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Abstract The fatty acid composition of human skin fibro-
blasts grown in 10% dialyzed fetal calf serum can be modi-
fied considerably by adding supplemental fatty acids to the
culture medium. The degree of modification was dependent
on the concentration of added fatty acid over the range
tested, 2.5 X 107® to 1 x 10~ M. At the higher concentra-
tion, the extent of the modifications was as large as those
which can be produced in nonhuman or malignant cell lines.
Although the greatest changes were produced in the neutral
lipid fraction, the cellular phospholipids also exhibited ap-
preciable modifications. The phospholipids isolated from a
microsomal fraction prepared from the cell homogenate
exhibited similar changes in fatty acyl composition. These
findings indicate that the human fibroblast can tolerate con-
siderable variability in fatty acid composition, even in mem-
brane phospholipids. The triglyceride content of the cells
increased when they were grown in the presence of added

fatty acids, but the phospholipid and cholesterol content

remained unchanged. Growth was not affected by either
oleic or linoleic acids, but it was reduced up to 50% when
palmitic, linolenic, or arachidonic acid was added in concen-
trations of 5 X 107 M or above. Extensive modifications in
phospholipid fatty acid composition also were produced in
confluent monolayers of these fibroblasts. This suggests that
some membrane lipid turnover occurs even when the cul-
tures are not rapidly growing. Fatty acid modifications also
were produced in the commercially available IMR-90 strain
of human lung fibroblasts, suggesting that the ability to
tolerate considerable differences in fatty acid composition is
not a special property of the skin fibroblast line that was
isolated locally. —Spector, A. A., R. E. Kiser, G. M. Den-
ning, S-W. M. Koh, and L. E. DeBault. Modification of the
fatty acid composition of cultured human fibroblasts. J.
Lipid Res. 1979. 20: 536-547.

Supplementary key words phospholipids * neutral lipids -
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Modifications in fatty acid composition have been
produced in a number of mammalian cell lines by al-
tering the lipids to which they are exposed. Cells that
have been modified in this way include HeLa (1), LM
(2, 3), L (4), 3T3 (5), Ehrlich ascites (6), L1210 (7), and
L6 (8). Such changes in fatty acid composition are
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reported to have an effect on several membrane prop-
erties of animal cells, including the activity of certain
membrane-bound enzymes (9), the degree of expo-
sure of surface proteins (10), lateral mobility of recep-
tors (5), responses to mitogenic stimuli (11), endocyto-
sis (12), amino acid transport (13), and cholesterol
esterification (14). All of the cells in which extensive
fatty acid modifications have been produced are con-
tinuous lines that have been maintained for long
periods, and except for HeLLa (human), all of the above
are of murine or rat origin. Although HeLais a human
line, it is heteroploid and was derived from a malig-
nant tumor. In order to further explore the factors
that regulate cellular and membrane lipid composi-
tion, we wished to determine whether fatty acid
modifications of a similar degree were possible in
normal human diploid cell lines. The present com-
munication describes the rather extensive modifica-
tions in fatty acid composition that can be produced in
cultured human skin and lung fibroblasts, in both
rapidly growing cells and confluent monolayers.

MATERIALS AND METHODS

Cells and media

The diploid, finite cell line that was used in this study
was derived from a primary culture of human fore-
skin fibroblasts by the State Hygienic Laboratory,
University of Iowa. A second human diploid cell line,
IMR-90, used for comparative experiments, has been
characterized as a cell strain by Nichols et al. (15). The
IMR-90 cells, isolated from the lung tissue of a human
female fetus, were obtained from the American Type
Culture Collection (Cell Repository designation CCL
186).

Stock cultures of the fibroblasts isolated locally were
maintained as monolayers in Eagle’s Basal Medium
with Earle’s Salts (Gibco G-11) (16) supplemented with
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10% heat-inactivated fetal calf serum, 0.1 mM Mini-
mal Essential Medium nonessential amino acids
(Gibco 114), 100 units/ml of penicillin, and 100 ug/
ml of streptomycin. The medium was buffered at pH
7.4 with 0.015 M NaHCO; and 5% CO; in air. The
stock cultures were maintained at 37°C in a CO, in-
cubator and subcultured every 3—4 days with 0.25%
trypsin (Gibco 505) in 0.01 M phosphate-buffered
saline at a subculture ratio of 1:2. The medium was not
renewed between subcultures. The IMR-90 cells were
maintained using similar conditions in Eagle’s Mini-
mum Essential Medium with Earle’s salts (Gibco F-11)
(17). All media and supplements were sterilized by
filtration through a 0.22 um Millipore filter.

Fetal calf serum, obtained from Gibco (Grand
Island, NY), was heat-inactivated at 56°C for 30 min.
Serum from a single lot was used in all experiments.
One volume of heat-inactivated serum was dialyzed
against 20 volumes of phosphate-buffered saline at
4°C for 36 hr, the buffer being changed twice during
the dialysis. After dialysis, the fetal calf serum con-
tained 26.8 = 1.2 mg/dl phospholipids, 28.5 = 0.08
mg/dl cholesterol, 1.8 = 0.09 mg/dl triglycerides, and
0.20 = 0.05 umol/ml free fatty acids. The composition
of the major components of the free fatty acid frac-
tion was 21% 16:0,! 15% 18:0, 26% 18:1, 7.5% 18:2,
and 7.9% 20:4, whereas that of the phospholipid
fraction was 23% 16:0, 24% 18:0, 26% 18:1, 2.4%
18:2,5.8% 20:4, 4.1% 22:5, and 3.9% 22:6. The con-
centration of dialyzed serum in the culture medium
was 10%, so the inherent free fatty acid concentration
to which the cells were exposed was about 0.02 wmol/
ml. Based on the percentage composition, the con-
centrations of the most abundant individual free fatty
acids in the culture medium were 4.2 X 107® M pal-
mitate, 5.2 X 1078 M oleate, and 1.5 X 107¢ M lino-
leate when no supplemental fatty acid was added.

Fatty acids were obtained from Applied Science Inc.
(State College, PA) or NuChek Prep (Elysian,
MN). The sodium salt of the fatty acid was prepared
and added dropwise to the dialyzed serum with stir-
ring (18). The free fatty acid content of the solutions,
determined by the method of Lowry and Tinsley (19),
was between 5 x 107* and 2 x 1073 M. The serum
protein concentration was determined by the biuret
method (20). These solutions contained 1-6 gmol of
fatty acid/umol of serum albumin. The fatty acid-
containing serum solutions were sterilized by filtra-
tion and stored at —20°C.

