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The route of absorption of steroids from the
gastrointestinal tract seems to l)e largely deter-
minedl bv the chemiiical nature of the comiipounds.
AMethyl testosterone (1), 17a-methvl estradiol
(2), and cortisone acetate (3) are al)sorl)ed in the
rat by way of the portal circulation. Stu(lies fromii
this lal)oratory in lhtumiian sul)jects showedI that
testosterone, cortisol. cortisone acetate, and corti-
costerone are also absorbed in this miianner and
are virtually absent fromii the lymph (4). In con-
trast, absorption of cholesterol into lymph of the
rat (5, 6) and(I dog (7) accounts for essentially all
of the sterol that eniters these species fromii the diet.
Although it miiight be anticipated fromii these ani-
miial studies and fronm the nonpolar nature of the
nmolecule that cholesterol woould be absorbed via
the lymiiph in hutmiian subjects, it was of interest to
test this directly, since somiie aspects of steroid
metabolism in the laboratory animiial are different
fromii those observed in miian (8-10). By miieans
of cannulation of the thoracic duct andI the admin-
istration of labeled cholesterol. it has been possible
for the first tinme to study directlv the absorption
and esterification of cholesterol in mlan. These
stutlies have demlonistrated that dietary cholesterol
is largely absorbed throtugh the lymphatics an(d
that the miiajor l)ortion is esterifiedI (luring the ab-
sorp)tive parocess.

MATERIAL AND METIIODS

The clinical data concerninig the subjects are given in
Table I. A polyethylenie catheter was inserted into the
left thoracic duct at operation as described previously
(4). The lymplh was continiuously collected from the
thoracic duct cannlula at predeterminied time intervals anid
blood samples were withdrawn periodically. The p)a-
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and the National Canicer Instituite (CY-3207), Bethesda,
Ald.

tienits were mainitainied in fluid anid proteini balanice by
the infusioni of appropriate qjuanitities of electrolytes and(l
salt-free albumini during the period that large volomes of
lymph were being removed.

Cholesterol-14, 15-H3 anid sodium acetate-2-C14 were
given to 1 subject while cliolesterol-4-C" was adminiis-
tered to 3 other patienits. The raclioactive compoun(ds
were giveni orally alnd the amnounits are listed in Table I.
Radiochemically pure free ani(l ester clholesterol were
isolate(d from l)lasma and(I red cells by methods that have
been describe(l (11 ). Free anid ester cholesterol were
also obtainied from lymph by the same procedures, but
in a few inistanices lymph was dlel)roteinized with acetonie-
alcohol, the solutioni was concenitrated, anid the l)ortion of
the residue that was soluble in petroleum ether was
chromatographed oni alumiinla to isolate free clholesterol
ani(l cholesterol esters.

C1 radioactivity was (leterminied by coulntinig choles-
terol digitoniide mounited oni stainiless steel planchets in
a winidowless gas-flow counlter ( 12). C14 activity was
also nmeasured by combustioni of clholesterol digitonidle anid
couIntinig the carboni dioxide ( 13); tritium was deter-
minied in the same samI)le by reducinig the water pro-
(luced by the combustioni to lhydcrogeni anid counltinlg in
the proportional regioni ( 14).

RESULTS

Figure 1 shows the specific activity of lymph
andl l)lasml)a cholesterol-C14 observed over 75 hours
following the oral admllinistration of cholesterol-
4-C14 to Subject XV.I. The lymph free anid ester
chlolesterol attained a peak specific activity at 8
hours. It should be note(l that ester cholesterol
appeared promnptly in the lymph although free
cholesterol was admiiinistered. The specific ac-
tivity of the lymph ester cholesterol is equal to
or greater than that of the free cholesterol, es-
pecially during the first 30 hours of the experi-
ment. Cholesterol analyses of this lymph at vari-
otis intervals showed that an average of 65 per
cent of the sterol was esterified (Table I). Since
there was a greater total amiiount of ester choles-
terol of high specific activity in the lymph of Sub-
ject XV.I., esterification of cholesterol mllUst havie
been achieved in the iintestinial mliucosa. The spe-
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TABLE I

Clinical data and administration of radioactive compounds

Lymph
cholesterol (avg.)

