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While the main part of our dietary fat, the
glycerides, are absorbed with an efficiency of
around 99 per cent, the small amount of choles-
terol normally dissolved therein is absorbed to a
much lesser extent. Results of balance studies in
man have shown that the extent of absorption
varies widely with the amount fed and the meth-
ods used for determining fecal steroids (1). The
total capacity of the human intestine to absorb
cholesterol has been determined to be around 3
g per day (2). Experiments with labeled choles-
terol fed in a single dose have given absorption
figures generally even lower than those obtained
from balance studies. Thus Biggs and colleagues
(3) reported that of 856 and 688 mg tritium-la-
beled cholesterol, dissolved in oil, emulsified in
milk and fed to humans, only 13 and 43 per cent,
respectively, were absorbed. Feeding tracer doses
of C"-labeled cholesterol (10 to 20 mg) dissolved
in oil, Hellman and associates (4) reported ab-
sorption figures of 73 to 89 per cent, and after
feeding 1 g of labeled cholesterol, 52 per cent.

The incomplete absorption of dietary choles-
terol compared with dietary glycerides indicates a
separation of these compounds during digestion
and absorption. A better knowledge of this proc-
ess might shed light on the mechanism of choles-
terol absorption and prompted the series of ex-
periments to be reported in this paper.

Samples of small intestine content were col-
lected after feeding a test meal containing C*-
cholesterol to adult human beings intubated with
a polyvinyl tubing. The specific activity of the
isolated lipids gave information concerning the
relative rate of absorption of cholesterol and
glycerides at different levels of the small intestine.
The dilution of dietary cholesterol by endogenous
cholesterol during the digestion was calculated
from the specific activities of the cholesterol of
the intestinal contents.

High speed centrifugation separated the in-

testinal contents into a creamy top layer and a
clear subnatant in an attempt to find out whether
or not dietary cholesterol is completely mixed
with endogenous cholesterol during the absorp-
tion process.

METHODS
Test meal

The test meal consisted of a well balanced liquid
formula made up of skim milk powder, glucose and
corn oil (5). Cholesterol-4-C* (obtained from Radio-
chemical Centre, Amersham, England) was diluted
with inactive cholesterol, dissolved in benzene, and ap-
propriate amounts were pipetted into corn oil. After
evaporation of the benzene with a stream of nitrogen, the
corn oil was homogenized with the skim milk in a
Waring blendor. Two different test meals were used
containing 5 uc.of C"-cholesterol and 100 mg (I) and
500 mg (II) of added inactive cholesterol per 1,000 g
test meal. After the addition of the cholesterol the
sterol contents of the two test meals as determined
by the Sperry-Webb method were 0.17 and 0.63 mg per
ml with specific activities of 33,000 and 8,400 cpm per
mg. Test meal I was fed to Subjects A, B and C, and
Test meal II to Subjects D and E. In Experiment A-I
and A-II, a 400 ml test meal was fed; in the others,
300 ml was given.

Experimental design

Five adult human beings, aged 21 to 70 years, with
no apparent gastrointestinal disorders, were intubated
with a polyvinyl tube (ID 2.1 mm). The leading end
of the tube, equipped with a rubber balloon (made from
the last 5 cm of a condom) containing 2 to 3 ml of mer-
cury, was introduced through the patient’s nose; 50 cm
above the balloon, 6 to 7 holes were cut in the tubing over
an approximate 10 cm length. The day after intubation
the leading end of the tube was usually well down into
the small intestine. The location of the holes in the
intestine was measured by the amount of tubing that
had passed through the nose, and was confirmed by
X-ray after filling the tube with radiopaque material.
When the holes reached the desired sampling point the
patient took the test meal by mouth. Intestinal con-
tent was then collected at the intervals and volumes
shown in Table I. Flow was maintained by siphonage
at floor level and the intestinal content was collected in
flasks and chilled in ice. If more than one experiment
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was performed on a patient the tubing was allowed to
proceed and the same procedure was repeated on sub-
sequent days at a lower level of the intestine. Any in-
terference with recirculated cholesterol was not of im-
portance as absorbed cholesterol is highly diluted with
the cholesterol pool of the organism (Rosenfeld and
Hellman) (6).

