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Summary. The potential role of endogenous prostaglandins in 
glucagon and epinephrine responses to insulin-induced hypo- 
glycaemia was studied in streptozotocin-diabetic and age- 
matched control adult male rats. Rats made diabetic with a 
single intravenous injection of streptozotocin (65 mg/kg) de- 
veloped impaired glucagon and epinephrine responses to in- 
sulin-induced hypoglycaemia by 80-100 days. Plasma gluca- 
gon levels in response to insulin-induced hypoglycaemia in 
streptozotocin-diabetic rats (167_ 67 pg/ml) were significant- 
ly lower (p< 0.01) than those in control rats (929 + 272 pg/ml). 
Similarly, plasma epinephrine levels in hypoglycaemic state in 
streptozotocin-diabetic rats (11 _+ 8 pmol/ml) were also sig- 
nificantly lower (p<0.01) compared to control rats 
(37 + 13 pmol/ml). Steptozotocin-diabetic rats provided with 
sodium salicylate (25 mg/100 ml) in their drinking water from 
day one of diabetes exhibited prevention of the blunted gluca- 

gon and epinephrine responses to insulin-induced hypogly- 
caemia. About 80-100 days after the chronic sodium salicylate 
treatment in streptozotocin-diabetic rats, both plasma gluca- 
gon levels (1080 + 169 pg/ml) and plasma epinephrine levels 
(39 _+ 8 p mol/ml) were essentially identical to plasma gluca- 
gon levels (1074+ 134 pg/ml) and plasma epinephrine levels 
(37+5pmol/ml) in control rats in hypoglycaemic state. 
These animals also exhibited an improvement in the diabetic 
state in that they had less severe hyperglycaemia and lack of 
weight gain. These results suggest that the blunted glucagon 
and epinephrine responses to insulin-induced hypoglycaemia 
may be related to altered prostaglandin levels in streptozo- 
tocin-diabetes. 
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Glucagon and epinephrine are the two major counter- 
regulatory hormones secreted during hypoglycaemia. 
Secretion of  these hormones in response to insulin-in- 
duced hypoglycaemia is impaired in diabetic patients 
and experimental diabetic rats although arginine infu- 
sion elicits normal secretion of glucagon in diabetes 
[1-7]. Although the exact mechanism of the secretory 
defect remains elusive, there appears to be an associ- 
ation with diabetic autonomic neuropathy [2-5]. 

Prostaglandins are believed to affect metabolic func- 
tions including the endocrine systems responsible for 
glucose homeostasis. Although a role for prostaglandins 
in insulin secretion is generally accepted, it is less clear if 
these substances are involved in glucagon secretion. 
There is evidence that acute infusion of sodium salicy- 
late significantly increased glucagon and epinephrine 
secretion in response to insulin-induced hypoglycaemia 
in normal subjects [8]. Previous work from this labora- 

tory has shown that acute infusion of sodium salicylate 
normalises the impaired glucagon and epinephrine se- 
cretion in long-term streptozotocin-diabetic rats [9]. 
Similarly, Giugliano et al. [10] observed that, in diabetic 
patients with autonomic neuropathy, acute infusion of 
sodium salicylate normalised both the defects of 
blunted glucagon response to insulin-induced hypogly- 
caemia and the slowed rate of glucose recovery. 

The purpose of this present study was to assess the 
effects of chronic sodium salicylate feeding on the im- 
paired glucagon and epinephrine responses to insulin- 
induced hypoglycaemia in long-term (80-100days 
post-streptozotocin injection) streptozotocin-diabetic 
rats. Chronic sodium salicylate feeding to streptozo- 
tocin-diabetic rats from the day of the induction of 
diabetes prevented the defect of the impaired secretion 
of glucagon and epinephrine responses to insulin-in- 
duced hypoglycaemia. 
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Materials and methods 

Animals and diets 

Male Sprague-Dawley rats with initial body weight between 
250-300 g were used. Experimental diabetes was induced after an 
overnight fast by intravenous injection of streptozotocin (Sigma Co., 
St. Louis, Mo, USA), 65 mg/kg dissolved in citrate buffer pH 4.5. The 
control rats received citrate buffer pH 4.5 only. Animals were housed 
3 per plastic cage in a thermostated room with a fixed 12 h artificial 
light-dark cycle. The rats had free access to water and were fed Purina 
Rat Chow. All rats injected with streptozotocin showed glycosuria 
within 24h. Only rats having plasma glucose levels above 
16.7 mmol/1 were designated as streptozotocin-diabetic and included 
in the study. 

