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ABSTRACT

Animal and clinical studies as well as epidemiological data have provided convincing evidence that n-3 polyunsaturated farty acids can
protect against atherosclerosis. However, the effects of the fatty acids on atherogenesis are contradictory. This discrepancy could derive
from great susceptibility of the fatty acids 1o oxidation, We investigated the effect of eicosapentaenoic acid (EPA} on cellular atherogenesis
via the scavenger receptor of THP-1 derived macrophages. THP-1 cells were fully differentiated into macrophages by incubating with
phorbol 12-myristate 13-acetate for seven days. Atherogenic features of EPA were compared by substituting for linoleic acid (LA).
Macrophages were also incubated withour treatment of the fatty acids as controls. EPA (5~ 50 nmol/mL) was not cytotoxic and did not
measurably induce cellular oxidation compared to bovine serum albumin (BSA) vehicle or identical doses of LA. EPA increased
macrophage uptake and degradation of acetylated LDL (AcLDL) up to 14% and 88%, respectively. EPA increased markedly total cellutar
sterol synthesis and heparin-releasable lipoprotein lipase activity of macrophages, indicating that EPA may enhance accumulation of cellular
cholesteryl ester and possibly facilitate formation of foam cells. These results demonstrate that EPA promotes the modified LDL-triggered

atherosclerotic process by the modulation of the scavenger receptor and the activation of LPL in macrophages.

KEY WORDS: cicosapentacnoic acid, linoleic acid, acetylated low-density lipoprotein, cellular sterol, lipoprotein lipase, macrophages.

INTRODUCTION

It has been demonstrated that fish oil n-3 polyunsat-
urated fatty acids may protect against the development of

atherosclerosis in animal studies with non-human primates,™

as reported in epidemiological studies on Greenland Eskimos®
Chronic fish oil feeding in rats exhibited the hypochole-
sterolemic features.” In addition, fish oil supplementation
has resulted in hypotriglyceridemia and a reduction in low-
density lipoprotein (LDL) cholesterol ievels when saturat-
ed fat intake is partially replaced by fish o0il.® However, de-
pending on the species and lipidemic status, the effects of
fish oil feeding on plasma cholesterol level are contradic-
tory.*'® It has been reported that fish oif feeding en-
hances cholesterol-induced atherosclerosis in rabbits.' Fish
oil fatty acids enhance the susceptibility of LDL to cop-
per-induced and macrophage-mediated oxidation.”
Circulating monocyte-derived macrophages, which ac-
cumulate large amounts of cholesteryl ester, are known
to become lipid-laden foam cells in early atherosclerotic
and inflammatory lesions.'™' Foam cells are associated with

Accepted : Aprl 10, 2001
*To whom correspondence should be addressed.

the uptake of modified LDL such as oxidized or acetylat-
ed LDL (AcLDL), which is mediated by the scavenger re-
ceptor expressed on the membrane surface of macroph-
ages.'""" The scavenger receptor-mediated macrophage
endocytosis of modified LDL is not down-regulated by
increased intracellular cholesterol, unlike the LDL recep-
tor regulation.’” Although the mediation mechanisms are
not well defined, there are numerous reports demonstrat-
ing that the macrophage scavenger receptor is down-re-
gulated by extrinsic platelet and intrinsic monocyte/ma-
crophage activators including transforming growth factor-
b and mterferon-g,** In addition, the receptor appears
to be up-regulated by the differentiation of monocytes into
macrophages. Therefore, it is conceivable that the expres-
sion and activity of the scavenger receptor on macroph-
ages may be amenable o interventions targeting various
cellular mechanisms. Dietary fish off has been docurmnented to
modify lipoprotein metabolism, platelet functon, cytokine
production, inflimmation and immune response.”**®

To test the hypothesis that fish oil fatty acid modulates
the scavenger recepror, we examined the effects of cis-5,8,
11,14,17-eicosapentaenoic acid (EPA) on the degradation
and internalization of modified LDL in THP-1 differen-
vated macrophages. Cells were also incubared with a vehi-
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cle bovine serum albumin (BSA) or n-6 polyunsaturated
farty acid finoleic acid (LA} as controls. Measuring cel-
lular sterol synthesis and lipoprotein lipase (LPL} activity
asscssed the modified LDL metabolism in models em-
ploying monocytes/macrophages supplemented with die-
tary fish oil fatty acid EPA.

