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ABSTRACT

CONTRIBUTIONS OF ENDOGENOUS PROSTAGLANDINS
TO THE POSTPRANDIAL INTESTINAL HYPEREMIA

By

Martin John Mangino

The postprandial intestinal hyperemia is characterized
by an increase in blood flow and metabolism in those
portions of the intestine exposed to chyme. This response
is complex with many factors involved such as hormones,
oxidative metabolism, histamine and prostaglandins. Many
prostaglandins are synthesized in the intestine, and
inhibition of prostaglandin synthesis has been shown to
potentiate food-induced increases in intestinal blood flow
and oxygen uptake. The purpose of this study was to
elucidate more closely the role of endogenous
prostaglandins {in the vascular response to intestinal
nutrient absorption. Therefore, the effects of
intraluminal placement of food on jejunal blood flow were
studied before and during infusions of arachidonic acid, a
prostaglandin precursor, and selective inhibitors of
thromboxane synthesis.

A dose-response series of experiments indicates that

intra—-arterial fnfusions of arachidonic acid elicits a
biphasic effect on jejunal vascular resistance. At low
doses, arachidonic acid {increased jejunal vascular

resistance while at higher doses it decreased vascular
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resistance. The increase in jejunal vascular resistance
associated with low doses of arachidonic acid was abolished
when the animals were pretreated with aspirin 48 hours
prior to the experiment and all effects of arachidonic acid
on Jejunal vascular resistance were abolished with
mefenamic acid.

Placement of a digested food solution into the jejunum
significantly increased local blood flow and oxygen uptake.
Arachidonic acid infused intravenously, intra-arterially or
placed into the lumen with the food solution significantly
attenuated the hyperemia associated with food placement.
The food-induced 1{increases 1in oxygen uptake were also
attenuated with 1luminal placement of arachidonic acid.
These effects were abolished with pretreatment with the
cyclooxygenase inhibitor, mefenamic acid.

The selective thromboxane synthesis inhibitors,
imidazole and Sodium 5- (3’-Pyridinyimethyl) Benzofuran -
2 - Carboxylate (U-63557A), had no effect on the
postprandial intestinal hyperemia but significantly
potentiated the food-induced increases in oxygen uptake.
Furthermore, both imidazole and U-63557A had no effect on
Jjejunal glucose absorption.

When digested food was placed into the jejunal lumen,
capillary exchange capacity, as indexed by the capillary

filtration coefficient, significantly increased over the 16
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minute placement period, and imidazole enhanced these
effects. Mefenamic acid, however, had no effect on
intestinal capillary exchange capacity either before or

during food placement.

This study 1indicates that endogenous intestinal
prostaglandins may serve to limit the postprandial
intestinal hyperemia. Furthermore, endogenous intestinal

thromboxanes appear to be involved in the food-induced
increases 1in oxygen uptake as well as the regulation of

intestinal capillary exchange capacity.
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INTRODUCTION

The 1increase in intestinal blood flow associated with
nutrient absorption occurs only in those areas of the
intestine that are exposed to chyme (34, 36, 87).
Furthermore, the stimulus for the postprandial intestinal
hyperemia has been shown to be the products of food
digestion (37, 125). The mechanisms contributing to this
response appear to be multifactorial and complex.

Recently, evidence has been presented that implicate a
role for prostaglandins. Prostaglandins are synthesized by
all layers of the small intestine (1, 15, 25, 55, 85, 91,
92, 93, 126) and have been shown to be released during the
movement of ingestia through the gastro-intestinal tract
(45). Furthermore, Iinhibition of prostaglandin synthesis
with indomethacin or mefenamic acid significantly
potentiate the food-induced increases in intestinal blood
flow and oxygen uptake (63).

The purpose of this study was to examine the effects
of the bisenoic prostaglandin precursor, arachidonic acid,
on the food-induced increases in intestinal blood flow and
oxygenation. Also, In an attempt to determine which
prostaglandins may be involved, the effects of selective
inhibition of thromboxane synthesis on the postprandial

intestinal hyperemia was determined.



LITERATURE REVIEW

Postprandial Intestinal Hyperemia

In 1910, Brodie et al. (27) documented the first
evidence of a postprandial hyperemia tn the canine small
intestine by using a plethymograph method. In 1934,
Herrick et al. (77) utilized the thermostromuhr method to
measure blood flow in varfous arteries of the conscious
dog. Blood flow through the carotid, coronary, and
superior mesenteric arteries increase shortly after a fat,
carbohydrate, and protein meal and the increase lasted from
2-5 h. This study indicated that the increase in flow to
the small intestine during digestion was not obtained at
the expense of blood flow to other organs. These findings
were further substantiated by studies conducted between
1940 and 1966. These investigators reported that heart
rate, blood pressure, and cardiac output (41, 114) as well
as blood flow to almost all organs of the body 1{increased
after a meal (114). The flow to varfious organs of the body
was measured by the 4ZK fractional distribution technique
in both fed and unfed rats (114).

More recent studies, however, have yielded different
results. The cardiovascular system appears to respond to
feeding in two distinctly different phases, f.e.,

anticipation-ingestion and digestion. During anticipation

and ingestion of food, there §is an increase 1in cardiac



output, heart rate, and aortic pressure (61, 131, 133).
Mesenteric vascular resistance either increases (131, 133),
or does not change (61). Renal resistance increases (131,
133), coronary resistance falls (131, 133), and the
vascular resistance of the 1imbs either increases (61) or
decreases (61, 131, 133). These changes that occur during
the ingestion phase appear to result from activation of the
sympathetic nervous system and can be attenuated or
modified by adrenergic blocking agents (132).

The cardiovascular responses to anticipation and
ingestion of a meal are brief. Within 5-30 minutes after a
meal, cardiac output, heart rate, aortic pressure, and
coronary and renal blood flows return to control levels,
whereas blood flow through the superfior mesenteric artery
and pancreas starts to rise and reaches a maximum in 30-90
minutes in the conscious dog (23, 30, 61, 64, 131, 133).
The postprandial hyperemia through the superior mesenteric
artery lasts for 4-7h and blood flow to the 1imbs and
skeletal muscle decreases (61, 131, 133) or does not change
(64). This indicates that a redistribution of the cardiac
output in favor of the superior mesenteric artery occurs.

The earlier studies conducted between 1910 and 1966
fndicated that feeding results in f{increases 1in cardiac
output and blood flow through most of the body organs and
tissues. More recent studies, however, have more carefully

characterized the cardiovascular responses to feeding into



two distinctly different phases. The difference 1{in the
findings may be due to basic differences in techniques and
equipment used to measure cardiac output and regional blood
flow.

The postprandial hyperemia is localized to that
portion of the gastrointestinal tract that is exposed to
chyme. 1In 1976, Chou et al. (36) found that placement of a
food solution in the stomach of anesthetized dogs resulted
in a rapid fncrease in blood flow through the celiac artery
lasting less than one hour. Blood flow through the
superior mesenteric artery increased 30 minutes after the
fntragastric placement of food and remained elevated for
over three hours. When they infused food directly into the
duodenum, celiac artery flow did not change but superior
mesenteric artery blood flow I{increased and remalined
elevated for several hours.

The celiac artery perfuses the stomach, pancreas,
liver, spleen and proximal duodenum. The authors concluded
that the increase in celiac artery blood flow during
intragastric placement of food was due to {increases in
gastric blood flow since it did not occur when food was
infused directly into the duodenum. Furthermore, the delay
in onset of the increase in blood flow through the superior
mesenteric artery was believed to be due to the time
required for gastric emptying and the sufficient
accumulation of chyme in the duodenum. This study also

found that when the venous outfliows of two isolated jejunal






segments were measured simultaneously, only the segment
exposed to chyme exhibited a hyperemia and this was not
sufficient to cause a measurable increase in superior
mesenteric artery blood flow. These findings have also
been supported by other studies (34, 37, 87).

Gallavan et al. (64) studied the effects of feeding on
regional blood flow in the conscious dog using radiolabled
microspheres. They found that 30 minutes following
fngestion of a meal, the postprandial hyperemia was |imited
to the duodenum and proximal jejunum and extended to the
entire small intestine 90 minutes after feeding. The
authors suggested that this may be due to the time required
for the movement of chyme along the length of the small
intestine.

The postprandial intestinal hyperemia is confined to
the mucosal-submucosal layer of the gut wall with no
sfignificant change in flow to the muscularis (36, 64, 141).
Chou and co-workers have shown this to occur 1{n {solated
Jejunal segments of anesthetized dogs (36, 64) as well as
fn the conscious dog (64). They employed the radiolabeled
microsphere technique in determining compartmental blood
flow within the wall of the small intestine. Bond et al.
found that blood flow to all three layers of the small
intestine increase unfiformly after feeding in the conscious
dog (23). Likewise, Bohlen (21, 22) has shown a uniform
fncrease in intestinal vascular diameter i{in all three

layers of the rat small intestine when the lumen is exposed






to a8 glucose solution. Since the submucosal-mucosal layer
recefves over eighty percent of the total intestinal blood
flow, the contribution of the muscularis layer to the
postprandfal intestinal hyperemia appears to be minimal.

Chyme that enters the jejunum has various properties
that may contribute to intestfinal hyperemia and many of
these properties have been investigated. Jejunal chyme
consists, to a certain extent, of bulk and roughage capable
of causing mechanical stimulation. Biber et al. (16) have
shown that mechanical stimulation of the mucosa of an
fsolated jejunal segment, by sliding a vinyl tube over the
mucosal surface, {increases local blood flow. Another
study, however, has shown that luminal placement of
undigested food has no effect whereas digested food
(consisting of comparable roughage and bulk) {ncreases
blood flow to isolated Jejunal segments (37). It seems
that mechanical stimulation of the mucosal surface by the
propulsion and mixing of intestinal chyme is not a normal
physiological factor in the popstprandial intestinal
hyperemia.

Chyme consists of digested food, undigested food,
pancreatic secretions and gallbladder bile. Of these, only
digested food 1{1llicits an intestinal hyperemia (37).
Studies by Siragar and Chou (125) determined the relative
contribution of digested fat, protein, and carbohydrate to
the Iintestinal hyperemia in isolated jejunal segments of

the dog. They found that fat produces the greatest
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hyperemia on a8 weight basis but protein and carbohydrate
also produced increases in flow. Furthermore, all three
solutions produced increases in intestinal oxygen uptake.
The authors concluded that the intestinal hyperemia
probably results from a synergistic effect of all three
dietary components.

Although bile itself is not vasoactive when placed
into the Jejunal lumen, it markedly potentiates the
postprandial intestinal hyperemia (37). Kvietys et al. (87)
examined the effects of varfjous test meals on Jjejunal
blood flow with and without addition of bile. The authors
conc luded that bile plays an important role in the
postprandial 1{intestinal hyperemia because it potentiates
the glucose-induced hyperemia and only in its presence can
olefic acid, amino acids, caproic acid, and digested
triolein increase intestinal blood flow. The mechanisms of
bile-induced potentiation of the postprandial Jejunal
hyperemia have not been elucidated to date. Bile increases
blood flow in the ileum and this may be due to the active
absorption of bile salts (38).

The pH of chyme changes drastically from acidic to
alkaline during gastric emptying. Intestinal chyme has a
pH range of 3.5-7.4 (24, 59). But, intraduodenal perfusion
of Tyrode’s solutions having pH values between 2.5 and 11

does not alter 1local intestinal blood flow (35, 80).






Therefore, it seems that changes in the pH of luminal
contents associated with gastric emptying does not play a
direct role in the postprandial intestinal hyperemia.

The dumping syndrome 1{s a pathological condition
characterized by a large increase in blood flow to the
liver and upper intestfnal tract. These symptoms have been
associated with the rapid arrival of hypertonic solutions
into the jejunum. It seems at least possible, therefore,
that lumen osmolality may play a role in the postprandial
intestinal hyperemia. Indeed, it has been shown that
placement of solutions having osmolalities above 1500
mOsm/kg fncrease local blood flow (34). But since lumen
contents after a meal have osmolalities betwen 220-320
mOsm/kg (59), it seems unlikely that lumen osmolality plays
a role in food-induced increases in intestinal blood flow
under normal physiological conditions.

