Lymphology 22 (1989) 4-12

ORIGIN OF INTESTINAL LYMPH CHOLESTEROL
IN RATS: CONTRIBUTION FROM LUMINAL
ABSORPTION, MUCOSAL SYNTHESIS AND

FILTRATION FROM PLASMA

K.S. Vasconcelos, A.M. Sipahi, H.C.F. Oliveira,
L.N. Castilho, N. De Luccia, E.C.R. Quintao

Clinics Hospital Laboratory Investigation Institute (LIM), Lipid and Gastroenterology
Units, University of Sdo Paulo, Sio Paulo, Brazil

ABSTRACT

Measurement of cholesterol transport
from plasma to intestinal lymph based on
i.v. labeling with radioactive ﬂ-sitosterol
was validated by the simultaneous i.v. ad-
ministration of 4-'C-f-sitosterol and of
1,2 H-cholesterol to two rats with bile
duct, intestinal lymph, duodenum and jug-
ular vein cannulations. In 11 other rats
undergoing intestinal lymph duct cannula-
tion, each potential source of lymph cho-
lesterol was determined 2-3 weeks after i.v.
pulse administration of 1,2-’H--sitosterol
and 4-"“C-cholesterol. For this purpose,
lymph fat, after an intragastric infusion of
cottonseed oil (1900mg), was used as a
marker for total cholesterol mass transport-
ed into intestinal lymph. In these two exper-
imental groups of rats, namely, in the ab-
sence and in the presence of supplemental
dietary cholesterol, filtration of cholesterol
from plasma to lymph and absorption of
cholesterol derived from bile did not
change in the presence of exogenous cho-
lesterol. In other words, absorption of cho-
lesterol based on the amount of cholesterol
in intestinal lymph by direct measurement
was comparable to the level obtained by
the isotopic procedure based upon lowering
of the lymph /plasma ratio of 4-"C-choles-
terol specific activity (d.p.m./mg of choles-
terol).

Plasma cholesterol appearing in intesti-
nal lymph was transported mainly in lymph
lipoproteins at a density below 1.006 (i.e.,
chylomicrons). Esterification was not ne-
cessary for luminal cholesterol absorption
under these experimental conditions.

Studies in human chyluria suggest that
the bulk of intestinal lymph cholesterol
derives from plasma (1). In monkeys with
cannulation of the intestinal lymph duct,
lymph cholesterol is not accounted for
solely by mucosal synthesis or absorption
from the intestinal lumen (2). Other ex-
periments suggest that part of the fatty
acyl moiety of lymph cholesterol esters is
derived from plasma (3). Since intestinal
lymph lipoproteins are rich in apoproteins
produced primarily in the liver (4,5), it is
conceivable that significant amounts of
plasma lipoproteins are present in lymph
(4,6).

In human chyluria, the transudation of
plasma cholesterol into lymph has been
evaluated by means of intravenous pulse
labeling with radioactive S-sitosterol (1),
a marker chosen based on the following
criteria: a) simultaneous intravenously
infused radioactive S-sitosterol and cho-
lesterol distribute evenly among plasma
lipoproteins (7); b) B-sitosterol is poorly
absorbed by the intestine; thus little or no
significant intestinal reabsorption of ra-
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dioactivity excreted in bile is expected (8).
Because of ongoing shifts in cholesterol
and its metabolites from one body fluid to
another or from intestinal absorption, a
simple test of isotopic exchange rate be-
tween blood and tissues may be mislead-
ing to assess plasma transudation of cho-
lesterol and its metabolites. However, rat
intestinal lymph contains cholesterol ab-
sorbed from the bile and diet, in addition
to the locally synthesized mucosal choles-
terol (9), plus cholesterol from an uniden-
tifiable origin (2,6), and, therefore, the
sources of intestinal lymph cholesterol
ought to be measurable in rat intestinal
lymph using radioactive sterols according
to the chyluria protocol (1). Accordingly,
we validated in multicannulated rats, the
intravenous use of labeled B-sitosterol to
quantify the plasma to lymph transfer of
cholesterol; these rats were studied using
radioactive labeling of both S-sitosterol
and cholesterol administered simultane-
ously by intravenous infusion. Further-
more, other rats with isolated intestinal
lymph duct cannulae were used to deter-
mine each source of lymph cholesterol
after an intravenous pulse infusion of
both radioactive sterols in two separate
experimental groups: 1) after a single in-
tragastric instillation of cholesterol-free
fat; and 2) a gastric instillation of choles-
terol containing fat.