MATERIALS AND METHODS

1. Cell culture

Human monocytic cell ling THP-1 cells were obtained
from the American Type Tissue Culture Collection and gr-
own in HEPES-buffered RPMI-1640 containing 10% fe-
tal bovine serum (FBS), 2 mM ghutamine, 100 U/mL pe-
nicillin and 100 mg/mL streptomycin. Cultures were ma-
intained at 37°C in humidified atmosphere of 5% CQ, in
air, and cells were passaged weekly 1 : 4. To differentiate
THP-1 celis into macrophages, cells were plared at a den-
sity of 5 % 10°/mL, and incubated in RPMI-1640 con-
taining 10% FBS for 24 s in the presence of 100 ng/
mL phorbol 12-myristate 13-acetate (PMA, Sigma Co, St.
Louis, MO). After 24 hr incubation, cells were rinsed wi-
th phosphate buffer saline (PBS) and cultured in RPMI-
1640 plus 10% FBS in the absence of PMA during ind-
icated periods, as described eisewhere.® Unless indicated,
THP-1 derived macrophages were incubated in RPMI-
1640 containing 10% FBS for 7 days. Cells were then in-
cubated for an additional 24 hrs with either LA (Sigma
Co) or EPA (Sigma Co.) at various concentrations in
fresh RPPMI-16440 containing 0.4% fatty acid free-BSA.

2. Preparation of fatty acid-albumin complex

Fatty acids LA and EPA were prepared by mixing with
BSA* LA and EPA of 20 mmoles sodium salts were dis-
solved in 0.4 mL of 95% ethanol containing 0.0004% bu-
tylated hydorxytoluene. The ethanol mixture was evapor-
ated completely using N, gas. The pellet was dissolved in
5 mL hot deionized-distilled water, and the resulting solu-
tion was added to 5 mL of 2 mM fatty acid-free BSA.
The mixture solution was gently stitred for 4 hrs at 4T
and sterilized by a 0.45 pm filter and the aliquots were
kept frozen at — 20 undl use. The fatty acid concentra-
tion of the farty acid:BSA complex was 2 mM and the
molar ratio of fatty acid to BSA was 2 : 1,

3. Preparation of lipoproteins

Human normolipidemic plasma LDL (d = 1.020—-1.063
g/mL) was prepared by disconanuous density gradient ul-
tracentrifugation as previously described.”™ Briefly, hu-

man plasma was adjusted to d = 1.063 g/mL with NaCl
and centrifuged ar 150,000 x g, 107 for 24 hrs. The
plasma fractions of chylomicron plus VLDL and LDL were
separated by centrifugation at 150,000 x g for 24 hrs aft-
er denstty adjustment to 1.014 g/mL. The L.DL fraction
was solely isolated by repetitive centrifugation at d= 1.
063 g/mL. Isolated I.DL was dialyzed overnight against
2 L buffer (pH 7.4) of 0.154 M NaCl and 0.01% EDTA.

AcLDL was prepared by a reaction with acetic anhy-
dride as previcusly described.® Prepared AcLDL was la-
beled with Na'®] (NEN Life Scicnce, Boston, MA) by the
iodine monochloride method.* In addition, incorpora-
ton of fluorescent dye, 1,1-dioctadecyl-1-3,3,3,3-tetrame-
thylindocarbocyanine perchlorate (Dil, Molecular Probe
Inc., Eugene, OR) dissolved in dimethylsulfoxide, into
AcLDL was accomplished as previously described.™ La-
beled *I-AcLDL was 95% trichloroacetic acid-precipita-
ble and 95% chioroform-non-extractable and its specific
activity was 100- 300 cpm/ng. Charge modification of
cach prepared lipoprotein was confirmed by agarose gel
electrophoresis®® and by 8-25% SDS gradient phastgel
(Pharmacia LKB Biotech., Uppsala, Sweden). Protein con-
tent was determined using the method of Lowry et al®
Contents of triglyceride, total cholesterol and phospolipi-
ds were measured using diagnostic kits (Asan Pharmaceu-
dcal Co., Korea). All lipoproteins were used within four
weeks after labeling,.

