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Abstract The effect of two different levels of dietary choles-
terol (0.16 mg/Kcal and 0.79 mg/cal) on the composition of
thoracic lymph duct lipoproteins was studied in two species of
nonhuman primates, Cercopithecus aethiops (African green mon-
key) and Macaca fascicularis (cynomolgus monkey). Diet was
infused intraduodenally at a constant rate to facilitate com-
parisons among animals. The higher level of dietary choles-
terol resulted in an increase in the amount of cholesteryl ester
in lymph chylomicrons and VLDL. Cholesteryl oleate was the
predominant cholesteryl ester present in lymph d < 1.006 g/
ml lipoproteins and it was the predominant cholesteryl ester
formed from exogenous radiolabeled cholesterol. The per-
centage of saturated and monounsaturated cholesteryl esters
in lymph chylomicrons and VLDL significantly increased with
the higher dietary cholesterol level. The apoprotein distri-
bution of chylomicrons and VLDL was qualitatively similar
during infusions of both diets. The apoprotein B of intestinal
chylomicrons and VLDL, termed apoprotein B2, was quali-
tatively similar during low and high cholesterol diet infusion
and was significantly smaller than that of plasma LDL apoB,
termed apoprotein Bl, as indicated by its electrophoretic mo-
bility in SDS-polyacrylamide gels. The major phospholipid
present in lymph chylomicrons and VLDL was phosphatidyl-
choline and the phospholipid composition of the particles was
not affected by diet. Lymph d > 1.006 g/ml lipoproteins were
separated and the cholesterol mass distribution among lipo-
protein fractions was found to be similar during both diet
infusions. With an increase in the level of dietary cholesterol,
the percentage esterification of cholesterol mass and of ex-
ogenous cholesterol radioactivity increased in LDL and HDL
from lymph. Lymph LDL and HDL contained less free and
esterified cholesterol when their composition was compared
to that for these lipoproteins in plasma.Bf We conclude that
the primary effect of increased dietary cholesterol level was
to increase the cholesteryl ester content of all lymph lipopro-
teins; cholesterol distribution among lymph lipoproteins was
unaffected—XKlein, R. L., and L. L. Rudel. Effect of dietary
cholesterol level on the composition of thoracic duct lymph
lipoproteins isolated from nonhuman primates. J. Lipid Res.
1983. 24: 357-367.
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We have reported in a separate publication (1) on
studies carried out in nonhuman primates to determine

the effects of increased dietary cholesterol level on cho-
lesterol absorption and transport in lymph lipoproteins.
We report here on the effects of dietary cholesterol level
on lymph lipoprotein composition and distribution in
the same population of nonhuman primates. In other
laboratories, studies have been carried out in rats and
dogs in which dietary cholesterol level has been shown
to modify the composition of lymph lipoproteins (2—4).
Zilversmit (2) fed dogs increasing levels of dietary cho-
lesterol and found that the percentage of chylomicron
lipid present as cholesteryl ester increased significantly.
Free cholesterol content was also increased but not to
the same extent as was cholesteryl ester. Fielding, Ren-
ston, and Fielding (3) found that chylomicron choles-
teryl ester content was significantly increased in rats
receiving intraduodenal lipid infusions enriched in cho-
lesterol. Studies such as these show that increased di-
etary cholesterol level results in increased cholesteryl
ester content of lymph lipoproteins; the cholesteryl ester
increase was the main compositional difference and was
of greater magnitude than the increase in the percent-
age of free cholesterol. In other studies in rats, Riley
et al. (4) found a significantly increased percentage of
cholesteryl ester in the lymph lipoproteins of the 1.006
<d < 1.063 g/ml density range which occurred to-
gether with a shift in cholesterol distribution that fa-
vored cholesterol transport in these lipoproteins. In
sum, these studies have pointed out that the level of
dietary cholesterol can alter the chemical composition
and the cholesterol distribution among lymph lipopro-
teins. Such changes would be expected to result in al-

Abbreviations: ACAT, acyl CoA:cholesteryl acyl transferase; DTNB,

5,5'dithiobis (nitrobenzoic acid); EDTA, ethylenediamine tetraacetate;
HDL, high density lipoproteins; HPLC, high performance liquid chro-
matography; LCAT, lecithin:cholesterol acyl transferase; LDL, low
density lipoproteins; PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecyl sulfate; VLDL, very low density lipoproteins.

! Present address: Cornell University, Division of Nutritional Sci-
ences, Ithaca, NY 14853,
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terations among plasma lipoproteins 1) by effects on
liver cholesterol metabolism since chylomicron choles-
teryl esters are rapidly cleared from plasma by the liver
(5-7) and 2) by effects on intravascular metabolism since
chylomicron surface is the precursor material for HDL
(8, 9). In species such as the rabbit, it is possible that
dietary cholesterol-induced compositional changes in
lymph lipoproteins can retard their clearance rate from
plasma (10).

