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A B S T R A C T Tlhoracic lyimplh duct cannulations were
p)erformed shortly after a meal in rabbits trained to in-
gest a moderate fat, low cholesterol diet. A tracer dose
of cholesterol-'H was administered to label exogenous
(dietary) cholesterol during absorption. Sequential lymph
samples were collected up to 24 hr postprandially, after
wvhich ultracentrifugal fractionation of ly)mph lipopro-
teins was carried out. The d < 1.006 lipoproteins were
separated into two classes, chylomicra and very low den-
sity lipoproteins (VLDL).
A comparison was made between clhylomicra and VLDL

of lymph in the transport of exogenous cholesterol after
ingestion of a single meal. The per cent of exogenous
cholesterol present in VLDL of sequential lymph col-
lections progressively increased with time after a meal
and by 18 hr hlad reached a value of 80% or greater. In
chylomicra the per cent of exogenous cholesterol of se-
quential lymph collections progressively decreased.
Therefore, exogenous cholesterol w%as preferentially trans-
ported in VLDL compared with chylomicra.

Cholesterol ester specific activity (CESA) of lymph
chylomicra and VLDL increased at a more rap)id rate
than free cholesterol slecific activitV (FCSA'). CESA
of VLDL was three times higher than FCSA at the nmax-
imum. Exogenous cholesterol wlhich appeared in both
chvlomicra and VLDL was consistently 80% esterified,
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while the per cent of total cholesterol esterified decrease(d
with tinme and wNas significantly lower than that for
exogenous cholesterol from 6 to 24 hr postprandially.
These results demonstrate l)referential esterification of
exogenous cholesterol during absorption and indicate
that a mechanism exists within the intestinal miucosal cell
to maintaiin both free and esterified exogenouis cholesterol
in a chemically distinct pool from endogenous clholesterol
during incorporation into both chylomicra an(d VLDL.

INTRODUCTION

In some species, most notably the rabbit (1), increase(d
amounts of dietar clholesterol lead to dramlatically ele-
vated plasma cholesterol concentrations. In contrast, the
rat and dog do not exhibit this response to dietary cho-
lesterol alone (1). In the present -work we have studied
exogenous cholesterol absorption in the rabbit since this
process is likely to be related to the high susceptibility
of this species to experimental atherosclerosis. WNe have
specifically examined the role of lymph chylomicra an(d
verv low density lipoproteins (V7LDL)' in exogenous
cholesterol transport in light of an earlier suggestioln
made by Zilversmit, Courtice, and Fraser (2) that the
rabbit is a species in which thoracic duct lymph coin-
tains comparatively high VLDL levels. The relative im-
portance of chylomicra and VLDL in the transport of ex-
ogenous cholesterol has not been investigated previously,
although a primary role for chylomicra hias long been
assumed (3). Our studies were carried out on rabbits

'Abbrcviationis ised in this paper: CESA, cholesterol
ester specific activity; FCSA, free cholesterol specific ac-
tivity; p.p., postprandially; VLDL, very low density lipo-
proteins.
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after ingestion of a single meal. In these studies, a low
cholesterol-containing diet was fed. These animals will
serve as controls for subsequent studies on rabbits fed
high cholesterol-containing diets.

METHODS
Aniimals. Male New Zealand white rabbits, weighing

between 2.5 and 3.5 kg were used in these experiments.
They were trained to eat two 45-g meals daily in 1-hr feed-
ing periods. The diet consisted of commercial rabbit pellets
(Rockland, Teklad, Inc., Monmouth, Ill.) coated with corn
oil and cholesterol. By analysis, the diet contained 4.7%
triglyceride and 0.08%o cholesterol. Experiments were car-
ried out after animals had ingested their normal morning
meal, in which case they obtained 2.11 g of triglyceride
and 36 mg of cholesterol. Animals used for these studies had
been on this diet for at least 1 month, and plasma choles-
terol concentrations remained in the normal range as de-
termined by assay.