Diagnosis, Lymph Compound
Subject, age* cancer Total Ester flow administered Wt. of comp. Radioactivity

mg % % ml/hr mg dpmtX10-7
XV.I., 55 Larynx 80 68 48 Cholesterol-4-CI4 13.6 14.3

(laryngectomy)
M.O., 70 Tonsil 60 55 59 Cholesterol-4-CI4 41.0 4.4
P.U., 70 Tonsil 58 Cholesterol-4-C04 11.2 11.8
W.E., 55 Lip 62 52 70 Cholesterol-14, 15-H3 7.5 21.8

Sodium acetate-2-C'4 16.9 44.0

* All were men.
t Disintegrations per min.

cific activity relationships of free and ester lymph
cholesterol can perhaps be explained by the ex-
periments of Swell and colleagues (15) who fed
cholesterol-4-C14 to rats and found that the radio-
active cholesterol present in the intestinal mucosa
was largely in the free form. This would suggest
that esterification occurs in conjunction with the
transport of the newly absorbed cholesterol from
the cells of the mucosa into the lymph. There-
fore, the relative quantity of the mucosal choles-
terol which is esterified would largely determine
the proportion of lymph free and ester cholesterol
as well as their specific activities.

During the period of lymph collection, over 27
per cent of the radioactive cholesterol was ab-
sorbed by this route (Table II). The lower set
of curves in Figure 1 shows the specific activity
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of plasma cholesterol observed simultaneously
with that in lymph. During the period of active
absorption into the lymph, the plasma cholesterol
attained a specific activity of approximately 1.5

TABLE II

Distribution of radioactivity from labeled cholesterol

Max. incorp. Cumulative Cumulative
radioactivity radioactivity radioactivity

Subject, age into plasma in lymph in feces

WI., 55 1.0[72]t 27.4[72]
M.O., 70 0.3[7]t 4.5[44]
P.U., 70 2.0[24] 27.1 [84] 42[144]
WV.E., 55 1-2[10]t 7-14[10]

* Percentage of administered radioactive cholesterol.
t Elapsed time in hours, [ .
t Calculated from specific activity of plasma cholesterol

and size of plasma and liver cholesterol pool (16). All
other values by direct measurement of total radioactivity.

40
HOURS

FIG. 1. INCORPORATION OF ORAL CHOLESTEROL-4-C14 INTO LYMPH AND
PLASMA CHOLESTEROL; SUBJECT W.I.
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per cent of that in the lymph. The low value for
the specific activity of plasma cholesterol is due
to the fact that the principal lymphatic outflow
from the intestine was diverted from the body
through the cannula and only small quantities of
lymph could reach the circulation through col-
lateral channels. The labeled cholesterol in this
small quantity of lymph was then diluted with the
pre-existing unlabeled circulating sterol pool to
yield plasma cholesterol of low specific activity.
The total quantity absorbed through these col-
lateral channels approximated 1 per cent of the
administered radioactivity. These values are given
in Table II and can be calculated from the specific
activity of plasma cholesterol and the size of the
plasma and liver cholesterol pool which are known
to be in isotopic equilibrium (16).

The rate curves of the specific activity of free
and ester cholesterol in the plasma and lymph of
Subject M.O. are presented in Figure 2. The
specific activity of lymph ester cholesterol during
the time of maximal absorption was about 1.5
times that of free sterol. It can be seen in Figure
2 that the specific activity of plasma sterol was less
than 1 per cent of that of lymph cholesterol.
About 0.3 per cent of the radioactivity was pres-
ent in the circulation as compared with 4.5 per
cent which appeared in the lymph that was drained
off (Table II).