! Fatty acids are abbreviated as chain length: number of double
bonds. Thus, the abbreviation 16:0 signifies a fatty acid con-
taining 16 carbon atoms and no unsaturated bonds.

Experimental cultures

Fibroblast cultures were seeded in their respective
maintenance media at 5-5.5 x 10° cells/cm? in
60-mm Falcon tissue culture petri dishes (P-60) for
growth and toxicity experiments. For experiments
where larger numbers of cells were required, cultures
were seeded at 7-11 x 103 cells/cm? in 25-cm? (50 ml)
Falcon flasks (T-25) or in 75-cm? (250 ml) Falcon
flasks (T-75). Culture media volumes were 3 ml for
P-60 dishes, 3.5 ml for T-25 flasks, and 10 ml for T-75
flasks. The experimental medium was the same as the
maintenance medium for the locally isolated fibro-
blasts, except that the intact fetal calf serum was re-
placed with either dialyzed serum or dialyzed serum
containing added fatty acid. All of the media were ad-
justed to a constant protein concentration of 4.4
mg/ml.

Each experiment was initiated by seeding the fibro-
blasts in their complete maintenance media. For
experiments with rapidly growing cells, the cultures
were washed with phosphate-buffered saline 24 hr
after seeding and then fed with the experimental
medium. This was defined as day 1. Cultures were
refed on day 4 and harvested on day 7. In experi-
ments with confluent cells, the cultures were refed
with maintenance Earle’s Basal Medium twice at 3-
day intervals. On day 9, when the cultures were con-
fluent, they were washed with phosphate-buffered
saline and fed with experimental medium. The cells
were then maintained in culture for either 3 or 21
days. Those maintained for only 3 days were not refed,
whereas those maintained for 21 days were refed a
total of 5 times at 3-day intervals and harvested 72 hr
after the fifth medium change, on day 27. Confluency
is defined as the maximum number of cells per cm?
attainable under these culture conditions and is
equivalent to the saturation density (21). This value
varied between 7.0 and 8.5 X 10* cells/cm?. The mi-
totic index was 1.02 = 0.23% for log phase cultures
and 0.19 = 0.16% for confluent cultures. There was
no significant difference in the mitotic index of cells
exposed to dialyzed serum as compared with supple-
mented media containing either oleic or linoleic acids.
In addition, refeeding the confluent cultures did not
stimulate proliferation as measured by [*H]thymi-
dine incorporation during a 1-hr pulse administered
24 hr after refeeding.

Growth curves were generated by enumerating the
cells in each culture daily according to the method
of Martinez-Lopez and Black (22), using an inverted
phase microscope. The data were expressed as num-
ber of cells per culture dish. Population doubling
times were calculated from these growth curves be-
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tween 2 and 4 X 10° cells per dish (21). The popula-
tion doubling times for the cells grown in the dialyzed
serum, oleic acid, or linoleic acid-supplemented serum
media were 30.8 + 1.5,34.5 + 2.0,and 30.2 = 2.9 hr,
respectively. The values for the cells grown in media
supplemented with palmitic, linolenic, or arachidonic
acid were dependent on the concentration of fatty acid
added. They varied from 35.0 £ 4.0 hr with 1
x 1075 M fatty acid to 54.5 + 8.2 hr with 1 X 10™* M
fatty acid. Phase contrast photomicrography of living
cells and bright field microscopic observations of
stained material were done with a Leitz Diavert in-
verted microscope with an Orthomat camera attach-
ment.

The cells were harvested after the monolayers were
washed four times with phosphate-buffered saline,
followed by two washes with 0.25% trypsin at 37°C.
The cells, covered by a residual trypsin film, were
incubated at 37°C until detachment occurred, and
they were then freed from the dish or flask by washing
several times with cold phosphate-buffered saline.
The fibroblasts were isolated from the suspension by
sedimentation at 800 g for 5 min, and the pellet was
resuspended in fresh buffer by gentle pipetting.
Cell counts of the suspension were taken for lipid
analysis and measurement of protein content (23).
Aliquots also were taken from representative cultures
for cell viability determinations. The cells were ex-
posed to a phosphate-buffered saline solution con-
taining 0.2% trypan blue for 10 min. From 90 to
100% of the cells were judged to be viable by this pro-
cedure. In addition, seeding efficiency was compared
with cultures grown in dialyzed serum and serum sup-
plemented with fatty acid. Seeding efficiency was cal-
culated as the percentage of the inoculum that at-
tached to the surface of the culture vessel within 3 hr
at 37°C (21). Subculturing of cells after 7 days of
growth in either 5 X 107® M linoleic-, oleic-, or pal-
mitic acid-supplemented medium or in 1 X 107* M
linoleic acid-supplemented medium resulted in seed-
ing efficiencies of 85-100%. Although there were
variations in the absolute seeding efficiency among the
different experiments, the value relative to corre-
sponding control cells grown in dialyzed serum within
a given experiment always approached 100%.

Preparation of membranes

An enriched membrane preparation was isolated
from fibroblasts pooled from 20-30 T-75 flasks by a
modification of the procedure of Schimmel et al. (24).
The cells were harvested by washing the cultures four
times with 4 ml of cold phosphate-buffered saline and
then scraping the cells free with a rubber policeman
into 1.0 ml of the buffer. This was followed by two
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additional washes of the flask. The cells were sedi-
mented by centrifugation at 1100 g for 5 min at 4°C.
The pellet was resuspended in 6 ml of 0.25 M su-
crose—1 mM triethanolamine- HCI, pH 7.4. The sus-
pended cells were then broken in a Dounce homog-
enizer with a B pestle. Twenty to twenty-five up-and-
down strokes were sufficient to rupture most of the
cells as determined by phase contrast microscopy. The
homogenate was centrifuged at 1700 g for 10 min at
4°C. The supernatant solution was removed, and the
pellet was washed with 2 ml of homogenizing solu-
tion and resedimented. The supernatant and wash
solutions were combined and centrifuged at 12,000 g
for 15 min at 4°C to sediment mitochondria. The
resulting pellet was washed with 1 ml of homogenizing
solution and resedimented, and the supernatant solu-
tion was added to the first postmitochondrial frac-
tion. A membrane fraction was sedimented from these
combined supernatant solutions by centrifugation at
100,000 g for 1 hr at 4°C. After the supernatant
fluid was removed and the tube and compacted pellet
were rinsed three times with cold phosphate buf-
fered saline, the pellet was suspended in 2.0 ml of
cold buffer. The content of the membrane prepara-
tion was assessed by electron microscopy.