Experimental protocol 

One day after the induction of diabetes both streptozotocin-diabetic 
and contro! rats were sub-divided into two groups. One group of both 
control and streptozotocin-diabetic rats was fed Purina Rat Chow and 
tap water ad libitum. The second group of both streptozotocin-diabet- 
ic and control rats was fed Purina Rat Chow and tap water contain- 
ing sodium salicylate (25 rag/100 ml) ad libitum. Of the twelve 
control and nine streptozotocin-diabetic rats treated with sodium sa- 
licylate, three streptozotocin-diabetic animals died during induction 
of hypoglycaemia. These rats died early in the experiment, probably 
from the anaesthetic. We have observed a hypersensitivity to chloral 
hydrate in streptozotocin-diabetic rats. Food and water consumption 
were measured daily. About 80 100days after the initiation of 
sodium salicylate feeding, insulin-induced hypoglycaemia was 
induced as follows: all rats were fasted and sodium salicylate was 
withdrawn prior to induction of hypoglycaemia to eliminate the circu- 
lating sodium salicylate during insulin-induced hypoglycaemia. The 
jugular vein (for infusion) and the carotid artery (for blood sampling) 
were cannulated under chloral hydrate anaesthesia (350 mg/kg i.p.). 
A fasting blood sample (2.0 ml) was collected with a heparinised 
syringe; 1.0 ml was transferred into an ice-cold tube containing 50 ~tl 
of Trasylol (10,000 KIU/ml)  and EDTA (1.2 mg/tube) mixture .(for 
glucagon) and the remaining 1.0 ml was placed into a second ice-cold 
plain tube (for epinephrine). All blood samples were kept at 4 ~ C until 
centrifuged. Plasma glucose (PG) levels were determined and insulin 
was injected i.v. as a bolus according to the following-formula: 
2.0 + (PG-100) X 0.02 U/kg). Immediately after the bolus insulin in- 
jection via the jugular vein, insulin (5 U . k g - l - h  -1) and chloral 
hydrate (57.5 rag. kg -1 -h -1) were infused at a rate of 2.3 ml/h. Ap- 
proximately 501xl blood samples were collected periodically 
(maximum 15 times) to determine plasma glucose levels in order to 
monitor hypoglycaemia. A second blood sample (2.0 ml) was collect- 
ed when the plasma glucose level dropped to between 
1.67-2.2 mmol/1. As described above, the blood samples were trans- 
ferred into ice-cold tubes for glucagon and epinephrine estimations. 
All blood samples were centrifuged at 1500 x g at 4~ for 15 min. 
Plasma samples were separated and stored at - 2 0 ~  for glucagon 
and at - 7 5 ~  for epinephrine determinations at a later date. 

Statistical analysis 

Plasma glucose concentrations were determined by the glucose 
oxidase method, using a glucose autoanalyser (Beckman Instruments, 
Fullerton, Calif., USA). Plasma glucagon was measured by radioim- 
munoassay [11] using crystalline porcine pancreatic glucagon as 
standard (Eli Lilly and Co., Indianapolis, Ind., USA). Both standards 
and samples were extracted with ice-cold acetone to eliminate "Big 
Plasma Glucagon" [12]. Plasma epinephrine levels were determined 

by high performance liquid chromatography with the electrochemical 
detection technique of Hallman et al. [13] as modified by Patel [7]. Sta- 
tistical significance was computed by Duncan's multiple range test. 
Differences between means were considered statistically significant 
when p was less than 0.05. 

Results 

Rats in both control groups offered tap water with or 
without sodium salicylate consumed identical amounts 
of food and water. Similarly, there was no difference in 
food and water consumption between streptozotocin- 
diabetic rats offered tap water with or without sodium 
salicylate. 

