
ABSTRACT: The effect of trans fatty acids from partially hy-
drogenated soybean oil and butterfat on the formation of
polyunsaturated fatty acids was investigated. Five groups of rats
were fed diets that contained 20 wt% fat. The content of linoleic
acid was adjusted to 10 wt% of the dietary fats in all diets,
whereas the amount of trans fatty acids from partially hydro-
genated soybean oil (PHSBO) was varied from 4.5 to 15 wt% in
three of the five diets. The fourth group received trans fatty acids
from butterfat (BF), while the control group was fed palm oil
without trans fatty acids. Trans fatty acids in the diet were pro-
portionally reflected in rat liver and heart phosphatidylethanol-
amine (PE), phosphatidylcholine (PC), phosphatidylinositol, and
phosphatidylserine. Incorporation in the sn-1 position was com-
pensated by a decrease in saturated fatty acids. Trans fatty acids
were not detected in diphosphatidylglycerol. Compared to the
presence in the dietary fats, 8t- and 10t-18:1 were discriminated
against in the incorporation in PE and PC from liver and heart,
whereas 9t- and 12t-18:1 were preferred. The formation of
20:4n-6 was not influenced by 4.5 wt% trans fatty acids (from
PHSBO) but apparently was by 10 wt% in liver. In contrast,
even a content of 2.5 wt% trans fatty acids from BF reduced the
formation of 20:4n-6. The inhibitory effect of trans isomers on
linoleic acid conversion was reflected less in heart than in liver
and less for PE than for PC. Groups with trans fatty acids showed
increased 22:6n-3 and 22:5n-3 deposition in liver and heart PE
and PC.
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Trans fatty acids are formed industrially during partial hydro-
genation of polyunsaturated fatty acids (PUFA) from veg-
etable and marine oils. Additionally, trans fatty acids are
formed during biohydrogenation in ruminants. Consequently,
dairy products, such as butter and cheese, and fat from these
animals contain trans isomers; in addition trans fatty acids
occur in margarines (1–3).

The safety of dietary trans fatty acids has been under vig-
orous discussion during recent years, mainly owing to the re-
sults from an epidemiological study reported by Willett et al.

(4). They found a positive correlation between intake of trans
fatty acids from partially hydrogenated vegetable oils and risk
of coronary heart disease, whereas no correlation to butter
consumption was seen in spite of the presence of trans iso-
mers in dairy products. The interpretation and the statistical
evaluation used in the study have been questioned (5–8).
However, other studies (9–14) have also indicated that trans
fatty acids (like saturated fatty acids) have an unfavorable ef-
fect on blood lipids and therefore on the development of coro-
nary heart disease. Because these experiments used relatively
high amounts of trans fatty acids in the diets, the effect of a
moderate content of trans fatty acids on the development of
coronary heart disease is still unknown.

Intake of trans fatty acids during human pregnancy is
thought to impair essential fatty acid metabolism and thereby
influence the growth of the fetus (15–17). Feeding of diets
that contain cis- and trans-octadecenoic acids leads to incor-
poration of the isomers into various tissues of the rat (18,19),
and consumption of diets rich in trans fatty acids (more than
33 wt% of total fatty acids) was shown to have a negative ef-
fect on the formation of PUFA when dietary 18:2n-6 was less
than 14 wt% (20–22). Trans fatty acids from partially hydro-
genated vegetable oils were shown to inhibit the ∆6-desat-
urase, which catalyzes the initial rate-limiting desaturation
step, and those from partially hydrogenated marine oils in-
hibit both the ∆5- and the ∆6-desaturase (23). The decreasing
effect of trans fatty acids on the amount of arachidonic acid
was diminished by higher linoleic acid levels in the diets, as
shown by Zevenbergen et al. (21) for partially hydrogenated
soybean oil (PHSBO) and in our laboratory (20) for partially
hydrogenated marine oil.

The aim of the present study was to investigate whether
even moderate amounts of trans fatty acids in the diet influ-
ence the formation and deposition of PUFA in rat liver and
heart in the presence of sufficient amounts of linoleic acid.
The content of linoleic acid in the diets was held constant at
about 10 wt%, whereas the amount of trans fatty acids from
PHSBO ranged from 4.5 to 15 wt% of the dietary fats with a
balanced decrease in oleic acid. A diet that included butterfat
(BF) was given to a group of rats to compare the effect of iso-
mers present in dairy products with the isomers from PHSBO.
The rats in the control group received palm oil (PO). The sum
of trans fatty acids and the three major saturated fatty acids—

Copyright © 1998 by AOCS Press 225 JAOCS, Vol. 75, no. 2 (1998)

*To whom correspondence should be addressed at Department of Biochem-
istry and Nutrition, The Technical University of Denmark, Building 224, 
DK-2800 Lyngby, Copenhagen, Denmark. E-mail: bysted@mimer.be.dtu.dk.

Influence of Moderate Amounts of trans Fatty Acids
on the Formation of Polyunsaturated Fatty Acids

Anette Bysted*, Gunhild Hølmer, and Pia Lund
Department of Biochemistry and Nutrition, The Technical University of Denmark, DK-2800 Lyngby, Copenhagen, Denmark



14:0, 16:0, and 18:0—present in the 15 wt% trans PHSBO
and BF diets was comparable with their content in the PO
diet. This is of interest because decreased amounts of trans
fatty acids in margarines are often balanced with saturated
fatty acids to keep the same spreadability and melting charac-
teristics.