Lipid analyses

Cellular lipids were extracted with chloroform-
methanol 2:1 (v/v) (25). Aliquots of the chloroform
phase were taken for colorimetric measurement of
phospholipids (26) and measurement of triglycerides
by a micromodification of a fluorometric method
utilizing sodium periodate and acetyl acetone (27).
Unesterified cholesterol was determined isothermally
at 290°C using a Hewlett-Packard 5710A gas-liquid
chromatograph equipped with a flame ionization
detector and a glass column (6 ft X 2 mm i.d.) packed
with 3% SP-2250 on 100/120 mesh Supelcoport
(Supelco, Inc., Bellefonte, PA). Peak areas were meas-
ured with a Hewlett-Packard 3380A integrator. The
internal standard was 5-a-cholestane-3-8-ol (Supelco,
Inc.). Total cholesterol was analyzed in the same man-
ner after saponification of the lipid extract by a modifi-
cation of the procedures reported by Driscoll et al. (28)
and Lillienberg and Svanborg (29). Each of the dried
lipid extract samples, containing internal standard,
was mixed with 4.7 ml of 95% ethanol and 0.3 ml of
33% KOH. The samples were saponified for 60 min at
57°C. After cooling, 1.0 ml of heptane was added
with mixing, followed by 5 ml of H,O. After removal
of the heptane phase, the aqueous portion was re-
extracted twice with 1.0 ml of heptane. The amount of
cholesteryl ester was determined by difference. The
above procedures also were employed for measure-
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ment of the lipids contained in the fetal calf serum.
Free fatty acid concentration in the serum was meas-
ured by the method of Laurell and Tibbling (30).
Gas-liquid chromatography also was employed to
analyze the fatty acid composition of isolated phos-
pholipid and neutral lipid fractions. Phospholipids
and neutral lipids were separated by thin-layer chro-
matography on Silica Gel G plates by developing in
a solvent system containing hexane-diethyl ether—
acetic acid—methanol 170:40:4:4 (31, 32). Nu-Chek
Prep 18-5C and Nu-Chek Prep 18-1C (Nu-Chek Prep,
Elysian, MN) were used as standards. After elution
from the silica gel with chloroform-methanol 1:1
(v/v) (14), the lipid fractions were saponified for 45
min at 70°C in 2.5 ml of 95% ethanol and 0.05 ml of
33% KOH. The nonsaponifiable components were
removed by extraction with n-hexane, the solution was
acidified, and the fatty acids were extracted into n-
hexane. The fatty acids were methylated with 14%
BF; in methanol for 10 min at 95°C and the methyl
esters were extracted into n-hexane (33). The fatty
acid methyl esters were separated by gas-liquid
chromatography using a glass column (6 ft X 2 mm
i.d.) packed with either 10% Apolar 10C on 100/120
mesh Gas-Chrom Q (Applied Science Laboratories,
Inc., State College, PA) or 10% SP-2340 or SP-2330 on
100/120 mesh Chromosorb W-AW (Supelco, Inc.).

TABLE 1.

Relative mass amounts were determined with the
integrator.

RESULTS

Modifications in fatty acid composition produced by
linoleic acid

Our initial attempts to modify the fatty acid com-
position of the human skin fibroblasts were made by
adding increasing amounts of linoleic acid to the cul-
ture medium. The medium contained 10% dialyzed
fetal calf serum, and cells grown in this medium with-
out any supplemental fatty acid served as the control.
Linoleic acid was selected for study because, as seen in
Table 1, the lipids of the cells grown under control
conditions contained only 3-4% of this biologically
important fatty acid. Under these control conditions,
the cell phospholipids contained 35% saturated, 29%
monoenoic, and 32% polyenoic fatty acid. In pre-
liminary experiments, fatty acid compositions similar
to this were observed when the fibroblasts were grown
in a medium containing either lipoprotein-poor fetal
calf serum prepared according to Brown, Dana, and
Goldstein (34) or lipid-extracted fetal calf serum pre-
pared according to Rothblat et al. (35) instead of the
dialyzed serum. In both of these cases, however, cell

Effect of added linoleic acid on cellular fatty acid composition®

Phospholipid Fatty Acids

Neutral Lipid Fatty Acids

2.5 x 1075 M 5x 10" M 1x10*M 2.5 x 107 M 5x 107°M 1x107*M
Fatty Acid 0 (10 “@ 4) @) 0 (10 @) @) (4)
%
Class®
Saturated 35 40 38 39 50 50 42 24
Monoenoic 29 24 19 21 25 19 17 11
Polyenoic 32 33 41 39 19 28 39 63
Individual acids?
16:0 142 + 2.3 16.0 + 1.3 16.1 £+ 04 164+ 0.7 220 + 1.2 230+ 1.7 202+25 11.8+04
16:1 3.1+05 2.6 + 0.2 2.7+ 0.1 2.3 +02 3.2+04 3.2+05 2.5 +03 1.8 0.2
18:0 18.2 + 0.6 19.3 + 2.3 1560+ 0.5 16.6 + 0.6 222 + 1.8 178 £ 1.9 157 £ 2.2 84 +03
18:1 25.7 + 1.1 212+ 15 16.1 = 2.1 18.6 + 3.8 209 + 1.3 159+27 14.0x25 9.0+138
18:2 34+0.1 16.8 + 1.3 220+05 23.0=x3.0 4.1 + 0.6 158 + 0.8 255+ 3.3 435+ 0.8
20:2 0.3 +0.1 2.4+ 0.2 44 + 0.1 5.7+ 0.9 1.3+ 04 0.8 £ 0.1 0.4+0.1 1.0 £ 0.1
20:4 124 + 0.5 8.6 + 1.0 6.9 +0.2 5.2+ 0.8 3.8+08 34+03 2604 8.5+ 0.1
22:4 2.6 +04 <0.5 3.7+15 09+03 1.8+ 0.5 20+ 1.1 2.9+ 0.7 3.6 £ 0.5
22:5 4.3 = 0.6 1.4+ 02 1.4+ 0.1 0.9 +0.1 24 +04 0.9+02 1.5+ 04 1.4+ 0.1
22:6 49+ 04 1.7+ 03 1.6 + 0.1 1.3 + 0.2 14 +02 0.5+ 0.1 0.8 0.2 0.7+ 0.1
Others 7.0 7.5 7.8 6.9 11.2 13.6 10.9 12.3
Unidentified 3.9 2.5 2.3 2.2 5.7 3.1 3.0 3.0

% About 5 X 107 cells/cm? were seeded in 25-cm? flasks, and 3.5

ml of medium was added. The medium contained either no added fatty

acid or the concentration of linoleic acid shown at the top of each column. The medium was changed on days 1 and 4, and the cells were
harvested on day 7. At that time, there were approximately 1 X 10° cells/cm?.
® Concentration of linoleic acid added to the culture medium, followed in parentheses by the number of cultures analyzed. Each of the

media contained 10% dialyzed fetal calf serum.

