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Abstract

Omega-3 (n-3) fatty acids are emerging as bioactive agents protective against cardiovascular disease.
However, their cellular delivery pathways are poorly defined. Here we questioned whether the uptake
of n-3 TGRP is mediated by cell surface proteoglycans (PG) using LDLR+/+ and LDLR—/— cell
models. LDLR+/+ but not LDLR—/- cells showed higher n-6 over n-3 TGRP uptake. Removal of
cell surface proteins and receptors by pronase markedly enhanced the uptake of n-3 but not n-6 TGRP.
Lactoferrin blockage of apoE-mediated pathways decreased the uptake of n-6 TGRP by up to 85%
(p < 0.05) but had insignificant effect on n-3 TGRP uptake. PG removal by sodium chlorate in LDLR
+/+ cells substantially reduced n-3 TGRP uptake but had little effect on n-6 TGRP uptake. Thus,
while n-6 TGRP uptake is preferentially mediated by LDLR-dependent pathways, the uptake of n-3
TGRP depends more on PG and non- LDLR cell surface anchoring.
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Introduction

Accumulating evidence in humans and animal studies suggest beneficial roles of EPA and
DHA in diminishing risk of cardiovascular diseases [1,2], improving insulin resistance and
diabetes [3]. These n-3 fatty acids also have positive effects on fetal and infant visual function
and brain development [4,5,6], prevention of age-related neuronal atrophy [7,8,9], ameliorating
allergic responses [10], and lowering the incidences of certain cancers [11,12]. EPA and DHA
alter the balance of eicosanoid synthetic pathways, resulting in reduction of potent pro-
inflammatory mediators from arachidonic acid. Our previous study showed that n-3
polyunsaturated fatty acids are associated with significant down-regulation of SRE mediated
gene expression [13] -- changes that would suppress de novo endogenous synthesis of fatty
acids and TG in organs such as liver.
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TGRP rich in with n-3 vs. n-6 fatty acids have different metabolic properties. In vitro studies
demonstrated that the hydrolysis of n-6 TGRP by lipoprotein lipase (LpL) was much higher
than that of n-3 TGRP, consistent with the in vivo mouse data that while n-3 TGRP has faster
blood clearance as compared to n-6 TGRP, such effect is not associated with LpL activity
[14]. The removal of n-6 but not n-3 TGRP from blood was modulated by apoE, LDL-R, and
lactoferrin-sensitive pathways. However, mechanisms of n-3 TGRP clearance are still not well-
defined.

In other studies, we showed that at physiological triglyceride-rich particle (TGRP)
concentrations, cell surface proteoglycans (PG) can be a predominant non-LDL receptor
mechanism for binding and internalizing IDL-sized TGRP made with triolein [15]. Our
previous studies in cultured peritoneal macrophages suggested a role for cell surface PG in the
uptake of n-3 TGRP. However, in that study, no comparison were made between n-6 vs. n-3
rich particles nor was the potential role of the LDLR considered [16].

The aim of the present study was to evaluate potential mechanisms for n-6 and n-3 TGRP
clearance in vitro using LDLR +/+ and LDLR —/— fibroblasts. Our data indicates that n-6
TGRP, utilizes LDLR-mediated uptake whereas PG pathways play an important role in the
cell uptake of n-3 TGRP.

Materials and methods

Materials

Cells culture

[10, 2a (n)-3H] cholesteryl oleoyl ether was purchased from Nu-chek Prep Inc (Elysian, MN).
Lactoferrin, aprotinin, sodium chlorate (NaClO3) and human ay-macroglobulin (aom), bovine
serum albumin (BSA) fraction V were from Sigma-Aldrich (St. Louis, MO). Heparinase and
heparitinase were purchased from Seikagaku American Corp. (Rockville, MD). Purified
recombinant apoE3 produced in Escherichia coli was kindly provided by Dr. Tikva Vogel
(Biotechnology General Inc., Rehovot, Israel) and this apoE has been shown to exhibit the
same in vitro binding and in vivo plasma behavior as does native plasma apoE3 [17].

LDLR+/+ (HS68) [16] and LDL—/— (GM01915C) [18] human skin fibroblasts were plated in
monolayer at densities of approximately 2.5x10% or 5x10% cells/well in plates of 12 or 6 wells,
respectively. Cells were maintained to 80% confluency in a humidified incubator (5% CO5)
at 37 °C in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal or
standard calf serum, penicillin (100 units/mL), glutamine (292 ug/mL), and streptomycin (100
units/mL) as described by Al-Haideri et al. [16].

