
Effects of dihydroxy bile acids and hydroxy fatty acids on the
absorption of oleic acid in the human jejunum.

R Wanitschke, H V Ammon

J Clin Invest. 1978;61(1):178-186. https://doi.org/10.1172/JCI108916.

Perfusion studies of the normal human jejunum were performed to test whether dihydroxy bile acids and hydroxy fatty
acids inhibit the absorption of oleic acid, since previous reports documented their inhibitory effects on the absorption of
several other organic solutes. 3 mM deoxycholate and 7 mM glycodeoxycholate inhibited the absorption of 3 mM oleic
acid in isotonic micellar solutions while inducing net fluid secretion. Similarly, fractional absorption of oleic acid decreased
in the presence of hydroxy fatty acids. However, only the changes induced by 2 mM ricinoleic acid could be distinguished
from changes induced by an increase in total fatty acid concentration. Under all experimental conditions, close linear
relationships existed between net water movement and fractional absorption of glucose, xylose, and fatty acids, as well as
between the absorption rates of these solutes. In contrast, net fluid secretion induced by hypertonic D-mannitol (450
mosmol/liter) had no effect on solute absorption. Our data and observations in the literature do not allow formulation of a
hypothesis which would adequately define all effects of dihydroxy bile acids and fatty acids on intestinal transport
processes. The observations help explain the malabsorption of fat and other nutrients in patients with the blind loop
syndrome.

Research Article

Find the latest version:

https://jci.me/108916/pdf

http://www.jci.org
http://www.jci.org/61/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI108916
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/108916/pdf
https://jci.me/108916/pdf?utm_content=qrcode


Effects of Dihydroxy Bile Acids and Hydroxy Fatty Acids

on the Absorption of Oleic Acid in the HumanJejunum

ROLANDWANITSCHKEand HELMUTV. AMMON,Gastroenterology Section,
Medical Service, Veterans Administration Center, Wood, Wisconsin
53193, and the Department of Medicine, Medical College of
Wisconsin, Milwaukee, Wisconsin 53233

A B S T RA C T Perfusion studies of the normal human
jejunum were performed to test whether dihydroxy
bile acids and hydroxy fatty acids inhibit the absorp-
tion of oleic acid, since previous reports documented
their inhibitory effects on the absorption of several
other organic solutes. 3 mMdeoxycholate and 7 mM
glycodeoxycholate inhibited the absorption of 3 mM
oleic acid in isotonic micellar solutions while inducing
net fluid secretion. Similarly, fractional absorption of
oleic acid decreased in the presence of hydroxy fatty
acids. However, only the changes induced by 2 mM
ricinoleic acid could be distinguished from changes
induced by an increase in total fatty acid concentra-
tion. Under all experimental conditions, close linear
relationships existed between net water movement and
fractional absorption of glucose, xylose, and fatty acids,
as well as between the absorption rates of these
solutes. In contrast, net fluid secretion induced by
hypertonic D-mannitol (450 mosmol/liter) had no effect
on solute absorption. Our data and observations in the
literature do not allow formulation of a hypothesis
which would adequately define all effects of dihydroxy
bile acids and fatty acids on intestinal transport
processes. The observations help explain the malab-
sorption of fat and other nutrients in patients with the
blind loop syndrome.

INTRODUCTION

Patients with bacterial overgrowth in the small intes-
tine frequently have marked steatorrhea. Generally it
is thought that the deconjugation and dehydroxylation
of bile salts by bacteria lead to a reduction of the
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effective intraluminal bile salt concentration below the
critical micellar concentration resulting in an intra-
luminal defect of fat absorption (1-3). This concept
is based on observations that jejunal bile salt con-
centrations were low in patients with the blind loop
syndrome (4), that feeding of taurocholate (TC)1 im-
proved fat absorption in one patient (4) and in experi-
mental animals (5), and that unconjugated deoxy-
cholate (DC) did not specifically inhibit fatty acid
absorption in vivo (1, 2). However, analysis of post-
prandial jejunal contents of patients with bacterial
overgrowth has shown adequate micellar solubilization
of fatty acids (6). In addition, Shimoda et al. (7) demon-
strated morphologic changes in the jejunal mucosa
compatible with impaired fat absorption when they fed
healthy volunteers a fatty meal after infusion of deoxy-
cholate into the jejunum.

