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Abstract The present study investigates the mechanism be-
hind induction of cell death by eicosapentaenoic acid (EPA)
in leukemia cells. The PUFA-sensitive cell lines Raji and
Ramos, which die by necrosis and apoptosis upon incubation
with EPA respectively, had 2- to 3-fold higher uptake rate of
EPA than the PUFA-resistant U-698 cell line. Furthermore,
Ramos cells contained more lipid bodies and 3-fold more
triacylglycerol than U-698 cells after 24 h incubation with 60

 

m

 

M

 

 EPA. The mechanism behind the increased rate of EPA
uptake in the PUFA-sensitive cell lines was examined by
comparing the expression of 6 different fatty acid binding
proteins (FABPs) and 3 acyl-CoA synthetases (ACSs) in U-698
and Ramos cells. Moreover, enzymatic activity of ACS and
acyl-CoA:1,2-diacylglycerol acyltransferase (ADGAT) was
investigated. The protein expression level of CD36 and
p-FABPpm, the mRNA level of FABP, liver-FABP, heart-FABP,
intestinal-FABP, ACS1, ACS2, and enzymatic ADGAT activity
were similar in the two cell lines. However, an mRNA signal
observed with a probe for ACS3 was 1.7 times higher in Ramos
than in U-698 cells, and lysate from Ramos cells had a
higher capacity to activate EPA to EPA-CoA than U-698 cell
lysate.  In conclusion, the present findings indicate that
cellular uptake, activation and incorporation of EPA into
lipids may be related to induction of cell death in leukemia
cell lines.

 

—Finstad, H. S., H. Dyrendal, M. C. W. Myhrstad,
H. Heimli, and C. A. Drevon.

 

 Uptake and activation of
eicosapentaenoic acid are related to accumulation of triacyl-
glycerol in Ramos cells dying from apoptosis. 

 

J. Lipid Res.

 

2000. 

 

41:

 

 554–563.

 

Supplementary key words

 

eicosapentaenoic acid 

 

•

 

 apoptosis 

 

•

 

 lipid
bodies 

 

•

 

 triacylglycerol 

 

•

 

 fatty acid uptake 

 

•

 

 fatty acid binding proteins 

 

•

 

acyl-CoA synthetase 

 

•

 

 fatty acid activation

 

A reduced incidence and mortality of certain types of
cancer have been reported in populations with a high di-
etary intake of n–3 fatty acids (1–4). Furthermore, re-
duced tumor growth and metastasis have been observed
in animals fed n–3 fatty acids (5–7). These effects may be
due to reduced cell multiplication, as observed in several
cancer cell lines derived from breast, colon, prostate, and
lung incubated with very long-chain polyunsaturated fatty
acids (PUFA) (8–11). In some of these studies, various

 

sensitivities to PUFA have been reported (12–14). This
was also observed when we studied the sensitivity of 14 dif-
ferent leukemia cell lines to PUFA (15). In 10 of these cell
lines, reduced cell multiplication was observed with
arachidonic acid (AA, 20:4, n–6), eicosapentaenoic acid
(EPA, 20:5, n–3) or docosahexaenoic acid (DHA, 22:6,
n–3), whereas 4 cell lines were resistant to PUFA. The sen-
sitivity to fatty acids was specific for PUFA as none of the
cell lines were sensitive to oleic acid (OA, 18:1, n–9) or
stearic acid (SA, 18:0). The reduction in cell number with
PUFA could be ascribed to modulation of cell differentia-
tion and cell proliferation as well as induction of apopto-
sis or necrosis. In the promyelocytic HL-60 cell line, differ-
entiation was accompanied by both apoptosis and necrosis
after incubation with EPA or AA (16). In Raji cells, EPA in-
duced necrosis, whereas apoptosis predominantly was ob-
served in Ramos and U937-1 cells (15, 17). Induction of
apoptosis has also been observed in HepG2 cells incu-
bated with AA, and this was related to generation of lipid
peroxidation products (18). Induction of necrosis in Raji
cells incubated with EPA was probably mediated by a simi-
lar mechanism, as cell death was counteracted by vitamin
E (15). However, induction of apoptosis and necrosis in
HL-60 cells, and apoptosis in U937-1 and Ramos cells in-
cubated with EPA, were unaffected by antioxidants as well
as inhibitors of eicosanoid synthesis (15–17).