The small fintestine 1is richly inervated from both
extrinisic and intrinsic nerves. The role of nerves in the
postprandial intestinal hyperemia has been examined in many
different preparations (22, 34, 52, 53, 89, 109, 128, 131).
In the anesthetized cat, vagotomy has been shown to reduce
the hyperemia associated with the placement of fat in the
duodenum (53). On the other hand, vagotomy has been shown
to have no effect on the postprandial intestinal hyperemia
in dogs (128, 131). Blockade of the muscarinic receptors
with atropine also seems to generate conflicting results.

In the intact gastroinestinal tract of cats (52) and dogs






(131), atropine has been shown to block the nutrient-
induced increase in blood flow through the superior
mesenteric artery. Atropine, however, had no effect on the
hypermia produced in wvascularly isolated intestinal
preparations of the dog (89, 108) and rat (21, 22). These
differences may be due to the relative importance of
gastrointestinal motility in 1{intact versus isolated
intestinal preparations. Atropine decreases
gastrointestinal motility and may decrease the absorptive
surface area in contact with chyme. This would be a factor
in {intact gastrointestinal preparations but of little
importance in isolated systems.

The enteric nervous system is located within the wall
of the Iintestine and has been shown to play a role in
motility (66) and the hyperemia fnduced by mechanically
stroking the intestinal mucosa (17). A possible role of
the enteric nervous system in the postprandial {intestinal
hyperemia was examined by Nyhof and Chou (109). They
reported that methysergide (5-HT blocker), hexamethonium
(ganglion blocker) and tetrodotoxin (Na channel blocker)
all falled to alter the vascular or metabolic response to
placement of glucose or oleic acid in the jejunum of
anesthetized dogs. The increases in blood flow and oxygen
uptake produced by glucose or oleic acid, however, were
blocked or attenuated after exposing the jejunal mucosa to
dibucane, a local anesthetic. Furthermore, dibucane

decreased active glucose transport across rat intestinal
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sacs and decreased oxygen consumption of canine Jjejunal

mucosa fn vitro. The authors concluded that nutrient-

induced hyperemia appears not to be neurally mediated but
may be Influenced by neurally mediated alterations in
parenchymal metabolism and glucose absorption.

Decentralization of isolated intestinal segments in
the dog has been shown to have no effect on the
postprandial {intestinal hyperemia (108). Furthermore,
alpha or beta adrenergic blockade does not influence food-
induced hyperemia in dogs (131). Thus, 1t seems that the
role of nerves in the postprandial intestinal hyperemia |fis
very minor at best.

Approximately 13 hormones and paracrine substances
have been identified in the gastrointestinal tract, many of
which are extremely vasoactive. A recent review by Chou
et al. (38) 1looked at the effects of gastrointestinal
hormones on intestinal blood flow. The authors concluded
that only the vasodilator effect of CCK in the duodenum and
Jejunum and that of neurotensin in the f{leum could be
considered physfiological since only these two hormones
elicited vasodilatation at plasma concentrations observed
following a meal. It should also be noted that some
hormones such as VIP, substance-P, and enkephalin may act
as neurotransmitters or local tissue hormones exerting

paracrine effects rather than acting as circulating
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hormones. Currently, no evidence is available to verify
this possibility &as a contributer to the postprandial
intestinal hyperemia.

Recently, histamine has been shown to be involved in
the postprandial intestinal hyperemia. Chou and Siregar
(39) have reported that histamine H-1 receptor blockade
significantly attenuates both the vascular and metabolic
response to nutrient absorption in isolated canine jejunal
preparations. This effect appears to be due only to the H-
1 receptor since H-2 receptor blockade with metiamide has
no effect on the food-induced increases in intestinal blood
flow and oxygen uptake.

Prostaglandins have also been implicated {in the
postprandial intestinal hyperemia. Gallavan and Chou (63)
have shown that inhibition of prostaglandin synthesis with
efther mefenamic acid or indomethacin significantly
potentiates food-induced increases in both intestinal blood
flow and oxygen uptake in the canine Jejunum.
Furthermore, changes 1{in intestinal blood flow and oxygen
uptake were significantly correlated both before and after
prostaglandin synthesis inhibition. The same correlations
have also been observed both before and after histamine H-1
receptor blockade (39). The authors concluded that
endogenous prostaglandins serve to limit the postprandial
intestinal hyperemia, and this may be due to changes in

intestinal oxidative metabolism.






12

Based on the literature characterizing the
postprandial intestinal hyperemia and the possible
mechanisms involved, it seems clear that this physiological
phenomenon 1is extremely complex and the mechanisms are
multifactorial. An intricate network of physiological
feedback loops is beginning to emerge in which

prostaglandins appear to play a significant role.

Prostanoids

The prostaglandin story began in 1930 when Kurzrok and
Lieb (86) noticed that fresh human semen caused rhythmic
contractions and relaxations of human myometrial strips.
In 1935 Goldblatt and VonEuler (49, 67, 135) confirmed
these observations and believed the active compound(s)
originated from the prostate gland and thus coined the term
"prostagltandin”. In 1959, Eliasson (48) found that
VonEuler’s "prostaglandin" actually originated from the
seminal vesicles which still today remain a ma jor
laboratory machine for the production of the cyclooxygenase
enzyme system. It wasn’t until 1960, however, that
Bergstrom and Sjovall (13, 14) determined that
prostaglandin was a mixture of biologically active
compounds by finally fsolating and crystalizing

prostaglandin El and prostaglandin F . Studies by

|
Samuelsson (11) and vanDorp (129) in 1964 determined that
prostaglandins are derived from the transformation of fatty

acids, especially arachidonfic acid which is predominantly
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found in phospholipid components of animal cell membranes.
In 1973, Hamberg and Samuelsson (73) discovered two labile
arachidonic acid metabolites (prostaglandin G2 and
prostaglandin H2) that could be transformed into other
prostaglandins. One of these cyclic endoperoxide
metabolites was described in 1975 by Hamberg et al. (74)
and was called thromboxane A2. a potent vasoconstrictor and
aggregator of platelets (74). In 1976, Vane et al. (130)
fsolated prostaglandin 12 (prostacyclin), a
prostaglandin formed mainly by endothelial cells and
capable of preventing platelet aggregation as well as
producing vasodilatation.

Prostaglandins and prostanoids are derived from
essential fatty acids. The most common prostaglandin, the
bisenoic (prostaglandin EZ' prostaglandin qu v
prostaglandin 02. prostaglandin I, and TXA,) are derived
from arachidonic acid or from 1inoleic acid after
elongation of the carbon chain to 20 units. The monoenoic
prostalandins (prostaglandin El' etc) are derived from
dihomo-3—-11inolenic acid and the trienoic prostaglandins
(prostaglandin E3. etc.) are derived from 5, 8, 11, 14, 17
- efcosapentaenoic acid (130). The production of the most
common bisenoic prostaglandins from arachidonic acid are
depicted in Figure 1.

Thromboxanes and most prostaglandins that reach the

systemic circulation are rapidly inactivated in the 1lungs

(10, 56, 137) and gastrointestinal prostaglandins that
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Figure 1. Biosynthetic pathway of the major bisenoic
prostaglandins and thromboxanes.
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reach the hepatic portal circulation can be inactivated by
the liver (56). Prostaglandin 12 appears not to be
metabolized by the lungs (4, 76) but can be converted to
biologically inactive metabolites by the liver and kidneys
(127, 138).

Prostaglandin synthesis occurs throughout the small
intestine (1, 15, 25, 55, 85, 91, 92, 93, 126) and in both
muscle and epithelfal layers (93). In 1979 LeDuc and
Needleman (93) characterized prostaglandin production in
the canine stomach and intestinal tract. In the gastric
mucosa, the major arachidonic acid metabolites were

prostaglandin EZ' prostaglandin and TXA2 while the

I

gastric muscularis also produced prostaglandin F In

2% °
the small intestine, the mucosa contained relatively low
cyclooxygenase activity but was found to be rich in both
prostacyclin and thromboxane synthetase. This was
determined by fncubating mucosal microsomes with
prostaglandin H2 which resulted in substantial production
of both prostaglandin 12 and TXA2 while arachidonic acid
produced relatively low levels of these two prostaglandins.
The major prostaglandins produced by the intestinal
muscularis were found to be prostagliandin 12. prostaglandin
Ez. and prostaglandin Fz“ . Finally, the colonic
muscularis produces prostaglandin 12 and prostaglandin E2

while the mucosa produced large quantities of TXA2 and some

prostaglandin 12. Prostaglandin D2 was also produced by

all tissue preparations but in minute quantities.
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In vivo studies indicated that prostaglandin E and
prostaglandin F are released from the "resting" intestinal
tract (134) and in response to various stimuli such as
acetylcholine (119), mechanical stimulation (15), luminal
distention (140), and feeding (45). Dupont et al. (45)
found that concentrations of prostaglandin El'
prostaglandin EZ' and prostaglandin de increase in the

gastrointestinal tract of miniature swine following

fngestion of a liquid nutrient meal. Furthermore,
prostaglandin concentrations in various anatomical
locations of the gastrointestinal tract correlated

strongly with the time required for the movement of
ingestia through the respective regions of the
gastrointestinal tract. For example, gastric prostaglandin
productfon increased 30 minutes after feeding and fell 60
minutes after feeding while Jejunal prostaglandin
production remained unchanged for sixty minutes but
subsequently rose thereafter. The authors concluded that
feeding stimulates gastrointestinal prostaglandin
productfon and this may be a local phenomenon.

The various effects of prostaglandins on intestinal
motor activity has been extensively characterized,

especially for prostaglandins E and F. Sanders et al.

determined prostaglandin synthesizing capabilities by
microsomes of both circular and longftudinal
gastrointestinal muscle (118). Prostaglandin 12,

prostaglandin F2¢ » prostaglandin E, , prostaglandin D,,
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prostaglandin Az, and thromboxane Az levels were determined
by thin layer chromatography following incubation of canine
microsomal preparations with radiolabeled arachidonic acid.
The majJor prostaglandins formed were prostaglandin 12'
prostaglandin EZ’ and prostaglandin FZ« . Furthermore,
all areas of the Gl tract except the jejunum produced
prostaglandin levels {n both Ilongitudinal and circular
muscle layers that were the same. In the Jjejunum,
prostaglandin production was greater in the longitudinal
muscle. All areas of the gastrointestinal tract also
produced low levels of prostaglandin D2 and prostaglandin
Az in both muscle layers. The results of this study
reinforce earlier works by LeDuc and Needieman (93).

In vitro studies by Bergstrom (12) fndicate
prostaglandins E and F causes contractions of jejunal
segments {n the rat, chicken, rabbit and guinea pig.
Furthermore, prostaglandin FZ« has been shown to contract
rabbit and rat duodenal segments (2), stimulate circular
muscle contractions in the canine duodenum and {leum (42),
and stimulate intestinal motility in the {intact canine
Jejunum (121).

Prostaglandin El’ and E2 contract human longitudinal
muscle strips but relax or inhibit acetylcholine-induced
contractions in the same preparation (9, 10). Furthermore,
in whole muscle preparations, prostaglandin El' either
contracts (79) or relaxes (83) the rat duodenum. It

appears that two of the major prostalgandins produced by
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intestinal muscle (prostaglandin E and prostaglandin F)
are strong modulators of f{ntestinal motor activity.
Prostaglandin F stimulates circular muscle, longftudinal
muscle, and whole muscle preparations while prostaglandin E
stimulates or f{nhibits motor activity depending on the
muscle layer, species, and investigator.

Sanders (117) found that inhibition of endogenous
prostaglandin production with indomethacin enhanced the
amp| { tude of spontaneous and acetylchol ine-induced
contractions of isolated canine intestinal muscle. Other
studies have also demonstrated this effect (119).
Furthermore, the enhanced mechanical activity was
assocfated with enhanced electrical slow wave amplitude
and generation of action potentials. The increase 1in
mechanical activity caused by i{indomethacin was also
accompanied by a decrease in prostaglandin 12 production,

the major prostaglandin produced by fintestinal smooth

muscle (93, 118). The author conc luded that
prostaglandin 12 inhibits both spontaneous and
acetylchol ine-induced contractions of {ntestinal smooth

muscle at physiological production levels and this may be
due to an electrical mechanism.

