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The availability of a sensitive radioimmuno- 
assay for glucagon (1) has permitted the 
demonstration that pancreatic glucagon secre- 
tion is stimulated by hypoglycemia (2-4), 
infusions or ingestion of amino acids (5, 6),  
and injection of pancreozymin ( 7 ) ,  and re- 
duced by an elevation of blood sugar (2-4). 
In  addition, Seyffert and Madison (8) and 
Madison et al. (9) have recently demonstrat- 
ed that an increase in plasma free fatty acids 
(FFA) obtained by simultaneous infusion 
of triglycerides and heparin, induces, in the 
dog, a fall in peripheral plasma glucagon 
levels. Glucagon is a potent lipolytic hormone 
(10-12) both in vivo and in vitro. In  the 
past few years, we have advanced several 
arguments in favor of a physiologic role of 
glucagon in lipid mobilization from adipose 
tissue ( 11-13). The suppression of pancreatic 
glucagon secretion by a high FFA level is 
further evidence for such a role. In  order to 
understand more completely the interrela- 
tionship between glucagon and FFA, we have 
investigated ,the effect of lowering plasma 
FFA on pancreatic glucagon secretion. 

Materials and Methods. Mongrel dogs 
weighing about 20 kg (15.5-23.5 kg) and 
fasted for 18 hr were used for these experi- 
ments. Catheters were inserted into the 
femoral artery and vein and into a jugular 
vein during anesthesia induced by in- 
travenous injection of 30 mg/kg body weight 
of pentobarbital. At laparotomy, a polyethy- 
lene catheter (Clay Adams PE 200) was in- 
troduced through its main duodenal branch 
in to the superior pancreaticoduodenal vein in 
the same direction as the blood flow. In 
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some experiments, the catheter was intro- 
duced into the proximal part of the superior 
pancreaticoduodenal vein (PDV) about 2 cm 
from the portal vein. In  these experiments, 
the PDV was ligated, the pancreatic venous 
effluent drained off and reinfused through the 
splenic vein as previously described ( 14). 
This permits measurement of pancreatic 
blood flow. Blood samples were drawn simul- 
taneously from the femoral artery (9 rnl) 
and, by free flow, from the PDV (4 ma) into 
tubes containing 0.2 ml of Trasylol (SO00 
UJml) and 0.02 ml of heparin (SO00 
U/ml). In  dogs in which the pancreaticoduo- 
denal effluent was diverted, coagulation was 
prevented by injection of heparin (500 
U/kg) immediately after cannulation of the 
vessel. In the other type of experiments, the 
catheter was kept patent between blood sam- 
ples by a slow infusion of saline. Thirty min- 
utes after the end of the surgical manipula- 
tion, three blood samples were withdrawn at  
7.5-min interval to provide basal values. At 
zero time, nicotinic acid (1 mg/kg) was giv- 
en by rapid intravenous injection into the 
jugular vein and followed by a constant infu- 
sion of 0.2 mg/kg body weight/min until the 
end of the experiment, 90 min later. At 30 
min, a triglyceride (TG) emulsion (Lipiphy- 
san Egic) was infused into the jugular vein 
at  a rate of 0.075 ml/kg/min. Large amounts 
of heparin, 50 U/kg/min, were simul- 
taneously administered. The TG-heparine in- 
fusiun was maintained for 30 min. Blood sam- 
ples were drawn from the femoral artery and 
PDV at 10, 20,30,40, 50, 60, 75, and 90 min. 
Collected blood was immediately replaced 
by an (equivalent amount of blood obtain- 
ed from a donor. Glucose concentrations 
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in arterial plasma were measured by the meth- 
od of Hoffman (15) adapted to the Auto- 
Analyzer (Technicon) and FFA by the meth- 
od of Dole and Meinertz (16). Plasma amino 
nitrogen was determined according to the 
method of Malangeau et al. (1 7) .  Plasma glu- 
cagon was assayed by radioimmunoassay using 
goat antiglucagon serum, 1311-labeled park 
glucagon, pork glucagon standards, and de- 
scending chromatography on Ecteola paper 
(18) for separation of free and antibody- 
bound labeled glucagon. Plasma insulin was 
assayed by a modification of the double- 
antibody method of Morgan and Lazarow 
(19). Both hormones were measured in ar- 
terial and PDV plasma. All samples from a 
single experiment were assayed in the same 
series using the same standard curve. 