Reagenits. Reagent grade solvents (Fisher Scientific Co.,
Ltd., Montreal, Canada) were used for lipid extraction and
thin-layer chromatography (TLC). The cholesterol-7a-3H
was purchased from New England Nuclear Corp., Boston,
Mass., and was purified on TLC before use (4). Corn oil
(Mazola, Canada Starch Company, Ltd., Montreal) and
cholesterol (ICN Nutritional Biochemicals, Cleveland,
Ohio) were added as dietary supplements. Sodium glyco-
deoxycholate was purchased from Sigma Chemical Com-
pany, St. Louis, Mo.

Cannulation and hanzdlinig of 13ymph saptles. Between 2
and 2i hr after feeding, animals were anesthetized with
sodium pentothal (Abbott Laboratories, Ltd., Montreal)
after which a laparotomy was performed. The left kidney
was tied off and removed to facilitate access to the thoracic
duct. This vessel lies deep to the aorta, and was exposed
just anterior to the level of the adrenals. After tying off
the thoracic duct anterior to the point of cannulation, it
was cannulated using Silastic tubing (Dow Corning Corp.,
Midland, Mich.; 0.025 inches, I.D., 0.047 inches O.D.) and
the cannula was fixed in place using tissue glue (Eastman
910 Adhesive, methyl 2-cyanoacrylate, Eastman Kodak Co.,
Rochester, N. Y.). The cannula was exteriorized through
a stab wound in the left side, after which the abdominal
incision was closed and the animal was placed in a prone
position and restrained. Collection of lymph was begun 3 hr
postprandially (p.p.). Sequential lymph samples were col-
lected in polycarbonate tubes at room temperature usually
in 3-hr time intervals for a total time of 21 hr. Immedi-
ately after collection, 5% disodium ethylenediaminetetraace-
tate (EDTA), pH 7.0, was added to a final concentration
in lymph of 0.1% and samples were transferred to a 15°C
refrigerator. Preparative ultracentrifugation was begun
within 24 hr of collection. Animals were kept hydrated
throughout the collection period by continuous intravenous
infusion of 0.9% NaCl (4 ml/hr) into an ear vein. Rate of
lymph flow was relatively constant between 3 and 4 ml/hr
in animals treated in this way.

In some experiments, a tracer dose of 30 ,tCi (66 X 106
dAg) of cholesterol-7a-3H was added to the regular meal.
In other cases, the same dose of cholesterol-8H was ad-
ministered intraduodenally as an emulsion or as a micellar
solution after cannulation had taken place. The emulsion
was prepared by adding one drop of corn oil to the choles-
terol-3H dissolved in benzene, evaporating the benzene under
N2, and emulsifying by sonication in 1 ml of 10% sodium

glycodeoxycholate, pH 7.4. Sonication was carried out for
15 sec at 7 kc/sec, using the "Needle" probe on a Bronwill
Biosonik BP-111 (model 300W, Bronwill Scientific, Inc.,
Rochester, N. Y.). A clear micellar suspension was prepared
by adding about 10 mg of monoolein to the benzene solution
of cholesterol-3H, after which the benzene was evaporated
under N2 and 2 ml of 20 mli sodium glycodeoxycholate,
pH 7.4, was added. To assure complete solubilization, this
mixture was then treated by sonication as above.
At the end of the experimental period, plasma samples

were taken from those animals which had received the cho-
lesterol-'H dose as a micellar suspension. Such samples coIi-
tained negligible amounts of radioactivity, indicating that
the collection of intestinal lymph produced throughout this
period had been complete.

Fractionation of lymph samples. Lymph was subfrac-
tionated by ultracentrifugation in a L2-65B ultracentrifuge
(Beckman Instruments, Inc., Palo Alto, Calif.) using a
SW-40 swinging bucket rotor. The method, described in
detail elsewhere,2 consists of sequential centrifugations at
d = 1.006 to separate chylomicra (operational definition
Sr > 400) and VLDL (operational definition Sf 20-400).
Differences in mobility as seen on agarose electrophoresis2
performed according to Noble (5), indicated only very small
amounts of cross contamination occurred in the separation
of chylomicra and VLDL by this method. Greater than 95%
of exogenous cholesterol-'H recovered in lymph was found
in lymph d < 1.006 lipoproteins, and greater than 90% of
lymph triglyceride was also found in this fraction.