In addition to the ingredients listed, the test meal
contained a polyethylene glycol (PEG) of a mean mo-
lecular weight of 4,000.1 This substance, although highly
water-soluble, has been found to be nonabsorbable in the
human intestine (5). The amount and concentration
of PEG in each sample of intestinal content therefore
serves as a reference figure for calculation of the
amount and dilution of the test meal in each sample of
intestinal content. The ratio of PEG content to con-
tent of a specific substance in the test meal, compared
with the same ratio in each sample of intestinal content,
indicates the extent of absorption of this substance from
the particular sample of test meal. The intubation tech-
nique used does not aspirate all of the intestinal con-
tents passing the level of the holes; the PEG figures
obtained show an average recovery of around 23 per
cent of the test meal over a four hour period (5). In
the calculations made in this paper, it is assumed that
the fractions of intestinal contents are representative of
the total intestinal contents passing the sampled level.

Extraction of lipids. The total lipids of the intestinal
content were extracted in a two-phase system of equal
volumes of heptane, ether, ethanol and water as previously
reported (7). In this way a 99 per cent or better re-
covery of sterols is obtained.

Cholesterol. Free and total cholesterol of the total
lipids was determined according to Sperry and Webb
(8). No fast-reacting steroids were found in intestinal
contents. To differentiate between coprostanol and
cholesterol the Tschugaeff method (9) was used in one
instance.

Free fatty acids. Aliquots of the total lipid were ti-
trated with 0.02 N aqueous sodium hydroxide with thymol
blue as indicator.

Tri-, di- and monoglycerides. Aliquots of the total
lipids in benzene solution containing 1 to 3 mg total
glycerides were added to columns of silicic acid (1 g).
The triglycerides were eluted with 50 ml benzene, the
diglycerides with 100 ml benzene: chloroform, 85: 15, and
the monoglycerides with 50 ml of chloroform. Aliquots
of these solutions, generally 2 to 5 ml, were used for
determinations of glyceride-glycerol according to van
Handel and Zilversmit (10).

Polyethylene glycol. PEG concentration of intestinal
content was determined essentially according to Hydén
(11).

Radioactivity. This was determined on 1 mg aliquots
of the total lipids on aluminum plates using a Tracerlab
flow counter.

Calculations. Specific activity figures of the choles-
terol were calculated from the specific activity of the

1 “Polyglykol A4000,” Mo and Domsjo, A. B., Sweden.

- testinal contents during digestion.
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total lipids and the concentration of total sterol in the
total lipids as obtained by the Sperry and Webb method
(8). The dilution of dietary cholesterol with endoge-
nous cholesterol was based on this figure and the specific
activity of the sterols of the test meal was determined
in the same way. Both, therefore, also include the
sterols of the corn oil—a fact that does not influence
the calculations.

The total amount of endogenous cholesterol secreted
during the digestion of a test meal was calculated from
the dilution of the dietary cholesterol and the amount
of test meal present in each fraction collected as deter-
mined from the PEG figures.

Separation of intestinal content by centrifugation

A sample of intestinal contents, collected from du-
odenum after feeding a test meal, was subjected to cen-
trifugation according to the following scheme: 1) 600 G
for 15 minutes in an International centrifuge; 2) 10,000
G maximum for 20 minutes; 3) 45,000 G maximum for
30 minutes; 4) 144,000 G maximum for 45 minutes (2 to 4
in a Spinco preparative ultracentrifuge). The sub-
natant fluid was sampled with a syringe and a long
needle and analyzed for total lipids, free fatty acids,
tri-, di- and monoglycerides and total cholesterol.

Seventeen of the samples of intestinal content col-
lected after feeding a test meal with C"-cholesterol were
centrifuged at 60,000 G maximum for 30 minutes, the
subnatant fluid analyzed, and its composition compared
with that of the intestinal contents before centrifugation.

RESULTS AND DISCUSSION

Concentration and form of cholesterol in in-
The choles-
terol of the test meal was in the free form, as was
the cholesterol contained in the bile that mixed
with the dietary cholesterol during digestion (12).

