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Abstract Most of the cholesterol in intestinal chyle and 
chylomicrons is derived from plasma. Our aim was to determine 
how much plasma low density (LDL) and high density (HDL) 
lipoproteins contribute to the cholesterol in chyle and 
chylomicrons, and to examine how plasma cholesterol becomes 
associated with lymph chylomicrons. Intravenous injection of 
radioiodinated plasma lipoproteins into two chyluric patients 
showed that 82% of the HDL plasma pool transferred daily to 
intestinal chyle, corresponding to 58 % of lymph cholesterol; 
LDL contributed 18% of its plasma pool, corresponding to 18% 
of lymph cholesterol. When plasma HDL radiolabeled in both 
the protein and cholesteryl ester moieties was injected, the iso- 
tope ratios of plasma HDL and lymph lipoproteins were identi- 
cal; 85% of the HDL cholesteryl esters transferred to 
triglyceride-rich lipoproteins, while the apolipoproteins re- 
mained largely (70%) in the higher density lipoproteins of the 
chyle. Incubations of similarly labeled plasma HDL showed 
preferential transfer of cholesteryl esters to artificial 
chylomicrons mediated by a factor present in lipoprotein-free 
p1asma.m Thus, a sizable portion of plasma HDL enters in- 
testinal lymphatics probably as intact HDL, and then transfers 
part of their cholesteryl esters to chylomicrons, possibly medi- 
ated by transfer proteins. Reverse cholesterol transport may 
therefore include an extravascular loop via lymph chylomicrons 
and chylomicron remnants to the liver.-Oliveira, H. C. F., K. 
Nilausen, H. Meinertz, and E. C.  B. Quintgo. Cholesteryl es- 
ters in lymph chylomicrons: contribution from high density 
lipoprotein transferred from plasma into intestinal lymph. J 
Lipid Res. 1993. 34: 1729-1736. 
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Lipoproteins in peripheral lymph arise in part by filtra- 
tion of lipoproteins from plasma (1, 2) and in part from 
local cellular synthesis (3-6). The lipoproteins of intesti- 
nal lymph similarly consist of both plasma-derived 
lipoproteins and of constituents synthesized locally by the 
enterocytes (7-15). In addition, they consist of lipids of 
dietary and endogenous origin absorbed from the intesti- 

nal lumen. Studies of intestinal lymph lipoproteins in ex- 
perimental animals (8, 16, 17) and in human subjects (18, 
19) have yielded closely similar results. 

Cholesterol transported in the intestinal lymph 
originates mainly in plasma, as shown both in rats (15, 20) 
and in chyluric patients (21, 22). In lymph-cannulated 
rats, the intravenous infusion of radioiodinated plasma 
HDL showed that all of apoE and part of apoA-I of intes- 
tinal lymph lipoproteins were derived from plasma (9, 14, 
15). Plasma HDL may therefore be responsible for trans- 
fer of cholesterol from the circulation to intestinal lymph. 

In human subjects, the distribution of cholesterol 
among lipoproteins in intestinal chyle is such that by far 
the greater fraction is associated with the chylomicrons, 
some is in the very low density lipoproteins (VLDL), and 
only limited amounts are in the higher density ranges of 
LDL and HDL (18, 19). As no human studies on the 
transfer of lipoproteins from the blood to intestinal lymph 
are available, the first aim of this work was to examine the 
contribution of the major cholesterol-carrying lipoproteins 
in plasma to the lipoproteins of mesenteric lymph in 
chyluric patients. The findings indicated that HDL trans- 
ferred to the intestinal lymph to a much greater extent 
than did LDL and thus provided most of the plasma- 
derived cholesterol in intestinal chyle. This raised the 
question of how cholesterol was transferred from HDL to 
chylomicrons, and thus the second aim of this study was 
to examine whether this came about by a fusion of the two 
kinds of particles or by a selective transfer of cholesterol 
from one type of particle to the other. 

Abbreviations: LDL, low density lipoproteins; HDL, high density 
lipoproteins; VLDL, very low density lipoproteins. 