Dihydroxy bile acids and long-chain fatty acids
induce net fluid secretion when perfused through the
intestine of experimental animals (8-11) and man
(12-14). Whenwater secretion is induced, electrolytes
are secreted in parallel (9, 11, 13-15), and in addition,
absorption of organic solutes is reduced. Dihydroxy
bile acids inhibit the absorption of glucose (8, 9, 12, 13)
and amino acids (10). Oleic acid (OA) inhibits the ab-
sorption of glucose (16); and ricinoleic acid (RA), a
hydroxy fatty acid, inhibits the absorption of sugars
(11, 16), amino acids (16), taurocholate (11), and a lipid,
2-mono-olein (16). We therefore postulated that di-
hydroxy bile acids and hydroxy fatty acids might also
affect the absorption of fatty acids. Here we report
perfusion experiments in which we studied the absorp-
tion of oleic acid in comparison with that of glucose
and xylose from the human jejunum under control
conditions of fluid absorption and during fluid secre-

I Abbreviations used in this paper: DC, deoxycholic acid;
GDC, glycodeoxycholic acid; HSA, 10-hydroxy stearic acid;
OA, oleic acid; PEG, polyethylene glycol; RA, ricinoleic acid;
TC, taurocholic acid.
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tion induced by dihydroxy bile acids, hydroxy fatty
acids, and hypertonic D-mannitol.

METHODS

Materials. Conjugated bile acids were synthesized as de-
scribed previously (17). The conjugated precursors, cholic
acid and deoxycholic acid, were purchased from ICN
Pharmaceuticals Inc., Life Sciences Group, (Cleveland, Ohio).
The purity of the conjugates was greater than 95%, as deter-
mined by thin-layer chromatography. Oleic acid (more than
99%pure) was obtained from Nu-Chek Prep (Elysian, Minn.).
Ricinoleic acid (12-hydroxy-A-9,10-octadecenoic acid) was
prepared by saponification of castor oil with subsequent
serial solvent extraction with petrol ether-methanol (14) and
contained less than 2%impurities by gas-liquid and thin-layer
chromatography. 10-Hydroxy stearic acid (HSA) was prepared
as a mixture of 10- and 9-hydroxy stearic acid according to
the method of Knight et al. (18) and was greater than 99%
pure by gas-liquid chromatography (14). [14C]Polyethylene
glycol ([14C]PEG) and [3H]polyethylene glycol ([3H]PEG)
were purchased from New England Nuclear (Boston, Mass.),
and [14C]deoxycholic acid (carboxyl-14C) from ICN Pharma-
ceuticals.

Perfusion technique. The subjects were healthy male
volunteers (mean age 22 yr) who gave informed consent. The
perfusion technique, described previously (12-14, 19, 20),
employs a four-lumen tube with an occluding balloon proxi-
mal to the perfusion site. The balloon is positioned fluoro-
scopically at the ligament of Treitz. Perfusates were delivered
at 37°C at a constant rate of 10 ml/min; they were sampled
25 cm distally by siphonage. Duodenal contents proximal to
the balloon were removed by intermittent suction. An ad-
ditional gastric tube was inserted for aspiration of gastric
secretions. Control and test solutions were perfused for 60
min. The first 30 min were used for equilibration. Samples
were collected for six consecutive 5-min intervals. Steady-
state conditions were confirmed by stable concentrations of
PEGduring these sequential sampling periods, and all results
refer to observations during the steady state (12-14, 20).

Analytical methods. PEGwas measured by determination
of [14C]PEG (21) or [3H]PEG, and deoxycholate by determina-
tion of [14C]deoxycholate. For isotope determinations, 1 ml
of perfusate or effluent was mixed with 10 ml of a scintilla-
tion cocktail composed of toluene and emulsifier (Ready Solv
VI, Beckman Instruments, Inc., Fullerton, Calif.) and counted
in a liquid scintillation counter (Beckman, model LS-255).
Quench correction was made by external standardization.
Samples containing two isotopes were counted in two chan-
nels. Counts per minute were converted into disintegra-
tions per minute for each isotope with a computer program
which corrected for quenching and spillover of 14C into the
tritium channel (22). Spillover of tritium into the 14C channel
was less than 1%. In order to validate [3H]PEG as a non-
absorbable marker, we added 20 ,uCi of [3H]PEG to perfusion
solutions and compared the water movements calculated from
the [14C]PEG and [3H]PEG data. A very close correlation
existed between the values obtained from the two isotopes
(r = 0.991; regression equation: y = 0.10 + 0.99x; n = 24).
Fatty acids were quantitated by gas-liquid chromatography
(14) after acid extraction in toluene-ethanol (2:1) (23). Glucose
was determined by the glucose oxidase method (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.), and D-xylose by
the ortho-toluidine method (24).

