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Abstract. The effects of intra-arterial administration of Met-enkephalin upon intestinal 
blood flow, oxygen consumption, intestinal motor activity, and distribution of blood flow to 
the compartments of the gut wall were measured in anesthetized dogs before and after 
blockade of opiate receptors with naloxone. Blood flow to a segment of distal ileum was 
measured with an electromagnetic blood flow meter and intestinal oxygen extraction was 
measured spectrophotometrically. Oxygen uptake was calculated as the product of oxygen 
extraction and total blood flow. Changes in blood flow distribution were estimated from the 
distribution of radiolabeled microspheres. Motor activity was monitored from changes in 
intraluminal pressure. In dogs prior to blockade of opiate receptors, Met-enkephalin induced 
a dose-related increase in mesenteric blood flow, oxygen extraction and consumption, and 
intestinal motor activity. A significant increase in blood flow to the muscularis was also 
observed. The intestinal vasodilator, metabolic, and motor responses to Met-enkephalin 
were abolished by blockade of opiate receptors with naloxone. The results of our study 
indicate that Met-enkephalin causes an increase in intestinal motor activity and an increase 
in the metabolic demand for oxygen. The primary effect probably results in smooth muscle 
relaxation in intestinal arterioles and precapillary sphincters, thereby increasing intestinal 
blood flow and oxygen consumption. We conclude that opiate receptors may be involved in 
the regulation of intestinal motor function. 

Enkephalins are morphinomimetic pen- 
tapeptides with a wide spectrum of biologi- 
cal actions (1) .  Immunohistochemical lo- 
calization of enkephalins has demonstrated 
their presence within the central nervous 
system (1 -3) ,  peripheral neurons (3, 4), 
and in the gastrointestinal tract, particularly 
in the mucosa of the gastric antrum and the 
upper small intestine ( 5 ,  6). These peptides 
also exhibit cardiovascular effects when 
administered centrally (7, 8) or peripherally 
(9, 10). We have previously reported that 
local administration of methionine-enkeph- 
alin (Met-enkephalin) consistently in- 
creases gastric mucosal and intestinal 
blood flow ( 1  1 - 13) and stimulates intestinal 
motor activity in a manner similar to that 
observed with morphine (12, 14). 
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The present study was undertaken to in- 
vestigate the effects of Met-enkephalin on 
intestinal circulation, oxygen consumption, 
and motor activity. Additionally, the intes- 
tinal vascular, metabolic, and motor re- 
sponses to the peptide were tested after 
blockade of opiate receptors with naloxone. 

Methods. A total of 12 mongrel dogs of 
either sex, weighing 18 to 27 kg, were used 
in this study. Animals were fasted for 24 hr 
before being anesthetized with intravenous 
sodium pentobarbital (30 mg/kg). A femoral 
vein was catheterized for injection of sup- 
plemental anesthesia and another catheter 
was inserted into a femoral artery for mea- 
surement of systemic arterial blood pres- 
sure with a strain gauge transducer (Model 
1280, Hewlett-Packard Co., Palo Alto, 
Calif.). Following a midline laparotomy, a 
distal trunk of the superior mesenteric ar- 
tery supplying a segment of distal ileum was 
exposed and a side branch of the artery was 
cannulated for infusion of drugs. The ends 
of the intestinal segment supplied by this 
trunk were ligated to block collateral cir- 
culation. The average weight of these seg- 
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ments was 150 g. An electromagnetic blood 
flow transducer of appropriate internal di- 
ameter was positioned around the mesen- 
teric artery and connected to a blood flow 
amplifier (SWF-4RD, Zepeda Instruments, 
Seattle, Wash.). Zero flow was obtained by 
momentarily occluding the artery down- 
stream from the blood flow transducer. 
A side branch of the mesenteric vein 
draining this intestinal segment and a 
femoral artery were cannulated. Following 
heparin administration a constant flow 
pump (Holter, Model 91 1) circulated blood 
at 5.5 mVmin from these vessels through the 
arterial and venous cuvettes of a photomet- 
ric arteriovenous oxygen content difference 
analyzer (A-Vox Systems, San Antonio, 
Tex.) (15). Arterial and venous effluents 
from the apparatus were then pumped back 
to the circulation via a femoral vein. Intes- 
tinal oxygen consumption (VO,) was cal- 
culated as the product of the arteriovenous 
oxygen difference (A-VO,) and the total 
blood flow of the intestinal segment (MBF). 

