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Our knowledge of the processes underlying the
normal digestion and absorption in the human
small intestine is incomplete in spite of a consider-
able volume of research devoted to this subject
(1-3).

While balance studies and blood analysis of ab-
sorbed material only give indirect information in
this respect, more definite knowledge of the di-
gestion and absorption processes must include
studies of the composition of the intestinal con-
tent of different parts of the intestine during di-
gestion and absorption. Various techniques us-
ing intubation of the human intestinal tract (4, 5)
have also provided results in this direction and
have given some information about factors such
as pH (6, 7), enzyme concentrations (6), and
composition of ingested foodstuffs (8). Such in-
formation per se, however, is incomplete if it
does not make it possible to calculate the extent of
absorption at different levels. Such quantitative
data have hitherto been obtained in special cases
only by collecting intestinal content from segments
isolated between balloons or proximal to occlud-
ing balloons (3, 9, 10) with techniques which are
not generally applicable and which in many cases
are physiologically unsuitable.

In the study presented here we have aimed at
an analysis of the digestion and absorption proces-
ses in the small intestine of normal adult human
subjects. Sampling at different levels of the in-
testinal tract after feeding a well-balanced liquid
test meal has been effected with the transintestinal
intubation technique as described by Blankenhorn,
Hirsch, and Ahrens (5). This technique, which
utilizes intubation with a polyvinyl tubing (inner
diameter, 2.1 mm.), allows sampling at any de-
sired level of the gut under conditions very closely
resembling the physiological state. To get quan-
titative figures as to the sites and extent of absorp-

'This investigation was generously supported by the
Swedish Medical Research Council.

tion of various substances included in the test meal,
a reference substance, polyethylenglycol, with a
molecular weight of 3000 to 3700, has been incor-
porated into the test meal. Although highly solu-
ble in water, this substance is not absorbed or de-
composed in the intestinal tract.

It has thus been possible to follow the dilution
of the meal at different levels and to follow the ab-
sorption of the various components of the food-
stuffs over the length of the human small intes-
tine. Simultaneous analysis of the intestinal con-
tent as to concentration of foodstuffs and their
digestion product, different bile constituents, en-
zymes, and pH has given information about the
milieu of digestion from which the absorption
takes place in the normal human being.

MATERIAL AND METHODS

The material includes experiments on six human sub-
jects between 16 and 40 years of age: two female and
four males, without any known gastrointestinal disorders.

The subjects were intubated according to the prin-
ciples of Blankenhorn, Hirsch, and Ahrens (5) using a
polyvinyl tubing (inner diameter, 2.1 mm.),2 and sampling
was generally started when the tube had passed the en-
tire gastrointestinal tract. Sampling was generally at-
tempted from both the oral and anal end of the tubing
from perforations on the tubing located 50 to 100 cm.
apart and separated by a closed segment. In some cases
sampling from the anal end was difficult or impossible
since no free flow could be obtained. Altogether 16
successful experiments were performed on these sub-
jects comprising 13 oral and 8 anal samplings. The test
meal was usually given in the morning and intestinal con-
tent collected over a four-hour period. When the upper
sampling was made from the duodenum or the first part
of the jejunum two half-hour samples were taken during
the first hour; later on and at lower levels hourly sam-
ples were taken. Sampling at levels lower than 300 cm.
from the nose was only successful in one case.

When it appeared from the studies of these six sub-
jects that the major site of the absorption of the food-

2 The tubing was generously supplied by the Pharmaseal
Laboratories, Glendale, California.
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the locus of aspiration had reached Non-phospholipid fat was determined by weight after
the nose. In these cases 10-minute extraction of 5 to 10 ml. of the samples (acidified with
during the first hour after the test hydrochloric acid) with a system containing equal parts
hourly samples were taken. of ethanol, diethyl ether, heptane and water as described
g moved slowly downwards during by Ahrens and Borgstrom (8). In this way neutral fat
md the distance from the nose to the and free fatty acids are obtained free from bile acids,
r each sample is given as the mean amino acids, carbohydrate and salt. Less then five per
)sition at the beginning and the end cent of the total phospholipids present in the intestinal
iod. The position of the sampling content is extracted with this method.
of the intestine is given in cm. from Lipid phosphorous was determined after extractionoe this level, X-rays were taken in with 10 volumes of a mixture containing ethanol and ace-
ection of radio-opaque solution into tone in equal volumes according to the Fiske and Sub-
mpts were made to localize exactly barow method as used by Brante (14).
pylorus, ligament of Treitz, or the Free fatty acids were determined on the lipid extract
eyvariations in the position of these by titration with 0.1-N NaOHusing thymol blue as in-