Calculations and statistical analysis. Net water and solute
movements were calculated by standard formulas from the
changes in PEG concentrations and solute concentrations

between perfusion solutions and collected samples (21). Net
water movement is expressed as milliliters per minute per
25 cm and solute absorption as micromoles per minute per
25 cm or in percent (fractional adsorption) as the mean of six
consecutive 5-min collection periods. Over the sequential 5-
min sampling periods, the dispersion of PEGconcentration
and solute transport (SEM/mean x 100) (13) was 1.3% for PEG
(range 0.3-4.5%), 4.2% for glucose (range 0.7-9.6%), 10.2%
for xylose (range 1.5-26.8%), and 5.4% for fatty acids (range
0.3-20.7%). Differences in net movement of water and absorp-
tion of solutes were evaluated statistically by paired and
unpaired Student's t tests. Linear regressions were calculated
by the method of least squares (25).

Experimental design and composition of perfusion solu-
tions. Three groups of experiments were performed using
micellar solutions of bile acids and fatty acids. All perfusion
solutions contained (in millimoles per liter): NaCl, 100;
KCI, 5; NaHCO3, 10; D-glucose, 11.2; D-xylose, 11.2; and
PEG-4000, 5 g/liter; [14C]PEG, 5 uCi/liter; or [3H]PEG, 20
iLCi/liter. The solutions were adjusted with NaCl to isotonicity
(280 mosmol/liter) at pH 7.4 after the addition of sodium salts
of bile acids and fatty acids as outlined below. Analysis for
Na, K, Cl, glucose, and xylose showed no significant differ-
ences in the concentrations of these solutes between the
perfusion solutions.

Group A: Effects of glycodeoxycholic acid (GDC) and a
hydroxy fatty acid, RA, on OAabsorption. The influence of
net fluid secretion induced by dihydroxy bile acids and
hydroxy fatty acids on the absorption of OA was tested in
five volunteers using four perfusion solutions in random
sequence. The control solution (I) contained 7 mMTC and 3
mMOA (TC 7, OA 3). TC was used for micellar solubiliza-
tion of the fatty acids. In the concentrations used in the
current experiments, it had no effect on intestinal water
transport (14). In solution II, we measured the absorption
of 3 mMOA in the presence of a conjugated dihydroxy
bile acid, 7 mMGDC(GDC 7, OA 3). Solution III tested
the effect of RA on OAabsorption and contained 7 mMTC,
3 mMOA, and 6 mMRA (TC 7, OA 3, RA 6). Solution IV
contained 7 mMTC and 9 mMOA (TC 7, OA 9) as the
appropriate control for the increased fatty acid load. In one
volunteer, solution III was omitted from the perfusion
sequence.

Group B: Effects of deoxycholate and hydroxy fatty acids
on OAabsorption. Study B was designed to simulate condi-
tions which might occur in the blind loop syndrome. Absorp-
tion of OA was measured under six different experimental
conditions in six healthy volunteers. The solutions were per-
fused in random sequence. Solution I (control) contained 10
mMTC and 3 mMOA (TC 10, OA 3); solution II con-
tained 7 mMTC, 3 mMDC, and 3 mMOA (TC 7, DC 3,
OA 3) (part of TC was replaced by DC to simulate bacterial
deconjugation and dehydroxylation of bile acids); solution
III contained 10 mMTC, 3 mMOA, and 2 mMHSA(TC 10,
OA 3, HSA 2). HSAwas added, since this compound is the
product of bacterial action on OA (26) and since it theoreti-
cally could be present in the upper small intestine in states
of bacterial overgrowth. Solution IV contained 7 mMTC, 3
mMDC, 3 mMOA, and 2 mMHSA (TC 7, DC 3, OA 3,
HSA2) to study the combined presence of DCand HSAon
OAabsorption. In solution V, HSAwas replaced by RA (TC
10, OA3, RA 2). Solution VI contained 10 mMTC and 5 mM
OA(TC 10, OA5) as control for the increased fatty acid load
in solutions III, IV, and V. Solutions II and IV contained
[14C]deoxycholate (5 ,uCi/liter) and [3H]PEG (20 uCi/liter)
instead of [14C]PEG. In one subject, solutions II and V had to
be omitted from the perfusion sequence.

