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ABSTRACT Perfusion of the colon with ricinoleic
acid produces fluid and electrolyte accumulation.
The mechanism of these changes in water and electro-
lyte movement is unknown. These studies were de-
signed to determine whether ricinoleic acid affects
active ion transport across isolated rat colonic mucosa.
0.5 mM Na ricinoleate produced significant increases
in potential difference (3.8+0.5 mV) and short-circuit
current (L) (99.2+10.1 wA/cm?). The increases in
I, produced by Na ricinoleate were inhibited by both
removal of bicarbonate and chloride and by the pres-
ence of theophylline. The hydroxy fatty acid also re-
sulted in a significant decrease in net Na absorption
from 4.7+0.8 to 0.1+0.7 peq/h cm? and reversed net
Cl transport from absorption (+4.5+0.9) to secretion
(—2.2+0.8 peq/h cm?). In parallel studies 0.5 mM Na
ricinoleate increased mucosal cyclic AMP content by
58%. The concentrations of Na ricinoleate required to
produce detectable and maximal increases in both
L. and cyclic AMP were the same. These results
provide evidence in support of the concept that hy-
droxy fatty acid-induced fluid and electrolyte ac-
cumulation is driven by an active ion secretory process.

INTRODUCTION

Perfusion of the small or large intestine with hydroxy
fatty acids results in fluid and electrolyte accumula-
tion (1-5).! The cathartic effect of castor oil and the
diarrhea that frequently accompany steatorrhea repre-
sent the clinical manifestation of this phenomenon.
The mechanism by which hydroxy fatty acids produce
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! The term fluid and electrolyte “accumulation” rather than
“secretion” is used to describe the addition of water and
electrolytes to a solution perfusing a segment of intestine.
The term secretion is restricted to designate active transport
processes (e.g., that which is stimulated by cholera enterotoxin).
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fluid and electrolyte accumulation is unknown. Re-
cent studies of the mechanism of other diarrheal
conditions have emphasized the importance of ac-
tive ion secretory processes as the driving force for
fluid accumulation. For example, cholera enterotoxin,
vasoactive intestinal polypeptide, and prostaglandins
stimulate active ion secretion in the small and
large intestine (6—10).

Although there are several studies that demonstrate
that ricinoleic acid either decreases net fluid and
electrolyte movement or stimulates net fluid and
electrolyte accumulation (1-5, 11-18), there is no
existing evidence that ricinoleic acid stimulates active
ion secretion. These previous studies have been either
in vivo experiments (1-5) or in vitro ones (11-13) in
which the electrical potential difference (PD)? had not
been controlled and were not designed to establish
the presence of active ion secretion. In addition,
hydroxy fatty acids have other effects on intestinal
function, such as increasing mucosal permeability,
decreasing the electrical PD, altering motor activity,
and producing morphological changes in the intestinal
mucosa (4, 5, 14-18). Several recent reports have
emphasized the possible importance of increased
mucosal permeability in the production of hydroxy
fatty acid-induced fluid accumulation (4, 5, 13). Al-
though an increase in mucosal permeability may con-
tribute to fluid and electrolyte secretion under in vivo
conditions, such changes should not affect net ion
movement across short-circuited intestinal mucosa.
This study was specifically designed to determine
the effect of ricinoleic acid, a hydroxy fatty acid, on
colonic ion transport in vitro under short-circuited
conditions. In addition, because several other active
ion secretory processes are believed mediated by
cyclic AMP (6-10), the effect of ricinoleic acid on
mucosal cyclic AMP was also assessed.

2 Abbreciations used in this paper: 1., short-circuit cur-
rent; Jns, mucosal to serosal flux; Jne, net flux; Jon, serosal to
mucosal flux; PD, electrical potential difference.
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METHODS

Nonfasting male Sprague-Dawley rats weighing between
250 and 300 g were used in all experiments. After sacrifice,
the colon was isolated and rinsed with cold saline. The
serosal and part of the muscular layers of the colon were
stripped and the mucosa was mounted in a modified Ussing
chamber as described (19). Because sodium ricinoleate
precipitates in the presence of at least 0.5 mM calcium, a
noncalcium-containing bathing solution was required.
Preliminary studies demonstrated that tissue integrity as
manifested by the electrical resistance of the mucosa, was
not maintained in the absence of calcium in the mucosal
solution. We observed however, that when strontium was
substituted for calcium, the electrical parameters of the
colonic mucosa were maintained as well as, or better than,
in the presence of calcium and that ricinoleic acid did not
precipitate. The composition of incubation media was in
millimoles per liter: Na, 140; K, 5.2; Sr, 1.2; Mg, 1.2; Cl,
119.8; HCO,, 25; and HPO,, 4.8; pH, 7.4. In certain experi-
ments, a bicarbonate-free, low chloride, strontium-con-
taining solution (referred to as HCO;-free, Cl-free solution)
was employed; isethionate was used to replace chloride
and bicarbonate in these studies. The only chloride present
was 1.2 mM chloride in the form of strontium chloride.