In U937-1 cells, inhibition of proliferation and induc-
tion of apoptosis by EPA was accompanied by accumula-
tion of intracellular triacylglycerol (TAG)-rich lipid bodies
(17). The main fatty acids recovered in this lipid fraction
were EPA and its elongation products docosapentaenoic
acid (DPA, 22:5, n–3) and DHA. A sulfur-substituted EPA-
analogue, on the contrary, was not incorporated into cel-
lular TAG, did not affect cell viability, and had only minor
effects on cell multiplication. These observations may sug-

 

Abbreviations: EPA, eicosapentaenoic acid; PUFA, polyunsaturated
fatty acids; ADGAT, acyl-CoA:1,2-diacylglycerol acyltransferase; ACS, acyl-
CoA synthetase; FABP, fatty acid binding protein; TAG, triacylglycerol.
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gest that formation of PUFA-rich lipid bodies was involved
in the inhibition of cell multiplication and induction of
cell death.

The aim of the present study was to search for mecha-
nisms important for induction of cell death by EPA in leuke-
mia cell lines. The PUFA-sensitive cell lines Raji and Ramos
were compared with the PUFA-resistant cell line U-698, as-
suming that features important for induction of apoptosis
or necrosis by EPA are different in these cell types. We first
investigated whether the cellular uptake rate of EPA could
be related to PUFA sensitivity. These experiments demon-
strated that the sensitive cell lines Raji and Ramos had a
higher rate of uptake and incorporation of EPA into cellu-
lar lipids than the resistant U-698 cell line, and this differ-
ence was reflected in the amount of TAG deposited in
U-698 and Ramos cells. On the other hand, uptake and
incorporation of OA were similar in all 3 cell lines. Expres-
sion of 6 different fatty acid binding proteins (FABPs), 3
acyl-coenzyme A synthetases (ACSs), and activity of ACS
and acyl-CoA:1,2-diacylglycerol acyltransferase (ADGAT)
were compared in U-698 and Ramos cells. We observed in-
creased activation of EPA in the sensitive Ramos cells par-
allel with a higher level of a long fragment of mRNA for
ACS3. The present findings indicate that cellular uptake,
activation, and incorporation of EPA into lipids may be re-
lated to induction of cell death in leukemia cells.

MATERIALS AND METHODS

 

Materials

 

OA, EPA, fatty acid-free bovine serum albumin (BSA), buty-
lated hydroxytoluene (BHT), adenosinetriphosphate (ATP),
dithiothreitol (DTT), coenzyme A, 1,2-dioleoylglycerol, 2.7-dichlo-
rofluorescein, and K

 

4

 

Fe(CN)

 

6

 

 were purchased from Sigma
Chemical Co, St. Louis, MO. Phosphate-buffered saline (PBS),
RPMI-1640, fetal bovine serum (FBS), l-glutamine, and gentamy-
cin were bought from BioWhittaker, Walkersville, MD. Triacsin C
was bought from Biomol Research Laboratories, Inc., Plymouth
Meeting, PA. Dimethyldichlorosilane was purchased from Su-
pelco Inc., Bellafonte, PA, whereas [9,10-

 

3

 

H(N)]-OA [

 

3

 

H]OA
and [5,8,11,14,17(1-

 

14

 

C)]EPA [

 

14

 

C]EPA were obtained from Du-
Pont, NEN Research Products, Boston, MA. 1,2–Di[1-

 

14

 

C]oleoyl-

 

sn

 

-glycerophosphocholine was purchased from Amersham Inter-
national, Amersham, Bucks, UK, and phospholipase C (grade I)
was delivered by Boehringer Mannheim, Mannheim, FRG. Filters
with 0.22 

 

y

 

m pore size were bought from MSI, Westboro, MA,
and Insta-gel II Plus liquid scintillation fluid from Packard, Meri-
den, CT. Epon and 2.2-dimethoxypropane were obtained from
Fluka, Buchs, Switzerland, and trypsin was purchased from Difco
Laboratories, Detroit, MI. Enzymatic determination of cellular
TAG and cholesterol was performed with reagents supplied by
BioMérieux, Lyon, France. Triheptadecanoin was bought from
Larodan, Malmö, Sweden. Cellular protein content was deter-
mined with BCA Protein Assay Reagent, Pierce, Rockford, IL.
FITC-labeled CD36 antibody (clone FA6-152) was from Immuno-
tech, Marseilles, France. Permeabilization solution (10

 

3

 

) and
IgG-FITC antibody were purchased from Beckton Dickinson,
San Jose, CA, and measurement of CD36 was performed by an
FACScan flow cytometer from the same supplier. The probe for
glyceraldehyde 3-phosphate dehydrogenase (G3DH) was pur-
chased from Clontech, Palo Alto, CA. Other chemicals were ana-
lytical grade from commercial suppliers.