As can be seen in Table I there is a wide varia-
tion in the cholesterol content of the intestinal con-
tents analyzed. As an average, 71 per cent of the
total cholesterol of the intestinal contents (mean
= 0.34 mg per ml intestinal content) is in the free
form and many samples are found in which all the
cholesterol is in the free form. There is no ap-
parent relationship between the amount of cho-
lesterol esterified and the level sampled. Thus in
experiment C-II (Table I), at a level of 270 cm
from the nose (lower ileum), 88 per cent of the
cholesterol is in the free form.

Dilution of dietary cholesterol by endogenous
cholesterol. Since little data existed beforehand
on cholesterol dilution, two different test meals,
varying only in amount of cholesterol, were used
in order to find the more suitable concentration.
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When the material had been analyzed it was
found that both concentrations were within the
desired limit and therefore both have been in-
cluded.

The specific activity of the cholesterol of the
intestinal content has been derived from the
specific activity of the total lipids and the choles-
terol content as determined by the Sperry-Webb
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method. This indirect determination of choles-
terol specific activity could give erroneous results
if the cholesterol were changed during digestion.
It is, however, known that coprostanol, the main
product of bacterial action on cholesterol, is absent
in ileostomy and cecostomy drainage in man (13).
In accordance with this we have found no evidence
for the presence of coprostanol in samples of in-

TABLE I
Composition of lipids of human small intestine contents obtained after feeding a test meal containing CH-cholesterol*

Site of Volume of Conc. of
collection: intestinal PEG; TF in TCin FCin Specific Specific Dilution
Experi-  distance Period of content  test meal intestinal intestinal intestinal activity activity of dietary
ment  from nose collection collected =100 content content content of TF of TC cholesterol
cm min ml % mg/ml mg/ml mg/ml cpm/mg cpm/mg
0-60 76 41 7.4 0.24 0.11 117 3,610 9.1
Al 80 60-120 68 37 8.8 0.39 0.28 95 2,140 15.4
120-180 126 22 11.0 0.18 0.10 123 7,500 44
180-240 78 8 7.7 0.15 0.07 190 9,750 3.4
10-20 92 28 5.2 0.59 0.53 183 1,620 20.4
20-30 90 35 1.6 0.40 0.26 179 715 46.2
30-40 28 38 1.6 160
B1 100 40-50 46 39 2.8 0.14 0.10 161 3,210 10.3
50-60 19 46 8.4 0.20 0.09 149 6,260 5.3
60-120 53 33 9.7 0.33 0.21 160 4,720 7.0
120-180 62 4 7.2 0.14 0.05 152 7,800 4.2
0-60 98 48 5.0 0.25 0.25 179 3,590 9.2
Al 120 60-120 150 46 4.8 0.11 0.11 162 7,060 4.7
120-180 75 23 19.9 0.66 0.58 228 6,880 4.8
180-240 100 8 7.3 0.19 0.18 191 7,320 4.5
0-60 130 34 2.3 0.10 0.02 238 5,470 6.0
ClI 180 60-120 23 69 2.9 0.03 0.03 179 17,300 1.9
120-180 50 36 3.3 0.46 0.30 179 1,290 25.5
0-60 29 78 3.2 0.69 0.67 240 1,115 29.6
C Il 270 60-120 42 190 2.9 0.64 0.64 240 1,090 30.3
120-180 60 30 5.4 0.57 0.38 246 2,330 14.2
180-240 90 16 3.2 0.69 0.59 623 2,890 11.4
10-20 73 28 6.7 0.50 0.29 137 1,835 4.6
20-30 38 49 6.1 0.06 0.04 217 22,100
3040 38 47 2.9 0.29 0.05 113 1,130 7.4
DI 105 40-50 23 59 2.6 0.25 0.18 138 1,440 5.8
50-60 8 74
60-120 47 99 3.9 0.26 0.19 268 4,030 2.1
120-180 20 36 3.2 0.13 0.05 230 5,660 1.5
10-20 35 34 12.1 0.66 149 2,740 3.1
20-30 26 46 16.1 0.32 154 7,750 1.1
30-40 28 38 9.9 0.40 172 4,250 2.0
EI 110 40-50 7 40
50-60 11 51 7.8 0.15 138 7,200 1.2
60-120 90 43 8.9 0.20 172 7,650 1.1
120-180 94 24 11.7 0.25 170 7,950 1.1
180-240 71 32 16.7 0.40 160 6,700 1.3
0-60 9 4 1.7 0.26 0.21 96 630 13.3
EII 210 60-120 3 13
120-180 15 101 1.9 0.47 0.47 505 2,040 41
180-240 20 28 4.1 0.76 0.76 585 3,160 2.7

* Subjects A, B and C were fed a test meal containing 0.17 mg C*-cholesterol per ml; specific activity of the chol-
esterol, 33,000 cpm per mg. Subjects D and E were fed 0.63 mg C*-cholesterol per ml, specific activity 8,400 cpm per mg.