'To whom reprint requests should be addressed at: Lipid Metabolism 
Lab., University of SHo Paul0 Medical School, Dr. Amaldo, 455 / 3 O /  52, 
Cep 01246 903 S2o Paulo, Brazil. 
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MATERIAL AND METHODS 

Material 

Triolein, cholesteryl oleate, and cholesterol were pur- 
chased from Nu-Chek Prep, Inc. (Elysian, MN) and 
phosphatidylcholine was from Lipid Products (South 
Nutfield, Surrey, UK). Reagents for enzymatic determi- 
nation of total and free cholesterol (Chod Pap) and of 
triglycerides were obtained from Boehringer (Mannheim, 
Germany) and Biodiagnostica Ind. (Parana, Brazil), 
respectively. Phospholipids were measured by the Bartlett 
procedure (23). The following radioisotopes were ob- 
tained from New England Nuclear (Boston, MA): NalZ5I, 
[1,2-3H(N)]cholesterol, [4-14C]cholesteryl oleate, [ la ,2a-  
3H(N)]cholesteryl oleyl ether; Na131I was from IPEN-SBo 
Paul0 Atomic Research Institute. Iodo-Gen was from 
Pierce Chemical Company (Rockford, IL) and Aquasol 
was from New England Nuclear. 

Subjects 

Three male patients with chyluria as a sequel of filaria- 
sis participated. Patient l, 37 years old and born in Tanza- 
nia, was studied at Righospital, University of Copenha- 
gen. Patient 2, 35 years old and born in Brazil, together 
with patient 3, 62 years old and born in Japan, were exa- 
mined at the University of Slo  Paul0 Medical School, and 
their intestinal lymph-renal fistulae were demonstrated by 
lymphangiography. Patients 1 and 2 received liquid for- 
mula diets exclusively; patient 3 ate self-chosen food of 
unknown quantity and composition during the 4-day 
study. Patients 1 and 2 had continuous chyluria with a 
mean daily excretion of urinary fat of 25.28 f 2.8 (SEM) 
in case of patient 1, and 5.3g * 0.8 in case of patient 2. 
Plasma volume was estimated from height and body 
weight (24). 

Lipoprotein transudation studies 

All subjects received an intravenous bolus injection of 
radiolabeled autologous lipoproteins, which in the case of 
patient 1 consisted of 37 pCi 125-labeled LDL, for patient 
2 was 90 pCi 13lI-labeled HDL, and for patient 3 was 
reconstituted HDL labeled with 1311 (93 pCi), [ la ,2a-  
3H(N)]cholesteryl oleyl ether (18 pCi), and [4-14C]choles- 
teryl oleate (21 pCi). To block the incorporation of radi- 
oactive iodine into the thyroid gland, all subjects received 
potassium iodine, 200 mg per day, orally from 3 days 
prior to and 4 weeks after the radioactive injection. 

Fasting blood samples were drawn daily and mixed 
with EDTA (1.5 mg/ml); the plasma was dialyzed for 24 
h at 4OC against physiological saline EDTA (1 mM) (1 liter 
x 5). Plasma lipoproteins were fractionated by sequential 

ultracentrifugation (patient 1) (25) or by discontinuous 
density gradient ultracentrifugation (patients 2 and 3) 
(26). For determination of the specific activity of apoLDL 

(patient 1) and of apoHDL (patient 2), the fractions were 
respun at their limiting densities. 

Urine was collected in EDTA (0.01%) and sodium azide 
(0.01%); 24-h collections were mixed, the volume meas- 
ured, and aliquots (100-250 ml) were dialyzed against 
physiological saline with EDTA (1 mM) and sodium azide 
(0.01%) (10 1 x 4) at 4OC bringing the density to 1.006 
g/ml. Urinary lipoproteins were then fractionated by se- 
quential ultracentrifugation. Cholesterol and protein of 
urinary LDL (patient 1) and HDL (patient 2)  were deter- 
mined. Total fat, cholesterol, and protein were measured 
by gravimetric (21), gas-liquid chromatographic (27), and 
colorimetric procedures (28), respectively, in aliquots of 
total urine and in lymph chylomicrons of the urine. 

Transudation of plasma apolipoproteins into enteric 
lymph was determined for apo-LDL (patient 1) and apo- 
HDL (patient 2) as the plasma apolipoprotein trans- 
ported in lymph in mg/day: 

24-h urine lipoprotein radioactivity (dpm) 

sp act of plasma apolipoprotein (dpm/pg) 

fat intake (g/day) 

24-h urinary fat 
excretion (g) 

v 

Total amount of lipoprotein-cholesterol filtered into the 
lymph was determined as the apolipoprotein transudation 
multiplied by the cholesterol/apolipoprotein (pg/pg) ratio. 

