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Abstract Human umbilical vein endothelial cells were cul-
tured in various fatty acid-modified media until equilibrium
conditions were reached (7-8 days). The effects on the fatty acid
composition of phospholipid classes and on the metabolism of
arachidonic acid (20:4(n-6)) were studied. The results showed
that in every phospholipid class large changes in fatty acid com-
position, including 20:4(n-6) content, were induced by long-
term modification with unsaturated as well as saturated fatty
acids. However, the mean levels of saturated and unsaturated
fatty acids per phospholipid class remained relatively constant,
except for cells modified with oleic acid, which showed an in-
crease in monounsaturated fatty acids at the expense of both
saturated and polyunsaturated fatty acids. The rate of incorpo-
ration of radiolabeled 20:4(n-6) in endothelial lipids was not
influenced by long-term fatty acid modification. Cells modified
with 20:4(n-6) (having a high 20:4(n-6) content) tended to
“store” excess 20:4(n-6) as the elongated product 22:4(n-6)
mainly in phosphatidylserine and ethanolamine phospholipids.
On the other hand, endothelial cells modified with 20:5(n-3)
(having a low 20:4(n-6) content) differed typically from other
fatty acid-modified cells by a relatively high level and high incor-
poration rate of 20:4(n-6) in phosphatidylinositol, with a low ex-
tent of elongation. Bl These results indicate extensive
homeostatic control of membrane unsaturation in each phos-
pholipid class and economical control of 20:4(n-6) content in all
modified endothelial cells, irrespective of a considerable varia-
tion of 20:4(n-6) levels in cellular lipids. Moreover, the observed
maintenance of a critical level of 20:4(n-6) in phos-
phatidylinositol, when 20:4(n-6) supply was strongly decreased,
may be important for maintaining proper signal transduction
upon endothelial cell stimulation.—Vossen, R. C. R. M., M. A,
H. Feijge, J. W. M. Heemskerk, M. C. E. van Dam-Mieras,
G. Hornstra, and R. F. A. Zwaal. Long-term fatty acid
modification of endothelial cells: implications for arachidonic
acid distribution in phospholipid classes. J. Lipid Res. 1993. 34:
409-420.
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Endothelial cells are actively involved in the main-
tenance of vascular tone and in providing selective perme-

ability and an antithrombotic surface (1). The endothelial
membrane phospholipids and their fatty acyl moieties
play a role in these processes by controlling the physico-
chemical properties of the membrane (2, 3) and by
providing precursors for bioactive mediators such as ei-
cosanoids and platelet activating factor upon cell stimula-
tion (4, 5). However, derailment of normal endothelial
function may contribute to the pathogenesis of atheroscle-
rosis (6). In this respect, the type of dietary lipid, which
influences cellular fatty acid composition, may play a role
(2). Insight into the relationship between endothelial fatty
acid composition and the functional responses of these
cells may contribute to understanding a relation between
the type of dietary lipids and the incidence of cardiovascu-
lar disease.

Membrane phospholipids of endothelial cells contain
relatively large amounts of arachidonic acid (20:4(n-6),
which can be mobilized from the phospholipids by phos-
pholipases and subsequently converted into bioactive ei-
cosanoids upon cell stimulation (2, 7). Despite the estab-
lished central role of 20:4(n-6) in cell activation,
endothelial cells acquire it mainly from exogenous sources
(4). Changes in membrane 20:4(n-6) content of en-
dothelial cells can be induced by dietary modification.
This may influence cellular responsiveness. Previous
studies have shown that considerable changes in fatty acid
composition can be induced in endothelial cells in vitro
(3, 4, 8). Indeed, a relation between the extent of

Abbreviations: EDTA, ethylenediamineyetraacetic acid; HEPES,
n-2-hydroxy-ethylpiperazine-n-2-ethanesulfonic acid; SM, sphingomye-
lin; CP, choline phospholipid; PS, phosphatidylserine; PI, phos-
phatidylinositol; EP, ethanolamine phospholipid; 16:0, palmitic acid;
18:0, stearic acid; 18:1(n-9), oleic acid; 18:2(n-6), linoleic acid; 20:4(n-6),
arachidonic acid; 20:5(n-3), eicosapentaenoic acid; 22:4(n-6), docosa-
tetraenoic acid; 22:5(n-3), docosapentaenoic acid; 22:6(n-3), docosa-
hexaenoic acid.
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modification of the 20:4(n-6) content of total phos-
pholipids and eicosanoid release upon stimulation has
been found.

Several studies (5, 9-17) have described the rapid incor-
poration of radiolabeled 20:4(n-6) in endothelial cell
phospholipids after relatively short incubation periods (5
min to 24 h). In addition, other studies have shown that
the time scale to reach equilibrium conditions for the dis-
tribution of radiolabeled 20:4(n-6) over the various phos-
pholipid classes and for the elongation and desaturation
processes was much longer (18-20). However, the effect of
long-term modification with different fatty acids in vitro
on endothelial fatty acid composition and 20:4(n-6)
metabolism was not investigated. Insight in the extent of
fatty acid modification induced by various fatty acids and
the influence of these modifications on the 20:4(n-6) con-
tent of the individual phospholipid classes is of impor-
tance, considering the specific roles of different phos-
pholipid classes upon cell stimulation (2, 21).