Streptozotocin-diabetic rats required significantly 
more insulin (p < 0.01), compared to control animals, to 
induce identical hypoglycaemia (Table 1). Sodium 
salicylate treated control rats required significantly less 
insulin (p< 0.01), compared to untreated control rats, to 
induce identical hypoglycaemia. Similarly, sodium 
salicylate treated streptozotocin-diabetic rats required 
less insulin to induce hypoglycaemia compared to un- 
treated streptozotocin-diabetic rats. However, this dif- 
ference was not statistically different. The rate of fall of 
glucose was significantly faster (p<0.01) in sodium 
salicylate treated control rats compared to untreated 
control rats. There was no difference in the rate of fall 
of glucose between sodium salicylate treated and un- 
treated streptozotocin-diabetic rats. Fasting plasma glu- 
cose levels were essentially the same in control rats con- 
suming tap water with or without sodium salicylate 
(Table 2). Fasting plasma glucose levels in streptozo- 
tocin-diabetic rats were significantly higher (p<0.01) 
than those in control rats. However, fasting plasma glu- 
cose levels were lower in streptozotocin-diabetic rats 

Table 1. Total amount of insulin infused and rate of fall of glucose 
during insulin infusion in sodium salicylate treated and untreated 
control and streptozotocin-diabetic rats 

Animals Total insulin Rate of fall of 
required to obtain glucose 
hypoglycaemia (mg) (rag/rain) 

Control (9) without 81.9 • 20.5 2.23 + 0.04 
sodium salicylate 

Control (12) with 46.1 ___ 7.7 a 3.3 _+ 0.7 a 
sodium salicylate 

Long-term (9) 164.6 _+ 46.6 a 2.92 + 1.31 
streptozotocin- 
diabetic without 
sodium salicylate 

Long-term (6) 140.3 + 15.4 a 2.45 + 0.6 
streptozotocin- 
diabetic with 
sodium salicylate 

Results are expressed as mean+SD ( )=number of animals ob- 
served. Sodium salicylate (25 rag/100 ml) was offered in drinking 
water ad libitum from one day after the induction of diabetes. 
a p<  0.01 compared to sodium salicylate untreated control animals 
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Table 2. Effects of chronic sodium salicylate feeding on body weights, plasma glucose, glucagon, and epinephrine levels during intravenous in- 
sulin infusion in normal and long-term diabetic rats (80-100 days following streptozotocin) 

Animals Body Glucose Glucagon Epinephrine 
weight (mmol/1) (pg/ml) (pmol/ml) 

(g) ~ H I H I I~ 

Control (9) w/o  397 • 40 9.0 + 1.44 1.8 • 0,17 28 + 10 929 + 272 2 • 2 37 + 13 
sodium salicylate 

Control (12) with 394 _+ 40 8.7 • 1.39 2.0 + 0.11 36 • 10 1074 + 134 a 2 • 1 37 + 5 
sodium salicylate 

Long-term (9) 233 • 27 a 30.3 • 3.17 1.9 • 0.39 100 + 35 a 167 • 67 a 1 ___ I 11 • 8 a 
diabetic w/o  
sodium salicylate 

Long-term (6) 382•  b 16.4 • 2.28 a,b 1.8• 96+18 a 1080_+169 b 3 •  9 •  8 b 
diabetic with 
sodium salicylate 

All results are expressed as mean _ SD. Number of animals observed are in parenthesis. I = Initial, H = Hypoglycaemic state. Sodium salicylate 
(25 mg/100ml) was offered in drinking water ad libitum from day one of diabetes, a p < 0.01 compared with control animals without sodium sali- 
cylate; b p < 0.01 compared with long-term diabetic animals without sodium salicylate 

drinking sodium salicylate water, compared to those in 
streptozotocin-diabetic rats consuming plain tap water. 
Fasting body weights of control groups either fed so- 
dium salicylate or not were identical. Streptozotocin- 
diabetic rats not treated with sodium salicylate had sig- 
nificantly lower (p<0.01) fasting body weights 
compared to control, as well as, streptozotocin-diabetic 
rats fed sodium salicylate. Sodium salicylate feeding 
prevented the loss in body weights generally observed 
in streptozotocin-diabetic rats. This indicates that 
chronic sodium salicylate feeding improves streptozo- 
tocin-diabetes. 