The spontaneous transmembrane electrical PD and
short-circuit current (I,) were measured as described
(19, 20). After the PD and I, had stabilized, 0.5 mM
sodium ricinoleate was added to the mucosal solution of
experimental tissues only. Changes in PD and I, were
determined by comparing the peak PD and I in the 10-min
period after the addition of the hydroxy fatty acid with the
PD and I, present immediately before its addition. Uni-
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directional Na fluxes were determined across the same piece
of tissue with 22Na and 2*Na; oppositely directed Cl fluxes
were determined in paired tissues from the same animal
with 3Cl. In these experiments, control flux measure-
ments were made during two 20-min periods in both experi-
mental and control tissues. 0.5 mM sodium ricinoleate was
then added to the mucosal solution. Studies were done to
determine the appropriate time to perform Na and Cl fluxes
after the addition of Na ricinoleate (Fig. 1). In these experi-
ments, the rate of both Na and Cl entry into the “unlabeled
reservoir’ was determined at 5.0-min intervals before and
2.5-min intervals after the addition of the hydroxy fatty acid.
During the initial 5 min after the addition of Na ricinoleate
there was a rapid increase and decrease of I, and PD, an
increase in conductance, and a change in the rate of all four
unidirectional fluxes. However, during the period from 7 to 22
min after the addition of the hydroxy fatty acid, both the
conductance and all unidirectional fluxes were stable.
Therefore, a single 15 min flux determination was obtained
starting 7 min after the addition of hydroxy fatty acid. In
other studies, 0.5 mM sodium ricinoleate was added to tissue
20 min after the addition of theophylline or 10 mM theophyl-
line was added after the addition of ricinoleic acid.

Assays of cyclic AMP levels were performed with pieces
of tissue weighing between 25 and 50 mg from stripped colonic
mucosa. These tissues were incubated with continuous
oxygenation in the absence and presence of several con-
centrations of sodium ricinoleate for varying periods of time.
At the end of the incubation period, the tissue was
homogenized in an ether-alcohol solution as described (21).
Cyclic AMP was measured according to the method of
Brown et al. (22); protein by the method of Lowry et al. (23).
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FIGURE 1 Demonstration of Na and Cl fluxes at steady-state conditions before and after the
addition of ricinoleic acid. Sodium fluxes are presented in the left panel (A) and chloride
fluxes in the right panel (B). The 0.5-mM ricinoleic acid was added to the mucosal bathing solu-
tion at the arrow; samples obtained before its addition are depicted by solid figures con-
nected by a solid line, and those obtained after its addition by open figures connected by a broken
line. J, is represented by circles and J, by squares. Samples were obtained every 5 min
before the addition of the hydroxy fatty acid and every 2.5 min after. Reestablishment of a
constant rate of movement of Na and Cl across the colonic mucosa was demonstrated by 7.5
min after the addition of ricinoleic acid. In subsequent flux studies a 15-min postricinoleic acid
period (Table III) was obtained starting at 7.5 min.
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Cyclic AMP content was expressed as picomoles per milli-
gram protein.

Materials. Sodium ricinoleate and theophylline were ob-
tained from K & K Laboratories, Inc. (Plainview, N. Y.);
2Na, #Na, and 3¢Cl from New England Nuclear (Boston,

Mass.).
Statistics. Paired and unpaired Student’s t test were
employed as indicated (24).

RESULTS

The addition of 0.5 mM sodium ricinoleate to the
Ringer (strontium containing) solution resulted in a
prompt increase in both I, and PD (Fig. 2). The mean
peak increase in PD was 3.8+0.5 mV and the peak
increase in Iy, was 99.2+10.1 uA/cm?. Dose-response
studies indicate that the threshold for the increase in
I,. was between 0.01 and 0.1 mM (Table I).

