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Abstract

Objectives: We previously reported that saturated fat (SAT) enriched diets increase arterial
cholesteryl ester (CE) deposition, especially from LDL-selective uptake (SU), and this was associated
with increased arterial lipoprotein lipase (LpL). We now questioned how n-3 fatty acid rich diets
influence arterial cholesterol delivery and arterial LpL levels.

Methods and Results: C57BL/6 mice were fed chow or eucaloric high fat diets enriched in SAT
or fish oil (n-3) for 12 weeks, and then injected with double radiolabeled or fluorescent-labeled human
LDL to separately trace LDL-CE and LDL-apoB uptake. SAT and n-3 diets increased plasma
cholesterol levels similarly; n-3 diets lowered plasma triglyceride concentrations. SAT increased
arterial LDL-SU with significantly higher CE infiltration into aortic media. In contrast, n-3 markedly
reduced total LDL uptake and CE deposition and abolished SU with LDL localized only in aortic
intima. Disparate patterns of CE deposition between diets were consistent with distribution of arterial
LpL - SAT diets induced higher LpL levels throughout the aorta; n-3 diets decreased LpL levels and
limited LpL expression to the aortic intima.

Conclusions: n-3 rich diets decrease arterial total LDL delivery and abrogate LDL-SU in parallel
with changing arterial wall LpL expression and distribution.

Keywords
fatty acids; fish oil; lipoprotein lipase; LDL; atherosclerosis

Acrterial cholesterol uptake and deposition are major contributors to atherogenesis. LDL
retention in atherosclerosis-susceptible sites results from increased flux into the arterial wall,
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as well as from reduced lipoprotein efflux. While LDL uptake via LDL receptors (LDLR) is a
major pathway and is critical for cholesterol delivery to many cell types 1, significant amounts
of LDL are delivered to certain tissues, such as the arterial wall, independent of LDLR. These
“non-classical” pathways include scavenger receptors which may play important roles in
pathological arterial lipid accumulation 2. We and others have previously demonstrated that
LDL-core lipids, particularly cholesteryl esters (CE), can be delivered to cells without
concomitant cellular uptake and internalization of whole LDL particles by a process known as
selective uptake (SU) 3-5. SU from HDL via scavenger receptor type B | (SR-BI) has been well
characterized and is involved in steroidogenesis and reverse cholesterol transport. LDL SU
was observed in mice, and among the sites of selective uptake of LDL lipid were tissues that
express abundant LpL such as muscle, heart and adipose 6. We previously demonstrated in
cultured cells that LDL-SU was mediated via non-SR-Bl-mediated pathways and that SU was
markedly increased by LpL . Consistent with these findings, muscle LDL SU was significantly
increased in mice over-expressing human LpL in muscle °. Moreover, feeding high saturated
fat (SAT) diets markedly increased the contribution of SU to total arterial LDL-CE deposition
4- in apolipoproteinE (apoE) knockout mice, as much as 50% or more of total LDL-CE uptake
was accounted for by SU. Thus, we suggest that this mechanism contributes an additional
pathway for CE delivery in LpL-expressing cells, e.g., macrophages, and may contribute to
pathological accumulation of CE.

It is of interest that Corey and Zilversmit and others reported a direct correlation between
arterial LpL and extent of aortic cholesterol deposition 8 °. In humans, atherosclerotic lesions
are rich in LpL 19, In contrast to the well-documented adverse effects of saturated fats on
cardiovascular disease (CVD) and atherosclerosis, consumption of unsaturated fats,
particularly those enriched in very long chain omega-3 (n-3) fatty acids such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), can reduce the risk of CVD
11 Although a number of mechanisms have been postulated for anti-atherogenic roles of n-3
fatty acids, little is known about how n-3 fatty acids might affect pathways in the early
development and progression of atherosclerosis, i.e., cholesterol delivery at the level of the
arterial wall.

In the current studies, we show that the n-3 fatty acid rich diet markedly reduces arterial LDL
whole particle uptake and LDL-CE SU relative to a SAT diet and that these effects are
independent of plasma cholesterol levels. These changes in arterial LDL delivery and
deposition were related to changes in LpL expression and distribution in the arterial wall. Our
studies suggest that n-3 fats decrease arterial CE deposition by reducing whole LDL particle
uptake and abolishing arterial SU from LDL.

