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We reported (1) that glucagon has a 
prompt hypocholesterolemic effect in normal 
rats fed a stock diet, and that it prevents the 
hypercholesterolemia observed in this species 
after the administration of a high cholesterol 
diet or after thyroidectomy or hypophy- 
sectomy. In accord with these experimental 
observations, Davignon (2) recently re- 
ported that the plasma cholesterol of some 
hypercholesterolemic patients was reduced 
by the chronic administration of glucagon. 

Our initial study did not reveal the mecha- 
nism responsible for this hypocholesterol- 
emic property of glucagon. Therefore we 
began investigating the influence of glucagon 
upon various aspects of cholesterol metabo- 
lism. The results of these studies, described 
below, suggest that glucagon acts in several 
ways to reduce the serum cholesterol concen- 
tration of the rat. 

I. Methods. A.  Effect of glucagon on the 
incorporation of 3H-acetate into liver choles- 
terol. 1.  Acute Effect. Twelve rats were fasted 
overnight, bled for serum cholesterol assay 
and then six of them were injected subcuta- 
neously with 0.1 mg of glucagon (Eli Lilly). 
Six hours later, all 12 were bled again and 
then injected intravenously with 0.5 mCi Na 
acetate 3H.2 One hour following the last 
injection, the rats were killed and their livers 
perfused free of blood with 0.9 % NaCl solu- 
tion. The concentration of cholesterol in liver 
and serum was determined and the specific 
radioactivity of digitonin-precipitable sterols 
in the liver was determined according to 
previously described methods (3). 

2. Chronic effect. After obtaining control 
blood samples from 10 rats, five of them 
received two daily subcutaneous injections of 

This work was supported by the National Heart 
and Lung Institute, Grant No. HL00119, the Parke- 
Davis Fund, the Charles E. Merrill Trust and the 
American Heart Association. 

*New England Nuclear Company, 100 mCi per 
mM. 

1.0 mg of glucagon. All rats were offered, 
and consumed completely, 30 ml of a low- 
cholesterol liquid diet (4) per day. Seven 
days later, after an overnight fast, after a 
second bleeding, and 1 hr after the final 
injection of glucagon, all rats were given Na 
acetate 3H as described above. The rats were 
killed 1 hr after the injection of the labeled 
acetate and their livers were perfused and 
removed. Cholesterol and radioactivity in 
the serum and livers were assayed as de- 
scribed previously (3). 

B. Effect of glucagon on the rate of intesti- 
nal absorption of cholesterol. After obtaining 
blood samples from 36 normal rats, 18 of 
them were injected twice daily with 0.1 mg of 
glucagon. All rats were offered, and con- 
sumed completely, 30 ml per day of the low- 
cholesterol liquid diet (4). Seven days later, 
after an overnight fast, after a second bleed- 
ing, and 1 hr after the last injection of gluca- 
gon, all rats were given 0.085 mCi of 3H- 
cholesterol (1.9 X lo8 dpm)3 dissolved in 1 
ml of cottonseed oil, by stomach tube. 

All rats were bled 4 and 8 hr after the 
administration of the tracer and were killed 
immediately thereafter. Their livers were per- 
fused and removed and their gastro-intesti- 
nal tracts as well as all feces excreted during 
the 8-hr period of study were obtained. The 
amount of cholesterol absorbed during the 
8-hr period was calculated from the fraction 
of tracer cholesterol remaining in the gastro- 
intestinal tract and feces. The amount of 
labeled cholesterol present in the livers also 
was determined as previously described (3). 
The two blood samples obtained prior to the 
ingestion of tracer cholesterol were assayed 
for serum cholesterol concentration and the 
two samples obtained after cholesterol feed- 
ing were assayed for radioactivity and cho- 
lesterol concentration. 

3 Amersham Searle, Arlington Heights, IL, 500 
mCi/mM. 
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C. Effect of glucagon on the rate of dis- 
appearance of cholesterol from plasma. The 
effect of glucagon upon the rate of dis- 
appearance of cholesterol from plasma was 
studied using two types of labeled choles- 
terol: ( 1) lipoprotein ch~lesterol-~H of endog- 
enous origin and (2) chylomicron choles- 
t e r ~ l - ~ H .  