been reported by Hirsch, Ahrens, diator.
.), and the arrows on the figures are Bile acids were determined with the method described
r figures. They found the distance by Sjovall (15). Optical density at 400 m# was meas-
is to be around 65 cm.; from nose ured in a 1-cm. cell on the supernatant after precipitationis to be around 65cm.;ad from nose of the proteins with ten volumes of ethanol.to be around 90 cm.L; and from nose
be around 350 cm Glucose in the intestinal content was determined by aweareing. ac. modification of the method described by Sumner (16)were sitting in a chair during the . ..
tid the samples were collected in using 3,5-dinitrosalicylic acid as reagent.
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rith the composition given by Ahrens, milligrams of invert sugar produced in one hour by 1 ml.
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of th ape t2 C

proeing , and
c y, thelds Lipase was assayed with a spectrophotometric method;being 40, 15, and 45, respectively, using a triolein emulsion as substrate (19).

neat is also polyethylenglycol (PEG), Trypsin and chymotrypsin were determined spectro-
ltor of the test meal, and radioiodi- photometrically with a modification of the method de-
L albumin (RIHSA) serving as an scribed by Schwert and Takenaka (20), using bensoyl-
4d protein. The composition of the arginine ethyl ester and tyrosine ethyl ester, respectively,
Table I. Of this liquid formula 500 as substrates (21).

r during the first 10 to 15 minutes of Assay of It-activity was made in a well-type scintilla-
Che caloric content of the test meal tion counter, 10' counts were counted on each sample.
nl. To get an estimation of the extent of hydrolysis of the

protein we have determined the I'-activity in the super-
natant after phosphotungstic acid precipitation of the in-
testinal content (equal volumes of intestinal content, 5

OSITION OF TESTMEAL per cent phosphotungstic acid and water) (22). One
CARS"-f- subject was fed a test meal containing approximately 10

9 FAT ATE OTEN microcuries '4C-triolein. The 'C activity was determined
74 _ _ on the total fatty acids of each fraction with a conventional

flow counter.
126 0.5 50 63 The percentage absorption of fat, carbohydrate and
138 - 138 - protein at a given level was calculated from the re-
5 - lation of the amount of these substances to PEG con-

1~~~5pC~~m 1~centration in the test meal and the same relationship in1 -5PC1M c
1000 74.5 188 4 8 The polyethylenglycol was obtained from Mo and

Domsjo A.B., Sweden, under the name of "Polyglykol.
mg per ml: 60 150 50 A 4000."
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the collected samples. In the case of protein, the total
amount of radioactivity in the intestinal content was con-
sidered to be protein bound in these calculations. pH-
values were determined with a glass electrode as soon as
possible after the collection of the samples. In some
cases continuous recording of pH was undertaken with
the electrodes built into a chamber of 1.5 ml. volume
through which the intestinal content passed. The I"-
labelled human serum albumin (RIHSA) was purchased
from The Radiochemical Centre, Amersham, England.

RESULTS AND DISCUSSION

The use of PEGas a reference substance

In 1953, Sperber, Hyden, and Ekman (23)
reported the use of PEG as a reference sub-
stance in digestion studies. They used it in a
study of ruminant digestion in the sheep and found
it not to be absorbed or destroyed to any consider-
able extent in the alimentary tract and could re-
cover more than 90 per cent in the feces. The be-
havior of different polyethylenglycols in the ani-
mal and human body had earlier been extensively
studied by Shaffer, Critchfield, and Nair (24, 25)
in connection with the introduction of these sub-
stances for pharmaceutical use (carbowax com-
pounds). These authors (24) concluded that the
higher polyethylenglycols are not absorbed after
oral dosage in rat or man. Solid polyethylengly-
cols have also been reported suitable for use as
reference substance for the estimation of fecal
output in the cow (26).

The solid polyethylenglycols with a molecular
weight of 3000 to 3700 used by Sperber, Hyden,
and Ekman (23) and Corbett, Miller, Clarke, and
Florence (26), therefore, seemed to be well docu-
mented for use as reference substance in studies of
the digestion and absorption of water soluble sub-
stances in the human. Replicate samples taken
from the same freshly drawn intestinal content
gave constant ratios of fat to PEG. It, therefore,
seems justifiable to use the watersoluble PEGas
a reference substance also for fat when the latter is
present in the test meal in a finely emulsified form.

