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Effects of long chain fatty acids on solute absorption:
perfusion studies in the human jejunum1
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SUMMARY Perfusion studies were performed in healthy volunteers to test the hypothesis that net
fluid secretion induced by fatty acids is accompanied by parallel reduction in solute transport.
Ricinoleic acid provoked a marked net secretion of fluid and concomitantly inhibited the absorption
of all solutes tested; these included glucose, xylose, L-leucine, L-lysine, folic acid, and 2-mono-olein.
Oleic acid also reduced net fluid and solute transport, but was less potent in reducing solute absorp-
tion than was ricinoleic acid. When fluid secretion was induced osmotically with mannitol, glucose
and xylose absorption was not affected. The mechanism for this generalised effect of fatty acids on

solute absorption is uncertain, possibly nonspecific, and might be related to mucosal damage and
altered mucosal permeability induced by these agents.

Perfusion of the bowel with dihydroxy bile acids re-
sults in net water secretion (Sladen and Harries,
1972; Wingate etal., 1973b; Russell et al., 1973; Krag
and Phillips, 1974). When water secretion is thus
induced, electrolytes are also secreted (Wingate et al.,
1973a), and absorption of organic solutes is reduced
(Sladen and Harries, 1972; Wingate et al., 1973b;
Krag and Phillips, 1974). Long chain fatty acids also
modify intestinal water transport, and when ileal
fluid absorption is inhibited by ricinoleic acid,
absorption of taurocholate and glucose is reduced
concomitantly (Ammon and Phillips, 1974). Other
intestinal secretogogues have variable effects on
glucose absorption. Matuchansky and Bernier (1973)
found reduced glucose absorption when jejunal secre-
tion is induced by prostaglandin E1, but glucose
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absorption is unimpaired when fluid secretion is
evoked by cholera toxin (Carpenter et al., 1968;
Serebro et al., 1968).

In this paper we report the absorption of several
organic solutes (glucose, xylose, leucine, lycine, folic
acid, mono-olein) from the human jejunum, under
control conditions of fluid absorption, and during
fluid secretion induced by fatty acids, bile acids, and
mannitol.

Methods

PREPARATION OF PERFUSATES
Chemicals used were identical with those described in
a previous paper (Ammon et al., 1974) with the
following additions: (1) folic acid (pteroylglutamic
acid) was purchased from Schwartz-Mann, Orange,
New Jersey (9955% pure); (2) folic acid 3',5',9-3H
was purchased from Amersham-Searle, Arlington
Heights, Illinois, and was 97% pure by thin-layer
chromatography; (3) taurodeoxycholic acid was
synthesised as described previously (Hofmann, 1963),
and (4) the unconjugated precursor, deoxycholic acid;
was obtained from ICN Pharmaceuticals, Cleveland,
Ohio. Detailed compositions of test solutions are
given later in the Experimental Design and Results
section.
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PERFUSION TECHNIQUE
The perfusion technique described previously
(Ammon et al., 1974) uses a four-lumen tube. A
balloon was positioned to occlude the bowel at the
ligament of Treitz and the 25 cm test segment was
distal to the balloon. Perfusates were delivered at a
constant rate of 10 ml/min, at 37°C, and effluent
was obtained by siphonage. Each solution was per-
fused for 70-90 minutes, the first 30 minutes were
used for equilibration. Samples were collected for
consecutive six 10-minute or eight five-minute inter-
vals. Steady state conditions were confirmed by
stable concentrations of polyethylene glycol (PEG)
during these sequential sampling periods and all
results refer to observations during the steady-state.
Studies were performed in healthy volunteers accord-
ing to protocols approved by the Human Studies
Committees of Mayo Clinic and the Wood Veterans
Administration Center. Nineteen subjects were
studied on 23 separate perfusion days.