4. Release of thiobarbituric acid reactive subst-
ances

To examine the extent of cellular oxidation by incuba-
tion of fatty acids, the production of thiobarbituric acid
reactive substances (TBARS) was measured according to
the method of Niehaus and Samuelsson.™ Cells were in-
cubated on culture dishes in RPMI-1640 plus 0.4% BSA
in the absence and presence of either LA or EPA for the
time periods indicated and the incubation medium col-
lected. The cells were rinsed twice with PBS containing 2
mg/ml. BSA and three tmes with PBS alone, and ex-
tracted in a lysis.buffer of 0.1 N NaOH and 1 mg/mL
SDS. The collected medium was briefly centrifuged to re-
move cell debris. The medium supernatant was subjected
to the thiobarbituric acid assay. The concentrations of
TBARS were expressed as nmol malondialdehyde,/mg cell
protein.

-5. Degradation and internalization of AcLDL
Dil-labeled AcLDL is used to visualize the uptake of
LDL by macrophages and endothelial cells.®® After in-
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cubation of cells with the fatty acids used, celis were wa-
shed and incubated with 10 pg/ml Dil-AcLDL in RPMI-
1640 containing 0.4% BSA for four hrs in the absence
and presence of 25-fold excess unlabeled AcLDL to de-
termine specific uptake of AcLDL. At the end of incuba-
tion, the cells were rinsed with PBS, fixed in 4% cold for-
maldehyde and mounted in Mcllvaines buffer/glycerol (Si-
gma Co). Cellular distributon of Dil was analyzed using
a fluorescent microscope {Olympus BX50, Olympus Opt-
ical Co., Tokyo, Japan) and rhodamine filter set.

The degradation and internalization of '*I-labeled AcL-
DI, were assessed using a method described elsewhere. '™
After pretreatment with LA or EPA for 24 hrs, cells were
incubated in RPMI-1640 containing 0.4% BSA with 10
pg/mL l-Jabeled AcLDL for four hrs in the absence
and presence of 250 pg/mL unlabeled AcLDL. The tri-
chloroacetic acid-soluble radioactivity of the collected in-
cubation medium was measured using an automatic gam-
ma-counter (Pharmacia LKB Biotech). The cells were wa-
shed twice with PBS containing 2 mg/mL BSA and tw-
ice with PBS, and incubated in a lysis buffer for one hr.
Radioactivity data were normalized by cellular protein co-
ntents. Specific degradation and internalizaton were cal-
culated by subtracting the non-specific radioactivity meas-
ured in excess unlabeled AcLDL from total radioactivity.

6. Cellular sterol synthesis

Cells were grown on culture dishes in RPMI-1640 con-
taining 0.4% BSA and the fatty acids of LA or EPA for 24
hrs, followed by an additonal four hr incubadon in the
absence and presence of 10 pg/ml AcLDL. After being
rinsed twice with PBS, cells were incubated in fresh medi-
um containing 0.8 pCi of *C acetate (Amersham Inc., Bu-
ckinghamshire, UK) and unlabeled carrier sodium acetate
(0.2 pmol/mL, specific activity of 4 pCi/mmol) for two
hrs*® Cells were then washed and lysed in 2 mL of 0.1
N NaQH plus 1 mg/mL SDS, A portion of cell lysate (1
mL) was used for the measurements of the radicactivity
and cell protein content, and the remaining 1 mL lysate
was further processed. In a screw-capped glass vial con-
taining 1 mL of 100% cthanot and 9.2 mlL of 90% KOH,
1 mL lysate was added, and the mixture was saponified
at 85 -907 for three hrs and cooled on ice. To extract
non-saponifiable lipid, 1.5 mL distilled water and 2.5 mL
hexane were added to the mixture. After centrifugation,
the hexane phase was collected in 2 new screw-capped gl-
ass vial and the extraction procedure was repeated. After
washing with 2 mL of 0.1 M sodium acetate, the hexane

