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Abstract

Because the mechanisms of (n-3) fatty acid—enriched triglyceride-rich particle [(n-3)-TGRP] uptake
are not well characterized, we questioned whether (n-3)-TGRP are removed via “nonclassical”
pathways, e.g., pathways other than an LDL receptor and/or involving apolipoprotein E (apoE).
Chylomicron-sized model (n-3)-TGRP labeled with [3H]cholesteryl ether were injected into wild-
type (WT) and CD36 knockout (CD36—/—) mice at low, nonsaturating and high, saturating doses.
Blood clearance of (n-3)-TGRP was determined by calculating fractional catabolic rates. At
saturating doses, blood clearance of (n-3)-TGRP was slower in CD36—/— mice relative to WT mice,
suggesting that in part CD36 contributes to (n-3)-TGRP uptake. To further examine the potential
nonclassical clearance pathways, peritoneal-elicited macrophages from WT and CD36—/— mice were
incubated with (n-3)-TGRP in the presence of apoE, lactoferrin, and/or sodium chlorate. Cellular
(n-3)-TGRP uptake was measured to test the roles of apoE-mediated pathways and/or proteoglycans.
ApoE-mediated pathways compensated in part for defective (n-3)-TGRP uptake in CD36—/— cells.
Lactoferrin decreased (n-3)-TGRP uptake in the presence of apoE. Inhibition of cell proteoglycan
synthesis by chlorate reduced (n-3)-TGRP uptake in both groups of macrophages, and chlorate effects
were independent of apoE. We conclude that although CD36 is involved, it is not the primary
contributor to the blood clearance of (n-3)-TGRP. The removal of (n-3)-TGRP likely relies more on
nonclassical pathways, such as proteoglycan-mediated pathways.

Introduction

Lipids are important macronutrients that provide energy in humans. They are a source of

essential fatty acids, carriers of fatsoluble vitamins, and critical for growth and development.
Recently, there has been growing interest in increasing intakes of (n-3) fatty acids, especially
via triglycerides (TG) rich in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
Using chylomicron-sized lipid emulsions as models for triglyceride-rich particles (TGRP), we
reported that blood clearance and organ uptake of (n-6) emulsions depended on apolipoprotein
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E (apoE) and lipoprotein lipase (LpL)-mediated pathways, as well as the LDL receptor (LDLR)
(1); these pathways were far less important for (n-3) emulsion tissue delivery. In fact,
mechanisms for clearance of (n-3)-fatty acid—enriched triglyceride-rich particles [(n-3)-TGRP]
remained poorly defined (1). We thus questioned if “nonclassical” pathways for TGRP could
be important for (n-3)-TGRP clearance. Specifically, we examined the potential roles of CD36
and cell surface proteoglycans.

CD36, one of the membrane fatty acid transporters, is an 88-kDa membrane glycoprotein (2).
The CD36 gene is located on human chromosome 7g11.2, mouse chromosome 5, and rat
chromosome 4 (3-6). CD36 is primarily localized in tissues with high levels of fatty acid
oxidation (7). It is highly expressed in heart, adipose tissue, and skeletal muscle with a
predominance of oxidative fibers. CD36 functions as the class B scavenger receptor on
monocytes/macrophages; it recognizes and internalizes oxidized LDL, leading to foam cell
formation in the atherosclerosis process (8,9); and it transports long-chain fatty acids across
cell membranes (10-12). Of interest is a possible role of (n-6) and (n-3) long-chain fatty acids
in membrane translocation of CD36 (13).

Cell surface proteoglycans, which are abundant in the space of Disse in liver and on the surface
of many cells, bind and participate in the capture of remnant lipoproteins by directly mediating
uptake or by forming complexes with other receptors, such as LDLR related-protein (14-17).
Our previous studies showed that at physiological particle concentrations, cell surface
proteoglycans could provide a predominant nonreceptor mechanism for binding and
internalizing intermediate-density-lipoprotein—sized TGRP derived from triolein (18).
However, the role of proteoglycans in (n-3)-TGRP clearance remains to be elucidated.