Prostaglandin synthesis inhibition with {indomethacin
has also been shown to significantly enhance the inhibitory
effects of either sympathetic nerve stimulation or
exogenous norepinephrine on fleal motility in the guinea

pig (7). Furthermore, this effect is reversed by giving
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prostaglandins El' and E, (7, 120); that 1is, both
prostaglandins fnhibit the effects of sympathetic
stimulation. In addition to the inhibition of the
inhibitory effects of sympathetic stimulation on motility,
prostaglandin E has also been shown to {inhibit both
spontaneous and acetylcholine-induced contractions of
canine circular muscle (116) and acetylchol ine-induced
contraction of human longitudinal muscle strips (9, 10).
Sanders (116) also reported that fndomethacin
fncreased the magnitude of either acetylicholine or
potassium-induced canine 1{leal contractions. However,
Bartho (7) reported that fndomethacin inhibited
cholinergically initiated 1{leal contractions in whole
guinea plig fleal preparations. It is not clear why this
discrepancy exists, however, Sanders primarfly used only
circular muscle preparations whereas other investigators
use whole muscle preparations. It seems that circular
muscle from most species reacts differently to some
prostaglandins. Undoubtedly, the data regarding the
effects of varfous prostaglandins or prostaglandin
synthesis 1{inhibitors on intestinal motor activity are
confusing, contradictory, and arcane. These discrepancies
may be due to differences in the prostaglandins used (for
example Type | vs. Type Il or PGE vs. PGF), specific areas

of the small intestine, species, or methodology.
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In addition to the effects of prostaglandins on
autonomic modulations of intestinal motor activity,
prostaglandins have also been shown to inhibit serotonin
(50) and cholecystokinin (142) induced contractions of
isolated guinea pig fleal smooth muscle. It seems that
prostaglandins are capable of regulating intestinal
motility via either direct actions on intestinal smooth
muscle or indirectly by altering neural and humoral inputs
to the gut.

Prostaglandins have also been shown to alter
gastrointestinal absorption and secretion (5, 29, 60, 70,
84, 100, 101, 102, 104, 111, 112). Prostaglandin E2. has been
shown to fncrease water, Na* , €17 , and HC03- secretion
fn the human jejunum (29, 100, 104, 112) and to decrease
glucose absorption in the human (101, 102) and dog JjeJjunum
(84). Granger et. al (70) studied the effects of
prostaglandin E, on water absorption, Ilymph flow and
transcapillary protein flux in the cat {leum. They found
that Prostaglandin E, increased secretion in the {leum as
well as 1lymph flow and protein transport across the
capillary endothelial lining. Their studies also indicate
gross damage to the Iintestinal microvilli membrane

following prostaglandin El administration.






22

Prostaglandin FZ“ has also been shown to increase
water and protein secretion (111) and to decrease glucose
absorption (5) in the canine jejunum. The previous study
(5) also showed decreases {in glucose absorption by
prostaglandin EZ‘

Endogenous prostaglandin synthesis has also been
implicated in the control of gastric secretion.
Arachidonic acid, the precursor of type Il prostagliandins,
has been shown to inhibit both pentagastrin and histamine
stimulated HC1 secretion in the rat stomach (60).
Furthermore, these effects were blocked by {indomethacin
indicating that endogenous prostaglandins were involved.
Prostaglandin El is most likely involved since it has been
shown to be a powerful inhibitor of gastric acid secretion
(95).

These studies indicate that intestinal prostaglandins
are capable of inhibiting intestinal glucose absorption and
stimulating secretion. The biological diversity of
prostaglandins 1{is exemplified by their ability to inhibit
secretions {in the stomach (60, 95) while stimulating
secretfons in the small intestine (29, 70, 100, 104, 112,
111).

Prostaglandins are powerful vasoactive agents in the
intestinal vascular bed. The role of prostaglandins In
regulating resting intestinal blood flow appears to favor
the vasodilators since prostaglandin synthesis inhibitors

decrease intestinal blood flow in rabbits (18), cats (119),
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humans (107) and dogs (33, 63, 65). It is interesting to
note, however, that indomethacin inhibits the contractile
effects of norepinephrine on rat mesenteric artery strips
(96).

Individual prostaglandins have variable effects on
intestinal blood flow both in direction and magnitude.
Chapnick et al. (33) determined the effects of a variety of
prostaglandins on intestinal blood flow in the dog. Over
the dose range used, prostaglandin D2 caused dose dependant
decreases In blood flow through the supertor mesenteric
artery. Decreases 1in blood flow ranged from 24-64% and
were rapid in onset and short in duration. In addition,

prostaglandin Fz also produced dose dependant decreases in

o«
intestinal blood flow ranging from 30-80%. These effects
were also short 1{in duration and rapid in onset.
Prostaglandin 12 increased intestinal blood flow in a dose
dependant fashion which ranged from 33-133%. The stable
metabol ite of prostaglandin 12. 6-keto-prostaglandin Fl« v
had no sfignificant affect on blood flow thus 1{ndicating
that the effects of prostaglandin 12 were not the result of
metabol ftes. Prostaglandin Ez was also a powerful
vasodilator increasing intestinal blood flow 43-112%.
Dusting et al. (47) also studied the effects of
various prostaglandins on mesenteric perfusion pressure fin
constant flow preparations 1in the dog. They found
prostaglandin 1,, prostaglandin E,, and the cyclic

endoperoxide prostaglandin HZ were vasodilators and TXA,
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was a powerful vasoconstrictor, similar in potency to
norepinephrine. They also found prostaglandin FZ« to be a
very weak vasoconstrictor which is different from that
observed by other finvestigators (5, 33, 51, 110) who
generally found prostaglandin sz to be a moderate or
powerful vasoconstrictor. Prostaglandin FZ“ has also been
shown to decrease intestinal oxygen consumption in the dog
(110) and this may be a possible mechanism of the most
commonly observed vascular effects (5, 33, 51, 110).

Prostaglandin D2 appears to exert variable effects on
the intestinal circulation. Dose dependant decreases in
intestinal blood flow have been observed when
prostaglandin D2 is given by single bolus injections into
the superior mesenteric artery of the canine (33).
Constant infusions, however, have been shown to produce
biphasic responses (58). Blood flow initially decreased,
returned to control, and then rose substantially above
preinfusion values. Furthermore, Fondacaro et al. (58)
found that during the hyperemic phase of prostaglandin 02
administration, blood flow was redistriubted away from the
mucosa and toward the muscularis. Intestinal oxygen uptake
was also reported to increase during prostaglandin 02
fnfusfons (58).

Prostaglandin 12 is a vasodilator in the small
intestine (33, 47, 58, 110). Its stable metabolite, 6-
keto-prostaglandin F‘u » 1is not vasoactive when bolus

fnjections are given into the superior mesenteric artery
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(33). It has also been shown that the hyperemia caused by
prostaglandin 12 is directed mainly to the mucosal bed (58,
110). Furthermore, prostaglandin 12 has been shown to
fncrease intestinal oxygen uptake (58, 110).

Prostaglandins, therefore, appear to be powerful

modulators of intestinal blood flow. It is not clear,
however, if such observed vascular effects are
physfiological or merely pharmacological. Furthermore,

prostaglandins may exert their vascular effects by direct
actions on vascular smooth muscle, indirect actions such as
metabolism or influences on the release of vasoactive
substances, or both.

Recent evidence suggests that prostaglandins may act
via their own receptors (54, 75, 97, 103). Greenberg et
al. (71) have attempted to characterize the nature of
prostaglandin receptors in both rabbit and canine vascular
smooth muscle. The contractile responses of vascular
smooth muscle strips to various prostaglandins was
attenuated or abolished when dithiothreitol was added.
Dithiothreitol is a disulfide-reducing agent. Since this
effect was specific only for prostaglandin-induced muscle
contraction, the authors concludedd that a disulfide-
protein complex was a necessary component for the
expression of the vascular effects of prostaglandins fin

vascular smooth muscle.
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Arachidonic Acid

There 1is little or no free arachidonic acid in cells,
therefore, synthesis of prostaglandins and thromboxanes
require arachidonate release which is mainly esterified to
cell phospholipids (96). The major phospholipids involved
in arachidonate release by phosphol ipases appear to be
phosphatidylcholine (18) and phosphatidylinositol (7, 27).
Furthermore, natural release or addition of exogenous
arachidonic acfd to cells with prostaglandin synthesis
enzymes results in rapid production of prostaglandins (3,
11, 133).

Arachidonic acid could become available for
prostaglandin synthesis fn the small intestine either by
"natural"” release from membrane bound phospholipid stores
(8, 19, 28, 99) or by absorption from the intestinal lumen
(40). Chow and Hollander (40) looked at the mechanisms and
factors influencing luminal absorption of arachidonic acid
in rat intestinal preparations. This study indicates that
arachidonic acid absorption is concentration dependant and
does not require metabolic energy since metabolic
uncouplers have no effect on absorption rates.
Furthermore, absorption was enhanced by disrupting the
unstirred water layer, by decreasing the luminal pH and by
substituting bile salts for Tween 80. Arachidonic acid
absorption decreased when oleic or linoleic acid was added
indicating competition with other fatty acids.

Finally, arachfidonate absorption was not affected by the
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addition of amino acids or sugars to the luminal contents.
The authors concluded that arachidonic acid was readily
absorbed from the small intestine in a dose dependant
manner. They also concluded that absorption was via
carrier mediated diffusion since Michael i s-Menton
saturation Kinetics were observed in the presence of
metabolic uncouplers, and various alterations {in the
luminal environment can alter arachidonic acid absorption.
Arachidonic acid causes a large increase in blood flow
through the canine superior mesenteric artery when large
bolus injections are given (33). Furthermore, indomethacin
abolished this hyperemia. Dusting et al. (47) have
observed the same effects of arachidonic acid on perfusion
pressure in constant flow preparations in the dog intestine
and hindl imb preparation. Dusting et al. (46) also found
that arachidonic acid relaxed vascular smooth muscle strips
from rabbit and rat mesenteric arteries using the blood
bathed organ technique. 1In addition, they also reported
that the same dosages of arachidonic acid contracted these
preparations when the prostaglandin substrate was allowed
to incubate with blood for 0.1-4 minutes. They attributed
the latter response to preferential formation of platelet
thromboxanes. Similar results were reported by Kauffman
and Whittle (82) using a constant flow gastric preparation
in the dog. Bolus injections of arachidonic acid (25-200
mg) into a proximal port (3 seconds transit time) produced

a dose dependant decrease in perfusion pressure. The same
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dosages, however, given into a distal port (30 seconds
transit time) produced dose-dependant fncreases in
perfusion pressure. These studies indicate that
arachfdonic acid 1is a vasodilator in the fintestinal and
gastric vascular beds. These effects are probably due to
prostaglandin production and not due to the substrate per
se since arachidonic acid-induced vasodilatation can be
abolished by fndomethacin. Finally, extraneous
prostaglandin production by non-intestinal tissues (e.g.
platelets) during arachidonic acid administration is

capable of altering these effects.

Thromboxane Synthesis and Inhibition

In 1975, Hamberg et al. (74) first described the
conversion of prostaglandin 62 to an unstable prostanoid
capable of contracting vascular smooth muscle and
aggregating platelets. This prostanoid was originally
called rabbit sorta contracting substance (74) but today
is better known as thromboxane AZ'

Le Duc and Needleman (93) found that the canine
Jejunum {s capable of producing thromboxane A2 and only
the mucosal layer of the gut wall has the necessary enzyme
for thromboxane production. They also found that the

JeJjunal mucosa produces prostaglandin 12 and imidazole

inhibited thromboxane production but did not affect
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prostaglandin 12 production. These investigators
determined thromboxane levels in intestinal tissue
incubation media by radioimmunoassay.

