J c I The Journal of Clinical Investigation

STUDIES ON LIPID METABOLISM IN THE SMALL INTESTINE
WITH OBSERVATIONS ON THE ROLE OF BILE SALTS

Anthony M. Dawson, Kurt J. Isselbacher

J Clin Invest. 1960;39(5):730-740. https://doi.org/10.1172/JCI104090.

Research Article

Find the latest version:

https://jci.me/104090/pdf



http://www.jci.org
http://www.jci.org/39/5?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI104090
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/104090/pdf
https://jci.me/104090/pdf?utm_content=qrcode

STUDIES ON LIPID METABOLISM IN THE SMALL INTESTINE
WITH OBSERVATIONS ON THE ROLE OF BILE SALTS * }

By ANTHONY M. DAWSON } ano KURT J. ISSELBACHER WITH THE TECHNICAL
AssISTANCE oF VIRGINIA M. BELL

(From the Department of Medicine, Harvard Medical School, and the Medical Services,
Massachusetts General Hospital, Boston, Mass.)
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It is now well established that the esterification
of long chain fatty acids is an important step in
their transport across the small intestinal mucosa
before they appear in the lymph in chylomicrons.
Evidence for this process has been well reviewed
recently (1, 2). The main ester formed by the
mucosa is triglyceride but a small proportion of
the fatty acids is incorporated into phospholipids
and cholesterol esters. We have recently re-
ported some in vitro studies on the incorporation
of long chain fatty acids into glycerides using ho-
mogenates of rat and human small intestine mu-
cosa and have delineated some of the cofactor re-
quirements involved (3). This work has now
been extended to the intact mucosa of the rat.
Observations are presented on factors influencing
the uptake and esterification of palmitate-1-C**
and the incorporation of label into lipid from C**-
glucose. In addition, evidence is presented for
the concept that conjugated bile salts directly
stimulate glyceride metabolism in the intestinal
mucosa.

MATERIALS AND METHODS

Palmitic acid-1-C* and uniformly labeled glucose-C*
were obtained from the Volk Radiochemical Company,
Chicago, Illinois. The C"-labeled palmitate was puri-
fied and made up into a solution as previously described
(2). Crystalline bovine albumin was obtained from
Nutritional Biochemicals Corporation, Cleveland, Ohio.
Cholic acid and desoxycholic acid were obtained from
Matheson, Coleman and Bell, Norwood, Ohio and the
cholic acid was recrystallized from 70 per cent ethanol.
The taurine derivatives of these acids and glycocholic
acid were prepared according to Norman (4) and their

* Presented in part before the American Society for
Clinical Investigation, Atlantic City, New Jersey, May,
1959.
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purity tested by melting point determinations and paper
chromatography (5). Hydrolysis of the conjugated bile
salts, glycocholate and taurodesoxycholate was carried
out by dissolving them in 2 N NaOH and then heating
in sealed Pyrex tubes at 140° C for 3 hours. The re-
sulting solution was diluted with water, acidified, and
the precipitated free bile salt filtered, washed and dried.
In earlier experiments commercial sodium taurocholate
(Pfanstiehl Laboratory, Waukegan, Ill.) was used.
This contained a faint trace of glycocholate which could
only be demonstrated by chromatography when there was
heavy overloading of Whatman no. 3 filter paper. No

.unconjugated bile salts were present but there were some

contaminating pigments. The commercial taurocholate
gave substantially the same results as the synthetic ma-
terial which was used in later experiments.