In this study human endothelial cells were modi-
fied with saturated, monounsaturated, and polyun-
saturated fatty acids, by long-term culture in various
fatty acid-modified media until equilibrium conditions
were reached (7-8 days). The fatty acid compositions of
each phospholipid class were analyzed. Furthermore,
the influence of long-term fatty acid modification on
the incorporation, redistribution, and modification of
(1-t*Clarachidonic acid into endothelial cell phospholipid
classes was studied after both short incubation (2 h) and
prolonged culture (3 days) with radiolabeled 20:4(n-6).
The results indicate considerable alterations of 20:4(n-6)
levels in every phospholipid class of long-term fatty acid-
modified endothelial cells. This may account for the ob-
served variation in eicosanoid production of these cells
(8). Nevertheless, in every phospholipid class extensive
homeostatic control of membrane unsaturation and eco-
nomical control of the 20:4(n-6) content was found. As
was shown in 20:5(n-3)-modified cells with a low
20:4(n-6) content, a critical 20:4(n-6) level appeared to
be maintained in phosphatidylinositol. This may be im-
portant for maintaining proper signal transduction upon
endothelial cell stimulation and it may explain why the
observed functional cellular reactivity remains virtually
unaltered (8) despite the gross changes in fatty acid pat-
terns.

EXPERIMENTAL PROCEDURES

Materials

Culture media M199 and RPMI 1640 (with L-glutamine
and 20 mM HEPES) and 2.5% (w/v) trypsin solution
were obtained from Flow Lab (Bioggio, Switzerland). Tis-
sue culture dishes (60 cm?, F3003) were from Falcon (Et-
ten Leur, The Netherlands). EDTA, HEPES, and L-
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glutamine were obtained from Serva (Heidelberg, Ger-
many). Free fatty acids and their sodium salts were ob-
tained from Sigma (St. Louis, MO). All organic solvents
were purchased from Merck (Darmstadt, Germany) and
contained butylated hydroxy toluene (50 mg/l, Sigma) as
antioxidant. [1-'*Clarachidonic acid (54.4 mCi/mmol)
was obtained from Amersham (Houten, The Nether-
lands). All chemicals used were of the highest grade of pu-
rity available.

Several buffers were used: phosphate-buffered saline
contained 0.137 M NaCl, 26 mM KCI, 81 mM
Na,HPO,, 1.15 mM KH,PO, (pH 7.4). Trypsin solution
contained 0.125% (w/v) trypsin in phosphate-buffered sa-
line containing EDTA (0.33 mM). The standard culture
medium  consisted of 20% human serum in
M199/RPMI1640 (1:1, v/v) supplemented with L-glutamine
(2 mM), gentamicin (50 mg/ml), NaHCO; (11.9 mM),
and endothelial cell growth supplement (100 ug pro-
tein/ml). Endothelial cell growth supplement was pre-
pared from bovine brain as described by Maciag et al.

(22).

Endothelial cell culture and modification of the fatty
acid composition

Human umbilical vein endothelial cells were isolated
from umbilical cord veins and cultured in standard cul-
ture medium containing 20% human serum (pool of at
least 200 healthy donors) as described previously (8). For
modification of the endothelial cell fatty acid composition,
the cells were cultured in various fatty acid-supplemented
media from passage 2 to 4 (7 or 8 days). The fatty acid-
supplemented media (200 pM final concentration) were
prepared by addition of a particular fatty acid sodium salt
to warm human serum (37°C) prior to addition of culture
medium as described previously (8). In each experiment,
unmodified endothelial cells were always compared to a
set of four differently fatty acid-modified cells, obtained
from the same umbilical cord.

Lipid analysis

Endothelial cell monolayers were washed twice with
cold phosphate-buffered saline (4°C). The cells were tryp-
sinized and washed twice with cold phosphate-buffered
saline containing 1.35 mM EDTA (4°C), counted with a
Coulter counter, and frozen (—-20°C) until use (within 2
weeks). Preliminary experiments showed no appreciable
differences between total fatty acid compositions of tryp-
sinized and scraped endothelial cells.

For lipid analysis, the cells were thawed rapidly and the
lipids were extracted according to Bligh and Dyer (23).
Aliquots were taken to quantify phospholipid content by
measuring phosphorus content according to Boéttcher, van
Gent, and Pries (24) and to quantify cholesterol content
using reagents provided by a kit (free cholesterol 310328,
Boehringer, Mannheim, Germany). The lipid extract was
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subjected to thin-layer chromatography (TLC) and
gas-liquid chromatography (GLC) as described below.

Total phospholipids were separated from neutral lipids
by TLC on silica gel 60 plates (Merck) as described by
Rand, Hennissen, and Hornstra (25). Phospholipid
classes were separated by TLC as described by Touch-
stone, Chen, and Beaver (26). Lipid bands co-migrating
with known standards were visualized by spraying with
0.5% (w/v) 8-anilino-1-naphtalene sulfonic acid in
methanol and UV detection. Appropriate bands were
scraped and phospholipids were extracted with
methanol-chloroform-water 90:10:2 (v/v). Phosphorus
content was quantified and fatty acids were methylated,
extracted, and analyzed by GLC as described by Rand et
al. (25) with some modifications: a Perkin-Elmer au-
tosystem capillary gaschromatograph with a CP-sil 5 CB
column (Chrompack, Middelburg, The Netherlands) was
used with 19:0 as internal standard. Data were collected
and analyzed using a Turbochrome II workstation
(Perkin-Flmer, Gouda, The Netherlands).