Results. The rapid injection, followed by 
constant infusion of nicotinic acid induced a 
progressive lowering in plasma FFA concen- 
tration which reached its nadir of 32-60% of 
the basal values after 30 min (Table I ) .  
Infusion of TG-heparin promptly reversed 
this effect and increased mean plasma FFA 
level to 156 and 172% of mean basal values 
at  50 and 60 min, respectively. When this 
infusion was interrupted at  min 60 there was 
a rapid fall in FFA concentrations. In these 
experiments, PDV blood samples were ob- 
tained during free flow of blood, and mean 
basal value for glucagon in PDV plasma was 
0.82 t 0.11 mpgEq/ml ( n  = 15). Adminis- 
tration of nicotinic acid and the subsequent 
fall in plasma FFA concentrations was ac- 
companied by a rapid rise of PDV glucagon 
concentration to 144-206 (mean: 172) % of 
the basal value at  rnin 20 and to 129-1220 
(mean: 366) % of the basal level a t  min 30 
(Fig. 1). When TG-heparin were infused, 
there was a progressive fall in plasma gluca- 
pon in 4 of 5 dogs, and when discontinued, 
there was a rapid and pronounced rise of 
plasma glucagon in all of the animals. Arteri- 
al plasma glucagon concentrations in our op- 
erated dogs ranged between 0 and 0.5 
mpgEq/ml. Infusion of nicotinic acid during 
the first 30 rnin of the experiments produced 
only inconstant rise in peripheral plasma glu- 
cagon. This was also the case during the 60- 
to 90-min period. Nevertheless, the highlest 
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FIG. 1. Changes in PDV plasma glucagon concen- 
trations (IRG) and arterial plasma FFA levels. On 
the left, the fall in FFA was induced by injection/ 
infusion of nicotinic acid; on the right, the fall in 
plasma FFA followed cessation of triglyceride emul- 
sion-heparin infusion. 

value for arterial plasma glucagon was 
reached a t  90 min and is statistically differ- 
ent from the zero time vdue (# <.05). A 
slight and inconstant fall in blood sugar was 
observed during the first 40 min of the exper- 
iment but subsequently returned to basal val- 
ues. Neither pancreatic nor peripheral plasma 
insulin levels changed during (the course of 
the experiment. Nevertheless, a moderate but 
not significant increase in PDV insulin oc- 
curred during and after the TG-heparin infu- 
sion. 

Discussion. Although occurring rapidly, 
the variations of FFA concentrations ob- 
served during the experiments reported are 
relatively small (23 5-133 5 peq/liter) and of 
the same order of magnitude as those mea- 
sured under physiological conditions. In  each 
dog a fall in FFA plasma levels on two 
separate occasions was followed by a marked 
rise in PDV glucagon concentration. On the 
other hand, during induced elevation of FFA 
level there was an unequivocal reduction in 
PDV glucagon in four of the five animals 
studied. In  view of the mirror image be- 



T
A

B
L

E
 I

. 
E

ff
ec

t 
of

 C
ha

ng
es

 i
n 

Pl
as

m
a 

FF
A

 C
on

ce
nt

ra
ti

on
 U

po
n 

A
rt

er
ia

l 
Pl

as
m

a 
G

lu
co

se
, 

A
m

in
on

it
ro

ge
n,

 I
ns

ul
in

 (
IR

I)
, 

an
d

 P
an

cr
ea

ti
co

du
od

en
al

 V
ei

n 
Pl

as
m

a 
In

d
in

 a
nd

 G
lu

ca
go

n 
(I

R
G

).
 

B
as

al
 v

al
ue

s 
N

ic
ot

in
ic

 a
ci

d 
in

fu
si

on
 (m

in
) 

-1
5 

-7
.5

 
0 

10
 

20
 

30
 

40
 

50
 

60
 

75
 

90
 

A
rt

er
ia

l g
lu

co
se

 
m

g/
10

0 
m

l 

A
rt

er
ia

l p
la

sm
a 

A
m

in
o 

ni
tr

og
en

 

PD
V

 p
la

sm
a 

IR
I 

A
rt

er
ia

l p
la

sm
a 

IR
I 

FF
A

 p
E

q/
li

te
r 

m
g/

li
 te

r 

JL
U

/m
l 

pU
/m

l 

m
iP

dm
1 

m
pg

/m
l 

A
rt

er
ia

l p
la

sm
a 

IR
G

 

PD
V

 p
la

sm
a 

IR
G

 

81
.2

 
k7

.7
 

70
8 

k
6

4
 

38
.5

 
&

 3.
9 

37
2.

4 
k1

49
.7

 

24
.7

 
k

5
.1

 

0.
33

 
-
 

+
0.

05
 

0.
90

 
20

.2
0 

84
.2

 
53
.2
 

64
0 

k
7

7
 

42
.0

 
k2

.6
 

21
4.

5 
k5

9.
0 

24
.4

 
53

.9
 

0.
33

 
k
 0.

05
 

0.
74

 
k0

.1
8 

0.
82

 2
 0

.1
1 

86
.4

 
k9

.7
 

61
4 

&
 79

 

39
.5

 
k

3
.0

 

25
1.

2 
k6

6.
0 

23
.4

 
-1

-4
.7

 

0.
25

 
20

.1
2 

0.
82

 
20

.2
0 

84
.7

 
k
 10

.7
 

43
8 

k
5

3
 

37
.1

 
k1

.7
 

29
9.

1 
k1

11
.6

 

21
.2

 
k

4
.0

 

0.
18

 
5

0
.0

6
 

0.
94

 
k0

.2
5 

82
.0

 
k9

.9
 

37
4 

+_
53

 

36
.7

 
k4

.6
 

26
3.