The intraluminal pressure of the intesti- 
nal segment was measured with a saline- 
filled, open tip polyvinyl tube inserted into 
the lumen and connected to a pressure 
transducer (Hewlett-Packard 1280C). The 
mean motility index (MMI) was calculated 
by dividing the sum of the heights of all 
contractions during a 10-min period by the 
number of contractions in the same time pe- 
riod (16). Arterial pressure, MBF, A-VO,, 
and intraluminal pressure were monitored 
in all experiments on a direct-wiring re-‘ 
corder (Hewlett-Packard Model 7759A). A 
catheter was passed from the femoral artery 
and aorta into the left ventricle for injection 
of radiolabeled microspheres (3M, Min- 
neapolis, Minn.), so that changes in blood 
flow distribution to the mucosa- submu- 
cosa and muscle layers of the gut segment 
could be determined as previously de- 
scribed (17). Just prior to injection, vials 
containing microspheres in 10% dextran 
were shaken and agitated on a vortex mixer 
for 10 min to ensure homogeneity. With 
each injection approximately 400,000 to 
600,000 microspheres labeled with one 
isotope were introduced into the left ventri- 
cle. Injection of microspheres with different 
labels was made during the control period 

and during administration of the drugs. The 
mucosal and submucosal layers were then 
stripped from the muscular layer. The tis- 
sue layers were placed in preweighed plas- 
tic counting vials, the vials were weighed, 
and the radioactivity was determined in a 
gamma spectrometer (Packard Instru- 
ments). Fractional blood flow (FBF) to the 
muscularis was calculated as the product of 
MBF and the percentage of microsphere 
distribution to the muscularis. 

Met-enkephalin (in saline) was infused 
intra-arterially for 10 min at each of the 
following doses: 0.03,0.06,0.125,0.25,0.5, 
and 1.0 pg/kg-min. The effects of opiate re- 
ceptor blockade with naloxone (6 mg/kg- 
min) on the response to Met-enkephalin 
(0.5 pg/kg-min) were also determined. 
Naloxone dissolved in saline was adminis- 
tered over a 5-min period directly into the 
mesenteric artery in these experiments. 
The data  from all experiments were 
evaluated statistically with Student’s t-test 
for paired observations. Alterations from 
control were expressed as the percentage 
change. The significance of these changes 
was assumed at P < 0.05. 

Results. After surgical preparation of the 
gut, time was allowed for MBF, A-V02, 
and pressure in the lumen to stabilize for 20 
min. Control values obtained from 12 dogs 
were as follows: MBF, 63.0 ? 7.2 mumin- 
100 g tissue; A-VO,, 3.8 2 0.4 ml O2/lO0 ml 
blood; VO,, 2.4 k 0.6 ml O,/min-100 g; and 
MMI, 10.0 ? 1.0 mm Hg. Mean systemic 
arterial pressure ranged between 110 and 
150 mm Hg and was not significantly 
changed from control during drug adminis- 
tration. Control intramural distribution of 
intestinal blood flow was 73.0 k 6.0% for 
the mucosal- submucosal compartment 
and 27.0 2 6.0% for the muscularis. Control 
FBF was 17.0 2 4.2 mumin-100 g tissue. 

During intra-arterial administration of 
Met-enkephalin in doses of 0.03, 0.06, 
0.125, 0.25, 0.5, anQ 1.0 pg/kg-min, dose- 
dependent increases in MBF, A-VO,, VOz, 
and MMI were observed (Fig. 1). All pa- 
rameters reached a peak value at a dose of 
0.5 pg/kg-min when MBF was increased 
22.8 2 4.2% (P < 0.001), A-VO, increased 
33.1 2 3.6% (P < 0.001), V02  increased 
52.8 & 6.7% (P < 0.001), and MMI in- 
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creased 107.0 t 11.2% (P < 0.001) (Fig. 1).  
A representative tracing illustrating these 
changes at 0.5 pg/kg-min Met-enkephalin is 
shown in Fig. 2. Microsphere distribution 
was examined only at the end of infusion of 
this dose and showed a significant increase 
in FBF of 49.6 k 7.2% (P < 0.001) (Fig. 3). 
Naloxone administration alone failed to af- 
fect any circulatory parameter significangly 
but caused a 32.0 2 4.2% (P < 0.005) de- 
crease in MMI (Fig. 3). Infusion of Met- 
enkephalin after blockade of opiate recep- 
tors with naloxone failed to affect any mea- 
sured parameter significantly. 