The present studies were carried out to define the
changes in lymph lipoproteins associated with the diet-
induced modifications in plasma lipoproteins in non-
human primates. These animals have a characteristic
cholesteryl ester enrichment of their plasma LDL that
occurs in response to cholesterol feeding (11, 12). The
extent of this change was found to be highly correlated
to the degree of coronary artery atherosclerosis (13,
14). The compositional analyses of lymph lipoproteins
of the present study suggest that the cholesteryl ester-
enriched plasma LDL of nonhuman primates does not
arise directly from intravascular metabolism of lymph
chylomicrons and VLDL, but rather, LDL enlargement
may result indirectly presumably as a consequence of
hepatic metabolism of cholesteryl ester enriched chy-
lomicrons and VLDL.

METHODS AND MATERIALS

Two species of nonhuman primates were used in
these studies, namely cynomolgus macaques (Macaca fas-
cicularis) and African green monkeys (Cercopithecus ae-
thiops). The thoracic lymph duct was exposed and cath-
eterized resulting in a continuous closed-loop of lymph
flow and, in some animals, an intraduodenal catheter
was also surgically implanted for subsequent infusion of
diets (1). The animals were permitted to recover from
surgery in individual animal cages for 10~14 days be-
fore an experiment was begun. In most of the experi-
ments, each animal was infused with two fat-rich diets
that differed only in the cholesterol level of the diet (1).
In addition, several animals were fed in sequence solid
diets with low and then high cholesterol levels (the 75-
8B diets of ref. 15).

Radiolabeled cholesterol was purchased from one of
three companies, Research Products International, Elk
Grove, 1L; New England Nuclear, Boston, MA; or
Amersham, Arlington Heights, IL. Each lot was puri-
fied and then added to experimental diets as described
previously (1). Aliquots of the organic solvent extracts
of lymph, of lipoprotein solutions, and of free and es-
terified cholesterol used in cholesterol mass analyses
were taken for determination of radioactivity in a Beck-
man LS-7000 liquid scintillation counter (Beckman
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Instruments, Inc., Fullerton, CA) as described pre-
viously (1).

Thoracic duct lymph was collected and lymph d
< 1.006 g/ml lipoproteins were subsequently isolated
as described previously (1). In some experiments, the
1.006 < d < 1.225 g/ml lipoprotein fraction was iso-
lated from lymph as follows. Approximately 200 m! of
lymph collected during the last 12 hr of each infusion
were overlaid with saline and spun in the SW-27 rotor
at 27,000 RPM for 24 hr at 15°C. The floating d
< 1.006 g/ml lipoprotein fraction of lymph was re-
moved from the centrifuge tube, and lymph containing
the d > 1.006 g/ml lipoprotein fraction was then con-
centrated at 4°C (Amicon, Model 52, UM-20 mem-
brane; Lexington, MA) to approximately 20-40 ml.
The 1.006 <d < 1.225 g/ml lipoproteins were then
isolated by ultracentrifugation and were separated using
agarose column chromatography (Bio-Gel® A 15 m,
200-400 mesh, Bio-Rad, Rockville Center, NY) as de-
scribed for plasma lipoproteins by Rudel et al. (16).

Blood samples were routinely obtained from each
animal before and after each experiment. The samples
were collected in 0.1% EDTA, 0.02% azide, 0.04%
DTNB, pH 7.4 (final concentration). Plasma was ob-
tained after low speed centrifugation of the blood sam-
ples and lipoproteins were then isolated as described
previously (16). Lipoprotein fractions were extracted
with chloroform-methanol 2:1, lipid classes were sep-
arated by thin-layer chromatography, and analyses of
individual classes were performed as previously de-
scribed (13). Apolipoproteins were extracted with
ethanol-ether 3:1, separated by polyacrylamide gel
electrophoresis in 0.1% SDS, and stained with Coom-
assie blue as previously described (13).

Individual cholesteryl esters were separated and
quantitated using reverse phase high performance lig-
uid chromatography (HPLC). Cholesteryl esters of all
lymph lipoprotein samples for HPLC analysis were first
isolated by preparative thin-layer chromatography with
silica gel H because the amount of triglyceride found
in lymph lipoprotein total lipid extracts interfered with
the subsequent HPLC cholesteryl ester separation. The
HPLC analyses were performed using the chromatog-
raphy conditions described by Carroll and Rudel (17).
Radioactivity in the cholesterol moiety of the cholesteryl
ester was monitored using a radioactive flow detector
(Flo-One®, Radiomatic Instruments and Chemical Co.,
Inc., Addison, IL). The HPLC column eluate was au-
tomatically and continuously mixed with a liquid scin-
tillation cocktail (Budget-Solve®, Research Products In-
ternational Corp., Elk Grove Village, IL) to monitor
cholesteryl ester radioactivity.