ANALYTICAL METHODS
PEG was measured by determination of 14C PEG or
turbidimetrically (Wingate et al., 1972) when other
14C-labelled compounds were present. Glucose was
determined by the glucose oxidase method (Boeh-
ringer-Mannheim Corporation, New York) and
xylose by the o-toluidine method (Goodwin, 1970).
L-leucine and L-lysine were measured with a
Beckman amino acid analyser. Folic acid and 2-
mono-olein were determined by the recovery of 3H
or 14C from the perfusates, respectively. For isotope
determinations 1 ml of the perfusate or effluent was
mixed with 15 ml of a scintillation cocktail consist-
ing of toluene and emulsifier (Ready Solv VI, Beck-
man Instruments, Inc., Fullerton, California) and
counted by liquid scintillation spectrometry. Quench
correction was made by external standardisation.
Samples containing dual isotopes were counted in
two channels. CPMs were converted into DPMs for
each isotope with a computer programme which
corrected for quenching and spillover of 14C into the
tritium channel (Okita et al., 1957). Spillover of
tritium into the 14C channel was less than 1 %.

CALCULATIONS AND STATISTICAL ANALYSIS

Absorption of water and solutes over the 25 cm test
segment was calculated relative to a change in the
concentration ofPEG. Water movement is expressed
in ml/min as the mean of six 10-minute or eight five-
minute collection periods. Solute absorption is ex-
pressed in percent absorption, thereby allowing
comparison of relative absorption rates between
different solutes that were present in varying
absolute amounts. Net movement of water and net

absorption of solutes were evaluated statistically by
paired and unpaired t tests.

Experimental design and results

EXPERIMENT NO. 1

Absorption ofglucose and xylose in presence of
varying concentrations of oleic and ricinoleic acids
Glucose and xylose absorption was measured in ex-
periments (Ammon et al., 1974) designed primarily
to test the effects of oleic and ricinoleic acids on
jejunal water transport at concentrations of 0 5, 2-0,
and 5 0 mM. Four volunteers were studied on two
occasions, one with each fatty acid. A Latin square
design (Wingate et al., 1973b) was used to eliminate
the effect of perfusion sequence. All solutions were
isotonic (280 mOsm/l; pH 7-5) and contained 5 mM
taurocholate for micellar solubilisation of the fatty
acids and PEG 5 g/l as a nonabsorbable marker. The
control solution contained Na 120, K 10, Cl 100, and
HCO3 30 mEq/l; glucose 11 2 mM; xylose 11 2 mM,
and 14C PEG 5 ,uCi/l. Fatty acid solutions contained
ricinoleic or oleic acid in the concentrations stated
above.
The results shown in Table 1 indicate that ricino-

leic acid inhibited the absorption of both sugars
starting at 2 mM (p < 0-05), while oleic acid up to 5
mM had no significant effect on sugar absorption.
The table also shows, for purposes of comparison,
the previously reported data on water movement
(Ammon et al., 1974), which indicate that ricinoleic
acid was more potent in reducing water absorption.

EXPERIMENT NO. 2

Glucose and xylose absorption during secretion
induced by fatty acids, bile acids, and mannitol
We attempted to induce net fluid secretion of
approximately equal magnitude by perfusing oleic
acid, ricinoleic acid, taurodeoxycholate, or manni-
tol. We wished to compare the effects of the two fatty
acids and a bile acid on sugar transport (independent
of the degree of fluid secretion), with the effects of
net flow into the lumen produced by a different
(osmotic) mechanism.

In five volunteers, five solutions were perfused in
random sequence. The control solution (A) con-
tained, inmM or mEq/l: NaCl 115, KCI 5, NaHCO3
10, glucose 11 2, xylose 11-2, PEG 5 g/l. Test solu-
tions differed by the following additions: solutions B
and C contained, with appropriate adjustment of
electrolyte concentration, taurocholate (10 mM) and
ricinoleic acid or oleic acid (10 mM), respectively.
Solution D contained 7 mM taurodeoxycholate. All
these solutions were adjusted to pH 7 5 and an
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Table 1 Effect of oleic acid (OA) and ricinoleic acid (RA) on absorption ofglucose (11-2 mM) and xylose
(11J2 mM) (mean ±SEM offour subjects; each subject studied separately with OA and RA; perfusion
rate 10 ml/min)