In Subject P.U., who also received cholesterol-
4-C14, the specific activity of lymph free choles-
terol was higher than that of ester choles-
terol, but both of these were over 50 times the
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FIG. 3. INCORPORATION OF ORAL CHOLESTEROL-4-C'
INTO LYMPH AND PLASMA CHOLESTEROL; SUBJECT
P.U.

specific activity of plasma sterol, as can be seen
in Figure 3. Approximately 27 per cent of the
administered dose was accounted for in the lymph,
which is over 10 times that in the circulation
(Table II). In this subject where measurement
of fecal radioactivity was practicable, 42 per cent
was eliminated by this route after six days.

Subject W.E. was given cholesterol-14, 15-H3,
and during the 10 hours in which observations
were made, he absorbed approximately 10 per cent
of the radioactive cholesterol in the intestinal
lymph. Collection of lymiph had to be discontinued
at this time due to blockage in the cannula, but it
can be seen in Figure 4 that the sustained peak
specific activity of lymph free cholesterol indicates
that cholesterol absorption continued for at least
this period of time. The specific activity of cho-
lesterol-H3 in the plasma was approximately 0.1
per cent of that in the lymph and from this it can
be calculated that 0.2 per cent of the dose ap-
peared in the circulation (Table II).

Subject W.E. received C'4-acetate simultane-
ously with the oral dose of tritium-labeled cho-
lesterol. This procedure permitted a study of
lymphatic transport of endogenously synthesized
cholesterol in order to provide comparison with
the data concerning exogenous cholesterol. Fig-
ure 5 shows the specific activity of lymph and
plasma cholesterol of biosynthetic origin in this
subject. The free cholesterol-C14 of plasma has
the highest specific activity through the 10-hour
period of observation. The lymph free cholesterol
specific activity paralleled that of the plasma but
was only about one-fifth of the value. Both the

HOURS

FIG. 2. INCORPORATION OF ORAL CHOLESTEROL-4-C'
INTO LYMPH AND PLASMA CHOLESTEROL; SUBJECT
M.O.
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lymph and plasma ester cholesterol have similar
specific activities except for the two earliest val-
ues of lymph ester cholesterol at 26 minutes and
55 minutes after administration of the precursor;
these values were higher than corresponding
plasma ester cholesterol specific activities. Since
the only material of high specific activity avail-
able at this time is the plasma free cholesterol,
it is tempting to assume that the two early samples
of lymph ester cholesterol were derived by the
esterification of plasma free cholesterol in the
intestine. The shape and magnitude of C14-la-
beled plasma free and ester cholesterol radioactivity
curves are generally similar to those of intact
subjects. This would be expected if the sodium
acetate-2-C14 fed to the patients with cannulated
thoracic ducts was absorbed into the portal cir-
culation and transported to the site of cholesterol
synthesis by a route not involving lymph. Meas-
urement of the total radioactivity in the lymph
and plasma of Subject W.E. showed that 20 min-
utes after ingestion of the labeled sodium acetate,
the radioactivity in plasma was seven times greater
than that in an equal volume of lymph; the shape
of the curves shows that this difference was much
larger in the initial moments of the experiment
(Figure 6).

The specific activity of endogenous (C14) cho-
lesterol in the lymph was lower than the corre-
sponding values in plasma and could be due to
three factors: 1) dilution of lymph cholesterol by
unlabeled sterol from the intestinal mucosa at the
start of the experiment; 2) continuous dilution by
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FIG. 5. INCORPORATION OF ORAL ACETATE-2-C" INTO
LYMPHANDPLASMACHOLESTEROL, SUBJECTW.E.

dietary cholesterol; 3) the possible operation of
an ultrafiltration process between plasma and
lymph which might remove lipoprotein containing
newly labeled cholesterol.

