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Abstract It has been suggested that apoE may play a central 
role in reverse cholesterol transport in rats. By this hypothesis, 
cholesteryl esters (CE) accumulate in high density lipoprotein 
(HDL) particles, which acquire apoE at the expense of apoA-I, 
and the apoE targets them for rapid hepatic uptake. However, 
the pathway has not been directly assessed in vivo. We directly 
traced the metabolism of HDLl cholesteryl esters in rats. To do 
this, rat HDLl was labeled in its apoE and CE moieties, and 
HDL, free of apoE was labeled in its apoA-I and CE moieties; 
14C- or 3H-labeled cholesteryl-oleyl ether traced the CE moieties 
and the Iz5I- or ‘31I-labeled N-methyltyramine cellobiose 
(NMTC) ligand traced the apolipoprotein moieties. The labeled 
HDLs were injected, plasma decays were followed, and tissues 
were examined after 24 h. ApoE tracer decayed from plasma 
2.4-times faster than HDLl CE and 1.8-times faster than HDLp 
CE. HDLl CE decayed significantly more slowly than HDL, 
CE (0.75-times). As expected, hepatic uptake of HDL, CE was 
mostly by selective (indirect) uptake. However, hepatic uptake of 
HDLl CE was at a fractional rate significantly lower than that 
of HDLZ CE (0.69-times), even though the uptake of apoE was 
much higher. I 4  The plasma decay of HDLl apoE evidently 
reflects in large part the uptake of apoE after transfer to other 
fractions, and it over-estimates the clearance of HDLl CE. 
Selective uptake plays the major role in hepatic HDL CE uptake 
in rats.-Richard, B. M., and R. C. Pittman. Role of HDL, 
in cholesteryl ester uptake in rats. J Lipid Res. 1993. 34: 571-579. 
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HDL is believed to participate in the transport of 
cholesterol from extrahepatic tissues to the liver for excre- 
tion or reutilization. Much of this transport is as 
cholesteryl esters (CE) which are formed in plasma by the 
action of HDL-associated 1ecithin:cholesterol acyltrans- 
ferase. Four pathways have been proposed to play a role 
in clearance of the resulting HDL CE from the circu- 
lation. 

The pathway usually thought dominant in humans de- 
pends on plasma cholesteryl ester transfer activity. This 
activity is present in some species such as humans and 
rabbits, but not in others such as rats (1, 2). The activity 
mediates the net transfer of HDL CE to more buoyant 
fractions, apparently in exchange for triglycerides (3). 
The transferred CE are then cleared from the circulation 
in the more buoyant particles. 

Another pathway thought to play a role in rats and 
perhaps other animals involves receptor recognition and 
cellular uptake of particles rich in apoE (4). As cholesterol 
taken from cells is esterified and CE accumulates in HDL, 
the particles acquire apoE at the expense of a p d - I .  The 
apoE then targets the enlarged HDL particles (now 
termed “HDLI”) for uptake by the liver ( 5 ) .  Implicit in the 
hypothesis that this pathway plays a major or dominant 
role in hepatic uptake of HDL CE is the assumption that 
HDL1-associated CE is cleared more rapidly from the cir- 
culation than is CE residing in other HDL pools, an as- 
sumption we have tested here. It is also possible that 
HDLl particles arise independently of the HDLP and 
HDL, pools, a possibility supported by the presence in 
peripheral lymph of particles rich in apoE (6). 

Whatever the origin of the plasma apoE-rich HDL par- 
ticles, it might be expected that those particles would play 
their greatest role in animals without plasma CE transfer 
activity but rich in apoE and HDLl particles. Rats, the 
subject of this study, are such a species. In rat plasma 
about 60% of total HDL cholesterol is carried in HDLl 
(7,  8), a class of particles differentiated from other HDL 
particles by their larger size, lower density, high apoE con- 
tent, and low content of other apolipoproteins. There is 
evidence that the major source of HDLl in the rat is by 
conversion from the HDL2 fraction (9). 

A third pathway for uptake of HDL CE is by uptake of 
HDL particles without benefit of apoE. This uptake is 
generally thought not to play a quantitatively very impor- 
tant role, based mostly on the slow clearance of HDL 
apolipoproteins which reflects the slow clearance of HDL 
particles. 

The final pathway for uptake of HDL CE is by direct, 
nonendocytotic uptake of the CE moiety without parallel 
uptake of HDL particles (“selective uptake”), a pathway 
studied by this laboratory (10). This pathway plays a 
major role in hepatic uptake of HDL CE in rats (11, 12). 
It even plays a quantitatively significant role in rabbits 

Abbreviations: HDL, high density lipoprotein; NMTC, N-methyl- 
tyramine cellobiose; CE, cholesteryl ester; COEt, Cholesteryl oleyl 
ether; FCR, fractional catabolic rate. 
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which have very high levels of the competing CE "transfer 
pathway" (13). 