Fatty acid perfused (mM)* Absorption per 25 cm human jejunum

Water (mllmin)t Glucose (Y%) Xylose (Y%)

Control 19 ±04 74-5 ± 155 339 ±65
OA 05 2-0± 03 78-4 93 33-6 56
OA 2 19 0-2 797 ± 58 36-0 6-4
OA 5 0-2 003§ 69-0 ± 71 28-3 3-8
Control 17 ±05 61-2 167 27-7 7-1
RA05 05 ± 0-2 445 i 113 185 + 56
RA 2 -0-6 ± 04$ 28 5 ± 10-0 7 1 ± 26¶
RA 5 - 16 ± 061 24-1 ± 5 211 6-0 ± 2-4§

*All solutions contained taurocholate 5 mM.
tMinus signs indicate net secretion.
Control vs test: $p < 0 05; ¶p < 0 025; §P < 0 01.

Table 2 Effect offatty acids, taurodeoxycholate, and mannitol on absorption ofglucose (11P2 mM) and xylose
(J1 2 mM) (mean ±SEM from studies in random sequence in five subjects; perfusion rate 10 ml/min)

Test circumstances Absorption per 25 cm human jejunum Mean segment concentration

Water (ml/min)* Glucose (%) Xylose (%) Glucose (mM) Xylose (mM)

Control 1-4 0-6 80-7 ± 65 23-4 6-2 6-6 0 4 10 9 : 04

Taurocholic acid 10 mM -2-1 041 18-4 27 6-3 2-9t 9-1 03$ 99 0-2
Ricinoleic acid 10 mM

Taurocholic acid 10 mM -2-6 4 0-8t 35 8 ± 9lt§ 10 6 + 1 9§ 8 5 005t 9 6 + 03
Oleic acid 10 mM

Taurodeoxycholic acid 7 mM - 1-3 ± 0 3t 49 0 + 7-8t 13 0 ± 1-3 7 9 + 04 9.9 0-2

Control + mannitol 35 0-8 74-1 + 6-4 150 ± 1 5 65
+
03 93 i 04(450 m0sm/1)

*Minus signs indicate net secretion.
Test vs control: tP < 0-025; $P < 0 01; ¶P < 0-0025.
Oleic acid vs ricinoleic acid: §P < 0 05.

osmolality of 280 mOsm/l. Solution E had the same
composition as A, and, in addition, contained man-
nitol to a final osmolality of 450 mOsm/l.
The results (Table 2) show that at 10 mM oleic

acid induced equal rates of fluid secretion as did
ricinoleic acid (Ammon et al., 1974). When
fluid secretion was induced by the fatty acids or
taurodeoxycholic acid, glucose absorption was
reduced (p < 0-01). Ricinoleic acid was a more potent
inhibitor of glucose absorption (p < 0-05) (Table 2),
than was oleic acid, despite comparable rates of fluid
secretion. A similar reduction in xylose absorption
was noted, although the changes in the absorption of
xylose were less than those of glucose. In contrast,
when fluid secretion of even greater magnitude was
induced by mannitol, glucose absorption was un-
affected.
Mean concentrations of glucose in the test seg-

ment were greater in the presence of fatty acids and
taurodeoxycholic acid than in the control period (p
< 0 025) (Table 2); whereas, in the presence of man-

nitol, glucose concentration was unchanged. Mean
xylose concentration was significantly less than con-
trol only in the presence of mannitol-induced fluid
secretion (p < 0-01).