 

Cell culture

 

Raji and Ramos cells were purchased from BioWhittaker.
U-698 cells were a gift from M.F. Greaves, Imperial Cancer Re-
search, Fund Laboratories, London, UK. The cell lines were cul-
tured in RPMI-medium supplemented with 10% heat-inactivated
FBS, l-glutamine (2 mmol/L) and gentamycin (0.1 mg/ml).
Cells were incubated with fatty acids complexed to BSA with a
molar ratio of 2.5:1, and the cells were routinely kept in logarith-
mic growth phase at 0.2–1.2 

 

3

 

 10

 

6

 

 cells/ml. For experiments,
cells were seeded at a density of 0.2–0.6 

 

3

 

 10

 

6

 

 cells/ml. Cell
count experiments were performed in duplicate by use of
Coulter Z1 (Coulter Electronics Limited, Luton, Beds, UK). Each
experiment was performed at least 3 times. Cell cultures incu-
bated without fatty acids were used as controls in all cell count
experiments and defined as 100%. The effect of a certain treat-
ment on cell number is presented as % of control. Apoptosis was
studied by PI/HO342 staining as previously described (15).

Trypsination was performed with 25 

 

m

 

g trypsin and 1 

 

3

 

 10

 

6

 

cells/ml PBS for 10 min at 37

 

8

 

C. The reaction was stopped by
addition of 20 ml ice-cold RPMI-medium containing 10% FCS
and transfer of samples to ice. Thereafter, cells were sedimented,
washed in 10 ml medium, re-sedimented, and suspended in
RPMI-medium before cell density was adjusted to 0.6 

 

3

 

 10

 

6

 

 cells/
ml. Trypsination did not affect cell viability as assessed by trypan
blue exclusion.

 

Cellular uptake of fatty acids

 

Uptake of [

 

3

 

H]OA (1 

 

m

 

Ci/ml) or [

 

14

 

C]EPA (0.25 

 

m

 

Ci/ml) was
determined after incubation of the labeled fatty acids mixed with
60 

 

m

 

mol/L of unlabeled OA or EPA, respectively. Medium (0.2
ml) and cell homogenate (0.1 ml) were precipitated with equal
volumes of ice-cold trichloroacetic acid (10% w/v, final concen-
tration) in glass tubes silanized with dimethyldichlorosilane. The
mixture was centrifuged at 1570 

 

g

 

 for 10 min at 4

 

8

 

C. Samples
from the supernatant were filtered through a 0.22-

 

m

 

m filter be-
fore counting acid-soluble products, mostly fatty acid degradation
products. The precipitate was solubilized in 1 ml saline with SDS
(70 m

 

m

 

) and Triton X-100 (10%). A cell-free control was ana-
lyzed together with the samples. The recovery of labeled fatty
acids was 94 

 

6

 

 3% (n 

 

5

 

 9) after acid precipitation.

 

Incorporation of fatty acids into cellular lipids

 

The incorporation of [

 

3

 

H]OA and [

 

14

 

C]EPA into cellular lipids
was determined after lipid extraction and thin-layer chromatog-
raphy (TLC). From 350 

 

m

 

l of cell homogenate and 750 

 

m

 

l of in-
cubation medium lipids were extracted (pH 2.0) in silanized
glass tubes (19, 20). The lipid extracts were dissolved in 200 

 

m

 

l of
chloroform–methanol 2:1 and separated by TLC using hexane–
diethyl ether–acetic acid 65:35:1 (v/v/v). The different lipid
fractions were identified by iodine vapor, transferred to 8 ml of
Insta-gel II Plus liquid scintillation fluid (Packard, Meriden, CT),
and counted in a WinSpectral 1414 Liquid Scintillation Counter
(Wallac, Turku, Finland). The recovery of labeled fatty acids after
extraction and TLC was 80 

 

6

 

 7% (n 

 

5

 

 9).

 

Expression of FABPs and ACSs

 

For CD36 measurement, an IgG-FITC antibody was used as iso-
type control to exclude background labeling. Cells were concen-
trated to 4 mill cells/ml and aliquotes of 50 

 

m

 

l were incubated
with 20 

 

m

 

l CD36 or IgG-FITC antibody in the dark for 30 min.
Thereafter, cells were washed and resuspended in 1.5% BSA.
From each sample 10,000 cells were analyzed by flow cytometry,
and the markers were set by including 1% of the isotype-labeled
cells. The data were analyzed with the Cell Quest software (Beck-
ton Dickinson, San Jose, CA). Measurement of p-FABP-pm was
done by Western blot analysis with rabbit polyclonal antiserum
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(21). Expression of FATP, L-FABP, I-FABP, H-FABP, ACS1, ACS2,
and ACS3 was investigated by mRNA analysis (17). Each mem-
brane was rehybridized up to 6 times. The signals were calibrated
to that of the G3PDH transcript (22).

