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Opiates modulate insulin action in vivo in dogs 
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Summary. To investigate the influence of opiates on insulin 
action in vivo, we induced mild physiological hyperinsulin- 
aemia (15-20 mU/1) in five trained conscious dogs in the ab- 
sence or presence of ongoing infusion with the opiate agonist 
D-met2-proS-enkephalinamide (DMPE, 0.5 ~g. kg-1. min-l), 
or the opiate antagonist naloxone (1.25 mg followed by 1 p~g. 
kg -1- rain-l). Tile effects on glucose production and glucose 
utilization were measured by isotope dilution using 3-3H-glu - 
cose. Glucose fell similarly over 30 rain in response to insulin 
in controls (0.021_+0.003mmol-l-~.min-I), and both the 
DMPE and naloxone studies (0.016 _+ 0.002 retool. 1-1. rain -1 
and 0.017 -+ 0.003 mmol. 1-1. rain -1, respectively). In control 
dogs, insulin lowered glucose by transiently suppressing pro- 
duction by 0.028+0.006mmol.kg-l.min -1 at 20-30rain 
without changing utilization. In contrast, in both the DMPE 
and naloxone studies insulin lowered glucose by markedly 
raising utilization at 20rain by 0.094+0.017 and 0.139_+ 
0.022 mmol. kg- i. min- i, respectively. Furthermore, insulin 
failed to suppress production in both DMPE and naloxone 

studies and, as plasma glucose fell, production rose in both 
treatment groups at 20rain by 0.045+0.012 and 0.089_+ 
0.022 mmol. kg-1. rain-1 respectively. The counter-regulatory 
hormone glucagon was transiently suppressed by insulin at 
20rain in controls, but not in the treatment groups; cortisol 
and adrenaline rose at 30 and 45 rain respectively in the nal- 
oxone group only. No other changes were noted in counter- 
regulatory hormones. Thus hormonal changes do not appear 
to account for the early pronounced rise in glucose utilization 
leading to the fall in glucose in the DMPE and naloxone stud- 
ies. We conclude that the morphine-like agent DMPE and 
high doses of the opiate antagonist naloxone modulate insu- 
lin-induced glucose fluxes in vivo, promoting both glucose 
utilization and production. These effects may be direct or in- 
direct, and may serve a function in the redistribution of glu- 
cose during stress responses. 
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The endogenous opiates appear  to play a role in the reg- 
ulation o f  various physiological processes controlled by 
the central nervous system including stress responses 
[1-2]. The acute response to opiates may include a tran- 
sient increase in b lood glucose as first demonstrated in 
cats given intraventricular morphine  [3]. Recent studies 
in man  [4-6] and dogs [7] demonstrate that endogenous 
opiates, when given intravenously, may variably affect 
insulin and glucagon secretion or b lood glucose levels. 
In addition, the opiate receptor antagonist, naloxone,  
can increase insulin release in vitro [8] and glucagon se- 
cretion in diabetic dogs [9]. In man, naloxone infusion 
prior  to intravenous glucose resulted in an increase in 
peak blood glucose concentrat ion and glucose area, 
while insulin and glucagon levels were no different than 
in controls [10], whereas infusion of  an enkephalin ana- 
logue prior to oral glucose diminished the insulin re- 
sponse without altering the blood glucose profile com- 
pared to controls [11]. These latter findings suggest that, 
in addit ion to their effects on insulin or glucagon secre- 
tion, opiates may modulate  glucose disposal or alter tis- 

sue sensitivity to insulin. To investigate more directly 
the possibility that opiates modulate  tissue sensitivity to 
insulin, we examined the effect of  opiates and opiate 
blockade on glucose fluxes induced by mild physiologi- 
cal hyperinsulinaemia. 

Material and methods 

Experimental animals 
Studies were performed on five conscious female mongrel dogs 
weighing 7.5-10.5 kg; each dog had been trained to stand quietly in a 
harness throughout each study. 