The separation of lysophosphatidylcholine, sphin-
gomyelin, phosphatidylcholine, phosphatidylserine, and
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TABLE 2. Phospholipid composition of lymph d < 1.006 g/ml lipoproteins

% by Weight

Animal LPC? SM PC PS PE

66 2.9 2.0 76.4 2.3 16.4

144 2.1 2.0 79.2 1.7 15.0

439 3.0 1.2 78.7 1.8 15.3
Mean *+ SEM 2.7 + 0.3 1.7+ 0.3 78.1 £ 0.9 1.9+02 156 + 0.4

“ Abbreviations are: LPC = lysophosphatidylcholine, SM = sphingomyelin, PC = phosphatidylcholine, PS
= ?hosphatidylserine + phosphatidylinositol, PE = phosphatidylethanolamine.
" Mean + SEM for three animals; four to eight observations for each animal.

in TG/FC ratio, but this change was not statistically
significant. However, the esterified cholesterol content
of the VLDL was significantly increased with the high
cholesterol diet infusion as evidenced by the signifi-
cantly decreased TG/EC ratio. The proportion of the
cholesterol in the particles that was esterified also
changed with the percentage of esterified cholesterol
(EC/TC ratio) increasing from 48% to 55% and from
50% to 57% in the chylomicrons and VLDL, respec-
tively, during the high cholesterol diet infusion. These
increases were statistically significant for both lipopro-
teins.

The chemical composition was also determined for
chylomicrons and VLDL isolated from sequential sam-
ples obtained during three self-feeding studies. The per-
centage composition of both the chylomicrons and
VLDL changed with the increase in the level of dietary
cholesterol in a manner similar to that observed during
the constant infusion studies. Statistical analysis using
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Fig. 1. Agarose column chromatography elution profile of the 1.006
<d < 1.225 g/ml lipoprotein fraction of lymph from a single animal.
Samples were prepared as detailed in Methods section. The material
in the regions indicated by the Roman numerals was then pooled for
further analysis. The profile is for lymph obtained during the 24-36-
hr period of a high cholesterol diet infusion.
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the TG/ TC ratio of the lipoproteins indicated that, with
the high level of dietary cholesterol, the total cholesterol
of both chylomicrons and VLDL had significantly in-
creased (P < 0.01), i.e., the TG/TC ratio decreased.
This increase in the total cholesterol of the particles was
primarily due to a significant increase (P < 0.01) in es-
terified cholesterol as evidenced by the lower TG/EC
ratio; the TG /FC ratio was also decreased, but statistical
significance at the 5% level was not reached.

The phospholipid composition of the chylomicrons
and VLDL from sequential samples obtained during
both meals was determined using thin-layer chromatog-
raphy. The phospholipid composition of the lipopro-
teins was not affected by diet, lipoprotein size, or time
after a meal; therefore all data were combined in
Table 2.

Cholesterol transport in d > 1.006 g/ml
lipoproteins

A representative agarose column chromatography
elution profile showing the size distribution of the
lymph d > 1.006 g/ml lipoproteins is shown in Fig. 1.
The mass of material eluting in the first peak (near the
void volume) was very low, therefore the first two peaks
were pooled as region 1. The elution volumes for re-
gions II and III corresponded to those of plasma LDL
and HDL, respectively. The cholesterol mass distribu-
tion for the three regions was similar during both diet
infusions and averaged 14.5%, 40.9%, and 44.6% for
regions I, 11, and III, respectively, in five animals. Ex-
ogenous cholesterol radioactivity was distributed simi-
larly during both diet infusions and averaged 12.6%,
27.1%, and 60.3% in regions I, 11, and III, respectively
in five animals. The percentage of exogenous choles-
terol radioactivity in the esterified form significantly in-
creased (P < 0.05) from 50.0% to 62.4% in region 11
lipoproteins and from 35.4% to 49.8% in region III
lipoproteins during the high cholesterol diet infusion.