Plasmalogen EP was separated from diacyl EP by TLC.
The TLC plate was subjected to HCI fumes for 15 min to
hydrolyze the aldehyde moiety of plasmalogen EP, prior
to development in chloroform-~methanol-water 65:25:4
(v/v). Thereby diacyl EP was separated from the lysoEP
formed. Thus, only the fatty acids of the sn-2 position of
plasmalogen EP were analyzed. Appropriate bands were
scraped and analyzed as described above.

Labeling of endothelial cells with [1-1*C]arachidonate
and lipid analysis of radiolabeled cells

Endothelial cells were cultured from passage 2 to 4 in
fatty acid-modified media. Subconfluent modified en-
dothelial cells (passage 4) were cultured for 3 days in the
same media supplemented with 0.625 pCi sodium
[1-"*C]arachidonate (2.3 uM). In a parallel experiment,
confluent modified endothelial cells (passage 4) were in-
cubated for 2 h with 0625 xCi sodium
[1-*Clarachidonate (2.3 uM) in RPMI 1640 containing
human serum albumin (5 g/1). Then, the cells were
washed twice with phosphate-buffered saline, incubated
with saline for 5 min, and trypsinized. Lipids were ex-
tracted as described above and aliquots were taken to
quantify incorporated radioactivity. Phospholipid classes
were separated by TLC as described above, radioactive
spots were scraped off, and radioactivity was measured.

For analysis of elongation products, fatty acids of total
phospholipids were methylated (25) and separated by
high performance liquid chromatography (HPLC) using
a Cyg reversed phase column (100RP, 5 um, Merck),
eluted with methanol-acetonitrile-water 85.5:9.5:5 (v/v).
Radioactive peaks were analyzed by a radioisotope detec-
tor (Beckmann 171, Palo Alto, CA).

All fatty acid data are expressed as nmol fatty acid or
dpm radiolabel per amount of cells. We have previously
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shown that cell number and phospholipid content are
highly correlated, and not influenced by fatty acid
modification of the cells (8). As cellular phospholipid con-
tent can be quantified more accurately than cell,number
in small amounts of cells (by measuring phosphorus con-
tent (24)), this was measured as the determinant of cell
number. All data are expressed per 8.3 x 10%0or 8.3 x 103
cells, which is equivalent to 1 pmol or 1 nmol cellular
phospholipid, respectively.

RESULTS

Fatty acid composition of phospholipid classes of
unmodified human endothelial cells

The distribution of the different phospholipid classes in
the endothelial cell membranes is shown in Table 1 and
the fatty acid compositions of these classes are summa-
rized in Fig. 1. The results show that particular fatty
acids are esterified into various phospholipid classes to
different extents. For example, in SM 40.6% of total fatty
acids is 16:0 (Fig. 1A), 9.1% is 24:0, and 21.1% is 24:1(n-9)
(Table 2). 16:0 is also incorporated to a high extent into
CP (33.8% of total CP fatty acids). CP actually shows the
highest 16:0 mass incorporation (Fig. 1B). As CP com-
prises 53.4% of total phospholipids, its fatty acid composi-
tion determines to a considerable extent that of the total
phospholipids (Fig. 1B). It is also evident from Fig. 1A
that the relative amount of 18:0 is high in PS (35.1%) and
PI (34.0%), although Fig. 1B shows that EP contains the
highest 18:0 mass. Also, PI is very rich in 20:4(n-6)
(30.7%), while EP contains the highest 20:4(n-6) mass
content (Fig. 1B). EP, which comprises 27.0% of total

TABLE 1. Distribution of phospholipid classes in endothelial
cell membranes

PL Classes % of Total PL
SM 6.7 (1.5)
CcP 53.4 (1.6)
PS 6.8 (0.6)
PI 6.1 (0.5)
EP 27.0 (2.8)
Plasmalogen EP 10.4 (1.8)
Diacyl EP* 16.6 (2.0)

Human umbilical vein endothelial cells were cultured to passage 4 in
standard medium containing 20% human serum. Lipids were extract-
ed, phospholipid classes were separated, and phosphorus content was ana-
lyzed as described in Experimental Procedures. The distribution of
phospholipid classes is expressed as percentage of total phospholipids.
Values represent means (SEM), n = 6. Abbreviations: PL, phospholipid;
SM, sphingomyelin; CP, choline phospholipid; PS, phosphatidylserine;
PI, phosphatidylinositol; EP, ethanolamine phospholipid.