Discussion.  In the present study we 
found that Met-enkephalin is a vasodilator 
of the canine intestinal circulation. Fur- 
thermore, there is a direct relationship be- 
tween the dose of the drug administered 
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intra-arterially and the subsequent increase 
in flow. The Met-enkephalin-induced in- 
crease in intestinal blood flow observed in 
the current study corresponds with previ- 
ous reports showing that Met-enkephalin, 
when administered locally, is a vasodilator 
substance under both in vivo (9) and in vitro 
(10) conditions. However, it should be 
noted that in a few experiments (not in- 
cluded in this report), infusion of Met- 
enkephalin at low doses produced a small 
decrease in mesenteric blood flow. Since 
systemic arterial pressure was unaffected 
by infusions of the drug into the superior 
mesenteric artery, Met-enkephalin appears 
to be a local vasodilator of the intestinal 
circulation. 

We also found that  Met-enkephalin 
evoked significant increases in intestinal 
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FIG. 1 .  Effects of intra-arterial infusions of Met-enkephalin on mesenteric blood flow (MBF), ar- 
teriovenous oxygen content difference (A-VO,), intestinal oxygen consumption (VO,), and mean 
motility index (MMI). Mean values ? SEM are presented for seven dogs. All values shown except for 
MBF at a dose of 0.03 pg/kg-min are significantly increased from control. 
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FIG. 2. A representative recording from one experiment showing the effects of direct intra-arterial 
infusion of Met-enkephalin (0.5 pg/kg-min) on systemic arterial pressure, mesenteric blood flow, 
arteriovenous oxygen content difference (A-VO,), and intraluminal pressure. 
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FIG. 3. Effects of intra-arterial infusion of Met-enkephalin (0.5 pg/kg-min) on MBF, A-V02, V02, 
FBF, and MMI before and after naloxone. Mean & SEM for seven dogs. Asterisks indicate significant 
difference from control to at least the P < 0.05 level. 
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oxygen extraction and uptake, and in- 
creases in the distribution of blood flow to 
the muscular compartment of the gut wall. 
The effects of Met-enkephalin were as- 
sociated with an increase in intestinal 
motility. Similar findings with intestinal 
motility were previously reported with 
morphine ( 14). Presumably Met-enkephalin 
exerts its influence upon intestinal blood 
flow by diminishing the vasoconstrictor 
tone of the arteriolar smooth muscle, which 
regulates resistance to the total flow of 
blood through the gut, and the smooth mus- 
cle of the precapillary sphincters, which 
regulate the flow of blood through the 
capillaries ( 18). 

The increase in intestinal oxygen extrac- 
tion caused by Met-enkephalin is probably 
secondary to an increased metabolism of 
the intestinal musculature. However, since 
oxygen consumption is a product of blood 
flow and oxygen extraction, the increase in 
oxygen consumption produced by Met- 
enkephalin could have resulted from 
stimulation of intestinal metabolism with 
increased demand for oxygen and from an 
increase in blood flow. 

Met-enkephalin had a marked excitatory 
effect on intestinal motility. These changes 
could have affected intestinal circulation 
secondary to the modifications of intestinal 
intramural pressure. Therefore, the ob- 
served mesenteric vasodilation and in- 
creased oxygen consumption could have 
been the consequence of increased meta- 
bolic demand for oxygen or accumulation 
and release of local dilator factors pro- 
duced by increased metabolic activity in the 
gut (19). These possibilities are supported 
by our experiments with naloxone, in which 
blood flow and oxygen consumption were 
significantly different during Met-enkeph- 
alin infusion before and after naloxone, 
that is, with and without motility changes. 

Numerous reports have suggested that 
Met-enkephalin exerts its physiological ac- 
tion through release of serotonin (20) or 
histamine (21). However, we have previ- 
ously reported that histamine-induced in- 
testinal vasodilation was accompanied by a 
decrease in intestinal oxygen extraction 
(22) which suggests that this agent is not 

involved in intestinal vascular and meta- 
bolic responses to Met-enkephalin. 