The test meal contained 55 mg per ml of glyceride as corn oil.

cholesterol.

TF = total fat; TC = total cholesterol; FC =free
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TABLE II

Milligrams of endogenous cholesterol secreted to the intestinal
contents during digestion of a test meal*

Level of sampling: Amt. of endogenous

Experiment distance from nose cholesterol secreted
om mg
Al 80 560
Bl 100 1025
DI 105 556
El 110 104
All 120 368
Cl 180 440
E 11 210 550
CII 270 1275

Mean 610

* Calculations were based on dilution of dietary chol-
esterol and amount of test meal in each sample as obtained
from the PEG figures. The intestinal content recovered
was assumed to be representative for all the intestinal
contents passing the level sampled.

The calculations for each sample were made as follows:

ml intestinal content X conc. PEG

b 100
= ml test meal in sample
2) ml test  conc. of chol-  dilution of
meal in X esterol in X dietary
sample  test meal cholesterol

_ mg cholesterol _ mg endogenous
in test meal cholesterol

ml test
-+ meal in the X
samples

3) mg endogenous
cholesterol in
all samples

ml test
meal fed

total amount of endo-
= genous cholesterol during
the digestion period.

For example, using figures from Experiment Al
(Table I):

1) 76 X 0.41 = 31
68 037 25
126 022 27
78 0.08 6
89
2) 31 X017 X 9.1 —31X0.17 = 43
25 154  etc. 62
27 4.4 16
6 3.4 3
124
124
3) 39 X 400 = 560.

testinal content as tested by the Tschugaeff
method.

The amount of endogenous cholesterol mixed
with the test meal during the four hour digestion
period has been calculated from the specific ac-
tivity of the cholesterol of the intestinal contents
in relation to that of the test meal, assuming that
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the sampling is representative of the entire in-
testinal contents passing that level. The figures
obtained from these calculations are given in
Table II and range from 104 to 1,275 mg, with
an average of 610. No correlation is apparent be-
tween the level sampled and the amount of cho-
lesterol secreted during digestion. Figure 1
shows the time course of the dilution of the dietary
cholesterol in relation to the color of the intestinal
content (as index of the bile admixing) (5), the
concentration of the test meal and of total cho-
lesterol in the intestinal content. It is apparent
from these data that there is a parallel between
bile color and cholesterol dilution in the upper
part of the small intestine indicating that the en-
dogenous cholesterol originates mainly from the
bile. The present data cannot be directly com-
pared with the figures of 1 to 3 g for endogenous
daily cholesterol secretion determined by Stanley
and Cheng (14) from fecal data but they seem to
be in reasonable agreement.

A marked feature of the data obtained are the
wide variations within different samples collected
at one site in one subject over time. An inspec-
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Fi1c. 1. TIME COURSE OF DILUTION OF DIETARY CHOLES-

TEROL WITH ENDOGENOUS CHOLESTEROL DURING DIGESTION
AND ABSORPTION OF C“-cHOLESTEROL. Included also are
figures for the optical density at 400 mp (as index of
bile admixing), the concentration of test meal (as indi-
cated by the concentration of reference substance = PEG)
and cholesterol concentration of the intestinal contents.
The figures refer to experiments B I, C II and D I in
Table 1.
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Fic. 2. SITE OF ABSORPTION OF CHOLESTEROL OVER THE
LENGTH OF THE HUMAN SMALL INTESTINE. The levels
refer to the experiments in Table I. P =pylorus; T =
ligament of Treitz.