Experimental design 
Glucose kinetics, (i. e. production and utilization) were determined in 
each dog on three occasions: a control study during normal saline 
(0.154mol/1) infusion: during infusion of the morphine-like enke- 
phalin analogue, D-met2-proS-enkephalinamide [t2] (DMPE) (Penin- 
sula Laboratories, San Carlos, California, USA); and during infusion 
of the opiate antagonist, naloxone (Endo Laboratories, Garden City, 
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Fig.l.  The study protocol indicating times of commencement and 
duration of infusion of administered agents and times of blood sam- 
pling. DMPE was infused at 0.5 p.g. kg -1. min -1 ; naloxone was given 
as 1.25 mg over 1 min followed by 1 Ixg. kg -~. rain -1 
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Fig.2. Changes in plasma glucose and insulin levels following the 
commencement of insulin infusion. There was a similar fall in glucose 
and rise in insulin in controls (insulin infusion alone � 9  - -O) ,  or 
during ongoing DMPE (A -- �9 -- A) or naloxone (O- - - - -O)  infusion 

New York, USA). Control studies were performed first in each dog 
but DMPE or naloxone studies were in random order. Each study ex- 
amined the effects of these agents on glucose kinetics during modest 
sustained hyperinsulinaemia. The study protocol is outlined in Fig- 
ure 1. 

After an overnight fast (12-16 h), three 20 G cannulae were insert- 
ed into anterior limb veins for infusion, and an 18 G cannula was in- 
serted into a hind limb for sampling. A primed-continuous infusion of 
3-3H glucose (New England Nuclear, Boston, Massachusetts, USA) 
was begun (20 p.Ci bolus followed by 0.16 p~Ci/min) and when steady- 
state specific activity was achieved (90 rain), one of the following was 
given: infusion of DMPE 0.5 ~xg. kg -I ,  min -1 ; naloxone 1.25 mg in 
2ml saline over 1 rain followed by 1 p.g-kg -1 .min -1 for the remain- 
der of the study; or saline control infusions. Each test substance was 

infused continuously for a total of 210 min. After the first 90 min of in- 
fusion when steady state was re-established (time 0), regular insulin 
(Lilly, Indianapolis, Indiana, USA), 0.275 mU. kg -1- rain -1 was in- 
fused. In controls, insulin infusion alone was given for a total of 
120 rain. All substances infused were prepared in NaCI (0.154 tool/l) 
mixed with 1% bovine serum albumin. Blood was drawn at timed in- 
tervals as indicated in Figure 1. In each sample, we measured plasma 
glucose, insulin, 3-3H glucose specific activity, glucagon, cortisol, 
adrenaline and noradrenaline. 

Analysis of samples 

Each blood sample was collected into chilled tubes containing apro- 
tinin (500 KIU/ml)  and EDTA, except for 1 ml of blood which was 
collected into tubes containing reduced glutathione for catecholamine 
determination. Samples were kept on ice and centrifuged at 4 ~ with- 
in 2 h of collection to separate plasma. 

Plasma glucose was determined using a glucose analyser (Yellow 
Springs Instruments, Yellow Springs, Ohio, USA). Insulin, glucagon 
and cortisol were determined by radioimmunoassay as described pre- 
viously [13]. Glucagon was assayed using a C-terminal specific anti- 
serum following acetone extraction to remove interfering substances 
[14]. Sensitivity of the assay was 20 pg/ml and the intra-assay coeffi- 
cient of variation was 10%. Adrenaline and noradrenaline were deter- 
mined by radioenzymatic assay [15]. Plasma glucose specific activity 
was measured by precipitating plasma proteins with Ba(OH)2 and 
ZnSO4 and evaporating the supernatant. The residue containing 3-3H 
glucose was dissolved in water and 5 ml of scintillation fluid (New 
England Nuclear 8a70, Boston, Massachusetts, USA) was added. 
Samples were counted in a liquid scintillation counter with automatic 
quench correction (Tracor Analytic, Austin, Texas, USA). 