EXPERIMENT NO. 3

Effect of 10 mM ricinoleic acid on 'uphill'
glucose absorption
During perfusion with 10 mM ricinoleic acid the
concentrations of glucose in effluents from the test
segments were above the normal fasting blood glu-
cose concentration (5-6 mM). We therefore com-
pared absorption of glucose, infused at a concentra-
tion of 2 mM in two volunteers, in isotonic electro-
lyte solutions with or without 10 mM taurocholate
and 10 mM ricinoleic acid. Water movement
changed from 2 5 and 0f1 ml/min (absorption) to
-3-4 and -2-6 ml/min (secretion), respectively.
Glucose absorption decreased from 86-7 and 83 9%
to 15-5 and 39 7% in the presence of fatty acid.
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EXPERIMENT NO. 5

Effects of ricinoleic acid on absorption ofL-leucine
and L-lysine
In another set of experiments, we measured the
effects of ricinoleic acid on absorption of two amino
acids with different active transport sites (Larsen
et al., 1964). Each offour subjects received the follow-
ing solutions in random sequence: (1) an electrolyte
solution containing 5 mM taurocholate; (2) an
electrolyte solution containing 5 mM taurocholate
and 2 5 mM ricinoleic acid; (3) an electrolyte solution
containing 5 mM taurochenodeoxycholate; and (4)
an electrolyte solution containing 5 mM taurocheno-
deoxycholate and 2-5mM ricinoleic acid. The electro-
lyte solution contained Na 115, K 10, Cl 100, and
HCO3 25 mEq/l; PEG 5 g/l with 14C PEG 5 ,uCi/l. It
also contained D-xylose 11 2 mM, L-leucine 10 mM,
L-lysine 10 mM; pH was 7-5 and osmolality 280
mOsm/l.
As shown in Table 3, water and xylose absorption

under control conditions with the nonsecretory bile
acid, taurocholate, were comparable with earlier
results. Ricinoleic acid at 2-5 mM significantly
reduced the absorption of leucine and lysine (p <

0*05). The reduction of amino acid absorption seen
with taurochenodeoxycholate did not reach statistical
significance.

Effects offatty acids on absorption offolic acid
In some studies of experiments nos. 1 and 4, trace
amounts of folic acid were included in test solutions
(0-2 ,tM with 20 ,uCi/l 3',5',9-3H-labelled). Test
solutions were 5 mM oleic acid (two studies), 5 mM
ricinoleic acid (two studies), and 2-5 mM ricinoleic
acid (three studies). Subjects were given 1 mg folic
acid intravenously 30 minutes before the experiment.
In every instance, the absorption of folic acid was
reduced markedly when fatty acid was present in the
perfusate (Table 4). Mean absorption of folic acid
during all control experiments was (mean ± SE) 27-4
± 5 2%, and this decreased to 9-6 ± 3*7% in the
presence of fatty acids (p < 0-05) (paired t test).

EXPERIMENT NO. 6

Effects offatty acids on absorption of 2-mono-olein
To study effects on the absorption of a lipid, the
following four solutions were perfused in random
sequence in four subjects: (1) control solution; (2)
control solution with 2 5 mM 2-mono-olein, (3)
control solution with2-5mM 2-mono-olein and5mM
oleic acid; and (4) control solution with 2 5 mM 2-
mono-olein and 5 mM ricinoleic acid. The control
solution contained Na 110, K 10, Cl 90, and HCO3

Table 3 Effect of ricinoleic acid (RA) on absorption ofL-leucine (10 mM), L-lysine (10 mM), and D-xylose
(112 mM) (mean ±SEMfrom studies in random sequence in four subjects; perfusion rate 10 ml/min)

Test circumstances Absorption per 25 cm human jejunum

Water (mllmin)* Leucine (Y.) Lysine (%) Xylose (Y/.)

Taurocholate (TC) (5 mM) 1-2 ± 0 5 52-2 ± 14-9 34-7 ± 12-2 21-5 ± 8-3
TC (5 mM) + RA (2-5 mM) -0-5 + 0-8$ 39-8 + 16-2t 26-3 ± 10-4t 112 ± 4-7t
Taurochenodeoxycholate (TCDC) (5 mM) 0-1 ± 0-6$ 47-3 ± 13-4 32-9 ± 7 5 17-8 ± 6-1
TCDC (5 mM) + RA (2 5 mM) -0 3 ± 0 5t 38-6 + 12-2$ 24-7 ± 9-1 13-8 ± 4-3

*Minus signs indicate net secretion.
Test vs TC (5 mM): tp < 0 05; tp < 0-025.