METHODS

For expanded Materials and Methods please see http://atvb.ahajournals.org.

Feeding Protocols

Four-week-old male C57BL/6 mice weighing 15-18 g were placed on a normal chow (4.5%
fat, w/w), or a high fat diet (21% fat, w/w) enriched in either n-3 or saturated fats (SAT) for
12 weeks (n > 10). n-3 and SAT diets were eucaloric with 42% of total calories from fat (see
supplemental Table 1 for fatty acid composition of each diet). The fat content of the SAT diet
consisted of 71% saturated fat from coconut oil, 19% monounsaturated fat from olive oil, and
9% polyunsaturated fats from safflower and corn oil. In the n-3 diet, half of the total fat was
from menhaden oil enriched in EPA and DHA with saturated, mono- and poly-unsaturated fat
contributing 8%, 8%, and 6%, respectively, w/w. During the feeding period, blood was
collected weekly and measured for free fatty acids (FFA), triglycerides (TG) and total
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cholesterol (Chol) using enzymatic assays following the manufacturer's procedures as
previously detailed 4.

LDL preparation and labeling

LDL (d = 1.025-1.055 g/ml) was isolated from normolipidemic humans by sequential
ultracentrifugation. Isolated LDL was labeled with two nonhydrolyzable markers, [3H]
cholesteryl oleoyl ether (CEt) and [12°1] tyramine cellobiose (TC), to trace LDL-CE core and
whole LDL particle uptake, respectively °. The calculated cholesterol/protein weight ratios of
LDL ranged from 1.6-1.8 (n=20). Typical specific activities were 10-15 and 52-230 dpm/ng
LDL protein for [3H] CEt and [12°1] TC, respectively. For fluorescent microscopy studies,
isolated LDL was labeled with BODIPY-C12 and Alexa to independently trace LDL-CE and
whole LDL particle uptake. Preparation and characterization of fluorescent LDL were
previously described 4. Notably, our labeling procedures did not modify LDL physical
properties or induce LDL oxidation.

LDL uptake in aorta

At the end of each feeding period, mice were injected with double radiolabeled human LDL.
Twenty-four hours after injection, animals were sacrificed and radioactivity derived from
accumulated 3H and 125 was determined in whole aorta. SU was determined from the
differences in actual LDL-CE delivery based on [3H] CEt (actual CE uptake) and CE uptake
from LDL whole particle uptake estimated from 1251-TC, and LDL composition 4.

Alternatively, mice were injected with 200 ug double BODIPY-C12- and Alexa-labeled LDL
after feeding. BODIPY-C12 and Alexa fluorescence were recorded with a laser scanning
confocal microscope (Zeiss LSM-510) as previous described. To determine BODIPY-C12/
Alexa ratios, we quantitated fluorescence intensity in the intima-medial layers of the aortic
arch using ImageJ version 1.41. (We previously reported that changes in LDL and CE uptake
as a result of diets were much more evident in proximal as compared to distal aorta and these
results reported herein are from the proximal aorta #.) The patterns of Alexa/BODIPY dual
channel colocalization were confirmed by a threshold-based overlap analysis-a binary test of
whether the 2 signals occur in the same or in different regions, by using ImageJ 1.41 with the
Colocalisation plug-ins 12: 13,

LpL localization and quantification in the arterial wall

Avrterial LpL content was analyzed using immunohistochemical and immunofluorescent
staining of mouse aorta. For both procedures, aortal sections were fixed, permeabilized and
blocked from non-specific background staining before antibody application, as described in
expanded Methods. Aorta sections from mice that were injected with double fluorescent-
labeled LDL were analyzed by immunohistochemistry for arterial LpL levels. This was
performed by using rabbit polyclonal anti-human LpL antibodies and ExtrAvidin Alkaline
Phosphatase staining kit (Sigma-Aldrich) as described previously 4. The microscope settings
and intensity analyses for arterial LpL are described in detail in expanded Methods.