In a first series of experiments, after 
collecting a control blood sample for serum 
cholesterol analysis, 13 of 27 rats were in- 
jected subcutaneously with 0.1 mg of gluca- 
gon twice daily for 7 days. The other rats 
were injected with 0.9 % NaCl solution. Both 
experimental and control rats were given a 
diet free of cholesterol4 to minimize possible 
differences in their intestinal absorption of 
cholesterol. 

Seven days after beginning the glucagon 
injections and approximately 1 hr after the 
last glucagon injection had been given and 
after cannulation of the bile duct under 
ether anesthesia, the rats were injected intra- 
venously with 2 ml of serum containing lipo- 
protein cholesterol- la ? 2a 3H (each dose con- 
tained 9.1 X lo5 dpm of 3H-cholesterol). The 
bile secreted during the first hour after can- 
nulation was discarded in order to decrease 
the pool of preformed bile acids. The bile 
secreted during the next 5 hr was collected. 
All rats were bled immediately after the 
injection of the 3H-cholesterol and again 6 
hr later. Then they were killed and their 
livers were perfused with 0.9% NaCl solu- 
tion and removed. Cholesterol was deter- 
mined quantitatively in each serum, bile and 
liver sample and the specific radioactivity 
was calculated from measurements of the 
radioactivity of cholesterol separated by 
partition between solvents (5). The bile acid 
content of the bile samples was determined 
quantitatively by the method of Talalay (6) 
as modified by Admirand and Small (7). The 

4 Simonsen Laboratory Guinea-pig Chow. In- 
gredients: 1. pulverized heavy oats; 2. whole wheat; 
3. alfalfa leaf meal, U.S. No. 1 ,  17% protein, sun 
cured or dehydrated; 4. dehulled soy bean oil meal, 
containing not less than 50% protein; 5. sodium 
chloride, iodized; 6. limestone; 7. Nopco Vitamin 
Premix. Analysis: Moisture 5 10%; fibre 5 13.5%; 
fat, 2 . 5 4 0 % ;  ash 59%; protein 219.0%; calcium, 
1.53%; phosphorus, 0.27%; iodine, 0.0033%; salt, 
0.75-1 .O%. 

radioactivity of bile acids was determined 
after separation from cholesterol according 
to the method of Folch et al. (5). 

The labeled lipoprotein cholesterol prep- 
aration was produced by injecting 0.5 mCi of 
cholesterol la!, 2-3H dissolved in 1 ,2-pro- 
panediol into the peritoneum of three normal 
rats, and bleeding the animals 48 hr later. 
The distribution of radioactivity in the serum 
lipids was determined by thin layer chroma- 
tography employing the methods of Folch 
et al. (S), Chedid et al. (S), and Parker and 
Peterson (9). Twenty five percent of it was 
found in the cholesterol fraction and 75 % in 
the cholesterol esters of the pooled serum. 

To study the possible effect of glucagon 
upon the clearance of chylomicron choles- 
terol from plasma, 25 rats were bled to 
obtain samples for cholesterol analysis, after 
which 12 rats were injected subcutaneously 
with 0.1 mg of glucagon twice daily for 7 
days. The other rats were injected with 
0.9 % NaCl solution. These rats also received 
the cholesterol-free diet described above. 

Seven days after beginning glucagon in- 
jections, all 25 rats were fasted overnight, 
anesthetized with ether and an indwelling 
polyethylene catheter was inserted into the 
right iliofemoral vein. The rats then were 
placed in restraining cages. Six hours later, 
after recovering from anesthesia? all rats 
were injected through the catheter with 1 ml 
of pooled rat intestinal lymph containing 
chylomicrons labeled with 3H-cholesterol, 
according to a previously described tech- 
nique (10). This pooled lymph contained 56 
mg of cholestero1/100 ml and 3.3 X lo8 
dpm/ml. Radioactivity was measured in 
blood samples obtained 4, 8, 12, 16 and 32 
min following such injections. This was done 
by pipetting 0.05 ml of whole blood into 10 
ml of a scintillation fluid composed of tolu- 
ene and ethanol (7 : 3, v/v), containing Omni- 
fluor (3.5 %, w/v, New England Nuclear 
Co., Boston, MA). The radioactivity was 
measured in a Packard Model 3003 scintilla- 
tion counter. Quench corrections were cal- 
culated after addition of known quantities of 
t~ luene-~H.  The initial blood sample was 
assayed also for its plasma cholesterol con- 
centration. 