As indicated by the data in Table 3, during the high
cholesterol diet infusion, a greater proportion of the
cholesterol in every component of region II and IiI
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TABLE 3. Influence of the level of dietary cholesterol on the
percentage of cholesterol derived from exogenous origin in
lymph lipoproteins of agarose column regions 11 and 111

Exogenous Cholesterol” (%)

Low High
Cholesterol Cholesterol
Diet Diet Significance

Region II lipoproteins

7.0+ 1.7% 22745 <0.05
EC 1.1 +0.7 4.3 +0.8 N.S.
Significance, FC vs. EC P =0.05 <0.001
Region III lipoproteins
8.6+ 1.2 239+ 52 <0.05
EC 22+0.8 129+ 2.8 <0.05
Significance, FC vs. EC <0.05 <0.001

“ These values were calculated as described in ref. 1. The lymph
samples were obtained when the cholesterol specific activity in lymph
had become constant rejative to that of the diet infused, so that the
percentage of exogenously derived cholesterol can be calculated as the
lipoprotein FCSA or ECSA + dietary cholesterol SA (X100).

b Mean + SEM for four to six animals, one observation per animal.

Abbreviations as given in Table 1.

lipoproteins was of exogenous origin than was the case
during the low cholesterol diet infusion. Regardless of
the level of dietary cholesterol, a greater proportion of
free cholesterol was of exogenous origin in both lipo-
protein fractions than was the case for esterified cho-
lesterol. The percentage of region III free cholesterol
derived from exogenous origin was significantly greater
(P < 0.05) than the percentage of that of region II re-
gardless of the level of dietary cholesterol. This was true
also for the percentage of region I1I esterified choles-
tero] (P < 0.05).

The chemical composition data of lymph region II
and III lipoproteins are found in Table 4. Relative to
plasma LDL, lymph region II lipoproteins were protein-
and phospholipid-rich particles deficient in cholesteryl
esters and free cholesterol. There was a greater weight
percentage of triglyceride in the region II lipoproteins
compared to plasma LDL. The ratios of chemical con-
stituents suggest that there was an increase in both free
and esterified cholesterol with more of the cholesterol
present in the esterified form during the high choles-
terol diet infusion. Statistical analyses were not per-
formed in view of the limited number of samples.

Region III lymph lipoproteins were also lowered in
the amount of free and esterified cholesterol as com-
pared to plasma HDL and were relatively higher in the
amount of phospholipid. The percentage of triglyceride
in region I1I lipoproteins was greater than that in plasma
HDL. An increased fraction of total cholesterol was
present in the esterified form during the high choles-
terol diet infusion in region III lipoproteins.

Apolipoprotein pattern of appearance

SDS-PAGE was performed on apolipoproteins of chy-
lomicrons and VLDL from sequential lymph samples
obtained during both meals. The apoprotein composi-
tion of the chylomicrons and VLDL isolated during the
self-feeding studies was similar to that seen in samples
obtained during constant infusion studies. No dietary
cholesterol-induced differences in the apoprotein pat-
terns of lymph chylomicrons and VLDL were apparent.
Representative data from a single animal are shown in
Fig. 2. The apoprotein distributions of the chylomicrons
were similar for each timed lymph collection; the same

TABLE 4. Influence of the level of dietary cholesterol on the composition of lymph region 11 and 111 lipoproteins

% by Weight Ratios of Constituents (w/w)
TC/ EC/ FC/ EC/ PL/ TG/
FC CE PL TG Pro Pro TC Pro Pro Pro Pro
Region 11
Low cholesterol meal 6.9 23.9 28.9 15.7 24.8 0.85 0.64 0.20 0.55 1.21 0.63
+ 4.7 +9.2 + 8.4 + 1.7 + 23 + 0.06 +0.30 + 0.16 + 0.24 + 0.64 + 0.01
High cholesterol meal 5.1 26.4 28.7 16.5 23.4 0.97 0.80 0.32 0.74 1.25 0.72
+ 1.6 +6.3 +33 + 3.6 + 2.1 +0.10 +0.14 + 0.26 + 0.02 + 0.36 +0.31
Plasma LDL? 8.6 46.4 24.2 3.5 17.4 2.07 0.76 0.50 1.57 1.39 0.20
+ 0.1 + 0.1 + 0.1 + 0.1 + 0.1 + 0.02 + 0.01 + 0.02 + 0.04 + 0.01 + 0.05
Region 111
Low cholesterol® meal 2.2 5.2 35.7 6.7 50.2 0.11 0.50 0.04 0.06 0.74 0.14
+1.0 + 0.4 + 5.0 +16 + 7.2 + 0.04 +0.19 + 0.02 + 0.01 +0.29 + 0.07
2.0 49 34.5 8.2 50.6 0.10 0.65 0.05 0.06 0.68 0.17
High cholesterol meal +10 =01 *+02 *£28 =31 =*002 =006 =*003 =001 +006 =0.09
3.2 18.8 28.4 1.3 48.3 0.30 0.78 0.07 0.23 0.59 0.03
Plasma HDL? + 0.1 +0.2 + 0.1 + 0.3 + 0.1 + 0.01 + 0.02 + 0.03 + 0.02 + 0.02 +0.03

“ Mean £ S.D. of single determinations on samples from two animals.

