 polyunsaturated fatty acids, which
showed an increase in most individual n-3 polyunsaturated
fatty acids in PC and PE.

DISCUSSION

Since clinical iron deficiency is rarely as severe as can be
achieved by feeding laboratory animals a diet maximally de-
pleted of iron, we used diets only moderately depleted in iron
in an attempt to mimic the human situation more closely. The
alignment of food intake between the deficiency and the con-
trol group is necessary to isolate the symptoms of a trace ele-
ment restriction and to make valid conclusions. In most iron

deficiency studies both the iron-deficient and the iron-ade-
quate diets were fed ad libitum. We have ascertained that even
moderate iron-depleted rats receiving 9 mg iron/kg diet de-
pressed voluntary food intake. The importance of such pair-
fed groups consists in the fact that some iron effects would be
otherwise over- or underestimated. This was apparent from
the present findings showing that the activities of some li-
pogenic enzymes were reduced in iron-depleted rats com-
pared to the iron-adequate rats fed the diet ad libitum, but not
when the iron-adequate diet was fed in amounts equal to the
depletion group. On the other hand, the triacylglycerol con-
centration in serum and VLDL of the rats with lowest iron
supply was higher than that of their pair-fed controls and
equal to that of the ad libitum-fed controls.

Excluding the discrepancies in food intake from the pre-
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TABLE 3
Lipid Concentrations and the Activities of Lipogenic Enzymes in Liver of Moderate Iron-Deficient Rats and Their Pair-Fed Controlsa,b

Group/iron supplyc

Parameter Fe − 9 Fe + PF9 Fe − 13 Fe + PF13 Fe − 18 Fe + PF18 Fe + ad libitum

Hepatic lipids (µmol/g)
Triacylglycerols 49.4 ± 17.1 45.3 ± 20.1 61.9 ± 32.5 54.4 ± 33.5 50.3 ± 22.9 61.0 ± 39.7 51.1 ± 23.3
Cholesterol 6.73 ± 0.62g 9.25 ± 1.17e 7.43 ± 1.22f,g 10.0 ± 3.0e 7.67 ± 1.14f,g 9.79 ± 2.85e 8.57 ± 1.30e,f

PC 23.4 ± 4.7e 19.4 ± 4.3f 18.9 ± 3.9f 18.0 ± 4.4f 17.0 ± 2.3f 18.6 ± 4.5f 17.6 ± 3.6f

PE (diacyl) 13.5 ± 3.14e 11.3 ± 2.24f 10.7 ± 2.20f 9.78 ± 2.88f 9.80 ± 1.50f 9.97 ± 2.44f 9.54 ± 2.49f

Lipogenic enzymesd

G6PDH 14.1 ± 4.9e 26.5 ± 12.9f 29.8 ± 11.3f 33.3 ± 13.1f 25.3 ± 9.1f 31.8 ± 14.4f 28.2 ± 14.6f

6PGDH 65.0 ± 11.1e 68.3 ± 18.0e 86.7 ± 21.1f 84.8 ± 28.5f 80.3 ± 16.6e,f 87.6 ± 18.8f 79.3 ± 14.7f

ME 4.93 ± 2.64e 9.50 ± 3.79f 9.75 ± 4.10f 10.3 ± 4.2f 8.17 ± 2.14f 10.8 ± 3.7f 8.51 ± 2.62f

CCE 8.92 ± 3.25e 12.2 ± 4.9e,f 20.0 ± 5.7g 18.5 ± 6.6g 16.8 ± 6.6f,g 20.3 ± 5.5g 19.3 ± 7.6g

FAS 1.44 ± 0.69e 2.93 ± 0.93f 4.28 ± 2.66f,g 4.00 ± 2.01f,g 3.40 ± 1.53f,g 4.63 ± 1.79g 3.86 ± 1.46f,g

aData are means ± SD, n = 12 for each group. See Table 2 for column heading explanations.
bMeans were compared by Fisher’s multiple range test; means not sharing a common superscript roman letter are significantly different at P < 0.05.
cFe− means iron-deficient groups, Fe+ means iron-adequate groups, PF means control group pair-fed to the iron-deficient group.
dActivities of glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), and malic enzyme (ME) are expressed as
nmoles NADP · reduced mg protein−1 · min−1 at 25°C; activity of citrate cleavage enzyme (CCE) is expressed as nmoles NADH oxidized · mg protein−1 ·
min−1 at 25°C; activities of fatty acid synthase (FAS) are expressed as nmoles NADPH oxidized · mg protein−1 · min−1 at 25°C.

TABLE 4
Concentrations of Lipids (mmol/L) in Serum and Lipoproteins of Moderate Iron-Deficient Rats and Their Pair-Fed Controlsa,b

Group/iron supplyc

Serum/lipoprotein Fe − 9 Fe + PF9 Fe − 13 Fe + PF13 Fe − 18 Fe + PF18 Fe + ad libitum

Triacylglycerols
Serum 1.12 ± 0.32d 0.76 ± 0.28e 1.23 ± 0.38d 1.30 ± 0.36d 1.06 ± 0.17d 1.26 ± 0.36d 1.22 ± 0.32d

VLDL 0.61 ± 0.27d 0.36 ± 0.25e 0.79 ± 0.35d 0.79 ± 0.31d 0.65 ± 0.23d 0.82 ± 0.34d 0.76 ± 0.32d

LDL 0.31 ± 0.06d 0.21 ± 0.07e 0.24 ± 0.05e 0.24 ± 0.07e 0.22 ± 0.03e 0.24 ± 0.06e 0.25 ± 0.04e

HDL 0.20 ± 0.06 0.21 ± 0.07 0.20 ± 0.04 0.22 ± 0.04 0.19 ± 0.04 0.20 ± 0.09 0.24 ± 0.05
Cholesterol

Serum 1.61 ± 0.28g 2.17 ± 13.9e,f 2.05 ± 0.18f,g 2.72 ± 0.81d 2.02 ± 0.25f,g 2.93 ± 0.71d 2.58 ± 0.58d,e

VLDL 0.29 ± 0.10f 0.30 ± 0.09e,f 0.33 ± 0.10e,f 0.45 ± 0.19d 0.25 ± 0.06f 0.45 ± 0.20d 0.42 ± 0.18d,e

LDL 0.40 ± 0.09f 0.50 ± 0.14e,f 0.35 ± 0.08f 0.60 ± 0.28d,e 0.42 ± 0.09f 0.66 ± 0.25d 0.57 ± 0.19d,e

HDL 1.04 ± 0.20f 1.37 ± 0.28e 1.37 ± 0.21e 1.68 ± 0.47d 1.35 ± 0.21e 1.83 ± 0.35d 1.59 ± 0.37d,e

Phospholipids
Serum 1.71 ± 0.18e 1.83 ± 0.28e 1.81 ± 0.17e 2.28 ± 0.54d 1.75 ± 0.15e 2.37 ± 0.47d 2.13 ± 0.45d

VLDL 0.37 ± 0.11d,e 0.30 ± 0.12e 0.38 ± 0.10d,e 0.46 ± 0.15d 0.30 ± 0.07e 0.46 ± 0.16d 0.42 ± 0.20d

LDL 0.22 ± 0.06f 0.26 ± 0.08e,f 0.20 ± 0.04f 0.32 ± 0.16d,e 0.23 ± 0.06f 0.35 ± 0.12d 0.31 ± 0.09d,e

HDL 1.12 ± 0.12f 1.26 ± 0.18e,f 1.23 ± 0.18e,f 1.50 ± 0.32d 1.23 ± 0.10e,f 1.56 ± 0.26d 1.39 ± 0.28d,e

aData are means ± SD, n = 12 for each group. See Table 2 for column heading explanations.
bMeans were compared by Fisher’s multiple range test; means not sharing a common superscript roman letter are significantly different at P < 0.05.
cFe− means iron-deficient groups, Fe+ means iron-adequate groups, PF means control group pair-fed to the iron-deficient group. VLDL, very low density
lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein.



sent findings, it is clear that dietary iron is associated with
various aspects of lipid metabolism and that some alterations
in lipid variables occur even in moderate iron deficiency. Pa-
rameters including hepatic cholesterol, phospholipids and
cholesterol in serum and the lipoproteins, and fatty acid com-
position of hepatic total lipids and individual phospholipids
were changed by only a slight iron deficiency. Only the con-
dition of well-developed iron deficiency, with hemoglobin
concentrations below 100 g/L, appears to be associated with
a depressed capacity for lipid synthesis, as shown by the de-
creased activity of enzymes associated with lipogenesis and
elevated triacylglycerol concentrations in serum and lipopro-
teins. Also, iron-deficiency anemia provoked by high-fat and
high-copper diets, with hemoglobin concentrations about 85
g/L, has been shown to depress enzymes involved in lipogen-
esis (24).

However, it is difficult to compare the quality and extent
of changes in lipid metabolism found in the present iron-defi-
ciency study with those from other experiments because the
changeability of lipid parameters also depends on the age,
sex, and strain of the rats and the composition of the diets
used in the experiment (1,2,25). Our results show hyper-
triglyceridemia in rats receiving the lowest level of dietary
iron. The association of nutritional severe iron deficiency and
lipemia has been already recognized by Amine and Hegsted
(25) and Lewis and Iammarino (26), who found a rise in the
plasma triacylglycerol content of chicks and weanling rats fed
iron-deficient diets compared to the controls; the extent of
their lipemia was a function of the degree of iron deficiency.
However, in contrast to these findings, some authors found

lowered triacylglycerols in serum of iron-deficient rats
(27,28). A study by Lewis and Iammarino (26) demonstrat-
ing reduced activity of lipoprotein lipase suggests that lipemia
in iron-deficient rats is due to impaired clearance of blood
lipids. However, another report did not confirm a reduction of
lipoprotein lipase activity due to iron depletion (3).

The depressed cholesterol level in liver and serum of the
iron-depleted rats might be associated with the reduced activ-
ities of lipogenic enzymes involved in providing the reduced
form of NADP for several pathways of synthesis. This can be
supported by early results showing that the rate of lipid syn-
thesis was depressed in iron-deficient rats (2). On the basis of
the observed reduction in hepatic cholesterol level we also
expected a lower triacylglycerol content in liver. However,
hepatic triacylglycerol levels remained nearly unchanged by
iron deficiency. The role of iron in mammalian metabolism
includes a number of diverse functions which may also be re-
sponsible for the observed phenomena. Although there is no
evidence for abnormal respiratory function of liver mitochon-
dria in iron-deficient animals (3,29) and for changes in cy-
tochrome oxidase activity (30), decreased carnitine levels ob-
served in iron-deficient rats (31) may contribute to the ob-
served findings. Besides, degeneration of parenchymal liver
cells which has been reported in iron-deficient rats (25,32)
could also be responsible for the alterations in liver lipid me-
tabolism.

In the current study, few consistent significant differences
in fatty acid composition, which indicate impaired desatura-
tion of saturated and essential fatty acids by desaturases, oc-
curred in moderate iron deficiency. This was apparent by the
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TABLE 5
Proportions of Saturated and Monounsaturated Fatty Acids (mol/100 mol fatty acids) in Hepatic Phosphatidylcholine 
and Phosphatidylethanolamine (diacyl) of Moderately Iron-Deficient Rats and Their Pair-Fed Controlsa,b

Group/iron supplyc

Fatty acid Fe − 9 Fe + PF9 Fe − 13 Fe + PF13 Fe − 18 Fe + PF18 Fe + ad libitum

Phosphatidylcholine
14:0 0.69 ± 0.14d 0.51 ± 0.16f 0.62 ± 0.19d,e,f 0.53 ± 0.14e,f 0.63 ± 0.14d,e 0.52 ± 0.11b,c 0.51 ± 0.11f

16:0 19.6 ± 1.3f 25.0 ± 1.5d 21.5 ± 2.1e 24.7 ± 1.4d 24.8 ± 0.7d 24.5 ± 1.2a 24.7 ± 1.7d

18:0 25.9 ± 1.7d 19.8 ± 2.3f 23.9 ± 2.9e 20.4 ± 1.6f 20.1 ± 1.5f 20.6 ± 1.7c 20.9 ± 2.1f

Total SFA 46.2 ± 0.8 45.3 ± 1.2 46.0 ± 1.5 45.6 ± 1.1 45.5 ± 1.3 45.6 ± 1.4 46.1 ± 1.9

16:1 0.87 ± 0.16f 1.41 ± 0.26d 1.16 ± 0.32e 1.35 ± 0.24d 1.28 ± 0.09d,e 1.32 ± 0.19d,e 1.34 ± 0.27d,e

18:1 4.93 ± 0.49g 6.49 ± 0.97d,e 5.75 ± 0.71f 6.54 ± 0.99d 5.88 ± 0.37e,f 6.51 ± 0.77d,e 6.48 ± 0.95d,e

Total MUFA 5.80 ± 0.59f 7.89 ± 1.21d 6.91 ± 0.98e 7.89 ± 1.21d 7.16 ± 0.34d,e 7.83 ± 0.93d 7.82 ± 1.17d

Phosphatidylethanolamine (diacyl)
14:0 0.12 ± 0.03 0.13 ± 0.04 0.14 ± 0.05 0.15 ± 0.02 0.14 ± 0.04 0.15 ± 0.04 0.15 ± 0.04
16:0 17.1 ± 2.0f 17.1 ± 0.6e,f 17.6 ± 2.1d,e,f 18.8 ± 1.4d 17.6 ± 1.1e,f 18.3 ± 1.2d,e,f 18.3 ± 1.5d,e

18:0 30.8 ± 4.9d 27.6 ± 1.1e 27.6 ± 2.2e 25.7 ± 1.6e 27.4 ± 2.0e 26.3 ± 1.5e 26.6 ± 2.3e

Total SFA 47.9 ± 6.0 44.8 ± 1.1 45.4 ± 1.6 44.7 ± 1.8 45.1 ± 2.0 44.7 ± 1.9 45.1 ± 2.4

16:1 0.31 ± 0.17f 0.61 ± 0.18e 0.66 ± 0.14d,e 0.80 ± 0.13d 0.68 ± 0.16d,e 0.74 ± 0.25d,e 0.78 ± 0.21d

18:1 3.18 ± 0.38h 4.85 ± 0.87d,e,f 4.30 ± 0.99f,g 5.31 ± 1.01d 4.01 ± 0.69g 4.62 ± 0.52e,f,g 5.06 ± 0.86d,e

Total MUFA 3.49 ± 0.50h 5.46 ± 0.93d,e,f 4.96 ± 1.07f,g 6.11 ± 1.08d 4.69 ± 0.78g 5.36 ± 0.49e,f,g 5.85 ± 0.90d,e

aData are means ± SD, n = 12 for each group. See Table 2 for column heading explanations.
bMeans were compared by Fisher’s multiple range test; means not sharing a common superscript roman letter are significantly different at P < 0.05.
cFe− means iron-deficient groups, Fe+ means iron-adequate groups, PF means control group pair-fed to the iron-deficient group. SFA, saturated fatty acids;
MUFA, monounsaturated fatty acids.



accumulation of linoleic and linolenic acid in hepatic individ-
ual phospholipids. Iron has been shown to be a structural
component of ∆-6 desaturase (33), and the increased levels of
linoleic and linolenic acids may be due to a decreased level
of the chain elongation and desaturase activities necessary for
the synthesis of arachidonic acid and eicosapentaenoic acids,
which are essential substrates for the production of endoper-
oxides and thromboxanes. Iron is also present in the cy-
tochrome and the terminal components of the stearyl CoA de-
saturase, which converts palmitic to palmitoleic acid and
stearic to oleic acid (34). Individual hepatic phospholipids of
iron-depleted rats from the present study had lower propor-
tions of palmitoleic and oleic acids and higher proportions of
stearic acid. Similar fatty acid alterations as a consequence of
iron deficiency have been also found in liver total lipids
(4,7,35), brain (36), and intestinal mucosa (4). Moreover, de-
saturase activity in livers of rats fed low-iron diets was sig-
nificantly lowered (37). However, the study of Johnson et al.
(6) did not confirm the requirement for iron in the ∆-9 path-
way of fatty acid desaturation.

In conclusion, the current findings point to the fact that
moderate nutritional iron depletion alters various aspects of
lipid metabolism. Our study revealed that iron restriction first
affects the lipid variables including cholesterol in liver and
serum and fatty acid desaturation, and last the hepatic li-
pogenic enzymes and the triacylglycerol content in liver and
serum. Therefore, the cholesterol concentration in serum and
liver and the alteration in fatty acid composition of hepatic
phospholipids best reflect the gradations of iron status and can
be used as an indicator of the degree of iron deficiency.
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ABSTRACT: Eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) were distributed mainly in the sn-1,3 po-
sitions of seal oil triglyceride and in the sn-2 position of squid
oil triglyceride. Seal oil-rich or squid oil-rich fats having con-
stant saturated/monounsaturated/polyunsaturated fatty acid
(PUFA) and n-6/n-3 PUFA ratios were fed to exogenously hy-
percholesterolemic rats for 160 d. The control fat contained
linoleic acid as the sole PUFA. Before starting the experimental
diets, rats were orally treated with high doses of vitamin D for 4
d to accelerate atherogenesis. The percentage of arachidonic
acid in phosphatidylcholine and phosphatidylethanolamine of
liver, platelets, and aorta was lower in the marine oil groups
than in the control group, seal oil being more effective than
squid oil. Maximal platelet aggregation induced by collagen
was significantly lower in both marine oil groups. Platelet
thromboxane (TX) A2 production induced by collagen or throm-
bin was markedly reduced by feeding seal or squid oils, the re-
duction being more pronounced in the seal oil than in the squid
oil group. Aortic prostacyclin (PGI2) production was the same
among the three groups. The ratio of the productions of aortic
PGI2 and platelet TXA2 was significantly higher in the seal oil
than in the control group. Although there was no difference in
intimal thickness among the three groups, the aortic cholesterol
content was significantly lower in the marine oil groups than in
the control group. These results showed that the main effects in
rats of the different intramolecular distributions of EPA and DHA
in dietary fats were on arachidonic acid content in tissue phos-
pholipids and on platelet TXA2 production.
Lipids 33, 897–904 (1998).

The Greenland Inuit who mainly live on seal have a low inci-
dence of myocardial infarction (1). Eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA) are thought to be re-
sponsible for the physiological effects. These n-3 polyunsatu-
rated fatty acids (PUFA) have lowering effects on triglyceride
and cholesterol concentrations in plasma, on arachidonic acid
content in various tissue phospholipids, and on thromboxane
(TX) A2 production in platelets (2,3). These functions are
thought to contribute to the antiatherosclerotic effect of EPA
and DHA (2,4). These PUFA are mainly distributed at the 1
and 3 positions in seal oil triglycerides. Several studies
showed that differences in the intramolecular distribution of
fatty acids in triglycerides may influence physiological func-
tions of the fatty acids (5,6). However, there are few studies
on physiological effects of the different intramolecular distri-
butions of EPA and DHA in triglycerides (7,8).

In our previous study, dietary seal oil reduced plasma and
liver triglyceride concentrations and arachidonic acid content
in liver phospholipids more effectively than fish oil, in which
EPA and DHA were located mainly at the sn-2 position (8).
The ratio of the productions of aortic prostacyclin (PGI2) and
platelet TXA2 stimulated by thrombin was significantly
higher in rats fed seal oil than in those fed fish oil. These re-
sults suggest that seal oil may be more effective for suppress-
ing thrombosis and hence atherosclerosis than fish oil.

In the present study, we investigated the effect of long-term
feeding (160 d) of seal oil-rich and squid oil-rich oils to ex-
ogenously hypercholesterolemic (ExHC) rats, a strain of
Sprague-Dawley rats which readily develops hypercholes-
terolemia on cholesterol feeding (9). EPA and DHA were lo-
cated mainly at the sn-2 position in the squid oil. ExHC rats
were orally treated with high doses of vitamin D to accelerate
atherogenesis before starting a hypercholesterolemic diet. We
previously observed that this treatment induces atherosclerotic
lesions and cholesterol accumulation in rat aorta (9). For quan-
titative estimation of the effects of the structural differences in
seal and squid oils, the dietary fats were designed to give con-
stant ratios of saturated and monounsaturated fatty acids,
PUFA, and n-6 and n-3 PUFA in these marine oil groups. The
control fat contained linoleic acid as the sole PUFA.
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MATERIALS AND METHODS

Materials. Squid oil was obtained from the liver of Todarodes
pacificus. Seal oil was from harp seal. These oils were purified
to edible grade. Briefly, these oils dissolved in 5 vol of acetone
were cooled to −80°C and the supernatants were concentrated
and the obtained lipids were purified with silica gel chromatog-
raphy. Fatty acid composition of squid and seal oils and the in-
tramolecular distribution of fatty acids are shown in Table 1.
EPA and DHA were mainly located at the sn-2 position of the
triglyceride in squid oil; in contrast, 16:0 and 18:1 were at the
sn-1,3 positions. In seal oil, EPA and DHA were mainly at the
sn-1,3 positions and 16:1 and 18:1 were at the sn-2 position.
Seal and squid oils contained cholesterol at 0.14 and 1.6% and
α-tocopherol at 0.031 and 0.23%, respectively.

Safflower and coconut oils were obtained from Nissin Oil
Mills Ltd., Tokyo, Japan, and Nacalai Tesque, Kyoto, Japan,
respectively.

Animals and diets. ExHC rats originally donated by Takeda
Chemical Industries (Osaka, Japan) were bred and maintained at
Seac Yoshitomi (Fukuoka, Japan). Seven-week-old male ExHC
rats weighing an average of 253 g were housed individually in
an air-conditioned room (21–24°C, lights on 800–2000) and
given free access to a nonpurified commercial diet (NMF, Orien-
tal Yeast Co., Tokyo, Japan) for a week. The rats were given vit-
amin D2 (200,000 IU/kg body weight) orally for four successive
days as described previously (9). The vitamin D2-treated rats
were divided into three groups and maintained on a purified diet
for 160 d. The experimental diets were prepared according to the
recommendation of the American Institute of Nutrition (10) and
contained (g/kg) cornstarch 355, casein 200, pregelatinized corn-
starch 132, sucrose 100, fat 100, cellulose 50, mineral mixture

(AIN-93G-MIX) 35, vitamin mixture (AIN-93-VX) 10, choles-
terol 10, L-cystine 3, choline bitartrate 2.5, sodium cholate 2.5,
and tert-butylhydroquinone 0.014. The mineral and vitamin mix-
tures were purchased from Nihon Nosan Kogyo (Tokyo, Japan).
Dietary fats were designed to have a constant ratio of polyunsat-
urated/monounsaturated/saturated fatty acids ratio as shown in
Table 2. The energy percentage of n-3 PUFA was 2.2 in the diets.
The rats in the seal and squid oil groups were fed on average 190
mg/d of n-3 PUFA during the feeding period. Dietary fat in the
control group was a mixture of coconut and safflower oils
(76.1:23.9 w/w). Dietary fats in the seal and squid oil groups
were mixtures of seal, coconut, and safflower oils (24.1:66.9:9.0
by wt) and squid, coconut, and safflower oils (26.1:65.0:8.9 by
wt), respectively. Seal and squid oils contributed cholesterol to
the diets at 3.4 and 42 mg/100 g diet, respectively. Because cho-
lesterol was added at 1000 mg/100 g diet, the cholesterol contri-
bution of seal and squid oils to lipid metabolism is minimal. The
contribution of α-tocopherol from the seal and squid oils ws 0.75
and 6.1 mg/100 g diet, respectively. Rats were given only freshly
prepared food each evening to prevent peroxidation of dietary
fat. After the rats had been starved for 7 h (700–1400), they were
killed under diethyl ether anesthesia by withdrawing blood from
the abdominal aorta into a syringe containing 3.8% trisodium ci-
trate.

Tissue preparation for determining atherosclerosis histo-
logically. The entire aorta with its main branches was dis-
sected from each animal and washed with physiological
saline. Thoracic aorta between heart junction and right carotid
artery was perfused with 20% neutral formalin buffer solu-
tion at pH 7.4, and preserved in the same solution before
paraffin embedding in the routine manner to prepare 5 µm-
thick serial sections. The sections were stained with orcein
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TABLE 1
Fatty Acid Composition (mol%) and Triglyceride Structure of Squid and Seal Oils

Squid oil Seal oil

Fatty acids Total sn-2 sn-1,3 Total sn-2 sn-1,3

14:0 4.0 1.9 4.4 3.3 6.2 1.0
14:1 0.4 0.2 0.4 2.7 5.4 0.6
16:0 10.9 3.9 14.0 1.8 3.2 1.3
16:1 5.5 3.0 7.0 16.4 30.7 9.0
16:2 1.7 1.3 3.3 1.4 2.5 1.0
16:3 0.7 3.9 2.4 0.9 4.7 1.6
16:4 0.4 0.4 0.4 1.5 1.4 1.4
18:0 1.5 0.5 2.0 0.2 0.3 0.2
18:1n-9 11.2 5.8 14.7 13.4 20.1 11.3
18:1n-7 3.8 2.1 5.1 2.2 2.2 2.1
18:2n-6 1.5 1.6 1.8 2.4 5.8 1.0
18:3n-3 1.2 1.7 1.3 1.6 3.1 0.8
18:4n-3 2.5 2.2 2.6 6.2 3.8 7.3
20:1 6.2 4.3 7.5 3.7 1.2 4.9
20:4n-6 1.7 2.0 1.6 0.5 0.2 0.5
20:4n-3 1.0 1.4 0.7 1.0 0.5 1.3
20:5n-3 20.5 26.1 16.6 15.2 2.8 21.4
22:1n-9 3.0 2.1 3.5 0.7 0.1 1.0
22:5n-3 1.2 4.6 0.8 6.2 2.5 9.3
22:6n-3 21.2 31.2 9.9 19.0 3.3 23.1



and hematoxylin. Intimal thickness was measured by using a
Nikon microscope and NIH Image as described (9).

Analytical methods. The triglyceride structure of squid and
seal oils was analyzed by a Grignard degradation method as
described previously (8). Briefly, triglyceride was reacted
with 1 M ethylmagnesium bromide in diethyl ether for 25 s.
After the addition of acetic acid to stop the reaction, the reac-
tion mixture was extracted with diethyl ether. After the ether
extract was concentrated by evaporating off, it was applied to
a silica gel G thin-layer chromatography plate containing 5%
boric acid, and the plate was developed with chloroform/ace-
tone (96:4, vol/vol). 2-Monoglyceride and a mixture of 1- and
3-monoglyceride fractions were transmethylated with sulfu-
ric acid/methanol (1:115, vol/vol). Fatty acid methyl esters
were analyzed by gas–liquid chromatography on an
Omegawax 320 capillary column (Supelco Japan, Tokyo,
Japan; 30 m long, 0.25 µm film, 0.32 mm i.d., helium as car-
rier gas, split ratio of 1:80). Column, injector, and detector
temperatures were 190, 250, and 250°C, respectively.

Plasma lipoproteins were prepared by ultracentrifugation
as described previously (11). Plasma and lipoprotein lipids
were determined by commercially available kits; Cholesterol
C Test, Triglyceride G Test, and Phospholipid B Test (Wako
Pure Chemicals, Osaka, Japan). Plasma high density lipopro-
tein (HDL)-cholesterol was determined with HDL-C Daiichi
(Daiichi Pure Chemicals, Tokyo, Japan). Serum thiobarbituric
acid-reactive substances (TBARS) were measured by LPO-
Test (Wako Pure Chemicals). Tissues and thoracic aorta lipids
were extracted by the method of Folch et al. (12). Cholesterol
(13), triglycerides (14), and phospholipids (15) in the liver
were analyzed as described previously. After saponification
of aortic lipids, cholesterol was derivatized to the trimethylsi-

lyl ether and then quantified by gas–liquid chromatography
on a 3% OV-17 (GL Science, Tokyo, Japan) column (3). 5α-
Cholestane (Nacalai Tesque) was used as an internal standard.
Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
and triglyceride in tissues were separated by thin-layer chro-
matography, and the fatty acid composition was analyzed by
gas–liquid chromatography as described above.

Analysis of eicosanoids and platelet aggregation. Approx-
imately 28 mg of abdominal aorta was incubated in Krebs-
Henseleit bicarbonate buffer (pH 7.4) at 25°C for 30 min (8),
and the concentration of 6-keto-prostaglandin F1α, a stable
metabolite of PGI2, was determined with a commercial en-
zyme immunoassay kit (Cayman Chemical Co., Ann Arbor,
MI). Citrated plasma was centrifuged at 160 × g for 10 min to
obtain platelet-rich plasma (PRP), and platelet-poor plasma
was obtained from the centrifugation of PRP at 1000 × g for
15 min. PRP was stimulated by 10 µg/mL collagen, and
platelet aggregation was measured with an automated platelet
aggregation analyzer (Aggrecorder II; Kyoto Daiichi Kagaku,
Kyoto, Japan) at 37°C. After 5 min, indomethacin (final con-
centration, 42 µM; Sigma-Aldrich Japan, Tokyo, Japan) was
added to stop the production of TXA2. Citrated blood was
stimulated by thrombin (final concentration 1 U/200 µL cit-
rated blood) for 5 min at 37°C, and the reaction was stopped
by the addition of indomethacin. TXB2, a stable metabolite
of TXA2, was measured with a commercial enzyme im-
munoassay kit (Cayman Chemical).

Statistical analysis. Data were analyzed by Duncan’s new
multiple-range test (16), and differences were considered sig-
nificant at P < 0.05.

RESULTS

Growth, food intake, and liver weight. Body weights, food in-
take, and relative liver weights are shown in Table 3. There
were no significant differences in body weight gain and food
intake. Relative liver weight was significantly higher in the
seal oil group than in the squid oil and control groups.

The concentrations of plasma and liver lipids and plasma
TBARS. The concentrations of plasma and liver lipids are
shown in Table 3. Total cholesterol, triglyceride, and phospho-
lipid concentrations in plasma were significantly lower in the
squid and seal oil groups than in the control group. The HDL-
cholesterol concentration was significantly lower in the squid
oil group than in the control group. The atherogenic index [total
cholesterol − HDL-cholesterol)/HDL-cholesterol] in the seal
oil group was significantly lower than indices in the other
groups. The reduction of cholesterol and triglyceride concen-
trations in plasma was due to the decrease both in very low den-
sity lipoprotein and low density lipoprotein fractions (data not
shown). The concentration of TBARS in plasma was signifi-
cantly higher in the seal oil group than in the control group.

The liver triglyceride concentration was significantly lower
in the squid and seal oil groups than in the control group. There
were no significant differences in hepatic cholesterol and phos-
pholipid concentrations among the three groups.
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TABLE 2
Fatty Acid Composition (wt%) of Dietary Fatsa

Group

Fatty acids Control Squid oil Seal oil

8:0 6.5 5.9 5.8
10:0 5.3 4.8 4.8
12:0 38.1 35.0 35.0
14:0 13.0 12.5 12.7
16:0 7.8 8.2 6.6
16:1 0.0 1.0 3.0
18:0 2.6 2.3 2.1
18:1n-9 7.6 7.3 8.2
18:2n-6 18.2 7.6 7.8
18:4n-3 — 0.5 1.1
20:1 — 1.3 0.8
20:5n-3 — 4.1 3.0
22:5n-3 — 0.3 1.4
22:6n-3 — 4.6 4.1
SFA 73.9 71.8 69.7
MUFA 7.8 10.3 12.3
n-6 PUFA 18.2 8.0 8.0
n-3 PUFA — 9.9 10.0
aSFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; —, less than 1 wt%.



Fatty acid composition in liver, platelets, and aorta. Fatty
acid composition of PC and PE was measured in liver,
platelets, and aorta (Tables 4–6). The percentage of arachi-
donic acid in the phospholipids of these tissues was signifi-
cantly lower in the marine oil groups than in the control
group. Seal oil was more effective for lowering the arachi-
donic acid content than squid oil. Percentages of linoleic acid
in the aorta PC and platelet PC and PE were significantly

higher in the seal oil group than in the squid oil group. As a
result, the desaturation index [(20:4n-6 + 20:3n-6)/18:2n-6]
was lower in the marine oil groups than in the control group,
seal oil being more effective than squid oil. Percentages of
n-3 PUFA in liver PC, aorta PE, and platelet PE were higher
in the seal oil group than in the squid oil group. EPA and n-3
docosapentaenoic acid (22:5n-3) in aorta and platelet PE were
higher in the seal oil than in the squid oil group.
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TABLE 3
Growth Parameters, Plasma Lipid Concentrations, Atherogenic Indices, and Thiobarbituric
Acid-Reactive Substances

Group

Controla Squid oila Seal oila

Growth parameters
Initial body weight (g) 253 ± 6 250 ± 4 257 ± 3
Body weight gain (g) 329 ± 9 346 ± 10 354 ± 20
Food intake (g/d) 18.6 ± 0.3 18.9 ± 0.3 19.0 ± 0.4

Relative liver weight
(g/100 g body weight) 5.26 ± 0.11a 5.22 ± 0.11a 5.74 ± 0.18b

Plasma lipid concentration
Total cholesterol (mg/dL) 619 ± 68a 368 ± 28b 360 ± 46b

HDL-cholesterol (mg/dL) 49.8 ± 5.0a 33.7 ± 2.4b 44.8 ± 4.7a,b

Triglyceride (mg/dL) 206 ± 20a 112 ± 11b 132 ± 18b

Phospholipid (mg/dL) 402 ± 37a 203 ± 19b 228 ± 26b

Atherogenic index 11.5 ± 0.7a 10.5 ± 1.5a 7.21 ± 0.81b

Plasma TBARS (nmol/mL) 3.36 ± 0.37a 4.21 ± 0.38a,b 5.22 ± 0.44b

Liver lipid concentration (mg/g)
Cholesterol 152 ± 7 156 ± 3 161 ± 4
Triglyceride 24.4 ± 1.4a 19.2 ± 0.9b 18.0 ± 0.4b

Phospholipid 22.3 ± 0.3 23.6 ± 0.4 23.8 ± 0.7
aValues represent mean ± SE, n = 8 rats. Values with different superscript roman letters are signifi-
cantly different at P < 0.05. HDL, high density lipoprotein; atherogenic index: (total cholesterol
− HDL-cholesterol)/HDL-cholesterol; TBARS, thiobarbituric acid-reactive substances.

TABLE 4
Fatty Acid Composition (wt%) of Phosphatidylcholine and Phosphatidylethanolamine in Liver

Phosphatidylcholinea Phosphatidylethanolaminea

Fatty acids Control group Fish oil group Seal oil group Control group Fish oil group Seal oil group

16:0 21.0 ± 0.4a 23.8 ± 0.5b 24.2 ± 0.5b 14.0 ± 0.9a 17.7 ± 1.1b 20.4 ± 1.4b

16:1 3.1 ± 0.2 3.0 ± 0.2 3.5 ± 0.2 1.7 ± 0.2 1.3 ± 0.1 1.4 ± 0.1
18:0 13.5 ± 0.2 13.1 ± 0.5 12.8 ± 0.3 16.7 ± 0.4a 16.3 ± 0.5a 14.3 ± 0.4b

18:1n-9 7.4 ± 0.3a 10.0 ± 0.3b 10.1 ± 0.3b 8.9 ± 0.8 7.4 ± 0.4 9.4 ± 0.7
18:1n-7 6.9 ± 0.1a 4.8 ± 0.1b 4.9 ± 0.2b 7.2 ± 0.3a 4.4 ± 0.1b 4.5 ± 0.1b

18:2n-6 20.1 ± 0.3a 18.1 ± 0.3b 19.5 ± 0.7a,b 12.7 ± 0.4a 8.3 ± 0.3b 9.9 ± 0.9b

Unknown 0.9 ± 0.3 0.9 ± 0.2 0.8 ± 0.1 1.4 ± 0.3 2.0 ± 0.4 1.3 ± 0.2
20:3n-6 4.2 ± 0.2a 1.4 ± 0.1b 1.7 ± 0.1b 2.8 ± 0.2a 0.6 ± 0.1b 0.7 ± 0.0b

20:4n-6 22.5 ± 0.3a 9.5 ± 0.3b 5.4 ± 0.2c 29.2 ± 0.7a 9.7 ± 0.5b 5.6 ± 0.4c

20:5n-3 0.0 ± 0.0a 7.0 ± 0.3b 7.7 ± 0.3b 0.0 ± 0.0a 8.4 ± 0.4b 8.8 ± 0.4b

22:4n-6 — — — 1.0 ± 0.2a 0.0 ± 0.0b 0.0 ± 0.0b

22:5n-6 — — — 1.3 ± 0.3a 0.0 ± 0.0b 0.0 ± 0.0b

22:5n-3 0.0 ± 0.0a 0.7 ± 0.1b 1.2 ± 0.1c 0.1 ± 0.1a 1.6 ± 0.4b 2.4 ± 0.1c

22:6n-3 0.4 ± 0.2a 7.7 ± 0.2b 8.2 ± 0.5b 3.1 ± 0.2a 22.6 ± 1.0b 21.2 ± 0.8b

n-6 PUFA 46.8 ± 0.3a 29.0 ± 0.5b 26.6 ± 0.8c 45.6 ± 1.3a 18.5 ± 0.7b 16.2 ± 1.3b

n-3 PUFA 0.4 ± 0.2a 15.5 ± 0.4b 17.1 ± 0.7c 3.2 ± 0.2a 32.5 ± 1.5b 32.5 ± 0.9b

Desat. index 1.33 ± 0.03a 0.60 ± 0.02b 0.37 ± 0.01c 2.56 ± 0.05a 1.25 ± 0.07b 0.66 ± 0.04c

aMean ± SE, n = 8 rats. Values with different superscript roman letters are significantly different at P < 0.05. Desat. index, Desaturation index =
[(20:3n-6 + 20:4n-6)/18:2n-6]. For other abbreviations see Table 2.



As shown in Table 7, percentages of DHA and EPA in liver
triglycerides were significantly lower in the seal oil than in
the squid oil group.

Eicosanoid production and platelet aggregation. As shown
in Table 8, production of TXA2 in PRP stimulated by collagen
and in citrated blood stimulated by thrombin was much lower
in the seal and squid oil groups than in the control group. Seal

oil was more effective for lowering TXA2 production than
squid oil. The difference was particularly significant in the
stimulation with collagen. Production of PGI2 was not influ-
enced by the dietary fats. As a result, the ratio PGI2/TXA2 was
highest in the seal oil group and lowest in the control group.
Maximal platelet aggregation by collagen was significantly
lower in the squid and seal oil groups than in the control group.
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TABLE 5
Fatty Acid Composition (wt%) of Phosphatidylcholine and Phosphatidylethanolamine in Aorta

Phosphatidylcholinea Phosphatidylethanolaminea

Fatty acids Control group Fish oil group Seal oil group Control group Fish oil group Seal oil group

14:0 1.4 ± 0.1a 1.1 ± 0.1b 1.2 ± 0.1b 1.5 ± 0.1a 2.7 ± 0.4b 2.4 ± 0.5a,b

16:0 31.8 ± 0.4a 33.6 ± 0.6b 33.4 ± 0.5b 8.0 ± 0.3a 9.7 ± 0.2b 10.3 ± 0.2b

16:1 1.6 ± 0.1a 1.8 ± 0.1a 2.1 ± 0.1b 3.7 ± 0.2a 5.6 ± 0.5b 5.1 ± 0.4b

Unknown — — — 1.4 ± 0.1 2.6 ± 0.6 1.7 ± 0.4
Unknown — — — 8.7 ± 0.2a 7.7 ± 0.2b 7.3 ± 0.2b

16:4 — — — 2.0 ± 0.1a 1.2 ± 0.3b 1.6 ± 0.3a,b

18:0 15.1 ± 0.3 14.7 ± 0.2 14.6 ± 0.2 16.1 ± 0.2 15.7 ± 0.4 16.4 ± 0.4
18:1n-9 6.2 ± 0.2a 8.1 ± 0.3b 7.9 ± 0.3b 4.3 ± 0.2a 6.3 ± 0.6b 6.0 ± 0.4b

18:1n-7 6.5 ± 0.1 6.4 ± 0.1 6.4 ± 0.1 1.4 ± 0.0a,b 1.1 ± 0.3a 1.7 ± 0.1b

18:2n-6 9.6 ± 0.4a 12.9 ± 0.2b 15.0 ± 0.2c 2.4 ± 0.3 3.2 ± 0.5 3.3 ± 0.3
20:3n-6 2.3 ± 0.1a 2.6 ± 0.1b 3.2 ± 0.1c 1.2 ± 0.1a 1.7 ± 0.1b 2.0 ± 0.1c

20:4n-6 23.7 ± 0.5a 11.1 ± 0.2b 8.5 ± 0.4c 36.4 ± 0.4a 21.1 ± 1.0b 18.1 ± 1.0c

20:5n-3 0.0 ± 0.0a 3.3 ± 0.1b 3.5 ± 0.2b 0.6 ± 0.3a 4.8 ± 0.2b 6.0 ± 0.4c

22:4n-6 0.8 ± 0.2a 0.2 ± 0.1b 0.1 ± 0.0b 8.0 ± 0.2a 1.4 ± 0.1b 1.0 ± 0.2a,b

22:5n-3 0.0 ± 0.0a 0.9 ± 0.1b 1.1 ± 0.2b 2.8 ± 0.3a 4.3 ± 0.3b 5.9 ± 0.4c

22:6n-3 0.4 ± 0.1a 2.7 ± 0.4b 2.5 ± 0.3b 1.8 ± 0.1a 11.0 ± 0.7b 11.3 ± 0.7b

n-6 PUFA 36.4 ± 0.6a 26.8 ± 0.2b 26.8 ± 0.4b 48.0 ± 0.5a 27.4 ± 0.7b 24.4 ± 0.8c

n-3 PUFA 0.4 ± 0.2a 6.8 ± 0.6b 7.0 ± 0.5b 5.1 ± 0.4a 20.1 ± 1.1b 23.2 ± 1.3c

Desat. index 2.73 ± 0.12a 1.06 ± 0.03b 0.78 ± 0.03c 17.4 ± 2.1a 8.20 ± 1.19b 6.43 ± 0.72b

aMean ± SE, n = 8 rats. Values with different superscript roman letters are significantly different at P < 0.05. For abbreviations see Tables 2 and 4.

TABLE 6
Fatty Acid Composition (wt%) of Phosphatidylcholine and Phosphatidylethanolamine in Platelets

Phosphatidylcholinea Phosphatidylethanolaminea

Fatty acids Control group Fish oil group Seal oil group Control group Fish oil group Seal oil group

14:0 3.5 ± 0.2 2.9 ± 0.5 3.3 ± 0.5 0.9 ± 0.2a 1.6 ± 0.1b 1.5 ± 0.1b

16:0 52.2 ± 0.3a,b 52.3 ± 0.3a 51.1 ± 0.5b 4.5 ± 0.1a 5.2 ± 0.2b 5.2 ± 0.2b

16:1 1.9 ± 0.1a 2.5 ± 0.1b 2.9 ± 0.1c 6.3 ± 0.2 6.4 ± 0.2 6.5 ± 0.1
Unknown — — — 4.5 ± 0.2a 5.5 ± 0.1b 5.4 ± 0.1b

Unknown — — — 3.2 ± 0.1 3.0 ± 0.1 3.1 ± 0.1
16:4 — — — 3.0 ± 0.1a 2.2 ± 0.1b 2.5 ± 0.1c

18:0 6.0 ± 0.1 5.6 ± 0.2 5.7 ± 0.2 13.4 ± 0.2a 12.1 ± 0.2b 12.1 ± 0.2b

18:1n-9 4.9 ± 0.1a 7.0 ± 0.1b 7.2 ± 0.2b 3.5 ± 0.1a 4.2 ± 0.1b 4.5 ± 0.1c

18:1n-7 6.5 ± 0.1 6.4 ± 0.1 6.4 ± 0.1 1.4 ± 0.0a,b 1.1 ± 0.3a 1.7 ± 0.1b

18:2n-6 13.3 ± 0.2a 14.1 ± 0.4a 15.3 ± 0.5b 4.4 ± 0.1a 6.4 ± 0.1b 8.0 ± 0.2c

20:3n-6 2.2 ± 0.1a 0.7 ± 0.0b 0.8 ± 0.0b 1.6 ± 0.1a 0.9 ± 0.0b 1.1 ± 0.0c

20:4n-6 9.7 ± 0.2a 3.2 ± 0.1b 1.9 ± 0.1c 38.2 ± 0.3a 19.3 ± 0.3b 12.6 ± 0.3c

20:5n-3 0.0 ± 0.0a 4.5 ± 0.2b 4.5 ± 0.2b 0.0 ± 0.0a 19.5 ± 0.3b 22.9 ± 0.4c

22:4n-6 — — — 11.5 ± 0.2a 1.2 ± 0.1b 0.7 ± 0.0c

22:5n-3 0.0 ± 0.0a 0.5 ± 0.1b 0.6 ± 0.0b 0.2 ± 0.1a 6.6 ± 0.1b 7.4 ± 0.1c

22:6n-3 0.0 ± 0.0a 1.1 ± 0.0b 1.1 ± 0.1b 0.0 ± 0.0a 3.4 ± 0.1b 3.2 ± 0.1b

n-6 PUFA 25.3 ± 0.4a 18.0 ± 0.4b 17.9 ± 0.5b 55.6 ± 0.4a 27.8 ± 0.4b 22.4 ± 0.5c

n-3 PUFA 0.0 ± 0.0a 6.1 ± 0.1b 6.2 ± 0.2b 0.2 ± 0.1a 29.6 ± 0.5b 33.5 ± 0.4c

Desat. index 0.89 ± 0.02a 0.28 ± 0.01b 0.17 ± 0.00c 9.18 ± 0.23a 3.14 ± 0.06b 1.71 ± 0.02c

aMean ± SE, n = 8 rats. Values with different superscript roman letters are significantly different at P < 0.05. For abbreviations see Tables 2 and 4.



Intimal thickness and cholesterol concentration in aorta.
Differences in the thickness of aortic intima were not statisti-
cally significant among the three groups (data not shown).
Cholesterol content in aorta was significantly lower in the
squid and seal oil groups than in the control group (1.91 ±
0.07, 2.06 ± 0.11, and 2.51 ± 0.21 µg/mg aorta in the squid
oil, seal oil, and control groups, respectively).

DISCUSSION

We previously reported that triglyceride structures in dietary
seal and fish oils were reflected by the structures in chylomicron
triglycerides secreted from intestinal cells to lymph (8). EPA
and DHA at the sn-1,3 positions in seal oil triglyceride were re-
tained at 94 and 92% in lymph triglycerides collected for 3 h
after the administration, respectively, and EPA and DHA at the

sn-2 position in fish oil triglyceride was retained at 62 and 74%,
respectively. A similar observation was reported by Christensen
and Høy (17). Christensen et al. (7) also observed that the re-
moval rate from plasma of radiolabeled cholesterol contained in
chylomicrons following seal oil feeding was faster than that
after fish oil feeding. In addition, the recovery of radiolabeled
palmitic acid from the liver was significantly lower in rats fed
seal oil than in animals fed fish oil. They also reported that fatty
acids bound to 2-monoglycerides following hydrolysis of chy-
lomicron triglycerides may affect the clearance rate of chylomi-
crons and chylomicron remnants (18,19). Based on these re-
sults, the structural difference of triglycerides of seal and squid
oils may affect lipid metabolism differently.

EPA and DHA inhibit ∆6 desaturation of linoleic acid and
hence reduce arachidonic acid content in tissue phospholipids
(2). In the present study, the effects of feeding seal and squid
oils on the arachidonic acid content in several tissue phospho-
lipids differed (Tables 4–6). Although total n-3 PUFA content
in the dietary fats was the same in the seal and squid oil
groups, feeding of seal oil more effectively reduced the
arachidonic acid content in liver, platelets, and aorta phos-
pholipids than squid oil. Desaturation indices in these phos-
pholipids were significantly lower in the seal oil group than
in the squid oil group. Therefore, the reduction of arachidonic
acid in these phospholipids may be due to the inhibition of ∆6
desaturation. Generally, an increase of n-3 PUFA content in
the liver induces the inhibition of ∆6 desaturation of linoleic
acid and hence the reduction of arachidonic acid (2). How-
ever, although total n-3 PUFA content contained in liver PC
was slightly higher in the seal oil group than in the squid oil
group, it was not increased in liver PE by feeding with seal
oil. In addition, n-3 PUFA content in liver triglycerides of the
seal oil group was only half that of the squid oil group. These
observations indicate that total n-3 PUFA content in the liver
of rats fed seal oil was lower than of those fed squid oil.
Therefore, the reduction of arachidonic acid content in the
seal oil group may have occurred without an increase of n-3
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TABLE 7
Fatty Acid Composition (wt%) of Triglyceride in Livera

Group

Fatty acids Control Squid oil Seal oil

14:0 3.1 ± 0.2a 2.0 ± 0.1b 2.0 ± 0.2b

16:0 21.4 ± 0.3 21.4 ± 0.3 21.8 ± 0.5
16:1 8.1 ± 0.6a 6.5 ± 0.2b 7.2 ± 0.2a,b

18:0 1.4 ± 0.1a 1.9 ± 0.1b 2.3 ± 0.1c

18:1n-9 33.9 ± 0.9a 35.9 ± 1.3a 40.9 ± 0.6b

18:1n-7 8.3 ± 0.2a 5.0 ± 0.2b 5.7 ± 0.2c

18:2n-6 22.0 ± 0.7a 13.7 ± 0.4b 13.6 ± 0.5b

20:3n-6 1.0 ± 0.0a 0.2 ± 0.0b 0.1 ± 0.0b

20:4n-6 0.9 ± 0.1a 0.3 ± 0.1b 0.2 ± 0.0c

20:5n-3 0.0 ± 0.0a 1.5 ± 0.2b 0.7 ± 0.1c

22:5n-3 0.0 ± 0.0a 1.7 ± 0.2b 1.1 ± 0.2c

22:6n-3 0.0 ± 0.0a 9.9 ± 1.0b 4.4 ± 0.7c

n-6 PUFA 23.9 ± 0.8a 14.2 ± 0.4b 13.9 ± 0.5b

n-3 PUFA 0.0 ± 0.0a 13.2 ± 1.4b 6.2 ± 1.0c

aMean ± SE, n = 8 rats. Values with different superscript roman letters are
significantly different at P < 0.05. For abbreviation see Table 2.

TABLE 8
Production of Aortic Thromboxane A2 and Prostacyclin, and Platelet Aggregationa

Group

Control Squid oil Seal oil

Production of platelet thromboxane A2 (ng/mL)
Collagen 492 ± 30a 150 ± 14b 74.6 ± 4.4c

Thrombin 555 ± 38a 145 ± 15b 101 ± 8b

Production of aortic prostacyclin (pg/mg aorta)
1019 ± 241 847 ± 264 937 ± 193

Ratio of aortic prostacyclin and platelet thromboxane A2
Collagen 2.19 ± 0.54a 5.99 ± 1.86a,b 10.1 ± 2.67b

Thrombin 2.11 ± 0.73a 5.77 ± 1.28a,b 9.60 ± 2.55b

Maximal aggregation (%)
Collagen 48.4 ± 3.2a 40.8 ± 2.3b 40.7 ± 0.9b

aMean ± SE, n = 6–8 rats. Values with different superscript roman letters are significantly different at
P < 0.05. Prostacyclin and thromboxane A2 were measured as 6-keto-prostaglandin F1α and throm-
boxane B2, respectively. Collagen: final concentration of collagen was 10 µg/mL. Thrombin: final
concentration of thrombin was 1 U/200 µL citrated blood. Maximal aggregation: platelet was stimu-
lated by 10 µg/mL collagen.



PUFA content in the liver. It is not evident how the structural
differences of the triglycerides may influence ∆6 desaturation
of linoleic acid. 

An alternative possibility is that the differences in n-3
PUFA composition between dietary seal and squid oils may
cause the observed influence on fatty acid composition in the
phospholipids. Octadecatetraenoic (18:4n-3) and docosapen-
taenoic (22:5n-3) acids were higher in the seal oil than in the
squid oil (Table 1). However, the effect of these n-3 PUFA on
arachidonic acid content in phospholipids has never been re-
ported. Mechanisms for different effects between seal and
squid oils on linoleic acid metabolism deserve further inves-
tigation.

In our previous study in which seal oil-rich or fish oil-rich
diets were fed to rats for 3 wk, the reduction of arachidonic
acid content in the seal oil group was observed in liver PC and
PE but not in platelet and aorta PC (8). In the present study,
the percentage of arachidonic acid was even lower in platelet
and aorta PC and PE in the seal oil group than in the squid oil
group. The desaturation and elongation of linoleic acid to
arachidonic acid are performed mainly in the liver (20) and
hence a large portion of arachidonic acid in phospholipids of
extrahepatic tissues is supplied from the liver. Christensen
and Høy (21) did not observe any influence that was attribut-
able to structural differences in seal and fish oils on the incor-
poration rate of n-3 PUFA into and the arachidonic acid con-
tent of heart and kidney phospholipids of rats fed for 17 d
(21). These observations suggest that the influence of the re-
duction of arachidonic acid in the liver would be slowly trans-
ferred to the extrahepatic tissues. Therefore, long-term feed-
ing may be necessary to identify effects of structural differ-
ences of seal and squid oils.

The content of n-3 PUFA, in particular EPA and 22:5n-3,
in platelet and aorta PE was higher in the seal oil group than
in the squid oil group. The increase in EPA occurred in spite
of the lower EPA content in dietary seal oil compared with
squid oil. Chylomicron triglyceride incorporated from intesti-
nal lymph into the bloodstream is hydrolyzed at sn-1 and sn-3
positions to free fatty acid and 2-monoglyceride by periph-
eral lipopotein lipase. A portion of the free fatty acids is in-
corporated into the peripheral tissues, and the remaining part
is taken up by the liver. A portion of the 2-monoglyceride is
transformed to 1-monoglyceride and then hydrolyzed to free
fatty acid. The remaining portion of the 2-monoglyceride is
incorporated into the liver with the chylomicron remnant. It
is thought that because of low activity, if any, of the 2-mono-
glyceride pathway, 2-monoglyceride incorporated into the
liver is hydrolyzed to free fatty acid and glycerol and then the
fatty acid is partitioned to various lipid fractions. The extent
of the partition of free fatty acids and 2-monoglyceride be-
tween the peripheral tissues and the liver is not clearly under-
stood. It seems likely that the partition may depend to some
extent on the species of fatty acids, in particular, EPA and
DHA. Ackman (22) suggested that EPA and DHA at the 1 and
3 positions in fish oil would be incorporated mainly into the
peripheral tissues rather than the liver. Our results support this

suggestion, because n-3 PUFA, in particular EPA, were pref-
erentially incoporated into aorta and platelets rather than
liver in rats fed on seal oil compared to rats fed on squid oil. 

Platelet TXA2 production was effectively suppressed by
feeding with either marine oils. In particular, seal oil was
more effective than squid oil in reducing TXA2 production.
Thrombin and collagen had similar influences on TXA2 pro-
duction, because the correlation coefficient between the pro-
duction of TXA2 stimulated by thrombin and collagen was
high (r = +0.914). The reduction could be induced by the de-
crease in arachidonic acid of platelet phospholipids, because
a highly positive correlation between platelet TXA2 produc-
tion and arachidonic acid content has been reported (2). In the
present study, the correlation coefficient between the produc-
tion of platelet TXA2 stimulated by thrombin and the arachi-
donic acid content in platelet PC was high (r = +0.96). We
previously reported that, although both EPA and DHA re-
duced arachidonic acid content in phospholipids of various
tissues, DHA was more effective than EPA (4). Our results
suggested that DHA, in comparison with EPA, more effi-
ciently suppresses ∆6 desaturation of linoleic acid and com-
petes with arachidonic acid for the sn-2 position of phospho-
lipids. However, the relationship between the differences in
triglyceride structure and the different effects of EPA and
DHA on arachidonic acid content in phospholipids is not
known.

In contrast to TXA2 production, although arachidonic acid
content in aorta phospholipids was suppressed by the feeding
with marine oils, in particular with seal oil, PGI2 production
was not influenced by the reduction of arachidonic acid. Aor-
tic PGI2 production is not dependent on arachidonic acid con-
tent in aorta phospholipids (2). Saito et al. (23) reported that
EPA enhanced the production of PGI2 by activating cyclooxy-
genase in cultured rat vascular smooth muscle cells. This may
explain why the production of PGI2 was not reduced, al-
though arachidonic acid content in aorta phospholipids was
lower in rats fed seal or squid oils. In any event, it is reason-
able to think that seal oil is more effective to prevent throm-
bosis than squid oil, because the PGI2/TXA2 ratio was higher
in the seal oil group than in the squid oil group.

Atherosclerotic lesions developed in the aortas of ExHC
rats treated orally for 180 d with high doses of vitamin D and
a high cholesterol/sodium cholate/olive oil diet (9). However,
atherosclerotic development was slight in this study com-
pared with the previous observation. Therefore, the effect of
squid and seal oils on atherogenesis was not apparent, al-
though the aortic cholesterol content was lower in rats fed
seal and squid oils. In our previous study, serum cholesterol
concentration increased more than 1000 mg/dL (9), whereas
about 600 mg/dL was maximal in the present study. This may
be one of the reasons why intimal thickening was slight. The
difference of dietary fats likely caused the different effect on
the serum cholesterol concentration. Instead of the olive oil,
rich in oleic acid, used in the previous study, dietary fat rich
in lauric, myristic and palmitic acids was used as a basal fat
in the present study. These saturated fatty acids are known to
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be hypercholesterolemic in humans and experimental animals
(24). It is not clear why saturated fatty acids in our animal
model were not hypercholesterolemic compared with olive
oil. 

In conclusion, the different intramolecular distribution of
EPA and DHA in dietary fats mainly affected arachidonic
acid content in tissue phospholipids and TXA2 production in
platelets of rats fed for a long time, although the influence on
atherosclerosis was not clearly observed. The mechanism for
these different effects between seal and squid oils remains to
be clarified.
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ABSTRACT: Abnormal lipid metabolism and its restoration by
dietary methionine (Met) and cystine (Cys) were studied in Don-
ryu rats subcutaneously implanted with an ascites hepatoma
cell line of AH109A. The hepatoma-bearing rats exhibited hy-
perlipidemia characterized by rises in serum triglyceride and
cholesterol levels. Decreased lipoprotein lipase (LPL) activities
in epididymal adipose tissue, cardiac muscle, and gastrocne-
mius as well as increased fatty acid mobilization from adipose
tissue were considered to be responsible for the hepatoma-in-
duced hypertriglyceridemia, while increased hepatic choles-
terogenesis and decreased steroid excretion into feces were
thought to be responsible for the hepatoma-induced hypercho-
lesterolemia. Dietary-supplemented Met or Cys reduced the
AH109A-induced hypertriglyceridemia with suppression of fatty
acid synthesis in the host liver. Met restored the fall of LPL ac-
tivities, while Cys did not. Dietary Met or Cys also reduced the
hypercholesterolemia with restoration of decreased bile acid
excretion into feces. These results suggest that dietary Met or
Cys is hypolipidemic in the hepatoma-bearing rats with slight
differences in their modes of action.
Lipids 33, 905–911 (1998).

Various cancers developed in, for example, breast and colon
affect serum lipoprotein profiles in humans (1,2). Hepatoma
also induces abnormal serum lipid metabolism in humans
(3,4) and animals (5,6). Rats subcutaneously implanted with
an ascites hepatoma cell line of AH109A show hyperlipid-
emia (7,8) with a notable decrease in high density lipoprotein
(HDL) fraction and an enormous increase in the very low
density lipoprotein plus low density lipoprotein (VLDL +
LDL) fraction (6–8) during growth of the hepatoma.
AH109A-bearing rats thus provide us with an endogenously
hyperlipidemic animal model that is quite distinct from cho-
lesterol (Ch)-loaded animals that have been widely used as
an exogenously hypercholesterolemic model. Dietary-supple-
mented amino acids such as sulfur amino acids (9) and basic

amino acids (10) can reduce the hepatoma-induced hyper-
lipidemia. 

Lipoprotein lipase (LPL) affects not only the catabolism
of triglyceride (TG)-rich lipoproteins but also the quantity
and quality of HDL (11). LPL activity often decreases in the
tumor-bearing state (12). In the present study, we first exam-
ined whether tissue LPL activity would be decreased by
AH109A implantation. Second, we studied the actions of me-
thionine (Met) and cystine (Cys) on the hyperlipidemia and
their modes of action, with special attention to changes in
LPL activity. Dietary Met and Cys were found to reduce the
hepatoma-induced hyperlipidemia with slight differences in
their modes of action.

EXPERIMENTAL PROCEDURES

Materials. Sodium heparin was purchased from Wako Pure
Chemical Industries (Osaka, Japan). [Carboxyl-14C]triolein
(original specific radioactivity = 4.1 GBq/mmol) was pur-
chased from NEN Research Products (Boston, MA). Insta-
Gel was the product of Packard Instrument Co., Inc. (Meri-
den, CT). [1-14C]Acetic acid (sodium salt, original specific
radioactivity = 2.04 GBq/mmol) was purchased from Amer-
sham International plc (Buckinghamshire, United Kingdom).
Cholesterol C-test Wako and Total Bile Acid test Wako were
purchased from Wako Pure Chemical Industries.

Animals and diets. Male Donryu rats were obtained from
NRC Haruna (Gunma, Japan) at 4 wk of age. The animals
were individually housed in stainless-steel cages with wire
bottoms in an air-conditioned room with a temperature 
of 22°C, a relative humidity of 60%, and an 8:00 A.M. to 
8:00 P.M. light cycle and kept on a stock pellet diet (CE-2;
CLEA Japan, Tokyo, Japan), followed by a 20% casein (20C)
diet (8). The composition of the 20C diet was as follows: 20%
casein, 5% corn oil, 51.3% α-cornstarch, 17% sucrose, 3.5%
mineral mixture (AIN 76 composition) (13), 1% vitamin
mixture (AIN 76 composition) (13), 0.2% choline bitartrate,
and 2% cellulose powder. After preliminary feeding, rats were
divided into six or four groups of similar body weights (exper-
iment 1: 152.9 ± 3.3, 154.5 ± 5.6, 154.9 ± 5.6, 154.7 ± 3.9,
153.3 ± 4.7, or 154.6 ± 3.6 g, and experiment 2: 153.9 ± 4.7,
153.9 ± 3.5, 154.1 ± 2.7, or 154.1 ± 3.1 g, mean ± standard
error), and the animals received an implantation of 5 × 105

Copyright © 1998 by AOCS Press 905 Lipids, Vol. 33, no. 9 (1998)

*To whom correspondence should be addressed at Department of Applied
Biological Science, Tokyo Noko University, Saiwai-cho 3-5-8, Fuchu,
Tokyo 183-8509, Japan. E-mail: yagasaki@cc.tuat.ac.jp
Abbreviations: 20C, 20% casein diet; Ch, cholesterol; Cys, cystine; FA, fatty
acid; H, hepatoma-bearing group; HDL, high density lipoprotein; HSL, hor-
mone-sensitive lipase; HTGL, hepatic triglyceride lipase; LDL, low density
lipoprotein; Met, methionine; N, normal group; LPL, lipoprotein lipase;
NEFA, nonesterified fatty acid; PBS(−), Ca2+, Mg2+-free.phosphate-buffered
saline; PL, phospholipid; T-Ch, total cholesterol; TG, triglyceride; TNF,
tumor necrosis factor-α; VLDL, very low density lipoprotein.

Effects of Dietary Methionine and Cystine on Lipid Metabolism
in Hepatoma-Bearing Rats with Hyperlipidemia

Masashi Kawasaki, Ryuhei Funabiki, and Kazumi Yagasaki*
Department of Applied Biological Science, Tokyo Noko University, Tokyo 183-8509, Japan



AH109A cells (provided by SRL, Tokyo, Japan) suspended in
Ca2+, Mg2+-free phosphate-buffered saline [PBS(−)] (0.5
mL/rat) in the back to produce a solid hepatoma (hepatoma-
bearing group) (6). One group of animals received an injection
of PBS(−) alone (0.5 mL/rat) and was designated as the normal
group. In experiment 1, all the rats were kept on the 20C diet,
and the rats in hepatoma-bearing groups were sacrificed on 
the 1st, 2nd, 4th, 7th, and 14th d after AH109A implantation,
while those of the normal group were sacrificed on the day of
PBS(−) injection (d 0). In experiment 2, the hepatoma-bearing
rats were fed the 20C diet (control) and the 20C diet supple-
mented with either 1.2% L-Met or L-Cys for 14 d. Likewise,
rats of the normal group were fed the 20C diet for 14 d. Water
and each diet were available at all times. Animals were de-
prived of their diet at 9:00 A.M. on the 14th d but allowed free
access to water until killing, which was performed 4 h later by
decapitation. Blood was collected and left to clot at room tem-
perature to obtain serum. The liver, epididymal adipose tissue,
cardiac muscle, gastrocnemius, and solid hepatoma were
quickly removed, washed with cold 0.9% NaCl, and blotted on
filter paper. Aliquots of the liver, epididymal adipose tissue,
cardiac muscle, and gastrocnemius were frozen in liquid nitro-
gen and stored at −70°C until analyzed.

Lipid analyses. Total lipids were extracted according to the
procedure of Folch et al. (14) from the liver and solid
hepatoma. After portions of the chloroform phase had been
dried under nitrogen, Ch (15), TG (16), and phospholipid
(PL) (17) were determined as previously described (7). The
serum TG and PL levels were also determined as described
above. The serum nonesterified fatty acid (NEFA) level was
measured by the method of Kushiro et al. (18). The serum
lipoproteins were separated into HDL and VLDL + LDL
fractions by the precipitation method (6). The total Ch of
unfractionated serum (T-Ch) and HDL (HDL-Ch) were
determined by an enzymatic method using a Cholesterol
C-test Wako, and the difference between T-Ch and HDL-Ch
was regarded as (VLDL + LDL)-Ch.

Measurement of tissue lipolytic activities. LPL was ex-
tracted from epididymal adipose tissue, cardiac muscle, and
gastrocnemius by the method of Noguchi et al. (19); the tis-
sues weighing 300 mg were homogenized in 0.2 M Tris-HCl
buffer (pH = 8.5) containing 10 U/mL of sodium heparin. He-
patic TG lipase (HTGL) was also extracted from the liver in
the same way. Lipase (LPL and HTGL) activities were then
estimated as described previously (20,21). Briefly, 0.1 mL of
the above-mentioned enzyme source was mixed with 0.1 mL
of substrate solution (arabic gum-emulsified Tris-HCl buffer,
0.2 M and pH = 8.0, containing rat serum to supply adequate
apolipoprotein C-II as an activator for LPL, and 0.1 M 
and pH = 8.5 for HTGL) containing 925 Bq (= 55,500 dpm)/
µmol/assay of [carboxyl-14C]triolein. The mixture was incu-
bated at 37°C for 1 h, followed by the extraction and count-
ing of hydrolyzed [14C]oleic acid. Hormone-sensitive lipase
(HSL) activity in adipose tissue was also determined. From
epididymal adipose tissue, HSL was extracted with 2 vol of
0.2 M phosphate buffer (pH = 7.0) by homogenization (22).

The enzyme suspension (0.1 mL) previously incubated with
1 M NaCl for 10 min was mixed with 0.1 mL of substrate so-
lution (arabic gum-emulsified 0.2 M phosphate buffer, pH =
7.0) containing 925 Bq/µmol/assay of [carboxyl-14C]triolein
and the mixture was incubated at 30°C for 1 h. At the end of
the incubation period, hydrolyzed [14C]oleic acid was ex-
tracted and radioactivity was counted after adding Insta-Gel.
One unit of lipase activity was defined as 1 µmol of fatty acid
(FA) released per hour.

Hepatic lipid syntheses. Total FA and Ch syntheses were
measured using liver slices (23,24). Liver slices weigh-
ing 100–120 mg were placed in 1 mL of Krebs-Ringer phos-
phate buffer (pH = 7.4) containing 37 KBq/µmol/assay of
[1-14C]acetic acid, sodium salt. Each tube was gassed with
100% O2, stoppered tightly with a screwcap, and incubated at
37°C for 2 h. At the end of the incubation period, 1 mL of
15% ethanolic KOH was added and the mixture was saponi-
fied at 75°C for 2 h. Nonsaponifiable lipids were extracted
three times with petroleum ether, and digitonin-precipitable
sterols were formed, isolated, washed, dissolved in methanol,
and counted after addition of a toluene-based scintillator. The
residual aqueous layer was acidified to pH = 2 with concen-
trated HCl, and total FA were extracted three times with pe-
troleum ether. Pooled extracts were then dried under nitrogen,
dissolved in chloroform, and washed twice with water. The
chloroform layer was quantitatively transferred to a scintilla-
tion vial, dried, and counted as mentioned above.

Fecal steroid excretion. Feces were collected for 2 d be-
fore killing (days 12–14). Neutral sterols and bile acids were
extracted from dried and ground feces after saponification ac-
cording to the procedure of Yamanaka et al. (25). Fecal 3β-
hydroxy neutral sterols and 3α-hydroxy bile acids were de-
termined by enzymatic methods (26), using commercial kits
as described previously (27).

Statistical analysis. Results were expressed as mean ±
standard error. Statistical analysis was carried out by analysis
of variance followed by Student’s t-test, or Duncan’s multi-
ple-range test (28).

RESULTS

Experiment 1. Food intake and body weight gain per day after
AH109A implantation were almost the same among the five
hepatoma-bearing groups (food intakes for groups of the 1st,
2nd, 4th, 7th, and 14th d after AH109A implantation were
19.1 ± 0.9, 18.0 ± 0.8, 18.2 ± 0.8, 18.3 ± 1.1, and 19.3 ± 0.3
g/d, respectively, and body weight gains for those groups
were 6.9 ± 0.7, 5.6 ± 0.7, 5.9 ± 0.4, 6.0 ± 0.6, and 6.0 ± 0.2
g/d, respectively). The solid hepatoma started to be palpable
on the 5th d after implantation, and the absolute and relative
weights on the 14th d were 5.8 ± 1.5 g/rat and 2.5 ± 0.7% of
body weight, respectively.

Figure 1 shows the time course of the serum TG and Ch
levels after AH109A implantation. Judging from the data ob-
tained on 0, 1, 2, 4, 7, and 14 d after the implantation of
AH109A, the serum TG level significantly increased the day
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following implantation and remained at a high level until the
14th d. The serum T-Ch level fluctuated during the first 7 d
but rose significantly on the 14th d.

Figure 2 illustrates changes in the tissue TG lipase (LPL
and HTGL) activities with days after AH109A implantation.
LPL activity in epididymal adipose tissue decreased signifi-
cantly the day after AH109A implantation and continued to
decrease until the 14th d (10% of the control group). Cardiac
muscle and gastrocnemius LPL activities also decreased the
day after AH109A implantation and remained at low values
until killing. HTGL activity in the liver showed no significant

changes during the first week but dropped significantly on the
14th d.

Experiment 2. Table 1 shows food intake, body weight
gain, liver and solid hepatoma weights, and lipid contents in
the liver and hepatoma 14 d after AH109A implantation.
Food intake, body weight gain, and liver weight were reduced
by the presence of the hepatoma. Among the hepatoma-bear-
ing groups, no significant changes in these parameters and he-
patoma weight were noted. Liver TG content was decreased
in the presence of the hepatoma, but the PL and Ch contents
were not affected. The liver Ch content was increased by
feeding Cys, but liver TG and PL contents and hepatoma lipid
contents were not affected by feeding either Met or Cys.

Figure 3 represents changes in the serum lipid levels. As
compared with the normal group, the serum TG, T-Ch,
(VLDL + LDL)-Ch, PL, and NEFA levels were significantly
higher in the hepatoma-bearing group (N vs. H). Conversely,
the serum HDL-Ch level was lower in the hepatoma-bearing
group than in the normal group (N vs. H). Dietary Met and
Cys decreased the serum TG, PL, T-Ch, and (VLDL + LDL)-
Ch levels. The HDL-Ch level was significantly increased by
dietary Met, but dietary Cys had little effect on the level.

Figure 4 shows LPL activities in various tissues. In epi-
didymal adipose tissue, cardiac muscle and gastrocnemius,
these activities were all lower in the hepatoma-bearing group
than in the normal group (N vs. H). In hepatoma-bearing
groups, dietary Met restored the reduced LPL activity, but
Cys did not.

As shown in Table 2, the HTGL activity was decreased in
the presence of the hepatoma, while HSL activity was in-
creased by hepatoma implantation. Dietary sulfur amino acids
had no effect on these activities.

The lipid (FA and Ch) syntheses by liver slices are also
shown in Table 2. Hepatic Ch synthesis was significantly
stimulated by AH109A implantation, but FA synthesis was
not (N vs. H). Dietary sulfur amino acids had no effect on Ch
synthesis, while they suppressed FA synthesis.

As shown in Table 2, dry weight of feces and excretion of
both neutral sterols and bile acids were significantly reduced
by the presence of the hepatoma (N vs. H). Both dietary Met
and Cys enhanced bile acid excretion, while these amino
acids had no influence on neutral sterol excretion.

DISCUSSION

The serum TG level quickly increased the day following he-
patoma implantation and was almost constant until the 14th d
(Fig. 1). In contrast, LPL activity in various tissues rapidly
decreased the day following the implantation. In the case of
epididymal adipose tissue, LPL activity continued to decrease
up to the 14th d (Fig. 2). These findings are not inconsistent
with the results described by Damen et al. (12) who found a
reduction of LPL activity in postheparin plasma in mice bear-
ing a GRSL ascites tumor (a murine leukemia). LPL activity
is concerned with serum TG clearance; a reduction of LPL
activity is related to an increase in the serum TG level. Thus,
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FIG. 1. Changes in the serum A: triglyceride (TG) and B: total choles-
terol (T-Ch) levels with days after AH109A (SRL, Tokyo, Japan) implan-
tation. Each value represents the mean of six rats. Vertical bars indicate
standard errors. Values not sharing a common letter are significantly
different at P < 0.05 by Duncan’s multiple-range test.
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the reduction of tissue LPL activity is considered to be one
cause for the hypertriglyceridemia in AH109A-bearing rats.
HSL in adipose tissue (Table 2) and the serum NEFA level
(Fig. 3) increased significantly in hepatoma-bearing rats when

compared with hepatoma-free (normal) rats. This increased
FA mobilization from adipose tissue is thought to be another
cause for the hepatoma-induced hypertriglyceridemia, which
was reduced by ingestion of either Met- or Cys-fortified diet
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FIG. 2. Changes in tissue lipoprotein lipase (LPL) [A: epididymal adipose tissue (EAT), B: cardiac muscle, and C:
gastrocnemius] and hepatic triglyceride lipase (HTGL) (D: liver) activities with time after AH109A implantation.
Each value represents the mean of six rats. Vertical bars indicate standard errors. Values not sharing a common let-
ter are significantly different at P < 0.05 by Duncan’s multiple-range test. See Figure 1 for company source.

TABLE 1
Initial Body Weight, Food Intake, Body Weight Gain, Weights and Lipid Contents of Liver 
and Hepatoma in Hepatoma-Bearing Ratsa

Normal (N) Hepatoma-bearing (H)

Measurement 20C 20C 20C + 1.2 Met 20C + 1.2 Cys

Initial body weight (g) 153.9 ± 4.7 153.9 ± 3.5 154.1 ± 2.7 154.1 ± 3.1
Food intake (g/14 d) 267.6 ± 7.0b 209.6 ± 7.7 180.9 ± 8.3 192.8 ± 11.5
Body weight gain (g/14 d) 112.8 ± 3.2b 84.9 ± 4.9 69.7 ± 6.8 75.8 ± 8.6
Liver weight (g) 12.4 ± 0.6b 9.8 ± 0.5 9.1 ± 0.3 9.0 ± 0.6
Hepatoma weight (g) — 41.3 ± 2.6 37.8 ± 4.4 39.3 ± 2.8
Liver lipid content (µmol/g liver) 

Triglyceride 14.4 ± 2.1b 7.2 ± 1.5 5.7 ± 3.2 6.2 ± 2.2 
Phospholipid 32.0 ± 0.8 31.5 ± 0.9 34.5 ± 1.0 34.0 ± 0.9
Cholesterol 5.2 ± 0.3 4.7 ± 0.0c 4.7 ± 0.3c 5.2 ± 0.3d

Hepatoma lipid content (µmol/g hepatoma)
Triglyceride — 1.7 ± 0.2 1.4 ± 0.2 2.1 ± 0.2
Phospholipid — 7.4 ± 1.7 8.8 ± 1.4 7.7 ± 1.0
Cholesterol — 5.7 ± 0.5 5.2 ± 0.3 5.4 ± 0.3

aEach value represents the mean ± standard error of six rats. Cys, cystine; Met, methionine; 20C, 20% casein diet.
bSignificantly different from the hepatoma-bearing-20C diet group at P < 0.05 by Student’s t-test. Values not sharing a com-
mon superscript letter (c,d) are significantly different at P < 0.05 by Duncan’s multiple-range test.



(Fig. 3). Both sulfur amino acids suppressed hepatic FA syn-
thesis in the hepatoma-bearing state (Table 2), but they failed
to suppress the increased NEFA level in the serum. Met re-
stored decreased LPL activity in the hepatoma-bearing state
to the level of that in the normal state, while Cys did not (Fig.
4). The hypotriglyceridemic effect of Met may therefore be
due to a suppression of hepatic FA synthesis and a restoration
of decreased LPL activity in various tissues, whereas that of
Cys may be due to a suppression of hepatic FA synthesis.
Since the hypotriglyceridemic effect of Cys was stronger than
that of Met (Fig. 3), a certain powerful mechanism(s), such
as an increased FA oxidation in the liver, must operate in the
case of Cys.

The hepatoma-induced hypercholesterolemia was charac-
terized by a striking increase in the (VLDL + LDL)-Ch level
and a slight but significant decrease in the HDL-Ch level
(Fig. 3). An increase in hepatic cholesterolgenesis and a de-
crease in bile acid excretion into feces (Table 2) are consid-
ered to be responsible for the hepatoma-induced hypercholes-
terolemia. Both Met and Cys succeeded in improving the hy-
percholesterolemia by reducing the (VLDL + LDL)-Ch level
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FIG. 3. Effects of dietary additions of either methionine (Met) or cystine (Cys) to a 20% casein
diet (20C) on serum lipid levels in hepatoma-bearing rats. Each value represents the mean of
six rats. Vertical lines at the top of the bars indicate standard errors. *Significantly different
from hepatoma-bearing-20C diet (H) group at P < 0.05 by Student’s t-test. Values not sharing a
common letter are significantly different at P < 0.05 by Duncan’s multiple-range test. A: TG,
triglyceride; B: T-Ch, total cholesterol; C: PL, phospholipid; D: HDL-Ch, high density lipopro-
tein-cholesterol; E: NEFA, nonesterified fatty acid; F: (VLDL + LDL)-Ch, (very low density
lipoprotein + low density lipoprotein)-cholesterol. N, normal group fed 20C; H, hepatoma-
bearing group fed 20C; M, hepatoma-bearing group fed 20C + 1.2Met; C, hepatoma-bearing
group fed 20C + 1.2Cys.

FIG. 4. Effects of dietary additions of either Met or Cys to a 20C on tis-
sue LPL activities in hepatoma-bearing rats. Each value represents the
mean of six rats. Vertical lines at the top of the bars indicate standard
errors. *Significantly different from hepatoma-bearing-20C diet (H)
group at P < 0.05 by Student’s t-test. Values not sharing a common let-
ter are significantly different at P < 0.05 by Duncan’s multiple-range
test. See Figure 3 for abbreviations.



(Fig. 3). The hypocholesterolemic actions of these two sulfur
amino acids could be attributed to a restoration of decreased
bile acid excretion into feces, like a Cys derivative, S-methyl-
L-cysteine sulfoxide (29). In addition to these common ac-
tions of the two amino acids, Met restored the decreased
HDL-Ch level in the hepatoma-bearing state to the normal
level (Fig. 3). Since LPL deficiency induced by injecting an-
tibody against LPL is associated with low level of HDL-Ch
and occurrence of hypertriglyceridemia (11), the restoration
effect of Met on HDL-Ch appears to be related to that on LPL
activity in tissues. The restorative effect of Met on LPL activ-
ity also seems to contribute toward improvement of the he-
patoma-induced hypercholesterolemia, since the hypercho-
lesterolemia itself may be influenced by LPL activity. 

LPL is known to be regulated by various factors. Insulin
enhances LPL activity and mRNA level (30,31), while tumor
necrosis factor-α (TNF) suppresses both (32,33). TNF pro-
ductivity in resident macrophages from AH109A-bearing rats
is found to be much higher than that from normal rats (34).
Thus, the cytokine seems to be a factor that affects LPL ac-
tivity and hence serum lipoprotein profiles, as suggested pre-
viously (8). To know how Met restores the decreased LPL ac-
tivity in the hepatoma-bearing state is also important: sup-
pression of an LPL-inactivating factor(s) like TNF, induction
of LPL-activating factor(s) like insulin, or their combination.
Further intensive studies are needed to clarify these aspects.
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ABSTRACT: Sprague-Dawley rats were fed purified diets vary-
ing in both protein (20%) and lipid (11%) content for 28 d to
verify the independent and interactive effects of dietary proteins
and lipids on serum and hepatic lipids, and on tissue lipopro-
tein lipase (LPL) activity in both fasted and postprandial states.
These diets consisted of either casein–menhaden oil, casein–co-
conut oil, soy protein–menhaden oil (SPMO), soy protein–co-
conut oil, cod protein–menhaden oil, or cod protein–coconut
oil. A randomized 3 × 2 factorial design was used. A significant
protein–lipid interaction was seen on serum triglyceride levels:
menhaden oil, compared with coconut oil, induced a decrease
in serum triglyceride levels when combined with soy protein
but not when combined with cod protein and casein. The lower
serum triglyceride concentrations observed in the SPMO-fed
rats could be the result of decreased hepatic triglycerides when
soy protein was compared with casein and when menhaden oil
was compared with coconut oil. Total LPL activity in the heart
was higher in menhaden oil-fed rats than in coconut oil-fed rats
in the postprandial state. The higher LPL activity in the heart
could, however, explain only 10% of the reduction of serum
triglycerides, contributing slightly to the lowering effects of
SPMO diet on serum triglycerides. Therefore, the present results
indicate that dietary proteins can modulate the effects of fish oil
on triglyceridemia in the rat, and that could be mainly related
to specific alterations in hepatic lipid concentrations. 
Lipids 33, 913–921 (1998).

Fish consumption has been inversely associated with the risk
of coronary heart disease (1,2). These correlations with car-
diovascular events appear to be mediated by the hypotriglyc-
eridemic and antithrombogenic effects of n-3 polyunsaturated
fatty acids present in fish oil (3,4). Plasma triglycerides are
reduced by a decrease in hepatic triglyceride synthesis (5), a
very low density lipoprotein (VLDL) synthesis (6), and an in-
crease in VLDL and chylomicron degradation by lipoprotein
lipase (LPL) (4,7,8). 

Dietary proteins also have been shown to influence plasma
lipid concentrations. Soy protein compared with casein and
other animal proteins reduces plasma cholesterol in animal
models (9,10) and in humans (11). Soy protein may also mod-
ulate the effects of dietary lipids on cholesterol metabolism.
Indeed, when combined with corn oil, a source of n-6 polyun-
saturated fatty acids, soy protein enhances the hypocholes-
terolemic effect of corn oil compared with butter, a source of
saturated fatty acids (12). The effects of soy protein on
triglyceride levels are less documented. However, since soy
protein has been shown to reduce hepatic triglyceride (13) in
addition to hepatic cholesterol concentrations, as well as he-
patic triglyceride and cholesterol secretion into the blood
(14), it may possibly accentuate the hypotriglyceridemic ef-
fect of fish oil.

The effects of dietary fish protein (which is a major nutri-
ent in fish) on serum lipids have been compared to those of
soy protein and casein. In rats, cod protein may decrease
serum cholesterol and triglycerides when compared with ca-
sein (15). In rabbits, cod protein was shown to induce lower
VLDL triglycerides (16) and higher high density lipoprotein
(HDL) cholesterol (16,17) concentrations than casein and soy
protein. These latter beneficial effects associated with de-
creased risk of coronary heart disease were related to in-
creased activity of plasma postheparin LPL activity (18). A
previous study in rabbits carried out in our laboratory also
demonstrated that, when combined with cod protein, corn oil
does not reduce total and HDL cholesterol, as it does when
combined with either casein or soy protein (16), indicating
that fish protein can interact with dietary lipids to modulate
lipidemia. Because previous reports demonstrated that both
fish oil (5) and fish protein (16) can reduce serum triglyc-
erides, the determination of the combination of both nutrients
possibly accentuating the hypotriglyceridemic response was
important. Thus an attempt was made in rabbits to determine
if such a combination of soy and cod proteins with fish oil
may modulate serum and hepatic lipid concentrations (19).
However, when fish oil was combined with either casein, fish
protein or soy protein, an increasing effect of fish oil on
triglyceridemia occurred, suggesting that the rabbit model we
used was not the best animal model for studying the reducing
effects of fish oil on triglyceridemia observed in humans (19).
The present study was thus undertaken in the rat, which had a
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reducing triglyceridemic response to fish oil comparable to
that of humans (7,20).

Our working hypothesis was that dietary proteins can
modulate the effects of fish oil on lipid metabolism. The aim
of this study was to determine the distinct and interactive ef-
fects of three dietary proteins, casein, cod protein and soy
protein, and of two dietary lipids, menhaden oil and coconut
oil, on serum lipid levels. A 9% coconut oil plus 1% corn oil
diet was used in the present study for comparison with the lit-
erature (5) and with one of our previous experiments (15). To
gain insight into the mechanisms by which the diet may influ-
ence serum lipids, hepatic lipids and LPL activity in white
adipose tissue, skeletal and heart muscles were assessed. Be-
cause insulin is a major modulator of lipogenesis and LPL ac-
tivity, serum insulin levels were also determined.

MATERIALS AND METHODS

Experimental animals. Sprague-Dawley rats (120) (St-Con-
stant, Québec, Canada) initially weighing ca. 200 g were
housed individually in stainless-steel wire-bottom mesh
cages. The temperature (20 ± 2°C) and humidity (45–55%)
of the animal room were constant and the rats were kept under
a daily inverted light–dark cycle (light: 2000 to 0800). Dur-
ing an adaptation period of 2 d in their new environment, the
rats were fed a nonpurified commercial diet (rat chow No.
5075; Charles River Canada, St-Constant). They were then
divided into six groups of 20 rats of the same average
weights. Purified diets and water were provided once daily on
an ad libitum basis for a period of 28 d. Food intake was mea-
sured daily and body weight was monitored three times a
week. At the end of the experimental period, 10 rats of each
group were killed by decapitation in the fasted state, and the
remaining 10 rats were killed in the fed state. Two rats, one
in the fasted state and one in the fed state, were eliminated
before statistical analysis because of abnormally low growth
rate. This protocol was approved by the animal ethics com-
mittee of Université Laval (Québec, Canada).

Purified diets. Powdered purified diets, varying in both pro-
tein (20%) and lipid (11%) sources, consisted of either ca-
sein–menhaden oil (CAMO), casein–coconut oil (CACO), soy
protein–menhaden oil (SPMO), soy protein–coconut oil
(SPCO), cod protein–menhaden oil (CPMO), or cod pro-
tein–coconut oil (CPCO). The composition of each purified
diet is detailed in Table 1. Coconut oil and menhaden oil were
supplied by ICN Biomedicals Canada Ltd. (Mississauga, On-
tario, Canada), and corn oil was purchased from Mazola (Best
Foods Canada, Montréal, Canada). According to manufacturer
information, menhaden oil contained 28.2% saturated fatty
acids, 23.0% monounsaturated fatty acids, 1.8% linoleic acid,
2.3% arachidonic acid, 16.0% eicosapentaenoic acid, 10.8%
docosahexaenoic acid, and 5.23 mg cholesterol/g menhaden
oil. Therefore, menhaden oil provided only 0.5 g choles-
terol/kg in menhaden oil diets, and we considered this amount
as negligible. Coconut oil contained 92.0% saturated fatty
acids, mainly from lauric acid (48.5%), 6.5% monounsatu-

rated fatty acids, and 1.5% polyunsaturated fatty acids. α-To-
copherol, butylated hydroxyanisole and butylated hydroxy-
toluene (ICN Biomedicals Canada Ltd.) were added to the
diets as proposed by Fritsche and Johnston (21) to minimize
the oxidation of n-3 and n-6 polyunsaturated fatty acids in
menhaden oil, and n-6 polyunsaturated fatty acids in corn oil
and coconut oil. Cholesterol was supplied by Sigma (Sigma
Chemical Co., St. Louis, MO). Highly purified casein (85.8%
protein), soybean protein isolate (87.6% protein), cornstarch,
cellulose (Alphacel), and rat mineral mixture were purchased
from ICN Biomedicals Canada Ltd., and vitamin mix was sup-
plied by Teklad Test Diets (Madison, WI). The cod protein
was prepared in our laboratory by freeze-drying cod fillets and
diethylether delipidation for 24 h in an industrial Soxhlet-
type apparatus (Canadawide Scientific, Montréal, Québec,
Canada), rendering a cod protein isolate containing 93.7%
protein. The protein content (N × 6.25) of casein, soy protein,
and cod protein was assayed by the Kjeldahl method using a
Kjeldahl-Foss autoanalyzer (Model 16210; Foss Co., Hillerod,
Denmark), and the level of protein in the diets was adjusted at
the expense of cornstarch to obtain an isonitrogenous content.
The residual lipid content of casein (0.07%), soy protein
(0.44%), and cod protein (0.19%) was determined with a
Goldfish Lipid Extractor (Model 35001; Labconco Corpora-
tion, Kansas City, MO). The energy content of the diets was
measured in an automatic adiabatic calorimeter (Model 1241;
Parr Instruments, Moline, IL) and was similar in the CAMO
(19.6 kJ/g), CACO (19.5 kJ/g), SPMO (19.8 kJ/g), SPCO
(19.4 kJ/g), CPMO (19.1 kJ/g), and CPCO (19.1 kJ/g) diets.

At the end of the 28-d experimental period, all rats were
food-deprived for 12 h and weighed. Six groups of 10 rats,
which were first conditioned to meal eating, were fed for 30
min a meal similar to the experimental diet. These rats were
killed by decapitation 2.5 h after the meal. The remaining rats
were killed after the 12-h fast.
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TABLE 1
Composition (g/kg) of the Purified Dietsa

CACO CAMO SPCO SPMO CPMO CPCO

Ingredients
Casein 233 233 — — — —
Soy protein — — 228 228 — —
Cod protein — — — — 213 213
Cornstarch 548 548 553 553 568 568
Cellulose 50 50 50 50 50 50
Coconut oil 100 — 100 — 100 —
Menhaden oil — 100 — 100 — 100
Corn oil 10 10 10 10 10 10
Cholesterol 10 10 10 10 10 10
Minerals 35 35 35 35 35 35
Vitamins 10 10 10 10 10 10
Choline bitartrate 2 2 2 2 2 2
α-Tocopherol 1.2 1.2 1.2 1.2 1.2 1.2
BHA and BHT 0.4 0.4 0.4 0.4 0.4 0.4
aCACO = casein–coconut oil; CAMO = casein–menhaden oil; SPCO = soy
protein–coconut oil; SPMO = soy protein–menhaden oil; CPCO = cod pro-
tein–coconut oil; CPMO = cod protein–menhaden oil. BHA, butylated hy-
droxyanisole; BHT, butylated hydroxytoluene.



Serum, lipoprotein, and hepatic lipid analyses. Blood sam-
ples of all rats were collected in a 10-mL tube and centrifuged
(2,000 × g, 4°C, 15 min) to isolate serum. Total cholesterol
and triglycerides were determined by enzymatic methods
using CHOD-PAP and triglyceride without free glycerol en-
zymatic kits provided by Boehringer Mannheim (Laval,
Québec, Canada) respectively. HDL cholesterol was mea-
sured enzymatically with the CHOD-PAP kit after precipita-
tion of VLDL and low density lipoproteins (LDL) with phos-
photungstic acid and magnesium ions as described by
Burstein et al. (22), using an HDL precipitant solution sup-
plied by Boehringer Mannheim. Total (VLDL + LDL) cho-
lesterol was determined by subtracting HDL cholesterol from
total cholesterol.

The livers of fasted rats were removed, weighed, frozen in
liquid nitrogen, and stored at −80°C. Hepatic lipids were then
extracted by chloroform/methanol (2:1, vol/vol) according to
Folch et al. (23), and determined enzymatically as described
above.

Tissue LPL activity. Epididymal adipose tissue, vastus lat-
eralis muscle (VLM), and heart of fasted and fed rats were
removed and weighed. Approximately 50 mg from each of
these tissues was homogenized in 1 mL of solution using all-
glass Duall grinders (Kontes Glass, Vineland, NJ). The ho-
mogenization solution for adipose tissue consisted of 0.25 M
sucrose, 12 mM deoxycholate, 10 mM tris(hydroxymethyl-
aminomethane (Tris)-HCl, and 1 mM EDTA at pH 7.4. The
homogenization solution for muscle tissues consisted of 1 M
ethylene glycol, 50 mM Tris-HCl, 3 mM deoxycholate, 10
UI/mL heparin, and 5% (vol/vol) aprotinin (Trasylol; Miles
Pharmaceuticals, Rexdale, Ontario, Canada) at pH 7.4. The
homogenates of epididymal adipose tissue were centrifuged
at 12,000 × g, 4°C for 20 min. The fraction between the upper
fat layer and the bottom sediment was removed and diluted
with 4 vol of a dilution solution similar to the homogeniza-
tion solution but without deoxycholate. Homogenates of
VLM and heart, as well as diluted samples of epididymal adi-
pose tissue, were then quickly frozen and stored at −80°C
until LPL measurements.

LPL activity was measured in these extracts using a
method described by Deshaies et al. (24). Samples of 100 µL
of tissue homogenates were incubated for 1 h at 28°C with
100 µL of a substrate mixture containing either 0.1 or 2 M
NaCl. The substrate consisted of 0.2 M tris(hydroxymethyl)-
aminomethane (Tris)-HCl buffer, pH 8.6, containing 10
MBq/L [14C]carboxytriolein, and 2.52 mM cold triolein
emulsified in 5% gum arabic, 2% fatty acid-free bovine serum
albumin, and 10% human serum as a source of apolipopro-
tein C-II. After incubation, free oleate released by LPL was
separated from intact triolein. Sample radioactivity was then
determined. LPL activity was calculated by subtracting
lipolytic activity measured in a final NaCl concentration of
1 M (activity not due to LPL) from total lipolytic activity
measured in a final NaCl concentration of 0.05 M.

Serum glucose and insulin. Serum insulin was measured
by radioimmunoassay as described by Desbuquois and Aur-

bach (25). Serum glucose was measured with an autoanalyzer
(YSI 2700 Select; Yellow Springs, OH).

Statistical analyses. The results are expressed as mean ±
standard error of the mean and the significance level is P ≤
0.05. Data were subjected to an analysis of variance using the
general linear model procedure of the Statistical Analysis
System (SAS Institute, Cary, NC), according to a 3 × 2 facto-
rial arrangement used to determine the main protein and lipid
effects, as well as interactions among dietary proteins and
lipids. When statistically significant protein and lipid effects
as well as protein–lipid interactions were detected, Duncan’s
New-Multiple-Range test was performed to identify differ-
ences among diet groups. Data for serum triglycerides and
(VLDL + LDL) cholesterol of fasted rats were logarithmi-
cally transformed to achieve normality of residues. However,
data presented in tables and figures are not transformed. 

RESULTS

Food consumption and weight gain. Table 2 shows the mean
food intake and body weight gain of rats fed the various diets.
At the end of the experimental period, food consumption and
weight gain were similar for the six dietary groups of rats sac-
rificed either in the fasted or in the fed state. Food intake at
the last meal was also the same for the six dietary groups.

Serum and hepatic lipids. Mean values of serum total,
lipoprotein, and hepatic cholesterol of fasted rats are pre-
sented in Table 3. The overall analysis of variance and multi-
ple comparisons are shown in the bottom half of the table. A
significant protein effect was seen on total serum cholesterol
concentrations, which were lower in rats fed soy protein and
cod protein than in those fed casein. The lipid source induced
significant effects on total and HDL cholesterol in the fasted
state. Coconut oil diets provoked higher levels of total and
HDL cholesterol than menhaden oil diets. Casein and cod
protein induced higher hepatic cholesterol concentrations
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TABLE 2
Food Intake and Weight Gain of Rats Fed the Purified Dietsa

Food intake
Dietary Food intake last meal Weight gain
group n (g/d) (g) (g/28 d)

Fasted
CACO 10 21.3 ± 0.8 — 128 ± 10
CAMO 10 21.4 ± 0.4 — 148 ± 11
SPCO 9 20.6 ± 0.6 — 106 ± 8
SPMO 10 21.1 ± 0.6 — 126 ± 8
CPCO 10 22.6 ± 0.5 — 136 ± 9
CPMO 10 21.8 ± 0.5 — 144 ± 11

Fed
CACO 10 20.5 ± 0.5 4.7 ± 0.2 120 ± 7
CAMO 10 20.1 ± 0.5 4.1 ± 0.3 125 ± 5
SPCO 10 20.9 ± 0.4 4.0 ± 0.2 110 ± 6
SPMO 9 20.3 ± 1.0 3.9 ± 0.3 107 ± 9
CPCO 10 20.5 ± 0.5 4.0 ± 0.3 102 ± 11
CPMO 10 21.7 ± 0.3 4.6 ± 0.3 132 ± 7

aValues are means ± SEM. See Table 1 for abbreviations.



than soy protein. However, hepatic cholesterol was higher in
rats fed casein than in those fed cod protein. Neither an inde-
pendent lipid effect nor a protein–lipid interaction was ob-
served on hepatic cholesterol concentrations.

Table 4 shows the effects of the purified diets on serum and
lipoprotein cholesterol of rats in the fed state. Significant pro-

tein effects were observed on serum cholesterol. Total,
(VLDL + LDL) and HDL cholesterol were higher in the ca-
sein-fed rats than in the soy protein-fed rats. Total and HDL
cholesterol were also lower after soy protein consumption
when compared with cod protein consumption. In contrast to
the lipid effect observed in the fasted state, the lipid source
induced no significant effect on serum total and lipoprotein
cholesterol levels in the postprandial state.

Serum total triglycerides of rats in the fasted and fed states
are presented in Figures 1 and 2, and hepatic triglycerides of
rats in the fasted state are shown in Figure 3. As shown in Fig-
ures 1 and 2, a significant protein–lipid interaction was ob-
served in the fasted and the fed states: there was a hy-
potriglyceridemic effect of menhaden oil compared to co-
conut oil when combined with soy protein but not when
combined with either casein or cod protein. The lowest val-
ues of serum triglycerides in both the fasted and the fed states
were thus observed when rats were fed SPMO. In the fasted
state, serum triglyceride concentrations of SPMO-fed rats
were lower than those of CACO- and SPCO-fed rats. In the
fed state the effects between dietary proteins were more pro-
nounced: when combined with coconut oil, cod protein in-
duced lower serum triglycerides than soy protein, casein
being intermediate, and when combined with menhaden oil,
soy protein induced lower serum triglycerides than casein and
cod protein. Proteins and lipids in the diets had independent
effects on hepatic triglyceride concentrations (Fig. 3). Casein
and cod protein caused similar triglyceride levels in the liver,
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TABLE 3
Total Serum, Lipoprotein, and Hepatic Cholesterol Levels of Rats 
Fed the Purified Diets in the Fasted Statea

Serum

Dietary Total cholesterol (VLDL + LDL)-C HDL-C Hepatic cholesterol
group (mmol/L) (mmol/L) (mmol/L) (µmol/g)

CACO 2.0 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 99 ± 8
CAMO 1.8 ± 0.1 0.8 ± 0.1 1.0 ± 0.1 99 ± 6
SPCO 1.9 ± 0.1 0.8 ± 0.1 1.1 ± 0.1 56 ± 5
SPMO 1.4 ± 0.1 0.5 ± 0.1 0.9 ± 0.1 69 ± 4
CPCO 1.8 ± 0.1 0.7 ± 0.1 1.0 ± 0.1 75 ± 6
CPMO 1.6 ± 0.2 0.7 ± 0.2 0.9 ± 0.1 85 ± 8

Sources of variations ANOVA (P values)b

Protein (P) 0.04 0.08 0.33 0.001
Lipid (L) 0.01 0.12 0.02 0.13
P × L 0.28 0.16 0.98 0.91

Comparisonsc

P CA > SP CA = SP CA = SP CA > SP
CA > CP CA = CP CA = CP CA > CP
CP = SP CP = SP CP = SP CP > SP

L CO > MO CO = MO CO > MO CO = MO
aValues are means ± SEM, n = 9–10 rats per dietary group. VLDL, very low density lipoprotein; LDL,
low density lipoprotein; HDL-C, high density lipoprotein-cholesterol; ANOVA, analysis of variance.
See Table 1 for other abbreviations.
bP < 0.05 indicates significant protein or lipid effects or their interactions.
cExplanation of the symbols: =, no difference among the groups at P < 0.05; >, significantly higher
than the group with which it is compared at P < 0.05; <, significantly lower than the group with
which it is compared at P < 0.05.

TABLE 4
Total Serum and Lipoprotein Cholesterol Levels of Rats 
Fed the Purified Diets in the Fed Statea

Dietary Total cholesterol (VLDL ± LDL)-C HDL-C
group (mmol/L) (mmol/L) (mmol/L)

CACO 2.4 ± 0.1 1.4 ± 0.1 1.0 ± 0.1
CAMO 2.4 ± 0.2 1.3 ± 0.2 1.1 ± 0.1
SPCO 2.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1
SPMO 1.7 ± 0.1 0.9 ± 0.1 0.8 ± 0.0
CPCO 2.2 ± 0.2 1.1 ± 0.1 1.1 ± 0.1
CPMO 2.2 ± 0.2 1.1 ± 0.1 1.1 ± 0.1

Sources of variations ANOVA (P values)b

Protein (P) 0.01 0.05 0.02
Lipid (L) 0.26 0.30 0.29
P × L 0.50 0.56 0.10

Comparisonsc

P CA > SP CA > SP CA > SP
CA = CP CA = CP CA = CP
CP > SP CP = SP CP > SP

L CO = MO CO = MO CO = MO
a–cSee Table 3 for footnotes.



but casein induced higher triglyceride concentrations than soy
protein. The lipid effect was attributed to a diminution of he-
patic triglycerides after menhaden oil compared to coconut
oil feeding. Menhaden oil, compared with coconut oil, in-
duced a greater diminution of hepatic triglyceride content
when combined with casein (38%) and soy protein (34%)
than when combined with cod protein (13%). 

LPL activity. Table 5 shows LPL activity in epididymal adi-
pose tissue, VLM, and heart of fasted and fed rats. In fasted
rats, LPL activity in epididymal fat and VLM was modulated
by significant protein effects. Total LPL activity in epididymal
fat, expressed as µU/tissue, was higher following cod protein
consumption than after casein or soy protein feeding. In the
VLM, casein feeding induced higher LPL activities than ei-

ther soy protein or cod protein feeding. No lipid or protein ef-
fect and no protein–lipid interaction was observed in the heart
in fasted rats. However, in fed rats, the only significant effect
was a lipid effect in the heart: LPL activity was higher when
coconut oil was replaced by menhaden oil.

Serum insulin and glucose. Serum insulin and glucose lev-
els of fasted and fed rats are presented in Table 6. No signifi-
cant effect of diet was observed on serum insulin or glucose
levels. Pearson’s correlation coefficients between insulin lev-
els and total LPL activity in tissues were also calculated. LPL
activity in epididymal adipose tissue was positively correlated
with serum insulin levels in the fed state (n = 59, r = 0.38, P =
0.006), but no such correlation was seen in the fasted state
(n = 59, r = 0.08, P = 0.58). Variations of insulinemia could
explain about 14% (r2 = 0.14) of variations of LPL activity in
this tissue. No significant correlations were seen between
LPL activity in VLM of fed rats (n = 59, r = 0.23, P = 0.09)
and heart of fasted rats (n = 59, r = −0.23, P = 0.08) and serum
insulin levels. Variations of insulinemia could explain only
4% (r2 = 0.04) of variations of LPL activity in these tissues.
There were no correlations between LPL activity in VLM of
fasted rats (n = 59, r = −0.07, P = 0.63) and heart of fed rats
(n = 59, r = 0.05, P = 0.71) and serum insulin levels.

DISCUSSION

The present study shows that dietary proteins and lipids af-
fected serum cholesterol independently but induced interac-
tive effects on serum triglycerides, resulting in a diminution
of serum triglycerides when menhaden oil was combined with
soy protein but not with either casein or cod protein. These
results emphasize the importance of nutrient interactions in
determining plasma lipid profiles and potential risks for car-
diovascular disease. It appears from this study that dietary
proteins modulate the effects of menhaden oil on serum
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FIG. 1. Interaction between proteins and lipids in the regulation of total
serum triglycerides (n = 9–10 rats per dietary group; P = 0.046) of rats
fed the purified diets in the fasted state. CA = casein; SP = soy protein;
CP = cod protein. Groups bearing different letters were significantly dif-
ferent at P < 0.05.

FIG. 2. Interaction between proteins and lipids in the regulation of total
serum triglycerides (n = 9–10 rats per dietary group; P = 0.003) of rats
fed the purified diets in the fed state. Groups bearing different letters
were significantly different at P < 0.05. See Figure 1 for abbreviations.

FIG. 3. Main protein and lipid effects on hepatic triglycerides of rats fed
the purified diets in the fasted state (n = 9–10 rats per dietary group). P
value for protein effect = 0.009, CA > SP, CA = CP, CP = SP; P value for
lipid effect = 0.005, CO > MO; P value for protein–lipid interaction =
0.2. See Figure 1 for abbreviations.



triglycerides and that could be related to specific alterations
in hepatic cholesterol and triglyceride concentrations. This
concept is in good agreement with the results reported by
Ikeda et al. (26), showing that the effects of dietary lipids on
lipid metabolism may be modulated by the origin of dietary
proteins in rats. Indeed, in their study, plasma and hepatic
triglycerides were lower in hypercholesterolemic rats fed
perilla oil (high in α-linolenic acid) than in those fed saf-
flower oil (high in linoleic acid), and these effects were more
pronounced with casein than with soy protein. 

In the present study, although the fatty acid composition of
coconut oil and menhaden oil differs greatly, no significant dif-
ference occurred in weight gain between the six dietary groups,
either in the fasted or in the fed state. The linoleic acid require-
ment for growing rats is 1–2% of total calories (27), and the
coconut oil and menhaden oil diets provided 1.60 and 1.67%
of total calories from linoleic acid, respectively, therefore pre-
venting a deficiency in linoleic acid in our dietary groups.
However, the coconut oil diets contained only 0.1 g of α-
linolenic acid/kg diet, which is lower than the minimal require-
ment for adult rats (1.3 g/kg diet) (28), while the menhaden oil
diets provided 2 g of α-linolenic acid/kg diet. Nevertheless, a
deficiency in α-linolenic acid is characterized in the rat by ab-
normal electroretinogram and impaired vision, but not by
growth retardation, skin lesions, or fatty liver as is observed in
linoleic acid deficiency (29). Consequently, the lower α-
linolenic acid content of coconut oil diets in comparison with
menhaden oil diets did not influence weight gain of rats, and
the effects of diets on lipid variables in the present study can
be attributed to the origin of dietary proteins and lipids.

The lowering effect of soy protein on serum and hepatic
cholesterol we observed when compared with casein is in
good accordance with the earlier findings of Hurley et al. (15)
and Saeki and Kiriyama (30). Choi et al. (31) also found
lower hepatic cholesterol concentrations after feeding soy
protein in comparison with casein, when sardine oil was the
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TABLE 5
Tissue LPL Activity of Rats Fed the Purified Dietsa

Fasted Fed

Epididymal Vastus lateralis Epididymal Vastus lateralis
Dietary adipose tissue muscle Heart adipose tissue muscle Heart
group (µU/tissue)b (µU/tissue) (µU/tissue) (µU/tissue) (µU/tissue) (µU/tissue)

CACO 12 ± 2 4.5 ± 0.7 23 ± 3 11 ± 2 4.3 ± 0.7 18 ± 1
CAMO 11 ± 2 5.1 ± 1.1 26 ± 2 11 ± 4 4.9 ± 0.9 25 ± 2
SPCO 11 ± 3 2.3 ± 0.3 26 ± 3 11 ± 2 5.4 ± 1.6 17 ± 1
SPMO 9 ± 1 3.6 ± 0.3 29 ± 3 9 ± 3 4.4 ± 0.9 22 ± 2
CPCO 15 ± 1 3.2 ± 0.6 28 ± 3 8 ± 2 3.4 ± 0.8 17 ± 1
CPMO 15 ± 2 2.8 ± 0.8 27 ± 3 10 ± 2 3.2 ± 0.6 24 ± 3

Sources of variations ANOVA (P values)c

Protein (P) 0.02 0.01 0.30 0.76 0.29 0.55
Lipid (L) 0.69 0.29 0.31 0.85 0.80 0.0002
P × L 0.77 0.53 0.61 0.80 0.58 0.75

Comparisons

P CA = SP CA > SP CA = SP CA = SP CA = SP CA = SP
CA < CP CA > CP CA = CP CA = CP CA = CP CA = CP
CP > SP CP = SP CP = SP CP = SP CP = SP CP = SP

L CO = MO CO = MO CO = MO CO = MO CO = MO CO < MO
aValues are means ± SEM, n = 9–10 rats per dietary group in the fasted state and 9–10 rats per dietary group in the fed
state. See Table 3 for abbreviations and symbol explanations.
b1 µU = 1 µmol nonesterified fatty acids released per hour of incubation.
cP < 0.05 indicates significant protein or lipid effects or their interactions.

TABLE 6
Serum Insulin and Glucose Levels of Rats Fed the Purified Dietsa

Fasted Fed

Dietary Insulin Glucose Insulin Glucose
group (pmol/L) (mmol/L) (pmol/L) (mmol/L)

CACO 319 ± 42 7.6 ± 0.2 677 ± 80 8.4 ± 0.1
CAMO 309 ± 27 7.6 ± 0.2 511 ± 104 8.5 ± 0.2
SPCO 265 ± 27 7.4 ± 0.1 509 ± 77 8.5 ± 0.2
SPMO 289 ± 62 7.3 ± 0.2 478 ± 101 8.5 ± 0.2
CPCO 261 ± 18 7.7 ± 0.3 379 ± 74 8.4 ± 0.2
CPMO 388 ± 65 7.9 ± 0.2 540 ± 69 8.4 ± 0.1

Sources of variation ANOVA (P values)b

Protein (P) 0.47 0.17 0.18 0.73
Lipid (L) 0.17 0.86 0.72 0.83
P × L 0.28 0.84 0.11 0.98

Comparisonsc

P CA = SP CA = SP CA = SP CA = SP
CA = CP CA = CP CA = CP CA = CP
CP = SP CP = SP CP = SP CP = SP

L CO = MO CO = MO CO = MO CO = MO
a–cValues are means ± SEM, n = 9–10 rats per dietary group in the fasted
state and 9–10 rats per dietary group in the fed state. See Table 3 for other
footnotes.



lipid source. The mechanism for the hypocholesterolemic ef-
fect of soy protein may involve a reduction in intestinal cho-
lesterol and bile acids (32) absorption, which leads to an in-
creased excretion of neutral steroids and bile acids in feces
(32,33), a reduction in hepatic cholesterol concentrations
(32), and a rise in the activity of apolipoprotein B/E receptors
(32,33). Lower plasma insulin concentrations and insulin/
glucagon ratio following soy protein feeding instead of ca-
sein feeding (32,33) may be implicated in these effects. How-
ever, the exact role of the soy protein constituents in the regu-
lation of lipid metabolism is not clearly defined. Both the es-
sential amino acids and nonessential amino acid components
of soy protein may account for its effects on serum and he-
patic lipids. One of the postulated mechanisms is that the
lower lysine/arginine ratio of soy protein compared with that
of casein may influence lipid metabolism by modulating
serum concentrations of hormones, such as insulin and
glucagon (34), and in turn the activity of specific enzymes in-
volved in the lipolysis or the cholesterol and triglyceride syn-
thesis. Indeed, Sugano et al. (35) showed that, in rats, serum
glucagon levels increased proportionately with increasing
amounts of arginine added to casein.

In the present study, cod protein induced a hypocholes-
terolemic effect similar to that of soy protein compared with
casein in the fasted state. These results are in good agreement
with those previously observed in rats (15,36). However, in
this study hepatic cholesterol in rats fed cod protein was sig-
nificantly different, being intermediate to hepatic cholesterol
in rats fed casein and soy protein. Other studies in rats showed
significantly higher hepatic cholesterol concentrations after
cod protein feeding compared with soy protein feeding, but
cod protein and casein did not induce statistically different
effects in these studies (15,36). As with soy protein, it has
been postulated that the lower lysine/arginine ratio of cod
protein when compared with casein may have played a role
in the hypocholesterolemic effect of cod protein (37). On the
other hand, cod protein is rich in essential amino acids, and
contains more lysine and methionine than casein and soy pro-
tein (38). These differences in amino acid content may be in-
volved in the divergent effects of cod protein in comparison
to soy protein and casein on hepatic cholesterol concentra-
tions and other lipid parameters. 

The hypotriglyceridemic impact of fish oil consumption is
well documented. The n-3 long-chain polyunsaturated fatty
acids present in fish oil decreased plasma triglyceride concen-
trations in a number of clinical (3,4) and rat (5,6,20) studies.
Specifically the effects of n-3 polyunsaturated fatty acids ap-
pear to be attributed to a reduction of hepatic triglyceride syn-
thesis (5,7) with impairment of VLDL assembly and secre-
tion (6). Also the high polyunsaturated to saturated fatty acid
(P/S) ratio of fish oil can contribute to the reduction of plasma
triglycerides. Indeed, a diet rich in n-6 polyunsaturated fatty
acids with a high P/S ratio (P/S ratio = 1.4) provoked a hy-
potriglyceridemic effect as compared to a diet rich in satu-
rated fatty acids (P/S ratio = 0.07) (39). However, with the
same P/S ratio (P/S ratio = 1.39), a diet rich in n-3 polyunsat-

urated fatty acids induced significantly lower triglyceride
concentrations than a diet rich in n-6 polyunsaturated fatty
acids (P/S ratio = 1.4) (39), showing that n-3 polyunsaturated
fatty acids lower triglycerides by themselves, and not only by
increasing the P/S ratio. 

The present results demonstrate for the first time that the
effects of fish oil on serum triglycerides can be modulated by
dietary proteins. The lowering effect of fish oil on serum
triglycerides is observed only when menhaden oil is com-
bined with soy protein and is accompanied by a 34% diminu-
tion of hepatic triglyceride concentrations in fasted rats,
strongly suggesting that the reducing effect of SPMO on
serum triglycerides could be the result of a diminution of he-
patic triglyceride synthesis and secretion into the blood. In
the presence of coconut oil, soy protein already induced lower
hepatic cholesterol and triglyceride concentrations than ca-
sein, confirming previous data obtained in rats by Terpstra
et al. (40) and Hurley et al. (15) on hepatic cholesterol and
by Iritani et al. (13) on hepatic triglycerides. The combina-
tion of soy protein plus menhaden oil accentuated the reduc-
ing effect of menhaden oil on hepatic triglycerides, suggest-
ing that soy protein has an additive effect with fish oil on he-
patic triglycerides, resulting in a greater diminution of serum
triglycerides. Notably, the observation that LPL activity in the
heart was inversely correlated with serum triglycerides in
both fasted (n = 59,  r = −0.31, P = 0.02) and fed (n = 59, r =
0.34, P = 0.01) rats suggests a relationship between triglyc-
eride hydrolysis rate in the heart and serum triglyceride lev-
els. However, the increase of LPL activity in the heart when
rats were fed menhaden oil could explain only 10% of the
diminutions of serum triglyceride levels (r2 = 0.096 and 0.11
for fasted and fed rats, respectively), thereby contributing
slightly to the lowering effects of SPMO diet on serum tri-
glycerides. Baltzell et al. (7) also observed an increase in
heart LPL activity in rats after a diet containing fish oil, com-
pared with a diet containing corn oil, but there was no corre-
lation with plasma triglyceride levels. In this study, no corre-
lations were observed between LPL activity in epididymal fat
or VLM and serum triglycerides. 

The hypotriglyceridemic effect of fish oil was not repro-
duced in the fasted and fed states when combined with casein
and cod protein. Menhaden oil combined with casein reduced
only slightly and not significantly serum triglycerides by 21%
in the fasted state and 6% in the fed state, despite a 38% re-
duction of hepatic triglycerides. These effects could result
from a decrease in triglyceride synthesis in the liver without a
concomitant reduction in the rate of triglyceride secretion
from the liver to the blood. According to Lewis (41), both
cholesterol ester and triglyceride hepatic content appear to be
important in the regulation of VLDL secretion. Avramoglu
et al. (42) showed that VLDL secretion correlates better with
total mass of cholesterol ester within HepG2 cells than with
the mass of intracellular triglycerides, and not only with
newly synthetized cholesterol esters but also with stored cho-
lesterol esters. Consequently, it is possible that the unchanged
hepatic cholesterol content following menhaden oil compared
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to coconut oil in combination with casein could have pre-
vented a reduction of hepatic VLDL triglyceride secretion
into the blood and maintained unchanged serum triglyceride
concentrations.

The combination of menhaden oil plus cod protein pro-
voked no reducing effect on serum triglycerides in fasted rats.
The lack of a hypotriglyceridemic effect of menhaden oil with
cod protein could be partly related to the low reducing effect
of menhaden oil on hepatic triglycerides (13%) when com-
bined with cod protein. According to Lewis (41), the supply
of fatty acids to the liver is dependent not only on dietary fatty
acids and de novo lipogenesis but also on endogenous free
fatty acids released from fat stores in peripheral tissues and
by lipolysis of circulating triglyceride-rich lipoproteins. In
the present study, higher fasting LPL activity in epididymal
fat tissue was shown in rats fed cod protein than in rats fed
casein and soy protein. Similarly, higher plasma postheparin
fasting LPL activity was observed in rabbits fed cod protein
compared with those fed soy protein (18). These facts sup-
port the concept that cod protein enhances the supply of fatty
acids to the liver from an increased intravascular lipolysis, at-
tenuating the reducing effect of menhaden oil on hepatic
VLDL triglyceride assembly and secretion into the blood.
Further studies are now necessary to verify the rates of syn-
thesis and secretion of triglycerides from the liver when rats
are fed casein, cod protein, and soy protein in the presence of
menhaden oil. 

In contrast to the interactions outlined above was the lack
of a serum insulin and glucose response to the diets. Our in-
ability to detect insulin differences between diets in this study
may be partly attributed to the high variability of insulin val-
ues in rats fed menhaden oil. Also, in rats, insulinemia
reaches a peak in the postprandial state at 30 min to 1 h after
the meal, and insulin determination was done in this study at
only one time point, 2.5 h after the meal, not allowing under
these conditions a complete investigation of insulin response.
Thus, fasting and postprandial insulinemia in the present
study do not seem to be responsible for the interaction of di-
etary proteins and lipids on triglyceridemia. A modulation of
the hypotriglyceridemic effect of fish oil by dietary proteins
through a regulation of LPL activity by plasma insulin levels
was not observed in the present study. 

In conclusion, the above results show that there are interac-
tions between dietary proteins and lipids in the regulation of
serum triglyceride levels in the rat. Indeed, soy protein en-
hanced the hypotriglyceridemic effect of fish oil, whereas ca-
sein and to a greater extent cod protein dampened it. The pres-
ent results suggest that dietary proteins can modulate the ef-
fects of fish oil on serum triglyceride concentrations through
hepatic cholesterol and triglyceride concentrations. The role
of insulin levels in this modulation is still unclear. Further
studies to determine the rates of synthesis and secretion of
triglycerides, and the overall response of insulinemia and
triglyceridemia by repeated measures in the postprandial state,
would be of help to clarify the mechanisms by which dietary
proteins modulate the hypotriglyceridemic effect of fish oil.
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ABSTRACT: Salmon farmers are currently using high-energy
feeds containing up to 35% fat; the fish’s capability of fully uti-
lizing these high-energy feeds has received little attention. Car-
nitine is an essential component in the process of mitochon-
drial fatty acid oxidation and, with the cooperation of two car-
nitine palmitoyltransferases (CPT-I and CPT-II) and a carnitine
acylcarnitine transporter across the inner mitochondrial mem-
brane, acts as a carrier for acyl groups into the mitochondrial
matrix where β-oxidation occurs. However, no reports are avail-
able differentiating between CPT-I and CPT-II activities in fish.
In order to investigate the potential for fatty acid catabolism, the
activities of key enzymes involved in fatty acid oxidation were
determined in different tissues from farmed Atlantic salmon
(Salmo salar), i.e., acyl-CoA oxidase (ACO) and CPT-I and CPT-
II. Malonyl-CoA was a potent inhibitor of CPT-I activity not only
in red muscle but also in liver, white muscle, and heart. By ex-
pressing the enzyme activities per wet tissue, the CPT-I activity
of white muscle equaled that of the red muscle, both being >>
liver. CPT-II dominated in red muscle whereas the liver and
white muscle activities were comparable. ACO activity was
high in the liver regardless of how the data were calculated.
Based on the CPT-II activity and total palmitoyl-L-carnitine oxi-
dation in white muscle, the white muscle might have a pro-
found role in the overall fatty acid oxidation capacity in fish.
Lipids 33, 923–930 (1998).

Fatty acid β-oxidation occurs in two distinct organelles, i.e.,
peroxisomes and mitochondria. Mitochondria and peroxi-
somes are vital for sustaining life, but these organelles have
evolved with distinct metabolic features. Fatty acid β-oxida-
tion in peroxisomes, like mitochondria, generates acetyl-CoA
through successive steps of dehydrogenation, hydration, and
thiolytic cleavage. In contrast to mitochondrial β-oxidation,
the first dehydrogenation step involves the reduction of O2 to
H2O2 by acyl-CoA oxidase, whereas in mitochondria the sec-
ond dehydrogenation step reduces NAD+ to NADH (1). The

peroxisomal β-oxidation sequence, which is not coupled to a
phosphorylating system, is not inhibited by cyanide (1).
Mitochondrial β-oxidation of fatty acids is thought to be es-
sentially complete, whereas this seems not to be the case in
peroxisomes (2). Mitochondria are more abundant than per-
oxisomes in most animal cells and under normal conditions
oxidize more than 90% of long-chain fatty acids (3).

The processes of lipid catabolism are less well known in
fish (4,5), but teleosts, like higher vertebrates, store a consid-
erable proportion of their triacylglycerol (TG) in a discrete
abdominal tissue (6) and in adipocytes which are distributed
throughout the muscle myosepta (7–9). In addition, a lipase
which degrades long-chain TG occurs in red and white mus-
cles of fish (10). During starvation, ketone bodies, but not
nonesterified fatty acids, are an important fuel for muscle in
elasmobranchs, whereas nonesterified fatty acids, but not ke-
tone bodies, are an important fuel in teleosts (11,12). Both mi-
tochondria and peroxisomes show a broad chain-length speci-
ficity of hepatic β-oxidation of fatty acids in fish (13–15). In
an Antarctic fish (Notothenia gibberifrons) and another
teleost (Myoxocephalus octodecimspinosus), substrate selec-
tivities were broader for peroxisomal β-oxidation than for mi-
tochondrial β-oxidation and the peroxisomal β-oxidation sys-
tem could account for up to 30 and 50% of total hepatic β-ox-
idation, respectively (16,17). In addition to the liver, red
muscle (18,19) and heart (20) also possess a high capacity for
the oxidation of fatty acids, whereas the kidney and particu-
larly the white muscle (21) have a lower ability to oxidize
fatty acids. Atlantic salmon fed L-carnitine revealed a higher
capacity to β-oxidize [1-14C]palmitic acid in both liver cubes
and isolated hepatocytes (22). The muscle metabolic organi-
zation of salmonids undergoes seasonal variation (23), and
during cold conditions (24–26) and spawning (27) an en-
hanced capacity for lipid oxidation occurs.

In general, the amount of fat in the fish feed is continuously
rising, and today a normal commercial salmonid feed contains
around 30–35% fat. However, no reports exist as to fish han-
dling these high-fat diets and the effect it will have on fat depo-
sition and/or fatty acid catabolism in different tissues. Another
important aspect is that in most cases the capacity to β-oxidize
fatty acids in different tissues is expressed per gram wet weight
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and/or per milligram protein (specific activity). The importance
of considering tissue size was emphasized elsewhere (28–31);
therefore, we have also presented the data per wet tissue. The
aim of the present study was to study key enzymes involved in
peroxisomal and mitochondrial β-oxidation in different tissues
and to differentiate between carnitine palmitoyltransferase-I
(CPT-I) and CPT-II activities in Atlantic salmon.

MATERIALS AND METHODS

Chemicals. [N-Me-14C]L-carnitine was purchased from New
England Nuclear (Boston, MA). 2′,7′-Dichlorofluorescein di-
acetate was obtained from Eastman Kodak Company
(Rochester, NY). Palmitoyl-CoA, horseradish peroxidase, L-
carnitine, and other cofactors were from Sigma Chemical Co.
(St. Louis, MO). All other chemicals were of reagent grade
and obtained from common commercial sources.

Fish. Five sexually immature adult Atlantic salmon (Salmo
salar) weighing 4183 ± 687 g (69.6 ± 4.3 cm) were collected
from Institute of Marine Research, Matre Aquaculture
Research Center, Norway). The fish had been kept in net pens
in the sea and fed a standard diet containing 29% lipid (Elite
Granulat, T. Skretting A/S, Bergen, Norway). The protocol
was approved by the Norwegian State Board of Biological
Experiments with Living Animals (Bergen, Norway).

Preparation of tissue homogenates. When fully anes-
thetized (methomidate), the fish were killed by a blow to the
head; and the liver and heart were removed, weighed, and ho-
mogenized with an Ultra-Turrax T25 to 20% (wt/vol) in ice-
cold sucrose solution containing 0.25 M sucrose in 10 mM
HEPES buffer and 1 mM EDTA, pH 7.4. Red muscle was
sampled from one side of the fish and dissected free from
skin, subdermal lipid, and underlying white muscle. White
muscle was sampled on the same side directly below the dor-
sal fin toward the vertebral column. Red and white muscles
were weighed and homogenized as described above. The re-
sulting total homogenates were then centrifuged (1880 × g for
10 min at 2°C). The resulting postnuclear fraction (E-frac-
tion) was collected, and some portions were used immedi-
ately to determine CPT-I activity. Other aliquots were stored
at −80°C until analyzed.

Lipid analysis. Tissue lipids were determined in the E-
fractions by enzymatic colorimetric methods. TG and choles-
terol were determined according to Technicon Method no.
SA4-0324L90 (32) and Technicon Method no. SA4-0305L90
(33) (Technicon Instruments, Tarrytown, NY), respectively.
Phospholipids were measured by the method of bioMérieux
(Marcy-l’Etoile, France) (34).

Enzyme activities. Fatty acid oxidation was determined in
the E-fractions as acid-soluble products using [1-14C]palmi-
toyl-L-carnitine as substrate (35). All samples were preincu-
bated for 2 min at the different temperatures used before
adding the substrate. After incubation for 10 min, oxidation
was stopped by addition of 150 µL 1.5 M KOH; 25 µL fatty
acid-free bovine serum albumin (BSA) (100 mg/mL) was
then added to the suspension in order to bind nonoxidized

substrate. Next, 500 µL of 4 M HClO4 was added to precipi-
tate nonoxidized substrates bound to BSA. The total solution
was then centrifuged at 1880 × g for 10 min at 2°C. Aliquots
of 500 µL were assayed for radioactivity. 

The rate-limiting enzyme in peroxisomal β-oxidation,
acyl-CoA oxidase (ACO) (E.C. 1.3.3.6), was determined ac-
cording to Small et al. (36). Oxidation of 2′,7′-dichlorofluo-
rescein diacetate was monitored by following the increase in
A502 for 7 min after the samples had been preincubated for 3
min at the different temperatures used. CPT-I (E.C. 2.3.1.21)
and CPT-II (E.C. 0.0.0.0) activities were measured essentially
as described by Bremer (37). CPT-I is deeply anchored on the
outer mitochondrial membrane and loses activity upon expo-
sure to detergents but is stabilized by BSA (38,39). Briefly,
the assay medium for CPT-I contained 70 mM KCl, 5 mM
KCN, 100 µM palmitoyl-CoA, 10 µL BSA (10 mg/mL), 600
µg tissue protein, and 20 mM HEPES, pH 7.5. The reaction
was started with 200 µM [N-Me-14C]L-carnitine (1000
dpm/nmol). When included, malonyl-CoA (5 µM) was added
to the assay mixture 15 min prior to the start of the reaction.
CPT-II, which is localized on the inner surface of the inner
mitochondrial membrane, is readily released by a variety of
detergents (38,39). Assay conditions for determining CPT-II
activity were identical except that BSA was omitted, 0.01%
Triton X-100 was included, and the amounts of tissue protein
were 400 µg (white muscle), 40 µg (red muscle), and 100 µg
(heart and liver). The reaction was stopped with 1 mL 1 N
HCL, and water-saturated 1-butanol was added to extract the
product, i.e., palmitoyl-[14C]carnitine. Aliquots were assayed
for radioactivity on an LKB Wallac 1219 Rackbeta liquid
scintillation counter. All enzyme assays were run in duplicate
and performed under conditions where product formation was
linear with respect to both the time of incubation and the
amount of protein. Protein was determined using the Bio-Rad
protein kit (Bio-Rad, Richmond, CA).

RESULTS

The fatty acid oxidation capacity and enzyme activities in-
creased in all tissues with increasing assay temperatures but
were practically not detectable at 50°C. The reason for this is
probably that the organelle membranes had disintegrated, and
the enzymes to some extent were denatured. 

The mass of the different tissues is given in Table 1. Lipids
and protein content of the E-fractions are shown in Table 2.
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TABLE 1
Tissue Mass and Percentage of Body Massa

Tissue Mass (g) Body mass (%)

Heart 5.1 ± 1.2 0.1
Liver 40.3 ± 8.4 1.0
Red muscleb 209 ± 34 5.0
White muscleb 2510 ± 412 60.0
aTissue values are means ± SD, n = 5.
bRed and white muscle mass in Atlantic salmon were derived from the as-
sumption that they occupy 5 and 60% of the total body mass, respectively
(Ref. 64).



The amount of TG was high in muscle, whereas the liver con-
tained high levels of cholesterol and especially phospholipids.
In addition, the protein content of liver was ca. threefold
higher than the other tissues.

Figure 1 shows CPT-I activities in different tissues with
varying assay temperatures. In panels A–C the CPT-I activity
is expressed as nmol/min/mg protein (specific activity),
nmol/min/g wet tissue, and nmol/min/wet tissue, respectively.
Increased CPT-I activities with increasing temperature with a
maximum at 30°C were observed for all tissues, and CPT-I
was malonyl-CoA-sensitive. Above 30°C the enzyme activ-
ity declined and at 50°C no enzyme activity could be de-
tected. The order of CPT-I activities in different tissues was
red muscle >> liver > white muscle. If the results are calcu-
lated as nmol/min/g wet tissue, the CPT-I activity in liver
equaled that of red muscle, whereas both were much greater
than white muscle (panel B). However, by calculating the en-
zyme activity as nmol/min/wet tissue, a completely different
picture emerged (panel C). The total enzyme activity in white
muscle equaled that in red muscle and both were much
greater than in liver. 

Figures 2 to 4 are presented in the same manner as Figure
1. Figure 2 shows that CPT-II activity dominated in red mus-
cle when expressed as specific activity, and the CPT-II activi-
ties in liver and heart were much greater than that of white
muscle at all temperatures (panel A). As for CPT-I, the CPT-
II activity in liver equaled that of red muscle when calculated
as nmol/min/g wet tissue (panel B). The total CPT-II activity
dominated in red muscle, whereas no differences were ob-
served in liver and white muscle (panel C). The order of ac-
tivity of the key enzyme in peroxisomal β-oxidation, i.e.,
acyl-CoA oxidase (ACO), was liver >> red and white muscle
and heart (Fig. 3). 

Figure 4 shows the fatty acid oxidation measured as acid-
soluble products in E-fractions with palmitoyl-L-carnitine as
a substrate. The total oxidation of palmitoyl-L-carnitine was
highest in red muscle when calculated as nmol/min/mg pro-
tein (panel A) or as nmol/min/wet tissue (panel C). If the data
are calculated as nmol/min/g wet tissue, the activities in liver
equaled that of red muscle (panel B). 

DISCUSSION

The heart, liver, and especially the red muscle, but not white
muscle, are generally accepted as the most important tissues
involved in fatty acid oxidation in fish (4,5,20).

In the present study we analyzed the rate of key enzymes
involved in mitochondrial and peroxisomal β-oxidation of
fatty acids in different tissues from Atlantic salmon. Enzyme
activities are normally expressed per gram wet mass or per
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TABLE 2
Lipids and Protein Content in E-fractions from Various Organsa

Organ Protein Triacylglycerol Cholesterol Phospholipids
(mg/g tissue) (µmol/g tissue)

Heart 28.7 ± 3.1 3.6 ± 0.8 2.1 ± 0.3 3.7 ± 0.5
Liver 94.4 ± 8.5 5.6 ± 1.4 4.9 ± 0.8 15.4 ± 2.2
Red muscle 20.3 ± 1.5 16.8 ± 5.9 1.4 ± 0.2 3.7 ± 0.4
White muscle 36.1 ± 4.9 16.0 ± 4.8 1.8 ± 0.2 2.1 ± 0.5
aAll values are means ± SD, n = 5.

FIG. 1. Activity of carnitine palmitoyltransferase I (CPT-I) in different
tissues of Atlantic salmon with varying assay temperatures. The results
are expressed per milligram protein (A), per gram wet tissue (B), and per
wet tissue (C). The values represent means ± SD (n = 5).



milligram protein (specific activity), but we have included the
rates per wet tissue, i.e., per organ of fish based on the infor-
mation given in Table 1.

CPT has a wide distribution in the animal kingdom, and the
concentration of the enzyme seems to be correlated to the
metabolic activity of the animal (40). CPT-I and its sensitivity
toward malonyl-CoA, an intermediate in fatty acid synthesis,
are believed to regulate hepatic fatty acid oxidation and keto-
genesis (41,42). Rodnick and Sidell (43) reported that CPT-I
in red muscle of striped bass (Morone saxatilis) was malonyl-
CoA-sensitive, a fact never before shown in Atlantic salmon.
No data differentiating CPT-I and CPT-II activities from any
fish have been published. Figure 1 shows that CPT-I was sen-
sitive toward malonyl-CoA in all tissues analyzed, indicating

that the fatty acid synthesis and fatty acid oxidation are regu-
lated in the same manner as in mammalian tissues.

The liver contains about three times more protein as the
other tissues (Table 2). This is reflected when the enzyme ac-
tivities of hepatic CPT-I and CPT-II are expressed per gram
wet tissue as the hepatic activities equaled that of red muscle
(Figs. 1 and 2). In contrast, when hepatic CPT-I and CPT-II
activities are expressed per milligram protein or per wet tis-
sue, they do not reach the level of red muscle (Fig. 1). 

Another interesting finding was observed when enzyme
activities were expressed per wet tissue as the CPT-I activity
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FIG. 2. Activity of carnitine palmitoyltransferase II (CPT-II) in different
tissues of Atlantic salmon with varying assay temperatures. The results
are expressed per milligram protein (A), per gram wet tissue (B), and per
wet tissue (C). The values represent means ± SD (n = 5).

FIG. 3. Activity of acyl-CoA oxidase (ACO) in different tissues of
Atlantic salmon with two assay temperatures. The results are expressed
per milligram protein (A), per gram wet tissue (B), and per wet tissue
(C). The values represent means ± SD (n = 5). *Denotes not determined.
The reason for this was that the assay mixture at 40°C became cloudy
and led to an unaccounted for unspecific activity.



of white muscle was of the same magnitude as for red muscle
(Fig. 1), whereas the CPT-II activity was much lower and
comparable to the liver (Fig. 2). Importantly, CPT-I and CPT-
II activities are found not only in mitochondria but also in
other organelles, e.g., peroxisomes and microsomes (44,45).
However, the role of CPT-II in other organelles remains un-
certain (46,47), whereas mitochondrial CPT-II is involved in
the process of β-oxidation, i.e., generates acyl-CoA from
acylcarnitines in the mitochondrial matrix (Fig. 5).

By comparing Figure 2 with the oxidation of palmitoyl-L-
carnitine (Fig. 4), which must be converted to acyl-CoA by
CPT-II before it can undergo β-oxidation (Fig. 5), this study
indicates that CPT-II activity in Atlantic salmon reflects the

capacity of mitochondrial fatty acid oxidation and involve-
ment of L-carnitine in mitochondrial long-chain fatty acid ox-
idation. In addition, adding L-carnitine to isolated mitochon-
dria stimulated the oxidation of fatty acids in rainbow trout
(Salmo gairdneri) (20), and supplementation of L-carnitine to
Atlantic salmon led to an increased fatty acid oxidation ca-
pacity (22). Furthermore, accelerated growth and reduced
body fat were reported for hatchery-reared sea bass
(Dicentrarchus labrax) (48,49) and African catfish (Clarias
gariepinus) (50) fed carnitine.

The peroxisomal ACO activity dominated in liver regard-
less of how the results are expressed. Thus this organ has a high
capacity for peroxisomal β-oxidation, whereas red and white
muscles seem to possess a limited ACO activity (Fig. 3).

The rate of key enzymes involved in the fatty acid oxida-
tion system and the interpretation of their possible role in the
metabolic pathways depend on how the data are expressed
(51). After comparing the rate of palmitoyl-L-carnitine oxi-
dation in red muscle from Atlantic salmon with hepatic fatty
acid oxidation of palmitoyl-L-carnitine from other species,
evidently this tissue possesses a high capacity to oxidize fat
(Table 3). 

In fish muscle, lipids exist in two forms: neutral lipids
(TG) in lipid droplets distributed in cell cytoplasm as local
energy stores and polar lipids (phospholipids) serving as
major components of the cell membrane. Atlantic salmon
stores most of its reserve of lipids (TG) in the muscle instead
of the liver (54,55). Histological studies revealed that approx-
imately 40% of white muscle TG was stored in myosepta,
whereas the remaining 60% was localized to the perimysium
(56–58), which is the connective tissue surrounding a bundle
of muscle fibers. Involvement of white muscle in the higher
range of sustained cruising speeds of active species was sug-
gested by several authors (59–61). Moreover, the white mus-
cle of pelagic species is functionally and structurally adapted
for sustained aerobic activity with relatively abundant mito-
chondria being preferentially situated close to the source of
gas and metabolite exchange (62,63). This is interesting as
more than 60% of the total body mass of Atlantic salmon is
composed of white muscle (64); thus, the overall metabolic
capacities of this tissue might have been underestimated up
to now. 

Currently, salmon feed usually contains 30–35% fat, but
with improving technology the amount of fat in salmon feed
will most likely increase to 40–45%. Are salmon capable of
metabolizing this added dietary fat? Moreover, how will dif-
ferent fat (oil) sources affect fat deposition vs. catabolism,
i.e., storage or energy utilization? Results from a relatively
limited number of studies performed on mitochondrial β-oxi-
dation in fish suggest that a substrate preference exists (for
review see Ref. 5); thus, the importance of selecting the right
fat (oil) source with an optimal fatty acid composition for en-
ergy utilization becomes evident. 

In conclusion, based on CPT-II activity and palmitoyl-L-
carnitine oxidation, Atlantic salmon seem to possess a high
capacity to utilize fat as an energy source. Mitochondrial β-
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FIG. 4. Oxidation of palmitoyl-L-carnitine in different tissues of Atlantic
salmon with varying assay temperatures. The results are expressed per
milligram protein (A), per gram wet tissue (B), and per wet tissue (C).
The values represent means ± SD (n = 5).
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FIG. 5. Schematic presentation of the carnitine-dependent transfer of activated fatty acids (acyl-
CoA esters) into mitochondria. CPT-I in the outer mitochondrial membrane converts acyl-CoA
to acylcarnitine. This is a necessary step as acyl-CoA esters cannot penetrate the inner mito-
chondrial membrane. The outer membrane also contains the long-chain acyl-CoA synthetase
(not shown). Carnitine/acylcarnitine translocase in the inner mitochondrial membrane ex-
changes acylcarnitine with carnitine. CPT-II on the inner surface of the inner mitochondrial
membrane is responsible for the conversion of acylcarnitine to acyl-CoA. Acyl-CoA enters the
β-oxidation sequence and leads to formation of acid-soluble products. *Denotes acid-soluble
product. See Figures 1 and 2 for abbreviations.

TABLE 3
The Rate of Palmitoyl-L-Carnitine Oxidation Measured as Acid-Soluble Products
in Different Speciesa

Palmitoyl-L-carnitine oxidation
Species Tissue (nmol/min/mg protein) Reference

Atlantic salmon Red muscle 0.45b

Hamster Liver 0.41 35
Rabbit Liver 1.47 52
Rat Liver 0.22 53
aValues are expressed as means.
bDetermined at 20°C, whereas the other values were measured at 30°C.



oxidation dominates in red muscle, but white muscle makes a
significant contribution to the overall fatty acid oxidation ca-
pacity in fish. 
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ABSTRACT: The phospholipid composition was determined
for the amebocyte of the primitive arthropod Limulus polyphe-
mus. The total fatty acid composition of the cells’ lipids was an-
alyzed by gas chromatography/mass spectrometry (GC/MS) of
fatty acid methyl esters (FAME). The FAME analysis revealed
high levels of 20-carbon polyunsaturated fatty acids (PUFA), es-
pecially arachidonic (20:4n-6) and eicosapentaenoic (20:5n-3)
acids. Almost 20% of the total lipid profile was comprised of di-
methyl acetals of 16- to 20-carbon chain lengths, indicative of
plasmalogens in the phospholipid pool. Phospholipids, ana-
lyzed by high-pressure liquid chromatography, included phos-
phatidylethanolamine (PE), phosphatidylcholine (PC), phos-
phatidylserine (PS), phosphatidylinositol (PI), sphingomyelin
(SPH), and cardiolipin (CL). PE and PC levels predominated at
42.2 and 36.3%, respectively. Smaller amounts of PS (9.0%)
and PI (6.2%) were present, as well as low levels of SPH (4.6%),
CL (1.6%), and trace amounts of lysophosphatidylcholine. The
major phospholipid species, PE, PC, PS and PI, were collected
and their molecular species were examined by electrospray–
ionization mass spectrometry. The molecular species within the
phospholipid classes reflected the high levels of PUFA seen in
the total lipid profile. PI was mainly composed of 18:0a/20:4.
Over half of the PS consisted of 18:0a/18:1 and 18:0a/20:4. The
major PE species were 20:1p/20:5, 20:1p/20:4, 18:0p/20:5, and
18:0p/20:4. PC had the largest distribution of molecular species,
and its most abundant species were 16:0e/20:5, 16:0e/20:4, and
16:0p/20:4. The presence of 16:0e/20:4 is the first documenta-
tion of a specific precursor to platelet-activating factor in an in-
vertebrate hemocyte. Note: at the sn-1 position: [a = 1=O-acyl,
e = 1-O-alkylether, and p = 1-O-alk-1′-enyl (plasmalogen)].
Lipids 33, 931–940 (1998).

The horseshoe crab, Limulus polyphemus, serves as a unique
model for studying the lipid chemistry of invertebrate blood
cells. The majority of lipid analyses in arthropods have in-
volved studies on whole animals, muscle tissue, or specific
organs owing to constraints on organism size and the amounts
of blood available (2,3). The presence of as many as six cir-
culating blood cells in arthropods further complicates the iso-
lation and analysis of an individual cell type (4). In horseshoe
crabs, large quantities of blood are readily available and a sin-
gle circulating blood-cell type, the granular amebocyte (5), is
present. Moreover, Limulus is considered to be a living fossil
with blood cells regarded as “primordial immunocytes” be-
cause they possess functions comparable to those found in
vertebrate leukocytes, such as platelets, macrophages, and B-
and T-lymphocytes (4). These vertebrate leukocytes are espe-
cially active during an immunological challenge brought on
by injury or infection. The activation of these blood cells dur-
ing an immune response is associated with the production of
fatty acid metabolites, termed eicosanoids, which are primar-
ily generated from unsaturated 20-carbon polyunsaturated
fatty acids (PUFA) cleaved from the cell’s phospholipid
membrane, notably di-homo-γ-linoleic acid (20:3), arachi-
donic acid (AA) (20:4), and eicosapentaenoic acid (EPA)
(20:5). The presence of these PUFA in specific phospholipid
pools in the cell membrane also has been implicated in accel-
erating membrane fusion (6). The Limulus amebocyte pro-
duces eicosanoids (7), and its rapid degranulation in the pres-
ence of pathogens is well established (8,9). Therefore, a bet-
ter understanding of the phospholipid composition, as well as
the molecular species within each phospholipid class, will
provide a framework for interpreting some of the functions of
this primitive undifferentiated cell. In these studies, we will
report the phospholipid composition of the Limulus granular
amebocyte.

MATERIALS AND METHODS

Chemicals and materials. The chloroform, methanol, water,
hexane, isopropanol, and acetone used to extract, fractionate,
and separate lipids were Fisher Scientific high-pressure liquid
chromatography (HPLC)-grade (Pittsburgh, PA). The ben-
zene was Fisher A.C.S.-certified grade and the ethanol was
200-proof dehydrated alcohol, U.S.P. punctilious (Quantum
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Chemical Co., Anaheim, CA). Phospholipid, cardiolipin
(CL), and sphingomyelin (SPH) standards were obtained
from Sigma (St. Louis, MO) and Avanti Polar Lipids (Al-
abaster, AL).