Female albino rats (Charles River Laboratories, Bos-
ton, Mass.) weighing 150 to 250 g were fasted overnight.
They were killed by a blow on the head and the small
intestine washed out at room temperature with oxy-
genated Krebs-Ringer phosphate buffer, pH 7.4, modi-
fied to contain half the usual concentration of calcium.
This buffer was used in all the experiments described.
The small intestine was everted on a glass rod following
the technique of Wilson and Wiseman (6) and then cut
across so as to form small cylindrical segments or in-
testinal rings. These measured approximately one-
eighth inch (lengthwise) and weighed between 80 to
150 mg (wet weight). Since one of the problems in us-
ing slices or sacs of small intestine in metabolic studies
is the variation in activity along this organ, some pre-
liminary experiments were performed to determine the
distribution of esterifying activity along the intestine.
It was found that under optimal conditions there was
moderate (50 per cent) variation of activity along the
upper four-fifths of the jejuno-ileum. The terminal
ileum showed an abrupt and profound fall off in activity
to 5 to 10 per cent that of the upper intestine. Colonic
tissue was about as active as terminal ileum. Thus the
reproducibility of our method was increased in subsequent
studies by 1) using only the upper two-thirds of the
jejuno-ileum, 2) by using at least two segments of in-
testine in each incubation flask with each segment com-
ing from a different site, and 3) by performing all incu-
bations in duplicate. Incubations were carried out in
25 ml Erlenmeyer flasks and the incubation mixture con-
tained either palmitate-1-C* or uniformly labeled glu-
cose-C* plus other agents such as bile salts, Tween “80”
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(polyoxyethylene sorbitan mono-oleate) and albumin as
indicated in the individual experiments. The incuba-
tion mixture was made up to a volume of 4 ml with
buffer. All incubations were performed under oxygen
at 25° C in a Dubnoff shaking incubator. It was found
that incubating at 25° as compared to 37° C reduced the
transport of esterified lipid out of the tissue to less than
0.1 per cent [using the everted sac technique (6)] and
thus increased the validity of simply analyzing tissue lipid
at the end of the incubation. This temperature also per-
mitted a better demonstration of the effects of bile salts
on the system. At the end of the incubation the flasks
were placed on ice and the intestinal segments washed
in cold Krebs-Ringer buffer, blotted and weighed on a
microtorsion balance. The method of extracting lipid
from the tissue was based on that of Folch, Lees and
Sloane Stanley (7). Segments were homogenized in
chloroform-methanol (2:1) in a tissue grinder (Potter-
Elvehjem, Teflon pestle) and the mixture allowed to
stand at least 30 minutes at room temperature. It was
then filtered through Whatman no. 1 filter paper into a
50 ml Pyrex centrifuge tube which was fitted with a
ground glass stopper. A volume of water was added
which was approximately one-fifth of the chloroform-
methanol solution. The mixture was shaken and the
separation into two phases facilitated by centrifuging at
2,500 rpm for 5 minutes. The upper aqueous methanol
phase was drawn off and discarded. In experiments with
radioactive palmitate the resulting chloroform solution
was evaporated to dryness and the lipid, after being dis-
solved in 10 ml of petroleum ether, was washed once with
20 ml of 0.1 M KCI to remove any nonlipid radioactive
metabolites. The total lipid radioactivity was assayed
by counting 2 ml of this petroleum ether extract in a lipid
scintillation spectrometer (3). Duplicate tissue analyses
agreed within 10 to 15 per cent. Another aliquot of the
petroleum ether solution was evaporated to dryness in a
lipped test tube, taken up in 2 ml of wet ether and the
unesterified fatty acids removed by passage through an
Amberlite IRA-400 column. The ether eluate repre-
senting esterified lipid was evaporated, taken up in pe-
troleum ether, and counted. In experiments with C"-
labeled glucose the chloroform solution containing the
lipid was evaporated and the lipid taken up in 10 ml of
petroleum ether and washed three times with approxi-
mately 0.1 M KCI before counting an aliquot of the
petroleum ether extract. Negligible water-soluble radio-
activity remained in the petroleum ether under such
conditions. In experiments where further fractionation
of the lipid was to be performed by silicic acid chroma-
tography, all evaporations were conducted under nitrogen,
the samples were not heated to above 37° C and they were
stored at —10° C in tubes previously gassed with ni-
trogen.

Other methods and the preparations of materials have
been described previously (3). Tissue from guinea pig,
hamster and rabbit were prepared in a manner similar
to that used for rat tissue. Human jejunal tissue was
obtained at operation from patients undergoing partial
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gastrectomy and was immediately placed in oxygenated
Krebs-Ringer buffer at room temperature and trans-
ported as quickly as possible to the laboratory for in-
cubation. This process took less than 20 minutes.

RESULTS

Studies on binding versus esterification of pal-
mitate-1-C**. When a slice of everted rat small
intestine is incubated with only palmitate-1-C*
and buffer, there is a large uptake of labeled fatty
acid by the tissue, but only a negligible proportion
of this fatty acid is esterified. The addition of
substances to the incubation medium which are
known to maintain fatty acids in solution, such
as albumin, Tween “80,” and taurocholate, de-
crease the total uptake of palmitate-1-C* but
significantly increase the amount which is esteri-
fied (Table I). Of these three agents taurocholate
is by far the most effective. It seemed likely that
the large uptake of radioactivity in the absence of
one of these substances represented binding of
the fatty acid to the cell surface. This possibility
was investigated by examining the cellular distri-
bution of the radioactivity in intestinal slices after
an incubation. The results (Table II) indicate
that in the absence of a wetting agent (taurocho-
late) most of the radioactivity was present in the
cell debris, which contained cell walls and nuclei.
This radioactivity was in the unesterified lipid
fraction. These results were not significantly
different when the incubation was performed un-
der nitrogen or at 4° rather than at 37° C. On
the other hand, when taurocholate was added to

TABLE I

The uptake and esterification of palmitate-1-C'*
by slices of rat small intestine *

Palmitate-1-C14/

100 mg tissue
Unester- Ester-
Additionst Total ified ified
None r7.2 r7.0 6.2
Albumin (5 mg/ml) 4.8 4.2 0.6
Tween 80" (0.38 %) 3.3 1.6 1.7
Taurocholate (2 X 1072 M) 5.7 1.0 4.7