“Diacyl EP including alkyl-acyl EP (< 0.5% of total PL).
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Fig. 1. TFatty acid composition of phospholipid classes in unmodified human endothelial cells. Endothelial cells
were cultured to passage 4 in standard culture medium and fatty acid compositions of phospholipid classes were
analyzed. Only the major fatty acids are depicted here. A: The amounts of fatty acid in a phospholipid class are
expressed as percentage of total fatty acids in that class. B: Shows the fatty acid mass content in various phospholipid
classes, expressed as nmol fatty acid per 8.3 x 106 cells (equivalent to 1 pmol cellular phospholipid). These values
are calculated from the data given in Table 1 and Fig. 1A. The mean values + SEM of three independent experi-
ments are represented. Abbreviations: EC, endothelial cells; PEP, plasmalogen EP (values represent only the % fatty

acyl composition at the sn-2 position).

phospholipids, has a relatively high content of 18:0,
18:1(n-9), and 20:4(n-6) (Fig. 1A) and a relatively large
mass content of 18:0, 20:4(n-6), 22:4(n-6), 22:5(n-3), and
22:6(n-3) (Fig. 1B). The polyunsaturated fatty acid com-
position of plasmalogen EP (sn-2 position) shows no gross
deviation from that of diacyl EP, except for 18:1(n-9) and
18:2(n-6), which are present at both the sn-1 and sn-2 po-
sitions (Table 3). Only 18:1(n-9) is uniformly distributed
over all phospholipid classes, except for SM and plasmalo-
gen EP.

Changes in fatty acid composition of phospholipid
classes in fatty acid-modified endothelial cells

In order to study the effect of fatty acid modification on
the distribution of fatty acids in the different phospholipid
classes, endothelial cells were cultured from passage 2 to
4 in media supplemented with 200 uM of a particular
fatty acid. Preliminary studies showed that higher concen-
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trations of supplemented fatty acids inhibit cell growth.
As the medium also contains 20% human serum (con-
taining ca. 2 mM total fatty acids), the concentration of
the supplemented fatty acids is at most doubled, assum-
ing that this fatty acid represents 10% or more of the total
fatty acids in serum. However, serum fatty acids are in
part esterified which may limit their availability for incor-
poration into cellular lipids.

The fatty acid compositions of the phospholipid classes
of unmodified cells and fatty acid-modified cells are given
in Table 2. As plasmalogen EP constitutes about 39% of
total EP, the fatty acid modifications in the subclasses
plasmalogen EP and diacyl EP (including alkyl-acyl EP)
were analyzed as well (Table 3). No appreciable differ-
ences in lipid phosphorus, phospholipid class distribu-
tions, and cholesterol contents between fatty acid
modified cells and control cells were found. Regarding the
relevance of 20:4(n-6) for cellular activity, the fatty acid
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Fatty acid compositions of the phospholipid classes of differently modified endothelial cells

TABLE 2.

Fatty Acid Supplemented to Culture Medium
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Endothelial cells were cultured from passage 2 to 4 in media supplemented with various fatty acid sodium salts (200 gM) as indicated. Fatty acid composi-
tions of phospholipid classes were determined as described in Experimental Procedures. Only the major fatty acids are shown. Data are expressed as molar

percentage of total fatty acids in a phospholipid class. Standard errors did not exceed 12% of mean value, n
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TABLE 3. Fatty acid compositions of the ethanolamine phospholipid subclass of differently
modified endothelial cells

Fatty Acid Supplemented to Culture Medium

EP

Subclass Fatty Acid None 18:0 18:1 18:2 20:4 20:5 22:6

Diacyl EP 16:0 6.7 2.5 5.5 7.7 7.8 7.0 6.4
18:0 22.0 37.9 18.3 24.1 28.3 32.0 29.1
18:1(n-9) 14.0 10.0 43.7 8.4 11.1 15.5 11.2
18:2(n-6) 11.0 8.2 7.4 26.6 5.8 11.1 9.0
20:2(n-6) 0.8 0.4 0.6 7.6 0.6 0.0 0.6
20:3(n-6) 2.0 2.1 0.6 2.2 1.3 0.0 1.5
20:4(n-6) 18.8 19.7 7.1 6.7 20.6 4.7 9.6
20:5(n-3) 0.3 0.6 0.1 0.0 0.0 13.5 1.3
22:4(n-6) 6.8 5.1 4.7 6.6 20.2 0.0 1.2
22:5(n-3) 4.7 3.5 1.4 2.4 0.0 13.0 1.0
22:6(n-3) 6.5 6.2 3.8 3.4 0.0 0.0 24.6

Plasmalogen EP 16:0 6.5 1.3 5.0 2.5 2.9 2.9 1.9
18:0 8.1 2.6 3.3 2.5 5.7 3.9 3.6
18:1(n-9) 3.3 1.5 9.2 1.6 3.3 3.2 2.7
18:2(n-6) 4.1 1.8 2.7 11.7 1.7 2.7 2.1
20:2(n-6) 0.0 0.0 0.1 1.7 0.0 0.1 0.0
20:3(n-6) 0.1 0.8 1.4 0.5 0.4 0.5 0.3
20:4(n-6) 36.9 46.2 27.2 27.8 35.7 3.2 18.8
20:5(n-3) 0.0 0.0 0.0 0.0 0.0 29.8 2.8
22:4(n-6) 15.6 17.0 20.5 25.2 44.8 3.6 4.3
22:5(n-3) 10.8 11.0 11.4 10.1 1.5 43.5 2.4
22:6(n-3) 14.6 15.4 17.1 15.5 2.1 1.9 57.6