In separate analyses, arterial LpL content was assayed by immunofluorescence. Pre-stained

aorta sections, processed as described in expanded Methods, were incubated with a primary

anti-LpL antibody (Santa Cruz) and a secondary antibody conjugated with Alexa Fluor 647

(Molecular Probes), followed by counterstaining with a cell nucleus marker-SYTOX Green

(Molecular Probes). Labeled nuclei and LpL were visualized using a laser scanning confocal
microscope, LSM-510 META, as described in expanded Methods.

To quantitate arterial immunofluorescent stained LpL content on each optical section, regions
of interests (ROI), either aortic intima or the aortic media, were defined based primarily on the
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location of cell nucleus staining (SYTOX Green), which helps to define arterial morphological
structure. All LpL markers within each ROI were semi-automated counted utilizing the ImageJ
built-in function Analyze Particle 14. Detection, counting and analysis of LpL are described in
detail in expanded Methods.

Statistical analyses

Student t-tests of group means were used for comparing endpoints and analysis of variance
(ANOVA) was used to evaluate potential interactions between the diets. Statistical significance
was determined at the level of p<0.05.

RESULTS
Effects of diet on body weight and plasma lipid profiles

Mice fed SAT diets showed higher and more rapid weight gain compared to mice fed a chow
or n-3 diet; this effect was noted in the first 2-3 weeks of the feeding (p<0.05). After 12 weeks
of feeding, SAT fed mice weighed 27.7 £ 1.3 g, while chow and n-3 fed mice weighed less,

23.0£0.9gand 21.6 + 0.6 g, respectively (p<0.001 for each vs. SAT, supplemental Figure 1).

Each diet achieved the expected differences in fatty acyl compaosition in plasma (see
supplementary Results, and supplemental Table 2). Plasma lipid profiles were determined at
the end of the feeding periods (Table 1). The SAT diets led to 2-fold greater plasma FFA and
TG levels (p<0.01) in mice compared to chow diets, a finding consistent with our previous
report 4. In contrast, mice fed the n-3 diet had ~ 40 % lower plasma fatty acid and ~70% lower
TG levels than chow fed mice. Both SAT and n-3 diets led to similar increases in plasma total
cholesterol levels compared to mice fed chow (p<0.01), presumably due to higher cholesterol
content in these two diets (0.2% w/w) compared to the chow diet (0.02% w/w). Changes in
TG levels were entirely related to increase or to loss of VLDL pools as determined by fast
performance liquid chromatography (FPLC) in SAT vs. n-3 fed mice (Figure 1). These results
are in agreement with other studies demonstrating that n-3 diets inhibit TG synthesis and lower
plasma TG levels 1°. We previously reported that plasma clearance of injected radiolabeled
LDL was not different in SAT or chow fed mice 4 — using similar methodology in out current
studies, LDL fractional catabolic rates (FCR) were not significantly changed in n-3 feeding as
compared to chow or SAT diets (0.12 £ 0.04, 0.12 £ 0.04 and 0.11 + 0.03 pools/ h for chow,
SAT and n-3, respectively).

Dietary effects on arterial LDL uptake

Since in contrast to SAT diets, n-3 fatty acid rich diets can diminish CVD risk 11, we compared,
in the mouse model, differences in arterial LDL uptake and SU on each diet (Figure 2). The
SAT diet markedly increased arterial LDL-CE uptake traced by [3H] CEt compared to the chow
diet (Figure 2A), where there was no apparent significant increase in uptake of 1251-apoB (or
whole LDL particles; this can be accounted for by dilution of the injected labeled LDL with
endogenous lipoproteins (Figure 1, supplemental Table 2)). Thus, as judged by differences in
whole LDL particle CE estimated uptake as actual measured CE uptake, the markedly increased
LDL-CE uptake relative to LDL-apoB was associated with a 4- to 5-fold increase in SU. In
contrast, mice fed a n-3 diet had a marked reduction of whole particle LDL uptake and LDL-
CE uptake in the arterial wall. There was no obvious SU from LDL in mice fed the n-3 diet.