Calculations and statistical analysis 

Glucose production and glucose utilization (both in mmol.kg -~. 
min -1) were calculated in steady and non-steady states using Steele's 
equations and a rapidly mixing pool fraction of 0.65, as validated in 
dogs by Radziuk et al. [16]. 3-3H glucose has been shown to exhibit 
< 5% recycling into glucose [171. It was therefore assumed that the 3H 
from all labelled glucose metabolized was converted to water. 

Because each animal underwent all three studies, comparisons be- 
tween control and study groups were made at each time point using 
the paired t-test. Changes from baseline were also analyzed using 
paired t-test or one-way analysis of variance where appropriate. Data 
are expressed as mean +_ SEM. 

Results 

Over the first 15 min of DMPE or naloxone infusion 
(from - 90 rain) there were transient changes in glucose 
production, utilization and hormones (data not shown). 
By time 0 a steady state had been established for glu- 
cose, glucose turnover and hormones and was similar to 
controls. 

The commencement of insulin infusion at time 0 in- 
creased plasma insulin from basal levels of 9-13 to lev- 
els of 15-20 mU/l,  with no significant difference be- 
tween control and treatment groups (Fig. 2). In response 
to insulin there was a similar fall in plasma glucose in 
control, DMPE and naloxone groups over 30 min of 
0.21 +0.003, 0.016_+0.002, and 0.017 +0.003 mmol. 
kg-  t. rain-1 respectively (Fig. 2). Glucose production 
and utilization are shown in Figure 3. Steady-state base- 
line glucose production and utilization were similar in 
the control, DMPE, and naloxone groups (0.158+ 
0.017, 0.169 + 0.022, 0.156 + 0.017 mmol.kg -1-min -1 
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Table 1. Effect of insulin infusion on plasma adrenaline and noradrenaline concentration during infusion of DMPE,  na loxone  or saline 
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Time (min) 

Basal 
0 10 20 45 90 120 

Plasma adrenaline (% of basal) 
D M P E  100_+ 30 102_+ 26 129 + 32 146_+ 48 139_+ 14 133 _+ 14 
Na loxone  100 _+ 25 125 + 34 148 _+ 43 171 _+ 39 a 165 + 28 a 178 _+ 38 a 
Control 100 + 32 88 _+ 30 115 + 36 109 _+ 30 142 _+ 36 146 _+ 36 

Plasma noradrenaline (% of basal) 
D M P E  100 _+ 20 102 _+ 26 94 _+ 23 76 _+ 13 88 _+ 9 106 __. 22 
Na loxone  100 + 20 74 _+ 20 110 + 20 119 _+ 23 110 _+ 12 137 + 24 
Control 100 + 25 85 _+ 19 100 _+ 21 96 _+ 26 105 _+ 35 89 + 16 

Results expressed as mean_+ SEM; ap < 0.05 relative to basal 
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Fig.3. Glucose production and utilization: insulin + D M P E  
(/x - .  - / x  ), insulin + naloxone (O--------O), compared with controls 
(insulin alone) ( O - - - � 9  Whereas  in controls glucose production 
fell and glucose utilization was unchanged at 20 min,  glucose pro- 
duction and utilization rose by 20 min in both DMPE- and naloxone-  
groups.  *p < 0.05, r < 0.02, + p < 0.01 compared to baseline 
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Fig.4. Plasma glucagon and cortisol dur ing the infusions: insu- 
l i n + D M P E  ( 4 - . - A ) ,  i n s u l i n + n a l o x o n e  (0---------0) or saline 
control ( O -  - - � 9  Glucagon fell transiently during insulin infusion 
in controls, while glucagon did not change in the experimental 
groups. Cortisol rose at 30 min in the naloxone group. *p < 0.05 com- 
pared to baseline 