¢ Since between 2.0 and 3.9% of the fatty acids were not identified, the sum of the fatty acid classes does not add up to 100%.
9 The individual fatty acids are abbreviated as number of carbon atoms:number of double bonds. Each value is the mean + SE.
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growth was reduced considerably. Since these lipid-
depleted sera provided no advantage in terms of a
more simplified phospholipid fatty acyl composition
in cells grown under control conditions and caused a
considerable disadvantage in terms of reduced
growth, we elected to use serum containing its in-
herent lipids in the culture medium.

As the concentration of added linoleic acid in the
medium was raised from 2.5 X 10~%to 1 x 10~* M, the
polyenoic fatty acid content of the cell phospho-
lipids increased, and the monoenoic fatty acid con-
tent decreased. The maximum changes occurred
when the medium contained 5 X 10~* M linoleic acid.
The relative gain in polyenoic fatty acids was ac-
counted for primarily by an increase in 18:2 from 3.7
t0 25.4% and a decrease in 18:1 from 25.7t0 12.4%. In
addition, 20:2, the direct elongation product of 18:2,
increased from 0.5 to 6.0%. By contrast, 20:4 de-
creased from 12.0 to 5.2% as the linoleic acid content
of the medium was raised. Likewise, the percentage
of the higher polyunsaturates also decreased, sug-

T T T T T T
100 4 100—«(,_0//o 1 100 B
75| - 75k E 75+ i
50 T 50+ B 50 -
25| e 25+ B 25} 4

palmitic oleic linoleic

0 [¢] 1 1 ol 1
o1 05 10 o7 05 10 o7 05 10

Growth (% of dialyzed serum contro|)

T T T T
100f 100 %\‘—0—44
75+ - 754 .
50 B 50# e
25 B 251 —
arachidonic finolenic

o] L [o] S N S
O 05 10 o705 10

[Fatty acid] x 10* M

Fig. 1. Effect of concentration of the added fatty acid on the
growth of the cultured fibroblasts. The cells were seeded in 60-mm
Falcon petri dishes (P-60) at a concentration of about 5-5.5
x 10%cm?, and a total of 3 ml of culture medium was present
in each flask. After 24 hr, the medium was removed and the
cells were washed with phosphate-buffered saline solution.
Each experimental medium contained 10% dialyzed fetal calf
serum with supplemental fatty acid. The medium was changed
on days 1 and 4, and cell counts were made on days 4-7
by the method of Martinez-Lopez and Black (22) using an
inverted phase contrast microscope. The data points are the
mean of four separate determinations, each of which was made
using a different culture. Control cultures were grown in
media that contained 10% dialyzed fetal calf serum but no
added fatty acid. Although cell counts were determined each
day, only the results obtained on day 6 are shown for clarity.
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gesting that one or more of the fatty acid desaturases
of these fibroblasts may be inhibited when large
amounts of linoleic acid are available. Inhibition of the
A9-desaturase by linoleic acid also would account for
the reduction in monoenoic fatty acid content that was
observed.

Similar changes in the fatty acid composition of the
fibroblast neutral lipids occurred when linoleic acid
was added to the culture medium. Most of the fatty
acids present in this fraction were contained in tri-
glycerides. The changes in neutral lipid fatty acid com-
position were even more marked than those in the
phospholipids. For example, the 18:2 content in-
creased from 4 to 44% and the 18:1 content decreased
from 22 to 9% as the linoleic acid content of the
medium was raised. Unlike the phospholipid frac-
tion, the neutral lipids did not exhibit any plateau in
either 18:2 to total polyenoic acid content, and the
highest values occurred when 1 x 107* M linoleic acid
was added to the culture medium.

Effects of supplemental fatty acids on cell growth

The effect of the added linoleic acid on the growth
of the cells was tested during a 7-day period. For
comparison, control cultures containing only the 10%
dialyzed fetal calf serum with no supplemental fatty
acid were included. As a further comparison, cultures
containing added oleic acid were tested in a second
series of experiments. The concentrations of the
added fatty acids were varied from 1 X 107 to 1
X 107* M. Neither oleic nor linoleic acid affected the
growth rate over this range of concentrations as meas-
ured by the microscopic field counts (22). As a further
test, the cells were harvested on day 7 for analysis of
protein content and counting of the cell suspension
using a hemocytometer. Both of these procedures
yielded the same results as those obtained by the field
counting procedure, namely, that the addition of
these fatty acids did not affect growth relative to con-’
trol cultures grown in 10% dialyzed fetal calf serum.

These types of growth experiments were carried
out with other long-chain fatty acids. The results,
presented in Fig. 1, show relative growth plotted
as a function of fatty acid concentration. For clarity,
only the data points obtained on day 6 are shown,
but these values are representative of those obtained
on the other days. As opposed to the results obtained
with oleic and linoleic acids, there was a reduction in
growth when the higher concentrations of palmitic,
linolenic (n-3),2 and arachidonic acids were used. The
extent of the reduction and the fatty acid concentra-

2 The linolenic acid utilized is 18:3A9,12,15 and, therefore, is
a member of the n-3 class of polyenoic fatty acids.
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TABLE 2. Fatty acid composition of lipids in fibroblasts exposed to different fatty acids during growth®

Phospholipid Fatty Acids Neutral Lipid Fatty Acids

Palmitic Oleic Linolenic Arachidonic Palmitic Oleic Linolenic Arachidonic
Fatty Acid Acid (4) Acid (4) Acid® (4) Acid (4) Acid (4) Acid (4) Acid (4) Acid (4)
%
Class
Saturated 50 27 28 37 78 10 33 22
Monoenoic 19 52 21 23 11 77 13 17
Polyenoic 30 13 47 36 7 8 50 56
Individual acids