The distribution of plasma-derived
and of absorbed cholesterol in the differ-
ent lymph lipoproteins was also examined
in the multicannulated rats based on the
concurrent duodenal and intravenous in-
fusion of radioactive cholesterol labeled
with different isotopes.

MATERIALS AND METHODS

Radioactive sterols 1,2,-’H and 4-C
cholesterol as well as 4-*C and 22,23-*H-
B-sitosterol (New England Nuclear, Bos-
ton, MA and Amersham, Buckingham-
shire, England), were purified on Florisil
thin layer chromatography after develop-
ing with solvent system ethyl ether: hep-
tane (55:45, v/v) (10). After drying under
nitrogen, all radioactive material was dis-

solved in approximately 50ul of ethanol
admixed to 0.4ml of saline for intravenous
administration, or to 0.8ml of pooled do-
nor rat bile for duodenal gavage.

Experimental protocol
Operative procedures

Wistar male rats weighing about 360g
were anesthetized intraperitoneally with
sodium pentobarbital (50mg/kg body
weight) and gavaged with approximately
0.5g of cottonseed oil. Plastic catheters
were placed in the intestinal lymph duct,
bile duct, duodenum and jugular vein be-
fore restraining in a Bollman cage. Can-
nulation of the bile duct interrupted the
enterohepatic circulation of cholesterol,
whereas nutrients and radioisotopes were
chronically infused intravenously and via
the duodenum. Infusions of nutrients
were done by pumps (model 940 Harvard
Apparatus, South Natick, MA) at the rate
of 1ml per hour:

- intravenous infusion: bovine albumin
(2.5g), 50% glucose (20 ml), 19.1% KCl
(3.2ml) in 180ml saline.

- duodenal infusion: pooled bile from
donor rats (30ml) plus glucose (9.6g) in
120ml water. Additional pulses every 4
hours of 1ml Intralipid (Darrow Labora-
tories, Rio de Janeiro, Brazil) containing
soybean oil (10g), lecithin (1.2g), and gly-
cerol (2.5¢) as emulsion in 100ml water,
were also supplied to maximize high vol-
umes of lymph output.

The rats were subjected to two experi-
mental protocols starting 1-2 hours after
the surgery:

Protocol 1 (2 rats)

Simultaneous intravenous pulse infu-
sion of 1,2-°H cholesterol (30uCi) and
4-1C B-sitosterol (10uCi) was utilized to
validate use of the latter isotope as a me-
thod of quantifying the fraction of lymph
cholesterol originating from plasma filtra-
tion.

Lymph samples containing at least
1ml/hour were collected on ice for 21
and 24 hours and blood was drawn at
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4-hour intervals from the rat tail. The
experiment was terminated by aortic ex-

sanguination.
Protocol 2 (22 rats)

Simultaneous pulse infusion of 4-'C-
cholesterol (10pCi) admixed to 0.8ml of
bile was instilled into the duodenum and
1,2-*H cholesterol (304Ci) in 0.1ml saline
was administered intravenously. The en-
teric isotope was aimed at identifying in
lymph lipoprotein fractions the absorbed
cholesterol and then measuring its free
and esterified proportions. The intrave-
nous infusion of radioactive cholesterol,
on the other hand, was used to identify in
lymph the amount of cholesterol derived
solely from plasma (i.e., transudation).
The contribution by duodenal absorption
of “C-cholesterol was able to be ascer-
tained through the simultaneous infusion
of bile. Random samples of lymph (at
least 1ml) were collected during 1-2 hours
over 6 to 10 hours of experiments after
starting the infusions.