Moncada et al. (105) examined the effects of imidazole
and 21 imidazole derivatives on thromboxane synthesis
inhibiftion in platelets. They found that the concentration
of imidazole required to produce 50% ({inhibition of
thromboxane production by platelets (1cso) was 22 ug/mi.
All of the imidazole derivatives tested required at least 8
times that concentration to produce 50% {inhibition. The
authors concluded that the i{nhibition of thromboxane
synthesis by i{imidazole was more powerful than imidazole
derivatives. Furthermore, imidazole selectively inhibited
thromboxane synthestis since synthesis of other
cyclooxygenase and | ipoxygenase products were unaffected.

Another potent and highly selective i{inhibitor of
thromboxane synthesis is Sodium - 5 - (3’-Pyridinylmethyl)
Benzofuran - 2 - Carboxylate (U-63557A) recently developed
by the Upjohn Company (139). Wynalda et al. (139) examined
the effects of U-63557A on thromboxane synthesis inhibition
as well as its pharmacokinetics in dogs. Single doses of

U-6355TA gfven at 5 mg.kg |

fov. resulted in a 90%
inhibition of plasma thromboxane levels that lasted for

over two hours.
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Summary

The postprandial intestinal hyperemia is a complex
physiological phenomenon and many factors are involved.
Such factors include gastrointestinal hormones, the
products of food digestion, histamine, and possibly
endogenous prostaglandins.

Prostaglandins are capable of modulating many
intestinal functions such as absorption, secretion, motor
activity, metabolism, and blood flow. Given that
prostaglandins are capable of such alterations in the
physiology of the intestine and given that prostaglandin
synthesis inhibition has significant effects on the food-
induced 1increases 1in intestinal blood flow and oxygen
uptake (63), it seems likely that endogenous intestinal
prostaglandins play a significant role in the postprandial
fntestinal hyperemia. Therefore, this possibility warrants
further investigation. The purpose of this study was to
determine the effects of the prostaglandin precursor,
arachidonic acid, on the postprandial intestinal hyperemia.
In addition, the effects of selective inhibition of
thrombane synthesis on the postprandial intestinal

hyperemia was also examined.






METHODS AND MATERIALS

Surgical Preparation

All experiments were conducted on mongrel dogs (14-31
kg) of both sexes which were deprived of food for 24 hours.
The animals were anesthetized by intravenous injections of
pentobarbital sodium at an initial dosage of 30 mg/kg and
supplemented as needed to maintain a surgical plane of
anesthesia. All animals were ventillated with a positive-
pressure respirator (Harvard Apparatus, Millis, MA) that
was adjusted to achieve normal arterial blood pH (7.39 +
0.02), 02 tension (87.9 +6.6), and CO2 tension (37.5 +
2.4) before each experiment. Systemic arterial blood
pressure was continuously monitored through a cannula in
the femoral artery.

The abdominal cavity was exposed via a midline
fncision and either one or two segments of the jejunum
about 25 cm aboral to the 1ligament of Treitz were
exteriorized. Care was taken to ensure that the autonomic
nerves were intact. After a rubber tube was placed into
the 1lumen of each segment for placement and withdrawal of
solutions, both ends of the segment(s) were tied and cut
away from the adjacent Jjejunum to exclude collateral flow.
Luminal pressure was recorded by connecting the rubber tube
to a pressure transducer (Statham P23Gb) when a solution
was present in the lumen. Before cannulation of blood

vessels, heparin sodium (500 U -kg- ) was administered

31
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intravenously. The exteriorized jejunal segments were kept
moist with saline soaked gauze and a clear plastic sheet
and maintained at 37° C with a heat lamp and temperature
probe. At the end of all experiments, the animals were
euthanized by an overdose of pentobarbital sodium. Figure
2 schematically represents the methodological and surgical
interventions {in most of these experiments. Details of

individual series of experiments are described later.

Preparation of Solutions

The food solution used contained equal parts by weight
of fat, carbohydrate, and protein. It was prepared by
adding 30 g high-fat test diet, 15 g high-protein test
diet, and 5 g high-carbohydrate test diet (US Biochemical
Cleveland, OH) to 400 ml of 0.1 N NaHCO3 containing 750 mg
of &a pancreatic enzyme preparation (Viokase, VioBin,
Monticello, IL). The mixture was then mixed gently with a
magnetic stirrer at room temperature for 5 h to permit
digestion. Before the experiment, nine parts of digested
food were mixed with one part of gallbladder bile, and the
PH and osmolality of the mixture were adjusted with either
NaHCO3 or HC1 and NaCl, respectively [pH 7.1 + 0.1
osmolality 316 + 5 mosmol/kg (n = 35)]. Both the digested
food plus bile and the normal saline were kept at 37° C

during the experiment.
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Figure 2. Schematic representation of the preparation used
in most experiments.
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Arachidonic acid, sodium salt (Sigma Chemical Co., St.
Louis, MO) was prepared immediately before use. Solutions
were prepared by dissolving appropriate quantities in a
0.9%2 NaCl! solution and subjecting the solution to sonic
disruption to aid the dissolution process. Mefenamic acid
(Park Davis, Detroit, MI) was prepared by adding
appropriate quantities to a 0.9% NaCl solution and the pH
was raised with 1.0 M NaOH until the drug went into
solution. (pPH 8.4 + 0.2, n = 10). Imidazole (Sigma
Chemical Co., St. Louis, MO) and U-63557A (Sodium 5- (3’-
Pyridinyimethyl) Benzofuran - 2 - Carboxylate, a gift
from the Upjohn Co., Kalamazoo, MI) were prepared by

dissolving appropriate amounts in 0.9% NaCl solutions.

Experimental Protocol

Eleven series of experiments were performed (n = 89).
In Series I (n = 14), the effects of various doses of
arachidonic acid on JeJjunal vascular resistance were
determined 1{in constant flow preparations before and after
mefenamic acid administration (a cyclooxygenase inhibitor).
A single Jejunal segment was exteriorized and the single
artery perfusing the segment was cannulated. The segment
was perfused at a constant rate with the sortic blood by
interposing a Masterflex pump (Cole-Parmer Instruments,
Chicago, 1IL) between the local intestinal artery and a
femoral artery. The perfusion pressure was monitored via a

catheter in the perfusion line attached to a pressure
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transducer (Statham P236b). Pump flow rate was adjusted
until perfusion pressure was 10 mmHg below the systemic
arterial pressure and then maintained constant throughout
the experiment. Once a steady state had been reached,
arachidonic acid (AA), sodium salt (Sigma Chemical, St.
Louis, MO), or its carrier solution, 0.9% NaCl, was infused
upstream from the pump with a Harvard infusion pump set at
various {infusion rates ranging from 1.0 to 267 ug- min—l.
The AA concentration of the infusate ranged from 0.5 to 2.3
mM, and the volume rate of f{nfusfon never exceeded
0.75 mIOmin-l. The transit time for AA between the site of
infusfon and the gut loop was less than 5 s. Each
infusion lasted until perfusion pressure reached a steady
level. At the end of each experiment, the rate of pump
blood flow was measured, and local blood concentration of
AA achieved at each infusion rate was calculated from the
pump blood flow rate and infusion rate.

In seven dogs 1{n this series, cyclooxygenase
inhibitors were also used to determine whether the effects
of AA were due to AA per se or 1its metabolites, fi.e.,
prostaglandins. The animals were pretreated 48 hours
before the experiment with acetylsalicilic acid (oral, 25
mg/kg, Sfigma Chemical, St. Louis, MO) and the vascular
response to AA was tested by infusing solutions of various
concentrations of arachidonic acid into the arterial inflow

line as previously described. Acetylsalicylic acid was

used to preferentially {inhibit cyclooxygenase 1in blood
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tissues. A Swan-Gantz catheter was then advanced into the
pulmonary artery via a femoral vein. A single i.v. bolus
injection of arachidonic acid (300 ug/kg) was given and the
resulting drop 1fin aortic pressure was noted. Mefenamic
acid was then infused intravenously at a dosage of 10
mg/kg for 10 min. Two hours later, another {i.v. bolus
injection of arachidonic acid (300 ug/kg) was given. If
aortic pressure was unaffected by the arachidonic acid
injection, then the vascular response to arachidonic acid
was tested as described above. Figure 3 represents -the
effects of intra-pulmonary injections of arachidonic acid
on aortic pressure before and two hours after mefenamic
acid administration.

In Series Il (n = 7), the effect of i.v. infusions of

arachidonic acid (40 ug-kg ! min~}

) on the postprandial
Jejunal hyperemia was examined. The single vein draining
the single segment preparation was cannulated for
measurement of venous outflow by timed collection with a
stopwatch and graduated cyl inder. Blood flow was also
continuously monitored by an extracorporeal flow transducer
(BL 2048-E04, Biotronex Laboratories, Silver Spring, MD)
placed in the venous outflow line and connected to an
electromagnetic flowmeter (BL610, Biotromex Laboratories).
The venous outflow was directed into a reservoir held at
37° ¢, and the blood returned to the animal via a catheter

in the femoral vein at a rate equal to the venous outflow.

Ten milliliters of normal saline was placed into the lumen
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Figure 3. Polygraph chart recording showing__‘:he effect of
a single bolus of arachidonic acid (300 ug-kg ") given into
the pulmonary artery on agortic pressure. This was done
before and 120 min after i.v. infusfion of mefenamic acid
(10 mg-kg ).
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for 15 min. This procedure was repeated 4-5 times until
blood flow reached a steady state, at which time the
luminal contents were changed to digested food. The change
in blood flow due to food was determined as the difference
in steady-state flows during luminal placement of normal
saline and digested food. After determining the
response to food, AA was Infused intravenously at

1 1 with a Harvard dual-i{nfusion

a rate of 40 pg-kg - min~
pump (Harvard Apparatus). When blood flow reached a steady
state, the response due to food was again measured as
described above during the AA infusion. The infusfon of AA
lasted 30 min and the total dose of AA given was 1200 ug
kg_l. The carrier solution, 0.9% NaCl, was {infused
intravenously at 0.76 mi/min as a control, and the response
due to food was measured during the {infusion.

In Series Ill (n = 8), the effect of {.a. infusions of
arachidonic acid (4-8 ug-mi blood'l) on the postprandial
Jejunal hyperemia was examined. The same protocol was used
as described in Series Il, but AA was infused into a side
branch of the single artery of the segment at 0.2 ml/min.
The carrier solution infused at the same rate served as a
control. The vascular response to luminal placement of
digested food was determined before and after AA infusfion
as in Series II.

In Serfes IV (n = 12), the effects of Iluminal

placement of arachidonic acid on the food-induced increases

in Jejunal blood flow and oxygen uptake were determined.
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Two jejJunal segments were isolated, the vein draining each
segment was cannulated, and the venous outflows were
measured as described above. When blood flows reached a
steady state after repeated placements of normal saline to
both segments, the vascular response to food was tested in
both segments. The protocol for this series of experiments
ifs shown in Fig. 4. At different 15-min periods, the lumen
of each segment contained normal saline, normal saline plus
AA, food, and food plus AA. The concentration of AA in the

mixtures was 6.5 x 10 4

M (200 ug/ml). A1l solutions were
subjected to sonic disruption for at least 5 min to ensure
homogenous dissolution before placement into the Jejunal
lumen. Before placement of the next solution, the lumens
were thoroughly and gently rinsed with normal saline and
flows to both segments were allowed to attain a steady
state. In five dogs, the arterial and venous outflow blood
samples were obtafned for the measurement of blood 02
content by a Lex—OZ-Con—TL 02 content analyzer (Lexington

Instruments, waltham, MO) . Jejunal O uptake was

2
calculated as the product of venous outflow and
arteriovenous 02 content difference.