phase was collected and evaporated. The radioactivity was
determined with a liquid scindllation counter. Incorpora-
tion of “C acctate into sterols is expressed as nmol ace-
tate incorporated into non-saponifiable lipids per mg cell
protein.

7. Heparin-releasable LP1. activity

Activity of heparin-releasable LPL was assayed by a mo-
dification of previously described methods using an emul-
sion of radiolabeled triolein *™* Cells were incubated on cu-
lture dishes in RPMI-1640 plus 0.4% BSA with LA or
EFPA for 24 hrs and were treated with 10 pg/mlL AcLDL
for four hrs. The incubation medium was collected five
min after the addition of 50 U/mL of heparin (Sigma
CoJ). The cell layer was rinsed and extracted in a lysis
buffer. The incubation medium was briefly centrifuged to
remove cell debris. The lipolytic activity of the medium
was measured by adding the final assay substrate mixture
of 0.625 pCi glycerol tri-*C oleate (specific activity of 0.
037 pCi/mmol, Amersham) emulsified with intralipid (Kabi
Pharmacia, Erangen, Germary) in a Tris-NaCl buffer (pH
8.2} with 0.075 U/mL heparin and by activating with 5%
(vol /vol) pooled human serum. The radioactivity was det-
ermined with a liquid scintillation counter. The heparin-
releasable LPL activity was expressed in nmol of released
free fatty acids per min per mL of medium.

8. Data analysis

All values are presented as means = SEM of independ-
ent experiments. Differences between groups were evalu-
ated by two-way analysis of variance followed by the Tu-
key correction (sas Instinte Inc., Cary, NC). Statistical
significance was set at p < 0.05. .

RESULTS

1, Cellular oxidation by fatty acids

The medium TBARS production by incubation with
LA or EPA is shown in Fig. }. To compare the effects of
EPA on cellular oxidation, THP-1-derived macrophages
were treated with BSA alone or with LA as controls. The
macrophages did not measurably produce medium TBARS
in untreated cells: only a very limited amount of TBARS
was found. In addition, there were no apparent effects by
LA and EPA on medium TBARS production within 24
hrs. It should be noted that LA and EPA within a range
of given doses did not modulate cell growth (data not
shown). Thus, cellular oxidation that could be possibly el-



Young-Hee Kang e al 29

icited due to incubation with the highly unsaturated fatty
acid was not likely involved in the present cell system.

2. Effects of EPA on uptake of AcLDL

Dil-AcLDL taken up by macrophages was rapidly degrad-
ed in the lysosomes and the Dil accurnulates in the lysoso-
mal membranes*® Cellular distribution and fluore-scent in-
tensity of Dil in THP-1 derived macrophages pre-treated
with cither LA or EPA were determined. A form of the per-
inuclear Dil fluorescence was observed in macr-ophages in-
cubated with 10 pg/ml. DI-AcLDL for four hrs (Fig, 2,
panels A—D). EPA appeared to intensify Dil staining, com-
pared with those of BSA alone and LA (pa-nel C vs. panels
A and D). When macrophages were incubated with Dil-
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Fig. 1. Effects of linoleic acid (LA) and eicosapentaenoic acid (EPA) on
medium thiobarbituric acid reactive substances (TBARS) production.
THP-1 monocytes were differentiated into macrophages with 100 ng/
mb phorbol 12-myristate 13-acetate for seven days. After additional 24
hr incubation in RPMI-1640 containing ©.4% bavine serum albumin
(BSA) with and without various concentrations of LA or EPA, medium
TBARS was measured using a thiobarbituric acid assay and expressed
as nmol malondialdehyde (MDAYmg cell protein, Values represent means
+ SEM of four replicate experiments.