DISCUSSION

1. Absorption of cholesterol. These studies on
the direct measurement of cholesterol absorption
into lymph in man are in substantial agreement
with earlier results obtained in animals. The data
indicate that the lymphatic system of the intestine,
rather than the portal circulation, is the route
through which cholesterol is absorbed. From 4
to 27 per cent of the orally administered cho-
lesterol was absorbed in patients in this study
over periods of time varying from 8 to 80 hours.
In rats, from 2 to 49 per cent of the administered
dose was absorbed (6, 17-19), and Blomstrand
and Ahrens calculated that 20 per cent of the ad-
ministered cholesterol was absorbed in a patient
with chyluria (20). This relatively wide range
of cholesterol absorption agrees with the range
of 8 to 33 per cent previously reported from this
laboratory in intact subjects (21). These varia-
tions might be anticipated because of the many
factors involved in cholesterol absorption, includ-
ing the amount of cholesterol (22, 23), fat and
fatty acids (24, 25), presence of bile salts (17,
19, 26, 27), pancreatic secretion (17, 25, 28),
and other sterols (23).

The amount of labeled cholesterol which ap-
peared in the plasma was only a small fraction of
the amount in the lymph. This result is consistent
with the conclusion that lymph is the principal, if
not the only, route for the transport of newly ab-
sorbed cholesterol from the intestine. It is to be

HOURS

FIG. 4. INCORPORATIONOF ORAL CHOLESTEROL-14, 15-H'
INTO LYMPH AND PLASMA CHOLESTEROL; SUBJECT
W.E.
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anticipated that smiiall amiiounts of cholesterol would
enter into the circulation despite the diversion of
the major I)ortion of the intestinal lymph from the
body. It is known fromii anatomlical and radio-
graphic studies that a right thoracic duct as well
as other auxiliary l-iphatic channiels transport a
significant amlount of lymph in miiany subjects
(29). However, there is little qtuestion that the
left thoracic duct was the miiaini route of absorption
in the four subjects of this investigation. It is of
interest that substances of siilar formal struc-
ture, but differing in polarity, suclh as cholesterol
an(l steroid hormiiones (testosterone, cortisol) are
absorbed through (lifferent rouites (4).

2. Esterification of IvmPh cliolcsterol. Althougl
free cholesterol was administered, mllost of the
newly absorbed cholesterol in lymph was esteri-
fied. From 50 to 80 per cent of the radioactive
cholesterol in lymph was l)resent as ester, which
is quite similar to values observed in rats (6, 17,
22, 30) and dogs (7). Animiial stud(ies indicate
that esterification with fatty aci(d occurs before
the appearance of newly absorbed cholesterol in
the lymiph (5, 22-25, 27). Cholesterol in the
free formi appears to be the miiaterial actually
transported fronm the intestinal lumilen into the
muiticosa. Esterification of the free sterol then
takes place in the mlucosa during transport into
the lymvtph (15, 27). In contrast, Favarger andl
Metzger re)ort that, in the (log and rat, free
cholesterol was absorbed into the lymph and was
esterifieI lby esterases )resent in that fluid (31).
in Figure 5, wrhiclh illtustrates the inicorporation of
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FI(G. 6. TOTAL RADIOACTIVITY IN LYMPH AND PLASIMA
AFTER ORAL ADMINISTRATION OF ACETATE-2-C; SUB-
JECT WE.

acetate into lymph and plasmiia cholesterol, the
lymph ester cholesterol has a greater specific ac-
tivitv than (loes the corresponding lymph free
cholesterol during the first two hoturs. Since
plasnma free cholesterol is initially labeled in the
biosynthetic process, it seemiis probable that the
newly synthesized radioactive cholesterol of the
)lasma miiay be esterified in the cells of the in-
testine and directly thereafter appears in the lymph
as ester cholesterol. An alternative explanation
is that somie cholesterol mlay be biosynthesized
fromii acetate in the intestiinal wall and esterified as
it appears in the lymnph. In the intestinal lumen,
the cholesterol is comiiposed of a miixture of dietary
sterol, cholesterol secreted from the intestinal wvall,
an(l biliary cholesterol secreted fromii the liver.
It is realized that this is not a homogenous pool
of cholesterol but one in which the relative cho-
lesterol contribution froml each source mlight vary
indeed, it is possible that unknown factors miiay be
operative which permit cholesterol from each
source to be absorled or reabsorbed at (lifferent
rates. Nevertheless, this study and others cited
show that cholesterol in this mixture is largely
esterified during al)sorption. Therefore, there
appear to be at least two sources of ester choles-
terol in the lymizplh: I) fromii the intestinal lumiien
2) from the intestinal mucosa where the choles-
terol may originate either by tultrafiltration from
the plasnma or by biosynthesis from endogenous
precursors at this site. 'T'huis cholesterol fromii
various originls which is esterified in the intestinal
muicosa may serve as a significant portion of the
ester cholesterol moiety of the circulating lipo-
protein. These considerations foctus attention on