Recovery of test meal from the tube

The sampling technique used in this investiga-
tion does not aim at a complete recovery of the

4In two experiments a patient with ileostomy after
total colectomy was fed the test meal and 103 and 95 per
cent of the PEG recovered in the intestinal contents
collected for 48 hours.

intestinal content that passes a certain level. The
amount of test meal contained in each sample
obtained from the tubing can instead be calculated
from the concentration therein of the reference
substance (PEG) included in the test meal. If
the samples obtained through the nasal end of
the tubing from the six persons subjected to trans-
intestinal intubation are considered, a fairly con-
stant proportion of the test meal, as a mean 22.6 +
2.2 per cent, passed out through the tube during
the four-hour sampling period. These figures in-
clude samples collected on levels from the duode-
num down to 215 cm. from the nose. The distri-
bution of the test meal recovered from the tube,
as calculated from the PEGvalues over the differ-
ent hourly collection periods in the above experi-
ments, was found to be 29.5, 35.0, 23.8, and 11.7
per cent of the total amount recovered over the
four-hour periods. Thus, the 500 ml. of test meal
fed to these subjects are delivered from the stom-
ach over a four-hour period, with the largest por-
tion during the second hour. At levels lower than
150 cm. from the nose (distal jejunum), the first
hour samples usually did not contain any ap-
preciable amount of test meal, indicating that the
passage of the meal down the intestine is rather
slow normally. When sampling from the duode-
numand the first part of the jejunum, we generally
observed that the flow ceased during the fourth
hour, indicating that the stomach was empty at
that time.

Concentration in intestinal content of PEG
Figure 1 shows the concentration of the refer-

ence substance in the samples collected at differ-
ent levels. The general trend is a three- to five-
fold dilution of the test meal in the duodenum
followed by a concentration further down the
small intestine. At levels below 150 cm. from the
nose we will find both very high and very low
figures. The reason for the large differences
found at these low levels will probably be found
in the fact that the recovery through the tube of
samples containing test meal is more by chance
due to the small volume of viscous content passing.
In some cases very low PEG values are found
in samples obviously mostly representing intestinal
secretion.

From the PEGvalues in the duodenum it can be
calculated that the 500-ml. test meal during its pas-
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FIG. 1. CONCENTRATIONOF POLYETHYLENGLYCOL(PEG) IN INTESTINAL CONTENTCOLLECTED
AT DIFFERENT LEVELS OF THE SMALL INTESTINE An= FEEDING 500-GM. TEST MEAL

Concentration of PEGin the test meal equals 100.

sage through the duodenum is diluted to a volume
of 1,500 to 2,500 ml.

Absorption of fat, glucose and protein

The presence in the test meal of a substance
that is not absorbed nor digested makes it possible
for the first time to calculate the absorption curves

over the length of the human small intestine of the
foodstuffs included in the meal. These curves

for fat, glucose and protein are seen in Figure 2.
It is seen that the absorption of these substances
begins already in the distal part of the duodenum
and is generally completed in the first 50 to 100
cm. of the jejunum, a little higher up for fat than
for glucose and protein. In the lower part of the
small intestine the glucose concentration reaches
zero while there are always some substances pres-

ent in the intestinal content at all levels which are

extractable with fat solvents. That this fat is
mainly of dietary origin is shown from the ex-

periment in which 14C-triolein was included in the
fat of the test meal. In this subject intestinal con-

tent was collected at a level of 190 to 200 cm.

from the nose during a four-hour period follow-
ing the test meal. The lipid content of the four
hourly samples was 5.1, 3.0, 6.9 and 3.1 mg. per

ml. intestinal content with specific activities of
110, 71, 94 and 79 per cent of that of the fat of the
test meal.

Studies of the digestion and absorption of pro-
teins are complicated by the difficulty of differenti-
ating between food protein and the rather large
quantities of endogeneous protein contained in the
secretions to the intestinal tract (27). To indi-
cate the food protein we have added radioiodi-
nated human serum albumin (RIHSA) to the
test meal. Using filter-paper chromatography we

have found that in various samples of intestinal
content collected in connection with a test meal
containing RIHSA less than 10 per cent of the I'8l
activity is in the form of inorganic iodine. Fur-
thermore, Lavik, Mattews, Buckaloo, Lemm, Spec-
tor, and Friedell (28) have found that at the most
12 per cent of I13' bound to casein was liberated as

1524

250-

200*

150-

0

CL
0s.