* All flasks contained in addition to substances listed
above palmitate-1-C, 100 mumoles (5 X 10° cpm), and
Krebs-Ringer phosphate buffer to a final volume of 4 ml.
The incubation was for 1 hour at 25° C. L.

t Figures in parentheses represent concentration in the
incubation medium.
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TABLE II
The localization of palmitate-1-C' in slices of rat small intestine *

Palmitate-1-C4/100 mg tissue

Cellular debrist Supernatantt
Unester- Ester- Unester- Ester-
Additions Gas phase Total ified ified Total ified ified
None Oxygen 229 22.0 0.9 0.8 0.6 0.2
None Nitrogen 22.3 21.8 0.5 0.6 0.4 0.2
Taurocholate Oxygen 6.6 1.1 5.5 2.5 0.2 2.3
(2 X102 M)

* All flasks contained palmitate-1-C1, 100 mumoles (5 X 105 cpm), and Krebs-Ringer phosphate buffer in a final

volume of 4 ml. The incubation was for 1 hour at 25° C.

t Based on the centrifugation at 600 X G at 4° C of a 0.15 M KCI homogenate of the slices.

the incubation medium a considerable proportion
of the radioactivity was present in the supernatant
fraction and was esterified. Additional experi-
ments with albumin and Tween “80” gave results
similar to those with taurocholate. As would be
expected from our previous studies on palmitate
esterification (3), this process in the intestinal
slices was energy-dependent. An energy require-
ment was shown by performing incubations with
2Xx 102 M taurocholate anaerobically or in the
presence of either dinitrophenol (10-* M) or po-
tassium fluoride (2 X 2-2 M). These conditions
resulted in inhibition of palmitate esterification
(viz., 85, 96 and 64 per cent inhibition, respec-
tively).

The effect of conjugated bile salts on the esteri-
fication of palmitate-1-C*%. The conjugated bile
salts studied were taurocholate, glycocholate and
taurodesoxycholate and all stimulated the esteri-
fication of palmitate-1-C**. The respective curves
demonstrating the effect of increasing concen-

TABLE III

The additive effect of different bile salts on the esterification
of palmitate-1-C* by slices of rat small intestine *

Bile salt added

Palmitate-1-Cl4

Taurodesoxy- esterified/
Glycocholate cholate 100 mg tissue
umoles/ umoles/ mumoles

ml mi

0 0 0.58

5 0 0.64

0 1 0.48

5 1 3.4

* Each flask contained palmitate-1-C%4, 100 mpgmoles
(5 X 10° cpm), and Krebs-Ringer phosphate buffer to give
;5ﬁ°nél volume of 4 ml. The incubation was for 1 hour at

trations of these salts are shown in Figure 1.
The cholate derivatives had an optimal concen-
tration of 1.5 to 2 X 102 M while the optimal
concentration for taurodesoxycholate was 5 X
10 M. Higher concentrations of taurodesoxy-
cholate inhibited the reaction. These curves also
show that there was only negligible stimulation
by the cholate derivatives below concentrations of
5% 10 M and by taurodesoxycholate below
10-* M. However, the addition of two bile salts
(glycocholate and taurodesoxycholate), in con-
centrations at which each salt alone produced no
effect, resulted in stimulation (Table III). The
optimal activity of each of these three bile salts
studied was comparable under our experimental
conditions.
In view of the fact that rat bile contains pre-
dominantly taurocholate (8-10) it was of interest
- to study the effect of this salt on tissue from spe-
cies which predominantly have glycine-conjugated

TABLE IV

The effect of taurocholate on the esterification of palmitate-1-C
by slices of small intestine of various species *t

Additions

Taurocholate

Species None (2 X102M)
Guinea pig 31 9.2
Hamster 6.1 27.6
Human 2.0 17.3
Rabbit 2.2 5.5
Rat 1.6 3.8

* Results expressed as millimicromoles palmitate-1-C
esterified per 100 mg intestine, except human tissue which
is per 100 mg intestinal mucosa.

t Each flask contained palmitate-1-C14, 100 mpumoles
(5 X 10% cpm), 20 mg of albumin and Krebs-Ringer phos-
phate buffer to a final volume of 4 ml. The incubation
was for 1 hour at 25° C.
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TABLE V

Comparison of the effect of Tween ‘80" and taurocholate on
the esterification of palmitate-l—f 14 by slices of rat small
intestine

Palmitate-1-C1¢
esterified/

Tween *‘80" Taurocholate 100 mg tissue
% umoles/ml mpumoles
0.3 None 1.2
0.5 None 1.1
0.38 20 4.2
None 20 4.6

* Each flask contained palmitate-1-C!, 100 mumole s
(5 X 105 cpm), and Krebs-Ringer phosphate buffer to give
asﬁonél volume of 4 ml. The incubation was for 1 hour at
2 .

bile salts (hamster, rabbit and guinea pig) and
from those which excrete a more equal mixture of
glycine and taurine conjugates (man) (8-10).
In all these species taurocholate (2 X 102 M)
stimulated the esterification of palmitate-1-C'*
(Table IV).