Group C: Effects of osmoticqlly induced netfluid secretion
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FIGURE 1 Effects of glycodeoxycholate on net water move-
ment and solute absorption in the human jejunum in
comparison with taurocholate. Data from studies in five
healthy volunteers. Isotonic electrolyte solutions were per-
fused at 10 ml/min over a 25-cm test segment. Values are
mean±SE.

on absorption offatty acids. To determine whether changes
in solute absorption were induced by changes in net water
movement, mannitol was used to produce osmotic water flow.
In four volunteers, we compared the absorption of OA, glu-
cose, and xylose from an isotonic solution containing 10 mM
TC and 3 mMOA(280 mosmol/liter) (identical with solution
I in B) with a solution containing, in addition, D-mannitol to
an osmolality of 450 mosmol/liter.

RESULTS

Net water transport. Water was absorbed during
perfusion with the control solutions containing 3 mM
OA (Figs. 1 and 2 and Table I). Net fluid secretion
occurred under all other test conditions: i.e., in the
presence of dihydroxy bile acids and hydroxy fatty
acids, in the presence of increasing concentrations of
OA, and in response to an osmotic gradient. Net fluid
secretion in the presence of mannitol (4.7 + 0.7 ml/min
per 25 cm) (Table I) was significantly greater (P < 0.05)
than during perfusion with 9 mMOA(2.7 + 0.4) ml/min
per 25 cm) (Fig. 3), which induced the greatest net
fluid secretion in group A or B.
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FIGURE 2 Effects of deoxycholate on net water movement
and solute absorption in the human jejunum. Data from
studies in six volunteers. (Solution II had to be omitted in
one study.) Isotonic electrolyte solutions were perfused at
10 ml/min over a 25-cm test segment. Values are mean +SE.
TC = taurocholate; DC= deoxycholate.

Absorption of monosaccharides. As in previous
studies (8, 9, 11-13, 16), absorption of glucose and
xylose decreased whenever absorption changed to net
fluid secretion in the presence of dihydroxy bile acids
or fatty acids (Figs. 1, 2, and 3). In the presence of
conjugated or unconjugated DC, RA, HSA, and 9 mM
OA, these changes were statistically significant (P
< 0.05). Under these experimental conditions, glucose
concentrations in the effluents and therefore mean
segment concentrations of glucose were either un-
changed or increased (P < 0.01) in comparison with the
respective controls (Table II). The mean segment con-
centrations of xylose were slightly reduced in compari-
son with the control solutions; however, these changes
were only significant during perfusion with 9 mMOA
and with GDC7, OA3 (P < 0.05) (Table II).

Effects of bile acids on absorption of fatty acids.

TABLE I
Effect of Osmotically Induced Fluid Secretion on Absorption of Oleate (3 mM), Glucose (11.2 mM), and Xylose (11.2 mM)

Absorption/25 cm jejunum Mean segment concentration

Test circumstances Water* Oleic acid Glucose Xylose Oleic acid Glucose Xylose

ml/min pAmo1min pmollmin Amol/min AmollmI p,nollml JAmolmM

Control (280 mosmol/liter) 0.7+0.4 25.3±1.4 85.6+2.8 31.6+5.5 1.8±0.1 6.0±0.4 10.1±0.3
Control + mannitol (450 mosmol/liter) -4.3+0.4t 26.8+0.7 81.2+4.0 21.6+4.0§ 1.6+0.0 5.6+0.4 9.0+0.4"1
Each value is mean (+SEM) from studies in random sequence in four subjects. All solutions contain 10 mMtaurocholic acid.
* - = net fluid secretion.
4 P < 0.01 vs. control.
§ Not significantly different from control.

P < 0.05 vs. control.
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FIGURE 3 Effect of ricinoleic acid and increasing concen-

trations of oleic acid on net water movement and fractional
absorption of solutes in the human jejunum. Data from
studies in 11 volunteers (group A, solutions I and II;
group B, solutions III and IV). (Solutions II and IV had to
be omitted in one study each.) Isotonic electrolyte solu-
tions were perfused at 10 ml/min over a 25-cm test segment.
(Solutions I and II contained 7 mMtaurocholate, solutions
III and IV 10 mMtaurocholate.) Values are mean +SE.