Immediately after the last bleeding, the 
rats were killed, their livers were perfused 
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with 0.9% NaCl and assayed for radio- 
activity and for total cholesterol concentra- 
tion (3). 

11. Results. A .  Efects of glucagon on the 
incorporation of 3H-acetate into hepatic cho- 
lesterol. 1. Acute efects. Within 6 hr of a 
single injection of glucagon, the plasma 
cholesterol concentration of six rats declined 
significantly (P < 0.001) from 56 h 2.1 
SEM to 33 & 3.2 SEM mg/100 ml; while 
that of the six control rats remained essen- 
tially the same: 58 and 56 mg/100 ml. The 
incorporation of 3H-acetate into hepatic 
cholesterol was virtually the same in the two 
groups. Thus, one hour after the injection of 
3H-acetate, the average dpm/mg of hepatic 
cholesterol of the glucagon-treated rats was 
9.54 X lo3 A . 9 4  X lo3 SEM; that of the 
control rats was 10.2 X lo3 h1.5 X lo3 
SEM. 

2. Chronic efects. The average plasma 
cholesterol concentration of five rats given 
glucagon for 7 days declined significantly 
(P < 0.001) from 54 =t 1.9 SEM to 29 & 3.0 
SEM mg/100 ml. The initial average plasma 
cholesterol (50 mg/100 ml) of the five con- 
trol rats remained essentially the same (56 
mg/100 ml). Despite the marked fall in the 
plasma cholesterol content of the glucagon- 
treated rats, their average incorporation of 
3H acetate into hepatic cholesterol did not 
differ significantly from that of the untreated 
rats. Thus, 1 hr after the injection of the 
labeled acetate, the average dpm/mg of 
hepatic cholesterol in the glucagon treated 
rats was 2.69 X lo3 h0.63 X lo3 SEM, and 
in the control rats was 2.0 X lo3 h0.41 X 

B. Efect of glucagon on the rate of intesti- 
nal absorption of cholesterol. As Table I 
illustrates, two daily injections of 0.1 mg of 
glucagon for 7 days led to a modest, but 
statistically significant (P < 0.05) lost in 
body weight and to a significant (P < 0.005) 
fall in plasma cholesterol. Table I also indi- 
cates that the chronic administration of 
glucagon markedly reduced the rate of in- 
testinal absorption of cholesterol. Thus, the 
glucagon-treated rats absorbed approxi- 
mately 20% and the control rats, approxi- 
mately 35% of the administered labeled 
cholesterol in 8 hr. This inhibition of ab- 
sorption probably was the reason why the 

103 SEM. 

average amount of labeled cholesterol pres- 
ent in the plasma of glucagon-treated rats, 
4 and 8 hr after ingestion, was significantly 
less than that found in the plasma of the 
untreated rats. Similarly, the hepatic content 
of labeled cholesterol in the glucagon-treated 
rats was significantly smaller than that found 
in the control rats. 

C. Effect of glucagon on the rate of dis- 
appearance of cholesterol from plasma or 
blood. 1. Lipoprotein cholesterol. Endogenous 
produced lipoprotein cholesterol disappeared 
more rapidly from the blood of glucagon- 
treated rats than from the blood of the un- 
treated rats (Table 11). Thus, 6 hr after intra- 
venous injection, the radioactivity present in 
the plasma of the experimental rats was less 
than half of that present in the plasma of the 
control rats. In conformity with these results, 
the liver content of labeled cholesterol, 6 hr 
after its injection, was significantly greater in 
the livers of the experimental rats than in the 
livers of the control rats. However the total 
amounts of labeled and unlabeled bile acids 
excreted by the glucagon-treated rats were 
not significantly different from those ex- 
creted by the control rats. Similarly the 
biliary excretion of labeled and unlabeled 
cholesterol was essentially the same in both 
groups of rats. 