To determine the possible roles of CD36 and proteoglycans in (n-3)-TGRP metabolism, we
assessed blood clearance of 3H-labeled (n-3)-TGRP after an intravenous injection into wild-
type (WT) C57BL/6J and CD36 knockout (CD36—/—) mice and, in in vitro studies, evaluated
the mechanisms of cell uptake in elicited peritoneal macrophages from both strains of mice.
Our findings indicate that although CD36 is involved, it is not primarily responsible for the
blood clearance of (n-3)-TGRP. The removal of (n-3)-TGRP relies more on nonclassical
pathways, such as those mediated by proteoglycans.

Materials and Methods

Materials

[1a, 2a (n)-3H] cholesteryl oleoyl ether ([3H]CEt) was purchased from Amersham Pharmacia
Biotech. Avertin (2, 2, 2-tribromoethanol) was purchased from Aldrich Chemical and was
solubilized at the concentrations of 125 mg/kg. Heparin sodium, DMEM, and lactoferrin were
obtained from Sigma-Aldrich. Penicillin, streptomycin, and glutamine were purchased from
Gibco Invitrogen. Sodium chlorate (NaClO3) was purchased from Fischer Scientific. Fatty
acid—free bovine serum albumin and bovine calf serum were obtained from Gemini Bio-
Products. Purified recombinant apoEs produced in Escherichia coli was provided by
Biotechnology General.

Model (n-3)-TGRP

Chylomicron-sized phospholipid-stabilized therapeutic emulsions of (n-3) fatty acid—
enriched-TG (1) served as a model for (n-3)-TGRP and were kindly provided by B. Braun

7 Abbreviations used: apoE, apolipoprotein E; CD36-/—, CD36 knockout; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid,;
FCR, fractional catabolic rate; [3H]CEt, [1a, 20 (n)-3H] cholesteryl oleoyl ether; LDLR, LDL receptor; LpL, lipoprotein lipase; (n-3)-
TGRP, (n-3) fatty acid—enriched triglyceride-rich particle; NaClO3, sodium chlorate; TG, triglyceride; TGRP, triglyceride-rich particles;

WT, wild type.
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Melsungen AG. The emulsion contained TG with 200 g (n-3) fatty acid—rich TG/L, emulsified
by 12 g/L egg yolk lecithin and 25 g/L glycerol. The (n-3)-rich emulsions contained TG with
34.4% EPA [20:5(n-3)] and 20.7% DHA [22:6(n-3)] (wt:wt), as published in detail elsewhere

).

The (n-3) emulsions were radiolabeled with nondegradable [3H]CEt (0.2 mCi/100 mg TG and
0.05 mCi/100 TG for nonsaturating and saturating levels, respectively, to trace emulsion
particle catabolism) (1). These labeling procedures did not change in vitro or in vivo
metabolism of TGRP (1,19-21). Briefly, 50 L of ethanol, 100 xL (nonsaturable amounts), or
25 uL (saturable amounts) of [BH]CEt were transferred to a small brown vial and completely
evaporated under a stream of argon gas. Then, 83 uL of the stock emulsion was added
immediately to the vial and mixed on a vortex for 10 s and left at room temperature for 25 min.
This was repeated 3 times to produce a total of 250 L emulsion. To incorporate the [?H]CEt
into the core of the emulsion particles, the emulsion was sonicated 3 times on ice for 20 s each
using a Branson Sonifier Cell Disruptor (model W185). The radiolabeled emulsion was
centrifuged, 14,000 x g; 15 s at 4°C, to remove small amounts of titanium debris released from
the sonifier probe. The final emulsion was stored under argon gas at 4°C and used for
experiments within 7 d, with no appearance of physiochemical changes in the radiolabeled
emulsion. There were no differences in the TG/phospholipid ratios or other physical properties,
which we previously reported in the sonicated vs. unsonicated nonradiolabeled emulsions (1,
19).