® Mean * S.D. of single determinations on plasma lipoprotein samples obtained from the same two animals before lymph duct cannulation.

Abbreviations as given in Table 1.
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Fig. 2. The 12.5% polyacrylamide-SDS gel electrophoresis patterns of apoproteins of chylomicrons and VLDL
sequentially isolated during the course of a low cholesterol level meal in animal #66. The apoprotein pattern
of HDL isolated from plasma is shown for reference. Approximately 40 ug of protein was applied in each well.
The apoprotein components identified were apoproteins B, E, A-I, A-Il, and C, as judged by their comigration
with each of these apoproteins in purified form. The tentatively identified threonine-poor apoprotein is indicated
by ‘t-p’. The position of albumin migration is indicated by Alb.

was true for VLDL. The relative amount of protein in
the albumin region was quite different between the chy-
lomicrons and VLDL; the other bands in this region
may be apoproteins A-IV and A-V. Further centrifugal
washing of chylomicrons was not carried out because
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Fig. 3. The 5% polyacrylamide-SDS gel electrophoresis patterns of
apoproteins isolated from 1) lymph region II lipoproteins, 2) plasma
LDL isolated after 4 days of thoracic duct lymph drainage, 3) normal
plasma LDL isolated from the same animal before lymph drainage,
4) lymph chylomicra, 5) lymph VLDL, and 6) normal plasma HDL.
All fractions are from the same animal. Approximately 40 ug of pro-
tein was applied in each well. The two forms of apoprotein B are
indicated as Bl and B2; both were cross-reactive with antisera to
plasma LDL (apoB1). The remainder of the apoproteins migrated to
the bottom of the gel and were not identified.
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this resulted in detectable losses for each of the apo-
proteins to the infranate, not just removal of albumin.
The intensely staining band migrating slightly slower
than the A-II and C apoproteins has been tentatively
identified as the threonine-poor apoprotein as described
by Parks and Rudel (21).

The apoprotein B of lymph and plasma lipoproteins
is better visualized by using PAGE with a 5% separating
gel as shown for a representative animal in Fig. 3. The
lymph chylomicrons and VLDL have a single predom-
inant apoprotein B band (apoB2) which migrated
through the spacer gel and about 2 cm into the sepa-
rating gel; dietary cholesterol level did not alter this
pattern. The apoprotein B of normal plasma LDL
(apoBl) also penetrated the separating gel but with a
mobility less than that of apoB2. These two forms of
apoprotein B coincide with the two forms of apoB that
have been described for rats and humans (22, 23), and
both react with antisera to monkey plasma LDL during
double immunodiffusion. The apoprotein B of LDL iso-
lated from a plasma sample taken after 4 days of lymph
drainage co-migrated with the slower migrating apoB1
band of normal plasma LDL; only a very faint band in
the apoB2 region was found in either of these plasma
LDL samples. The region II lymph lipoproteins con-
tained predominantly the slower migrating apoB1 com-
ponent but in contrast to the data for plasma LDL,
the apoB2 component was also clearly detectable in
lymph LDL.

The apoprotein composition of plasma HDL and
lymph region III lipoproteins is shown in the electro-
phoretogram in Fig. 4. The predominant apoproteins
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of these lipoproteins were apoproteins A-I and A-1I;
some apoprotein C is present but no apoprotein B was
found in these lipoproteins. The level of dietary cho-
lesterol did not appear to consistently modify the apo-
protein composition of the region III lymph lipopro-
teins, although for the animal of Fig. 4 there was rel-
atively less apoA-II and threonine-poor apoprotein in
the sample taken from lymph during the low cholesterol
meal (gel 3). The region III lymph lipoprotein apopro-
tein distribution was similar to that of plasma HDL. The
apoproteins of HDL isolated from plasma after 4 days
of lymph drainage were similar to those of normal
plasma HDL except for the increased amount of thre-
onine-poor apoprotein. The threonine-poor apoprotein
was typically present in the lipoproteins isolated from
animals during periods of chair restraint.?