Lipoprotein labeling 

Autologous LDL (d 1.019-1.063 g/ml) and HDL (d 
1.063-1.21 g/ml) were isolated by sequential ultracentrifu- 
gation (26), and the fractions were reisolated at their up- 
per limiting density. The lipoproteins were labeled with 
Na125I using 1 mCi/mg apolipoprotein by the modified 
McFarlane method (29) for LDL and with Iodo-Gen for 
HDL. After iodination, the lipoprotein was dialyzed 
against physiological saline (EDTA 1 mM), 1 1 x 5, for 
12 h at 4OC and sterilized by filtration through a 0.22-pm 
filter (Millipore, Bedford, MA) immediately prior to in- 
travenous infusion. Less than 2% of the radioactivity was 
lipid-extractable and 96-98% was precipitated by trich- 
loroacetic acid. SDS-polyacrylamide gel electrophoresis of 
the 1251-labeled HDL showed that 0.3% of the radioac- 
tivity was associated with contaminating albumin (30). 

Preparation of reconstituted, labeled HDL involved 
labeling core lipids with [4-1*C]cholesteryl oleate and 
[1a,2a-3H(N)]cholesteryl oleyl ether by a modified proce- 
dure of Nestler et al. (31), and of apolipoproteins with 1311. 
Briefly, the HDL solution (2 ml) was delipidated twice 
with 40 ml cold ethanol-diethyl ether 3:2 (v/v). After 
removal of solvent from the lipid phase, a solution of the 
radioactive steroids was added, and the solvent was re- 
moved under N2 at 4OC. The HDL-apolipoprotein, 
diluted with phosphate buffer at pH 7.2, was added to the 
radiolabeled lipids and the mixture was sonicated for 30 
min at 70-80 watts, at 37OC, under N2 (B30 Branson 
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Sonifier, Branson Sonic Power Co., Danbury, CT). This 
reconstituted 3HP4C-HDL (recHDL), and a parallel, un- 
labeled HDLrec were purified separately by discontinu- 
ous density gradient ultracentrifugation (Beckman, SW 
41Ti rotor) for 24 h (26). After dialysis, the unlabeled 
HDLrec was then labeled with Na13lI (Iodo-Gen proce- 
dure), and both preparations were dialyzed and sterilized 
by Millipore filtration (0.22 pm). The HDLrec contained 
3% cholesterol, 13% cholesteryl ester, 6% triglyceride, 
42% phospholipid, and 36% protein by weight. Radioac- 
tivity measurement of the iodine label was done directly 
in the gamma counter, whereas 3H and 14C required prior 
chloroform-methanol 2:l (v/v) (plasma) or chloroform 
(lyophilized urine) extraction. To ensure that the l3II did 
not interfere with the @-scintillation counting in 
toluene-phosphor solution (Beckman model LS-6000 
TA), the samples were stored for 80 days before measur- 
ing 3H and 14C. 

Incubation of plasma HDL with chylomicron-like 
particles 

Bulk HDL (d 1.063-1.21 g/ml) prepared from pooled 
plasma were labeled with Na'Z5I (Iodo-Gen) or with 
[1,2-3H(N)]cholesterol by the procedure of Gavish, 
Oschry, and Eisenberg (32). Briefly, [3H]cholesterol (50 
pCi in 100 pl ethanol) was added to- the HDL solution 
together with lipoprotein-free plasma, d > 1.21 g/ml (to- 
tal volume 10 ml), and incubated for 20 h at 37OC. La- 
beled HDL was then separated from the incubation mix- 
ture by ultracentrifugation; analysis of the HDL-lipids by 
thin-layer chromatography showed that 77-88% of the 
HDL 3H activity was present as esterified cholesterol. 

Chylomicron-like, triglyceride-rich particles were pre- 
pared as previously described (33, 34). Briefly, a mixture 
of cholesterol (2%), cholesteryl oleate (sa), phosphatidyl- 
choline (23%), and triolein (69%) was cosonified in NaCl 
solution (2.785 M), pH 7.0, d 1.101 g/ml, at 70-80 watts, 
for 30 min at 37OC under a flow of Nz. The chylomicron- 
like material was collected at d 1.006 g/ml after discon- 
tinuous density gradient ultracentrifugation; it contained 
4.5% cholesterol, 6.8% cholesteryl oleate, 9.5% phos- 
phatidylcholine, and 80.3% triolein, by weight. 

