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In 1930, Kurzok and Lieb (1) reported
that seminal plasma contracted uterine
smooth muscle. Subsequently, Goldblatt
(2) and von Euler (3) observed that acidic
lipid extracts of seminal plasma contained a
potent vasodepressor that von Euler desig-
nated as ‘‘prostaglandin.’’ Since that time,
much research has been conducted to de-
termine the role of prostaglandins (PG) in
the regulation of cellular and organ func-
tions. The purpose of our review is to sum-
marize more recent evidence about the role
of PG in the regulation of the mesenteric
circulation.

Synthesis and Release. The first deter-
mination of the structure of a prostaglandin
was made by Bergstrom and Sjovall in 1957
(4). Since then the structure and biosynthet-
ic pathways of many PG have been deter-
mined. The major PG in mammals are
bisenoic and are derived from the polyun-
saturated fat arachidonic acid. Arachidonic
acid may be synthesized from the essential
fatty acid linoleic acid or it may be obtained
directly from the diet. It is present in the
phospholipid component of cellular mem-
branes in all tissues and is liberated by the
action of phospholipase A,. Since release of
arachidonate is the rate-limiting step in
prostaglandin synthesis, and since phos-
pholipase activity is extremely sensitive to
mechanical and chemical stimuli, even
small changes in the cellular environment
can result in the release of substantial
amounts of PG (5).

! To whom correspondence should be addressed.

Once released, arachidonic acid is rapidly
converted to a variety of PG by means of the
pathways shown in Fig. 1. The immediate
products of arachidonic acid metabolism are
the unstable endoperioxides (PGG, and
PGH,), which decompose further into the
more stable prostaglandins (PGD,, PGE,,
PGF; ), prostacyclin (PGI,) and thromboxane
A, (TxA,). PGI, and TxA, are rapidly con-
verted into 6-keto PGF,, and TxB,, re-
spectively (5). The most common method
of inhibiting prostaglandin synthesis is to
block the conversion of arachidonic acid to
PGG, with nonsteroidal anti-inflammatory
agents such as aspirin, indomethacin,
mefenamic acid, and others.

The first evidence of PG release in the
gastrointestinal tract was provided by Vogt
(6) in 1949 who reported that frog intestinal
dialysates contained a compound which
was capable of stimulating contraction of
smooth muscle. This dialysate was later
found to contain a mixture of PG of the E
and F types (7). Subsequent studies indi-
cate that the gastrointestinal tract is capable
of synthesizing a wide range of PG.

Bennet et al. (8) reported the presence
of arachidonic acid, 6-keto PGF,,, and
TxB, in extracts of homogenized human
stomach, ileal and colonic mucosa and
muscularis. In addition, the mucosal ex-
tracts contained PGD,, PGE,, and PGF,,.
This is somewhat different from the find-
ings of LeDuc and Needleman in the dog
(9) who reported that the major products of
PG synthesis by microsomal preparations
taken from the length of the canine gas-
trointestinal tract were PGI, and TxB,, al-
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Arachidonic Acid

PGD, PGE, ——— PGF,,

FiG. 1. Biosynthetic pathways of the major prosta-
glandins. PG, prostaglandin; Tx, thromboxane.

though low levels of PGE, and PGF,, were
also evident. High levels of PGE, have been
reported in the human stomach and duode-
num (10) and cat ileum (11) and spleen (12).

Release of PG into the mesenteric circu-
lation has been shown to increase under
a variety of conditions. Pipili and Poyser
(13) noted that adrenergic stimulation of
mesenteric arteriés increased the rate of
release of both PGI, and PGE,, while KClI
significantly increased PGF,, release.
Simmet and Hertting (14) studied the ef-
fects of a number of vasoconstrictors on PG
release by rabbit mesenteric artery and
portal vein and found that K*, angiotensin
II, and bradykinin induced the release of
PGE, and, to a lesser extent, PGF,,. Simi-
larly, norepinephrine and sympathetic
nerve stimulation have been shown to in-
crease PG levels in the venous effluent of
the feline spleen (12, 15).