Lymph lipoprotein cholesteryl esters

The distribution of lymph lipoprotein cholesteryl es-
ters was determined using high performance liquid
chromatography (HPLC). The analysis of cholesteryl
esters using HPLC does not require hydrolysis of the
ester linkage. Therefore, the distribution of radiola-
beled exogenous cholesterol in cholesteryl esters could
also be determined using HPLC. Cholesterol radioac-
tivity was monitored using an on-line liquid scintillation
detector. A representative chromatogram showing the
separation of chylomicron cholesteryl esters and the
distribution of exogenous cholesterol radioactivity in
the intact cholesteryl esters is shown in Fig. 5. A peak
with a retention time similar to that of free cholesterol
was seen with reasonable regularity in cholesteryl ester
samples from lymph lipoproteins. The peak did not con-
tain radioactivity and was probably not free cholesterol
but may be a retinol derivative, or possibly another fat-
soluble vitamin.

The cholesteryl ester composition of d < 1.006 g/
ml lymph lipoproteins isolated during both infusions is
found in Table 5. The predominant cholesteryl ester
in both chylomicrons and VLDL during both infusions
was cholesteryl oleate. The percentage of cholesteryl
palmitate and cholesteryl oleate in both lipoproteins
appeared to increase during the high cholesterol diet
infusion. This observation was confirmed by the statis-
tically significant increase in the ratio of the saturated
and monounsaturated cholesteryl esters relative to those
cholesteryl esters with two or more unsaturated double
bonds in their fatty acid moiety [(AO0 + A1)/A2 +]. The
ratio of cholesteryl oleate to cholesteryl linoleate was
significantly higher in animals receiving the high cho-
lesterol diet. The relative proportions of the other sat-

* Parks, J. S., and L. L. Rudel. Manuscript in preparation.

Fig. 4. The 12.5% polyacrylamide-SDS gel electrophoresis patterns
of apoproteins isolated from: 1) normal plasma HDL isolated before
lymph drainage, 2) HDL from a plasma sample collected after 4 days
of lymph drainage, 3) region III lymph lipoproteins isolated during
low cholesterol level meal, 4) region III lymph lipoproteins isolated
during the high cholesterol meal. Each lipoprotein fraction was iso-
lated from the same animal. The apoproteins identified were apopro-
teins A-1, A-I1, C, and the threonine-poor apoprotein as given in Fig.
2. Approximately 40 ug protein was applied in each well.

urated and monounsaturated cholesteryl esters re-
mained similar during both infusions, suggesting there
was a proportionate increase in appearance rate in each
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Fig. 5. A comparison of the radioactivity versus mass distribution of
lymph chylomicron cholesteryl esters after separation by high perfor-
mance liquid chromatography (HPLC). Lymph chylomicrons were iso-
lated during the infusion of a low cholesterol level diet containing
[*H]cholesterol. Approximately 250 ug of esterified cholesterol was
applied to the column. Cholesteryl ester mass ( ) was monitored
spectrophotometrically at 213 nm. Cholesteryl ester radioactivity
(- — -) was determined by in-line scintillation counter, Peak identifi-
cation: 1) free cholesterol, 2) cholesteryl linolenate, 3) cholesteryl ar-
achindonate, 4) cholesteryl linoleate, 5) cholesteryl palmitoleate, 6)
cholesteryl myristate, 7) cholesteryl oleate, 8) cholesteryl palmitate, 9)
cholesteryl heptadecanoate, and 10) cholesteryl stearate.
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TABLE 5. Influence of the level of dietary cholesterol on cholesteryl ester composition of lymph lipoproteins

Cholesteryl Ester (%)

Ratios of Constituents (w/w)

A0+A1  COl €Ol CPa  COI
CMy* CPa CPo CSt COl CLn CLI CAr A2+ CLn CSt CSt CPa
Chylomicrons
Low cholesterol meal 1.50¢ 19.10 497 10.37 4286 2370 080 1.10 2.93 1.71 431 192 232
+040 *047 +£0.25 £0.61 +0.97 +1.12 +0.24 +0.17 +0.16 +0.12 *031 +0.10 +0.11
High cholesterol meal  1.19 22,68 3.13 11.05 44.99 17.99 0.66 0.54 442"  240° 414 211  2.03

+0.18 *=062 =053 +1.03 +0.81

VLDL
Low cholesterol meal 0.86 20.97 3.16 12.39 38.86
+0.15 +0.75 046 +1.66 =+ 0.90
High cholesterol meal 1.39 23.02 3.60 11.53 43.02
+£0.18 +078 +£0.36 +1.06 +1.07

+0.98 *=0.08 +0.06 +036 *0.14 *053 =031 *x0.11

24.49  0.69 1.46 2.84 1.62 3.61 191 1.93
+1.59 +0.04 +0.10
18.24 064 0.82 4855 240® 374 200 1.82
+1.31 +0.04 +0.11

+0.23 *011 *053 +020 +0.11

+039 *0.14 =*051 =021 *=0.11

“ Mean = SEM for six animals; two to nine observations for each animal.