7 mMGDCsignificantly reduced the absorption of OA
in comparison with 7 mMTC (P < 0.01) (Fig. 1).
Similarly, 3 mMDCsignificantly inhibited the absorp-
tion of 3 mMOA(P < 0.01) (Fig. 2) and of a mixture of
3 mMOAand 2 mMHSA (P < 0.01) (Fig. 2) in com-

parison with the respective controls. Under these con-

ditions, absorption of DCwas 8.1+0.6 ,umol/min per 25
cmand 10.2+1.8 ,umol/min per 25 cm, respectively. Ab-
sorption of 3 mMOA in the presence of 7 mMTC
was 25.6±0.6 jmol/min per 25 cm (Fig. 1). This was

not different from the absorption of 25.2+0.8 ,umol/

min per 25 cm observed in the presence of 10 mM
TC (Fig. 2, Table I). When fatty acid absorption was
reduced by dihydroxy bile acids, mean segment con-
centration of OAwas increased (P < 0.05) (Table II).

Relationship of initial OAconcentration and absorp-
tion of OA. Fractional absorption of OA decreased
from 85 + 2.1% in the presence of 3 mMOA(group A)
to 49.8+5.4% in the presence of 9 mMOA (P < 0.01).
The latter value was also significantly different from the
71.5+6.1% observed in the presence of 5 mMOA
(P < 0.05) (Fig. 3).

Effect of HSAon absorption of OA (Fig. 2). In the
presence of 10 mMTC, the addition of 3 mMHSA
(solution III) reduced the absorption of OA in com-
parison with a solution containing 3 mMOA alone
(solution I) (P < 0.05). However, total fatty acid absorp-
tion from solution III (31.1±2.6 ,umol/min per 25 cm)
was not different from a solution with identical total
fatty acid concentration, 5 mMOA (35.8±3.1 pLmol/
min per 25 cm) (Fig. 3). In contrast, in the presence of
7 mMTC+3 mMDC, the addition of 2 mMHSA
slightly reduced net fluid secretion and enhanced the
absorption of OA, glucose, and xylose (solution IV vs.
solution II, Fig. 2). These changes, however, were not
statistically significant.

Effect of RAon solute absorption (Fig. 3). Because
of the changing fatty acid concentration, absorption
rates in Fig. 3 are expressed as fractional absorption.
2 and 6 mMRA reduced the absorption of 3 mMOA
significantly from 24.8+1.1 umol/min per 25 cm (Fig. 2)
to 15.2±1.3 ,umol/min per 25 cm and 13.4±1.8 umol/

TABLE II
Mean Segment Concentrations of Solutes during Jejunal Perfusion Experiments

with Bile Acids and Long-Chain Fatty Acids

Mean segment concentration (jsmol/ml)
Test circumstances
(bile acids and fatty Oleic Hydroxy Glucose, Xylose,

acids in mM) n acid fatty acid 11.2 mM 11.2 mM

Group A
I. TC 7, OA3 5 1.8+0.1 6.3+0.3 10.0±0.1

II. GDC7, OA3 5 2.0±0.1* 7.4+0.41 9.3±0.2*
III. TC 7, OA3, RA 6 4 2.2±0.1* 4.4±0.2 8.2±0.4t 9.5±0.1
IV. TC 7, OA9 5 6.3±0.2 6.9+0.4 8.8±0.3*

Group B
I. TC 10, OA3 6 1.8±0.7 6.3±0.2 9.9±0.3

II. TC 7, DC3, OA3 5 2.4±0.1t 8.2±0.2t 9.3±0.2
III. TC 10, OA3, HSA2 6 2.0±0.1 1.3+0.1 7.4±0.2t 9.6±0.3
IV. TC 7, DC3, OA3, HSA2 6 -2;2±O.1* 1.5±0.1 7.9±0.4t 9.4±0.2
V. TC 10, OA3, RA 2 5 2.2±0.1t 1.5±0.1 7.8±0.2t 9.6±0.1