EXPERIMENTAL PROCEDURES

Animal experiment. Fifty weanling male Wistar rats (4 wk, spe-
cific pathogen-free; Møllegaard Laboratory, Ll. Skensved,
Denmark) were divided into five groups, each with 10 rats of
similar average weights (90 ± 11 g). The rats were fed a semi-
synthetic diet that contained (wt%) maizestarch (Maizena-
Companiet A/S, Copenhagen, Denmark) 40, fat 20, casein
(MD Foods, Viby, Denmark) 20, sucrose 10, salt mixture (in-
cluding trace elements) 5, cellulose powder (Frisenette & Sons,
Egsmark, Denmark) 4, vitamin mixture 0.5, and choline chlo-
ride 0.5. The composition of the salt and vitamin mixtures was
as previously described (24). The dietary fats were PHSBO,
soybean oil, PO (all from Aarhus Oliefabrik A/S, Aarhus, Den-
mark), butter (MD Foods, Rødkjærsbro, Denmark), olive oil
(Cavanna, Svansø Import, Denmark), grapeseed oil (Prou-
vénço, Marseille, France), and lard (Raffinol, Copenhagen,
Denmark). The fats were mixed to give the same linoleic acid
content and comparable levels of saturated fatty acids. The rats
were caged three or four together under conditions of 21°C
mean temperature and 50% relative humidity. Diet and water
were supplied ad libitum. The rats were examined and weighed
weekly during the experimental period. After 8 wk, the rats
were killed by decapitation (after an overnight fast), and liver
and heart were immediately excised, weighed, frozen in liquid
nitrogen, and kept at −80°C until analysis.

Analysis of lipids. Total lipids were extracted from rat liver
and heart with chloroform/methanol 2:1 (vol/vol) according
to Folch et al. (25). The five major phosphoacylglycerols
(PL)—phosphatidylethanolamine (PE), phosphatidylcholine
(PC), phosphatidylinositol (PI), phosphatidylserine (PS), and
diphosphatidylglycerol (CL)—were separated by thin-layer
chromatography on silica plates (DC-Fertigplatten Kieselgel
60, Merck, Darmstadt, Germany) with chloroform/metha-
nol/hexane/glacial acetic acid/boric acid (40:20:30:10:1.8,
vol/vol/vol/vol/wt) as eluent. The lipids were visualized with
2′,7′-dichlorofluorescein in 96% ethanol, scraped off, saponi-
fied with 0.5 M NaOH in methanol, and subsequently methy-
lated with 14% (wt/vol) BF3 in methanol in the presence 
of 0.02% (wt/vol) hydroquinone. The fatty acid methyl esters
were extracted with heptane and analyzed by gas–liquid
chromatography (GLC) on a Hewlett-Packard 5880A instru-
ment (Palo Alto, CA) with flame-ionization detector (FID)
and an SP2380 capillary column (30 m × 0.32 mm i.d., 0.2
µm film; Supelco, Bellefonte, PA). The initial oven tempera-
ture was 140°C. The temperature was raised to 160°C at
2°C/min, then held constant for 2 min, and finally raised
3°C/min to 200°C, where it was unchanged for 5 min. The
inlet pressure of the carrier gas (helium) was 76 kPa. The in-

jector (split mode) and the detector were maintained at 250
and 260°C, respectively.

The different trans isomers were identified and quantitated
by GLC on a Fison 8160 instrument (Manchester, United
Kingdom), equipped with FID and a CP-Sil 88 capillary col-
umn (100 m × 0.25 mm i.d., 0.2 µm film; Chrompack, Mid-
delburg, The Netherlands). The initial oven temperature of
170°C was held for 50 min and then raised to 225°C at
4°C/min. The inlet pressure of the carrier gas (helium) was
210 kPa. The injector (split mode) and the detector were
maintained at 275°C.

The distribution of trans 18:1 isomers between the sn-1
and sn-2 positions in pooled PE and PC samples was deter-
mined by using phospholipase A2. The procedure of Christie
(26) was used after slight modifications.

Statistical analysis. Results are expressed as the means ±
standard deviations. Differences in the fatty acid composition
of rat liver and heart PL between the groups were assessed by
one-way analysis of variance (one-way ANOVA). A P-value
of less than 0.05 was considered significant.

RESULTS AND DISCUSSION

Dietary fats. The dietary fats were mixed into five different
diets (Table 1). In three of the five groups, the total level of
trans fatty acids (originating from PHSBO) was varied from
4.5 to 15 wt% of the dietary fatty acids (5-10-15 PHSBO).
Additional fats and oils were added as described below. The
notation 5-10-15 PHSBO thus refers to the percentages of
trans fatty acids in the dietary fats. The BF group received
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TABLE 1
Fatty Acid Composition (wt%) of Dietary Fats

Dietary fatsa

15 PHSBO 10 PHSBO 5 PHSBO BF PO

Fatty acid (wt%) (wt%) (wt%) (wt%) (wt%)
8:0 —b — — 0.3 —
10:0 — — — 1.7 —
12:0 — — — 2.9 0.7
14:0 1.1 1.1 1.0 9.5 1.3
16:0 20.9 21.5 21.8 29.8 44.5
16:1n-7 1.5 1.7 1.9 1.8 —
18:0 13.4 14.0 12.6 11.2 4.7
∑ 18:1 transc 15.1 9.9 4.5 2.5 —
18:1n-9 30.5 35.3 42.0 22.2 37.3
18:1n-7 3.0 2.9 2.8 0.8 0.7
18:2n-6 9.9 10.0 10.4 11.1 10.2
18:3n-3 0.5 0.6 0.6 0.4 0.2
20:0 0.3 0.3 0.4 0.3 0.4
20:1n-9 0.4 0.5 0.5 0.7 —
20:2n-6 0.2 0.2 0.2 — —