AcLDL in the presence of 250 pg/mlL unlabeled AcLDL,
the fluorescent intensity visibly decreased (panel B).

Specific fluorescent intensity of Dil is the result of cells in-
cubated with Dil-AcLDL in the presence of excess un-
labeled AcLDL. Specific uptake of ACLDL influenced by 25
nmol/ml. LA or EPA pre-treated prior to exposure of 10
pg/mL Dil-AcLDL in the presence of 250 pg/mL un-
labeled AcLDL was determined (Table 1). EPA increased
specific fluorescent intensity of Dil by 14% and 6% respec-
tively, when compared to BSA alone or the same dose of
LA. Thus, EPA increased specific uptake of AcLDL in ma-
crophages, compared to those observed in untreated celis
and in LA-treated cells. It is reasonable to believe thar EPA
actvated the scavenger receptor that leads to intracellular
cholesterol accumulation. The results clearly demonstrate
that EPA substantially enhanced the uptake of modified
LDL in THP-1 differentiated macrophages. In contrast, ¢q-

Table 1. Specific uptake of AcLDL by THP-1 derived macrophages sup-
plemented with fatty acids

Specific uptake of Dil-Acl.DL

L
Treatments (nmol/mL) e/ cell protein)

BSA 265 + 017
LA 284 + 0.21
EPA 3.02 £ 0.23*

THP-1 cells were differentiated into macrophages with 100 ng/mL phor-
bol 12-myristate 13-acetate for seven days. Macrophages were incubat-
ed for additional 24 hrs in RPMI-1640 containing 8.4% bavine serum al-
bumin {BSA) and supplemented with 25 nmol/mL linoleic acid (LA} or
eicosapentaenoic acid (EPA). The THP-1 derived macrophages were in-
cubated with 10 pg/mL Dil-AcLDL for four hrs in the absence and pres-
ence of 250 pp/mt uniabeled AcLDL. Fluorescent intensity of Dil was
measured using a microplate reader and specific fluorescent intensity
was determined by subtracting mean fluorescent intensity of unlabeled
cells from that of Di-AcLDL incubated cells. Values represent means +
SEM of four replicate dishes.  *: p < 0.05, relative to BSA controls.

Fig. 2. Representative fluorescent microphot-
ographs showing the uptake of 10 pg/mL Dil-
AcLDL by THP-1 derived macrophages. The
cells were grown for 24 hrs in RPMI-1640
confaining 0.4% bovine serum albumin (BSA)
and supplemented with 25 nmol/mL linoleic
acid (LA, pane! C) and eicosapentaenoic acid
(EPA, panel D} ifor four hrs. Contral culture
was done by incubating 10 pg/mL Dit-AcLDL
in RPMI-1640 medium containing 0.4% BSA
for four hrs in the absence of fatty acids
(panel A). When incubating macrophages wi-
th Dil-AcLDL in the presence of excess un-
labeled AcLDL, the fluorescent intensity appa-
rently decreased {pane! B),
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uimicromolar LA appeared to reduce their uptake.

3. Specific degradation of AcLDL in EPA-treat-
ed macrophages

Phorbol ester-treated THP-1 cells exhibit a temporal in-
crease in the degradation of *I-labeled AcLDL that is in-
hibited by unlabeled AcLDL but not by unlabeled LDL,
suggesting that the degradation of AcLDL by THP-1 ma-
crophages be muainly mediated via a mechanism specific
for AcLDL® To determine whether the fatty acids in-
fluence the specific macrophage degradation of AcLDL
in the presence of 25-fold excess unlabeled AcLDL, cells
pre-treated with 25 and 50 nmol/mL LA or EPA were
incubated for four hrs with '*[-labeled AcL.DIL. Table 2
shows the effect of EPA on the specific degradation of
H1-AcLDL. Treatment with 25 and 50 nmol/ml. EPA
enhanced the degradation of *I-AcLDL by 58% and 88%,
respectively, compared to that of control untreated cells,
LA was less adverse than equimicromolar EPA in increas-
ing the specific degradation of "*I-AcLDL in a concentra-
tion-dependent manner (Table 2); however, non-specific
degradation of AcLDL observed in the presence of excess
unlabeled AcLDL was similar (data not shown).