Other stimuli which enhanced gastroin-
testinal PG synthesis included hypertonic-
ity (16), mechanical stimulation of the mu-
cosa (17), and intraarterial infusions of
acetylcholine (11). Once released, the PG
are metabolized by 15-prostaglandin dehy-
drogenase and other enzymes concentrated
in the tissues of the gastrointestinal tract
(18), the liver (19) and the lung (19, 20).

Mechanism of Action. Work by Coceani
and Wolfe (21) indicates that, in smooth
muscle at least, the PG act at the level of
the plasma membrane and not intracellu-
larly. It has also been shown that the pros-
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taglandins interact with sulfhydryl groups
on or in the plasma membrane of vascular
smooth muscle (22). Furthermore, the PG
appear to have their own vascular smooth
muscle receptors which are distinct from
the a- and B-adrenergic and muscarinic
cholinergic receptors of the autonomic ner-
vous system (23).

The mechanisms by which the various
PG act upon vascular smooth muscle are
uncertain. Prostaglandins alter membrane
electrical activity and conductance, cellular
Ca?* activity and cyclic nucleotide activity.
However, at present no single mechanism
of action appears adequate to account for
the variety of effects of PG (24).

Prostaglandins and Vascular Smooth
Muscle in Vitro. Direct effects. The effects
of the various PG on vascular smooth mus-
cle in vitro are inconsistent and appear to
vary with the source of the muscle, the in-
vestigator, and the buffer solutions used.
Hatano et al. (26) reported that PGE, (up to
3 X 1075 M) and PGF,, (up to 3 x 107° M)
contracted canine mesenteric artery strips
and that they were equally potent. PGI, and
PGE, (both at 107 M) were potent relaxing
agents although PGE, did cause contraction
in some cases. At higher doses (3 X 107¢ M)
PGI, caused abrupt and near maximal con-
tractions. PGD, was unpredictable and
sometimes elicited a biphasic response.

The work by Hatano et al. (26) differs
from earlier work by Greenberg et al. (22)
using canine mesenteric arteries and veins
in which the authors reported that PGE,
(5.6 X 107% M) decreased vascular smooth
muscle tone while PGF,, (6.3 X 107 M) had
no effect. More recent work by Manku et
al. (27) on rat mesenteric artery strips indi-
cates that PGE, (10~¢ M), PGE, (1077 M),
and PGI, (10~* M) have no effect on vascu-
lar smooth muscle tension. Yabek and Av-
ener (28, 29) have found that PGE, (1.5 X
10~¢ M) had no effect on neonatal lamb
mesenteric artery tension but that PGI,
(10~¢ M) relaxed the arterial strips slight-
ly (14%).

Indirect effects. In addition to their direct
action on vascular smooth muscle, PG also
appear to potentiate or inhibit the action of
a variety of drugs on vascular smooth mus-
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cle. In the rat indomethacin inhibited the
mesenteric arterial constrictor response to
norepinephrine (30, 31), an effect reversed
by PGE,, which appears to facilitate Ca?*
influx (30), and by PGE, (32) and arachi-
donic acid (30, 32). In rat mesenteric artery
strips the constrictor responses to angioten-
sin II, arginine vasopressin, K*, Ca?*, his-
tamine, and serotonin were also inhibited by
indomethacin, aspirin, and mefenamic acid
and were enhanced by PGE, (31). At low
doses (2.8 x 1072 to 2.8 X 1071), PGE,
potentiated the response of rat mesenteric
arteries to norepinephrine (27, 32) and
angiotensin II (27) but inhibited the re-
sponse at higher doses (27). Neither PGI,
nor PGE, had any effect on K*-induced
contractions in the rat, although PGI, in-
hibited the response to norepinephrine and
angiotensin II (27).

The effects of PG on the response to ad-
renergic stimuli in other species are com-
pletely opposite to those in the rat. In rabbit
mesenteric arteries, arachidonic acid and
PGE. suppressed the response to norepi-
nephrine while indomethacin accentuated it
(32). Indomethacin also enhanced the re-
sponse of neonatal lamb mesenteric arteries
to electrical stimulation and norepinephrine
injection while both PGI, and PGE, antago-
nized the response (28, 29).