Horseshoe crabs. The horseshoe crabs were purchased
from either Marine Biological Laboratories (Woods Hole,
MA) or Gulf Specimens (Panacea, FL) and maintained in
tanks with fresh, flowing seawater and fed fresh local mussels,
Mytilus galloprovincialis, collected by university divers from
local piers. Blood samples were obtained within 1 wk of the
animals’ arrival. Animals with a prosoma, the larger anterior
portion of the horseshoe crab which is followed by the smaller
posterior opisthosoma, of 15–20-cm width were used.

Cell isolation. Prior to blood collection, the animals were
cooled at 4°C for at 1 h. The animals were bled via cardiac
puncture at the prosoma–opisthosomic joint using a sterile
16.5-gauge needle. Aliquots of blood (15 mL) were collected
into sterile, silanized 50-mL Pyrex centrifuge tubes contain-
ing 10 mL of ice-cold saline (3.0% NaCl, buffered to pH 4.6
with citrate and EDTA) (5). The cells were briefly spun in a
clinical centrifuge at room temperature (300 × g). The
plasma/buffer supernatant was decanted, and the lightly pel-
leted cells were washed by resuspending in 10 mL of sterile
3% NaCl. Duplicate blood samples were obtained from each
animal: one sample was used for fatty acid methyl ester
(FAME) analysis and the other was extracted for phospho-
lipid analysis. FAME were prepared directly from freshly iso-
lated amebocytes to expedite analysis of the total lipid.

FAME analysis. The amebocyte’s total cellular fatty acids
were saponified and derivatized directly by a four-step process
(10–12). The blood cells were isolated and washed, as detailed
above, and then transferred into a 10-mL Pyrex test tube with
a Teflon-lined lid and pelleted in a clinical centrifuge at room
temperature (300 × g). The supernatant was decanted; the cells
were lysed, and the lipids were saponified by adding 2 mL of
3.75 M NaOH/MeOH (50:50, vol/vol) and by heating at
100°C for 30 min. Samples were cooled, and the free fatty
acids were methylated with the addition of 3 mL of 6 N
HCl/MeOH (65:55, vol/vol) and with heating at 85°C for 10
min. The samples were cooled and 1 mL of hexane/CH2Cl2
(50:50, vol/vol) was added. The tubes were inverted end-over-
end for 3–5 min. The aqueous layer was removed and 3 mL of
0.3 M NaOH was added. The tubes were inverted end-over-
end for 10 min. The upper organic layer was transferred to an
amber vial. The samples were placed under nitrogen for either
immediate analysis by gas chromatography/mass spectrome-
try (GC/MS) or stored at −35°C until analyzed.

GC/MS analysis. FAME samples were analyzed on a
Hewlett-Packard 5790 gas chromatograph (Palo Alto, CA)
coupled to a VG 70SE double-focusing mass spectrometer
using a DB-5MS column, 30 m × 0.25 mm i.d. (J&W Scien-
tific, Folsom, CA). A 1-µL aliquot of the FAME sample was
injected. The DB-5 column was held at 50°C for 1 min,
ramped to 125°C at 18°/min, and then ramped to 255°C at
3°/min. The sample chromatograms were compared to an au-
thentic standard of mixed FAME (PUFA-2) (Matreya Inc.,

Pleasant Gap, PA) run under the same conditions as the sam-
ples. The mass spectra of the dimethyl acetal (DMA) peaks
were compared with known spectra National Institute of Stan-
dards and Technology (NIST) library.

Lipid extraction and fractionation. The cells for the phos-
pholipid analyses, isolated as described above, were trans-
ferred to a 15-mL, silanized Pyrex test tube with a Teflon-
lined cap. The cells were pelleted, the supernatant was de-
canted and then the cells were resuspended in 1 mL of sterile
3% NaCl. The cells were extracted using a modification of
Kates (13). A 3.75-mL aliquot of methanol/chloroform (2:1,
vol/vol) was added to the cell solution. The samples were vor-
texed and placed on a rotary shaker for 2 h. The solution was
centrifuged in a clinical centrifuge for 5 min, the supernatant
was transferred to a new tube, and the pellet was reextracted
in 4.75 mL of methanol/chloroform/water (2:1:0.8, by vol).
The sample was centrifuged, as before, and the supernatant
was pooled with the first extract. A 2.5-mL aliquot each of
chloroform and water was added to the pooled extract. The
samples were vortexed, centrifuged, and the lower aqueous
layer was removed. An equal volume of benzene was added
and samples were taken to dryness under N2. The samples
were immediately resuspended in chloroform/MeOH (4:1,
vol/vol) and stored under N2 at −35°C until fractionated.

The samples were dried and resuspended in chloroform
before being fractionated on small silica columns in Pasteur
pipets using Baker-analyzed 60–200 mesh silica gel (Phillips-
burg, NJ). The columns were equilibrated in chloroform. The
sample was applied to the column followed by 4 column vol-
umes (8 mL) of chloroform to elute the neutral lipids, 16 col-
umn volumes (32 mL) of acetone to elute the glycolipids, and
finally 4 column volumes (8 mL) of MeOH to elute the phos-
pholipids and SPH. The fractions were dried down under N2
and stored at −35°C until analyzed.

HPLC analysis of phospholipid classes. The phospholipid
extracts were analyzed using the method developed by Patton
et al. (14). The lipid classes were separated using a Hitachi
6200A HPLC (San Jose, CA) equipped with two Rainin Silica
Microsorb-MV columns (Woburn, MA) in tandem (4.6 i.d. ×
150 mm, 5 µm, 100 Å). The columns were preceded by an Up-
church precolumn packed with 30–40 µm PerisorbA (Oak Har-
bor, WA). The phospholipid peak elution was monitored at 205
nm. The separation was isocratic starting with a flow rate of 0.5
mL/min for the first 60 min and then increased to 0.8 mL/min
for the remainder of the run (ca. 180 min). The solvent phase
was water/1 M phosphate buffer (pH 7.4)/isopropanol/-
hexane/EtOH/acetic acid (55:1.2:485:376:100:0.6, by vol). The
peaks for each lipid class were collected. CL samples were
pooled while phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylserine (PS), phosphatidylinositol (PI),
and SPH peaks were collected individually for electro-
spray–ionization/mass spectrometry (ESI/MS) analysis to de-
termine their molecular species. Phosphate does not easily
volatilize and therefore interferes with ESI/MS analysis. To
avoid problems, samples were briefly taken to dryness under
N2 and reextracted to remove phosphate (13,15).
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ESI/MS analysis of molecular species within each phos-
pholipid class. The fatty acid composition of the major phos-
pholipid classes (PE, PC, PS, and PI) was analyzed using a
modification of Kim et al. (16). The phospholipid classes
were separated on a Phenomenex C18 minicolumn (2.0 i.d. ×
150 mm, 5 µm, 80Å) preceded by a 30-mm guard column of
the same material using a Michrom BioResources UMA
HPLC System (Auburn, CA) at a flow rate of 400 µL/m. The
samples were separated using a starting solvent phase of 0.5%
ammonium hydroxide in water/MeOH/hexane (12:88:0) for 3
min followed by a linear gradient to water/MeOH/hexane
(0:18:12) over a 30-min period. The column was maintained
at 20–25°C.

The solvent flow was split postcolumn (1:3, vol/vol), and
100 µL of the HPLC effluent was directed into the inlet of an
ESI probe of a Fisons VG Platform II single quadrupole mass
spectrometer (Micromass Ltd., Altrincham, United King-
dom). The ESI/MS was tuned daily by direct infusion of di-
palmitoyl PC (positive-ion mode) or PI (negative-ion mode)
(2 µM). The skimmer cone voltage was set during tuning for
moderate fragmentation (−60 to −70 V in negative-ion and
40–50 V in positive-ion mode). The mass collection range
was set between 100 and 1000 amu for all samples. Sample
ions were generated using N2 nebulization-assisted electro-
spray with a source temperature maintained at 80°C. All spec-
tra were collected in total scan mode and subjected to back-
ground subtraction.

PI and PS samples were analyzed in negative-ion mode.
PE and PC peaks were analyzed in both positive- and nega-
tive-ion modes. The negative-ion analyses of PE and PC were
used to determine the fatty acids associated with the major
molecular ions generated in the positive-ion mode. A phos-
pholipid molecular ion can represent one, sometimes two, but
rarely all three of the phospholipid subclasses (diacyl, alkyla-
cyl, and alkenacyl). The molecular species of the major peaks
were identified through examination of their mass spectra.
The remaining molecular species listed were calculated based
on the molecular ion and any available fragmentation data
from the negative-ion spectra (1). The molecular ion usu-
ally represents the entire phospholipid, either [M + H]+ or 
[M − H]−, depending on the analysis mode, the exception
being PC in negative-ion mode that displays a pseudomolec-
ular ion of [M − 15], corresponding to a loss of a methyl
group from the choline headgroup (17). Since the phos-
pholipids were separated by class prior to ESI/MS, the head-
group is known and any free fatty acids present in the mass
spectra are generated from ester linkages at the sn-1 or sn-2
position. The FAME/DMA profile in the GC/MS analyses
was also used to predict the likely diacyl and alkenylacyl
species present in each sample. In the more complicated phos-
pholipid classes, PE and PC, published tables of the three sub-
classes (diacyl, alkylacyl, and alkenylacyl) were used to help
determine the molecular species of the minor peaks (18). In
these tables, the molecular ion is calculated based on sn-1 and
sn-2 linkages, as well as the total number of carbons and dou-
ble bonds present in these positions. Since the double bond in

the vinyl linkage of alkylacyl lipids is considered part of the
linkage, it is not counted as a double bond in these tables
(15,18).

Analysis of smaller phospholipid peaks. The smaller peaks
present in the HPLC phospholipid separation (CL and SPH)
were screened to identify major species present. The samples
were separated by HPLC in a manner similar to the major
phospholipid classes. The mass range was set between 100
and 1000 amu, except for CL samples where the range was
extended to 2000 amu. These samples were screened in both
positive- and negative-ion modes.

RESULTS

GC/MS analysis of FAME. The chromatogram of the FAME
revealed that almost half (46%) of the amebocyte fatty acid
content consisted of two 20-carbon PUFA, AA, and EPA
(Table 1). The next most abundant species were the saturated
and monounsaturated 18-carbon fatty acids at 12.9 and
11.6%, respectively. DMA made up nearly 20% of the total
lipid. DMA are formed by the acid methanolysis of phospho-
lipids containing vinyl groups in ether linkages. Therefore,
the DMA here indicate that a considerable portion of the
phospholipids contains ether lipids with alkenyl groups at the
sn-1 position of the phospholipids. The DMA profile in the
amebocyte indicates that eicosene (20:1) was the most com-
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TABLE 1
Fatty Acid Composition of the Limulus Amebocytea

Fatty acid Percentage area

14:0 0.1 ± 0.1
15:0 trace
16:0 2.2 ± 0.2
16:1n-7 0.2 ± 0.1
16:0 DMA 1.4 ± 0.2
i/ai 17:1 or 17:1 0.2 ± 0.0
i/ai 17:0 0.2 ± 0.0
17:0 0.8 ± 0.1
17:0 DMA 0.4 ± 0.1
18:0 12.9 ± 0.4
18:1n-9 8.4 ± 0.5
18:1n-7 3.2 ± 0.2
18:2n-6 1.1 ± 0.2
18:0 DMA 5.9 ± 0.5
18:1 DMA 0.7 ± 0.1
19:1, i/ai 19:0b 3.9 ± 0.4
19:0 0.2 ± 0.1
20:0 trace
20:1n-9 0.8 ± 0.3
20:4n-6 25.4 ± 1.0
20:5n-3 20.5 ± 0.8
20:0 DMA 0.5 ± 0.1
20:1 DMA 9.5 ± 1.3
22:0 trace
22:4n-6 0.7 ± 0.1
22:5n-3 0.7 ± 0.1
aValues are the mean ± SEM, n = 5. Samples were derived from five separate
individuals. Trace levels of fatty acid were considered to be less than 0.1%.
bThis peak was a mixture of three molecular ions: 294, 310, and 312 amu.
DMA = dimethyl acetal; i/ai indicates iso- and anteiso-fatty acids.



mon alkyl chain in ether linkage (9.5%), with lesser amounts
of octadecane (18:0) and hexadecane (16:0), 5.9 and 1.4%,
respectively.

HPLC analyses of the phospholipid classes. A clean sepa-
ration existed between the major phospholipid classes. Analy-
sis of the phospholipid fraction revealed a greater proportion
of PE (42.2%) than PC (36.2%) (Table 2), followed by lower
levels of PS and PI at 9.0 and 6.2%, respectively. SPH (4.6%)

and CL (1.6%) were also present in the amebocyte mem-
branes. Lysophosphatidylcholine (LPC) was detected at trace
levels in one of the SPH samples.

ESI/MS analyses of the molecular species within the major
phospholipid classes. The levels of EPA and AA in the FAME
analyses were reflected by the predominance of phospholipid
species containing these fatty acids. To distinguish between
alkyl and alkenyl linkages at the sn-1 position using ESI/MS
without prior separation of these subclasses (13) is not possi-
ble, as previously stated, but the phospholipid molecular
species can still be calculated based on the molecular ion, the
headgroup, and any fatty acids that have fragmented from the
phospholipid molecule, as seen in the negative-ion spectra.
The diacyl and plasmalogen species agreed well with the
species of FAME and DMA present in the total lipid
(Table 1).

Examination of the negative-ion mass spectra for PI re-
vealed only the molecular ion [M − H]− (Fig. 1A). To exam-
ine the fatty acid profile in the PI class, the sample also was
analyzed at higher voltages (−80 to −100 V, data not shown).
These spectra indicated 18-carbon m/z 281 (18:1) and 283
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TABLE 2
Phospholipid Composition of the Limulus Amebocytesa

Phospholipid class Percentage area

Phosphatidylethanolamine 42.2 ± 1.0
Phosphatidylinositol 6.2 ± 0.5
Phosphatidylserine 9.0 ± 0.7
Cardiolipin 1.6 ± 0.5
Phosphatidylcholine 36.3 ± 0.7
Sphingomyelinb 4.6 ± 0.5
aThe percentage area is the mean ± SEM of amebocyte preparations from
seven animals.
bOne of the samples analyzed by electrospray–ionization/mass spectrometry
(ESI/MS) contained lysophosphatidylcholine.

FIG. 1. Electrospray–ionization/mass spectrometry negative-ion mass spectra of the molecular ions and fragments of (A) phosphatidylinositols and
(B) phosphatidylserines in the Limulus amebocyte.



(18:0), 20-carbon m/z 301 (20:5), 303 (20:4), 305 (20:3), 307
(20:2) and 309 (20:1), as well as m/z 313 (22:6), 315 (22:5),
and 317 (22:4) were present. Greater than half of the PI
(52.3%) consisted of a single species, 18:0a/20:4 (Table 3),
where a = 1-O-acyl. Almost another quarter of the PI (21.4%)
was composed of a mixture of the two species 18:0a/20:5 and
18:0e/20:4, where e = 1-O-alkylether. The PS negative-ion
mass spectra displayed numerous fragments (Fig. 1B). The
molecular ion [M − H]− was present, as well as ions corre-
sponding to the loss of serine [M − 88]−, and the loss of both
serine and fatty acids (m/z 417–439) and free fatty acids (m/z
281, 283). There were two predominant species of PS,
18:0a/20:4 (m/z 810) and 18:0a/18:1 (m/z 788), at 33.8 and
22.7%, respectively (Table 3). The fatty acid composition of
PS and PI species indicates that almost 90% of these lipids
are diacyl species.

Analysis of the positive-ion mass spectra of the PE re-
vealed the molecular ion [M + H]+ and the loss of ethanol-
amine from the major species [M − 142]+ (Fig. 2A). The

negative-ion mass spectra (Fig. 3A) gave a molecular ion at
[M − H]−, as well as free fatty acids at m/z 281, 301, and 303.
In contrast to the prevalence of diacyl species in the PI and
PS fractions of the amebocyte, the PE molecular species con-
sisted of plasmalogen (62%), diacyl (27%), and alkylacyl
(11%) phospholipids (Table 4). The chains in the sn-1 posi-
tion of ether lipids are in ether or vinyl ether linkage and are
not readily cleaved from the phospholipid backbone during
ESI/MS analysis. The general lack of saturated and monoun-
saturated 16- to 20-carbon free fatty acids in the negative-ion
spectra further supports the predominance of ether lipids in
this class. The major species were 20:1p/20:5 (27.3%) and
20:1p/20:4 (13.6%), where p = 1-O-alk-1′-enyl (plasmalo-
gen). A significant amount of 18:0p/20:5 (13.7%) and
18:0p/20:4 (4.5%) also existed.

The positive-ion mass spectra for the PC yielded only mo-
lecular ions [M + H]+ and the choline headgroup (m/z 184)
(Fig. 2B). The negative-ion spectra for the PC were quite
complicated. The pseudomolecular ion occurred at [M − 15],
which is indicative of demethylation of the choline headgroup
(17) (Fig. 3B). The other peaks present included the losses 
of the quaternary nitrogen from the molecular ion (m/z
660–720), the loss of quaternary nitrogen and fatty acids (m/z
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TABLE 3
Molecular Species Composition of the Amebocyte Phosphatidylserines
(PS) and Phosphatidylinositols (PI) in Negative-Ion ESI/MSa,b

Molecular species m/z Composition (%)

PS 18:1a/18:1 786.3 4.7 ± 0.6
18:0a/18:1 788.3 23.0 ± 1.4
18:0a/18:0 790.3 2.7 ± 0.2
18:0a/20:5 808.3 3.3 ± 1.2
18:0a/20:4 810.3 34.1 ± 1.0
18:0a/20:3 812.3 5.9 ± 0.1
18:0a/20:2 814.3 4.7 ± 0.7
18:0a/22:5 836.3 4.4 ± 0.3
18:0a/22:4 838.3 6.9 ± 0.8
18:0e/18:1,18:0p/18:0 774.3 2.8 ± 0.1
18:0e/20:4 796.3 1.0 ± 0.2
18:0e/20:3 798.3 0.7 ± 0.2
18:0p/20:1 800.3 1.3 ± 0.2
18:0e/20:1 802.3 1.5 ± 0.5
18:0p/22:4 822.3 0.8 ± 0.1
18:0e/22:4 824.3 2.2 ± 0.3

PI 16:0a/20:4 857.1 1.1 ± 0.4
18:0a/18:2 861.1 0.6 ± 0.1
18:0a/20:5 883.1 14.7 ± 1.3
18:0a/20:4 885.1 52.3 ± 1.8
18:0a/20:3 887.1 7.3 ± 0.4
18:0a/22:6, 18:1a/22:5 909.1 1.2 ± 0.1
18:0a/22:5 911.1 4.5 ± 0.3
18:0a/22:4 913.1 2.0 ± 0.1
16:0e/20:4 843.1 0.8 ± 0.1
18:1p/20:4, 18:0e/20:5 869.1 1.4 ± 0.2
18:0e/20:4 871.1 6.7 ± 0.6
18:0e/20:3 873.1 1.0 ± 0.1
18:0p/22:5 895.1 0.7 ± 0.0
18:0e/22:5 897.1 3.3 ± 0.3
18:0e/22:4 899.1 2.4 ± 0.3

aPhospholipid nomenclature from Reference 1. The letter designates the link-
age at the sn-1 position in the phospholipid, where a = 1-O-acyl, e = 1-O-
alkylether, and p = 1-alk-1′-enyl (plasmalogen).
bThe percentage composition was based on the average relative intensities
of each molecular ion from the analyses of four separate individuals, mean
± SEM. See Table 2 for abbeviations.

TABLE 4
Molecular Species Composition of the Amebocyte 
Phosphatidylethanolamines in Positive-Ion ESI/MSa,b

Molecular species m/z Composition (%)

16:0a/20:4 736.3 1.6 ± 0.4
16:0a/20:5 738.3 0.5 ± 0.1
18:1a/18:1 744.3 0.5 ± 0.2
18:0a/18:1 746.3 0.6 ± 0.1
18:0a/18:0 748.3 3.4 ± 0.5
18:1a/20:5 764.3 2.1 ± 0.2
18:0a/20:5 766.3 3.6 ± 0.6
18:0a/20:4 768.3 4.3 ± 0.6
18:0a/20:3 770.3 1.1 ± 0.1
18:1a/22:5 792.3 0.7 ± 0.1
18:1a/22:4, 18:0a/22:5 794.3 1.0 ± 0.1
18:0a/22:4 796.3 0.8 ± 0.1
20:0a/20:3 798.3 2.6 ± 0.4
20:1a/20:1 800.3 1.3 ± 0.2
20:0a/20:1 804.3 2.6 ± 0.2
16:0p/20:5 722.3 2.0 ± 0.5
16:0p/20:4 724.3 0.7 ± 0.1
18:0p/20:5 750.3 13.7 ± 0.9
18:0p/20:4 752.3 4.5 ± 0.3
18:0e/20:4 754.3 1.9 ± 0.2
18:0e/20:3 756.3 4.0 ± 0.4
18:0e/20:0 762.3 1.1 ± 0.2
20:1p/20:5 776.3 27.3 ± 2.8
20:1p/20:4 778.3 13.6 ± 0.9
20:0e/20:5 780.3 2.9 ± 0.2
20:0e/20:4 782.3 0.8 ± 0.5
20:1e/20:0 788.3 0.6 ± 0.1
aPhospholipid nomenclature from Reference 1. The letter designates the link-
age at the sn-1 position in the phospholipid. See Tables 2 and 3 for abbrevi-
ations.
bThe percentage composition was based on the average relative intensities
of each molecular ion from the analyses of five separate individuals, mean ±
SEM.



370–420), as well as the presence of large levels of free fatty
acids (m/z 255–317). Whereas plasmalogen levels dominated
in PE, the levels of the three subclasses in PC were almost
evenly distributed. The composition of the PC species con-
sisted of diacyl (39%), alkylacyl (35%), and plasmalogen
(26%) phospholipids (Table 5). In comparison to the PE frac-
tion, the presence of detectable 16:0 (m/z 255) and large 18:1
(m/z 281) in the negative-ion spectra mirrors the higher levels
of diacyl phospholipid in the PC fraction. A broad distribu-
tion of molecular species was present in PC, but the three
major species were a mixture of 16:0e/20:5 and 16:0p/20:4
(14.4%) and 16:0e/20:4 (8.9%).

Screening of CL, SPH, and LPC species. Small peaks in
the phospholipid samples (<5%) were screened to identify
major species present. The CL fraction was tested in both
positive- and negative-ion modes (data not shown). In nega-
tive-ion mode, the mass spectra revealed mainly free fatty
acids (20:5 > 20:4 >> 18:1 > 18:0 = 18:2 > 22:4 > 22:5). The
positive-ion spectra showed a cluster of molecular ions in 
the range of m/z 1520–1660. The masses are most likely

dipotassiated CL species resulting from the use of potassium
phosphate in the HPLC solvent and potassium chloride in the
wash buffer used to remove phosphate. The major masses
present were m/z 1531, 1553, and 1579,  indicative of CL with
fatty acid mixtures of 18:1, 18:2, 20:4 and 20:5, which corre-
lates with the fatty acid profile seen in the negative-ion mass
spectra.

In the positive-ion mode scan of the SPH samples, an ex-
tracted ion profile of the choline headgroup, m/z 184, demon-
strated the presence of six peaks (data not shown). The mass
spectra of the five major peaks revealed apparent masses of
m/z 675, 689, 703, 717 and 731, while the sixth minor peak
had an apparent mass of m/z 661. Each of these apparent
masses had an additional sodiated mass at [M + 23]+. The in-
cremental difference of 14 mass units between each major
peak indicates a group of SPH with saturated carbon chains
ranging from 13 (m/z 661) to 18 (m/z 731) carbons. In one of
the four SPH samples tested, two minor LPC peaks were de-
tected at m/z 496 (16:0 LPC) and m/z 524 (18:0 LPC). These
LPC peaks displayed the characteristic cleavage of the
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FIG. 2. Electrospray–ionization/mass spectrometry positive-ion mass spectra of the molecular ions and fragments of (A) phosphatidylethanolamines
and (B) phosphatidylcholines in the Limulus amebocyte.



choline headgroup at m/z 184, the molecular ion [M + H]+,
the loss of water [M − 18]+ peak, the addition of sodium
[M + 23]+, and the addition of potassium [M + 38]+.

DISCUSSION

Analysis of FAME. At present, very few reports are available
on the lipid composition of arthropod blood cells to compare
with that of the Limulus amebocyte. One report is available
for the mixed crab blood cells of Carcinus meanas of 20%
EPA and 10% AA levels (19). Limulus amebocytes demon-
strate significant levels of ether lipids. Phospholipids with
alkenylether bonds (plasmalogens), and to a lesser extent
those with alkylether bonds, are also common components in
vertebrate blood cells and are most often found in the PC and
PE classes (20,21). Though the levels of ether lipids are mod-
est in mammals, in lower animals they can reach appreciable
levels, especially the alkylacyl phospholipids. Horseshoe
crabs are arthropods, though more closely related to arach-
nids than crustaceans. In Sugiara et al. (2), the tissues of two

arachnids, a spider and a water scorpion, were analyzed, and
they contained between 6.7 and 17.9% alkylacyl PC and be-
tween 13.7 and 22.7% alkylacyl PE, respectively. A marine
prawn contained 7% alkylacyl PC and 7% alkylacyl PE.
Alkylacylphospholipids can represent up to 20% of the lipid
in marine organisms, and in extreme cases as much as
50–80% (2,3,22). The most commonly reported groups in the
sn-1 position of ether lipids are 16:0, 16:1, 18:0 and 18:1 (23);
however, the DMA profile in the amebocyte indicates that
eicosene (20:1) is the most abundant group in ether linkage
(9.5%), with lesser amounts of 18:0 (5.9%) and 16:0 (1.4%).
The role of eicosene ether lipids is not known, but they have
been detected in small amounts at the sn-l position in the ether
lipids of human erythrocytes, adrenal glands, and placentas
(23). We also compared the amebocyte to vertebrate white
blood cells with similar functions, i.e., platelets and macro-
phages.

Analysis of the phospholipid class composition. In com-
parison to mammalian leukocytes, the PE levels of the ame-
bocyte (42.2%) were about 60% greater than those seen in
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FIG. 3. Electrospray–ionization/mass spectrometry negative-ion mass spectra of the molecular ions and fragments of (A) phosphatidylethanolamines
and (B) phosphatidylcholines in the Limulus amebocyte.



platelets and macrophages (23–29%), whereas PC levels
(36.3%) were at the lower end of the range seen in these
leukocytes (35–46%) (24–26). The higher PE levels in the
amebocyte may reflect differences in immune response be-
tween invertebrate and vertebrate lymphocytes. Even though
the amebocyte can undergo diapedesis, like the macrophage
or neutrophil, to reach the site of injury or counter microbial
invasion, it is not phagocytic, and it encapsulates foreign bod-
ies by degranulating and releasing clotting factors and antimi-
crobial substances (8). When compared to the platelet, the
amebocyte can plug the site of injury, but unlike the platelet

it degranulates initially allowing clot material to fill the site
of injury, followed by continued migration of cells to the site
of injury, infiltrating and replacing the clot material. These
cells then degranulate, elongate, and serve as basis for the for-
mation of new tissue or even carapace (27). The amebocyte
PI (6.2%) and PS (9.0%) levels were roughly comparable to
the amounts of PI and PS previously reported in platelets and
macrophages, 6–8 and 5–11%, respectively. The amount of
SPH present in the amebocyte, ~5%, was apparently low in
relation to the range of 9–20% SPH detected in mammalian
leukocytes (25,26). The amebocyte’s CL levels (1.6%) were
in a range similar to that reported in human and guinea pig
macrophages (1–2.5%) (20,21).

Analysis of the phospholipid molecular species. The mo-
lecular species composition of the amebocyte phospholipids
reported here reflects the key role this hemocyte plays in the
immune defenses of this organism. Within the phospholipid
classes, a number of overall similarities existed between the
molecular species distribution of PS and PI in the amebocyte
with vertebrate platelets and macrophages. In the human
platelet, the predominant diacyl molecular species of PS are
18:0a/20:4 (41%) and 18:0a/18:1 (37%) (24), but in the
mouse macrophage, PS has three major species 16:0a/18:1
(41.1%), 18:0a/18:1 (19.8%), and 18:0a/20:4 (11.1%) (21).
The PS profile of the amebocyte was more similar to the
platelet than the macrophage with its predominant PS species
of 18:0a/20:4 (34%) and 18:0a/18:1 (23%). The major PI
species of the amebocyte was 18:0a/20:4 (52.3%), and the
level of this molecular species was comparable to the mouse
macrophage 18:1a/20:4 levels (59.1%), but was lower than
the human platelet that is almost three-quarters 18:0a/20:4
(71%). The level of 18:0a/20:4 PI is an important indicator of
signal transduction processes as this PI species can act as a
potential source for the biosynthesis of PI-4,5-bisphosphate.
After cellular activation, PI-4,5-bisphosphate is hydrolyzed,
and the diacylglycerol portion remains in the plasma mem-
brane inner leaflet while inositol 1,4,5-triphosphate (IP3) is
released into the cytosol and stimulates the release of Ca2+

from the endoplasmic reticulum, which in turn activates nu-
merous cellular processes (28). The recent detection of a pu-
tative IP3 receptor (29) in the Limulus amebocyte reinforces
the likelihood that there must be a potential source for IP3 in
the plasma membrane.

The major species of PE seen in the amebocyte differed
markedly from those reported in vertebrate cells. Whereas
diacyl species dominated in the PE lipid pools of mammalian
leukocytes, ether lipids made up almost three-quarters of 
the amebocyte PE species. The major PE species reported 
in mammalian leukocytes were 16:0a/20:4, 18:0a/20:4,
16:0a/18:1, and 16:0a/18:2 (21,24,26). The predominant
Limulus PE species, 20:1p/20:5 and 20:1p/20:4, were unusual
with the eicosene (20:1) group in the sn-1 position. One ear-
lier report, in the guinea pig macrophage, discussed small
amounts of eicosenoic acid, mixed with 18:3, in ester linkage
at the sn-1 position, but none in ether linkage (26).

Elevated levels of AA and EPA in the sn-2 position in plas-
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TABLE 5
Molecular Species Composition of the Amebocyte 
Phosphatidylcholines in Positive-Ion ESI/MSa,b

Molecular species m/z Composition (%)

16:0a/16:1 732.3 1.2 ± 0.2
14:0a/20:5 752.3 2.8 ± 0.5
14:0a/20:4 754.3 1.3 ± 0.2
16:0a/18:2 758.3 1.1 ± 0.0
16:0a/18:1 760.3 2.0 ± 0.1
16:0a/18:0 762.3 0.8 ± 0.1
16:1a/20:5 778.3 1.5 ± 0.1
16:0a/20:5 780.3 4.8 ± 0.2
16:0a/20:4 782.3 2.8 ± 0.4
18:1a/18:2 784.3 0.5 ± 0.1
18:1a/18:1 786.3 2.1 ± 0.1
18:0a/18:1 788.3 2.0 ± 0.2
18:0a/18:0 790.3 0.9 ± 0.2
18:1a/20:5 806.3 2.5 ± 0.1
18:1a/20:4, 18:0a/20:5 808.3 4.5 ± 0.2
18:0a/20:4 810.3 3.3 ± 0.3
20:1a/18:2 812.3 1.2 ± 0.1
20:1a/18:1 814.3 1.2 ± 0.1
18:0a/22:6 834.3 1.0 ± 0.1
18:0a/22:5 836.3 1.0 ± 0.1
18:0a/22:4 838.3 0.6 ± 0.0
16:0e/16:0 718.3 0.7 ± 0.1
14:0e/20:5 738.3 1.1 ± 0.2
16:0e/18:2 744.3 2.6 ± 0.1
16:0e/18:1 746.3 6.1 ± 0.5
16:0e/18:0 748.3 1.4 ± 0.3
16:0p/20:5 764.3 4.2 ± 0.4
16:0e/20:5, 16:0p/20:4 766.3 14.4 ± 0.5
16:0e/20:4 768.3 8.9 ± 1.0
18:1p/18:1 770.3 1.0 ± 0.4
18:0e/18:2, 18:1e/18:1 772.3 1.6 ± 0.2
18:0e/18:1 774.3 1.5 ± 0.1
18:0p/20:5 792.3 2.7 ± 0.4
18:0p/20:4 794.3 4.7 ± 0.1
18:0e/20:4 796.3 2.3 ± 0.1
18:1p/20:1 798.3 0.7 ± 0.1
18:0p/20:1 800.3 1.3 ± 0.1
20:1p/20:5 818.3 1.5 ± 0.3
20:1p/20:4 820.3 2.4 ± 0.2
18:0e/22:5 822.3 1.1 ± 0.1
18:0e/22:4 822.3 0.6 ± 0.0
aPhospholipid nomenclature from Reference 1. The letter designates the link-
age at the sn-1 position in the phospholipid. See Tables 2 and 3 for abbrevi-
ations.
bThe percentage composition was based on the average relative intensities
of each molecular ion from the analyses of five separate individuals, mean ±
SEM.



malogen PE were reported in prior analyses of both Limulus
nerve tissue and photoreceptor membranes (30,31). These
levels of AA and EPA are quite significant to cellular func-
tions. Glaser and Gross (6) demonstrated that the speed of
membrane fusion is directly related to the amount of plas-
malogen PE molecular species with PUFA in the sn-2 posi-
tion, particularly AA. The rate of membrane fusion, using
plasmalogen PE vesicles, is doubled when 20:4 is in the sn-2
position rather than 18:1. The predominance of PE plasmalo-
gens species containing AA and EPA is likely to play a sig-
nificant role in the rapid rate of degranulation of the Limulus
amebocyte during an immune response to pathogens or exter-
nal injury. With an open coelom, Limulus must be able to
react quickly to injury or microbial invasion to preclude
systemic contamination, and degranulation promotes the
release of clotting and antimicrobial proteins (polyphemusins
and antilipopolysaccharide factor) from the cell’s gran-
ules (8). These levels of polyunsaturation may also affect 
the membrane fluidity of the amebocyte, as Limulus inhabits 
a broad range of habitats, from the continental shelf (~200 m)
to shallow bays (≤5 m) where temperature and salinity 
ranges are quite extreme (2–3°C/32 ppt to +25°C/13 ppt)
(32).

The PC species observed in the amebocyte, as with the PS
and PI pools, were similar to those seen in mammalian leuko-
cytes. The diacyl PC species that predominated in mam-
malian leukocytes were 16:0a/18:1, 16:0a/18:2, 16:0a/16:0,
and 16:0e/20:4 (21,24,26). In Limulus, the pattern was simi-
lar, except the major species were alkylether and plasmalo-
gens, 16:0e/20:5, 16:0p/20:4, 16:0e/20:4, and 16:0e/18:1. As
reported for the PE species, high levels of AA and EPA were
also detected in the PC fractions of Limulus nerve tissue
(30%) and photoreceptor membranes (42%) (30,31). 

In the present study of the amebocytes, the detection of
16:0e/20:4 as major species in the PC phospholipid pool is
significant, as it is considered to be a precursor to platelet-ac-
tivating factor (PAF) (1-O-alkyl-2-acetyl-PC) (33). PAF-like
lipids were detected in as many as 30 species of invertebrates
(2,3), but this is the first documentation of the presence of a
specific precursor to PAF in an invertebrate hemocyte. PAF is
involved in both signaling and adhesive events between pro-
inflammatory cells and vascular tissues (34). The presence of
this potential precursor to PAF is a further indication that sig-
nal transduction pathways seen in modern vertebrate cells
may also occur in this primitive invertebrate blood cell.
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ABSTRACT: Reduction of methyl 8-hydroxy-11-E/Z-octa-
decen-9-ynoate (1) with zinc in either aqueous n-propanol or
water under concomitant ultrasound irradiation furnished a
mixture of methyl 8-hydroxy-9Z,11E-octadecadienoate (3a) and
methyl 8-hydroxy-9Z,11Z-octadecadienoate (3b) (96% yield).
Reduction of methyl 8-oxo-11-E/Z-octadecen-9-ynoate (2)
under similar conditions gave methyl 8-oxo-10-Z-octade-
cenoate exclusively (4, 70%). The latter compound was epoxi-
dized and converted to a C18 furanoid fatty ester (6, methyl
8,11-epoxy-8,10-octadecadienoate) in 70% yield. 
Lipids 33, 941–945 (1998).

Lindlar catalyst is widely used for the semihydrogenation of
acetylenic compounds (1,2), but the reduction of conjugated
diacetylenes or enynes with this catalyst has produced com-
plex mixtures of dienes and monoenes (2,3). Morris et al. (4)
reported the use of zinc powder in aqueous organic solutions
for the reduction of conjugated enyne fatty esters. However,
these reactions require long reaction times (16–43 h) to com-
plete. To improve such reduction reactions, Petrier and Luche
(5,6) used Zn-NiCl2 as the catalyst for conjugated systems
under concomitant ultrasonic irradiation. This observation
prompted us to study the reduction of methyl 8-hydroxy-11-
E/Z-octadecen-9-ynoate (1) and methyl 8-oxo-11-E/Z-octade-
cen-9-ynoate (2) with zinc under ultrasound conditions.

MATERIALS AND METHODS

Thin-layer chromatography (TLC) was performed on micro-
scope glass plates coated with silica (ca. 0.1 mm thick), and a
mixture of n-hexane/diethyl ether, 1:1 vol/vol, was used as
the developer. Components on the microplates were viewed
by exposing them to iodine vapor. Column chromatographic
separations were accomplished using silica gel (Merck Art.
7730, type 60, 70–230 mesh; Darmstadt, Germany) as the 

adsorbent with mixtures of n-hexane/diethyl ether as the elu-
ent. Infrared (IR) spectra were measured on a Bio-Rad FTS-7
Fourier-IR spectrometer (Richmond, CA) on neat samples
placed between NaCl plates. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance DPX300
(300 MHz) Fourier-transform NMR spectrometer (Bruker,
Fallanden, Switzerland) from solutions in deuteriochloroform
(CDCl3) (0.2–0.3 mM) with tetramethylsilane as the internal
reference standard. Chemical shifts are given in δ-value in
ppm downfield from tetramethylsilane. Mass spectra were
recorded on a Finnigan Mat 95 mass spectrometer (70 eV;
Finnigan Mat Corp., San Jose, CA). Ultrasonication was car-
ried out using a 20 kHz (52 W/cm2) ultrasound horn (Unda-
tim Ultrasonic S.A., Louvain-la-neuve, Belgium).

Methyl santalbate (methyl 11-E-octadecen-9-ynoate) was
obtained from methyl ricinoleate as reported (7), and methyl
8-hydroxy-11-E/Z-octadecen-9-ynoate (1) and methyl 8-oxo-
11-E/Z-octadecen-9-ynoate (2) were obtained by oxidation
(using selenium dioxide/tert-butyl hydroperoxide) of methyl
santalbate as described elsewhere (8). Compound 2 could also
be obtained from compound 1 by the two-phase chromic acid
oxidation procedure (9) in 73% yield.

Reduction of methyl 8-hydroxy- and 8-oxo-C18-enynoate
as exemplified by the reaction of methyl 8-hydroxy-11-E/Z-
octadecen-9-ynoate (1) with zinc under ultrasound. A mix-
ture of compound 1 (300 mg, 0.98 mmol), zinc powder (30 g),
and n-propanol/water (40 mL, 1:1, vol/vol) was placed in an
air-jacketed glass cell (about 150 mL in volume) and soni-
cated for 15 min. The internal temperature of the reaction
reached about 85°C at the end of the sonication period. The
reaction mixture was filtered under suction and the zinc
residue was washed with diethyl ether (200 mL). Water (100
mL) was added to the filtrate and the ethereal layer was iso-
lated. The aqueous solution was reextracted with diethyl ether
(2 × 50 mL) and the organic extracts were combined. The
ethereal extract was washed with water (30 mL) and dried
over anhydrous Na2SO4. The filtrate was evaporated and the
residue was separated by silica column chromatography using
a mixture of n-hexane/diethyl ether (3:2, vol/vol) to give a
mixture of methyl 8-hydroxy-9Z,11E/Z-octadecadienoate iso-
mers (3a and 3b, 290 mg, 96%) as an oil. Retention factor (Rf)
= 0.3 (n-hexane/diethyl ether, 1:1, vol/vol, as developer); IR
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(cm−1): 3436, 1740, 1640, 1629, and 1530; 1H NMR (CDCl3
δH): 0.88 (t, 3H, CH3), 1.2–1.5 (m, 18H, CH2), 1.6 (s, broad,
O–H), 2.09, and 2.16 (q, J = 6.5 Hz, 2H, 13-H), 2.29 (t, J =
7.5 Hz, 2H, 2-H), 3.6 (s, 3H, COOCH3), 4.57 (m, 1H,
CH–OH), 5.26 (t, J = 9.9 Hz, 1H), 5.39 (t, J = 9.5 Hz, 1H),
5.52 (m, 1H), 5.76 (m, 1H), 6.02 (t, J = 11 Hz, 1H), 6.24 (m,
1H), and 6.29 (m, 2H) [olefinic protons]; 13C NMR (CDCl3,
δC) : 14.10 (C-18), 22.62 (C-17), 24.87 (C-3), 25.16 (C-6),
27.45 (C-13 of 3b), 28.91, 28.94, 29.07, 29.17, 29.48,
31.71(C-16), 32.86 (C-13 of 3a), 34.06 (C-2), 37.32/37.38
(C-7), 51.47 (COOCH3), 67.75/67.89 (C-8), 122.94, 125.02
(2C), 130.54, 131.39, 133.35, 134.64, 137.46, and 174.30
(C-1); mass spectral analysis [electron impact (EI), 70 eV],
m/z (intensity): 310 (M+, 12.6), 172 (7.7), 171 (77), 167 (59),
166 (13), 165 (36), 139 (29), 111 (42), and 83 (100, base
peak). When water was substituted for aqueous n-propanol,
compounds 3a and 3b were obtained in 70% yield after 25
min of sonication. The geometric isomers (3a and 3b) could
not be separated by silver-ion TLC into individual isomers.

Reaction of methyl 8-oxo-11-E/Z-octadecen-9-ynoate (2)
with zinc under ultrasound furnished methyl 8-oxo-10-Z-oc-
tadecenoate (4, 213 mg, 70%) as an oil. Rf = 0.5 (n-hexane/di-
ethyl ether, 1:1, vol/vol, as developer); IR (cm−1): 1739
(C=O, ester stretching), 1717 (C=O, oxo stretching), and
1636; 1H NMR (CDCl3, δH): 0.89 (t, 3H, CH3), 1.3–1.6 (m,
18H, CH2), 2.02 (quartet, J = 6.7Hz, 2H, 12-H), 2.29 (t, J =
7.5 Hz, 2H, 2-H), 2.43 (t, J = 7.4 Hz, 2H, 7-H), 3.14 (d, J =
6.2 Hz, 2H, 9-H), 3.6 (s, 3H, COOCH3), and 5.59 (m, 2H, 10-
H, 11-H); 13C NMR (CDCl3, δC): 14.10 (C-18), 22.66 (C-17),
23.55 (C-6), 24.79 (C-3), 27.52 (C-12), 28.83, 28.90, 29.19,
29.25, 29.36, 31.84 (C-16), 33.98 (C-2), 41.71 (C-9), 42.16
(C-7), 51.45 (COOCH3), 120.88 (C-10), 133.73 (C-11),
174.16, and 209.05 (C-8); mass spectral analysis (EI, 70 eV),
m/z (intensity): 310 (M+, 0.5), 171 (100, base peak), 139 (17),
111 (23), 83 (23) and 69 (14). When the reaction was carried
out in water with zinc, the temperature of the reaction rose to
98°C after 15 min of sonication. The yield of compound 4 by
this procedure was 60%.

Transformation of compound 4 to C18  furanoid fatty ester
(6). A mixture of methyl 8-oxo-10-Z-octadecenoate (4, 56
mg, 0.18 mmol), m-chloroperoxybenzoic acid (57 mg, 0.33
mmol), and dichloromethane (20 mL) was stirred at room
temperature for 12 h. An aqueous solution of Na2SO3 (10%,
5 mL) was added to the reaction mixture. The organic layer
was isolated and successively washed with aqueous NaHCO3
(10%, 5 mL), water (10 mL), and dried over anhydrous
Na2SO4. The filtrate was evaporated under reduced pressure
to give crude methyl 8-oxo-10,11-epoxystearate (5, 46 mg)
as an oil: Rf = 0.8 (n-hexane/diethyl ether, 7:3, vol/vol, as de-
veloper), IR (cm−1) 1740, 1710, 1060; 1H NMR (CDCl3, δH):
0.88 (t, 3H, CH3), 1.2–1.8 (m, 20H, CH2), 2.30 (t, J = 7.0 Hz,
2H, 2-H), 2.48 (t, J = 7.0 Hz, 2H, 7-H), 2.62 (dd, J = 6.0 Hz,
2H, 9-H), 2.8–3.0 (m, 1H, 11-H), 3.2–3.4 (m, 1H, 10-H), and
3.66 (s, COOCH3); 13C NMR (CDCl3, δC): 14.0 (C-18), 22.5
(C-17), 23.6 (C-6), 24.9 (C-16), 26.4 (C-12), 28.0, 28.8, 29.0,
29.1, 29.3, 31.6 (C-16), 34.0 (C-2), 41.7 (C-9), 43.3 (C-7),

51.3 (COOCH3), 52.3 (C-10), 56.4 (C-11), 174.1(C-1), and
208.1 (C-8).

A mixture of the crude compound 5 (46 mg), sodium azide
(28 mg, 0.43 mmol), ammonium chloride (23 mg), ethanol (5
mL), and water (1 mL) was refluxed for 30 min. Water (5 mL)
was added and the cooled reaction mixture was extracted with
diethyl ether (2 × 25 mL). The ethereal extract was washed
with water (20 mL) and dried over Na2SO4. The filtrate was
evaporated and the residue was separated by preparative TLC
(n-hexane/diethyl ether, 4:2, vol/vol, as developer) to give
methyl 8,11-epoxy-8,10-octadecadienoate (6, 30 mg, 70%)
as an oil. Rf = 0.9 (n-hexane/diethyl ether, 9:1, vol/vol, as de-
veloper); IR (cm−1): 3100, 1741, 1639, 1566, and 1119; 1H
NMR (CDCl3, δH): 0.87 (t, 3H, CH3), 1.2–1.4 (m, 12H, CH2),
1.6 (m, 6H, CH2), 2.30 (t, J = 7.5 Hz, 2H, 2-H), 2.55 (t, J =
7.5 Hz, 4H, 7-H, 12-H), 3.66 (s, 3H, COOCH3), and 5.8 (s,
2H, furan ring, 9-H, 10-H); 13C NMR (CDCl3, δC): 14.10
(C-18), 22.66 (C-17), 24.86 (C-3), 27.97, 28.08, 28.15, 28.79,
28.88, 29.07, 29.20, 30.32, 31.80 (C-16), 34.06 (C-2), 51.46
(COOCH3), 104.80 (C-10), 104.91 (C-9), 154.33 (C-8),
154.71 (C-11), and 174.27 (C-1); mass spectral analysis (EI,
70 eV), m/z (intensity): 308 (M+, 45), 277 (10), 237 (5), 223
(19), 193 (10), 180 (14), 179 (100, base peak), and 149 (18).

RESULTS AND DISCUSSION

The reactions and products from the zinc reduction of methyl
8-hydroxy-11-E/Z-octadecen-9-ynoate (1) and methyl 8-oxo-
11-E/Z-octadecen-9-ynoate (2) are shown in Scheme 1. The
substrates (1 and 2) consisted of mixtures of geometric iso-
mers, because these mixtures were not able to be separated
into individual isomers by silica column chromatography
prior to reduction. Reduction of methyl 8-hydroxy-11-E/Z-
octadecen-9-ynoate (1) with zinc in aqueous propanol (1:1,
vol/vol) and under concomitant ultrasonic irradiation fur-
nished a 96% yield of a mixture of methyl 8-hydroxy-9Z,11E-
octadecadienoate (3a) and methyl 8-hydroxy-9Z,11Z-oc-
tadecadienoate (3b) as a viscous oil in about 1:1 ratio (by
comparing the intensities of the signals in the 13C NMR spec-
trum and integration ratios of the olefinic protons in 1H NMR
spectrum). These isomers could not be separated into individ-
ual isomers by silver-ion TLC. The 1H NMR spectrum of the
mixture of isomers showed a total of seven signals in the
olefinic region with a multiplet at δH 6.29 where an intensity
equivalent to the shifts of two protons (total olefinic protons
equal to eight) existed. The 13C NMR spectrum also revealed
seven signals with the shifts of two carbon nuclei overlapping
at δC 125.02. The overlapping signals in the 1H and 13C NMR
spectra are connected as evident from the 1H-13C correlation
spectroscopy correlation spectrum (Fig. 1). In view of the fact
that the NMR spectra showed eight protons and eight carbons
for the olefinic system, the conclusion could be that the re-
duction of compound 1 produced only two geometric iso-
mers. These isomers were methyl 8-hydroxy-9Z,11E-
octadecadienoate (3a) and methyl 8-hydroxy-9Z,11Z-oc-
tadecadienoate (3b). The presence of an E-double bond in 
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position C-11/C-12 of compound 3a [partial formula:
–CH2–CH=CH–CH=CH–CH(OH)–] was confirmed by the
quartet at δH 2.09 (13-H), which was shown to be correlated
to the carbon signal at δC 32.86 (E-double bond, C-13). Like-
wise the presence of a Z-double bond in position C-11/C-12
of compound 3b could be confirmed by the quartet at δH 2.16,
which was correlated to the carbon signal at δC 27.45. Simi-
lar chemical shift values for methylene-interrupted olefinic
fatty esters with E/Z configurations have been reported (10).
The carbon atom bearing the hydroxyl group gave two sig-
nals in the 13C NMR spectrum (δC 67.75 and 67.89, C-8), due
to the nonstereospecific hydroxylation of C-8 as mentioned
elsewhere (8).

The attempt to assign the shifts of the various protons and
carbon atoms of the olefinic system of the mixture of com-
pounds 3a and 3b unambiguously was difficult. By referring
to the chemical shifts of the protons and carbon nuclei of the
olefinic system of C18 conjugated dienes as described else-
where (11), we tentatively assigned the signals for olefinic
protons and carbon atoms as follows: the signal at δH 6.29
(2H, correlated to two overlapping carbons at δC 125.02) and
the signal at δH 6.24 (m, 1H, correlated to δC 122.94) are due

to shifts from 10-H/C-10 of compound 3b and 11-H/C-11 of
compounds 3a and 3b in view of the low-carbon shift values
and the high deshielded protons; the signal at δH 6.02 (t, J =
11Hz, 1H, correlated to δC 130.54) is likely due to signals
from 12-H/C-12 (E-double bond) of compound 3a in view of
the high J value; the hydroxy at C-8 is expected to induce a
strong deshielding effect on the adjacent carbon nuclei, which
inferred that the signals at δH 5.76 (connected to δC 137.46)
are most likely the results of the shifts of 9-H/C-9 of com-
pound 3b, and the signals at δH 5.52/ δC 134.64 to 9-H/9-C 
of compound 3a; the signal at δH 5.39/ δC 133.35 is prob-
ably due to 12-H/C-12 of compound 3b and the remaining
signal at δH 5.26/δC 131.39 can therefore be assigned to 
the shifts of 10-H/C-10 of compound 3a. The mass spectral
analysis of compounds 3a/3b showed a molecular ion of 
M+ = 310, which agrees with the structure of a hydroxy-C18
diene methyl ester. The fragment ions at m/z = 167 (relative
intensity 59%) [due to the cleavage of C-7/C-8] provided
evidence of the position of the hydroxy group at C-8. The
peak at m/z = 165 (36%) is due to the fragment
CH3(CH2)5CH=CH–CH=CH–C≡O+, and the peak at m/z =
171 (77%) is due to the fragment +O≡C(CH2)6COOCH3,
which are daughter ions supporting the position of the hy-
droxy group at the C-8 position of the alkyl chain.

Reduction of substrate 1 was also successfully carried out
in pure water as the “solvent” medium, despite the fact that
the substrate was not soluble in water. The reduction reaction
carried out in water gave compound 3a/3b in 70% yield. This
result indicated that reactions of hydrophobic lipid molecules
could be successfully accomplished in water under ultrasound
(12,13). When the reaction was repeated under similar condi-
tion but under nonultrasonic condition, the substrate was re-
covered.

Reduction of methyl 8-oxo-11-E/Z-octadecen-9-ynoate (2)
furnished an unprecedented methylene-interrupted oxo-ene
derivative (4, methyl 8-oxo-10Z-octadecenoate) as a viscous
oil. The presence of a methylene group between the olefinic
bond and the oxo function in this compound was evident from
the doublet (J = 6.2 Hz) at δH 3.14 in the 1H NMR spectrum
and from the signal at δC 41.71 (C-9) in the 13C NMR spec-
trum. The spectral data indicated that the olefinic bond was
of the Z-configuration, as the shift of the carbon atom of the
methylene group adjacent to the olefin appeared at δC 27.52
(C-12) and also from the shifts of the olefinic carbon atoms at
δC 120.88 (C-10) and 133.73 (C-11). The IR spectrum
showed no evidence of the presence of any trans-olefinic
bond as no absorption was found in the region of 960 cm−1.
The molecular ion M+ = 310 agrees with the structure of com-
pound 4. The peaks at m/z = 171 (100%, base peak) and m/z
= 139 (17%) are fragments resulting from the cleavage of
C-8/C-9. These ion fragments confirmed the position of the
oxo group at C-8 of the alkyl chain of the fatty ester.

In order to prove that compound 4 was indeed a methyl-
ene-interrupted oxo-ene derivative, the unsaturated center
was epoxidized. And if this epoxy system were interrupted
by a methylene group from the oxo function, cyclodehydra-
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R1 = CH3(CH2)5; R2 = (CH2)6COOCH3

Reagents and conditions: (i) Zn powder, 50% aqueous n-propanol or water,
ultrasound 15 min; (ii) m-chloroperoxybenzoic acid, CH2Cl2, 12 h, 20°C;
(iii) NaN3, NH4Cl, EtOH, H2O, reflux, 30 min.

SCHEME 1



tion of the epoxy-oxo system would result in the formation of
a furanoid fatty ester product (14). Epoxidation of compound
4 furnished the corresponding epoxy derivative 5 as a viscous
oil, which, after treatment with sodium azide in ammonium
chloride, gave a 2,5-disubstituted C18 furanoid fatty ester (6,
methyl 8,11-epoxy-8,10-octadecadienoate) in 70% yield as a
viscous oil. The presence of the furan ring was confirmed by
NMR spectroscopic analysis: δH 5.8 (furan ring protons) and
δC 104.80, 104.91, 154.33, and 154.71 for the four furan ring
carbon atoms. The position of the furan ring (straddling the
C-8 and C-11 carbon atoms of the alkyl chain) was deter-
mined from the mass spectral fragmentation pattern, which
gave a base peak at m/z 179 (100%) and a corresponding frag-
ment ion m/z = 223. These ion fragments are characteristic of
furanoid fatty esters and arise from the cleavage of the car-
bon-carbon β to the furan system (9,14). From these results
zinc reduction of methyl 8-oxo-11-E/Z-octadecen-9-ynoate

(2) was confirmed as furnishing methyl 8-oxo-10-Z-octade-
cenoate (4). Unlike the corresponding hydroxy-enynoate
(compound 1), reduction of the oxo-enynoate (compound 2)
appeared to have taken a novel and unexpected route to fur-
nishing a single methylene-interrupted oxo-ene derivative
(compound 4).

These results indicate that zinc reduction of a conjugated
oxo-enyne fatty ester furnishes a single methylene-interrupted
Z-olefinic keto derivative, while a conjugated allylic hydroxy-
enyne fatty ester gives a mixture of the corresponding hy-
droxy-diene isomers.
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FIG. 1. Proton and carbon-13 nuclear magnetic resonance correlation spectrum of a mixture of compounds 3a and 3b.
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Sir:

Among the many published works describing antioxidant pro-
tection against oxidation, there are a few that present enough
data to construct a model or simulation model that brings out
the relationships between the components that are measured.
The research of Eder and Kirchgessner (1) and Allard et al.
(2) are suitable for simple modeling. The applications and ad-
vantages of simple models and simulation models of biologi-
cal oxidations have been described (3,4). For the research of
Eder and Kirchgessner (1), two simple simulation models
showing the relationships in the reactions are:

[1]

[2]

These models follow the basic relationship: Products of Per-
oxidation = Oxidizable Lipids/Antioxidants. TBARS are the
thiobarbituric acid-reacting substances given in Table 2 (1).
PUFA are the amounts of polyunsaturated fatty acids with
three to six double bonds as given in Table 3 (1). PEROX is
the peroxidizability of these PUFA. TOCOPHEROL is the
amount of total tocopherol given in Table 2 (1). ANTIOXI-
DANT is the amount of antioxidants in addition to total to-
copherol. The researchers present two bases for measuring to-
copherol and TBARS, namely, dry matter and total lipid.
When values of TBARS that were calculated from the mod-
els are compared to the experimental TBARS, there was good
agreement. Application of regression analysis of the calcu-
lated values of TBARS vs. the experimental measurements of
TBARS gives, for the first model using dry matter basis, r =
0.79, P < 0.1 and, for total lipid basis, r = 0.89, P < 0.02. Re-
gression analysis for the second model for dry matter basis
gives r = 0.81, P < 0.05 and for total lipid r = 0.91, P < 0.02.

For the research of Allard et al. (2), a simple simulation
model giving the interrelationships between measured com-
ponents is:

[3]

This model also follows the basic relationship: Products of
Peroxidation = Oxidizable Lipids/Antioxidants. The terms
TBARS, (PUFA × PEROX), and TOCOPHEROL are as de-
scribed for the first model presented here and now using the
data of Allard et al. (2). ETHANE + PENTANE use the com-

bined data for breath ethane and pentane from Table 3 (2).
PEROXIDE uses the data on the measurement of lipid perox-
ides of Table 3. An average of the four measurements
(ETHANE + PENTANE) + TBARS + PEROXIDE can be de-
fined as a lipid peroxidation index as indicated in Table 3.
ASCORBATE is the amount of ascorbic acid reported in
Table 1. Se · GSHPx is the activity of the enzyme selenium-
glutathione peroxidase in Table 3 (2). Allard et al. (2) discuss
some of the relationships in their data. This model uses 17 in-
dividual pieces of experimental data in an overall relation-
ship. The lipid peroxidation indices are calculated via the
model and compared to the indices calculated from the four
pieces of experimental data of Table 3. The results are viewed
in the format of the study of Allard et al. For the groups at
week 0; menhaden oil + vitamin E, menhaden oil, olive oil +
vitamin E, and olive oil, the percentages of the amounts cal-
culated by the model compared to the amounts of the experi-
mental lipid peroxidation indices are: 105, 110, 100, and
100%, respectively. These results show very good agreement.
After the subjects had been fed the supplements for 6 wk,
there were significant changes in the n-3 fatty acids and vita-
min E. The same model was able to give a good fit to these
main experimental data. For the groups at week 6: menhaden
oil + vitamin E, menhaden oil, olive oil + vitamin E, and olive
oil, the percentages of the amounts calculated by the model
compared to the amounts of the experimental lipid peroxida-
tion indices are: 91, 115, 83, and 97%, respectively. These ex-
amples of the application of simulation modeling show that
modeling can be a valuable addition to many studies.
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(ETHANE +  PENTANE) + TBARS+ PEROXIDE

    = (PUFA × PEROX) + CAROTENE
LOG TOCOPHEROL + ASCORBATE + Se • GSHPx

TBARS =  
PUFA ×  PEROX

LOG TOCOPHEROL

TBARS =  
PUFA × PEROX

TOCOPHEROL +  ANTIOXIDANT
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ABSTRACT: Trans fatty acids may be involved in atheroscle-
rotic vascular diseases. We investigated the incorporation of di-
etary trans fatty acids and oleic acid into the serum triglycerides
(TG), cholesterol esters (CE), and phospholipids (PL). Fourteen
healthy female volunteers, aged 23.2 ± 3.1 yr (mean ± SD),
body mass index 20.8 ± 2.1 kg/m2 participated in this study. All
subjects consumed both a trans fatty acid-enriched diet (TRANS
diet) and an oleic acid-enriched diet (OLEIC diet) for 4 wk ac-
cording to a randomized crossover design. Both experimental
diet periods were preceded by consumption of a baseline diet
for 2 wk which supplied 37% of total energy (E%) as fat: 18 E%
from saturated fatty acids (SFA), 12 E% from monounsaturated
fatty acids, and 6 E% from polyunsaturated fatty acids. Five E%
of the SFA in the baseline diet was replaced by trans fatty acids
(18:1t and 18:2c,t + 18:2t,t, where c is cis and t is trans) in the
TRANS diet and by oleic acid (18:1n-9) in the OLEIC diet. After
the TRANS diet, the proportions of 18:1t and 18:2t increased (P
< 0.001) in all serum lipid fractions analyzed. The increase of
18:1t in TG and PL (1.80 ± 0.28 vs. 5.26 ± 1.40; 1.07 ± 0.34
vs. 3.39 ± 0.76 mol% of total fatty acids, respectively) was
markedly higher than that in CE (0.44 ± 0.07 vs. 0.92 ± 0.26),
whereas that of 18:2t was nearly the same in all three fractions.
The proportions of palmitic, stearic, arachidonic, and eico-
sapentaenoic acids in TG, CE, and PL and that of oleic acid in
TG and CE were decreased when compared with the baseline
value. In contrast, the proportion of palmitoleic acid in TG and
PL and that of linoleic acid in PL increased on the TRANS diet.
After consumption of the OLEIC diet, the proportion of oleic
acid increased in all three lipid fractions analyzed, and the per-
centage increase was nearly the same in all fractions. In con-
trast, the proportions of 18:1t in TG and PL and 18:2t in TG and
CE decreased when compared with the baseline value. In con-
clusion, a moderate increase in dietary trans fatty acids resulted
in a marked incorporation into serum lipids and decreased the
conversion of linoleic acid to its more unsaturated long-chain
metabolites. Analysis of 18:1t from serum TG and PL seems to
reflect reliably the dietary intake of this fatty acid.
Lipids 33, 955–962 (1998).

Trans fatty acids are unsaturated fatty acids that are found in
the tissues and milk of ruminant animals (1). They are pro-
duced by the process of biohydrogenation of dietary polyun-
saturated fatty acids (PUFA) in the rumen of ruminant ani-
mals (2). Larger amounts of trans fatty acids are found in cer-
tain types of margarines and shortenings. They are formed
when vegetable oils, rich in PUFA, are partially hydrogenated
to produce fats with better firmness and plasticity (3). Only
small amounts of trans fatty acids occur in nature (4); e.g.,
milk contains 3% (range 2.7–3.4%) trans fatty acids of total
fat. The predominant trans fatty acid in foodstuffs is elaidic
acid (18:1∆9t), and 18:1∆10t and 18:1∆11t are predominant
isomers in partially hydrogenated oils. With a predominance
at position 10, the monounsaturated fatty acids (MUFA) con-
tain trans double bonds at positions 6–12. Cis double bonds
are almost entirely at position 9 (2). Recent studies indicate
that trans MUFA or hydrogenated fats, when substituted for
oleic acid, increase low density lipoprotein and decrease high
density lipoprotein cholesterol levels (5,6). In a prospective
epidemiological study, a positive relationship was found be-
tween 18:1t intake and the risk for coronary heart disease (7);
and strong positive associations between 25-yr death rates
from coronary heart disease and average intake of the 18:1t
were also reported (8). Methodological difficulties involved
in the analysis of trans fatty acid isomers in food items have
resulted in an inadequate and unreliable database to estimate
dietary trans fatty acid intake. Analysis of the fatty acid com-
position of serum lipids is one approach to estimate the di-
etary intake of trans isomers. Trans fatty acid isomers were
analyzed from serum triglycerides (TG), cholesterol esters
(CE) and phospholipids (PL), total plasma, platelets, erythro-
cytes, and adipose tissue (6,9–13). The incorporation of trans
fatty acids into all lipid fractions during a moderate dietary
trans fatty acid intake was determined in animals (14), but
not in humans. This study was undertaken to determine the
impact of moderate trans fatty acid intake on the fatty acid
profile of the TG, CE, and PL fractions of serum. Fatty acid
profiles were assessed after the consumption of a diet in
which part of the saturated fatty acids (SFA) was replaced
with 18:1t (18:1t, trans-octadecenoate, elaidic acid) and 18:2t
(18:2c,t, mono-trans-octadecadienoate + 18:2t,t, trans-trans-
octadecadienoate). These data were compared to the fatty
acid pattern of subjects after they consumed a diet in which
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part of SFA was replaced with 18:1 cis (18:1c, cis-octade-
cenoate, oleic acid).

SUBJECTS AND METHODS 

Subjects. Fourteen healthy female volunteers aged 23.2 ± 3.1
yr (mean ± SD) participated in this study (Table 1). All had
normal body weight with the mean body mass index of 20.8
± 2.1 kg/m2. Their average fasting plasma glucose was 5.0 ±
0.3 mmol/L, serum total cholesterol 4.5 ± 0.5 mmol/L, and
TG 0.9 ± 0.3 mmol/L. Not one subject was taking medication
known to affect lipid metabolism, and all had normal liver,
kidney, and thyroid functions. Four of the study subjects used
low-estrogen oral contraceptives during the study. The sub-
jects were advised to maintain a constant level of physical ac-
tivity during the study period. Subjects gave their informed
consent for the study, and the study protocol was approved by
the Ethics Committee of the University of Kuopio (Kuopio,
Finland). 

Study design. All subjects consumed both a trans fatty acid-
enriched diet (TRANS diet) and an oleic acid-enriched diet
(OLEIC diet) for 4 wk according to a randomized crossover
study design. Eight of the subjects were on the TRANS diet
during the first dietary period and six were on the OLEIC diet.
Both experimental diet periods were preceded by the con-
sumption of a baseline diet for 2 wk. Height, routine hemato-
logical measurements, and levels of serum creatinine, thyrox-
ine, and liver enzymes were analyzed at the start of the study.
Body weight was measured at 2-wk intervals. Samples for the
determination of serum lipids and the fatty acid composition
of serum lipid fractions were taken after a 12-h fast in the be-
ginning and at the end of each diet period. 

Experimental diets. Baseline diet and both experimental
diets supplied 37% of total energy intake (E%) as fat, 48–50
E% as carbohydrates, and 14–16 E% as protein. The calcu-
lated fatty acid composition of the baseline diet was 16 E%
from SFA, 14 E% from MUFA, and 6 E% from PUFA. Dur-
ing both experimental diet periods, 5 E% of SFA was replaced
by either trans fatty acids (18:1t and 18:2c,t + 18:2t,t) in the
TRANS diet or oleic acid (18:1n-9) in the OLEIC diet. The
cholesterol content was ca. 300 mg/1000 kcal, and dietary
fiber content ca. 11 g/1000 kcal in the TRANS and OLEIC
diets (Table 2).

During the baseline diet, butter (17–33 g/d), olive oil
(14–24 g/d), and sunflower oil (5–9 g/d) were used as main
sources of fat. The absolute amounts included in the diet de-
pended on the E% intake. The source of trans fatty acids in
the TRANS diet was a trans fatty acid-enriched margarine
(39–72 g/d, mean intake of 18:1t 8.25 ± 1.82 g/d and that of
18:2c,t + 18:2t,t 2.14 ± 0.47 g/d) specially prepared for this
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TABLE 1
Baseline Characteristics of the Study Subjectsa

n = 14

Age (yr) 23.2 ± 3.1
Height (cm) 165.7 ± 6.6
Weight (kg) 57.1 ± 5.6
BMI (kg/m2) 20.8 ± 2.1
Fasting plasma glucose (mmol/L) 5.0 ± 0.3
Total cholesterol (mmol/L) 4.5 ± 0.5
Total triglycerides (mmol/L) 0.9 ± 0.3
aValues are means ± SD. BMI, body mass index.

TABLE 2
Composition of the Diets on the Basis of Food Recordsa During the Study

Run-in period TRANS diet Washout period OLEIC diet

Energy (kcal/d) 1838 ± 351 1818 ± 348 1873 ± 343 1828 ± 341
Carbohydrates (% of energy) 47.6 ± 3.0 46.6 ± 2.8 46.5 ± 2.6 45.6 ± 2.4
Protein (% of energy) 14.1 ± 0.6 13.9 ± 1.1 13.6 ± 0.8 14.6 ± 1.1
Fat (% of energy) 36.7 ± 3.0 36.6 ± 2.2 37.7 ± 2.0 37.9 ± 2.0

SFA (% of energy) 15.2 ± 1.1 11.0 ± 1.1 15.4 ± 1.1 10.9 ± 0.8
Palmitic acid (% of energy) 7.2 ± 0.6 5.5 ± 0.5 7.5 ± 0.4 6.0 ± 0.4
Stearic acid (% of energy) 2.3 ± 0.2 2.2 ± 0.2 2.5 ± 0.2 2.4 ± 0.2
MUFA (% of energy)b 13.4 ± 1.3 12.6 ± 0.9 13.9 ± 0.9 18.6 ± 0.8
Trans fatty acids (% of energy)c,d — 5.1 ± 0.5e — —
PUFA (% of energy) 5.4 ± 0.6 5.2 ± 0.5 5.7 ± 0.8 5.8 ± 0.6
Linoleic acid (% of energy) 4.6 ± 0.4 4.4 ± 0.4 5.0 ± 0.7 4.8 ± 0.4

Cholesterol (mg/1000 kcal) 104 ± 18 105 ± 24 106 ± 16 107 ± 23
Fiber (g/1000 kcal) 14.1 ± 2.1 13.0 ± 2.4 12.8 ± 2.8 12.2 ± 2.8
aData are based on a 4-d food record during run-in and washout periods and on a 7-d food record during the TRANS and
the OLEIC diets.
bThe intake of 18:1n-9 + n-7 during the TRANS diet was 13.1% of energy and during the OLEIC diet 17.0% of energy. Val-
ues are calculated from the fatty acid analysis of double portions, mean of seven samples.
cIncludes 18:1t, 18:2c,t, 18:2t,t.
dThe intake of trans fatty acids during the TRANS diet was 5.5% of energy and during the OLEIC diet 1.4% of energy. Val-
ues are calculated from the fatty acid analysis of double portions, mean of seven samples. Double portions were not col-
lected during the run-in and washout periods.
eDerived from trans fatty acid-enriched margarine. —Not available. Values are mean ± SD. MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.



study. Fatty acid composition of the margarine was as fol-
lows: SFA, 16.0% of total fatty acids (palmitic acid 9.6%,
stearic acid 5.0%), MUFA, 63.8% (oleic acid 41.4%, 18:1t
22.3%), and PUFA, 20.0% (linoleic acid 14.2%, 18:2c,t 2.4%,
18:2t,t 3%) (Raisio Group, Finland). In addition, a small
amount of sunflower oil (0–1 g/d) was also included in the
diet. The major source of oleic acid in the OLEIC diet was
olive oil (29–51 g/d) (Raisio Group). In addition, sunflower
oil (2–5 g/d) was also included in that diet. Except for the
trans fatty acid-enriched margarine, and olive and sunflower
oils, the diets were composed of common Finnish foodstuffs.
The subjects received margarines, milk products, oils, and
spreads free of charge. 

The experimental diets were planned for six levels of en-
ergy intake: 1400, 1600, 1800, 2000, 2200, and 2400 kcal
(5.9, 6.7, 7.5, 8.4, 9.2, and 10.1 MJ, respectively). The esti-
mation of the energy requirement of the subjects was based
on 3-d food records kept before the study. The subjects re-
ceived both oral and detailed written instructions about the
diets, specifying the amounts of individual foodstuffs by the
main food groups, and they were asked, whenever possible,
to weigh the food items on a digital scale before consump-
tion. To assess dietary compliance, subjects kept 7-d food
records (5 weekdays and 2 weekend days) during both exper-
imental diet periods. During the run-in and washout diet peri-
ods, 4-d food records (3 weekdays and 1 weekend day) were
kept. Nutrient intake was calculated by using the Micro-Nu-
trica dietary analysis program based on the database of the
Finnish Social Insurance Institute. Food composition tables
were based on values obtained from Finnish food analyses
and values taken from international food composition tables
(15). The data regarding trans fatty acids and oleic acid were
not available in the food composition data. Therefore, two es-
timates are used in the results: one for trans fatty acid intake
calculated from the intake of the trans fatty acid-enriched
margarine, and the other for both trans fatty acid and oleic
acid intakes calculated combining data from fatty acid analy-
sis of double portions and food records.

Laboratory methods. Enzymatic colorimetric methods
were used for the determination of cholesterol and TG from
the whole serum (Monotest® Cholesterol and Triglyceride
GPO-PAP; Boehringer Mannheim GmbH Diagnostica,
Mannheim, Germany) with an automated instrument (Kone
Specific Clinical Analyzer; Kone Ltd., Espoo, Finland). The
coefficient of variation between the measurements for serum
total cholesterol using two different standards was 0.9% and
for total TG was 0.9–1.0%. Plasma glucose was analyzed by
glucose oxidase method (Glucose Auto & Stat, Model GA-
110; Daiichi, Kyoto, Japan). 

Analysis of fatty acid composition of serum lipids. After cen-
trifugation of the samples at 3000 rpm at 5°C for 15 min, the
plasma was transferred to plastic tubes and stored under nitro-
gen at −78°C until the time of analysis. The procedure applied
to fatty acid analyses was described elsewhere (16). In short, in
the fatty acid analysis the serum samples were extracted with
chloroform/methanol (2:1, vol/vol), and the lipid fractions were

separated by solid-phase extraction with aminopropyl columns.
The fatty acids of serum TG, CE, and PL were transmethylated
with 14% boron trifluoride in methanol and analyzed by gas
chromatograph (HP 5890 Series II; Hewlett-Packard Company,
Waldbronn, Germany) equipped with a fused-silica capillary
column (100 m, 0.25 mm i.d., 0.25 µm film thickness; Supelco,
Bellefonte, PA) for analysis of trans fatty acids and with an HP-
FFAP capillary column (25 m, 0.20 mm i.d., 0.33 µm film
thickness; Hewlett-Packard, Palo Alto, CA) for analysis of
other fatty acids. The molar percentage proportions of fatty
acids in serum lipid fractions were calculated.

Statistical analysis. The data were analyzed with SPSS-
PC (SPSS, Chicago, IL). Before further analysis, normal dis-
tribution of the variables was checked with the Kolmogorov-
Smirnov test. An analysis of variance for repeated measure-
ments was performed to assess whether there was any
carryover effect. A nonparametric Wilcoxon test for paired
samples was used to compare the results within diet periods
and at the 4-wk time point between the TRANS and the
OLEIC diets. All data are expressed as the mean ± SD.

RESULTS

Baseline characteristics of the subjects are presented in Table
1. No significant changes in body mass index occurred during
the experimental diet periods (20.8 ± 1.9 vs. 20.6 ± 1.7 kg/m2,
beginning vs. end of the TRANS diet; 20.7 ± 2.0 vs. 20.6 ± 1.8
kg/m2, beginning vs. end of the OLEIC diet). Serum total cho-
lesterol tended to decrease in the TRANS diet (4.5 ± 0.5 vs.
4.2 ± 0.6 mmol/L, beginning vs. end, P = 0.059), whereas
serum total TG did not change (0.9 ± 0.3 vs. 0.9 ± 0.3 mmol/L,
beginning vs. end). In the OLEIC diet, both total cholesterol
(4.8 ± 0.6 vs. 4.1 ± 0.6 mmol/L, P < 0.001, beginning vs. end)
and total TG (0.9 ± 0.3 vs. 0.8 ± 0.3 mmol/L, P = 0.020, be-
ginning vs. end) decreased significantly. The actual composi-
tions of the two experimental diets and the baseline diet dur-
ing run-in and washout periods are shown in Table 2. The
goals of the experimental diets were well achieved. The mean
energy intake remained stable during the study. The intake of
protein and carbohydrates was similar during the diet periods.
The OLEIC diet provided 1.3 E% more fat (nonsignificant)
than the TRANS diet. The intake of PUFA was a little lower
(nonsignificant) as well as that of palmitic acid (P < 0.001) in
the TRANS diet compared to that in the OLEIC diet. The cho-
lesterol and fiber contents of the diets were similar. 

Fatty acid composition of serum lipids. The fatty acid
compositions of serum TG, CE, and PL are presented in Ta-
bles 3, 4, and 5, respectively. No significant differences ex-
isted in the fatty acid composition of serum lipid fractions at
baseline between the diet groups. 

After consumption of the TRANS diet, both 18:1t and
18:2t were incorporated into all serum lipid fractions ana-
lyzed. The percentage increase of 18:1t in TG and PL was
markedly higher than that in CE (197, 236, and 117%, respec-
tively) (Fig. 1), whereas that of 18:2t was nearly the same in
all three fractions (117, 114, and 94%, respectively). 
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The quantitative distribution of 18:1t and 18:2t to different
serum lipid fractions during TRANS diet is presented in Table
6. The amount of 18:1t increased mostly in TG and PL while
the greatest increase of 18:2t was seen in CE. The ratio of
18:1t to 18:2t in TRANS diet was about 3.9. After 4 wk on
the diet, this ratio was 4.18 ± 1.07 in PL, 2.48 ± 0.30 in TG,
and only 0.52 ± 0.19 in CE.

After 4 wk on the TRANS diet, the proportions of palmitic,
stearic, and oleic acids in serum TG were decreased when
compared with the baseline value (Table 3). The proportions
of γ-linolenic, dihomo-γ-linolenic and arachidonic acids from
n-6 PUFA and the proportion of eicosapentaenoic acid (EPA)
from n-3 PUFA series decreased in TG. In contrast, the pro-
portion of palmitoleic acid in TG increased on the TRANS
diet when compared with the baseline value.

Similar changes were also found in the serum CE and PL
(Tables 4 and 5) after consumption of the TRANS diet. The
proportions of palmitic, stearic, arachidonic, and α-linolenic
acids and of EPA decreased in CE and PL. Furthermore, the
proportion of dihomo-γ-linolenic acid in CE decreased, and the
proportions of palmitoleic and linoleic acids in PL increased
on the TRANS diet when compared with the baseline value.

After consumption of the OLEIC diet, the proportion of
oleic acid increased in all three lipid fractions analyzed, and
the percentage increase was nearly the same in all fractions.
In contrast, the proportions of 18:1t in TG and PL and 18:2t
in TG and CE decreased on the OLEIC diet when compared
with the baseline value (Fig. 1, Tables 3–5). 

The 4-wk TRANS diet elevated most the quantitative
amounts of 18:1t in PL (10.8 ± 3.3 vs. 32.6 ± 6.1) and TG
(10.7 ± 3.4 vs. 31.2 ± 13.4), and the amount of 18:2t in CE
(8.6 ± 1.2 vs. 16.1 ± 3.7) and TG (5.9 ± 1.8 vs. 12.7 ± 5.3).
The OLEIC diet induced the most marked increase of oleic
acid in CE (168.6 ± 22.8 vs. 178.7 ± 24.6) and PL (103.1 ±
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TABLE 3
Fatty Acid Composition (mol% of total) of Serum Triglycerides During
the trans Fatty Acid-Enriched Diet (TRANS diet) and Oleic Acid-
Enriched Diet (OLEIC diet)a

Number
Fatty acid of weeks TRANS diet OLEIC diet Pd

14:0 0 2.58 ± 1.00 3.20 ± 1.11
4 2.45 ± 0.84 2.03 ± 0.72b

16:0 0 26.42 ± 2.51 26.36 ± 2.00
4 24.24 ± 2.99b 24.66 ± 2.39b

16:1n-7 0 5.45 ± 0.97 5.66 ± 1.13
4 6.16 ± 1.09a 5.24 ± 0.88 0.0303

18:0 0 3.10 ± 0.99 2.99 ± 0.30
4 2.57 ± 0.40a 2.62 ± 0.38b

18:1n-9 0 36.99 ± 2.09 36.71 ± 2.12
4 35.05 ± 2.56a 41.13 ± 2.86b 0.0010

18:1n-7 0 2.25 ± 0.32 2.34 ± 0.41
4 2.36 ± 0.38 2.43 ± 0.35

18:1t 0 1.80 ± 0.28 2.11 ± 0.56
4 5.26 ± 1.40c 1.59 ± 0.38b 0.0010

18:2n-6 0 15.70 ± 1.90 15.18 ± 1.90
4 16.11 ± 2.12 15.71 ± 1.86

18:2t 0 1.00 ± 0.16 1.16 ± 0.16
4 2.12 ± 0.43c 0.96 ± 0.17b 0.0010

18:3n-6 0 0.30 ± 0.13 0.28 ± 0.13
4 0.27 ± 0.14a 0.30 ± 0.14

18:3n-3 0 1.21 ± 0.28 1.09 ± 0.32
4 1.05 ± 0.31 1.06 ± 0.31

20:3n-6 0 0.18 ± 0.06 0.17 ± 0.07
4 0.15 ± 0.06a 0.20 ± 0.06 0.0157

20:4n-6 0 0.89 ± 0.49 0.70 ± 0.22
4 0.62 ± 0.16b 0.68 ± 0.21

20:5n-3 0 0.36 ± 0.24 0.27 ± 0.14
4 0.20 ± 0.10a 0.19 ± 0.08

22:5n-3 0 0.30 ± 0.11 0.22 ± 0.10
4 0.23 ± 0.10 0.25 ± 0.10

22:6n-3 0 1.49 ± 1.16 1.56 ± 1.15
4 1.16 ± 0.82 0.96 ± 0.48a

Σn-31 0 2.14 ± 1.42 2.05 ± 1.21
4 1.59 ± 0.88 1.40 ± 0.49b

Σn-62 0 1.37 ± 0.54 1.15 ± 0.34
4 1.04 ± 0.26b 1.17 ± 0.35

aValues are means ± SD. Superscript letters a, b, c indicate a significant dif-
ference within diet periods, P < 0.05, P < 0.01, P < 0.001, respectively, and
d indicates a significant difference between TRANS and OLEIC diets after
the 4-wk time point; 1without 18:3n-3; 2without 18:2n-6.

TABLE 4
Fatty Acid Composition of Serum Cholesterol Esters (mol% of total)
During trans Fatty Acid-Enriched Diet (TRANS diet) and Oleic Acid-
Enriched Diet (OLEIC diet)a

Number
Fatty acid of weeks TRANS diet OLEIC diet Pd

14:0 0 0.94 ± 0.15 1.03 ± 0.18
4 0.85 ± 0.23 0.76 ± 0.18b 0.0413

16:0 0 11.97 ± 0.59 11.78 ± 0.63
4 11.43 ± 0.82a 11.34 ± 0.48b

16:1n-7 0 3.48 ± 0.58 3.47 ± 0.59
4 3.36 ± 0.60 3.41 ± 0.75

18:0 0 0.87 ± 0.20 0.92 ± 0.22
4 0.76 ± 0.18a 0.78 ± 0.15a

18:1n-9 0 18.50 ± 1.57 18.10 ± 1.42
4 17.54 ± 1.68a 21.48 ± 2.28b 0.0015

18:1n-7 0 1.19 ± 0.14 1.15 ± 0.11
4 1.17 ± 0.11 1.16 ± 0.16

18:1t 0 0.44 ± 0.07 0.44 ± 0.07
4 0.92 ± 0.26c 0.43 ± 0.06 0.0010

18:2n-6 0 54.00 ± 2.04 54.97 ± 2.26
4 55.63 ± 2.69 52.89 ± 3.13b 0.0035

18:2t 0 0.95 ± 0.12 1.02 ± 0.12
4 1.82 ± 0.31c 0.90 ± 0.08b 0.0010

18:3n-6 0 0.38 ± 0.18 0.42 ± 0.20
4 0.36 ± 0.16 0.55 ± 0.38a 0.0052

18:3n-3 0 0.60 ± 0.12 0.57 ± 0.15
4 0.52 ± 0.16b 0.54 ± 0.15

20:3n-6 0 0.42 ± 0.15 0.44 ± 0.16
4 0.34 ± 0.12c 0.46 ± 0.20 0.0010

20:4n-6 0 4.34 ± 1.12 4.17 ± 1.02
4 4.05 ± 1.00a 4.13 ± 1.03

20:5n-3 0 1.26 ± 0.99 0.88 ± 0.46
4 0.64 ± 0.40a 0.65 ± 0.34a

22:6n-3 0 0.67 ± 0.28 0.64 ± 0.23
4 0.61 ± 0.23 0.54 ± 0.17b 0.0186

Σn-31 0 1.93 ± 1.16 1.52 ± 0.63
4 1.25 ± 0.62a 1.19 ± 0.47a

Σn-62 0 5.14 ± 1.28 5.04 ± 1.25
4 4.74 ± 1.17a 5.14 ± 1.34 0.0186

aSee Table 3 footnote.



16.9 vs. 111.7 ± 20.7). Notably, the average quantitative
change of oleic acid in TG was negative (221.2 ± 68.2 vs.
220.2 ± 79.0).

After 4 wk on the OLEIC diet, the proportions of all SFA
(myristic, palmitic, and stearic) decreased in TG and CE but
only that of myristic acid in PL. In addition, the OLEIC diet
led to the decreased proportions of docosahexaenoic acid in
TG, linoleic acid and EPA in CE, and EPA and docosapen-
taenoic acid in PL. In CE an increased proportion of γ-
linolenic acid was observed (Tables 3–5).

The proportions of both 18:1t and 18:2t in all three lipid
fractions were higher after the TRANS diet when compared

with those after the OLEIC diet. By contrast, the proportion
of oleic acid was higher in all three fractions after the OLEIC
diet when compared with that after the TRANS diet.

In general, the level of n-3 fatty acids in each of the lipid
fractions assessed decreased after the subjects changed from
the baseline to TRANS or OLEIC diets. In some cases these
differences reached statistical significance.

The value of the sum of n-6 fatty acids (excluding linoleic
acid) decreased in all lipid fractions on the TRANS diet com-
pared to the baseline level, while this value remained un-
changed on the OLEIC diet. The sums of n-6 fatty acids in
CE and PL were lower at the end of the TRANS diet as com-
pared with those at the end of the OLEIC diet. The propor-
tion of dihomo-γ-linolenic acid in all lipid fractions was lower
at the end of the TRANS diet when compared with the
OLEIC diet.

The proportion of myristic acid in CE was higher and that
of stearic acid in PL lower after consumption of the TRANS
diet when compared with those at the end of the OLEIC diet.
Of MUFA, the proportion of palmitoleic acid in TG and PL
was higher after the TRANS diet than after the OLEIC diet.
The proportion of linoleic acid in CE was higher, but that of
α-linolenic acid lower after the TRANS diet. 

DISCUSSION

In the present study the main dietary trans fatty acid, 18:1t,
was preferentially incorporated in serum TG and PL, but to a
lesser degree in CE, whereas dietary 18:2t induced a similar
increase in all serum lipid fractions among young healthy
women after 4 wk of moderate dietary intake of trans fatty
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TABLE 5
Fatty Acid Composition of Serum Phospholipids (mol% of total) Dur-
ing trans Fatty Acid-Enriched Diet (TRANS diet) and Oleic Acid-
Enriched Diet (OLEIC diet)a

Number
Fatty acid of weeks TRANS diet OLEIC diet Pd

14:0 0 0.73 ± 0.27 0.76 ± 0.15
4 0.63 ± 0.14 0.57 ± 0.08b

16:0 0 31.99 ± 2.21 32.35 ± 1.80
4 31.09 ± 2.37a 31.94 ± 1.80

16:1n-7 0 0.98 ± 0.48 0.93 ± 0.23
4 1.12 ± 0.23a 0.88 ± 0.15 0.0052

18:0 0 11.28 ± 1.47 11.36 ± 1.34
4 10.07 ± 1.30b 11.30 ± 1.33 0.0023

18:1n-9 0 10.13 ± 2.04 9.81 ± 0.90
4 9.60 ± 0.98 11.61 ± 1.21c 0.0010

18:1n-7 0 1.46 ± 0.16 1.43 ± 0.12
4 1.45 ± 0.15 1.51 ± 0.21

18:1t 0 1.07 ± 0.34 1.05 ± 0.22
4 3.39 ± 0.76c 0.88 ± 0.26a 0.0010

18:2n-6 0 23.43 ± 2.32 24.36 ± 1.95
4 24.87 ± 1.93a 23.70 ± 2.37

18:2t 0 0.42 ± 0.19 0.39 ± 0.06
4 0.84 ± 1.56b 0.37 ± 0.10 0.0010

18:3n-6 0 0.16 ± 0.12 0.12 ± 0.04
4 0.12 ± 0.04 0.14 ± 0.03

18:3n-3 0 0.28 ± 0.19 0.23 ± 0.07
4 0.20 ± 0.05a 0.21 ± 0.06

20:3n-6 0 2.56 ± 0.83 2.82 ± 1.01
4 2.35 ± 0.73 2.91 ± 1.07 0.0063

20:4n-6 0 6.03 ± 1.38 5.75 ± 1.22
4 5.73 ± 1.05a 5.84 ± 1.14

20:5n-3 0 1.36 ± 1.11 1.01 ± 0.51
4 0.70 ± 0.39a 0.72 ± 0.35a

22:4n-6 0 0.12 ± 0.03 0.12 ± 0.03
4 0.14 ± 0.04 0.11 ± 0.04 0.0035

22:5n-3 0 0.60 ± 0.21 0.56 ± 0.20
4 0.54 ± 0.20 0.49 ± 0.18b 0.0043

22:6n-3 0 4.22 ± 1.24 3.88 ± 0.87
4 4.07 ± 1.14 3.69 ± 0.78

24:0 0 0.67 ± 0.13 0.69 ± 0.11
4 0.67 ± 0.10 0.70 ± 0.13

24:1n-9 0 1.58 ± 0.31 1.54 ± 0.31
4 1.29 ± 0.21b 1.54 ± 0.31 0.0052

Σn-31 0 6.18 ± 2.11 5.44 ± 1.41
4 5.31 ± 1.63 4.91 ± 1.11

Σn-62 0 8.88 ± 1.91 8.82 ± 1.96
4 8.34 ± 1.58a 9.00 ± 1.93 0.0258

aSee Table 3 footnote.

FIG. 1. Percentage changes of quantitative amounts from baseline after
consumption of the TRANS and OLEIC diets for 18:1t and 18:1n-9,
where t is trans.



acids. The increase in the proportion of 18:1t was ca. three-
fold in serum TG and PL and twofold in CE. Also quantita-
tive increases of 18:1t were highest in serum TG and PL. In
contrast, the increase in the proportion of 18:2t was twofold,
and quantitative increases were nearly the same in all lipid
fractions reflecting identical incorporation of 18:2t in serum
TG, CE, and PL.

The intake of trans fatty acids during the TRANS diet was
ca. five times higher (5 E%) than the amount of trans fatty
acids in the habitual Finnish diet (about 1 E%, that means 1.7
g/person/day and 1.9% of the total fat consumption), the main
source (77%) being edible fats (17). Habitual diet includes ca.
80% of the dietary trans fatty acids as 18:1 isomer and 20% as
18:2 isomers (17). In the present study the trans fatty acid-en-
riched margarine consisted of ca. 80% trans fatty acid 18:1
isomer and ca. 20% trans fatty acid 18:2 isomers from all
trans fatty acids, the proportion identical to the Finnish diet.

In some previous studies the incorporation of dietary trans
fatty acids was analyzed in total plasma or serum lipids
(9,18,19) or in serum TG (10,11,20), CE (12) or PL (11), in
platelet PL (10,20), and erythrocytes (21), and in serum TG,
CE, and PL in animal study (14). The trans fatty acid compo-
sition data of serum or plasma TG, CE, and PL of mothers,
their infants and children, and estimated dietary trans fatty
acid intake have been reported (22). In the present study the
change from about 1 to 5 E% achieved an increase in the pro-
portion of serum TG and PL and also in CE. The relative lev-
els of incorporation of 18:1t into TG, PL, and CE are consis-
tent with the isotope tracer data reported earlier (6). In rab-
bits, 18:1t from diet was incorporated into the fatty acids of
serum TG, CE and PL, although the levels of incorporation
were considerably under the level of trans fatty acid in the
diet (14). Mensink and Hornstra (10) reported decreased pro-
portion of 18:1t in serum TG from 3.5 ± 0.1 to 2.8 ± 0.1%
when habitual intake of total trans fatty acids decreased from
4.7 ± 0.3 to 2.1 ± 0.2 E%. 

Serum TG tends to reflect the fatty acid composition of the
most recent meals, and the variation in the trans fatty acids
for TG is larger than for other lipid fractions. Nestel and
coworkers (18) reported a sevenfold increase in plasma
elaidic acid concentration with the trans fatty acid diet (7 E%)
during 11 wk in 27 mildly hypercholesterolemic men. How-
ever, total plasma lipid data are not considered a valid bio-
marker estimating dietary trans fatty acid intake over the long
term. In contrast, serum PL reflects the habitual dietary intake
over a period of several weeks, and according to the present

results it would be one biomarker of dietary trans fatty acid
intake in the long term. The 18:1t to 18:2t ratio was also clos-
est to that in diet in PL.

Trans fatty acids behave like SFA, and they are preferen-
tially incorporated into the 1-position in PL replacing SFA. In
the present study, after consumption of 5 E% TRANS diet,
the proportions of palmitic, stearic, and SFA decreased not
only in PL but in TG and CE, as well, which indirectly sup-
ports the view of replacements. Oleic acid, but not 18:1t,
competes with linoleic acid for incorporation into the 2-posi-
tion of PL. Thus, on the TRANS diet a greater incorporation
of linoleic acid into PL would be expected. This was, in fact,
observed in our study subjects as in an earlier animal study
(14), where after trans fatty acid feeding increased the
amount of linoleic acid in CE and PL, but was found un-
changed in TG when compared to 18:1 cis diet.

Our results suggest that trans fatty acids may be involved
in the metabolism of n-6 fatty acids as a result of a reduced
conversion of linoleic acid to its long-chain polyunsaturated
metabolites (γ-linolenic, dihomo-γ-linolenic, and arachidonic
acids) observed in the subjects fed the TRANS diet. These
findings are compatible with inhibition of arachidonic acid
formation by trans fatty acids as a result of inhibition of de-
saturase activity (23–27). Another explanation for the re-
duced proportion of n-6 metabolites is the selective incorpo-
ration of linoleic acid into PL. These changes could poten-
tially result in the preservation of an unsaturated cis double
bond-containing fatty acid in the 2-position of PL favoring
lecithin cholesterol acyltransferase activity. In the present
study the proportion of arachidonic acid decreased in all lipid
fractions. In contrast, Wood and coworkers (19) noticed
higher level of arachidonic acid in total serum lipids after
trans diet (5.5 E% from trans fatty acids). This issue still
needs to be resolved.

The proportion of n-3 fatty acids tended to decrease after
subjects were switched from the baseline to either the TRANS
or OLEIC diet. These findings suggest a shift in the fatty acid
profile of the diet, and the dramatic alteration of the trans or
MUFA content of the diet at the expense of n-3 fatty acids will
be reflected in the fatty acid profile at all lipid fractions.

The proportion of oleic acid increased significantly in all
lipid fractions of our study subjects reflecting good adherence
to the OLEIC diet. Fatty acid compositions of serum TG and
PL are considered good biomarkers of oleic acid intake be-
cause oleic acid predominates in TG (13). Our results support
this finding although the percentile increase of oleic acid in all
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TABLE 6
Total Serum Cholesterol and Triglycerides (mmol/L) and Quantitative Amounts (µg/mL) of 18:1t and 18:2t in the Serum Triglycerides, Choles-
terol Esters and Phospholipids, and Changes from Baseline After Consumption of the TRANS Dieta

Total Total Triglycerides Cholesterol esters Phospholipids

cholesterol triglycerides 18:1t 18:2t 18:1t 18:2t 18:1t 18:2t

0 wk 4.5 ± 0.5 0.9 ± 0.3 10.69 ± 3.39 5.86 ± 1.80 4.00 ± 0.68 8.59 ± 1.24 10.78 ± 3.28 4.25 ± 1.78
4 wk 4.2 ± 0.6 0.9 ± 0.3 31.16 ± 13.44 12.72 ± 5.34 7.89 ± 1.32 16.07 ± 3.72 32.64 ± 6.07 8.14 ± 2.01
Change 0.2 ± 0.4 −0.0 ± 0.2 20.48 ± 13.36c 6.86 ± 5.34c 3.89 ± 1.70c 7.49 ± 3.78c 21.86 ± 6.84c 3.89 ± 2.54c

aSee Table 3 footnote.



lipid fractions was relatively small, a finding consistent with
previous studies (28). In the present study, the 5 E% increase
in oleic acid intake induced a 12–18% increase of oleic acid in
lipid fractions. Also Valsta et al. (29) reported about 7% in-
crease in the proportion of oleic acid in serum TG, although
the dietary intake of oleic acid (from olive oil) increased by
47%. Increased proportions of oleic acid in TG (30) and CE
(31) were seen after oleic acid-enriched diets while Sarkkinen
and coworkers (32) did not find any increase in the proportion
of oleic acid in serum CE, erythrocyte, or platelet membranes
when the increase of monoene intake was rather low.

The most plausible explanation for the decrease of 18:1t and
18:2t in serum lipid fractions after consumption of the OLEIC
diet in the present study is the decreased intake since the
amount of butter was smaller in the OLEIC diet than the base-
line diet. Also the medium-fat milk products of the baseline
diet were replaced by low-fat milk products in the OLEIC diet.

In conclusion, a moderate increase in dietary trans fatty
acids results in a marked incorporation into serum TG and PL,
and to a lesser degree in CE. In addition, our results suggest
that 5 E% trans fatty acids in diet decrease the conversion of
linoleic acid to its more unsaturated long-chain metabolites.
Analysis of 18:1t from serum TG and PL seems to reflect re-
liably the dietary intake of this fatty acid.
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ABSTRACT: Commercial cheese products were analyzed for
their composition and content of conjugated linoleic acid (CLA)
isomers. The total lipids were extracted from cheese using pe-
troleum ether/diethyl ether and methylated using NaOCH3. The
fatty acid methyl esters (FAME) were separated by gas chro-
matography (GC), using a 100-m polar capillary column, into
nine minor peaks besides that of the major rumenic acid,
9c,11t-octadecadienoic acid (18:2), and were attributed to 19
CLA isomers. By using silver ion–high performance liquid chro-
matography (Ag+–HPLC), CLA isomers were resolved into seven
trans,trans (5–9%), three cis/trans (10–13%), and five cis,cis
(<1%) peaks, totaling 15, in addition to that of the 9c,11t-18:2
(78–84%). The FAME of total cheese lipids were fractionated by
semipreparative Ag+–HPLC and converted to their 4,4-dimethyl-
oxazoline derivatives after hydrolysis to free fatty acids. The
geometrical configuration of the CLA isomers was confirmed by
GC–direct deposition–Fourier transform infrared, and their dou-
ble bond positions were established by GC-electron ionization
mass spectrometry. Reconstructed mass spectral ion profiles of
the m + 2 allylic ion and the m + 3 ion (where m is the position
of the second double bond in the parent conjugated fatty acid)
were used to identify the minor CLA isomers in cheese. Cheese
contained 7t,9c-18:2 and the previously unreported 11t,13c-
18:2 and 12c,14t-18:2, and their trans,trans and cis,cis geomet-
ric isomers. Minor amounts of 8,10-, and 10,12-18:2 were also
found. The predicted elution orders of the different CLA isomers
on long polar capillary GC and Ag+–HPLC columns are also
presented.
Lipids 33, 963–971 (1998).

Conjugated linoleic acid (CLA) has been reported to lead to
reduced carcinogenesis (1–5) and atherosclerosis (6,7), in-
creased bone mass (8) and muscle mass (9–11), and to have
antidiabetic properties (12) in laboratory animals. The term
CLA refers to a mixture of positional and geometric conju-
gated octadecadienoic acid (18:2) isomers. The active isomer
has been assumed to be 9c,11t-18:2 (also called rumenic acid)
because it is the major CLA isomer present in milk (13–20),
cheese (15,21–27), and meat (14,15,28) from ruminant ani-
mals. It is formed as an intermediate in the biohydrogenation
of linoleic acid in the rumen (29–31), and possibly by ∆9 de-
saturation of vaccenic acid (11t-18:1) (32).

Besides the major 9c,11t-18:2 established by Parodi (13),
there are a number of minor CLA isomers in cheese and milk.
To date, their reported identities and levels remain question-
able, because of inadequate chromatographic separations and
confirmatory methods used to establish the double bond posi-
tions and configurations. Ha et al. (21) were the first to report
six additional CLA peaks in cheese separated on a 60-m Su-
pelcowax-10 gas chromatographic capillary column. Based
on comparisons of gas chromatographic equivalent chain
lengths with published data (33), they reported the presence
of 10c,12t-18:2, 10t,12c-18:2, 11c,13c-18:2, 9c,11c-18:2,
10c,12c-18:2, 9t,11t-18:2, and 10t,12t-18:2 as fatty acid
methyl esters (FAME) after BF3 methylation. They deter-
mined the molecular weight of the CLA isomers by gas chro-
matography (GC)–chemical ionization mass spectrometry
(MS), but were unable to identify CLA positional isomers by
GC–MS using 4-phenyl-1,2,4-triazoline-3,5-dione deriva-
tives. Nevertheless, their BF3 methylation procedure, GC sep-
aration conditions, and equivalent chain length comparisons
were subsequently used by many investigators (17,23,24,34),
with variation in the methylation catalyst, i.e., HCl (15,22),
tetramethylguanidine (25), or NaOCH3 (35). Acid (BF3 or
HCl)-catalyzed methylations (8,15,17,21–24,34) were shown
to lead to isomerization of cis/trans to trans,trans CLA iso-
mers and the formation of methoxy artifacts (19), as well as
CLA artifacts from allylic hydroxy fatty acids (36). Acid fat
extraction procedures (22,25) may also lead to CLA isomer-
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ization. On the other hand, base-catalyzed methylation did not
isomerize CLA isomers nor produce methoxy artifacts (19).
The GC resolution of CLA isomers was improved by using
100-m polar capillary columns under optimal conditions,
which resulted in the separation of 10 GC peaks attributed to
CLA isomers (19,37).

Recently, Lavillonnière et al. (26) reported the identity of
five additional minor CLA isomers in cheese (8c,10t-18:2,
8c,10c-18:2, 8t,10t-18:2, 11t,13t-18:2, and 11?,13?-18:2).
They methylated cheese lipids with NaOCH3, then partially
reduced the isolated CLA mixture with hydrazine, separated
the resultant monounsaturated (18:1) FAME by silver nitrate
thin-layer chromatography, and analyzed them by GC. The
positional 18:1 isomers were identified as 4,4-dimethylox-
azoline (DMOX) derivatives by GC–electron ionization mass
spectrometry (GC–EIMS). These authors also evaluated the
total CLA DMOX mixture by GC–EIMS.

We have just reported the separation of 12 CLA isomers
as their FAME from a commercial CLA mixture by using sil-
ver ion high-performance liquid chromatography (Ag+–HPLC)
based on their double-bond geometry (trans,trans, cis/trans,
and cis,cis) and position (8,10-, 9,11-, 10,12-, and 11,13-18:2)
(27). The Ag+–HPLC method, together with reconstructed
GC–EIMS ion profiles of isomer-specific ions for CLA
DMOX derivatives, permitted us to identify the previously
unrecognized and abundant minor isomer, 7t,9c-18:2, in milk,
cheese, beef, and human milk and adipose tissue (38).

In the present communication, we report the accurate iden-
tification and composition of CLA isomers in cheese, includ-
ing for the first time the previously unreported 11t,13c- and
12c,14t-18:2 isomers. Cheese lipids were fractionated by
semipreparative Ag+–HPLC, and the minor CLA isomers
were identified by GC–EIMS and GC–direct deposition-
Fourier transform infrared (GC–DD–FTIR) spectrometry.

MATERIALS AND METHODS

A mixture of CLA FAME was purchased from Nu-Chek-
Prep, Inc. (Elysian, MN). Pure CLA isomers (9c,11t-18:2,
10t,12c-18:2, 9c,11c-18:2, and 9t,11t-18:2) were obtained as
free fatty acids from Matreya Inc. (Pleasant Gap, PA). Ace-
tonitrile and hexane were ultraviolet grade. Other solvents
were distilled-in-glass quality. 2-Amino-2-methyl-1-propanol
(95%) was purchased from Aldrich Chemical Company, Inc.
(Milwaukee, WI). A 10% solution of trimethylsilyldi-
azomethane in hexane was obtained from TCI America (Port-
land, OR). The cheeses were purchased locally.

Lipid extraction. Cheese was extracted using a published
procedure (39). Briefly, 20 g cheese, 2 g potassium oxalate,
and 100 mL ethyl alcohol were placed in a blender jar and ho-
mogenized for 3 min. The jar contents were poured into a
250-mL centrifuge tube, to which 50 mL diethyl ether and 50
mL petroleum ether were added. The contents were mixed
well for 0.5 min after each addition of solvent. The mixture
was centrifuged at 1700 rpm for 7 min at room temperature.
The lower phase was reextracted two more times with 50 mL

petroleum ether and diethyl ether (1:1, vol/vol). The com-
bined organic phases were transferred into a 1000-mL sepa-
ratory funnel containing 500 mL distilled water and 30 mL
saturated sodium chloride. The combined organic extract was
washed two more times with 100 mL distilled water. Any
emulsion formed was broken up by the addition of saturated
sodium chloride (2–5 mL), and allowed to stand for 30 min.
The combined organic layer was poured through a glass col-
umn (2.5 cm × 50 cm) containing a bed of anhydrous sodium
sulfate (15 cm). The organic solvent was removed using a ro-
tary evaporator at 37°C and the total lipids were determined
gravimetrically.

Preparation of FAME. Free fatty acids of CLA were dis-
solved in 1 mL of 20% methanol/benzene, placed in a reac-
tion tube fitted with a Teflon-lined screw cap, and reacted
with trimethylsilyldiazomethane for 30 min at room tempera-
ture (40). Unreacted trimethylsilyldiazomethane was de-
stroyed by adding acetic acid with gentle swirling until the
yellow color disappeared. After addition of H2O (5 mL), 1
mL isooctane was added to extract the FAME which were
subsequently dried over Na2SO4.

Portions of total lipids from cheese (20–70 mg) were
placed into 15-mL reaction tubes fitted with a Teflon-lined
screw cap. One milliliter of benzene was added to dissolve
the lipids, followed by 4 mL anhydrous NaOCH3. The tubes
were flushed with nitrogen, then heated at 50°C for 10 min
with occasional shaking. After completion of methylation, 0.2
mL of water was added, and the FAME were extracted with
hexane, dried over Na2SO4, and analyzed directly by GC and
HPLC.

HPLC. The HPLC (Waters 510 solvent delivery system;
Waters Associates, Milford, MA) was equipped with an au-
tosampler and 2-mL injection loop for the semipreparatory
column and a 200-µL injection loop for the analytical column
(Waters 717), an ultraviolet detector (Waters 486 tunable ab-
sorbance), a fraction collector (Waters LR 76413), and an op-
erating system (Waters MillenniumTM version 2.15.01). Both
ChromSpher 5 Lipids semipreparative (10 mm i.d. × 250 mm
stainless steel; 5 µm particle size) and an analytical (4.6 mm
i.d. × 250 mm stainless steel; 5 µm particle size) silver-im-
pregnated column were used (Chrompack, Bridgewater, NJ).
CLA isomers were measured at 233 nm. The mobile phase
was 0.1% acetonitrile in hexane and operated isocratically.
The solvent flows were 4.0 and 1.0 mL/min, for the semi-
preparative and analytical columns, respectively. The flow
was commenced for 0.5 h prior to sample injection. For solu-
tion containing about 20 mg/mL, typical injection volumes
were 150–200 µL for the semipreparative column and 5–15
µL for the analytical column. Whenever necessary, the col-
umn was restored by flushing with 1% acetonitrile in hexane
for 4 h followed by 0.5 h with 0.1% acetonitrile in hexane. 

DMOX derivatives. In a reaction tube, 10–20 mg of methyl
heptadecanoate (17:0) and ca. 1–2 mg of CLA FAME were
added, and the mixture was hydrolyzed with 1 N KOH/95%
ethanol at 50°C for 30 min. The free fatty acids were ex-
tracted with petroleum ether after the reaction was neutral-
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ized with HCl. The free fatty acids were added to a screw-cap
reaction tube (1 mL) and a threefold excess of 2-amino-2-
methyl-1-propanol (w/w) was added. The tube was purged
with argon, capped, and heated at 170°C for 0.5 h in an oven.
The reaction mixture was transferred into a 250-mL separa-
tory funnel containing 40 mL of petroleum ether and 50 mL
of water and shaken vigorously. Saturated NaCl was added to
break the emulsion. The aqueous layer was removed, and the
petroleum ether was rewashed with water, dried over anhy-
drous Na2SO4 and concentrated to the desired volume under
a stream of argon (36).

GC. The cheese FAME were analyzed by GC (model
5890; Hewlett-Packard, Palo Alto, CA) using a fused-silica
capillary column (CP-Sil 88; 100 m × 0.25 mm i.d. × 0.2 µm
film thickness; Chrompack Inc.). The column was held at
70°C for 4 min after injection, temperature-programmed at
13°C/min to 175°C, held there for 27 min, then temperature-
programmed at 4°C/min to 215°C, and held there for 31 min.
Hydrogen was the carrier gas, at a split ratio of 20:1.

GC–EIMS. The GC–EIMS was performed using a GC
(Hewlett-Packard 5890, series II) coupled to a mass spec-
trometer (Autospec Q mass spectrometer) and a data system
(OPUS 4000; Micromass, Manchester, United Kingdom).
The GC–EIMS system utilized version 2.1 BX software. This
system was used with a 50-m CP-Sil 88 capillary column de-
scribed previously (41). The GC–EIMS conditions were:
splitless injection with helium sweep restored 1 min after in-
jection; injector and transfer lines’ temperature 220°C; oven
temperature was 75°C for 1 min after injection, then temper-
ature-programmed 20°C/min to 185°C, held there for 15 min,
then temperature-programmed 4°C/min to 220°C, and held
there for 45 min.

GC–DD–FTIR. A Bio-Rad (Cambridge, MA) TracerTM

GC–FTIR 60A spectrometer system was used. This system
was used with a 50 m CP-Sil 88 capillary column (42).

RESULTS AND DISCUSSION

Fat extraction from cheese. The total fat was extracted from
cheese (39). In this method, potassium oxalate served as a
grinding agent and formed calcium oxalate, which prevented
calcium ions from causing emulsions. The total fat content of
11 commercial cheese products ranged from 14 to 37% (Table
1). For the extraction of fats and oils, acid conditions were
avoided because they may lead to isomerization of the
cis/trans to trans,trans CLA isomers. In a previous study (22)
preliminary acid digestion may have contributed to the low
content of 9c,11t-18:2, 48–68% (22), instead of 78–84% re-
ported for selected cheese products (Table 1).

Methylation. The total lipids from cheese were methylated
using NaOCH3 to avoid any isomerization of conjugated di-
enes and formation of methoxy and CLA artifacts. Acid-cat-
alyzed methylation using either BF3, HCl or H2SO4 would lead
to conversion of cis/trans to trans,trans CLA isomers. Reduc-
ing the temperature during methylation reduced the extent of
this conversion (17,23,43), but the methylation, particularly of
phospholipids, may not be complete (19). Therefore, to avoid
isomerization and incomplete methylation of CLA, NaOCH3
is recommended. If test samples contained significant amounts
of free fatty acids, alkali hydrolysis followed by subsequent
methylation using tetramethylsilyldiazomethane (40) was car-
ried out and checked by thin-layer chromatography (19), and
these steps are recommended. However, neither of these two
methods will methylate sphingomyelin, since the N-acyl bond
is resistant to alkali. In the present cheese study, we ignored the
small contribution of CLA from sphingomyelin because its
level in cheese was less than 0.1%, and the occurrence of CLA
in sphingomyelin is generally the lowest compared to all the
other phospholipids (37).

GC. The CLA region of the FAME GC trace for cheese
(Fig. 1) was a complex mixture of 10 peaks attributed to many
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TABLE 1
Lipid Content and Composition of Conjugated Linoleic Acid (CLA) Isomers in Commercial Cheesesa

Lipid Total CLA isomers (%)d

contentb CLAc 7t,9c
Types of cheese (%) (%) 9c,11t 8t,10c 11t,13ce 12c,14t Total t,t

American processed cheese 16.5 0.46 79.35 10.17 1.71 0.67 8.11
Cheddar, sharp 29.5 0.54 82.58 8.31 2.14 0.61 6.36
Cheddar, extra sharp 23.4 0.52 77.72 12.13 0.90 0.66 8.6
Colby 29.7 0.40 82.01 9.89 0.98 0.63 6.48
Cream cheese 36.7 0.77 83.53 4.61 4.23 1.57 6.06
Feta 24.7 0.49 80.76 11.05 1.51 0.90 5.78
Monterey Jack 26.9 0.47 80.01 10.97 1.32 0.93 6.77
Mozzarella 16.5 0.47 78.07 11.11 0.88 0.77 9.16
Parmesan 25.1 0.38 80.83 10.01 1.09 0.63 7.44
Prepared cheese product 15.3 0.56 81.74 8.63 1.80 0.99 6.84
Processed, Cheddar 13.5 0.50 84.15 8.57 1.26 0.61 5.41
aAs determined by silver ion–high-performance liquid chromatography (Ag+–HPLC).
bDetermined gravimetrically after total lipid extraction; see the Materials and Methods section.
cTotal CLA fatty acid methyl ester (FAME) content (% of total FAME) in extracted lipids determined by gas chro-
matography (GC).
dCLA isomeric composition (% of total CLA FAME) determined by Ag+–HPLC.
eSee text regarding discussion about double-bond configuration.



more unresolved CLA isomers, even with a highly polar 100-m
capillary column. The CLA isomers in the gas chromatogram
were labeled based on an elution order that was verified re-
cently (19,37,38) as well as in this study; see the predicted
elution order in Table 2. Besides the major 9c,11t-18:2, there
were minor peaks in the cis/trans region corresponding to
9t,11c- plus 10c,12t-18:2; 11t,13c-18:2; and a mixture of
10t,12c- plus 12c,14t-18:2. The 7t,9c,10c,12c- and 8t,10c-
18:2 isomers eluted on the leading and the tailing edges of
9c,11t-18:2, respectively. In the cis,cis region (Fig. 1) there
was one major peak consisting of a mixture of 7c,9c-, 8c,10c-,
and 9c,11c-18:2, followed by a smaller peak due to 10c,12c-,
11c,13c-, plus 12c,14c-18:2. The trans,trans region showed
four responses attributed to the FAME of 12t,14t-18:2;
11t,13t-18:2; a mixture of 10t,12t-, 9t,11t plus 8t,10t-18:2;
and 7t,9t-18:2 (Fig. 1). To separate and confirm the identity
of CLA isomers, complementary techniques, such as
Ag+–HPLC, GC–EIMS and GC–DD–FTIR were used.

Ag+–HPLC. The separation of cheese FAME by Ag+–HPLC
is shown in Figure 2. The elution order observed by Ag+-
HPLC for a commercial mixture of 12 CLA isomers (27),
plus those found in natural products (38, and the present
study), are listed in Table 3. The main CLA isomer in cheese
was 9c,11t-18:2. To determine the structure of the many
minor CLA isomers, FAME were prepared from 1 g of cheese
lipids and were fractionated using a semipreparative
Ag+–HPLC column. Five fractions were collected and those
containing minor CLA isomers, Fractions 1, 2, 4 and 5, were
shown after expanding the y-scale in Figure 2. The fractions
were subsequently derivatized to DMOX and analyzed by
GC–EIMS and GC–DD–FTIR.

GC–EIMS reconstructed ion profiles for DMOX deriva-
tives of conjugated dienes. The fatty acid DMOX mass spec-
tra consisted of a series of even-mass ions separated by 14
mass units due to successive losses of methylene units. A gap
of 12 mass units between ions containing n−1 and n carbon
atoms indicated the presence of a double bond between car-
bons n and n + 1 of the parent fatty acid (44). For monounsat-
urated fatty acids, more abundant peaks occurred due to al-
lylic cleavages on either side of the gap of 12 mass units for
ions containing n − 2 and n + 2 carbons (44). In addition, the
n + 3 carbons fragment ion occurred in equal abundance to
the one containing n + 2 carbons; the mechanism of forma-
tion of this ion remains unknown (45). Therefore, for conju-
gated dienes, prominent ions occurred at n − 2, m + 2 and m
+ 3, where n is the position of the first double bond and m is
the position of the second double bond along the parent con-
jugated fatty acid chain. These three prominent ions were
clearly recognizable in previous published spectra of CLA
DMOX (27,46,47), and in the series of mass spectra of 12,14-
18:2 to 8,10-18:2 isomers found in cheese (Fig. 3).

The characteristic abundant ions with m + 2 and m + 3 car-
bons in the GC–EIMS DMOX spectra of CLA isomers were
used in this study to identify trace amounts of isomers, be-
cause the gap of 12 mass units was often too weak to observe.
For example, all the minor CLA isomers in Figure 3, except
for the major 9c,11t-18:2 isomer, were missing one or more
of the expected ions of the conjugated system, but the allylic
m + 2 and the m + 3 ions were clearly visible. The prominent
ion profiles for the m + 2 and m + 3 pair of ions due to a spe-

966 N. SEHAT ET AL.

Lipids, Vol. 33, no. 10 (1998)

FIG. 1. The conjugated linoleic acid (CLA) region of a gas chromatogra-
phy (GC) trace for cheese.

TABLE 2
Expected Gas Chromatographic Elution Order of Positional
and Geometric CLA Fatty Acid Methyl Ester, or Dimethyloxazoline,
Isomers on a 100 m CP-Sil 88 Capillary Columna

cis/trans-18:2b cis,cis-18:2c trans,trans-18:2d

7c,9t (7c,9c)e 12t,14t
(6t,8c) 8c,10c 11t,13t

(8c,10t) 9c,11c 10t,12t
7t,9c 10c,12c 9t,11t

9c,11t 11c,13c 8t,10t
8t,10c 12c,14c 7t,9t

10c,12t
9t,11c

11c,13t
10t,12c

12c,14t
aThe elution order was: all the cis/trans, followed by all the cis,cis, followed
by all the trans,trans CLA positional isomers. Many CLA isomers overlapped
within each geometric group.
bThe observed elution time of cis/trans CLA isomers increased as the ∆ value
of the cis double bond increased in the molecule. For a pair of cis/trans iso-
mers in which the cis double bond has the same ∆ value, the isomer with
the lower ∆ trans value eluted first. Therefore, it followed that for the same
positional isomer, the cis,trans eluted before the trans,cis geometric isomer.
cThe observed elution time of cis,cis CLA isomers increased with increased
∆ values.
dThe observed elution time of trans,trans CLA isomers increased with de-
creased ∆ values.
eCLA isomers shown in parentheses were predicted. For abbreviations see
Table 1.



cific CLA isomer were normalized and displayed. If these two
ion profiles superimposed, then this GC peak was due to this
specific CLA isomer. For nearly coeluting (or coeluting) CLA
isomers, the reconstructed ion chromatograms showed a
small (or lack of) difference in retention times. This recon-
structed ion profile GC-EIMS method allowed the identifica-
tion of most minor CLA isomers in cheese.

Identification of Ag+–HPLC fractions. Fraction 1 consisted
of a mixture of seven trans,trans CLA peaks (Fig. 2), as evi-
denced by the elution order of geometric CLA isomers previ-
ously found by Ag+–HPLC (27) and verified by GC–DD–FTIR
with characteristic =C-H stretching (3016 cm−1) and deforma-
tion (990 cm−1) vibrations for trans,trans CLA isomers. The
GC–EIMS reconstructed ion profile for the molecular ion m/z
333 of the DMOX derivative of all CLA isomers is shown in
Figure 4A. The total trans,trans CLA DMOX mixture exhib-
ited three GC–EIMS peaks using a 50-m CP-Sil 88 capillary
column. In using the reconstructed ion profile technique de-
scribed above, the identify of the first small peak (Fig. 4C) was
established as 12t,14t-18:2 (Fig. 3). The second CLA peak
(Fig. 4B) was due to 11t,13t-18:2 (Fig. 3), and the third one
(Fig. 4D) to 9t,11t-18:2 (Fig. 3). The CLA isomers 8t,10t- and
10t,12t-18:2 coeluted with 9t,11t-18:2 (reconstructed ion pro-
file not shown), while the 7t,9t-18:2 eluted on the tail of the
third peak [see reference (38), Fig. 1 bottom]. The first small
peak in the Ag+–HPLC chromatogram (Fig. 2, Fraction 1)
would appear to be 13t,15t-18:2 based on the Ag+–HPLC elu-
tion order, although this was not confirmed by GC–EIMS.

In Figure 3, GC–EI mass spectra were obtained from dif-
ferent cheese fractions, except the one for 10,12-18:2, be-
cause this trans,trans isomer coeluted by GC–EIMS with
9t,11t-18:2 (Fig. 4D), and the corresponding cis/trans and
cis,cis isomers were very weak. However, its identity was
confirmed from the reconstructed ion profiles for m/z 276 (m
+ 2) and 290 (m + 3) in each case. A mass spectrum of
10t,12c-18:2, shown for comparison in Figure 3, was selected
from a previous study on the distribution of CLA isomers in
pig lipid classes (37).
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FIG. 2. Silver ion–high performance liquid chromatography (Ag+–HPLC)
profile for a commercial cheese product. Expanded traces are shown
for Fractions 1 (A), 2 (B), 4 (C), and 5 (D). These fractions were collected
by Ag+–HPLC for further analysis.

TABLE 3
Elution Order of Positional and Geometric CLA FAME Isomers
by (Ag+–HPLC)a

trans,trans-18:2b cis/trans-18:2b,c cis,cis-18:2b

(13t,15t)d (13,15 c/t)
12t,14t 12,14 c/t 12c,14c
11t,13t 11,13 c/t 11c,13c
10t,12t 10,12 c/t 10c,12c
9t,11t 9,11 c/t 9c,11c
8t,10t 8,10 c/t 8c,10c
7t,9t 7,9 c/t 7c,9c
aThe elution order was: all the trans,trans, followed by all the cis/trans, fol-
lowed by all the cis,cis CLA positional isomers.
bThe observed elution time of each group of geometric CLA isomers in-
creased as the ∆ values decreased.
cFor the same positional isomer, the cis,trans and the trans,cis geometric iso-
mers were not clearly separated under our experimental conditions.
dCLA isomers shown in parentheses were not confirmed. For abbreviations
see Table 1.



Fraction 2 (Fig. 2) showed two minor cis/trans CLA peaks
eluting before the major 9c,11t-18:2, whose cis/trans geomet-
ric configuration was consistent with Ag+–HPLC and
GC–DD–FTIR data. In using the same reconstructed ion pro-
file techniques described for the trans,trans CLA isomers, the
peaks were shown to be due to 12,14- and 11,13-18:2. The EI
mass spectra of the DMOX derivative of the 12,14- and
11,13-18:2 isomer were similar to the corresponding
trans,trans CLA isomers shown in Figure 3. The geometric
configuration of 12,14-18:2 was likely 12c,14t-18:2 based on
the GC elution sequence and because it was possibly derived
from biohydrogenation and isomerization of α-linolenic acid
in the rumen. The geometric configuration of the 11,13-18:2
isomer in cheese was probably 11t,13c-18:2 based on the fol-
lowing considerations. On a 100-m CP Sil 88 column (Fig.
1), the 11,13-18:2 isomer in cheese eluted after the 11c,13t-
18:2 isomer previously found in a Nu-Chek-Prep commercial
mixture (27,37). In using two Ag+–HPLC columns in series,
the 11,13-18:2 isomer in cheese eluted before the 11c,13t-
18:2 present in the Nu-Chek-Prep commercial mixture when
these two lipid mixtures were coinjected (Sehat, N., unpub-

lished data). Therefore, the relative elution sequences of the
two c/t 11,13-18:2 isomers observed by both Ag+–HPLC and
GC are consistent with the presence of 11t,13c-18:2 in cheese.
On the other hand, the fact that 11t,13c-18:2 eluted before
10t,12c-18:2 by GC cannot be reconciled with the expected
GC elution sequence (Table 2), namely, 10t,12c-18:2 is ex-
pected to elute first, followed by 12c,14t-18:2 and then by
11t,13c-18:2. Therefore, the identification of the c/t 11,13-
18:2 peak in cheese is only tentatively attributed to the
11t,13c-18:2 isomer. The double-bond configuration of these
two c/t 11,13-18:2 geometric isomers (after isolation) still
needs to be definitively confirmed by such methods as hy-
drazine reduction and GC separation of the resulting 18:1
fatty acids (26, and references cited therein). Trace amounts
of 10t,12c-18:2 were generally not resolved chromatographi-
cally from the major 9c,11t-18:2 by Ag+–HPLC because of
the large differences in concentration between these two iso-
mers.

Fraction 3 contained the major 9c,11t-18:2 (Fig. 2), which
was not further investigated. Fraction 4 (Fig. 2) contained one
cis/trans CLA peak. The main isomer under this minor peak
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FIG. 3. GC–electron ionization mass spectra of the 4,4-dimethyloxazoline (DMOX) derivatives of 12t,14t-18:2 (Fraction 1), 11t,13t-18:2 (Fraction
1), 10t,12c-18:2 [reference (37), see text], 9c,11t-18:2 (Fraction 2), and 8c,10c-18:2 (Fraction 5). The allylic ions n − 2 and m + 2, and the m + 3
ion are labeled for each of the positional CLA DMOX isomers; the molecular ion was m/z 333. For other abbreviations see Figure 1.



was identified as 7t,9c-18:2 by GC–EIMS, GC–DD–FTIR
and by comparison with partial synthesis, as reported recently
(38). In addition to the 7t,9c-18:2, small amounts of 8t,10c-
18:2 were evident under this peak by GC–EIMS.

Fraction 5 (Fig. 2) contained a mixture of five cis,cis CLA
peaks as evidenced by their elution on Ag+–HPLC (Table 3).
The more predominant CLA isomers were identified by
GC–EIMS as 9c,11c-18:2 and 8c,10c-18:2, with minor
amounts of 12c,14c-, 11c,13c-, and 7c,9c-18:2. The EI mass
spectrum of the DMOX derivative of the 8c,10c-18:2 isomer
is shown in Figure 3. The peak expected for 10c,12c-18:2 was
not observed, probably because it was too weak.

Composition of CLA isomers in cheese. The total CLA con-
tent of cheese fats was determined by GC and ranged from 0.4
to 0.8% (Table 1). Based on the separation of CLA isomers by

Ag+–HPLC, the compositions of the various cheese products
are reported in Table 1. The concentration of the major 9c,11t-
18:2 ranged from 78 to 84% (as percentage of total CLA) in
the cheese products investigated. Among the minor CLA iso-
mers, 7t,9c-18:2 was the most predominant at about 5 to 12%
(containing undetermined small amounts of 8t,10c-18:2), fol-
lowed by 11t,13c-18:2 at about 2%. The presence of 7t,9c-18:2
in the rumen is expected from ∆9 desaturation of 7t-18:1, and
to a smaller extent from biohydrogenation and isomerization
of γ-linolenic acid, while 12c,14t-18:2 is from biohydrogena-
tion and isomerization of α-linolenic acid. The remainder was
a mixture of total trans,trans (5 to 9%) and cis,cis (<1%) CLA
isomers produced in the complex rumenal fluids.

Alternative methods used to determine CLA isomers in
cheese by partial reduction with hydrazine, followed by GC sep-
aration of the resultant mixtures of octadecenoic acids (18:1)
(26), did not lead to the identification of the 12,14- and 7,9-18:2
isomers. A possible reason for the latter is that 14t-18:1 is only
partially resolved on polar capillary GC columns from 13t-18:1
as DMOX, and even less resolved as FAME (48). Similarly, the
7t-18:1 FAME coelutes with 6t- and 8t-18:1 FAME, while 7t-
18:1 DMOX coelutes with 9t-18:1 DMOX (48).

The 11t,13c-18:2 isomer was found as a minor CLA com-
ponent in cheese lipids. On the other hand, the 11c,13t-18:2
isomer was present at about 22% of total CLA in a commer-
cial CLA mixture (27). The latter isomer, when included in
the diet of pigs at the level found in commercial CLA mix-
tures, preferentially accumulated in heart lipids, particularly
in heart and liver diphosphatidylglycerol (37). It would be of
interest to investigate if 11t,13c-18:2 also accumulated in
heart lipids and diphosphatidylglycerol, of pigs fed a cheese
product containing 11t,13c-18:2 at about 1% of total CLA.

The availability of Ag+–HPLC, GC–EIMS, GC–DD–FTIR,
and very long polar capillary GC columns has provided the
necessary tools to investigate the minor isomers of CLA in
cheese products. Combinations of these methods plus re-
versed-phase HPLC will be required to identify the metabo-
lites of CLA. In addition to 9c,11t-18:2 and the isomers re-
ported previously by Ha et al. (21) and Lavillonniere et al.
(26), the previously unrecognized isomers 11t,13c-18:2,
12c,14t-18:2, the prominent 7t,9c-18:2 (38), and their
trans,trans, and cis,cis geometric isomers were found in this
investigation. On the basis of our observed results in this and
previous studies (19,37,38), the elution orders of CLA iso-
mers on Ag+–HPLC and long polar GC columns were deter-
mined (Tables 2 and 3).
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ABSTRACT: Long-chain polyunsaturated fatty acids (LCPUFA)
are important for normal visual and cortical development. In a
previous study of the effects of LCPUFA on cognitive function
of term infants at the age of 3 mon, we indicated that infants
with evidence of reduced growth parameters at birth and im-
paired attention control as manifested by a late peak fixation
during infant habituation assessment may benefit from LCPUFA
supplementation. The aim of this prospective study was to de-
termine whether LCPUFA supplementation and late peak fixa-
tion are related to means-end problem-solving ability in these
same infants at the age of 9 mon. Term infants (58) were ran-
domized to one of two formulas containing either LCPUFA or
no LCPUFA and completed 4 mon of feeding with their formula.
Cognitive function was assessed at 3 mon of age by measures
of infant habituation. Infants (20 LCPUFA and 20 no-LCPUFA)
completed the problem-solving assessment at 9 mon. The no-
LCPUFA group had lower scores on both measures of intention
and number of solutions, but neither of these differences was
significant. Analysis of covariance for the effects of group and
peak fixation, covaried with gestation and birth weight, showed
that the number of solutions was significantly reduced in the
late peak-fixation infants receiving no LCPUFA (P < 0.02). In-
tention scores tended to be reduced in this group (P < 0.06). The
late peak-fixation infants who received LCPUFA had solution
and intention scores similar to early peak-fixation infants receiv-
ing LCPUFA or no LCPUFA. These findings suggest that in term
infants who have reduced growth parameters at birth and who
show evidence of impaired attention control, information pro-
cessing and problem-solving ability in infancy may be en-
hanced by LCPUFA supplementation.
Lipids 33, 973–980 (1998). 

Observational studies indicate that children who were breast
fed are advantaged in cognitive and intellectual development
compared to children who were fed formula milk (1–3). The
mechanisms that underlie this advantage remain uncertain.
Various constituents of human milk including hormones,
growth-promoting factors, and nutrients were postulated as
factors that may positively influence neural development.

However, studies of children who were breast-fed or bottle-
fed involve nonrandom assignment to these groups, and fac-
tors such as genetic and social-demographic variables, par-
enting skills, or quality of parent–child interaction may also
contribute to differences in cognitive abilities. Attempts to
statistically control for the potentially confounding effects of
these factors may be inadequate (4–6). 

Currently, one hypothesis involves the role of LCPUFA,
especially arachidonic acid (AA) and docosahexaenoic acid
(DHA), which are considered to have an important role in cel-
lular physiology and are preferentially accreted by the infant
brain during the last intrauterine trimester and the first months
of life (7,8). Photoreceptor outer segment membranes in the
retina contain uniquely high concentrations of DHA, their
presence being important for normal photochemical activity
of the visual pigment rhodopsin (9). DHA may also influence
excitable membrane function by contributing to the modula-
tion of membrane fluidity, particularly at the synapses (10).
LCPUFA are present in human milk, but until recently were
not available in formulas as it was assumed that they would
be synthesized by the infants from the essential C18 fatty
acids, n-6 linoleic acid and n-3 α-linolenic acid through elon-
gase and desaturase enzyme systems. Young infants can syn-
thesize AA and DHA (11,12), but low concentrations of AA
and DHA in plasma and red cell membranes and low concen-
trations of DHA in cerebral cortex in formula-fed term and
preterm infants compared to infants receiving human milk
suggest that these enzyme systems may be inadequate to meet
the infants’ needs during the first months of life (13–15). The
possibility that LCPUFA concentrations remain below opti-
mum owing to metabolic insufficiency suggests that dietary
supply of preformed LCPUFA may be important, particularly
in infants who are fed formula. 

Whether this relative deficiency of LCPUFA in formula-
fed term infants, at a critical time of brain growth and devel-
opment, is functionally relevant remains uncertain. Enhanced
visual acuity scores were reported in term infants fed a DHA-
supplemented formula compared to infants fed a standard for-
mula, and acuity scores correlated with erythrocyte DHA
(16–18). Four-month-old term infants who had received a for-
mula supplemented with DHA and AA performed better in
the Brunet-Lézine psychomotor development test compared
to infants who were fed an identical formula containing no
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LCPUFA supplement (19), although this advantage was not
evident at 24 mon (20). However, standard tests of infant psy-
chomotor development such as the Brunet-Lézine test and the
Bayley Scales of Infant Development (21), when applied to
normal populations in early infancy, provide scores that de-
pend more on perceptual and motor abilities than on cogni-
tive abilities (22). Standard tests of infant development corre-
late poorly both with scores obtained from the same tests ap-
plied in later infancy and with measures of childhood
intelligence (23). 

New assessments of infant cognitive function that corre-
late more closely with childhood intelligence were evaluated.
Infant habituation, which is described as the decrease in at-
tention to a stimulus over repeated presentations, is now one
of the basic tools for studying memory and cognition in in-
fancy (24,25). Studies showed a significant negative relation
ship between infant habituation scores and childhood IQ, with
infants who habituated with shorter “looking times” achiev-
ing higher IQ scores (21,25,26). Although the reported corre-
lations are generally modest and some studies failed to
demonstrate a significant relationship between habituation
scores and IQ scores (27), measures of infant habituation re-
flect individual differences in cognitive function that demon-
strate some stability throughout childhood (22,25,26,28,29).

Measures of “looking time” during habituation may reflect
speed of information processing (25,29,30), and infants who
show characteristics of faster processing (i.e., shorter looking
times) have faster reaction times (31). Negative correlations
between speed of decision-taking and IQ scores in children
and adults implicate speed of processing as a component in
the development of intelligence (32). Alternatively, “looking
time” during habituation may be related to inhibitory
processes involved in the control of attention, which was pre-
viously identified by differences in the pattern of habituation
organization (28,33). Better attention control is characterized
by a pattern of the peak fixation (longest fixation) occurring
early in the sequence of fixations. Infants who have an early
peak fixation may have a shorter looking time because they
immediately attend maximally to the stimulus, inhibit atten-
tion to other less-salient stimuli, and are quicker to inhibit at-
tention to the stimulus (disengage) when information process-
ing is completed. In contrast, poorer attention control is
shown by a pattern of the peak fixation occurring later in the
sequence. Infants who have a late peak fixation may have a
longer “looking time” because they are slower to pay maxi-
mal attention to the stimulus, are more easily distracted by
other stimuli due to poorer inhibitory control, and take longer
to disengage from the stimulus when processing is completed
(28). Pattern of habituation organization was reported to re-
main stable for several months (34).

We reported on the effects of LCPUFA supplementation
on measures of habituation in term infants at age 3 mon who
demonstrated either an early or late peak fixation where an
early peak fixation was defined as a peak fixation that oc-
curred on the first fixation, and a late peak fixation was de-
fined as a peak fixation that occurred on any fixation other

than the first (35). Infants who demonstrated late peak fixa-
tions had significantly longer total “looking times” if they re-
ceived no LCPUFA supplementation in comparison to infants
who did receive LCPUFA supplementation. Infants with late
peak fixations also had reduced growth parameters at birth
compared to infants with early peak fixations. The total “look-
ing times” of infants with early peak fixations were not influ-
enced by LCPUFA supplementation. These data suggested
that term infants who have reduced growth parameters at birth
and who may have poorer inhibitory control of attention
demonstrate less-efficient information processing if they are
not supplemented with LCPUFA. 

In a prospectively designed study, we studied all infants
again at 9 mon of age to determine if LCPUFA supplementa-
tion and position of peak fixation at 3 mon were related to
problem-solving ability. Infant means-end problem solving is
described as the deliberate and planful execution of a se-
quence of steps to achieve a goal (36). This ability develops
rapidly after 6 mon of age when infants begin to solve simple
problems such as searching under a cover for a toy (37) or
pulling a support to retrieve a toy resting on it (38,39). At 9
mon, infants begin to solve more complex problems which
require completion of two intermediate steps to achieve a goal
(40). Infant scores on a two-step problem measured at 9 mon
correlate positively with childhood vocabulary and IQ scores
measured at 3 yr (22,40).

The aims of this prospectively designed study were
twofold: (i) to determine whether LCPUFA supplementation
influences two-step problem-solving ability at 9 mon; and (ii)
to determine whether problem-solving ability at 9 mon is re-
lated to early and late peak fixation at 3 mon.

EXPERIMENTAL PROCEDURES

Subjects. The study was conducted on term infants (birth
weight 2500–4000 g; gestation 37–42 wk) who were random-
ized to one of two formulas containing either LCPUFA or no
LCPUFA, who completed 4 mon of feeding with their for-
mula, and who demonstrated either an early or a late peak fix-
ation on the habituation assessment undertaken at 3 mon of
age. The details of the habituation assessment have been de-
scribed elsewhere (35). The problem-solving assessment de-
scribed here was undertaken when infants were 9 mon of age.

Infant formulas. The infant formulas were commercially
available (LCPUFA: Aptamil/Milupan (Milupa Ltd., Trow-
bridge, United Kingdom); no LCPUFA: Aptamil) and were
identical apart from the fatty acid composition (Table 1).
LCPUFA-supplemented formula was enriched with a fat
blend (Milupan) derived from milk fat, vegetable oils, and
egg lipids. Infant formulas were supplied as ready-to-feed by
Milupa Ltd. Random assignment of infants to their formula
was accomplished with a time-balanced randomization table. 

Problem-solving assessment. The principles of this proce-
dure have been described and evaluated (37–40). The infant
sat on the parent’s lap at the end of a table, and problems were
presented on a tray (60 × 80 cm). The goal object was a small
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toy which was placed on a 22 × 42 cm brown cloth and hid-
den under a cover, a blue cloth (6 × 6 cm). To familiarize in-
fants with the materials and the procedure, we presented the
cloths and toy on the tray individually, allowing two presen-
tations of each object and 20 s for play. 

Next, infants received pretests on the component steps of the
two-step problem: first they pulled the cloth to retrieve the toy
on the far end, and second they searched for the toy after they
had seen it hidden under the cover. Infants were allowed 30 s to
retrieve the toy and played with the toy for 20 s before receiv-
ing the next trial. Four trials were administered on each pretest.
Finally, infants received four test trials on the two-step problem.
The cloth was positioned 5 cm from the front edge of the tray.
When the infant was looking, the toy was set down on the far
end of the cloth, and the cover was placed over it. The tray was
immediately pushed forward, and infants were allowed 30 s to
retrieve the toy. All trials were recorded on videotape. Behavior
was scored from the videotapes for evidence of intention. Inten-
tional behavior was defined as behavior aimed at achieving the
goal of retrieving the toy, rather than simply playing with the
cloth or cover (37,38,40). Information on the problem-solving
assessment may be obtained from the first author.

An “intention score” was defined as the total of the scores
for each behavior, averaged across the four trials. For the two

steps of the problem and three behaviors appropriate to the
step, the scores were 0 (no intention), 1 (ambiguous and possi-
ble intention), and 2 (clear intention) (see Table 2). The total
intention score for the entire problem could range from 0 to 12.
Intentional solutions were trials on which each relevant behav-
ior was scored as intentional (1 or 2). All videotapes were
scored by one independent, trained observer. As a check on re-
liability, a second independent observer scored a random sam-
ple of 40% of assessments on the two-step task. The interob-
server correlation for intention score was r = .97, and the pro-
portion of agreements on the identification of intentional
solutions was 94%. Because of the high level of reliability, the
results were based entirely on the scores of the first observer.

Demographic, nutritional, and anthropometric data. We
also obtained information on social class, housing, family
size, maternal education, and maternal age. Social class was
coded as six categories using the Office of Population Cen-
suses and Surveys Standard Occupational Classification (41)
(social class I; social class II; social class III nonmanual; so-
cial class III manual; social class IV; social class V and un-
employed) and was based on occupation of the income-pro-
viding parent, or on the father’s occupation if both parents
were earning. Housing was coded as rented or owned. Family
size was recorded as the number of surviving children in the
family unit. Maternal education was recorded as the age when
the mother left full-time education. 

Mothers and infants were seen by a research nurse before
discharge and at 1, 2, and 3 mon during home visits. The vol-
ume of formula milk consumed by the infant during the 3 d
prior to each home visit was calculated by measuring all
residual volumes of milk from the feeds over these periods.
Information on the following infant anthropometric measures
at birth and at 3 mon was obtained by the research nurse:
weight; crown–heel length; occipito-frontal head circumfer-
ence (OFC); subscapular skinfold; triceps skinfold; and mi-
darm circumference (MAC). The ratio of MAC to OFC at
birth, which was shown to detect intrauterine growth retarda-
tion in infants born with a birth weight in the “normal range,”
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TABLE 1
Formula Fatty Acid Composition (g/100 g total fatty acids)a

Fatty acid LCPUFA formula No-LCPUFA formula

12:0 4.9–5.6 4.8
14:0 5.6–5.9 5.3
16:0 26.1–26.8 25.0
18:1n-9 30.2–32.2 36.0
18:2n-6 11.5–12.8 11.4
18:3n-3 0.60–0.65 0.70
20:4n-6 (AA) 0.30–0.40 <0.10
22:6n-3 (DHA) 0.15–0.25 —
aEnergy: 670 kcal/L from formula; 324 kcal/L from fat. LCPUFA, long-chain
polyunsaturated fatty acids; AA, arachidonic acid; DHA, docosahexaenoic
acid.

TABLE 2
Criteria for Scoring Behavior for Evidence of Intention on Each Step of the Two-Step Problem

No intention Possible Clear intention
(0) intention (1) (2)

Cloth step
Cloth behavior Play; cover not Hesitant pulling Pull cloth

within reach
Fixation Fixate away from Fixate briefly Fixate cover

cover away from cover continuously
Cover retrieval Ignore cover Attempt to grasp Pick up cover

Cover step
Cover behavior Play; cover not Hesitant removal Remove cover

removed
Fixation Fixate away from Fixate briefly Fixate toy

toy away from toy continuously
Toy retrieval Ignore toy Attempt to grasp Pick up toy

toy



was calculated as MAC (cm)/OFC (cm) (42–44). Anthropo-
metric measures were not obtained at 9 mon.

Mothers and researchers remained blind to the diet groups
throughout the entire study period (i.e., until both the habitu-
ation assessment at 3 mon and problem-solving assessment at
9 mon were completed). The study was approved by the Tay-
side Committee on Medical Research Ethics (Dundee, United
Kingdom).

Statistical methods. A sample size of 22 in each group was
calculated to detect a difference of one intentional solution
on problem-solving with a power of 90% at P = 0.05 level. A
sample size estimate for the relationship of problem-solving
at 9 mon to peak fixation at 3 mon could not be obtained be-
cause this relationship had never been studied. Comparisons
between diet groups on demographic and nutritional variables
were made with the Student’s t-test for interval measures and
chi-square test for categorical measures. Comparisons on an-
thropometric measures were made with analysis of covari-
ance (ANCOVA) covaried with gestation. The effects of diet
and peak fixation on measures of problem-solving were de-
termined with ANCOVA covaried with gestation and birth
weight. Interactions between the factors of diet and peak fixa-
tion were examined with analyses of simple effects covaried

with gestation and birth weight. Additionally, the effect of
diet on problem-solving scores at each level of peak fixation
was examined with regression analysis. Independent, poten-
tially confounding, variables included in these analyses were
gestation, birth weight, gender, and social class. All analyses
were run with SPSS Version 6.1.2 for Windows (45). A P
value < 0.05 was considered as evidence of a significant dif-
ference. 