16:0 24.0 + 0.4 10.8 = 0.8 10.1 = 2.5 14.8 = 0.2 36.6 = 0.5 48 0.3 140+ 1.3 10.7 = 1.1
16:1 3.2+02 1.7 = 0.1 1.7+ 0.4 26 0.5 2.0 £0.1 1.4 +0.1 20+03 2.5 +0.3
18:0 19.9 = 0.1 14.0 = 0.3 17.0 = 0.3 18.2 = 0.6 258 + 0.4 3.8+0.2 124 = 1.1 8.9 0.2
18:1 153+03 499=x14 19.0 = 0.7 19.7 £ 1.1 9.3 0. 75.5 + 0.9 10.8 + 0.4 14.6 = 0.4
18:2 32+03 1.6 0.3 3.0x0.1 9+0.1 2.9 +0.1 1.2 +03 3.7+0.7 3.3 +02
18:3 04 +0.1 0.5 0.1 7.6 0.5 2+09 2.0 £0.1 0.3 0.1 154 = 1.5 0.5 0.1
20:3 1.4 = 0.1 0.7 £0.1 1.4 £ 0.1 7 +0.1 0.3 0.1 0.4 = 0.1 2.1+05 39+03
20:4 13.6 £ 0.3 52 +0.2 15.0 = 1.5 B8+19 0.8 02 1.9+02 7.7+04 205%0.7
22:4 1.7 £ 0.1 0.8 £0.1 22 +04 T7+14 N.D. 1.0 = 0.1 3703 19.1 = 1.1
22:5 42+04 1.7 £ 0.1 3.8+0.6 7+02 0.8 0.1 09=+0.1 4.9 + 0.7 2.9+ 0.1
22:6 3.9 +£0.2 24 +0.1 26 0.5 5 *+03 04 £0.1 0.2 +0.1 1.5+ 0.2 1.6 + 0.1
Others 8.0 2.7 13.0 9.7 15.2 3.2 17.7¢ 7.0
Unidentified 1.2 8.0 3.6 4.5 3.9 5.4 4.1 4.5

¢ The cells were exposed to media supplemented with one of the fatty acids for 7 days. About 5 X 103 cells/cm? were seeded in 25 cm?
flasks, and 3.5 ml of the media was added. The media were changed on days 1 and 4 and the cells were harvested on day 7, at which time there
were about 1 X 10° cells/cm?. Each value is the mean + SE of the percentage composition. All of the abbreviations are the same as those listed

in Table 1.

® Type of fatty acid added to the culture medium. The fatty acid concentrations were: palmitic, 5 X 1073 M; oleic, 1 X 1074 M;
linolenic, 5 X 107 M; arachidonic, 5 x 1073 M. The number of separate cell cultures analyzed is given in parentheses.

©18:3A9,12,15, a member of the n-3 class of polyenoic fatty acids.

¢ Contains 46% as 20:5. The remainder of the unidentified acids also are polyenoic.

tion at which a decrease first was observed were dif-
ferent for each fatty acid. For example, palmitic
acid produced a 50% decrease in growthat 1 x 107 M,
and it began to depress growth at 7.5 x 107> M. By
contrast, linolenic acid reduced growth by only 20% at
1 x 10~* M, but it began to exert an inhibitory effect
at5 x 1073 M. Similarly, arachidonic acid began to de-
crease growth at 5 X 107 M and reduced growth by

lipids. This was accounted for primarily by an increase
in 16:0, the added fatty acid, and a decrease in 18:1. By
contrast, cells exposed to 1 X 107* M oleic acid con-
tained much more monoenoic and less polyenoic fatty
acids in their phospholipids, as compared with the

TABLE 3. Lipid content of the fibroblasts®

50% at 1 x 107* M. Because of their inhibitory ef- Amount

fects on growth at the higher concentrations, we Cell Lipid None Oleic Acid Linoleic Acid

elected to test the effects of palmitic, linolenic, and .

arachidonic acids on cell fatty acid composition at ugimg protein

5 X 107® M rather thanat 1 X 107* M. Since oleicacid  Phospholipids 251 + 34 180 £ 21 220 x 34

did not cause any inhibition of growth, we tested it at ~ Cholesterol 375 341 36 =3
Triglycerides 183 144 = 32° 202 + 38°

1 x 107* M in an attempt to produce maximal effects
on the fatty acid composition of the cells.

Modifications in composition produced by other
fatty acids

Table 2 shows the changes in fibroblast fatty acid
composition that were produced by adding long-chain
fatty acids other than linoleic to the culture medium.
As compared with the control cells (Table 1), those
exposed to 5 X 107> M palmitic acid contained a
higher percentage of saturated and a lower per-
centage of monoenoic fatty acids in their phospho-

¢ For each case, two T-75 flasks were seeded with 7 x 10° cells/
cm?, and 10 ml of media containing 10% dialyzed fetal calf serum
was added. The cells were harvested for analysis after 7 days growth
in culture, and the contents of the two flasks were pooled. In the
cases where fatty acids were added to the culture medium, the sup-
plemental fatty acid concentration was 1 x 10~* M. The values are
the mean * SE of six determinations, each of which was made on
a separate culture of cells.

* Differences between the cells grown in the presence of added
fatty acid and those in the unsupplemented medium are statistically
significant; none vs. oleate, t = 3.92, P < 0.01; none vs. linoleate,
t = 4.83, P < 0.01. The difference between the cells grown in the
presence of oleate and linoleate is not significant; ¢t = 1.17,
P>0.1.
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TABLE 4. Fatty acid composition of phospholipids isolated
from fibroblast microsomes®

Composition

Oleic Linoleic
Fatty Acid None Acid Acid
%
Class
Saturated 34 20 26
Monoenoic 33 62 14
Polyenoic 29 18 59
Individual acids

16:0 17.4 7.9 14.0
16:1 5.3 2.6 2.5
18:0 16.4 11.3 10.6
18:1 28.1 54.9 11.8
18:2 3.9 1.4 36.7
20:2 <0.5 <0.5 9.9
20:3 1.6 0.6 1.3
20:4 10.8 7.6 5.1
22:4 2.6 1.2 1.5
22:5 4.0 2.1 2.0
22:6 5.6 4.8 2.5
Others 1.9 5.6 1.0
Unassigned 1.5 <0.5 1.2

¢ Newly seeded cells were grown for 7 days in media containing
either 10% dialyzed fetal calf serum or this serum supplemented
with either 1 X 10~ M oleic or 1 x 10~* M linoleic acid. After isola-
tion and washing, the cells were homogenized and a microsome
fraction was isolated by sedimentation between 12,000 and
100,000 g for 1 hr. This particulate fraction was washed once, and
its lipid content was extracted with a chloroform-methanol solu-
tion. The phospholipids contained in the lipid extract were isolated
by thin-layer chromatography, and their fatty acid composition was
determined by gas-liquid chromatography following saponifica-
tion and methylation. Each value is from a single sample of
microsomes obtained by pooling the cells from 30 Falcon flasks
(T-75, 250 ml). This provided a total of 2-5 x 108 cells for each
preparation. Four separate aliquots of each sample of fatty acid
methyl esters were chromatographed, and the values listed are the
means calculated from the four chromatograms.

control cells. This was due primarily to an increase in
the percentage of 18:1. With 5 x 107* M linolenic acid
(n-3 class), there was an increase in the percentage of
polyenoic fatty acids and a reduction in both saturated
and monoenoic fatty acids in the cell phospholipids.
Although the 18:3 content in these cells was high rela-
tive to those exposed to the other fatty acids or the con-
trol medium containing no added fatty acid, it still
comprised only 7.6% of the phospholipid fatty acyl
groups. As opposed to the other fatty acids that were
tested, 5 x 107 M arachidonic acid produced little
change in the overall phospholipid fatty acyl composi-
tion. An elongation product, 22:4, accumulated rather
than 20:4 itself.