Male WT C57BL/6J mice, aged 10-12 wk, were purchased from Jackson Laboratory and had
a 1- to 2-wk recovery period from transportation prior to the experiments. Homozygous CD36
—/—founder mice were kindly provided by Dr. Nada A. Abumrad (Washington University, St.
Louis, MO) (22) and were used for a breeding colony at Columbia University's Animal Facility.
All mice were maintained under a 12-h light/12-h dark cycle and were fed a PioLab Rodent
Diet 20 (PMI Nutrition International), with 65, 23, and 14% of energy provided by
carbohydrate, protein, and fat, respectively, and consumed water ad libitum. All animal
procedures were in compliance and approved by the Institutional Animal Care and Use
Committee of Columbia University.

Animal procedures

After anesthetizing the mice with an intraperitoneal injection of Avertin (125 mg/kg), a bolus
injection of 50 xL of radiolabeled emulsion [diluted with 0.9% NacCl, containing 400 ug of TG
(low or nonsaturating dose) or 4 mg of TG (high or saturating dose)] (1) was performed via a
saphenous vein. Retro-orbital blood was taken at 0.5, 2.5, 5, 10, 15, and 25 min via heparinized
capillary tubes following the emulsion injection to measure blood emulsion clearance. At the
end of the experiments, mice were thoroughly perfused with 0.9% NaCl containing heparin (2
kIU/L). Tritium in blood samples was counted using a Wallac 1409 Liquid Scintillation
Counter (PerkinElmer Life Science).

To determine the percent recovery of the injected dose, total blood volume was calculated
assuming that it represented 4.9% of body weight (1). Typically, 50-70% of the injected dose
was recovered from the circulation. The radioactivity in the blood was expressed as a
percentage of the injected radiolabeled emulsion remaining in the blood at each time point.
The fractional catabolic rate (FCR) was calculated on the basis of first-order linear Kinetics
during the first 10 min when clearance followed first-order kinetics (1,23).
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Lipid analyses

Concentrations of TG, total cholesterol, and free fatty acids were measured in the plasma of
mice that had been food-deprived overnight, using commercial enzymatic colorimetric assays
(TG/glycerol blanked kit and Cholesterol kit, Roche Diagnostics, and NEFA C kit, Wako
Diagnostics, respectively).

Cell uptake of lipid emulsions in vitro

A total of 72 h after the intraperitoneal injection of 1 mL of 10% thioglycollate in WT and
CD36-/— mice, thioglycollate-elicited macrophages were obtained by intraperitoneal lavage,
as described (8,24-26). Briefly, cells were pelleted by centrifugation (Beckman TJ-6
Centrifuge), 134 x g; 10 min. After removing the supernatant fluid, pellet cells were
resuspended in DMEM. Then, cells were plated and grown in a humidifier incubator (5%
COy) at 37°C for 4 h in DMEM containing 10% bovine calf serum and other standard
supplements. To remove nonadherent cells, cells were washed with DMEM, and only
macrophages remained attached to the plates. Mouse peritoneal macrophages were further
grown in the previous growth media. On the next day, in some studies, macrophages were
preincubated in growth media supplemented with 50 mmol/L NaClOs for 24 h to inhibit
sulfation of cell proteoglycan. Incubations of macrophages from WT and CD36—/— mice in
the presence or absence of apoE were used as the control conditions for other perturbations.
On the day of the experiment, cells were incubated with (n-3) rich-TG emulsion (200 mg TG/
L) containing 100 nmol/L lactoferrin, or for those cells preincubated with NaClO3, 50 mmol/
L NaClOg, with and without apoE (20:1 TG:apoE ratio, wt:wt) for 4 h. At the end of the
experiment, cells were washed and lysed in 0.1 mol/L NaOH to measure the amount of TG,
calculated from [®H]CEt-specific radioactivity taken up by cells and normalized by cell protein
as described (18).

Statistical analysis

Results

Data are expressed as means + SEM. A 2-way ANOVA was performed to analyze FCR and
macrophage uptake of (n-3)-TGRP in the presence or absence of apoE and the CD36 gene. A
3-way ANOVA was used for analysis of macrophage uptake of (n-3)-TGRP in the presence
or absence of lactoferrin, apoE, and the CD36 gene, and similarly for NaClO3 in place of
lactoferrin. A Bonferroni correction was used for the post hoc multiple comparisons in
evaluating differences in FCR. All tests of statistical significance were defined as P < 0.05,
and analyses were conducted with SPSS software (version 11.5).