 

Assay of acyl-CoA synthetase activity

 

Source of enzyme was whole cell lysate (25 

 

m

 

g protein/sam-
ple) which was added to ice-cold reaction mixture (250 

 

m

 

l) con-
taining 150 m

 

m

 

 Tris, pH 7.4, 6.2 m

 

m

 

 MgCl

 

2

 

, 2.5 m

 

m

 

 EDTA, 2.3
m

 

m

 

 ATP, 0.5 m

 

m

 

 CoA, 0.9 m

 

m

 

 DTT, and 0.02% Triton X-100. The
reaction was initiated by addition of 1.5 m

 

m

 

 [

 

3

 

H]OA (1 

 

m

 

CI/ml)
or [

 

14

 

C]EPA (0.25 

 

m

 

Ci/ml) and transferred to 37

 

8

 

C. The reaction
was terminated and samples were extracted as previously de-
scribed (23). A 1-ml sample of the aqueous phase was transferred
to 10 ml Insta-gel II Plus liquid scintillation fluid (Packard, Meri-
den, CT) and counted in a WinSpectral 1414 Liquid Scintillation
Counter (Wallac, Turku, Finland).

 

Electron microscopy

 

Cells subjected to electron microscopy (24) were prefixed in
2% glutaraldehyde in 0.1 

 

m

 

 cacodylate buffer overnight at 4

 

8

 

C,
and postfixed in 2% OsO

 

4

 

 in 1.5% K

 

4

 

Fe(CN)

 

6

 

, prior to 30 min
incubation in 1.5% uranylacetate in the dark. The specimens
were thereafter dehydrated in graded ethanol and embedded in
Epon before they were sectioned and stained with lead citrate.
The sections were examined in a JEOL JEM 1200 EX transmis-
sion microscope ( JEOL, Tokyo, Japan).

 

Cellular triacylglycerol, fatty acids, and cholesterol

 

From each sample, 25 

 

3

 

 10

 

6

 

 cells were lysed and sonicated in
600 

 

m

 

l of H

 

2

 

O. Lipids were extracted from 500 

 

m

 

l of cell homo-
genate in silanized glass tubes (19, 20). The lipid extracts were dis-
solved in 50 

 

m

 

l of isopropanol, and 10-

 

m

 

l aliquots were used for en-
zymatic determination of cellular content of cholesterol and TAG.
The cellular lipid content was related to the protein concentration
in each sample, as determined by the BCA protein assay. For analy-
sis of the fatty acids incorporated into cellular TAG, 4 

 

m

 

l of trihep-
tadecanoin (1.1 mg/ml) was used as internal standard, and the lip-
ids were extracted as described above in the presence of BHT (0.1
mg/ml). The samples were then solubilized in 200 

 

m

 

l methanol–
chloroform 2:1, (v/v), and separated by TLC in the presence of

argon, using hexane–diethyl ether–acetic acid 80:20:1 (v/v/v).
The TAG bands were detected in UV light after spraying the plates
with 0.2% 2.7-dichlorofluorescein and scraped into new glass
tubes. Hydrolysis and transmethylation were performed by incuba-
tion in the dark at room temperature overnight in a mixture of 1
ml benzene, 2 ml methanol-HCl (3 

 

m

 

) and 200 

 

m

 

l 2.2-dimethox-
ypropane. The samples were thereafter neutralized with 4 ml
NaHCO

 

3

 

 (0.7 

 

m

 

), extracted twice with 2 ml hexane, and solubi-
lized in 50 

 

m

 

l hexane. The fatty acids were separated on a GC-14A
gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a 100
m polar SP 2560 capillary column with 0.25 mm diameter (Su-
pelco, Bellafonte, PA). Helium was used as carrier gas. The oven
temperature was programmed to rise from 135

 

8

 

C to 180

 

8

 

C at 5

 

8

 

C/
min, remain at 180

 

8

 

C for 30 min and rise to 193

 

8

 

C at 6

 

8

 

C/min and
finally stay at this temperature for 70 min. Retention times and
peak areas were automatically computed with a Shimadzu C-R4AX
Chromatopac. Identification of the individual methyl esters was
performed by frequent comparison with authentic standard mix-
tures analyzed under the same conditions.

 

Assay of acyl-CoA:1,2-diacylglycerol acyltransferase
(ADGAT) activity

 

1,2-Di[1-

 

14

 

C]oleoylglycerol was prepared from 1,2-di[1-

 

14

 

C]
oleoyl-

 

sn

 

-glycerophosphocholine by treatment with purified
phospholipase C (25, 26). More than 90% of the labeled phos-
phatidylcholine was converted to 1,2-dioleoylglycerol by this
method. The dioleoylglycerol was isolated and purified by TLC (n-
hexane–diethyl ether–acidic acid 80:20:1 (v/v/v)), redissolved in
absolute ethanol, mixed with a stock solution of unlabeled di-
oleoylglycerol (1.25 m

 

m

 

) and stored at 

 

2

 

70

 

8

 

C. More than 98% of
the 

 

14

 

C-labeled material comigrated with 1,2-dioleoylglycerol.
Acyl-CoA esters were synthesized via the corresponding acyl-
imidazoles (27). The ADGAT activity in cell lysates containing 90