Lipid extraction and assaY. Whole lymph and lipopro-
tein were extracted in chloroform: methanol, 2: 1, according
to the procedure of Bragdon (6). Individual lipid classes
were separated by TLC. Free and ester cholesterol bands
were extracted in 10 ml of chloroform and portions of this
extract were taken to dryness under N2 before assay. Dried
portions of free and intact ester cholesterol were assayed
colorimetrically using the o-phthalaldehyde (ICN Nutri-
tional Biochemicals) reagent of Zlatkis and Zak (7), ac-
cording to the method of Rudel and Morris.3 Triglyceride
containing bands were extracted with 10 ml of chloro-
form: methanol, 2: 1, and portions were taken to dryness
before assay by the method of Van Handel and Zilversmit
(8).
Portions of whole lymph, of lipoprotein solutions, of

total lipid extracts, and of free and ester cholesterol ex-
tracts were taken for determination of radioactivity on a
Unilux II liquid scintillation system (Nuclear-Chicago
Corp., Des Plaines, Ill). Counting was carried out in an
18 ml counting medium containing 2.67 g of 2,5-diphenyl-
oxazole (PPO) and 133 mg of 1,4-bis[2-(5-phenyloxa-
zolyl)]benzene (POPOP) per liter of toluene. When whole
lymph and unextracted lipoprotein solutions were counted,
1 ml of methanol was added with 25 IO of sample to main-
tain a one-phase system. Counting efficiency was determined
with an external standard using the channels ratio method
for quench correction (9).

Statistical ezaluation. The paired t test (10) was used
to test for significant differences between the per cent
esterification of exogenous and total cholesterol of chylo-
micra and VLDL.

2Rudel, L. L., M. D. Morris, and J. M. Felts. In prepa-
ration.
3Rudel, L. L., and M. D. Morris. Submitted for publi-

cation.
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FIGURE 1 Rate of appearance of triglyceride, total cholesterol, anld exogenous choles-
terol-'H in lymph chylomicra anid VLDL. Each point on the graph represents the
midpoint of the collectioni iinterval. Animal 715 received the cholesterol-'H dose
3 hr after a meal as a micellar solution, animal 61 received the dose 3 hr after a

meal as an emulsion, and animal 211 received the dose as part of the meal. The
triglyceride recovered in animals 715, 61, and 211 was 16, 34, and 46%, respectively,
of that ingested with the meal; average recovery was 30%. The exogenous choles-
terol recovered in animals 715, 61, and 211 was 14, 34, and 41%, respectively, of the
dose administered; average recovery was 30%.

RESULTS

Appearance of cholesterol and triglyceride in d < 1.006
lipoproteins of lymnph. The rate of appearaince of tri-
glyceride in chylomicra aind VLDL was used as an in-
dex of formation of these lipoproteins after a meal.
Three typical patterns for triglyceride appearance are

shown in Fig. 1. The maximum rate of appearance in
chylomicra was between 8 and 12 hr p.p. and preceeded
the maximum rate of appearance of triglyceride in
VLDL. Table I shows the total amount of triglyceride
contained in chylomicra and VLDL of the 21-hr lymph
collections (3-24 hr p.p.). During this period, an average

of 55% of the triglyceride appeared in VLDL and 45%
appeared in chylomicra. A relationship was found be-

tween the rate of appearance and the total amount of
triglyceride recovered in VLDL vs. chylomicra. When
relatively less triglyceride was absorbed, as in animal 715,
the rate of appearance in chylomicra was lower than in
VLDL. The per cent of recovered triglyceride in chylo-
micra for the entire collection period wsas only 31%. In
animal 211, three times as much triglyceride appeared
in the lymph collection as for animal 715, and the rate
of appearance of triglyceride in chylomicra exceeded
that of VLDL throughout the early times. For the en-

tire collection period, 50% of the recovered triglyceride
was present in chylomicra. Thus, these results suggest
that chylomicron formation occurs in response to the
amount of triglyceride absorbed whereas VLDL forma-
tion remains much more constant.
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TABLE I
Cholesterol and Triglyceride Distribution between Lymph

Chylomicra and VLDL

Lipid* in d < 1.006 lipoproteins
of 21 hr lymph collection

Lipoprotein Exogenous
lipid Triglyceride Cholesterol cholesterol-'H

mg % mg % dpm X 10 %
Chylomicra 302 4171 45 21 -43.6 35 6,2984=1,933 28
VLDL 339454 55 37:4:4.2 65 13,514:412,267 72

Total 641 4124 58 z7.1 19,87344,123

* Mean ±SEM for five animals.