In canine mesenteric arteries and veins,
PGF,, enhanced the constrictor response to
epinephrine (23, 33) by a direct effect on the
vascular smooth muscle (33). PGF,, also
augmented the response to serotonin and
angiotensin but the mechanism of action in
this case apparently involves enhancement
of adrenergic neurotransmitter release by
these agents, since it is blocked by reser-
pine (33).

Prostaglandins and the Splanchnic
Circulation in Vivo. Stomach. Prosta-
glandins can alter gastric blood flow by
their direct effects on vascular smooth
muscle and by their indirect effects on gas-
tric function, particularly their antisecretory
effects. When applied topically or infused
intraarterially or intravenously in the resting
stomach, PGE, (34, 35), PGE, (36, 37), and
PGI., (37, 38) increased blood flow. The ana-
log 16, 16-dimethyl PGE, applied topically on
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the resting stomach increased gastric blood
flow (39). When given orally, 16, 16-dimethyl
PGE, did not affect gastric mucosal blood
flow in the denervated gastric pouch (40).
Most studies of the gastric circulation used
the aminopyrine clearance technique (35) to
measure blood flow and as such represent
the effects of these prostaglandins on gas-
tric mucosal blood flow only. In the dog,
radiolabeled microsphere studies demon-
strated that intraarterial PGE, (34) and PGI,
(38) increased both total and mucosal blood
flow.

Treatment of the stomach preparations
used in these studies with indomethacin or
aspirin decreased total gastric blood flow
and this decrease in blood flow was con-
fined to the gastric mucosal—submucosal
layer (36, 41—43). The major site of in-
creased resistance in this case was the
submucosal arterioles which are in series
with the mucosal arterioles (36). These
studies indicate that PG can alter resting
gastric blood flow and that they may play a
role in the maintenance of resting gastric
mucosal blood flow.

Additional studies indicate that PG also
play a role in the regulation of gastric se-
cretory activity and, as a result, exert an
indirect effect on gastric blood flow in the
stimulated stomach. Arachidonic acid, the
prostaglandins E,, E,, and I, and 16,16-
dimethyl PGE, have been shown to inhibit
gastric acid secretion induced by either
histamine or pentagastrin (34, 39, 41,
44—46) and both indomethacin and aspirin
potentiate pentagastrin-induced secretion
(47). Furthermore, PG appears in the gas-
tric juices in a circadian rhythm which
coincides with that of acid secretion (48).

Although there appears to be some
species differentiation, intraarterial infu-
sion or topical application of the PG listed
above during periods of pharmacologically
elevated gastric acid secretion and mucosal
blood flow resulted in a decrease in both
secretory activity and mucosal blood flow.
In the dog, PGE,, PGE,, PGI,, and 16,16-
dimethyl PGE, decreased both blood flow
and acid secretion to the same extent so
that the ratio of blood flow to acid secretion
remained constant (40, 43, 50). This may
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indicate that the antisecretory effect of the
PG is the dominant factor in the reduction
of blood flow (45, 49). This is further sup-
ported by the findings of Wilson and Levine
(51) that the initial response to dilator PG
during acid secretion is a vasodilation
which appears to shunt blood flow through
the submucosal layer and that the steady
state response is a reduction in both blood
flow and secretion.

There has been only one study on the ef-
fects of PG on gastric blood flow and oxy-
gen consumption. Walus et al. (37) reported
that PGE, and PGI, increased both blood
flow and oxygen consumption in the resting
and histamine-stimulated stomach. How-
ever, they also reported that arachidonic
acid (which should induce local release of
PG) decreased both blood flow and oxygen
consumption in the histamine-stimulated
stomach. The effect of arachidonic acid was
inhibited by indomethacin. Constant flow
studies indicated that the direct effects of
PGE, and PGI, were to decrease oxygen
consumption and dilate the vasculature in
both the resting and stimulated prepara-
tions; on the other hand arachidonic acid
constricted the vessels and decreased oxy-
gen consumption. Again, the effects of ara-
chidonic acid were inhibited by pretreat-
ment with indomethacin (37). From their
data the authors suggested that arachidonic
acid induced thromboxane synthesis.