respectively). In the control studies, the initial fall in 
blood glucose after starting insulin (Fig. 2) was due to a 
transient fall in glucose production at 20 min of  0.28 + 
0.006 mmol.  kg -1. rain - t  without any change in glucose 
utilization (p< 0.05 ; Fig. 3). A transient rise in utiliza- 
tion occurred in controls at 45 min (p< 0.05; Fig.3). In 
contrast, in both the DMPE and naloxone studies, the 
initial fall in plasma glucose after starting insulin was 
due to a marked rise in glucose utilization by 20 min, of 
0.094 + 0.017 and 0.139 _+ 0.022 mmol.  kg -1. min -a, re- 
spectively (Fig. 3). Furthermore, insulin failed to sup- 
press glucose production in both treatment studies and, 
as plasma glucose fell, glucose production rose in both 

the DMPE and naloxone studies at 20 rain by 0.045 + 
0.012 and 0.091 _+ 0.019 mmol.  kg -1. rain -1 respectively. 
Thus, although the fall in blood glucose was similar in 
all studies, with both DMPE and naloxone treatment 
this was due to a rise in glucose utilization which ex- 
ceeded an associated rise in glucose production, rather 
than suppression of  glucose production as occurred 
during the control saline infusion. 

The hormonal changes in plasma are illustrated in 
Figure 4 and Table 1. There was a transient but signifi- 
cant fall in glucagon (p< 0.05) in the control study at 
20 rain of  insulin infusion. An apparent rise in glucagon 
at that time in the naloxone study was not significant, 
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and no other change in glucagon was noted in the 
DMPE or naloxone studies (Fig. 4). Cortisol rose in the 
naloxone study after 30min of insulin infusion (p< 
0.05), but there was no change in controls or in the 
DMPE study (Fig.4). A small but significant rise in 
adrenaline occurred in the naloxone study after 45 rain 
of insulin infusion (p< 0.05), but there were no other 
changes in adrenaline or noradrenaline in response to 
insulin infusion in any of the three studies (Table 1). 

Discussion 

Our study was designed to consider possible influences 
of endogenous opiates on insulin action rather than on 
hormone secretion in vivo. Infusion of DMPE, a potent 
opiate agonist, with morphine-like activity [12], altered 
the mechanism by which physiological hyperinsulin- 
aemia lowered blood glucose. Whereas in control stud- 
ies insulin acted primarily by transiently suppressing 
glucose production, as previously described [18] during 
DMPE infusion insulin acted by promoting glucose uti- 
lization. Concurrent high dose infusion of the opiate 
antagonist naloxone with insulin modified the in vivo 
mechanism of action of insulin in a similar manner to 
DMPE. These findings may have relevance to the possi- 
ble role of the opiates in the chlorpropamide-alcohol 
flush phenomenon [19] and the pathophysiology of 
non-insulin-dependent diabetes [20]. 

The predominant effect of the opioid agents used in 
this study was an early increase in peripheral glucose 
uptake in response to insulin, such that plasma glucose 
fell similarly in response to insulin in both treatment 
and control studies despite the rise in glucose pro- 
duction in the treatment studies. The site and the mech- 
anism of the observed effects remain unclear, but sever- 
al possibilities can be considered. The enhancement of 
insulin action on peripheral glucose uptake may have 
been mediated in part by affecting the release of glucose 
counter-regulatory hormones. Growth hormone was 
not measured but reportedly plays only a minor role in 
glucose counter-regulation [21]. While glucagon was 
transiently suppressed after 20 min of insulin infusion 
in controls as previously described [22], glucagon did 
not change in the two treatment studies. Failure to 
suppress glucagon could partially explain reduced he- 
patic sensitivity to insulin, and hence failure to suppress 
glucose production. Glucose production could then rise 
in response to the falling blood glucose. Glucagon, 
however, has no significant effect on peripheral or 
splanchnic tissues [23], and so could not account for the 
major increase in glucose utilization which led to the 
fall in glucose in the treatment studies. No demon- 
strable effect of the agents used on catecholamine or 
cortisol levels was evident by 20 min, when the maximal 
influence on glucose turnover was seen. Since catechol- 
amines and cortisol inhibit glucose utilization [21], sup- 
pression of these hormones should have occurred if 
they were mediating the enhancement of glucose utili- 
zation. 