Glucagon and epinephrine levels during hypogly- 
caemic states in control rats consuming tap water with 
or without sodium salicylate were almost identical 
(Table 2). Glucagon and epinephrine levels in hypogly- 
caemic states for streptozotocin-diabetic rats drinking 
tap water only, were significantly lower (p< 0.0l) than 
those in control rats. However, glucagon and epi- 
nephrine levels in hypoglycaemic states were signifi- 
cantly higher (p<0.01) in streptozotocin-diabetic rats 
fed tap water with sodium salicylate compared to those 
in streptozotocin-diabetic rats fed tap water without so- 
dium salicylate. Furthermore, glucagon and epi- 
nephrine levels in streptozotocin-diabetic rats consum- 
ing sodium salicylate were not significantly different 
from those in control rats. This suggests that the chronic 
sodium salicylate feeding to streptozotocin-diabetic rats 
from one day after the induction of diabetes prevents 
the inhibition of the secretion of glucagon and epi- 
nephrine in response to insulin-induced hypogly- 
caemia. 

The correlation between fasting plasma glucose and 
hypoglycaemia stimulated counter-regulatory hormone 
secretion, as well as the effect of sodium salicylate, were 
computed using linear regression analysis. Fasting plas- 
ma glucose levels of control and streptozotocin-diabetic 
rats without sodium salicylate feeding were regressed 

against hypoglycaemia-stimulated glucagon and epi- 
nephrine secretion. The correlation coefficient for glu- 
cagon secretion was negatively correlated ( r= -0 .88)  
for streptozotocin-diabetic rats. This was significantly 
different from that in control rats (r= -0.1). Similarly, 
it has been reported that there is a statistically signifi- 
cant (/7<0.005) negative correlation ( r=-0 .705)  be- 
tween the rise of glucagon due to insulin-induced hypo- 
glycaemia and duration of streptozotocin-diabetes [7]. 
The actual values of glucagon (based on this regression) 
of control sodium salicylate fed rats differed by a mean 
value of 148 from the predicted values (16% higher). On 
the other hand, the actual values of glucagon in strepto- 
zotocin-diabetic rats fed sodium salicylate differed by a 
mean value of 419 from the predicted value (63% 
higher). Similarly, predicted values for epinephrine se- 
cretion in sodium salicylate-fed control and streptozo- 
tocin-diabetic rats were calculated from the respective 
regression line of rats fed no sodium salicylate. There 
was no difference between the predicted and actual 
values for control rats. However~ the actual values for 
streptozotocin-diabetic rats were almost twice the pre- 
dicted values. These results suggest that sodium salicy- 
late treatment improves the counter-regulatory hor- 
mone responses to insulin-induced hypoglycaemia in 
long-term streptozotocin-diabetic rats unrelated to the 
improvement in plasma glucose levels. 

Discussion 

The chronic sodiium salicylate treatment significantly 
improved loss of body weight and hyperglycaemia in 
streptozotocin-diabetic rats. Similar beneficial effects of 
sodium salicylate in human diabetes mellitus were re- 
ported by Williarason [14] in the beginning of this cen- 
tury. Micossi et al. [15] have shown that chronic 
acetylsalicylic aciid administration lowers plasma glu- 
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cose and increases plasma insulin levels in normal and 
non-insulin-dependent diabetic patients. The mecha- 
nism of acetylsalicylic acid action is controversial [16, 
17], although it presumably involves an effect on prosta- 
glandin synthesis [18, 19]. Prostaglandins and prosta- 
glandin inhibitors are known to influence the secretion 
of a number of hormones [201. Sodium salicylate in- 
creases the insulin response to a glucose load in Type 2 
(non-insulin-dependent) diabetic patients [21]. There- 
fore, the improvement in the body weights and plasma 
glucose in streptozotocin-diabetic rats after chronic so- 
dium salicylate feeding might be due to insulin secre- 
tion from the residual B cells, as well as, from extrapan- 
creatic cells such as parotid and submaxillary glands 
[22]. This was not substantiated in the present study as 
plasma insulin levels, as well as, plasma glucose levels 
were not determined during the chronic sodium salicy- 
late feeding. Furthermore, salicylates directly affect the 
increase of glucose utilisation by peripheral tissue, as 
well as, inhibit the gluconeogenesis from various meta- 
bolic intermediates [23]. 