All of the above pathways have been demonstrated in 
vitro, and all have been examined in some fashion in vivo. 
However, direct quantitative information on the rates of 
the various pathways in vivo is sparse. It is only with such 
measurements that the roles of the several pathways can 
be understood. 

Rats offer a convenient model for in vivo tracer studies 
of lipoprotein metabolism. One reason for this is their 
lack of plasma cholesteryl ester transfer activity. Injected 
CE tracer remains with the originally labeled particles, 
simplifying experimental design and interpretation, al- 
lowing measurement of the rates of cholesteryl ester up- 
take by individual organs, and providing information on 
the mechanism of that uptake (10, 14, 15). Many workers 
have exploited the advantages of the rat model to explore 
HDL metabolism in a variety of ways (16). In the present 
study we have again taken advantage of this model system. 

The present studies directly examined the rate and sites 
of uptake of CE and apoE tracers introduced in HDLl 
particles. The experimental design required the assump- 
tion that HDLl in rats is kinetically homogeneous, an as- 
sumption not challenged by evidence of metabolic heter- 
ogeneity that would change the conclusions of the study. 
The rates and sites of uptake of HDLl tracers were 
directly compared to those of CE and apoA-I tracers in- 
troduced in HDL depleted of particles with apoE. Be- 
cause of the rapid transfer of apoE between lipoprotein 
fractions (6, IS), we have not assumed that HDL1-associated 
apoE traces HDLl particles. To allow determination of 
rates of uptake by individual organs, intracellularly 
trapped tracers were used throughout. 

METHODS 

Apoprotein isolation and labeling 

Rat apoE and apoA-I were isolated as previously 
described (17). To insure separation of the two 
apolipoproteins, heparin-Sepharose affinity chromatogra- 
phy was used as a final separation step (18). The purity 
of isolated apolipoproteins was checked by SDS-PAGE. 

Purified apolipoproteins were labeled by covalent link- 
age of radioiodinated N-methyltyramine cellobiose 
(NMTC) (14, 17). Carrier-free NaiZ5I and Na1311 were 
from AmershamBearle. More than 90% of the radioac- 
tivity migrated with the appropriate apoE or apoA-I band 
on SDS-PAGE. In some studies apoE was radioiodinated 
either by oxidative iodination using lodogen (19) or by 
covalent attachment of the iodinated Bolton-Hunter reagent 
(N-succinimidyl-3-(4-hydroxyphenyl)propionate) (20). 

Preparation of tracers of cholesteryl esters 
[3H]cholesteryl oleyl ether (["ICOEt) and [ 14C]COEt 

were used as nonhydrolyzable markers of cholesteryl es- 
ters. These were prepared from [1,2-3H]cholesterol (45.6 
Ci/mmol) or [4-1*C]cholesterol (55 mCi/mmol) (Amer- 
sham/Searle) according to standard procedures as previ- 
ously reported (21). 

Isolation of HDLl and apoE-free HDL 

Retired breeder Sprague-Dawley rats (275-300 g body 
weight) maintained on standard rat chow (Western 
Research Co, Orange, CA) were used for the isolation of 
HDL subfractions. Rats were fasted overnight and blood 
was collected from the abdominal aorta under ether 
anesthesia. Lipoproteins were isolated by standard 
ultracentrifugal methods (22) at 10°C using a Beckman 
50.3 Ti rotor. 

HDLl was prepared in the density range 1.06-1.09 
g/ml. Serum was adjusted to 1.06 g/ml with solid KBr and 
centrifuged for 20 h at 42,000 rpm. The top fraction was 
washed at the same density, and then adjusted to d 1.09 
g/ml and centrifuged again. The top fraction from this 
spin was harvested and washed at the same 1.09 g/ml den- 
sity. The final HDLl preparation contained 91 * 8% 
(n = 3) of total protein as apoE, with trace amounts of 
apoA-I and smaller apolipoproteins. 

For the preparation of HDL depleted of particles with 
apoE, HDL were prepared in the density range 1.06-1.21 
g/ml. The resulting preparation was treated by heparin 
affinity chromatography to remove particles containing 
apoE. In the final preparation, apoA-I accounted for 
almost 90% of total protein. 

All HDL preparations were dialyzed against 0.15 M 
NaCl containing 0.05 mM EDTA and 0.02% NaN3, pH 
7.4, and stored in the cold. Preparations were dialyzed 
against phosphate-buffered normal saline just before use. 