Table 4 Effect of oleic acid (OA) and ricinoleic acid (RA) on absorption offolic acid (0.2 ,sM)
Fatty acid perfused (mM) Absorption per 25 cm human jejunum*

Controlt Testt

Water (mllmin) Folate (Y,/) Water (ml/min)t Folate (%)

OA5 07 19 -03 133
2-2 38 0-8 27-5

RA 5 2-4 45-6 - 3-2 04
0-6 9-5 -0-6 0-1

RA 2-5 1.9 41 -1-5 11-2
0-5 18-7 -0 7 2-6
0-4 20-2 -1-5 11-8

*Perfusion rate 10 ml/min.
tAll solutions contained taurocholate 5 mM.
tMinus signs indicate net secretion.

EXPERIMENT NO. 4
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20 mEq/l, PEG 5 g/l, taurocholate 10 mM, glucose
11-2 mM, and xylose 11-2 mM. Appropriate test
solutions contained 14C 2-mono-olein 5 kCi/l and
3H ricinoleic acid or 3H oleic acid 20 ,uCi/l; pH was

7-5 and osmolality 280 mOsm/l. Labelled fatty acids
were used in these experiments to simplify the
measurement of fatty acid absorption in the presence
of mono-olein.
When fluid secretion was induced by either fatty

acid, the absorption of glucose, xylose and 2-mono-
olein was reduced (Table 5). Xylose absorption was
significantly reduced in the presence of each fatty
acid (p < 0-05). The changes in the absorption of
glucose and mono-olein reached statistical signifi-
cance only in the presence of ricinoleic acid (p <

0-01).

EXPERIMENT NO. 7

Influence ofadded mono-olein and lecithin on solute
absorption reduced by ricinoleic acid
Absorption rates of glucose (11-2 mM) and xylose
(11-2 mM) were also measured in experiments
designed to test the effects of 2-mono-olein and leci-
thin on fluid secretion induced by ricinoleic acid
(Ammon et al., 1974). Each of four subjects was per-
fused in random sequence with (1) a control solution;

(2) the control solution with ricinoleic acid, 5 mM;
(3) the control solution with ricinoleic acid, 5 mM
and 2-mono-olein, 2-5 mM; and (4) the control solu-
tion with 5 mM ricinoleic acid, 2-5mM 2-mono-olein,
and 2-5 mM lecithin. The composition of the control
solution was similar to that described in experiment
no. 6.
The addition of mono-olein or lecithin had no

effect on the fluid secretion induced by ricinoleic acid
nor on the associated reduction in glucose absorption.
Xylose absorption was somewhat improved, how-
ever, the absorption rates were not significantly
different from those during perfusion with ricinoleic
acid alone (Table 6).

Discussion

The phenomenon documented here is that intra-
luminal fatty acids inhibit the absorption of a variety
of organic solutes from the human jejunum. Sub-
stances whose absorption was reduced include: (1)
two sugars, one that is actively and one that is
passively transported except at very low luminal
concentrations (Alvarado, 1966); (2) two amino
acids with different transport systems; (3) folic acid,
and (4) a lipid, 2-mono-olein. In earlier experiments
from our laboratory, absorption of taurocholate and

Table 5 Effect of oleic acid (OA) and ricinoleic acid (RA) on absorption of 2-mono-olein (2.5 mM), glucose
(11.2 mM) and xylose (11.2mM) (mean ± SEMfrom studies in random sequence in four subjects; perfusion rate
10 ml/min)

Test circumstances* Absorption per 25 cm human jejunum

Water (ml/min)t Mono-olein (Y.) Glucose (Y%) Xylose (%)

Control 1-0 ± 04 - 66-8 i 98 17-3 2-3
Mono-olein 2 5 mM 0-8 01 515 + 3-6 584 4-6 15-9 1-8
Mono-olein 2 5 mM + OA 5 mM -0 7 0-6 § 37-7 + 102 52-7 11-2 7-8 4-7§
Mono-olein 2-5 mM + RA 5 mM - 1-6 i 05¶** 6-7 + 39¶ 21 6 ± 4.5¶** 5-3 i: 0-8S**

*AIl solutions contained taurocholate 10 mM.
tMinus signs indicate net secretion.
Test vs mono-olein: tp < 0 05; ¶P < 0 01.
Test vs control: §P < 0-05; **P < 0-01.