Fig. 1 shows that the rate of total cholesterol ap-
pearance in lymph chylomicra and VLDL parallels tri-
glyceride appearance, although the rate of appearance
in VLDL compared with that in chylomicra is propor-
tionately higher for total cholesterol than for triglyceride.
Table I shows that a greater percentage of total cho-
lesterol than of triglyceride was carried in the VLDL.
This was true for all animals studied and averaged 65%.
More total cholesterol was recovered in d < 1.006 lipo-
proteins of lymph than the amount of cholesterol fed
with the meal, in spite of an average recovery of only
30% of exogenous cholesterol-3H.

Since chemically determined total cholesterol con-
tains both exogenous and endogenous cholesterol, we used
tritium-labeled exogenous cholesterol so that absorption
of this form could be studied separately. The pattern of
appearance of exogenous cholesterol was not identical
with that of triglyceride or total cholesterol (Fig. 1).
The rate of exogenous cholesterol appearance in VLDL
was higher than the rate of triglyceride or total cho-
lesterol appearance in VLDL (Fig. 1), and the total
per cent of exogenous cholesterol recovered in VLDL
was always greater, even in animals in which total tri-
glyceride absorption differed threefold. Taken together,
these data clearly demonstrate a preferential incorpora-
tion of exogenous cholesterol into VLDL.
The most dramatic demonstration that the VLDL is

the most important transport vehicle of exogenous cho-
lesterol during absorption was obtained when the per
cent distribution of exogenous cholesterol between chylo-
micra and VLDL for each sequential lymph sample was
determined in seven animals (Fig. 2). A progressive in-
crease of exogenous cholesterol present in VLDL oc-
curred for each sequential lymph collection. Over 80% of
exogenous cholesterol was present in VLDL by 18 hr.

Chemtical formii of cholesterol in chylomiticra and VLDL.
The chemical form in which exogenous cholesterol ap-
peared in lymph was studied by examining the free clho-
lesterol specific activity (FCSA) and the cholesterol
ester specific activity (CESA) of botlh chylolimicra and
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FIGU,RE 2 Distribution of exogenous cholesterol-'H be-
tween chylomicra and VLDL of sequential lymph samples.
Samples for each collection interval were fractionated into
chylomicra and VLDL, and the distribution of cholesterol-
3H was determined for each sample. Each point on the
graph represents the midpoint of the collection interval. The
mean ±SEM is shown for seven animals.

VLDL of lymph. Fig. 3 shows the specific activity
changes which occurred with time. In each animal, the
CESA increased at a more rapid rate than FCSA.
CESA exceeded the FCSA by two to fivefold at the ob-
served maxima. CESA of VLDL exceeded those of
chylomicra at the maxima for all animals studied. The
same maximum CESA in VLDL was observed for two
animals and was 1 X 106 dpm/mg while the maximum
FCSA observed was 3 X 10' dpm/mg.
A comparison was made between the per cent esteri-

fication of exogenous cholesterol-3H and of total cho-
lesterol. Fig. 4 shows the results obtained in both chylo-
micra and VLDL isolated from sequentially collected
lymph samples. The per cent esterification of exogenous
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FIGURE 3 Time course of appearance of exogenous cho-
lesterol-3H in free and ester cholesterol of lymph chylomicra
and VLDL as shown by specific activity changes. Dose
administration is described in Fig. 1. Each point of the
graph represenits the midpoint of the collection interval.
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FIGURE 4 Esterification of total cholesterol and of ex-
ogenous cholesterol-3H in lymph lipoproteins. Mean values
for four animals are shown, so that the number of samples
is 6-8 for each time interval except 3-6 hr where three
samples w-ere anialyzed.

cholesterol-3H in both lipoproteins remainied relatively
constant except at the 3-6 hr interval during which only
a small amount of cholesterol-3H appeared. A gradual
decrease in the per cent of chemically determined total
cholesterol present as ester cholesterol occurred w\ith
-timle. 'Uponl analysis usinlg the paired t-test, the decrease
wvith timle in total cholesterol esterification ,vas significant
at the P < 0.01 level for VLDL, while the decrease for
chylomicra wvas not found to be statistically significant.
XVhen the per cent esterification of cholesterol-'H is
conmpare(l wvith that of total clholesterol, significaint dif-
ferences at the P < 0.01 level occurred at all but the 3-6
hr interval for both chylomicra and VTLDL. These data
demonstrate preferential esterification of exogenous cho-
lesterol compared with total clholesterol.