HDL preparations, labeled with 1251 or with 
[ 3H]cholesterol, both esterified and free, were incubated 
together with chylomicron-like particles. Incubation con- 
ditions were variable concentrations of HDL together 
with 500 pg triolein in a total volume of 1.1 ml. The incu- 
bation was terminated by the addition of hypertonic 
potassium bromide solution, d 1.346 g/ml, and then HDL 
and the chylomicron-like material were immediately sepa- 
rated by discontinuous density gradient ultracentrifuga- 
tion at d 1.101-1.006 g/ml in an SW 41Ti rotor, at 4"C, for 
30 min at 40,000 rpm. The distribution of radioactivity 
between the top fraction (d < 1.006 g/ml) representing 
the chylomicron-like material and the infranatant cor- 

responding to the HDL was determined. All assays were 
done in duplicate or triplicate, together with blank incu- 
bations containing no chylomicron-like particles. Less 
than 1.1% of the total radioactivity in the blank incuba- 
tions was found in the top fraction (d < 1.006 g/ml). After 
lipid extraction (chloroform-methanol 2:l) of the two 
ultracentrifugal fractions, free and esterified cholesterol 
were separated by thin-layer chromatography on Silica 
Gel H in hexane-diethyl ether-acetic acid 70:30:1 (vlvfv). 
The appropriate fractions, identified by iodine vapor, 
were scraped into scintillation vials containing Aquasol 
for radioactivity measurement. The findings were ex- 
pressed either as percent of total radioactivity or as mass 
that had been transferred to the other type of particle. 
The transferred mass was calculated as radioactivity 
(dpm) in the receptor particle divided by the specific ac- 
tivity (dpm/pg) in the donor particle prior to incubation. 

RESULTS 

Transudation of plasma lipoprotein 

After an intravenous injection of lz5I-labeled autolo- 
gous LDL (patient 1) and HDL (patient 2), the entry of 
apolipoprotein label (1251) into intestinal lymph 
lipoproteins was measured quantitatively during the sub- 
sequent 4-6 days. The amount of plasma apolipoprotein 
transported daily in the enteric lymph was calculated 
from the total nondialyzable radioactivity present in the 
lymph each day divided by the specific activity of plasma 
LDL and HDL apolipoprotein on the same day. The data 
showed that 4974 * 171 mg (mean * SD) of plasma 
apoHDL was transported daily in the lymph of patient 2, 
corresponding to 82% of the plasma pool of HDL, as op- 
posed to 406 + 44 mg of plasma apoLDL per day, 
representing only 18% of the plasma pool of patient 1. 
The amount of apolipoprotein-associated cholesterol was 
calculated from the cholesterol/apolipoprotein ratio of 
plasma LDL and HDL, respectively. Thus, assuming that 
intact lipoprotein particles filtered from plasma to intesti- 
nal lymph, 489 * 55 mg (patient 1) and 892 * 138 mg 
(patient 2) of cholesterol in the intestinal lymph origi- 
nated from plasma LDL and HDL, respectively. These 
quantities represented 18% and 58%, respectively, of the 
total cholesterol transport in intestinal lymph so that the 
combined contribution from the two plasma lipoprotein 
classes was about 75% of enteric lymph cholesterol. 
Although these data were obtained in studies of only two 
individuals, their general validity was supported. by our 
similar findings in previous studies of several chyluric in- 
dividuals (21). 

In plasma, the apolipoprotein label of HDL and LDL 
remained essentially in the density range into which it was 
originally introduced for the duration of the study (Fig. 
1). This was true for patients 1 and 2 who received 
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Fig. 1. Percent distribution of radioactivity in plasma and chyle 
lipoproteins (mean i SEM) 4-6 days after the intravenous pulse infu- 
sion of W-labeled apoLDL (patient l), 1*5I-labeled apoHDL (patient 
2), and reconstituted L311-labeled apoHDL (patient 3). 

lipoproteins radioiodinated in their native state, and also 
for patient 3 who was injected with a reconstituted HDL 
preparation. In intestinal lymph, however, more extensive 
redistribution of the apolipoprotein label took place (Fig. 
1). In particular, the HDL apolipoprotein label (1251, pa- 
tient 2; l3lI, patient 3), of which only traces (1-270) were 
associated with triglyceride-rich lipoproteins (d < 1.006 
g/ml) in plasma, shifted in the intestinal lymph so that 
about 30% of the radioactivity was in the density range 
of chylomicrons and VLDL in patients 2 and 3 .  Com- 
pared to HDL, the shift in the intestinal lymph of the 
LDL apolipoprotein label (lZ5I) was modest in that the 
fraction associated with triglyceride-rich lipoproteins was 
12% (patient 1). 