Series V (n = 3) was conducted to determine if changes
in Jejunal blood flow by mechanical means would change
Jejunal oxygen uptake. The purpose was to determine
whether changes {in 02 uptake observed in other experiments

are blood flow dependent. A loop of the Jjejunum was

exteriorized as above. The single artery supplying the
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Figure 4. Mean venous outflows from 2 adjacent jejunal
segments containing normal (NS), NS plus arachidonic acid
(AA), food, or food plus AA. Values shown below or above 2
adjacent bars indicate percent differences in flow between
2 bars. * P C 0.05 retlative to preceding value. " p <
0.05 between 2 values denoted by dotted line. n = 12.
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segment was cannulated, and a perfusion circuit with an
interposed pump (Masterflex) was established between a
femoral artery and the single segmental artery. The
circuit was designed so that the jejunal segment could be
alternately perfused by the pump set at various flow rates
or naturally by systemic arterial pressure. Under natural
perfusfon conditions, blood flow was altered by adjusting a
variable clamp on the inflow line. Perfusion pressure was
monitored through a cannula inserted into the arterfal
circuit. The single vein draining the segment was
cannulated. Arteriovenous O2 content difference was
determined continuously by perfusing femoral arterial blood
and a portion of the venous outflow at 6 ml/min through
separate cuvettes of an arteriovenous 02 content difference
analyzer (A-VOX Systems, San Antonfo, TX) with a Gilson
pump (Minipuls 2, Gilson Medical Electronics, Middleton,
Wi). The arteriovenous 02 content difference analyzer had
been calibrated with a Lex—Oz-Con TL 02 content analyzer
(Lexington Instruments, Waltham, MO). The venous outflow
and outflows from the cuvettes were allowed to drain into a
reservoir. The blood in the reservoir was pumped back to
the animal via a femoral vein at a rate equal to the total
outflows. Venous outflow was measured by timed collection
of the outflow. Intestinal 02 uptake was calculated as the
product of venous outflow and arteriovenous 02 difference.
The time required for venous blood to reach the

arteriovenous 02 analyzer was 35 s and was compensated for
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by the calculation of 0, uptake. After all measured
variables had stabilized for 20-30 min, the effects of
reductions 1in blood flow under natural flow conditions on
02 uptake were determined by stepwise increases in arterial
fnflow occlusion. The perfusion circuit was then switched
to pump perfusion, and the effects of pump-induced
alterations 1in blood flow on 02 uptake were determined.
The effects of changes in flow on 02 uptake were studied
twice under natural and pump perfusion in each dog. After
each experiment, the Jjejunal segments were weighed and all
data were normalized to 100 g of tissue.

In Series VI (n = 7), the effects of i.a. infusions of

arachidonic acid (4-8 ug.ml blood™ !

) on the food-induced
increases In Jejunal blood flow and oxygen uptake were
determined after administration of a cyclooxygenase
inhibitor. Mefenamic acid was infused intravenously over a
10 min period at 10 mg-kg_l. Two hours after the end of
the 1{infusion, the cyclooxygenase block was tested as
previously described in Series I (Figure 3). The effects
of 1.a. Iinfusions of arachidonic acid on the food-induced
fncreases in jejunal blood flow and oxygen uptake were then
determined. JeJjunal 02 uptake was determined as previously
described in Serfes V.

In Series VII (n = 14), the effects of imidazole
(Stogna Chemical Co., St. Louis, MO) on the food-induced

increases in Jjejunal blood flow and oxygen uptake were

determined. Imidazole was infused intra-arterially at a
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rate of 5 mg/min designed to achieve a blood concentration
of approximately 100 wug/ml, which has been shown to
effectively block thromboxane production (45). The food-
fnduced 1increases in jejunal blood flow and oxygen uptake
were determined before and during imidazole infusions. The
imidazole infusion lasted for 30 min. and the total dose of
imidazole was 150 mg.

In Series VIII (n = 5), another inhibitor of
thromboxane synthesis was used. The protocol was identical
to Series VIl except the selective thromboxane synthetase
inhibitor U-63557A (Upjohn, Kalamazoo, MI) was wused in
place of imidazole. U-63557A was given intravenously at a
dosage of 5.0 mg/kg.

In Series IX, the effects of imidazole and U-63557A on
glucose absorption were determined in seven and five dogs,
respectively. A Jejunal segment was isolated, the vein
draining the segment was cannulated, and the venous
outfliows were measured as described above. Arterial and
venous blood samples were obtained before and after luminal
placement of food for determination of plasma glucose
concentration with a glucose oxidase glucose analyzer
(Yellow Springs Instrument Company, Yellow Springs, OH).
This was repeated after 1{1.a. infusions of imidazole
(5 mg. min~!) and after 1i.v. infusions of U-63557A
(5 mg.kg'l). Glucose absorption was calculated as the
product of blood flow and the venous-arterial glucose

content difference and expressed as mg - min_l- lOOg-l.
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Glucose absorption during food placement was expressed as
the difference in glucose absorption before and during
luminal placement of digested food.

In Series X, the capillary filtration coefficient
(CFC) was determined gravimetrically in 6 dogs. A jejunal
segment was fisolated as before and placed on a platform
vertically suspended from a force displacement transducer
(FT 03B, Grass Instruments). The venous outflow was
continuously monitored until a steady state was achieved.
CFC was determined after a sudden elevation of venous
pressure (to approximately 10 mm Hg lasting approximately
10-15 seconds) which precipitated a change 1in {intestinal
weight. The weight gain due to venous pressure elevation
was characterized by two distinct components: an finitial
rapid iIncrease due to venous capacitance filling and a more
prolonged phase of weight gain assumed to represent
capillary filtration. The point of demarcation between
these two phases was obtained by observing where venous
flow equilibration occurs. Venous outflow falls initially
upon raising venous pressure but subsequently attains a
plateau lower than the control value. This flow
equilibration point represents the end of the blood volume
shift, and measuring the rate of intestinal weight gain
from this point provides an estimate of capillary
filtration rate (Figure 5). The slope of the filtration

component of the jejunal weight gain was divided by the
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Figure 5. Original polygraph chart recording of the data
used to estimate jejunal capillary filtration coefficient
(CFC). Solid line (intestinal weight panel) represents the
rate of tissue water accumulation following the blood
volume shift used in estimating CFC.
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change 1in capillary pressure. In all experiments, the
fncrease in venous pressure had no affect on the intestinal
fluid volume.

In estimating capillary pressure, we assumed a 70%
transmission of the imposed venous pressure change to the
exchange vessles. To validate this assumption, four
additional experiments were performed in which capillary
pressures were measured during a wide range of venous
pressure changes. Capillary pressures were estimated using
the venous occlusion technique as previously described by
Granger et al. (68). As can be seen in Figure 6, the
percent transmission of the imposed venous pressure change
to the capillaries is tightly adherent to the 1ine assuming
70 percent transmission. This 1{is especially evident
between venous pressure changes of 10 and 15 mm Hg, which
is the range in which our experiments were conducted.

Jejunal capillary filtration coefficients were
determined both before and during intra—-arterial imidazole
(5 mg/min) infusions with either saline or digested food in
the jejunal lumen. Furthermore, multiple CFC readings were
obtained throughout the food placement period (16 min) both
before and during imidazole infusions in order to profile
time dependent changes 1{In JeJunal} CFC during nutrient

absorption.
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Figure 6. Correlation between changes in venous pressure
and changes 1{in capillary pressure {in {isolated Jejunal
segments. Dotted l1ine represents the observed regression
1ine of the data, solid line represents 70% transmission of
the Iimposed venous pressure elevations to the exchange
vessels.
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In Series XI (n = 6), the jejunal CFC was determined
before and after food placement as previously described in
Series X. Then mefenamic acid (10 mg/kg IV) was given, and

after two hours, the above procedure was repeated.

Treatment of Data

All blood flow, oxygen uptake, and glucose absorption
data were normalized to 100g tissue weight. Some data were
expressed as percent change from control or absolute change
between treated and control groups. Most of the data were
expressed as the mean + S.E.M.

The statistical procedures used in analyzing the data
were the Students’ t test modified for comparison of two
sample means, analysis of variance, linear-regression
analysis, the ordinary least-squares technique, polynomial
analysis for multiple correlation, the variance ratio test,
and the chi-square test for normality of frequency
distribution. Statistical significance was set at

P < 0.05.






RESULTS
Systemic arterial pressure 123 + 7 mm Hg (n = 84) was
not significantly altered by intravenous or intra-arterial

fnfusions of arachidonic acid, imidazole, U-63557A, or

their carrier solutions. Furthermore, systemic arterial
pressure was not altered by 1luminal placement of
arachidonic acid or digested food. Systemic arterial

pressure was reduced by bolus injections of arachidonic
acid finto the pulmonary artery at 300 ug/kg but returned
toward control within approximately 6 minutes (Figure 3).
Intravenous infusions of mefenamic acid in Series 6 and 11
significantly fncreased aortic blood pressure from
129 + 5.0 mm Hg to 150 + 9.0 mm Hg. All experiments,
however, were conducted under steady state conditions of
aortic pressure.

Figure 7 shows the effects of local intra—-arterial
infusions of AA on jejunal vascular resistance when the
local arterial AA concentration was raised from 0 to 13 g

ml  blood !

from circulating levels already present (Series
). The control jejunal vascular resistance was 2.13 +
0.18 mmHg-ml—l min?loo di Infusion of the drug carrier,
0.9% NaCl, at the same rates of infusion as AA did not
sfgnificantly alter Jejunal vascular resistance. An
increase in local arterial AA concentrations to a range

between 1.0 and 5.7 ug-ml blood™!

significantly
fncreased vascular resistance whereas an increase in the

concentration between 8.0 and 13.0 uyg-« ml blood"l

54
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Figure 7. Effects of intra-arterial fnfusfion of
arachidonic acid on jejunal vascular resistance. Dotted
lines indicate a zone of 95% confidence. n = 47 from 7
dogs. AA, arachidonic acid.
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significantly decreased vascular resistance. The data
were analyzed by a digital computer utilizing 47 data
points from seven animals using the ordinary least-squares
technique, which resulted in a third-order polynomial
equation that was 70% correlated with the data points.
Upper and lower boundaries for each dosage were computed
using the parameter covariance matrix and t values such
that P < 0.05. Lumen pressure of the jejunal segments was
not significantly altered at all infusion rates.

Figure 8 shows the effects of local f{intra-arterial
infusions of AA on jejunal vascular resistance before and
after mefenamic acid in the 7 dogs pretreated with aspirin
48 hours prior to the experiment. Before mefenamic acid,
f.a. 1{infusfons of arachidonic acid produced dose dependant
decreases in jejunal vascular resistance. After mefenamic
acid (10 mgukg“‘). however, the same dogs were completely
refractory to the effects of i.a. I{infusions of arachidonic
acid on Jejunal vascular resistance (solid regression
line). Aspirin pretreatment, therefore, abolished the
vasoconstrictor effect of AA at low doses (Figure 7) and
aspirin pretreatment and mefenamic acid prevented all
vascular effects of AA on Jejunal vascular resfstance
(Figure 8).