The EP subclass compositions of plasmalogen EP and diacyl EP were analyzed. Diacyl EP also contains alkyl-acyl
EP (< 0.5% of total PL). Only the major fatty acids are shown. Data are expressed as molar percentage of total
fatty acids in an EP subclass. It should be noted that the values of plasmalogen EP represent only the fatty acid
composition at the sn-2 position, in contrast to the values of diacyl EP which are derived from the sn-1 plus sn-2 positions.

contents of different phospholipid classes in 20:4-modified
endothelial cells are also shown in Fig. 2. Comparison of
Figs. 1 and 2 show that supplementation of 20:4(n-6) to
the culture medium results in considerable changes in
fatty acid composition of every phospholipid class. Not
only was the content of 20:4(n-6) increased in all phos-
pholipid classes (except for SM, see Table 2), but also its
elongation product 22:4(n-6). PS and EP especially were
enriched with 22:4(n-6) (Fig. 2A)). In plasmalogen EP,
22:4(n-6) content was somewhat higher than that of
20:4(n-6), while absolute mass of 20:4(n-6) was highest in
CP.

Some examples of preferential incorporation of sup-
plemented fatty acids in phospholipid classes of modified
cells are as follows (Tables 2 and 3): 22 carbon polyun-
saturated fatty acids (especially elongation products in
20:4- and 20:5-modified endothelial cells) were preferen-
tially incorporated into PS and EP. Plasmalogen EP was
enriched in 22:4(n-6), 22:5(n-3), and 22:6(n-3) in all cells
modified with polyunsaturated fatty acids. In plasmalo-
gen EP of saturated fatty acid-modified cells, an increased
content of 20:4(n-6) was found compared to that of diacyl
EP. The fatty acids 20:4(n-6) and 18:0 were highly incor-
porated into PI of 18:0-modified cells, and 20:4(n-6) and
16:0 were enriched in PI of 16:0-modified cells. SM was
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enriched in the elongation products 24:1(n-9) and
24:2(n-6) in 18:1- and 18:2-modified cells, respectively.

Comparison of Figs. 1 and 2 also show that an increase
of 20:4(n-6) and 22:4(n-6) is accompanied by a decrease
of the fatty acids 18:2(n-6), 22:5(n-3), and 22:6(n-3).
This compensation mechanism was also seen in every
phospholipid class. Only SM, which has an extremely low
20:4(n-6) content, was somewhat divergent and showed a
remarkable increase of 16:0 (from 40.6% to 46.2%) with
smaller decreases of 18:0 and 18:1(n-9) in 20:4-modified
cells (Fig. 2A). It is evident from the data in Tables 2 and
3 that, for cells modified with polyunsaturated fatty acids,
increases in these fatty acids in each phospholipid class
were balanced by decreases in other polyunsaturated fatty
acids. For cells modified with saturated fatty acids, in-
creases in saturated fatty acids were balanced by increases
in 20:4(n-6) content in every phospholipid class and plas-
malogen EP (except SM, see Table 2).

In general, the net effect of all fatty acid changes was
a fairly constant distribution pattern of saturated,
monounsaturated, and polyunsaturated fatty acids in
each phospholipid class, as is shown in Fig. 3. PI and EP
have a relatively high polyunsaturated fatty acid content,
whereas SM has a fairly high saturated fatty acid content
with somewhat divergent fatty acid group distributions.
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Fig. 2. Fatty acid composition of phospholipid classes in 20:4-modified endothelial cells. Endothelial cells were cul-
tured from passage 2 to 4 in standard culture medium supplemented with 20:4(n-6) and fatty acid compositions
of phospholipid classes were analyzed. Only the major fatty acids are depicted. A: The amounts of fatty acids are
expressed as a percentage of total fatty acids per phospholipid class. B: Shows the fatty acid mass contents, expressed
as nmol fatty acid per 8.3 x 108 cells (equivalent to 1 gmol cellular phospholipid). These values are calculated from
data given in Table 1 and Fig. 2A. The mean + SEM of three independent experiments are represented. Abbrevia-

tions as in Fig. 1.

CP and PS have an intermediate fatty acid group distri-
bution. While there are only small differences in fatty acid
group distributions of cells modified with saturated and
polyunsaturated fatty acids, 18:1-modified cells show a
remarkable increase in monounsaturated fatty acids at
the expense of both saturated and polyunsaturated fatty
acids in every phospholipid class.

Incorporation of [1-'*C]arachidonic acid into total
phospholipids and neutral lipids of fatty acid-modified
endothelial cells

As not all phospholipid classes contribute to the same
extent to liberation of 20:4(n-6) for production of eicosa-
noids, it is of interest to know whether the incorporation,
distribution, and modification of exogenously added
20:4(n-6) in different phospholipid classes was influenced
by membrane fatty acid modification. Therefore, fatty
acid-modified endothelial cells at passage 4 were either in-

Vossen et al.

cubated for 2 h with [1-1*Clarachidonic acid in
RPMI1640 containing human serum albumin (5 g/l) or
were cultured for 3 days with {1-1#Clarachidonic acid in
fatty acid-supplemented media. The incorporation of
radiolabel into phospholipids and neutral lipids is shown
in Fig. 4. No differences in total [1-*C]arachidonic acid
incorporation were found between differently modified
endothelial cells at 2 h incubation or 3 days culture.
However, after 3 days culture the incorporation of radi-
olabel into phospholipids was increased with increasing
amount of unlabeled 20:4(n-6) already present in the
phospholipids of the differently modified cells, as could be
expected. The incorporation into neutral lipids
(predominantly triglycerides) was much lower than in
phospholipids, except for 20:4-modified endothelial cells,
which showed a relatively high increase of radiolabel into
neutral lipids.