VI. TC 10, OA5 6 3.2±0.1 6.6±0.3 9.4±0.3

Values are means (±SEM); solutions were perfused in random sequence in two groups of
experiments.
* P < 0.05, test vs. I of corresponding group.
1 P < 0.01, test vs. I of corresponding group.
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min per 25 cm, respectively (Fig. 3) (P < 0.01). Absorp-
tion rates of RAwere 9.0+1.0 ,umol/min per 25 cm dur-
ing perfusion with 2 mMRA and 26.1+3.7 ,umol/min
per 25 cm in the presence of 6 mMRA. Glucose
absorption changed from 83.5+4.8 ,umol/min per 25 cm
in the presence of 3 mMOAalone (Fig. 2) to 30.4±3.2
,umol/min per 25 cm in the presence of OA 3, RA 6
(P <0.01) (Fig. 3). Xylose absorption changed from
31.7+5.3 ,umol/min per 25 cm to 8.0 +2.2 ,umol/min per
25 cm under the corresponding conditions (P < 0.05).
The differences in total fatty acid absorption, absorp-
tion of glucose, and fractional absorption of OA re-
mained significant when absorption rates from the solu-
tion containing 2 mMRA+ 3 mMOAwere compared
with a solution of identical fatty acid concentration,
5 mMOA (P < 0.05). On the other hand, total fatty
acid absorption and fractional absorption of OAfrom 6
mMRA+ 3 mMOA were not different from 9 mM
OA. Fractional absorption rates of RA and OA were
equal when the two fatty acids were perfused together.

Relationships between net water movement and

solute absorption (Table III). The data obtained from
experiments in groups A and B were pooled and
analyzed to study the relationships between changes in
net water movement and fractional absorption (percent
absorption) of fatty acids, glucose, and xylose induced
by dihydroxy bile acids (Table III, group I), increasing
amounts of OA (Table III, group II), and the addition
of RA (Table III, group III). Since fatty acid concen-
tration varied in the perfusion solutions, fractional
absorption rates were used for these calculations; this
allowed the comparison of relative absorption rates of
solutes present in varying concentrations. In each
group, a close correlation existed between net water
movement and the fractional absorption of glucose,
xylose, and fatty acids. The slope of the regression
line for water and glucose in the presence of increas-
ing amounts of OA was significantly lower than the
slopes determined in the presence of rising concen-
trations of RA (P <0.005) and in the presence of
dihydroxy bile acids (P < 0.05). Xylose, which is more
slowly absorbed than glucose, was significantly less af-

TABLE III
Relationships between Net Water Movement (ml/min) and Solute Absorption (%o) in the

Presence of Dihydroxy Bile Acids and Fatty Acids in the HumanJejunum

Test conditions used for
regression analysis Relationship tested y = ax + b

(Bile acids and fatty acids
in mmol/liter) n x y a b r P

21 Water OA 10.28* 66.67 0.80 <0.001
I. TC 10, OA3 Water Glucose 12.031 62.07 0.87 <0.001

TC 7, OA3 Water Xylose 6.31*§ 21.13 0.85 <0.001
GDC7, OA3 OA Glucose 1.00 -4.84 0.93 <0.001
TC 7, DC 3, OA3 OA Xylose 0.43 -7.21 0.73 <0.001

Glucose Xylose 0.46 -7.35 0.85 <0.001

22 Water OA 6.67 73.03 0.77 <0.001
II. TC 10, OA3 Water Glucose 7.99 70.68 0.85 <0.001

TC 7, OA3 Water Xylose 4.80"1 23.08 0.77 <0.001
TC 10, OA5 OA Glucose 1.0 -2.16 0.92 <0.001
TC 7, OA9 OA Xylose 0.52 -14.56 0.72 <0.001

Glucose Xylose 0.53 -14.58 0.80 <0.001

20 Water Fatty acids 10.08* 65.35 0.81 <0.001
III. TC 10, OA3 Water Glucose 13.45¶ 60.33 0.92 <0.001

TC 7, OA3 Water Xylose 7.33*§ 19.25 0.93 <0.001
TC 10, OA3, RA 2 Fatty acids Glucose 1.07 -9.30 0.91 <0.001
TC 7, OA3, RA 6 Fatty acids Xylose 0.48 -11.90 0.76 <0.001

Glucose Xylose 0.45 -7.90 0.84 <0.001

Linear regressions were calculated from data obtained during perfusion of 25 cm of jejunum (10
ml/min) with isotonic electrolyte solutions containing 11.2 mMglucose and 11.2 mMxylose.
* Not different from corresponding value in solution II.
t P < 0.05, group I vs. group II.
§ P < 0.005, water/glucose vs. water/xylose within group I and III.
P < 0.05, water/glucose vs. water/xylose in group II.

¶ P < 0.005, group III vs. group II.
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fected by the changes in water movement, as indicated
by the lower slopes of the regression lines for xylose
in comparison to glucose in each experimental group
(P < 0.05). A close linear correlation existed between
the changes in fatty acid absorption and those of either
glucose or xylose and between the absorption of glu-
cose and xylose under all experimental conditions.