4. Effects of EPA on ceilular sterol synthesis

Continuous uptake of modified LDI. results in intrace-
lular cholesterol accumulaton and transformation of the
macrophages into foam cells.*' When macrophages were
exposed to 10 pg/ml. AcLDL in a medium contzining
10% FBS, 5 nmol total cellular sterol/myg cell protein was
synthesized, whereas macrophages incubated in 10% lipo-

Table 2. Characterization of fatty acid effect on Acl.DL degradation by
THP-1 derived macrophages

protein-deficient serum increased synthesis of cellular ster-
ol by 300% (unpublished data}. In addition, THP-1 deriv-
ed macrophages contained 1.05 £ 0.18 nmol sterol/mg
cell protein when cultured in a AcLDL-free medium with
0.4% fatty-free BSA (dara not shown). Table 3 summariz-
es the effects of LA and EPA on total cellular sterol syn-
thesis. LA and EPA at 5- 50 nmol/mL increased the for-
mation of cellular sterol in a dose-dependent manner by
4-62% and 11— 94%, respectively. Cellular cholesterol is
largely present as cholesteryl ester droplets when mod-
iied LDL is internalized via the ophage scavenger recep-
tor and then intracellular cholesterol accumulated. '
Thus, these results indicate that EPA may enhance the
formation of cellular cholestery! ester.

5. Effects of fatty acids on lipoprotein lipase ac-
tivity

It has been demonstrated that THP-1 celis are used as
a model to study the quantitative and temporal expres-
sion of LPL during differennation.””” Differentiation of
THP-1 cells into macrophages is accompanied by activa-
tion and extracellular accumulation of LPL, Unstimulat-
ed THP-1 cells lack intracellular LPL and minimally se-
crete LPL.*™? The ability of THP-1 derived macrophages
to secrete the enzyme into the medium with the addition
of fatty acids was examined. Table 4 shows the activity of
heparin-releasable extracellular LPL of macrophages cul-
tured with LA and EPA. Induction of LP'L in THP-1 ma-
craphages was dependent on the types and concentra-
tions of the fatty acids added. The activity of heparin-
releasable LPL increased by 18-112% in macrophages

Table 3. Total cellular sterol synthesis in THP-1 derived macrophages
supplemented with fatty acids

Specific degradation of *-AcLDL .

Treat L
reatments (nmol/mt) (pg/mg cell protein)

Total cellular sterol

Treatments (nmol/miL .
tmotiml) {nmol acetate/mg cell protein)

BSA 0.60 + 0.19

LA 25 0.73 + 0.11
50 0.89 + 0.05*

EPA 25 095 + p.18*!
50 1.13 + 0.13*'

Macrophages were incubated for 24 hrs in RPMI-1640 containing 0.4%
bovine serum albumin (BSA) and supplemented with 25 or 50 nmol/ml
linoleic acid {LA) and eicosapentaenoic acid (EPA). THP-1 derived ma-

crophages were incubated with 10 pg/mlL "I-AcLDL in RPMI-1640 me- .

dium containing 0.4% BSA for four hrs in the presence of 250 pg/mL
unlabeled AcLDL. '*I radicaclivity data for the AcLDL degradation
were normalized by cellular protein contents, Specific-degradation was
calculated by subtracting the non-specific radioactivity measured with
excess unlabeled ActDL from total radicactivity. Values represent means &
SEM of triplicate dishes.

*: p < 0.05, relative to BSA controls.