Since both taurocholate and Tween “80” are
good emulsifying agents, the observation in Table
I that taurocholate was 2.5 times as effective as
Tween “80” in stimulating the esterification of
palmitate was further investigated. The results
in Table V demonstrate that at optimal taurocho-
late concentrations the addition of Tween “80”
had no effect. In contrast, at optimal Tween
“80” concentrations the addition of taurocholate
produced a further stimulation (fourfold). The
fact that taurocholate was more effective than
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Tween “80” in stimulating the esterification of
palmitate-1-C** suggested that taurocholate might
have another role besides that of an intraluminal
emulsifier of fat. It seemed probable that if
taurocholate were merely acting as an emulsifying
agent, preincubation of small intestine for 30 min-
utes with taurocholate, before the addition of pal-
mitate-1-C**, would offer no advantage over con-
trol tubes preincubated with buffer only. How-
ever, if taurocholate also had a cellular effect,
preincubation with the bile salt might stimulate
palmitate esterification. Such experiments were
performed with taurocholate, glycocholate and
taurodesoxycholate and compared to the action
of a wetting agent such as Tween “80”. Table
VI demonstrates that preincubation with these
bile salts resulted in stimulation of palmitate es-
terification while Tween “80” had no such effect.

The effect of conjugated bile salts on the in-
corporation of label into lipid from glucose-1-C**.
Further evidence that conjugated bile salts stimu-
late lipid metabolism in the mucosal cell is af-
forded by experiments using C*-labeled glucose.
We have observed that when everted rat small
intestine is incubated with a tracer amount of
uniformly labeled C*-glucose, a significant pro-
portion of the radioactivity is incorporated into
the tissue lipid (Table VII). Following saponi-
fication of such lipids a large proportion (i.e.,
greater than 95 per cent) of the radioactivity is
in the water-soluble fraction, presumably in gly-

TABLE VI

The effect of preincubating slices of rat small intestine with conjugated bile salts and Tween ‘80"
upon the esterification of palmitate-1-C* *

Palmitate esterification/100 mg tissue after preincubation with

Mean
Buffer only Buffer plus wetting agent change in
No. of palmitate
Addition Expt. Mean Range Mean Range esterification
mumoles mumoles %
Taurocholate 6 1.1 07 —-135 1.9 1.0 — 24 +71
(1072 M)
Glycocholate 6 1.2 09 — 1.7 1.8 1.6 — 2.6 +45
(102 M)
Taurodesoxycholate 2 0.18 0.16 — 0.20 0.30 0.28 — 0.32 +66
(1.5 X 103 M)
Tween “80" 4 0.43 0.28 — 0.60 0.40 0.24 — 0.61 -7
0.1 %)

* Control slices were preincubated in Krebs-Ringer phosphate buffer (column 3) and experimental slices with buffer

plus bile salt or Tween ‘80"’ (column 4).

After 30 minutes, palmitate-1-C (100 mumoles) was added to both, as well as

bile salts or Tween ‘80’ to the controls in order to make the final concentration of the wetting agents equal in each set of

flasks. Incubation was then carried out for 30 minutes.
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TABLE VII

The effect of taurocholate on C'-glucose
metabolism by rat small intestine *

Radioactivity/100 mg tissue

Barium-
Addition Total lipid ethanol ppt.
cpm cpm
None 4,160 3,430
Taurocholate 16,400 3,360
(2 X102M)

* Each flask contained uniformly labeled glucose, 0.02
umoles (5 X 10%) cpm, and Krebs-Ringer phosphate buffer
to give a final volume of 4 ml. The incubation was for 1
hour at 25° C. After incubation the tissue was washed,
weighed and then homogenized in 0.15 M KCl. One ali-
quot was used for lipid analysis. To another aliquot 1
umole of carrier fructose-1,6-diphosphate was added and
the phosphorylated carbohydrates precipitated with bar-
ium and ethanol (11), plated on aluminum planchets and
counted in a gas-flow counter. Correction was made for
the different counting efficiency of the liquid scintillation
spectrometer and the gas-flow counter. Each result is a
mean of triplicate determinations.

cerol. The presence of taurocholate (2 X 102 M)
in the medium increases the incorporation of ra-
dioactivity into the lipid up to fourfold (Table
VII). Such an increase in the radioactivity in
tissue lipid could possibly result from an increased
labeling of the intracellular glucose pool, sec-
ondary to a greater transport of the tracer glu-
cose into the cell. If this were the explanation,
one would also expect an increase in the labeling
of other products of glucose metabolism, such as
phosphorlylated carbohydrate intermediates. The
phosphorylated carbohydrate intermediates were
therefore isolated by barium-ethanol precipitation
(11) and did not show any increase in radioac-
tivity when taurocholate was present in the incu-
bation medium (Table VII). Glycocholate and
taurodesoxycholate also stimulated the incorpo-
ration of radioactivity into lipid when rat small
intestine was incubated with C'*-labeled glucose.
The effect of varying concentrations of these salts
on this process is shown in Figure 2. A com-
parison of the two sets of curves in Figures 1 and
2 shows that the optimal concentration for each
bile salt was similar for both the labeled palmitate
and labeled glucose experiments.