It should be noted that during 3 days culture of en-
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dothelial cells in 20:4-modified media, dilution of radi-
olabel occurred already in the culture medium. There-
fore, the actual mass incorporation of 20:4(n-6) is much
higher than would be concluded from the dpm values of
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Fig. 3. Distribution patterns of fatty acid groups in phospholipid
classes of differently modified endothelial cells. Endothelial cells were
cultured from passage 2 to 4 in standard culture medium supplemented
with different fatty acids and fatty acid compositions of phospholipid
classes were analyzed. The fatty acids were divided among three fatty
acid groups: saturated (SAFA), monounsaturated (MUFA), and polyun-
saturated (PUFA) fatty acids expressed as percentage of total fatty acids
in a phospholipid class. Values represent the mean of three independent
experiments. Abbreviations: control indicates control cells cultured
without supplemented fatty acid; 16:0, 18:0, 18:1, 18:2, 20:4, 20:5, and
22:6 indicate endothelial cells cultured with palmitic, stearic, oleic,
linoleic, arachidonic, eicosapentaenoic, and docosahexaenoic acid,
respectively.
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Fig. 4. Incorporation of radiolabel in phospholipids and neutral lipids
of differently modified endothelial cells. At passage 4 endothelial cells,
modified with different fatty acids, were either incubated for 2 h or cul-
tured for 3 days with [1-1*C]arachidonic acid. Lipids were analyzed by
TLC. At the y-axis incorporation of radiolabel is depicted for the 2-h in-
cubation (A) or the 3 days culture (B), expressed as dpm per 8.3 x 10?
cells. The x-axis shows the content of unlabeled 20:4(n-6) in the total
phospholipids of fatty acid-modified endothelial cells (after 7 or 8 days
culture) (8). The top of the figure indicates with fatty acid the endothelial
cells were modified with. Values are from one experiment, representative
of two independently performed experiments. Abbreviations are as in
Fig. 3. For 20:4-modified endothelial cells after 3 days culture, the dpm
values represent a much larger 20:4(n-6) mass incorporation because of
dilution of radiolabel in the 20:4-modified culture medium.

20:4-modified cells shown in Fig. 5B. This, however, does
not influence the ratio of radiolabel incorporation into
phospholipids to that into neutral lipids.

Elongation of [1-'*C]arachidonic acid in differently
modified endothelial cells

By means of HPLC analyses, modification of incorpo-
rated [1-!*Clarachidonic acid was determined for the
differently modified endothelial cells (Table 4). After 2 h
incubation, a large amount of 20:4(n-6) was already elon-
gated to 22:4(n-6). No desaturation products or further
elongation of 22:4(n-6) were found. The percentage elon-
gation in total phospholipids after 2 h incubation was be-
tween 17% and 22% for all fatty acid-modified cells, ex-
cept for 20:5-modified cells (7%). After 3 days culture the
percentage elongation was further increased in all cells,
but still rather low in 20:5-modified endothelial cells (Ta-
ble 4). 20:4- and 18:1-modified cells showed the highest
percentage elongation after 3 days culture. Table 5 shows
the incorporation of the elongated product into various

phospholipid classes of 20:4-modified endothelial cells.
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Fig. 5. Distribution of radiolabel among phospholipid classes in differently modified endothelial cells. Procedure
as described in Fig. 4. Radiolabel distribution among phospholipid classes of differently modified endothelial cells
is shown after 2 h incubation in A and after 3 days culture in B, expressed as dpm per 8.3 x 103 cells. Values are
from one experiment, representative of two independently performed experiments. Abbreviations are as in Fig. 3.
For 20:4-modified endothelial cells after 3 days culture, the dpm values represent a much larger 20:4(n-6) mass in-
corporation because of dilution of radiolabel in the 20:4-modified culture medium.

These data are consistent with the previous observations
that 22:4(n-6) is incorporated preferentially into PS and
EP.

It cannot be excluded that part of the [1-!#Clarachidonate
may release 14C through beta-oxidation, followed by rein-
corporation of the label into de novo synthesized fatty
acids including 22:4(n-6) in a 3-day culture period.
However, we examined radiolabel incorporation into all

TABLE 4. Percentage of elongated [1-*C}arachidonic acid in
differently modified endothelial cells

% 22:4(n-6)
Endothelial Cells Modified with 2 Hours 3 Days
Control 17.3 35.6
16:0 20.7 34.1
18:1 21.6 43.6
20:4 17.5 41.1
20:5 7.0 12.7

Endothelial cells were cultured from passage 2 to 4 in various fatty acid-
modified media. Cells were then either incubated for 2 h or cultured for
3 days with [1-**Clarachidonic acid. Lipids were extracted and analyzed
by TLC and HPLC as described in Experimental Procedures. Percent
elongation is calculated as dpm 22:4/dpm (20:4 + 22:4) x 100. Values
are from one experiment representative of two independently performed
experiments.