∑ SFAd 35.7 36.9 35.8 55.7 51.6
aPHSBO, partially hydrogenated soybean oil; BF, butterfat; PO, palm oil
(control group). The notation 5-10-15 PHSBO refers to the percentages of
trans fatty acids in the PHSBO. Note that additional fats and oils were added.
b— denotes undetectable quantities.
c∑ 18:1 trans = the sum of trans 18:1 isomers.
d∑ SFA = the sum of saturated fatty acids.



trans fatty acids from BF. The control group (PO) was fed a
PO diet with 52 wt% saturated fatty acids, but without trans
fatty acids. Different vegetable oils were included in the di-
etary fats to obtain equal amounts of linoleic acid in the five
diets, about 10 wt% as in a typical Danish diet. Lard was
added to the PHSBO groups to keep the levels of saturated
fatty acids constant. The only difference in these three groups
was therefore the change in the 18:1 trans-cis ratios. The con-
tent of saturated fat in the PO group is comparable to that of
butter and to the sum of saturated and trans fatty acids in 15
PHSBO.

Animal experiment. No notable differences in growth and
general performance were found during the 8-wk feeding pe-
riod. Average weights for all groups of rats at the end of the
study were 318 ± 30 g with no significant deviations between
groups (P < 0.05). The food intake was also similar for all five
groups. In addition, no significant differences were observed
in the weights of liver and heart, when related to body weights
of the rats.

Incorporation of total 18:1 trans in the PL. Figure 1 shows

the incorporation of 18:1 trans from the PHSBO diets in rat
liver and heart PL. The curves are similar for the two organs.
However, in rat liver, the amounts of trans fatty acids found
in PE, PC, and PI were of the same magnitude, whereas in rat
heart, the largest incorporation was observed in PE and PI,
followed by PC. The amounts incorporated were always less
than 7 wt%. There was a positive correlation (r =
0.981–0.997) between the amount of trans fatty acids in the
diet and in PE, PC, PI, and PS from both rat liver and heart.
No 18:1 trans was detected in CL of either organ. The con-
tent of saturated fatty acids in PE, PC, PI, and PS from liver
and heart (Tables 2 and 3) decreased proportionally with in-
creasing amounts of trans fatty acids in the diet (r =
0.970–0.996) in spite of the same amounts of total saturated
fatty acids in all PHSBO diets (about 36 wt%). The reason for
this decrease is the incorporation of trans fatty acids in the
sn-1 position of the PL instead of saturated fatty acids, as will
be discussed later. This substitution of trans fatty acids for
saturated fatty acids in the PL, due to their spatial similarity,
is in agreement with previous experiments (5,18,27–29). The
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FIG. 1. Incorporation of total trans 18:1 from partially hydrogenated soybean oil (PHSBO) diets in the phosphoacyl-
glycerols (PL) of (A) rat liver and (B) heart (mean ± standard deviation, n = 10). ■, 18:1 trans in phos-
phatidylethanolamine (PE); ●, 18:1 trans in phosphatidylserine; ●●, 18:1 trans in phosphatidylcholine; ▲▲, 18:1 trans
in phosphatidylinositol; ◆◆, 18:1 trans in diphosphatidylglycerol.
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content of saturated fatty acids in CL from the five groups, in
which no trans fatty acids were detected, was less than 4 wt%
in rat liver and less than 2 wt% in rat heart.

The trans fatty acids from BF were also incorporated in
PE, PC, PI, and PS from rat liver and heart. The order of in-
corporation of trans fatty acids in these PL was as found in
the rats fed the PHSBO diets (data not shown for PI and PS).
By assuming a linear relationship between 0 and 4.5 wt%
trans fatty acids from the PHSBO diets (Fig. 1), the amount
of trans fatty acids incorporated in the PL from rats in the BF
group corresponded to the level from rats fed PHSBO and

seemed to be independent of the distribution of the individual
trans isomers present in the dietary fats. The short- and
medium-chain saturated fatty acids (8:0–14:0) present in the
BF diet were not incorporated in the PL of either rat liver 
or heart.

Trans isomers of PUFA represented less than 0.1 wt% in
the PL.

Discrimination of individual trans 18:1 isomers. The dis-
tribution of trans 18:1 isomers in PHSBO, BF and PE from
rat liver and heart of the groups fed 15 PHSBO and BF, re-
spectively, is shown in Figure 2. The trans 18:1 isomers pre-
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TABLE 2
Major Fatty Acids (wt% of total) in Phosphatidylethanolamines (PE) and Phosphatidylcholines (PC) 
from Rat Liver