The addition of theophylline to rat colonic mucosa
has also been shown to result in a prompt increase in
I, and PD (19); this increase is not observed when
bicarbonate and chloride are omitted from the bathing
solution (Table II). When sodium ricinoleate was
added to tissue bathed in bicarbonate-free, chloride-
free solution, the increases in I, and PD were
markedly impaired (Table II). Under these condi-
tions, the peak increase in I, was 14.0+3.9 uA/
cm? (P < 0.001) and the increase in PD was 0.6+0.2
mV (P <0.001). When 10 mM theophylline was
added to tissues after the addition of 0.5 mM sodium
ricinoleate, the increase in I, and PD in response
to the phosphodiesterase inhibitor was markedly re-
duced. Further, when sodium ricinoleate was added
to tissue previously exposed to 10 mM theophylline,
a significant increase in I, or PD did not occur
(Table II).

Table III presents the results of unidirectional
and net Na and Cl fluxes across colonic mucosa.
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FIGURE 2 Effect of 0.5 mM Na ricinoleate on I, (A)
and PD (B). The hydroxy fatty acid added to the mucosal
surface of tissues bathed in a calcium-free, strontium-con-
taining Ringer solution resulted in a prompt increase in both
I, and PD.

Hydroxy Fatty Acids Stimulate Active Secretion

TABLE I
Effect of Sodium Ricinoleate on Mucosal Cyclic
AMP Content and 1,,

Na ricinoleate tration I in I Mucosal cyclic AMP
mM nAlcm?** pmolimg proteint
0 0.5+3.3 10.1+0.8
0.01 0.3+54 10.4+1.0
0.1 24.9+5.9 12.8+1.0§
0.5 62.7+7.61 16.0+1.37
1.0 40.5+13.1" 13.0+£1.1§
2.0 31.6+4.79 10.7+£0.9

* Results (mean+SEM) represent the peak increase in I
noted during the 10 min after the addition of sodium
ricinoleate compared to that observed immediately before
addition. A minimum of six tissues were used at each
concentration.

} The results represent mean+SEM of four experiments and
each experiment was performed in triplicate. Mucosa was
incubated in vitro with varying concentrations of Na
ricinoleate for 10 min. Method for cyclic AMP determination
is described in the text and has been published (21).

§ P < 0.05 compared to control.

P < 0.01 compared to control.

1P < 0.001 compared to control.

During period I, before the addition of sodium
ricinoleate, there was net Na absorption in both the
control and experimental tissues (5.7+0.6 and 4.0
+0.6 peq/h-cm?). The addition of 0.5 mM sodium
ricinoleate to experimental tissues resulted in a
marked decrease in net Na absorption (J¥3) (0.1+0.7
peq/h-cm?, P < 0.02). Active Cl absorption was also
present in the both groups during period I (4.8+1.7
and 3.6+1.6 peqg/h-cm?). Net Cl secretion (—2.2+0.8
peq/h-cm?) was seen in sodium ricinoleate-treated
tissues, whereas Cl absorption in control tissues re-
mained unchanged during period II. Thus, the pres-
ence of the hydroxy fatty acid was associated with the
reduction in J)3 to zero and a reversal of Cl transport
from net absorption to net secretion.

The predominant change in the unidirectional fluxes
of both Na and Cl in the presence of sodium ricinoleate
was a decrease in mucosal to serosal flux (Jms).
Jia and J§. decreased by 2.7 and 6.3 ueg/h:-cm?
respectively after the addition of the hydroxy fatty
acid. No significant change occurred in the serosal to
mucosal fluxes (Jo,) of either Na or Cl. These
changes in Na and Cl transport were associated with a
significant increase in I (1.2 peq/h-cm?). Residual
flux that probably represents bicarbonate secretion,
rose 0.5 peq/h-cm? in controls from period I-II and
fell 0.7 weq/h-cm? in Na ricinoleate-treated tissue,
but these changes were not significant. The addition
of sodium ricinoleate in these studies resulted in a sig-
nificant increase in conductance.
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TABLE 11
Effect of 0.5 mM Sodium Ricinoleate and 10 mM Theophylline on I,, and PD
Across Isolated Colonic Mucosa*

Addition of sodium ricinoleate
increase in

Addition of theophylline
increase in

Condition I, PD I PD
n pAlem? mV n uAlem? mV
Ringer solution 30 99.2+10.1 3.8+0.5 8 103.9+11.9 4.5x0.7
HCOs-free, Cl-free solution} 9 14.0+39 0.6+0.2 8 10.0£1.0§ 0.4+0.1§
Ringer solution
+ 10 mM theophylline 7 146+73 0.7+0.3 — — —_
+ 0.5 mM sodium ricinoleate — — — 9 37.4+7.4 1.8+0.3

* Mean+SEM. Results represent the increase in I, and PD that was determined by comparing the
peak I, and PD observed in the 10-min after the addition of either sodium ricinoleate or theophylline
compared to that present immediately before their addition. n represents the number of tissues in

each group.