Analytical procedures

Lymph samples were submitted to
preparative ultracentrifugation. Chylomi-
crons and VLDL (d<1.006) were separa-
ted from LDL plus HDL (d=1.006-1.21)
as previously described (11). Resultant
fractions were lyophilized, extracted with
chloroform and the free and esterified
cholesterol bands eluted with ethyl ether
from T.L.C. on silica gel H (E. Merck,
Darmstadt, Germany) after developing
with ethyl ether/heptane (55:45, v/v).
Total cholesterol was separated by T.L.C.
(10) modified with a solvent [petrol ether-
/diethyl ether/acetic acid (90:10:1, v/v)]
(12) and determined by gas-liquid chro-
matography (10).

In separating free and esterified cho-
lesterol from lymph, digitonin precipita-
tion (13) was used and mass measured by
an enzymatic assay (14). Serum free and
esterified cholesterol levels were
determined as described for lymph.

Aliquots were utilized for measure-
ment of radioactivity in toluene phosphor

solution in a beta liquid scintillation coun-
ter (Beckman, model LS 100).

Calculations for Protocol 1

a) Percent of lymph cholesterol origi-
nating from plasma filtration =radioactiv-
ity in d.p.m./mg of cholesterol in lymph/
plasma x 100.

b) Percent of total plasma cholesterol
that filters into the lymph/hour= (filtered
cholesterol pug/h/total plasma cholesterol
mass in pg) x 100, where filtered choles-
terol (ug/h)=(d.p.m./mg of cholesterol in
lymph/plasma) x lymph cholesterol in
pg/hour. In calculating the total plasma
cholesterol, the plasma volume of the rats
was taken as 3.88% of body weight (15).

Protocol 3~isolated lymph duct cannula-
tion studies (11 rats)

Operative procedures

Male rats of Wistar origin weighing
about 300g were used. A mixture of 4--
C-cholesterol (104Ci) and 22,23-’H B-si-
tosterol (30Ci) was pulse administered
intravenously and rats were fed ad libitum
a cholesterol-free commercial pellet diet
for two to three weeks prior to operative
manipulation. After a 12-hour overnight
fasting period, rats received exactly
1900mg of cottonseed oil by gavage utiliz-
ing Hamilton syringe according to two
experimental groups:

1) controls received cottonseed oil
only (6 rats).

2) cholesterol-fed groups (5 rats) re-
ceived 80mg of cholesterol (E. Merck,
Darmstadt, Germany) added to the cot-
tonseed oil and cholesterol absorption in
lymph measured simultaneously by mass
and by an isotopic procedure based on
the intravenous administration of the ra-
dioactive cholesterol.

The infused oil was a marker for total
lymph cholesterol transported based on
the completeness of absorption and exclu-
sive transport through the intestinal
lymph system (16,17). Two hours after
intragastric infusion, rats underwent intes-
tinal lymph duct cannulation (18) under
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light ethyl ether anesthesia and restrained
in Bollman type cages (19). Intestinal
lymph was collected over ~ 3 hours and
thereafter the rats were exsanguinated by
aortic puncture. At least 2ml of lymph
were obtained.

Analytical procedures

Lymph and serum cholesterol were
measured by the combined T.L.C. and
G.L.C. procedures (10). Lymph fat was
measured gravimetrically (1).

Calculations

a) Total lymph cholesterol mass
transported in mg was derived from C =
Ch x G/g where Ch is the lymph choles-
terol mass, G the intragastrically infused
oil (1900mg) and g the lymph fat mass.

b) Lymph cholesterol mass derived
from plasma by filtration (F) stems from
the negligible intestinal absorption of the
intravenousl?' infused labeled B-sitoster-
ol:F = C x “H-B-sitosterol in d.p.m./mg
cholesterol in lymph/plasma.