Dietary fatsa

15 PHSBO 10 PHSBO 5 PHSBO BF PO
Fatty acid (wt%)b (wt%) (wt%) (wt%) (wt%)

Liver PE
16 ald. 0.6 ± 0.1e 0.6 ± 0.1e 0.6 ± 0.1e 0.7 ± 0.1e 0.9 ± 0.1
16:0 12.6 ± 0.6e 13.1 ± 0.7e 13.1 ± 0.4e 14.7 ± 1.0 15.2 ± 0.8
16:1n-7 0.2 ± 0.1 0.2 ± 0.1e 0.2 ± 0.1 0.6 ± 0.3 0.3 ± 0.2
18 ald. 0.9 ± 0.3 0.9 ± 0.4 1.1 ± 0.2e 1.2 ± 0.1e 0.9 ± 0.1
18:0 18.2 ± 1.4e 20.0 ± 1.0e 21.8 ± 1.2 20.8 ± 2.3e 22.8 ± 2.0
∑18:1 transc 4.1 ± 0.4e 3.1 ± 0.4e 1.9 ± 0.2e 1.0 ± 0.1e 0.1 ± 0.0
18:1n-9 7.8 ± 0.5e 7.0 ± 0.3e 5.9 ± 0.6e 4.2 ± 0.5 4.5 ± 0.8
18:1n-7 1.8 ± 0.5 1.6 ± 0.3 1.9 ± 0.4 2.4 ± 0.9 2.1 ± 0.9
18:2n-6 5.6 ± 0.7e 5.0 ± 0.9e 4.1 ± 0.6 4.8 ± 1.0 3.9 ± 0.9
20:3n-6 0.7 ± 0.1 0.7 ± 0.3 0.5 ± 0.2 1.0 ± 0.2e 0.7 ± 0.2
20:4n-6 29.2 ± 0.9e 29.3 ± 0.7e 30.9 ± 0.8e 31.8 ± 1.1e 33.9 ± 1.2
22:4n-6 0.5 ± 0.0e 0.5 ± 0.1e 0.5 ± 0.1e 0.6 ± 0.1e 1.0 ± 0.2
22:5n-6 0.8 ± 0.2e 0.9 ± 0.3e 0.8 ± 0.3e 1.3 ± 0.6e 4.2 ± 1.7
22:5n-3 0.9 ± 0.2e 1.1 ± 0.2e 0.9 ± 0.2e 1.0 ± 0.2e 0.5 ± 0.1
22:6n-3 13.4 ± 0.9e 13.6 ± 1.4e 13.8 ± 1.0e 10.9 ± 1.4e 6.9 ± 0.7

Ratio
18:2n-6/20:4n-6 0.19 ± 0.03e 0.17 ± 0.03e 0.13 ± 0.02 0.15 ± 0.03e 0.12 ± 0.03

∑ SFAd 31.2 ± 1.4e 33.5 ± 1.0e 35.3 ± 1.0e 36.2 ± 1.6e 38.4 ± 1.7

Liver PC
16 ald. 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
16:0 15.5 ± 1.0e 16.0 ± 1.0e 16.2 ± 0.8e 18.2 ± 0.7e 19.8 ± 0.8
16:1n-7 0.5 ± 0.2 0.5 ± 0.2 0.4 ± 0.1 1.2 ± 0.7e 0.6 ± 0.3
18 ald. 0.1 ± 0.0e 0.1 ± 0.0e 0.2 ± 0.0 0.3 ± 0.1e 0.2 ± 0.0
18:0 17.1 ± 1.5e 19.2 ± 1.1e 21.0 ± 1.7 18.9 ± 2.3e 21.3 ± 1.8
∑ 18:1 transc 4.7 ± 0.5e 3.5 ± 0.4e 2.2 ± 0.3e 1.1 ± 0.1e 0.1 ± 0.0
18:1n-9 10.4 ± 0.8e 9.5 ± 0.7e 8.6 ± 0.9e 7.0 ± 0.7 7.3 ± 0.8
18:1n-7 2.2 ± 0.6 2.2 ± 0.4 2.4 ± 0.4 3.1 ± 1.3 2.4 ± 0.9
18:2n-6 11.4 ± 1.7e 10.3 ± 2.3e 8.2 ± 1.0 10.1 ± 2.5e 7.4 ± 2.0
20:3n-6 1.4 ± 0.3 1.3 ± 0.6 1.0 ± 0.3 2.1 ± 0.7e 1.3 ± 0.7
20:4n-6 26.1 ± 2.5e 27.6 ± 3.1e 30.5 ± 1.6 28.5 ± 3.2e 31.6 ± 3.2
22:4n-6 0.2 ± 0.0e 0.2 ± 0.1e 0.2 ± 0.1e 0.2 ± 0.0e 0.3 ± 0.1
22:5n-6 0.5 ± 0.2e 0.6 ± 0.2e 0.5 ± 0.2e 0.7 ± 0.3e 2.2 ± 0.8
22:5n-3 0.3 ± 0.1e 0.4 ± 0.1e 0.3 ± 0.1e 0.4 ± 0.1e 0.2 ± 0.0
22:6n-3 5.6 ± 0.6e 5.5 ± 0.7e 5.7 ± 0.5e 4.3 ± 0.6e 2.7 ± 0.3

Ratio
18:2n-6/20:4n-6 0.44 ± 0.11e 0.37 ± 0.14e 0.27 ± 0.05 0.37 ± 0.13e 0.24 ± 0.10

∑ SFAd 33.0 ± 1.9e 35.7 ± 1.2e 37.7 ± 1.2e 38.0 ± 2.1e 41.5 ± 1.9
aFor other abbreviations and additional notes see Table 1.
bThe weight percentage represents the mean ± standard deviation, n = 10.
c∑ 18:1 trans = the sum of trans 18:1 isomers.
d∑ SFA = the sum of saturated fatty acids.
eSignificant difference from the PO group (P < 0.05); ald., aldehyde.



sent in PHSBO are equally distributed. In contrast, more than
half of the trans fatty acids in BF is vaccenic acid (11t-18:1).
The rest is distributed almost equally between 8t-, 9t-, 10t-,
and 12t-18:1 (the 8t-18:1 peak may contain minor amounts of
the 6t- and 7t-18:1 isomers). These results are in accordance
with previous reports (1–3,30).