Preparation of doubly labeled HDLs 
Both HDLl and apoE-free HDL particles were doubly 

labeled with intracellularly trapped tracers, as previously 
described (14). In brief, [3H]COEt was incorporated into 
HDL, using the cholesteryl ester transfer protein proce- 
dure (23), and then 1251-labeled NMTC-apoE (< 10% of 
the HDLl apoE mass) was exchanged into the particles; 
similarly, 1311-labeled NMTC-apoA-I was exchanged into 
HDL particles that had been labeled with [ 14C]COEt. 
The labeled lipoproteins were then reisolated by flotation 
at the high end of their original preparation density 
range. All procedures were carried out in the presence of 
0.02% sodium azide and 1.5 mM DTNB to inhibit es- 
terification of lipoprotein cholesterol. 

In some studies, noted in the text, apoE was labeled by 
direct radioiodination or by attachment of the Bolton- 
Hunter ligand. These labeled apoE preparations were in- 
corporated into HDL, as just described. In other cases, 
HDLl particles were labeled by direct reaction with the 
iodinated NMTC ligand, rather than by incorporation of 
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TABLE 1. Comparison of FCRs for apoE endogenous to HDLl and apoE exchanged into HDL, 

Plasma FCR 

HDL, Tracer ApoE ApoA-I 

h-I 

0.34 f 0.08 0.19 i 0.05 
0.29 i 0.05 

ApoE in 'I-NMTC-HDL, (n = 11) 
'I-NMTC-apoE exchanged into HDL, (n = 17) 

labeled apoE; [3H]COEt was then exchanged into the 
1251-labeled HDLl. In these cases, 62 * 13% of label was 
in apoE, and 9-30% was in apoA-I. Plasma decay of apoE 
specifically was determined after separation of apoE on 
PAGE-SDS gels. 

Studies in rats 
The in vivo tracer studies were conducted as previously 

described (10, 15). Female Sprague-Dawley rats, 225-250 g, 
fed standard chow, were fasted overnight prior to initiat- 
ing the metabolic studies and during the studies. The la- 
beled HDL preparation(s) (a total of 0.2-0.6 mg of pro- 
tein in 0.2-0.6 ml of normal saline) was then injected into 
a tail vein. Blood samples were collected over the ensuing 
24-h period and assayed for content of tracers. Plasma 1Z5I 
and lS1I were directly radioassayed, while 3H and I4C 
were assayed by scintillation spectroscopy after lipid ex- 
traction (24). The resulting data for each tracer were 
fitted to biexponential functions, and the plasma frac- 
tional catabolic rates (FCR) were calculated. The plasma 
FCR represents the fraction of the intravascular pool of 
tracer that irreversibly leaves the plasma compartment 
each hour. 

After 24 h, the animals were anesthetized and then ex- 
sanguinated via the abdominal aorta. The vasculature 
was thoroughly perfused with normal saline containing 
EDTA to remove residual blood. Tissues were removed 
and either directly analyzed for l25I and l3II or analyzed 
for 3H and 14C after lipid extraction. The fraction of total 
uptake attributable to each organ was calculated as the 
amount of tracer recovered in that organ as a fraction of 
the total tracer recovered in all organs, urine, feces, and 
gut contents. Total uptake by liver was calculated includ- 
ing tracer that appearing in feces and gut contents (secon- 
dary to hepatic uptake), as previously described (14, 15). 
Inclusion of feces and gut contents resulted in a large cor- 
rection for hepatic uptake of apolipoprotein tracers, but a 
minor correction for uptake of CE tracers. 

In some cases, 2.5 ml of the terminal plasma was taken 
for sequential separation of lipoprotein fractions by 
ultracentrifugation (22). After dialysis of the fractions 
against normal saline containing 0.05 mM EDTA and 
0.02% NaN3, pH 7.4, the distribution of tracers among 
lipoprotein fractions was determined. 

Statistical analysis 

All data are expressed as mean f standard deviation. 
The significance of differences was determined using a 
two-tailed, paired or unpaired Student's t test. A differ- 
ence was considered significant at P < 0.05. 

RESULTS 

To trace the CE and apolipoprotein moieties of HDLl 
and apoE-free HDL, [3H]- or [ 14C]cholesteryl-oleyl ether 
(COEt) traced CE, and the covalently attached radioiodi- 
nated N-methyltyramine cellobiose ligand ( lZ5I- or 1311- 

labeled NMTC) traced the apolipoproteins (25). The va- 
lidity of HDL-associated cholesteryl-oleyl ether as a 
tracer of HDL cholesteryl esters in rats has been exa- 
mined (ll), as has the use of reassociated *I-NMTC- 
apoA-I as tracer of HDL-associated apoA-I (11, 26). 
However, *I-NMTC-apoE reassociated with HDLl has 
not been validated as a tracer of endogenous 
HDL1-associated apoE. 