The formation of glycerol-labeled lipid from
C**-labeled glucose in our experiments lends sup-
port to the hypothesis that glucose is a glyceride-
glycerol precursor in the mucosal cell during fatty
acid absorption (12, 13). This was further sub-

ANTHONY M. DAWSON AND KURT J. ISSELBACHER

stantiated by observing a twofold increase of la-
bel in tissue lipid when 1 umole of unlabeled pal-
mitate was added to the C'*-glucose incubation
mixture under conditions optimal for the esterifi-
cation of palmitate (vide supra).

The effect of unconjugated bile salts. In order
to assess the role of the conjugation of bile salts,
we investigated the effect of free bile salts on the
small intestine. Specifically, we investigated the
influence of cholate and desoxycholate on palmi-
tate esterification, glucose transport and tissue
histology. Free desoxycholate inhibited palmi-
tate esterification (Figure 3), and this inhibition
was demonstrable at a concentration as low as
5% 10* M and was almost complete at 3 X 10-3
M. This inhibition was more readily demon-
strated when palmitate esterification had been in-
creased by the presence of a wetting agent (e.g.,
albumin, Tween “80” or taurocholate). The
inhibition by free desoxycholate is in striking con-
trast to the stimulation by taurodesoxycholate
which occurs at an optimal concentration of 5 X

Glycocholote

Tourocholate
X X

Tourodesoxycholate

mpmoles PALMITATE-/-C14 ESTERIFIED per I00mg TISSUE

[o) 1 1 1 1 1
o 5 10 15 20 25

BILE SALT (y moles per ml)

F16. 1. THE EFFECT OF CONJUGATED BILE SALTS ON THE
ESTERIFICATION OF PALMITATE-1-C* BY SLICES OF RAT
SMALL INTESTINE. Standard incubation procedure was
used. There were 100 mumoles (5 X 10° cpm) of palmi-
tate-1-C* in each flask and bile salts were added as indi-
cated.
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—

Taurocholate

a
Glycocholate

Tourodesoxycholate

CPM x 103 per 100 mg TISSUE
~
1

(o) 1 1 1 1
o 5 10 15 20 25

BILE SALT (y moles per ml)

Fi16. 2. THE EFFECT OF CONJUGATED BILE SALTS ON THE
INCORPORATION OF RADIOACTIVITY FROM C™-GLUCOSE BY
SLICES OF RAT SMALL INTESTINE. Each flask contained
uniformly labeled C*-glucose, 0.1 umole (2.7 X 10° cpm),
and conjugated bile salts as indicated.

10-* M (Figure 1). Free cholate, on the other
hand, did not inhibit esterification and when its
effects were compared to those of its conjugated

W
¥ S3+-
Q9
w e -
[ ]
N Cholate
~ Q2+
N
~ & g Desoxycholate
Ta N
oYX
£,
£ 45
S5
fu
x
q
) X 1 1 1 1
0 5 10 15 20

BILE ACID (y moles per ml)

F16. 3. THE EFFECT OF FREE BILE SALTS ON THE ES-
TERIFICATION OF PALMITATE-1-C* BY SLICES OF RAT SMALL
INTESTINE. Standard incubation conditions were used.
Each flask contained palmitate-1-C*, 100 mumoles (5 X
10° cpm), and free bile salts as indicated. Each flask in
the desoxycholate experiments contained Tween “80"
(0.38 per cent) to facilitate esterification.
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TABLE VIII

Comparison of the effect of cholate and its conjugated deriva-
tives on the esterification of palmitate-1-C" by slices of rat
small intestine *

Bile salt Maximal
palmitate-1-C14
Optimal esterified/
Type concentration 100 mg tissue
X103 M mumoles
Cholate 10 2.8
Glycocholate 15 3.9
Taurocholate 15 3.7

* Standard incubation procedure. Data in column 2
are derived from Figures 1 and 3. Data in column 3 are
derived from the action of the bile salts on tissue from the

same rat.

derivatives (Table VIII, Figures 1 and 3) there
were two obvious differences: 1) the maximal
palmitate esterification produced by cholate was
less than that produced by its conjugate when
tested on tissue from the same animal (Table
VIII, column 3); and 2) the concentration at
which this maximum was reached was lower for
cholate (Table VIII, column 2). To be certain
that these observations were not due to unrecog-
nized contaminants, these results were confirmed