Even more marked changes occurred in the com-
position of the neutral lipid fraction. For example, the
neutral lipids contained 78% saturated fatty acids
when the cells were grown in media containing added
palmitic acid and 77% monoenoic fatty acid when the
medium contained added oleic acid. Even arachidonic

542 Journal of Lipid Research Volume 20, 1979

acid, which did not modify the phospholipids to any
appreciable extent, produced considerable changes in
the neutral lipid fatty acid composition as compared
with the control cells (Table 1).

Cell lipid content

Table 3 shows the effect of 1 x 107* M oleic or
linoleic acids on the lipid content of the fibroblasts.
The cells were grown for 7 days in media that con-
tained 10% dialyzed fetal calf serum without any
added fatty acid or this medium supplemented with
one of these fatty acids. No significant differences
were observed in @ither the cellular phospholipid or
cholesterol content under any of these conditions.
Furthermore, very little of the cholesterol contained in
the cells was esterified, with 94-100% of the total
cholesterol being recovered in the free form. No ap-
preciable differences in the distribution between the
free and esterified forms were observed when the
fatty acids were added. The triglyceride content of the
cells increased considerably when the medium con-
tained supplemental fatty acids, but there was no
significant difference between the cells grown in the
medium containing added oleic as compared with
linoleic acid.

The fibroblasts that were grown in media containing
added fatty acid developed numerous cytoplasmic in-
clusions. For the most part, these were in the peri-
nuclear region. The inclusions appeared during the
first 24 hr after exposure to media that contained
5 x 107 M or more added fatty acid, and they per-
sisted as long as the cells were in contact with the fatty
acid-supplemented medium. They were produced
by all of the long-chain fatty acids that were tested.
Cytoplasmic triglyceride droplets have been observed
in several animal cell lines when they were grown in
media containing large quantities of lipid (36, 37).
Since the fibroblasts accumulated triglycerides when
they were grown in the presence of fatty acids, it is
likely that the inclusions that we observed also are tri-
glyceride droplets. Except for the cytoplasmic inclu-
sions, no other morphological abnormalities were de-
tected in the cells by either light or phase contrast
microscopy when they were grown in the presence of
supplemental fatty acids.

Phospholipid fatty acid composition of microsomes

Table 4 shows the extent to which the phospholipid
fatty acid composition of a microsomal fraction pre-
pared from fibroblast homogenates was modified
when the cells were grown in medium containing
either oleic or linoleic acid. Examination of these
microsomal fractions by electron microscopy revealed
that they did not contain any appreciable mito-
chondrial contamination. Furthermore, the ap-
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TABLE 5. Changes in the fatty acid composition

of the phospholipid fraction of confluent fibroblasts®

Phospholipid Fatty Acids

Confluent—3 days

Confluent—21 days

Oleic Linoleic Oleic Linoleic
Fatty Acid None Acid Acid None Acid Acid
%
Class
Saturated 37 27 35 35 22 31
Monoenoic 36 47 24 27 53 14
Polyenoic 25 23 36 35 22 51
Individual acids

16:0 20.0 + 0.4 12.7 = 0.4 17.56 = 0.5 13.2 = 0.9 8.1+1.6 139+ 04
16:1 7.2 +04 4.0+ 0.3 4.1 +0.2 3.0x03 33+02 2.1 0.1
18:0 14.2 +£ 0.1 13.3 £ 0.6 145 £ 0.4 19.0 = 0.4 12.0 £ 0.2 15.0 £ 0.2
18:1 28.6 = 0.2 419 1.0 19.5 + 1.7 23903 47.7 £ 09 12.1 + 0.2
18:2 36=0.1 3402 15.9 = 0.6 3.0+02 1.9 £ 0.1 27.8 + 0.2
20:3 1.1 £ 0.1 0.7+ 0.1 1.3 02 1.4 = 0.1 0.7 = 0.1 7.9 0.1
20:4 11.9 = 0.2 9.9 =+05 10.7 = 0.2 19.3 = 1.3 11.0 £ 0.3 9.7+ 0.1
22:4 1.6 £ 0.2 1901 1.8 = 0.2 1.7 £ 0.1 1.1 £ 0.1 1.2 £ 0.2
22:5 24 =0.1 26 x0.1 24 =03 32+02 1.9 0.1 1.9 + 0.1
22:6 4.0 = 0.1 43 + 0.3 3.2 +0.1 5.5+ 0.3 3.6 +0.1 2.8 0.1
Others 4.0 0.1 3.7 3.8 5.8 2.5
Unidentified 1.4 2.3 1.5 3.0 2.9 3.6

¢ About 5 x 10® cells/cm? were seeded in 25-cm? flasks, and the monolayer was grown to confluence in the standard
medium containing 10% fetal calf serum. After this initial growth period requiring 9 days, the medium was changed and the
cells were maintained for either 3 or 21 days as a confluent monolayer. There was no additional medium change in the
confluent cultures maintained for only 3 days. In those maintained in the confluent state for 21 days, the medium was changed
every 3 days, beginning on day 4. In one set of flasks, the same medium as used to grow the cells was present during the 21-day
confluent period, except that dialyzed fetal calf serum was used. In the other two sets of flasks, the medium added during the
confluent period contained 10% dialyzed fetal calf serum that was supplemented with either 1 x 10™* M oleic acid or
1 x 10™* M linoleic acid. After either the 3- or 21-day maintenance period, the cells were harvested, washed, and their
lipid content was extracted and separated into phospholipid and neutral lipid fractions. The fatty acid composition of each
of these fractions was determined by gas—liquid chromatography. Only the results for the phospholipid fraction are presented
in this table. Each value is the mean x SE of four separate cultures. Since some of the fatty acids were not positively identified, the

values for the fatty acid classes do not add up to 100%.

pearance of the membrane preparations was similar
by electron microscopy when the cells were grown
without supplemental fatty acid or with added oleate
or linoleate. The fatty acid modifications produced in
these microsomal phospholipids were even larger than
those produced in the cell total phospholipids. As
compared with the microsomal phospholipids of the
control cells, those from the cells grown in the medium
supplemented with oleic acid contained almost twice
as much monoenoic fatty acid and considerably less
saturated and polyenoic fatty acids. Conversely, the
microsomal phospholipids of the cells grown in the
linoleic acid supplemented medium contained twice
as much polyenoic fatty acid and less saturated and
monoenoic fatty acids than the microsomal phospho-
lipids of the control cells.