When changes in SU induced by the different diets were plotted as the percent of total arterial
LDL-CE delivery that is accounted for by SU in individual animals (Figure 2B), SU contributed
~ 5-6% of total arterial LDL-CE delivery in mice fed a chow diet. Mice fed a SAT diet on

average had a 4-fold increase of CE-uptake attributed to SU accounting for up to ~20% of total
LDL-CE delivery. However, in mice that were fed n-3 diets, contribution of SU to arterial CE
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mass was absent or almost absent; arterial LDL-CE delivery by SU only contributed a non-
significant 2.3% of total LDL-CE uptake.

In parallel studies, mice were injected with fluorescent BODIPY/Alexa labeled LDL to trace
LDL-CE and -apoB, respectively (Figure 3). We previously reported that use of fluorescent
labeled LDL produced very similar data compared to measuring SU by isotopic studies “.
Fluorescent labeling also allowed localization of both whole LDL particle uptake and LDL-
CE SU in specific layers of the arterial wall. Of note, there was no evidence of atherosclerotic
lesions or fatty streaks in any of the arteries when examined by dissecting microscopy.

LDL-Alexa apoB uptake appeared slightly reduced in mice fed SAT diets compared to chow
fed mice (likely due to dilution from non-labeled endogenous apoB lipoproteins) (Figure 3A).
Still, the SAT diet strongly increased labeled LDL-CE uptake, indicating LDL-CE delivery
via SU. SAT caused a higher arterial LDL infiltration compared to the chow diet, and this was
also associated with much higher quantitative levels of LDL-CE deposition via SU (Figure
3B). In contrast, uptake of LDL-CE traced by BODIPY, and of LDL-apoB traced by red Alexa
was markedly reduced in mice fed a n-3 diet (Figure 3A), in keeping with the observation that
net LDL influx was diminished by n-3 feeding as observed with the isotopic studies. Again,
there was no arterial SU in mice fed the n-3 diet (Figure 3B). Of interest, as shown in Figure
3A, whole LDL particle (Alexa-apoB) and LDL-CE (BODIPY) in arteries of chow and SAT
fed groups were mostly in the intima-media regions of the aorta. However, in mice fed a n-3
diet, overall arterial LDL infiltration was much less; furthermore, nearly all LDL-CE and apoB
co-localized strictly within in the intimal and/or sub-endothelial area with much less deposition
in the media.

Patterns of fluorescence colocalization were confirmed by Colocalisation Plus-ins of ImageJ
version 1.41 13, Fluorophore patterns did not change after extensive washing with heparin
containing perfusate indicating that the fluorophores were located inside the arterial wall and
associated with cells present in the arterial wall. Similar to our previous report 4, we found
almost no SU, and little or no effects of diet on SU in distal aorta (data not shown). Thus,
changes in SU are prominent in regions of aortic atherosclerosis susceptibility.

Dietary fat changes arterial LpL levels and distribution

Our previous studies showed that increased LpL in the arterial wall was linked to increased
arterial LDL uptake and SU 4. We and others have demonstrated that LpL associates with
lipoproteins and binds to cell surface proteoglycans, especially heparan sulfate proteoglycans
(HSPG), to increase cellular uptake of LDL and other lipoproteins > 16, In our current studies,
using densitometry of Western analyses, we found that the different diets resulted in absolute
differences in arterial LpL protein expression. The SAT diet increased arterial LpL levels 2.6
fold compared to chow as previously reported 4. In contrast, the n-3 diet reduced arterial LpL
compared to chow fed mice by 33% as averaged in two sets of experiments.