RESULTS

The total enrollment for the habituation and problem-solving
assessments was 58 infants (LCPUFA = 27; no-LCPUFA =
31); 18 infants were excluded from the study; 10 failed to
complete the habituation assessment (mother failed to attend:
LCPUFA = 1; no-LCPUFA = 3; infant became distressed:
LCPUFA = 2; no-LCPUFA = 4); 8 failed to complete the
problem-solving assessment (mother failed to attend:
LCPUFA = 3; no-LCPUFA = 4; data lost through experi-
menter error: LCPUFA = 1); 40 infants completed both as-
sessments (LCPUFA = 20; no-LCPUFA = 20). The charac-
teristics of the LCPUFA and no-LCPUFA groups are shown
in Table 3. The LCPUFA group had a significantly longer ges-
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TABLE 3
Demographic, Anthropometric, Formula Intake Characteristics, and 9-Month Problem-Solving Scores
of Infants Randomly Assigned to the LCPUFA and No-LCPUFA Formulas 

LCPUFA No-LCPUFA
(n = 20) (n = 20) P

%/n in social classes I and II 0 (0) 5 (1) 1.00
Maternal age (yr) 26.2 ± 4.2a 27.7 ± 4.6 0.29
Maternal education (yr) 16.2 ± 0.6 17.1 ± 2.2 0.10
Family size (n) 1.6 ± 0.8 1.9 ± 1.2 0.44
Housing: rent/own 12/8 9/11 0.34
Male/female 7/13 8/12 0.74
Gestation (wk) 40.6 ± 1.1 39.7 ± 0.9 0.009
Age at assessment (d) 274.2 ± 2.7 275.2 ± 5.0 0.41
Anthropometry birth
Crown–heel length (cm) 49.8 ± 1.9 50.0 ± 1.7 0.74
OFC (cm) 34.4 ± 1.1 34.3 ± 1.4 0.70
Subscapular skinfold (mm) 4.3 ± 0.9 4.5 ± 0.8 0.70
Triceps skinfold (mm) 4.2 ± 1.21 5.0 ± 0.7 0.03
MAC (cm) 10.5 ± 1.3 11.0 ± 1.0 0.07
Weight (g) 3261 ± 383 3360 ± 373 0.21
MAC/OFC ratio 0.31 ± 0.04 0.32 ± 0.03 0.11

3 mon
Crown–heel length (cm) 60.3 ± 2.1 60.8 ± 1.8 0.54
OFC (cm) 40.4 ± 1.3 41.8 ± 5.1 0.33
Subscapular skinfold (mm) 6.8 ± 1.3 7.2 ± 1.3 0.86
Triceps skinfold (mm) 5.9 ± 2.1 7.1 ± 2.4 0.26
MAC (cm) 12.9 ± 1.0 13.1 ± 1.0 0.92
Weight (g) 5959 ± 650 6044 ± 683 0.82
MAC/OFC ratio 0.32 ± 0.02 0.32 ± 0.03 0.42

Formula intake (mL)
1 mon 866 ± 267 808 ± 192 0.46
2 mon 857 ± 186 881 ± 223 0.73
3 mon 831 ± 243 822 ± 259 0.92

Problem-solving
Intention score 7.7 ± 3.0 6.0 ± 3.7 0.06
Solutions (n) 1.7 ± 1.5 1.3 ± 1.3 0.15

aMean ± SD; MAC/OFC, midarm circumference/occipito-frontal circumference. See Table 1 for other abbreviation.



tation than the no-LCPUFA group (6 d), but no significant dif-
ferences existed on any other demographic and social vari-
ables. ANCOVA covaried with gestation showed that the no-
LCPUFA group had a significantly greater triceps skinfold at
birth (P < 0.05), but no other significant anthropometric or
formula intake differences were present between the groups.
The LCPUFA group had marginally higher scores on both
measures of intention and number of intentional solutions
(Table 3), but ANCOVA covaried with gestation showed that
these differences were not significant. 

Analysis of the relationship of 9-mon problem-solving
scores of the LCPUFA and no-LCPUFA groups to early and
late peak fixation on the 3-mon habituation assessment is
shown in Table 4. ANCOVA on number of intentional solu-
tions for the effects of diet and peak fixation, covaried with
gestation and birth weight, showed a significant diet × peak
fixation interaction (P < 0.03). Simple-effects analyses
showed that the number of intentional solutions did not differ
significantly between the early peak-fixation infants receiv-
ing or not receiving LCPUFA (P = 0.18). In contrast, the
number of intentional solutions was significantly reduced in
the late peak-fixation infants receiving no LCPUFA (P < 0.02). 

This interaction was further examined by separate regres-
sion analyses on the number of intentional solutions in the
early and late peak-fixation infants. Independent and poten-
tially confounding variables included gestation, birth weight,
gender, and social class. In the early peak-fixation infants,
none of these variables was significantly related to number of
intentional solutions. In the late peak-fixation infants, only
diet (P < 0.05) and birth weight (P < 0.05) were significantly
related to the number of intentional solutions. None of the
other factors significantly increased the predictive power of
the regression equation. 

ANCOVA on intention scores for the effects of diet and
peak fixation showed no significant main effects, and the diet
× peak interaction was not significant (P = 0.28). Analysis of
simple effects showed that, although intention scores did not
differ between the early peak-fixation infants receiving either
LCPUFA or no LCPUFA (P = 0.92), intention scores tended
to be reduced in the late peak-fixation infants receiving no
LCPUFA (P = 0.051). 

DISCUSSION

The infants recruited to this study were randomly assigned to

a formula either supplemented or not supplemented with
LCPUFA. Infants were assessed at 3 mon of age by infant ha-
bituation measures, and analysis of the pattern of habituation
identified infants who demonstrated either an early or a late
peak fixation. Previously we found that at the age of 3 mon,
infants who had a late peak fixation and who received no
LCPUFA supplementation had increased total “looking
times” in comparison to other groups. We have now demon-
strated that at the age of 9 mon, infants with a late peak fixa-
tion at age 3 mon and who received no-LCPUFA supplemen-
tation had reduced two-step problem-solving ability in com-
parison to other groups. These findings are important because
longer “looking times” on infant habituation and lower scores
on infant two-step problem-solving were shown to be related
to lower childhood IQ scores (22,29). Although the reported
correlations between infant habituation and problem-solving
scores and childhood IQ tend to be low and therefore account
for a relatively small proportion of the variance in IQ scores
(22), our findings suggest that provision of preformed dietary
LCPUFA may have implications for the development of
childhood intelligence.

Table 4 shows there was variation between the problem-
solving scores of the diet and peak-fixation groups that may
be related to the small numbers of subjects. However, prob-
lem-solving scores in both the LCPUFA and no-LCPUFA
early peak-fixation groups and in the LCPUFA late peak-fixa-
tion group were within the normal range for 9-mon-old in-
fants (40). The exception was the no-LCPUFA late peak-fixa-
tion group in which problem-solving scores were low. We had
reported the association between late peak fixation and re-
duced growth parameters at birth (35). This finding suggests
that factors affecting intrauterine growth may also affect the
development of neural systems involved in the regulation of
habituation and problem-solving. Concentration of DHA in
brain tissue increases steadily during fetal development (8),
and a positive correlation exists between fetal growth mea-
surements such as weight and head circumference and circu-
lating concentrations of LCPUFA (46). Possibly among these
infants with reduced growth parameters and late peak fixa-
tions, some were LCPUFA-deficient at birth. If infant cogni-
tive function is influenced by LCPUFA, then this may depend
on factors that affect fetal LCPUFA status (e.g., maternal
LCPUFA status during pregnancy), as well as the postnatal
LCPUFA status of the infant. LCPUFA supplement had no ef-
fect on habituation or problem-solving in infants who tended
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TABLE 4
Effect of LCPUFA Supplementation on 9-Mon Problem-Solving Scores in Term Infants with Either an Early or a Late Peak Fixation at 3 Mon

Early peak fixation Late peak fixation
at 3 mon at 3 mon ANCOVA

Problem-solving LCPUFA No-LCPUFA LCPUFA No-LCPUFA Diet Peak Diet X Peak
scores at 9 mon (n = 9) (n = 10) (n = 11) (n = 10) P P P

Intention scorea 6.9 ± 2.1 7.2 ± 3.6 8.3 ± 3.5 4.8 ± 3.6b 0.16 0.13 0.28
Intentional solutions (n) 1.1 ± 1.2 1.9 ± 1.4 2.2 ± 1.5 0.6 ± 0.7c 0.47 0.19 0.03
aMean ± SD. ANCOVA, analysis of covariance. See Table 1 for other abbreviation.
bP = 0.051.
cP < 0.05.



to have normal growth parameters and who had an early peak
fixation, which may be explained by some of these infants al-
ready being sufficiently endowed with LCPUFA and there-
fore not benefiting from their LCPUFA supplementation. 

The no-LCPUFA formula provided only 0.34% of energy
from α-linolenic acid (18:3n-3; ALA) and may have been de-
ficient, but what level is optimal is unclear. Jensen et al. (47)
showed that the percentage of DHA in erythrocyte phospho-
lipids at age 120 d was significantly higher in infants fed a
formula with ALA content constituting 3.24% of the total
fatty acids, in comparison to infants fed formulas containing
either 0.4, 0.95, or 1.7% ALA among which erythrocyte DHA
content did not differ significantly. However, infants receiv-
ing formula with the highest level of ALA demonstrated
poorer growth at age 120 d (48). The fact that the ALA com-
position of both LCPUFA and no-LCPUFA formulas in our
study was similar suggests that the observed effects on infant
cognitive behavior were due to LCPUFA supplementation
rather than ALA deficiency.

Examination of problem-solving scores at 9 mon suggests
that the benefits of early LCPUFA supplementation to term
infants persisted beyond the period they received their sup-
plemented formula. Similar benefits of early LCPUFA sup-
plementation to preterm infants were reported in infants who
received LCPUFA-supplemented formula until 2 mon and
who showed improved scores on measures of visual attention
at 12 mon (49). The absence of differences between the ran-
domized diet groups in formula intake or anthropometric
measures at 3 mon suggests that other nutritional factors were
unlikely to have contributed to problem-solving ability. We
do not have precise data on the timing and nature of solid
feeding during the first months of life in these infants, but
weaning foods had low-LCPUFA content and were unlikely
to have influenced LCPUFA status (50).

How can we explain these effects of LCPUFA on infant
cognitive behavior? Developmental psychologists have of-
fered alternative interpretations for differences in looking
times during infant habituation that consider processes in-
volved in speed of information processing (25,29,30), in-
hibitory control of attention (28,33), and arousal or sensitiza-
tion (51), although it is uncertain whether there are stable in-
dividual differences in sensitization that can account for
differences in infants’ “looking times.” One possible expla-
nation for our findings is that accumulation of LCPUFA in
cell membranes in the central nervous system results in an in-
crease in the speed at which infants are able to process infor-
mation. Recently, two other randomized trials reported that
DHA-supplemented preterm infants demonstrated shorter
“looking times” during the novelty preference phase of the
Fagan Test of Infant Intelligence compared to unsupple-
mented controls (49,52). Although no studies have investi-
gated the relationship between speed of processing and infant
problem-solving, infants who are faster at processing infor-
mation may be more efficient at solving the two-step prob-
lem. These infants may more quickly identify the correct
method for solving the problem, and more quickly achieve a

solution before being distracted or forgetting the final goal. 
Alternatively, LCPUFA may influence the development of

neural structures involved in the inhibitory control of atten-
tion and disengagement or release of attention from a stimu-
lus. Young infants show considerable difficulty at disengag-
ing from one stimulus to orient to another, but disengagement
improves substantially after 3 mon (53,54). Development of
several cortical structures may be involved in this change, in-
cluding parietal cortex, prefrontal cortex, and frontal eye
fields (55). Improved maturation of these structures in infants
who received LCPUFA-supplemented formula may have en-
hanced their capacity to release attention after sufficient in-
formation had been processed, which in turn would reduce
their total “looking time” during habituation. Similarly, im-
proved ability at releasing attention may assist infants to
switch quickly from manipulating the cloth to manipulating
the cover and solve the two-step problem. Evidence exists
that development of prefrontal cortex is involved in the abil-
ity to solve means-end problems such as searching for a hid-
den object and reaching around a barrier (56,57), and early
LCPUFA supplementation may contribute to prefrontal mat-
uration. Although it is not possible to distinguish between the
speed of processing or release of attention hypotheses in our
present study, assessments of infant reaction times (31) and
disengagement (53) in future research should help to identify
the specific effects of LCPUFA on infant cognitive function.

Although this study was conducted on a relatively small
number of infants and it remains to be shown whether similar
effects can be obtained with a larger sample, the results sug-
gest that term infants who have reduced growth parameters at
birth and show evidence of impaired attention control as man-
ifested by a late peak fixation during infant habituation as-
sessment may selectively benefit from LCPUFA supplemen-
tation. We speculate that LCPUFA supplementation may en-
hance more-efficient information processing in these
susceptible infants, and the data suggest that the effects per-
sist beyond the period of supplementation. Further larger ran-
domized studies are required to examine the relationship of
maternal and infant LCPUFA status to infant cognitive func-
tion, to identify the characteristics of those infants who may
benefit from LCPUFA supplementation, and to determine the
relationship of LCPUFA supplementation to intellectual abil-
ities in later childhood. 
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ABSTRACT: Increase in low density lipoprotein (LDL) oxida-
tion is hypothesized to be causally associated with increasing
risk of atherosclerosis and coronary heart disease. In recent epi-
demiological studies, tissue and serum levels of lycopene, a
carotenoid available from tomatoes, have been found to be in-
versely related to risk of coronary heart disease. A study was un-
dertaken to investigate the effect of dietary supplementation of
lycopene on LDL oxidation in 19 healthy human subjects. Di-
etary lycopene was provided using tomato juice, spaghetti
sauce, and tomato oleoresin for a period of 1 wk each. Blood
samples were collected at the end of each treatment. Serum ly-
copene was extracted and measured by high-performance liq-
uid chromatography using an absorbance detector. Serum LDL
was isolated by precipitation with buffered heparin, and thio-
barbituric acid-reactive substances (TBARS) and conjugated di-
enes (CD) were measured to estimate LDL oxidation. Both
methods, to measure LDL oxidation LDL-TBARS and LDL-CD,
were in good agreement with each other. Dietary supplementa-
tion of lycopene significantly increased serum lycopene levels
by at least twofold. Although there was no change in serum cho-
lesterol levels (total, LDL, or high-density lipoprotein), serum
lipid peroxidation and LDL oxidation were significantly de-
creased. These results may have relevance for decreasing the
risk for coronary heart disease.
Lipids 33, 981–984 (1998).

Coronary heart disease is one of the leading causes of death
in North America. Epidemiological, clinical, and biochemi-
cal studies indicate convincingly that increased serum low
density lipoprotein (LDL) cholesterol concentration is associ-
ated with increased risk of atherosclerosis (1,2). Oxidative
damage to LDL caused by reactive oxygen species may play
an important role in the etiology of coronary heart disease
(3–5). Antioxidants are believed to slow the progression of
atherosclerosis because of their ability to inhibit LDL oxida-
tion (6–9). 

In recent epidemiological studies, lycopene levels in serum

and adipose tissue were inversely associated with the risk of
coronary heart disease (10–13). Lycopene is an antioxidant
carotenoid without provitamin-A activity. Tomatoes and
tomato products are the main sources of lycopene in the human
diet. In vitro studies have shown it to be one of the most potent
antioxidants (13–15) while epidemiological, animal, and tissue
culture studies have indicated its anticarcinogenic potential (for
review see Ref. 13). In humans lycopene levels are related to
dietary habits and lifestyle (16). The aim of this study was to
investigate the effect of dietary supplementation of lycopene
on LDL oxidation in healthy human subjects.

MATERIALS AND METHODS

Subjects. Nineteen healthy subjects (10 male and 9 female),
age group 25 to 40 yr (average age 29 yr), nonsmokers, not
pregnant, and not taking any medication or vitamin supple-
ments, were chosen for this study. Average weight and body
mass index of the subjects were 67.6 ± 11.6 kg and 24.0 ± 2.8
kg/m2, respectively. The subjects maintained their body
weight and had no adverse symptoms during the entire study
period.

Study design. A randomized, cross-over study design was
used. All subjects completed all four treatments including a
placebo (0 mg lycopene); 126 g spaghetti sauce (39.2 mg ly-
copene), provided by Hunt-Wesson Inc., Fullerton, CA; 540
mL tomato juice (50.4 mg lycopene), provided by H.J. Heinz
Co. of Toronto, Ontario, Canada; and 1.243 g of 6% lycopene
oleoresin from tomatoes (75.0 mg lycopene), provided by Ly-
coRed Natural Product Industries Ltd., Beer-Sheva, Israel, in
the form of capsules. Each treatment was for 1 wk with a 1-
wk washout phase. Dietary lycopene in the form of tomato
products or capsules was consumed once a day with a stan-
dardized breakfast consisting of pasta, margarine, grated
Parmesan cheese, banana, and BECEL® margarine (Lipton,
Toronto, Ontario, Canada) during the treatment period. Test
products were consumed as a part of breakfast to standardize
the delivery of lycopene. Subjects consumed their regular
breakfast during the washout periods. They were advised to
avoid consuming tomatoes and tomato products and any other
sources of lycopene throughout the study period (treatment
and washout phases) and were provided with a list of food
products containing tomatoes as a guide. They also main-
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tained their food records and a symptoms diary during the
study period, which were used to check compliance. The
study protocol was approved by the Human Ethics Commit-
tee of the University of Toronto. Blood samples were col-
lected from overnight fasting subjects at the end of each treat-
ment phase. Serum was separated from fresh blood and stored
at −70°C for analysis. All the samples from one subject were
analyzed at the same time to avoid the sample-handling vari-
ability.

Lycopene analysis. Serum lycopene was extracted using
hexane/methylene chloride (5:1) containing 0.015% butylated
hydroxytoluene (BHT) and analyzed by high-performance liq-
uid chromatography using Vydac 201HS54 reverse-phase ana-
lytical column (The Separations Group, Hesperia, CA) and a
mixture of acetonitrile/methanol/methylene chloride/water
(7:7:2:0.16, by vol) as mobile phase (16,17). Lycopene was
measured as single peak containing all trans and cis isomers
using an absorbance detector set at 470 nm. An external stan-
dard of lycopene (Sigma Chemical Co., St. Louis, MO) was
used as reference standard. The coefficient of variance was
4.0%.

Serum cholesterol analysis. Serum was analyzed for total
cholesterol, triglycerides, and high-density lipoprotein
(HDL)-cholesterol after magnesium chloride precipitation
using a Technicon CH1000 (Technicon Inc, Tarrytown, NY)
with chemical methods of the Lipid Research Clinic (LRC)
Project (18). LDL cholesterol was derived using a modifica-
tion of the Freidewald formula. The precision and accuracy
for total cholesterol, triglyceride, and HDL cholesterol mea-
surements were certified by the Centers for Disease Control—
National Heart, Lung and Blood Institute (CDC—NHLBI)
Lipid Standardization Program. Internal and external quality
control procedures were followed (18).

LDL isolation. For LDL oxidation analysis, serum LDL
were isolated by precipitation with buffered heparin (19). The
LDL precipitate was separated by centrifugation at 1000 × g
and resuspended in saline for further analysis. LDL choles-
terol contents were estimated enzymatically (20) using Cho-
lesterol Assay Kit (Sigma Chemical Co.). The coefficient of
variance was 1.7%.

Malondialdehyde analysis. Malondialdehyde, as a mea-
sure of lipid peroxidation, was estimated using the thiobarbi-
turic acid (TBA) reaction. Results are expressed as TBA-re-
active substances (TBARS). Freshly thawed serum or freshly
prepared LDL samples were incubated with TBA and or-
thophosphoric acid, in the presence of BHT, for 45 min at
95°C, cooled to room temperature, and extracted with n-bu-
tanol. Absorbance of the butanol phase was measured at 535
nm (16,21,22). Results were calculated using the extinction
coefficient 1.56 × 105 M−1. Serum-TBARS are reported as
µmol/L of serum and LDL-TBARS as mmol/mol LDL. The
coefficients of variance for serum-TBARS and LDL-TBARS
were 2.8 and 5.3%, respectively.

Conjugated diene (CD) analysis. CD analysis was also
done to measure lipid peroxidation. Lipids from LDL were
extracted by chloroform/methanol (2:1), dried under nitrogen,

redissolved in cyclohexane, and analyzed spectrophotometri-
cally at 234 nm using the molar extinction coefficient 2.95 ×
104 M−1 (23). LDL-CD are reported as mmol/mol LDL. The
coefficient of variance was 2.5%.

Statistical analysis. All statistical calculations were per-
formed by using Excel 5.0 (Microsoft Corp., Redmond, WA).
P values were assessed by analysis of variance, Dunnett’s
test, two samples paired Student’s t-test, and Student-New-
man-Keuls multiple range test (SAS Institute, Cary, NC). P
values of <0.05 were considered statistically significant. Re-
sults are expressed as mean ± SEM.

RESULTS

Figure 1 shows the effect of dietary lycopene on serum ly-
copene. Serum lycopene levels increased significantly with
daily intakes of 126 g of spaghetti sauce (39.2 mg lycopene),
540 mL of tomato juice (50.4 mg lycopene), or 1.24-g cap-
sule of tomato oleoresin (75 mg lycopene) as a part of break-
fast for a period of 1 wk each over the placebo when no ly-
copene was consumed. The average increase in serum ly-
copene levels for any treatment over placebo was at least
twofold. However, there were no differences in the serum ly-
copene levels between the different treatments. 

Dietary intake of tomato products had no significant ef-
fects on either cholesterol (total, LDL, or HDL) or triglyc-
erides. All dietary lycopene treatments significantly lowered
serum LDL oxidation over the placebo (Fig. 2). Both LDL-
TBARS and LDL-CD decreased significantly with each
tomato product. The average decrease over placebo was 25%
for LDL-TBARS and 13% LDL-CD for the tomato products
treatment. There were no significant differences between
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FIG. 1. Effect of dietary lycopene supplementation on serum lycopene
concentration. Dietary lycopene was provided to healthy human sub-
jects in the form of spaghetti sauce (SS), tomato juice (TJ), or tomato
oleoresin capsules (TO) with a standardized breakfast for a period of 1
wk in a random order. Fasting blood samples were collected at the end
of each treatment. Serum lycopene was extracted by hexane/methylene
chloride and analyzed by high-performance liquid chromatography
(16,17). Results are mean ± SEM. Bars with different letters are statisti-
cally significant (P < 0.05).



LDL-TBARS and LDL-CD between different sources of ly-
copene. Both methods of detecting LDL oxidation, LDL-
TBARS and LDL-CD, yielded similar results and were highly
correlated (r = 0.89, P < 0.05) with each other. Also LDL-
TBARS were significantly correlated (r = 0.90, P < 0.05) with
the serum-TBARS. 

DISCUSSION

Our study indicates that human subjects absorb lycopene
from traditional sources of processed tomato products includ-
ing spaghetti sauce and tomato juice as well as from tomato
oleoresin. Consuming the tomato products for 1 wk resulted
in significantly higher levels of serum lycopene when com-
pared to the placebo. Although no baseline (washout phase)
measurements were made, the carryover effect is not impor-
tant because plasma half-life of lycopene is about 2–3 d (24),
and we allowed 1 wk washout during which no tomato prod-
ucts were consumed. Lycopene levels dropped significantly
when the subjects consumed lycopene-free diet (16). More-
over, a randomized, cross-over study design provides for a
balance in which the order of treatments was assigned to the
subjects (25). The consumption of spaghetti sauce, contain-
ing much lower amounts of lycopene, resulted in an increase
in serum lycopene almost identical to that with tomato oleo-
resin, which contained a higher lycopene amount, indicating
a differential absorption rate for lycopene from different
tomato products. These differences can probably be attributed
to the differences in food processing. Lycopene from heat-
processed tomatoes is more bioavailable than from fresh
tomatoes (26).

Intake of tomato products protected the serum LDL cho-
lesterol from oxidative damage and increased the serum ly-
copene levels. For oxidation analysis, the LDL were sepa-
rated by precipitation following complexation with heparin at

an isoelectric point. The technique was particularly chosen
because of its simplicity and rapidity, which avoided artifac-
tual oxidation during processing (27). Moreover, a highly sig-
nificant correlation between precipitation method and ultra-
centrifugation or quantitative electrophoresis techniques for
plasma LDL analysis had already been established (19,28).

TBARS and CD analyses were used to estimate serum
LDL oxidation. Since TBARS assay as a measure of lipid ox-
idation lacks sensitivity and specificity, we modified the
method in this study by using isolated LDL together with
BHT during heating and butanol extraction of the pigment.
These procedures contributed to increasing specificity and
sensitivity of TBARS assay (22). Additional measurement of
LDL oxidation was carried out by measuring total serum-
TBARS and LDL-CD. The results obtained from these dif-
ferent analyses were in good agreement with each other.
Highly significant correlations between LDL-TBARS and
serum-TBARS and between LDL-TBARS and LDL-CD, as
observed in this study, would further support the validity of
using the TBARS test to measure oxidative stress. Our results
indicate that both TBARS and CD are good indicators of LDL
oxidation. Others reported similar results (29).

Several studies suggest that lipid peroxidation products are
cytotoxic and genotoxic and play an important role in the eti-
ology of several degenerative diseases (5–8,30–32). Oxidized
LDL is involved in the formation of foam cells that eventu-
ally lead to the formation of arterial plaques (5,33), making
oxidized LDL a risk factor for coronary heart disease. That
the intake of lycopene lowered not only serum lipid peroxi-
dation but also LDL oxidation may have an important physi-
ological relevance in decreasing the risk for coronary heart
disease. 

In this study, the different tomato products were consumed
in one or two servings per day for 1 wk. These consumption
levels are easily achievable and are consistent with the cur-
rent dietary guideline for healthful eating (34,35). Daily con-
sumption of tomato products providing at least 40 mg ly-
copene was enough to alter LDL oxidation; however, intakes
lower than this may also be effective. Future long-term stud-
ies should be undertaken in healthy human subjects as well as
subjects at risk for coronary heart disease to obtain further in-
formation about the role of dietary lycopene in the prevention
of the disease. 
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ABSTRACT: A current model for carotenoid transport and ab-
sorption in the gut proposes an initial solubilization in the oil
phase of dietary emulsions followed by incorporation of the
carotenoids in mixed bile salt micelles. To assess the relevance
of the first stage of this model to what is observed in vivo we
have examined the transfer of carotene from carrot juice to olive
oil. Increased acidity enhanced the transfer from both whole
juice and carotene crystals isolated from carrot chromoplasts.
The transfer was significantly slower from whole juice. By using
exogenous β-carotene and measuring its transfer to oil in the
presence and absence of carrot juice we have demonstrated that
the inhibition of the transfer in juice arises, at least in part, from
soluble juice factors. The inhibition is relieved by a fall in pH,
which leads to lowering of the electric potential at the oil/aque-
ous phase interface and aggregation of carrot tissue including
crystalline carotene. Under conditions of low pH, oil droplets
adhere to the tissue aggregates, allowing carotene to pass into
the oil. Our results provide an explanation for why carotene
absorption in vivo is depressed by conditions of low gastric
acidity. 
Lipids 33, 985–992 (1998).

There is evidence that carotenoids in plant foods are impor-
tant not only as precursors of vitamin A but also for enhance-
ment of cell-mediated immune responses (1,2) and for their
antioxidant (3) and anticarcinogenic (4) potential. Therefore,
there is interest in their bioavailability from plant foods and
the mechanisms by which they are solubilized and transported
in the gastrointestinal tract. In vivo studies have shown that
the absorption of carotenoids from vegetables can be very
low. For example, it may be as low as 1–2% from raw carrot
(5), but cooking and small particle size usually lead to en-
hanced absorption (reviewed in Ref. 6).

The carotenoids fall into two classes: the xanthophylls,
which have one or two polar groups, and the carotenes, which
are completely apolar. The carotenes in plant foods such as
carrots and tomatoes are present largely in crystalline form in
membrane-bounded organelles, the chromoplasts (7). Given
the stability of the crystalline state and the hydrophobicity of
the carotenes, there is debate as to how they cross the aque-
ous phase in the gut for absorption into the body. It has been

suggested (8) that they are solubilized in the oil phase of di-
etary emulsions and then transferred to mixed micelles before
absorption into the enterocytes. If this hypothesis is correct,
then the bioavailability of carotenes in the diet will be influ-
enced by factors that control the transfer of the carotenes from
the plant tissue into the oil phase. The aim of the work re-
ported here was to examine one of these factors, the pH of the
aqueous phase, using carrot juice as a source of carotenes.

MATERIALS AND METHODS

Commercially available washed carrots were used and stored
at 1–2°C at 98% humidity. Unless otherwise stated, the work
reported in this paper was done on carrots which had been
stored under these conditions for less than 2 mon. Nylon mesh
with a nominal 63 µm hole size was from John Staniar & Co.
(Manchester, United Kingdom). β-Carotene (95%) and olive
oil (low acidity) were obtained from Sigma-Aldrich (Poole,
United Kingdom). Spurr resin for embedding samples for
electron microscopy was from Agar Scientific Ltd. (Stansted,
United Kingdom). All other reagents were of Analar grade.

Carrots were peeled and the outer cortex juiced with a
Moulinex juicer (Type CF1A). The juice was then filtered
through one layer of nylon mesh (pore size 63 µm). For ex-
periments using plastid-free juice, the juice was diluted to the
required concentration with a solution containing 70 mM
NaCl and 1 mM sodium azide and then centrifuged at 27,600
× gmax for 20 min at 4°C. The clear, straw-colored supernatant
was used. Protein concentration in the plastid-free juice was
measured by Bradford’s microprotein assay (9).

A fraction enriched in chromoplast carotene was prepared
from the carrot juice by differential centrifugation. A 40%
dispersion of juice in 70 mM NaCl plus 1 mM sodium azide
was centrifuged at 1300 × gmax for 20 min. The supernatant
was recentrifuged at 7200 × gmax. A centrifugation at 38,000
× gmax of the resulting supernatant yielded a pellet, the top of
which was enriched in carotene crystals. These were washed
in 20 vol of a solution that was 70 mM NaCl, 1 mM azide, 55
mM KCl and recentrifuged.

Carotene was measured by a modification of the method
of Hart and Scott (10). Since α- and β-carotene are the major
carotenoids in raw carrot, constituting 98.1 ± 0.4% (mean and
standard deviation) of the total (the residue being 1.9 ± 0.4%
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lutein) and α-carotene contributes only 25.0 ± 1.9% to this
total (10), no attempt was made to distinguish between the
carotenes. An aliquot of juice was vortexed with 1 mL
n-hexane and 4 mL of tetrahydrofuran (THF)/methanol
(MeOH) (1:1, vol/vol) containing 0.1% butylated hydroxy-
toluene. NaCl (25%) and water were then added to bring the
aqueous NaCl concentration and volume to 10% and 1 mL,
respectively. After mixing, the carotene extracted into the
hexane phase was calculated from the absorbance at 450 nm
using a Perkin-Elmer lambda 9 spectrophotometer. Calibra-
tion with known amounts of β-carotene gave the effective ex-
tinction coefficient, ε1 cm = 0.152 AU/µg. (Concentration =
A450/(0.152 × 537 × V) µmoles/mL where V = juice volume
in mL).

Transfer of carotene from juice to olive oil was measured
in 50-mL, stoppered Quickfit flasks using 30 mL aqueous
phase and 6 mL olive oil. The area of the undisturbed
oil/water interface was 16 cm2. The aqueous phase contained
the juice at the required concentration, 1 mM sodium azide,
and 70 mM NaCl to make up the volume to 30 mL. The mix-
ture was adjusted to the required pH by the addition of HCl
or NaOH solutions. It was pre-equilibrated for 20 min at 37°C
in a Gallenkamp Plus II incubator with the shaking platform
in orbital mode (setting 5.5). The oil was then added and the
flasks returned to the shaking incubator. Samples of the oil
phase (30–60 µL) were taken at intervals, centrifuged briefly
at 10,000 × g to remove any entrained aqueous phase and car-
rot tissue. Carotene was measured by diluting aliquots of the
oil (10 to 50 µL) into 1 mL n-hexane and measuring the ab-
sorbance at 450 nm using a mM extinction coefficient of
137.4 (10) .

In experiments where transfer of exogenous β-carotene
was measured, crystalline β-carotene was dispersed in 20 mL
oxygen-free water to a concentration of 1.6 to 2.3 mM by son-
ication using an MSE Soniprep 150 ultrasonic disintegrator
(MSE Scientific Instruments, Crawley, Sussex, United King-
dom) and a 9.5-mm probe at maximum power with 16 cycles
of 15 s power on, 30 s power off. This gave a β-carotene dis-
persion, which by light microscopy was shown to have parti-
cles of size ranging from ≤0.4 to about 4 µm. The dispersion
could be conveniently diluted into the experimental systems.

Carrot juice that had been incubated with oil was exam-
ined by light (including polarized light) microscopy. To as-
sess quantitatively the adherence of oil drops to carrot tissue
we used a hemacytometer (a calibrated counting chamber of
known volume).

For transmission electron microscopy, samples were fixed
in 3% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2)
for 3 h then centrifuged and resuspended in buffer three times.
The samples were then centrifuged and the sediment mixed
with just molten agarose which was quickly cooled in ice. The
samples were then chopped into small cubes and postfixed in
1% aqueous osmium tetroxide for 4 h, dehydrated through an
ethanol series, transferred to acetone, and then infiltrated and
embedded in Spurr resin. Sections approximately 80 nm thick
were cut with a diamond knife and collected on copper grids.

After sequential staining with uranyl acetate (saturated solu-
tion in 50% aqueous ethanol) and lead citrate (11), the sec-
tions were examined and photographed in a JEOL 1200EX
transmission electron microscope (JEOL, Tokyo, Japan).

The ζ potentials of olive oil droplets dispersed in plastid-
free juice were measured with a Rank Brothers Mark II parti-
cle microelectrophoresis apparatus (Rank Brothers, Bot-
tisham, Cambridge, United Kingdom) at 22–25°C. Olive oil
(200 µL) was dispersed in 8 mL of the aqueous phase (ad-
justed to the required pH) by vortexing and the resulting
emulsion transferred to a rectangular electrophoresis cell for
mobility measurements. The ζ potentials were calculated
from the Smoluchowski equation (12) with appropriate cor-
rections for temperature variation effects on the dielectric
constant and viscosity.

RESULTS

Particle size. Preliminary experiments indicated that, al-
though the amount and rate of carotene transport from carrot
tissue into oil was quite variable, one important controlling
factor was particle size. Figure 1 shows a typical experiment
illustrating the particle size effect. Here, carrot juice was fil-
tered through a 63-µm mesh. The residue on the mesh was
washed with a solution of 70 mM sodium chloride + 1 mM
sodium azide until the washings were clear and colorless. The
washings were combined with the filtrate, and transport of
carotene from this mixture to oil was compared with that from
the residue dispersed in 70 mM NaCl so that both contained
the same concentration of carotene. It is clear that larger par-
ticles give less transport, particularly at longer times. To stan-
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FIG. 1. The effect of particle size on carotene transfer from carrot juice
to olive oil. The pH of the aqueous phase was 2.1, and the initial con-
centration of carotene 11.6 µM. (■■) Juice filtered through 63-µm nylon
mesh; (■) unfiltered residue from the filtration. The points represent the
means of two experiments and the error bars the range of values.
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dardize the particle size, subsequent work described in this
paper used juice filtered through the 63-µm mesh.

Nature of the filtered juice. Electron microscopy showed
that the filtered juice consisted largely of cell contents. There
was extensive vesiculation. Some intact chromoplasts were
present as well as carotene crystals both free and membrane-
bounded. Following the terminology adopted by Ben-Shaul
and Naftali (13) who described the ultrastructure of lycopene
bodies in tomato chromoplasts, in this paper the following de-
finitions will be used: “carotene crystal,” a free crystal from a
carrot chromoplast; “carotene body,” the native carotene
structure in carrot chromoplasts that is membrane-bounded;
“chromoplast,” the organelle containing the carotene bodies.

Concentration dependence of transport. Transport of caro-
tene depended on the amount of filtered juice in the aqueous
phase. Figure 2 shows the results when transport was mea-
sured at four different dilutions of the carrot juice. There is
an approximately linear relationship between transport and
the concentration of carotene (see the insert to Fig. 2).

pH dependence of transport. Low pH enhanced carotene
transfer into oil. Figure 3 summarizes the results where trans-
port into the oil was measured at two pH values (pH 2–2.4
and pH 6.2–6.6) after 20 min, and in most cases after 1 h and
2 h. In all these experiments the initial carotene concentration
in the aqueous phase was 95 µM. It can be seen from Figure 3
that although low pH invariably leads to enhanced carotene
transfer the magnitudes of the effect and the absolute values
of carotene transfer are variable.

Reversibility of pH effect on transport. Since low pH could
lead to breakdown of some component(s) affecting transport,

we explored the reversibility of low pH treatment. Filtered
juice mixtures were pre-incubated for 1 h at pH 2 and 6. One
of the low pH mixtures was then adjusted to pH 6 and trans-
port measured in this system and compared with transport
measured in mixtures that were kept at the same pH as in the
pre-incubations. Table 1 shows two representative experi-
ments: the first one on carrots that had been stored for less
than 2 mon, and the second one done on carrots that had been
stored for more than 4 mon, when our macroscopic and mi-
croscopic observations (see below) indicated some changes
in the properties of the carrot juice. It is clear from the data
for carrots stored for the shorter time that low pH treatment
does not affect transport subsequently measured at high pH.
However, with the older carrots the effect of lowering the pH
in the pre-incubation was irreversible. We have also observed
the intermediate situation where there is partial reversal of the
effect of low pH pretreatment.
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FIG. 2. The effect of concentration of carrot juice on carotene transfer
to olive oil, pH 2.1. The initial concentrations of carotene in the aque-
ous phase were ■ 188, ◆ 94, ▲ 47, and ●● 11.6 µM. The error bars rep-
resent the range of amounts transferred measured for two replicates of
the experiment. Transfer at the two lower concentrations was measured
only once. The insert shows the data plotted as a function of the initial
concentration of carotene in the aqueous phase, ■ at 2 h and ◆ at 1 h.
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FIG. 3. Summary of carotene transfer from carrot juice to olive oil at
low pH (2.03 to 2.37) and high pH (6.27 to 6.70). Each line joins the
amount of transfer measured at 20 min, 1 and 2 h at the two pH values
from the same batch of juice and does not represent the amount of
transfer at any intermediate pH (see Fig. 6). Each experiment is given a
different symbol. The initial concentration of carotene in the aqueous
phase was 94 µM.

TABLE 1
The Reversibility of the pH Effect on Carotene Transport 
from Carrot Juice 

Carrots stored less Carrots stored more
than 2 mon than 4 mon

% % % %
Transferred Transferred Transferred Transferred
at 20 mina at 60 mina at 20 minb at 60 minb

pH 2.1 throughout 9.2 (0.2) 17.2 (0.9) 10.7 (0.1) 21.8 (1.2)
pH 2.1–pH 6.2 4.9 (0.1) 9.5 (0.2) 11.2 (0.2) 21.7 (0.1)
pH 6.2 throughout 5.6 (0.5) 10.5 (0.7) 5.7 (0.2) 16.9 (0.7)
aMean (range of values) for two replicates where the initial concentration of
carotene in the aqueous phase was 95 µM.
bMean (standard deviation) for three replicates where the initial concentra-
tion of carotene in the aqueous phase was 63.9 µM.



Partitioning of carotene from a fraction enriched in
carotene crystals and carotene bodies. Figure 4 shows the
rate of uptake of carotene from chromoplast carotene isolated
from carrot juice. It is apparent that the partitioning is faster
than that observed from carrot juice (compare Fig. 4 with
Fig. 1). However, the results resemble those from carrot juice
in that the partitioning is pH-dependent, being greater at 
low pH. 

Effect of pH and carrot juice on exogenous β-carotene
transport. The studies of transport using isolated chromoplast
carotene from carrot showed that the process is inherently
pH-sensitive. However, further work showed that the situa-
tion with carrot juice is rather more complicated and that
there are factors in the carrot tissue that inhibit carotene trans-
port, the inhibition being relieved by lowering the pH. This
was shown by the following experiments: we dispersed pure
β-carotene in an aqueous phase without juice and measured
its rate of transport to oil at pH 2 and 6 (see Fig. 5a). The rate
of transport of the β-carotene is independent of pH and sig-
nificantly faster than endogenous carotene transfer from car-
rot juice. Then we added exogenous β-carotene at the same
concentration to carrot juice and measured the transport of the
added β-carotene plus the endogenous carotene and compared
this transport to that measured with carrot juice alone. The re-
sults of the experiment are shown in Figure 5b. By fitting
third-order polynomials to the data and subtracting the curves
for endogenous carotene transport from those for exogenous
plus endogenous carotene transport we could calculate the ef-
fect of the juice on the exogenous β-carotene transport. The
calculated data are shown in Figure 5a. It is clear that the ex-
ogenous β-carotene transport is slowed by the presence of
carrot juice and is enhanced by low pH.

Correlation of carotene transport with ζ potential of the
oil. Transfer of carotene from the carrot juice to the oil phase
involves penetration through the oil–water interface, which
when unmodified is negatively charged (14). Therefore, we
considered it likely that the effect of pH on carotene transport
could be due to alterations in the electric potential at the
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FIG. 4. Carotene transfer from isolated chromoplast measured at pH 2.1
± 0.1 (■) and pH 6.5 (■■). The initial carotene concentration in the aque-
ous phase was 11.6 µM. The error bars represent the SD in three experi-
ments.

FIG. 5. Inhibition of exogenous β-carotene transfer to olive oil by carrot juice. (a) β-Carotene transfer to oil in the
presence and absence of carrot juice. Transfer was measured at pH 2 (■■) and pH 6.3 (■) from a solution of 70 mM
NaCl, 55 mM KCl, and 1 mM sodium azide containing initially 25.3 µM β-carotene. The dotted lines show the
transfer to oil of exogenous β-carotene added to carrot juice at pH 2 and pH 6.3 calculated from the data in b (see
text for details). (b) Transfer of exogenous β-carotene and carotene from carrot juice to olive oil at pH 2 and 6.3:
solid lines show data when exogenous β-carotene was added to carrot juice and the total amount of β-carotene and
endogenous carotene from carrot juice was measured from an aqueous phase containing initially 25.3 µM added
β-carotene + 47.5 µM carotene in juice (●●) at pH 2, (●) at pH 6.3. The dotted lines show the amount of carotene
transfer without added β-carotene (■■) at pH 2, (◆◆)at pH 6.3.
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oil/carrot juice mixture interface. A close approximation to
the potential at an oil/aqueous phase interface is given by the
ζ potential (15). This is the potential at the plane of shear as
oil droplets move through the aqueous phase and is related to
the electrophoretic mobility (12). 

In three batches of carrot juice which were giving similar
proportional enhancement of carotene transfer to oil with
lowered pH, we measured the amount of transfer after 20 min
incubation as a function of pH and the ζ potential of olive oil
droplets dispersed in plastid-free juice. Figure 6 shows the re-
sults. Here the carotene concentration in the oil at each pH is
expressed as a percentage of the concentration measured at
pH 2. This normalization procedure obviates the difficulty of
variability in the absolute amount of carotene transport be-
tween experiments.

Interpretation of the ζ potential against pH curve is com-
plicated since potentially the contribution of changing adsorp-
tion at the interface as well as protonation of adsorbed ioniz-
able group at the interface has to be considered. What is sig-
nificant in the context of carotene transfer to oil is that,
although the shapes of the curves of carotene transport as a
function of pH, and ζ potential as a function of pH, have sim-
ilar shape, they cannot be superimposed on the pH axis.
Therefore, although it is possible that some soluble compo-
nent in the carrot juice is important in determining the pH de-
pendence of surface charge at the interface and hence ζ po-
tential, the latter cannot be the only important factor in deter-
mining transfer of carotene into the oil phase.

Studies precluding solubilized carotene being the parti-
tioned form of carotene. Plastid-free juice prepared at pH >6

was straw-colored. As the pH was lowered, the yellow color
was progressively lost. To quantify this effect we incubated
undiluted filtered juice for 20 min over a pH range from 2.42
to 6.20 and then prepared plastid-free juice samples and mea-
sured their absorbances at 450 nm. Table 2 shows the results
together with the soluble protein concentrations. Both the ab-
sorbance and protein concentration fell as the pH was low-
ered. This loss of soluble protein and carotenoid was largely
irreversible: raising the pH of juice incubated at pH 2.42 to
6.32 did not restore the original protein concentration or ab-
sorbance value in the plastid-free juice (see Table 2). Since
carotene transport is highest at low pH when soluble
carotenoid is at its lowest, it seems unlikely that this is the
form in which it reaches the oil. 

Macroscopic and microscopic observations. Light mi-
croscopy showed that the aqueous phases during and after in-
cubations with oil contained oil droplets, some of which had
orange crystals located at their surface. It was not possible to
tell by light microscopy whether these crystals were actually
carotene bodies. Lowering the pH precipitated cellular mater-
ial containing the crystals (Fig. 7a). This precipitate was in-
variably present when carotene partitioning was high: for ex-
ample, when at high pH after low pH treatment the low pH
enhancement of transport was not reversed. The precipitate
sedimented quite rapidly under 1 × g and could be collected
from the bottom of the flask after all the other material had
been aspirated away. Entrained in the precipitate were oil
droplets (arrows in Fig. 7a) associated with aggregates of cell
contents with large amounts of adhering orange crystals (ar-
rowheads). Material in juice at pH >6 sedimented overnight.
This material was more diffuse with few aggregates and in-
cluded many freely floating carotene crystals/bodies (arrow-
heads in Fig. 7b), which were absent in low pH sediments
where carotene crystals were invariably associated with ag-
gregated cellular material. Another distinct difference be-
tween low pH sediments and the aqueous phases from which
they were prepared was the larger number of oil drops seen at
low pH. Using a hemacytometer we found the ratio of the
number of oil droplets per milliliter of juice incubated with
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FIG. 6. The ζ potential (left-hand axis) of olive oil droplets dispersed in
plastid-free carrot juice as a function of pH (◆). The solid line repre-
sents the equation ζ = −13.27 × 10pH/(103.7 + 10pH) and is the best fit
to the data. Also shown (right-hand axis) is the relative amount of
carotene transport from carrot juice to olive oil as a function of pH (■■).
The amount transferred is expressed as a percentage of that measured
at pH 2. The solid line is % = 100 − (78.06 × 10pH)/(104.8 + 10pH) and
is the best fit to the data. The initial concentration of carotene in the
aqueous phase was 94 µM.

TABLE 2
The Protein Concentration and Absorbance of Plastid-Free Juice 
as a Function of pHa

Protein
concentration

pH (mg/mL) A450
1 cm

6.20 0.73 1.01
5.36 0.40 0.252
4.45 0.094 0.029
3.30 0.044 0.005
2.42 0.034 0.007
2.42 → 6.32b 0.097 0.005
aWhole juice containing 1 mM sodium azide was incubated for 30 min at
37°C at the indicated pH values. Plastid-free samples were then prepared
for protein and absorbance measurements. 
bJuice incubated at pH 2.42 was adjusted to pH 6.32 and incubated for a
further 15 min.



oil at pH 2.16 compared to the number at pH 6.24 was 3.0 ±
0.6. However, when we only counted droplets that were at-
tached to carrot material this ratio rose to 10.0 ± 1.3.

The location of exogenous β-carotene in carrot juice at low
and high pH was also examined. At low pH (2.17) the added
β-carotene crystals were found entirely on aggregated cell
contents. In contrast, at pH 6.32 the β-carotene crystals were
uniformly distributed. On the rare aggregates that were pres-
ent, the density of crystals was no higher than that found float-
ing free. Thus, the location of added β-carotene crystals at
different pH values mimics that of the endogenous carotene. 

Electron microscopy confirmed and amplified these find-
ings. Sediment from untreated filtered juice (Fig. 8a) ap-
peared very similar to the sediment from filtered juice incu-
bated with oil at pH 6.3 (Fig. 8b). Distinctive features in both
were the presence of vesicles less than 1 µm in diameter as
well as plastoglobuli and electron-opaque carotene crystals
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FIG. 7. Light microscopy of carrot juice incubated with olive oil. (a) Typ-
ical aggregate of carrot cell material seen at low pH (pH 2) showing en-
trained oil droplets (arrows) and carotene crystals/bodies (arrowheads).
Note the absence of free crystals in the background surrounding the ag-
gregate. (b) A rare aggregate seen at pH 6 surrounded by many free
carotene crystals/bodies (arrowheads).

FIG. 8. Transmission electron micrographs of filtered carrot juice. (a)
Untreated, (b) incubated with oil at pH 6.3, (c) incubated with oil at pH
2.2. Arrowheads in a and b indicate carotene bodies, and in c, carotene
body membranes from which the carotene has been eluted. A distorted
oil droplet is arrowed in c.



and carotene bodies (indicated by arrowheads in the figures),
which had been released from the chromoplasts. There were
no olive oil droplets visible. In contrast, filtered juice incu-
bated with oil at pH 2.2 (Fig. 8c) showed the presence of ad-
hering oil droplets (arrow in figure) and densely staining pre-
cipitated material (probably largely protein) concentrated
around membranes. There were no electron-opaque carotene
crystals, but there were needle-shaped membranous vesicles
(indicated by arrowheads) which we have interpreted as
carotene body membranes from which the carotene had been
extracted by either the incubation with oil or the ethanol de-
hydration. Oil drops were frequently distorted and lying adja-
cent to the carotene body membranes. 

DISCUSSION

The absorption of lipid-soluble vitamins from the gut is en-
hanced by acidic conditions (16–18) and by the presence of
fat in the diet (19,20). Further, others have shown (21), using
omeprazole to suppress gastric acid secretion in human sub-
jects, that after a liquid meal containing fat and β-carotene
there is an increased serum concentration of trans and cis
β-carotene at low gastric pH compared to high gastric pH.
That there is reduced uptake of β-carotene from consumption
of carrot material compared to that when β-carotene is given
in purified supplements has been shown in both humans (22)
and ferrets (23).

The results presented in this paper suggest that these obser-
vations can be explained if an important step for absorption is
partition of the carotene into an oil phase. In using either juice
or a fraction of juice enriched in carotene, this partition is pH-
dependent, being higher at low pH. In using purified β-carotene
alone, partition is independent of pH. Further, the rate at which
carotene partitions is much higher using β-carotene alone than
carotene in carrot juice. However, if carrot juice is added to ex-
ogenous β-carotene, the β-carotene partitioning becomes pH-
dependent and the rate of partitioning falls at both low and high
pH. Our observations by microscopy indicate that the extent of
precipitation of aggregated cell contents and the adherence of
either carotene crystals/bodies or β-carotene crystals to these
aggregates correlate with the amount and rate of transport into
the oil.

There is a possibility that carotene in carrot juice could
reach the oil phase as a water-soluble carotene–protein com-
plex. Such a complex has been isolated from an enriched chro-
moplast fraction from carrot tissue (24). However, the low con-
centration of solubilized carotene and loss of protein in the
aqueous phase (especially at low pH) during our experiments
argues against solubilized carotene as the partitioned species.
In this context it is significant that carotenoids are known to be
unstable under acid conditions (25). Furthermore, our spectro-
scopic and high-performance liquid chromatographic studies
(Rich, G.T., Fillery-Travis, A., and Scott, K.J., unpublished
data) indicate that the noncrystalline, soluble components in
carrot juice contain only trace amounts of carotene.

Our light microscope observations are consistent with the

carotene in carrot juice passing directly into the oil phase
from either carotene crystals or carotene bodies. We have no-
ticed isolated carotene crystals/bodies adhering to oil–water
surfaces. The concentration of crystals and oil droplets on
precipitated cell components at low pH therefore provides a
mechanism for the low-pH enhancement of carotene trans-
port into the oil. It is a physical process whereby the crystals
and oil droplets are brought close together so the carotene can
pass through the oil–water interface and dissolve in the oil.
The low ζ potential of the oil droplets at low pH aids this
process. At pH values approaching neutrality, when the ζ po-
tential is much larger, there will be significant repulsion be-
tween the oil droplets and the negatively charged cellular ma-
terial.

We have shown the importance of particle size in deter-
mining carotene transfer into oil. This parallels other studies
(5) showing that finely chopped vegetables give higher ab-
sorption of β-carotene compared to whole or sliced vegeta-
bles. However, organelle structures sequestering the carotene
crystals cannot be the only factors in carrot juice inhibiting
carotene transfer, because purified β-carotene partitioning is
also inhibited by carrot juice. A possible candidate for this in-
hibitory factor is fiber. For example, various types of dietary
fiber reduce the bioavailability of β-carotene in chicks (26).
A similar effect has been shown with humans where pectin
added to a meal containing purified β-carotene reduced the
plasma β-carotene response (27). In general, the effect of
high-fiber diets is to increase the fecal excretion of lipids (28)
and carotene (29). This has been attributed to high-viscosity
conditions limiting the absorption. Raw carrots contain about
2.5% dietary fiber of which 32 to 48% is soluble and includes
pectin (30,31). It is possible that this is acting at the oil sur-
face in our experiments inhibiting transfer of carotene into
the oil. This idea is consistent with the rapidity with which
carotene isolated from carrot juice partitions into the oil com-
pared to the rate when juice is used. A similar effect has been
observed by Zhou, Gugger, and Erdmann (32) who showed
that ferrets fed carrot chromoplasts had higher serum and tis-
sue carotene concentrations than ferrets fed carrot juice. Both
the chromoplast isolation process and our preparation of chro-
moplast carotene involve washing which would remove solu-
ble fiber. It is also possible that acid conditions cause some
degradation of pectin which would contribute to the enhance-
ment of carotene transport at low pH.

Our observations that the pH dependence of partitioning
of carotene from carrot juice into oil mimics what is observed
in vivo for carotene absorption from the gut contents suggest
that an important step in chromoplast carotene absorption is
solubilization in the gastric oil phase. This first stage is fol-
lowed by solubilization in mixed bile salt micelles, whose
concentration in the duodenum is stimulated by fat in the diet.
A number of factors influence the solubility of carotene in
mixed micelles (reviewed in Ref. 33). Important in the con-
text of the present work is the observation that below pH 5
the solubility of carotene in mixed micelles decreases with a
decrease in pH (34). We have suggested that fiber in carrot
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juice inhibits carotene partitioning into oil. Similarly, this pu-
tative factor could also inhibit solubilization of carotene in
bile salt micelles.

ACKNOWLEDGMENTS

This work was supported by a ROPA award to Annette Fillery-
Travis and in part by the European Union, DG XII: FAIR project
CT97-3100. We thank K. John Scott for high-performance liquid
chromatography analysis and Sue Southon and Richard Faulks for
helpful discussions. 

REFERENCES

1. Hughes, D.A., Wright, A.J.A., Finglas, P.M., Peerless, A.C.J.,
Bailey, A.L., Astley, A.B., Pinder, A.C., and Southon, S. (1997)
The Effect of β-Carotene Supplementation on the Immune
Function of Blood Monocytes from Healthy Male Non-Smok-
ers, J. Lab. Clin. Med. 129, 309–317.

2. Abdel-Fatth, G., Watzl, B., Huang, D., and Watson, R.R. (1993)
Beta-Carotene in vitro Stimulates Tumor Necrosis Factor Alpha
and Interleukin 1-Alpha Secretion by Human Peripheral Blood
Mononuclear Cells, Nutr. Res. 13, 863–871. 

3. Rice-Evans, C.A., Sampson, J., Bramley, P.M., and Holloway,
D.E. (1997) Why Do We Expect Carotenoids to Be Antioxidants
in vivo? Free Radical Res. 26, 381–398.

4. Astorg, P. (1997) Food Carotenoids and Cancer Prevention: An
Overview of Current Research, Trends Food Sci. Technol. 8,
406–413.

5. Rodriquez, M.S., and Irwin, M.I. (1972) A Conspectus of Re-
search on Vitamin A Requirements in Man, J. Nutr. 102,
909–968.

6. Erdmann, J.W., Bierer, T.L., and Gugger, E.T. (1993) Absorp-
tion and Transport of Carotenoids, Ann. N.Y. Acad. Sci., 76–85.

7. Ben-Shaul, Y., Treffry, T., and Klein, S. (1968) Fine Structure
Studies of Carotene Body Development, J. Microsc. (Paris) 7,
265–274.

8. Borel, P., Grolier, P., Armand, M., Partier, A., Lafont, H., Lai-
ron, D., and Azais-Braesco, V. (1996) Carotenoids in Biological
Emulsions: Solubility, Surface-to-Core Distribution, and Re-
lease from Lipid Droplets, J. Lipid Res. 37, 250–261.

9. Bradford, M.M. (1976) A Rapid and Sensitive Method for
Quantitation of Microgram Quantities of Protein Utilizing the
Principle of Protein–Dye Binding, Anal. Biochem. 72, 248–254.

10. Hart, D.J., and Scott, K.J. (1995) Development and Evaluation
of an HPLC Method for the Analysis of Carotenoids in Foods,
and the Measurement of the Carotenoid Content of Vegetables
and Fruits Commonly Consumed in the UK, Food Chem. 54,
101–111.

11. Reynolds, E.S. (1963) The Use of Lead Citrate at High pH as an
Electron-Opaque Stain in Electron Microscopes, J. Cell Biol.
17, 208–212.

12. Hunter, R.J. (1981) Zeta Potential in Colloid Science: Princi-
ples and Applications, Academic Press, London, p. 69.

13. Ben-Shaul, Y., and Naftali, Y. (1969) The Development and Ul-
trastructure of Lycopene Bodies in Chromoplasts of Lycoper-
sicum esculentum, Protoplasma 67, 333–344.

14. Fillery-Travis, A.J., Foster, L.H., and Robins, M.M. (1995) Sta-
bility of Emulsions Stabilised by Two Physiological Surfactants:
L-α-Phosphatidylcholine and Sodium Taurocholate, Biophys.
Chem. 54, 253–260.

15. Heimenz, P.C. (1986) Principles of Colloid and Surface Chem-

istry, Marcel Dekker, New York, London, pp. 741–757.
16. Muralidhara, K.S., and Hollander, D. (1977) Intestinal Absorp-

tion of α-Tocopherol in the Unanesthetized Rat, J. Lab. Clin.
Med. 90, 85–91.

17. Hollander, D. (1980) Retinol Lymphatic and Portal Transport:
Influence of pH, Bile and Fatty Acids, Am. J. Physiol. 239,
G210–G214.

18. Hollander, D. (1981) Intestinal Absorption of Vitamins A, E, D
and K, J. Lab. Clin. Med. 94, 449–462.

19. Dimitrov, N.V., Meyer, C., Ullrey, D.E., Chenoweth, W.,
Michelakis, A., Malone, W., Boone, C., and Fink, G. (1988)
Bioavailability of β-Carotene in Humans, Am. J. Clin. Nutr. 48,
298–304.

20. Roels, O.A., Trout, M.E., and Dujaquier, R. (1958) Carotene
Balances in Boys in Ruanda Where Vitamin A Deficiency Is
Prevalent, J. Nutr. 65, 115–127.

21. Tang, G., Serfaty-Lacrosniere, C., Camilo, M.E., and Russell,
R.M. (1996) Gastric Acidity Influences the Blood Response to a
Beta-Carotene Dose in Humans, Am. J. Clin. Nutr. 64, 622–626.

22. Brown, E.D., Micozzi, M.S., and Craft, N.E. (1989) Plasma
Carotenoids in Normal Men After a Single Ingestion of Vegeta-
bles or Purified β-Carotene, Am. J. Clin. Nutr. 49, 1258–1265.

23. White, W.S., Peck, K.M., Ulman, E.A., and Erdman, J.W.
(1993) The Ferret as a Model for Evaluation of the Bioavailabil-
ities of All Trans-β-Carotene and Its Isomers, J. Nutr. 123,
1129–1139.

24. Bryant, J.D., McCord, J.D., Unlu, L.K., and Erdmann, J.W.
(1992) Isolation and Partial Characterization of α- and β-
Carotene-Containing Carotenoprotein from Carrot (Daucus
carota L.) Root Chromoplasts, J. Agric. Food Chem. 40,
545–549.

25. Schiedt, K., and Liaaen-Jensen, S. (1995) Isolation and Analysis, in
Carotenoids Vol. 1A: Isolation and Analysis (Britton, G., Liaaen-
Jensen, S., and Pfander, H., eds.) p. 81, Birkhauser Verlag, Basel.

26. Erdmann, J.W., Fahey, G.C., and White, C.B. (1986) Effects of
Purified Dietary Fiber Sources on β-Carotene Utilization by the
Chick, J. Nutr. 116, 2415–2423.

27. Rock, C.L., and Swendseid, M.E. (1992) Plasma β-Carotene Re-
sponse in Humans After Meals Supplemented with Dietary
Pectin, Am. J. Clin. Nutr. 55, 96–99.

28. Johnson, I.T., and Southgate, D.A.T. (1994) Dietary Fibre and
Related Substances, Chapman and Hall, London, p. 73.

29. Kelsay, J.L. (1982) Effects of Fiber on Mineral and Vitamin
Bioavailability, in Dietary Fiber in Health and Disease (Va-
houny, G.V., and Kritchevsky, D., eds.) Plenum Press, New
York, pp. 91–103.

30. Baker, R.A. (1997) Reassessment of Some Fruit and Vegetable
Pectin Levels, J. Food Sci. 62, 225–229.

31. Dreher, M.L. (1987) Handbook of Dietary Fiber, Marcel
Dekker, New York, p. 367.

32. Zhou, J.R., Gugger, E.T., and Erdmann, J.W. (1996) The Crys-
talline Form of Carotenes and the Food Matrix in Carrot Root
Decrease the Relative Bioavailability of Beta- and Alpha-
Carotene in the Ferret Model, J. Am. Coll. Nutr. 15, 84–91.

33. Olson, J.O. (1994) Absorption, Transport and Metabolism of
Carotenoids in Humans, Pure Appl. Chem. 66, 1011–1016.

34. El-Gorab, M., and Underwood, B.A. (1973) Solubilization of β-
Carotene and Retinol into Aqueous Solutions of Mixed Mi-
celles, Biochim. Biophys. Acta 306, 58–66.

[Received June 22, 1998, and in final revised form and accepted
September 21, 1998]

992 G.T. RICH ET AL.

Lipids, Vol. 33, no. 10 (1998)



ABSTRACT: Feeding an oil from Lunaria biennis rich in
22:1n-9 and 24:1n-9 to homozygous quaking (qk.qk) mice
caused a large increase in the percentage of 24:1n-9 and corre-
sponding decreases in the percentage of 24:0 and 22:0 in sphin-
gomyelins from liver, erythrocytes, and milk. Brain sphin-
gomyelin from 2-wk-old qk.qk pups born to qk.qk mothers
maintained on the Lunaria oil had essentially normal percent-
age of 24:1n-9 and 18:0, in contrast to pups born to mothers
maintained on a control oil rich in 18:1n-9 whose brain sphin-
gomyelin had a markedly reduced percentage of 24:1n-9 and
an increased percentage of 18:0. After 2 wk and up to and be-
yond weaning, the qk.qk pups from Lunaria-fed mothers
weaned on to the Lunaria diet had a markedly decreased per-
centage of 24:1n-9 in their brain sphingomyelin, accompanied
by an increased percentage of 18:0, as compared to heterozy-
gous quaking mice. However, the percentage of 24:1n-9 in
brain sphingomyelin in qk.qk pups weaned on to the Lunaria
diet continued throughout this period (2–8 wk postbirth) to be
significantly higher than in qk.qk pups weaned on to the con-
trol diet. We conclude that dietary 24:1n-9 influences the fatty
acid composition of brain sphingomyelin in qk.qk mice, but
only via the mother in pre- or early postnatal animals. We fur-
ther consider that the dietary effects may be elicited mainly in
the sphingomyelin of nonmyelinated brain cells, and that the
nervonic acid in myelin sphingomyelin may be formed mainly
by chain elongation in oligodendrocytes from shorter chain fatty
acid precursors.
Lipids 33, 993–1000 (1998).

The “quaking” mouse is a recessive autosomal mutant char-
acterized by deficient myelination of the central nervous sys-
tem (1). Lipids of the central nervous system of quaking mice
have markedly reduced levels of cerebrosides and sulfatides,
reduced levels of the major phosphoglycerides, and unaltered
levels of sphingomyelin (1–3). Simultaneously, the brain
cerebrosides, sulfatides, and sphingomyelin of quaking mice

have markedly decreased levels of gadoleic acid (20:1n-9),
behenic acid (22:0), lignoceric acid (24:0), and nervonic acid
(24:1n-9) (2,4). Brain microsomes from quaking mice have a
markedly reduced ability to convert behenyl CoA to lignocer-
ate (5–7), due to a markedly reduced condensing enzyme ac-
tivity (with both 20:0 and 22:0 CoA as substrates) (8).

Recently the quaking gene was cloned and shown to be a
multifunctional gene involved in a specific set of developing
tissues to link signal transduction with some aspect of RNA
metabolism (9,10). Thus, the abnormalities of brain lipid me-
tabolism in quaking mice, specifically the markedly reduced
capacity to form lignoceric and nervonic acid from shorter
chain precursors, are but one of a variety of outcomes of the
quaking mutation. Nonetheless, the quaking mouse mutation
remains a useful model system for investigating aspects of
brain lipid metabolism, including influences of dietary-ad-
ministered fatty acids on the fatty acid compositions of brain
sphingolipids. The present study was undertaken to determine
the extent to which long-chain monoenoic fatty acids, specifi-
cally 22:1n-9 and 24:1n-9, administered in the diet can access
the brain of quaking mice and thereby modify the fatty acid
composition of brain sphingomyelin. 

MATERIALS AND METHODS

Animals and diets. Heterozygous quaking mice (qk.+), i.e.,
phenotypically normal animals, were purchased from the
MRC Radiobiology Unit, Didcot, Oxfordshire, United King-
dom, and maintained on a standard laboratory chow supplied
by Special Diet Services, Witham, Essex, United Kingdom.
Homozygous quaking mice (qk.qk), i.e., animals expressing
the quaking symptom, were bred from the heterozygous stock
and weaned directly on to either a control diet or a test diet.
These diets were purchased from ICN Biomedicals Ltd.,
Thame, Oxfordshire, United Kingdom, and consisted of the
standard ICN diet AIN-93G (for growth, pregnancy, and lac-
tation of rodents), which contains 7% w/w soy oil, supple-
mented with a further 3% w/w of either a high-oleic acid sun-
flower oil to produce the control diet, or an oil extracted from
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Lunaria biennis to produce the test diet. Both the high-oleic
acid sunflower oil and the Lunaria oil were supplied by Croda
Chemicals, Hull, Humberside, United Kingdom. The test diet
differed from the control diet by having a reduced percentage
of 18:1n-9 and correspondingly increased percentages of
22:1n-9 and 24:1n-9 in its lipid component (Table 1). Quaking
mice pups were weaned, 19 d after birth, randomly on to the
two diets, such that the sex ratios of the two groups were the
same, and the mice were maintained on the two diets until they
reached sexual maturity. A second generation of qk.qk mice
was then bred from the first generation of qk.qk females and
qk.+ males (as noted by other authors, qk.qk males did not
breed successfully with qk.qk females), and the second-gener-
ation qk.qk pups were continued on the same diets as their
qk.qk mothers. The results presented here for liver and blood
are from first-generation mice and for brain and milk from sec-
ond-generation mice. Groups of animals were sacrificed at
times specified in individual Figures and Tables, and samples
of brain, liver and heparinized blood were taken for analyses.
Erythrocytes were sedimented from blood by centrifugation
and washed twice in 0.9% wt/vol NaCl. Samples of liver,
brain, and erythrocytes were either processed for analysis im-
mediately, or frozen at −70°C and processed for analysis
within weeks, with the same result. Milk was collected from
lactating qk.qk mothers by manual expression after anesthetiz-
ing them and promoting milk flow by injecting oxytocin.

Lipid extraction and analyses. Total lipids were extracted
from samples of brain, liver, erythrocytes, and milk by the
method of Folch et al. (11). Lipid extracts were stored at
−20°C under nitrogen between procedures. Lipid class com-
position was determined by high-performance thin-layer
chromatography (HPTLC) of total lipids on silicic acid, using
methyl acetate/propan-2-ol/chloroform/methanol/0.25% w/w
aq. KCl (25:19:25:10:9, by vol) as solvent and copper ac-
etate–phosphoric acid as a charring stain, and scanning den-
sitometry performed on a Shimadzu CS-9000 instrument
(Tokyo, Japan) (12). Sphingomyelin was routinely isolated
from all tissues following mild alkaline transesterification of
total lipid, so as to convert O-acyl glycerides into fatty acid

methyl esters and water-soluble products, while leaving N-
acyl sphingolipids intact (13). Sphingolipids and fatty acid
methyl esters were extracted from the alkaline transesterifica-
tion reaction medium after adding chloroform and methanol
(14), and sphingomyelin isolated by HPTLC in methyl ac-
etate/propan-2-ol/chloroform/methanol/0.25% w/w aq. KCl
(25:19:25:10:9, by vol) as solvent. Triacylglycerols and phos-
phoglycerides (comprising phosphatidylcholine, phos-
phatidylethanolamine, phosphatidylserine, and phosphatidyl-
inositol) were isolated from milk total lipid in the same sol-
vent. Individual lipid classes were detected on thin-layer
plates by staining with 0.1% 2′,7′-dichlorofluorescein in 97%
methanol containing 0.01% (wt/vol) butylated hydroxy-
toluene, eluted from the plates with chloroform/methanol
(2:1, vol/vol) and dried under nitrogen prior to preparing fatty
acid methyl esters for gas chromatographic (GC) analyses.
Fatty acid methyl esters were prepared from sphingomyelin
by reacting with 1% sulfuric acid in methanol for 24 h at
60°C, and from phosphoglycerides and triacylglycerols by re-
acting with 1% sulfuric acid in methanol for 16 h at 50°C.
Fatty acid methyl esters were purified by HPTLC using
hexane/diethyl ether/acetic acid (80:20:2, by vol) as solvent
and analyzed by capillary GC using a Canberra-Packard 436
instrument (Berkshire, United Kingdom) fitted with a Sil 5CB
column (50 m × 0.32 mm; Chrompack, London, United King-
dom) with hydrogen as carrier gas and a thermal gradient
from 50 to 260°C (14). Individual fatty acid methyl esters
were identified by comparison with authentic standards and
by GC–mass spectrometry using a Fisons MD 800 instrument
fitted with a DB-5MS column (15 m × 0.25 mm; J&W Scien-
tific, Folsom, CA) with helium as carrier gas.

Statistical analyses. Data are expressed as means ± 1 SD
with the total number of individual determinations (each on a
separate animal) in parentheses. Significance of difference be-
tween dietary treatments was determined by Student’s t-test.

RESULTS

The diet containing the test oil, which was rich in both erucic
acid (22:1n-9) and nervonic acid (24:1n-9), readily altered the
fatty acid compositions of sphingomyelin from erythrocytes
and liver, as compared to the control diet, which was rich in
oleic acid (18:1n-9) (Table 2). In the present study, mice were
routinely weaned on to the experimental diets 19 d after birth.
Effects of the two diets on liver and erythrocyte sphingomyelin
were readily apparent 1 or 2 wk after weaning. The data in
Table 2 show the maximal changes that occurred by 8 wk post-
birth, i.e., ca. 5 wk post-weaning. Erythrocyte sphingomyelin
had the same fatty acid composition in nonsymptomatic, qk.+
animals and symptomatic, qk.qk animals fed the control diet,
with 22:0, 24:0, and 24:1n-9 being the major fatty acids, ac-
counting for ca. 15, 30, and 20%, respectively, of the total fatty
acids. The same situation held for livers of qk.+ and qk.qk mice
fed the control diet except that 22:0, 24:0, and 24:1n-9 ac-
counted for ca. 30, 25, and 15%, respectively, of the total fatty
acids. Feeding the Lunaria oil rich in 22:1n-9 and 24:1n-9
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TABLE 1
Fatty Acid Compositions of the Test and Control Dietsa

Fatty acid Control diet Test diet

16:0 10.8 8.0
16:1n-7 0.6 0.4
18:0 3.5 2.9
18:1n-9 38.8 22.3
18:2n-6 39.3 38.4
18:3n-3 5.4 5.4
20:0 0.8 0.7
20:1n-9 0.8 1.0
22:1n-9 0.0 13.8
24:0 0.0 0.0
24:1n-9 0.0 6.8
aData are expressed as wt% of total fatty acids. The control diet contained
7% soy oil + 3% of a high-oleic acid sunflower oil. The test diet contained
7% soy oil + 3% of an oil from Lunaria biennis.



markedly affected the fatty acid compositions of sphin-
gomyelin in both erythrocytes and liver of qk.qk mice. In both
tissues there was a marked elevation of the percentage of
24:1n-9 and corresponding decreases in the percentage of 22:0
and especially of 24:0. These data establish that the Lunaria oil
was readily digested and assimilated by the qk.qk mice and ex-
erted a major influence on the fatty acid composition of sphin-
gomyelin in both liver and erythrocytes. 

The above experiment was performed on first-generation
qk.qk mice, i.e., qk.qk mice born to qk.qk mothers maintained

on conventional laboratory chow and then weaned on to the
test and control diets and maintained on these diets for the rest
of their lives. Analyses of brain sphingomyelin in these mice
revealed minor changes only (data not shown). Therefore,
maintained on the respective control and test diets, second-
generation mice were bred from qk.+ fathers and from qk.qk
mothers that had been maintained on the two diets since
weaning. The remainder of the experiments were performed
on these second-generation mice. Although difficulties were
experienced in breeding the mice, no difficulties were experi-
enced in maintaining the weaned mice on either the test or
control diets and no mortalities occurred.

Table 3 shows the evolution of sphingolipids in the brains
of quaking mice over the 2-mon period following birth; the
first sampling time was at 2 wk (5 d before weaning), the ear-
liest time we could reliably identify pups born from first-gen-
eration qk.qk females and qk.+ males as being quaking mu-
tants. Normal qk.+ mice fed the control diet had a relatively
constant percentage of sphingomyelin, ca. 3%, throughout the
8-wk study period. Qk.qk mice fed the control diet had the
same percentage sphingomyelin as the qk.+ mice at 2 and 4
wk and only slightly increased percentage of sphingomyelin
at 6 and 8 wk. Apart from a slight difference at 2 wk, qk.qk
mice fed the test diet had the same percentage sphingomyelin
as those fed the control diet. In contrast to the evolution of
sphingomyelin, the evolution of both cerebrosides and sul-
fatides in the 2-mon period postbirth was markedly depressed
in qk.qk mice compared to qk.+ mice when both were fed the
control diet, and feeding the test diet to the qk.qk mice did not
change their depressed levels of brain cerebrosides or sul-
fatides (Table 3). These findings held for both the hydroxy
and nonhydroxy components of both cerebrosides and sul-
fatides (data not shown).

Figures 1–6 show the evolution of the principal fatty acids
in sphingomyelin from the brain lipids of the second-genera-
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TABLE 2
Effects of the Control and Test Diets on the Fatty Acid Compositions
of Sphingomyelin from Erythrocytes and Liver in Heterozygous (qk.+)
and Homozygous (qk.qk) Micea

Control diet Test diet

Fatty acid qk.+ Mice qk.qk Mice qk.qk Mice

Erythrocytes
20:0 1.9 ± 0.1 1.7 ± 0.0a 0.5 ± 0.4b

22:0 15.4 ± 1.0 15.2 ± 0.5a 5.5 ± 0.4b

22:1n-9 0.2 ± 0.2 0.1 ± 0.1a 0.4 ± 0.1b

23:0 2.0 ± 0.1 1.9 ± 0.1a 1.0 ± 0.0b

24:0 30.7 ± 1.2 28.9 ± 0.3a 11.8 ± 1.9b

24:1n-9 18.2 ± 0.4 21.7 ± 0.5a 54.7 ± 4.8b

24:2n-6 8.2 ± 0.4 6.6 ± 0.5a 2.2 ± 0.4b

Liver
20:0 2.0 ± 0.2 2.4 ± 0.1a 1.4 ± 0.1b

22:0 30.7 ± 2.9 30.9 ± 8.1a 13.5 ± 1.2b

22:1n-9 0.0 ± 0.0 0.2 ± 0.2a 0.7 ± 0.1b

23:0 5.3 ± 0.6 5.8 ± 0.5a 2.1 ± 0.4b

24:0 26.0 ± 2.8 24.7 ± 3.6a 6.5 ± 1.5b

24:1n-9 16.2 ± 1.4 14.4 ± 3.2a 56.0 ± 2.3b

aData are expressed as wt% of total fatty acids and are means ± 1 SD of de-
terminations on three separate animals weaned on to the respective diets
and sacrificed 8 wk postbirth. Significant differences (P < 0.05) between
qk.qk mice fed the control and test diets are indicated by different super-
script letters (a,b) in a given row.

TABLE 3
Levels of Sphingolipids in Brains of Quaking Mice Fed the Test and Control Dietsa

Weeks postbirth

2 4 6 8

Sphingomyelin
qk.+ Fed control diet 2.8 ± 0.4a 3.1 ± 0.2a 3.1 ± 0.2a 3.1 ± 0.2a

qk.qk Fed control diet 2.9 ± 0.6a 3.4 ± 0.4a 3.7 ± 0.5b 3.7 ± 0.4b

qk.qk Fed test diet 2.1 ± 0.1b 3.5 ± 0.3a 3.5 ± 0.2b 3.6 ± 0.0b

Cerebrosides
qk.+ Fed control diet 5.9 ± 1.2a 12.3 ± 0.8a 15.0 ± 1.8a 16.6 ± 0.8a

qk.qk Fed control diet 1.9 ± 0.8b 4.8 ± 0.9b 5.2 ± 0.9b 5.7 ± 1.2b

qk.qk Fed test diet 1.0 ± 1.0b 4.9 ± 1.0b 4.9 ± 1.0b 5.8 ± 0.8b

Sulfatides
qk.+ Fed control diet 1.1 ± 0.7a 3.1 ± 0.3a 4.2 ± 0.3a 4.6 ± 0.4a

qk.qk Fed control diet 0.5 ± 0.2b 0.9 ± 0.9b 1.2 ± 0.9b 1.9 ± 0.4b

qk.qk Fed test diet 0.5 ± 0.5b 1.5 ± 0.7b 1.5 ± 0.7b 2.1 ± 0.5b

aData are wt% of individual sphingolipids in total brain lipid and are means ± 1 SD of six determina-
tions on separate second-generation animals. Significant differences (P < 0.05) within each of the
three lipid classes are indicated by different superscript letters (a,b) in a given column.



tion qk.qk mice postbirth. At the earliest sampling period, 2
wk postbirth, the percentage of 16:0 was elevated in qk.qk
mice fed the control diet as compared to qk.+ mice fed the
control diet (Fig. 1). In qk.qk mice fed the test diet, the level
of 16:0 was further elevated compared to qk.qk mice fed the
control diet. As sampling progressed through weaning, the
levels of 16:0 fell in all cases to reach the same value by ca. 5
wk, after which no further change occurred (Fig. 1). Of the
total fatty acids in all three groups of mice at 2 wk postbirth,
18:0 accounted for more than 70% with the level of 18:0 in

qk.qk mice fed the control diet being higher than in both qk.+
mice fed the control diet and qk.qk fed the test diet (Fig. 2).
The level then increased slightly in qk.+ mice fed the control
diet, and substantially more so in qk.qk mice fed both the con-
trol and test diets which reached the same final level of 18:0
(Fig. 2). The initially low levels of 20:0 in qk.+ fed the con-
trol diet were even lower in qk.qk fed the same diet and qk.qk
mice fed the test diet (Fig. 3). As the animals progressed
through weaning, the level of 20:0 increased in all three
groups of animals, more so in the qk.qk mice than the qk.+
mice and especially in qk.qk mice fed the control diet. How-
ever, differences between the test and control diets in the
qk.qk mice were not significantly different. A much clearer
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FIG. 1. Changes in the wt% fatty acid composition of brain sphin-
gomyelin of normal (qk.+) and second-generation quaking (qk.qk) mice
fed the control and test diets. Data are the means of six determinations
on separate animals with the error bars representing 1 SD. ■■, qk.qk.
control diet; ◆◆, qk.qk. test diet; ●●, qk.+ control diet.

FIG. 2. See Figure 1 for caption details.

FIG. 3. See Figure 1 for caption details.

FIG. 4. See Figure 1 for caption details.



picture emerged for 22:0 (Fig. 4) where qk.+ mice fed the
control diet had a consistently higher level than qk.qk mice
fed the control diet, and these in turn had a consistently higher
level of 22:0 than qk.qk mice fed the test diet. Clearly, levels
of 22:0 in brain sphingomyelin are depressed in qk.qk mice
and further depressed by administering the Lunaria oil diet.
Levels of 24:0 were also initially depressed in qk.qk mice
compared to qk.+ mice (Fig. 5) and, although the levels pro-
gressively increased in the qk.qk mice, differences between
the test and control diets were not significantly different. Fi-
nally, Figure 6 shows that the initial level of 24:1n-9 was the
same in qk.qk mice fed the test diet as in qk.+ mice fed the
control diet, and substantially higher than in qk.qk mice fed
the control diet. Further, while the level of 24:1n-9 rose pro-

gressively in qk.+ mice fed the control diet, it fell rapidly in
qk.qk mice fed the test diet to reach a level that was consis-
tently significantly (P < 0.05) greater than in qk.qk mice fed
the control diet (Fig. 6).

Last, because the test diet had clearly influenced brain
sphingomyelin fatty acids in qk.qk mice sometime prior to
weaning, we investigated the influence of the diet on lactat-
ing mothers’ milk. Table 4 shows that the test diet markedly
increased the level of 24:1n-9 and simultaneously depressed
the levels of 22:0 and especially 24:0 in milk sphingomyelin,
as compared to the control diet. Lipid class analyses estab-
lished that 100 g of milk total lipid from qk.qk mice fed the
test diet contained 0.6 g of sphingomyelin, 3.1 g of phospho-
glycerides, and 87 g of triacylglycerols. The percentages of
24:1n-9 in the total fatty acids of these lipids were 43.9% in
sphingomyelin, 0.7% in phosphoglycerides, and 1.6% in tria-
cylglycerols. We conclude that, although sphingomyelin has
by far the highest level of 24:1n-9 in the individual milk lipids
of qk.qk. mice fed the test diet, the majority of the total 24:1n-9
present in their milk resides in the triacylglycerols.

DISCUSSION

The results of the present study are entirely consistent with
previous studies of the quaking mouse mutant. Thus, levels
of cerebrosides and sulfatides but not sphingomyelin are
markedly reduced in the brain lipid of quaking (qk.qk) as
compared to normal (qk.+) mice (1–3; Table 3). Moreover,
qk.qk mice have reduced levels of 24:1n-9 in brain sphin-
gomyelin due to a markedly reduced ability to convert C20 to
C22 and C24 fatty acids (5–8). This is clearly seen here in the
evolution of the fatty acid composition of sphingomyelin in
qk.qk mice where, in the 2–8 wk period postbirth, there is a
marked elevation in 18:0, and marked depressions of 22:0,
24:0, and especially 24:1n-9 (Figs. 1–6). The quaking gene is
now known to be involved in fundamental developmental
processes including nerve myelination (9,10), and it would
be very surprising if normalization of the nervonic acid con-
tent of brain sphingolipids, as was attempted in the present
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TABLE 4
Fatty Acid Composition of Milk Sphingomyelin from Quaking Mice
Fed the Test and Control Dietsa

qk.qk qk.qk
Fatty acid Control diet Test diet

16:0 26.0 ± 1.6 27.1 ± 2.6
18:0 3.4 ± 0.9 2.5 ± 0.7
18:1n-9 5.6 ± 1.8 6.8 ± 3.9
18:2n-6 4.5 ± 1.2 5.4 ± 3.6
20:0 0.7 ± 0.7 0.5 ± 0.5
22:0 8.0 ± 0.5a 0.5 ± 0.4b

24:0 22.1 ± 2.8a 1.2 ± 0.4b

24:1n-9 14.1 ± 4.0a 43.9 ± 9.2b

aData are wt% of total fatty acids in sphingomyelin and are means ± 1 SD
for separate milk samples from three individual animals. Significant differ-
ences (P < 0.05) between control and test diets are indicated by different su-
perscript letters (a,b) in a given row.

FIG. 5. See Figure 1 for caption details.

FIG. 6. See Figure 1 for caption details.



study, by itself ameliorated the condition. Nonetheless, the
findings here are relevant to understanding the interplay be-
tween dietary fatty acids and de novo fatty acid biosynthesis
in determining the final composition of brain sphingomyelin.

Our results establish that Lunaria oil is readily digested
and assimilated as evidenced by its marked effects on the fatty
acid compositions of sphingomyelins from liver and erythro-
cytes (Table 2). While the effects were elicited here in quak-
ing (qk.qk) mice, the fatty acid compositions of erythrocyte
and liver sphingomyelins of these mice were not significantly
different from those of their nonquaking (qk.+) counterparts.
Thus, the quaking mutation does not affect the sphingomyelin
of extra neural tissue which points to the biosynthesis of C24
fatty acids proceeding normally in extra neural tissues includ-
ing the liver of quaking mice. This is supported by the abun-
dance of 24:0 and 24:1 in milk sphingomyelin from quaking
mice fed the control diet (Table 4). Therefore, the results ob-
tained here for liver, erythrocytes, and milk may be directly
compared with the various studies already published for the
effects of dietary fatty acids in influencing the fatty acid com-
positions of tissue sphingomyelins in various species and es-
pecially the levels of 24:0 and 24:1 in sphingomyelin
(15–22). Of these studies, the most definitive is that by
Bettger and Blackadar (21) who fed rats 21 different oils,
ranging in percentages of 18:1n-9 from 5–78%, 22:1n-9 from
0–23% and 24:1n-9 from 0–1%, and examined the effects of
the diets on the ratios of 24:1/24:0 in liver sphingomyelin.
These authors determined empirically that the ratio (r) of
24:1n-9/24:0 in rat liver sphingomyelin was determined by
the dietary fatty acid composition according to the following
relationship:

r = 1.88[24:1n-9] − 1.48[24:0] + 0.21[22:1n-9] + 0.01[18:1n-9] + 0.26 [1]

where the figures in square brackets are the percentage of an
individual fatty acid in the dietary oil. This relationship es-
tablishes the importance of chain elongation of both 18:1n-9
and 22:1n-9 in determining the final level of 24:1n-9 in liver
sphingomyelin, and it equally demonstrates the importance
of even small percentages of both 24:1n-9 and 24:0 in estab-
lishing the final levels of these fatty acids in liver sphin-
gomyelin. 

It is instructive to consider our results in terms of the
Bettger and Blackadar (21) relationship. The predicted value
of r = 24:1/24:0 for the control diet in this study is 0.65. The
measured values of r = 24:1/24:0 for sphingomyelins are 0.59
and 0.62 for erythrocytes and liver, respectively, in qk.+ mice;
and 0.75, 0.58, and 0.63 for erythrocytes, liver, and milk, re-
spectively, in qk.qk mice. We conclude that the Bettger and
Blackadar (21) relationship holds for sphingomyelins in extra
neural tissues of both normal (qk.+) and quaking (qk.qk) mice
fed the control diet. We also conclude that, because the con-
trol diet has negligible levels of both 24:1n-9 and 24:0, the
final levels of these fatty acids in the extra neural sphin-
gomyelins are determined largely by chain elongation reac-
tions operating on shorter-chain fatty acid precursors.

In contrast, the predicted value of r = 24:1/24:0 for the test
diet fed to qk.qk mice is 16.16. Here the measured values for
sphingomyelins are 4.6, 8.6, and 36.6 for erythrocytes, liver,
and milk, respectively. We conclude that the Bettger and
Blackadar (21) relationship does not hold for extraneural tis-
sues for the test diet and propose that this reflects (i) the high
level of 6.8% of 24:1n-9 in the test diet, and (ii) the probabil-
ity that such a high dietary input of 24:1n-9 inhibits not only
the formation of 24:1n-9 from shorter-chain monoenoic acid
precursors but also the formation of 24:0 from shorter-chain
saturated acid precursors, because the microsomal fatty acid
elongase forming C24 from C18 and C20 precursors does not
discriminate between saturated and n-9 monounsaturated sub-
strates (22,23). Thus, the observed substantial deviation of
the predicted from the measured value for the test diet is proof
of a direct and strong influence of elevated dietary 24:1n-9 in
determining the levels of both 24:1n-9 and 24:0 in extra
neural sphingolipids in qk.qk mice, not only by direct incor-
poration into sphingomyelin but probably also by inhibition
of the biosynthesis of 24:0 from shorter-chain precursors. 

Neither does the Bettger and Blackadar (21) relationship
apply to brain for either diet (Table 5). Nonetheless, it is clear
that the test diet has consistently increased the ratio of
24:1n-9/24:0 in brain sphingomyelin of qk.qk mice relative
to that observed with the control diet. Further, the ratio in 2-
wk-old qk.qk mice fed the test diet exceeds that in qk.+ mice
fed the control diet. This results mainly from an elevation of
24:1n-9 (Fig. 6) and, to a lesser extent, from a depression of
24:0 (Fig. 5). Clearly, maternally provided 24:1n-9 has sub-
stantially influenced brain sphingomyelin in 2-wk-old qk.qk
mice. Again we propose that dietary-administered 24:1n-9 is
directly incorporated into brain sphingomyelin up to 2 wk
postbirth, during which time it also inhibits the biosynthesis
in brain of longer-chain fatty acids from shorter-chain precur-
sors, seen here in the depressed levels of 22:0 and 24:0 in
brain sphingomyelin of qk.qk mice fed the diet rich in 24:1n-9
at 2-wk postbirth. However, after this time the effects of di-
etary-administered 24:1n-9 fall off rapidly.

Sphingomyelin in brain is distributed approximately
equally between grey matter (nonmyelinated) and white mat-
ter (myelinated), whereas cerebrosides and sulfatides are pre-
sent predominantly in white matter (24). Myelination in mice
only becomes extensive from 9–10 d postbirth (2,25). There-
fore, the observed effects of the Lunaria oil on brain sphin-
gomyelin 2-wk postbirth in qk.qk mice must involve largely
nonmyelinated cells. Presumably these cells, mainly neurons
and astrocytes, have sphingomyelin that has been influenced
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TABLE 5
The Ratios of 24:1n-9/24:0 in Brain Sphingomyelin in the Present
Study

Postbirth Postbirth Postbirth
(2 wk) (8 wk) (26 wk)

qk.+ Control (predicted 0.65) 1.86 2.56 —
qk.qk Control (predicted 0.65) 1.30 0.67 0.97
qk.qk Test (predicted 16.16) 2.27 1.03 1.41



by the dietary Lunaria oil in the present study, by preformed
24:1n-9 delivered from the mother, either in utero or after
birth during lactation, increasing the percentage of 24:1n-9
by direct incorporation into sphingomyelin and also decreas-
ing the percentage of 20:0, 22:0, and 24:0 in sphingomyelin
by further inhibiting the already depressed formation of C22
and C24 fatty acids from shorter-chain precursors in the quak-
ing mouse brain. Thus, (1-14C)lignoceric acid injected into
15-d-old mice has a specific radioactivity in the total lipid of
neurons and astrocytes that is essentially the same as in
serum, consistent with its direct incorporation into these cells’
sphingolipids (25). However, the specific activity of the in-
jected (1-14C)lignoceric acid in myelin is much less than in
serum (26), consistent with C24 fatty acids in myelin sphin-
golipids being biosynthesized extensively if not solely from
chain elongation of shorter-chain fatty acids. This is sup-
ported by radioactivity from subcutaneously administered
(1-14C) stearic acid being readily incorporated into C24 fatty
acids of mice brain myelin during myelination (27). In con-
trast, high density serum lipoprotein, whose sphingomyelin
contains labeled lignoceric acid, labels the lignoceric acid of
brain sphingomyelin of either 20-d-old (rapidly myelinating)
or adult (nonmyelinating) rats to only the same very low level
(28), i.e., serum lignoceric acid is not incorporated directly
into the sphingomyelin of myelin nor, once myelination has
been initiated, is it incorporated into the sphingomyelin of
neurons or astrocytes. Thus, the marked reduction of the per-
centage of 24:1n-9 in total brain sphingomyelin observed be-
tween 2–8 wk postbirth in the present dietary study reflects
the accretion of sphingomyelin resulting from nerve myelina-
tion; this myelin-specific sphingomyelin is deficient in 24:1n-
9 and elevated in 18:0 and 20:0 due first, to the blockage in
converting C20 to C22 and C24 fatty acids in quaking mice
brains and second, to the inability of serum 24:1n-9 to con-
tribute to or influence brain sphingomyelin biosynthesis once
myelination has been initiated. This presumably reflects de-
velopment of the blood–brain barrier.

In summary, the results here establish that a dietary oil rich
in 22:1n-9 and 24:1n-9 can effectively normalize the level of
24:1n-9 in brain sphingomyelin in the quaking mouse mutant,
but only up to 2-wk postbirth. Thereafter, there is a progres-
sive fall in the level of 24:1n-9 in brain sphingomyelin, de-
spite a continuing high dietary input of 24:1n-9. We propose
that the positive dietary effect up to 2-wk postbirth is confined
largely to neurons and astrocytes, whose sphingomyelin can
be biosynthesized from extraneural 24:1n-9 derived from the
mother either in utero or early postbirth. The present data do
not allow us to distinguish between these two possibilities. In
contrast, during the 2–8-wk period postbirth, dietary 24:1n-9
is not available to the brain via the blood. Rather, the C24 fatty
acids required for the biosynthesis of sphingomyelin for the
rapid phase of myelination in the period starting ca. 2 wk
postbirth are synthesized, presumably in oligodendrocytes,
from C18 fatty acids by chain elongation reactions which are
defective in quaking mice. Fatty acid chain elongation reac-
tions may only assume true importance within the brain coin-

cident with the initiation of rapid myelination of nerves, clo-
sure of the blood–brain barrier, and the imminent removal of
maternally derived nutrients as the newborn approaches
weaning. 
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ABSTRACT: The purpose of the present investigation was to
test whether permanent skeletal muscle cells (rat L6 cells) could
serve as an in vitro model for α-tocopherol (αTocH) biodiscrim-
ination studies. L6 cells were incubated in the presence of high
density lipoprotein (HDL), low density lipoprotein (LDL), and
very low density lipoprotein (VLDL) labeled in the lipid moiety
with either all-rac- or RRR-[14C]αTocH. These incubations were
performed either in the absence or in the presence of exoge-
nously added bovine lipoprotein lipase (LPL) since skeletal mus-
cle is one of the major expression sites of LPL in vivo. Time-de-
pendent uptake studies (up to 24 h) in the absence of LPL have
shown that equipotent doses of all-rac- and RRR-[14C]αTocH
(1.36:1) led to almost identical accumulation of the tracer, in-
dependent of the lipoprotein class used as αTocH carrier. With
regard to αTocH donor capacity, it appeared that HDL is the
most potent αTocH donor, followed by LDL and VLDL. In the
presence of LPL, all-rac- and RRR-[14C]αTocH uptake was sig-
nificantly enhanced (between two- and tenfold). Biodiscrimina-
tion studies using chiral high-performance liquid chromato-
graphic analysis with radiometric detection of the correspond-
ing methyl ether derivatives on a Chiralcel OD column have
demonstrated that the 2S-and 2R-isomers of αTocH were taken
up in a 1:1 ratio by L6 cells independent of the absence or pres-
ence of LPL. In addition, we have not observed biodiscrimina-
tion between the four 2R-isomers, i.e., there was no preferential
accumulation of the RRR-isomer. These data suggest that L6
cells do not discriminate between different αTocH isomers and
that the addition of endogenous LPL significantly enhances the
uptake of RRR- and all-rac-αTocH.
Lipids 33, 1001–1008 (1998).

Synthetic all-rac-α-tocopherol (2RS-, 4′RS-, 8′RS-αTocH) is
an equimolar mixture of eight different stereoisomers and is
used as a vitamin E supplement and as a food additive. The
biopotencies of the eight αTocH isomers have been determined

in the rat resorption and gestation assay. These data led to the
officially established activity ratios of 1:1.36 [synthetic all-rac-
/RRR-α-tocopheryl-acetate (αToc-acetate)] and 1:1.49 (syn-
thetic all-rac-αToc-acetate/RRR-αTocH). For αToc-acetate rel-
ative biopotencies of 100 (RRR), 90 (RRS), 73 (RSS), 57 (RSR),
60 (SSS), 37 (SRS), 31 (SRR), and 21% (SSR) were established
(1). Ingold and colleagues (2) investigated the structural neces-
sities for optimal “biopotency” that give these lipid-soluble
phenolic antioxidants Vitamin E activity. The most important
determinants were a fully methylated aromatic ring, 2R-config-
uration, and the size of the heterocyclic ring (2).

Dietary vitamin E is taken up by intestinal cells and rese-
creted in chylomicrons in proportion to the concentration of
the naturally occurring tocopherols in the diet (3–5). In vivo
studies have demonstrated preferential enrichment of very low
density lipoproteins (VLDL) with αTocH over γ-tocopherol, a
process facilitated by a hepatic αTocH-binding/transfer pro-
tein (6–9). Traber et al. (3,4) demonstrated that the liver is
where the preferential enrichment of newly synthesized VLDL
with RRR-αTocH occurs. The organs with the highest capabil-
ities for biodiscrimination of αTocH isomers (i.e., uptake of
one isomer in excess of the others) are brain (10), adrenal
glands (11), and also erythrocytes are capable of pronounced
preferential uptake of RRR- over all-rac-αTocH (11,12). With
regard to αTocH-isomer biodiscrimination in the liver, contra-
dictory results were reported: Whereas some authors observed
preferential enrichment with 2R-isomers (11,12), others
demonstrated enrichment with 2S-isomers (13). Skeletal mus-
cle—a major storage site of αTocH besides the liver and adi-
pose tissue in the rat (14)—is not able to discriminate between
different αTocH isomers (13). 

In the fasting state, αTocH is distributed between the
VLDL, low and high density lipoprotein (LDL and HDL, re-
spectively) fractions in a 1:1.9:1.4 ratio (15) in humans, but
in rats the vast majority of αTocH is transported in the HDL
fraction. αTocH uptake by peripheral tissues may occur by
different pathways: One of the first steps contributing to tis-
sue supply with αTocH is lipoprotein lipase (LPL)-mediated
hydrolysis of triglyceride-rich lipoproteins (16). Second, tis-
sues may acquire LDL-associated αTocH partially via the
LDL receptor pathway. However, the quantitative importance
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of this pathway is not entirely clear since Watanabe heritable
hyperlipidemic rabbits (lacking functional LDL receptors)
have normal tissue αTocH concentrations (17). Finally,
αTocH transfer between lipoproteins and tissues might con-
tribute to the maintenance of tissue αTocH levels (17,18). 

During the present study we compared the uptake of
lipoprotein-associated all-rac- and RRR-αTocH by rat skele-
tal muscle myoblasts (L6 cells) in the absence or presence of
LPL. HDL, LDL, and VLDL were labeled with either all-rac-
or RRR-[14C]-αTocH, and uptake and biodiscrimination were
determined by chiral high-performance liquid chromatogra-
phy (HPLC) with radiometric detection.

EXPERIMENTAL PROCEDURES

Materials. Methanol, 2-propanol, hexane, and potassium bro-
mide were obtained from Merck (Vienna, Austria). LC-18 re-
versed-phase HPLC columns were obtained from Supelco
(250 × 4.6 mm i.d.; Vienna, Austria) or from Chrompack (200
× 2 mm i.d.; Vienna, Austria). The chiral phase (Chiralcel
OD; 250 × 4.6 mm i.d.) used for the separation of 2R- and 2S-
αTocH isomers as their methyl ether derivatives was obtained
from P.H. Stehelin Co. (Basel, Switzerland). Ready Safe scin-
tillation cocktail was obtained from Beckman (Vienna, Aus-
tria). Synthetic all-rac- (specific activity: 2.07 GBq/mmol, ra-
diochemical purity 99.1%, by HPLC) and natural RRR-
[14C]αToc-acetate (specific activity: 2.07 GBq/mmol,
radiochemical purity 99.8%, by HPLC) was prepared follow-
ing the procedure described in Reference 19. Consumables
used during cell culture studies were obtained from
BioWhitaker or Costar (Vienna, Austria). Dulbecco’s modi-
fied Eagle’s medium (DMEM) was obtained from Boehringer
Ingelheim (Vienna, Austria). PD-10 size exclusion columns
were from Pharmacia (Uppsala, Sweden). All other materials
were purchased from Merck (Darmstadt, Germany) as ana-
lytical grade reagents. L6 cells (permanent rat skeletal mus-
cle myoblasts) were obtained from American Type Culture
Collection (Rockville, MD). 

Hydrolysis of all-rac- and RRR-αToc-acetate. Free αTocH
was prepared from all-rac- and RRR-αToc-acetate essentially
as described by Mayer and Isler (20). In a conical vial con-
taining 10 mg LiAlH4 in 100 µL dry diethyl ether and a stir-
rer, 400 µCi (14.8 MBq) all-rac-αToc-acetate or 200 µCi (7.4
MBq) RRR-αToc-acetate in ether (1000 µL) were added
dropwise at room temperature and stirred for 45 min, fol-
lowed by the addition of moist ether (2 mL) and H2SO4 (1 N,
500 µL). The mixture was vortexed and then centrifuged at
3000 rpm. The upper ether layer was removed, and the re-
maining aqueous layer was extracted three more times. The
ether extracts were combined and dried under argon. αTocH
yields were ≈ 95–100%. Analysis of the products was per-
formed on an LC-18 column with radiometric detection as de-
scribed below.

Lipoprotein preparation. Human VLDL, LDL, and apoE-
free HDL3 (termed HDL throughout this report) were pre-
pared by density gradient ultracentrifugation of plasma, ob-

tained from normolipemic donors, in a TL120 tabletop ultra-
centrifuge (at rav. 350,000 × g) as described in Reference 21
or by vertical single-spin ultracentrifugation (22). Lipopro-
teins were recovered from the tubes, and excess KBr was re-
moved by size exclusion chromatography on PD-10 columns.
Lipoprotein-deficient serum (LPDS) was prepared by stan-
dard techniques (23).

Lipoprotein labeling. Lipoproteins were labeled with
[14C]αTocH as follows: 1.5 mg HDL-, 0.8 mg LDL-, and 0.08
mg VLDL-protein were labeled with 7.5, 4, and 0.8 µCi RRR-
αTocH or with 10.2, 5.4, and 1.1 µCi all-rac-αTocH by di-
rect syringe-injection of the corresponding tracer dissolved in
ethanol (<5.5% of the final volume), followed by dilution
with phosphate-buffered saline (PBS) (final volume 2 mL)
and incubation at 37°C for 3 h. Free activity was removed on
PD-10 size exclusion columns. This labeling procedure re-
sulted in the following specific activities: 13 (all-rac-αTocH-
HDL), 13 (all-rac-αTocH-LDL), 61 (all-rac-αTocH-VLDL),
9 (RRR-αTocH-HDL), 9 (RRR-αTocH-LDL), and 40 (RRR-
αTocH-VLDL) cpm/ng protein. The intended differences in
the specific activities of lipoprotein preparations labeled with
either all-rac- or RRR-αTocH were 1.36 (USP ratio) accord-
ing to the differences in biopotencies of the corresponding
isomer (mixtures).

Isolation of bovine LPL. Bovine LPL was isolated as de-
scribed (24). Fresh, unpasteurized bovine milk (1 L) was cen-
trifuged (9000 rpm, 4°C, 30 min) to separate cream. The float-
ing cake was discarded, and NaCl was added to a final con-
centration of 350 mM to the remaining skim milk. After
filtration the enzyme was purified by affinity chromatography
on heparin- and phenyl-sepharose. The indicated concentra-
tions were added together with the labeled lipoprotein prepa-
rations and incubated for the indicated times in DMEM con-
taining 10% (vol/vol) LPDS. LPL activity was measured with
a synthetic triglyceride emulsion as described earlier (25).

Analysis of αTocH and αToc-acetate. Reversed-phase
HPLC of radio labeled αTocH and αToc-acetate was per-
formed on a Chrompack LC-18 column (200 × 2 mm) with
methanol/water (98:2; vol/vol) as the mobile phase (200
µL/min), essentially as described in Reference 26. Radiola-
beled compounds were detected with a Radiomatic Flo-One
radiometric HPLC detector (Packard-Canberra, Vienna, Aus-
tria; channel set at 0–156 keV) which was preceded by an ul-
traviolet (UV) detector to allow simultaneous detection of la-
beled and unlabeled compounds. Liquid scintillation fluid
flow rate was set to 1 mL/min. The concentration of endoge-
nous αTocH in the lipoprotein preparations used was assessed
as described in Reference 27.

Cell culture studies. Rat L6 skeletal muscle myoblasts
were seeded in 35-mm multiwell culture plates and cultured
under standard conditions (37°C, 5% CO2, 95% humidity) in
DMEM containing fetal calf serum (10% vol/vol), strepto-
mycin (40 mg/mL), and penicillin (40 units/mL). When the
cells were 70–80% confluent the monolayers were washed
twice with PBS (pH 7.4) and conditioned in fresh DMEM
containing LPDS (10%, vol/vol) for 24 h to deplete the intra-
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cellular αTocH stores. The cells were then washed again
(DMEM, 2×), and the uptake assays were initiated in DMEM
containing LPDS and the correspondingly labeled lipoprotein
preparation. Lipoproteins were added at concentrations of 50
(HDL), 25 (LDL), and 2.5 (VLDL) µg protein/mL medium,
reflecting an approximation of the lipoprotein mass ratios
present in plasma of normolipemic donors. Where indicated,
the medium was supplemented with bovine LPL (50 µg/mL). 

After 2, 6, and 24 h the tissue culture plates were placed
on ice, the medium was removed, and the cells were washed
twice with ice-cold PBS containing bovine serum albumin (2
mg/mL) followed by another two washes with ice-cold PBS
and extracted with hexane/2-propanol (3:2, vol/vol; 1 mL,
room temperature, 20 min). The organic extracts were used
to analyze uptake and isomer distribution of the αTocH la-
bels. The cellular residue was lysed in NaOH (1 mL, 0.3 N)
and the cellular protein content measured according to the
method of Lowry et al. (28).

Preparation of αToc-methylether derivatives for chiral
HPLC. The cellular lipid extracts were dried under argon and
converted to the corresponding methyl ether derivatives as de-
scribed in Reference 20. Briefly, to the dry extracts (kept under
argon) 50 µL monoglyme, 25 µL KOH (25%, wt/vol; drop-
wise addition; vortex after each addition) and 30 µL dimethyl-
sulfate (dropwise addition, vortex after each addition) were
added. The incubation mixture was then kept at 50°C for 30
min. The ether phase was removed with nitrogen and to the re-
maining mixture 100 µL water and 500 µL hexane were added
and vortexed for 1 min. To achieve phase separation, the sam-
ples were centrifuged at 3000 rpm (4°C, 10 min). The hexane
phase was removed, the samples were extracted a second time,
and the combined hexane layers containing the αToc-methyl
ether (αToc-ME) derivatives were dried under argon and re-
suspended in 150 µL hexane and analyzed by chiral phase
HPLC with radiometric detection as described below.

Chiral phase HPLC of αToc-ME derivatives. αToc-ME
derivatives were separated on a 250 × 4.6 mm Chiralcel OD
column. This chiral phase separates all-rac-αToc-ME deriva-
tives into five peaks, the first peak containing the four 2S-iso-
mers and separating the four 2R-isomers [RSS, RRS, RRR, and
RSR (29)]. The peak assignment of αToc-ME isomers was
based on Reference 29. Forty microliters of the cellular lipid
extracts in hexane was injected into the chromatographic sys-
tem, which consisted of a Waters 510 pump, a Waters 717
plus autosampler, a Packard/Canberra radiometric FlowOne
beta detector that was preceded by a Waters 490E program-
mable multiwavelength ultraviolet-visible detector set at 283
nm to allow simultaneous detection of labeled and unlabeled
αToc-ME isomers. The mobile phase was hexane at 1
mL/min, and the scintillation fluid flow was set at 2 mL/min.
Total analysis time for isomer separation was 80 min.

RESULTS

Analytical procedures. Prior to lipoprotein labeling, the αToc-
acetate labels were converted to the corresponding αTocH

tracers as described in the Experimental Procedures section.
The αToc-acetate tracers (eluting at 5.6 min under the chro-
matographic conditions described in the Experimental Proce-
dures section) were converted quantitatively to free αTocH
(eluting at 4.8 min) under the conditions described in the Ex-
perimental Procedures section (data not shown). 

The chiral separation of all-rac-αToc-ME derivatives is
shown in Figure 1 (A: ultraviolet detection of unlabeled de-
rivatives; B: radiometric detection of [14C]-labeled deriva-
tives). Derivatization and chiral phase HPLC was performed
as described in the Experimental Procedures section. The sep-
aration of the αToc-ME derivatives results in the occurrence
of five peaks, with the first one containing the four 2S-iso-
mers (eluting at 25 min) and the remaining four peaks resem-
bling the four 2R-isomers which were baseline-separated
(29). Peak 1 contained 51.6% (2S isoforms) of the total peak
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FIG. 1. Chiral high-performance liquid chromatographic separation of
α-tocopheryl methyl ester (αToc-ME) derivatives. (A) Unlabeled αToc-
ME derivatives (50 ng) and (B) approximately 100,000 cpm of all-rac-
[14C]αToc-ME derivatives were separated on a Chiracel OD column by
the methods described in the Experimental Procedures section. Peak 1
eluted at 25 min and contained the four 2S-isomers. The four 2R-iso-
mers were separated  as follows: peak 2, RSS, 38 min; peak 3, RRS, 43
min; peak 4, RRR, 52 min; and peak 5, RSR, 61 min; peak assignment
as in Reference 29.



area (or radioactivity) and the remaining four peaks (RSS-,
RRS-, RRR- and RSR-αToc-ME) contained 12.2, 10.7, 12.6,
and 12.8% of the activity as expected for the four 2R-αToc-
ME isomers. The absolute limit of detection with radiometric
detection was approximately 300 cpm/peak corresponding to
≈4 × 10−12 mol per isomer. Owing to the good miscibility of
the mobile phase and the liquid scintillation fluid the ratio was
kept as low as possible, i.e., at 1:2 (mobile phase/scintillator).
These chromatographic conditions were used to analyze the
uptake of all-rac- and RRR-[14C]αTocH by L6 rat skeletal
muscle myoblasts throughout the study described here.

Uptake of HDL-, LDL- and VLDL-associated all-rac- and
RRR-[14C]-αTocH by L6 cells in the absence or presence of
LPL. Lipoproteins were labeled with all-rac- or RRR-[14C]-
αTocH as described in the Experimental Procedures section.
We intended to label the different lipoprotein classes with all-
rac- and RRR-αTocH in a ratio of 1.36 (to account for the
USP ratio of 1:1.36) and achieved differences in the specific
activities of 1.4 (HDL and LDL) and a slightly higher value
of 1.5 in case of VLDL. This experimental approach (instead
of similar specific activities and addition of higher concentra-
tions of the all-rac-labeled lipoproteins) was chosen to have
equipotent [14C]αTocH concentrations and similar protein
and lipid concentrations on the cells. Prior to the uptake ex-
periments, the L6 cells were preincubated in DMEM supple-
mented with LPDS to deplete the intracellular αTocH pool.
The endogenous αTocH content of the lipoprotein prepara-
tions used was 1.9 ± 0.2, 3.7 ± 0.1, and 2.5 ± 0.08 nMol/mg
total lipoprotein mass for HDL, LDL, and VLDL (mean ±
SD, three different preparations), respectively, similar to pre-
viously published results (30–32).

The time-dependent uptake of all-rac- and RRR-[14C]-
αTocH labeled HDL, LDL, and VLDL, respectively, in the
absence or presence of LPL is shown in Figure 2. From these
data it is evident that αTocH concentrations in L6 cells in-
creased in a time-dependent manner and, in the absence of
LPL, this increase was more or less linear when HDL and
LDL were used as αTocH donors. In case of VLDL, αTocH
uptake tended to level off at the 24 h point. The resulting
αTocH concentrations in L6 rat skeletal muscle myoblasts
were not significantly different when the cells were either in-
cubated in the presence of all-rac- or RRR-[14C]-αTocH la-
beled lipoproteins, i.e., equipotent doses of all-rac- or RRR-
αTocH led to a comparable increase of the cellular αTocH
content (Fig. 2). 

There was, however, a significant difference in the αTocH
donor capacity of the different lipoprotein classes used dur-
ing these experiments. The lipoprotein concentrations chosen
during the present study reflect the approximate concentra-
tion ratio of VLDL, LDL, and HDL occurring in plasma of
normolipemic donors. Although we have not analyzed the
mass transfer of unlabeled, endogenous αTocH, the apparent
donor capacity for [14C]αTocH appears to be highest for HDL
(1.5% of RRR- and 1.4% h−1 of all-rac-[14C]-αTocH), fol-
lowed by LDL (0.9% of RRR- and 0.8% h−1 of all-rac-[14C]-
αTocH) and VLDL (0.4% of RRR- and 0.4% h−1 of all-rac-

[14C]-αTocH). The addition of LPL to the cell incubations in
the presence of HDL, LDL, or VLDL led to a significant in-
crease of αTocH uptake by L6 myoblasts as compared with
experiments performed in the absence of LPL, independent
of which lipoprotein class was used as αTocH vehicle (Fig.
2). At the 24 h point, all-rac-αTocH uptake in the presence of
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FIG. 2. Time-dependent accumulation of all-rac-[14C]α-tocopherol
(αTocH) and RRR-[14C]αTocH incorporated into high density lipopro-
tein (HDL), low density lipoprotein (LDL), and very low density lipopro-
tein (VLDL) in the presence or absence of lipoprotein lipase (LPL). Ac-
cording to the procedures described in the paragraph headed “Cell cul-
ture studies,” lipoproteins labeled with [14C]all-rac- (●●,●) or
[14C]RRR-αTocH (■■,■) were added at concentrations of (A) 50 HDL,
(B) 25 LDL, and (C) 2.5 VLDL µg protein/mL medium in the absence
(●,■) or presence (●●,■■) of bovine LPL (50 µg/mL) which was added to-
gether with the labeled lipoprotein preparations.



LPL (50 µg/mL medium) increased by 3.1-, 11.9-, and 5.7-
fold (HDL, LDL, and VLDL, respectively; Fig. 2) whereas
RRR-αTocH uptake was increased by 2.2-, 9.2-, and 3.8-fold
(HDL, LDL, and VLDL; Fig. 2).

Coincubation of L6 cells with all-rac- or RRR-[14C]-αTocH
verified the expectation that equipotent doses of the tracers in-
corporated into HDL, LDL, or VLDL will lead to comparable
(intra)cellular accumulation of the tracers. This assumption is
further substantiated by data shown in Table 1 where the cellu-
lar all-rac-:RRR-αTocH ratios are shown. In the absence of
LPL the all-rac-:RRR-αTocH ratios were between 0.97 and
1.25 except for LDL at the 24 h point, where the ratio was 1.6
(Table 2). However, the situation was different when the cells
were incubated with the respective lipoprotein preparations la-
beled with either all-rac- or RRR-[14C]αTocH in the presence

of LPL. During these experiments the all-rac-:RRR-αTocH ra-
tios were much higher, i.e., between 1.5 and 2.5. Obviously the
addition of LPL resulted in the preferential accumulation of all-
rac-[14C]-αTocH in L6 cells.

αTocH stereoisomer distribution in L6 cells. In general the
αTocH isomer distribution in L6 cells after coincubation with
all-rac-[14C]αTocH-labeled HDL, LDL, or VLDL in the ab-
sence or presence of LPL led to almost similar patterns (Table
2). In line with the results shown in Table 1, we have not ob-
served preferential enrichment of the myoblasts with one of
the 2R-isoforms; rather, the 2S- and 2R-isoforms accumulated
in a 1:1 ratio (Σ 2S = 46.2–52.7% and Σ 2R = 47.3–53.8%).
This was observed for all the donor–lipoprotein preparations
and all time points analyzed during the present study (with the
exception of LDL at the 24 h point; 2S:2R = 0.72). Also within
the 2R-isomer group we have not observed preferential uptake
of one of the isomers. From these data it appears reasonable to
conclude that (under the conditions described here) no biodis-
crimination of αTocH isomer uptake occurs in L6 cells. 

DISCUSSION

We investigated the relative bioavailability of RRR-αTocH and
all-rac-αTocH and the changes in the concentration of the 2S-
and 2R-isomers in permanent rat skeletal muscle myoblasts (L6
cells). To deliver αTocH to these cells we used HDL, LDL, and
VLDL in the presence and absence of LPL as donor vehicles.
In contrast to the liver and heart (33,34) other organs/tissues
(including skeletal muscle) are devoid of αTocH transfer/bind-
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TABLE 1
α-Tocopherol (αTocH) Activity Ratios (all-rac-:RRR-) in L6 Cells After
Coincubation with Labeled VLDL, LDL, or HDL in the Absence or
Presence of LPLa

Mean αTocH ratios (all-rac-:RRR-)

−LPL +LPL

Vehicle 2 h 6 h 24 h 2 h 6 h 24 h

HDL 1.03 1.1 1.23 2.47 1.72 1.74
LDL 0.97 1.32 1.62 1.94 1.54 2.1

VLDL 1.25 1.05 1.17 1.87 1.47 1.75
aVLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL,
high density lipoprotein; LPL, lipoprotein lipase.

TABLE 2
αTocH Isomer Distribution in L6 Cells After Coincubation in the Presence of All-rac-[14C]-
αTocH-labeled VLDL, LDL, and HDL in the Absence or Presence of LPLa

Percentage 2R-isomer distribution Percentage of all isomers

Time (h) RSS RRS RRR RSR 2S 2R

LPL absent
HDL 2 12.3 11.9 13.5 12.4 49.9 50.1

6 12.0 12.6 12.9 12.3 50.2 49.8
24 9.6 12.2 16.3 15.7 46.2 53.8

LDL 2 12.2 11.6 12.5 12.2 51.3 48.8
6 12.1 11.4 12.7 12.1 51.7 48.3
24 16.4 13.3 15.4 13.0 41.9 58.1

VLDL 2 12.5 12.5 12.4 12.7 50.0 50.0
6 11.7 10.9 12.8 11.9 52.7 47.3
24 11.9 11.7 12.1 12.4 51.9 48.1

LPL present
HDL 2 10.4 15.1 12.9 13.9 47.7 52.2

6 12.1 13.3 15.3 11.8 47.5 52.5
24 11.8 11.8 13.4 13.0 50.0 50.0

LDL 2 13.4 12.0 15.0 10.3 49.3 50.7
6 12.0 11.7 13.0 12.6 50.7 49.3
24 12.0 12.3 12.9 12.6 50.2 49.8

VLDL 2 12.2 11.8 13.9 12.7 49.9 50.1
6 12.6 12.6 13.0 12.9 48.9 51.1
24 11.9 12.3 12.7 12.3 50.7 49.3

aExperimental conditions as described in Table 1. For abbreviations see Table 1.



ing protein. Despite the absence of αTocH transfer/binding
protein, in vivo studies have demonstrated that skeletal muscle
acquires RRR-αTocH in excess of all-rac-αTocH during longer
supplementation times (35) as a result of plasma enrichment
with the RRR-isomer (13,35). In addition this apparent “biodis-
crimination” was attributed to different αTocH uptake path-
ways, i.e., the contribution of chylomicrons (delivering all
forms of αTocH) and the other lipoprotein classes (preferen-
tially enriched in RRR-αTocH) (35). Our short-term studies
with permanent rat myoblasts showed that the L6 cells do not
discriminate between different stereoisomers of αTocH, inde-
pendent of the donor lipoprotein used. We have not observed
substantial enrichment of the myoblasts with one of the 2R′-
isoforms, rather the 2S- and 2R-isoforms accumulated in a 1:1
ratio independent of the lipoprotein fraction used as αTocH
donor (Table 2). From these data it is evident that the myoblasts
show no enhancement of the 2R-/2S-isomer ratio relative to the
isomer distribution present in the corresponding donor lipopro-
tein fractions. These findings are compatible with an in vivo
study in rats (13), where it was demonstrated that three differ-
ent types of skeletal muscle did not show an enhanced
RRR/SRR ratio relative to plasma. 

During the present study we have obtained evidence (on
the basis of transfer rates) that HDL is a more efficient αTocH
donor than LDL or VLDL. This is especially noteworthy as
the experiments were performed under LPDS conditions
where the expression of LDL receptors is upregulated (23).
One interpretation is that under “normal” conditions the con-
tribution of HDL to tissue supply with αTocH could be even
more pronounced. The higher donor capacity of HDL is in
line with findings obtained with permanent hepatocytes where
we (31) demonstrated that the transfer of αTocH from HDL
was approximately twofold higher than from LDL. The trans-
fer of HDL- and LDL-associated αTocH occurred indepen-
dent from lipoprotein particle uptake and was regulated by
the intracellular cholesterol content (31), compatible with the
concept of “selective” uptake as described for HDL choles-
teryl esters (CE) (36). This assumption is further substanti-
ated by the finding that the liver and the adrenals—the sites
with the highest capacity for selective HDL-lipid uptake
(14)—contain the highest αTocH concentrations. In addition,
it was shown that interlipoprotein transfer of αTocH occurs
with the highest efficacy from labeled HDL particles (18,37).
These good αTocH donor properties of HDL might (at least
in part) be a result of the high curvature of the particle, an im-
portant physical property affecting the efficacy of lipoprotein-
independent lipid transfer (38). A different distribution of
αTocH between the polar surface and the hydrophobic core
in different lipoprotein classes could offer another explana-
tion for this observation (39). Therefore, it appears reason-
able to assume that in vivo the HDL fraction is an important
(and somewhat underestimated) αTocH donor, contributing
to the maintenance of αTocH levels in organs and tissues. 

Significantly increased αTocH uptake by L6 cells in the
presence of LPL was an interesting finding from the present
study. In vivo studies (40) have demonstrated that the uptake

of αTocH in skeletal muscle depends on the level of LPL ex-
pression. The enhancement of αTocH uptake in the presence
of LPL is most probably due to higher lipolysis rates (41) and,
in addition, to the proposed bridging function of the enzyme
(40). This bridging function was attributed to the presence of
a heparin- and a lipid-binding site in the LPL molecule (42)
resulting in increased lipoprotein binding to the surface of a
variety of cells (43–45). As a result LPL increases binding
(bridging), internalization, and degradation of lipoproteins
(46,47) by mechanisms involving the LDL receptor-related
protein and the VLDL receptor (48–50). In one of our earlier
studies we demonstrated that the addition of exogenous
bovine LPL significantly increased selective HDL-CE uptake
by mouse peritoneal macrophages (51). The effects of LPL
on selective HDL-CE uptake could be attributed to enhanced
HDL-particle internalization and a second pool of HDL parti-
cles delivering CE without concomitant particle internaliza-
tion (51). Whether LPL-generated lipolysis products enhance
cell permeability [as demonstrated for endothelial layer per-
meability (52)] remains to be elucidated. Along this line it is
noteworthy that αTocH-uptake by skeletal (thigh) muscle of
LPL-overexpressing mice was dependent on the level of LPL
(over)expression and was highly correlated with the amount
of free fatty acids in the tissue (40). A combination of three
effects mediated by LPL—enhanced lipoprotein binding, en-
hanced selective uptake, and enhanced permeability caused
by lipolysis products—could ultimately result in increased
αTocH uptake as observed in the present study. From the chi-
ral HPLC data shown in Table 2 it is evident that the addition
of LPL did not affect the isomer distribution in L6 cells incu-
bated in the presence of all-rac-αTocH. 

The present study showed that permanent L6 rat myoblasts
do not acquire 2R-isomers in excess of 2S-αTocH isomers, in
line with findings obtained in vivo (13). From these results one
might anticipate that for the treatment of, e.g., muscle my-
opathies equipotent doses of natural RRR- and synthetic all-
rac-αTocH would be equally effective. In addition we would
emphasize L6 cells as a valuable in vitro model reflecting com-
parable αTocH uptake mechanisms as observed for rat and
mouse skeletal muscle in vivo. We expect verification of our in
vitro findings during in vivo experiments with transgenic mice
overexpressing LPL in skeletal and cardiac muscle (40). 
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ABSTRACT: We found that lysophospholipase D (LPLD) in rat
plasma prefers unsaturated to saturated lysophosphatidyl-
cholines as substrates, generating a biologically active lipid,
lysophosphatidic acid, but it does not hydrolyze diacyl-phos-
pholipids. In this study, this LPLD required a metal ion for ac-
tivity, Co2+ being the most effective, followed in order by Zn2+,
Mn2+, and Ni2+. This metal-ion-stimulated LPLD with unique
substrate specificity, which has not been described previously,
was susceptible to thiol-blocking reagents and serine esterase
inhibitors, but not to a histidine-modifying reagent. Consistent
with results using thiol-modifying agents, short-chain fatty alde-
hydes, secondary products of lipid peroxidation, were found to
inhibit LPLD. Addition of dibutylhydroxytoluene or butylhy-
droxyanisole to the plasma increased the activity of this en-
zyme, probably in a manner independent of its antioxidant ac-
tivity, since another antioxidant, propyl gallate, was rather in-
hibitory. These results suggest that rat plasma contains an active
LPLD that differs in some properties from other members of the
known phospholipase D family detected in animal tissues and
body fluids.
Lipids 33, 1009–1015 (1998).

Lysophosphatidic acid (LPA) has the simplest structure of all
phospholipids, but has a variety of biological activities (1–3),
among which its effect in inducing proliferation received
much attention (4). Recent reports on cloning of genes for
LPA receptors from various sources (5–7) support the idea
that LPA functions as a first messenger through its specific
seven transmembrane-spanning proteins (8). LPA was origi-
nally identified as a vasoactive principle with platelet-aggre-
gating activity in the incubated serum of rats (9). Later, sev-
eral groups identified LPA as an active component in serum

or ascites, using in vitro assay systems with fibroblast cells
(10), neuronal cells (11), glioma cells (12), tumor cells
(13,14), and oocytes (11). LPA was found to be present at mi-
cromolar concentrations in serum, by its chemical measure-
ment after thin-layer chromatography (TLC) separation of
lipid extracts of serum (15,16). Two mechanisms participated
in the accumulation of LPA in serum or plasma: (i) its release
from activated human platelets (15), possibly via the action
of phospholipase A2 on phosphatidic acid in membranes of
platelets (17) and (ii) lysophospholipase D (LPLD), which
hydrolyzes unsaturated lysophosphatidylcholines (LPC) pref-
erentially over saturated LPC in rat plasma (18). We report
here some properties of this LPLD. Our results suggest that
plasma LPLD is a novel type of LPLD requiring a metal ion
for optimal activity.

EXPERIMENTAL PROCEDURES

Materials. 1-[1-14C]Palmitoyl-2-lyso-sn-glycero-3-phospho-
choline (16:0-LPC, 1.48–2.22 GBq/mmol) was purchased
from DuPont-New England Nuclear (Boston, MA). l-Oleoyl-
2-lyso-sn-glycerol-3-phosphate (18:1-LPA), acetaldehyde,
1,1,3,3-tetramethoxypropane, and p-bromophenacyl bromide
were purchased from Sigma Chemical Co. (St. Louis, MO).
Acrolein was a product of Tokyo Kasei Kogyo Co. (Tokyo,
Japan). Propyl gallate and 3-tert-butyl-4-hydroxyanisole were
from Kanto Chemical Co. (Tokyo, Japan). 2,6-Di-tert-butyl-
4-hydroxy-methylphenol (BHT), N-ethylmaleimide (NEM),
o-phenanthroline, diisopropyl fluorophosphate (DFP), EGTA,
and EDTA were from Wako Pure Chemical Industries
(Osaka, Japan). Phenylmethylsulfonyl fluoride (PMSF) and
dithio-bis-(2-nitrobenzoic acid) (DTNB) were obtained from
Nacalai Tesque (Kyoto, Japan). Other chemicals were reagent
grade, and solvents were double-distilled.

Rat plasma. Blood was withdrawn through an abdominal
artery from fasting (8–10 h) male Wistar rats (8–11 wk old;
Japan SLC, Shizuoka, Japan) anesthetized with sodium pen-
tobarbital (40 mg/kg, i. p.), and immediately mixed with 0.01
vol of heparin solution (final concentration, 2 I.U./mL) in
sterilized plastic centrifugation tubes, unless otherwise de-
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scribed. In some experiments, rat blood was anticoagulated
with 0.15 vol of acid–citrate–dextrose solution, EDTA solu-
tion (6.7 mg/mL), or EGTA (6.7 mg/mL) solution. Serum was
prepared by allowing rat blood to stand in the absence of an-
ticoagulant at 37°C for 1 h and then overnight at 4°C. 

Measurement of LPLD activity. The standard procedure for
measurement of LPLD activity was as follows: First, rat
plasma or serum was mixed with 0.05 vol of a solution of
[14C]16:0-LPC in saline containing 0.25% bovine serum al-
bumin. The final concentration of radioactive LPC was 3.5
nmol/mL (0.0074 ΜΒq/mL). Immediately after the addition
of [14C]16:0-LPC, a 0.2-mL aliquot of plasma or serum was
withdrawn as the 0 h sample. The remaining plasma or serum
was incubated at 37°C for 6 h, and 0.2-mL samples were
withdrawn after 2, 4, and 6 h and diluted with 2% KCl solu-
tion to 2 mL. Lipids were extracted from these diluted sam-
ples by the method of Bligh and Dyer (19) after adjusting the
samples to pH 2.5 with 1 N HCl, except in experiments on the
metal-ion requirement of LPLD, in which lipids were only
extracted after 6-h incubation. The lipid extracts were frac-
tionated together with 18:1-LPA (0.1 µmol) as a carrier on a
Merck Silica gel 60 TLC plate (Darmstadt, Germany) in a sol-
vent system of chloroform/methanol/20% ammonium hy-
droxide (60:35:8, by vol). Lipid bands were visualized under
an ultraviolet lamp after spraying with a 1-mM solution of
p-toluidino-2-naphthalenesulfonic acid in 50 mM of Tris-HCl
(pH 7.4). Bands of individual phospholipids were scraped 
off the gel, mixed with 5 mL of Sintisol EX-H (Wako), and
counted in a liquid scintillation counter. LPLD and lyso-
lecithin acyltransferase (LAT) activities were calculated from
the radioactivities of the bands of the LPA and phosphatidyl-
choline (PC), respectively, against the sum of the radioactivi-
ties of the PC, LPC and LPA bands, and expressed as percent-
age conversion/h.

In experiments with various agents that modified amino-
acid residues of proteins, plasma from heparinized rat blood
was preincubated with test reagents at 37°C for 15 min, and
then incubated with [14C]16:0-LPC (0.0074 MBq), as de-
scribed. All test reagents were dissolved in ethanol. The final
concentration of ethanol in rat plasma was 1%. In control ex-
periments, the plasma was preincubated with ethanol alone at
a final concentration of 1%, followed by the addition of
[14C]16:0-LPC.

For experiments with chelators, the plasma obtained from
heparinized blood was mixed with 0.05 vol of EDTA solution
at final concentrations of 1, 2.5, 5, 10, 20, and 50 mM or
o-phenanthroline at final concentrations of 0.25, 0.5, and 1
mM or distilled water as a control. The mixtures were then
incubated with 0.05 vol of a solution of [14C]LPC for 6 h.

For studies on the metal-ion requirement for LPLD activ-
ity, the plasma from heparinized blood was first treated with
0.04 vol of a solution of EDTA, and the pH of the mixture was
adjusted to pH 7.4. The plasma was then mixed with 0.01 vol
of a solution of CaCl2, MgCl2, BaCl2, CoCl2, NiCl2, FeCl3,
CdCl2, HgCl2, ZnSO4, CuSO4, or MnCl2 at final concen-
trations of 5 or 10 mM or distilled water as a control

(EDTA–plasma). The final concentration of EDTA was 5 mM
in these experiments. As another control (heparin–plasma),
the plasma was mixed with 0.05 vol of distilled water. These
samples were then incubated with 0.05 vol of a solution of
[14C]LPC for 6 h. In several experiments, the heparinized
plasma was mixed with 0.01 vol of a solution of a metal ion
such as CoCl2 or CuSO4 without preaddition of EDTA or
o-phenanthroline. In such cases, control plasma was mixed
with 0.01 vol of distilled water.

In experiments with short-chain fatty aldehydes, the
plasma (0.9 mL) was first treated with 0.05 mL of [14C]LPC
solution and then promptly treated with 0.05 mL of a solution
of freshly prepared acetaldehyde or acrolein in saline or saline
alone (as a control). Malondialdehyde was generated from
1,1,3,3-tetramethoxypropane as described previously (20).
The plasma was mixed with 0.05 mL of [14C]LPC solution
and 0.05 mL of a solution of malondialdehyde in 0.1 M
sodium phosphate buffer, pH 6.4, or vehicle alone.

The antioxidants used in this study were poorly water-sol-
uble, so desired amounts of these chemicals were dried in
tubes, to which the plasma was added directly. The mixtures
were then shaken vigorously and incubated with [14C]LPC
with or without preaddition of Cu2+ or Fe3+.

Statistics. Experimental values are means ± SEM, and dif-
ferences between the means were compared by unpaired Stu-
dent’s t-test. A P value of <0.05 was considered statistically
significant. 

RESULTS

Cation requirement for LPLD activity. For measurement of
LPLD activity, rat plasma was incubated with [14C]16:0-LPC
for up to 6 h. As shown in Figure 1, the radioactive LPC was
almost linearly decreased with time, concomitant with the in-
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FIG. 1. Metabolic conversions of [14C]lysophosphatidylcholine (LPC) to
lysophosphatidic acid (LPA) and phosphatidylcholine (PC) during incu-
bation of rat plasma at 37°C. Values are mean ± SEM of four indepen-
dent experiments.



creased radioactivities in two bands of PC and carrier LPA
during the incubation period. The radioactivity comigrating
with carrier LPA is actually due to LPA degraded by the ac-
tion of LPLD, since this radioactive lipid shows the same
chromatographic behavior as that of standard LPA on a TLC
plate developed with a mixture of chloroform/methanol/water
(65:35:5), chloroform/methanol/28% ammonium hydroxide
(65:35:5), or chloroform/methanol/20% ammonium hydrox-
ide (60:35:8). The conversion of LPC to PC would be due to
the LAT activity of lecithin:cholesterol acyltransferase
(LCAT; E.C. 2.3.1.43), as first demonstrated with human
plasma (21). The rates of both reactions occurring during in-
cubation of rat plasma could be calculated from the slopes of
the straight lines obtained.

Incubation of the plasma in conditions which prevent bac-
terial contamination (100 U/mL penicillin + 100 µg/mL strep-
tomycin) does not modify the results described above. Fur-
thermore, we confirmed that incubation of [14C]LPC with
heat-denatured plasma (60°C, 1 h) or without plasma at 37°C
for 6 h did not lead to its conversion to LPA.

Using this convenient method, we first examined the effect
of anticoagulant on the plasma LPLD activity. Because EDTA
and EGTA, but not acid–citrate–dextrose, inhibited the LPLD
activity (Fig. 2), metal ions may be required for optimal activ-
ity. The LPLD activity in the serum was almost the same as
that of the heparinized plasma. Next, we examined effect of
metal-cation chelators on the LPLD activity of the heparinized
plasma. Figure 3A and B shows the concentration-dependent
inhibitions of LPLD by additions of EDTA and o-phenanthro-
line, respectively. The transition metal chelator o-phenanthro-
line was more effective than the bivalent cation chelator
EDTA. These results suggest that at least one transition metal
cation is required for optimal activity of LPLD. Consistent
with previous reports on LAT activity of human plasma (22),

LAT activity in rat plasma was insensitive to EDTA (Table 1)
and o-phenanthroline (data not shown).

To examine the metal-ion requirement of the LPLD in de-
tail, we added various metal ions to plasma pretreated with 5
mM EDTA. Table 1 summarizes the results of these experi-
ments and the effects of metal ions on LAT activity, which
could be simultaneously measured with our assay system.
LPLD activity was restored to approximately the normal level
by addition of 5 mM Mn2+, 5 mM Zn2+, or 10 mM Co2+. Ni2+

at 5 mM and Mg2+ at 10 mM were less effective, and Ca2+,
Ba2+, Fe3+ and Cu2+ at 5 mM were all inactive. Consistent
with a previous finding that LAT in human plasma does not
require any metal ion (22), the LAT activity in rat plasma was
not stimulated by any metal ion used (Table 1), except for a
slight but significant increase in the activity on addition of 5
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FIG. 2. Effect of anticoagulant on lysophospholipase D (LPLD) activity.
Values are mean ± SEM of three independent experiments. ACD,
acid–citrate–dextrose.

FIG. 3. Effects of EDTA (A) and o-phenanthroline (B) on LPLD activity.
Values are expressed as percentages of the control (heparinized plasma
mixed with 0.15 vol of saline), and shown as mean ± SEM of three in-
dependent experiments. See Figure 2 for abbreviation.



mM Ni2+. Since the addition of 5 mM Co2+ to EDTA-treated
plasma resulted in increase in LPLD activity to 1.5-fold that
of heparinized plasma without preaddition of EDTA, we ex-
amined the concentration-dependent augmentation of the
LPLD activity by Co2+: a maximal value of about 2.5-fold
higher than the control was attained at concentrations below
1 mM, as shown in Figure 4.

In order to confirm the metal-cation requirement of plasma
LPLD, we performed two types of experiments. First, he-
parinized rat plasma was dialyzed against saline, pH 7.4, at

4°C for 2 d, resulting in reduction of LPLD activity to 17.2 ±
1.6% (n = 5) of controls before dialysis. Addition of 2 mM
Zn2+ after dialysis increased the LPLD activity to 64.8 ±
14.2% (n = 5) of the original activity, but supplement of Ca2+

was not as effective (29.4 ± 5.6%, n = 5). The second experi-
ment was undertaken to examine reversal of EGTA inhibition
of LPLD activity by Zn2+ or Ca2+. Addition of 2.5 mM Zn2+

to rat plasma anticoagulated with EGTA restored the LPLD
activity (81.9 ± 9.9% of the activity of heparinized plasma,
n = 4), but no reactivation was observed upon addition of 2.5
mM Ca2+ (0.2 ± 0.2% of the activity of heparinized plasma,
n = 4). 

Effects of short-chain fatty aldehydes and antioxidants on
LPLD activity. Several heavy metal ions such as Cu2+ induce
lipid peroxidation in plasma lipoproteins (23), and short-
chain fatty aldehydes, secondary products of lipid peroxida-
tion, inactivate human plasma LCAT (24,25). Therefore, we
examined the effects of acetaldehyde, acrolein, and malondi-
aldehyde on the LPLD and LAT activities in rat plasma. As
shown in Table 2, both acetaldehyde and acrolein reduced the
LPLD activity, whereas a slight increase in the LPLD activity
was seen after treatment of the plasma with malondialdehyde.
On the other hand, the LAT activity was inhibited by all three
aldehydes, consistent with previous results on LCAT in
human plasma (25). Acrolein had a stronger inhibitory effect
than acetaldehyde on both LPLD and LAT activity.

To confirm that metal-ion-induced lipid peroxidation is in-
volved in the observed inhibitions of LPLD activity by some
metal ions, we tested the protective effects of several antioxi-
dants on metal-ion-induced inhibition of LPLD activity. Typ-
ical results of this experiment are shown in Figure 5. As ex-
pected, incubation of rat plasma with 2 mM of Cu2+ resulted
in considerable reduction in LPLD activity, and BHT seemed
to restore this reduced LPLD activity. However, by increas-
ing the concentration of BHT by 2 mM, the activity increased
further, reaching nearly twice the normal level, indicating that
the effect of BHT is not related to its activity in preventing
lipid peroxidation in the plasma, but rather to its specific stim-
ulatory action on the enzyme. To confirm this idea, we exam-
ined the effect of BHT on LPLD activity without preaddition
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TABLE 1
Effect of Metal Ions on the Activities of Lysophospholipase D (LPLD)
and Lysolecithin Acyltransferase (LAT) in Incubated Rat Plasmaa

Concentration Activity (% of control)

Metal (mM) n LPLD LAT

Heparin–plasma — 100.0 100.0
EDTA–plasma — 14 36.8 ± 2.7 102.5 ± 2.0

Mg2+ 5 3 47.1 ± 2.2 99.4 ± 4.3
10 4 57.4 ± 2.3** 99.4 ± 3.9

Ca2+ 5 3 45.8 ± 2.1 108.2 ± 6.3
10 3 40.2 ± 2.4 110.9 ± 5.4

Ba2+ 5 3 40.6 ± 1.8 101.6 ± 1.2
10 3 47.2 ± 3.6 100.4 ± 1.5

Fe3+ 5 4 43.5 ± 5.9 71.8 ± 1.4**
Cu2+ 5 3 39.7 ± 2.0 54.7 ± 2.5**
Cd2+ 10 3 54.1 ± 1.1** 68.4 ± 3.0**
Hg2+ 5 3 40.5 ± 0.8 51.2 ± 0.4**

10 3 23.7 ± 2.8* 33.1 ± 0.2**
Mn2+ 5 3 92.5 ± 5.1** 100.6 ± 5.4

10 3 79.3 ± 2.4** 92.9 ± 2.0
Co2+ 5 3 153.6 ± 11.2** 84.7 ± 8.3**

10 3 105.1 ± 13.4** 69.7 ± 5.3**
Ni2+ 5 3 78.8 ± 6.4** 116.1 ± 8.1*
Zn2+ 5 3 90.7 ± 5.9** 74.7 ± 2.6**

aValues are mean ± SEM. *P < 0.05 vs. EDTA–plasma, **P < 0.01 vs.
EDTA–plasma.

FIG. 4. Potentiation of LPLD activity by cobalt ion. Values are expressed
as percentages of the control (heparinized plasma mixed with 0.1 vol of
saline) and shown as mean ± SEM of three independent experiments.
See Figure 2 for abbreviation.

TABLE 2
Effects of Fatty Aldehydes on LPLD and LAT Activities in Incubated
Rat Plasmaa

Concentration Activity (% of control)

Aldehyde (mM) LPLD LAT

Acetaldehyde 5 87.8 ± 1.2** 72.5 ± 11.8
10 72.5 ± 5.1* 63.9 ± 7.7*

Acrolein 5 72.9 ± 5.1* 48.5 ± 2.0**
10 65.4 ± 5.7* 37.7 ± 2.8**

Malondialdehyde 5 112.1 ± 6.5 73.7 ± 7.8
10 116.7 ± 5.2 62.3 ± 5.5*

aValues are mean ± SEM of three independent experiments. *P < 0.05 vs.
control, **P < 0.01 vs. control. See Table 1 for abbreviations.



of Cu2+, and found that BHT increased the LPLD activity in
a concentration-dependent manner to a similar extent to that
observed in the presence of Cu2+ (Fig. 5). The above idea was
further supported by the results shown in Figure 6, where the
effects of three antioxidants at different concentrations on
LPLD activity are compared: butylhydroxyanisole increased
the LPLD activity to a lesser extent than BHT, and propyl gal-
late reduced the activity slightly.

Inhibition of LPLD activity by chemicals that modify
amino acid residues of proteins. Table 3 shows the inhibitory
effects of various compounds that react with specific amino
acid residues of proteins on the LPLD activity in rat plasma
and on LAT activity for comparison. LPLD was resistant to 1

mM p-bromophenacyl bromide, unlike LAT in the plasma.
Both PMSF and DFP, serine esterase inhibitors, reduced the
LPLD activity less than the LAT activity. The results from the
effect of serine esterase inhibitors on LAT activity are consis-
tent with previous reports on their effects on rat LCAT (26)
and human LAT (22,27). Similar results were obtained with
DTNB, a thiol-modifying agent. NEM was less effective than
DTNB in inhibiting the LPLD and LAT activities in rat
plasma. In this case also, LPLD was more resistant to this
thiol-modifying chemical than LAT. These results are consis-
tent with previous results (28).

DISCUSSION

Our previous study (18) showed that 16:0-LPC was the most
abundant molecular species in rat plasma (166 ± 9 nmol/mL).
Approximately only 2% of the radioactivity of exogenous
16:0-LPC (3.5 nmol/mL) was recovered in LPA during 6-h
incubation in the current study as a result of dilution of ex-
ogenous 16:0-LPC into large pools of endogenous 16:0-LPC
in rat plasma. Based on this assumption, the total amount of
16:0-LPA generated from the endogenous 16:0-LPC during
6-h incubation is estimated to be about 3.7 nmol/mL. If the
LPLD activity were not inactivated during further incubation
for up to 48 h, 16:0-LPA would amount to 29.6 nmol/mL,
which is higher than 17 nmol/mL quantified by gas–liquid
chromatography (18). This difference can be explained by a
finding that the rate of LPA accumulation was gradually de-
creased 12 h after incubation of rat plasma at 37oC (Toku-
mura, A., Miyake, M., Nishioka, Y., Yamano, S., Aono, T.,
and Fukuzawa, K., unpublished data). Thus, it is likely that
our method with radioactive 16:0-LPC could reflect the meta-
bolic conversion of endogenous 16:0-LPC to 16:0-LPA in rat
plasma, prompting us to examine some properties of LPLD
in rat plasma by this convenient method. 

Our results clearly show that LPLD in rat plasma requires
a metal ion for optimal activity. Several lipolytic enzymes had
Zn2+ in their active site: i.e., sphingomyelinase in fetal bovine
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FIG. 5. Effect of butylated hydroxytoluene (BHT) on LPLD activity. Hep-
arinized rat plasma was incubated with various concentrations of BHT
in the presence (▲▲) and absence (●●) of 2 mM Cu2+ for 6 h.

FIG. 6. Effect of antioxidants on LPLD activity. Values are expressed as
percentages of that of heparinized plasma and shown as mean ± SEM
of three independent experiments. Small error bars are masked by sym-
bols for mean values. Butylated hydroxytoluene (●●), butylhydrox-
yanisole (▲▲), propyl gallate (■■). See Figure 2 for abbreviation.

TABLE 3
Effects of Various Amino Acid-Modifying Agents on LPLD 
and LAT Activitiesa

Concentration Activity (% of control)

Inhibitor (mM) LPLD LAT

pBPB 1 103.4 2.7
PMSF 1 99.0 75.7

3 83.3 63.7
DFP 1 97.5 53.2

3 88.0 34.8
10 40.6 1.5

NEM 3 90.7 64.0
10 75.9 44.9

DTNB 1 73.6 53.3
3 72.3 36.5

10 52.4 5.5
apBPB, p-bromophenacyl bromide; DFP, diisopropyl fluorophosphate; NEM,
N-ethylmaleimide; DTNB, dithio-bis-(2-nitrobenzoic acid). See Table 1 for
other abbreviations.



serum (29), phospholipase C from Bacillus cereus (30), gly-
cosylphosphatidylinositol-specific phospholipase D in plasma
(31), and leukotriene A4 hydrolase in mammalian tissues (32).
Therefore, Zn2+ is likely to be an endogenous metal ion asso-
ciated with LPLD. This metal ion may be included in the ac-
tive center of LPLD, because the reduced activity in the pres-
ence of EDTA or EGTA was restored on its addition to the
plasma. However, the additional role of stabilization of pro-
tein structure by metal ions cannot be completely excluded at
this stage.