Acute infusion of sodium salicylate with insulin has 
been reported to normalise the impaired glucagon in 
diabetic patients [10] and experimental diabetic rats [9]. 
These studies have suggested that the prostaglandin in- 
hibitory effects of sodium salicylate are responsible for 
the improved counter-regulatory responses in diabetes. 
It has been demonstrated that endogenous prostaglan- 
din synthesis is elevated in the diabetic state. Haluska 
et al. [24] have reported increased synthesis of prosta- 
glandin E-like material during platelet aggregation in 
adults with diabetes compared to control subjects. 
Chase et al. [25] also have demonstrated that prosta- 
glandin E and prostaglandin F2 production were sig- 
nificantly elevated in blood from children with 
diabetes mellitus. Prostaglandins have been reported to 
exert a modulating action on the secretion of various 
hormones [26-29]. 

The modulation, by prostaglandins, of the release 
of norepinephrine from adrenergic nerve endings dur- 
ing stimulation of sympathetic nerve is well doc- 
umented [30, 31]. As regards cholinergic nerves, how- 
ever, the role of prostaglandins in the release of 
acetylcholine is still controversial. In the isolated ileum 
or colon, prostaglandins of the E series produce con- 
tractions which are reduced by tetrodotoxin or 
muscarinic receptor antagonists, while cholinesterase 
inhibitors augment these responses [32-34]. 
Prostaglandin E reversibly antagonised negative chro- 
notropic responses to vagal stimulation in the isolated 
perfused heart, but did not alter similar myocardial ef- 
fects produced by exogenous acetylcholine [35]. These 
observations suggest that prostaglandins are capable of 
interacting with some cholinergic neurons to either fa- 
cilitate or inhibit acetylcholine release. Previous work 
from this laboratory has demonstrated that the para- 
sympathetic nervous system plays an important role in 
glucagon secretion in response to insulin-induced hy- 

poglycaemia in rats [361. The lack of glucagon response 
to insulin-induced hypoglycaemia observed in long- 
term streptozotocin-diabetic rats could be due to a 
possible deterioration of the parasympathetic nervous 
system, since acute carbachol infusion could normalise 
the blunted glucagon and epinephrine responses to in- 
sulin-induced hypoglycaemia in long-term strepto- 
zocin-diabetic rats. Tills is further confirmed by our re- 
cent studies in which we demonstrated that glucagon 
secretion in response to left cervical vagus nerve stimu- 
lation is also impaired in streptozotocin-diabetic rats 
[37]. In the present study, parasympathetic neuropathy 
in streptozotocin-diabetic rats was not assessed. How- 
ever, streptozotocin-diabetic rats exhibited typical 
symptoms of neuropathy such as urinary bladder and 
colon distention and diarrhea. In the present study, 
chronic feeding of sodium salicylate prevented the im- 
pairment of counter-regulatory hormone secretion in 
long-term streptozotodn-diabetic rats. Therefore, so- 
dium salicylate may ]reduce cholinergic deterioration 
and, thereby, prevent the impairment of glucagon and 
epinephrine responses to insulin-induced hypogly- 
caemia in long-term streptozotocin-diabetic rats. In 
contrast to this, several studies have reported that the 
impaired glucagon response to insulin-induced hypo- 
glycaemia is not associated with either sympathetic or 
parasympathetic neuropathy [38-41]. Gerich et al. [1] 
have suggested that the abnormalities of glucagon se- 
cretion in response to glycaemic changes in diabetes 
mellitus are related to some genetically influenced pri- 
mary defect of the pancreatic alpha-cell in glucose rec- 
ognition and not to the glucagon releasing mechanism. 
Robertson and Porte [421 also reported that a glucose- 
recognising defect in the islets of Langerhans probably 
impairs glucagon secretion, as well as insulin secretion 
in diabetic patients. However, this defect may not 
mainly be genetically influenced because streptozo- 
tocin-diabetic rats also show an impaired glucagon re- 
sponse to insulin-induced hypoglycaemia. Therefore, 
sodium salicylate may also affect this defect of glucose 
recognition by the pancreatic alpha-cells. The mecha- 
nism of this is not known, but a further investigation 
may reveal the exact mechanism. 