To examine whether the core lipids of plasma HDL 
transferred in parallel with the apolipoprotein to intesti- 
nal chyle and to the individual lymph lipoproteins, au- 
tologous reconstituted HDL labeled in the apolipoprotein 
moiety with 1311 and in the core lipids with [14C]choles- 
teryl oleate and [3H]cholesteryl oleyl ether was injected 
intravenously into a chyluric subject (patient 3) .  The ra- 
tios of apolipoprotein to core lipid radioactivity of the 
lymph lipoproteins were virtually identical with those of 
plasma HDL (Table 1). The simplest interpretation of 
this finding was that the core lipids and the apolipopro- 

teins passed from the circulating blood to the intestinal 
lymph at identical rates, most likely as constituents of in- 
tact HDL particles. Once in the lymph, the HDL core 
lipids ([ 14C]cholesteryl ester and [ 3H]cholesteryl ether) 
transferred extensively (about 85%) to the triglyceride- 
rich chylomicrons and VLDL, and only a modest fraction 
remained in the higher density (d > 1.006 g/ml) 
lipoproteins (Fig. 2). Thus, the shift of cholesteryl esters 
from HDL to lymph chylomicrons and VLDL was much 
greater than that of the HDL apolipoprotein (1311), about 
85% versus 30% (Figs. 1 and 2), indicating that 
cholesteryl esters became associated with triglyceride-rich 
lipoproteins in intestinal lymph mainly by a selective lipid 
transfer rather than by a simple fusion of HDL particles 
with chylomicrons. 

In plasma, the HDL core lipids ([ 14C]cholesteryl ester 
and [ 3H]cholesteryl ether) likewise transferred extensively 
to lipoproteins of lower densities, but in plasma the major 
fraction became associated with LDL rather than with the 
triglyceride-rich lipoproteins as in the intestinal lymph 
(Fig. 2). The enrichment of LDL in plasma with labeled 
cholesteryl ester ("C) and ether (3H) from HDL may ex- 
plain why the isotope ratio 1311-labeled apoHDL/I4C or 
3H of total plasma lipoproteins was clearly lower than that 
of plasma HDL and the lymph lipoproteins (Table 1). Be- 
cause lipoproteins of lower densities are eliminated faster 
from circulation than are those of high density, the radi- 
oactive cholesteryl esters are preferentially lost from the 
plasma compartment compared to the HDL-apolipopro- 
teins. The isotope ratio of total lymph lipoproteins, on the 
contrary, was virtually identical with that of plasma 
HDL. This suggests that the main source of lymph 
lipoprotein radioactivity is plasma and that plasma HDL 
reaches the intestinal lacteals as an intact particle. 

Transfer of HDL constituents to artificial 
chylomicrons 

In an attempt to identify factors in intestinal lymph 
influencing the transfer of HDL constituents to 
chylomicrons, plasma HDL labeled in the apolipoprotein 
with 1*51 and in the lipid moiety with free or esterified 
[ 3H]cholesterol was incubated with artificial chylomicrons. 
Transfer of apolipoprotein label to triglyceride-rich parti- 
cles was limited to a few percent in an incubation medium 
of physiological saline, and this process was even inhibited 

TABLE 1 .  Ratios of L311-labeled HDL to [1ar,2ar-3H(N)]cholesteryl 
olevl ether or 14-L*Clcholestervl oleate in patient 3 

mean f SEA4 

14.4 c 1.5 Plasma HDL 18.5 c 3 .4  

Total plasma lipoproteins 12.3 f 1 .5  6 .4  -t 0.6 
Total lymph lipoproteins 19.6 c 4.2 13.7 * 0.9 
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Fig. 2. Percent distribution of radioactivity in lipoprotein fractions in 
plasma (panels A, B: (0) LDL; (0) HDL; ( x )  VLDL) and urine chyle 
(panels C, D: (A) d < 1.006 g/ml; ( A )  d > 1.006 g/ml) of patient 3 1-4 
days after the intravenous pulse infusion of autologous bulk HDL simul- 
taneously labeled with [lor,2or-~H(N)]cholesteryl oleyl ether (panels A, 
C) and [4-1*C]cholesteryl oleate (panels B, D). 