¢) Lymph cholesterol mass derived
from de novo mucosal synthesis (S)=(1-
“C-cholesterol in d.p.m./mg cholesterol
in lymph/plasma) x C. This value repre-
sents synthesis in control rats only be-
cause absorption of the intragastrically
administered unlabeled cholesterol in the
cholesterol fed group further dilutes the
lymph cholesterol specific activity in rela-
tion to plasma.

d) Absorption of endogenous chol-
esterol, namely biliary cholesterol
(Aepa) =C-(F+8) in the control group. S
in the cholesterol fed group includes the
absorption of cholesterol dissolved in fat

).

e) Absorption of fed cholesterol (A,)
can be derived from two methods: either
as the C or the S value difference be-
tween cholesterol-fed and the control
group. Isotopic calculations are based on
the premise that cholesterol specific ac-
tivity in bile and plasma are nearly identi-
cal when several days have elapsed after
the intravenous infusion of radioactive
cholesterol. Therefore, in the control

groups, C=F+S+A,__,, whereas in the
cholesterol fed rats, C=F+S+A_,+A,.
Absorption by lymph balance represents
the true mass of cholesterol from dietary
origin that is found in lymph and is mea-
sured as C_;-Coomro- It can also be esti-
mated isotopically as S, ;-Senro Provided
that the isotopic cholesterol exchange
among plasma, intestinal mucosa and
lumen pools is negligible during the fat
absorption experimental phase.

RESULTS

Results of two multicannulated rats
pulse infused intravenously with *H-cho-
lesterol plus *C-B-sitosterol are shown in
Table 1. (In these bile fistula rats, lymph
radioactivity must necessarily come from
plasma.) Mean filtration values in the two
rats were 51.1% by the *H-cholesterol
and 51.8% by the “C-B-sitosterol mea-
surements.

Data from isolated lymph duct cannu-
lation experiments are shown in Table 2.
The amount of cholesterol derived from
plasma based upon *H-B-sitosterol was
56% of the total intestinal lymph choles-
terol in controls, which was remarkably
close to 51% found in the multicannu-
lated rats; however, it was only 18% in
the cholesterol fed rats.

Absorption of the fed cholesterol (A,)
by straightforward lymph cholesterol mass
measurement (C cholesterol fed - C con-
trol) was similar to that determined by
the isotopic procedure (S cholesterol fed -
S control), 13.9mg and 13.4mg, respec-
tively.

De novo mucosal cholesterol synthesis
was about 20% of the total cholesterol
mass transported in lymph in the control
group.

Further experiments in 22 multicannu-
lated rats (Protocol 2) aimed at identify-
ing which lymph lipoprotein (chylomi-
cron+ VLDL as compared to
LDL+HDL) carried the absorbed and
the plasma-derived cholesterol and how
these components were distributed be-
tween the free and the ester fractions are
shown in Fig. 1. Most of the cholesterol

Permission granted for single print for individual use.
Reproduction not permitted without the permission of Journal LYMPHOLOGY .



PANEL A PANEL B

CHOLESTEROL MASS RADIOACTIVE
LYMPH PLASMA CHOLEST. (-StTOS.
* %
100 (5 RATS)  (2RATS) g0 (3 RATS)
80 80
60 60
40 40
20 20
(25) {e) {13) {12)
PANEL C PANEL D
ABSORBED RADIO- CHOLESTEROL MASS
CHOLESTEROL
CHYLOS + L.D.L.+ CHYLOS + L.O.L.+
% V.L.D.L.  H.D.L. ; V.L.D.L. H.D.L.
100 (3 RATS) 100 (& RATS )
80 a0
60 60
40 V 40
20 % 20
7, B e B 7z
(7} (7)) (8} (6)
PANEL E PANEL F
RADIOACTIVE CHOL- RADIOACTIVE (3-
ESTEROL (T} SITOSTEROL (T}
CHYLOS +  L.D.L.+ CHYLOS +  L.D.L.+
% V.L.D.L. H.D.L. % V.L.D.L. H.D.L.
100 {2 RATS) i00 (1RAT)
80 80
60 60
40 40
20 20
E@
12) (n ue) (ry