To examine this question, we first determined the effect 
of reassociation on the plasma decay kinetics of 
HDL1-associated apoE. Two types of HDLl tracer parti- 
cles were prepared: particles into which lZ5I-labeled 
N M E - a p o E  was exchanged, and particles in which the 
endogenous apoE was directly labeled with the 1311- 

labeled NMTC ligand while resident on the particles. In 
the latter case, radioactivity in plasma apoE at each time 
point was determined after separation of apolipoproteins 
by SDS-PAGE. The results, shown in Table 1, indicate 
that the plasma fractional catabolic rates of endogenously 
and exogenously labeled apoE were not significantly 
different. All of the data subsequently shown are from ex- 
periments in which purified apoE was labeled and then 
transferred into HDLl. 

We also considered the possibility that the *I-NMTC 
ligand might alter the fate of the apoE to which it was at- 
tached. To do this, two types of doubly labeled HDLl par- 
ticles were prepared: particles into which lZ5-labeled 
NMTC-apoE and 1311-labeled apoE (directly radioiodi- 
nated using the IC1 method) were exchanged; particles 
into which 125I-labeled NME-apoE and apoE labeled 
with the 1311-Bolton-Hunter ligand (ISlI-labeled hydrox- 
yphenylpropionate) (20) were exchanged. These prepara- 
tions were injected into rats and the plasma decays of the 
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TABLE 2. Plasma decay of HDL,-associated apoE radiolabeled HDL1-associated apoE tracer was removed from the cir- 
culation at a greater fractional rate than was 
HDL1-associated CE tracer. As CE does not transfer be- 
tween lipoprotein particles in the circulation of rats (27), 
the CE tracer marked the injected particles. (The HDLl 

by various methods 

Method of Labeling ApoE Plasma FCR 

h -1 

Experiment 1 
NMTC-apoE (n = 7) 
Directly iodinated (n = 7)  

NMTC-apoE (n = 6) 
Bolton Hunter apoE (n = 6) 

Experiment 2 

0.30 f 0.04 
0.24 f 0.03 

0.30 + 0.03 
0.28 f 0.02 

tracers were determined. The decays of apoE labeled with 
the NMTC ligand and the Bolton-Hunter ligand were not 
significantly different (Table 2), while the decay of 
directly radioiodinated apoE was somewhat slower 
(P < 0.002). These data do not disclose which tracer 
more precisely traced apoE, but the similarity in results 
for the two nonoxidative labeling methods implies that 
direct iodination may have reduced the rate of clearance 
of apoE, as suggested by Eisenberg (16). Whatever the 
case, the NMTC tracer did not underestimate the FCR 
for HDL1-associated apoE. Furthermore, the presence of 
NMX-labeled apoE did not affect the rate of clearance 
of HDLl-associated CE tracer, which was the measure- 
ment central to the purpose of this study. 

The plasma decay kinetics of the CE and 
apolipoprotein moieties of both HDLl and apoE-free 
HDL were determined over a 24-h period. Table 3 shows 
two compilations of these data. The first represents an ex- 
periment in which HDLl and apoE-free HDL tracers 
were simultaneously injected into the same rats, and the 
second represents a wider group of animals including 
those in which tracers of the two HDL subfractions were 
not simultaneously injected. Both sets of data show that 
apoE injected in HDLl decayed from plasma much more 
quickly than did apoA-I injected in apoE-free HDL, as 
expected from previous studies (8) and as already shown 
in Table 1 above. 

A more striking feature of the data is that the 

CE tracer actually yielded a maximum rate for HDLl 
particle clearance because some fraction of the CE tracer 
was most likely taken up by the selective uptake pathway, 
as discussed below.) It is apparent that the rate of apoE 
tracer clearance was considerably greater than the rate of 
HDLl-associated CE tracer clearance. This “excess” decay 
of apoE might be accounted for by clearance of free apoE 
unassociated with plasma lipoproteins (see below), or by 
transfer of apoE to other lipoproteins that are more 
rapidly cleared as previously suggested (16), or both. 
Whatever the mechanisms for clearance, the 
HDLl-associated apoE tracer does not faithfully trace the 
decay of HDLl particles. 