Comparison of the composition of trans fatty acids in the
dietary fats with that in rat liver and heart PE indicates that
8t- and 10t-18:1 are discriminated against in the incorpora-
tion; 10t-18:1 is nearly absent, whereas 12t-18:1, with a dou-
ble-bond position characteristic of essential fatty acids, is

strongly preferred. The proportion of 9t-18:1 is also en-
hanced. This is in agreement with the data reported by Høy
and Hølmer (19) for liver mitochondrial membranes from rats
fed diets that contained partially hydrogenated peanut oil.
They demonstrated a preferential incorporation particularly
of the 12t-18:1 isomer, but also the 9t-18:1 isomer, whereas
10t-18:1 and, to a lesser extent, the 8t- and 11t-18:1 isomers
were discriminated against. Likewise, Lawson et al. (22)
found a discrimination against incorporation of 8t- and
10t-18:1 in rat liver PC and a preferential incorporation of the
12t-18:1 isomer after feeding PHSBO. Wood (18) investi-
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TABLE 3
Major Fatty Acids (wt% of total) in PE and PC from Rat Heart

Dietary fatsa

15 PHSBO 10 PHSBO 5 PHSBO BF PO
Fatty acid (wt%)b (wt%) (wt%) (wt%) (wt%)

Heart PE
16 ald. 3.2 ± 0.6e 3.4 ± 0.5e 3.5 ± 0.5e 4.4 ± 0.6e 5.7 ± 0.9
16:0 5.3 ± 0.2e 5.5 ± 0.4e 5.5 ± 0.3e 6.2 ± 0.3e 6.8 ± 0.4
16:1n-7 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0e 0.1 ± 0.0
18 ald. 5.2 ± 1.8 5.1 ± 1.5 5.4 ± 1.8 4.8 ± 1.1 4.2 ± 1.2
18:0 17.4 ± 0.8e 18.6 ± 0.9e 19.8 ± 0.9 20.2 ± 0.9 20.6 ± 0.9
∑ 18:1 transc 4.4 ± 0.4e 3.2 ± 0.5e 1.6 ± 0.2e 0.9 ± 0.1e 0.1 ± 0.0
18:1n-9 6.1 ± 0.4e 6.0 ± 0.6e 5.7 ± 1.0 4.3 ± 0.7 4.6 ± 0.7
18:1n-7 2.6 ± 0.2e 2.7 ± 0.2e 2.5 ± 0.2e 2.1 ± 0.2 2.1 ± 0.2
18:2n-6 5.4 ± 1.1 5.5 ± 1.1 5.4 ± 1.3 6.3 ± 1.1 5.8 ± 1.4
20:3n-6 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.1e 0.2 ± 0.0
20:4n-6 21.8 ± 1.0 21.9 ± 1.6 21.7 ± 1.3 21.8 ± 1.8 21.6 ± 0.8
22:4n-6 1.5 ± 0.1e 1.5 ± 0.2e 1.7 ± 0.2e 1.7 ± 0.2e 2.5 ± 0.2
22:5n-6 2.6 ± 0.4e 2.6 ± 0.6e 3.2 ± 0.6e 4.5 ± 0.8e 12.6 ± 2.3
22:5n-3 2.6 ± 0.3e 2.5 ± 0.3e 2.3 ± 0.1e 2.5 ± 0.5e 0.9 ± 0.1
22:6n-3 19.8 ± 1.4e 19.6 ± 1.6e 19.9 ± 1.4e 17.4 ± 1.7e 10.7 ± 1.4

Ratio
18:2n-6/20:4n-6 0.25 ± 0.06 0.25 ± 0.05 0.25 ± 0.07 0.29 ± 0.05 0.27 ± 0.07

∑ SFAd 23.1 ± 0.9e 24.5 ± 0.8e 25.7 ± 0.8e 27.0 ± 0.9 27.8 ± 1.0

Heart PC
16 ald. 0.7 ± 0.1e 0.7 ± 0.1e 0.7 ± 0.2e 0.8 ± 0.2e 1.2 ± 0.4
16:0 13.8 ± 0.7e 14.2 ± 0.7e 13.6 ± 0.3e 14.6 ± 0.7e 15.9 ± 0.7
16:1n-7 0.2 ± 0.0e 0.2 ± 0.0e 0.2 ± 0.0e 0.4 ± 0.0e 0.1 ± 0.0
18 ald. 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.2
18:0 22.8 ± 0.7e 23.6 ± 0.4e 25.8 ± 0.4 25.3 ± 0.4e 25.9 ± 0.6
∑ 18:1 transc 3.2 ± 0.2e 2.4 ± 0.2e 1.4 ± 0.1e 0.7 ± 0.0e 0.1 ± 0.0
18:1n-9 6.9 ± 0.3e 6.9 ± 0.4e 6.4 ± 0.5e 5.3 ± 0.3 5.6 ± 0.6
18:1n-7 3.9 ± 0.2e 4.2 ± 0.3e 4.2 ± 0.2e 3.5 ± 0.2 3.4 ± 0.2
18:2n-6 8.6 ± 1.1 8.8 ± 1.9 7.1 ± 1.4 10.1 ± 1.5e 8.3 ± 2.3
20:3n-6 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.7 ± 0.2e 0.4 ± 0.1
20:4n-6 29.1 ± 1.1e 28.9 ± 2.3e 31.2 ± 1.4 29.5 ± 1.6e 31.7 ± 2.5
22:4n-6 0.6 ± 0.1e 0.6 ± 0.1e 0.7 ± 0.1e 0.6 ± 0.1e 0.9 ± 0.1
22:5n-6 0.6 ± 0.1e 0.6 ± 0.2e 0.6 ± 0.1e 0.8 ± 0.2e 2.1 ± 0.4
22:5n-3 1.5 ± 0.2e 1.4 ± 0.2e 1.3 ± 0.2e 1.3 ± 0.4e 0.4 ± 0.0
22:6n-3 4.6 ± 0.6e 4.3 ± 0.5e 4.3 ± 0.5e 3.6 ± 0.5e 2.2 ± 0.4