Because our data (Figure 3) indicate that SAT and n-3 diets strongly affect distribution of LDL
and CE deposition within the arterial wall, we examined whether these differences correlated
with changes in arterial LpL distribution (Figure 4). Arterial LpL content and distribution were
analyzed both by immunohistochemistry and immunofluorescence. Consistent with Western
blot analyses, densitometric analyses of both assays showed that SAT significantly increased
while n-3 fed diets decreased intensity of arterial LpL staining when compared to chow (Figure
4A). While LpL was located consistently throughout the whole arterial section in chow and
even more intensely in SAT fed mice. The n-3 diet led to a marked decrease in total LpL levels
and markedly decreased aortic media LpL levels with remaining LpL located in the intimal/
subendothelial layer (Figure 4A and 4B).
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To further elucidate the effects of dietary fatty acids on arterial LpL distribution, arterial LpL
was detected by rabbit polyclonal antibody with a secondary antibody conjugated with Alexa
Fluor 647 (Figure 4B). Quantitation of fluorophore-tagged LpL showed that, in contrast to a
more than 2-fold increase of aortic medial LpL in SAT (p<0.05), the n-3 diet markedly
decreased aortic medial LpL levels by 80% as compared to SAT (p<0.01) (Figure 4C).
Although aorta sections from n-3 fed mice had less LpL content on each optical section when
compared to chow, there was a slight increase of intimal LpL in n-3 fed mice (p<0.05, Figure
4C), indicating arterial LpL can be disproportionally changed within different aortic layers
(intima vs. media) after SAT vs. n-3 feedings. Thus, distribution patterns of LpL in the arterial
wall of mice fed different diets were very similar to those of LDL-CE uptake traced by
BODIPY, suggesting a role for LpL and its distribution in the quantity and the location of LDL
deposition and LDL-SU in the arterial wall.

DISCUSSION

Atherosclerosis correlates with increased lipid deposition and lipoprotein retention in the
arterial wall 7. In humans, excess cholesterol delivery occurs primarily through LDL, the
predominant cholesterol carrying lipoprotein. Higher LDL blood concentrations with
concomitant increased arterial wall cholesterol deposition are associated with increased risk
of CVD. Moreover, extent and severity of atherosclerosis, a major contributor to CVD, is
modulated by type of dietary fats. Diets enriched in saturated fat promote CVD; diets enriched
in n-3 fats lower CVD morbidity and mortality 18: 19, Thus, to study an early event in
atherosclerosis, we examined how different dietary fats directly influence delivery of LDL-CE
to the arterial wall, differentiating between whole particle LDL and selective LDL-CE uptake
before development of atherosclerotic lesions. We demonstrate that a SAT rich diet increases
arterial LDL-CE uptake and markedly increase SU compared to mice fed a chow diet, and that
a n-3 rich diet significantly reduces both arterial apoB and LDL-CE uptake, with relatively
little or no SU. Our studies show that mice fed the n-3 diet resulted in a substantial reduction
of plasma FFA and TG levels that were associated with a decrease in plasma triglyceride-rich
particle lipoprotein pools. Plasma cholesterol levels, however, were increased by both SAT
and n-3 diets to a similar degree compared to a chow diet, suggesting that the observed changes
in LDL-SU were not secondary to differences in plasma cholesterol levels.

We previously demonstrated that plasma cholesterol levels and advancing atherosclerosis
could explain, in part, changes in LDL uptake and SU in mice fed a SAT diet. In fact, using
apoE null mice as a model, we found that with developing arterial atherosclerosis SU could
contribute to almost 60% of total LDL cholesterol delivery to the arterial wall at high plasma
cholesterol levels. These observations are consistent with other studies of atherosclerosis in
humans and in animal models 4 20, Interestingly, our current studies evaluating the effects of
n-3 fatty acid diets did not follow this paradigm — even with increased levels of plasma
cholesterol, the n-3 diet decreased LDL uptakes. Our results are consistent with studies by
Weiner et al., who demonstrated that n-3 fatty acids reduced development of coronary
atherosclerosis in pigs after a catheter injury, regardless of plasma lipid profiles 2L, Since in
the current study the effects of decreased total LDL uptake and SU in mice on n-3 diets
compared to SAT cannot be attributed to differences in plasma cholesterol levels, other factors
must underlie the effects of n-3 fatty acids. Our studies suggest that atherogenic effects of LDL
could relate to the level and localization of arterial LpL. In our studies, we utilized both
radioisotopes and fluorescent tags to trace LDL-CE and whole particle uptake in mouse artery
and documented similar results obtained by both methods. Our novel approach of using double
fluorescent-labeled LDL now enabled us to localize LDL-CE and LDL whole particle
distribution in the arterial wall before development of atherosclerosis.
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Avrterial LpL content has been recognized to correlate with accumulation of arterial wall
cholesteryl ester in rabbit models for atherosclerosis 8. Increases in arterial LpL link to the
presence of macrophages and smooth muscle cells in atherosclerotic lesions. LpL enhances
proliferation of vascular smooth muscle cells in vitro 22, Babaev et al. 23 demonstrated in mouse
bone marrow transplant models, that focal expression of macrophage LpL stimulates
atherosclerosis in mice. In vitro studies have demonstrated that LpL associates with
lipoproteins and binds to cell surface proteoglycans, especially heparan sulfate proteoglycans
(HSPG) 24, to promote the cellular uptake of lipoproteins by acting as a “bridging” molecule
25, Likely LpL-LDL complexes bind to HSPG to increase the internalization of LDL both by
receptor-mediated and receptor-independent pathways 26. Our own in vitro and in vivo studies
further showed that elevation of LpL levels increased accumulation of LDL-CE via non-SR-
B1- or LDLR-mediated pathways in different cells 4 5. This is in agreement with other studies,
which have shown that LDL-CE SU occurs in LpL-rich tissues such as muscle, heart, and
adipose tissues .