Plasma lipids and clearance of (n-3)-TGRP

Plasma, cholesterol, and free fatty acid concentrations in food-deprived CD36—/— mice were
greater, and that of TG tended to be greater (P = 0.06), than in WT mice (Table 1), similar to
earlier reports (27,28).

We previously demonstrated in vitro that at low concentrations, cell uptake of almost all (n-6)-
TGRP was primarily cleared by the LDLR, whereas proteoglycan-mediated pathways played
critical roles at higher TGRP concentrations (18). Thus, we examined in vivo whether blood
clearance of an (n-3)-TG lipid emulsion can be influenced by the amount injected (Fig. 1).
Clearance of (n-3)-TGRP from the blood after injection of nonsaturating doses did not differ
between WT and CD36—/— mice (Fig. 1A). After injection of saturating doses, however,
clearance of the injected dose was slower compared with nonsaturating doses, and the decrease
in clearance was greater (P < 0.01) in CD36—/— mice, as shown by the FCR (Fig. 1B). The
FCR did not differ between WT and CD36—/— mice after they were given a nonsaturating bolus
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of 400 g of (n-3)-TGRP. In contrast, the saturating dose of 4 mg of (n-3)-TGRP was cleared
from blood faster in WT compared with CD36—/— mice (P < 0.01). Although FCR of both WT
and CD36—/— mice were substantially (P < 0.05) lower at high doses than at low doses, the
difference was greater (P = 0.003) in CD36—/— mice (67%) than in WT mice (43%) (Fig. 1B).
The FCR was affected by the interaction between the genotype and injected dose (P < 0.01),
suggesting that CD36 facilitates (n-3)-TGRP clearance only after classical clearance routes are
saturated.

Uptake of (n-3)-TGRP in WT and CD36-/- macrophages

Uptake of (n-3)-TGRP in CD36—/— macrophages was 28 and 18% lower than in WT
macrophages in the absence and presence of apoE, respectively (P < 0.05) (Fig. 2). Although
apoE increased macrophage uptake of (n-3)-TGRP in both CD36—/—and in WT to 1.2- to 1.4-
fold of the control (P < 0.05), these increases were far less than the 5-fold previously reported
for (n-6)-TGRP (1,18,29).

We determined whether lactoferrin, a compound that inhibits apoE-mediated uptake pathways,
had different effects on (n-3)-TGRP uptake in WT and CD36—/— macrophages. Compared with
incubations in the absence of apoE, lactoferrin (P < 0.01) lowered uptake of (n-3)-TGRP in
both types of macrophages in the presence of apoE (Fig. 3). Lactoferrin decreased uptake of
(n-3)-TGRP by 14 and 25% (P < 0.05 and P < 0.01, respectively) in WT macrophages in the
absence and presence of apoE, respectively. Similarly, lactoferrin decreased (n-3)-TGRP
uptake by 10 and 31% (P < 0.01 and P < 0.01, respectively) in CD36—/— macrophages in the
absence and presence of apoE, respectively. Thus, lactoferrin decreased (n-3)-TGRP uptake
via apoE-mediated mechanisms in both types of cells, but again, effects were less than
previously reported for (n-6)-TGRP (1).

We preincubated macrophages with growth media supplemented with 50 mmol/L NaClO3 for
24 h to inhibit synthesis by blocking sulfation of all cell surface proteoglycans. There were
major, significant reductions of (n-3)-TGRP uptake after NaClO3 incubation in both the
presence and absence of apoE in both lines of macrophages (Fig. 4). The extent of inhibition
was similar in the 2 cell lines under all incubation conditions and ranged from 56 to 67%. Thus,
cell surface proteoglycans were important contributors to (n-3)-TGRP uptake both in the
presence and absence of apoE.