The data of Table 3 also show that the FCR for CE 
tracer introduced in apoE-free HDL was significantly 
greater than that for CE tracer introduced in HDL1. Even 
acknowledging the interconversion of HDL subfractions, 
this indicates that clearance of CE from the HDLl pool 
was at a lower fractional rate than clearance from the pool 
of HDL without apoE. Apparently the rapid clearance of 
HDLl particles does not play a dominant role in uptake 
of HDL CE, as might be suggested by the reported rapid 
hepatic uptake of HDL, tracers (28). 

It should be noted that in the experiments of Table 3 
the tracers were still predominantly associated with the 
HDL fraction at the end of the 24-h experiments. In all 
cases less than 10% of the remaining tracer was found at 
densities less than 1.05 g/ml. 

To determine the roles of individual tissues in uptake of 
HDLl, compared to apoE-free HDL, the tissue contents 
of the intracellularly trapped tracers were determined at 
termination of the 24-h plasma decay period. These 
results are reported for the same animals for which 
plasma decay data are shown in Table 3. The results of the 
tissue analyses are summarized in Table 4 in terms of 

TABLE 3. Plasma decay kinetics of tracers introduced in HDLl and in apoE-free HDL 

HDL Subfraction ApoE ApoA-I CE 
~~ 

FCR (h;) 

Animals simultaneously injected with doubly labeled HDL, and apoE-free HDL (n = 4) 
HDL, 0.23 f 0.01“ 0.13 f 0.01’ 
ApoE-free HDL 0.16 f 0.01 0.16 f 0.01 

Data for all animals, including simultaneously injected 
HDL, (n = 1 7 )  0.29 k 0.05’ 0.12 i 0.02d 
ApoE-free HDL (n = 9 )  0.14 i 0.02 0.16 f 0.02 

“Significantly greater than HDL apoA-I ( P  < 0,001 by two-tailed t-test for paired values). 
*Significantly greater than HDL apoA-I ( P  < 0,0001 by two-tailed t-test for unpaired values). 
‘Significantly less than HDL CE ( P  < 0.001 by two-tailed t-test for paired values). 
dSignificantly less than HDL CE (P < 0.0001 by t-test for unpaired values). 
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TABLE 4. Specific activities of tissues in uptake of tracers introduced in HDLl and in apoE-free HDL 
(plasma FCR per gram) 

HDL, (n = 17) ApoE-Free HDL (n = 9) 

Tissue CE ApoE CE ApoA-I 

fractional catabolic rate per gram (lo3 x h-' x g-') 

Liver 15.1 f 3.3 25.63 f 4.54 22.04 f 3.20 11.9 f 2.77 
Adrenal gland 27.3 f 9.8 9.06 f 3.58 30.65 f 3.83 8.86 f 2.65 
Ovaries 22.9 f 9.1 5.40 f 1.86 15.37 f 4.01 11.0 f 4.4 
Kidneys 0.23 f 0.06 43.7 f 14.2 0.48 f 0.05 17.8 f 3.44 
Spleen 5.81 f 2.14 10.2 f 3.2 6.88 f 1.97 17.2 f 5.9 
Lymphatic tissues 1.23 f 0.75 1.50 f 0.43 1.27 f 0.44 1.96 f 0.56 
Small intestine 1.20 f 0.33 1.02 f 0.22 1.13 f 0.25 1.89 f 0.24 

0.68 f 0.52 1.17 f 0.42 0.97 f 0.44 
Pancreas 0.29 f 0.11 0.68 f 0.22 0.35 f 0.10 0.77 f 0.26 
Thymus 0.36 f 0.18 0.38 f 0.13 0.48 f 0.24 0.70 + 0.26 
Large intestine 0.35 f 0.10 1.13 f 0.49 0.41 f 0.11 1.84 f 1.27 

0.30 + 0.09 0.26 f 0.06 0.53 f 0.14 0.42 f 0.08 Heart 
Skin 0.19 f 0.08 0.23 f 0.06 0.20 + 0.08 0.01 f 0.00 
Stomach 0.29 f 0.08 0.71 f 0.28 0.30 f 0.09 0.51 f 0.24 
Adipose 0.13 f 0.06 0.13 f 0.11 0.23 f 0.08 0.03 f 0.02 
Muscle 0.05 f 0.01 0.04 f 0.02 0.04 f 0.02 0.00 f 0.00 
Urine 0.00 f 0.00 1.18 f 0.29 0.00 f 0.00 0.91 f 0.20 

Lungs 1.20 f 0.90 

specific activities for uptake of each tracer (the plasma 
FCR attributable to each gram of tissue), and in Table 5 
in terms of the fractional contribution of each tissue to 
whole-body uptake (percentage of total clearance). 