Fig. 1. Percent distribution of sterols in plasma and lymph
as free (1 and ester S fractions in separate experiments in 22
multicannulated rats (Protocol 2): radioactive sterols were
admixed to 0.8ml of bile for duodenal infusion and to
0.Iml of saline IV. administration. Number of
determinations at the bottom of each figure in brackets.
Panel A: distribution of the cholesterol mass in lymph and
plasma; Panel B: lymph distribution of labeled sterols after
simultaneous intravenous pulse labeling with radioactive
cholesterol and B-sitosterol; Panel C: labeled cholesterol in
lymph lipoproteins after duodenal radioactive cholesterol
infusion; Panel D: cholesterol mass in lymph lipoproteins;
Panels E and F: distribution in lymph lipoproteins of the
labeled sterols that transude from plasma after simultaneous
intravenous pulse dose of radioactive cholesterol and 8-
sitosterol.
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Table 1
Lymph cholesterol filtration from plasma measured in two multicannulated rats (Protocol
1). After the surgical procedure, rats were pulse infused LV. simultaneously with 4-'/C-8-
sitosterol and 1,2-*H cholesterol, and lymph collected sequentially. Lymph collections
started 21 hours after labeling rat #1 and 24 hours after labeling rat #2. A plateau of

plasma and lymph radioactivity was attained during the whole length of the study.

Percent of total

Percent lymph plasma cholesterol mass
Sequential collection Type of Cholesterol originating filtered into the lymph
Rat Periods in hours Label from plasma filtration per hour
1 2:45 *H 38.87 0.41
l4c 37.88 0.40
5:30 *H 35.56 0.25
4c 33.15 0.23
14:40 *H 66.58 0.62
4c 76.39 071
5:20 *H 46.47 0.41
14 45.10 0.40
2 2:00 *H 41.49 0.48
ke 45.90 0.53
2:00 ‘H 69.86 0.62
4c 66.75 0.59
4:00 *H 49.68 0.60
l4c 48.01 0.58
10:00 *H 60.76 024
4c 61.20 024
mass in plasma was esterified as expected, DISCUSSION

but not in the intestinal lymph (Fig. la).
The radioactive free cholesterol that
transferred from plasma to lymph was
mostly in the nonesterified fraction (Fig.
1b). Almost 50% of the free radioactive
cholesterol administered into the duoden-
um was transported in lymph as ester
(Fig. Ic), whereas the lymph cholesterol
mass was predominantly nonesterified
(Fig. 1d).

Chylomicrons and VLDL, as opposed
to lipoproteins of higher density, are the
major carriers of lymph cholesterol,
namely absorbed radioactive cholesterol
(Fig. Ic), total cholesterol mass (Fig. 1d)
and radioactive sterols that derive from
plasma transudation (Figs. le and If). The
ratio free/ester of the cholesterol mass is
much higher in chylomicrons and VLDL
that are made entirely by the mucosa--as
compared to that in LDL+HDL (Fig.
1d). In addition, the same higher free/es-
ter ratio of the filtered component is
found in chylomicrons and VLDL (Fig. Ie
and If).

Although the largest share of intestinal
lymph cholesterol was accounted for by
filtration from plasma (Table 1), its mass
represented only a small portion of the
whole plasma cholesterol content, that is,
11% of the plasma cholesterol mass
filtered into intestinal lymph in 24 hours.
The plasma derived cholesterol mass was
independent of the luminal cholesterol
content; that is, it did not vary with cho-
lesterol feeding (Table 2). Consequently,
it represents a passive process whereby
plasma lipoproteins percolate into the
intestinal mucosal lacteals.