Ratio
18:2n-6/20:4n-6 0.30 ± 0.05 0.31 ± 0.09 0.23 ± 0.06 0.35 ± 0.06e 0.27 ± 0.10

∑ SFAd 37.1 ± 0.4e 38.3 ± 0.5e 39.8 ± 0.4e 40.6 ± 0.5e 42.1 ± 0.6
aFor abbreviations and additional notes see Tables 1 and 2.
bThe weight percentage represents the mean ± standard deviation, n = 10.
c∑ 18:1 trans = the sum of trans 18:1 isomers.
d∑ SFA = the sum of saturated fatty acids.
eSignificant difference from the PO group (P < 0.05).



gated the incorporation of cis- and trans-octadecenoic acids
(from partially hydrogenated safflower oil) in PE and PC
from different rat tissues (liver, heart, brain, kidney, lung,
muscle, spleen, and adipose tissues). He found that the
10t-18:1 isomer was discriminated against in all tissues ana-
lyzed but particularly in liver and heart. Contrary to the other
results mentioned here, a higher percentage of 8t-18:1 was
found in the PL than in the diets. Discrimination against the
8t- and 10t-18:1 isomers is also in accordance with human
studies performed by Emken et al. (31,32).

The pattern of the individual trans 18:1 isomers in rat liver
PE differed from that of rat heart PE in the 15 PHSBO and
BF groups, respectively (Fig. 2). In rat liver PE from the 15
PHSBO group, 1.64 wt% 12t-18:1 was present, compared to

only 1.01 wt% in rat heart PE. However, the percentages of
9t- and 11t-18:1 were lower in rat liver than in rat heart
(0.67/0.97 and 1.31/1.75 wt%, respectively). The 8t- and
10t-18:1 isomers, which were strongly discriminated against
compared to the dietary contents, represented only 0.34 and
0.15 wt% in rat liver PE and 0.38 and 0.29 wt% in rat heart
PE after PHSBO feeding.

For the BF group, the same tendencies were seen, and even
lower values of the 8t- and 10t-18:1 isomers (0.04/0.03 and
0.03/0.02 wt%, respectively) were deposited as a conse-
quence of the lower contents in butter. The major 18:1 isomer
in both liver and heart PE from the rats fed BF was, as would
be expected, 11t-18:1, which constitutes nearly 50% of the
total isomer fraction in the dietary fat.
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FIG. 2. Distribution of individual trans 18:1 isomers in PHSBO, butterfat (BF), and liver and heart phos-
phatidylethanolamines (PE) from rats fed 15 PHSBO (meaning 15% trans fatty acids in PHSBO) and BF, respec-
tively. The actual percentage values for the trans 18:1 isomers are included above the bars. Note that additional fats
and oils were added; for composition, see Table 1.
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The same trends in the distribution of the individual trans
18:1 isomers were found for PC (data not shown).

Formation of PUFA in rat liver and heart. In rat liver PE
and PC, the amount of linoleic acid increased with increasing
content of trans fatty acids from the PHSBO diets, whereas
the level of arachidonic acid decreased (Tables 2 and 3).
These changes could be consequences of either inhibition of
the conversion or competition for acylation of the sn-2 posi-
tion. In comparison to the PO group, the 18:2n-6 content was
increased, and the 20:4n-6 level was decreased for all PHSBO
groups. In contrast to rat liver PE and PC, no significant dif-
ferences (P < 0.05) were seen in the levels of the two n-6 fatty
acids in rat heart PE. In rat heart PC, the contents of 18:2n-6
in the three PHSBO groups and the PO group were of the
same magnitude, whereas the amount of 20:4n-6 decreased
significantly (P < 0.05) in the two groups fed 10 and 15 wt%
trans fatty acids from PHSBO. The BF diets influenced the
contents of 18:2n-6 and 20:4n-6 in rat liver PE and PC and
rat heart PC in the same direction as the PHSBO diets that
contained 10 and 15 wt% trans fatty acids, whereas the con-
tents were hardly affected in rat heart PE.

Because the levels of 20:3n-6 are small compared to the
amounts of 20:4n-6, the precursor/product ratios 18:2n-6/
20:4n-6 (Tables 2 and 3) are used to illustrate the effect of
trans fatty acids on the conversion of linoleic acid. The ratios 
for rat liver PE and PC from group 5 PHSBO did not differ
significantly from the PO control group, in contrast to the 10
and 15 PHSBO groups. Therefore, the formation of 20:4n-6
in rat liver was not influenced by 4.5 wt% trans fatty acids
from PHSBO but apparently was by 10 wt%. In rat heart, 
the conversion of linoleic acid was not significantly affected
by any of the three PHSBO diets. The group fed BF showed
significantly higher ratios in PE and PC from rat liver and 
in PC from rat heart, compared to the PO group. This means
that even a content of 2.5 wt% trans fatty acids from BF in-
fluenced the formation of arachidonic acid. The results re-
ported by Willett et al. (4) from the Nurses’ Health Study
showed an association between high intake of trans fatty
acids and risk of coronary heart disease after adjustment for
age and total energy intake. This positive correlation was en-
tirely ascribed to the intake of trans fatty acids from partially
hydrogenated vegetable oils rather than from ruminant
sources. The present data indicate, on the contrary, that trans
fatty acids from butter are at least as inhibitory as other posi-
tional isomers. 