Hepatic uptake of the CE tracer introduced in HDLl 
was at a lower fractional rate than was uptake of the apoE 
tracer introduced in the same particles (Table 4), indicat- 
ing hepatic uptake of apoE independently of the uptake 
of the originally labeled HDLl particles. This result was 
not surprising in view of the plasma decay data (Table 3) 
and the expectation that the liver would account for most 
of the uptake of both the CE and apoE tracers (Table 5). 

In contrast to the results for the CE and apolipoprotein 
tracers introduced in HDLl, the hepatic uptake of CE in- 
troduced in apoE-free HDL was at a greater fractional 
rate than the uptake of the a p d - I  tracer introduced in the 
same particles (0.022 h-1 -l vs. 0.012 h-l -l). Whereas we 
have previously shown that hepatic uptake of apoA-I 
reasonably traces the uptake of the originally labeled 
HDL particles in rats (11, 26), this indicates selective up- 
take of CE from HDL. 

The liver took up CE tracer introduced in apoE-free 
HDL at a greater fractional rate than CE tracer in- 
troduced in HDLl, a result in parallel with the plasma de- 

TABLE 5. Contributions of individual tissues in uptake of tracers introduced in HDLl and 
in apoE-free HDL 

HDL, (n = 17) ApoE-Free HDL (n = 9) 

Tissue CE ApoE CE ApoA-I 

contribution of tissue to total tracer uptake (%) 

Liver 74.77 f 4.42 53.55 f 7.43 80.72 f 1.91 47.88 f 6.28 
Adrenal gland 1.45 f 0.45 0.20 f 0.06 1.34 + 0.22 0.43 f 0.09 
Ovaries 2.37 f 0.62 0.23 f 0.05 1.19 f 0.31 1.15 f 0.09 
Kidneys 0.36 f 0.10 27.68 f 7.10 0.53 + 0.07 22.50 rt 4.44 
Spleen 1.90 f 0.44 1.38 f 0.29 2.07 + 0.25 5.95 f 1.35 
Lymphatic tissues 0.24 f 0.12 0.12 f 0.04 0.22 f 0.05 0.40 + 0.09 
Small intestine 3.39 f 1.25 1.18 0.3 1.82 f 0.37 3.52 f 0.53 

0.22 f 0.05 0.93 f 0.24 1.69 f 0.53 Lungs 0.96 f 0.33 
Pancreas 0.21 f 0.05 0.21 f 0.04 0.22 f 0.05 0.54 f 0.09 
Thymus 0.08 f 0.05 0.04 f 0.02 0.08 f 0.04 0.14 f 0.08 

0.55 f 0.24 0.73 f 0.4 0.35 f 0.09 1.78 f 1.16 Large intestines 
Heart 0.20 f 0.04 0.07 f 0.01 0.53 f 0.07 0.24 f 0.04 
Skin 6.96 f 2.7 3.39 f 0.71 5.22 f 1.29 0.38 f 0.10 
Stomach 0.30 f 0.08 0.30 + 0.11 0.24 f 0.09 0.45 f 0.15 
Adipose 1.94 f 0.89 0.79 f 0.66 2.26 f 0.81 0.27 f 0.18 
Muscle 4.27 f 1.57 1.57 f 0.54 2.50 f 0.93 0.14 f 0.17 
Urine 0.03 f 0.02 8.34 f 2.34 0.04 f 0.06 13.33 f 4.45 
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cay data. Thus, the presence of apoE on HDLl particles 
did not dictate their clearance at a rate that was very fast 
compared to other processes for HDL CE uptake. As 
mentioned above, the rate of uptake of HDL, CE is a 
maximum estimate for uptake of HDLl particles as CE 
can be selectively taken up from particles with only apoE 
(17). However, we cannot allocate the HDL, CE uptake 
between selective uptake and particle uptake, as we have 
done for apoE-free HDL, because we have no measure of 
particle uptake in the case of HDL1. 

Kidney was second (behind the liver) in its contribution 
to uptake of both apoE and a p d - I ,  accounting for 28% 
of apoE and 23% of apoA-I clearance (Table 5). Both 
apolipoproteins were taken up with very little accompany- 
ing uptake of CE, a result like that previously reported for 
apoA-I (10). Presumably the high rate of uptake of the 
apoE tracer is due to glomerular filtration and tubular 
reabsorption of apoE unassociated with lipoprotein parti- 
cles, as has been described for apoA-I (29). 

While steroidogenic tissues made little contribution to 
whole body uptake of HDLl CE, the adrenal gland was 
the most active tissue per weight of tissue. As can be seen 
in Table 4, the fractional rate of uptake of CE was greater 
than that of apoE, in contrast to the results for liver where 
the fractional rate of uptake of apoE was greater. Adrenal 
was also the most active organ per weight in uptake of CE 
tracer introduced in apoE-free HDL, and this uptake was 
predominantly by selective uptake. It seems likely that 
most of the uptake of the CE from HDL, was also by 
selective uptake. 