DISCUSSION

It has only recently been recognized that the intestine
is the site of synthesis of significant quantities of VLDL
which may enter the circulationi (11-14). However, only
one report hias suggested tllat the VLDL may be im-

portant in cholesterol transport in lynmph (2) and ex-
ogenotus clholesterol per se was not stu(lied in those ex-

perimienits. A comparison of the transport of exogenotus
clholesterol in lymph chylomnicra and VLDL after a

single mleal w-as carried out in low cholesterol-fed rah-
bits. Our data clearly showv that VLDL is the major
tranlsport vehicle for exogeniotus cholesterol in this spe-
cies. A preferential incorporation of exogenous cho-
lesterol into VLDL was demionstrated in at least three
ways. First, the per cent of exogenous cholesterol of
lymph present in VLDL continuously increased with
time after a meal until, at later times, 80% or greater

was present in VLDL (Fig. 2). Second, the per cent of
exogenous cholesterol-'H recovered in lymph VLDL was
consistently higher thani the per cent of triglyceride and
total cholesterol recovered in VLDL (Table I). This
wNas found to be true even when the total amounit of ab-
sorbed triglyceride changed threefold. Third, the maxi-
imiuIm1 rate of appearaince of exogenous cholesterol in
VLDL comlpared with its nmaximum rate of appearance
in chvlomi cra is proportionately greater thani the imiaxi-
mum rates of appearanice of triglyceride and total cho-
lesterol in these t-o lipoproteins (Fig. 1). The present
studies establish anl imlportant role for VLDL in exoge-
Inous cholesterol transport in lymph1 of the rabbit and
provide additional evidence that the intestinie is an MI-
portaint site of VrLDI synthesis.

Otur results elucidate some specific aspects of the
mechanism of exogenous cholesterol absorptioni by the
intestinal mucosal cell. \Vre can visualize the following
hypothetical mlodel: Exogenous and endogenous free
cholesterol in the intestinal lumein is solubilized by in-
corporation into nmicelles, and in this nmicellar phase these
sources of cholesterol become iidistiinguishable. Micellar
free cholesterol crosses the brush border of the mucosal
cell ('15)). Since complete equilibration of exogenous and
endogelnous cholesterol w,vas not observed, esterificatioi
probably occurs iimmediately after the exogenous (micel-
lar) cholesterol crosses the brush border. In this context,
it has been reported b1 David, -Malathi, and Ganguly
(16) that the intestiinal miiucosal cell in rats has a cho-
lesterol esterifving enzme on the inside of the brtush
border. Upon esterificationi, absorbe(d miiicellar cholesterol
is effectively separated inside the cell from endogeinous
cholesterol pools. Since the ratio of free to ester cho-
lesterol-3H is maintained at 1 to 4 in the face of chang-
ing mass and specific activity, it follow-s that the ex-
ogenous free cholesterol withini the cell must also be
maintained in a chemically or physically distinct pool.
Exogenous cholesterol is subsequently incorporated inlto
chylomicra and VLDL which theni enter ly-mplh. Duiring
formation of chvlomicra and VLDL, free endlogelnous
clholesterol synthesized within the miiucosal cell is incor-
porated into these lipoproteins. prohbaly as part of the
outer coat (17), which accouniits for- the low-er FCSA
thlan CESA.