The specific opiate receptor for the cen- 
tral and peripheral neural effects of Met- 
enkephalin is blocked by naloxone (23). In 
the current study the intestinal vasodilator, 
motor and metabolic responses to Met- 
enkephalin were also abolished by nalox- 
one, a finding which suggests that opiate 
receptors may be involved in the mech- 
anism of action of Met-enkephalin on  
both intestinal visceral and vascular smooth 
muscle effectors of the gut. Since blockade 
of the opiate receptor in the resting gut did 
not change blood flow but significantly de- 
creased motility, it may be that opiate re- 
ceptors are involved in the regulation of 
intestinal motor activity but not indirect 
control of the circulation. 

1 .  

2. 

3. 

4 .  

5 .  

6.  

7. 

8. 

9. 
10. 

11.  

12. 

13. 

Hughes, J . ,  Smith, T. W., Kosterlitz, H. W., 
Fothergill, L.  A., Morgan, B. A., and Morris, 
H. R., Nature (London) 258, 577 (1975). 
Hokfelt, T., Elde, R., Johansson, O., Terenius, 
L., and Stein, L., Neurosci. Lett. 5, 25 (1977). 
Hughes, J.,  Kosterlitz, H. W., and Smith, T. W., 
Brit. J. Pharmacol. 61, 633 (1977). 
Linnoila, I . ,  DiAugustine, R. P . ,  Miller, R . ,  
Chang, I., and Cuatrecasas, P., Fed. Proc. 37, 
666 ( 1978). 
Polak, J. M., Bloom, S. R.,  Sullivan, S. N. ,  
Facer, P., and Pearse, A. G. E., Lancet 1, 972 
(1977). 
Sundler, F . ,  Alumets, J . ,  Chang, K .  J . ,  and 
Hakanson, R., Scnad. J. Gastroenterol. 13, Supp. 
49, 178 (1978). 
Laubie, M., Schmitt, H., Vincent, M., and Re- 
mond, G., Eur. J. Pharmacol. 46, 67 (1977). 
Bolme, P., Fuxe, K.,  Agnati, L. F., Bradley, R., 
and Smythies, J., Eur. J. Pharmacol. 48, 319 
(1978). 
Knoll, J., Eur. J. Pharmacol. 39, 403 (1976). 
Hanko, J. H . ,  and Hardebo, J. E., Eur. J. Phar- 
macol. 51, 295 (1978). 
Konturek, S. J . ,  Pawlik, W., Walus, K. M., Coy, 
D. H., and Schally, A. V., Proc. SOC. Exp. Biol. 
Med. 158, 156 (1978). 
Konturek, S. J . ,  Pawlik, W., Tasler, J., Thor, P., 
Walus, K., Krol, R., Jaworek, J., and Schally, 
A. V., In “Gut Hormones” (Bloom, S. R., ed.), 
p. 507. Churchill Livingstone, Edinburgh (1978). 
Pawlik, W. W.,  Walus, K. M., Konturek, S. J., 
Coy,  D. H . ,  and  Schally,  A. V. ,  in “Proc .  
XXXVIIth Intern. Congress Physiol. Sci.,” p. 
584. Paris, 1977. 



14. 

15. 

16. 

17. 

18. 

19. 

ENKEPHALIN A N D  GUT 

Daniel, E. E., Sutherland, W. H., and Bogoch, 
A., Gastroenterology 36, 510 (1959). 
Shepherd, A. P., and Burgar, C. G., Amer. J. 
Physiol. 232, H437 (1977). 
Weisbrodt, N. W., Wiley, J. N., Overholt, B. F., 
and Bass, P., Gut 10, 543 (1969). 
Greenway, C. V., and Murthy, V. S., Brit. J. 
Pharmacol. 46, 177 (1972). 
Granger, H. J., and Shepherd, A. P., Microvasc. 
Res. 5 ,  43 (1973). 
Bynum, T. E., and Jacobson, E. D., Gastroen- 
terology 60, 325 (1971). 

20. 

21. 

22. 

23. 

CIRCULATION 31 

Burks, T. F., J. Pharmacol. Exp. Therap. 185,530 
(1973). 
Feldberg, W., and Paton, W. 0. M., J. Physiol. 
(London) 109, 19P (1949). 
Pawlik, W., Tague, L. L., Tepperman, B. L., 
Miller, T. A., and Jacobson, E. D., Amer. J. 
Physiol. 233, E 219 (1977). 
Pert, C. B., and Snyder, S. H., Science 179, 1011 
(1973). 

Received March 20, 1980. P.S.E.B.M. 1980, Vol. 165. 