Chronic sodium salicylate feeding improved the 
diabetic state as observed in this study by the improve- 
ment in body weight loss, as well as, hyperglycaemia. 
This may also be one of the factors for the normal 
counter-regulatory hormones response to insulin-in- 
duced hypoglycaemia. A previous report [431 from this 
laboratory in streptozotocin-diabetic rats has demon- 
strated that the blunted epinephrine response to insulin- 
induced hypoglycaemia was normalised after pro- 
longed insulin treatment, but we found only partial 
improvement in the lack of glucagon response to in- 
sulin-induced hypoglycaemia. Bolli et al. [44] similarly 
found that intensive insulin therapy only partially re- 
stored the impaired glucagon response in Type I (in- 
sulin-dependent) diabetic patients. Therefore, the im- 
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provement in the diabetic state by chronic sodium 
salicylate treatment may only be partially responsible 
for the reversal of the altered counter-regulatory hor- 
mone responses. Further studies with the combined 
therapy of insulin pump and chronic sodium salicylate 
will be essential to understand the exact mechanisms of 
how sodium salicylate improves the altered counter- 
regulatory hormones responses to insulin-induced hy- 
poglycaemia in diabetes. 

In normal rats, the drop in plasma glucose to 
1.67-2.2 mmol/1 induces maximum glucagon response. 
Therefore, in the present study we examined the gluca- 
gon response to insulin-induced hypoglycaemia at plas- 
ma glucose 1.67-2.2 mmol/1. It is possible that in strep- 
tozotocin-diabetic rats the maximum glucagon 
response may occur at lower plasma glucose levels. 
However, plasma glucose levels lower than 
1.67 mmol/1 rapidly results in the death of the animals. 
Therefore, it was not possible to conclude whether so- 
dium salicylate feeding affected the timing of the peak 
counter-regulatory hormone response. However, as we 
compared our results for each group at the nadir glu- 
cose levels, it is possible to conclude that counter-regu- 
latory hormone response at nadir were different in these 
groups. 

Furthermore, the basal plasma glucose levels in con- 
trol animals were significantly lower than those in strep- 
tozotocin-diabetic rats. Therefore, the amount of in- 
sulin required to attain an almost identical nadir plasma 
glucose levels in streptozotocin-diabetic rats treated 
with or without sodium salicylate was significantly 
higher than that for respective control rats. This raises a 
valid question whether the greater amount of insulin 
administered to streptozotocin-diabetic rats may have 
suppressed the a-cells, and, thereby, glucagon secretion 
in hypoglycaemic state in long-term steptozotocin- 
diabetic rats was impaired. However, this could not be 
true as the total amounts of insulin required to achieve 
an identical hypoglycaemia in sodium salicylate treated 
and untreated streptozotocin-diabetic rats were not dif- 
ferent, but there was a significant difference in the glu- 
cagon response to insulin-induced hypoglycaemia. Fur- 
thermore, Unger et al. [45] have suggested that 
insulin-induced hypoglycaemia is a very powerful 
stimulus to glucagon secretion despite pharmacological 
levels of circulating insulin. 

In conclusion, chronic sodium salicylate adminis- 
tration improved the blunted glucagon and epinephrine 
responses to insulin-induced hypoglycaemia in long- 
term diabetic rats. Sodium salicylate may affect the 
diabetic state, as well as, endogenous prostaglandin 
synthesis, which may be a possible factor to thwart the 
progression of the parasympathetic neuropathy in long- 
term diabetic rats. 
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