In the absence of hormonal changes, it is possible 
that DMPE and naloxone influenced muscle, fat, or liv- 
er to enhance the effect of insulin action at these insulin 
sensitive sites [23]. Opiates may act on such non-neural 
tissues either as a result of enkephalins locally released 
from sympathetic nerve terminals [24], or as a result of 
circulating fl-endorphin, which rises in response to 
stress [25]. Alternatively, these effects may have been in- 
direct, via actions on the brain, inducing secondary ef- 
fects on the sympathetic nervous system. Opiates inject- 
ed into the brain can act on glucose-responsive neurons 
and elicit marked peripheral effects via the sympathetic 
nervous system [26, 27]. DMPE has been shown to have 
especially marked morphine-like effects on the brain 
when given peripherally [12]. Naloxone, in the dose 
used, also crosses the blood-brain barrier [10]. 

Opiate effects may therefore occur via the sympa- 
thetic nervous system by acting either centrally or pe- 
ripherally. Although changes in plasma noradrenaline 
did not occur, changes in the release of noradrenaline 
from sympathetic nerve terminals may not be reflected 
by changes in their circulating blood levels. Opiates 
generally act as inhibitors of neurotransmission [28]. We 
have shown elsewhere that, during combined a and/~- 
sympathetic blockade, the effect of hyperinsulinism on 
glucose turnover is identical to the effects seen in this 
study [29], suggesting that inhibition of sympathetic ac- 
tion may be a mechanism for the opiate-induced effects 
observed in this study. 

The apparent paradoxical finding that naloxone 
had similar effects to DMPE is not unique [30]. When 
given in the absence of exogenous opiates, the effects of 
naloxone depend on the doses used; conflicting results 
on pituitary hormone release have been reported with 
different doses of naloxone [31, 32]. High doses, as used 
in the present study to ensure passage into the brain, 
have often induced morphine-like effects on various 
central nervous system functions [30]. Naloxone is able 
to mimic morphine or fl-endorphin in stimulating insu- 
lin release in the isolated dog pancreas [8], and nal- 
oxone could not block the effect of fl-endorphin on the 
endocrine pancreas of healthy and diabetic man [6]. 
Pre-treatment of rats with intraperitoneal naloxone led 
to a subsequent marked increase in brain opiate binding 
[33], suggesting a possible mechanism by which nal- 
oxone may induce opiate-like effects under some condi- 
tions. 

We speculate that our findings of increased insulin 
action in vivo during DMPE infusion may reconcile the 
apparent paradox of increased glucose uptake during 
stress. In response to stress such as burns or shock, he- 
patic glucose production mediated by neural and hor- 
monal mechanisms initially increases but is frequently 
associated with increased glucose uptake into peripher- 
al tissues [34, 35], a response not consistent with the 
known effects of increased sympathetic activity and 
catecholamine release [21]. In addition, insulin levels 
have generally been low in these studies [35]. Increased 
sensitivity of muscle to insulin-stimulated glucose up- 
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take immediately following vigorous exercise in rats 
and in man has recently been reported [36, 37]. Since 
opiates are released during stress and exercise, our re- 
sults suggest the possibility that opiates increase the ef- 
fect of insulin in peripheral tissues, enhancing glucose 
entry into muscle or other metabolically active sites, 
while inhibiting insulin's effect at the liver, thereby al- 
lowing increased glucose availability for peripheral me- 
tabolism. Further studies are necessary to explore this 
possibility. 
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