4P < 0.01; low vs. high.

¢ Abbreviations: CMy, cholesteryl myristate; CPa, cholesteryl palmitate; CPo, cholesteryl palmitoleate; CSt, cholesteryl stearate; COI, cholesteryl
oleate; CLn, cholesteryl linoleate; CLI, cholesteryl linolenate; CAr, cholesteryl archidonate. A0, Al, and A2+, cholesteryl esters with 0, 1, or

=2 double bonds in the fatty acid, respectively.

of these cholesteryl esters during the high cholesterol
diet infusion.

The specific activity of individual cholesteryl esters
of lymph lipoproteins is shown in Table 6. The specific
activity of an individual ester was essentially equivalent
when the value for chylomicrons is compared to that
for VLDL although in some cases the VLDL CESA was
significantly lower. In only one case, cholesteryl stear-
ate, was the VLDL CESA significantly higher than that
for chylomicrons. The specific activity for each of the
individual cholesteryl esters was significantly higher
when the high cholesterol diet was fed (P < 0.001). The
cholesteryl ester with the lowest specific activity was,
without exception, cholesteryl linoleate. A paired ¢-test
was used to compare the specific activity of cholesteryl
linoleate to that of cholesteryl palmitate, cholesteryl
stearate, and cholesteryl oleate. In each case, the lower
specific activity of cholesteryl linoleate was statistically
significant. The specific activity of cholesteryl arachi-
donate was also compared in this way and the difference
was also found to be statistically significant. The cho-
lesteryl linoleate specific activity was lower than that of
cholesteryl arachidonate in both chylomicrons and
VLDL but the difference was statistically significant only
while the animals were fed the high cholesterol diet.

DISCUSSION

In the companion studies to the work presented here,
we showed that increased dietary cholesterol levels re-
sulted in an increase in lymphatic transport of exoge-
nous cholesterol as cholesteryl ester (1). The data sug-
gested that cholesterol esterification, presumably by in-
testinal ACAT, was likely to play an important role in

364 Journal of Lipid Research Volume 24, 1983

regulation of the amount of cholesterol absorption. The
data in this paper reinforce this possibility. The high
cholesterol diet infusion resulted in the appearance of
chylomicrons and VLDL that were cholesteryl ester-en-
riched (Table 1) while the pattern of exogenous cho-
lesterol distribution among cholesteryl esters (Table 6)
suggested that these esters had been synthesized by
ACAT (24). The free cholesterol content of the lymph
lipoproteins was also increased by the higher dietary
cholesterol level but not to the extent that cholesteryl
ester content was increased. These findings clearly in-
dicate that increased cholesterol esterification accom-
panies increased dietary cholestero] absorption in pri-
mates as has been shown to be the case in lower animal
species (25, 26). Although the lipid composition of
lymph lipoproteins was significantly altered by a high
level of dietary cholesterol, the apoprotein composition
of lymph lipoproteins appeared unaltered. The apopro-
tein composition of chylomicrons and VLDL was qual-
itatively similar regardless of the level of dietary cho-
lesterol. This was true for constant infusion studies as
well as for the self-feeding studies.

In nonhuman primates fed dietary cholesterol with
saturated fat, hypercholesterolemia is associated with
the enrichment of plasma LDL with saturated and
monounsaturated cholesteryl esters (13, 27). However,
based on the data of these experiments, two lines of
evidence suggest that intestinal chylomicrons and VLDL
are probably not direct precursors of cholesteryl ester-
enriched plasma LDL. Firstly, the plasma LDL choles-
teryl ester composition (17) was considerably different
from that found for the lymph lipoproteins (Table 5).
There were proportionately more cholesteryl palmitate,
cholesteryl stearate, and cholesteryl oleate and less cho-
lesteryl linoleate in lymph lipoproteins than was found
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in plasma LDL. In addition, there was approximately
2—4 times more cholesteryl ester per particle in chylo-
microns than in LDL, as evidenced by estimating the
particle size and molecular weight of the chylomicrons
from the percentages of the surface constituents (28).
Extensive modification of lymph lipoprotein cholesteryl
ester composition would be required if intestinal lipo-
proteins were to serve as a precursor pool to plasma
LDL during cholesterol feeding. The second line of
evidence is based on the observed apoprotein B heter-
ogeneity. The electrophoretic mobility in SDS-poly-

so1#crylamide gels of apoprotein B from intestinal chylo-

microns and VLDL (apoB2) was significantly different
than that from plasma LDL (apoB1) (Fig. 3). Since it
is currently believed that the apoprotein B molecule of
one lipoprotein particle is not exchangeable to another
particle, the intestinal chylomicron and VLDL particle
per se probably is not directly converted to a plasma
LDL particle (29).