possible alterations of the metabolic activity of
intestinlal multicosa in a(ldition to the well recog-
nized dlisturl)ances of liver ftunction whiclh produtce
changes in level of circtulating cholesterol ester.

3. Clearance of lymph cholesterol. The extent
of intestinal cholesterol esterification in humiians
may also be germiiane to alterations in cholesterol
metabolism observed in hyperlipemic-hypercho-
lesterolemic subj'ects. Fromii our previous studies
(21) on absorption of cholesterol in normo-
cholesteremic subjects, it is known that the s)ecific
activity of plasnma ester cholesterol was less than
that of plasma free cholesterol during the first two
days following the oral admiiinistrationi of labeled
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sterol. The actual ratio of the specific activities
of plasma ester to free cholesterol in normiioclho-
lesterolemic subjects about 24 hours after the ra-
dioactive dose was 0.7 to 0.8. However, in hyper-
lipemic subjects, the same ratio was 1.6 to 2.5.1
If it were assumed that all of the labeled ester
and free cholesterol absorbed in lymph were re-
tained in the plasma and mixed indistinguishably
with plasma cholesterol, it is possible to calculate
a resultant specific activity ratio. In the normiio-
cholesteremic subjects this would yield a value of
ester to free of about 2.0 (assuming lymph cho-
lesterol to be about 80 per cent ester) in contrast
to the observed ratio of 0.7 to 0.8. However, the
calculated ratio is close to the range of 1.6 to 2.5
observed in the plasma of hyperlipemic subjects.
It should be noted that the amount of free and ester
cholesterol absorbed after a tracer dose into lymph
is known only for normocholesteremic subjects
and might be different in the hyperlipemic. How-
ever, these relations strongly suggest that the
normocholesteremiiic might be able to clear a por-
tion of the newly absorbed ester cholesterol from
the plasma, whereas this mechanism might not be
fully operative in the hyperlipemic patient. These
considerations point to the desirability of addi-
tional studies of the intestinal esterification mecha-
nism as well as of the ester removal mechanism
for the fuller understanding of pathologic hyper-
lipemic states.

SUMMARY

1. Cholesterol-14, 15-H3 and sodium acetate-
2-C14 were orally administered to one subject
while cholesterol-4-C14 was given to three other
subjects. These individuals had cannulas in the
thoracic duct so that lymphatic absorption of cho-
lesterol could be directly studied.

2. The amount of labeled cholesterol absorbed
into the lymph varied from 4 to 27 per cent of the
a(lministered dose. The miiajor portion of this
albsorbed cholesterol appeared in the lymph in es-
terified form.

3. A minor role in cholesterol absorption by the
collateral lymphatics was evidenced by the low
level of radioactivity in plasma cholesterol.

1 Calculated from data taken from subjects in Refer-
ence 21 and other unpublished data from this laboratory.

4. Although so(lium acetate is not absorbed in
the htumiian by way of the lymiiph systemi, the amilouniit
incorporated into circulating cholesterol was al-
proximately that found in intact subjects.

5. The absorption and esterification of choles-
terol as well as the possible role of cholesterol me-
tabolism in the intestine and lymph have been dis-
ctussed with reference to pathologic hyperlipemia.
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