The decreased amount of arachidonic acid found in both
rat liver PE and PC and heart PC might be due to competition
from the trans fatty acids present, especially the 12t-18:1 iso-
mer, for incorporation in the sn-2 position. Determination of
fatty acid distributions in the sn-1 and sn-2 positions, how-
ever, revealed that, even in the 15 PHSBO group, trans 18:1
isomers comprised only 0.3–0.4 wt% of the total fatty acids
in the sn-2 position of rat liver and heart PE, compared to 51
and 37 wt% of 20:4n-6 in rat liver and heart PE, respectively
(Table 4). In both organs total PUFA represented more than
85 wt% of the fatty acids in the sn-2 position. On the contrary,

the sn-1 position of rat liver and heart PE from the rats fed the
15 PHSBO diet contained more than 8 wt% trans 18:1 iso-
mers and less than 3 wt% 20:4n-6 (data not shown). In the BF
group, trans 18:1 isomers were also particularly incorporated
in the sn-1 position of rat liver and heart PE, and 20:4n-6 in
the sn-2 position. The same trends as observed for PE were
seen for PC (data not shown). Our findings are in line with
data reported by Reichwald-Hacker et al. (33) who fed rats
diets with 20 wt% PHSBO with 41 wt% trans 18:1 isomers
and found 2 wt% trans 18:1 in the sn-2 position of liver PC,
compared to 20 wt% in the sn-1 position.

According to the fatty acid composition in the sn-1 and
sn-2 positions of rat liver and heart PE and PC, competition
from the trans 18:1 isomers for incorporation in the sn-2 po-
sition may therefore be negligible.
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TABLE 4
Major Fatty Acids (wt% of total) in the sn-2 Position of PE 
from Rat Liver and Heart

Dietary fats (wt%)a

Fatty acid 15 PHSBO 10 PHSBO 5 PHSBO BF PO

sn-2 position of liver PE

16 ald. 0.3 0.4 0.3 0.4 0.4
16:0 1.3 0.8 0.8 1.9 1.6
16:1n-7 0.2 0.2 0.2 0.5 0.5
18 ald. 0.1 0.1 0.1 0.2 0.2
18:0 1.0 0.6 0.4 1.3 1.1
∑ 18:1 transc 0.3 0.2 0.1 0.2 0.1
18:1n-9 2.8 2.9 3.5 4.2 4.4
18:1n-7 0.9 1.2 1.0 1.2 1.6
18:2n-6 10.7 9.2 8.7 11.3 8.9
20:3n-6 1.3 1.2 1.1 1.9 1.4
20:4n-6 51.4 52.6 55.2 52.6 56.5
22:4n-6 0.5 0.6 0.6 0.6 1.2
22:5n-6 1.1 1.6 1.3 1.8 6.0
22:5n-3 1.6 1.8 1.4 1.5 1.0
22:6n-3 20.9 22.7 22.2 15.5 10.1

∑ PUFAd 87.5 89.7 90.5 85.2 85.1

sn-2 position of heart PE

16 ald. 0.4 0.2 0.3 0.3 0.3
16:0 1.8 1.2 1.4 1.6 1.4
16:1n-7 0.1 0.1 0.1 0.1 0.1
18 ald. 0.6 0.1 0.1 0.6 0.3
18:0 0.9 0.5 0.5 0.8 0.7
∑ 18:1 transc 0.4 0.2 0.1 0.1 0.1
18:1n-9 2.5 2.4 2.4 2.2 2.7
18:1n-7 4.2 3.1 2.4 3.5 4.2
18:2n-6 6.0 5.8 4.4 7.1 5.7
20:3n-6 0.4 0.4 0.3 0.5 0.3
20:4n-6 36.7 40.4 39.8 37.2 35.5
22:4n-6 2.1 2.3 2.4 2.5 3.6
22:5n-6 5.0 4.7 6.0 8.2 23.9
22:5n-3 3.5 3.8 3.4 3.7 1.2
22:6n-3 32.2 32.6 34.4 28.7 18.0

∑ PUFAd 85.9 90.0 90.7 87.9 88.2
aFor abbreviations and additional notes see Tables 1 and 2.
bThe weight percentage represents results from pooled samples.
c∑ 18:1 trans = the sum of trans 18:1 isomers.
d∑ PUFA = the sum of polyunsaturated fatty acids.



Previous rat experiments showed suppressed levels of
20:4n-6 and increased levels of 18:2n-6 in rat liver PL after
feeding partially hydrogenated vegetable oils (20,22,34,35).
Reduced conversion of linoleic acid in rat liver and heart has
also been reported in rats fed partially hydrogenated marine
oil with a content of 33 wt% trans fatty acids, and this could
not be overcome by raising the dietary linoleic acid content
up to 14 wt% (20). Studies with rat liver microsomes have
shown that this was a result of a decrease in ∆6-desaturase ac-
tivity for rats fed partially hydrogenated vegetable oils and in
both ∆6- and ∆5-desaturase activities after partially hydro-
genated marine oil feeding (23).