0
F

I.-
z
Lu
z
0

.



* 0 .
0

* *0 00 ** 0 :
0 *0 8

0

*: *:

00

00 00
11 00

* U

0 0

*o 0

* 0

0

00

0!so,
0

0

fib l t - -
p T

a

00 0 0 0 0 * 0

0

0 - 200 250 - cmISO 250 ~~~~20cm

0

00 0 0

0
0

0
0 0

0 0 0

0

0

0

001
0 0 * 0

*. 0

..

0

r--
I3'

I0050 200 250 300
CM FROMNOSE

0

.0 0 0 0

* * 000
0

0 *9

0 &00

so

Io

0"

0
0

0 0

0

0 0

0

0

0

0 m j Usoo4l 200 200PT 0C FROMNOSE

FIG. 2. ABSORPTIONCuRVEs FOR FAT, GLUCOSE(PLUS LACTOSE) AND PROTEIN AS INDI-
CATED BY I' OVERTHE LENGTHOF THE HUMANSMALL INTESTINE

1525

U.

70

so

so
40

a 20
I-

I oL
0

=-,

S.

I.If
0 *0

08

0I 0

01 00
00

0 3:

- 9 w= --M- . . .

SO0



B. BORGSTROM,A. DAHLQVIPT, G. LUNDH, AND J. SJOVALL

inorganic iodine on incubation with intestinal juice hydrate in the test meal in amount corresponding
from dog during a two-hour period. It therefore to the amount of lactose plus glucose in the other
seems feasible to use RIHSA as an indicator of experiments. Figure 3 shows that lactose is ab-
food protein and, consequently, when values for sorbed at the same level as is glucose.
protein absorption are given, they have been cal- The extent of absorption retorded is more de-
culated on the amounts of 18I activity in the pendent on the location of sampling than on the
sample. time elapsed after the ingestion of the test meal.

The absorption of protein as indicated by In the upper part of the small intestine the extent
RIHSA does not exceed 80 to 90 per cent, even of absorption, however, is low during the first half-
at the lowest levels of the small intestine. These hour of the digestion period.
calculations cannot be influenced by endogeneous The anatmical site of absorption of fat over
proteins and therefore indicate that the protein the length of the human small intesine determined
absorption in the small intestine is less complete in this investigation is in accord with the general
than the absorption of glucose and fat; As, how-. '6bser o maei dogs by Bernard (30) one-
ever, the fecal excretion of radioiodine in these hundred ye'rs ago and the recent results obtained
cases and in other investigations (28) is very low, by Turner (31), also in dogs, studying the in-
it is apparent that a certain breakdown of pro- corporation of fed 1ll-labelled' triolein in the in-
teins must occur in the large intestine. Studies of testinal mucosa during absorption. The conclu-
protein absorption using 1"N as a label in healthy sion that the distal small intestine is the major site
human beings has also shown a mean protein, for fat absorption reached by Kremen, Linner, and
absorption around 90 per cent (29). Nelson (32) and Benson, Chandler, Vansteen-

As part of the carbohydrate in the test meal is huyse and Gagnon (33) working with dogs and
lactose (around 25 per cent) and the lactose is de- rats, respectively, is at variance with the above
termined with the glucose, we have made a few results. In rats it has been shown that glucose is
experiments in which lactose was the only carbo- absorbed in the first part of the small intestine
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FIG. 3. EXTENTOF ABSORPTIONOF LACTOSE (0) OVERTHE LENGTHOF THE HUMANSMALL
INTESTINE COMPAREDWITH THE ABSORPTIONCURVEFOR GLUCOSE( *) IN THE SAMESUBJECT
IN DIFFERENT EXPERIMENTS

Solid line represents absorption curve for glucose drawn from Figure 2.
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(34) and that most of the protein absorption takes
place in the duodenum and upper part of the
jejunum, but even to some extent in the colon
(35).