Preparation of triglyceride-rich particles (TGRP)

Phospholipid-stabilized n-6 and n-3 TGRP were provided by B. Braun Melsungen AG
(Melsungen, Germany) [15,19]. TGRP were labeled with non-degradable [3H] CEt (0.2 mCi/
100 mg of TG) to trace particle uptake using previously described methods [19-21]. Labeled
TGRP was characterized for triglyceride content to determine specific activities using an
enzymatic kit (GPO-PAP test) from Boehringer Mannheim (Indianapolis, IN) and stored at 4
°C under argon. Each batch of TGRP was used for experiments within 10 days of preparation.

Determination of n-6 and n-3 TGRP uptake

LDLR+/+ and LDLR—/- fibroblasts were incubated with lipoprotein-deficient serum (LPDS)
to deplete cellular cholesterol two days before experiments. On the day of the experiments,

cells were incubated with DMEM containing 1% BSA with n-6 and n-3 TGRPs in the presence
or absence of 5% apolipoprotein E (w/w, apoE/TG). When apoE was used, radiolabeled TGRP
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were pre-incubated with apoE at 25°C with gentle agitation for 20 min before mixing with
experimental medium as described above to allow sufficient time for equilibrium binding
[20]. All experiments were carried out on a rocker (Lab Line Instruments, Inc., Melrose Park,
IL) at 37 °C for 4 h. In some experiments, cells were pre-incubated with NaClO3 or pronase
to inhibit proteoglycan sulfation and removal of cell surface proteins, respectively, as
previously described [18,22,23]. Trypan blue and Thiazolyl Blue Tetrazolium Bromide (MTT)
assays [24] were used to ascertain cell viability after these treatments and >80% of cells were
viable after these treatments. At the end of each experiment, cells were chilled on ice and
washed twice for 5 min with cold PBS containing 0.2% BSA and then quickly washed twice
with PBS.

To measure TGRP uptake, cells were first treated with heparin (1400 units/mL of PBS) for 1
hat 4 °C to release surface bound TGRP [15]. After heparin treatment, cells were washed twice
with PBS. For cell-associated [3H]CEt, cells were hydrolyzed by incubating with 0.1 N NaOH.
Cell lysates were used for measurements of radioactivity and cell protein. Based on
radioactivity measurements, cell protein and specific activity, uptake was expressed as
micrograms of TG per mg of cell protein unless otherwise specified. Data are expressed as the
mean = SD of triplicate incubations. All experiments were repeated at least three times and
showed similar results.

Student t-tests were performed to evaluate the differences between mean values of two groups
(with apoE vs. without apoE or with vs. without inhibitors, i.e. sodium chlorate and pronase).
Results are expressed as mean * SD of triplicate experimental determinations. Significant
differences were determined at p <0.05 level.

The role of LDLR in cellular uptake of n-6 vs. n-3 TGRP

We first compared the uptake of n-3 and n-6 TGRP in LDLR+/+ and LDLR—/— human
fibroblasts (Figure 1). When n-6 or n-3 TGRP was incubated in the absence of apoE in LDLR
+/+ cells, n-6 TGRP uptake was slightly higher (not statistically different) than n-3 TGRP
uptake (Figure 1A). There was no difference in n-6 vs. n-3 TGRP uptake in LDLR—/— cells
(Figure 1B). Interestingly, in LDLR +/+ cells, TGRP co-incubation with recombinant human
apoE (5%, w/w), stimulated n-6 TGRP uptake by over 50% (p< 0.05) but showed no significant
effect on n-3 TGRP uptake (Figure 1A). In the absence of LDLR, there was no difference
between the uptake of n-3 and n-6 TGRPs regardless of the presence of apoE (Figure 1B).
Nevertheless, apoE was equally potent in stimulating n-3 and n-6 uptake in the absence of
LDLR (Figure 1B). Since n-3 TGRP cellular uptake was increased more by apoE in LDLR-/
— cells, these results provide evidence that n-3 uptake pathways are less dependent on LDLR,
and indicate the presence of alternative pathways for n-3 TGRP cell uptake.

Cells were then treated with pronase to further investigate the roles of cell surface protein in
n-6 and n-3 particle uptake. Cells were pre-incubated with pronase to remove pronase-
susceptable proteins prior to TGRP treatment. Table 1 shows that removal of cell surface
proteins had little effects on n-6 uptake but markedly enhanced the uptake of n-3 TGRP at 4-
hr incubation.