120
g
g3
IS
S $
=3
£
=¥
]
&
0
BILE SALT.  6LYCO TAURO CHOLATE TAURO DESOXY
CHOLATE  CHOLATE DESOXY CHOLATE
CHOLATE
» moles/ml: 20 20 15 5 S

F16. 4. THE EFFECT OF BILE SALTS ON THE TRANSPORT
oF THE C™-GLUCOSE BY EVERTED SACS OF RAT SMALL IN-
TESTINE. Krebs-Ringer phosphate buffer containing un-
labeled glucose (10® M) was used for the incubation
medium and for the sac contents. A tracer dose of C™-
glucose (0.02 umole, 2.25 X 10° cpm) was added to the
incubation medium. Bile salts were added as indicated.
The final volume of the incubation medium was 4 ml
and the incubation was for one hour at 25° C under oxy-
gen. At the end of the incubations, aliquots of the sac
contents were dried on planchets and counted in a gas-
flow counter. The control sacs without bile salts con-
tained on an average 6.5 X 10° cpm per ml at the end of
the incubation. The results of the incubation with bile
salts are expressed as per cent of the controls. Each
result represents the mean value of at least eight sacs.
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with free acids obtained by the hydrolysis of re-
crystallized conjugated bile salts.

The inhibition by desoxycholate was not spe-
cific for the esterifying activity of the mucosa as
shown by experiments on glucose transport using
everted sacs of small intestine. It was found
(Figure 4) that whereas taurodesoxycholate
(5 %X 10-* M) had no effect on glucose transport,
free desoxycholate at this concentration decreased
glucose transport by 75 per cent. Cholate (1.5 X
102 M) inhibited glucose transport 35 per cent,
while its conjugated derivatives, glycocholate and
taurocholate (2 X 102 M), had no effect on this
process. These results on the interference of in-
testinal glucose transport by free bile salts em-
phasize the limitation of using C*-glucose to as-
sess intracellular metabolism when the results

A
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depend upon the initial entry of the label into the
cell.

Normally, at the end of a one hour incubation
of rat small intestine at 25° C in buffer containing
glucose (107 M), histological sections of this tis-
sue showed generally well preserved villi with
scattered mild mucosal damage. The results were
similar when taurodesoxycholate (5 X 10-* M)
was in the medium (Figure 5A). On the other
hand, free desoxycholate (5 X 10® M) caused
dissolution of the tissue with loss of whole villi
(Figure 5B). Even at concentrations of 10* M
all villi had necrotic tips. The effect of cholate
was far less pronounced, but at 1.5 X 102 M it
caused histological damage to all villi. Intestinal
segments incubated with glycocholate or tauro-
cholate (2 X 102 M) were histologically the same

F16. 5. THE EFFECT OF FREE DESOXYCHOLATE AND TAURODESOXYCHOLATE IN THE HISTOLOGY OF RAT SMALL INTES-

TINE.

The sacs of small intestine used to demonstrate glucose transport (Figure 4) were fixed in 10 per cent forma-

lin and histologic sections prepared and stained with hematoxylin and eosin. A) After incubation with taurodesoxy-
cholate, 5X 10® M (magnification X 200); B) after incubation with desoxycholate, 5X 10° M (magnification

X 100).
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TABLE IX
The separation of labeled small intestinal lipids by silicic acid chromatography *

Radioactive lipid following incubation with

Eluate
Lipid fraction
Solvent Volume elute Palmitate-1-C1 CM-glucose
mit cpm % com %
19, Benzene 18 Cholesterol ester 42 0.2
3% Ether in hexane 60 Triglyceride 19,846 86.8 23,913 92.0
30% Ether in hexane 60 Diglyceride 2,360 10.4 1,691 6.5
Ether 60 Monoglyceride 224 1.0 200 0.7
Methanol 100 Phospholipid 336 1.5 242 0.9

* The lipid was prepared from rat small intestine following a standard incubation with either palmitate-1-C'¢ or
uniformly labled C-glucose in the presence of taurocholate 2 X 102 M. All extractions were performed under nitrogen

and the lipid was not heated to more than 37° C.

The lipid from the glucose experiment was not passed through an

Amberlite IRA-400 column prior to silicic acid chromatography. Lo
t The eluate was collected in 6 ml fractions and good separation of the respective lipid peaks was demonstrated.
For the sake of brevity the total volume of each solvent fraction and the total radioactivity in each fraction are given.

as the controls. Similar experiments were also
performed with everted segments of rat colon.
The free bile salts again caused some mucosal
damage but to a considerably lesser extent than
that seen in the rat small intestine.