' p < 0.05, relative to respective dose of LA,

BSA 210+ 36

LA 5 218+ 40
25 248 + 4.0
50 340 + 2.6

EPA 5 234 + 44
25 272+ 5.4
50 408 + 10.6%'

Macrophages were incubated for 24 hrs in RPMI-1640 containing 0.4%
bovine serum albumin (BSA) and supplemented with linoleic acid (LA)
or eicosapentaenoic acid (EPA) at various concentrations, followed by
four hr incubation in the absence and presence of 10 pp/mL AcLDL.
The radioactivity was determined (see MATERIALS AND METHODS),
and incorporation of acetate into sterols is expressed as nmol acetate in-
corporated into non-saponifiable lipids per mg cell protein. Values
represent means + SEM of four replicate dishes.

«: p < 0.05, relative to BSA controls.

' p < .05, relative to respective dose of LA
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Table 4, tffects of fatty acid supplementation on activity of heparin-
teleasable extracellular lipoprotein lipase in THP-1 derived macrophages

Treatments Activity of heparin-releasable lipoprotein lipase
(nmol/mL}) (nmot of free fatty acid/ml/min)
BSA 11.6 £ 2.2
LA 25 137 + 6.3
50 246 + 4.9*
EPA 25 16.2 £ 3.6
50 314 + 13!

Macrophages were incubated for additional 24 hrs in RPMI-1640 con-
taining 0.4% bovine serum albumin (BSA) and supplemented with 25
ot 50 nmol/mL linoleic acid {(LA) or eicosapentaenoic acid {EPA). The
lipoiytic activity in medium was measured (see MATERIALS AND
METHODS). The radioactivity was determined and LPL activity ex-
pressed in nmol of refeased free fatty acids per mL of medium per min.
Values represents means + SEM of triplicate dishes,

* p < 0.05, compared to BSA controls.

t:p < 0.05, compared to respective dose of LA.

treated with 25~ 50 nmol/mL of the farty acids. EPA at
25 nmol/mL and 50 nmol/mL enhanced the activity of
LPL by 40% and 171%, respectively. The effect of EPA
on the secretion of LPL was significantly greater than
that of LA (Table 2). The results suggest thar the highly
polyunsaturated fatty acid EPA may facilitate the for-
mation of foam cells by activating LPL.

DISCUSSION

The main findings of this study are that 1) highly un-
saturated fatty acid EPA does not cause cellular oxidation
possibly modulating the metabolism of moditied LDL: 2)
Micromolar EPA can enhance substantially specific de-
gradation and internalization of modified LDL in macro-
phages via the activated macrophage scavenger receptor:
3) EPA increases the intracellular sterol synthesis of ma-
crophages and may accumulate cellular cholesteryl ester:
4} EPA may facilitate the formation of foam cells by ac-
tivating and secreting LPL. These findings highlight ath-
erogenic properties of the highly unsaturated farty acid
EPA. It is tempting to speculate that fish oil feeding mig-
he play a pathogenic role in atherosclerosis in vive,

Phorbol ester-treated THP-1 cells are ome-dependently
differentiated into macrophages. The phenotypes of ma-
crophages and the capacity degrading modified T.DL and
non-specific esterase activity was first detected in THP-1
cells treated with phorbol ester for four days. Circulat-
ing monocyte derived macrophages accumulating large
amounts of cholesteryl ester are known o become lipid-
laden foam cells in early atherosclerotc and inflammatory
lesions via LDL internalization followed by the simula-
tion of the intracellular cholesterol esterification.”'® LDL
internalization involves the uptake of modified LDL that

is mediated via a protein termed as the scavenger recep-
tor and expressed on the surface of macrophages.'™”"” Di-
fferentiation of monocytes into macrophages induces and
activates the scavenger receptor. It is, therefore, conceiva-
ble that the expression and activation of the macrophage
scavenger receptor may be amenable to interventions tar-
geting a variety of cellular mechanisms suspected ro acti-
vate macrophages. This study investigated whether the ex-
pression and activation of the scavenger receptor in THP-
1 derived macrophages can be modulated by fish oil farty
acid EPA.