1 Solution contained 1.2 mM chloride in the form of SrCl, as described in the text.

§ Previously reported (21).

A significant increase in cyclic AMP content was
noted during incubations with 0.5 mM sodium ri-
cinoleate for as short a time as 2 min (Fig. 3). The
maximal increase in cyclic AMP was observed dur-
ing incubations of 10 and 20 min. Table I presents

the effect of several concentrations of sodium ricino-
leate on cyclic AMP content, during a 10 min incuba-
tion period, and on I,. The lowest concentration
that produced a significant increase in cyclic AMP
content was 0.1 mM, which was also the lowest dose

TABLE III
Effect of 0.5 mM Na Ricinoleate on Unidirectional and Net Na and Cl Fluxes*
Na fluxes Cl fluxes
n Jems Jsm Jnet Ims Jsm Jnet PD I G
Control tissue
Period 1 10 16.1 104 5.7 21.3 16.6 4.8 -5.2 2.9 16.3
+1.1 +0.8 *0.6 +1.5 +1.3 x1.7 +0.5 +0.3 +0.8
Period II 10 154 10.7 4.7 20.4 159 4.5 -4.7 2.7 17.0
+0.7 +0.8 =08 +1.0 +12 +09 +0.4 +0.3 +0.9
Pt NS NS NS NS NS NS NS NS NS
Experimental tissue
Period I 11 137 9.7 4.0 21.5 17.9 3.6 -4.8 2.9 17.8
+0.8 +04 08 +1.1 +1.0 =16 +0.4 +0.3 +0.9
Period II 11 11.0 109 0.1 15.2 174 -22 -5.5 4.1 22.6
+0.8 +0.7 *0.7 +0.8 +08 0.8 +0.4 +0.3 +0.9
Py <0.05 NS <0.02 <0.001 NS <0.01 NS <0.01 <0.001

* Results are expressed as mean+SEM. Unidirectional and net Na fluxes and I, are expressed as microequivalents per .
hour per square centimeter, PD as millivolt (mucosa negative) and conductance (G) as millimho per square centimeter.
n represents number of tissues in the Na studies and tissue pairs in the Cl experiments. Unidirectional Na fluxes were
performed with ?2Na and *Na across the same tissue; unidirectional Cl fluxes were performed on tissue pairs from the
same animal using 3Cl. Period I is the mean of two 20-min periods. 0.5 mM Na ricinoleate was added to the mucosal
bathing solution of the experimental group at the conclusion of period I. Period II represents a single 15-min period that
started 7 min after the addition of Na ricinoleate. Positive values for ], represent net absorption, negative ones net secretion.
1 Represents the differences between periods I and II in control and experimental tissue respectively.
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FIGURE 3 Time-course of the effect of 0.5 mM Na ricinoleate
on mucosal cyclic AMP content. Colonic mucosa was incu-
bated with (---) and without (—— ) the hydroxy fatty acid
for 2, 5, 10, and 20 min. Results are expressed as the per-
centage of mucosal cyclic AMP content present at zero time.
Significant increases were present at all time periods.

producing a significant increase in I,. Concentra-
tions >0.5 mM resulted in less than maximal in-
creases in cyclic AMP content and I..

DISCUSSION

This study performed in vitro in the absence of chemi-
cal, electrical, osmotic, and hydrostatic pressure gradi-
ents demonstrate net chloride secretion and provide
compelling evidence that ricinoleic acid stimulates
active anion secretion. The results presented in Table
III are very similar to the effect of theophylline, di-
butyryl cyclic AMP, and vasoactive intestinal peptide
on ion transport across rat colonic mucosa (9, 19, 21).
All four compounds increase I, decrease JN2 to
zero, and reverse net Cl absorption to net secretion.
Their effect on unidirectional fluxes are also identical:
a decrease Jn,s without significantly altering Jgn.
Sodium ricinoleate increases conductance, which is
not observed with these other agents that increase
mucosal cyclic AMP. It is of additional importance
that parallel changes on Na Cl transport are produced
by cholera enterotoxin, theophylline, vasoactive in-
testinal peptide, and dibutyryl cyclic AMP in the
ileum (6, 8). Because changes in mucosal permeability
will not alter net ion movement in vitro across short-
circuited epithelium, these studies do not exclude a

Hydroxy Fatty Acids Stimulate Active Secretion

possible contributory role of altered permeability in
the production of fluid secretion in in vivo situations.