4 
k1

02
.7

 

17
.7

 
t2

.6
 

0.
25

 
k0

.1
2 

20
.2

3 
1 .

30
a 

80
.1

 
k9

.6
 

27
6 

k
2

7
 

34
.9

 
23

.4
 

28
6.

1 
k
 13

4.
5 

18
.7

 
t3

.7
 

1 .o
 

k
0

.8
 

1.
78

b 
k0

.4
4 

78
.5

 
k1

0.
3 

81
9 

k
 14

3 

45
.2

 
-
 

+2
.9

 

32
3.

3 
k1

67
.5

 

19
.9

 
k

1
.3

 

0.
25

 
k0

.0
6 

1.
72

 
k0

.4
3 

81
.3

 
t
 12

.0
 

99
8 

k
 12

4 

42
.0

 
k
 3.

4 

35
8.

6 
k
 13

3.
5 

23
.9

 
k

5
.4

 
-
 

-
 

1.
44

 
kO

.5
1 

81
.7

 
k
 13

.0
 

10
82

 
t1

3
1

 

41
.2

 
k

4
.1

 

44
1.

8 
k1

46
.8

 

28
.5

 
-1

-1
1.0

 

-
 

-
 

1.
32

 
20

.3
0 

84
.4

 
k1

4.
5 

63
7 

k
 10

8 39
.1

 
t3

.6
 

53
0.

1 
k1

51
.8

 

27
 .O

 
2

 10
.9

 

0.
25

 
kO

.1
0 

1.
66

 
k0

.5
3 

87
.2

 
21

4.
6 

47
 1

 
2

 59
 

44
.0

 
k

6
.3

 

64
7.

4 
t2

81
.0

 

31
.6

 
t1

4
.5

 

1.
02

 
k0

.2
7 

2.
52

" 
k0

.3
7 

a 
p<

.U
02

5 
'fo

r 
pa

ir
ed

 v
al

ue
s 

(0
 v

s 
20

 m
in

).
 

p<
.0

5 
ag

ai
ns

t 
po

ol
ed

 b
as

al
 v

al
ue

s 
fo

r 
PD

V
 I

R
G

. 
p<

.0
5 

ag
ai

ns
t 6

0-
m

in
 v

al
ue

 f
or

 P
D

V
 I

R
G

. 



FREE FATTY ACIDS AND PANCREATIC GLUCAGON SECRETION 5 2  7 

< "O0' 
900, 

T 
300. 

500. 

13-09-68 

Nicotinic 

4rng/Kg I v  
1 acid 

\ 
I 

, 

M.n&- s 

FIG. 2. Changes in pancreatic glucagon production 
related to changes in arterial plasma FFA concentra- 
tions. 

tween the curves of PDV ghcagon and ar- 
terial FFA, it seems reasonable to regard the 
glucagon response as induced by the changes 
in FFA concentrations. Although a direct 
effect of nicotinic acid on glucagon secretion 
can not be excluded, it seems less likely. A 
rise in PDV glucagon during hypoglycemia 
has been demonstrated in dogs by Unger et 
al. ( 2 )  and by Vance et al. (4) .  In  our experi- 
ments, only negligible and inconstant varia- 
tions in blood glucose were observed. Similar- 
ly, since there was no significant change in 
plasma amino nitrogen during the fall in 
plasma FFA, we can conclude that the gluca- 
gon response was not mediated by a rise in 
amino acids plasma concentration. Relative 
decrease in blood flow through the pancreas 
without modification of glucagon production 
could possibly account for the experimental 
findings but are ruled out by the simultane- 
ous determination of arterial and PDV gluca- 
gon levels, PDV hematocrit, and measure- 
ment of the blood flow through the pancreas. 
I t  is possible to say, therefore, that in these 
experiments pancreatic glucagon production 
was actually increased in response to the fall 
in FFA level induced by nicotinic acid (Fig. 
2 ) .  I t  has been recently established that cir- 
culating glucagon-like immunoreactivity is 
the product of several substances among 
which are two polypeptides factors originat- 
ing from the digestive tract (20). Extracts 

of jejunal mucosa partially cross react with 
most but not all antisera to pancreatic gluca- 
gon ( 2 1 ) .  In  the type of experiments here 
reported, comparison has been made between 
arterial and PDV plasma concentrations, 
and the differences olbserved can be at- 
tributed exclusively to changes in pancreatic 
glucagon production; the production of gut 
glucagonaike immunoreactivity has not yet 
been tested. 

Summary. Artificial changes in plasma 
FFA concentrations were induced in dogs by 
infusion of nicotinic acid and of triglycerides 
with added heparin. In  all experiments, the 
fall in plasma FFA observed during the 
nicotinic acid infusion or after terminating 
thle TG-heparin infusion was accompanied by 
an increase in pancreaticoduodenal venous 
plasma glucagon concentrations corresponding 
to a true increase in pancreatic glucagon 
production. These results support the concept 
of an important role of plasma FFA in con- 
trolling the pancreatic glucagon production, 
at  least in dogs. 
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