tion of Table I shows a variation of total choles-
terol content from 0.03 to 0.76 mg per ml, a vari-
ability in the percentage of free cholesterol from
17 to 100, and up to a 24-fold difference in the di-
lution of dietary cholesterol by endogenous cho-
lesterol and so forth. The obvious reason for
these differences is the complexity of the digestive
and absorptive processes. The stomach delivers
the test meal in small portions over a period of
hours, each portion being treated individually in
the intestine, the specific activity and the concen-
tration of cholesterol being dependent upon the
relative concentration of test meal and of the
digestive secretions mixed with it. From Figure
1 it is clear that the general trend is a high dilu-
tion of the dietary cholesterol during the first
hour of digestion, concomitant with the emptying
of the gall bladder, followed by lesser dilutions of
later samples. That the effect of emptying the
gall bladder is not so marked on the concentra-
tion of cholesterol is obviously due to the simul-
taneous cholesterol absorption.

Site of absorption of cholesterol. The per-
centage absorption of the fed C!*-cholesterol has
been calculated from the C'* activity and the con-
centration of the reference substance in the dif-
ferent samples of intestinal contents. The data
obtained are seen in Figure 2 plotted over the
length of the small intestine. The general shape
of the curve is the same as that obtained earlier
for fat, carbohydrate and protein (5). In some of
the samples analyzed the absorption was found
to be zero or negative, that is, the sample con-
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tained more radioactivity per unit PEG than did
the test meal. This must be caused by a separa-
tion to some extent of the reference substance
from the cholesterol in the intestinal lumen, an
inevitable error when a water-soluble reference
substance is used in combination with a water-
insoluble substance such as cholesterol. This
error should be most marked in samples taken
at low levels of the intestine. Even if these er-
rors are considered, it is believed that the ab-
sorption curve obtained indicates that cholesterol
is mainly.absorbed in the first part of the jejunum
as are glycerides, protein and carbohydrates (5).

Relative rate of absorption of cholesterol and
glycerides. The specific activity of the total lipids
recovered from the intestinal contents gives an
indication of the relative rate of absorption of
glycerides and cholesterol. In practically all
samples analyzed it is apparent that the specific
activity of the lipids of the intestinal contents is
higher than that of the fed lipid mixture. This
fact indicates that glycerides and fatty acids are
absorbed more rapidly and also more completely
than is the cholesterol. If the specific activities
of the intestinal lipids are plotted over the length
of the small intestine (Figure 3) it is apparent that
this difference in rate of absorption begins in the
upper part of the small intestine and becomes
more marked further down in the intestine. A
five- to sixfold increase in the specific activity of
the total lipids is found in the distal ileum.
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F16. 3. SPECIFIC ACTIVITIES OF TOTAL LIPIDS FROM IN-
TESTINAL CONTENTS COLLECTED FROM DIFFERENT LEVELS OF
HUMAN SMALL INTESTINE. Specific activity of the total
lipids of the test meal =100: P = pylorus; T = ligament
of Treitz.
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TABLE III

Centrifuged intestinal contents collected from duodenum
of a human fed a test meal*

Glyceride Total Free

chol- fatty

Centrifugation Tri- Di- Mono- esterol acids
G max. mg/mil

0 5.5 0.66 0.34 0.26 5.4

600; 10 min. 0.44 0.23 0.22 0.11 24

10,000; 20 min. 0.28 0.23 0.20 0.09 2.0

45,000; 30 min. 0.33 0.17 0.15 0.08 1.3

144,000; 45 min. 0.22 0.13 0.12 1.1

* Composition of the subnatant solution, mg per ml.

The mechanism behind the incomplete absorp-
tion of cholesterol, compared with glycerides, is
not clear. Any significant conversion of choles-
terol to the slightly absorbable coprostanol was
not evident in our experiments on an intestinal
level distal to that in which cholesterol absorption
was almost completed. In an attempt to find out
if the incomplete absorption of cholesterol could
be explained by differences in the physical state
of cholesterol and glyceride in the intestinal con-
tent, the latter was subjected to high speed sepa-
ration in a Spinco centrifuge.