The similarity of dietary cholesterol
absorption by the direct mass measure-
ment in lymph and by the isotopic meth-
od strengthens the conclusion that isotop-
ic cholesterol exchange between plasma
and the intestinal wall or the luminal con-
tent is negligible. These data confirm oth-
er experimental reports utilizing radioac-
tive cholesterol administered intraduoden-
ally (16,20).
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Table 2

Origin of lymph cholesterel in two groups of rats with isolated lymph
duct cannulation 2-3 weeks after simultaneous intravenous infusion of
22,23-*H-B-sitosterol and 4-"*C-cholesterol (Protocol 3). Cotton-seed oil
(1900mg) was administered as single intragastric dose to controls with
added cholesterol (80mg) to the cholesterol group prior to the surgical
procedure. Student’s "t" test statistical comparison between means of
experimental groups.

Experimental Groups

Controls (6) Cholesterol (5)

(No. of animals)* Mean mg+SD % Mean mg+SD %
Total Lymph

Cholesterol (C) 6.6911.43 20.60+5.42

Filtration (F)° 3.7810.72  56.5 3.68t142 179
Synthesis 1.56+133 233 15.01+3.16° 729
Endogenous
absorption (A,,,)° 1361091 202 1.91+1.01 9.2
Dietary absorption (A,)

Lymph balance 1391

Isotopic procedure 1345
Lymph fat (G)* 64.85£27.47 44.09+28.40

a: each animal means one lymph sample collected; b: represented as percent of the total
lymph cholesterol mass (C); p=N.S,; ¢: S includes absorbed unlabeled dietary choles-
terol and de novo mucosal synthesis, thus their independent contribution cannot be
known. d: p<.001. e: fat was measured during 3 hours of complete lymph collection and
utilized for the calculation of the value C as shown in calculations section.

Intestinal mucosal synthesis accounted
for roughly 1/5 of the lymph cholesterol
mass which closely agreed with earlier
reports (21,22). Another source of choles-
terol in lymph is via absorption of the
biliary component. Although relying upon
indirect measurement methods, endogen-
ously absorbed cholesterol was able to be
measured in lymph and accounted for 1/5
of the whole lymph mass with a cholester-
ol-free diet.

Since most of the intestinal lymph
cholesterol is non-esterified it is
reasonable to conclude that in rats the
cholesterol contribution from plasma and
mucosal synthesis is predominantly in this
form. Probably at the level of the
intestinal submucosa, free-cholesterol is
preferentially transferred to
predominantly lighter lymph lipoproteins
in accordance with the well known fast
exchange rate of free- cholesterol with
lipoproteins (22-24). We also found that

less than 50% of the absorbed radioactive
cholesterol is esterified in contrast to
other reports of 50 to 85% esterification
(20,25,26). This discrepancy may be
attributable to: 1) the large duodenal
mass of fat administered (Intralipid)
fortuitously stimulated local mucosal
synthesis of cholesterol which preferenti-
ally was transported in the non-esterified
form (22); 2) in our experiments the duo-
denal infusion contained cholesterol of
bile origin only, whereas in earlier re-
ports, a larger cholesterol mass had been
administered (20,25,26). Therefore, con-
trary to these previous reports (20,25,27),
esterification of cholesterol is not re-
quired for efficient absorption by the in-
testine into lymph. Although the present
study did not further pursue the mechan-
isms involved, it nevertheless suggests that
cholesterol esterification depends primar-
ily on the mass ratio of cholesterol/fat in
the diet (28-30).
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In conclusion, plasma cholesterol fil-
tration contributed substantially to the
intestinal lymph cholesterol in the rat and
the accuracy of measurement was corro-
borated in multicannulated rats by the
intravenous infusion of radioactive S-sito-
sterol.

The contribution to the intestinal
lymph of cholesterol from other sources
was also determined by combining intra-
venous pulse infusion of radioactive cho-
lesterol to the measurement of cholester-
ol mass in lymph and plasma. Most of the
plasma-originated cholesterol in intestinal
lymph binds to chylomicrons, which is the
fraction known to transport the bulk of
the absorbed luminal cholesterol. Radio-
active cholesterol and 8-sitosterol in
intestinal lymph derived from plasma
sterols were predominantly in the
non-esterified form and signify that under
our experimental conditions (intravenous
constant infusion of radioactive free
sterols), most of the plasma radioactive
sterols was in the free fraction.
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