Effects of mannitol-inducedfluid secretion on solute
absorption (Table I). During perfusion with the
hypertonic mannitol solution, absorption rates of OA
and glucose were unchanged. Xylose absorption was
somewhat reduced, but the changes were not statisti-
cally significant. Mean segment concentrations for
these solutes were also essentially unchanged, except
for a small reduction in xylose concentration.

DISCUSSION

Our studies demonstrate that dihydroxy bile acids in-
hibit the absorption of fatty acids in addition to their
established inhibitory effects on water transport and on
absorption of nonmicellar solutes (8-16). They further
document that the fractional absorption of fatty acids
decreases with increasing fatty acid load and that this
decrease correlates well with the simultaneously ob-
served changes in glucose absorption and net water
movement.

Effects of dihydroxy bile acids on fatty acid ab-
sorption. Our observations that conjugated and un-
conjugated dihydroxy bile acids reduce fatty acid
absorption differ from previously reported experi-
ments which addressed the same question (1, 2).
Cheney et al. (2) used a lower DC concentration
(2 mM) and studied the absorption of 1 mMpalmitate
at a relatively slow perfusion rate in the rat. The
smaller fatty acid load, the lower mean segment con-
centration of DC, and possibly, species differences may
account for the different results. The effect of DC on
water transport and the absorption of sugars and fatty
acids was mitigated by the addition of 2 mMHSA
(Fig. 2, solution II vs. solution IV). This observation
is in agreement with the observation that addition of
fatty acids and mono-olein reduces the effects of DC
on water and solute transport in micellar solutions,
presumably by expanding micellar size and thereby
reducing monomer activity of DC(27).

Changing fatty acid concentration and fatty acid
absorption. Two observations require explanation:
(a) As in an earlier report (14), we observed a de-
crease in the fractional absorption of OAwith increas-
ing fatty acid concentration, suggesting a saturable
absorption process. (b) Addition of 2 mMRA reduced
total fatty acid absorption significantly, while para-
doxically, 6 mMRA had no significant effect. These

observations are in apparent conflict with the concept
that fatty acid absorption from micellar solutions in the
jejunum is a diffusion-limited process (28-30). Pos-
sible explanations to be considered are changes in
micellar size and saturation phenomena of uptake
and exit.

Expansion of micellar size. If expansion of micellar
size explained the reduction in fractional absorption
of OA in the presence of increasing OA concentra-
tions or after addition of hydroxy fatty acids, fatty
acid absorption from a solution containing 5 mMOA
should not be different from the one containing 3 mM
OAplus 2 mMRA. Further, the addition of HSAshould
reduce absorption of 3 mMOA, not only in the
presence of 10 mMTC but also in the presence of
7 mMTC plus 3 mMDC. In addition, expansion of
micellar size by TC should result in a lower ab-
sorption of OAfrom a solution containing 10 mMTC in
comparison with 7 mMTC (29). The experimental
data, therefore, do not support this explanation.

Saturation of the absorptive mechanisms for fatty
acids. Since net absorption of fatty acids is the result
of uptake from micellar solutions, possible binding to a
cytoplasmic fatty acid binding protein (31), resynthesis
to triglycerides, chylomicron formation, and sub-
sequent release of the chylomicrons into the lymphat-
ics (32), the later steps in this sequence could be-
come rate limiting in the presence of dihydroxy bile
acids or hydroxy fatty acids. If saturation of a rate-
limiting step or inhibition of an enzymatic reaction
were the explanation for the reduced fatty acid ab-
sorption in the presence of hydroxy fatty acids or
dihydroxy bile acids (33), absorption of OAfrom 3 mM
OA plus 2 mMHSA should have been lower than
from OA alone, not only in the presence of 10 mM
TC but also in the presence of 7 mMTC plus 3 mM
DC. Moreover, when fatty acid-induced fluid secre-
tion was reduced by the addition of 56 mMglucose
to the perfusion solutions, we observed a significant
increase in the absorption of 7 mMOA (34). Satura-
tion of potentially rate-limiting steps in the process of
fatty acid absorption is, therefore, not an explanation
for these observations. Since fractional absorption of
OAchanges in close correlation with the absorption of
glucose and xylose under all experimental conditions
(Table III, Fig. 3), we believe that the apparent "satura-
tion" of fatty acid absorption is an expression of the
general reduction in solute absorption in the presence
of fatty acids which in turn is related to changes in water
movement. The paradoxical response in the absorption
of OA to the addition of 2 mMand 6 mMRA can be
explained by the different dose response curves for the
effects of OAand RAon water movement (14). RAhas
a more potent effect on water transport at the lower
concentrations in comparison to OA, while at higher
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concentrations both fatty acids affect water transport to
a similar degree (14).