initially in the presence of albumin or lipoprotein-free 
plasma (d > 1.21 g/ml) (Fig. 3, A, B, C). Free cholesterol 
transferred rapidly and extensively, unaffected by the 
composition of the incubation medium (Fig. 3, D, E, F). 
Transfer of HDL cholesteryl ester was slow initially and 
increased only gradually with time in saline with or 
without albumin, but was fast and extensive when the in- 
cubation took place in lipoprotein-free plasma, presuma- 
bly due to the presence of cholesteryl ester transfer pro- 
teins; about 80% became associated with chylomicron- 
like particles after 2 h of incubation (Fig. 3, G, H, I). The 
marked difference in transfer between HDL apolipoprotein 
and cholesteryl ester was independent of the concentra- 
tion of HDL; in saline the fractional transfer of 
apolipoprotein was less than one-third that of cholesteryl 
ester (5.5% versus 17.7%), and in lipoprotein-free 
plasma, apolipoprotein transfer was reduced to one-fifth 
of that of the saline incubation, whereas cholesteryl ester 
transfer was increased to about 49% (Fig. 4). 

DISCUSSION 

Cholesterol in intestinal chyle is derived from several 
sources, namely intestinal absorption, de novo synthesis 

by the enterocytes, and plasma lipoproteins. Even when 
intestinal absorption is greatly increased by a heavy 
dietary load, the contribution from plasma lipoproteins 
remains the major source of chylous cholesterol (21, 22). 
In intestinal chyle the triglyceride-rich lipoproteins, espe- 
cially chylomicrons, carry by far the greater portion of 
cholesterol, whereas LDL and HDL account for only a 
minor fraction (21). This study demonstrates that plasma 
HDL in human subjects is the major source of cholesterol 
in intestinal lymph, that HDL cholesteryl esters pass from 
the circulation to the intestinal lymphatics as part of HDL 
particles, and that most of the cholesteryl esters subse- 
quently are transferred to lymph chylomicrons and 
VLDL without a parallel transfer of HDL apolipoprotein. 

The contribution of plasma lipoproteins to the 
cholesterol transported in intestinal lymph has, in the 
present study of human subjects, been evaluated by the 
intravenous injection of radioactively labeled plasma 
HDL and LDL in chyluric patients to determine the fate 
of the labeled lipoprotein constituents in intestinal lymph. 
Thus, the transfer of cholesterol from plasma to lymph 
lipoproteins may be viewed as consisting of two discrete 
steps: the first involves the passage from circulating blood 
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Fig. 3. Transfer with time of 1Z51-labeled apoHDL (100 pg) or of 
[1,2-3H(N)]cholesteryl ester and [1,2-~H(N)]cholesterol (unesterified) 
from HDL to artificial chylomicrons (500 pg "2) in saline (panels A, D, 
G), albumin solution 3.5 g % (panels B, E, H), or in the plasma d > 
1.21 g/ml fractions (panels C, F, I). In vitro 1251 and 3H assays were car- 
ried out separately. HDL had been labeled with (1,2-3H(N)]cholesterol 
in the presence of the plasma d > 1.21 g/ml fraction and 77-88% was 
esterified. In incubated particles, (3H]cholesterol (unesterified) was sepa- 
rated from [3H]cholesteryl ester by thin-layer chromatography. Means of 
duplicate incubations. 
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Fig. 4. Transfer to artificial chylomicrons (500 pg E) of 1251-labeled 
apoHDL (circles) and of [1,2-~H(N)]cholesteryl ester (triangles) (SH-CE) 
from HDL either in saline medium (open symbols) or in plasma d > 
1.21 g/ml fraction (closed symbols) after incubation periods of 30 min 
(apoHDL) or 120 min (SH-CE) at 37OC. Incubations were done with in- 
creasing quantities of radioactive HDL. Values in parentheses indicate 
percent of [JH]cholesteryl ester and 125I-labeled apoHDL from the incu- 
bation medium that was found in chylomicrons. Results are reported as 
means of duplicates. Methods are shown in the legend to Fig. 3. 

via interstitial tissue to the lymphatics of the intestinal 
mucosa, and the second concerns the distribution of 
cholesterol among lipoproteins in the lymph. 