 

m

 

g of cell protein was measured at 23

 

8

 

C in 500 

 

m

 

l 175 m

 

m

 

 Tris,
pH 7.8, with 10 m

 

m

 

 MgCl

 

2

 

, defatted BSA (1 mg/ml), 20 

 

m

 

m

 

 acyl-
CoA, and 1,2-dioleoylglycerol (125 

 

m

 

m

 

) dissolved in ethanol (10%
v/v final concentration). Adding 20 volumes of chloroform–
methanol 2:1 (v/v) terminated the incubations. Serum (20 

 

m

 

l)
was added to supply TAG as unlabeled carrier. The lipids were ex-
tracted and the amount of synthesized TAG was determined by
TLC and liquid scintillation counting as described above.

Fig. 1. Cellular uptake of radiolabeled EPA and OA. Cell-associated acid-precipitable radioactivity of [3H]OA (A) and [14C]EPA (B) was
monitored in U-698, Raji, and Ramos cells after incubation with 60 mm of the fatty acids. The means 6 SD from 3 separate experiments with
triplicates are presented. # P < 0.05 Raji cells compared to U-698 cells. * P < 0.05 Ramos cells compared to U-698 cells.
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Statistics
Mann-Whitney analysis was used to determine the significance

level of differences among sample groups. The level of signifi-
cance was set at P < 0.05. Results are presented as means 6 stan-
dard deviation (SD).

RESULTS

Increased cell association of EPA in Raji and Ramos cells
Cellular uptake and incorporation into lipids of 60

mmol/L radiolabeled EPA and OA were measured in U-
698, Raji, and Ramos cells. During 3 h the cell number
and viability were unaffected in all 3 cultures, making it
unlikely that changes in viability would affect the cellular
incorporation of fatty acids. The amount of cell-associated
OA was similar in all 3 cell lines (Fig. 1A), but there was
significantly more EPA associated with Raji and Ramos
cells than with U-698 cells at all time points (Fig. 1B). Af-
ter 3 h, 82 and 99 nmol EPA/mg protein was associated
with Raji and Ramos cells, respectively, whereas only 33
nmol EPA/mg protein was associated with U-698 cells. The
amount of cell-associated OA and EPA was in agreement
with the disappearance of the respective fatty acids from
the medium (data not shown). Approximately 0.3% of the
radioactivity in the cells and in the medium was acid solu-
ble. There was no difference in the amount of acid-soluble
radioactivity in the 3 cell lines (data not shown).

Increased incorporation of EPA into lipid fractions
in Raji and Ramos cells

OA was incorporated to a similar extent into the differ-
ent lipid fractions in all the 3 cell lines (Fig. 2A), whereas
more EPA was recovered in diacylglycerol (DAG), free
fatty acids (FFA), and TAG in Raji and Ramos cells than in
U-698 cells (Fig. 2B). This difference was most prominent
for the TAG fraction, where Raji and Ramos cells con-
tained 3- to 4-fold more EPA than U-698 cells after 3 h of
incubation. In the phosphoacylglycerol (PL) fraction,
only Raji cells contained significantly more EPA than
U-698 cells after 3 h of incubation. Only 1% of the labeled
EPA recovered in cellular lipids was in the cholesteryl ester
(CE) fraction. After 3 h, there was no significant difference
in the incorporation of EPA in this fraction in the 3 cell
lines. In further experiments, features related to the differ-
ent incorporation of EPA in cellular lipids were investigated
more closely by studying U-698 and Ramos cells.

Expression of FABPs and effect of trypsination
on EPA uptake in U-698 and Ramos cells

The difference in cellular uptake and incorporation of
EPA might be due to expression of specific FABPs in cell
membranes or in the cytosol. The expression of several
FABPs was therefore measured in U-698 and Ramos cells.
The proteins CD36 (28, 29), p-FABP-pm (21) and the mRNA
for L-FABP (30) were not detected, whereas the mRNA
levels for FATP (31), H-FABP (32), and I-FABP (33, 34)
were similar in Ramos and U-698 cells (Table 1). The dif-
ferent incorporation rates of EPA in the two cell lines

could therefore not be related to differences in the ex-
pression of any of these FABPs. To investigate whether
membrane-associated proteins could be involved in the
higher incorporation of EPA in Ramos versus U-698 cells,
the effect of pre-treating the cells with trypsin on cellular
uptake of EPA was studied (Fig. 3). No significant differ-

Fig. 2. Incorporation of radiolabeled EPA and OA into cellular
lipids. Radioactivity of [3H]OA (A) and [14C]EPA (B) was recov-
ered in cellular lipids in U-698, Raji, and Ramos cells after incuba-
tion with 60 mm of the fatty acids. We measured phosphoacylglyc-
erol (PL), diacylglycerol (DAG), free fatty acids (FFA),
triacylglycerol (TAG), and cholesteryl esters (CE). The means 6 SD
from 3 separate experiments with triplicates are presented. # P <
0.05 Raji cells compared to U-698 cells. * P < 0.05 Ramos cells com-
pared to U-698 cells.
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ence was observed in the amount of radiolabeled EPA re-
covered after 1 h of incubation in trypsinated cells, as
compared to untreated control cultures.