Questions have been raised about the
type of preparation employed in the previ-
ous study in which only a part of the gastric
circulation was perfused while the rest was
ischemic (52). It was concluded that dilator
interventions or changes in perfusion pres-
sure probably recruited additional tissue
from ischemic border regions resulting in
overestimations of blood flow per unit
weight of tissue and oxygen consumption.
Arachidonic acid is a mild vasodilator and
its major action is the local release of PG,
which would be inhibited in ischemic re-
gions due to low tissue pO,. Therefore, its
action in both natural flow and constant
flow preparations is a better indication of
the effects of PG on gastric oxygen con-
sumption. The finding of Walus et al. (37)
that arachidonic acid infusion decreased
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gastric blood flow and oxygen consumption
during histamine stimulated secretion
further supports the data of other authors
indicating that the metabolic effects of PG
dominate their direct vascular effects in the
actively secreting stomach.

Intestine. The majority of studies of PG
on intestinal blood flow and function have
concentrated on the small intestine. Among
the major PG, it is well established that
PGE, (53-56), PGE, (57—-60), and PGI,
(38, 60, 61) are intestinal vasodilators with
the majority of the PGI,-induced hyperemia
directed to the mucosal layer (61). Prosta-
glandin F,, has been reported to decrease
canine mesenteric blood flow (53, 56, 57,
60) to dilate the human mesenteric vascu-
lature (62), and to have variable or no ef-
fects on porcine (59) and rat intestinal cir-
culation (63).

Although Chapnick et al. (60) have re-
ported that PGD, decreases intestinal blood
flow, both Fondacaro et al. (61) and
Lippton et al. (58) have found that it elicits
a biphasic response, i.e., PGD, infusion
produced a transient vasoconstriction fol-
lowed by a pronounced vasodilation. Fur-
thermore, Fondacaro et al. (61) found that
PGD, actually decreased mucosal blood
flow in the steady state of the hyperemic
response, redistributing blood flow to the
muscularis layer. v

Due to its short half-life, the effects of
TxA, on the intestinal circulation are un-
certain; however, intraarterial infusion of
its metabolite TxB, also produced a bipha-
sic response, namely an initial vasodilation
followed by a prolonged vasoconstriction
(62). Although infusions of the endoperoxide
PGH, produced a mesenteric hyperemia
(64), it is likely that it was converted to
PGI, in the circulation, since infusion of
stable endoperoxide analogs decreased
mesenteric blood flow (64).

Overall, prostaglandin synthesis in the
resting intestinal circulation appears to
favor the vasodilator PG. Intraarterial infu-
sions of arachidonic acid produced a vaso-
dilation which was inhibited by pretreat-
ment with indomethacin (60). Furthermore,
cyclooxygenase inhibitors were reported to
decrease superior mesenteric artery blood
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flow in man (55), cats (11), and dogs (60).
Studies in conscious animals using radiola-
beled microspheres indicated that the cyclo-
oxygenase inhibitors diminished both duo-
denal and jejunal blood flow (42, 43); how-
ever, in cats at least, they had no effect on
terminal ileal or colonic blood flow (43).

As in the stomach, PG have been shown
to alter intestinal cellular activity which
may in turn alter intestinal blood flow. Both
PGI; (61) and PGE, (56) increased intestinal
oxygen consumption under free flow con-
ditions. Prostaglandin F,, decreased oxy-
gen consumption at low doses (53, 56) but
increased oxygen consumption at high
doses (65), an effect which may be related
to enhanced intestinal motor activity.
Prostaglandin D, increased oxygen con-
sumption at low doses (61, 65) but de-
creased intestinal oxygen consumption at
high doses (65). The decrease in oxygen
consumption with PGD, at high doses may
be due to reductions in mucosal blood flow
despite an overall increase in intestinal
blood flow (65).

The action of PGE, on intestinal oxygen
consumption may be related to its effects
on intestinal secretion and absorption. In-
traarterial infusion of PGE, produced a net
secretion of water and electrolytes into the
intestinal lumen (54, 66, 67) and increased
transmucosal protein flux (54). The net in-
crease in water and electrolyte secretion
was attributed to both an increase in un-
idirectional Na* and water movement from
blood to lumen and a decrease in Nat and
water flux from lumen to blood (66).