Table 1 and Table 2 show the effects of intra-
arterial (5-8 pg-ml blood~!) and intravenous (40 ug ~kg'J
mln'l) fnfusion of AA on food-induced Jjejunal hyperemia,

respectively. Intra-arterial infusion of AA did not









58

Figure 8. Effects of intra-arterial infusions of various
doses of arachidonic acid on Jjejunal vascular resistance
before and after mefenamic acid (10 mg/kg, f§f.v.) in dggs
pretreated with a single oral dose of aspirin (25 mg-kg ")
48 h before the experiemnt. The dashed line represents the
effects of arachidonic acid on jejunal vascular resistance
before mefenammic acid (triangles are actual data points)
and the solid line indicates the effects of arachidonic
acid on JjejJunal vascular resistance after mefenamic acid
(circles are actual data ponts). The regression
coefficients are significantly different at P < 0.05, n =
51 from 6 dogs, AA = arachidonic acid.
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Table 1. The effects of intra—-arterial fnfusions of
arachidonic acid (AA) on the postprandl?l ing?stlnal
hyperemia. Blood flow expressed as ml-min -~ 100g ", * P<

0.05 relative to the corresponding value before I{infusion,
n=7.
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TABLE 1
Lumen Content Flow A Flow A /A Flow
Before AA infusion
Saline 36.8+2.5
» ”*
20.1+43.9 54.3+49.2
Food 56.9+45.5
During AA infusion
Saline 36.8+5.4
»* »
8.4+2.1 23.5+5.3

Food 43.2+7.1
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Table 2. The effects of intravenous infusions of
arachindonic acid (AA) on the postprandigl intestinal
hyperemia. Blood flow expressed as ml-min - 100g * p<L

0.05 relative to the corresponding value before {infusion,
n=7.
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TABLE 2
Lumen Content Flow A\ Flow /\ %Filow
Before AA infusion
Saline 37.8+4.1
16.8+3.0 44.0+46.6
Food 54.6+6.5
During AA infusion
®
Saline 29.2+1.8
» ”
7.58+1.3 26.8+5.2

Food 36.8+2.1
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significantly alter control blood flow (Table 1), but
intravenous infusion significantly decreased control blood
flow from 37.8 to 29.2 mi-min~L 100 g”! (Table 2). The
dosages for fintra-arterial infusion were chosen based on
the data from Figure 7 to maintain local arterial
concentration within the range of 5-8 ug/ml, whereas the
dosage of intravenous infusion was chosen because no
systemic or local side effects were observed (46).
Regardless of the route of infusion, AA produced the same
results. Before intra-arterial or {intravenous i{infusion,
luminal placement of digested food significantly increased
blood flow by 54.3 or 44.0%. After Iintra-arterfal or
intravenous infusion, Iluminal placement of digested food
still significantly increased blood flow, but the hyperemia
produced was significantly less than before infusion. This
fs true whether the data are expressed as absolute change
in blood flow (+20.1 + 3.9 before vVs. +8.4 + 2.1

1 1

mlemin '- 100 g ' after f{.a. i{nfusion and +16.8 + 3.0

1. 100! g after 1{.v.

before vs. +7.58 + 1.3 ml-min
infusion) or as the percent change from control (+54.3 +
9.2 before vs. +23.5 + 5.3% after {f.a. infusion or +44.0 +
6.6 before vs. +26.8 + 5.2% after i.v. infusion). In both
the intra-arterial and intravenous series, the vascular
response to digested food was not significantly affected by
infusion of the carrier solution. Food produced a 49.2 +
7.9 and 43.2 + 8.1% increase in flow before and after the

infusfon of the carrier.



65

In Series 4, the effects of luminal placement of AA on
both the vascular and metabolic responses to luminal
placement of digested food were examined. The vascular
responses of the two adjacent jejunal segments to luminal
placement of normal saline or digested food with and
without AA are depicted in Fig. 4. The concentration of
AA, 0.65 mM, was chosen after preliminary studies. The
studies indicated that at higher concentrations AA
fncreased fintestinal secretion and motility and produced
fluctuations in jejunal blood flow. The concentration
used, 0.65 mM, was the highest concentration at which the
above effects were not observed. As can be seen in Fig. 4,
the design of the experiment was to use one segment as the
control for the other segment, f{.e., {in a particular
period, one segment contained only normal saline or food
alone while the other segment contained one of these
solutions plus AA.

Digested food significantly 1{increased blood flow
whether or not AA was added to digested food. Although
addition of AA to normal saline did not significantly alter
blood flow, addition of AA to digested food significantly
attenuated the food-induced hyperemia. This s true
whether the effects of food alone and food plus AA were
compared within the same segment (Figure 4, page 43) (+48
ve., +24.4% in segment A and +38.5 vs. +28.6% in segment B)
or between the two segments when each solution was placed

simultaneously in each of the two segments (+48 vs. +28.6%
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in the third period and +38.5 vs. +24.4% 1in the last
period). Thus AA significantly attenuated the food-induced
hyperemia whether AA was administered intra-arterially
(Table 1), 1{intravenously (Table 2), or placed into the
lumen with food (Fig. 4).

AA also attenuated the food-induced increase in 02
uptake. As shown in Fig. 9, a 26% increase in 02 uptake
produced by food alone in segment A was significantly
greater than that produced by food plus AA in segment A
(+9.7%) or segment B (+15.3%). Likewise, a 28.8% increase
in 02 uptake produced by food alone in segment B was
sfgnificantly greater than that produced by food plus AA in
segment A (+9.7%) or segment B (+15.3%). As shown in Fig.
10, there was a significant correlation between the food-
induced increases in 02 uptake and blood flow. This
correlation holds for both food alone and food plus AA.

Series 5 determined whether or not the attenuation of
the food-induced fncreases in intestinal oxygen uptake by
arachidonic acid resulted from the attenuation of the food-
fnduced 1increases in blood flow. Figure 11 shows the
relation between changes in blood flow and changes in O2
uptake obtained from three jejunal segments in which flow
was altered by a pump. Although a decrease in blood

1

flow from about 34 ml-min-l'loo g ' significantly decreased

O2 uptake (P < 0.05, analysis of variance), a stepwise

1 1

increase 1in blood flow from 34 to 105 mi-min <« 100 g = did

not significantly alter 02 uptake. Thus it appears that 02
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Figure 9. Mean O, uptakes from 2 adjacent jejunal segments
containing norma? saline (NS), NS plus arachidonic acid
(AA), food, or food plus AA. Values shown below or above 2
adjacent bars indicate percent differences in O uptake
between 2 bars. * P C 0.05 relative to precediné value.
** P ¢ 0.05 between 2 values denoted by dotted line. n = 5.

VOZ = 0, uptake.
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Figure 10. Correlation between changes in food-1induced
fncreases in jejunal O, uptake and blood flow. Closed
circles, food alone; open circles, food plus arachidonic

acid (AA).
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Figure 11. Relation between jejunal blood flow and O
uptake. Blood flow was altered mechanigally.
Numbers 1{in parentheses indicate number of measurements.
Restingl flow ?efore mechanical alterations was 40.2 + 0.5
mlemin-"-100g-".
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uptake is independent of blood flow at flow rates above 35

1 1 1

ml - min '-100 g ', but at flow rates below 35 ml-min -

<_:;.l O2 uptake is flow dependent. Resting jejunal blood

100

flows in all experiments performed, except series 2 (Table
2, after i.v. infusions of arachidonic acid), were above
the critical value of 35 ml-min & lOOg-l. This indicates
that any changes in oxygen uptake due to experimental
perturbations were not due to changes in blood flow.

Series 6 was designed to test whether the effects of
arachidonic acid on food-induced changes in intestinal
blood flow and oxygen uptake were due to the action of
arachidonic acid or to its metabolites. The effects of
intra-arterial Iinfusions of arachidonic acid on both the
metabolic and vascular responses to luminal placement of
food were examined after pretreatment with the
prostaglandin synthesis inhibitor mefenamic acid. The
effectiveness of the cyclooxygenase blockade was tested as
previously described (Figure 3). Table 3 illustrates these
results. Before arachidonic acid infusions, luminal
placement of digested food increased blood flow by 21.3 ml:*

-1 1 1

min '* 100g and oxygen uptake by 0.68 ml - min ' lOOg—l.

During arachidonic acid infusions, luminal placement of

digested food increased blood flow by 18.6 ml-min_l- lOOg—l

and oxygen uptake by 0.60 ml-min_l- lOOg—l. The food-
fnduced increases in both intestinal blood flow and oxygen
uptake before arachidonic acid administration were not

sfgnificantly different from those {induced after the
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Table 3. The effects of intra—-arterial infusions of
arachidonic acid on the food-induced fncreases in
intestinal blood flow and oxygen uptake aFter pretreatment
with mefenamic acid. ?xygen u;?take and blood
flow expressed as ml- mla 100g * p<o. Og



75

[4

*B.Hoo. 01° + 05°¢ 0T* + 16°1 0 A
*m.oﬂo.f 8°8 + €26 S € + L €€ moTg poolgd
$PTOV OTUOpPTYOeBIY JuTang
LT ¥ 89° pT* + 9672 60° + 98°1 %0 A
«oéﬂm.z 9°8 + %°¢G €°€ + T Tt mo13 poolg
:PIOY OTUOPTYORIY 91033g
ERIERES § & pood SuITES

JNAINOD NIWIT
€ 318yl



76

administration. This indicates that the inhibitory effects
of arachidonic acid on the food-induced increases in blood
flow (Table 1) were due to the products of cyclooxygenase
metabolism and not to the arachidonic acid per se.

In Series 7, the effects of imidazole, a selective
inhibitor of thromboxane synthesis, on food-induced
increases in intestinal blood flow and oxygen uptake were
examined in 14 dogs. Figure 12 shows the effects of i.a.

infusions of imidazole (5 mg-min-l

) on the food-induced
Jejunal hyperemia. Imidazole per se had no effect on
resting Jejunal blood flow (48.1 + 3.1 before imidazole
vs. 50.7 + .3 ml-min—l-loo g—l during imidazole). The
food-induced increase in flow was also not affected. This
is true whether the data are expressed as absolute change
in blood flow (23.0 + 3.5 before, vs. 20.4 + 2.9

L. 1o00g7!

ml - min_ during imidazole infusion) or as the
percent change from control (49.8 + 7.1 before, vs. 42.0 +
6.5% during imidazole infusion). Luminal placement of
digested food produced significant increases in jejunal
blood flow both before and during imidazole infusions.
Figure 13 shows the effects of 1{.a. infusions of
imidazole on food-induced 1increases in Jjejunal oxygen
uptake (VO,). Imidazole had no effect on resting VO, (2.08

+ 0.07 before, vs. 2.04 + .10 mi-min_!- 100g7!

during
imidazole infusion) but significantly potentiated the
food-induced i{ncrease in VOZ. This is true whether the

data are expressed as absolute change (+0.406 + .06 before,
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Figure 12. Vascular response to luminal placement of food
before and during intra-arterial infusions of imidazole.
Flow values are means + SEM in ml-min-"-100g-". n= 14,

NS, Normal Saline, F, Food, #*P < 0.05 relative to before
infusion.
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Figure 13. Effect of intra-arterial infusions of imidazole
on the food-induced increases in oxygen uptake. vo.,,
oxxgen uptake, NS, normal saline, F, food. * P« 0.65
relative to NS, #* P ¢ 0.05 relative to the corresponding
value before imidazole. n = 14,
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vs. +0.858 + .15 mi- min~! . 100g”! during imidazole
infusion) or as percent change from control (+19.7 + 3.0
before vs. +44.9 + 8.7% during imidazole infusion).
Luminal placement of digested food produced significant
increases in V02 both before and during imidazole
infusions.

Figure 14 shows the correlations between food-induced
increases in jejunal oxygen uptake (VOZ) and jejunal blood
flow before and during imidazole infusion. Changes in the
two variables are significantly correlated both before and
during imidazole infusions. However, the slopes of the two
regression 1lines are significantly different (2.60 before
vs. 0.96 during imidazole infusions). This indicates that
for a given food-induced increase in jejunal blood flow,
the food-induced 1increase Iin Jejunal oxygen uptake 1is
significantly greater during imidazole administration than
before the administration.