ACS expression and activity in U-698 versus Ramos cells
To compare the expression pattern of ACSs in U-698

and Ramos cells, the relative mRNA expression levels of
ACS1, 2, and 3, were examined (35–37). ACS2 was not
detected, whereas a similar mRNA expression level of
ACS1 was observed in both cell lines (Table 1). Further-
more, two mRNA signals with sizes 3.7 and 7.0 kb were
detected after hybridization with the ACS3 probe. The
shorter transcript was expressed to a lower extent in
Ramos than in U-698 cells, whereas the intensity of the
7.0 kb transcript was almost 2-fold stronger in Ramos
than in U-698 cells.

When ACS activity was measured in lysate from U-698
and Ramos cells, lysate from Ramos converted twice as
much EPA to EPA-CoA as that of U-698 cells, whereas acti-
vation of OA was similar for Ramos and U-698 cells (Fig.
4). Furthermore, addition of 4.8 mm of the ACS inhibitor
Triacsin C counteracted the cell death induced by 60 mm
EPA in Ramos cells. After 24 h of incubation with 60 mm EPA,
45% of the cells were apoptotic, whereas only 5% had
died in cultures given Triacsin C together with EPA.

High accumulation of lipid bodies in Ramos cells
We investigated whether the observed difference in cell

association rate of EPA could be reflected in the forma-
tion of intracellular lipid bodies in U-698 and Ramos cells.
Electron microscopy of cells incubated with 60 mm of OA
or EPA for 12 h revealed accumulation of intracellular
lipid bodies in both cell lines (Fig. 4). However, a semi-
quantitative comparison of the number of lipid bodies in
the two cell types showed that Ramos cells incubated with
EPA contained more lipid bodies than U-698 cells (Fig. 5A
and B). After incubation with OA there was similar accu-
mulation of lipid bodies in the two cell lines (Fig. 5C and
D). In control cultures, none or one lipid body was ob-
served per cell section (data not shown). No other major
changes in cellular morphology were observed.

Lipid bodies contain TAG
Lipid bodies usually contain mostly cholesteryl ester or

TAG (38), and our control cultures contained 24 nmol
TAG/mg protein (Fig. 6A). After incubation with 60 mm
of OA or EPA for 12 h, an increase in cellular TAG was ob-
served in both cell lines (Fig. 5A). Ramos cells incubated
with EPA contained 156 nmol TAG/mg protein and
U-698 cells contained 64 nmol TAG/mg protein, whereas
Ramos and U-698 cells incubated with OA contained 102
and 119 nmol TAG/mg protein, respectively. The cellular
cholesterol content was unaffected by OA and EPA (Fig.
6B), indicating that the lipid droplets mainly consisted of
TAG and not cholesteryl esters.

Lipid extraction and analysis by GC determined the type
of fatty acids incorporated into the cellular TAG-fraction.
After incubation with OA, a similar accumulation of mo-
nounsaturated fatty acids (MUFA), was observed in both
cell lines. U-698 cells contained 334 nmol MUFA/mg pro-
tein and Ramos cells contained 310 nmol MUFA/mg
protein (Table 2). Incubation with EPA caused accumula-
tion of PUFA in TAG of both cell lines. However, Ramos
cells contained 3-fold more PUFA in cellular TAG than
U-698 cells, and most of this was EPA and DPA.

ADGAT activity in Ramos versus U-698 cells
ADGAT might be involved in the higher TAG formation

in Ramos cells, as it is responsible for the last step in TAG
synthesis. Hence, the enzymatic activity of ADGAT was
compared in U-698 and Ramos cells from lysate of cells in
logarithmic growth. The homogenates from U-698 and
Ramos cells exhibited a similar rate of TAG synthesis with
EPA-CoA and OA-CoA as substrates (Fig. 7). It is therefore
unlikely that the observed difference in accumulation of

TABLE 1. Expression of mFABPs, cFABPs, and ACSs 
in U-698 and Ramos cells

U-698 Ramos

mFABPs
CD36 protein nd nd
p-FABP-pm protein nd nd
FATP mRNA 100 114 6 11

cFABPs
L-FABP mRNA nd nd
H-FABP mRNA 100 87 6 9
I-FABP mRNA 100 109 6 16

ACSs
ACS1 100 90 6 25
ACS2 nd nd
ACS3 3.7 kb 100 64 6 11
ACS3 7.0 kb 100 179 6 38

Means 6 SD are presented from two separate experiments per-
formed in duplicate. The density of the mRNA signal observed in U-
698 cells was defined as 100% and signals observed in Ramos cells are
presented as % of the U-698 signal. FABP, fatty acid binding protein;
ACS, acyl-CoA synthetase; nd, not detected.