Table 6 Effects of 2-mono-olein and lecithin on ricinoleic acid (RA) induced changes in water transport and
absorption ofglucose (11-2 mM) and xylose (11T2 mM) (mean ±SEMfrom studies in random sequence in four
subjects; perfusion rate 10 ml/min)
Test circumstances* Absorption per 25 cm human jejunum

Water (ml/min)t Glucose (Y.) Xylose (Y.)
Control 1-3 + 005 65-8 i 45 21-8 i 18
RA 5 mM - 1-7 ± 05$ 36-0 3611 8-6 + 2-6
RA 5 mM + mono-olein 2 5 mM -15 ± 0-2¶§ 36-7 10-5¶§ 11-7 2-9t§
RA 5 mM + mono-olein 2-5 mM + lecithin 2-5 mM -1-4 i 0-6§ 39 0 i 8-21§ 13-8 5-6§

*All solutions contained taurocholate 10 mM.
tMinus signs indicate net secretion.
Test vs control: $p < 0 05; ¶sP < 0-01.
Test vs RA: §Not significant.
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glucose was inhibited when ricinoleic acid or oleic
acid was perfused in the canine ileum (Ammon and
Phillips, 1974). This conflicts with an earlier study in
the dog ileum, in which glucose absorption was en-
hanced in the presence of oleic acid (Riddell and
Jordan, 1966). However, in those experiments, glu-
cose was administered in a hypertonic solution (168
mM glucose in Krebs-Ringer solution), and the
present studies therefore are not strictly comparable.
Several observations have shown reduced solute
absorption when fluid secretion is stimulated by
dihydroxy bile acids; those results are similar to the
present findings. Thus, dihydroxy bile acids impair
the absorption of glucose (Forth et al., 1966; Sladen
and Harries, 1972; Wingate et al., 1973b; Krag and
Phillips, 1974), amino acids (Hajjar et al., 1975;
Burke et al., 1975), oleic acid (Wanitschke and
Ammon, 1976), linoleic acid, cholesterol, and vita-
min D3 (Lenormand et al., 1975). Our test solutions
contained taurocholate to allow micellar solubilisa-
tion of the fatty acids. However, the low concentra-
tion of taurocholate employed here was confirmed as
being nonsecretory (Ammon et al., 1974), justifying
its use in other test solutions.
At concentrations below 10 mM, ricinoleic acid

was shown to be a more potent stimulus to water
secretion than oleic acid (Ammon et al., 1974). In
addition, ricinoleic acid reduced the absorption of
solutes more than oleic acid when both fatty acids
induced comparable rates of fluid secretion (Table 2).
Although we wanted to compare the inhibitory in-
fluence of dihydroxy bile acids and fatty acids on
solute absorption when rates of fluid secretion were
similar, less water was secreted in the presence of
dihydroxy bile acids and a strict comparison was not
possible. Fluid secretion induced by hypertonic
mannitol was not associated with changes in glucose
absorption. This is in contrast with observations in
the rat in which hypertonic solutions inhibited glu-
cose absorption, and a net movement of glucose into
the lumen and marked morphological changes were
noted (Kameda et al., 1968). However, the same
investigators failed to observe this effect in the
human jejunum (Nasrallah et al., 1968).
The perfusion technique used in this study has