Concentration of fat, glucose and protein in the

intestinal content

The concentrations of non-phospholipid fat, glu-
cose and protein as indicated by the labelled serum

albumin in the intestinal content at different levels
are seen in Figure 4. It is apparent that a rapid
dilution has occurred in the duodenum which in
combination with the absorption that has already
started here gives figures for concentration of fat
and protein that are around 10 to 20 mg. per ml.
and for glucose less than 50 mg. per ml., compared
to 60 and 150 mg. per ml., respectively, in the test
meal. The concentration of glucose in the duode-
num is thus in accord with earlier results (36, 37),
practically never over that of an isotonic solution.
The percentage of free fatty acids in the non-phos-
pholipid fat recovered from the intestinal content
(Figure 5) is at all levels around 65 to 70 per
cent. These figures are higher than those earlier
reported for lipids recovered from intestinal con-

tents from animals and humans fed non-emulsified

fat in large quantities (38, 39, 44). It seems very

probable that the finely emulsified fat fed in this
investigation favors a more rapid hydrolysis.

In two experiments in the present investigation
content was sampled from the stomach at different
times over a four-hour period after ingestion of
the test meal. The lipids recovered from these
samples generally contained 10 to 20 per cent
free fatty acids as indicated in Figure 5. It is not
possible to say from the present experiments
whether this gastric digestion of the corn oil of
the test meal is effected by the so-called gastric
lipase (40) or by the action of regurgitated pan-

creatic lipase. Wecan only conclude that the fat
of the test meal is already hydrolyzed to an ap-

preciable extent when reaching the duodenum.
The concentration of food protein in the intes-

tinal juice can approximately be calculated through
the total 1131-activity in the samples (Figure 4).
In spite of the increasing concentration of the in-
testinal content there is a steady decrease in con-

centration of food protein. The decrease in con-

centration of food protein is similar to that for
the enzymatic activity. Nasset, Schwartz, and
Weiss (27) have found gradually increasing
amounts of total nitrogen in intestinal content of
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dogs from duodenum to ileum after a non-pro-

tein test meal, which they believe indicates an ac-

cumulation of digestive enzymes and other pro-

teins contributed by the gastric, pancreatic and
intestinal juices. Our results speak in favor of a

parallel digestion and absorption of food protein
and enzyme protein. Nasset, Schwartz, and Weiss
(27) also have discussed the problem of the pro-

tein turnover in the digestive glands. With the
technique used here, it might be possible to fur-
ther investigate this problem.

The extent of hydrolysis of the food protein as

indicated by I131-activity (equals per cent of total
activity in the supernatant after precipitation with
5 per cent phosphotungstic acid) (22) is very low
in the stomach, 10 to 15 per cent, but reaches very

rapidly in duodenum values of 50 to 60 per cent.
This extent of the hydrolysis is then rather con-

stant in samples from lower levels. No effort has
been made to analyze the composition of the hy-
drolyzed protein.

Concentrations of enzyme in the intestinal content

Of the enzymes known to be contained in the
pancreatic juice we have determined lipase, tryp-
sin, chymotrypsin and amylase. They approxi-
mately follow each other and in Figure 6 are

seen the values obtained for trypsin and chymo-
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trypsin in the intestinal content collected at dif-
ferent levels of the small intestine. It is apparent
that there exist wide variations in the concentra-
tions of these enzymes over the length of the in-
testine if no consideration is taken to the time re-

lationship. There is a general trend to a decrease
in enzyme concentration the further down in the
intestine the samples have been collected in spite
of a concentration of the intestinal content in the
same direction (see Figure 1). This fact must in-
dicate that the enzymes are partly inactivated or

autodigested in the lumen of the small intestine.
Due to the progressive concentration of the intes-
tinal content in the lower part of the intestine an

appreciable enzyme concentration, however, is
maintained over the length of the small intestine.
If the enzyme-time relationship is studied in the
upper part of the small intestine (Figure 7) it is
seen that the pancreatic secretion is started 10 to

20 minutes after the ingestion of the test meal and
then continues to flow as long as there is any food
in the stomach. The decrease in enzyme concen-

tration apparent during the latter part of the first
hour and the most of the second hour is probably
explained by dilution of the pancreatic juice with
the test meal, the main part of which passes dur-
ing this time.
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enzymatic content of the so

cus we have determined the
the intestinal content at dif
values are given in Figure

very different from that of the pancreatic enzymes.