The LPLD has a relatively broad specific requirement for
metal ions, but the strong stimulatory effect of Co2+ on LPLD
activity in rat plasma is noteworthy. In this context, a broader
spectrum of cation requirement (Zn2+, Co2+, Mn2+, Ba2+,
Mg2+, and Ca2+) was recently reported for phospholipase D
activity in mitochondria isolated from rat small intestine (33),
and equipotent stimulations by Co2+ and Zn2+ were reported
for purified leukotriene A4 hydrolase (32) . Like LPLD in rat
plasma, the activity of plasma glycosylphosphatidylinositol-
specific phospholipase D reduced by EGTA and o-phenanthro-
line can be restored by several metal ions such as Co2+, Ni2+

and Mn2+, although these were less effective than Zn2+ (31).
The present investigation showed that Cu2+ inhibited

LPLD and LAT activities in rat plasma, although the mecha-
nism of their inhibition is unknown. A previous report
suggested that several short-chain fatty aldehydes inactivated
LCAT in human plasma by reacting with a cysteine residue
of the enzyme (25). Consistent with this report, both acrolein
and acetaldehyde, secondary products of lipid peroxidation,
inhibited LPLD activity, suggesting that an essential cysteine
residue is near the active center, as in the case of LCAT.
However, the Cu2+-induced inhibition of LPLD activity ob-
served in this study cannot likely be attributed to its induction
of lipid peroxidation in rat plasma, since incubation with the
antioxidant propyl gallate did not inhibit Cu2+-induced in-
hibition of the LPLD, and BHT prevented the inhibitory
effect of Cu2+, but potentiated LPLD activity in the absence
of Cu2+.

As noted above, plasma LPLD may have a cysteine resi-
due(s) with an essential catalytic role, because both DTNB
and NEM inhibited the LPLD activity in a concentration-de-
pendent manner. Alternatively, the cysteine residue may have
a steric effect near the site of substrate binding, as in the case
of LCAT (34), although the susceptibility of the cysteine
residue of LPLD in rat plasma to these thiol-modifying
reagents was less than that of plasma LAT. Similarly, LPLD
activity seems to be less sensitive to serine esterse inhibitors
such as DFP and PMSF than LAT activity, although no direct
evidence exists of a serine residue located in or near LPLD,
as reported for LCAT (35). LPLD does not appear to have a
histidine residue that plays a catalytic role, unlike that in
LCAT (35).

LPLD in rat plasma differs from intracellular LPLD re-
ported in various mammalian tissues (36–39), in both sub-
strate specificity and cation requirement. The existence in
plasma of a phospholipase D with Zn2+ in its active site was

reported (31), but its metal-ion requirement differs from that
of rat plasma LPLD. Furthermore, the enzyme has strict sub-
strate specificity: it hydrolyzes glycosylphosphatidylinositol
selectively in in vitro conditions (40). In conclusion, the
LPLD activity in rat plasma is due to an undescribed metallo-
enzyme. The biological role of plasma LPLD is to generate
LPA with growth factor- and hormone-like activities continu-
ously in the circulating blood and to provide it to various tis-
sues. Thus, modulation of plasma LPLD is an interesting sub-
ject for further study. Our results suggest that the accumula-
tion of LPA in blood vessels may be affected by various metal
deficiencies, cigarette smoking, and in vivo lipid peroxidation
in the circulation.
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ABSTRACT: The phospholipid composition of rat urinary tran-
sitional epithelium (TE) and the fatty acid composition of micro-
somal, mitochondrial, cytosolic, and plasma membrane (PM)
subcellular fractions were investigated. PM marker enzymes
and electron microscopy analysis were used to characterize the
PM fraction, which showed a distinctive lipid composition com-
pared to the general profile of PM from different sources. The
levels of cholesterol and sphingomyelin were not enriched in
the PM fraction; on the other hand, the increased amounts of
glycosphingolipids and phosphatidylserine, and the decreased
level of phosphatidylcholine followed the general features of a
PM profile. This differential PM lipid composition may reflect
the unique morphology of this mammal TE, consisting of con-
cave plaques with an asymmetrical membrane unit. The distri-
bution of the double bond across the PM indicated a higher un-
saturation of the inner relative to the outer part of the PM hemi-
leaflet. In addition, the presence of 20:3n-9 nonessential fatty
acid in a normal TE may represent a characteristic fatty acid me-
tabolism of this epithelium.
Lipids 33, 1017–1022 (1998).

The transitional epithelium (TE) covering the innermost sur-
face of the organs of the mammal urinary tracts consists of
several layers of cells. The luminal surface of this epithelium
has a thick asymmetric plasma membrane (PM) which is in
contact with hypertonic urine (1). As a consequence, this ep-
ithelium exhibits a strikingly low permeability to water and
solutes of small molecular size (2,3). In spite of the relatively
large amount of data available on the protein components of
this membrane in normal (4–6) or pathological (7,8) condi-
tions, the molecular bases  responsible for this lack of perme-
ability remain unknown. Previous reports on the lipid compo-
sition of the luminal surface of bladder epithelial cells (9,10)

indicated that phosphatidylcholine (PC), phosphatidyl-
ethanolamine, phosphatidylinositol, and cerebroside (CB) are
the major components of the lipid fraction. Ketterer et al. (9)
reported the presence of saturated and polyunsaturated fatty
acids, mainly n-6 derivatives, and found high levels of one
eicosatrienoic acid, an unusual fatty acid for a normal tissue
since it is a hallmark of essential fatty acid (EFA) deficiency
(11). As far as we know, no further studies on the fatty acid
composition of this epithelium have been done. Thus, it is im-
portant to know whether the peculiar asymmetry of the PM
proteins and lipids (including their fatty acid composition)
may play a role in barrier function (12). Urothelial PM pos-
sesses the same lipid classes as all biological membranes;
however, the ratio among these classes and the molecular
species are unique for each membrane. Most lipids are syn-
thesized in the endoplasmic reticulum (ER); consequently, the
finding of a particular ratio in each organelle implies that lipid
sorting may occur in the traffic route from the biosynthesis
site to the final localization. The question is how the interplay
between the biosynthetic site and all the processes during the
lipid sorting and traffic may result in unique urothelial PM
characteristics. Even more interesting is how this interplay is
modulated by different cellular conditions. Following this
reasoning, we have investigated in this work the lipid and
fatty acid composition of microsome (Mic), mitochondrial
(Mit), cytosol (Cyt), and PM fractions from rat urinary blad-
der epithelium as a preliminary approach to understanding the
morphological, functional, and biochemical changes of those
organelles resulting from dietary lipid manipulation.

MATERIALS AND METHODS

Animals. Sprague-Dawley adult rats of both sexes and weigh-
ing 250–350 g were used.

Isolation of TE. TE cells from urinary bladders of 30 rats
were obtained using a procedure developed in our laboratory
for exfoliating urinary epithelium (13). Histological controls
were done in order to ensure that basal membrane remained
undamaged and attached to the underlying connective tissue.

Subcellular fractionation and PM purification. The proce-
dure was essentially as described by Stubbs et al. (14).
Briefly, the cell pellet containing the exfoliated and washed
TE was homogenized in 10 mM Tris buffer (pH 7.4) contain-
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ing 1 mM each of EDTA and EGTA. The same buffer was
used during the entire procedure. After centrifugation at
63,600 × g for 30 min, the supernatant was kept as the Cyt
fraction, and the pellet was resuspended in the buffer and lay-
ered on a support of 1.6 M sucrose (in the same buffer). This
two-layer sucrose gradient was centrifuged for 30 min at
10,200 × g. The pellet, consisting of nuclear and cell debris,
was discarded. The upper layer was then centrifuged at
63,000 × g for 15 min. The resulting pellet, or crude mem-
brane (CM), was resuspended in buffer and layered over a
discontinuous sucrose density gradient consisting of steps of
1.3, 1.1, and 0.75 M sucrose in buffer. The centrifugations
were performed in an SW 25.1 (Beckman) rotor at 26,000
rpm for 2 h. Membranes at each interface, named P1, P2 and
P3 from the lower to the higher density, were collected, di-
luted with 10 vol of buffer, and centrifuged at 10,000 × g for
30 min. The purity of the gradient-separated fractions was as-
sayed by determination of enzyme marker activities and sub-
sequent electron microscopy examination.

Electron microscopy procedure. Membrane fractions were
prepared as described (15). Briefly, pellets were fixed in 2.5%
glutaraldehyde in 0.02 M sodium cacodylate, pH 7.3, and
postfixed in osmium tetroxide. Thin sections from three dif-
ferent blocks of each pellet were obtained and stained with
uranyl acetate and lead citrate and examined in a Siemens 101
electron microscope.

Membrane enzyme assay. 5′-Nucleotidase (E.C. 3.1.3.5),
glucose-6-phosphatase (E.C. 3.1.3.9), succinic-INT-reductase
[INT: 2-(p-indophenyl)-3(p-nitrophenyl)-5-phenyltetrazol-
ium], and thiamine pyrophosphatase were assayed as de-
scribed by Morre (16). Na-K-ATPase was determined by the
procedure of Post and Sen (17). All reagents were purchased
from Sigma Chemical Co. (St. Louis, MO).

Phospholipid determination. Total lipids were extracted
and fractionated into neutral and acidic lipids as described by
Macala et al. (18). Phospholipid was measured in lipid ex-
tracts by the modified microprocedure of Bartlett (19). For
phospholipid class analysis, acidic or neutral phospholipids
were fractionated by high-performance thin-layer chromatog-
raphy, developed, and quantified by densitometry (Shimadzu
CS-9000 scanning densitometer) as described by Macala et
al. (18).

Fatty acid determination. The total lipid fraction was
saponified in 10% KOH containing 50% MeOH as described

by Bridges and Coniglio (20). Digests were acidified (pH 2.0)
with concentrated HCl and extracted three times with petro-
leum ether. Combined extracts were taken to dryness under
N2 and methylated at 95°C with 3% methanolic HCl. Methyl
esters were extracted with petroleum ether and quantitated by
gas–liquid chromatography as previously described (21).

RESULTS

Several membrane markers were determined in subcellular
fractions of urinary TE. As shown in Table 1, the specific ac-
tivities of enzymes associated with the PM (5′-nucleotidase,
Na-K-ATPase) were enriched in P2 fraction relative to the
specific activities of the enzymes in the CM fraction. On the
other hand, the specific activities of the enzymes associated
with Mit [succinic-INT-reductase, where INT is 2-(p-in-
dophenyl)-3(p-nitrophenyl)-5-phenyltetrazolium] and Golgi
(thiamine pyrophosphatase) were  decreased relative to their
specific activities in CM fraction. The P2 fraction (PM) was
somewhat contaminated with ER as indicated by the specific
activity of glucose-6-phosphatase. Overall, the enzymatic
profile of P2 as well as the ultrastructural studies (Fig. 1),
showing a great profusion of profiles with the characteristic
concave plaques of the asymmetric unit membrane of this ep-
ithelium (22), were  consistent  with a luminal PM origin of
the TE cells.

Table 2 shows the lipid composition of TE. The choles-
terol/phospholipid molar ratio (C/P: 0.64) was similar to that
reported for luminal PM of TE (9,10,23). This may represent a
characteristic of luminal PM of TE since most PM are enriched
in cholesterol with respect to the levels found in the total ho-
mogenate. The only report showing a cholesterol/phospholipid
(molar ratio) for PM higher than the value reported in this work
for total homogenate is that from Stubbs et al. (14). The lipid
and phospholipid contents (as the percentage of dry weight)
were lower in TE than those reported for purified luminal PM
(Table 2). Table 3 shows that the major phospholipids of TE
were PC, phosphatidylethanolamine, phosphatidylserine, and
cerebroside. Table 4 gives the fatty acid composition of total
lipids of different subcellular fractions from TE. All fatty
acids were identified according to their retention time on gas
chromatography, as compared with known pure standards.
The major fatty acids in PM were 16:0, 18:0, 18:1, 18:2,
20:3n-9, and 20:4n-6. Intriguingly, the nonessential 20:3n-9
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TABLE 1
Specific Activities of Marker Enzymes in Subcellular Fractions of TEa

Fraction CM P1 P2 P3 Cyt

5′-Nucleotidase 1.4 ± 0.3 3.0 ± 1.1 25.0 ± 4.0 7.0 ± 1.0 7.0 ± 0.9
Na-K-ATPase 5.0 ± 0.9 12.0 ± 1.3 130.0 ± 1.3 40.0 ± 5.2 3.0 ± 1.3
Glucose-6-phosphatase 3.0 ± 0.8 49.0 ± 4.4 8.0 ± 1.4 15.0 ± 1.2 27.0 ± 1.9
Thiamine pyrophosphatase 12.0 ± 1.0 26.0 ± 1.3 6.0 ± 0.36 36.0 ± 1.8 96.0 ± 4.8
Succinic-INT- reductase 26.0 ± 2.1 1.8 ± 0.6 5.2 ± 1.5 330.0 ± 13.2 12.0 ± 0.1
aCellular fractions were isolated as described in the Materials and Methods section. All values are 103 times the specific ac-
tivities ± SEM. Succinic-INT-reductase is expressed in absorbance/mg prot/min; all others are expressed as µg Pi/mg
prot/min. Values are the average of three experiments. Abbreviations: TE, transitional epithelium; CM, crude membranes;
P1, microsome; P2, plasma membrane; P3, mitochondria; Cyt, cytosol; INT, 2-(p-indophenyl)-3(p-nitrophenyl)-5-phenylte-
trazolium.



fatty acid appeared in a high proportion (14%) in the Mic
fraction. Nervonic acid (24:1n-9) was detected only in CM and

PM fractions (results not shown). Our data show that the double-
bond index (D-BI) of PM (0.9) was lower than that of the Mic
fraction (1.9). Similar differences in the D-BI between both PM
and Mic were observed in hepatocyte membranes (24). Major
changes in PM relative to Mic fraction were increased values for
palmitic (16:0), stearic (18:0), and oleic (18:1) acids and de-
creases in 20:3n-9 and arachidonic acid (20:4). Accordingly, the
ratios 16:0/18:0, 18:0/18:1, and 18:0/20:4 were increased in PM.
The Mit showed the lowest D-BI (0.3), whereas the Cyt fraction,
containing probably very small vesicles, showed the same value
of PM D-BI (0.94).

The introduction of multiple double bonds creates structurally
different zones within the bilayer. The structural gradient arising
from different concentration of double bonds at different depths
of the bilayer membrane may influence membrane function.
Thus, it is important to analyze the double-bond profile across
the bilayer. Table 5 illustrates the degree of unsaturation along
the hydrocarbon chain from C5 to C12. Clearly, the largest differ-
ence between PM and Mic corresponded to the C8 and C11
depths. 
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TABLE 2
Lipid Composition of Rat Urinary TEa

Lipid Protein Phospholipid C/P
Reference (µg/µg dry weight)b (µg/µ/g dry weight)b (µg/µg protein) (molar ratio)

This reportc 0.28 0.78 0.17 0.64
Caruthers and Bonneville (23)d 0.54 — 0.93 0.58
Ketterer et al. (9)d — — — 0.6
Stubbs et al. (14)d 0.59 0.41 0.26 1.89
Vergara et al. (10)d 0.65 0.32 1.1 0.47
aLipid analyses were performed as indicated in the Materials and Methods section.
bDry weight represents the sum of the total lipids and total protein determinations.
cValues correspond to total TE.
dValues correspond to PM fraction. All values are the average of three experiments ± SEM. Maximal SEM values for all deter-
minations were below ± 6% of the mean. C/P, cholesterol/phospholipid molar ratio. For other abbreviation see Table 1.

TABLE 3
Phospholipid Composition of Rat Urinary TEa

Percentage of Percentage of
Lipid class total phospholipids total lipids

Total phospholipids 100.0 59.3 ± 3.8
SPH 6.5 3.9 ± 0.2
PC 59.7 35.0 ± 3.5
PE 24.5 14.5 ± 1.3
PI 2.3 1.3 ± 0.1
PS 7.6 4.5 ± 0.5
CB 7.1 4.2 ± 0.3
Sulf 0.6 0.3 ± 0.02
FA — 16.9 ± 1.0
C — 19.2 ± 2.4
aLipid analyses were performed as indicated in the Materials and Methods sec-
tion. Values represent the average of three experiments ± SEM. SPH,  sphin-
gomyelin; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,  phos-
phatidylinositol; PS, phosphatidylserine; CB, cerebroside; Sulf, cerebroside
sulfatide; FA, fatty acid; C, cholesterol. For other abbreviation see Table 1.

TABLE 4
Fatty Acid Composition of Subcellular Fractions from Rat TEa

Fatty acid TH PM Mic CM Mit Cyt

16:0 13.8 19.3 1.9 20.7 19.6 19.6
16:1 2.3 3.4 7.3 7.7 n.d. 3.4
18:0 16.7 19.5 7.8 9.0 50.0 20.6
18:1 17.0 21.7 14.7 31.2 21.4 21.0
18:2 1.6 6.0 15.7 14.3 1.6 n.d.
20:1n-9 0.4 1.9 14.3 0.3 n.d. 0.3
20:2n-9 3.7 2.0 n.d. 0.8 n.d. 0.3
20:3n-9 18.0 1.2 14.3 0.7 n.d. 0.3
20:4n-6 11.4 6.3 10.8 1.7 n.d. 14.3
20:4n-3 0.6 3.8 9.4 n.d. n.d. 2.1
22:1n-9 0.4 3.9 0.8 n.d. n.d. 0.2
D-BI 1.3 0.9 1.9 0.8 0.3 0.9
D-BIEFA/D-BInon-EFA 0.62 1.36 1.4 0.82 0.15 2.48
aCellular fractions were isolated as described in the Materials and Methods section. Only the more representative fatty
acids are shown. Values represent percentage of total. The SEM for all values (three separate determinations) were not
above 10% of the mean shown. D-BI is the sum of the fraction of each fatty acid times the number of double bonds in that
acid. TH, total homogenate; PM, plasma membrane; Mic, microsome; CM, crude membranes; Mit, mitochondria; Cyt, cy-
tosol. For other abbreviation see Table 1.



DISCUSSION

This work reports the fatty acid composition of several subcel-
lular fractions and additional data about phospholipid content of
rat urinary bladder TE. It is important to try to relate the striking
plasticity and recycling of luminal surface membrane and their
discoidal vesicles of TE cells (25,26) to the lipid composition of
different membrane compartments. Moreover, luminal PM is
part of a complex membranous system where interrelationships
among all components may be modulated by different factors.
The biology, biochemistry, biophysics, and pathology of this ep-
ithelium are particularly interesting. Table 1 summarizes the en-
zymatic activities of several subcellular fractions from TE,
showing that the P2 fraction resembles a PM profile with low
enzyme activity of markers other than those in PM organelles,
indicating an acceptable degree of purification. This was cor-
roborated by ultrastructural observations (Fig. 1).

Table 2 indicates that total lipid and phospholipid contents (as
percentage of dry weight) were lower in TE than those reported
for purified luminal PM (4). This is not an unexpected result
since loss of soluble Cyt proteins occurs after PM purification. 

It is known that PM are typically enriched in cholesterol,
sphingomyelin (SPH), and phosphatidylserine (PS), whereas
PC is decreased in comparison to those values in ER (27). This
implies that cholesterol and SPH are sorted and concentrated
together in their pathway to the trans-Golgi and further out
(27). Interestingly,  this does not seem to be the case for urothe-
lial TE since cholesterol and SPH contents in total TE (37 and
6.5, respectively, Table 3) were about the same as those in PM
(40 and 8.5, respectively; Refs. 9,14). Alternatively, the rela-
tive lack of concentration at the luminal surface of these two
typically PM lipids may also imply a poorly developed ER. If
this is the case, PM-like organelles such as Golgi, endocytotic
vesicles (endosomes), and the PM itself would be the major
components of the total membrane fraction of this epithelium.
By contrast, PS content was lower in total TE (7.6%) than that
reported for PM (26.3%; Refs. 9,14), in agreement with the
general concept that PS is enriched in PM. The high amount of
PS in PM may contribute to maintaining the integrity of the
rigid plaques of the urinary bladder luminal surface through the
interaction of PS with the cytoskeleton (28). It has been shown
that anionic phospholipids (i.e., PS) in urothelial membrane
greatly increase calcium oxalate–crystal membrane interac-
tions (29). The amount of PC was higher in total TE (59.7%)
than in PM (22.0%, Refs. 9,14). This result agrees with the gen-
eral idea that the enrichment of glycosphingolipids (GSL) at
the apical surface is at the expense of PC. GSL content was pre-

viously reported (9,13,14); and nervonic acid (24:1n-9), a char-
acteristic compound of monohexosyl GSL (cerebrosides), was
detected in Cyt (enriched in Golgi marker enzyme, see Table
1) and PM fractions. The enrichment of GSL and the lack of
concentration of SPH in PM fraction would indicate, contrary
to the concept on their intracellular traffic to the surface (27),
that these two lipids are sorted in different domains. This may
represent another particular characteristic of the lipid transport
of this mammal’s TE.

The high percentage of the nonessential fatty acid 20:3n-9
(Table 4) was not unexpected since an eicosatrienoic acid was
first described by Ketterer et al. (9,14) in luminal surface of
rat urinary bladder epithelium. The presence of this non-EFA
in ER (Mic), the site where the acyl desaturase activity is lo-
calized, has no explanation at the present time. Nevertheless,
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TABLE 5
Degree of Unsaturation at Different Membrane Depthsa

Carbon number 5 6 7 8 9 10 11 12

PM 8.6 1.2 1.6 14.3 32.6 0.1 16.4 6.9
Mic 26.0 0.0 4.7 35.4 35.4 3.2 49.7 15.7
aValues are the sum of the percentages of each fatty acid from PM and Mic fractions containing a double bond at the
carbon indicated. For abbreviations see Table 4.

FIG. 1. Both panels correspond to pellets of plasma membrane fraction
(P2) from rat urinary transitional epithelium. The subcellular fraction
was obtained and prepared for electron microscopy analysis as de-
scribed in the Materials and Methods section. Typically scalloped mem-
brane profiles showing the thick, asymmetrical plasma membrane
(arrow) are seen. (A): 20,000 ×, (B): 60,000 ×.



the accumulation of 20:3n-9 in TE, also described in normal
human cartilage (30), may suggest a metabolic shift of the
elongation and desaturation enzyme activities to the precur-
sors of the nonessential n-9 fatty acid family (31) in response
to a shortage of n-6 EFA precursors. Testing this hypothesis
will require further metabolic and dynamic studies. On the
other hand, exogenous 20:3n-9 behaves as a down-regulator
of certain antimetastatic cell adhesion molecules (E-cadherin
and desmoglein) in human epidermoid cells (32).

Contrary to the difference observed in the D-BI of PM and
Mic fractions, no significant change in the values of the D-
BIEFA/D-BInon-EFA ratios of those fractions was observed.
These assessments emphasize the need to study unsaturation in
the cross-sectional direction of the bilayer. The results (Table
5) show that the maximal differences between PM and Mic
fractions were localized at the depths of C8 and C11. Table 4
indicates that all fatty acids containing double bonds at C8 and
C11 (20:3n-9, 20:4n-6, 20:4n-3, and 20:1n-9) were  decreased
in the PM fraction relative to those values in Mic fraction. Nev-
ertheless, the fatty acids showing the greatest decline were
20:1n-9 and 20:3n-9. According to the representation in Leger
et al. (33), the first double bond starting from the methyl group
in 20:1n-9 and 20:3 n-9 causes a shortening of one C-C bond;
this results in a shift of the double bond in the 11-position from
the inner to the outer half of the leaflet defined by the C10
depth. Thus, the decreased amounts of these fatty acids in PM
may represent a lesser degree of unsaturation of the outer part
of the leaflet with a concomitant higher unsaturation of the
inner part, relative to those of the Mic membrane. It is tempt-
ing to consider that the different shape of the double-bond dis-
tribution in urethelial PM may affect the structural order and
function of this membrane, leading to the unique properties and
morphology of the urinary luminal surface.

In summary, from the comparison of the phospholipid con-
tent of total TE (this report) and PM fraction (14), some evi-
dence is presented that cholesterol, SPH, and GSL do not fol-
low the general concept that they are transported in the same
microdomain from the ER to the PM. This also suggests that
differential regulatory mechanisms may govern the intracel-
lular traffic of those lipids. The presence of the nonessential
20:3n-9 fatty acid in normal TE is an important point in fu-
ture metabolic studies of this epithelium. The study of the un-
saturation across the membrane from different fractions re-
vealed that plasma membrane C11 depth is different from that
of the other fractions, and this may represent important func-
tional consequences for PM. Finally, lipid quantitation  of dif-
ferent subcellular membrane fractions may be useful as a
complementary approach for future assessments to how com-
positional distribution may affect or reflect cellular function,
particularly compartmental interrelationships within the cell.
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ABSTRACT: Abnormalities of phospholipids in hypertension
have previously been described in human erythrocyte, platelet,
and plasma lipoproteins. Since the heart and kidney are ad-
versely affected by hypertension, we investigated possible alter-
ations in their membrane phospholipids, which could play a
role in the derangement of intracellular ion balance widely ob-
served in hypertension. The phospholipid compositions of heart
and kidney from spontaneously hypertensive rats (SHR) and
Wistar-Kyoto (WKY) rats were determined by using 31P nuclear
magnetic resonance (NMR) spectroscopy. Absolute contents of
all phospholipids in hypertensive hearts and kidneys were sig-
nificantly higher than in normotensive hearts and kidneys. Ex-
pressed as a fraction of total phospholipid, cardiolipin (CL) and
phosphatidylethanolamine plasmalogen (PEp) were significantly
increased in SHR hearts compared to WKY hearts (CL and PEp
were 7.95 ± 0.22% and 13.16 ± 0.35% in SHR vs. 7.01 ±
0.20% and 11.19 ± 0.42% in WKY rats, P ≤ 0.05), but phos-
phatidylethanolamine (PE) and phosphatidylcholine (PC) were
significantly decreased in SHR (PE and PC were 22.46 ± 0.37%
and 44.81 ± 0.43% in SHR vs. 24.02 ± 0.44% and 46.01 ±
0.50% in WKY rats, p ≤ 0.05). In the phospholipids extracted
from rat kidneys, the percentage of PE was significantly higher
for SHR than for WKY rats (20.37 ± 0.60% vs. 18.43 ± 0.37%,
P ≤ 0.05), while PEp and phosphatidylserine (PS) were signifi-
cantly lower for SHR (PEp and PS were 10.22 ± 0.36% and 8.42
± 0.28% in SHRs vs. 11.29 ± 0.36% and 9.71 ± 0.40% in WKY
rats, P ≤ 0.05). The above alterations in phospholipid composi-
tion might contribute to the higher oxygen consumption in the
hypertensive heart and abnormal intracellular ion concentra-
tions and ion transport in the heart and the kidney in hyperten-
sion.
Lipids 33, 1023–1030 (1998)

Abnormalities in phospholipids of erythrocyte membranes
from essential hypertensive patients have been reported in the
literature (1). Phospholipid composition of human red blood
cell membranes for hypertensive patients was different from
that for normal individuals, and these differences could be
correlated to alterations in Na+–Li+ exchange activity across

the erythrocyte membrane in hypertension. Altered phospho-
lipids were also found in plasma lipoproteins (2) and in
platelet membranes (3) in hypertensive patients. In animal
models, abnormal phospholipids have been reported in the je-
junal brush-border membranes from spontaneously hyperten-
sive rats (SHR) (4), in left and right ventricles of aorta-con-
stricted rats (5), and in pressure-overload hypertrophied rat
hearts (6). Changes in phospholipids in the kidney were also
observed during ischemia (7) and other pathological condi-
tions (8). Depletion of dietary magnesium and/or phosphorus
also alters membrane lipids (9,10). However, to our knowl-
edge, there are no reports of alterations in phospholipid com-
positions of heart and kidney membranes in hypertension.
Since abnormalities in cardiac and renal functions often are
associated with hypertension, we investigated possible alter-
ations in phospholipid compositions of the heart and kidney
membranes in hypertension. Alterations in membrane phos-
pholipids in the heart and the kidney might contribute to the
abnormal intracellular ion concentrations and ion transport
observed in these organs in hypertension.

We utilized the SHR as a model of human hypertension
(11) with the Wistar-Kyoto (WKY) rat serving as the nor-
motensive control. The phospholipid compositions of heart
and kidneys from SHR and WKY rats were determined by
using 31P nuclear magnetic resonance (NMR) spectroscopy.
This technique has been successfully used to measure phos-
pholipid composition of biological membranes (1,12–14).

MATERIALS AND METHODS

Materials. Anhydrous methanol (MeOH), deuterated chloro-
form (CDCl3), and deuterium oxide (99.8% D2O) were sup-
plied by Aldrich (Milwaukee, WI). Potassium chloride (KCl),
chloroform (CHCl3), ethylenediaminetetraacetic acid
(EDTA), cardiolipin (CL) sodium salt from bovine heart,
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) from frozen egg yolk, phosphatidylserine (PS) sodium
salt and sphingomyelin (Sph) from bovine brain, and phos-
phatidylinositol (PI) ammonium salt from bovine liver were
purchased from Sigma Chemical Company (St. Louis, MO).

Phospholipid preparation. Male SHR (250–400 g) were
used as hypertensive models. Male WKY rats (250–400 g)
were used as the normotensive controls. Pentobarbital anes-
thesia (65 mg/kg i.p.) was administered; laparotomy was per-
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formed. Fresh kidneys and hearts were taken out and frozen
immediately by using liquid nitrogen or dry ice. Total lipid
was extracted by a modification of the methods of Meneses
and Glonek (15), and Bligh and Dyer (16). Frozen tissues
were weighed and then homogenized, using a homogenizer,
in 5 mL of a mixture of chloroform/methanol (2:1) for 2 min.
The homogenates were transferred to a flask, and more chlo-
roform/methanol (2:1) mixture was added up to 20 vol per
unit tissue wet weight (20 mL/g). The mixture was stirred for
20 min and filtered through a sintered glass funnel. The same
volume of solution was used to rinse the residuals through the
funnel. The filtrate was mixed with 0.2 times its total volume
with 0.74% KCl to remove all nonlipid impurities and al-
lowed to separate overnight. The bottom (chloroform) layer
was collected and dried in a rotary evaporator at 30°C
(13,15–17). The purified dry phospholipids were suspended
in 3 mL of the solvent mixture solution [CDCl3/MeOH (an-
hydrous)/0.2 M EDTA (in D2O) = 118:8:3] and used for NMR
experiments (1).

NMR measurements. The phospholipid extract was placed
in a 10-mm NMR tube and allowed to stand for a few min-
utes until the aqueous phase had separated. The spinning tur-
bine was adjusted along the NMR tube so that only the chlo-
roform phase was in the region of signal detection. 31P NMR
spectra for analyzing phospholipids in the extracts of kidney
and heart membranes were obtained at 202.3 MHZ on a Var-
ian VXR-500 NMR spectrometer using a spectral width of
10,000 Hz, 16 K data points, a flip angle of 60° (pulse width,
30 µs), an acquisition time of 0.82 s, a relaxation delay of 4.2
s, and 512 transients, at room temperature. Chemical shifts
are referenced to PC set at −0.84 ppm (1,12,13). Each reso-
nance in the 31P NMR spectra of phospholipid extract sam-
ples was assigned by spiking the samples with pure known
phospholipids (PC, PE, PS, PI, Sph, and CL) purchased from
Sigma. Our assignments are generally consistent with those
in the literature (1,12,13), although 31P peak positions are in
some cases (e.g., PS and Sph) somewhat displaced relative to
those published in the literature owing to differences in sol-
vent used. Resonance intensities were measured as peak
areas. Relative intensities remained unchanged upon doubling
the pulse recycle time, showing that they were unaffected by
relaxation times. The areas under the 31P NMR resonances in
the spectra of phospholipid extracts were integrated to obtain
concentrations that are expressed as absolute concentrations
and also as percentage of total phospholipid measured as area
under all resonances for the seven major classes of phospho-
lipids. Only half of the area under the CL resonance was in-
cluded in the concentration and percentage calculations, since
this phospholipid contains two phosphorus atoms. The reso-
nance of a methyl phosphonate sample of known concentra-
tion was used to quantitate individual phospholipids in ex-
tracts as µmol/g wet tissue weight.

Statistical analysis. All data are reported as the mean ±
standard error. The statistical significance of the differences
between SHR and WKY rats was analyzed by the nonpaired t-
test. P ≤ 0.05 was considered significantly different.

RESULTS

Figures 1 and 2 show typical 31P NMR spectra of phospho-
lipids extracted from heart and kidney membranes of SHR
and WKY rats. The assignments of the phospholipid reso-
nances are indicated in the spectra and were obtained as de-
scribed in experimental procedures. Two types of PE are pre-
sent in heart and kidney membranes, and they can be discrim-
inated by 31P NMR spectroscopy: diacyl PE and alkenylacyl
PE (PE plasmalogen, PEp).

As shown in Table 1, the absolute amounts of all the major
phospholipid components were significantly higher in ex-
tracts from hearts of hypertensive rats than of normotensive
rats. The percentages of CL and PEp in total phospholipid
were also significantly higher for SHR than for WKY rats
(CL and PEp were 7.95 ± 0.22% and 13.16 ± 0.35% in SHR
heart membranes vs.7.01 ± 0.20% and 11.19 ± 0.42% in
WKY heart membranes, P ≤ 0.05), but the percentages of PE
and PC were significantly lower for SHR than for WKY rats
(PE and PC were 22.46 ± 0.37% and 44.81 ± 0.42% in SHR
heart membranes vs. 24.02 ± 0.44% and 46.01 ± 0.50% in
WKY heart membranes, P ≤ 0.05).

Table 2 shows data on phospholipids extracted from rat kid-
neys. As in hearts, the absolute amounts of all ofthe phospho-
lipid components in kidneys were significantly higher in hy-
pertensive rats than in normotensive rats. The percentage of
PE in total phospholipid was significantly higher for SHR than
for WKY rats (20.37 ± 0.60% in SHR kidney membranes vs.
18.43 ± 0.37% in WKY kidney membranes, P ≤ 0.05), but the
percentages of PEp and PS were significantly lower for SHR
than for WKY rats (PEp and PS were 10.22 ± 0.36% and 8.42
± 0.28% in SHR kidney membranes vs. 11.29 ± 0.36% and
9.71 ± 0.40% in WKY kidney membranes, P ≤ 0.05).

DISCUSSION

Biological membranes are composed of protein, phospholipid,
and cholesterol and are organized as the structural framework
for a wide variety of membrane functions including membrane
permeability barrier and appropriate environment for the opti-
mal function of transmembrane proteins such as ion channels
and ion pumps (18). Phospholipids comprise the predominant
chemical components present in the membranes. In heart and
kidney the main phospholipid components are PC, PE, PS, PI,
Sph, CL. It is well known that phospholipid bilayers are asym-
metrical (19). The head groups of the phospholipids PI and PS
are negatively charged, and these two anionic phospholipids
reside primarily in the inner leaflet of the plasma membrane.
PC, PE, and Sph are neutral. PC and Sph are predominantly
present in the outer leaflet, whereas PE is predominantly re-
stricted to the inner leaflet. CL contains four fatty acyl chains
and a backbone of three glycerol groups chained together by
two negatively charged phosphate groups (20,21). In mam-
malian tissues, CL is almost exclusively localized in mitochon-
dria where it is biosynthesized (22–24). Extensive research on
phospholipids suggests that alterations in phospholipid compo-
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sition may cause significant modification of membrane func-
tions. For example, Lijnen et al. (25) reported a significant cor-
relation between total phospholipid content of erythrocyte
membranes and the activities of Na+–Li+ exchange, Na+–K+

cotransport, and Na+ pump. Engelmann et al. (26,27) reported

that a change in composition of only 3% of total membrane
lipids could cause up to 40% variation in sodium–lithium coun-
tertransport activity. They also showed that small changes in
membrane PC or Sph (~5% of total phospholipid) resulted in
doubling or halving of the rate of Na+–Li+ exchange (28). Thus

MEMBRANE PHOSPHOLIPIDS IN HYPERTENSION 1025

Lipids, Vol. 33, no. 10 (1998)

FIG. 1. Comparison of 31P nuclear magnetic resonance (NMR) spectra of phospholipids from
a spontaneously hypertensive rat heart (A) and a normotensive rat heart (B). Assignments of
various resonances to individual phospholipids are shown. Chemical shifts are referenced to
PC set at −0.84 ppm. Vertical scales have been adjusted to take into account small differences
in tissue weights. Abbreviations: CL, cardiolipin; PEp, phosphatidylethanolamine plasmalo-
gen; PE, phosphatidylethanolamine; Sph, sphingomyelin; PS, phosphatidylserine; PI, phos-
phatidylinositol; PC, phosphatidylcholine.



small changes in membrane lipids could, in principle, be re-
sponsible for significant alterations in ion transport activities.

In this study, the experimental data in Tables 1 and 2 and
Figures 1 and 2 show a sizable increase in all of the mem-
brane phospholipid components in the heart and the kidneys
from the SHR in comparison to a normotensive rat. Earlier
work also showed altered phospholipids in the heart and kid-

neys under pathological conditions. Foudin et al. (29) re-
ported that PE, PEp and PI were significantly increased in
heart mitochondria from rats after chronic ethanol adminis-
tration, which often results in development of refractory hy-
pertension (30–32). Consistent with this, we found that the
absolute contents of PE, PEp, and PI from the heart mem-
branes of hypertensive rats were significantly increased. PEp,

1026 Y. CHI AND R.K. GUPTA

Lipids, Vol. 33, no. 10 (1998)

FIG. 2. Comparison of 31P NMR spectra of phospholipids from a spontaneously hypertensive
rat kidney (A) and a normotensive rat kidney (B). Assignments of various resonances to indi-
vidual phospholipids are shown. Chemical shifts are referenced to PC set at −0.84 ppm.
Vertical scales have been adjusted to take into account small differences in tissue weights. For
abbreviations see Figure 1.



expressed as a percentage of total phospholipid, was also sig-
nificantly increased. Interestingly, we also found that CL, a
special dimeric phospholipid with unique structural features,
was significantly increased in both absolute content and as a
percentage of total phospholipid in hearts from hypertensive
rats relative to normotensive controls. It has been suggested
that CL participates in movement of Ca2+ across the inner mi-
tochondrial membrane (33–35). Increased CL may contribute
to alterations in cardiac myocyte calcium homeostasis in hy-
pertension (36). To get an idea of the affinity of Ca2+ to CL,
we measured the binding constants of Ca2+ to CL and other
phospholipids. Of all the phospholipids (PC, PE, PS, CL)
measured, the interaction of Ca2+ and CL was the strongest.
The binding constant for Ca2+ and CL was measured as 4.32
± 0.14 mM−1, while the interaction between Ca2+ and PC was
undetectable (Ka ≤ 0.1 mM−1). These results are in agreement
with the work of others (33). Alterations in fatty acid compo-
nents of CL may also affect the affinity of CL for Ca2+ (37).
We have previously reported that the unsaturation and chain
length of fatty acids decreased in heart and kidney membrane
phospholipids from hypenensive rats (38). These alterations
might affect the ability of CL to participate in Ca2+ transloca-
tion. A decreased percentage of PC in heart membrames from
hypertensive rats would also facilitate greater interaction of
Ca2+ with membranes in hypertensive cardiac cells since an

increase in PC inhibits the interaction of Ca2+ with liposomes
containing PC (33).

Although the binding constant of Ca2+ to CL is relatively
low in relation to intracellular free Ca2+ concentration
(~100–200 nM), the total concentration of CL in mitochon-
drial membrane of ~4 mM (33,35) is over an order of magni-
tude higher than calcium–CL dissociation constant which
would still result in significant binding of Ca2+ to CL.

The precise functional role of membrane CL remains un-
known. However, it appears absolutely required for maximal
mitochondrial cytochrome c oxidase activity (22,39,40) and
for mitochondrial carnitine/acylcarnitine translocase activity
(41). Creatine kinase and ATP/ADP carrier are also specifi-
cally bound to CL in the inner mitochondrial membrane
(42–47). Interestingly, increased CL content has been found
to correlate width increased cytochrome oxidase activity in
rat heart mitochondria (48). Therefore, increased CL in hy-
pertensive heart observed in our study might in part be re-
sponsible for increased oxygen consumption in the hyperten-
sive heart reported previously (49–51).

Our results show that absolute concentrations of all of the
major phospholipid components are significantly increased in
kidney membranes from hypertensive rats. Previous work of
our group showed that intracellular free calcium concentra-
tion was significantly increased in perfused hypertensive kid-
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TABLE 1
Phospholipid Components of Hearts from Normotensive and Spontaneously Hypertensive Rats

WKY rats (n = 13) SHR (n = 9)
(µmol/g wet weight)a %b (µmol/g wet weight)a %b

PC 22.32 ± 0.26 46.01 ± 0.50 27.85 ± 0.28c 44.81 ± 0.43c

PI 2.13 ± 0.07 4.39 ± 0.14 2.61 ± 0.10c 4.20 ± 0.15
PS 1.55 ± 0.07 3.20 ± 0.13 1.96 ± 0.08c 3.15 ± 0.12
Sph 2.03 ± 0.08 4.18 ± 0.22 2.65 ± 0.10c 4.26 ± 0.20
PE 11.65 ± 0.28 24.02 ± 0.44 13.96 ± 0.35c 22.46 ± 0.37c

PEp 5.43 ± 0.32 11.19 ± 0.42 8.18 ± 0.24c 13.16 ± 0.35c

CL 3.40 ± 0.10 7.01 ± 0.20 4.94 ± 0.22c 7.95 ± 0.22c

aAbsolute content of phospholipids; values are mean ± SEM, calculated assuming total tissue phos-
pholipid was fully extracted.
bPercentage of total phospholipids; values are mean ± SEM.
cSignificantly different (P ≤ .05) from the WKY control. Statistical analysis performed with t-test.
Abbreviations: WKY, Wistar-Kyoto; SHR, spontaneously hypertensive rat; PC, phosphatidylcholine;
PI, phosphatidylinositol; PS, phosphatidylserine; Sph, sphingomyelin; PE, phosphatidylethanolamine;
PEp, phosphatidylethanolamine plasmalogen; CL, cardiolipin.

TABLE 2
Phospholipid Components of Kidneys from Normotensive and Spontaneously Hypertensive Rats

WKY rats (n = 9) SHR (n = 11)
(µmol/g wet weight)a %b (µmol/g wet weight)a %b

PC 17.16 ± 0.17 37.04 ± 0.35 25.12 ± 0.41c 37.25 ± 0.58
PI 2.81 ± 0.08 6.06 ± 0.17 4.14 ± 0.11c 6.14 ± 0.16
PS 4.50 ± 0.14 9.71 ± 0.40 5.68 ± 0.30c 8.42 ± 0.28c

Sph 6.20 ± 0.29 13.38 ± 0.61 9.01 ± 0.46c 13.36 ± 0.63
PE 8.54 ± 0.17 18.43 ± 0.37 13.74 ± 0.42c 20.37 ± 0.60c

PEp 5.23 ± 0.17 11.29 ± 0.36 6.89 ± 0.25c 10.22 ± 0.36c

CL 1.89 ± 0.08 4.08 ± 0.17 2.86 ± 0.10c 4.24 ± 0.18
aAbsolute content of phospholipids; values are mean ± SEM, calculated assuming total tissue phos-
pholipid was fully extracted.
bPercentage of total phospholipids; values are mean ± SEM.
cSignificantly different (P ≤ .05) from the WKY control. Statistical analysis performed with t-test. For
abbreviations see Table 1.



ney (52). Significantly increased contents of CL, PI, and PS
are consistent with the elevated level of free calcium in the
hypertensive kidney since Tyson et al. (53,54) have demon-
strated that CL is one of the most active ionophores for
translocating calcium. Also, PS is required to activate protein
kinase C, which is involved in calcium translocation; and in-
ositol 1,4,5-trisphosphate, which is derived from a phospho-
rylated form of PI, mediates calcium mobilization (54,55);
and both are increased in the hypertensive kidney.

The bilayer structure of biological membrane as originally
proposed by Gortel and Grendel in 1925 is still an attractive
way to explain many properties of cell membranes (56).
Luzatti and coworkers (57) established that every biological
membrane consists of large amounts of nonbilayer lipids next
to bilayer-forming lipids. The ability of lipids to adopt nonbi-
layer structures is believed to be important for membrane flu-
idity (58). PE is typical nonbilayer-preferring lipid (58). It
may regulate the fluidity of membranes (56,58–60) and mod-
ify the Ca2+ transport processes by enhancing a slow sus-
tained uptake component that strongly depends on tempera-
ture (35). An increase in PE content in kidney membranes
from SHR would contribute to nonbilayer characteristics in
the lipid bilayer. Furthermore, increased CL content, together
with increased PE, in kidney membrane from hypertensive
rats would lead to more Ca2+ sequestered in the mitochon-
drial membranes as well as more Ca2+ translocated into mito-
chondria.

To our knowledge, this study is the first report in the liter-
ature on alterations in phospholipids of the hypertensive heart
and kidney, the two organs well known to be adversely af-
fected in essential hypertension. It appears possible that these
abnormalities may at least in part account for abnormal ion
balance and ion transport observed in hypertensive heart and
kidney cells (25–28,51,52,55,61–70).
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ABSTRACT: We found that sesaminols, a mixture of sesaminol
and its stereoisomers, are potent inhibitors of the oxidation of
low-density lipoprotein induced by 2,2′-azobis(2,4-dimethyl-
valeronitrile). Although sesaminols strongly inhibit lipid peroxi-
dation related to their ability to scavenge free radicals, their an-
tioxidant effects have not been investigated. To confirm the in-
volvement of the phenolic moiety in the sesaminol structure in
antioxidant activity, sesaminols were reacted with 2,2′-azo-
bis(2,4-dimethylvaleronitrile). The reaction products were iso-
lated by high-performance liquid chromatography and found to
have a 1-cyano-1,3-dimethyl-butyl-peroxyl group in their struc-
tures. These chemical structures suggest that the sesaminols re-
acted with the alkylperoxyl radicals to form four major reaction
products that are stereoisomers of each other, although the
stereochemistry of each isomer has not yet been confirmed. Fur-
ther instrumental analyses of the reaction products may increase
our understanding of the antioxidant activity of sesaminols.
Lipids 33, 1031–1036 (1998).

Sesame (Sesamum indicum L.) is one of the world’s most im-
portant oil seed crops. Not only is it a source of edible oil but
also the seed itself provides a nutritious food for humans.
Sesame seed oil resists oxidative deterioration (1,2). Its re-
markable stability is thought to be due to the presence of the
endogenous antioxidants sesaminols and sesamol, together
with tocopherols (3). Quantification using high-performance
liquid chromatography (HPLC) showed that the amount of
sesaminols dramatically increased during the manufacturing
process, particularly during bleaching; we previously found
that sesaminol and three stereoisomers including 2-epi-
sesaminol, 6-episesaminol, and (+) diasesaminol (Scheme 1)
are produced by intermolecular transformation from
sesamolin (3,4), a minor component of sesame oil. Sesamolin
is readily converted to sesamol under such conditions as hy-
drolytic scission at the C2 position (5). We recently reported
the absorption, distribution, and metabolism of sesamolin
after having fed it to rats (6). In that study, we found that
sesamolin is transformed to sesamol and sesamolinol during

absorption from the gastrointestinal tract (6). We suggested
therefore that the metabolism of sesamolin differs in vivo
from that observed in vitro. We also found that the chelation
of sesaminol with ADP-Fe3+/NADPH inhibits microsome
peroxidation (6). Various studies have investigated the thera-
peutic potential of several synthetic and natural antioxidants
as inhibitors of low density lipoprotein (LDL) oxidation (7,8).
We found that sesaminol from sesame seed exhibits the
strongest antioxidant properties (9–15), and is a potent in-
hibitor of LDL oxidation induced by CuSO4 or 2,2′-azobis(2-
amidinopropane) dihydrochloride in vitro (Kang, M.-H.,
Naito, M., Sakai, K., Uchida, K., and Osawa, T., submitted
for publication).

The products formed by the reaction of several natural an-
tioxidants with the peroxyl radical have recently been isolated
and identified, and the reaction mechanisms have been stud-
ied (16–20). α-Tocopherol is an important natural antioxidant
that is present in food as well as in living cells. The reaction
products of α-tocopherol with alkylperoxyl radicals have
been elucidated, and the antioxidant mechanism of tocopherol
has been proposed (16–18). Sugiyama et al. (19) reported that
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tetrahydrocurcuminoids, which are major metabolites of cur-
cumin, form 3,4-dimethoxybenzoic acid, 3′,4′-dimethoxy
acetophenone, and 3-(3,4-dimethoxyphenyl)-propionic acid
via the reaction of peroxyl radicals generated by thermolysis.
The two reaction products of an anthocyanin pigment with
2,2′-azobis(2,4-dimethylvaleronitrile) (AMVN) were identi-
fied as 4,6-dihydroxy-2-O-β-D-glucosyl-3-oxo-2,3-dihy-
drobenzofuran and protocatechuic acid (20). However, the
oxidation products of sesaminols with alkylperoxyl radical
have not been elucidated.

The present study evaluated the inhibitory effects of
sesaminols on the oxidation of LDL induced by AMVN. To
investigate the antioxidant mechanism of sesaminols, we
identified the oxidation products of sesaminol and its
stereoisomers with the alkylperoxyl radicals, generated in the
reaction with AMVN, which is an initiator of free radicals.

MATERIALS AND METHODS

Materials. Scum from the commercial refining process for un-
roasted sesame oil was esterified and extracted as previously
reported (3,4). Sesaminol and 2-episesaminol were found and
identified as the major products by comparing the results of
analysis with data from authentic samples. The ratio of
sesaminol/2-episesaminol/6-episesaminol/(+) diasesaminol was
found to be 37:41:6:16 by wt. Because these stereoisomers iso-
merize each other at room temperature (3,4), we used the mix-
ture of sesaminol and its stereoisomers for further experiments.
AMVN and acetonitrile were purchased from Wako Pure
Chemical (Osaka, Japan). Tetramethylsilane and CDCl3 were
purchased from Aldrich Chemical (Milwaukee, WI).

Lipoprotein preparation. LDL (d = 1.019 to 1.063 g/mL)
was isolated from the serum of healthy humans by stepwise
ultracentrifugation at 150,000 × g for 20 h, followed by ex-
tensive dialysis against phosphate-buffered saline containing
0.01% EDTA at 4°C for 48 h. To remove EDTA, LDL was di-
alyzed against a 2,000-fold vol of phosphate-buffered saline
without EDTA for 48 h at 4°C. LDL was sterilized by passage
through a 0.22 µm filter and then used within 7 d. Protein con-
centrations were determined with a bicinchonic acid protein
assay kit (Pierce Chemical, Rockford, IL), using bovine
serum albumin as the standard.

Oxidation of LDL. The mixture of sesaminol and its
stereoisomers was dissolved in dimethyl sulfoxide with soni-
cation. The final content of the solvent (DMSO) was <1%.
Sesaminols were added to a tube containing 2 mM AMVN
and LDL (0.2 mg protein/mL, diluted with PBS) to a final
concentration of 1 µM (21). The tubes were incubated in a
thermostatically controlled water bath for the indicated time.
The reaction was stopped by the addition of 1 mM EDTA and
10 µM butylated hydroxytoluene. The lipid peroxidation of
LDL was evaluated by measuring the formation of 2-thiobar-
bituric acid-reactive substances (TBARS). TBARS were cal-
culated as malondialdehyde equivalents, using as the standard
freshly diluted malondialdehyde bis(dimethyl acetal), i.e.,
1,1,3,3-tetraethoxypropane. Malondialdehyde was prepared

by hydrolysis of 1,1,3,3-tetraethoxy-propane (Aldrich Chem-
ical) with 1 N HCl (22).

Procedure for reacting sesaminols with AMVN. For the ox-
idation reaction, a mixture of 10 mM sesaminols and 18 mM
AMVN was dissolved in 18 mL oxygen-saturated acetonitrile
and incubated in a screw-cap test tube at 37°C in air for 4 h.
The oxidation products were separated by reverse-phase
HPLC on a Develosil ODS-5 column (4.6 mm i.d. × 250 mm,
Nomura Chemical, Aichi, Japan) using MeOH/H2O (70:30,
vol/vol) as the solvent. These were repurified by normal-
phase HPLC on a Develosil SI-60-5 column (4.6 mm i.d. ×
250 mm, Nomura Chemical) using n-hexane/ethyl acetate
(70:30, vol/vol) as the solvent. The elution profile was moni-
tored by measuring the absorbance at 280 nm and a flow rate
of 2.5 mL/min. The peak area was determined with a C-R3A
Chromatopac (Shimadzu, Kyoto, Japan).

Spectroscopy. 1H and 13C nuclear magnetic resonance
(NMR) spectra were recorded on an NMR JNM-EX-270
spectrometer (JEOL, Tokyo, Japan) using CDCl3 as the sol-
vent and tetramethylsilane as the internal standard (tetra-
methylsilane δ = 0.00). 13C NMR spectra were measured at
67.5 MHz, and 1H NMR at 270 MHz. Mass spectra were ob-
tained with a gas chromatograph mass spectrometer system
(JMS-DX-300, JEOL). Electron impact spectra were obtained
with an ionizing energy of 70 eV. The infrared spectra of sam-
ples in liquid film were determined with an FT/IR-8300 de-
vice (Japan Spectroscopic, Tokyo, Japan). Ultraviolet spectra
were determined with a U-best 50 (Japan Spectroscopic).
Wavelengths of maximal light absorption and specific rota-
tions were determined using a DIP-370 spectrometer (Japan
Spectroscopic).

Statistical analysis. Results are presented as means ± SD.
Data were analyzed by Student’s t-test.

RESULTS AND DISCUSSION

Antioxidant effect of sesaminols. Reactive oxygen species are
involved in the oxidative attack on polyunsaturated fatty acids
leading to lipid peroxidation of such biological systems as bi-
ological membranes (23,24) or lipoproteins (25). The process
of lipid peroxidation is thought to be involved in various
types of vascular disease. This observation is consistent with
the fact that biological membranes as well as lipoproteins
contain high concentrations of polyunsaturated fatty acids
which are unstable and susceptible to oxidation. Oxidative
modification of LDL may be of particular importance in the
pathogenesis of atherosclerosis (26). Therefore, agents that
protect LDL from oxidation are of interest as possible an-
tiatherogenic agents. The oxidative modification of LDL by
transitional metal ions ex vivo appears to be prevented by the
addition of antioxidants such as vitamin E (27), probucol
(28), butylated hydroxytoluene (29), and flavonoids (30). As
shown in Figure 1, we evaluated the inhibitory effects of
sesaminols in the oxidative modification of LDL induced by
AMVN. Sesaminols (1 µM) exhibited a strong antioxidant ef-
fect in terms of decreasing TBARS formation. Sesaminols
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exist as a mixture of sesaminol and its stereoisomers, which
are inter-convertible, and we found that there is no significant
difference between sesaminol and its stereoisomers in their
antioxidant activity. The potent inhibitory effect of
sesaminols against lipid peroxidation could be attributed to
their ability to scavenge free radicals (3,4).

As suggested by Osawa et al. (9,13,19,31,32), dietary an-
tioxidants such as the β-diketone type, including tetrahydrocur-
cuminoids, curcumin, and eucalyptus leaf waxes must play an
important role in protecting against oxidative damages.

Time course of the formation of reaction products. As
shown in Figure 2, we isolated five main peaks through HPLC
separation. Peaks 1, 3, 4, and 5 increased with incubation
time. However, peak 2 decreased gradually with incubation
time (Fig. 3) and finally reached a constant peak area. Be-
cause the formation of such products reached a maximum
after 4 h, we stopped the reaction at 4 h and isolated and iden-
tified the reaction products.

Isolation of reaction products. The oxidation products
were separated by reverse-phase HPLC using MeOH/H2O
(70:30, vol/vol) as the solvent. Purification of peaks 3, 4, and
5 yielded the following amounts of each product: product 2;
5.9 mg (peak 3); product 3; 7.3 mg (peak 4); and product 4;
14.5 mg (peak 5). Peak 2 was found to be a mixture of
sesaminols plus the reaction product, which was further repu-
rified by normal-phase HPLC using n-hexane/ethyl acetate
(70:30, vol/vol) as the solvent. Pure reaction product or prod-
uct 1, 12.1 mg (peak 2), was obtained.

Structure determination of the reaction products. Peak 1
was confirmed to contain only the degradation products, be-
cause it was found not to possess the sesaminol structure in 1H

NMR spectra. All of the other products named, or products
1–4, which were contained in peaks 2–5, respectively, were
confirmed as the adducts of sesaminol structure with AOO• by
NMR and mass spectra. Products 1–4 have essentially the
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FIG. 1. Time-dependent effect of sesaminols in 2,2′-azobis(2,4-di-
methylvaleronitrile) (AMVN)-induced low-density lipoprotein (LDL) per-
oxidation. LDL (0.2 mg protein/mL) was incubated in the absence (na-
tive LDL, ■■) or presence (oxidized LDL, ●●) of 2 mM AMVN without or
with sesaminols (●) for 2 h at 37°C. The reaction was terminated by the
addition of EDTA and butylated hydroxytoluene. Oxidation was moni-
tored by the formation of TBARS. *Significantly different from oxidized-
LDL (P < 0.05).

FIG. 2. Representative chromatogram of the high-performance liquid
chromatography (HPLC) separation of reaction products of sesaminol and
its stereoisomers with AMVN, as determined by absorbance at 280 nm.
Sesaminol and its stereoisomers (10 mM) were incubated with AMVN
(200 mM) in oxygen-saturated acetonitrile for 4 h at 37°C. An aliquot of
the solution was subjected to reverse-phase HPLC on a Develosil ODS-5
column (Nomura Chemical, Aichi, Japan). For abbreviation see Figure 1.

FIG. 3. Time-dependent effect for the oxidation products of sesaminol
and its stereoisomers induced by AMVN. Sesaminol and its stereoiso-
mers (10 mM) were incubated with AMVN (200 mM) in oxygen-satu-
rated acetonitrile at 37°C. At the indicated time, aliquots of the solution
were subjected to reverse-phase HPLC on a Develosil ODS-5 column
[▲▲, peak 1; ■, peak 2 (sesaminol and its stereoisomers plus product); 
●●, peak 3; ▲, peak 4; ■■, peak 5]. Peak numbers refer to peaks in Figure
2. For abbreviations see Figures 1 and 2. For manufacturer see Figure 2.



same spectral data except for [α]25
D as shown in Table 1.

NMR data are summarized in Tables 2 and 3. By comparision
with the infrared spectrum of sesaminol, a new absorption was
found at 1686 cm−1 that was due to the α,β-unsaturated car-
bonyl. During 13C NMR analysis, the signal of the phenolic
carbon at C-2′ of sesaminol (δ 150.7 ppm) shifted to δ 186.6
ppm as a result of the conversion into a carbonyl carbon in the
oxidation products. In addition, a large shift in the signal of
the C-5′ from δ 140.8 ppm in sesaminol to δ 101.4 ppm in the
oxidation products suggested that a 1-cyano-1,3-dimethyl-
butyl-peroxyl group derived from AMVN attached to the C-5′
position of sesaminol. Further detailed examination of the 1H
NMR and 13C NMR spectra as well as other analyses of the
oxidation products using instrumentation suggested that the
chemical structures of the four reaction products are essen-
tially the same. As described in the Materials and Methods
section, sesaminol and 2-episesaminol exist as the major com-
ponents in sesame seed oil, and 6-episesaminol and (+) dia-
sesaminol exist as the minor components (3,4). Although it is
possible that each of four stereoisomers of sesaminols reacts

with AOO• (the alkoxyl radical generated by AMVN) to pro-
duce four stereoisomers which have different stereochemistry
at C-5′ and C-1a (Scheme 2), only four stereoisomers were
found to be produced as the main reaction products. By instru-
mental analyses, we cannot confirm the stereochemistry of
four reaction products; therefore, we can only propose the
chemical structure for all of the reaction products without
stereochemistry as shown in Scheme 2. This process may rep-
resent the antioxidant mechanism of sesaminols with AMVN.
The first step may be the abstraction of hydrogen. The result-
ing sesaminol radicals can then react with the peroxyl radicals.
We therefore suggest that sesaminols are chain-breaking an-
tioxidants that react with peroxyl radicals to stop the autoxida-
tion of polyunsaturated fatty acids. Peroxyl radicals are known
to be chain-carrying radicals in lipid peroxidation (18). Our
group has elucidated the reactions of peroxyl radicals with
such phenolic-type antioxidants as tetrahydrocurcurminoids
and cyanidin 3-O-D-glucoside (19,20). α-Tocopherol is highly
reactive with free radicals and reactive oxygen species and
forms a variety of products. For example, it traps free radicals
generated from such radical initiators as benzoyl peroxide
(33), AMVN (17), and tert-butyl hydroperoxide (16) and re-
acts with alkyl and alkoxyl radicals to produce alkylated de-
rivatives (16,17,33–36). Free radical oxidation of α-tocoph-
erol was reported to take place via the tocopheroxyl radical as
an intermediate (37). 

Sesame seed and oil are used for pharmaceutical purposes.
These substances are also important in traditional Indian med-
icine, where sesame oil is used to prepare extracts of herbs
and medicinal plants (38). Sesame oil is also believed to be
suitable for application to the skin because of its spreading
and antioxidant properties (38). Our studies have mainly fo-
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TABLE 1
Summary of the Spectroscopic Analyses of Oxidation Products 
of Sesaminolsa

Product 1 2 3 4

Mass spectrum ([M+]) 511 511 511 511
Ultraviolet absorbance

λmax(nm) 288 287 287 287
(εmax) (5280) (7560) (5060) (4680)

226 229 228 225
(8050) (13400) (9200) (9060)

[α]25
D −31.0 +85.8 +94.3 −64.7

aAs determined in this laboratory.

TABLE 2
1H Nuclear Magnetic Resonance (NMR) Chemical Shiftsa

Sesaminol Product 1 Product 2 Product 3 Product 4

1 3.14, m 2.85, m 2.62, m 2.64, m 2.85, m
2 4.76, d, J = 4 4.46, m 4.65, dd, J = 2,8 4.64, dd, J = 2,6 4.46, m
4a 3.84, dd, J = 4,10 3.94, m 3.86, dd, J = 7,10 3.86, dd, J = 7,10 3.93, dd, J = 7,10
4e 4.12, dd, J = 7,10 4.53, dd, J = 1,10 4.45, dd, J = 2,9 4.45, dd, J = 1,9 4.53, dd, J = 1,7
5 3.14, m 3.16, m 3.10, d, m 3.10, m 3.16, m
6 4.76, d, J = 4 4.80, d, J = 6 4.77, d, J = 6 4.77, d, J = 6 4.80, d, J = 6
8a 3.87, dd, J = 2,9 3.32, m 3.35, dd, J = 8,9 3.34, dd, J = 8,9 3.34, m
8e 4.34, dd, J = 7,9 3.76, m 3.73, dd, J = 8,9 3.74, m 3.75, m
3′ 6.46, s 7.02, dd, J = 2,9 6.98, d, J = 2 6.93, d, J = 2 7.02, dd, J = 2,9
6′ 6.53, s 5.88, s 5.95, brs 5.88, s 5.88, s
2″ 6.80–6.90, m 6.86, brs 6.86, brs 6.86, brs 6.86, brs
5″ 6.80–6.90, m 6.80, m 6.78, m 6.79, m 6.78, m
6″ 6.80–6.90, m 6.80, m 6.78, m 6.79, m 6.78, m
-O-CH2-O-a 5.90, s 5.64, d, J = 2 5.64, d, J = 2 5.64, brs 5.64, d, J = 2
-O-CH2-O-b 5.90, s 5.69, d, J = 2 5.71, d, J = 2 5.71, brs 5.69, d, J = 2
-O-CH2-O-′ 5.97, s 5.96, s 5.95, brs 5.95, s 5.95, s
1ba 1.61, s 1.58, s 1.58, s 1.61, s
2a 1.73, d, J = 7 1.70, d, J = 7 1.71, m 1.73, m
3a 1.93, m 1.95, m 1.85, m 1.93, m
3aa 0.99 or 1.03, d, J = 2 0.99 or 1.01, d, J = 3 0.96 or 0.98, s, J = 2 1.00 or 1.03, d, J = 2
4a 0.99 or 1.03, d, J = 2 0.99 or 1.01, d, J = 3 0.96 or 0.98, s, J = 2 1.00 or 1.03, d, J = 2
aPositions are identified in the Product molecule in Scheme 2.



cused on the physiological and pharmacological roles of
sesaminols because this substance is readily available and is
widely used. It is thus important to investigate the inhibitory
effects of sesaminols against oxidative damage and its mech-

anism of action in biological systems. We are now conduct-
ing detailed studies on the effects of sesaminols in preventing
oxidative damage in an animal model to expand our present
findings to clinical applications.
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TABLE 3
13C NMR Chemical Shiftsa

Sesaminol Product 1 Product 2 Product 3 Product 4

1 53.3 52.7 52.1 52.1 52.6
2 85.3 83.1 83.1 83.2 83.1
4 70.5 70.1 69.5 69.4 69.5
5 52.9 50.2 50.1 50.1 50.2
6 86.6 81.5 81.7 81.7 81.5
8 72.3 72.7 72.6 72.6 72.7
1′ 119.6 144.0 144.0 144.9 144.0
2′ 150.7 186.6 186.6 186.6 186.6
3′ 99.4 125.3 125.4 124.9 125.3
4′ 148.9 165.7 165.8 165.8 165.8
5′ 148.8 101.6 101.4 101.4 101.5
6′ 106.0 100.4 100.6 100.6 100.4
1″ 134.4 132.5 132.4 132.4 132.4
2″ 106.4 106.3 106.5 106.5 106.5
3″ 150.6 147.5 147.6 147.6 147.6
4″ 147.1 144.2 146.6 145.0 144.2
5″ 108.1 108.1 108.1 108.1 108.1
6″ 119.2 118.6 118.8 118.8 118.8
-O-CH2-O- 101.1 100.1 100.3 100.3 100.1
-O-CH2-O-′ 101.1 101.1 101.0 100.9 100.9
1a 79.4 79.8 79.5 79.4
1ba 24.0 24.3 23.7 24.1
2a 46.3 46.3 46.1 46.3
3a 24.7 25.0 24.5 24.8
3aa 23.5 or 23.6 23.4 or 23.6 23.5 or 23.6 23.5 or 23.6
4a 23.5 or 23.6 23.4 or 23.6 23.5 or 23.6 23.5 or 23.6
-CN 119.4 119.4 119.4 119.4
aPositions are identified in the Product molecule in Scheme 2. For abbreviation see Table 2.
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ABSTRACT: Base-catalyzed transesterification of acyl lipids
with methanol in the presence of trimethylsulfonium hydroxide
(TMSH) is an easy and convenient method for the preparation of
fatty acid methyl esters for gas chromatography (GC) analyses.
Free fatty acids are converted to fatty acid methyl esters by the
pyrolytic reaction with TMSH as well. We have found that lipids
and other compounds containing thiol groups are also converted
easily to the corresponding methyl sulfides (methyl thioethers)
by the pyrolytic reaction with TMSH occurring in the injector of
the gas chromatograph. For example, alkane thiols such as do-
decane thiol and octadecane thiol are converted to the corre-
sponding alkyl methyl sulfides, whereas bis(methylthio) deriva-
tives are formed from α,ω-alkane dithiols, e.g., 1,8-octanedithiol,
and from 2,3-dimercaptopropan-1-ol (dimercaprol). Further-
more, 3β-mercaptocholest-5-ene (thiocholesterol) is converted
to 3-methylthiocholest-5-ene by the same reaction. The S-methyl-
ation reactions which finally lead to the corresponding
methylthio derivatives of lipids and other compounds with thiol
groups may be of diagnostic value for the structural analysis of
such compounds by GC and GC/mass spectrometry.
Lipids 33, 1037–1041 (1998).

Trimethylsulfonium hydroxide (TMSH) is a very useful
reagent for the preparation of fatty acid methyl esters for gas
chromatography (GC) analysis by base-catalyzed transmethyl-
ation of acyl lipids (1–6) or by the pyrolytic decomposition
of the TMSH salts of fatty acids in the GC injector (7). Re-
cently, we showed that various lipids having acidic sub-
stituents such as amino, amide, or hydroxy groups form N-
and O-methylated derivatives, in varying proportions, by the
pyrolytic reaction with TMSH (8–10). Thiol compounds are
versatile intermediates for various technical applications such
as rubber substitutes (11–14), stabilizers for polyvinyl chlo-
ride (15), antioxidants (16,17), lubricant additives
(11–13,16,18,19), wetting agents and surface-active chemi-
cals (20,21) as well as coatings (11,18,22). They are also used
for the preparation of pharmaceuticals (17,23), cosmetic for-
mulations (17,19,21), insecticides and insect repellents

(12,24) as well as compounds with antimicrobial activity
(25). Thiols are a further series of compounds having acidic
properties which might be converted to the corresponding S-
methyl derivatives by the pyrolytic reaction with TMSH. This
study demonstrates the use of TMSH in the S-methylation of
lipids and other compounds containing thiol groups for GC
and GC/mass spectrometry (MS) analyses. 

MATERIALS AND METHODS

Chemicals. Dodecanethiol and octadecanethiol, didodecyl
sulfide, 1,8-dimercaptooctane, 2,3-dimercaptopropan-1-ol
(dimercaprol; BAL), threo-1,4-dimercapto-2,3-butandiol
(dithiothreitol, Cleland’s reagent), mercaptoacetic acid (thio-
glycolic acid) as well as its methyl- and 2′-ethylhexyl esters,
3,3′-thiodipropionic acid methyl ester, 2-mercaptopropionic
acid (thiolactic acid) and 3-mercaptopropionic acid, N-(2-
mercaptopropionyl)-glycine (tiopronin), 2-amino-3-mer-
capto-3-methylbutanoic acid (DL-penicillamine), cholest-5-
ene-3β-thiol (thiocholesterol), and 2-ethylhexanol were pur-
chased from Sigma-Aldrich-Fluka (Deisenhofen, Germany).
TMSH reagent (0.2 M TMSH in methanol) was a product of
Macherey-Nagel (Düren, Germany). 

Preparation of standards. Methyl esters of carboxylic
acids as well as methyl thioethers were obtained by the reac-
tion of the original compounds having carboxy and/or thiol
groups with diazomethane (26). Derivatives with methyl ester
and/or methylthio groups were purified by thin-layer chro-
matography on 0.3 mm Silica Gel H (E. Merck, Darmstadt,
Germany) layers using hexane/diethyl ether (99:1, vol/vol) as
the solvent system for alkyl methyl sulfides, hexane/diethyl
ether (95:5, vol/vol) for cholesteryl methyl sulfide and mer-
captoacetic acid derivatives, hexane/diethyl ether (1:1,
vol/vol) or diethyl ether for 2,3-dimercaptopropan-1-ol and
dithiothreitol as well as their methylthio derivatives.

Derivatization for GC. Under standard conditions, 30–60
µL TMSH reagent was added to 0.4 mg of a compound con-
taining thiol groups (molar ratio TMSH/thiol and/or carboxy
equivalents, ca. 4:1). The derivatization mixture, 1–2 µL, was
directly injected into the gas chromatograph. 

GC. GC of compounds containing thiol groups as well as
of their derivatives formed by the pyrolytic reaction with
TMSH was carried out in a Hewlett-Packard (Böblingen,
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Germany) HP-5890 Series II gas chromatograph fitted with a
flame-ionization detector. S-Methyl derivatives (methyl
thioethers) of various thiol compounds were chro-
matographed on a 0.12 µm DB-23 fused-silica capillary col-
umn (Macherey-Nagel), 40 m × 0.18 mm i.d using hydrogen
as the carrier gas. S-Methyl derivatives of short-chain thiol
compounds were separated at 60°C for 5 min, followed by
linear programming from 60 to 240°C at 10°C per min. The
long-chain alkyl methyl sulfides were separated initially at
200°C for 5 min, followed by linear programming from 200
to 240°C at 10°C per min. The final temperature was kept
constant for 20 min. Cholesteryl methyl sulfide was separated
isothermally at 270°C on a 0.52 µm HP-1 fused-silica column
(Hewlett-Packard), 25 m × 0.32 mm i.d. The split ratio was
1:10; the injector as well as flame-ionization detector temper-
atures were 280°C. GC peaks were assigned by comparison
of their retention times with those of known standards.

GC/MS. GC/MS of methylthio derivatives of compounds
containing thiol groups was performed at electron impact
mode (70 eV) on a Hewlett-Packard HP-5890 Series II/5989
A gas chromatograph/mass spectrometer as described re-
cently (8,9). The GC instrument was equipped with a 0.23 µm
Permabond OV-1 fused-silica capillary column (Macherey-
Nagel) 25 m × 0.32 mm i.d. The carrier gas was He at a flow
rate of 1.0 mL/min. The column temperature was initially
kept at 50 or 70°C for 5 min and then programmed from 50
or 70°C to 240°C at 12°C/min; the final temperature was held
for 5 min. Other operating conditions were split/splitless in-
jector in splitless mode (temperature 300°C), interface tem-
perature 280°C, and ion source temperature 200°C.

Structural analysis. GC peaks were assigned by compari-
son of their retention times and mass spectral data with those
of commercial or synthetic standards. Similarly, structural as-
signments were made for standards containing thiol groups
or their methylthio derivatives which were prepared by the
reaction with diazomethane. Peaks of S-methylated com-
pounds obtained by the pyrolytic reaction with TMSH (7)
were assigned a particular structure if ions corresponding to
all the important mass fragments were present.

RESULTS AND DISCUSSION

TMSH is involved in two very different types of chemical re-
actions. The first is as a base catalyst for the mild transesteri-
fication of acyl lipids. Commercial TMSH reagent is a 0.2 M
methanolic TMSH solution which transmethylates acyl lipids
such as triglycerides to the corresponding fatty acid methyl
esters at room temperature within a few minutes (1–6). Other
functional groups of lipids such as hydroxy, amino, or amide
groups do not react under these conditions with TMSH
reagent either at room temperature or under reflux conditions
(8–10). 

The second type of reaction is the pyrolytic reaction of
TMSH with various acidic groups of compounds occurring in
the injector of the gas chromatograph at high temperatures.
Acidic groups of compounds such as carboxylic functions and

phenolic hydroxy groups (2,7) were transformed by the py-
rolytic reaction of TMSH almost completely to the corre-
sponding O-methyl derivatives. In contrast, this reaction leads
to partial methylation if less acidic groups are present, as ob-
served for hydroxy, amino, and amide groups (8–10). 

Because of the higher acidity of the SH-group, conversion
to the corresponding methylthio derivatives by the pyrolytic
reaction of thiol compounds with TMSH might be expected
to be as high as that of free fatty acids. Therefore, we have re-
acted various thiol compounds with TMSH reagent at differ-
ent temperatures and checked the formation of reaction prod-
ucts by thin-layer chromatography. At room temperature in-
complete derivatization was found even after 2 h, whereas
almost complete S-methylation was observed within 30 min
in a closed tube at 70°C. For GC derivatization the pyrolytic
reaction of TMSH in the GC injector at 280°C was tested for
its usefulness in S-methylation of various thiol compounds. 

TMSH
R – SH → R – S – CH3

250°C

Under standard conditions, long-chain alkanethiols such
as 1-dodecanethiol and 1-octadecanethiol were converted al-
most completely (>99%) to methyl dodecyl sulfide (methyl
dodecyl thioether; m/z (rel%) 216 (48), [M]+) and methyl oc-
tadecyl sulfide (methyl octadecyl thioether; m/z (rel%) 300
(34), [M]+), respectively, as was checked by GC/MS (Table
1). In addition to the molecular ion peaks, the mass spectra of
both S-methylated derivatives showed typical fragments that
were formed by loss of the S-methyl group {m/z (rel%) 201
(100) [M − CH3]+ and m/z (rel%) 285 (100) [M − CH3]+, re-
spectively}, while the tendency for the loss of methyl thiol
was not strongly pronounced. The fragment m/z 61 was
formed by α-cleavage of the C-C bond next to the S-atom
(Table 1). These data agree with those given in the literature
(27,28).

Studies concerning the optimal molar ratio between alkyl
thiol substrates and TMSH reagent revealed that the ratio of
pyrolytic conversion of thiol compounds to the correspond-
ing S-methylated products in the presence of TMSH de-
pended on the molar excess of the methylating reagent (Fig.
1). Extensive conversion was reached already at a molar ratio
of about 2:1 (TMSH/thiol equivalents). Under these condi-
tions, dodecanethiol was converted to an extent of 96% to
methyl dodecylsulfide. In contrast, lipids containing hydroxy,
amine, and amide groups were not found to be converted
completely to the corresponding O-methyl or N-methyl de-
rivatives, even if a 20-fold excess of TMSH was used for de-
rivatization (8–10). 

In vulcanization, bifunctional thiol compounds such as
1,6-dimercaptohexane and 1,8-dimercaptooctane are used for
the formation of polythioethers by addition reaction onto α,ω-
diene monomers (12). Under standard conditions (molar ratio
TMSH/thiol equivalent = 4:1), the product of the pyrolytic re-
action of 1,8-dimercaptooctane with TMSH was 1,8-
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bis(methylthio)octane as was checked by gas chromato-
graphic comparison with synthetic standards as well as by
GC/MS (Table 1). The dominant fragment peak at m/z 61
(base peak) for both compounds is formed by α-cleavage as
mentioned above. By using a suboptimal TMSH concentra-
tion (molar ratio TMSH/thiol equivalent = 2:1), two reaction
products, i.e., 1-mercapto-8-methylthiooctane and 1,8-
bis(methylthio)octane, were observed in the gas chro-
matogram in addition to small proportions of nonderivatized
1,8-dimercaptooctane (data not shown).

TMSH

HS − [CH2]8 − SH → CH3S − [CH2]8 − SH + CH3S − [CH2]8 − SCH3

250°C

Mercaptoacetic acid 2′-ethylhexylester (thioglycolic acid 2′-
ethylhexylester) and other mercaptoacetic acid esters are used
as stabilizers for polymers (15). Under standard conditions,
mercaptoacetic acid 2′-ethylhexylester was S-methylated to
an extent of (>94%) to the corresponding methyl sulfide by
the pyrolytic reaction with TMSH, whereas other possible re-

action products such as mercaptoacetic acid methylester and
its methylthio derivative as well as 2-ethylhexan-1-ol and its
methoxy derivative were not detected by gas chromato-
graphic analysis. These data suggest that the formation of
methylthio acetic acid 2′-ethylhexylester is by far the pre-
ferred reaction when mercaptoacetic acid 2′-ethylhexylester
is reacted with TMSH under pyrolytic conditions.

Retention time of methylthio acetic acid 2′-ethylhexylester
was compared with that of a synthetic standard that had been
prepared by the reaction of mercaptoacetic acid 2′-ethyl-
hexylester with diazomethane. In addition, the reaction prod-
uct was analyzed by MS (Table 1). The typical fragmentation
of this thioether led to two important fragments at m/z 157
and 61 because the ester group stabilizes the positive ions
formed by α-cleavage in contrast to other thioethers which
do not have further stabilizing groups.
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TABLE 1
Important Fragments of Electron Impact Mass Spectra of S-Methyl Derivatives of Various Thiol Groups Containing Compounds Formed by the
Reaction with Trimethylsulfonium Hydroxide

S-Methyl derivatives of lipids and other
compounds containing thiol groups Important mass fragments, m/z (rel%)a

Alkane thiol derivatives
Methyl dodecyl sulfide 216 (51.9) 201 (100) 168 (4.0) 61 (59.0)

[M]+ [M − CH3]+ [M − CH4S]+ [C2H5S]+

Methyl octadecyl sulfide 300 (33.5) 285 (100) 252 (1.7) 61 (34.4)
[M]+ [M − CH3]+ [M − CH4S]+ [C2H5S]+

1-Mercapto-8-methylthiooctane 192 (15.1) 159 (52.9) 143 (8.3) 61 (100)
[M]+ [M − SH]+ [M − CH5S]+ [C2H5S]+

1,8-Bis(methylthio)-octane 206 (35.9) 159 (26.1) 143 (34.4) 61 (100)
[M]+ [M − CH3S]+ [M − C2H7S]+ [C2H5S]+

Mercaptoacetic acid (thioglycolic acid) and mercaptopropionic acid derivatives
Methylthioacetic acid methyl ester 120 (48.3) 74 (61.1) 61 (100)

[M]+ [M − CH2S]+ [C2H5S]+

Methylthioacetic acid 2′-ethylhexyl esterb 218 (11.6) 157 (28.8) 112 (42.2) 61 (80.8)
[M]+ [M − C2H5S]+ [C2H5S]+

2-Methylthiopropionic acid methyl ester 134 (39.6) 88 (28.4) 75 (100)
[M]+ [C2H7S]+

3-Methylthiopropionic acid methyl ester 134 (57.7) 87 (19.4) 74 (100) 61 (91.9)
[M]+ [M − CH3S]+ [M − C2H4S]+ [C2H5S]+

Mercaptoalkanol derivatives
2(3)-Mercapto-3(2)-methylthiopropan-1-ol 138 (36.9) 104 (37.1) 91 (53.6) 61 (100)

[M]+ [M − H2S]+ [M − CH3S]+ [C2H5S]+

2,3-Bis(methylthio)-propan-1-ol 152 (33.8) 104 (58.0) 91 (53.6) 61 (100)
[M]+ [M − CH4S]+ [M − C2H5S]+ [C2H5S]+

threo-1(4)-Methylthio-4(1)-mercaptobutan-2,3-diol 168 (1.6) 134 (8.6) 91 (38.3) 61 (100)
[M]+ [M − H2S]+ [C3H7OS]+ [C2H5S]+

threo-1,4-Bis-(methylthio)-butan-2,3-diol 182 (5.6) 134 (11.0) 91 (33.9) 61 (100)
[M]+ [M − CH4S]+ [C3H7OS]+ [C2H5S]+

Cholest-5-ene 3β-thiol (thiocholesterol) derivatives
3-Methylthiocholest-5-ene 416 (16.2) 401 (8.1) 368 (100) 255 (16.0)

[M]+ [M − CH3]+ [M − CH4S]+ [M − (CH4S + C8H17)]+

aIntensities relative to base peak.
bBase peak: m/z 57.



Similar results were obtained for the pyrolytic reaction of
mercaptoacetic and mercaptopropionic acids with TMSH.
Obviously, these thiol compounds were almost completely
(>99%) converted to methylthioacetic acid methyl ester and
methylthiopropionic acid methyl ester, respectively, which
were compared by GC and GC/MS with the corresponding
derivatives prepared by the reaction of mercaptoacetic or
mercaptopropionic acids with diazomethane (Table 1).

However, the pyrolytic reaction of compounds having ad-
ditional amino groups, e.g., penicillamine and tiopronin,
mainly led to partially methylated derivatives even in the pres-
ence of high molar excess of TMSH. For example, 2-amino-
3-mercapto-3-methylbutyric acid (penicillamine) was pre-
dominantly derivatized to 2-N-methylamino-3-methylthio-3-
methylbutyric acid methyl ester {m/z (rel%): 191 (0.7; [M]+),
103 (25.4; [CH3-NH-CH2-COOCH3]+), 89 (100; [(CH3)2-C-
S-CH3]+}, whereas 2-N,N-dimethylamino-3-methylthio-3-
methyl-butyric acid methyl ester {m/z (rel%): 205 (0.9; [M]+),
116 (100; [(CH3)2N-CH-COOCH3]+), 89 (26.9; [(CH3)2C-S-
CH3]+} was formed in small proportions only. Similarly, N-
(2-mercaptopropionyl)-glycine (tiopronin) which is used as an
antidote against heavy metal poisoning was mainly derivatized
to N-(2-methylthiopropionyl)-glycine methyl ester {m/z
(rel%): 191 (9.8; [M]+), 145 (100; [M − S-CH2]+), 88 (8.3;
NH-CH2-COOCH3]+), 75 (57.6; [CH3-CH-S-CH3]+)}. In ad-
dition, small proportions of N-methyl-N-(2-methylthiopropi-
onyl)-glycine methyl ester {m/z (rel%): 205 (9.6; [M]+), 159
(100; [M − S-CH2]+), 102 (31.2; CH3N-CH2-COOCH3]+), 75
(45.1; [CH3-CH-S-CH3]+} were formed. These results agree
with our previous observations on the incomplete derivatiza-
tion by TMSH of lipids containing amino and amide groups
(9,10). Therefore, derivatization by the pyrolytic reaction with
TMSH of thiol compounds having additional amino or amide
groups is not recommended without limitation.

The alkyl sulfides (dialkyl sulfides, alkyl thioethers), pre-
pared from the corresponding thiol compounds, are mainly

used as stabilizers and antioxidants for technical products
such as polymers and lubricants (15–17). Cleavage of the sul-
fide (thioether) bond by the pyrolytic reaction with TMSH
was not observed for dialkyl sulfides, e.g., didodecyl sulfide,
but for 3,3′-thiodipropionic acid methyl ester suggesting an
activation of the sulfide bond by the two neighboring β-car-
boxy groups (data not shown).

2,3-Dimercaptopropan-1-ol (dimercaprol, BAL) is a
highly effective antidote against arsenic and heavy metal
compounds (23). By using a molar ratio of TMSH/thiol
equivalent (≈3:1), dimercaprol was converted almost com-
pletely (>96%) to the corresponding 2,3-bis(methylthio)-
propan-1-ol as is obvious from GC comparison with synthetic
standards and GC/MS studies (Table 1). Typical mass frag-
ments were found at m/z 61 (α-cleavage) and 91. However,
using a suboptimal molar ratio of 1:1 (TMSH/thiol equiva-
lent) partially S-methylated isomers of dimercaprol, i.e., 2-
methylthio dimercaprol and 3-methylthio dimercaprol, were
detected together with the nonderivatized compound and the
2,3-bis(methylthio) derivative (data not shown). Under the
conditions described, O-methylation of the hydroxy group of
dimercaprol was observed in trace amounts only. Similar re-
sults were obtained for dithiothreitol (threo-1,4-dimercapto-
2,3-butandiol; Table 1). 

Cholest-5-ene 3β-thiol (thiocholesterol), i.e., a thioanalog
of cholesterol, is used in biochemical studies (29,30). Under
standard conditions, more than 90% of cholest-5-ene 3β-thiol
was converted to the cholest-5-enyl 3-methyl sulfide (3-
methylthiocholest-5-ene) by the pyrolytic reaction with
TMSH.

The 3-methylthio derivative was identified by comparison
with a synthetic standard as well as by GC/MS. Typical mass
fragments are given in Table 1. The mass spectrum is very
similar to that of 3-O-methylcholesterol. The only difference
was observed for the molecular ion at m/z 416 instead of m/z
400 and the fragment at m/z 401 (loss of CH3 group) instead
of m/z 385 due to the higher molecular mass of S (32 amu) as
compared to O (16 amu). 

In summary, our data show that S-methylated derivatives
are formed, almost quantitatively, by the pyrolytic reaction of
thiol compounds with TMSH in the GC injector, whereas
thiol groups react slowly with the TMSH reagent at room
temperature. The extent of the formation of S-methylated
products depends particularly on the molar excess of the
TMSH reagent. However, the pyrolytic reaction of com-
pounds containing both thiol and amino groups with TMSH
leads to incomplete derivatization of the NH2 group. The use
of TMSH is therefore recommended for the analysis of thiol
compounds that do not contain additional amino groups. The
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FIG. 1. Formation of methyl dodecyl sulfide (methyl dodecyl thioether)
in relation to the molar ratio of trimethylsulfonium hydroxide (TMSH)
(values are mean of two determinations).



pyrolytic formation of S-methyl derivatives with TMSH can
be of diagnostic value for the structural analysis of thiol com-
pounds in samples by GC and GC/MS. It is worth noting that
long-chain dialkyl sulfides (dialkyl thioethers) are neither
cleaved nor converted to the corresponding methylthio deriv-
atives at all.

REFERENCES

1. Christie, W.W. (1993) Preparation of Ester Derivatives of Fatty
Acids for Chromatographic Analysis, in Advances in Lipid
Methodology—Two (Christie, W.W., ed.) pp. 69–111, The Oily
Press, Dundee. 

2. Schulte, E. (1993) Gas Chromatography of Acylglycerols and
Fatty Acids with Capillary Columns, in Analysis of Lipids
(Mukherjee, K.D., and Weber, N., eds.) pp. 139–148, CRC
Press, Boca Raton.

3. Schulte, E., and Weber, K. (1989) Schnelle Herstellung der
Fettsäuremethylester aus Fetten mit Trimethylsulphoniumhy-
droxid, Fat Sci. Technol. 91, 181–183. 

4. Müller, K.D., Husmann, H., Nalik, H.P., and Schomburg, G.
(1990) Transesterification of Fatty Acids from Microorganisms
and Human Blood Serum by Trimethylsulfonium Hydroxide
(TMSH) for GC Analysis, Chromatographia 30, 245–248.

5. El-Hamdy, A.H., and Christie, W.W. (1993) Preparation of
Methyl Esters of Fatty Acids with Trimethylsulphonium Hy-
droxide—an Appraisal, J. Chromatogr. 630, 438–441. 

6. Butte, W. (1983) Rapid Method for the Determination of Fatty
Acid Profiles from Fats and Oils Using Trialkyl Sulphonium
Hydroxide for Transesterification, J. Chromatogr. 261,
142–145.

7. Butte, W., Eilers, J., and Kirsch, M. (1982) Trialkylsulfonium
and Trialkylselenonium Hydroxides for the Pyrolytic Alkyla-
tion of Acidic Compounds, Anal. Lett. 15A, 841–850.

8. Vosmann, K., Schulte, E., Klein, E., and Weber, N. (1996) Re-
action of Lipids Containing Hydroxy Groups with Trimethyl-
sulfonium Hydroxide: Formation of O-Methyl Derivatives,
Lipids 31, 349–352. 

9. Vosmann, K., Klein, E., and Weber, N. (1997) Reaction of Fatty
Acid Amides and Ethanolamides with Trimethylsulfonium Hy-
droxide, J. Chromatogr. A 773, 239–247. 

10. Vosmann, K., Schulte, E., Klein, E., and Weber, N. (1998) For-
mation of N- and O-Methyl Derivatives of Lipids Containing
Amino, Amide or Hydroxy Groups by the Pyrolytic Reaction
with Trimethylsulfonium Hydroxide, Fett/Lipid 100, 334–342.

11. Sasin, G.S. (1962) Sulfur Derivatives of Long-chain Acids, J.
Am. Oil Chem. Soc. 39, 488–490.

12. Griesbaum, K. (1970) Probleme und Möglichkeiten der
radikalischen Addition von Thiolen an ungesättigte Verbindun-
gen, Angew. Chem. 82, 276–290.

13. Koenig, N.H., and Swern, D. (1957) Organic Sulfur Derivatives.
I. Addition of Mercaptoacetic Acid to Long-chain Monounsatu-
rated Compounds, J. Am. Chem. Soc. 79, 362–365.

14. Sonntag, N.O.V. (1979) Reactions of Fats and Fatty Acids, in
Bailey’s Industrial Oil and Fat Products (Swern, D., ed.) 4th
edn., Vol. 1, pp. 99–176, Wiley-Interscience, New York.

15. Bresser, R.E., and White, S.S., Jr. (1983) U.S. Patent 4,394,325
[Chem. Abstr. 99, 123643p (1983)].

16. Pratt, D.E. (1996) Antioxidants: Technical and Regulatory Con-
siderations, in Bailey’s Industrial Oil and Fat Products (Hui,
Y.H., ed.) 5th edn., Vol. 3, pp. 523–545, Wiley Interscience,
New York.

17. Walker, G.T. (1962) Ester der Thioglykolsäure. Herstellung,
Eigenschaften und Anwendungen, Seifen-Öle-Fette-Wachse 88,
11–12.

18. Schwab, A.W., Gast, L.E., and Cowan, J.C. (1968) Free Radical
Addition of Hydrogen Sulfide and Thiols to Linseed Oil and
Methyl Oleate, J. Am. Oil Chem. Soc. 45, 461–464.

19. Schöberl, A., and Gräfje, H. (1958) Über Disulfid-Aus-
tauschreaktionen bei nieder- und hochmolekularen Verbindun-
gen, Fette Seifen Anstrichm. 60, 1057–1061.

20. Ralston, A.W. (1948) Fatty Acids and Their Derivatives, pp.
765–774, Wiley-Chapman & Hall, New York-London.

21. Ruemele, T. (1957) Zur Kenntnis einiger weiterer technischer
Verwendungsmöglichkeiten der Thioglykolsäure, Seifen-Öle-
Fette-Wachse 83, 20–21.

22. Schwab, A.W., and Gast, L.E. (1970) Free Radical Addition of
Hydrogen Sulfide to Conjugated and Nonconjugated Methyl Es-
ters and to Vegetable Oils, J. Am. Oil Chem. Soc. 43, 371–373.

23. Mückter, H., Liebl, B., Reichl, F.-X., Hunder, G., Walther U.,
and Fichtl, B. (1997) Are We Ready to Replace Dimercaprol
(BAL) as an Arsenic Antidote? Human Exper. Toxicol. 16,
460–465.

24. Goodhue, L.D., and Cantrel, K.E. (1958) U.S. Patent 2,863,799
[Chem. Abstr. 53, 6518g (1958)].

25. Sumrell, G., Mod, R.R., and Magne, F.C. (1978) Antimicrobial
Activity of Some Fatty Acid Derivatives, J. Am. Oil Chem. Soc.
55, 395–397.

26. Christie, W.W. (1982) Lipid Analysis. Isolation, Separation,
Identification, and Structural Analysis of Lipids, 2nd edn., pp.
54–55, Pergamon Press, Oxford, New York.

27. Spiteller, G. (1966) Massenspektrometrische Strukturanalyse or-
ganischer Verbindungen, pp. 111–114, Verlag Chemie, Wein-
heim.

28. McLafferty, F.W. (1973) Interpretation of Mass Spectra, 2nd
edn., pp. 152–155, W. Benjamin Inc., Reading.

29. Parkes, J.G., Watson, H.R., Joyce, A., Phadke, R.S., and Smith,
J.C.P. (1982) Cholesterol–Phospholipid Interactions. The Role
of the 3β-Position in Membrane Ordering and Intermembrane
Exchange, Biochim. Biophys. Acta 691, 24–29.

30. Gupthar, A.S., Ariatti, M., and Hawtrey, A.O. (1985) The Use
of Thiocholesterol in Biological Cross-linking Experiments,
IRCS Med. Sci. 13, 68–69.

[Received May 26, 1998, and in final revised form and accepted
August 24, 1998]

METHOD 1041

Lipids, Vol. 33, no. 10 (1998)



ABSTRACT: An enzymatic assay for the determination of non-
esterified fatty acid concentrations in milk and plasma is de-
scribed. The procedure is semiautomated for use with a plate
luminometer or plate spectrophotometer and enables routine
batch processing of large numbers of small samples (≤5 µL). Fol-
lowing the activation of nonesterified fatty acids (NEFA) by acyl-
CoA synthetase, the current assay utilizes UDP-glucose py-
rophosphorylase to link inorganic pyrophosphate to the produc-
tion of NADH through the reactions catalyzed by
phosphoglucomutase and glucose-6-phosphate 1-dehydroge-
nase. With this assay sequence the formation of NADH from
NEFA is complete within 50 min at 37°C. Enzymatic spec-
trophotometric techniques were unsuitable for NEFA determi-
nation in human milk due to the opacity of the sample. The use
of the NADH-luciferase system has overcome this problem, al-
lowing the enzymatic determination of NEFA in human milk.
Sample collection and treatment procedures for milk and
plasma have been developed to prevent enzymatic lipolysis and
to limit interference from enzymes present in milk. The recov-
ery of palmitic acid added to milk and plasma samples was 94.9
± 2.9 and 100 ± 4.5%, respectively. There was no difference (P
= 0.13) in plasma NEFA concentrations determined by the cur-
rent method and a commercially available enzymatic spec-
trophotometric technique (Wako NEFA-C kit). Plasma NEFA
concentrations determined by gas chromatography were 28%
higher compared to both the Wako NEFA-C kit and the current
method.
Lipids 33, 1043–1049 (1998).

Determination of the nonesterified fatty acid (NEFA) concen-
tration in biological fluids is of importance in a wide variety of
clinical and experimental conditions. As a consequence, con-
siderable effort has been applied to the development of accurate
methods for NEFA determination that are sufficiently conve-
nient for routine analysis. Techniques for analysis of NEFA in-
clude titrimetry with alkali after extraction (1), colorimetry of
NEFA-copper or -cobalt soaps (2), and gas chromatography
(GC; [3]). Titrimetric and colorimetric methods enable quantifi-

cation of NEFA, whereas GC also provides identification of in-
dividual NEFA. Nevertheless, these methods involve the use of
hazardous chemicals and are complex and labor-intensive. 

More recently, enzymatic techniques based on the speci-
ficity of acyl-CoA synthetase have been established (4).
These methods, although unable to identify individual NEFA,
do not require extraction of the sample with organic solvents
and hence have enabled the development of relatively simple
and convenient procedures. However, current enzymatic
methods are costly (Wako NEFA-C kit; Wako Pure Chemical
Industries Ltd., Osaka, Japan) and have not previously been
reported for the determination of NEFA in milk.

A further limitation of enzymatic techniques is the possibil-
ity of interference from biologically active substances in the
sample. Reducing agents (ascorbic acid, bilirubin) and alkaline
phosphatase inhibit enzymatic colorimetric (5) and luminomet-
ric (6) methods, respectively. Alternatively, the action of lipases
present in the sample may result in overestimation of NEFA
concentration (7). Several methods for collection and treatment
of samples for NEFA determination have been described (6–9).
However, the appropriate method of choice is dependent on the
analytical technique, assay sequence, and nature of the sample.
In this context, a sample collection and treatment method suit-
able for enzymatic determination of NEFA concentration in
milk has not previously been described.

Our research on (i) the role of NEFA in the control of
human milk synthesis and (ii) NEFA metabolism during ex-
ercise involves the collection of large numbers (≥600) of
small samples (≤5 µL). To facilitate batch processing of these
samples, a suitable, semiautomated method was required. Ac-
cordingly, we have developed an enzymatic assay which has
been linked to plate luminometry to enable the routine deter-
mination of NEFA in milk and plasma. In addition, collection
and treatment procedures for milk and plasma, suitable for
enzymatic determination of NEFA, have been established. 

MATERIALS AND METHODS

Subjects. Human milk samples were obtained from volunteers
recruited from the Nursing Mothers’ Association of Australia
(Western Australian Branch). Human plasma was obtained by
finger prick from nonfasting volunteers. Volunteers provided
written, informed consent and all procedures were approved by
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the Human Rights Committee of The University of Western
Australia. 

Materials. Bacterial luciferase E.C. 1.14.14.3 (from Vibrio
harveyi), bovine serum albumin (BSA; essentially fatty acid-
free, 0.005%), n-caproic acid (6:0, Na salt, 99% pure), N-
tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid hemi-
sodium salt (TES; free acid, 99.5% pure), 3-[N-morpholino]
propanesulfonic acid hemisodium salt (MOPS, 99% pure), oleic
acid (18:1n-9, Na salt, 95% pure), palmitic acid (16:0, Na salt),
and tetradecylaldehyde (80% pure) were obtained from Sigma
Chemical Company (Castle Hill, Australia). Dipotassium hy-
drogen orthophosphate 3-hydrate (K2HPO4·3H2O, 99.0% pure)
and potassium dihydrogen orthophosphate (KH2PO4, 99%
pure) were obtained from BDH Chemicals (Port Fairy, Aus-
tralia). Ethylenediaminetetraacetic acid (EDTA, tetra-Na salt,
99% pure), hydrochloric acid (HCl, 31.5% w/w), and sodium
hydroxide (NaOH, 97% pure) were obtained from Ajax Chemi-
cals (Sydney, Australia). Acyl-CoA synthetase E.C. 6.2.1.3
(from Pseudomonas fragi), adenosine triphosphate (ATP; di-Na
salt, 99% pure, from yeast), coenzyme A (CoA; lyophilized free
acid, grade 1), dithiothreitol, flavin mononucleotide (FMN, 95%
pure), glucose-6-phosphate 1-dehydrogenase E.C. 1.1.1.49
(from Leuconostoc mesenteroides), nicotinamide adenine dinu-
cleotide (NAD, 98% pure, from yeast), reduced nicotinamide
adenine dinucleotide (NADH, di-Na salt, 98% pure), phospho-
glucomutase E.C. 5.4.2.2 (from rabbit muscle), triethanolamine
(TEA), uridine-5′-diphosphoglucose (UDP-glc, di-Na salt, 98%
pure, from yeast), and uridine-5′-diphosphoglucose pyrophos-
phorylase E.C. 2.7.7.9 (from beef liver) were obtained from
Boehringer Mannheim (North Ryde, Australia). Lauric acid
(12:0, A grade, 99.5% pure) was obtained from California Cor-
poration for Biochemical Research (Los Angeles, CA). The
Wako NEFA-C kit was obtained from Wako Pure Chemical In-
dustries Ltd. Materials used for GC determination have been
listed previously (10).

Assay principles. (i) Nonesterified fatty acids. Following the
activation of NEFA by acyl-CoA synthetase (4), the current
assay sequence utilizes UDP-glucose pyrophosphorylase, phos-
phoglucomutase and glucose-6-phosphate 1-dehydrogenase to
link inorganic pyrophosphate to the reduction of NAD to
NADH as outlined below:

[1]

[2]

[3]

[4]

The amount of NADH present is directly proportional to the
concentration of NEFA in this reaction sequence.

(ii) Luminescence detection. The principle of the lumines-
cent method, outlined below, has been described previously
(11):

[5]

[6]

This process is metabolite-independent and involves the ki-
netic measurement of NADH. The amount of light output
measured is directly proportional to the NADH present.

The technique of luminescence detection (11) has been
modified and semiautomated for the measurement of lactose,
galactose, β-hydroxybutyrate, and D-lactate (12) with the
ML2250 Microtiter Plate Luminometer (Dynatech Laborato-
ries, Chantilly, VA). In the current study, this technique (12)
has been adapted for the determination of NEFA in milk and
plasma. 

Methods. (i) Sample collection and treatment. Milk sam-
ples were collected from mothers at the Department of Bio-
chemistry, The University of Western Australia. Mothers ex-
pressed a small amount of milk (<1 mL) before and after each
breast feed. Subsamples (250 µL) for NEFA determination
were taken immediately and 400 mM EDTA (20 µL) was
added according to Chappell et al. (13). Samples were frozen
at −80°C until required for assay. Prior to assay, milk samples
were thawed and then incubated at 80°C in a water bath for 5
min. Following incubation, samples were sonicated (Branson
Sonifer B-12; Branson Ultrasonics Corp., Danbury, CT) for
20 s and a subsample (50 µL) was acid-denatured. The
method of acid denaturation was modified from Kather and
Weiland (6) and involved the addition of 1 M HCl (50 µL) to
the 50 µL subsample which was mixed and left to stand at
room temperature for 1 min. Samples were neutralized with
an equal volume of 1 M NaOH in 100 mM TES.

Finger-prick blood samples were collected in heparinized
hematocrit tubes (Chase Instruments, Glen Falls, VT) and
centrifuged (H.I. Clements, North Ryde, Australia) for 5 min
at 8000 × g. Plasma was treated at collection according to a
modification of the acid denaturation procedure used for milk.
Five microliters of plasma was added to the same volume of
200 mM HCl, mixed, and allowed to stand for 1 min at room
temperature. The sample was neutralized by addition of an
equal volume of 200 mM NaOH in 100 mM TES and stored
at −80°C until required for assay. For GC analysis plasma was
obtained from the Blood Transfusion Service of Western Aus-
tralia.

(ii) Working solutions: reagents. Assay reagent: ATP (4
mM), MgCl2 (10 mM), CoA (30 mM in 25 mM MOPS buffer,
pH 5), UDP-glc (3 mM), NAD+ (8.5 mM), acyl-CoA syn-
thetase (1.2 U/mL), UDP-glucose pyrophosphorylase (0.8
U/mL in 50 mM TEA and 200 µM dithiothreitol), phospho-
glucomutase (13.4 U/mL), glucose-6-phosphate 1-dehydro-

NADH  H   FMN NAD   FMNHoxidoreductase
2+ +  → ++ +  

glucose - 6 - phosphate  NAD  

6 - phosphoglucono - - lactone  NADH  H

glucose-6-phosphate 1-dehydrogenase+  →

+ +

+

+ δ

glucose -1- phosphate glucose - 6 - phosphatephosphoglucomutase →  

PPi  UDP glc glucose -1- phosphate  UTPUDP-glucose pyrophosphorylase+ −  → + 

ATP  NEFA  CoA acyl CoA  AMP  PPiacyl-CoA synthetase+ +  → − + + 
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genase (6 U/ml), Triton X-100 (0.03%, vol/vol) in 100 mM
TEA, pH 8.4. Control reagent: assay reagent excluding acyl-
CoA synthetase. Components for the assay/control reagent
(except phosphoglucomutase, glucose-6-phosphate 1-dehy-
drogenase) were stored as stock solutions and were stable for
at least 3 mon at −80°C. The complete assay and control
reagents were aliquoted and stored at −80°C and were stable
for 1 mon. The bioluminescent reagent was prepared accord-
ing to Thompson et al. (12): potassium phosphate (100 mM),
BSA (1.6%), EDTA (4 mM), FMN (8 µM), tetradecylalde-
hyde (0.1%), and bacterial luciferase (0.4 mg/mL) in TES
(300 mM, pH 6.8) was aliquoted and stored at −80°C and was
stable for at least 4 mon (13). Reagents for the Wako NEFA-
C kit were prepared according to manufacturers’ instructions.
Reagents prepared for modification of the Wako NEFA-C kit
have been outlined previously (14). 

(ii) Working solutions: standards. A 1 mM NEFA standard
was prepared by adding 16:0 to a heated solution of 4% BSA
and 0.1% Triton X-100 (50°C). This solution was briefly son-
icated and diluted with the BSA/Triton solution to prepare in-
dividual standards (range 0–500 µM) which were stored at
−20°C. Standards for the Wako NEFA-C kit were prepared
according to manufacturers’ instructions. 

Procedures. Standards were heated to 37°C and vortexed.
Two microliters (plasma) and 5 µL (milk) of each standard,
sample, blank, and quality control were pipetted in triplicate
into a 96-well V-bottom microtiter plate (Flow Laboratories,
McLean, VA). Two or 5 µL of either assay or control reagent
was added to each well. The plate was mixed (Denley Well-
tech Wellmixx2, Cytosystems, Castle Hill, Australia), sealed
(plate sealer, ICN Biomedicals, Aurora, CA), and incubated
at 37°C for 60 min. The procedure for plate luminometry was
modified from Thompson et al. (12). The reaction was
stopped with the addition of 200 µL NaOH (20 mM). Five-
microliter aliquots from each well were transferred to a Mi-
crolite® 96-well flat-bottom plate (Dynatech Laboratories),
diluted with 150 µL NaOH (10 mM), and reacted with 15 µL
of bioluminescent reagent in a ML2250 Microtiter Plate Lu-
minometer (Dynatech Laboratories). The luminometer was
programmed for a 5-s delay after addition of the biolumines-
cent reagent which was followed by a 5-s read period. The
peak and integrated light response during the read period
were automatically calculated. The sample concentration was
determined by calculation relative to a standard curve.

The current method for plasma was adapted for use with a
plate spectrophotometer (Titertek Multiskan® MCC/340
plate reader; Flow Laboratories) according to the following
modifications: 50 µL of each sample, standard, blank, and
quality control was plated in duplicate and 50 µL of either
assay or control reagent was added to each well. Following
incubation, 50 µL of double-deionized water was added to
each well and absorbance was measured at 340 nm on the
plate spectrophotometer.

Samples were analyzed using the Wako NEFA-C kit ac-
cording to either manufacturers’ instructions or Johnson and
Peters (14) using a plate spectrophotometer (Titertek Multi-

skan®). Assay procedures for NEFA analysis by GC have
been previously described (10). Briefly, lipids were extracted
from plasma into methanol/chloroform (1:1, vol/vol) with in-
ternal standard (heptadecanoic acid). Lipid extracts, evapo-
rated to dryness under N2 at 40°C, were dissolved in
hexane/tert-butyl methyl ether (200:3, vol/vol). Nonesterified
fatty acids were separated (porasil silica column) and evapo-
rated to dryness under N2. Dried NEFA samples were methyl-
ated by the addition of H2SO4 in methanol and incubated at
room temperature for 40 min. Methyl esters were extracted
into hexane and evaporated to dryness under N2. Toluene con-
taining internal standard (methyl pentadecanoic acid) was
added and methyl esters were separated and quantified by GC
at 150°C [(Shimadzu GC-8A (Kyoto, Japan), glass column, 2
m length and 2.6 mm internal diameter packed with 10% SP-
2340 on 100/120 Chromosorb (Supelco, Bellefonte, PA)].

Statistics. Paired and unpaired t-tests were used to deter-
mine the significance of differences between plasma sample
collection and treatment procedures and differences in NEFA
concentrations determined between methods. Statistical
analysis was performed using Statview SE + Graphics®
(Abacus Concepts, Inc., Berkeley, CA). All results presented
are means ± SE unless stated otherwise.

RESULTS AND DISCUSSION

Our aim was to develop an assay for determination of NEFA
concentration in large numbers (≥600) of small (≤5 µL)
human milk and plasma samples. An appropriate technique
was required to enable routine processing of these samples.
In this context the current method has been developed as a
semiautomated procedure utilizing either a Microtiter plate
luminometer or a Titertek multiscan plate spectrophotometer
and 96-well microtiter plates.

Standards. To avoid underestimation of NEFA concentra-
tion, standards were prepared with 4% BSA based on the
method of Miles et al. (15). Light responses increased linearly
for 16:0 standards over the range 0–500 µM (r = 0.998) and
showed close agreement with known concentrations of
NADH (P < 0.001, r = 0.999; y = −5.06 × 10−3 + 0.978x, y =
NADH, x = 16:0). The plate spectrophotometric procedure
showed a linear increase in absorbance for 16:0 standards
across the range 0–500 µM (r = 0.999). Standards were sta-
ble for approximately 1 mon at −20°C.

Sample collection and treatment. (i) Milk. Chemical col-
orimetric (16,17) and GC (18,19) methods are predominantly
used to determine NEFA concentration in milk. These meth-
ods are costly, labor-intensive, and require relatively large
sample volumes (13). The development of enzymatic spec-
trophotometric (4) and luminometric procedures (6) for
NEFA determination in plasma has overcome many of these
problems. Determination of NEFA requires sample treatment
to prevent lipolysis during storage and analysis. However, en-
zymatic determination of NEFA in milk requires additional
sample treatment to limit interference from enzymes present
in milk. 
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In vitro enzymatic lipolysis due to lipases in milk can be
prevented by the addition of EDTA to milk samples at collec-
tion (13). Accordingly, NEFA concentration in samples col-
lected without EDTA increased by 102 ± 28% during 60 min
at room temperature (361 ± 17 to 714 ± 64 µM, n = 5;
P < 0.001) whereas samples collected with EDTA increased
by 5 ± 5% (361 ± 17 to 375 ± 3 µM, n = 5; P = 0.81). Produc-
tion of NADH beyond the incubation period (drift) was ob-
served in milk samples collected with EDTA. This outcome
is likely to be a consequence of thioesterase II (20) as well as
nondivalent cation-dependent lipases present in milk (13).
This drift was abolished by incorporating an incubation step
(80°C for 5 min) and acid denaturation after the addition of
EDTA during treatment of milk samples.

(ii) Plasma. Heparin is known to activate plasma lipopro-
tein lipase (21), however, collection of blood samples in he-
parinized containers is often desirable to prevent clot forma-
tion. Despite the potential for in vitro enzymatic lipolysis (7),
available literature reveals a lack of consistency in the approach
to limit this effect (9,22). The efficacy of acid denaturation to
prevent enzymatic lipolysis in plasma samples collected with
heparinized tubes was examined in the current study. Duplicate
plasma samples were either acid-denatured immediately upon
collection and stored at −80°C or stored at −80°C and diluted
with water prior to assay. Immediate acid denaturation resulted
in lower values (17.1 ± 8.5%) for plasma NEFA when com-
pared to samples untreated before storage (P = 0.059; n = 9).
There was no difference when samples were untreated before
storage and either acid-denatured or diluted with water prior to
assay (P = 0.979; n = 4). These findings indicate that plasma
collected in heparinized containers should be acid-denatured
immediately at collection.

The potential for variation in sample final pH following
treatment with acid and base during acid denaturation can re-
sult in chemical hydrolysis of plasma triacylglycerol and
hence overestimation of NEFA concentration. When plasma
samples (5 µL) were acid-denatured with HCl (1 M) and
NaOH (1 M) according to Kather and Weiland (6), a large
range for plasma sample final pH (5–9) was observed. Hy-
drochloric acid (1 M; 1:1, vol/vol) added to the sample (pH
0–1) and allowed to stand at room temperature for 0–4 min
had no effect on NEFA concentration (P = 0.521; n = 4).
However, alkaline conditions are known to cause saponifica-
tion of triacylglycerol. Duplicate plasma samples were acid-
denatured and NaOH was added to the sample/HCl mixture
resulting in either an alkaline (range, 9–13) or a neutral pH.
Plasma NEFA concentrations were higher in alkaline com-
pared to neutral pH samples immediately following sample
treatment (P = 0.015; 91 ± 29 µM neutral, 333 ± 53 µM alka-
line) and after 60 min at room temperature (P = 0.001; 124 ±
33 µM neutral, 539 ± 40 µM alkaline). There was no change
in NEFA levels across the 60 min at room temperature in neu-
tral pH samples (P = 0.203). In contrast, a 67 ± 14% increase
in NEFA was observed during the same period in alkaline
samples (P = 0.009). Alkaline final pH following plasma sam-
ple treatment with acid and base has been avoided by reduc-

ing the HCl and NaOH concentrations from 1 M to 200 mM
and including a TES buffer (100 mM, pH 7) with the NaOH.

Reagent. All enzymatic methods for determination of
NEFA require activation by acyl-CoA synthetase (4). Follow-
ing this initial reaction, the current assay sequence differs
from existing enzymatic methods (4–6,15,23,24) by utilizing
UDP-glucose pyrophosphorylase to convert inorganic py-
rophosphate to glucose-1-phosphate in the presence of UDP-
glc. Glucose-1-phosphate is linked to the production of
NADH by way of the reactions catalyzed by phosphogluco-
mutase and glucose-6-phosphate 1-dehydrogenase. The con-
trol reagent (assay reagent excluding acyl-CoA synthetase)
was used to account for the presence of glucose-1-phosphate,
glucose-6-phosphate, and inorganic pyrophosphate in milk
(<5%) and plasma (≤10%). 

This assay sequence has enabled a reduction in completion
time compared to previous luminometric methods (6). The
formation of NADH from NEFA in a 500 µM 16:0 standard
and in samples of milk and plasma was complete within 50
min at 37°C and was stable from 60–120 min (Fig. 1). Fur-
thermore, changes in absorbances from a 500 µM 16:0 stan-
dard and a human plasma sample showed a similar response
for the plate spectrophotometric method (Fig. 1). Accord-
ingly, an incubation period of 60 min at 37°C for both meth-
ods was chosen to ensure complete formation of NADH. The
concentrations of acyl-CoA synthetase and UDP-glucose py-
rophosphorylase, the rate-limiting enzymes for the assay se-
quence, were optimized for these incubation conditions and
to reduce background reagent contamination.

The reactions involved in luminescence detection can be
affected by several components present in either the reagent
mixture or the sample. Inhibition or stimulation of the light
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FIG. 1. Time course of nonesterified fatty acid (NEFA) conversion from
a 500 µM 16:0 (●) standard and from samples of (▲) human milk and
(■) plasma (plate luminometric method, closed symbols; plate spec-
trophotometric method, open symbols). NADH from NEFA is converted
to relative light units as described in the Materials and Methods section
of the text. Values are means of duplicate determinations.



response by these components was minimized by the high
final dilution (1428-fold in the luminometer well) of the reac-
tion mixture. The effects of specific components on the light
response are outlined in Table 1.

We found enzymatic spectrophotometric techniques un-
suitable for NEFA determination in whole milk and milk
whey fractions owing to the opacity of the sample. This prob-
lem has been overcome by the use of the NADH-luciferase
system. In addition, the combination of the current assay se-
quence with this system resulted in considerably lower
reagent costs when compared to a commercially available
spectrophotometric method (Wako NEFA-C kit). 

Validation. Recovery, precision, and sensitivity. The recov-
ery of a range of NEFA added to different milk and plasma
samples, the interassay variation, and the detection limit (de-
fined as three times the standard deviation of the mean blank)
and sensitivity (defined as the detection limit concentration in
the luminometer well volume) for the luminometric and spec-
trophotometric assays are listed in Table 2.

Method comparisons. Human plasma NEFA concentra-
tions determined by the plate luminometric method and the
plate spectrophotometric procedure were highly correlated (r
= 0.985; P < 0.02) and showed close agreement (P = 0.53;
Fig. 2). The plate luminometric method was also compared to
a commercially available spectrophotometric method (Wako
NEFA-C kit) and a modification of this method for use with
10-µL sample volumes (14). The concentration of NEFA in

human plasma samples determined by the Wako NEFA-C kit
and the plate luminometric method were highly correlated (r =
0.998; P < 0.001) and differed by less than 6% (P = 0.13; Fig.
2). In contrast, NEFA concentrations determined by the method
of Johnson and Peters (14), although highly correlated with the
plate luminometric method (r = 0.989; P < 0.001), were ap-
proximately 50% lower (P = 0.01; Fig. 2). This difference was
found to be due to the effect of sample treatment procedures.
Specifically, NEFA concentrations in untreated plasma were
lower compared to both acid-denatured (P = 0.009) and water-
diluted (P = 0.04) plasma although all treatments were highly
correlated (P < 0.001, r = 0.998, y = 11.6 + 1.51x, y = water-di-
luted, x = untreated; P < 0.001, r = 0.975, y = 112.5 + 1.41x, y
= acid-denatured, x = untreated). 

Considerable differences in NEFA concentrations have
been reported for blood samples collected under similar con-
ditions, in unrelated studies, when determined by either GC
(25) or enzymatic methods (22). When plasma samples were
subjected to parallel analysis, we found NEFA concentrations
in plasma measured by GC were highly correlated with those
determined by the Wako NEFA-C kit and the plate lumino-
metric method (r = 0.986, P < 0.02; and r = 0.992, P < 0.01,
respectively). However, values derived from GC were 28%
higher when compared to those determined by the enzymatic
methods (P = 0.02, Wako NEFA-C kit; P = 0.03, plate lumi-
nometry; Fig. 2). These results support the findings of previ-
ous direct comparisons between GC and enzymatic methods
(26,27). Differences in NEFA–protein interactions between
standards and samples have been avoided by the inclusion of
albumin with standards (15). This discrepancy is therefore not 
entirely due to the analytical behavior of the standards. Alter-
natively, the lower values determined by enzymatic methods
compared to GC may be explained by the inability of acyl-
CoA synthetase to activate fatty acids tightly bound to albu-
min (28) or those containing more than 20 carbon atoms (5).
As a consequence of the difference in NEFA levels deter-
mined by enzymatic procedures when compared to GC, the
method of determination should be taken into account when
comparing values reported in the literature. 
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TABLE 1
Effect of Reagent and Sample Components on Light Response

Dilution factora

Component 10% changeb 50% changeb

Milk 65.9 11.5
Plasma 111 4.4
Reagent 520 92.9
aFinal dilution factor for component in the luminometer well which provided
either a 10 or 50% change in relative light units.
bLight response normally present in diluted luminescent reagent was taken
as 100%.

TABLE 2
Recovery of Known Concentrations of NEFA Added to Human Milk and Plasma, the Interassay Variation,
and the Detection Limit and the Sensitivity of the Plate Luminometric and Spectrophotometric Methods

NEFA Recovery (%) Interassay variation (%) Detection limit (µM)a Sensitivity (nM)b

6:0c 97.5 ± 1.52 n = 8 7.4 n = 5 8.0 ± 0.6 n = 8 5.6 ± 0.4 n = 8
12:0c 96.4 ± 1.64 n = 8
16:0c 94.9 ± 0.91 n = 10
18:1n-9c 97.4 ± 2.55 n = 7
16:0d 100 ± 4.50 n = 8 6.8 n = 7 9.0 ± 1.7 n = 10 2.6 ± 0.5 n = 10
16:0e 95.8 ± 1.80 n = 6 4.9 n = 5 13.2 ± 2.7 n = 5 4393 ± 916 n = 5
aDefined as three times the standard deviation of the mean blank.
bDefined as the detection limit concentration in the final well volume.
cLuminometry for milk.
dLuminometry for plasma.
eSpectrophotometry for plasma. For abbreviation see Table 1.
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A survey of body weight, smoking, and cancer mortality in-
volving 750,000 Americans over the period from 1959 to
1972 showed a 33% increase in cancer deaths for men and a
55% increase for women whose body weight was more than
40% above average. Overweight men had significantly higher
rates of colorectal cancer, whereas women had higher rates of
cancers of the breast, cervix, endometrium, gallbladder and
biliary passages, ovary, and uterus (1). It should be noted,
however, that being overweight is not necessarily synony-
mous with obesity (2).

Other more recent studies, such as the Danish record-link-
age study (3), have provided additional evidence of an asso-
ciation between obesity and cancer (4–6). This is a matter for
concern because of the high incidence of obesity in many
countries and because of the increasing incidence of obesity
in many parts of the world (5–15).

The aim of this review is to summarize information on
obesity in relation to cancer at the various sites for which
there is evidence of a positive association.

ENDOMETRIAL CANCER

The link between obesity and endometrial cancer is well-es-
tablished (4,16–18), particularly for postmenopausal women
(19). The association has been observed in both case–control
and follow-up studies and in many cases was confined to very
obese women (18). The relationship is stronger in older
women (19–21). A positive association between endometrial
cancer and upper body fat, as measured by waist-to-hip ratio
or waist-to-thigh ratio, has been observed in some studies
(22–24), but not in others (25). In some cases, this positive
association disappeared after adjustment for body mass index
(BMI) (26–28).

The association between obesity and endometrial cancer
probably has a hormonal basis. Endometrial epithelial cells
are stimulated by elevated estrogen levels; and this stimula-
tion, unopposed by progesterone, is thought to be conducive
to development of cancer (29,30). Obese women have higher

levels of serum estrone and estradiol (27,28,31), presumably
as a result of the production of estrogen in adipose tissue by
aromatization of androstenedione (32). Obese women also
have decreased levels of sex hormone-binding globulin, thus
increasing the amount of bioavailable estrogen (32–34).

Steroid measurements in urine collected from women in a
cohort study provided further evidence in favor of the hypoth-
esis that unopposed estrogen is a risk factor for endometrial
cancer (35). In a recent case–control study, high circulating
levels of androstenedione were associated with increased risk
of endometrial cancer in both pre- and postmenopausal
women, but high levels of estrone and estradiol were only as-
sociated with increased risk in postmenopausal women (36).
In premenopausal women, obesity may influence endometrial
cancer through its tendency to cause amenorrhea and luteal
phase progesterone deficiency (21).

BREAST CANCER

A number of studies have shown that obesity increases
the risk of breast cancer in postmenopausal women (4,5,17,
37–43). In contrast, a meta-analysis showed a modest inverse
association between BMI and premenopausal breast cancer
(44). An inverse association between adiposity and breast
cancer has also been observed in a number of other studies
(43). This may not apply in all cases, however, since a study
of women in seven different countries showed that incidence
of breast cancer in premenopausal women increased with
body mass in low- and moderate-risk countries but decreased
with increasing body mass in high-risk countries. In post-
menopausal women, the rates increased with body mass in all
risk groups (45,46). Cohort studies have been less supportive
of the positive correlation between body mass and breast can-
cer in postmenopausal women than case–control studies
(39,41; but see 42).

Breast cancer may also be influenced by the distribution
of body fat. An increase in central adiposity has been reported
to increase the risk of postmenopausal breast cancer, indepen-
dent of relative weight, particularly when there is a family
history of breast cancer (41). Breast cancer patients were also
found to have more visceral fat compared to subcutaneous fat
than controls, as measured by computed tomography (47).

Breast cancer risk was not found to be related to body fat
distribution in women under 45 yr of age (48). In agreement
with earlier studies, Swanson et al. (48) found an inverse cor-
relation between body weight and breast cancer in young
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women. It was concluded that this probably can not be ex-
plained by increased frequency of anovulatory cycles or by
detection bias (45).

Adult weight gain has consistently been associated with
increased risk of breast cancer, even in cohort studies that
showed no association between baseline relative weight and
subsequent risk of breast cancer (17,43). In most studies, in-
creased body mass was associated with poorer survival and
increased likelihood of recurrence, and adverse outcomes
were more pronounced among postmenopausal women and
women with less advanced disease (41,49,50). In this connec-
tion, it is of interest that most women gain weight during the
menopause (51). Weight loss has been associated with re-
duced risk in some studies but not in others (17,43,52).

Breast cancer, like endometrial cancer, is strongly influ-
enced by hormonal factors, and the differing effects of adi-
posity on pre- and postmenopausal breast cancer may be ex-
plainable on the basis of differences in steroid hormone me-
tabolism (41). Before the menopause, the ovaries are the main
source of estrogen, whereas after the menopause production
from the ovaries decreases and the estrogen produced in adi-
pose tissue by aromatization of androstenedione assumes
greater importance, particularly in obese individuals (53,54).
Other factors, such as increased levels of androstenedione and
decreased levels of sex hormone-binding globulin, may en-
hance the risk of breast cancer as well as endometrial cancer
after the menopause.

In a recent brief communication, Potischman et al. (55) re-
ported that serum total estradiol levels decreased with in-
creasing BMI in premenopausal women, whereas they in-
creased in postmenopausal women. This could be a reason for
the differing relationships between obesity and breast cancer
in premenopausal compared to postmenopausal women. They
suggested that the lower levels of estrogen in obese pre-
menopausal women may be due to uptake by adipocytes and
a higher metabolic clearance rate. Gerber (56) suggested, on
the other hand, that high estrogen levels may be a cause of
leanness in premenopausal women. This idea was based on
the observation of an inverse relationship between BMI and
high density lipoprotein cholesterol levels in premenopausal
women. It was suggested that stimulation of hepatic lipopro-
tein lipase by estrogen results in high low density lipoprotein
cholesterol and lower serum triglycerides, leading to lower
BMI.

Breast cancer normally originates in mammary epithelial
tissue (57) and the adipose tissue of the mammary gland may
have a particularly important influence on the epithelial tis-
sue because of their close association with one another (58).
This influence may be exerted through estrogens produced in
the adipose tissue or through other fat-soluble compounds,
such as eicosanoids formed from polyunsaturated fatty acids
present in the lipids of adipose tissue (59). An experiment
showed a positive correlation between the fat content of the
mammary gland in rats on different diets and the number of
mammary tumors induced by 7,12-dimethylbenz(a)an-
thracene in rats on those diets (60). The possibility that mam-

mary gland mass is positively associated with risk of breast
cancer has been discussed by Trichopoulos and Lipman (61).

Hyperinsulinemia related to obesity and insulin resistance
may pose a risk for breast cancer (62,63). In a case–control
study, serum levels of C-peptide, a marker of hyperinsuline-
mia, were significantly higher in patients with early breast
cancer compared to controls, but the study indicated that hy-
perinsulinemia with insulin resistance was a risk factor for
breast cancer independent of general adiposity or body fat
distribution (64).

PROSTATE CANCER

Obesity does not appear to be an important risk factor for
prostate cancer (4). Although some cohort studies have
shown a positive association with overweight, others have
not, nor have most case–control studies (65). In a recent re-
port on a large cohort of Swedish construction workers, vari-
ous aspects of body size, including adult weight and BMI,
were positively associated with prostate cancer, and the risk
was more strongly related to mortality than to incidence (66).
A high BMI may be due to greater muscle mass rather than
adipose tissue, and a prospective study in Japanese-American
men showed a positive association between prostate cancer
and muscle area, but not fat area (67). In fact, obese men with
prostate cancer have been reported to have a better prognosis
than those with more normal weight (68). This could be re-
lated to inhibition of prostate cancer growth and metastasis
by increased endogenous estrogen and decreased endogenous
testosterone, associated with obesity.

PANCREATIC CANCER

A positive association between body weight or obesity and
pancreatic cancer has been reported in some studies but not
others (3,69). It has been suggested that effects of obesity on
pancreatic cancer may be mediated through sex hormones,
since the pancreas contains sex hormone receptors and the
anti-estrogen, tamoxifen, inhibits the growth of pancreatic tu-
mors (69).

COLORECTAL CANCER

Although the relationship of BMI to colon cancer has been
investigated rather extensively, there does not appear to be a
clear consensus (4,70,71). Obese men have been reported to
be at higher risk, whereas obese women are not (5). In con-
trast, the authors of a recent report on a large cohort study in
Denmark concluded that the least obese men had the highest
risk of colon cancer (72). In the Framingham study, obesity
in men combined with low serum cholesterol was associated
with four times greater risk compared to people with average
values (73). Other studies indicated that obesity in adoles-
cence or early adulthood poses a risk of colon cancer for men
(71,74,75).

A report on Harvard alumni provided evidence that higher

1056 REVIEW

Lipids, Vol. 33, no. 11 (1998)



levels of Quetelet’s index were associated with higher colon
cancer risk only among those who were less active (76). The
results of a recent large case–control study by Slattery et al.
(77) also indicated that a large BMI was more strongly asso-
ciated with increased risk of colon cancer in individuals who
were physically inactive and had a high energy intake. There
was some evidence that men may be at higher risk than
women, especially older women, as a result of an unfavorable
energy balance.

In other recent studies, higher BMI was related to higher
risk of adenomas in the distal colon in both men and women
(78,79). This relationship was stronger for larger adenomas.
It was also observed that waist circumference and waist-to-
hip ratio are positively related to higher risk of large colon
adenomas or cancer in men (78). Slattery et al. (77) reported
that those at greatest risk of colon cancer had the most unfa-
vorable energy balance, were physically inactive, had high
energy intakes and large BMI.

Insulin is a growth factor for colonic mucosal cells and a
mitogen for colonic carcinoma cells in vitro, and insulin or
related growth factors may mediate the influence of obesity
on colon cancer (80). Men have a greater tendency than
women to accumulate fat tissue in the abdomen, and this is
associated with higher insulin levels, which could help to ac-
count for the stronger association between obesity and colon
cancer in men (80).

Although cancers of the colon and rectum are frequently
considered together as colorectal cancer, the rectum differs
from the colon in a number of respects (70). Colon cancer and
rectal cancer should therefore probably be considered sepa-
rately in relation to factors that affect them. In a study of Sev-
enth-Day Adventists, a 25% excess in body weight was asso-
ciated with increased rectal cancer in both men and women,
but with increased colon cancer in men only (81). Whereas
BMI was positively correlated with higher risk of colonic
adenomas in both men and women, it was not apparently re-
lated to rectal adenomas in women (78,79).

RENAL CELL CANCER

Renal cell cancer has been consistently associated with over-
weight and obesity (4,82). The results of case–control studies
and a large multicenter study indicated that body weight has
a stronger impact on renal cell cancer in women than on men,
and in the multicenter study, rate of weight change appeared
to be an independent risk factor for women (82). The stronger
association in women suggests a role for increased levels of
endogenous estrogens (4). These may affect renal cell prolif-
eration and growth by means of receptors present in renal
cells or through paracrine growth factors (82).

CANCER AT OTHER SITES

In the large American study cited in the introduction, obese
women had higher rates of cancer at a number of sites other
than those discussed above (1). The Danish record-linkage

study of obese subjects also showed increased incidence of
cancer at some additional sites, including the esophagus,
liver, and ovary (3). The excess cancers of the esophagus and
liver may have been related to higher alcohol intake in the
obese cohort. Obese women tend to have more anovulatory
cycles, which might affect their susceptibility to ovarian can-
cer (3). The risk of epithelial ovarian cancer has been ob-
served to decrease with increasing numbers of full-term preg-
nancies (83). One of the more surprising observations in the
Danish study was an excess of brain cancer in the year fol-
lowing discharge from hospital, for which there was no good
explanation (3).

SUMMARY AND CONCLUSIONS

In conclusion, obesity has been associated with increased risk
for a number of different types of cancer. The evidence has
been most consistent for endometrial cancer, breast cancer in
postmenopausal women, and renal cell cancer. More variable
results have been reported for colorectal, prostate and pancre-
atic cancer.

Possible mechanisms by which obesity may influence can-
cer risk include alteration in hormonal patterns, including sex
hormones and insulin, and factors such as the distribution of
body fat and changes in adiposity at different ages. The in-
creasing prevalence of obesity in many parts of the world em-
phasizes the importance of learning more about the relation-
ship between obesity and cancer and the mechanisms in-
volved in their interaction.
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ABSTRACT: [1-14C]α-Linolenic acid was incubated with a
particulate fraction of homogenate of leaves of the meadow but-
tercup (Ranunculus acris L.). The main product was a divinyl
ether fatty acid, which was identified as 12-[1′(Z),3′(Z)-hexa-
dienyloxy]-9(Z),11(E)-dodecadienoic acid. Addition of gluta-
thione peroxidase and reduced glutathione to incubations of
α-linolenic acid almost completely suppressed formation of the
divinyl ether acid and resulted in the appearance of 13(S)-hy-
droxy-9(Z),11(E),15(Z)-octadecatrienoic acid as the main prod-
uct. This result, together with the finding that 13(S)-hydroper-
oxy-9(Z),11(E),15(Z)-octadecatrienoic acid served as an efficient
precursor of the divinyl ether fatty acid, indicated that divinyl
ether biosynthesis in leaves of R. acris occurred by a two-step
pathway involving an ω6-lipoxygenase and a divinyl ether syn-
thase. Incubations of isomeric hydroperoxides derived from
α-linolenic and linoleic acids with the enzyme preparation from
R. acris showed that 13(S)-hydroperoxy-9(Z),11(E)-octadeca-
dienoic acid was transformed into the divinyl ether 12-[1′(Z)-
hexenyloxy]-9(Z),11(E)-dodecadienoic acid. In contrast, neither
the 9(S)-hydroperoxides of linoleic or α-linolenic acids nor the
13(R)-hydroperoxide of α-linolenic acid served as precursors of
divinyl ethers.
Lipids 33, 1061–1071 (1998).

Fatty acid hydroperoxides are generated in higher plants by
lipoxygenase-catalyzed dioxygenation of linoleic and α-
linolenic acids. Further metabolism of α-linolenic acid 13(S)-
hydroperoxide catalyzed by allene oxide synthase, allene
oxide cyclase, reductase, and β-oxidation enzymes results in
the formation of 12-oxo-10,15(Z)-phytodienoic acid (12-oxo-

PDA) and jasmonic acid (1,2). This pathway is of biological
importance in plants because it produces compounds which
are involved in defense reactions against insects and other
phytopathogens (3), in mechanical responses such as tendril
coiling (4), and in pollen development (5). Other pathways of
hydroperoxide metabolism in higher plants result in the for-
mation of fatty acid epoxides and epoxy alcohols (6,7), short-
chain aldehydes (8), and divinyl ethers (9). The last-men-
tioned family of compounds includes colneleic and colnelenic
acids {9-[1′(E),3′(Z)-nonadienyloxy]-8(E)-nonenoic acid and
9-[1′(E),3′(Z),6′(Z)-nonatrienyloxy]-8(E)-nonenoic acid, re-
spectively}, which are generated from the 9(S)-hydroperox-
ide derivatives of linoleic acid and α-linolenic acid, respec-
tively, in potato tubers (9) and tomato roots (10). Etheroleic
and etherolenic acids {12-[1′(E)-hexenyloxy]-9(Z),11(E)-
dodecadienoic acid and 12-[1′(E),3′(Z)-hexadienyloxy]-
9(Z),11(E)-dodecadienoic acid, respectively} constitute an-
other set of divinyl ether fatty acids, which are produced from
the 13(S)-hydroperoxides of linoleic acid and α-linolenic
acids, respectively, in bulbs of garlic (11). In addition, small
amounts of divinyl ethers have been isolated from marine
algae. Thus, divinyl ethers biogenetically related to 6,9,12,15-
octadecatetraenoic acid, 5,8,11,14,17-eicosapentaenoic acid,
and α-linolenic acid have been obtained from the brown alga
Laminaria sinclairii (12), whereas the red alga Polyneura
latissima was found to contain a divinyl ether, polyneuric
acid, related to the 9(S)-hydroperoxide derivative of arachi-
donic acid (13).

Divinyl ethers of higher plants have been generated in var-
ious nonphotosynthetic tissues and have not been detected in
preparations of green leaves (10,14). Colneleic acid has been
reported to be a potent inhibitor of potato lipoxygenase (15);
however, so far no specific biological function has been as-
cribed to colneleic acid or other divinyl ethers. The present
study is concerned with a pathway for biosynthesis of divinyl
ether fatty acids in green leaves of certain plants.

EXPERIMENTAL PROCEDURES

Plant materials. Specimens of the meadow buttercup (Ranun-
culus acris L.) and other plants used in this study were col-
lected in June–September 1998 at a large number of locations
outside Stockholm.

Copyright © 1998 by AOCS Press 1061 Lipids, Vol. 33, no. 11 (1998)
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Fatty acids and fatty acid hydro(pero)xides. Linoleic and
α-linolenic acids were purchased from Nu-Chek-Prep
(Elysian, MN). [1-14C]α-Linolenic acid (DuPont NEN,
Boston, MA) was mixed with unlabeled material and puri-
fied by SiO2 chromatography to afford a specimen having 
a specific radioactivity of 4.0 kBq/µmol. 9(S)-Hydroperoxy-
10(E),12(Z),15(Z)-octadecatrienoic acid [9(S)-HPOT] and
13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid
[13(S)-HPOT] were prepared by incubation of α-linolenic
acid with tomato lipoxygenase (16) and soybean lipoxyge-
nase (17), respectively. 9(S)-Hydroperoxy-10(E),12(Z)-oc-
tadecadienoic acid [9(S)-HPOD] and 13(S)-hydroperoxy-
9(Z),11(E)-octadecadienoic acid [13(S)-HPOD] were ob-
tained in an analogous way from linoleic acid. 13(R)-HPOT
was prepared by incubation of α-linolenic acid with man-
ganese lipoxygenase followed by isolation by reversed-phase
high-performance liquid chromatography (RP-HPLC) (18).
Hydroxy fatty acids were prepared from the corresponding
hydroperoxides by reduction with sodium borohydride in
methanol. 12-Oxo-PDA and its 10,11,15,16-tetrahydro deriv-
ative were prepared as described (19).

Divinyl ether fatty acids. Colneleic and colnelenic acids
were prepared by incubation of 9(S)-HPOD and 9(S)-HPOT,
respectively, with the 9300 × g supernatant fraction of
homogenate of potato tuber followed by purification by
RP-HPLC (20). Etheroleic and etherolenic acids were ob-
tained by incubations of 13(S)-HPOD and 13(S)-HPOT, re-
spectively, with whole homogenates of bulbs of garlic (Al-
lium sativum L.) followed by isolation by RP-HPLC (11,21).

Enzyme preparations. Leaves of R. acris were minced and
homogenized at 0°C in 0.1 M potassium phosphate buffer pH
6.7 (1:5, vol/wt) using an Ultra-Turrax. The homogenate was
filtered through gauze, and the filtrate (protein, 3.8 mg/mL)
was centrifuged for 15 min at 1100 × g. Further centrifuga-
tion of the supernatant (protein, 2.7 mg/mL) for 60 min at
105,000 × g provided a particulate fraction and a particle-free
supernatant (protein, 1.6 mg/mL). The particulate fractions
obtained by centrifugations at 1100 × g and 105,000 × g were
resuspended in volumes of phosphate buffer equal to those of
the corresponding supernatants (protein in 1100 × g sediment
fraction, 1.1 mg/mL; protein in 105,000 × g particulate frac-
tion, 0.7 mg/mL). Most of the incubations were carried out
using the 105,000 × g particulate fraction; however, in large-
scale preparations, use was also made of the 1100 × g partic-
ulate fraction which contained appreciable divinyl ether syn-
thase activity. Although fresh leaves of R. acris were used for
most of the experiments, it was also possible to use leaves
which had been shock-frozen in liquid nitrogen and subse-
quently stored at −80°C. Glutathione peroxidase (GSH-px)
and reduced glutathione (GSH) were purchased from Sigma
Chemical Co. (St. Louis, MO).

Chemical methods. Catalytic hydrogenation, reduction
with sodium borohydride, and oxidative ozonolysis were per-
formed as described (18,22). Short-chain fragments formed
upon oxidative ozonolysis were identified by gas chromatog-
raphy–mass spectrometry (GC–MS) analysis. Configurational

determination of hydroxy acids and 12-oxo-PDA were carried
out by gas–liquid chromatography (GLC) analysis of di-
astereomeric (−)-menthoxycarbonyl derivatives (22,19).

Chromatographic and instrumental methods. Analytical
RP–HPLC was performed with a column of Nucleosil 100-5
C18 (250 × 4.6 mm) purchased from Macherey-Nagel (Düren,
Germany). The solvent systems used were mixtures of aceto-
nitrile/water/acetic acid in the proportions 50:50:0.02, by vol
(system A), 60:40:0.02, by vol (system B), and 70:30:0.02,
by vol (system C). For straight-phase high-performance chro-
matography (SP–HPLC), a column of Nucleosil 50-5 (250 ×
4.0 mm) and a solvent system of ethyl acetate/hexane (8:992,
vol/vol) were used. The absorbance (210 nm) and radioactiv-
ity of HPLC effluents were determined on-line using a Spec-
tromonitor III ultraviolet (UV) detector (Laboratory Data
Control, Riviera Beach, FL) and a liquid scintillation counter
(IN/US Systems, Tampa, FL), respectively. GLC was per-
formed with a Hewlett-Packard (Avondale, PA) model 5890
gas chromatograph equipped with a methyl silicone capillary
column (length, 25 m; film thickness, 0.33 µm). Helium at a
flow rate of 25 cm/s was used as the carrier gas. Retention
times found on GLC were converted into C-values as de-
scribed (23). GC-MS was carried out with a Hewlett-Packard
model 5970B mass selective detector connected to a Hewlett-
Packard model 5890 gas chromatograph. UV spectra were
recorded with a Hitachi (Tokyo, Japan) model U-2000
UV/VIS spectrophotometer. Fourier transform infrared
(FT-IR) spectrometry was carried out using a Perkin-Elmer
(Norwalk, CT) model 1650 FT-IR spectrophotometer. Nu-
clear magnetic resonance (NMR) spectra were recorded on a
JEOL JNM-EX270 instrument. Deuteriochloroform contain-
ing 0.03% tetramethylsilane was used as the solvent. Ra-
dioactivity was determined with a Packard Tri-Carb model
4450 liquid scintillation counter (Packard Instruments,
Downers Grove, IL).

Incubations and treatments. [1-14C]α-Linolenic acid (300
µM) or hydroperoxides (200 or 300 µM as indicated) were
stirred with enzyme preparation (2–10 mL) at 23°C for 20
min. The mixtures were acidified to pH 4 and rapidly ex-
tracted with 2 vol of diethyl ether. Material obtained after
evaporation of the solvent was dissolved in 3 mL of 2-
propanol/chloroform (1:2, vol/vol) and subjected to solid-
phase extraction (SPE) 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) (cf. Ref. 24). The
material obtained was subjected to RP-radio-HPLC using sol-
vent systems A and C.

Preparation of compound 4. Batches of 5–10 mg of crys-
talline compound 4 were prepared in the following way.
Leaves of R. acris (24 g) were homogenized in potassium
phosphate buffer (120 mL), and the fractions sedimenting at
1100 × g and 105,000 × g were collected. They were sus-
pended and homogenized in buffer (130 and 120 mL, respec-
tively) and separately stirred at 23°C for 30 min with unla-
beled 13(S)-HPOT (300 µM). The incubation mixtures were
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pooled, acidified to pH 4, and extracted with 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 SPE (4 columns) as described above. The
material obtained was dissolved in HPLC mobile phase (6
mL) and aliquots of 1 mL were subjected to semipreparative
RP-HPLC using a column of Nucleosil C18 100-7 (250 × 10
mm) and solvent system B at a flow rate of 5 mL/min. This
procedure afforded 10–12 mg of pure Compound 4 (yield
from 13(S)-HPOT, 45–54%). Crystallization from hexane at
−25°C afforded white crystals, m.p. 49–50°C.

RESULTS

Isolation of oxidation products of α-linolenic acid. [1-14C]α-
Linolenic acid (300 µM) was stirred at 23°C for 20 min with a
suspension (10 mL) of the 105,000 × g particle fraction of a
homogenate of R. acris. Material obtained following extrac-
tion with diethyl ether and preliminary purification by SPE
was subjected to RP-HPLC radiochromatography. As seen in
Figure 1, a major labeled compound (compound 4; 77% of the

recovered radioactivity) as well as three minor compounds
(compounds 1–3; 4, 1, and 2%, respectively, of the recovered
radioactivity) appeared. A small peak (9%) due to residual un-
converted α-linolenic acid was also observed. Larger amounts
of compound 4 needed for identification were prepared as de-
scribed in the Experimental Procedures section. Compound 4
obtained in this way was a crystalline solid melting at
49–50°C. The methyl ester prepared by means of dia-
zomethane was a colorless oil which solidified on cooling and
remelted at 25°C. When an aliquot of compound 4 was placed
on a hot plate and heated above its melting point, a distinct
odor of cut apple became apparent, probably due to cleavage
of the divinyl ether structure and liberation of 3-hexenal.