Although PG may be important in the
maintenance of resting intestinal blood
flow, they appear to inhibit food-induced
jejunal hyperemia (68). Treatment of jejunal
segments with indomethacin or mefenamic
acid resulted in a substantial increase in the
food-induced increase in both intestinal
blood flow and oxygen consumption. This
would imply that prostaglandins have an
antimetabolic effect when food is present in
the lumen and, indeed, PGE, and PGF,,
have been shown to inhibit glucose absorp-
tion by several authors (57, 58, 66). Sit et al.
(69) found that glucose-induced increases in
intestinal oxygen consumption were related
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to both the absorption and metabolism of
glucose. Preliminary results by Gallavan
and Chou indicate that carbohydrate me-
tabolism is enhanced when food is in the
lumen following cyclooxygenase inhibition.

Liver, pancreas, and spleen. The vascu-
lar effects of PG on these organs are dif-
ficult to assess due to the complexity of the
vascular anatomy and physiology. This is
further complicated in the liver by the re-
ciprocity of flow between the hepatic arte-
rial and portal venous circulations. Thus,
the finding by Bill (42) that rabbit hepatic
arterial blood flow increased 50% following
indomethacin infusion could be interpreted
to mean that PG release inhibited blood
flow in the resting liver. However, it could
also be interpreted to mean that PG have no
role in the maintenance of hepatic blood
flow and that indomethacin indirectly de-
creased portal flow by virtue of its intestinal
constrictor activity; the decline in portal
flow would prompt a compensatory in-
crease in hepatic arterial blood flow. The
latter explanation may in fact be the case,
since Skarstein (43) reported that in-
domethacin had no effect on feline hepatic
blood flow.

Prostacyclin had no effect on hepatic ar-
tery blood flow (70). Intraarterial infusions
of PGE, significantly increased hepatic ar-
tery blood flow but had no effect when in-
fused intraportally (71). Prostaglandin F,, is
a potent portal venoconstrictor (72).

Studies of PG and the pancreatic circula-
tion have been hampered by the fact that
PG must be infused systemically in order to
insure that all portions of the pancreatic
circulation are affected. This is usually ac-
companied by development of systemic
hypotension (73, 74) and a decrease in pan-
creatic blood flow due to sympathoadrenal
discharge (73). Thus, systemic administra-
tion of PGI,, PGE,, and PGE, reduced pan-
creatic secretion and blood flow (73, 74)
even though PGE, and PGE, dilated the
isolated rat pancreas (75) and stimulated
pancreatic secretion in vitro (73). Prosta-
glandin F,, had no effect on pancreatic
blood flow or secretion in the cat (73) but
constricted the vasculature of the isolated
rat pancreas (75) and enhanced opacifica-
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tion of human pancreatic angiographs (76).
Indomethacin had no effect on pancreatic
blood flow in the cat (43).

The prostaglandins E, (77), E, (77), and I,
(38) increased splenic blood flow and in-
domethacin blocked basal splenic prosta-
glandin release and increased splenic vas-
cular resistance by 250% in the cat (12).
However, indomethacin had no effect on
splenic blood flow in the rabbit (42). In-
domethacin enhanced the vasoconstriction
induced by epinephrine, norepinephrine,
angiotensin II, and neural stimulation in the
cat (78).

Summary. Prostaglandins elicit a wide
range of responses in the circulation of the
gastrointestinal tract, liver, pancreas, and
spleen. Various PG either contract or relax
vascular smooth muscle and also stimulate
or inhibit absorption or secretion, stimulate
or inhibit cellular metabolism, potentiate or
inhibit the action of various agents on
splanchnic organs, and they appear to play
a role in cytoprotection of the gastrointesti-
nal mucosae. The fact that they are synthe-
sized and released throughout the gas-
trointestinal tract and that inhibition of their
synthesis alters the response of these or-
gans to different physiological stimuli ar-
gues for an important physiological role for
PG as regulators of gastrointestinal func-
tions. Recent advances in assay techniques
and continuing efforts to find specific
prostaglandin antagonists bear promise for
future elucidation of the process of release
of prostaglandins in different tissues. It is
not unlikely that the splanchnic microcir-
culation will be among the structures shown
to be controlled normally by locally re-
leased prostaglandins.
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