The cholesteryl ester specific activity was similar for
each cholesteryl ester present as a major constituent
except cholesteryl linoleate (Table 6). Approximately
21% of the cholesteryl ester mass of chylomicrons and
VLDL was composed of cholesteryl linoleate, yet less
than 5% of the absorbed dietary radioactive cholesterol
in lymph lipoprotein cholesteryl ester was found in this
cholesteryl ester. The pattern of labeling of lymph li-
poprotein cholesteryl esters was consistent with the spec-
ificity of intestinal ACAT (24), i.e., greater than 90%
of the ester cholesterol radioactivity present was in cho-
lesteryl palmitate (32%), oleate (45%), and stearate
(13%), each having a similar specific activity. It seems
reasonable to assume that the free cholesterol available
to the esterifying enzyme (ACAT) was equally available
as a substrate for synthesis of all cholesteryl esters, i.e.,
the availability of fatty acid substrates would not affect
cholesteryl ester specific activity. Thus the primary de-
termining factor of individual cholesteryl ester specific
activity would be the free cholesterol specific activity of
the ACAT substrate pool of free cholesterol. In this
situation, the finding of lower cholesteryl linoleate spe-
cific activity suggests that a significant proportion of
cholesteryl linoleate may have been contributed to the
lipoprotein after it was secreted from the mucosal cell.
LCAT activity has been identified in lymph of rats (30),
and we found cholesteryl ester transfer activity in mon-
key lymph.* To rule out in vitro modifications after
lymph collection, DTNB was added to all lymph samples
and several lymph samples were collected at 4°C. The
cholesteryl ester percentage distribution of chylomi-
crons collected at 4°C was similar to that for lipopro-

® Klein, R. L, L. L. Rudel, and M. S. Thomas. Unpublished ob-
servation.
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teins collected at room temperature suggesting that
there was minimal modification of lipoprotein choles-
teryl ester composition in the collection vessel. It ap-
peared that endogenous cholesteryl linoleate was trans-
ferred into chylomicrons and VLDL in the lymphatics.
This would mean that lipoproteins isolated from tho-
racic duct lymph should not be considered nascent li-
poproteins; in fact, they may have undergone consid-
erable metabolic alteration while stiil in lymph.

The high cholesterol diet infusion resulted in a sig-
nificant cholesterol transport rate increase of 1.78 mg/
hr in the d < 1.006 g/ml lymph lipoproteins (1) but the
increase in d > 1.006 lipoproteins was only 0.11 mg/
hr and was not statistically significant. Although the d
> 1.006 g/ml lymph lipoproteins were cholesteryl ester-
enriched during the high cholesterol diet infusion (Ta-
ble 4), the proportion of lymph cholesterol present in
these lipoproteins was similar during both infusions (1).
These results are in contrast to those observed in rats
chronically fed cholesterol (4). In these rats there was
a significant increase in the cholesterol content of an
intermediate density lipoprotein fraction. The differ-
ences in the results between the two studies may reflect
differences between the species used in the studies or
the many other differences in experimental design.

Inregion 11 lymph lipoproteins, lymph LDL, the total
cholesterol content and the proportion of total choles-
terol in the esterified form increased with an increase
in dietary cholesterol but the particle was still choles-
terol-deficient and triglyceride-rich compared to the
plasma LDL (Table 4). Although the slower migrating
form of apoprotein B (apoB1), similar to that of plasma
LDL, was predominant in lymph LDL, the faster mi-
grating form of apoprotein B (apoB2) was also present.
These results are consistent with the hypothesis that the
intestine secretes an LDL-sized particle (31) that is pres-
ent in lymph in addition to the LDL filtered into lymph
from plasma.

Approximately 60% of the exogenous cholesterol in
d > 1.006 g/ml lymph was transported by region I11
lymph lipoproteins (Fig. 1) which were similar in size
to plasma HDL. High dietary cholesterol levels signif-
icantly increased the proportion of exogenous choles-
terol in this fraction and exogenous cholesterol was in-
corporated preferentially as free cholesterol (Table 3).
Although the apoprotein composition of the region 111
lipoprotein was similar to that of plasma HDL (Fig. 4),
the lipid composition was significantly different (Table
4), in that the particles were phospholipid- and triglyc-
eride-rich and deficient in free and esterified cholesterol
in a manner similar to that for human lymph HDL (32).
These findings are consistent with the hypothesis that
the intestine secretes HDL, and the compositional data

366 Journal of Lipid Research Volume 24, 1983

suggest that some discoidal or ‘nascent’” HDL may have
been present as was found in the rat (33).00
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