Identification of compound 4. Compound 4 showed strong
UV absorption with λmax (EtOH) = 267 nm (ε = 41,200)
(Fig. 2, Table 1). The fact that the absorption band was
smooth with no sign of splitting excluded the possibility of a
conjugated triene chromophore but was in agreement with,
e.g., a conjugated dienone or a bathochromically shifted
diene. The FT-IR spectrum (film) of the methyl ester of com-
pound 4 is given in Figure 3. Bands were observed at 1740
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FIG. 1. Analysis by reversed-phase-radio-high-performance liquid chromatography of reaction product obtained
following incubation of [1-14C]α-linolenic acid (300 µM) with the 105,000 × g particulate fraction of homogenate
of Ranunculus acris. The column was eluted at a flow rate of 1.5 mL/min with solvent system A (0–25 min) fol-
lowed by solvent system C (25–45 min). Peak 1, compound 1; peak 2, compound 2; peak 3, compound 3; peak 4,
compound 4; α-Lin, α-linolenic acid. The peak of ultraviolet absorption appearing between compound 4 and α-
linolenic acid was due to 2,6-di-tert-butyl-4-methylphenol (BHT), an antioxidant present at a level of 10 ppm in the
diethyl ether used.



(ester C=O), 1646 (C=C), 1595 (C=C), 1165 (C–O–C), and
911 cm−1 (trans-substituted vinyl ether). The mass spectrum
of the methyl ester of compound 4 showed prominent ions at
m/z 306 (26%; M+), 277 (2; M+ − 29; loss of ·C2H5), 275 (3;
M+ − 31; loss of ·OCH3), 245 [4; M+ − (29 + 32)], 217 (3),
199 (3), 163 [10; M+ − 143; loss of ·(CH2)6-COOCH3], 149
(25), 131 (27), 107 (31), 81 (100), and 55 (98). Proof for the
presence of four double bonds in compound 4 was provided
by the mass spectrum of the derivative formed upon catalytic
hydrogenation of the methyl ester of compound 4. The mo-

lecular ion of this derivative was shifted to m/z 314 (0.1%)
and the ion due to loss of ·OCH3 appeared at m/z 283 (2%).
Further ions were observed at m/z 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 produced monomethyl nonanedioate as
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FIG. 2. Ultraviolet spectra of compound 4 (solid line) and compound 6
(dashed line). Solvent, 99.5% ethanol.

TABLE 1
Ultraviolet and Chromatographic Data of Divinyl Ethersa

λmax
b Retention volumec

Compound (nm) (mL) C-valued

Compound 6 250 20.8 18.83
Compound 4 267 27.2 19.74
Etheroleic acid 250 21.4 19.33
Etherolenic acid 268 25.8 19.74e

Colneleic acid 250 25.5 19.41
Colnelenic acid 253 30.2 19.45e

aAbbreviations/trivial names: compound 6, 12-[1′(Z)-hexenyloxy]-9(Z),11(E)-
dodecadienoic acid; compound 4, 12-[1′(Z),3′(Z)-hexadienyloxy]-9(Z),11(E)-
dodecadienoic acid; etheroleic acid, 12-[1′(E)-hexenyloxy]-9(Z),11(E)-
dodecadienoic acid; etherolenic acid, 12-[1′(E),3′(Z)-hexadienyloxy]-
9(Z),11(E)-dodecadienoic acid; colneleic acid, 9-[1′(E),3′(Z)-nonadienyl-
oxy]-8(E)-nonenoic acid; colnelenic acid, 9-[1′(E),3′(Z),6′(Z)-nonatrieny-
loxy]-8(E)-nonenoic acid.
bUltraviolet spectra were recorded on the free acids dissolved in 99.5%
ethanol.
cStraight-phase high-performance liquid chromatography was performed on
the methyl esters using a column of Nucleosil 50-5 and a solvent system of
ethyl acetate/hexane (8:992) at a flow rate of 1.0 mL/min. The detector was
set at 250 nm.
dGas–liquid chromatography was performed on the methyl esters using a
methyl silicone capillary column (25 m) at 230°C.
ePartial degradation on the capillary column.

FIG. 3. Fourier transform infrared spectrum (film) of the methyl ester of compound 4.



the major nonvolatile fragment. The data mentioned indicated
that compound 4 possessed a tetraunsaturated ether structure
located in a position corresponding to carbons 9–16 of the
parent fatty acid. Support for the presence of such a partial
structure was provided by an experiment in which compound
4 (400 µg) in acetone (7.5 mL) was treated with 20% hy-
drochloric acid (2.5 mL) at 23°C for 1 h (cf. Ref. 11). The
product was subjected to RP-radio-HPLC using solvent sys-
tem A. A major peak of radioactivity appeared (compound 5;
8.3–9.1 mL effluent). Compound 5 was identified as 12-oxo-
10-dodecenoic acid by its UV spectrum, which showed λmax
(EtOH) = 220 nm, and by its mass spectrum (methyl ester),
which showed prominent ions at m/z 194 (5%; M+ − 32; loss
of CH3OH), 166 (4), 149 (4), 123 (8), 112 (12), 98 (65), 83
(42), 74 (43), and 55 (100). Oxidative ozonolysis performed
on the methyl ester of 5 produced monomethyl decanedioate,
thus localizing the double bond to the ∆10 position. Identifi-
cation of the acid hydrolysis product 5 as 12-oxo-10-dode-
cenoic acid confirmed the presence in compound 4 of an un-
saturated ether structure with its oxygen attached to C-12
(Scheme 1). NMR spectroscopy was used to determine the
geometrical configurations of the double bonds. Eight groups
of signals due to the eight olefinic protons of compound 4
were observed (Fig. 4A and Table 2). Correlation of the
signals with the different protons was achieved by spin-spin
decoupling experiments and by using the NMR spectrum of
methyl colneleate (Fig. 4C) as a reference (15,25). The
signals centered at 5.30 and 5.84 ppm were due to the pro-
tons at C-9 and C-10, respectively, whereas the signals cen-
tered at 6.32 and 5.41 ppm were due to the protons at C-3′ and

C-4′, respectively. As shown by the values of J9,10 and J3′,4′
(10.6 and 11.1 Hz, respectively), both the ∆9 and ∆3′ double
bonds had the Z geometrical configuration. Earlier work on di-
vinyl ether fatty acids (11–13,15,21,25) and on other vinyl
ether compounds, such as ethyl propenyl ether (26), have
shown 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, J11,12 determined for the sig-
nals of the vinylic protons at C-11 (6.05 ppm) and C-12 (6.58
ppm) was 11.9 Hz, thus demonstrating that the ∆11 double
bond had the E configuration. In the same way, the coupling
constant of the protons of the ∆1′ double bond (signals cen-
tered at 6.20 and 5.50 ppm) had the value 6.2 Hz. This showed
that the ∆1′ double bond had the Z geometrical configuration.
On the basis of the data presented, compound 4 was identified
as 12-[1′(Z),3′(Z)-hexadienyloxy]-9(Z),11(E)-dodecadienoic
acid (Scheme 1). This compound had previously been isolated
from L. sinclairii, a brown alga (12). The spectral data of com-
pound 4 (Figs. 2–4, Table 2) were almost identical to those of
the algal divinyl ether, although the value of the extinction co-
efficient at 267 nm found in the present work (ε 41,200) was
considerably higher than that previously reported (ε 30,000)
(12). Furthermore, compound 4 was structurally closely re-
lated to etherolenic acid (11), differing from this compound
only with respect to the geometrical configuration of the dou-
ble bond introduced in the divinyl ether synthase reaction
[1′(Z) in compound 4, 1′(E) in etherolenic acid].

Identification of 12-oxo-PDA. The UV spectrum of com-
pound 1 showed λmax (EtOH) = 220 nm (ε = 12,500), and the
mass spectrum of the methyl ester showed prominent ions at
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SCHEME 1
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m/z 306 (15%; M+), 275 (16; M+ − 31; loss of ·OCH3), 238
(18; M+ − 68; β-cleavage with loss of C5H8); 206 [11; M+ −
(68 + 32)], 177 [19; M+ − 129; loss of ·(CH2)5-COOCH3],
163 [32; M+ − 143; loss of ·(CH2)6-COOCH3], 149 [25; M+ −
157; loss of ·(CH2)7-COOCH3], 109 (53), 107 (54), 95 (96),
82 (54), and 55 (100). These spectral data were identical to
those of authentic 12-oxo-PDA. The identity of compound 1
with 12-oxo-PDA was confirmed by the findings that com-
pound 1 and authentic 12-oxo-PDA cochromatographed on
RP-HPLC (solvent system A; effluent volume, 21.6 mL) and
on GLC (methyl ester; C-value, 20.11), and that catalytic hy-
drogenation performed on 1 produced 10,11,15,16-tetrahy-
dro-12-oxo-PDA.

Identification of hydroxy acids. Compounds 2 and 3 were
identified as 9(S)-hydroxy-10(E),12(Z),15(Z)-octadecatrienoic
acid [9(S)-HOT] and 13(S)-hydroxy-9(Z),11(E),15(Z)-octa-
decatrienoic acid [13(S)-HOT], respectively, by UV spectrom-
etry, mass spectrometry (methyl ester–trimethylsilyl ether de-
rivatives), and by their chromatographic behavior on
RP-HPLC and GLC. The authentic compounds were used as
references.

Incubation in the presence of GSH-px. [1-14C]α-Linolenic
acid (300 µM) was stirred at 23°C for 20 min with a sus-
pension of the 105,000 × g particulate fraction in the pres-
ence of GSH-px (8 units/mL) and GSH (2 mM). Analysis of
the product by RP-radio-HPLC showed the presence of a
main peak of radioactivity, i.e., compound 3 (90%), and a
minor peak due to compound 4 (2%). Although the extent of
oxygenation of α-linolenic acid (92%) was close to that found
in a control incubation carried out in the absence of GSH-px
and GSH (93%), it was apparent that inclusion of GSH-px/
GSH resulted in strong inhibition of the formation of com-

pound 4 and a correspondingly increased formation of com-
pound 3.

Incubation of 13(S)-HPOT. [1-14C]13(S)-HPOT (200 µM)
was stirred with a suspension of the 105,000 × g particulate
fraction at 23°C for 20 min, and the product was analyzed by
RP-radio-HPLC. A main peak of radioactivity comigrating
with compound 4 (85%) appeared. Examination of this mater-
ial by UV spectroscopy and GC–MS (methyl ester) gave re-
sults identical to those found for compound 4 biosynthesized
from α-linolenic acid (see above). This experiment thus
showed that 13(S)-HPOT served as an efficient precursor of
compound 4 and, together with the results of the incubation
carried out in the presence of GSH-px (see above), indicated
that biosynthesis of 4 from α-linolenic acid occurred by a two-
step pathway involving 13(S)-HPOT as a free intermediate.

Incubation of 13(S)-HPOD and structure of compound 6.
Incubation of [1-14C]13(S)-HPOD (200 µM) as described
above led to the formation of a major radioactive product, i.e.,
compound 6 (61% of the recovered radioactivity). Peaks due
to 13(S)-HPOD remaining nonconverted (27%) and 13(S)-
HOD (7%) were also observed. The UV spectrum of 6
showed λmax (EtOH) = 250 nm (Fig. 2, Table 1), and the mass
spectrum of its methyl ester showed prominent ions at m/z
308 (39%; M+), 277 (3; M+ − 31; loss of ·OCH3), 251 (4; M+

− 57; loss of ·(CH2)3-CH3), 219 [3; M+ − (57 + 32)], 177 (16),
165 [21; M+ − 143; loss of ·(CH2)6-COOCH3], 159 (15), 135
(26), 81 (63), 67 (79), and 55 (100). Catalytic hydrogenation
of 6 produced a derivative identical to that formed from 4
upon hydrogenation (see above). Oxidative ozonolysis per-
formed on the methyl ester of 6 yielded monomethyl nonane-
dioate as the main product. The data mentioned indicated the
presence in 6 of a triunsaturated ether partial structure located
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TABLE 2
Proton Nuclear Magnetic Resonance 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) δ (ppm) Multiplicity J (Hz)

2 2.30 t 7.5 2.30 t 7.5
3 1.62 m 1.62 m
4 1.31 m 1.31 m
5 1.31 m 1.31 m
6 1.31 m 1.31 m
7 1.31 m 1.31 m
8 2.13 m 2.11 m
9 5.30 dt 7.4, 10.6 5.27 dt 7.4, 10.6

10 5.84 m 10.6, 11.4 5.84 m 10.6, 11.4
11 6.05 ddd 0.7, 11.4, 11.9 5.98 dd 11.4, 11.8
12 6.58 d 11.9 6.55 d 11.8
1′ 6.20 d 6.2 6.16 dt 1.4, 6.2
2′ 5.50 ddd 1.0, 6.2, 11.4 4.62 dt 6.2, 7.4
3′ 6.32 ddd 1.0, 11.1, 11.4 2.11 m
4′ 5.41 m 1.31 m
5′ 2.13 m 1.31 m
6′ 1.00 t 7.5 0.90 t 6.9

OCH3 3.66 s 3.67 s
aProton nuclear magnetic resonance spectra were recorded at 270 MHz in CDCl3 with tetramethylsi-
lane as internal chemical shift reference.



with its oxygen attached to C-12. NMR spectroscopy showed
six groups of signals due to olefinic protons (Fig. 4B, Table
2). The protons at the ∆9 double bonds gave rise to signals at
5.27 and 5.84 ppm. The value of J9,10 (10.6 Hz) demonstrated
that this double bond had the Z geometrical configuration.
Signals at 5.98 and 6.55 ppm were due to the protons at the
∆11 double bond. The observed J11,12 (11.8 Hz) was in agree-
ment with a vinyl ether double bond having the E configura-
tion. In the same way, the ∆1′ double bond was assigned the Z
configuration based on the value of J1′,2′ (6.2 Hz) calculated
from the signals at 4.62 and 6.16 ppm (protons at C-2′ and C-
1′, respectively). The NMR spectrum of the methyl ester of
compound 6 was closely similar to that earlier reported for
the methyl ester of synthetic 8(Z)-colneleic acid (15). On the
basis of the results described, 6 was assigned the structure 12-
[1′(Z)-hexenyloxy]-9(Z),11(E)-dodecadienoic acid, a new
member of the oxylipin family of compounds.

Incubations of 9(S)-HPOD, 9(S)-HPOT, and 13(R)-
HPOT. The hydroperoxides [1-14C]9(S)-HPOD, [1-14C]9(S)-
HPOT, and [1-14C]13(R)-HPOT (200 µM) were stirred with
the enzyme preparation, and the products were analyzed by
RP-radio-HPLC. In each case, a main peak of radioactivity
appeared corresponding to unchanged hydroperoxide. In ad-
dition, a small peak due to the corresponding hydroxy acid
(11–13% as compared to the hydroperoxide) was also ob-
served. Compounds having the same polarity as divinyl ether
fatty acids were undetectable.

Biosynthesis of divinyl ethers in other plants. Whole ho-
mogenates of leaves of 26 plants were incubated with
[1-14C]α-linolenic acid, and the product profiles were deter-
mined by RP-radio-HPLC (cf. Fig. 1). As seen in Table 3, for-
mation of compound 4 was observed in leaves of R. acris, R.
repens, R. polyanthemos, R. peltatus, and R. lingua but not in
any of the other 21 plants tested. Interestingly, leaves of R.

peltatus and R. lingua, two aquatic plants, produced compound
4 as well as another, slightly less polar compound. This com-
pound appeared to be an isomer of compound 4 as suggested
by its UV spectrum, which showed λmax (EtOH) = 267 nm, and
its mass spectrum (methyl ester), which was similar to but not
identical to that of the methyl ester of compound 4. Work is in
progress to determine the full structure of this isomer.

Chromatographic separation of divinyl ether fatty acids.
For analytical purposes, it was of interest to examine the chro-
matographic separation of regio- and stereoisomeric divinyl
ethers. As expected, RP-HPLC readily separated compounds
4 and 6 (effluent volumes, 34.2 and 46.2 mL, respectively,
using solvent system B). On the other hand, RP-HPLC did
not allow separation of compounds 4 or 6 from their corre-
sponding 1′(E) isomers (etherolenic and etheroleic acids). SP-
HPLC was useful for separation of the methyl esters of the
three groups of C18 divinyl ethers fatty acids presently
known. As seen in Table 1, within each group, the trienoic
ester was easily separated from the corresponding tetraenoic
ester. The three trienoates as well as the three tetraenoates
were also separable; however, the separation between the
trienoate methyl colneleate and the tetraenoate methyl
etherolenate was small. Also GLC was useful for identifica-
tion of the divinyl ethers, although the methyl esters of com-
pound 4 and etherolenic acid were inseparable (Table 1). In
fact, apart from separation by SP-HPLC, the only reliable
way of distinguishing compound 4 and etherolenic acid was
by NMR.

DISCUSSION

Compound 4 was isolated in crystalline form as a product of
metabolism of α-linolenic acid in a preparation of leaves of
the meadow buttercup (R. acris L.). By means of spectral and
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TABLE 3
Biosynthesis of Compound 4 and 12-oxo-PDA in Green Leavesa

Compound 4b 12-Oxo-PDAb Compound 4 12-Oxo-PDA
Plant (%) (%) Plant (%) (%)

Urtica dioica 0 1 Melilotus officinalis 0 0
Stellaria media 0 5 Vicia cracca 0 13
Ranunculus acris 59 19 Geranium sylvaticum 0 0
R. repens 39 5 Hypericum perforatum 0 0
R. polyanthemos 73 15 Anthriscus sylvestris 0 30
R. peltatus 67c 16 Lamium album 0 1
R. lingua 11c 6 Lycopersicum esculentum 0 33
Aquilegia vulgaris 0 1 Plantago major 0 25
Chelidonium majus 0 40 Achillea millefolium 0 13
Bunias orientalis 0 10 Senecio vulgaris 0 23
Filipendula ulmaria 0 0 Taraxacum vulgare 0 2
F. vulgaris 0 0 Tanacetum vulgare 0 5
Trifolium pratense 0 7 Cirsium arvense 0 10

aFresh leaves (3 g) were minced and homogenized in 0.1 M potassium phosphate buffer pH 6.7. Ten milliliters of the fil-
tered homogenate were stirred at 23°C for 20 min with 300 µM [1-14C]α-linolenic acid. The product obtained by extrac-
tion with diethyl ether and solid-phase extraction was subjected to reversed-phase-radio-high-performance liquid chroma-
tography using the conditions given in the legend to Figure 1.
bThe percentages of the recovered radioactivity associated with compound 4 and 12-oxo-PDA are given.
cMixture of compound 4 and an unknown isomer as described in the text. 



chemical methods, the structure assigned to compound 4 was
12-[1′(Z),3′(Z)-hexadienyloxy]-9(Z),11(E)-dodecadienoic
acid. This compound had previously been isolated from a
brown alga, L. sinclairii and characterized in form of its
methyl ester derivative (12). Formation of compound 4 in R.
acris occurred by a two-step process involving the hydroper-
oxide 13(S)-HPOT as an intermediate (Scheme 2). The en-
zymes involved, i.e., ω6-lipoxygenase and divinyl ether syn-
thase, were both particle-bound. Linoleic acid 13(S)-hy-
droperoxide was metabolized analogously to 13(S)-HPOT
and produced compound 6. The transformation catalyzed by
divinyl ether synthase of R. acris proceeded in a regio- and
stereospecific way as judged by the finding that neither the 9-
hydroperoxides of linoleic or α-linolenic acids nor the 13(R)-
hydroperoxide of α-linolenic acid was convertible into di-
vinyl ethers. As would be expected, 11(S)-hydroperoxy-
7(Z),9(E),13(Z)-hexadecatrienoic acid, an ω6 hydroperoxide
having the “S” absolute configuration, was efficiently con-
verted by the enzyme to provide the dinor homolog of com-
pound 4 (data not shown).

Profiles of oxylipins formed in fresh leaves were deter-
mined by incubation of [1-14C]α-linolenic acid with leaf
whole homogenates followed by analysis of the products by
RP-radio-HPLC. The radio-HPLC method, which allowed
separation of inter alia α- and γ-ketols, 12-oxo-PDA, and

epoxyoctadecadienoates and of regioisomeric hydroxy-, hy-
droperoxy-, and oxooctadecatrienoates, appeared to be advan-
tageous to the radio-thin-layer chromatography method re-
cently described (10). By means of the RP-radio-HPLC tech-
nique, biosynthesis of compound 4 was consistently observed
in leaves of plants belonging to the genus Ranunculus, family
Ranunculaceae (Table 3). It was also noted that most of the
plants were capable of biosynthesis of 12-oxo-PDA, thus giv-
ing support to the notion that compounds produced by the al-
lene oxide synthase/allene oxide cyclase pathway are of gen-
eral importance in plants (27,28).

In previous work, colneleic acid was isolated as a product
of enzymatic dehydration of 9(S)-HPOD in preparations of
potato tuber (9) and tomato roots (10). Isotopic studies of the
conversion showed that one of the two hydroperoxide oxy-
gens of the parent hydroperoxide was retained in the product
(29), and that the pro-R hydrogen at C-8 of the hydroperox-
ide was selectively eliminated during formation of the ∆8

double bond (20). Proposed intermediates in the conversion
are an epoxide carbocation (20,29) or an oxonium ion, formed
in a Bayer-Villiger-type reaction (15). Another divinyl ether,
etheroleic acid, was recently obtained by incubation of 13(S)-
HPOD with a membrane-bound divinyl ether synthase from
bulbs of garlic (11,21). Etheroleic and colneleic acids may be
regarded as regioisomers having identical configurations of
their double bond systems, i.e., Z,E for the conjugated diene
retained from the parent hydroperoxide, and E for the double
bond introduced in the divinyl ether synthase reaction. Enzy-
matic dehydration catalyzed by extracts of potato and garlic
also took place with α-linolenic acid 9- and 13-hydroperox-
ides, respectively. Thus, 9(S)-HPOT was converted into col-
nelenic acid by potato tuber (25), and 13(S)-HPOT was con-
verted into etherolenic acid by preparations of garlic (11).
These transformations appeared to proceed analogously to
those of the corresponding linoleic acid hydroperoxides and
involved introduction of a vinyl ether double bond having the
E geometrical configuration (Scheme 3). Biosynthesis of
compounds 6 and 4 from 13(S)-HPOD and 13(S)-HPOT, re-
spectively, also proceeded with retention of the positions and
configurations of the Z,E-conjugated double bonds of the par-
ent hydroperoxides; however, in this case the newly intro-
duced double bond (∆1′) had the Z rather than the E geometri-
cal configuration (Scheme 3). Introduction of a vinyl ether
double bond having the Z configuration was similarly in-
volved in the proposed biosynthesis of divinyl ethers from
fatty acid hydroperoxides in marine algae (12,13).

Divinyl ether fatty acids emerge as a growing and interest-
ing family of compounds produced by enzymatic dehydra-
tion of fatty acid hydroperoxides. The present study demon-
strates that divinyl ethers can be produced in green leaves of
certain higher plants. This makes it of interest to explore
whether divinyl ethers, like jasmonic acid and other oxylipins
of the allene oxide synthase–allene oxide cyclase pathway,
are involved as mediators in defense reactions against
pathogens or in other physiological or pathological processes
in plants.
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ABSTRACT: This work shows that fucosterol, ∆5-avenasterol,
and similar ethylidene-side chain sterols can undergo acid-cat-
alyzed isomerization to give a mixture of five isomers. Four iso-
mers formed from fucosterol were analyzed, using gas chromatog-
raphy–mass spectrometry, and were characterized as ∆5-aven-
asterol, two ∆5,23-stigmastadienols, and ∆5,24(25)-stigmastadienol.
When the unsaponifiables fraction from oat oil was subjected
to acid hydrolysis, the two ∆5,23-stigmastadienol isomers and
∆5,24(25)-stigmastadienol were detected while fucosterol
coeluted with sitosterol. Interisomerization of ethylidene-side
chain sterols represents a limitation to the use of the acid hy-
drolysis method in the determination of sterols in food and other
plant materials rich in these sterols, e.g., oat lipids.
Lipids 33, 1073–1077 (1998).

Currently, the analysis of phytosterol content in foods is of
interest because of their cholesterol-lowering properties (1).
Plant sterols can be found in four forms: free sterols, sterol
esters of fatty or phenolic acids, sterylglycosides, and acyl-
ated sterylglycosides (2,3). The major dietary sources for
phytosterols are vegetable oils (4) and cereals (2). Although
methodology for the analysis of sterols in oils is well estab-
lished (5), methods for the analysis of sterols in cereals are
yet to be developed and validated (6).

Campesterol, stigmasterol, sitosterol, and ∆5-avenasterol
(Table 1) are the most widespread phytosterols in plant foods.
Analysis of the free and esterified forms of these sterols is
possible by gas chromatography (GC) or by high-perfor-
mance liquid chromatography after alkaline hydrolysis of
whole foods or their lipid extracts (7), whereas analysis of
these sterols in glycosylated forms requires hydrolysis of the
glycosidic bonds (6,7). Furthermore, sterols may also be
bound, together with other lipids, to the carbohydrate matrix
of the cereal which makes them unavailable for straight ex-
traction with lipophilic solvents. Thus, hydrolysis may also
be needed to release starch-bound lipids including sterols (8).
Jonker et al. (9) recommended the use of acid hydrolysis for
the breakdown of the glycosidic bonds, but acid hydrolysis

was previously reported to decompose labile sterol glyco-
sides, namely ∆5- and ∆7-avenasterolglycosides in oats (7). 

During our work on the analysis of oat sterols, we found that
the conditions of strong acid and high temperature caused a
marked decrease in the amounts of ∆5-avenasterol and the
emergence of an unknown peak (Määtä, K., Lampi, A., Petter-
son, J., Fogelfors, B.M., Piironen, V., and Kamal-Eldin, A.,
submitted for publication). In this paper, we investigate the ef-
fect of acid hydrolysis on fucosterol and other commercially
available sterols (i.e., campesterol, stigmasterol, and sitosterol)
(Table 1). We also study the nature of the degradation products
resulting from fucosterol and compare them to those generated
from ∆5-avenasterol present in oat kernel unsaponifiables.

EXPERIMENTAL PROCEDURES

Materials. Lipids were extracted from oat kernels in a Soxhlet
apparatus using n-hexane. Reference sterols were obtained from
the following sources: sitosterol (Research Plus Inc., Bayonne
and Denville, NJ), campesterol (C-5157), stigmasterol (S-2424),
and fucosterol (F-5379) from Sigma Chemical Co. (St. Louis,
MO). Cholestane (C-8003, Sigma) was used as a reference stan-
dard in GC analyses. Tri-Sil®, the reagent used to derivatize the
sterols to trimethylsilyl ethers (TMS ethers), was purchased from
Pierce Chemical Co. (Rockford, IL). All other solvents and
reagents used were of analytical grade (E. Merck, Darmstadt,
Germany) and were used without further purification. 

Preparation of the sterol samples. Oat lipids were saponi-
fied by reaction with saturated aqueous KOH/ethanol (1:8,
vol/vol) at 85°C for 10 min, and the unsaponifiables were ex-
tracted with cyclohexane and deionized water. The unsaponifi-
ables obtained from oat lipids and different sterol standards
(viz., fucosterol, sitosterol, campesterol, and stigmasterol) were
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TABLE 1
Trivial and Systematic Names of Sterols Mentioned in the Text

Trivial name Systematic name

Campesterol ∆5-24α-methyl-cholesten-3β-ol
Stigmasterol ∆5,E-22-24α-ethyl-cholestadien-3β-ol
Sitosterol ∆5-24α-ethyl-cholesten-3β-ol
Fucosterol ∆5-24Z-ethylidene-cholestadien-3β-ol
∆5-Avenasterol ∆5-24E-ethylidene-cholestadien-3β-ol
∆7-Avenasterol ∆7-24E-ethylidene-cholestadien-3β-ol



analyzed for their sterol contents by GC with and without acid
hydrolysis. Cholestane was added as a reference standard in
amounts approximately equal to those of the sterol in the sam-
ples. Acid hydrolysis was performed by a modification of the
AOAC method (8) using 6 M HCl for 30 min at 80°C, and
sterols were then extracted with cyclohexane/diethylether (1:1,
vol/vol) (Toivo, J., unpublished). Most of the solvents were
evaporated at 40°C by a rotary evaporator, and sterols were dis-
solved in chloroform, transferred to glass-stoppered tubes, and
stored at −20°C until further analysis.

Derivatization. TMS ether derivatives of the sterols were
prepared by adding 100–120 µL of the Tri-Sil reagent to
sterols (50–200 µg ) in glass-stoppered tubes. After shaking
to dissolve the sterols in the reagent, the tubes were heated at
60°C for 45 min. Excess reagent was then removed under ni-
trogen, and the residue was dissolved in hexane. 

GC and GC–mass spectrometry (MS). Analysis of sterol
TMS derivatives was performed using a DB-5ms fused-
silica capillary column (5% phenyl-methylpolysiloxane, 
30 m × 0.25 mm i.d. and 0.25 µm film thickness; J&W Scien-
tific, Folsom, CA) fitted in an HP 5890 II series gas chro-
matograph (Hewlett-Packard, Avondale, PA) fitted with a
flame-ionization detector, a splitless injector, and an autosam-
pler (7673; Hewlett-Packard). The separation was performed
under the following temperature program: 70°C (1 min),
25°C/min, 275°C (21 min). The injector and detector temper-
atures were 250 and 330°C, respectively, and the helium (car-
rier gas) was used at an inlet pressure of 18 psi. Peaks were
recorded and peak areas were computed using a GyncoSoft
version 5.3 software (Gynkotek GmbH, Germering, Germany). 

GC–MS was performed on an HP 5890 series II gas chro-
matograph coupled to a TRIO-1000 mass spectrometer with
a LAB-BASE™ data system (version R2.10; Fisons Instru-
ments, VG MASSLAB, Manchester, United Kingdom). The
separation was performed on the same column as above under
the following temperature program: 70°C (1 min), 25°C/min,
245°C (1 min), 3°C/min, 275°C (20 min). Helium was used
as a carrier gas at an inlet pressure of 12 psi. Electron ioniza-
tion (EI) mass spectra (m/z 100–500) were obtained at a scan
rate of 10 scans/min, a 70 eV ionization energy, 280°C inter-
face temperature, and 200°C ion source temperature.

RESULTS AND DISCUSSION

Kesselmeier et al. (7) showed that ∆5- and ∆7-avenasterols
present in oat lipids are destroyed by acid hydrolysis. Figure
1 presents gas chromatograms of the unsaponifiable fractions
of oat lipids analyzed, in this study, with and without acid hy-
drolysis. Samples analyzed before acid hydrolyis showed
peaks for campesterol, stigmasterol, sitosterol, ∆5-aven-
asterol, and ∆7-avenasterol. The chromatogram of samples
analyzed after acid hydrolysis showed a significant reduction
in the level of ∆5-avenasterol accompanied by the emergence
of a number of unknown peaks. Tisconia and Bertini (10) pre-
viously reported that a remarkable change in the contents of
∆5-avenasterol occurred in olive oil during bleaching and that

the effect was magnified by increasing the level of bleaching
earth. Touche et al. (11) made similar observations for
bleached coconut oil, where about 50% of ∆5-avenasterol was
destroyed. In both studies, the decrease in ∆5-avenasterol con-
tent was accompanied by the appearance of some unidenti-
fied components, one of which was then identified as its geo-
metrical isomer, fucosterol.

The unknown peaks in acid-hydrolyzed oat unsaponifiables
(Fig. 1) had retention times and mass spectra similar to the iso-
merization products of fucosterol (Fig. 2). The two sterols
eluting in the double peak before sitosterol in Figures 1 and 2
[isomers a and b, relative retention times (RRT) 1.70 and 1.71,
respectively] as well as the last isomer (RRT = 1.85) had the
same retention times and mass spectra as those resulting from
fucosterol (vide infra). However, fucosterol coeluted with
sitosterol (as judged by injection of standards) under the chro-
matographic conditions used. The presence of fucosterol in the
acid-hydrolyzed oat unsaponifiables was confirmed by the de-
tection of the ions at m/z 296 and m/z 386 in the mass spec-
trum of a mixed sitosterol/fucosterol peak (RRT = 1.75) and
their absence in the unhydrolyzed oat unsaponifiables (Fig. 3).

Commercially available campesterol, stigmasterol, and
sitosterol were subjected to acid hydrolysis and analyzed by
GC–MS. Results showed that acid hydrolysis had no effect on
these sterols since chromatograms of untreated and acid-
treated sterols were similar (data not shown). Owing to the
lack of a commercial standard of ∆5-avenasterol, its geometri-
cal isomer fucosterol was used for acid hydrolysis. The
GC–MS chromatogram of the TMS derivatives of acid-treated
fucosterol (Fig. 2) showed that fucosterol was partially trans-
formed into ∆5-avenasterol and three other peaks. Examina-
tion of the mass spectra of all five peaks (Fig. 4) revealed that
all peaks have similar molecular masses (484 for TMS deriva-
tives), suggesting that they are all isomers. Acid-catalyzed iso-
merization of fucosterol can be expected to affect only the side
chain double bond since it is generally known that the sterol
∆5 double bond is insensitive to acids, in contrast to ∆7 double
bonds which isomerize to ∆8- under acid conditions (Parish,
E.J., personal communication). The mass spectra of fucosterol
(RRT = 1.75, relative to cholestane which elutes at 16.7 min)
and ∆5-avenasterol (RRT = 1.79) are nearly identical and are
similar to the mass spectrum of ∆5-avenasterol presented else-
where (Määtä, K., Lampi, A., Petterson, J. Fogelfors, B.M.,
Piironen, V., and Kamal-Eldin, A., submitted for publication).
The characteristic ions in these spectra are the m/z 386 due to
McLafferty-type cleavage of the C22-C23 bond together with
a one-hydrogen transfer from C-20 (12) and the ion at m/z 296
(386 − trimethylsilanol). The spectrum of the last isomer (RRT
= 1.85) is similar to those of fucosterol and ∆5-avenasterol and
may be attributed to ∆5,24(25)-stigmastadienol (13). The mass
spectra of the two compounds eluting in the double peak (RRT
1.70 and 1.71) just before sitosterol (RRT = 1.76) are nearly
identical and suggest a ∆5,23 structure based on the assignment
of the characteristic peak at m/z 283 to an allylic cleavage of
the C20-C22 bond coupled with loss of the silanol group
(12,14). The assignment of a ∆5,23 to these compounds may
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be argued since this structure has been reported not to occur
naturally. This structure is supported by knowledge related to
carbonium ion stabilities and by mass fragmentation patterns.
Two other structural possibilities, viz. ∆25(27) and ∆28(29), were
ruled out since an ion at m/z 290 (due to allylic cleavage at the
C23-C24 bond together with loss of the silanol group) was ab-
sent in their mass spectra.

The isomerization of fucosterol, and probably other eth-
ylidene-side chain sterols, can be explained by considering
the stability of the carbonium ion resulting from reactions of
acids with alkenes. It is known that the stability of carbonium
ions determines the relative reactivities of different alkenes
toward acids. The side chain double bond in these sterols is
labile owing to the possibility of formation of a stable tertiary
carbonium ion, whereas the double bond in stigmasterol is
stable toward acid hydrolysis possibly because of a relatively
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FIG. 1. Gas chromatography–mass spectrometry chromatogram of sterol
extracts obtained from oat lipids with and without acid hydrolysis.
Peaks: (1) campesterol, (2) stigmasterol, (3) unknowns, (4) sitosterol +
fucosterol (with acid) and only sitosterol (without acid), (5) ∆5-aven-
asterol, (6) unknown sterol having similar mass spectrum as ∆5-aven-
asterol, and (7) ∆7-avenasterol.

FIG. 2. Gas chromatography–mass spectrometry chromatogram showing
acid-catalyzed isomerization products of fucosterol. Peaks: (3) sterols (a)
and (b), (4) fucosterol, (5) ∆5-avenasterol, and (6) sterol (c) or ∆5,24(25)-
stigmastadienol. For identifications of (a), (b), and (c) see Figure 4.

FIG. 3. Magnified part (m/z 250–500) of the mass spectra of peak 4 in
the sterol extract from oat lipids with and without acid hydrolysis (see
Figure 1). Peaks at m/z 296, 386, and 484 (upper panel) are typical for
fucosterol and their intensities can be compared to the peak at m/z 471
(M-15, relative abundance to an m/z 129 base peak = 3.4%), one of the
typical peaks for sitosterol



lower stability of the secondary carbonium ion resulting in
that case. The stability of the carbonium ions determines not
only the reactivity of double bonds toward acids but also the
type of products resulting from the return of the carbonium
ion to an alkene via the loss of the acidic proton. After the
carbonium ion is formed, it can lose a proton to produce a
number of possible isomeric alkenes, the more highly substi-
tuted alkenes being the most preferable products (15). Appli-

cation of this basic notation to the fucosterol/∆5-avenasterol
case (Fig. 5) explains the findings obtained in this study.

The isomerization of ∆5-avenasterol and other ethylidene-
side chain sterols needs to be considered when analyzing
sterol levels in foods derived from plants and other plant
products. Fortunately, these sterols are abundant only in a few
foods (e.g., oats) which restricts the analytical problem only
to those foods. Ways to overcome this problem, including the
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FIG. 4. Mass spectra of the isomerization products of fucosterol. See chromatogram in Figure 2 for peak positions.



enzymatic hydrolysis suggested by Kesselmeier et al. (7)
need to be investigated, and alternative or complementary an-
alytical methods need to be developed and validated.
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FIG. 5. Representation of the hypothetical acid-catalyzed isomerization of fucosterol and
∆5-avenasterol.



ABSTRACT: We investigated the ways in which phospholi-
pase A2 and sphingomyelinase are mutually modulated at lipid
interfaces. The activity of one enzyme is affected by its own re-
action products and by substrates and products of the other en-
zyme; all this depends differently on the lateral surface pres-
sure. Ceramide inhibits both the sphingomyelinase activity rate
and the extent of degradation, and decreases the lag time at all
surface pressures. Dilauroyl- and dipalmitoylphosphatidyl-
choline, the substrates of phospholipase A2 (PLA2), do not affect
sphingomyelinase activity. The products of PLA2, palmitic acid
and lysopalmitoylphosphatidylcholine, strongly enhance and
shift to high surface pressures the activity optimum and the cut-
off point of sphingomyelinase. Palmitic acid also shifts to high
surface pressures the cut-off point of PLA2 activity. Sphin-
gomyelin strongly inhibits PLA2 at surface pressures above 5
mN/m, while ceramide shifts the cut-off point and the activity
optimum to high surface pressures. The sphingolipids increase
the lag time of PLA2 at low surface pressures. Both phosphohy-
drolytic pathways involve different levels of control on precat-
alytic steps and on the rate of activity that appear independent
on specific alterations of molecular packing and surface poten-
tial. The mutual lipid-mediated interfacial modulation between
both phosphohydrolytic pathways indicates that phospholipid
degradation may be self-amplified or dampened depending on
subtle changes of surface pressure and composition.
Lipids 33, 1079–1087 (1998).

Lipid substrates organized in well-controlled simple model
membrane systems have been invaluable for unraveling on a
molecular basis the generic surface determinants of lipolytic
activity in relation to the physical properties of the lipid sub-
strate. Lipid monolayers in particular, the model on which the

very concept of a lipid bilayer as the basic constitutive struc-
ture of biomembranes was derived, clearly demonstrated that
the activity of several phospholipases from different sources is
markedly affected by both the long-range physical state and the
fine intermolecular organization of the lipid interface (1,2). The
unique possibility of lipid monolayers maintaining a control
and precise knowledge of several surface parameters in real
time during a catalytic reaction showed that, besides the influ-
ence of structural defects and curvature (3–5), the lateral sur-
face pressure and electrostatic interfacial potential (6,7) can
markedly affect the activity of phospholipase A2 (PLA2), phos-
phatidylinositol-specific and nonspecific phospholipase C, and
sphingomyelinase (Sphmase) (8–14). Despite the fact that
phosphohydrolytic enzymes constitute a very heterogeneous
group of proteins, all activities studied to date have revealed a
profound dependence on a few fundamental supramolecular
surface parameters of the lipid interface on which they act
(1–9,13–15). This is extremely important because it means that
biophysical studies in model systems, usually requiring rela-
tively large amounts of well-purified enzymes and lipids, can
provide valuable information using readily available secretory
or bacterial phosphohydrolytic enzymes when the aim is, as in
the present work, to understand the general basic physicochem-
ical parameters regulating these activities.

On the other hand, several lipid mediators and biomodula-
tors of membrane function can either be common intermedi-
ates or participate indirectly as parent or derived compounds
that relate different signaling pathways (16–19). Several of
these lipids cause profound local and long-range effects on
the molecular organization and overall topology of the mem-
brane interface (5,20) that can markedly affect lipolytic activ-
ity (2,5,10,21). Nonsubstrate lipids such as gangliosides, neu-
tral glycosphingolipids, ceramide (Cer), sphingosine, and
semisynthetic derivatives of sphingosine in mixed phospho-
lipid monolayers, unilamellar vesicles, and micelles can mod-
ulate the activity of PLA2 and phospholipase C (2,7,21–26).
Recent studies indicate that lipid mediators such as diacyl-
glycerols and Cer, formed by Bacillus cereus phospholipase
C and Sphmase degradation of bilayer vesicles, affect mark-
edly and in different manners the membrane topology, stabil-
ity, and susceptibility to bilayer recombination (27,28).
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In previous work we showed that it is possible to follow
the degradation of brain sphingomyelin (CerPCho) to Cer by
B. cereus Sphmase using lipid monolayers to precisely con-
trol the intermolecular organization of the interface while the
catalytic reaction is taking place (10). An independent study
with a bacterial Sphmase from Staphylococcus aureus (11)
published almost simultaneously to ours also showed that this
is a valid technique. These results are in general agreement
regarding the use of the technique, the catalytic rate and pres-
ence of lag time, while the surface pressure dependence of the
activity of the two bacterial Sphmases reveals some differ-
ences (10,11).

We showed that the activities of B. cereus Sphmase and
porcine pancreatic PLA2 can be mutually modulated by the
presence of their respective substrates and products (10). The
importance of this finding resides mostly in that it clearly in-
dicated under well-controlled molecular organization and in
real time that the rate of phospholipid degradation by one en-
zymatic pathway contains information that can be sensed by,
transduced to, and markedly modulate the catalytic rate of an-
other pathway with which no common intermediates are
shared (10). In continuation of our studies and with the ob-
jectives of understanding the generic biophysical determi-
nants of the mutual modulation of both enzymes under well-
controlled molecular conditions, within the context given at
the beginning of this section, we investigated the possible de-
pendence of the lipid-mediated changes of enzymatic activi-
ties on the lateral surface pressure and on whether these could
be correlated to alterations of the lipid organization according
to film composition and surface pressure. The results obtained
provide evidence, at least from this simplified model system,
which supports the concept of a surface-regulated interfacial
“cross-talk” between Sphmase- and PLA2-catalyzed path-
ways which selectively depends on which lipid intermediate
of either pathway is present. In addition, the mutual modula-
tion is controlled dramatically by the lateral surface pressure
and in different manners depending on the surface composi-
tion; the lipids participating in both pathways affect dif-
ferently the rate of activity, the lag time, or the extent of the
catalytic reactions mediated by Sphmase and PLA2, but 
the effects are independent of molecular packing expan-
sion–condensation, or alterations of the local electrostatic di-
pole potential caused by specific lipid–lipid interactions.

EXPERIMENTAL PROCEDURES

Porcine pancreatic PLA2 and B. cereus Sphmase were from
Sigma-Aldrich, Inc. (St. Louis, MO). Didodecanoyl-sn-glyc-
ero-3-phosphocholine (dlPC), dihexadecanoyl-sn-glycero-3-
phosphocholine (dpPC), palmitic acid, 1-palmitoyl-2-hy-
droxy-sn-glycero-3-phosphocholine (lpPC), CerPCho, and
Cer were from Avanti Polar Lipids (Alabaster, AL). Organic
solvents and chemicals were of the highest purity available,
inorganic salts were roasted at 400°C, and water was double-
distilled in an all-glass apparatus. Absence of surface-active
impurities in aqueous solution and spreading solvents was

controlled as described (28,29). Details of the equipment used
were given elsewhere (30): a specially designed thermostated
circular Teflon-coated trough with two adjacent compart-
ments separated from each other by shallow and narrow slits.
Monolayers of pure or mixed lipids (containing, unless other-
wise stated, 10 mol% of a nonsubstrate lipid) were prepared
as described previously at the desired surface pressure (10),
which was kept constant by an automatic surface barostat
(31). An aliquot of a concentrated enzyme solution was in-
jected into the subphase (final concentration for Sphmase and
PLA2 was 83 and 105 ng protein/mL buffer, respectively) of
the reaction compartment (18 mL, 17 cm2 of surface area)
under continuous stirring with a miniature Teflon-coated rod.
The adjacent compartment served as a monolayer reservoir
that automatically supplied lipid to the surface of the reaction
compartment in order to maintain constant the surface pres-
sure during the enzymatic reaction. The time course of the re-
action was followed at 25 ± 1°C by the decrease of surface
area as a function of time (10). The rates of enzymatic activi-
ties reported in the ordinate of the figures and in Table 1 are
calculated as the number of lipid molecules degraded per
minute per unit of surface area as reported elsewhere
(1,7,10,11,22–25) and correspond to the slope of the linear
portion of the time-course curves (Fig. 1) obtained in dupli-
cate or triplicate for the different systems studied. The lag
time (1) is taken by extrapolation of the linear part of the
curve of phospholipid degradation as a function of time
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FIG. 1. Sphingomyelinase, Bacillus cereus sphingomyelin phosphodi-
esterase (E.C. 3.1.4.12) (Sphmase) activity against mixed lipid monolay-
ers. Representative real time experiments of the degradation by
Sphmase of a lipid monolayer of pure brain sphingomyelin (CerPCho)
at 15 mN/m (curve 1), CerPCho/ceramide (Cer) (9:1) at 15 mN/m (curve
2), and CerPCho/palm (9:1) at 20 mN/m (curve 3) are shown. The arrow
represents injection of 83 ng/mL Sphmase (final concentration) in the
subphase.



(Fig. 1) to the abscissa at zero substrate degradation (10). The
number of molecules is obtained from the known area per
molecule at each surface pressure, using the respective lipid
surface pressure–area compression isotherm for each mixture
(data not shown). The extent of degradation is expressed as
the percentage of substrate molecules hydrolyzed at the end
of the reaction (Fig. 1), with respect to those initially present
on the surface of the reaction compartment. The halting of the
reaction occurs at different times for the different mixtures
and surface pressures employed, and the final extent of degra-
dation is independent of the reaction rate.

For PLA2 we used dlPC as substrate (7,22). Its degrada-
tion produces lysolauroylphosphatidylcholine (llPC) and lau-
ric acid, both of which are immediately desorbed from the
monolayer into the subphase, resulting in a true zero-order ki-
netic regime when pure substrate is continuously supplied
from the monolayer reservoir (1,22, 23). In the case of
Sphmase, the hydrolysis of CerPCho produces Cer which
remains in the monolayer. Because of the marked differ-
ence between the molecular area of CerPCho and Cer, the
catalytic activity can be measured by the decrease of mono-
layer area at a specified surface pressure (10,11). The portion
of linear decrease of area as a function of time represents a
pseudo zero-order kinetics (10,22,23). After this, the velocity
of the enzymatic reaction gradually decreases to zero due 
to the increased mole fraction of product remaining at the
interface. 

RESULTS

In order to properly determine the rate of degradation of
CerPCho and dlPC by Sphmase or PLA2, respectively, in
lipid monolayers containing 10 mol% of other lipids, it is nec-

essary to know the possible alteration of the molecular pack-
ing areas due to lipid–lipid interactions. To this end, we
carried out surface pressure– and surface potential–area iso-
therms at 25 ± 1°C for mixed films of CerPCho with 10 mol%
of Cer, dlPC, lpPC and palmitic acid, as well as of dlPC with
10 mol% of palmitic acid, lpPC, Cer, and CerPCho. Table 1
shows the percentage deviations from the ideal mixing behav-
ior for the mean molecular area and mean surface potential
per unit of molecular surface density of these films [usually
denominated surface potential/molecule (30)] at two different
representative surface pressures together with the rate of ac-
tivity of Sphmase or PLA2 and the lag time, at the indicated
film composition and surface pressure. The deviations in
mean molecular area were taken into account for the calcula-
tion of the number of molecules of CerPCho or dlPC de-
graded by the respective enzymes acting on each mixed film
(22). All the films studied showed small deviations of the
mean molecular area, while relatively low negative deviations
of the surface potential per molecule were observed in some
of the films. In any case, in spite of similar or different behav-
ior regarding the alteration of molecular parameters, the acti-
vation or inhibition of the rate of enzymatic activities, or vari-
ation of the lag times, showed no consistent correlation (i.e.,
always increases or decreases enzyme activity or lag times
for molecular expansions or condensations, or depolarizations
or hyperpolarizations) with changes of intermolecular pack-
ing or alterations of the surface electrostatic potential per
molecule across the interface (Table 1).

Activity of Sphmase against mixed monolayers: (i) Effect of
Cer. At all surface pressures studied, and in all the films, after
a time that depends on the surface pressure and on the film
composition, the reaction reaches a constant rate of degrada-
tion (pseudo zero-order kinetic regime); after this it decreases
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TABLE 1
Comparison Between the Deviation from Ideality of the Molecular Parameters and Enzymatic Activities and Lag Times in Mixed Monolayersa

10 mN/m 20 mN/m

Percentage Percentage Percentage Percentage
deviation deviation Enzymatic deviation deviation Enzymatic

Lipid of mean of surface activity Lag of mean of surface activity Lag
mixture molecular potential/ (mol/min·cm2) time molecular potential/ (mol/min·cm2) time

Enzyme (9:1) area molecule × 10−13 ± SEM (min) area molecule × 10−13 ± SEM (min)

PLA2 Pure dlPC 0 0 2.39 ± 0.01 2.0 ± 0.4 0 0 0b —b

dlPC/CerPCho 3.6 4.9 1.01 ± 0.15 2.5 ± 0.3 7.3 8.5 0b —b

dlPC/Cer 8.5 13.8 2.05 ± 0.15 5.8 ± 0.2 11.8 15.5 2.12 ± 0.82 9.4 ± 2.7
dlPC/palm 2.3 −0.7 1.99 ± 0.11 3.8 ± 0.6 3.6 0.7 0b —b

Sphmase Pure CerPCho 0 0 1.82 ± 0.02 4.9 ± 0.9 0 0 0.71 ± 0.02 16.3 ± 1.6
CerPCho/Cer 3.3 −10.8 1.14 ± 0.22 1.9 ± 0.5 4.9 −3.4 0.38 ± 0.18 1.5 ± 0.4
CerPCho/palm −8.3 −19.7 1.01 ± 0.09 2.2 ± 0.2 −5.9 −12.8 6.06 ± 1.41 3.3 ± 0.4
CerPCho/lpPC −7.1 −30.7 1.69 ± 0.05 2.8 ± 0.1 −7.6 −27.6 7.97 ± 0.24 4.6 ± 0.7
CerPCho/dlPC 3.2 −29.8 1.78 ± 0.01 3.5 ± 0.4 6.1 −23.7 1.44 ± 0.20 2.9 ± 0.2

aThe table shows the percentage deviation from the ideal behavior of the mean molecular area and surface potential/molecule and the porcine pancreatic
phospholipase A2 (PLA2) or sphingomyelinase, Bacillus cereus sphingomyelin phosphodiesterase (E.C. 3.1.4.12) (Sphmase) activities and lag times in mixed
monolayers of didodecanoyl-sn-glycerol-3-phosphocholine (dlPC) or brain sphingomyelin (CerPCho) with 10 mol% of the nonsubstrate lipid indicated at 10
and 20 mN/m. Similar lack of correlation of molecular packing or surface potential/molecule with the rate of enzyme activity or lag times was found at other
surface pressures; Cer, ceramide; lpPC, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine.
bThese mixed lipid monolayers at 20 mN/m are above the surface pressure cut-off point for PLA2.



gradually to zero (see Fig. 1) owing to the increasing propor-
tion of product remaining at the interface (10). The existence
of the linear pseudo zero-order regime indicates that the enzy-
matic catalysis is proceeding in temporary steady state in the
film due to the initial substrate excess with respect to the en-
zyme at the interface. The rate of activity is altered by the pres-
ence of Cer, the product of the Sphmase reaction. The inhibi-
tion exerted by the initial presence of Cer that was described
before at 15 mN/m (10) was also found over the whole range
of surface pressures studied (Fig. 2A). The inhibition is less
marked at surface pressures beyond 18 mN/m largely because
the very Sphmase activity against a pure film of CerPCho de-
creases dramatically at 18 mN/m and above (10). In films con-
taining Cer, the lag time consistently remains slightly shorter
than that found against pure CerPCho (between surface pres-
sures of 5 and 20 mN/m), and it does not show the dramatic
increase above 18 mN/m (Fig. 2B). Cer decreases the extent
of degradation of CerPCho by Sphmase over the whole range

of surface pressure studied (Fig. 2C). The initial presence of
product stops the reaction at a lower ratio of Cer/CerPCho
than that necessary to end the reaction against a pure film of
CerPCho. A defined threshold of relative proportions for the
action of Cer appears to be present. Similar results were ob-
tained in films containing 10 or 5 mol% of Cer; with propor-
tions of 2.5 mol% or less, Cer induces no alteration of the lag
time or the rate of activity compared to a film of pure CerP-
Cho, an effect of Cer exerted directly at the interface and not
on the enzyme in the bulk subphase (10).

(ii) Effect of substrates and products of PLA2. We previ-
ously reported that dlPC or dpPC, substrates of PLA2, had no
significant influence on the Sphmase activity at 15 mN/m
when present at a mole fraction of 0.1 in mixed monolayers
with CerPCho (10). Figure 3 shows that this is generally 
the case also at all the other surface pressures studied. For
simplicity, only the results for dpPC are shown in Figure 3
since the effects of dlPC on Sphmase activity were generally
similar. Experiments using mixed films of CerPCho with 
the products of degradation of dlPC cannot be done because
the short-chain products lauric acid and llPC desorb imme-
diately from the interface into the subphase. Because of 
this and since, different from dlPC, the products of degrada-
tion of dpPC, namely palmitic acid and lpPC, remain at the
interface where we performed the experiments with the latter
lipids.

Figure 3A shows that both palmitic acid and lpPC have a
similar influence on the pattern of surface pressure depen-
dence of Sphmase activity, compared to that found for pure
CerPCho at surface pressures below 15 mN/m (although the
dependence on pressure is similar, palmitic acid is actually
inhibitory of the activity by about 50–70% over the range
5–15 mN/m while lpPC has no significant effect). At 18
mN/m and above, either palmitic acid or lpPC strongly en-
hances the hydrolysis of CerPCho by Sphmase exhibiting a
peak of activation at 20 mN/m. Also, either lipid markedly
shifts to higher values the cut-off surface pressure point for
activity. As mentioned before (10), an equimolar mixture of
lpPC and palmitic acid has no significant effect on the activ-
ity of Sphmase over the whole range of surface pressure stud-
ied (data not shown). 

The lag times for the Sphmase reaction against the mixed
films with palmitic acid or lpPC are similar over the range of
surface pressures studied (Fig. 3B). Again, both products of
the reaction catalyzed by PLA2 abolished the lag-time in-
crease of the Sphmase reaction observed in films of pure
CerPCho above 18 mN/m. This is similar to the effect of Cer,
but this lipid inhibits the Sphmase activity while the products
derived from the PLA2 hydrolysis activate Sphmase. The ex-
tent of degradation of CerPCho in films containing lpPC or
palmitic acid reaches about 80–100% over the surface pres-
sure range where the enhanced activation in these films is ob-
served (beyond 18 mN/m).

Activity of PLA2 against mixed monolayers: (i) Effect of
palmitic acid and lpPC. The variation of the PLA2 activity
with the surface pressure is similar to that reported previously
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FIG. 2. Surface pressure dependence of sphingomyelinase activity
against monolayers containing Cer. The rate of sphingomyelinase activ-
ity (A), lag time (B), and percentage substrate degradation (C) against
monolayers of pure CerPCho (●) and CerPCho/Cer (9:1) (■) are shown
at different constant surface pressures. The results are average values ±
SEM; where no error bars can be seen these are within the size of the
point. See Figure 1 for abbreviations.

Lateral Pressure (mN/m)



(23,24). The pattern of variation is not altered significantly
by the presence of 10 mol% of lpPC in the mixed film with
dlPC (Fig. 4), except for a small inhibition at surface pres-
sures below 12 mN/m. In mixed monolayers with palmitic
acid, the optimal surface pressure for activity is slightly
shifted from 12 to 15 mN/m, and the enzyme exhibits en-
hanced hydrolytic activity at high surface pressures; also, the
cut-off pressure point for activity shifts from 17 to 20 mN/m
(Fig. 4A). The pattern of dependence of the reaction lag time
on the surface pressure (Fig. 4B) is generally similar; the lag
times tend to be increased in films containing palmitic acid or
lpPC at surface pressures below 12 mN/m, and the changes
are not significant above this pressure. The products of hy-
drolysis of dlPC by PLA2 immediately desorb from the inter-
face, and the reaction in all film exhibits zero-order kinetics
(22–24); thus, in all cases the degradation can reach 100%

and comparisons of the extent of substrate degradation for
different films are not possible.

(ii) Effect of substrate and product of Sphmase. The pres-
ence of CerPCho or Cer at 10 mol% in mixed films with dlPC
induces marked changes in the surface pressure dependence
of the PLA2 activity (Fig. 5A). CerPCho markedly inhibits
the PLA2 activity except at the lowest surface pressure used
in our study (5 mN/m). On the other hand, the presence of Cer
induces slight decreases of PLA2 activity at surface pressures
below 15 mN/m but shifts the cut-off pressure point for activ-
ity well above 20 mN/m. The lag times in the mixed films
with CerPCho are not significantly different except at 5
mN/m where the latency period is more than twice the value
observed in the pure film of dlPC. The presence of Cer in-
duces longer lag times at surface pressures below 12 mN/m
and shifts the marked increase of the lag time to above 15
mN/m (Fig. 5B).

DISCUSSION

As stated in the introductory section, our objectives were to
investigate, under well-controlled conditions of intermolecu-
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FIG. 3. Surface pressure dependence of sphingomyelinase activity
against monolayers containing substrates and product of porcine pan-
creatic phospholipase A2 (E.C. 3.1.1.4) (PLA2). The rate of sphin-
gomyelinase activity (A), lag time (B) and percentage substrate degrada-
tion (C) against monolayers of pure CerPCho (●), CerPCho/palmitic acid
(9:1) (■), CerPCho/1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
(lpPC) (9:1) (▲), and CerPCho/dihexadecanoyl-sn-glycerol-3-phospho-
choline (9:1) (▼) are shown at different constant surface pressures. The
results are average values ± SEM; where no error bars can be seen these
are within the size of the point. See Figure 1 for other abbreviation.

FIG. 4. Surface pressure dependence of PLA2 activity against monolay-
ers containing its own reaction products. The rate of PLA2 activity (A)
and lag time (B) against monolayers of pure didodecanoyl-sn-glycero-3-
phosphocholine (dlPC) (●), dlPC/palmitic acid (9:1) (■), and dlPC/lpPC
(9:1) (▲) are shown at different constant surface pressures. The results
are average values ± SEM; where no error bars can be seen these are
within the size of the point. See Figure 3 for other abbreviations.
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lar organization in real time, the generic physicochemical fac-
tors that may modulate the surface activity of two enzymes
catalyzing different phosphohydrolytic pathways as mediated
by their noncommon lipid substrates and products. Two 
well-characterized enzymes were used, namely porcine pan-
creatic PLA2 and B. cereus Sphmase. The reason for this
choice, apart from the fact that both enzymes are readily
available, was that published information already exists on
several aspects of the interfacial regulation by different lipids
of porcine pancreatic PLA2 (1–3,6,7,22–24,32–34) and
Sphmase (10,11,27,28). This is an invaluable advantage for
further exploring the new aspects described in this work on
the complex factors regulating phosphohydrolytic surface
catalysis. Moreover, all phosphohydrolytic enzymes studied
so far in model systems have revealed very similar generic
interfacial factors for their surface regulation (1–9,12–15).
Obviously, the specific critical values of the regulatory sur-
face parameters (i.e., cut-off and optimal surface pressure
points, composition-dependent lateral microheterogeneity,
electrostatic surface potential) may certainly be expected to
vary for different enzymes, including the physiologically rel-
evant mammalian enzymes such as Group II or V secretory

PLAs, the various forms of membrane or cytosolic PLA2 (35)
that might work in conjunction with membrane Sphmase. Ex-
cept for both brain phosphatidylinositol phosphodiesterase
(8) and more recently for phosphoinositide-specific phospho-
lipase C (12,13) and phospholipase Cβ (14) for which surface
pressure-dependent activity was shown, biophysical studies
have not yet been performed with most membrane phospho-
lipases.

Our results show that the generic interfacial molecular fac-
tors regulating the cross-modulation of Sphmase and PLA2
by their respective substrates and products are complex and
appear to act at several independent levels. The effects of the
different lipids are all exerted at the interface itself and are
not the consequence of a direct action on the enzymes in the
bulk subphase. As described before (10), the enzymatic ac-
tivities against monolayers of the corresponding pure sub-
strates are unaltered if the enzymes are injected into the sub-
phase after preincubation for 10 min with the lipids studied in
molar ratio 10:1 with respect to the enzyme (but still keeping
a subphase lipid concentration below their respective critical
micellar concentration values in order to prevent increases of
surface pressure due to lipid adsorption). 

The activity of one enzyme is affected by the presence of
its own reaction products and by the substrate or products of
the other enzyme; all this depends differently on the lateral
surface pressure. The effects on the enzymatic rates of activ-
ity and on the lag times are not directly correlated to alter-
ations of mean molecular area and average surface poten-
tial/molecule induced on each substrate by specific interac-
tions with the lipids belonging to either hydrolytic pathways
(Table 1). Sphmase from S. aureus degrades unsaturated (liq-
uid-expanded) CerPCho substrates with a higher rate of ac-
tivity than saturated (liquid-condensed) CerPCho (11). Our
results on the surface pressure dependence of the activity of
B. cereus Sphmase are in general agreement with these ob-
servations and also indicate that the rate of activity against
monolayers of pure CerPCho decreases dramatically at 18
mN/m and above, with a marked increase of the lag time. This
surface pressure approximately coincides with the surface
pressure at which CerPCho monolayers undergo a liquid-ex-
panded to a liquid-condensed two-dimensional phase transi-
tion. The lipids belonging to the hydrolytic pathway catalyzed
by PLA2, at 10 mol% in mixed films with CerPCho, induce
very little alteration of the mean molecular area of CerPCho
(deviations from the ideal mixing behavior, see Table 1). Fur-
thermore, the isotherms of the mixtures are only slightly dis-
placed along the axis of area/molecule, but their compress-
ibility, and thus the surface-phase state, is not altered (not
shown). However, the presence of these lipids can markedly
activate or inhibit Sphmase (depending on surface pressure)
as well as modify the lag time of the reaction. This indicates
that an increase of Sphmase activity or a shortening of the re-
action lag time is not occurring merely as a consequence of
the lipid interface simply acquiring a more liquid-expanded
character. The modulation appears to act at least at two dif-
ferent levels affecting independently the rate of catalysis and
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FIG. 5. Surface pressure dependence of PLA2 activity against monolay-
ers containing the substrate and product of Sphmase. The rates of PLA2
activity (A) and lag time (B) against monolayers of pure dlPC (●),
dlPC/Cer (9:1) (■), and dlPC/CerPCho (9:1) (▲) are shown at different
constant surface pressures. The results are average values ± SEM; where
no error bars can be seen these are within the size of the point. See Fig-
ures 1 and 4 for abbreviations.



the lag time of the reaction [which involves enzyme adsorp-
tion and precatalytic steps (2,23,24)]. This suggests that the
lipids studied in this work influence the phosphohydrolytic
reactions at the level of interfacial enzyme activation and/or
the catalytic reaction itself, either specifically or simultane-
ously, rather than at the level of intermolecular packing or
dipolar properties of the substrates (at least in mixed films
with the proportions of lipids used). Film-transfer experi-
ments with PLA2 (2,10,23,25) and with Sphmase (10; Fanani,
M.L., and Maggio, B., unpublished data) showed that phos-
pholipid degradation starts immediately (without lag time) in
films that were transferred at constant surface pressure over
an enzyme-free subphase, indicating that the precatalytic
steps of adsorption and interfacial activation of Sphmase and
PLA2 (2,10,23–25) proceed separately from those required
for effective catalysis.

The expected correlation between lower rate of activity
and increased lag time or vice versa (2,7,32,33) observed for
both enzymes acting against monolayers of their pure sub-
strates is lacking in the mixed films studied. This is similar to
what we found previously for the modulation by gangliosides
of PLA2 and B. cereus phospholipase C activities (7). For
Sphmase, Cer inhibits the rate of activity but exhibits shorter
lag times and abolishes the increase of lag time at high sur-
face pressures (Fig. 2) that is observed against monolayers of
pure CerPCho, without extending the cut-off pressure point
for activity. Analysis of the precise step at which nonsubstrate
lipids affect interfacial catalysis is of paramount importance
but very complex due to the multiple molecular and
supramolecular levels of regulation of membrane-associated
enzymes (1–9,36,37). In work related to phosphohydrolytic
inhibition by nonsubstrate lipids, it has recently been pro-
posed that the observed CerPCho inhibition of phospholipase
Cδ1 activity may be due to a tightening and dehydration of
the lipid interface region resulting in poor penetration of the
enzyme (38). However, Cer (having the same hydrogen-
bonding donor–acceptor interfacial amide group as CerPCho)
induces intermolecular expansion rather than condensation
(Table 1) which should have facilitated enzyme activity in
mixed films, contrary to the effects observed. Experiments
undertaken in our laboratory using labeled 125I-Sphmase are
showing that films containing Cer induce the adsorption of
3.8 ± 0.1 ng protein/cm2 instead of the 2.1 ± 0.2 ng protein/
cm2 adsorbed to a pure film of CerPCho. The dual and appar-
ently opposite effects of Cer on the rate of catalytic activity
and on the lag time are probably due to a facilitation by Cer
of enzyme adsorption to the interface, together with the in-
duction of decreased specific enzymatic activity at all surface
pressures studied. This and the marked decrease of the lag
time in mixed films with Cer (Fig. 2) indicate that this lipid
favors, as yet in unknown molecular terms, the precatalytic
steps of the Sphmase reaction but subsequently inhibits the
effective rate of hydrolysis. No significant effect on Sphmase
activity and on the lag time was induced by dlPC or dpPC.
On the other hand, contrary to Cer, lpPC and palmitic acid ac-
tivate the enzyme at high surface pressures and, similar to

Cer, abolish the increase of lag time above 18 mN/m (Fig. 3).
This suggests that the products of dpPC hydrolysis by PLA2,
lpPC, and palmitic acid favor both the precatalytic steps and
the rate of hydrolysis of CerPCho by Sphmase at high pres-
sure by mechanisms independent of the changes of intermol-
ecular packing or the mean surface potential per molecule in
mixed monolayers (Table 1). 

The products of the PLA2 reaction have only a moderate
effect on PLA2 activity except for films containing palmitic
acid in which a slight displacement to high surface pressures
of the cut-off point for activity is found (Fig. 4). It has been
known for a long time that a small amount of fatty acid prod-
ucts enhances the activity of PLA2 (33,34). The presence of
CerPCho in the film with dlPC generally inhibits (except at 5
mN/m) the activity of PLA2 (Fig. 5), but the lag times at the
surface pressure where the largest inhibition is observed are
not altered, indirectly suggesting little alteration (or complex
compensation) of overall precatalytic steps. On the other
hand, compared to films of pure dpPC, the presence of Cer
increases the PLA2 activity above 15 mN/m but the corre-
sponding lag times are longer, even compared to those found
in films containing Cer below 15 mN/m and vice versa. Thus,
also in the case of the effects on PLA2, Cer exhibits a dual ef-
fect and appears to act on precatalytic steps in a way that is
not simply correlated to its subsequent effect on the rate of
enzymatic activity.

Direct biological correlations of our results are not yet pos-
sible, but they open possibilities for generic implications of
some of the biophysical factors required for the kinetic regu-
lation and interfacial cross-modulation of phosphohydrolytic
pathways by nonsubstrate and nonproduct lipid intermediates.
Figure 6 summarizes in a simplified sketch the general com-
bined effects observed in monolayers (as controlled by low
or high surface pressures) illustrating the possible mutual
“communication” of both pathways if they were evolving si-

CROSS-MODULATION OF SPHINGOMYELINASE AND PLA2 1085

Lipids, Vol. 33, no. 11 (1998)

FIG. 6. Simplified scheme summarizing the interfacial cross-talk be-
tween Sphmase and PLA2 activities at representative high and low sur-
face pressures. The influences of substrates and products of both phos-
phohydrolytic pathways on the Sphmase and PLA2 activities are illus-
trated at 20 (A) and 10 (B) mN/m. Solid lines represent activation, and
dashed lines correspond to inhibition. PC, phosphatidylcholine. See
Figures 1 and 3 for other abbreviations.



multaneously within the limits of a same surface microregion
[i.e., over an interfacial two-dimensional space region cover-
ing the size of physically correlated microheterogeneous lipid
domains (36,39)]. At 20 mN/m, no degradation of phos-
phatidylcholine by PLA2 occurs since this pressure is above
the cut-off point for activity against the pure substrate
(Fig. 4). On the other hand, Sphmase exhibits a low activity
against pure CerPCho monolayers (Fig. 2) and, according to
the rate observed against a film of pure CerPCho, a film com-
position containing 10 mol% of Cer can be reached in about
30 min (in the conditions of trough surface area used in our
experiments, local domain concentrations could be reached
much faster). The presence of Cer inhibits the Sphmase activ-
ity while, at the same time, decreasing the lag time, allowing
a slow continuous activity and, in conditions in which the
amount of CerPCho does not become rate-limiting, Cer can
be slowly produced. The presence of 10 mol% Cer should in-
duce a shift to high pressure of the cut-off point for PLA2 ac-
tivity (Fig. 5), and this enzyme could become active after the
reaction catalyzed by Sphmase started. Our results on the rate
of activity of PLA2 against films containing Cer show that
about 10 mol% of fatty acid and lysoderivative can be pro-
duced in about 14 min. The accumulation of either product of
PLA2 markedly activates Sphmase at 20 mN/m, accelerating
by about five times the production of Cer (Fig. 3). Increased
production of Cer can again activate PLA2 to produce more
products which should further activate Sphmase and so on, in
an amplified effect of mutual activation between both phos-
phohydrolytic pathways.

The kinetic pattern and its implications change dramati-
cally at 10 mN/m. At this surface pressure, both enzymes can
degrade their own substrates, with the PLA2 reaction being
slightly more active than that mediated by Sphmase. At 10
mN/m, either CerPCho or Cer can inhibit the rate of activity
of PLA2 (Fig. 5). Also, the products of this enzyme formed at
a slow rate have a further inhibitory effect on PLA2 (Fig. 4)
so that this enzyme would become inhibited at 10 mN/m.
Sphmase is likewise inhibited by Cer and palmitic acid (Figs.
2 and 3) which would lead to a decreased production of Cer
and a relative accumulation of CerPCho. This latter lipid, in
turn, further inhibits PLA2 and so on. Thus, at 10 mN/m, the
simultaneous influence of both phosphohydrolytic pathways
should lead to a synergic and large decrease of the activity of
both enzymes, causing a mutual dampening and cooperative
shutdown of their reaction pathways, compared to when ei-
ther enzyme is acting in the absence of the lipid intermediates
produced by the other.

Several thermodynamic, mechano-elastic, partitioning,
and enzymatic studies are consistent in defining the range of
30–35 mN/m as a reasonable figure for the average half-bi-
layer-equivalent surface pressure (40). However, clearly, the
average value can fluctuate by more than ±15 mN/m depend-
ing on the compressibility of the lipid–protein interface at
each temperature (41); in addition, the fluctuations are en-
hanced in mixtures exhibiting lateral phase separation and do-
main microheterogeneity (40). Considering these facts, fluc-

tuations of surface pressure between 10–40 mN/m are likely
in bilayer and cell membranes (40,41). Taken together, our
observations suggest that a cross-modulation by the substrates
and products of the activities of Sphmase and PLA2 may be
regulated by lipid composition and overall lateral surface
pressure altering the catalytic properties of the enzymes asso-
ciated with the interface through lipid–enzyme interactions in
the film while local changes of lipid packing or dipolar prop-
erties caused by specific lipid–lipid interactions are less
likely. Probable levels at which the regulation may occur in-
volve precatalytic adsorption and activation steps, conforma-
tional changes of the enzyme associated to the interface, or
alterations involved directly in the effective catalytic rate (i.e.,
enzyme–substrate recognition, enzyme accessibility to the
substrate cleavage sites, and/or rate of product release) that
are currently under investigation.
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ABSTRACT: Activities of two key enzymes of gangliosides
biosynthesis were determined in rat testes during development.
GD3 synthase activity was low and showed small variations
with age. GM2 synthase activity increased 10-fold in testes from
10- to 30-d-old animals, showing a maximum activity at 30 d,
followed by a small decrease until 45 d and then a constant ac-
tivity up to adulthood. These developmental changes in the ac-
tivity of both glycosyltransferases were related to the increasing
complexity in the ganglioside pattern observed in rats testes dur-
ing the period of sexual development.
Lipids 33, 1089–1092 (1998).

Gangliosides are synthesized in a stepwise manner by trans-
fer of carbohydrates from sugar nucleotide donors to glyco-
lipid acceptors by specific glycosyltransferases. This process
occurs in the endoplasmic reticulum and Golgi apparatus (1).
The mechanisms of intracellular traffic of gangliosides have
been elucidated, particularly in the nervous system (2–4).
Modifications in the ganglioside pattern during development
may be associated with correspoding changes in the activities
of specific glycosyltransferases. In the chick embryo retina
system and the mammalian brain developmental changes in
ganglioside composition correlate with variations in the ac-
tivities of the key ganglioside glycosyltransferases: GD3 and
GM2 synthases (5–8).

Gamallo and Bernard (9) demonstrated that rat testes gan-
gliosides show a pattern of increasing complexity with aging.
GM3 is the major ganglioside present in rat testes of 10-d-old
animals. With sexual development, the content of GM3 de-
creases and the complexity of gangliosides increases, with the
appearance of longer-chain gangliosides as GM1, GD1a (se-
ries “a”), and GT1b (series “b”) (9). 

The aim of this study was to investigate a possible correla-

tion between the developmental changes in ganglioside com-
position observed in rat testes and the variations in the activ-
ity of the two key ganglioside glycosyltransferases: GD3
(E.C. 2.4.99.8) and GM2 (E.C. 2.4.1.92) synthases.

MATERIALS AND METHODS

Chemicals. UDP-N-acetylgalactosamine (UDP-GalNAc),
CMP-N-acetylneuraminic (CMP-NeuAc), Triton CF54,
sodium cacodylate, CDP-choline, octylglucoside, bovine
serum albumin, mercaptoethanol, Sephadex A-25, and gan-
gliosides GD3, GM2 and GM3 were from Sigma Chemical
Co. (St. Louis, MO). CMP-[4,5,6,7,8,9-14C]N-acetylneur-
aminic acid (CMP-[14C]NeuNAc), 256 mCi/mmol, was from
Amersham International plc (Amersham, United Kingdom).
UDP-N-acetyl-D-[6-3H]galactosamine (UDP-[3H]GalNAc),
10 Ci/mmol, was from American Radiolabeled Chemicals
Inc. (St. Louis, MO). Ultima Gold was from Packard B.V.
Chemical Operators (Groningen, The Netherlands). All other
chemicals and solvents used were of analytical grade.

Animals. Male Wistar rats from our breeding stock, aged
between 10 and 90 d, were used. The size of the litters was
adjusted to eight pups per mother on the first day after birth.
The animals were weaned at 21 d of age and kept in an ani-
mal room under controlled conditions of temperature, with
alternating periods of light (12 h) and dark (12 h). Standard
dry pellets and water were available ad libitum.

Sertoli cell-enriched testes (SCE). SCE were obtained by
in utero irradiation with 100 rad of 60Co at day 20 of preg-
nancy (11).

Enzyme preparation. The total particulate fraction, used as
the enzyme source, was prepared as described by Bushway
et al. (12). Pools of testes from unequal numbers of animals
(according with their ages) were homogenized in 3 vol of cold
320 mM sucrose/14 mM 2-mercaptoethanol. Homogenates
were centrifuged at 1,000 × g (Sorvall centrifuge, RC-2B, SS-
34 rotor; Du Pont Instruments, Newton, CT) for 10 min to re-
move debris. The resulting supernatant was centrifuged at
176,000 × g (Model L5-75B, SW 50.1 rotor, Beckman Instru-
ments, Palo Alto, CA) for 1 h. The resulting pellet, designated
total particulate fraction, was resuspended in cold 0.32 M su-
crose/14 mM 2-mercaptoethanol and was used as the enzyme
source.
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GM3 isolation. The lipid acceptor GM3 was extracted from
dog spleen and purified as described by Nores and Caputto
(13). Identity and purity of GM3 were monitored by thin-layer
chromatography (9) with an authentic GM3 standard.

Enzyme activity determination. The compositions of the
incubation systems were those described by Klein et al. (14)
with minor modifications according to the method of Bush-
way et al. (12) and Senn et al. (15) for GD3 synthase and GM2
synthase activities, respectively.

GD3 synthase activity was determined in an incubation
system containing 500 µM glycolipid acceptor GM3, 500 µM
CMP-[14C]-NeuAc (25,000 cpm), 150 mM cacodylate/HCl
buffer (pH 6.35), 10 mM MgCl2, 120 µg Triton CF54, and
150 µg total particulate protein as enzyme source, in a final
volume of 20 µL.

GM2 synthase activity was assayed in a similar incubation
mixture containing 500 µM glycolipid acceptor GM3, 100
µM UDP-[3H]-GalNAc (400,000 cpm), 160 µg octylgluco-
side, 150 mM cacodylate/HCl (pH 7.3), 5 mM CDP-choline,
20 mM MnCl2, and 120 µg total particulate protein in a final
volume of 20 µL.

The systems were incubated at 34°C for 150 min for GD3
synthase and 60 min for GM2 synthase. In both cases an assay
was run in the absence of exogenous glycolipid acceptor, in
order to discount the incorporation into endogenous accep-
tors. Reactions were begun by the addition of particulate pro-
tein fraction and were stopped by addition of 0.5 mL 5%
(wt/vol) trichloroacetic acid/0.5% phosphotungstic acid. The
products of the two enzymatic activities were extracted as de-
scribed by Maccioni et al. (6). Radioactivity was measured
with an LKB Scintillation Spectrometer 1215 Rack Beta
using Ultima Gold.

Enzyme specific activities were expressed as pmol of
NeuAc or GalNAc transferred/mg protein/h for GD3 or GM2
synthase activities, respectively, and were calculated from the
difference in the average radioactivity of the exogenous ac-
ceptor assay minus the radioactivity of the corresponding one
without acceptor. 

The identification of the reaction products was performed
in a system with twice the volume of the standard assay,
which was interrupted by adding chloroform/methanol (2:1,
vol/vol), purified as described by Wells and Dittner (16), and
analyzed chromatographically on high-performance thin-
layer chromatographic plates and developed in chloroform/
methanol/0.25% aqueous CaCl2 (60:35:8, by vol) (9). La-
beled reaction products with the same Rf as the ganglioside
standards were determined as reaction products. 

Protein determination. Protein contents were estimated by
the method of Lowry et al. (17). Bovine serum albumin
(Sigma Chemical) was used as the standard.

RESULTS AND DISCUSSION

Gangliosides are sialic acid-containing glycosphingolipids
that have a function as structural membrane components
per se and that, possibly, play an important role in receptor-

mediated signal transduction (18) as well as direct cell/cell
and cell/extracellular matrix interactions (19). 

The present work studied the activities of two key en-
zymes of the biosynthesis of gangliosides: GD3 and GM2 syn-
thases. These enzymes, acting in the commom precursor
GM3, are responsible for the biosynthesis of the gangliosides
of the series “b” and “a,” respectively, and are considered reg-
ulatory enzymes (20).

GD3 synthase activity was low and showed small varia-
tions with age. It diminished about 30% from 10- to 30-d-old
rats (Fig. 1). This result agrees with that of Bushway et al.
(12) in adult bovine testis, where various sialyltransferase ac-
tivities have been measured, and GD3 synthase likewise
showed low activity. SCE animals (deprived of germ cells)
also showed this result (Table 1).

GM2 synthase activity increased 10-fold from 10- to 30-d-
old rats, showing a maximum enzymatic activity at 30 d of
age, followed by a small decrease until 45 d of age, at which
time activity remained the same until adulthood (Fig. 1). 

As mentioned previously (9), adult rat testes contain a
complex pattern of gangliosides that is different from the one
frequently observed in most extraneural tissues where gan-
gliosides of the hematoside series (GM3 and GD3) predomi-
nate (21–23). Short-chain gangliosides are present in testes of
10-d-old animals (GM3 and GD3) (9). From this age on, other
longer-chain gangliosides appear (GM1, GD1a, GT1b). This
increase in complexity is already evident in 20-d-old animals,
when more than one trisialoganglioside is present (9). This
pattern correlates with the increasing activity of GM2 syn-
thase, which is coincident with the appearance of more com-
plex gangliosides. Fishman (21) previously referred to partic-
ipation of this enzyme in ganglioside chain complexity.

In testes of SCE rats (deprived of germ cells), the activity
of GM2 synthase in adult animals (90 d old) was similar to
that of 20-d-old normal animals (compare Table 1 to Fig. 1).
By 20 d of age, as we reported (9), complex gangliosides
were already present in rat testes, as well as in rat testes of
SCE animals. These observations allowed us to state that the
activity of GM2 synthase observed in SCE animals is enough
for the appearance of complex gangliosides in rat testes.
Therefore, it seems that the variations in testicular ganglio-
sides during sexual maturation cannot be correlated with the
appearance of advanced germinal cells (12). 

Developmental changes in ganglioside glycosyltrans-
ferases have been extensively demonstrated in central ner-
vous system (6–8,24). In embryonic rat brain, major GD3 syn-
thase activity has been observed during early embryonic
stages, while an increase in GM2 synthase activity has been
shown to occur during later embryogenesis and adulthood
(6,7). Similar results have been observed in embryonic chick
retina and embryonic human brain (5,8).

As far as we know, there are no published data about 
GM2 synthase activity variations in extraneural tissues during
development. In bovine thyroid of adult animals GM2
synthase activity is considered high when compared to other
glycosyltransferases measured in this tissue (22). This activ-
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ity is correlated with the high abundance of GD1a in this
organ.

The present study described, for the first time, the varia-
tions of GD3 and GM2 synthase activities in rat testes during
development. According to the literature relating to the cen-
tral nervous system (6–8,24), developmental changes ob-
served in rat testicular gangliosides (9) may be related to vari-
ations of the activities of these key ganglioside glycosyltrans-
ferases during the period of sexual development. We suggest,
in agreement with Maccioni et al. (6), Yu et al. (7), and Percy
et al. (8) for the central nervous system, that the simple gan-
glioside predominance and major GD3 synthase activity in
testes of 10-d-old animals might be correlated with the prolif-
eration phase of Sertoli cells (25). The later decrease of GD3
synthase activity and simultaneous increase of GM2 synthase
activity with consequent complex ganglioside synthesis may
be correlated with the maturation of the Sertoli cells.

Recent experiments with knockout mice of β-1,4-GalNac
transferase (GD2/GM2 synthase) showed that complex gan-
gliosides are not essential in the morphogenesis and organo-

genesis of the brain, but they are required in neural functions
(26). Perhaps these observations cannot be applied to testis
development since spermatogenesis is arrested in knockout
mice (27). This blockade may be due to an alteration in sper-
matogeneis regulation as modulated by the hypothalamic-hy-
pophyseal unit (28) or by Sertoli cells (29). 
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ABSTRACT: Alterations in the lipid and fatty acid composi-
tion of brush border membrane (BBM) of small intestine were
studied in well-fed, starved, and refed rats. The ratios of choles-
terol/phospholipid (mol/mol), sphingomyelin/phosphatidyl-
choline (mol/mol), protein/lipid (w/w), and free fatty acids (w/w)
decreased whereas the total phospholipid (w/w) ratio and the
double-bond index increased in BBM of the intestine of the
starved rat compared to that of the well-fed rat. Analyses of fatty
acids showed higher percentage of stearic and arachidonic
acids whereas oleic and linoleic acids decreased under starva-
tion. The acyl chain of starved rat BBM was less ordered com-
pared with that of well-fed rat BBM. On refeeding, these
changes were restored to well-fed levels. The change in mem-
brane state under starvation is associated with alterations in the
lipid and fatty acid composition of BBM and may be responsi-
ble for functional changes that occur under nutritional stress.
Lipids 33, 1093–1097 (1998).

The structure and function of the brush border membrane
(BBM) of enterocytes are sufficiently differentiated to absorb
a wide variety of luminal nutrients (1,2). Several physiologi-
cal and/or pathological conditions such as dietary composi-
tion, postnatal maturation, diabetes and intestinal resection
are associated with selective alterations in the percentage
composition of lipids in BBM (3–6), with alterations in the
biophysical characteristics of the BBM, and with transport of
the nutrients and activity of certain enzymes in the membrane
(4,5,7,8). Starvation is one of the physiological stresses that
an animal often undergoes in its lifetime; however, not much
is known about the structural and compositional changes of
BBM under this stress. 

Studies from our laboratory showed that starvation in-
creases transport of glucose and amino acids such as lysine,
proline, glycine, and glutamic acid across the membrane of
intestinal epithelial cells (IEC) of the rat (9–11). The increase
in the transport of these substances may be due to the increase
in surface area of microvilli and fluidity of BBM of IEC
(9–11). However, changes in the lipid composition of BBM
that may be associated with changes in membrane state have

not been investigated in detail. In this communication, we re-
port the effect of starvation on the composition and acyl chain
order of rat intestinal BBM, which in turn might affect its
function. 

MATERIALS AND METHODS

Materials. Fatty acids, methyl esters, lipid standards, and 1,6-
diphenyl-1,3,5-hexatriene (DPH) were obtained from Sigma
Chemical Company (St. Louis, MO). The gas–liquid chro-
matographic column was purchased from Shimadzu (Tokyo,
Japan). High-performance thin-layer chromatographic plates
were from Merck (Darmstadt, Germany). All other chemicals
were of analytical grade and purchased locally. 

Preparation of animals. Adult male (90 ± 5 d) Wistar rats
weighing 300 ± 20 g each were used for the present study.
The well-fed, starved and refed rats were prepared as de-
scribed earlier (9,11). The protocol of animal preparations for
the present experiment was approved by the Ethics Commit-
tee of our institute (Centre for Cellular and Molecular Biol-
ogy). A standard rat diet containing 5% fat (Hundusthan Liver
Limited, Mumbai, India) was provided to the rats. The rats
belonging to well-fed, starved and refed groups were killed
by cervical dislocation. After dissecting away 10 cm from the
pyloric end of the stomach, about 15 cm of the anterior por-
tion of the small intestine from each animal was used for the
present study. 

Preparation of BBM. The proximal region of each intes-
tine was washed throughly with ice-cold 0.15 M NaCl, the
enterocytes were collected by scraping the everted intestine
with a glass slide into buffer I (50 mM mannitol, 2 mM
Tris/HCl, pH 7.1), and BBM was prepared according to the
method of Kessler et al. (12). Briefly, epithelial cells were ho-
mogenized in a polytran homogenizer (Kinematica, Lucern,
Switzerland) for 1 min at maximum speed. CaCl2 was added
to a final concentration of 10 mM, and after 15 min the ho-
mogenate was centrifuged at 3000 × g for 15 min. The super-
natant was then spun down at 27,000 × g for 30 min. The pel-
let was resuspended in buffer II (50 mM mannitol, 10 mM
Tris/HCl, pH 7.1) and centrifuged once more at 27,000 × g
for 30 min. Purity and comparability of the BBM were as-
sessed using various criteria as described earlier (9–11). 

BBM composition. Total lipids were extracted from BBM
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by the method of Folch et al. (13). Cholesterol and phospho-
lipids were estimated by the methods of Zak et al. (14) and
Meclare (15), respectively. Total lipid containing 1 µg of cho-
lesterol was applied to 10 cm × 10 cm high-performance thin-
layer chromatography plates. The plates were developed first
with chloroform/methanol/ammonia (65:25:6, by vol) to 4 cm
and then with hexane/ether/acetic acid (70:30:1.5, by vol) to
full length. The plates were immersed in phosphoric
acid/33% acetic acid/sulfuric acid/0.5% copper sulfate
(5:5:0.5:90, by vol) for 40 s and then heated at 130°C for 12
min (16). The chromatogram was scanned by photodensitom-
eter (Molecular Dynamics) at 650 nm. Percentage composi-
tion of the total lipid was determined based on integration of
the peaks for the lipid fractions. 

To determine the acyl chain composition, fatty acids of the
total lipid extract were derivatized as described by Gartner
and Vahouny (17), and the fatty acid methyl esters were quan-
tified on a Shimadzu-17A gas chromatograph (DB-Wax cap-
illary column) equipped with a flame-ionization detector and
interfaced with an integretor. Authentic fatty acid methyl es-
ters were used to identify retention times. Proteins were esti-
mated by the method of Waheed and Gupta (18) using bovine
serum albumin as the standard.

Fluorescence polarization. Steady-state fluorescence po-
larization experiments were performed using the lipid-soluble
fluorophore DPH in a Hitachi F-4000 spectrophotometer. A
stock solution of 2 mM DPH in tetrahydrofuran was added di-
rectly to the membrane preparations such that the final con-
centration of the probe was 1 µM; the resultant solution was
mixed thoroughly and then incubated at 25°C for 30 min.

Measurements were made by using the ratio of the intensity of
excitation (355 nm) to the intensity of emission (430 nm) (19).
Correction for light scattering was routinely made. Fluores-
cence polarization was expressed as the fluorescence anisot-
ropy, r. The results were obtained according to the modified
Perrin relationship (20): r = rα + (ro − rα) [Tc/(Tc + Tf)], where
r is the fluorescence anisotropy; ro is the maximal limiting an-
isotropy, taken as 0.365 for DPH; rα is the limiting hindered
anisotropy, Tc is the correlation time; and Tf is the mean life-
time of the excited state. Values for rα for DPH were calcu-
lated from steady-state fluorescence anisotropy, rs values (rα =
4/3rs − 0.10) as described by van Blitterswijk et al. (21). Val-
ues of rs were calculated from fluorescence emission intensi-
ties recorded parallel and perpendicular to the excitation plane
of the probe as described (21). The static component of mem-
brane fluidity was assessed by an order parameter, S, which
was obtained from the equation S = (rα/ro)1/2 (21).

Statistical analyses. Statistical analyses were carried out
by one-way analysis of variance with linear contrasts for
comparison of the subgroups. Results are expressed as means
± S.E. P < 0.05 was considered significant.

RESULTS

Composition of lipids in BBM. Lipids extracted from starved-
rat BBM showed higher amounts of phosphatidylcholine,
phosphatidylethanolamine, and lysophosphatidylcholine com-
pared with that of well-fed rats (Table 1). As a result, the total
phospholipid content was higher in starved-rat BBM. Sphin-
gomyelin was the only phospholipid which did not change
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TABLE 1
Effect of Starvation and Refeeding on Small Intestinal BBM Lipid Composition 
(wt% of total lipids) and Compositional Analysisa

Lipid classes Well-fed 2-d Starved 4-d Starved 6-d Starved Refed

Chol 24.6 ± 1.5 22.9 ± 3.2b 21.8 ± 1.2b 20.1 ± 1.5b 23.9 ± 1.4e

Chol est 6.0 ± 0.8 3.8 ± 0.3d 4.0 ± 0.3d 4.0 ± 0.4d 6.1 ± 0.1g

FFA 21.6 ± 1.3 13.5 ± 2.1d 9.4 ± 1.5d 10.9 ± 2.0d 22.0 ± 3.2f

TPL 47.8 ± 1.6 59.6 ± 4.2b 64.7 ± 1.9d 65.0 ± 3.2d 48.2 ± 5.1g

PC 20.2 ± 1.1 28.7 ± 1.4d 28.8 ± 1.2d 28.8 ± 1.7d 20.6 ± 1.8g

LPC 3.4 ± 0.6 4.1 ± 0.7 5.1 ± 1.3b 4.9 ± 0.5 3.5 ± 0.9e

PE 14.1 ± 0.8 17.8 ± 2.4 21.3 ± 2.0c 20.7 ± 3.2b 14.5 ± 2.2e

SP 10.1 ± 0.7 9.1 ± 0.5 9.5 ± 1.9 10.5 ± 0.6 9.5 ± 0.6
Protein/lipid

(w/w) 2.60 ± 0.20 2.28 ± 0.10b 2.34 ± 0.08b 2.34 ± 0.08b 2.38 ± 0.06
Chol/TPL

(mol/mol) 1.21 ± 0.07 0.82 ± 0.09b 0.77 ± 0.05c 0.70 ± 0.04d 1.16 ± 0.15e

SP/PC
(mol/mol) 0.52 ± 0.05 0.34 ± 0.05b 0.34 ± 0.03b 0.36 ± 0.03b 0.48 ± 0.05e

PE/PC
(mol/mol) 0.71 ± 0.05 0.65 ± 0.08 0.75 ± 0.07 0.72 ± 0.09 0.70 ± 0.07

aValues are means ± SEM for seven determinations from four rats per group. Values of composition
are obtained by peak integration of the lipid fractions and are given as percentage (w/w). Mole quan-
tity of an individual lipid is obtained by dividing the weight of each lipid by its molecular weight.
b–dA significant difference from the values of the well-fed group at P < 0.05, P < 0.01, and P < 0.001,
respectively.
e–gValues statistically differ from 6-d starved group, P < 0.05, P < 0.01, and P < 0.001, respectively.
Abbreviations: Chol, cholesterol; Chol est, cholesterol esters; FFA, free fatty acids; TPL, total phos-
pholipid; PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine;
SP, sphingomyelin; BBM, brush border membrane.



significantly during starvation. In contrast to phospholipids,
neutral lipids decreased during starvation, with the decrease
in fatty acid and cholesterol esters being highly significant
compared with cholesterol. The ratios of protein/lipid (w/w),
cholesterol/phospholipid (mol/mol), and sphingomyelin/phos-
phatidylcholine (mol/mol) decreased in starved-rat BBM. The
decrease in the molar ratio of cholesterol/phospholipid and
sphingomyelin/phosphatidylcholine was not due to a decrease
in the contents of cholesterol or sphingomyelin but to an in-
crease in the quantities of phosphatidylcholine and phos-
phatidylethanolamine. 

Compositional analyses of fatty acids showed greater vari-
ation under starvation (Table 2). There was an increase in the
content of stearic acid (18:0) and arachidonic acid (20:4) to
138 and 200%, respectively, in starved-rat BBM compared
with that of well-fed rats. Decreases of about 50% in oleic
acid (18:1) and linoleic acid (18:2) were observed in starved-
rat BBM. No significant changes in the composition of lauric
(12:0), myristic (14:0), palmitic (16:0), and arachidic (20:0)
acids were observed. The double-bond index was higher in
starved-rat BBM whereas the change observed in saturation
index was not significant. The changes in lipid and fatty acid
composition were reversable since the levels in the refed
group were comparable to those of the well-fed group (Tables
1 and 2).

Fluorescence polarization. Steady-state fluorescence po-
larization studies using DPH showed that fluorescent anisot-
ropy, r, of DPH decreased in starved rats’ BBM, indicating
decreased acyl chain order of these membranes (Table 3). The
decrease in r values was 4% for rats starved for 2 d, 6.6% for
4 d, and 11.3% for 6 d compared with that of well-fed rats.
The static component of membrane order as assessed by rα

and S values of DPH was found to be less in membranes pre-
pared from the starved rat, suggesting that the lipid order pa-
rameter decreased during starvation. The decrease in order
parameter was progressive with days of starvation, i.e., 2.2%
in rats starved for 2 d, 3.8% for 4 d, and 7.0% for 6 d com-
pared with the well-fed group. In refed rats, the fluorescent
anisotropy r, limiting hindered anisotropy rα, and order pa-
rameter S were restored to levels found in well-fed animals.

DISCUSSION

The present data demonstrate that during starvation the acyl
chains of BBM become less ordered, and also that significant
alterations occur in the lipid and fatty acid composition of the
membrane. The quantitative changes in cholesterol and pro-
teins have profound effects on packing of phospholipids in
the membrane (6). In starved-rat BBM the molar ratios of

LIPID COMPOSITION OF BBM UNDER STARVATION 1095

Lipids, Vol. 33, no. 11 (1998)

TABLE 2
Fatty Acid Composition (wt% of total fatty acids) in BBM of Rat Enterocytes of Well-Fed,
Starved and Refed Ratsa

Fatty acids Well-fed 2-d Starved 4-d Starved 6-d Starved Refed

12:0 0.9 ± 0.1 1.0 ± 0.2 1.1 ± 0.1 1.1 ± 0.2 1.1 ± 0.1
14:0 2.2 ± 0.2 2.1 ± 0.2 2.5 ± 0.4 2.5 ± 0.4 2.9 ± 0.2
16:0 21.7 ± 0.9 20.7 ± 0.7 21.6 ± 1.5 22.7 ± 0.8 23.9 ± 1.0
18:0 18.7 ± 1.4 24.9 ± 1.2e 25.4 ± 0.6e 24.3 ± 1.5d 15.8 ± 0.5h

18:1 17.5 ± 1.4 11.3 ± 0.4e 9.4 ± 0.5f 9.8 ± 0.5f 20.2 ± 1.2i

18:2 24.3 ± 1.2 10.8 ± 0.8f 10.5 ± 0.7f 12.9 ± 1.0f 19.9 ± 1.2i

20:0 1.4 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 1.6 ± 0.1 1.3 ± 0.1
20:4 13.3 ± 1.0 27.8 ± 1.0f 28.1 ± 1.8f 25.1 ± 1.0f 14.9 ± 0.9i

Saturated 44.9 ± 2.6 50.1 ± 1.3d 52.0 ± 1.8d 52.2 ± 2.0d 45.0 ± 1.2g

Monoene 17.5 ± 1.4 11.3 ± 0.8e 9.4 ± 0.5f 9.8 ± 0.5f 20.2 ± 1.2i

Polyene 37.6 ± 0.9 38.6 ± 0.7 38.6 ± 1.2 38.0 ± 1.0 34.8 ± 1.7
Saturation indexb 0.36 ± 0.01 0.35 ± 0.02 0.37 ± 0.02 0.37 ± 0.02 0.38 ± 0.02
Double-bond indexc 1.19 ± 0.02 1.44 ± 0.04e 1.43 ± 0.04e 1.38 ± 0.04e 1.17 ± 0.01h

aValues are means ± SEM for seven determinations from four rats per group. Values of composition
are given as percentage (w/w) of total fatty acids.
bSaturation index was calculated by dividing the number of saturated acyl chains by the sum of each
unsaturated chain multiplied by number of double bonds.
cDouble-bond index is the sum of each unsaturated fatty acid chain multiplied by number of double
bonds/100.
d–fA significant difference from the values of well-fed group at P < 0.05, P < 0.01, and P < 0.001, re-
spectively.
g–iValues statistically differ from 6-d starved group, P < 0.05, P < 0.01, and P < 0.001, respectively.

TABLE 3
Fluorescence Polarization Studies of DPH in BBM of Rat Small Intes-
tine from Well-fed, Starved and Refed Ratsa

Fluorescent Limiting Order
Experimental anisotropy hindered parameter
condition (r) of DPH anisotropy (rα) (S)

Well-fed 0.256 ± 0.001 0.245 ± 0.001 0.819 ± 0.002
2-d Starved 0.246 ± 0.001b 0.235 ± 0.001b 0.801 ± 0.002b

4-d Starved 0.239 ± 0.001b,c 0.226 ± 0.001b,c 0.788 ± 0.002b,c

6-d Starved 0.227 ± 0.004b,d 0.212 ± 0.004b,d 0.762 ± 0.007b,d

Refed 0.251 ± 0.001e 0.239 ± 0.001e 0.809 ± 0.002e

aValues are means ± SEM for seven determinations from four rats per group.
A significant difference bfrom well-fed (P < 0.001), cfrom 2-d or 6-d starved
(P < 0.01), dfrom 2-d starved (P < 0.001), and efrom 6-d starved (P < 0.001).
DPH, 1,6-diphenyl-1,3,5-hexatriene



cholesterol/phospholipid and protein/lipid decrease; this may
be one of the factors for the less-ordered acyl chains of these
membranes. The decrease in sphingomyelin/phosphatidyl-
choline ratio also accounts for the decreased lipid order of
BBM as suggested by Dudeja et al. (20). Our earlier studies
on freeze-fracture replica of BBM showed that the levels of
intramembranous particles and filipin-sterol complexes which
represent protein and cholesterol, respectively, decreased dur-
ing starvation (22). The ratio of phosphatidylethanolamine/
phosphatidylcholine does not change because the levels of
both these phospholipids increase. This increase is likely to
counterbalance the distribution of these phospholipids in
inner and outer leaflets of the lipid bilayer. The present data
indicate that, under starvation, the content of free fatty acids
decreases, which may be utilized in synthesis of phospho-
lipids; therefore, there is a net increase in the content of total
phospholipids in starved-rat BBM.

Brasitus et al. (19) reported that the lipid fluidity of intesti-
nal microvillus membranes is associated with an increase in
double-bond index. During starvation there is a decrease in
the levels of oleic and linoleic acids; however, because of an
increase in the levels of arachidonic acid there is a net in-
crease in the double-bond index by about 25% in starved-rat
BBM. This is in agreement with observations of Garg et al.
(23), who showed that after 24 h of fasting the arachidonic
acid content of the microsomal membrane of IEC increased
with a concomitant decrease in linoleic acid. A decrease in
linoleic acid accounts for increased amounts of arachidonic
acid, as linoleate is the sole precursor for arachidonate (23).
In model bilayer membrane cis unsaturation of phospholipid
acyl chains increases the molecular packing area; as a result,
the membrane acyl chain becomes less ordered (24). The per-
centage composition of saturated fatty acids does not change
significantly during starvation. The unaltered saturation index
and increased double-bond index in BBM of rats fed a diet
containing unsaturated fats (corn oil) may be responsible for
enhanced fluidity of these membranes compared to rats fed a
saturated fat diet (butter fat) (24). Others have reported that
the increased fluidity of cell membranes of the large intestine
of small bowel-resected rats is due to an increased double-
bond index (6). The changes observed in lipid and fatty acid
composition are rapid by 2 d of starvation and do not change
much on further starvation. Refeeding experiments in which
the lipid order, composition of lipids, and fatty acids revert
back to well-fed levels suggest that the structural and compo-
sitional changes in starved-rat BBM are likely to be physio-
logical and not pathological.

Transport through BBM is correlated to its membrane state
in various physiological and pathological conditions (1,2,5,
7,9,11,25). Under starvation there is an increase in surface area
of microvilli (9–11), which is likely due to loose packing of
phospholipids; however, the levels of glucose transporter pro-
teins decrease and cannot account for the increased transport
of glucose (unpublished data from this laboratory). Hence, it
is likely that the increase in transport is due to greater trans-
porter activity, which is facilitated in more fluid membrane

(1,2,7,25). In the present study we have shown that the change
in membrane state of starved-rat intestinal BBM is associated
with alterations in lipid and fatty acid compositions.
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ABSTRACT: Short-term (i.e., 3 d) continuous enteral feeding
of diets containing eicosapentaenoic (EPA) and γ-linolenic
(GLA) polyunsaturated fatty acids (PUFA) to endotoxemic rats
reduces the levels of arachidonic acid (AA) and linoleic acid
(LA) in alveolar macrophage (AM) and liver Kupffer and en-
dothelial (K&E) cell phospholipids with attendant decreases in
prostaglandin formation by these cells in vitro. Diets that con-
tain α-linolenic acid (LNA) as a substrate for endogenous for-
mation of EPA may not be as effective in facilitating these im-
mune cell modifications given the limited activity of ∆6 desat-
urase. In the present study we compared the effectiveness of an
LNA-enriched diet vs. an (EPA + GLA)-enriched diet to displace
phospholipid AA from AM and liver K&E cells in vivo in endo-
toxemic rats fed enterally for 3 or 6 d. We determined the fatty
acid composition of AM and K&E cell phospholipids by gas
chromatography. We found that AM and K&E cells from rats
that had received the EPA + GLA diet for 3 d had significantly
(P < 0.001) higher mole percentage of EPA and the GLA
metabolite, dihomoGLA, than corresponding cells from rats
given the LNA diet or a control diet enriched with LA. Rats
given the LNA diet had relatively low levels of stearidonic acid,
EPA and other n-3 PUFA, while rats given the LA diet had low
levels of GLA and dihomoGLA. We conclude that diets en-
riched with LNA or LA may not be as effective as those enriched
with EPA + GLA for purposes of fostering incorporation of EPA
or dihomoGLA into and displacement of AA from macrophage
phospholipids under pathophysiologic conditions commonly
found in acutely septic patients.
Lipids 33, 1099–1105 (1998).

Alveolar macrophages (AM) and liver sinusoidal Kupffer and
endothelial cells (K&E) play a prominent role in the host im-
mune response to infection. When activated during sepsis or
trauma, these immune cells are capable of altering the inter-
mediary metabolism and physiologic function of proximal

parenchymal cells within their respective organs by releasing
vasoactive eicosanoids derived from arachidonic acid (AA,
20:4n-6) and cytokines that promote neutrophil chemotaxis,
platelet aggregation, and inflammation (1–3). Overexpression
of these and other mediators fosters a persistent systemic in-
flammatory response, increasing the likelihood of organ dys-
function in the critically ill patient (4–6). For this reason,
newer therapeutic modalities are being directed toward the
modulation of immune cell AA metabolism to attenuate dis-
regulated inflammatory processes.

Experimental and clinical studies showed that the fatty
acid composition and inflammatory responses of host immune
cells can be modulated by providing diets enriched with
eicosapentaenoic acid (EPA, 20:5n-3) from marine oil either
alone (7–11) or in combination with γ-linolenic acid (GLA,
18:3n-6) from borage oil (12–15). We demonstrated that EPA
and the GLA metabolite, dihomoGLA (DHGLA, 20:3n-6), is
rapidly incorporated into immune cell membranes in vivo
after short-term enteral feeding with EPA- and GLA-enriched
diets (16) irrespective of concurrent endotoxemia (17). EPA
and DHGLA displace both AA and linoleic acid (LA, 18:2n-6),
respectively, from macrophage phospholipids and effectively
compete with AA for cyclooxygenase and lipoxygenase bind-
ing sites to foster formation of eicosanoids with relatively
lower inflammatory properties (18), e.g., thromboxane A3,
leukotriene B5 and prostaglandin E1 (PGE1), than those gen-
erated from AA (e.g., thromboxane A2 and leukotriene
B4)(Figs. 1 and 2). In our recent study, rats that had been
given an (EPA + GLA)-enriched diet had lower ratios of
thromboxane A2/A3 and leukotriene B4/B5 measured in the
supernatants of AM exposed to endotoxin in vitro than corre-
sponding levels measured from rats given a standard diet en-
riched with LA (19). The AM from the rats given the (EPA +
GLA)-supplemented diet also released greater quantities of
PGE1 than AM from the rats receiving the LA-supplemented
diet. PGE1 is a metabolite of DHGLA that exhibits vasodila-
tory and antiaggregatory properties in the lung, effects that
appear to be beneficial to patients with the acute respiratory
distress syndrome (20,21).

One concern in the design of enteral formulations enriched
with n-3 polyunsaturated fatty acids (PUFA) is whether α-
linolenic acid (LNA, 18:3n-3) present in canola oil could
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FIG. 1. Metabolic pathways for conversion of dietary polyunsaturated fatty acids to prostaglandins and thrombox-
anes. PGE1, PGE2, PGI2, and PGI3 are prostaglandins E1, E2, I2 and I3, respectively. TXA2 and TXA3 are thrombox-
anes A2 and A3, respectively.

FIG. 2. Metabolic pathways for conversion of dietary polyunsaturated fatty acids to leukotrienes. LTB4, LTC4, LTD4,
LTE4, LTB5, LTC5, LTD5, and LTE5 are the leukotrienes B4, C4, D4, E4, B5, C5, D5, and E5, respectively.



serve as a metabolic precursor of EPA and its longer-chain de-
rivatives, docosapentaenoic (DPA, 22:5n-3) and docosa-
hexaenoic (DHA, 22:6n-3) acids (Fig. 1). It is not known
whether dietary LNA can be rapidly elongated and desaturated
within mammalian immune cells to form EPA, DPA, and DHA
within a clinically relevant time frame, i.e., 3 to 6 d. Experi-
mental studies in rodents orally fed LNA-enriched diets over a
3- (22) or 12-wk period (23) showed that both the amount of
EPA present in and the amount of AA displaced from plasma
or cell phospholipids were lower than those measured in ani-
mals supplemented with dietary EPA. Recent clinical studies
in healthy subjects consuming diets enriched in LNA and low
levels of LA demonstrated that the percentage of EPA appear-
ing in plasma (24) and mononuclear cell (25) phospholipids
had increased slowly over an 8-wk period, with little change
occurring in AA levels. This in part may have been due to the
postabsorptive release of LA from adipose stores, fostering
restoration of AA displaced by LNA or newly formed EPA
(16,26). Moreover, formation of EPA from LNA is subject to
the activity of ∆6 desaturase, a rate-limiting enzyme that cat-
alyzes the initial desaturation of LNA to stearidonic acid
(18:4n-3) (27,28). Compounding this quandary are reports that
the stress hormones, i.e., epinephrine (29,30), ACTH (30) or
glucocorticoids (31), have an inhibitory effect on both the ∆6
and ∆5 desaturases involved in LNA desaturation to EPA. Re-
duced activity of ∆6 desaturase may also limit GLA formation
from dietary LA, potentially retarding formation of DHGLA
and its metabolite, PGE1. Thus, stressed or septic patients may
not be able to effectively convert dietary LNA to EPA and
other long-chain n-3 PUFA in sufficient quantities to promote
displacement of endogenous AA from immune cell membrane
phospholipids (32,33). For this reason, provision of diets con-
taining long-chain PUFA, such as EPA and GLA, that are me-
tabolized regardless of existing alterations in ∆6-desaturase
activity, may prove beneficial to critically ill patients with on-
going inflammatory processes. 

Our objective in the present study was to assess whether
short-term continuous enteral feeding with an LNA-enriched
formulation could effectively displace AA and its precursor
LA from rat hepatic and lung immune cell phospholipids
under septic conditions in vivo to the same extent as that
achieved with an (EPA + GLA)-enriched formulation. Com-
parisons were made with immune cells procured from rats
given either a standard control diet enriched with LA or a diet
enriched with EPA and GLA. We also assessed whether cell
phospholipid DHGLA increased in rats given the high-LA
diet relative to that in rats given the EPA + GLA formulation.

MATERIALS AND METHODS

The study design was approved by the Institutional Animal
Care and Use Committee. The care of the animals was in ac-
cordance with the guidelines set forth by the National Institutes
of Health’s Guide for the Care and Use of Laboratory Animals.
The surgical catheterization, treatments, and analytic methods
were similar to those described recently (11,17). 

Pathogen-free male (225–275 g) Sprague-Dawley rats
(Harlan, Altamont, NY) were allowed free access to a low-fat
nonpurified diet devoid of fish meal (Teklad 7001; Harlan)
for 5 d prior to study entry. All rats were randomized to a di-
etary treatment prior to study entry. After food was withheld
overnight, each rat was anesthetized at 0900 h of day −1 with
diethyl ether. A 1.0-mm i.d. Tygon® (Norton Plastics, Wayne,
NJ) feeding catheter was inserted aseptically though a fundal
gastrostomy, advanced 2.5 cm into the duodenum, and an-
chored to the stomach wall with a purse-string suture. A 0.64-
mm i.d. silastic catheter was inserted in the left jugular vein
for intravenous infusion of endotoxin. The proximal ends of
the catheters were tunneled subcutaneously, exteriorized at
the midscapular region, and attached to a dual channel flow-
through swivel to permit freedom of movement during infu-
sion. All incisions were closed with surgical-grade silk su-
tures. The rats were allowed to recover and were housed in
individual wire-bottomed cages for the study duration. The
rats were allowed free access to water.

All rats were infused enterally with a low-fat basal diet
(Vital HN; Ross Laboratories, Columbus, OH) from 1500 h
of day −1 until 0900 h of day 0 to facilitate rehydration and
adaptation to enteral feeding as described (17). At 0900 h of
day 0, subsets (n = 6–8/group) of rats were infused in contin-
uous fashion with one of three diets (Table 1) @ 250
kcal/kg/d until 0900 h of either day 3 or day 6 using a pro-
grammable syringe pump (Model 42; Harvard Apparatus,
Natick, MA). Under these conditions, we have found that the
body weights and health of rats receiving similar test diets re-
main stable for at least 1 wk (17). All rats received fresh daily
portions of their assigned diet to minimize the potential for
bacterial growth during infusion.

Enteral diets. The rats were randomized to receive one of
three high-fat, low-carbohydrate diets which have been uti-
lized in the clinical setting (Table 1): an LA-enriched diet
(59% of total fatty acids as LA) served as a standard control
diet derived principally from corn oil; an LΝΑ-enriched diet
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TABLE 1
Principal Triglyceride Fatty Acids of Enteral Dietsa

mol% of Total Fatty Acids
Fatty acid LA Diet LNA Diet EPA + GLA Diet

Caprylic (8:0) 0.0 12.9 13.0
Capric (10:0) 0.0 9.0 9.9
Lauric (12:0) 0.1 0.2 0.2
Myristic (14:0) 0.2 0.2 1.2
Palmitic (16:0) 11.3 4.9 6.0
Palmitoleic (16:1n-7) 0.0 0.2 1.7
Stearic (18:0) 2.3 2.1 1.9
Oleic (18:1n-9) 25.0 42.1 26.0
Linoleic (18:2n-6) 59.4 21.1 16.7
γ-Linolenic (18:3n-6) 0.0 0.0 4.6
α-Linolenic (18:3n-3) 1.0 5.3 3.9
Eicosapentaenoic (20:5n-3) 0.0 0.0 5.3
Docosapentaenoic (22:5n-3) 0.0 0.0 0.5
Docosahexaenoic (22:6n-3) 0.0 0.0 2.5
aLA, linoleic acid; LNA, α-linolenic acid; EPA, eicosapentaenoic acid; GLA,
γ-linolenic acid.



(5.3% LNA) represented an enteral diet containing canola oil,
medium-chain triglycerides, and high-oleic safflower oil to
reduce the dietary level of LA; the third diet also contained
medium-chain triglycerides but was enriched with EPA
(5.3%), LNA (3.9%), and GLA (4.6%) from sardine oil,
canola oil, and borage oil, respectively. The fatty acid com-
positions of these diets were determined by gas chromatogra-
phy. Each of these diets provided 16.7% of total energy as
protein, 28.1% as carbohydrate, and 55.2% as lipid, and all
were fortified with minerals and antioxidant vitamins (C, E,
and β-carotene). Each diet was manufactured (Ross Products
Division, Abbott Laboratories, Columbus, OH) in 237-mL
portions and sealed under nitrogen.

Endotoxin infusion. We utilized a nonlethal model of en-
dotoxicosis (17) which consistently produced the following
clinical signs: piloerection, conjunctival hemorrhage, ear flat-
tening, and general lethargy. The intravenous infusion of en-
dotoxin lipopolysaccharide B (Escherichia coli 026:B6;
Difco, Detroit, MI) in 1 g albumin/L of saline was started at
1500 h on day −1. The endotoxin solution was delivered con-
tinuously by syringe pump at 0.4 mg/kg for as long as the rats
were undergoing enteral feeding.

Isolation of sinusoidal K&E cells. The method for collec-
tion and isolation of AM and sinusoidal K&E cells has been
described (17). Briefly, each rat was anesthetized with 50
mg/kg pentobarbital administered by intraperitoneal injection
at 0900 h of either day 0 (Baseline), day 3 (Day 3) or day 6
(Day 6), depending on the randomization schedule. After lap-
arotomy, 0.5 mL heparin was injected into the vena cava and
allowed to circulate. A 16-gauge angiocatheter was inserted
in the exposed hepatic veins, and the liver lobes were flushed
with HEPES buffer (5 mmol/L, pH = 7.2) in retrograde fash-
ion. The liver was then flushed in situ with collagenase (2.5
g/L type II and 2.5 g/L type IV; Sigma, St. Louis, MO) in
HEPES (pH = 7.6). The liver was then excised and incubated
at 37°C for 15 min before separation of the cells from the sup-
porting connective tissue. The sinusoidal cells were separated
from the hepatocytes and other contaminating cells by differ-
ential centrifugation (2 min at 50 × g, three times) followed
by isolation on a 17.5% metrizamide discontinuous gradient.
The K&E cells removed from the gradient interface were re-
suspended in Grey’s balanced salt solution prior to assess-
ment of cell number and viability (>90%) by trypan blue ex-
clusion under light microscopy. The K&E cells were then pel-
leted by centrifugation (500 × g, 10 min) and stored at a
density of 2 × 107 cells/mL at −20°C under nitrogen.

AM collection and isolation. A 16-gauge angiocatheter
was inserted through a laparotomy into the superior vena
cava, and the lung vasculature was flushed with Ca2+- and
Mg2+-free phosphate buffered saline (PBS) to remove blood
components. The vena cava was severed and the rats expired
by exsanguination. A 14-gauge angiocatheter was inserted
through a tracheostomy, and the lungs were lavaged eight
times with 5 mL cold PBS containing 0.6 mmol/L EDTA;
gentle chest massage facilitated fluid recovery (>90%). The
cumulative lavage fluid was kept on ice during this procedure.

The lavage fluid was spun at 400 × g for 10 min at 4ºC, and
the cell pellet was then resuspended in PBS and centrifuged
at 110 × g for 10 min at 4ºC. The cell pellet was resuspended
in PBS, layered on Ficoll Paque (Pharmacia, Piscataway, NJ),
and centrifuged at 500 × g at 22°C for 35 min to isolate the
AM. Purity and viability by trypan blue exclusion were
>95%. The AM were stored at a density of 5 × 106 cells/mL
PBS under nitrogen in PBS at −20ºC for analysis of the fatty
acid composition of the total phospholipid fraction.

Analysis of macrophage phospholipid fatty acids. Quanti-
tation of 16 identifiable fatty acids (12–24 carbons in length)
in the phospholipid fraction of AM and K&E cells was car-
ried out (17). The lipid component of the cells was extracted
in chloroform/methanol (2:1, vol/vol), and the phospholipid
fraction was isolated on silica gel H (Analtech, Newark, DE)
thin-layer plates using a mobile phase of petroleum ether/di-
ethyl ether/glacial acetic acid (80:20:1, by vol), and identified
relative to the migration of standards using dichlorofluores-
cein spray. The phospholipid band was isolated, hydrolyzed,
and methylated with 140 g/L boron trifluoride in methanol.
The fatty acid methyl esters were separated on a 50-m fused-
silica capillary column containing SP-2330 (Supelco, Belle-
fonte, PA), using a Hewlett-Packard 5890 Series II gas
chomatograph (Hewlett-Packard, Palo Alto, CA) equipped
with a 7673 Autosampler. The relative mol% of individual
fatty acids was identified and quantified using Chem Station
software (Hewlett-Packard) based upon the relative responses
of an external standard of pure fatty acid methyl esters (Nu-
Chek-Prep, Elysian, MN).

Statistical analyses. Descriptive and inferential statistics
were generated using computer-based programs. Generalized
linear models for two-way analysis of variance were em-
ployed to examine the effects of diet and time for each cell
type and fatty acid. Contrasts were included in the models to
compare levels of each effect while holding levels of other
effects fixed. Sensitivity analyses of model assumptions were
robust under most data conditions, e.g., normality assump-
tion. Statistical significance was set at P < 0.05. 

RESULTS

The control (i.e., LA-enriched) and experimental [LNA- or
(EPA + GLA)-enriched] diets were well tolerated during en-
teral infusion for the 3- and 6-d periods. All rats showed per-
sistent signs of endotoxicosis, as described above, during en-
dotoxin infusion. No significant differences occurred in ini-
tial or final body weights or changes in body weight among
the dietary groups for a given time period.

Overall, the majority of dietary effects on the composition
of phospholipid fatty acids of the alveolar (Table 2) and he-
patic (Table 3) immune cells occurred rapidly within the first
3 d of enteral feeding. These changes generally reflected the
differences in the composition of fatty acids present within
each diet, with notable exceptions as discussed below. For ex-
ample, after 3 d of continuous enteral feeding, the AM and
K&E cells from the rats fed the LA diet had significantly
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higher mole percentage of LA and total n-6 PUFA than corre-
sponding cells from the LNA or (EPA + GLA)-supplemented
rats. However, AA levels in these immune cells were rela-
tively similar across the LA and LNA diet groups after 6 d.
AM and K&E cells from rats given the LNA diet which con-
tained high-oleic safflower oil had higher levels of 18:1n-9
and total monounsaturates than cells from rats infused with
the LA or EPA + GLA diet after 3 or 6 d of feeding. Levels
of LNA, stearidonic acid, and GLA were either negligible or
not detectable in most cell phospholipids (data not shown).
As observed in previous studies (16,17), the mole percentage
of DHGLA was significantly higher in both the AM (Table 2)
and K&E cell (Table 3) phospholipids from rats that had re-
ceived the EPA + GLA diet relative to rats given either the
LA or LNA diet after either 3 or 6 d.

With regard to the long-chain n-3 PUFA (i.e., EPA, DPA,
or DHA), the immune cells from rats that received the EPA +

GLA for 3 d had significantly higher (P < 0.001) enrichment
of each of these n-3 PUFA than that observed in correspond-
ing cells from either the LA or LNA rats. Moreover, the per-
centage of EPA present in the AM after 6 d of feeding the EPA
+ GLA diet was higher (3.7 vs. 2.5%, P < 0.05) than that ob-
served after 3 d (Table 2), whereas K&E cell EPA remained
unchanged after an additional 3 d of feeding (Table 3). Given
that the levels of EPA, DHA, and total n-3 PUFA present in
either the AM or K&E cells from the rats given the LNA-sup-
plemented diet for 3 or 6 d were similar to those measured in
the corresponding cells from rats given the LA diet, these data
indicate that dietary LNA was not effectively elongated and
desaturated to the longer-chain n-3 PUFA under existing en-
dotoxemic conditions. Interestingly, a small but significantly
higher mole percentage of DPA was measured in the K&E
cells (Table 3) on both day 3 and day 6, but only on day 6 in
the AM (Table 2) from rats given the LNA diet vs. the LA diet.
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TABLE 2
Principal Long-Chain Fatty Acids of Alveolar Macrophage Phospholipidsa

Day 3 Day 6
Fatty acid LA diet LNA diet EPA + GLA diet LA diet LNA diet EPA + GLA diet

Palmitic (16:0) 39.4 ± 2.9a 45.8 ± 1.3b 41.1 ± 2.6a,b 38.5 ± 1.5a 47.6 ± 1.3b 39.5 ± 1.6a

Palmitoleic (16:1n-7) 2.6 ± 0.6a 0.9 ± 0.2b 1.6 ± 0.3a,b 1.6 ± 0.5a,b 0.8 ± 0.03b 2.2 ± 0.4a

Stearic (18:0) 17.5 ± 1.0a 12.8 ± 0.7b 16.3 ± 1.0a 16.9 ± 0.9a 13.8 ± 0.7b 16.5 ± 0.5a

Oleic (18:1n-9) 6.8 ± 0.2a 14.7 ± 0.8b 9.3 ± 0.3c 7.8 ± 0.7a 13.8 ± 0.4b 9.1 ± 0.3a

Linoleic (18:2n-6) 11.6 ± 0.3a 6.2 ± 0.4b 6.0 ± 0.2b 11.9 ± 0.4a 5.7 ± 0.2b 5.3 ± 0.2b

Dihomo-γ-linolenic (20:3n-6) 0.06 ± 0.06a 0.08 ± 0.04a 0.72 ± 0.17b 0.11 ± 0.07a 0.00 ± 0.00b 0.30 ± 0.19a

Arachidonic (20:4n-6) 14.2 ± 0.9a 14.6 ± 0.7a 10.5 ± 0.8b 14.6 ± 0.8a 12.8 ± 0.6a,b 11.7 ± 1.0b

Eicosapentaenoic (20:5n-3) 0.00 ± 0.00a 0.02 ± 0.02a 2.5 ± 0.7b 0.04 ± 0.04a 0.00 ± 0.00a 3.7 ± 0.5b,b

Docosapentaenoic (22:5n-3) 0.6 ± 0.3a 1.0 ± 0.4a 2.8 ± 0.3b 0.2 ± 0.1a 1.5 ± 0.3b 2.8 ± 0.3c

Docosahexaenoic (22:6n-3) 1.9 ± 0.5a 1.6 ± 0.3a 4.7 ± 0.4b 1.8 ± 0.3a 1.7 ± 0.2a 4.8 ± 0.6b

Total saturates 59.4 ± 2.2 61.0 ± 1.1 60.4 ± 2.5 58.1 ± 1.1 63.5 ± 0.9 59.0 ± 2.0
Total monounsaturates 12.0 ± 1.4a 15.3 ± 0.6b 12.0 ± 0.8a 11.8 ± 1.0a 14.8 ± 0.5b 12.5 ± 0.4a,b

Total n-3 polyunsaturates 2.5 ± 0.6a 2.8 ± 0.6a 10.1 ± 1.2b 2.5 ± 0.7a 3.2 ± 0.4a 11.3 ± 1.4b

Total n-6 polyunsaturates 26.0 ± 1.1a 21.0 ± 0.8b 17.2 ± 0.9c 27.0 ± 0.9a 18.5 ± 0.6b,b 17.6 ± 0.9b

aMean mol% + SEM; n = 6–8/group. Saturates = 14:0 + 16:0 + 18:0 + 20:0 + 22:0 + 24:0. Monounsaturates = 16:1n-7 + 18:1n-9 + 20:1n-9 + 22:1n-9 +
24:1n-9. n-3 Polyunsaturates = 18:3n-3 + 20:5n-3 + 22:5n-3 + 22:6n-3. n-6 Polyunsaturates = 18:2n-6 + 20:2n-6 + 20:3n-6 + 20:4n-6. Values with different
roman superscript letters within each time interval are significantly different, P < 0.05 by analysis of variance.
bSignificantly different from corresponding diet group on day 3, P < 0.05. See Table 1 for abbreviations. 

TABLE 3
Principal Long-Chain Fatty Acids of Liver Kupffer and Endothelial Cell Phospholipidsa

Day 3 Day 6
Fatty acid LA diet LNA diet EPA + GLA diet LA diet LNA diet EPA + GLA diet

Palmitic (16:0) 24.4 ± 0.8 22.4 ± 0.3 24.4 ± 0.9 23.5 ± 1.0a,b 21.3 ± 0.6b 24.8 ± 1.7a

Palmitoleic (16:1n-7) 0.3 ± 0.1 0.3 ± 0.04 0.4 ± 0.1 0.1 ± 0.1a 0.2 ± 0.1a 0.6 ± 0.1b

Stearic (18:0) 23.5 ± 0.4 22.4 ± 0.5 22.0 ± 0.9 22.6 ± 0.2 21.4 ± 0.7 22.0 ± 0.8
Oleic (18:1n-9) 7.8 ± 0.3a 14.7 ± 1.1b 9.7 ± 0.2a 8.6 ± 1.1a 14.7 ± 1.3b 9.3 ± 0.7a

Linoleic (18:2n-6) 13.9 ± 1.0a 11.5 ± 0.4b 9.2 ± 0.3c 15.9 ± 0.8a,b 12.7 ± 0.4b 9.5 ± 0.5c

Dihomo-γ-linolenic (20:3n-6) 0.8 ± 0.2a 0.8 ± 0.03a 2.6 ± 0.1b 1.1 ± 0.08a 0.9 ± 0.04a 2.3 ± 0.1b

Arachidonic (20:4n-6) 21.7 ± 1.0a 19.2 ± 0.7b 14.9 ± 0.7c 20.8 ± 0.5a 20.8 ± 0.3a 14.7 ± 1.0b

Eicosapentaenoic (20:5n-3) 0.20 ± 0.11a 0.29 ± 0.04a 5.36 ± 0.73b 0.18 ± 0.18a 0.26 ± 0.07a 5.51 ± 1.14b

Docosapentaenoic (22:5n-3) 0.5 ± 0.2a 1.6 ± 0.1b 3.7 ± 0.3c 0.3 ± 0.2a 1.7 ± 0.4b 3.1 ± 0.3c

Docosahexaenoic (22:6n-3) 2.1 ± 0.3a 2.7 ± 0.3a 4.0 ± 0.5b 3.2 ± 0.3a,b,b 2.8 ± 0.3b 3.6 ± 0.3a

Total saturates 49.3 ± 1.2 46.4 ± 0.4 47.5 ± 1.6 48.2 ± 0.9a 44.1 ± 0.6b 48.8 ± 2.3a

Total monounsaturates 9.9 ± 0.4a 16.7 ± 1.1b 11.8 ± 0.7a 9.8 ± 1.2a 16.2 ± 1.1b 12.6 ± 1.0a

Total n-3 polyunsaturates 2.8 ± 0.3a 4.8 ± 0.3a 13.5 ± 1.2b 3.6 ± 0.2a 4.8 ± 0.5a 11.4 ± 1.7b

Total n-6 polyunsaturates 37.6 ± 1.2a 32.2 ± 0.9b 27.1 ± 1.0c 39.2 ± 1.3a 34.9 ± 0.4b,b 26.9 ± 0.9c

aSee Table 2 for footnote information. 



DISCUSSION

The data from this study indicated that provision of a diet en-
riched with LNA to endotoxemic rats by continuous enteral in-
fusion for either 3 or 6 d did not promote EPA or DHA forma-
tion or displacement of AA from AM or K&E phospholipids
in vivo. In addition, rats which had received the LA-enriched
diet for 6 d did not have increased levels of DHGLA or AA in
the AM or K&E cell phospholipids relative to the rats given the
LNA-enriched diet. As discussed above, these outcomes may
be attributable to several compounding factors. While ∆6 de-
saturation of both LNA to stearidonic acid (18:4n-3) and LA to
GLA is a rate-limiting step under normal conditions, evidence
exists to suggest that ∆6-desaturase activity is further reduced
under conditions that foster release of epinephrine and other
stress-associated hormones (29–31). This hormonal milieu can
be found in traumatized or acutely septic patients. The finding
that the mole percentage of DPA was increased in immune cells
from rats consuming the LNA diet (Tables 2 and 3) attests to
the probability that ∆6-desaturase activity was a primary factor
influencing fatty acid metabolism and incorporation into these
immune cells. In this regard, other investigators have proposed
that the conversion of DPA to DHA occurs independently of
∆4 desaturase, i.e., DPA is instead initially elongated to 24:5n-3
prior to ∆6 desaturation to form 24:6n-3, which in turn under-
goes β-oxidation to form 22:6n-3 (34). Thus, inhibition of ∆6-
desaturase activity would foster a buildup of both DPA and
24:5n-3, with preferential β-oxidation of 24:5n-3 back to DPA
under these conditions (34).

The limitations imposed by ∆6 desaturase on the metabo-
lism of LNA or LA under endotoxemic conditions can be cir-
cumvented by providing dietary fatty acids that bypass the ∆6
desaturation step (Figs. 1 and 2). As shown in the present study,
dietary EPA was readily incorporated into the AM and K&E
cell membrane phospholipids irrespective of concurrent endo-
toxemia (Tables 2 and 3). Similarly, the significant increase in
immune cell DHGLA content in rats given the EPA + GLA diet
demonstrated that GLA metabolism was not inhibited during
endotoxicosis. In this regard, EPA enhances accumulation of
DHGLA by decreasing ∆5-desaturation activity and conver-
sion of DHGLA to AA (35). As observed previously (16,17),
the incorporation of EPA and DHGLA promoted the rapid dis-
placement of AA and its precursor, LA, from AM and K&E
cell phospholipids. As we and others have shown, this ex-
change of PUFA favors the formation of eicosanoids derived
from EPA and DHGLA, which have reduced inflammatory
properties, as opposed to eicosanoids derived from AA which
are more vasoactive and proinflammatory (8,13,14,19).

It is not known whether the observed modulation of immune
cell phospholipid fatty acids is due primarily to exchange with
plasma lipoprotein fatty acids or to elongation/desaturation
processes within the macrophages (36). Our previous studies
in endotoxemic rats enterally fed with either an EPA (11) or
EPA + GLA diet (17) revealed that plasma phospholipids are
enriched with EPA or EPA and DHGLA, respectively. We did
observe in the present study that the mole percentage of EPA
in AM increased significantly between day 3 and day 6 (Table

2). Given the relative isolation of these cells from the liver and
intestine as well as the circulating plasma within the lung cap-
illaries, the latter finding suggests that exchange mechanisms
could play an important role for incorporation of EPA into AM
phospholipids over time. However, the concurrent findings that
the mole percentage of the GLA and EPA metabolites, i.e.,
DHGLA, and DPA and DHA, respectively, did not increase
further after day 3 (Table 2) and that GLA was not detected in
these cells would suggest that elongation and desaturation
processes also may have facilitated fatty acid modification (36).
With regard to the K&E cells, we did not observe any signifi-
cant modifications in fatty acid composition between day 3 and
day 6 (Table 3). The proximity of the K&E cells to hepatocytes
as well as to dietary fatty acids present in the portal circulation
(37) would favor exchange processes as a mechanism for
rapidly modulating the composition of the phospholipid fatty
acids within these immune cells.

In summary, short-term enteral feeding of a diet enriched
with LNA and a reduced level of LA under endotoxemic con-
ditions did not promote AA displacement or formation of EPA
in lung and liver immune cell phospholipids in vivo. The re-
sults of this study did demonstrate that provision of dietary
EPA and GLA to circumvent the rate-limiting step of ∆6 de-
saturation, while also reducing dietary LA, rapidly decreased
the mole percentage of AA and LA present in lung and liver
immune cell phospholipids within a clinically relevant time
frame irrespective of concurrent endotoxemia. In addition, dis-
placement of AA and LA occurred in conjunction with the in-
corporation of EPA and DHGLA into the cell phospholipids.
The exchange of AA and LA with EPA and DHGLA can fos-
ter generation of eicosanoids with reduced inflammatory prop-
erties, which should prove beneficial to critically ill patients
with excessive systemic inflammation due in part to persistent
generation of vasoactive eicosanoids derived from AA.
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ABSTRACT: 6,9,12,15,18,21-Tetracosahexaenoic acid (24:6n-3)
was isolated from a brittle star, Ophiura sarsi Lütken, at >95% 
purity to evaluate its physiological functions. The effects of 24:6n-3
on the production of leukotriene (LT)-related compounds such as
LTB4, LTC4 and 5-hydroxyeicosatetraenoic acid, and the accu-
mulation and release of histamine in an MC/9 mouse mast cell
line were studied. We found that 24:6n-3 could inhibit the anti-
gen-stimulated production of LT-related compounds as well as
other n-3 polyunsaturated fatty acids (PUFA) such as eicosapen-
taenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3),
which are major n-3 PUFA in fish oils; 24:6n-3 was also shown
to reduce the histamine content in MC/9 cells at 25 µM (27% re-
duction from the control), and the effect was diminished with in-
crease of the fatty acid concentration (up to 100 µM). These two
n-3 PUFA, 20:5n-3 and 22:6n-3, also reduced the histamine con-
tent (16 and 20% reduction at 25 µM, respectively), whereas
arachidonic acid (20:4n-6) increased it (18% increase at 25 µM).
Spontaneous- and antigen-induced release of histamine was not
influenced with these PUFA (at 25 µM). Ionophore-stimulated re-
lease of histamine was suppressed by the PUFA (13, 9, 15, and
11% reduction with 20:4n-6, 20:5n-3, 22:6n-3, and 24:6n-3, re-
spectively). The patterns of the effects of 24:6n-3 on the synthesis
of eicosanoids and histamine content were more similar to those
of 22:6n-3 than 20:5n-3. From these results, 24:6n-3 can be ex-
pected to have anti-inflammatory activity and antiallergic activi-
ties similar to those of 22:6n-3.
Lipids 33, 1107–1114 (1998)

Since the discovery by Dyerberg et al. (1–3) of a low inci-
dence of heart disease in Eskimos, the nutritional, physiolog-
ical, and pharmacological effects of fish oil on humans have
been recognized, and several studies on the beneficial effects
of fish oil have been carried out. As a result of these studies,
eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid

(22:6n-3), which are major n-3 polyunsaturated fatty acids
(PUFA) rich in fish oil, were demonstrated to have beneficial
effects on pathophysiological states like coronary heart dis-
ease, hyperlipidemia, and inflammation (4).

Fish oil contains various n-3 PUFA besides 20:5n-3 and
22:6n-3. 6,9,12,15,18,21-Tetracosahexaenoic acid (24:6n-3) is
one of the n-3 PUFA and is a very long chain fatty acid (5). Dis-
tribution of 24:6n-3 in marine organisms was investigated by
several researchers. Takagi et al. (6) reported relatively high
contents of 24:6n-3 in sea lilies and brittle stars (4–10% of total
fatty acids). High 24:6n-3 content was also found in marine
coelenterates (7). In some edible fishes, 24:6n-3 was detected
at significant levels (0–10% of total fatty acids) (8,9).

The existence of 24:6n-3 in mammalian tissues was re-
ported with other very long chain fatty acids in the spermato-
zoa (10), the retina (11), and the brain (12). Voss et al. (13)
reported that 24:6n-3 is formed as an intermediate in the
metabolic pathway from 20:5n-3 to 22:6n-3 in rat liver.

Even though 24:6n-3 is a PUFA existing in fish and mam-
malian species, physiological functions of 24:6n-3 have not been
studied. As functions to be studied, anti-inflammatory and an-
tiallergic effects of 24:6n-3 are noteworthy because these events
are known to be closely related to the unsaturated fatty acid me-
tabolism such as in the arachidonic acid cascade, and 20:5n-3
and 22:6n-3 were reported to suppress inflammatory actions by
influencing arachidonic acid metabolism (4,14–16). 

In this paper, we isolated 24:6n-3 from brittle stars, Ophiura
sarsi Lütken, and examined the effects on the production of
eicosanoids and the accumulation and release of histamine, using
an MC/9 mouse mast cell line (17). Histamine and eicosanoids
are produced and released by mast cells and act as chemical me-
diators in allergic reactions (18). MC/9 cells accumulate hista-
mine and synthesize lipoxygenase pathway metabolites such as
leukotriene (LT) B4, LTC4, and 5-hydroxyeicosatetraenoic acid
(5-HETE) from arachidonic acid (20:4n-6)(19,20).

EXPERIMENTAL PROCEDURES

Materials. Linoleic acid (18:2n-6) and α-linolenic acid
(18:3n-3) were purchased from Wako Pure Chemical Indus-
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try (Osaka, Japan), and 20:4n-6 and 22:6n-3 from Sigma
Chemical Company (St. Louis, MO); all of these fatty acids
were obtained as methyl esters. The 20:5n-3 ethyl ester was a
kind gift from Nissui Pharmaceuticals (Tokyo, Japan).
Prostaglandin B2, LTB4, LTC4, LTD4, LTE4, 5-HETE, 12-
HETE, and 15-HETE were obtained from Cascade Biochem
Ltd. (Reading, United Kingdom). RPMI-1640 medium, a cul-
ture medium for MC/9, was purchased from Nissui Pharma-
ceuticals; fetal calf serum, from Biological Industry Inc. (Kib-
butz, Israel); dinitrophenylated keyhole limpet hemocyanine
(DNP-KLH), from LSL (Tokyo, Japan); and murine anti-
DNP-KLH immunoglobulin E (IgE) and calcium ionophore
A23187, from Sigma. All other chemicals used in this report
were of analytical grade or higher.

The MC/9 mouse mast cell line was purchased from
American Type Culture Collection (Rockville, MD) and
maintained in RPMI-1640 medium supplemented with 10 µM
β-mercaptoethanol (Wako), 10% fetal calf serum, and 20%
conditioned medium of WEHI-3 cell (Riken Gene Bank,
Saitama, Japan), which is a murine monocyte-like cell and
produces growth factor(s) to support the growth of MC/9.
WEHI-3-conditioned medium was prepared as described by
Razin et al. (21)

Preparation and purification of 24:6n-3 from brittle star.
Brittle stars, O. sarsi Lütken, were caught at Wakasa Bay,
Fukui Prefecture, Japan. Total lipid of the brittle stars was ex-
tracted by Bligh and Dyer’s method (22). Fatty acid methyl
esters (FAME) were prepared by refluxing total lipid in 3%
HCl-methanol for 3 h. The methyl esters were fractionated by
silver-nitrate impregnated thin-layer chromatography in
toluene/acetic acid (19:4, vol/vol). The chromatogram was
visualized under ultraviolet light (360 nm) following spray-
ing with 0.005% primuline in acetone/water (1:1, vol/vol).
FAME retarded at the origin (including 20:5n-3, docosa-
hexaenoic acid and 24:6n-3 as major components) were
scraped from the thin-layer chromatography plate and ex-
tracted by the method of Folch et al. (23). The extracted
FAME were saponified in a mixture of 10 N NaOH and
methanol (1:9, vol/vol) for 3 h at 4°C on a magnetic stirrer.
Free fatty acids (FFA) were then extracted with hexane after
acidification with 6 N HCl. FFA were dissolved in 90%
methanol and applied to the high-performance liquid chro-
matograph (HPLC) (Waters 600 system) using a µ-Bondapak
ODS column (Waters; 20 × 150 mm) and methanol/water
(9:1, vol/vol) as the mobile phase (5 mL/min). Elution of FFA
was monitored with a Waters Multiwavelength ultraviolet/vis-
ible detector Model 490 at 217 nm. A peak of 24:6n-3 was
collected and was dried with a rotary evaporator. The residue
was dissolved in argon-bubbled ethanol at a concentration of
50 mM and stored at −80°C. Small portions of it were applied
for gas chromatography (GC) and GC–mass spectrometry
analyses after derivatization (methyl esterification and pyrro-
lidination, respectively) (24). A GC analysis of FAME was
carried out at 205°C with a Hewlett-Packard 5890 gas chro-
matograph (Palo Alto, CA) equipped with a flame-ionization
detector and Omegawax 320 capillary column (0.32 mm × 30

m; Supelco Inc., Bellefonte, PA). The GC–mass spectromet-
ric analysis was performed using JEOL JMS-DX303 (col-
umn: Omegawax 320, 260°C, EI 70eV; JEOL, Tokyo, Japan).
Other fatty acids used in this report were saponified and puri-
fied by HPLC in the same manner as the case for 24:6n-3.

Stimulation of MC/9 cells. MC/9 cells grown as described
in the preceding section were collected and washed with
Ca2+-, Mg2+-free phosphate buffered saline twice and sus-
pended in Tyrode solution (107 cells/mL). Cell suspension
was dispensed into 1.5 mL micro test tubes (0.25 mL for hist-
amine assay, 0.5 mL for eicosanoid assay). For stimulation
with ionophore A23187, cell suspensions were added with
A23187 in ethanol (final conc. 5 µM) and incubated for 10
min. For stimulation with antigen-IgE complex, cells were
sensitized by incubating with murine monoclonal anti-DNP-
KLH IgE (100 ng/106 cells) for 1 h. The cells were pelleted
by centrifugation. The supernatant was discarded and the
cells were resuspended in Tyrode. The sensitized cells were
stimulated by the addition of the antigen, DNP-KLH (100
ng/106 cells), and incubated for 10 min. In case of eicosanoid 
production assay, the cell suspensions contained 30 µM
arachidonic acid as a substrate for lipoxygenase pathway un-
less otherwise indicated in figure legends. 

Assay of the production of eicosanoids. To stop the LT
production of stimulated cells, 1 mL of acetonitrile contain-
ing 1 nmol of prostaglandin B2 (internal standard) was
added to the cell suspension. The mixture was stored at
−20°C overnight and centrifuged at 10,000 × g to precipi-
tate proteins. The supernatant was treated as described
by Eskra et al. (25) on a Sep-Pak C18 cartridge (Waters)
to extract the LT and HETE. The samples were dried
with a centrifuge evaporator (Iwaki Glass Co., Tokyo,
Japan) and dissolved in 200 µL of 66% methanol/ water. Of
the sample, 100 µL was injected onto an HPLC with a No-
vapak ODS column (4 × 150 mm; Waters), equipped with a
Waters 717 plus autosampler connected to a Waters model
600 pump system. Elution was carried out using a nonlinear
gradient program as follows: 0–18 min, methanol/water/tri-
fluoroacetic acid/triethylamine (65:35:0.09:0.05, by vol),
18–36 min; methanol/water/trifluoroacetic acid/triethy-
lamine (75:25:0.09:0.05, by vol), 36–40 min; 100% acetoni-
trile (solvent flow: 1 mL/min). Elution was monitored with
a photodiode array detector (Model 996; Waters). LT and
HETE were quantified at 280 and 235 nm, respectively, with
Waters Millennium software. With this procedure, LT
(LTB4, LTC4, LTD4, LTE4) and HETE (5-HETE, 12-HETE,
15-HETE) were completely separated. 

Assay of histamine accumulation and release. MC/9 cells
were incubated in the medium containing various amounts of
FFA (0–100 µM) for 24 h at a density of 2 × 106 cells/mL.
The cells were collected by centrifugation at 100 × g for 5
min, washed with phosphate buffered saline twice, and sus-
pended in Tyrode solution (107 cells/mL). For measurement
of total histamine content, the cell suspension was added with 
2.5% perchloric acid to achieve the final concentration at 1%. 
For histamine release assay, the cell suspension was stimu-
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lated with ionophore or antigen as described above. Hista-
mine release was stopped by the addition of 125 µL of ice-
cold 4 mM EDTA in Ca2+-, Mg2+-free Tyrode. The cells were
pelleted by centrifugation at 100 × g for 10 min at 4°C. An
aliquot of the supernatant (200 µl) was mixed with 133 µL of
2.5% perchloric acid. The cell pellet was washed once with
ice-cold 4 mM EDTA/Tyrode, resuspended in 200 µL of the
same solution, and mixed with 133 µL of 2.5% perchloric
acid. Each mixture was incubated in boiling water for 5 min
to extract histamine and centrifuged at 10,000 × g for 5 min.
The supernatants were used to measure the histamine concen-
tration by the on-column HPLC method described by Saito et
al. (26) with a Waters 600 pump connected with Waters 717
plus autosampler and model 474 fluorescence detector. Hista-
mine release was expressed as a percentage of the histamine
of the supernatant in the sum of the histamine of the super-
natant and the cell suspension.