The distribution of n-6 and n-3 C22-PUFA in rat heart PE
(Fig. 3) from the groups fed trans fatty acids, either as
PHSBO or BF, differed considerably from the PO control
group. All groups were fed the same content of linoleic acid,
and the diets contained approximately the same amounts of
18:3n-3, ranging from 0.2 to 0.6 wt%. The long-chain n-3
fatty acids, mainly 22:6, were deposited instead of 22:5n-6
and, to a lesser extent, 22:4n-6 in all groups that received di-
etary trans fatty acids. For rat liver PE, the same trend was
observed as for heart PE. Also for the PC fractions of liver
and heart, the intake of trans fatty acids led to increased con-
tents of 22:6n-3 and 22:5n-3 and correspondingly lower lev-
els of 22:5n-6 and 22:4n-6. This is in agreement with the find-
ings of Lawson et al. (22), who observed increased content of
22:6n-3 in liver PE from rats fed 36% trans fatty acids in
PHSBO, whereas Koga et al. (34) found unchanged amounts
of 22:6n-3 and decreased levels of 22:5n-6 in rat liver PE and
PC after feeding diets with 39% trans fatty acids from par-
tially hydrogenated corn oils. 

The metabolism of linoleic and linolenic acid to the very
long-chain PUFA through desaturations and elongations has
recently been reinvestigated (36,37). Voss et al. (38) showed

that, in rat hepatocytes, the metabolism of 22:5n-3 to 22:6n-3
is independent of a ∆4-desaturase. Instead, 22:5n-3 is sequen-
tially chain-elongated to 24:5n-3 and subsequently desatu-
rated to 24:6n-3. Finally, 24:6n-3 moves from the endoplas-
mic reticulum to a site for β-oxidation (presumably the
peroxisomes), where it is chain-shortened to 22:6n-3. Mo-
hammed et al. (39) reported an analogous pathway for the
conversion of 22:4n-6 to 22:5n-6. In human cells, the same
pathway exists for the synthesis of 22:6n-3 from 20:5n-3
(40,41). Marzo et al. (41) propose the existence of two dis-
tinct but related ∆6-desaturases. The one acting on 18:2n-6
and 18:3n-3 is different from the other, which catalyzes the
desaturation of 24:4n-6 and 24:5n-3 to 24:5n-6 and 24:6n-3,
respectively.

The increased deposition of 22:6n-3 and also, to a lesser
extent, 22:5n-3 in PE and PC, caused by trans fatty acids as
observed in our experiment, may indicate a different influ-
ence on the second ∆6-desaturation of n-6 and n-3 fatty acids,
favoring the n-3 species. Although there are only small dif-
ferences in the amounts of linolenic acid (0.4–0.6 wt%) pres-
ent in the PHSBO and BF diets, compared to the PO diet (0.2
wt%), we cannot exclude that the PO group was on the bor-
derline of n-3 deficiency, resulting in decreased amounts of
long-chain n-3 fatty acids.

The presence of large amounts of 22:6n-3 in heart PE is
interesting because Pepe and McLennan (42) and McLennan
et al. (43) have documented that dietary very long-chain n-3
PUFA from fish oils have an antiarrhythmic effect in rats and
monkeys, respectively. Sellmayer et al. (44) showed the same
effects in man when investigating the effects of dietary n-3
PUFA on the frequency of ventricular premature complexes
in 68 patients with frequent ventricular arrhythmias but good
ventricular function.

If the increased 22:6n-3 and 22:5n-3 levels in rat liver and
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FIG. 3. Content of C22-polyunsaturated fatty acids (wt% of total) in rat heart PE. PO, palm oil; for other abbrevia-
tions, see Figures 1 and 2. Note that additional fats and oils were added; for composition, see Table 1.



heart can be related to the presence of trans fatty acids in the
diets, our results may indicate that, besides their negative ef-
fects on blood lipids, trans fatty acids may influence 22:6n-3
deposition and thereby create an antiarrhythmic effect. Fur-
ther studies are required to clarify whether the the levels of
22:6n-3 and 22:5n-3 in the groups fed trans fatty acids com-
pared to PO are due to the slightly lower content of dietary
18:3n-3 in this group or a result of the trans 18:1 isomers
present.

A comparison of the 15 PHSBO, BF, and PO groups,
which contained almost equal amounts of trans fatty acids
plus long-chain saturated fatty acids, is interesting because
saturated fatty acids are often substituted for trans fatty acids
to maintain a desirable texture in margarines. As expected,
the PO diet resulted in greater formation of arachidonic acid
and simultaneous lower amounts of linoleic acid, compared
to the two groups that were fed diets with trans fatty acids of
either vegetable or animal origin. These groups affected the
contents of 18:2n-6 and 20:4n-6 equally in rat liver PC and
rat heart PE and PC. In liver PE, however, the differences
were more pronounced in the 15 PHSBO group than in the
BF group. In considering the accumulation of C22-PUFA in
the two PL classes from rat liver and heart, the 15 PHSBO
and BF groups changed the composition toward higher
amounts of the two n-3 fatty acids at the expense of the n-6
fatty acids. The influence on the contents of 22:4n-6, 22:5n-
6, and 22:6n-3 was significantly higher for the 15 PHSBO
group than for the BF group, although the content of 18:3n-3
was almost the same (0.5 or 0.4 wt%). The 22:5n-3 level was
affected to approximately the same extent in the two groups.

Our results demonstrate that dietary fats affect PE and PC
to a different extent in the two organs. The effect of trans iso-
mers on linoleic acid conversion is less reflected in heart than
in liver and less for PE than for PC. This hierarchy is in line
with previous observations (20,21,35).

Further studies are needed to decide whether the extensive
deposition of 22:6n-3 seen in tissues from rats that are fed
trans fatty acids, compared to PO, is due to a specific effect
of trans 18:1 isomers on the PUFA metabolism or to linole-
nate deficiency.
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