There is considerable evidence that indicates that
the increases in I, and cyclic AMP produced by
Na ricinoleate are causally related. First, Table I
demonstrates that the threshold and maximal concen-
tration of ricinoleic acid required to increase both
I, and mucosal cyclic AMP are identical. Second,
increments in I, and mucosal cyclic AMP are ob-
served as soon as 2 min after the addition of the hydroxy
fatty acid (Figs. 2 and 3). Third, the presence of
theophylline inhibits the increase of I, and PD
usually produced by ricinoleic acid and conversely,
theophylline induced increases in I, and PD are
inhibited by the presence of ricinoleic acid (Table II).
These phenomena have previously been observed when
theophylline is added either to choleragen-treated
ileal mucosa (6, 25, 26) or to bile acid-exposed colonic
epithelia (19) and have been attributed to increased
mucosal cyclic AMP levels. Fourth, the pattern of
changes of ion transport observed in the presence of
ricinoleic acid (Table III) is almost identical to that ob-
served in ileal mucosa after the addition of choleragen
(6) or theophylline (6, 26), and in colonic mucosa
after the addition of theophylline or dibutyryl
cyclic AMP (19, 21).

There have been conflicting data on the effect of
hydroxy fatty acids on cyclic nucleotides in the
intestine. We presented preliminary studies indicating
that ricinoleic acid increased mucosal cyclic AMP in
studies similar to those in this report (27). Coyne
et al. (28) have reported that hydroxy stearic acid
increased adenylate cyclase activity in the rabbit
colon but did not inhibit phosphodiesterase activity.
These investigators also demonstrated that propranolol
prevented the increase in adenylate cyclase activity
produced by hydroxy stearic acid (28). These studies
support the contention that cyclic AMP is important
in the production of hydroxy fatty acid-induced fluid
secretion. In contrast, Gaginella et al. (29) failed to ob-
serve a stimulation of adenylate cyclase in isolated
epithelial cells of the hamster small intestine at all
ricinoleic acid concentrations. These investigators
reported that ricinoleic acid increased adenylate
cyclase only at a concentration of 10 um and that higher
concentrations of ricinoleic acid inhibited adenylate
cyclase activity. It is possible that hydroxy fatty acids
stimulate or inhibit adenylate cyclase activity in differ-
ent pools in vitro but that the effect of cyclic AMP
on fluid movement is only influenced by one of these
pools.

Fatty acids have been observed to affect cyclic
nucleotides in nonintestinal tissue. For example,
several fatty acids including ricinoleic acid and oleic
acid stimulate guanylate cyclase of fibroblasts (30).
Similarly, arachidonic acid significantly increases
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human platelet guanylate cyclase (31). Finally, Orly
and Schramm (32) observed that certain long-chain
fatty acids, including oleic acid, increase isoproterenol
stimulation of adenylate cyclase of turkey erythro-
cytes.

In conclusion, these studies demonstrate that
sodium ricinoleate affects ion transport and that re-
sults are most consistent with a stimulation of active
ion secretion. We have previously presented evidence
that a coupled NaCl influx process is present in
colonic mucosa of the rat (33), and the parallel de-
creases in JN2 and J§. are consistent with inhibi-
tion of coupled NaCl influx. In the rabbit ileum and
gallbladder coupled NaCl influx processes have been
established and can be inhibited by cyclic AMP (34—
36). These present findings and those in both the
ileum and gallbladder are very similar. Thus, we be-
lieve that the increases in I, associated with a de-
crease in JN3 and net Cl secretion can best be ex-
plained by stimulation of anion secretion together
with inhibition of coupled NaCl influx. The failure to
observe significant increases in I, and PD in the
HCOj;-free, Cl-free solution is consistent with this
concept. We propose, therefore, that hydroxy fatty
acids induce fluid and electrolyte secretion secondary
to their stimulation of an active anion secretory process.
This active anion secretory process is most likely
mediated by cyclic AMP. It is apparent that hydroxy
fatty acids also increase mucosal permeability, but to
what extent this increase in mucosal permeability
contributes to fluid accumulation is unknown.
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