Statistical analysis. Data obtained in this report were
analyzed by one-way analysis of variance. If significant,
data were further analyzed by Duncan’s multiple range test
(27).

RESULTS

Isolation of 24:6n-3 from brittle stars. The purity of the fatty
acid isolated from the brittle stars was >95% estimated by
using GC analysis (data not shown). From the mass spectrum
of the pyrrolidine derivatives of the fatty acid, double-bond
locations were confirmed at the 6-, 9-, 12-, 15-, 18-, and 21-
positions from the fragmentation pattern showing a molecu-
lar ion at m/z 409 and fragments at 394, 380, 366, 354, 340,
326, 314, 300, 286, 274, 260, 246, 234, 220, 206, 194, 180,
and 168 m/z. Thus, the fatty acid purified from the brittle stars
was identified as 24:6n-3. Identification of 24:6n-3 was com-
firmed by comparison of the equivalent chain length value on
a Silar 5CP column (Supelco) with the value reported (9).

Effect of substrate concentration on eicosanoid production
in MC/9 cells. In the absence of exogenously added 20:4n-6
as a substrate for eicosanoid production, neither LT nor HETE
was observed in both ionophore- and antigen-stimulated
MC/9 cells (Fig. 1). The production of LTB4, LTC4, and 5-
HETE increased with increasing concentration of 20:4n-6.
The synthesis of LTB4 and LTC4 reached almost a plateau
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FIG. 1. Dose dependence of 20:4n-6 on the production of eicosanoids in: (A) ionophore- and (B) antigen-stimulated MC/9 cells. MC/9 cells were
stimulated with (A) ionophore and (B) antigen in the presence of various concentrations of 20:4n-6 (0–50 µM). Leukotriene B4 (LTB4), LTC4, and 5-
hydroxyeicosatetraenoic acid (5-HETE) were analyzed as described in the Experimental Procedures section. Values are the mean of 3–4 samples.
Vertical bars indicate the standard error of the mean.



from a concentration of 30 µM of 20:4n-6 although 5-HETE
production increased with increasing concentrations of the
substrate (Fig. 1A and B). Thus, we determined the concen-
tration of 20:4n-6 as a substrate for the following assay of
eicosanoid production in MC/9 at 30 µM.

Inhibition of eicosanoid production by 24:6n-3 in compari-
son with other n-3 PUFA. In the ionophore-stimulated produc-
tion of eicosanoids, LTB4 production tended to be suppressed
by 20:5n-3, 22:6n-3, and 24:6n-3 (Fig. 2). However a signifi-
cant difference was observed only in the presence of 20:5n-3
(30, 45 µM). Concerning the production of LTC4 and 5-HETE,
no significant inhibition by PUFA was observed in the
ionophore-activated cells, although n-3 PUFA tended to sup-
press weakly the production of the two eicosanoids (Fig. 2B
and C). In antigen-stimulated cells, inhibition of eicosanoid
production by n-3 PUFA appeared more clearly (Fig. 3). LTB4
production was inhibited strongly by 20:5n-3 and less strongly
by 22:6n-3 (Fig. 3A); 24:6n-3 only exhibited a slight inhibitory

effect on LTB4 production. As for LTC4 synthesis, the in-
hibitory effect of n-3 PUFA was more evident (Fig. 3B). All of
n-3 PUFA significantly suppressed LTC4 production. The in-
hibitory activity of 24:6n-3 was weaker than that of the other
two PUFA (20:5n-3 and 22:6n-3), as a significant inhibition by
24:6n-3 was not found at the lowest concentration (15 µM).
The production of 5-HETE was also significantly suppressed
by all PUFA (Fig. 3C).

Concentration dependence of the inhibition of eicosanoid
production by 24:6n-3. Antigen-stimulated eicosanoid pro-
duction was inhibited by 24:6n-3, the inhibitory effect in-
creasing with 24:6n-3 concentration (Fig. 4B). In the
ionophore-activated MC/9 cells, LTB4 synthesis tended to be
suppressed with increase in the concentration of 24:6n-3 (Fig.

1110 K. ISHIHARA ET AL.

Lipids, Vol. 33, no. 11 (1998)

FIG. 2. Effect of 24:6n-3 on the production of lipoxygenase pathway
metabolites in ionophore-stimulated MC/9 cells. MC/9 cells were stim-
ulated by the addition of calcium ionophore A23187 and 20:4n-6 (30
µM as a substrate). The fatty acids were added simultaneously with the
stimulants at 15, 30, and 45 µM (20:4n-6 was added additionally to the
substrate 20:4n-6). (A) LTB4, (B) LTC4, and (C) 5-HETE were analyzed as
described in the Experimental Procedures section. Values are the means
of 3–4 samples. Vertical bars indicate the standard error of the mean.
*Significantly different from the control at P < 0.05. See Figure 1 for ab-
breviations.

FIG. 3. Effect of 24:6n-3 on the production of eicosanoids in antigen-
stimulated MC/9 cells. Immunoglobulin E-sensitized MC/9 cells were
stimulated by the addition of antigen, dinitrophenylated keyhole limpet
hemocyanine, and 20:4n-6 (30 µM as a substrate). The fatty acids were
added simultaneously with the stimulants at 15, 30, and 45 µM (20:4n-6
was added additionally to the substrate 20:4n-6). (A) LTB4, (B) LTC4,
and (C) 5-HETE were analyzed as described in the Experimental Proce-
dures section. Values are the means of 3–4 samples. Vertical bars indi-
cate the standard error of the mean. *Significantly different from the
control at P < 0.05. See Figure 1 for abbreviations.



4A). Significant suppression of LTC4 production was ob-
served at 60 µM of 24:6n-3 (Fig. 4A); however, significant
inhibition of 5-HETE production was not observed. In the
antigen-stimulated production of eicosanoids, a significant in-
hibition appeared at 20 µM and higher concentrations of
24:6n-3 for LTB4 synthesis, 30 µM and higher for LTC4 pro-
duction, and 45 µM and higher concentrations for 5-HETE
production, respectively (Fig. 4B).

Histamine content in MC/9 cells incubated with PUFA.
MC/9 cells were incubated with PUFA (20:4n-6, 20:5n-3,
22:6n-3, and 24:6n-3) at various concentrations (0–100 µM)
for 24 h, and the histamine content of the cells was measured
(Fig. 5). A dose-dependent relationship was observed in
MC/9 cells treated with 20:4n-6. On the other hand, with
20:5n-3, histamine levels decreased with increase of substrate 
concentration. Cellular histamine content did not decrease
with increase in the concentrations of 22:6n-3 and 24:6n-3.
At lower concentrations of 22:6n-3 and 24:6n-3, the hista-
mine content was lower than the control. But at higher con-
centrations (100 µm) of these two PUFA, histamine content
was not significantly different from the control.

Effect of PUFA on spontaneous, ionophore-induced, and
antigen-stimulated release of histamine. Spontaneous,
ionophore-induced, and antigen-stimulated release of hista-
mine was observed in MC/9 cells incubated with 25 µM of
various PUFA for 24 h (Fig. 6). All PUFA used did not influ-
ence the spontaneous and antigen-induced release of hista-
mine in MC/9 cells (Fig. 6A and C). In the ionophore-stimu-
lated cells, PUFA except for 18:3n-3 exerted a suppressive
effect on the histamine release (Fig. 6B).
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FIG. 4. Effect of the concentration of 24:6n-3 on the production of
eicosanoids in (A) ionophore- and (B) antigen-stimulated MC/9 cells.
MC/9 cells were stimulated with (A) ionophore and (B) antigen in the
presence of various concentrations of 24:6n-3 (0–60 µM). All samples
contained 30 µM of 20:4n-6 as a substrate. LTB4, LTC4, and 5-HETE
were analyzed as described in the Experimental Procedures section.
Values are the mean of 3–4 samples. Vertical bars indicate the standard
error of the mean. *Significantly different from the control at P < 0.05.
See Figure 1 for abbreviations.

FIG. 5. Effect of 24:6n-3 on the accumulation of histamine in MC/9 cells. MC/9 cells were in-
cubated with polyunsaturated fatty acids at various concentrations (0–100 µM) for 24 h. Cellu-
lar histamine content was measured as described in the Experimental Procedures section. Val-
ues are the mean of four samples. Vertical bars indicate the standard error of the mean. *Sig-
nificantly different from the control at P < 0.05.



DISCUSSION

In the present study, we isolated 24:6n-3 from brittle stars, O.
sarsi Lütken, and investigated the effects of 24:6n-3 on the
production of eicosanoids in the lipoxygenase pathway and
the accumulation and release of histamine in MC/9 mouse
mast cells in comparison with the effects of other PUFA in-
cluding 20:5n-3 and 22:6n-3. The MC/9 mouse mast cell
clone was isolated from mouse fetal liver and resembles mu-
cosal mast cells (17,20), which accumulate histamine and re-
lease it in response to stimulation of the IgE-antigen complex
or calcium ionophore (19,20). MC/9 cells also produce
eicosanoids such as PGD2, thromboxane B2, LTB4, LTC4, and
5-HETE from exogenous and endogenous 20:4n-6 (19,20).
Histamine- and lipoxygenase-pathway metabolites are known
to be produced by mast cells and are involved in inflamma-
tory and allergic reactions as chemical mediators (18). There-
fore, in using MC/9 cells the effect of 24:6n-3 on the accu-
mulation and release of histamine and eicosanoid production
must be assessed.

In the absence of exogenously added 20:4n-6, no
eicosanoid was detected in our experiment (Fig. 1). Thus, in
our experimental system, we assessed the synthesis of

eicosanoids from exogenously added 20:4n-6. LT (LTB4 and
LTC4) synthesis reached a plateau at 30 µM of 20:4n-6 in
both ionophore- and antigen-stimulated MC/9 cells (Fig. 1).
Thus, we set the concentration of 20:4n-6 at 30 µM as a sub-
strate for the assay of the inhibitory activity of 24:6n-3 on
eicosanoid production. Reportedly, the plasma FFA level is
about 0.3 mM (20). Thus, the concentration of 20:4n-6
seemed to be adequate for physiological concentration of in-
dividual fatty acids. For the same reason, the concentration of
PUFA (25 µM) that we used for observations on their effect
on histamine release also seemed to be physiological (Fig. 6).

The suppressive effect of 20:5n-3 and 22:6n-3 on the syn-
thesis of lipoxygenase pathway metabolites in vitro has pre-
viously been described (14,16,29–34). Most of the reports
studied the effects of PUFA on LT and HETE production from
endogenous 20:4n-6 (16,29–32), although this study exam-
ined LT and HETE formation from exogenous 20:4n-6. As
for LTB4 formation, the suppression by 20:5n-3 has been
demonstrated (16,29–32,34). The fatty acid 22:6n-3 was re-
ported to have both no suppressive activity on LTB4 genera-
tion (14,16) and a stronger inhibitory activity of 22:6n-3 than
20:5n-3 (31). In our present results, the effects of PUFA on
LT and HETE synthesis in ionophore-activated cells (Fig. 2)
roughly agreed with previous findings (suppression of LTB4
synthesis by 20:5n-3 and little or no effect by 22:6n-3). The
inhibition pattern of PUFA on antigen-stimulated production
of LT and HETE was significantly different from the above-
mentioned reports and the present result in the ionophore-
stimulated cells (Fig. 3). In antigen-stimulated cells, LTB4
production was inhibited most strongly by 20:5n-3 (Fig. 3A).
LTC4 and 5-HETE generation was suppressed more strongly
by 22:6n-3 than by 20:5n-3 (Fig. 3B, C). Differences in the
suppression pattern by PUFA in antigen-stimulated cells from
ionophore-stimulated cells suggest that the processes of anti-
gen-induced release of LT and HETE contain step(s) that
could be inhibited by n-3 PUFA other than processes in
ionophore-induced LT and HETE production.

In the dose-dependence study of 24:6n-3 on the synthesis
of LT and HETE, 24:6n-3 showed minimal inhibition of the
production of LT and HETE in ionophore-stimulated cells
(Fig. 4A). In antigen-activated cells, the production of LT and
HETE was inhibited dose dependently by 24:6n-3 (Fig. 4B).

Histamine content of MC/9 cells was increased by incu-
bating with 20:4n-6, whereas incubation with n-3 PUFA de-
creased the histamine content (Fig. 5). Yamada et al. (31) ex-
amined the effects of fatty acids on histamine accumulation
in RBL-2H3 rat basophilic leukemia cells and found the en-
hancing effect of 18:3n-3, 20:4n-6, 20:5n-3, and 22:6n-3 on
histamine accumulation in the cells. In the report of Kawasaki 
et al. (35), histamine content of RBL-2H3 cells was decreased 
by the addition of 18:3n-3. Engels et al. (36) demonstrated by 
an in vivo study that dietary modulation of fatty acid compo-
sition of mast cells did not affect histamine content and re-
lease. The reasons for the inconsistency of the results of these
reports are not clear. Our present results show that the effects
of PUFA on histamine accumulation are complex (Fig. 5).
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FIG. 6. Effect of 24:6n-3 on histamine mobilization in MC/9 cells. MC/9
cells were incubated with 25 µM of polyunsaturated fatty acids for 24
h. (A) Spontaneous, (B) ionophore-stimulated, and (C) antigen-activated
releases of histamine were measured as described in the Experimental
Procedures section. Values are the mean of four samples. Vertical bars
indicate the standard error of the mean. *Significantly different from the
control at P < 0.05.



Thus, it seems that further detailed investigations on the ef-
fect of fatty acids on histamine accumulation in mast cells are 
necessary to resolve this quandary.

The effects of PUFA on histamine release in intact,
ionophore-stimulated, and antigen-activated cells were ob-
served (Fig. 6). Since spontaneous release of histamine was not
altered (Fig. 6A), it was unlikely that reduced histamine con-
tent in the cells incubated with n-3 PUFA was due to increased
leakage of histamine from the cells. Ionophore-induced release
of histamine was suppressed by PUFA, excluding 18:3n-3 (Fig.
6B). Antigen-induced histamine release was not influenced
(Fig. 6C). A contradiction exists in the effect of PUFA on the
release of histamine. Data indicate an augmentative (31), sup-
pressive (Ref. 35 and Fig. 6B), and noneffective (Ref. 36 and
Fig. 6C) effect of PUFA on histamine release. Clarification of
the net effects of PUFA on histamine release examination under
well-defined conditions is necessary. 

In the present study, we showed that 24:6n-3 has an in-
hibitory effect on the antigen-stimulated production of
lipoxygenase pathway metabolites in MC/9 mouse mast cells.
Also 24:6n-3 reduced the content of histamine in the cells.
These effects of 24:6n-3 closely resemble those of 22:6n-3,  a
fatty acid prominent in fish oils and well stated to have an
anti-inflammatory effect via the modulation of arachidonate
metabolism (14,15), than of 20:5n-3 (Figs. 2, 3, 5). Therefore,
24:6n-3 has an anti-inflammatory activity similar to 22:6n-3.
Further studies about the incorporation, metabolism, and ac-
tion of 24:6n-3 are necessary to evaluate its nutritional and
physiological functions.
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ABSTRACT: Oxidatively modified low density lipoprotein
(LDL) has many biological activities which could contribute to
the pathology of the atherosclerotic lesion. Because atheroscle-
rosis has an inflammatory component, there has been much in-
terest in the extent to which LDL could be oxidatively modified
in vivo by inflammation. The present study examined LDL pres-
ent in an accessible inflammatory site, the inflamed synovial
joint, for evidence of compositional change and oxidative mod-
ification. LDL was isolated from knee joint synovial fluid (SF)
from subjects with inflammatory arthropathies and also from
matched plasma samples. SF and plasma LDL had similar free
cholesterol and α-tocopherol content, but SF LDL had a lower
content of esterified cholesterol. On electrophoresis, SF LDL
was slightly more electronegative than LDL from matched
plasma samples, but the changes were much less than those re-
sulting from Cu2+-treatment of LDL. Oxidized cholesterol was
not detected in any samples, but cholesterol ester hydroperox-
ide levels were greater in SF than in plasma LDL. When sam-
ples from three subjects were incubated with macrophages, the
SF LDL did not cause significant loading of the cells with cho-
lesterol or cholesterol esters, in contrast to the situation with
acetylated LDL. Overall, the SF LDL displayed evidence of
slightly increased oxidation by comparison with matched
plasma samples. Despite their isolation from an environment
with active inflammation, changes were modest compared with
those resulting from Cu2+ treatment. Thus, extensive LDL oxida-
tion is not a necessary correlate of location in a chronic inflam-
matory site, even though it is characteristic of atherosclerotic
lesions. 
Lipids 33, 1115–1121 (1998).

Oxidized low density lipoproteins (LDL) have multiple bio-
logical effects which are potentially pro-atherogenic. These
include stimulation of monocyte recruitment via enhanced
chemokine production (1), unregulated uptake by macro-
phages resulting in foam cell formation (2), cytotoxicity (3),
and T lymphocyte activation (4).

Oxidized LDL can be generated in vitro by incubation of
native LDL with transition metal ions. In this form, it is rec-
ognized by a range of receptors, including the scavenger re-
ceptor, and the membrane glycoprotein CD36. CD36 is a
highly conserved protein which is expressed by human and
murine monocytes/macrophages (5) and also by synovial mi-
crovascular endothelium in rats (Zhang, X., Cleland, L.G.,
and Mayrhofer, G., unpublished). Oxidized LDL undergoes
accelerated and unregulated uptake by macrophages, and
there is decreased intracellular degradation of its apoprotein
B-100 (2,6). Both of these processes could contribute to for-
mation of the lipid-laden “foam cells” characteristic of early
and advanced atherosclerotic lesions. 

Furthermore, metal-oxidized LDL injected intravenously
in hamsters promoted generalized leukocyte adhesion to en-
dothelium (7), and in vitro it caused induction of heat-shock
protein in monocytic cells (8), increased expression of MHC
Class II molecules on human mononuclear cells (9), and acti-
vation of T-lymphocytes manifest as upregulation of IL-2 re-
ceptors (4). All these events are important features of early
stages of atherogenesis. LDL can be oxidatively modified to
high-uptake forms also by incubation with neutrophils and
macrophages in the presence of transition metal ions (10,11). 

In mildly oxidized forms, LDL is not specifically recog-
nized by cellular receptors with the possible exception of
CD36, nor usually subject to accelerated endocytosis, but it
has other activities which may be directly relevant to the gen-
eration of foam cells in the vessel wall. For example, mini-
mally modified LDL can stimulate formation of monocyte
chemotactic protein-1 and monocyte transmigration into the
subendothelium (1).

Whereas most of the information on oxidatively modified
LDL and foam cell formation derives from investigations into
the cellular pathology of atheroscelerosis, foam cells have
been observed also in the synovial membranes of subjects
with rheumatoid arthritis (RA) (12). In addition, the lesions
in both RA and atherosclerosis have in common monocyte
and lymphocyte infiltrates, cellular hyperplasia, and fibrosis.
Lipids from human atherosclerotic plaques are heavily oxi-
dized, in spite of the maintenance of at least normal levels of
several antioxidants including both vitamin E and ascorbate
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(13). In addition, oxidized proteins and lipids are present in
lipid–protein fractions isolated from such plaques at the den-
sity of LDL (and containing its characteristic apoprotein) (14;
Dean, R.T., and Fu, S., unpublished). The commonality be-
tween inflammatory and atherosclerotic sites suggests that it
is important to establish whether LDL present at nonathero-
sclerotic inflammatory sites is also oxidized, as might be the
case if its oxidation were dependent on the inflammatory
events per se. Conversely, it would be of interest if LDL oxi-
dation were not characteristic of inflammatory sites in gen-
eral, but rather, selective for atherosclerotic lesions. 

Inflammatory sites contain appropriate cells and mecha-
nisms for the induction of oxidative stress. In inflammatory
joint disease, the synovium and joint space contain leukocytes
that are capable of producing reactive oxygen species, and
there are also suggestions of the production of reactive oxy-
gen species in inflamed joints with effusions as a consequence
of cycles of ischemia and reperfusion (15,16). Accordingly, it
has been claimed that oxidized lipids and proteins are present
in synovial fluid (SF) from subjects with RA (15,16). How-
ever, these studies (15,16) used assays of limited discrimina-
tion [thiobarbituric acid reactive substances (TBARS), IgG
protein fluorescence]. In the more detailed of these studies
(16), there were changes in SF TBARS during or independent
of exercise, but no changes in overall conjugated dienes; al-
though second-derivative spectra were used to gain further
information about the conjugated dienes, no quantitative data
were presented on the comparison between the exercised and
nonexercised groups. The interpretation of these data, and
particularly of whether lipid and protein oxidation products
are accumulated more in rheumatoid SF, remains difficult. 

Thus, it is of great interest to use SF LDL from inflamed
joints to assess the extent of oxidative LDL modification
in vivo in an inflammatory, oxidative environment. In the
present study, we have examined human SF LDL for alter-
ations in composition and for markers of oxidative modifica-
tion. The results indicate that modest oxidative changes oc-
curred, but they are minor by comparison with those present
in LDL oxidized in vitro by exposure to Cu2+ ions. Also, the
changes are not sufficient to promote accelerated LDL uptake
by macrophages leading to foam cell formation.

METHODS

Plasma and SF. All SF samples were aspirated from knee ef-
fusions from patients with inflammatory arthropathies. In
some instances where bilateral effusions were present, both
knees were aspirated and the samples were examined individ-
ually as indicated. The clinical diagnoses are listed in Table 1.
A peripheral venous blood sample was collected at the same
time as joint aspiration and both SF and blood samples were
collected into EDTA-containing tubes (final concentration
1 mg/mL). Aprotinin and soybean trypsin inhibitor (Sigma
Chemical Co., St. Louis, MO) (10 µg/mL) were added to all
of the samples and bovine testicular hyaluronidase (Sigma
Chemical Co.) (10 µg/mL) was added also to the SF samples.

Blood and SF were centrifuged (350 × g, 10 min) at room
temperature, after which the supernatants were stored at 4°C.

Isolation of lipoproteins. KBr was used for density adjust-
ments of SF and plasma which were subjected to ultracen-
trifugation at 4°C in a Beckman TL-100 Tabletop ultracen-
trifuge as follows. LDL were isolated in the density range
1.019 < d < 1.055 g/mL with a single 18 h spin at the lower
densities followed by two 18 h spins at the higher densities.
The lipoprotein preparations were dialyzed against 3 × 1 L
Tris-buffered saline (0.01 M, pH 7.4) containing NaCl
(0.15 M), Na2-EDTA (0.005% wt/vol), and NaN3 (0.006%
wt/vol).

Lipid analyses. LDL (approximately 20 µg protein) was
added to 1 mL phosphate-buffered saline and extracted with
2 mL methanol (containing 0.02% acetic acid) and 10 mL
water-washed hexane. All samples and reagents were kept on
ice. Samples were centrifuged, and the hexane phases were
stored at −80°C. High-performance liquid chromatography
(HPLC) separation with ultraviolet (UV) detection at 210/234
nm was used for estimation of cholesterol, cholesteryl esters,
and 7-keto cholesterol (17); electrochemical detection was
used for estimation of α-tocopherol (18). Cholesteryl ester
hydroperoxides were estimated by HPLC with postcolumn
luminol/microperoxidase chemiluminescence detection (18).

Protein oxidation products. Evidence for protein oxidation
in intact LDL was sought by measurement of valine hydrox-
ides and hydroperoxides (19), protein-bound 3,4-dihydroxy-
phenylalanine (DOPA) (20), and hypochlorite modification
of apo B protein (21).

Macrophage uptake of LDL. Murine peritoneal macro-
phages were harvested from QS mice by lavage (6), resus-
pended in culture medium (Dulbecco’s modified Eagle’s
medium, DMEM) and plated at a density of 2 × 106 cells per
22-mm diameter well. After 2 h, nonadherent cells were re-
moved. The remaining macrophages (>95% pure) were incu-
bated with DMEM containing lipoprotein-deficient human
serum (10% vol/vol) and 25 µg/mL of the indicated lipopro-
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TABLE 1
Diagnoses Related to the Inflammatory Arthropathies

Patient no. Diagnosis

1 Spondylitis with psoriasis
2 RAa

3 Psoriasis
4 RA
5 RA
6 RA
7 RA
8 RA
9 RA

10 RA
11 Arthropathy associated with inflammatory bowel disease
12 RA
13 RA
14 RA
15 Reiter’s syndrome

aRA, rheumatoid arthritis.



teins, dialyzed against phosphate-buffered saline before use.
After 24 h at 37°C, cells were washed, lysed in NaOH
(0.2 M), and lipids were extracted in hexane/methanol as de-
scribed above. Cholesterol and cholesteryl esters were deter-
mined by HPLC as described above.

Statistical analysis. Except where specified, the Wilcoxon
signed rank test was used to examine differences between val-
ues for the SF and matched plasma samples (22). 

RESULTS

SF LDL lipids. The free cholesterol content in LDL isolated
from SF  was similar to that in LDL isolated from matched
plasma samples (Table 2) [mean ± SD; plasma, 1163 ± 296;
SF, 1026 ± 195 nmol/mg LDL protein; difference not signifi-
cant (n.s.)]. However, the cholesterol ester content of SF LDL
was significantly less than that of plasma LDL (Table 2)
(plasma, 2765 ± 689; SF, 2077 ± 331 nmol/mg LDL protein;
P < 0.01, t-test). A parallel difference was also observed for
the individual cholesteryl esters linoleate, arachidonate,
oleate, and palmitate (results not shown). There was no dif-
ference in the α-tocopherol content of SF and plasma LDL
(Table 2) (plasma, 18.8 ± 3.7; SF, 18.6 ± 5.2 nmol/mg LDL
protein; n.s.). 

Lipid oxidation products in SF LDL. In samples where
cholesterol ester hydroperoxides were detected in SF LDL,
there were consistently higher levels compared with those in
matched plasma LDL samples (Table 3). On average, plasma
LDL contained 0.42 ± 0.27 (mean ± SD), whereas SF LDL
contained 1.65 ± 1.11 nmol cholesteryl linoleate hydroperox-
ide/mg protein. These amounts were significantly different
(P < 0.01). 7-Keto-cholesterol was not detectable in any of
the plasma or SF LDL samples. Overall, these levels of oxi-
dized lipids were considerably less than those generated in

Cu2+-treated plasma LDL, which after 24 h of oxidation with
Cu:LDL particle ratios of 10:1 typically contain 150 nmol 7-
keto cholesterol/mg protein (23). Furthermore, our reported
values for atherosclerotic plaque homogenate are also sub-
stantially higher than those we observed for SF LDL (13). 

Protein oxidation products in SF LDL. Three markers of
protein oxidation were measured in LDL samples from pa-
tient nos. 9 and 14. SF LDL levels of valine hydroxides and
protein-bound DOPA were within the normal range we deter-
mine for plasma LDL (approximately 10 pmol valine hydrox-
ide/mg LDL protein and a DOPA/tyrosine ratio of approxi-
mately 50 × 10−5). Also, there was no evidence of hypochlo-
rite epitopes of apoB in these samples.

Charge alterations in SF LDL. When subjected to agarose
gel electrophoresis, SF LDL was slightly more electronega-
tive than matched plasma LDL samples (Table 4, Fig. 1). Rel-
ative to plasma samples, SF LDL had a mean (± SD) relative
mobility of 1.13 ± 0.14 (n = 13). This value is statistically sig-
nificantly different from 1.0 (t-test, P < 0.05), indicating that
SF LDL was slightly more electronegative by comparison
with matched plasma LDL. A comparable modest enhanced
electronegativity has been observed for human aortic intimal
LDL in comparison with matched plasmas (24), although
comparison of LDL isolated from normal intima vs. athero-
matous lesions indicated that both were comparably affected
(25). However, these alterations are much less than those gen-
erated by Cu2+ treatment of plasma LDL samples (Table 4
and Ref. 23). 

Macrophage uptake of SF LDL. Samples from three pa-
tients (3 plasma, 5 SF) were examined for uptake by murine
peritoneal macrophages. There was no evidence for altered
cholesterol levels or of cholesteryl ester accumulation in cells
incubated with SF LDL (Fig. 2). By contrast, lipids from
acetylated LDL caused greatly increased accumulation in

TABLE 2
Lipids [nmol/mg LDL protein (mean ± SDa) of Synovial Fluid LDL and Matched Plasma LDL

Plasma Synovial fluidb

Patient Free cholesterol Cholesterol esters α-Tocopherol Free cholesterol Cholesterol esters α-Tocopherol

3 1139 ± 160 2676 ± 274 17 1066 2357 21 ± 1
1188 ± 101 2144 ± 92 17 ± 1

5 874 ± 31 1832 ± 199 23 ± 1 863 ± 69 1568 ± 101 19 ± 3
968 ± 44 1909 ± 98 26 ± 3

6 1173 ± 33 2654 ± 122 12 ± 0.5 1050 ± 53 2077 ± 95 10 ± 0.5

9 908 ± 34 2477 ± 81 19 ± 1 1395 ± 53 2266 ± 77 25 ± 1

10 1207 2693 18 ± 0.1 1331 2524 20 ± 1

12 1164 2891 ± 139 17 ± 3 1049 ± 3 2340 ± 869 17 ± 2

13 1061 ± 32 3115 ± 185 17 ± 1 891 ± 45 2473 ± 21 24 ± 1

14 1056 ± 66 2236 ± 130 22 ± 2 771 ± 30 1571 ± 91 15 ± 1
925 ± 50 1922 ± 80 19 ± 1

15 1889 ± 125 4316 ± 251 24 ± 1 826 ± 62 1772 ± 135 10 ± 1

Mean ± SD 1163 ± 296 2765 ± 689c 18.8 ± 3.7 1026 ± 195 2077 ± 331 18.6 ± 5.2
aMean ± SD of three determinations.
bWhere two values appear, synovial fluid samples were taken from the left knee (top row) and right knee (bottom row) of the same individual.
cSuperscript indicates statistically significant difference between plasma and synovial fluid values (Wilcoxon, P < 0.01). LDL, low density lipoprotein.
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macrophages, indicating that functional endocytic receptor
pathways were present (Fig. 2).

DISCUSSION

In subjects with inflammatory joint disease, the synovium and
joint space become a potentially pro-oxidative environment.

The leucocyte infiltrates comprise cells capable of producing
reactive oxygen species when stimulated and there is evi-
dence that, in joints with effusions, exercise causes cycles of
synovial ischemia and reperfusion which result in production
of reactive oxygen species (15,16). The evidence for produc-
tion of reactive oxygen species is based on claims of detec-
tion of oxidized lipid and protein in SF of subjects with RA
(15,16), and caveats about these data have been outlined
above. In addition, there are suggestions of the presence of
oxidatively modified LDL in rheumatoid joints. Thus, by
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TABLE 3
Oxidized Lipids of Synovial Fluid LDL and Matched Plasma LDL

Patient Plasma Synovial fluida

Cholesterol linoleate hydroperoxide
(nmol/mg LDL protein)

mean ± SDb

3 0.3 1.5 ± 0.1
2.0 ± 0.23

5 0.8 ± 0.22 4.1 ± 0.61
2.4 ± 0.17

6 n.d.c n.d.

9 0.1 ± 0.12 0.8 ± 0.1

10 0.7 ± 0.06 2.5 ± 0.26

12 n.d. 1 ± 0.32

13 n.d. n.d.

14 0.3 ± 0.03 0.9 ± 0.34
0.5 ± 0.09

15 0.3 ± 0.02 0.8 ± 0.04

Mean ± SD 0.42 ± 0.27d 1.65 ± 1.11
aWhere two values appear, synovial fluid samples were taken from the left
knee (top row) and right knee (bottom row) of the same individual.
bMean ± SD of three determinations; where no SD is given, the mean is
based on <3 replicates.
cn.d., not detected.
dStatistically significant difference between plasma and synovial fluid values
(Wilcoxon, P < 0.01). For abbreviation see Table 2.

TABLE 4
Relative Mobility of Synovial Fluid LDLa

Contralateral Cu2+-oxidized
Patient Knee knee plasma LDLb

1 1.19
2 1.21
3 1.06 1.07 3.28
4 1.17 2.89
5 1.03
6 1.06
7 1.5 1.17
8 1.03
9 0.98

10 1.03
11 1.21

Mean ± SD 1.13 ± 0.14c,d 3.08 ± 0.27d

aMobilities are expressed as migration of synovial fluid LDL samples relative
to the migration of matched plasma LDL samples.
bSelected plasma LDL samples were treated with CuSO4 (10 µM) for 12 h at
37°C. The protein concentrations of the LDL used were 0.9 mg/mL (patient
3) and 1.7 mg/mL (patient 4).
cMean ± SD for all synovial fluid samples, i.e., n = 13.
dStatistically significantly different from 1.0 (t-test, P < 0.05).

FIG. 2. Macrophage content of free and esterified cholesterol. Murine
macrophages (2 × 106/culture) were incubated for 24 h with 25 µg/mL
of the indicated low density lipoprotein (LDL) samples, as described in
the text. Lipids were extracted and determined by reversed-phase high-
performance liquid chromatography. Numbers refer to specific patients
whose diagnoses are given in Table 1. Key: AcLDL, acetylated LDL; SF,
synovial fluid LDL; Pl, plasma LDL. Letters in parentheses specify the
right (R) or left (L) knee synovial fluid from which LDL was isolated. FC,
free cholesterol; CD, cholesteryl docosahexaenoate; CA, cholesteryl
arachidonate; CL, cholesteryl linoleate; CO, cholesteryl oleate; CP, cho-
lesteryl palmitate; CS, cholesteryl stearate.

FIG. 1. Agarose gel electrophoresis of LDL. The horizontal line repre-
sents the origin and migration is toward the anode. (a) Patient #1; (b)
patient #3. SF, synovial fluid sample; P, plasma sample; P-Cu2+, Cu2+-
oxidized plasma sample (see Table 4 for details).



using antisera raised against Cu2+-oxidized LDL, positive
staining of perivascular macrophages was observed in some
rheumatoid synovial samples (12). However, it has become
increasingly apparent that such antibodies recognize a range
of epitopes present on proteins other than apo B, and so the
interpretation of such observations is very difficult (26). 

In the present study, we have demonstrated the presence of
mildly oxidized LDL in inflammatory synovial fluid. Mobility
on agarose gel was slightly increased compared with matched
plasma samples, suggesting modification of apo B lysines
which is usually a consequence of derivatization by aldehydic
products of lipid peroxidation (27). However, the mobility
shift was considerably less than that observed in atheroscle-
rotic plaque LDL. There was also evidence of increased fatty
acid hydroperoxides, a marker of limited LDL oxidation, but
no evidence of cholesterol oxidation, a later process (17,28).
The mobility of LDL is also changed only late during oxida-
tion (17,23), largely consequent on reactions of lipid peroxi-
dation end-products with apo B lysines; again there were only
slight changes in LDL mobility in the synovial samples, fur-
ther suggesting that oxidation had proceeded only to a very
limited degree. In agreement, there was no evidence of protein
oxidation, including hypochlorite modification, and the SF
LDL was not capable of loading macrophages with lipid.
Thus, the SF LDL analyzed in the present study is not suffi-
ciently modified to support foam cell formation.

The lack of oxysterols and oxidized protein in the synovial
LDL samples suggests that the oxidation in the RA synovium
is limited in extent. This may be due to limited oxidant gen-
eration, effective inhibition, and perhaps a contribution from
removal of oxidation products. For example, LDL oxidation
in vitro is inhibited by the presence of serum (29) and, in par-
ticular, by HDL (30). Several of the components in serum
which suppress LDL oxidation are present in inflammatory
SF. We observed that high density lipoprotein (HDL) (apo
A-I) is present in inflammatory SF at approximately 50% of
the concentration in plasma (James, M.J., Rye, K.A., Cleland,
L.G., and Barter, P.J., unpublished observations). We ob-
served also that inflammatory SF contains cholesterol ester
transfer protein (CETP) activity at approximately 40% of the
concentration in plasma (James, M.J., Rye, K.A., Cleland,
L.G., and Barter, P.J., unpublished observations). This could
be significant in explaining the low levels of cholesterol ester
hydroperoxides in SF LDL because CETP can transfer cho-
lesterol ester hydroperoxides from LDL to HDL where they
are converted to hydroxides (31). Nevertheless, the same in-
hibitory factors are present in atherosclerotic plaque where
oxidized lipids and proteins are present (13). 

An additional contribution to the low levels of oxidation
products in synovial LDL may be the residence time of the
particles at this site, and this needs to be considered. Although
residence time of LDL has not been measured, estimates can
be made. The SF/plasma ratios of macromolecules which are
plasma-derived reflect the net interactions of synovial vascu-
lar permeability, synovial blood flow, and the extent of lym-
phatic removal from the synovial space (proteins are removed

via the lymphatics rather than the microcirculation (32,33). In
the present study the synovial fluid/plasma ratios of LDL pro-
tein averaged 0.57 (data not shown). This value is similar to
those reported for other plasma proteins such as albumin, ceru-
loplasmin and α2-macroglobulin (33), suggesting that the rates
of delivery and removal of lipoproteins are similar to those of
the plasma-derived proteins. The rate of clearance of albumin
from rheumatoid synovial effusions is about 30-fold less than
the rate of clearance of small molecules such as NaI (34).
Thus, the transit time of LDL in the synovial space is expected
to be substantial. Although measurements of the transit time
of lipoproteins have not been made, estimates can be made
based on reported clearance rates of similar-sized proteins. α2-
Macroglobulin has a radius of 9.1 nm, similar to that of HDL
but smaller than that of LDL, and was reported to be cleared
from rheumatoid synovial effusions at the rate of 0.09
mg · min−1 (33). An effusion of 50 mL would have approxi-
mately 50 mg HDL and 120 mg LDL protein, and, if cleared
with rates similar to that of α2-macroglobulin, the fractional
clearance would be 0.0018 and 0.00075 min−1, respectively.
Whereas this estimated clearance rate for LDL indicates a sub-
stantial transit time, it may not be sufficient to permit the ex-
tensive oxidation required to promote macrophage uptake.

Myeloperoxidase, a product of neutrophils which can cat-
alyze the production of hypochlorite, has been detected in
human atherosclerotic lesions (35) and in inflammatory SF
(36). Hypochlorite can modify the apo B protein component
of LDL to produce a high-uptake form of LDL (37). The lack
of evidence for hypochlorite modification of LDL protein in
the present study may result from the presence of an inhibitor
of myeloperoxidase which has been detected in SF and in
serum (38). 

A role for localized inflammation in atheroma formation
has been postulated because the atherosclerotic lesion has
many elements commonly associated with chronic inflamma-
tion such as a macrophage and lymphocyte infiltrate, smooth
muscle cell hyperplasia, and fibrosis (39–43). Thus, many cell
types present in an atherosclerotic lesion, including endothe-
lial cells and the leukocytes, can potentially oxidatively mod-
ify LDL. These elements and conditions are also present in
the synovium and joint space of patients with inflammatory
joint disease. However, the lack of substantial oxidative mod-
ification of LDL in inflammatory SF indicates either that ap-
propriate oxidants do not reach the LDL particles there or that
some of the many antioxidant defenses present even in an in-
flammatory focus are successful in limiting oxidation. As we
have shown, however (13), a barrage of antioxidant mole-
cules are present in advanced atherosclerotic lesions even
though highly oxidized lipid–protein particles are present. A
deficiency of co-antioxidation may account for the oxidation
in plaque. However, an alternative explanation is that after
oxidation occurs, antioxidants are repleted in plaque. 

The observations here suggest that, although lipoprotein
oxidation is pronounced in atherosclerotic lesions, extensive
lipoprotein oxidation is not general in inflammatory sites.
Since pro-inflammatory factors are present in both cases, it is
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possible that other factors are critical in the causation of
lipoprotein oxidation in plaque. An important implication of
these findings is that markers of lipoprotein oxidation may be
markers of atherosclerosis, and not simply of inflammation. 
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ABSTRACT: Fourteen healthy male volunteers were given two
separate high-saturated-fat meals with and without the addition
of 4 g highly purified ethyl esters of either eicosapentaenoic
acid (EPA) (95% pure, n = 7) or docosahexaenoic acid (DHA)
(90% pure, n = 7) supplied as 1-g capsules each containing 3.4
mg vitamin E. The chylomicrons were isolated 6 h after the
meals, at peak concentrations of n-3 fatty acids (FA). Addition
of n-3 FA with the meal caused a 10.4-fold increase in the con-
centration of n-3 FA in chylomicrons compared to the saturated
fat meal without addition of n-3 FA. After the saturated-fat meal,
the concentration of thiobarbituric acid-reactive substances
(TBARS) was 327.6 ± 34.6 nmol/mmol triacylglycerol (TAG),
which increased to 1015.8 ± 212.0 nmol/mmol TAG (P <
0.0001, n = 14) after EPA and DHA were added to the meal.
There was no significant correlation between the concentrations
of TBARS and vitamin E in the chylomicrons collected 6 h after
the test meal. The present findings demonstrate an immediate
increase in chylomicron peroxidation ex vivo provided by in-
take of highly purified n-3 FA. The capsular content of vitamin
E was absorbed into chylomicrons, but the amount of vitamin E
was apparently not sufficient to protect chylomicrons against
lipid peroxidation ex vivo. Daily intake of 4 g n-3 FA either as
EPA or DHA for 5 wk did not change the plasma concentration
of TBARS. Although not significantly different between groups,
DHA supplementation decreased total glutathione in plasma
(P < 0.05) and EPA supplementation increased plasma concen-
tration of vitamin E (P < 0.05). The other lipid-soluble and polar
antioxidants in plasma remained unchanged during 5 wk of in-
tervention with highly purified n-3 FA. 
Lipids 33, 1123–1129 (1998).

Fish oils, rich in n-3 polyunsaturated eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), have antithrom-
botic, antiinflammatory, and hypolipemic properties (1,2), in-
dicating that these fatty acids (FA) may be used in the preven-
tion and treatment of atherothrombotic diseases. 

Lipid peroxidation, especially of low density lipoproteins
(LDL), may be important in the pathogenesis of atherosclero-
sis (3). Oxidatively modified LDL promotes atherosclerosis
in vitro by increasing the expression of adhesion molecules at
the endothelial surface (4,5), by inhibiting repair of wounded
endothelial monolayers (6), by inducing foam cell formation
through uptake of oxidized LDL via the scavenger receptor,
which is resistant to intracellular proteolysis (7,8), and by in-
ducing release of cytokine and eicosanoids with chemotactic
and proliferative properties (9,10). In general, autooxidation
of polyunsaturated FA increases with the extent of unsatura-
tion. Thus, dietary intervention with highly polyunsaturated
n-3 FA may render blood lipids and cells more susceptible to
oxidation and thereby be potentially harmful (7). However,
inconsistent data have been reported regarding the impact of
n-3 polyunsaturated FA on the susceptibility of LDL to lipid
peroxidation in humans (11–13).

Postprandial triglyceridemia may have an important role
in atherogenesis (14). Patients with coronary artery disease
(CAD) have increased plasma concentrations of chylomicron
(CM) remnants and higher postprandial lipemia (15,16). Di-
etary oxidized lipids are absorbed and incorporated into CM
and may thereby contribute to the oxidative stress of the vas-
cular system (17). Long-term intake of n-3 FA reduces post-
prandial triglyceridemia (18,19), but it is unknown whether
incorporation of n-3 FA into the CM particle affects its sus-
ceptibility to peroxidation. The purpose of the present study
was to investigate the susceptibility of CM to peroxidation
after intake of a standard high-saturated-fat meal with and
without supplement of n-3 FA. Furthermore, we assessed the
effect of daily intake of highly purified EPA and DHA for 5
wk on pro- and antioxidative systems in plasma.

MATERIALS AND METHODS

Participants. Fourteen healthy normolipemic male employ-
ees at the University of Tromsø (mean age 36.2 yr, range
28–49), who were consuming a traditional Western diet, were
recruited into the study. The subjects were evaluated by med-
ical history, physical examination, and measurements of
blood pressure, hematological variables, blood glucose,
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serum lipids, and routine biochemistry. One participant
smoked cigarettes. The exclusion criteria were regular use of
drugs, history of peptic ulcer, gastrointestinal disturbances
likely to influence absorption, alcohol or drug abuse, and
mental illness. The subjects were asked to maintain their reg-
ular physical activity and dietary habits throughout the study.
None of the participants was taking supplements containing
antioxidants (i.e., vitamin E and vitamin C) before and during
the study. The study was approved by the regional board of
research ethics, and informed, written consent was obtained.

Experimental design. The study was carried out as a ran-
domized double-blind, parallel trial. After a 2-wk run-in
phase with weekly physical examinations and blood collec-
tions (visits 1 and 2), the participants were randomly selected
at visit 3 to receive 4 g/d of EPA (95% pure) or 4 g/d of DHA
(90% pure), both prepared as ethyl esters (Pronova Biocare
AS, Oslo, Norway), for 5 wk. The n-3 FA were given in soft
gelatin capsules each containing 1.0 g of FA. The content of
vitamin E (α-tocopherol) was 3.4 mg per capsule, the perox-
ide value was <0.020 meq/g, and p-anisidine value was <35. 

Blood was collected weekly during the 5-wk intervention
period (visits 4–8). A final examination and blood sampling
were performed 15 wk after the intervention period (visit 9).
Height was measured at visit 1, and body weight was recorded
at visits 1, 3 and 8 using a digital scales with the subjects wear-
ing light indoor clothing. Compliance was assessed by capsule
counts and by measurements of serum phospholipid FA.

Blood sampling. Blood was drawn at 8 A.M. from an ante-
cubital vein on the right arm after 12 h of overnight fasting
by using a 19-gauge needle in a vacutainer system with mini-
mal stasis. Serum was prepared by clotting whole blood in a
glass tube at room temperature for 1 h and then centrifuging
at 2000 × g for 15 min. Aliquots of 1 mL were transferred into
sterile cryovials (Greiner Laboratechnik, Frickenhausen, Ger-
many), flushed with nitrogen, and frozen at −70°C until fur-
ther analysis. Blood for plasma preparation was collected into
vacutainers (Becton Dickinson, Meylan Cedex, France) con-
taining disodium EDTA as anticoagulant (EDTA K3 0.12 mL,
0.34 M per tube). Plasma was prepared by centrifugation at
2000 × g for 15 min at 22°C, transfer into sterile cryovials in
aliquots of 1 mL, flushing with nitrogen, and storage at −70°C
until further analysis.

Fat-tolerance test. A fat-tolerance test was performed be-
fore intervention (visit 3) and under basal conditions 15 wk
after completion of the dietary intervention period (visit 9). A
standard 2.64 MJ (631 kcal) test meal was prepared as a 375-
mL liquid formula containing 28.6 g carbohydrates, 22.6 g
protein, and 47.0 g fat. The fat was mainly obtained from
cream and milk and comprised 65.4% saturated, 30.9% mo-
nounsaturated, and 3.8% polyunsaturated FA. The test meals
were freshly prepared each morning, served at 8.15 A.M. and
consumed over a 10-min period. The subjects were given 100
mL orange juice with the test meal. At visit 3 the EPA and
DHA groups received 4 capsules (1 g each) of EPA and DHA,
respectively, with the test meal. At visit 9 the EPA and DHA
capsules were replaced by similar amounts of fat from cream.

The participants were allowed to drink 350 mL calorie-free
beverages and eat a 200-g apple during the following 8 h.
Taken together, the test meal, apple, and the orange juice con-
tained 2.2 mg vitamin E (α-tocopherol) as calculated from
standard food tables using a specially designed computer pro-
gram (20). Blood samples for CM isolation and plasma prepa-
ration were collected prior to the meal and every second hour
during the next 8 h.

CM isolation. CM were isolated by overlayering 8 mL
plasma with 4 mL of buffer (150 mmol/L NaCl and 1 mmol/L
EDTA) in a cellulose nitrate tube and centrifuged in a Beck-
man SW40 Ti swinging bucket rotor at 20,000 rpm for 1 h at
4°C (21). The CM were carefully removed by aspiration, di-
vided into three aliquots in cryovials, flushed with nitrogen,
and frozen at −70°C until further analysis.

Fatty acid and lipid analysis. Total fatty acids were ex-
tracted from 500 µL CM according to Folch et al. (22) with
heptadecaenoic acid (17:0) as internal standard according to
previously described procedures (23). The concentration of
FA in CM were reported as µmol/L plasma. Serum lipids
were analyzed on a Hitachi 737 Automatic Analyzer
(Boehringer Mannheim, Mannheim, Germany) with reagents
from the manufacturer. Total cholesterol was measured with
an enzymatic colorimetric method (CHOD-PAP) and high
density lipoprotein cholesterol was assayed by the same pro-
cedure after precipitation of LDL with heparin and man-
ganese chloride. Triacylglycerol (TAG) concentration was de-
termined with an enzymatic colorimetric test (GPO-PAP).

Prooxidants and antioxidants. Plasma and CM were ana-
lyzed for lipid peroxidation by the high-performance liquid
chromatography (HPLC)-based thiobarbituric acid (TBA)
method (24–26). Plasma and CM samples were processed for
colorimetric reaction of TBA as described by Yagi (24) and
Ohkawa et al. (25), respectively. Ten microliters of the sam-
ples was then injected onto a Spectral Physics SP 8800 HPLC
system with a 5 µ Supelcosil LC18 column (25 cm × 4.6 mm).
Malondialdehyde-TBA adducts were quantified by a Shi-
madzu RF 535 Spectrofluorimeter (excitation wave length
515 nm, emission wavelength 553 nm). Peak analysis was
performed using a Spectral Physics Chromjet SP 4400 inte-
grator. The mobile phase was initially 25 mM potassium
phosphate buffer, pH 7.0/methanol, 65:35, vol/vol, at a flow
rate of 1.0 mL/min. The methanol content was increased to
80% from 4.6–10 min. The typical retention time of the
adduct was 4.6–4.8 min.

Plasma samples were analyzed for vitamin E (α-tocoph-
erol), vitamin A (retinol), and β-carotene levels by HPLC as
previously described (27–29). In brief, 200 µL plasma was
mixed with an equal volume of 300 µM standard in ethanol.
To these solutions 500 µL hexane was added, shaken vigor-
ously for 2 min, centrifuged, and partly evaporated (250 µL
under a stream of N2; 125 µL ethanol was added, and then the
sample was analyzed by HPLC. The analysis was performed
with Supelcosil LC-8 column (25 cm × 4.6 mm i.d.) with
LC-8 guard column packed with PERISORB RP-8 (2 cm × 2
mm i.d.). Methanol/H2O (95:5, vol/vol and 100% methanol
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were used as mobile phases. The flow was set to 1.0 mL/min,
and the injection volume was 40 µL. Detection was achieved
at 292 nm using a Shimadzu RF-535 detector with multipli-
cator (Hamamatsu R928-08).

The total and reduced forms of glutathione, cysteine, and
cysteinylglycine were quantified after derivatization with the
fluorescent agent monobromobimane by reversed-phase
HPLC as previously described in detail (26,30).

Statistics. Changes in variables were calculated as the
value obtained after minus the value obtained before inter-
vention. Examination of data frequencies revealed normal
distribution of the data. A paired t-test was applied for
changes in variables within a treatment group, whereas an un-
paired t-test was used for comparison of changes between
treatment groups. Repeated measures analysis of variance
was performed to assess changes in thiobarbituric acid-reac-
tive substances (TBARS) and antioxidants over time. The
postprandial increase in CM TAG concentrations was as-
sessed in two ways. First, we calculated the areas under the
curve (AUC) for the CM TAG concentration after intake of a
standardized fat meal as the deviation from the basal value
integrated over the sampling time (8 h). Second, the CM re-
sponse was defined as the average of the two highest post-
prandial CM TAG concentrations minus the baseline value.
Values are means ± SD if not otherwise stated. Two-sided
P-values < 0.05 were regarded as significant. The SAS statis-
tical software package was used (31).

RESULTS

There were no statistically significant differences between the
EPA and DHA groups with regard to age, body weight, blood
lipid concentrations, and n-3 FA levels in serum phospho-
lipids (Table 1). None of the participants experienced discom-
fort, nausea, or diarrhea after ingestion of the liquid test meal
with or without the addition of the highly purified n-3 FA. The
participants did not experience significant side effects while
taking EPA and DHA. The body weights remained stable dur-

ing the intervention in both groups. All participants com-
pleted the study per protocol. The percentage of capsules
taken was 98 (range 96–100%) in the EPA group and 91
(69–100%) in the DHA group. 

Fat tolerance tests and CM peroxidation. The increase in
plasma CM TAG induced by the liquid fat meals are shown
in Figure 1A. After intake of the standard fat meal with addi-
tion of cream, the CM concentrations increased 7.6-fold,
peaked after 4 h, then declined but still remained higher than
baseline values 8 h after the meal. The CM response was
255.0 ± 125.4 µmol/L, and the AUC was 615.7 ± 253.3
µmol/L. A similar response was observed when 4 g of fat
from cream was replaced by n-3 FA (either EPA or DHA); the
CM response and the AUC were 224.3 ± 81.1 µmol/L and
520.0 ± 201.2 µmol/L, respectively. The concentration of n-3
FA in total lipids extracted from CM is shown in Figure 1B.
Ingestion of EPA or DHA with the meal induced a similar
maximal increase in CM n-3 FA (data not shown) which
peaked 6 h after the meal (10.4-fold increase) (Fig. 1B). The
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TABLE 1
Age, Body Weight, Serum Lipids, and Concentrations of the Main 
n-3 Polyunsaturated Fatty Acids in Serum Phospholipids at Baseline 
of Subjects Randomized to Receive Either 3.8 g EPA or 3.6 g DHA
Daily for 5 wka

EPA DHA
(n = 7) (n = 7)

Age (yr) 32.4 (5.0) 40.0 (8.4)
Body weight (kg) 82.4 (5.0) 79.8 (7.5)
Total cholesterol (mmol/L) 5.80 (1.16) 5.34 (0.53)
HDL cholesterol (mmol/L) 1.28 (0.12) 1.38 (0.26)
TAG (mmol/L) 1.19 (0.53) 1.04 (0.41)
EPA (µmol/L) 34.7 (16.9) 40.2 (14.4)
DPA (µmol/L) 24.8 (10.3) 26.6 (4.8)
DHA (µmol/L) 125.2 (42.8) 133.1 (28.8)
aValues are means (SD). Abbreviations: HDL, high density lipoproteins; EPA,
eicosapentaenoic acid; TAG, triacylglycerol; DPA, docosapentaenoic acid;
DHA, docosahexaenoic acid.

FIG. 1. Concentration of (A) triacylglycerols (TAG) and (B) total n-3 fatty
acids in chylomicrons isolated from plasma after ingestion of a standard
high-fat meal (solid symbol, n = 14) or a standard high-fat meal with 4 g
n-3 fatty acids (open symbols, n = 14). Values are means ± SD.



absorption of n-3 FA was delayed and prolonged compared
to the CM curve. The concentration of n-3 FA in CM lipids
did not change after the saturated-fat meal (Fig. 1B).

The CM fractions were isolated 6 h after the meal, at peak
concentrations of n-3 FA, and TBARS were measured after
both fat tolerance tests. After the saturated-fat meal the
TBARS concentration was 327.6 ± 34.6 nmol/mmol TAG,
which increased to 1015.8 ± 212.0 nmol/mmol TAG (P <
0.0001) when n-3 FA were added to the meal. The increase in
TBARS was similar whether EPA or DHA was given as sup-
plement to the meals (1048.1 ± 223.8 nmol/mmol TAG vs.
983.4 ± 211.8 nmol/mmol TAG, respectively, P = 0.59)
(Fig. 2). The mean concentration of vitamin E in CM was
3.03 ± 1.18 µmol/L 6 h after meal containing 4 g highly puri-
fied n-3 Fa had been consumed. There was no significant cor-
relation between the concentrations of TBARS and vitamin E
in the CM (r = 0.04, P = 0.87).

Oxidative status after intake of EPA or DHA for 5 wk. In-
take of highly purified EPA or DHA for 5 wk did not alter
plasma levels of TBARS significantly (Fig. 3A). The antioxi-
dant status in plasma at baseline and change after the inter-
vention are shown in Table 2. The plasma concentration of
vitamin E increased significantly (P < 0.05) within the EPA
group, but the increase did not differ from that seen in the
DHA group (Table 2 and Fig. 3B). The concentration of total
glutathione was modestly decreased (−12%, P < 0.05) in the
DHA group, whereas the reduced form was unchanged, indi-
cating an actual decrease in its oxidized and/or protein-bound
form. However, no statistical difference from the EPA group
was observed. There was no significant change in the other
antioxidants during dietary intervention with purified n-3 FA.

DISCUSSION

We observed a substantial increase in the amount of TBARS
in plasma CM when highly purified EPA and DHA were sup-

plied with a high-fat meal. Despite recommended amounts of
vitamin E added to the capsules containing highly purified n-3
FA, the amount of vitamin E was apparently insufficient to
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FIG. 2. Graphs showing individual values and means ± 1 SD of thiobarbituric acid-reactive substances (TBARS) in
chylomicrons 6 h after a standard high-fat meal (SAT) or a standard high-fat meal with the addition of either 4 g (A)
eicosapentaenoic acid (EPA; n = 7) or (B) docosahexaenoic acid (DHA; n = 7).

FIG. 3. Graphs showing plasma levels of (A) TBARS and (B) vitamin E
during dietary intake of 4 g/d for 5 wk of EPA (■) or DHA (■■). Values
are means ± SD. For abbreviations see Figure 2.



protect the CM particle against lipid peroxidation ex vivo.
However, the oxidative status in plasma remained unchanged
during 5 wk of daily supplementation with 4 g EPA or DHA,
even though DHA tended to stress both lipid-soluble and
polar antioxidants. 

Postprandial triglyceridemia is thought to play an import
role in atherogenesis (14). Oxidized lipids consumed in the
diet are absorbed and incorporated into CM where they can
contribute to the total body pool of oxidized lipids (17). Oxi-
dized lipids may be involved in injury of the arterial wall and
thereby provide a link between postprandial lipemia and
atherothrombotic disease. Long-term supplementation with
highly purified n-3 FA is believed to be antiatherogenic owing
to its pronounced lowering effect on postprandial triglyc-
eridemia (18,19). Recently, Mabile et al. (32) demonstrated
that CM isolated after a meal rich in n-6 polyunsaturated FA
exhibited a high oxidizability compared to CM enriched with
monounsaturated and saturated FA. In our study, human CM
enriched with n-3 polyunsaturated FA were more susceptible
to lipid peroxidation than CM enriched with saturated fat. The
TBARS values measured in isolated CM may be augmented,
in part, as a result of removal of antioxidants present in
plasma, thereby rendering the isolated CM more susceptible
to oxidation. The observed difference in TBARS of CM iso-
lated after the two meals, however, could not be explained by
the methodological conditions since equal isolation proce-
dures was performed.

In humans, vitamin E is an important lipid-soluble antiox-
idant, which is absorbed via the lymphatic pathway and trans-
ported in association with CM (33). Kontush et al. (34) re-
cently reported that vitamin E could play a triggering role in
lipoprotein oxidation by metal ions. The highly purified n-3
FA capsules administered in the present study contained 3.4
mg vitamin E each to avoid lipid oxidation. If vitamin E
served as an efficient antioxidant in CM, one might have ex-
pected an inverse association between lipid peroxidation and
vitamin E concentration in CM particles. However, no such

association was observed in our study. This may indicate that
vitamin E was inefficient as an antioxidant, that the amount
of vitamin E in the capsules was insufficient to protect the
CM particles against lipid peroxidation, or that peroxidation
occurred in the gastrointestinal tract prior to CM assembly. 

The investigation of the pathophysiological role of lipid
peroxides in atherogenesis has mainly been concerned with
oxidized LDL (3). However, oxidized CM exerts cytotoxic
effects on endothelial cells (32) and promotes leukocyte ad-
hesion through mechanisms involving the superoxide anion,
platelet-activating factor (PAF), and adhesion molecules on
leukocytes and endothelial cells (35). Thus, oxidized CM may
be involved in the injury of the artery wall and provide a link
between postprandial lipemia and atherogenesis (32). 

Long-term supplementation with DHA was accompanied
by a decrease in the total plasma glutathione content, but no
such changes were observed after supplementation with EPA.
In the DHA group, the level of the reduced/total ratio for the
precursor aminothiol in glutathione synthesis, cysteine,
tended to be lower, while the breakdown product of glu-
tathione remained unchanged. These findings may indicate
that the redox status of the aminothiols is essentially main-
tained during EPA supplementation, whereas aminothiols
may undergo redox cycling and thiol–disulfide exchange in
the DHA group. Likewise, the EPA and DHA capsules were
equally enriched with vitamin E (3.4 mg/capsule), but the
plasma concentration of vitamin E increased significantly
only after long-term EPA supplementation. This may further
indicate that DHA ingestion accompanied by consumption of
supplied vitamin E implied more oxidative stress to blood
lipids. As there were no changes in the aminothiols in the EPA
group, this indicates that supplied lipid-soluble vitamin E ren-
ders the system efficient to manage free-radical attack, as in-
creased lipid peroxidation was not observed. 

Harmful lipid peroxidation is, however, dependent on the
balance between cellular prooxidative processes and the level
of antioxidants. For both the EPA and DHA groups, lipid per-
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TABLE 2
Antioxidants (µmol/L) in Plasma at Baseline and Changes from Baseline After Intake of 4 g/d for 5 wk of EPA or
DHAa

EPA (n = 7) DHA (n = 7) EPA vs. DHA

Baseline Change Baseline Change Change during intervention

Cysteine
Total 1.85 (0.41) 0.05 (0.61) 2.34 (1.05) 0.22 (0.79) NS
Reduced 0.67 (0.42) −0.10 (0.49) 1.05 (0.55) −0.19 (0.66)

Cysteinylglycine
Total 0.78 (0.27) −0.03 (0.05) 0.96 (0.23) −0.12 (0.28) NS
Reduced 0.23 (0.19) 0.01 (0.14) 0.17 (0.22) −0.02 (0.18) NS

Glutathione
Total 3.03 (0.33) −0.07 (0.76) 2.98 (0.42) −0.39 (0.38)a NS
Reduced 2.64 (0.15) 0.05 (0.26) 2.70 (0.33) 0.00 (0.29) NS

Vitamin A 1.69 (0.23) 0.08 (0.17) 1.63 (0.13) 0.03 (0.19) NS
β-Carotene 1.24 (0.57) 0.10 (0.66) 1.85 (1.75) −0.81 (1.58) NS
Vitamin E 19.37 (4.84) 2.88 (2.58)a 19.58 (4.02) 1.42 (1.73) NS
aValues are mean (SD). Superscript letter a indicates statistical significant changes (P < 0.05) within each group by paired
t-test. NS, no significant difference in change during intervention between groups (unpaired t-test). See Table 1 for abbrevi-
ations.



oxidation remained unchanged even though DHA supple-
mentation tended to stress both lipid-soluble and polar antiox-
idants. In principal, these observations are in agreement with
observations in rats (26) and mice (36). Surprisingly, EPA has
been reported to attenuate lipid peroxidation both in animals
(26,36) and under in vitro conditions (37). 

In conclusion, enrichment of CM with polyunsaturated n-3
FA during a high-fat meal was accompanied by an immediate
increase in lipid peroxides of isolated CM, whereas the ox-
idative status in plasma remained unchanged during 5 wk of
supplementation with highly purified EPA and DHA. 
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ABSTRACT: It was of interest to investigate the influence of
both high doses of eicosapentaenoic acid (EPA) and low doses
of 2- or 3-methylated EPA on the antioxidant status, as they all
cause hypolipidemia, but the dose required is quite different.
We fed low doses (250 mg/d/kg body wt) of different EPA deriv-
atives or high doses (1500 mg/d/kg body wt) of EPA and DHA
to rats for 5 and 7 d, respectively. The most potent hypolipi-
demic EPA derivative, 2,2-dimethyl-EPA, did not change the
malondialdehyde content in liver or plasma. Plasma vitamin E
decreased only after supplementation of those EPA derivatives
that caused the greatest increase in the fatty acyl-CoA oxidase
activity. Fatty acyl-CoA oxidase activity increased after admin-
istration of both EPA and DHA at high doses. High doses of EPA
and DHA decreased plasma vitamin E content, whereas only
DHA elevated lipid peroxidation. In liver, however, both EPA
and DHA increased lipid peroxidation, but the hepatic level of
vitamin E was unchanged. The glutathione-requiring enzymes
and the glutathione level were unaffected, and no significant
changes in the activities of xanthine oxidase and superoxide dis-
mutase were observed in either low- or high-dose experiments.
In conclusion, increased peroxisomal β-oxidation in combina-
tion with high amounts of polyunsaturated fatty acids caused
elevated lipid peroxidation. At low doses of polyunsaturated
fatty acids, lipid peroxidation was unchanged, in spite of in-
creased peroxisomal β-oxidation, indicating that polyunsatura-
tion is the most important factor for lipid peroxidation. 
Lipids 33, 1131–1137 (1998).

Administration of peroxisome-proliferating hypolipidemic
compounds produces marked increases in the enzyme activi-
ties of the peroxisomal fatty acid β-oxidation cycle, including
the hydrogen peroxide-generating enzyme fatty acyl-CoA ox-
idase (FAO, E.C. 1.3.3.6) (1). In contrast, hydrogen peroxide-
degrading enzymes such as catalase (E.C. 1.11.1.6) are not
proportionally induced by peroxisome proliferators (1). This
imbalance between hydrogen peroxide-generating and -de-
grading enzymes is an undesirable effect of the peroxisome-

proliferating compounds as it may create cellular oxidative
stress.

Membrane fatty acid composition can be rapidly modified
by changing the source of dietary lipids (2). When polyunsatu-
rated oils are increased in the diet, tissues become enriched
with polyunsaturated fatty acids (PUFA) such as eicosapen-
taenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3). Membranes containing increased levels of these fatty
acids are more easily oxidized (3), and the susceptibility of
liver lipids to peroxidation is increased after ingestion of diets
high in fish oil (4). Increasing polyunsaturation has been re-
ported to be antagonistic to vitamin E status (5). A fish oil-con-
taining diet may thus have an unfavorable effect on the antiox-
idant/prooxidant balance. In contrast, we showed that hypolipi-
demic doses of EPA enhance the hepatic antioxidant defense
(6). PUFA have a hypolipidemic effect when administered to
rats. However, high doses of EPA are necessary to cause hy-
polipidemia, whereas high doses of DHA have no lipid-lower-
ing effect (7). The hypolipidemic effect of EPA was potenti-
ated by branching, and the resulting 2- and 3-methylated EPA
molecules caused hypolipidemic effects at low doses (Vaa-
genes, H., Madsen, L., Dyrøy, E., Elholm, M., Stray-Pedersen,
A., Frøyland, L., Lie, Ø., and Berge, R.K., submitted for publi-
cation). It was of interest to investigate the influence of the
above-mentioned fatty acids on the antioxidant status in rats,
as they all cause hypolipidemic effect, but the doses of PUFA
required to achieve this effect are different. For this purpose
we measured the content of vitamins E, A and C, thiols, and
lipid peroxidation, in addition to the enzyme activities of sev-
eral enzymes participating in the antioxidant defense system.

MATERIALS AND METHODS

Chemicals. Ethyl esters of EPA (97.0% pure), DHA (91.2%
pure), and the ethyl esters of the EPA derivatives 2-methyl-
EPA (93.8% pure), 2-ethyl-EPA (96.1% pure), 2,2-dimethyl-
EPA (95.3% pure), and 3-methyl-EPA (>90% pure) were ob-
tained from Norsk Hydro AS, Research Centre (Porsgrunn,
Norway). [α-32P]deoxycytidine triphosphate (3000 Ci/mmol)
was from Amersham (Buckinghamshire, England). Restric-
tion enzymes were from Promega (Madison, WI). Nylon
membranes (NY 13N) were from Schleicher & Schuell (Das-
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sel, Germany). All other chemicals were obtained from com-
mon commercial sources and were of reagent grade. 

Animals and treatments. Male Wistar rats from Möllegaard
breeding Laboratory (Ejby, Denmark), weighing 160–180 g,
were housed as pairs in plastic cages in a room maintained at
12 h light-dark cycles and a constant temperature of 20 ± 3°C.
The animals were acclimatized for at least 1 wk under these
conditions before the start of the experiment. The different fatty
acids (all as ethyl esters) were suspended in 0.1% car-
boxymethylcellulose, and 0.5% (wt/vol) α-tocopherol acetate
was added to the PUFA to prevent autooxidation. In the low-
dose experiment EPA, DHA, and the EPA derivatives were ad-
ministered at a dose of 250 mg/d/kg body wt for 5 d by gastric
intubation in a final volume of 0.5 mL once a day. In the high-
dose experiment, EPA, DHA, and oleic acid were administered
at a dose of 1500 mg/d/kg body wt for 7 d by gastric intubation
in a final volume of 1.0 mL once a day. In both experiments the
control animals received only sodium carboxymethylcellulose.
All animals had free access to water and food (rat and mouse
standard diet, from B&K Universal, Sollentuna, Sweden). The
food contained 61.0 mg/kg DL-α-tocopherol acetate and 7.0
mg/kg retinol. At the end of the feeding period, after overnight
fasting, the animals were anesthetized by Hypnorm (Janssen
Pharmaceutical Ltd., Oxford, England) Dormicum® (F. Hoff-
mann-La Roche AG, Basel, Switzerland) (Fentanyl/fluanisone-
Midazolam), 0.2 mL/100 g body wt. Cardiac puncture was per-
formed to obtain blood samples, and the liver was removed.
Parts of the liver were immediately frozen in liquid nitrogen,
and the rest of the liver was chilled on ice for homogenization.

Preparation of subcellular fractions. The livers were ho-
mogenized in ice-cold sucrose solution (0.25 M sucrose in 10
mM HEPES buffer pH 7.4 and 1 mM EDTA) using a Potter-
Elvehjem homogenizer. The subcellular fractions were iso-
lated as previously described (8). Briefly, the homogenate was
centrifuged at 1,000 × g for 10 min to separate the postnuclear
from the nuclear fraction. A mitochondrial-enriched fraction
was prepared from the postnuclear fraction at 10,000 × g for
10 min. A peroxisome-enriched fraction was prepared by cen-
trifugation of the postmitochondrial fraction at 23,500 × g for
30 min. A microsomal-enriched fraction was isolated from
the postperoxisomal fraction at 100,000 × g for 1 h 15 min.
The remaining supernatant was collected as the cytosolic
fraction. The procedure was performed at 0–4°C, and the
fractions were stored at −80°C. Protein was assayed using the
BioRad protein assay kit (BioRad, Richmond, CA) using
bovine serum albumin as a standard. 

Vitamins E and A. Both liver and plasma were analyzed for
vitamin E (α-tocopherol) and vitamin A (retinol) by high-per-
formance liquid chromatography (HPLC). Plasma (200 µL)
was mixed with an equal volume of 300 µM standard (α-to-
copherol acetate) in ethanol, or 200 µL 10% (wt/vol) liver ho-
mogenate with 300 µM standard was added to an equal vol-
ume of water. To these solutions 500 µL hexane was added.
The resultant mixture was shaken vigorously for 2 min, cen-
trifuged, and partly evaporated (250 µL) under a stream of
N2. Then 125 µL ethanol was added, and the mixture was an-

alyzed by HPLC. The analysis was performed with Supelcosil
LC-8 column (25 cm × 4.6 mm i.d.) with LC-8 guard column
packed with Perisorb RP-8 (2 cm × 2 mm i.d.). Methanol/
H2O, 95:5, and methanol were used as mobile phases. The
flow was set to 1.0 mL/min and the injection volume was 40
µL. Detection was achieved at 292 nm using a Shimadzu RF-
535 detector with multiplicator (Hamamatsu R928-08).

Vitamin C. Vitamin C (ascorbic acid) was measured in
liver by HPLC. Two hundred microliters 10% (wt/vol) liver
homogenate in 50 mM perchloric acid was added to 400 µL
deproteinization solution [7% (vol/vol) perchloric acid, 1%
(vol/vol) metaphosphoric acid], shaken vigorously for 20 s,
frozen at −80°C, and centrifuged at 12,000 × g for 5 min. Su-
pernatant was added 1:1 to the mobile phase [20 mM
NH4H2PO4, 0.015% (vol/vol) metaphosphoric acid, pH 3.0],
and 20 µL was injected onto a Supelcosil LC-8 column (25
cm × 4.6 mm i.d.) with LC-8 guard column packed with
Perisorb RP-8 (2 cm × 2 mm i.d.). Detection was achieved at
245 nm using a Spectra FOCUS detector. 

Malondialdehyde (MDA). MDA was measured in plasma
and liver by HPLC. As stated by Halliwell and Chirico (9), the
HPLC-based MDA test can be used as a preliminary general
measurement of lipid peroxidation. Briefly, 250 µL 20%
(wt/vol) acetic acid and 250 µL 0.8% (wt/vol) 2-thiobarbituric
acid in 0.1 N NaOH was added to 100 µL liver homogenate
[10% (wt/vol) in sucrose solution (0.25 M sucrose in 10 mM
HEPES buffer pH 7.4 and 1 mM EDTA)] or plasma. The sam-
ple was then heated at 95°C for 1 h and then chilled, an equal
volume of 1-butanol was added, and the resultant mixture was
shaken vigorously for 2 min. After centrifugation at 1,700 × g
for 5 min, the supernatant was analyzed by HPLC. The analy-
sis was performed with Supelcosil LC-18 column (5 µm, 25
cm × 4.6 mm i.d.). KH2PO4 (25 mM, pH 7)/methanol, 65:35,
was used as mobile phase. The flow was set to 1.0 mL/min, and
the injection volume was 20 µL. Detection was achieved using
a Shimadzu RF-535 detector with multiplicator (Hamamatsu
R928-08), with excitation at 532 and emission at 553 nm.

Enzyme activities. Superoxide dismutase (SOD, E.C.
1.15.1.1) activity was measured spectrophotometrically by
monitoring the decay of superoxide (O2

·−) (10). FAO activity
was determined in the peroxisome-enriched fraction of rat liv-
ers by the coupled assay (11). The production of hydrogen
peroxide was measured by monitoring the increase in dichlo-
rofluorescein absorbance in the presence of palmitoyl-CoA. 

Preparation of hybridization probes. DNA fragments were
labeled by random priming using the oligolabeling technique
of Feinberg and Vogelstein (12). The DNA probes were puri-
fied fragments of cloned rat genes. Copper zinc (CuZn)-SOD:
600 bp EcoRI fragment of pCuSOD (13), and manganese
(Mn)-SOD: 1400 bp EcoRI fragment of pMnSOD (13). As
control we used rat P0 rRNA: 1046 bp BamHI/XhoI fragment
in pBluescript II SK (z29530, provided by A. Molven, Univer-
sity of Bergen, Norway) or human 28S rRNA: 1400 bp BamHI
fragment of pA (Gonzalez, I.L., personal communication).

RNA purification and analysis. Total cellular RNA was
isolated by the guanidinium-thiocyanate method described by
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Chomczynski and Sacchi (14). The RNA concentrations were
determined spectrophotometrically. RNA was blotted onto
nylon (15). Hybridization to immobilized RNA was per-
formed in the presence of 50% formamide, 5 × saline-sodium
citrate, 200 µg/mL heat-denatured herring sperm DNA, 0.1%
(wt/vol) sodium dodecyl sulfate, 25 mM sodium phosphate
pH 6.5, 8.25% dextran sulfate at 42°C for 24 to 48 h (16). Fil-
ters were washed to high stringency [0.2 × saline-sodium ci-
trate, 0.1% (wt/vol) sodium pyrophosphate, 0.1% (wt/vol)
sodium dodecyl sulfate at 65°C] and Kodak XAR-5 X-ray
films were exposed in the presence of intensifying screens at
−80°C. Densitometric scanning of autoradiograms was per-
formed using the LKB Ultrogel laser–densitometer (Bromma,
Sweden). When the filters were to be rehybridized, the bound
probe was first stripped off in 0.1% (wt/vol) sodium dodecyl
sulfate at 90–100°C for 7 min. The hybridization results were
normalized to the signal of a cDNA probe for a ribosomal
protein used as control or 28S rRNA hybridization in the in-
dividual samples. Relative mRNA inductions of the different
genes were then calculated.

Thiols. Glutathione, cysteine, cysteinylglycine, and homo-
cysteine were quantified in plasma and liver after derivatiza-
tion with the fluorescent agent monobromobimane by re-
versed-phase HPLC (17).

Presentation of results. The results are reported as means
± SD from 3 to 8 animals. Statistical analysis was by one-way
analysis of variance. 

RESULTS

Effects on vitamins. Table 1 shows the changes in vitamin E,
vitamin A and vitamin C in the different dietary groups. At
low doses the plasma vitamin E content decreased 35 and
22%, respectively, in rats fed 2,2-dimethyl- and 3-methyl-

EPA compared to EPA, while the plasma level of vitamin A
was unchanged. In liver, the vitamin E content was un-
changed, while vitamin A increased in rats fed EPA. At high
doses, plasma vitamin E decreased 43% in rats fed EPA and
DHA, but the hepatic content of vitamin E was unchanged.
Plasma vitamin A, hepatic vitamin A and hepatic vitamin C
were unaffected by the different feeding groups of the high-
dose experiment (Table 1).

Effect on MDA. MDA, a product of lipid peroxidation, was
unchanged in plasma and liver of rats fed a low dose 
of EPA derivatives, EPA, or DHA, compared to controls
(Table 2). In the high-dose experiment, DHA feeding caused
a 1.5- and 1.6-fold elevation of plasma and hepatic MDA, re-
spectively. EPA-feeding at high doses did not affect the
plasma MDA, but the hepatic MDA increased 1.4-fold
(Table 2).

Effect on plasma and hepatic thiols. When measuring the
plasma levels of total homocysteine, cysteine (the rate-limit-
ing precursor amino acid in glutathione synthesis), glu-
tathione, and cysteinylglycine (the breakdown product of glu-
tathione), we found that low doses of 3-methyl-EPA caused a
small increase in homocysteine, while glutathione, cysteine
and cysteinylglycine were unchanged (Table 3). In liver, the
cysteine and glutathione levels were unchanged (Table 3). In
the high-dose experiment, we found no significant changes of
the hepatic thiols after treatment with EPA, DHA, or oleic
acid compared to control (data not shown).

Effect on enzyme activities and mRNA levels. In the low-
dose experiment 2,2-dimethyl-EPA tended to increase total
SOD activity in the peroxisome-enriched fraction, although
not significantly (Table 4). This was accompanied by a 1.9-
fold elevated mRNA level of Mn-SOD compared to the con-
trol or EPA, and a small (1.3-fold) elevation of CuZn-SOD
mRNA compared to EPA. At high doses, the enzyme activity
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TABLE 1
Effects of Different Doses of n-3 Fatty Acids on Plasma and Hepatic Levels of Vitamins E and A,
and Hepatic Level of Vitamin Ca

Vitamin E Vitamin A Vitamin C

Plasma Tissue Plasma Tissue Tissue
(µmol/L) (nmol/g liver) (µmol/L) (nmol/g liver) (µmoL/g liver)

Low-dose experiment (250 mg/d/kg body wt)
2-Methyl-EPA 12.3 ± 1.7 110.2 ± 20.8 2.3 ± 0.5 25.7 ± 5.1 n.d.
2-Ethyl-EPA 11.2 ± 3.0 103.9 ± 14.2 2.4 ± 0.7 26.1 ± 7.3 n.d.
2,2-Dimethyl-EPA 9.0 ± 0.3b 100.7 ± 8.3 1.8 ± 0.8 23.6 ± 5.9 n.d.
3-Methyl-EPA 7.6 ± 0.3b,c 100.7 ± 10.5 2.5 ± 0.6 24.8 ± 2.8 n.d.
EPA 11.6 ± 1.0 112.1 ± 9.3 2.4 ± 0.3 33.0 ± 4.4c n.d.
DHA 12.1 ± 1.8 101.5 ± 6.6 2.5 ± 0.8 25.3 ± 5.6 n.d.
Control 10.9 ± 1.0 110.1 ± 11.6 2.3 ± 0.5 22.4 ± 3.7b n.d.

High-dose experiment (1500 mg/d/kg body wt)
EPA 8.8 ± 1.2c 81.5 ± 15.8 2.1 ± 0.0 13.6 ± 1.8 1.4 ± 0.1
DHA 8.7 ± 1.4c 73.7 ± 7.4 2.2 ± 0.3 13.1 ± 1.9 1.6 ± 0.1
Oleic acid 13.2 ± 1.7b 70.1 ± 25.1 2.2 ± 0.3 13.0 ± 3.4 1.7 ± 0.3
Control 15.3 ± 1.1b 80.7 ± 5.4 2.1 ± 0.2 14.0 ± 2.6 1.6 ± 0.3

aThe values are means ± SD for 4–8 animals. EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; n.d., not deter-
mined.
bSignificantly different from control (sodium carboxymethylcellulose).
cSignificantly different from EPA (P < 0.05).



of total SOD was unchanged in rats fed EPA and DHA. How-
ever, the SOD activity tended to decrease in rats fed oleic acid
and there was a reduced expression of CuZn-SOD and
Mn-SOD mRNA by oleic acid (Table 4). The SOD activity
was unchanged in the mitochondrial-enriched and the cytoso-
lic fractions in both the high- and low-dose experiments (data
not shown). Low doses of 2,2-dimethyl- and 3-methyl-EPA
or high doses of EPA and DHA did not affect the enzyme ac-
tivities of xanthine oxidase (XOX, E.C. 1.1.3.22) and xan-
thine dehydrogenase (XDH, E.C. 1.1.1.204) compared to the
control in the postnuclear or the cytosolic fractions (data not
shown). Also, the activities of glutathione reductase (E.C.
1.6.4.2), glutathione peroxidase (E.C. 1.11.1.9), and glu-
tathione-S-transferase (E.C. 2.5.1.18) were unchanged in the
postnuclear, cytosolic or peroxisomal fractions (data not
shown), as was the mRNA level of glutathione peroxidase
(data not shown) in both experiments. 

The enzyme activity of FAO was measured both in the
low-dose (Fig. 1A) and the high-dose (Fig. 1B) experiments.
Low doses of 2,2-dimethyl- and 3-methyl-EPA increased the
FAO activity 2.7- and 2.2-fold, respectively, whereas 2-ethyl-
EPA increased the FAO activity 1.7-fold compared to control.

In the high-dose experiment EPA and DHA increased the
FAO activity 2.0- and 1.6-fold, respectively. 

1134 H. VAAGENES ET AL.

Lipids, Vol. 33, no. 11 (1998)

TABLE 2
Plasma and Hepatic Levels of MDA in Rats Fed Different Fatty Acids
at Different Dosesa

Plasma Tissue
(µmol MDA/L) (nmol MDA/g liver)

Low-dose experiment (250 mg/d/kg body wt)
2,2-Dimethyl-EPA 1.6 ± 0.1 44.8 ± 3.1
3-Methyl-EPA 1.6 ± 0.2 45.3 ± 6.0
EPA 1.5 ± 0.2 40.4 ± 0.8
DHA 1.4 ± 0.1 43.6 ± 3.2
Control 1.4 ± 0.1 43.6 ± 4.4

High-dose experiment (1500 mg/d/kg body wt)
EPA 1.5 ± 0.3 112.5 ± 9.1b

DHA 1.9 ± 0.2b 127.7 ± 15.0b

Oleic acid 1.3 ± 0.1 84.1 ± 4.2c

Control 1.3 ± 0.1 81.2 ± 4.4c

aValues are means ± SD for 3–7 animals.
bSignificantly different from control.
cSignificantly difference from EPA (P < 0.05). MDA, malondialdehyde; for
other abbreviations see Table 1.

TABLE 3
Plasma and Hepatic Thiols in Rats Fed Different n-3 Fatty Acids at Low Dosesa

Cysteine Glutathione Cys-Gly Homocysteine

Plasma Liver Plasma Liver Plasma Plasma
(µmol/L) (nmol/g) (µmol/L) (µmol/g) (µmol/L) (µmol/L)

2,2-Dimethyl-EPA 58.8 ± 9.1 100.1 ± 3.3 13.2 ± 1.7 4.5 ± 1.1 0.9 ± 0.1 5.6 ± 0.6
3-Methyl-EPA 71.0 ± 5.4 108.9 ± 0.6 15.1 ± 5.4 5.0 ± 1.0 0.9 ± 0.0 6.3 ± 0.3b

EPA 64.7 ± 4.5 108.1 ± 4.9 12.2 ± 1.8 4.7 ± 1.5 0.8 ± 0.1 5.6 ± 0.6
DHA 63.8 ± 6.9 115.6 ± 2.8 12.1 ± 2.2 5.9 ± 0.6 1.0 ± 0.1 4.9 ± 0.8
Control 62.6 ± 13.8 107.2 ± 3.7 11.8 ± 0.9 5.3 ± 1.2 1.0 ± 0.1 4.8 ± 0.5
aValues are means ± SD for 3–6 animals.  EPA, DHA, and EPA derivatives were fed at a dose of 250 mg/d/kg body weight
for 5 d.
bSignificantly different from control (P < 0.05). Cys-Gly, cysteinylglycine; for other abbreviations see Table 1.

FIG. 1. Enzyme activity of fatty acyl-CoA oxidase in rats fed (A) low
doses (250 mg/d/kg body wt) of the EPA derivatives, EPA or DHA, and
(B) high doses (1500 mg/d/kg body wt) of EPA, DHA, or oleic acid.
CMC-fed animals were used as control. Fatty acyl-CoA oxidase activity
was measured in the peroxisome-enriched fraction. Data are relative
percentage change from the means of the control values of 20.05 ± 4.08
and 16.41 ± 3.46 nmol/min/mg protein for (A) and (B), respectively.
Data are given as means ± SD for 4–5 rats. *Significantly different from
control. aSignificantly different from EPA (P < 0.05). Abbreviations: EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid; CMC, sodium car-
boxymethylcellulose.



DISCUSSION

In the present experiments, the effects of hypolipidemic doses
of different PUFA on the antioxidant status were investigated.
Rats were fed EPA, DHA, and different EPA derivatives, that
is, EPA methylated or ethylated at the 2- or 3-position, at
doses known to cause hypolipidemia. Earlier our group found
that high doses of EPA (1000 mg/d/kg body wt) were neces-
sary to obtain hypolipidemic effects and elevate fatty acid ox-
idation in rats (7,18). The EPA derivatives used in this study
have proved to reduce plasma lipids and increase the mito-
chondrial and peroxisomal β-oxidation in rats at low doses
(Vaagenes, H., Madsen, L., Dyrøy, E., Elholm, M., Stray-Ped-
ersen, A., Frøyland, L., Lie, Ø., and Berge, R.K., unpublished
data). Low doses (250 mg/d/kg body wt) of the EPA deriva-
tives also increased the activity of FAO. These EPA deriva-
tives differed in their ability to increase the FAO activity, and
the most potent derivatives were 2,2-dimethyl-EPA and 3-
methyl-EPA (Fig. 1A). In this low-dose experiment, where
rats were fed EPA derivatives, EPA or DHA, the plasma vita-
min E content (Table 1) decreased only in the groups that
caused the greatest induction of FAO activity, that is, 2,2-
dimethyl-EPA and 3-methyl-EPA. At high doses (1500
mg/d/kg body wt) of EPA and DHA, the plasma vitamin E
content decreased concomitantly with increased peroxisomal
β-oxidation, measured as enzyme activity of FAO (Table 1,
Fig. 1). Furthermore, plasma vitamin A was not changed by
PUFA feeding in the two experiments. As both high doses of
EPA and low doses of EPA derivatives are hypolipidemic (7;
and Vaagenes, H., Madsen, L., Dyrøy, E., Elholm, M., Stray-
Pedersen, A., Frøyland, L., Lie, Ø., and Berge, R.K., unpub-
lished data) and the vitamin A content is unchanged, we can
conclude that the plasma contents of the lipid-soluble vita-
mins are not a consequence of plasma lipid concentration. In

the low-dose experiment, it is therefore reasonable to believe
that the primary cause of decreased vitamin E content in
plasma is upregulated peroxisomal β-oxidation, not polyun-
saturation or reduced plasma lipids. In relation to this, it has
recently been found that administration of low doses (360
mg/d/kg body wt) of EPA or DHA, which are known not to
upregulate the peroxisomal fatty acid oxidation, to rats did
not change the hepatic or plasma vitamin E level (19). Al-
though the plasma vitamin E content decreased in the low-
dose experiment, we observed no increase in lipid peroxida-
tion, measured as MDA (Table 2). However, increasing the
dose of PUFA administered to rats would increase the vulner-
ability of the cell to the hydrogen peroxide produced during
elevated peroxisomal β-oxidation. Therefore, administration
of DHA at high doses, which increases the peroxisomal β-ox-
idation, reduces plasma vitamin E content and consequently
elevates lipid peroxidation. Increased vitamin E requirement
with increasing polyunsaturation (5) may explain the differ-
ence between high doses of EPA and DHA on plasma lipid
peroxidation. The difference in plasma MDA in rats fed equal
doses of EPA and DHA could also be due to difference in the
metabolism of these two n-3 fatty acids. It has recently been
shown that EPA is mainly oxidized in the mitochondria,
whereas DHA is most likely oxidized by the peroxisomes
(20). Furthermore, DHA is a stronger peroxisome proliferator
than EPA, whereas EPA causes mitochondrial proliferation.
Unlike the mitochondria, the first enzyme in peroxisomal β-
oxidation, FAO, produces hydrogen peroxide (1). Moreover,
as EPA seems more easily oxidized than DHA (21), we ex-
pect to find a higher concentration of DHA than of EPA in
plasma. Taken together, the higher amount of peroxisome-de-
rived radicals and the higher concentration of DHA in plasma,
as well as the fact that DHA contains one additional double
bond, would increase the susceptibility of DHA to lipid per-
oxidation compared to EPA.

That the hepatic levels of vitamin E and A were unchanged
in both the low- and the high-dose experiments shows that,
although the plasma vitamin E level decreased, the rat was
not depleted of vitamins. This observation fits with the as-
sumption that parenchymal cells in the liver have the ability
to conserve their content of vitamin E (22). Over a 3-mon pe-
riod, however, administration of EPA or DHA to rats reduces
the hepatic vitamin E content (6). In the low-dose experiment,
there was no change in hepatic lipid peroxidation, measured
as MDA. In the high-dose experiment, however, both EPA
and DHA caused elevated lipid peroxidation in liver, but the
hepatic content of vitamins E, A, and C were unaffected (Ta-
bles 2 and 1, respectively). Seemingly, these vitamins were
not sufficient to prevent lipid peroxidation in the liver, and
this might explain why EPA, with fewer double bonds than
DHA, also increased hepatic lipid peroxidation. A small in-
crease in the hepatic vitamin A content was observed in the
low-dose experiment, which was not present in the high-dose
experiment. The reason for this cannot be explained. 

The total SOD activity tended to increase in the hepatic per-
oxisomal fraction of rats fed low doses of the EPA derivative
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TABLE 4
Enzyme Activity and mRNA Level of Superoxide Dismutase (SOD)
in Liver of Rats Fed n-3 Fatty Acids and EPA Derivativesa

Total SOD mRNA expression

activity (relative levels)

(U/mg) CuZn SOD Mn SOD

Low-dose experiment (250 mg/d/kg body wt)
2,2-dimethyl EPA 1006 ± 481 1.3 ± 0.4b 1.9 ± 0.5b,c

3-Methyl-EPA 594 ± 74 0.8 ± 0.3 1.3 ± 0.3
EPA 671 ± 116 0.6 ± 0.2 1.0 ± 0.3
Control 684 ± 147 1.0 ± 0.4 1.0 ± 0.1

High-dose experiment (1500 mg/d/kg body wt)
EPA 407.0 ± 74.9 0.7 ± 0.1 1.0 ± 0.2
DHA 378.3 ± 32.8 0.9 ± 0.2 1.2 ± 0.3
Oleic acid 370.7 ± 8.5 0.9 ± 0.1 1.0 ± 0.2
Control 460.3 ± 62.3 1.0 ± 0.3 1.0 ± 0.2

aThe enzyme activity of SOD was measured in the peroxisomal-enriched
fraction. RNA purification and hybridization experiments were performed as
described in the Materials and Methods section, and the mean for the con-
trol from the mRNA data is set to 1. The values are means ± SD for 4–6 ani-
mals.
bSignificantly different from control.
cSignificantly different from EPA (P < 0.05). For other abbreviations see
Table 1.



2,2-dimethyl-EPA. Significantly induced gene expression of
Mn-SOD was observed (Table 3). These effects could be a
kind of cellular adaptation, i.e., a secondary effect, to oxida-
tive stress induced by 2,2-dimethyl-EPA. At high doses of
EPA or DHA the activity and gene expression of SOD re-
mained unchanged. Oleic acid, however, tended to decrease
the SOD activity in the peroxisomal fraction concomitant with
decreased gene expression of both Mn-SOD and CuZn-SOD.
Reaven (23) has proposed that oleic acid has antioxidant prop-
erties, and these could possibly reduce the necessity of SOD
activity in rats fed oleic acid, thereby downregulating this ac-
tivity. Why low doses of 2,2-dimethyl-EPA, but not high doses
of EPA and DHA, seemed to affect the activity of SOD re-
mains unclear. Perhaps this effect is due to the production of
hydrogen peroxide, as 2,2-dimethyl-EPA induces the FAO-ac-
tivity 2.7-fold, whereas high doses of DHA or EPA only in-
crease the FAO-activity by 1.7- and 2.0-fold, respectively. The
enzyme activities of XOX and of XDH did not change in the
low- or the high-dose experiments (data not shown). As the
rate of conversion of XDH to XOX seemed to be unchanged
compared to the control, it is likely that the amount of super-
oxide produced from XOX is constant. The superoxide pro-
duced from XOX would therefore not affect the SOD activity.

The enzyme activities of glutathione peroxidase, glu-
tathione-S-transferase, and glutathione reductase did not
change in the low- or the high-dose experiments (data not
shown). The levels of glutathione and the glutathione metabo-
lites were not affected in plasma or liver by any of the fatty
acid administrations (Tables 4; additional data not shown).
This indicates that the low- and high-dose experiments did
not affect the glutathione metabolism to any great extent.
Thus, EPA, DHA and the EPA derivatives did not seem to
weaken the capacity of glutathione as an antioxidant.

The presence of homocysteine is an independent risk fac-
tor for cardiovascular diseases (24). The mechanism does not
seem to involve lipid peroxidation (25,26). Our results in the
low-dose experiment confirm this, since elevated plasma ho-
mocysteine in rats fed 3-methyl-EPA (Table 4) did not cause
increased lipid peroxidation (Table 2). 

To conclude, increased peroxisomal β-oxidation primarily
seems to cause oxidative stress in rats fed PUFA. However,
the amount of accumulated PUFA in the cell membranes is
the critical parameter. Therefore, low doses of lipid-lowering
EPA derivatives do not affect lipid peroxidation. High doses
of EPA and DHA, however, overwhelm the antioxidant de-
fense mechanisms, resulting in elevated levels of MDA in
plasma and liver, even though the activity of the hydrogen
peroxide-producing FAO was higher in rats fed low doses of
lipid lowering EPA derivatives than high doses of EPA and
DHA. The antioxidant enzymes were not affected to any great
extent in these experiments. 
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ABSTRACT: Concentrations of synthetic antioxidants butyl-
ated hydroxyanisole, butylated hydroxytoluene, and tert-butyl
hydroquinone were quantified using a high-performance liquid
chromatograph with spectrofluorometric detector. The antioxi-
dants were separated and eluted on a reversed-phase column
by gradient of a mixture of H2O/acetonitrile/acetic acid (66.5:
28.5:5, by vol) and a mixture of acetonitrile/acetic acid (95:5,
vol/vol). The eluants were monitored at emission and excitation
wavelengths of 310 and 280 nm, respectively. Calibration
curves obtained using peak areas against concentration showed
high coefficients of multiple determination (R 2 > 0.99) for all
antioxidants. Known concentrations of added antioxidant stan-
dards were recoverable within 98–99% from oils and over 93%
from mouse blood. This method requires minimum sample ex-
traction and purification before analysis and provides a rela-
tively high percentage recovery. The method has been applied
successfully for the measurement of antioxidant concentrations
in oils, dried foods, and biological fluids.
Lipids 33, 1139–1145 (1998).

Synthetic antioxidants are defined by the U.S. Food and Drug
Administration (FDA) as food preservatives that specifically
retard deterioration, rancidity, or discoloration due to lipid
oxidation (1). When added beyond certain limits, however,
antioxidants tend to be pro-oxidant (2,3), and rat experiments
have revealed that a high dosage in the body causes various
tumors and cancers (4). Thus, information on the amounts of
antioxidants incorporated into foods is important for agencies
controlling foods, for food processors, and for consumers.
Many methods including colorimetry (5), spectrophotometry
(6), fluorimetry (7,8), voltammetry (9), chromatography
[paper (10), thin-layer chromatography (11,12), gas–liquid
chromatography (13–16), or high-performance liquid chro-
matography (17–25)] have been used for qualitative and

quantitative determination of antioxidants including butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
and tert-butyl hydroquinone (TBHQ) added to fats, oils, and
foods. Almost every procedure requires considerable sample
preparation such as saponification, extraction, and liquid–liq-
uid separation prior to estimation of individual antioxidants
(2,26). Recently, reversed-phase HPLC with direct injection
and ultraviolet (UV) detection have been applied to phenolic
antioxidants, tocopherols, and triglycerides in oils (25). How-
ever, possible interferences from other antioxidants and/or
naturally occurring phenolic compounds were reported with
the use of some UV procedures, such as spectrophotometry
in antioxidant detection (26). Direct injection and fluorimet-
ric detection improved the analysis of TBHQ in oils (19). Si-
multaneous detection with fluorescence, UV, and electro-
chemical detectors were applied for determination of phenol-
ic antioxidants (21). However, these methods have not been
applied to foods with possible interferences.

In this study, an HPLC method with fluorometric detector
and simple extraction was applied to the determination of an-
tioxidants including BHA, BHT, and TBHQ in oils and foods.

EXPERIMENTAL PROCEDURES

HPLC conditions. A gradient liquid chromatography system
equipped with two Shimadzu LC 10 AS pumps, a Shimadzu
C-R6A chromatographic integrator, and a 10 µL sample loop
auto-injector was used for analysis. Eluants were detected
with a Shimadzu RF-10 A spectrofluorometric detector with
slit widths of 15 nm for excitation and emission and with a
12 µL flow cell. A reversed-phase column, Lichrosorb RP-18
(5 µm, 4 mm i.d. × 250 mm; Merck, Darmstadt, Germany),
was used for separation of antioxidants.

Mobile phases and a solvent gradient program were used for
elution of antioxidants according to the method of Page (18)
with slight modifications. A mobile phase A, comprising
water/acetonitrile/acetic acid (66.5:28.5:5, by vol), and mobile
phase B, made up of acetonitrile/acetic acid (95:5, vol/vol)
were used as eluants. The flow rate was 1 mL/min. The solvent
gradient for elution was programmed as listed in Table 1.

The emission and excitation spectra of BHA, BHT, and
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TBHQ were obtained with a Shimadzu RF 1500 spectrofluo-
rimeter equipped with stirring apparatus at slitwidths of 10 nm
for excitation and emission. Solvent compositions were =
33:62:5 in water/acetonitrile/acetic acid by volume for BHA,
13:82:5 for BHT, and 50:45:5 for TBHQ, respectively.
Stopped-flow analyses in the above HPLC system gave almost
similar values for maximum excitation and emission wave-
lengths as listed in Table 2. The wavelengths of 280 and 310
nm were adopted as excitation and emission, respectively.

Calibration curves. Acetonitrile solutions of antioxidants
within the concentration range of 0.01–50 µg/mL for BHA
and TBHQ and of 0.1–200 µg/mL for BHT were prepared,
filtered with a Millipore filter [polyvinylidene difluoride, 0.5
µm pore size, Millipore] and subjected to HPLC with an in-
jection volume of 10 µL. Calibration curves of peak area
against concentration were obtained. The limit of detection
was calculated from the following equation:

[1]

where Ld is the limit of detection, a is the y-axis intercept de-
duced from line of regression of area on concentration, yi are
the experimental values of area, ŷi are the individual values of
area in line of regression for area on concentration, and n is
the number of samples.

Recovery. The percentage recovery of antioxidant was de-
termined for the acetonitrile extraction for lipids, foods, and
mouse blood, and also when antioxidants were extracted by
the Bligh and Dyer procedure (27) prior to quantification. The

following procedures were carried out at an ambient temper-
ature of 25–29°C.

(i) Acetonitrile extraction from lipids. A known amount of
antioxidant was added to soybean oil or total lipid extracted
from horse mackerel (Trachurus japonicus) white muscle. An
aliquot of 5 mL of acetonitrile was added to 2 g of lipids in a
screw-capped vial. After a brief purge with a  N2 stream, the
vial was tightly capped and shaken vigorously for 2 min to
extract the added antioxidant. The resulting extract was then
filtered with a Millipore filter (PVDF, 0.5 µm pore size) and
loaded into the HPLC system. Antioxidant concentrations
were determined by measurement of the peak areas and inter-
polation from calibration curves.

(ii) Acetonitrile extraction of smoke-flavored sausage.
Smoke-flavored sausage without preservatives (sausage A)
was obtained from a local supplier. A known amount of an-
tioxidant in ethanol was added to 50 g minced sausage and
mixed vigorously. A 5-g minced sample was homogenized in
5 mL acetonitrile and filtered through No. 5C filter paper (Ad-
vantec TOYO, Tokyo, Japan). The extraction and filtration
procedure for the residue plus filter paper was repeated two
times. The resulting filtrates were combined and made up to
volume in a 25-mL volumetric flask. All extraction proce-
dures were carried out within 30 min from addition of antiox-
idants. An aliquot of the solution was filtered through a Milli-
pore filter (polyvinylidene difluoride, 0.5 µm pore size) and
loaded into the HPLC system.

(iii) Acetonitrile extraction from biological fluid. A 10-µL
ethanol solution containing 10 µg BHA, 10 µg TBHQ, and
100 µg BHT was added to 2 mL whole blood freshly obtained
from mice. One milliliter of acetonitrile was added to 250 µL
of the resulting blood, shaken vigorously for 2 min, and cen-
trifuged for 10 min at 3,000 × g. The supernatant was col-
lected and the same extraction procedure was repeated. The
combined supernatant was made up to 5 mL with acetonitrile,
then applied to an HPLC analysis as above.

(iv) Recovery after chloroform/methanol/water extraction.
A known amount of antioxidant in chloroform solution was
extracted using the Bligh and Dyer procedure for simulation
of total lipids extraction. The concentration of extracted an-
tioxidant was determined to estimate the losses that occurred
during extraction and liquid–liquid separation.

Application to foods. The method was further applied to
the determination of antioxidant concentrations in boiled and
dried anchovy product and smoke-flavored sausage (sausage
B) obtained from local suppliers. The sample was minced and
crushed with a food cutter. Extraction from the samples and
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TABLE 1
Solvent Gradient for Elution

Solventsa

Time (min) A (%) B (%)

0 75 25
2 75 25
7 65 35

10 65 35
15 50 50
20 50 50
30 20 80
35 20 80
35.1 0 100
45 0 100
45.1 75 25
aSolvent A: water/acetonitrile/acetic acid (66.5:28.5:5, by vol); solvent B:
acetonitrile/acetic acid (95:5, vol/vol).

TABLE 2
Maximum Excitation and Emission Wavelength (nm) of Antioxidants

Spectrophotometer Stopped-flow analysis
Antioxidanta Excitation Emission Excitation Emission

BHA 290 320 285 320
BHT 276 304 280 310
TBHQ 293 322 295 328
aBHA, butylated hydroxyanisole; BHT, butylated hydroxytoluene; TBHQ, tert-butyl hydroquinone.



the following procedures were carried out as described above.
The concentration of antioxidants in the samples was esti-
mated from the calibration curve.

Peak assignnment by gas chromatography–mass spec-
trometry (GC–MS). Peaks obtained in the above HPLC sys-
tem were assigned by fragmentation patterns in GC–MS.

Samples were prepared for injection into the HPLC sys-
tem as described above. The eluants from the HPLC column
were fractionated and evaporated by flushing them to dryness
with a N2 stream; then they were immediately dissolved in n-
hexane and subjected to GC–MS analysis as below. The
trimethylsilyl (TMS) ether derivatives were also prepared and
analyzed. TMS ether derivatives were prepared by addition
of 0.5 mL distilled pyridine, 1 mL 1,1,1,3,3,3-hexamethyldi-
silazane, and 0.5 mL trimethylchlorosilane. After 1 h all so-
lution was evaporated by flushing under a N2 stream. The
contents of the flask were dissolved in n-hexane and filtered
with a Millipore filter (polyvinylidene difluoride, 0.5 µm pore
size). Samples were analyzed by GC–MS using a Shimadzu
QP 1000 or QP 5000 mass spectrometer fitted with an elec-
tron impact ionization source to which a Quadrex 65HT col-
umn (0.25 mm i.d. × 15 m) was directly connected.

RESULTS

Operating wavelengths and separation. The emission and ex-
citation spectra for 0.01 µg/mL of BHA, BHT, and TBHQ are
shown in Figure 1. The order of increasing sensitivity was
BHT < TBHQ < BHA. The maximum excitation and emis-
sion wavelengths were similar for BHA and TBHQ—290 and
320 nm, respectively, for BHA, and 293 and 322 nm, respec-
tively, for TBHQ—but different for BHT at excitation and
emission of 276 and 304 nm, respectively, as listed in Table
2. These wavelengths were fairly consistent with the values
obtained through stopped-flow analyses, where the wave-
lengths for maximum emission and excitation were 285 and
320 nm, respectively, for BHA, 280 and 310 nm, respectively,
for BHT, and 295 and 328 nm, respectively, for TBHQ. The
operating wavelengths favored the detection of BHT rather
than BHA and TBHQ, because fluorescence intensity of BHT
was much lower compared to those of the others mentioned
below. Thus, antioxidants were analyzed at an excitation
wavelength of 280 nm and an emission wavelength of 310
nm. The wavelengths caused reduction of fluorescence inten-
sity for BHA, about 60% of its maximal intensity, and TBHQ,
about 40% of its maximal intensity. However, such intensi-
ties were satisfactory for detection of the two antioxidants,
which exhibited very high emission yields.

Calibration and recovery. Peak area and concentration of
BHA, BHT, and TBHQ correlated well (Fig. 2). Coefficients
of determination were over 0.99 for all antioxidants, and the
limits of detection were 93 ng for BHA, 810 ng for BHT, and
57 ng for TBHQ. Percentages recoverable from fish oil con-
taining 0.5 µg/g BHA, 5 µg/g BHT, and 0.5 µg/g TBHQ by
the acetonitrile extraction were as follows: 98.0% for BHA,
99.2% for BHT, and 98.2% for TBHQ (Table 3). These per-

centages were consistent with those of fish oil containing 20
µg/g BHA, 20 µg/g TBHQ, and 200 µg/g BHT, and with
those in soybean oil. Recoveries of acetonitrile extraction
from sausage A to which were added 0.5 µg/g BHA, 5 µg/g
BHT, and 0.5 µg/g TBHQ were 87.7% for BHA, 85.9% for
BHT, and 50.3% for TBHQ, whereas those for addition of 20
µg/g BHA, 200 µg/g BHT, and 20 µg/g TBHQ were 92.5,
89.9, and 62.3%, respectively. Recoveries from mouse blood
were higher than those from sausage A; 97.5% for BHA,
93.6% for BHT, and 93.2% for TBHQ. With the Bligh and
Dyer procedure, more losses were observed in the recover-
able concentrations of TBHQ, but not in BHA and BHT;
86.6% for BHA, 99.5% for BHT, and 43.9% for TBHQ.
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FIG. 1. Excitation (....) and emission (—) spectra of butylated hydrox-
yanisole (BHA), butylated hydroxytoluene (BHT), and tert-butyl hydro-
quinone (TBHQ).



Typical HPLC elution patterns of standards, foods, and
blood extract are shown in Figure 3. Antioxidant peaks were
well-isolated from interfering peaks in each sample, except
for TBHQ with a small shoulder peak in sausage A plus stan-
dards.

Determination of antioxidant in foods. Peaks A and B col-
lected from sausage B and anchovy eluants (Fig. 4) were sub-
jected to GC–MS analysis. Because fragmentation patterns of
both peaks were consistent with that of BHA, the correspond-
ing peak was assigned to BHA. Neither BHT nor TBHQ was
detected in both cases. BHA content of sausage B was calcu-

lated as 22.4 ± 1.8 mg/kg wet basis (n = 3). BHA concentra-
tion determined in commercial boiled and dried anchovy was
32.9 ± 1.9 mg/kg wet basis for BHA (n = 3).

DISCUSSION

The present study demonstrated that the reversed-phase
HPLC with fluorescence detection enables one to detect
BHA, BHT, and TBHQ at sufficiently low limits. It also pre-
vents some interferences in oils, foods, and a biological fluid
without the necessity of complicated pretreatments, such as
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FIG. 2. Calibration curves of TBHQ, BHA, and BHT. The right-hand sides of each panel are calibration curves for
the smaller range of the left-hand sides. For abbreviations see Figure 1.



liquid–liquid separation. Although a much lower limit of de-
tection for BHT, around 0.5 ng, was achieved by Mizutani et
al. (22), the method needs the derivatization procedure of
BHT.

One cause that elevated the limit of detection for BHT was
a low yield in emission as reported by Latz and Hurtubise (7).
They also reported maximal wavelengths for excitation and
emission in ethanol as follows: 293 and 342 nm, respectively,
for BHA, and 287 and 350 nm, respectively, for BHT. These
values were inconsistent with the present results in water/ace-

tonitrile/acetic acid, probably due to different solvents. How-
ever, we could not confirm their results, obtained in ethanol
solutions, with our experimental instruments.

The recoveries of BHA, BHT, and TBHQ from oils, mouse
blood, and sausages achieved practical determination levels
for the most part, except for TBHQ from sausage. Remark-
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TABLE 3
Percentage Recovery of Antioxidants BHA, BHT, and TBHQ

Antioxidants Amount Fish oil Soybean oil Sausage A Mouse blood CH3Cl/MeOH

BHA 0.5 µg/ga 97.8 ± 0.3d 98.0 ± 0.5 87.7 ± 2.1 — —
20 µg/g 98.1 ± 0.6 97.6 ± 0.7 92.5 ± 1.7 — —
5 µg/mLb —e — — 97.5 ± 2.7 —
5 µg/mLc — — — — 86.6 ± 1.2

BHT 5 µg/g 97.9 ± 0.6 99.2 ± 0.2 85.9 ± 1.5 — —
200 µg/g 98.8 ± 0.5 98.7 ± 0.5 89.9 ± 1.4 — —
50 µg/mL — — — 93.6 ± 5.2 —
5 µg/mL — — — — 99.5 ± 0.4

TBHQ 0.5 µg/g 98.4 ± 0.3 98.2 ± 0.4 50.3 ± 5.6 — —
20 µg/g 98.3 ± 0.5 98.5 ± 0.6 62.3 ± 3.4 — —
5 µg/mL — — — 93.2 ± 2.6 —
5 µg/mL — — — — 43.9 ± 1.1

aMicrograms of antioxidant per gram of lipid or wet tissue.
bMicrograms of antioxidant per milliliter of whole blood.
cMicrograms of antioxidant per milliliter of chloroform.
dMean ± S.D. (n = 3).
e—, Not determined. For abbreviations see Table 2.

FIG. 3. Typical high-performance liquid chromatograms of TBHQ, BHA,
and BHT in foods and mouse blood. For abbreviations see Figure 2.

FIG. 4. Mass spectra of (A) BHA standard, (B) Peak A, and (C) Peak B
from Figure 3. For abbreviation see Figure 2.



able losses of TBHQ during extraction and analysis proce-
dures were reported by other investigators (17–19,25,28). Stij-
ve and Diserens (28) carried out direct extraction from milk
fat with acetonitrile to improve recovery of the antioxidant.
However, a rapid extraction procedure with acetonitrile and
cooling could not curtail the recovery loss for sausage. The
latter is thought due to loss in extraction and breakdown in
the procedure.

Initially extracting the total lipid fraction from the food
sample before analysis, using the chloroform/methanol/water
method, achieved high recoveries for BHA and BHT and re-
sulted in high losses for TBHQ. Causes of that loss are not
clearly known but may be due to degradation of TBHQ, and
also to losses to the more polar methanol/water layer during
extraction procedures as discussed above.

With the AOCS recommended method for antioxidant
analysis (24), a problem especially with the analysis of TBHQ
was the loss of antioxidant during sample extraction and
preparation, and also the incomplete separation of hexane and
acetonitrile solution due to formation of emulsion. An-
drikopoulos et al. (25) improved on the AOCS method and the
direct oil injection method of Anderson and Van Niekerk (23)
using UV detection. The application of this extraction method
described in this paper is convenient for extraction of the an-
tioxidants before detection, to eliminate interferences from
other naturally occurring phenolic compounds in the sample.

The BHA concentration in a boiled and dried anchovy
sample obtained commercially did not exceed the permitted
level of BHA in Japanese fish products, which is restricted to
200 mg/kg wet basis (29). Although the use of antioxidant is
not allowed in meat products, sausage B contained a de-
tectable amount of BHA. This observation is supposedly due
to the facts that the sausage was imported and/or that the an-
tioxidant may migrate from wrapping materials into the
sausage (11,26).

In conclusion, antioxidants BHA, BHT, and TBHQ in
foods can be extracted with acetonitrile and measured using
HPLC with a spectrofluorometric detector. Sample extraction
is simple and reproducible with minimal losses.
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ABSTRACT: Arachidonic acid (AA) is an extremely important
fatty acid involved in cell regulation. When provided in the diet,
it is cogently incorporated in membrane phospholipids and en-
hances eicosanoid biosynthesis in vivo and in vitro; however,
controversy exists as to the levels of AA in food and in the diet.
This study determined the amount of AA in cooked and raw por-
tions of beef (rib eye), chicken (breast and thigh), eggs, pork
(loin), turkey (breast), and tuna; it compared these results to val-
ues published in Agriculture Handbook No. 8 (HB-8). The
cooked portions were prepared as described in HB-8. With the
exception of chicken thigh and tuna, the levels of AA (w/w) in
the selected foods analyzed were significantly higher, in general,
than those values published in HB-8. The greatest differences
were observed in beef (raw and cooked), turkey breast (raw and
cooked), and pork (cooked) where AA levels were twice that of
the values in HB-8. In contrast, the AA and n-3 fatty acid con-
tents in tuna were almost half the HB-8 values. The present data
indicate that HB-8 tends to underreport the amounts of AA in a
number of foods commonly consumed in the American diet, and
new initiatives should be considered to validate and update the
current database for fatty acid composition of foods.
Lipids 33, 1151–1157 (1998).

Arachidonic acid (AA) is among the most important fatty
acids associated with membrane phospholipids, and its di-
verse biological functions are unraveling with increased
scrutiny (1). Intracellular AA can modulate cell differentia-
tion (2–4), cell proliferation (5–7), gene expression (8–12),
and signal transduction (13–17). The best-described functions
of AA are mediated through eicosanoids. Increasingly, AA
and its metabolites are being linked to chronic diseases, such
as cancer; and antagonism of AA and its metabolism, i.e.,
eicosanoid formation, reduce risk (18,19).

AA is derived metabolically from linoleic acid (LA: 9,12
octadecadienoic acid, 18:2n-6), the major polyunsaturated
fatty acid (PUFA) in the diet. Although dietary LA is the
major source of tissue AA, this metabolic pathway is regu-

lated such that variations in the LA content of the Western
diet do not significantly alter AA content of tissue phospho-
lipids (20). In addition to LA, dietary AA also can contribute
to tissue AA levels. Even though dietary LA is the primary
metabolic source of AA in tissues, AA from food can signifi-
cantly impact tissue levels. Both animal (21–23) and human
(24,25) studies demonstrated that consuming AA increases
plasma and tissue levels of AA and significantly augments
eicosanoid biosynthesis in vivo and in vitro.

Compared to the daily intake of LA (10–20 g/day), the esti-
mated intake of AA (100–500 mg/day) is a minor contributor
to the total daily dietary intake of PUFA (22,26–29). But even
at these levels, AA is able to alter tissue AA content. Phinney
et al. (29) reported that AA content in plasma lipids was sig-
nificantly higher in subjects whose diets contained meat and
eggs as compared to vegetarians. Sinclair et al. (30) reported
that increasing dietary AA intakes from 70 to 490 mg/d signifi-
cantly enriched plasma phospholipids and cholesteryl esters
with AA. Diets high in lean beef (500 g lean beef/d; ~230 mg
AA/d) significantly increased the concentration of AA in
plasma phospholipids compared to diets containing 30–100 g
of lean beef per day (31). Increasing dietary intakes of AA to
1.7 g/d in 50 volunteers, from a baseline intake of 200 mg/d,
increased the levels of urinary metabolites of thromboxane A2
(TXA2) and prostaglandin I2 (PGI2) (25) and resulted in an en-
richment of AA in platelet phospholipids (32). However, in-
creasing AA consumption from 76–78 to 137–140 mg/d in
Australian subjects in the form of various meats did not alter
platelet AA content, ex vivo platelet TXB2 production, nor lev-
els of the urinary metabolites of TXA2 and PGI2 (33).

These data suggest that the impact of dietary AA on tissue
AA content is dose-dependent and that these doses are within
reasonable dietary ranges. However, conflicting information
exists as to how much AA is actually consumed and how
much is in the foods we eat (22,26–29,31,34). A series of
comprehensive studies on the Australian diet suggest the
amount of AA in their foods and in their diet may be lower
than anticipated, but these numbers are influenced by the lean
and visible fat portions of the food samples (26,34). A re-
analysis of meats from the U.S. diet has yet to be done.

Agriculture Handbook No. 8 (HB-8), as published by the
United States Department of Agriculture (USDA), is a com-
prehensive compilation of the nutrient composition of virtu-
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ally all foods consumed in the American diet (35). Many soft-
ware programs assessing human nutrient intakes rely on this
database. Understandably, it is difficult for this database to re-
main current by keeping pace with technological advances in
analytical procedures and changes associated with animal
feeding and breeding practices. Therefore, despite volumes of
nutrient composition tables, direct empirical data of the fatty
acid composition, of many foods, in particular AA, is lacking.
Preliminary data from our laboratory suggested that HB-8 was
underreporting the amount of AA in a number of U.S. food
products (36). Therefore, the purposes of this study were to
determine the amount of AA in foods known to be relatively
high in AA and commonly consumed in the American diet and
to compare these results to those published in HB-8.

MATERIALS AND METHODS

Samples. The selection criteria for samples were based on
foods known to be relatively rich in AA that are commonly
consumed in the American diet, including beef, chicken,
eggs, pork, and turkey. White tuna canned in water was in-
cluded as a food known to be rich in n-3 fatty acids.

With the exception of the tuna and crackers, all samples
were obtained fresh from local outlets of a large supermarket
chain. They were refrigerated at 4°C after purchase and
processed on the same day, usually within 1 h of purchase.
Beef rib eye (BRE, n = 4), chicken breast (CB, n = 5), chicken
thigh (CT, n = 5), pork loin (PL, n = 4), and turkey breast (TB,
n = 4) samples were trimmed of excess fat, cut in half, and
weighed. Poultry samples were skinned. One-half of each
BRE sample was broiled, and one-half of each sample of CB,
CT, PL, and TB was roasted according to protocol established
in HB-8 (37–39). All meat samples were cooled for 1 h after
cooking prior to further processing and analysis. Approxi-
mately 77-g samples of commercially canned and processed
(in water) tuna were analyzed. The fatty acid composition of
single raw whole eggs (WE) weighing approximately 50 g
was determined. In addition, four eggs were hard-boiled for
10 min, cooled for 20 min, shelled, weighed, and analyzed. 

All samples were finely chopped in a Cuisinart food proces-
sor (Model DLC-10E; Greenwich, CT) for 2 min in 0.9%
NaCl at a concentration of 380 g sample/L buffer. The aver-
age weight of the samples prior to processing was approxi-
mately 70 g (before or after cooking). Of the internal standard
nonadecanoic acid methyl ester (19:0) 50 mg was added to
each sample prior to processing. The chopped samples then
were finely pureed in a Waring blender (New Hartford, CT)
for 3 min at a final concentration of 210 g sample/L buffer. The
pureed homogenates were filtered through cheesecloth (crude
mesh) to remove connective tissue, and under constant stirring
three aliquots were removed for fatty acid analysis. Four to
five individual food samples were prepared and analyzed as
indicated above. [Note: Follow-up experiments indicate if
food samples are homogenized in a 20% saline solution of
methanol/chloroform (2:1, vol/vol), the recovery of the inter-
nal standard is improved by approximately 5%.]

Lipid extraction and fatty acid analysis. Lipids were ex-
tracted by a modified method of Bligh and Dyer (40). Briefly,
one part sample was suspended in three parts methanol/chloro-
form (2:1, vol/vol), and lipids were extracted following the ad-
dition of chloroform and 200 µL saturated NaCl solution. The
chloroform extraction was repeated (× 2). Following complete
evaporation of the pooled chloroform fractions under a stream
of nitrogen, the lipids were solubilized with toluene and saponi-
fied with KOH (0.5 N) in methanol for 8 min at 86°C. The sam-
ples were cooled and acidified with HCl (0.7 N) in methanol,
extracted with 2 vol of hexane (× 2), evaporated under an at-
mosphere of nitrogen, and methylated with ethereal dia-
zomethane. The fatty acid methyl esters were resuspended in
hexane and separated by gas chromatography [Hewlett-Packard
5890 Series II gas chromatograph (Palo Alto, CA) equipped
with a flame-ionization detector] using a DB-23 capillary col-
umn (J&W Chromatography, Folsom, CA) with hydrogen as
the carrier gas. The fatty acid methyl esters were identified by
comparison of retention times with those of known standards
(Nu-Chek-Prep, Elysian, MN) and quantitated based on the in-
ternal standard. As previously established, each sample did not
contain an appreciable amount of the internal standard.

Statistical analysis. The Statistical Analysis System (SAS
Institute, Inc., Cary, NC) was used to analyze the data. Data
were expressed as means ± SEM of 4–5 samples, each of
which was expressed as the means of three aliquots. Differ-
ences between experimental values and those published in
HB-8 were analyzed using the one-sample t-test. Data were
considered significant at P < 0.05.

RESULTS

PUFA composition of raw samples. Levels of AA varied in
raw samples from a low of 46 mg/100 g in raw BRE to a high
of 156 mg/100 g in raw WE, significantly different from those
values reported in HB-8 (Table 1). AA content was signifi-
cantly higher in BRE (46 vs. 20 mg/100 g), CB (64 vs. 40
mg/100 g), and TB (59 vs. 30 mg/100 g) compared with the
HB-8 values. Overall, AA content was significantly higher in
half of the raw foods analyzed (Fig. 1). LA content was sig-
nificantly lower in PL (262 vs. 440 mg/100 g) and higher in
WE (1272 vs. 1148 mg/100 g) compared to HB-8 (Table 1).
Similar inconsistencies among the experimental and HB-8
values were observed with the n-3 PUFA. HB-8 reports sig-
nificantly higher levels of 22:6n-3 in CB and CT, and signifi-
cantly lower levels in TB. They failed to report the presence
of a number of n-3 and n-6 PUFA that we observed, includ-
ing 20:3n-6, 22:4n-6, 22:5n-6, 20:5n-3, 22:5n-3, and 22:6n-3,
in many of the food items.

PUFA composition of cooked samples. Values of AA in
cooked samples varied from 33 mg/100 g in white tuna
packed in water to 239 mg/100 g in WE hard-boiled (in the
shell) (Table 2). In general, AA content (per 100 g cooked
sample) was found to be significantly higher in the experi-
mental samples compared to the HB-8 values, i.e., BRE (77
vs. 30 mg), CB (83 vs. 60 mg), WE (239 vs. 149 mg), PL (74

1152 L. TABER ET AL.

Lipids, Vol. 33, no. 12 (1998)



vs. 30 mg), and TB (72 vs. 40 mg); and significantly lower in
white tuna packed in water (33 vs. 51 mg). No detectable lev-
els of AA are present in saltine crackers. Overall, AA content
was significantly different in six out of the seven foods ana-
lyzed as compared to those values published in HB-8 (Fig. 1). 

Significant differences also were observed in the 18:2n-6
content of seven of the eight experimental foods as compared

to HB-8. For example, HB-8 reports more than twice the lev-
els of 18:2n-6 in CT, but one-third the levels in TB. In addi-
tion, HB-8 reports that 18:2n-6 content increases threefold in
CT following cooking (Tables 1 and 2). Similar discrepancies
were observed with the n-3 PUFA. For example, in tuna, the
experimental value (per 100 g sample) for 20:5n-3 was sig-
nificantly lower compared to HB-8 (94 vs. 233 mg). In addi-
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TABLE 1
Fatty Acid Concentration (mg/100 g sample) of Raw Samples

Fatty Acid Beef rib eyea Chicken breast Chicken thigh Egg whole Pork loin Turkey breast

Saturated fatty acids (SFA)
10:0 21 ± 4b 3.5 ± 1.2 11 ± 4 5.1 ± 2.0 16 ± 4 8.0 ± 1.8
10:0 USDA — — — 3 — —
12:0 3.7 ± 0.3 0.9 ± 0.2 2.3 ± 0.2c 0.6 ± 0.1c 2.4 ± 0.4c 3.6 ± 0.9
12:0 USDA — — 20 3 10 —
14:0 122 ± 17c 7.1 ± 1.2 22 ± 2 28 ± 1c 27 ±7c 22 ± 8
14:0 USDA 240 10 20 34 60 —
16:0 1122 ± 191c 283 ± 45 779 ± 66 2092 ± 35c 552 ± 132 413 ± 163
16:0 USDA 1930 210 670 2226 1110 90
18:0 697 ± 158 109 ± 10 267 ± 17 778 ± 16 308 ± 66c 215 ± 57
18:0 USDA 1060 100 260 784 550 60

Total SFA 2064 ± 369 406 ± 57 1091 ± 88 2922 ± 33c 913 ± 208c 672 ± 233
Total SFA USDA 3230 320 970 3096 1730 150

Monounsaturated fatty acids (MUFA)
14:1 21 ± 3 2.3 ± 0.5 8.6 ± 0.8 6.4 ± 0.6 0.4 ± 0.2 3.0 ± 1.8
14:1 USDA — — — 8 — —
16:1 108 ± 13c 72 ± 16 254 ± 25c 229 ± 13c 62 ± 18c 51 ± 30
16:1 USDA 290 30 180 298 160 10
18:1n-9 1565 ± 327c 404 ± 77 1257 ± 112 3192 ± 66c 883 ± 237c 567 ± 249
18:1n-9 USDA 3260 250 1010 3473 2070 90
18:1n-7 71 ± 11 41 ± 6 93 ± 10 165 ± 9 97 ± 26 48 ± 15
18:1n-7 USDA — — — — — —

Total MUFA 1772 ± 351c 523 ± 99 1625 ± 147c 3614 ± 78 1059 ± 285c 675 ± 298
Total MUFA USDA 3560 280 1200 3810 2270 100

Polyunsaturated fatty acid (PUFA)
18:2n-6 178 ± 20 222 ± 31 698 ± 58 1272 ± 38c 262 ± 46c 399 ± 130
18:2n-6 USDA 240 170 750 1148 440 110
18:3n-3 9.5 ± 1.5 7.5 ± 1.6 28 ± 3 31 ± 2 12 ± 5 25 ± 11
18:3n-3 USDA 10 10 30 33 20 —
20:3n-6 16 ± 2 13 ± 1 18 ± 1 18 ± 1 8.7 ± 1.0 4.9 ± 1.2
20:3n-6 USDA — — — — — —
20:4n-6 46 ± 3c 64 ± 5c 106 ± 7 156 ± 7 53 ± 5 59 ± 2c

20:4n-6 USDA 20 40 90 142 60 30
20:5n-3 5.1 ± 0.4 2.6 ± 0.3 3.2 ± 0.7c 0.4 ± 0.2c 2.8 ± 1.5 5.1 ± 1.0
20:5n-3 USDA — — 10 4 — —
22:4n-6 7.3 ± 0.4 16 ± 1 27 ± 2 14 ± 2 12 ± 3 13 ± 1
22:4n-6 USDA — — — — — —
22:5n-6 1.5 ± 0.4 5.5 ± 0.6 8.4 ± 0.8 40 ± 3 1.3 ± 0.4 2.5 ± 0.4
22:5n-6 USDA — — — — — —
22:5n-3 11.9 ± 0.6 6.4 ± 0.8 9.0 ± 0.4c 6.3 ± 1.2 7.2 ± 1.8 10.7 ± 0.4
22:5n-3 USDA — 10 20 — — 10
22:6n-3 1.7 ± 0.5 6.0 ± 0.7c 7.5 ± 0.7c 44 ± 2 2.1 ± 0.8 16 ± 1c

22:6n-3 USDA — 20 40 37 — 10
Total PUFA 282 ± 25 352 ± 34 922 ± 69 1603 ± 53c 373 ± 59 541 ± 144
Total PUFA USDA 270 250 940 1364 520 160
Total fatty acids 4118 ± 742c 1281 ± 185 3637 ± 293 8138 ± 87 2345 ± 546c 1889 ± 675
Total fatty acids USDA 7060 850 3110 8270 4520 410
aUnited States Department of Agriculture (USDA) Nutrient Data Bank (NDB) numbers: beef: #13097; chicken breast: #05062; chicken thigh: #05096; whole
egg: #01123; pork loin: #10040; turkey breast: #05219. 
bValues are means ±SEM of 4–5 independent samples, each analyzed in triplicate.
cP < 0.05 significantly different compared with USDA value.



tion, HB-8 failed to report the presence of a number of n-3
and n-6 PUFA, including 20:3n-6, 22:4n-6, 22:5n-6, 20:5n-3,
22:5n-3 and 22:6n-3, in many of the food items. Some of the
data were missing as indicated by blanks in the data for some
select fatty acids.

Saturated fatty acid (SFA) composition of raw samples. Of
the major SFA, 16:0 was significantly lower in BRE and WE,
and 16:0 and 18:0 were significantly lower (per 100 g of sam-
ple) in PL compared to HB-8 (Table 1). In many of the food
items, HB-8 failed to report the presence of a number of SFA,
i.e., 10:0, 12:0, 15:0, and 17:0.

SFA composition of cooked samples. The 12:0, 14:0, 16:0,
and 18:0 content of CB, CT, and PL, and 14:0 and 16:0 of
white tuna were significantly lower in the experimental foods
compared to HB-8, while the 16:0 and 18:0 content of TB
were significantly higher (Table 2). 

Monounsaturated fatty acid (MUFA) composition of raw
samples. MUFA values for 16:1 and 18:1n-9 were signifi-
cantly lower in BRE, WE and PL, and 16:1 was higher in CT
compared to HB-8 (Table 1).

MUFA composition of cooked samples. MUFA values for
16:1 and 18:1n-9 were significantly lower in CB, CT, PL, and
tuna compared to HB-8. The 18:1n-9 levels in TB were sig-
nificantly higher than the HB-8 values (Table 2).

Total fatty acid composition of raw and cooked samples.
For the most part, total fatty acid, SFA, MUFA, and PUFA
content in the raw samples reported in HB-8 were similar in
the experimental foods with the exception of BRE and PL
(Table 1). 

Total fatty acid, SFA, MUFA, and PUFA content were sig-
nificantly lower in the cooked samples of CB, CT, PL, and
tuna compared to HB-8 (Table 1). In contrast, overall fatty
acid content was higher in WE (hard-boiled) and TB com-
pared to HB-8. Saltine crackers, the only nonanimal product
included in the analyses, contained significantly lower
amounts of PUFA, in the form of 18:2n-6, compared to the
value reported in HB-8.

DISCUSSION

Fatty acid analysis of eggs and a variety of meats revealed
that the values reported in HB-8 for AA content were signifi-
cantly different (P < 0.05), in general, from those observed in
our experimental foods (Fig. 1). AA content in land-based
meats tended to be underreported in HB-8, while AA content
in the marine source meat (tuna) was significantly lower than
the HB-8 value. In a number of instances, the HB-8 fatty acid
values for raw and cooked portions of the same food were in-
consistent. For example, the HB-8 reports that the total PUFA
content (w/w) of pork loin increased 31% following cooking,
but the AA content decreased by 50%. We did not observe a
decrease in AA content in any of the samples tested follow-
ing cooking. In general, we and others (41,42) observed con-
sistent increases in fatty acid content (w/w), including AA, in
cooked portions compared to raw samples. Consistent with
HB-8 values, we did not observe reductions in the PUFA con-
tent following cooking. Sinclair et al. (31) report that cook-
ing lean beef results in significant reductions in PUFA con-
tent, in particular the 20-carbon PUFA. Possibly the incon-
gruity of these data may be related to different methods of
cooking (i.e., roasting vs. grilling and frying) and how the
cooked data were reported (i.e., mg/100 g cooked sample vs.
mg/100 g original raw sample weight). Loss of moisture due
to cooking resulted in a higher fatty acid content on a w/w
basis, and as such, the relative abundance of AA to the total
fatty acid content remained fairly similar (43). Cooking can
result in 30% moisture loss and can enrich the amount (w/w)
of extractable lipids in the muscle component (44,45). How-
ever, Chang and Watts (46) report that they did not consis-
tently observe an enrichment of fatty acids in meats follow-
ing cooking, including AA, suggesting nonuniform distribu-
tion of triglycerides rather than the destruction of unsaturated
fatty acids (46) contributed to these results. More recently,
though, Li et al. (34) report that the amount of AA (w/w) in
the visible fat of animal meats (beef, lamb, turkey, pork,
chicken, and duck) is equal to or greater than that of compa-
rable lean portions even though the relative amounts of AA
(wt% of total fatty acids) were 10–100 times higher in the
lean portions. These data indicate that the triglyceride portion
of meat can have a significant impact on AA content, and care
must be taken when selecting and comparing meat portions
for fatty acid analysis.

Several explanations are possible for the discrepancies be-
tween the HB-8 values and the experimental values of this
study. Studies conducted for the USDA report the relative
contributions of AA to the total fatty acid profile of the
triglyceride portion (separable fat) of meats (i.e., beef) were
considered quantitatively insignificant (42), while more re-
cent data indicate this is not the case (34).

Many of the values in HB-8 are estimates. When analyti-
cal data were not available, calculation or imputing of nutri-
ent values (35) was sometimes necessary. The USDA rou-
tinely generated fatty acid data by using mathematical formu-
las based on the weight percentage of the total lipid in a food,
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FIG. 1. Relative amounts of AA (based on g/100 g sample) in selected
foods as compared to values published in Agricultural Handbook No. 8
by the United States Department of Agriculture (USDA). Asterisks denote
values that were significantly different from the USDA values at P < 0.05.



multiplied by a set of conversion factors (42,47–49). The con-
version factors varying among different foods, raw and
cooked samples (47), were primarily based on the relative
abundance of triglycerides and phospholipids and their fatty
acid contents (42). For a given sample, the fatty acid compo-
sition (w/w) was determined by first determining the amount

of total lipid gravimetrically and by multiplying this value by
its conversion factor and the weight percentage (sometimes
assumed) of the individual fatty acid methyl esters. Based on
preliminary experiments, fatty acid profiles for related
anatomical portions of meat from a beef carcass, for exam-
ple, were assumed to be similar (47). When necessary, the
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TABLE 2
Fatty Acid Concentration of Cooked Samples

Fatty Acid Beef rib eyea Chicken breast Chicken thigh Egg whole Pork loin Turkey breast Tuna white

SFA
10:0 29 ± 6b 4.3 ± 2.0 8.9 ± 3.3 8.6 ± 0.6c 21 ± 3c 11 ± 3 3.4 ± 1.0
10:0 USDA 10 — — 3 10 — —
12:0 7 ± 1 1.1 ± 0.1c 2.5 ± 0.3c 0.5 ± 0.2c 3.4 ± 0.5c 3.3 ± 0.6 1.3 ± 0.2
12:0 USDA 10 10 30 3 10 — —
14:0 254 ± 48 7.9 ± 0.8c 27 ± 1c 43 ± 4 48 ± 6c 21 ± 5 26 ± 6c

14:0 USDA 370 30 80 35 120 — 82
16:0 2193 ± 401 334 ± 33c 940 ± 16c 2927 ± 138c 930 ± 121c 420 ± 93c 273 ± 40c

16:0 USDA 2800 690 2120 2349 2060 110 592
18:0 1365 ± 297 139 ± 6c 313 ± 5c 1168 ± 107 505 ± 75c 237 ± 33c 97 ± 13
18:0 USDA 1540 250 690 828 1080 70 118

Total SFA 4025 ± 752 490 ± 38c 1301 ± 19c 4173 ± 236c 1518 ± 206c 704 ± 131c 420 ± 61c

Total SFA USDA 4730 980 2920 3218 3280 180 792

MUFA
14:1 47 ± 12 2.7 ± 0.4 10.1 ± 0.3 8.6 ± 0.6 1.2 ± 0.1 3.3 ± 1.1 0.6 ± 0.2
14:1 USDA — — — — — — —
16:1 222 ± 41c 80 ± 13c 311 ± 11c 303 ± 27 118 ± 15c 47 ± 18 36 ± 7c

16:1 USDA 400 150 560 310 300 20 144
18:1n-9 3094 ± 623 471 ± 52c 1499 ± 40c 4447 ± 120c 1582 ± 173c 551 ± 126c 211 ± 37c

18:1n-9 USDA 4540 1040 3460 3725 3570 110 518
18:1n-7 160 ± 32 47 ± 4 114 ± 4 217 ± 13 166 ± 17 51 ± 8 34 ± 7
18:1n-7 USDA — — — — — — —

Total MUFA 3537 ± 692 607 ± 69c 1949 ± 51c 5006 ± 154c 1897 ± 208c 659 ± 153c 314 ± 58c

Total MUFA USDA 4940 1220 4090 4068 3950 130 784

PUFA
18:2n-6 320 ± 51 272 ± 17c 838 ± 27c 1884 ± 183c 341 ± 33c 415 ± 71c 25 ± 2c

18:2n-6 USDA 280 590 2100 1188 630 130 55
18:3n-3 17 ± 3 8.8 ± 0.9c 34 ± 1c 41 ± 1c 16 ± 6 23 ± 5 5.8 ± 0.9c

18:3n-3 USDA 20 30 100 35 20 — 71
20:3n-6 27 ± 5 16 ± 1 22 ± 2 30 ± 3 12 ± 1 7.0 ± 0.7 1.5 ± 0.3
20:3n-6 USDA — — — — — — —
20:4n-6 77 ± 14c 83 ± 8c 121 ± 6 239 ± 21c 74 ± 4c 72 ± 4c 33 ± 4c

20:4n-6 USDA 30 60 130 149 30 40 51
20:5n-3 6.9 ± 0.7 3.1 ± 0.3c 4.1 ± 0.9c — 3.3 ± 1.7 4.9 ± 1.1 94 ± 20c

20:5n-3 USDA — 10 10 5 — — 233
22:4n-6 13 ± 2 20 ± 2 30 ± 2 14 ± 8 15 ± 3 16 ± 1 3.4 ± 0.4
22:4n-6 USDA — — — — — — —
22:5n-6 1.9 ± 0.9 7.2 ± 0.9 9.5 ± 0.7 92 ± 11 2.0 ± 0.4 4.2 ± 0.6 18 ± 2
22:5n-6 USDA — — — — — — —
22:5n-3 20 ± 2 8.0 ± 0.8 10 ± 1c 3.6 ± 1.6 10 ± 3 13 ± 1 20 ± 3
22:5n-3 USDA — 10 30 — — 10 18
22:6n-3 2.4 ± 0.6 8.0 ± 1.0c 9.0 ± 0.6c 68 ± 9c 3.4 ± 1.0 19 ± 2c 417 ± 67
22:6n-3 USDA — 20 50 38 — 10 629

Total PUFA 494 ± 73 437 ± 22c 1096 ± 29c 2409 ± 233c 492 ± 46c 582 ± 84c 623 ± 100c

Total PUFA USDA 330 720 2420 1415 680 190 1057
Total fatty acids 8056 ± 1500 1534 ± 119c 4345 ± 72c 11,587 ± 570c 3907 ± 444c 1945 ± 367c 1357 ± 219c

Total fatty acids 
USDA 10,000 2920 9430 8701 7910 500 2633
aUSDA NDB numbers: beef: #13098; chicken breast: #05064; chicken thigh #05098; whole egg #01129; pork loin #10043; turkey breast #05220; tuna
#15126.
bValues are means ±SEM of 4–5 independent samples, each analyzed in triplicate. 
cP < 0.05 significantly different compared with USDA value. See Table 1 for abbreviations.



fatty acid data were adjusted so that the amount of fatty acid
was consistent with the total amount of extracted lipid.

Scientific advances in breeding, feeding practices, and an-
alytical techniques may influence fatty acid composition data.
Over the last 30 yr, feeding practices for beef cattle have in-
creasingly shifted from forage-fed to grain-fed animals result-
ing in significantly higher levels of AA in the muscle of grain-
fed animals (50). Also, it is assumed that cuts of meat pre-
sented in HB-8 reflect retail cuts of meat. But, retail beef is
leaner than the values published in HB-8 (possibly reflecting
the health-conscious trend of the public), and retail cuts may
have multiple muscle groups associated with them (51).

The breed and age of an animal and an interaction of these
two variables (52) also may affect fatty acid composition. For
example, PUFA content of muscle phospholipids increase and
SFA and MUFA decrease with age in Jersey and Limousin
cows, and the level of AA in muscle phospholipids in mature
Limousin cows is 28% higher compared to Jersey cows. In
addition, the AA content in muscle phospholipids in heifers
is almost 2.5 times higher than that of steers (52).

Most of the food analyses for HB-8 were performed in the
1970s and 1980s (35). For example, the HB-8 Series for poul-
try, pork, and beef products were issued in 1979, 1992, and
1990, respectively, but some of the data, such as poultry, orig-
inated from the mid 1960s and 1970s and have not been up-
dated. The food analysis data published in HB-8 are derived
from multiple sources including contracts with universities
and commercial laboratories, contacts with the food industry,
trade groups, academia, and other government agencies (35).
Previously, fatty acid data were generated using packed-col-
umn gas chromatography, gas–liquid chromatography
(43–45), and spectrophotometric methods (46); this may ex-
plain many of the missing values for the PUFA (see Tables 1
and 2). Recent advances in analytical techniques using inter-
nal standards and capillary gas chromatography improved the
separation, identification, and measurement of fatty acids, in
particular, longer-chain unsaturated fatty acids.

Finally, the inconsistency between our results and those in
HB-8 could be related to the sample size used in this study,
source of the samples, and the limited variation in the ana-
lyzed samples. We selected samples, as the public would,
from a regional supermarket chain and analyzed 4–5 samples
in each of the food categories. The sample size and the lim-
ited variation in the samples could account for the observed
differences. The breeding and feeding practices of the ani-
mals from which the samples came are unknown. Similarly,
this information is unavailable from the USDA, but the data
published in HB-8 is based on a compilation of data from a
variety of sources, seasons, and geographic locations as indi-
cated previously.

In summary, our results suggest wide differences exist in
the fatty acid content of individual foods when compared with
the HB-8 values; these differences may be related to scientific
advances in breeding, feeding practices, and analytical tech-
niques. The content of AA in foods analyzed in this study was,
for the most part, significantly higher than that reported in HB-

8. Because of the importance of HB-8 as a reliable source of
nutrient content in foods and for determining average daily in-
takes, a reevaluation of the fatty acid data may be warranted.
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ABSTRACT: An increased amount of phospholipids remained
attached on delipidated apolipoprotein B originated from oxi-
dized low density lipoprotein (LDL). 31P nuclear magnetic reso-
nance analysis of such apolipoprotein showed an organic phos-
phorus peak at −0.55 ppm, which suggests the formation of
adducts (most probably Schiff bases) of oxidized phospholipids
with apolipoprotein B. The above reaction occurs in parallel
with the hydrolysis of oxidized phospholipids, catalyzed by the
LDL-attached platelet-activating factor acetylhydrolase, and
may contribute to the proatherogenic effect of oxidatively mod-
ified low density lipoprotein.
Lipids 33, 1159–1162 (1998).

Recent studies have shown that oxidative modification of low
density lipoprotein (LDL) plays an important role in the initi-
ation and progression of atherosclerosis (1). Oxidation of
LDL is a free radical, autocatalytic process. The polyunsatu-
rated fatty acids (PUFA), which are bound in the different
lipid classes of the LDL molecule, are the major targets of the
active forms of oxygen. The initial products of phospholipid
(PL) oxidation are their hydroperoxy derivatives which, after
chain fragmentation, give rise to a variety of aldehydic lipid
peroxidation products (2–4). This fragmentation also leads to
polar PL, containing short-chain acyl groups at the sn-2 posi-
tion (5). The oxidized PL (oxPL) serve as substrates for
platelet-activating factor-acetylhydrolase (PAF-AH), which
hydrolyzes them toward lysophospholipids (lyso-PL) (6).
PAF-AH is an enzyme that is associated, in plasma, with LDL
and high density lipoproteins (7,8), and that plays a major role
in the regulation of the pathophysiologic effects of PAF (9).