What are possible mechanisms for the differential effects of dietary fatty acids on cholesterol
deposition in the arterial wall? A high fat or western diet has been shown to increase LpL levels
in rabbit adipocytes and muscle 27. LpL itself enhances cellular proteoglycan production 22:
28_Camejo et al. 29 reported that higher concentrations of saturated fatty acid induced smooth
muscle cell extracellular matrix alterations with more trapping of LDL with longer retention
time; a condition which would favor SU °. Thus increasing arterial proteoglycans together with
increasing LpL levels will lead, we propose, to synergistic effects in increasing early aortic
cholesterol deposition via anchoring and retention of LDL; similar to interactions recently
reported in atherosclerotic lesions in apoB transgenic mice 3°. High levels or intake of saturated
fatty acids, respectively, in vitro or in vivo, can thus lead to a “vicious cycle” of increased LpL
levels, increased numbers of arterial wall macrophages and smooth muscle cells, and this
combined with increased proteoglycans, will result in increased cholesterol deposition in the
artery.

In contrast to saturated fatty acids, n-3 fatty acids have effects quite different on arterial LpL
and on cholesterol deposition. n-3 fatty acids, in vitro, can decrease LpL secretion in human
macrophages, and induce macrophage and smooth muscle cell apoptosis, thus inhibiting
atherogenesis 31. n-3 fatty acids, such as EPA, can inhibit LpL activity by 50-60%. Adding
EPA to media of cultured J774 macrophages markedly decreased LpL transcription and
translation while opposite effects were observed after addition of saturated fatty acids 32. Likely
an n-3 rich diet also inhibits structural changes in vascular smooth muscle cells and inhibits
macrophage accumulation to decrease SU.

In the current studies, similar to others, we suggest that LDL-cholesterol accumulation is one
key pathogenic event and requirement for lesion development in early atherosclerosis
progression. However, there are many other factors that can affect binding uptake and the flux
of the lipoproteins to the artery. One such factor is shear stress. Although, we have not
accounted for changes in shear stress in terms of LDL uptake, the hemodynamic stress is a
prerequisite, as atherosclerosis does not develop within the venous system due to a low
pressure-lower shear stress environment. Also pulmonary arteries do not develop
atherosclerosis unless pulmonary hypertension is present. Another possibility that might
influence LDL accumulation in the arterial wall is the changes in vascular permeability. There
is a significant body of evidence that supports the involvement of LpL in lipoprotein
interactions within the arterial wall. It has been demonstrated that LpL associated lipolysis
increased arterial permeability to lipoproteins 33, although lipolysis was not associated in their
studies herein.
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It is of interest that the distribution patterns of LpL and LDL-CE from immunohistology and
immunofluorostaining are highly comparable; there is deeper infiltration of LDL with
increased medial LpL in SAT fed mice. In contrast, LpL and LDL remain in the intimal layer
with less lipid penetration in mice fed with the n-3 diet. At this point, mechanisms behind
redistribution of arterial LpL almost entirely to the intima seen in animals fed the n-3 rich diet
are not known; however, the n-3 diet may be beneficial in preventing deeper LDL infiltration
into the arterial wall. We reported that addition of LpL to perfusates of triglyceride-rich
particles markedly diminished their penetration into arterial wall media 34. These conditions
were different from our current studies, where LpL intimal concentration would result from
redistribution of endogenous arterial LpL or derived from exogenous LpL from other tissues.
LpL as suggested above, at the intimal level might indeed prevent deeper LDL infiltration into
the arterial wall. Taken together, LpL facilitates the binding of lipoproteins to extracellular
proteoglycans by acting as a bridging molecule, and modulates arterial LDL-cholesterol
accumulation. n-3 fatty acids can reduce total arterial LpL levels and, we hypothesize, at the
intima decrease vascular permeability to LDL and its penetration into arterial wall.