DISCUSSION 

Previous studies in rats have examined the tissue up- 
take of CE tracer introduced into the pool of HDL 
depleted of particles containing apoE. Uptake of CE was 
mostly into liver, and most hepatic uptake was by the 
selective uptake pathway (10, 11, 26). Associated studies 
showed that the apoA-I uptake by liver closely measured 
uptake of the holo-HDL, excluding the possibility that 
hepatic selective uptake might actually represent the en- 
docytotic uptake of HDL particles depleted of apoA-I 
tracer and enriched in unlabeled apoE (10, 17, 26). Direct 
interpretation of these earlier data would indicate that in 
rats only about one-third of hepatic HDL CE uptake is by 
uptake of HDL particles, including uptake both with or 
without the benefit of apoE. 

However, these early experiments did not foreclose a 
dominant role for HDLl particles in transport of CE to 
the liver, if HDL, particles were to arise in part indepen- 
dently of the HDL3-HDL2 pools. That CE transport 
would be in addition to that traced using apoE-poor HDL 
CE if subfractions of HDL with apoE were metabolically 
dissimilar and did not mix. There is evidence that HDLl 

in rats does indeed arise predominantly from the 
HDL3-HDL2 pools (9), although other studies indicate 
the possibility that particles could enter into the HDL, 
pool without ever residing in the HDLP-HDL3 pool (30, 
31). In dogs (32) and in humans (33) interstitial fluid con- 
tains large, apoE-rich particles that are not substantially 
present in plasma. The presence of such particles is con- 
sistent with a role for apoE in targeting CE in these parti- 
cles for rapid hepatic uptake. If these particles were to be 
rapidly cleared without mixing with the HDLl pool, we 
would not see that here. 

The major purpose of this study was to evaluate, as 
directly as possible, the role of HDL, in reverse 
cholesterol transport. HDLl was assumed to adequately 
measure the role of apoE in HDL CE uptake by the liver 
since the predominant portion of HDL CE associated 
with apoE resides in this fraction (7, 8). Thus, HDLl was 
assumed to be a metabolically uniform pool through 
which all CE destined to be cleared by an apoE-mediated 
mechanism passed. However, the standard caveat of such 
tracer studies applies: we would not have seen the conse- 
quences of a very small plasma pool of particles that medi- 
ated a high flux of CE but which did not communicate 
with the pool(s) that were traced. 

Although we have assumed that the HDL, pool is meta- 
bolically homogeneous, the fraction is at least physically 
heterogenous and is comprised of a continuum of particle 
sizes. This does not necessarily signify pertinent meta- 
bolic heterogeneity. Although this question has not been 
directly addressed experimentally here, work to be 
reported elsewhere indicates that the plasma decay ki- 
netics of CE and apoA-I tracers incorporated into five 
HDL subfractions are fairly similar for five HDL subfrac- 
tions (including HDLl) in spite of the fact that selective 
uptake and particle uptake vary with particle size in vitro 
(17, 34). Apparently the transfer of tracers between parti- 
cles and the interconversion of particles between subfrac- 
tions are sufficiently rapid as to make CE appear almost 
kinetically homogeneous throughout the HDLI-HDL2 
system. 

In tracing HDL, in rats, intracellularly trapped tracers 
of the CE and apoE moieties were used. These tracers 
were almost completely cleared irreversibly from plasma 
during the course of the experiments, allowing a theoreti- 
cally correct determination of the contributions of various 
tissues to uptake of the tracers and their tracees (assuming 
that newly formed tracees entered first into the plasma 
compartment, which was the labeled compartment) (35). 
However, this did not disclose from which plasma pool(s) 
the tracers were actually cleared, or the mechanism(s) of 
that clearance. 

One obstacle to determining the mechanisms of HDL, 
CE uptake in these studies was our inability to apportion 
that uptake between uptake of particles and selective up- 
take of CE, an apportionment we were able to accomplish 
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in the case of HDL without apoE. Because CE can be 
selectively taken up in vivo from particles with apoE as 
the only apolipoprotein (17), it seems probable that some 
fraction of HDLl CE uptake in vivo is by selective uptake. 