been employed previously to determine the effects of
dihydroxy bile acids (Wingate et al., 1973b), fatty
acids (Ammon et al., 1974), and prostaglandins
(Matuchansky and Bernier, 1973) on water and solute
absorption in the human jejunum. However, in view
of the sequential nature of our observations and the
fact that dihydroxy bile acids (Dawson and Issel-
bacher, 1960; Teem and Phillips, 1972; Hajjar et al.,
1975) and hydroxy fatty acids (Reynell and Spray,
1958; Cline et al., 1976; Gaginella and Phillips, 1976)
produce mucosal damage in the small bowel, it is

necessary to confirm the reversibility of fatty acid
effects on water and solute transport observed in our
system. The randomisation of perfusion sequence
compensates for possible delayed effects and ensures
that the observations are qualitatively correct. Pre-
vious reports document that the effect of dihydroxy
bile acids (Wingate et al., 1973b) and 10 mM fatty
acids (Ammon et al., 1974) on water transport in the
human jejunum revert back to control values within
a 30-minute equilibration period. However, in the
canine ileum, we observed a prolonged effect of
ricinoleic acid on water transport, lasting more than
one hour (Ammon and Phillips, 1974). We therefore
checked the completeness of recovery by comparing
absorptions of water, xylose, and glucose in two
groups of control perfusions. One group (n = 7)
came from experiments in which the control perfu-
sion was the first solution used, the other (n = 12)
featured a fatty acid solution before the control.
There was no difference in water and solute absorp-
tion between the two groups. Water absorption was
(mean ± SE) 1V3 ± 04 ml/min in the first, and 13 +
0-2 ml/min in the latter group; xylose absorption was
24-4 ± 5*9% and 23-0 ± 3 5%, respectively; and
glucose absorption was 65-1 ± 88 %Y (n = 6) and
72-9 ± 6-7% (n = 10). These data confirm the
reversibility of the fatty acid effect under our ex-
perimental conditions.
The experiments reported here were not designed

to establish a mechanism by which solute absorption
is inhibited in the presence of fatty acids or dihydroxy
bile acids; instead, they describe the phenomenon
and document the broad range of solutes so affected.
Solute movement across membranes is the net result
of several driving forces including active transport
processes, passive diffusion, and convection (Levitt
et al., 1969). Our observations on active transport are
limited; however, we did observe impaired 'uphill'
transport of glucose in the presence of ricinoleate. A
more precise study of active transport processes-for
example, by the use of in vitro systems-may be
difficult, as dihydroxy bile acids and ricinoleic acid
are cytotoxic to many tissues in vitro (Gaginella et al.,
1976). With regard to passive diffusion, it is clear
that reduced intraluminal concentrations of glucose
during fatty acid perfusion were not the cause for
reduced solute transport, as the mean segment con-
centrations of glucose in the presence of fatty acids
or bile acids were higher than during the perfusion
with the control solutions (Table 2); moreover, in the
presence of mannitol-induced fluid secretion, glucose
and xylose absorption were unaffected (Table 2).
However, we cannot quantify rates of diffusion under
our experimental conditions.
Any hypothesis attempting to explain the effects of

fatty acids and dihydroxy bile acids on intestinal
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transport will have to account not only for the
changes in transport of electrolytes and water but
also for those of organic solutes. Currently, three
mechanisms are being proposed by which dihydroxy
bile acids and fatty acids could alter intestinal water
and electrolyte transport: (1) stimulation of adeny-
late cyclase (Conley et al., 1975a; Conley et al.,
1975b; Binder, 1974; Binder et al., 1975), (2)
alteration of intestinal permeability (Rummel et al.,
1975), and (3) mucosal damage (Cline et al., 1976).
Stimulation of adenylate cyclase might account for
the secretion of electrolytes and water. However, as
glucose absorption remains intact in the presence of
water secretion induced by cholera toxin (Carpenter
et al., 1968; Serebro et al., 1968), a process thought
to be mediated by cyclic AMP (Field, 1971), this
mechanism by itself is not a satisfactory explanation
for the effects of fatty acids and dihydroxy bile acids
on solute transport.