Between 2 X 10® and 5 X 10® fibroblasts were
needed to prepare sufficient microsomes for fatty acid
analysis of the phospholipids. Therefore, it was not
feasible to analyze more than a single microsomal
preparation in each case. Likewise, there was insuf-
ficient material to subfractionate any of the micro-
somal preparations. The microsomes have been sub-

fractionated previously in studies using Ehrlich ascites
tumor cells, a system in which very large numbers of
cells can be grown on a routine basis. Those results
indicated that, although there are some differences,
the fatty acid modifications observed in the intact
microsomal fraction by and large reflect those that
occur in the separated endoplasmic reticulum and
plasma membrane fractions (6, 14).

Confluent monolayers

As shown in Table 5, phospholipid fatty acid modi-
fications similar to those obtained in rapidly growing
cells also can be produced after the fibroblasts form
a confluent monolayer. The cells were grown to con-
fluency in maintenance medium, and this medium
then was replaced by one supplemented with either
oleic or linoleic acid. In the first experiment, the
monolayer was maintained in the supplemented
medium for 3 days, and the medium was not changed
during this 3-day period. The monolayer in the second
experiment was maintained in the supplemental
medium for 21 days, the medium being replaced every
third day. In both cases, the phospholipids of the
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TABLE 6. Changes in the fatty acid composition of IMR-90 cell lipids®

Phospholipid Fatty Acids

Neutral Lipid Fatty Acids

Oleic Linoleic Oleic Linoleic
Fatty Acid None Acid Acid None Acid Acid
%
Class
Saturated 38 37 38 70 63 55
Monoenoic 35 34 20 17 28 19
Polyenoic 24 25 40 7 5 22
Individual acids

16:0 180+ 1.4 186 = 1.6 18.0 = 1.4 26.2 + 4.7 28.2 = 3.6 212+ 1.3
16:1 42 + 0.6 4.5 + 0.6 2.0=+x02 23 +0.3 2.6 = 0.2 22+03
18:0 17.4 + 0.8 16.4 = 0.4 16.6 = 0.7 344+ 26 26.9 = 0.5 248+ 1.4
18:1 30.4 = 0.4 290+ 1.6 17.8 £ 0.8 15.1 = 3.2 24.9 + 4.7 16.5 = 3.7
18:2 3.0=0.1 2.8 +0.1 213+ 0.4 23 +£04 2.1 £0.1 100 £ 1.4
18:3 0.8 0.1 1.0 +£ 0.1 1.0 = 0.1 1.5 £ 0.2 1.1 £0.1 1.2 £ 0.1
20:2 0.3 =02 0.4 = 0.1 3402 <0.5 <0.5 1.6 = 0.1
20:3 2.4+ 0.2 2.1+02 3.0x0.1 1.9+0.3 1.3+ 0.1 4.5+ 0.6
20:4 8.8+ 04 9.0 1.0 6.2 + 04 0.1 £0.1 <0.5 1.8 0.3
22:4 1.1 £ 0.1 1.2 £ 0.2 1.8 = 0.1 <0.5 <0.5 1.2 £ 0.2
22:5 2.4 = 0.1 3.2+04 1.5+ 0.1 <0.5 <0.5 0.5+ 0.1
22:6 4.6 = 0.2 44 =05 2.4 + 0.2 0.8 £0.1 0.4 +0.1 0.8 0.1
Others 3.4 3.0 3.2 9.8 6.6 8.9
Unassigned 3.2 4.4 1.8 5.5 4.4 4.8

¢ The procedures and conditions are the same as those described in Table 2. The final concentration of each of the added fatty
acids was 5 X 1075 M. The values are the mean * SE of four determinations, each of which was made using a separate

culture of cells.

fibroblasts exposed to oleic acid became enriched in
monoenoic fatty acids, whereas the polyenoic fatty
acid content increased in the phospholipids of the cells
exposed to linoleic acid. Appreciable modification was
observed after only 3 days in the confluent state, and
these modifications became larger when the cultures
were maintained for the full 21 day period. Although
not presented in the table, we observed even more
extensive fatty acyl modifications in the neutral lipid
fraction of confluent cells maintained for either 3 or
21 days.

Fatty acid modifications in IMR-90 fibroblasts

In an attempt to determine whether other human
fibroblasts would react in a similar manner, a portion
of these studies was repeated with the commercially
available IMR-90 strain of human diploid fibroblasts
from fetal lung. As shown in Table 6, fatty acid modi-
fications also could be produced in this strain. The
concentration of added oleic or linoleic acid in these
experiments was 5 X 107® M. As compared with con-
trol cultures grown in media without supplemental
fatty acids, the cells exposed to added linoleic acid
contained more 18:2 and total polyenoic fatty acids in
both phospholipids and neutral lipids. By contrast, the
cells grown in media supplemented with oleic acid con-
tained more 18:1 and total monoenoic fatty acid in
neutral lipids than the control cells. There was no
change, however, in the phospholipid fatty acid com-
position of the cells grown in oleic acid relative to the
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control cells. This probably is due to the fact that
the supplemental oleate concentration, 5 X 107 M,
was too low to produce an appreciable effect because
of the high 18:1 content of the IMR-90 phospho-
lipids under control conditions. It should be noted that
twice as much oleic acid, 1 X 10~* M, was added in the
experiments with the fibroblast line isolated locally
where oleate produced appreciable phospholipid fatty
acid modifications (Table 2).

The same lot of dialyzed fetal calf serum was used
for both the IMR-90 studies and those with the cells
isolated locally. In spite of this, there were some dif-
ferences in the fatty acid compositions of the two lines
when the cells were grown in 10% dialyzed serum
without supplemental fatty acid, in both the phospho-
lipids and neutral lipids (compare the columns labeled
“none” in Tables 1 and 6). These appear to be too large
to be attributed entirely to experimental variation, and
they probably reflect subtle differences in the lipid
metabolism of the two fibroblast lines.