It is possible that increased LDL in arteries from mice fed SAT diets might be derived from
the vasa vasorum. In our current studies, we have not observed any vascular remodeling and
neovascularization of the intima or media. Although it is unlikely that increased cholesterol
delivery in SAT fed mice can be directly linked to vasa vasorum, we cannot exclude this
possibility.

Our current studies were carried out in mice with no identifiable atherosclerotic lesions (e.g.,
fatty streaks). In our previous reports, we showed that events associated with atherosclerosis
progression such as increasing plasma cholesterol levels and lesions themselves modulate SU
4,35 Now we demonstrate that SU can be an important contributor to accelerated arterial CE
uptake even prior to the appearance of atherosclerotic lesions. Moreover, cholesterol delivery
to the arterial wall is modified by diet, in part, through regulating arterial LpL levels even
before atherosclerosis develops. While a SAT diet increases total LDL-CE uptake and SU, a
n-3 diet inhibits these pathways of early arterial cholesterol accumulation. We hypothesize that
the effect of n-3 fatty acids in decreasing arterial wall cholesterol delivery is one important
mechanism by which these bioactive n-3 fatty acids may decrease the risk of cardiovascular
disease.
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Figure 1.

Plasma lipoprotein profiles in mice fed chow, SAT and n-3 diets. Total cholesterol (Chol) (A),
and triglycerides (TG) (B) were determined for each fraction after separation by FPLC. Elution
fractions 2-10, 12-22, and 25-35 represent elution zones for VLDL, LDL, and HDL,
respectively.
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Figure 2.

Avrterial LDL-CE calculated from apoB uptake and CE uptake measured directly (A). *, p<0.05,
chow vs. n-3; **. p<0.05, chow vs. SAT. (B) Percent contribution of SU to total CE delivery
in individual mice. Horizontal bars show means. +, p<0.001, SAT vs. chow; §, p<0.001, n-3

vs. SAT and chow.
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Figure 3.

Effects of diet on fluorescent LDL-apoB (Alexa) and LDL-CE (BODIPY) uptakes in aorta
(A). (B) Ratios of arterial uptake of total LDL-CE to that of CE measured from whole LDL
particle uptake (mean + SE). A ratio >1 indicates SU. +, p<0.001, SAT vs. chow; §, p<0.001,
SAT vs. n-3.
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Figure 4.

Effects of diet on arterial LpL content and distribution. (A) Reddish-brown
immumohistochemical staining shows LpL. (B) Confocal fluorescence of LpL. LpL is seen as
the green dots. (C) Quantification of LpL in aortic media and intima (mean + SE). *, p<0.05,
chow vs. SAT or n-3; §, p<0.001, n-3 vs. SAT.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2010 April 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Chang et al.

Page 15

Plasma lipid profiles of mice fed a chow, SAT or n-3 diet. Four-week-old mice were fed chow, SAT and n-3 diets for
12 weeks (n>8). Blood samples were collected and determined for total cholesterol (Chol), triglyceride (TG) and free

fatty acids (FFA) levels as described in Methods. The results are expressed as the mean £ SD

TG Chol FEA
(mg/dl) (mg/dl) (mM)
Chow 56.6515.84 67.52+3.06 0.42+0.26
(n=12)
* * *
SAT 130.966.97 102.24+11.10 0.8240.2
(n=12)
(n-%) 21.39+4.68 T 111.78+11.24 T 0.25+0.10 ¥
n=

*
Significant differences between chow- and SAT- fed mice (p<0.01)
Tsignificant difference between n-3- and chow-fed mice (p<0.001)

isignificant difference between SAT-and n-3-fed mice (p<0.01).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2010 April 1.