There is very little invertase activity in the duode-
num and the proximal jejunum where the pan-

creatic enzymes have their maximum values. The
invertase activity varies greatly in spite of -the
fact that this enzyme is fairly stable in vitro, and
has maximum values at a level about 200 cm. from
the nose. If the activity of invertase and amylase
in the intestinal content is compared it can be cal-
culated that the nmylase contained in 1 ml. in-
testinal content can digest around 5 Gm. starch per

hour at 370 C. while the corresponding figure for
the invertase activity is less than 0.02 Gm. sac-

2 HOURS charose. Thus there is a great difference in activ-
ity per ml. of intestinal content and it is also ap-

M. CONEINTFROMTHE parent from the absorption curve shown in Figure
, JEJUNUMArm FE:E- 3 that a disaccharide as lactose is absorbed at a

L&A HUMANBEINGS level of the small intestine where the disaccharide
splitting enzymes are absent or have a low jcon-

-called succus enteri- centration. It should be added that other ex-

! invertase activity of periments (41) show that the lactase activity of
lerent levels. These intestinal content follows the same course as the
8 and show a course invertase activity and is only about half of that
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of the invertase activity. It is therefore tempting
to draw the conclusion that the presence of disac-
charide splitting enzymes in the succus entericus
is of no importance for the absorption of the disac-
charides, the action of these enzymes being con-

fined to the intestinal cells. This opinion is in
accord with the conclusions drawn by Cajori (42)
in experiments on intestinal loops of dogs that
sucrose and lactose are absorbed much more

rapidly than would be predicted on the basis of
the enzymatic activity of the intestinal juice.
Based on a study on a comparison of the concen-
tration of lactase in the intestinal content and in
the mucosal cells Heilskov (43) has recently ar-
rived at the opposite conclusion, i.e., the lactase is
secreted to and acts in the intestinal content. It
seems to us, however, that the data of Cajori and
of this investigation are more relevant to the solu-
tion of the problem of the primary action of these
enzymes.

Bile constituents in the intestinal content

Of the bile constituents in the intestinal content
we have determined phospholipids as lipid phos-
phorus and bile salts. The concentration of these
bile constituents in the intestinal content is high
in the duodenum and the proximal jejunum (Fig-
ure 9), then decreases due to absorption and prob-
ably hydrolysis of the phospholipids. The phos-
pholipids in the intestinal content after a test meal
free of phospholipids are derived from the bile
lecithin. In studies to be reported (44) it will be
shown that this lipid phosphorus is present in the
intestinal content chiefly as lysolecithin formed by
the action of a lecithinase A in the pancreatic
juice on the bile lecithin. The figures for bile
acids are expressed as total free bile acids. All
the bile acids, with the possible exception of trace
amounts, occur conjugated with glycine and tau-
rine, the ratio of glycine to taurine conjugates
varying between 1.5 and 5. A more complete re-
port on the concentrations of the different bile
acids will be given later.

Figure 10 shows the time course of the con-
centrations of the bile acids and lipid phosphorus
in the duodenum and the upper jejunum. It is ap-
parent that the gall bladder empties during the
first half hour after the ingestion of the test meal.
During this time we can see high concentrations
of bile constituents in the upper part of the small
intestine. Later on during the second and fol-
lowing hours and as long as we have any test
meal in the stomach, the concentration of bile acids
and phospholipids goes down to a lower and rela-
tively constant value of 1 to 3 mg. per ml. of bile
acids and around 0.5 mg. per ml. of phospholipid,
chiefly as lysolecithin. As only about 30 per cent
of the test meal is passing the duodenum during the
first hour it is apparent that most of the meal is
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digested and absorbed from a milieu with the
above composition. As we know the mean bile
acid concentration in the intestinal content in the
duodenum and the proximal jejunum during the
digestion period is 204 to 330 mg. per 100 ml., and
from the PEGvalues can calculate the dilution of
the test meal, it is possible to get an approximate
figure of 4 to 8 Gm. for the total amount of bile
acids that passes the duodenum and is used for the
digestion and absorption of the test meal. This
is a minimum figure as the bile acids most likely
start to be absorbed even while in the duodenum.
When these figures are compared with the total
circulating amount of bile acids in the human re-
cently determined by isotope dilution by Lindstedt
(45) to be 1.88 to 4.97 Gm. in eight experiments
with a mean figure of 3.58 Gm., it is apparent
that the bile salts are excreted to the intestine and
absorbed about two times during the digestion and
absorption of a meal of the kind given in these
experiments. The total amount of phospholipids
mixed with the test meal can correspondingly be
calculated to be 0.75 to 1.5 Gm. as lysolecithin.
Thus the 30 Gm. of triglycerides contained in the
test meal are mixed in the intestine with approxi-
mately 20 per cent their weight of bile acids and
2.5 to 5 per cent of lysolecithin.