Effects of lactoferrin and a2-macroglobulin on the uptake of n-3 and n-6 TGRPs

We previously demonstrated that lactoferrin inhibits blood clearance and cell uptake of n-6
TGRPs by apoE-mediated pathways in vivo and in vitro [14]. Also, LDLR-related protein
(LRP) can have arole in TGRP uptake [25]. When a2-macroglobulin was incubated with n-6
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or n-3 TGRPs, a2m did not affect the uptake of n-6 or n-3 TGRP in either cell line at all
concentrations (data not shown). This indicates that under conditions herein LRP is not
involved in differentiating the uptake of n-3 and n-6 TGRPs. We incubated n-6 and n-3 TGRP
with lactoferrin to further substantiate the role of apoE-mediated pathways in the uptake of n-6
or n-3 TGRPs (Figure 2). Lactoferrin inhibited n-6 TGRP uptake in a dose dependent manner,
and at the highest lactoferrin concentration (400 nM), n-6 TGRP uptake was reduced by 85%
in LDLR+/+ cells (Figure 2A). Lactoferrin minimally reduced uptake of n-3 TGRP in LDLR
+/+ cells. On the contrary, LDLR—/— cells showed a comparable 30% decrease in the uptake
of n-6 and n-3 TGRP (Figure 2B), suggesting that lactoferrin-sensitive, LDLR-independent
pathways mediate the uptake of n-6 and n-3 TGRPs to a similar extent, a finding that likely
related to the ability of lactoferrin to inhibit apoE binding to multiple sites on the cell surface.
These results are consistent with those in Figure 1, which they show that apoE-mediated uptake
via the LDLR is responsible more for n-6 than n-3 TGRP uptake. On the other hand, in the
absence of the LDLR, lactoferrin-sensitive mechanisms contribute equally to the uptake of n-6
TGRPs as well as n-3 TGRPs.

Effects of cell surface proteoglycans on n-6 and n-3 TGRP uptake

We assessed the role of proteoglycan pathways using sodium chlorate which inhibits sulfation
of proteoglycans, as well as heparitinase to remove cell surface heparan sulfate
glycosaminoglycans. As shown in Figure 3, chlorate had little or no effects on n-6 TGRP uptake
in the absence of apoE in LDLR+/+ (Figure 3A) or LDLR—/— (Figure 3B) cells. Incubation
with NaClOj3 did not significantly reduce n-6 TGRP uptake in the presence of apoE in LDLR
+/+ cells, consistent with a major role of the LDLR in mediating the uptake of n-6 particles
(Figure 3A). However, in the absence of LDLR, n-6 TGRP uptake also became sensitive to
NaClO3 treatment (Figure 3B). On the other hand, n-3 TGRP uptake was significantly reduced
by chlorate in both LDLR+/+ and LDLR—/— cells, in the presence and absence of apoE.
Heparitinase was used for specific studies on heparan sulfate specific proteoglycans. The effect
of heparitinase was similar in that it reduced n-3 TGRP uptake substantially more than n-6
TGRP uptake (data not shown). These data support the role of PG rather than the LDLR in
mediating n-3 TGRP uptake.

Discussion

We previously demonstrated that cell uptake pathways of TGRP differs depending on
triglyceride composition in vitro and in vivo [14,26]. Although these studies clearly showed
that n-6 TGRP uptake was mediated by both LDLR- and apoE-dependent pathways, little is
known regarding pathways responsible for n-3 TGRP uptake. Our current studies describe
potential mechanisms for n-3 TGRP cell uptake that are distinct from those of n-6 TGRP. The
results herein demonstrate that while apoE enhances both n-6 and n-3 TGRP uptake, it acts
more to increase n-6 TGRP uptake in LDLR+/+ cells. Our pronase results imply that the
removal of cell surface protein alleviates the suppressive mechanisms for cellular n-3 TGRP
uptake but does not affect n-6 TGRP uptake. We also found that lactoferrin, an agent competes
with cell surface apoE binding, substantially reduced n-6, but not n-3 TGRP uptake in LDLR
+/+ cells, in keeping with previous studies that n-6 TGRP uptake is more LDLR dependent as
compared to n-3 TGRP [14,15,21]. Finally, inhibition of the PG pathways markedly reduced
n-3 TGRP uptake with little change in n-6 TGRP uptake in LDLR+/+ cells. These differences
were not seen in LDLR—/— cells, supporting that LDLR has a greater contribution to n-6 than
ton-3 TGRP uptake. The uptake of n-3 TGRP is largely mediated by cell surface proteoglycans.