Fig. 3. Effect of trypsination. The amount of cell-associated EPA
in trypsinated cells was compared to that recovered in control cul-
tures after 1 h of incubation with 60 mm of radiolabeled (14C)EPA.
Means 6 SD from 7 separate experiments each performed in tripli-
cates are presented.
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TAG-rich lipid bodies was caused by different ADGAT ac-
tivity in the two cell lines.

DISCUSSION

Our findings indicate that the rate of uptake and incor-
poration of EPA into cellular lipids is related to the cellu-
lar capacity for activation of EPA to EPA-CoA. The PUFA-
sensitive cell lines Raji and Ramos had a 2- to 3-fold higher
rate of uptake and incorporation of EPA into cellular lip-
ids than the PUFA-resistant U-698 cell line, whereas up-
take and incorporation of OA were similar in all 3 cell
lines (Figs. 1 and 2). In accordance with these findings,
lysate from Ramos cells had a 2-fold higher capacity to ac-
tivate EPA than lysate from U-698 cells, whereas the capacity
for activation of OA was similar in both cell lines (Fig. 4).
Rat ACS3 activates EPA and AA most efficiently among
C16–C20 PUFA, and has a 4-fold higher capacity for utili-
zation of C20 PUFA than rat ACS1 (37). Human ACS3 has
also been cloned (39), and mRNA expression of this gene
is observed as two transcripts with size similar to those ob-
served in the present study (Dr. Tokuo Yamamoto, To-
hoku University Gene Research Centre, Japan, personal
communication). Hence, the higher activation of EPA in
lysate from Ramos cells may be attributable to the higher
steady-state level of ACS3 7.0 kb mRNA observed in this
cell line. However, a fourth rat ACS, named ACS4, has
been cloned, with a preference for activation of AA and
EPA as compared to other C8–C22 fatty acids (40). A human
homologue to rat ACS4, named FACL4, has also been
identified (41, 42). Hence, the cellular capacity for activa-
tion of EPA in human cells may also be influenced by ACS4.

Some studies show that the cellular capacity for uptake
of PUFA may be different from that of OA (43, 44), and

involvement of ACS in regulating cellular uptake of en-
dogenous fatty acids has been described in ACS-deleted
yeast mutants (45). However, to our knowledge, only one
previous study has indicated a role for ACS in regulation
of PUFA uptake (46). In this work, a mutant fibrosarcoma
cell line, selected for defective AA uptake, was demon-
strated to lack arachidonate-specific ACS, whereas uptake
and activation of OA in the mutant cell type were similar
to that of the parent cell. In addition, Schaffer and Lodish
(31) showed that ACS may be important for fatty acid
transport during expression cloning in adipocytes.

Ramos cells incubated with EPA accumulated more
TAG-rich lipid bodies than U-698 cells subject to the same
treatment (Figs. 5 and 6). Lipid bodies may store fatty
acids as energy source or play a role in inflammatory pro-
cesses (47, 48). During cell activation, an increase of intra-
cellular AA associated with cellular TAG in mast cells, eosi-
nophils, monocytes and platelets has been observed. TAG
might function as an early acceptor and reacylation pool
for AA when released from PL. Results obtained in the
present study and in our previous study on U937-1 cells
(17) indicate a role for lipid bodies in regulation of the
cellular suicide program as well. It is possible that the high
number of TAG-rich bodies in Ramos cells, containing 2–3
molecules of EPA or DPA per glycerol backbone, may
cause marked changes in intracellular signal transduction
and thereby initiate apoptosis. Such a mechanism may op-
erate in mast cells where appearance of AA in TAG was as-
sociated with cytoplasmic lipid bodies and reduction in
cell density (49).

FABPs, located in the cell membrane (mFABP) or cyto-
sol (cFABP), may be important for regulating the uptake
of fatty acids across the lipid bilayer and targeting fatty
acids to specific intracellular sites (50). However, the pro-
teins p-FABP-pm and CD36 and the mRNA coding for

Fig. 4. ACS activity in U-698 and Ramos cell lysate. Cells in logarithmic growth were harvested and lysed
and the amount of OA-CoA (A) and EPA-CoA (B) formed from radiolabeled [3H]OA and [14C]EPA as sub-
strate was determined. The means 6 SD from 3 separate experiments, each performed in triplicate, are pre-
sented (n 5 9). * P < 0.05 as compared to U-698 cells.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


560 Journal of Lipid Research Volume 41, 2000

Fig. 5. Electron micrographs. Ramos and U-698 cells were cultured for 12 h in the presence of 60 mm EPA; Ramos (A) and U-698 (B), or
60 mm OA; Ramos (C) and U-698 (D). The magnification is 50003.