The aldehydic peroxidation products react with ε-amino
groups of lysine residues in apolipoprotein B (apoB), form-
ing Schiff bases and thus contributing to the modification of
apoB (3). Oxidized LDL (oxLDL) do not bind to LDL recep-
tors, but instead are recognized by other types of receptors,

namely, the acetylated LDL (10) or scavenger receptors
(11,12), leading to foam cell formation, an early step of ath-
erosclerosis (1). After delipidation of oxLDL, solubilized
fractions of apoB are responsible for the recognition of
oxLDL by the scavenger receptor (13). The aim of the pres-
ent study was to investigate the possible involvement of the
oxPL, generated during the oxidation of LDL, in the modifi-
cation of apoB.

EXPERIMENTAL PROCEDURES

LDL preparation. LDL (d = 1.019–1.063) was prepared from
freshly isolated, pooled, normolipidemic, human plasma con-
taining 0.01% EDTA (wt/vol) and 5 µg/mL gentamicin sul-
fate (Garamycin, Schering-Plough, produced by Famar,
Athens, Greece) by sequential ultracentrifugation (14) in a
Beckman L7-65 ultracentrifuge (Fullerton, CA) at 40,000
rpm, 14°C for 10 h with a Type NVT65 rotor. The LDL prepa-
ration was dialyzed against 10 mM Tris buffer containing
0.9% NaCl (wt/vol) (pH = 7.4) for 24 h at 4°C. Then it was
filter-sterilized (0.22 mM, Millipore, Bedford, MA) and
stored in the dark at 4°C under nitrogen for up to 2 wk. LDL
protein was determined using the Bicinchoninic Acid assay
(BCA Protein Assay Reagent Kit; Pierce, Rockford, IL).

LDL oxidation. OxLDL was prepared by incubating LDL
(1 mg of protein/mL) with 50 µM CuSO4 in Tris buffer (pH =
7.4) at 37°C for 6 h. Oxidation was terminated by the addi-
tion of 0.01% EDTA and subsequent refrigeration. In some
experiments 4-[2-aminoethyl]benzenesulfonyl fluoride (pefa-
bloc) (Pefabloc SC, Pierce) (1 mM), an irreversible inhibitor
of PAF-degrading AH, was added to the LDL preparation
(oxLDLi) (15). The LDL oxidation was followed by the thio-
barbituric acid-reactive substances assay and the relative elec-
trophoretic mobility value on agarose gel electrophoresis.

Measurements. Total lipids of native LDL (nLDL) or
oxLDL (treated or not with serine esterase inhibitor), corre-
sponding to 0.5 mg of protein, were extracted according to
Bligh and Dyer (16) and subjected to thin-layer chromatogra-
phy on silica gel G plates using chloroform/methanol/water
(65:35:6, by vol) as solvent system. Lipids were identified
after brief exposure to iodine vapors, and the bands corre-
sponding to the Rf of standard sphingomyelin, phosphatidyl-
choline (PC), lysophosphatidylcholine (lyso-PC), and phos-
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phatidylethanolamine were scraped off the plate and submit-
ted to phosphorus assay according to Bartlett (17) as modi-
fied by Marinetti (18). (Standard lipids were purchased from
Sigma (St. Louis, MO) and solvents, analytical grade, from
LAB-SCAN, Dublin, Ireland). The phosphorus assay was not
affected by 100 mM sodium dodecyl sulfate (SDS) or by lipid
peroxidation products formed during PL oxidation.

ApoB preparation. Delipidated, water-soluble apoB 
was prepared according to Cardin et al. (14). Briefly, LDL
(nLDL, oxLDL, and oxLDLi) (4.5 mg/mL) was dialyzed for
24 h against 1 mM EDTA, pH = 8. The LDL was then
lyophilized and subjected to four extractions with 12 mL of
ether/ethanol (3:1, vol/vol). At each step of the extraction,
the protein–solvent mixture was incubated at −20°C for 1 h
and pelleted by low-speed centrifugation at −20°C; the sol-
vent was then removed by aspiration. After the final ex-
traction, the protein was washed once with anhydrous ether
and pelleted, and the solvent was removed by aspiration
while the protein was dried under nitrogen. The delipidated
apoB was suspended in 2 mL of 10 mM Tris-HCl and 1 mM
EDTA buffer (pH = 8.5) containing 100 mM SDS. Complete
solubilization of apoB was achieved by gentle vortexing,
followed by stirring at room temperature. ApoB was then
dialyzed at 4°C against 10 mM Tris-HCl and 1 mM EDTA
buffer (pH = 8.5) to remove the excess SDS. The apoB
modification was tested by SDS-polyacrylamide gel elec-
trophoresis (5–19% gradient) (20). Since the amount of
phosphorus remaining attached to the delipidated apoB 
is a measure of PL bound to the apolipoprotein (PL-apoB),
the apoB preparations were submitted to phosphorus 
assay.

31P nuclear magnetic resonance (NMR) analysis. The 31P
NMR spectra were obtained at 161.9 MHz with a Bruker
AMX-400 instrument (Rheinstetten-Forchheim, Germany).
The chemical shifts were determined relative to the resonance
position of 1% H3PO4 as an external standard. The resolution
of spectra was enhanced by multiplication of the free-induc-
tion decay with a Gaussian exponential function (21).

RESULTS AND DISCUSSION

Table 1 shows the composition of plasma LDL PL which
were separated by silica gel thin-layer chromatography, be-
fore and after oxidation of LDL, treated or not with the serine
esterase inhibitor. In accordance with results reported previ-
ously by our laboratory (22) and other investigators (23),
there was a marked loss of the PC content and an increase in
the amount of lyso-PC after oxidation. No significant change
was observed in the amount of the other PL, suggesting that
PC and its oxidation and hydrolysis products may be involved
in LDL modification. The increase in lyso-PC was higher
when the LDL was oxidized in the absence of pefabloc, sup-
porting the assumption (22) that PAF-AH is mainly responsi-
ble for the formation of lyso-PC on LDL, after PC oxidation.

Note that (Table 1) the sum of the amount PC + lyso-PC
was significantly higher on nLDL than on oxLDL and
oxLDLi. This finding suggests that PAF-AH hydrolyzes only
a part of the oxidized PC products. As shown in Table 1, in
accordance  with Tertov et al. (24), an increased amount of
phospholipids (PL), remained attached on oxidized apoB
after delipidation (PL-apoB), suggesting that a part of oxi-
dized PC might have formed adducts with apoB. The adducts
of  oxidized PL with apoB render the PL more hydrophilic,
and thus they cannot be extracted in the chloroform phase of
the Bligh and Dyer extraction mixture. The above can explain
the decrease in the total amount of LDL PL after oxidation
(Table 1), which was also reported by other investigators,
working with oxidized human plasma (25).

To investigate the above suggestion further, we submitted
delipidated apoB (1.5 mg/mL) before and after oxidation,
with or without treatment with pefabloc, to 31P NMR analy-
sis. In some experiments apoB, from oxLDL, were treated
with phospholipase A2 (PLA2) before the NMR analysis. The
apoB preparation was incubated with 100 µg of PLA2
(porcine pancreatic PLA2; Boehringer, Mannheim, Germany)
in the presence of 2 mM Ca2+ for 30 min, at room tempera-
ture.
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TABLE 1
Composition of LDL Phospholipids Which Were Separated by Silica Gel Thin-Layer Chromatography, 
Before and After Oxidation of LDLa

nLDL nLDL oxLDL
nLDL oxLDL oxLDLi vs. vs. vs.

PL (nmol PL/mg of protein) oxLDL oxLDLi oxLDLi

lyso-PC 24.3 ± 14.8 91.7 ± 24.7 46.5 ± 12.5 P < 0.002 P < 0.02 P < 0.003
Sph 272.8 ± 91.0 241.6 ± 105.0 271.5 ± 112.9 N.S. N.S. N.S.
PC 707.4 ± 163.1 403.1 ± 146.3 439.3 ± 202.1 P < 0.02 P < 0.05 N.S.
PE 32.3 ± 13.2 23.9 ± 12.9 28.2 ± 11.9 N.S. N.S. N.S.
Total PL 1034.7 ± 179.0 760.3 ± 196.8 785.5 ± 268.2 P < 0.03 N.S. N.S.
lyso-PC + PC 731.7 ± 146.5 494.8 ± 117.5 485.8 ± 173.9 P < 0.02 P < 0.03 N.S.
PL-apoB 25.3 ± 9.6 68.0 ± 20.0 71.8 ± 18.4 P < 0.01 P < 0.005 N.S.
aData represent mean ± SD from six independent LDL preparations and were compared by t-test for independent samples.
P < 0.05 is considered significant. Abbreviations: LDL, low density lipoprotein; PL, phospholipid; nLDL, native LDL; oxLDL,
oxidized LDL; oxLDLi, oxidized LDL treated with 4-[2-aminoethyl]benzenesulfonyl fluoride; lyso-PC, lysophosphatidyl-
choline; Sph, sphingomyelin; PE, phosphatidylethanolamine; PL-apoB, phospholipids bound to apolipoprotein B. N.S., not
significant.



As shown in Figure 1A the 31P NMR spectrum of delipi-
dated apoB from nLDL shows one peak at −0.37 ppm corre-
sponding to the PL remaining hydrophobically bound to the
protein even after the delipidation process. This peak is ob-
served in all the other preparations (Fig. 1B,C) and disappears
after PLA2 treatment, giving rise to two new peaks at −0.06
and −0.21 ppm, possibly corresponding to lyso PL (Fig. 1D).
The 31P NMR spectrum of PC in CHCl3/MeOH/H2O
(50:50:15, by vol), showed two peaks at −0.40 and −0.37
ppm, whereas the spectrum of lyso-PC, in the same solvent
mixture, showed one peak at −0.13 ppm (data not shown). In
the apoB preparations originated from oxLDL (Fig. 1B,C)
treated or not with pefabloc, a second peak of organic phos-
phorus at −0.55 ppm was observed, which could explain the
higher amount of PL (Table 1) attached on apoB after oxida-
tion. Moreover, the ratios of the integrals of the two peaks,
1:2 and 1:2.5, for apoB from oxLDL and oxLDLi are in
agreement with the results from the PL attached on delipi-

dated apoB observed in Table 1. The amount of PL that re-
mained hydrophobically bound to apoB even after the delipi-
dation procedure, calculated by the integrals of the two peaks
of the 31P NMR spectrum (Fig. 1B,C) and the total amount of
PL bound to delipidated apoB (Table 1), did not exceed the
22–25 nmol per mg apoB. It corresponded to the amount of
PL-apoB measured by the phosphorus assay on apoB derived
from nLDL (Table 1). The second peak of organic phospho-
rus at −0.55 ppm was only slightly affected by the PLA2 treat-
ment(Fig. 1D). The observed magnetic shielding of phospho-
rus and the failure of PLA2 to recognize and hydrolyze the
sn-2 ester bond, presented in Figure 1B,C,D, support the sug-
gestion that adducts of oxidized forms of PC with apoB are
formed during LDL oxidation. The possibility that lyso-PC
also accounts for the above adducts could not be excluded.
However, in this case the second phosphorus peak in Figure
1B would be expected to be higher than that of Figure 1C,
since lyso-PC formation on oxLDL without PAF-AH inhibi-
tion is twofold higher than that on oxLDLi (Table 1).

The present work does not elucidate the chemical charac-
ter of the adducts mentioned above. OxPL with semialdehy-
dic oxidized short-chain fatty acid in the sn-2 position are
formed during oxidation (26), and the aldehydic group esteri-
fied on the PL backbone may react with the proteins to form
Schiff base adducts (27). The above evidence, together with
our results, strongly suggests that Schiff base adducts of PL
could be formed with the lysine residues of apoB. This reac-
tion occurs in parallel with the hydrolysis of oxPL to lyso-PL,
a reaction catalyzed by the LDL attached PAF-AH, and may
have an important role in apoB modification during oxidation
and the pathophysiological effects of oxLDL.
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ABSTRACT: The purpose of this study was to assess the effect
of fish oil with or without vitamin E on plasma vitamin antioxi-
dants. Thirty-three apparently healthy women aged 18–28 yr
were recruited from the university environs, and 30 completed
the double-blinded, parallel design supplementation trial. Blood
samples were collected at baseline (week 0) and following 28 d
of supplementation with three capsules/d (0.8 g × 3) of either
fish oil (FO) or FO with vitamin E (3 IU/g) (FOE). An additional
blood sample was taken at day 91 (washout). Plasma antioxi-
dant vitamins, fatty acid composition, and lipid peroxides were
measured. Plasma α-tocopherol concentrations were increased
significantly in both groups postsupplementation FO (P = 0.018)
and FOE (P = 0.003) compared with baseline and washout val-
ues. Plasma retinol concentration was significantly increased (P
= 0.034) compared with baseline and washout values following
supplementation with FOE but not FO, while plasma β-carotene
was significantly increased (P = 0.036), compared with baseline
and washout values, following supplementation with FO but
not FOE. There was a trend (P = 0.059) toward decreased
plasma ascorbic acid following FO supplementation compared
with baseline and washout. Plasma lipid peroxides did not
change following either supplementation. Results suggest that
low-dose FO feeding with and without vitamin E differentially
modulates plasma antioxidant vitamins but has no significant
effect on lipid peroxidation.
Lipids 33, 1163–1167 (1998).

Epidemiological studies linking fatty fish consumption with a
low incidence of coronary heart disease have led to numerous
clinical trials. Evidence that fish oils (FO) do not act on a sin-
gle aspect, but rather modulate the entire cascade of factors
involved in atherogenesis—curbing the excesses and correct-
ing the deficiencies—continues to accumulate from these
clinical trials.

Concurrent with the proposed beneficial effects, workers
caution that potential side effects of fish oil supplementation
are increased vitamin E requirements and increased oxidative
stress in vivo (1). Vitamin E deficiency is induced with phar-

macological doses of FO over prolonged periods of time in
animal studies (2). Likewise in human trials, administration
of 30 mL/d of FO results in decreased serum vitamin E (3).
The importance of vitamin E in maintaining the biological in-
tegrity of cells and lipoproteins is well established (4). Epi-
demiological studies usually link high plasma α-tocopherol
with low incidence of coronary heart disease (5), whereas de-
creased plasma α-tocopherol is associated with increased sus-
ceptibility to lipid peroxidation (6). In many animal and
human studies, the decreases in plasma vitamin E are only a
reflection of decreases in circulating lipoproteins following
FO supplementation (7,8).

More subtle and perhaps more physiologically relevant ef-
fects of FO on vitamin E status have not been reported in de-
tail, as most supplementation studies use FO with added vita-
min E FOE and often use pharmacological doses of FO. The
lack of a sensitive and accurate marker for in vivo lipid per-
oxidation and the presence of vitamin E in all commercial FO
preparations have hampered progress toward resolving the ef-
fects of n-3 polyunsaturated fatty acids on antioxidant status
in vivo.

Reported effects of high-dose FO supplementation de-
creasing plasma α-tocopherol and increasing lipid peroxida-
tion, coupled with high-dose FO feeding being used to induce
vitamin E deficiency in animals, have lead to a generalized
acceptance that FO supplementation is liable to result in oxi-
dant stress in vivo. This study, using 2.4 g of FO/d [equiva-
lent to approximately 0.72 g of eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA)], comparable to that used
in the Diet and Reinfarction Trial (DART) which proved to
be cardioprotective (9), focused on the effects of FO prepared
without any vitamin E (FO) on plasma antioxidant vitamin
status and lipid peroxide levels in healthy female volunteers,
using FOE as a positive control. 

MATERIALS AND METHODS

Subjects and protocol. A total of 33 healthy women volun-
teers (mean age 22; range 18–28 yr) were recruited from uni-
versity staff and students. Informed consent was obtained and
the study protocol was approved by the University of Ulster
Research Ethical Committee. Eligibility for enrollment re-
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quired that subjects be healthy women; aged 18–30 yr; not
pregnant; and not currently using aspirin, anti-inflammatory
agents, vitamin, mineral or other nutritional supplements.

The study was conducted on a double-blind, parallel de-
sign with washout. FO supplementation studies are notori-
ously difficult to blind or to provide an appropriate placebo;
therefore, FOE was used as a positive control. Subjects were
randomly assigned to one of two groups and were required to
take three capsules (0.8 g × 3) daily of either FO or FOE (3
mg/g) for 28 d and give three blood samples. The FO (a gift
from Seven Seas Ltd., Hull England) provided approximately
18% EPA and 12% DHA. Sodium dodecyl gallate was pre-
sent (100 ppm) as an antioxidant in both preparations. Com-
pliance was assessed through close personal communication
with the subjects, and changes in plasma total fatty acid were
analyzed. Blood samples (25 mL) were taken, by venipunc-
ture, at day 0 (baseline), day 28 (postsupplementation), and
day 91 (washout). Subjects were requested to maintain their
usual dietary habits and activity levels throughout the study.

Venous blood (25 mL) was drawn, carefully avoiding stasis
into tubes containing lithium heparin. Samples were centrifuged
at 2000 rpm for 15 min. The plasma was removed, aliquoted for
each assay, and stored at −70°C. Plasma for ascorbate analysis
was stabilized immediately with 50 g/L metaphosphoric acid
before storage. Following the collection of the final washout
blood samples, samples were batch-analyzed.

Ascorbate in plasma. Plasma ascorbate was measured by
electrochemical detection following reverse-phase chromatog-
raphy through a 10 cm Spherisorb-C18 3 µm ODS2 column
and a 201-PSC guard column (5 × 0.4 cm ) (Technicol Ltd.,
Manchester, United Kingdom). Homocysteine (100 mg/L) was
added to the mobile phase to stabilize the ascorbate during
chromatography. The mobile phase (pH 5.5) was run at a flow
rate of 1 mL/min and contained 0.1 M sodium acetate (pH 5.0),
1 mM octylamine, and 200 mg/L Na2EDTA (10). 

Fat-soluble vitamins in plasma. Fat-soluble vitamins in
plasma were assessed using reverse-phase high-performance
liquid chromatography by the method of Thurnham et al.
(11). The mobile phase was methanol/dichloromethane/ace-
tonitrile (500:128:500, by vol, with 10 mg butylated hydrox-
ytoluene), and samples were run on a Spherisorb 53-micron
(ODS2) 10-cm column. In this method the samples were ex-
tracted with n-hexane, evaporated to dryness under nitrogen
gas, and reconstituted in the mobile phase. Plasma lipid lev-
els were measured on the Cobas Fara Automatic Analyser.
Total cholesterol was assessed using a kit (Roche Diagnostic
Systems, Basel, Switzerland).

Plasma EPA and DHA. Total lipids were extracted with
chloroform/methanol (2:1, vol/vol) containing butylated hy-
droxytoluene as an antioxidant and dried under nitrogen gas.
Fatty acids were transmethylated with sulfuric acid and
methanol. Fatty acid methyl esters were separated on a fused-
silica capillary column (SGE; Foss Scientific, Belfast, United
Kingdom) in a gas–liquid chromatograph equipped with a
flame-ionization detector.

Lipid peroxide analysis. Lipid peroxides were measured

using commercial kits (LPO-586 Biotech). A patented chro-
mogenic agent reacts with malondialdehyde (MDA) and 4 hy-
droxynonenal at 45°C to give a stable chromophore with maxi-
mal absorbance at 586 nm. The detection threshold of the assay
is quoted by the manufacturers as 0.5 µM; reproducibility de-
termined over 10 d gave SEM values lower than 5%.

Assessment of food intake. Subjects’ habitual food intake
was assessed by diet history interview. The method established
meal patterns in both working and weekend days and obtained
details of meals and snacks in terms of a description of the food
and an outline of portion sizes. Food portions were quantified
using standard food portion sizes (12) and analyzed for com-
position using the computerized dietary analysis program,
Food Base (The Institute of Brain Chemistry and Human Nu-
trition, version 1.2, 1992). 

Statistical analysis. Differences between values at the
baseline, postsupplementation, and washout were tested using
multivariate analysis of variance for repeated measures with
the least significant difference post-hoc test. All data are ex-
pressed as mean ± standard error (SE) with each subject act-
ing as her own control.

RESULTS

Of the 33 subjects enrolled, 30 completed the study; the three
withdrawals were for personal reasons unrelated to supplemen-
tation. Oral communication, between investigator and subjects,
and the change in plasma total fatty acid profile (Fig. 1) sug-
gested good compliance with the supplementation regime. EPA
and DHA were undetectable in the plasma of this healthy pop-
ulation at baseline. EPA and DHA were still detectable follow-
ing 63 d of washout. The supplements were generally well tol-
erated, although subjects did complain of experiencing a
“fishy” aftertaste. Dietary intakes of the antioxidant vitamins E
and C were within the normal range for this population group
(Table 1). Group intakes were not significantly different. 

Following FO supplementation (Table 2), plasma ascorbate
was decreased (P = 0.059) when compared with baseline and
washout. Plasma α-tocopherol increased (P = 0.018) post-
supplementation. This effect, however, was nonsignificant
when α-tocopherol was corrected for cholesterol concentra-
tion. Plasma β-carotene increased (P = 0.036) postsupple-
mentation with FO when compared to baseline and washout. 

The FOE supplementation (Table 2) resulted in a signifi-
cant increase in plasma α-tocopherol (P = 0.003) and in α-to-
copherol corrected for cholesterol (P < 0.000) postsupple-
mentation compared with baseline and washout. Likewise,
plasma retinol increased (P = 0.034) postsupplementation.

Neither supplementation regime showed any effects on
plasma lycopene, lutein, α-carotene, and γ-tocopherol (data not
shown) or on lipid peroxidation as assessed by plasma MDA and
4-hydroxynonenal levels. In the FO group (n = 14) the mean ±
SE values for MDA and 4-hydroxynonenal (µmol/L) for base-
line, postsupplementation, and washout were 10.0 ± 1.0, 10.6 ±
1.5, and 11.5 ± 1.0, respectively. For the FOE group (n = 16), the
corresponding values were 10.6 ± 1.2, 10.6 ± 1.0, and 12.3 ± 1.0.
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When comparing the effect of the oils on plasma antioxidant
status, the notable difference was the effect on plasma ascor-

bate, with FO producing a nonsignificant decrease and FOE a
nonsignificant increase in plasma ascorbate concentration.

DISCUSSION

The essential paradox of FO supplementation is that, while
many workers highlight that it is accompanied by an increased
requirement for vitamin E, the purported health benefits accru-
ing from FO are generally antioxidant in nature and show func-
tional similarities with vitamin E in vivo (13). 

This study was conducted to compare the effects of low
doses of FO, with or without added vitamin E, on plasma an-
tioxidant vitamins in healthy female volunteers. This low
dose was found to modulate leukocyte function and cytokine
production in these subjects (14). 

The increases in plasma α-tocopherol and tocopherol/lipid
ratio following both supplementation regimes are notable.
The level of vitamin E in the FOE oil is relatively low (7.2
IU/d), supplementation with vitamin E usually is in the range
of 50–1000 IU/d. It appears that low-dose FO, the only nat-
ural polyunsaturated fatty acid rich oil not loaded with vita-
min E, has the capacity to mobilize α-tocopherol in plasma.
Shapiro et al. (15) found that using MaxEPA, a commercial
FO rich in EPA (18 g/d, approximately 5 g n-3 fatty acids),
for 6 wk increased plasma α-tocopherol. Luostarinen et al.
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FIG. 1. Changes in percentage distribution of plasma long-chain C20
and C22 fatty acids following fish oil supplementation of healthy female
volunteers. Only the long-chain polyunsaturated fatty acids were as-
sessed. Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapen-
taenoic acid; AA, arachidonic acid.

TABLE 1
Daily Intakes of Energy, Vitamin E, and Vitamin C by the Healthy
Female Volunteersa

Fish oil and vitamin E Fish oil
(FOE) (FO)

(n = 16) (n = 14)

Energy (kJ) 8761 ± 367 9299 ± 433
Fat (% energy) 37% 35%
Protein (% energy) 15% 14%
Carbohydrate (% energy) 48% 51%
Vitamin E (mg) 9.8 ± 0.93 11.4 ± 1.30
Vitamin C (mg) 90.0 ± 11.3 83.2 ± 9.3
aValues reported as mean ± SE.

TABLE 2
Effect of Supplementation on Plasma Antioxidant Vitamins in Healthy Female Volunteers

Baseline Postsupplementation Washout Significance
Variable (mean ± SE) (mean ± SE) (mean ± SE) levela

FO (n = 14)
Ascorbate (µmol/L) 99.9 ± 9.0 79.9 ± 6.9 94.4 ± 5.0 .059
α-Tocopherol (µmol/L) 23.2 ± 0.9 25.1a ± 1.0 21.8 ± 0.2 .018**
α-Tocopherol/total cholesterol ratio 5.44 ± 0.22 5.82 ± 0.27 5.29 ± 0.20 .080
β-Carotene (µmol/L) 0.40 ± 0.02 0.45a ± 0.06 0.34 ± 0.05 .036**
Retinol (µmol/L) 1.67 ± 0.11 1.80 ± 0.15 1.71 ± 0.78 .452

FOE (n = 16)
Ascorbate (µmol/L) 98.3 ± 9.0 105.8 ± 11.0 107.2 ± 5.0 .682
α-Tocopherol (µmol/L) 24.2 ± 1.0 26.9a ± 1.4 24.9 ± 1.1 .003**
α-Tocopherol/total cholesterol ratio 5.30 ± 0.21 6. 00a ± 0.28 5.56 ± 0.25 .000***
β-Carotene (µmol/L) 0.44 ± 0.07 0.43 ± 0.06 0.39 ± 0.05 .536
Retinol (µmol/L) 1.69 ± 0.09 1.92a ± 0.12 1.78 ± 0.08 .034*

aDifferences at each of the sample times were tested using multivariate analysis of variance for repeated measures with
least significant differences.  *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 ; adenotes significantly different from baseline and washout.
For abbreviations see Table 1.



(16), however, showed that supplementing with 30 mL/d FO
(8.6 g n-3 fatty acids) produced no change in plasma α-toco-
pherol. Older populations are more susceptible to oxidative
stress, and FO supplementation has been shown to decrease
plasma α-tocopherol in these subjects (17). Moreover FO
supplementation resulted in a significant decrease in plasma
α-tocopherol in non-insulin-dependent diabetics (18).

FO may modulate vitamin E absorption, transport, storage
and utilization. Absorption of vitamin E is dependent upon
digestion and absorption of fat. Free tocopherols are absorbed
by a nonsaturable passive process into the lymphatic circula-
tion (19). The effects of differing fatty acids, ethyl esters, and
triacylglycerols on this process are unclear. There have been
relatively few investigations of how vitamin E can exchange
between lipoproteins and red blood cells, and between plasma
and red blood cells. Vitamin E is known to exchange more
slowly than cholesterol but more rapidly than triacylglyc-
erols. Although a transfer protein is not required for exchange
to occur, transfer will be affected by low density lipoprotein
receptor and lipoprotein lipase function (20,21). 

Total plasma vitamin E concentration, however, is not con-
sidered a suitable predictor of cell vitamin E status (22). It has
been shown that FO (15 g/d) given for 10 wk can lower
plasma, red blood cell, and platelet α-tocopherol (23). Ani-
mal experiments have shown that immune cell vitamin E sta-
tus seems particularly resistant to any decrease following FO
supplementation despite significantly decreased plasma and
liver α-tocopherol concentrations (24). 

In the present study FO supplementation resulted in a sig-
nificant increase in β-carotene. Mean plasma concentration
of β-carotene shows seasonal variation with a twofold in-
crease from July to September (25). It has been calculated that
the critical difference for two serial results to be significantly
different (P < 0.05) is such that, at a level of 0.5 µmol/L, an
increase of 0.8 µmol (160%) is required (25). Therefore, the
difference observed here of only 12.5% may reflect natural
variation in plasma levels over the study period. FOE supple-
mentation had no significant effect on plasma β-carotene but
did significantly increase plasma retinol compared with base-
line. This is in agreement with other studies (26,27) and may
reflect the retinal esters content of commercial FO products
(26) although FO did not show a similar effect. Others have
suggested that FO modulates the conversion of β-carotene to
retinol (23).

While the change in plasma ascorbate following either oil
was insignificant, the contrasting effect of FO, which de-
creased plasma ascorbate, and FOE, which increased plasma
ascorbate, is notable. Relatively little has been published con-
cerning the effect of FO supplementation on plasma ascor-
bate. Weber et al. (27) reported FO supplementation had no
effect on plasma ascorbate.

FO or FOE supplementation had no effect on plasma lipid
peroxidation as indicated by the lack of change in hydrox-
yalkanes and MDA concentration. Higher doses of FO have
been shown to increase MDA production, because MDA is a
marker of peroxidation only of fatty acids with three or more

double bonds. Increases, however, have been reported as tran-
sitory, with values returning to normal within the first 4 wk of
supplementation (28).

In conclusion, this study showed that FO and FOE have
modulatory effects on plasma α-tocopherol, retinol, and β-
carotene concentrations and differential effects on plasma
ascorbate. Plasma antioxidant status appeared to remain ade-
quate among these healthy young women as there was no
change in lipid peroxide concentrations in either group. Fur-
ther work is required to examine the potential role of FO in
modulating plasma and cellular antioxidant status.
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ABSTRACT: The effects of vitamin E on cholesteryl ester (CE)
metabolism in J774 cells were examined. Pretreatment of J774
cells with vitamin E at concentrations above 50 µM significantly
decreased acetylated low density lipoprotein (LDL)-induced in-
corporation of [14C]oleate into CE in cells in a dose-dependent
manner. This was partly due to vitamin E also significantly in-
hibiting the uptake of [3H]CE-labeled acetylated LDL by J774
cells. A trend existed toward suppression of acyl-CoA:choles-
terol acyltransferase (ACAT) activity in the cell lysate at high vi-
tamin E concentration, but there was no effect on hydrolysis of
CE. These data indicate that vitamin E reduces the uptake of
modified LDL and suppresses ACAT activity, resulting in less
cholesterol esterification in macrophages: a novel mechanism
underlying the antiatherogenic properties of vitamin E. 
Lipids 33, 1169–1175 (1998).

Epidemiological studies demonstrated that antioxidant con-
sumption, especially of vitamin E, is inversely correlated with
the incidence of coronary heart disease (CHD) (1–6). Previ-
ous studies reported that vitamin E is one of the most effec-
tive antioxidants present in low density lipoprotein (LDL),
and that its supplementation protects LDL from oxidative
stress in vitro (7–9). Moreover, vitamin E is believed to exert
additional effects that could result in antiatherogenic activi-
ties (10–15).

Formation of foam cells in arterial walls is an important
event in the early stage of atherogenesis. Foam cells in athero-
matous plaques are thought to be derived predominantly from
monocyte-derived macrophages (16). The macrophages take
up oxidized LDL through scavenger receptors, accumulate
cholesteryl ester (CE), and are transformed into foam cells
(17,18). CE accumulation in cells is mediated by the intracel-
lular esterification of cholesterol by acyl-CoA:cholesterol acyl-
transferase (ACAT). Several studies addressed the effects of

vitamin E on the formation of foam cells (19–21). Van der
Schroeff et al. (19) reported that low doses of vitamin E failed
to suppress the accumulation of CE in J774 cells that was
induced by acetylated LDL. Suzukawa et al. (20) reported that
enrichment of J774 cells with vitamin E inhibited macrophage-
mediated oxidation of LDL and inhibited CE formation in J774
cells. In that study, however, no information was provided on
whether these effects of vitamin E on foam cell formation were
due to a decreased capacity of macrophages to oxidize LDL or
to effects on cholesterol metabolism. Asmis et al. (21) reported
that the enrichment of P388D macrophages with vitamin E re-
duced the cellular ratio of CE/free cholesterol after incubation
with fetal bovine serum (FBS), but without significantly chang-
ing CE accumulation induced by modified LDL. Thus, the ef-
fects of vitamin E on CE accumulation induced by atherogenic
lipoproteins in macrophages remain unclear. 

In the present study, we examined the effects of cellular
(J774 cells) enrichment with vitamin E on whole-cell choles-
terol esterification, ACAT activity, lipoprotein uptake, and
cellular CE hydrolysis. 

METHODS

Materials. DL-α-Tocopherol and L-ascorbic acid were ob-
tained from Wako Pure Chemicals (Osaka, Japan). Dul-
becco’s modified Eagle’s medium (DMEM) was obtained
from Flow Laboratories (ICN Biochemical, Auroa, OH).
Oleic acid, oleoyl CoA, phenylmethylsulfonyl fluoride
(PMSF), and bovine serum albumin were obtained from
Sigma Chemical Co. (St. Louis, MO). [1-14C]Oleic acid and
[1-14C]oleoyl CoA were obtained from New England Nuclear
(Boston, MA). [1a,2a(n) 3H]Cholesteryl oleate and [1a,2a(n)
3H]cholesteryl linoleate were obtained from Amersham (Ar-
lington Heights, IL).

Cell culture. J774 macrophages (RIKEN Cell Bank,
Tsukuba, Japan) were grown in DMEM containing 10%
(vol/vol) FBS. For each experiment, the cells were cultured
in 12-well Multiwell (Falcon, Franklin Lakes, NJ) cultured
plates at 37°C in 5% CO2 and 95% air. 

Isolation, modification, and labeling of LDL. Blood was
collected in vacutainer tubes containing 1 mg/mL of EDTA
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from healthy male volunteers fasted overnight. LDL (1.019 <
d < 1.063 g/mL) was isolated by sequential ultracentrifuga-
tion (22). LDL was acetylated by the method of Basu et al.
(23). CE in LDL was labeled by exchange with a microemul-
sion containing [3H]cholesteryl linoleate by the method of
Zhang et al. (24). [3H]CE-labeled LDL was acetylated by the
method of Basu et al. (23). Specific activity of [3H]CE-la-
beled LDL and acetylated LDL was 1027 ± 16 and 1235 ± 15
dpm/µg protein, respectively. LDL, acetylated LDL, [3H]CE-
labeled LDL, and [3H]CE-labeled acetylated LDL were ex-
tensively dialyzed at 4°C against 0.15 M NaCl, 0.24 mM
EDTA, pH 7.4. Each lipoprotein was sterilized by filtration
(0.22 µm). Lipoprotein-deficient serum (LPDS) was prepared
by the method of Goldstein et al. (25). The contents of pro-
tein in each lipoprotein and LPDS were determined by the
method of Lowry et al. (26). 

Enrichment of J774 macrophages with vitamin E. Mono-
layers of cells were incubated in DMEM with 10% FBS and
with 10–200 µM of vitamin E. Cultured medium was supple-
mented with vitamin E dissolved in ethanol (10 µL ethanol/1
mL DMEM) and then incubated at 37°C for 24 h. The same
amount of ethanol without vitamin E was added to control
dishes.

Whole-cell cholesterol esterification assay in J774 cells.
Whole-cell cholesterol esterification in J774 cells was assayed
by the method of Goldstein et al. (25). Monolayers of J774
cells were incubated in DMEM containing 10% LPDS and 0.2
mM of [1-14C]oleate-albumin (5,500 dpm/nmol) in the pres-
ence or absence of acetylated LDL for 6 h. After incubation,
cellular lipids were extracted by hexane/isopropanol (3:2,
vol/vol). [1,2-3H]Cholesteryl oleate was added to the solvent
as an internal standard. CE was isolated by thin-layer chroma-
tography (TLC) developed in heptane/ethyl ether/acetic acid
(90:30:1, by vol), and radioactivity assayed. After the lipids
were extracted, the cells were dissolved, and cellular protein
was determinated by the Lowry et al. procedure.

Uptake of [3H]CE-labeled lipoprotein in J774 cells.
Monolayers of J774 cells were incubated in DMEM contain-
ing 10% LPDS with 5 µg/mL [3H]CE-labeled lipoproteins for
24 h. After incubation, cell monolayers were washed by phos-
phate buffer saline (PBS), and total lipids were extracted as
described above. The organic solvent was collected and mea-
sured by scintillation counting. After the lipids were ex-
tracted, cellular protein was determined as described above. 

Cell-free extract ACAT activity assay. ACAT activity was
assayed in cell-free extracts by a modification of the method
of Nagayoshi et al. (27). Cell-free extracts were prepared by
suspending pellets of J774 macrophages from 60-mm dishes
in 1 mL of sucrose buffer (10 mM Tris-HCl buffer, pH 7.5,
containing 250 mM sucrose, 0.1 mM PMSF, and 0.1 mM
EDTA), and then sonicated. The sonicated cells were then
centrifuged for 15 min at 10,000 × g at 4°C, and clear super-
natants were assayed both for ACAT activity and for protein
content using the Lowry et al. procedure. Twenty-five µL of
extract was incubated in 225 µL of 0.1 M potassium phos-
phate buffer, pH 7.4, containing 0.02 mM bovine serum albu-

min for 5 min, then 5 nmol [1-14C]oleoyl CoA was added to
each extract. After incubation for 5 min, the reaction was ter-
minated, and [3H]cholesteryl oleate was added as an internal
standard. The cholesteryl [14C]oleate in the chloroform/
methanol extracts was isolated by TLC as described above.

Hydrolysis of cholesteryl [1-14C]oleate in J774 cells. Hy-
drolysis of cholesteryl [14C]oleate was assayed by the method
of Tomita et al. (28). [14C]Oleic acid was incorporated into
CE in cells by incubating for 24 h with 0.2 mM [14C]oleic
acid–albumin complex and acetylated LDL. Cell monolayers
were extensively washed with PBS and were further incu-
bated for indicated times in fresh medium with 10% LPDS in
the presence or absence of vitamin E. The radioactivity of re-
maining cholesteryl [14C]oleate was extracted and counted as
described above. The hydrolyzed amount of cholesteryl
[14C]oleate was calculated by subtracting the remaining cho-
lesteryl [14C]oleate radioactivity from that at time 0. 

Vitamin E measurement. The vitamin E content of J774
cells was measured by the method of Bieri et al. (29). 

Statistical analysis. Data are presented as means ± SE.
Groups were compared by one-way analysis of variance
(ANOVA). Bonferroni test was performed with P < 0.005
level of significance to adjust for multiple testing, when there
were indications of significance by one-way ANOVA. 

RESULTS

To investigate the effect of vitamin E on whole-cell choles-
terol esterification, J774 cells were loaded with 10–200 µM
vitamin E. Cytotoxicity, as assessed by trypan blue proce-
dures and lactic dehydrogenase assay in the medium, was not
apparent in cells incubated in DMEM containing 10% FBS
and indicated concentrations of vitamin E. In the absence of
vitamin E in the medium, cellular vitamin E could not be de-
tected in J774 cells. After incubation of J774 cells with
medium containing 10–200 µM vitamin E for 24 h, the vita-
min E content of J774 cells increased up to 6.8 ± 1.1 nmol/mg
protein in a dose-dependent manner. 

Pretreatment of J774 cells with vitamin E at doses up to
200 µM inhibited whole-cell cholesterol esterification in-
ducible with acetylated LDL (Fig. 1A). The content of cho-
lesteryl [14C]oleate in nonstimulated cells (no addition of
acetylated LDL) was 1.25 nmol/mg/6 h cell protein. In the
presence of 50 µg/mL of acetylated LDL, the content of cho-
lesteryl [14C]oleate in cells was 9.2-fold that without acety-
lated LDL (11.45 vs. 1.25 nmol/mg cell protein/6 h). Vitamin
E significantly inhibited whole-cell cholesterol esterification
in a dose-dependent manner (P < 0.0001, one-way factorial
ANOVA). In the cells pretreated with 50 µM of vitamin E
[which is found in plasma with moderate vitamin E supple-
mentation (30)], whole-cell cholesterol esterification was
14% lower than that in cells without vitamin E (9.9 vs. 11.45
nmol/mg protein/6 h, P < 0.0001). In the cells pretreated with
200 µM of vitamin E, it was 55% lower than that in the ab-
sence of vitamin E (5.2 vs. 11.45 nmol/mg protein/6 h, P <
0.0001). Pretreatment of J774 cells with vitamin C over a
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range of concentrations failed to inhibit acetylated LDL-in-
duced whole-cell cholesterol esterification (Fig. 1B). 

The inhibition of acetylated LDL-inducible whole-cell
cholesterol esterification by vitamin E could occur at several
steps. First, we investigated whether this represented reduced
substrate availability, thus measuring the effects of vitamin E
on the lipoprotein uptake by J774 cells. After incubation of
J774 cells with vitamin E for 24 h, cells were further incu-

bated in DMEM containing 10% LPDS with 5 µg protein/mL
of [3H]CE-labeled acetylated LDL or [3H]CE-labeled native
LDL for 24 h. Supplementation of J774 cells with vitamin E
significantly decreased the uptake of [3H]CE-labeled acety-
lated LDL in a dose-dependent manner (P < 0.001, one-way
ANOVA) (Fig. 2A). The uptake of acetylated LDL was 9%
lower in cells pretreated with 50 µM of vitamin E than in the
absence of vitamin E (5.9 vs. 6.5 µg protein/mg cell protein,
P < 0.005), and was 17% lower in the cells pretreated with
200 µM of vitamin E compared with those without vitamin E
(5.4 vs. 6.5 µg protein/mg cell protein, P < 0.001). On the
other hand, vitamin E had no effect on the uptake of native
LDL (Fig. 2B). These data indicate that enrichment of cells
with vitamin E selectively inhibits the uptake of acetylated
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FIG. 1. Effects of vitamin E and vitamin C on whole-cell cholesterol es-
terification in J774 cells incubated with acetylated low density lipopro-
tein (AcLDL). J774 cell monolayers were incubated in Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
and indicated concentrations of vitamin E (A) or vitamin C (B) for 24 h.
Thereafter cells were thoroughly washed with phosphate buffered saline
(PBS) and further incubated in DMEM containing 10% lipoprotein-defi-
cient serum (LPDS), 50 µg/mL AcLDL, and 0.2 mM [14C]oleate-albumin
for 6 h. After incubation, cells were washed thoroughly by PBS, and cel-
lular lipids were extracted with 2 mL of hexane/isopropanol (3:2,
vol/vol), and developed by thin-layer chromatography (TLC) with de-
veloping solvent [heptane/ethyl ether/acetic acid (90:30:1, by vol)].
Cholesteryl [14C]oleate was quantified by liquid scintillation counting.
Data represent means ± SE of 12 dishes. **P < 0.0001 compared to con-
trol (without vitamin E).

FIG. 2. Effects of vitamin E on the uptake of [3H]cholesteryl ester (CE)-
labeled AcLDL and [3H]CE-labeled native LDL by J774 cells. J774 cells
were incubated in DMEM containing 10% FBS and indicated concen-
trations of vitamin E for 24 h. Thereafter cells were washed with PBS
and further incubated in DMEM containing 10% LPDS and 5 µg/mL of
[3H]CE-labeled AcLDL (A) or [3H]CE-labeled native LDL (B) for 24 h.
After incubation, cells were thoroughly washed with PBS, cellular lipids
were extracted, and [3H]CE was counted by scintillation counting. Data
represents means ± SE of 12 dishes. *P < 0.005, **P < 0.001, compared
to control (without vitamin E). See Figure 1 for other abbreviations.



LDL, but not of native LDL. These data suggested that de-
creased uptake of acetylated LDL in vitamin E-treated cells
may have at least partly accounted for decreased whole-cell
cholesterol esterification. 

Calculations based on data in Figures 1 and 2 showed that
50 µg/mL of acetylated LDL (3.0 nM total cholesterol/µg
protein) delivered 49 nmol of cholesterol/mg protein/6 h,
which was associated with an increment in whole-cell
cholesterol esterification of 10.2 nmol cholesterol/mg pro-
tein/6 h. Therefore, at most, about 21% of cholesterol deliv-
ered within acetylated LDL was esterified into CE, assuming
for the purpose of argument that all newly synthesized CE
was derived from acetylated LDL cholesterol. Pretreatment
with vitamin E at concentrations of 50, 100, and 200 µM de-
creased the acetylated LDL-delivered cholesterol to 44.8,
41.4, and 39.4 nmol/mg protein/6 h, and also reduced whole-
cell cholesterol esterification by 1.5, 4.0, and 6.3 nmol cho-
lesterol/mg protein/6 h, respectively. By assuming a constant
proportion of delivered cholesterol becomes esterified, one
would expect decrements of delivered cholesterol of 4.2, 7.6,
and 9.6 nmol to decrease whole-cell cholesterol esterification
by 0.9, 1.6, and 2.0 nmol, respectively. However, inhibition
of whole-cell cholesterol esterification by vitamin E was sub-
stantially greater, with only 19, 15, and 10% of cholesterol
delivered through acetylated LDL uptake esterified in cells
treated with 50, 100, and 200 µM vitamin E, respectively.
These calculations showed that the reduced acetylated LDL
uptake was most unlikely to fully explain the reduction in
whole-cell cholesterol esterification by vitamin E.

We next investigated the effects of vitamin E on ACAT ac-
tivity in a cell-free extract. After preincubation of J774 cells
with increasing amounts of vitamin E for 24 h, cells were har-
vested, and ACAT activity of the cell-free extract was as-

sayed. A trend existed for reducing ACAT activity by pre-
treating cells with vitamin E (P < 0.05, one-way ANOVA)
(Fig. 3). However, inhibition of ACAT activity in cells
reached statistical significance only with 200 µM vitamin E,
by 26% (104.5 vs. 140.0 pmol/mg/min, P < 0.005).

The effect of vitamin E on the hydrolysis of cellular CE
was also examined since changes in hydrolysis would also af-
fect substrate availability. Cells loaded with cholesteryl
[14C]oleate were incubated with fresh DMEM containing
10% LPDS in the presence or absence of vitamin E, and the
remaining cellular cholesteryl [14C]oleate in the extracted
lipids was quantified by TLC. The content of cholesteryl
[14C]oleate was approximately 100 nmol/mg protein at the
start of incubation and decreased with incubation time. Ap-
proximately 50% of cholesteryl [14C]oleate was hydrolyzed
after 24 h incubation in control cells. Hydrolysis of choles-
teryl [14C]oleate was not significantly altered by the presence
of vitamin E (Fig. 4).

DISCUSSION

Accumulation of CE in macrophages in the subendothelial
space plays a critical role in the initiation and progression of
atherogenesis (31). Modified LDL is reportedly recognized
and internalized by macrophages through scavenger recep-
tors that stimulate CE accumulation which in turn transform
macrophages into foam cells (17,32). Thus, reducing CE ac-
cumulation in macrophages would diminish the initiation and
progression of atherogenesis. Both macrophages and en-
dothelial cells can oxidize LDL that is transported into the
artery through several pathways (33). Protecting LDL against
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FIG. 3. Effects of vitamin E on cell-free extract acyl CoA:cholesterol
acyltransferase (ACAT) activity in J774 cells. J774 cells were incubated
in DMEM containing 10% FBS and indicated concentrations of vitamin
E for 24 h. Thereafter cells were thoroughly washed with PBS and har-
vested. Cell-free extracts were assayed for ACAT activities. Data repre-
sent means ± SE of 16 dishes. *P < 0.005 compared to control (without
vitamin E). See Figure 1 for other abbreviations.

FIG. 4. Effects of vitamin E on hydrolysis of esterified cholesterol in J774
cells. J774 cells were loaded with cholesteryl [14C]oleate as described
in the Methods section and were then incubated in fresh DMEM con-
taining 10% LPDS and indicated concentrations of vitamin E for 24 or
48 h. Thereafter cells were washed with PBS, cellular lipids were ex-
tracted, and cholesteryl [14C]oleate was quantified as described in the
legend to Figure 1. The cellular content of cholesteryl [14C]oleate at
time 0 was 95.45 ± 3.45 (mean ± SE of 12 dishes). Data represent means
± SE of six dishes. ■■, 24 h; ■, 48 h. See Figure 1 for abbreviations.



oxidation by antioxidants, such as vitamin E, would be ex-
pected to reduce CE accumulation in macrophages. In addi-
tion to the antioxidant protection of LDL, vitamin E has other
beneficial effects on endothelial cells, platelets, and smooth
muscle cells (10–15). Few studies exist of the effects of vita-
min E on cholesterol metabolism in macrophages, and the ef-
fects on CE accumulation induced by an atherogenic lipopro-
tein are unclear. In this study, enrichment of J774 cells with
vitamin E inhibited acetylated LDL-inducible whole-cell cho-
lesterol esterification in a dose-dependent manner. Whole-cell
cholesterol esterification after acetylated LDL uptake was sig-
nificantly reduced by pretreating with 50 µM vitamin E, a
concentration reported in human plasma after moderate vita-
min E supplementation (30). This would be a novel mecha-
nism whereby vitamin E might contribute to the prevention
of atherogenesis. 

Monocyte-derived macrophages take up and degrade
lipoproteins by receptor-mediated endocytosis. Lysosomal
acidic CE hydrolase releases free cholesterol from CE, and
thereafter the free cholesterol is reesterified in the cytoplasm
by ACAT. Accumulated CE is not inert, but undergoes hy-
drolysis by neutral CE hydrolase (32). The relative activities
of ACAT and of two CE hydrolases are believed to be respon-
sible for the regulation of cellular CE content (34). Therefore,
the accumulation of CE in foam cells will depend on the up-
take of atherogenic lipoprotein and the relative activities of
ACAT and CE hydrolase. In the present study, enrichment of
macrophages with vitamin E significantly inhibited also the
uptake of acetylated LDL in addition to the reduction in
whole-cell cholesterol esterification. In contrast, cellular hy-
drolysis of CE was not affected by vitamin E. These data in-
dicate that vitamin E inhibits whole-cell cholesteryl esterifi-
cation, which is mediated in part by interfering with the up-
take of acetylated LDL and partly by suppressing ACAT
activity. The lesser inhibition by vitamin E of ACAT activity
in cell-free extracts is probably not contradictory as will be
discussed later. 

In this study, pretreatment of J774 cells with 50 µM or
higher concentrations of vitamin E significantly decreased the
uptake of acetylated LDL. We did not explore further mecha-
nisms whereby this might have occurred. Acetylated LDL is
taken up by macrophages through scavenger receptors (32).
Previous studies reported that induction of scavenger recep-
tors in macrophages or smooth muscle cells is regulated by
protein kinase C (PKC) (35–37). For example, platelet-de-
rived growth factor-mediated induction of the scavenger re-
ceptor in J774 cells is regulated by PKC, and this induction is
inhibited by a PKC inhibitor (35). Many earlier studies re-
ported that vitamin E suppressed PKC activity in various
cells, including macrophages (10,13–15,38,39). In the pres-
ent study, we cultured J774 cells in DMEM containing 10%
heat-inactivated FBS and did not stimulate these cells further.
Possibly vitamin E might limit the induction of scavenger re-
ceptors in J774 cells stimulated by some growth factors re-
maining in FBS. 

As discussed previously, calculation of the data for whole-

cell cholesterol esterification and acetylated LDL uptake
showed that the diminished uptake of acetylated LDL could
not fully explain the reduction in whole-cell cholesterol es-
terification by vitamin E. Changes in cellular hydrolysis of
CE were excluded. Further, ACAT activity in cell-free extract
was also reduced but only at the highest concentration of vit-
amin E. Since the aqueous cell-free extract of macrophages
(used to measure ACAT activity) was likely to contain a much
lower concentration of the lipid-soluble vitamin E than pres-
ent in intact cells, the cell-free extract assay was probably not
as sensitive a method to estimate the effect of vitamin E.

Another possibility is an alteration of cholesterol traffick-
ing by vitamin E. Previous studies reported that whole-cell
cholesterol esterification in J774 cells after uptake of acety-
lated LDL is regulated by the amount of cholesterol that
comes into contact with ACAT, and not through the induction
of ACAT itself (40–42).

Whole-cell cholesterol esterification is an index that could
represent CE accumulation in cells (32). However, notably,
others found no significant effect of vitamin E on CE mass
accumulation in macrophages following incubation with
modified lipoproteins (19,21). In one of the earlier studies,
the final concentration of vitamin E was only 10 µM (19)
which was ineffective also in our study. In the other study,
P388D macrophages were used (21), and the difference in cell
species might underlie the discrepancy. 

In summary, enrichment of J774 macrophages with vita-
min E significantly inhibited acetylated LDL-inducible
whole-cell cholesterol esterification in J774 macrophages. Al-
though this was associated with reduced acetylated LDL up-
take, the latter could not fully account for diminished whole-
cell cholesterol esterification. This effect would be a novel
mechanism underlying the antiatherogenic properties of vita-
min E. 
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ABSTRACT: We investigated the possibility that dietary cho-
lesterol downregulates the expression of low density lipopro-
tein (LDL) receptor and 3-hydroxy-3-methylglutaryl (HMG)-CoA
reductase genes of circulating mononuclear cells in vivo in
healthy humans. We also studied the variations of the LDL re-
ceptor-related protein (LRP) gene in the same conditions. Di-
eters (n = 5) were submitted to a 4-d fat restriction (mean cho-
lesterol intake: 6 ± 4 mg/d), followed by a 7-d cholesterol (a
mean of 791 ± 150 mg/d) supplementation. Controls (n = 3) did
not change their diet. During fat restriction, serum total and LDL
cholesterol decreased significantly (P < 0.05), and LDL receptor
and HMG-CoA reductase mRNA copy numbers in mononuclear
cells increased by 57 and 147%, respectively (P < 0.05). After
reintroducing cholesterol, serum cholesterol was stable whereas
LDL receptor and HMG-CoA reductase mRNA decreased by 46
and 72% (P < 0.05) and LRP mRNA increased by 59% (P <
0.005). The changes in LDL receptor and HMG-CoA reductase
mRNA abundance were correlated (r = +0.79, P = 0.02) during
cholesterol reintroduction as were LDL receptor and LRP mRNA
levels, but negatively (r = −0.70, P = 0.05). Also, 70% of the
variability in LRP mRNA (P < 0.005) was explained by dietary
cholesterol. Thus, the basic mechanisms regulating cellular cho-
lesterol content, the coordinate feedback repression of genes
governing the synthesis and uptake of cholesterol, are operating
in vivo in humans. However, serum cholesterol did not increase
in response to dietary cholesterol, suggesting that these mecha-
nisms may not play as predominant a role as previously be-
lieved in the short-term control of serum cholesterol in vivo in
humans. A new finding is that LRP gene is also sensitive to di-
etary cholesterol, suggesting that it may participate in the con-
trol of serum cholesterol. Further in vivo studies in humans are
warranted to explore the molecular mechanisms of the physio-
logical response to dietary cholesterol in humans.
Lipids 33, 1177–1186 (1998).

The exact molecular mechanisms by which dietary lipids
(1,2) are risk factors for coronary heart disease (CHD) are un-
known. Epidemiological studies show that dietary cholesterol
is an independent predictor of CHD, apart from its effect on
blood cholesterol (3,4), but how this deleterious effect is me-
diated was not determined. Another unresolved major ques-
tion is why healthy humans show no or only a mild increase
in their blood cholesterol in response to high cholesterol in-
take (5,6). Answers to these questions may have major clini-
cal implications.

In humans, cholesterol metabolism is thought to be inte-
grated and coordinated in the liver (7). Much of our knowl-
edge about how the hepatocytes achieve this regulation comes
from experiments conducted on cultured cells or animal mod-
els, with results varying considerably among species relative
to sensitivity to dietary cholesterol. Cultured cells respond to
the presence or absence of cholesterol in the medium by reg-
ulating the activity of 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) reductase, the rate-limiting enzyme of choles-
terol synthesis, and the abundance of the low density lipopro-
tein (LDL) receptors. These processes act coordinately to
maintain intracellular cholesterol levels within narrow limits
(7,8). One commonly proposed mechanism for increases (in
sensitive animals) in blood LDL cholesterol in response to in-
creased dietary cholesterol is the suppression of LDL recep-
tor-mediated uptake secondary to increased cholesterol con-
tent of hepatocytes (7–9). Promoters of the HMG-CoA reduc-
tase and LDL receptor genes contain 10 bp sterol regulatory
elements (10,11) that are believed to be responsible for the
coordinate nature of these regulatory processes. Thus, the pri-
mary regulatory mechanism to prevent the intracellular accu-
mulation of cholesterol and the increase of blood cholesterol
is thought to be the repression of the transcription of these
two genes (7–9).

No studies however have examined these regulatory hy-
potheses in humans, and very little is known about the tran-
scriptional regulation of cholesterol metabolism in healthy hu-
mans in vivo, in particular in response to dietary changes. Re-
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cently, using deuterium incorporation and urinary mevalonic
acid levels, Jones et al. (12) reported only modest suppression
of cholesterol synthesis in humans in response to dietary cho-
lesterol in vivo, suggesting a possible failure of the feedback
repression of the genes regulating endogenous cholesterol syn-
thesis. Also, it should be noted that other cholesterol-rich
lipoprotein receptors, for instance the the LDL receptor-re-
lated proteins (LRP) (13–15) or the very low density lipopro-
tein receptor (16), may be implicated in humans in cholesterol
homeostasis although few data are presently available.

In humans, the in vivo approach is especially difficult be-
cause of the lack of appropriate tissues from which repetitive
samples may be made and also the lack of accurate method-
ologies for quantitative measurements of low abundant mate-
rials. Thus, detailed kinetic studies of in vivo cholesterol regu-
latory mechanisms within individuals were not conducted. Re-
cent studies however have begun to focus on the in vivo
regulation of the major genes involved in cholesterol home-
ostasis, primarily because in humans, basic regulatory mecha-
nisms in hepatocytes and blood mononuclear cells are similar
(17,18), allowing repetitive samplings and time-course evalu-
ation. Also, competitive reverse transcriptase-polymerase
chain reaction (RT-PCR) provides a new powerful tool for
quantifying very low abundant species of mRNA (19–21).

The primary aim of the present study in humans therefore
examines whether dietary cholesterol actually and signifi-
cantly downregulates the expression of HMG-CoA reductase
and LDL receptor genes in vivo. A two-step dietary protocol
was specifically designed to control for dietary confoundings
(fatty acids) when studying the specific effects of dietary cho-
lesterol and to sensitize the responses of the genes. A sec-
ondary aim was to investigate the response of the LRP gene
because this cholesterol-rich lipoprotein receptor was pro-
posed for use in the regulation of blood lipoprotein levels
(13–15), but no data are available presently in humans.

MATERIALS AND METHODS

Eight healthy men ages 24 to 45 years volunteered for this
study. They were of average fitness levels and none was tak-
ing medication. No attempt was made to alter their usual life-
style pattern. 

The protocol was approved by the Ethics Committee of the
Hospices Civils de Lyon, and informed consent was obtained
from each subject. The protocol was designed to study the ef-
fects of dietary cholesterol on gene expression, independent
of other dietary fats known to have a major impact on choles-
terol metabolism (e.g., saturated fatty acids). The confound-
ing effects of other fats were controlled by eliminating all fats
from the diet during a first period followed by the reintroduc-
tion of cholesterol, and only cholesterol, in the diet. Statisti-
cally, the main endpoint of the study was to compare, between
dieters and control subjects, the changes in mRNA levels be-
tween the period without fat and the period with cholesterol
only. Practically, after a 6-d observation allowing baseline
diet recording, the dieters modified their diet in two steps ac-

cording to individual instructions of a dietitian. In a first step
(a total fat restriction period of 4 d), they were instructed to
eliminate from their diet all the foodstuffs containing fat.
Then, during a second step of 7 d, a cholesterol reintroduc-
tion period, two eggs per day for 3 d (day 4 to day 6) and four
eggs per day for 4 d (day 7 to day 10) were added to the pre-
vious fat-restricted diet. The two time intervals were chosen
for practical purposes: not to disturb the daily life of the sub-
jects (who were hospital workers) and to be ethically accept-
able and nutritionally efficient. Therefore, the protocol started
on Monday morning, lasted less than 2 wk, and ended on the
Friday morning of the second week. Obviously, a third week
of fat restriction would have been too difficult for the dieters
along with the concern that prolonging such a diet might dis-
turb nutrient balances (essential fatty acids, indispensable
amino acids, liposoluble vitamins). 

Control subjects maintained their usual dietary habits. Ad-
herence to the experimental diet and evaluation of the diet of
the controls were monitored daily by the dietitian and by mea-
suring plasma fatty acids as biomarkers of the dietary modifi-
cations. The subjects weighed their foods, and information
was translated into nutrients using nutrition software (2).

Isolation of blood mononuclear cells. Venous blood was
collected for the isolation of mononuclear cells (15 mL) and
the determination of serum lipids and lipoproteins (5 mL) at
8 A.M. after a 12-h overnight fast. Mononuclear cells were
immediately isolated by centrifugation of whole blood on a
Ficoll gradient at 4°C as described (22) and stored at −70°C.
Cell population consisted of 85–95% lymphocytes.

Total RNA preparation. Total RNA was prepared from
frozen samples by the RNAzol method (Bioprobe Systems),
a variant of the guanidinium/chloroform procedure described
by Chomczynski and Sacchi (23). To remove any contami-
nating DNA, total RNA was incubated with 20 units of
DNase RNase-free for 1 h at 37°C. Then total RNA was again
extracted and resuspended in water. Total RNA was quanti-
fied spectrophotometrically at 260 nm and by electrophoresis
on agarose gel of serial dilutions compared with known
amounts of standard RNA (Boehringer Mannheim, Indi-
anapolis, IN). Gel electrophoresis showed clear undegraded
18S and 28S bands. Fifty nanograms of total RNA was used
for each PCR.

Measurement of LDL receptor and HMG-CoA reductase
mRNA levels. LDL receptor and HMG-CoA reductase mRNA
copy numbers were determined by competitive RT-PCR ac-
cording to methods described by Powell and Kroon (17) and
Gebhard et al. (19), using a commercial kit (Perkin Elmer
Cetus Instruments, Norwalk, CT). The unique advantage of
including a synthetic RNA as an internal standard in the
RT-PCR is that one can know the exact copy number per reac-
tion. Total cellular RNA was thus reverse-transcribed into
cDNA in the presence of dilution series of AW 109 cRNA (in-
ternal standard) which derives from the plasmid pAW 109 and
contains primer sites for the LDL receptor and HMG-CoA re-
ductase. Reactions were performed in a final volume of 100
µL containing 10 mmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl,
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2.5 mmol/L MgCl2, 150 µmol/L of each of the four deoxyri-
bonucleoside triphosphates (Pharmacia LKB Biotechnology
Inc., Uppsala, Sweden), and 0.65 µmol/L of LDL receptor or
HMG-CoA reductase downstream primers. Primer sequences
were identical to those described by Powell and Kroon (21).
After initial denaturation, 10 units of reverse transcriptase
were added to the reaction mixture, incubated at 42°C for 40
min and at 94°C for 2 min. PCR was performed by adding 5
units of Taq DNA polymerase (Perkin Elmer Cetus) and 0.65
µmol/L of LDL receptor or HMG-CoA reductase upstream
primers to the entire cDNA product from the RT reaction.
Thus, the competitor product was that from the AW 109
cRNA. All PCR included a negative control for each RNA,
and each experiment was performed omitting reverse tran-
scriptase in one control tube. The number of PCR cycles was
35 as amplification was shown to be exponential up to 37 cy-
cles. Reaction products corresponding to the mRNA tests and
the internal controls were analyzed on agarose gel stained with
ethidium bromide and documented on Polaroid nº667 film. For
quantitation, we used densitometric scanning of photographic
images of the gels. The ratio of amplified RNA test to ampli-
fied competitor was determined for each sample, and the loga-
rithm of the band density ratio was plotted against the loga-
rithm of the initial amount of the competitor, giving linear
titration curves. The initial amounts of each RNA test and
competitor were assumed to be equal when the ratio competi-
tor/RNA test was equal to one. The results were expressed as
copy number per µg of total cellular RNA.

Measurement of LRP mRNA levels. LRP mRNA levels
were evaluated according to a semiquantitative RT-PCR
adapted from Dante et al. (24). Briefly, aliquots (50 ng) of total
cellular RNA were reverse-transcribed into cDNA. The cDNA
encoding for LRP and the ubiquitous glycolytic enzyme, glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), were si-
multaneously amplified in each assay tube. Reactions were
performed following the methods described for the LDL re-
ceptor and HMG-CoA reductase mRNA. LRP primer se-
quences were 5′-CTCAGGTACGTGGCCAAGAT-3′, located
at position 1311–1330 and 5′-CGAGTTGGTGGACTAGA-
GAT-3′, located at position 1730–1750 according to the LRP
gene sequence published by Herz et al. (25). GAPDH primers
are those used by Dante et al. (24). PCR products were ana-
lyzed on agarose gel stained with ethidium bromide. For quan-
titation of relative band intensities, densitometric scanning of
photographic images was performed, and the ratio of LRP to
GAPDH was determined for each sample. Regarding the
specificity of the RT-PCR assay for the LRP mRNA, the ex-
pected PCR product of 440 bp should contain Hinc II, Alu I,
and Ava II restriction sites at positions 242, 236, 146, and 278,
respectively. The restriction map of the RT-PCR products in-
dicated that the fragments of predicted size were obtained
using these enzymes and confirmed the authenticity of the
PCR products. RT-PCR was also performed using a serial di-
lution of total RNA in sterile water which indicated that the
ratio of LRP to GAPDH was not dependent on the total RNA
concentration for amounts ranging from 10 to 200 ng. All PCR

included a negative control, and the absence of genomic DNA
contamination in the RNA samples was confirmed by the use
of RT-negative RNA samples. The number of PCR cycles was
also 35.

Plasma lipids and lipoprotein measurements. Cholesterol
and triglyceride concentrations in plasma and in lipoprotein
fractions were assayed by enzymatic procedure using com-
mercial kits (Boehringer Mannheim). LDL-cholesterol was
determined using the Friedewald formula (26). Apo B100 and
A1 were measured with a Beckman nephelometer (Fullerton,
CA) (27).

Plasma fatty acid analysis. Plasma lipids were extracted
by the method of Folch et al. (28) and methylated by boron
fluoride fatty acids methanol reagent according to Morrison
and Smith (29). Fatty acids were analyzed by gas–liquid chro-
matography with a Hewlett-Packard 6890 series gas chro-
matograph (Palo Alto, CA), a BPX 70 (SGE) capillary col-
umn, and nitrogen as the carrier gas as described (2). 

Statistical methods. Statistical significance of the differ-
ences between dieters and controls in the changes in each
mRNA, between day 0 and day 4 and between day 4 and day
11, respectively, was determined by two-tailed unpaired Stu-
dent’s t-test. The relationships between the changes in mRNA
levels (between day O and day 4 and between day 4 and day
11, respectively) and between the changes in each mRNA and
the changes in dietary cholesterol (between day 0 and day 4
and between day 4 and day 11) were evaluated by linear re-
gressions performed by the least-squares method. A P < 0.05
was considered significant.

RESULTS

Dietary and plasma lipid results. Daily nutrient intakes of the
dieters (mean ages 31.5 ± 4.7 yr, mean body mass index 23.2
± 1.0 kg/m2), and controls (30.5 ± 3.5 yr and 22.7 ± 0.6
kg/m2) are shown in Table 1. The control subjects did not
change their dietary habits. In particular, the slight increases
in total lipid and cholesterol intake during the second period
were not significant. In dieters at the end of the fat restriction
period (day 4), total energy, proteins, total lipids, and choles-
terol significantly (P < 0.05) decreased whereas carbohy-
drates increased (P < 0.05) compared to baseline (day 0).
Lipid intake decreased from 36.9 to 2.6% of energy and cho-
lesterol from 438 to 6 mg/day. During the cholesterol reintro-
duction period (from day 4 to day 11), energy intake did not
change (8494 ± 565 and 8498 ± 1050 Joules), whereas the
consumption of eggs provided a mean intake of 791 ± 150 mg
cholesterol per day.

Analyses of plasma fatty acids (Table 2) indicated in di-
eters a significant decrease in the concentration of the major
essential fatty acid, linoleic acid, observed already at day 4
(22.8 ± 6.4% of total fatty acids against 31.0 ± 4.6 at day 0,
P < 0.05) and persisting at day 11 (22.6 ± 3.8), confirming (as
the other changes between day 4 and day 11 were not signifi-
cant) that dieters actually did not eat fat other than eggs dur-
ing the study. 
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Total cholesterol, high-density lipoprotein-cholesterol,
LDL-cholesterol, and apo AI in the dieter group decreased
significantly (P < 0.05) by day 4 as compared with controls
(Table 3). During the cholesterol reintroduction period, the
changes in blood lipoproteins and lipids were not significant.

LDL receptor and HMG-CoA reductase mRNA measure-
ments. Figure 1 shows the results of LDL receptor (A) and
HMG-CoA reductase (B) mRNA measurements. During the
4-d dietary fat restriction period, mean LDL receptor and
HMG-CoA reductase mRNA copy numbers increased respec-
tively from 41.2 ± 5.4 × 104 and 996 ± 244 × 104 per µg of
total RNA at day 0 to 64.8 ± 9.1 and 2462 ± 645 at day 4 (both
P < 0.05 when compared with the changes in the control
group). These changes corresponded to 57 and 147% increase
for each gene, respectively. After cholesterol reintroduction,

the mRNA levels of both genes decreased to 34.8 ± 3.3 and
678 ± 129 copy numbers (P < 0.05) corresponding to 46 and
72% decrease. When analyzing individual data, the responses
of the two genes (amplitude and kinetics) to the fat restriction
were not homogeneous as shown by the large standard devia-
tions of the means at days 0, 2, and 4. Certain subjects re-
sponded immediately (+244% for HMG-CoA reductase in di-
eter 2 after 2 d), whereas others had a delayed response (+3%
after 2 d but +72% after 4 d for the LDL receptor in dieter 4)
or had an early paradoxical response with −12% after 2 d for
the LDL receptor in dieter 1 followed by +37% after 4 d. In
contrast, cholesterol reintroduction was associated with a
more homogeneous response for both LDL receptor (reduc-
tion range, 28 to 60%) and HMG-CoA reductase (52 to 84%)
at day 11, and standard deviations were small at days 9 and
11 (Fig. 1).

LRP mRNA measurements. The results are expressed as
LRP to GAPDH ratio with day 0 taken as 100%. A significant
decrease (from 100% to 76 ± 4%) of the LRP mRNA level
was observed between day 0 and day 4 (P < 0.05, Fig. 2).
After day 4, as cholesterol was reintroduced, LRP mRNA lev-
els increased progressively, reaching about 100% at day 9 and
121 ± 10% at day 11 (P < 0.05), corresponding to a mean in-
crease of 59% (range 13 to 80%). The influence of dietary
lipids on LRP mRNA levels in a representative subject (di-
eter 4) is shown in Figure 3.

Relationship analyses. We principally addressed the ques-
tion of whether the expression of the LDL receptor, HMG-
CoA reductase, and LRP genes are coordinated in response to
dietary cholesterol, when cholesterol was reintroduced (from
day 4 to day 11). As a matter of fact, during fat restriction (be-
tween day 0 and day 4), the relationship between the changes
in LDL receptor mRNA levels and either the changes in
HMG-CoA reductase or LRP mRNA levels were not signifi-
cant (r2 = 0.25 and 0.20), whereas the relationship between
the changes in HMG-CoA reductase and LRP mRNA levels
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TABLE 1
Summary of Daily Nutrient Intake in Dieters and Controlsa

Fat Cholesterol
Baseline restriction reintroduction

Dieters (n = 5)
Total energy (Joules) 11556 ± 2556 8494 ± 565 8498 ± 1050
Proteins (% energy) 14.6 ± 2.0 10.8 ± 1.1 12.2 ± 1.1
Carbohydrates 

(% energy) 44.5 ± 7.0 85.1 ± 1.1 74.2 ± 3.8
Total fat (% energy) 36.9 ± 3.5 2.6 ± 0.4 10.8 ± 1.2
Cholesterol (mg/day) 438 ± 206 6 ± 4 791 ± 150

Controls (n = 3)
Total energy (Joules) 11242 ± 3682 9858 ± 2695 10682 ± 1937
Proteins (% energy) 14.7 ± 3.0 15.2 ± 1.1 13.7 ± 2.2
Carbohydrates 

(% energy) 47.1 ± 4.6 46.4 ± 2.7 45.6 ± 2.3
Total fat (% energy) 37.0 ± 3.6 37.7 ± 1.9 39.3 ± 1.0
Cholesterol (mg/day) 374 ± 156 389 ± 193 507 ± 187

aResults are given as means ± SD. Baseline data correspond to the mean
daily intake recorded during the 6 d prior to day 0; fat restriction data to the
mean daily intake between day 0 and day 4 and cholesterol reintroduction
data to the mean daily intake between day 5 and 10.

TABLE 2
Plasma Fatty Acids (in % of total fatty acids)a

Fat Cholesterol
Baseline restriction reintroduction
(day 0) (day 4) (day 11)

Dieters (n = 5)
Sum of saturated FA 29.8 ± 1.1 32.0 ± 4.5 33.4 ± 3.6
Oleic acid 18:1n-9 20.6 ± 3.7 24.0 ± 3.0 24.1 ± 0.7
Linoleic acid 18:2n-6 31.0 ± 4.6 22.8 ± 6.4* 22.6 ± 3.8*
α-Linolenic acid 18:3n-3 0.58 ± 0.2 0.56 ± 0.3 0.68 ± 0.5
Sum of n-6 FA 38.6 ± 5.9 30.7 ± 7.4 30.8 ± 3.4*
Sum of n-3 FA 4.8 ± 0.8 5.0 ± 1.1 4.8 ± 0.6

Controls (n = 3)
Sum of saturated FA 29.7 ± 5.4 30.2 ± 1.2 30.6 ± 2.1
Oleic acid 18:1n-9 18.9 ± 1.1 18.3 ± 1.8 17.3 ± 0.9
Linoleic acid 18:2n-6 33.3 ± 2.9 31.4 ± 2.2 31.4 ± 1.8
α-Linolenic acid 18:3n-3 0.35 ± 0.1 0.45 ± 0.2 0.36 ± 0.1
Sum of n-6 FA 41.7 ± 4.6 40.9  ± 1.2 40.4 ± 1.8
Sum of n-3 FA 4.9 ± 0.3 5.4 ± 1.1 6.3 ± 1.7

aResults are given as means ± SD. In parentheses are indicated the days
when blood samples were collected. FA, fatty acids; *P < 0.05 vs. baseline.

TABLE 3
Plasma Lipids and Lipoproteinsa

Fat Cholesterol
Baseline restriction reintroduction
(day 0) (day 4) (day 11)

Dieters (n = 5)
Total cholesterol, mmol/L 4.69 ± 0.60 4.06 ± 0.65* 4.32 ± 0.55
LDL-cholesterol, mmol/L 3.02 ± 0.49 2.49 ± 0.45* 2.69 ± 0.46
HDL-cholesterol, mmol/L 1.16 ± 0.29 0.80 ± 0.30** 0.88 ± 0.18
Triglycerides, mmol/L 1.12 ± 0.35 1.70 ± 1.03 1.65 ± 0.73
ApoB100, g/L 0.94 ± 0.17 0.85 ± 0.21 0.89 ± 0.16
ApoA1, g/L 1.48 ± 0.23 1.07 ± 0.14** 1.14 ± 0.12

Controls (n = 3)
Total cholesterol, mmol/L 4.95 ± 0.39 4.69 ± 0.09 4.73 ± 0.50
LDL-cholesterol, mmol/L 3.44 ± 0.31 3.20 ± 0.02 3.22 ± 0.37
HDL-cholesterol, mmol/L 1.12 ± 0.03 1.02 ± 0.08 1.15 ± 0.09
Triglycerides, mmol/L 0.86 ± 0.10 1.00 ± 0.33 0.76 ± 0.08
ApoB100, g/L 0.90 ± 0.09 0.91 ± 0.18 0.85 ± 0.06
ApoA1, g/L 1.50 ± 0.06 1.30 ± 0.07 1.37 ± 0.02

aResults are given as means ± SD. *P < 0.005; **P < 0.001vs. baseline. In
parentheses are indicated the days when blood samples were collected.



was significant (r = 0.69, r2 = 0.48, P = 0.05).
Figure 4 shows the relationship between the changes in

LDL receptor and HMG-CoA reductase mRNA levels during
cholesterol reintroduction (between days 4 and 11). These
data are consistent with a coordinate regulation of LDL re-
ceptor and HMG-CoA reductase genes (r = 0.79, r2 = 0.62,
P = 0.02). The relationship between LDL receptor and LRP
genes (r = 0.70, r2 = 0.49, P = 0.05) is less significant,
whereas it is not significant at all between HMG-CoA reduc-
tase and LRP (r2 = 0.17, P = 0.30).

We also analyzed the relationship between blood lipids and
mRNA level changes. We found no statistically significant
correlation. 

We finally examined the relationship between the changes
in dietary cholesterol and the changes in mRNA. The strong-

est correlations (Fig. 5) were found between dietary choles-
terol and LRP during both cholesterol reintroduction (r =
0.81, r2 = 0.65, P < 0.01) and total fat deprivation (r = 0.86,
r2 = 0.74, P < 0.005), indicating that about 70% of the
changes in LRP mRNA may be explained by the variations in
dietary cholesterol. Regarding the relationship between di-
etary cholesterol changes and changes in LDL receptor and
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FIG. 1. Low density lipoprotein (LDL) receptor (A) and 3-hydroxy-3-
methylglutaryl (HMG)-CoA reductase (B) mRNA measurements (means
± SD) at baseline (day 0) and during fat restriction (from day 0 to day 4
in the morning) and after reintroducing cholesterol (from day 4 at lunch
to day 11 in the morning) in five dieters compared with three controls
who did not change their diet during the same periods. The between-
group differences in the changes (from day 0 to day 4 and from day 4 to
day 11) were statistically significant (P < 0.05) for both genes.

FIG. 2. Effect of the two-step dietary modifications on LDL-receptor-re-
lated protein (LRP) mRNA levels in mononuclear cells of five dieters
and three control subjects. Evaluations were performed during a 4-d di-
etary fat restriction (from day 0 to day 4 in the morning with blood sam-
plings at day 2 and day 4 in the morning) and during the cholesterol
reintroduction period (from day 4 at lunch, after the day 4 blood sam-
pling, to day 11 with blood samplings at day 9 and day 11). The levels
of LRP mRNA at day 2, 4, 9, and 11 are expressed in percentage of the
day 0 levels which are taken as 100%. Results are given as means ± SD.
*P < 0.05 vs. day 0 and **P < 0.005 vs. day 4. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase. See Figure 1 for other abbreviation.

FIG. 3. Detection of LRP transcripts by reverse transcriptase-polymerase
chain reaction (RT-PCR) in a representative subject dieter. A, RT-PCR
was performed from 50 ng of total RNA, using GAPDH as an internal
control. An aliquot of 15 µL of the reaction was analyzed on 2% agarose
gel with: day 0 in lane 1, day 4 in lane 2, day 9 in lane 3, and day 11 in
lane 4. B, 50 ng of total RNA extract was electrophoresed in 1% agarose
gel at day 0 in lane 1, day 4 in lane 2, day 9 in lane 3, and day 11 in
lane 4. Ethidium bromide staining was performed to confirm clear un-
degraded 18S and 28S bands and that the same amount of RNA was ap-
plied to each lane. See Figure 2 for other abbreviations.



HMG-CoA reductase mRNA levels, nonsignificant trends
were observed during either fat restriction or cholesterol rein-
troduction. 

DISCUSSION

Under physiological conditions, dietary lipids are incorpo-
rated into chylomicrons in the intestinal mucosa during their
digestive absorption and are then processed by lipoprotein li-
pase in the peripheral organs. The resulting chylomicron rem-
nants, enriched in dietary cholesterol, are rapidly cleared from
the plasma, being taken up by the liver and other tissues (7).
The LDL receptor is involved in the metabolism of choles-
terol and the control of blood cholesterol not only by mediat-
ing the uptake of LDL from plasma into cells (8) but also by
participating in the clearance of chylomicron remnants from
the circulation (30–32). Another major and distinct receptor
that binds apoprotein E, the LRP, is also involved in the clear-
ance of chylomicron remnants and perhaps of LDL (13–15),
whereas little is known about the factors which regulate its
synthesis.

Although blood cholesterol is influenced by the amount
and type of dietary fats, the response to dietary cholesterol
varies widely among species and among individuals of the
same species (5,6). For instance, 0.5% cholesterol feeding in
the rabbit or the hamster results in a considerable increase in
blood cholesterol (9,33), whereas in most healthy humans
comparable high cholesterol intake in the absence of saturated
fats has little effect and sometimes no effect at all (5,6). Low
cholesterol absorption, high conversion to, and excretion of,
bile acid (5), feedback inhibition of endogenous cholesterol
synthesis, and reduced rate of the production of LDL (8,9)
may explain the human resistance to dietary cholesterol. An-
other unexamined possibility is that the sterol-mediated feed-
back repression of LDL receptor gene transcription, the main
mechanism regulating cellular cholesterol homeostasis and

thought to aid in the control of blood cholesterol (7,8), is not
operating in vivo in humans, possibly because of a lack of sig-
nificant absorption of cholesterol. To investigate that point,
we characterized, at the mRNA level, the response of circu-
lating mononuclear cells known to reflect liver lipid metabo-
lism in humans (17,18). For that purpose, we designed a di-
etary protocol in which the first period served to place the
subjects in a “fat-deprived state” and the second period served
to actually test the effect of reintroducing cholesterol (and
only cholesterol) in the diet on the expression of the genes. 

Summary of the results and interpretation. After 4 d of fat
deprivation, blood cholesterol decreased significantly in as-
sociation with an augmented expression of the LDL receptor
gene. In contrast, after reintroducing cholesterol, serum total
and LDL cholesterol did not change, whereas LDL receptor
and HMG-CoA reductase mRNA levels decreased signifi-
cantly, consistent with the current theory that in response to
increased cholesterol availability, cells coordinately suppress
endogenous cholesterol synthesis and repress the synthesis of
LDL receptors. In other words, what is true for the isolated
cultured cell is also true for circulating cells known to reflect
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FIG. 4. Relationships between the changes (the differences between the
values measured at day 4 and day 11) in LDL receptor and HMGCoA
reductase mRNA levels (r2 = 0.62, P = 0.02) during cholesterol supple-
mentation, dieters (●●), controls (●). See Figure 1 for abbreviations.

FIG. 5. Relationships between dietary cholesterol variations (the differ-
ences between the values measured at two different days) and changes
in LRP mRNA levels during fat restriction, from day 0 to day 4 (A, r2 =
0.74, P < 0.005), and during cholesterol supplementation, from day 4
to day 11 (B, r2 = 0.65, P < 0.01). Dieters (●●), controls (●). See Figure 2
for abbreviation.



liver lipid metabolism in humans. On the other hand, these
data cannot explain why the dieters were resistant to high
cholesterol intake. The fact that the two genes were repressed
indicates that a sufficient amount of dietary cholesterol was
actually absorbed. Thus, low absorption of cholesterol cannot
explain the resistance to dietary cholesterol in this study (5,6).
While comparing the degree of gene repression in this study
with those reported in animal species either resistant (rat,
mouse) or sensitive (rabbit, hamster) to dietary cholesterol,
we observed similar trends. For instance, in the mouse,
Rudling (34) reported 43 and 66% reduction for hepatic LDL
receptor and HMG-CoA reductase mRNA, whereas in the
hamster Horton et al. (35) showed 33 and 55% reduction of
hepatic LDL receptor mRNA in response to 0.06 and 0.12%
cholesterol diets. Finally, in the cebus monkey, which is also
very sensitive, Hennessy et al. (36) reported variations of less
than 30% of hepatic LDL receptor mRNA. 

Thus, despite major differences among species in the
blood cholesterol responses to dietary cholesterol, roughly
parallel gene suppressions were observed in both sensitive
and nonsensitive species. This strongly suggests that neither
low cholesterol absorption nor LDL receptor and HMG-CoA
reductase gene repression can explain the human (or mouse)
resistance to dietary cholesterol in vivo.

Which alternative explanations could be proposed? First, it
is possible that increased cholesterol intake may induce in-
creased conversion of cholesterol to bile acids through in-
creased expression of the hepatic cholesterol 7-α-hydroxylase.
Certain cholesterol-resistant animal species actually differ
from the sensitive ones with respect to their ability to upregu-
late expression of hepatic 7-α-hydroxylase at both mRNA and
protein levels in response to increasing levels of the substrate
(34,37). In the hamster, transient overexpression of the en-
zyme was reported to reduce blood cholesterol levels (38). In
the present study, however, we did not observe (in the few
measurements we performed) significant changes in blood
concentrations of total bile acids (data not shown), suggesting
that recirculation of bile acids, and probably excretion, were
not greatly modified. This is actually not surprising as the in-
crease in 7-α-hydroxylase expression was shown to be accom-
panied by a parallel increase in HMG-CoA reductase gene ex-
pression (38). It was not the case in the present study where
HMG-CoA reductase gene expression was actually reduced
after cholesterol reintroduction. However, we cannot exclude
the possibility that the excretion of bile acids was not aug-
mented in these subjects, and further studies (requiring repeti-
tive biliary catheterism) are warranted to clarify that point. 

Another possibility is that, in parallel with a reduced up-
take of LDL by hepatic LDL receptors, LDL production rate
was reduced in our subjects, resulting in an absence of signif-
icant effect on blood LDL levels. This is, however, quite un-
likely as in most studies in which LDL production rate and
uptake were studied, the two parameters were shown to
change in a reciprocal manner. For instance, when LDL re-
ceptor activity is reduced (by either genetic or environmental
factors), LDL production invariably increases (39–41). One

major reason for this reciprocal relationship is the specificity
of the clearance process of LDL in the liver (42). When LDL
receptor activity is high, a large proportion of VLDL rem-
nants is taken up by the receptors and not converted to LDL,
whereas when LDL receptor activity is low, VLDL remnants
are metabolized to LDL and, consequently, LDL production
rate increases (42). 

Another type of regulation is thus probably operating to
explain the human resistance to dietary cholesterol, possibly
involving another form of LDL clearance that does not de-
pend upon the LDL receptor. This LDL receptor-independent
component of LDL clearance was identified in every species
that was examined and may account for almost 50% of LDL
clearance in humans (43). Whether this process involves LRP
is currently unknown but may represent a realistic hypothesis
given our present data on LRP regulation discussed below.

Methodological issues. Once the experimental use of pure
cholesterol is excluded [as its effects were shown to be dif-
ferent from those observed when cholesterol is associated
with substantial amounts of oil or fat as in natural foods (44)],
an additional difficulty lies in the control for the possible di-
etary confoundings, chiefly fatty acids, that may influence
cholesterol metabolism (45,46). Supplementation by egg yolk
was used in many studies because the amount of fatty acids
present in that aliment is considered negligible. Nonetheless,
for a given amount of dietary cholesterol, other dietary modi-
fications (consumption of meat, fish, butter, edible oils, etc.)
induced by egg consumption may result in different, and
maybe opposing, effects on blood cholesterol in different sub-
jects. For instance, in one of the few studies investigating the
effect of dietary cholesterol on LDL receptor and HMG-CoA
reductase activities in blood mononuclear cells in man, Mis-
try et al. (47) reported a wide range of responses after daily
addition of 1500 mg of cholesterol (which is quite consider-
able) in the diet in the form of eggs. Unfortunately, the au-
thors did not control for the other lipid components of the
diet, preventing a clear interpretation of the data. 

To control for such confoundings in the present study, sub-
jects were submitted to a period of total fat restriction prior to
the period of cholesterol supplementation and, in the second
period, only the effect of dietary cholesterol was tested. In
fact, upon reintroducing egg yolk, a small amount of fatty
acids is also reintroduced, as our evaluation indicated a mean
intake of total fats of 2.6% of total energy during fat restric-
tion and 10.8% when consuming eggs. This difference was
however small and did not result in significant changes in
plasma fatty acids after reintroducing cholesterol (Table 2). 

It should be pointed out that the primary aim of this study
was to investigate in humans the possibility that mechanisms
of transcription regulation considered as basic for the survival
of cells were also operating in vivo. We did not intend to study
general metabolic regulations. Thus, post-transcriptional reg-
ulation and protein measurements were not within the scope
of the present study. Nevertheless, notably, the pathways
under study are essentially (but not exclusively) regulated at
the transcriptional level (7,8,10,11,17,18,34–36,48–50) and,
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in most studies, changes in LDL receptor mRNA correlate
well with the changes in the corresponding protein mass or
activity and also the relative rate of transcription (35,49,50),
indicating that mRNA changes usually reflect fairly well
metabolic regulations. 

When comparing the copy numbers of LDL receptor and
HMG-CoA reductase measured in this study with those re-
ported by Powell and Kroon (17), who used very similar
methodologies and the same synthetic internal standard in the
RT-PCR, surprisingly, the data differ dramatically. The most
plausible explanation is that the two populations under study
are very different. Our subjects were young (mean age 35 yr),
healthy males. Powell’s subjects were quite old (mean age 53
yr), sick (all underwent major surgery for liver disease), and
70% were female. Despite the high percentage of women,
their mean weight was 76 kg (against 69 kg in our study), and
blood lipids (for instance, mean cholesterol was >6 mmol/L)
were very different than those of our subjects (mean choles-
terol <5 mmol/L). Thus, lipid metabolism in the two popula-
tions was very different, and not surprisingly to see differ-
ences existed in the expression of genes implicated in choles-
terol homeostasis. 

Coordinate gene regulation and the response of the LRP
gene. The basic mechanisms regulating cellular cholesterol
content, the feedback repression of genes governing the syn-
thesis and uptake of cholesterol, are thus operating in vivo in
humans. However, as expected from many previous data
(summarized in Ref. 51), blood lipids were not modified by
increasing cholesterol intake, suggesting that this regulation
by itself does not play a predominant role in the control of
blood lipids in healthy humans. These results are consistent
with those reported in animal species known to be resistant to
high cholesterol intake (34).

This study also documents that, in response to a dietary cho-
lesterol challenge, the HMG-CoA reductase and LDL receptor
genes are coordinated. This is in agreement with previous ani-
mal or human nonnutritional studies (17,34), whereas, to our
knowledge, this is the first report showing in humans such a
coordinated gene response to a dietary manipulation. We ob-
served that after cholesterol reintroduction, the two genes were
similarly downregulated, up to 62% of the variability of one
gene being related to the variability of the other. Given the in
vivo situation, the shortness of the study and the small sample
size, this correlation is actually strong. 

Yet, we found significant inverse correlations between the
variations of LDL receptor and LRP mRNA levels and also be-
tween dietary cholesterol and LRP mRNA, demonstrating that
LRP mRNA changes likely resulted from the dietary changes.

A 59% increase in LRP mRNA levels was observed after
reintroducing cholesterol in the diet, demonstrating that the
LRP gene is actually sensitive to dietary cholesterol. Al-
though specific mechanisms of LRP gene regulation were not
addressed in this study, these data raise questions as to
whether LRP may be responsible, at least partly, for the lack
of increase of serum cholesterol levels in response to high di-
etary cholesterol in humans.

LRP is a multifunctional and multiligand receptor ex-
pressed in a large variety of cells and tissues (52–54). In ad-
dition to its role in the cellular uptake of the remnant lipopro-
teins, LRP mediates the cellular internalization and catabo-
lism of a number of molecules and molecular complexes
potentially involved in inflammation (55), thrombogenesis
(56,57) thrombolysis (58,59), and lipid metabolism (60,61).
Therefore it may contribute to the formation of the athero-
sclerotic fatty streak lesion (54,62–64). 

Recently it was established in the rat that LRP and the
mannose receptor are the sole major receptors responsible for
the clearance of tissue plasminogen activator, a serine pro-
tease that plays a central role in the fibrinolytic system (65).
Speculatively, given its several possible interactions in the de-
velopment of CHD, LRP may constitute a link between di-
etary cholesterol and CHD independent of blood cholesterol
level, one mystery in the epidemiology of CHD (3,4).

Regarding the mechanism(s) by which dietary cholesterol
increases LRP mRNA levels, notably the promoter of the
LRP gene was reported either to contain (66) or not contain
(52) a sterol regulatory element. The present data indicate an
upregulation of LRP in response to cholesterol, which is in
agreement with a previous study showing that cholesterol
feeding enhances the expression of the LRP gene in the aorta
of the rabbit (63). Also, Willnow et al. (14) showed in mice
submitted to transient inactivation of LRP in vivo that not
only chylomicron remnants but also LDL (although to a lesser
degree) accumulated in the plasma, suggesting that LRP par-
ticipates in the clearance of LDL and may contribute to the
control of blood LDL level. Thus, theoretically, increased
synthesis of LRP during high cholesterol intake is an ade-
quate physiological response to ensure efficient clearance of
chylomicron and VLDL remnants and also of LDL. Although
these mechanisms are quite speculative, upregulation of LRP
gene expression in response to high dietary cholesterol may
be interpreted as either a protection against blood cholesterol
increase or as a contribution to the accumulation of lipids
within cells, in particular, vascular cells. Also, LRP may in-
fluence the occurrence of acute thrombotic complications by
altering the anticoagulant properties of the vessel wall as this
receptor mediates degradation of molecular complexes
involved in thrombogenesis and fibrinolysis (56–59,65).
Further basic and clinical studies are urgently warranted 
to examine whether LRP may be, in terms of CHD, a friend
or a foe.
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ABSTRACT: Dogs were born to mothers fed commercial diets
low or enriched in n-3 fatty acids and raised on those diets until
they were about 50 d old. Retinas were removed, lipids were
extracted, and total phospholipids were analyzed for fatty acid
and molecular species composition. Animals from the low n-3
group had significantly lower retinal levels of 22:6n-3 and
higher levels of n-6 fatty acids, especially 20:4n-6 and 22:5n-6.
There was no difference in the retinal levels of 18:2n-6, and
only small differences were found in saturated and monounsat-
urated fatty acids. The most dramatic differences in molecular
species occurred in 22:6n-3–22:6n-3 (4.7 vs. 0.8%) and 18:0-
22:6n-3 (27.6 vs. 14.4%); total molecular species containing
22:6n-3 were significantly lower in the low n-3 group (45.5 vs.
24.0%). Molecular species containing 20:4n-6 and 22:5n-6
were greater in the low n-3 animals (13.0 vs. 25.7%), as were
molecular species containing only saturated and monounsatu-
rated fatty acids (40.8 vs. 35.4%). These results show that mod-
est differences in the amount of n-3 fatty acids in the diets of
dogs can have profound effects on the fatty acid and molecular
species composition of their retinas.
Lipids 33, 1187–1193 (1998).

Neural tissues, including the retina, can take up small amounts
of n-3 fatty acids present in the circulation and conserve them
during n-3 deficiency (1–4). In the retina, 22:6n-3, the most
abundant n-3 fatty acid in neural tissues (5), is conserved by
recycling from the retinal pigment epithelium (6–9). This
pathway, called the “short loop” by Bazan et al. (10), is very
effective in maintaining high retinal levels of n-3 fatty acids
for glycerolipid synthesis. In the vertebrate retina, the distal
10% of rod outer segment (ROS) discs is shed daily and
phagocytized by the retinal pigment epithelium (11). Without
an efficient “short loop,” the retina could easily become de-
pleted of n-3 fatty acids during dietary n-3 deficiency. 

Prolonged deprivation of n-3 fatty acids in adult or wean-

ling rats leads to a reduction in retinal n-3 fatty acids, but the
changes are relatively small and occur over a long period of
time (1–4). However, if the dietary restrictions are begun dur-
ing pregnancy and continued through the nursing period and
thereafter, greater changes can be effected, as observed in rats
(12) and monkeys (13). In the retina (1–4, 12,13) and brain
(14–16), changes in n-3 fatty acids, primarily in 22:6n-3, are
balanced by an increase in 22:5n-6. This occurs even in ani-
mals denied both n-3 and n-6 fatty acids, probably owing to
the larger stores of 18:2n-6 than of 18:3n-3 in adipose tissue
(3).

Our laboratories have studied inherited retinal degenera-
tions in miniature poodles for a number of years and have re-
ported that animals with progressive rod-cone degeneration
(prcd), which is genetically inherited, have lower plasma (17)
and ROS (18) levels of 22:6n-3 than unaffected dogs. In these
studies, dog food was routinely analyzed to determine dietary
levels of both n-3 and n-6 fatty acids. Recent analyses have
revealed that the levels of polyunsaturated fatty acids
(PUFA), particularly the n-3 family, are now higher in com-
mercial dog food compared to feed analyzed several years
ago. To determine if this increase in dietary n-3 fatty acids
has any effect on plasma and retinal levels of PUFA we ana-
lyzed the plasma and retinal fatty acid and molecular species
compositions of total phospholipids from unaffected dogs that
had been born and raised in our dog colony and fed dog food
low or enriched in n-3 fatty acids. 

MATERIALS AND METHODS

Animals and diets. The unaffected dogs used in this study
were made available as part of an National Eye Institute–Na-
tional Institutes of Health-sponsored project (EY06855, “Ca-
nine Models for Hereditary Retinal Degenerations”). The low
n-3 group had 5 females and 1 male, and the high n-3 had 6
males; there was no difference between lipid analyses in male
and female animals. The study was done in accordance with
the guidelines of the Association for Research in Vision and
Ophthalmology and followed protocols approved by the ani-
mal protocol review committee of Cornell University and the
University of Oklahoma Health Sciences Center. All dogs
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were maintained in the same animal care facilities (Retinal
Disease Studies Facility, Kennet Square, PA), in indoor runs
with controlled cyclic illumination (12 h on–12 h off). In the
low n-3 groups, adult dogs were fed Purina Lab chow (Ral-
ston Purina, St. Louis, MO) and pups were fed Purina Puppy
chow plus canned dog food (Hi Tor beef, Triumph Pet Indus-
tries, Warnick, NY). Adult dogs receiving the diets enriched
in n-3 fatty acids were fed Eukanuba Premium Performance
Adult Formula (IAMS Company, Dayton, OH) and pups re-
ceived IAMS Puppy chow plus canned dog food (Beef For-
mula for Dogs, IAMS). The mothers of dogs were fed dry
food ad libitum. One week prior to whelping, and continuing
until pups were weaned, they received canned food to supple-
ment dry food. For this period, in terms of weight ratio,
canned food constituted about 25% of the diet. Mothers were
always on the respective diets. The weaning age for the pups
was 6–7 wk postnatal. The fatty acid compositions of the low
n-3 diets, published previously (18), are presented in Table 1,
along with the compositions of diets enriched in n-3 fatty
acids. Dogs were killed between 47–66 d of age, and retinas
were taken and kept frozen at −80°C. 

Lipid extraction. The retinas were homogenized in 1 mL
Tris-HCl 150 mM (pH 7.4) and centrifuged at 1000 × g for
15 min at 4°C. The supernatant was analyzed for protein
(BCA reagents; Pierce, Rockford, IL), and aliquots contain-
ing 1 mg protein were taken in duplicate for lipid analysis.
Retina and plasma samples were extracted with chloro-
form/methanol by the procedure of Bligh and Dyer (19) and
separated by thin-layer chromatography (TLC) using the sol-
vent system hexane/diethyl ether/acetic acid (70:30:1, by
vol). Phospholipids were extracted from the silica gel accord-

ing the procedure of Arvidson (20) and used for methyl ester
or molecular species analysis. Diets were extracted by the
method of Bligh and Dyer (19), and an aliquot was taken for
total lipid analysis.

Fatty acid analysis. Total phospholipids and lipids were
treated with 14% boron trifluoride-methanol (21), and the re-
sulting fatty acid methyl esters were analyzed by gas–liquid
chromatography using a DB-225 capillary column with he-
lium as a carrier gas (22), and identified by comparison with
appropriate standards.

Molecular species analysis. Total phospholipids were con-
verted to their respective diradylglycerols with phospholipase
C (23). Diradylglycerols were derivatized with benzoic anhy-
dride (24) and resolved into diacylglycerobenzoates (DGBZ)
and ether-linked glycerobenzoates by TLC on silica gel using
a solvent system of toluene/hexane/diethyl ether (50:45:5, by
vol). The DGBZ were visualized by spraying with 0.05%
2′,7′-dichlorofluorescein in 75% aqueous methanol, and the
silica gel was scraped into 2 mL of ethanol and mixed vigor-
ously. Two milliliters of water was added, and the suspension
was extracted three times with 2 mL of hexane. The pooled
hexane extracts were dried under nitrogen and redissolved in
acetonitrile/isopropanol (80:20, vol/vol). The DGBZ were
fractionated into molecular species by high-performance liq-
uid chromatography (HPLC) on a Supelcosil LC-18 column
(5 µm, 25 cm × 4.6 mm i.d.; Supelco, Bellefonte, PA) using
acetonitrile/isopropanol (80:20, vol/vol) at a flow rate of 1.0
mL/min. Lipids were detected at 230 nm and identified by
comparison with standard (25). The identities of the peaks of
interest were confirmed by gas–liquid chromatography analy-
sis of the fatty acid methyl esters. 
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TABLE 1
Fatty Acid Composition of Diets

Low n-3 dietsa High n-3 diets
Fatty acid Adult chow Pup chow Canned food Adult chow Pup chow Canned food

14:0 n.d. 3.8 5.3 1.2 1.2 2.1
15:0 n.d. 0.5 0.6 0.1 0.1 0.4
16:0 24.6 23.3 29.6 25.8 25.1 25.9
18:0 9.9 12.9 15.3 5.6 7.2 14.5
20:0 n.d. n.d. n.d. 0.1 0.2 0.1
Total saturate 34.5 40.5 50.8 32.8 33.8 43.0

16:1n-9 + 16:1n-7 n.d. 2.3 4.2 7.4 3.8 4.2
18:1n-9 + 18:1n-9 38.4 36.6 39.7 38.1 40.6 38.2
20:1n-9 n.d. n.d. n.d. 0.3 0.5 0.5
Total monoenoic 38.4 38.9 43.9 45.8 44.9 42.9

18:2n-6 25.5 19.6 4.6 17.8 19.6 11.6
18:3n-6 0.4 0.2 n.d. 0.2 0.1 0.1
20:3n-6 n.d. 0.1 0.1 0.2 0.1 0.3
20:4n-6 0.3 0.1 0.3 0.5 0.5 1.0
22:4n-6 0.1 n.d. n.d. 0.1 0.1 0.1
22:5n-6 0.1 n.d. n.d. 0.1 0.1 0.1
Total n-6 26.4 20.0 5.0 18.9 20.5 13.2

18:3 n-3 n.d. 0.9 0.5 1.3 0.8 0.6
22:5 n-3 0.1 n.d. 0.1 0.6 0.1 0.2
22:6 n-3 0.2 n.d. 0.1 0.5 0.1 0.3
Total n-3 0.3 0.9 0.7 2.4 1.0 1.1

aFrom Aguirre et al. (18). n.d. = not detectable. Only identified fatty acids are listed in the table.



RESULTS

Fatty acid composition of dog food. The fatty acid compositions
of several types of commercial dog food fed over the past 8 yr
at the Retinal Disease Studies Facility are given in Table 1.
Since 1995, there has been an increase in the level of n-3 fatty
acids in the food, due to the inclusion of fish products. This is
especially evidenced by higher contents of 18:3n-3 and 22:6n-3
in the high n-3 lab chow diet, the average of total n-3 fatty
acids (from lab chow, puppy plus canned food) being twice
more in the high n-3 than in the low n-3 diets.

Effect of diet on the fatty acid composition of plasma phos-
pholipids. Table 2 contains the fatty acid composition of total
phospholipids from plasma of dogs fed commercial diets low
and high in n-3 fatty acids. Several interesting differences are
noteworthy. The total n-3 and 22:6n-3 levels are higher in the
high n-3 group, as expected. However, the 22:5n-3 level was
higher in the low n-3 group (but the difference is not signifi-
cant by t-test). The total n-6 fatty acid levels were the same,
although the low n-3 group had higher 18:2n-6 and 22:5n-6,
and lower 20:4n-6 than the high n-3 group. 

Effect of diet on the fatty acid composition of retinal phos-
pholipids. Fatty acid compositions of total phospholipids
from retina of each diet group are presented in Table 2. The
major PUFA in both groups is 22:6n-3, which is significantly
lower in the low n-3 group; the level of 22:5n-3 is also lower
in this group. These lower levels of n-3 fatty acids are bal-

anced by significantly higher proportions of 22:5n-6, 20:4n-6,
and 22:4n-6. Overall, when dogs were fed the low n-3 diet,
there was a reciprocal replacement of n-3 by n-6 fatty acids
in the retina, especially evidenced in 22-carbon fatty acids.
Interestingly, the percentage of 22-carbon PUFA remained re-
markably similar in the two groups (25.5% in low n-3, and
27.0% in high n-3). However, the n-3/n-6 ratio was threefold
higher in the high n-3 group. Apart from the differences in
PUFA levels, only minor differences were noted between
groups in the levels of saturated and monoenoic fatty acids.

Effect of diet on the molecular species composition of reti-
nal phospholipids. The molecular species of retinal phospho-
lipids from the two groups are shown in the representative
high-performance liquid chromatographic tracings illustrated
in Figure 1. The unidentified peaks between 22:6n-3–22:6n-3
and 18:1–22:6n-3 contain co-eluting molecular species com-
posed of one 22:6n-3 and one 20-, 22-, or 24-carbon fatty
acids having four, five, or six double bonds (23). The relative
mole percentage of the identified molecular species are given
in Table 3. Those molecular species not cleanly resolved are
combined as “others.” The data show that the fatty acid com-
positional changes are reflected in the molecular species com-
positions. The proportions of 22:6n-3-containing species are
lower in the low n-3 group, and are compensated for by higher
levels of 22:5n-6-containing species. The greatest effect is seen
in 22:6n-3–22:6n-3, where the level is sixfold higher in the
high n-3 group. The levels of the other 22:6n-3–containing
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TABLE 2 
Effect of Diet on the Fatty Acid Composition of Phospholipids in Normal Dog Retina and Plasma

Retinaa Plasmaa

Fatty acid Low n-3 (n = 6) High n-3 (n = 9) Low n-3 (n = 5) High n-3 (n = 6)

16:0 DMA 1.69 ± 0.20 1.62 ± 0.28 n.d. n.d.
18:0 DMA 2.75 ± 0.42 3.27 ± 0.43a n.d. n.d.
16:0 25.62 ± 0.77 25.59 ± 1.61 18.63 ± 1.87 16.01 ± 0.79
18:0 20.17 ± 1.67 23.05 ± 1.83a 27.79 ± 1.21 31.47 ± 0.95a

20:0 0.28 ± 0.06 0.32 ± 0.05 n.d.. n.d.
Total saturate 50.45 ± 2.55 53.81 ± 2.90a 46.42 ± 1.61 47.48 ± 1.59

16:1n-9 0.88 ± 0.30 0.50 ± 0.11a 1.02 ± 0.17 0.35 ± 0.05c

16:1n-7 0.52 ± 0.13 0.35 ± 0.09 n.d. n.d.
18:1n-9 8.58 ± 0.54 7.32 ± 0.43c 6.70 ± 0.78 5.37 ± 0.97
18:1n-7 3.32 ± 0.24 3.26 ± 0.19 2.46 ± 0.18 2.24 ± 0.15
20:1n-9 0.17 ± 0.04 0.14 ± 0.03 n.d. n.d.
Total monoenoic 13.45 ± 1.05 11.48 ± 0.69c 10.17 ± 1.00 7.96 ± 0.89a

18:2n-6 1.21 ± 0.29 1.00 ± 0.11 14.84 ± 2.23 7.73 ± 1.15c

18:3n-6 n.d. n.d. n.d. 0.02 ± 0.01
20:3n-6 0.57 ± 0.16 0.79 ± 0.52 0.95 ± 0.16 0.94 ± 0.09
20:4n-6 8.92 ± 0.72 5.85 ± 0.39c 22.78 ± 2.27 27.98 ± 1.77c

22:4n-6 2.32 ± 0.07 1.52 ± 0.18c 1.17 ± 0.44 1.62 ± 0.39
22:5n-6 7.71 ± 1.00 1.93 ± 0.42c 0.22 ± 0.08 1.08 ± 0.36c

Total n-6 20.73 ± 1.55 11.10 ± 0.81c 39.95 ± 1.97 39.38 ± 1.57
18:3n-3 n.d. n.d. 0.18 ± 0.02 0.14 ± 0.05
20:5n-3 n.d. 0.15 ± 0.04 0.36 ± 0.16 0.38 ± 0.54
22:5n-3 0.35 ± 0.10 0.57 ± 0.13b 1.92 ± 0.39 1.49 ± 0.39
22:6n-3 15.08 ± 1.65 23.00 ± 2.60c 1.07 ± 0.08 3.41 ± 0.80c

Total n-3 15.37 ± 1.64 23.61 ± 2.67c 3.45 ± 0.48 5.41 ± 1.16c

n-3/n-6 0.75 2.15 0.086 0.137
aValues are mean mol% ± SD of n retinas analyzed in duplicate; plasma values are from single analyses. The percentage
distribution was calculated on the sum of identified fatty acids listed on the tables. n.d., not detected. Significant differ-
ences between the diets: aP < 0.05, b P <0.01, cP < 0.001. 



species are about two fold higher. The two major 22:5n-6-
containing species, 16:0–22:5n-6 and 18:0–22:5n-6, are four-
fold higher in the low n-3 group. The proportions of 20:4n-6-
containing molecular species are also higher in the low n-3,
although to a lesser extent. Only minor changes are seen in
18:1-containing species, while disaturated species are not af-
fected by the diet. 

DISCUSSION

PUFA of the n-3 family have been shown to be important in
retinal function of experimental animals and human infants.

Rats (26–29), guinea pigs (30,31), and monkeys (13,32) fed
n-3 deficient diets undergo characteristic electroretinographic
changes associated with decreased retinal ability to absorb
light and generate a visual signal. Human infants, especially
those born prematurely, show a slower development of their
visual system if they do not receive n-3 fatty acids, especially
22:6n-3 (reviewed in Ref. 33). Therefore, maintenance of op-
timal visual function depends on a dietary source of n-3 fatty
acids.

Dogs (17), cats (34), and humans (35–38) with inherited
retinal degenerations have been shown to have lower plasma
and red blood cell levels of PUFA, especially 22:6n-3, than
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FIG. 1. Representative high-performance liquid chromatographic elution profiles of the molecular species of diacyl-
glycerobenzoates derived from retinal phospholipids of dogs fed (A) low n-3 diet or (B) high n-3 diet. The separa-
tions were achieved on a C-18-phase column with acetonitrile/isopropanol (80:20, vol/vol) as solvent, and diacyl-
glycerobenzoates were detected at 230 nm. 



appropriate controls. Retinal photoreceptor membrane levels
of 22:6n-3 are also reduced in affected dogs (18). We origi-
nally thought that the lower 22:6n-3 in the retina reflected a
reduced synthetic capability (17); however, we subsequently
demonstrated that the retina and retinal pigment epithelium
from affected dogs could convert 22:5n-3 to 22:6n-3 as effi-
ciently as tissues from normal animals (39). Since 22:6n-3 is
the most abundant fatty acid in the retina, it has been sug-
gested that the retinal degeneration may be causally related to
the low 22:6n-3 levels (17,39,40). To address this question,
we administered fish oil to affected and normal dogs for 5
mon and then measured retinal function and structure (18).
Fish oil supplementation did not preserve either, but the reti-
nal levels of 22:6n-3 were less in supplemented affected dogs
compared to controls. Currently, we are considering two pos-
sibilities to explain the 22:6n-3 findings in affected dogs: (i)
there is a defect in transport of 22:6n-3 from liver to target
organ, and (ii) the mutation produces a metabolic stress on
the animals that results in increased catabolism of 22:6n-3. 

The results of the present study show that it is possible to
alter the retinal fatty acid composition of dogs by feeding
them diets with different levels of n-3 fatty acids. Surpris-
ingly, profound effects were observed, especially a marked
increase of 22:6n-3 content, with only small additional
amounts of n-3 fatty acids to the diets. The magnitude of the
changes was indeed higher that we had predicted from the
diet composition. It thus appears imperative, in any dietary
study where animals are fed commercial diets, that all diets
be analyzed prior to use. To observe these changes in neural
tissues at such a relatively young age was unexpected, and
undoubtedly reflects the n-3 state of the mother. In studies
with rats fed fat-free or n-3 deficient diets from weaning age
(3 wk), only small changes in retinal membrane fatty acid
compositions could be achieved (1–3). Similarly, only a small

decrease of 22:6n-3 in retinal lipids was observed for neona-
tal piglets fed formula low in n-3 fatty acids (low 18:3n-3 and
no 20C or 22C n-3) for 15 d after birth (41). However, if the
dietary restrictions were started during pregnancy and contin-
ued through the nursing period, then much more profound
changes in retinal fatty acids occurred (12). In the present
study, the female dogs were fed diets containing the two lev-
els of n-3 fatty acids prior to conception, and their blood lev-
els of 22:6n-3, which were not determined, presumably were
quite different. Therefore, the pups had access to different
levels of 22:6n-3 in utero and during nursing, both periods of
time when the most profound effect of dietary changes on reti-
nal fatty acid composition can be achieved (12). Feeding
neonatal piglets a formula enriched with only small amounts of
22:6n-3 for 25 d after birth resulted in an increase of 22:6n-3
in retinal lipids (42). Interestingly, the phosphatidylcholine
fraction was more responsive to dietary supplementation than
the phosphatidylethanolamine fraction (42). In another study
comparing high α-linolenate formula or low α-linolenate plus
fish oil formula to a low α-linolenate formula, and where reti-
nal phosphatidylethanolamine was analyzed, only a minor in-
crease of 22:6n-3 was observed (41).

The higher levels of n-3 fatty acids in the retina of animals
fed the high n-3 diet are compensated for by lower levels of
n-6 fatty acids. Such a compensatory effect between these two
fatty acid series has been described in the retina of rats and
monkeys fed diets specifically formulated to be low
(1–4,12,13) or high (43) in n-3 fatty acids. However, this phe-
nomenon has not been previously observed in dogs fed com-
mercially available diets. As reported for the rat photorecep-
tor membranes (12), the variations in the fatty acid composi-
tion of dog retina were reflected in the molecular species.
Indeed, the greatest differences were found for molecular
species containing 22:6n-3 or 22:5n-6. Based upon the magni-
tude of the change of di-22:6n-3 species compared to 22:6n-3
levels, analyses of molecular species appear to be especially
appropriate to detect some variations in fatty acid metabo-
lism. Interestingly, the 22:6n-3–22:6n-3 species was the most
increased, by sixfold, compared to a twofold increase (on a
relative basis) of species containing 22:6n-3 and monounsat-
urated or saturated fatty acid. However, the increase of
18:0–22:6n-3 is also of interest as it has the most significant
amplitude, resulting in a predominant proportion (about 30%)
of 18:0–22:6n-3 over the other molecular species. This large
increase may represent a large incorporation of 22:6n-3 in
phosphatidylcholine as reported in the study by Craig-
Schmidt et al. (42). The functional significance of the di-
22:6n-3 molecular species is unknown, but it is noteworthy
that, to our knowledge, it has only been described in the retina
(44), and more recently in fish sperm phospholipids (45), an-
other 22:6n-3 enriched tissue. Metabolic studies have shown
that, in bovine ROS, the di-22:6n-3 molecular species selec-
tively incorporates 22:6n-3 compared to other 22:6n-3-con-
taining molecular species (46). In frog ROS, the same inves-
tigators have reported that the different 22:6n-3-containing
molecular species show distinctive rates of biosynthesis and
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TABLE 3
Effect of Diet on the Molecular Species Composition of Phospholipids
in Normal Dog Retina 

Low n-3a High n-3a

Molecular species (n = 6) (n = 9)

22:6n-3–22:6n-3 0.77 ± 0.25 4.73 ± 0.69
22:5n-6–22:6n-3 1.99 ± 0.35 1.40 ± 0.21
18:1–22:6n-3 1.31 ± 0.29 2.40 ± 0.16
16:0–22:6n-3 5.53 ± 0.30 9.35 ± 0.78
16:0–20:4n-6 4.10 ± 0.38 2.32 ± 0.22
16:0–22:5n-6 3.22 ± 0.27 0.92 ± 0.19
18:0–22:6n-3 14.37 ± 1.30 27.62 ± 1.61
18:0–20:4n-6 9.92 ± 0.91 6.56 ± 0.55
18:0–22:5n-6 6.54 ± 0.94 1.70 ± 0.54
16:0–18:1 16.70 ± 1.05 12.24 ± 0.64
16:0–16:0 13.78 ± 0.65 14.29 ± 1.61ns

18:0–18:1 7.31 ± 0.68 6.01 ± 0.35
16:0–18:0 3.03 ± 0.40 2.93 ± 0.45ns

Others 11.41 ± 0.71 7.53 ± 1.51
22:6n-3-containing species 23.98 ± 1.88 45.50 ± 1.51
22:5n-6-containing species 11.76 ± 1.42 4.01 ± 0.88
aValues are mean mol% ± SD of n retinas analyzed in duplicate. Others: sum
of unidentified molecular species. Differences between diets are all signifi-
cant (P < 0.001) except where ns (not significant) is indicated.



turnover (25). In addition, these parameters vary for the same
molecular species depending on the glycerophospholipid.
These metabolic studies support a role for 22:6n-3-containing
molecular species in visual function. Interestingly, in rat ROS,
22:6n-3-containing molecular species are selectively de-
creased during oxidative stress related to light (12).

In conclusion, we report here that the fatty acid and mole-
cular species compositions of dog retina are very sensitive to
the diet received by the mother during gestation and nursing,
and then by the dog during the first months after birth.
Whether such changes have any effect on retinal function of
normal dogs or contribute to the progression of retinal degen-
eration in prcd-affected dogs remains to be determined.
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ABSTRACT: Bovine milk fat was fractionated using prepara-
tive reversed-phase high-performance liquid chromatography.
The conditions consisted of two successive linear gradients of
acetonitrile and tert-butylmethylether, followed by a final iso-
cratic mixture of the two eluants, leading to triacylglycerols
grouped by their partition number (PN). Fractions correspond-
ing to partition numbers 32 to 50 were isolated and analyzed
for fatty acid distribution between sn-1,3 and sn-2 positions by
Grignard degradation. Results showed that the fatty acid distrib-
ution in milk fat triacylglycerols is nonrandom. The distribution
of short-chain fatty acids, stearic (predominantly at sn-1,3 posi-
tion) and palmitic (predominantly sn-2 position), did not change
with triacylglycerol size. Medium-chain fatty acids were pre-
dominantly located at sn-2 position, but their proportion at this
position decreased with triacylglycerol size. Oleic acid distrib-
ution was also size-dependent in that it was located in high pro-
portions at sn-2 position in smaller triacylglycerols and vice
versa. Results also showed that the sn-2 position was more un-
saturated than sn-1,3 position in the PN range from 32 to 40,
but it was more saturated in triacylglycerols with higher PN.
Lipids 33, 1195–1201 (1998).

Stereospecific analyses have shown that the distribution of
fatty acids in bovine milk fat triacylglycerols is nonrandom.
In overall fatty acid composition, short-chain fatty acids are
largely found in the sn-3 position, and unsaturated fatty acids
tend to be in higher concentration in the sn-1 and sn-3 posi-
tions. Although many studies have been carried out to deter-
mine the positional distribution of fatty acids in milk fat, few
studies have addressed the relationship between stereo- or re-
giospecific distribution of fatty acids and size or acyl carbon
number (ACN) of triacylglycerols. The importance of this
knowledge lies in its implication in both functional and nutri-
tional properties of milk fat and its fractions. Kuksis and co-
workers overcame the difficulties in the stereospecific analy-
sis of milk fat, using pancreatic lipase because of its prefer-
ence for short-chain triacylglycerols (1), by analyzing milk
fat fractions which had been enriched in either short-chain tri-

acylglycerols (ACN34 to 42) or long-chain triacylglycerols
(ACN36 to 54) (2–5). Their results suggested that positional
distribution of some fatty acids in bovine milk fat could vary
with size or ACN of triacylglycerols.

In the present study, reversed-phase high-performance liq-
uid chromatography (HPLC), which constitutes the most
widely used method for triacylglycerol analysis, including
identification (6–9), has been used to fractionate milk fat by
partition number (PN = ACN − 2 × DB, where DB is the num-
ber of double bonds). A method for structural analysis of milk
fat triacylglycerols was adapted from literature methods for
vegetable oils and used a Grignard reagent to degrade triacyl-
glycerols (10–12). Since milk fat triacylglycerols are com-
posed of short-, medium-, and long-chain fatty acids, analysis
presents certain difficulties at both the stages of hydrolysis
and of separation of the degradation products (mono-, di-, and
triacylglycerols). Milk fat fractions corresponding to PN 32
to 50 were obtained and analyzed for the regiospecific distri-
bution of fatty acids between sn-1,3 and sn-2 positions.

MATERIALS AND METHODS

Bovine milk fat. The winter butterfat was a sample from Ault
Food (Mitchell, Ontario, Canada). A 25-kg block was tem-
pered and then divided into samples of 100 g, which were
rapidly melted and washed with deionized water in an oven
(60°C), dried over anhydrous sodium sulfate, filtered, and
kept under nitrogen in closed vials, at −30°C, until utilization.

Fractionation of milk fat by HPLC. Fractionation of
bovine milk fat was carried out by micro-scale preparative re-
versed-phase HPLC to yield enough material, in a limited
number of runs, to proceed with regiospecific analysis of most
fractions. Standard triacylglycerols covering an extensive
range of ACN (i.e., ACN12 to 54) and degrees of unsatura-
tion were eluted for determination of the temporal limits on
PN, in order to fractionate milk fat triacylglycerols according
to this parameter. HPLC conditions consisted of an elution in
three steps—two linear gradients of a mixture of acetonitrile
and methyl-tert-butyl ether (MTBE) followed by an isocratic
period—that allowed an even separation of triacylglycerols
grouped by PN (Angers, P., F. Cho, R. Lencki, A. Bondreau,
and J. Arul., 1998, submitted for publication). This technique
was used to fractionate milk fat triacylglycerols by PN, and
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was carried out on a Hewlett-Packard liquid chromatograph
(Model HP-1050; Palo Alto, CA), equipped with an ultravio-
let (UV) detector (220 nm) and a 60 mm × 10 mm Spherisorb
5 ODS 2 precolumn (Phenomenex, Torrance, CA) connected
to a 250 mm × 10 mm Spherisorb 5 ODS 2 column, both
maintained at 30°C. Data were acquired with a Hewlett-
Packard ChemStation. Milk fat triacylglycerols were resolved
with two consecutive linear gradient programs, followed by
isocratic conditions, at a flow rate of 5 mL min−1, using
HPLC-grade solvents: (i) acetonitrile (AN)/MTBE from
90:10 to 80:20 (vol/vol) over a 42-min period; (ii) AN/MTBE
from 80:20 to 70:30 (vol/vol), over the next 18 min; and (iii)
AN/MTBE at 70:30 (vol/vol) for the remainder of the run.
Samples (100 mg) were dissolved in chloroform (1.0 mL) and
filtered. Aliquots of these solutions (100 µL) were injected,
and the retention time of chloroform was taken as hold-up
time (t0). Fractions were collected using a Pharmacia fraction
collector (Model 18-1010-19; Uppsala, Sweden), and the cor-
responding fractions from different runs were combined,
dried over anhydrous sodium sulfate, filtered, concentrated at
room temperature under a stream of dry nitrogen, and kept at
−30°C until analysis. Collection times of the different frac-
tions were based on retention times of a series of standards
that were eluted under the same conditions, and were ad-
justed to collect triacylglycerols by PN. Mass of the recov-
ered fractions allowed a precise determination of their rela-
tive proportions. Thus, calibration of the UV detector was
not necessary.

Reference compounds. The following mono- and diacid
triacylglycerols (99%, unless otherwise stated) were obtained
from Sigma Chemical (St. Louis, MO) and used as standards:
tributyrin, tricaprin, tricaproin, tricaprylin, trielaidin, trilau-
rin, trilinolein, trilinolenin, trimyristin, trimyristolein (98%),
triolein, tripalmitelaidin, tripalmitin, tripalmitolein, tristearin,
1,2-dioleoyl-3-stearoyl-rac-glycerol, 1,2-distearoyl-3-myris-
toyl-rac-glycerol, 1,2-distearoyl-3-oleoyl-rac-glycerol, 1,3-
distearoyl-2-oleoylglycerol, and 1,2-distearoyl-3-palmitoyl-
rac-glycerol. Additional racemic diacid triacylglycerols were
prepared for identification purposes, by chemical interesteri-
fication (13) of the following pairs of monoacid triacylglyc-
erols, in ratios of 3 to 2: tributyrin and tricaprin; tributyrin
and trimyristin; tributyrin and tripalmitin; tricaproin and tri-
palmitin; tricaprylin and tricaprin; tricaprylin and tripalmitin;
tricaprylin and trilinolein; tricaprylin and trilinolenin; tri-
caprin and trimyristin; tricaprin and tripalmitin; tricaprin and
triolein; trilaurin and trimyristin; trilaurin and tripalmitin; tri-
laurin and trilinolein; trimyristin and tripalmitin; trimyristin
and triolein; tripalmitin and triolein; tripalmitin and trili-
nolein; triolein and trilinolein.

Degradation of milk fat triacylglycerols and thin-layer
chromatography (TLC) separation. Grignard degradation was
adapted from literature procedures (10–12) based on the use
of a Grignard reagent. It was carried out on fractions that
amounted to at least 4 mg (fractions 5 to 14), with ethylmag-
nesium bromide in slight excess (125%) of the required
amount, to optimize the ratio of monoacylglycerols in the

products, compared to large excesses usually utilized (11,12,
14,15). sn-2-Monoacylglycerols were isolated, and values for
sn-1,3 positions were estimated from analysis of triacylglyc-
erols and sn-2-monoacylglycerols (12). The procedure em-
ployed was as follows: to a solution of milk fat triacylglyc-
erols (10 mg) in anhydrous diethyl ether (0.5 mL), contained
in a flame-dried flask under an inert atmosphere, a solution of
ethylmagnesium bromide in the same solvent (3.0 M; 42 µL,
5 eq) was added. After stirring 30 s at room temperature,
glacial acetic acid (10 µL) was added slowly, followed by 300
µL of a 10% boric acid solution. The mixture was extracted
with diethyl ether saturated with boric acid (4 × 2 mL), and
the organic extracts were combined, washed sequentially with
sodium bicarbonate (2%), water, and brine (saturated aque-
ous solution of sodium chloride), dried over anhydrous
sodium sulfate, filtered, and concentrated under a stream of
dry nitrogen. The residue was dissolved in a 1:1 mixture of
chloroform/methanol (50 µL), and the solution was applied
on a plate of silica gel (20 cm × 20 cm, 0.2 mm thickness).
Standards of mono-, di-, and triacylglycerols were also ap-
plied as references. Migration was carried out with a mixture
of chloroform/methanol (98:2 vol/vol), and the references
were sprayed with dichlorofluorescin (0.1% in ethanol) and
visualized under UV light. The band corresponding to
monoacylglycerols was scraped off and extracted with diethyl
ether (4 × 2 mL) aided by sonication. The solvent was evapo-
rated and the residue was solubilized as before and applied
on a homemade plate of silica gel containing 10% (w/w) boric
acid (20 cm × 20 cm, 0.5 mm thickness). Migration was
achieved with a mixture of chloroform/methanol (96:4
vol/vol). Usual treatment was carried out for isolation of sn-2
monoacylglycerols. Fractions 1 to 4 and 15, which were iso-
lated in very small amounts (≤2.0 mg), were not analyzed for
regiospecific distribution of fatty acids.

Gas chromatography of fatty acids. Methylation of fatty
acids was carried out in a sealed tube with 0.4 N sodium
methoxide in methanol (16). Analyses of the methyl esters
were performed with a gas chromatograph (Model 5890 Se-
ries II; Hewlett-Packard) equipped with a flame-ionization
detector and connected to a computer with a Hewlett-Packard
ChemStation. Sample volumes (1.0 µL) in hexane were in-
jected on a DB-225 capillary column (J&W, Folsom, CA; 30
m × 0.25 mm i.d., 0.25 µm film thickness), with a split ratio
of 50:1. Hydrogen was the carrier gas, with a linear velocity
of 35.5 cm s−1 at 50°C. The injector and detector tempera-
tures were maintained, respectively, at 215 and 230°C, while
the oven temperature was programmed from 35 to 180°C at
20°C min−1, then up to 200°C at 3°C min−1, and held for 13
min at this temperature, for a total time of 30 min. Fatty acid
methyl ester standards (GLC Reference Standards, Catalogue
No. GLC-60 and GLC-76; Nu-Chek-Prep, Elysian, MN) were
used for identification and calibration of the detector re-
sponse. The standard mixture was composed of saturated
fatty acid esters C4–C20, including odd carbon number fatty
acid esters C13, C15, and C17; and unsaturated fatty acid es-
ters, C14:1, C16:1, C18:1, C18:2, and C18:3.
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RESULTS AND DISCUSSION

Fractionation of milk fat by HPLC. Reversed-phase HPLC
fractionation of bovine milk fat was based on the utilization
of standard triacylglycerols for collection times of the frac-
tions. Although triglycerides were not as well resolved in
preparative conditions as they were in analytical conditions
(17–20), a total of 67 peaks, exclusive of shoulders, was di-
vided into 15 differentiated peak groups (Fig. 1). As a result,
starting with fraction 2, the HPLC fractions corresponded to
PN of triacylglycerols (Table 1). Values reported in Table 1
show that fractions 7, 8, 12, and 13 constituted the major frac-
tions, since they accounted for 54.0% of milk fat, which dis-
played a bimodal distribution for triacylglycerols.

Grignard degradation and TLC separation. Partial deacy-
lation of triacylglycerols was carried out with ethylmagne-
sium bromide. To ensure there was no isomerization of the
monoacylglycerols during degradation, workup, and TLC
separation, the method was performed with synthetic sn-1,3-
dipalmitoyl-2-oleoylglycerol. Fatty acid analysis of the sn-
1,3 and sn-2 monoacylglycerols showed very little or no de-
tectable isomerization with the procedure used. A two-step
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FIG. 1. High-performance liquid chromatogram of bovine milk fat, on a C-18 semipreparative column, using eluent mixtures of acetonitrile
(AN)/methyl-tert-butyl ether (MTBE) from 90:10 to 80:20 (vol/vol) over a period of 42 min, followed by a second gradient of AN/MTBE from 80:20
to 70:30 (vol/vol), over the next 18 min, and an isocratic mixture of AN/MTBE 70:30 for the remainder of the run. The ultraviolet detector was set
at 220 nm. The vertical lines indicate the border of the fractions (Fr.) corresponding to partition number (PN).

TABLE 1
Partition Number and Composition of Milk Fat Fractions 
by High-Performance Liquid Chromatography

Composition

Fraction Partition number (wt%) (mol%)a

1 ≤24 0.7 1.0
2 26 0.6 0.8
3 28 0.8 1.0
4 30 1.8 2.2
5 32 3.9 4.8
6 34 8.6 10.0
7 36 14.1 15.4
8 38 11.2 11.8
9 40 6.3 6.6

10 42 7.8 7.5
11 44 8.1 7.5
12 46 13.2 11.9
13 48 15.5 13.4
14 50 5.2 4.4
15 52 2.0 1.7

Total — 99.8b 100.0
aMol% composition was calculated from wt% composition, based on the
fatty acid composition of the individual fractions. Data not reported for frac-
tions 1 to 4 and 15.
bValue does not total 100.0 because of rounding of figures.



TLC separation was selected because it allowed a cleaner sep-
aration of the bands corresponding to sn-1,3 and sn-2 mono-
acylglycerols, compared to only one TLC migration (21), for
which separation between sn-1,3 and sn-2 monoacylglycerols
was never very clear with milk fat samples, unlike simple
standards.

Fatty acid analysis. Fatty acid analyses of triacylglycerols
and of monoacylglycerols resulting from their Grignard
degradation were carried out for fractions 5 to 14 (Table 2).
Fatty acids were analyzed as methyl esters, and only the 17
most common were quantified. The saturated fatty acids ana-
lyzed included arachidic, butyric, capric, caproic, caprylic,
lauric, margaric, myristic, palmitic, pentadecanoic, stearic

and tridecanoic, whereas unsaturated fatty acids were entirely
of cis-configuration and of methylene-interrupted unsatura-
tion (linoleic, linolenic, myristoleic, oleic, and palmitoleic
acids). Neither branched-chain fatty acids, acids with conju-
gated unsaturation, nor unsaturated acids of trans-configura-
tion were identified in the analysis.

Saturated fatty acids. C4 to C8 fatty acids were present
only in the fractions corresponding to triacylglycerols with
PN of 32 to 42 (Table 1). As expected, butyric acid was found
exclusively in sn-1,3 position, with values of around 40% in
triacylglycerols with PN32 and 34, in agreement with previ-
ous results by pancreatic lipase deacylation (2), by 1H and 13C
nuclear magnetic resonance (22,23), and by direct measure-
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TABLE 2
Composition of Fatty Acids (mol%) Esterified at the sn-1,3 and sn-2 Positions of Triacylglycerols 
in the High-Performance Liquid Chromatographic Fractions 5 to 14 of Bovine Milk Fata

Fatty Fraction/(PN)b (mol%)

acid Position 5 (32) 6 (34) 7 (36) 8 (38) 9 (40) 10 (42) 11 (44) 12 (46) 13 (48) 14 (50)

4:0 1,3 40.8 (100)b 39.5 (100) 31.4 (100) 13.8 (100) 6.7 (100) 1.3 (100) —c (0) — (0) — (0) — (0)
2 — — — — — — — (0) — (0) — (0) — (0)

6:0 1,3 6.7 (87) 5.7 (80) 8.3 (92) 18.5 (98) 7.8 (94) 0.9 (86) — (0) — (0) — (0) — (0)
2 2.0 (13) 2.8 (20) 1.5 (8) 0.7 (2) 1.0 (6) 0.3 (14) — (0) — (0) — (0) — (0)

8:0 1,3 2.7 (71) 1.7 (74) 1.8 (78) 5.5 (90) 11.4 (88) 2.6 (76) 0.3 (60) — (0) — (0) — 0)
2 2.2 (29) 1.2 (26) 1.0 (22) 1.2 (10) 3.1 (12) 1.6 (24) 0.4 (40) — (0) — (0) 0.4 (100)

10:0 1,3 4.1 (46) 2.0 (57) 1.9 (63) 4.0 (70) 12.5 (77) 14.1 (75) 4.5 (76) — (0) — (0) — (0)
2 9.5 (54) 3.0 (43) 2.2 (37) 3.4 (30) 7.4 (23) 9.5 (25) 2.9 (24) 1.8 (100) — (0) 0.8 (100)

12:0 1,3 6.4 (38) 2.4 (41) 1.54 (53) 2.2 (52) 4.8 (59) 6.8 (60) 11.0 (71) 2.4 (58) 0.6 (100) — (0)
2 21.0 (62) 6.8 (59) 2.7 (47) 4.0 (48) 6.7 (41) 9.0 (40) 9.2 (29) 3.5 (42) — (0) 1.1 (100)

13:0 1,3 — (0) 0.4 (90) 0.2 (80) — (0) — (0) 0.2 (80) 0.3 (75) — (0) — (0) — (0)
2 — (0) 0.1 (11) 0.1 (20) — (0) — (0) 0.1 (20) 0.2 (25) 0.3 (100) — (0) — (0)

14:0 1,3 8.5 (40) 10.1 (35) 4.3 (33) 3.5 (36) 9.1 (49) 8.9 (48) 15.6 (58) 18.8 (63) 4.3 (42) 0.6 (16)
2 25.8 (60) 37.2 (65) 17.1 (67) 12.6 (64) 18.9 (51) 19.4 (52) 22.2 (42) 21.7 (37) 11.9 (58) 6.2 (84)

14:1 1,3 0.9 (26) 0.4 (33) 0.4 (62) 0.6 (60) 1.4 (65) 2.4 (67) 3.8 (75) 0.6 (52) — (0) — (0)
2 5.9 (74) 1.6 (67) 0.5 (38) 0.8 (40) 1.5 (35) 2.4 (33) 2.5 (25) 1.1 (48) — (0) — (0)

15:0 1,3 1.1 (65) 0.7 (50) 1.2 (53) 0.8 (47) 0.8 (55) 1.0 (57) 1.1 (55) 1.6 (62) 1.0 (49) 0.5 (42)
2 1 .2 (35) 1.4 (50) 2.1 (47) 1.8 (53) 1.3 (45) 1.5 (43) 1.8 (45) 2.0 (38) 2.1 (51) 1.4 (58)

16:0 1,3 14.5 (61) 20.9 (61) 28.6 (54) 22.5 (50) 25.2 (59) 29.4 (65) 27.7 (62) 28.8 (60) 31.9 (54) 22.0 (47)
2 18.9 (39) 26.6 (39) 48.4 (46) 45.2 (50) 35.4 (41) 31.6 (35) 33.4 (38) 38.9 (40) 54.6 (46) 50.4 (53)

16:1 1,3 1.1 (45) 1.4 (44) 0.5 (42) 0.5 (48) 1.0 (56) 1.2 (55) 2.3 (66) 2.9 (72) 1.1 (100) 0.1 (29)
2 2.7 (55) 3.6 (56) 1.4 (58) 1.1 (58) 1.6 (44) 2.0 (45) 2.4 (34) 2.2 (28) — (0) 0.5 (71)

17:0 1,3 — (0) — (0) 0.4 (73) 0.9 (64) 0.7 (61) 0.6 (75) 0.6 (71) 0.8 (100) 1.4 (100) 0.9 (95)
2 — (0) — (0) 0.3 (27) 1.0 (36) 0.9 (39) 0.4 (25) 0.5 (29) — (0) — (0) 0.1 (5)

18:0 1,3 3.0 (80) 2.4 (69) 5.2 (79) 15.2 (76) 14.0 (79) 11.8 (79) 9.6 (78) 7.4 (66) 13.8 (76) 45.3 (85)
2 1.4 (20) 2.2 (31) 2.9 (21) 9.4 (24) 7.7 (21) 6.5 (21) 5.4 (22) 7.7 (34) 8.9 (24) 16.3 (15)

18:1 1,3 6.6 (61) 10.3 (66) 13.6 (59) 10.6 (54) 3.6 (35) 17.4 (71) 21.0 (70) 33.3 (76) 44.6 (80) 30.4 (74)
2 8.4 (39) 10.7 (34) 18.8 (41) 17.9 (46) 13.3 (65) 14.5 (29) 18.0 (30) 21.0 (24) 22.6 (20) 21.8 (26)

18:2 1,3 2.5 (95) 2.5 (69) 1.0 (67) 1.1 (73) 1.4 (72) 0.9 (64) 1.8 (77) 3.4 (100) 1.1 (100) 0.4 (100)
2 0.9 (15) 2.2 (31) 1.0 (33) 0.8 (27) 1.1 (28) 1.0 (36) 1.1 (23) — (0) — (0) — (0)

18:3 1,3 2.2 (94) — (0) — (0) — (0) — (0) 0.3 (100) 0.5 (100) — (0) — (0) — (0)
2 0.3 (6) 0.2 (100) — (0) — (0) — (0) — (0) — (0) — (0) — (0 — (0))

20:0 1,3 — (0) — (0) — (0) — (0) — (0) 0.3 (100) — (0) — (0) 0.2 (100) 0.8 (100)
2 — (0) — (0) — (0) — (0) — (0) — (0) — (0) — (0) — (0) — (0)

aValues are means of duplicate analyses.
bValues in parentheses represent the percentage of fatty acids located between the sn-1,3 and sn-2 positions in any given fraction.
cFatty acid not detected or value was less than 0.1%. PN, partition number, defined as acyl carbon number − 2 × DB, where DB is the number of double
bonds.



ment by gas chromatography (24), which assigned this acid
almost exclusively at either sn-3 or sn-1,3 position. Since bu-
tyric acid is found only in the sn-3 position of milk fat tria-
cylglycerols (2), its level at this position of the glycerol is
80% in these two fractions. Caproic acid was found only in
fractions containing triacylglycerols with PN32 to 42, and
mostly in sn-1,3 positions, with the highest ratio in the frac-
tions with PN36 to 40, which compares to the reported values
(2,24). As only one butyric or caproic acid may be present in
triacylglycerols with PN of 32 and 34, data in Table 1 suggest
that more than 90% of those triacylglycerols contain either
butyric or caproic acid. The distribution of caprylic acid was
also nonrandom and was preferentially located at sn-1,3-po-
sitions with increasing frequency from PN32 to PN40. Above
PN40, the proportion of C8 in the sn-1,3 positions decreased.
The distribution of capric acid (C10) also varied with the tria-
cylglycerol PN. It was preferentially located at the sn-2 posi-
tion of triacylglycerols with PN32 and 34 and nearly random
in triacylglycerols with PN of 36 and 38, but above PN40, it
was predominantly located at sn-1,3 positions.

Generally, C12–C15 fatty acids were preferentially located
in the sn-2 position, but their frequency at the sn-2 position
varied with the PN of triacylglycerol. The frequency of lauric
acid (C12) at the sn-2 position decreased gradually with in-
crease in the PN of triacylglycerols until PN of 44 where its
distribution was nearly random, but above PN44, its fre-
quency at the sn-2 position increased again. The distribution
pattern for myristic acid (C14) was quite similar to lauric acid
except that a nearly random distribution occurred at PN46.

Of the C16 to C20 saturated fatty acids, which included
palmitic, margaric, stearic and arachidic acids, palmitic and
stearic acids were the most abundant. The distribution of the
latter two acids between sn-1,3 and sn-2 positions was essen-
tially opposite and was greatly affected by PN, but with some
exceptions. Palmitic acid (C16) was nearly random in triacyl-
glycerols with PN42 and was distributed predominantly at the
sn-2 position in triacylglycerols with PN36, 38, 48, and 50.
The distribution of stearic acid (C18) was predominantly at
the sn-1,3 position with two exceptions in triacylglycerols
with PN of 34 and 46, where the distribution was nearly ran-
dom. Concentration of palmitic acid at the sn-2 position was
the highest of all the fatty acids in most of the HPLC fractions
(fractions 7 to 14 or PN36 to PN50), with values ranging from
18.9% in fraction 5 (PN32) up to 54.6% in fraction 13
(PN48). Distributions of myristic and palmitic acids are in
good agreement with reported values for distributions of fatty
acids in triacylglycerols with PN of 48 (ACN50:1 and 52:2)
(25).

Unsaturated fatty acids. Among the unsaturated fatty acids
analyzed, oleic acid was by far the most abundant. The distri-
bution pattern of oleic acid (C18:1) was different from other
major fatty acids. It was nearly random in triacylglycerols
with PN32 and 34. Above PN34, it was predominantly lo-
cated at the sn-2 position until PN40, where 65% of the oleic
acid was at the sn-2 position. Above PN40, oleic acid was
predominantly located at the sn-1,3 positions, somewhat sim-

ilar to the stearic acid distribution in the PN range of 42 to 50.
This distribution pattern was also true for myristoleic and pal-
mitoleic acids. Myristoleic acid was the second-most abun-
dant unsaturated fatty acid (5.0%) at the sn-2 position in frac-
tion 5 (PN32), second only to oleic acid (8.4%). Linoleic and
linolenic acids were mostly found in the sn-1,3 position, but
their levels were low. Moreover, linolenic acid was found
only in a limited number of fractions and was highest in frac-
tion 5 (PN32).

The fatty acid distribution in bovine milk fat between sn-
1,3 and sn-2 positions followed the general trends observed
by Kuksis and co-workers for fractions enriched either in
short- or long-chain triacylglycerols (2–4), but we report fatty
acid distribution of milk fat on a number of fractions enriched
in triacylglycerols varying in size. Our results also show the
changes in the distribution of various fatty acids between the
sn-2 and sn-1,3 positions with size of triacylglycerol. Fatty
acids C4, C6, and C8 are predominantly located at the sn-1,3
positions irrespective of the triacylglycerol size. The distribu-
tion pattern of the fatty acid C10 was mixed. It was predomi-
nantly located at the sn-2 position only in the short-chain tria-
cylglycerols (PN32 and 34); above PN36, it was preferen-
tially distributed at the sn-1,3 positions like the short-chain
fatty acids and its frequency at the sn-2 position decreased
with triacylglycerol size, similar to fatty acids C12 and C14.
Fatty acids C12 and C14 present a different pattern in that they
are preferentially located at the sn-2 position, but their fre-
quency at this position decreases with triacylglycerol size. Al-
though the distributions of C16 and C18 are not greatly af-
fected by size, the distribution of palmitic acid is predomi-
nantly at the sn-2 position and that of stearic acid in the sn-1,3
positions. However, the distribution of oleic acid presents a
different pattern. It is distributed predominantly at the sn-2
position, somewhat like palmitic acid below PN40; but 
in longer-chain triacylglycerols it is predominantly located 
at the sn-1,3 positions, somewhat similar to stearic acid. Con-
sidering only the distribution of saturated vs. unsaturated 
fatty acids (Table 3), we observed that in fractions 5 to 9
(PN32–40), the sn-1,3 positions were more saturated than the
sn-2 position. This trend was the opposite in fractions 10 to
14 (PN42 to 50). For all fractions except 12 and 13 (PN46 and
48), the difference between values for saturated and unsatu-
rated fatty acids was not very high (3 to 10%). But for frac-
tions 12 and 13, the difference was 16 to 24%. In addition,
the sn-1,3 positions were about twice more unsaturated than
the sn-2 position in these two fractions (Table 3).