A salient result of this study is that the fractional rates 
for plasma clearance and for hepatic uptake were lower in 
the case of CE tracer introduced in HDLl than in the case 
of CE tracer introduced in HDL without apoE. Appar- 
ently uptake of HDLl particles is not nearly as rapid as 
the clearance of HDL1-associated apoE would seem to in- 
dicate. Furthermore, if it is accepted that some clearance 
of HDLl CE must be by selective uptake, then the role of 
apoE in HDL CE uptake diminishes further. All of this 
seems to indicate that apoE is not a dominant deter- 
minant of HDL CE clearance, even in rats where it seems 
most likely to play a prominent role. 

However, some caution is appropriate in interpreting 
these results. HDL particles interconvert between sub- 
classes, and the tracers were not necessarily cleared from 
the pools which they originally labeled, even when they 
remain with the neutral lipid core originally labeled. For 
example, HDL without apoE convert to HDLl in the cir- 
culation (9, 36). There is also conversion in the other 
direction, and particles residing in the HDLl pool of rats 
convert to HDL2 particles (B. M. Richard and R. C. Pitt- 
man, unreported studies). This does not preclude our 
reaching the conclusion that CE are cleared from the pool 
of HDL without apoE at a more rapid rate than from the 
HDLl pool. In fact, interconversion of the HDL sub- 
classes would tend to damp the real difference in tur- 
novers, and tracer studies will underestimate the differ- 
ence. Thus, the difference in clearance rates of CE tracer 
introduced in HDLl and in HDL2 is a minimal differ- 
ence, and CE removal from HDLl pool is at a lower rate 
than is apparent here, and CE removal from the pool of 
HDL without apoE is at a greater rate than is apparent 
here. Thus, although we cannot explicitly apportion the 
CE flux between the competing pathways, the data here 
do place a minimum value on the difference. 

The rate of hepatic uptake of apoE tracer introduced in 
HDLl greatly exceeded that of CE tracer. As apoE can 
rapidly exchange between lipoprotein classes, part of the 
hepatic uptake of apoE tracer must have been from other 
lipoprotein pools (e.g., VLDL remnants) (9, 16). 
However, the large fraction of apoE tracer that was taken 
up by kidney may well represent another pathway. As with 
apoA-I tracer (29), it may reflect the glomerular filtration 
and tubular reabsorption of apoE unassociated with 
lipoproteins. 

This study indicates that in rats apoE does not mediate 
the clearance of HDLl particles at such a rate as to 
dominate HDL CE flux to the liver, a conclusion also sup- 
ported previously (36). This in no way precludes a major 
role for apoE in mediating uptake of HDL particles. It 
seems highly probable that HDLl particles are cleared 

more rapidly from plasma than are particles without 
apoE, as is the case in vitro (37, 38); in HepG2 human 
hepatoma cells, much of the uptake of HDL particles 
without apoE is in fact mediated by apoE secreted by the 
cultured cells (39, 40). Studies in whole animals support the 
conclusion from in vitro studies. For example, particles 
with many apoE moieties are rapidly cleared by liver in 
rats (28), and rats treated with ethinyl estradiol to in- 
crease apoB/E receptor activity exhibit an increased rate 
of hepatic uptake of HDL-associated apoA-I (39, 40). 

If apoE plays such a prominent role in uptake of HDL 
particles, and HDL particles progressively enlarge by ac- 
cumulation of CE in the circulation of rats, how can CE 
not be taken up at a more rapid rate from HDLl than 
from HDL without apoE? Two mechanisms offer at least 
a partial explanation. First, selective uptake from HDLl 
may decrease particle size, thereby decreasing apoE 
affinity and allowing return of the particles to the HDL2 
pool. Second, the fractional rate of selective uptake varies 
with HDL particle size, being greater for smaller particles 
regardless of the apoprotein composition (34). From this 
one would predict that selective uptake from the HDLl 
should be at a lower fractional rate than selective uptake 
from HDL particles without apoE. These factors in con- 
cert would make it possible for most particle uptake to be 
by receptor recognition of apoE, while most HDL CE up- 
take is by selective uptake from the HDL2-HDL3 pools. 

The central conclusion of the present study is that 
HDLl does not play a dominant role in clearance of HDL 
CE into liver, even in rats. This conclusion is concordant 
with a kinetic modeling study in rabbits that also con- 
cluded that there was no more rapid uptake of CE from 
the HDLl pool than from the HDL2-HDL3 pool (13). 
These studies are complementary in that they invoke 
quite different assumptions in species at the two extremes 
of plasma cholesteryl ester transfer protein activity. Both 
studies, while not precluding a significant role for HDLl 
in reverse cholesterol transport, counter the hypotheses 
that HDLl particles are the major mediator of reverse 
cholesterol transport involving CE in the HDL fraction. 
We conclude that selective uptake must play the major 
role in reverse cholesterol transport in rats to the extent 
that HDL CE mediate that transport. I 
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