Previous studies in the rat have shown that after in- 
travenous injection of radiolabeled plasma HDL, the 
label not only appears in intestinal lymph (14) but it is 
recovered in the HDL density range of the lymph 
lipoproteins (9), as an indication that HDL is transferred 
as such from the circulating blood to intestinal lymph. 
Compositional similarities between HDL in plasma and 
lymph in human subjects (35) and in pigs (8) have also 
suggested that plasma HDL is an important source of in- 
testinal lymph HDL in these species. In the present study 
we found that not only radioiodinated HDL but also LDL 
in plasma passed into intestinal lymph and that the 
apolipoprotein labels were located predominantly in the 
HDL and LDL density ranges of lymph lipoproteins, in- 
dicating a transfer of plasma HDL and LDL as such to 
intestinal lymph. In case of plasma HDL this conclusion 
was further strengthened by our finding that the fractional 
transfers of core lipid and apolipoprotein labels to the in- 
testinal lymph were virtually identical. In the case of 
LDL, previous studies have shown close similarity be- 
tween plasma and lymph lipoproteins in peak flotation 
rates in human subjects (35) and in composition in the pig 
(8) in agreement with the conclusion that plasma LDL 
transfers as such to intestinal lymphatics and is a major 

source of lymph LDL. The greater fractional transfer of 
plasma HDL compared to LDL may well be explained by 
the smaller diameter of the HDL particles. 

The amount of cholesterol carried by HDL and LDL 
from plasma to intestinal lymph was calculated from the 
amount of transferred apolipoprotein label multiplied by 
the ratio of cholesterol to apolipoprotein mass in plasma 
HDL and LDL, assuming that this ratio was valid for the 
lipoproteins filtered into the lymphatics. To the extent 
that the lipoproteins passing from plasma to intestinal 
lymph differ in this ratio from total plasma HDL and 
LDL, the calculation will be erroneous. However, our 
finding that transfer of circulating HDL and LDL 
together accounted for about 75% of total intestinal 
lymph cholesterol transport agrees very well with our 
previous studies in chyluric patients, in which the contri- 
bution of plasma lipoprotein cholesterol was determined 
from the transfer of radioactive sterol from plasma to in- 
testinal lymph (21, 22). 

Once HDL and LDL from plasma have entered the in- 
terstitial tissue and the lymphatics of the intestinal 
mucosa, they encounter lipoproteins of intestinal origin. 
Our data show that both apolipoprotein and core lipid 
labels leave their original density ranges and become as- 
sociated mainly with the predominant triglyceride-rich 
lipoproteins of the chyle. In the case of HDL, the frac- 
tional transfer of the core lipid labels to triglyceride-rich 
lipoproteins was nearly complete (85 %) and almost three 
times greater than that of the apolipoprotein label. Thus, 
most of the cholesteryl ester transferred dissociated from 
apolipoprotein, suggesting a process mediated by 
cholesteryl ester transfer protein. Although transfer pro- 
teins have not yet been shown to occur in intestinal 
lymph, they would be expected to pass easily from circula- 
tion to intestinal lymphatics whether they exist in plasma 
unbound to lipoprotein or in association with HDL be- 
cause their molecular weight is similar to that of plasma 
albumin (36).  If indeed the passage of cholesteryl ester 
from HDL to chylomicrons is mediated by transfer pro- 
tein, a reciprocal transfer of triglyceride would take place, 
and in agreement with this, human HDL from intestinal 
lymph showed, indeed, a higher content of triglycerides 
and a lower content of cholesteryl ester compared to cir- 
culating HDL in the same patients. An alternative expla- 
nation for this compositional difference could, however, 
be a mass action effect due to the high triglyceride concen- 
tration in the chylomicrons (35). The presence of transfer 
protein in intestinal lymph might also mediate transfer of 
cholesteryl ester from filtered plasma LDL to triglyceride- 
rich lymph lipoprotein, analogous to that from HDL, but 
we have no data to demonstrate such a transfer. 