Fractions of milk fat triacylglycerols corresponding to PN
32 to 50 were isolated and analyzed for their fatty acid distri-
bution between the sn-1,3 and sn-2 positions. First, our re-
sults confirm that fatty acid distribution is nonrandom in milk
fat triacylglycerols. Second, our results show that the distrib-
ution pattern of various fatty acids between the sn-2 and sn-
1,3 positions varies with triacylglycerol size. Short-chain
fatty acids (C4–C8) and stearic acid are located at the sn-1,3
position at high proportions irrespective of size. The fre-
quency of the medium-chain fatty acid, C10, at the sn-2 posi-
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tion decreased with triacylglycerol size and it was preferen-
tially located only in short-chain triacylglycerols. Other
medium-chain fatty acids C12 and C14 are located at the sn-2
position in high proportions, but their proportion at the sn-2
position decreases with triacylglycerol size. Palmitic acid is
predominantly located at the sn-2 position irrespective of the
size of triacylglycerol. Interestingly, oleic acid distribution is
unique in that it is located in high proportions at the sn-2 po-
sition in triacylglycerols of lower size, but at sn-1,3 positions
in longer triacylglycerols. Our results also showed the sn-2
position was more unsaturated than the sn-1,3 position in the
PN range of 32–40, but it was more saturated in triacylglyc-
erols of higher PN owing to the distribution pattern of oleic
acid. 
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ABSTRACT: We characterized phospholipase A2 (PLA2) activ-
ity in isolated rabbit ventricular myocytes with respect to sub-
cellular distribution, substrate specificity, and Ca2+ depen-
dency. Membrane-associated PLA2 was found to be an order of
magnitude greater than cytosolic PLA2. Ventricular myocyte
PLA2 activity was enhanced following protease-activated recep-
tor stimulation with thrombin and was found to be largely Ca2+-
independent and selective for phospholipid substrates contain-
ing arachidonic acid at the sn-2 position. Immunoblot analysis
using an antibody to cytosolic Ca2+-independent PLA2 from
Chinese hamster ovary cells recognized a membrane-associated
protein with a molecular mass of approximately 80 kDa; how-
ever, differences in pH optima, response to inhibitors, and sub-
strate selectivity of membrane-associated and cytosolic PLA2
activity suggest the presence of multiple Ca2+-independent
PLA2. Pretreatment with bromoenol lactone, a specific inhibitor
of Ca2+-independent PLA2, significantly attenuated membrane-
associated and cytosolic PLA2 in unstimulated and thrombin-
stimulated myocytes. Pretreatment with methyl arachidonyl flu-
orophosphonate, mepacrine, or dibucaine had no significant ef-
fect on PLA2 activity under all conditions tested. Ventricular
myocyte PLA2 activity was significantly inhibited by ATP, GTP,
and their nonhydrolyzable analogs and was regulated by pro-
tein kinase C activity. These studies demonstrate the presence
of one or more unique membrane-associated Ca2+-independent
PLA2 in isolated ventricular myocytes that exhibit a preference
for phospholipids with arachidonate at the sn-2 position and
that are activated by thrombin stimulation.
Lipids 33, 1203–1212 (1998).

The present study was undertaken to characterize phospholi-
pase A2 (PLA2) activity in isolated rabbit ventricular my-
ocytes. Although detailed characterization of PLA2 was de-
scribed in whole myocardium from several species (1–4) and

in vascular smooth muscle cells from the dog (5), little is
known regarding detailed characterization of PLA2 isoforms
in ventricular myocytes. It is important to provide a detailed
characterization of PLA2 in different myocardial cell popula-
tions because of cell-specific differences in phospholipid
composition and in the mechanisms of enzyme activation. For
example, we showed that increased production of lysophos-
pholipids and free fatty acids resulting from PLA2 activation
during ischemia or following thrombin stimulation in the
heart plays an important role in the subsequent development
of electrophysiologic alterations (6,7). Because there are
likely to be significant differences in the nature of the electro-
physiologic alterations produced by monoacyl lysophospho-
lipids (derived from PLA2-catalyzed hydrolysis of diacyl
phospholipids in endothelial cells and smooth muscle cells)
as opposed to lysoplasmalogens (derived from PLA2-cat-
alyzed hydrolysis of plasmalogens in ventricular myocytes),
it is important to determine the substrate selectivity of the
PLA2 activity present in isolated cardiac myocytes and to dis-
tinguish this activity from that present in other nonmyocytic
myocardial cell populations.

Previous studies of PLA2 in whole myocardium demon-
strate that Ca2+ is not required for PLA2 activity (i.e., myocar-
dial PLA2 is Ca2+-independent) and that PLA2 is selective for
arachidonylated ether-linked phospholipid substrates. Studies
of purified cytosolic myocardial PLA2 activity demonstrated
that this isoform is tightly associated with phosphofructoki-
nase (PFK) (8), is stimulated by ATP (9), and specifically
binds to calmodulin in a Ca2+-dependent fashion (10). 

The goal of the present study was to characterize the sub-
cellular distribution, Ca2+-dependency, and substrate selec-
tivity of PLA2 activity in isolated ventricular myocytes. Since
the phospholipid composition of isolated ventricular my-
ocytes is unique because of the predominance of phospho-
lipids containing an unsaturated ether covalent linkage at the
sn-1 position (i.e., plasmalogen phospholipids) (11), our char-
acterization of PLA2 activity in isolated ventricular myocytes
was performed in the absence (<1 nM) and presence (10 mM)
of Ca2+ using phospholipid substrates containing O-acyl ester,
saturated ether, or unsaturated (vinyl) ether-linked aliphatic
groups at the sn-1 position and oleate or arachidonate at the
sn-2 position. Alterations in ventricular myocyte PLA2 activ-
ity in the presence of high-energy phosphates, thrombin, and
modulated protein kinase C (PKC) activity are also described.
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MATERIALS AND METHODS

Isolation of ventricular myocytes. Adult female rabbits
weighing 2–3 kg were anesthetized with intravenous pento-
barbitone sodium (50 mg/kg), and the heart was rapidly re-
moved. The heart was mounted on a Langendorff perfusion
apparatus and perfused for 5 min with a Tyrode solution con-
taining (in mmol/L) NaCl 118, KCl 4.8, CaCl2 1.2, MgCl2 1.2,
NaHCO3 24, KH2PO4 1.2, and glucose 11 (all from Sigma
Chemical Co., St. Louis, MO); the Tyrode solution was satu-
rated with 95%O2:5%CO2 to yield a pH of 7.4. This was fol-
lowed by a 4-min perfusion with a Ca2+-free Tyrode solution
containing EGTA (100 µM) and a final perfusion for 20 min
with the Tyrode solution containing 100 µM Ca2+ and 0.033%
collagenase (type II; Worthington Biochemical, Lakewood,
NJ). The left and right ventricles were cut into small pieces
which were then shaken in fresh enzyme solution. The first
harvest of myocytes was discarded. Cells from the next three
harvests were combined and washed with a HEPES buffer
containing (in mmol/L): NaCl 133.5, KCl 4.8, MgCl2 1.2,
KH2PO4 1.2, HEPES 10, and glucose 10, plus 300 M CaCl2,
pH adjusted to 7.4 with 10 N NaOH. Extracellular Ca2+ con-
centration was increased to 1.2 mM in three stages at inter-
vals of 20 min. Elongated myocytes were separated from
rounded nonviable cells by repeated differential sedimenta-
tion.

PLA2 assays. Myocytes were suspended in 1 mL of buffer
containing (mmol/L): sucrose 250, KCl 10, imidazole 10,
EDTA 5, dithiothreitol (DTT) 2 with 10% glycerol, pH = 7.8
with 10 N KOH (all from Sigma Chemical Co.). The suspen-
sion was sonicated on ice three times for 10 s, and the soni-
cate was centrifuged at 14,000 × g for 10 min. The super-
natant was then centrifuged at 100,000 × g for 60 min to sep-
arate the membrane fraction (pellet) from the cytosolic
fraction (supernatant). PLA2 activity in subcellular fractions
was assessed by incubating enzyme (typically 8 µg mem-
brane protein or 200 µg cytosolic protein) with 100 µM sn-2
radiolabeled plasmenylcholine, alkylacyl glycerophospho-
choline, or phosphatidylcholine in assay buffer containing 10
mM Tris, 10% glycerol, pH = 7.0 with either 4 mM EGTA or
10 mM Ca2+ at 37oC for 5 min in a total volume of 200 µL.
Synthesis of radiolabeled phospholipid substrates was de-
scribed previously (3,6,8). The reaction was initiated by
adding the substrate as a concentrated stock solution in
ethanol (5 µL total volume) which was injected into a total
volume of 200 µL of aqueous buffer to achieve a final sub-
strate concentration of 100 µM. Reactions were terminated
by the addition of 100 µL of butanol, and released radiola-
beled fatty acid was isolated by application of 25 µL of the
butanol phase to channeled Silica Gel G plates, development
in petroleum ether/diethyl ether/acetic acid (70:30:1, by vol)
and subsequent quantification by liquid scintillation spec-
trometry. The reaction conditions we selected resulted in lin-
ear reaction velocities with respect to both time and enzyme
concentration for each substrate examined. Protein content of
each sample was determined by the Lowry method utilizing

freeze-dried bovine serum albumin (Bio-Rad Laboratories,
Richmond, CA) as the protein standard as described previ-
ously (12).

Immunoblot analysis of PLA2. Myocytes were suspended
in lysis buffer containing (in mmol/L) HEPES 20 (pH 7.6),
sucrose 250, DTT 2, EDTA 2, EGTA 2, β-glycerophosphate
10, sodium orthovanadate 1, phenylmethylsulfonyl fluoride
2, leupeptin 20 µg/mL, aprotinin 10 µg/mL, and pepstatin A
5 µg/mL. Cells were sonicated on ice for three bursts of 10 s
and centrifuged at 14,000 × g at 4°C for 10 min to remove cel-
lular debris and nuclei. Cytosolic and membrane fractions
were separated by centrifuging the supernatant at 100,000 × g
for 60 min. The pellet was resuspended in lysis buffer, and
the suspension was centrifuged at 100,000 × g for 60 min
twice to minimize contamination of the membrane fraction
with cytosolic protein. The final pellet was resuspended in
lysis buffer containing 0.1% Triton X-100. Protein (total pro-
tein, cytosol, or membrane) was mixed with an equal volume
of SDS sample buffer and heated at 95°C for 5 min prior to
loading onto a 12% polyacrylamide gel. Protein was sepa-
rated by SDS/polyacrylamide gel electrophoresis at 200 V for
35 min and electrophoretically transferred to polyvinylidene
difluoride (PVDF) membranes (Bio-Rad) at 100 V for 1 h.
Nonspecific sites were blocked by incubating the membranes
with Tris-Buffered saline containing 0.05% (vol/vol) Tween-
20 (TBST) and 5% (wt/vol) nonfat milk for 1 h at room tem-
perature. The blocked polyvinylidene difluoride membrane
was incubated with antibodies to cytosolic PLA2 (cPLA2;
Santa Cruz) or Ca2+-independent PLA2 (iPLA, 1:2000 dilu-
tion; Cayman Chemical, Ann Arbor, MI) for 1 h at room tem-
perature. Unbound antibodies were removed with three
washes with TBST solution, and membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies
(1:5000 dilution). Following six washes with TBST, regions
of antibody binding were detected using enhanced chemilu-
minescence (Amersham, Arlington Heights, IL) and exposure
to film (Hyperfilm; Amersham).

RESULTS

In initial studies, examination of the metabolic pathways po-
tentially responsible for the production of fatty acid from di-
radyl choline glycerophospholipid substrates and the stability
of PLA2 activity in sonicated cell preparations derived from
freshly isolated cells was examined. These initial studies of
ventricular myocyte PLA2 used 1-O-hexadec-1′-enyl-2-
[3H]oleoyl-sn-glycero-3-phosphocholine (16:0, [3H]18:1 plas-
menylcholine) as substrate and unfractionated sonicates of
isolated myocytes as the enzyme source in the absence (<1
nM) and presence (10 mM) of added Ca2+. Following incu-
bation of the substrate with sonicated cell preparations, the
reaction products were subjected to thin-layer chromato-
graphic analysis using both one- and two-dimensional thin-
layer chromatographic techniques which permitted the sepa-
ration of fatty acids from other neutral lipids and which
clearly resolved choline lysophospholipids from the diradyl
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choline glycerophospholipid substrate. These studies demon-
strated that radiolabeled free fatty acid production accounted
for >94% of the total reduction in diradyl choline glyc-
erophospholipid radioactivity under all reaction conditions
tested. There was no evidence for significant production of
radioactive diradylglycerol, phosphatidic acid, or lysophos-
pholipid (Table 1). Thus, we could not find evidence for mea-
surable phospholipase C (PLC), phospholipase D (PLD),
plasmalogenase, or phospholipase A1 (PLA1) activity under
these assay conditions during the short incubation period
used. To rule out the possibility that radioactive free fatty acid
production was the result of sequential PLA1 (or plasmaloge-
nase)-lysophospholipase activity, PLC-diglyceride lipase ac-
tivity or PLD-phosphatidate phosphohydrolase-diglyceride
lipase activity, unlabeled lysophosphatidylcholine (LPC) or
diacylglycerol (DAG) was added to the incubation mixture.
The presence of these unlabeled lipids would result in an ap-
parent decrease in the rate of radiolabeled fatty acid produc-
tion and cause the accumulation of radioactively labeled LPC
or DAG as a result of an isotope dilution effect if there was
substantial flux of radiolabeled substrate through the sequen-
tial enzymatic pathways described above. Following addition
of unlabeled LPC or DAG, we did not detect any significant
reduction in radiolabeled fatty acid production or accumula-
tion of radiolabeled LPC or DAG. Accordingly, based on
these results and the stoichiometric relationship between pro-
duction of radioactive fatty acid and decrease in radioactivity
of diradyl choline phospholipid substrate, we are confident
that under the incubation conditions employed in our study,
the rate of production of radiolabeled fatty acid represents the
rate of regiospecific hydrolysis of the sn-2 fatty acyl moiety
from the diradyl choline glycerophospholipid substrate mole-
cule catalyzed by PLA2.

The addition of protease inhibitors including leupeptin, pep-
statin, and aprotinin had no significant effect on enzyme stabil-
ity during the course of cell sonication and preparation of cy-
tosol and membrane fractions. The addition of glycerol and
DTT was essential to maintain enzyme activity in sonicated
cell suspensions, suggesting the requirement for reduced
sulfhydryl groups for expression of intracellular PLA2 activity.

PLA2 activity in cytosol and membrane fractions isolated
from ventricular myocytes was examined for thermal stabil-

ity. When membrane fractions were incubated at 37°C, an ap-
parent half-life of 1 h for PLA2 activity was observed. The
loss of PLA2 activity was greatly attenuated following stor-
age at lower temperatures, with less than 10% activity lost
after 4 h when membranes were stored on ice. Isolated mem-
brane fractions frozen for up to 24 h maintained PLA2 activ-
ity levels comparable to initial values. 

Following isolation of ventricular myocytes, less than 10%
loss of PLA2 activity occurred over 4 h when cells were
placed on ice in the presence of 2 mM DTT and 10% glyc-
erol. For our studies, considerable effort was expended to en-
sure that the time which elapsed between removal of the
heart, isolation of the cells, and assay of enzyme activity was
consistent between cell preparations.

In cytosol and membrane fractions isolated from ventricu-
lar myocytes, we found linear reaction velocities with respect
to protein concentration for 2–20 g membrane protein and
100–500 µg cytosolic protein. Using 8 µg membrane protein
and 200 µg cytosolic protein, the rate of liberation of radiola-
beled free fatty acid from 100 M (16:0[3H]18:1) plasmenyl-
choline or (16:0[3H]18:1) phosphatidylcholine was found to
be linear up to 10 min of incubation. We decided to use an in-
cubation time of 5 min for determination of PLA2 activity to
ensure that linear reaction rates were obtained. Longer incu-
bation times were associated with a loss in linearity, and
shorter incubation times were associated with less repro-
ducibility of activity measurements. Maximal reaction veloc-
ities were consistently achieved with substrate concentrations
>50 µM. We used 100 µM as the substrate concentration for
our assays to ensure that maximal rate measurements were
being made and to minimize any effects of isotope dilution
by unlabeled endogenous substrates (in all assays, we calcu-
lated that exogenous radiolabeled substrate was present in
>5–10-fold molar excess over all potential endogenous sub-
strates in both cytosolic and membrane fractions).

The cytosolic and membrane subcellular distribution, Ca2+

requirements, and substrate selectivity of PLA2 activity in
isolated rabbit ventricular myocytes are presented in Figure
1. Basal ventricular myocyte PLA2 activity exhibited the fol-
lowing characteristics: (i) The highest specific PLA2 activity
is in a membrane-associated form (Fig. 1A). After adjustment
for the total protein content of each fraction and normalizing
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TABLE 1
Quantitation of Radiolabeled Products Generated Following Incubation of 100 µM (16:0,[3H]18:1)
Plasmenylcholine (PlasCho) or Phosphatidylcholine (PC) Substrate with 8 µg Membrane Protein
(for 5 min at 37°C)a

Substrate Product dpm Substrate Product dpm

(16:0,[3H]18:1) Oleic acid 20934 ± 306 (16:0,[3H]18:1) Oleic acid 14952 ± 227
Plasmenylcholine LPlasC 216 ± 17 Phosphatidylcholine LPC 176 ± 27

AAG 220 ± 23 DAG 132 ± 16
PA 145 ± 21 PA 128 ± 21

aThe individual radiolabeled products were isolated by thin-layer chromatography and the radioactivity determined by liq-
uid scintillation counting. The majority of radioactivity released from the phospholipid substrate was observed in the free
fatty acid fraction, with minimal production of lysoplasmenylcholine (LPlasC), lysophosphatidylcholine (LPC) (indicating
plasmalogenase or phospholipase A1 activity), alkylenyl acyl glycerol (AAG) or diacylglaycerol (DAG) (indicating phospho-
lipase C activity), or the phosphatidic acid (PA) (indicating phospholipase D activity). Results are mean ± SEM for three sep-
arate determinations.



to 1 × 106 myocytes, total membrane-associated PLA2 activ-
ity was 10- to 20-fold greater than total soluble (cytosolic)
PLA2 with all substrates tested. The PLA2 activity in the
membrane fraction could not be recovered in soluble form
following repeated sonication, exposure to high- or low-ionic
strength solutions, or exposure to EGTA and thus, on this
basis, appears to represent a membrane-anchored or integral
membrane protein. (ii) PLA2 activity is influenced by the na-
ture of the covalent linkage of the sn-1 aliphatic group and
the composition of the sn-2 aliphatic group of the substrate
molecule (Fig. 1). (iii) The majority of ventricular myocyte

PLA2 does not demonstrate a catalytic requirement for Ca2+

(i.e., ventricular myocyte PLA2 is Ca2+-independent). 
Increasing the Ca2+ concentration from <10−9 M (esti-

mated concentration of Ca2+ in nominally Ca2+-free solutions
in the presence of 4 mM EGTA assay buffer) to concentra-
tions greater than 10–6 M significantly decreased both mem-
brane-associated and cytosolic PLA2 activity using
(16:0,[3H]18:1) plasmenylcholine substrate. In contrast, in-
creasing the Ca2+ concentration had no significant effect on
cytosolic or membrane-associated PLA2 activity measured
using (16:0,[3H]18:1) phosphatidylcholine substrate.

Comparisons of the pH profiles of PLA2 in cytosolic and
membrane fractions from isolated myocytes demonstrate a
difference in pH for optimal activity in each fraction, further
supporting the hypothesis of the presence of different PLA2
isoforms in these subcellular fractions (Fig. 2). Membrane-
associated PLA2 activity measured using (16:0,[3H]18:1)
plasmenylcholine or (16:0, [3H]18:1) phosphatidylcholine ex-
hibited a pH optimum of 8.5 (Fig. 2A), whereas cytosolic
PLA2 activity was maximal at pH 7.0 using (16:0, [3H]18:1)
plasmenylcholine or (16:0, [3H]18:1) phosphatidylcholine
(Fig. 2B).

The marked differences in substrate selectivity, differen-
tial responses of PLA2 activity to alterations in Ca2+ concen-
tration, and differences in optimal pH for activity in cytosolic
and membrane-associated PLA2 activity suggest the presence
of multiple PLA2 isoforms in isolated ventricular myocytes.
However, we cannot rule out the possibility that these obser-
vations are the result of Ca2+-mediated alterations in the in-
teraction of a single enzyme species with different aggregated
phospholipid substrates.

By using our protocol for the preparation of cytosol and
membrane fractions, unbroken myocytes, nuclei, and mito-
chondria are collectively sedimented following centrifugation
at 14,000 × g for 10 min. The total activity recovered in this
fraction represents approximately 25% of the total enzyme
activity recovered from the isolated cells. This enzyme activ-
ity was not further characterized. The 14,000 × g supernatant
contained both cytosolic and membrane-associated enzyme
activities which were further fractionated by centrifugation at
100,000 × g for 60 min to prepare cytosol (supernatant) and
membrane (pellet) functions. Previous studies of cytosolic
(e.g., Creatine Kinase, lactate dehydrogenase) and membrane
(e.g., Na,K-ATPase, Ca-ATPase) marker enzyme activities
showed that the cytosolic fraction from this final step contains
no detectable membrane marker enzyme activity (13). The
membrane fraction is composed predominantly of micro-
somes, including vesicles of sarcolemma and sarcoplasmic
reticulum with >70% recovery of sarcolemma and sarcoplas-
mic reticulum marker enzyme activities in this fraction and
minimal contamination by cytosolic proteins. 

To determine whether previously characterized, intracellu-
lar PLA2 isoforms could be identified in subcellular fractions
isolated from ventricular myocytes, we used antibodies to
known cytosolic, cPLA2, and iPLA2 enzymes for immunoblot
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FIG. 1. Phospholipase A2 (PLA2) activity measured in the membrane (A)
or cytosolic (B) fractions isolated from cardiac myocytes using plas-
menylcholine, phosphatidylcholine, or alkylacyl glycerophospho-
choline (GPC) substrates radiolabeled at the sn-2 position with oleic
(16:0,[3H]18:1) or arachidonic (16:0,[3H]20:4) acid. Activity measure-
ments were made in the absence (4 mM EGTA) or presence of (10 mM)
Ca2+. Values shown represent the mean ± SEM of independent results
derived from four separate animals. *P < 0.05, **P < 0.01 for compar-
isons between (16:0,[3H]18:1) and (16:0,[3H]20:4) substrates; +P < 0.05
for comparisons between the absence and presence of Ca2+ using the
same substrate. 



analysis. By using a specific antibody to iPLA2, a distinct
band at approximately 80 kDa was observed in the total cel-
lular protein and membrane protein samples. The intensity of
the iPLA2 band detected by immunoblot analysis was con-
centration-dependent over 2–20 µg protein (Fig. 3B). No
band was observed in the cytosolic fraction (Fig. 3A). Thus,
iPLA2 appears to be selectively enriched in the membrane
fraction of rabbit ventricular myocytes. Immunoblots probed
with anti-cPLA2 antibody did not reveal detectable cPLA2 in
either the cytosolic or membrane fractions from ventricular
myocytes.

Ventricular myocyte membrane-associated PLA2 activity

was increased following stimulation of surface membrane
protease-activated receptors with thrombin. Thrombin in-
creased membrane-associated PLA2 activity measured using
(16:0,[3H]18:1) plasmenylcholine (4.47 ± 0.87 to 9.65 ± 1.12
nmol-mg protein−1·min−1) phosphatidylcholine (4.37 ± 0.92
to 8.77 ± 1.37 nmol-mg protein−1·min−1) and alkylacyl GPC
(7.04 ± 1.10 to 11.12 ± 1.63 nmol-mg protein−1·min−1) sub-
strates in the absence of Ca2+. To confirm that the majority of
basal and thrombin-stimulated PLA2 was Ca2+-independent,
myocytes were incubated with bromoenol lactone (BEL), a
potent, mechanism-based inhibitor specific for myocardial
iPLA2 (14), and PLA2 activity was measured in thrombin-
stimulated and unstimulated cytosolic and membrane frac-
tions using all phospholipid substrates in the absence of Ca2+.
Incubation of rabbit ventricular myocytes with BEL concen-
trations greater than 2 µM for 30 min resulted in a significant
decrease in basal membrane-associated PLA2 activity mea-
sured using all phospholipid substrates (Fig. 4A). Thrombin-
stimulated PLA2 activity was significantly inhibited at BEL
concentrations greater than 5 µM and blocked completely by
BEL concentrations greater than 10 µM (Fig. 4A). Cytosolic
activity was also decreased significantly in BEL-pretreated
myocytes (data not shown). Pretreatment with methyl arachi-
donyl fluorophosphonate, an irreversible inhibitor of both
cPLA2 and iPLA2 (15) had no significant effect on basal or
thrombin-stimulated PLA2 activity in either the membrane
fraction (Fig. 4B) or the cytosol (data not shown) at concen-
trations up to 20 µM. Pretreatment of isolated myocytes with
the cPLA2 inhibitors, 10 µM mepacrine, or 50 µM dibucaine
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FIG. 2. The pH profile for PLA2 activity at increasing pH values in mem-
brane (A) and cytosolic (B) fractions from isolated cardiac myocytes
using (16:0,[3H]18:1) plasmenylcholine (●) and (16:0,[3H]18:1) phos-
phatidylcholine (■■). Values shown represent the mean ± SEM of inde-
pendent results derived from three separate animals. See Figure 1 for
abbreviation.

FIG. 3. Immunoblot analysis of calcium-independent PLA2 (iPLA2) in
adult rabbit ventricular myocytes. Total (cytosol + membrane) and cy-
tosolic protein (2–20 µg, A) and total and membrane protein (B) were
separated by SDS-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes. Membranes were probed with
iPLA2 antibody (1 in 2,000 dilution; Cayman Chemical, Ann Arbor, MI)
for 60 min and incubated with horseradish peroxidase-linked secondary
antibody (antirabbit, 1 in 5,000 dilution; Amersham, Arlington Heights,
IL) for 45 min. Immunoblots were detected with enhanced chemilumi-
nescence and exposure to film for 5 min. Specific iPLA2 protein in the
total and membrane protein migrated at approximately 80 kDa com-
pared with molecular weight markers. No iPLA2 was detectable in the
cytosolic protein at comparable amounts of protein. For abbreviation
see Figure 1.



for 30 min had no significant effect on cytosolic or mem-
brane-associated PLA2 activity measured using all substrates
under basal or thrombin-stimulated conditions (data not
shown). These results further support our hypothesis that
thrombin-stimulated, membrane-associated ventricular my-
ocytes PLA2 is an iPLA2 isoform that is selectively inhibited
by BEL.

Since previous studies of cytosolic iPLA2 purified from
whole myocardium indicate that the presence of ATP en-
hances activity, we measured ventricular myocyte PLA2 ac-
tivity in the presence and absence of 10 mM ATP. In contrast
to previous findings (9), we found that the presence of ATP
inhibits PLA2 activity in both the membrane (Fig. 5) and cy-
tosolic (data not shown) fractions isolated from rabbit my-

ocytes that were either unstimulated or thrombin-stimulated.
For example, by using (16:0,[3H]18:1) plasmenylcholine, the
presence of ATP reduced membrane-associated PLA2 activ-
ity in unstimulated and thrombin-stimulated cells by 80%
(Fig. 5; solid bars). To eliminate the possibility of ATP hy-
drolysis occurring during the PLA2 assay procedure, we used
nonhydrolyzable analogs of ATP in the assay buffer. The
ATP-induced decrease in membrane-associated PLA2 activ-
ity using (16:0,[3H]18:1) plasmenylcholine in the absence of
Ca2+ was also observed with the nonhydrolyzable analogs
adenosine 5′-O-(3-thiotriphosphate) and adenosine 5′-(β,γ-
methylene)triphosphate (Fig. 6). The addition of the nonhy-
drolyzable analogs of GTP, guanosine 5′-O-(3-thiotriphos-
phate) and guanyl-5′yl-imidodiphosphate, also reduced PLA2
activity, but not as much as with the ATP analogs (Fig. 6). 

Since stimulation of protease-activated receptors by
thrombin is accompanied by activation of PKC, additional ex-
periments were performed to determine whether ventricular
myocyte PLA2 activity is regulated by PKC. For these exper-
iments, we treated cells with 100 nM phorbol 12-myristate
13-acetate (PMA) for 5 min (to activate PKC) or 24 h (to
downregulate PKC). Incubation of myocytes with PMA for 5
min resulted in an approximate twofold increase in mem-
brane-associated PLA2 activity using all phospholipid sub-
strates (Fig. 7). In contrast, 24-h incubation with PMA almost
completely abolished PLA2 activity (Fig. 7). Thrombin stim-
ulation of ventricular myocytes following PMA pretreatment
for 5 min or 24 h did not significantly alter PLA2 activity from
that following PMA pretreatment alone (data not shown).
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FIG. 4. Influence of preincubation of isolated ventricular myocytes with
bromoenol lactone (BEL; 1 to 10 µM, 30 min, panel A), or methyl
arachidonyl fluorophosphonate (MAFP; 5 to 20 µM, 15 min, B) on
membrane-associated PLA2 activity under control (dotted lines) or
thrombin-stimulated (0.05 U/mL, 1 min, solid lines) conditions. Mea-
surement of PLA2 activity used (16:0,[3H]18:1) plasmenylcholine,
(16:0,[3H]18:1) phosphatidylcholine, and (16:0,[3H]18:1) alkylacyl
GPC substrates in the absence of Ca2+. Values are means ± SEM of in-
dependent results derived from six separate animals. *P < 0.05, **P <
0.01 compared to unstimulated values in the presence of the same con-
centration of inhibitor. Significant decreases in basal PLA2 activity were
observed in unstimulated cells at concentrations of BEL greater than 1
µM. See Figure 1 for other abbreviations.

FIG. 5. Effect of including 10 mM ATP in the assay buffer on membrane-
associated PLA2 activity in cardiac myocytes under control and throm-
bin-stimulated (0.05 U/mL, 1 min) conditions. PLA2 activity was
measured using (16:0,[3H]18:1) plasmenylcholine (filled bars),
(16:0,[3H]18:1) phosphatidylcholine (open bars), and alkylacyl GPC
(hatched bars) substrates in the absence of Ca2+. Values are means ±
SEM of independent results derived from four separate animals.
*P < 0.05 compared to control values. **P < 0.01 compared to control
values; ++P < 0.01 compared to activity in the absence of ATP between
unstimulated and thrombin-stimulated groups. See Figure 1 for abbrevi-
ations.



Thus, PLA2 activation in ventricular myocytes in response to
thrombin stimulation is regulated by PKC activity. PKC ac-
tivity also appears to play a role in the regulation of basal
membrane-associated ventricular myocyte iPLA2 since
down-regulation of PKC activity significantly reduced basal
iPLA2 activity (Fig. 7).

DISCUSSION

This study demonstrates that ventricular myocyte PLA2 dis-
plays a preference for phospholipid substrates with arachido-
nate esterified at the sn-2 position and does not exhibit a cat-
alytic requirement for Ca2+. The enzyme is thermolabile and
requires reduced sulfhydryl groups for activity. These charac-
teristics of PLA2 in isolated ventricular myocytes clearly dis-
tinguish this enzyme activity from that catalyzed by the low-
molecular weight secretory group I, II, and III PLA2 since the
low-molecular weight PLA2 require mM concentrations of
Ca2+ ion for maximal activity, are heat-stable, do not exhibit
a distinct preference for highly unsaturated fatty acyl residues
at the sn-2 position of phospholipid substrate molecules, and
are inactivated following exposure to reduced sulfhydryl
reagents (16–18).

The recently cloned 85 kDa cPLA2 effectively utilizes
ether-linked phospholipid substrates and displays a distinct
preference for those phospholipid substrate molecular species
containing esterified arachidonate (19,20). These features of
substrate selectivity are virtually identical to that exhibited
by ventricular myocyte PLA2. Ventricular myocyte PLA2 and

the cloned 85 kDa cPLA2 also do not require Ca2+ ion at the
active site in order to catalyze phospholipid hydrolysis; how-
ever, cPLA2 contains an amino terminal Ca2+-dependent lipid
binding domain that functions to mediate attachment of the
enzyme to aggregated phospholipid substrate interfaces
(19,20). This process greatly increases the dwell time for the
enzyme at the interface, resulting in markedly enhanced rates
of phospholipid hydrolysis in response to alterations in ion-
ized Ca2+ concentration in the physiologic (0.1–10 M) range.
Thus, the proposed mechanism for activation of cPLA2 is
Ca2+-dependent translocation of the enzyme from the cytosol-
ic fraction to the membrane interface mediated by the Ca2+-
dependent lipid binding domain. Cytosolic PLA2 activity is
also inhibited by methyl arachidonyl fluorophosphonate
(MAFP) (16). In contrast, ventricular myocyte PLA2 is maxi-
mally active at Ca2+ concentrations below 1 nM (i.e., nomi-
nally Ca2+-free media at 4 mM EGTA concentration) and is
not inhibited by MAFP; activity measured with ether-linked
phospholipid substrates is significantly attenuated when the
Ca2+ concentration is greater than 10−6 M. The differential re-
sponses to Ca2+ and MAFP and the membrane localization of
ventricular myocyte PLA2 illustrate substantial differences
between ventricular myocyte PLA2 and the 85 kDa cPLA2.
The membrane localization and differential Ca2+ responses of
the ventricular myocyte PLA2 also distinguish this enzyme
activity from the cloned 30 kDa dimeric cytosolic PLA2 iso-
lated from platelets which exhibits considerable sequence
similarity to the 14-3-3 family of signal transduction proteins
(21).

A cytostolic iPLA2 isoform was purified or cloned from
Chinese hamster ovary (CHO) cells and P388D1 macro-
phages. This iPLA2 protein has a molecular weight of 80–85
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FIG. 6. Effect of ATP, adenosine 5’-O-(3-thiotriphosphate) (ATPγS),
adenyl-5’-yl-imidodiphosphate (AMP-PNP), adenosine 5’-(β,γ-methyl-
ene) triphosphate (AMP-PCP), guanosine 5’-O-(3-thiotriphosphate)
(GTPγS), and guanyl-5’-yl-imidodiphosphate (GMP-PNP) inclusion in
the assay buffer on PLA2 activity in the membrane fraction isolated from
cardiac myocytes. PLA2 activity was measured using (16:0,[3H]18:1)
plasmenylcholine in the absence of Ca2+. Values are means ± SEM of
independent results derived from three separate animals. *P < 0.05, **P
< 0.01 compared to activity in the absence of any analog. +P < 0.05 for
comparisons between corresponding ATP and GTP analogs. See Figure
1 for other abbreviation.

FIG. 7. Influence of incubation of isolated ventricular myocytes with
phorbol 12-myristate 13-acetate (PMA) (100 nM) for 5 min or 24 h and
thrombin (0.05 U/mL, 1 min) on membrane-associated PLA2 activity.
Measurement of PLA2 activity used (16:0,[3H]18:1) plasmenylcholine
(filled bars), (16:0,[3H]18:1) phosphatidylcholine (open bars), and
(16:0,[3H]18:1) alkylacyl GPC (hatched bars) substrates in the absence
of Ca2+. Values are means ± SEM of independent results derived from
six separate animals. *P < 0.05, **P < 0.01 compared to control unstim-
ulated values. See Figure 1 for other abbreviations.



kDa. Immunoblot analysis using antiserum against this iPLA2
protein demonstrated that iPLA2 immunoreactivity could be
detected in the membrane fraction of rabbit ventricular my-
ocytes but was not detected in the cytosol. The membrane-as-
sociated form of iPLA2 in ventricular myocytes has a molecu-
lar mass of approximately 80 kDa, similar to that reported in
P388D1 macrophages and CHO cells. Thus, membrane-associ-
ated iPLA2 in isolated rabbit ventricular myocytes has suffi-
cient homology with the previously cloned iPLA2 from CHO
cells for the antibody to recognize it. However, the iPLA2 pre-
sent in isolated ventricular myocytes possesses several charac-
teristics that distinguish it from iPLA2 in CHO or P388D1 cells.
Previously described isoforms of iPLA2 were demonstrated to
be cytosolic enzymes (22,23), whereas the overwhelming
amount of iPLA2 in ventricular myocytes assessed by im-
munoblot or activity measurements is membrane-associated
and not removed from the membrane by sonication, removal
of Ca2+, or variations in salt concentration. In addition, we
demonstrated that iPLA2 in ventricular myocytes is the major
isoform responsible for arachidonic acid release and lysophos-
pholipid production in response to stimulation, whereas studies
in P388D1 cells indicate that iPLA2 plays a minor role in sig-
nal transduction (24). Further studies are necessary to deter-
mine whether ventricular myocyte and P388D1 macrophage
iPLA2 represent alternative splicing products or post-transla-
tional modifications of the same gene product with different lo-
calization and intracellular function in different cell types.

Previous studies of PLA2 activity prepared by homoge-
nization of whole myocardium demonstrated the presence of
both cytosolic and membrane-associated enzymes which also
exhibit maximal activities in the absence of Ca2+ (i.e., nomi-
nally Ca2+-free with mM concentrations of EGTA or EDTA)
and demonstrate a preference for arachidonylated ether-
linked phospholipid substrates, particularly plasmalogens
(1–4). Cytosolic iPLA2 and plasmalogen-selective PLA2 were
isolated from homogenates of dog, rabbit, and human my-
ocardium (1–4). These enzymes exhibit catalytic features that
are virtually identical to those described for ventricular my-
ocyte PLA2, but differ from the latter by the fact that these
enzymes are present in soluble form, whereas the majority of
ventricular myocyte PLA2 appears to be firmly anchored to
the membrane. In homogenates of whole myocardium, it was
demonstrated that ischemia results in the selective activation
of membrane-associated iPLA2 (1,4). The increase in iPLA2
activity during ischemia appears to be the result of the activa-
tion of a latent, membrane-associated enzyme and not the re-
sult of translocation of cPLA2 to the membrane as described
previously for cPLA2 (21,25,26). Thus, it is reasonable to
conclude that separate and distinct cytosolic and membrane-
associated forms of iPLA2 exist. 

Since during the course of isolation, ventricular myocytes
may undergo some degree of metabolic compromise, it is pos-
sible that the predominance of membrane-associated iPLA2
activity we describe in isolated ventricular myocytes may re-
flect, in part, the increase in membrane-associated iPLA2 ac-
tivity described previously during myocardial ischemia (1,4).

However, ischemia-induced increases in myocardial mem-
brane-associated iPLA2 are reversible upon reperfusion (1),
and our isolated myocytes are maintained in oxygenated
buffer and do not exhibit creatine kinase or lactate dehydro-
genase release, electrophysiologic abnormalities, or morpho-
logic changes suggestive of ischemic cell injury.

Several recent studies provided insight into the regulation
of purified cytosolic PLA2 from whole myocardium, suggest-
ing that multiple mechanisms may regulate PLA2 activity in
the myocardium. Coordination of anaerobic glycolysis and
phospholipolysis in myocardial ischemia appears to be regu-
lated by the highly specific association of a PFK isoform with
cytosolic iPLA2 (8). This association between PFK and
iPLA2 allows increased production of glycolytically derived
ATP during ischemia to result in allosteric alterations in the
conformation of PFK which lead to an increase in cytosolic
iPLA2 activity, and increased phospholipolysis perhaps even
under conditions of global ATP depletion. In addition, there
is evidence that depletion of Ca2+ from intracellular stores,
such as could occur during myocardial ischemia, may also ac-
tivate cytosolic iPLA2 by interactions between iPLA2,
calmodulin, and Ca2+ (10). Our studies demonstrating that
ATP and its nonhydrolyzable analogs inhibit membrane-asso-
ciated iPLA2 in both basal and thrombin-stimulated condi-
tions suggest that activation of membrane-associated ventric-
ular myocyte PLA2 could result from a decrease in global ATP
concentration during myocardial ischemia. This effect could
be additive and independent of the activation of cytosolic
iPLA2. In any case, our data demonstrating a distinct differ-
ence in pH optima for cytosolic and membrane-associated
iPLA2 and the differential ATP response of isolated ventricular
myocyte membrane-associated iPLA2 and purified cytosolic
iPLA2 from whole myocardium suggest that these enzyme ac-
tivities may be mediated by distinct catalytic entities.

Previous studies suggested that PLA2 activity is regulated
by PKC (27–29), however, this was not demonstrated previ-
ously in isolated cardiac myocytes. We demonstrated that ac-
tivation of PKC by brief exposure to PMA results in increased
ventricular myocyte PLA2 activity, whereas downregulation
of PKC by prolonged PMA exposure almost completely abol-
ishes PLA2 . Recently, it was suggested that BEL may de-
crease arachidonic acid release by inhibiting phosphatidic
acid phosphohydrolase (PAP) which would inhibit the pro-
duction of DAG from phosphatidic acid (30). Since DAG ac-
tivates PKC, and since we have demonstrated that PLA2 ac-
tivity is regulated by PKC, it is possible that attenuation of
PLA2 activity by BEL may be mediated through this alterna-
tive pathway. However, we were able to demonstrate inhibi-
tion of PLA2 activity in ventricular myocytes with BEL con-
centrations as low as 2 µM. Complete inhibition of PAP with
BEL was not observed with concentrations as high as 50 µM;
thus, we believe that the dramatic inhibition of PLA2 activity
observed using BEL in this study is a result of direct inhibi-
tion of PLA2, although we cannot rule out the possibility of
the involvement of an alternative inhibitory pathway operat-
ing through inhibition of PAP by BEL.
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In conclusion, we demonstrated the presence of PLA2 ac-
tivity in isolated mammalian ventricular myocytes, the ma-
jority of which is membrane-associated, Ca2+- independent
with maximal activity measured with phospholipid substrates
with an ether linkage at the sn-1 position and arachidonic acid
at the sn-2 position. Important differences between this en-
zyme(s) and PLA2 enzymes reported previously suggest that
this is a novel PLA2 enzyme that has not been characterized
to date.
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ABSTRACT: Fatty acid α-hydroxylase, a cytochrome P450 en-
zyme, from Sphingomonas paucimobilis, utilizes various
straight-chain fatty acids as substrates. We investigated whether
a recombinant fatty acid α-hydroxylase is able to metabolize
phytanic acid, a methyl-branched fatty acid. When phytanic
acid was incubated with the recombinant enzyme in the pres-
ence of H2O2, a reaction product was detected by gas chroma-
tography, whereas a reaction product was not detected in the
absence of H2O2. When a heat-inactivated enzyme was used, a
reaction product was not detected with any concentration of
H2O2. Analysis of the methylated product by gas chromatogra-
phy–mass spectrometry revealed a fragmentation pattern of 2-
hydroxyphytanic acid methyl ester. By single-ion monitoring,
the mass ion and the characteristic fragmentation ions of 2-hy-
droxyphytanic acid methyl ester were detected at the retention
time corresponding to the time of the product observed on the
gas chromatogram. The Km value for phytanic acid was approx-
imately 50 µM, which was similar to that for myristic acid, al-
though the calculated Vmax for phytanic acid was about 15-fold
lower than that for myristic acid. These results indicate that a
bacterial cytochrome P450 is able to oxidize phytanic acid to
form 2-hydroxyphytanic acid.
Lipids 33, 1213–1216 (1998).

Fatty acid α-hydroxylase (FAAH) activity has been found in
various organisms, but this enzyme has not been fully charac-
terized. We have studied FAAH isolated from Sphingomonas
paucimobilis since this organism contains a large amount of
2-hydroxymyristic acid, a product of α-hydroxylation (1).
FAAH purified from S. paucimobilis oxidized straight-chain
saturated and unsaturated fatty acids in the presence of H2O2,
with the oxygen atom from H2O2 being incorporated into the
fatty acid to form the corresponding 2-hydroxy fatty acid
(2,3). Recently, we have cloned the FAAH gene (4). Sequence
analysis of the FAAH gene and spectral analysis of recombi-
nant FAAH revealed that FAAH from S. paucimobilis is a
novel member of the cytochrome P450 (P450) superfamily.
This recombinant form of FAAH avidly α-hydroxylated
myristic acid. Bacterial FAAH, a P450 enzyme, is a soluble

enzyme similar to other bacterial P450s, but belongs to the
E-class (5) like P450BM-3. FAAH is saturated with very small
amounts of H2O2 (approximately 60 µM), but not other hy-
droperoxides, to catalyze α-hydroxylation of fatty acids. In
this regard, bacterial FAAH is a unique P450 enzyme. 

In general, P450s catalyze hydroxylation of a variety of
endogenous substances (e.g., fatty acids and steroids) and
xenobiotics (e.g., drugs and environmental pollutants).
Among bacterial P450s, P450BM-3, isolated from Bacillus
megaterium, is also involved in the metabolism of nonesteri-
fied fatty acids (6). Unlike FAAH, P450BM-3 catalyzes ω-n
(n = 1–3) hydroxylation of saturated and monounsaturated
fatty acids. Recently, English et al. (7) demonstrated that phy-
tanic acid (3,7,11,15-tetramethyl-hexadecanoic acid) derived
from the phytyl chain of chlorophyll was a good substrate for
P450BM-3, as were straight-chain fatty acids. 

On the other hand, in mammals, phytanic acid initially un-
dergoes α-oxidation, by which the carboxyl carbon is removed,
and then is degraded via β-oxidation (8). Refsum disease in hu-
mans is caused by a deficiency in phytanic acid α-hydroxyla-
tion, the rate-limiting step in the α-oxidation pathway (9).

These observations led us to investigate whether bacterial
FAAH can utilize phytanic acid as a substrate. We wished to
clarify the involvement of FAAH in phytanic acid α-oxida-
tion of this bacterium and to compare bacterial FAAH to
mammalian FAAH. The present study was undertaken to de-
fine the metabolism of phytanic acid by the use of the bacter-
ial recombinant FAAH.

MATERIALS AND METHODS

Materials. Phytanic acid was purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Hydrogen peroxide was purchased
from Wako Pure Chemicals (Osaka, Japan). The expression
plasmid pGEX-4T-3 was purchased from Amersham Pharma-
cia Biotech (Tokyo, Japan). Diazomethane was synthesized
from N-nitroso-N-methylurea (Sigma Chemical Co., St.
Louis, MO). Other reagents were purchased from Wako Pure
Chemicals (Osaka, Japan).

Preparation of recombinant FAAH and assay of FAAH ac-
tivity. AgeI and EcoR52I sites were found 7 bp upstream from
the translation initiation codon and 294 bp downstream of the
termination codon of the FAAH gene, respectively. A blunt-
ended AgeI-EcoR52I fragment including the FAAH gene was
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ligated into blunt-ended EcoRI-NcoI-cleaved pGEX-4T-3
(Fig. 1). Expression and purification of the recombinant
FAAH were performed as previously described (4). FAAH
was purified to homogeneity on sodium dodecylsulfate-poly-
acrylamide gel. Specific content of the purified FAAH was
10.2 nmol/mg protein. In this procedure, the purified enzyme
protein contained the entire FAAH enzyme with an additional
five amino acids at its N-terminus. The standard reaction mix-
ture contained 0.1 M Tris-HCl (pH 8.0), 0.2 mM H2O2, 20
nmol of phytanic acid dissolved in 1 µL of ethanol, and 0.2
µg of the purified recombinant FAAH in a total volume of 0.2
mL. The reaction was performed at 37°C and terminated by
the addition of 20 µL of 2 N HCl. Phytanic acid and the reac-
tion product were extracted with ethyl acetate, and the ethyl
acetate layer was collected. After washing with distilled
water, the ethyl acetate layer was evaporated under vacuum.
The resultant residue was then treated with diazomethane.
Quantitation of phytanic acid and the reaction product was
determined by gas chromatography (GC).

Identification of the reaction product by gas chromatogra-
phy–mass spectrometry (GC–MS). GC–MS was performed
on the 5971A mass spectrometer (Hewlett-Packard, Palo
Alto, CA) with a 5890 series II gas chromatograph (Hewlett-
Packard) using a DB-5MS capillary column (30 m × 0.25
mm, film thickness 0.1 mm, J&W Scientific, Folsom, CA).
For GC, samples (1 µL) were introduced onto the column. In-
jector temperature was 280°C. A GC oven temperature pro-
gram was then applied: an initial temperature of 80°C was
held for 1 min, and then the temperature was raised to 280°C
in 8°C/min increments and held at 280°C for 4 min. Helium
was used as the carrier gas at a flow rate of 1 mL/min. The
GC–MS interface temperature was 280°C. Electron-impact
MS was performed with an ion source temperature of 280°C,
emission current of 0.3 mA, and electron energy of 70 eV.

RESULTS AND DISCUSSION

When phytanic acid was incubated as a substrate with recom-
binant FAAH in the presence of H2O2, a reaction product was
detected by GC at a retention time of 19.7 min (Fig. 2). To
determine whether this reaction product was formed enzymat-
ically, we investigated the effects of incubation period, the
amount of H2O2 added to the reaction mixture, and the effects
of heat treatment of FAAH on the amount of product formed.
In the presence of H2O2, the amount of product increased in a
time-dependent manner and reached a plateau at 20 min,
whereas in the absence of H2O2, a product was not detected
with any incubation time (Fig. 3A). When the FAAH enzyme
was incubated with the substrate, the amount of product in-
creased as the concentration of H2O2 in the reaction mixture
increased and approached a plateau at a concentration of 0.2
mM (Fig. 3B). Conversely, when heat-treated enzyme was
used, no product was formed with any concentration of H2O2.
These results indicated that formation of the product was due
to an enzymatic reaction of the recombinant FAAH.

To identify the reaction product, analysis by GC–MS was
performed. The mass spectrum of the methylated product dis-
played a pattern identical to that of 2-hydroxyphytanic acid
methyl ester (Fig. 4), which has been previously reported
(10). The molecular ion is m/z 342. The characteristic frag-
ment ion of 2-hydroxy fatty acid, m/z 283, has lost the car-
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FIG. 1. Schematic representation of the expression plasmid including
the full-length fatty acid α-hydroxylase (FAAH) gene.

FIG. 2. Gas chromatograms of phytanic acid methyl ester and the
methylated product at time 0 (A) and after a 10 min incubation with
FAAH (B). The asterisks and arrows show phytanic acid methyl ester
and the methylated product, respectively. For abbreviation see Figure 1.



boxylmethyl group of m/z 342. Cleavage of the C2-C3 bond
and the McLafferty rearrangement yield m/z 90. The frag-
ments m/z 117 and 159 are formed by cleavages between C3
and C4 and between C6 and C7, respectively. These ions (m/z
342, 283, 159, 117, 90) were observed at a retention time of
19.7 min (Fig. 5). Only negligible amounts of these ions were
detected at other retention times. Therefore, we concluded
that the reaction product was 2-hydroxyphytanic acid. 

We compared Km and Vmax for phytanic acid to those for
myristic acid. As shown in Figure 6, the Km value for phy-
tanic acid (50 µM) was similar to that for myristic acid (43
µM). However, the calculated Vmax for myristic acid (44
µmol/min/mg protein) was about 15-fold higher than that for
phytanic acid (2.9 µmol/min/mg protein). 

In S. paucimobilis, 2-hydroxymyristic acid, a product of
α-hydroxylation of myristic acid, was found as a component
of sphingoglycolipids which are characteristic of this bac-
terium (1). The majority of the fatty acid of sphingolipid in
this bacterium is 2-hydroxymyristic acid. Therefore, FAAH
was speculated to be normally involved in sphingolipid me-
tabolism where myristic acid is α-hydroxylated and incorpo-
rated into ceramide. Interestingly, phytanic acid was also α-
hydroxylated by this bacterial FAAH. The bacterial FAAH
metabolized phytanic acid at a slower rate than myristic acid,
although the metabolic rate of phytanic acid by FAAH was
still comparable to those of straight-chain fatty acids by mam-
malian ω-hydroxylase of CYP4A subfamily (11). However,
judging from Km values for these fatty acids, the affinity of

phytanic acid for FAAH is almost the same as that of myristic
acid, suggesting significant involvement of FAAH in catabo-
lism of phytanic acid in this bacterium. Furthermore, S. pauci-
mobilis is a soil bacterium, and thus it is possible that it will
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FIG. 3. Changes in the amount of product formed as a result of (A) vary-
ing the incubation period in the presence (●) and absence (●●) of H2O2
and (B) varying the amount of H2O2 used with heat-treated (■■) and non-
treated enzyme (■). Heat treatment 100°C for 10 min.

FIG. 4. Mass spectrum of the methylated product, having m/z of 342 for
the mass ion (M).

FIG. 5. Single-ion monitoring of mass ion (m/z 342) and fragmentation
ions (m/z 283, 159, 117, and 90) of the methylated product.

FIG. 6. Lineweaver-Burk plot of FAAH with phytanic acid (●●) and
myristic acid (●) as substrates. Incubation period was 5 min. For abbre-
viation see Figure 1.



be exposed to phytanic acid as a breakdown product of plant
matter. Therefore, a metabolic pathway for phytanic acid
would be useful for this bacterium. However, the exact sig-
nificance of phytanic acid oxidation to 2-hydroxyphytanic
acid by bacterial FAAH remains to be elucidated. 

English et al. (7) demonstrated that phytanic acid is hy-
droxylated by P450BM-3 to form (ω-1)-hydroxyphytanic acid.
They also reported that phytanic acid and (ω-1)-hydroxyphy-
tanic acid as xenobiotic compounds regulated transcription of
the P450BM-3 gene. We have not yet investigated the occur-
rence of regulation of FAAH gene expression by such fatty
acids. FAAH significantly metabolized phytanic acid as a sub-
strate. Thus, we are now interested in studying the regulation
of the FAAH gene by phytanic acid. 

In mammals, the α-oxidation pathway is indispensable in
catabolizing 3-methyl-branched fatty acids, including phy-
tanic acid, because the 3-methyl branch of phytanic acid pre-
vents its degradation via the β-oxidation pathway. Refsum
disease is an inherited human disorder caused by a deficiency
of phytanic acid α-hydroxylation (9). Recently, Mihalik et al.
(12) and Jansen et al. (13) identified the gene responsible for
Refsum disease. They reported that this gene encoded phy-
tanoyl-CoA α-hydroxylase, which is a 2-oxoglutarate-depen-
dent dioxygenase. Bacterial FAAH does not metabolize acyl-
CoA (2). Therefore, bacterial FAAH can apparently be distin-
guished from mammalian phytanoyl-CoA α-hydroxylase,
due to differing properties of these enzymes such as substrate
specificity. Thus, in bacteria, other catabolic pathways of phy-
tanic acid may also exist to metabolize this exogenous fatty
acid. 
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ABSTRACT: In vivo radiotracer experiments using [1-14C]ac-
etate as the precursor were conducted to investigate the biosyn-
thesis of vernolic acid (12, 13-epoxy-cis-9-octadecenoic acid)
in the seeds of Vernonia galamensis. The acetate precursor ra-
dioactively labeled vernolate in phosphatidylcholine (PC), dia-
cylglycerol, and triacylglycerol. Time-course kinetics of the in-
corporation of the radioactive tracer indicated that vernolate is
synthesized while the acyl moiety is esterified to PC. Pulse-
chase experiments provided additional supporting evidence that
vernolate is synthesized while esterified to PC. These results are
consistent with the hypothesis that linoleoyl PC is the precursor
of vernoleoyl-PC. Subsequently, vernolate is quickly moved
from the PC pool to the triacylglycerol pool, where it accumu-
lates.
Lipids 33, 1217–1221 (1998).

Epoxidized oils such as epoxidized soybean and palm oils are
widely used as plasticizers and stabilizers for plastics (1,2).
The epoxy fatty acids can increase the flexibility and stability
of plastics, particularly polyvinyl chloride. Currently, epoxi-
dized oils are produced by the treatment of unsaturated oils
with peracetic acid to introduce epoxy rings into the unsatu-
rated positions of the fatty acids. Epoxidation of vegetable 
or animal oils and fats is a relatively expensive chemical
process. Plant seed oils that contain vernolic (12,13-epoxy-
cis-9-octadecenoic) acid, a natural epoxy fatty acid, could be
substituted for chemically epoxidized oils. Only a few plants
contain large percentages of vernolate in their seed triacyl-
glycerol (TAG), and none of them are cultivated presently in
the United States (1–4). Vernonia galamensis, whose seed
contains 40% lipid of which 80% is vernolate, was success-
fully cultivated in Africa (3,5), but little has been done to im-
prove the plant’s agronomic properties. 

Research on the epoxidation of fatty acids is receiving in-
creasing attention (6–9). Bafor et al. (7) studied the forma-
tion of vernolate in the microsomes of Euphorbia lagasca,

and they postulated that linoleoyl PC was the substrate for
epoxidation, and the resulting vernoleoyl PC was hydrolyzed
to give free vernolic acid, which was incorporated into TAG
after activation as a CoA ester. More recently, the enzyme cat-
alyzing the epoxidation of linoleate was identified from
Crepis palaestina (9). We describe herein in vivo radiotracer
studies of the biosynthesis of vernolic acid in the developing
seeds of V. galamensis, using [1-14C]acetate as the precursor.

MATERIALS AND METHODS

Materials. Vernonia galamensis was grown from seeds in a
greenhouse under 14-h artificially supplemented illumination,
at a temperature ranging between 22 and 25°C. To promote
flowering, 90-d-old plants were grown for a period of 30 d in
the same conditions, except illumination was 10 h per day.
Under these conditions, seeds matured in about 35 d after
flowering (DAF). Developing seeds rapidly accumulate lipids
between 21 and 28 DAF and then start to desiccate. In our
studies, seeds were collected between 21 and 28 DAF and ex-
pelled from their seedcoats. The decoated seeds were kept in
ice-cold phosphate buffer (0.1 M, pH 7.2) and used immedi-
ately. Sodium [1-14C]acetate (55 Ci/mol) solution was pur-
chased from ICN (Irvine, CA). Chemicals and biochemicals
were obtained from Sigma (St. Louis, MO) and Fisher Chem-
icals (Pittsburgh, PA).

In vivo radioisotopic labeling. In time-course experi-
ments, approximately 6 g of decoated seeds were placed in 2
mL of 0.1 M phosphate buffer, pH 7.2, containing 10 µCi of
sodium [1-14C]acetate (55 Ci/mol) and incubated at room
temperature (about 25°C) while shaking at 100 rpm. At vari-
ous times after the start of the incubation, 15 seeds (about 1 g)
were removed and washed three times with 1 mL of ice-cold
water. The seeds were placed in 1 mL of water, heated for 15
min in a boiling-water bath to inactivate phospholipases, and
stored at −30°C until the lipid was extracted.

For the pulse-chase experiments, about 7 g of decoated
seeds were incubated as above in the presence of 20 µCi of
[1-14C]acetate (55 Ci/mol) for 1 h. After this pulse of label,
the buffer containing the radioisotope was removed, and 15
seeds (about 1 g) were washed and heated in water as previ-
ously described. The remaining seeds were washed three
times with 5 mL of phosphate buffer containing nonradioac-
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tive 10 mM sodium acetate. Incubation was continued as be-
fore in fresh phosphate buffer in the absence of the radioiso-
tope. At various times after the start of the chase incubation,
samples of 15 seeds were removed, processed, and stored as
previously described.

All in vivo radioactive labeling experiments were con-
ducted three times, and very similar results were obtained
each time. In each type of experiment, the data from one typ-
ical experiment were presented.

Lipid extraction. The seeds were homogenized with 1 mL
of methanol in a 7-mL Broeck Tissue Grinder (Fisher Chemi-
cals). The homogenates were centrifuged, the supernatant was
removed and retained, and the residual solids were extracted
twice with 2 mL of chloroform/methanol (2:1, vol/vol) and
once with 2 mL of chloroform. All four extracts were com-
bined, 0.9 mL of water was added, and the chloroform layer
containing the lipids was recovered and concentrated by
evaporation under reduced pressure at ambient temperature.
The recovered lipids were dissolved in 1 mL of chloro-
form/methanol (2:1) and stored under nitrogen at −30°C.

Lipid separations and analyses. Lipid classes were frac-
tionated by thin-layer chromatography (TLC) on silica gel H
plates (200 × 200 × 0.5 mm) impregnated with 0.8 mM
sodium carbonate (10). All lipids were identified by compar-
ing their migration to authentic lipid standards. Polar lipids
were fractionated with the solvent chloroform/methanol/
acetic acid-water (25:15:8:4, by vol). Neutral lipids were frac-
tionated with hexane/diethyl ether/acetic acid (60:40:1, by
vol). These fractionations were undertaken either on separate
plates or by double development. In the latter, the polar lipids
were first fractionated by developing the plate half way to the
top; the solvent was evaporated under a stream of nitrogen or
carbon dioxide, and the neutral lipids, which were in the sol-
vent front, were separated by developing the plate all the way
to the top with the second solvent. After chromatography, the
developing solvents were removed under a stream of nitro-
gen or carbon dioxide, and the neutral lipid bands were lo-
cated by exposing the vertical edges of the plates to iodine
vapor.

For fatty acid analysis, the portion of the silica gel contain-
ing each lipid that had not been exposed to iodine was scraped
from the TLC plates, and the fatty acids were directly con-
verted to methyl esters without removal of the lipids from the
silica gel (11). To accomplish this, the silica was treated with
0.5 mL of 1 M sodium methoxide in methanol and 1 mL of
diethyl ether and incubated with shaking at 30–40°C for 1 h.
Next, 20 µL of glacial acetic acid and 1 mL of water were
added, and the fatty acyl methyl esters were recovered by ex-
traction with diethyl ether. The ether was evaporated under a
stream of nitrogen or carbon dioxide and the residue was dis-
solved in 0.1–0.3 mL of methanol. The methyl esters were an-
alyzed immediately after derivatization on a Beckman Sys-
tem Gold HPLC fitted with a 4 mm × 25 cm Supelco C-18
column (State College, PA), using 5% water in methanol as
the mobile phase. The eluate of fatty acyl methyl esters was
detected by their absorbance at 202 nm with an in-line ultra-

violet detector (Beckman Model 166). Radioactivity was de-
tected with an in-line radioactivity detector (Beckman Model
171) equipped with a 1-mL cell, using Ready Flow III (Beck-
man) as the scintillation cocktail. The methyl ester peaks were
identified by comparing their retention times with those of
standards.

The fatty acid compositions of lipids from developing and
mature seeds were analyzed as methyl esters by GC (Model
5890; Hewlett-Packard, Wilmington, DE) fitted with a flame-
ionization detector and a 15-m × 0.244 mm DB-23 capillary
column (J&W, Deerfield, IL) operated at 200°C with a helium
flow of 1 mL/min. Peaks were identified by comparing reten-
tion times with those of standards.

Determination of radioactivity. An aliquot of lipid sample
was mixed with 4 mL of ScintiVerse BD (Fisher Scientific) in
4-mL polypropylene vials, and radioactivity was detected on
a scintillation analyzer (Model 2200CA; Packard Instru-
ments, Downers Grove, IL). Lipid bands on TLC plates were
revealed with iodine vapor, the lipid-containing silica was
scraped into vials, and radioactivity was determined as de-
scribed.

RESULTS AND DISCUSSION

Lipid accumulation during seed development. In the green-
house conditions used in these experiments, V. galamensis
seeds matured by 35 DAF. During this period, the lipid con-
tent of the seeds increased gradually to reach 5% by 21 DAF,
and then more rapidly to reach 28% at 28 DAF. The seeds
subsequently desiccated and had a lipid content of 34% at 35
DAF (Fig. 1). Thus, in the experiments described below,
seeds between 21 and 28 DAF were used because this is the
period when lipids rapidly accumulate.

Vernolic acid was found mainly in the neutral lipids, TAG
and diacylglycerol (DAG), where it accounts for 61.9 and
54.6% of the total fatty acids, respectively (Table 1).
Linoleate was the second most prevalent acyl component in
TAG and DAG. In polar lipids, linoleate was the major fatty
acid (data not shown). Of the three phospholipids examined,
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FIG. 1. Lipid accumulation in developing seeds of Vernonia galamen-
sis. Average of two determinations. DAF, days after flowering.



phosphatidylethanolamine (PE), phosphatidylinositol (PI)
and phosphatidylcholine (PC), only the latter contained de-
tectable amounts of vernolic acid (5.3%). 

In vivo labeling of seed lipids with [1-14C]acetate. As
shown in Figure 2A, [1-14C]acetate was rapidly incorporated
into lipids in the first 4 h of incubation, but in the subsequent
4 h little increase of radioactivity occurred either in total or
individual lipids. PC was the most heavily radioactively la-
beled lipid throughout the incubation time. Initially DAG was
more heavily radioactively labeled than TAG; however, after
2 h the radioactivity in DAG reached a plateau and by 4 h the
radioactivity in TAG exceeded that in DAG. The only other
lipids that incorporated radioactivity to any significant extent
were PE and PI, which accounted for only 3 to 6% of the total
radioactivity each and are not shown in the figures. No ver-
nolate was detected in these lipids.

The distribution of radioactivity in each acyl group of the
various lipids was determined by transesterification of each
isolated lipid to form the methyl acyl esters, which were ana-
lyzed by radio-high-performance liquid chromatography. In
the three lipids that were examined in detail (PC, DAG, and
TAG), the oleoyl moieties were the most heavily labeled fatty
acid in the initial stages of the incubation (Fig. 2B–D). With
increasing time, the proportion of label in the oleoyl moieties
declined as the proportion of label increased in the linoleoyl
and vernoleoyl moieties of the three lipids. Vernolate first be-
came radioactively labeled on PC (Fig. 2B and E). With in-
creasing incubation time, radioactive label was incorporated
into the vernoleoyl moieties of DAG and TAG. In all these
lipids, saturated fatty acids (16:0 and 18:0, not shown in the
figure) were the least labeled (~1%), and the percentage of
label did not change with the incubation time. 

The results of these experiments are consistent with the
hypothesis that vernolate is initially synthesized while it is
esterified to PC. Subsequently, the acyl moiety rapidly asso-
ciated with the neutral lipids, DAG and TAG, TAG being the
preferred lipid. It was not possible from these experiments to
directly ascertain the immediate acyl precursor of vernolate. 

In vivo pulse-chase labeling of seed lipids with [1-14C]ac-
etate. To further investigate the biosynthesis of vernolic acid,
decoated developing V. galamensis seeds were exposed to
[1-14C]acetate, and after 1 h, the radioactive acetate was re-
placed with nonradioactive acetate, and the incubation was
continued for an additional 8 h. Figure 3A shows the total in-
corporation of radioactivity into the lipids of the seeds at var-
ious times after the label was removed. The total amount of
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TABLE 1
The Fatty Acid Compositions (wt%) of the Various Lipid Fractions 
in Developing Seeds 21 DAFa

Lipids 16:0 18:0 18:1 18:2 Vernolic

TAG 6.4 3.0 5.3 23.4 61.9
DAG 9.3 3.9 10.5 21.6 54.6
PC 15.5 5.9 13.7 59.4 5.3
aAverage of two determinations. TAG, triacylglycerol; DAG, diacylglycerol;
PC, phosphatidylcholine; DAF, days after flowering.

FIG. 2. Incorporation of radioactivity from [1-14C]acetate into lipids and
fatty acids of developing Vernonia galamensis seeds. Developing seeds
were incubated in the presence of [1-14C]acetate. (A) At the indicated
times, the amount of radioactivity incorporated into total lipids (x),
phosphatidylcholine (PC) (▲▲), diacylglycerol (DAG) (▲), and triacyl-
glycerol (TAG) (◆◆) was determined. The proportion of radioactivity in
the oleoyl (◆), linoleoyl (■), and vernoleoyl (●) moieties of PC (B), DAG
(C), and TAG (D) were determined. (E) Magnified view of the data in
panels B, C, D to illustrate the proportion of radioactivity associated
with the vernolate moiety of PC (▲▲), DAG (▲), and TAG (◆◆). Vernolate
is initially labeled on PC. Each data point is an average of two determi-
nations.



radioactivity recovered in lipids was relatively constant dur-
ing the chase phase of the experiment. PC was the most heav-
ily labeled lipid at the end of the pulse phase and subse-
quently declined steadily during the chase phase of the exper-
iment. Concomitant with the disappearance of radioactivity
from PC, radioactivity associated with TAG increased, but ra-
dioactivity associated with DAG remained relatively stable.
By the end of the chase, TAG was the most heavily labeled
lipid. PE and PI contained a constant, low level (less than 5%)
of radioactivity over the chase phase of the experiment (data
not shown), and these lipids were not characterized further.

Figure 3B–D illustrates the distribution of radioactivity in
oleate, linoleate, and vernolate, respectively, associated with
PC, DAG, and TAG during the chase phase of the experiment.
Palmitate was the only other acyl group labeled, but it con-
tained only a small amount of radioactivity (data not shown).
As expected from the experiment described in Figure 2, at the
end of the pulse phase of the experiment, oleate esterified on
PC and DAG was the most heavily labeled acyl moiety (Fig.
3B). During the chase, radioactivity in the oleoyl moiety of
PC and DAG declined (Fig. 3B and C). This decline was as-
sociated with an increase in radioactivity in linoleate and ver-
nolate (Fig. 3B and C). The most dramatic increases in ra-
dioactivity associated with these acyl moieties occurred in the
TAG fraction. At the start of the chase phase of the experi-
ment, the greatest amount of radioactivity associated with
vernolate was associated with that esterified to PC (Fig. 3D).
As the chase progressed, radioactivity in the vernoleoyl moi-
ety of PC transiently increased, reached a peak at 1 h into the
chase, and subsequently declined. This contrasts with the ra-
dioactivity associated with vernoleoyl-DAG, which although
also at a low level reached a plateau at about 2 h into the
chase. As with the previous experiments, these results indi-
cate that vernolate is first synthesized while it is esterified to
PC, and subsequently it rapidly becomes associated with the
neutral lipids, particularly TAG. 

In conclusion, epoxy fatty acids are found in a number of
plant families (1–4,12,13), but only in Compositae and Eur-
phorbiaceae are high concentrations found. The reactive
epoxide ring of these acids makes them ideal for use as stabi-
lizers in vinyl plastics. Seeds of V. galamensis accumulate a
large quantity of vernolic acid, most of which is esterified to
TAG. Developing V. galamensis seeds accumulate seed lipids
at maximal rates between 20 and 28 DAF. Such seeds proved
highly amenable to radiotracer studies designed to elucidate
the biosynthesis of this unusual fatty acid. The decoated seeds
readily took up exogenously provided [1-14C]acetate and in-
corporated into lipids, including vernolate. 

The data gathered from in vivo radiotracer incubations and
pulse-chase experiments are consistent with the hypothesis
that vernolate is synthesized while it is esterified to PC. This
conclusion is based on the observation that in developing V.
galamensis seeds radioactivity from 14C-acetate is first incor-
porated into vernolate while this acyl moiety is esterified to
PC. In the pulse-chase experiments, the appearance of ra-
dioactive vernoleoyl-PC preceded the appearance of radioac-
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FIG. 3. Pulse-chase analysis of the incorporation of radioactivity from
[1-14C]-acetate into lipids and fatty acids of developing Vernonia gala-
mensis seeds. Developing seeds were incubated in the presence of [1-
14C]-acetate for 1 h, after which, seeds were incubated for the indicated
times in the presence of nonradioactive acetate. (A) The amount of ra-
dioactivity incorporated into total lipids (x), PC (▲▲), DAG (▲), and TAG
(◆◆). The amount of radioactivity in the oleoyl (B), linoleoyl (C), and ver-
noleoyl (D) moieties of PC (▲▲), DAG (▲), and TAG (◆◆). Each data point
is an average of two determinations. See Figure 2 for abbreviations.



tive vernoleoyl-TAG. However, these in vivo experiments did
not clearly identify the acyl precursor of vernolate. Neverthe-
less our results are consistent with previous in vitro experi-
ments with isolated microsomes from developing seeds of
Euphorbia lagascae, which indicate that vernolate is synthe-
sized by the epoxidation of linoleate while it is esterified to
PC (6,7). 
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ABSTRACT: Curcumin (diferuloyl methane) from rhizomes of
Curcuma longa L. binds to phosphatidylcholine (PC) micelles.
The binding of curcumin with PC micelles was followed by flu-
orescence measurements. Curcumin emits at 490 nm with an
excitation wavelength of 451 nm after binding to PC-mixed mi-
celles stabilized with deoxycholate. Curcumin in aqueous solu-
tion does not inhibit dioxygenation of fatty acids by Lipoxygen-
ase 1 (LOX1). But, when bound to PC micelles, it inhibits the
oxidation of fatty acids. The present study has shown that 8.6
µM of curcumin bound to the PC micelles is required for 50%
inhibition of linoleic acid peroxidation. Lineweaver-Burk plot
analysis has indicated that curcumin is a competitive inhibitor
of LOX1 with Ki of 1.7 µM for linoleic and 4.3 µM for arachi-
donic acids, respectively. Based on spectroscopic measure-
ments, we conclude that the inhibition of LOX1 activity by cur-
cumin can be due to binding to active center iron and curcumin
after binding to the PC micelles acts as an inhibitor of LOX1.
Lipids 33, 1223–1228 (1998).

Some natural phenolic antioxidants have potential preventive
activity in the initial stages of antioxidant-related diseases (1).
Recently, curcumin, the major constituent of the spice
turmeric, has received much attention because of both its an-
tioxidant and antiinflammatory activities (2–4). It has been
shown to be highly effective in inhibiting the stimulation of
HIV type 1 virus (5). It inhibits neutrophil activation, mixed
lymphocyte reaction, and proliferation of smooth muscle
cells, and suppresses nitrogen-induced proliferation of blood
mononuclear cells (6). Further, it is a potent scavenger of re-
active oxygen species (7), protects hemoglobin from nitrate-
induced oxidation, and inhibits lipid peroxidation (8,9).
Huang et al. (10) reported that the antitumor-promotion ac-
tivity of curcumin in mouse epidermis is linked with the sup-
pression of arachidonic acid metabolism. This metabolic
pathway is one of the lipid peroxidation events in living or-
ganisms catalyzed by lipoxygenases. 

Arachidonic acid lipoxygenases are involved in the
biosynthesis of various bioregulators that are closely related
to the pathogenesis of some diseases, such as allergy, athero-
sclerosis, and cancer (11). Lipoxygenase catalyzes the initial
step in the production of leukotrienes and lipoxins, which me-

diate allergic and inflammatory responses (12). Since the dis-
covery of the role of lipoxgenases in the biosynthesis of ef-
fectors critical in animal and plant physiology, extensive re-
search has been carried out to study their effective inhibitory
activities. Most studies have used soybean lipoxygenase
(LOX1), whose three-dimensional structure and catalytic
mechanism have been characterized in detail (13,14). Earlier
reports showed that curcumin is a potent inhibitor for nonen-
zymatic lipid peroxidation (15,16). 

The results presented in this paper suggest that curcumin
inhibits LOX1-catalyzed oxidation of linoleic and arachi-
donic acids and demonstrate that this natural antioxidant in-
hibits the enzyme by binding to the active center iron. The in-
hibitory activity of curcumin is potentiated in the presence of
hydrophobic environment, which can be provided by phos-
phatidylcholine (PC) micelles. 

MATERIALS AND METHODS

Materials. Soybean LOX1 was isolated according to the
method of Axelrod et al. (17) with some modifications as de-
scribed earlier (18). The specific activity was 200–240
µmoles/min/mg of protein. Linoleic and arachidonic acids
were from Nu-Chek-Prep (Elysian, MN). Egg PC, curcumin,
and sodium deoxycholate (DOC) were purchased from Sigma
(St. Louis, MO). Stock solutions of fatty acids were prepared
with a concentration of 10 mM in 10% ethyl alcohol contain-
ing 50 mM borate buffer pH 9.0

Preparation of the mixed micelles. Mixed micelles were
prepared using the mixture of PC and DOC. After solubiliz-
ing the PC and DOC in chloroform/methanol (2:1) mixture,
the solvent was evaporated by flash evaporator and dried in
the presence of nitrogen gas. The resulting thin film was sol-
ubilized in 50 mM Tris HCl, pH 7.4, and then sonicated for 5
min using a bath-type sonicator.

Fluorescence microscopy. PC micelles (10 mM), after
mixing with curcumin (60 mM) solubilized in ethyl alcohol
(the final concentration of alcohol did not exceed 2 mM),
were immediately examined under Leitz Diaplan (Wetzlar,
Germany) Fluorescence microscope fitted with exciter filter
BP 450-490 nm and suppression filter block of 520 nm.

Assay of lipoxygenase and inhibition by curcumin. The
concentration of LOX1 was calculated from A280 by using the
value E280 = 14.0 (18). Activities were determined by spec-
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trophotometry. The formation of hydroperoxide was followed
at 234 nm (ε = 25,000 M−1cm) in a solution of 50 mM Tris
HCl (pH 7.4) containing 100 µM PC micelles and 100 µM of
fatty acid solubilized in ethyl alcohol (the final concentration
of alcohol did not exceed 1 mM). In the inhibition experi-
ments, curcumin was added to the assay mixture as an ethano-
lic solution (the final concentration of alcohol was 2 mM).
The residual activity was independent of the sequence of
reagents addition, when related to the activity in the absence
of the inhibitor. Reversibility of inhibition was assessed by
assaying residual activity after dilution of the enzyme/in-
hibitor complexes with 50 mM Tris HCl, pH 7.4 at 4°C.

Curcumin fluorescence studies. Fluorescence measure-
ments were performed with a Shimadzu (Kyoto, Japan) spec-
trofluorophotometer RF 5000. Temperature was maintained
at 25°C by circulating the water through the thermostated cu-
vette holder. Fluorescence titrations of curcumin and PC mi-
celles were made according to the method of Azzi (19). Sam-
ples were excited at 451 nm, and emission was recorded at
490 nm. The dissociation constant (Kcur) and the number of
binding sites on PC micelles were determined using the
Scatchard plot method. The interaction of LOX1 and metal
ion, Fe3+ (FeCl3), was made by following the fluorescence
quenching. The PC micelles were saturated with curcumin as
reflected in maximum relative fluorescence intensity, Fmax, at
490 nm. To this PC–curcumin complex, LOX1 or FeCl3 was
added gradually and the decrease in fluorescence intensity, F,
was recorded. The dissociation constant (KD) for the fluores-
cence quenching ligand (L) was determined using equation
Fmax/F = (1 + Kcur/[cur])(1 + [L]/KD) (20), where Kcur is the
dissociation constant for PC–curcumin determined by
Scatchard plot, [cur] is the concentration of curcumin, and [L]
is the concentration of LOX1 or FeCl3 added during the titra-
tion. The reciprocal of the dissociation constant was used as
the equilibrium constant (Keq).

The affinity of curcumin for PC micelles in the presence of
fatty acid was calculated using the fluorometric titration of
curcumin with PC micelles and fatty acid, and Kcur was calcu-
lated using the Scatchard plot method. The concentration of
bound curcumin used in the inhibition studies was determined
using the fluorometric titration of curcumin against 100 µM of
PC micelles and 100 µM fatty acid (the concentration similar
to activity measurements); the following equation was used to
calculate the bound curcumin concentration: CB = CT − (KD/n)
(RFI/RFImax − RFI), (21) where CT was the concentration of
curcumin used for the inhibition, KD was the dissociation con-
stant of LOX1 or Fe3+ with PC micelles in the presence of
fatty acid, RFImax was maximum fluorescence intensity which
was the intercept of the reciprocal plot of curcumin against PC
micelles in the presence of fatty acid, and RFI was obtained
from the reciprocal plot for the corresponding CT of curcumin.

RESULTS

Figure 1 shows that curcumin in the presence of PC micelles
has a characteristic fluorescence emission maximum of 490

nm at an excitation wavelength of 451 nm. This result indi-
cates that the binding of curcumin with PC micelles could be
due to the interaction between the hydrophobic group of cur-
cumin and the hydrophobic regions of PC micelles. This ob-
servation was confirmed by fluorescence microscopy mea-
surements which clearly show the binding of curcumin to the
PC micelles and the influence of curcumin fluorescence in vi-
sualizing the size and shape of PC-micelles (Fig. 2). The lu-
minous disks had diameters of 0.1 to 0.3 µm. Curcumin in
aqueous solution and in a solution containing only DOC has
a weak fluorescence, but its fluorescence intensity is very
high in organic solvents, and the quantum yield increases with
increase in the hydrophobicity of the solvent (22). It has been
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FIG. 1. Fluorescence emission spectra of curcumin with phosphatidyl-
choline (PC) micelles. To 50 µM PC micelles, various concentrations of
curcumin were added in 50 mM Tris HCl buffer, pH 7.4 (a, 0; b, 1; c, 2;
d, 3; e, 4; and f, 5 µM of curcumin; g, 5 µM curcumin in 100 µM dioxy-
cholic acid).

FIG. 2. Fluorescence photomicrograph of PC micelles–curcumin com-
plex in 50 mm Tris HCl buffer, pH 7.4 (PC to curcumin molar ratio was
6.0). Magnification factor 40×. For abbreviation see Figure 1.



reported that curcumin in aqueous solvent is not stable in the
alkaline pH and undergoes degradation at high alkaline pH.
Therefore, all measurements were made at pH 7.4 in the pres-
ent study.

LOX1 utilizes linoleic acid bound to the PC micelles as
substrate, with a pH optimum of 7.4 (23). The LOX1-cat-
alyzed rate of oxidation of linoleic and arachidonic acids in-
serted into PC micelles at pH 7.4 is given in Figure 3A. Only
the fatty acids bound to the PC micelles are the substrates for
LOX1, and the LOX 1 activity is maximum with equal con-
centrations of fatty acid and PC micelles. This method is very
useful for LOX activity determination in the presence of cur-

cumin, because measurements can be made at neutral pH. Al-
though activity of LOX1 with linoleic and arachidonic acids
solubilized in equal amounts of Tween 20 had a pH optimum
around 9.0, the enzyme had around 50% of its activity at pH
7.4. The effect of different concentrations of curcumin in
aqueous system on the LOX1 activity for the Tween 20-solu-
bilized fatty acid substrate suggested that curcumin did not
inhibit LOX1 activity (Fig. 3B). However, the inhibitory ef-
fect of curcumin on LOX1 activity was observed only with
PC-bound fatty acid as substrate. These results clearly show
that curcumin inhibits LOX1 in the presence of PC micelles,
presumably by binding to the PC micelles, but not in aqueous
solution.

LOX1 has optimal activity at 100 µM of fatty acid and 100
µM of micellar PC. Since only bound fatty acid is the sub-
strate and the inhibitory effect by curcumin is also due to
binding to PC micelles, the concentration of PC micelles is
the limiting factor in the LOX1 activity and its inhibition by
curcumin. As shown in Figure 3B, the incorporation of in-
creasing amounts of curcumin into the PC micelles led to a
successive inhibition of oxidation of fatty acid bound to the
PC micelles. Curcumin inhibited dioxygenation of linoleic
acid more effectively than arachidonic acid. The 50% in-
hibitory activity toward linoleic acid oxidation was observed
with 11 µM curcumin, which corresponded to 8.6 µM bound
curcumin. 

When the effects of linoleic and arachidonic acids on
lipoxygenase inhibition by curcumin were examined, the rate
of oxidation became greater, as the concentration of substrate
increased. The Lineweaver-Burk plots at a fixed curcumin
concentration showed that Km increased without changing the
Vmax of the reaction (Fig. 4), suggesting that curcumin is a
competitive inhibitor of LOX1, Ki values being 1.7 µM and
4.3 µM for linoleic and arachidonic acid oxidation, respec-
tively (Fig. 5).

Earlier reports on the antioxidant activity of curcumin sug-
gested that curcumin can chelate the metal ion (24,25). Fur-
ther, LOX1 contains iron as the cofactor. Therefore, studies
were made to check whether the competitive inhibition of
curcumin is due to binding to the active site iron. Fluorimet-
ric titrations of curcumin with PC micelles with increasing
concentrations of LOX1 and FeCl3 suggest that curcumin in-
hibits LOX1 activity competitively by binding to the active
site iron, as the LOX1 quenches the curcumin fluorescence in
PC micelles. The equilibrium constant of curcumin bound to
the PC micelles with LOX1 is 0.33 × 106 M−1; this value is
comparable with the affinity of curcumin with PC micelles,
which is 0.37 × 106 M−1. These data further confirm that cur-
cumin can elicit its inhibitory activity only after binding to
the PC micelles. The reversible inhibition of LOX1 by cur-
cumin bound to the PC micelles was further confirmed by
complete recovery of catalytic activity after dilution of en-
zyme/inhibitor complex with the buffer. Fe3+ also quenched
curcumin fluorescence, which was used for determining the
affinity of curcumin (PC bound) with Fe3+. This had equilib-
rium constant of 0.23 × 106 M−1. However, Fe2+ was more ef-
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FIG. 3. (A) Soybean lipoxygenase 1 (LOX1)-catalyzed oxidation of fatty
acids. Rates were measured in the presence of (i) 100 µM of fatty acid
with 100 µM of micellar PC (arachidonic acid, ■; linoleic acid, ●) and
(ii) 100 µM of fatty acid dispersed in Tween 20 (arachidonic acid, ▲;
linoleic acid, ◆) at pH 7.4 (50 mM Tris HCl). (B) The concentration-de-
pendence inhibition of curcumin on LOX1-dependent dioxygenation.
The reaction mixture consisted of 100 µM fatty acid with (i) 100 µM PC
micelles (linoleic acid, ◆; arachidonic acid, ■) and (ii) Tween 20 (ara-
chidonic and linoleic acids, ▲) in 50 mM Tris HCl, pH 7.4, and various
concentrations of ethanolic solution of curcumin. The reaction was ini-
tiated by adding LOX1. For other abbreviation see Figure 1. In Part B
the error bars signify the percentage error in measurements.



fective in quenching the curcumin fluorescence (data not
shown). Comparison of equilibrium constant of PC micelles-
bound curcumin with LOX1 (0.33 × 106 M−1) and Fe3+ (0.23
× 106 M−1) suggests that curcumin incorporated in PC mi-
celles inhibits LOX 1 activity by binding to the active site
iron (Fig. 6). 

DISCUSSION

Several studies on the inhibition of LOX1 have shown that
inhibitors can act through a number of mechanisms, for ex-
ample, by reducing the catalytically active ferric enzyme to
its inactive ferrous form through the formation of free-radical
metabolites (26), or by preventing the formation of the acti-
vated Fe(III) form of LOX (27), or by binding to sites other
than the active site of the enzyme molecule (28). In general,
the inhibition of lipoxygenase reaction seems to be derived
from inactivation of the active site of the enzyme or scaveng-
ing of free radical at the active site. Therefore, most antioxi-
dants are inhibitors of LOX1. The results of the present study
suggest that curcumin inhibits LOX1 by binding with the ac-
tive site iron.

Our earlier study demonstrated that LOX1 can oxidize
fatty acids bound to the PC micelles at neutral pH (23). There-
fore, this reaction system to monitor the LOX1 activity was
used in the present study. Curcumin binds to PC micelles with
a high affinity, exhibiting a characteristic fluorescence spec-
trum that could be attributed to the amphilic nature of cur-
cumin. The binding of curcumin with PC micelles enhances
its hydrophobicity. Further, from the equilibrium constants
for curcumin–PC micelles and the LOX1–curcumin (bound
to PC micelles), it can be inferred that enhancing the hy-
drophobicity of the curcumin makes it more effective in
reaching the active site iron of LOX1. Similar observations
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FIG. 4. Lineweaver-Burk plot analysis of the inhibitor of LOX1 by cur-
cumin for the dioxygenation of (A) arachidonic acid and (B) linoleic
acid. The concentrations of bound curcumin for arachidonic acid were
0 (■), 3.9 (◆), 7.8 (▼), 11.73 (■■), 15.6 (●), and 24 µM (◆◆); and for
linoleic acid 0 (■), 3.13 (◆), 6.25 (▼), 9.4 (■■), and 15.6 µM (◆◆). The
micellar PC concentration was 100 µM, and the fatty acid concentra-
tion was 100 µM. For abbreviations see Figures 1 and 3.

FIG. 5. The slope (Km/Vmax) of the lines described from the double reci-
procal plot are plotted against the curcumin concentration (bound to
PC micelles) in order to derive the Ki value for curcumin (linoleic acid,
◆; arachidonic acid, ●). For abbreviation see Figure 1.

FIG. 6. Fluorescence titration of LOX1 (●) and FeCl3 (▲) against cur-
cumin bound to PC micelles. To 100 µM PC micelles, 100 µM fatty acid
and 5 µM curcumin in 50 mM Tris HCl, pH 7.4, various concentrations
of LOX1/FeCl3 were added, and the fluorescence quenching was
recorded. The plot was made as described in the Materials and Meth-
ods section. RFImax, maximum fluorescence intensity, defined as the in-
tercept of the reciprocal plot of curcumin against PC micelles in the
presence of fatty acid. For other abbreviations see Figures 1 and 3.



have been made in the earlier study on the competitive inhi-
bition of LOX1 by n-alcohols, where longer alkyl chains were
shown to increase the affinity of these compounds for the en-
zyme (29). Similarly, 6-palmitoyl ascorbic acid inhibits more
effectively than ascorbic acid (30). It has also been shown that
some of the membrane-bound enzymes like protein kinase C
and pp 60c-src, tyrosine kinase are inhibited by curcumin (31).
Hence, it is conceivable that the inhibitory effect of curcumin
could be potentiated after binding to the membranes.

The results of the present studies demonstrate that cur-
cumin after binding to the PC micelles acts as competitive and
reversible inhibitor of LOX1. Unlike other antioxidant in-
hibitors of LOX1, curcumin does not require radical forma-
tion during LOX inhibition. The dissociation constant of cur-
cumin (bound to PC micelles) with LOX (3.03 µM) deter-
mined by fluorometric titrations is comparable with the Ki
(1.72 µM) value of LOX inhibition by curcumin for linoleic
acid oxidation, indicating clearly that curcumin inhibits LOX1
by binding to the active site iron, the binding is reversible, and
the inhibition can be overcome by excess of fatty acid. On the
other hand, the Keq (0.33 × 106M−1) for Fe3+ binding with PC-
bound curcumin is comparable with the Keq (0.23 × 106 M−1)
constant of LOX1 interaction with PC micelles-bound cur-
cumin, suggesting that curcumin can bind the active Fe3+ form
of LOX1. The present observations that PC micelle-bound
curcumin binds to the Fe3+ can be explained using earlier re-
ports, which suggested that the β-diketone moiety of curcumin
could chelate the metal ion, and chelation affinity increased
with the increase in hydrophobicity of the curcumin molecule.
Hence, curcumin became more potent for inhibiting the LOX1
after its association with PC micelles.

The low Ki value of curcumin for linoleic acid oxidation
(Ki = 1.72 µM) compared to arachidonic acid (Ki = 4.3 µM)
implies that curcumin is more specific for inhibiting the
LOX1 for linoleic acid peroxidation, although LOX 1 shows
almost similar values of Kcat (4.53 × 107 M−1s−1) and Km (9
µM) for arachidonic acid oxidation compared to linoleic acid
oxidation (Kcat = 3.6 × 107 M−1s−1 and Km = 10 µM). How-
ever, some of the reported anti-inflammatory effects of cur-
cumin could be due to inhibition of arachidonic acid peroxi-
dation (10). It is also known that curcumin inhibits mam-
malian 5-lipoxygenase and cyclooxygenase (32).

These studies imply that curcumin, after binding to PC mi-
celles, acts as a potent inhibitor of LOX1-dependent fatty acid
peroxidation, although the micellar system in these experi-
ments may not reflect directly the event of lipid peroxidation
occurring in vivo. However, observations made in this study
may have physiological significance, involving lipoxygenase
in biomembrane alteration, both in animals and plants.
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ABSTRACT: Saccharomyces cerevisiae cells were demon-
strated to contain lysophosphatidylcholine (lysoPtdCho) acyl-
transferase (E.C. 2.3.1.23) activity. The enzyme displayed
Km(app) of 69 µM for lysoPtdCho and 152 µM for oleoyl CoA.
Enzyme activity was not affected by the addition of 1 mM Mg2+,
Mn2+, Ca2+, or 200 mM EDTA. However, Zn2+ inhibited lysoPt-
dCho acyltransferase activity to 33% control values at 0.1 mM
and to 7% at 1.0 mM Zn2+. To further explore the possibility
that lysoPtdCho acyltransferase may contain a high-affinity Zn2+

binding site, we tested the strong Zn2+ chelator o-phenanthro-
line for its ability to inhibit enzyme activity. LysoPtdCho acyl-
transferase activity was inhibited to 18 and 27%, respec-
tively, those of control values in the presence of 2 and 1 mM
o-phenanthroline, implying that a high-affinity Zn2+ binding site
exists in lysoPtdCho acyltransferase or in an accessory protein
that is essential for protein stability and/or activity. Saccha-
romyces cerevisiae lysoPtdCho acyltransferase activity dis-
played a broad lysoPtdCho fatty acyl chain substrate specificity
utilizing lysoPtdCho molecules ranging in length from C10–C20
(the entire range tested). In addition, the enzyme was capable
of using the ether-linked analog of lysoPtdCho, 1-O-alkyl-2-hy-
droxy-sn-3-glycerophosphocholine, as a substrate. The ability
of S. cerevisiae to incorporate radiolabeled 1-O-alkyl-2-hy-
droxy-sn-3-glycerophosphocholine into phosphatidylcholine
in vitro was exploited to demonstrate a direct precursor–prod-
uct relationship between lysoPtdCho molecules and their incor-
poration into phosphatidylcholine in vivo. Identical labeling re-
sults were obtained in S. cerevisiae cells disrupted for their
major transacylase activity, PLB1, demonstrating that the incor-
poration of lysolipid was via acyltransferase, and not transacy-
lase, activity.
Lipids 33, 1229–1234

Phosphatidylcholine (PtdCho) is a major constituent of eu-
karyotic membranes constituting approximately half of cellu-
lar phospholipid mass (1). In eukaryotic cells, PtdCho is syn-

thesized de novo via the Kennedy (CDP-choline) pathway in
all cell types except yeast and mammalian liver cells, which
are also capable of synthesizing PtdCho through the methyla-
tion of phosphatidylethanolamine (2,3). The final step within
the Kennedy pathway is catalyzed by cholinephosphotrans-
ferase via transfer of phosphocholine from CDP-choline to
diacylglycerol to form PtdCho and CMP (4). The molecular
species of diacylglycerol utilized by cholinephosphotrans-
ferase determines the fatty acyl composition of de novo syn-
thesized PtdCho. De novo synthesized PtdCho undergoes
fatty acyl chain remodeling through a phospholipase A2-me-
diated deacylation followed by reacylation via lysophospha-
tidylcholine (lysoPtdCho) acyltransferase (5,6). This deacyl-
ation–reacylation mechanism is believed to be responsible for
maintaining polyunsaturated fatty acid pools (e.g., arachi-
donic acid) at the sn-2 position of PtdCho (7,8). PtdCho-
derived polyunsaturated fatty acid stores are released from
PtdCho in an agonist-dependent manner during most inflam-
matory responses for subsequent conversion to prostaglan-
dins, leukotrienes, and other inflammation-mediating lipid
molecules (9). However, the deacylation–reacylation of
PtdCho occurs in many cell types that do not mediate immune
responses (10), implying a biological role beyond storage of
fatty acyl pools for agonist-stimulated release. 

A lysoPtdCho acyltransferase cDNA or gene has not been
cloned from any source, and the technical difficulties associ-
ated with purifying intrinsic membrane proteins have pre-
vented the purification of the enzyme to homogeneity (10). In
this study we report the biochemical and enzymatic charac-
terization of a microsomal lysoPtdCho acyltransferase activ-
ity in the yeast Saccharomyces cerevisiae. This activity dis-
played properties consistent with regulation via a high-affin-
ity Zn2+ binding site either within the enzyme or an accessory
protein. The ability to use the observed characteristics to iso-
late an S. cerevisiae gene coding for lysoPtdCho acyltrans-
ferase is also discussed.

MATERIALS AND METHODS

Materials. The S. cerevisiae strain w303a (MAT a ade2-1 his3-
11 leu2-3,112 trp1-1 ura3-1 can1-100) (the kind gift of Robert
M. Bell, Glaxo Wellcome, Inc.) was used for all experiments
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except the PLB1 experiment in which DL882 MATa/MATα
1788 plb1∆:::URA3/plb1∆:::URA3, and its parental strain
DL1788 MATa/MATα leu2-3, 112 ura3-52, trp1-1, his4 can1r

(the kind gifts of Susan A. Henry, Carnegie Mellon Univer-
sity), were used. Lipids were supplied by Avanti Polar Lipids
(Alabaster, AL). Oleoyl CoA was supplied by Sigma Chemi-
cal Co. (St. Louis, MO), and [oleoyl-1-14C]oleoyl CoA was
supplied by Amersham Life Sciences (Arlington Heights, IL).
Fatty acyl CoA stocks were stored in aliquots at −20°C.
[Alkyl-1,2-3H]1-O-alkyl-2-hydroxy-sn-3-glycerophospho-
choline was obtained from Du Pont NEN (Boston, MA).
Media components were obtained from Difco (Detroit, MI),
and all other chemicals were obtained from Sigma.

Enzyme assay. Saccharomyces cerevisiae w303a cells
were grown to mid-log phase in YPD medium (1% Bacto-
Yeast Extract, 2% Bacto-Peptone, 2% glucose), pelletized by
centrifugation at 3,000 rpm for 5 min, washed once with ice-
cold GTE buffer (20% glycerol, 50 mM Tris-HCl pH 7.4,
1 mM EDTA), and resuspended in 0.7 mL GTE buffer. Cells
were disrupted by vortexing in the presence of 0.5-mm glass
beads for five bursts of 30 s separated by 30-s incubations on
ice. The supernatant was transferred to a new tube, and the
beads were rinsed twice with 0.5 mL GTE. The pooled sam-
ple was centrifuged at 16,000 × g for 15 min at 4°C, and the
resulting supernatant was centrifuged at 450,000 × g for 15
min. The pellet was resuspended in 250 µL GTE by Dounce
homogenization (11). Membranes were stored at −70°C.
LysoPtdCho acyltransferase activity was stable for at least 2
mon at −70°C. Yeast lysoPtdCho acyltransferase assays were
adapted from previously published assays for the mammalian
enzyme (12,13). For a standard assay, 18:1 lysoPtdCho was
dried under N2 gas, resuspended in 5 µL H2O by water-bath
sonication for 5 min with occasional vortexing, and added to
a freshly prepared reaction mixture containing 100 mM Tris-
HCl (pH 7.4) and 20 µg microsomal protein. The reaction
mixture was preincubated at 25°C for 5 min, and catalysis
was initiated by the addition of [14C]oleoyl CoA (2500
dpm/nmol). Final substrate concentrations were 150 µM for
oleoyl CoA and 125 µM for lysoPtdCho, unless otherwise in-
dicated, in a reaction volume of 100 µL. The reaction was al-
lowed to proceed for 20 min at 25°C. Catalysis was termi-
nated by the addition of 3 mL CHCl3/CH3OH (2:1, vol/vol)
and 1.4 mL 0.9% KCl. The mixture was centrifuged for 10
min at 1,400 × g to facilitate phase separation. An aliquot of
the organic phase was dried under N2, resuspended in 40 µL
chloroform spiked with PtdCho, and applied to Whatman
(Haverhill, MA) silica gel 60A thin-layer chromatography
plates alongside a PtdCho standard. Lipids were separated in
a solvent system containing CHCl3/CH3OH/NH4OH/H2O
(70:30:4:2, by vol) and analyzed for radiolabel with a
BIOSCAN imaging scanner. PtdCho was identified by iodine
staining, and the appropriate region of the silica gel plate was
scraped into a scintillation vial for radioactivity deter-
mination.

[3H]1-O-alkyl-2-hydroxy-sn-3-glycerophosphocho-
line ([3H]lysoPAF) metabolism. [3H]lysoPAF (1.0 µCi, 36

mCi/µmol) was added to mid-log phase S. cerevisiae cells
grown in YPD broth, and 1-mL aliquots were removed at the
indicated times. Cells were washed twice with 1 mL H2O and
resuspended in 1 mL CHCl3/CH3OH (1:1, vol/vol). A modi-
fied Folch et al. (14) extraction procedure was used to extract
lipids as described (11). Organic and aqueous phases were
assessed for the accumulation of radiolabel by scintillation
counting. In addition, the organic phase was dried under N2
gas for thin-layer chromatography analysis (as described
above) and phospholipid phosphorus determination. 

Standard assays. Lipid phosphorus was assessed using the
method of Ames and Dubin (15). Protein was determined by
the method of Lowry et al. (16).

RESULTS

LysoPtdCho acyltransferase activity in S. cerevisiae. Lyso-
PtdCho acyltransferase activity was present in S. cerevisiae
microsomal membranes. Enzyme activity was linear at 25°C
for 30 min in the presence of up to 50 µg microsomal protein
(data not shown). To ensure linearity with both time and pro-
tein, standard assay conditions allowed catalysis to proceed
for 20 min using 20 µg of microsomal membrane protein as
enzyme source. 

The effect of oleoyl CoA concentration on lysoPtdCho
acyltransferase activity was investigated in the presence 
of 125 µM lysoPtdCho (Fig. 1). LysoPtdCho acyltransferase
activity increased linearly up to 100 µM oleoyl CoA where-
upon enzyme activity plateaued; activity was inhibited 
by oleoyl CoA concentrations beyond 300 µM, most likely
owing to the detergent properties of the fatty acyl CoA solu-
bilizing the membrane. Lineweaver-Burk double-reciprocal 
plot analysis (17) yielded a Km(app) of 152 µM for oleoyl 
CoA and a Vmax(app) of 10.9 nmol min−1 mg protein−1. Vary-
ing the concentration of the second substrate, lysoPtdCho, 
in the presence of 150 µM oleoyl CoA resulted in lysoPtdCho
activity that was linear up to 60 µM (Fig. 2). Enzyme ac-
tivity was inhibited by lysoPtdCho concentrations of 150 µM
and beyond, again most likely owing to the detergent prop-
erties of this substrate solubilizing the membrane used as
enzyme source. Lineweaver-Burk plot-derived values for
lysoPtdCho were Km(app) of 69 µM and Vmax(app) of 9.1 nmol
min−1 mg protein−1.

The specificity of the S. cerevisiae microsomal lysoPtd-
Cho acyltransferase activity for sn-1-lysoPtdCho containing
different acyl chains was determined (Table 1). LysoPtdCho
acyltransferase activity was detectable using substrates with
acyl chains ranging in length from 10 to 20 carbons, and the
highest activity was measured using 18:1 lysoPtdCho as sub-
strate. With 14:0 lysoPtdCho as substrate, the activity ob-
served was 64% of that using 18:1 lysoPtdCho, followed by
12:0 (56%), 18:0 (49%), 16:0 (44%), 10:0 (34%), and 20:0
(30%). Saccharomyces cerevisiae was also capable of cat-
alyzing the lysoPtdCho acyltransferase reaction utilizing the
ether-linked lysoPAF as substrate. This was unexpected as S.
cerevisiae does not contain ether-linked phospholipids (18).
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Effect of lipids and cations on lysoPtdCho acyltransferase
activity. Many integral membrane-bound phospholipid-me-
tabolizing enzyme activities are affected by their lipid envi-
ronment, although the biological role of particular lipids
affecting specific enzymes is just now being elucidated
(19–21). The effect of lipids on lysoPtdCho acyltransferase

activity was determined (Table 2). None of the lipids tested
resulted in an inhibition of lysoPtdCho acyltransferase. How-
ever, several acidic phospholipids including phosphatidylino-
sitol, phosphatidic acid, and cardiolipin increased lysoPtdCho
activity to 212, 182, and 236% of control values, respectively. 

LysoPtdCho acyltransferase activity was determined in the
presence of divalent cations (Table 2). Neither Mg2+, Mn2+,
Ca2+, nor EDTA had an appreciable effect on lysoPtdCho
acyltransferase activity. However, Zn2+ inhibited lysoPtdCho
acyltransferase activity. Since many Zn2+ metalloenzymes are
inhibited by Zn2+ in vitro (22–24), the effect of various con-
centrations of Zn2+ on lysoPtdCho acyltransferase activity
was determined (Table 3). LysoPtdCho acyltransferase activ-
ity was reduced to 93% control values at 0.01 mM Zn2+, 33%
at 0.1 mM Zn2+, and 7% at 1 mM Zn2+. The strong Zn2+

chelator, o-phenanthroline, is capable of chelating (and thus
removing) Zn2+ from high-affinity binding sites within pro-
teins (EDTA does not chelate Zn2+ in a manner capable of
physically removing Zn2+ from high-affinity sites). The addi-
tion of 1 or 2 mM o-phenanthroline to the assay mixture in-
hibited activity to 27 and 18% of control levels, respectively
(Table 3). Since o-phenanthroline is delivered in an ethanol
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FIG. 1. Effect of oleoyl CoA concentration on Saccharomyces cerevisiae
lysophosphatidylcholine (lysoPtdCho) acyltransferase activity. The ac-
tivity of lysoPtdCho acyltransferase was determined in the presence of
various concentrations of oleoyl CoA at a constant concentration of 125
µM lysoPtdCho. Each point represents the mean of four individual ex-
periments performed in duplicate. All standard errors were less than
15% of the mean for all points.

FIG. 2. Effect of lysoPtdCho concentration on S. cerevisiae lysoPtdCho
acyltransferase activity. The activity of lysoPtdCho acyltransferase was
determined in the presence of various concentrations of lysoPtdCho at a
constant oleoyl CoA concentration of 150 µM. Each point represents
the average of four individual experiments performed in duplicate. All
standard errors were less than 15% of the mean for all points. For ab-
breviatins see Figure 1.

TABLE 1
LysoPtdCho Fatty Acyl Specificity of LysoPtdCho 
Acyltransferase Activitya

LysoPtdCho fatty acyl Enzyme activity
chain species (nmol min−1 mg−1)

10.0 1.45 ± 0.21
12:0 2.41 ± 0.13
14:0 2.75 ± 0.38
16:0 1.92 ± 0.37
18:0 2.11 ± 0.32
18:1 4.32 ± 0.38
20:0 1.29 ± 0.17
LysoPAF 0.90 ± 0.13

aResults are expressed as mean ± standard error (n = 4). LysoPtdCho,
lysophosphatidycholine; lysoPAF, 1-O-alkyl-2-hydroxy-sn-3-glycerophos-
phocholine.



suspension, the effect of 1% ethanol on lysoPtdCho acyltrans-
ferase activity was also tested to ensure that this organic sol-
vent was not inhibiting activity. Ethanol did not inhibit
lysoPtdCho acyltransferase activity (Table 3). The concentra-
tions of Zn2+ and o-phenanthroline required for inhibition of
lysoPtdCho acyltransferase activity are in the range observed
for inhibition of activity of known Zn2+ metalloenzymes that
contain high-affinity Zn2+ binding sites (22,23). In an attempt
to gain insight into whether the Zn2+ bound directly to the
lysoPtdCho acyltransferase enzyme itself or to an essential

activator protein, heat denaturation experiments were per-
formed. However, a time course of heat denaturation of
lysoPtdCho activity at 55°C in the absence or presence of
Zn2+ did not reveal significant differences in enzyme activity
stability, preventing any conclusions with respect to a more
precise role for the Zn2+ requirement to be drawn.

[3H]lysoPAF metabolism in S. cerevisiae. To conclusively
prove that the observed lysoPtdCho acyltransferase activity
was due to direct acylation of lysoPtdCho by fatty acyl CoA
and not via indirect mechanisms including lipid biosynthetic
and/or transacylation pathways, the observed incorporation
of lysoPAF into PtdCho in vitro (Table 1) was exploited.
Ether bonds are poorly metabolized in all eukaryotic cells
(25), and the absence of ether-linked glycerophospholipids in
S. cerevisiae (17) implies that the ability of S. cerevisiae cells
to hydrolyze this linkage is highly unlikely. The capacity of
mid-log phase S. cerevisiae cells to metabolize [3H]lysoPAF
was examined temporally (Fig. 3). Radiolabel was recovered
exclusively in the organic (lipid) fraction (data not shown),
and thin-layer chromatographic analysis of the label within
the organic phase resulted in its accumulation exclusively in
PtdCho (Fig. 3). These results indicate that the ether linkage
was not metabolized and also demonstrate a direct precur-
sor–product relationship between lysoPAF and PtdCho for-
mation. To ensure that the acylation of [3H]lysoPAF was not
due to transacylase activity, the labeling protocol was re-
peated in a yeast strain carrying a disruption of the PLB1 gene
(devoid of measurable transacylase activity) (26). The PLB1-
disrupted yeast cells acylated lysoPAF in vivo in a manner in-
distinguishable from the wild-type parental strain. That is,
strain DL882 (plb1∆URA3/plb1∆::URA3), incorporated
1207 ± 39 dpm/nmol lipid Pi [mean ± standard error (n = 8)]
45 min after the addition of [3H]lysoPAF to mid-log phase
organisms grown in YPD medium, whereas the wild-type
parental strain DL1788 incorporated 1344 ± 33 dpm/nmol
lipid Pi under the same experimental conditions.
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TABLE 2
The Effect of Lipids and Cations on LysoPtdCho 
Acyltransferase Activitya

Enzyme activity
Treatment (% control)

None 100 ± 6
PtdCho 97 ± 7
PtdEtn 127 ± 13
PtdSer 91 ± 9
PtdIns 212 ± 22
PtdOH 182 ± 17
PtdGro 94 ± 14
CL 236 ± 28
Oleic acid 91 ± 5
DAT 135 ± 11
CDP-DAG 116 ± 18
SM 112 ± 15
200 mM EDTA 96 ± 9
1 mM MgCl2 100 ± 9
1 mM MnCl2 102 ± 12
1 mM CaCl2 95 ± 8
1 mM ZnCl2 7 ± 6
aThe lipid mixture contained 10 mol% of the indicated mixture (relative to
the lysoPtdCho concentration). Other assay conditions were as described in
the Materials and Methods section. The control (100% activity) was 4.3 nmol
min−1 mg−1. Results are expressed as mean ± standard error (n = 4). Abbre-
viations: PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanolamine;
PtdSer, phosphatidylserine; PtdIns, phosphatidylinositol; PtdOH, phospha-
tidic acid; PtdGro, phosphatidylglycerol; CL, cardiolipin; DAG, diacylglyc-
erol; CDP-DAG, cytidine diphosphate-diacylglycerol; SM, sphingomyelin.
For other abbreviation See Table 1.

TABLE 3
Effect of Zn2+ on LysoPtdCho Acyltransferase Activitya

Activity
Cation/chelator (% control)

None 100 ± 15
None (1% EtOH) 90 ± 15
ZnCl2, 1 mM 7 ± 6
ZnCl2, 0.1 mM 33 ± 19
ZnCl2, 0.01 mM 93 ± 14
o-Phenanthroline, 2 mM 18 ± 15
o-Phenanthroline, 1 mM 27 ± 18
aThe prereaction mixture contained either ZnCl2 or o-phenanthroline at the
indicated concentration. The prereaction mixture was incubated for 30 min
at room temperature before the addition of radiolabeled oleoyl CoA (to allow
for efficient chelation of Zn2+ by o-phenanthroline). The 30-min preincuba-
tion (in the absence of assay modifiers) did not significantly reduce enzyme
activity. The control (100% activity) was 4.3 nmol min−1 mg−1. Results are
expressed as mean ± standard error (n = 6).

FIG. 3. Metabolism of [3H]1-O-alkyl-2-hydroxy-sn-3-glycerophospho-
choline by S. cerevisiae. [3H]1-O-alkyl-2-hydroxy-sn-3-glycerophos-
phocholine was added to mid log-phase w303a yeast cells grown in
YPD medium (1% Bacto-Yeast Extract, 2% Bacto-Peptone, 2% glucose).
Aliquots were removed at the indicated times and analyzed as described
in the Materials and Methods section. Each point represents the mean
of two separate experiments performed in duplicate. Pi refers to inor-
ganic phosphorus. See Figure 1 for abbreviations.



DISCUSSION

The distribution of fatty acyl species along the backbone of
PtdCho molecules determines the availability of a particular
PtdCho molecule for its use in many biological processes in-
cluding the production of lung surfactant (27) and the release
of arachidonic acid from PtdCho stores for conversion to
leukotrienes and prostaglandins during agonist-induced in-
flammatory responses (7,9). Furthermore, unsaturated Ptd-
Cho fatty acyl species may undergo oxidative cleavage for
the production of platelet-activating factor mimetic, and this
process has been linked to the formation of atherosclerotic
plaques (28,29). 

The interrelationships between the activities and substrate
specificities of cholinephosphotransferase and lysoPtdCho
acyltransferase are the major dictators of the fatty acyl profile
of PtdCho synthesized de novo, or via the Land’s remodeling
pathway, respectively. The isolation of lysoPtdCho acyltrans-
ferase protein or cDNA has met with limited success owing
to the difficulties associated with purifying integral mem-
brane proteins, as well as an absence of genetic tools.

Saccharomyces cerevisiae glycerophospholipids have lim-
ited diversity in acyl chain composition (18). Yeasts possess
only ∆9 desaturase activity and hence do not contain polyun-
saturated fatty acyl chains within their lipids, unless these are
supplied from an exogenous source. Despite this limit in di-
versity, lysoPtdCho acyltransferase activity has been detected
in yeast (30). Furthermore, phospholipid remodeling occurs
in yeast (31), implying that fatty acyl chain remodeling plays
a biological role other than the specific physiological roles
listed above. Our study demonstrated that S. cerevisiae
lysoPtdCho acyltransferase activity has many characteristics
similar to those of lysoPtdCho acyltransferase activities pres-
ent in other eukaryotic cell types. Most notable of these simi-
larities was the inability of Mg2+, Mn2+, Ca2+, and EDTA to
affect activity (32). However, Zn2+ was found to inhibit
lysoPtdCho acyltransferase activity dramatically in S. cere-
visiae cell membranes. Many Zn2+ metalloenzymes are inhib-
ited by high concentrations of Zn2+ (22–24). In addition, the
strong Zn2+ chelator, o-phenanthroline, inhibited lysoPtdCho
acyltransferase at concentrations similar to its inhibition of
known Zn2+-binding protein activities (22,23). Collectively,
these results provide strong evidence that lysoPtdCho acyl-
transferase activity is dependent upon a high-affinity Zn2+

binding site on the enzyme itself or an essential accessory
protein.

Our in vitro characterization of the lysoPtdCho fatty acyl
species preferences of S. cerevisiae lysoPtdCho acyltrans-
ferase indicated that the enzyme was capable of utilizing a
broad range of chain lengths, covering the entire range tested
(C10–C20). Since each lysoPtdCho substrate was prepared as
a micellar suspension, a direct comparison of the efficacy of
substrate utilization is not practical because substrate presen-
tation will vary from micelle to micelle. However, it was
noted that lysoPAF was utilized as a substrate in vitro.
LysoPAF is identical in structure to lysoPtdCho except that

the fatty acyl group at the sn-1 position is linked through an
ether bond as opposed to an ester bond. Ether-linked fatty
acyl chains are metabolized at a much lower rate than ester-
linked fatty acids in all eukaryotic cells (18,25). The addition
of labeled lysoPAF to log-phase yeast cells resulted in its con-
version to PtdCho in a time-dependent manner. PtdCho was
the only radioactive metabolite detected, indicating that the
ether bond was not metabolized and that PtdCho was formed
directly from lysoPAF, and demonstrating that lysoPtdCho
acyltransferase activity is operative in vivo.

Our characterization of S. cerevisiae lysoPtdCho acyl-
transferase activity has revealed several important character-
istics: (i) the S. cerevisiae lysoPtdCho acyltransferase activity
shares biochemical and enzymatic properties similar to those
in other eukaryotic cell types (8,32); (ii) enzyme activity is
inhibited by Zn2+ and the Zn2+ chelator, o-phenanthroline
(22,23,33); this is the first demonstration of this effect on this
enzyme activity from any source; and (iii) it can utilize a
broad range of lysoPtdCho molecules as substrates. The abil-
ity of Zn2+ to inhibit lysoPtdCho acyltransferase activity cou-
pled with the observation that a broad range of lysoPtdCho
molecules (with varying degrees of organic and aqueous sol-
ubilities) can be utilized as substrates should aid in the isola-
tion of a S. cerevisiae lysoPtdCho acyltransferase gene via the
development of biochemical screens for mass colony-based
assays (34,35).

ACKNOWLEDGMENTS

This work was supported by a Killam Foundation graduate scholar-
ship and a Medical Research Council of Canada graduate stu-
dentship (to MGR), and Medical Research Council of Canada schol-
arship and operating awards (to CRM).

REFERENCES

1. Zinser, E., Sperka-Gottlieb, S., Fasch, E.-V., Kohlwein, S.D.,
Paltauf, F., and Daum, G. (1991) Phospholipid Synthesis and
Lipid Composition of Subcellular Membranes in the Unicellular
Eukaryote Saccharomyces cerevisiae, J. Bacteriol. 173,
2026–2034.

2. Kent, C. (1995) Eukaryotic Phospholipid Biosynthesis, Annu.
Rev. Biochem. 64, 315–343.

3. Vance, D.E. (1996) Glycerolipid Biosynthesis in Eukaryotes, in
Biochemistry of Lipids, Lipoproteins and Membranes (Vance,
D.E., and Vance, J.E., eds.), Vol. 31, pp. 153–181, Elsevier Sci-
ence B.V., Amsterdam.

4. McMaster, C.R., and Bell, R.M. (1997) CDP-Choline:1,2-Dia-
cylglycerol Cholinephosphotransferase, Biochim. Biophys. Acta
1348, 100–110.

5. Lands, W.E.M. (1960) Metabolism of Glycerolipids, J. Biol.
Chem. 235, 2233–2237.

6. Akesson, B. (1970) Initial Esterification and Conversion of In-
traportally Injected [1-14C]Linoleic Acid in Rat Liver, Biochim.
Biophys. Acta 218, 57–70.

7. Schmid, P.C., Johnson, S.B., and Schmid, H.O. (1991) Remod-
eling of Rat Hepatocyte Phospholipids by Selective Acyl
Turnover, J. Biol. Chem. 266, 13690–13697.

8. Bakken, A.M., and Farstad, M. (1992) The Activities of Acyl-
CoA:1-Acyl-Lysophospholipid Acyltransferase(s) in Human
Platelets, Biochem. J. 288, 763–770.

LYSOPHOSPHATIDYLCHOLINE ACYLTRANSFERASE 1233

Lipids, Vol. 33, no. 12 (1998)



9. DeWitt, D., and Smith, W.L. (1995) Yes, but Do They Still Get
Headaches? Cell 83, 345–348.

10. Choy, P.C., Skrzypczak, M., Lee, D., and Jay, F.T. (1997) Acyl-
GPC and Alkenyl/Alkyl-GPC:acyl-CoA Acyltransferases,
Biochim. Biophys. Acta 1348, 124–133.

11. Williams, J.G., and McMaster, C.R. (1998) Scanning Alanine
Mutagenesis of the CDP-alcohol Phosphotransferase Motif of
Saccharomyces cerevisiae Cholinephosphotransferase, J. Biol.
Chem. 273, 13482–13487.

12. Choy, P.C., Tardi, P.G., and Mukherjee, J.J. (1992) Lysophos-
phatidylcholine Acyltransferase, Methods Enzymol. 209, 80–86.

13. Choy, P.C., and McMaster, C.R. (1992) 1-Alkyl- and 1-Alkenyl-
glycerophosphocholine Acyltransferases, Methods Enzymol.
209, 86–92.

14. Folch, J., Lees, M., and Sloane-Stanley, G.H. (1957) A Simple
Method for the Isolation and Purification of Total Lipides from
Animal Tissues, J. Biol. Chem. 226, 497–506.

15. Ames, B.N., and Dubin, D.R. (1960) The Role of Polyamines in
the Neutralization of Bacteriophage Deoxyribonucleic Acid, J.
Biol. Chem. 235, 769–775.

16. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J.
(1951) Protein Measurement with the Folin Phenol Reagent, J.
Biol. Chem. 193, 265–275.

17. Lineweaver, H., and Burk, D. (1934) The Determination of En-
zyme Dissociation Constants, J. Am. Chem. Soc. 56, 658–666.

18. Paltauf, F., Kohlwein, S.D., and Henry, S.A. (1992) Regulation
and Compartmentalization of Lipid Synthesis in Yeast, in The
Molecular Biology of the Yeast Saccharomyces: Gene Expres-
sion (Pringle, J.R., Broach, J.R., and Jones, E.W., eds.), Vol. 2,
pp. 415–500, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, New York.

19. McMaster, C.R., Morash, S.C., and Bell, R.M. (1996) Phospho-
lipid and Cation Activation of Chimaeric Choline/Ethanolamine
Phosphotransferases, Biochem. J. 313, 729–735.

20. Mosior, M., Golini, E.-S., and Epand, R.M. (1996) Chemical
Specificity and Physical Properties of the Lipid Bilayer in the
Regulation of Protein Kinase C by Anionic Phospholipids: Evi-
dence for the Lack of a Specific Binding Site for Phos-
phatidylserine, Proc. Natl. Acad. Sci. USA 93, 1907–1912.

21. Weinhold, P.A., and Barrett, D. (1998) Studies on the Regula-
tion of CTP:Phosphocholine Cytidylyltransferase Using Perme-
abilized HEP G2 Cells: Evidence That Both Active and Inactive
Enzymes Are Membrane-Bound, Biochim. Biophys. Acta 1391,
307–319.

22. Kessler, E., Safrin, M., Abrams, W.R., Rosenbloom, J., and
Ohman, D.E. (1997) Inhibitors and Specificity of Pseudomonas
aeruginosa LasA, J. Biol. Chem. 272, 9884–9889.

23. Kim, K.I., Baek, S.H., Hong, Y.-M., Kang, M.-S., Ha, D.B.,
Goldberg, A.L., and Chung, C.H. (1995) Purification and Char-
acterization of Protease Ci, a Cytoplasmic Metalloendoprotease
in Escherichia coli, J. Biol. Chem. 270, 29799–29805.

24. Mallya, S.K., and Van Wart, H.E. (1989) Mechanism of Inhibi-
tion of Human Neutrophil Collagenase by Gold(I) Chrysothera-
peutic Compounds. Interaction at a Heavy Metal Binding Site,
J. Biol. Chem. 264, 1594–1601.

25. Snyder, F. (1996) Ether-Linked Lipids and Their Bioactive
Species: Occurrence, Chemistry, Metabolism, Regulation, and
Function, in Biochemistry of Lipids, Lipoproteins and Mem-
branes (Vance, D.E., and Vance, J.E., eds.), Vol. 31, pp.
183–210, Elsevier Science B.V., Amsterdam.

26. Lee, K.S., Patton, J.L., Fido, M., Hines, L.K., Kohlwin, S.D.,
Paltauf, F., Henry, S.A., and Levin, D.E. (1994) The Saccha-
romyces cerevisiae PLB1 Gene Encodes a Protein Required for
Lysophospholipase and Phospholipase B Activity, J. Biol.
Chem. 269, 19725–19730.

27. Rooney, S.A., Young, S.L., and Mendelson, C.R. (1994) Mo-
lecular and Cellular Processing of Lung Surfactant, FASEB J. 8,
957–967.

28. Gassic, A.C., McGuire, G., Krater, S., Farhood, A.I., Goldstein,
M.A., Smith, C.W., Entman, M.L., and Taylor, A.A. (1991) Hy-
drogen Peroxide Pretreatment of Perfused Canine Vessels In-
duces ICAM-1 and CD18-Dependent Neutrophil Adherence,
Circulation 84, 2154–2166.

29. Suzuki, M., Asako, H., Kubes, P., Jennings, S., Grisham, M.B.,
and Granger, D.N. (1991) Neutrophil-Derived Oxidants Pro-
mote Leukocyte Adherence in Postcapillary Venules, Microvas.
Res. 42, 125–138.

30. Yamada, K., Okuyama, H., Endo, Y., and Ikezawa, H. (1977)
Acyltransferase Systems Involved in Phospholipid Metabolism
in Saccharomyces cerevisiae, Arch. Biochem. Biophys. 183,
281–289.

31. Wagner, S., and Paltauf, F. (1994) Generation of Glycerophos-
pholipid Molecular Species in the Yeast Saccharomyces cere-
visiae. Fatty Acid Pattern of Phospholipid Classes, Yeast 10,
1429–1437.

32. Arthur, G.A., and Choy, P.C. (1986) Acylation of 1-Alkenyl-
glycerophosphocholine and 1-Acyl-glycerophosphocholine in
Guinea Pig Heart, Biochem. J. 236, 481–487.

33. Hansen, H.P., Kisseleva, T., Kobarg, J., Horn-Lohrens, O.,
Havsteen, B., and Lemke, H. (1995) A Zinc Metalloproteinase
Is Responsible for the Release of CD30 on Human Tumor Cell
Lines, Int. J. Cancer 63, 750–756.

34. Leidich, S.D., Drapp, D.A., and Orlean, P. (1995) Isolation and
Characterization of Yeast Glycosylphosphatidylinositol An-
choring Mutants, Methods Enzymol. 250, 560–571.

35. Swede, M.J., Hudak, K.A., Lopes, J.M., and Henry, S.A. (1992)
Strategies for Generating Phospholipid Synthesis Mutants in
Yeast, Methods Enzymol. 209, 21–43.

[Received August 28, 1998, and in final revised form December 1,
1998; revision accepted December 4, 1998]

1234 M.G. RICHARD AND C.R. MCMASTER

Lipids, Vol. 33, no. 12 (1998)



ABSTRACT: A method for separating, detecting, and quantify-
ing cholesterol hydroperoxide (Ch-OOH) based on extraction,
purification by solid-phase extraction cartridge, high-perfor-
mance liquid chromatography with chemiluminescent detec-
tion (HPLC-CL), and liquid chromatography–mass spectrometry
has been developed for human erythrocyte membrane. We pre-
pared standard compounds of the cholesterol 5α-, 7α-, and 7β-
hydroperoxides (Ch 5α-OOH, Ch 7α-OOH, and Ch 7β-OOH).
An octyl silica column with methanol/water/acetonitrile 89:9:2
(by vol) as eluent was used to determine Ch-OOH. HPLC-CL
that incorporated cytochrome c and luminol as the post-column
luminescent reagent was used. We also investigated the opti-
mal assay conditions and how to prevent formation of artifact
Ch-OOH. Analysis of erythrocyte membranes from seven
healthy volunteers identified Ch 7α-OOH and Ch 7β-OOH, but
not Ch 5α-OOH, as commonly occurring components. The re-
spective mean concentrations of Ch 7α-OOH and Ch 7β-OOH
were 2.5 ± 1.6 and 5.4 ± 3.5 pmol/mL blood.
Lipids 33, 1235–1240 (1998). 

Lipid peroxidation has been linked to a number of pathologi-
cal conditions and diseases, including ischemia–reperfusion
injury, inflammation, and atherosclerosis. It has been moni-
tored on the basis of the formation of thiobarbituric acid-re-
acting substances (1) and conjugated diene determination (2),
but these lack specificity. 

Highly sensitive, specific methods for direct measurement
of lipid peroxides have now been developed. Phospholipid
hydroperoxide levels have been determined in human blood
plasma (3) and human red blood cells (4) by high-perfor-

mance liquid chromatography with chemiluminescent detec-
tion (HPLC-CL). Cholesterol ester hydroperoxide in human
blood plasma has been analyzed by HPLC-CL (5) and by
HPLC with coulometric detection (6).

The possible production of cholesterol hydroperoxide from
cholesterol is outlined in Scheme 1. Peroxidation of cholesterol
can be induced by such active oxygen species as singlet oxy-
gen, producing cholesterol 5α-hydroperoxide (Ch 5α-OOH) as
the first step, then rearrangement of the hydroperoxide giving
cholesterol 7α-hydroperoxide (Ch 7α-OOH), and finally
epimerization of Ch 7α-OOH giving cholesterol 7β-hydroper-
oxide (Ch 7β-OOH) (7). In contrast, cholesterol may be autox-
idized, producing cholesterol 7-hydroperoxide Ch 7-OOH (8).
Ch 7α-OOH and Ch 7β-OOH were detected in the rat by
HPLC-CL (9, 10), and in humans were found by HPLC com-
bined with electrochemical detection from photooxidized ery-
throcyte ghosts (11), but not from the human erythrocyte ghost
itself. 

We report a sensitive, simple method for determining cho-
lesterol hydroperoxides (Ch-OOH) in erythrocyte membranes
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of healthy volunteers using HPLC-CL and liquid chromatog-
raphy–mass spectrometry (LC–MS) with an atmospheric
pressure chemical ionization interface to identify Ch-OOH.
Furthermore, to prevent formation of artifact Ch-OOH during
extraction, we examined purification using a solid-phase car-
tridge, and the influences of light and antioxidants. 

MATERIALS AND METHODS

Materials. Cholesterol was obtained from Sigma (St. Louis,
MO). 3,5-Di-tert-butyl-4-hydroxytoluene (BHT), luminol (3-
aminophthaloylhydrazine), and cytochrome c (from horse
heart, type VI) were purchased from Wako Pure Chemical Co.
(Osaka, Japan). Ch 5α-OOH, Ch 7α-OOH, and Ch 7β-OOH
were synthesized as follows: A solution of cholesterol (960
mg) and rose bengal (10 mg) in pyridine (200 mL) was irradi-
ated with a halogen lamp at 10°C with oxygen bubbling for 8
h. Subsequent evaporation of pyridine gave a crystalline
residue, of which half was purified by medium-pressure col-
umn chromatography (silica gel) and recrystallized from ben-
zene to give Ch 5α-OOH, m.p. 145–148°C. The product had
an 1H nuclear magnetic resonance (NMR) spectrum identical
to that of an authentic sample (7). The remaining half of the
crystals was dissolved in chloroform, and the resultant solution
was stirred at room temperature for 3 d. Evaporation of the sol-
vent gave a residue which was purified by medium-pressure col-
umn chromatography (silica gel), then recrystallized from ethyl
acetate, affording Ch 7α-OOH, m.p. 144–147°C, and Ch 7β-
OOH. Although Ch 7β-OOH was obtained as a 6:1 mixture
with the 7α-isomer, both compounds had 1H NMR spectra iden-
tical to those of authentic samples (12). 

β-Sitosterol 5α-hydroperoxide was prepared by irradiat-
ing a solution of β-sitosterol (400 mg) and hematoporphyrin
(7 mg) in pyridine (208 mL) with a high-pressure mercury
lamp through a Pyrex filter at 10°C with oxygen bubbling for
9 h. The crude products were purified and recrystallized from
ether to give β-sitosterol 5α-hydroperoxide. The product had
a characteristic 1H NMR spectrum as in the case of Ch 5α-
OOH. β-Sitosterol 5α-hydroperoxide was the internal stan-
dard (IS). 

HPLC-CL analysis. Ch-OOH were determined by reverse-
phase HPLC with post-column chemiluminescent (CL) detec-
tion: HPLC was done in a column of TSK gel Octyl-80Ts (150
× 4.6 mm, i.d.) using an LC-10AD vp pump (Shimadzu, Kyoto,
Japan). The column was kept at 40°C and flushed with
methanol/water/acetonitrile (89:9:2), the mobile phase, at the
flow rate of 0.7 mL/min. The premixed mobile phase was de-
gassed by 5 min of sonication before use. A Rheodyne 7125 in-
jector (100 µL, Cotati, CA) was used to inject the sample solu-
tion into the column. After passage through a SPD-6A spec-
trophotometric detector (Shimadzu) set at 210 nm, the eluate
was mixed with a luminescent reagent in the post-column mix-
ing joint, at the controlled temperature of 37°C, of a CLD-10A
CL detector (Shimadzu). The luminescent reagent, prepared by
dissolving cytochrome c and luminol in alkaline borate buffer
(pH 10), was loaded with an LC-10AD vp pump at the flow rate

of 0.5 mL/min. The CL generated by the reaction of the hy-
droperoxide with the luminescent reagent was measured with a
CL detector. 

The concentrations of cytochrome c and the luminol pre-
pared, respectively, 10 and 2 µg/mL, were the same as those
employed by Miyazawa et al. (13,14). The luminescent solu-
tion was 20 mM H3BO3 · Na2CO3 buffer at pH 10. The effect
of the flow rate of this reagent was examined between 0.2 and
0.8 mL/min. The injection volume and supply voltage also
were examined in terms of the hydroperoxide-dependent CL
intensities. 

Standard curves were prepared by the analyses of 1, 2, 4,
and 10 ng (2.39, 4.78, 9.58, and 23.9 pmol) of Ch 5α-OOH
and of Ch 7β-OOH, and 0.5, 1, 2, and 5 ng (1.20, 2.39, 4.78,
and 12 pmol) of Ch 7α-OOH with 2.5 ng of the IS. Individ-
ual peak areas were calculated with an integrator (Chro-
matopac C-R4A; Shimadzu). The ratios of the hydroperox-
ides to the IS also were calculated for the standard com-
pounds and lipid extracts of the specimens. The recoveries
from the sample extracts were determined by comparison of
the peak areas obtained after injection of a sample extract
spiked with a known concentration. The recoveries of Ch 7α-
OOH and IS varied from 55 to 65%. 

HPLC–MS analysis. An L-7000 series (Hitachi, Tokyo,
Japan) liquid chromatography system fitted with spherisorb
ODS-2-5 (250 × 4.6 mm, i.d.) and a model M-1200AP LC–MS
system that incorporated an atmospheric chemical ionization
system (Hitachi) were used. The mobile phase, methanol con-
taining 0.1 M ammonium acetate or methanol alone, was de-
livered at the flow rate of 0.7 mL/min. By adding ammonium
acetate to the methanol as the mobile phase, an ion appeared at
m/z 401 so that Ch-OOH were distinguishable from the 7-hy-
droxycholesterols as shown in Figure 1, although most had
similar retention times. Application parameters for the mass
spectrometer were positive-ion measurement mode, a nebulizer
temperature of 170°C, a desolvator temperature of 400°C, and
a needle-electrode voltage of 3000 V. 

Artifact formation. Two milligrams of cholesterol was ex-
tracted twice with 9 mL chloroform/methanol (2:1) contain-
ing 0.005% (50 ppm) BHT by the modified method of Folch
et al. (15). The combined chloroform layer was concentrated
in a rotary evaporator, then dried under a nitrogen stream. The
residue was dissolved in 1 mL of methanol and a 10 µL por-
tion injected into the HPLC column (Method A). A silica col-
umn (Bond Elut® Varian, Harbor City, CA) of 3-mL capacity,
containing aminopropyl- derivatized silica (-NH2) as packing
material, was conditioned by washing it with 5 mL of acetone
and 10 mL of n-hexane, after which 2 mg of cholesterol in a
small amount of chloroform was passed through, followed by
elution with a mixture of 2 mL chloroform and 1 mL iso-
propanol. The eluate was concentrated, and the residue sub-
jected to HPLC (Method B), or after concentration it was
passed through another Bond Elut® column with elution using
3 mL of 10% of ethyl acetate/n-hexane. The eluate was con-
centrated and the residue subjected to HPLC (Method C).
When two cartridges of Bond Elut® were conditioned, 0.1%
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EDTA · 2Na was used before water and acetone (Method D).
Dark test tubes were used during solid extraction with Bond
Elut® (Method E). Two milligrams of cholesterol was extracted
twice with 9 mL chloroform and methanol containing BHT and
dimethylfuran (DMF) to give final concentrations of 10, 20, 50,
100, 400, and 1000 ppm BHT. The concentrations of DMF
were 0, 15, 60, and 150 ppm. The chloroform layer was evapo-
rated, and the residue was applied to a Sep-Pak® (Waters, Mil-
ford, MA) of 3-mL capacity containing aminopropyl-deriva-
tized silica (-NH2) packing material (Method F). 

Extraction. Seven healthy male volunteers (39.3 ± 12.2 yr)
participated in the study. After obtaining their informed con-

sent, venous blood samples were drawn. Five milliliters of
blood was collected in a glass test tube containing 0.5 mg
EDTA · 2Na, then centrifuged at 4°C and 800 × g for 10 min;
the erythrocytes were then fractionated. A method for ery-
throcyte ghost preparation was used (16). IS (200 pmol in 100
µL chloroform) was added to lipids from the white ghosts and
extracted twice with 9 mL chloroform and methanol contain-
ing 0.005% BHT at room temperature, essentially by the
method of Folch et al. (15). The combined chloroform layer
was concentrated, and the residue applied to Sep-Pak®. Each
column was conditioned by washing it with 5 mL of acetone
and 10 mL of n-hexane. Before the column became com-
pletely desiccated, the crude membrane lipids dissolved in a
small amount of chloroform were applied and drawn through,
followed by elution with a mixture of 2 mL chloroform and 1
mL isopropanol. The eluate was concentrated. The residue
was dissolved in 200 µL of methanol, and a 10-µL portion in-
jected to an HPLC column. 

Statistical analysis. Mann-Whitney’s U-test was used to
determine the statistical significance of the difference be-
tween group means. P-values of <.05 were considered statis-
tically significant. 

RESULTS

Figure 2 shows typical HPLC chromatograms obtained with
a mixture of standard Ch-OOH and hydroxycholesterols. The
3 Ch-OOH (7β-, 7α, and 5α-OOH) separated when
methanol/water/acetonitrile was the mobile phase, as shown
by CL, and the two hydroxycholesterols also were separated
as seen by ultraviolet (UV). The retention times were Ch 7β-
OOH, 6.8 min; Ch 7α-OOH, 7.3 min; Ch 5α-OOH, 7.8 min;
IS, 9.5 min; 7β-hydroxycholesterol (7β-OH), 6.6 min; and
7α-hydroxycholesterol (7α-OH), 7.1 min. Because CL detec-
tion is specific, the Ch-OOH were distinguishable from peaks
7α-OH and 7β-OH despite the similar retention times. Al-
though Ch-OOH theoretically are detectable by CL and UV,
no Ch-OOH peaks appeared on UV because of the small
amount used. The CL detector response was about 300 times
greater for Ch 7α-OOH than the UV detector response. 

The injection volume of Ch 7α-OOH (20 pmol) vs. peak
areas (CL intensity) was linear. We usually injected 10 µL of
the sample to the HPLC. Standard curves (ratio of the IS vs.
the amount of Ch-OOH injected) for Ch 5α-OOH, Ch 7α-
OOH, and Ch 7β-OOH were linear. The detection limit for
Ch 5α-OOH was 0.7 pmol, that for Ch 7α-OOH 0.3 pmol,
and that for Ch 7β-OOH 0.3 pmol at the signal-to-noise ratio
of six. 

We investigated the effects of the supply of the chemilu-
minescent detection voltage (−0.7 to −0.9 kV) and the flow
rate of the chemiluminescent reagent (0.2 to 0.8 mL/min) on
the chemiluminescence response. At the supply voltage of
−0.9 kV, Ch 7α-OOH (20 pmol) gave its maximum response.
We used −0.7 kV as the supply voltage. At the flow rate of 0.5
mL/min, Ch 7α-OOH (20 pmol) gave its maximum CL re-
sponse. 
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FIG. 1. Mass spectra of the cholesterol 5α-, 7α-, and 7β-hydroperox-
ides (M = 418) and 7β-hydroxycholesterol (M = 402) were detected by
liquid chromatography–mass spectrometry with an atmospheric pres-
sure chemical ionization interface. Methanol containing 0.1 M ammo-
nium acetate was used as a mobile phase. 



Table 1 compares artifact formation by Methods A to F.
Method A, extraction of cholesterol itself by the method of
Folch et al. (15), did not cause artifact formation, nor did
passing cholesterol through one cartridge of Bond Elut® re-
sult in artifact formation (Methods B). Passing cholesterol
through two cartridges (Method C), however, sometimes
caused artifact formation, and formation was prevented nei-
ther by washing the cartridge with EDTA · 2Na (Method D)

nor by shading it with a dark test tube (Method E). When we
used DMF as well as BHT as the antioxidants in the extrac-
tion solvent (Method F), to prevent artifact formation 0.1%
(1000 ppm) BHT and 0.015% (150 ppm) DMF were neces-
sary. A large negative peak appeared, which disturbed the Ch-
OOH peak. When BHT alone was the antioxidant in the ex-
traction solvent (Method F), artifact formation did not occur
at any concentration (10 to 100 ppm). We therefore did the
extraction with chloroform and methanol containing 0.005%
(50 ppm) BHT as the antioxidant, and followed it by purifica-
tion with Sep-Pak® (Method F). 

Figure 3 shows a typical HPLC chromatogram of artifact
formation. Peak 1 seemed to be Ch 7β-OOH, peak 2 Ch 7α-
OOH, and peak 3 Ch 5α-OOH because the retention times
corresponded to these standard compounds. Peaks A, B, and
C could not be determined. 

Figure 4 shows chromatograms for the erythrocyte sample
from a healthy volunteer, a mixture of standard Ch-OOH, and
IS. Standard Ch 7β-OOH, Ch 7α-OOH, Ch 5α-OOH, and IS
appeared, respectively, at 6.8, 7.3, 7.8, and 9.5 min. The ex-
tracts from human erythrocyte membranes contained Ch 7β-
OOH and Ch 7α-OOH, but not Ch 5α-OOH. The addition of
the standards Ch 7β-OOH and Ch 7α-OOH independently
confirmed the peak identities. 

The mean levels of Ch 7β-OOH and Ch 7α-OOH in ery-
throcyte membranes of seven healthy volunteers were 5.4 ±
3.5 (range 1.9–9.2) and 2.5 ± 1.6 (range 1.1–5.3) pmol/mL
blood (means ± standard deviations). The concentration of
Ch 7β-OOH was not significantly higher than that of Ch 7α-
OOH. 

DISCUSSION

There are many recent reports of analytical methods for de-
termining phospholipid hydroperoxides and cholesteryl ester
hydroperoxides in biological samples, but only a few re-
searchers have given an analytical method for Ch-OOH and
showed the presence of Ch-OOH. To develop an analytical
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FIG. 2. Chromatographic separation of cholesterol hydroperoxides (Ch-
OOH) and corresponding diols in standard mixtures. (A,C) A 10-µL
sample containing known Ch-OOH in methanol [2 pmol cholesterol
7α-hydroperoxide (Ch 7α-OOH), 4 pmol cholesterol 5α-hydroperoxide
(Ch 5α-OOH), and cholesterol 7β-hydroperoxide (Ch 7β-OOH)]. (B,D)
A 10-µL sample containing known hydroxycholesterol in methanol [50
nmol 7α-hydroxycholesterol (7α-OH) and 25 nmol 7β-hydroxycholes-
terol (7β-OH)]. CL, chemiluminescent detection; UV, ultraviolet detec-
tion. 

TABLE 1
Artifact formation by Methods A to Fa

BHT DMF
Method (ppm) (ppm) Formation/sample

A: Extraction 50 0 0/2
B: Bond Elut®b 0 0 0/3
C: Bond Elut® + Bond Elut® 0 0 5/7
D: EDTA · 2Na + (Bond Elut® + Bond Elut® 0 0 2/4
E: Method D with dark test tube 0 0 2/3
F: Extraction + Sep-Pak®c 1000 150 0/6

Extraction + Sep-Pak® 400 60 2/3
Extraction + Sep-Pak® 100 150 2/2
Extraction + Sep-Pak® 100 15 2/3
Extraction + Sep-Pak® 100 0 0/3
Extraction + Sep-Pak® 50 0 0/3
Extraction + Sep-Pak® 20 0 0/2
Extraction + Sep-Pak® 10 0 0/2

aAbbreviations: BHT, 3,5-di-tert-butyl-4-hydroxytoluene; DMF, dimethylfuran.
bVarian Harbor City, CA.
cWaters, Milford, MA.



method for Ch-OOH, we first prepared the standard com-
pounds Ch 5α-OOH, Ch 7α-OOH, and Ch 7β-OOH. The
standard Ch-OOH were subjected to LC–MS using an atmos-
pheric pressure chemical ionization interface. It is important
to confirm the chemical structure of the Ch-OOH, and this has
not been previously achieved. 

We then investigated the optimal assay conditions for HPLC-
CL. We separated Ch 5α-OOH, Ch 7α-OOH, and Ch 7β-OOH
from one another in a C8 column with methanol/water/acetoni-
trile, under similar conditions to those of Korytowski et al.
(11). They, however, used HPLC combined with electrochem-
ical detection, establishing the detection limit for Ch-OOH as
~25 pmol, so that they could analyze the Ch-OOH generated
by photodynamic action, not from erythrocyte ghosts. Be-
cause of the report of Zhang et al. (17) that the HPLC-CL sys-
tem employed by Miyazawa et al. (13,18,19) and them (20)
combined with a cytochrome c–luminol cocktail was 16- to
100-fold more sensitive to phosphatidylcholine hydroperox-
ide (PCOOH) than the microperoxidase–isoluminol cocktail

used by Yamamoto et al. (21), we used the cytochrome c–lu-
minol cocktail. Brown et al. (22) reported a normal-phase
HPLC method with UV detection that could resolve all the
cholesterol products oxygenated at the 7-position: 7-ketocho-
lesterol, Ch 7α-OOH, Ch 7β-OOH, 7α-OH, and 7β-OH, but
they detected Ch-OOH from the lipid extract of atheroscle-
rotic plaque only in trace amounts because of the low detec-
tion limit. 

Lastly, we examined the extraction procedure and some
antioxidants to avoid artifact formation. Cholesterol in low
density lipoprotein was easily oxidized with the help of the
metal ion Cu2+ (22,23) or a metal-independent peroxy-radical
generated system (AAPH) (22) and yielded Ch 7α-OOH and
Ch 7β-OOH. BHT (0.1%) and DMF (0.015%) are reported to
be absolutely necessary as antioxidants to prevent artifact for-
mation during the assay process (9,10), but both antioxidants
at a high level produced a negative peak, thereby disturbing
the Ch-OOH peak. In contrast, we found that the presence of
BHT alone was sufficient to prevent artifact formation.
Ozawa et al. (9,10) purified the lipid extract from rat skin
using two Bond Elut® cartridges, but artifact formation might
occur on passage through the two cartridges due to metal con-
taminants. Unknown peak A in the chromatograms of artifact
formation (Fig. 3) was assumed to be cholesterol 6β-hy-
droperoxide based on a comparison with the chromatograms
of Korytowski et al. (11). 

In conclusion, for the first time we detected Ch 7α-OOH
and Ch 7β-OOH in the erythrocyte membranes of healthy
volunteers. The respective mean concentrations of Ch 7β-
OOH and Ch 7α-OOH were 5.4 and 2.5 pmol/mL blood.
Healthy human plasma is reported to contain 0.5 µM of
PCOOH (18), 3 nM (5,24) and 4.2 nM (25) of cholesterol
ester hydroperoxide, and less than 20 nM hydroperoxide of
eicosatetraenoic acid (26). Plasma glutathione peroxidase was
reactive with linoleic acid hydroperoxide but had a low re-
ducing activity toward Ch 7α-OOH and no detectable activ-
ity with the Ch 5α-OOH (27); therefore, PCOOH might be
absent but Ch-OOH might be present in human plasma. The
concentration of total Ch 7-OOH in rat skin was 20–150
µmol/g skin (7), which was higher than the values we found,
probably because lipid peroxides easily accumulate in the
skin of the rat. 
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