Dietary fish oil modifies lipoprotein metabolism, platel-
et function, cytokine production, inflammation and im-
mune response.”? It has been demonstrated that fish oil
n-3 polyunsaturated farty acids including EPA protect
against the development of atherosclerosis.' ® Chronic fish
oil feeding in rats exhibited the hypocholesterolemic ef-
fect.” However, the atherogenic features of fish oil fatry ac-
ids are conflicring, depending on species and lipidemic
status.®'® It has been reported that fish oil feeding en-
hances cholesterol-induced atherosclerosis in rabbits.'” In
addition, fish oil farty acids adversely enhance the sus-
ceptibility of LDL to copper-induced and macrophage-
mediated oxidation,” which could be due to the highly
polyunsaturated structure. In this study, THP-1 macro-
phages minimally produced TBARS within 24 hrs in the
presence of either LA or EPA up to 50 nmol/mL. OQur
results suggest that cellular oxidation may not be a factor
influencing the scavenger receptor and modulating cellu-
lar sterol synthesis of THP-1 macrophages durmg incuba-
tion with LA or EPA.

Increasing concentrations of EPA enhanced specific up-
take of AcLDL in macrophages compared to those in ma-
crophages incubated with BSA .alone or same doses of
LA. The enhanced uptake of modified LDL by EPA may
be associated with a possible alteration in the scavenger
recepror. It should be noted that the non-specific degra”
dation of AcLDI. by macrophages treated with fatty acids
was similar to that of macrophages treated with BSA al-
one. Fluorescent Dil-labeled AcLDL taken up by macro-
phages is rapldly degraded in the lysosomcs and the Dil
accumulates in the lysosomal membranes. ™ A torm of
the perinuclear Dil fluorescence was observed in macro-
phages incubated with Dil-AcLDL. The distribution of
fluorescent Dil and the non-specific degradation of Ac-
LDL were similar to those observed in cells treated with
BSA alone or LA. The AcLDL binding is shown to be sa-
turable and inhibited by adding excess untabeled AcLDL,
indicating that AcLDL binds to a limited number of high
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affinity receptors.™” Thus, it is possible to speculate that
EPA increases saturable binding of AcLDL without a sig-
nificant effect on the non-specific binding.

Cellular cholesterol is accumulated as cholesteryl ester
droplets, when modified LDL is internalized via macro-
phage scavenger receptor. ™2 Testing was done to de-
termine whether fatty acids promote total cellular sterol
synthesis of macrophages including membranous fice cho-
lesterol. EPA increased concentration-dependently cellu-
lar sterol formation. It has been suggested that free cho-
lesterol present in the cellular membrane could be less af-
fected by interventions targeting cellular cholesterol meta-
bolism.*™* Accordingly, one can assume that EPA may
enhance the formation of cellular cholesteryl ester rather
than membranous free cholesterol and hence promote ath-
erogenicity with forming foam cells.

THP-1 cells lack intracellular LPL and the differentiat-
ion of THP-1 cells into macrophages activates and sec-
retes LPL.*™? The ability of THP-1 derived macrophages
to secrete the enzyme upon addition of fatty acids was ex-
amined. Heparin-releasable LPL of THP-1 macrophages
was greatly induced by adding fatty acids. The effect of
EPA on the LPL activity was significantly greater than
that induced by identical doses of LA, The results sug-
gest that highly polyunsaturated fatty acids may facilirate
macrophage degradation of modified LDL and formation
of foam cells by activating LPL and secreting it into the
extracellular space. This finding is consistent with results
with regard 1o the AcL.DL uptake ¢nhanced by EPA.

In summary, EPA increased the uptake and degrada-
tion of modified LDL, possibly via induction of the sc-
avenger receptor and via activation of LPL in THP-1 der-
ived macrophages. Furthermore, EPA facilitated cellular
sterol synthesis and hence foam cell formation of the ma-
crophages. Therefore, this highly polyunsaturated struc-
ture of EPA raises the possibility that it may now be feasi-
ble to promote the oxidized or modified LDL-triggered
atherosclerotic process.
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