In order to assess whether the effects observed in the
above series were a result of thromboxane synthesis
inhibition or the action of imidazole per se, experiments
were repeated {n which U-63557A was substituted for
imidazole. This compound is also a selective inhibitor of
thromboxane synthesis and has been shown to selectively
inhibit thromboxane synthesis at the dosage used (5.0 mg:
kg-l. f.v.) (139). Table 4 shows the effects of U-63557A
on the food-induced increases in both intestinal blood

flow and oxygen uptake. U-63557A per se had no effect on
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Figure 14, Correlation between percent changes 1In VO
(oygen uptake) and blood flow elicited by luminal placemen
of digested food before and during intra-arterfial infusions
of imidazole. * P < 0.05 relative to control.
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Table 4. The effects of intravenous infusions of U-63557A

on the food-induced increases in intestinal blood FlQY
and _?xygen uptake (VO,). Values expressed as ml . min *
100g" Y. * P <0.05, 1 = P<0.05 relative to the corresponding

value before U-63557A, n=S5S.
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the hyperemia. This is true whether the data are expressed
as absolute change in blood flow (+11.9 + 2.9 mi-min~!. min
100g"! before U-63557A vs. +14.2 + 5.3 ml- min~!. 100g~!
after U-63557A) or as percent change from control (+21.9 +
4.4 Dbefore U-63557A vs. +27.5 + 12.5 after U-63557A).
Table 4 also shows that U-63557A significantly potentiated
the food—-induced increase in intestinal oxygen uptake.
This 1is true whether the data are expressed as absolute
change in oxygen uptake (+0.35 + 0.08 ml . min~!. 10007}
before U-63557A vs. +0.78 + 0.07 ml-min-lulOOg_l after U-
63557A) or as percent change from control (+19.2 + 3.5
before U-63557A vs. +41.6 + 5.7 after U-63557A).
Furthermore, there was a significant correlation between
the food-induced increases in intestinal oxygen uptake and
blood flow before and after administration of U-63557A.
Like the imidazole data (Figure 14, page 83 ), the slope
of the I1inear regression of the food-induced changes 1{in
fntestinal oxygen uptake and blood flow before U-63557A

treatment was significantly greater (Y = 0.90 X + 2.5, r =

0.95) than that after the treatment (Y = 0.46 X - 0.67, r

0.95). This {s also true if the data are expressed as
absolute change from control; Y = 31.8 X + 0.10, r = 0.98
before U-63557A vs. Y = 9.2 X + 1.27, r = 0.73 after U-
63557A. This 1{indicates that for a given food-induced
fncrease 1{in jejunal oxygen uptake (X), the corresponding
increase 1in jejunal blood flow (Y) is significantly less

after U-63557A treatment.
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Table S5 illustrates the effects of imidazole and U-
63557A on Jjejunal glucose absorption. Before Iimidazole,
the rate of Jjejunal glucose absorption was 9.6 + 1.4 mg-

-1 1

min - 100g° ' and during imidazole infusion the Jjejunal

1 1

glucose absorption rate was 12.3 + 3.2 mg~min-- lOOg_ .

Furthermore, before U-63557A, the rate of glucose

l 1

absorption was 11.7 + 2.6 mg-min : 100g = and after U-

63557A, the rate of glucose absorption by the jejunum was
7.64 + 3.3 mg.min-l lOOg—l. Table 5 also shows that
JeJjunal glucose absorption was negative when normal saline
was in the lumen. This indicates that the intestine was
removing glucose from the arterial blood.

Figure 15 shows the time course of changes in the
Jejunal capillary filtration coefficient (CFC) during
luminal placement of food before and during §f.a. infusions
of 1imidazole. Before 1imidazole and with saline 1in the

lumen, CFC (ml - min~ ! mm Hg~!

- 100g"!) was 0.335 + 0.02.
During food placement, CFC rose to 0.401 + 0.04, 0.428 +
0.04, 0.410 + 0.04, and 0.492 + 0.02, 4, 8, 12, and 16
minutes following food placement, respectively. CFC
significantly rose above control after 8 and 16 minutes of
food placement. Imidazole per se significantly increased
CFC from 0.335 + 0.02 to 0.446 + 0.01. Placement
of food increased CFC to 0.469 + 0.03, 0.471 + 0.04, 0.564
+ 0.07, and 0.595 + 0.02, 4, 8, 12, and 16 minutes

following food placement, respectively. The increased CFC

observed 8-16 minutes following food placement were
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Table 5. The eff?cts of imidazole (5 mg«min'l. i.a.) and
U-63557A (5 mg-kg *, i.v.) on jejunal glucose absorption in

7 and 5 dogs, respectively. _ Valueglare mean + standard
error and expressed as mg:-min - 100g .
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Figure 15. Time course of changes in jejunal CFC during
luminal placement of food before and durng i.a._linfusigTs
of imidazole. CFC expressed as ml-min - mm Hg "+ 100g .
NS = normal saline, F = food. Squares P < 0.05 relative to

NS, * P <0.05 relative to the corresponding value before
imidazole, n = 7.
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significantly higher than that measured during normal
saline placement. Furthermore, the CFC measured during
the last 8 minutes of food placement during imidazole
infusions were significantly greater than those measured
before 1imidazole. This study indicates that endogenous
TXA2 acts to inhibit capillary exchange capacity at resting
conditions as well as during digestion. Elevation of
venous pressure had no significant affect on either the
volume of fluid absorbed or motility before or during
imidazole treatment.

Figure 16 shows the effect of mefenamic acid
(cyclooxygenase i{inhibitor) on the jejunal CFC before food
placement and 4, 8, 12, and 16 minutes following placement
of food into the jejunal lumen. Before mefenamic acid and
with saline in the lumen, CFC was 0.371 + 0.01. During
food placement, CFC rose to 0.558 + 0.06, 0.524 + 0.03,
0.453 + 0.02, and 0.562 + 0.01, 4, 8, 12, and 16 minutes
following food placement, respectively. All of these
values were significantly greater than the control value
(0.371 + 0.01). After mefenamic acid and with saline in
the lumen, CFC was 0.375 + 0.02 which was not significantly
different from that observed before mefenamic acid (0.371 +
0.01). During food placement, CFC rose to 0.533 + 0.03,
0.517 + 0.02, 0.445 + 0.02, and 0.566 + 0.04, 4, 8, 12, and
16 minutes following food placement, respectively. All
these values were significantly greater than control (0.375

+ 0.02). Mefenamic acfid treatment, therefore, had no
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Figure 16. Time course of changes in Jjejunal CFC during
luminal placement of food before and after i.v;linfusion ?F
meFeQ?mic acid. CFC expressed as mlsmin '+ mm Hg -
100g . NS = normal saline, F = food. * P <0.05 relative

to NS, n = 7.
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significant effect on the jejunal CFC either before food
placement or at any time during food placement. Elevation
of venous pressure had no significant affect on either the
volume of fluid absorbed or motility before or after

mefenamic acid treatment.



DISCUSSION

The stimuli for the postprandial intestinal hyperemia
are the products of food digestion such as fatty acids,
sugars, and amino acids (37, 87). Many factors are
involved in this response such as villus hyperosmolality
(34), and gastrointestinal hormones (38, 52). Recently,
locally released compounds have also been shown to be
involved in this complex metabolic and vascular response to
nutrient absorption. Chou and Siregar (39) have proposed
that histamine plays an important role in the metabolic and
vascular response to feeding. They found that
tripelenamine, an H-1 histamine receptor antagonist,
significantly attenuated the food-induced f{ncreases 1in
fntestinal blood flow and oxygen uptake. Another class of
compounds which are present throughout the gastrointestinal
tract that have been Iimplicated {in the postprandial
intestinal hyperemia are the prostaglandins. Gallavan and
Chou (63) have shown that inhibition of prostaglandin
synthesis with indomethacin or mefenamic acid,
significantly potentiated the food-induced f{increases in
intestinal blood flow and oxygen uptake. Furthermore,
there was a sfignificant correlation between food-induced
changes f{n blood flow and oxygen uptake before and after
fnhibition of prostaglandin synthesis. The authors

concluded that endogenous intestinal prostaglandins serve

96
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to 1imit the postprandial intestinal hyperemia and this may
be secondary to prostagliandin-induced reductions in
oxidative metabolism during nutrient absorption.

The postprandial intestinal hyperemia 1{is confined
mainly to the mucosal layer of the gut wall (36, 64, 141).
The Jejunal mucosa produces prostaglandins and the
prostaglandins produced by the Jjejunal mucosa are
prostaglandin 12 and thromboxane A2 (92, 93).

The purpose of the present study was to examine the
contributions of endogenous intestinal prostaglandins to
the postprandial intestinal hyperemia from the other
direction, namely, to stimulate endogenous intestinal
prostaglandin production with arachidonic acid. Also, in
an attempt to identify the prostaglandins involved, the
effect of selective inhibition of thromboxane synthesis on
food-induced fincreases in jejunal blood filow and O2 uptake
was examined.

Arachidonic acid 1{s the precursor of the bisenoic
prostaglandins and has been shown to stimulate intestinal
prostaglandin synthesis (3, 92, 115, 136). Since
arachidonic acid has been reported to exert powerful
vascular effects in the intestinal vascular bed (33, 46,
47), a dose response relationship of arachidonic acid on
intestinal vascular resistance was determined. As shown in

Figure 7, arachidonic acid exerts a biphasic effect on
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JeJunal vascular resistance 1in constant flow Jjejunal
preparation. Low doses of arachidonic acid increase
resistance while higher doses decrease resistance.

Most investigators have reported that arachidonic acid
is a vasodilator in the intestinal vascular bed (33, 46,
47), but some have observed a biphasic response (33, 46,

82). In the gastric vascular bed (82) and in i vitro

studies using 1intestinal wvascular smooth muscle strips
(46), the same dose (82) or concentration (46) of
arachidonic acid responsible for eliciting vasodilitation
caused vasoconstriction {if the amount of time that
arachidonic acid was 1In contact with blood cells was
fncreased. The authors (46, 82) suggested that the
conversion from vasodilatory to vasoconstrictor action may
be due to a preferential formation of platelet born
vasoconstrictor thromboxanes. In order to test this
possibility, the effects of i.a. Infusfons of arachidonic
acid on Jejunal vascular resistance were determined after
the animals were pretreated with a single dose of aspirin
(25 mg -~ kg’l, oral) 48 hours prior to the experiment.
Aspirin blocks cyclooxygenase and platelets are 20-40 fold
more sensitive to aspirin-induced fnhibition of
cyclooxygenase than other tissues (6). Furthermore,
aspirin 1irreversibly acetylates platelet cyclooxygenase
rendering them permanently {ncapable of prostaglandin
production because they cannot synthesize protein (98).

Nucleated cells, however, can completely replace their






99

acetylated cyclooxygenase in as little as 36 hours (81).
On this basis, single low doses of aspirin have been used
to preferentially inhibit the formation of cyclooxygenase
products from platelets (81, 98).

As shown f{n Figure 8, I{increasing concentrations of
arachfidonic acid produced a dose dependent decrease in
Jejunal vascular resistance when the animals were
pretreated with a single dose of aspirin 48 hours before
the experiment (regression coefficfent significant at P <
0.05). Furthermore, the IiIncrease {in Jejunal vascular
resistance observed with arachidonic acid concentrations
between 1.0 and 5.0 mg-ml blood_l (Figure 7) was abolished.
This 1{indicates that the Iincrease 1in jejunal vascular
resistance observed with low concentrations of arachidonic
acid (Figure 7) may have been due to the preferential
formation of platelet prostaglandins, specifically
thromboxane A2°

The effects of i.a. I{infusions of arachidonic acid on
Jejunal vascular resistance in aspirin untreated or treated
group (Figure 7 and Figure 8), may have been due to the
products of arachidonic acid metabolism by cyclooxygenase,
| fpoxygenase, monooxygenase, or arachidonic acid per se.
In order to determine {f the vascular actions of
arachidonic acid were due to only the products of
cyclooxygenase metabolism, the effects of i.a. infusions of

arachidonic acid on Jejunal vascular resistance were

determined after treatment with mefenamic acid, a selective
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cyclooxygenase inhibitor. As shown in Figure 8, infusions
of arachidonic acid at various concentrations had no effect
on Jejunal wvascular resistance after mefenamic acid
treatment (the regression coefficient is not significant at
P < 0.05). This indicates that the effects of arachidonic
acid on jejunal vascular resistance (Figure 7 and Figure 8)
were due to the products of cyclooxygenase metabol ism.

I.v. and 1{.a. infusions of either mefenamic acid or
indomethacin (prostaglandin synthesis fnhibitors)
sfgnificantly potentiate the postprandial jejunal hyperemia
(63). Therefore, we determined the effects of i.v. and
f.a. fnfusions of arachidonic acid, a prostaglandin
precursor, on the postprandial intestinal hyperemia in
natural flow Jjejunal preparations. Table 2 shows that i.v.
infusions of arachidonic acid (40 pg - kg-1 « min b
significantly attenuate the postprandial jejunal hyperemia.
Furthermore, Table 1 shows that f{.a. infusions of

arachidonic acid (4-8 ug+ml blood™}

) also significantly
attenuated the postprandial Jejunal hyperemia. The
attenuation of the postprandial jejunal hyperemia by
arachidonic acid (Table 1 and 2) suggest that endogenous
intestinal prostaglandins serve to 1imit the vascular
response to luminal flood placement, a hypothesis put forth

by Gallavan and Chou who used cyclooxygenase i{inhibitors

(63).
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Because local f.a. infusions of indomethacin
or mefenamic acid potentiated the postprandial intestinal
hyperemia (63), Gallavan and Chou proposed that the effects
of prostaglandin synthesis inhibition on the postprandial
intestinal hyperemia were due to the inhibition of local
Jejunal prostaglandins and not due to an wunidentified
central mechanism or due to inhibition of prostaglandin
synthesis by other somatic tissues. The present study
supports that conclusfion since local 1{.a. infusions of
arachidonic acid attenuated the postprandial intestinal
hyperemia (Table 1) as well as i.v. infusions (Table 2).