Identification of labeled incubation products.
The results of silicic acid chromatography of the
labeled lipid formed during an incubation with
either palmitate-1-C'* or uniformly labeled C*-
glucose are shown in Table IX. With labeled
lipid derived from palmitate-1-C'* experiments,
0.2 per cent of the counts were eluted with 1 per
cent benzene in hexane and probably represented
cholesterol ester. Over 85 per cent of the label
was in the triglyceride fraction, about 10 per cent
in the diglyceride fraction, and 1 to 2 per cent in
both monoglyceride and phospholipid. In view
of the very small proportion of counts in the
lower glyceride fractions, their identity was also
confirmed by chromatography on silicone impreg-
nated paper (14). Some of the monoglyceride
was found to come from hydrolysis of higher
glycerides on the IRA-400 column. The mono-
glyceride due to such hydrolysis amounted to 0.5
per cent of the total counts in the tri- and di-
glyceride fractions. Nevertheless, it is evident in
Table IX that in the C'%-glucose experiments
(where IRA columns were not used) the labeled
lipid still showed a definite, though small (0.7 per
cent), monoglyceride fraction.

DISCUSSION

These observations on factors affecting lipid
inetabolism in rat small intestine have been facili-

tated by using a reproducible technique for meas-
uring both palmitate-1-C** esterification and the
incorporation of label from C!‘-glucose into in-
testinal lipid. A somewhat similar system for
measuring palmitate esterification has recently
been described by Johnston (15). He used
everted sacs of hamster small intestine which were
incubated at 37° C for 2.5 hours with a carefully
prepared albumin-palmitate-1-C** complex. Un--
der his conditions, in contrast to our experiments,
a significant proportion of esterified palmitate-1-
C'* was transported into the serosal medium.
This difference may be related to the fact that he
used a higher temperature, incubated for a longer
time, and used a different species. From our
observations the species difference is probably the
most important, for Table IV shows that hamster
jejunum is approximately seven times as active
as that of the rat.

The observation that in the absence of a wetting
agent palmitate-1-C** adheres to the mucosal cell
surface and that this process is not energy-de-
pendent has been observed in other cells (16, 17).
Goodman (16) found that red blood cells have a
strong binding affinity for palmitate-1-C** and
that this property was also demonstrable with red
cell ghosts or cyanide-poisoned cells. The reason
for the negligible transport of palmitate into the
mucosal cell, despite its adherence to the cell sur-
face, is not known but was also described by
Fillerup, Migliore and Mead (17) using ascites
tumor cells. They facilitated the transport of
palmitate into these cells by using an albumin-
palmitate complex. In our system taurocholate
and Tween “80” had this effect, as well as albu-
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min, which suggests that albumin acts by increas-
ing the solubility of the fatty acid rather than by
any other specific property. Johnston’s observa-
tions that only 10 to 20 per cent of the palmitate-
1-C** present in the tissue was unesterified may
be explained by the fact that he used an albumin-
palmitate complex in which all the palmitate was
bound to the albumin. In our experiments not
all the palmitate present was bound to albumin
since we added the palmitate and albumin to the
incubation medium for only 15 minutes before
the tissue was added.

Bile salts are known to be of importance in fat
absorption (10). Their postulated role is usually
confined to that of a natural emulsifier of fat in
the intestinal lumen. Their detergent action may
or may not also explain their ability to activate
pancreatic lipase (1). However, Verzar and
McDougall (18) did suggest that bile salts might
be of importance on the mucosal cell surface and
Borgstrom (19), on the basis of balance studies
in rats with bile and lymph fistulae, inferred that
these salts had an intracellular function. Further
evidence for such an action is that 24 hours after
an injection of C'4-labeled cholate the major por-
tion of the label remaining in the tissues was pres-
ent in the small intestinal mucosa (20).

In view of the fact that Tween “80” and albu-
min increase the esterification of palmitate-1-C*
in our system, it was not surprising that bile salts
which are also active surface agents would behave
in a similar manner. But this cannot be the sole
explanation of their effect. The preincubation
experiments demonstrate that the conjugated bile
salts tested, namely, taurocholate, glycocholate
and taurodesoxycholate, have the property of
stimulating the cellular phase of palmitate esterifi-
cation. The site of such action might be on the
cell surface, inside the cell or both. Recently
pinocytosis has been described as an important
mode of membrane transport for widely differing
substances (21-24). The electron microscopic
studies of Palay and Karlin (24) have suggested
that pinocytosis is involved, at least in part, in the
transport of fat across the rat small intestine fol-
lowing the feeding of corn oil. Pinocytosis may be
stimulated by various factors in different tissues;
e.g., insulin has been shown to induce pinocytosis
in fat cells (23). It is possible that conjugated
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bile salts have an analogous effect on the intestinal
mucosa and so stimulate the transport of palmi-
tate into the cell making it available for esterifica-
tion. Regardless of this highly speculative cellu-
lar surface role of conjugated bile salts, the ex-
periments with C'*-glucose show that these salts
affect intramucosal lipid metabolism. A recent
report by Whitehouse and Staple (25) provides
further evidence that conjugated bile salts have
an intracellular metabolic role.