2. Chylomicron cholesterol. Unlike the en- 
dogenously produced lipoprotein cholesterol, 
the labeled cholesterol present in lymph 
chylomicrons did not disappear (Table 111) 
any faster from the blood of glucagon-treated 
rats than from the blood of the control rats. 
As might be expected from these results, the 
hepatic accumulation of labeled cholesterol, 
32 min after its injection, was essentially the 
same in the two groups of animals. 

Discussion. In our initial publication (1) we 
reported that chronic administration of glu- 
cagon lowered the plasma cholesterol con- 
centration of both hypercholesterolemic and 
normocholesterolemic rats; but we had no 
data concerning the mechanism(s) which 
might bring about this effect. 

In the present study, several possible mech- 
nisms have been detected. The first one is a 
decrease in the rate of cholesterol absorp- 
tion. Thus 8 hr after the oral administration 
of labeled cholesterol, glucagon-treated rats 
were found to have significantly more un- 

, 
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absorbed cholesterol in their gastrointestinal 
tract and feces than did the control rats. It is 
probable that the lower concentration of 
cholesterol in the plasma of treated rats was 
due to lessened intestinal absorption rather 
than to more efficient hepatic extraction of 
chylomicrons and subsequent catabolism, 
because when labeled chylomicron choles- 
terol was injected intravenously, the labeled 
substance appeared in the liver of treated 
rats at the same rate as it did in that of the 
control animals. 

Inhibition of cholesterol absorption can- 
not be the only mechanism by which gluca- 
gon lowers plasma cholesterol, because 
plasma cholesterol was already significantly 
reduced, six hours following a single injec- 
tion of glucagon into previously fasted rats. 
Also, intravenously injected endogenous 
lipoprotein cholesterol (soluble in plasma, in 
contrast to chylomicron cholesterol) dis- 
appeared more rapidly from the plasma of 
the glucagon-treated rat than from the 
plasma of the control rats. This more rapid 
disappearance could have been due to a 
greater ability of the glucagon-treated rat to 
remove (and possibly catabolize) soluble 
plasma cholesterol. Or, as suggested by 
Eaton (1  l ) ,  it could have been due to a re- 
duced capacity of the liver of the glucagon- 
treated rat to synthesize and discharge cho- 
lesterol-bearing lipoproteins. Since we did 
not observe any acceleration in the conver- 
sion of cholesterol into bile acids by the 
livers of our glucagon-treated rats, we are 
inclined to believe that the second of these 
mechanisms was at play, that is, a reduced 
rate of re-entry of the labeled .cholesterol 
from the liver into the plasma. This would 
account for the fact that, 6 hr following in- 
jection of labeled lipoprotein cholesterol, 
there was less labeled cholesterol in the 
plasma and more in the liver of the glucagon- 
tested rats. 

Glucagon did not alter either the rate of 
disappearance of intravenously adminis- 
tered chylomicron cholesterol from the plasma 
or its rate of hepatic accumulation. This 
apparent difference in the behavior of in- 
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jected chylomicron cholesterol and of lipo- 149. 
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protein cholesterol might be due to the fact 
that the rates of disappearance and hepatic 
accumulation of labeled cholesterol was 
measured for only 32 min after the injection 
of the chylomicron cholesterol (because of 
the short half-life of plasma chylomicrons) 
whereas, after the injection of the lipoprotein 
cholesterol, these rates were measured for a 
6 hr period. On the other hand, the differ- 
ence could be due to diverse transport path- 
ways of chylomicron and lipoprotein choles- 
terol. 

Summary. Some of the possible mecha- 
nisms responsible for the hypocholesterol- 
emic effect of glucagon were investigated. 
Glucagon was found to inhibit the intestinal 
absorption of cholesterol. In addition, it was 
found to either hasten the rate of egress of 
lipoprotein cholesterol from the blood into 
the liver or to retard the rate of re-entry of 
cholesterol from the liver into the blood. The 
data do not distinguish between these two 
possibilities, which indeed may occur simul- 
taneously. 
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