Separation of intestinal content by centrifuga-
tion. The fact that the emulsified lipids of the
test meal could easily be collected by centrifuga-
tion as a creamy layer above a lipid-free subnatant
led to these experiments. Intestinal contents col-
lected from the upper part of the small intestine
after feeding a test meal could also be separated
by centrifugation into a top layer and a subnatant
which, on analysis, showed differences in com-
position. As can be seen in Table IIT the most
striking difference is that most of the triglycerides
are in the top layer, while the di- and mono-
glycerides, fatty acids and cholesterol are more
evenly distributed in both layers. Results of
analysis of a series of subnatant layers obtained by
centrifugation of intestinal content from different
levels of the gut are found in Table IV.

The subnatant, which in all cases was completely
clear, contained on an average 47.8 per cent of the
total lipids, 44.1 per cent of the total cholesterol
and 43.6 per cent of the radioactive cholesterol.
The average specific activity of the cholesterol in
the subnatant solution was 3,420 cpm per mg
compared with 3,450 for the cholesterol of the
top layer. The identical specific activity of the
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cholesterol in the two layers indicates that dietary
cholesterol and endogenous cholesterol secreted
via the bile are completely mixed during digestion.
The appearance of the top layer in most samples
from the upper part of the intestine was that of
large oil droplets, indicating its close relationship
to the emulsion of the test meal. Also, the chemi-
cal composition showed a predominance of tri-
glycerides while the subnatant contained mostly
the more hydrophilic split products of the tri-
glycerides.

The physical state of the lipids in the subnatant
clear solution is not known, but the lipids therein
must be much more finely dispersed than they are
in the emulsion, and are probably of micellar
character (15). The formation of a clear lipid
containing “solution,” corresponding in our ex-
periments to the subnatant after centrifugation,

TABLE IV

Distribution by centrifugation of total lipids, total cholesterol,
free cholesterol, free fatty acids (FFA) and C* activity
between top layer and subnatant layer*

Specific  Specific
activity activity

TF  FFA TC FC of TF  of TC

mg/ml mg/ml  mg/ml  mg/ml cpm/mg cpm/mg
Top layer 3.5 1.2 0.19 0.15 662 3,480
Subnat. layer 3.2 1.4 0.15 0.11 513 3,420

* Intestinal contents from Experiments A I, AII, BI,
C I and C 11, 60,000 G for 45 minutes; mean of 17 samples
analyzed. See Table I for abbreviations.

obviously is an effect of the admixing of bile and
the action of the pancreatic lipase generating more
hydrophilic products from the dietary triglycer-
ides. Tt is well known that cholesterol absorption
is dependent on bile acids (16, 17) and is pro-
moted by fatty acids (18). A possible explanation
of the relatively incomplete absorption of cholesterol
is that the subnatant solution can dissolve choles-
terol only to a-certain extent depending upon the
concentration of mixed glycerides, fatty acids
and bile constituents. When these carrier sub-
stances, and especially the bile acids, have been
absorbed in the upper part of the intestine, the
cholesterol remaining is left in a physical state
unavailable for absorption.

SUMMARY

Cholesterol metabolism during intestinal di-
gestion and absorption has been studied in the
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human by analyzing small intestine contents re-
covered by intubation after feeding a test meal
containing C!-cholesterol. The results can be
summarized as follows:

1. The concentration of cholesterol in small in-
testine contents varied between 0.03 and 0.76 mg
per ml with an average of 0.34 mg per ml.

2. The percentage of free cholesterol varied be-
tween 17 and 100 per cent with a mean of 71 per
cent.

3. Dilution of dietary cholesterol by endogenous
cholesterol during digestion varied widely but
seemed to be correlated mainly with the admixture
of bile with intestinal contents. The total amount
of endogenous cholesterol added during the di-
gestion period ranged from 104 to 1,275 mg, with
an average of 610 mg.

4. The specific activity of the total lipids of the
intestinal contents ranged up to five to six times
higher than that of the fed lipid mixture, indi-
cating that glyceride and/or its split products are
absorbed more rapidly and more completely than
is cholesterol.

5. Centrifugation of intestinal content at high
speed (above 45,000 X G) gave an oily top layer
and a clear subnatant of different composition
chemically and physically. The isotopic data
from these experiments indicated that dietary and
endogenous cholesterol are completely mixed
during digestion.

The obvious reason for the large variations of
data from sample to sample even at the same level
in the same experimental subject over time is the
complexity of the digestive and absorptive proc-
esses, the chyme passing distally in the intestine
in small fractions which are individually handled.
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