Discussion

We previously demonstrated that (n-6)- and (n-3)-TGRP were cleared by disparate pathways
both invitro and in vivo. Although (n-6)-TGRP uptake was mediated by LDLR, LpL, and other
apoE-mediated pathways, these were not important for (n-3)-TGRP clearance from the
circulation (1). In fact, we have more information on how (n-3)-TGRP were not cleared, rather
than on how they were cleared from blood. In these studies, we found a contributing role for
CD36 in (n-3)-TGRP clearance after other clearance pathways were saturated in vivo, and from
our in vitro cell studies, we suggest an important role for cell surface proteoglycans.

We found slower blood clearance for (n-3)-TGRP at high, saturating injected doses than at
low, nonsaturating doses. This was expected because of similar findings in many situations or
conditions where metabolic pathways were saturated. What was unexpected was that clearance
was slower after injection of (n-3)-TGRP into CD36—/— mice than in WT mice. CD36 served
not only as a receptor but also as an important cofactor in the uptake of a number of molecules
(30). For example, it recognized oxidized phospholipids to enhance uptake of lipoprotein
particles containing these products (31). In ongoing studies, we have found that, in CD36—/—
mice, blood clearance of (n-6)-TGRP with nonsaturating dose injections is ~15-25% slower
than in control WT mice, in keeping with our findings that clearance of (n-6)-TGRP relied on
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a number of interacting mechanisms, e.g., the LDLR and related apoE-mediated pathways,
LpL, and now, to a minor extent, CD36 (Ton MN, Abumrad NA, Goldberg 1J, and Deckelbaum
RJ, unpublished data). One consideration is that CD36 would recognize oxidized lipids in (n-3)-
TGRP; however, in previous studies, we found that (n-3) lipid emulsions, similar to those we
have used in the studies herein, did not have increased levels of reactive oxidant species
(Carpentier YA, unpublished data). Also, we think that the higher plasma lipid concentrations
in food-deprived CD36—/— mice were not confounders of our data because, at the low, non-
saturating doses of injected (n-3)-TGRP, no differences in blood clearance occurred. We
estimate that at the high, injected dose of 4 mg TG, plasma TG concentrations should have
increased to ~4.2 mmol/L, a value much greater than the differences in plasma TG
concentrations in food-deprived CD36—/— mice compared with WT mice (Table 1). Although
the role of CD36 as a potential (n-3)-TGRP receptor needs to be further defined, we suggest,
based on these studies, that it contributes to (n-3)-TGRP blood clearance when other, more
dominant pathways are saturated: a situation that might occur during postprandial lipemia after
a meal rich in (n-3) fatty acids.

Both the effects of adding apoE to (n-3)-TGRP and of inhibiting their uptake pathways by
lactoferrin were considerably less than those previously described for (n-6) soy oil or triolein
particles, when lactoferrin inhibited the uptake pathways by 50% or more, in vitro and in vivo
(1,18,26). This diminished effect of apoE could relate to the fact that (n-3)-TGRP do not depend
nearly as much as (n-6)-TGRP on the LDLR for clearance in vivo, and in cell uptake in vitro
(1). We suggest, although not directly proven from our current data, that lactoferrin in the
experiments herein are modulating cell uptake of (n-3)-TGRP by interfering with the ability
of these particles to bind to cell surface proteoglycans.

We previously have found that cell surface proteoglycans contribute to cell uptake of model
(n-6)-TGRP, and that these low-affinity, but high-capacity, pathways only begin to contribute
after receptor-mediated pathways have been saturated (18). Because (n-3)-TGRP seem to rely
little on the LDLR (1), itis likely that these proteoglycan pathways contribute to cellular uptake
of (n-3)-TGRP, even at lower particle concentrations. In these studies, we only performed
experiments with the pre-incubation of NaClO3 and did not treat cells with heparinase or
heparitinase as we have previously done in studies with human fibroblasts (18). This is because
we found that heparan sulfate proteoglycans are not highly expressed or synthesized in
macrophages compared with other cell types, such as HepG2 cells or fibroblasts. Thus,
proteoglycans other than heparan sulfate proteoglycans also can contribute to (n-3)-TGRP
clearance.