Vossen et al.

major fatty acids by HPLC and detected radiolabel incor-
poration almost exclusively in 20:4(n-6) and 22:4(n-6),
which always accounted for more than 97% of total radi-
olabel measured (including minor unidentified peaks).
Most probably, other fatty acids would be labeled as well,
when *C would have been released from arachidonate
and reused in measurable amounts in de nove lipid syn-
thesis.

Distribution of [1-*C]arachidonic acid among
phospholipid classes of differently modified
endothelial cells

The radiolabel distributions among phospholipid
classes of differently modified endothelial cells after 2 h in-
cubation and 3 days culture are shown in Fig. 5A and 5B,
respectively. The distribution patterns of radiolabel
among the various phospholipid classes were similar for
differently modified endothelial cells. However,
20:5-modified endothelial cells formed an exception.
These cells showed a relatively high incorporation of radi-
olabel into PI compared to other cells. Also, the incorpo-
ration in total phospholipids after 2 h incubation was
higher in these cells than that in other modified cells.

After 3 days culture, incorporation of radiolabel into all
classes was increased, especially into EP. In fact, the over-
all pattern shows a shift in radiolabel incorporation from
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TABLE 5. Percentage of elongated [1-!*C]arachidonic acid in
phospholipid classes of 20:4-modified endothelial cells

Phospholipid % 22:4(n-6)
in 20:4 EC 3 Days
PS 66.7
EP 50.7
CP 36.7

PI 30.3
SM nd

NL 40.7

Procedure and calculations as described in Table 4. Values are from
one experiment, representative of two independently performed experi-
ments. Abbreviations: NL, neutral lipids; nd, not detected; 20:4 EC, en-
dothelial cells modified with arachidonic acid.

CP to EP when the 2-h and 3-day data were compared.
The distribution patterns after 3 days culture resembled
those of unlabeled fatty acids. For 20:5-modified en-
dothelial cells, again a relatively high incorporation of
radiolabel into PI was found, which was not increased,
however, compared to that of 2 h.

The efficiency of radiolabel incorporation for each
phospholipid class per se is depicted in Fig. 6A and 6B
for 2 h incubation and 3 days culture, respectively. The
results after 2 h incubation showed a high labeling
efficiency of PI for all modified endothelial cells, whereas
20:5-modified cells showed a relatively higher labeling
efficiency of PI, which was still found after 3 days culture.

DISCUSSION

Several studies (3, 4, 8) have shown that culturing of
endothelial cells in media supplemented with a particular
fatty acid results in increased levels of that fatty acid and
its elongated product in total membrane phospholipids.
We have reported previously that such an increase of a
particular fatty acid is always balanced by a change in the
level of other fatty acids, and this apparent homeostatic
control is also found at the level of cellular functional ac-
tivity upon long-term fatty acid modification (8). The
present data are consistent with these observations and
show, in addition, that such a phenomenon is not only
present in the total phospholipids, but is also apparent wi-
thin each individual phospholipid class. The present
results show that, in general, long-term fatty acid
modifications do not appreciably influence the mean
levels of saturated and unsaturated fatty acids per phos-
pholipid class. A notable exception was found in
18:1-modified cells, which show an increase in monoun-
saturated fatty acids at the expense of both saturated and
unsaturated fatty acids. This indicates subtle homeostatic
control of membrane unsaturation in each phospholipid
class.

As essential fatty acids exert special functions, it could
be hypothesized that 20:4(n-6) has a dual role in the
membrane. It is not only involved in the regulation of
membrane physico-chemical parameters, but it also
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Fig. 6. Efficiency of radiolabel incorporation per phospholipid class in differently modified endothelial cells. Proce-
dure as described in Fig. 4. In order to show the efficiency of label incorporation for the different phospholipid classes
per se, radiolabel incorporation for each phospholipid class was calculated as dpm incorporated radiolabel in a phos-
pholipid class divided by the pmol amount of that phospholipid class. Values are from one experiment, representa-
tive of two independently performed experiments. Abbreviations are as in Fig. 3.
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serves as a substrate pool for local eicosanoid mediators.
As fatty acid modification of endothelial cells considera-
bly changes the 20:4(n-6) content of individual phos-
pholipid classes, the availability of 20:4(n-6) for the for-
mation of bioactive mediators upon cell stimulation may
also be changed. Therefore, the incorporation, distribu-
tion, and modification of [1-*C]arachidonic acid into
phospholipids and neutral lipids of differently modified
endothelial cells were studied after 2 h incubation and af-
ter 3 days culture.