Both i{.v. and 1{.a. infusions of arachidonic acid
attenuate the postprandial jejunal hyperemia (Table 2 and
1). Unlike f.a. Infusions of arachidonic acid, however,
f.v. Infusions significantly reduced jejunal blood flow
when saline was in the lumen (Table 2). It is not clear
from this study why this occurred. This effect may be due
to unidentified central mechanisms or possibly
vasoconstrictor prostaglandins produced by tissues other
than the jejunum. For example, blood concentrations of

1 fncrease

arachidonic acid between 1.0 and 5.0 ug-ml blood™
Jejunal vascular resistance (Figure 7) and since the
vasoconstrictor effect is abolished by single low doses of
aspirin (Figure 8), the blood concentration of arachidonic
acid reaching the intestine in the {.v. series might result

in preferential production of platelet born vasoconstrictor

prostaglandins.
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The jejunal vascular and metabolic changes associated
with luminal placement of digested food are confined mainly
to the mucosal layer of the gut wall (36, 64, 141).
Gallavan and Chou (63) have shown that {.a. administration
of cyclooxygenase inhibitors potentiate the food-induced
increases fin Jejunal blood flow and oxygen uptake.
Conversly, {.a. infusions of arachidonic acid attenuate the
postprandial intestinal hyperemia (Table 1). These data
indicate that these effects may be due to changes in local
intestinal prostagalndin production, more specifically,
mucosal prostaglandins. In an attempt to test this
possibility, the effects of luminal placement of
arachidonic acid (0.65 mM) on the food-induced increases in
fntestinal blood flow and oxygen uptake in natural flow
Jejunal preparations was examined. Arachidonic acid s
readily absorbed from the Jjejunal lumen (40) and would be
expected to be available for cyclooxygenase metabolism only
in the mucosal epithelial cells because fatty acids (1like
arachidonic acid) are transported through the Ilymphatics
following chylomicron formation in the mucosal epithelium.
As shown in Figure 4, luminal placement of arachidonic acid
significantly attenuated the postprandial fntestinal
hyperemia. Likewise, Figure 9 shows that luminal placement
of arachidonic acid attenuated the food-induced increases
in Jejunal oxygen uptake. Furthermore, the increases in
Jejunal blood flow and oxygen uptake following Iluminal

placement of food are significantly correlated both before
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and during arachidonic acid administration (Figure 10).
The same correlations were also observed before and after
prostaglandin synthesis {nhibition by Gallavan and Chou
(63). These authors (63) concluded that the effects of
endogenous Jejunal prostaglandins on the food-induced
fncreases in Jejunal blood flow may be the result of
primary alterations in the food-induced increases in
Jejunal oxidative metabolism. The strong correlation
between the food-induced increases in intestinal blood flow
and oxygen uptake both before and during arachidonic acid
administration (Figure 10) supports this hypothesis. It is
also possible that the attenuation of the food-induced
fncreases {in Jejunal blood flow by arachidonic acid were
due to changes in mucosal prostaglandin production since
luminal placement of arachidonic acid attenuated the food-
fnduced increases in both intestinal blood flow and oxygen
uptake.

Arachidonic acid attenuates the food-induced increases
fn 1fintestinal oxygen uptake (Figure 9) as well as blood
flow (Table 1, Table 2, and Figure 4). The attenuation of
the food-induced 1{increases in oxygen uptake might be
secondary to the attenuation of the hyperemia. To test
this possibility, the effects of mechanical alterations in
fntestinal blood flow on intestinal oxygen uptake were
examined. Figure 11 shows that oxygen uptake remains
unchanged over the blood flow range of 34-110 ml - min~!

lOOg'l. Below 34 ml'mln‘l-IOOQ'l, oxygen uptake was flow
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dependant. Other investigators have also shown this
relationship 1in fleal preparations (88). Since the blood
flow values in our preparations were above 34 ml « min—L
lOOg-', any alterations in intestinal oxygen uptake appear
not to be the result of alterations in intestinal blood
flow. In fact, the converse may be argued, that is, the
attenuation of the food-induced increases in intestinal
blood flow may be secondary to the attenuation of the food-
fnduced fncreases in intestinal oxygen uptake.

The attenuation of the postprandial fntestinal
hyperemia by arachidonic acid (Figure 4, Table 1, and Table
2) as well as the attenuation of the food-induced increases
in intestinal oxygen uptake (Figure 9) may have been due to
the action of either prostaglandins or arachidonic acid per
se. In order to assess this possibility, the effects of
arachidonic acid on the food-induced fncreases in
intestinal blood flow and oxygen uptake were determined
after blocking cyclooxygenase with mefenamic acid. Table 3
shows that the attenuation of the food-induced increases in
intestinal blood flow and oxygen uptake by intra-arterial
infusions of arachidonic acid were abolished by mefenamic
acid, a prostaglandin synthesis inhibitor. This indicates
that the effects of arachidonic acid were the result of
stimulation of prostaglandin synthesis. The use of
mefenamic acid in this series also rules out the possible

involvement of other arachidonic acid pathways since

mefenamic acid only inhibits cyclooxygenase, the enzyme
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responsible for production of bisenoic prostaglandins and
prostanoids. More specifically, the results of this series
of exper iments rules out the involvement of the
| ipoxygenase or monooxygenase products in the attenuation
of the metabolic and vascular responses to food placement
fnduced by arachidonic acid.

The prostaglandins produced by the jejunal mucosa are
prostaglandin I2 and thromboxane A2 (92, 93). Furthermore,
thromboxane A2 is only produced in the mucosal layer of the
gut wall (93). Selective inhibition of thromboxane
synthesis has been shown to inhibit the production of
thromboxane AZ and increase the production of prostaglandin
12 by reorienting endoperoxide metabolism toward
prostaglandin 12 synthesis (20, 43, 105). Therefore,
selective inhibftors of thromboxane synthesis were used to
determine I{f a change in the thromboxane to prostacyclin
production ratio would have an effect on either the food-
induced increases in jejunal blood flow or oxygen uptake.

Imidazole has been shown to be one of the most

efficacious f{nhibitors of thromboxane synthesis in vivo

(44) and {in vitro (43, 57, 105) and was one of the two

thromboxane synthesis inhibitiors used in this study. As
shown 1{n Figure 12, {.a8. infusions of imidazole had no
effect on the food-induced increases in jejunal blood flow

but significantly potentiated the food-induced increases in
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Jejunal oxygen uptake (Figure 13). This means that the
increased oxygen uptake by imidazole was met by 1{increases
tn oxygen extraction and not blood flow.

Furthermore, the slope of the correlation between
food-induced 1increases in intestinal blood flow and oxygen
uptake of the treated group (imidazole) ifs significantly
less than that of the untreated group (control) (Figure
14). In Figure 14, the data are expressed as percent
change from control but the same correlation also holds if
absolute flow and oxygen uptake values are used. More
specifically, the equation for food-induced fncreases 1{in
oxygen uptake (X) vs. food-induced increases in blood flow
(y) was y =67.3 x + 7.0, r = 0.70 (linear regression
analysis) and after imidazole the equation was y = 20.9 x +
1.5, R = 0.91 (linear regression anaylysis). The slopes
are significantly different at P < 0.05. In previous
studies using total prostaglandin synthesis finhibition
(mefenamic acid) (63) or total prostaglandin synthesis
stimulation (arachidonic acid) (Figure 10), the
correlations between flow and oxygen uptake of the treated
and untreated groups share the same regression 1ine, f.e.
for a gliven increase in oxygen uptake, the corresponding
fncrease in blood flow in the treated and untreated groups
are the same. This is different from that shown in Figure
14, f.e. for a given Increase in oxygen uptake, the
corresponding increase {in blood flow during imidazole

infusions 1is significantly less than that observed before
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the infusion (control, Figure 14). The difference may be
that imidazole enhances oxygen uptake by enhancing
intestinal metabolism during nutrfent absorption without
affecting the intestinal hyperemia.

In order to determine whether imidazole increases
glucose absorption, thereby fncreasing intestinal
metabolism and oxygen uptake, the effect of imidazole on
glucose absorption was studied. As shown in Table 5,
glucose absorption during food placement was unaffected by
imidazole treatment. This would suggest that the increase
in metabolic rate that accompanied active glucose
absorption 1is not affected by imidazole. Furthermore,
imidazole per se did not alter resting intestinal oxygen
uptake (Figure 13). It appears that the potentiation of
the food-induced increases in intestinal oxygen uptake by
imidazole 1s not the result of enhanced glucose absorption.

The effects of imidazole on the food-induced increases
in blood flow (Figure 12), oxygen uptake (Figure 13), and
glucose absorption (Table 5) are belfeved to be due to
inhibitfon of thromboxane synthesis. To further strengthen
this argument, the effects of Sod{ium 5- (3°-
Pyridinylmethyl) Benzofuran - 2 - Carboxylate (U-63557A) on
food-induced increases i{n blood flow, oxygen uptake, and
glucose absorption were studied. U-63557A is a selective
inhibftor of thromboxane synthesis and does not contain an
imidazole moity in its molecular structure (139). Table 4

shows that U-63557A had no effect on the food-induced
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increases in fintestinal blood flow, but 1ike imidazole
(Figure 13), significantly potentiated the food-induced
increases in intestinal oxygen uptake. Furthermore, U-
63557A had no significant effect on Iintestinal glucose
absorption (Table 5). The glucose absorption data shown
in Table 5 have large standard errors. The reason for this
diversity 1{s unclear. All glucose absorption data were
normalized to 100g tissue weight, but it seems possible
that the absorptive surface area may be different for
intestinal segments of the same weight. If this were the
case, glucose absorption rates may also be different, and
this may account for the large standard errors (Table 5).
Imidazole appeared to enhance glucose absorption, while U-
63557A decreased glucose absorption. Therefore, we believe
that thromboxane synthesis inhibition has no significant
effect on f{intestinal glucose absorption. Since we were
able to reproduce the findings from the imidazole studies
with a different thromboxane synthesis inhibitor, {t seems
very possible that intestinal thromboxanes are involved in
regulating oxygen uptake during nutrient absorption.

It has been shown that the 1{increase {in Iintestinal
oxygen uptake during nutrient absorption is not necessarily
accompanied by an increase in blood flow (122). The
increased oxygen uptake in this sfituation was primarily met
by an increase in tissue oxygen extraction. Although the
underlying mechanisms are unclear, enhanced glucose

absorption has been implicated to be a possible mechanism
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whereby oxygen uptake Iincreases via enhanced oxygen
extraction and not blood flow (122). However, our data
indicate that the rate of intestinal glucose absorption is
unaffected by thromboxane synthesis inhibitors (Table 5).
Although glucose absorption is not affected by imidazole or
U-63557A, 1t may be that the potentiation of the food
finduced increase in oxygen uptake by these two inhibitors
were the result of increased metabolism due to enhanced
peptide, animo acid, fat or electrolyte absorption. This
possibility was not examined in this study.

Luminal placement of food solutions into the small
intestine increase intestinal capillary exchange capacity
as f{ndexed by the capillary filtration coefficient (122),
the capillary permeability-surface area product from RDb
clearance (122), and by the osmotic reflection coefficient
(69). The fncrease 1in the intestinal PS product is
believed to be due to capillary recruitment which enhances
the delivery of oxygen to the mucosal cells during the
metabolic stress of nutrient absorption (122). In order to
assess whether thromboxanes would increase Jejunal
capillary exchange capacity, the Jejunal capillary
filtration coeff<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>