From Figure 10 it is seen that there is a very
good parallelity between optical density at 400

pH
S1

7

6-

31

0

my of the intestinal content mainly due to the bile
pigments and the concentration of bile acids and
phospholipids in the duodenum and the proximal
jejunum under the conditions of our experiments.
Further down in the intestine when the bile acids
and phospholipids are partly absorbed and the bile
pigments concentrated large differences are seen
in this relationship.

pH of the intestinal content

Figure 11 includes pH values of the intestinal
content at different levels of the small intestine.
They increase slowly from values around six in
the duodenum to figures at or close to eight in the
lower ileum. These figures are essentially in ac-
cord with those earlier obtained from humans
(6, 39). Figure 12 shows curves from direct
continuous registration of pH in the duodenum
and the proximal jejunum during the digestion
and absorption of the test meal. Generally, very
constant pH values around six are found in the
duodenum, and the curve in Figure 12 is repre-
sentative for most of the experiments performed.

The pH of the stomach content during the four-
hour sampling period after ingestion of 500-Gm.
test meal shows a decrease from around four to
five during the first hour down to pH values
around two during the fourth hour when the
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stomach starts to be empty. Apparently the pro-
teins of the test meal effectively buffer the acid
secretion of the stomach under the conditions of
our experiments.

CONCLUSIONS

The intestinal digestion and absorption were
studied in normal human beings, 16 to 40 years
of age, subjected to intestinal intubation with a
polyvinyl tubing (inner diameter, 2.1 mm.), al-
lowing sampling of intestinal content at apy level
of the gastrointestinal tract.

The test subjects were fed a fluid test meal
containing fat as corn oil, carbohydrate as glucose
plus lactose, and protein as milk proteins in well-
balanced proportions. The test meal also con-
tained a water soluble non-absorbable reference
substance (PEG) to indicate the test meal and
I181-labelled human serum albumin (RIHSA) to
indicate the food protein.

From the results obtained it was possible to
draw the following conclusions:

1. The 500-Gm. test meal is delivered from the
stomach to the duodenum in small portions over
a four-hour period with a maximum amount dur-
ing the second hour.

2. The test meal passes the duodenum diluted
three to five times.

3. The absorption of fat, carbohydrate and pro-
tein begins in the duodenum and is completed in
the proximal 100 cm. of the jejunum, more proxi-
mal for fat than for carbohydrate and more proxi-
mal for carbohydrate than for protein. Fat in
the form of corn oil is absorbed to 90 to 95 per
cent and is not significantly diluted with endoge-
nous fat in the small intestine; carbohydrate in the

form of glucose plus lactose is absorbed to 100 per
cent, and protein as indicated by RIHSA to
80 to 90 per cent.

4. The concentration in the intestinal content of
enzymes contained in the pancreatic juice is high-
est in the duodenum and the proximal jejunum.
Due to auto-digestion, the enzyme concentration
decreases slowly in distal direction in spite of a
progressive concentration in the same direction of
the intestinal content. The result, however, is
that a considerable concentration of enzymes is
maintained over the length of the small intestine.

5. There seems to be reason to believe that the
enzymes contained in the so-called succus entersi
cus are of no or little importance for the intralumi-
nar digestion and absorption. The major locus
of action of these enzymes most probably is intra-
cellular.

6. The gall bladder is emptied during the first
30 minutes after the test meal, giving rise to high
concentrations of bile salts and phospholipid in the
content of duodenum and proximal jejunum. In
this way the bile constituents stored in the gall
bladder are brought into circulation during the
first part of the digestion period, the main part of
the test meal being mixed with liver bile and di-
gested and absorbed from a milieu with concentra-
tions of bile acids around 1 to 3 mg. per ml. and of
phospholipid of around 0.5 to 1 mg. per ml. chiefly
as lysolecithin. The total amount of bile acids
mixed with the test meal has been calculated to
4 to 8 Gm., which are minimum figures. This
means that the bile acid pool is circulated about
two times during the digestion period.

7. The pH of the intestinal content during di-
gestion in the duodenum is around six and in-
creases slowly in distal direction to values up to
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eight. The pH in the duodenum and the jejunum
is very constant during the digestion period.
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