Sutchi a hypothiesis is colnsistent withi a (liluitioll of lIa-
beled dietary clholesterol by endogenous cholesterol froin
at least four sources; namielv, fromi cholesterol preselnt
in bile, fromn cholesterol preseint in sloughed cells, fromii
the cholesterol synthesized in the intestinial mucosal cell
and by free cholesterol exclhange with d > 1.006 lipo-
proteins of lymph. Our data enable us to calculate rela-
tive contributions of individual endogelious cholesterol
sources (Table II). The values for the miiaximal specifc
activities of free and ester cholesterol of lymph chylo-

9690 L. L. Rudel, A!. D. Morri.s, anid J. Al. Felt.s



micra and VLDL were used since these values probably
are the closest approximation to a steady-state condition.
The average amount of total cholesterol appearing in the
lymph d < 1.006 lipoproteins was 58 mg (Table I). An
average of 64% of total cholesterol was esterified (Fig.
4), so that approximately 37 mg of the recovered cho-
lesterol of lymph d < 1.006 lipoproteins was cholesterol
ester and 21 mg was free cholesterol. The CESA maxi-
mum was 1 X 106 dpnm/mlg in VLDL and was 55% of the
dietary cholesterol specific activity (30 ACi cholesterol-
3H/36 mg dietary cholesterol = 1.8 X 106 dpm,/mg). On
this basis, 20 mg of cholesterol ester originated in the
diet and 17 mg were of endogenous origin. According to
our hypothesis, the endogenous micellar free cholesterol
within the intestinal lumen is the precursor of endogenous
lymph d < 1.006 lipoprotein cholesterol ester. The maxi-
mum FCSA in lymph was 3 X 0I dpm/mg which is 17%
of dietary cholesterol specific activity. Thus, for free
cholesterol present in lymph d < 1.006 lipoproteins, 4 mg
originated in the diet and 17 mg were of endogenous
origin. This gives a calculated free cholesterol/ester
cholesterol ratio for exogenous cholesterol of 4/20. As-
suming the endogenous micellar cholesterol of the lumen
is equilibrated and behaves in identical fashion with ex-
ogenous cholesterol in micelles, the same factor must be
applied to determine the amount of endogenous luminal
cholesterol which appeared in the lymph as free choles-
terol. Thus, 3 mg of the endogenous free cholesterol re-
covered in lymph d < 1.006 lipoproteins probably origi-
nated from lumninal cholesterol and 14 mg probably origi-
nated in the intestinal mucosal cell. Based on the small
amount (< 5%) of exogenous cholesterol-3H recovered
in d > 1.006 lipoproteins of lymph, it is assumed that
the exchange of free cholesterol betwveen chylonmicra anid
VLDL and d > 1.006 lipoproteins would not significantly
affect the calculation. Therefore, for these calculations
41% or 24 mg of the cholesterol recovered in lymph was
of exogenous origin, i.e., from the diet, and 59% or 34
mg was of endogenous origin. Of the 34 mg of endoge-
nous cholesterol, 59% or 20 mg originated in the intes-
tinal lumen, probably from bile cholesterol since Wilson
and Reinke (18) have shown that little sloughed cell
cholesterol is reabsorbed from the lumen. The other 41%
or 14 mg of endogenous cholesterol originated from the
intestinal mucosal cell probably via de novo synthesis.

Thus, the present studies demonstrate that exogenous
cholesterol is transported preferentially in VLDL rather
than in chylomicra in thoracic duct lymph of low cho-
lesterol, moderate fat-fed rabbits. The formation of lymph
VLDL and chylomicra appeared to be at least partially
depe-ndent on the amount of triglyceride absorbed and
increased rates of appearance of chylomicra were found
when the amount of absorbed triglyceride increased. In
both lymph VLDL atid chylomicra, exogenous cholesterol

TABLE I I
Endogenous and Exogenous Cholesterol Distribution

Lymph d < 1.006 lipoprotein

Ester Free
cholesterol cholesterol

mg mg

Total* in lymph 37 21
From exogenousl 20 4
From endogenous 17 17
Luminal 17 3
Mucosal - 14

* Total cholesterol appearing in lymph over the 21 hr collection
period was 58 mg (Table I).
I The calculated per cent of total cholesterol appearing in
lymph was 59% endogenous and 41% exogenous.

was preferentially esterified. The per cent esterification
of exogenous cholesterol remained constant with time in
the face of a changing specific activity and a changing
rate of appearance, wlhile the per cent esterification of
total cholesterol decreased. These data suggest that the
intestinal niucosal cell has a mechanism to recognize and
maintain the newly absorbed exogenous cholesterol in a
separate compartment fronm the endogenous mucosal cell
cholesterol.
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