DISCUSSION

These studies indicate that, as in nonhuman and
malignant cell lines (1-8), the fatty acid composition
of human diploid fibroblast lines can be modified
extensively in culture. Both the neutral lipids and
phospholipids can be altered, with the neutral lipids
exhibiting somewhat greater changes under a given
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set of conditions. Almost all of the neutral lipid fatty
acids were present in triglycerides, and a net accumu-
lation of triglycerides occurred when the cells were
grown in high concentrations of fatty acids. These
triglycerides were formed primarily from the supple-
mental fatty acids added to the medium. By contrast,
there was no appreciable increase in phospholipid
content when the cells were grown in the presence
of high concentrations of fatty acid. Therefore, the
changes in composition of the phospholipid fraction
cannot be explained simply by accumulation of excess
material. One might expect that a cell would exert
fairly rigid control over its phospholipid fatty acids
because changes in the composition of this fraction
have been associated with effects on membrane func-
tion (8-13). In fact, we questioned whether the ex-
tensive phospholipid fatty acyl replacements that have
been observed previously might reflect to some extent
a regulatory defect in the malignant and continuously
cultured murine and rat lines that so far have been
tested (1-8). The present results clearly indicate that
this is not the case and that equally extensive changes
can be produced in a human diploid cell.

The mechanism whereby exogenous free fatty acids
produce alterations in the cellular fatty acid composi-
tion can be deduced from the metabolic studies that
have been reported with human fibroblasts. These
cells can synthesize fatty acids de novo, but this is
aregulated pathway that is inhibited by 26-67% when
fatty acids are added to the culture medium (38). The
reduction in fatty acid biosynthesis is compensated for
by an uptake of fatty acid from the extracellular fluid
(39). Overcompensation apparently occurs when high
concentrations of fatty acid are available in the medium,
leading to triglyceride accumulation (Table 3). Since
human fibroblasts contain elongation enzymes (40),
some of the fatty acid that is taken up from the medium
is structurally modified. This accounts for the increase
in 20:2 that occurred when linoleate was available
(Table 1), as well as the increase in 22:4 that occurred
when arachidonate was available (Table 2). Since
human fibroblasts also are reported to contain Ab-
and A6-desaturases (40), it is not clear why there was
no increase in the desaturation products of linoleate
when the medium was supplemented with this fatty
acid. Even more puzzling is the 50% decrease in 20:4
in phospholipids when high concentrations of its pre-
cursor, linoleate, were available (Table 1). Since similar
effects occurred when the IMR-90 cells were exposed
to linoleate, this finding is not a peculiar property
of the fibroblast line that was isolated locally. It
should be noted, however, that the 20:4 content of
the neutral lipids did not change appreciably under
these conditions (Table 1).

The fact that the phospholipids of the confluent

fibroblasts could be modified just as extensively as
those of the rapidly growing cells suggests that some
membrane lipid turnover occurs even in fairly dense
monolayers. Since a low mitotic index and a small
amount of [*H]thymidine incorporation was observed
in these confluent cultures, it is possible that some of
the observed fatty acid incorporation was due to cell
growth rather than turnover of existing membrane
lipids in stationary cells. On the other hand, a rapid
turnover of phospholipid fatty acyl groups has been
reported in stationary Ehrlich ascites cells (41) and
in monolayers of BHK-21 cells (42). This, coupled
with the fact that extensive phospholipid fatty acid
modification occurred after only 3 days in the confluent
state under conditions where the cultures were not
refed, suggests that at least some of the modification
resulted from membrane lipid turnover. As opposed
to this picture of continuing phospholipid fatty acid
turnover, the phospholipid fatty acids of the mouse
L-fibroblast appear to be quite stable (43). Even in the
case of the L-cell, however, phospholipid stability is
perturbed when fatty acids are added to the culture
medium, and less of the original fatty acyl groups
are retained under these conditions (44). The ability
to produce similar types of modifications in rapidly
growing and confluent human fibroblasts provides an
approach to the important question of whether the
functional consequences of a given lipid modification
might depend on the growth status of the culture.
Metabolic studies with cells modified by these pro-
cedures should provide valuable information concern-
ing this fundamental point.

High free fatty acid concentrations were used in
much of this work in an attempt to produce maximal
fatty acid modifications in the cells. Except for the
cytoplasmic inclusions, which probably are triglyceride
droplets (36, 37), no morphological abnormalities
were detected by light microscopy. Yet, decreased
growth occurred when the medium contained high
concentrations of palmitate, linolenate, or arachidonate.
In the latter two cases, peroxidation products may
have been generated in the medium due to the presence
of O,, and this could have produced the inhibitory
effect. Such an explanation, however, cannot be in-
voked in the case of palmitate. Since the molar ratio
of free fatty acid to albumin present in the fetal calf
serum never exceeded 6, most of the fatty acid added
to the medium probably was bound to proteins and,
therefore, should not have produced damaging ef-
fects (45). Although direct toxicity of the high free
fatty acid concentration cannot be ruled out, it is pos-
sible that other mechanisms such as the accumulation
of phospholipids or triglycerides of a certain fatty
acid composition were responsible for the reduction
in growth rate. In this regard, recent studies with
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cultured skin fibroblasts suggest that triglyceride
buildup, of itself, can have damaging effect on the
cells (46). In addition, reduced growth of mouse LM
cells is thought to result from an imbalance in satu-
rated fatty acid content of membrane phospholipids
(47). Saturated fatty acids usually account for only
35% of the phospholipid fatty acyl groups in the LM
cell. This increases when the medium is supplemented
with saturated fatty acids, and growth is inhibited
severely when it rises to 50%. In LM cell cultures,
addition of 5 X 107 to 1 X 10~* M palmitate reduces
growth and causes the saturated fatty acyl content of
the phospholipids to increase, in agreement with the
present findings. Therefore, this type of mechanism
also may be responsible for the growth inhibition
produced by palmitate supplementation in the human
fibroblast cultures. As opposed to the present findings
with the fibroblasts, however, supplementation with
up to 1 X 107 M linolenic or arachidonic acids did
not affect the growth of the LM cell cultures (47).
In spite of the problems encountered with several
of the fatty acids, this system still provides a means
for determining the extent to which fatty acid com-
position can influence the properties of a human
diploid cell. Cultured human fibroblasts contain a
wide range of metabolic pathways, and many mutant
strains are available. Therefore, the system lends itself
to an examination of fatty acid effects on many cellular
functions, such as receptor interactions, transport,
and the regulation of metabolic processes that take
place on or within membranes. Although this type of
information has recently become available for some
malignant and animal cell lines in continuous culture
(9-14), it is important to determine whether a human
diploid cell will respond in a similar manner.fif§
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