The apolipoprotein labels of plasma HDL and LDL re- 
mained in their original density classes while circulating 
in the blood, but after entry into intestinal lymph some of 
the labels transferred to lipoproteins of other densities. 
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About 30% of the HDL apolipoprotein label became as- 
sociated with the triglyceride-rich lipoproteins, while the 
corresponding transfer of LDL apolipoprotein was only 
about 10%. Although we have no data on individual 
apolipoproteins, a likely explanation for the difference be- 
tween HDL and LDL in this respect is that apoC, which 
is a major constituent of HDL apolipoproteins, has been 
shown to transfer extensively when lymph chylomicrons 
from the rat were incubated with serum lipoprotein frac- 
tions; some apoE transferred as well (16). Similarly, hu- 
man lymph chylomicrons become enriched in apoC and 
E when they enter circulating blood (37). How the trans- 
fer of about 10% of the LDL apolipoprotein label to 
triglyceride-rich lymph lipoproteins and another few per- 
cent to lymph HDL is to be explained is uncertain in the 
absence of detailed apolipoprotein analyses. One possibil- 
ity is that apoC, E, and A were responsible for the transfer 
of label, as plasma LDL isolated by the presently used 
procedure generally contains limited amounts of these 
apolipoproteins (38-40), which are known to transfer 
readily between lipoprotein classes (37). If, however, the 
apolipoprotein label represented apoB-100, this would 
mean that either LDL became trapped by or fused with 
lipoproteins of lower and higher density classes, or that la- 
beled apoB-100 in some other way became associated with 
other lymph lipoproteins. Although none of these latter 
alternatives appear likely, it is noteworthy that lymph 
chylomicrons from both humans (41) and pigs (8) contain 
apoB-100, even though the intestinal mucosa may be una- 
ble to synthesize this apolipoprotein; but even if the 
apoB-100 of lymph chylomicrons is of hepatic origin, it is 
difficult to envision how labeled apoB-100 from plasma 
LDL could become incorporated into lymph chylomicrons. 

The cholesteryl esters of plasma HDL, originally der- 
ived from cholesterol of peripheral cells, are to a consider- 
able extent transferred to VLDL and chylomicrons in 
plasma, mediated by transfer protein, in exchange for 
triglycerides. They are finally taken up by the liver via en- 
docytosis of LDL and chylomicron remnants, and thus 
they complete the centripetal transport of cholesterol from 
peripheral tissues to the liver. As we have presently 
demonstrated, substantial amounts of plasma HDL enter 
intestinal lymphatics to interact with large quantities of 
triglyceride-rich chylomicrons whereby an extensive 
transfer of HDL cholesteryl esters to chylomicrons occurs. 
This extravascular interaction between plasma HDL and 
lymph chylomicrons may be of importance for the 
efficiency of the reverse cholesterol transport because rela- 
tively more cholesteryl ester in that manner ends up in 
chylomicron remnants, which are removed more efficiently 
by the liver than LDL. 

A number of unresolved questions remain concerning 
both the transfer of plasma lipoproteins to the intestinal 
lymphatics and the interactions in intestinal lymph be- 
tween lipoproteins of intestinal and hepatovascular origin. 

The heterogeneity of particles in the HDL and LDL den- 
sity spectra, in terms of size and composition, may well 
result in the selective passage of some subfractions from 
plasma to lymph in preference to others. To what extent 
lipoproteins of density below that of LDL may transfer is 
uncertain; although VLDL is generally considered too 
large to pass the endothelial lining of intestinal blood 
capillaries, the possibility exists that some intermediate 
density lipoprotein might pass. Extensive transfer or ex- 
change of both lipid and apolipoprotein constituents be- 
tween plasma and lymph lipoprotein have been observed 
in previous and in the present studies, but information on 
how individual apolipoproteins and phospholipids partici- 
pate is still incomplete. Unresolved also are questions 
about independent or coupled transfer of different 
lipoprotein constituents and the role of transfer proteins 
for these phenomena. Several of these questions may be 
answered by studies of chyluric patients by the techniques 
presently used if extended to include analysis of radioac- 
tivity and mass of individual apolipoproteins. 

In summary, we have provided new evidence that hu- 
man plasma HDL and LDL are the major sources of 
cholesterol in intestinal chyle and its major lipoproteins, 
chylomicrons, and VLDL. The two lipoproteins leave the 
circulation and enter the intestinal lymph as LDL and 
HDL, respectively. Cholesteryl esters from HDL, and 
presumably from LDL, transfer to the triglyceride-rich 
lymph lipoproteins largely dissociated from apolipoproteins. 
As cholesteryl esters of plasma HDL are part of the trans- 
port system of cholesterol from the periphery to the liver, 
the present observations demonstrate the existence of an 
extravascular loop in this pathway which may be of impor- 
tance for the efficiency of the reverse cholesterol transport. l a  
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