Bile acids and fatty acids can produce mucosal
damage in the small intestine (Reynell and Spray,
1958; Dawson and Isselbacher, 1960; Teem and
Phillips, 1972; Hajjar et al., 1975; Cline et al., 1976;
Gaginella and Phillips, 1976). Indeed, inhibition of
amino acid absorption by deoxycholate has been
correlated with the degree of mucosal damage
observed in perfused segments of rabbit jejunum
(Hajjar et al., 1975). However, in the hamsterjejunum
perfused with dihydroxy bile acids, mucosal damage
and fluid secretion could be in part dissociated (Teem
and Phillips, 1972). Mucosal damage has been
observed in animals fed cathartic doses of castor oil
(Reynell and Spray, 1958), and Cline et al. (1976)
and Gaginella and Phillips (1976) detected mucosal
damage by scanning electron microscopy after per-

fusion of 8-10 mM ricinoleic acid in the hamster and
rabbit small intestine, respectively. In our studies,
we did not investigate the loss of mucosal integrity,
but mucosal damage, if present, did not prevent
recovery of normal water and sugar absorption
within the 30-minute equilibration period.

Cline et al. (1976) observed that ricinoleic acid
increased the plasma to lumen clearance of dextran
(molecular weight 16 000) and inulin in the hamster
small intestine, and similar changes in inulin clear-
ance are induced by ricinoleic acid in the rat colon
(Bright-Asare and Binder, 1973). Dihydroxy bile
acids also alter mucosal permeability in the rat small
bowel and colon (Nell et al., 1975; Rummel et al.,
1975). In our experiments, reduced net solute absorp-
tion, however, does not appear to be caused by in-
creased diffusion of solutes from plasma to lumen.
Recovery of glucose during perfusion with 2 mM
glucose, in the presence of 10 mM ricinoleic acid, a

condition which would favour diffusion into the
lumen, did not exceed the input into the test segment.

Also, no glucose was found during perfusion of a
glucose-free solution containing 7 mM oleic or 5 mM
glycodeoxycholic acid (Brown and Ammon, unpub-
lished observation). Moreover, no amino acids other
than those infused were detected in the effluents col-
lected in experiment no. 4. Finally, the absorption of
folic acid and mono-olein was calculated isotopi-
cally and the results indicate a decrease in lumen to
plasma transport of these compounds.

Several less likely mechanisms should be con-
sidered to explain the observations. Conditions
within the intestinal lumen might be altered by the
physical effects of fluid secretion-for example, net
movement of fluid from the mucosal surface into the
bulk phase could alter the dimensions of the un-
stirred water layer (Dietschy et al., 1971). In this
event, fluid secretion induced by mannitol or cholera
toxin (Carpenter et al., 1968; Serebro et al., 1968)
shouldalso influence solute movementsbut it does not.
Dihydroxy bile acids (Dietschy, 1967) and fatty acids
(Taketa and Pogell, 1966) also interfere with intra-
cellular enzymatic reactions in vitro. However, we
feel the inhibition of solute transport observed is too
general a phenomenon to be explained solely by
defects in the intermediary metabolism.
Our findings might pertain to certain clinical cir-

cumstances. The fatty acid concentrations used in
our experiments are well within the range of post-
prandial concentrations of fatty acids observed in
the upper jejunum (Hofmann and Borgstrom, 1964;
Porter and Saunders, 1971). Normally, fatty acids
are rapidly absorbed and any influence on water and
electrolyte transport will be limited to a short seg-
ment of proximal intestine. In addition, other so far
unidentified constituents of the postprandial intes-
tinal contents could modify the effects of fatty acids.
However, 2-5mM lecithin, which completely blocked
the effects of 5 mM glycodeoxycholic acid (Wingate
et al., 1973b), did not alter the effects of 5 mM ricino-
leic acid on water and glucose transport. The slight
improvement in xylose absorption did not reach
statistical significance. On the other hand, when im-
paired fat absorption leads to steatorrhoea, retention
of fatty acids in the lumen might be expected to
reduce solute absorption over the greater length of
intestine and may possibly lead to malabsorption of
other nutrients as well.
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