After a 2-h incubation, [1-1*CJarachidonic acid is incor-
porated to about the same extent into the phospholipid
fraction of differently modified endothelial cells. This in-
dicates that the initial radiolabel incorporation is not
influenced by fatty acyl modification. After 3 days culture,
radiolabel incorporation into total phospholipids reflects
its actual 20:4(n-6) mass content. [1-1#C]arachidonic acid
is incorporated to a large extent, however, into the neutral
lipid fraction (mostly triglycerides) of 20:4-modified en-
dothelial cells after 3 days, while incorporation into
triglycerides is relatively low in other cells. It is possible
that in 20:4-modified cells the membrane phospholipids
as well as the culture medium are already “saturated” with
20:4(n-6), so that newly incorporated 20:4(n-6) will be
“stored” in triglycerides. Consistently, in 16:0-modified
cells only a limited amount of 20:4(n-6) is available from
the culture medium (in 20% human serum) and is there-
fore incorporated directly into phospholipids for compen-
satory reasons. Indications for “storage” regulation of ex-
cess 20:4(n-6) into triglycerides of cultured cells has been
reported also by others (10, 18). In addition, Cunnane
(27) reported retention of 20:4(n-6) in triglycerides of
plasma and liver of fasting rats.

Another mechanism for “storage” of sufficient 20:4(n-6)
into endothelial cells might be the elongation of 20:4(n-6)
to 22:4(n-6), which is subsequently “stored” in PS and EP
(including plasmalogen EP), phospholipid classes with a
relatively low turnover rate (2). If necessary, 20:4(n-6) can
be replenished by retroconversion of the “stored”
22:4(n-6). Rosenthal et al. (20) have recently reported
that efficient retroconversion can occur in both fibroblasts
and endothelial cells. Elongation products of other fatty
acids are also selectively incorporated into specific phos-
pholipid classes, for example 24:1(n-9) and 24:2(n-6) into
SM of 18:1- and 18:2-modified cells, respectively. In the
present study as well as in that of Rosenthal et al. (20),
prolonged elongation of 20:4(n-6) is found in endothelial
cells after 3 days modification with 20:4(n-6). For
20:5-modified cells, less elongation of 20:4(n-6) but more
elongation of 20:5(n-3) to 22:5(n-3) is found, which is in-
corporated preferentially into PS and EP (including plas-
malogen EP). This points to the importance of long time
culture for achieving equilibrium conditions when study-
ing the fate of exogenously added fatty acids.

Analysis of the fatty acid modifications in plasmalogen

Vossen et al.

EP show a slightly increased content of 22-carbon elonga-
tion products in cells modified with different polyunsatu-
rated fatty acids, and an increased content of 20:4(n-6) in
saturated fatty acid-modified cells compared to that of di-
acyl EP (including alkyl-acyl EP). However, no gross
deviations from the general pattern are found, taking into
account that the fatty acid composition of plasmalogen EP
is derived only from the sn-2 position, in contrast to that
of diacyl EP.

For all modified endothelial cells, a rapid incorporation
of [1-1#*C]Jarachidonic acid is found into CP and PI after
2 h, followed by a redistribution from CP to EP in 3 days
without stimulation of the cells. This time-dependent
transesterification of 20:4(n-6), also reported by others (5,
15, 18, 19), seems not to be influenced by fatty acid
modification and membrane 20:4(n-6) content.
Takayama et al. (15) showed that this remodeling is highly
selective for 20:4(n-6) and 20:5(n-3).

Typically, a relatively high efficiency of radiolabel in-
corporation is found in PI of 20:5-modified endothelial
cells. With regard to the high turnover rate of PI (13, 28,
29), this indicates a very efficient and specific incorpora-
tion mechanism for 20:4(n-6) into PI. This effect is most
evident in 20:5-modified cells, which are relatively poor in
20:4(n-6) because of competition by 20:5(n-3). The fast
incorporation, relatively high level, and low extent of
elongation of 20:4(n-6) in PI of 20:5-modified cells could
be interpreted as control of a critical 20:4(n-6) level in the
PI class of endothelial membranes, possibly important for
effective signal transduction upon cellular stimulation.

Finally, the results of the present study can be put into
physiological context. One functional role of fatty acids,
as part of phospholipids in biomembranes, is to provide
a suitable physico-chemical environment for membrane-
associated processes. This may allow extensive variations
in fatty acid content of all phospholipid classes, within
homeostatic control of physico-chemical properties, as de-
termined by all phospholipid classes together. A second
function of the essential fatty acid 20:4(n-6) is to provide
a precursor pool for local mediator formation during cell
stimulation. For this cellular response, however, not all
phospholipid classes participate to the same extent (2, 21).
For the rapid initial response, the PI-class (including
20:4(n-6) release mediated by PI-specific phospholipase C
and diacylglycerol lipase) is important, while for the fur-
ther amplification of the activation response, liberation of
arachidonic acid by phospholipase A, from other classes
(CP and EP) also plays a role. The present results indicate
that the cells carefully maintain a critical 20:4(n-6) level
in PI irrespective of adaption to different fatty acid-
containing media. This presumably explains why the
functional cellular reactivity remains virtually unaltered
in the endothelial cells modified with different fatty acids
(8). However, the observation that the 20:4(n-6) content
of other phospholipid classes can vary considerably may
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imply that alterations in membrane fatty acid content,
which influence eicosanoid formation (8), have conse-
quences for the amplification of the cellular response, for
example in mflammatory reactions and hemostatic
processes. IR
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