Pathways of n-6 TGRP uptake have been studied extensively. These particles are cleared
through “classical” pathways such as the LDLR have shown that n-6 TGRP clearance and cell
uptake are dependent on lactoferrin-sensitive and apoE mediated pathways [15]. Moreover,
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membrane anchoring was seen with n-3 TGRP in cell culture, which is consistent with
margination of n-3 TGRP in human studies [26]. n-3 TG contains EPA and DHA, which has
been shown to significantly increase margination volumes [27]. LpL, different from its catalytic
activity, also increases anchoring of lipoprotein particles to cell surfaces via its binding
functions [28,29]. While our studies did not investigate n-3 clearance with regards to LpL
metabolism, Park et al has shown that margination of n-3-rich particles correlates with LpL
activity [27]. These observations justified further elucidation of the cellular mechanisms
mediating n-3 TGRP uptake.

a2-macroglobulin (a2M) was used to examine the binding sites of the lipoprotein receptor-
related protein (LRP). Although Kowal et al. [25] showed that «2M/LRP can mediate apoE-
enriched TGRP uptake, our data do not indicate a major role of LRP on TGRP uptake at least
in fibroblasts. LRP possesses an apoE-dependent recognition site [30] and it is known to have
different binding domains for «2M and apoE. As a result, it is possible that while the a2M
binding domain is inhibited, the apoE-binding domain is mediating TGRP uptake.

Our previous studies have demonstrated disparate metabolic effects of n-6 and n-3 TGRP in
vitroand in vivo [14,16]. This can explain the different effects on protein expression and disease
outcomes such as chronic and acute inflammatory diseases (i.e. CVD). Further understanding
of the metabolic differences between n-3 and n-6 TGRPs is of interest since modulation of TG
composition provides vehicles for potential pharmaceutical targeting with tissue-specific
delivery. Additional pathways need to be examined to further delineate n-3 TGRP clearance.
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Figure 1. Effects of apoE and LDLR on n-6 and n-3 TGRP uptake

(A) LDL receptor positive HS68 fibroblasts (LDLR+/+) and (B) LDL receptor negative (LDLR
—/—) 01915C fibroblasts were incubated with 200 pg/mL n-6 (closed bars) or n-3 TGRP (open
bars) in the absence or presence of 5% apoE (w/w) for 4 h at 37 °C. Results are the means for
TG uptake in triplicate determination £ SD and expressed as micrograms of TG per milligram
of cell protein. # p < 0.05, significant increase of TGRP uptake in the presence apoE. * p <
0.05, significant difference in the uptake of n-3 vs. n-6 particles.
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Figure 2. Effects of lactoferrin on the uptake of n-6 and n-3 TGRPs

Concentration-dependent effect of lactoferrin on TGRP uptake in LDLR+/+ (A) and (B) LDLR
—/—fibroblasts. Cells were incubated in the presence of 1% BSA, [3H]CEt-TGRP (200 pg/ml),
and in the presence of apoE (5%w/w) and lactoferrin (0-400 nM), at 37 °C for 4 h to measure
apoE-mediated pathways. Results are the mean + SD of triplicate determinations expressed
percentage (%). Baseline value of no lactoferrin treatment was set at 100%. * p < 0.05,
significant decrease from baseline.
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Figure 3. Effect of sodium chlorate on n-6 and n-3 TGRP uptake

LDLR+/+ (A) and LDLR—/— (B) fibroblasts were incubated in 10% LPDS and NaClO3
(50mM) for 14 h prior to the experiments. On the day after experiment, cells were incubated
with 1% BSA containing in the absence (grey bars) or presence (hatched bars) of 50 mM
NaClO3 and radiolabeled TGRPs for 4 h in order to inhibit the sulfation of newly synthesized
proteoglycans. Results are the mean + SD of triplicate determinations expressed percentage
(%). Baseline uptake value of no apoE treatment was set at 100%. * p < 0.05, significant
difference between NaClOs-treated and non- NaClO3-treated groups..
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Table 1

Pronase treatment affects the uptake of n-3 but not n-6 TGRP.

TGRP uptake (4hrs)
(1g TG/mg cell protein)

n-6 n-3
Pronase (-) 7.15+0.39 6.66 + 0.52
Pronase (+) 5.79+0.72 27024 +5.61
Pronase (+/+) 5.85+0.98 16.853% + 3.92

Pronase (—): control without pronase treatment

Pronase (+):pronase pre-treatment

Pronase (+/+):pronase pre-treatment plus co-incubation with TGRP

*
p<0.05;

#o=0.05
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