Possible mechanisms for the observed reduction in
solute absorption in the presence of dihydroxy bile
acids or fatty acids. Since dihydroxy bile acids and
fatty acids affect water and solute transport in identi-
cal patterns, all further considerations about possible
mechanisms apply to both classes of compounds.

Change in transit time. Acceleration of intestinal
transit could result in decreased solute absorption.
Although we did not determine transit time along the
test segment, reduction in glucose absorption by dihy-
droxy bile acids has also been observed in a closed-
loop system which eliminates this variable (9).

Inhibition of active transport processes. It has
been postulated that dihydroxy bile acids and fatty
acids affect solute transport by inhibiting active trans-
port processes and by enhancing passive absorption
(35, 36). This general statement does not explain the
in vivo observations in the small intestine. Absorption
of fatty acids and glucose are affected to a similar
degree; however, no active transport process has been
demonstrated for fatty acids. Moreover, absorption
rates of other compounds for which no active trans-
port mechanisms have been claimed are also affected,
such as oxalate (37), arabinose,2 urea (38), thiourea
(9), and mono-olein (16). This hypothesis also fails to
explain how absorption of fatty acids is enhanced as
fluid secretion is reduced in the presence of 56 mM
glucose (34). This last observation also argues against
an alternative explanation that fatty acids and bile
acids simply inhibit all transport processes in the
villi and thereby unmask normal fluid secretion from
the crypts.

Other considerations. Our data indicate that in the
presence of dihydroxy bile acids and fatty acids,
absorption of micellar and nonmicellar solutes is re-
lated to changes in net water movement (Table III).
Net fluid secretion in itself cannot explain this
phenomenon, since mannitol-induced fluid secretion
did not alter the absorption of glucose or OA and
since mean segment concentrations of these solutes
were higher or unchanged during fluid secretion in-
duced by fatty acids and dihydroxy bile acids. It has
been stated that bile acids and hydroxy fatty acids
induce net fluid secretion by a cyclic AMP-mediated
process (39, 40). Net secretion of sodium, however, is
an unlikely cause for the reduction in solute absorp-
tion since glucose absorption remains intact in the
presence of fluid secretion induced by cholera toxin
(41), a process also mediated by cyclic AMP (48).
If changes in sodium transport were the only cause
for water and solute transport under our experimental

2 Brown, B. D., and H. V. Ammon. Unpublished observation.

conditions, the slopes for the regression lines between
net water and glucose transport should be the same
in the presence of OA, RA, and dihydroxy bile
acids. In addition, the absorption of passively trans-
ported solutes should be independent of sodium fluxes.

Dihydroxy bile acids and other detergents enhance
mucosal permeability for glucose at concentrations
below which they interfere with the morphological
integrity of the mucosa (43). Since dihydroxy bile acids
and fatty acids have detergent properties (44), en-
hancement of mucosal permeability, therefore, might
be another possible explanation for the observed
changes in solute transport. However, this would not
explain why dihydroxy bile acids and fatty acids inhibit
solute absorption in the jejunum while they enhance
solute absorption in the colon (36, 37, 45). Frank
mucosal damage by itself (45, 46) is an unlikely
explanation for the observations in the human jejunum,
since the changes in water and solute transport are
readily reversible. The data at hand, therefore, do not
allow formulation of a hypothesis which is able to
explain all the effects of fatty acids and bile acids on
water and solute transport satisfactorily.

Clinical significance. The present studies provide a
possible explanation for the frequently observed
steatorrhea in the blind loop syndrome beyond the
concept that deconjugation and dehydroxylation of bile
acids by bacteria result in a reduction of the intra-
luminal bile salt concentration below the critical
micellar concentration (1-3). Further, since dihydroxy
bile acids and fatty acids interfere with the absorption
of other solutes as well, our results also explain the
frequently observed malabsorption of other nutrients in
this condition. Whether other factors such as bacterial
toxins play an additional role in the pathogenesis of
this syndrome remains to be established.
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