It is of interest that at low concentrations these
bile salts had no obvious effects. The observation
that two conjugated bile salts can act in a comple-
mentary manner when present at low concentra-
tions is of interest, for the bile of most species
contains a mixture of these salts.

The difference between the biological properties
of free bile salts and their conjugates has not been
emphasized in the past, although pharmacological
differences have been described (26). This dif-
ference was best demonstrated in our experiments
by comparing the effect of taurodesoxycholate and
desoxycholate on palmitate-1-C'* esterification,
glucose transport, and tissue histology. The de-
rangement in cell structure should perhaps not be
surprising since this agent is frequently used to
disrupt cell fractions i wvitro (27). The dif-
ference between cholate and its conjugates was
less impressive but nevertheless definite, especially
with regard to the effect on glucose transport and
cell structure. Whitehouse and Staple (25) also
found that cholate and its conjugated derivatives
differed in their metabolic effects in a cell-free
system in that cholate inhibited pyruvate oxidation
by rat liver mitochondria while its conjugated
derivatives had no such effect.

Investigations on the physiology of absorption
when crude bile salts are used must be interpreted
with caution. Unless stringent tests of purity
are employed the results may be misleading, for
traces of unconjugated bile salts (especially de-
soxycholate) can alter mucosal function. We
encountered this situation when testing both a
crude ox bile preparation and a so-called “‘chemi-
cally pure” glycocholate preparation. Both sub-
stances contained free bile salts and both inhi-
bited palmitate esterification. These findings
might also partially explain some of the confusion
concerning the therapeutic usefulness of bile salts



INTESTINAL LIPID METABOLISM AND BILE SALTS

in correcting impaired fat absorption in patients
and rats with biliary fistulae.

The conjugation of bile salts which occurs in
the liver immediately after they are synthesized
from cholesterol serves to convert potentially
harmful substances into physiologically useful
ones. Normally the small intestine contains only
conjugated bile salts. Some of these are absorbed
by the small intestine while others pass into the
large bowel where they are rapidly hydrolyzed
and degraded by bacteria (8, 9, 28).

In the clinical condition of intestinal “blind
loops,” it has been assumed that an altered small
bowel flora contributes to the associated malab-
sorption (29). It is tempting to speculate that
in circumstances where bacteria infest the small
bowel conjugated bile salts may be converted in
the lumen of the small intestine to toxic uncon-
jugated derivatives. These products might then
interfere with absorption, especially since it is
known that one of the initial bacterial degradation
products of cholate is desoxycholate.

In our analyses of the labeled lipid formed dur-
ing an incubation, we consistently found a small
proportion of the label (1 to 2 per cent) in the
monoglyceride fraction. This monoglyceride
fraction is of interest for it would not be expected
as an intermediate in the formation of triglyceride
from fatty acids if Kennedy’s scheme for the con-
version of fatty acids to neutral glycerides obtains
in the mucosa (30). In fact the monoglyceride
probably represents a product of lipolysis rather
than of lipogenesis. Active mucosal lipolysis has
been demonstrated in the rat in vivo (12) and in
rat mucosal homogenates (3).

The action of the conjugated bile salts in the
homogenate system (3) was different from that
of the tissue slice. In the homogenate, taurocho-
late depressed the incorporation of palmitate-1-C'*
into neutral fat. This was interpreted as being
due to the activation of lipase. The difference
between the results using these two techniques
probably is due to the abnormal structural rela-
tionships of cellular particles in the homogenate
system. Thus, although homogenates are of use
in delineating reactions and their cofactor require-
ments, the use of intact cells is mandatory to eval-
uate the possible physiological role of such reac-

tions.
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SUMMARY

1. A reproducible method has been described
for studying aspects of lipid metabolism in slices
of rat small intestine in vitro.

2. When slices of rat small intestine are incu-
bated with only palmitate-1-C** and buffer, fatty
acid predominantly adheres to the cell surface and
negligible esterification occurs. This binding is
independent of the metabolic activity of the cell.

3. Esterification of palmitate by slices of in-
testine is facilitated by adding a wetting agent
such as albumin, Tween “80” or taurocholate to
the medium. This esterification is dependent upon
the metabolic activity of the cell.

4. Conjugated bile salts stimulate the esterifica-
tion of palmitate-1-C** by directly affecting mu-
cosal cell metabolism in addition to their effect
on fatty acid solubility in the incubation medium.
This was demonstrated by preincubation studies
and by experiments in which conjugated bile salts
stimulated the incorporation of radioactivity from
C**-glucose into mucosal lipid.

5. The free bile salts, cholate and desoxycholate,
behave differently from their conjugated deriva-
tives. The free salts inhibit glucose transport by
the small intestine and cause histological damage.
Desoxycholate also inhibits palmitate esterifica-
tion, but cholate stimulates this process. How-
ever, the stimulation of palmitate esterification by
cholate is less than that produced by glycocholate
or taurocholate.

6. Some possible physiological and pathologi-
cal implications of these findings have been dis-

cussed.
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