In our experiments, we used model (n-3)-TGRP, in which EPA plus DHA contributed to about
half of the total TG fatty acids. This raised the question of whether our data are of physiological
relevance. We contend that they are because, in a recent study on lipid emulsions containing
only 5% of the total TG fatty acids as EPA and DHA (32), levels comparable to postprandial
TGRP after an (n-3)-rich meal, we found that even these small concentrations of (n-3)-TG in
TGRP led to blood clearance and cell uptake properties more similar to pure fish oil (n-3)-
TGRP than to soy oil (n-6)-TGRP (1,32).

More studies need to be performed in animal models to explore further the potential role of
proteoglycans in (n-3)-TGRP clearance in vivo. Nevertheless, the results of the current studies
suggest that, in addition to the contributing role of CD36 to (n-3)-TGRP clearance, cell surface
proteoglycans also contribute substantially to (n-3)-TGRP clearance. We predict that these 2
pathways will prove important in understanding how (n-3) fatty acid—enriched TG are cleared
from plasma and delivered to tissues.
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Blood clearance (A) and FCR (B) of nonsaturating and saturating doses of (n-3)-TGRP lipid
emulsion in WT and CD36—/— mice. (A) Values are means + SEM, n = 4 or 5. The effect of
the dose (P < 0.001) and the dose x genotype interaction (P < 0.01), but not the effect of

genotype, were significant. Means without a common letter differ, P < 0.01.
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FIGURE 2.

Effects of apoE on (n-3)-TGRP uptake in WT and CD36—/— peritoneal macrophages. Values
are means + SEM, n = 4 or 5 from a representative experiment. The effect of genotype (P <
0.001) and of apoE (P < 0.001) were significant; but not the effect of genotype and apoE
interaction on (n-3)-TGRP uptake values. Means without a common letter differ, P < 0.05. To
convert ug TG to umol, divide by 946.

J Nutr. Author manuscript; available in PMC 2008 June 26.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Densupsoontorn et al.

Page 11

60 M (-) Lactoferrin
5 [ (+) Lactoferrin
S
S 40 - *
= t
O *
> *
£
~ 20 B
O
|_
=)
=1

0 r T T ]
(-} apoE (+) apoE (-) apoE (+) apoE
WT CD36-/-
FIGURE 3.

Effects of lactoferrin and apoE on (n-3)-TGRP uptake in WT and CD36—/— peritoneal
macrophages. Values are means + SEM, n = 3 to 5 from a representative experiment. The
effects of genotype (P < 0.001), apoE (P < 0.001), and lactoferrin (P < 0.001), and the
interaction between apoE and lactoferrin (P < 0.01), were significant, but there was no
significant interaction among genotype, apoE, and lactoferrin on the (n-3)-TGRP uptake
values. T P <0.05; *, P < 0.01 for comparison of presence vs. absence of lactoferrin in each
genotype-apoE combination. To convert g TG to umol, divide by 946.
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FIGURE 4.

Effect of NaClO3 and apoE on (n-3)-TGRP uptake in WT and CD36—/— peritoneal
macrophages. Values are means + SEM, n = 3 to 5 from a representative experiment. The
effects of genotype (P < 0.001), apoE (P < 0.001), and NaClO3 (P < 0.001) between the
genotype and NaClO3 (P < 0.01) and between apoE and NaClO3 (P < 0.01) were significant,
but there was no significant interaction among genotype, apoE, and NaClOz on the (n-3)-TGRP
uptake values. *, P <0.001 for comparison of presence vs. absence of NaClO3 in each genotype-
apoE combination. To convert ugTG to umol, divide by 946.
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TABLE 1

Plasma lipid concentrations in food-deprived CD36—/— and WT micel
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Plasma lipid WT CD36-/— P-value
mmol/L

TG 0.54 £ 0.09 0.86 +£0.11 0.06

Cholesterol 2.83+0.11 3.39+0.09 <0.01

Nonesterified fatty acid 0.97 £ 0.05 1.27 £0.05 <0.01

lValues are means + SEM, n =7 or 8 (WT) or 4 (CD36—/-).
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