L-FABP were not detected in either U-698 nor Ramos cells
(Table 1). Furthermore, the mRNA levels for FATP,
H-FABP and I-FABP were similar in both cell lines. It is

therefore unlikely that any of these 6 FABPs were respon-
sible for the observed difference in uptake of EPA. The
results obtained with trypsinated cells (Fig. 3) also suggest

Fig. 6. Triacylglycerol content in cells incubated with EPA and OA. The cells were cultured for 12 h in the presence of 60 mm of EPA or
OA, and the cellular content of TAG (A) and cholesterol (B) was measured and compared to control cells. Means 6 SD from 3 separate ex-
periments performed in duplicate are presented.
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that cellular regulation of EPA uptake is not mediated by
membrane-associated proteins. However, a different result
may have been obtained using isolated plasma membrane
fractions as was used when studying p-FABP-pm (51).

Because ADGAT catalyzes the final step in TAG biosyn-
thesis and has been associated with lipid bodies (52), it
was of interest to investigate whether the higher uptake of
EPA and accumulation of lipid bodies in our cells could
be related to different ADGAT activity in the two cell lines.
ADGAT has also been reported to have variable affinity for
different acyl-CoAs (53–55). However, results obtained
studying ADGAT activity suggest that the rate-limiting step
important for the observed difference in cellular uptake
of EPA is located prior to TAG formation as equal
amounts of TAG were formed using OA-CoA or EPA-CoA
as substrate (Fig. 7).

In summary, the present findings suggest that a PUFA-
specific ACS was responsible for the higher uptake rate of
EPA in Ramos cells as compared to U-698 cells. Further-
more, as Ramos cells die by apoptosis when incubated
with 60 mm EPA, whereas U-698 cells are unaffected by this
PUFA, our results suggest that ACS expression may influ-

ence cellular sensitivity to PUFA. This conclusion is sup-
ported by the observation that inhibition of ACS activity in
Ramos cells with the ACS inhibitor Triacsin C counteracts
EPA-induced apoptosis. In future studies, it should be in-
vestigated whether ACS3 or ACS4 is responsible for the
higher uptake of EPA in Ramos cells as compared to U-
698 cells. Furthermore, a possible relationship between
ACS expression and sensitivity to PUFA should be studied
in other cell types.

We have greatly appreciated discussing our data with Dr. Asim
Dutta-Roy and Dr. Fiona Campbell, Rowett Research Institute,
Aberdeen, Scotland, and are very grateful for their analysis of
p-FABP-pm. Dr. Jean E. Schaffer, Washington University, MO
and Dr. Jeffrey Rottman, Vanderbilt University, TN kindly pro-
vided probes for FATP and H-FABP, respectively. Dr. Tokuo
Yamamoto, Tohoku University Gene Research Centre, Japan,
generously gave us probes for ACS1, ACS2, and ACS3. We also
wish to thank Ane Gedde-Dahl, University of Oslo, Norway, for
providing probes for L-FABP and I-FABP, Dr. Arild C Rustan,
University of Oslo, for his measurement of ADGAT activity, and
Endre Dyrøy, Haukeland Hospital, Bergen for synthesizing

TABLE 2. Fatty acids recovered in TAG in U-698 and Ramos cells incubated
with 60 mm of EPA or OA for 12 h

U-698 Ramos

Control OA EPA Control OA EPA

nmol/mg protein

SAFA 42 6 3 70 6 6 50 6 12 54 6 17 52 6 10 57 6 11
MUFA 55 6 5 334 6 32 48 6 16 45 6 4 310 6 74 50 6 9
PUFA nd nd 169 6 76 nd nd 531 6 31
OA (18:1, n–9) 41 6 3 317 6 32 34 6 10 33 6 3 295 6 69 34 6 5
EPA (20:5, n–3) nd nd 107 6 50 nd nd 442 6 37
DPA (22:5, n–3) nd nd 59 6 24 nd nd 79 6 17

Means 6 SD from 3 separate experiments are presented. TAG, triacylglycerol; nd, not detected; SAFA, satu-
rated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; OA, oleic acid; EPA,
eicosapentaenoic acid; DPA, docosapentaenoic acid.

Fig. 7. Acyl-CoA:diacylglycerol acyltransferase activity in U-698 and Ramos cell lysate. Cells in logarithmic
growth were harvested and lysed, and the amount of TAG formed with OA-CoA (A) and EPA-CoA (B) as sub-
strate was determined. The means 6 SD of triplicate experiments are presented (n 5 3).
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